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In a developing world, the demands for energy and water and the damage to our environment

are constantly increasing. Electrochemistry could be a great tool to solve these problems, with an

impact that could minimize or at least control damage in our environment, since the main driver of

the reaction is the electron that can be produced in a sustainable manner.

In electrochemical approach to energy conversion and production, drinking water production

and wastewater treatment, the materials and interfaces are key elements that greatly affect a system’s

performance.

The objective of this topic is to propose a set of publications gathering the current research trends

in the fields of energy, water and environmental pollution treatment, with a focus on the control of

materials and interfaces, in view of process optimization.

Marc Cretin, Sophie Tingry, and Zhenghua Tang

Editors
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Abstract: Electrochemical oxidation (EO) of organic compounds and ammonium in the complex
matrix of landfill leachates (LLs) was investigated using three different boron-doped diamond elec-
trodes produced on silicon substrate (BDD/Si)(levels of boron doping [B]/[C] = 500, 10,000, and
15,000 ppm—0.5 k; 10 k, and 15 k, respectively) during 8-h tests. The LLs were collected from an
old landfill in the Pomerania region (Northern Poland) and were characterized by a high concen-
tration of N-NH4

+ (2069 ± 103 mg·L−1), chemical oxygen demand (COD) (3608 ± 123 mg·L−1),
high salinity (2690 ± 70 mg Cl−·L−1, 1353 ± 70 mg SO4

2−·L−1), and poor biodegradability. The
experiments revealed that electrochemical oxidation of LLs using BDD 0.5 k and current density (j)
= 100 mA·cm−2 was the most effective amongst those tested (C8h/C0: COD = 0.09 ± 0.14 mg·L−1,
N-NH4

+ = 0.39 ± 0.05 mg·L−1). COD removal fits the model of pseudo-first-order reactions and
N-NH4

+ removal in most cases follows second-order kinetics. The double increase in biodegradabil-
ity index—to 0.22 ± 0.05 (BDD 0.5 k, j = 50 mA·cm−2) shows the potential application of EO prior
biological treatment. Despite EO still being an energy consuming process, optimum conditions (COD
removal > 70%) might be achieved after 4 h of treatment with an energy consumption of 200 kW·m−3

(BDD 0.5 k, j = 100 mA·cm−2).

Keywords: boron-doped diamond electrode (BDD); advanced oxidation processes; electrooxidation
(EO) kinetics; optimization of energy consumption

1. Introduction

Despite a new solid waste strategy and enhanced recycling and utilization, landfilling
still represents an important path for municipal solid waste management. Landfilling leads
to the formation of landfill leachates (LLs), which are potentially toxic and complex liquids
with high refractory contaminant levels that percolate through landfill [1–3]. LLs are most
often classified by age. LLs from new cells (1–2 years old) usually have higher concentra-
tions of biodegradable contaminants (ratio of five-day Biochemical Oxygen Demand to
Chemical Oxygen Demand, BOD5/COD) ratio is >0.5) due to the high concentration of
volatile organics) [4,5]. LLs generated by older cells (>10 years old) are usually less prone to
biological degradation with BOD5/COD < 0.3 (due to the high concentration of refractory
organic matter) [6]. However, the appropriate BOD5/COD ratio itself does not ensure
good biochemical degradation of contaminants [7]. Therefore, each LL treatment problem

Materials 2021, 14, 4971. https://doi.org/10.3390/ma14174971 https://www.mdpi.com/journal/materials
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requires a comprehensive, individual approach. The problem of efficient and economically
viable treatment of LLs is now one of the crucial, still-unresolved environmental issues
globally.

According to the relevant legal requirements [8–10], LLs should be collected and
subsequently treated to ensure that they are safe for the environment. However, there
are no unique and flexible treatment methods available as of now [11]. A number of
technologies and processes for LL treatment have been assessed in recent decades, including
biological processes, adsorption, coagulation/flocculation, the membrane process, and
advanced oxidation processes (AOPs) [12]. Biological processes (conventional activated
sludge, sequencing batch reactors, membrane bioreactors, aerated lagoons, and upflow
anaerobic sludge blanket) are most frequently used for pre-treatment of LLs generated by
new landfill cells. The aim of the aforementioned processes is the simultaneous removal
of nitrogen and easily biodegradable organic matter from the LLs. However, in LLs,
biological treatment is usually hampered by certain toxic substances and inadequate C-to-
N ratio. The probable presence of non-biodegradable emerging pollutants is also of concern.
The outcome is thus unsatisfactory and requires the inclusion of an additional treatment
step to meet the discharging standards [13–16]. Recently, AOPs are considered to be
among the most efficient methods in disinfecting and purifying ground water and natural
water, as well as being used in wastewater treatment [17,18]. The processes are becoming
increasingly popular, particularly in industrial settings, as they are generally accepted to
be environmentally friendly and very much in line with the Clean Production strategy
(minimizing the volume of contaminants released into the environment) [19–21]. Among
the most efficient and fastest developing AOPs are the electrochemical ones [22,23], which
include: anodic oxidation, anodic oxidation with electrogenerated H2O2, electro-Fenton,
photoelectro-Fenton, and solar photoelectro-Fenton [24].

Among the EO process, reagent-free anodic oxidation is increasingly popular. The
main objective of these processes is to generate free hydroxyl radicals (

•
OH), which are non-

selective, powerful oxidizing agents capable of oxidizing a wide variety of contaminants
at nearly diffusion-limited rates. Anodic oxidation is conducted with the use of high-
oxygen-overvoltage anodes (so-called “non-active” anodes), which include, among others,
SnO2, PbO2, Ti4O7, and BDD. BDD has many unique vital characteristics: a broad range
of electrochemical potentials in aqueous solutions (from −1.25 to 2.3 V, as compared to a
standard hydrogen electrode [SHE]). The use of EO to treat wastewater by means of BDD
anodes was reported in earlier studies [25–29]. In accordance with Comninellis’ model,
the degradation of organic compounds (R) in LLs by means of BDD anodes is mainly
mediated by hydroxyl radicals through direct and/or indirect oxidation. In the case of
direct oxidation, the contaminant first undergoes physical adsorption on the anode surface
and is then oxidised via the intermediation of very reactive short-lived hydroxyl radicals
(this occurs below the oxygen evolution reaction potential on the anodes) [30,31]. The
indirect oxidation process is the consequence of the hydroxyl radicals (produced in the
water discharge reaction) being physiosorbed in the vicinity of the anode surface [32], as
shown in Equations (1) and (2).

H2O + BDD → BDD (•OH ) + H+ + 1e− (1)

BDD (•OH ) + R→ BDD + CO2 + H2O + H+ + 1e− (2)

Indirect anodic oxidation may also be mediated by electrogenerated oxidizing agents
in the sample, such as hypochlorite, chlorine, ozone, or hydrogen peroxide [30]. As has
been pointed out in the literature, the active chlorine removes N-NH4

+ first [19,33,34].
Next, if there is surplus content of active chlorine in the LLs, intensive oxidation of organic
compounds takes place. Most studies indicate [21,26,35] that the degradation of ammonium
in LLs is a second-order reaction (first-order with respect to the concentration of ammonium,
and first-order with respect to the concentration of active chlorine), while COD degradation
fits a pseudo-first model, or pseudo-zeroth-order kinetics models. The kinetic model of

2
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COD degradation is determined by the following factors: contaminant concentration
level in the analyzed matrix, the applied current density (j), the electrode substrate, pH
and temperature [26,36,37]. The degradation of contaminants in the LLs matrix is a very
complex process that has not yet been fully understood. On the other hand, the possible
high electrolytic conductivity of LLs (e.g., high concentrations of chloride and sulfate)
should benefit the efficiency of the EO process.

EO has also a great potential for medical sector application, especially in the case of
hospital wastewater treatment rich in non-biodegradable pharmaceuticals (e.g., antibiotics,
antihistaminics, anti-inflammatories, antidepressants, antihypertensives, hormones, and
antiulcer agents) [38]. Moreover, transformation of urine into nutrients using electrolytic ox-
idation was also evaluated [33]. Additional positive side effect of EO wastewater treatment
is disinfection, which is described by Dbira and co-authors [34] as well as Kraft [35].

The aim of the study was (I) to determine the efficiency of BDD/Si electrodes for
the removal of macropollutants present in LLs under different electrochemical conditions,
and (II) to recognize the dependencies between the reaction parameters affecting the COD
and N-NH4

+ removals (e.g., by-product formation). To gain a better understanding of the
contaminants’ degradation kinetics in LLs samples by EO method, the different BDD/Si
electrodes (levels of boron doping [B]/[C] = 500, 10,000, and 15,000 ppm—0.5 k; 10 k and
15 k, respectively) were studied. To date, the EO of old LLs has not been tested yet in
laboratory-scale experiments with multiple iterations and a wide range of j values tested
(in the range from 25 to 100 mA·cm−2). The EO reaction rates have been quantitatively
discussed in order to optimize reaction condition. Furthermore, emphasis was placed on
minimizing process costs and the preparatory protocol for carrying out the EO of LLs.
Energy of removal of contaminants was calculated and optimized, additionally. Hence,
this study can help to find the optimal conditions for the most cost-effective treatment of
LLs with EO/BDD process.

2. Materials and Methods

2.1. LL Characteristics

The raw LLs used in this study were collected from the “Eko Dolina Lezyce” Municipal
Solid Waste Plant (MSWP). The MSWP is located in the Pomerania region of north Poland,
in Central Eastern Europe. The samples were collected from a closed, stabilized landfill
cell that was operated from 2003 to 2011. While in operation, the landfill received mainly
municipal waste, with unlimited disposal of organic wastes, including multi-material
packaging or plastics [29].

The sanitary LLs used in this study were collected in 2019, before each experiment.
Collected samples were transported in polyethylene containers (three bottles with a volume
of 10 L each) to the laboratory (at 4 ± 1 ◦C). The samples were homogenized, then their
physicochemical properties were evaluated. Each measurement was made three times.

The investigated raw LLs were rich in nitrogen (Total nitrogen, TN = 2148 ± 108 mg·L−1

and N-NH4
+ = 2069 ± 103 mg·L−1) and organic substances (COD = 3608 ± 123 mg O2·L−1

with relatively low values of BOD20 = 403 ± 54 mg O2·L−1). The low BOD20/COD
ratio (0.12 ± 0.00) obtained is regarded as typical for LLs generated by old landfill cells.
Furthermore, LLs in this study were characterized by low TSS (<90 mg·L−1) and high
N-NH4

+/TN ratio (from 0.95 to 0.98). All obtained data indicated that the tested LLs
were refractory to biological treatment. On the other hand, inter alia, high concentrations
of chloride (2690 ± 70 mg Cl−·L−1), sulfate (1353 ± 70 mg SO4

2−·L−1), and electrolytic
conductivity ranging from 21.2 to 26.8 mS·cm−1 indicated the possible high efficiency of
the EO process, if used for LL treatment.

2.2. Boron-Doped Diamond Electrodes (BDDs)

The BDD electrodes were synthesized in the Microwave Plasma Assisted Chemical
Vapor Deposition (MWPACVD) process (SEKI Technotron AX5400S). Diamond films were
deposited on two-inch Silicon wafers (ITME, Warsaw, Poland). The chamber pressure

3
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was kept at 50 Torr and the plasma was generated with microwave radiation (2.45 GHz)
1300 W. The induction heating stage temperature was set to 700 ◦C, the total flow rate of
gases reached 300 sccm and the molar ratio of methane was equal to 1%. Three different
levels of boron doping in the gas phase, expressed as [B]/[C] ratio, was 500, 10,000, and
15,000 ppm using diborane (B2H6) as a dopant precursor. In total, three different electrodes
were prepared. The deposition time was set at 12 h.

2.3. Experimental Apparatus and Procedure

In regard to a low amount of total suspended solids (70.8 ± 10.0 mg·L−1) in the tested
samples no pre-treatment nor pre-filtration was needed to conduce the electrolysis process.
An LLs sample dilution of 1:1 (V:V) was applied. Electrooxidation runs were performed
using 400 mL of sample in a 500-mL single-chambered reactor equipped with a magnetic
stirrer (Electrochemical Stirrer, ES24, Wigo, Pruszkow, Poland) with a stirring speed of
300 rpm to keep the wastewater homogeny mixed. The temperature of the solution was
maintained within 25 ± 1 ◦C (cooling bath). Assays were performed in the galvanostatic
mode (power supply GW Instek GPD-23035, New Taipei City, Taiwan). Figure 1 shows the
procedure used.

Figure 1. Procedure scheme.

Four different j of between 25 and 100 mA·cm−2 and three different BDD electrodes as
anodes named 0.5 k, 10 k, and 15 k were tested (see point 2.2). Stainless-steel mesh served
as the cathode. Both the anode and the cathode were used as flat with a geometric surface
area of 10.5 cm2 and the interelectrode distance ca. 2.0 cm. All assays were replicated
three times, and samples (15 mL each) were collected every 2 h, until a final time of 8 h.
Samples were degassed by mixing on a multipoint stirrer (Variomag, POLY 15 KOMED,
Thermofisher Scientific, Port Orange, FL, USA) at 50 rpm for 15 min. This was necessary in
order to perform a correct physico-chemical analysis of the samples. Table 1 presents a list
of the physico-chemical analysis carried out in LLs, the methods of determinations used
and the laboratory equipment used (all according to the APHA 2005 standard).

Table 1. List of the physico-chemical analysis applied.

Parameter Method and Device Used

COD, N-NH4
+, N-NO3

−,
N-NO2

−, TP, P-PO4
−, Cl−, SO4

2−, S2− XION 500 spectrophotometer (Dr Lange, GmbH, Düsseldorf, Germany)

BOD20 manometric respirometric BOD OxiTop® method

pH, conductivity and ORP
portable multi-parameter meter (HL-HQ40d multi, HACH, Düsseldorf,

Germany)

total (TSS), mineral (MSS), volatile suspended solids (VSSs) the gravimetric method
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2.4. Calculation
2.4.1. The Energy Consumption

One of the main challenges for AOPs is to reduce the energy consumption [36]. The
energy consumption was expressed as W, kWh and was calculated in the following way:
the applied current [A] was multiplied by electrolysis time [8 h] and the average cell voltage
(Ecell) [V], then this value (W, kWh) was recalculated and expressed in kWh·m−3. The
specific energy consumptions in [kWh·kg−1 COD] and [kWh·kg−1 N-NH4

+] was estimated
by means of Equations (3) and (4):

ECCOD = (1000 × Ecell × I × Δt)/(Vs [ΔCOD]) (3)

ECN-NH4+ = (1000 × Ecell × I × Δt)/(Vs [ΔN-NH4+]) (4)

where: 1000 is a conversion factor (in mg·g−1), Ecell is the average cell voltage (in V), I is
the applied current (in A), Δt is the electrolysis time (in h), Vs is the LL volume (in L), and
(ΔCOD) is the experimental COD concentration decay (in mg·L−1).

Additionally instantaneous current efficiency (%ICE) was calculated (see Table A1)
according to the following Equation (5):

%ICE = 100% × F × Vs × (COD0 − CODt)/ (m × I × Δt) (5)

where: F is the Faraday constant (96,485 C mol−1), Vs is the total volume of the bulk
electrolyte (L), COD0 and CODt (in gO2L−1) are the initial and final COD obtained before
and after EO treatment, I is the current (A), m is the equivalent mass of oxygen (m = 8),
and Δt is the electrolysis time (s).

2.4.2. Kinetic Study

The order of the reaction of removing selected pollutants from the LLs was determined
graphically using Statistica 12 (StatSoft, Inc., Tulsa, OK, USA). To determine the order of
reactions with regard to reactant, three plots were made (concentration of contaminant
versus time—zeroth-order reaction, natural log of concentration versus time—first-order
reaction and inverse concentration versus time—second-order reaction). The most linear
graph (linear regression was used) with the highest coefficient of determination value
showed the order of the reaction with regard to reactant. After determining the orders
of reactions, the rate constants and half-life were calculated using the appropriate kinetic
equations.

2.4.3. Biodegradability Index

Biodegradability indexes (BI) as BOD20 to COD ratios were determined for raw LL
samples (before the electrochemical oxidation process) and for all samples after 8 h of
treatment by means of EO (different current densities and different boron concentrations in
anodes used).

2.5. Data Analysis

All plots and statistical analysis of data were performed using Statistica 12 (StatSoft,
Inc., Tulsa, OK, USA), Microsoft Excel® 2016 (Microsoft, 2016, Redmond, Washington,
USA), and OriginPro 9.0 (OriginLab Corporation, Northampton, MA, USA) software.

3. Results and Discussion

3.1. Electrodes Morphology and Composition

The deposited electrode with various boron content strongly influences surface mor-
phology. The average grain size for the 0.5 k electrode was approximately 2 μm. In the
case of highly boron-doped 15 k, the grain size decreased to approximately 0.5 μm. Boron
introduces re-nucleation which results in the creation of smaller crystallites on primary
higher diamond crystals. This significant change in surface morphology impacts film
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composition results with more non-diamond content [37], which also increases internal
stress in the film [39]. Moreover, increasing boron level in the BDD films influences their
electro-catalytic performance, resulting in time decrease of the electrolysis [40,41] (stronger
generations of

•
OH radicals), but, in contrast, it reduces the width of the potential working

window.
Experimental Raman spectra are shown in Figure 2. The sp3 diamond lines are located

at 1332, 1317, and 1310 cm−1 for the 0.5 k, 10 k and 15 k, respectively. The boron-doping
affects the diamond line causing a shift towards lower wavenumbers. Additionally, for
the 10 k and 15 k, the sp3 peak is strongly asymmetric which is attributed to the Fano
effect [42], a result of interference between the scattering by the zone-center phonon line
and the scattering by an electronic continuum [43,44]. It is worth noting that high levels of
doping reveal two broad peaks located at ca. 500 and 1200 cm−1, which are attributed to
the incorporation of boron in the diamond lattice [45]. According to the literature, these
two broad bands are attributed to the maxima of the phonon densities of the states [46].
Only for the lowest doped sample (0.5 k), peaks assigned to the first order of silicon are
visible, located at 520 cm−1 for one-phonon mode, and the second-order of silicon is visible
at 970 cm−1.

Figure 2. SEM images of BDD films deposited at different [B]/[C] ratios in plasma, namely,
(a) 500 ppm, (b) 10,000 ppm, and (c) 15,000 ppm. Magnification of 10,000×.

Additionally, the Fano-shaped peaks located at ca. 500 cm−1 (BWF function #1),
1200 cm−1 (BWF function #2), and 1332, 1317, and 1310 cm−1 (BWF function #3) were
modelled using the Breit–Wigner–Fano function (see Equation (6)) [47] which is shown in
Figure 3a–c insets.

Fi(ω) =
Ai ×

(
qi +

ω−ωi
Γi

)2

1 +
(

ω−ωi
Γi

)2 (6)

In the equation, Ai is the amplitude of the Fano-shaped peaks, qi is the asymmetric
parameter, ωi is the width, and Γi is the position of the lines.

The fitting parameters are shown in Table 2. In the case of the 0.5 k, the sample results
in low boron incorporation into the diamond lattice that in turn results in lack of BWF#1
and BWF#2 bands. The amplitude of the Fano-shaped sp3 (BWF#3) peak is lower for the
highly doped samples, but the peak width (ω) is wider, which is attributed to more boron
incorporation into the diamond lattice [43]. According to an investigation by Mortet and
co-authors [47], the asymmetric parameter of the diamond sp3 line (q3) can be used as a
marker of the carrier concentration. Only the 10 k and 15 k samples indicated significant
asymmetry (10 k q3 = 1.77 and 15 k q3 = 2.11), and it should be noted that the q3 value of
those electrodes proves high incorporation of boron atoms during MWPACVD growth.
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Figure 3. Raman spectra of (a) 0.5 k, (b) 10 k, and (c) 15 k BDD films. Insets shows Raman spectra
modeled using Breit–Wigner–Fano function: Fano-shaped peaks (BWF #1 red line, BWF #2 blue line,
and BWF #3 olive line).

Table 2. Fitting parameters of BDD electrodes. Indices 1, 2, and 3 correspond to the BWF#1, BWF#2,
and BWF#3 bands, respectively.

Parameter 0.5 k BDD 10 k BDD 15 k BDD

A1 - 3895 2232.13
q1 - 5.3 4.3
ω1 - 480.2 476.34
Γ1 - 248.70 236.81

A2 - 1309.63 1429
q2 - 0.88 0.46
ω2 - 1220 1214
Γ2 - 42.99 42

A3 11,860 1833 1039
q3 0.127 1.77 2.11
ω3 1332 1317 1309
Γ3 4.60 26.51 33.8

Additionally, the band located at ca. 500 cm−1 can be used to calculate the amount
of boron in the diamond film. In the case of the 10 k electrode, the boron content is ca.
8.32 × 1020 and in the case of the 15 k, it is 1.05 × 1021. The slight difference in boron
amount between 10 k and 15 k can be explained by a decrease in the effective doping of the
diamond films during growth and an increase in the amount of boron in the gas phase.

The measurement of the electrochemical potential windows was carried on in three
electrode setup in 1 M KCl at scan rate 100 mV/s, where the BDD electrode was as working,
the Pt wire as counter and Ag/AgCl as reference. Figure 4 shows electrochemical potential
windows of BDD electrodes with different boron doping. The increasing amount of boron
content in diamond films narrows the width of electrochemical window. The 0.5 k doped
sample have the wider window reaching up to 3.9 V, followed by 10 k sample with 3.12 V.
The narrow window for the 15 k BDD, 2.23 V is connected with significant amount of
defects in the diamond films.
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Figure 4. Cyclic voltammetry plots for BDD films with different boron doping recorded in 1 M KCl
with 100 mV/s scan rate.

3.2. COD Electrooxidation

In this study, during EO of LLs, in general the COD and N-NH4
+ elimination rate

increased with increasing j and time, which is well in agreement with the literature [48–50].
However, the complete removal of studied contaminants was not reached. It was noticed
that, using j = 50–100 mA·cm−2, the increase in efficiency of COD removal was not as
substantial as when using a lower j (see Figure 5a). It is generally considered that applying
high j leads to the transfer of hydroxyl radicals (

•
OH) to H2O2 near the electrode surface,

and consequently H2O2 is oxidized to O2 [51]. Moreover, the energy is consumed not
mainly for oxidation of organic compounds (expressed as COD), but to a large degree for
oxidation of other ions in the LLs [52].

The 0.5 k anode was the most effective electrode with C8h/C0 = 0.09 ± 0.14 for
COD and 0.14 ± 0.01 for BOD20 after 8 h of process, at 100 mA·cm−2. In the same
conditions, using 15 k, C8h/C0 was 0.27 ± 0.31 for COD, and 0.23 ± 0.08 for BOD20,
while for 10 k, C8h/C0 was 0.3 ± 0.001 for COD and 0.26 ± 0.01 for BOD20. COD was
most effectively removed during the first two hours of the EO process, although removal
efficiency decreased with time (for all tested electrodes and j).

EO treatment can also improve the biodegradability of LLs by oxidizing the molecular
structure of refractory organics, and thus can be used as a pre-treatment process before,
for example, further biological treatment. However, it should be noted that the best
conditions ensuring good COD removal are BI > 0.5 [53]. Fernandez and co-authors [21,53],
when testing the EO (BDD anodes, j = 700 mA·cm−2, 36 h of process) for the treatment
of sanitary LLs obtained an increase in biodegradability index (BI) from 0.18 to 0.84.
Meanwhile, Nurhayati [54] got an increase in BI ranging from 0.06 in raw LLs up to 0.386
after electrooxidation process at j of 30 mA·cm−2 with a flow rate of 5 mL·s−1. In this
study, the calculated BI of raw and EO treated LLs is presented in Figure 6. BI in tested raw
samples was equal to 0.11 ± 0.13.
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Figure 5. Removal of (a) COD and (b) N−NH4
+ during 8 h test of LL treatment with different BDD

anodes and current densities (25–100 mA·cm−2) expressed as normalized concentration Ct/C0.

Figure 6. Influence of various current densities and electrodes used on BI (BI values after 8 h of LL
treatment for different current densities applied).

Interestingly, the use of the highest j (100 mA·cm−2) resulted in obtaining a BI in
the treated LLs close to that calculated for the raw sample (BI for 0.5 k = 0.11 ± 0.00,
10 k = 0.097 ± 0.005, and 15 k = 0.090 ± 0.01). This can be explained by the large share
of non-biodegradable intermediates in the sample. The highest BI = 0.22 ± 0.05 was
obtained using a 0.5 k electrode and a j of 50 mA·cm−2, successively using a 10 k electrode
BI = 0.16 ± 0.01 and a current of 30 mA·cm−2. Hence, following Deng and co-authors as
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well as McBeath and co-authors [20,55] in applying such a condition, EO might be used
prior to biological treatment due to the doubling of BI. Generally, the results showed that
BDD anodes are very effective in oxidation of organic matter, what can be attributed, inter
alia, to their high oxygen evolution potential.

3.3. N-NH4
+ Electrooxidation

For all anodes tested in this study, N-NH4
+ removal was less than COD removal (e.g., 0.5 k,

j = 100 mA·cm−2, C8h/C0: COD = 0.09 ± 0.14 mg·L−1, and N-NH4
+ = 0.39 ± 0.05 mg·L−1).

Other researchers obtained similar results. After 6 h of process, Zhou and co-authors [56]
achieved 87.5% COD and 74.06% N-NH4

+ removal by the BDD/Nb electrodes using
j = 50 mA·cm−2. Luu and co-authors [57] explored EO of biologically treated LLs using
Ti/BDD and Ti/RuO2 anodes and observed the maximum COD and N-NH4+ removal
efficiency of 95.17% and 81.18%, respectively (after 8 h, at 83 mA·cm−2). This phenomenon
is characteristic of EO of LLs containing Cl− in the range of concentrations from 150 to
4500 mg Cl−·L−1 by means of BDD anodes (primarily COD is oxidized) [58]. Ammonia
removal is mainly promoted by a reaction with active chlorine (chlorine-mediated pathway:
Cl2/HOCl— indirect oxidation) and the oxidization rate of N-NH4

+ by hydroxyl radicals
is lower than that of organics (“electrochemical combustion” process) [20]. Furthermore,
BDD anodes are more suitable for

•
OH radical generation than chlorine evolution.

Regarding N-NH4 and TN removals from LLs, it can be assumed that j is a key
experimental parameter affecting this process (Figures 5b and A3 (Appendix A)). The
increase in j (according to Faraday’s law) enhanced the electrochemical process and resulted
in a satisfactory result in N-NH4

+ and TN removal [59,60].
Removal of N-NH4

+ is also strongly pH-dependent [20]. It was found that ammonia
ions present in the initial sample were partially transformed to the nitrate or nitrite forms.
However, based on Figure 7, it might be assumed that some ammonia nitrogen was
transferred directly to gaseous nitrogen—approximately 417, 385, and 294 mg N-N2·L−1

for BDD 0.5 k, 10 k, and 15 k, respectively.

Figure 7. Average C0 and C8h concentrations of nitrogen compounds in treated LLs by means of different anodes used,
j = 100 mA·cm−2 (Norg = TN − (N-NH4

++ N-NO3
−+ NO2

−)).

Application of high current densities led to a fast increase in pH to above 8, which
promoted the direct oxidation of free ammonia (gaseous) according to reactions (7) and
(8) [61]:

2NH3 + 3H2O→NO3
− + 9H+ + 8e− (7)

2NH3→N2 + 6H+ + 6e− (8)

According to Zhou and co-authors [56], it might be assumed that higher ammonia
removal efficiency might be achieved in acidic pH (where HOCl− are predominant species).
Furthermore, removing ammonia from LLs via an active chlorine-mediated (indirect) path
can be effective only if it occurs quickly, so good results can be obtained inter alia in high
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temperatures [62]. If these conditions are not met, the active chlorine is often converted to
chlorate and perchlorate, and ammonium nitrogen is not removed effectively.

3.4. The Evolution of Nitrates and Nitrites during EO

Figures A1 and A2 (Appendix A) report the change of nitrate and nitrite concentration
with time. In general, the concentration of N-NO3

− increased intensively (or remained at
the same level) during the whole electrochemical process due to partial oxidation of organic
matter containing nitrogen and ammonia. For instance, at a j of 100 mA·cm−2 C8h/C0 for
N-NO3

− was 42.6 ± 3.0, 6.0 ± 1.8, and 39.2 ± 9 for 0.5 k, 10 k, and 15 k, respectively.
A similar dependency occurred in the case of N-NO2

− concentrations (from 0.20 mg·L−1

up to 8.95 mg·L−1 for 0.5 k, j = 100 mA·cm−2). N-NO2
− ions were possibly formed through

the EO of ammonia on the anode (Equation (9)) or electrochemical reduction of nitrate on
the cathode (Equation (10)) [63]. However, oxidation of amine groups present in organic
compounds needs to be taken into consideration during NO2

− generation. The amine
group in organic functional group redox series is very reductive and easily oxidized [64]:

NH4
+ + 2H2O→ NO2

− + 8H+ + 6e− (9)

NO3
− + H2O + 2e−→NO2

− +2OH− (10)

It should also be noted that, in our study, TN was mainly composed of N-NH4
+. For

this reason it was concluded that the oxidation of organic nitrogen had a negligible effect
on the effects of TN removal in the tested samples.

3.5. Changes and Influence of pH on Electrooxidation

The initial pH of the tested raw LLs was 7.8 ± 0.1 and generally, with time of EO
treatment, the pH of the LLs also increased (Figure A4, Appendix A). The high concentra-
tion of carbonate/bicarbonate ions in raw LLs, which are effective

•
OH radical scavengers,

may cause an increase in pH during EO treatment [65]. At the same time, the carbonate–
bicarbonate equilibrium (Equation (11)) is shifting to the right.

CO2 + H2O ↔ H+ + HCO3
− ↔ 2H+ + CO3

2− (11)

In this study, the exceptions were observed during EO processes using 0.5 k and 10 k
electrodes with j = 25 mA·cm−2 and 10 k, 15 k using j = 30 mA·cm−2. In these cases, a decrease in
pH was observed with time. This phenomenon is supposed to be related to the electrochemical
reactions intensively taking place on the surface of the anode [34,66] (please see Equations (12)
and (13)). Another option could be that low-molecular-weight carboxylic acids present in
LLs [67,68] undergo the following reactions presented in Equations (14) and (15) [69].

H2O → •OH + H+ + 1e− (12)

2H2O → O2 + 4H+ + 4e− (13)

HCOOH → 2CO2+ 2H+ + 2e− (14)

CH3COOH carboxylic acids + 2H2O → 2CO2+ 8H+ + 8e− (15)

On the basis of the obtained pH results, it was also found that the HOCl− ion could
play a large part in the oxidation of N-NH4

+ (especially during the first 4 h of the ox-
idation process). Higher j shifted the pH to higher values, which led to the formation
of the hypochlorite anion (ClO−), the presence of which induced the formation of toxic
chloramines and poor oxidation properties. It is supposed that one of the main reasons
for the increase in pH was the reactions forming, inter alia, hydroxyl ions during the
electrochemical reduction of nitrate [70]. Another reason could be the intense generation of
sulfate radicals (reaction of the sulfate present in the LLs with the hydroxyl radicals). This
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reaction contributes to increasing the concentration of hydroxyl ions in LLs and increasing
the pH value (Equations (16) and (17)) [71]:

SO4
2− + •OH → SO4

•− + OH− (16)

2H2O + 4e−→ H2 + 2OH− (17)

However, it should be noted that at pH = 8 sulfate and chloride radicals are not
permanent and the equilibrium is shifted in the

•
OH direction (Equation (15)). Moreover,

the presence of chloride at the level of 2690 ± 70 mg·L−1 might have an ‘inhibiting effect’
on organics removal by sulfate radicals, because chlorine reactive species are expected to
be the dominant oxidative species in the anodic oxidation of LLs [52].

3.6. COD and N-NH4
+ Kinetic Evaluation

The results of the graphical method of the reaction kinetic order evaluation are pre-
sented in Figure 8 and Table 3. It should be noted that the rate constants in all cases (k)
showed great dependence on the applied j: generally it increased with increasing applied
j, and the value of the half-life (T1/2) consistently decreased (Table 3). Ukundimana and
co-authors [25] reported that a mechanism of COD removal from LLs (pre-treated in an
ultrafiltration unit) by means of BDD electrodes fitted well with the pseudo-first-order
kinetic model. A similar phenomenon has been observed in another study, in which
Papastavrou and co-authors [72] treated stabilized LLs by means of BDD anodes and
obtained the pseudo-first-order kinetic model for COD removal with a kinetic coefficient
of 8.3 ± 1·10−3·min−1 for current values 15 and 21 A. Conversely, studies by Cossu and
co-authors [73] demonstrate that the rate constants (EO of LLs; PbO2, and SnO2 anodes)
decrease over time due to the presence of compounds that are more easily oxidized than
others in the initial LL sample. Another explanation could be that due to the very complex
matrix of LLs (containing e.g., high-molecular-weight compounds such as humic and
fulvic acids, and recalcitrant substances with a low molecular weight such as halogenated
compounds), some compounds are more easily oxidized than others during the first stage
of electrolysis [74].

Table 3. Electrochemical degradation kinetics for COD and N-NH4
+ in LLs with different j and different electrodes used.

Parameter Electrode Current Density (mA·cm−2) Order of Reaction k * T1/2 (min)

COD

0.5 k BDD

25 pseudo-first-order 1.34 ± 0.24 ×10−3 536.7 ± 124.7
30 pseudo-zeroth-order 1.21 ± 0.01 ×10−3 412.2 ± 3.9
50 pseudo-zeroth-order 1.72 ± 0.01 ×10−3 290.9 ± 2.4
75 pseudo-first-order 3.46 ± 0.23 ×10−3 203.6 ± 13.5
100 pseudo-first-order 4.76 ± 0.71 ×10−3 147.4 ± 2.2

10 k BDD

25 pseudo-first-order 1.57 ± 0.36 ×10−3 459.6 ± 101.6
30 pseudo-zeroth-order 1.19 ± 0.17 ×10−3 426.3 ± 61.9
50 pseudo-second-order 2.38 ± 0.75 ×10−3 449.4 ± 146.2
75 pseudo-first-order 2.30 ± 0.07 ×10−3 302.9 ± 9.5
100 pseudo-first-order 2.47 ± 0.04 ×10−3 280.1 ± 5.5

15 k BDD

25 pseudo-first-order 1.38 ± 0.16 ×10−3 506.7 ± 57.3
30 pseudo-zeroth-order 8.80 ± 0.10 ×10−4 567.6 ± 4.5
50 pseudo-first-order 1.86 ± 0.21 ×10−3 374.5 ± 43.4
75 pseudo-first-order 2.80 ± 0.14 ×10−3 247.1 ± 12.1
100 pseudo-second-order 5.22 ± 0.14 ×10−3 190.7 ± 12.3

N-NH4
+

0.5 k BDD

25 second-order 1.09 ± 0.22 ×10−3 936.8 ± 191.3
30 second-order 0.83 ± 0.07 ×10−3 1205.4 ± 98.7
50 second-order 2.12 ± 0.09 ×10−3 472.1 ± 22.3
75 zeroth-order 1.21 ± 0.01 ×10−3 413.6 ± 3.2
100 second-order 3.41 ± 0.001 ×10−3 292.7 ± 8.5

10 k BDD

25 second-order 0.49 ± 0.04 ×10−3 1958.2 ± 62.4
30 second-order 0.51 ± 0.01×10−3 1959.0 ± 61.3
50 second-order 0.84 ± 0.30 ×10−3 1267.8 ± 151.7
75 second-order 1.09 ± 0.19 × 10−3 932.6 ± 161.4
100 zeroth-order 0.80 ± 0.12 × 10−3 628.68 ± 96.6

15 k BDD

25 first-order 0.48 ± 0.14 × 10−3 1450.9 ± 56.2
30 first-order 0.55 ± 0.01× 10−3 1247.5 ± 129.0
50 second-order 1.33 ± 0.01 × 10−3 749.6 ± 4.0
75 zeroth-order 1.25 ± 0.01 × 10−3 399.3 ± 3.5

100 zeroth-order 0.93 ± 0.05× 10−3 534.72 ± 26.7

k * units: 0th-order reactions = specific (Ct/C0 units) × min−1, 1st-order reactions = min−1, 2nd-order reactions specific (Ct/C0 units × min) −1.
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Figure 8. Determination of the order of removal of: (a) COD and (b) N-NH4
+ by the graphical method.

According to the literature, kinetics of N-NH4
+ removal from LLs usually shows

sigmoidal ammonium concentration profiles and the order of reaction perfectly describes
Equation (18) [75]:

d[N − NH4]
+

dt
= −k [N − NH4]

+ × [Cl2] (18)
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where: [N-NH4]+ is the ammonia concentration, k is the second-order rate constant, and
[Cl2] is the concentration of dissolved active chlorine.

The results of this study showed that after 8 h of treatment with applied j of 100 mA·cm−2,
the average C8h/C0 for TN was 0.60, 0.66, and 0.75 using 0.5 k BDD, 10 k BDD, and 15 k
BDD, respectively. In the same conditions, C8h/C0 for N-NH4 was 0.39 (0.5 k BDD), 0.63
(10 k BDD), and 0.58 (15 k BDD). Figure 8 and Table 3 indicate that, in most cases, ammonia
removal in different j followed second-order kinetics, but also first- and zeroth-order.

The differences in the trend of ammonium removal depended on the applied j and
the electrode used, and might be attributed, inter alia, to the existence of different forms
of active chlorine in different pH values. These results are in agreement with the results
obtained by other authors [30,76–78]. Cabeza and co-authors [78,79] studied the EO of
LLs by means of BDD electrodes using j ranging from 150 to 900 mA·cm−2. The results
showed that high values of the applied j caused elimination of N-NH4

+ with zeroth-order
kinetics, whereas, using low values of the applied j, exponential-like decaying ammonia
concentration curves were obtained. On the other hand, according to Li and co-authors [50],
removal of N-NH4

+ from LLs by means of Ti/RuO2–IrO2 and Al electrodes indicated that
the second-order equation fitted well. Basically, as in the case of COD removal, the rate
constant of N-NH4

+ increased with increasing applied j, and the value of the half-life
consistently decreased. The nitrogen was best removed by a 0.5 k electrode, which, due to
having the lowest boron-doping level, was the most efficient in direct ammonium oxidation.
The similar phenomenon was observed during PFOA and PFOS oxidation, where direct
electrochemical reaction related with the perfluoroalkoxy radicals and hydroxyl radicals
“production” on the electrode occurs more intensively on 0.5 k Nb/BDD than on 10 k
Nb/BDD [29].

3.7. Energy Consumtion Optimisation

High energy consumption (EC) is one of the major drawbacks of EO, so energy
consumption analysis should be an inherent part of all research scientific publications on
the EO issue. Developing cost effective and stable anodes and application of renewable
energy sources in EO treatment of LL is currently a major challenge [80]. Figure 9 shows
the EC after 8 h of assays (with varying j application). In this study, ECCOD and ECN-NH4+
increased and ICE decreased with increasing j and k (see also Figure 10 and Table A1),
which is in good agreement with the literature [81–84].

Figure 9. Energy consumption after 8 h of EO process using different BDD/Si electrodes and different current densities
plotted against COD removed (a,b) and N-NH4

+ removed (c,d).
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Figure 10. Surface plots (distance weighted least squares) of: (a) energy consumption against constant rate coefficient and
time of EO and (b) energy consumption against COD removal efficacy and time of EO for j = 100 mA·cm−2 and different
electrodes used.

For example, Panizza and co-workers [85] indicated an increase in energy consumption
with increased j and achieved complete removal of COD after 7 h (flow rate 420 L·h−1,
pH = 8.2, j = 100 mA·cm−2, PbO2) by anode with EC = 220 kWh·m−3. However, the initial
concentration of the COD was low (780 mg·L−1) and the chlorides were present in a very-
high-concentration Cl− (1800 mg·L−1). In turn, the result of this study showed that the
15 k electrode consumed the lowest energy (expressed as kWh·kg−1 N-NH4

+/COD), while
the 0.5 k electrode consumed more, and the highest energy consumption was observed for
the 10 k electrode (Figures 9 and 10). The electrode that was most effective in removing
contamination (BDD 0.5 k, j = 100 mA·cm−2, t = 8 h) had the following energy consumption:
ECCOD = 285 kWh·kg−1 COD ECN-NH4+ = 748 kWh·kg−1 N-NH4

+ and 495 kWh·kg−1

(Figure 9). These results are analogous to results obtained by our research group testing
BDD/Nb electrodes in terms of LL treatment [29]. Figure 10 clearly shows that the energy
consumption increased with increasing k, indicating that it appears to be more cost-effective
to remove COD than N-NH4

+ (using 0.5 k). However, thanks to such a wide database,
optimal conditions might be proposed: the lowest energy consumption (94.5 kWh·m−3)
for COD removal efficacy (>70%) may be achieved after 6 h of process using a 0.5 k
electrode. Such a COD removal efficacy will be sufficient, e.g., in terms of EO application
before biological treatment. Considering other types of electrodes (Ti/BDD and Ti/RuO2)
operated at 83 mA/cm2 from 4 to 8 h, energy consumption ranged from 30 to 190 kWh·kg−1

COD. However, Tran Le Luu [57] pointed out that the energy consumption at Ti/BDD
is less than Ti/RuO2 anode under such a condition concluded Ti/BDD anode as a more
favorable than Ti/RuO2. Moreover, Zhou and co-authors [56] used ICE and EC to optimize
the BDD/Nb EO process parameters. They showed that a current density of 50 mA/cm2

lead to 87.5% COD and 74.06% N-NH3 removal after 6 h of EO in flowing reactor with
energy consumption of 223.2 kWh·m−3 and ICE equal to 35%. Under the same current
density studied 0.5 k BDD/Si anode (after 8 h of process) in the batch reactors led to 83%
COD and 48% N-NH4

+ removal from LLs with energy consumption of 200 kWh·m−3,
122 kWh kg−1 COD, and ICE = 45% (Appendix A, Table A1).

Despite parameter optimization, other solutions that will decrease energy consump-
tion of advanced oxidation processes have been greatly explored. For instance, Cardoso
and co-authors [86] indicated that a bubbling reactor with an ozone system resulted in
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reduced energy consumption compared to a combination of ozone with photocatalysis or
photo-electrocatalysis. The bubbling reactor might also be considered in the optimization
of EO reactor efficacy, possibly resulting in less energy consumption.

4. Conclusions

The application of new approaches in advanced treatment technologies such as EO
can deliver environmental, economic, and social benefits. To be in accordance with the EU
Green Deal and Water-Smart Society concept, EO application for LL treatment should be
optimized in a ‘fit-for-purpose’ manner that is also affordable and practical for water-related
sectors. This study presents that EO using BDD anodes is an effective technology to treat
LLs in terms of macropollutant removal. At an optimized test, applied j of 100 mA·cm−2

with the 0.5 k electrode, the electro-oxidation process could nearly completely remove
COD from LLs, with C8h/C0 = 0.09 ± 0.14, but the removal of N-NH4

+ was less effective
(C8h/C0 = 0.39). Thus, the proposed treatment process is instead dedicated to COD
degradation. In most cases, COD removal fits the model of pseudo-first-order reactions
with good linearity. Some conditions lead to a two-fold increase in biodegradability index
(BI = 0.22 ± 0.05 was obtained using a 0.5 k electrode and a j of 50 mA·cm−2). Such
a phenomenon would suggest applying EO before biological treatment of LLs. EO of
LLs may result in: (1) better subsequent effectiveness of biological processes due to the
mineralization of poorly decomposable (non-biodegradable) COD and (2) an increase in
N-NH4

+ removal effectiveness.
The main drawback concerning applying the BDD electrodes for LLs treatment seems

still to be the energy consumption. Considering using EO by means of BDD/Si in wider
industrial and environmental applications appears complicated to implement for economic
reasons. However, on the other hand, in this study, in a relatively short time, effective
organic matter removal was obtained. Furthermore, the use of this method is also supported
by the following factors: compact and modular reactor design, no addition of reagents
needed, simple operation of devices, and the ability to adjust to variable organic loads in
wastewater. To conclude, EO by means of BDD is an effective technology for the treatment
of industrial wastewater such as LLs. Further studies are recommended to improve the
ability of electrochemical conversion of ammonia to N2 in LLs (inter alia by controlling the
main operating parameters). Thus, it is stated that new developments in nanotechnology
and material science, the widespread use of alternative energy sources, and reductions in
material costs for the production of the electrodes now appear to be crucial in the wider
implementation of EO.
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Appendix A

Changes in N-NO3
− in LLs with different BDD anodes and current densities

(25–100 mA·cm−2) (Figure A1), Changes in N-NO2
− in LLs with different BDD anodes

and current densities (25–100 mA·cm−2) (Figure A2), Changes in TN in LLs with different
BDD anodes and current densities (25–100 mA·cm−2) (Figure A3), pH in LL during 8-h EO
process (Figure A4) and The effect of using different B doped electrodes (0.5 k, 10 k, and
15 k BDD) on COD and N-NH4

+removal, instantaneous current efficacy (ICE) and energy
consumption EC [kWh kg−1 COD] and EC [kWh kg−1 N-NH4

+] after 8 h of EO process
(Table A1).

Figure A1. N-NO3
− changes in LLs with different BDD anodes and current densities

(25–100 mA·cm−2).

Figure A2. N-NO2
− changes in LLs with different BDD anodes and current densities

(25–100 mA·cm−2).
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Figure A3. TN changes in LLs with different BDD anodes and current densities (25–100 mA·cm−2).

Figure A4. pH changes in LLs with different BDD anodes and current densities (25–100 mA·cm−2).

Table A1. The effect of using different B doped electrodes (0.5 k, 10 k, and 15 k BDD) on COD and N-NH4
+removal,

instantaneous current efficacy (ICE) and energy consumption EC [kWh kg−1 COD] and EC [kWh kg−1 N-NH4
+] after 8 h

of EO process.

Anode Type
Current Density

(mA/cm2)
COD Removal

(%)
ICECOD

(%)

EC
(kWh kg−1

COD)

N-NH4
+

Removal
(%)

ICE N-NH4
+

(%)

EC
(kWh kg−1

N-NH4
+)

0.5 k BDD

25 46 63 46 35 24 121

30 57 58 95 30 17 373

50 83 51 122 48 17 381

75 81 33 207 54 13 555

100 91 28 285 60 10 748

10 k BDD

25 49 66 46 19 11 295

30 56 61 64 19 9 416

50 49 44 126 28 9 502

75 67 28 233 31 6 1071

100 69 22 314 37 5 1254

15 k BDD

25 48 57 55 18 4 310

30 42 43 64 23 10 246

50 59 36 112 38 8 328

75 74 33 136 50 8 410

100 71 22 284 42 5 891
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Abstract: Composite materials with 83 wt.% of the 0.7Pb(Mg1/3Nb2/3)O3-0.3PbTiO3 distributed
in phosphate-bonded ceramics were prepared at three different pressures. A phosphate matrix
comprises a mixture of an aluminum phosphate binder and melted periclase, MgO. All samples
demonstrate a homogeneous distribution of the ferroelectric perovskite phase and are thermally stable
up to 900 K. At higher temperatures, the pyrochlore cubic phase forms. It has been found that the
density of the composites non-monotonously depends on the pressure. The dielectric permittivity and
losses substantially increase with the density of the samples. The fabricated composites demonstrate
diffused ferroelectric–paraelectric transition and prominent piezoelectric properties.

Keywords: phosphates; PMN-PT; composites; dielectric properties; ferroelectric properties; densifi-
cation

1. Introduction

Composite materials filled with ferroelectric inclusions have received much attention
in recent decades. Utilization of the different matrices and combinations with additional
fillers allow to improve the properties of ferroelectrics and open wide perspectives for
applications. In particular, composites with polymer matrices have potential applications
in nanogeneration and energy harvesting [1–4], as well as ultrasonic transducers [5–7]. The
addition of carbon nanotubes into such a system improves harvesting properties [8,9]. The
composites comprising the mixture of ferroelectrics and ferromagnetics reveal the coupling
of magnetic and electric polarizations [10,11]. The multiferroics have been widely used as
sensors, transducers, memory elements, and spintronics [12–15]. Cement-based composites
with ferroelectrics are used in structural health monitoring [16–18] and civil engineering
fields [19,20].

Phosphate-bonded ceramics (PBCs) are intermediary materials between inorganic and
polymer materials [21–23]. An important advantage of PBCs is the simplicity and low cost
of the synthesis procedure. Phosphates are safe and eco-friendly. The preparation and
curing steps occur at room temperature or with slight heating, without high-temperature
sintering. Nowadays, PBCs can even be 3D printed [24]. After curing, the material
demonstrates outstanding thermal stability and mechanical properties. Phosphates can
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act as a prospective host for a wide range of functional inclusions, which opens vast
possibilities for biomedical [25,26], liquid wastes solidifying [27], drug delivery [24], and
electromagnetic shielding applications [28,29]. Nevertheless, very few studies contribute
to PBCs filled with ferroelectrics [30–32].

The only significant drawback of phosphate ceramics and cement for some utilizations
is their relatively high porosity. However, this is a critical issue of ceramic materials in
general. There are several approaches for densification, i.e., cold sintering process [33],
microwave sintering [34], and increasing the pressure during material formation [35,36].

The present paper studied PBCs filled with a high concentration of ferroelectric inclu-
sions. The composites were compressed under different pressures during the preparation
procedure. The pressure-induced densification was studied for the case of chemically
bonded material. Previously mentioned works study the densification of ceramics synthe-
sized with sintering [35,36] that also impacts the density [37]. However, such densification
is expected to apply to PBCs as well, despite the absence of sintering.

2. Materials and Methods

Ceramic composites consist of 3 components, i.e., a binder (Al(H2PO4)3), a filler
(MgO), and a functional filler (0.7Pb(Mg1/3Nb2/3)O3-0.3PbTiO3). Commercially avail-
able by American Elements, lead magnesium niobate lead titanate (PMN-0.3PT, https://
www.americanelements.com/printpdf/product/62022/datasheet, accessed on 3 Septem-
ber 2021) was used for the preparation of ceramic composites. The average grain size of the
PMN-0.3PT powder is lower than 5 μm (see Figure 1). PMN-0.3PT is interesting as a filler
for the composites due to its high dielectric permittivity, in combination with outstanding
piezoelectric properties [38,39]. Commercially available by JSC Vostokogneupor (Russia,
Yekaterinburg), melted periclase powder (MgO) was used as a filler. According to the
supplier, the grain size of MgO is smaller than 63 μm.

Figure 1. Scanning electron microscopy of the 0.7Pb(Mg1/3Nb2/3)O3-0.3PbTiO3 powder.

The preparation procedure for the aluminum phosphate binder is as follows: Alu-
minum hydroxide powder Al(OH)3 was dispersed in distilled water. Then, the concen-
trated (85 wt.%) H3PO4 was added to aluminum hydroxide suspension. The content of
water was calculated to obtain the final concentration of orthophosphoric acid of 60 wt.%.
The mixture reacted under constant stirring and heating up to 373 K. The synthesis time
takes approximately 60–90 min. The reagents interacted according to the equation: Al(OH)3
+ 3H3PO4 → Al(H2PO4)3 + 3H2O. After obtaining the transparent viscous dispersion, the
mixture was cooled to room temperature and diluted with distilled water to a density of
ρ = 1.42 g/cm3.

The binder (0.3 g), filler (0.12 g), and PMN-0.3PT (2.01 g) were mixed in an agate
mortar for 10 min and uniaxially pressed into the tablets with a diameter of 10 mm under
3, 6, and 8 US-tons. The prepared PBC/PMN-0.3PT composite samples are marked as 3 t,
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6 t, and 8 t, respectively. Then, the composites were kept for 24 h at ambient temperature
(293 K) and thermally treated up to 573 K with a heating rate of 1 K/min to speed up the
curing process. As a result, the samples with a high content of PMN-0.3PT (83 wt.%) were
prepared.

The scanning electron microscopy (SEM) with energy dispersive X-ray analysis (EDX)
was performed on Helios NanoLab 650 microscope (Thermofisher Scientific, Hillsboro,
OR, USA). Dielectric properties of the developed composites in the frequency range of
20 Hz–1 MHz were measured using an LCR HP4284A (Hewlett-Packard, Palo Alto, CA,
USA), and at the frequencies of 1 MHz–300 MHz, a coaxial dielectric spectrometer with
a vector network analyzer Agilent 8714ET Santa Clara, CA, USA) was employed. For
temperature measurements, a homemade furnace and a cryostat with liquid nitrogen were
used. AixaCCT TF2000 analyzer (Aachen, Germany) equipped with a 4 kV supply was
applied for piezoelectric measurements. The silver paste was used for electrodes. The
density of the samples was evaluated by measuring the volume and mass of precisely
cut samples with a parallelepiped shape. The thermal gravimetric analysis with scanning
differential calorimetry (TGA/DSC) was performed using NETSCH STA 449 (Selb, Ger-
many). Samples were tested in an ambient air atmosphere with a heating rate of 10 K/min.
The powder X-ray diffraction (XRD) analysis was carried out on DRON 3.0 diffractometer
(BOUREVESTNIK, JSC, Saint-Petersburg, Russia) using CoKα radiation (λ = 1.78896 Å),
IDDC database PDF4+ was applied for identification. For XRD measurements of thermally
treated samples, the following protocol was used: heating up to 473 K, 573 K (heating
rate 1 K/min); 973 K, 1073 K, and 1273 K (heating rate 5 K/min), followed by 30 min of
isothermal treatment.

3. Results and Discussion

Scanning electron microscopy with energy dispersive X-ray analysis (Figure 2) of the
8 t sample reveals separate MgO grains surrounded with PMN-0.3PT grains (Table 1).

Figure 2. Scanning electron microscopy of the 8 t sample.

Table 1. Elemental content of the areas in Figure 2.

Area O Mg Al P Ti Nb Pb

1 71.26 4.41 1 2.44 3.73 6.39 10.77
2 53.68 46.14 0.1 0.02 0.02 0.02 0.03

The result of TGA/DSC measurements of the 8 t composite material is presented
in Figure 3. A total mass loss of approx. 3% occurs upon heating up to 750 K. In the
temperature range of 300–450 K, the mass loss of 2%, accompanied by a sharp minimum
in the DSC curve at 360 K, is associated with the absorbed water evaporation caused
by the porous structure. The slight mass loss (approx. 1%) above 450 K occurs due to
the evacuation of water obtained after the acid–base interaction processes in the PBC
matrix. The series of peaks on the DSC curve at 900–1100 K without gravimetric effect is
associated with high-temperature interactions between PMN-0.3PT and phosphate matrix.
The developed composite remains stable up to 900 K.
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Figure 3. TG-DSC curves of the 8 t sample.

XRD analysis (Figure 4) of the as-synthesized material demonstrates the peaks from
the perovskite PMN-0.3PT [01-088-1864] structure and small-intensity peaks from MgO
[30-0794]. After high-temperature treatment, the intensity of the perovskite peaks gradually
decreases. Additional reflections appear in the XRD spectra of samples treated at 1073 and
1273 K. These peaks are identified as pyrochlore Pb2Ti2O6 [26-142] cubic phase. Since both
PMN-0.3PT and PBC are stable in the studied temperature range [29,40], the formation
of pyrochlore phase is associated with the interaction between PBC and PMN-0.3PT at
900–1100 K (see Figure 3).

Figure 4. X-ray diffraction patterns of 8 t sample treated at different temperatures.

The temperature dependencies of the dielectric permittivity at different frequencies of
3 t and 6 t samples are presented in Figure 5. The results of the 8 t sample are close to 6 t,
so only one frequency of 100 kHz is presented for comparison. The real part of ε′ of the
studied samples demonstrates a broad maximum near 460 K. The anomaly is related to
the phase transition of 0.7Pb(Mg1/3Nb2/3)O3-0.3PbTiO3 from ferroelectric to paraelectric
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phase [41]. It is slightly different from the known peak position [41], which is probably due
to possible defects of ferroelectric inclusions. Both samples demonstrate weak frequency
dispersion of dielectric permittivity in the studied temperature range. The temperature
corresponding to the maximum of ε′ is frequency independent. Dielectric losses of the
samples are not higher than 2 at temperatures up to 420 K. Upon further heating, the ε′′
increases up to 2.5, and the strong frequency dispersion appears (Figure 5). This may
indicate the Maxwell–Wagner relaxation at higher temperatures [42].

Figure 5. Real and imaginary parts of the dielectric permittivity as a function of temperature.

The densification effect is presented in Table 2. Several empirical models describe the
densification behavior for conventional ceramics [35,36,43,44]. According to the mentioned
literature, ceramics’ density monotonously increases with pressure. In the studied case,
an increase in density is observed up to 680 MPa, which is followed by saturation at
680–904 MPa.

The effective media approach links the porosity of ceramics and ε [45]. This makes
dielectric permittivity a sensitive tool to verify density measurements [46]. Similar to the
density, ε demonstrates a plateau for samples pressed at 680–904 MPa.

Table 2. Density of the samples as a function of the applied pressure.

Applied Pressure, MPa 340 680 904

Density, g/cm3 5.48 6.10 5.94
ε, at 100 kHz, 450 K 109.5-1.05i 148.67-1.68i 147.56-1.41i

Several factors influence the density of ceramics. The increase in pressure better
compacts the powder and improves the density. The densification process is limited and
saturates at higher pressures when the theoretical density is achieved [36]. At the same time,
high pressure introduces the elastic strain. The cracks may appear as a result of mechanical
strain release [47]. The sintering step also impacts the density of the ceramics [37] due to
the grain growth [48,49] and the healing of the cracks [50]. For PBCs, the saturation of
density at the pressures of 680–904 MPa may indicate the achievement of theoretical density.
Additionally, the absence of the sintering step somehow limits the relative densities of the
ceramics.

The electromechanical properties and hysteresis loop of the samples were measured
at the frequency of 10 Hz at room temperature (Figure 6). The shapes of the displacements
at the maximal electric field are not sharp, compared to the pure PMN-0.3PT ceramics [38].
This difference might relate to the impact of the PBC on the overall elastic properties of
the composite. The P-E loops for 8 t and 6 t samples are close to each other with similar
values of remnant polarisations and coercive fields. The rounded shape of the P-E loops
demonstrates the dilution of ferroelectric properties. Such shape of the P-E loop is not
typical for the PMN-PT conventional ceramics [46]; however, it was previously reported
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for the PMN-PT-based composites [16]. Similarly, the difference might be attributed to
the composite nature of the samples. The PBC matrix introduces additional losses to the
system.

Figure 6. The strain and P-E hysteresis loops.

4. Conclusions

In contrast to polymer-based [1–3] or cement-based [17,18] composites, the usage of
phosphate matrices allows researchers to successfully synthesize composite materials with
substantially higher (83 wt.%) content of ferroelectrics. Obtained composites demonstrate
a homogeneous distribution of PMN-0.3PT grains with inclusions of MgO grains. Thermal
stability is another important feature of the presented materials. Polymer matrices are
thermally degradable at comparatively low temperatures [51,52]. The cement also loses
mechanical strength at high temperatures [53], and therefore, modified compounds are
required [54]. In contrast, phosphate-bonded ceramics gain mechanical properties after
thermal treatment [29]. The composites are stable up to 900 K, while the pyrochlore
Pb2Ti2O6 phase forms at a higher temperature.

The dependence of ceramic composites’ density on the applied pressure was studied.
Densification was observed upon the increase in the pressure from 340 to 680 MPa. The
increase in density was verified with the measurements of dielectric permittivity. The
densest composite has 1.5 times higher ε′ than that of the least dense composite. The
temperature dependence of ε was studied in a wide range of 20 Hz–300 MHz. The ε′
shows the maximum at the temperature of 460 K, which is attributed to the ferroelectric—
paraelectric phase transition. The increase in dielectric losses at higher temperatures
indicates the onset of the Maxwell–Wagner relaxation. The 8 t sample demonstrates a high
piezoelectric strain of 0.04%. The shape of the D-E dependence is not sharp in comparison
with the conventional ferroelectrics. That is attributed to different elastic properties of the
PMN-0.3PT and phosphates.

To summarize, we fabricated a prospective material for a wide range of applications
that combines the advantages of both PBCs and ferroelectrics. The preparation is simple
and environmentally friendly. The absence of the sintering step allows loading the samples
with additional fillers such as carbon allotropes or ferromagnetics, but more importantly,
avoiding interaction between them. Additionally, it allows dodging the evacuation of lead
from lead-based ferroelectrics, which is extremely important due to the RoHS directive.
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Abstract: The demand for composite materials in high-voltage electrical insulation is escalating over
the last decades. In the power system, the composite glass-fiber-reinforced polymer has been used as
an alternative to wood and steel crossarm structures due to its superior properties. As a composite,
the material is susceptible to multi-aging factors, one of which is the electrical stress caused by
continuous and temporary overvoltage. In order to achieve a better insulation performance and
higher life expectancy, the distribution of the stresses should firstly be studied and understood. This
paper focuses on the simulation work to better understand the stress distribution of the polyurethane
foam-filled glass-fiber-reinforced polymer crossarm due to the lightning transient injection. A finite-
element-based simulation was carried out to investigate the behavior of the electric field and voltage
distribution across the sample using an Ansys Maxwell 3D. Electrical stresses at both outer and inner
surfaces of the crossarm during the peak of lightning were analyzed. Analyses on the electric field
and potential distribution were performed at different parts of the crossarm and correlated to the
physical characteristics and common discharge location observed during the experiment. The results
of the electric field on the crossarm indicate that both the outer and internal parts of the crossarm
were prone to high field stress.

Keywords: GFRP composite crossarm; fiberglass; polyurethane foam; electric field; critical flashover
voltage lightning impulse voltage; finite element method

1. Introduction

Nowadays, composite materials have been used in broad applications. Glass-fiber-
reinforced polymer (GFRP) composites have been used in recent decades for high-voltage
(HV) applications, especially for transmission tower design to replace wooden crossarm [1].
GFRP has been recognized to have an excellent mechanical strength-to-weight ratio, corro-
sion resistance, longer lifespan, and cost-saving capabilities in installation and replacement,
which have driven many designers to use it for electrical insulation. However, it is still
vulnerable to aging, responsible for the composite’s long-term performance [2,3]. Some
of the factors contributing to aging include electrical, salt fog, rain, ultraviolet (UV), and
hygrothermal caused degradation as summarized in Figure 1 [4].

Materials 2021, 14, 5628. https://doi.org/10.3390/ma14195628 https://www.mdpi.com/journal/materials
33



Materials 2021, 14, 5628

Figure 1. The multifactor aging of composites material [4].

The extensive use of composites in HV equipment has motivated much further re-
search on their mechanical and electrical performance as well [5–8]. The GFRP crossarm
consists of a hollow tubes structure, which is a product of the pultrusion process. The
process combines layers of fiberglass fabric by thermoset special polyester resin and is cov-
ered by polyurethane (PU). The hollow tube structure is typically filled with a closed-cell
PU foam to eliminate the void spaces, which can cause moisture accumulation, thereby
increasing the risk of electrical bridging or fires [9,10].

Previous studies evaluated the insulation performance of composite GFRP crossarm
through laboratory testing to obtain AC withstand and critical flashover (CFO) volt-
ages [11,12]. In the studies, the performance of differently aged crossarm and new crossarm
were compared. At the same time, the GFRP crossarm under different conditions and po-
larity considering the crossarm length have been thoroughly discussed. The authors have
found that the CFO per unit length of the GFRP crossarm tends to decrease as the length
increased. In a separate study, the high voltage and direct current (HVDC) performance of
GFRP samples were also investigated [13].

In different studies, the issue of bubble formation inside the PU foam has been
discussed. The formation of the bubbles may lead to partial discharges and probably
cause permanent damage to the insulation when they reach a certain threshold [14,15].
Moreover, the pore diameters of the PU foam have been inclusively studied in [14]. The
authors have highlighted the challenge posed by different pore sizes that caused variation
in permittivity and volume resistivity of the material, thus influencing the electrical stress
distribution. The finite element method (FEM) has been widely used to evaluate the
stress distribution on composite crossarms and insulators in the event of lightning [16–19].
These studies have satisfactorily predicted and located the electrical stress by its potential
and E-field distributions. Simulation conducted in [20] indicated that some parts of the
crossarm experienced irregular distribution of E-field along the surfaces and triple junctions.
Based on the previous studies, this paper aims to understand the stress distribution and
its magnitude on the external and internal parts of the GFRP crossarm, considering the
lightning overvoltages.

2. Materials and Methods

Two crossarm samples with a dimension of 100 mm × 127 mm × 127 mm were
obtained from the main member of a newly pultruded 275 kV GFRP crossarm. The
pultruded material comprised ten layers of fiberglass consisting of four layers of fiberglass
fabric, three layers of fiberglass roving, and three layers of fiberglass chopped strand mat
(CSM), with a total thickness of 7.00 mm to 7.40 mm (refer to Figure 2). The hollow samples
were filled with PU foam and sealed at both ends with a special polyester resin using a cold-
curing method for moisture resistance, as practiced in the field (refer to Figure 3). Later,
these samples will be used as a reference for current and future studies. The methodology
of the current study is divided into two sections, i.e., experimental and simulation works.
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Figure 2. The construction layers of the GFRP crossarm sample [21].

Figure 3. Hollow crossarm sample filled with closed-cell foam, sealed with resin sealer.

2.1. Experimental Work

A lightning impulse test was preliminarily carried out to determine the CFO voltage
of the sample by adopting the up-and-down method, as suggested in IEC 60060-1 [22]. The
sample was sandwiched between two parallel plate electrodes during the test considering a
uniform field, as shown in Figure 4. In total, 20 shots of standard 1.2/50 μs impulse voltage
were energized at one of the electrodes, while another electrode was earthed with a 50 mΩ
current shunt connected. Both positive and negative impulse polarity was considered
in this study. A sample was tested three times in each polarity to investigate the loss of
performance due to the repeated flashovers. The average CFO voltages obtained in the
study were corrected to the standard atmospheric condition.

Figure 4. The experimental setup.
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2.2. Finite Elements Simulation

A FEM-based simulation was carried out using an Ansys Maxwell (Electronic Desktop
2020R2, Ansys Inc., Canonsburg, PA, USA) numerical package to simulate the sample’s
3-dimensional (3D) model. The 3D model, as illustrated in Figure 5, is the direct represen-
tation of the actual sample, consisting of five different materials: hollow GFRP tube, PU
foam, steel electrodes, air, and polyester resin sealer. Each material was differentiated by
the electrical characteristics, i.e., permittivity and bulk conductivity (S/m) as indicated in
Table 1. In addition, Table 2 describes the characteristics of PU foam, which reflects the
material’s permittivity and bulk conductivity.

Figure 5. The experimental setup.

Table 1. Material-based parameters.

Parts Material
Relative

Permittivity (Er)
Volume Conductivity (σ)

S/m
Ref.

Air Air 1.0006 0 Ansys Lib.
Electrodes Steel 1.0 2.00 × 106 Ansys Lib.
Crossarm GFRP 4.6 1.11 × 10−14 [23,24]

Foam Polyurethane 1.8 5.56 × 10−15 [25]
Sealer Polyester resin 3.2 0 Ansys Lib.

Table 2. Characteristics of PU foam used in the simulation [25].

Characteristics Description

Pore Geometry Spherical
Density, g/cm3 0.2510

Average Diameter, μm 200
Pore Porosity, % 73

An optimum number of elements at 696,471 were obtained by the adaptive meshing
technique, which was repeatedly refined until convergence was achieved, as shown in
Figure 6. The convergence was set based on a pre-defined percentage error at 1%. Figure 7
shows the fine mesh plot of the model that was based on the finer mesh theory; a finer
mesh would produce more precise and accurate results [26].

Figure 6. Convergence graph and iterated mesh elements.
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Figure 7. Mesh plot of the simulation model.

The electric transient analysis was adopted, considering the impulse voltage in the
time domain. One of the electrodes was energized with a standard lightning impulse
voltage with a peak of −94.5 kV for 100 μs, which is equivalent to the CFO voltage obtained
in the experiment, while another electrode was subjected to 0 kV for the same duration.
The energization with CFO voltages shall reflect the maximum stress immediately before
the breakdown occurs. The 1.2/50 μs lightning impulse voltage can be expressed by the
double exponential function as follows [27]:

u(t) = uok(℮−αt − ℮−βt), (1)

where uo is the peak value of lightning impulse voltage, and α is the attenuation coefficient
of the wavefront, which is set to 1.473 × 104. Meanwhile, β is the attenuation coefficient of
the wave tail set to 2.08 × 106, and k is the correction coefficient set to 1.043. The whole
flow of the simulation study is summarized in Figure 8.

Figure 8. The process flow of simulation work using ANSYS.

Several measurement lines, as illustrated in Figure 9, were introduced at different parts
of the model. X1, X2, and X3 are the lines across the length (x-axis) laid on the outer and
inner surface of GFRP and inside the foam, respectively, while Y1, Y2, and Y3 laid across
the width (y-axis). In this study, E-field and potential distributions were generated at these
lines with respect to the distance. Meanwhile, position A was introduced to investigate the
variation of stress to time.
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Figure 9. Measurement lines across the simulation model.

3. Results and Discussion

3.1. Critical Flashover Voltage

In the experimental works, the critical flashover voltage (CFO) of the 10 cm crossarm
sample was determined at 85.2 kV and −94.5 kV for positive and negative impulse polarity,
respectively. It can be found that the CFO under negative polarity was much higher
than positive polarity, indicating a 10.9% difference. Investigation on the repeated test is
summarized in Table 3.

Table 3. CFO voltages of crossarm sample.

Polarity Sample
CFO Voltage,

U50 (kV)
Standard

Deviation (± %)
No. of

Withstand
No. of

Flashover

Positive Sample 1
85.2 3.43 10 10
84.6 2.43 9 11
83.9 2.84 8 12

Negative Sample 2
−94.5 1.47 10 10
−93.7 1.81 10 10
−92.6 1.59 9 10

It was recorded that the CFO value was slightly reduced after the subsequent test.
This perhaps indicates a minor degradation of the crossarm insulation after the repeated
flashovers. The observation showed that most of the flashovers occurred on the insulation
surface in the air, whereas some were not visible, indicating internal flashover occurred.
Most of the discharges on the surfaces happened nearer to the edges of the samples, as
shown in Figure 10. For the internal flashover, it is believed that the flashover happens
across the internal surface (interfaces between GFRP and foam) or within the lamination
interfaces, where air voids may occasionally exist due to poor manufacturing. In this
case, the non-self-healing nature of the composite is a significant concern because the
post-flashover may leave conductive charred trails, yet the test conducted is not sufficient
to reflect the permanent damages caused by the internal flashover.

Figure 10. Flashover path on the surface.
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3.2. FEM Analyses

Measurement of E-field strength at point A shows that the electrical stress was directly
proportional to the voltage applied. The E-field profile generated at point A is illustrated
in Figure 11, where the maximum E-field at 9.00 × 105 V/m occurred during the peak
of the lightning voltage. As the voltage reduced over time, the E-field continued to
reduce relatively.

Figure 11. Voltage and E-field strength on GFRP surface (at position A).

In the flashover event, the E-field on the crossarm surface was predicted to be at the
maximum sufficient to sustain an arc across the insulation surface. Based on the theory of
the uniform field, flashover could occur in the air at 30 kV/cm, which the threshold might
vary according to the surrounding conditions [28]. Moreover, the E-fields distribution
within the material is similarly important. Flashover might occur internally when the
E-field exceeds the breakdown strength of the material.

In the current study, the conducted simulation had satisfactorily predicted E-field
at the cross section of the crossarm, as illustrated in Figure 12. It showed that the field
stress was abnormally distributed around the structure, which was anticipated to be evenly
distributed based on the theory of parallel plate distribution. The highest E-field was
primarily concentrated inside the foam up to 9.99 × 105 V/m and gradually decreased
away from the center.

Figure 12. E-field distribution at the cross section of the sample.
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Investigation of the E-field distribution at different time moments of the lightning
transient revealed that the E-fields on the crossarm developed from the center of the foam
outwards. As illustrated in Figure 13, the maximum E-field could be observed as early as
1.2 μs (front time) and continued to expand to the entire foam region until time equal to 2.3 μs.

Figure 13. E-field at different time moments.

Translated into curves, the sample’s E-field measurements across the y-axis (or y
cross section) were labeled Y1, Y2, and Y3 and represented by a “dome shape” (refer to
Figure 14). The profiles showed that the maximum E-field on the outer surface of GFRP
was slightly lower than the internal surface, marking a 1.32% difference. In contrast,
10.02% of the difference was measured between the outer surface and foam. In general,
it could be observed that the magnitude of the E-field presented in Figure 14 exceeded
the typical streamer threshold that is usually initiated at a magnitude of 0.50 MV/m to
0.60 MV/m [29–31].

Figure 14. E-field profiles across Y1, Y2, and Y3 during the peak of impulse voltage.

In general, the E-field intensity is closely associated with the voltage gradient across
the insulating material. For example, the voltage distribution across X3 is presented in
Figure 15. The voltage was non-linearly distributed across the distance where the gradient
changes could be seen at 10 mm and 90 mm at which the interface of sealer and foam
material existed.
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Figure 15. Voltage distribution versus E-field distribution across X3.

Based on Figure 16, three distinct E-field profiles could be found across X1, X2, and
X3. It showed that the non-homogenously distributed fields caused higher electrical stress
on both ends of the samples. A maximum field up to 2.60 × 106 V/m was recorded on
the surface (X1) at which a triple junction between air, GFRP, and steel electrodes existed.
It should be noted that this value was proximate to the breakdown threshold of air. In
addition, the triple junction between polyester sealer, GFRP, and PU foam showed a minor
impact on the field distribution at X2.

Figure 16. E-field profiles across X1, X2, and X3 during the peak of voltage.

A maximum field up to 1.03 × 106 V/m was projected across the PU foam (X3). As
a comparison, this value was one-sixth of the average lightning breakdown strength of a
typical closed-cell foam, which occurs typically at 6.09 × 106 V/m [14]. It is unlikely for a
flashover to happen across the foam material at this level. However, it should not be disre-
garded as the indicated value might promote partial discharges that lead to the progressive
aging of the material, as the value surpassed the threshold of streamer development.

Field plot on the outer surface of the crossarm sample revealed that the higher E-field
stress was confined at every corner, as shown in Figure 17, whereby the highest E-field on
the surface was 2.60 × 106 V/m. The field distribution explained why most of the flashover
occurred at the corners, as revealed in Figure 10.
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Figure 17. E-field stress on the external surfaces of GFRP crossarm sample.

Similarly, the internal GFRP surface indicated the exact behavior, whereby localized
E-field was more significant at all corners, having a maximum E-field up to 1.14 × 106 V/m
(see Figure 18). Circled in red is the material interfaces with localized E-field.

Figure 18. E-field stress on the internal surfaces of GFRP crossarm sample.

4. Conclusions

The experimental works successfully determined the CFO voltage of the 10 cm
crossarm samples at 85.2 kV and −94.5 kV, where the polarity effect caused 10.9% of
the difference. In addition, a reduction trend of CFO voltages was observed when the
crossarm was subjected to a repeated lightning impulse test. It is believed that minor
degradation occurred due to the electrical arc.

Analysis of the E-field distribution was carried out at different parts of the sample
and correlated to the physical characteristic, and common discharge location was observed
during the experiment. The FEM analysis revealed that the external GFRP surface suffered
maximum electrical stress at both ends, which was consistent with the location of triple
junctions. However, it significantly reduced toward the center of the sample, forming a
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U-shape profile distribution. Internally, the stress was found slightly lower at both sample
ends due to the presence of sealer.

A dome-shape distribution could be observed across the width (y-axis) of the sample,
where the maximum field could be found at the center. Therefore, it revealed that the
middle span of the sample suffered the highest field in the PU foam, followed by the
internal and external surface of GFRP. Meanwhile, the overall analysis of the sample
showed that the edges suffered the highest E-field, which is understood to be caused by
the pointed shape and the triple junctions, correlated to the flashover arc’s location.

In the current study, the way in which the composite material reacts to the E-field was
therefore considered to understand their long-term performance. It was also suggested that
fair attention should be given to the insulation properties of the foam during designing since
the E-field that developed during the lightning transient exceeded the typical threshold
of streamers. Even though the localized E-field is not responsible for an instant loss of
insulation, it may lead to partial discharges that might cause a preliminary fault in the
crossarm and degradation over some time. By knowing the magnitude of stresses on the
crossarm, an appropriate selection of insulation material, properties, shapes, etc. can be
planned to keep stress at a minimum level.
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Abstract: Hybrid methyl-ammonium (MA:CH3NH3
+) lead halide MAPbX3 (X = halogen) perovskites

exhibit an attractive optoelectronic performance that can be applied to the next generation of solar
cells. To extend the field of interest of these hybrid materials, we describe the synthesis by a solvent-
free ball-milling procedure, yielding a well crystallized, pure and moisture stable specimen of the
Cd tribromide counterpart, MACdBr3, which contains chains of face-sharing CdBr6 octahedra in
a framework defined in the Cmc21 (No 36) space group. The details of the structural arrangement
at 295 K have been investigated by high angular resolution synchrotron x-ray diffraction (SXRD),
including the orientation of the organic MA units, which are roughly aligned along the c direction,
given the acentric nature of the space group. UV-vis spectra unveil a gap of 4.6 eV, which could be
useful for ultraviolet detectors.

Keywords: methylammonium cadmium tribromide; acentric crystal structure; polar CH3NH3
+

orientation; ultraviolet pigment and solar cells

1. Introduction

Hybrid organic-inorganic halide perovskites are suitable as light absorbers in solar
cells [1–4], with an efficiency of power conversion (PCE) of about 23%, similar to silicon-
based devices. In particular, methyl-ammonium lead iodide CH3NH3PbI3 (CH3NH3

+: MA)
is the prototype of light harvester in hetero-junction solar cells [5–7]. Hybrid perovskites
MAPbX3 (X = I, Br and Cl) also exhibit properties such as ambipolar charge mobility, low
exciton binding energy and tolerance to structural defects [8–14]. Other divalent elements
instead of Pb2+ have been evaluated; experimental [15] and theoretical [16,17] studies have
been carried out for other divalent cations, such as those of Group 12 (Zn, Cd and Hg) that
also are closed-shell divalent cations. However, structural and electronic studies on these
materials are scarce. In particular, the Cd-containing phase MACdBr3 is little studied with
only structural and theoretical analysis [17–19]. The addition of Cd2+ is paradigmatic since
it is responsible for interesting phenomena; the electroluminescence is not inhibited, while
a composite with polystyrene is effective in preventing the degradation of cadmium halide
due to humidity [20].

The crystal structure of MACdBr3 differs from those of MAPbX3 (X = I, Br and I),
most of which can be described in the cubic arystotype perovskite structure, defined in
the space group Pm3m. Given the smaller size of Cd2+ (0.95 Å) vs. Pb2+ (1.19 Å), the
tolerance factor of the hypothetical perovskite would be higher than unity, and therefore,
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instead of the classical framework of corner-sharing octahedra, this Cd compound presents
chains of face-sharing CdBr6 octahedra in a quasi 1D arrangement. It was described
by Hassen et al. [19] from a single crystal prepared by solution chemistry. Additionally,
Kallel et al. [18] described a phase transition at 170 K from the above described structure
to a complex orthorhombic unit cell. Regarding the absorption properties, theoretical
calculations in an unrealistic cubic structure yields a gap of 1.3 eV [17]. The experimental
optical gap has not been reported in the literature.

In this paper, we describe the preparation of MACdBr3 by an alternative mechano-
synthesis procedure, with green credentials since the utilization of organic solvents is not
required. A sample with an excellent crystallinity was obtained by ball-milling under N2
atmosphere, characterized by laboratory x-ray diffraction (XRD), and the crystal structure
was refined from synchrotron x-ray diffraction (SXRD) data. We propose the H positions,
unveiling the H-bond interactions between the CH3NH3

+ units and CdBr6 octahedral
chains, where the particular distribution of ADP parameters is a result of N–H···Br inter-
actions. The diffuse reflectance spectra of the sample were measured for the first time,
observing a band gap of ~4.6 eV, shifted to the UV region with respect to the lead-containing
MAPbBr3 counterpart.

2. Materials and Methods

MACdBr3 was prepared in polycrystalline form by ball milling (mechano-chemical
synthesis) starting from stoichiometric proportions of CdBr2 and MABr. The mixture of
bromides (totalling 1.5 g), was set into a zirconia-lined jar together with 30 zirconia balls
(5 mm diameter) and sealed in a N2-filled glove box. The mechanically activated reaction
was carried out in a Retsch (Haan, Germany) PM100 mill for 4 h at 400 rpm. Laboratory
XRD was used for assessing phase purity; the XRD patterns were recorded in a Bruker
(Germany) D5 diffractometer with KαCu (λ = 1.5418 Å) radiation; the 2θ range was 4◦ up
to 90◦ with increments of 0.05◦.

The crystal structure of MACdBr3 was investigated at RT (295 K) by synchrotron X-ray
powder diffraction (SXRD) using the MSPD station at the ALBA facility, Barcelona (Spain).
Radiation with 38 keV energy, λ = 0.32511 Å, was selected in the high angular resolution
mode (MAD set-up) [21]. The sample was measured in a glass capillary of 0.7 mm di-
ameter, which rotated during data acquisition. The structural refinement by the Rietveld
method [22] was carried out with the Fullprof software [23]. The full refinement of the pro-
files included the zero-point error; scale factor; background coefficients; unit-cell parame-
ters; pseudo-Voigt shape parameters; atomic coordinates; anisotropic displacements for the
metal and halogen atoms and isotropic for C and N from the methyl-ammonium groups.

Field-effect scanning electron microscopy (FE-SEM) pictures were collected on an
FEI-Nova microscope, with an acceleration potential of 5 kV. The optical diffuse-reflectance
spectrum was recorded at room temperature in a UV-vis spectrophotometer Varian Cary
5000. A photodetector device was fabricated by drop-casting the phase solution in dimetil-
formamide onto Au/Cr pre-patterned electrodes with a gap of 10 μm, and drying in a hot
plate at 100 ◦C. The illumination power was 20 μW.

3. Results and Discussions

3.1. Initial Characterization: FE-SEM

The hybrid CH3NH3CdBr3 compound was obtained as a white polycrystalline mate-
rial. High-resolution FE-SEM images were obtained to get an insight into the microstructure
of this product obtained by ball milling (Figure 1). Figure 1a illustrates an overall view
with low magnification (800×), showing irregular-shaped clusters of particles of different
sizes. Figure 1b,c unveil the presence of microcrystals of uneven form, with flat facets in
the micrometer-size range (e.g., the crystal in Figure 1c has a width of 13 μm), which are
grown during the ball milling process. Figure 1d illustrates the homogeneity of the crys-
tals, with no particular microstructural features, in a large magnification view (24,000×).
EDX analysis coupled to the FE-SEM images yields an atomic composition close to 1:3 for
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the Cd/Br ratio. A typical EDX spectrum is included in Figure S1 in the Supplementary
Information; other SEM images are included in Figure S2.

 

a

dc

b

Figure 1. FE-SEM images of the MACdBr3 collected with magnifications of (a) 800×, (b) 6000×,
(c) 12,000× and (d) 24,000×.

3.2. Structural Characterization

High angular resolution SXRD data allowed us a precise structural characterization.
This is essential to accurately define the symmetry and crystallographic features. The
pattern can be indexed in an orthorhombic unit cell with a = 7.91722(5) Å, b = 13.7108(1) Å,
c = 6.89374(2) Å, and the crystal structure can be defined in the acentric Cmc21 (No 36) space
group, confirming the work by Ben Hassen et al. from single-crystal x-ray diffraction [19].

Cd2+ cations are allocated at 4a (0,y,z) Wyckoff sites, while Br1 and Br2 atoms are
placed at 8b (x,y,z) and 4a sites, respectively. C and N atoms are also located at 4a positions.
Figure 2 illustrates the quality of the fit from SXRD data, and Figure 3 displays two views
of the crystal structure, including displacement ellipsoids for Cd and Br atoms. Figure 3b
highlights the face-sharing of CdBr6 octahedra along the c axis. Table 1 contains the main
crystallographic parameters after the Rietveld refinement.
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Figure 2. SXRD profiles for CH3NH3CdBr3 at RT. The experimental points are represented by red
circles, while calculated profile is a black full line and the blue lower line is the difference. The
first series of green markers correspond to the allowed Bragg positions for the main phase (Cmc21

space group). The second series of markers corresponds to a minor impurity MA2CdBr4, (P21/c
space group).

Figure 3. Two views of the crystal structure, showing the anisotropic atomic displacement parameters (ADP) of Br site and
the face-sharing octahedral chains along c axis. (a) along c-axis direction, (b) along a-axis direction.

In comparison with previous results [19], a subtle increase in the unit-cell parameters
is observed in the present sample. This volume expansion can be associated with the
presence of structural defects (vacancies), as it was observed previously in both hybrid and
all-inorganic halide systems [24,25]. Additional refinements considering atomic vacancies
did not lead to an improvement of the discrepancy factors. Considering that the volume
cell increase is small (≈0.4%) it is possible to infer that the vacancy level is also low. These
structural differences also are observed in the Cd-Br distances, as illustrated in Table 2.
The distance increment mainly affects the Cd–Br2 bonds, which allows supposing that this
bromine site is more plausible to present vacancies.
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Table 1. Structural parameters for CH3NH3CdBr3 from the Rietveld refinement in the orthorhombic
Cmc21 (No 36) space group, with a = 7.91722(5) Å, b = 13.7108(1) Å, c = 6.89374(2) Å, V = 748.33(1) Å3,
Z = 4, from SXRD data at 295 K.

Atoms Wyckoff Sites x y z Uiso*/Ueq Occ

Cd 4a 0 0.0036(3) 1 0.035(3) 1
Br1 8b 0.2627(7) 0.4199(6) 0.248(3) 0.051(5) 1
Br2 4a 0 0.1612(7) 0.262(2) 0.056(9) 1
C 4a 0 0.32(1) 0.67(2) 0.12(1) * 1
N 4a 0 0.317(8) 0.85(2) 0.078(8) * 1

U11 U22 U33 U12 U13 U23

Cd 0.029(3) 0.058(5) 0.017(1) 0 0 −0.001(5)
Br1 0.034(4) 0.082(6) 0.038(6) −0.018(3) −0.012(3) 0.002(5)
Br2 0.057(6) 0.063(7) 0.05(1) 0 0 0.011(7)

Discrepancy factors: Rp: 8.46%; Rwp: 11.6%; χ2: 4.27; RBragg: 6.09%; MA2CdBr4: 16.7(2)%w/w
The symbol * is indicated in the heading Uiso*.

Table 2. Atomic distances for CH3NH3CdBr3 from the Rietveld refinements in comparison with
those reported by Hassen et al.

Present Structure Hassen et al. [19]

Cd–Br1 2.765 Å 2.774 Å
Cd–Br1 2.787 Å 2.783 Å
Cd–Br2 2.816 Å 2.769 Å
Cd–Br2 2.792 Å 2.786 Å

With the collected data (both angular resolution and high Q range), it is possible to
reasonably refine anisotropic displacement parameters (ADP). The displacement factors
of Br atoms are quite anisotropic, as shown in Figure 3, and they display a flattened
shape (oblate type) with the disks perpendicular to the Cd-Br chemical bonds. In this
configuration, quite standard in perovskites, the thermal vibrations are allowed in the
perpendicular plane to the covalent Cd-Br bonding. The anisotropy of Br1 is much superior,
with r.m.s. (root mean square) displacements of 0.11 Å parallel to the chemical bond
and 0.30 Å and 0.22 Å perpendicular to it (for Br2, r.m.s.’s are 0.23 Å, 0.25 Å and 0.26 Å,
respectively). As also shown in Figure 3, CH3NH3

+ groups are in the space between the
chains, roughly aligned along c axis. H atoms could not be localized from SXRD data.
However, the MA position and the r.m.s. displacements suggest that the H-bond interaction
of MA is stronger with Br2 atoms. To stand out this, the H atoms were added considering:
(a) the expected distances and angles for the MA molecule and (b) the closeness with
bromine atoms, with the aim to visualize the probable H-bond interactions. Figure 4
shows the environments of a MA unit, and the dashed lines highlight the H···Br distances
less than 3 Å. This figure reveals that the disk-like ADP bromine is perpendicular to the
H···Br directions, hence, it is possible to speculate that the particular distribution of ADP
parameters is a result of N–H···Br interactions. Finally, a highly polar character is expected
for this compound, since all the CH3NH3

+ units lie along the same direction, giving the
acentric nature of the space group.
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(a) (b)

Br1Br1

Br2 Br2

Figure 4. Views of MA with the expected hydrogen positions and H-bond interactions. (a) along
a-axis direction, (b) along c-axis direction.

3.3. Optical Gap by UV-Vis Spectra and Photocurrent Properties

The absorption capacity of MACdBr3 powder prepared by mechano-chemistry was
investigated by diffuse reflectance UV/vis spectroscopy. Figure 5a shows the UV-vis
absorption spectrum, where there are two relative maximum absorption regions placed in
the ranges 300–330 and 700–740 nm. The slope disruption at 300–330 nm corresponds to an
exciton absorption peak that reveals the UV light activity of the sample; this exciton peak
is due to the formation of an electron-hole pair that is favoured in nanostructured samples,
containing nanoplates, as observed here (Figure 1) [26,27]. The onset at ~750 nm shows the
absorption by minor MABr impurities [28].

Figure 5. (a) Absorptance vs. wavelength of the incident radiation and (b) Kubelka–Munk
transformed diffuse reflectance spectrum for CH3NH3CdBr3. (c) Photocurrent measurements in
420–1050 nm wavelength range and (d) optical image of optoelectronic device.

Figure 5b illustrates the optical absorption coefficient related to the Kubelka–Munk
function (F(R) = (1 − R)2/2R), being R the reflectance of each sample, vs. wavelength in eV.
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The band gap has been calculated by extrapolating the linear region to the abscissa. The
value obtained for MACdBr3 (~4.6 eV; ~270 nm) is shifted to the UV region in comparison
to the corresponding lead composition (MAPbBr3), which presents a band gap around
2.2 eV [29]. This shift will hamper its use in photovoltaic devices but could make this
material useful for optical applications with short-wavelength UV radiation.

The optoelectronic properties of this phase were evaluated from photocurrent mea-
surements. Figure 5c,d show the I vs. V curves at different wavelengths and an image
of the used device, respectively. Figure 5c plots a typical ohmic behavior and display a
negligible effect of illumination at different energies within the visible light range. This
result confirms that this system is not an appropriate material for solar cells technology.
However, as was mentioned above, it may find applications in the ultraviolet spectra range.

4. Conclusions

In contrast with the well-known MAPbBr3 hybrid perovskite, structurally consisting
of a 3D framework of corner-sharing PbBr6 octahedra, the Cd counterpart contains infinite
chains of face-sharing CdBr6 octahedra, with the CH3NH3

+ units lying in between. The
acentric nature of the Cmc21 space group implied that the organic units are all aligned
along the same direction, conferring a polar character to this compound. Starting from the
obtained atomic positions and anisotropic displacement factors for Cd, Br, C and N, it was
possible propose the H positions, unveiling the H-bond interactions between the CH3NH3

+

units and CdBr6 octahedral chains. The different structural arrangement is a consequence
of the much smaller size of Cd2+ vs. Pb2+, implying a tolerance factor greater than unity
for the hypothetical perovskite. The large band gap and photocurrent results disable this
material for solar cell applications, but it may find interest as a UV detector.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/ma14206039/s1, Figure S1: EDX spectrum and quantitative results for MACdBr3 obtained
with 18 kv of acceleration potential. H, N and C could not be observed in the presence of heavy Cd
and Br atoms. The theoretical Cd/Br ratio of 1:3 is close to that found of 26.32%/73.68%, Figure S2:
FE-SEM images of MACdBr3 with different magnifications, illustrating the overall aspect of this
material obained by ball milling.
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Abstract: Flow capacitive deionization is a water desalination technique that uses liquid carbon-
based electrodes to recover fresh water from brackish or seawater. This is a potential second-
generation water desalination process, however it is limited by parameters such as feed electrode
conductivity, interfacial resistance, viscosity, and so on. In this study, titanium oxide nanofibers
(TiO2NF) were manufactured using an electrospinning process and then blended with commercial
activated carbon (AC) to create a well distributed flow electrode in this study. Field emission scanning
electron microscope (FESEM), X-ray diffraction (XRD), Raman spectroscopy, X-ray photoelectron
spectroscopy (XPS), and energy dispersive X-ray (EDX) were used to characterize the morphology,
crystal structure, and chemical moieties of the as-synthesized composites. Notably, the flow electrode
containing 1 wt.% TiO2NF (ACTiO2NF 1 wt.%) had the highest capacitance and the best salt removal
rate (0.033 mg/min·cm2) of all the composites. The improvement in cell performance at this ratio
indicates that the nanofibers are uniformly distributed over the electrode’s surface, preventing
electrode passivation, and nanofiber agglomeration, which could impede ion flow to the electrode’s
pores. This research suggests that the physical mixture could be used as a flow electrode in capacitive
deionization.

Keywords: flow electrode capacitive deionization; electrospinning; activated carbon; desalination

1. Introduction

One of the growing challenges of the 21st century is the availability of fresh water.
Water contamination because of anthropogenic activities such as industrialization, demo-
graphic change, and global warming has resulted in a significant increase in demand for
safe drinking water. Water desalination technology could help to alleviate this problem by
delivering high quality, pure water. Most desalination technologies, such as multiple effect
desalination (MED), reverse osmosis (RO), and others, have high capital costs (when con-
sidering plant setup) and energy consumption (when considering pre- and post-treatment
of water, as in RO), necessitating the development of a new desalination technique [1].

Capacitive deionization (CDI) is a growing desalination technology attracting attention
as an energy-efficient, cost-effective, and ecofriendly water treatment technology. The first
and most widely used CDI form involves a pair of porous carbon electrodes separated by a
space in which salt water flows as an influent perpendicular to the applied electric field
direction [2]. A fundamental variation of this basic CDI form emerged with the unfolding
of membrane CDI (MCDI). In this architecture, ion exchange membranes were added to
the CDI cell configuration to block co-ions from carrying parasitic current, which improves
charge efficiency and can increase the charge storage in the electrodes porous structure [3].
In the past decade, a new class for CDI based on MCDI was developed which introduced
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carbon flow electrodes that can be pumped through the electrode compartments. Flow
electrode CDI (FCDI) is a promising second-generation water desalination method based
on the principle of ions adsorption. When a specific voltage is applied, it entails using
a polarized flow electrode (liquid electrode) travelling via a flow channel to adsorb ions
from brackish or seawater via electrical double layer (EDL) formation (interface between
electrolyte and electrode) [4].

One of the challenges in FCDI is to improve the conductivity and capacitance of carbon
materials used as electrodes, as well as reducing the resistance between the electrode and
the electrolyte. This can be accomplished by improving the surface charge of activated
carbon for better EDL formation [5].

Because of its beneficial qualities such as high surface area, porosity, availability, and
low cost, graphitic carbon, materials such as activated carbon are frequently used as flow
electrodes [6,7]. However, for more effective EDL formation and better ion storage, the
resistance at the electrode-electrolyte interface should be lowered. As a result, surface
modification is required to raise the surface charge of activated carbon.

Metal oxides such as zinc oxide (ZnO), tin oxide (SnO), zirconium oxide (ZrO), and
titanium oxide (TiO2) have been used to modify carbon in this concept [8,9]. Among all
these oxides, TiO2 has a high surface charge that can be used in conjunction with AC to
create new types of electrodes. The aggregation of TiO2 particles, however, is one of the
additive’s downsides, limiting its performance [10–12]. Small quantities of TiO2 nanofibers
are used in activated carbon flow electrodes to alleviate the agglomeration problem since
they have a favorable large axial ratio morphology [13,14].

Due to the high resistance of the liquid medium utilized for carbon dispersion for
slurry formation, charge transfer resistance is a strong factor hindering the ease of ions
diffusion into the pores of carbon electrodes in flow electrodes [15]. As a result, methods for
reducing interfacial resistance by adding conducting additives or introducing oxygenated
functional groups to activated carbon have been reported in the literature [15–18], but no
report on the properties of TiO2 nanofibers in reducing interfacial resistance and their effect
on the rheological properties of carbon-based flow electrodes has been found to date.

Nanofiberous materials of high surface area and porosity are considered recently to
be used for generating sustainable and green energy resources. Electrospinning method is
a low-cost method used to create nanofiberous materials suited for many energy-related
applications such as supercapacitors, and Li-ion batteries [19,20].

Motivated by this, we have synthesized TiO2 nanofibers by electrospinning process
and mixed it with commercial AC. The proposed electrodes which consisted of different
weight percentage of TiO2NF were labelled TiO2NF-x where x represents the weight
percentage of TiO2NF in the composite (x = 0.5, 1.0, 1.5, 2.0, 2.5, and 5.0 wt.% TiO2NF). The
electrodes were characterized by FESEM, XRD, Raman spectroscopy, XPS, EDX, and N2
adsorption/desorption. Dynamic viscosity of the mixtures in suspension to build the flow
electrodes was also investigated. Hence, the electrochemical properties of the as-prepared
flow electrodes (AC and TiO2NF-x) were analyzed by cyclic voltammetry (CV) to determine
their capacitance after which the flow electrodes were tested in a laboratory-made FCDI
cell for desalination.

2. Materials and Methods

2.1. Materials

Activated carbon, Darco (CAS no: 7440-44-0, MW 12.01 g mol−1), titanium (IV)
isopropoxide (C12H28O4Ti, CAS no: 546-68-9, MW 284.22 g mol−1, 97%), poly(vinyl pyrroli-
done) (PVP, CAS no: 9003-39-8, MW 1,300,000 g mol−1), and sodium chloride (NaCl, CAS
no: 7647-14-5, MW 58.44 g mol−1, 99%) were obtained from Sigma Aldrich, Steinheim,
Germany. Acetic acid (CH3COOH MW 60.052 g mol−1, 99.5% assay), absolute ethanol
(C2H5OH MW 46.07 g mol−1, 99.99%,) were obtained from VWR chemicals, Fontenay-sous
Bois, France. Polyvinylidenefluoride (PVDF) (CAS no: 24937-79-9) was obtained from Alfa
Aesar, Erlenbachweg 2, Kendel, Germany. All reagents were used without any further
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purification. Cationic and anionic exchange membranes were purchased from Membranes
International Inc. (Ringwood, NJ, USA) and Deionized water (18 MΩ·cm) was used to
prepare standard solutions and suspensions.

2.1.1. Synthesis of TiO2 Nanofibers by Electrospinning

The TiO2 nanofibers were synthesized by electrospinning technique. Briefly, solution
A containing 3 mL of ethanol was added to 0.3 g of polyvinyl pyrrolidone (PVP) and
then stirred until dissolution. Then, solution B consisting of 2 mL ethanol, 2 mL of acetic
acid, and 3 mL of titanium isopropoxide was stirred for 45 min. This is then followed by
the addition of solution B into clear solution of A and then further stirred for 50 min to
obtain a sol gel solution. Electrospinning of the sol–gel solution was carried out at 22.30 kV.
The distance between the collector and the syringe tip was maintained at 10 cm, and the
injection speed was 0.5 mL min−1. The obtained electrospun nanofiber materials were
sintered in air atmosphere at 400 ◦C for 4 h with a ramp rate of 1 ◦C min−1.

2.1.2. Preparation of AC and ACTiO2NF–x Flow Electrodes

For flow electrode preparation, certain amount of powdered commercial AC and
ACTiO2NF-x (in which x corresponds to 1.0, 1.5, 2.0, 2.5, and 5.0 wt.% of TiO2NF) were
weighed and dispersed in deionized water as presented in Table 1. The mixtures were
sonicated for 3 h and stirred for 1 h before being fed into the cell. The tank containing the
slurry electrode was continuously stirred on a magnetic stirrer during the course of the
experiment.

Table 1. Composition of flow electrodes.

Electrode Material
FE (10 wt.%)

(g)
DH2O
(mL)

TiO2NF
(g)

AC 7.80 70 0
ACTiO2NF-0.5 7.76 70 0.04
ACTiO2NF-1.0 7.72 70 0.08
ACTiO2NF-1.5 7.68 70 0.12
ACTiO2NF-2.0 7.64 70 0.16
ACTiO2NF-2.5 7.60 70 0.20
ACTiO2NF-5.0 7.40 70 0.40

Note: FE: Feed electrode; DH2O: deionized water.

2.2. Physical Characterization

FESEM was used to analyze the morphology of the samples (Hitachi S4800, Tokyo,
Japan). The structural properties were studied by using Raman spectroscopy (HORIBA
Xplora, Tokyo, Japan) and XRD (Pan Analytical X’pert Phillips, Almelo, The Netherlands).
XPS (ESCALAB 250 Thermo Electron, Montigny Le Bretonneux, France) and EDX (X-Max,
Oxford, UK) were used to investigate the atomic composition and chemical moieties of
the materials. For the XPS analysis, the excitation source was a monochromatic source Al
Kα anode with photoenergy that was observed at 1486.6 eV. The analyzed surface has a
diameter of 500 μm. The photoelectron spectra were calibrated in terms of bond energy
with respect to the energy of the C=C component of carbon C1s at 284.4 eV. Surface area
was obtained by using N2 adsorption/desorption at 77 K (Micromeritics ASAP, Verneuil en
Halatte, France). Dynamic viscosity was measured using Anton Paar Rheometer Physica
MCR 301 (Anton Paar, Graz, Austria).

2.3. Electrochemical Characterizations

Solid electrodes for electrochemical characterization of pristine AC and ACTiO2NF
were made by combining activated carbon powder (0.32 g), carbon black (0.04 g), and poly
(vinylidene fluoride fluoride PVdF, 0.04 g) in 3 mL N-Methyl-2-pyrrolidone (NMP). To
establish homogeneity, the mixture was agitated for 2 h and then sonicated for 40 min.
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After that, the slurry was applied on a graphite sheet. The coated electrode was dried in an
oven for 1–2 h at 80 ◦C. The as-synthesized titanium oxide nanofibers were added (0.5, 1.0,
1.5, 2.0, 2.5, and 5.0 wt.%) to AC containing carbon black and PVDF, and the mixture was
agitated for several hours in 3 mL NMP for ACTiO2NF synthesis. After that, the mixture
was sonicated for 40 min. The slurry was subsequently immobilized by depositing it on a
graphite sheet. It was then dried in an oven at 80 ◦C for 1–2 h to produce solid electrodes.

The electrochemical properties of the prepared electrodes were examined by using CV.
CV tests were performed using a three-electrode system. The mixtures were deposited on
a graphite sheet as support with an exposed surface area of 1 cm2, while a platinum mesh
and a saturated 3 M KCl, Ag/AgCl electrode served as counter and reference electrodes
respectively. A molar NaCl solution was used as electrolyte. Voltammetry measurements
were performed with Origalys potentiostat (OGF01A, Origalys Electrochem SAS, Rillieux-
la-Pape, France) at an operating window from −0.4 to 0.6 V vs ref (to ensure electrochemical
stability of the electrolyte and prevent water splitting i.e., oxygen and hydrogen evolution)
in 1 M NaCl electrolyte.

The double-layer capacitance was determined using cyclic voltammetry at different
scan rates by considering the charging and the discharging currents at 0.1 V vs. ref. The
determined double-layer capacitance of the system was the average of the absolute value
of the slope of the linear plot of charging and discharging currents fitted to the data. CDL
as the double layer capacitance was determined using Equation (1):

i = υ CDL. (1)

The double-layer charging current density i (A·cm−2) is equal to the product of the
scan rate υ (V·s−1), and the electrochemical double-layer capacitance CDL (F·cm−2).

2.4. FCDI Measurement

The schematic diagram of the close loop experimental set-up is shown in Figure 1 in
which the cell was powered by a potentiostat and the feed solution (FS, 5 g·L−1) was made
to pass through a spacer sandwiched in between cation and anion exchange membranes.
The feed electrodes (FE) stored in a reservoir (were made to pass (by pumping) through
flow channels and as they exit the channels, they are fed back to the reservoir and then
re-circulated; this allows co-mixing of opposite charged ions outside the cell. Figure 2
shows the breakdown of the cell components with the current collector (6 mm width and
0.9 mm depth channel), the ions exchanges membranes and spacer (0.9 mm thick). The
flow rate of the electrodes was operated at 40 mL min−1. Each desalination experiment was
conducted for 30 min. The initial conductivity of the salt solution and that of the effluent
was monitored at room temperature by ion conductivity meter (Hanna Instruments SRL)
all along the 30 min of the experiment. A constant voltage difference of 1.2 V was applied
to the FCDI unit cell using an Origalys potentiostat (OGF01A, Origalys Electrochem SAS)
for desalination experiments. The current intensity passing through the FCDI unit cell was
consequently measured by the potentiostat during the experiment.

In the present work, the following indicators defined FCDI performances:
Salt removal rate in mg·min−1·cm−2 (SRR) relates to the mass of salt adsorbed (mg)

per FE-FS contact area (cm2) per unit of time (min). It is calculated by Equation (2):

SRR =
(Co − Cf)∗V

A ∗ t
(2)

Co and Cf are the initial and final (at t = 30 min) concentration (mol·L−1), respectively,
V is the volume of the solution (L), A is the contact area between FE: FS, and t is the
charging time.

The salt removal efficiency in % (SRE) was calculated using Equation (3):

SRE =
(Co − Cf)

Co
∗ 100 (3)
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Charge efficiency (CE) in % which relates to the ratio of salt adsorbed to the quantity
of charge passed into the system was calculated by Equation (4):

CE =
z (Co − Cf) V F

M
∫

Idt
∗ 100 (4)

where z is the equivalent charge of the ions, F is the Faradaic constant, M is the molar
weight, and

∫
Idt is the integrated quantity of charge passed to the system as a function of

time. CE is a good indicator for the energy efficiency of the system and will directly affect
the operating cost of the system (OPEX).

Figure 1. Schematic diagram of FCDI setup is a figure.

Figure 2. Individual components of FCDI cell.

3. Results and Discussion

3.1. Morphology

The morphology of as-synthesized titanium oxide nanofibers (TiO2NF), pristine AC,
and the ACTiO2NF-x electrodes are shown in Figure 3a–h respectively. From Figure 3a, it is
apparent that the electrospun TiO2 showed fiber-like morphology with no beads formation.
This shows the successful nanofibrous morphology of TiO2 formation by electrospinning
process. Figure 3b shows the morphology of pristine AC. It is clear that it has no defined
shape with rough or uneven surface characteristics while Figure 3c–h reveals the presence
of TiO2NF on the surface of AC, indicating that the additive was successfully introduced
by co-mixing.
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Figure 3. FESEM top view images of (a) TiO2NF (b) AC (c–h) ACTiO2NF–x, where (x = 0.5, 1.0, 1.5,
2.0, 2.5 and 5.0 wt.% TiO2NF) respectively.

3.2. Structural Properties

Figure 4a,b shows the Raman spectra and diffractogram of the TiO2NF, pristine AC
and ACTiO2NF s respectively. The Raman spectrum of the pristine AC and ACTiO2NF in
Figure 4a conforms to a typical graphitic carbon with distinguishable peaks at 1350 cm−1

and 1590–1610 cm−1 corresponding to D and G bands respectively [21]. D band arises
from a defect that is based on out of plane vibration while G band relates to the ordered
structure of graphite crystals [13]. For the as-synthesized TiO2NF, Figure 4a, major peaks
are observed at 142, 388, 516, and 638 cm−1 indicating anatase phase characteristics [8].
Distinguishable peaks of TiO2NF were observed in some of the composites especially for
those with high percentage of TiO2NF as shown in Figure 4a. This indicates the successful
mixing of the nanofibers with the AC.

Structural investigation was carried out to understand the crystalline nature of the
materials. Figure 4b shows the diffractogram of pure TiO2NF, pristine AC, and its compos-
ites. The TiO2NF crystals are predominantly dominated with definite and sharp diffraction
peaks at 2θ = 25◦, 39◦ and 43.5◦ relating to 101, 004, and 200 planes of anatase phase respec-
tively with the presence of rutile phase at 2θ = 27.5◦, 36◦, and 41◦ relating to 110, 101, and
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111 planes respectively [8]. Typical diffraction peaks of all graphite material is observed
for pristine AC and ACTiO2NF at 2θ = 26◦ and 43.5 ◦ corresponding to 002 and 100 or
101 planes of graphite respectively. The sharp diffraction peaks observed at 002 planes
indicates the presence of graphite microcrystalline structure in the AC [13]. In comparison
with pristine AC, peaks of TiO2NF were detected at 25◦, 27.5◦, and 48◦ diffraction peaks of
TiO2NF in all the composites thus showing successful doping of the nanofibers in the AC.
Furthermore, using Debye-Scherrer equation, (D = Kλ/β, cosθ) where K is the constant
value of 0.9, λ is the radiation of the XRD machine (0.1541 nm), β is the full width at half
maximum of the diffraction peak in radian, and θ is the diffraction angle in radian, no
changes were observed in the crystallite size (10 ± 0.830 nm) of the as-synthesized TiO2
nanofibers and ACTiO2NF.

 
(a) (b) 

Figure 4. (a) Raman spectra of Titanium oxide nanofibers TiO2NF, pristine AC, and its composites (ACTiO2NF–x) and
(b) diffractograms of titanium oxide nanofibers (TiO2NF), pristine AC and its composites (ACTiO2NF–x where x = 0.5, 1.0,
1.5, 2.0, 2.5, and 5.0 wt.% TiO2NF).

3.3. EDX and XPS Studies

Figure 5a,b shows the EDX spectra that were obtained in order to identify the compo-
sition of the pristine AC and the composite electrode. Evidently from EDX, the elements
detected at highest percentage in our materials are C and O. Titanium was detected among
other elements in little quantity in the composite as shown in Figure 5b. The presence of
fluorine was also detected due to the addition of PVDF (binder) added during electrode
fabrication. Moreover, EDX mapping was further used to investigate the distribution of the
additive in the mixture. From Figure S1a,b it can be seen that the additive distribution at
lower concentration (1 wt.%) is homogenous (even dispersion) while at higher concentra-
tion (5 wt.%), its distribution is concentrated within a particular region. The results confirm
the formation of well-dispersed nanofibrous within the carbon structure at low percentage
concentration.

Further investigation was carried out using XPS in order to verify any change in the
chemical composition of the pristine AC and its composites. Figure 5c shows two prominent
peaks at 458.69 and 464.44 eV belonging to Ti 2P3/2 and Ti 2P1/2 respectively [22,23]. From
Figure 5c, it is shown that Ti (IV) is present in normal state in the composites due to the
observed spin orbital splitting corresponding to 5.76 eV that is obtained between Ti 2P1/2
and Ti 2P3/2. [23]. As shown in Figure 5d, no titanium was detected in the XPS spectra
survey scan of the pristine AC on comparison with ACTiO2NF; a complementary result
with that of EDX. The O1s peak in the composite increased a little bit when compared to
pristine AC due to the influence of oxygen content of the additive. According to XPS, the
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atomic composition of the ACTiO2NF-1.0 consisted of C1s 90.6 ± 0.11%, O1s 7.9 ± 0.12%,
and Ti 2p 1.0 ± 33.33% while that of pristine AC is C1s 94 ± 0.84% and O1s 5 ± 3.84%.

  
(a) (b) 

 

(c) (d) 

Figure 5. EDX spectra of (a) pristine AC (b) ACTiO2NF–x and XPS spectra of (c) Ti 2p for TiO2NF (d) the composite pristine
AC and ACTiO2NF where x = 1.0 wt.% TiO2NF.

3.4. Rheology Study

Rheology property reveals the flow nature of the slurry used under applied force. The
viscosity nature of the slurry electrode was measured as a function of shear rate. Here,
rheology property is in terms of dynamic viscosity, which is used to describe resistance
to flow of liquid while shear rate describes the speed of deformation of the slurry under
applied force. The dynamic viscosity was determined at a constant concentration of 10 wt.%
carbon content in the slurry. From Figure 6a, it is obvious that the slurry follows a non-
Newtonian fluid (shear thinning effect) in which the viscosity of the slurries decreases
with increasing shear rate. To understand the effect of the additive, the viscosities of
both pristine AC and the ACTiO2NF mixture were measured and compared as shown in
Figure 6a. It is obvious from the rheogram curves that viscosity increases as the additive
content increases in the composite. However, at low percentage of additive, there seems to
be no significant difference in the viscosities of both the pristine AC and the ACTiO2NF
mixture but at i.e., TiO2NF ≥ 2.0 wt.%, a sharp increase in viscosity was observed. The
increase in viscosity can be attributed to the high specific surface area (increase frictions)
of titanium nanofibers as well as its surface charge. The surface charge of the nanofibers
(whether positive or negative) leads to creation of repulsive forces existing within the
nanoparticles and as a result, they tend to move further apart due to strengthened force
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of repulsion; consequently, viscosity increases with increasing repulsive forces [24–28].
Therefore, as the concentration of the additive in the electrodes increases, a distinguishable
jump in their viscosity was observed due to increase in force of repulsion as shown in
Figure 6b. This implies that the presence of additive at high content level could lead to
potential clogging of the feed electrodes in the cell.

 
(a) (b) 

Figure 6. (a) Rheological properties of the flow-electrodes. (b) Schematic diagram of the ACTiO2NF mixture behavior under
repulsive forces.

3.5. Electrochemical Properties

Electrochemical behavior of the pristine AC electrode and ACTiO2NF electrodes were
carried out using CV at different scan rates in a potential window from −0.4 to 0.6 V vs.
Ref (to ensure electrochemical stability of the electrolyte and prevent water splitting i.e.,
oxygen and hydrogen evolution). The experiment was conducted in 1 M NaCl aqueous
solution to investigate the influence of the additive at different ratios. CV is an important
technique to probe the capacitive nature of EDL [29,30].

Based on the cyclic voltammetry cycles, the EDL capacitance of the electrodes was
calculated [31] and is shown in Figure 7.

 
2 

Figure 7. Electrical double-layer capacitance of the system for AC and ACTiO2NF-x composite
electrodes (ACTiO2NF–x where x = 0.5, 1.0, 2.0, 2.5, and 5.0 wt.% TiO2NF).

Thus, incorporating TiO2NF at low rate into our carbon material enhances its dou-
ble layer capacitance due to the formation of a uniform network distribution of TiO2
nanofibers between AC particles. However, as the presence of TiO2NF increases in the
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composite, there seem to be exhibition of poor electrochemical behavior possibly due to the
increase in resistance to easy flow of ions into the pores of the electrode because of TiO2NF
agglomeration [14]. Our results correlate to the findings reported in literature [8,14].

3.6. Desalination Performance

As reported in literature, the electrosorption performance of carbon-based materials is
linked to their capacitive properties amid other factors [9,29]. As explained earlier, TiO2NF
was added at different wt.% to influence the capacitance of commercial AC and this factor
was verified through the electrochemical characteristics of the electrodes. Furthermore, in
order to confirm the link between electrosorption performances and capacitive properties,
desalination experiments were carried out under a semi-continuous system in a flow
channel. Desalination was conducted at an operational cell potential ΔE = 1.2 V for 30 min
using 5000 mg·L−1 NaCl as the feed solution. Difference in conductivity was monitored
and recorded during the experiment. FCDI performance indicators such as desalination
efficiency (DE) in Figure 8a, salt removal rate (SRR), and charge efficiency (CE) in Figure 8b
were used to evaluate the performance of the flow electrodes.

  
(a) (b) 

Figure 8. (a) Desalination efficiency; (b) salt removal rate and charge efficiency of AC and ACTiO2NF−x, where (x = 0.5, 1.0,
1.5, 2.0, 2.5, and 5.0 wt.% TiO2NF) respectively.

Important increase in DE is noticed in Figure 8a. Notably, the ACTiO2NF electrodes
show higher DE than pristine AC and among all the electrodes, ACTiO2NF-1.0 exhibited
the best DE, which implies fast ion mobility to the pores of the flow electrode thus leading
to quick salt removal; a consequent effect on CE and SRR.

Low desalination behavior of ACTiO2NF-x (x ≥ 2.0 wt.% TiO2NF) at high percentage
could be due to the fact that at this ratio, the nanofibers tend to agglomerate among
themselves (not well dispersed or less uniform) and as such, making the pores of the
electrode (surface hindrance) not easily accessible for ions adsorption. In addition, electrode
passivation is likely to occur due to the high presence of the nanofibers [32]. This will
make the electrode surface not easily permeable for ions (impermeable layer formation
on electrode surface) thus significantly affecting the electrosorption performance of the
electrodes as observed in our materials, (whitish layers on the surface of flow electrodes).
It has to be mentioned that only a small fraction of titanium nanofiber (≤1% weight) is
sufficient to significantly increase FCDI performances without increasing much viscosity.

4. Conclusions

To summarize, we used an electrospinning procedure to create titanium nanofibers.
Without any further post-treatment, the as-spun nanofibers were rationally mixed with AC
using a simple agitating procedure to generate hybrid composites of ACTiO2NF-x (x = 0.5,
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1.0, 1.5, 2.0, 2.5, and 5.0 wt.% ACTiO2NF). The composites were subsequently described
and tested for the first time as electrodes in FCDI. Introduction of TiO2 nanofibers into
AC improved the electrochemical characteristics of the material. The addition of TiO2
nanofibers to the composite electrodes increased their performance, with ACTiO2NF-
1.0 demonstrating distinguishing and remarkable properties with the best desalination
behavior. The composites’ nanofibrous shape allows for greater anchoring within the AC
network, allowing for improved ion transport and migration to the pores. Finally, the
technology described has the potential to produce carbon-based flow electrodes with better
shape and desalination performance in the FCDI methodology.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/ma14226891/s1. Figure S1: EDX mapping of (a) ACTiO2NF-5.0 and (b) ACTiO2NF-1.0.

Author Contributions: Conceptualization, G.F.; methodology, G.F. and M.B.; software, G.F. and M.T.;
validation, M.B., F.Z., P.S. and M.C.; investigation, G.F.; resources, F.Z., M.B., P.S. and M.C.; data
curation, G.F. and M.T.; writing—original draft preparation, G.F. and M.T.; writing—review and
editing, G.F., M.T., F.Z., M.B. and M.C.; visualization, G.F., M.T., F.Z. and M.B.; supervision, M.B.,
F.Z., P.S. and M.C.; project administration, M.B., F.Z. and M.C. All authors have read and agreed to
the published version of the manuscript.

Funding: This research was funded by “Axe H2O” and “Axe Energie” in European Institute of
Membranes (IEM). And the Federal Government of Nigeria through Tertiary Education Trust fund
(TETFUND) and Campus France (CF) for the Ph.D. funding of Gbenro Folaranmi with the funding
number CAMPUS FRANCE 914886H.

Data Availability Statement: The data presented in this study are available on request from the
corresponding authors.

Acknowledgments: Special thanks to Fida Tanos (IEM) for guidance in titanium nanofibers synthesis
and Mahmoud Abid (IEM) for furnace operation.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Folaranmi, G.; Bechelany, M.; Sistat, P.; Cretin, M.; Zaviska, F. Towards Electrochemical Water Desalination Techniques: A Review
on Capacitive Deionization, Membrane Capacitive Deionization and Flow Capacitive Deionization. Membranes 2020, 10, 96.
[CrossRef]

2. Ahmed, M.A.; Tewari, S. Capacitive deionization: Processes, materials and state of the technology. J. Electroanal. Chem. 2018, 813,
178–192. [CrossRef]

3. Biesheuvel, P.M.; van der Wal, A. Membrane capacitive deionization. J. Membr. Sci. 2010, 346, 256–262. [CrossRef]
4. Zhang, C.; Ma, J.; Wu, L.; Sun, J.; Wang, L.; Li, T.; Waite, T.D. Flow Electrode Capacitive Deionization (FCDI): Recent Developments,

Environmental Applications, and Future Perspectives. Environ. Sci. Technol. 2021, 55, 4243–4267. [CrossRef]
5. Qu, D. Studies of the activated carbons used in double-layer supercapacitors. J. Power Sources 2002, 109, 403–411. [CrossRef]
6. Porada, S.; Zhao, R.; van der Wal, A.; Presser, V.; Biesheuvel, P.M. Review on the science and technology of water desalination by

capacitive deionization. Prog. Mater. Sci. 2013, 58, 1388–1442. [CrossRef]
7. Zou, L.; Li, L.; Song, H.; Morris, G. Using mesoporous carbon electrodes for brackish water desalination. Water Res. 2008, 42,

2340–2348. [CrossRef] [PubMed]
8. Yasin, A.S.; Mohamed, I.M.A.; Mousa, H.M.; Park, C.H.; Kim, C.S. Facile synthesis of TiO2/ZrO2 nanofibers/nitrogen co-doped

activated carbon to enhance the desalination and bacterial inactivation via capacitive deionization. Sci. Rep. 2018, 8, 541.
[CrossRef]

9. El-Deen, A.G.; Boom, R.M.; Kim, H.Y.; Duan, H.; Chan-Park, M.B.; Choi, J.-H. Flexible 3D Nanoporous Graphene for Desalination
and Bio-decontamination of Brackish Water via Asymmetric Capacitive Deionization. ACS Appl. Mater. Interfaces 2016, 8,
25313–25325. [CrossRef]

10. Ao, Y.; Xu, J.; Fu, D.; Shen, X.; Yuan, C. Low temperature preparation of anatase TiO2-activated carbon composite film. Appl. Surf.
Sci. 2008, 254, 4001–4006. [CrossRef]

11. Ao, Y.; Xu, J.; Fu, D.; Yuan, C. A simple route for the preparation of anatase titania-coated magnetic porous carbons with enhanced
photocatalytic activity. Carbon 2008, 46, 596–603. [CrossRef]

12. Xing, B.; Shi, C.; Zhang, C.; Yi, G.; Chen, L.; Guo, H.; Huang, G.; Cao, J. Preparation of TiO2/Activated Carbon Composites for
Photocatalytic Degradation of RhB under UV Light Irradiation. J. Nanomater. 2016, 2016, e8393648. [CrossRef]

65



Materials 2021, 14, 6891

13. Mohamed, I.M.A.; Dao, V.-D.; Barakat, N.A.M.; Yasin, A.S.; Yousef, A.; Choi, H.-S. Efficiency enhancement of dye-sensitized solar
cells by use of ZrO2-doped TiO2 nanofibers photoanode. J. Colloid. Interface Sci. 2016, 476, 9–19. [CrossRef] [PubMed]

14. El-Deen, A.G.; Choi, J.-H.; Khalil, K.A.; Almajid, A.A.; Barakat, N.A.M. A TiO2 nanofiber/activated carbon composite as a novel
effective electrode material for capacitive deionization of brackish water. RSC Adv. 2014, 4, 64634–64642. [CrossRef]

15. Park, H.; Choi, J.; Yang, S.; Kwak, S.J.; Jeon, S.; Han, M.H.; Kim, D.K. Surface-modified spherical activated carbon for high carbon
loading and its desalting performance in flow-electrode capacitive deionization. RSC Adv. 2016, 6, 69720–69727. [CrossRef]

16. Yang, S.; Choi, J.; Yeo, J.; Jeon, S.; Park, H.; Kim, D.K. Flow-Electrode Capacitive Deionization Using an Aqueous Electrolyte with
a High Salt Concentration. Environ. Sci. Technol. 2016, 50, 5892–5899. [CrossRef]

17. Cho, Y.; Yoo, C.-Y.; Lee, S.W.; Yoon, H.; Lee, K.S.; Yang, S.; Kim, D.K. Flow-electrode capacitive deionization with highly enhanced
salt removal performance utilizing high-aspect ratio functionalized carbon nanotubes. Water Res. 2019, 151, 252–259. [CrossRef]

18. Liang, P.; Sun, X.; Bian, Y.; Zhang, H.; Yang, X.; Jiang, Y.; Liu, P.-P. Optimized desalination performance of high voltage
flow-electrode capacitive deionization by adding carbon black in flow-electrode. Desalination 2017, 420, 63–69. [CrossRef]

19. Martin, C.R. Nanomaterials: A Membrane-Based Synthetic Approach. Science 1994, 266, 1961–1966. [CrossRef]
20. Kiehl, J.T.; Trenberth, K.E. Earth’s Annual Global Mean Energy Budget. Bull. Am. Meteor. Soc. 1997, 78, 197–208. [CrossRef]
21. Pant, B.; Park, M.; Park, S.-J. TiO2 NPs Assembled into a Carbon Nanofiber Composite Electrode by a One-Step Electrospinning

Process for Supercapacitor Applications. Polymers 2019, 11, 899. [CrossRef] [PubMed]
22. Xiang, Q.; Yu, J.; Jaroniec, M. Nitrogen and sulfur co-doped TiO2 nanosheets with exposed {001} facets: Synthesis, characterization

and visible-light photocatalytic activity. Phys. Chem. Chem. Phys. 2011, 13, 4853–4861. [CrossRef] [PubMed]
23. Wang, C.; Shao, C.; Zhang, X.; Liu, Y. SnO2 Nanostructures-TiO2 Nanofibers Heterostructures: Controlled Fabrication and High

Photocatalytic Properties. Inorg. Chem. 2009, 48, 7261–7268. [CrossRef]
24. Sizochenko, N.; Syzochenko, M.; Gajewicz, A.; Leszczynski, J.; Puzyn, T. Predicting Physical Properties of Nanofluids by

Computational Modeling. J. Phys. Chem. C 2017, 121, 1910–1917. [CrossRef]
25. Yu, F.; Chen, Y.; Liang, X.; Xu, J.; Lee, C.; Liang, Q.; Tao, P.; Deng, T. Dispersion stability of thermal nanofluids. Prog. Nat. Sci.

Mater. Int. 2017, 27, 531–542. [CrossRef]
26. Kaggwa, A.; Carson, J.K.; Atkins, M.; Walmsley, M. The effect of surfactants on viscosity and stability of activated carbon, alumina

and copper oxide nanofluids. Mater. Today Proc. 2019, 18, 510–519. [CrossRef]
27. Kriegseis, S.; Vogl, A.Y.; Aretz, L.; Tonnesen, T.; Telle, R. Zeta potential and long-term stability correlation of carbon-based

suspensions for material jetting. Open Ceram. 2020, 4, 100037. [CrossRef]
28. Hill, A.; Carrington, S. Understanding the links between rheology and particle parameters. Am. Lab. News 2010, 93, 199–203.
29. Folaranmi, G.; Bechelany, M.; Sistat, P.; Cretin, M.; Zaviska, F. Comparative Investigation of Activated Carbon Electrode and a

Novel Activated Carbon/Graphene Oxide Composite Electrode for an Enhanced Capacitive Deionization. Materials 2020, 13,
5185. [CrossRef]

30. Hatzell, K.B.; Hatzell, M.C.; Cook, K.M.; Boota, M.; Housel, G.M.; McBride, A.; Kumbur, E.C.; Gogotsi, Y. Effect of Oxidation of
Carbon Material on Suspension Electrodes for Flow Electrode Capacitive Deionization. Environ. Sci. Technol. 2015, 49, 3040–3047.
[CrossRef]

31. Suryanto, B.H.R.; Chen, S.; Duan, J.; Zhao, C. Hydrothermally Driven Transformation of Oxygen Functional Groups at Multiwall
Carbon Nanotubes for Improved Electrocatalytic Applications. ACS Appl. Mater. Interfaces 2016, 8, 35513–35522. [CrossRef]
[PubMed]

32. Hanssen, B.L.; Siraj, S.; Wong, D.K.Y. Recent strategies to minimise fouling in electrochemical detection systems. Rev. Anal. Chem.
2016, 35, 1–28. [CrossRef]

66



materials

Review

BiFeO3-Based Relaxor Ferroelectrics for Energy Storage:
Progress and Prospects

Bipul Deka 1,2,3,* and Kyung-Hoon Cho 1,2,*

Citation: Deka, B.; Cho, K.-H.

BiFeO3-Based Relaxor Ferroelectrics

for Energy Storage: Progress and

Prospects. Materials 2021, 14, 7188.

https://doi.org/10.3390/

ma14237188

Academic Editors: Marc Cretin,

Sophie Tingry and Zhenghua Tang

Received: 14 October 2021

Accepted: 23 November 2021

Published: 25 November 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Research Institute of Advanced Materials, Kumoh National Institute of Technology, Gumi 39177, Korea
2 School of Materials Science and Engineering, Kumoh National Institute of Technology, Gumi 39177, Korea
3 Department of Physics, Pub Kamrup College, Kamrup, Assam 781381, India
* Correspondence: bipul.deka@kumoh.ac.kr (B.D.); khcho@kumoh.ac.kr (K.-H.C.)

Abstract: Dielectric capacitors have been widely studied because their electrostatic storage capacity
is enormous, and they can deliver the stored energy in a very short time. Relaxor ferroelectrics-
based dielectric capacitors have gained tremendous importance for the efficient storage of electrical
energy. Relaxor ferroelectrics possess low dielectric loss, low remanent polarization, high saturation
polarization, and high breakdown strength, which are the main parameters for energy storage.
This article focuses on a timely review of the energy storage performance of BiFeO3-based relaxor
ferroelectrics in bulk ceramics, multilayers, and thin film forms. The article begins with a general
introduction to various energy storage systems and the need for dielectric capacitors as energy storage
devices. This is followed by a brief discussion on the mechanism of energy storage in capacitors,
ferroelectrics, anti-ferroelectrics, and relaxor ferroelectrics as potential candidates for energy storage.
The remainder of this article is devoted to reviewing the energy storage performance of bulk ceramics,
multilayers, and thin films of BiFeO3-based relaxor ferroelectrics, along with a discussion of strategies
to address some of the issues associated with their application as energy storage systems.

Keywords: energy storage; BiFeO3; relaxor ferroelectrics; domain engineering; polymorphic nanodomain

1. Introduction

Global warming poses potential threats to the planet Earth’s future. The continuous
burning of fossil fuels has increased the concentration of CO2 and other greenhouse
gases in the Earth’s atmosphere, leading to a warmer atmosphere and climate change.
In addition, the depletion of fossil fuel resources, the dominant candidate in the energy
market, poses the risk of an energy crisis in a world where the number of consumers is
increasing day by day. Considering the serious threats to the lives on Earth and the risk of
an energy crisis posed by the use of fossil fuel resources, the transition to clean energy is a
serious consideration. However, renewable energy sources such as solar, wind, tides, and
geothermal energy are intermittent by nature. Therefore, harnessing and storing renewable
energy for future access is a challenging task.

Electrical energy harvested from renewable sources offers enormous opportunities
for meeting future energy demands and the feasibility of the transition to clean energy.
However, the usefulness of the electrical energy generated depends on its efficient storage,
which is necessary for around-the-clock use. An efficient electrical energy storage (EES)
system is the heart of the commercial and residential grid-based utilization of electrical
energy. Therefore, the development of advanced EES systems is critically important for
meeting the growing energy demands and effectively leveling the cyclic nature of such
energy sources [1]. For over 200 years, batteries have been widely used in EES systems and
are still being widely used. Solid oxide fuel cells (SOFCs), electrochemical capacitors (ECs),
superconducting magnetic energy storage (SMES) systems, flywheels, and electrostatic
capacitors (dielectric capacitors) are common current energy storage technologies [2].
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A perfect energy storage device is characterized by high energy and power densities.
A comparison of the storage efficiency of the technologically relevant candidates for EES
systems can be realized from the Ragone plot shown in Figure 1, which displays the status
of EES systems according to their energy and power densities. As can be seen, SOFCs and
batteries exhibit a high energy density with low power density, while dielectric capacitors
exhibit the opposite behavior, that is, high power density and low energy density. The
ECs, SMES, and flywheel have medium power and energy densities. In addition to the
high power and energy density, the charge/discharge rate is a deciding factor for EES
systems. The energy storage and delivery in SOFCs/batteries are based on the chemical
reaction process and may take 1–100 h of time. Dielectric capacitors typically exhibit fast
charge/discharge rates, between μs and ms, whereas those for ECs, flywheels, and SMES
are between 1 s and 1 h. The fast charge/discharge rate of dielectric capacitors is associated
with the separation of comparatively fewer heavy bound charges under the influence of the
electric field to be stored. Thus, to summarize, no individual EES candidate possesses both
high power and energy densities simultaneously. Therefore, the technological relevance
of each candidate as an EES may be determined by the final requirements. However,
among the various potential candidates for EES, dielectric capacitors have the advantage
of withstanding high-voltage and large-scale applications because of their lower cost [3,4].

Figure 1. Ragone plot of various energy storage devices: electrostatic capacitors, electrochemical
capacitors, SMES, flywheels, batteries, and SOFCs. The straight dashed lines and the associated times
correspond to the characteristic times. Reused with permission from [2]. © 2021 Elsevier Ltd.

Dielectric capacitors are one of the key components in modern communication tech-
nology, with applications in electronic circuits, warfare, distributed power systems, hybrid
electric vehicles, clean energy storage, high-power applications, etc. [5–11]. Among the vari-
ous EES systems, dielectric capacitors exhibit the fastest discharge speed; therefore, they can
generate intense pulse power [11–14]. The fast discharge speed and high fatigue resistance
of dielectric capacitors enable their potential applications in various electronic systems.
This includes medical equipment such as defibrillators, pacemakers, surgical lasers, and X-
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ray units; scientific research equipment such as high-power accelerators and high-intensity
magnetic fields; commercial system devices such as camera flash, underground oil and
gas exploration, avionics, transportation (hybrid cars, space shuttle power systems), trans-
versely excited atmospheric lasers, and advanced electromagnetic systems [15].

The current review discusses the recent progress on the development of high-energy
storage dielectric capacitors based on the relaxor ferroelectric (RFE) of BiFeO3. The two
important figures of a capacitor that determine its energy storage performance are the
recoverable energy density (Urec) and energy efficiency (η), which depend on the saturation
polarization (Pmax), remnant polarization (Pr), and breakdown strength (BDS) of the mate-
rials. Linear dielectric (LD), ferroelectric (FE), and anti-ferroelectric (AFE) materials are
widely used for the fabrication of ceramic capacitors. Although the LDs possess excellent
values of BDS, their Urec values are quite low due to weak polarization. FE materials, on the
other hand, possess quite a large Pmax and Pr. As can be seen in Section 2, the large values
of both Pmax and Pr result in a low Urec value. Moreover, the ferroelectric materials suffer
large hysteresis loss, which has a significant detrimental effect on the energy efficiency
of the capacitors. AFE materials behave like LDs in the low field regime, undergoing a
field-induced FE state, yielding a high Pmax at a high electric field with large hysteresis
loss. Therefore, the issues associated with the AFE for their applications in the high-energy
storage application are essentially similar to that of LDs at low electric fields and to that of
FEs at high electric fields. However, the problem of hysteresis loss inherent to FE and AFE
materials is found to be minimized in RFEs while maintaining a significantly large value
of Pmax. This motivates the scientific community to turn their heads towards the RFEs in
search of high-energy storage capacitors.

Ceramic dielectric capacitors based on BiFeO3 have recently gained interest in the field
of energy storage applications because of the high polarization (~90 μC cm−2) predicted
in BiFeO3, along with its high ferroelectric Curie temperature (TC) (~830 ◦C) [16]. The
advantage of having a high TC is that the materials do not lose their ferroelectric (FE) nature
at such high temperatures, which is essential for applications in the high-temperature
regime. Temperature stability is an important issue that needs to be addressed while
designing a capacitor for operation in the high-temperature regime. For example, ceramic-
polymer composites have excellent storage performance; however, their performance
degrades very rapidly as the temperature approaches 100 ◦C [15]. Pb-based ferroelectrics
often have the disadvantage of adverse harmful effects on the environment and human
beings. Pb-oxide, which is a main component of Pb-based ferroelectrics, is highly toxic
and volatile at high temperatures, causing environmental pollution during the fabrication
process. Disposal and recycling of Pb-based materials and devices at an industrial scale
also creates atmospheric problems due to the difficulty of Pb removal. Exposure to the
heavy metal Pb causes detrimental effects such as kidney and brain damages, and chronic
exposure may lead to damages to the central nervous system and affect blood pressure,
vitamin D metabolism, etc. Young children are more vulnerable to Pb exposure, as the
absorption of Pb in children’s bodies is 4–5 times higher than in an adult body. Therefore, to
reduce the use of hazardous materials such as Pb, various countries have adopted different
restrictions on hazardous materials [17,18]. Although there are a few reviews on dielectrics
for energy storage in general, to the best of our knowledge, there has been no such review
for BiFeO3-based relaxor ferroelectrics. Here, we present a review of the recent progress
on BiFeO3-based relaxor ferroelectric for energy storage, discussing various issues to meet
practical applications. We first discuss the fundamentals of energy storage in dielectrics
and the pros and cons of various nonlinear dielectrics with respect to their applications
in energy storage. We then discuss the characteristics of relaxor ferroelectrics and their
importance in energy storage, followed by a brief discussion of the basic properties of
BiFeO3. Following this, we present the recent progress in energy storage studies on BiFeO3
and strategies for further enhancement.
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2. Fundamentals of the Energy Storage Mechanism in Dielectrics

The energy storage mechanism of dielectrics is based on their polarization under the
application of an electric field. A dielectric under an applied electric field is polarized
such that equal amounts of positive and negative charges accumulate at the surfaces of
the dielectrics. In other words, an electric field opposite to the applied field is induced
inside the dielectric. The strength of the induced field grows exponentially with time until
its magnitude is equal to that of the external field. This process is known as charging the
capacitor. Thus, the induced electrostatic energy is stored in the dielectric and can be used
for application upon discharge through a load. The amount of stored energy (U) can be
obtained from the potential difference (V) across the dielectrics and the charge (q) induced
at the electrode on the surface of the dielectrics using the following equation:

U =
∫ qmax

0
Vdq (1)

where qmax is the maximum amount of charge accumulated at the electrode when the
capacitor is fully charged, and dq is the increment of charge during charging. A figure-
of-merit (FOM), which signifies the energy storage performance of a capacitor, is repre-
sented in terms of energy storage density (Ust), defined as the energy stored per unit
volume. Mathematically,

Ust =

∫ qmax
0 Vdq

Ad
=

Dmax∫
0

EdD (2)

where A is the electrode area of the capacitor, d is the distance between the electrodes
(thickness of the dielectric layer), and D is the electric displacement of the capacitor. For
a weak electric field, D is related to the external electric field (E) and polarization (P)
as follows:

D = P + ε0E (3)

where ε0 represents the permittivity of a vacuum. Materials obeying Equation (3) are classified
as linear dielectrics. For a linear dielectric, P is assumed to be a linear function of E:

P = ε0χE (4)

where the quantity χ is termed the linear dielectric susceptibility. At a high electric field, it
is necessary to consider the nonlinear contribution of susceptibility, and Equation (4) takes
the most general form as:

P = ε0

(
χE + χ(2)E2 + χ(3)E3 + . . .

)
(5)

where χ(2) and χ(3) are higher-order susceptibilities, giving rise to nonlinear effects. Using
linear approximation, the stored energy density of a dielectric material with a high dielectric
constant (D ≈ P) can be calculated as follows:

Ust =

Pmax∫
0

EdP (6)

Equation (6) indicates that the electric polarization as a function of the electric field
should be measured to calculate Ust. In other words, it is necessary to measure the
polarization-electric field (P−E) hysteresis loop to obtain the stored energy density, as
shown in Figure 2. Therefore, the shape and size of the P−E loop and the nature of the
dipole/domain structures determine the energy storage performance of dielectric materials.
However, the dynamics of the polarization vector, growth of domains, and domain wall
movements for E = 0 → Emax and E = Emax → 0 directions in the P−E measurement
protocol are different from each other. This leads to a non-zero value of polarization, even
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at E = 0, known as remanent polarization (Pr). As a result, a part of the stored energy is
lost, which appears as the hysteresis of the P−E loop. In other words, it is impossible to
recover the stored energy density to its fullest amount when it is discharged. The loss part
of the stored energy or energy loss density (Uloss) is given by the area of the loop. The
recoverable energy density is calculated as follows:

Urec =

Pmax∫
Pr

EdP (7)

Another FOM signifying the energy storage performance is the efficiency (η), which
represents the amount of stored energy density available for use as recoverable energy
density. It is defined as the ratio of the recoverable energy density to the total stored
energy density:

η =
Urec

Ust
× 100% =

Urec

Urec + Uloss
× 100% (8)

Equation (7) suggests that a combination of high Pmax, low Pr, and high breakdown
strength are necessary to obtain a high Urec value. In addition, Equation (8) requires a
dielectric with low hysteresis loss to obtain a large efficiency value. Therefore, Equations (7)
and (8) are often considered the governing equations for designing dielectric materials for
high-performance energy storage. However, a dielectric with high ε usually features high
dielectric loss, leading to heat generation during electric field cycling and the possibility of
thermal breakdown during operation.

Typical P–E loops of LDs, FEs, AFEs, and RFEs are shown in Figure 2. LDs are
characterized by very low values of polarization and a high BDS. Some of the widely
studied LDs are CaTiO3 [19,20], SrTiO3 [21], and CaTiO3-CaHfO3 [22]. Because of the low
value of polarization, the recoverable energy density of LD is quite low. Therefore, LDs are
not suitable for application in the field of high-energy storage application. Over the years,
FE and anti-ferroelectric (AFE) materials have been extensively studied for application
in energy storage systems, and efforts to enhance their performance have surged. FE
materials exhibit spontaneous polarization, a large value of Pmax, and a coercive field (Ec).
A typical P–E loop of FE materials is shown in Figure 2b. On the microscopic scale, FEs
are composed of a large number of domains separated by domain walls. The dipoles in a
domain are oriented in the same direction, and the directions of the domain polarizations
can be switched by applying an electric field. However, the energy loss density is quite high
in the FEs because of their high coercivity. Moreover, the Pr and Pmax values have the same
order of magnitude, resulting in a very small value of Pmax−Pr. Therefore, the Urec and η of
the FEs are not promising. Because of this, single-phase FEs have not gained much interest
in energy storage devices. Among the various FEs, representative compositions studied
for energy storage are based on (Bi,Na)TiO3 [23–26], Ba(Zr,Ti)O3 [27–29], BaTiO3 [30,31],
and (K,Na)NbO3 [32]. Unlike FEs, AFE materials lack a net polarization because of the
anti-parallel alignment of the spontaneous polarization vectors in their domain. The
typical P−E loops of AFE materials are shown in Figure 2c. The electric dipoles align
anti-parallel to each other in the AFE domain, as shown in the inset of Figure 2c. At a
low electric field, the polarization of the AFE materials varies linearly with the applied
field. At a sufficiently high electric field, the electric dipoles in a domain rotate to align
in the parallel direction, and the AFE behaves similarly to an FE with a further increase
in the field strength. This is known as the field-induced AFE-FE transition. Once the
electric field is removed, the induced FE phase reverts to the AFE state, thereby producing
double hysteresis in the P−E loop. The high electric field for the AFE-FE phase transition
(EAFE−FE) coupled with the high Pmax and low Pr indicates the possibility of achieving high
storage capacity in AFE materials. The most intensively studied AFE systems are based on
(Pb, Zr)O3 [33–36], (Bi, Na)TiO3 [37–39], and AgNbO3 [40–42]. However, the EAFE−FE for
some AFEs is higher than their BDS at room temperature, signifying a breakdown before
the transition to the highly polarized FE phase. Moreover, AFE materials cannot withstand
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large charge-discharge cycles, which is an important aspect in practical operations because
such cycling leads the materials to undergo several alternate AFE-FE transitions, leading to
physical cracks [43]. Moreover, the high-field FE phase often suffers from severe energy
loss, which is particularly observed in AgNbO3-based AFEs [44].

Figure 2. Typical P–E loops for (a) LD (b) FE, (c)AFE, and (d) RFE. Insets are schematics of domains
with the alignment of polarization vectors (arrowheads). In RFEs, polar nanoregions (shown in
circular patches) are sparingly distributed in a non-ferroelectric matrix (green area in the inset).

3. Relaxor Ferroelectrics

Relaxor ferroelectrics (RFEs) are an important class of materials that have attracted
significant interest in energy storage applications. RFEs exhibit nanosized polar regions
embedded in a nonpolar matrix. The polar nanoregions (PNRs) exhibit spontaneous
polarization; however, the inter-PNR interaction is very weak [45]. The typical size of a
PNR is 2–10 nm. PNRs are highly dynamic and sensitive to external stimuli. Because of
the lack of inter-PNR interactions, PNRs under an electric field evolve independently of
nearby PNRs. Therefore, the polarization state can return to its initial state after the electric
field is removed. The P−E loop for a typical RFE is shown in Figure 2d, which features
Pr ~ 0, a considerably high Pmax, and a small hysteresis loop.

RFEs feature (i) a broad maximum in ε around Tm (maximum temperature in the ε-T
curve); (ii) strong frequency dispersion of ε and loss tangent (tan δ) peaks, i.e., shifting of
the peaks toward higher temperatures while measured at lower to higher frequencies; and
(iii) low Pr [46,47]. Therefore, RFEs are FE materials that simultaneously exhibit dielectric
relaxation and ferroelectricity. However, unlike normal FEs, where the paraelectric-FE
phase transition can be explained by Curie’s law, the temperature dependence of χ in RFEs
in the paraelectric phase obeys the following:

χ =
C

(T − Tc)
γ (9)

where the parameter γ (1 < γ < 2) represents the broadness of the dielectric peak. For a
normal FE, γ = 1. Several models have been proposed to explain the peculiar characteristics
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of RFEs, such as the diffuse phase transition model [48], super paraelectric model [49],
dipolar glass model [50], random-field model [51], random-site model [52], bi-relaxation
model [53], and spherical random-bond-random-field model [54]. However, the underlying
mechanism of RFEs is yet to be clearly understood.

4. Energy Storage Performance of BiFeO3-Based Relaxor Ferroelectrics

BiFeO3 exhibits a distorted perovskite structure, as shown in Figure 3a. It pos-
sesses a rhombohedral structure (point group: R3c) at room temperature with an a¯a¯a¯ 
tilt system, in which the neighboring oxygen octahedra rotate anti-clockwise about the
[111] direction [55,56]. The rhombohedral unit cell is described with lattice constants
a = b = c = 3.965 Å and α = β = γ = 89.3–89.4◦ [57]. There are two formula units of BiFeO3
in the rhombohedral cell, with three atoms in its asymmetric unit occupying Wyckoff
positions: 6a (Bi3+ and Fe3+) and 18b (O2−) [58]. in a hexagonal frame of reference with the
hexagonal c-axis parallel to the diagonals of the cubic perovskite with the lattice constants
ahex = 5.58 and c = 13.90 Å [57].

The R3c symmetry permits long-range FE order in BiFeO3 along the threefold axis [111].
Various experiments have confirmed the ferroelectricity in BiFeO3 below TC = 1143 K [55,59].
The constituent atoms Bi, Fe, and O are displaced from their centrosymmetric posi-
tions along the threefold axis, and Bi ions have the largest displacement with respect
to O ions [55]. The lone-pair-active Bi ions in BiFeO3 are displaced to a large extent in
comparison with other FE compounds with non-lone-pair-active cations. Therefore, a
large value of spontaneous polarization, on the order of 90 μC cm−2, has been predicted
in BiFeO3 from ab initio calculations [16,60]. However, a polarization value close to
the calculated values could not be obtained until recently [61], after a series of initial
experimental failures to achieve spontaneous polarization of BiFeO3, as predicted by
theory [62–67]. Lebeugle et al. [61] measured a very large saturated polarization (approxi-
mately 60 μC cm−2) in a high-quality single-crystal BiFeO3 at room temperature, as shown
in Figure 3b.

Figure 3. (a) Structure of R3c BiFeO3. (b) P-E loop of BiFeO3 bulk single crystal. Figures repro-
duced with permission from [55] and [61], respectively. © 2021 American Physical Society (a) and
2007 American Institute of Physics (b).
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BiFeO3 possesses the highest values of spontaneous polarization and TC among Pb-
free FEs. As discussed in Section 2, high Pmax and large Pmax –Pr are among the most
important factors for obtaining a high storage capacity. Therefore, BiFeO3 with a large Pr
in its naturally occurring FE phase is not suitable for energy storage applications, which
is a drawback of all FE materials in general. One way to obtain a small Pr is to break the
long-range FE order such that it becomes an RFE. Many researchers have reported this
method to create PNRs embedded in a non-FE matrix and obtain a significant reduction
in the Pr value. In addition, there are always issues pertaining to the leakage current in
pure BiFeO3, which eventually limits its high breakdown strength. Various successful
methods to enhance the resistivity in phase-pure BiFeO3, such as doping at the A-site
and the addition of Mn, have been discussed in the literature. In the following sections,
considering these issues, the energy storage performance of BiFeO3-based materials, with
special emphasis on the RFEs, are reviewed.

4.1. BiFeO3-Based Binary System

BiFeO3−BaTiO3 solid solutions have been widely investigated as promising candi-
dates in the field of ceramic dielectrics-based energy storage materials. A remarkable
feature of BiFeO3-based solid solutions is the morphotropic phase boundary (MPB), where
the solid solution displays a composition-driven structural transition in its phase diagram.
The crystal structure changes abruptly across the MPB, and various physical properties,
such as piezoelectric coefficients and polarization, are maximal at the MPB. The MPB
of the BiFeO3−BaTiO3 system is shown in the phase diagram in Figure 4, where the
rhombohedral and tetragonal phases coexist in the MPB region [68–70]. Careful optimiza-
tion of the BaTiO3 content produces excellent ferroelectric and piezoelectric properties in
MPB compositions.

Figure 4. Phase diagram of (1-x)BiFeO3-xBaTiO3 solid solution. Reused with permission
from [68]. © 2021 Willey-VCH Verlag GmbH & Co.

However, BiFeO3-BaTiO3 also possesses a high Pr [71] and high dielectric loss, which
are detrimental for energy storage. Previous studies have shown that doping small
amounts of La2O3, MnO2, and Nb2O5 in BiFeO3 can significantly enhance the electri-
cal resistivity and energy loss density [72,73], which is beneficial for energy storage.
Wang et al. [74] reported a large enhancement of resistivity in Nb2O5-modified BiFeO3-
BaTiO3, i.e., (1-x)(0.65BiFeO3-0.35BaTiO3)–xNb2O5 (x = 0, 1, 3, 5 mol%) by several orders
(~1010–1014 Ω cm) compared with the undoped BiFeO3-BaTiO3 (~108 Ω cm). The com-
pounds with x = 0.01 and 0.03 exhibited slimmer P−E loops, similar to RFEs, with x = 0.03
exhibiting the highest Pmax (25.21 μC cm−2) and lowest Pr (5.53 μC cm−2). They obtained
a maximum Urec of 0.71 J cm−3 at E = 90 kV cm-1. Zhu et al. [75] found a significant
improvement in the BDS of 0.52BiFeO3-0.48BaTiO3 ceramic up to 130–140 kV cm−1 by
adding La2O3 and MnO2. Under this condition, they obtained Urec = 1.22 J cm−3 with
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η = 58% for 0.52Bi0.98La0.02FeO3-0.48BaTiO3 + 0.3 wt.% MnO2 compound, whereas un-
doped 0.52BiFeO3-0.48BaTiO3 exhibited Urec = 1.08 J cm−3 with η = 49%. They found
that the addition of La2O3 and MnO2 increased the amount of the FE phase, reduced the
grain size, and facilitated densification, which helped to induce large ΔP (Pmax − Pr) as
well as BDS compared with undoped compounds. This phenomenon was found to be
more pronounced when Nd was substituted for Bi sites in MnO2-added BiFeO3-BaTiO3
solid solution, as shown in Figure 5. Wang et al. [76] synthesized highly dense (rela-
tive density ρr = 95% to 97.6%) 0.75BiFeO3-0.25BaTiO3 ceramics by Nd substitution with
0.1 wt.% MnO2 addition that could endure a high electric field up to 180 kV cm−1, as shown
in Figure 5. The solid solution with 15 mol% Nd content featured the highest value of
Ust = 4.1 J/cm3 and Urec = 1.82 J cm−3; however, it had a low value of η = 41.3%. Recently,
Chen et al. [77] successfully synthesized highly dense Sm-doped BiFeO3-BaTiO3 binary
ceramics that can endure a very high electric field of up to 200 kV cm−1. Sm substitution
significantly reduced the grain size and enhanced the density, which is believed to be the
reason for the high BDS. The binary solid solutions exhibit excellent Ust and Urec; however,
their low efficiency limits practical device applications.

Figure 5. Unipolar P-E loops for 0.75Bi1-xNdxFeO3-0.25BaTiO3 + 0.1 wt% MnO2 system: (a) x = 0.15,
(b) x = 0.20, (c) x = 0.30, and (d) x = 0.40. Reproduced with permission from [76]. © 2021 The Royal
Society of Chemistry.

4.2. BiFeO3-Based Ternary System
4.2.1. Bulk Ceramics

The addition of a third perovskite oxide to binary BiFeO3-MTiO3 (M = Ba and/or Sr) as
the end member of the ternary system has been found to be very promising for inducing the
relaxor phase and enhancing the energy storage performance [78–84]. Zheng et al. [78] re-
ported the successful induction of the relaxor phase in BiFeO3-BaTiO3 as a result of the sub-
stitution of BaMg1/3Nb2/3O3. The relaxor 0.61BiFeO3-0.33BaTiO3-0.06BaMg1/3Nb2/3O3
exhibited a Urec of 1.56 J cm−3 at E = 125 kV cm−1, with η ~ 75%. This compound also
exhibited good temperature stability for energy storage and efficiency in the temperature
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range of 25 ◦C to 190 ◦C. In a similar effort, Zheng et al. [79] reported an improved storage
performance with a Urec of 1.66 J cm−3 at 130 kV cm−1 and η ~ 82% in highly dense
(ρr > 97%) 0.61BiFeO3-0.33BaTiO3-0.06LaMg1/2Ti1/2O3 ceramics. Meanwhile, Liu et al. [80]
reported enhancement of relaxor characteristics in terms of broader peaks of dielectric
permittivity (Figure 6) and significant enhancement of energy storage performance in
(0.66 − x)BiFeO3-0.34BaTiO3-xBaZn1/3Ta2/3O3 for x > 0. They reported slim P–E loops
for x > 0 with the highest BDS of E = 160 kV cm−1 and a high Urec of 2.56 J cm−3 for
the x = 0.06 composition (Figure 7). Tang et al. [84] reported a BDS of 180 kV cm−1 and
Urec = 1.62 J cm−3 for 0.85(0.65BiFeO3-0.35BaTiO3)-0.15Ba(Zn1/3Nb2/3)O3 bulk ceramics.
Sun et al. [85] reported similar values of Urec = 2.11 J cm−3 at E = 195 kV cm−1 with
η = 84% in a highly dense 0.56BiFeO3-0.30BaTiO3-0.14AgNbO3+5 mol% CuO system pre-
pared by a modified thermal quenching technique.

Figure 6. Induction of relaxor phase characterized by diffused phase transition in (0.66-x)BiFeO3-
0.34BaTiO3-xBaZn1/3Ta2/3O3 systems. Reproduced with permission from [80]. © 2021 The Royal
Society of Chemistry.

Yu et al. [86] studied the effect of the microstructure on the energy storage performance
of a BiFeO3-BaTiO3-Bi(Mg2/3Nb1/3)O3 system. They prepared coarse-grained (grain size ~2
to 4 μm) and fine-grained (~0.55 to 0.9 μm) microstructures using planetary ball milling and
high-energy ball milling processes, respectively. BiFeO3-BaTiO3-Bi(Mg2/3Nb1/3)O3 solid
solutions with a fine-grained microstructure exhibited higher ΔP (~ 30 μC cm−2) and BDS
(~ 110 kV cm−1) than the coarse-grained samples (ΔP ~ 10 μC cm−2, BDS ~ 50 kV cm−1).
Under such drastic microstructural evolution, they reported a higher Urec of 1.26 J cm−3

in fine-grained samples, compared with Urec = 0.16 J cm−3 for coarse-grained samples.
Yang et al. [87] showed that utilizing a liquid-phase sintering mechanism can significantly
enhance the BDS while maintaining the relaxor characteristics and high dielectric per-
mittivity. Using 2 wt% BaCu(B2O5) (BCB) as the low melting point additive in 0.1 wt%
MnO2-added (0.67−x)BiFeO3–0.33(Ba0.8Sr0.2)TiO3-xLa(Mg2/3Nb1/3)O3 solid solution, they
achieved a BDS of 230 kV cm−1 for x = 0.06. With the use of such a high field, the compound
exhibited Urec = 3.38 J cm−3 with η = 59%. BCB formed large amounts of liquid phase at the
grain boundaries during sintering and significantly reduced the average grain size down
to the submicron range, as shown in Figure 8, by impeding grain growth at lower sintering
temperatures. The high density of grain boundaries in the microstructure of the submicron
grain size offered high electrical resistivity, resulting in enhanced BDS (Figure 8). Moreover,
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low-temperature sintering with the addition of MnO2 helped to decrease Fe3+ ↔ Fe2+

valence fluctuations by minimizing Bi2O3 loss during synthesis, which was also criti-
cal for enhancing the BDS. This compound exhibited good temperature stability, with
Urec = 1.15–1.27 J cm−3 in the temperature range of 30 ◦C to 170 ◦C. Using the PVA-assisted
viscous polymer process (VPP) route, Liu et al. [88] obtained high ρr ~ 99% 15 mol%
Sr0.7Bi0.3FeO3–modified 0.85(0.65BiFeO3-0.35BaTiO3) system with a fine grain microstruc-
ture. The ultra-high ρr and uniform submicron grains significantly enhanced the BDS,
with a value of 330 kV cm−1, compared with that of the sample prepared without VPP
(180 kV cm−1). Under this condition, they obtain an ultra-high Urec of 4.95 J cm−3 with
η ~ 73%. The calculated Urec from the charge-discharge cycling test was 2.36 J cm−3 at
300 kV cm−1. Likewise, Sm doping has been found to be very effective in reducing the grain
size and increasing the density of sintered ceramics. Chen et al. [78] reported a significant
decrease in the average grain size in the 0.67Bi1-xSmxFeO3-0.33BaTiO3 system with an in-
crease in x, resulting in a BDS of 200 kV cm−1 at x = 0.1. This resulted in an Urec = 2.8 J cm−3

for x = 0.1; however, it had low efficiency, η = 55.8%. In another report, Li et al. [89] re-
ported an ultra-high Urec = 3.2 J cm−3 at E = 206 kV cm−1 with high efficiency, η = 92%, in
a highly dense (ρr ~ 98%) solid solution of (1−x)Bi0.83Sm0.17Fe0.95Sc0.05O3-x(0.85BaTiO3-
0.15Bi(Mg0.5Zr0.5)O3) with x = 0.75. A similar Urec ≈ 3.06 J cm−3 at E = 167 kV cm−1 with
η ≈ 92% associated with the improvement of BDS has been reported in (1−x)BiFeO3-
x(0.85BaTiO3-0.15Bi (Sn0.5Zn0.5)O3) with x = 0.65 [90].

Figure 7. BaZn1/3Ta2/3O3 modification to BiFeO3-BaTiO3 leads to slimmer P–E loops. Unipo-
lar P–E loops for (0.66-x)BiFeO3-0.34BaTiO3-xBaZn1/3Ta2/3O3 with (a) x = 0.04, (b) x = 0.08, and
(c) x = 0.10. (d) The optimum recoverable energy density and efficiencies. Reproduced with permis-
sion from [80]. © 2021 The Royal Society of Chemistry.
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Figure 8. SEM images of 0.61BiFeO3-0.33(Ba0.8Sr0.2)TiO3-0.06La(Mg2/3Nb1/3)O3 + y wt.% MnO2 + z wt.% BaCu(B2O5)
solid solution sintered at their optimum temperatures: (a) y = z = 0, (b) y = 0.1 and z = 1, (c) y = 0.1 and z = 2, (d) y = 0.1 and
z = 3, and (e) y = 0.1 and z = 4. (f) Variations of BDS, grain size, and relative density with y + z. Reused with permission
from [87]. © 2021 Elsevier Ltd.

Designing a specific microstructure has been found to be highly effective for enhancing
energy storage performance. Microstructure strongly influences the BDS of dielectric mate-
rials and their relaxor characteristics. Wang et al. [81] designed core-shell microstructure
(Figure 9a) with BaTiO3-rich shells and BiFeO3-rich cores in (0.7-x)BiFeO3-0.30BaTiO3-
xBi(Zn2/3Nb1/3)O3+0.1wt%Mn2O3 ceramics that could withstand an electric field as high
as 190 kV cm−1. They found that the shells and cores in the solid solutions were different
in structure and electrical characteristics. The shell exhibited a pseudo-cubic structure,
which is paraelectric in nature, whereas the core parts had a ferroelectric R3c structure.
The core-shell structure and the cationic charge disorder at the B-sites helped to establish
the relaxor phase in 0.70BiFeO3-0.30BaTiO3 (Figure 9a). Substitution of Bi(Zn2/3Nb1/3)O3
further exacerbated the long-range order, thereby inducing a highly disordered RFE phase
while maintaining the polarizability as high as Pmax = 36.7 μC cm−2 and ΔP = 32.8 μC cm−2.
They obtained Ust = 3.7 J cm−3, Urec = 2.06 J cm−3 at 180 kV cm−1 and Ust = 2.9 J cm−3,
Urec = 1.98 J cm−3 at 190 kV cm−1 for 5 mol% and 8 mol% Bi(Zn2/3Nb1/3)O3-doped com-
pounds, respectively. The solid solutions could also successfully deliver discharge energy
within 0.5 μs. Wang et al. [82] reported relaxor behavior in chemically inhomogeneous,
but electrically homogeneous (0.7-x)BiFeO3-0.3BaTiO3-xNd(Zr0.5Zn0.5)O3 for x = 0.05, 0.08,
and 0.10, with a core-shell structure, and studied the energy storage performance at room
temperature both in ceramics and multilayers prepared by a solid-state reaction route.
The substitution of Nd(Zr0.5Zn0.5)O3 induced chemical inhomogeneity, revealed as a (Bi,
Fe)-rich core for x = 0.05 and (Ba,Ti)-rich cores for x = 0.1, and complex multiphase mi-
crostructures with both (Bi, Fe)-rich and (Ba,Ti)-rich cores for x = 0.08. A high degree of
chemical inhomogeneity and better electrical homogeneity of grains existed at x = 0.08,
which led to a high ΔP and provided a difficult current path for electrical breakdown. As a
result, x = 0.08 exhibited Urec ~2.45 J cm−3 at E = 240 kV cm−1 with η = 72%. Lu et al. [91]
demonstrated excellent energy storage properties in a series of solid solutions composed of
BiFeO3, SrTiO3, Nb2O5, and BiMg2/3Nb1/3O3 exhibiting a core-shell structure. Their study
successfully demonstrated that Nb2O5 doping into BiFeO3-SrTiO3 and employing the third
perovskite end member BiMg2/3Nb1/3O3 (BMN) could induce an insulating relaxor phase
at room temperature without reducing the average ionic polarizability of the solid solution.
It was found that the substitution of 1–3% Nb5+ for Ti4+ (B sites) in 0.6BiFeO3-0.4SrTiO3
suppressed the formation of oxygen vacancies and significantly reduced p-type conduc-
tivity compared with that of the undoped compound. A similar reduction in the p-type
conductivity was observed for the 0.56BiFeO3-0.4SrTiO3-0.04BiMg2/3Nb1/3O3-xNb2O5

78



Materials 2021, 14, 7188

(x = 0–0.05) solid solution, and an enhanced BDS of 360 kV cm-1 was obtained at an op-
timized Nb2O5 content (x = 0.03). Such a high BDS was attributed to two factors: (i) the
improved insulating character caused by Nb doping at B-sites related to the suppression
of the formation of oxygen vacancies, and (ii) a core-shell microstructure with electrical
homogeneity throughout the grains. The x = 0.03 composition exhibited a high perfor-
mance of Urec = 6 J cm−3 with η = 74.6%. Then, a much-improved Urec value with similar
η could be achieved by optimizing the BiMg2/3Nb1/3O3 content in (0.6-y)BiFeO3-0.4SrTiO3-
0.03Nb2O5-yBiMg2/3Nb1/3O3 (y = 0.02–0.12) solid solutions. For y = 0.1, the BDS was en-
hanced further up to 460 kV cm−1, producing Urec = 8.2 J cm−3 and η = 74.6%. A core-shell
microstructure design provides a large BDS and large Urec, but at the same time, it has low
efficiency because of the not-very-fast response of the PNRs to the electric field.

Figure 9. (a) Bright-field TEM image of a grain in (0.70-x)BiFeO3-0.30BaTiO3-xBi(Zn2/3Nb1/3)O3

with x = 0.05, illustrating a BiFeO3-rich core and BaTiO3-rich shell. (b) Broad dielectric anomalies
associated with the core-shell structure. P-E loops for (c) x = 0.05 and (d) x = 0.08, respectively.
Reproduced with permission from [81]. © 2021 American Chemical Society.

Qi et al. [92] employed a domain engineering technique to optimize the microstructure
at the domain level and showed that this technique was very effective for enhancing Urec
and η. Using it, they obtained large Pmax, large ΔP, and superior energy storage perfor-
mance in 0.57BiFeO3-0.33BaTiO3-0.1NaNbO3 with the addition of 0.1 wt% MnO2 and 2 wt%
BaCu(B2O5). Nanodomain engineering produced stripe-like PNRs embedded in featureless
nanodomains. The stripe-like PNRs were rich in BiFeO3, whereas the matrix domains were
rich in BaTiO3 and NaNbO3. An HR-TEM image of the solid solution is shown in Figure 10a.
Stripe-like PNRs rich in BiFeO3 were dispersed in BaTiO3- and NaNbO3-rich featureless
nanodomains. This structural heterogeneity at the domain level led to a rapid polarization
response to the external E-field, unlike in the core-shell microstructure, and produced a
hysteresis-free P−E loop, as well as a large Pmax. Moreover, NaNbO3 substitution increased
the bandgap and helped to obtain a uniform and fine-grained microstructure, which was
beneficial to enhance BDS up to 360 kV cm−1, producing Urec ≈ 8.12 J cm−3 with η ≈ 90%.
This solid solution also exhibited excellent thermal stability, with Urec = 8.12 J cm−3 ± 10%
in the temperature range −25 ◦C to 250 ◦C, and an ultrafast discharge rate (< 100 ns).
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Figure 10. (a) Domain morphology exhibiting stripe-like PNRs in 0.57BiFeO3-0.33BaTiO3-0.1NaNbO3

with the addition of 0.1 wt.% MnO2 and 2 wt.% BaCu(B2O5). (b) Room-temperature P–E loops and
ε measured under various electric fields for the same compound. Urec and η measured at (c) various
electric fields and (d) temperatures. Figures reused with permission from [92]. © 2021 WILEY-VCH
Verlag GmbH & Co. KGaA, Weinheim.

4.2.2. Thin Films

In the past few decades, thin films have gained enormous scientific importance in
a plethora of applications. The obvious advantages thin films possess over their bulk
counterparts are that they save material and have reduced weight. In addition, it is
well known that material properties drastically change when they are deposited in thin
film forms, which paves the way for industrial applications. Dielectric thin films with
thicknesses on the nano- or submicron scale have shown promising potential in the field of
energy storage for low-power small devices. This is because of their extraordinarily high
BDS (1 MV/cm) and energy density compared with bulk dielectrics.

Correia et al. [93] deposited a thin film of 0.4BiFeO3-0.6SrTiO3 onto a SrRuO3-electroded
(100)-SrTiO3 substrate using the pulsed laser deposition (PLD) method, which can endure
an electric field as large as 0.972 MV cm−1. Under such a high electric field, the film
exhibited Urec = 18.6 J cm−3 with η > 85%. It also featured a small temperature coefficient
of capacitance (TCC < 11%) over a wide range of temperatures up to 200 ◦C. Pan et al. [94]
demonstrated that the BDS of the same material could be enhanced more than by three
times, up to 3.6 MV cm−1, when doped with Mn and deposited onto a Nb-doped SrTiO3
(001) substrate by the PLD technique. The high BDS of the Mn-doped 0.4BiFeO3-0.6SrTiO3
thin film was attributed to (i) a dense, uniform, and crack-free microstructure, (ii) high-
quality epitaxial growth, and (iii) low leakage current by reducing the Fe3+/Fe2+ valence
fluctuation with Mn substitution. They obtained a colossal Urec = 51 J cm−3 and η = 64%,
which are comparable to those of lead-based thin films (Urec = 61 J cm−3 and η = 33%) [95].
The thin film also featured high fatigue endurance quality over 2 × 107 cycles and good
thermal stability over a wide range of temperatures, from −40 ◦C to 140 ◦C. In another
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report, Pan et al. [96] utilized a domain engineering method to obtain strong relaxor
behavior in (1−x)BiFeO3-xSrTiO3 thin films (x = 0.3–0.75) deposited by the PLD technique
and found that the BDS of the films could be enhanced further, up to 4.46 MV cm−1, by
increasing the SrTiO3 content. Atomic-scale microstructure analysis based on the STEM
of BiFeO3-SrTiO3 films revealed that SrTiO3 disrupted the long-range FE order, and this
disruption cascaded with an increase in SrTiO3 content. The incorporation of SrTiO3 could
transform the micrometer-scale FE domains into nanoscale PNRs. Paraelectric SrTiO3 acts
as a matrix for embedded PNRs and separates the PNRs such that the inter-PNR interaction
almost vanishes. Because there are no inter-PNR interactions, the PNRs are very dynamic
under an external electric field and produce slim P–E loops with very small Pr values. The
size of the PNRs continued to decrease with increasing SrTiO3 content, forming an almost
domain-less feature for x = 0.75. This domain evolution reduced the domain switching
energy, producing a slim P–E loop, while maintaining a large Pmax value and a colossal
BDS. In addition to the domain perspective, SrTiO3 substitution enhanced the insulating
character of the films by stabilizing the Fe3+/Fe2+ valence fluctuation and reducing the
formation of oxygen vacancies, leading to further enhancement of BDS. For example, the
BDS value of (1-x)BiFeO3-xSrTiO3 films increased from 2.77 MV cm−1 to 4.46 MV cm−1 as
the SrTiO3 content increased from for x = 0.3 to x = 0.75. At such a high electric field, the
films with x = 0.6 and 0.75 exhibited a giant Urec ~ 70 J cm−3.

Domain engineering techniques have been found to be more fruitful in thin films that
exhibit polymorphic nanodomains, e.g., rhombohedral (R) and tetragonal (T) domains in a
cubic paraelectric matrix. If these polymorphs have competitive free energy, Landau phe-
nomenological theory predicts the weakening of polarization anisotropy and lowering of
the energy barrier between the R and T polarization states [97]. It facilitates a flatter energy
profile for polymorphic nanodomain RFEs compared with classic FEs and nanodomain
RFEs, which minimizes the hysteresis while maintaining a high polarization (Figure 11).
Pan et al. [97] demonstrated that the polymorphic domain engineering technique can
produce ultra-high energy density with high efficiency in thin films of a (0.55−x)BiFeO3-
xBaTiO3-0.45SrTiO3 solid solution (x = 0 to 0.4). Here, BiFeO3 and BaTiO3 were the hosts
for the R and T domains, whereas SrTiO3 provided a cubic paraelectric matrix. The relaxor
nature and energy storage performance of the (0.55−x)BiFeO3-xBaTiO3-0.45SrTiO3 solid
solutions are shown in Figure 12. The incorporation of BaTiO3 gradually enhanced the
relaxor nature, as can be seen from the wider peaks in the ε–T plots (Figure 12a), as well as
the BDS for higher BaTiO3 contents. The BDS increased up to 4.9 MV cm−1 for x = 0.3 and
5.3 MV cm−1 for x = 0.4, compared with 3.2 MV cm−1 for the x = 0 compound. This resulted
in a maximum Urec of 112 J cm−3 and 110 J cm−3 for x = 0.3 and 0.4, respectively, with
η > 80% (Figure 12). Moreover, the enhancement of the relaxor nature resulted in good tem-
perature stability for x = 0.3 and 0.4 regarding their energy storage performance over a wide
range of temperatures. Kurusumovic et al. [98] employed a combined defect engineering
method to explore the energy storage performance of relaxor thin films of BiFeO3-BaTiO3
solid solutions doped with Mn. The combined approach of defect engineering consisted
of an interval mono-layer by mono-layer deposition (LLD) and Mn addition. The LLD
produced highly stoichiometric and perfectly crystalline films compared with standard
deposited films, while the addition of Mn reduced the leakage current by creating vacancy
trap centers. Using this method, they obtained an ultra-high value of Urec = 80 J cm−3

at a BDS of 3.1 MV cm−1 with η = 78% in 2.5 mol.% Mn-doped 0.25BiFeO3-0.75BaTiO3
thin films.
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Figure 11. Design of RFEs via polymorphic nanodomain design. Comparative display of Landau
energy profiles and P−E loops of an FE with micrometer-sized domains, an RFE with nanodomains,
and an RFE with polymorphic nanodomains. The PR represents the polarization states along the
rhombohedral (R) directions, and PT is along the tetragonal (T) direction. The shadowed area
in the P-E loops represents the recoverable energy density. Figures reproduced with permission
from [97]. © 2021 The Authors, some rights reserved; exclusive licensee American Association for the
Advancement of Science.
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Figure 12. Characteristics of (0.55−x)BiFeO3-xBaTiO3-0.45SrTiO3 (x = 0.0–0.4) films. (a) Temperature-dependent dielectric
permittivity and loss tangent at a frequency of 1 MHz, (b) first-order reversal curve (FORC) P−E loops, (c) energy density
and efficiency values with respect to applied electric fields up to breakdown fields, and (d) comparison of the energy storage
performance at breakdown fields. Figures reproduced with permission from [97]. © 2021 The Authors, some rights reserved;
exclusive licensee American Association for the Advancement of Science.

4.3. Multilayered Structure

Although the energy density of thin films is superior to that of bulk ceramics, the
usability of thin films is limited for low-power applications because of their small volume.
In this context, multilayered structures have received great attention because the technology
behind them is well known and inexpensive. A multilayered ceramic consists of a number
of thin ceramic layers with thicknesses on the micrometer scale and internal electrode
layers stacked in parallel and connected through terminal electrodes. It features both high
BDS (on the MV cm−1 level) and large volume; therefore, it is very promising for practical
high-power energy storage applications.

Wang et al. [76] reported a large improvement in the energy storage performance of a
multilayered ceramic composed of 0.75(Bi0.85Nd0.15FeO3)-0.25BaTiO3 + 0.1wt.% MnO2 and
Pt internal electrodes, compared with its bulk ceramic counterpart, as shown in Figure 13.
With nine active layers having a total thickness of ~ 0.78 mm, they obtained a significant en-
hancement of the BDS to 540 kV cm−1 with Ust ~ 8.75 J cm−3, Urec~ 6.74 J cm−3, and η~77%.
Yan et al. [99] reported similar energy storage properties in (1-x)(0.67BiFeO3-0.33BaTiO3)-
xNa0.73Bi0.09NbO3 multilayered ceramics with A-site cation vacancies. For an optimized
content of Na0.73Bi0.09NbO3, i.e., x = 0.12, the multilayer exhibited Urec = 5.57 J cm−3 at
E = 410 kV cm−1 with η = 83.8%. A multilayer ceramic with 7-μm-thick 0.61BiFeO3-
0.33Ba0.8Sr0.02TiO3-0.06La(Mg2/3Nb1/3)O3 dielectric layers was reported to exhibit a much
higher BDS, > 740 kV cm−1 [100]. This device featured a high Urec of 10 J cm−3 with
η ~ 72% at E = 730 kV cm−1. Wang et al. reported a large ΔP of ~ 34 μC cm−2 and
a high BDS of 700 kV cm−1 in a multilayered ceramic composed of 16-μm-thick elec-
trically homogeneous 0.62BiFeO3-0.3BaTiO3-0.08NdZr1/2Zn1/2O3 ceramic layers with a
core-shell microstructure [82]. With seven ceramic layers having an active electrode area
of 33 mm2, Urec as high as 10.5 J cm−3 with η = 87% was obtained. Lu et al. [91] obtained
BDS > 1 MV cm−1 in a multilayered ceramic with 10 mol% Bi(Mg2/3Nb1/3)O3 and 3 mol%
Nb2O5-doped 0.6BiFeO3-0.4SrTiO3 with a core-shell microstructure. The device, with 8-μm-
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thick dielectric layers, exhibited Urec = 15.8 J cm−3 under E > 1 MV cm−1 with η = 75.2%.
Wang et al. [101] reported a high BDS of 953 kV cm−1 in a multilayered ceramic with
8-μm-thick 0.57BiFeO3-0.3BaTiO3-0.13Bi(Li0.5Nb0.5)O3 layers (Figure 14) having a core-
shell structure and a 5-mm2 active electrode area, which was greatly improved compared
with that of the bulk ceramic counterpart (260 kV cm-1). While the bulk ceramic featured a
Urec ~ 3.64 J cm−3 at E ~ 260 kV cm−1 with η ~ 75%, the multilayered ceramic exhibited a
Urec = 13.8 J cm−3 with η = 81% because of the large enhancement of the BDS. The multi-
layered ceramic showed good temperature stability (< 10%) and frequency independence
(< 5%) of Urec from 0.01 to 1 Hz, as well as fatigue resistance (< 5%) during 104 cycles of
unipolar P−E loop tests in the temperature range from RT to 100 ◦C at E = 400 kV-cm−1.

Figure 13. Energy storage performance of 0.75(Bi0.85Nd0.15)FeO3-0.25BaTiO3 multilayers. (a) P–E
loops at various electric fields at room temperature, (b) P–E loops at various temperatures. Ust, Urec,
and η with (c) electric field and (d) temperature. An SEM image of the multilayers is shown in the
inset of (a). Figures reproduced with permission from [76]. © 2021 The Royal Society of Chemistry.

Figure 14. (a) Room temperature unipolar P–E loops at various electric fields and (b) calculated
energy storage properties of 0.57BiFeO3-0.3BaTiO3-0.13Bi(Li0.5Nb0.5)O3 multilayers. Figures reused
under Creative Commons Attribution 3.0 Unported Licence [101]. © 2021 The Royal Society
of Chemistry.
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5. Critical Issues and Strategy

5.1. Leakage Current Control

High discharge energy density and energy efficiency are the primary requirements
of an EES system. However, most BiFeO3-based RFEs suffer from a low efficiency (<85%)
despite having ultra-high discharge energy densities. Leakage-related high conductivity in
BiFeO3-based RFEs produces apparent large values of Pr and wide hysteresis loops, which
lead to a higher loss density. The conductivity usually increases at high temperatures,
limiting their potential for high-temperature applications.

The high leakage current in BiFeO3-based compounds is associated with the loss of
Bi2O3 during its synthesis at elevated temperatures (950–1050 ◦C), which creates ionic
vacancies and Fe3+/Fe2+ valence fluctuation [102–105]. Aliovalent doping in BiFeO3-based
compounds has been effective for reducing the leakage current density by several orders
of magnitude [104,105]. However, these compounds are fired at high temperatures for
synthesis in both bulk ceramics and multilayered structures, exposing them to Bi2O3 loss.
Adopting a low-temperature sintering method is expected to reduce the Bi2O3 loss and
the associated leakage current densities by a few more orders. The addition of appropriate
glass additives and/or low melting point compounds is expected to significantly reduce
the sintering temperature [106], thereby reducing the possibility of Bi2O3 volatilization.
Low-temperature sintering is also beneficial for the enhancement of BDS, as discussed
in Section 5.2.

5.2. Microstructure Engineering

In Figure 15, we plot Urec as a function of BDS for BiFeO3-based binary and ternary
solid solutions fabricated in bulk ceramics, ceramic multilayers, and thin films. A high
BDS usually provides a higher recoverable energy density. Therefore, enhancing the
BDS is one of the most effective ways to increase the energy storage performance of
RFEs. Microstructure engineering, such as the design of core-shell structures and domain
engineering, has been found to be very effective for enhancing the BDS and realizing a
dynamic relaxor ferroelectric phase. The BDS depends on the grain size (BDS ∝ 1/

√
G

(G = average grain size)) and size distribution. Therefore, it is imperative to design a
fine-grained microstructure with a uniform size distribution to obtain a high BDS. Another
way to improve the BDS is to prepare a highly dense microstructure. Pores or cavities
present in microstructures are usually filled with gaseous or liquid phases with lower
permittivity than those of solid dielectrics. As a result, the voltage across the cavities or
pores (Vc) is enhanced as per the following relation [107]:

Vc =
Vapp[

1 + εc
εr

(
d
t − 1

)] (10)

where Vapp is the applied voltage, εc and εr are the permittivity of the cavity and dielectric,
respectively, and t and d are the size of the cavity and the thickness of the dielectric, respec-
tively. A small pore can create a large electric field across it and cause local breakdown and
internal discharge even at a low external voltage. Therefore, a highly dense microstructure
is essential. Because BiFeO3-based materials are prone to the loss of Bi and Fe valence
fluctuations during sintering at high temperatures, resulting in high electrical conductivity,
sintering at low temperatures could be very beneficial. However, a detailed investigation
of the microstructure control for the purpose of enhancing the energy storage performance
employing the low-temperature sintering technique in BiFeO3-based dielectrics is yet to be
conducted. The two-step sintering (TSS) method modified by Chen and Wan [108] is one
of the most cost-effective and simple methods to produce ultra-high-density materials and
fine grains. In this technique, high-temperature heating is performed for a few minutes,
and then the material is allowed to cool to the sintering temperature, where the sample is
sintered for a prolonged time. However, the sintering temperature should be wisely chosen
so that densification without further grain growth occurs.
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Figure 15. Recoverable energy density as a function of breakdown strength for BiFeO3-based bulk
ceramics of binary solid solutions and bulk ceramics, microstructure-designed bulk ceramics, and
multilayers and thin films of ternary solid (TS) solutions.

5.3. Band Gap Engineering

Electronic breakdown is a crucial intrinsic mechanism for the breakdown of a dielectric
in a large electric-field regime. Above a certain electric field, electrons in the valence
band gain sufficient energy to jump to the conduction band. This results in an increase
in the electron density in the conduction band and leads to a large current discharge.
Therefore, an insulator exhibiting a wide forbidden energy gap can withstand a high
electric field. The empirical relation between the BDS and energy band gap is given by the
following relation [109]:

EB = 24.442 exp
(

0.315
√

Egωmax

)
(11)

where Eg is the energy bandgap, and ωmax is the maximum phonon frequency. Pure BiFeO3
has a direct bandgap of 3 eV [110]. Only a few studies have attempted to enhance the BDS
of BiFeO3-based RFEs via modulation of the energy bandgap. Qi et al. [92] reported the
enhancement of BDS by doping of high-band-gap materials such as NaNbO3 (Eg ~ 3.28 eV)
in 0.67BiFeO3-0.33BaTiO3 solid solutions. They demonstrated that the bandgap of the solid
solutions (0.67-x)BiFeO3-0.33BaTiO3-xNaNbO3 (0 ≤ x ≤ 0.15) increases monotonically with
increases in x from ~ 2.6 eV for x = 0 to ~ 2.95 eV for x = 0.15. The enhancement of BDS
followed a similar trend with an increase in NaNbO3 content, where the average BDS
increased from 230 kV cm−1 for x = 0 to 420 kV cm−1 for x = 0.15. Further studies on
bandgap engineering can be explored to enhance the BDS and energy storage performance
of BiFeO3-based relaxor ferroelectrics.
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5.4. Electromechanical Breakdown

Another issue that has not gained much attention but is very critical in BiFeO3-based
relaxor ferroelectrics is the electromechanical breakdown. Because a high electric field is
required to obtain a large recoverable energy density, the dielectrics are under extreme
electrostrictive strain, increasing the mechanical breakdown. This issue should be taken
very seriously from the device viewpoint, as the devices undergo a large number of charge-
discharge cycles. Although high recoverable energy density with high efficiency is obtained
at high electric fields under laboratory conditions, the same samples might not be suitable
for application purposes where they totally collapse because of mechanical failure under
a large number of charge-discharge cycles. However, systematic studies on the issues of
electromechanical breakdown in BiFeO3-based dielectrics are lacking. Rare-earth-ion doped
BiFeO3 compounds with their composition lying across the morphotropic phase boundary
could be interesting in this regard as these compounds feature high electromechanical strain.
For example, Walker et al. [111] reported cycle-dependent large electromechanical strain in
Sm-doped BiFeO3 polycrystalline samples, associated with the electric field-induced phase
transition and ferroelectric/ferroelastic domain switching.

6. Summary

BiFeO3-based relaxor ferroelectrics are projected to be potential Pb-free candidates for
application in the field of high-energy-density storage and high-power-delivery systems.
They are mostly fabricated in the form of ceramics, multilayers, and thin films from
binary or ternary solid solutions with other perovskite oxides. BiFeO3-BaTiO3 and BiFeO3-
SrTiO3, with their compositional ratios lying in the morphotropic phase boundary, are
the two most widely studied BiFeO3-based binary solid solutions for high-energy-density
storage. However, the typical value of recovering energy density of bulk ceramics of
BiFeO3-based binary solid solutions is well below 3 J cm−3, with low efficiency (typically
below 50%). Ternary solid solutions exhibiting specific microstructures, such as core-shell
structures and stripe-like nanodomains, have shown significant enhancement of the energy
density properties. For example, 0.5BiFeO3-0.4SrTiO3-0.03Nb2O5-0.1BiMg2/3Nb1/3O3 bulk
ceramic with a core-shell microstructure exhibited excellent energy storage properties, with
Urec ~ 8.2 J cm−3 and η ~ 74%. The nanodomain-engineered bulk ceramic 0.57BiFeO3-
0.33BaTiO3-0.1NaNbO3 with the addition of 0.1 wt% MnO2 and 2 wt% BaCu(B2O5) also
featured a similar value of Urec (~ 8.12 J cm−3); however, it had a higher value of η ~ 90%.
The microstructure design approach has been found to be attractive for enhancing the
energy storage properties of thin films and multilayers. The BDS values of thin films
and multilayers can be as high as MV cm-1, which is very helpful for further increasing
the recoverable energy density. Thin films of a (0.55−x)BiFeO3-xBaTiO3-0.45SrTiO3 solid
solution (x = 0–0.4) containing polymorphic nanodomains showed a recoverable energy
density of ~ 110 J cm−3 at a BDS ~ 5 MV/cm with an efficiency of ~ 80%, which is the
highest among BiFeO3-based systems. The achievement of such excellent energy storage
properties is very encouraging for applications in low-power, small-size devices. However,
for large-scale applications, it is necessary to focus on the fabrication of multilayers, as
they deliver high power and are easy to fabricate. Although relatively few studies have
been conducted on BiFeO3-based multilayers, their energy storage performance is very
encouraging (Urec ~ 15 J cm−3), with a high BDS of ~ 1 MV/cm. More studies should be
conducted in the field of BiFeO3-based multilayers to optimize structural parameters such
as the thickness of dielectric layers and number of layers so that a better energy storage
device that can deliver high output power can be fabricated at a low cost.
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Abstract: Bridges play an increasingly more important role in modern transportation, which is why
many sensors are mounted on it in order to provide safety. However, supplying reliable power to
these sensors has always been a great challenge. Scavenging energy from bridge vibration to power
the wireless sensors has attracted more attention in recent years. Moreover, it has been proved that
the linear energy harvester cannot always work efficiently since the vibration energy of the bridge
distributes over a broad frequency band. In this paper, a nonlinear energy harvester is proposed
to enhance the performance of harvesting bridge vibration energy. Analyses on potential energy,
restoring force, and stiffness were carried out. By adjusting the separation distance between magnets,
the harvester could own a low and flat potential energy, which could help the harvester oscillate
on a high-energy orbit and generate high output. For validation, corresponding experiments were
carried out. The results show that the output of the optimal configuration outperforms that of the
linear one. Moreover, with the increase in vehicle speed, a component of extremely low frequency
is gradually enhanced, which corresponds to the motion on the high-energy orbit. This study may
give an effective method of harvesting energy from bridge vibration excited by moving vehicles with
different moving speeds.

Keywords: energy harvesting; bridge vibration; vehicle; mono-stable energy harvester; linear energy
harvester; moving speed

1. Introduction

Bridge safety has drawn great concern in recent decades owing to the developments in
the cross-sea bridge, cable-stayed bridge, and suspension bridge [1]. To ensure the safety of
the bridge, a sensor network should be incorporated into it so that many node sensors are
distributed to monitor the state of the bridge to prevent hazards caused by degradation [2].
For the node sensors, the replacement of the battery is a difficult challenge [3]. Frequent
battery replacement is excessively expensive and nearly impossible in some dangerous
and special hard-to-reach areas [4]. To tackle the difficulty, harvesting energy from bridge
vibration to power sensors is emerging as a promising solution. In principle, the vibration
energy of structure can be converted to electric energy through three methods, i.e., the
triboelectric, electro-magnetic, and piezoelectric mechanisms [5].

The piezoelectric scenario generally scavenges energy from bridge vibration excited by
travelling vehicles. Developing energy harvesting devices coupled with the bridge structure
has been drawing more and more attention from scholars [6]. Assadi et al. [7] attached a
piezoelectric patch to a simply supported beam with a mass moving on it. When the moving
mass travelled on the beam, the piezoelectric patch could produce voltage due to deflection.
The analytical and experimental results indicated that the speed of the moving mass had a
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significant influence on voltage output. Ali et al. [8] used a linear single-degree-of-freedom
model as an energy harvester to harvest the vibration energy of a simply supported beam
excited by the motion of a point load. Galchev et al. [9] designed an inertial energy harvester
to convert traffic-induced bridge vibrations to electric energy. The average power of this
fabricated device was measured at different positions of a suspension bridge. Peigney and
Siegert [10] designed and tested a cantilever piezoelectric harvester to harvest vibration
energy from traffic-induced vibrations in bridges. Erturk [11] derived analytical expressions
of transient response in the time domain of piezoelectric output power. Zhang et al. [12]
conducted a numerical parametric study and derived the exact analytical solution of a
piezoelectric energy harvester excited by beam vibration under moving harmonic loads.
Amini [13] numerically investigated the harvested power from the vibrations of a beam
excited by multi-moving loads. The results showed that the efficiency of the harvester
increased with an increase in moving velocity. Xiang et al. [14] investigated a pavement
system under moving vehicles to scavenge traffic-induced energy using piezoelectric
transducers. When the velocity of a moving vehicle was close to a critical value, the power
output of the piezoelectric harvester was optimal. Romero et al. [15] analyzed the energy
harvesting performance of railway bridges in different operational conditions. The results
showed that the passage of trains had a major effect on energy harvesting performance.
Therefore, the typical cantilevered (linear) harvester always had an enormous challenge in
scavenging energy from bridge vibration since the abundant vibration energy of a bridge
excited by different vehicles exists within a broad frequency band.

At present, harvesting energy from base vibrations is being widely investigated, in
which the magnetic or axial loading forces are often used to enhance harvesting per-
formance. Accordingly, the nonlinearity caused by the introduced magnetic forces was
studied in depth so as to improve the enhancement in harvesting ability [16]. With the
development of the study, the configurations with different kinds of stability, e.g., mono-
stability [17], bi-stability, tri-stability [18], quad-stability [19], and even penta-stability,
were proposed and proved to be able to broaden the operating bandwidth effectively. For
example, Fan et al. [20] proposed a mono-stable piezoelectric energy harvester to improve
the efficiency of energy extraction from low-level excitations by two stoppers and four mag-
nets. Naseer et al. [21] theoretically investigated harvesting energy from vortex-induced
vibrations by using nonlinear attractive magnetic forces. Jang and Chen [22] derived the
Fokker–Plank–Kolmogorov equation of a mono-stable Duffing oscillator with piezoelectric
coupling. The effects of the bandwidth, initial conditions, and cubic nonlinearity on voltage
were numerically studied. Erturk and Inman [23] conducted the theoretical and experimen-
tal studies on the high-energy orbits of a bi-stable energy harvester. Moreover, the relative
advantages and trade-offs of bi-stable and mono-stable harvesters were presented by Zhao
and Erturk [24]. Although the mono-stable energy harvester is more robust and reliable
than the bi-stable one under stochastic excitations, the bi-stable energy harvester should be
designed deliberately to work more efficiently for a given excitation. Kim and Seok [25]
developed the mathematical model of an energy harvester with multi-stable (mono-, bi-,
and tri-stable) characteristics. The results of the simulation showed that the tri-stable energy
harvester had a wider bandwidth than both the bi-stable and linear ones. Wang et al. [26]
utilized the tri-stable characteristics to enhance the energy harvesting performance of a
galloping piezoelectric energy harvester.

In previous studies, the linear vibration energy harvesters had been adopted to scav-
enge energy from bridge vibration, but it was found that they could not work efficiently
under broadband excitations. Hence, nonlinearity was introduced into the design of the
energy harvester under different excitation types, e.g., the harmonic, stochastic, or flow-
induced vibrations. The multi-stability created by magnetic interaction has been proved
to be particularly effective. Striking improvement in energy harvesting performance has
been demonstrated. However, in the multi-stable structures, the energy required to cross
the potential barrier and produce a big deflection is fairly large. In this study, we tried
using nonlinear magnetic forces to obtain an optimal shape for potential energy. To the best
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of the authors’ knowledge, using magnetic nonlinearity to tailor potential energy has not
been studied in the harvesting of bridge vibration energy. These techniques can produce
large amplitudes by creating a desired potential energy shape rather than a multi-stable
shape. In this paper, a scenario of harvesting the energy of a bridge by mono-stability
is proposed, in which the magnetic forces are introduced to form a desirable potential
energy and a high-energy orbit. The mono-stable piezoelectric energy harvester (MPEH)
can produce a large output if it oscillates in the high-energy orbit. It was proved that the
MPEH could reach a high efficiency in harvesting the vibration energy of a bridge. Firstly,
for the particular mono-stable characteristic, corresponding analyses on potential energy,
restoring force, and stiffness were carried out. The results could help determine the optimal
shape for potential energy. Then, experimental studies were conducted, and the dynamic
responses and electrical outputs were investigated under different conditions. Finally, a
summary is presented and some conclusions are drawn at the end of this paper.

2. Energy Harvester for Bridge Vibration Excited by Moving Vehicles

The schematic of MPEH is shown in Figure 1, which is composed of a cantilever beam
with two piezoelectric patches attached to the root, a tip magnet fixed at the beam’s free end,
and two fixed magnets. The three magnets are placed such that the tip and fixed magnets
are magnetically attractive. By adjusting the separation distance (d) and gap distance
(dg), the potential energy can be tailored to own a flat-shaped bottom, which is beneficial
for the MPEH to execute a large-amplitude vibration. In particular, the directions of the
magnetic and elastic forces are opposite to each other, which could move the operating
frequency band toward the low frequency, thus reducing the energy required to produce
a large deflection of the harvester and improving the voltage and power outputs. The
classical linear piezoelectric energy harvester (LPEH) often shows inefficiency since the
abundant vibration energy excited by moving vehicles at different speeds exist in the form
of a broad frequency band with small magnitude. In order to collect more electric energy, a
large LPEH (especially a very long substrate layer with a length Ls) is required; however,
it is difficult to meet the energy supply requirements of the densely distributed sensors.
Therefore, scavenging energy from bridge vibration by linear structures has proved to be
an enormous challenge. Compared with LPEH, the MPEH can attain the high-energy orbit
under the excitation of passing vehicles and generate a high output.

Figure 1. Schematic diagram of MPEH.

As Figure 2 shows, the MPEH is fixed to a bridge with the length of Lb and the
thickness of Tb. Then, as a moving vehicle travels on the bridge at speed v, its load excites
the elastic bridge to oscillate with the acceleration ab(t). Thus, the MPEH oscillates and
generates electric power through piezoelectric materials. According to previous related
studies, the bridge can be modeled as an Euler–Bernoulli beam, which is a simply supported
elastic beam with infinite degrees of freedom. The moving vehicle travelling on this beam
with hinged-hinged boundary conditions can be simplified as a moving mass.
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Figure 2. Schematic diagram of energy harvesting from bridge vibration excited by a moving vehicle.

3. Analysis of Potential Energy, Restoring Force, and Stiffness

The total potential energy of MPEH consists of two parts: the elastic potential energy
of the substrate and the magnetic potential energy that originated from the magnets.

According to the Euler–Bernoulli beam theory, the strain of the piezoelectric cantilever
is proportional to the second spatial derivative of deflection. Hence, the potential energy
calculation in this paper has been based on the following two assumptions: (a) the flat
section perpendicular to the center line of the beam before deformation still stays flat after
deformation; (b) the plane of the deformed cross section is perpendicular to the deformed
axis. Then, the elastic potential energy of the piezoelectric cantilever beam can be given by
the following equation [27]:

Ue =
1
2

Es Is

∫ Ls

0

(
∂2w(x, t)

∂x2

)2

dx + Ep Ip

∫ Lp

0

(
∂2w(x, t)

∂x2

)2

dx (1)

where Es is the Young modulus of the substrate; Is is the inertia moment of the substrate

given by Is =
WsT3

s
12 (Ws and Ts are the width and thickness of the substrate, respectively);

Ls is the length of the substrate; Ep is the bending stiffness of the piezoelectric patch; Ip is
the total inertia moment of two piezoelectric patches on both sides of the substrate, which

can be given by Ip =
WpTp(4T2

p+6TpTs+3T2
s )

6 (Wp and Tp are the width and thickness of the
piezoelectric patch, respectively); Lp is the length of the piezoelectric patch; w(x, t) is the
displacement of the cantilever beam.

The magnetic potential energy can be obtained based on the assumption of a magnetic
dipole. Thus, the magnetic potential energy generated by two fixed magnets upon the tip
of the magnet can be expressed as follows [28]:

Um = −μ0a1a2

2π

{(
w(Ls, t)− dg

2

)2
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}− 3
2
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2π

{(
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2

)2

+ d2

}− 3
2

(2)

where μ0 is the permeability constant; a1 and a2 (a3) are the effective magnetic moment of
the tip magnet and the fixed magnets, respectively; d is the horizontal distance from the
center of the tip magnet to the center of the fixed magnets; dg is the gap distance between
the two fixed magnets.

Since the potential energy is determined by the separation distance d, the total potential
energy is computed with the distance d varying so as to illustrate the influence of d. The
results are illustrated in Figure 3. The system parameters are given in Table 1. It can be seen
from Figure 3 that as d decreases from 90 mm to 14 mm, the potential energy experiences
the linear stable state, the mono-stable state, and then the bi-stable state. Specifically, when
d is quite large, the system acts nearly as a linear one resulting from a very weak magnetic
force. With a decrease in the separate distance d, the magnetic force will become large.
The potential energy could own a steep bottom, implying that the MPEH may have a
relatively large amplitude of vibration under external excitations. The ideal mono-stable
configuration is expected to make a strong magnetic coupling between the magnetic force
and the elastic force. This desirable case can provide a large beam deflection and then a
high-voltage output under low-level bridge excitations. Especially if d is smaller than a
critical value, i.e., 14 mm, the magnetic force will be larger than the elastic restoring force.
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With two stable equilibrium positions emerging, the MPEH becomes a bi-stable system.
However, in the bi-stable state, two potential wells and a potential barrier will appear,
which would need more excitation energy. Thus, for weak excitations, the bi-stable MPEH
may not be the best option. In contrast, the mono-stable state near the bi-stable one is the
most appropriate choice.
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Figure 3. Potential energy for different values of separation distance.

Table 1. Properties for the analysis of potential energy function.

Symbol Parameter Value

Substrate

Ls Length 190 mm
Ts Thickness 1 mm
Ws Width 10 mm
Es Young modulus 205 GPa

Piezoelectric patch

Lp Length 5 mm
Tp Thickness 5 mm
Wp Width 0.25 mm
Ep Young modulus 56 GPa

Magnet

a1(a2 , a3) Effective magnetic moment 0.218 Am2

dg Gap distance between the two fixed magnets 45 mm
μ0 Permeability constant of the magnet 4 × 10−7 NA−2

To illustrate the variation of the MPEH’s characteristics with respect to d, the restoring
force and stiffness at different separation distances are depicted in Figure 4. It is obvious that
the restoring force and stiffness are greatly reduced with a decrease in d. The reason is that
the attractive magnetic force will keep increasing when d decreases and will reach nearly
an equal value to the elastic force at a critical distance. The MPEH will have an extremely
low restoring force and bending stiffness. Therefore, even under the weak vibration of
the bridge, the large deflection of the MPEH is likely to happen, thereby producing a
high-voltage output. In contrast, the linear harvester only has the satisfactory harvesting
efficiency while the excitation frequency matches the resonance frequency. However, in the
practical environment, the speeds and weights of vehicles passing the bridge usually exhibit
stochastic characteristics. Therefore, the vibration energy generated by passing vehicles
distributes over a fairly broad frequency band. Thus, in terms of practical excitation, the
MPEH may be superior to the LPEH.
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Figure 4. (a) Restoring force; (b) stiffness at various separation distances.

4. Experiment Setup

In order to show the dynamic response and performance of the electric output of the
MPEH, a prototype of the MPEH is designed and fabricated. The experimental setup is
shown in Figure 5. The model bridge is made from an acrylic sheet with the dimensions
of 1300 mm × 130 mm × 8 mm (seen in Figure 5a). The moving vehicle is simulated by a
moving steel ball with the mass of 1.003 kg, which can be accelerated from different heights
of the acceleration track, as shown in Figure 5b. The guardrails are installed on both sides
of the bridge to prevent the steel ball from falling off the bridge. The schematic diagram
of the experiment equipment is presented in Figure 5c. The MPEH is fixed in the middle
of the bridge, as shown Figure 6. The related parameter values are listed in Table 1. The
Piezoelectric patch pasted onto the substrate of the MPEH is connected to a resistance box.
The strain sensor (120-5AA) is attached to the substrate of the MPEH near the piezoelectric
patch. When it passes the bridge, the moving load will excite the bridge to oscillate. As for
the three magnets, one is attached to the free end of the piezoelectric beam, and the other
two magnets are fixed at the fixture. The separation distance (d) and gap distance (dg) are
set to 17 mm and 45 mm, respectively. The LPEH is fabricated as well, as shown in Figure 7,
which is similar to the MPEH in configuration but does not have the two fixed magnets.
In the experiments, the LPEH and MPEH were put in the same testing environment for
comparison. The strain response and voltage output of the harvester under bridge vibration
were displayed and recorded by a digital signal acquisition device (DH5922N, Dong Hua).
The value of the sampling frequency was set to 1000 Hz. In each test, to simulate different
speeds of vehicles, the steel ball was released from different heights of the acrylic track.

Figure 5. The experimental setup: (a) test section, (b) acceleration section, and (c) schematic diagram
of equipment.
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Figure 6. Prototype of the MPEH: (a) top view and (b) side view.

Figure 7. Prototype of the LPEH.
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5. Results and Discussions

In the experiment, both the LPEH and MPEH were installed in the middle span of the
bridge. A strain sensor and a piezoelectric patch were bonded to the root of the substrate so
we could obtain the strain response of the system and the dynamic output voltage. Figure 8
gives the variance of strain and power density (W/m3) at the load resistance of 0.9 MΩ for
different moving speeds. To control the moving speed, the steel ball was put on an inclined
track and released at different heights. The running interval was controlled to be between
0.50 s and 1.07 s, corresponding to the practical interval of a vehicle passing through
bridges. From Figure 8, it is clear that for both the LPEH and MPEH, their variances of
strain and power density increase with the moving speed. Especially for the speeds higher
than 1.82 m/s, the MPEH’s power density increases rapidly and outperforms that of LPEH,
and so does the MPEH’s strain.
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Figure 8. (a) Variance of strain; (b) power density of LPEH and MPEH for different moving speeds.

To show the dynamics of the MPEH and LPEH, the time histories of strain are illus-
trated in Figure 9, in which six moving speeds (v = 1.07, 1.53, 1.82, 2.07, 2.30, and 2.50 m/s)
are considered. In Figure 9, at t = 0 s, the vehicle arrives at the bridge, while the dashed
line denotes the moment the vehicle leaves the bridge. The label “On bridge” represents
the time interval of the vehicle moving on the bridge, while the label “Leaving bridge”
represents the time interval after the vehicle leaves the bridge. In all cases, it is apparent
that the strain of the MPEH is much larger than that of the LPEH when the vehicle travels
on the bridge. This can be explained by the fact that an impact load acts on the bridge at
the instant when the vehicle just enters the bridge. The MPEH is designed to have two
magnets, with which the potential energy can be tailored to have a wide and flat bottom.
This potential energy is beneficial for the occurrence of a large deflection. Thus, the small
vibration of the bridge can trigger the large deflection of the MPEH, which is desirable in
energy harvesting. Specifically, at a slow speed, e.g., v = 1.07 m/s, the maximum strain
value of the MPEH can reach 3.6 × 10−5, which is 164% higher than that of the LPEH
(1.36 × 10−5). In both the MPEH and LPEH, the maximum strain increases with the moving
speed. In any case, the vibration period of the MPEH is much longer than that of the LPEH,
which is beneficial to harvesting weak vibration energy. After the vehicle leaves the bridge,
the responses of the LPEH and MPEH exhibit a characteristic of decay vibration. Although
the amount of time that the vehicle moves on the bridge is not very long due to its relatively
fast speed (such as v = 2.07 m/s, 2.30 m/s, or 2.5 m/s), the frequency and amplitude of a
large strain is satisfactory. From the comparison of strains between the MPEH and LPEH,
it can be concluded that the deflection of the MPEH is much larger than that of the LPEH,
particularly during the period when the vehicle is moving on the bridge.
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Figure 9. Strain responses of the LPEH and the MPEH for the vehicle travelling on and leaving the
bridge: (a) v = 1.07 m/s, (b) v = 1.53 m/s, (c) v = 1.82 m/s, (d) v = 2.07 m/s, (e) v = 2.30 m/s and
(f) v = 2.50 m/s.

Figure 10 shows the open-circuit voltages of the LPEH and MPEH when the vehicle
travels on and leaves the bridge. By comparing Figure 9 with Figure 10, it can be concluded
that the deflection of the harvester is closely related to the output voltage. Moreover, from
Figure 10, it can be seen that the voltage of the MPEH is significantly larger than that of the
LPEH. In all cases, the large output voltage is generated during the period when the vehicle
is travelling on the bridge, in which the vibration amplitude makes a major contribution to
the voltage output. For a slower speed of 1.53 m/s, the voltage amplitudes of the LPEH and
MPEH are 0.41 V and 0.57 V, respectively. The vibrations caused by the impact load and the
moving vehicle are very weak, which make the LPEH execute a small amplitude vibration.
For the MPEH, owing to the nonlinear magnetic forces, the vibration amplitude is relative
large under weak excitations. Thus, the MPEH could improve the voltage output at slower
speeds. By increasing the moving speed, the bridge vibration caused by the moving vehicle
becomes violent. Thus, the amplitude of the voltage output increases accordingly, resulting
in a high harvesting efficiency. It should be noted that when the speed of the vehicle reaches
a certain level (such as 2.30 m/s or 2.50 m/s), there is no significant increase in the voltage
amplitude. For example, the maximum voltage of the MPEH reaches 6.94 V for the speed
of 2.30 m/s. However, as the moving speed increases to 2.50 m/s, the maximum voltage
only has a small increase and reaches 7.49 V. This is because the MPEH’s two magnets are
prompted to protect the piezoelectric material from damage when the beam deflection is
too large.
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Figure 10. Voltage output of the LPEH and MPEH for the vehicle travelling on and leaving the
bridge: (a) v = 1.07 m/s, (b) v = 1.53 m/s, (c) v = 1.82 m/s, (d) v = 2.07 m/s, (e) v = 2.30 m/s and
(f) v = 2.50 m/s.

In order to better understand the dynamic characteristics of the LPEH and MPEH,
their frequency spectra of output voltage are shown Figure 11. The peak of the LPEH is
located near 14.5 Hz. In contrast, the MPEH’s peak changes with the vehicle speed. For
different moving speeds, unlike the LPEH, the MPEH has a different frequency spectrum
distribution. More specifically, at v = 1.07 m/s, the frequency spectrum of the MPEH output
is located at 4.90 Hz, and the voltage amplitude of the MPEH is significantly greater than
that of the LPEH. As the moving speed increases to 2.07 m/s, the main peak of voltage
shifts to 7.32 Hz, and the response energy mainly distributes over a wide frequency range
of 0–10.0 Hz (Figure 9d). It should be noted that a peak appears at the extremely low
frequency of 0.25 Hz, corresponding to the motion between the two fixed magnets or
to the high-energy orbit. Then, by further increasing the moving speed, the frequency
distribution of the voltage is changed, but the peak at the extremely low frequency increases
steadily, implying that the response between the two fixed magnets enhances gradually.
In particular, at v = 2.30 m/s and v = 2.50 m/s, from the frequency spectra of the voltage,
it is apparent that the vibration energy is concentrated in the range of 0–15 Hz, with a
peak of the extremely low frequency, as shown in Figures 9 and 10 (the vibration period
of the MPEH is significantly larger than that of the LPEH). Therefore, for the MPEH,
since the potential energy is controlled to have an optimal shape, the energy required
to produce a large deflection is greatly reduced due to a comparatively strong coupling
between the elastic force and the magnetic force. Especially in practice, the moving vehicles
consecutively travel on a bridge, so the MPEH will be excited continuously. Then, the
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MPEH can keep oscillating in a high-energy orbit and produce a consecutive large output.
Thus, the MPEH is suitable for harvesting vibration energy from a practical traffic bridge.
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Figure 11. Frequency spectra of the output voltage for a vehicle travelling on and leaving the
bridge: (a) v = 1.07 m/s, (b) v = 1.53 m/s, (c) v = 1.82 m/s, (d) v = 2.07 m/s, (e) v = 2.30 m/s and
(f) v = 2.50 m/s.

6. Conclusions

In summary, this paper reports a novel concept on how to improve energy harvesting
from traffic bridges. The magnets are introduced to tailor the potential energy rather
than to create bi-stability. By adjusting the magnets’ positions, the ideal mono-stable
configuration with an extremely low restoring force and bending stiffness can be obtained.
This desirable configuration can make the beam oscillate in a high-energy orbit and gives a
large output under weak bridge excitations. The experimental results show that the energy
harvesting performance of MPEH is significantly higher than the LPEH when the vehicle
speed exceeds 1.82 m/s. For different moving speeds, the MPEH has an extreme peak in
frequency spectrum, corresponding to a high-energy orbit. This study may open a new way
for energy harvesters designed for traffic bridges. However, some further investigations
are still needed to maximize the energy harvesting output. The separation distance and
gap distance are two key factors for potential energy, the restoring force, and stiffness. The
performance of the MPEHs can be promoted further by optimizing the tip magnet and the
fixed magnet.
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Abstract: A model study of electric double layer capacitor (EDLC)-style capacitors in which the
electrodes were composed of low surface area-oriented flakes of graphite that compressed to form a
paper-like morphology has suggested that ion transport rates significantly impact EDLC energy and
power density. Twelve capacitors were constructed, each using the same model electrode material
and the same aqueous NaCl electrolyte, but differing in relative electrode orientation, degree of
electrode compression, and presence/absence of an ionic transport salt bridge. All were tested with a
galvanostat over a range of discharge currents. Significant differences in energy and power density
and estimated series resistance were found as a function of all the factors listed, indicating that
capacitor performance is not simply a function of the electrode surface area. This simple postulation
was advanced and tested against data: net ion (Na+, Cl−) ‘velocity’ during both charge and discharge
significantly impacts capacitive performance.

Keywords: dielectric; oriented graphite; electrolyte; EDLC; ion flow; capacitance

1. Introduction

The development of capacitors with high energy and/or power density will help
enable the proposed switch from combustion-based energy systems to ‘green’ electric
systems that are recharged with renewables. Ideally, and theoretically, capacitor energy
density could surpass that of batteries, allowing capacitors to replace batteries. Realistically,
it is unlikely that capacitors will ever match the energy density of batteries, but the superior
power output and durability of capacitors ensures that capacitors will have a number of
niche rolls, including load leveling in systems for which batteries are the primary source
(e.g., electric vehicles), battery life extension applications such as for satellites, collecting
energy from high power surge sources such as regenerative braking, and providing pulsed
power for inherently high power applications, as in [1–3].

Given the increased urgency of efforts to create a fully electric power system using
only renewable energy sources, resources for research to improve capacitors, particularly
electric double layer capacitors (EDLC), also known as Supercapacitors, have increased
dramatically in the last decade. In ‘carbon only’ systems, as per this report, virtually all
the increased research has been directed at exploring the effect of the microstructure (e.g.,
graphene, CNT) and the impact of various additives on carbon energy density, power
density, and electric conductivity [1,2,4–12]. There are some general caveats to much of
this research. As pointed out elsewhere, the fact that there are no universal protocols
for capacitor testing makes comparisons and claims of superior performance difficult
to verify [1,13–16]. In addition, other factors, including ionic conductivity, fabrication
method, absolute electrode dimensions, even measurement set-up, are likely to impact
performance [17]. There has been relatively little work designed to quantify the impact of
these factors on carbon-based capacitor performance [13,17,18].

The novelty of the present work is the test of the impact of two overlooked factors
on EDLC performance: the orientation of graphite planes in the electrodes, and enhanced
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pathways for ionic transport. Study of these factors show, for the first time, that they
dramatically impact energy storage and power production. Regarding orientation, in the
absence of any other modification, the orientation of the graphite flake-based electrodes
relative to each other led to a factor of >3× change in energy density. Regarding enhanc-
ing ion transport, the use of a ‘salt bridge’ to enhance ion transport between electrodes
increased both energy density and power production significantly. These results, from the
simple ‘model’ system tested, provide experimentally quantitative support for the general
postulation that many factors impact EDLC performance.

2. Materials and Methods

EDLC Microstructure: The electrodes were created from a commercial material, Grafoil,
composed of flakes of graphite compressed to create a ‘paper-like’ material with a very
modest surface area [19,20]. In prior work, it was demonstrated that the graphite flake
basal planes are strongly oriented parallel to the macroscopic surface of the paper [21].

Two types of Grafoil were employed in capacitor electrodes: (1) Grafoil provided
by the manufacture directly; (2) Grafoil mechanically compressed between stainless steel
platens to 2000 psi using an Instron SATEC machine (Instron Corp, Norwood, MA, USA).

One simple measure of the impact of compression was the reduction in measured
thickness. The measured thickness of the ‘raw’ material was 0.4 mm, which was reduced
to 0.36 mm by compression. To determine the effect of compression on microstructure,
both surface area and relative basal plane orientation were determined. A NOVA 4200e
Surface Area and Pore Size analyzer (Quantachrome Instruments, Boynton Beach, FL, USA)
was used to determine the BET surface area of uncompressed (15.5 m2/g) and compressed
(12.7 m2/g), material. Notably, the measured value for the uncompressed material was
similar to that reported by the manufacture, 18.5 m2/g, indicating that the measurement
technique yields reasonably good quantitative data. In sum, compression at 2000 psi
reduces surface area moderately, ~20%.

To test for changes in orientation, anticipated on the basis of earlier studies, relative
X-ray diffraction peak heights were determined with a Rigaku MiniFlex 600 benchtop X-ray
diffractometer (Rigaku Analytical Devices, Wilmington, MA, USA) (Figure 1). Based on
a comparison of intensity ratios between specific crystallographic planes for graphite, it
was determined that compression did not modify the relative basal plane alignment of
the Grafoil by a statistically significant amount. Both the compressed and uncompressed
samples were found to have more than 90% of the graphitic crystals aligned with the
macroscopic surface. This is not consistent with earlier work, though might reflect changes
in the Grafoil manufacturing process over the decades between studies. That is, the
commercial material presently available shows greater alignment of the basal planes and
lower surface area than that recorded for the ‘as received’ material in prior decades.

EDLC Electrode Structure: To test the impact of orientation, electrodes were made of
Grafoil that was folded to form an accordion structure, in which each fold was 1 cm across
and 3 cm long (Figure 2).

Once the surface incisions were made, the Grafoil was folded along these incisions
in an alternating pattern such that the incision formed the outer spine of the fold. The
opposite side of each initial incision was folded into each “valley”. Each electrode, dry,
weighed approximately 1.5 g.

After the accordion-fold was complete, the inside surface of each valley fold was
lightly scoured to promote liquid adhesion when the electrolyte was added. Prior to testing
of each configuration, two drops of 3% NaCl electrolyte (approximately 0.05 mL/drop)
were added to each valley fold on both faces of the electrode. The accordion-fold electrodes
were then lightly compressed to close each of the folds.
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Figure 1. Compressed and Uncompressed Grafoil XRD. Both compressed and uncompressed XRD show
high orientation of [002] graphite basal planes parallel to surface. For the true powder pattern
diffraction pattern arising from ground Grafoil, the [110] (77.19◦ 2θ) and [112] (81.2◦ 2θ) diffraction
lines are nearly equal in intensity. In contrast to the powder pattern, for both the compressed and
uncompressed materials employed in this study, the [110] peak is nearly invisible, but the [112] peak
is quite strong [21]. (Note: Only ~6% of the [002] reflection is shown in order to allow the relative
intensity of the other peaks to be clearly shown).

(A)

Figure 2. Cont.
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(B) 

 
(C) 

Figure 2. Accordion Electrode Structure: (A) Dimensions shown. For each electrode, a section of Grafoil,
10 cm × 3 cm + a tab at one end, was cut, scored, and folded as shown. (B) After initial folding,
~0.01 cm3 of 3% NaCl/DI electrolyte was added to each ‘valley’. (C) The completed electrode.

Capacitor Construction: Following the construction of two Grafoil accordion elec-
trodes, the next step in capacitor construction was to employ an electrically insulating,
commercially woven nylon blend separator (84% nylon and 16% spandex) with a measured
thickness of 0.4 cm and 50% open space, employed previously in parallel plate capaci-
tors [22], as an electrically insulating, ion transport ‘friendly’ media between two, well
oriented, electrodes. To enable ion transport, the woven nylon was wetted with 5 drops
of the 3 wt% NaCl solution. In prior work with parallel plate capacitors, this electrolyte
was found to qualify as an SDM. Indeed, in earlier work [18,22–24], aqueous NaCl solution
generally had dielectric constants >108 at low frequency (ca. <1 Hz).

The three ‘specific orientations’ of electrodes that were employed are illustrated in
Figure 3. In each configuration, Grafoil surface planes are oriented in a different manner
relative to the separator. In the Basal Plane Orientation (BPO), all the macroscopic surfaces
of the folded Grafoil are parallel to the separator. Ions diffusing through the separator need
to either climb ‘up and over’ a Grafoil layer, or through one, to reach the next valley. In
the Edge Plane Orientation (EPO), the Grafoil surface are perpendicular to the separator.

110



Materials 2022, 15, 155

Ions diffusing through the separator could directly transport into all ‘valleys’ between the
Grafoil sheets. In the Offset Orientation (OO), one electrode is arranged per the BPO, and
one per the EPO.

Separator

Figure 3. Edge View of the Grafoil Sheet Orientation. Capacitors were constructed using accordion
folded Grafoil with three ‘specific orientations’ relative to the separator, as illustrated.

The next step was to create a ‘compressed’, mechanically stable, capacitor by using
rubber bands to ‘attach’ the electrodes to a standard sized light microscope slide. In
Figure 4, a capacitor in the offset configuration is shown with a ‘salt bridge’. Indeed,
each capacitor was tested in two configurations: with and without a ‘salt bridge’. The net
was twelve capacitors built and tested, each with a unique arrangement of the materials,
orientations, and ‘salt bridge’ level: three different orientations × two different compression
levels × two salt bridge configurations (Table 1).

 

Figure 4. Salt Bridge. Capacitor in offset configuration with molded ‘salt bridge’ at one end.

The salt bridge was prepared with a gel prepared by mixing 1.8 g of fumed silica
(Sigma Aldrich, 0.007 μm avg. particle size, St. Louis, MO, USA) to which a NaCl (saltwater)
solution, 0.6 g NaCl and 20 g DI, was slowly added. Similar gels were previously shown to
be effective for ion transport in parallel plate-type capacitors [23,24]. Its use as a salt bridge
between electrodes requires the same properties. Additionally, the gel held forms such that
it was capable of being shaped. As shown, it was ‘molded’ as a relatively thick layer on
one end of the capacitors, creating an avenue for ion transport between the two electrodes.

The final step, to prevent drying, was to place the capacitor, along with a small amount
of wetted paper towel, inside a gallon-sized, low density polypropylene bag. Small slits
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allowed the tabs on the electrodes (Figure 2) to be connected to the galvanostat with
alligator clips.

Table 1. Summary of Construction and Testing Protocol for 12 Capacitors.

NPS Configuration Experiment Protocol

Electrode
Salt

Bridge?
Orientation

Sequences per
Technique

CCC CVH
CCD Technique

1 2 3 4

Uncompressed
Grafoil

No Salt
Bridge

BPO

6 Positive
6 Negative 25 mA 2.5 v,

1000 s
6 mA 3 mA 1 mA 0.5 mA

EPO

OO

With Salt
Bridge

BPO

EPO

OO

Compressed
Grafoil

No Salt
Bridge

BPO

EPO

OO

With Salt
Bridge

BPO

EPO

OO

CCC—Constant current charge. CVH—Constant voltage hold. CCD—Constant current discharge. (Illustrated,
Figure 4, bottom.).

Measurement Protocol: The test apparatus used in each experiment was the BioLogic
VSP-300, a multichannel potentiostat/galvanostat. Each capacitor was studied using the
same three step /bidirectional constant current method, a protocol similar to that used to
characterize commercial capacitors [25]. Step 1: Charge to a selected positive voltage at
constant current. Step 2: Hold capacitor at that voltage for a select period. Step 3: Discharge
at a given constant current. A cycle is completed by repeating the Steps 1–3, except Step 1 is
done to a negative voltage. Each cycle is repeated six times. Next, the discharge current in
Step 3 is changed, and a second set of data collected. In total, six cycles, each at a different
discharge current, were measured for each capacitor (Table 1). A typical cycle for one
capacitor is shown in its entirety in Figure 5.

As noted earlier, there is no generally accepted protocol for permitting claims of su-
perior performance, or even an absolute comparison of any capacitor properties [1,13–16);
however, for this study, that is not a significant concern. This study is not about creat-
ing a superior capacitor or comparison with prior published reports, but rather design-
ing a methodology which allows for quantitative comparisons for energy storage and
power delivery between capacitors with different orientations and different ion trans-
port paths/mechanisms. The method employed undoubtedly serves this purpose well;
moreover, it is consistent with the body of research conducted at the Naval Postgraduate
School [1,18,22–24]. Prediction: any and all alternative approached to capacitive property
measurement would lead to the same basic conclusions regarding the impact of graphite
plane orientation and ion transport significance.

All techniques for measuring capacitance are imperfect [1]. An illustrative example
are the inherent limits of impedance spectroscopy. This technique is generally limited
at 300 K to study capacitive behavior below 25 mV, as higher temperatures lead to non-
linear behavior. In fact, the fundamental non-linearity of capacitors is reflected in the
need to model capacitor behavior with ‘equivalent circuits’, which are often very complex.
The selection of constant current discharge for the present study was made because the
results, using this approach, for low frequency discharge are the least convoluted, most
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‘transparent’, available over wide voltage and current ranges, and comparable to a large
body of literature [1,13–16,18,22–24].

 

Figure 5. Example Full Data Set for One Capacitor: Top: All the data from one capacitor: four discharge
currents and six cycles of each (Table 1). Bottom: An expansion of data showing a single cycle. Note:
Theoretically, for a capacitor of constant capacitance, the discharge is linear with time. For these
capacitors, that was approximately true below ~1.9 Volts. Above that value, voltage dropped sharply,
and little energy was delivered to the load.
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Three primary values obtained from the data, specific energy (J/kg), specific power
density (W/kg), and capacitance below 1 volt (F/g), are reported here. The reported/plotted
specific energy density (J/kg) value for each discharge current was the average of energy
density values obtained from the twelve discharge curves (six positive voltage, six negative
voltage) collected at that current, divided by the total weight of the dry electrodes. The
energy density for each individual discharge curve was computed to be the integrated area
under the entire discharge curve (V × sec) multiplied by the discharge current. ‘Power
density’ (J/s* kg), a value appropriate for the quantitative comparison of ‘power’ between
different capacitors, as established in earlier works [18,23,24], was obtained from each
discharge curve by dividing the energy of the discharge by the total discharge time and
total electrode mass. The capacitance below 1 volt was computed in the standard fash-
ion [1] for constant current discharge, by dividing the current by the near linear value of
the discharge curve (dV/dt). The ESR for each CHD sequence was determined using the
industry standard method [25]: dividing the voltage drop ΔV that occurs within the first
10 ms by the constant current discharge rate I. The reported/graphed value at any given
discharge current is the average obtained from twelve discharges.

3. Results

Overall, the data for the model system showed many of the qualitative results expected
for capacitors, including: (1) The higher the discharge current, the higher the power density;
(2) The higher the electrode surface area/kg, the higher the energy and power density.
Three other results are not anticipated by standard theory, and have not been previously
reported: (1) The higher the discharge current, the higher the energy density; (2) The
geometry of the electrodes significantly impacts both energy and power density (3); A ‘salt
bridge’ increases energy and power density. Indeed, the difference in energy density as a
function of configuration is virtually eliminated by the salt bridge.

Specific Energy: The specific energies of each of the three configurations with no
salt bridge, using either uncompressed or compressed Grafoil, are shown in Figure 6.
The electrode configuration clearly impacts performance. BPO configurations resulted in
considerably poorer performances than EPO and OO configurations. For example, at a
discharge time of 100 s, the uncompressed BPO (~220 J/kg) had a measured specific energy
approximately 28% that of the uncompressed EPO (~800 J/kg).

Another clear finding is that, for any particular configuration using compressed
Grafoil, electrodes resulted in lower specific energy than its uncompressed counterparts.
In the case of the BPO configuration, the difference is very significant. For example, at a
discharge time of 1000 s, the compressed BPO electrodes have only about 25 percent the
energy density of the uncompressed electrodes. The difference in performance between
compressed and uncompressed Grafoil electrodes is significant, but not as dramatic, in
the other two configurations. In both the OO and EPO configurations, the uncompressed
energy density at a discharge time of 1000 s is <2× larger than that of the compressed
electrode configuration.

It is notable that the energy vs. discharge time curves are rather ‘flat’, and, more
significantly, have a ‘negative’ slope. That is, for EDLC and other capacitors, the energy
delivered to the load generally increases with longer discharge times. In this work, the
energy densities decreased as the discharge current was decreased, resulting in an increase
in discharge time.

In Figure 7, the impact of the salt bridge on specific energy for the uncompressed
Grafoil electrodes in the three configurations is shown. It is evident that the salt bridge
increases the energy density in all cases. However, the most important finding is that the
salt bridge nearly removes the difference in energy density as a function of configuration.
With a salt bridge in place, the three configurations show very similar behavior. Indeed,
with the salt bridge in place, the BPO and EPO behaviors are virtually identical and the OO
performance is only ~25% better. Finally, it should be noted that the ‘negative slope’ as a
function of discharge time is not impacted by a salt bridge.
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Figure 6. Summary of Specific Energy for Salt Bridge Free Capacitors. The energy density data for the
six capacitors is shown. One previously unreported trend is apparent: The energy density is a
strong function of electrode orientation. It is also clear that compressing/reducing the surface area of
the graphitic electrode material reduces specific energy, and energy density decreases slowly with
decreasing discharge time.

 

Figure 7. Impact of Salt Bridge on Specific Energy. The use of a salt bridge (solid lines) improves
performance for all three configurations. More significantly, it ‘collapses’ the differences in energy
density as a function of configuration.
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It is reasonable to compare the capacitance (below 1 volt), and, by inference, energy
density, of these electrodes with other pure carbon materials. In earlier studies, a graph
of capacitance, as a function of the carbon surface area, demonstrated a linear relation-
ship [2,26]. The slope of the line can be employed to predict capacitance on the basis
of the measured surface area. For uncompressed Grafoil with a measured surface area
of 15.5 m2/g, this suggests a capacitance of 0.93 F/g. As shown in Figure 8, this value
is about a factor of two better than that observed in the uncompressed material in the
OO configuration. The figure also shows that comparisons of ‘capacitance’ are fraught
with confusion, as so many parameters, such as voltage range, over which capacitance
is measured, measurement frequency, ion identity, and details of construction, which are
not simply carbon surface area, impact this value. In sum, the results of this study are
qualitatively consistent with the anticipated capacitance based on earlier correlations. That
is, the energy density per unit area of the electrodes is in close quantitative agreement with
earlier findings.
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Figure 8. Capacitance as a Function of Discharge Time. Consistently, the presence of a salt bridge (solid
lines) improves capacitance, all other factors were unchanged.

Specific Power: The specific power (W/kg) for the six capacitors, made with the
uncompressed Grafoil, all three configurations with and without salt bridge, are shown
(Figure 9). For the three capacitors without a salt bridge, as with the energy density results,
the power density is clearly a function of the configuration. The BPO configuration without
a salt bridge delivers the least power. For example, for a 1000 s discharge, it would deliver
~2.5 × 10−1 W/kg, which is about 30% of the power delivery (~8.0 × 10−1 W/kg) for the
uncompressed EPO configuration.

As with the case for energy density, the power density differences collapse for the
capacitors built with salt bridges. All three configurations with a salt bridge have very
similar power density curves as a function of discharge time. Finally, it is notable that the
power density curves are of standard slope. That is, as the discharge times decrease, and
the delivered power increases.
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Figure 9. Specific Power Increases with Higher Current/Lower Discharge Time. Configuration impacts
power significantly in the absence of a salt bridge, but the specific power value differences are almost
independent of configuration when a salt bridge (solid lines) is added.

Estimated Series Resistance: The finding that the energy and power density values of
all the capacitors studied herein increases with shorter discharges may reflect the unusual
ESR behavior. As shown in Figure 10, the ESR values are not constant, but rather a function
of the discharge time/current. For all the capacitors, compressed and uncompressed, with
and without a salt bridge, ESR values are higher for smaller currents/longer discharges.
Given that the load and the output resistance form a voltage divider, increased output
resistance will concomitantly reduce the energy drop across the load. Hence, the ESR trend
with the discharge time is both consistent with, and explains, the observed drop in the
delivered energy at longer discharge times.

The ESR data show clear trend lines for any particular capacitor, but certainly do not
suggest a clear quantifiable formula linking ESR to orientation, the state of compression, or
presence of a salt bridge. Table 2 does suggest some weak qualitative correlations. First,
for any given orientation, compression increases ESR, and second a salt bridge reduces
ESR. It is also clear that there is not a strong orientation dependence. For example, all three
configurations are the same with compressed/no salt bridge electrodes within experimental
error. Uncompressed/salt bridge capacitors are all essentially identical.

Ragone Plots: Presenting the data in Ragone format helps illustrate the unique be-
havior of all these capacitors (Figure 11). In particular, plotting the data in the standard
Ragone format shows that the ‘slopes’ are inverted. In general, Ragone charts show that,
for both batteries and capacitors, delivering more power comes at the expense of reducing
the energy delivered. Thus, the lines of conventional capacitors and batteries, plotted as
per Figure 11, show a negative slope. For all capacitors studied herein, there is no trade-off.
Both energy and power increase as the discharge time is reduced, yielding positive slopes.
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Figure 10. ESR of all capacitors as a Function of Discharge Rate. It is notable that ESR is a strong function
of discharge time for all capacitors studied.

Table 2. ESR as a function of orientation, compression, and salt bridge.

ORIENTATION STRUCTURE RESISTANCE, Ohms (@1000 s)

BPO Uncompressed/No salt bridge 150

BPO Compressed/No salt bridge 200

BPO Uncompressed/Salt bridge 30

BPO Compressed/Salt Bridge 190

EPO Uncompressed/No salt bridge 60

EPO Compressed/No salt bridge 200

EPO Uncompressed/Salt bridge 30

EPO Compressed/Salt Bridge 100

OO Uncompressed/No salt bridge 70

OO Compressed/No salt bridge 210

OO Uncompressed/Salt bridge 30

OO Compressed/Salt Bridge 25

The power delivered curves also show a remarkably high slope. This reflects the fact
that, unlike standard capacitive behavior, the energy delivered increases as the discharge
time is reduced. The power delivered is the ratio of the energy delivered to the time of
delivery. Conventionally, the numerator term decreases with shorter discharge time. Still,
typically, this value does not decrease as rapidly as the denominator, hence the power
increases with the decreasing discharge time/higher current. For the capacitors studied
herein, the numerator increased, and the denominator decreased, leading to a sharp slope.
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Figure 11. Ragone Plot. These plots show the same configuration and salt bridge impacts observed in
the specific energy and power plots. Also notable is that the plots are all positive slopes, whereas, in
general, for capacitors, the slopes on a Ragone chart are negative.

4. Discussion

This study was conducted to determine, on a fundamental level, whether either or both
orientation and ion transport ‘velocity’ can impact the performance of EDLC capacitors. In
order to minimize the number of complicating factors, the electrodes were created with low
surface area, pure graphite flakes, strongly oriented with basal planes parallel to the surface.

The study, as intended, produced clear empirical findings regarding the target ques-
tions of the impact of electrode orientation and the potential impact of ion transport.
Regarding electrode orientation: As shown in Figure 6, the orientation can change the
energy density by a factor of more than 3×, and, as shown in Figure 8, the orientation
can impact the power density by more than a factor of 2. Regarding ion transport: In all
cases, the use of a salt bridge increased performance, although the magnitude varied as a
function of electrode orientation. Capacitors with electrodes in orientations that yielded
higher energy and power density even without salt bridges were marginally improved.
The orientation with the lowest energy and power density without a salt bridge, BPO,
improved significantly. In net, using a salt bridge effectively made all electrode orientations
roughly equivalent performers. Postulate: Ion transport in EDLC can be performance de-
termining. Note: It is understood that improved ion transport only improves performance
to a finite limit.

Other data supports the suggestion that ion transport, and not always electron trans-
port, can be performance limiting. For example, it was found that compression of the
Grafoil led to a 25% reduction in surface area, but far larger fractional reductions in energy
and power density in all cases. Indeed, the reduction was as great as an order of magnitude
decrease in these values. Yet, compression, logically, should increase electron transport
by enhancing contact between graphitic plates and concomitantly reduce ion transport by
‘shrinking’ or eliminating channels for ion transport. Thus, the large reduction in perfor-
mance to Grafoil compression can logically be attributed to reductions in ion transport, but
not to a reduction in the electron conductivity of the electrodes.
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Can the velocity of ion transport somehow explain the inverted slope for the energy
vs. discharge time curves (Figures 6, 8 and 10)? Postulate: The energy and voltage of the
charged species, electrons, on the electrodes are higher if more ‘ionic’ dipoles (Na+ or Cl−)
are present in the electric double layer. This concept is a variation on the recently postulated
Theory of Superdielectric Materials (T-SDM), as discussed elsewhere [27–29]. Thus, given
a constant charging period, a system with faster ion transport will allow more ions to
travel and ‘add’ to the electric double layer than a system with lower ion transport rates.
Conversely, this same ion transport ‘advantage’ can become disadvantageous the greater
the discharge time. For lower discharge currents/longer discharge times, more ions ‘retreat’
and neutralize (e.g., Na+ + Cl− => NaCl). This reduces the number of electric dipoles in
the boundary layer, and hence reduces the energy and voltage of the charges remaining
on the electrodes. This implies that, the faster the electrons are removed, the fewer ions,
which clearly move much more slowly than electrons, will neutralize. Consequently, rapid
discharge should lead to more net energy falling on the load, as observed.

In order to gain additional insight into the impact of various factors on ‘transport’, the
ESR was measured for all capacitors. The impact of a salt bridge on the ESR, an addition
to the capacitor which should only impact ion transport, is revealing. In all cases the salt
bridge reduced the ESR value. This trend raises this question: why should ion transport
change net resistance? Is not net resistance a function of electron transport? A postulated
answer: Ion and electron transport are ‘coupled’. If ion transport is enhanced, so too is
electron transport. The physics behind this proposed coupling is not obvious, or is at least
‘complicated’, and was not be considered here.

5. Conclusions

In conclusion, the key empirical finding is that, in carbon-based EDLC, enhanced
ion transport in the electrolytic material improves performance. Increasing ion transport
rates via the proper orientation of electrodes, the inclusion of a salt bridge, or an increased
porosity also increases energy and power density. Moreover, it appears that ion and
electron transport are linked. If ion transport is enhanced, electron transport is as well. The
empirical findings are certain, and a simplistic model of improved performance linking
to ion transport enhancement appears to be at least consistent with all observations. Yet,
the underlying physics is not clear. Why are ion transport and electron transport coupled?
As the ions retreat/neutralize, does this reduce the energy of the charges remaining on
the electrodes?
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Abstract: Fast charging-discharging is one of the important requirements for next-generation high-
energy Li-ion batteries, nevertheless, electrons transport in the active oxide materials is limited. Thus,
carbon coating of active materials is a common method to supply the routes for electron transport,
but it is difficult to synthesize the oxide-carbon composite for LiNiO2-based materials which need to
be calcined in an oxygen-rich atmosphere. In this work, LiNi0.8Co0.1Mn0.1O2 (NCM811) coated with
electronic conductor LaNiO3 (LNO) crystallites is demonstrated for the first time as fast charging-
discharging and high energy cathodes for Li-ion batteries. The LaNiO3 succeeds in providing
an exceptional fast charging-discharging behavior and initial coulombic efficiency in comparison
with pristine NCM811. Consequently, the NCM811@3LNO electrode presents a higher capacity at
0.1 C (approximately 246 mAh g−1) and a significantly improved high rate performance (a discharge
specific capacity of 130.62 mAh g−1 at 10 C), twice that of pristine NCM811. Additionally, cycling
stability is also improved for the composite material. This work provides a new possibility of active
oxide cathodes for high energy/power Li-ion batteries by electronic conductor LaNiO3 coating.

Keywords: Li-ion batteries; fast charging; LiNi0.8Co0.1Mn0.1O2; LaNiO3; electron transport;
rate capability

1. Introduction

Li-ion batteries (LIBs) have received increasing attention for electric vehicles (EVs) and
portable electronics due to their high energy density and long lifespan [1–3]. As a result,
the development of LIBs with high capacity, high power/energy density, as well as long
cycle life is necessary. The power density and energy density are significant parameters for
LIBs [4]. Except for improving energy density, novel technologies and materials are needed
to resolve the requirement for high power densities by enabling rapid charging-discharging
rates without sacrificing cycling stability and energy densities. In particular, power density
is critical for most applications, such as power grid stabilization and fast-charging EVs.
Recently, despite the charging technology of LIBs having been intensively investigated,
the current charging capability is still far from offering consumers the same refueling
experience as conventional vehicles [5]. This is a significant reason, causing “range anxiety”
for EVs owners and potential customers. Consequently, a higher charging rate with a
shorter charging time is essential to achieve fast charging in the future [6–8].

Based on previous reports, multiple properties of the applied cathode, anode, and
electrolyte materials affect the fast-charging capability of LIBs. Fast charging technology
mainly depends on the transport rate of electrons and Li+ between the LIBs components.
To improve the fast-charging capability of LIBs, numerous research have been devoted
toward reducing the diffusion length of Li+ and electrons by nanotechnology (such as
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nanofibers, nanotubes, or nanoparticles), and increasing the electronic and ionic conductiv-
ity by hybrid-composite design, Li-ion diffusion control, surface modification, and dopant
manipulation [9,10]. Previous reports have demonstrated that electronic or ionic conduc-
tors can improve electronic or ionic conductivity, providing a positive impact on the fast
charging of LIBs [11].

Compared with conductive carbon anode materials, the study on the influence of fast
charging on the cathodes is still in its infancy [12]. At present, developing cathodes with
high capacity, high operating voltage, and long lifespan is of great importance for practical
application in LIBs. Traditional cathodes, such as LiCoO2, LiFePO4, and LiMn2O4, have
limited reversible capacity (<200 mAh g−1), which cannot satisfy the requirement for high
power and energy density LIBs [13,14]. Among numerous cathodes, LiNi0.8Co0.1Mn0.1O2
(NCM811) is considered as one of the most promising cathodes due to its high specific
capacity (>200 mAh g−1), low cost, and high average redox potential [15,16]. Nevertheless,
the inferior rate performance of NCM811 could be ascribed to the Li+/Ni2+ cation mixing,
caused by the similar ionic radius between Ni2+ (0.69 Å) and Li+ (0.76 Å), resulting in
reduced electrode kinetics and specific capacity [17–19]. Additionally, the poor cycling
performance is closely related to moisture sensitivity and detrimental side reactions [20,21].
More importantly, the intrinsic poor electronic conductivity (10−5 S cm−1) of NCM811
restricts its transport kinetics (e.g., rate performance) and cycling stability [22]. Moreover,
these problems will worsen at high current density. To resolve the above problems, surface
modification is considered as an efficient strategy to enhance the electrochemical perfor-
mances of NCM811 cathodes. Among various coating materials, the majority of the lithium
ionic conductors (Li3PO4 [23], Li2ZrO3 [24], Li3VO4 [25]) are focused on increasing the
ionic conductivity of Ni-rich cathodes.

Furthermore, previous reports have demonstrated that electronic conductivity plays
a crucial role in initiating the electrochemical process, and electron transport is critical
to improving the electrode kinetics that dominate the power density of LIBs [26]. As a
consequence, it is necessary to enhance the electronic conductivity of NCM811 cathode.
It is well known that the high electronic conductivity carbon is beneficial to supply the
electron transport pathway in the manufacturing process of LIBs. Thus, it is essential to
add conductive agent (carbon black) into the conventional electrode materials. Moreover,
many studies have reported that effective improvement of the electronic conductivity
for NCM811 cathodes could be achieved by coating the carbon or conductive polymer.
More recently, Sim et al. [27] prepared carbon-modified LiNi0.8Co0.1Mn0.1O2 cathodes
using carbon black (Super P) as the carbon source, resulting in superior electrochemical
performances. Furthermore, Zha et al. reported an efficient method to decorate the surface
of LiNi0.8Co0.1Mn0.1O2 (NCM811) by combining with polyimide and carbon nanotubes.
Compared with the modified-NCM811 (199.6 mAh g−1), NCM811 exhibits a higher initial
discharge capacity (201.1 mAh g−1). However, it can be found that surface modification
with carbon and conductive polymers is usually realized under an inert atmosphere and
high temperature, leading to a poor rate capability or a loss in capacity. To improve the rate
performance and specific capacity, it is necessary to achieve the coating process under an
oxygen or air atmosphere, and the oxides could satisfy this demand.

The perovskite oxide LaNiO3 (LNO) has been intensively investigated in various
applications in ferroelectric devices due to its highly electronic properties [28]. The rhom-
bohedral structure of LaNiO3 oxide is metallic at all temperatures, and its high electronic
conductivity (over 100 S cm−1) enough to act as an electrode [29–33]. Furthermore, LaNiO3
has been reported as a novel anode for LIBs, which exhibits superior electrochemical perfor-
mances. More importantly, LaNiO3 could be annealed under an oxygen atmosphere. In this
paper, we report the electronic conductor LaNiO3 as a coating layer to decorate the NCM811
surface for fast charging-discharging LIBs. The conductive LaNiO3 coating provides an
effective electron transport pathway and serves as a protective layer that restrains the
interfacial side reactions between the electrolyte and the NCM811 surface. Additionally,
the impact of the LaNiO3 coating on the NCM811 cathodes is studied in detail.
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2. Materials and Methods

2.1. Synthesis of NCM811 Cathode Materials

NCM811 was prepared via a typical sol-gel method as follows. First of all, stoichio-
metric amounts of Co(COOCH3)2·4H2O, Ni(COOCH3)2·4H2O, Mn(COOCH3)2·4H2O, and
LiNO3 (with 5% excess) were dissolved together in ethyl alcohol to obtain a uniform solu-
tion. An excessive amount of LiNO3 was employed to compensate for possible lithium loss
at high temperature. Afterward, acetylacetone (the molar ratio of transition metal ions to
acetylacetone was 1:1) was added into the metal solution. The mixed solution was then
evaporated with stirring in an 80 ◦C water bath. The obtained gel was dried at 100 ◦C and
annealed at 450 ◦C for 2 h. After that, the acquired powder was ground, and calcined at
800 ◦C for 12 h in oxygen (denoted as pristine NCM811).

2.2. Synthesis of LaNiO3 Surface-Modified NCM811

A simple wet chemical method was employed to prepare the LaNiO3-modified
NCM811 cathodes. Firstly, deionized water was used to dissolve Ni(NO3)2·6H2O and
La(NO3)3·6H2O with the stoichiometric ratio of 1:1. Citric acid was then added under vig-
orous stirring to obtain the LaNiO3 transparent solution. Subsequently, the as-synthesized
NCM811 sample was added into a required amount of LNO solution (from 0, 1, to 3 wt%),
and the obtained suspension was stirred continuously at 80 ◦C to evaporate the water.
Finally, the powder was dried at 100 ◦C and subsequently calcined at 700 ◦C for 3 h under
flowing O2 to obtain the LaNiO3 surface-modified NCM811 materials. Based on the ratio of
LNO to NCM811, the LNO-modified NCM811 materials were labeled as pristine NCM811,
NCM811@LNO, and NCM811@3LNO, respectively.

2.3. Material Characterization

Powder X-ray diffraction (XRD, Bruker D8 ADVANCE) using a Cu target under 40 mA
and 40 kV was used to characterize the crystal structure of samples. The XRD patterns
were collected over the 2θ range of 15–90◦ with a step size of 0.02◦, and the scanning rate
was 2.4◦ min−1. Furthermore, Rietveld refinement program—General Structure Analysis
System (GSAS) software was used to further analyze the XRD data. Scanning electron
microscopy (SEM, Hitachi S-4800) was employed to characterize the morphology. Ele-
mental distribution on the surface of samples was analyzed by energy dispersive X-ray
spectroscopy (EDS).

2.4. Electrochemical Measurements

Furthermore, 20 wt% carbon black, 10 wt% polyvinylidene fluoride (PVDF), and
70 wt% active material were dissolved together in N-methyl pyrrolidone (NMP), forming a
slurry to prepare the electrodes. The slurry was cast on Al foil and dried at 100 ◦C. The
mass loading of the active material was approximately 1–2 mg cm−2. The as-prepared
electrode as the working electrode, Li metal as the reference electrode, and microporous
polypropylene membrane (Celgard 2500) as the separator, assembling the CR2025-type
coin cells in an argon gas-filled glove box. The electrolyte was 1 M LiPF6 dissolved in
dimethyl carbonate (DMC) and ethylene carbonate (EC) (1:1 vol/vol). After aging, a
multichannel battery testing system (Neware Technology Co., Ltd., Shenzhen, China)
was used to measure the electrochemical performances between 2.8 and 4.3 V. Cyclic
voltammetry (CV) and electrochemical impedance spectroscopy (EIS) tests were carried
out on a Princeton Applied Research VersaSTAT 3 electrochemical workstation. The EIS
tests were conducted between 100 kHz and 10 mHz, and the voltage amplitude was 5 mV.
The cyclic voltammetry was tested in the potential range between 2.8 and 4.5 V, and the
scan rate was 0.1 mV s−1. The differential capacity versus voltage curves (dQ dV−1) were
obtained according to the charge/discharge testing data of individual cycles.
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3. Results

3.1. Physical Characterizations

The crystal structure of pristine NCM811, NCM811@LNO, and NCM811@3LNO sam-
ples were investigated by powder X-ray diffraction (Figure 1a) combined with Rietveld re-
finement (Figure 1b–d). The main diffraction peaks of NCM811@LNO and NCM811@3LNO
samples are similar to those of pristine NCM811, which belong to hexagonal layered α-
NaFeO2 structure (R−3m space group), suggesting that the LNO coating does not affect the
crystal structure of NCM811 [34]. Additionally, all three samples exhibit clear splitting of
(108)/(110) and (006)/(102), which implies a well-ordered layered structure [35]. Compared
with pristine NCM811, NCM811@LNO and NCM811@3LNO samples exhibit a negligible
change in lattice parameters (Table 1), suggesting that La3+ is not doped into the bulk struc-
ture. The (003)/(104) peak intensity ratio is closely related to the degree of Li+/Ni2+ cation
mixing in the Li layer according to the literature [36,37]. Interestingly, NCM811@LNO
and NCM811@3LNO samples exhibit higher I(003)/I(104) values compared to the pristine
NCM811, suggesting that the LaNiO3-modified LiNi0.8Co0.1Mn0.1O2 samples have lower
Li+/Ni2+ disordering. Previous research results demonstrated that Li/Ni disordering is
harmful to the kinetic diffusion of Li ion during electrochemical cycling, thus deteriorating
the rate capability and discharge capacity [38]. Obviously, in the NCM811@LNO sample,
no diffraction peak corresponding to the LaNiO3 can be seen, which may be caused by the
low content of LNO material. In addition, the relatively weaker diffraction peaks between
30 and 35◦ could be identified as the crystalline LaNiO3 (JCPDS #33−0711, labeled with *)
in the NCM811@3LNO sample, suggesting the successful introduction of LaNiO3 nanocrys-
tals to the NCM811 [39]. Based on these results, we can speculate that the NCM811@LNO
sample contains crystalline LNO owing to the identical preparation method.

Table 1. The lattice parameters of all three samples.

Parameter Pristine NCM811 NCM811@LNO NCM811@3LNO

a (Å) 2.8731 2.8709 2.8720
c (Å) 14.1963 14.1951 14.1959
c/a 4.9411 4.9444 4.9428

I(003)/I(104) 1.5893 1.8820 1.6045

All three samples are composed of well crystalline particles, and the average particle
size is approximately 300–700 nm. Clearly, the pristine NCM811 exhibits smooth and
clear particle surfaces (Figure 2a,b), whereas some small nanoparticles can be seen on
the rougher surface of NCM811@LNO (Figure 2c,d) and NCM811@3LNO (Figure 2e,f)
samples. Clearly, with increasing LNO coating content, the amount of small nanoparticles
increases gradually on the NCM811 particles surface. Additionally, Figure 3 presents the
EDS elemental mapping of the NCM811@3LNO sample. Obviously, Mn, Ni, Co, O, and La
elements are homogeneous distribution on the particle’s surface. In addition, the atomic
percentages (at.%) of La, Ni, Mn, and Co are 1.51, 38.68, 4.62, and 4.71 at.%, respectively.
According to these results, it is concluded that the LaNiO3 can be evenly coated on the
NCM811 surface by a simple wet chemical process, forming a conductive coating layer.
As a consequence, the electronic conductor LNO crystallites coating can facilitate the
electron transport on the surface, restrain the direct contact between the electrolyte and the
cathode surface, and thus reduce the transition metal ions dissolution and the interfacial
side reactions.
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Figure 1. (a) XRD patterns of all three samples; the Rietveld refinement of (b) pristine NCM811,
(c) NCM811@LNO, and (d) NCM811@3LNO samples.

Figure 2. SEM images of (a,b) pristine NCM811, (c,d) NCM811@LNO, and (e,f) NCM811@
3LNO samples.
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Figure 3. EDS elemental mapping of NCM811@3LNO sample.

3.2. Electrochemical Performance

The first charge/discharge voltage profiles of pristine NCM811, NCM811@LNO,
and NCM811@3LNO electrodes at 0.1 C (1 C = 180 mA g−1) are presented in Figure 4a.
Compared with the charge and discharge profiles of pristine NCM811, NCM811@LNO
and NCM811@3LNO electrodes do not show any additional voltage plateau. Table 2
shows the first coulombic efficiencies and charge/discharge specific capacities of all three
electrodes. It is conspicuous that the NCM811@3LNO electrode exhibits an excellent
coulombic efficiency of 85.10% and an ultrahigh first discharge capacity of 246.39 mAh g−1

at 0.1 C, far surpassing the pristine NCM811 (82.12% and 194.67 mAh g−1). The significantly
enhanced coulombic efficiency and specific capacity of the NCM811@3LNO electrode can
be attributed to the electronic conductor LaNiO3 coating layer that provides the electronic
conduction pathway between particles, leading to fast electron transport.

Table 2. The electrochemical performances of all three electrodes in the initial cycle at 0.1 C.

Electrode
First Charge

Capacity (mAh g−1)
First Discharge

Capacity (mAh g−1)
First Coulombic

Efficiency (%)

pristine NCM811 237.06 194.67 82.12
NCM811@LNO 218.24 192.28 88.11
NCM811@3LNO 289.53 246.40 85.10

To further investigate the phase transition behavior during the first charge and
discharge process, Figure 4b–d presents the corresponding dQ dV−1 curves of pristine
NCM811, NCM811@LNO, and NCM811@3LNO electrodes, respectively. All the dQ dV−1

curves exhibit the phase transitions from hexagonal to monoclinic (H1 to M) and then to
other hexagonal (H2 and H3). Clearly, NCM811@LNO (0.0068 V) and NCM811@3LNO
(0.0032 V) electrodes demonstrate the lower potential difference of anodic-cathodic peaks
compared to that of the pristine NCM811 (0.0096 V). The decreased potential difference of
NCM811@3LNO electrode implies improved electrode reversibility and reduced electro-
chemical polarization according to the literature [40,41]. The above results indicate that sur-
face modification with electronic conductor LaNiO3 crystallites is beneficial to improve the
electrode kinetics, leading to increasing the first coulombic efficiency and charge/discharge
capacity and decreasing the electrochemical polarization degree of NCM811 cathodes.
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Figure 4. (a) First charge and discharge voltage profiles, and corresponding dQ dV−1 curves of
(b) pristine NCM811, (c) NCM811@LNO, and (d) NCM811@3LNO electrodes at 0.1 C rate.

Figure 5a exhibits the rate capability of pristine NCM811, NCM811@LNO, and NCM81-
1@3LNO electrodes. Additionally, the charge/discharge voltage profiles of all three elec-
trodes at different rates are displayed in Figure 5b–d. Compared with the pristine NCM811,
LNO surface-modified NCM811 electrodes exhibit obviously improved high-rate perfor-
mance. It is conspicuous that a higher discharge capacity of 130.62 mAh g−1 is retained
after 35 cycles at 10 C for the NCM811@3LNO electrode, corresponding to a capacity
loss of 1.12% per cycle from an initial discharge capacity at 0.1 C. In contrast, pristine
NCM811 electrode decreases dramatically to 69.50 mAh g−1, corresponding to a capacity
loss of 1.81% at the same condition. More importantly, NCM811@3LNO exhibits a superior
discharge capacity of 213.48 mAh g−1 when the current rate recovers back to 0.1 C, far
surpassing the pristine NCM811 (147.63 mAh g−1). The above results demonstrate that
the conductive LaNiO3 surface-modified NCM811 cathodes exhibit significantly improved
high-rate charge-discharge performance and electrochemical reversibility, suggesting easier
electron transport in the LaNiO3-modified NCM811.

The cycling performances of pristine NCM811, NCM811@LNO, and NCM811@3LNO
electrodes at 0.5 C are displayed in Figure 6a. At 0.5 C, the NCM811@3LNO electrode
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exhibits an ultrahigh first discharge capacity of 213.23 mAh g−1, significantly surpassing
the pristine NCM811 (177.86 mAh g−1). Pristine NCM811 exhibits obvious capacity fading
with increasing cycle number, maintaining only 62.92% after 50 cycles, and the synchronous
decay in the dQ dV−1 peaks (Figure 6c) can be observed. In contrast, the NCM811@3LNO
electrode shows excellent capacity retention of 87.87% at the same condition, and the
corresponding dQ dV−1 profiles (Figure 6d) overlap well among various cycles, suggesting
outstanding electrochemical reversibility. Besides, Figure 6b shows the cycle performances
of all three electrodes at a higher rate of 2 C. Remarkably, the NCM811@LNO electrode
maintains 84.95% of its original capacity after 100 cycles, far surpassing 58.31% of the
pristine NCM811. These results suggest that the electronic conductor LaNiO3 crystallites
can provide the electronic conduction pathway between particles, restrain the direct contact
between the electrolyte and the cathode surface, thus decreasing the transition metal ions
dissolution and the interfacial side reactions, leading to superior cycling stability of the
NCM811 cathodes.

Figure 5. (a) Rate performances comparison; charge and discharge profiles of (b) pristine NCM811,
(c) NCM811@LNO, and (d) NCM811@3LNO electrodes at different rates.
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Figure 6. Cycling performances of pristine NCM811, NCM811@LNO, and NCM811@3LNO elec-
trodes at (a) 0.5 C and (b) 2 C; the corresponding dQ dV−1 curves of (c) pristine NCM811 and
(d) NCM811@3LNO electrodes at various cycles at 0.5 C.

To further investigate the redox process and the electrochemical reversibility of
NCM811 cathodes during charge-discharge cycling, the first three cyclic voltammograms
(Figure 7) were recorded between 2.8 and 4.5 V, and the scan rate was 0.1 mV s−1. All
electrodes exhibit three redox couples. Compared with pristine NCM811, NCM811@LNO
and NCM811@3LNO electrodes exhibit similar CV features, suggesting that the redox
process of the NCM811 is not affected by the presence of LaNiO3 coating. The potential dif-
ference (ΔV) of oxidation-reduction peaks is closely related to the polarization degree of the
electrode materials and the reversibility of the electrochemical redox reaction according to
the literature [42]. Significantly, the potential difference of the pristine NCM811 electrode is
0.052 V, which surpassed the NCM811@LNO (0.044 V) and NCM811@3LNO (0.023 V) elec-
trodes. Furthermore, compared with pristine NCM811, the CV curves of NCM811@LNO
and NCM811@3LNO electrodes overlap well in the 2nd and 3rd cycles, suggesting that
the LaNiO3-modified LiNi0.8Co0.1Mn0.1O2 electrodes have quasi-reversible electrochemical
kinetics during the Li+ insertion and extraction processes [43]. These results suggest that
the electronic conductor LaNiO3 coating are conducive to improving the electrochemical
reversibility and reducing the polarization degree of the NCM811 cathodes, which are
consistent with the results from superior cycling performance and high-rate performance
of the NCM811@LNO and NCM811@3LNO electrodes.
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Figure 7. CV curves of (a) pristine NCM811, (b) NCM811@LNO, and (c) NCM811@3LNO electrodes.

To study the electrochemical kinetic behaviors for the high-rate performance, EIS of
the pristine NCM811, NCM811@LNO, and NCM811@3LNO electrodes were measured
after 100 cycles at 2 C. Two semicircles and an inclined line can be seen in all Nyquist plots
(Figure 8a). Generally, the solution resistance (Rs) is represented by the high-frequency
intercept at the real axis [44,45]. The surface-film resistance (Rsf) is represented by the
first semicircle at high-frequency, while the charge-transfer resistance (Rct) between the
electrolyte and cathode materials is represented by the second semicircle at medium-
frequency [46]. The inclined line at low-frequency stands for the Warburg impedance
(Zw), which is related to the lithium ions diffusion in the bulk of cathode materials [47].
Furthermore, the following equation was used to calculate the Li+ diffusion coefficient
(DLi

+) from the Nyquist plots in the low-frequency region:

D
Li

+ =
R2T2

2A2n4F4C2σ2
(1)

where C represents the concentration of Li+ in the NCM811 cathode, F represents the
Faraday constant, A represents the surface area of the electrode, T represents the absolute
temperature, n represents the amount of the electrons per molecule participating in the
electronic transfer reaction, R represents the gas constant, and σ represents the Warburg
coefficient, which can be obtained by the following equation from the slope of the linear
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fitting of resistance (Z′) vs. the reciprocal square roots of the frequency (ω−1/2) in the
low-frequency region [48]:

Z′ = Rs + Rct + σω−1/2 (2)

Figure 8. (a) Nyquist plots with an equivalent circuit (inset) of pristine NCM811, NCM811@LNO,
and NCM811@3LNO electrodes; (b) the relationship plots between Z′ and ω−1/2 in the low-
frequency region.

Figure 8b presents the relationship between Z′ and ω−1/2. Moreover, Table 3 ex-
hibits the fitting resistance and calculated DLi

+ values. Compared with pristine NCM811,
NCM811@LNO and NCM811@3LNO electrodes exhibit lower Rsf and Rct values. Addition-
ally, the calculated DLi

+ value for the pristine NCM811 electrode is 1.17 × 10−14 cm2 s−1

after 100 cycles, whereas the DLi
+ value for NCM811@LNO and NCM811@3LNO is

4.61 × 10−14 cm2 s−1 and 3.21 × 10−14 cm2 s−1, respectively. These results are consis-
tent with the results from the cycling performances at 2 C (Figure 6b), indicating that
the high conductive LNO coating layer is conducive to facilitating the electron transport,
suppressing the side reactions between the electrolyte and NCM811 surface, subsequently
improving the electrode kinetics and reducing the interfacial resistance.

Table 3. Impedance parameters of pristine NCM811, NCM811@LNO, and NCM811@3LNO electrodes
after fitting.

Electrode Rs (Ω) Rsf (Ω) Rct (Ω) DLi
+ (cm2 s−1)

pristine
NCM811 4.35 39.94 173.30 1.17 × 10−14

NCM811@LNO 2.88 24.94 74.88 4.61 × 10−14

NCM811@3LNO 4.06 8.96 108.50 3.21 × 10−14

4. Conclusions

In this paper, electronic conductor LaNiO3 crystallite surface-modified LiNi0.8Co0.1
Mn0.1O2 cathodes were prepared, and the effects of conductive LaNiO3 coating on the
LiNi0.8Co0.1Mn0.1O2 cathodes were studied. The present work indicates that LaNiO3
nanoparticles are uniformly distributed on the NCM811 particle surface, which is beneficial
towards improving the electrode kinetics caused by the fast electron transport and restrain-
ing the direct contact between the electrolyte and cathode materials, leading to excellent
cycling performance and high-rate capability of LaNiO3-modified LiNi0.8Co0.1Mn0.1O2
cathodes. As a result, surface modification with high electronic conductivity oxide is an ef-
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fective method to improve the electrochemical performances of Ni-rich LiNi0.8Co0.1Mn0.1O2
cathodes, which can also be extended to other electrodes for fast charging-discharging LIBs.

Author Contributions: Conceptualization, D.L.; methodology, T.L. and Q.Z.; software, J.G. and L.Z.;
formal analysis, Q.Z. and J.G.; investigation, T.L. and X.L.; data curation, L.Z. and X.L.; writing—
original draft preparation, T.L.; writing—review and editing, D.L.; supervision, D.L.; project adminis-
tration, T.L.; funding acquisition, D.L. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was funded by the National Natural Science Foundation of China (Grant No.
22179011 and 21473014).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available from the corresponding
authors upon reasonable request.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. An, J.; Shi, L.Y.; Chen, G.; Li, M.; Liu, H.J.; Yuan, S.; Chen, S.; Zhang, D. Insights into the stable layered structure of a Li-rich
cathode material for lithium-ion batteries. J. Mater. Chem. A 2017, 5, 19738–19744. [CrossRef]

2. Sun, Z.; Xu, L.; Dong, C.; Zhang, H.; Zhang, M.; Liu, Y.; Zhou, Y.; Han, Y.; Chen, Y. Enhanced cycling stability of boron-doped
lithium-rich layered oxide cathode materials by suppressing transition metal migration. J. Mater. Chem. A 2019, 7, 3375–3383.
[CrossRef]

3. Park, K.J.; Lim, B.B.; Choi, M.H.; Jung, H.G.; Sun, Y.K.; Haro, M.; Vicente, N.; Bisquert, J.; Garcia-Belmonte, G. A high-capacity
Li[Ni0.8Co0.06Mn0.14]O2 positive electrode with a dual concentration gradient for next-generation lithium-ion batteries. J. Mater.
Chem. A 2015, 3, 22183–22190. [CrossRef]

4. Braun, P.V.; Cho, J.; Pikul, J.H.; King, W.P.; Zhang, H. High power rechargeable batteries. Curr. Opin. Solid State Mater. Sci. 2012,
16, 186–198. [CrossRef]

5. Liu, Y.Y.; Zhu, Y.Y.; Cui, Y. Challenges and opportunities towards fast-charging battery materials. Nat. Energy 2019, 4, 540–550.
[CrossRef]

6. Wang, X.; Ding, Y.L.; Deng, Y.P.; Chen, Z. Ni-Rich/Co-Poor Layered Cathode for Automotive Li-Ion Batteries: Promises and
Challenges. Adv. Energy Mater. 2020, 10, 1903864. [CrossRef]

7. Tomaszewska, A.; Chu, Z.Y.; Feng, X.N.; O’Kane, S.; Liu, X.H.; Chen, J.Y.; Ji, C.Z.; Endler, E.; Li, R.H.; Liu, L.S.; et al. Lithium-ion
battery fast charging: A review. eTransportation 2019, 1, 100011. [CrossRef]

8. Rodrigues, M.T.F.; Son, S.B.; Colclasure, A.M.; Shkrob, I.A.; Trask, S.E.; Bloom, I.D.; Abraham, D.P. How Fast Can a Li-Ion Battery
Be Charged? Determination of Limiting Fast Charging Conditions. ACS Appl. Energy Mater. 2021, 4, 1063–1068. [CrossRef]

9. Kang, B.; Ceder, G. Battery materials for ultrafast charging and discharging. Nature 2009, 458, 190–193. [CrossRef] [PubMed]
10. Tang, Y.X.; Zhang, Y.Y.; Li, W.L.; Ma, B.; Chen, X.D. Rational material design for ultrafast rechargeable lithium-ion batteries. Chem.

Soc. Rev. 2015, 46, 5926–5940. [CrossRef] [PubMed]
11. Yoo, G.W.; Son, J.T. Improvement of Electrochemical Properties and Thermal Stability of a Ni-rich Cathode Material by Polypropy-

lene Coating. J. Electrochhem. Sci. Technol. 2016, 7, 179–184. [CrossRef]
12. Hu, J.W.; Fan, F.S.; Zhang, Q.; Zhong, S.W.; Ma, Q.X. Effects of long-term fast charging on a layered cathode for lithium-ion

batteries. J. Energy Chem. 2021, 67, 604–612. [CrossRef]
13. Ding, X.; Li, Y.X.; Deng, M.M.; Wang, S.; Aqsa, Y.; Hu, Q.; Chen, C.H. Cesium doping to improve the electrochemical performance

of layered Li1.2Ni0.13Co0.13Mn0.54O2 cathode material. J. Alloys Compd. 2019, 791, 100–108. [CrossRef]
14. Zou, P.J.; Lin, Z.H.; Fan, M.N.; Wang, F.; Liu, Y.; Xiong, X.H. Facile and efficient fabrication of Li3PO4-coated Ni-rich cathode for

high-performance lithium-ion battery. Appl. Surf. Sci. 2020, 504, 144506. [CrossRef]
15. Xin, F.X.; Zhou, H.; Chen, X.B.; Zuba, M.; Chernova, N.; Zhou, G.W.; Whittingham, M.S. Li-Nb-O coating/substitution enhances

the electrochemical performance of LiNi0.8Mn0.1Co0.1O2 (NMC811) cathode. ACS Appl. Mater. Interfaces 2019, 11, 34889–34894.
[CrossRef]

16. Becker, D.; Börner, M.; Nölle, R.; Diehl, M.; Klein, S.; Rodehorst, U.; Schmuch, R.; Winter, M.; Placke, T. Surface Modification of
Ni-rich LiNi0.8Co0.1Mn0.1O2 Cathode Material by Tungsten Oxide Coating for Improved Electrochemical Performance in Lithium
Ion Batteries. ACS Appl. Mater. Interfaces 2019, 11, 18404–18414. [CrossRef]

17. Yang, H.; Wu, H.; Ge, M.; Li, L.; Yuan, Y.; Yao, Q.; Chen, J.; Xia, L.; Zheng, J.; Chen, Z.; et al. Simultaneously Dual Modification of
Ni-Rich Layered Oxide Cathode for High-Energy Lithium-Ion Batteries. Adv. Funct. Mater. 2019, 29, 1808825. [CrossRef]

18. Hou, P.; Yin, J.; Ding, M.; Huang, J.; Xu, X. Surface/Interfacial Structure and Chemistry of High-Energy Nickel-Rich Layered
Oxide Cathodes: Advances and Perspectives. Small 2017, 13, 1701802. [CrossRef] [PubMed]

134



Materials 2022, 15, 396

19. Su, Y.F.; Chen, G.; Chen, L.; Li, W.K.; Zhang, Q.Y.; Yang, Z.R.; Lu, Y.; Bao, L.Y.; Tan, J.; Chen, R.J.; et al. Exposing the {010} Planes
by Oriented Self-Assembly with Nanosheets To Improve the Electrochemical Performances of Ni-Rich Li[Ni0.8Co0.1Mn0.1]O2
Microspheres. ACS Appl. Mater. Interfaces 2018, 10, 6407–6414. [CrossRef] [PubMed]

20. Chen, Z.; Nguyen, H.; Zarrabeitia, M.; Liang, H.; Geiger, D.; Kim, J.; Kaiser, U.; Passerini, S.; Iojoiu, C.; Bresser, D. Lithium
Phosphonate Functionalized Polymer Coating for High-energy Li[Ni0.8Co0.1Mn0.1]O2 with Superior Performance at Ambient
and Elevated Temperatures. Adv. Funct. Mater. 2021, 31, 2105343. [CrossRef]

21. Jamil, S.; Wang, G.; Yang, L.; Xie, X.; Cao, S.; Liu, H.; Chang, B.; Wang, X. Suppressing H2–H3 phase transition in high Ni–low Co
layered oxide cathode material by dual modification. J. Mater. Chem. A 2020, 8, 21306–21316. [CrossRef]

22. Liu, Y.; Tang, L.B.; Wei, H.X.; Zhang, X.H.; He, Z.J.; Li, Y.J.; Zheng, J.C. Enhancement on structural stability of Ni-rich cathode
materials by in-situ fabricating dual-modified layer for lithium-ion batteries. Nano Energy 2019, 65, 104043. [CrossRef]

23. Lee, S.; Kim, M.; Jeong, J.; Kim, D.; Chung, K.; Roh, K.; Kim, K. Li3PO4 surface coating on Ni-rich LiNi0.6Co0.2Mn0.2O2 by a
citric acid assisted sol-gel method: Improved thermal stability and high-voltage performance. J. Power Sources 2017, 360, 206–214.
[CrossRef]

24. Song, B.H.; Li, W.D.; Oh, S.M.; Manthiram, A. Long-Life Nickel-Rich Layered Oxide Cathodes with a Uniform Li2ZrO3 Surface
Coating for Lithium-Ion Batteries. ACS Appl. Mater. Interfaces 2017, 9, 9718–9725. [CrossRef]

25. Ran, Q.W.; Zhao, H.Y.; Hu, Y.Z.; Shen, Q.Q.; Liu, W.; Liu, J.T.; Shu, X.H.; Zhang, M.L.; Liu, S.S.; Tan, M.; et al. Enhanced
electrochemical performance of dual-conductive layers coated Ni-rich LiNi0.6Co0.2Mn0.2O2 cathode for Li-ion batteries at high
cut-off voltage. Electrochim. Acta 2018, 289, 82–93. [CrossRef]

26. Li, D.; Xie, R.; Tian, M.; Ma, S.; Gou, L.; Fan, X.; Shi, Y.; Yong, H.; Hao, L. Improving high-rate performance of mesoporous
Li2FeSiO4/Fe7SiO10/C nanocomposite cathode with a mixed valence Fe7SiO10 nanocrystal. J. Mater. Chem. A 2014, 2, 4375–4383.
[CrossRef]

27. Sim, S.J.; Lee, S.H.; Jin, B.S.; Kim, H.S. Use of carbon coating on LiNi0.8Co0.1Mn0.1O2 cathode material for enhanced performances
of lithium-ion batteries. Sci. Rep. 2020, 10, 11114. [CrossRef]

28. Hu, Z.G.; Li, W.W.; Li, Y.W.; Zhu, M.; Zhu, Z.Q.; Chu, J.H. Electronic properties of nanocrystalline LaNiO3 and La0.5Sr0.5CoO3
conductive films grown on silicon substrates determined by infrared to ultraviolet reflectance spectra. Appl. Phys. Lett. 2009, 94,
488. [CrossRef]

29. Zhang, X.D.; Hao, J.J.; Wu, L.C.; Guo, Z.M.; Ji, Z.H.; Luo, J.; Chen, C.G.; Shu, J.F.; Long, H.M.; Yang, F.; et al. Enhanced
electrochemical performance of perovskite LaNiO3 coating on Li1.2Mn0.54Ni0.13Co0.13O2 as cathode materials for Li-ion batteries.
Electrochim. Acta 2018, 283, 1203–1212. [CrossRef]

30. Hofer, H.E.; Schmidberger, R. Electronic Conductivity in the La(Cr, Ni)O3 Perovskite System. J. Electrochem. Soc. 1994, 141,
782–786. [CrossRef]

31. Chen, M.S.; Wu, T.B.; Wu, J.M. Effect of textured LaNiO3 electrode on the fatigue improvement of Pb(Zr0.53Ti0.47)O3 thin films.
Appl. Phys. Lett. 1996, 68, 1430–1432. [CrossRef]

32. Rajeev, K.P.; Shivashankar, G.V.; Raychaudhuri, A.K. Low-Temperature Electronic Properties of a Normal Conducting Perovskite
Oxide (LaNiO3). Solid State Commun. 1991, 79, 591–595. [CrossRef]

33. Fowlie, J.; Gibert, M.; Tieri, G.; Gloter, A.; Iniguez, J.; Filippetti, A.; Catalano, S.; Gariglio, S.; Schober, A.; Guennou, M.; et al.
Conductivity and Local Structure of LaNiO3 Thin Films. Adv. Mater. 2017, 29, 1605197. [CrossRef] [PubMed]

34. Babulal, L.M.; Yang, C.C.; Wu, S.H.; Chien, W.C.; Lue, S.J. Enhanced performance of a Ni-rich LiNi0.8Co0.1Mn0.1O2 cathode
material formed through Taylor flow synthesis and surface modification with Li2MoO4. Chem. Eng. J. 2020, 413, 127150.
[CrossRef]

35. Li, S.M.; Wu, J.; Li, J.Y.; Liu, G.B.; Liu, H. Facilitated Coating of Li3PO4 on the Rough Surface of LiNi0.85Co0.1Mn0.05O2 Cathodes
by Synchronous Lithiation. ACS Appl. Energy Mater. 2021, 4, 2257–2265. [CrossRef]

36. Ryu, H.H.; Park, G.T.; Chong, S.Y.; Sun, Y.K. Suppressing detrimental phase transitions via tungsten doping of LiNiO2 cathode
for next-generation lithium-ion batteries. J. Mater. Chem. A 2019, 7, 18580–18588. [CrossRef]

37. Si, Z.; Shi, B.Z.; Huang, J.; Yu, Y.; Han, Y.; Zhang, J.L.; Li, W. Titanium and fluorine synergetic modification improves the
electrochemical performance of Li(Ni0.8Co0.1Mn0.1)O2. J. Mater. Chem. A 2021, 9, 9354–9363. [CrossRef]

38. Zheng, J.X.; Ye, Y.K.; Liu, T.C.; Xiao, Y.G.; Wang, C.M.; Wang, F.; Pan, F. Ni/Li Disordering in Layered Transition Metal Oxide:
Electrochemical Impact, Origin, and Control. Acc. Chem. Res. 2019, 52, 2201–2209. [CrossRef]

39. Retuerto, M.; Pereira, A.G.; Pérez-Alonso, F.J.; PenA, M.A.; Fierro, J.L.; Alonso, J.A.; Fernández-Díaz, M.T.; Pascual, L.; Rojas,
S. Structural effects of LaNiO3 as electrocatalyst for the oxygen reduction reaction. Appli. Catal. B Environ. 2017, 203, 363–371.
[CrossRef]

40. Ding, G.Y.; Li, Y.H.; Gao, Y.; Wang, Q.L.; Zhu, Z.; Jing, X.G.; Yan, F.Q.; Yue, Z.H.; Li, X.M.; Sun, F.G. Uniform Coating of Se on
Selenophilic Surfaces of Nickel-Rich Layered Oxide Cathode Materials for High Performance Li-Ion Batteries. ACS Sustain. Chem.
Eng. 2020, 8, 9632–9640. [CrossRef]

41. Huang, Y.P.; Yao, X.; Hu, X.C.; Han, Q.Y.; Wang, S.Q.; Ding, L.X.; Wang, H.H. Surface coating with Li-Ti-O to improve the
electrochemical performance of Ni-rich cathode material. Appl. Surf. Sci. 2019, 489, 913–921. [CrossRef]

42. Zhang, D.K.; Liu, Y.; Wu, L.; Feng, L.W.; Jin, M.L.; Zhang, R.; Jin, M.L. Effect of Ti ion doping on electrochemical performance of
Ni-rich LiNi0.8Co0.1Mn0.1O2 cathode material. Electrochim. Acta 2019, 328, 135086. [CrossRef]

135



Materials 2022, 15, 396

43. Mofid, W.E.; Ivanov, S.; Konkin, A.; Bund, A. A high performance layered transition metal oxide cathode material obtained by
simultaneous aluminum and iron cationic substitution. J. Power Sources 2014, 268, 414–422. [CrossRef]

44. Song, X.; Liu, G.X.; Yue, H.F.; Luo, L.; Yang, S.Y.; Huang, Y.Y.; Wang, C.R. A Novel Low-Cobalt Long-Life LiNi0.88Co0.06Mn0.03Al0.03
O2 Cathode Material for Lithium Ion Batteries. Chem. Eng. J. 2020, 407, 126301. [CrossRef]

45. Yuan, J.; Wen, J.W.; Zhang, J.B.; Chen, D.M.; Zhang, D.W. Influence of calcination atmosphere on structure and electrochemical
behavior of LiNi0.6Co0.2Mn0.2O2 cathode material for lithium-ion batteries. Electrochim. Acta 2017, 230, 116–122. [CrossRef]

46. Yang, Z.G.; Xiang, W.; Wu, Z.G.; He, F.R.; Zhang, J.; Xiao, Y.; Zhong, B.H.; Guo, X.D. Effect of niobium doping on the structure and
electrochemical performance of LiNi0.5Co0.2Mn0.3O2 cathode materials for lithium ion batteries. Ceram. Int. 2017, 43, 3866–3872.
[CrossRef]

47. Zhang, L.J.; Jiang, J.C.; Zhang, C.P.; Wu, B.R.; Wu, F. High-rate layered lithium-rich cathode nanomaterials for lithium-ion
batteries synthesized with the assist of carbon spheres templates. J. Power Sources 2016, 331, 247–257. [CrossRef]

48. Meng, J.X.; Xu, H.Z.; Ma, Q.X.; Li, Z.F.; Xu, L.S.; Chen, Z.J.; Cheng, B.M.; Zhong, S.W. Precursor pre-oxidation enables highly
exposed plane {010} for high-rate Li-rich layered oxide cathode materials. Electrochim. Acta 2019, 309, 326–338. [CrossRef]

136



Citation: Gil-González, E.;

Pérez-Maqueda, L.A.;

Sánchez-Jiménez, P.E.; Perejón, A.

Flash Sintering Research Perspective:

A Bibliometric Analysis. Materials

2022, 15, 416. https://doi.org/

10.3390/ma15020416

Academic Editors: Mattia Biesuz and

Peter Tatarko

Received: 9 November 2021

Accepted: 2 January 2022

Published: 6 January 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

materials

Perspective

Flash Sintering Research Perspective: A Bibliometric Analysis

Eva Gil-González 1,2,*, Luis A. Pérez-Maqueda 1,*, Pedro E. Sánchez-Jiménez 1,3,* and Antonio Perejón 1,3

1 Instituto de Ciencia de Materiales de Sevilla, Consejo Superior de Investigaciones Científicas−Universidad de
Sevilla, Calle Américo Vespucio 49, 41092 Sevilla, Spain; antonio.perejon@icmse.csic.es

2 Departamento de Ingeniería Química, Universidad de Sevilla, Escuela Politécnica Superior,
Calle Virgen de África, 7, 41011 Sevilla, Spain

3 Departamento de Química Inorgánica, Facultad de Química, Universidad de Sevilla, 41071 Sevilla, Spain
* Correspondence: eva.gil@icmse.csic.es (E.G.-G.); maqueda@icmse.csic.es (L.A.P.-M.);

pedro.enrique@icmse.csic.es (P.E.S.-J.)

Abstract: Flash Sintering (FS), a relatively new Field-Assisted Sintering Technique (FAST) for ceramic
processing, was proposed for the first time in 2010 by Prof. Rishi Raj’s group from the University
of Colorado at Boulder. It quickly grabbed the attention of the scientific community and since then,
the field has rapidly evolved, constituting a true milestone in materials processing with the number
of publications growing year by year. Moreover, nowadays, there is already a scientific community
devoted to FS. In this work, a general picture of the scientific landscape of FS is drawn by bibliometric
analysis. The target sources, the most relevant documents, hot and trending topics as well as the
social networking of FS are unveiled. A separate bibliometric analysis is also provided for Reaction
or Reactive Flash Sintering (RFS), where not only the sintering, but also the synthesis is merged into a
single step. To the best of our knowledge, this is the first study of this nature carried out in this field
of research and it can constitute a useful tool for researchers to be quickly updated with FS as well as
to strategize future research and publishing approaches.

Keywords: flash sintering; bibliometric analysis; field assisted sintering; knowledge structure;
ceramic materials

1. Introduction

Flash Sintering (FS), an electric Field-Assisted Sintering Technique (FAST) [1] for the
densification of ceramic materials at a greatly reduced temperature and time, has gained
widespread attention since it was established in 2010 by Prof. Rishi Raj’s group from the
University of Colorado at Boulder. It basically consists of simultaneously applying heat
and a modest electric field to a green body [2] placed on a furnace, allowing the current to
totally flow through the sample. The main material requirement is that it should possess a
negative temperature coefficient of electrical resistance so that the electrical conductivity
increases while heating. At a given applied electric field, there is a critical temperature
at which there is a sudden non-lineal rise of the conductivity of the material, which is
normally accompanied by instantaneous densification as well as photoluminescence [3].
This signals the flash event and it is now accepted that it is initiated by a thermal runaway
induced by Joule Heating [4,5]. Much effort is also being devoted to understanding the
underlying mechanisms of FS. A few driven mechanisms have been proposed, but none of
them can solely explain the flash phenomenon, which still remains elusive [6–11].

Nevertheless, FS has many practical advantages. For instance, it has been proven to be
an ecofriendly and versatile methodology, as a wide range of materials from insulators to
conductors can be sintered within seconds at furnace temperature much lower than those
employed in conventional processing [12–17], thereby minimizing the energy footprint.
Additionally, in comparison to other FAST techniques such as Spark Plasma Sintering
(SPS) [1], it does not require any sophisticated experimental setup; basically just a furnace
and a power supply are the two essential components to carry out a FS experiment [18].
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An inner working atmosphere is not a prerequisite either, but indeed it is possible to tune it
to study its effect over the final properties of the material [14,19,20]. Moreover, some flash-
sintered materials have been granted special properties [21,22] and it has been shown that
it is possible to sinter unstable oxides with volatile components and complex composition
while preserving their stoichiometry and properties [23–26]. Very recently, in 2018, it was
reported that sintering and synthesis can be merged into a single step, giving rise to what
has been named Reaction or Reactive Flash Sintering (RFS) and constitutes [27], by itself,
another important branch of research.

Given the advantages of FS, the widespread attention that it has received not only
from the scientific community but also from the industry is not surprising [28]. Since
it was proposed for the first time a decade ago, this research field has deeply evolved,
constituting a true milestone in ceramic processing. The number of peer-reviewed articles
has continued dramatically growing year by year with an annual growth rate of about
46% (see Figure 1). To the best of our knowledge, bibliometric analysis [29], which is a
powerful tool to quantitatively identify essential variables in a particular research topic
(such as top authors, institutions, trends of publication, collaboration, networking, etc.) has
never been carried out on FS or RFS. Hence, the aim of this work is to gain insight into the
knowledge structure, research perspective, and trends of this fascinating research field. It is
noteworthy that the readings of these review articles are highly encouraged [10,18,28,30,31],
as a comprehensive literature review is out of the scope of this work. The Biblioshiny web
interface of the Bibliometrix R package [32] has been employed to conduct the bibliometric
analysis. Peer-reviewed articles and reviews retrieved from the Web of Science (WoS)
database have been analyzed based on several bibliometric indicators [33], i.e., quantity
(productivity), quality (impact), and structural (networking) indicators. The results derived
from this bibliometric analysis allow one to identify the target sources and trend topics in
order to strategize future research and publishing approaches. Those publications that most
influence this research field have been pointed out. Authors, institutions, and countries in
terms of impact and the number of publications have also been identified. Additionally,
the social structure of FS is shown by the clustering and collaboration networking from
countries to institutions to authors. Moreover, a brief bibliometric analysis is also presented
independently for RFS, given its impact and the scientific growth that it has experienced in
a very short lifetime (just 3 years).
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Figure 1. FS annual and cumulative publications from 2010 to December 2021.

This article is structured in several sections. The section herein provides a basic and
brief introduction about flash sintering, referring to the most relevant literature. The second
section explains in detail the methodology used to carry out the bibliometric analysis. The
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third section provides the most relevant results of this work (target sources, authors, most
influential publications, and hot and trending topics) along with data visualization and
social networking. The last part of this section is dedicated to RFS. Finally, the conclusions
and final remarks are presented.

2. Methods

This section presents the design of this bibliometric study, which is schematically
depicted in Scheme 1. As explained as follows, it implicitly contains the standard stages
of bibliometric analysis, that is to say, the study design, data collection, data analysis,
visualization, and interpretation [34,35].

 

Scheme 1. Study design and workflow diagram.

2.1. Document Search

Clarivate Analytics Web of Science (WoS), one of the largest databases of peer-reviewed
articles in different disciplines, was used for the data collection. The documents included
in WoS related to the topic FS were retrieved according to the search strategy shown in
Scheme 1, which also includes the specific search query words and Boolean operators. As a
search topic, the words Flash Sintering were used, which implies that WoS documents that
contain these words in their titles, abstracts, or keywords were scanned. The search was
restricted to Flash Sintering, excluding other derived hybrid methodologies such as Flash
Spark Plasma Sintering (F-SPS) [36,37], Flash Microwave Sintering [38,39], or Ultrafast
High-Temperature Sintering [40], as has been properly indicated in Scheme 1. The reaction
or reactive flash sintering documents were also excluded, as a separate bibliometric analysis
is provided about this topic (see Table S5). The document types were limited to Articles
or Reviews and the time span from 2010 to 15 July 2021, whereas the language was set
to English. Finally, manual abstract assessment and screening were performed for each
document, resulting in a list of 318 documents, of which the meta-data fields were compiled
to conduct the bibliometric analysis.
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2.2. Bibliometric Analysis

The data analysis was performed with the web interface Biblioshiny of the Bibliometrix
R package (Version 1.4). The meta-data files extracted from the 318 documents were con-
verted into R-readable files. Biblioshiny allows an analysis of three metric levels: Sources,
authors, and documents. Hence, the most relevant sources, top authors, and documents
in terms of productivity and impact can be identified. Additionally, the knowledge struc-
ture can be conceptual, intellectual, and socially analyzed, so that thematic mapping and
evolution, co-citation, and collaboration networks can be built, among other things.

The metrics analyzed and the derived results from this analysis are schematically
depicted in the workflow diagram in Scheme 1. The source analysis points out the target
sources, which are the journals where most of the documents are published. The author
analysis as well as their countries and affiliations allow one to identify not only the most
prolific authors but also the social structure of the FS community, showing co-authorship,
institutional, and international networking. The document-level study identifies the most
important publications in the field, while the keyword analysis provides a general overview
of the most-studied topics and evolution over the years, which makes it possible to identify
mainstream and trend topics.

3. Results and Discussion

3.1. Flash Sintering (FS)
3.1.1. General Descriptive Information

Table 1 summarizes the essential information extracted from the analysis of the set of
318 documents retrieved from WoS from 2010 to 2021, using the word search query indi-
cated in Scheme 1. Detailed information about each metric level is commented as follows.

Table 1. Main information.

Description Results

Period 2010–2021
Documents 318

Sources (Journals, Books, etc.) 63
Average citations per documents 25.07

References 4852

Authors

Authors 670
Author appearances 1498

Authors of single-authored documents 7
Authors of multi-authored documents 663

Authors Collaboration

Single-authored documents 17
Documents per Author 0.475
Authors per Document 2.11

Co-Authors per Documents 4.71
Collaboration Index 2.2

3.1.2. Scientific Production

FS has constituted a breakthrough in material processing, and since its inception
in 2010, it has become a hot topic and a new paradigm in ceramic processing. As it is
shown in Figure 1, the number of publications has kept on growing, with an average
of approximately 32 documents per year and an annual growth rate of 46.56%. Note
that hybrid methodologies such as F-SPS and Reaction or Reactive FS (RFS) have been
excluded and only peer-reviewed articles and reviews have been considered. Indeed, the
cumulative publications since 2010 follow an exponential trend, as Figure 1 shows. If the
topic development continues along the same trend, by a simple fitting to an exponential
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growth equation, the predicted number of publications in 10 years will be 4400, one order
of magnitude higher than nowadays.

There are probably several reasons behind such dramatic growth in such a short period
of its lifetime. The main reason is, of course, the scientific relevance of FS for the scientific
community, mainly for those interested in ceramic research. Moreover, the simplicity of
the FS experimental setup is significant, and as mentioned, just a furnace and a power
supply are strictly needed, unlike other FAST methodologies that require complex and ex-
pensive equipment [1]. Despite its simplicity, FS is an extremely powerful sintering method
that can be successfully used for most ceramic materials, from dielectrics (BaTiO3 [41–47]
or (Bi0.2Na0.2K0.2Ba0.2Ca0.2)TiO3 [48]) to ionic (Zirconia, YSZ [2,49–52], CeO2 or doped-
CeO2 [53–58]) or electronic (TiO2 [19,22,59–62], BiFeO3 or substituted-BiFeO3 [24,27]) con-
ductors. Interestingly, it can be also applied for processing ceramic composites of complex
stoichiometry, metastable phases, or materials constituted by volatile species at the temper-
atures required for their sintering such as YSZ-Al2O3 composites [63–65], different types of
solid state electrolytes [25,66,67], BiFeO3 [68,69], or K0.5Na0.5NbO3 [26,70–73]. Moreover,
ceramics prepared by FS present very interesting properties rarely reported for materials
obtained by convectional procedures. For example, it has been observed that FS specimens
deform plastically before fracture when compressed at high strain, due to their extraordi-
narily high density of defects, such as stacking faults, dislocations, and twins [22,74] or that
chemically inert ceramics are converted into active catalytic compounds by enhancing the
concentration and reactivity of the ionic species [21,75]. Furthermore, the understanding
of the flash phenomena still remains elusive and requires contributions from different
scientific fields. This challenge has raised the interest of many researchers with different
expertise, including theoreticians and experimentalists [76–79]. Another significant feature
of FS is its ecofriendly nature and potential to possibly scale-up, as it requires less energy
than conventional processing processes [80] and, therefore, it contributes to reducing CO2
emissions. The possibility of working under continuous FS with rolling electrodes has been
proposed in the literature [81]. This idea is already being explored at a larger scale by the
company Lucideon [82] in a pilot plant. Very recently, the possibility of homogenously sin-
tering 3D-complex shaped ceramics by the application of a three-phase power supply has
been reported, giving rise to what has been named Multiphase Flash Sintering (MPFS) [83].
MPFS is presented as a feasible option to overcome the shape restrictions of conventional
FS specimens. Moreover, the capabilities of FS combined with other FAST techniques are
evolving in other interesting “flash-based methodologies” that have experienced great
development as well. That is the case of Flash Spark Plasma Sintering (F-SPS), where
pressure and pulsed currents are simultaneously applied, enabling the homogeneous and
energetically efficient sintering (by different electrodes architectures) of both electric con-
ductive and insulating materials [36,37,84–88]. Contactless Flash Sintering (Contactless-FS)
is another flash-based methodology. Plasma electrodes are used instead of the traditional
metallic wires. The plasma not only heats the material but also carries the current to trigger
the flash, minimizing some of the thermal management issues encountered in conventional
flash sintering due to the sample–electrodes contact [76]. Similarly, Flame-assisted Flash
Sintering (FAFS) uses a flame as an electrode and heating source [89]. It has proved to
be an effective technique for the sintering of ceramic coatings on metallic substrates. The
combination of FS with Cold Sintering has resulted in Cold Flash Sintering (CFS), where the
presence of relatively small amounts of liquids, such as water of acetic acid, on the pellets
are used as electrolytes and enables the flash event even at room temperature [90,91]. Last
but not least, the efforts made by the pioneers in the field, Prof. Raj and others, have been
relevant by spreading the topic through the scientific community by inviting visitors to
their labs, collaborating with other groups, giving lectures, and organizing successful Inter-
national Conferences on the topic “Electromagnetic/Electric Fields in materials processing”
such as those held on 2016 and 2019 in Tomar (Portugal) or the symposiums arranged by
the Materials Research Society (MRS).
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3.1.3. Source-Level Analysis

As mentioned, just peer-reviewed articles have been considered in this literature
set. The analysis reveals that the documents have been published in 63 different journals
(Table 1). Nevertheless, a close examination of Figure 2, which includes the sources where
most of the articles have been published, shows that FS documents are concentrated in a few
journals, i.e., Journal of European Ceramic Society and Journal of the American Ceramic Society.
Indeed, those two are the core journals where more than one-third of the entire collection
has been published. Additionally, these two journals together with Scripta Materialia (Letters
journal of Acta Materialia), Ceramics International, and Acta Materialia have published more
than 65% of the analyzed set of documents. These journals are mainly targeted towards
ceramic materials as well as their relationship between processing, microstructure, and
properties, which makes sense as the vast majority of flash-sintered materials are ceramics
provided that a negative temperature coefficient of electrical resistance is possessed [28]. It
is noteworthy that these five journals are top-ranked journals of the first quartile according
to the Journal Citation Report (2020) in the category of Material Science–Ceramics (Journal
of European Ceramic Society, Ceramics International, and Journal of the American Ceramic
Society) or Metallurgy and Metallurgical Engineering-Science (Scripta and Acta Materialia).
Reciprocally, these journals are also the most locally cited sources in the set of documents
analyzed (see Table S1). A locally cited source is a journal included in at least one of the
reference lists of the analyzed document collection. Additionally, there are also articles
devoted to FS in general high-impact journals such as Nature Communications [74] or Science
Advances [22].

J  ASIAN CERAM SOC
ADV APPL CERAM
J ALLOYS COMPD

J APPL PHYS
J NUCL MATER

MATERIALIA
J MATER SCI

MRS BULL
MATERIALS

J CERAM SOC JPN
ACTA MATER

CERAM INT
SCRIPTA MATER

J AM CERAM SOC
J EUR CERAM SOC

0 5 10 15 20 25 30 35 40 45 50 55 60 65

3
4

6
6
7

9
11

29
48

60
61

Number of Publications

So
ur

ce
s

4
4
4
4

Figure 2. Top 15 sources with 3 or more published papers.

This simple source-level analysis shows that FS research is mainly published in high-
ranked, peer-reviewed journals and provides an idea about the high quality of the research
carried out in this field and the interest that it generates and attracts within the scien-
tific community.

3.1.4. Author-Level Analysis and Networking

As shown in Table 1, the author-level analysis reveals that this set of documents
involved 670 authors from 29 different countries. Seven of those authors published single-
authored documents, whereas the rest participated in co-authored documents. Generally
speaking, each document is written by 2.11 authors on average and the Collaboration Index,
defined as the total authors of multi-authored documents divided by the total number of
multi-authored articles, is 2.2. Additionally, Figure S1 (Supplementary Materials) depicts
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the country’s scientific production map, where it is qualitatively shown that the USA,
China, and Italy are the most involved countries.

Table 2 includes a list of authors that have published, so far, more than 10 articles
directly related to FS along with their local h-index. The local h-index has been calculated
using the conventional procedure (number h of publications that have been cited h times
or more [92]) but only considering the set of 318 documents analyzed here. More details
about authors with the highest numbers of local citations (citations included in this set
of 318 documents) and global citations can be found in Table S2. It must be noted that
those lists have been exclusively elaborated with the information retrieved from articles
directly related to FS, as explained in the methods section. Those dealing with other similar
techniques, such as F-SPS and others, have not been contemplated in the lists. In any
case, Table 2 and Table S2 should not be considered as any type of author’s ranking, as
most authors in those lists have a significantly larger number of publications and citations
in different related scientific topics that have not been included here. Moreover, some
authors have been involved in FS almost since the early days, while others have become
involved in recent times. As a way of example, the production of the authors included in
Table 2 over the 11-year period of lifetime of FS is depicted in Figure S2, where the bubble
size is proportional to the number of documents and the color darkness to the citations.
Regardless of this, Prof. Raj not only introduced the FS topic for the first time in 2010, but he
is the most prolific author in terms of the quantity of papers, citations, and the local h-index.

Table 2. Authors with the highest number of publications in the analyzed documents set along with
their local h-index.

Authors Articles h-Index

Raj R 53 27
Sglavo VM 36 17
Biesuz M 30 14

Jha SK 22 15
Yamamoto T 18 8
Tsakalakos T 16 9

Wang YG 16 9
Wang HY 16 8
Wang H 15 9

Yoshida H 15 9
Charalambous H 14 9

Phuah XL 14 7
Tokunaga T 14 6

Liu JL 13 8
Lebrun JM 12 11

Liu DG 12 8
Chaim R 12 7

Muccillo R 12 7
Grasso S 12 6

Luo J 11 9

The high level of interaction among authors working in FS is very relevant, as shown
in the collaboration maps of Figure 3. This type of figure displays the knowledge structure
of the research field by providing a general overview about its social structure or, in other
words, how the FS scientific community interacts at different levels (authors, institutions,
and countries) [35]. Qualitatively, the bubble size in these collaboration maps represents
the number of documents, while the strength of the relationship is represented by the links;
the thicker, the stronger. Moreover, the position represents the influence, placing the most
influential items, i.e., author, institution, or country, at the center of the maps. The different
colors or clusters denote common collaboration networks or sub-networks. Figure 3a
includes the collaboration map just among authors included in Table 2. Interestingly, all
authors in Table 2, apart from Prof. Chaim, have very strong collaborations with others
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from the same list. Actually, in some cases, they even belonged to the same research group.
That is the case of Biesuz who was a former PhD student in Sglavo’s lab (Trento University,
Trento, Italy), Charalambous in Tsakalakos’ lab (Rutgers University, New Brunswick, NJ,
USA), H Wang and Phuah in Haiyan Wang’s lab (Purdue University, West Lafayette, IN,
USA), while Lebrun was a postdoc in Raj’s lab (University of Colorado at Boulder, Boulder,
CO, USA). Moreover, there is a significant movement of authors from one institution
into another that is helping to spread the topic. For instance, Jha who is currently an
Assistant Professor at the Indian Institute of Technology Kanpur was a former PhD student
of Raj and, later on, a postdoc in Tsakalakos’s lab. Dianguang Liuwas a former PhD
student at Northwestern Polytechnical University (working with Wang, Yiguang) and
then moved to Southwest Jiaotong University where he works with Jinling Liu. Grasso
is currently a professor at the Southwest Jiaotong University after having worked at the
Queen Mary University of London. Moreover, as seen in Figure 3a by the solid connectors,
there are many fruitful collaborations among different groups, resulting in co-authored
publications. As mentioned, the behavior observed in Figure 3a is limited to authors
from Table 2. Nevertheless, it is quite general and can be extrapolated to the whole FS
community, as explained as follows by Figure 3b,c, which represents the countries and
institutional collaboration maps, respectively, and aims to provide a broader overview of
the scientific landscape of FS. As depicted in Figure 3b, there are authors from 26 different
countries with at least one mutual publication. Note that the whole FS community involved
authors from 29 countries, as is shown in Figure S1. This highlights, once again, the
strong interconnection of this scientific community. Similar to Figure 3a, the USA is the
country with the highest number of publications and the strongest collaboration network.
Authors from China and Italy also have important scientific production and collaboration
networks. Interestingly, even authors from countries such as Germany, Spain, India, and
France, among others, have become involved in FS more recently and, therefore, while their
number of publications is not that high, they have very strong collaboration networks. For
example, in the whole document set, only five papers have been issued by corresponding
authors from Spain, all of them being internationally collaborative publications. Figure 3c
shows the collaboration network at an institutional level. The FS community involves
authors from 217 institutions. Thus, for the sake of clarity and visualization, the institutional
collaboration map has been limited to those 18 institutions with the highest number of
published papers. Analogously to Figure 3a, the bubble size of the University of Colorado
at Boulder (USA) and Trento University (Italy) is not surprising; as mentioned, the most-
productive authors in terms of publications belong to these institutions, i.e., Raj, Sglavo,
and Biesuz. Moreover, both institutions have strong collaboration networks worldwide.
For instance, Trento University, Southwest Jiaotong University, one of the most prolific
Chinese institutions, and Queen Mary University of London (UK) have established a strong
collaboration sub-network. As commented for Figure 3a, Southwest Jiaotong University
and the Queen Mary University of London are the current and previous affiliations of
Prof. Grasso, respectively. At the same time, other researchers from Southwest Jiaotong
University (Liu Dg and Liu Jl among others) work with researchers from other academic
centers, such as the Northwestern Polytechnical University (China) and the University
of Central Florida (USA). Additionally, Figure 3c also unveils a strong collaboration sub-
network within American institutions composed of Rutgers University, Purdue University,
Argonne National Laboratory, the University of California San Diego, and the University
of California Davis. In albeit extreme simplification, this subnetwork is partially shown
in Figure 3a, proving again its similarities with the whole FS scientific community. Most
of the works of this American co-authorship sub-network involve some kind of in situ
measurements during FS or to flash-sintered samples, such as energy-dispersive X-ray
diffraction [15,53,69,93].
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Figure 3. (a) Selected authors from Table 2, (b) countries, and (c) institution’s collaboration networks.
* UC San Diego: University of California San Diego, IPEN: Instituto de Pesquisas Energéticas e
Nucleares, QMUL: Queen Mary University of London, SWJU: Southwest Jiaotong University, NPU:
Northwestern Polytechnical University, NIMS: National Institute for Materials Science, Technion:
Technion–Israel Institute of Technology.

145



Materials 2022, 15, 416

All in all, Figure 3 highlights the significant level of interaction among research
scientists and groups in FS. It is evidenced that authors involved in this research field are
quite eager to collaborate with others from different institutions and even countries. Thus,
internationalization is at the core of FS. This practice may be related to the complexity of
the FS process that involves physical and chemical phenomena. Thus, its understanding
and implementation demand an interdisciplinary approach from Physics to Chemistry and
Engineering, and it requires of the participation of both experimentalists and theoreticians.
Moreover, collaborations with experts from large scientific facilities (National Laboratories)
in the monitoring of the FS process under in situ conditions are also quite noticeable. This
strong collaborative networking as well as the International Conferences in Tomar (Portugal)
and MRS symposiums, mentioned above, are helping to create a sense of community
among researchers worldwide, and it is probably contributing to the fast development of
this relatively new research field.

3.1.5. Document-Level Analysis. Influential Documents and Trending Topics

This section studies the most influential documents of the collection with respect
to their number of citations as well as the most commonly tackled topics in FS by key-
word analysis.

Table S3 includes the top 20 most-cited documents, where the number of local and
global citations as well as their ratio are shown. A local citation refers to the number of
citations that one document has received from the analyzed document set (in this case,
318 documents and all of them related to FS), whereas global citations are the total number
of citations from WoS that may include documents that are not necessarily associated
with the analyzed research topic. Therefore, in principle, the higher local citations, the
more important and influential the document is in a particular research field. This list is
ranked by the paper of Cologna, Rashkova, and Raj reporting the first demonstration of FS,
which triggered the development of this research field [2]. This paper constitutes a true
milestone in ceramic processing and to date has received more than 474 citations, 270 of
which correspond to local citations. This is followed by a single-authored paper of Raj,
addressing the role of Joule Heating during FS [8]. It entails one of the first works devoted
to explaining the underlying mechanisms of FS, concluding that the fast sintering rates
achieved in FS cannot be solely explained by Joule Heating. This work closely links with
another top-ranked paper (fourth place) authored by Todd et al. [4]. The authors modelled
the electrical and thermal response of 3YSZ under FS conditions and established that the
flash event is triggered by a thermal runaway caused by Joule Heating. Indeed, it is now
well-accepted within the scientific community that the thermal runaway induced by Joule
Heating is the actual phenomenon that initiates the flash. The third most-cited paper both
globally and locally corresponds to the work of Cologna et al. published in 2011 [13], which
deals with the demonstration of FS in alumina, a highly insulating material. Finally, special
attention is deserved for the paper ranked fifth, as this is the second literature review
dedicated integrally to FS [28] (to the best of our knowledge, the first review was published
by Dancer in 2016 [30]). It was published in Advances in Applied Ceramics in 2017 and, to
date, has received more than 207 citations, where half of them correspond to local citations.
It is also worth mentioning that 75% of the top 20 most-cited documents in FS are published
in either the Journal of the European Ceramic Society or the Journal of the American Ceramic
Society. As mentioned in the source-level analysis section, both are high-ranked journals
dedicated to the study of ceramic materials, which once again highlights the quality of the
research carried out by the scientific community of this field.

In order to provide some perspective about influential works recently published, we
carried out a similar analysis while refining the time span to 2020 and 2021. Thus, Table S4
presents the most global and locally cited documents in 2020 and 2021. Most of these
publications deal with the understanding of the FS mechanisms in ceria and titania [62,94]
or the correlation between the effect of the experimental parameters and the induced defects
on the final properties and microstructure of the flash-sintered materials [51,95–98]. Many
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of these documents are co-authored by early-stage researchers, such as Lavagnini [51] and
Storion [96], both PhD students at the University of São Paulo (Brazil), or Phuah [95,98] and
Mishra [94,97] who recently obtained their PhD degrees from Purdue University (USA) and
Forschungszentrum Jülich (Germany), respectively. This is an indication that many early-
stage researchers are developing their careers in FS and are making important contributions
to the field.

Keyword analysis is commonly used in bibliometric analysis to systematically identify
the document content, trend topics, and research hotspots of a particular research field.
Table 3 contains the top 10 Keywords Plus and Authors’ Keywords. Authors’ keywords are
provided by the authors themselves, whereas Keywords Plus are generated by an algorithm,
extracting words that frequently appear in the title’s references and not necessarily in the
title of the articles or as Author Keywords [99]. Very recently, a study carried out by Zhang
J. et al. reveals that both types of keywords identify very similar research trends and
knowledge structures [100]. Indeed, the list of words included in Table 3 for both categories
as well as the prevalence order is quite similar. Note that trivial keywords, such as Flash
Sintering or Flash Sintered, have been cleaned. An examination of these keywords reveals
that zirconia is the most-studied material. As mentioned, the first demonstration of FS was
carried out with this material [2]. Since then, zirconia powders of different compositions
have been widely used as a model material to study the underlying mechanisms of FS
as well as the driving sources triggering the flash event, which is also linked to other top
keywords such as Joule Heating, thermal runaway or defects. As a way of example, a few
works are cited herein [4,50,101,102]. Another important part of the research carried out
in FS deals with the study of the properties of the flash-sintered materials, such as their
microstructure, abnormal grain growth, defect structures, etc. [22,103,104], some of them
granted with special properties. This also explains some of the top keywords obtained, e.g.,
“microstructure”, “grain growth”, “defect structures”.

Table 3. Top 10 Keywords Plus and Authors’ Keywords.

Keywords Plus Frequency Author’s Keywords Frequency

Zirconia/YSZ 160 Zirconia 32
Electrical Conductivity 105 Microstructure 29

Densification 73 Joule Heating 19
Grain-growth 73 Grain Growth 16

Thermal Runaway 71 ZnO 14
Alumina 65 Impedance Spectroscopy 12
Ceramics 49 Ceramics 11

Microstructure 41 Defects 11
ZnO 30 Electrical Conductivity 9

Defect Structure 15 Alumina 8

Figure 4a shows the Keywords Plus dynamic, representing the frequency of each
keyword as a function of time (from 2010 to 2020), which allows for identifying trend
topics and research hotspots. For instance, it can be observed that zirconia has always
been a hot topic in FS. As mentioned above, it is now well accepted that the flash event
is triggered by a thermal runaway. Since it was proposed in 2015 by Todd et al. in the
already-mentioned paper entitled “Electrical characteristics of flash sintering: thermal
runaway of Joule heating” [4], the keyword thermal runaway has continued growing.
Therefore, the contribution of Todd R.I. et al. constitutes an important milestone in FS.
From Figure 4a, is also depicted that ZnO is currently a trending topic, and in the last
few years its annual occurrence has been increasing. In a similar way to zirconia, ZnO
has been widely employed as a model material in FS [103,105,106]. This Keyword Plus
dynamic analysis agrees well with Figure 4b, which includes the top 10 most-studied
materials during 2020 and 2021. As expected, Zirconia leads the ranking, with more
than 38 publications, followed by ZnO. Figure 4b also reveals that another important
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body of work in FS is dedicated to the sintering of materials with technological interest,
which development is being hampered by the high temperatures required or other kinds
of difficulties in their processing such as the volatilization of some of their components.
That is the case of different sodium and lithium ion conductive ceramics for solid-state
batteries [67,107], the lead-free piezoelectric ceramic potassium sodium niobate [70,73], or
ZnO-Bi2O3-based varistor ceramics [108–110]. We expect that this trend will probably be
maintained during the next few years. That is to say that Zirconia and ZnO will continue
being hot topics. As mentioned, the FS mechanisms are still clouded, and further studies
about their understanding will certainly be carried out. Therefore, it is quite likely that
these two materials will continue to be used as models in future works dealing with the
underlying nature of FS. On the other hand, besides the reduced temperatures and times
offered by the FS technique, it has also proved to be an engineering tool to grant special
and unexpected properties to materials [22,75]. Thus, researchers will continue exploring
these FS capabilities and, therefore, the study of the properties of the materials prepared
by FS as well as the preparation of new ceramic materials that are hard or impossible to
prepare by conventional procedures will be another mainstream area of research.
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Figure 4. (a) Keywords Plus dynamic and (b) top 10 studied materials during the two-year period
2020–2011.

All in all, we would like to emphasize that this keyword analysis provides a general
and brief overview of the document content as well as of the major tackled topics and
future research prospects in FS. It is probably quite trivial for researchers who have been
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working in the field for a while but may be useful to strategize future research as well as a
starting point for those researchers who are not acquainted but keen on FS.

3.2. Reactive Flash-Sintering (RFS)

As mentioned in the introduction, another important branch of research directly re-
lated to FS is Reaction or Reactive Flash sintering (RFS). The foundations and the working
mode are quite similar but instead synthesis and sintering are merged in a single step. RFS
was reported for the first time in 2018, showing that a highly dense and pure metastable
oxide can be prepared in a matter of seconds from a mixture of its basic constituents [27].
RFS soon garnered the attention of the scientific community and, since then, many doc-
uments have been published exploiting the capabilities of RFS. Indeed, Figure 5a shows
the scientific production for RFS with a remarkable number of 32 publications in just three
years, which implies a dramatic annual scientific production growth rate of 100%. Thus,
due to the relevance of RFS, we decided to carry out a separate bibliometric analysis to
sketch the general scientific map for RFS. The specific word search query as well as the
general descriptive information from the analyzed document set for RFS can be found in
Tables S5 and S6, respectively.

 

Figure 5. (a) Annual and cumulative publications, (b) number of documents and total citations
per source, and (c) country, author, and institution collaboration networks in RFS. The author and
institution collaboration networks are limited to those with more than two publications and at least
one co-authored document.

As can be observed from Figure 5b, RFS follows the same trend as FS in terms of
targeted sources. The Journal of the American Ceramic Society and the Journal of the European
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Ceramic Society are where almost 50% of the entire collection have been published. Those
two journals together with Ceramics International and Scripta Materialia published 80% of
the entire collection. All of them are highly ranked journals according to Journal Citation
Reports (2020) and accumulate most of the citations, which highlights, once again, the
quality and relevance of the topic.

Nevertheless, the most-relevant publication of this set of documents is probably from
the Journal of Materials Chemistry A. This journal published just one paper about RFS, but,
by itself, it accumulates 20% of the global citations of the entire set. This document was
authored by Gil-Gonzalez et al. in 2018 [27] and constitutes, to the best of our knowledge,
the first demonstration of RFS. It has received 46 global citations with an average of
11.50 citations per year. Additionally, it is also the most-cited document of the set. Seventeen
documents out of twenty-five have cited it, which makes this paper the most relevant one
for the research topic of RFS. Details about the historical direct citation network in RFS
can be found in Figure S3. Further details about authors, document impact, in terms
of quality and quantity, as well as the most studied materials in RFS can be found in SI
(Tables S7–S10). It is worth mentioning that according to Table S10, RFS has been mostly
dedicated to the preparation of materials with technological interest. This is probably due
to the advantages of reduced temperatures and times offered by the technique. A significant
number of works have been dedicated to the preparation of high-entropy oxides [111–115],
followed by ceramics such as the multiferroic BiFeO3 and related materials [27,80,116], solid
electrolytes [117–119], or the lead-free piezoelectric potassium sodium niobate [120,121].
Analogously to Zirconia or ZnO in FS, the underlying mechanisms in RFS have been
studied by high-resolution in situ measurements in the reaction of MgO and Al2O3 to form
the spinel MgAl2O4 [122,123].

Figure 5c represents the collaboration networks in RFS from countries to institutions
and authors. The RFS community is formed by 82 authors and just one of them published
single-authored documents (Prof. Chaim from Technion Israel Institute of Technology). On
average, each document is co-authored by 5.04 authors with a collaboration index of 3.38
(See Table S5). As shown in the inset of Figure 5c, the documents come from six different
countries: The USA, China, Brazil, Spain, India, and Israel. All authors internationally
collaborate, besides authors from Israel with two single-country publications [124,125].
More details about author clusters and institutions are shown in Figure 5c. Note that for
the sake of visualization, the collaboration network is limited to authors with more than
two publications and at least one co-authored document, and unfortunately, Figure 5c
does not show the whole RFS networking. From a simple visual inspection, it can be
identified that the most prolific authors in number of publications are Prof. Raj and Yoon
from the University of Colorado at Boulder, with seven and six publications, respectively
(see also Tables S7 and S8). Note that the bubble size is related to the number of publica-
tions. Additionally, Figure 5c also unveils the collaboration sub-networks within the RFS
community. Analogously to FS, internationalization and collaboration are at the core of
this scientific community. For instance, authors from the University of Colorado at Boulder
strongly collaborate with Ghose from Brookhaven National Laboratory [117,118,122,123]
and authors from Seville University (Spain) [27] and the Federal University of Sergipe
(Brazil) [117]. Indeed, the most relevant works of RFS have been a result of these collab-
oration sub-networks such as the already-mentioned document of the Journal of Materials
Chemistry A by Gil-Gonzalez et al. [27] or that by Yoon et al. [123], where RFS of MgO
and α-Al2O3 were studied by in situ synchrotron measurements in Brookhaven National
Laboratory. This document received 19 global citations, 12 of which are local citations,
being one of the most-relevant documents for RFS. Another strong collaboration network
is formed by authors from Chinese institutions such as Southwest Jiaotong University,
Beijing Institute of Technology, and Northwestern Polytechnical University, who work
with An from the University of Central Florida. Their research is primarily dedicated
to the preparation of high-entropy oxides by RFS [112,113]. Researchers from Chang’an
University working on the preparation of piezoelectric materials also form another clus-
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ter [121,126]. It is worth mentioning that China is the second most-prolific country in the
number of RFS publications, just behind the USA, at 9 vs. 11 documents. Finally, another
important cluster of authors is formed by researchers affiliated to the University of Illinois
at Urbana-Champaign, whose works have been devoted to study the transformation of
manganese oxides during RFS [127,128].

4. Conclusions

FS has constituted a truly breakthrough in materials processing, and since it was
proposed for the first time by Prof Raj in 2010, the number of publications has grown
exponentially. In this work, we report the scientific landscape of FS by bibliometric analysis,
identifying key aspects and peculiarities of the FS community. The target journals where
most of the FS papers are published have been pointed out. All of them are dedicated
almost exclusively to ceramic materials and are highly ranked journals of the first quartile
according to JCR. This highlights the quality of the research carried out in the field. Socially
speaking, the knowledge structure has been depicted at different levels, from countries
to institutions and authors. A detailed analysis of the interaction of the authors with the
highest number of publications is provided. This unveils important collaboration sub-
networks that describe the general social structure of the FS scientific community. One
of the most striking features is the large number of fruitful national and international
collaborations among authors involved in FS with co-authored publications. It seems to be
part of the core of this research field. It may be related to the complexity of the flash event
that requires the contribution of experts from different disciplines for its understanding and
development. The most influential documents in terms of local and global citations have
been also identified. A brief description about the topics addressed in those documents is
presented as well. Finally, the most recurrent keywords that best describe the document
content have been analyzed along with the most-studied materials in 2020 and 2021,
identifying the most-tackled and mainstream topics in FS. They reveal that zirconia has
always been a hot topic in FS and the documents frequently deal with the understanding
of the underlying mechanisms of FS or the non-typical properties granted to flash-sintered
materials, such as the abnormal grain growth or defects. As a future research prospect,
it is predicted that these topics will be maintained in the next few years. Finally, due
to the dramatic scientific growth experienced in RFS in a very short period of time, a
bibliometric analysis is provided separately for RFS. A detailed collaboration network is
laid out, interestingly showing that the most influential works in the field of RFS are the
results of international or national collaboration between authors from different institutions.

All in all, the aim of this work is to draw a general picture of the scientific landscape
of FS and RFS by a bibliometric analysis, where the target sources, the most relevant
documents, hot and trending topics, and social networking have been identified. To the
best of our knowledge, this is the first study of this nature carried out in the field of FS. We
believe that this work can be of interest not only for researchers working in the field but
also for those who are keen on but not acquainted with FS and RFS. It can be a useful tool to
strategize future research and publishing approaches as well as to be quickly updated with
this research field, in spite of the high number of scientific publications and the dramatic
growth that the field is experiencing.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ma15020416/s1, Figure S1: Country scientific production map;
Figure S2: Production over time of authors included in Table 2; Figure S3: Historical direct citation
network in RFS; Table S1: Most local cited sources; Table S2: Most local cited authors along with their
global citations; Table S3: Top-20 most cited documents; Table S4: Most cited documents published
in the last two years (2020–2021); Table S5: Word search query for RFS; Table S6: Main information
about RFS document sets; Table S7: Authors with three or more publications and local h-index in
RFS; Table S8: Most local and global cited authors in RFS; Table S9: Top-5 most cited documents in
RFS; Table S10: Top Materials in RFS.
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Abstract: In the electrolysis of water process, hydrogen is produced and the anodic oxygen evolution
reaction (OER) dominates the reaction rate of the entire process. Currently, OER catalysts mostly
consist of noble metal (NM) catalysts, which cannot be applied in industries due to the high price.
It is of great importance to developing low-cost catalysts materials as NM materials substitution.
In this work, jarosite (AFe3(SO4)2(OH)6, A = K+, Na+, NH4+, H3O+) was synthesized by a one-
step method, and its OER catalytic performance was studied using catalytic slurry (the weight
ratios of jarosite and conductive carbon black are 2:1, 1:1 and 1:2). Microstructures and functional
groups of synthesized material were analyzed using XRD, SEM, FI-IR, etc. The OER catalytic
performance of (NH4)Fe3(SO4)2(OH)6/conductive carbon black were examined by LSV, Tafel, EIS,
ECSA, etc. The study found that the OER has the best catalytic performance when the weight ratio
of (NH4)Fe3(SO4)2(OH)6 to conductive carbon black is 2:1. It requires only 376 mV overpotential to
generate current densities of 10 mA cm−2 with a small Tafel slope (82.42 mV dec−1) and large Cdl

value (26.17 mF cm−2).

Keywords: jarosite; ammoniojarosite; electrocatalyst; oxygen evolution reaction; stability

1. Introduction

With the increasingly negative impact of fossil fuels on the environment, it is with a
huge demand that modern science and technology need to pursue clean and sustainable
energy [1,2]. Hydrogen production by water splitting, as a technology for producing clean
energy, has caused extensive researches [3,4]. The electrochemical water splitting process
includes the oxygen evolution reaction (OER) at the anode and the hydrogen evolution
reaction (HER) at the cathode. The HER reaction is a two-electron transfer process, while
OER is a four-electron transfer process, whose higher energy barrier dominates the rate of
the cathodic hydrogen production [5]. Therefore, the development and research of cost-
effective OER catalysts with high activity and long-periodic cycle stability is a primary task.

Noble-metal-based materials, including IrO2 and RuO2, are state-of-the-art OER elec-
trocatalysts because of their high electrocatalytic OER activity both in alkaline and acidic
solutions [6–8]. However, the large-scale application of IrO2 and RuO2 in OER is severely
limited not only by the high cost but also by the scarcity of Ir and Ru [9]. Thus far, con-
siderable research efforts have been devoted to the exploration of low-cost and highly
active noble-metal-free catalysts to replace expensive and scarce precious catalysts [10–12].
Especially for transition metal Fe-based materials, including oxides/hydroxides [13–15],
chalcogenides [16], phosphides [16,17], and nitrides [18], which have been investigated
extensively as promising candidates for the OER.

Compared with these compounds, Fe-based polyanionic compounds [1–4], such as
jarosite, are an earth-abundant natural mineral that belongs to the alunite supergroup with
the formula AFe3(SO4)2(OH)6, where A represents different monovalent cations, such as
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K+, Na+, NH4
+, and H3O+. At present, jarosite has been extensively studied by the acid

leach mining industry due to the precipitation of jarosite in acidic media—a crucial step that
allows for the physical separation of Fe3+ and other cations from the leach solution [19–23].
As a result, these refining plants produce large amounts of environmentally hazardous
jarosite wastes that currently provide no commercial value. Fortunately, several researchers
have explored the use of jarosite as a cathode in the lithium and sodium-ion battery [24–26].
According to our best efforts, there is no research on jarosite in OER so far. Therefore,
exploring and tapping the potential of these environmentally harmful jarosite wastes in the
field of OER is an attractive strategy to provide economic advantages for jarosite.

In this work, the design of applying jarosite to OER catalytic material is proposed.
A simple one-step method was used to synthesize four various types of jarosite materials
((NaFe3(SO4)2(OH)6), KFe3(SO4)2(OH)6), (NH4)Fe3(SO4)2(OH)6, and ((H3O)Fe3(SO4)2(OH)6)).
We explored the OER performance of these four catalysts under acidic, neutral and alkaline
conditions. The electrochemical test results suggest that (NH4)Fe3(SO4)2(OH)6 shows the
best OER activity among the four catalysts. When the weight ratio of (NH4)Fe3(SO4)2(OH)6
to conductive carbon black is 2:1, the overpotential of (NH4)Fe3(SO4)2(OH)6 is 376 mV at a
current density of 10 mA cm−2 in alkaline conditions. Although this performance is not
comparable to that of precious metals (IrO2), there is a lot of room to improve the perfor-
mance, which is our future research task. In short, exploring the application of jarosite
waste in OER can not only protect the environment but also improve its economic value.

2. Experimental Section

2.1. Materials

Fe(SO4)·7H2O (99.0~101.0%), K2CO3 (99%), Na2CO3 (99.8%), (NH4)2SO4 (98.0%),
NH3·7H2O (25.0~28.0%) and C2H5OH (99.7%) were purchased from Guangxi Dragon
Technology Company (Guangxi, China). Conductive carbon black (Ketjenblack) and Nafion
solution (5 wt%) were purchased from Suzhou Yilongsheng Energy Technology Co., Ltd.
(Suzhou, China) All chemicals used were of analytical grade and there was no need to
further purification.

2.2. Preparation of (A)Fe3(SO4)2(OH)6, (A = K+, Na+ and NH4
+)

FeSO4 and (NH4)2SO4 were dissolved in 250 mL and 100 mL of deionized water to
form solution A (0.02 M FeSO4) and solution B (0.5 M (NH4)2SO4), respectively. Dilute
H2O2 solution was added dropwise to solution A to oxidize Fe2+ to Fe3+ and then solution
B was injected into the above solution with a water bath at a constant temperature of
95 ◦C and stirred magnetically for 3 h, meanwhile, the pH value of the mixed solution
was maintained throughout at 1.5–2.0 with 1 M ammonia solution. Finally, the yellow
precipitate (NH4)Fe3(SO4)2(OH)6 catalyst was collected, washed with deionized water and
then dried in a vacuum at 80 ◦C. The main synthesis procedure for Na/KFe3(SO4)2(OH)6
is similar to that for (NH4)Fe3(SO4)2(OH)6, corresponding to the use of 0.5 M Na2CO3 and
K2CO3 instead of 0.5 M (NH4)2SO4 solution and the replacement of the pH adjuster with
1 M Na2CO3 and K2CO3 solution, respectively.

2.3. Preparation of (H2O)Fe3(SO4)2(OH)6

A certain amount of FeSO4 was dispersed in 70 mL of deionized water, with stirring
at 95 ◦C. H2O2 was used to oxidize Fe2+ to Fe3+. After it was completely oxidized, the
reactants were transferred to a 100 mL reactor at 120 ◦C and kept for 12 h. The final product
was collected after filtration and washed with deionized water several times.

2.4. Preparation of Working Electrode

Add 10 mg NH4-Fe3@KB-1((NH4)Fe3(SO4)2(OH)6 and conductive carbon black with a
mass ratio of 2:1). These were dispersed into a mixed solvent of Nafion (30 μL), anhydrous
ethanol (400 μL) and deionized water (600 μL). Form a uniform dispersion after ultrasonic
for 30 min, then use a pipette gun to take the dispersion (4 μL), add to the glassy carbon
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electrode and dry. The working electrodes of other catalytic materials are prepared by
using the same method.

2.5. Characterization

Scanning electron microscopy (SEM, Hitachi Works, Ltd., Tokyo, Japan) was conducted
on S-4800 at 5 kV to perform microstructure analysis. The phase structure of the sample
was analyzed by a X-ray powder diffractometer (XRD, X’Pert PRO, PANalytical B.V, Cu
Kα, 40 kV, 40 mA, λ = 1.54056 Å, PANalytical B.V., Almelo, The Netherlands) at a scanning
rate of 5◦·min−1. The functional groups of the samples were analyzed by Fourier transform
infrared (FTIR, Thermo Nexus 407 spectrometer, White Bear Lake, MN, USA) and the
laser Raman confocal microscope Raman spectrometer (Raman, Thermo Fisher Scientific
DXR, thermoelectric company, 532 nm, White Bear Lake, MN, USA). Transmission electron
microscopy (TEM, JEOL, Beijing, China) images were collected on Titan G260-300 at an
acceleration voltage of 200 kV. Before BET and BJH measured via Surface area and pore
porosimetry analyzer NoVA 1200e (Quantachrome Instruments, Shanghai, China), all
samples were degassed for 5 h at 100 ◦C.

2.6. Electrochemical Measurements

All electrochemical measurements were conducted on a computer-controlled CHI
760E electrochemical workstation with a conventional three-electrode system. The glassy
carbon electrode with a diameter of 3 mm was used as a working electrode, Ag/AgCl
electrode and Hg/HgO electrode were respectively used as the reference electrode for the
acidic (neutral) system and alkaline system, and graphite rods were used as a counter
electrode. The measurements were performed in three different electrolytes, 0.05 M
H2SO4, 1 M KOH, and 1 M PBS. All the potentials were converted to reversible hy-
drogen electrode (RHE) based on the formula ERHE = EHg/HgO + 0.0591 × pH + 0.098
and ERHE = EAg/AgCl + 0.0591 × pH + 0.1976. The polarization curves were measured at
5 mV s−1 and iR-corrected. Tafel plots were calculated using the Tafel formula η = b log j + a,
where j is the current density, b is the Tafel slope, and a is the intercept relative to the ex-
change current density. EIS measurements were conducted under a particular applied
potential in the frequency range 0.1 Hz to 100 kHz. The electrochemically active surface
area (ECSA) was estimated by the double-layer capacitance (Cdl). The time-current curve
was measured at a fixed voltage corresponding to 10 mA cm−2 of current density. All tests
were performed at room temperature.

3. Results and Discussion

3.1. Characterization of Samples

Four various types of jarosite were synthesized, named NaFe3(SO4)2(OH), KFe3(SO4)2(OH)6,
(NH4)Fe3(SO4)2(OH)6 and (H3O)Fe3(SO4)2(OH)6, respectively. The crystal structure of
various types of jarosite was firstly investigated by X-ray diffraction (XRD). As shown in
Figure 1a, the diffraction pattern of the as-prepared jarosite can be indexed to the hexag-
onal system with a space group of R3m, suggesting the successful preparation of the
jarosite samples.

Figure 1b shows the infrared spectrum test chart of the jarosite. The infrared absorption
peaks of different jarosite appear at similar positions. The peaks appearing at 469 cm−1 and
502 cm−1 are Fe-O peaks. The corresponding peaks at 624 cm−1, 1082 cm−1, and 1204 cm−1

are SO4
2−. The broad and strong absorption peaks at 1004 cm−1 and 3416~3700 cm−1 are

the stretching vibrations of –OH and the weaker absorption peak at 1638 cm−1 is caused by
the bending vibration of H2O [27,28]. A sharp peak appears at 1425 cm−1 in the infrared
spectrum of (NH4)Fe3(SO4)2(OH)6, which is regarded as the absorption of the –NH4 peak.
According to the findings in the report [15], transition metal hydroxides have good OER
catalytic performance and the presence of hydroxyl groups in jarosite makes it possible to
have OER catalytic performance. This view is confirmed in the following electrochemical
performance test.
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Figure 1. (a) XRD patterns and (b) FT-IR spectra of various types of jarosite. SEM images of
(c) KFe3(SO4)2(OH)6, (d) NaFe3(SO4)2(OH)6, (e) (H3O)Fe3(SO4)2(OH)6 and (f) (NH4)Fe3(SO4)2(OH)6.

It can be seen from the figure that KFe3(SO4)2(OH)6 (Figure 1c) and NaFe3(SO4)2(OH)6
(Figure 1d) have similar morphologies. Both of them are densely packed. The precipitation
rate of KFe3(SO4)2(OH)6 is fast and the sample morphology has not yet been completely
formed before it settles together. In the morphology of NaFe3(SO4)2(OH)6, it can be
observed that they are stacked together in a rhombic structure, which has not yet been
completely formed. It can be seen from Figure 1e that the particle diameter is larger
and the shape is irregular. (NH4)Fe3(SO4)2(OH)6 (Figure 1f) is uniformly distributed in
lumps of different sizes while particles do not appear to pile up, showing a larger specific
surface area.

The nitrogen adsorption-desorption isotherm curves of the as-synthesized catalyst
under various pressures were characterized with a Surface Area and Pore Porosimetry
Analyzer NoVA 1200e., and the specific surface area and pore size distribution were
calculated via Brumaire-Emmett-Teller(BET) and Barret-Joyner-Hallender (BJH) meth-
ods. As shown in Figure 2, (NH4)Fe3(SO4)2(OH)6 displays the highest BET surface
areas of 6.5845 m2 g−1, which is higher than that of KFe3(SO4)2(OH)6 (4.6879 m2 g−1),
NaFe3(SO4)2(OH)6 (4.1587 m2 g−1), and (H3O)Fe3(SO4)2(OH)6 (2.5179 m2 g−1). The pore
size distribution curves of the four materials in Figure 2b suggest the existence of a meso-
porous structure (~8 nm). The large specific surface area of the catalyst is very beneficial
for the exposure of catalytic active sites for OER.

Figure 2. (a) N2 adsorption-desorption isotherm curves, (b) the corresponding pore size distribution
curves.
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Transmission electron microscopy (TEM) was carried out to further identify the details
of samples. Figure 3a,b shows the lamellar structure of the sample. It shows some branch-
like structures, which can provide more active sites. The selected-area electron-diffraction
(SAED) pattern (inset of Figure 3b) of (NH4)Fe3(SO4)2(OH)6 was also recorded. It displays
the weak diffraction rings, which further explained how the prepared (NH4)Fe3(SO4)2(OH)6
possesses poor crystallization form. Figure 3c shows the recorded high-resolution transmis-
sion electron microscopy (HRTEM) image of the (NH4)Fe3(SO4)2(OH)6. The interplanar
spacing of 0.287 nm was indexed matching the (006) crystal plane of (NH4)Fe3(SO4)2(OH),
which is in good agreement with the XRD spectra. Furthermore, the high-angle annular
dark-field scanning-TEM (HAADF–STEM) and its corresponding mapping were employed
to analyze the distribution of the elements in the (NH4)Fe3(SO4)2(OH)6 catalyst. It shows
that Fe, N, O, and S are evenly distributed across the entire nanoparticles without any
noticeable segregation.

Figure 3. (a,b) TEM images (the inset shows SAED), (c) HRTEM image, and (d–h) HAADF-TEM
diagrams of (NH4)Fe3(SO4)2(OH)6 and the corresponding EDS elemental mapping images.

3.2. Electrochemical Analysis

To increase the electronic conductivity of the jarosite, the catalyst slurry with a
weight ratio of 1:1 (jarosite to conductive carbon black) was prepared and an OER po-
larization curve performance test was conducted. As shown in Figure 4a, when the
current density is 10 mA cm−2, the overpotentials of KFe3(SO4)2(OH)6, NaFe3(SO4)2(OH)6,
(H3O)Fe3(SO4)2(OH)6, and(NH4)Fe3(SO4)2(OH)6 are 412 mV, 400 mV, 424 mV, and 394 mV,
respectively. Meanwhile, the Tafel slope of the (NH4)Fe3(SO4)2(OH)6 is 127.31 mV dec−1,
which is smaller than those of the NaFe3(SO4)2(OH)6 (135.86 mV dec−1), KFe3(SO4)2(OH)6
(144.81 mV dec−1) and (H3O)Fe3(SO4)2(OH)6 (148.85 mV dec−1), which indicates that
(NH4)Fe3(SO4)2(OH)6 shows an excellent OER activity among the four jarosite catalysts.

In addition, OER tests were carried out on four catalyst materials in the acidic
(pH = 1 H2SO4) and neutral (pH = 7 PBS) solution. As shown in Figure 5c,d, the cat-
alytic performance of (NH4)Fe3(SO4)2(OH)6 in the acidic and neutral solution is better than
the other three materials. However, the OER performance of (NH4)Fe3(SO4)2(OH)6 in the
acidic and neutral condition is far inferior to that in the alkaline condition. Therefore, we
will take alkaline conditions as an example to focus on the (NH4)Fe3(SO4)2(OH)6 catalyst.

The electrochemical double-layer capacitance (Cdl) approach was applied to esti-
mate the electrocatalytic active surface area (ECSA) from cyclic voltammetry curves at
various scan rates over a small potential range. The (NH4)Fe3(SO4)2(OH)6 electrode pos-
sesses the largest Cdl of 15.49 mF cm−2 compared to those of KFe3(SO4)2(OH)6 (6.69 mF
cm−2), NaFe3(SO4)2(OH)6 (13.56 mF cm−2), and (H3O)Fe3(SO4)2(OH)6 (4.28 mF cm−2)
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(Figures 5 and 6), showing indeed that a larger ECSA of (NH4)Fe3(SO4)2(OH)6 allows for
more exposed active sites to promote OER performance.

Figure 4. Polarization curves for jarosite to conductive carbon black ratio of 1:1, (a) 1 M KOH
(pH = 14) polarization curves, (b) Tafel plots derived from the Ph = 14 polarization curves, (c) 0.05 M
H2SO4 (pH = 1) polarization curves, (d) 1 M PBS (pH = 7) polarization curves.

Figure 5. CV curves of (a–c) (H3O)Fe3(SO4)2(OH)6, KFe3(SO4)2(OH)6, and NaFe3(SO4)2(OH)6

at different scan rates, (d) Cdl diagram of (H3O)Fe3(SO4)2(OH)6, KFe3(SO4)2(OH)6, and
NaFe3(SO4)2(OH)6.
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Figure 6. (a) NH4-Fe3@KB-1, NH4-Fe3@KB-2, NH4-Fe3@KB-3 and IrO2 polarization curves; (b) NH4-
Fe3@KB-1, NH4-Fe3@KB-2, NH4-Fe3@KB-3 at overpotentials reaching current densities of 10, 50, and
100 mA cm−2; (c,d) the Tafel slope and EIS diagram of NH4-Fe3@KB-1, NH4-Fe3@KB-2, NH4-Fe3@KB-3.

Different ratios of catalyst powder and conductive carbon black may affect the results.
The different weight ratios of (NH4)Fe3(SO4)2(OH)6 and conductive carbon black (2:1, 1:1,
1:2) are prepared and the total mass of 10 mg is guaranteed. The samples are referred to as
NH4-Fe3@KB-1, NH4-Fe@KB-2, NH4-Fe@KB-3 and IrO2. The OER polarization curve test
was performed on them in 1 M KOH electrolyte saturated with oxygen, and the test results
are shown in Figure 6a. Additionally, NH4-Fe3@KB-1 has better OER catalytic performance.
When the current density is 10 mA cm−2, the overpotential of NH4-Fe3@KB-1 is 379 mV,
and it is 15 mV and 34 mV lower than NH4-Fe3@KB-2 and NH4-Fe3@KB-3, respectively.
Furthermore, (NH4)Fe3(SO4)2(OH)6 and IrO2 have the same overpotential when the current
density is 100 mA cm−2. When the current density is 30 mA cm−2 and 50 mA cm−2, the
overpotential of NH4-Fe3@KB-1 is still the lowest (Figure 6b). NH4-Fe3@KB-1 has a higher
current density with the same measurement conditions.

To get insight into the OER kinetics, the Tafel slope values were calculated from the steady-
state OER polarization curves. As shown in Figure 6c, NH4-Fe3@KB-1 (82.42 mV dec−1) has
the smallest Tafel slope. Figure 6d is the AC impedance (EIS) test results of NH4-Fe3@KB-1,
NH4-Fe3@KB-2 and NH4-Fe3@KB-3. The charge transfer resistance of NH4-Fe3@KB-1 is
significantly smaller than that of NH4-Fe3@KB-2 and NH4-Fe3@KB-3, which suggests the
catalytic interface and the electrolyte have a faster charge transfer rate.

The slope was calculated to get the Cdl value and the test result is shown in Figure 7.
NH4-Fe3@KB-1 has the largest Cdl value of 26.17 mF cm−2, indicating that the ECSA of NH4-
Fe3@KB-1 is large. This is allowing more active sites to be exposed and promotes the catalytic
process of OER. This also explains the good OER catalytic performance of NH4-Fe3@KB-1.

Additionally, durability was another significant parameter of the catalyst for OER.
Through the i-t test, the stability of NH4-Fe3@KB-1 was evaluated, and the test was carried
out for 48 h at a constant voltage of 0.68 V (vs. Hg/HgO) with a current density equal to
10 mA cm−2. The test results are shown in Figure 8a. With the increase in test time, the
current density of NH4-Fe3@KB-1 increases slightly around 10 mA cm−2, which may be
caused by the burst of oxygen bubbles generated during the test. Overall, NH4-Fe3@KB-1
still shows good stability. The structure and composition of (NH4)Fe3(SO4)2(OH)6 after
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the stability test was also studied in detail, with the SEM image of (NH4)Fe3(SO4)2(OH)6
(Figure 8b) after stability test displaying a newly formed rice-like structure, indicating
that the (NH4)Fe3(SO4)2(OH)6 catalyst may have undergone surface reconstruction during
electrolysis. In addition, the XRD pattern (Figure 8c) of the (NH4)Fe3(SO4)2(OH)6 catalyst
showed an amorphous feature after OER. As with many reported works [29,30], the catalyst
undergoes a surface reconstruction accompanied by the appearance of an amorphous
structure (e.g., oxyhydroxide species) during the OER process, and the observed amorphous
feature was further analyzed by Raman spectroscopy. As shown in Figure 8d, the four
Raman bands at 215, 275, 390 and 599 cm–1 represent the phase of FeOOH, which is well-
matched with the literature reports [31–33]. Therefore, it might be reasonable to conclude that
(NH4)Fe3(SO4)2(OH)6 was transformed into amorphous FeOOH during the OER process.

Figure 7. CV curves of (a) NH4-Fe3@KB-1, (b) NH4-Fe3@KB-2, and (c) NH4-Fe3@KB-3 at different
scan rates; (d) Cdl diagram of NH4-Fe3@KB-1, NH4-Fe3@KB-2, and NH4-Fe3@KB-3.

Figure 8. (a) The chronoamperometric curve for NH4-Fe3@KB-1, (b) SEM after stability test, (c) XRD
after stability test, (d) Raman after stability test.
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4. Conclusions

In this work, a simple hydrothermal method was used to successfully prepare the
jarosite. Furthermore, (NH4)Fe3(SO4)2(OH)6 shows the best catalytic performance. The
OER catalytic performance of (NH4)Fe3(SO4)2(OH)6 and conductive carbon black with
different weight ratios were further explored. The OER catalytic performance is best
when the weight ratio of (NH4)Fe3(SO4)2(OH)6 to conductive carbon black is 2:1. Ad-
ditionally, NH4-Fe3@KB-1 has a lower starting potential of 1.42 V (vs. RHE) and Tafel
slope (82.42 mV dec−1). It also showed a small charge transfer resistance and a large Cdl
(26.17 mF cm−2). The raw materials for preparing the synthetic are easily obtained and are
low in price. Experimental results show that jarosite has a broad development space and
further research is needed to improve its OER performance.
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Abstract: The present paper illustrates a comparison of open-cell aluminum foams. The foams were
fabricated by two different methods: spark plasma sintering and replication on a polyurethane
template. The influence of pressure, temperature, and diameter of space holding material on foam
obtained by the spark plasma sintering method was investigated. Additionally, the aluminum powder
content in slurry and atmosphere during thermal processing of foam prepared by the replication
technique were studied. The morphology and structure of obtained samples were analyzed by
scanning electron microscopy and X-ray diffraction analysis. Supplementarily, mechanical properties
and electrical conductivity were studied. The porosity of obtained samples was 83% for the SPS
sample and 85% for the replication sample. The results of the studies carried out gave us an
understanding that the SPS method is more promising for using the obtained foams as cathode
current collectors in lithium-ion batteries due to excessive aluminum oxidation during sintering in
the furnace.

Keywords: open-cell foams; porous materials; spark plasma sintering; replication technique; PU
foam template

1. Introduction

Metal foams are currently a special class of lightweight materials that can be used
in various fields of the industry due to their physical, chemical, and mechanical prop-
erties [1–3]. Using metal foam instead of solid metal is more efficient and reduces the
weight and cost of the final product [2]. Metal foam might be able to substitute a variety of
conventional materials. Currently it is used in a wide range of engineering applications.
Therefore, this fact allows applying these materials in various fields such as automobiles,
aerospace, and naval industries [3]. It is possible to manufacture metal foam from pure
metals, for example, titanium, nickel, and aluminum [4,5], and in the same way from
different alloys [6,7]. Due to the lightweight nature of this type of material, metal foam is
an extremely promising material for the automotive industry; in particular, open-cell foams
made of aluminum and Al alloys are of special interest. Remarkable properties of open-cell
aluminum foam such as low density, high specific electrical and thermal conductivity, and
high surface area allow to be applied as a component of the lithium-ion battery, specifically
to use aluminum foam instead of aluminum foil as cathode current collectors [8–11].

A variety of fabrication processes have been developed to produce metal foams, in
particular aluminum foams [12–20]. The common processes are either via the addition
of a foaming agent into molten aluminum alloy or through bubbling gas into a molten
aluminum alloy. The main drawbacks are that aluminum foams produced by these methods
are limited in terms of control of the pore content and size and microstructure of cell walls.
The methods of production for open-cell aluminum foam can be divided into three classes:
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solid-state methods, liquid metallurgy methods, and vapor state methods [21]. Solid-state
methods include the sintering of metal powder. It is well known that spark plasma sintering
(SPS) decreases the sintering time and temperature, compared with sintering in an electric
furnace, resulting in suppression of grain growth during sintering [22–25]. Therefore, it is
worthwhile to investigate the microstructure and mechanical properties of aluminum foam
processed by SPS. In addition, one of the promising ways to manufacture open-cell metal
foams is the sponge replication technique, and this method has been successfully applied
for the production of open-cell titanium, copper, and aluminum foams [26–33]. The main
disadvantage of the replication method is the high oxidation rates of powders during the
sintering step [34,35].

In the present paper, open-cell aluminum foams, fabricated by spark plasma sintering
and by sponge replication technique, are investigated. The necessity of the research per-
formed was in changing the standard current collector in lithium-ion batteries, aluminum
foil, to aluminum foam, due to aluminum foam being a more lightweight and effective
type of material. The main difference between this research and previously published ones
is that no additives, such as foaming and thickener agents, were used. This fact can lead to
a low impurity content in composition of the resulting foams, which is important in the
further use of the foam. The investigation focused on foam production with a highly open
structure, with low impurity content, a lower amount of oxide film on the surface, high
electrical conductivity, and sufficient mechanical strength. The last two points are high
priority in this research. Mechanical strength is necessary since the aluminum foam must
not collapse when the active cathode material is applied. High electrical conductivity is
important for low internal resistance and high specific energy capacity of the battery.

2. Materials and Methods

2.1. Materials

Figure 1 represents an SEM image of the aluminum alloy powder used for SPS method
(a), sodium chloride (b), and aluminum powder used for replication technique (c) ob-
tained in the backscattered electron detection mode. Aluminum alloy powder particles
are predominantly rounded, the particle size distribution is as follows: d10 = 20.9 μm,
d50 = 51.6 μm, d90 = 95.9 μm. It means that 10% of particles have a size less than 20.9 μm,
50% of particles have a size less than 51.6 μm, and 90% of particles have a size less than
95.9 μm. Additionally, there are some submicron size particles. The powder has a homoge-
neous structure. In Figure 1b sodium chloride particles are presented. Particles have mostly
spheroidal and round form, the powder was sieved and fraction 500–1000 μm was chosen.
Figure 1c shows the aluminum powder particles, all of the particles have a spherical shape,
a homogeneous structure, and the particle size distribution is d10 = 2.4 μm, d50 = 5.5 μm,
d90 = 10.8 μm.

 

Figure 1. (a) Aluminum alloy powder, (b) sodium chloride, (c) aluminum powder.

2.2. Spark Plasma Sintering Method

The commercially available aluminum alloy powder (AMD5, supplier Normin LTD.,
Oxford, UK) with the content of Al 94.8 wt.%, Mg 4.8 wt.%, Ti 0.4 wt.%, with an average
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particle size of 90 μm, was used as a starting material. It is well known that Al–Mg alloys are
characterized by a combination of satisfactory strength, good ductility, very good weldabil-
ity and corrosion resistance [36]. Titanium in Al alloys also enhances microstructural and
mechanical properties, including specific strength, oxidation and corrosion resistance [37].
Sodium chloride (supplier LenReactiv JSC, Saint Petersburg, Russia) with average particle
size 500–1000 μm, was used as a space holder for SPS. The weight ratio of the aluminum
powder to NaCl was determined to be 10:90 and the volume ratio 8:92. To select the optimal
weight ratio of aluminum powder content and porosity of the final Al foam, mixtures with
a content of 5% and 10% were prepared and foams with the same sintering conditions
were made. In the case of 5%, the sample retains its shape, but begins to crumple with a
slight pressure with tweezers, in the case of samples of 10% this is not observed. The spark
plasma sintering method is schematically presented in Figure 2. In general, the process
consists of 4 steps: mixing the aluminum powder and sodium chloride, pressing, sintering,
and leaching in water. Firstly, the aluminum powder and space-holding material were
mixed in the vibrating mixer (C50.0 Vibrotechnik LLC, Saint Petersburg, Russia) for 90 min.
After the ingredients were homogeneously mixed, the resulting powder was pressed in
graphite mold at a pressure of 5 MPa. Then, sintering was carried out on the equipment for
spark sintering FCT system HPD 25 with the following parameters: sintering temperature
550 ◦C, pressure 38 MPa, sintering time 5 min, pulse duration 2–4 ms, pause duration 2 ms.
The sintered sample after the sintering was placed into hot water for 12 h to leach out the
embedded sodium chloride particles, to obtain the aluminum foam with porous structure.

Figure 2. Schematic illustration of spark plasma sintering (SPS) method.

2.3. Sponge Replication Technique

The commercially available aluminum powder with purity 99% and with particle size
<10 μm was used (ASD6, supplier Normin LTD). The aluminum powder was mixed with
earlier-prepared 0.4 wt.% cornstarch solution in distilled water. Cornstarch is a binder in
this solution. The content of Al powder in final dispersion was 80 wt.%. The dispersion
was mixed by using an ultrasonic bath to make it homogeneous. This method consists
of 3 steps: (1) coating a polyurethane (PU) sponge with a powder slurry; (2) burning the
PU and binder out; (3) final sintering of the foam. The schematic illustration is below in
Figure 3. An open-cell polyurethane foam cylinder (Polinazell PPI 20. supplier United
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Service Company LLC, Chicago, IL, USA) with a height of 3 mm and a diameter of 19 mm
was used as a template.

Figure 3. Schematic illustration of replication technique.

As a first step, the PU foam was drowned into previously mentioned dispersion,
soaked for 5 min, and then the excess was removed by mechanical wringing. After this
step, the dispersion-coated template was dried for 17 h in a vacuum at a temperature of
95 ◦C. Further, the sample was placed in a tube electric furnace to burn out the PU foam
and binder. The final thermal processing step was carried out also in a tube electric furnace.
All burning and thermal processes were conducted in the Argon atmosphere, the flow
rate was 40 mL/min. The conditions of processing are listed below in Table 1. Due to the
cooling effect of Argon flow, the sintering temperature is higher than the melting point of
aluminum.

Table 1. Conditions of binder and PU burning and sintering of aluminum foam sample.

Conditions Binder Burning PU Burning Sintering

Initial temperature, ◦C 20 470 520
Final temperature, ◦C 470 520 690

Heating time, min 60 25 20
Holding time, min 0 0 480

2.4. Characterisation

The morphology, microstructure, and chemical composition of the samples were
studied using Mira 3 Tescan scanning electron microscope with an EDX Oxford Instruments
X-max 80 energy dispersive detector for X-ray spectroscopy. X-ray phase analysis was
carried out on a Bruker Advance D8 diffractometer in the range of angles from 25◦ to 85◦
with a step of 0.02◦ and an exposure of 1.5 s at each step. The wavelength was 1.5406 Å.
The lattice parameters were measured by the Le Bail method using software TOPASS. The
particle size (PS) distribution of the powders was studied using a Fritsch Analysette 22
NanoTec plus laser diffraction unit. To calculate the particle size distribution, the Fraunhofer
model was used. The electrical conductivity was measured using an AKIP-2101 voltmeter,
a GPD-74303S current source, and a FLUKE-289 multimeter. Mechanical compression tests
of the specimens were carried out on a Zwick/Roell Z100 testing machine.
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3. Results and Discussion

3.1. Aluminum Foam Formation

In Table 2 different conditions of sintering are demonstrated. First, it is worth noting
the fact that at a temperature of 600 ◦C and a pressure of 19 MPa and above, aluminum
powder melts and flows out of the mold. At 500 ◦C, and pressure 38 MPa and below,
spherical non-deformed particles are observed, which indicates worse sintering. however,
at pressure above 38 MPa the powder starts to melt. The best results of sintering were
obtained at temperature 550 ◦C and pressure 38 MPa.

Table 2. Different conditions of spark plasma sintering method.

Pressure/
Temperature

19 MPa 29 MPa 38 MPa 48 MPa 57 MPa

500 ◦C Not sintered Not sintered Not sintered Melted Melted
550 ◦C Not sintered Partly sintered Sintered sample Melted Melted
600 ◦C Melted Melted Melted Melted Melted

In Figure 4 the obtained samples of aluminum foam are presented. Figure 4a is the
SPS sample, and Figure 4b is the replication sample. At first glance, it seems that the SPS
sample has more open porosity than the sample fabricated by replication technique; in the
next subsections the physicochemical and mechanical properties are considered in more
detail. The shape and size of the samples were selected on the basis of further research as
current collectors in lithium-ion batteries. The diameter and height of the samples should
be no more than 20 mm and 2 mm, respectively, so that they can be placed in the CR2032
case for further testing.

Figure 4. Obtained open-cell aluminum foam by SPS (a), by replication method (b).

3.2. Morphology and Microstructure Analysis

Figure 5 shows the surface morphology of a sample obtained by the method of spark
plasma sintering. The sample has a cellular structure with open porosity. It is apparent
that the material has a homogeneous structure with a pore diameter of about 600 μm. It is
possible to control the pore diameter of fabricating foam by choosing different fractions of
space holding material—sodium chloride.
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Figure 5. SEM image of foam obtained by SPS method: (a) general view, (b) pore size investigation.

Figure 6 shows images of the original polyurethane sponge and a sample of aluminum
foam obtained by the replication method. The sample has open porosity. The pore diameter
is in a wide range (300–1000 microns) and it is comparable to the pore size of the PU sponge.
Small pores can be seen on the replication sample due to the incomplete repetition of the
template relief, which is justified due to the high viscosity of the suspension.

 

Figure 6. SEM image of PU sponge (a) and obtained foam by replication technique (b).

From EDX spectra (Figure 7b) it can be concluded that spreading of alloy elements in
the SPS sample after sintering is uniform, and the amount of sodium and chlorine is less
than 1 wt.%; the presence of sulfur is due to its impurity in the composition of the salt. The
results of the replication sample EDX analysis of Figure 7d represents that the chemical
composition after thermal processing is characterized by 70.8 wt.% aluminum, and a large
amount of the oxygen is recorded as well. However, this method gives a large error when
measuring the number of light elements.
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Figure 7. SEM image (a,c) and corresponding energy-dispersive X-ray spectroscopy spectra (b,d) of
SPS sample (a,b) and replication sample (c,d).

Figure 8 shows the diffraction patterns of Al alloy powder (a), Al powder (b), the
sample obtained by the SPS (c), and by the replication method (d). The main peaks of all
diffraction patterns are indexed by the cubic Al phase (PDF 03-065-2869) with the space
group Fm-3m. The unit cell parameters obtained by the Rietveld method are presented
in Table 3. In the sample obtained by the replication method, the presence of the γ-Al2O3
phase is observed.

Table 3. Unit cell parameters were obtained by the Le Bail method.

Sample Al Alloy Powder Al Powder SPS Replication

a, Å 4.062 4.049 4.062 4.051
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Figure 8. Diffraction patterns of Al alloy powder (a), Al powder (b), SPS sample (c), and replication
sample (d).

3.3. Porosity

The density of the aluminum foams was determined by hydrostatic weighing (Archimedes
method). As a first step, the samples were weighed in air, then they were coated with
paraffin to prevent the fluid from entering inside the foam pores. After this step, the samples
were weighed in air and further in ethanol, the density of which amounts to 0.785 g/cm3 at
25 ◦C. The relationship between the porosity Pr (%) of the aluminum foam and the relative
density (ρf/ρs) of the foam are presented in Equation (1), where ρf and ρb represent densities
of the foam sample and bulk aluminum (about 2.7 g/cm3), respectively. The density of the
aluminum foam was determined by hydrostatic weighing. The measurements of samples
densities and porosity are presented in Table 4.

Pr =

(
1 − ρ f

ρb

)
× 100 (1)

Table 4. The measurements of density and porosity of aluminum foam.

Sample
Dry Weight,

g

Dry Weight
with

Paraffin, g

Underwater
Weight, g

Density,
g/cm3 Porosity%

SPS 0.278 0.621 0.125 0.45 83%
Replication 0.328 0.783 0.164 0.42 85%

3.4. Electrical Conductivity

The electrical conductivity of samples was determined by measuring the resistance
using the 4-wire testing method. Electrodes for measuring the potential difference were
installed directly on the sample with a constant distance between electrodes (10 mm) for
each measurement. The accuracy of measuring the potential difference with the used device
was 0.01%.

To determine the resistance of the samples, a direct current was applied. The accuracy
of the applied current was ±0.5%. To clarify the measured results, the current was measured
with an ammeter with an error of no more than ±0.2%. The potential of aluminum foil
and samples was measured. Aluminum foil is a frequently used material as a cathode
current collector in lithium-ion batteries. In this test, it was used as a reference to compare
with. The diameter of the foil was 20 mm, the thickness, 14 μm. For each sample, three
measurements were taken at different locations. The resistance of the samples for each
measurement was calculated using Ohm’s law equation. The results of the measurements
are presented in Table 5.
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Table 5. The resistance measurement of samples by using the 4-wire testing method.

Sample
(Measurement)

Applied
Current, A

Measured Potential
Difference, V

Calculated
Resistance, Ohm

Aluminum foil 1 0.149 0.002 0.013
Aluminum foil 2 0.151 0.002 0.013
Aluminum foil 3 0.148 0.001 0.007

SPS 1 0.153 0.001 0.006
SPS 2 0.157 0.002 0.012
SPS 3 0.156 0.001 0.006

Replication 1 0.151 47.291 313.185
Replication 2 0.155 49.517 319.464
Replication 3 0.148 46.536 314.432

The key factors affecting the electrical conductivity of the samples are the degree of
sintering and the amount of aluminum oxide on the surface of the samples. The determina-
tion of the electrical conductivity of the samples showed results consistent with the X-ray
analysis—the sample obtained by replication technique has the worst electrical conductiv-
ity, which can be explained by the formation of aluminum oxide film on the sample surface
and the surface of grains. In addition, the calculated resistances of aluminum foil and SPS
sample gave us an understanding that the SPS sample is the closest in electrical conductivity
to aluminum foil. The obtained results demonstrate that the SPS sample obtained due to its
properties is better for application as a three-dimensional current collector than the sample
obtained by replication.

3.5. Mechanical Properties

The compression stress–strain curves of the obtained samples are shown in Figure 9.
The dimensions of samples were: diameter—19 mm, height—2 mm. Three samples of each
obtaining method were taken for the compressive test. For both samples, coefficient of
variation was calculated. The average coefficient of variation for SPS samples was 12%,
and for replication samples was 13%.

Figure 9. Compression strain curves for aluminum foams: SPS sample, replication sample.
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The stress–strain curves of the SPS sample are characterized by three distinct regions
(designate by solid lines). The first region is an elastic region characterized by a linear
elastic region at very low deformation without peak stress. The second area is the plateau
area on which pores collapse (destruction of the bridges), which may indicate the growing
deformation without increasing pressure. Fluctuations of the curve in this area can be
associated with the uneven distribution of pores in the sample. The third area is the area of
compaction, where a sharp increase in compressive stress occurs.

The stress-strain curve of the replication sample is characterized by four regions
(designate by dash lines). The first region is the region of elastic deformation; relative to the
SPS sample, the region of elastic deformation ends at a lower pressure. In the second region,
the pressure decreases with the continued growth of deformation, which may indicate not
plastic compression of the bridges, but their brittle fracture. This behavior is demonstrated
by all samples. The brittle fracture occurs due to the presence of aluminum oxide in the
sample. The third region is less pronounced than for the SPS sample due to the smaller
amount of aluminum in the sample. In the fourth region, the same process occurs as in
region three for the SPS sample.

For the samples, the adsorbed energies were also compared during mechanical
strength tests. Due to the small thickness of the sample, the tests were carried out without
using an extensometer, which would not allow the calculation of the nominal adsorbed
energy. However, it is admissible to compare the adsorbed energies of the two samples.
The calculation of the adsorbed energies was carried out according to the method presented
in the article [38]. The ratio of the adsorbed energies of the samples (a)/(b) was 5.24. This
value shows that, upon compression, sample (a) absorbed 5.24 times more energy, which
also indirectly indicates the metallic structure of sample (a) and the nonmetallic structure
of sample (b).

3.6. Properties Comparison of Samples

Babcsán et al. have used the foam in their studies, manufactured by the batch casting
process. It is possible to obtain aluminum foam with closed porosity by this method. The
main difference between our method and theirs is that we pursued the goal of obtaining
open-cell aluminum foam. Additionally, our research is distinguished from the Babcsán
research since no additives were used in the foam production. In their method, calcium
and titanium hydride were used as thickener and foaming agent, respectively. Using
our method, as a result, we obtained a sample with a minimum content of impurities.
Impurities, which were found by EDX analysis, also were present in the initial materials.

The comparison of samples is presented in Table 6. The low conductivity of the SPS
sample can be explained by incomplete sintering of powder during the formation of the
sample. The replication sample result was previously explained: the large amount of
aluminum oxide has influence on the conductivity.

Table 6. Properties comparison of open-cell aluminum foams.

Property
Babcsán, N et al.

Sample [39]
SPS Sample

Replication
Sample

Porosity, % 83 83 85
Density, g/m3 0.46 0.45 0.42

Electrical conductivity, S/m 3.43 × 106 1.39 × 104 3.18 × 10−1

4. Conclusions

Open-cell aluminum foams were successfully obtained by two various methods:
spark plasma sintering and replication on polyurethane template. The porosity of final
samples was 83% and 85%, respectively. According to the investigations carried out on
the microstructure and morphology, electrical conductivity, and mechanical properties of
obtained samples, we can conclude that the sample obtained by the replication method has
more aluminum oxide film on its surface than the SPS sample. The consequence of this fact
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is the lower electric conductivity of the replication sample. The electrical conductivity of
the SPS sample is comparable to the aluminum foil. This fact allows us to assume that the
electrochemical behavior of the SPS sample will be similar to the foil as a part of lithium-ion
batteries. Mechanical tests of the foams also demonstrated the presence of a brittle phase
in the replication sample. The SPS sample showed metallic properties and determined
sufficient mechanical strength. Due to investigated properties of the SPS sample, it is
evident that the spark plasma sintering method is the most promising way to produce
open-cell aluminum foam for further use in lithium-ion batteries.

The future research plan is to find the optimal balance of temperature, pressure and
sintering time in order to improve the processing mode of the SPS method. Additionally,
the further improvement of the samples’ characteristics is possible by using fluxes, which
limit the oxide film growth and improve the sintering of the aluminum particles. The next
step is to assemble mock-ups of CR2032 batteries to study the influence of a new type
of current collector on batteries’ behavior using cyclic voltammetry and electrochemical
impedance spectroscopy methods.
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Abstract: Avalanche cascades of magnetic flux have been detected at thermomagnetic instability of
the critical state in the plates of Nb-Ti alloy. It was found that, the magnetic flux Φ enters conventional
superconductor in screening regime and leaves in trapping regime in the form of a multistage
“stairways”, with the structure dependent on the magnetic field strength and magnetic history, with
approximately equal successive portions ΔΦ in temporal Φ(t) dependence, and with the width
depending almost linearly on the plate thickness. The steady generation of cascades was observed
for the full remagnetization cycle in the field of 2–4 T. The structure of inductive signal becomes
complex already in the field of 0–2 T and it was shown, on the base of Fourier analysis, that, the
avalanche flux dynamic produces, in this field range, multiple harmonics of the electric field. The
physical reason of complex spectrum of the low-field avalanche dynamics can be associated with
rough structure of moving flux front and with inhomogeneous relief of induction. It was established
that the initiation of cascades occurs mainly in the central part of the lateral surface. The mechanism
of cascades generation seems to be connected to the “resonator’s properties” of the plates.

Keywords: hard superconductors type II; thermomagnetic instability; avalanche flux dynamics;
screening and trapping regimes; cascades of flux

1. Introduction

Magnetic properties of hard type-II superconductors are usually described in the
frames of Bean critical state model [1,2]. In this model, the superconductor volume is
screened by a current of the critical density, jc. In increasing external magnetic field,
magnetic flux enters into the superconductor’s volume as a series of tiny flux jumps
of different scales [3]. These jumps allow to relax the critical state and were studied
experimentally [4,5].

In the terms of thermodynamics, the critical state is metastable. At certain conditions,
small fluctuation of an external magnetic field, temperature, or tiny magnetization fluc-
tuations in superconductor may lead to appearance of a catastrophic thermo-magnetic
avalanche [6,7]. Magnetic flux jumps and accompanying heat release are the phenomena
commonly observed both in conventional and in high temperature superconductors [8].
During the thermo-magnetic avalanche, the magnetic flux enters/exits into/from super-
conductors abruptly and magnetic moment decreases sharply. The temperature range,
in which the critical state is unstable, is determined by the material parameters and can
reach the temperatures as high as ten Kelvin. Low temperatures, where the critical current
density increases significantly, are especially interesting for practical application. However,
in this case, the instability of the critical state increases strongly too, leading to a giant flux
avalanches.

An experimental study of avalanche flux dynamics, in particular, visualization of mag-
netic field penetration patterns, began more than fifty years ago [9–13]. Direct observation

Materials 2022, 15, 2037. https://doi.org/10.3390/ma15062037 https://www.mdpi.com/journal/materials
181



Materials 2022, 15, 2037

with high speed cinematography of the flux distribution and its change in time over the
entire surface of a superconducting sample made it possible to study the kinetic of flux
jumps. Particular attention was paid to the study of the flux front velocity, both in pure
metals and in alloys [10–14]. It was found that the flux front velocity for conventional
superconductors is of an order of tens of meters per second [11,14]. At the same time, the
structure of magnetic flux avalanche spot in disks was found to be very diverse: from
circular spots [12] to flux fingers and “dendrite-like” structures (“irregular” jumps [13]) in
inhomogeneous bulk superconductors. Here, “irregular” jumps are the jumps leading to a
complex, irregular distribution of the magnetic flux in the superconductor. The analysis of
the visualization patterns of the flux dynamics, presented in the above papers, allowed,
within the framework of Bean’s concept, to understand the mechanism of local inversion of
the surface self-field in the volume of conventional NbTi superconductor [15,16] and the
complete inversion of the magnetic moment in the YBa2Cu3O7−δ single crystal [17].

Avalanche flux dynamics in thin films, with penetration field depth greater than their
thickness, attracts special attention because of several phenomena, recently discovered
by means of magneto-optic, including dendritic flux patterns [18–24]. Such avalanches
consist of sharp impulses of the magnetic flux rushing into the specimen. The “branches”
of dendritic structures repel each other as they grow. Numerical simulations of the vortex
avalanches in superconducting films confirmed a phenomenon of magnetic flux fragmenta-
tion [25,26], occurring when the hot spot of the thermomagnetic avalanche reflects from
inhomogeneities or the boundary, on which magnetization currents either vanish or change
direction. As a result, thermomagnetic avalanche produce complex flux patterns similar
to dendrite.

Variation of Nb film geometry extended diversity of magnetic flux structures that
penetrate superconductor during avalanches. One of such structures is referred to as “huge
compact avalanches” [27] and it is different from dendrites. A recent study found an
unambiguous relationship between the size and shape distributions of avalanches and
thermomagnetic conditions of instability development [28]. It was established that the
transition from a curved “finger-like” structure of avalanche at low fields to a dendritic one
at higher fields allows dividing the regimes of dynamical process, where either thermal or
magnetic diffusivity prevail.

In addition to the variety of avalanche structures, the study of the dynamic properties
of the flux led to an unexpected result: the dendrite front propagation reaches the velocity
up to 160 km/s [18,22]. An impressive experimental fact, discovered recently, is the rate of
nanoportions of the flux, the Abrikosov vortex, penetrating into the superconducting Pb
film [29,30] or into the Nb-C superconductor [31], being up to tens of kilometers per second
and exceeding the theoretical estimates of pair breaking speed limit for superconducting
condensate. Moreover, as it was shown, calculating the electromagnetic response of a
nonequilibrium superconducting state, much lower velocities of the superconducting
condensate lead to the appearance of multiple harmonics of the electric field [32], which
means that the condensate dynamics is a highly nonlinear process. These results indicate
that the study of the dynamic properties of magnetic flux helps to uncover unknown
properties of the superconducting state. However, limited attention only was paid to the
effective mass of Abrikosov’s vortex [33–35], which can manifest itself, for example, in the
experiments with circular dichroism of far-infrared light [36].

The purpose of current research was to establish the regularities of dynamic processes,
occurring in a superconductor, when the path length of the finger-shaped avalanche is
significantly limited by the size of the superconductor, i.e., it was supposed to implement
the conditions of the “resonator” for a directed electromagnetic shot in the plates of the
most popular hard superconductor. We present, here, an evidence of a multi-step “stairway”
structure of magnetic flux dynamics at the thermomagnetic avalanches in the volume of the
plates of conventional NbTi superconductor, being the number one material in the world
in the terms of wide application. The width of the step, depending on the thickness of
the plate, was determined in inductive measurements. The phenomenon of multi-steps
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magnetic flux dynamics was observed, both at the flux avalanche entry (screening mode)
and at its exit (trapping mode). Spectral analysis of the structure of inductive signal allowed
us to characterize the avalanche flux dynamics in the entire region of instability of the
critical state, and to establish the region of magnetic fields where steady state generation of
cascades is realized. The experimental observation of multi-step “stairway” structure of
magnetic flux dynamic at avalanches is reported here for the first time.

The experimental results presented here demonstrate the new dynamical properties,
appearing during thermomagnetic avalanches, in the plates of type II superconductors.
It was found that, the magnetic flux enters conventional superconductor in screening
regime and leaves in trapping regime in the form of a multistage “stairways” (cascades),
with the structure dependent on the magnetic field strength and magnetic history, with
approximately equal successive portions in temporal dependence, and with the width
depending almost linearly on the plate thickness. The mechanism of cascades generation
seems to be connected to the “resonator’s properties” of the plates.

2. Experiments and Materials

Time resolved measurements were performed with the aid of different type of induc-
tive sensors, where a voltage (Ucoil (t)~dΦ/dt, t—time) caused by the avalanche flux jump
was induced. Figure 1a shows flux jump at T = 1.7 K in Nb disc, frozen in the form of
“fingers”. Figure 1b–d shows the arrangement of pickup coils on superconducting plate for
the avalanche registration: in the whole plate’s volume (b), on the three height levels (c),
and in the magnetic stray field (Lext) (d). Time-dependent voltage Ucoil (t) was registered
with NI DAQ 6115S (National Instruments, Austin, TX, USA) (data acquisition board)
simultaneously in four channels with time resolution of ~10−7 s. External magnetic field
(Hext) applied in direction parallel to the plate was swept with the rate of 0.6 T/min and
local magnetic induction (Bsurf) at the center of the sample surface was measured with Hall
sensor. The magnetization M of superconducting plate was determined by the difference
between local and external magnetic field induction, μ0M = Bsurf − μ0Hext. The specimen
was immersed in liquid helium bath and the temperature down to 2 K was reached in
pumped helium.

Figure 1. (a) Flux jump frozen in the form of “fingers”; Nb disc, T = 1.7 K (Figure 1a from Ref. [13]).
The arrangement of pickup coils on superconducting plate for the avalanche flux registration: (b) in
the whole plate’s volume, (c) on three height levels, and (d) in magnetic stray field (Lext). Hall sensor
line and probe for magnetic induction (Bsurf) measurement are presented in (b,c); Ucoil (t)—voltage
on the pickup coil; CP is the central part, where the avalanches are mainly triggered.

Initial plate with the size of 20 × 14 × 7 mm3 has been cut from extruded cylindrical
rod of NbTi 50 at% alloy with diameter of 15 mm. Hot extrusion of Nb-Ti 50% alloy was
carried out according to the standard technology [37] through a deformation of matrix
at a temperature of 750 ◦C along the route from Ø 50 mm → Ø 15 mm (Ø—diameter of
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the rod) with a draw value R = Sbefore/Safter ≈ 11, where Sbefore and Safter are the areas of
the sample sections before and after deformation, respectively. The side surfaces of the
plate were ground with diamond (corundum) powder in order to remove the layers of the
material strongly deformed during cutting. Such procedure was repeated at each stepwise
thinning of the plate to the required thickness d. The pickup coils were close-wound with
0.1–0.2 mm diameter of copper wire and consisted of 15–100 turns.

3. Results and Discussion

The salient features of the manifestation of thermomagnetic avalanches in the plates
at 2 K are their realization in the form of a multistage “stairway” manner of magnetic
flux dynamics (Figure 2a,b). One example of the voltage Ucoil(t) signal inherent to a
cascade induced on a pick up coil at the avalanche in trapping regime is presented in
Figure 2a (2nd quadrant of hysteresis loop on Figure 2e, Jump 34). The signal consists
of a series of regularly spaced impulses (portioned avalanches) and shows a multi-step
“stairway” structure of magnetic flux dynamic [Φ(t)], received as a result of integration
of voltage Ucoil(t) curve (Figure 2b below Figure 2a). Thus, the magnetic flux enters (in
screening regime) or leaves superconductor (in trapping regime) in “steps-like” manner
(Figure 2b). Such well-structured cascades are observed at the temperature of 2 K for plates
of different thicknesses with d = 2.7–6 mm in a certain region of the magnetic field, marked
with rectangles and arrows on the hysteresis loops M(Hext) (Figure 2d–f, right column).
Remagnetization loop at 4.2 K for the plate with thickness of 6 mm—for comparison with
M(Hext) curve at 2 K—is shown in Figure 2c.

Figure 2. (a) The voltage Ucoil(t) at the flux cascade in a trapping regime [Jump 34 on hysteresis
loop (e)]; (b) time-integrated voltage Ucoil(t)—a multi-step “stairway” structure of magnetic flux
Φ(t)); (d–f) remagnetization curves M(Hext) for the plates with the different thickness: (d) d = 2.7 mm,
(e) 4 mm, (f) 6 mm at the temperature of 2 K; the ranges of cascades are shown by the rectangles and
arrows on hysteresis loops. (c) Hysteresis loop at 4.2 K, d = 6 mm.

184



Materials 2022, 15, 2037

Figure 3 presents a panorama of the voltage impulses structures Ucoil(t) at 2 K, induced
on a pick up coil at the flux cascades, originating for the plates with various thickness, i.e.,
with thickness of 2.7 mm (a), 3.1 mm (b), 4 mm (c), and 6 mm (d). Left side of each figure
contains cascades in screening mode (1st quadrant) and the right one in trapped mode (2nd
quadrant). The most regular step-like structures were found for the plates with diameter of
2.7 mm, 3.1 mm, and 4 mm. Nevertheless, the step-like structure is also visible in a narrow
range of magnetic fields for the plate with a diameter of 6 mm (Figure 3d). The maximal
number of steps in the cascades was found for magnetic field in the range of 2–4 T.

Figure 3. A panorama of the voltage impulses Ucoil(t) at the flux cascades for the plates with various
thickness: 2.7 mm (a), 3.1 mm (b), 4 mm (c), and 6 mm (d). Each panel presents cascades recorded
in four various fields and in the left column there are cascades in screening mode (1st quadrant of
hysteresis loops) while in the right one—in trapped mode (2nd quadrant).

3.1. Evolution of the Structure of Cascades at the Change of Magnetic Field

Screening regime. Time evolution of the voltage impulses Ucoil(t) at T = 2 K at the
avalanches with increasing magnetic field in screening regime, measured after cooling
in zero magnetic field (ZFC—zero field cooling), for the 1st quadrant in the plate with
d = 2.7 mm, is shown in Figure 4a. Amplitude of the signals presented was normalized
to the maximal peak value Umax

coil for each cascade. The absolute value of voltage im-
pulses decreases exponentially with increasing external magnetic field, as it is presented in
Figure 4b. The structure of the avalanche is relatively simple for the first and for the last
jump: only one single peak of voltage was found, as it is seen in Figure 4a.

185



Materials 2022, 15, 2037

Figure 4. (a) Evolution of the normalized voltage impulses structure Ucoil(t)/Umax
coil at the avalanche

during the increase of magnetic field; (b) the amplitude of voltage impulse vs magnetic field and
exponential fitting to the experimental data: d = 2.7 mm, T = 2 K; (c) the voltage impulse at first flux
jump: T = 4.2 K, μ0Hext = 0.57 T, d = 4 mm. Screening regime; ZFC.

However, for the first avalanche already, the process of excitation or triggering of cas-
cades of avalanches is observed (Figure 5a), despite that, the “oscillations” U(t) associated
with this process are still weakly expressed. With increasing magnetic field, the voltage
impulse expands into a shape of a crown with numerous peaks at the fourth avalanche
(Figure 5b), and the step structure of the flux becomes apparent. In stronger fields, the
“crown” is transformed into a structure of clearly separated, isolated avalanche impulses
(Figures 3a and 4a). It means that, the whole avalanche, occurring in the period of several
tens of milliseconds, exhibits a multi-step structure, i.e., the magnetic flux enters (leaves) in
approximately equal, successive portions ΔΦ, the number of which can reach the value of
ten (Figures 2b and 3). The range of magnetic field between 2 and 4 T may be defined as a
range of steady state of cascades generation. It should be noted that duration of entering of
each individual portion of the flow ΔΦ in the cascade is the same as in the single avalanches
that are observed at the beginning and at the end of the region of instability of the critical
state (Figure 4a). The nucleation of cascades is shifted into stronger magnetic fields with
thickening the plate to d = 3.1 mm (Figure 5c).

It should be noted that with an increase in temperature to 4.2 K, the signal from the
excitations of the cascades is practically not observed on the avalanche pulse (Figure 4c,
d = 4 mm). At the same time, one can see, on the trailing part of the signal, a certain
sequence of small peaks of the flux entry.
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Figure 5. (a–c) The voltage impulses Ucoil(t) (left ordinate) and magnetic flux Φ(t) steps (right
ordinate) at the avalanches: (a) first jump (μ0Hext = 0.54 T), (b) fourth jump (μ0Hext = 1.44 T) for the
plate with thickness d = 2.7 mm; (c) fourth jump (μ0Hext = 1.56 T), d = 3.1 mm; ZFC, screening regime
(1st quadrant), T = 2 K.

3.2. The Flux Step-Like Structure in Avalanche Cascades

Periodicity analysis. To study the patterns of stepped structure of the flux Φ(t) (Figure 2b)
under the influence of external factors, its derivative Ucoil(t) should be analyzed, which
allows to consider changes in the repetition period T of individual avalanche pulses (flux
portions) in a cascade, or to analyze their characteristic frequencies F (pulses) of their
repetition. For simple harmonic signals, this is, in principle the same, since the relationship
between these quantities is trivial: T = 1/F. In the case of the studies performed here, it is
not always easy to visually determine the period from the signal structure. This is especially
true for the region of relatively weak magnetic fields −1.5 T–0–+1.5 T in the second and
third quadrants.

Let us first consider the periods Tc between peaks of voltage Ucoil(t) in cascades for
different forms of studied signal. In Figure 6a,c and Figure 7a,c, some characteristic and
their detailed analysis, for 2.7 mm and 3.1 mm samples, respectively, are shown, with
the voltage impulse Ucoil(t) (left ordinate) inherent to a cascade at the avalanche, and
a multi-step “stairway” structure of magnetic flux Φ(t) (right ordinate) in a screening
(a) and a trapping (c) regime. Two types of signals have been selected here: in the first
case (a) avalanche impulses overlap slightly (the end of the “crown”, Figure 4a), in the
second—Figure 6c—avalanche impulse are spaced (separated) in time. The latter case
is typical for avalanches in strong magnetic field, near the boundaries of the region of
instability of the critical state.

The periods Tc between jumps in cascade vs number of impulses n (or steps) are
shown in the main frame of Figure 6b,d, left ordinate. As follows from presented data,
the screening and trapping regimes Tc increase over time in both cases. The experimental
points are scattered around the straight lines, constructed with least squares method. The
values of the frequency pulse FT = 1/Tav in cascades (Tav is the average period) are given
below the lines. Importantly, a similar period is observed in three quadrants for the plates
of different thicknesses, in the range of steady state of cascades generation.

The increase in the Tc period with time can be associated with an increase in the
dissipation of the induction-current system in the critical state as the flux enters the super-
conductor. Such increase is characteristic for oscillatory with an increase in the attenuation.
Structured cascades with a uniquely visually identified frequency rarely appear during
magnetization reversal in the range of 0–±1.5 T, in the second and third quadrants. Here,
avalanches exhibit, mainly, a complex structure. An example of the signals for a plate with
a thickness of d = 3.1 mm, where it is difficult to visually assess the main period of Tc and
the corresponding frequency, is presented in Figure 7c. Here, spectral analysis helps to
establish the frequency components of the spectrum and, if necessary, to determine the
appropriate periods.
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Figure 6. (a,c) The voltage impulse Ucoil(t) at the avalanche in screening (a) and in trapping (c) regime
(left ordinate) and multi-step “stairway” structure of magnetic flux Φ(t) (right ordinate); (b,d) main
frame—periods Tc between jumps in cascade vs number of jumps n. The duration of separate
flux impulses in the cascade is given by bottom line in (d). Data for the magnitude in fast Fourier
transformation of signal Ucoil(t) are presented in the inserts (b,d); d = 2.7 mm, T = 2 K.

Spectral analysis. With an increase in the magnetic field, the structure of avalanche
pulses passes smoothly from a single pulse with small oscillations (Figure 5a) to almost
periodic oscillations limited in time (Figure 3). Proper analysis of the data requires infor-
mation on the amplitude and frequency of the signal spectrum components, i.e., on the
amplitude-frequency spectrum and thus, fast Fourier transformation (FFT) from the Origin
program (OriginLab Corporation, Northampton, MA, USA) was utilized in the analysis of
the Ucoil(t) spectra in the entire region of instability of the critical state. The characteristic
FFFT frequencies in the signal spectrum, determined with this package and compared with
the values of the pulse repetition frequency FT, obtained directly from the average period
Tav, exhibited its good efficiency (see, the inset in Figure 6b,d and Figure 7b,d—the ampli-
tude spectra of avalanche signals with characteristic FFFT frequencies). The values of the
pulse frequency gained from the average period FT for plates with a thickness of d = 2.7 mm
and 3.1 mm, are presented in Figures 6 and 7, respectively. The spectrum component with
the maximum amplitude presented in Figure 6b corresponds to the frequency Fma = 952 Hz,
which is in good agreement with the frequency value estimated from the average period:
FT = 927 Hz. The spectrum shown in the inset in Figure 6d is more complex. Here, there
is a fundamental frequency Fma = 470 Hz with a maximum amplitude, which practically
coincides with the frequency FT = 487 Hz. In addition, the spectrum contains two more
components, the amplitude of which exceeds the amplitude level of 50% of the fundamental
harmonic. A good agreement of spectral analysis is presented in Figure 7: Fma = 724 Hz
and FT = 730 Hz (b) and Fma = 551 Hz and FT = 564 Hz (d).
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Figure 7. (a,c) The voltage impulse Ucoil(t) at the avalanche in trapping (a) and screening (c) regime
(left ordinate) and multi-step “stairway” structure of magnetic flux Φ(t) [right ordinate in (a)];
(b,d) magnitude data from fast Fourier transformation of signal Ucoil(t); d = 3.1 mm, T = 2 K.

It should be noted that the signal Ucoil(t) presented in Figure 7c exhibits a spectrum
with three component frequencies (Figure 7d), with similar amplitude values. This is
definitely due to the strong beats in the signal. Apparently, the presence of such frequency
components, with close amplitude values, leads to “jumps” in the experimental depen-
dences of the Tc periods vs number n (Figure 6b,d) around the approximating straight
lines. The data indicate that the harmonic Fma, with the maximum amplitude in the signal
spectrum, is suitable for analyzing the effect of external influences and parameters of a
superconducting plate on the phenomenon of multi-steps magnetic flux dynamics in the
entire region of instability of the critical state.

The results of studying signals from avalanches for three quadrants in a plate with a thick-
ness of 3.1 mm are shown in Figure 8 and the features of the hysteresis loop M(Hext)
associated with the excitation of cascades are shown in Figure 8a. A stepwise decrease in
the amplitudes of magnetization jumps ΔM is clearly expressed in the region of cascades for
three quadrants of hysteresis loop and for all thicknesses (Figure 2d,e), which is a result of
the excitation of cascades. This is evidenced by magnetic field dependence of the avalanche
duration Δt(H), shown in Figure 8b (main frame) and by their structures in the region of
the amplitude step in field dependence of magnetization. The avalanches in this place
[inserts into (b), jump 5 and 6] undergo threshold changes. During the sixth avalanche, the
origin of multistage nature of the flux dynamics sharply increases, while the duration of
the avalanche suddenly increases by three times, and the incoming flux is divided into six
portions spaced in time (jump no. 6). The explanation of the step in magnetization is quite
simple. Step-like behavior is associated with a change in the localization of the avalanche
spot of the incoming flux and with Hall sensor method of induction measurements, where
a local field change at the center of the surface is registered. During avalanche no. 5, the
magnetic spot was located mainly in the central part, under the sensor. In the case of
cascades (avalanche 6), the magnetic flux was dispersed like a comb of six teeth along
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the entire side of the plate. In this case, the level of induction under the sensor becomes
significantly smaller.

Figure 8. (a) Remagnetization curve M(Hext) of superconducting plate; the ranges of steady state
cascades generation are shown by the rectangles and arrows. (b) Main frame—the duration of
avalanches Δt(Hext) in screening mode; insert—the structure of jump 5 and jump 6. (c) Main frame—
frequencies Fma with the maximal amplitude in specters of signals vs. magnetic field for different
quadrants; inserts—the voltage impulses induced at avalanches in fields μ0Hext = 1.56 T and 0.73 T
(2nd quadrant) and −0.32 T (3rd quadrant). (d) Main frame: the frequencies Fma marked by asterisk
(�) and frequencies of components with the amplitude closest in the value vs magnetic field marked
by full circles (•); insert—the structure of signal in field μ0Hext = 2.01 T with two characteristic
pronounced frequencies, 1040 Hz and 674 Hz, marked by crossed open circles (⊕), 2nd quadrant.
d = 3.1 mm, T = 2 K.

Here, it is appropriate to emphasize practical implication of the importance of phe-
nomenon of cascades at avalanche in the volume of superconductors: the incoming
avalanche flux is dispersed in time and becomes non-localized in high field region. One
of the main problem challenges in superconducting applications is to avoid thermomag-
netic breakdown of critical state (quench) and as a result, the sudden disappearance of
beneficial properties. To avoid creation of conditions for non-localized place of quench is
one of the important practical issues solved by technologists today [38]. The discovery of
a multi-steps magnetic flux entrance/exit at thermomagnetic avalanches in the plates of
hard superconductors could make a difference in the case of applications of electric motors
or generators built with superconducting elements in the form of plates. In the plates with
certain thicknesses, this phenomenon reduces the risk of failure at maximum loads.

The evolution of the avalanche structure in the first quadrant (shielding mode) was pre-
viously analyzed in detail, using the example of a plate with d = 2.7 mm (Figures 4a and 5).
Now, we will consider the properties of cascades in the second and third quadrants. The
instability of the critical state is observed here in a field range from +4T to −4T (Figure 8a,c).
The frequency values Fma for the components with the maximum amplitude in the signal
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spectra are shown in Figure 8c (main frame). The Fma frequencies, in the range of high
magnetic field ±2–±4 T (steady state cascades generation), are marked by full squares (�).
Here, the frequency decreases linearly with an increase of magnetic field for all quadrants.
Such behavior of the Fma may be interpreted as a result of increasing of dynamical dissi-
pation of critical state and by decreasing of the avalanche start velocity as a result of the
critical current density jc(Hext) decreasing.

The stable cascades with a small number of flux steps ΔΦ appear in the field region
−2 T–+2 T, as it is shown, for example, in the left and in the center inserts at the top of
Figure 8c. The data in the main panel, described by asterisks (�), indicate the frequencies
Fma. The signal Ucoil(t) exhibits here a complex structure with a wide spectrum (Figure 7c,d)
and it seems that, in such a case, determination of the fundamental harmonic Fma (asterisks
in Figure 8b) is very difficult, if it is possible at all. Therefore, an attempt was made to
present, for each signal Ucoil(t), the frequencies of all spectrum components with amplitudes
higher than 50% of the maximal value. The result for the second quadrant is shown in
Figure 8d. Here, the frequencies Fma, described by asterisks (�), as in Figure 8c, are shown,
together with frequencies of the harmonics with slightly lower amplitudes, described by
the full circles (•). In the field region H < 2 T, one can visually distinguish between certain
lines, designated with the numbers 1, 2, and 3, on which most of the experimental points
lie on the array. Field dependence for lines 1 and 3 is similar to that of line 2, which is a
continuation of the straight line Fc(Hext) from the field range of steady state generation of
cascades. In terminology taken from other branches of physics, the lines 1, 2, and 3 can be
described as follows: Frequency “level” 2 (line 2) for Fma(Hext) corresponds to the dynamic
state of the flux with steady state generation of cascades and it splits in a magnetic fields
below 2 T into two “levels”, corresponding to the states of lines 1 and 3. Such behavior can
be expressed as a certain degeneration of the “frequency levels” on lines 1 and 3, which
occurs in a magnetic field μ0Hext > 2 T.

We managed to observe, for one of the cascades in the transition region (inset in
Figure 8d), a signal, occurring at the boundary in Hext = 2.01 T, where two frequencies
marked by crossed open circles (⊕) are clearly visually present: the upper F = 1040 Hz
belongs to the straight line 1 and the lower frequency F = 674 Hz, which falls on line 2 for
frequencies corresponding to stable cascades. Analysis of the avalanche flux dynamics
in the second quadrant indicates the presence, in the region of weak fields (μ0Hext < 2 T),
of some effective mechanism, leading to the appearance of electromagnetic radiation of a
complex spectral composition. In a thinner plate with d = 2.7 mm, the field dependences of
the frequency Fma, which characterize the avalanche flux dynamics look similar—Figure 9a.
In the range of steady state generation of cascades, the frequency dependences Fma(Hext)
for the first and third quadrants practically coincide. The data for the second quadrant
also exhibit a significant “scatter-rocking” of the experimental values of Fma(Hext) and
are lowered, in the same field range, in comparison with those in the first quadrant. Two
measurements are presented for the second quadrant [marked by two different kind of
stars (�)] in order to show the repeatability and rocking range of experimental data in
complex spectra.

The amount of magnetic fluxes in avalanches significantly differs between the first
and the second quadrant (Figure 9b): in the same magnetic field much more flux enters
in the shielding mode than exits in the trapping mode. Moreover, in the latter case,
experimental values for the exiting fluxes are extensively scattered, as do the values of the
frequencies in the dependence Fma(Hext). It should be noted that the amount of magnetic
fluxes decreases exponentially with increasing external magnetic field for the 1st quadrant
(Figure 9b) as well as the absolute values of voltage impulse (Figure 4b). Figure 9c shows the
period Tma = 1/Fma between jumps in cascade as a function of magnetic field for various
quadrants. It becomes clear here, the pulse frequency in the inductive signal depends
linearly on magnetic field.
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Figure 9. (a) The frequencies Fma with the maximal amplitude in specters of signals vs magnetic
field for different quadrants. (b) Quantity of the magnetic flux enters (1st quadrant) and exits (2nd
quadrant) at avalanches vs magnetic field; (c) the period Tma = 1/Fma between jumps in cascade
vs magnetic field for different quadrants; d = 2.7 mm, T = 2 K. Symbol (•)—the time during which
the avalanche flux front travels a distance of 3 mm in Nb and NbZr at 1.6 K and at magnetic field
μ0Hext = 0.2 T [14].

The role of plate thickness. Magnetic field dependence of the jump frequency Fma for
cascades in screening regime (1st quadrant) for the plates with various thickness d is shown
in Figure 10. It can be seen from these data that the region of the magnetic field, where
cascades are stably realized, rises up along the frequency axis when the plate becomes
thinner. At the same time, the range of magnetic fields and frequencies of cascades is
significantly expanded. Insert in Figure 10 shows the dependence of period 1/Fma between
jumps in cascades as a function of plate thickness along vertical lines at μ0Hext = 2.5 and
3 T in the main frame. The period between avalanches inside cascades increases almost
linearly with increasing plate thickness. It may indicate on the functional role of the plate
thickness in triggering of cascades.

Figure 10. Frequency Fma vs. Hext for plates with different thickness d; screening regime (1st quadrant).
Insert—the value of period Tma = 1/Fma along vertical lines at the magnetic field μ0Hext = 2.5 and 3 T
on main frame vs. thickness d of plate.
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3.3. Triggering, Propagation and Localization of the Avalanche Flux Cascades

The place of avalanche origin. An avalanche appears, usually, in a small volume, almost
at a point compared to the size of the plate, and a bundle of vortices trapped at pinning
centers can stimulate an avalanche. The process of magnetic field penetration constantly
accompanies jumping of the bundles [3,4]. Simultaneous registration of the signal at
different levels along the height of the plate (Figure 1c) opened possibility to find the level
where the signal appears first and to estimate the propagation velocity of the disturbance
along the magnetic induction line. The analysis of the time delay Δtdelay, between signals
(more than 60 signals) from the avalanche beginning, allowed us to fix the most probable
place of their origin. Statistics showed that the avalanches originate in 68% near the
central region (CP, Figure 1c) of the lateral surface of the plate, and in 32% only—at its
edges. This result agrees with calculation of field penetration into the plate [39]. In the
central part, the screening is maximal, the magnetic field pressure is the highest, and,
accordingly, the initiation of instability is most likely here. An attempt, to find side surface,
where an avalanche originates (and to feel from which side a separate jump of the flux
enters), using two external inductive sensors on different sides of the plate (Lext, Figure 1d),
while recording signals, was unsuccessful. It means that, the delay (or accelerates) of
the avalanche onset on one of the lateral surfaces and the asymmetry of scattering field
dynamics on opposite sides of the plate, during the stepwise entry of the avalanches, were
not detectable. A beautiful shaped cascade when the signals from two sensors were added
and its almost complete compensation to the noise level, when they were subtracted, was
observed. It should be noted, here, that, in wide coils, covering a significant part of the side
surface of the plate, the stages looked to be more structured. This may be due to the fact
that the origin of the cascades travels along the vertical or along the lateral surface and their
appearance is somewhat different in different sections. Most probable speed of propagation
of the disturbance along the direction of the magnetic field, V||, was determined on the
basis of statistical data analysis and it was found that, it corresponds to the maximum
velocity distribution function. The velocity reaches V||max = 0.5 h/Δtdelay = 286 ± 20 m/s,
where h is the plate height.

Spatial-temporal cascades behavior. In order to establish the location of the parts of the
incoming flux on the central section of the plate, the pickup coils for the avalanche flux
registration were placed on superconducting plate (Figure 11a) in the whole plate’s width
(W) − (L), in the 1/3W (L1/3) and 2/3W (L2/3). In order to cover individual sections of
the plate, a hole with a diameter of 0.7 mm was made for the placement of inductive
sensors L1/3 and L2/3. Self-consistent cascade for the plate with d = 3.1 mm, recorded at
T = 2 K in μ0Hext = 3.35 T simultaneously by three coils L, L1/3, and L2/3, is shown in
Figure 11b. Full signal registered by coil L is divided proportionally between the coils
L1/3 and L2/3, confirming spatial separation of impulses in the cascades along the lateral
surface of the central section. Schematic view of possible spatial localization of successive
flux avalanches (steps) in the form of fingers is shown on the cross-section of a plate
orthogonally to magnetic field (Figure 11c). The numbers given in Figure 11b,c indicate
the sequence of avalanches occurrence. The individual flux pulses are shown here in the
form of “fingers” since it is known [13] that the shape of avalanche spots transforms at
low temperatures from round at T = 4.2 K to “finger-like” at 1.8 K. “Fingers” of avalanches
in the scheme (Figure 11c) cross the plate all the way to the opposite side, rather than
stopping at its middle, which is in agreement with the results of experimental studies
of the distribution of surface induction—signal registered by an array of the Hall probes
(Figure 1b) before and after appearance of thermomagnetic avalanches in increasing and
decreasing external magnetic field [15]. Here, local induction inversion as a result of a
thermomagnetic avalanche over the entire thickness (d = 4 mm) of the studied NbTi plate
occurred already at T = 4.2 K (Figure 3b,c from Ref. [15]), which may indicate that the
avalanche front crosses the entire plate. However, an unambiguous answer can only be
given by direct observation of the flux front using magneto-optics.
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Figure 11. (a) The arrangement of pickup coils for the avalanche flux registration in the whole
plate’s width (W) − (L), in the 1/3W (L1/3) and in 2/3W (L2/3); (b) one of the cascades recorded
simultaneously by three coils L, L1/3, and L2/3; d = 3.1 mm, H = 3.35 T, T = 2 K. Full signal registered
by coil L is divided proportionally between the coils L1/3 and L2/3, confirming spatial separation of
impulses in cascades. (c) A schematic cross-section of a plate oriented orthogonally to magnetic field
and spatial localization of successive flux avalanches. Weak spots appear in the concave corner, near
the finger’s gate.

Simulation of avalanches movement in superconducting films [25,26] indicates that
the avalanche front tends to displace the superconducting current from the surface to the
opposite side of the sample. It means that the superconducting current is pushed out of the
hot zone of the avalanche finger into the cold zone of the superconductor [40]. In shielding
mode (diamagnetic induction), an appearance of “paramagnetic” profile is expected if the
flux front manages to cross the middle of the sample, which takes place in the simulation.
This is exactly what was observed in the experiment (Figure 3b from Ref. [15]).

3.4. Possible Mechanism of Cascades Triggering

The linear dependence of the cascades period on plate thickness suggests that the
period of step structure of magnetic flux avalanche dynamics Φ(t) in cascades may be
controlled by plate thickness as well as the limitation of path length of the front of an
individual avalanche finger in the cascade, introduced by plate thickness, can lead to the
appearance of a certain sequence of excitation in the induction-current system of the critical
state of the superconductor.

Let us consider a possible scenario of cascades triggering. When the critical induction
drop ΔBFJ is reached, the initial flux step (finger) in cascades can be stimulated in the
superconductor critical state layer by small jumps of the flux bundles. Penetrated first
finger’s flux redistributes current in the sample, and thus creates weak spots for penetration
of the consequent avalanche finger, etc., [40]. Weak spots appear in the concave corner
(Figure 26 from Ref. [41]), near the finger’s gate (Figure 11c), where the current lines
looming (become thicken) occur. Subsequent avalanches in the cascade can trigger a weak
spot by a locally amplified pulse of a magnetic or electric field [42] and, accordingly, a
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current ΔJ due to deceleration of the previous finger of the flux reaches the opposite side of
the plate. The plate in this way can show its “resonator” properties.

The expansion of the range of magnetic fields, where cascades stably arise, with
decreasing plate thickness, as well as the disappearance of this phenomenon for plates with
d > 6 mm (Figure 10), testifies in favor of the important role of finger’s-type flux reflection
from the opposite side (resonator properties of the plate) in the process of self-excitation.

Let us try to estimate the time it takes for the flux front to cross our plate in order
to compare it with the period of multistage “stairway” structures. The dynamics of the
avalanche front in conventional superconductors Nb and NbZr at a temperature of T = 1.4 K
and in a magnetic field of 0.2 T was studied by the magneto-optical method [14] and time
dependence of path traveled by the avalanche front is shown here. The magnetic flux front
runs a distance of 3 mm in 0.4 ms for NbZr and in 0.6 ms for Nb, respectively, which is
plotted in Figure 9c, presenting the data on the pulse periodicity in cascades for a 2.7-mm
thick plate, corresponding well to the values of the periods of cascades. Hence, we can
conclude that the plate, showing its “resonator” properties, can serve as a metronome that
sets the period of magnetic flux dynamics in plates and lead to a multi-step “stairway”
structure of flux Φ(t). Existence of avalanches in the form of a cascade of almost equidistant
events can be unambiguously confirmed by simulating it only. However, it is quite plausible
since penetrated flux redistributes current in the sample, and thus creates weak spots for
penetration of the consequent avalanches, etc., [40].

3.5. Impact of Magnetic Prehistory

The change in the profile of magnetic field in the plate, with the change from increasing
to decreasing field in the second quadrant, leads to a displacement of the boundary of
critical state H2

tfj stability region into weaker fields (Figure 8b), as compared to the first
quadrant (H1

tfj). The physical reason for this is a decrease in the critical current density due
to the trapped flux, since the trapped flux increases, in a given external magnetic field, the
average effective field in superconductor, as compared to that in shielding regime [43]. The
profile of magnetic field induction can affect the spectral characteristics of the avalanche
dynamics of the front flux. The magnitude of induction gradient in superconductor sets
the impulse to the flux in the avalanche at the “start”. The subsequent movement of the
avalanche front in the plate passes along the induction relief formed before this, with the
exception of the first avalanche in the screening mode. A schematic representation of
Bean’s magnetic induction profile B(x) in a plate corresponding to situation before first
flux jumps in screening regime and for trapping regime in strong magnetic field (field
ramping backward) is shown in Figure 12 [left side of (a) and (b), respectively]. The result
of avalanche flux entry/exits process is presented on the right side of Figure 12a,b. Here, a
cross-section of a plate perpendicular to magnetic field is shown.

Screening regime. Avalanches appear above the field of the first instability Hext > H1fj
(Figure 12a) and the regime of cascades generation appears at the first avalanche, as it was
depicted in Figure 5a. The critical current is maximal here, the pressure is high, and the flux
front speed is high. Thus, a large amount of magnetic flux enters the region of the Meissner
state of the superconductor (Figure 12a, right side). The central strong avalanche appeared,
apparently, in the form of a finger. However, when its propagation was limited by the
second side of the plate, the width of the finger under the pressure of the flow of vortices
began to increase in the orthogonal direction, occupying a significant part of the plate.
According to the signal structure (Figure 5a), subsequent flux fingers in the cascade were
weaker. As the magnetic field increases, the critical current density decreases. Therefore, in
the next cascades, the amount of flux that entered at the first pulse decreases, and to fill the
plate with the flux, the number of subsequent avalanches in the cascade increases.
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Figure 12. (a,b) Left side—a magnetic induction B(x) of Bean’s profile into plate before the 1st flux
jumps in screening regime (a) and before the cascade in trapping regime appears (b); right side is
cross section of plate perpendicular to magnetic field direction: a schematic representation of the flux
avalanche entry process, corresponding to the 1st flux jump (a) and to the cascade creation (b).

Trapping regime. The induction-current structure of the critical state in the flux trapping
mode is fundamentally different from that in the screening mode. With shielding, only
one critical current direction is present (Figure 12a, right side). In the second quadrant,
due to a change from increase to decrease of external field, a second current loop in the
opposite direction appears in the current structure (Figure 12b, right side). In this case,
a boundary arises that separates these counter currents. In Bean model it is a straight
line. In reality, due to the inhomogeneity of the pinning in the superconductor or the
stochasticity of the vortex dynamics, this boundary is a jagged line [44–47]. The dynamics
of this jagged (zigzag) current boundary can lead to turbulent formations along the front
and circular currents (vortices). Moreover, these vortex formations can also keep the
opposite direction of the circulation of currents. Therefore, the destruction of the critical
state and the breaking the flux off a dome-like profile of induction can be accompanied by
a dynamic “mixture” of oppositely directed electromagnetic fields, which leads to a more
complex spectral composition of the induction signal than in the screening mode. This
electromagnetic mixture, superimposed on the “resonator manifestations” of the plate, can
strongly influence the triggering of first finger and steady state of cascades generation. As
a consequence, a scatter-swing of experimental points in field dependences of the Tc(Hext)
periods (Figure 6b,d) and frequencies in the FFFT(Hext) spectra (Figure 8c,d) may appear.

The possible physical reasons of the complicated signal spectrum, accompanying
avalanche flux dynamics, can be associated with the structure roughness of the moving flux
front and inhomogeneous relief of induction. The electromagnetic radiation, accompanying
the avalanche, is formed as a result of the acceleration and deceleration of individual
sections of the front of moving flux, during interaction with fixed vortex bundles, followed
by their separation from the pinning centers. A non-monotonic increase in the amount of
flux entering the superconductor may occur and a moving flux can sweep away pinned
flux hills (vortex bundles), like a tsunami, as simulation of thermomagnetic avalanches
demonstrates [40]. In this case, the magnitude of the pinning inhomogeneity determines
the level of electromagnetic “noise”, accompanying the flux dynamics. The magnitude
of inhomogeneities can decrease, with an increase in magnetic field, due to a decrease in
the critical current density. In the third quadrant, when the direction of the external field
changes, regions of the superconductor arise, where the magnetic field induction has the

196



Materials 2022, 15, 2037

opposite direction of the field lines compared to the trapped flux. In the fields of 0–−2T, this
can be strongly reflected in the excitation conditions and, accordingly, in the spectrum of
avalanche pulses. In stronger fields μ0Hext ≥ −2 T, the induction of external field direction
only remains in the plate and its distribution is similar to that in the first quadrant [43],
leading to the coincidence of frequency dependences Fma(Hext) of cascades (Figure 9a) for
two quadrants.

4. Conclusions

The cascades of magnetic flux avalanches at the remagnetization of superconduct-
ing bulk plates, with the magnetic flux Φ entering (screening mode) or leaving (trapping
regimes) in the form of a multistage “stairway” manner with approximately equal succes-
sive portions ΔΦ, were discovered. The width of steps in temporal dependence Φ(t) was
found to increase almost linearly with an increase of the plate thickness. Cascades in the
screening mode after ZFC are realized in the form of fairly stable flux steps in the entire range
of the instability of critical state. In this case, the number of flux steps gradually increases,
with an increase in the field, reaching ten in the field range of 2–4 T. When the magnetic
field is ramping backward (flux trapping mode) and then its orientation is changed to the
opposite, the structure of the cascades becomes much more complicated.

Spectral analysis of the inductive signal allowed us to characterize the avalanche flux
dynamics in the second and third quadrants in the entire region of critical state instability.
It was found that, in the magnetic field range of ±2–±4 T, an avalanche is realized in
a form of multistage “stairway” manner (steady state of cascades generation). In the
0–2 T region, stable cascades with small quantity of steps were rarely observed. Here,
the signal spectrum consists of several spectral components with approximately equal
amplitudes. Such a spectrum can arise as a result of an avalanche rearrangement of the
current configuration of the critical state under the action of magnetic flux front. In the
second quadrant, there are two powerful current circuits with the opposite direction of
circulation. These are the shielding current and flux trapping current circuits.

The possible physical reasons of the complicated signal spectrum accompanying
avalanche flux dynamics can be associated with rough structure of moving flux front and
inhomogeneous relief of induction, formed as a result of previous avalanche processes.
In the third quadrant, when the direction of the external field changes, the regions of
superconductor arise, where the induction has the opposite direction of the field lines
compared to the orientation of the trapped flux. This, in the fields of 0–−2 T, is strongly
reflected in the conditions of excitation of cascades and, accordingly, in the spectrum of
avalanche pulses. In stronger fields μ0Hext ≥ 2 T, the induction of external field direction
only remains in the plate. In this region of fields, the distributions of induction in the
plate in the third and first quadrants behave in the same way. Similarity in behavior is
characteristic of the periodicity of cascades.

The use of various sensors allowed us to establish that, the initiation of cascades occurs
mainly in the central part of the lateral surface of the plate. The speed of propagation of
an avalanche front along the magnetic field line in a superconductor was experimentally
determined and possible mechanism of cascades generation, related to the “resonator’s
properties” of plate, was suggested.
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Abbreviations

Φ magnetic flux
t time
Ucoil voltage on the pickup coil (inductive sensors)
M magnetization
Bsurf induction of the magnetic field
Hext external magnetic field
H1fj the field of the first instability
d thickness of the superconducting plate
W width of the plate
Tc period of individual avalanche pulses in cascade
Tav the average period
FFFT frequencies of the Fourier spectrum
Fma frequency of the spectrum component with the maximum amplitude
FT pulse repetition frequency
jc critical current density
V|| speed of propagation of the disturbance along the direction of the magnetic field
FFT Fast Fourier transformation
ZFC zero field cooling
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Abstract: In high complexity electrical systems such as those used in the automotive industries,
electric connectors play an important role. The automotive industry is gradually shifting its attention
to electric cars, which means more electrical connectors for sensors and data collection. A fault in
connectors for sensors used in a vehicle can cause drastic damage to capital equipment and, in the
worst case, the loss of life. The studies of faults or degradation of electrical contacts are essential for
safety in vehicles and various industries. Although such faults can be due to numerous factors (such
as dust, humidity, mechanical vibration, etc.) and some yet to be discovered, high contact resistance
is the main factor causing erratic behavior of electrical contacts. This paper presents a study on the
computation of electrical contact resistance of two metal conductors (in the form of a disk) with
analytical relations and a numerical computation model based on the finite element method (FEM)
in COMSOL Multiphysics. The contact spots were considered to have a higher electrical resistivity
value (ρcs) than those of the two metal conductors (ρCu). Studies such as the one in view that is
carried out on a microscopic level are often difficult to investigate experimentally. Therefore, with the
help of a simplified numerical model, the consequences of the degradation of electrical contacts are
investigated. To validate the FEM model, the numerical results were compared to those obtained
from analytical models.

Keywords: electrical contact; contact resistance; electrical connector; numerical analysis; FEM;
COMSOL Multiphysics

1. Introduction

Electric contacts are one of the essential components in electronics and automotive
systems. Estimating the contact resistance determines the accuracy of connectors. In
machinery assembly, evaluating the reliability and tightness of contact can be done using
the contact resistance of metals contact surface. For better conductivity and lower resistance,
the point of contact between two bodies must have a large area with fewer impurities [1].

The growing number of electronic devices that equip electric vehicles calls for an
increase in the number of electric connectors to be adapted in the vehicles’ electrical system.
The automotive market demands optimum safety requirements and software-enabled
features at a low price; to attain this, automotive manufacturers are trying to miniaturize
electrical contacts to reduce weight by manufacturing them with high-performing alloys
such as CuNiSi (copper: balance; 0.8–1.8% nickel; 0.01–0.05% phosphorus; and 0.15–0.35%
silicon). Additionally, aluminum or copper alloys (CuMg, CuAg) are used for smaller wire
cross-sections to reduce weight [2]. An important aspect of electrical contact technology is
contact housing. They are usually made of polymer and perform functions such as electrical
shielding, insulation, and protection of all connector components. Contact between two
conductors occurs at discrete spots owing to the rough nature of the surfaces (asperities).
Therefore, the real point of contact is a smaller portion of the apparent contact area [3].

Holm [4] in the 1930s presented a well-known theory describing contact systems and
contact resistance. Based on several hypotheses, Holm’s model was established for the
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contact resistance of a single contact spot without considering the effect of surface films.
Greenwood [5] presented a more elaborate interpretation of Holm’s model; he derived a
formula for calculating contact resistance based on the number of a set of circular contact
spots and the distance between them. Similar to Holm’s model, the influence of interface
films was ignored.

Over time, Holm and Greenwood’s theory has been further developed and serves as a
starting point for researchers in designing quality and reliable electrical contacts. Boyer [6]
generalized the Greenwood formula in his analytical solution; he introduced the influence of
interface films. Nakamura and Minowa [7–10] computed numerically the contact resistance
using the boundary element method (BEM) and finite element method (FEM) of a contact
model consisting of two cubic electrodes that communicate through square spots [8,9].
Nakamura also analyzed the contact resistance of regular and irregular conducting spots
and their behavior [10]. Timsit [11] examined the electrical conduction through small
constrictions and the dependence of electrical resistance on the shape and dimensions
of the contact spots [12]. Shujuan et al. [13] built a contact resistance model based on
a rough surface contact model by surface profile measurement and statistical analysis.
Ren et al. [14] and Lim et al. [15] both analyzed contact resistance by applying a combination
of experimental, numerical, and analytical methods. Malucci [16,17] established several
models, considering the influence of interface films to predict the performance of degraded
contacts. Furthermore, Fukuyama et al. [18] evaluated the contact resistance of a simplified
contact sample and compared the result to the contact resistance calculated using Holm
and Greenwood equations.

Although few studies of contact resistance focus on comparing numerical simulation
and analytical solution, this paper presents a simplified contact model to evaluate the
contact resistance by analytical approaches (using Holm equation and Greenwood equation)
and by numerical simulation (using FEM in COMSOL Multiphysics). The model consists
of two metallic disks coming in contact through multiple regular circular spots (a-spots)
that have a higher electrical resistivity compared to the two metallic disks (ρcs < ρCu) in
view to simulate the contact aging. Though analytical models, in theory, are considered
to be the exact solution, they are derived based on multiple assumptions. Despite all the
assumptions considered in the analytical models, the present study aims to explore the
limits of numerical calculation for the contact resistance in the case of a simplified model.
Moreover, this paper examines the influence of the size of the contact spots on the value of
contact resistance.

Aging of Electrical Contacts

Electrical contacts undergo different stresses during operation (i.e., mechanical wear
due to induced vibrations, atmospheric conditions, corrosion, etc.). Swingler et al. [19]
classified these stresses on automotive connectors into two significant groups. One is
external stresses due to the environmental conditions, while the other is internal stresses
created by the vehicle. Studies on contact resistance calculations and degradation of
electrical contacts can be very tasking and complex because of the contact interface’s coarse
nature and asperities that comprise numerous spots constricting the flow of electrons and
the numerous degrading factors manifesting at the interface.

Environmental factors such as temperature, air pollution, humidity, condensation, etc.,
affect electrical connectors because they promote the rate of corrosion (Figure 1); Corrosion
is much more severe at the interface of connectors; it gradually reduces the area of contact
at the interface, which increases resistance over time and eventually leads to electrical
failure of the connectors.
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Figure 1. Examples of corroded connectors: (a) corroded Ac blower wire harness connector in an
Acura TL [20]; (b) corroded wiper control relays in a BMW 7 series [21].

On the other hand, fretting due to vibration, dust, the passage of current, tempera-
ture, etc., also contributes and accelerates the degradation process of electrical contacts.
Swingler et al. [22] reported that in vehicles, the connectors situated close to the exhaust
system can possess high-temperature regimes such as 85, 105, 125, and 155 ◦C. Addition-
ally, Jedrzejczyk [23] experimented on CuSn/Ni/Sn contact material system (Figure 2);
he reported that during the process of degradation, electrical resistance depends on the
nonoxidized area of contact at the interface. i.e., when all the areas of contact are fully
covered by oxidized films, then the electrical resistance value increases above a normal
threshold value.

Figure 2. Fretting scars as seen in an SEM micrograph obtained after 2600 fretting cycles in a
CuSn/Ni/Sn contact material system: (a) lower sample (b) upper sample [23].

2. Analytical Models for Contact Resistance

Numerous studies on contact resistance and electrical contacts have made mention of
Greenwood’s and Holm’s analytical model for contact resistance calculation [6–18]. The
research reported in this paper used Holm’s and Greenwood’s models to calculate the
contact resistance.

2.1. Holm’s Analytical Model for Contact Resistance

In Holm’s analytical model for the calculation of contact resistance [4], two cylinders
(C1 and C2) in contact were considered (Figure 3).
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Figure 3. Holm contact resistance model: cylinders in contact showing the apparent area of contact
(Aa), the real area of contact (Ac), and the radius R with a circular constriction of the current lines of
radius a.

Though both cylinders were assumed to be clean and free of any impurity, they come
in contact through a smaller portion of the apparent area (Aa). This smaller portion is the
actual point of contact (Ac). Constriction resistance occurs when the current is restricted
from its normal flow to pass through (Ac). The voltage between both cylinders can be
measured as the current flows through and subsequently the resistance between both
surfaces. Holm’s analytical model calculates the total constriction resistance of one circular
spot between two electrically conducting cylinders. It has the expression:

Rc = ρ·(2a)−1, (1)

where ρ is the resistivity of the conductor and a is the radius of the constriction.
In situations where there is a difference in material properties (when the bodies in

contact have different resistivities), Equation (1) becomes:

Rc = (ρ1 + ρ2)·(4a)−1 (2)

The assumptions in Holm’s analytical model are:

• No presence of oxide films or impurities at the interface of the metallic cylinders;
• There is no axial deviation in the direction of current flow;
• The metallic cylinders in contact have infinite dimensions to the current flow.

2.2. Greenwood’s Analytical Model for Contact Resistance

In 1966, J.A. Greenwood published a paper [5] in which he made a detailed interpreta-
tion of Holm’s analytical model. He considered a set of circular spots (multiple a-spots)
within a single cluster located at the interface between two electrodes (Figure 4). The metal-
lic electrodes come in contact through the circular spots with no interface film between
them. He obtained the formula for calculating the constriction resistance based on multiple
spots within a single cluster (3) by treating the current flow between the metallic electrodes
similar to that of an electrostatic charge distribution problem.

RcG = ρ·(2∑ai)
−1 + ρ·π−1 (∑i �=j (aiaj)·(sij)

−1)/(∑ai)
2, (3)

where ρ is the resistivity, sij is the distance between the centers of the ith and jth spot, ai

and aj is the radius of the ith and jth spot. The first term ρ·(2∑ai)−1 is the resistance of all
the spots in parallel, the second term ρ·π−1 (∑i �=j (aiaj)·(sij)−1)/(∑ai)2 is the resistance due
to the interaction between all the spots.
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Figure 4. Greenwood’s contact resistance model showing multiple spots (ai—radius of the ith spot;
aj—radius of the jth spot; sij the distance between the ith and jth spot).

In cases where all the contact spots have the same size, Greenwood further approxi-
mated (3) and derived:

RcG1 = ρ·(2∑ai)
−1 + ρ·(πn2)−1 ∑i �=j (sij)

−1 (4)

Furthermore, the hypothesis used in Holm’s model also holds in Greenwood’s analyti-
cal model.

3. Numerical Model

As shown above, the calculation of contact resistance in the case of a discontinuous
interface (spot contact) can be done analytically. However, extensive multiphysics studies in
which the electrical problem is coupled with thermal and/or mechanical (contact pressure)
problems can only be solved numerically. Thus, in this paper, a numerical model is
proposed that allows the calculation of the contact spot resistance, but can be further
improved and completed later for the study of the thermal regime or the consideration
of other parameters that can influence the value of the contact resistance. Therefore, to
validate the proposed numerical model, a simple geometry very similar to that treated by
Greenwood and consisting of two copper disks communicating through multiple contact
spots (Figures 5 and 6) was considered. At the same time, such a model is indicative of
the contact between two metal electrodes through a set of circular spots. To attain the
simplification of the model, we considered circular spots that are equal in terms of area
and relatively evenly distributed across the contact interface. At the terminals, a low direct
current (200 mA) of density J is injected and the electric field distribution is calculated
using the finite element method (FEM) in COMSOL Multiphysics software 5.6.

Figure 5. Schematic view of the contact configuration: (a) copper disks in contact; (b) constriction of
the current lines flowing through the multiple contact spots.
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Figure 6. Geometrical model of the problem investigated: (a) two copper disks in contact; (b) contact
spots and the insulating layer of polyethylene (PE) at the interface.

3.1. Geometrical Model

The two copper disks model investigated come in contact through multiple spots
(28 identical circular spots). Both copper disks have a radius r = 5 mm and a thickness
h = 1 mm, while the homogenous contact spots have a radius a = 0.2 mm. Apart from the
contact spots, the apparent contact area has an insulating layer of polyethylene 30 μm thick;
it restricts the current to flow only through the multiple contact spots (Figure 6).

3.2. Mathematical Model

In the COMSOL Multiphysics software, the numerical analysis of the investigated
problem was calculated in the stationary electrokinetic regime. It consists of an electro-
magnetic problem that calculates the distribution of a constant electric current of density J
flowing through the multiple contact spots. The essential equations dictating the problem
are the electromagnetic induction law (5), the electric conduction law (6), the electric charge
conservation law (7), and the electric field strength, which was evaluated as a function of
the electric potential V (Equation (8)).

rot E = 0, (5)

J = σ·E, (6)

div J = 0, (7)

E = −gradV, (8)

where E is the electric field (V/m) and σ = 1/ρ is the electric conductivity (S/m).

Boundary Conditions

The boundary conditions applied in this study are:

• Continuity (9): this signifies that the normal components of the injected current flowing
through the copper disks are continuous and conserved across the interior boundaries
of both disks:

n·(J1 − J2) = 0 (9)

• Insulation (10): this specifies that no current flows across the boundary. It applies to
all surfaces except the contact areas:

n·J = 0 (10)

The discretization of the computational domain shown in Figure 7 has a total of
2,938,081 domain elements.

206



Materials 2022, 15, 2056

Figure 7. Discretization of the computational domain: (a) two copper disks in contact; (b) contact
spots and the insulating layer of polyethylene (PE) at the interface.

4. Results

For an injected current of 200 mA, Figure 8 shows the current lines as they become
constricted to flow through the multiple contact spots from one medium of the copper disk
to the other.

Figure 8. The current line constricted at the contact spots: (a) two-dimensional view and (b) three-
dimensional view.

Figure 9 shows the voltage computed for an injected current of 200 mA, the resistivity of
the copper disks (ρCu = 1.72·10−8 Ω·m), the resistivity of the contact spots (ρCs = 1.72·10−2 Ω·m),
and the resistivity of the polyethylene (ρPE = 10+17 Ω·m). The result shows that for a contact
spot radius of 0.1 mm, the maximum voltage is 0.12 V.

After conducting a parametric study on the radius of the contact spots from a = 0.1 mm
to a = 0.5 mm, Figure 10 shows the voltage drop computed for each contact spot radius. As
expected, the voltage decrease as the contact spot radius increases. The results show that
when the contact spot radius is 0.1 mm, the voltage is 0.12 V; for a radius of 0.3 mm, the
voltage is 12.8 mV; and when the radius is 0.5 mm, the voltage becomes 4.6 mV.
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Figure 9. Computed voltage for contact spot radius of 0.1 mm: (a) two-dimensional view and
(b) three-dimensional view.

Figure 10. Voltage-drop for different values of contact spot radius a = (0.1 mm/0.5 mm).

Figure 11 shows the contact resistance evaluated in the case where for resistivity of
the copper disks is the same as that of the contact spots ρCu = ρCs = 1.72·10−8 Ω·m. The
result shows that the contact resistance decreases from 3.25·10−6 to 4.34·10−7 Ω (numerical),
3.07·10−6 to 1.02·10−6 Ω (Holms), and 4.76·10−6 to 2.71·10−6 Ω (Greenwood) when the
contact spot radius increases from 0.1 to 0.3 mm. When the contact spot radius increases to
0.5 mm, the contact resistance decreases to 3.47·10−7 Ω (numerical), 6.14·10−7 Ω (Holm),
and, respectively, 2.3·10−6 Ω (Greenwood).

Figure 12 shows the contact resistance calculated for resistivity of the copper disks
ρCu = 1.72·10−8 Ω·m, with the resistivity of the contact spots ρCs = 1.72·10−6 Ω·m (a) and
ρCs = 1.72·10−4 Ω·m (b). The result from Figure 12a shows that the contact resistance
decreases from 6.03·10−5 to 7.03·10−6 Ω (numerical), 3.07·10−4 to 1.02·10−4 Ω (Holms), and
4.76·10−4 to 2.71·10−4 Ω (Greenwood) when the contact spot radius increases from 0.1 to
0.3 mm. When the contact spot radius increases to 0.5 mm, the contact resistance decreases
to 2.58·10−6 Ω (numerical), 6.14·10−5 Ω (Holm), and 2.30·10−4 Ω (Greenwood).
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Figure 11. Contact resistance showing values for Holm and Greenwood (analytical) and numerical
analysis calculated for (ρCu = ρCs = 1.72·10−8 Ω·m).

Figure 12. Contact resistance showing values for Holm and Greenwood (analytical) and numerical
analysis calculated for ρCu = 1.72·10−8 Ω·m with (a) ρCs = 1.72·10−6 Ω·m and (b) ρCs = 1.72·10−4 Ω·m.

In Figure 12b, when the contact spot increases from 0.1 to 0.3 mm, the contact resis-
tance decreases from 6·10−3 to 6.4·10−4 Ω (numerical), 3.07·10−2 to 1.02·10−2 Ω (Holm),
and 4.76·10−2 to 2.71·10−2 Ω (Greenwood). At a contact spot radius of 0.5 mm, the con-
tact resistance becomes 2.30·10−4 Ω (numerical), 6.14·10−3 Ω (Holm), and, respectively,
2.30·10−2 Ω (Greenwood).

Figure 13 shows the contact resistance obtained for resistivity of the copper disks
ρCu = 1.72·10−8 Ω·m with a resistivity of the contact spots ρCs = 1.72·10+2 Ω·m (a) and
ρCs = 1.72·10+4 Ω·m (b). In Figure 13a, the result shows that for an increase in contact
radius from 0.1 to 0.3 mm, there is a decrease in the value of the contact resistance from
5.25·10+3 to 6.39·10+2 Ω (numerical), 3.07·10+4 to 1.02·10+4 Ω (Holms), and 4.76·10+4 to
2.71·10+4 Ω (Greenwood). For a contact radius of 0.5 mm, the contact resistance becomes
2.30·10+2 Ω (numerical), 6.14·10+3 Ω (Holm), and, respectively, 2.30·10+4 Ω (Greenwood).
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Figure 13. Contact resistance showing values for Holm and Greenwood models and numerical
analysis calculated for ρCu = 1.72·10−8 Ω·m, ρCs = 1.72·10+2 Ω·m (a), and ρCs = 1.72·10+4 Ω·m (b).

The result in Figure 13b indicates that when the contact radius increases from 0.1 to
0.3 mm, the contact resistance value decreases from 5.75·10+5 to 6.4·10+4 Ω (numerical),
3.07·10+6 to 1.02·10+6 Ω (Holms), and 4.76·10+6 to 2.71·10+6 Ω (Greenwood). For a contact
radius of 0.5 mm, the contact resistance becomes 2.3·10+4 Ω (numerical), 6.14·10+5 Ω (Holm),
and, respectively, 2.30·10+6 Ω (Greenwood).

Figure 14 presents the contact resistance values obtained only by numerical analysis
in a case where the resistivity of the copper disks remains ρCu = 1.72·10−8 Ω·m and the
28 contact spots all have resistivity of ρCs = 1.72·10−6 Ω·m (�), ρCs = 1.72·10−4 Ω·m (•),
ρCs = 1.72·10−2 Ω·m (�), and when the 28 contact spots have different resistivities in
the range from 1.72·10−6 to 1.72·10+6 Ω·m (�). The resistivity was imposed evenly, i.e.,
(4 contact spots ρCs1 = 1.72·10−6 Ω·m, 4 contact spots ρCs2 = 1.72·10−4 Ω·m, 4 contact spots
ρCs3 = 1.72·10−2 Ω·m, 4 contact spots ρCs4 = 1.72 Ω·m, 4 contact spots ρCs5 = 1.72·10+2 Ω·m,
4 contact spots ρCs6 = 1.72·10+4 Ω·m, and, respectively, 4 contact spots ρCs7 = 1.72·10+6 Ω·m).
The results show that the contact resistance value varies between 0.6 Ω (ρCs = 1.72·10−2 Ω·m
at a = 0.1 mm) and 2.58·10−6 Ω (ρCs = 1.72·10−2 Ω·m at a = 0.5 mm).

Figure 14. Contact resistance showing values for numerical model calculated for ρCu = 1.72·10−8 Ω·m
with ρCs = 1.72·10−6 Ω·m; ρCs = 1.72·10−4 Ω·m; ρCs = 1.72·10−2 Ω·m, and, respectively,
ρCs = (1.72·10−6 Ω·m/1.72·10+6 Ω·m).
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5. Discussion

As seen in Figures 11–13, it is clear that the contact resistance decreases as the contact
spot radius increases in all cases; a similar outcome was reported by Fukuyama et al. [18].
He experimented on a configuration consisting of samples with SiO2 insulator layers that
have gold (Au) contact spots distributed on the circumference of the electrodes. The numer-
ical and analytical results obtained in this study are consistent with the results presented
in [18] in terms of the variation of the contact resistance as a function of the contact spots
area. However, comparing the numerical calculation of contact resistance to that of the
analytical calculation results (Equations (1) and (4)), it is clear that the numerical results
are below the two analytical results. Concerning the data presented in [18], it can be noted
that the experimental results were between the two analytical calculations (Holm and
Greenwood). Additionally, from the point of view of the relationship between contact resis-
tance and the area of contact, similar variation results were reported by Shujuan et al. [13],
Ren et al. [14], Lim et al. [15], and Su et al. [24].

In Figure 14, the contact spots with a high resistivity showed a high value of contact
resistance and vice versa, as expected. In practice, this is typical of aged electrical contacts
where on the one hand, the parts at the interface with a large concentration of contaminants
possess high resistivity to the flow of current and thus, have high contact resistance. On
the other hand, the parts with fewer/or no contaminants have low contact resistance.
Shibata et al. [25] performed a detailed analysis of the contact distribution of fretting corro-
sion on samples with low phosphorus–bronze alloy covered with tin plating. He reported
that the contact resistance distribution results of fretting corrosion wear as observed by
scanning electron microscopy (SEM) and energy dispersive X-ray (EDX) analysis indicated
that the parts with few oxide deposit layers showed low contact resistance, while those
with a large oxide deposit layer showed high contact resistance. It must be noted that both
Holm and Greenwood have some drawbacks. In reality, the actual connector consists of
multiple small contact areas (a large number of a-spots), but Holm assumed these a-spots
to be equivalent to one solid circular contact. On the other hand, Greenwood’s model is
suitable for multiple spots within a cluster, and it depends on the distances between the set
of the circular spots within that cluster. Though this is an upgrade from Holm’s model, it
will be difficult to calculate the constriction resistance when the contact consists of more
than one cluster [26].

6. Conclusions

This paper presents a study on contact resistance of a model of two metallic disks made
of copper that communicate via 28 homogenous circular spots. In the first aspect of the
study, the contact resistance calculation was done using Holm’s and Greenwood’s analytical
model, and in the second aspect, using a numerical model in COMSOL Multiphysics. The
study was carried out keeping the number of contact spots and the electrical resistivity of
the copper disks constant and changing the radius and resistivity of the contact spots as
a possible aging consequence, between 0.1 and 0.5 mm and 1.72·10−6 to 1.72·10+4 Ω·m,
respectively. As expected, the resulting values of contact resistance in all cases indicate
that the contact resistance decreases as the contact spot radius increases; it validates that
the contact resistance decreases as the effective contact area increases. This means that the
interface contains few weaknesses and the contact pressure between the two conductors
takes appropriate values. Additionally, the results show that the value of contact resistance
obtained for both analytical models is higher with at least an order of magnitude than that
of the value obtained by numerical analysis in all cases.

Furthermore, without considering the model used or the contact spot radius, as the
resistivity of the contact spot increases in all cases (Holm, Greenwood, and numerical),
the contact resistance value obtained increases by two orders of magnitude. In the future,
detailed work on the electrothermal coupling of the model will be done to help understand
the thermal regime and its effect on contacts.
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Abstract: Based on molecular dynamics (MD), in this study, a model was established to simulate the
initial coating morphology of silver paste by using a random algorithm, and the effects of different
sizes of particles on sintering porosity were also analyzed. The MD result reveals that compared with
the sintering process using large-scale silver particles, the sintering process using multi-scale silver
particles would enhance the densification under the same sintering conditions, which authenticates
the feasibility of adding small silver particles to large-scale silver particles in theory. In addition,
to further verify the feasibility of the multi-scale sintering, a semi in-situ observation was prepared
for a sintering experiment using micro-nano multi-scale silver paste. The feasibility of multi-scale
silver sintering is proved by theoretical and experimental means, which can provide a meaningful
reference for optimizing the sintering process and the preparation of silver paste for die-attach in
powering electronics industry. In addition, it is hoped that better progress can be made on this basis
in the future.

Keywords: molecular dynamics; initial coating morphology; random algorithm; semi in-situ observation

1. Introduction

Sintering using silver particles is considered to be one of the ideal bonding techniques
for the wide bandgap semiconductors, e.g., silicon carbide (SiC) and gallium nitride (GaN)
devices, because this technique is capble of forming a high-melting-point sintered silver
joint with sintering temperatures lower than 300 °C [1–4].

Nanosilver paste is considered an ideal bonding material since it can sinter at a
temperature lower than 250 °C without pressure and operate at a temperature higher
than 400 °C [5–8]. However, the difficulty of preparation and preservation of nanosilver
paste results in a high cost in the sintering process. With the continuous improvement of
power performance requirements of power electronic equipment, realizing the maximum
commercial value of sintered silver is no longer limited to optimizing the sintering process,
sintered joint performance, and energy consumption. Rather, optimizing the formula
of silver paste is also very important There has been a rapid increase in the demand
for power electronics devices because of the strong growth of electric vehicles. In order
to maximize commercial value, while considering the sintering behaviors, mechanical
properties of joint, energy consumption, and safety of silver particles, researchers are
focusing on optimizing the silver particle formula in silver particles paste to achieve
compromise solutions. Figure 1a shows the scanning electron microscope (SEM) image of

Materials 2022, 15, 2232. https://doi.org/10.3390/ma15062232 https://www.mdpi.com/journal/materials
215



Materials 2022, 15, 2232

silver nanoparticles after sintering without pressure. Sintering neckings formed between
the nano particles can be clearly observed due to the easy diffusion between the adjacent
particles [9]. However, the rapid diffusion of silver nanoparticles formed a sintered layer
with high porosity during the sintering process. Figure 1b shows the SEM image of silver
micron particles sintered under the same sintering conditions as Figure 1a. Compared with
Figure 1a, the necking between micron particles is few and inconspicuous. It is difficult to
form diffusion necks in the pressureless sintering process due to the low surface energy of
large particles. Therefore, applying 10–30 MPa or even higher assist-pressure during the
sintering process was used to obtain a reliable micron silver sintered joint [10,11].

Figure 1. The SEM image of Ag sintered layer with (a) nano-silver and (b) micro-silver by Kazohiko
Suganuma et al., adapted with permission from Ref. [9], 2022 Chuantong Chen; (c,d) are the sintering
morphology of multi-scale silver at different sintering temperatures by H D. Yan et al., adapted
with permission from Ref. [12]. 2022 Haidong Yan; (e) super large silver particles and micron silver
particles formed silver neck after sintering.

Figure 1a,b showed the SEM of different particles after pressureless sintering at 250 °C
for 60 min by Suganuma’s team from Osaka University. It demonstrates the advantages and
disadvantages of different scale granular silver sintered solder joints, which are verified by
using the experimental method of controlling variables. Based on this study, a pressureless
sintering process was proposed by adding the silver nano particles in the silver micro
paste to improve the sintering driving force and reduce the sintering temperature, as
shown in Figure 1c,d [12]. In our previous study, we were surprised to find that, after
pressureless sintering at 250 °C for 60 min, a particle with a diameter of 3.6 μm can form a
sintering necking with a silver particle with a diameter of 27.6 μm, as shown in Figure 1e.
These results prove the feasibility of low cost nano-micron multi-scale silver paste which
prepared by appropriate addition of nanoparticles in low-cost micron silver paste as the
potential bonding materials for sintering. The reliability of multi-scale silver sintering as a
bonding layer has been clarified in many previous research works [12–15]. However, in
past demonstrations of multi-scale silver sintering, most of the experiments are based on
the densification analysis at the macro level, and the densification analysis at the micro
molecular level is not explained. The initial dynamic diffusion evolution of sintering
using multi-scale silver particles, which is important to reveal the sintering mechanism,
is not clear and has thus far been difficult to observe. In order to further reveal the micro
mechanism of mixed scale particle sintering, we use molecular dynamics simulation to
reveal the difference of diffusion mechanism between mixed particles and large particles.

MD is a multidisciplinary technology that relies on Newtonian mechanics and inte-
grates physics, chemistry, and mathematics to simulate the molecular system’s motion,
which is also widely used in studying the diffusion mechanism of silver sintering [16]. In
this study to simulate more authenticity, the sintering of different sizes of particles for MD
analysis was prepared with a random algorithm. It is interesting to note that using the
random algorithm could well simulate the randomness of particles stacking and arrange-

216



Materials 2022, 15, 2232

ment in the silver paste layer, which will be described in the next chapter. After simulation,
to further verify the feasibility of the multi-scale sintering, a semi in-situ observation was
prepared for a sintering experiment using micro-nano multi-scale silver paste.

2. Method

2.1. Methodology of Simulation
2.1.1. Molecular Dynamics Interatomic Potential

Sintering technology forms a dense joint based on the particles’ diffusion below
the melting temperature, according to the embedded atom method (EAM) [17]. Using
the Large-Scale Atomic Molecular Massively Parallel Simulator (LAMMPS), this study
combined the EAM to Simulate the diffusion between particles with different scales at
different temperatures. The simulation atom-style was selected as atomic because sintering
bonding is a diffusion process between particles. The timestep unit is related to the selected
atom-style; In this study, the timestep size is set to the default values 0.001 ps to steadily
solve Newton’s equation of motion.

The molecular dynamics model is composed of atoms arranged in a specific order, and
it could cause geometric distortion if the simulation’s model size is too small. In order to
reduce the model distortion, we had established the minimum particle radius of 10 Å in
this study. The three style particles with radii of 10 Å, 30 Å, and 50 Å were designed by the
“equal interval” method. As in past studies [18,19], the model’s crystal orientation could
affect the simulation results. To make the simulation more closely fit the actual situation,
the particles in the simulation box as described in the next section were set at different
crystal orientations by random placement.

2.1.2. Random Algorithm

Matlab is a matrix-based language that can provide a most natural expression of
computational mathematics and provides researchers with the required algorithm pro-
gramming for designing and analyzing the data [20].

In order to simulate a random mix like the particles of the silver paste coating on the
substrate in the real application, Matlab used mathematical analysis and computation to
design a simulation box with the random algorithm. The circles with different radius are
randomly arranged in proportion according to the random function in the box. However, it
is difficult to avoid intersecting and overlapping circles because generating random circles
generates random dots and draws circles. Thus, in this step, we design the circles with a
proposed ratio by the random function and remove the circles which intersect or overlap,
and, finally, output the random circle’s position and size which had been retained.

In this study, we had designed a Half-two-dimensional (H2D) box of 500 × 6 × 300 Å
along X, Y, and Z directions with the periodic boundary to simulation the densification
process of one cross-section of the silver layer to reduce simulation redundancy, shorten
the running time, and achieve a more precise understanding of the densification process In
order to understand the effect of multiscale on densification, the following three groups of
different mass ratio groups are set in this study as shown in Table 1.

Table 1. Grouping with different mass ratios.

Group 10 Å 30 Å 50 Å

A 0 0 1
B 0 1 1
C 1 1 1

However, the mass ratio in the grouping must transform into the corresponding
particle ratio before modeling. In the H2D simulation in this study, the conversion of mass
ratio and particle ratio is associated with cross-sectional particle area, and the around ratios
of the corresponding particles are shown in Table 2.
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Table 2. Particle ratio corresponding to different mass ratio (base on H2D).

Group 10 Å 30 Å 50 Å

A 0 0 1
B 0 3 1
C 25 3 1

The particle ratio was substituted into the random equation in MatLab, and we
obtained the random arrangement of various circles shown in Figure 2. Position coordinates
of the circle generated in the random function are extracted and substituted into the MD
model. In order to calculate the porosity easily and make the simulation the silver paste
coating on the substrate, we designed the upper and lower silver plates in the Z direction.

Figure 2. The circles’ random placement by MatLab with diameter ratio from Table 2 with (a) group
A, (c) group B, and (e) group C. (b,d,f) were the MD model based on randomly placed data to (a,c,e),
respectively.

2.2. Semi In-Situ Observation Sintering of Multi-Scale Silver

In-situ sintering observation is a method to observe the diffusion bonding process of
silver particles by scanning electron microscope without resampling during the sintering,
which observes the morphology change of the particles better than the traditional subsection
sampling method [21,22].
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In this study, we used a scanning electron microscope equipped with a protochips
single tilt heating holder with a maximum heating temperature of 1200 °C to observe the
multi-scale silver paste sintering semi in-situ.

During the sintering, in order to avoid electron beam radiation, only open the gun
valve when sampling the sample [23]. We referred to the micron silver sintering profile by
K. S. Siow [24], and we set the sintering temperature to 250 °C for 10 min on the pressureless
setting.

3. Result and Discussion

3.1. Sintering Densification of Silver Particles with Different Proportions

Figure 3 shows the morphology of the sintering densification process of groups A, B,
and C sintering at 300 °C. Comparing the sintering processes of A and B, it is obvious to
find that group B with small particles is better than group A in the reduction of porosity,
the reduction of which is more significant for group C with smaller silver particles based
on group B. In the initial stage, driven by thermal energy, the particles in the sintering layer
begin to “move” and “attract” the particles around them, and begin to gather to prepare
for the start of sintering; which also called the first stage of sintering. With the continuous
sintering, the grain boundary energy of particles begins to weaken and the particles begin
to diffuse each other, which is a longer process (10–1000 ps). However, with the subsequent
sintering, the change of sintering pore decrease becomes weaker, which is more clearly
reflected in the change curve of porosity of groups in Figure 4. Multiscale group C not only
shows lower porosity than group A and B after sintering but also reduces the area of pore
due to its complementarity in the gap of large particles. In the actual production process,
the large pore will lead to uneven heat dissipation, resulting in heat concentration and local
thermal resistance increasing, which will also affect the reliability of packaging.

Figure 3. Morphology of sintering densification process of (a) group A, (b) B, and (c) C at 0 ps, 10 ps,
500 ps, and 1000 ps.

Figure 4a shows the changing profiles of different particle ratios’ porosity and Figure 4b
shows the change rate of porosity. The initial stage is the early stage of sintering, so this
stage has the maximum driving force in the whole pressureless sintering process. It shows
that the porosity decreases rapidly which is shown in Figure 4a, and the diffusion rate is
the fastest in the whole sintering, as shown in Figure 4b. With the continuous sintering,
the porosity changes gradually from the initial sharp change to stability. We also found
that the larger the particle, the earlier it tends to be stable; see Figure 4b. It is also found
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from Figure 3 that the larger pores which are found at 500 ps hardly change after 1000 ps,
while the smaller pores will be eliminated or further reduced. This is because the bonding
completed early greatly weakens the surface energy in the system, which leads to the
application temperature being insufficient to provide sufficient diffusion driving force.
Porosity slight shrinkage leads to the diffusion rate slowing down.

Combined with the curves from Figure 4, we intuitively find that the porosity and
porosity change rate of the simulation group with small particles is better than without the
small particles. The relative surface energy is inversely proportional to the particle size,
and adding small particles to large particles can improve the sintering driving force. The
relationship between particle size and corresponding drive force follows [16]:

σ = γ(
1

R1
+

1
R2

) (1)

where σi is the sintering driving force, σi is the material surface energy, and R1 and R2 are
the radii of two particles that diffuse each other. It can be seen from the graph in Figure 4b
that the maximum sintering diffusion change rate in the initial stage of mixed particle
sintering group C can reach 0.67, which is twice that of group A with only large particles
reaching 0.32.

Figure 4. The profile of (a) porosity change with sintering time and corresponding (b) change rate
of porosity.

From the above results, with the same sintering temperature and time, multi-scale
silver is better than large particle sintering in sintering porosity. Moreover, the small
particles in multi-scale silver act as a “filler”, which also greatly reduces the average
volume of pores. In order to further understand the diffusion mechanism of silver particles
with different sizes in the sintering process, different silver particles’ change of necking
was simulated and analyzed. This will be described in the next section.

3.2. Evolution of Sintering Silver Neck Size

As shown in Figure 5 the bonding of the following three different size particles pair
was studied. The particles pair in the model set different crystal orientations to avoid the
contingency of the same crystal orientation. In this chapter, we studied the necking of
different particles’ radii. We cut 474, 13,240 and 61,370 silver atoms from a large silver FCC
supercell to form silver particle pairs with radii of 10 Å, 30 Å and 50 Å respectively as
shown in Figure 5, the initial distance of 2 Å between particle pair. As shown in Figure 4,
the porosity in the sintering process decreases rapidly within the first 200 ps, and then the
densification slows down. Therefore, in this chapter, the simulation mainly takes the first
300 ps for study.

220



Materials 2022, 15, 2232

Figure 5. The Silver particles pair with different radius: (a) 10 Å, (b) 30 Å, and (c) 50 Å.

Figure 6 shows the simulated value and the simulated value’s fitting curve of x/r (x
is the radius of diffusion neck and r in the radius diffusion particle.) of different particles’
radii during the sintering. As shown in Figure 6, the necking of particles with radius of
10 Å grows and diffuses rapidly, and the x/r reaches 1 at about 8 ps (the necking was
completed). Figure 7 shows the profile of total potential energy during the necking of
particles with a radius of 10 Å. Two particles approach and begin to diffuse under the
driving force provided by thermal energy. The relative potential energy of the system
decreases to provide diffusion kinetic energy. When the diffusion necking is completed, the
system’s kinetic energy begins to be constant, the relative potential energy stops decreasing
and remains stable. As the thermal energy in the system continues to be maintained, some
atoms will cross the potential barrier and further diffuse, and potential energy will also
change, as shown in the potential energy fluctuation at 250 ps in Figure 7.

Figure 6. The measurement data and fitting curve of x/r with the time of silver particles pair with
different radius sintered at 300 °C. The fitted curve conforms to the growth of the logarithmic function,
which is consistent with the rapid change to slow the change of measured data.

However, under the same simulation conditions, the growth rate of particles with
radii of 30 Å and 50 Å is slower, and the x/r with the radius of 30 Å tends to be stable when
it increases to about 0.7, and the radius of 50 Å tends to be stable when it increases to about
0.52. This difference further indicates that small particles can diffuse more easily than large
ones at the same temperature This difference further indicated that small particles are more
easily diffused than large particles at the same temperature. The process of necking size
accords with the diffusion formula [25]:

(
x
r
)n =

Bt
(2r)m (2)

where t is the sintering time, n and m are constants dependent on the specific transport
mechanism, and B is a term made of material and geometric constants. Combined with
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Equation (2) and the trend of measured data in Figure 6, the radii of 30 Å and 50 Å
will continue to increase until the maximum values are reached if the simulation time or
sintering temperature increases.

Figure 7. Potential energy with time during sintering of particle pair with a radius of 10 Å.

Small silver particles were doped into large silver particles to shorten the sintering
bonding time and increase the sintering neck of large particles in this study, as shown
in Figure 8. Figure 8a shows the sectional of 50 Å particles dope with 10 Å particles. In
order to observe the diffusion process, the particles were divided into different groups
and colored, respectively. As driven by thermal energy, the small particles approach two
large particles and diffuses at 1 ps. With the sintering continuing, small particles diffuse
into and fill the bonding gap of two large particles, and the diameter of the bonding neck
reached 67.8 Å at 10 ps. However, under the same conditions, the diffusion diameter of
only large particles is only 28.69 Å. With continued sintering, small particles continue to
“climb” along with two large particles, further forming bonds with large particles. At the
end of sintering, the neck of the sintering group with small particles shrinks to 66.46 Å,
which is larger than 53.66 Å sintering with only large pair particles.

Figure 8. MD profile of particle pair with the radius of 50 Å; (a) doping the silver particles with
radius of 10 Å, and (b) control group without any doping.

Small particles can “close” two large particles far away to form necking to increase the
density of sintering, as shown in Figure 9. The initial distance of the two large particles
in Figure 9a,b is 10 Å and the difference between them is that Figure 9a had added some
small particles in the middle and the lower part between two large particles. Figure 9a
shows that large particles pair get close together and form necking due to the pulling of
small particles’ diffusion at the bottom. This is because small particles provide a certain
pulling force for large particles to bond. Driven by this pulling force, the particles can close
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together and form necking. This can also be confirmed from the particle pair in Figure 9b
which, without small particles, always keep the distance during the simulation process.

Figure 9. MD profile of a particle pair with radius 50 Å; (a) Add small particles in the middle and
lower part between large particle pair and (b) control group without any doping.

From the above results, whether from the simulation results of silver layer sintering
or silver neck diffusion analysis, the evidence points to the superior characteristics of
multi-scale silver sintering. From the perspective of molecular dynamics, the small silver
particles of multi-scale silver do have a good densification effect on the sintering of large
particles. However, this micro analysis does lack some support in practical application.
Considering this, in order to further verify this feasibility, we will carry out semi in-situ
sintering of multi-scale silver sintering in the next chapter.

3.3. Result of Semi In-Situ Observation

From Figure 10, the diffusion bonding process of Ag particles during the sintering
by semi in-situ SEM is clearly shown. From the in-situ sintering diagram, particle pair
B which is closed in the initial stage begins to form an obvious diffusion bonding neck
when the sintering is carried out for 6 mi, as shown in Figure 10b. In the subsequent
sintering, the diffusion silver neck of the B particle pair continues to grow. At the same time,
nanosilver particles around the particle pair continue to diffuse to the large particles, also
resulting in the also growth of the large particle pair while bonding. The bonding reaction
between micron particles and nanoparticles in the A particle pair increase the feasibility
of multi-scale sintered silver. For the A particle pair, we can see that the two particles are
not in contact before sintering. However, after 8 min sintering, the particle pairs are driven
by the nanoparticles and form a necking connection. Also as the particle pair which initial
distance was 2.06 μm is shows in Figure 10a, and shorten to 0.6 μm after sintered 8 min.
At the same time, the radius of the particle pair also increases from the initial 0.53 μm to
1.14 μm. This sintering change is consistent with the simulation results in Figure 9, which
shows that the small silver particles of multi-scale silver paste can provide good sintering
driving force in large particles, which can provide better density.

In this study, the micro silver paste with nano-silver is sintered for 8 min without
pressure to form a densification bonding, which is much shorter than the traditional pure
micro silver paste. Multiscale silver sintering is shortened not only the sintering time but
also reduces the sintering temperature, which is also one of our future research directions.
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Figure 10. The SEM image of In-Situ multiscale silver sintering at different time steps (a) dried,
(b) after sintering 6 min, (c) after sintering 7 min, and (d) after sintering 8 min.

4. Conclusions

Using molecular dynamics, combined with MatLab random arrangement,he sintering
densification mechanism of silver with different mixed particle ratios has been studied, and
the neck growth mechanism of a silver particle pair in the sintering process was analyzed.
Combined with the validation experiment, the following conclusions can be summarized:

1. With the same conditions such as sintering temperature and time, adding small silver
particles to large silver particles is beneficial to reduce porosity.

2. During the initial sintering stage, the x/r of the small silver particle pair is faster than
the large silver particle pair due to higher surface diffusion under heating. Moreover,
the x/r of a small particle pair is higher than that of a large particle pair at the same
temperature due to the high surface diffusion energy. Using this mechanism improves
the radius of the bonding neck and shortens the sintering time by adding small silver
particles to large particles.

3. In the multiscale silver sintering experiment, nano-silver as the medium of micron
silver bonding could effectively shorten the sintering time and reduce the effective
sintering temperature to improve the packaging yield.
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Abstract: To monitor the health status of the bridge, many sensors are needed to be mounted on it.
Converting bridge vibration energy to electrical energy is considered as a potential solution to the
problem of providing reliable electric power to these sensors. The objective of this work is to present
an operable strategy for improving the electric energy output of a piezoelectric energy harvester
installed on a bridge by introducing bi-stable characteristics. A bi-stable harvester is proposed. By
adjusting the tip and fixed magnets, different types of potential energy can be generated, and then
the harvester can exhibit the linear, mono-stable and bi-stable characteristics. In the bi-stable state,
the harvester triggers snap-through motions easily and generates large outputs. The corresponding
prototype was fabricated, and the experiment was carried out to validate the advantage of the bi-
stable energy harvester. The experiment results show that the bi-stable energy harvester outperforms
the classical linear harvester over the whole range of vehicle speed. As the vehicle speed exceeds a
critical one, the snap-through motion will happen, which is beneficial to enhancing the electricity
output. This conceptual design may provide guidance for promoting the performance of bridge
energy harvesting.

Keywords: energy harvesting; bridge vibration; bi-stable energy harvester; linear energy harvester;
snap-through motion

1. Introduction

Bridges are becoming a more and more important part of the modern transportation
system [1]. It is necessary to monitor the health of bridges at all times to ensure their safety.
Although deploying wireless sensors in the detection region is an ideal scenario to monitor
the state of the bridge, providing cheap and reliable power to the sensors is a well-known
difficulty [2]. At present, the conventional electrochemical battery is still the primary power
source of wireless sensors, but replacing the battery costs a lot, especially in dangerous
locations [3]. Moreover, the heavy metals in wasted batteries pose a threat to the health
and living environment of human beings. Energy harvesting from vibrations is considered
a great potential energy solution to powering wireless sensors. In practice, there exists
abundant vibration energy when vehicles pass through the bridge. This vibration energy
results from passing vehicles and is not affected by the weather, geographical conditions
and other factors, so it emerges as a promising solution for the power of bridge health
monitoring systems [4]. Moreover, the piezoelectric energy harvester is usually simple in
structure and easy to be manufactured. Thus, it can be produced in a large amount, so the
vibration-based energy piezoelectric harvester has received more and more attention [5].

In recent decades, there are many studies focusing on converting the energy of bridge
vibrations into electric energy. Ali et al. [6] investigated a linear energy harvester for
the highway bridge under the excitation of a moving vehicle. The highest efficiency
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of energy harvesting was sensitively affected by the resonance frequency. Peigney and
Siegert [7] investigated energy harvesting from a concrete highway bridge by a cantilever
energy harvester. The results showed that the electric energy output could reach 0.03 mW.
Zhang et al. [8] used a cantilever beam energy harvester to harvest energy from four bridges
excited by truck models. The results showed that poorer road conditions on bridges were
helpful for harvesting vibration energy. Karimi et al. [9] considered inertial effects on
energy harvesting from a bridge with a heavy vehicle traveling on it. Zhang et al. [10]
analyzed the output voltages of the piezoelectric energy harvester for nine different con-
ditions. The vehicle speed had a significant effect on the energy output. Since the bridge
response is the excitation source of the linear piezoelectric energy harvester (LPEH), the
resonant frequency of LPEH must be tuned to the fundamental frequency of the bridge
to obtain a high harvesting efficiency. Thus, some significant efforts have been devoted
to studying the vibration response of a bridge and estimating the fundamental frequency
and stiffness parameters. Aloisio et al. [11] conducted a modal analysis for a multi-span
concrete bridge to estimate the compressive strength of concrete specimens with seven
spans. Bonopera et al. [12] predicted the short-term dynamics of the uncracked prestressed
concrete members, which was also valuable for designing new concrete bridges. However,
it should be noted that the vibration energy of a bridge has a broadband frequency range
since the speeds and weights of vehicles crossing the bridge change with time. Thus, the
LPEH is inefficient in harvesting the broadband random vibration energy.

In recent years, some researchers tried utilizing nonlinearity to improve the operating
bandwidth. The investigations on nonlinear energy harvesters with mono-stability [13],
bi-stability [14], tri-stability [15] and quad-stability [16] have been carried out. For example,
Stanton et al. [17] studied the hardening and softening response of the nonlinear mono-
stable piezoelectric energy harvester. Sebald et al. [18] conducted a theoretical analysis of
the nonlinear Duffing oscillator. The simulation results showed that the highest solution
could obtain a huge gain in output power. Erturk and Inman [19] introduced a bi-stable
piezoelectric energy harvester (BPEH) to improve the performance of power generation,
which had a significant advantage over the LPEH. Arrieta et al. [20] introduced bi-stable
characteristics in the cantilever composite to enhance the energy harvesting effectiveness
under low-amplitude input levels. Masana et al. [21] designed an axially loaded BPEH,
which could produce large output voltages. Lan et al. [22] added a small magnet in BPEH
to improve the energy harvesting ability. Pellegrini [23] introduced a guideline to classify
the BPEHs according to the feasibility of fabrication. Zhou et al. [24] proposed a broad-
band tri-stable piezoelectric energy harvester to further improve the energy harvesting
ability. The results demonstrated that the tri-stable piezoelectric energy harvester could be
superior to the bi-stable one, which was more suitable to the low input acceleration level.
Litak et al. [25] investigated multiple solutions of a tri-stable energy harvester. It was found
that the initial condition played an important role in the formation of the basins of attraction.
Zhou et al. [26] designed a quad-stable energy harvester to improve the energy harvesting
efficiency. The results proved the energy harvester designed in a quad-stable state made
it much easier to attain snap-through motion, and its energy harvesting efficiency was
significantly improved. Therefore, introducing nonlinear multi-stability is an effective
way for efficient piezoelectric energy harvesting from the excitation in the shaking table
test. Recently, Zhou et al. [27] exploited the mono-stable characteristics generated by the
magnetic interaction to harvest bridge vibration energy, which brought about a noticeable
improvement in the harvesting performance. However, to the authors’ best knowledge,
the concept of harvesting energy from bridge vibrations by bi-stable characteristics has not
been reported so far. In bridge vibration energy harvesting, the bi-stable characteristics
may help improve the harvesting performance significantly.

In this paper, the bi-stable characteristics generated by the magnetic interaction were
exploited to enhance the performance of energy harvesting from a bridge under the excita-
tion of moving vehicles. When the excitation triggers the BPEH to execute snap-through
motion and oscillates in a high-energy orbit, it can generate a large output. In order to
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study the dynamic characteristics of the BPEH, the potential energy, restoring force and
stiffness are analyzed. Then, the output voltages and dynamic strains of LPEH and BPEH
are measured in experiments and compared, as a vehicle model is designed to run on the
bridge with different speeds. Finally, some important findings and conclusions are drawn.

2. Energy Harvester for Bridge Vibration Induced by a Moving Vehicle

The schematic sketch of the BPEH is shown in Figure 1. The BPEH is composed of
a substrate partly covered by a piezoelectric patch or two, a tip magnet and two fixed
magnets. A tip magnet is placed at the free end of the substrate, while two fixed magnets
are mounted on the frame and positioned near the tip magnet. The tip magnet and fixed
magnets have opposite polarities and face each other to produce a nonlinear magnetic
attraction force. For clarity, we define two distances: one is the gap distance between
two fixed magnets (dg); the other is the separation distance between the tip and the fixed
magnets (d). Both of them can be adjusted to make the BPEH own two stable equilibrium
positions. When the BPEH is excited by bridge vibrations, the piezoelectric patch will
deflect and generate voltage. There is load resistance in the circuit. The BPEH can jump
between the two stable equilibrium positions and execute snap-through motions, and then
it will generate high voltage outputs. If the two fixed magnets are removed, the system
degenerates to a classical LPEH. For the LPEH, as a linear system, it usually owns a narrow
resonant bandwidth. Because the acceleration spectrum of bridge vibration usually exhibits
a random characteristic and distributes over a wide range, the energy harvesting efficiency
of LPEH under this excitation will be far from satisfactory.

Figure 1. Schematic of the BPEH.

Figure 2 shows the schematic of harvesting vibration energy from a bridge with a
moving vehicle. As the vehicle runs on the bridge, the bridge is under the excitation of a
moving load, so it will oscillate. In analysis, for simplicity, the vehicle can be modeled as a
mass traveling on an elastic beam with length Lb and thickness Tb [9]. When the vehicle
moves at a speed of v and passes the bridge, the bridge’s oscillation will make the BPEH
vibrate and produce snap-through motions.

Figure 2. Energy harvesting from a bridge traversed by a vehicle.
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3. Modeling Potential Energy, Restoring Force and Stiffness

As we know, the LPEH has a linear restoring force and constant stiffness. It could
exhibit a satisfactory work efficiency only when the frequency of the excitation source
coincides with the resonance frequency. In fact, the vibration energy in the realistic envi-
ronment usually distributes over a broadband frequency range, so the LPEH is inefficient
in harvesting vibration energy. In contrast, the BPEH may overcome this defect.

To show the characteristics of the BPEH, its potential energy, restoring force and
stiffness are presented. The total potential energy of the system includes three parts: the
elastic potential energy of the substrate and piezoelectric patch, the gravity potential energy
and the magnetic potential energy.

The substrate can be modeled as a Euler–Bernoulli beam, whose strain is proportional
to the second spatial derivative of deflection. Thus, the elastic potential energy of the
piezoelectric beam can be given by [28]

Ub =
1
2

Es Is

∫ Ls

0

(
∂2y(x, t)

∂x2

)2

dx + Ep Ip

∫ Lp

0

(
∂2y(x, t)

∂x2

)2

dx (1)

where Es and Ep are the Young’s modulus of the substrate and that of the piezoelectric
patch, respectively; Is and Ip are the inertial moments of the substrate and the piezoelectric
patch, respectively; Ls and Lp are the lengths of the substrate and the piezoelectric patch,
respectively; y(x, t) is the displacement of the piezoelectric beam.

The magnetic potential energy of the system comes from the magnetic attraction
between the tip and fixed magnets, and the point dipole approximation is employed to
model the magnets. Then, the magnetic potential energy considered in the BPEH can be
given by [29]:
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where μ0 is the magnetic permeability constant; a1 and a2 (a3) are the effective magnetic
moments of the tip and fixed magnets, respectively; d is the distance between the tip magnet
and the fixed magnets in the horizontal direction (as shown in Figure 1); dg is the vertical
distance between the two fixed magnets.

The gravitation potential energies of the substrate, piezoelectric patch and tip magnet
can be given by the following equation:

Ug = −mtgy(Ls, t)− ρshsbsg
∫ Ls

0
y(x, t)dx − 2ρphpbpg

∫ Lp

0
y(x, t)dx (3)

where mt is the mass of the tip magnet; g is the gravitational acceleration; ρs and ρp
are the densities of the substrate and piezoelectric patch, respectively; hs and hp are the
thicknesses of the substrate and piezoelectric patch, respectively; bs and bp are the widths
of the substrate and piezoelectric patch, respectively.

Thus, the total potential energy of BPEH can be given as follows

Ut = Ub + Um + Ug (4)

The dynamic characteristics of the energy harvester can be inferred from its potential
energy shape. Figure 3 shows the potential energy shapes of the harvester for different
separation distances (d). The corresponding parameters are listed in Table 1. As is clear
from Figure 3, when d is quite large (e.g., d = 90 mm), the harvester acts like a linear system
since the magnetic force generated by the magnetic attractive effect is weak. Then, as d
decreases (e.g., d = 17 mm), it turns into a mono-stable one due to the introduction of
the magnetic force. It can be found that the curve of the potential energy function has
a potential well and is asymmetric due to the gravitation effect. When d is less than a
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critical value, the attractive magnetic force will be greater than the resultant force of the
elastic force and gravitational force. Thus, a potential barrier and two asymmetric potential
energy wells are formed in the potential energy diagram. The asymmetry will become
more obvious with the decrease in d. Subsequently, as d decreases further (e.g., d = 14 mm),
the depths of two potential energy wells will increase, forming two deeper potential wells.
For the bi-stable system, its snap-through motion may be excited to happen, which can
make the piezoelectric beam have a large deflection and thus generate a relatively large
voltage output.

Figure 3. Potential energy shapes of the harvester for various separation distances.

Table 1. Parameters used for the analysis of potential energy function.

Parameters Value

Substrate properties

Length Ls 190 mm
Thickness hs 1 mm

Width bs 10 mm
Inertial moment Is 0.833 mm4

Young modulus Es 205 GPa
density ρs 7.8 g/cm3

Piezoelectric patch properties

Length Lp 5 mm
Thickness hp 0.25 mm

Width bp 5 mm
Inertial moment Ip 0.49 mm4

Young modulus Ep 56 GPa
density ρs 2.7 g/cm3

Magnet properties

Effective magnetic moment a1(a2, a3) 0.218 Am2

Mass mt 3.7 g
Gap distance between two fixed magnets dg 45 mm

Permeability constant of magnet μ0 4 × 10−7 NA−2
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To further study the characteristics of the BPEH, Figure 4 shows the restoring force
and stiffness of the BPEH with respect to different separation distances (d = 14, 15, 16, 17,
18 or 90 mm). As d decreases, the equilibrium position corresponding to the zero value of
the restoring force gradually shifts toward the negative direction due to the gravitation
effect, as shown in Figure 4a. When the attractive magnetic and elastic forces get to the
same order of magnitude, the coupling effect becomes stronger. Now, the gravity effect
plays an increasingly important role. As the separation distance decreases, it will influence
the equilibrium position of tip deflection, which corresponds to the point of zero restoring
force. When there appear three zero points in the restoring force curve, the system exhibits
bi-stable behavior. In particular, by adjusting d, the restoring force and stiffness shown in
Figure 4 can be reduced to a very small value and even become negative. The restoring
force in the bi-stable state is extremely low and exhibits a negative value near zero tip
deflection, which is expected to give rise to a large deflection and generate a high output
voltage under weak vibration of the bridge.

 
Figure 4. (a) Restoring force and (b) stiffness of the BPEH for various separation distances.

4. Experimental Setup

To validate the energy harvesting efficiency of the BPEH, corresponding experimental
tests were carried out. The experimental setup is shown in Figure 5. The vehicle is
represented by a steel ball (1003 kg). The model bridge used for experimental tests is
made from an acrylic sheet (1300 mm × 80 mm × 8 mm), as shown in Figure 5a. Two
guardrails are attached to the bridge to prevent the ball from falling off the bridge. Because
the first mode plays an important role in bridge vibration, the first modal displacement
is a determinant element for the installation of the harvester. For collecting high electric
energy, the BPEH is installed under the midpoint of the bridge to harvest the vibration
energy. As for the excitation, a steel ball is released from different heights and rolls down
the acceleration section (inclined track). Then, it passes the bridge, as shown in Figure 5b.
The prototype of the BPEH is fabricated, as shown in Figure 6. The two stable equilibrium
positions of the BPEH are shown in Figure 7. The substrate is made of stainless steel and
has dimensions of 190 mm × 10 mm × 1 mm. The piezoelectric patch has the dimensions
of 5 mm × 5 mm × 0.25 mm, which is connected to a high-precision resistance box. A strain
sensor (120–5 AA) is bonded on the substrate to measure the dynamic strain. As for the
magnets, three permanent magnets have the same dimensions of 10 mm × 10 mm × 5 mm.
If the two fixed magnets are removed, the BPEH will degenerate to a classical LPEH (as
shown in Figure 8). In all experimental tests, the LPEH and BPEH are put in the same
experimental conditions to make a direct comparison. A data acquisition device (DH5922N,
Donghua, JingJiang, China) is adopted to measure the output voltage and dynamic strain.
The schematic diagram of the experimental procedure is illustrated in Figure 9.
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Figure 5. The experiment setup: (a) test section and (b) acceleration section.

Figure 6. The prototype of the BPEH.
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Figure 7. The two stable equilibrium positions of the BPEH: (a) stable equilibrium position 1 and
(b) stable equilibrium position 2.

Figure 8. The prototype of the LPEH.
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Figure 9. Schematic diagram of experimental procedure.

5. Results and Discussions

The dynamic behavior and electrical output are selected as the key indicators in
evaluating the dynamic behavior and output performance. The steel ball is released from
a titled track, which is named the acceleration section. In the acceleration section, for the
ball, different positions could produce different initial speeds to pass the bridge. In the
experiment, eleven positions are chosen to obtain different initial speeds. The running
interval of the steel ball for measurement is set to be from 0.52 s to 1.18 s, which is consistent
with the actual interval of a vehicle traveling through a bridge. Figure 10 shows the variance
of strain and the power density (the load resistance is about 0.9 MΩ) of LPEH and BPEH
for different moving speeds. It is clear from Figure 10 that, for BPEH, the variances of
strain increase greatly at the speed of 1.68 m/s, resulting in a significant increase in the
output power density. This phenomenon indicates that the BPEH is triggered to execute the
snap-through motion and oscillates in a high-energy orbit. Thus, the BPEH can significantly
improve the energy harvesting performance compared to the LPEH. For example, at the
speed of 2.07 m/s, the BPEH’s maximum power density can reach 430 W/m3, whereas the
LPEH’s maximum RMS voltage is only 261 W/m3.

  
Figure 10. (a) Variance of strain and (b) power density versus moving speed for LPEH and BPEH.

To reveal the vibration response of the LPEH and BPEH, Figure 11 illustrates the time
histories of strain for six moving speeds (v = 1.10, 1.52, 1.82, 2.07, 2.30 and 2.50 m/s). In
the time response, the tag “On bridge” indicates the instant when the vehicle enters the
bridge, while the tag “Leaving bridge” indicates the instant when the vehicle gets off the
bridge. At a very low moving speed v = 1.10 m/s or 1.52 m/s, the BPEH’s oscillation
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cannot cross the potential barrier and thus is trapped in a potential well. Thus, both BPEH
and LPEH have a small vibration amplitude now. When the moving speed increases to
1.82 m/s (Figure 11c), the BPEH produces a large-amplitude vibration, for it begins to
realize jumps between two stable equilibrium positions. Now the maximum strain of the
BPEH can reach 4.5 × 10−4, whereas the maximum strain of the LPEH is only 3.4 × 10−4.
The amplitude of BPEH is larger than that of LPEH, and the vibration period of BPEH is
longer as well. During the running period on the bridge, for the BPEH, the snap-through
motion keeps happening. Finally, as the vehicle gets off the bridge, the response will fall
into a potential well and oscillate in it. As the moving speed increases to 2.07 m/s, the
vibration amplitude of BPEH will have a significant increase, whose maximum strain will
increase up to 9.5 × 10−4 (Figure 11c). If the moving speed increases further to a high one
(e.g., 2.30 m/s or 2.50 m/s), the frequent snap-through motion will happen in the BPEH,
resulting in a much larger amplitude than the LPEH, as shown in Figure 11e,f. For example,
at 2.30 m/s, the maximum strain of BPEH can reach 1.16 × 10−3, nearly two times that
of the LPEH (6.8 × 10−4). Thus, through comparing the time histories of the strain of two
systems, it can be concluded that the BPEH is preferable to the LPEH in producing large
deformations and giving large outputs for the same running vehicle excitations.

Figure 11. Strain responses of the LPEH and BPEH for the vehicle traveling on and leaving the
bridge: (a) v = 1.10 m/s; (b) v = 1.52 m/s; (c) v = 1.82 m/s; (d) v = 2.07 m/s; (e) v = 2.30 m/s; and
(f) v = 2.50 m/s.
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Figure 12 shows the open-circuit output voltages of LPEH and BPEH for different
moving speeds. It is well known that the PZT output is proportional to its deformation
or strain. As is clear from Figure 12, the BPEH is superior to the LPEH in open-circuit
voltage output at every speed. Specifically, at the low moving speed, e.g., v = 1.10 m/s,
as Figure 12a shows, although the oscillation of BPEH is trapped in a potential well, the
open-circuit voltage output of BPEH is still larger than that of LPEH due to the tailored
potential energy shape. Then, when the moving speed increases to 1.82 m/s (Figure 12c),
the BPEH’s maximum open-circuit output voltage has a large increase and reaches up to
4.09 V, for the snap-through motion happens now, whereas the LPEH’s maximum open-
circuit voltage is only 2.44 V. Next, when the moving vehicle runs at a speed of 2.07 m/s,
the open-circuit output voltage is further improved and is up to 6.72 V. However, if the
moving speed increases continuously, the open-circuit output voltage of BPEH will not
increase greatly, even will decrease. For example, as the moving speed reaches 2.30 m/s,
the peak voltage of BPEH is 7.73 V. Then, as the moving speed increases a little to 2.50 m/s,
the peak voltage is 7.56 V, a little smaller than that at 2.30 m/s. This is due to the protective
effect of the fixed magnets. If the cantilever is excited to execute a very large vibration, the
cantilever is likely to be damaged rapidly. Therefore, the attractive force between the tip
and fixed magnets will take effect and constrain the excessively large vibration to protect
the BPEH.

Figure 12. Open-circuit output voltages of the LPEH and BPEH for the vehicle traveling on and
leaving bridge: (a) v = 1.10 m/s; (b) v = 1.52 m/s; (c) v = 1.82 m/s; (d) v = 2.07 m/s; (e) v = 2.30 m/s;
and (f) v = 2.50 m/s.
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In order to show the characteristics of the open-circuit voltage response of LPEH and
BPEH, corresponding frequency spectra for different moving speeds are shown in Figure 13.
It can be found that the peak of the LPEH is located near 14.3 Hz for any speed of the
moving vehicle, implying that it is the system’s resonance frequency. However, for the
BPEH, the distribution of frequency spectra is different depending on the moving speed.
At a relatively low moving speed (e.g., v = 1.10 m/s), the peak of the spectrum of BPEH
output is located at 8.5 Hz, the BPEH’s amplitude is much larger than that of the LPEH.
When the moving speed increases to 1.82 m/s, the main peak shifts to 5.2 Hz, and the
frequency energy of BPEH distributes over a wide range of 0–11.4 Hz. This is because the
BPEH executes snap-through motions and exhibits a strong nonlinear characteristic. As the
moving speed continues to increase, the spectrum of BPEH distributes more widely in a
frequency range of 0~17.2 Hz (as shown in Figure 13d,f). Therefore, it can be concluded
that the BPEH has a wider bandwidth and exhibits strong nonlinearity, which could help
harvest more energy from bridge vibration.

Figure 13. Frequency spectra of the open-circuit output voltages for the vehicle traveling on and
leaving bridge: (a) v = 1.10 m/s; (b) v = 1.52 m/s; (c) v = 1.82 m/s; (d) v = 2.07 m/s; (e) v = 2.30 m/s;
and (f) v = 2.50 m/s.
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6. Conclusions

In this work, a bi-stable PEH was developed by introducing a tip and two fixed
magnets. The bi-stable characteristic of this BPEH is generated by the magnetic attractive
interaction, which helps enhance the energy harvesting from bridge vibrations. For the
BPEH, corresponding theoretical analysis and simulations were carried out, and the valida-
tion experiment was conducted. The results show that the BPEH can significantly improve
the energy harvesting performance by realizing snap-through motions. Compared to the
LPEH, the BPEH has a wide frequency spectrum, which varies with the moving speed.
The voltage response of the BPEH outperforms that of the LPEH over the whole range
of moving speeds. The BPEH could significantly increase the deflection under the same
excitation, which is beneficial for harvesting more energy from bridge vibration induced by
traveling vehicles. Compared to the classical designs, the BPEH is simple in structure and
can be easily adjusted in size to obtain a satisfactory harvesting performance. This design
may lead to the realization of an efficient and reliable energy harvester. However, there
remain some aspects to be studied in future work. For example, the separation and gap
distances can be optimized so as to make the BPEH realize snap-through motions more
easily. In practice, multiple vehicles will run on the bridge simultaneously, the BPEH’s
response and output under this excitation should be studied.
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Abstract: Tin oxide (SnO2) and tin-based composites along with carbon have attracted significant in-
terest as negative electrodes for lithium-ion batteries (LIBs). However, tin-based composite electrodes
have some critical drawbacks, such as high volume expansion, low capacity at high current density
due to low ionic conductivity, and poor cycle stability. Moreover, complex preparation methods and
high-cost carbon coating procedures are considered main challenges in the commercialization of
tin-based electrodes for LIBs. In this study, we prepared a Sn/SnO2/C nano-composite structure
by employing a low-cost hydrothermal method, where Sn nanoparticles were oxidized in glucose
and carboxymethyl cellulose CMC was introduced into the solution. Scanning electron microscope
(SEM) and transmission electron microscope revealed the irregular structure of Sn nanoparticles and
SnO2 phases in the conductive carbon matrix. The as-prepared Sn/SnO2/C nano-composite showed
high first-cycle reversible discharge capacity (2248 mAhg−1) at 100 mAg−1 with a first coulombic
efficiency of 70%, and also displayed 474.64 mAhg−1 at the relatively high current density of about
500 mAg−1 after 100 cycles. A low-cost Sn/SnO2/C nano-composite with significant electrochemical
performance could be the next generation of high-performance negative electrodes for LIBs.

Keywords: Sn/SnO2/C composite anode material; lithium-ion battery (LIBs); energy storage;
synthesis; electrochemical performance

1. Introduction

Rechargeable lithium-ion batteries (LIBs) have been used during the last few decades
as the main power source of choice with tremendous applications in many fields, such as
portable optoelectronics devices, mobile phones, laptops and cameras, etc. [1–4]. However,
given the high demands and rapid development of electric vehicles, lithium-ion batteries
are now urgently required, especially those with high energy density, a long cycle life, and
fast charging capacity [5–7]. A lot of expectations are on LIBs in terms of stable performance
to meet the high demands of the current electronic market. However, the conventional
anode material graphite (372 mAhg−1) used commercially is incapable of fulfilling the
requirement of the current demands of power due to its low theoretical capacity [8–10].
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According to the current demands, it a priority to explore new-generation electrode materi-
als with excellent electrochemical performances, including high lithiation capacity, long
cycle lifespan, low cost, and that is eco-friendly, to boost up the overall performances of
LIBs. In this context, much work has been done to introduce high-performance electrode
materials for LIBs. Among these, metallic tin is a non-toxic, environmentally friendly, low-
cost and highly abundantly available metal with outstanding specific theoretical capacity
(994 mAhg−1) for LIBs [11,12]. However, metallic tin electrodes have some serious draw-
backs concerning the dramatic volume expansion >300% during the lithiation/delithiation
process resulting in capacity fading, rapid capacity decay, and low coulombic efficiency,
which always limits their potential applications [13,14]. Tin oxide SnOx, specifically SnO2
and SnO, have attracted attention as a potential next-generation anode owing to their
high theoretical capacity of 1494 mAhg−1 and 1273 mAhg−1, respectively [15,16]. In the
literature, different strategies have been applied to obtain different structures of tin oxide in
order to improve the electrochemical performance [17,18]. By controlling and manipulating
important parameters of the SnO2, such as the size of the electrode nanostructure and the
confinement of the active material in a carbonaceous matrix to prevent the agglomeration
of the nanostructures upon cycling, it is possible to increase the amount of lithium-ion
reversibility during conversion reactions [19–21]. During lithiation, the reaction mechanism
of SnO2 can be described as two stages: the (1) conversion reaction and (2) alloying reaction,
which are given as follows:

In the conversion stage, SnO2 is converted to form Li2O and the elemental Sn as
expressed by the following equation:

SnO2 + 4Li+ + 4e− ↔ 2Li2O + Sn (1)

which contributes to a capacity of 711 mAhg−1.
In the second stage, the alloying reaction taking place can be expressed as the following

equation:
Sn + xLi+ + 4e− ↔ LixSn (0 < x < 4.4) (2)

to which a further 783 mAhg−1 can be added over its theoretical capacity, and it can
reach as high as 1494 mAhg−1 [22,23]. Besides these, SnO2 has some drawbacks when
used as a negative electrode for LIBs, such as high volume expansion during lithiation,
poor conductivity, and large first-cycle capacity, which lead to electrode pulverization
and electrical exfoliation of the active material from the current collector and further
hinder their application, resulting in poor cycle performance, rapid capacity decay, and
low coulombic efficiency [24–26]. Different morphology and nanostructures, and the
introduction of Sn-based anode into the carbon matrix are helpful to overcome all these
obstacles while utilizing and introducing a negative electrode material for LIBs with such
high theoretical capacity [27,28]. Herein, an Sn/SnO2/C nano-composite anode, prepared
by facile hydrothermal method, is expected to be able to enhance the performance of LIBs,
especially in its real capacity with stable cyclability and coloumbic efficiency. Structural
characterizations confirm the existence of Sn and SnO2 in the carbon conductive framework,
ensuring Sn/SnO2/C-based LIBs that possess considerable enhancement in terms of cycle
stability as well as other enhanced performances.

2. Experimental

2.1. Preparation of Sn/SnO2/C in Carbon Matrix

A typical hydrothermal method was used for the preparation of Sn/SnO2/C nano-
composite materials. In detail, the desired molar ratio of tin chloride dehydrate SnCl2·2H2O
(99.9%, Aladdin) and Glucose C6H12O6 (99%, Aladdin Nanjing Chemical Reagent Co.,
LTO) of about 0.02 mole (4.51 g) and 0.02 mole (3.6 g), respectively, were mixed in 50 mL
deionized water. The solution was stirred for 15 min and then 4 g (weight %) carboxymethyl
cellulose CMC was added slowly and gradually into the solution and continually stirred
for more than 2 h in order to get a homogenous solution milky in color. All the reagents
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were of the analytical grade and used without any further purification. The solution was
then transferred to a 100 mL Teflon-lined autoclave and heated to 200 ◦C and kept at this
temperature for 24 h to get the SnOx nanoparticles. The solution was cooled naturally
to room temperature and was then centrifuged at 9000 r/min several times. Then, the
solution was washed thoroughly by using de-ionized water and ethanol to obtain more
pure products. Finally, the products were transferred to a vacuum oven and kept at a
temperature of 90 ◦C overnight to dry them. To get the Sn/SnO2/C, the resultant products
were ground with the help of a pestle and mortar and then annealed at 800 ◦C at the rate of
5 ◦C/min for 4 h under argon atmosphere. The used carboxymethyl cellulose CMC polymer
was converted into carbon after high-temperature treatment by following the annealing
process. The experimental steps were exercised repeatedly to make it more accurate.

2.2. Materials Characterization

The crystalline structure and phase confirmation of the as-synthesized Sn/SnO2/C
material was characterized via room temperature powder X-ray diffractometer (XRD) in
the range of 10–80◦ on Broker D8 with Cu Kalpha radiation. Scanning Electron Microscopy
(SEM model FEI, Quanta 650, HITACHI, Japan) was carried out to analyze the morphologi-
cal structure of the as-synthesized material. Energy dispersive spectroscopy (EDS) along
with SEM was performed to confirm the elemental distribution mapping of the elements
contained by the prepared materials. Transmission electron microscopy (TEM) along with
selected area electron diffraction (SAED) and high-resolution transmission microscopy
(HRTEM, Tokyo, Japan) was performed on EFI Tecnai G2s-Twin instrument with electron
gun operating at 200 KV to further confirm the atomic distribution and size of the synthe-
sized Sn/SnO2/C material. X-ray photoelectron spectroscopy (XPS, PHI-5000 VersaProbe
Ulvac–Phi Thermo Fischer Scientific Multilab 2000 spectrometer with an Al Kα radiation
monochromator at 1486.6 eV) was carried out to confirm the composition and oxidation
state of the prepared Sn/SnO2/C material.

2.3. Electrochemical Measurement

In order to investigate the electrochemical performance of the synthesized Sn/SnO2/C
material, working electrodes were prepared by a slurry of 70% active materials, 20% carbon
black (conductive agent), and 10% polyvinyl difluoride (PVDF) used as a binder in N-
methy1-2-pyrrolidone (NMP). The mixture was then stirred with a magnetic stirrer for 2 h
to obtain a homogenous solution. After that, the slurry was bladed on copper foil (current
collector) and then transferred to a vacuum oven at 80 ◦C overnight. The prepared dry
electrode was cut into a 12 mm round shape with an active mass of about 1.4 mg, and was
pressed at 20 MPa. The coin cells (CR-2032) were assembled inside the glovebox (water and
oxygen content < 1), where lithium metal foil was used as a reference and counter electrode.
The propylene was used as a separator and 1M LiPF6 in EC:DEC = 1:1 (volume ratio) was
used as an electrolyte. The galvanostatic charge/discharge curves were tested using a
Land automatic batteries tester (LAND-CT2001A, Wuhan, China) in the potential range
of 0–3 V as well at different current densities. The cyclic voltammetry (CV) was tested at
a scan rate of 0.1 V at the electrochemical workstation (CHI660D, Shanghai, China). The
electrochemical impedance spectroscopy (EIS) tests were also performed in the frequency
ranging from 0.01 Hz to 1 MHz to check the ionic conductivity of the prepared electrodes.

3. Results

We first prepared a Sn/SnO2/C nano-composite by using the facile hydrothermal
method along with high-temperature post-treatment of about 800 ◦C. In order to investigate
the crystalline and phase confirmation of the prepared materials, X-ray diffraction Broker
D8 with Cu Kalpha radiation was performed. Figure 1 shows the XRD pattern of the
synthesized Sn/SnO2/C. The XRD pattern shows the prominent diffraction peaks of tin
(JCPDS No 90-08570) with high intensity, where some of the diffraction peaks of the SnO2
phase structure were also observed and matched well with the SnO2(JCPDS No 14-1445),
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which had comparatively very low intensity. The diffraction peaks belonging to the SnO2
crystal structure can be observed in the XRD pattern. The observed diffraction peaks have
very low intensity when compared with the prominent phase structure of tin. The X-ray
diffraction pattern shows the existence of both structures in the composite, where the
low intensity diffraction peaks suggest that the SnO2 phase shows their existence in the
synthesized composite material in a low ratio, or the high-intensity peaks depressed their
execution in the pattern.

Figure 1. XRD pattern of Sn/SnO2/C.

To investigate and characterize the surface and morphological characteristics of the
prepared Sn/SnO2/C nano-composite, scanning electron microscope (SEM) was performed
and the results are presented in Figure 2. Figure 2a contains the typical low-magnification
images of the Sn/SnO2/C nano-composite. It also shows particles irregular in shape as
well as size, which may be due to the two different phases generated during the synthesis
process. No obvious agglomerates were observed for the tin particles in the pattern.
From the high-magnification images presented in Figure 2b, it can be seen clearly that
the irregularity in terms of size and shape is due to the transformation of glucose and
carboxymethyl cellulose (CMC) into carbon matrix during carbonization and the high-
temperature (800 ◦C) treatment. The observed irregularity of the particles in the presented
Figure 2a,b, suggests that the prepared Sn/SnO2/C nano-composites were inter-connected
with each other, which created short pathways and more chances for the penetration of
electrolytes and more Lithium-ion diffusion. Energy dispersive spectroscopy (EDS) along
with SEM was performed to confirm the elemental mapping for the Sn/SnO2/C nano-
composite and the results are shown in Figure 2c–f. It can be seen in the figure that tin
agglomerates are distributed in the carbon matrix; the existence of oxygen mapping in
Figure 2f can also be observed. No other contaminations were observed for other particles,
which confirms that Sn and SnO2 particles were distributed in the carbon matrix and further
clarifies the even distribution of the Sn in the carbon matrix.
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Figure 2. (a,b) SEM images; and (c–f) EDS and the corresponding elemental mapping Sn, C and O of
as-prepared Sn/SnO2/C nano-composite.

Transmission electron microscope (TEM) analysis along with high-resolution transmis-
sion electron microscope (HRTEM) and selected area electron diffraction (SAED) analysis
was performed to investigate and obtain more structural information of the as-prepared
Sn/SnO2/C nano-composite anode, as shown in Figure 3. The presented TEM image in
Figure 3a shows the even distribution of Sn and SnO2 nanoparticles in the carbon matrix.
The SAED pattern in Figure 3b shows different lattice fringes, where in fact no obvious
patterns can be differentiated easily for any specific phases, which further confirms and
indicates the formation of a complex composite structure. A high-resolution TEM was
used to reveal the lattice fringes of the prepared Sn/SnO2/C nano-composite as shown
in Figure 3c–e. In the HRTEM image of Figure 3c, two different crystalline domains are
embedded in the carbon matrix and are enlarged in the selected area of the image and are
further presented in Figure 3d,e to confirm information about their lattices. In Figure 3d,
the crystalline structure of Sn with its (200) planes can be identified. Figure 3e contains
a SnO2 crystalline structure with its (110) planes. The inter-atomic spacing distance of
0.293 nm [29] and 0.334 nm [30] corresponding to (200) and (110) for both Sn and SnO2
match well with the XRD results. The observed lattice fringes of the SnO2 crystal structure
in Figure 3e confirm their existence in the carbon matrix as well in the composite. The
corresponding TEM and HRTEM images confirm the Sn/SnO2/C nano-composite phase
and distinguish two crystalline structures embedded in the carbon matrix. As the literature
reports, Sn itself as an anode suffers from high volume expansion, whereas SnO2 tends to
agglomerate into large particles, both of which induce the fading of the performance of
the battery. So, fabricating a composite structure has advantages such as controlling the
volume expansion of Sn and depressing the agglomerates of the SnO2, which is expected to
improve the reaction efficiency of the Sn/SnO2/C composite structure.

The chemical composition and oxidation states of the as-prepared Sn/SnO2/C nano-
composite was further scrutinized via X-ray photo electron spectroscopy (XPS), as shown
in Figure 4a–d. In the low-resolution survey spectra depicted in Figure 4a, the typical
peaks of carbon, tin, and oxygen can be identified, indicating the purity of the synthesized
Sn/SnO2/C nano-composite samples. As shown in Figure 4b, two strong characteristic
peaks belonging to Sn3d5/2 and Sn3d3/2 of Sn/SnO2/C can be observed at 487.2 and
496.6 eV [31]. These characteristic bands of Sn/SnO2/C confirmed the oxidation of Sn into
Sn+4 states [32]. Figure 4c represents the high-resolution spectra of Cs1 at 286.1 eV, which
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further confirm the existence of carbon in the composite sample. The major peak of carbon
in the spectra indicates the existence of C species in the Sn/SnO2/C nano-composite.

Figure 3. (a) TEM image of the Sn/C composite; (b) SAED pattern of the composite; and (c–e) HRTEM
and enlarged image of the Sn/SnO2/C nano-composite.

Figure 4d shows the high-resolution spectra of Os1 with maximum intensity at
533.6 eV attributed to the C–O bonding functional group, which further contributes to
the reversibility of LiO2 during the cycling process [33].

In order to explore the electrochemical performance of the prepared Sn/SnO2/C
nano-composite, half-coin cells were assembled in a glovebox where metallic Li foils were
used as counter and reference electrodes, and the corresponding synthesized Sn/SnO2/C
nano-composite materials were used as a negative electrode. The measured electrochemical
performance of the Sn/SnO2/C nano-composite is depicted in Figure 5a–c. The cyclic
voltammetry (CV) results were tested in the potential window ranging from 0.01 to 3 V (vs.
Li+/Li) at a scanning rate of 0.1 mV s−1 for the initial five cycles for LIBs and are shown in
Figure 5a. As observed in Figure 5a, in the first cycle there were six cathodic peaks appear-
ing at different voltages and are identified at 0.338 V, 0.76 V, 1.5 V, 1.7 V, 1.8 V and 2.8 V,
respectively. All the observed peaks in the first cycle disappeared, which was attributed to
the solid electrolyte interphase (SEI) layer forming on the surface of the active electrodes.
Moreover, all the observed oxidation and reduction peaks in the subsequent cycles are
distinct and overlap each other, which indicates a stable electrochemical performance. The
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characteristic electrochemical reduction and oxidation peaks reflect the electrochemical
behavior of the Sn and SnO2 anodes in one electrode system for LIBs.

 

Figure 4. XPS spectra of Sn/SnO2/C: (a) survey scan; (b) Sn3d spectra; (c) C1s spectra; and (d) O1s spectra.

The measured electrochemical impedance (EIS) of the Sn/SnO2/C nano-composite
for LIBs is shown in Figure 5b. In general, a Nyquist plot contains a semicircle and a
straight line representing charge transfer in high frequency and lower frequency regions,
respectively. The depicted EIS results in Figure 5b show lower resistance with a high
rate diffusion of Li-ion in the Sn/SnO2/C nano-composite’s negative electrode for LIBs.
The inset in Figure 5b represents the EIS results measured for pure Sn as a negative
electrode for LIBs, which show high conductivity in a low-frequency range. The absence
of the high-frequency region may be due to the ESI layer formation/ decomposition in
the pure Sn electrode system which further enhanced the diffusion rate of Li-ion in the
Sn/SnO2/C nano-composite electrode for LIBs. Figure 5c represents the cycle performance
of the Sn/SnO2/C nano-composite electrode and pure tin electrode for LIBs measured
at 100 and 500 mAg−1 current densities in a potential range 0–3 V for 100 cycles. The
first 5 cycles were measured at 100 mAg−1 and the remaining 90 cycles were measured
at 500 mAg−1. The initial discharge capacity of the Sn/SnO2/C nano-composite was
2248 mAhg−1 with coulombic efficiency 70% of first charge/discharge capacity and a
99% capacity was maintained for the remaining cycles, even at high current density. In
Figure 5c, we can also see the cycle performance of the pure tin electrode measured at same
current densities in order to compare the cycle performance of both electrodes. Here, we
can see the capacity drops after a few cycles at high current density; high capacity decay
may be due to the high volume expansion or because of the low ionic conductivity of the
tin electrode for LIBs. On the other hand, the discharge capacity decreased to 1685 mAhg−1

in the second cycle for the Sn/SnO2/C nano-composite electrode and then maintained
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up to 95% for the remaining cycles. The first high discharge capacity may be attributed
to the SEI layer on the surface of the electrode which further decomposed in subsequent
cycles as a result of a large amount of capacity decay. It is believed that such a high
capacity with excellent coulumbic efficiency may be attributed to the combination of Sn and
SnO2 in the conductive carbon matrix [34]. The Sn/SnO2/C nano-composite shows a high
reversible capacity of about 489 mAhg−1 at the 100th cycle. As a result, the Sn/SnO2/C
nano-composite showed enhanced electrochemical performance for LIBs and could be a
promising candidate as a negative electrode for future prospects.

Figure 5. Electrochemical performance of Sn/SnO2/C nano-composite for LIBs: (a) initial five
cyclic voltammetry curves scanned from 0.01 to 3 V at a rate of 0.01 mV s−1; (b) EIS of Sn/SnO2/C
nano–composite; and (c) cycle performance of Sn/C electrode acquired at two different current
densities of about 100 mA g−1 and 500 mAg−1.

4. Conclusions

In this work, a Sn/SnO2/C nano-composite was synthesized via a hydrothermal
method as an anode for LIBs. The basic structural characterization performed using SEM
and TEM revealed the existence and homogenous distribution of the Sn nano-particles
and SnO2 in the carbon matrix, which significantly enhanced the ionic conductivity of
the electrode and buffered the volume expansion during repeated lithiation/delithiation
processes. Moreover, the synthesized Sn/SnO2/C nano-composite showed high initial
first-cycle discharge capacity (2248 mAhg−1) at 100 mAg−1 with a first-cycle coulombic
efficiency of 70% and also displayed 489 mAhg−1 at a relatively high current density of
about 500 mAg−1 after 100 cycles. As a result, high electrochemical active and crystalline
nanoparticles embedded in the carbon matrix anode were achieved. The improved elec-
trochemical performance of the prepared Sn/SnO2/C nano-composite enables it to be a
promising anode for next-generation LIBs.
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Abstract: To lower the charge leakage of a floating gate device and improve the operation performance
of memory devices toward a smaller structure size and a higher component capability, two new
types of floating gates composed of pn-type polysilicon or np-type polysilicon were developed in this
study. Their microstructure and elemental compositions were investigated, and the sheet resistance,
threshold voltages and erasing voltages were measured. The experimental results and charge
simulation indicated that, by forming an n-p junction in the floating gate, the sheet resistance was
increased, and the charge leakage was reduced because of the formation of a carrier depletion zone at
the junction interface serving as an intrinsic potential barrier. Additionally, the threshold voltage and
erasing voltage of the np-type floating gate were elevated, suggesting that the performance of the
floating gate in the operation of memory devices can be effectively improved without the application
of new materials or changes to the physical structure.

Keywords: semiconductor device; memory cell; floating gate; n-p junction; charge leakage

1. Introduction

Memory devices, one of the most typical and popularly used electronic devices,
generally comprise a plurality of gate structures, which include a control gate and a floating
gate [1,2]. The floating gate is a conductive layer normally fabricated from polysilicon that
is positioned between the control gate and a silicon substrate [1,2]. The floating gate is not
attached to any electrodes or power sources and is generally surrounded by an insulation
material [1,2]. The operation of the memory cells is dependent upon the charge stored
in the floating gate at the threshold voltage to represent information in these memory
devices [3,4]. The performance of the memory cells is determined by the programming
speed, which is dominated by the speed of the erasing and writing operations [1,2]. The
speed is basically limited by the rate at which electrons can be pumped into (writing) and
out of (erasing) the devices without causing damage to the device [1,5–7]. Typically, writing
and erasing operations must be capable of operating within 1 ms at a specified applied
voltage [1,6,8–11].

Aiming at a higher capability but a smaller chip size, the semiconductor industry
has been increasingly driven towards smaller and more numerous electronic devices,
including memory cells [2,12,13]. To reduce the size and accordingly increase the number
of such devices, while simultaneously maintaining or even improving their respective
capabilities, the size of components and the distance between such components need to
be reduced [2,14,15]. However, as the cell size is reduced, some other issues arise that
prevent a further reduction in size [15,16]. One of these issues is that charge leakage from
the floating gate may increase, thereby deteriorating the performance of the devices as the
individual layers of the gate structures are made smaller and placed closer to each other [15].
In particular, the tunneling oxide will be more seriously damaged with more programming
and erasing sequences, resulting in more charge leakage [15]. In order to overcome the issue
of charge leakage, many device structures have been proposed, e.g., SONOS, BE-SONOS,
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TAHOS and 3D FLASH [6,17–20]. The 3D NAND FLASH structure was proposed as a
solution when 2D NAND FLASH reached the scaling limit of a 15 nm process node [21].
Furthermore, the ReRAM [8,22], PCRAM [23,24], FeRAM [25,26] and MRAM [27,28] devices
have also attracted much attention in the past two decades as promising candidates for
the next generation of nonvolatile memory cells with improved performance. However,
new semiconductor devices with markedly shrunken gate structures and reduced charge
leakage that do not sacrifice their performance or suffer from environmental contamination
are still elusive.

Hence, in this study, two new floating gate structures, including a p-n junction and
an n-p junction, were designed, investigated and processed on 300 mm wafers. In these
new designs, no extra new material needs to be employed, no new process needs to
be developed and no contamination risk needs to be considered when the devices are
processed at the semiconductor manufacturing factory. By forming an n-p junction instead
of a p-n junction in the first conductive layer (the floating gate), the charge leakage across
the second dielectric layer (the inter-polysilicon dielectric layer) may be reduced. This
n-p junction interface is anticipated to provide an intrinsic potential barrier to inhibit the
leakage path, successfully reducing the charge leakage and enlarging the programming and
erasing window. Additionally, upon the reduction of the charge leakage across the second
dielectric layer, the second dielectric layer can be made thinner and/or even be completely
removed from wrapping the first conductive layer. The gate structure can thereby be
made more compact, allowing a smaller semiconductor device without sacrificing the
performance of the device.

2. Materials and Methods

2.1. Device Fabrication

NAND FLASH memory devices with two new floating gate structures were fabricated
on p-type 300 mm silicon (Si) wafers with n+ junctions. As shown in Figure 1, the memory
devices comprise the Si substrate, the first dielectric layer (tunneling oxide, denoted as
TUN OX) disposed along the substrate, and the first conductive layer (floating gate, FG)
disposed along the first dielectric layer (Figure 1a,c, schematically illustrated from the X-
and Y-direction cross-sections, respectively). The second dielectric layer (inter-polysilicon
dielectric, IPD) is disposed along the sidewall of the first conductive layer, and the second
conductive layer (control gate, CG, such as n-type polysilicon) is afterwards deposited. Two
new types of the first conductive layer, i.e., the floating gate, were proposed, including the
pn-type (a bottom “p+” region followed by a top “n+” region) polysilicon and the np-type
(bottom “n+” followed by top “p+”) polysilicon, for which a high-temperature chemical
vapor deposition (CVD) boron-doping polysilicon process and a high-temperature furnace
phosphorous-doping polysilicon process were applied at 500 ◦C, in sequence or vice versa.
The thickness ratio of the bottom-to-top regions of the pn-type or np-type polysilicon
was designed to be around 1:3. For comparison, a conventional floating gate (the control
split) was also prepared, with single n+ polysilicon as the first conductive layer. The
concentration of dopants in the n-type and p-type polysilicon was around 1 × 1019 cm−3

and 1 × 1021 cm−3, respectively.
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(a) (b) 

  
(c) (d) 

Figure 1. (a) Schematic illustration and (b) cross-sectional TEM image of memory cells around
floating gates with np-type polysilicon from the X-directional view; (c) schematic illustration of
memory cells from the Y-directional view; (d) SIMS depth profile of elemental distribution along the
floating gate.

2.2. Characterization and Measurement

Thin foils (cross-sectional) of the memory devices around the floating gates were cut by
using a focused ion beam system (USA, FIB, FEI Expida1265) and milled with an ultralow
current, and the microstructure was observed by using a transmission electron microscope
(Netherlands, TEM, FEI Osiris). The depth profile of elemental compositions along the
floating gates for understanding the distribution of dopants was determined by using a
secondary ion mass spectrometer (France, SIMS, AMETEK ims-6f). The sheet resistance (Rs)
of the floating gates, programing threshold voltage (Vth) and erasing voltage (Ver) were
measured by using a WAT system (USA, Keysight, 4082F). The charge simulation of the
floating gates was performed by the TCAD (Technology Computer-Aided Design).

3. Results and Discussion

3.1. Microstructure and Chemical Composition

Figure 1b shows the cross-sectional TEM microstructure of the memory cells around
the floating gates with np-type polysilicon from the X-directional view. Clearly, the tun-
neling oxide layer is disposed between the floating gates and the substrate, and the inter-
polysilicon dielectric layer is uniformly deposited on the floating gates. The image contrast
indicates two regions in the floating gates: the bright region at the top and the dark region
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at the bottom, and the thickness ratio of the bottom-to-top regions is roughly estimated to
be around 1:3. As further illustrated in Figure 1d, the SIMS depth profile along the floating
gate confirms four regions of elemental distribution along the floating gate, from top to
bottom: (1) the top p+ polysilicon for a thickness of about 60 nm, with a silicon element;
(2) the bottom n+ polysilicon for 20 nm, with silicon and a high concentration of phos-
phorous dopants; (3) the tunneling oxide and (4) the silicon substrate. It was noted that
in region (1), boron dopants were not present due to the improper collection condition
of light-ionized boron signals from the uneven film structure of the sample instead of a
planar/blanket one. However, the gradually dropping intensity of silicon might reveal the
existence of other elements that were very likely boron.

3.2. Sheet Resistance and Charge

Figure 2 presents the cumulative probability plot and box plot of sheet resistance for
three different floating gates, including the control split and the new pn-type and np-type
floating gates. Clearly, the sheet resistance of the new floating gates was higher than that
of the control split, (i.e., about 1.7 times for the pn-type floating gates and 2.1 times for
the np-type floating gates), which was plausibly caused by the formation of a depletion
zone and the narrowed channels for current flow. When a forward bias was applied to the
np-type floating gate, or a reverse bias was applied to the pn-type floating gate, a depletion
zone of carriers would be formed at the n-p or p-n junction interface [28–32], leading to an
open circuit at the bottom region of the floating gates. Current flow was therefore allowed
only through the top p+ or n+ polysilicon paths, respectively, and the narrowed channel
would thus result in increased resistance, particularly for the np-type floating gates, as
the mobility of holes in the p+ polysilicon path was lower than that of electrons in the n+

polysilicon path [29,30].

  
(a) (b) 

Figure 2. (a) Cumulative probability plot of sheet resistance of floating gates (30 data points for pn
FG and np FG, and 20 data points for the control split). (b) Box plot of sheet resistance (center line:
median of the data; top line: Q3, the upper quartile; bottom line: Q1, the lower quartile).

As illustrated in the band diagrams of the neutral and charged states of these three
floating gates in Figure 3a,c, different band structures are expected. For the conventional n-
type polysilicon floating gate (the control split, Figure 3a) at a programing voltage (positive
bias, ΔV) applied to the control gate, the energy band near the control gate will bend
downward for ΔV to form a channel near the tunneling oxide for carriers to tunnel through
the tunneling oxide into the floating gate for programming [1,2]. The charge in the floating
gate depends on the gate coupling ratio (GCR) to influence the efficiency of the device
programming [13,33]. In comparison, for the pn-type polysilicon floating gate (Figure 3b)
and the np-type polysilicon floating gate (Figure 3c) at a thermal equilibrium state, the
Fermi level (Ef) is close to the valence band in the p+ region (conduction by holes) and close
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to the conduction band in the n+ region (conduction by electrons). At a constant Fermi
level, the distributions of carriers as well as the energy levels of the conduction band (Ec)
and valence band (Ev) are thus different in the p+ and n+ regions at the neutral state, and
a depletion zone (a thin region with very few carriers) of high electrical resistance will
accordingly be formed at the p-n or n-p junction interface [29–32].

(a) (d) 

(b) (e) 

(c) (f) 

Figure 3. Band diagrams of the natural and charge states of (a) conventional n-type polysilicon floating
gate (the control split), (b) pn-type polysilicon floating gate, and (c) np-type polysilicon floating gate.
Charge simulations for (d) conventional n-type floating gate (the control split), (e) pn-type floating gate,
and (f) np-type floating gate (Vg 20 V: programming state, Vg 0 V: retention state).
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When a programming voltage ΔV is applied to the control gate, the energy band bends
downward, and the carriers will tunnel through the tunneling oxide into either the pn-
or the np-type floating gate in the same way as the conventional floating gate. However,
owing to the different space charge distributions in the p+ and n+ regions, electrons stay
mainly in the n+ region [29,34]. The carriers (electrons) into the pn-type floating gate will
induce a reverse bias in the p-n junction to cause the expansion of the depletion zone
and the shrinkage of the top n+ region for carrier storage, therefore reducing the total
stored charge. On the contrary, in the np-type floating gate case, a forward bias will lead
to the contraction of the depletion zone and the extension of the bottom n+ region for
carrier storage, which in turn increases the total stored charge. In addition, because the
bottom n+ region is close to the tunneling oxide channel and has a low energy barrier for
programming, and the top p+ region is adjacent to the inter-polysilicon dielectric and has a
high energy barrier, the charge leakage of the control gate is expected to be inhibited, which
aids in improving the programming efficiency and elevating the programming threshold
voltage (Vth) of the np-type floating gate as investigated below.

Furthermore, the charge simulations given in Figure 3d–f confirm the aforementioned
assumption regarding charging in the three different floating gates. When the voltage
applied to the control gate (Vg) is switched from 20 V (the programming state) to 0 V (the
retention state), as expected, there is no change in the amount or distribution of charge in
the conventional floating gate (the control split, Figure 3d), since the n-type floating gate is
simply composed of a single material (n+ polysilicon). However, the charge is obviously
redistributed, and a part of the charge is lost in the pn-type and np-type floating gates
when the gate voltage Vg is switched. Clearly, at Vg = 20 V, the charge in the n+ or p+ region
of the np-type floating gate is larger than that of the pn-type floating gate. At Vg = 0 V, in
addition to the fact that more charge in the n+ region of the np-type floating gate is retained,
a portion of charge in the p+ region is retained as well, suggesting that this n-p junction
design in the floating gate will benefit the retention of charge, particularly because the p+

region is much farther away from the tunneling oxide, making it less likely that a charge
leakage will occur.

3.3. Threshold Voltage and Erasing Voltage

Two other important factors dominating the programming (writing) window and
performance of memory devices include the threshold voltage (Vth, the gate voltage
required to create strong inversion under the gate when the floating gate contains the
electrons [35]) and the erasing voltage (Ver, the voltage required for removing the stored
charge (electrons) in the floating gates [36]). When the gate voltage is below the threshold
voltage, this device is no longer in strong inversion. This region of device operation is
called the “cutoff”, which corresponds to a logical “0” stored in the cell [37]. A higher
threshold voltage yields a wider programming window and thereafter benefits more
precise control over the read operation state of the devices. For example, two states
with programming threshold voltages of 4 V and 2 V define a memory window, ΔV,
of 2 V, which is clearly better than a window of 1.5 V attained in the case where the
programming threshold voltages of the 0 and 1 states are, respectively, 3 V and 1.5 V.
On the other hand, a higher erasing voltage is conducive for a more stable state and
more effective retention of the stored charge in the memory devices. However, a higher
programming threshold voltage may also cause a more serious impact on the tunneling
oxide and induce larger current leakage to lower the erasing voltage.

As mentioned above and presented below in Figure 4, the new types of floating
gates, in particular the np-type, are observed to effectively improve the performance of
the memory devices fabricated without the application of any new materials or changes to
their physical structure. As clearly seen in the cumulative probability plot and box plot, the
programming threshold voltage of the np-type floating gate was as high as about 1.2 times
that of the conventional one (the control split) and much higher than that of the pn-type
one (Figure 4a,b), while the erasing voltage of the np-type floating gate was close to that
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of the conventional one and also higher than that of the pn-type one, both suggesting the
better performance of the np-type floating gate in controlling the operation of the memory
devices (Figure 4c,d). The erasing voltages of the floating gates that we showed in Figure 4
were actually measured with a deliberately designed test key to check the floating gate state
after the charges of the floating gate were cleaned up by applying a high voltage on the
substrate. The lower the |Ver|, the easier it is for the cell to be turned on, which typically
corresponds to a logical “1” stored in the cell. The degradations of the programming and
erasing operation (after 3000 cycles) were also investigated to understand the performance
of the different types of floating gates, as given in Figure 5. It was clear that the np-type
floating gate showed a much better performance than the pn-type one and had the same
performance as the control split, indicating no extra current leakage from the tunneling
oxide even at a higher threshold voltage.

 

 

 
(a)  (b) 

  
(c)  (d) 

Figure 4. (a) Cumulative probability plot of programming threshold voltage of floating gates. (b) Box
plot of programming threshold voltage. (c) Cumulative probability plot of erasing voltage of floating
gates. (d) Box plot of erasing voltage (center line: median of the data; top line: Q3, the upper quartile;
bottom line: Q1, the lower quartile).
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(a) (b) 

(c) (d) 

Figure 5. (a) Cumulative probability plot of degradation of programming voltage of floating gates.
(b) Box plot of degradation of programming voltage. (c) Cumulative probability plot of degradation
of erasing voltage of floating gates. (d) Box plot of degradation of erasing voltage (all after 3000 cycles;
center line: median of the data; top line: Q3, the upper quartile; bottom line: Q1, the lower quartile).

4. Conclusions

In summary, a new np-type floating gate with n-p junction polysilicon (bottom “n+”
followed by top “p+” with a thickness ratio of 1:3) was developed in this study to reduce the
charge leakage and improve the operation performance of memory devices. A depletion
zone of carriers was formed at the n-p junction interface, leading to a narrowed channel
and thus an increased sheet resistance that was 2.1 times that of the conventional floating
gate. The relatively high charge storage and retention in the np-type floating gate is able to
inhibit the charge leakage, owing to the high energy barrier at the n-p junction interface.
Moreover, the programming threshold voltage difference between the 0 and 1 states (i.e.,
the memory window) of the np-type floating gate was effectively elevated by 1.2 times,
while the erasing voltage and its degradation were close to that of the conventional one,
indicative of no extra current leakage even at a higher programming threshold voltage and
the better operation performance of the memory devices.

258



Materials 2022, 15, 3640

Author Contributions: Conceptualization, Y.-Y.C.; methodology, Y.-Y.C.; formal analysis, Y.-Y.C.;
investigation, Y.-Y.C.; resources, Y.-Y.C.; data curation, Y.-Y.C.; writing—original draft, Y.-Y.C. and
S.-Y.C.; writing—review & editing, Y.-Y.C. and S.-Y.C.; supervision, S.-J.L. and S.-Y.C.; project ad-
ministration, Y.-Y.C.; funding acquisition, S.-J.L. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was funded by Macronix International Co., Ltd.

Institutional Review Board Statement: Not Applicable.

Informed Consent Statement: Not Applicable.

Data Availability Statement: The data presented in this study are available on request from corre-
sponding author.

Acknowledgments: The authors gratefully acknowledge Macronix International Co., Ltd. for their
support and technical discussions about this work.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Kahng, D.; Sze, S.M. A Floating Gate and It’s Application to Memory Devices. Bell Syst. Tech. J. 1967, 46, 1283. [CrossRef]
2. Sze, S.M. Evolution of nonvolatile semiconductor memory: From floating-gate concept to single-electron memory cell. In Future

Trends in Microelectronics; Luryi, S., Xu, J., Zaslavsky, A., Eds.; John Wiley & Sons: Hoboken, NJ, USA, 1999; pp. 291–303.
3. Yau, L.D. A simple theory to predict the threshold voltage of short-channel IGFET’s. Solid State Electron. 1974, 17, 1059–1063.

[CrossRef]
4. Himeno, T.; Matsukawa, N.; Hazama, H.; Sakui, K.; Oshikiri, M.; Masuda, K.; Kanda, K.; Itoh, Y.; Miyamoto, J. A new technique

for measuring threshold voltage distribution in flash EEPROM devices. In Proceedings of the International Conference on
Microelectronic Test Structures, Cork, Ireland, 8–11 April 2002; IEEE: New York, NY, USA, 2002. [CrossRef]

5. Lee, C.H.; Yang, I.C.; Cheng, C.H.; Chong, L.H.; Chen, K.F.; Huang, J.S.; Ku, S.H.; Zous, N.K.; Huang, I.J.; Han, T.T.; et al. Junction
optimization for Reliability issues in floating gate NAND flash cells. In Proceedings of the 2011 International Reliability Physics
Symposium, Monterey, MA, USA, 24 January 2011; IEEE: New York, NY, USA, 2011. [CrossRef]

6. Lue, H.T.; Wang, S.Y.; Lai, E.K.; Hsieh, K.Y.; Liu, R.; Lu, C.Y. A BE-SONOS (bandgap engineered SONOS) NAND for post-floating
gate era flash memory. In Proceedings of the 2007 International Symposium on VLSI Technology, Systems and Applications
(VLSI-TSA), Hsinchu, Taiwan, 23–25 April 2007; IEEE: New York, NY, USA, 2007.

7. Jin, Y.; Lee, B. A comprehensive survey of issues in solid state drives. Adv. Comput. 2019, 114, 1–69.
8. Zahoor, F.; Azni Zulkifli, T.Z.; Khanday, F.A. Resistive random access memory (RRAM): An overview of materials, switching

mechanism, performance, multilevel cell (MLC) storage, modeling, and applications. Nanoscale Res. Lett. 2020, 15, 90. [CrossRef]
[PubMed]

9. Meena, J.S.; Sze, S.M.; Chand, U.; Tseng, T.-Y. Overview of emerging nonvolatile memory technologies. Nanoscale Res. Lett. 2014,
9, 526. [CrossRef] [PubMed]

10. Aritome, S. Advanced flash memory technology and trends for file storage application. In Proceedings of the International
Electron Devices Meeting 2000, San Francisco, CA, USA, 10–13 December 2000; IEEE: New York, NY, USA, 2002; pp. 763–766.

11. Waser, R. Nanoelectronics and Information Technology: Advanced Electronic Materials and Novel Devices, 2nd ed.; Wiley-VCH: Weinheim,
Berlin, Germany, 2012; Chapter IV; p. 548.

12. Afshari, K. Nonvolatile Memory with Multi-Stack Nanocrystals as Floating Gates. In 2007 REU Research Accomplishments; National
Nanotechnology Infrastructure Network: Ithaca, NY, USA, 2007; pp. 38–39.

13. Blomme, P.; Rosmeulen, M.; Cacciato, A.; Kostermans, M.; Vrancken, C.; Van Aerde, S.; Schram, T.; Debusschere, I.; Jurczak,
M.; Van Houdt, J. Novel dual layer floating gate structure as enabler of fully planar flash memory. In Proceedings of the 2010
Symposium on VLSI Technology, Honolulu, HI, USA, 15–17 June 2010; IEEE: New York, NY, USA, 2010; pp. 129–130.

14. Soin, N. Dependency of threshold voltage on floating gate and inter-polysilicon dielectric thickness for nonvolatile memory
devices. In Proceedings of the 2010 IEEE International Conference on Semiconductor Electronics (ICSE2010), Malacca, Malaysia,
28–30 June 2010; IEEE: New York, NY, USA, 2010; pp. 83–87.

15. Lee, M.C.; Wong, H.Y. The Impact of Tunnel Oxide Nitridation to Reliability Performance of Charge Storage Non-Volatile Memory
Devices. J. Nanosci. Nanotechnol. 2014, 14, 1508–1520. [CrossRef] [PubMed]

16. Ohba, R.; Sugiyama, N.; Uchida, K.; Koga, J.; Toriumi, A. Nonvolatile Si quantum memory with self-aligned doubly-stacked dots.
IEEE Trans. Electron Devices 2002, 49, 1392–1398. [CrossRef]

17. Lin, Y.H.; Yang, Y.Y. Work Function Adjustment by Using Dipole Engineering for TaN-Al2O3-Si3N4-HfSiOx-Silicon Nonvolatile
Memory. Materials 2015, 8, 5112–5120. [CrossRef] [PubMed]
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Abstract: To investigate the alternatives to lithium-ion batteries, potassium-ion batteries have at-
tracted considerable interest due to the cost-efficiency of potassium resources and the relatively
lower standard redox potential of K+/K. Among various alternative anode materials, hard carbon
has the advantages of extensive resources, low cost, and environmental protection. In the present
study, we synthesize a nitrogen-doping hard-carbon-microsphere (N-SHC) material as an anode for
potassium-ion batteries. N-SHC delivers a high reversible capacity of 248 mAh g−1 and a promoted
rate performance (93 mAh g−1 at 2 A g−1). Additionally, the nitrogen-doping N-SHC material also
exhibits superior cycling long-term stability, where the N-SHC electrode maintains a high reversible
capacity at 200 mAh g−1 with a capacity retention of 81% after 600 cycles. DFT calculations assess the
change in K ions’ absorption energy and diffusion barriers at different N-doping effects. Compared
with an original hard-carbon material, pyridinic-N and pyrrolic-N defects introduced by N-doping
display a positive effect on both K ions’ absorption and diffusion.

Keywords: potassium-ion batteries; hard-carbon microspheres; nitrogen-doping; energy storage
mechanisms

1. Introduction

In recent years, energy storage devices represented by lithium-ion batteries (LIBs)
have been widely used in various fields to accelerate the goal of carbon neutrality [1–3].
However, limited lithium resources cannot satisfy the burgeoning demand of LIBs [4]. Thus,
it is particularly important to develop new energy storage devices. As one of the alkali
metal-ions, potassium-ion is rich in resources and has similar physicochemical properties
to lithium-ions; furthermore, potassium-ion batteries (PIBs) also deliver a reaction mecha-
nism similar to LIBs, which belongs to the “rocking chair batteries” [5,6]. In comparison
to sodium (−2.71 V vs. standard hydrogen electrode), the standard potential of K+/K
(−2.93 V vs. SHE) is relatively close to that of Li+/Li (−3.04 V vs. SHE), which suggests
that PIBs have the potential of working in a broad voltage window and thus delivering a
high energy density [7,8]. Additionally, in PIB electrolytes, due to the weaker Lewis acidity
and smaller de-solvation activation energy of K ions than those of Na and Li, K ions show
a smaller Stokes radius and interfacial reaction resistance in electrolytes, which display a
more rapid conductivity and better interfacial reaction kinetics of K ions [9]. Due to those
advantages, PIBs have attracted considerable interest as an alternative candidate for energy
storage systems (ESSs).

To date, the design of anode materials is the key to developing PIBs. In consideration of
the similar development of anode materials in LIBs, several anode materials have attracted
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much attention, mainly including carbon-based materials [10], metal oxides [11,12], and
alloy-type materials [13,14]. Although potassium-ions intercalated into graphite carbon
layers can form a thermodynamically stable intercalation compound, its larger radius
(0.138 nm) hinders the rapid intercalation behavior between the carbon layers and shows
unsatisfactory specific capacity [15,16]. Recently, hard carbon with extended carbon-layer
spacing has received increasing attention from researchers and has been demonstrated
as an anode for PIBs [17]. Compared to graphite, the arrangement of graphite-like mi-
crocrystallines in hard carbon is disordered, and there are only a few regularly stacked
microcrystalline regions. Hard carbon mainly consists of a sp2-hydridized poly-hexagonal
carbon-ring structure [18]. The contained intrinsic defects in hard carbon induce the dis-
location and deformation of carbon-ring structures, leading to a long-range disordering
structure with the large and irregular d-spacing [19]. Those expanded graphitic lattices
of hard carbons could be more suitable for K ions’ (de)intercalation. At the same time,
hard carbon has the advantages of extensive resources, low cost, and being environmen-
tally friendly, which attracts much interest concerning its role as a promising anode for
PIBs [20,21]. However, pure hard carbon also suffers from a low specific capacity and poor
rate capability.

To solve this limitation, extensive ideas have been presented; heteroatom-doping,
in particular, is the usual modified strategy [22,23]. Nitrogen-doping is one of the most
popular doping strategies, which can not only provide additional active defects in hard
carbon, but also improve conductivity by tuning the intrinsic electronic state [24]. Urea is
used as a dopant, and Deng et al. [25] designed an N-doped three-dimensional biomass-
derived porous carbon from bagasse. The experimental results show that the introduction of
nitrogen not only promotes the change in morphology, but also accelerates the transport of
potassium-ions and electrons. Even following 400 cycles at a current density of 200 mA g−1,
the reversible capacity of the modified derived carbon can maintain 100.4 mAh g−1 without
significant capacity decay. In addition, Zhou et al. [26] synthesized an N-doped carbon
hollow turbostratic tube by a amidation reaction and heating treatment process. Benefiting
from the doping modification of the N atom, the discharge capacity of the carbon hollow
turbostratic tube reaches 397 mAh g−1 at 0.1 A g−1, and the capacity of 212 mAh g−1 can
be maintained, even when the current density is increased to 2 A g−1. Furthermore, when
the scan rate of cyclic voltammetry (CV) is 0.6 mV s−1, the electrode has 71% capacitance
contribution, corresponding to 46.3% of the battery, implying that capacitively controlled
processes dominate at high rates. Wang et al. [27] synthesized the edge-enrich N-doped
graphitic carbon via pyrolyzing carbon nitride for the PIB anode. Owing to the high N-
doping level, the edge-enrich N-doped graphitic carbon could deliver a high capacity of
266 mAh g−1 and a remarkable rate performance of 228.9 mAh g−1 at 2 A g−1. Moreover,
an ultra-long lifespan is displayed in edge-enriched N-doped graphitic carbon, which
maintains 188.9 mAh g−1 even after 2200 cycles.

The above reports all confirm that N-doping can significantly improve the electro-
chemical performance of hard carbon, but there are many types of N-doping configurations,
which are generally divided into pyridinic-N, pyrrolic-N, and graphitic-N, and their re-
spective effects are rarely reported [28,29]. In a previous report, it was suggested that
the graphitic-N site in hard carbon could enhance the electronic conductivity of carbon
materials, and pyrrolic-N and graphitic-N could be capable of providing more active sites
for K ions’ adsorption [30]. However, a systematic evaluation of the effects of K-ion dif-
fusion after N-doping is still lacking. In this work, N-doped hard-carbon microspheres
were obtained by using glucose and melamine as the precursors, combined with the hy-
drothermal reaction and high-temperature heat-treatment process. The differences in the
electrochemical performance before and after doping are compared in detail. Furthermore,
we employ the Density Functional Theory (DFT) calculation to assess the effect on K+

absorption and, subsequently, K-ion diffusion of different N-doping effects, which confirms
the positive role of pyridinic-N and pyrrolic-N in enhancing the electrochemical properties
of hard-carbon microspheres.
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2. Experimental Section

Material synthesis and characterization: the hard-carbon microspheres were synthe-
sized via the hydrothermal reaction. A total of 6.4 g glucose (99% purity, Macklin) was
dissolved in 45 mL of deionized water and the solution was poured into an autoclave.
After being heated at 200 ◦C for 5 h, the black powders were collected by filtration and
drying at 80 ◦C. To obtain the N-SHC, the obtained powder was mixed with melamine
(99% purity, Macklin), and subsequently annealed at 900 ◦C for 5 h in an argon atmosphere.
For the original SHC sample, the black powders collected by filtration were heat treated
directly at 900 ◦C for 5 h in the argon atmosphere without melamine. The structural features
of the obtained materials were determined by powder X-ray diffraction (XRD) recorded
by CuKα radiation (λ = 1.5418 Å) in the scan range of 10–70◦. Field-emission scanning
electron microscopy (SEM, Hitachi S-4800) and transmission electron microscopy (TEM,
JEOL-JEM-2100) were employed to characterize the morphologies and microstructures.
The surface chemical states were analyzed using X-ray photoelectron spectroscope (XPS,
PHI500 Versaprobe-II).

Electrochemical measurements: the electrochemical properties were evaluated in the
2032 coin-type cells. The working electrodes were prepared by coating the pulp suspension,
which consisted of 80% active material, 10% super P, and 10% carboxymethyl cellulose
(CMC) on copper (Cu) foil. After drying at 80 ◦C in a vacuum oven overnight, the copper
foil was cut into 13 mm electrodes and assembled in an Ar gas-filled glovebox. For the
assemblage of coin-type cells, the employed electrolyte was 0.8 M KPF6 in ethylene carbonate
and propylene carbonate (EC:PC = 1:1), glass fiber (Whatman) was used as the separator,
and metallic potassium served as a counter electrode. The galvanostatic charge-discharge
tests were conducted in the battery measurement system (Land, CT2001), and the cyclic
voltammogram (CV) and electrochemical impedance spectroscopy (EIS) in the frequency
range of 0.01–100 kHz were performed in the electrochemical work station (CHI660E).

Computational Methods: The modeling and simulation were based on the spin-
polarized density functional theory (DFT), which employed the Vienna Ab initio Sim-
ulation Package (VASP). The simulation adopted the Perdew–Burke–Ernzerhof test for
the exchange-correlation potential and projector-augmented wave (PAW) with a setting
cut-off energy of 400 eV. The Brillouin zone was modeled as a structure of 3 × 3 × 2. The
diffusion barriers of K ions between the adjacent carbon layer were calculated by using the
CI-NEB [31].

3. Results and Discussion

The morphologies of as-prepared N-SHC and SHC samples were investigated by
SEM and TEM. As show in Figure 1b, the obtained N-SHC sample consists of uniform
spherical hard-carbon particles with diameters of around 3 μm. Additionally, the energy-
dispersive X-ray spectroscopy (EDS) mapping (inserted in Figure 1b) of N-SHC displays
a homogeneous distribution of the N element on the hard-carbon sphere. The TEM was
employed to observe the microstructure further. As depicted in Figure 1c, the average
interlayer distance of N-SHC is 0.376 nm, which is greater than the original SHC sample
(0.349 nm in Figure S1). The expanded interlayer space of N-SHC should contribute to the
nitrogen groups introduced by N-doping, which provides a buffer for the structural change
during the insertion–extraction process of K+ ions.

Figure 1d represents the XRD patterns of N-SHC and SHC. Broad diffraction peaks
appear at around 25◦ in both N-SHC and SHC samples, which can be indexed on the (002)
plane [32]. Additionally, the weak diffraction peak at about 43◦ suggests the relatively low
degree of graphitization. Compared to SHC (24.4◦), the (002) peak of N-SHC shifts to a lower
2θ angle (23.6◦), indicating the enlarged interspaces of N-SHC, which is in accordance with
the analysis of TEM. Additionally, Figure 1e displays the Raman spectra of N-SHC and SHC.
The peaks centered at around 1330 and 1580 cm−1 are ascribed to the disorder/defect-induced
D band and in-plane vibrational G band, respectively [33]. The intensity ratios (ID/IG) of D
and G peaks have been established to assess the degree of graphitization and the amount of
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disorder defects [34]. It can be observed that the ID/IG value of SHC is 1.09 and the ID/IG
ratio of N-SHC is calculated to be 1.31, revealing the higher degree of disorder defects induced
by N-doping. Moreover, there appears to be a slight blue shift in the G band in N-SHC
(1585.2 cm−1), which results from increased carrier concentration via N-doping [35]. Figure 1f
represents the high-resolution X-ray photoelectron spectroscopy (XPS) of the N element in
N-SHC. This can be deconvoluted as the peaks in the N 1s spectrum of N-SHC: the peak
at 401.8 eV is indexed to graphitic-N; peaks at 400.8 and 398.6 eV correspond to pyrrolic-N
and pyridinic-N, respectively [36]. Accordingly, the nitrogen concentration in the N-SHC
sample was determined as 6.3% by the XPS analyses. Moreover, the proportion of various
N-defects were calculated via convolution and the results are inserted in Figure 1f. Previous
research has mentioned the high chemical activity of pyrrolic-N and pyridinic-N. These high
relative concentrations of pyrrolic-N and pyridinic-N in N-SHC could lead to better chemical
properties for K+ ions’ storage.

Figure 1. The (a) schematic of the synthesis process, (b) SEM images and EDS element mapping of
as-prepared N-SHC, (c) TEM image, (d) XRD pattern, (e) Raman spectra and (f) high-resolution XPS
spectra of nitrogen in N-SHC.

The K-ion storage properties of as-prepared N-SHC and SHC were investigated by the
galvanostatic test, using potassium metal as the counter electrode. Figure 2a demonstrates
the typical cyclic voltammetry (CV) curve for the N-SHC material at the potential window
of 0.01–3.0 V. There were two cathodic peaks centered at ≈0.5 and 0.75 V that could be
observed in the first cycle, but disappeared in the following cycles. The cathodic peaks that
disappeared could probably be attributed to the formation of a solid electrolyte interface
(SEI) layer. The anodic peak at about 0.55 V and corresponding sharp cathodic peak at 0.12 V
should be ascribed to the de-intercalation and intercalation processes of K+ ions forming
into carbon, respectively. The overlap at CV curves between second and third cycles
revealed a stable cycling capability. However, an obvious difference was noticed when
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comparing the first cathodic process with the second one, which suggested a relatively low
initial coulombic efficiency (ICE) of N-SHC. The ICE of the anode material is defined as the
ratio of charge capacity and discharge capacity in the first cycle. This can also be confirmed
by the charge/discharge profiles. Figure 2b shows the potassiation/depotassiation profiles
of the initial three cycles for N-SHC at 1 C (where 1 C is defined as 200 mA g−1 in this
work). The first potassiation capacity of N-SHC is 466 mAh g−1 with the depotassiation
capacity of 248 mAh g−1, which reveals an ICE of 53%. The ICE of the N-SHC electrode
is similar to SHC (51%), whose initial discharge/charge capacities are 446/228 mAh g−1

(Figure S2). The promotion of the reversible capacity of N-SHC (248 mAh g−1) compared
to SHC (228 mAh g−1) can be noted. This high capacity of N-SHC may be attributed to the
enhanced adsorption effect, which is triggered by N-doping in N-SHC sample. In the first
cycle of both the N-SHC and SHC samples, three quasi-plateau regions and a high-potential
sloping region can be observed, and the plateau at ≈0.8 V versus K+/K disappears in the
following potassiation process. This irreversible reaction may be related to the formation of
the solid electrolyte interface (SEI) and should be responsible for the low ICE [37].

Figure 2. (a) CV curves and (b) charge-discharge profiles of the N-SHC electrode. Compared (c) rate
performance and (d) long-term cycle properties at 200 mA g−1 for N-SHC and SHC electrodes.
(e) Corresponding charge-discharge profiles of N-SHC at 200 mA g−1 after various cycles.

The rate performances of N-SHC and SHC samples were evaluated at various current
densities. It was interesting to note that the rate properties of N-SHC were improved,
where the N-SHC electrode delivered charge capacities of 251, 206, 152, and 93 mAh g−1

at the increased current densities of 200, 500, 1000, and 2000 mA g−1, respectively, as
shown in Figure 2c. Compared to the SHC sample, both samples displayed a similar
rate capacity retention at a low current rate of 500 mAh g−1. However, as the current
densities increased to 1000 and 2000 mA g−1, the capacity of SHC declined more rapidly
than the N-SHC electrode. At the rates of 1000 and 2000 mA g−1, N-SHC presented 152
and 93 mAh g−1, respectively, while the reversible charge capacities of pristine SHC were
116 and 43 mAh g−1 at the same current densities. When the current density returned
to 200 mA g−1, the reversible charge capacity of N-SHC was recovered to 245 mAh g−1

following the high-current-rate test, while SHC returned to 200 mAh g−1. This indicates
the stabler structure of the N-SHC material compared to SHC. The better rate performance
of N-SHC may be due to N-doping leading to a lower diffusion barrier for K+-ion transfer.

The long-term cycling properties of N-SHC and SHC are evaluated at 200 mA g−1. As
shown in Figure 2d, the SHC electrode delivers an initial charge capacity of 228 mAh g−1.
Additionally, the reversible capacity of SHC rapidly decayed to 178 mAh g−1 after 100 cycles
at 200 mA g−1, corresponding to a capacity retention of 78%. Compared to SHC, the N-
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SHC shows a better cycle performance. After cycling at 200 mA g−1 for 100 cycles, N-SHC
presented a higher capacity of 224 mAh g−1 with a capacity retention of 90%. When
cycled further, at 600 cycles, the superiority of long-term cycling properties of N-SHC were
featured more obviously. After 600 cycles at 200 mA g−1, the capacity retention of SHC
was no more than 50%. Surprisingly, the N-SHC electrode maintained a high reversible
capacity at 200 mAh g−1 after 600 cycles, which displayed a superior capacity retention
of 81%. Furthermore, Figure 2e and Figure S3 exhibit the charge/discharge profiles after
different cycles of N-SHC and SHC samples, respectively. It can be observed that, compared
to the SHC electrode, N-SHC shows a slight voltage polarization. This capacity fading
and voltage polarization may be a result of the pulverization of SHC particles, where the
spherical particle of the N-doping N-SHC sample reveals better structural stability. The
structural stability of the N-SHC sample also can be verified by electrochemical impedance
spectroscopy (EIS). Figure S4 represents the Nyquist plots of N-SHC and SHC electrodes
after various cycles. The Nyquist plots consist of a semicircle and a straight line. The
interception of the semicircle corresponds to the contact ohmage, the semicircle in the
high-frequency regions is relevant to the charge transfer resistance, and the straight line
in the low-frequency region is associated with the Warburg impedance, which reflect ion
transportation in the electrode [38]. It can be fitting that the initial charge transfer resistance
(Rct) of the SHC electrode is 4868 Ω, and continues decline to 1797 Ω after 100 cycles,
which should be attributed to the activization of the electrode. Then, Rct begins to increase
and, after 300 cycles, the Rct of SHC increases to 3921 Ω, while N-SHC delivers the Rct of
2982, 684, and 1139 Ω at the original rate and after 100 and 300 cycles, respectively. For
comparison, the lower-charge transfer resistance and minor change in the N-SHC electrode
after cycling indicates the improved conductivity and better cyclability of N-doping N-SHC.

To obtain further insight into the dynamic characteristic of the potassium-ion-storage
behavior involved in the N-SHC electrode, we employed CV analysis at various scan rates
from 0.1 to 1 mV s−1. Figure 3a shows the CV test result of N-SHC. Additionally, the
electrochemical-reaction behavior was assessed by the relationship of the peak-current (i)
response with the scan rate (v), according to Equations (1) and (2):

i = a·vb (1)

log(i) = b· log(v) + log(a) (2)

where i is the peak current, v is the scan rate, and the calculated a and b are adjustable
parameters [39]. In particular, the storage behavior can be reflected by parameter b; when
b is close to 0.5, the K+ ion’s storage behavior is dominated by the diffusion process;
and when b approaches 1.0, the capacitive process predominates. The b-value could be
determined by the slope of the plotted log(i)−log(v) curve [40]. In this case, as displayed
in Figures 3b and S5, the b-values for N-SHC and SHC are calculated as 0.608 and 0.527,
respectively, indicating that the diffusion process predominates in the K+-ion storage
behavior. Furthermore, the capacitive contribution fractions could be distinguished based
on Equation (3):

i = k1·v 1
2 + k2·v (3)

where k1·v1/2 is related to the diffusion-controlled reaction, k2·v represents a surface-driven
capacitive process, and k1 and k2 are constants [41]. Figure 3c shows the calculated capaci-
tive contribution fractions of the N-SHC electrode at different scan rates, and the capacitive
contribution ratio reaches 36.1% at 1 mV s−1. Compared to pristine SHC (Figure S5), the
surface-driven capacitive behavior of N-SHC is promoted, which should be ascribed to
the generation of active defects on the surface induced by N-doping and enhances the
adsorption of K+ ions.
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Figure 3. (a) CV curves of N-SHC at scan rates from 0.2 to 1 mV s−1, corresponding (b) relationship
between log (peak current) versus log (scan rate) and (c) calculated normalized percentages of
capacitive capacities’ contributions at various scan rates. (d) GITT profiles and diffusion coefficients
in (e) discharge and (f) charge processes.

Furthermore, the galvanostatic intermittent titration technique (GITT) test was em-
ployed to evaluate the diffusion ability of K+ ions in electrodes. Figure 4d exhibits the GITT
profiles with the test condition of a pulse current density of 20 mA g−1 for 30 min and
2 h rest intervals. The corresponding ionic diffusion coefficients are determined based on
Fick’s second law as the following equation:

D =
4

π·τ ·
(

mB·Vm

MB·S
)2

·
(

ΔES

ΔEτ

)2 (
τ  L2/D

)
(4)

Here, the labels D, mB, VM, MB, and S correspond to the K+-ions diffusion coefficient,
the active mass of electrode, molar volume for carbon, molar mass for carbon, and active
surface area, respectively [42]. Additionally, the detailed parameters in the GITT test, on
which the diffusion coefficient calculations are based, are illustrated in Figure S6, where
τ represents the duration of the pulse current and ΔEτ and ΔEs represent the voltage
variations during the pulse current and adjacent rest steps. Figure 3e displays the diffusion
coefficients of N-SHC and the SHC electrode during the insertion process, where diffusion
coefficients first decline until ≈0.2 V, and then begin to recover. The corresponding diffusion
coefficients during de-potassiation are represented in Figure 3f. It is interesting to note that
the diffusion coefficients first decrease, then recover until they attain a voltage value of 0.55
V, and then decline again. Additionally, an increase in the K+-ion diffusion coefficient of
N-SHC can be observed during both the charge and discharge processes. We attribute this
faster K+-ion migration in N-SHC to the defect introduced by N-doping, which reduces the
diffusion barriers of K+ ions.
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Figure 4. The DFT illustrations of adsorption energy of K ions (set adsorption energy at original
hard carbon as 0 eV) and differential charge densities in (a,d) graphitic-N, (b,e) pyrindic-N, and
(c,f) pyrrolic-N defects. The density states of (g) original hard carbon and (h) various defects of
N−doping hard−carbon materials.

To interpret the reaction mechanism of K+ ions’ storage behavior, the differential
charge density and adsorption abilities of different N-doping defects were investigated.
Figure 4a–c simulate the K+ ions’ adsorption energy for three kinds of N-doping-surface
defects on hard carbon (where the adsorption energy on original hard carbon was set as
0 eV). In contrast, the K+ ions’ adsorption energies on various introduced N-doping-surface
defect sites of graphitic-N, pyrindic-N, and pyrrolic-N were calculated to be 0.201 eV
(Figure 4a), −0.911 eV (Figure 4b), and −1.032 eV (Figure 4c), respectively. The DFT
calculation exhibited the relatively low adsorption energy of graphitic-N, which indicated
a less attractive tendency to K+ ions in this kind of N-doping defect. Higher K+-ion
adsorption energies can be observed at the pyrindic-N and pyrrolic-N active sites, which
reveals a stronger driving force and tendency for K+ ions to be caught by those defects.
This stronger adsorption of surface sites induced by N-doping is beneficial to enhancing the
capacitive behavior of hard carbon, especially showing a positive effect on improving the
reversible capacity of the N-SHC sample. The distinguishable adsorption energies between
the graphitic-N site and pyridinic-N and pyrrolic-N sites could be verified by the differential
charge density around N-doping defects. Figure 4d–e show the differential charge densities
around graphitic-N, pyridinic-N, and pyrrolic-N sites, respectively. Heterogeneous electron
distribution and electron vacancy appear around the pyridinic-N and pyrrolic-N defects,
which cause the electron cloud of K+ ions to be inclined to be combined with pyridinic-N
and pyrrolic-N defects. The electron-rich structure that shows a negative effect on K+-ion
adsorption at the graphitic-N site should be responsible for the relatively low adsorption
energy of graphitic-N [43]. Additionally, the density of states (DOSs) of original hard
carbon and different N-doping sites were investigated (Figure 4g,h). It can be observed
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that, compared to the original one (Figure 4g), the DOSs around the Fermi level increase
as we introduce all three kinds of N-doping defects into the original hard carbon. This
increases in DOS around the Fermi level suggest the promotion of electronic conductivity
and a higher affinity with K+ [44].

To further solidify the improvement of diffusion kinetics in N-doping hard-carbon
materials, we assessed the K+ ions’ migration barriers in the situation of K+ ions across
N-doping defects (Figure 5). Original hard-carbon material displays the largest K+-ion
migration barrier of 104 meV and lowest diffusion thermodynamics of −3.6 meV, which
should be responsible for the sluggish rate capacity of the SHC electrode. In comparison,
when the K+ ions passed through the hard-carbon structures with graphitic-N, pyridinic-N,
and pyrrolic-N defects, the migration barrier of K+ ions was simulated to be 43.8, 7.3,
and 6.8 meV, respectively. Obvious decreases in the K+-ion migration barriers induced by
N-doping appeared, particularly in the pyridinic-N and pyrrolic-N defects. This promoted
the diffusion of K+ ions between adjacent C layers more easily. Additionally, the diffusion
thermodynamics across graphitic-N, pyridinic-N, and pyrrolic-N defects were calculated as
−51.1, −35.4, and −98.4 meV, which revealed a stronger driving force for K+-ion migration.
Those simulation results could explain the better rate capacity delivered by N-doping the
N-SHC electrode.

Figure 5. (a) DFT illustrations of K-ion diffusion, and (b) simulated diffusion barriers and thermody-
namics across original hard carbon, graphitic-N, pyrindic-N, and pyrrolic-N defects.
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4. Conclusions

In summary, we synthesized nitrogen-doping hard-carbon microspheres of N-SHC
material as an anode for PIBs. In PIBs, N-SHC delivers a high reversible capacity of
248 mAh g−1 and a promoted rate performance (251, 206, 152, and 93 mAh g−1 at 200,
500, 1000, and 2000 mA g−1, respectively). Moreover, nitrogen-doping N-SHC material
also exhibits superior cycling long-term stability, where the N-SHC electrode maintains a
high reversible capacity at 200 mAh g−1 with a capacity retention of 81% after 600 cycles.
DFT calculations assessed the change of K ions’ absorption energy and K ions’ diffusion
barriers at different N-doping effects. Compared with original hard-carbon material,
pyridinic-N and pyrrolic-N defects introduced by N-doping displayed the positive effects
of both K-ion absorption and diffusion. Based on the experimental observations and
theoretical calculations, the superior electrochemical properties of N-SHC are ascribed to
the enhancement of K-ion absorption and migration induced by N-doping.
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Abstract: Electrochemical converters (electrolyzers, fuel cells, and batteries) have gained prominence
during the last decade for the unavoidable energy transition and the sustainable synthesis of plat-
form chemicals. One of the key elements of these systems is the electrode material on which the
electrochemical reactions occur, and therefore its design will impact their performance. This review
focuses on the electrospinning method by examining a number of features of experimental conditions.
Electrospinning is a fiber-spinning technology used to produce three-dimensional and ultrafine fibers
with tunable diameters and lengths. The thermal treatment and the different analyses are discussed
to understand the changes in the polymer to create usable electrode materials. Electrospun fibers
have unique properties such as high surface area, high porosity, tunable surface properties, and
low cost, among others. Furthermore, a little introduction to the 5-hydroxymethylfurfural (HMF)
electrooxidation coupled to H2 production was included to show the benefit of upgrading biomass
derivates in electrolyzers. Indeed, environmental and geopolitical constraints lead to shifts towards
organic/inorganic electrosynthesis, which allows for one to dispense with polluting, toxic and expen-
sive reagents. The electrooxidation of HMF instead of water (OER, oxygen evolution reaction) in an
electrolyzer can be elegantly controlled to electro-synthesize added-value organic chemicals while
lowering the required energy for CO2-free H2 production.

Keywords: electrospinning; gold; polyacrylonitrile; electrosynthesis; thermal treatment; hydrogen;
5-hydroxymethylfurfural

1. Introduction

Twenty years ago, Professor Peter William Atkins, one of the best chemistry educators
of our era, considered that we need to broaden our view of what electrochemistry is;
it is not just about electrode potentials and electrolysis, this is half of modern chemistry;
electrochemistry—in the broadest sense—will be one of the great achievements in chemistry
in the next millennium, and we need prepare people for it [1]. Indeed, for centuries,
fossil fuel resources have played an essential role in the industry, including chemical
and petrochemical manufacturing, making them central to us nowadays. Due to the
current environmental situation, where CO2 levels have risen rapidly, there is an increasing
demand for energy, and there is a decrease in fossil fuel feedstock, a lot of research has been
dedicated to the development of alternative processes [2–4].

Current developments are oriented towards producing less waste by making or-
ganic chemicals in a “greener” fashion from biomass derivates (for example, avoiding
the use of organic solvents, working under room temperature, having better control
of coproducts, etc.) [2–6]. For instance, several candidates such as 2,5-diformylfuran
(DFF), 5-hydroxymethyl-2-furancarboxylic acid (HFCA), 5-formyl-2-furancarboxylic acid
(FFCA), and 2,5-furandicarboxylic acid (FDCA) have been generated by the oxidation of
5-hydroxymethylfurfural (HMF) under different conditions [2,7–9]. HMF derives from
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cellulose and hemicellulose, the two primary constituents of lignocellulosic biomass
(60–75%), and has the potential to be converted into platform biofuels [10,11]. Specifi-
cally, the biosourced compound HMF is an intermediate for the synthesis of bio-renewable
FDCA, which is the monomer for the polyethylene furanoate (PEF) biopolymer materials of
industrial relevance as it is a green alternative to polyethylene terephthalate (PET) [10,12,13].
On the other hand, by producing these value-added chemicals from an electro-oxidation
process in an electrolyzer, the electro-reduction step could be used to create another value-
added chemical. For example, the electrocatalytic reduction of water (in alkaline media) or
protons (in acidic media) is considered to be an ideal process for generating H2 without
by-products and does not lead to the emission of polluting species, unlike the current
methods, which produce a large amount of CO2 [3,14,15]. By using this coproduction
method, the use of fossil fuels for energy production can be gradually replaced by gen-
erating H2 from renewable resources (H2O) and for the chemical industry by using the
abundant biomass. However, for this electrochemical biomass-to-hydrogen technology,
further efforts are needed to overcome the kinetics and/or the selectivity of both anode
and cathode half-cell reactions. This will reduce the price of H2 production and make the
technology competitive with current methods based on the thermal decomposition of fossil
fuels [16–18].

To be used in electrochemical reactors, the catalytic materials (ideally in the form of
nanoparticles in order to reduce the total amount and to regulate the kinetics) must be
immobilized on an electrically conducting support. Therefore, the need for an increased
reaction yield and selectivity by minimizing the waste production resulted in the devel-
opment of novel catalytic supports. Atomic layer deposition (ALD) has presented the
possibility to design supports for catalytic reactions; however, this method can be expen-
sive and time consuming, and it is quite impossible to dope the interior of the fibers by
metallic species [19–23]. Moreover, electrospinning is a versatile technique for generating
ultrathin fibers that can lead to catalytic supports. Metal particles can be added on the
surface and inside the fibers. Different types of spinning methods have been explored in
the past decades, for example, wet spinning, dry spinning, melt spinning, and gel spinning.
However, the fibers could not reach the sub-micrometer scale. Then, electrospray and
electrospinning were discovered by adding voltage in order to create ultra-thin continuous
fibers, leading to the possibility of reaching the sub-micrometer scale [5,24–29].

Different polymers have been tested in electrospinning, such as polyvinylpyrrolidone
(PVP) [30–32], polylactic acid (PLA) [33], polyacrylonitrile (PAN) [34,35], poly(ethylene
oxide) (PEO) [31], etc. [5,24–26,36], and the results are promising. However, further inves-
tigations are needed now to fabricate advanced conducting materials that could lead to
electrode materials for the electrosynthesis of value-added chemicals. A recent advance-
ment in the method has shown that it is possible to add metallic species into the polymeric
fiber matrix and then thermally convert the electrospun mat into nanometer sized catalysts
with metallic species inside and outside each microfiber. To perform such a synthesis for an
electrically conducting material (to act as a support in electrochemical applications) and an
electrocatalytically active material (to act as active site in heterogeneous electrocatalysis), a
suitable procedure of thermal treatment is needed. To achieve that from a raw PAN-based
polymer modified by metallic cations, two steps need to be followed: stabilization and
the carbonization [37]. Their tight control enables one to fabricate a free-standing catalytic
support for the implementation in electrochemical fields. The details are explained later in
this review. Currently, the main precursor of the electrospun carbon fiber (CF, also referred
to as carbon nanofiber (CNF) even if the diameter of the fiber is mostly higher than 100 nm)
is the PAN; 90% of carbon fibers is made from PAN [5,35,38].

The aim of this review is to summarize the latest developments regarding the use of
electrospinning to design advanced electrocatalytic materials. We will present the different
steps starting from PAN solutions, the parameters of the electrospinning process, the impact
of metallic species, and the thermal treatment. Then, the electrocatalysis of the HMF will
be discussed along with the electrocatalytic characterizations.
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2. Synthesis of PAN Fibers and Gold Nanoparticles

2.1. Formulation of a Suitable Electrospinning Solution

PAN is the most used polymer for the preparation of CNFs [5,35,38]. It offers the
possibility to add different metals [32,39,40] or molecules [27,41–43] to the fibers during
the synthesis process. Like the other polymers (PVP, PLA, PEO, etc.), PAN is commer-
cially available. The commonly used solvents to dissolve PAN are dimethyl sulfoxide
(DMSO) and dimethylformamide (DMF). Although DMF has side effects (it is carcinogenic,
flammable, and harmful), it is widely used to solubilize the polymer. DMSO and DMF could
both be used for the electrospinning process because they provide the two desired criteria:
the ability to solubilize the polymer and evaporate during the electrospinning process [34].
As summarized by Pastoriza-Santos and Liz-Marzan, under appropriate conditions, DMF
can also act as a reducing agent and lead to metal nanoparticles, mainly Au and Ag [30].
Different studies have reported the preparation of PAN solutions in DMF with or without
adding metals for the electrospinning such as Zhang et al. [35], Holade et al. [39], and Both
Engel et al. [34]. The formulation of a suitable electrospinning solution is very critical for
the electrospinning itself. It is important to ensure that the solution is as homogeneous as
possible and that it does not change significantly during the electrospinning process, which
can take several hours. The majority of the studies used PAN with a molecular weight
of 150,000 g/mol [44]. This makes it easier to reproduce the experiments and to have a
similar background of information, which is not the case for the other parameters that will
be reviewed below. The key parameter is the percentage of PAN in the electrospinning
solution to avoid having a mixture that is neither too liquid nor too viscous and therefore
difficult for electrospinning. Moreover, the addition of an inorganic or organic compound
can impact the stability of the mixture, as well as the electrospinning conditions. The re-
ported amount ranges from 3 wt.% [45] to 14 wt.% [46], while the majority of the studies are
done for 10–11 wt.% of PAN [34,39,40,47–52]. The underlying parameter is the true volume
of PAN solution loaded in the syringe (see Figure 1a). The reported values are 7.2 mL [39],
4 mL [34], and 2 mL [53]. We note that not all of the prepared volume of the solution is
always used; it depends on the type of desired material. This key parameter is not specified
in the majority of studies, which compromises the repeatability and replicability of the
results because the total amount of electrospun mat logically depends on the used volume
for a fixed concentration.

Figure 1. (a) Pictures of an electrospinning setup: reprinted and adapted from ref. [54]; Copyright
2015, American Chemical Society, and courtesy provided by Dr. Adriana Both Engel. (b) Illustration
of the working principle of electrospinning: reprinted and adapted with permission from ref. [55];
Copyright 2015, Elsevier Inc.

Even if the formulation duration, or the temperature, are not always fully disclosed in
all studies, the duration is 12 h at 60 ◦C [56], 3–6 h at 70 ◦C [34,39], and 2 h at 80 ◦C [47]
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(50 ◦C without an indication of the used duration [46]). These differences between the used
conditions to prepare the electrospinning solution may come from the intended end-use,
the addition of other chemical species (for example, metallic species), or the type of solvent
for the dissolution of PAN. After ending the formulation and preparation of the solution,
the mixture is loaded in a syringe (see Figure 1a) and the electrospinning process can
properly start.

2.2. Electrospinning Process

Electrospinning is routinely conducted at room temperature [57] and is recognized
as an efficient technique for the fabrication of 1D nanofibers [17,58]. The diameter of the
constituting fibers ranges from micrometers (e.g., 10–100 μm) to sub-microns (and even
nanometers) [32,58]. It is a cost-effective technology that generates non-woven fibers with
a high ratio of surface-area-to-volume and tunable porosity. As shown in Figure 1b, the
electrospinning involves an electro-hydrodynamic process, whereby a liquid droplet is
electrified to generate a jet, followed by stretching and elongation to generate fibers [55].
An electrostatic force should be created in order to produce polymer filaments, as shown
in the Figure 1 [58,59]. Furthermore, a DC voltage in the range of several tens of kVs is
necessary to run the electrospinning. There are basically three components needed to fulfill
the process: a high-voltage supplier, a capillary tube with a pipette or needle of small
diameter, and a metal collecting screen, as shown in Figure 1 [5,57,58]. Over the years,
more than 200 polymers have been electrospun for various applications, and more than
50 different polymers have been successfully electrospun into ultra-fine fibers, as repre-
sented in Table 1 [55,57,58].

The electrospinning process is relatively simple. Before reaching the electrically con-
ducting collector, the jet solution evaporates or solidifies and is collected as an intercon-
nected network of fibers. Mutual charge repulsion and the contraction of the surface
charges of the counter electrode cause a force directly opposite to the surface tension. When
the applied electrostatic forces overcome the fluid surface tension, the electrified fluid forms
a jet out of the capillary tip towards a grounded collecting screen. At a high rotation speed
up to thousands of rpm (revolutions per minute), electrospun nanofibers can be oriented
circumferentially [5,32,58–60]. To summarize, the process consists of three stages: (i) jet
initiation and the extension of the jet along a straight line; (ii) the growth of whipping
instability and the further elongation of the jet, which may or may not be accompanied
with the jet branching and/or splitting; and (iii) the solidification of the jet into fibers.

During an electrospinning process, there are few parameters that need to be controlled
to ensure that the experiments meet the three criteria of being highly repeatable, repro-
ducible, and replicable. Electrospun fibers and the control of their diameters are largely
determined by the processing parameters, including [5,32,57–60]: (i) solution parameters
such as viscosity, elasticity, conductivity, surface tension, and polymer-solvent affinity;
(ii) process parameters such as hydrostatic pressure in the capillary tube, electric potential
at the capillary tip, the gap (the distance between the tip and the collector), and the feed
rate; and (iii) ambient parameters such as solution temperature, humidity, and air velocity
in the electrospinning chamber.

Furthermore, a dopant such as metal or alloy could be added in the electrospun solution.
If the dopant increases the conductivity of the polymer solution, it will make the nanofiber
thinner [32]. Each of these parameters can affect the electrospinning process—by harming
the fibers’ morphology, for example. Hence, by a proper control of these parameters,
one can fabricate electrospun fibers with desired morphologies and diameters. Further
information about the impact of the different parameters can be found in ref. [60].
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Table 1. Examples of electrospun (bio)polymer materials and the used solvents (in alphabetical order).
Reprinted and adapted with permission from ref. [55]; Copyright 2015, Elsevier Inc.

Materials Solvents

Acrylonitrile-butadiene-styrene (ABS) N,N-Dimethyl formamide (DMF) or tetrahydrofuran (THF)
Cellulose Ethylene diamine
Cellulose acetate Dimethylacetamide (DMAc) and acetone or acetic acid
Ethyl-cyanoethyl cellulose [(E-CE)C] THF
Chitosan and chitin 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP)
Dextran Water, dimethyl sulfoxide (DMSO)/water, DMSO/DMF
Gelatine 2,2,2-Trifluoroethanol
Nylon Formic acid
Poly(2-acrylamido-2-methyl-1-propane sulfonic acid) (PMAPS) Ethanol/water
Polyacrylonitrile (PAN) DMF
Polyalkyl methacrylate (PMMA) Toluene/DMF
Polycarbonate THF/DMF
Poly(ethylene oxide) (PEO) Water, ethanol, DMF
Polyethylene terephthalate (PET) Trifluoroacetic acid (TFA) and dichloromethane (DCM)
Polylactic based polymers Chloroform, HFIP, and DCM

Pol(ε-caprolacone) based polymers Acetone, acetone/THF, chloroform/DMF, DCM/methanol,
chloroform/methanol, and THF/acetone

Poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) 2,2,2-Trifluoroethanol
Polyphosphazenes Chloroform

Polystyrene 1,2 Dichloroethane, DMF, ethylacetate, methylethylketone
(MEK), and THF

Bisphenol-A Polysulfone DMAc/acetone
Polyurethane (PU) THF/DMF
Polyvinyl alcohol (PVA) Water
Polyvinyl chloride (PVC) DMF, DMF/THF
Poly(vinylidene fluoride) (PVDF) DMF/THF
Poly(vinyl pyrrolidone) Ethanol, DCM, and DMF
Silk Hexafluoroacetone (HFA), HFIP, and formic acid

2.3. Formation and Synthesis of Nanoparticles

There are different ways to synthesize NPs, for example, the constant potential elec-
trolysis [61], the annealing of a salt precursor coated on a surface [5], the use of a re-
ducing agent [39,62], ultra-violet (UV) light [46,47], the phase transfer [16,63], the sol-gel
method [40], or directly by electrospinning. Additionally, different methods can be combined
as reported by Anka et al. [47] and Sawada et al. [46]. In their studies, they formed AuNPs by
electrospinning under UV light, reactions of photo-polymerization, and photo-crosslinking.
UV, microwave, thermal treatment requires extra energy to produce the AuNPs. A study
made by Both Engel et al. [34] showed that it is possible to create metallic particles and
specifically nanostructured gold particles on carbon fibers by the electrospinning process
and prevent impurities that are usually present on the surface of AuNPs electrodes pre-
pared by chemical vapor deposition (CVD). By the method of Both Engel et al. [34], small
AuNPs are formed inside the fibers and play a role in the physical properties of the carbon
electrodes, whereas the large ones are on the surfaces of the fibers to act as active sites
during the electrocatalytic reactions.

The electrospinning process allows a one-pot synthesis to have the support and
metallic particles [5,17,32–34,64,65] and does not impact the morphology and the size of
particles created during the process [32]. Different metals were tested with PAN in DMF (see
Table 2). Figure 2 shows the scanning electron microscopy (SEM) and transmission electron
microscopy (TEM) images and different metals on the fibers. This method enabled one to
engineer a three-dimensional support with different metals, leading to a high surface area
support that can act as a scaffold for enzymes immobilization [41] or catalytic reactions [65].
For Figure 2, electrospun PAN nanofibers were prepared, and the nanoparticles were
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then loaded onto the carbonized electrospun mat to yield supported high-entropy-alloy
nanoparticles (HEA-NPs) [65].

Figure 2. Nanoparticles loading onto carbon nanofibers derived from electrospun PAN nanofibers.
(a) Illustration of carbothermal shock (CTS) method after electrospinning to synthesize high-entropy-
alloy nanoparticles (HEA-NPs): SEM images of microsized precursor salt particles before and af-
ter CTS. (b–d) SEM, TEM, and HAADF-STEM mapping images of octonary alloy nanoparticles.
Reprinted and adapted with permission from ref. [65]; Copyright 2018, AAAS.

Two analyses are commonly performed to get the information about the fiber quality.
By SEM, it is possible to get the information on the size of the particles and the fibers. The
coupling to energy-dispersive X-ray spectroscopy (EDX) enables one to get the qualitative
data on the nature of chemical species. To get quantitative data (bulk analysis), comple-
mentary elementary analysis by inductively coupled plasma (ICP-OES or ICP-MS) for
heavier elements and CHNS-O (the determination of C, H, N, S, and O contents) should be
done. For thinner samples, transmission electron microscopy (TEM) can be used to reach
a nanometer scale information and provide more detail about the sample. SEM is more
used than TEM because the samples made by electrospinning could be too thick for TEM
analysis, because SEM is more representative of the sample (not a nm information), and
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because it is less expensive and less time consuming. Some direct analysis by TEM can be
carried out [31], but most of the time, the materials are ground into a powder similar to the
preparation for the electrocatalytic tests [66–70].

Table 2. Different types of materials prepared as fibers with PAN via electrospinning.

Material Solvent Reference

Ni/N,S-doped carbon DMF [48]
CoSe/N-doped carbon DMF [71]
Fe3O4/N-doped carbon DMF [49]
WS2/N-doped carbon DMF [50]
MnCo2O4@N-doped carbon DMF [51]
Co3O4-CNFs (CNF: carbon nanofibers) DMF [72]
Au@CFs (CFs: carbon fibers) DMF [34]
Casein/PAN DMSO [42]
Li/CNFs DMF [35]
NCNFs (nitrogen-doped electrospun carbon nanofibers) DMF [45]
PAN NFM (polyacrylonitrile electrospun nanofibrous membrane) DMF [41]

To explain the formation of AuNPs during the electrospinning process without extra
energy, it was argued that DMF can act as a reducing agent under suitable conditions
to convert Au(+III) into Au(0) [30,34]. However, the ability of DMF to reduce metallic
cation into the zero oxidation state depends on the nature of the involved metal (AuCl4−
ions into Au0 vs. Ag+ into Ag) [30]. Given that DMSO medium is not known to act as
a reducing agent and that the AuNPs are formed in the presence of DMF or DMSO, it is
argued that PAN polymer can also act as a reducing agent to reduce the Au(+III) salt under
mild conditions (70 ◦C) [34]. However, there is a limitation to this method. The quantity
of metal salt added in solution should not exceed a certain percentage depending on the
targeted metal because it becomes more difficult to create fiber during electrospinning (the
formulated solution is not so homogeneous, see the previous section).

2.4. Process of Electrospinning for PAN

A thorough literature analysis shows a certain difference in the used experimental
parameters to spin PAN fibers, but in the majority, they are in the same range. One common
thing is that the grounded counter electrode is connected to an aluminum foil as a collector
for the experiment. For the electrospinning process, the applied voltage ranges from
11 kV [47,52,64] to 80 kV [42]; it should be noted that this parameter depends on the needle-
to-collector distance and the composition of the electrospinning solution (see Section 2.1).
The most commonly used voltage is 20 kV [34,35,39–41,46,53,56] for an average needle-to-
collector distance of 15 cm (that is, 100 kV/m as an estimated electric field), whereby the
majority of the studies are done for 10–11 wt.% of PAN in DMF [34,39,40,47–52]. Salles et al.
reported a voltage of 4.5 kV when the distance between the needle tip and the metallic
target was 10 cm, that is, an estimated electric field of 45 kV/m [73]. By assuming that it
is almost impossible to perform electrospinning below 10 kV for 10–15 cm as the needle-
to-collector distance, it is therefore likely that the measurement of this voltage value was
underestimated. Another parameter of key importance is the distance between the needle
and the collector, which is kept constant through the experiment. The lowest values are
6–10 cm (voltage of 4.5 kV [73] or 12 kV [47]), the highest values are 20–25 cm (voltage of
80 kV [42] or 20–25 kV [56]), and the most used value is 15 cm [34,35,39–41,46,53] (voltage
of 20 kV). The presence of additives can also lead to a change in the conditions. For example,
according to Both Engel et al. [34], 10 mL DMF with 1 g PAN is performed under 20 kV for
a tip-to-collector distance of 14 cm (flow rate of 2.4 mL/h at 2000 rpm) while in the presence
of 0.5 g HAuCl4, and the voltage is increased to 22 kV for a tip-to-collector distance of
8 cm (the drum speed reduced to 1000 rpm for a flow rate of 2 mL/h) because of the
change in the solution properties. For the flow rate, the widely used value ranges from
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0.075–0.1 mL/h [47,64,73] to 2.4 mL/h [34,39], with an average of 1.5 ± 0.5 mL/h [35,41,46,53,56].
For the needle, the commonly used diameter is 800 μm, and diameters of 1.2 mm [35] and
0.5 mm [64] were also reported. For the drum collector, the rotational speed is 1000 rpm [34]
or 2000 rpm [34,39]; unfortunately, many works [41,53] do not specify the value, which
compromises the reproducibility of the experiments.

The previous points highlight different experimental conditions for the synthesis of
PAN-based electrospun mats. The difference might be directed by the intended application
of the fabricated materials. The parameters for one system are not necessarily the same
for others (see above). For a given synthesis, the weight percent of the PAN polymer and
the addition of metallic salts or organic molecules could impact the optimized parameters
shown before. To make sure that high-quality fibers will be collected, a further optimization
might be necessary. For example, considering “PAN” and “PAN with gold”, the parameters
are different in order to create the mat of fibers [34]: the voltage, needle-to-collector distance,
the flow rate, and the collector rotational speed are different. It should be kept in mind that
not only operational parameters have an impact on the fiber synthesis but also environmen-
tal parameters such as temperature, relative humidity, etc., and, to our knowledge, only
one study [42] among all those cited above has provided this key information. For example,
electrospinning between summer and winter periods is subject to a temperature difference
of up to 30 ◦C. As a result, the quality of the collected material would not be the same if the
parameters are left unchanged, e.g., the humidity level will impact the viscosity. The issue
of research reproducibility [74] is inherently linked to the non-disclosure of all experimental
conditions, which is very problematic and may arise from the complexity of the studied
materials or from a lack of rigor [75–78]. In an editorial entitled “The Experimental Section:
The Key to Longevity of Your Research”, Buriak and Korgel summarized that “one of the
greatest compliments anyone can give your published work is to reproduce it and build
upon it” [76]. The two identified reasons of irreproducibility in scientific reports are the
sheer carelessness and the misguided attempt at obtaining or maintaining a competitive
advantage by intentionally withholding critical experimental details; these lead to short-
term gains but very profound long-term losses as future papers are viewed with a skeptical
eye or simply ignored [76].

Once the electrospinning is properly designed and done, at the end of the process, a
mat composed of micro/nanofibers is obtained, as shown in SEM images and the photos
of Figure 3 in which the fibers’ diameter ranges from 1 to 5 μm [34]. The yellowish color
is obvious for the tissues collected after electrospinning of a solution containing HAuCl4.
This mat could then undergo thermal or chemical treatment depending on the intended
use, which is the purpose of the next section.

Figure 3. SEM images of Au@PAN fibers (insets are the tissues collected after electrospinning,
yellowish for the presence of gold (III) salt) obtained with: (A) regular secondary electrons detector
and (B) back-scattered electrons detector [34]. Reprinted and adapted with permission from ref. [34];
Copyright 2016, Wiley-VCH Verlag GmbH and Co. KGaA, Weinheim.
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2.5. Thermal Treatment

Thermal treatment is needed to create CNFs with enhanced electrical conductivity,
which is important for electrochemical applications. The step is also needed to consolidate
the electrospun mat. For that, two steps are needed. The first step is the stabilization process
to make a reticulation of the polymer. After that, the second stage is the carbonization
process to make the carbon fibers with a graphitic structure. For the PAN-based materials,
extensive studies have been done and the parameters are the same as for the first step.
This step is routinely done under air atmosphere at a temperature between 220 ◦C and
300 ◦C for a dwell time of 1–3 h [17,34,35,37,39,52,53] in order to trigger cyclization, the
dehydrogenation and oxidation process [35,38,52,56,79], as shown in Figure 4, which is the
evolution of the structure of the PAN molecule during the thermal treatment.

 

Figure 4. Sketch of the thermal treatment starting from polyacrylonitrile-based material to the
fabrication of an electrode material.

By increasing the temperature under air atmosphere, the color of the PAN fibers goes
from white to black, as shown in Figure 5, and is assigned to the formation of a ladder ring
structure [35]. The weight loss also increases from 5 wt.% at 235 ◦C to 15 wt.% at 300 ◦C [17],
as shown in the thermogravimetric analysis (TGA) of Figure 6a. At the same time, the
shrinking of the PAN mat diminishes, depending on the temperature and dwelling time.
TGA is a thermal analysis technique that consists of measuring the variation in mass
of a sample as a function of time, for a given temperature or temperature profile. It is
used to determine the degradation temperatures, the moisture absorbed by the material,
and the amount of organic and inorganic compounds in a material. Here, it is used to
determine the best temperature for the stabilization process to get the full cyclization of
the PAN molecule and the weight loss after thermal treatments. It could be combined
with differential scanning calorimetry (DSC). This analysis measures the difference in heat
exchange between the sample and a reference and allows one to determine the phase
transitions, for instance, the glass transition temperature and the melting or crystallization
temperature. For PAN, it is possible to determine the best stabilization condition that
corresponds to the main peak in the DSC curve; the position ranges from 250 to 290 ◦C.
This step corresponds to the shrinking of the PAN.

After this first step, the carbonization process could be done at a temperature of
600–1400 ◦C under either argon or nitrogen gas [52,80–82]. This step should be done in an
inert atmosphere to: (i) avoid the total loss of weight by the complete mineralization and
(ii) create an electrically conductive carbon material for use in electrocatalytic tasks.
Figure 6a clearly shows that if the second step is done in an O2 atmosphere, only CO2
will be created, and structures such as Figure 6b,c will not be obtained. This step permits
one to increase the C/N ratio and, at the same time, to create an electrically conductive
graphitic-like structure. The latter depends on the temperature and the dwell time. As
shown in Table 3 by X-ray photoelectron spectroscopy (XPS) analysis, when the temperature
increases, the C/N ratio increases (4.8 and 7.6 at 573 K (300 ◦C) and 1073 K (800 ◦C, respec-
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tively) [80], which impacts the electrical properties of the material [52,80,81]. The type of
nitrogen species also changes: the main species are pyridinic-N (N-6), pyrrolic-N (N-5),
oxidized-N (N-X), and quaternary-N (N-Q: the exact nature is subject to keen debate) [80].

Figure 5. Pictures showing the color change of electrospun PAN mats during stabilization: (a) pristine
and (b–f) stabilized (heating rate of 2 ◦C min−1 in a constant air flow, and then maintained at the
target temperature): (b) 250 ◦C for 1 h, (c) 265 ◦C for 1 h, (d) 280 ◦C for 1 h; (e) 280 ◦C for 2 h, and
(f) 280 ◦C for 3 h. Reprinted and adapted with permission from ref. [52]; Copyrights 2012, Elsevier Ltd.

Figure 6. Cont.
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Figure 6. (a) The TGA curves of aligned PAN nanofibers (5 ◦C min−1, air) until the targeted oxidation
temperature (235, 250, 270, and 300 ◦C) for a dwell of 6 h (the inset represents the TGA under inert
nitrogen atmosphere). SEM images of aligned PAN nanofibers (stabilization at 250 ◦C for 3 h in
air atmosphere and carbonization at 900 ◦C for 1 h under nitrogen atmosphere) produced with:
(b) rotating collector and (c) with fixed collector. Reprinted and adapted with permission from
ref. [53]; Copyrights 2017, Gergin et al.; licensee Beilstein-Institut.

For PAN electrospun mats with gold, Both Engel et al. [34] have substantially increased
the duration of the carbonization step from 1 to 10 h at 1000 ◦C to study the impact on
the formation of nanostructured gold particles inside and outside the graphitized carbon
microfibers. SEM images of the sample annealed for 10 h are presented in Figure 7. The main
observation is the formation of two particle-sized populations, which was approximately
the same result upon annealing for 1 h. The thermal treatment seems to not affect the
particles’ size or morphology; only the polymer changes into CNFs, and likely the nitrogen
content too [35]. The most widely used temperature for the carbonization of PAN-based
materials ranges from 550 to 1200 ◦C for 1 h [34,35,39,42,53]. Zhang et al. [35] showed that
the crystallites’ size increases while the nitrogen content decreases when the carbonization
temperature goes from 550 to 950 ◦C under nitrogen atmosphere; 950 ◦C (1 h) leads to the
optimal electrochemical performance.

 

Figure 7. SEM images of Au@CFs at different magnifications after stabilization under air (2 ◦C min−1

until 250 ◦C for 2 h stay) and calcination under high-purity nitrogen atmosphere (2 ◦C min−1 until
1000 ◦C for 10 h stay). Reprinted and adapted with permission from ref. [34]; Copyrights 2016,
Wiley-VCH Verlag GmbH and Co. KGaA, Weinheim.
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Table 3. XPS data from calcined PAN at different temperatures (heating rate of 1 ◦C/min, dwell time
of 1 h, and Ar atmosphere). Reprinted and adapted with permission from ref. [80]; Copyright 1995,
Elsevier Science Ltd.

Precursor
Pyrolysis

Temperature

Atomic Percentage Percentage of Nitrogen Functionalities (from XPS N1s)

C N O
Pyridinic-N

(N-6)
Pyrrolic-N

(N-5)
Quaternary-N

(N-Q)
Oxidized-N

(N-X)

PAN 573 K (300 ◦C) 79.5 16.2 4.3 100 0 0 0
PAN 773 K (500 ◦C) 78.4 15.5 6.1 69 19 8 4
PAN 1073 K (800 ◦C) 85.4 11.2 3.5 40 29 23 9

2.6. Other Characterizations of the Mat Fibers

Other characterizations are possible for the PAN mats before and after any thermal
treatment. The Fourier Transform Infrared Spectroscopy (FTIRS) gives information about
the structure of the molecule, that is, the type of organic functions (alcohol, amine, etc.).
Figure 8a,b shows the FTIR spectra for different types of PAN-based materials. For PAN,
the bands at 2940, 2250, and 1450 cm−1 correspond to the stretching of C–H, C≡N and CH2,
respectively [35,40,52,56,79]. After stabilization, their intensities decrease and an additional
peak appears at 810 cm−1, which is assigned to the vibration of =C–H. The new peak comes
from the aromatic ring that is created during the cyclization reaction (see Figure 4) [35,52].
Indeed, after carbonization under N2 gas, the C≡N and CH2 bands must disappear because
of crosslinks between the PAN molecules. Therefore, any presence of a peak at 2250 cm−1

suggests that the carbonization step is not yet completed [56]. It was reported that at
500 ◦C, C=N and C–N bands at 1374 and 1284 cm−1, respectively, are strengthened due to
the conversion of C≡N, while at 950 ◦C, the C=N vibration band disappears (other reaction
products can be detected depending on the applied temperature) [35,52,56,79].

Figure 8. (a,b) FTIR spectra of stabilized PAN nanofibers (heating rate of 2 ◦C min−1 in a constant
air flow): (a) temperature effect (holding time: 1 h); (b) time effect (holding temperature: 280 ◦C).
(c) XRD patterns of the PAN precursor nanofibers, the stabilized (under air), and the carbonized PAN
nanofibers (2 ◦C min−1 until 1000 ◦C for 1 h stay under N2 atmosphere). Reprinted and adapted with
permission from ref. [52]; Copyrights 2012, Elsevier Ltd.

X-ray diffraction (XRD) can be used for the crystallinity characterization of the polymer
and the metallic particles. Figure 8c shows XRD patterns for different electrospun PAN-
based materials. We note the presence of a strong diffraction peak centered at 17◦ and a
weak diffraction peak centered at 29◦, which correspond to the X-ray diffraction of (100) and
(110) of PAN nanofibers, respectively [52,64,79]. By FTIRS, it was observed that the aromatic
growth is the major process during the carbonization at a high temperature, and it triggers
the formation of a graphite-like structure by eliminating the nitrogen-containing groups.
The decrease in nitrogen content could be confirmed by XPS [35]. When the carbonization
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temperature increases, the intensity of the peaks corresponding to the graphitic carbon
increase while that at 17◦ disappears [35]. In Figure 8c, at 1000 ◦C, the carbonized PAN
material shows a single diffraction peak centered at 25.6◦ for the (002) crystallographic
plane of graphite [35,52]. For the gold species within the electrospun mats (with and
without carbonization), Figure 9 shows the XRD patterns. Figure 9a confirms the role of the
solvent and PAN on the formation of gold particles. The peaks situated at 38.2◦, 44.5◦, 65.6◦,
and 78.6◦ correspond to, respectively, (111), (200), (220), and (311) planes of face-centered
cubic structure of gold [34,47,64,83]. Leveraging on the evolution of the intensity and the
width of the (200) and (220) peaks, it was argued that metallic gold particles are created
during the electrospinning process and the thermal treatment changes the crystallinity [34].

Figure 9. (a) XRD of crude fibers obtained from the solution containing AuCl4-+PAN+DMF (green
curve), crude film from the same solution (pink curve), and crude film from the solution prepared in
DMSO AuCl4- + PAN + DMSO (blue curve). (b) XRD of carbonized fibers with no Au (black curve)
and Au@CFs (red curve), after stabilization under air (2 ◦C min−1 until 250 ◦C for 2 h stay) and
calcination under high-purity nitrogen atmosphere (2 ◦C min−1 until 1000 ◦C for 1 h stay). Reprinted
and adapted with permission from ref. [34]; Copyrights 2016, Wiley-VCH Verlag GmbH and Co.
KGaA, Weinheim.

3. HMF Electrooxidation for Paired Electrosynthesis of Valuable Chemicals

In the previous Section 2, we focused on the electrospinning method to obtain materials
that can be used as electrocatalysts. The current Section 3 focuses on a summary review
of the electrocatalysis of HMF. Ideally, we would like to review the performance of the
materials from Section 2; however, as there are no data available, to our knowledge, on the
use of electrocatalysts derived from electrospinning for the electroconversion of HMF, we
will review other systems to provide some inspirational ideas.

To reduce the H2 price by an electrochemical process, few solutions are reported. One
of them is to reduce the overpotential of the oxygen evolution reaction (OER) by the elec-
trooxidation of organic molecules to decrease the quantity of energy used to form H2 at the
cathode of an electrolyzer [6,12,84–88]. It has been showed that by oxidizing at the anode a
biomass derivate, it is possible to reduce the required voltage compared to the electrooxida-
tion of water molecules [89]. The techno-economic analysis of renewable energy-powered
biomass electrolysis where organics are oxidized at the anode in lieu of water has shown
the promise of H2 production at the cathode with the possible co-generation of valuable or-
ganics at the anode [11,85,89,90]. For example, Paul Kenis’ group reported lower electricity
consumption by up to 53% compared to conventional water electrolysis [91]. Figure 10a
shows that glucose and glycerol have a much lower oxidation potential than the oxidation
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of water, so less energy will be required to produce H2 by such an electrolysis [6]. We
note that the cell voltage of an electrolyzer is Ucell = E(anode) − E(cathode). Consequently,
the potential of the anode where the electrooxidation is happening must be as small as
possible for a given cathode material. As shown in Figure 10b, HMF electrooxidation is
less energy-demanding than OER [12], and its electrocatalysis can be regulated to produce
value-added chemicals to replace petroleum-based polymers [10,12,13].

Figure 10. (a) Typical half-cell electrolysis polarization curves illustrating the working principle of
solid alkaline membrane electrolysis cell [6]. (b) LSVs of Co−P/CF (1 M KOH, 2 mV s−1) in the
absence (black) and presence of 50 mM HMF (red). (a) Reprinted and adapted with permission
from ref. [6], Copyright 2020, The Royal Society of Chemistry 2020. (b) Reprinted and adapted with
permission from ref. [12], Copyright 2016, American Chemical Society.

The linear sweep voltammetry (LSV) of Figure 10b shows that the presence of 50 mM
HMF in 1 M KOH is accompanied by a drastic shift in the potential needed to drive more
current density (and thus more conversion of the reactants into products, the second law
of Faraday). To reach 50 mA cm−2, a potential of ca. 1.42 V vs. RHE (reversible hydrogen
electrode) is needed in the presence of HMF, which is 150 mV smaller than that of OER
(1.57 V vs. RHE). The goal of using organic molecules at the anodic compartment of a
H2 production electrolyzer is not to perform the complete electrooxidation into CO2 as
it seemingly violates the original intention of reduction the carbon footprint [6,92]. Of
course, the CO2 from the full degradation of organic molecules could be sent back to
the cathodic compartment; this is only valid for CO2 electrolyzers [91,93,94], it is not a
universal strategy. Here, Figure 11 highlights the dreamed scenarios of the electrocatalytic
oxidation of HMF, whereby selective electrooxidation could be a solution to produce
useful organic molecules. Hence, in addition to the significant decrease of the total energy
input (see Figure 10a), this collateral gain at the anodic compartment contributes to the
decrease of the cost of H2 production (Figure 12a). The two possible pathways without
any carbon–carbon bonds cleavage are the aldehyde route (Pathway A) and the alcohol
route (Pathway B), which can change depending on the used electrode material (Figure 12).
We note that HMF can be conventionally oxidized by using several methods: (i) in hard
conditions with organic solvents at high pressure of O2 and temperature [7,95,96], (ii) by
an enzymatic method [97], and (iii) by an electrocatalytic method using synthetized metal-
based electrodes [2,13,16,34,98–101]. The promise of the breakthrough electroconversion of
HMF by electrocatalysis relies on the use of mild conditions (temperature, pressure), only
water as an oxygen source, solid electrode materials, and electrons as the triggers (from
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any renewable electricity source, solar, wind, etc.). Compared to catalysis by oxidants such
as O2 at elevated temperature and pressure, this set of specifiers contributes to making
electrocatalysis a more sustainable process and renders electrochemistry environmentally
useful as a “green tool” [102–104].

Figure 11. Scenarios of the electrocatalytic oxidation of HMF and the resulting products without C-C
bond cleavage (written in acidic media).

For Pd-Au materials, the required cell voltage (Figure 12b), the reaction paths (Figure 12c,f),
and the yield (Figure 12d,e) depend on the exposed active sites at the electrocatalyst surface.
Under chronoamperometry condition (0.82 V vs. RHE in 1 M KOH + 5 mM HMF), the
conversion of HMF into FDCA is more important at bimetallic Au-Pd in comparison to
the monometallic Pd and Au materials [16]. The selectivity improvement can be explained
by the synergistic actions between Au and Pd, driven by the coupling of electronic and
geometric effects. It can also be observed that Au outperforms Pd for the oxidation of
HMF into HFCA (Figure 12e). It is well-known that Au is more active for the oxidation
of the aldehyde group, whereas Pt and Pd catalysts are more active for the oxidation of
the alcohol groups [98]. When they are combined, the electrooxidation could start at low
potentials [13,16,98]. For the cost reduction, it is possible to use non-noble metals. For
example, HMF was successfully converted into DFF with 78% isolated yield and 100%
selectivity by an environmentally friendly organic electrosynthesis using graphite as an
anode and stainless steel as a cathode [2]. You et al. [87] reported 3D hierarchically porous
nickel-based electrocatalyst obtained by the electrodeposition to reduce the cell voltage by
220 mV at 50 mA cm−2 when compared to conventional water splitting.

The above examples show the variety of opportunities to electrooxidize HMF into
different components. Other options exist, starting from fructose because of the possible
stability issues of HMF in aqueous alkaline solutions where the aldehyde function could be
converted into carboxylic acid by a nucleophilic attack by OH−. Control trials are currently
missing to fully know the impact of such a hypothesis on the whole mechanism. Indeed,
the electrooxidation of any organic molecule is a set of proton-coupled electron (PCET)
steps so that the pH has a key impact on the reactivity that is expected to be maximal at
pH close to the compound’s pKa [105–110]. Given the HMF’s pKa of 12.8, working in an
alkaline electrolyte to maximize electrocatalytic activity exposes HMF to a nucleophilic
attack by OH−, which will be amplified as the reaction time increases. Therefore, to provide
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high yield and selectivity, optimization has to be made. For example, the pH impacts
the yield/selectivity, the metal has its own selectivity properties, and the temperature
or duration of the electrolysis could impact the stability/yield [2,16,96,97]. Furthermore,
the technical report of IUPAC indicates that “the simultaneous transfer of more than one
electron is highly improbable” [111]. Thus, the electrocatalysts for HMF electroconversion
must withstand a cascade of PCET steps, which will induce many reaction intermediates
and energy barriers of larger overpotentials [106]. Each of the discussed parameters should
be properly optimized, and theoretical calculations (DFT, MD, etc.) can help to better guide
the operation of electrocatalytic materials [6,112].

Figure 12. (a) Sketch of the two-electrode electrolysis cell made of (+)Pd7/Au7‖(AuPd)7(−) for
the simultaneous generation of FDCA from the anode (+) and H2 from the cathode (−). (b) LSV
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(2 mV s−1) in 1 M KOH + 10 mM HMF. (c) Pd7/Au7 multilayer anode and the (AuPd)7 multilayer
cathode with the corresponding electron transfer processes. Bulk electrolysis at 0.82 V vs. RHE in
1 M KOH + 5 mM HMF for 2 h at different anode materials. (d) Yield of FDCA and (e) comparison
between HFCA and FDCA. (f) Pathways of HMF electrooxidation. Reprinted and adapted with
permission from ref. [16], Copyright 2020, American Chemical Society.

4. Conclusions and Perspective

This review discussed the advances of electrospinning by giving an overview of the
experimental conditions for reproducible methodologies. The polymer solution formula-
tion, the spinning, the thermal treatment, and the different analyses have been critically
reviewed to understand the chemical and structural changes in the polyacrylonitrile (PAN)
molecule and how it can be exploited to engineer high-performance electrode materials for
electrocatalysis. During the formulation of the polymer solution for the electrospinning
process, it is possible to introduce metallic or organic species to change the final materials’
structure and target different electrocatalytic properties. However, the addition of such a
chemical species modifies the physico-chemical properties of the electrospinning solution,
as well as the operation parameters. The latter are not rationalized as the methodologies
change from one report to another one, which calls for further efforts to structure the field
and understand the impact on the electrospinning and the calcination steps.

A focused analysis was conducted for the electroconversion of 5-hydroxymethylfurfural
(HMF) into added-value chemicals during CO2-free and low energy consumption H2 produc-
tion in electrolyzers. For HMF electrooxidation, further studies should be conducted to obtain
free-standing electrocatalysts from electrospinning and target a strong anchoring of metals to
support. Thermodynamically, it is true that the electrooxidation of HMF instead of water (OER,
oxygen evolution reaction) in the anodic compartment of an electrolyzer for H2 production
is accompanied by a significant saving of the consumed electrical energy. Nonetheless, this
is purely conceptual at the moment because the recorded current densities of a few tens of
mA/cm2 are too far from the industrial needs of at least 0.5 A/cm2 [77,113]: the current
density-dependent H2 rate at 25 ◦C is ca. D (L/h per cm2) = 0.45 × j (A/cm2). In addition,
the field of organic electrosynthesis coupled to the production of decarbonized H2 should
go beyond the hundreds of reports being published each year by simple three-electrode
setups. In fact, there is no guarantee that the implementation in real two-electrode and
zero-gap electrolyzers will meet the promise. Theoreticians and experimenters are invited
to join their forces in order to significantly increase the current densities while preserving
the selectivity that is often obtained at the expense of the current density. In terms of
the bigger picture, any developed electrocatalyst for the selective electro-conversion of
HMF can be a widespread solution in low-energy input power-to-X technologies where
hydrogen evolution (HER), CO2 reduction (CO2RR), and N2 reduction (N2RR) reactions are
considered to enable the electrosynthesis of high value-added fuels and/or chemicals with
a significantly reduced environmental footprint. For those interested in electrolysis, we end
this review by extending an invitation to a recent Perspective by Siegmund et al. [77] on
“Crossing the Valley of Death: From Fundamental to Applied Research in Electrolysis”.
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40. Aslan, S.; Bal Altuntaş, D.; Koçak, Ç.; Kara Subaşat, H. Electrochemical Evaluation of Titanium (IV) Oxide/Polyacrylonitrile
Electrospun Discharged Battery Coals as Supercapacitor Electrodes. Electroanalysis 2021, 33, 120–128. [CrossRef]

41. Li, S.-F.; Chen, J.-P.; Wu, W.-T. Electrospun polyacrylonitrile nanofibrous membranes for lipase immobilization. J. Mol. Catal. B
Enz. 2007, 47, 117–124. [CrossRef]

42. Diestelhorst, E.; Mance, F.; Mamun, A.; Ehrmann, A. Chemical and Morphological Modification of PAN Nanofibrous Mats with
Addition of Casein after Electrospinning, Stabilisation and Carbonisation. Tekstilec 2020, 63, 38–49. [CrossRef]

43. Rodríguez-Tobías, H.; Morales, G.; Ledezma, A.; Romero, J.; Saldívar, R.; Langlois, V.; Renard, E.; Grande, D. Electrospinning
and electrospraying techniques for designing novel antibacterial poly(3-hydroxybutyrate)/zinc oxide nanofibrous composites.
J. Mater. Sci. 2016, 51, 8593–8609. [CrossRef]

44. Che, A.-F.; Germain, V.; Cretin, M.; Cornu, D.; Innocent, C.; Tingry, S. Fabrication of free-standing electrospun carbon nanofibers
as efficient electrode materials for bioelectrocatalysis. New J. Chem. 2011, 35, 2848–2853. [CrossRef]

45. Wang, S.; Dai, C.; Li, J.; Zhao, L.; Ren, Z.; Ren, Y.; Qiu, Y.; Yu, J. The effect of different nitrogen sources on the electrocatalytic
properties of nitrogen-doped electrospun carbon nanofibers for the oxygen reduction reaction. Int. J. Hydrogen Energy 2015, 40,
4673–4682. [CrossRef]

46. Sawada, K.; Sakai, S.; Taya, M. Polyacrylonitrile-based electrospun nanofibers carrying gold nanoparticles in situ formed by
photochemical assembly. J. Mater. Sci. 2014, 49, 4595–4600. [CrossRef]

47. Anka, F.H.; Perera, S.D.; Ratanatawanate, C.; Balkus, K.J. Polyacrylonitrile gold nanoparticle composite electrospun fibers
prepared by in situ photoreduction. Mater. Lett. 2012, 75, 12–15. [CrossRef]

48. Liu, D.; Li, W.; Li, L.; Ling, H.; You, T. Facile preparation of Ni nanowire embedded nitrogen and sulfur dual-doped carbon
nanofibers and its superior catalytic activity toward urea oxidation. J. Colloid Int. Sci. 2018, 529, 337–344. [CrossRef]

49. Guo, L.; Sun, H.; Qin, C.; Li, W.; Wang, F.; Song, W.; Du, J.; Zhong, F.; Ding, Y. Flexible Fe3O4 nanoparticles/N-doped carbon
nanofibers hybrid film as binder-free anode materials for lithium-ion batteries. Appl. Surf. Sci. 2018, 459, 263–270. [CrossRef]

50. Yu, X.; Pei, C.; Chen, W.; Feng, L. 2 dimensional WS2 tailored nitrogen-doped carbon nanofiber as a highly pseudocapacitive
anode material for lithium-ion battery. Electrochim. Acta 2018, 272, 119–126. [CrossRef]

293



Materials 2022, 15, 4336

51. Cai, N.; Fu, J.; Chan, V.; Liu, M.; Chen, W.; Wang, J.; Zeng, H.; Yu, F. MnCo2O4@nitrogen-doped carbon nanofiber composites with
meso-microporous structure for high-performance symmetric supercapacitors. J. Alloys Compd. 2019, 782, 251–262. [CrossRef]

52. Wu, M.; Wang, Q.; Li, K.; Wu, Y.; Liu, H. Optimization of stabilization conditions for electrospun polyacrylonitrile nanofibers.
Polym. Degrad. Stab. 2012, 97, 1511–1519. [CrossRef]
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Abstract: Ferroelectric property that induces electrocaloric effect was investigated in Ba(GexTi1−x)O3

ceramics, known as BTGx. X-ray diffraction analysis shows pure perovskite phases in tetragonal
symmetry compatible with the P4mm (No. 99) space group. Dielectric permittivity exhibits first-order
ferroelectric-paraelectric phase transition, confirmed by specific heat measurements, similar to that
observed in BaTiO3 (BTO) crystal. Curie temperature varies weakly as a function of Ge-content. Using
the direct and indirect method, we confirmed that the adiabatic temperature change ΔT reached its
higher value of 0.9 K under 8 kV/cm for the composition BTG6, corresponding to an electrocaloric
responsivity ΔT/ΔE of 1.13 × 10−6 K.m/V. Such electrocaloric responsivity significantly exceeds
those obtained so far in other barium titanate-based lead-free electrocaloric ceramic materials. Energy
storage investigations show promising results: stored energy density of ~17 mJ/cm3 and an energy
efficiency of ~88% in the composition BTG5. These results classify the studied materials as candidates
for cooling devices and energy storage applications.

Keywords: BGT; ceramics; ferroelectric; electrocaloric; energy storage

1. Introduction

Electrocaloric effect (ECE) is similar to magnetocaloric effect (MCE), in which the
temperature change of the material is achieved by the electrical and magnetic field control,
respectively [1–3]. Therefore, ECE occurs in switchable dipolar materials, where the
application of electric field leads to change in the reversible polarization and consequently in
the entropy [4]. Briefly, the applied electric bias induces an adiabatic increase of temperature
in the ferroelectric material. The field removal causes similarly adiabatic cooling in a
reversible process known as ECE [5–7].

Nowadays, ECE attracts scientists’ attention because of its promising frigorific appli-
cations and microelectronic cooling devices [8–10]. Various contributions were recently
reported on ferroelectric thin films, ceramic and polymers [1,7,11,12].

Prototype refrigerators using ceramic ECE have been experimented with by a few
research groups [13–15]. The low ECE in these materials prevent them from being used in
efficient calorimetric applications. Therefore, high performance solid-state cooling devices
could be realized only using materials with large ECE, for example, in electronic elements
cooling of microelectronic devices, sensors, textile, etc.
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Moreover, electrocaloric (EC) coolers based on eco-friendly materials stimulate a
resurgent focus on the development of high-performance lead-free barium titanate BaTiO3
(BTO)-based materials [12–15] due to the cancerous nature and neurotoxicity of Lead
(Pb) [16,17].

BTO is one of the most frequently used ceramic materials in electronic devices due to
its outstanding dielectric properties [18]. In particular, remarkable tailoring of functional
characteristics can be achieved by substitution with foreign ions on the A, B, or in both
sites of the ABO3 perovskite structure. Isovalent substitution ions such as Zr4+, Sn4+ and
Ce4+ onto the Ti4+ site gave rise to enhanced material properties (e.g., dielectric, pyro-
and piezoelectric), high thermal stability in a large temperature range [2,4]. Otherwise,
substitution can induce also a decrease in polarisation [2], tunability [19] and hysteresis
loops [20]. These substitutions can also induce structural-phase transitions or polymorphic
phases overlapping for specific compositions, and sometimes a ferroelectric relaxor by
increasing the dopant concentration [21]. Substitutions with smaller radius ions such as Ge
are far less investigated and apparently do not modify the structural transition temperatures:
the room temperature tetragonality and the ferroelectric character [22]. There are only a few
reports concerning the role of Ge insertion, which has mainly been used as sintering aids to
promote better densification of BTO-based ceramics at a lower sintering temperature [23].
Chu et al. [24] reported that germanates are used in industrial applications to produce
heterophasic ceramic bodies. Köferstein et al. [25] have investigated the influence of
BaGeO3 (BGO) on the sintering behaviour and properties of fine- and coarse-grained BTO
powder density. GeO2 can be used as a sintering aid to reduce the sintering temperature of
BTO ceramics below 1000 ◦C. Guha and Kolar [26] studied the BaTiO3−BaGeO3 (BTO-BGO)
system, and they determined a eutectic composition of 68 mol% BaGeO3 with a melting
temperature of approximately 1120 ± 5 ◦C. The authors did not observe any shifting of
the cubic to the tetragonal phase transition temperature in BTO by the addition of GeO2,
in agreement with the investigations by Plessner and West [27]. These authors noticed
a reduction in the sharpness of the permittivity maximum. In contrast, Pulvari [28] and
Baxter [29] found a slight decrease in the Curie temperature with the addition of GeO2,
and determined the limit of solubility of some doping elements in BTO. Consequently, the
knowledge about the effect of sintering additive materials on the dielectric properties of
BTO-based ceramics is essential for potential technological applications.

Therefore, ECE is evidenced in BTO-doped ferroelectric material using indirect or
direct methods [30]. The indirect method used in our case is based on thermal P-E hysteresis
loop data analysis using Maxwell relations [31]. In addition, the results were confirmed by
direct method using a modified high-resolution calorimeter [32].

The literature indicated that the EC responsivity ΔT/ΔE is the most suitable coefficient
to highlight the electrocaloric effect [33–35]. This is supported by the aim of producing high
ECE under optimal applied electric field. The electrocaloric effect in Na0.5Bi0.5TiO3–BaTiO3
(NBT-BTO) [30] and BTO bulk ceramics had recently been investigated by Bai et al. [7],
who reported a maximum electrocaloric responsivity of 8 × 10−7 K.m/V. Wang et al. [36]
obtained a ΔT/ΔE value of 1.5 × 10−7 K.m/V in the Ba0.98Ca0.02(Zr0.085Ti0.915)O3 (BCZT)
ceramics. Liu et al. [37] reported that ECE responsivity in Ba0.65Sr0.35TiO3 (SBT) ceram-
ics prepared by spark plasma sintering was enhanced up to 2.33 × 10−7 K.m/V. In BTO
single crystal, Novak et al. [6] evidenced a ΔT/ΔE value of 5 × 10−7 K.m/V by high-
resolution EC measurements in the narrowed region of transition. We reported previously
a large ECE in a much broader temperature range extended in 50 K a maximum ΔT/ΔE
of 3.4 × 10−7 K.m/V in Ba0.8Ca0.2TiO3 Zr-doped, lead-free ferroelectric ceramics at a rel-
atively small electric field of 7.95 kV/cm [34]. Previous results demonstrate a significant
challenge to achieving high EC adiabatic temperature changes in the lead-free bulk ma-
terials with the optimal applied electric field and the best doping cation for higher EC
responsivity. It is worth noting that the optimal electric field minimises material fatigue
and Joule heating effect. Operating at low voltage could also be a suitable way to reduce
the technology cost and ensure low energy consumption.
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In the present paper, we focus our investigation on the ECE and energy storage
performance in BTGx materials (x = 0.02, 0.03, 0.05, 0.06 and 0.09). We study the influence of
germanium (Ge) doping in BT matrix on the structural, electrical, ferroelectric, electrocaloric
and stored energy properties in this system. It should be noted that ECE results obtained
using indirect methods were found to be in good agreement with data directly measured
using a high-resolution calorimeter, and the energy stored shows promising results.

2. Experimental Section

BTGx ceramics were elaborated using a conventional powder processing technique
and starting from high purity raw materials BaCO3 (99%), TiO2 (99.8%) and GeO2 (99.8%),
which were mixed in the desired stoichiometry. The mixture powder was grounded in
ethanol medium for an hour in agate mortar, followed by a thermal treatment. The obtained
powder of each Ge-content was calcined at 900 ◦C for 4 h. Heating rate was 5 ◦C/min. This
thermal process had been repeated three times for grain size reduction and for accurate
grain reactions to achieve a homogenous state with single-phase powder.

The symmetry phases were confirmed by X-ray powder diffraction (XRD) data analy-
sis which was recorded with detector step of 0.0199◦ and waiting time of 10 s using Brucker
D8 with λCu = 1.5406 Å in θ-2θ Bragg–Bretano geometry configuration. The structural reso-
lution was carried out using the Rietveld method implemented in the FullProf software [38].
The finely granulated powder was compacted under a hydraulic press at 250 MPa pressure
to obtain circular pellet discs of 6 mm diameter and 0.4 mm thickness. The obtained pellets
were then placed into an alumina crucible and sintered at 1100 ◦C for 1 h. The obtained
sintered ceramic samples were crack-free, and their density was found in the range 5.03 to
5.80 g/cm3. These densities measured based on Archimedes’ method, to represent 93 to
96% of their theoretical value. Silver paste was used to form electrodes covering both faces
of the pellets to form a plane capacitor shape for electrical measurements. Measurements
can be started after 30 min heating of electrodes at 300 ◦C constant temperature. Then, P-E
hysteresis loops were registered as a function of temperature using AixACCT TF1000 appa-
ratus, and dielectric permittivity was measured for several frequencies (100 Hz–1 MHz) as
a function of temperature using Solartron SI 1200 Impedancemeter. Temperature controller
is Linkam THMS600 with heating and cooling rate of 5 ◦C/min. Temperature module
offered 0.01 ◦C in accuracy. All the thermal measurements have been performed under air.
The Impedance measurements were performed every 2.00 ◦C ± 0.01 ◦C, under oscillator
source of 50 mV applied on ~0.5 mm sample thickness. Sample heat capacity was deduced
from heat flow measurements performed using Netzsch DSC 204F1 apparatus. SEM images
were recorded under 5 kV electrons acceleration source and a working distance in the range
10–15 mm. The Energy Dispersive X-ray (EDX) analysis had been performed using the FEI
Quanta 200F apparatus.

3. Structural Studies

3.1. X-ray Studies

X-ray diffraction patterns of BTGx ceramics (x = 0.02, 0.03, 0.05, 0.06, 0.09) performed
at room temperature were shown in Figure 1. Small displacement of the rays to high
angles can be observed in this figure versus Ge-content, which results in the contraction
of lattice parameters. No significant structural change was observed at first look based
on the diffraction lines. This means Ge-insertion in BTO matrix induces weak distortion
in the crystal lattice parameters, and the tetragonal symmetry was observed for all the
compositions. A zoom conducted on the tetragonal symmetry lines (202) and (220) showed
a weak displacement of ~0.5◦, as presented in the inset of Figure 1. The structural resolution
was then conducted for all the elaborated compositions satisfactorily. Beginning from
profiles adjustment, the calculations led to rapid convergence. By way of the Rietveld
method using FullProf software, the atomic positions, thermal isotropic agitation factors,
occupation rates and scale factor were adjusted at room temperature to minimize the
reliability factors in a coherent way, based on BTO tetragonal matrix in accordance with
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the P4mm (No. 99) space group and JCPDS N◦ 05-0626. We observed globally a small
decrease of lattice parameters leading to a small decrease in lattice volume. This behaviour
can be expected, since the ionic radius [39] of Ge4+ (0.530 Å) in substitution of Ti4+ ion
in the octahedral site is slightly smaller than Ti4+ ionic radius (0.605 Å), which could
lead to a decrease of volume if the substitution occurred. It is worth recalling that a
systematic microstructural analysis and the phase equilibrium diagram for the system
BaTiO3-BaGeO3 (BTO-BGO) was reported by Guha et al. [26], in which the solubility limit
of BGO in BTO was determined around 1.8 mol% but no electrical characterization was
performed. In the present case, structural resolution leads to several observations: (i) small
octahedra distortion is observed, (ii) volume decreases weakly, (iii) Ge doping atoms in
the octahedral site have weak concentration and consequently do not impact greatly the
structural symmetry.

Figure 1. Room temperature X-ray patterns of elaborated compound BTGx (x = 0.02, 0.03, 0.05, 0.06,
0.09). The inset indicates the zoom of evolution of (202) and (220) lines versus Ge-content.

The refined lattice parameters (a = b and c), the unit cell volume, atomic positions
and the reliability factors are summarized in Table 1, and the curves of evolution of lattice
parameter and volume versus Ge-content are presented in Figure 2. Moreover, considering
the ionic radius of chemical elements and Ge-content, we calculated the Goldschmidt
tolerance factor to characterize the perovskite structural stability. The obtained values
gathered in Table 1, demonstrate progressive stabilization to pseudo-cubic perovskite
structure while Ge-content increases.

3.2. Raman Spectroscopy

To confirm the structural analysis, we performed Raman spectroscopy measurements
at room temperature. The spectra are plotted in Figure 3 and show the BTO known active
modes in its tetragonal symmetry (C4v) for all the compositions as reported in the litera-
ture [40–43]. The active modes are covered in the frequency range 100–800 cm−1 [41,44].
Three E(TO) modes appear around 167, 304 and 518 cm−1, which were often observed at
170, 306 and 520 cm−1 in pure BTO ceramics [44]. Moreover, the modes 260, 471 and the
somewhat broader 720 cm−1 constitute the A1 modes in this structure. An extra A1 mode
appears clearly at 800 cm−1 for composition x = 0.09. This mode is sensitive to Ge-rate,
and very close observation indicates that it occurs earlier at lower concentration with weak
intensity and evolves to be observable at x = 0.09. It was previously reported [45] that
this mode is sensitive only to B-site occupation in perovskite matrix and move to high
frequency as a function of BTO-doping rate and was affected to the A1(TO) mode. This
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confirms that Ge is inserted in the B-site of the perovskite structure [45]. Therefore, we
can conclude that no significant displacement or variation of the modes is observed with
Ge-content until x = 0.09, where the A1(TO) mode appears. This can be explained by the
weak Ge-doping, which corroborates the X-ray analysis.

Figure 2. Lattice parameters (a and c) and volume variation of BTGx (x = 0.02, 0.03, 0.05, 0.06,
0.09) versus Ge-content. These parameters were obtained from Rietveld structural resolution using
FullProf software.

Figure 3. Room temperature Raman spectra for the studied BTGx (x = 0.02, 0.03, 0.05, 0.06, 0.09) compo-
sitions. The A1(TO) mode at 800 cm−1 confirms Ge-insertion in the octahedral site in the perovskite.
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3.3. Microstructure Analysis

We present in Figure 4 the SEM micrographs of the five elaborated BTGx (x = 0.02, 0.03,
0.05, 0.06, 0.09) ceramics. These images show a significant variation in grain size depending
on the composition. We can observe the increase of grain size with Ge-content, except from
the particular grain size obtained for the composition BTG6. The grains seem to bathe in a
lacquer, assuming the relative compacity of the structure with Ge-content. This behaviour
can explain the effect of Ge-content around the limit of solubility of BGO in BTO matrix.
The grain bonding defects disappear at the interfaces, leading to acceptable density of the
ceramics with Ge-content. Moreover, the density of the ceramics was calculated based on
the Archimedes method, and the values range between 93–96% of their theoretical values,
as reported in Table 1. A typical morphology was observed in the BTG6 ceramic, which also
exhibits particular behaviour in X-ray analysis and other results. Chemical analysis based
on Energy Dispersive X-Ray (EDX) analysis confirmed the compositions, as we can observe
at bottom right part of Figure 4 for the composition BTG3. Experimental relative weight
values are close to theoretical ones, which are: 58, 19, 20, and 0.9% mass percentage, for the
chemical element Ba, Ti, O and Ge, respectively (see inset of Figure 4f). Furthermore, the
density values range in 5.035 to 5.801 g/cm3 and the grain sizes determined using ImageJ
software range between 3.6 to 18.7 μm. The values for each composition are depicted in
Table 1.

Table 1. Atomic positions and Rietveld reliability factors for BTGx (x = 0.02, 0.03, 0.05, 0.06,
0.09) compositions.

Atoms
Atomic

Positions
Compositions

0.02 0.03 0.05 0.06 0.09

Ba

x 0 0 0 0 0

y 0 0 0 0 0

z −0.0422 (4) 0.1827 (5) −0.0293 (8) 0.3342 (4) 0.1724 (2)

Occ. 1 1 1 1 1

Biso 1.664 0.795 0.586 1.074 1.581

Ti

x 0.5 0.5 0.5 0.5 0.5

y 0.5 0.5 0.5 0.5 0.5

z 0.4798 (5) 0.6677 (3) 0.4874 (5) 0.8681 (3) 0.7117 (2)

Occ. 0.98 0.97 0.95 0.94 0.91

Biso 2.1 1.272 1.218 1.433 1.874

Ge

x 0.5 0.5 0.5 0.5 0.5

y 0.5 0.5 0.5 0.5 0.5

z 0.4798 (5) 0.6677 (3) 0.4874 (5) 0.8681 (3) 0.7117 (2)

Occ. 0.02 0.03 0.05 0.06 0.09

Biso 2.1 1.272 1.218 1.433 1.874

O1

x 0.5 0.5 0.5 0.5 0.5

y 0.5 0.5 0.5 0.5 0.5

z −0.0481 (3) 0.1413 (8) −0.0068 (2) 0.2753 (7) 0.0853 (1)

Occ. 1 1 0.9421 1 1

Biso 3.331 2.675 1 2.018 3.798
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Table 1. Cont.

Atoms
Atomic

Positions
Compositions

0.02 0.03 0.05 0.06 0.09

O2

x 0.5 0.5 0.5 0.5 0.5

y 0 0 0 0 0

z 0.5064 (2) 0.7333 (5) 0.5447 (6) 0.7720 (2) 0.7306 (7)

Occ. 1 1 0.98 1 1

Biso 1.974 0.222 2.982 0.438 3.034

Symmetry Group P4mm P4mm P4mm P4mm P4mm

Unit cell
parameters

a(Å) 3.9955 (9) 3.9949 (3) 3.9945 (6) 3.9941 (7) 3.9905 (5)

c(Å) 4.0364 (6) 4.0350 (5) 4.0358 (3) 4.0324 (5) 4.0309 (5)

Unit cell Volume V (Å3) 64.4371 (7) 64.3954 (8) 64.3953 (5) 64.3282 (1) 64.1884 (2)

Nb Refined param. 45 33 37 38 34

Grain size (μm) 3.63 5.45 10.90 8.32 18.77

Theoretical Density (g/cm3) 6.067 6.052 6.045 6.041 6.049

Calculated Density (g/cm3) 5.801 5.785 5.645 5.035 5.648

Relative Density (%) 96 95 93 83 93

χ2 2.85 2.1 2.14 2.5 3.72

Rwp 5.57 3.84 3.07 3.18 4.62

RP 4.23 2.71 2.21 2.14 3.19

RBragg 4.64 6.54 5.26 3.37 3.5

Ti-O1 (c-axis) 1.8278 (7) 1.7198 (8) 1.9947 (7) 2.0302 (3) 1.8998 (6)

Ti-O2 (c-axis) 2.2086 (6) 2.3151 (0) 2.0410 (2) 2.0023 (4) 2.1311 (3)

Goldschmidt factor 0.9929 0.9932 0.9940 0.9944 0.9956

Curie C (×105 K) 3.78 3.42 3.87 3.40 3.44

T0 (K) ± 1.00 K 372.11 353.79 359.13 348.63 354.40

TC (K) ± 0.12 K 400.83 399.40 400.10 399.73 399.53
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Figure 4. (a–e) SEM micrographs of BTGx (x = 0.02, 0.03, 0.05, 0.06, 0.09) ceramics and (f) EDX
analysis of the composition BTG3 showing mass percentage of containing elements in agreement
with the theoretical values.

4. Dielectric Measurements

Figure 5 displays the temperature dependence of the dielectric permittivity measured
at different frequencies for all the ceramics. The Ferroelectric-to-Paraelectric (FE-PE) struc-
tural phase transition is marked by the dielectric permittivity jump at Curie temperature
(TC). The symmetry changes from tetragonal P4mm (No. 99) to cubic Pm-3m (No. 221)
space groups in the paraelectric phase. The real part of relative dielectric permittivity of
the BGTx ceramics reaches at TC a high value of 10,140 for the composition BTG2 and
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then decreases to 5918 for BTG9, with a very weak variation of the Curie temperature
between the studied compounds. Moreover, no relaxor effect was observed in this system,
which can be considered as classical ferroelectric material. Horchidan et al. [21] reported
that for small Ge additions to BTO x ≤ 0.10, for which the perovskite tetragonal phase is
predominant, the dielectric properties are quite similar to ones of BTO ceramics, with all
the structural phase transitions in the same temperature range and a small shift of the Curie
temperature to higher with Ge-content. This seems to be in contradiction with the present
results. TC decreases weakly when Ge-content increases. Furthermore, the structural phase
transition is of first-order type, as evidenced by the drastic dielectric permittivity jump
and the thermal hysteresis observed for all the compositions. Curie temperature remains
almost constant in-between temperature variation ΔTC = 1 K for these studied Ge-contents.
Plessner et al. [27] reported a similar result on electrical measurement, showing no signifi-
cant variation of Curie temperature with Ge-rate. We confirm this result by the specific heat
variation depicted from DSC Signal measurements that evidenced, for all the compositions,
an asymmetric peak versus temperature, in favour of first order type phase transition as
shown later in this work. Although the Curie temperature varies almost weakly, for all
the samples we observed variation of the Curie constant, reflecting the mechanism of the
different dynamics of phase transitions in these samples, especially in BTG2 and BTG9.
The Curie–Weiss temperature T0 in this system presents its low value for the composition
BTG6, as indicated in Table 1.

We also report in Table 1 the Curie constant values and the Curie temperatures
obtained from dielectric permittivity measurements. The higher gap value (~51 K) between
TC and T0 is observed for the composition BTG6. This composition constitutes that in which
metastable transformation exists in a large range temperature, one of the reasons for the
better electrocaloric adiabatic temperature variation, but not beneficial to energy storage.

Samples globally presented a real permittivity thermal hysteresis of about 2 K, as
showed in Figure 6 for the composition BTG3 recorded at 1 kHz. The inset of this figure
also highlights a global weak loss factor less than 4.1%.
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Figure 5. (a–e) Temperature dependence of dielectric permittivity in BGTx (x = 0.02, 0.03, 0.05, 0.06,
0.09) ceramics in the frequency range 102–105 Hz. Insets represent the Curie–Weiss plot of each
composition. (f) Dielectric permittivity at 100 Hz for all the BTGx compositions. The inset shows TC

and T0 variation as a function of Ge-content.
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Figure 6. Thermal hysteresis loop of real permittivity for BTG3 compound, recorded at 1 kHz,
showing a discard of ΔTC = 2.00 K between heat and cool data. Inset the dielectric shows Loss factor.

5. Ferroelectricity and Electrocaloric Effect

5.1. Ferroelectric Properties

P-E hysteresis loops were recorded on cooling in the temperature range from 473 to
273 K to minimize the polarization inaccuracy induced by fatigue during heating. Figure 7
presents the P-E hysteresis loops variation recorded at 5 Hz in the BTGx samples as a
function of temperature. These curves show a ferroelectric character for T < TC, confirmed
by the non-linear behaviour, and then evolves towards a paraelectric phase for T > TC,
characterized by the linear curve. In the insets of Figure 7, we present the polarization
variation versus temperature under three selected applied electric fields. We remark on the
decrease of polarization as a function of temperature followed by an abrupt drop at Tc, for
all the compositions (Figure 7a–e), which was particularly important for the compound
BTG6. A particularly rapid jump was observed at TC for the composition BTG6, and
therefore, the highest value of the pyroelectric coefficient dP/dT, favouring a significant
electrocaloric effect, was observed for this composition.

In Figure 7f, we present comparative P-E hysteresis loops for all the compositions at
room temperature (T = 303 K). The lowest coercive field Ec value is observed for BTG6.
The inset of Figure 7f shows the evolution of remnant polarization versus Ge-content that
exhibits a maximum at the composition BTG3, before decreasing to a low value when
Ge-content increases. This behaviour is attributed to dipole reordering and domain wall
motion mechanism versus Ge-content.
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Figure 7. (a–e) P-E hysteresis loops of BTGx ceramics (x = 0.02, 0.03, 0.05, 0.06, 0.09) as a function
of temperature and extracted maximum polarization (insets) variation versus temperature at three
applied fields. (f) Comparative hysteresis loops at T = 303 K and remnant polarization (inset)
versus Ge-content.

5.2. Indirect Electrocaloric Effect

The electrocaloric effect was then investigated by an indirect method deduced from
P-E hysteresis measurements. We extracted the upper branches from the temperature-
dependent P-E hysteresis loops to calculate the variation of polarization versus temperature
P(T). The pyroelectric coefficient ∂P/∂T is then calculated from fourth-order polynomial fits
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of the P(T) data, and the adiabatic electrocaloric temperature change (ΔT) was deduced
from this analysis according to the equation:

ΔT = − 1
ρ

E2∫
E1

T
cp

(
∂P
∂T

)
E

dE (1)

where ρ is the density of each studied material, E1 and E2 are the starting and the final
applied electric fields, respectively, and Cp is the specific heat capacity of each studied
material. Figure 8a–e show the electrocaloric adiabatic temperature change as a function of
temperature for all studied Ge-doped compounds at three selected applied electric fields:
2.00, 5.00 and 7.95 kV/cm. The absolute maximum of each obtained ΔT curve occurs at FE-
PE phase transition temperature. The insets show heat capacity Cp deduced from heat flow
measurement versus temperature, which were adjusted to their background polynomial
fits. Note that electrocaloric effect depends mainly on excess of specific heat at phase
transition. The higher value of ΔT was evidenced for the composition BTG6, which reached
the value of 0.8 K. This high value is expected at this particular composition, since a drastic
drop was observed in the polarisation at TC and also due to its particular crystallinity. A
broad anomaly in ΔT was observed for BTG9, as shown in Figure 8e, attributed to the
limit of Ge substituting in the BTO matrix that induced conductivity which appears in the
less saturated P-E hysteresis or the broad specific heat curve in the inset of Figure 8e. The
evolution of maximal variation of electrocaloric responsivity as a function of Ge-content is
plotted on Figure 8f.

In the BGTx system, the calculation of electrocaloric responsivity leads to a high value
of ΔT/ΔE = 1.01 K.m/V at 400 K in BTG6. This electrocaloric responsivity was obtained
just under an applied electric field value of 7.95 kV/cm. To our knowledge, this value is
one of the higher values of electrocaloric responsivity reported in lead-free barium-based
oxides, making the BTGx system a candidate for refrigeration devices.

5.3. Direct Electrocaloric Measurement

Direct electrocaloric measurements have been performed using a modified high-
resolution calorimeter on the composition BGT6, which exhibits the highest ECE response
in the case of indirect method. As presented in Figure 9, the adiabatic temperature variation
in this compound reaches ΔT = 0.9 K under an applied electric field of 8 kV/cm. This
value is in an excellent agreement to that obtained by indirect calculation of the adiabatic
temperature variation in this compound, whose value was 0.8 K under 7.95 kV/cm. Sharp
ECE and dielectric peaks demonstrate the first order character of the ferroelectric transition
in BTGx. The latent heat enhancement can explain the relatively large ECE obtained at
small field changes at the FE-PE transition, similar to that observed in BTO [6].

Indeed, large ECE responsivity ΔT/ΔE = 1.13 × 10−6 K.m/V was obtained by di-
rect measurements, putting this compound into the category of promising materials for
refrigeration applications.
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Figure 8. (a–e) Electrocaloric adiabatic temperature change (ΔT) as a function of temperature at three
different applied electric fields (2.00, 5.00 and 7.95 kV/cm). The insets show corrected heat capacity
Cp deduced from heat flow measurement versus temperature. (f) Electrocaloric responsivity as a
function of Ge-content.
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Figure 9. Adiabatic electrocaloric temperature variation obtained from composition BTG6 by the
direct method under applied electric field of 8 kV/cm.

6. Energy Storage Investigations

Electrostatic energy storage studies have been investigated. The charged energy
density (Wch), the loss energy density (Wloss), energy storage density (Wrec) and energy
storage efficiency (η) were calculated from P-E hysteresis data. These physical quantities
can be expressed by the following equations, respectively:

Wch =
∫ Pm

0
E dP, (2)

Wrec =
∫ Pm

Pr
E dP, (3)

Wloss = Wch − Wrec, (4)

η =
Wrec

Wch
× 100, (5)

where Pm, Pr and E denote maximum polarization, remnant polarization and electric field
strength, respectively. Wloss represents the difference of the energy brought during the
charge and that during the discharge process, equivalent to Wrec and η is energy storage
efficiency coefficient [46,47].

In Figure 10a–c, we plot energy loss density, energy stored density, and energy storage
efficiency coefficient versus temperature for all the studied compounds.
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Figure 10. (a) Energy lost, (b) energy stored and (c) energy storage efficiency for all the BTGx
compositions (x = 0.02, 0.03, 0.05, 0.06, 0.09). Energy loss decreases globally versus temperature for
all the compositions. Maximal energy stored is obtained for BTG2. Higher energy storage efficiency
is observed in BTG5.

For all the compositions, energy loss density value plotted in Figure 10a decreases
and presents a step shape at the Curie point, dropping even more in the paraelectric phase.
At the same time, the energy storage density (Figure 10b) shows a λ-shape curve with a
maximum around the Curie point, where energy storage appears to be at its maximum.
As the energy loss seems to be minimal in the paraelectric phase, this is favourable to
a high energy storage efficiency, as shown in Figure 10c in all the studied Ge-content
BTGx ceramics.

As expected, the composition BTG6 shows the lower energy lost in accordance with its
density and its dielectric and ferroelectric responses. On the other hand, higher energy loss
was observed in the ferroelectric phase for the composition BTG3. The sample BTG2, on
the other hand, presents a higher energy stored value, and this energy decreases when Ge-
content increases. This behaviour is different to the electrocaloric responsivity behaviour,
which showed a maximum for BTG6. This result shows the decorrelation between the
electrocaloric effect and energy storage mechanism. The former depends on pyroelectric
coefficient jump and domain walls dynamic, while the latter depends on the ceramic density
and polarization value. Furthermore, as shown in Figure 10b, the higher energy storage
density 16.65 mJ/cm3 was observed for the composition BTG2 at the Curie temperature.
This global small value can be attributed to samples density, the shape of PE-hysteresis loops
and maximal polarisation value, since higher values are usually obtained from slimmer
PE-hysteresis loops, similarly to relaxor-type ferroelectrics [48,49]. However, the energy
storage efficiency of BTGx samples was observed in the range 55 to 88% in the paraelectric
phase. The maximum value 87.67% is observed for BTG5. Only the composition BTG9
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shows somewhat smaller energy storage efficiency; this Ge concentration approaching
limit of solubility. Nevertheless, these results place this family compound in stable energy
storable compounds at relatively high temperatures due to the energy storage efficiency.

7. Conclusions

High ECE was evidenced in the lead-free BTGx system (x = 0.02, 0.03, 0.05, 0.06, 0.09).
These compounds exhibit classical ferroelectric behaviour confirmed from P-E hysteresis
and FE-PE phase transition confirmed by dielectric and heat capacity measurements. The
substitution of titanium (Ti) by germanium (Ge) ions in BTO matrix in the octahedral
sites was confirmed by structural analysis based on X-ray diffraction patterns, Raman
spectroscopy and SEM images. All compositions are of pure perovskite tetragonal structure
and acceptable compactness ceramics. However, Ge-doping did not induce structural
symmetry change but the decrease of lattice parameters and volume. Electrical and heat
capacity measurements show first-order-type phase transition for all the BTGx compounds,
the TC value varies weakly and a thermal hysteresis of about 2.00 K is observed. ECE
responsivity was calculated for all the compositions from the indirect method that reveals
large values, especially for the compound BTG6 (ΔT/ΔE = 1.01 K.m/V at 400 K), in good
agreement with direct EC measurements result of ΔT/ΔE of 1.13 × 10−6 K.m/V under
8 kV/cm applied electric field. Energy storage investigations show moderate energy
stored of 16.65 mJ/cm3 and energy storage efficiency of 87.97%. These results make the
lead-free BTGx system a promising alternative candidate for refrigeration and energy
storage materials.
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Abstract: The objective of this work was to evaluate obtaining LiOH directly from brines with high
LiCl concentrations using bipolar membrane electrodialysis by the analysis of Li+ ion transport phe-
nomena. For this purpose, Neosepta BP and Fumasep FBM bipolar membranes were characterized
by linear sweep voltammetry, and the Li+ transport number in cation-exchange membranes was
determined. In addition, a laboratory-scale reactor was designed, constructed, and tested to develop
experimental LiOH production tests. The selected LiCl concentration range, based on productive
process concentrations for Salar de Atacama (Chile), was between 14 and 34 wt%. Concentration and
current density effects on LiOH production, current efficiency, and specific electricity consumption
were evaluated. The highest current efficiency obtained was 0.77 at initial concentrations of LiOH
0.5 wt% and LiCl 14 wt%. On the other hand, a concentrated LiOH solution (between 3.34 wt% and
4.35 wt%, with a solution purity between 96.0% and 95.4%, respectively) was obtained. The results
of this work show the feasibility of LiOH production from concentrated brines by means of bipolar
membrane electrodialysis, bringing the implementation of this technology closer to LiOH production
on a larger scale. Moreover, being an electrochemical process, this could be driven by Solar PV, taking
advantage of the high solar radiation conditions in the Atacama Desert in Chile.

Keywords: lithium hydroxide; bipolar membrane electrodialysis; high concentration; lithium brine;
sustainable process

1. Introduction

In recent years, lithium has become a mineral of great interest worldwide. Its demand
has increased due to its use in lithium-ion batteries for electric vehicles and consumer
electronics, which has been boosted in some countries by energy policies that promote
clean energy usage. Currently, lithium hydroxide (LiOH) shows high projections in the
production of battery cathodes [1,2]. By 2030, lithium consumption in electric vehicle
batteries is expected to account for 80% of aggregate lithium consumption. By the same
year, lithium hydroxide is projected to account for 57% of lithium compound demand,
compared to 24% in 2019 [3]. Some key advantages of cathodes produced from lithium
hydroxide over other chemical compounds are better power density, longer life cycle, and
improved safety characteristics [4–7].

Conventional industrial processes for obtaining lithium salts from brines include
several stages and unit operations. Lithium is extracted by pumping natural brines to
evaporation ponds, where solar radiation produces energy to evaporate brine water, precip-
itating salts in a sequential process lasting between 12 and 15 months, until a concentration
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of 5.5–6.0 wt% lithium is reached [8]. Lithium-concentrated brine is then used as a raw
material to obtain lithium carbonate through solvent extraction, purification, chemical
reaction, filtration, and classification processes [9]. Some of the lithium carbonate obtained
is technical grade (99.0% purity), and is subsequently used as a raw material to obtain
lithium hydroxide by the reaction Li2CO3 + Ca(OH)2 → 2LiOH + CaCO3 . As a product
of this reaction, an aqueous solution is obtained that reaches approximately 3 wt% LiOH
concentration, which is subjected to an evaporation and crystallization process to obtain
lithium hydroxide monohydrate. At the same time, calcium carbonate is obtained as waste,
which is separated by settling tanks and filters. Conventional processing from concentrated
brine to lithium hydroxide monohydrate crystals requires several pieces of equipment
and, therefore, a large installation space, as well as the addition of chemical reagents (e.g.,
Na2CO3, CaO, among others), producing liquid waste (mother liquor) and solid wastes
(e.g., Mg(OH)2, CaCO3, among others) [10].

Ion-exchange-membrane-based electrochemical processes are an alternative for the
production of alkaline products, avoiding the use of chemical reagents and reducing waste
production. Thais is the case of the chloralkali process for NaOH production. In this process,
a cationic membrane is used between two electrodes and, by applying an electric current,
water reduction at the cathode is achieved to generate NaOH and H2 gas through the semi-
reaction 2H2O + 2e− → H2 + 2OH− . Gas generation is an electrochemical phenomenon
that is best avoided for certain applications where it is not used and simply discarded. This
can be achieved by using bipolar membranes, which are also less expensive compared to an
electrode for OH− ion generation. A bipolar membrane (BPM) consists of a cationic layer, an
anionic layer, and an intermediate zone that allows water catalysis of dissociation into OH−
and H+ ions without gas generation [11,12]. Thus, production of acids and bases from a salt
solution is possible. Bipolar membrane electrodialysis (BMED) is a technology that has been
studied in recent years for various applications, such as desalination [13–16] and sodium
hydroxide production [17–19], as well as boron recovery [20] and acid recovery [21,22].

In the case of lithium, its recovery from waste streams has been studied using con-
ventional electrodialysis [23] and bipolar membrane electrodialysis [21,24–26], generally
recovering lithium in dilute LiOH solutions. Few works have been reported whose main
focus is the production of lithium hydroxide by electromembrane processes [27]. They usu-
ally study membranes’ interaction with aqueous solutions more dilute than those used in
the lithium hydroxide production industry. Among them, the work of Melnikov et al. [28]
stands out, where from a LiCl solution with organic solvents, the authors produced LiOH
by bipolar membrane electrodialysis, reaching a LiOH concentration of 0.3 M with a specific
energy consumption of 6.6 kWh·kg−1 and a current efficiency of 0.6. Grageda et al. [29]
analyzed a membrane electrodialysis process to produce high-purity lithium hydroxide,
determining the effects of concentration, current density, and temperature on process
energy performance and product purity; the authors reported a specific energy consump-
tion of 7.25 kWh·kg−1 of LiOH. On the other hand, Ryabtsev et al. [30] used membrane
electrolysis to obtain lithium hydroxide from lithium carbonate treated with sulfuric acid,
taking advantage of the high solubility of Li2SO4, and managing to obtain a high average
LiOH concentration of 45 g·L−1, similar to that obtained in the conventional LiOH process.
Another interesting work is the one carried out by Jiang et al. [31], in which LiOH with
a purity of 95% was obtained from aqueous solutions of Li2CO3 (0.18 M), with a specific
electricity consumption of 6.66 kWh·kg−1. BMED has also been studied for hydrochlo-
ric acid production, reporting specific energy consumptions between 4.4 kWh·kg−1 and
8.3 kWh·kg−1 of HCl [32,33].

In recent years, interest in the application of bipolar membranes has increased due to
their technical, environmental, and economic advantages for the production of acids and
bases, compared to their conventional production processes [27]. Today, this technology is
applied for research and some pilot projects [34,35]. Electrodialysis processes are affected
by different variables, such as current density, electrolyte concentration, flow rate, osmotic
pressure, and ion activity. These parameters affect electrochemical equilibrium between
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membrane-separated solutions by influencing ion transport across the membrane. During
a concentration process with ion-exchange membranes, transport rate varies according to
changes in concentration and membrane stability. On the other hand, co-ion flux, osmosis,
and electro-osmosis affect process performance. For the application of LiOH in lithium
battery materials, high purity is required, which to date has not been achieved using
BMED. Therefore, there is a need to understand the transport mechanism of Li+ ions
across membranes. This work analyzes the feasibility of BMED for application in lithium
hydroxide production from concentrated brines, with the aim of achieving high-purity
lithium hydroxide concentrations for applications in the battery industry. Thus, our aim
is to reduce the energy consumption of the overall production process by achieving a
smaller gap between final LiOH concentration and saturation concentration, reducing
energy expenditure in the evaporation, crystallization, and lithium hydroxide production
stages that currently exist. This work presents the results of the feasibility and scope of
LiOH production by BMED using high concentrations, identifying the main phenomena
affecting lithium transport and LiOH formation throughout the concentration process with
BMED. The main novelty of this study is the use of high-concentrated aqueous solutions,
similar to those obtained during the industrial lithium concentration process in the Salar
de Atacama. Moreover, experimental process performance data are presented, establishing
the current scope of BMED technology in industrial LiOH production. In addition, the
energy supply for this process could be photovoltaic solar energy [33], given the high solar
irradiation levels in the Salar de Atacama, making this an even more sustainable process
from energy point of view.

2. Materials and Methods

2.1. Materials

Cationic (Neosepta CMX and CMB) and anionic (Neosepta AMX, manufactured
by Astom Corporation, Tokyo, Japan) ion-exchange membranes were used in this work.
The bipolar membranes used were Neosepta BP (Astom Corporation, Tokyo, Japan) and
Fumasep FBM (FuMA-Tech GmbH, Bietigheim-Bissingen, Germany). The technical specifi-
cations of the membranes are shown in

Tables 1 and 2. For the preparation of aqueous solutions, LiCl (Winkler ltda, Santiago,
Chile), LiOH, HCl, Na2SO4 (Merck, Darmstadt, Germany), and deionized water were
used as reagents. The presence of other elements such as K, Mg, and Ca present in
Salar de Atacama brine was not considered, as this study focuses on transport phenomena
associated with lithium and the effect of high concentrations. Therefore, a purified brine free
of Mg and Ca—as can be obtained by chemical precipitation and ion-exchange processes—
was considered for experimental development [36]. The presence of these elements should
be reduced to the minimum possible in order to avoid membrane poisoning [37].

Table 1. Monopolar membranes’ technical specifications [38–41].

Characteristics AMX CMX CMB

Type Anion Cation Cation
Electrical resistance (Ω·cm2) 2.0–3.5 (0.5 M NaCl) 2.5–3.5 (0.5 M NaCl) 4.5

Thickness of wet membrane (mm) 0.14–0.18 0.17–0.19 0.21
Burst pressure 4.5–5.5 (kg/cm2) 5–6 (kg/cm2) ≥0.40 MPa

Exchange capacity (meq·g−1) 1.4–1.7 1.5–1.8 2.4–2.7
Water content (%) 25–30 25–30 37–42

Thermal stability (◦C) 40 40 60
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Table 2. Bipolar membranes’ technical specifications.

Characteristics Fumasep FBM [42,43] Neosepta BP [27,38]

Type Bipolar Bipolar

Thickness (mm) 0.18–0.20 (wet)
0.13–0.16 (dry) 0.22 (wet)

Burst pressure - >0.40 MPa
Thermal stability (◦C) 40 -

Water dissociation voltage at 100 mA·cm−2 <1.2 1 1.2 2

Water dissociation efficiency at 100 mA·cm−2 >98% >98%
1 At 100 mA·cm−2 in 0.5 M NaCl at 25 ◦C; 2 Potential difference measured between silver/silver chloride electrodes. 1 N NaOH/1 N HCl
10 A·dm−2 30 ◦C.

2.2. Measurement of Water Uptake and Thickness of Membranes

In order to ascertain the influence of different operating solutions on membranes’
water uptake and thickness, these were equilibrated in their respective operating solutions.
Thus, for cation-exchange membranes, LiOH (0.5–5.0 wt%) and LiCl (14–34 wt%) solutions
were used, while for bipolar membranes, LiOH and HCl (0.5–5.0 wt%) solutions were
used, in which membranes were equilibrated for at least 24 h. Then, the electrolytes on the
membranes’ surface were carefully cleaned, thickness was measured using a high-accuracy
digital thickness gauge, and the wet membranes’ mass was recorded. Subsequently, mem-
branes were dried in an oven at 70 ◦C until they showed zero mass variation. Water uptake
(Wu) was calculated using Equation (1), from dry mass (Wd) and wet mass (Ww) values, in
grams. At least two replicates were performed for each measurement.

Wu =
Ww − Wd

Wd
× 100 (1)

2.3. Determination of Lithium Transport Number

In order to determine the influence of current density and initial lithium concentration
on transport in cation-exchange membranes, tests were performed to determine the lithium
transport number. For this purpose, the Hittorf method was used according to the scheme
in Figure 1, in which a three-compartment cell separated by two cation-exchange mem-
branes with an effective membrane area of 7 cm2 was used. Two different cation-exchange
membranes were used: Neosepta CMX and CMB. In the cathodic compartment, lithium
from a LiCl solution reacted with OH− anions and was concentrated in LiOH form within
60 min. To reduce the concentration variation of LiCl solution, a larger volume of LiCl
(100 mL) was used compared to the LiOH solution receiving lithium ions (20 mL). A
2.5 wt% LiOH solution (g/100 g solution) was used as an anolyte under the assumption
that lithium ions are transported to the LiCl compartment at the same rate at which they
migrate to the cathode, contributing to keep its concentration unchanged. After 60 min, the
LiOH solution in the cathode compartment was extracted and analyzed by ion chromatog-
raphy to determine the difference in Li concentration and calculate its Li ion molar flux
(JLi) across the cation-exchange membrane using Equation (2):

JLi =
CLi,0·VLiOH,0 − CLi,f·VLiOH,f

A·t (2)

where CLi is the molar concentration of lithium in the LiOH solution (mol·L−1), VLiOH is
the volume of the LiOH solution (L), A is the effective membrane area (m2), and t is the
time (s). Subscripts 0 and f refer to initial and final time, respectively.
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Figure 1. Hittorf method experimental scheme for the determination of lithium ion transport number
(CM: Cation exchange membrane).

Once molar flux (JLi) was determined, the lithium ion transport number tLi was
calculated according to Equation (3):

tLi =
F·zLi·JLi

I
(3)

where F is the Faraday constant (96, 485 A·s·mol−1), zLi is the lithium-ion valence (zLi = 1),
JLi is the lithium-ion molar flux (mol·m−2·s−1), and I is the electric current (A).

The different concentration conditions used are presented in Table 3. The effects of
current densities (300, 700, and 1100 A·m−2) were also studied. All tests were performed at
room temperature (20–22 ◦C). The pH of the LiCl solution was measured before and after
the experiment.

Table 3. Initial LiCl and LiOH concentrations in solution for lithium ion transport number determination.

Configuration 1 2 3 4 5 6

LiCl (wt%) 14 14 14 14 25 25
LiOH (wt%) 0.5 2.5 5.0 8.0 0.5 5.0

Electrolyte concentration selection corresponded to ranges established based on con-
centrated lithium brine obtained from solar evaporation ponds used in productive processes
at the Salar de Atacama, where a brine rich in lithium up to 5.5–6.0 wt% was obtained,
equivalent to approximately 33.6–36.6 wt% LiCl. In this work, concentrated LiCl solutions
between 14 wt% and 34 wt% were considered. On the other hand, we performed experi-
ments with a LiOH concentration range between 0.5 wt% and 8.0 wt%, covering higher
concentrations than those obtained industrially (approximately 3.0 wt%) without reaching
LiOH solution saturation concentration.
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2.4. Linear Sweep Voltammetry (LSV)

In the characterization of bipolar membranes, the linear sweep voltammetry (LSV)
technique allows the determination of the degree of salt leakage that occurs through them,
and of the limitations of water diffusion towards bipolar membrane reactive interface [44].
In the case of cation-exchange membranes, LSV can be used to determine the limiting
current density caused by the polarization concentration effect at membrane surface. Both
phenomena affect the efficiency of the electrodialysis process.

To determine current–voltage curves and estimate membranes’ apparent electrical
resistance, a six-compartment cell was used, according to electrochemical techniques
indicated by Balster et al. [44]. To measure potential differences in the membranes under
study, Haber–Luggin capillaries filled with 3 M KCl solution were used, where 99.99%
silver wires connected to a voltmeter (Tenma 72-1016, Springboro, OH, USA) were placed.
The experimental cell used had an effective membrane area of 4 cm2. The flow velocity
in each compartment was between 1.0 and 1.4 cm·s−1. The three cases considered are
presented in Figure 2. The salt leakage and performance of bipolar membranes under
production conditions were determined according to configurations (a) and (b), respectively.
Cation-exchange membranes were tested according to configuration (c). The solution
concentrations and membranes used in each test are presented in Table 4.

LSV tests were performed using a power supply (Tenma 72-2550, Springboro, OH 45066,
USA); the step voltage increase was 0.15 V, and the corresponding current value was
measured after 30–60 s after voltage stabilization was observed. For higher current values,
more noise was observed in the measurements, so the step increase was 0.30 V with a
waiting time between 60 and 90 s in order to reach voltage stabilization.

Table 4. Solution concentrations and membranes used in LSV tests.

Configuration (a): Bipolar Membrane’s Salt Leakage

Test 1 2 3 4
Bipolar membrane Fumasep FBM Neosepta BP Fumasep FBM Neosepta BP
LiCl solution (wt%) 14 14 25 25

Configuration (b): Bipolar Membrane’s Apparent Electrical Resistance

Test 1 2 3 4 5 6
Bipolar membrane Fumasep FBM Fumasep FBM Fumasep FBM Neosepta BP Neosepta BP Neosepta BP

LiOH solution (wt%) 0.5 2.5 5.0 0.5 2.5 5.0
HCl solution (wt%) 0.5 3.5 7.8 0.5 3.5 7.8

Configuration (c): Cation-Exchange Membrane’s Apparent Electrical Resistance

Test 1 2 3 4 5 6
Membrane CMX CMX CMX CMB CMB CMB

LiCl solution (wt%) 14 14 14 14 14 14
LiOH solution (wt%) 0.5 2.5 5.0 0.5 2.5 5.0
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Figure 2. LSV tests’ cell configuration. (a) Limiting current density measurement as related to
salt leakage in bipolar membranes (BP). (b) Bipolar membranes’ apparent electrical resistance mea-
surements as related to operating conditions. (c) Cation-exchange membranes’ (CM) concentration
polarization determination in the range under study.
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2.5. Bipolar Membrane Electrodialysis System
2.5.1. Stack Design and Construction

To perform experimental tests on LiOH production, an electrodialysis stack with
bipolar membranes was designed and constructed. The stack was constructed from PTFE,
with an effective membrane area of 27.5 cm2 (55 mm × 50 mm). The design was a “filter
press” type where membranes and separators could be configured according to different
flow compartments (see Figure 3). The separators were made of EPDM, with a thickness of
1.6 mm.

Figure 3. LiOH production by bipolar membrane electrodialysis; configuration of two three-
compartment cells. BP: Bipolar membrane, AM: Anion exchange membrane, CM: Cation exchange
membrane.

The electrodialysis stack’s repetitive unit corresponded to a three-compartment cell,
consisting of a HCl compartment, an anion-exchange membrane, a LiCl compartment,
a cation-exchange membrane, and a LiOH compartment. These were stacked between
two bipolar membranes. In this way, the stack could be configured with several three-
compartment cells, among which different electrolytes were distributed. The stack was
fed with five flow streams corresponding to LiCl, LiOH, HCl, and two electrode solution
streams. The main feed to the stack was the LiCl solution, from which lithium ions
migrated into the LiOH solution and chloride ions migrated into the HCl stream. As the
electrode solution, 0.5 M Na2SO4 was used; its purpose was to provide conductivity in the
electrode compartment, and simultaneously prevent chlorine gas (Cl2) formation in the
anode compartment.

2.5.2. LiOH Production Experimental Tests Using BMED

To test the LiOH production range, six long-running tests were performed. The
system was configured in batch mode, recirculating different feed solutions and measuring
concentration variation over time (see Figure 4).
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Figure 4. LiOH production system by BMED.

Flow rate in each compartment was set between 1.0 and 1.5 cm·s−1 using peristaltic
pumps (Watson-Marlow 520SN/R2, Falmouth, UK), and a DC power supply (GW Instek
GPR-1810HD, New Taipei, Taiwan) was used to set the electric current.

Experimental long-running tests of LiOH production were performed according to
the operating conditions shown in Table 5. Tests 1 and 2 compare the effects of two
different cation-exchange membranes (CMX and CMB), while Tests 3 and 4 compare the
effects of different bipolar membranes (Neosepta BP and Fumasep FBM). On the other
hand, 14 wt% and 25 wt% LiCl concentration effects can be compared by Tests 1 and 3
at 1000 A·m−2, while Tests 5 and 6 compare 14 wt% and 34 wt% LiCl concentrations at
a current density of 500 A·m−2. In the latter case, to obtain comparable initial and final
LiOH concentration ranges, the number of compartments was increased to four three-
compartment cells. Equal initial LiOH and HCl concentrations of 0.5 wt% were used in
all tests. An initial LiCl concentration between 14 and 34 wt% was considered. Neosepta
AMX was used as an anionic membrane. The cation-exchange membranes and bipolar
membranes were previously conditioned in a 0.5 M LiOH solution for 24 h, while the
anion-exchange membrane was conditioned in 0.5 M LiCl solution.

Table 5. Operating conditions of long-running tests of LiOH production according to different bipolar membranes, initial
LiCl concentration, and current density.

Test 1 2 3 4 5 6

Cation membrane CMX CMB CMX CMX CMX CMX
Bipolar membrane Neosepta BP Neosepta BP Neosepta BP Fumasep FBM Fumasep FBM Fumasep FBM

Current density (A·m−2) 1000 1000 1000 1000 500 500
LiCl initial concentration (wt%) 14 14 25 25 14 34

Time (min) 360 360 360 360 360 440
Number of three-compartment cells 2 2 2 2 4 4

2.5.3. SEC and φ Calculation

Concentrations of different elements—such as Li+, OH−, and Cl−—in the LiOH solu-
tion were measured at the end of each experiment. Lithium concentration was determined
by atomic absorption spectrophotometry, chloride ion concentration was determined by an
argentometric method, and hydroxide content was analyzed by acid–base volumetry.
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For each test, specific electrical consumption (SEC) was calculated according to
Equation (4):

SEC =
I·U·t

m
(4)

where I is the electrical current (A), U is the average voltage (V), t is the process time (h),
and m is the mass of LiOH produced (kg). On the other hand, current efficiency (φ) was
calculated according to Equation (5):

φ =
z·F·m

N·I·t·M (5)

where F is the Faraday constant (96, 485 A·s·mol−1), m is the mass of LiOH produced (g), z
is the valence number, N is the number of LiOH compartments, I is the electrical current
(A), t is the process time (s), and M is the molar mass.

Final LiOH solution purity was calculated according to Equation (6):

P =
mLiOH

mTDS
× 100 (6)

where mLiOH is the LiOH mass in solution, and mTDS is the mass of total dissolved salts (g).

3. Results

3.1. Water Uptake and Membrane Thickness

The CMX and CMB cation-exchange membranes’ water uptake and thickness were
measured after equilibrium with LiCl and LiOH solutions, which they were in contact
with during the BMED LiOH production process. Meanwhile, the same parameters were
determined for the bipolar membranes Fumasep FBM and Neosepta BP in equilibrium
with LiOH and HCl solutions at different concentrations. The results of water uptake and
membrane thickness are presented in Tables 6 and 7, respectively. In the cation-exchange
membranes, water uptake in the membrane decreased with LiCl concentration. For a LiCl
concentration of 34 wt%, the CMX membrane shows a 49.1% lower water uptake compared
to a LiCl concentration of 14 wt%, while the CMB membrane shows a 38.3% lower water
uptake for the same comparison. In contact with LiOH solutions, water uptake in the CMX
membrane tended to decrease with concentration, while for the CMB membrane, water
uptake increased for a 2.5 wt% LiOH solution and then decreased for a 5.0 wt% LiOH
solution. The latter can be attributed to the high hydration shell associated with the lithium
ion [45], which by increasing its concentration in the membrane increases water uptake
in the membrane. Results suggest that between a concentration of 2.5 wt% and 5.0 wt%,
water uptake would reach a maximum, which would then decrease with concentration due
to osmotic deswelling [46]. Different behaviors observed in the CMX and CMB membranes
can be attributed to the density of their polymeric structures [27]. In all cases, the CMB
membrane presented a higher water uptake than the CMX membrane.

Table 6. Water uptake measured in cation-exchange and bipolar membranes.

Water Uptake (%)

Solution
HCl

0.5 wt%
HCl

2.5 wt%
HCl

5.0 wt%
LiOH

0.5 wt%
LiOH

2.5 wt%
LiOH

5.0 wt%
LiCl

14 wt%
LiCl

25 wt%
LiCl

34 wt%

CMX - - - 31.2 ± 0.6 30.5 ± 0.4 29.5 ± 0.2 27.1 ± 0.0 20.3 ± 0.6 13.8 ± 0.2

CMB - - - 35.9 ± 0.7 38.0 ± 0.8 37.1 ± 0.8 30.6 ± 0.5 26.5 ± 0.8 18.9 ± 0.7

Fumasep FBM 37.5 ± 0.3 48.2 ± 0.2 40.6 ± 0.3 52.1 ± 0.6 55.2 ± 0.0 53.1 ± 0.0 - - -

Neosepta BP 31.1 ± 0.7 30.9 ± 0.3 30.4 ± 0.1 33.8 ± 0.4 35.9 ± 0.2 30.4 ± 0.6 - - -
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Table 7. Wet membrane thickness measured in cation-exchange and bipolar membranes.

Thickness of Wet Membrane (μm)

Solution
HCl

0.5 wt%
HCl

2.5 wt%
HCl

5.0 wt%
LiOH

0.5 wt%
LiOH

2.5 wt%
LiOH

5.0 wt%
LiCl

14 wt%
LiCl

25 wt%
LiCl

34 wt%

CMX - - - 172 ± 1 170 ± 1 168 ± 1 167 ± 1 165 ± 1 164 ± 1

CMB - - - 198 ± 2 198 ± 2 198 ± 1 196 ± 0 196 ± 1 195 ± 1

Fumasep FBM 176 ± 2 171 ± 1 171 ± 1 189 ± 1 191 ± 2 192 ± 1 - - -

Neosepta BP 229 ± 2 229 ± 1 230 ± 1 263 ± 1 266 ± 1 265 ± 2 - - -

Bipolar membranes in contact with LiOH solutions presented a behavior similar to
that observed for the CMB membrane. A higher water uptake was observed for a 2.5 wt%
LiOH solution, which then decreased for a 5.0 wt% LiOH concentration. When they were
equilibrated with HCl solutions, the same behavior was observed for the Fumasep FBM
membrane as concentration increased, while the Neosepta BP membrane showed a slight
tendency to decrease its water uptake. These differences would be determined by the
ion-exchange layers’ specific characteristics in the respective membranes. The Fumasep
FBM membrane showed a higher water uptake compared to the Neosepta BP membrane
in all cases.

With respect to membrane thickness, the CMX membrane shows a clear tendency
to decrease in thickness with concentration, which is consistent with the water uptake
results. In contrast, the CMB membrane presents less variability in thickness for different
LiOH concentrations, and an average thickness 1.2% lower for LiCl solutions. When
comparing bipolar membranes, the Neosepta BP membrane shows a higher thickness
than the Fumasep FBM membrane. Regarding different solutions, the Neosepta BP and
Fumasep FBM membranes, when equilibrated with LiOH solutions, presented 15.4% and
10.4% higher thickness, respectively, compared to HCl solutions. This could be attributed to
a greater lithium ion effect on the cation-exchange layer due to its higher hydrated radius
compared to other monovalent cations [45].

3.2. Lithium Transport Number

The influence of current densities (300, 700, and 1100 A·m−2) and initial LiOH concen-
trations (0.5, 2.5, 5.0, and 8.0 wt%) on lithium transport number at 14 wt% LiCl for CMX
and CMB was studied; the results are summarized in Figure 5.

3.2.1. Influence of Current Density

Current density shows influence on lithium transport. As can be seen in Figure 5, the
lithium transport number decreases at higher current densities. This can be best observed
for initial concentrations of 0.5 wt% and 2.5 wt% LiOH. In the CMX membrane, comparing
LiOH concentrations at 0.5 wt% and 2.5 wt%, it was observed that when increasing current
density from 300 to 1100 A·m−2, the lithium transport number decreased by 13% and
30%, respectively. In the case of the CMB membrane for the same comparison, the lithium
transport number decrease was 11% and 35%, respectively. At higher concentrations of
LiOH (5.0 wt% and 8.0 wt%), although transport number variation followed the trend
of decrease with LiOH concentration, it failed to clearly differentiate the effect of current
density. However, at 1100 A·m−2, it is appreciated that CMB membrane use showed a
greater reduction in the lithium transport number—49% lower than that obtained with
the CMX membrane. On the other hand, the results obtained for 8.0 wt% LiOH for
both membranes (see Figure 5) indicate that a higher current density could counteract
the effect of decreasing lithium transport number with concentration. This might be
related to a lithium flux mostly associated to migration transport over diffusion transport,
and could be explained qualitatively by the Nernst–Planck equation, where a higher
electric field increases migration transport, while diffusive transport depends on the
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concentration difference on both sides of the membrane. Thus, high LiCl concentrations
promote diffusive transport of lithium ions, whose effect on total transport decreases at
higher current densities.

A problem observed when applying the Hittorf method at high concentrations was
that when working with a 20-mL LiOH sample volume, the sensitivity of calculating molar
flux and lithium-ion transport number increased due to the low final volume and high
concentration, according to Equations (1) and (2).

Figure 5. Lithium transport number in cation-exchange membranes according to LiOH concentration and current density
(14 wt% LiCl): (a) CMX membrane; (b) CMB membrane.
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3.2.2. Influence of Initial LiOH Concentration

The lithium transport number decreases with LiOH concentration. For the CMX and
CMB membranes, at 0.5 wt% LiOH concentration, the lithium transport number was in the
range of 0.83–0.72 and 0.71–0.63, respectively. That is, more than 60% of the electric current
was used for lithium transport through the cationic membranes. For the CMX membrane,
when concentrating the LiOH solution from 0.5 wt% to 2.5, 5.0, and 8.0 wt%, the average
decrease in the lithium transport number was 35%, 47%, and 64%, respectively. Meanwhile,
in the CMB membrane, for the same concentrations, the average decrease was 29%, 40%,
and 75%, respectively. The best result was 0.83 with the CMX membrane at an initial LiOH
concentration of 0.5 wt%.

One of the possible causes of the decrease in the lithium transport number with LiOH
concentration is the decrease in water content in the cationic membrane [37]. Due to the
increase in concentration, membranes tend to lose water; this can be attributed to the
accumulation of osmotic pressure within them [37,46]. According to the work varied
out by Izquierdo-Gil et al. [47], comparing water content and salt transport in cationic
Nafion membranes of different thickness, it was reported that water uptake increases with
membrane thickness and decreases with cation size. In the present work, although the
CMB membrane was thicker and showed higher water uptake than the CMX membrane,
it had a lower lithium transport number—a condition that can be attributed to other
characteristics of the CMB membrane, such as fixed charge density and polymeric matrix
cross-linking [48]. Water uptake into the membrane allows ionic binding between two
sides of the membrane, making electrical conductivity possible [47,49]. Increasing the
concentration of electrolytes in contact with the membrane causes an increase in the
concentration of counterions in the membrane, which in turn generates osmotic deswelling,
further increasing its ion concentration [46]. Eventually, water loss and high counterion
concentration can reduce the membrane’s fixed charge density. This has been explained
thermodynamically by Kamcev et al. [46,50] by means of the counterion condensation
model. Such a situation occurs when counterions close to fixed charges at a separation
of less than the Bjerrum length do not have sufficient thermal energy to free themselves
from the interaction of electrostatic forces, and tend to remain in this region, generating a
shielding in fixed charges. Counterions trapped in this region are considered “condensed”
and, therefore, immobile under a concentration gradient. However, counterions, under
an electric field, exhibit higher diffusion coefficients than those that are not condensed,
due to the shorter distance they must move in the membrane structure [51,52]. Although
counterions’ condensation favors their transport, high concentration of these counterions
implies a reduction in Donnan potential, and causes an increase in co-ion sorption in the
membrane [52]. For the application of membranes in LiOH production with concentrated
solutions, it is highly probable that counterion condensation occurs, which under an electric
field would favor lithium migration through the cation-exchange membrane. However,
this may increase OH− co-ion concentration, which, due to its high mobility (the highest
among all anions) promotes undesired OH− transport, resulting in a decrease in the lithium
transport number. The use of membranes with higher fixed charge density would present
higher ionic conductivity, facilitating the transport of lithium ions across the membrane [51],
as long as OH− ion leakage is reduced.

In this work, membranes’ water uptake tended to decrease with LiOH concentration.
However, this variation does not capture the behavior of the lithium transport number
for all cases. This lithium transport number reduction is better explained by the presence
of OH−, and its interaction with the cation-exchange membrane. On the other hand, the
decrease in the observed lithium transport number can be explained by the fact that the
salt transport rate across the membrane decreases with decreasing concentration difference
on both sides of the membrane, causing the permeation rate to decrease [47]—as occurs
in the case of this work, where the LiOH concentration increased and the concentration
difference with the LiCl solution decreased.
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3.2.3. pH Variation

During experiments, it was observed that the LiCl solution’s measured pH increased
in all cases from pH 7–8 to a basic pH between 12–13. This increase can be attributed to
the undesired migration of OH− anions across the cation-exchange membrane due to the
membrane not being 100% permselective, and also to the high OH− ion mobility associated
with the Grotthuss mechanism, involving proton hopping by ionization of water molecules.
It has been reported that OH− ions’ migration through the cation-exchange membranes
reduces current efficiency in membrane processes for sodium hydroxide production [40],
which in bipolar membrane electrodialysis can be manifested by an increase in the feed
salt solution’s pH [53]. In this work, a higher pH increase was observed in the LiCl
feed solution when working with more concentrated LiOH solutions. Hence, the lithium
transport number decrease can be mainly attributed to electrical current transport by OH−
leakage through the cation-exchange membrane.

3.2.4. Influence of LiCl Concentration

To obtain a better understanding of the effects of LiCl concentration and concentration
difference between electrolytes on each side of the membrane, additional experiments
were performed for 0.5 wt% and 5.0 wt% LiOH at 25 wt% LiCl (Tests 5 and 6 in Table 3);
The corresponding results are presented in Figure 6. When comparing the effects of LiCl
concentration (see Figures 5 and 6), results show that for the CMX membrane at 0.5 wt%
LiOH concentration, the transport number decreased with LiCl concentration. Thus, when
using a LiCl solution at 14 wt%, a value of 0.72 was obtained, while with a LiCl solution
at 25 wt%, the transport number was 0.66. The same behavior was not obtained for the
CMB membrane, where the transport number was 0.63–0.65 for the same comparison.
This can be attributed to the fact that the CMB membrane has an average thickness 18.9%
higher compared to the CMX membrane, with 50–60% higher exchange capacity and
13.3–37.5% higher water uptake (see Tables 1, 6 and 7). In addition, the higher electrical
resistance of the membrane would be associated with a denser polymeric structure [27].
These characteristics would allow the reduction of the influence of high LiCl concentrations
on the lithium transport number. At higher LiOH concentrations, for the CMX membrane
it was measured that at a concentration of 5.0 wt% LiOH, the lithium transport number
decreased from 0.42 to 0.36 when using LiCl solutions of 14 wt% and 25 wt%, respectively.
In the case of the CMB membrane, the lithium transport number was 0.37 and 0.44 for the
same comparison.

Figure 6. Lithium transport number in cation membranes (CMX and CMB) according to LiOH
concentration and current density. LiCl 25 wt%.
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In the particular case of this work, the transport number decrease can be attributed
to the fact that high concentrations of LiCl and LiOH promote higher concentration of Li+

in the membrane as a counterion. This, along with the principle of electroneutrality and
Donnan exclusion, causes increase in the concentration of Cl− and OH− co-ions in the
membrane [48]. According to the Nernst–Planck flux equation applied to the membrane,
the latter would promote more OH− ion leakage across the cation-exchange membrane due
to increased concentration and current density [54,55]. In this work, this is manifested by a
greater influence of the LiOH solution on the lithium transport number compared to the
LiCl solution, which can be attributed to the presence of OH− as a co-ion in the membrane.

Regarding the membranes used, the CMX membrane presents a higher transport num-
ber for lithium ions than the CMB membrane, which can be attributed to its lower thickness
and electrical resistance. On the other hand, at high LiOH concentrations (8.0 wt%), an
increase in current density increases the lithium transport number—especially for the
CMX membrane.

3.3. Current–Voltage Curves

To determine the performance of bipolar and ion-exchange membranes, linear sweep
voltammetry was performed as presented in Figures 7–9.

3.3.1. Salt Leakage through Bipolar Membranes

In the BMED process for LiOH production, Li+ leakage into the HCl solution and Cl−
leakage into the LiOH solution through the bipolar membrane can occur.

Figure 7 presents current–voltage curves measured for the determination of salt trans-
port through bipolar membranes at two different concentrations: LiCl 14 wt% and 25 wt%.
Results are presented for the Fumasep FBM and Neosepta BP membranes. At a concen-
tration of LiCl 14 wt%, a plateau in the curve was clearly observed for both membranes,
indicating a limiting current density associated with the transport of salts through the
membrane. At 25 wt% LiCl concentration, the plateau was less defined and presented a
slope, which is probably due to a significant transport of co-ions—which carry electric
current—through the membrane [44]. When using 14 wt% LiCl as an electrolyte, the mea-
sured limiting current densities were 176 A·m−2 and 77 A·m−2 for the Fumasep FBM and
Neosepta BP membranes, respectively. In contrast, for a 25 wt% LiCl electrolyte, the mea-
sured limiting current densities were approximately 334 A·m−2 and 79 A·m−2, respectively.
Limiting current densities for the Neosepta BP membrane were lower, indicating that it
possesses characteristics more suitable for operating at high electrolyte concentrations (see
Table 2). Studies have been reported that indicate a decrease in salt leakage through bipolar
membranes by increasing the thickness of one of the cationic or anionic layers that compose
a bipolar membrane [44]. A similar effect can be expected when comparing the Neosepta
BP and Fumasep FBM membranes, with the former being thicker.

For production process application, results indicate that for high concentrations (25%
LiCl), the use of high current densities could reduce undesired transport of salts (for in-
stance, in the case of the bipolar membrane Fumasep FBM, a current density of 1000 A·m−2).
Thus, electric current through bipolar membranes is transported mostly by H+ and OH−
ions generated by water dissociation in the bipolar membrane, and to a lower extent by
leakage of Li+ and Cl− salts.

Balster et al. [44] studied salt leakage through a BP-1 membrane using the same
characterization method. They found that the first limiting current density associated with
salt transport was 0.61 mA·cm−2 (6.1 A·m−2) using a 2 M NaCl solution (approximately
11 wt%). By laminating AMX membranes on the anionic face of the BP-1 membrane
(asymmetric bipolar membranes), they achieved a 25–30% decrease in the first current
density, at the cost of an increase in electrical resistance by 32% and 84% by the addition of
one and two AMX membranes, respectively. As reported in their study, the first limiting
current density decreases with the thickness of the anionic layer, meaning reduced salt
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leakage through the bipolar membrane and, therefore, a base with fewer impurities might
be obtained.

In none of the obtained curves (see Figure 7) the second limiting current density—
associated with the limited diffusion of water molecules towards the catalytic interface of
the bipolar membrane—was observed.

Figure 7. Salt leakage current–potential curves in bipolar membranes: (a) Fumasep FBM; (b) Neosepta BP.
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Figure 8. Linear sweep voltammetry of bipolar membranes under production operating conditions: (a) Fumasep FBM;
(b) Neosepta BP.

333



Membranes 2021, 11, 575

Figure 9. Linear sweep voltammetry in cationic membranes.

3.3.2. Linear Sweep Voltammetry on Bipolar Membranes under Production Conditions

Figure 8 presents current–voltage curves for Fumasep FBM and Neosepta BP mem-
branes at different degrees of LiOH and HCl concentration. The A/V ratio (amperes/voltage)
has a linear behavior for measured potential range. When comparing the effects of LiOH
and HCl concentration processes, for the same current density, the voltage drop tends to de-
crease when reaching a concentration of 2.5 wt% LiOH and 3.5 wt% HCl. Then, it presents
a tendency to increase at higher concentrations (LiOH 5.0 wt% and HCl 7.8 wt%). For both
types of membrane, the highest A/V value is obtained for 2.5 wt% LiOH and 3.5 wt% HCl
concentrations. This means lower apparent electrical resistance of the membranes at such
concentrations, which can be attributed to increased electrolytic conductivity in the solution
on the membrane surface and osmotic deswelling at higher concentrations (LiOH 5.0 wt%
and HCl 7.8 wt%), leading to an increase in membrane electrical resistance [56]. When
LiOH and HCl concentration increases—up to 5.0 wt% and 7.8 wt%, respectively—A/V
ratio decreases and apparent electrical resistance increases, suggesting that there is an
optimal concentration value close to 2.5 wt% LiOH and 3.5 wt% HCl, where the membrane
voltage drop is lower. Regarding the increase in the electrical resistance of the bipolar
membrane at concentrations of 5.0 wt% LiOH and 7.8 wt% HCl, this can be attributed to
concentrated electrolyte that is absorbed by the membrane [57]. At high concentrations, the
effect of membrane dehydration has been observed [56,57]; at the same time, membrane
conductivity decreases due to absorbed electrolyte by the membrane. At 5.0 wt% HCl
and 7.8 wt% LiOH concentrations, the Fumasep FBM membrane exhibits higher apparent
electrical resistance than the Neosepta BP membrane. This can be attributed to its higher
electrolyte absorption compared to the Neosepta FBM membrane (see Table 6). The latter
is associated with a lower electric charge density, which is inversely proportional to water
uptake [58].

The dissociation voltage of water in bipolar membranes has been reported to be 0.83 V,
but it is usually higher in practical applications [59,60]. In the case of linear sweep voltam-
metry in Figure 8, the dissociation voltage measured for the Fumasep FBM and Neosepta
BP membranes was 0.76–0.80 V and 0.82–0.84 V, respectively. Low water dissociation volt-
ages observed for the Fumasep FBM membrane have also been reported by Xu et al. [61],
and can be attributed to an exergonic secondary neutralization reaction between the OH−
and H+ ions, which reduces the electrical energy requirement for water electrolysis. On
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the other hand, this result can be attributed to leakage current associated with a non-ideal
selectivity of the membrane [62].

In the case of the Fumasep FBM membrane at higher concentrations (5.0 wt% LiOH
and 7.8 wt% HCl), a small plateau is detected in the graph for potential values below 0.8 V.
This can be explained by the increase in salt leakage with concentration. For practical
purposes of the production of bases and acids at high concentrations, the bipolar membrane
Neosepta BP presents better performance with respect to salt leakage reduction.

3.3.3. Linear Sweep Voltammetry in Cation-Exchange Membranes

Linear sweep voltammetry was performed on the CMX and CMB membranes at
different LiOH concentrations. Figure 9 presents a comparative plot of the different current–
voltage curves obtained. Current variation with potential was linear for the measurement
range used, and limiting current density was not reached in any case. It can be observed
from the graph that current densities close to 5000 A·m−2 for the CMX membrane, and
between 2200 and 3500 A·m−2 for the CMB membrane, were reached for a potential range
between 0 and 1.8 V. This indicates that the high electrolyte concentrations studied allow
high availability of Li+ ions on the membrane surface to migrate across the membrane
without the occurrence of concentration polarization. The highest current densities were
reached at higher electrolyte concentrations. For theCMX membrane, the current density
at 5.0 wt% LiOH was on average 32% higher than the value at 0.5 wt% LiOH. In the case
of the CMB membrane, this difference was 60%. On the other hand, when comparing
the membranes at the same concentration, the CMX membrane allowed us to obtain
current densities 113–159% higher than those obtained with the CMB membrane. Better
energy efficiency was observed for the CMX membrane, as it achieved a higher electric
current density at a lower potential difference. This can be attributed to the fact that the
CMX membrane has 13–21% less thickness than the CMB membrane (see Table 7), and an
electrical resistance 22–24% lower (see Table 1).

For the application of the membranes in LiOH production, the selected concentra-
tions and flux rates (1.0–1.4 cm/s) were adequate for lithium transport through cationic
membranes without reaching the limiting current density.

3.4. Long-Running Production Tests of LiOH by BMED

Long-running tests of LiOH production were performed using two different bipolar
membranes (Neosepta BP and Fumasep FBM) and cation-exchange membranes (CMX
and CMB) (Table 5). The current densities used were 500 and 1000 A·m−2. These current
densities were chosen according to the LSV results in order to reduce salt leakage through
the bipolar membranes (see Figure 7). The initial LiCl feed concentration was between 14
and 34 wt%. Initial LiOH and HCl concentrations equal to 0.5 wt% were used in all tests.
The obtained results are summarized in Table 8.

Table 8. Summary of the main results obtained in long-running tests.

Test Test 1 Test 2 Test 3 Test 4 Test 5 Test 6

Cation membrane CMX CMB CMX CMX CMX CMX

Bipolar membrane Neosepta BP Neosepta BP Neosepta BP Fumasep FBM Fumasep FBM Fumasep FBM

Current density
(A·m−2)

1000 1000 1000 1000 500 500

LiCl initial
concentration (wt%) 14 14 25 25 14 34

Number of unit cells 2 2 2 2 4 4

LiOH concentration
(wt%) 1.98 3.16 4.05 2.11 3.34 4.35 1.93 3.25 4.43 1.81 2.98 3.97 2.05 3.35 4.13 3.10 4.80 5.20

Cl− concentration in
LiOH solution (wt%) 0.10 0.19 0.26 0.05 0.13 0.21 0.06 0.13 0.46 0.07 0.32 0.52 0.18 0.40 0.69 0.48 1.23 1.24

Final purity (wt%) 94.6 93.5 93.4 97.9 96.0 95.4 96.0 95.3 88.6 92.9 86.5 83.8 90.7 87.8 83.6 76.8 66.0 54.7

SEC (kWh·kg−1) 6.94 7.72 8.71 7.57 8.58 9.45 8.23 8.58 9.01 8.98 9.46 10.23 5.97 7.14 9.29 6.81 8.92 11.94

CE 0.72 0.65 0.58 0.77 0.66 0.59 0.68 0.64 0.60 0.63 0.58 0.53 0.69 0.58 0.46 0.54 0.39 0.31
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3.4.1. Product Purity

Among the results, Figure 10 shows variation in LiOH and Cl− ion concentrations over
time according to different operating conditions. The presence of chloride as an impurity
can be attributed to the leakage of Cl− into the bipolar membrane and undesired transport
of this anion across the cation-exchange membrane, due to high LiCl concentration and
its effect on co-ion concentration in the membrane [48]. Cl− molar flux into the LiOH
compartment was calculated to be between 0.47 and 1.06 mol·m−2·h−1 when using a
14 wt% LiCl concentration, whereas for a 34 wt% LiCl concentration, Cl− flux was between
1.29 and 2.28 mol·m−2·h−1, evidencing the influence of LiCl concentration on undesired
Cl− transport.

 

Figure 10. Concentration variation of LiOH and Cl− in LiOH solution according to different operating conditions: (a) com-
parison of the cation-exchange membranes CMX and CMB (Test 1 and Test 2); (b) comparison of 14 and 25 wt% LiCl
concentrations at 1000 A·m−2 (Test 1 and Test 3); (c) comparison of the bipolar membranes Neosepta BP and Fumasep FBM
(Test 3 and Test 4); (d) comparison of 14 and 34 wt% LiCl concentrations at 500 A·m−2 (Test 5 and Test 6). Initial LiOH
concentration 0.5 wt%.

In relation to the two cation-exchange membranes used, the CMB membrane (Test 1)
presented a LiOH concentration on average 6.6% higher than that obtained with the
CMX membrane (Test 2), with a Cl− content of 0.21 wt% and 0.26 wt%, respectively
(see Figure 10a). This means that with the CMB membrane, as the LiOH solution was
concentrated from 2.11 wt% to 4.35 wt%, the solution purity decreased from 97.9% to
95.4%, respectively. On the other hand, in the case of the CMX membrane, the increase in
LiOH concentration from 1.98 wt% to 4.05 wt% implied a reduction in purity from 94.6
to 93.4%. The latter can be attributed to the fact that the CMX membrane is thinner and
shows lower water uptake, presenting less resistance to undesired Cl− diffusion and OH−
leakage through it.

Figure 10b presents the LiOH concentration results when using different LiCl con-
centrations (14 wt% and 25 wt%) at 1000 A·m−2. The use of a 25 wt% LiCl concentration
allowed us to obtain a final LiOH concentration 9.4% higher compared to the use of a
14 wt% LiCl solution. However, this implies a 76.9% higher Cl− content (see Test 1 and 3 in
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Table 8). After 360 min of processing, the final LiOH purity was 93.4% and 88.6% when
using 14 wt% and 25 wt% LiCl solutions, respectively.

Regarding the comparison of bipolar membranes in Tests 3 and 4 (see Figure 10c), a
final LiOH concentration of 4.43 wt% and 3.97 wt%. with a Cl− content of 0.52 wt% and
0.46 wt%, was obtained for the Neosepta BP and Fumasep FBM membranes, respectively.
The LiOH solution purity decreased with LiOH concentration. When the Neosepta BP
bipolar membrane was used (Test 3), the LiOH solution purity decreased from 96.0% to
88.6% when concentrated from 1.93 wt% to 4.43 wt%. On the other hand, in the case of the
Fumasep FBM membrane (Test 4), the solution purity decreased from 92.9% to 83.8% when
concentrating the LiOH solution from 1.81 wt% to 3.97 wt%.

In Tests 5 and 6, the use of four three-compartment cells at a current density of
500 A·m−2 (see Figure 10d) resulted in a final LiOH solution with higher Cl− content.
This can be attributed to an increase in Cl− diffusion into the cation-exchange membrane
as the total membrane area in the stack increased, and the current density of 500 A·m−2

was not able to mitigate bipolar membrane Cl− ion leakage. When using a 14 wt% LiCl
feed (Test 5), the LiOH solution purity decreased from 90.7% to 83.6% when concentrating
from 2.05 wt% to 4.13 wt% LiOH. On the other hand, when a 34 wt% LiCl feed was used
(Test 6), Figure 10d shows that, at 210 min of operation, LiOH concentration increased
from 0.50 wt% to 3.10 wt%, with a Cl− concentration of 0.47 wt%. After this point, an
accelerating trend in the increase of Cl− concentration in the LiOH compartment can be
observed in the graph, reaching 1.23 wt% after 440 min (corresponding to a purity of 66.0%
LiOH in solution). This behavior was accompanied with a decrease in LiOH concentration
rate, as observed in a change of slope in the curve, suggesting a greater leakage of Cl−
ions through the bipolar membrane promoted by HCl concentration increase. On the
other hand, there was a higher undesired transport of Cl− ions across the cation-exchange
membrane due to a high LiCl concentration (34 wt%), affecting the final product purity.

3.4.2. SEC and Current Efficiency

Figure 11 shows the total specific electricity consumption (SEC) and current efficiency
(CE) corresponding to LiOH production in long-running tests.

Energy efficiency according to cation-exchange membrane type was compared based
on the results of Tests 1 and 2, and the results are presented in Figure 11a. For Test 1 with
the Neosepta BP bipolar membrane and the CMX membrane, when concentrating the LiOH
solution from 1.98 wt% to 4.05 wt%, specific electricity consumption (SEC) increased by
25.6% and current efficiency (CE) decreased by 19.9%. On the other hand, in Test 2, when
using the CMB membrane, SEC increased by 24.8% and CE decreased by 23.4%. However,
the average SEC and CE with the CMB membrane were 10% and 3% higher, respectively,
compared to the CMX membrane. The higher SEC obtained with the CMB membrane can
be attributed to the higher electrical resistance of this membrane (see Table 1).

Figure 11b compares SEC and CE for the process at 1000 A·m−2 for initial LiCl
solutions of 14 wt% and 25 wt% according to Tests 1 and 3, respectively. For Test 1, with
14 wt% LiCl solution, when concentrating the LiOH solution from 1.98 wt% to 4.05 wt%,
SEC increased by 25.6% and CE decreased by 19.9%. Meanwhile, for Test 3, with 25 wt%
LiCl solution, when concentrating the LiOH solution from 1.93 wt% to 4.43 wt%, SEC
increased by 9.5% and CE decreased by 11.8%. With 14 wt% LiCl solution, a 12.9% lower
SEC and 3.6% higher CE was observed up to LiOH concentrations of 3.16–3.25 wt%. After
this point, energy efficiency reduction could be attributed to a decrease in the concentration
and electrical conductivity of the LiCl solution over time. When initial LiCl solutions of
14 wt% and 25 wt% were used, the final LiCl concentration was 8.71 wt% and 18.16 wt%,
respectively.
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Figure 11. Specific electricity consumption and current efficiency under different operating conditions: (a) comparison
of the cationic membranes CMX and CMB (Test 1 and Test 2); (b) comparison of 14 and 25 wt% LiCl concentrations at
1000 A·m−2 (Test 1 and Test 3); (c) comparison of the bipolar membranes Neosepta BP and Fumasep FBM (Test 3 and Test 4);
(d) comparison of 14 and 34 wt% LiCl concentrations at 500 A·m−2 (Test 5 and Test 6) Initial LiOH concentration 0.5 wt%.

The influence of the bipolar membranes Neosepta BP and Fumasep FBM influence
can be observed when comparing Tests 3 and 4 in Figure 11c. When the Neosepta BP
membrane was used, SEC was 10% lower compared to the Fumasep FBM membrane, while
CE was 10% higher. The latter results in a better use of electric current in OH− production
by the Neosepta BP membrane, resulting in a final LiOH concentration of 4.43 wt%—11.6%
higher when compared to the Fumasep FBM membrane. With the Neosepta BP membrane,
when concentrating LiOH solution from 1.93 wt% to 4.43 wt%, SEC increased by 9.5% and
CE decreased by 11.8%. On the other hand, when concentrating the LiOH solution from
1.81 wt% to 3.97 wt% with the Fumasep FBM membrane, SEC increased by 13.9% and CE
decreased by 15.7%. These results show a higher energy yield when using the Neosepta
BP membrane.

The effects of LiCl concentrations of 14 wt% (Test 5) and 34 wt% (Test 6) with four
three-compartment cells and a current density of 500 A·m−2 are presented in Figure 11d.
For Test 5, with 14 wt% LiCl solution, when concentrating the LiOH solution from 2.05 wt%
to 4.13 wt%, specific electricity consumption (SEC) increased from 5.97 to 9.29 kWh·kg−1,
while electrical current efficiency (CE) decreased from 0.69 to 0.46, respectively. On the other
hand, for Test 6, Figure 11d shows that by concentrating LiOH from 0.50 wt% to 3.10 wt%,
a specific electricity consumption of 6.81 kWh per kg LiOH was obtained, which then
increased to 8.92 kWh·kg−1 when reaching a LiOH concentration of 3.80 wt%. When using
a 14 wt% LiCl solution (Test 5), current efficiency was on average 6.2% higher compared
to 34 wt% LiCl solution (Test 6). Nevertheless, after reaching a LiOH concentration of
3.35 wt%, CE decreased in an accelerated way due to a decrease in LiCl concentration.

For a LiCl concentration of 14 wt%, specific electricity consumption was between 12%
and 20% lower compared to 34 wt% LiCl. This can be attributed to a decrease in elec-
trolytic conductivity in concentrated aqueous LiCl solutions greater than 7 mol·kg−1 [63]
(approximately 23 wt%).
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The lowest SEC value obtained was 5.97 kWh per LiOH kg in Test 5 after the first
120 min of processing, when reaching a LiOH concentration of 2.05 wt%. This can be
attributed to the lower current density used (500 A·m−2) and the advantage of increasing
the number of membranes in the stack to four LiOH compartments. However, current
efficiency (CE) when concentrating the LiOH solution to 3.35 wt% was 0.58, and as LiOH
concentration increased to 4.13 wt%, the current efficiency decreased to 0.46. Thus, part
of the electric current was consumed in leakage by Cl− migration across the bipolar
membrane, rather than in OH− production. This is consistent with the results obtained in
the LSV tests. This behavior evidences the advantage of using operational current densities
higher than the first limiting current density in bipolar membranes.

According to our results, process energy efficiency is affected with increasing LiOH
concentration according to OH− leakage effects and cation membrane deswelling. On the
other hand, increasing HCl solution concentration promotes a higher leakage of Cl− ions
into the LiOH compartment, affecting current efficiency in the bipolar membrane in the
generation of OH− ions, which also affects solution purity.

Table 8 presents a summary of results obtained in long-running tests. The best result
was achieved in Test 2, where a Neosepta BP membrane, CMB cationic membrane and
current density of 1000 A·m−2 were used. The possibility was shown of achieving LiOH
solutions between 3.34 and 4.35 wt% concentration, with a range of 96.0–95.4% purity.
Product purity is therefore inversely proportional to the final concentration obtained. The
lowest average specific electricity consumption (SEC) was achieved in Test 1 between 6.94
and 8.71 kWh per kilogram of LiOH. On the other hand, the highest electrical current
efficiency (CE) was achieved in Test 2, in the range of 0.77–0.59, with an SEC between 7.57
and 9.45 kWh per kilogram of LiOH.

The CMB membrane presented a high current efficiency despite its higher electrical
resistance, which can be attributed to a higher resistance to co-ion leakage. However, it
is not recommended to use it with LiCl solutions higher than 14 wt%. This membrane
was tested in long-running tests at 25 wt% LiCl concentrations, showing damage to its
structure after two hours of processing due to the high osmotic pressure reached, causing
its rupture and contamination between LiCl and LiOH solutions. Consequently, these
results are not presented.

3.4.3. Specific Electricity Consumption (SEC) Comparison

Specific BMED electricity consumption depends mainly on membranes’ characteristics
and their interaction with concentrated solutions under a specific electric current density.
The SEC results obtained in this work were determined by final LiOH concentration, and
are comparable to other membrane processes used for lithium recovery and LiOH pro-
duction. Specific energy consumptions between 5.43 and 6.20 kWh·kg−1 of LiOH from
lithium-rich solutions produced from salt lake brine have been reported for processes
such as nanofiltration, reverse osmosis, and conventional electrodialysis integrated with
BMED, achieving final LiOH concentrations between 0.58 and 1.03 M (approximately
1.37–2.41 wt%), with current efficiencies between 0.36 and 0.44% [64]. Regarding direct
BMED application, SEC in the order of 6.60 kWh·kg−1 was reported from 0.725–0.730 wt%
LiCl solutions containing organic solvents reaching 0.3 M LiOH concentrations (approx-
imately 0.71 wt%) [28], while recently, from LiCl solutions of 100 g·L−1 (approximately
9.5 wt%), SECs between 2.78 kWh·kg−1 and 7.80 kWh·kg−1 of LiOH have been reported,
with current efficiencies between 0.7384 and 0.1445 at 640 A·m−2 using CMB and BP mem-
branes, achieving LiOH concentrations of 1.08 M and 2.40 M (approximately 2.5 wt% and
5.4 wt% LiOH), respectively [64]. These reports are consistent with the results presented in
this work, demonstrating the influence of LiCl concentration and the degree of final LiOH
concentration on process performance.

The same technology has been used with different starting solutions. Thus, a 0.5 M
Li2SO4 feed [65] reports a specific electricity consumption of 7 kWh·kg−1, which increases
when working with more concentrated solutions. Meanwhile, the use of aqueous Li2CO3
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solutions up to 0.18 M presents an SEC of up to 20.4 kWh·kg−1 of LiOH [31], depending
on operating conditions.

On the other hand, LiOH production by membrane electrolysis has reported an SEC
of 6.1–14.6 kWh·kg−1 LiOH using initial LiOH solutions between 4 and 8 wt% as the initial
catholyte [66] and 7.25 kWh·kg−1 of LiOH for an initial catholyte of 2.3 wt% [29].

For conventional industrial process of obtaining lithium hydroxide from Li2CO3 by
chemical reaction with lime slurry, the specific energy consumption is 14.04 kWh·kg−1

of LiOH·H2O (or 24.6 kWh·kg−1 of LiOH) [67], of which electricity, fuel, and natural gas
consumption represent 17.3%, 10.3%, and 72.4% of the total energy required, respectively.
High natural gas consumption can be attributed to the thermal energy required for the
evaporation and crystallization stages of the process to obtain lithium hydroxide monohy-
drate, in which a lithium hydroxide solution of approximately 3 wt% must be evaporated
to saturation.

The BMED process of obtaining LiOH does not eliminate the need to evaporate LiOH
solution to crystallize LiOH·H2O; however, it is expected that obtaining LiOH concentra-
tions higher than 3 wt% would contribute to reduce heat requirements in these stages.
Thus, if the LiOH solution is evaporated to saturation at 70◦C, initial LiOH concentrations
of 4 wt% and 5 wt% would allow the thermal energy requirement to be reduced by 9.4%
and 18.9%, respectively, compared to using a 3 wt% LiOH solution.

Obtaining LiOH via the chemical reaction of Li2CO3 with lime slurry presents a conver-
sion efficiency of 59.0–59.5% after one hour of processing at 60–100 ◦C [68], which, based on
mass and energy balances, allows the estimation of a theoretical SEC of 1.27–2.84 kWh·kg−1

of LiOH. This required energy is lower than that obtained in this work by BMED. However,
membrane processes could become competitive if process sustainability is considered by
reducing the use of chemical reagents, reducing waste generation, and potential coupling
with non-conventional renewable energies.

4. Future Challenges

The results in this work present the current scope of obtaining high concentrations
of LiOH by BMED, variation of electrical energy consumption with concentration, and
salt leakage related to Cl− ion contamination of LiOH solution. The results of this work
suggest that from an initial LiOH concentration of 0.5 wt%, it is possible to obtain con-
centrated LiOH solutions in the range of 3.34–4.35 wt%, with 96.0–95.4% purity and a
specific electricity consumption between 7.57 and 9.45 kWh per kilogram of LiOH. After
this point, current efficiency tends to decrease below 0.50, significantly increasing the
specific energy consumption of the process. This is associated with high OH− ion leakage
in the cation-exchange membrane [40,53] and salt leakage in the bipolar membrane [44,69],
which causes undesired Cl− transport into the LiOH compartment. In the production
of LiOH by membrane electrolysis, energy consumption can be reduced in a concentra-
tion range between 40 and 50 g·L−1 [30], which is approximately 3.5 wt% and4.3 wt%
LiOH, respectively.

For the implementation of a lithium hydroxide production process by electrodialysis
with bipolar membranes, there exist limitations related to membrane performance, affecting
final product purity and energy efficiency. For the use of lithium hydroxide as a precursor
for lithium batteries, work must be done to reduce the transport of impurities in membranes.
Both monopolar and bipolar membranes are not 100% permselective. Thus, as LiOH and
HCl concentrations increase, LiOH solution purity and process efficiency are affected.

Implementation-related challenges for this technology in LiOH production involve
aspects such as the performance of monopolar membranes and bipolar membranes, stack
design related to the optimal number of unit cells, membrane lifetime, and technology
implementation coupled with renewable energy sources.

In this work, evidence is shown that process efficiency is mainly established by
membrane performance. To date, several investigations have been carried out in order to
improve cationic membranes’ selective transport [70–72]. In the case of bipolar membranes,
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the salt leakage problem can be addressed by using asymmetric bipolar membranes [44].
However, this improvement in salt leakage reduction leads to higher electrical resistance
and, therefore, an increase in electrical power consumption. Based on these investigations,
it could be expected that new membranes will emerge in the future, being more suitable
for application in the production of concentrated bases. Thus, the final LiOH concentration
will be increased with monopolar membranes by higher resistance to OH− leakage, and
with bipolar membranes by reduced salt leakage and higher water dissociation efficiency.

Currently, these difficulties could be addressed by specific operating conditions. For
instance, it has been shown in this work that at 14 wt% LiCl concentration, lower spe-
cific electricity consumption and higher electric current efficiency are obtained for LiOH
production, so if a constant LiCl concentration could be established during LiOH produc-
tion, this would increase energy efficiency, and would also help to slow down reduction
in concentration difference between LiCl and LiOH solutions separated by the cationic
membrane which, in turn, would contribute to reducing the rate of lithium transport
decrease through this membrane [47]. On the other hand, with respect to Cl− leakage in
the bipolar membrane, an increase in Cl− leakage rate related to simultaneous concen-
tration of LiOH and HCl was observed. Given the molar mass difference between these
salts, the mass concentration rate (wt%) of HCl solution is always higher compared to
LiOH. Therefore, for production processes, a low HCl concentration can be set while LiOH
concentration increases. In this way, Cl− leakage into the LiOH compartment through the
bipolar membrane would be reduced.

On the other hand, the application of a high current density would reduce the mem-
brane area requirement for a given production, reducing the overall process cost, as
membranes are expensive. Moreover, according to linear sweep voltammetry analysis
and long-running tests, working at high current densities favors water dissociation over
salt leakage [69]. However, current efficiency decreases and, therefore, specific energy
consumption increases, in addition to the fact that catalytic interlayer may deteriorate,
which would imply a decrease in membrane lifetime and an increase in voltage drop after
a long period of operation [73].

In industry, obtaining a high concentration in the final LiOH solution (greater than
3.0 wt%) would bring benefits to the current crystallization process of LiOH·H2O pro-
duction, since it would reduce the current difference between LiOH concentration and
saturation concentration at which crystallization of lithium hydroxide monohydrate begins.
In addition, this would encourage the use of green technologies, given the potential use of
this technology driven by renewable energy sources. The Atacama Desert in Chile is charac-
terized by high levels of solar radiation—between 6.7 and 10.55 kWh·m−2 per day [74,75].
The application of membrane technologies for LiOH production—such as membrane elec-
trodialysis [29] and bipolar electrodialysis membranes—is a potential alternative to the
LiCl to Li2CO3 and subsequent Li2CO3 to LiOH conversion steps. Obtaining Li2CO3 from
lithium brine reports an approximate SEC of 1.31 kWh·kg−1 of Li2CO3 [67], which implies
an equivalent SEC of 6.83 kWh·kg−1 of LiOH (considering obtaining 0.38 kg of LiOH per kg
of Li2CO3 for a 59% reaction conversion [68]). Therefore, the authors estimate that specific
electricity consumptions determined by BMED and other membrane technologies offset
those obtained by conventional methods, with the advantage of being potentially driven
by clean technologies given the conditions of the Atacama Desert. Future studies should
be conducted to quantify the real impact of integrating solar energy into these processes.

The design choice of a high-purity lithium hydroxide production process would be
conditioned by investment costs and operating costs. Pilot tests and process simulations
would allow the obtaining of key information according to different scenarios and process
configurations. The latter constitutes work in progress that the authors would like to
present in a follow-up to the present results.
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5. Conclusions

Experimental tests were developed to determine and analyze the scope and feasibility
of BMED application in high-purity lithium hydroxide production. Among the main results,
the influence of high concentrations of LiOH and LiCl solutions on LiOH production
energy efficiency and final solution purity were determined and analyzed. The best
results for energy efficiency were obtained at low initial LiOH concentrations. A high LiCl
concentration (25–34 wt%) was shown to increase electrical resistance and promote Cl−
diffusion into the LiOH solution. On the other hand, increasing the LiOH concentration was
shown to cause OH− ion leakage phenomena in the cation-exchange membrane, reducing
its performance. Regarding bipolar membranes, high LiOH and HCl concentrations were
associated with accelerated leakage of co-ions, impairing LiOH solution purity. This
can currently be addressed with asymmetric bipolar membranes, or by avoiding high
HCl concentrations with a high current density that promotes water dissociation over
salt leakage.

For the application of electrodialysis with bipolar membranes, the results of this
work show that it is possible to obtain a LiOH concentration in a concentration range of
3.34–4.35 wt%, with 96.0–95.4% purity. After this point, electrical power consumption and
LiOH contamination with chloride ions tend to increase significantly, affecting solution
purity. From a 0.5 wt% LiOH solution and a current density of 1000 A·m−2, a specific
electrical energy consumption (SEC) of 9.45 kWh·kg−1 was determined with a current
efficiency (CE) of 0.77–0.59, obtaining a final LiOH concentration of 4.35 wt%. On the other
hand, with a current density of 500 A·m−2, an SEC of 5.97 kWh·kg−1 was obtained with
a CE of 0.69, obtaining a LiOH concentration of 2.05 wt%. The highest current efficiency
obtained was 0.77 at 0.5 wt% LiOH and 14 wt% LiCl concentrations.

To achieve high LiOH concentrations with higher efficiency, it is necessary to improve
the performance of bipolar membranes at high concentrations, and the resistance of cation-
exchange membranes to OH− leakage, supported by suitable operating conditions.
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Abstract: Series of partially fluorinated sulfonated poly(arylene ether)s were synthesized through
nucleophilic substitution polycondensation from three types of diols and superhydrophobic tetra-
trifluoromethyl-substituted difluoro monomers with postsulfonation to obtain densely sulfonated
ionomers. The membranes had similar ion exchange capacities of 2.92 ± 0.20 mmol g−1 and favorable
mechanical properties (Young’s moduli of 1.60–1.83 GPa). The membranes exhibited considerable
dimensional stability (43.1–122.3% change in area and 42.1–61.5% change in thickness at 80 ◦C) and ox-
idative stability (~55.5%). The proton conductivity of the membranes, higher (174.3–301.8 mS cm−1)
than that of Nafion 211 (123.8 mS cm−1), was the percent conducting volume corresponding to
the water uptake. The membranes were observed to comprise isolated to tailed ionic clusters of
size 15–45 nm and 3–8 nm, respectively, in transmission electron microscopy images. A fuel cell
containing one such material exhibited high single-cell performance—a maximum power density of
1.32 W cm2 and current density of >1600 mA cm−2 at 0.6 V. The results indicate that the material is a
candidate for proton exchange membranes in fuel cell applications.

Keywords: poly(arylene ether)s; ionomers; proton exchange membranes; fuel cell

1. Introduction

The fuel cell is a type of energy conversion device, and the prototype fuel cell, which
converted chemical energy into electrical energy through an electrochemical mechanism,
was produced at the beginning of the 19th century [1–3]. Due to the world’s thirst for
energy, fuels such as coal, oil, and gas are constantly consumed, and the generation of
greenhouse gases has become an environmental concern. Hydrogen energy—a clean
energy resource, producing little pollution (no CO2), small emissions, and low noise—is
being developed by countless researchers in this era of the pursuit of green energy [4].
On the other hand, hydrogen is produced following the opposite principle of fuel cells,
according to which it is produced from water splitting and used as a carrier for energy
storage. Additionally, the water electrolysis unit can be used in combination with a fuel
cell unit to store intermittent or overflow energy (ex. solar, wind, waste heat, or nuclear).
In addition, fuel cells can be used for energy storage applications, which is how they differ
from, or have advantages over, lithium-ion batteries [5] and redox flow batteries [6]. In
addition to the basic ion selectivity differences, membrane performance needs to be able to
perform well at extreme temperatures (i.e., −40 to 60 ◦C) in order to ensure environmental
sustainability. Correspondingly, they may be affected during cold/hot shock cycling
and charge/discharge cycling to maintain good ionic conductivity, mechanical properties,
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electrochemical and thermal stability [5,6]. However, their future development will depend
on functional molecular designs while meeting the key economic and technical drivers of
cost, power density, efficiency, and durability.

Among them, proton-exchange membrane (PEM) fuel cell using functional poly-
mer materials as the core has been widely developed. In addition to having high pro-
ton conductivity and favorable mechanical properties, PEMs meet various performance
requirements—low sensitivity to humidity, low oxidant permeability, and adequate elec-
trochemical, chemical, thermal, and dimensional stability—If a satisfactorily low-cost and
functional polymer material is to be manufactured [7–10]. PEMs have four major types—
perfluorinated sulfonic acid (PFSA), fluorinated, hydrocarbon (HC)-based, and functional
PEMs, all of which are widely researched. PFSA polymer materials (such as the Nafion,
Flamion, Aciplex, and Dow series membranes) have excellent performance and are widely
used in commercial applications [11]. However, the high pollution and external costs due to
perfluorinated compounds have prompted many research teams to investigate alternatives.
By contrast, HC-based PEMs are the most environmentally friendly because they are com-
pletely free of halogens, but they rarely combine high proton conductivity and favorable
mechanical or other crucial properties. Functional sulfonated poly(arylene ether)s have
higher thermostability and increased proton conductivity at temperatures above 80 ◦C and
in low humidity. Poly(arylene ether)s have sulfonated derivatives of various forms, such as
poly(arylene ether ketone)s [12–15], poly(arylene sulfide)s [16,17], polyimides [18–20], and
polybenzimidazoles [21–23], which have been extensively investigated because of their
high thermal stability, favorable chemical stability, appropriate mechanical properties, and
low production cost, as well as the easy adjustment of their molecular structure [24,25].
Countless efforts have been made to synthesize new polymer architectures with conductive
components (moieties); nevertheless, the influence on the morphology at many scales is not
clear; therefore, PEMs have high proton conductivity, proper hygroscopicity, and sufficient
mechanical properties, but at the same time, are still under study [9].

In general, sulfonated HC-based polymers have a wide diversity of morphology types
because hydrophobic and hydrophilic moieties are multiscale distributed by structural
effects. These are microphase separations to form proton transport channels. As reported
widely, the chemistry and architecture of PEMs have effects on proton conductivity, they
can adjust the structural design of polymer composites to improve by the ion exchange ca-
pacity and microphase separation [26]. We recently reported a series of poly(arylene ether)s
with a high-free-volume multiarylbenzene (MAB) structure in the polymer backbone and
a trifluoromethylphenyl side chain; this series has high proton conductivity, mechani-
cal and dimensional stability, and film-forming ability [27–29]. Adamski et al. reported
two classes of HC-based PEMs, sulfonated phenylated poly(phenylene) biphenyl and
sulfonated poly(arylene ether), with branching multiphenylated structures. They described
the relationship between densely sulfonated polymers and water uptake and transport,
aiding in the design of next-generation solid polymer electrolytes [30]. Lee et al. synthe-
sized a series of ethynyl-terminated sulfonated–fluorinated poly(arylene ether) random
copolymers, including benzenesulfonate, hexafluoroisopropylidene, and perfluoroben-
zene derivatives; molar volume per charge (MCV), percent conducting volume (PCV),
and derivative parameters were introduced for evaluation of the membrane properties
and comparison of cross-linked poly(arylene ether)s with Nafion membranes [31]. The
hydrophilic and hydrophobic substituents of the hydrophobic polymer backbone strongly
influenced the microphase separation. With dense sulfonation, a superhydrophilic domain
can be produced, and local halogenation or perfluoroalkane substitution can create a super-
hydrophobic domain in the structure. Furthermore, the trifluoromethyl-substituted group
is a strongly electron-withdrawing group and can deactivate the nucleophilic aromatic
substitution (SNAr) reaction of the sulfonating agent, creating favorable localization for
hydrophobicity [13,32,33]. However, compatibility challenges may occur when the polari-
ties of the components are extremely different, regardless of whether the monomers are
polymerized through physical blending or preacidification.
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Herein, we report a series of novel poly(arylene ether)s synthesized using a multi-
phenylated difluoro monomer with a trifluoromethylphenyl side chain and three types
of multiphenylated bisphenol monomer. Sulfonated poly(arylene ether)s were prepared
through treatment with chlorosulfuric acid, with the trifluoromethyl (-CF3) substituent
expected to inhibit the SNAr reaction in specific moieties, effectively dividing the local,
densely sulfonated moieties. After sulfonation, bipolar domains form in the molecules,
which become partially fluorinated sulfonated poly(arylene ether)s with highly efficient
proton transport. Furthermore, the free volume effect and hydrogen bond cohesion of
bisphenol monomers with different degrees of sulfonation provide corresponding wa-
ter sorption ability and preserve high mechanical stability. The synthesis of sulfonated
poly(arylene ether)s was confirmed using proton nuclear magnetic resonance (1H NMR)
and Fourier transform infrared (FTIR) spectroscopy. PEMs were prepared through solution
casting with dimethyl sulfoxide (DMSO), and their properties—water uptake, dimen-
sional stability, mechanical strength, proton conductivity, morphology, and single-cell
performance—were determined.

2. Materials and Methods

2.1. General Methods

2,5-Bis(4-bromophenyl)-3,4-bis(3-(trifluoromethyl)phenyl)cyclopenta-2,4-dienone
(DTF-EO), 2′′,3′′,5′′,6′′-Tetraphenyl-[1,1′:4′,1′′:4′′,1′ ′ ′:4′ ′ ′,1′ ′ ′ ′-quinquephenyl]-4,4′ ′ ′ ′-diol (9B-
DO), 4-Bromo-4′-(4-bromophenyl-3′,5′-diphenyl-1,1′;2′1′′-terphenyl (6B-DB), and 3′,6′-
bis(4-bromophenyl)-1,1′:2′,1′′-terphenyl (5B-DB) were synthesized, as described previ-
ously [27,29]. Toluene and dichloromethane (DCM) were dried over CaH2 and P2O5,
respectively, and then freshly distilled under a N2 atmosphere and deoxygenated through
purging with N2 for 30 min prior to use. Other reagents and solvents were purchased from
Alfa Aesar (Haverhill, MA, USA), Aldrich Chemical Co. (St. Louis, MI, USA), Fisher Scien-
tific (Hampton, NH, USA), Merck (Darmstadt, Germany), or Tokyo Chemical Industry Co.
(Tokyo, Japan) and used without further purification. All reactions were performed under
repurified N2 atmosphere. The monomer reaction steps are presented in Scheme 1.

 
Scheme 1. Synthesis of monomers.
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2.2. 3′,6′-Bis(4-bromophenyl)-4′,5′-diphenyl-3,3′′-bis(trifluoromethyl)-1,1′:2′,1′′-terphenyl
(6F7B-DB) (1)

DTF-EO (8.10 g, 11.94 mmol), diphenyl acetylene (2.55 g, 1.20 eq.) diphenyl ether
(8.00 g) were placed in a 3-necked round-bottomed flask with condenser and thermometer
under N2 atmosphere at 40 ◦C. The reaction temperature was then increased to 220 ◦C for
20 h. After being cooled to room temperature, the crude mixture was poured into methanol
and deionized water (DI water), and extraction was subsequently performed using ethyl
acetate and DI water; dewatering was then performed using MgSO4. Finally, the resultant
product was obtained through reduced pressure distillation and recrystallization from
tetrahydrofuran (THF)/n-hexane, producing a crystal in a 54.3% yield. 1H-NMR (500 MHz,
CDCl3, 25 ◦C): d (ppm) 7.15 (d, 1H), 7.09 (s, 1H), 6.96–7.07 (m, 4H), 6.88–6.93 (m, 3H),
6.82–6.95 (m, 2H), 6.64–6.70 (m, 2H). Matrix-assisted laser desorption ionization–tandem
time-of-flight mass spectrometry MALDI-TOF/TOF MS (m/z): Calculated for C44H26Br2F6:
828.48, found 828.30.

2.3. 4,4′ ′ ′ ′-Difluoro-3,3′ ′ ′ ′-bis(trifluoromethyl)-2′′,3′′,5′′,6′′,4,4′ ′ ′ ′-difluoro-3,3′ ′ ′ ′-bis(trifluoromethyl)
-2′′,3′′,5′′,6′′-tetra (trifluoromethyl)phenyl-[1,1′:4′,1′′:4′′,1′ ′ ′:4′ ′ ′,1′ ′ ′ ′-quinquephenyl] (12F9B-DF) (2)

For the aforementioned reactor, 6F7B-DB (10.00 g, 12.1 mmol) and 4-fluoro-3-(trifluo-
romethyl) phenylboronic acid (5.00 g, 36.18 mmol) were dissolved in toluene (600 mL)
under N2 atmosphere. Subsequently, 2.0 M K2CO3 (aq.) (5.00 g, 28.94 mmol) was added to
the reactor. The mixture was boiled, (A-taPhos)2PdCl2 (catalyst, 100 mg, 0.14 mmol) was
added, and the mixture was then stirred for 2 days. After being cooled to room temperature,
toluene and saturated saline were used to extract the organic layer. Any impurities in the
mixture were removed using activated carbon, and the mixture was filtered using MgSO4.
Finally, the crude product was purified through recrystallization from ethyl acetate/n-
hexane, producing a crystal in 80.1% yield. 1H-NMR (500 MHz, CDCl3, 25 ◦C): d (ppm)
7.60 (d, 1H), 7.52–7.56 (m, 1H), 7.10–7.18 (m, 5H), 7.05–7.09 (m, 1H), 7.03 (d, 1 H), 6.98
(d, 1H) 6.82–6.95 (m, 7H). MALDI-TOF/TOF MS (m/z): Calculated for C58H32F14: 944.85,
found 994.66.

2.4. 4,4′ ′ ′ ′-Dimethoxy-2′′,3′′,5′′-triphenyl-1,1′:4′,1′′:4′′,1′ ′ ′:4′ ′ ′,1′ ′ ′ ′-quinquephenyl (8B-DMO) (3)

Briefly, 6B-DB (5.00 g, 8.11 mmol) and 4-methoxyphenylboronic acid (3.10 g, 8.11 mmol)
were dissolved in toluene (800 mL) under the N2 atmosphere. Subsequently, 2.0 M
K2CO3 (aq.) (4.50 g, 32.6 mmol) was added to the mixture. The mixture was boiled,
(A-ta Phos)2PdCl2 (catalyst, 100 mg, 0.14 mmol) was added, and the mixture was then
stirred for 2 days. Toluene and saturated saline were used to extract the organic layer.
Any impurities in the mixture were removed using activated carbon, and the mixture was
filtered using MgSO4. Finally, the crude product was purified through recrystallization
from ethyl acetate/n-hexane, producing a crystal in 85.1% yield. 1H-NMR (500 MHz,
CDCl3, 25 ◦C): d (ppm) 7.62 (s, 1H), 7.48 (d, 2H), 7.40 (d, 2H), 7.12–7.21 (m, 9H), 7.70 (d,
2H), 6.92–6.96 (m, 5H), 6.85−6.91 (m, 9H), 6.80–6.83 (m, 2H), 3.83 (s, 3H), 3.81 (s, 3H).
MALDI-TOF/TOF MS (m/z): Calculated for C50H38O2: 670.84, found 670.37.

2.5. 2′′,3′′,5′′-Triphenyl-[1,1′:4′,1′′:4′′,1′ ′ ′:4′ ′ ′,1′ ′ ′ ′-quinquephenyl]-4,4′ ′ ′ ′-diol (8B-DO) (4)

All glassware used must be dried rigorously and assembled under the N2 atmosphere.
8B-DMO (6.00 g, 4.47 mmol) was dissolved in dry DCM (120 mL). Boron tribromide
(5.1 mL, 20.4 mmol) was then injected at −78 ◦C under cryogenic storage dewar, and the
solution was stirred for 1 day. DI water was slowly added to stop the reaction. Extraction
was performed using ethyl acetate and DI water, and dewatering was performed using
MgSO4. Finally, the resultant product was obtained through reduced pressure distillation
and recrystallization from THF/n-hexane, producing a crystal in 47.0% yield. 1H-NMR
(500 MHz, CDCl3, 25 ◦C): d (ppm) 7.62 (s, 1H), 7.43 (d, 2H), 7.34–7.37 (m, 4H), 7.21–7.12 (m,
10H), 6.93–6.95 (m, 3H), 6.85–6.90 (m, 9H), 6.80–6.83 (m, 4H). MALDI-TOF/TOF MS (m/z):
Calculated for C48H34O2: 642.78, found 642.39.
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2.6. 4,4′ ′ ′ ′-Dimethoxy-2′′,3′′-diphenyl-1,1′:4′,1′′:4′′,1′ ′ ′4′ ′ ′1′ ′ ′-quinquephenyl (7B-DMO) (5)

Briefly, 5B-DB (6.00 g, 11.1 mmol) and 4-methoxyphenylboronic acid (5.06 g, 33.3 mmol)
were dissolved in toluene (700 mL) under the N2 atmosphere. Subsequently, 2.0 M K2CO3
(aq.) (4.50 g, 39.1 mmol) was added to the mixture. The mixture was boiled, (A-ta

Phos)2PdCl2 (catalyst, 100 mg, 0.14 mmol) was added, and the mixture was stirred for
2 days. Moreover, toluene and saturated saline were used to extract the organic layer.
Any impurities in the mixture were removed using activated carbon, and the mixture was
filtered using MgSO4. Finally, the crude product was purified through recrystallization
from ethyl acetate/n-hexane, producing a crystal in a 63.9% yield. 1H-NMR (500 MHz,
CDCl3, 25 ◦C): d (ppm) 7.56 (s, 1H), 7.48 (d, 2H), 7.35 (d, 2H), 7.16 (d, 2H), 6.92–6.95 (m,
5H), 6.86–6.83 (m, 2H). MALDI-TOF/TOF MS (m/z): Calculated for C44H34O2: 594.74,
found 594.24.

2.7. 2′′,3′′-Diphenyl-[1,1′:4′,1′′:4′′,1′ ′ ′:4′ ′ ′,1′ ′ ′-quinquephenyl]-4,4′ ′ ′ ′-diol (7B-DO) (6)

As regards the aforementioned reactor and cooling bath, 7B-DOM (4.00 g, 6.73 mmol)
was dissolved in DCM (150 mL). Boron tribromide (3.90 mL, 15.6 mmol) was then injected
at −78 ◦C, and the solution was stirred for 1 day. DI water was slowly added to stop the
reaction. Extraction was performed using ethyl acetate and DI water, and dewatering was
performed using MgSO4. Finally, the resultant product was obtained through reduced
pressure distillation and recrystallization from THF/n-hexane, producing a crystal in 92.1%
yield. 1H-NMR (500 MHz, CDCl3, 25 ◦C): d (ppm) 7.56 (s, 1H), 7.44 (d, 2H), 7.34 (d, 2H),
7.16 (t, 2H), 6.92–6.96 (m, 3H), 6.83–6.88 (m, 4H). MALDI-TOF/TOF MS (m/z): Calculated
for C42H30O2: 566.69, found 566.22.

2.8. General Procedure for the Synthesis of Polymers

Polymerization reactions were conducted in a three-necked 100-mL flame-dried flask
equipped with a stirring bar and Dean–Stark apparatus fitted with a condenser under
N2 atmosphere. The flask was charged with K2CO3 (3.61 mmol), dimethylacetamide
(DMAC; 25 mL), dry toluene (15 mL), difluoro monomer 12F9B-DF (1.50 g, 1.51 mmol),
and bisphenol monomer (1.51 mmol). Three types of polymers were used: 9B-DO, 8B-DO,
and 7B-DO. The polymer reaction steps are presented in Scheme 2.

 
Scheme 2. Synthesis of sulfonated ionomers.

The one-pot reaction was dried through azeotropic distillation at 130 ◦C for 2 h; then,
the reaction temperature was increased to 160 ◦C for 36 h. After being cooled to room
temperature, the crude mixture was poured into methanol and DI water to precipitate a
beige fibrous polymer. The polymer was filtered, washed several times with water and hot
methanol, and dried in a vacuum at 80 ◦C for 8 h.
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2.9. General Procedure for Sulfonation

To a solution of the polymer (1.20 g) in DCM (75 mL) at room temperature, chloro-
sulfuric acid in DCM was added dropwise. The reaction mixture was stirred for 24 h and
then poured into water. The polymer precipitate was filtered, washed thoroughly with
DI water until the pH became neutral, and then dried in a vacuum at 60 ◦C overnight to
obtain the sulfonated polymer. The polymers were sulfonated to different extents by using
the aforementioned procedure and adding 4 or 12 mL of a sulfonating agent, respectively.
The sulfonated polymer was readily soluble in polar aprotic solvents such as dimethylfor-
mamide, DMAC, DMSO, and n-methyl-2-pyrrolidone (NMP). The ionomer reaction steps
are presented in Scheme 2.

2.10. Measurements
1H NMR spectroscopy was performed using a 500-MHz Varian Unity Inova

500 spectrometer using CDCl3 or DMSO-d6 as the solvent. MALDI-TOF mass spectra
were obtained using a Bruker Daltonics Autoflex III TOF/TOF with 2,5-dihydroxybenzoic
acid employed as the matrix. The FTIR spectra of the polymer membranes were obtained
using a Bruker VERTEX 70 FTIR spectrometer. Gel permeation chromatography analysis
was conducted using a Viscotek 270 Max with a refractive index detector and THF used as
the eluent at a flow rate of 1 mL min−1. For calibration, a polystyrene standard (molecular
weight between 75 and 117 kDa) was used. Stress–strain curves were obtained for the
film specimens (length, 10.0 mm; width, 1.0 mm; and thickness, 30–40 μm) by using the
PerkinElmer Pyris Diamond TMA at 25 ◦C. Membranes with various thicknesses may
possess different physical–chemical properties, including mechanical strength, proton
conductance (not electrical conductivity), water uptake, and resistance [34]. Accordingly,
the thickness was controlled between 30 and 40 μm to match the comparable range of
the selected standard, Nafion 211 (25.4 μm). For sufficient ion cluster growth time, it
is necessary to have both high-concentration dissolution characteristics and appropriate
solvent evaporation rate under film-forming temperature conditions. Therefore, this study
uses high-boiling DMSO as the casting solvent.

2.11. Stability

The thermal stability of the polymers was evaluated through thermogravimetric
analysis (TGA) performed using a PerkinElmer Pyris 1 from 50 to 800 ◦C at a heating rate
of 10 ◦C min−1 under N2 atmosphere. Before the analysis, the membranes were dried in
the TGA furnace at 130 ◦C under N2 for 1 h to remove moisture.

The membranes were weighed and soaked in Fenton’s reagent (3% H2O2 aqueous
solution containing ferrous sulfate at 2.0 ppm) at 80 ◦C for observation after 24 h. Oxidative
stability (OS) was evaluated using the change in weight of the membranes after exposure
to Fenton’s reagent.

2.12. Water Uptake and Dimensional Stability

The water uptake (WU) of the membranes is gauged by comparing the weights of
the dry and the wet membrane samples by means of Equation (1). The dry membrane
weight (Wdry) is obtained by vacuum drying the sample at 80 ◦C for 24 h immediately
before weighing it. The weight of the corresponding membrane in wet conditions (Wwet) is
obtained by immersing the membrane sample in DI water at a specified temperature for
24 h, wiping off the surface moisture with filter paper, and then quickly weighing it. The
final WU is obtained from the average of three experiments.

Water uptake (WU) =
Wwet − Wdry

Wdry
× 100%, (1)

352



Membranes 2021, 11, 626

The swelling ratio was calculated using the following Equations (2) and (3):

In plane selling ratio (ΔT%) =
Twet − Tdry

Tdry
× 100% (2)

Through plane selling ratio (ΔA%) =
Awet − Adry

Adry
× 100% (3)

where Awet and Adry are the areas, and Twet and Tdry are the thickness of the wet and dry
membranes, respectively.

2.13. Ion Exchange Capacity

The ion exchange capacity (IEC) of the membranes was determined through acid-
base titration. Each dried membrane was weighed and then immersed in 1.0 M HCl (aq.)
for 24 h to protonate the acid groups; it was then washed thoroughly with DI water to
reach a neutral pH. Subsequently, the membrane was immersed in a 1.0 M NaCl (aq.) for
24 h to replace the protons of the sulfonic acid groups with Na+ ions. The solution was
titrated using 0.01 M NaOH (aq.), and phenolphthalein was used as an indicator. The IEC
(mmol g−1) was calculated from the titration results by using the following Equation (4):

IEC (mmol g−1) = (VNaOH × MNaOH)/Wdry (4)

where VNaOH and MNaOH are the volume and concentration of the NaOH solution, respec-
tively, and Wdry is the weight of the dry membrane.

2.14. Hydrated Molar Volume per Charge

The molar volume per charge (MVC) is an estimate of equivalent volume (cm3 per
ionomer or the mol equivalent of acid groups) based on the summation of molar vol-
ume subunits rather than true volume measurements, as shown in Equation (5) [31,35]
as follows:

MVC = ∑
i

niVi (5)

where Vi is the volumetric contribution of structural group i, which appears ni times
per charge.

The hydrated molar volume per charge (MVC(wet)) was the sum of the molar vol-
umes of the component atoms or water uptake of the polymers, which is given by
Equation (6) [31,35] as follows:

MVC(wet) = ∑
i

niVi + VH2O × λ (6)

where VH2O is the molar volume of water, 18 (cm3 mol−1)., and λ is the number of water
molecules per charge based, as shown in Equation (7) as follows:

λ =
[H2O][
SO−

3
] =

10 × WU
MH2O × IEC

(7)

where MH2O is the molar mass of water.

2.15. Percent Conducting Volume

Percent conducting volume (PCV), which is the ratio of the water uptake volume to
the acid volume concentration, was calculated using the following Equation (8) [31,35]:

PCV =
VH2O × λ

MVC(wet)
(8)
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Recently, research teams have employed this equation to better compare the proton
conductivity of sulfonated polymers in PEMs in various states of WU [31,35,36].

2.16. Proton Conductivity

The membranes’ proton conductivity was measured using a frequency response
analyzer (Solartrom 1260) along the in-plane direction over the frequency range 10 MHz
to 100 Hz at a voltage amplitude of 100 mV. Conductivity was measured after clamping a
10.0 mm × 5.0 mm sample between the two platinum electrodes of a conducting cell. The
test cell was placed in an Espec SH-241 environmental chamber to measure its conductivity
at 80 ◦C and various values of relative humidity (RH). Proton conductivity (σ) was then
calculated using the equation σ = L/RA, where L (cm) is the distance between the electrodes,
R (Ω) is the membrane’s resistance, and A (cm2) is the cross-sectional area of the sample.

2.17. Microstructure Analysis

Transmission electron microscopy (TEM) was performed using a JEM-2100 (high-
resolution) TEM instrument operated at an accelerating voltage of 200 kV. The acid form
of the s-P12FmB-X membranes was dyed and converted into Ag+ ions through overnight
immersion in 1.0 M AgNO3. Subsequently, the membranes were washed thoroughly with
DI water and vacuum dried at 80 ◦C for 12 h. These dyed membranes were placed in an
enclosure of epoxy resin and ultramicrotome under cryogenic conditions to obtain samples
with a thickness of 30 nm.

2.18. Single-Cell Performance

Catalyst ink was prepared by mixing Pt/C (HiSPEC 4000, Alfa Aesar, Haverhill, MA,
USA) with a 5 wt% Nafion D520 binder. The ink was sprayed onto both sides of the
membranes. The active surface area was 5 cm2 with an overall Pt loading of 0.4 mg cm−2.
A membrane electrode assembly (MEA) was obtained by sandwiching the s-P12FmB-
X membranes between two gas diffusion layers (GDL 24 BC, Hephas Energy Co., Ltd.,
Hsinchu, Taiwan). An MEA featuring a Nafion 211 membrane was fabricated using
the same procedure to serve as a reference. The anode and cathode were supplied with
hydrogen at a flow rate of 0.2 L min−1 and oxygen at a flow rate of 0.4 L min−1, respectively.
The fabricated cell was activated for 4 h with hydrogen and oxygen at 80 ◦C and 0.5 V.

3. Results and Discussion

3.1. Synthesis and Characterization of the Monomers and Polymers

A novel tetra-trifluoromethyl-substituted hexaarylbenzene (HAB) derivative diflu-
oro monomer was successfully synthesized in three steps, as illustrated in Scheme 1.
Using the method discussed in our previous report, DTF-EO was synthesized from 1,3-
bis(4-bromophenyl)propan-2-one and 1,2-bis(3-(trifluoromethyl)phenyl)ethane-1,2-dione
through aldol condensation. DTF-EO was then reacted with diphenylacetylene through
the Diels–Alder reaction to obtain monomer1 (6F7B-DB). To obtain the leaving for the
condensation reaction, monomer 2 (12F9B-DF) was prepared from 6F7B-DB and 4-fluoro-
3-(trifluoromethyl)phenyl)boronic acid through Suzuki coupling. To obtain the diol
monomers, a series of volume-related MAB guides—nB-DB, where m is the number
of Benzene Rings and synthesized, as described previously. Then, nB-DMO series were
synthesized from three guides and 4-methoxyphenylboronic acid through Suzuki coupling.
Finally, diol monomers (nB-DO) were prepared from nB-DMOs through BBr3 demethyla-
tion. All the monomer structures were confirmed through 1H NMR and MALDI-TOF-MS
spectroscopy (Figures S1–S12).

The polymers were synthesized through SNAr with a difluoro monomer (12F9B-DF)
and diol (nB-DO); these polymers are denoted P12F99B, P12F98, and P12F97B, respectively,
as shown in Scheme 2. The polymers were readily soluble in common solvents DMAC,
DMSO, NMP, THF, and chloroform. The P12FmB series polymers had molecular weights of
75–117 kDa and polydispersity indices of 2.0–2.7 mmol g−1

. These results reveal that a short
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perfluoroalkyl group could contribute sufficient solubility, and the tetra-trifluoromethyl
substitution in the phenyl provided a strong electron-withdrawing group to increase the
substitution activity of halophenyl enough to obtain high-molar-mass poly(arylene ether)s
during polymerization [37,38].

Postsulfonation of the P12FmB polymers was conducted using chlorosulfonic acids of
various concentrations to obtain s-P12FmB-X ionomers, where m indicates the composition
of phenyl rings and X indicates the IEC. The structures were confirmed through 1H NMR
spectroscopy. The NMR signals of ionomers and polymers are presented in Figure 1,
Figures S13 and S14, respectively. After polycondensation, the NMR signal of the P12FmB
series polymers comprised a single sharp peak (labeled 12) and was shifted to 7.70 ppm
because of a change in the chemical environment of the trifluoromethyl aromatic ring at
the junction. For instance, inP12F98B, as trifluoromethyl passivates the strong electron-
withdrawing and deactivating aromatic ring, the substituent of the sulfonated group is
often not in the trifluoromethyl substituted phenyl group. The new signal at 7.59–7.77 ppm
is assigned to the proton next to the sulfonated pendant benzene ring; the chemical shift is
similar to that reported in our previous work [27,28,39].

Figure 1. 1H NMR spectrum of P12F99B (top) and s-P12F99B (bottom) from 6.6 ppm to 8.1 ppm.

To confirm the sulfonation of the polymers, FTIR spectroscopy was performed to
determine the structural composition of the untreated polymer and polymers with different
degrees of sulfonation. After the sulfonation treatment, a broad absorption band was
generated from 3749 to 2425 cm−1 (–OH stretching) and was accompanied by changes in
the absorption peaks in fingerprint regions, as shown in Figure S15a,b, which reveals a
slight shift of the peak corresponding to symmetrical stretching of C=C absorption from
1492 to 1478 cm−1. Larger absorption peaks appear at 1350 and 1010 cm−1 and correspond
to symmetrical stretching and in-plane bending of the O=S=O functional group [40–42]. The
appearance of an enlarged shoulder at 1225 cm−1 is ascribed to asymmetric stretching [43].
The peak corresponding to the absorption of aromatic ethers (Ar–O–Ar) on the main chain
remains at 1035 cm−1 [42,44].
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3.2. Thermal Stability

The s-P12FmB-X series arylene ether ionomers obtained through sulfonation were
dried to remove moisture and then kept at 120 ◦C for 30 min before their thermal stability
was evaluated to guarantee the high stability of the cell during operation. Compared
with the untreated polymers, the s-P12FmB-X series ionomers exhibited less than 2 wt%
thermogravimetric loss due to loss of residual moisture before 120 ◦C. The trend, similar
for all of the sulfonated polymers, consisted of a drying stage and two degradation stages.
The thermal degradation curve obtained at 200–400 ◦C was attributed to the decomposition
of sulfonic acid groups [45]. The secondary degradation curve obtained above 600 ◦C
approximately corresponded to the degradation of the polymers’ main chain. Figure 2
presents the degradation of polymers, and their 5% weight loss temperature (Td5%) is
listed in Table 1. All the untreated polymers exhibited excellent thermal stability, with
Td5% higher than 589 ◦C. This was attributed to the multiple phenyl ionomer because rigid
aromatic groups are known to provide strong resistance to thermal degradation [14].

Figure 2. Thermogravimetric analysis curves of the P12FmB polymers and after sulfonation.

Table 1. Thermal stability and mechanical properties of the polymers and ionomers.

Membrane Td5% (◦C) Young’s Modulus a (GPa) Tensile Strength a (MPa) Elongation at Break a (%)

P12F99B 589.0 1.69 86.2 25.6
s-P12F99B-2.89 265.4 0.51 68.3 74.9
s-P12F99B-3.23 230.8 0.45 48.7 57.7

P12F98B 610.1 1.83 80.3 34.9
s-P12F98B-2.61 262.6 0.59 70.7 75.6
s-P12F98B-3.00 232.2 0.53 56.2 66.9

P12F97B 608.9 1.60 97.1 40.3
s-P12F97B-2.84 251.0 1.03 76.6 95.8
s-P12F97B-2.92 234.7 0.73 59.6 82.7

Nafion 211 - 0.28 34.2 101.5
a Measured at 25 ◦C and 40% RH.

3.3. Mechanical Properties

The mechanical properties of the P12FmB (innate form, solid symbol lines in Figure 3)
and s-P12FmB-X (acid form, hollow symbol lines in Figure 3) series membranes and of
the control sample (PFSA, Nafion 211) were measured; the detailed results are shown
in Table 1. The innate-form membranes were discovered to have Young’s moduli of
1.60–1.83 GPa, a tensile strength of 80.3–97.1 MPa, elongation at break of 25.6–40.3%, and
excellent source characteristics. The toughness of poly(arylene ether)s is derived from
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the contribution of rigid aromatic groups and their van der Waals forces, giving the full
range of polymers similar strength and generally low elongation at break as a more brittle
characteristic. The elongation at break P12F97B > P12F98B > P12F97B can be attributed
to the architecture effect of the polymer chains. P12F97B has fewer side chains on the
main chain, which allows it to stack better and obtain slightly stronger properties. After
treatment, the degree of acidification was higher, and the strength was lower, conforming
to the characteristics of strongly hydrophilic group implantation [8,46,47]. Moisture acted
similar to a plasticizer to enhance the ductility of the membranes (elongation at break,
57.7–95.8%) but combined with the rigid structure of the poly(arylene ether)s to yield suffi-
cient toughness. Although a significant increase in elongation at break was obtained after
the sulfonation treatment, a decrease in strength was observed in Table 2. The sustained
increase in IEC does not allow for better toughness of the membranes. Consequently,
Young’s moduli and tensile strength of the acid-form membranes were 0.34–0.57 GPa and
48.7 MPa–82.8 MPa, respectively. This result demonstrated that the mechanical properties
of the s-P12F97B-X series of membranes were comparable to those of Nafion 211 mem-
branes (Young’s modulus, 0.28 GPa; tensile strength, 34.2 MPa). Regarding the elongation
at break, s-P12F97B-2.92 > s-P12F98B-3.00 > s-P12F97B-2.89, which is attributed to the fol-
lowing two points: 1. the enhancement of IEC is accompanied by the enhancement of WU,
and the effect of self-wetting increases the plasticizer content and enhances the ductility;
2. the stacking surface, which mainly contributes to van der Waals forces, changes with the
substitution of sulfonic acid groups, decreasing van der Waals forces. Since the active zone
of sulfonation substitution (diol-monomers, Scheme 2) is also located at the difference of the
three polymer structures, the increase of IEC also means that the force dominance changes
from van der Waals forces to hydrogen bonding. In the presence of hydrogen bonding and
plasticizer (moisture), the ductility is increased and the strength is decreased, allowing for
proper toughness. The detailed hydration behavior will be discussed subsequently.

Figure 3. Stress–strain curves of MEAs at 25 ◦C and 40% RH.

3.4. Hydration Behavior

Fuel cells are operated under high humidity, and the water management charac-
teristics of PEMs must not be neglected. Excellent water uptake (WU) for the proton
carrier may be necessary, and its powerful influence on fuel cell performance [2,9,48].
However, the hygroscopic swelling of polymers is accompanied by dimensional changes,
microphase transitions, and even polymer corrosion [9]. The WU (Figure 4), hydration
number, dimensional stability, and oxidative stability (OS) of the s-P12FmB series mem-
branes were investigated, and the results are listed in Table 2. The Ave designation in the
s-P12FmB-Ave implies the average characterization of this series of ionomers. Since the
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IEC represented by X cannot be mathematically averaged to express its significance, the
average characterization and distribution are expressed as s-P12FmB-Ave.

Table 2. IEC, water uptake, swelling, and oxidative stability of the s-P12FmB-X and Nafion 211 membranes.

Membrane
IEC a WU (%) Λ b ΔA (%) ΔT c (%) OS (%)

(mmol g−1) 30 ◦C 80 ◦C 30 ◦C 80 ◦C 30 ◦C 80 ◦C 30 ◦C 80 ◦C 80 ◦C

s-P12F99B-2.89 2.89 96.6 114.3 18.6 28.0 64.3 100.1 35.9 61.5 -
s-P12F99B-3.23 3.23 106.7 142.9 18.3 26.0 76.5 122.3 35.5 - -
s-P12F98B-2.61 2.61 65.4 88.5 13.9 18.8 36.9 52.0 29.7 54.1 55.9
s-P12F98B-3.00 3.00 66.7 103.3 12.3 19.1 33.7 49.4 31.9 56.0 61.2
s-P12F97B-2.84 2.84 40.0 74.6 7.8 14.6 28.6 45.1 26.3 42.1 50.0
s-P12F97B-2.92 2.92 39.3 78.6 7.5 14.9 32.4 43.1 29.1 42.5 55.0

Nafion 211 0.91 17.0 29.0 7.5 22.0 - - - - 88.6
a IEC determined by acid-base titration. b λ calculation from WU. and IEC. c Change in membrane length (ΔL) and thickness (ΔT).

Figure 4. Water uptake as a function of temperature for s-P12FmB-Ave and Nafion 211 membranes.

As expected, the WU of the membranes increased with an increase in temperature,
IEC, and the number of arms of the phenyl group substituent. The amount of WU of the
s-P12FmB series membranes was 24–67% at 30 ◦C but increased to 74–143% at 80 ◦C. The
highest WU, for the s-P12F99B-2.89 membrane, was twice that of the others at 80 ◦C. In
addition, the slightly higher IEC of the polymer was attributed to the numerous sulfonated
active sites and larger free volume on the structure. Within the range of comparable IECs,
s-P12F98B-3.00, which had an asymmetric notch in its structure, had the highest initial
WU (60%) at low temperatures, and this uptake was greater than that of Nafion 211. The
effective WU properties are expected to provide an increase in the proton conductivity of
the film. Typically, water is required and generated during the operation of a PEM fuel
cell. As a result, membranes with excessive swelling rates may shrink under repeated cell
on/off (charge/discharge cycling) operations, resulting in creep and the risk of catalytic
layer peeling. In this study, the drawbacks of obtaining films with acceptable swelling rates
need to be verified by subsequent rigorous fuel cell lifetime studies.

In this system, the hydration number (λ), the number of equivalent carriers that
participate in carrying ions that are calculated using the experimental value of WU, was
equivalent to the number of water molecules per sulfonic acid group. As the result, the
s-P12F99B-X series membranes had higher λ (average 27.0) under operating conditions
(80 ◦C; RH, ~99%). This may be because the free space and the distribution of sulfonic acids
in the structure are relatively concentrated. On the other hand, the λ of the s-P12F98B-Ave

358



Membranes 2021, 11, 626

and s-P12F97B-Ave membrane were approximately 19.0 and 14.8, respectively; the λ value
decreases as the number of arms decreases. In this case, the equivalent carrying capacity
of the s-P12F99B-Ave membrane may be better. Under similar IEC conditions, λ was
discovered to increase with an increase in the number of sulfonyl phenyl arms, indicating
that the densely hydrophilic concentration affects the hydration behavior.

The swelling of the s-P12FmB series membranes resulted in an approximate 30–120%
change in area and 30–60% change in thickness at 80 ◦C, as illustrated in Figure 5. No-
tably, the s-P12F97B series membranes exhibited excellent dimensional stability, with
an average area change of 43.8 ± 10.3% and thickness change of 42.4 ± 3.6%. The
s-P12F99B-3.23 membrane had the largest dimensional change at low temperature be-
cause of its lowest trifluoromethyl content and highest water absorption capacity, which
were crushing at 80 ◦C. This result can be attributed to the variable free volume and rigidity
of the multiphenylated structure; the sulfonated territory allows water to occupy it [49,50],
and the strong hydrophobic phase (–CF3) improves the solubility and acceptable swelling
rate of the membrane [27,51].

Figure 5. Swelling as a function of temperature for s-P12FmB-Ave.

The resistance of the membranes to oxidation was tested using Fenton’s reagent, and
all membranes exhibited excellent OS at 80 ◦C for 1 h; the results are listed in Table 2.
After 16 h, continuous swelling was observed, and only the s-P12F99B-3.23 membranes
completely degraded. The degradation of the s-P12F99B-Ave film was attributed to its
high WU, which caused collapse and dissolution and increased the reaction area. Until
24 h, the asymmetric s-P12F98B-Ave still had higher oxidative stability than s-P12F97B-
Ave—58.6 and 52.5 wt%, respectively. Inevitably, the long-term stability of the prepared
membranes is not that optimistic or promising, compared to Nafion membranes. It is
recommended to introduce functional groups that can effectively form electron-deficient
structures in the polymer structure to improve the OS of membranes [37]. Although
the trifluoromethyl group can effectively form an electronic trap structure, the OS was
expected to increase as the volume ratio of trifluoromethyl molecules in the repeating unit
was increased [52,53]. Up to 24 h, the stability of the s-P12F98B-Ave was similar to that of
the s-P12F97B-Ave—58.6 and 59.5 wt%, respectively. This implies a threshold degree of
intensive sulfonation as a function of the number of arms of phenyl group substituents,
and this threshold can be used as a design reference for subsequent research.

3.5. Proton Conductivity

Proton conductivity is a principal indicator in the evaluation of the mass transfer
characteristics of an MEA, which usually involve multiple transport mechanisms and hy-
dration behaviors on multiple scales [9,26,32,37,54,55]. This article describes space-related
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hydration factors such as IEC, λ, MVC(wet), and PCV; the characteristics are summarized
in Table 2. The proton conductivity of the s-P12FmB series membranes was measured as a
function of RH at 80 ◦C and compared with that of the iconic standard Nafion membrane
(Figure 6). Compared with the Nafion membrane (123.8 mS cm−1) under the same mea-
surement conditions, the s-P12FmB membranes (>173.9 mS cm−1) had superior proton
conductivity due to the dense sulfonated structure. The conductivity of the s-P12FmB
membranes decreased with a decrease in the RH but was higher than that of the Nafion at
all RHs. The proton conductivity of the s-P12FmB-Ave membranes with comparable IECs
increased gradually with an increase in the number of phenyl groups in the structure; this
increase may be attributed to the higher concentration of local sulfonate groups. Due to
the existence of trifluoromethyl groups, the probability of sulfonation of the benzene ring
can be reduced [13], and the concentration of localized sulfonate groups on the polymer
chain can be further increased. Accordingly, s-P12F99B-2.89 had high proton conductivity
(294.1 mS cm−1) at low IEC, whereas s-P12F98B-3.00 and s-P12F97B-2.92 had lower proton
conductivity (219.0 and 186.6 mS cm−1, respectively) at high IEC.

Figure 6. Proton conductivity of the s-P12FmB-Ave and Nafion 211 membranes as a function of
relative humidity.

Due to the nature of the monomer components, the molecular volumes of their repeat
units were different, and the IEC was introduced; the MVC values of the polymers in the
dry state were calculated. To approximate the operating conditions of a fuel cell, the λ
under high humidity and temperature was measured to obtain the MVC(wet) in this case.
Although the actual volume was not obtained, when saturated, the estimated volume
change was assumed to be mainly due to the filling effect caused by the ion clusters
absorbing water and swelling under high humidity [9,31,36,52]. Incidentally, we can notice
that the conductivity of s-P12F97B-X membranes under low humidity conditions has a
contradictory behavior. It does not comply with the rising trend of conductivity with the
increase of IEC. However, the results from MVC to MVC(wet) can be observed to be very
similar, which means that the equivalent space provided by the concentration of sulfonate
[–SO3H] is similar. With the increase of RH, the master control of conductivity returns to
IEC and returns to the normal trend at high RH conditions. Accordingly, we believe that
the counterintuitive behavior of s-P12F97B-X membranes under low humidity conditions
had an acceptable margin of error.

To determine the influence of hydration relative to conductivity, the influence of free
volume was focused on the hydration domain (water-rich areas in the membrane), and the
hydration ratio of ionomers under fully hydrated conditions was determined as the PCV;
the result is listed in Table 3. With the change in the number of side-chain arms, the differ-
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ence in IEC was insufficient to demonstrate the effect of the hydration zone on conductivity,
whereas the PCV clearly differed. Consequently, even if the IEC was different, the PCV
exhibited by ionomers with the same number of arms in the system under full hydration
was similar. For example, even if the λ value of the s-P12F99 membranes was different,
the proportion of domains that were hydrated was similar (PCV ≈ 0.71), and the con-
ductivity was also similar. Conversely, as the PCV decreased, the conductivity decreased
considerably, such as for s-P12F98B-2.61 and s-P12F98B-3.00. Although s-P12F98B-2.61 had
a higher MCV(wet) (562.8 and 543.8 cm2 [eq. mol.]−1, respectively), its PCV was low
(0.60 and 0.63, respectively); the ratio of the volume of the hydrophilic phase to that of the
hydrated membrane was relatively small; therefore, the conductivity was low (255.1 and
212.6 cm2 [eq. mol]−1, respectively). s-P12FmB series membranes decreased PCV with
an increase in the number of arms that were sulfonated. Notably, the membrane had low
sensitivity to humidity, and the conductivity remained higher than 100 cm2 (eq. mol)−1

and was comparable with the Nafion membrane (39–65 cm2 [eq. mol]−1) at low humidity
(RH, 60–80%). The low-humidity sensitivity is beneficial because humidity often varies
during cell operation.

Table 3. Proton conductivity, MVC, and PCV of the s-P12FmB-X membranes at 80 ◦C.

Membrane
Proton Conductivity at 80 ◦C (mS/cm)

λ
MVC MCV (Wet) at 80 ◦C PCV

at 80 ◦C40%RH 60%RH 80%RH 95%RH (cm3 eq.−1 mol−1) (cm3 eq.−1 mol−1)

s-P12F99B-2.89 15.8 55.8 134.2 294.1 28.0 151.8 713.5 0.71
s-P12F99B-3.23 19.5 60.2 151.0 301.8 26.0 139.5 658.4 0.71
s-P12F98B-2.61 11.3 42.7 103.3 212.6 18.8 161.6 562.8 0.60
s-P12F98B-3.00 17.2 55.8 128.0 255.1 19.1 145.1 543.8 0.63
s-P12F97B-2.84 14.2 43.8 100.9 173.9 14.6 142.6 458.1 0.57
s-P12F97B-2.92 11.2 40.7 101.6 187.3 14.9 139.7 460.3 0.58

Nafion 211 14.6 38.8 64.5 123.8 14.8 - - -

3.6. Microstructure Analysis

The s-P12FmB series membrane had clear phase separation, including main isolated
clusters (size, 3–8 nm) and mesoscale leopard-like clusters (15–45 nm), as visualized in the
dry state by using TEM (Figure 7). In Figure 7, the shadowy areas represent hydrophilic
ionic clusters, whereas the brighter areas represent the hydrophobic polymer matrix. The
expansion of the shadowy area implies the expansion of the proton transmission channel.
The aforementioned characteristics are observable to varying degrees in the cross-sectional
TEM images of the s-P12FmB series membranes. The overall shape of the s-P12F99B-
2.89 membrane was gyroid. In the microphase separation, isolated clusters tended to
be connected to condensate subregions with low sulfonate density and a diameter of
approximately 45 nm, as shown in Figure 7a. In the image of the s-P12F98B-3.00 membrane,
the tendency to connect appears to be reduced, forming a metastable state between the
gyroid and cylindrical types, as shown in Figure 7e. Under similar IEC, the number of side
chains passing through the aromatic group decreased, and the density and morphology of
large clusters changed until round isolated clusters formed in the s-P12F97B-2.92 membrane,
as revealed in Figure 7f. Thus, the trend in the microphase separation pattern could be
successfully changed by controlling the number of aromatic side chains. Predictably, the
generated operating groups produced during the cell process form the main path for
further growth while being transported.

3.7. Fuel Cell Performance

A single-MEA fuel cell with suitable mechanical characteristics and excellent proton
conductivity was fabricated using s-P12FmB-X series and Nafion 211 membranes with
overall Pt loading of 0.4 mg cm−2 on both sides of the membrane. The fuel cell was
examined at 80 ◦C at full hydration. Figure 8 shows the polarization and power density
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curves of the MEA containing the s-P12FmB-X and Nafion 211 membranes. The s-P12F97B-
2.92 cell exhibited an excellent current density of more than 1670 mA cm−2 (at 0.6 V) and
power density similar to that of the MEA containing Nafion 211 with identical graphite
bipolar plate and other fuel cell operating conditions. As shown in Figure 8, the cell
with the s-P12F97B-2.92 membrane demonstrated the highest maximum power density
(1.32 W cm−2) and had superior power density to that containing Nafion 211. The fuel cell
containing the s-P12F98B-3.00 membrane performed well (current density > 1650 mA cm−2

at 0.6 V), but greater ohmic region loss induced power density that was inferior to that for
Nafion 211 (>2000 mA cm−2). On the other hand, all s-P12FmB-X series membranes are
known to have reached the realm of overhydration (PCV > 0.35) from PCV, which means
that the hydrophilic phase may extend to satiation. The original TEM images used to
evaluate the ion channels will need to be discussed in terms of their opposites. The gyroid
from the ion cluster, which was expected to be beneficial for proton transport, instead
has a detrimental effect on the structural support of the membrane. In addition to the
macroscopic swelling of the membrane under high temperature and high RH conditions
during cell operation, water crossover and fuel permeation may also occur. As a result,
the s-P12F99B-2.89 membrane, which has the highest proton conductivity characteristics,
exhibited cells performance that were not that expected. The optimization of membrane
permeation modulation IEC may be the direction of research to obtain improved cell
performance. Encouragingly, this study has been successful in improving cell performance
through a slight structural design (different number of phenyl substitution arms and dense
sulfonation), which is also expected to provide a reference for subsequent researchers.
Accordingly, the high performance of the cell containing the s-P12F97B-2.92 membrane
may have been due to its high dimensional stability and sufficient proton conductivity.

 
Figure 7. TEM image of the (a) s-P12F99B-2.89 membrane at 20k and (b) 100k magnification; (c) s-P12F98B-3.00 membrane
at 20k and (d) 100k magnification; (e) s-P12F97B-2.92 membrane at 20k and (f) 100k magnification.
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Figure 8. Fuel cell performance of s-P12F99B-2.89, s-P12F98B-3.00, s-P12F97B-2.92 and Nafion
211 membranes at 80 ◦C.

4. Conclusions

In summary, we introduced a series of novel sulfonated poly(arylene ether)s that con-
tain superhydrophobic tetra-trifluoromethyl-substituted HAB and three types of densely
sulfonated phenylated MAB structures. The polymers were prepared through nucleophilic
substitution polycondensation, and postsulfonation was performed using chlorosulfuric
acid. The electron-withdrawing pendant groups of trifluoromethyl activated polymer-
ization and improved solubility to yield high-molecular-weight polymers. The results
indicate that trifluoromethyl inhibits the sulfonation activity of local phenyl substitutions
and postsulfonation can achieve more precise positioning in polymer while maintaining
the distribution of hydrophobic and hydrophilic moieties. Furthermore, all of the mem-
branes exhibited high thermal stability, favorable dimensional stability, and conductivity
that was not sensitive to humidity. The fuel cell containing the s-P12F97B-2.92 membrane
demonstrated excellent performance with a current density of more than 1670 mA cm−2 at
0.6 V and a maximum power density of 1.32 W cm2 at 80 ◦C at full hydration, properties
that are superior to those of Nafion 211. In addition, the s-P12F97B membranes exhibited
tensile stress at a maximum load of 59.6–76.6 MPa and elongation at break of 82.8–95.8%.
The combination of high thermal stability, acceptable dimensional stability, high proton
conductivity, and excellent single-cell performance makes s-P12F97B-2.92 attractive as a
PEM material for fuel cell applications.
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of 4,4′ ′ ′ ′-difluoro-3,3′ ′ ′ ′-bis(trifluoromethyl)-2′′,3′′,5′′,6′′,4,4′ ′ ′ ′-difluoro-3,3′ ′ ′ ′-bis(trifluoromethyl)-
2′′,3′′,5′′,6′′,-Tetra (trifluoromethyl)phenyl-[1,1′:4′,1′′:4′′,1′ ′ ′:4′ ′ ′,1′ ′ ′ ′-quinquephenyl] (2) (12F9B-DF),
Figure S3: 1H NMR spectrum of 4,4′ ′ ′ ′-Dimethoxy-2′′,3′′,5′′-triphenyl-1,1′:4′,1′′:4′′,1′ ′ ′:4′ ′ ′,1′ ′ ′ ′-
quinquephenyl (3) (8B-DMO), Figure S4: 1H NMR spectrum of 2′′,3′′,5′′-Triphenyl-[1,1′:4′,1′′:4′′,1′ ′ ′:
4′ ′ ′,1′ ′ ′ ′-quinquephenyl]-4,4′ ′ ′ ′-diol (4) (8B-DO), Figure S5: 1H NMR spectrum of 4,4′ ′ ′ ′-Dimethoxy-
2′′,3′′-diphenyl-1,1′:4′,1′′:4′′,1′ ′ ′:4′ ′ ′,1′ ′ ′-quinquephenyl (5) (7B-DMO), Figure S6: 1H NMR spec-
trum of 2′′,3′′-Diphenyl-[1,1′:4′,1′′:4′′,1′ ′ ′:4′ ′ ′,1′ ′ ′-quinquephenyl]-4,4′ ′ ′ ′-diol (6) (7B-DO), Figure S7:
MALDI-TOF spectrum of 6F7B-DB, Figure S8: MALDI-TOF spectrum of 12F9B-DF, Figure S9: MALDI-
TOF spectrum of 8B-DMO, Figure S10: MALDI-TOF spectrum of 8B-DO, Figure S11: MALDI-TOF
spectrum of 7B-DMO, Figure S12: MALDI-TOF spectrum of 7B-DO, Figure S13: 1H NMR spectrum
of P12F99B (top) and s-P12F99B (bottom), Figure S14: 1H NMR spectrum of P12F97B (top) and
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Abstract: Lightweight energy storage devices with high mechanical flexibility, superior electro-
chemical properties and good optical transparency are highly desired for next-generation smart
wearable electronics. The development of high-performance flexible and transparent electrodes for
supercapacitor applications is thus attracting great attention. In this work, we successfully devel-
oped flexible, transparent and highly conductive film electrodes based on a conducting polymer,
poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS). The PEDOT:PSS film elec-
trodes were prepared via a simple spin-coating approach followed by a post-treatment with a salt
solution. After treatment, the film electrodes achieved a high areal specific capacitance (3.92 mF/cm2

at 1 mA/cm2) and long cycling lifetime (capacitance retention >90% after 3000 cycles) with high
transmittance (>60% at 550 nm). Owing to their good optoelectronic and electrochemical properties,
the as-assembled all-solid-state device for which the PEDOT:PSS film electrodes were utilized as both
the active electrode materials and current collectors also exhibited superior energy storage perfor-
mance over other PEDOT-based flexible and transparent symmetric supercapacitors in the literature.
This work provides an effective approach for producing high-performance, flexible and transparent
polymer electrodes for supercapacitor applications. The as-obtained polymer film electrodes can also
be highly promising for future flexible transparent portable electronics.

Keywords: conducting polymers; electrodes; all-solid-state supercapacitors; transparency; flexibility

1. Introduction

As one of the most attractive power sources, supercapacitors that deliver rapid charg-
ing/discharging rates, high power densities and long lifecycles have received significant
attention over the past few years [1–3]. High-performance supercapacitors have even been
regarded as the most vital part for a wide application scope ranging, from miniaturized
medical devices to large electric vehicles [4–6]. With the increasing desire for portable
and wearable electronics, the supercapacitors in early works, which are commonly bulky,
heavy and rigid, have gradually become unsatisfactory. Therefore, research interest toward
developing novel energy storage devices that confer features including small size, light
weight, good mechanical flexibility and even optical transparency has risen [7–12]. As the
key component of a supercapacitor, the property of its electrodes is critical. To meet the
aforementioned demands, the electrodes should possess not only superior electrochemical
properties, but also easy processability, high mechanical flexibility and good optoelectronic
performance [13].

To date, a variety of materials, including metal nanowires [14], conducting poly-
mers [15], carbon-based nanomaterials [16,17] and nanocomposites containing transition
metal oxides [18–20], are used to fabricate the electrodes for flexible and transparent su-
percapacitors. Among these materials, the hybrids of metal networks with conducting

Membranes 2021, 11, 788. https://doi.org/10.3390/membranes11100788 https://www.mdpi.com/journal/membranes
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polymers have been most extensively investigated. For example, Yang et al. reported
the synthesis of nickel oxide/nickel vanadate (Ni3V2O8) and polyaniline (PANI) com-
posites via in situ chemical bath deposition [21]. The as-fabricated electrodes exhibited
a high transparency of 71.8%, a high specific capacitance of 2565.7 F/g at 5 mV/s and a
wide potential window of 1.6 V. Lee et al. developed composite electrodes consisting of
poly(3,4-ethylenedioxythiophene): poly(styrenesulfonate) (PEDOT:PSS) and silver
nanowires [22]. The electrodes delivered 87% transmittance and capacitance of 113 ± 18 F/g
at 10 mV/s. However, the adhesion between the metal network with either the conduct-
ing polymer or the plastic substrate was weak, so the metal network was usually easily
delaminated from the substrate [23]. Aiming to improve the mechanical flexibility, He et al.
developed flexible and transparent film electrodes, using cellulose nanofibrils and reduced
graphene oxide via a layer-by-layer self-assembly method [24]. The areal specific capaci-
tance was 2.25 mF/cm2 at a current density of 0.01 mA/cm2. However, the carbon-based
nanomaterials commonly exhibit limited optoelectronic performance [25–27].

Owing to the good mechanical and electrical properties, flexible and transparent
electrodes made of neat conducting polymers are attracting great attention. PEDOT:PSS is
considered the most successful conducting polymer because of its unique advantages,
e.g., high electrical conductivity, excellent thermal stability, easy solution processability,
high transparency in the visible range and possible pseudo-capacitive effects [28–32].
In particular, compared with the complex processing techniques for developing various
inorganic-organic composite electrodes, the PEDOT:PSS film electrodes can be prepared
by a simple spin-coating approach, thus allowing a high-efficient fabrication on a large
scale. Due to their high electrical conductivity, PEDOT:PSS films can be applied as both
the current collectors and active electrodes in flexible and transparent all-solid-state su-
percapacitors [33]. Lai et al. reported a flexible transparent supercapacitor based on the
high-performance PEDOT:PSS films doped with ethylene glycol (EG) [33]. The highly
flexible PEDOT:PSS electrodes showed high transparency of >82% and an areal specific ca-
pacitance of 4.72 mF/cm2 at a current density of 0.01 mA/cm2. The resultant all-solid-state
symmetric supercapacitor yielded an areal specific capacitance of 1.18 mF/cm2 and an
energy density of 0.105 μWh/cm2 at a power density of 36 μW/cm2. Lee et al. fabricated
flexible, lightweight and coplanar transparent supercapacitor electrodes by embedding
conducting silver nanofibers into PEDOT:PSS [23]. The highly flexible electrode delivered
an areal capacitance of 3.64 mF/cm2 at 85% transmittance, while the symmetric transparent
supercapacitor device exhibited an areal capacitance of 0.91 mF/cm2 at a scan rate of
5 mV/s and an energy density of 0.05 μWh/cm2 at a power density of 74.1 μW/cm2.
However, a challenging task still remains for the development of lightweight, flexible and
transparent supercapacitors with high power/energy densities.

In addition, a simple and environmental-friendly technique for the electrode fabri-
cation is of practical significance. Previous studies have shown that the optoelectronic
properties of the PEDOT:PSS films could be greatly improved via either secondary doping
or a post-treatment process with solvents [34], solutions [35], ionic liquids [36], zwitteri-
ons [37], acids [29], etc. Among these approaches, the treatment using solutions consisting
of common salts and solvents is particularly mild, without causing damage to the plastic
substrates, e.g., polyethylene terephthalate (PET). In this regard, the PEDOT:PSS films
after such a solution treatment can be promising for use as the electrodes of flexible and
transparent supercapacitors.

In this work, we reported a flexible and transparent electrode with high performance
based on PEDOT:PSS films. The PEDOT:PSS films were prepared through directly spin-
coating the aqueous solution onto PET substrates, while their optoelectronic property was
systematically investigated and modulated as a function of the spin coating cycles. The as-
prepared PEDOT:PSS films were then post-treated with a solution consisting of a common
inorganic salt and organic solvent. The treatment has improved both the sheet conductance
and optical transmittance of the as-prepared films. An all-solid-state supercapacitor was
assembled, using the treated PEDOT:PSS films as both the electrodes and current collectors.

368



Membranes 2021, 11, 788

The electrochemical properties of the PEDOT:PSS electrodes and the all-solid-state device
were studied in terms of the areal specific capacitance, cycling durability and mechanical
flexibility. In comparison with other PEDOT-based transparent and flexible supercapacitors
in literature, our device exhibited a remarkably higher power/energy density. This work of-
fers a simple, efficient and environmental-friendly approach to fabricate high-performance
electrodes for future flexible and transparent energy storage devices.

2. Experimental Section

2.1. Materials

The PEDOT:PSS aqueous solution (Clevios PH1000) was purchased from Heraeus
(Shanghai, China). The concentration of PEDOT:PSS was 1.3 wt.%, and the weight ra-
tio of PSS to PEDOT was 2.5 in solution. Isopropanol (IPA), zinc chloride (ZnCl2) and
N, N-dimethylformamide (DMF) were purchased from Sigma-Aldrich (Shanghai, China).
Phosphoric acid (H3PO4) and polyvinyl alcohol (PVA) powder were purchased from
Tianjin Kaixin Chem (Tianjin, China) and Evs Chemical Technology Co. Ltd. (Dalian,
China), respectively. All the chemicals were used as received. Transparent PET substrates
were purchased from Dawan Plastic Electronics Company (Suzhou, China).

2.2. Fabrication of PEDOT:PSS Electrodes

The PEDOT:PSS electrodes was fabricated by spin-coating the PEDOT:PSS aqueous
solution on PET substrates of 1.5 × 1.5 cm2, which were pre-treated successively by
detergent, IPA and plasma cleaning (air plasma, Shenzhen Tonson Tech Automation
Equipment Co., Ltd. Shenzhen, China). After spin-coating, the PEDOT:PSS films were dried
at 120 ◦C on a hotplate for 20 min. The PEDOT:PSS electrodes with different thicknesses
were prepared by repeating the spin-coating process for 1, 2, 4 and 5 cycles. The as-
prepared PEDOT:PSS films were then treated with 0.1 M ZnCl2-DMF solution at 120 ◦C.
After the solvent DMF was evaporated completely, the treated films were cooled down to
room temperature, followed by rinsing with deionized (DI) water three times. After that,
the films were dried again on the hot plate.

2.3. Fabrication of All-Solid-State Symmetric Supercapacitors

A gel electrolyte was prepared by mixing 1 mL H3PO4, 1g PVA powder and 9 mL
DI water. The whole mixture was heated to 90 ◦C under stirring until the blend solution
turned into a gel. The all-solid-state supercapacitors were assembled in a sandwich config-
uration. Typically, two PEDOT:PSS electrodes were coated on the upper and lower sides
of the H3PO4/PVA gel electrolyte, respectively, and then firmly pressed together. The gel
electrolyte served as both the binder and the separator. The effective area of the symmetric
supercapacitor was 1.5 × 1.0 cm2.

2.4. Characterizations

The optical transmittance of the PEDOT:PSS electrodes was measured on the
UV-vis-NIR spectrometer (UV-2600, Shimadzu Co., Ltd. Suzhou, China) in the visible
light range (400–700 nm). The surface morphology of the PEDOT:PSS electrodes was ob-
served on an optical microscope (PSM-1000 Motic China Group Co., Ltd. Xiamen, China).
The sheet resistances of the film electrodes were measured by the van der Pauw probe
technique, using a Keithley 2450 source/m. The electrical contacts were prepared on the
four corners of the films, using silver paste.

2.5. Electrochemical Measurements

The electrochemical properties of both the PEDOT:PSS electrodes and all-solid-state de-
vices were investigated using a CHI 760E electrochemical workstation (Chenhua Instrument
Co., Shanghai, China). Cyclic voltammetry (CV), galvanostatic charge–discharge (GCD)
and electrochemical impedance spectroscopy (EIS) measurements for the PEDOT:PSS elec-
trodes were conducted in a three-electrode configuration. A 1 M sulfuric acid (H2SO4)
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was used as the electrolyte, while the PEDOT:PSS films, Hg/HgSO4 and platinum (Pt) foil
served as the working, reference and counter electrodes, respectively. The EIS measure-
ments were performed in the 10 mHz to 100 kHz frequency range with a potential ampli-
tude of 5 mV. The electrochemical properties of the all-solid-state symmetric supercapacitor
were evaluated in a two-electrode configuration by CV, GCD and EIS measurements.

The areal specific capacitances (CSC, mF/cm2) of the film electrodes and the sym-
metric supercapacitor were both calculated from their GCD curves according to the
following formula:

CSC =
IΔt

AΔV
(1)

where I is the discharge current, Δt is the discharging time based on the scan rate, A is the
effective area of the electrode, and ΔV is the potential window. The areal energy density
(E, μWh/cm2) and power density (P, μW/cm2) were calculated according to the equations

E =
1
2

CSCΔV2 (2)

And
P =

E
Δt

(3)

respectively, where CSC is the specific capacitance of the device.

3. Results and Discussion

Compared with other transparent supercapacitor electrodes composed of inorganic
and organic blends, neat polymer film electrodes can possess various advantages, e.g.,
low-cost, good material uniformity and easy processability. The pristine PEDOT:PSS films
directly produced from its aqueous solution usually have a very low electrical conductivity
of <1 S/cm [38]. To achieve highly conductive electrodes in a mild way, the as-prepared
PEDOT:PSS films were subjected to a post-treatment with 0.1 M ZnCl2-DMF solution.
Notably, since the PEDOT:PSS films was prepared via spin-coating from its aqueous solu-
tion, and the post-treatment was performed by simple solution drop-casting, the process for
producing the transparent and flexible PEDOT:PSS film electrodes is, therefore, all-solution-
based, which can enable a scalable fabrication in practice. The mechanism for the electrical
conductivity enhancement of PEDOT:PSS by the ZnCl2-DMF treatment is illustrated in
Figure 1. During the ZnCl2-DMF treatment, the solvent DMF and the salt ions can both
induce charge screening on PEDOT and PSS [39]. The charge screening effect weakens the
Coulombic attraction between the PEDOT and PSS chains, thus facilitating a structural
transition of the PEDOT:PSS chains from a coiled to a linear conformation. The expansion
of the polymer chains consequently results in a remarkably improved electrical perfor-
mance. Since the solvent and salt ions in the salt solution can play a synergetic effect on
altering the polymer conformation, the salt solution treatment turns out to facilitate greater
enhancement in the electrical conductivity of PEDOT:PSS than the neat solvent treatment
methods, which are commonly used elsewhere [22].



Figure 1. Schematic diagram of the mechanism for conductivity enhancement of PEDOT:PSS by ZnCl2-DMF treatment.

For use as the flexible and transparent supercapacitor electrodes, the optoelectronic
performance of the PEDOT:PSS films in terms of the sheet resistance and transmittance
were measured, as shown in Figure 2. After the ZnCl2-DMF solution treatment, the sheet
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resistance of the PEDOT:PSS film prepared via only once spin-coating sharply decreases
from 700 to 0.163 kΩ/sq, while its transmittance at 550 nm surprisingly increases from
89.7% to 93.9%, indicating the effectiveness of the treatment process. The sheet resistance
and optical transmittance of the PEDOT:PSS film electrodes were further investigated
as a function of the spin-coating cycles. As the number of the coating cycles increases
from 2 to 5, the film electrode exhibits simultaneous decreases in both the sheet resistance
and transparency. Typically, a PEDOT:PSS electrode prepared from 4-cycle spin-coating
yields a sheet resistance of as low as 41 Ω/sq, with a transmittance of over 60% at 550 nm.
These properties are quite comparable or even better than those of the PANI- and graphene-
based counterparts reported in the literature [15,17].

1 2 3 4 5
0.01

0.1

1

10

100

1000

10000

 

Sh
ee

t r
es

is
ta

nc
e 

(k


/s
q)

Spin coating cycles

Untreated

400 450 500 550 600 650 700
0

10
20
30
40
50
60
70
80
90

100

Tr
an

sm
itt

an
ce

 (%
)

Wavelength (nm)

 Untreated
         once spin coating

      After treatment, 
      spin coating cycle
   1       2
   4       5

(a) (b) 

Figure 2. Optoelectronic property of PEDOT:PSS film electrodes. (a) Sheet resistances and (b) optical transmittance of the
PEDOT:PSS film electrodes as a function of the spin-coating cycles.

Figure 3 displays the electrochemical properties of the PEDOT:PSS film electrodes with
varying spin-coating cycles. As shown in Figure 3a, all the CV curves are nearly rectangular
without redox peaks at a scan rate of 100 mV/s, indicating the typical electrical-double-
layer (EDL) capacitive characteristics and good electrical conductivity of the PEDOT:PSS
electrodes [40]. As the coating cycle increases from 1 to 5, the area of the closed CV loop
accordingly increases. The capacitive behaviors of the PEDOT:PSS electrodes are thus
improved by increasing the thickness of the PEDOT:PSS films. At the applied current
density of 0.025 mA/cm2, all their GCD curves exhibit a nearly perfect triangular shape
(Figure 3b). The small voltage drop (IR drop) suggests a decreased mass transport resis-
tance and a good charge propagation of ions within the electrodes [41]. According to the
GCD curves, the areal specific capacitances of the PEDOT:PSS electrodes prepared via
spin-coating of 1, 2, 4 and 5 cycles are calculated to be 1.89, 2.27, 3.92 and 4.82 mF/cm2, re-
spectively. As the discharge current density increases from 0.025 to 0.1 mA/cm2, their areal
specific capacitances only slightly decrease to 1.52, 1.84, 3.2 and 4.02 mF/cm2, respectively.
The corresponding capacitance retentions are 80.6%, 81.0%, 81.6%, and 83.5%, respectively,
indicating the good rate capability of these electrodes (Figure 3c) [42]. The Nyquist plots
as a function of the spin-coating cycles are shown in Figure 3d. At the low frequency
regions, all the electrodes exhibit a steep slope, further confirming their ideal capacitive
behavior [43]. At the high-frequency regions (the inset of Figure 3d), the equivalent series
resistances (ESRs), which correspond to the internal resistances, are calculated to be ~3 Ω
for all these electrodes.

Our previous work has shown that the post-treatment with organic solutions of inor-
ganic salts (e.g., ZnCl2, NiCl2 and CuCl2) could effectively screen the Coulombic interaction
between the positively charged PEDOT and negatively charged PSS. This process not only
facilitates the effective PSS depletion from PEDOT:PSS, but also induces the PEDOT con-
formation change from a benzoid to a quinoid structure. After such a treatment, the
PEDOT:PSS films could achieve a remarkable conductivity enhancement by nearly 4 orders
of magnitude, from ~0.2 to ~1400 S/cm [39]. The high conductivity of the electrodes
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contributes to the low ESR. A low ESR has shown to be very important for reducing the IR
drop of the electrodes and the assembled devices during the charging/discharging process
at high current densities [13,44]. It is worth noting that the ESR of our PEDOT:PSS elec-
trodes is significantly lower than the corresponding values of many transparent electrodes
reported previously [16,45–47].
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Figure 3. Electrochemical properties of the PEDOT:PSS electrodes as a function of the spin-coating cycles. (a) CV curves
recorded at the scan rate of 100 mV/s. (b) GCD curves recorded at 0.025 mA/cm2. (c) Specific capacitance of the PEDOT:PSS
electrodes spin-coated for different cycles at scan rates of 0.01–0.1 mA/cm2. (d) Nyquist plots with an enlarged scale.

Given the trade-off between the optical transmittance and electrochemical storage
capability, the 4-cycle spin-coated PEDOT:PSS electrode, which possesses transmittance of
>60% at 550 nm, was selected as the ideal electrode for further investigation and device
assembly. The optical microscope image shows that the film has a highly uniform and
smooth surface morphology (Figure 4), which could be attributed to the good wettability
of the PEDOT:PSS aqueous dispersion on the PET substrates. Within a potential window
of −0.6–0.4 V, the CV curves of the typical 4-cycle spin-coated PEDOT:PSS electrode at
scan rates of 20–500 mV/s are shown in Figure 5a. Notably, the CV curve retains a good
rectangular shape, even at a high scan rate of 500 mV/s, thus suggesting the fast electron
transfer and ion transfer throughout the electrode [48].

Derived from the GCD curves (Figure 5b), its specific capacitance is calculated to be
6.3 mF/cm2 at a current density of 0.01 mA/cm2, and 3.92 mF/cm2 at a current density of
0.1 mA/cm2, significantly greater than that of the electrodes prepared from the PEDOT:PSS
solution doped with EG and a surfactant [33]. The cyclic stability of the 4-cycle spin-
coated PEDOT:PSS electrode was assessed by GCD over 3000 cycles, as shown in Figure 5c.
After 3000 charge/discharge cycles, the electrode still exhibits a capacitance retention of
>90%. The corresponding GCD curves after 1000 and 3000 cycles almost overlap with the
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initial one (inset of Figure 5c). These results suggest the excellent cycling performance
of the electrode, which is quite comparable with the reported electrochemical stability
of other polymer-based counterparts [42,49,50]. The PEDOT:PSS electrode exhibits good
mechanical flexibility and stable electrochemical performance at bending states. As the
bending angle increases from 0 to 180◦, its sheet resistance only slightly increases, i.e.,
by less than 20% (Figure 6). The CV and cyclic GCD measurements were also performed
when the electrode was bent at a bending angle of 90◦. For the electrode at normal and
bending states, no significant difference could be observed in the capacitance retention and
the CV and GCD curves after 500 cycles (Figure 5d), further suggesting its outstanding
electrochemical stability and robust flexibility.

  

Figure 4. The optical microscopy images of the 4-layer PEDOT:PSS film electrode.
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Figure 5. Electrochemical properties of the 4-cycle spin-coated PEDOT:PSS electrodes. (a) CV curves recorded at various
scan rates. (b) GCD curves recorded at various current densities. (c) Cyclic stability at a current density of 0.2 mA/cm2.
Insets show the GCD curves of the 1st, 1000th and 3000th cycles. (d) Cyclic stability of the electrode without bending and
under bending at 90◦. Insets show the comparison of the corresponding CV curves (left) and GCD curves (right) tested at
normal and bending states after 500 cycles.
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Figure 6. Sheet resistance of the 4-layer PEDOT:PSS film electrode as a function of the bending angle.

An all-solid-state symmetric supercapacitor was further constructed by sandwiching
a H3PO4/PVA gel electrolyte between two PEDOT:PSS electrodes (Figure 7a). As shown in
Figure 7b, the as-assembled supercapacitor exhibits an approximately rectangular shape in
the CV curves at scan rates from 20 to 500 mV/s. The rectangular characteristic remains
almost unchanged with the increasing scan rate, thereby indicating a rapid charge transport
and a high rate performance of the device [42]. At current densities of 0.01–1 mA/cm2,
all the GCD curves exhibit a symmetric triangular shape (Figure 7c). The areal specific
capacitance of the supercapacitor as a function of the current density is plotted in Figure 7d.
As calculated from the discharge curves, the corresponding areal specific capacitances
are 1.32 and 1.14 mF/cm2 at the current densities of 0.01 and 1 mA/cm2, respectively.
Such rate capability (>86% retention) is greater over those of most other polymer-based
all-solid-state supercapacitors in the literature [15,23,33]. Figure 7e presents the Nyquist
plot of the device. At the low-frequency regions, the curve appears to be nearly vertical,
which implies an ideal capacitive behavior of the device. The absence of the semicircle
at high-frequency regions indicates the good electrical contact and the rapid electron
transport in the all-solid-state device [51]. The long-term cycling stability is characterized
by performing 3000 GCD cycles at the applied current density of 0.2 mA/cm2. As shown
in Figure 7f, there is no significant capacitance drop observed during the measurements.
After 3000 charge/discharge cycles, the device achieves high capacitance retention of up
to 96.8%. The 1st, 1000th and 3000th cycles are specifically highlighted in the insets of
Figure 7f. The GCD curves after 1000 and 3000 cycles are nearly overlapped with the initial
one, further demonstrating the outstanding cycling stability. To assess the flexibility of the
all-solid-state supercapacitor, the CV and GCD measurements were further performed at
normal and bending states. As shown in Figure 8, both the CV and GCD curves well remain
in the original shapes, even at a highly bending state, revealing the excellent flexibility and
mechanical robustness of the device.

The Ragone plot, which displays the relationship between energy density versus
the power density, is commonly employed to evaluate the practical energy storage per-
formance of a supercapacitor. As shown in Figure 9, the all-solid-state flexible super-
capacitor based on the PEDOT:PSS electrodes delivers a high areal energy density of
0.183 μWh/cm2 at an areal power density of 4.98 μW/cm2, and maintains 0.131 μWh/cm2

even at 453.5 μW/cm2. Such power/energy densities are sufficient for powering burst com-
munication for an integrated sensor [27]. The energy storage performance of our device is
superior in comparison with those of many transparent and flexible PEDOT-based devices
reported recently [23,27,33,52]. The excellent performance could be mainly attributed to
the high electrical conductivity and good electrochemical property of the PEDOT:PSS films
treated by the salt solution.
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Figure 7. Electrochemical performance of the all-solid-state PEDOT:PSS supercapacitor. (a) Schematic structure and digital
images of the all-solid-state PEDOT:PSS supercapacitor. (b) CV curves at different scan rates within a voltage window of
0–1.0 V. (c) GCD curves at different current densities (Unit of current density: mA/cm2). (d) Specific capacitance at different
current densities. (e) Nyquist plot with an enlarged view in the insert. (f) Cycling performance at a current density of
0.2 mA/cm2.
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Figure 8. Flexibility of the all-solid-state PEDOT:PSS supercapacitor at normal and bending states. (a) CV curves (100 mV/s)
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4. Conclusions

In summary, transparent, flexible and highly conductive polymer film electrodes
were successfully fabricated by spin-coating the commercial PEDOT:PSS dispersion on
PET substrates followed by a mild post-treatment with ZnCl2-DMF solution. The optical,
electrical and electrochemical properties of the PEDOT:PSS film electrodes were optimized
through a modulation of the cycle number of the spin-coating process. The PEDOT:PSS
film electrodes obtained via 4-cycle spin-coating achieved an ideal balance between the
electrochemical performance and the optical transparency, delivering a high areal specific
capacitance of 3.92 mF/cm2 at 0.1 mA/cm2, a high capacitance retention of > 90% after
3000 cycles and a low ESR of only ~3 Ω with a good optical transmittance of exceeding 60%.
Upon the construction of an all-solid-state transparent supercapacitor, the PEDOT:PSS film
electrodes could be used as both the active electrodes and current collectors. Owing to their
high electrical conductivity and good electrochemical performance, the device exhibited
an areal capacitance of 1.32 mF/cm2, a maximum power density of 453.5 μW/cm2 and
an energy density of 0.131 μWh/cm2. Such power/energy densities were remarkably
larger than most of the reported flexible and transparent PEDOT-based devices so far. The
approach demonstrated in this work for fabricating the PEDOT:PSS transparent electrodes
is mild and easy. The as-obtained PEDOT:PSS film electrodes and devices showed excellent
electrochemical performance at good optical transparency, and thus, hold great promise
for use as transparent electrodes for various flexible or wearable energy storage devices.
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Abstract: The conversion of activated sludge into high value-added materials, such as sludge carbon
(SC), has attracted increasing attention because of its potential for various applications. In this study,
the effect of SC carbonized at temperatures of 600, 800, 1000, and 1200 ◦C on the anode performance
of microbial fuel cells and its mechanism are discussed. A pyrolysis temperature of 1000 ◦C for the
loaded electrode (SC1000/CC) generated a maximum areal power density of 2.165 ± 0.021 W·m−2

and a current density of 5.985 ± 0.015 A·m−2, which is 3.017- and 2.992-fold that of the CC anode.
The addition of SC improves microbial activity, optimizes microbial community structure, promotes
the expression of c-type cytochromes, and is conducive to the formation of electroactive biofilms.
This study not only describes a technique for the preparation of high-performance and low-cost
anodes, but also sheds some light on the rational utilization of waste resources such as aerobic
activated sludge.

Keywords: sludge carbon; extracellular polymeric substance; microbial fuel cell; electroactive biofilm;
microbial community dynamics

1. Introduction

Microbial fuel cells (MFCs) can convert chemical energy in organic matter into electric
energy by using the oxidation and metabolism mechanism of anaerobic bacteria on anodic
electroactive biofilms (EABFs) [1,2]. Compared with other electrochemical cells, such as
liquid flow cells and ordinary fuel cells, MFCs do not need external energy input and
have high energy conversion efficiency [3,4]. MFCs can use all biodegradable organics and
wastewater as fuels [2]. In wastewater treatment, MFCs can generate electrical energy while
efficiently treating wastewater, which not only significantly reduces the operation cost of
sewage treatment plants, but also makes efficient use of waste resources [3]. Traditional
wastewater biological treatment approaches mainly involve anaerobic digestion and aerobic
treatment technologies [5]. Anaerobic digestion technology is mainly applicable to high
concentration wastewater [6,7]. Although it can produce fuel gases such as methane or
hydrogen from organic wastewater, it also produces gases with no practical value such
as carbon dioxide, hydrogen sulfide and nitrogen [5,8]. The energy utilization mode is
complex and has significant requirements for production conditions. Aerobic treatment
technology is mainly applicable to medium and low concentration wastewater. With large
sludge production, aeration is required to maintain oxygen concentration, and the cost
of sludge disposal and aeration is high [8]. MFCs have a wide application range, low
sludge output and directly utilize electric energy. Thus, MFCs have incomparable technical
advantages compared with traditional wastewater biological treatment technologies [3,7].
Therefore, the application of MFCs in wastewater treatment has broad prospects. However,
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recently, it was reported that the maximum current and power densities of MFCs are
3.85 mA·cm2 and 0.66 mW·cm2, respectively, and the power production is still relatively
low, i.e., 2–4 orders of magnitude below that of chemical fuel cell [9]. In addition, the
cost of MFCs is also relatively high, notably due to the commonly used proton exchange
membrane and cathode platinum catalyst, which greatly increase the cost [10]. Thus,
practical applications for microbial fuel cells are limited.

The anode, as the core of MFCs, plays a key role in the extracellular electron transfer
(EET) between electroactive microorganisms (EAMs) and electrodes [8]. The properties
of the anode materials significantly affect the growth of EABFs. An ideal anode material
should have high biocompatibility and conductivity, cost efficiency, and easy commercial
production [11]. Traditional carbon-based materials, such as carbon cloth (CC), carbon
felt, carbon paper and graphite rod, have been widely used in MFCs. However, due to
the low electrochemical activity of carbon-based materials, their application in MFC is
limited [12]. Therefore, it is necessary to modify carbon-based materials to improve the
power generation performance of MFCs. Given the poor durability of carbon paper [4], the
high resistance of carbon felt [11] and the smooth surface of graphite rods [13], CC is often
used to modify carbon-based materials because of its good durability, low resistance and
easy modification [14]. Carbon-based nanomaterials, such as graphene, carbon nanotubes,
conductive polymers and carbon nanoparticles have been widely used to modify carbon-
based electrodes because of their good electrocatalytic activity and conductivity [11,12].
Liu et al., modified CC with tungsten carbide nanoparticles, which significantly improved
the electrocatalytic performance of the resulting electrode. The power density reached
3.26 W·m−2, which was 2.14 times that of the bare CC anode (1.52 W·m−2) [15]. Li et al.,
modified a CC with polydopamine (PDA) and graphene oxide (rGO), which improved
the hydrophilicity and significantly reduced charge transfer resistance. Its power density
reached 2.047 W·m−2, which was 6.1 times that of the bare CC electrode [10]. Liu et al.,
modified CC with graphene to enhance its biocompatibility. The power density and
energy conversion efficiency were 2.7 times and 3 times higher than those of the bare
CC electrode, respectively [16]. The above studies show that the modification of CC
anodes can significantly improve the performance of MFCs. However, the preparation
process of these nano materials is complex and yields are low [11]. It is estimated that the
preparation cost of these nanomaterials is high, accounting for more than half of the total
cost of MFCs [17]. Therefore, reducing the cost of MFC anode materials while maintaining
excellent performance is very important for further practical applications of MFCs.

Recently, carbon materials derived from natural biomass materials have attracted
extensive interest because of their low cost and sustainable resource utilization. Porous
carbon derived from biomass wastes such as almond shells, pomelo peels, towel gourds,
kenaf stems, silkworm cocoons and chestnut shells have been used to produce the anodes
of MFCs, showing excellent power generation performance; such approaches also open
up a new path for the utilization of natural waste [18–20]. Sewage sludge, a byproduct
of wastewater treatment, is abundant but remains expensive to dispose of. According to
statistical reports, China produces approximately 11.2 million tons of dry sludge every year,
while the countries of the European Union produce 10.0 million tons [21]. The cost of sludge
treatment and disposal is approximately 60% of the total operating cost of sewage treatment
plants [22]. In addition, the sludge contains pathogenic bacteria, organic pollutants, heavy
metals and other harmful substances, and its improper treatment can be harmful to human
health and the environment. Compared to incineration, landfill, anaerobic digestion, and
composting, pyrolysis treatment can effectively reduce the toxicity of dry sludge, yielding
sludge carbon (SC) and high value-added fuel [23]. It is considered a safe, stable, and low-
cost sludge treatment method. Previously, researchers have applied SCs prepared by one-
step pyrolysis to lithium-ion batteries, supercapacitors, and environmental catalysts [23].
Sludge-derived carbon has been shown to be feasible as a low-cost conductive material.
However, the effects of the physical and chemical properties of SC (such as specific surface
area, porosity, functional groups and metal phase structure) on MFC anodes, especially on
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extracellular polymers (EPS) in anode biofilms, and the mechanisms of electron transfer,
are still unclear. As an electrode material, SC still poses scientific and technical challenges.

The purpose of this study was to investigate the effects of SC characteristics on the
EABFs of MFC anodes. The parameters assessed included power generation, wastewater
treatment ability, electrochemical performance, EPS secretion, microbial activity, diversity,
and metabolic pathways. It aimed to provide a theoretical basis for the practical application
of sludge carbon in MFCs, and to lay out a safe and effective method for the utilization of
sludge resources.

2. Materials and Methods

2.1. Preparation of Electrodes

The anode and cathode were made of carbon cloth, purchased from WENTE Co., Ltd.,
Nanjing, China. The CC for the anode substrate (1.0 × 2.0 cm2) was relatively hydrophilic,
with a thickness of 0.36 mm and a resistivity of less than 5 mΩ·cm2. In order to increase the
hydrophilicity of the anode carbon cloth, the treatment method was as follows: 10% nitric
acid solution and 10% sulfuric acid solution were mixed in a 3:1 ratio; then, the carbon
cloth was soaked in this solution for 12 h [15]. The CC for the cathode substrate was
hydrophobic, with a thickness of 0.41 mm and a resistivity of less than 13 mΩ·cm2.The
preparation process of the anode was as follows: Aerobic activated sludge was collected
from a sewage treatment plant in Nanning, China. The sludge was dried at 60 ◦C for 24 h
and broken by grinding. It was then pyrolyzed at 600, 800, 1000, and 1200 ◦C for 2 h to
obtain SC powder, filtered, and dried to obtain SC600, SC800, SC1000 and SC1200 samples.
The obtained sludge carbon samples (1.5 mg cm−2) were sprayed onto a carbon cloth to
obtain SC600/CC, SC800/CC, SC1000/CC and SC1200/CC electrodes. Bare carbon cloth
(CC) (1.0 × 2.0 cm2) was used as the control electrode. The cathode was prepared to use
activated carbon as the catalyst, 5 wt% Nafion solution as the binder, and carbon cloth as
the collector [24]. The effective working area of the cathode CC was 4.91 cm2.

2.2. MFC Construction

For air cathode microbial fuel cells, the elimination of the proton exchange membrane
can significantly reduce the power output and cost of the cell. The reactors used in this
study were 100 mL single-chamber membrane-free air cathode bottle MFCs. The MFC
was inoculated on a super clean workbench. Firstly, 10 mL of pre-acclimated anaerobic
granular sludge was sucked into the anode chamber with a disinfection syringe. Then,
80 mL of prepared artificial wastewater was sucked. The artificial wastewater was mainly
composed of sodium acetate (1.5 g·L−1), phosphoric acid buffer solution (50 mM), trace
elements (12.5 mL·L−1), and vitamin solution (5 mL·L−1) [24]. The formula of the nutrient
solution is shown in the Tables S1–S3. Then, an external resistance of 1000 Ω was employed
to connect the electrodes [24]. Intermittent water inlet mode was applied to the MFCs. The
anode medium was replaced when the cell voltage passed below 50 mV. All experiments
were conducted in triplicate, and average values were calculated. The external voltage
generated by the MFCs was measured using a data acquisition instrument (Keithley6510,
Cleveland, OH, USA). The polarization and power density curves were measured by
gradually changing the external resistance (2000 Ω to 80 Ω) [7]. According to the formulas
I = U/R and P = UI, the current and power under the corresponding resistances were
calculated, respectively [25]. Cyclic voltammetry (CV) tests were performed in a three-
electrode system using an electrochemical workstation (Chenhua, Shanghai). The prepared
anode, a saturated calomel electrode (SCE), and a platinum wire were used as the working,
reference and counter electrodes. The measurement range was −0.6~0.6 V, the scanning
speeds were (1, 5, 10, 15 and 20 mV/s), and the static time was 2 s [9].

2.3. Materials Characterizations

The surface morphology and properties of the samples were characterized by scanning
electron microscopy (SEM-EDX, SU8020, Hitachi hi tech, Tokyo, Japan), high-resolution
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electron microscopy (HR-TEM, FEI TECNAI G2 F30, FEI NanoPorts, Hillsboro, OR, USA),
X-ray powder diffraction (XRD, RIGAKU D/MAX 2500V, Japan Science Corporation,
Tokyo, Japan), X-ray photoelectron spectroscopy (XPS, ESCALAB 250XI+, Thermo Fisher
Scientific, Waltham, MA, USA) and Raman spectroscopy (Raman, InVia Reflex, Renishaw,
London, UK). The pore size distribution and specific surface area of the samples were mea-
sured by Barrett-Joyner-Halenda (BJH) method and Brunauer-Emmett-Teller (BET) theory
(NOVA4200E, Cantar Instruments, Boynton Beach, FL, USA). The surface functional groups
of the samples were characterized in the range of 4000–300 cm−1 by Fourier transform in-
frared spectroscopy (FTIR, TENSOR II, Bruker, Karlsruhe, Germany). A Diamond TG/DTA
instrument (DTG-60(H), Hitachi hi tech, Tokyo, Japan) was used for a thermogravimetric
(TG) analysis of the samples. Confocal scanning electron microscopy (CLSM, LSM800,
zeroK Nanotech, Gaithersburg, MA, USA) was used to characterize the cell activity of the
EABFs. Chemical oxygen demand (COD) was detected using spectrophotometry and a
multiparameter water quality analyzer (Lianhua Technology Co., Ltd, Shanghai, China).
The total suspended solids (TSS) in the anaerobic granular sludge was calculated by drying
and weighing at 105 ◦C, while the volatile suspended solids (VSS) were calculated by calci-
nation at 600 ◦C. The zeta potential of the samples was characterized using a zeta potential
particle sizer (Nano-ZS90X, Marvin Instrument Equipment Co., Ltd, London, UK).

2.4. EPS Extraction and Analysis

Extracellular polymers (EPS) on anode biofilms were extracted by the water bath heat-
ing method [15]. After power generation, the CC was cut with sterile scissors and placed
into centrifuge tubes containing 0.9% sodium chloride solution, rotated for 10 min, and
centrifuged at 4000× g rpm for 15 min. The supernatant was discarded, replenished with
sodium chloride solution, the above operations were repeated, and vibrated in an 80 ◦C
water bath shaker for 30 min. Finally, the supernatant was centrifuged at 9000× g rpm
for 10 min and filtered through a 0.22 μm membrane to obtain tightly bound EPS. The
contents of polysaccharides, humic substances, protein, and outer membrane c-type cy-
tochromes (OM c-Cyts) in EPS were detected using UV/visible spectrophotometer (Agilent
8453, Agilent Technology Co., Ltd., Santa Clara, CA, USA). EPS was characterized us-
ing a three-dimensional excitation-emission matrix (3D-EEM) fluorescence spectrometer
(Hitachi F-7000, Hitachi hi tech, Tokyo, Japan). The main test parameters were as follows:
the scanning ranges of the excitation spectrum (Ex) and emission spectrum (EM) were
220–500 nm and 220–550 nm, respectively, while the scanning step was 5 nm.

2.5. Microbial Community Analysis

The anodes were collected after power generation, and the genomic DNA was ex-
tracted from the biofilm samples using the E.Z.N.A.® Mag-Bind Soil m DNA Kit (OMEGA)
according to the manufacturer’s instructions [25]. The V3-V4 region of the 16S rRNA gene
was amplified using polymerase chain reaction (PCR) with primers 338F (5′-ACTCCTACGG
GAGGCAGCA-3′) and 806 R (5′-GGACTACHVGGGTWTCTAAT-3′) [26]. The same load-
ing buffer volume was mixed with the PCR product, and electrophoresis was performed
on a 2% agarose gel. The products were purified using a pre-QUS kit™. The PCR products
were detected and quantified using a fluorometer. The NEXTFLEX Rapid DNA-Seq kit was
used to build the libraries. After purification and quantification, the samples were tested
for 16S rRNA gene sequencing based on the Illumina MiSeq platform. Based on the Kyoto
Encyclopedia of Genes and Genomes (KEGG) database, the macrogenomic information of
microbial metabolic function was predicted using the PICRUSt pipelines program [9].

3. Results

3.1. Characterization of Material

Figure 1 shows that the morphological changes in SC were significantly related to
the carbonization temperature. The SC600 and SC800 samples showed disordered sheet
structures. For the SC1000 sample, the surfaces were relatively rough, and carbon micro-
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spheres and small pores appeared due to the release of volatile substances and the sintering
effect, which converted a large number of inorganic parts into mineral-like compounds and
induced the carbon phase to warp some metals [27]. For SC1200 samples, high temperature
enhanced the shrinkage of carbon, hindered the development of pores, led to the collapse
or deformation of coke, and reduced the pore volume. Furthermore, it can be observed
from the TEM images (Figure S1) that the morphology of SC changed significantly with
the increase of pyrolysis temperature, with carbon particles appearing in SC1000 and
SC1200 samples, which is consistent with the SEM results.

Figure 1. SEM images of SC samples under different carbonization temperature: (a) SC600, (b) SC800,
(c) SC1000, and (d) SC1200.

As shown in Table 1, the pH, zeta potential, and ash content of sludge carbon was
linearly related to the carbonization temperature. Increasing the pyrolysis temperature
can increase the zeta potential of the sludge carbon surface. When the carbonization
temperature was low, the measured zeta potential was negative because the original sludge
was rich in negative groups such as carboxyl and hydroxyl groups, and the sludge carbon
surface was negatively charged [21]. When the carbonization temperature was 1000 ◦C or
above, the zeta potential was positive and the mud carbon surface was positively charged.
This was because the oxygen-containing functional groups with negative charge were
basically decomposed, and a large number of amino and metal groups were exposed on
the carbon surface of the sludge [28]. The electrical properties of the material surface
changed from negative to positive, which is useful for the electrical absorption of micro-
organizations with a negative charge. Another important feature of an ideal anode is high
conductivity. The results showed that the SC1000 sample had the highest conductivity
(57.43 s·m−1). In summary, the SC1000 sample may be the most suitable anode material. Its
high conductivity and low absolute zeta potential value enable the adhesion of EAMs and
the formation of EABFs. As shown in Figure S2, TGA showed a weight-loss temperature
range of 200–1300 ◦C, indicating that sludge carbonization began at 200 ◦C and mainly
ended at 1300 ◦C, and the mass was reduced by 51%. As shown in Figure 2, The FTIR
spectra of all samples showed the following stretching vibrations: -OH of ethanol with
a peak at 3450 cm−1, C-H at 2849 cm−1, N-H at 1650 cm−1, unsaturated aldehyde with
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C=O at 1406 cm−1, C-O of amine at 1100 cm−1, and C-H at 789 cm−1 and 2928 cm−1 [21].
The raw sludge was rich in carboxyl and hydroxyl groups [21]. As the carbonization
temperature increased, the intensity of these peaks gradually decreased. This was due to the
decomposition of oxygen-containing functional groups. Because of their negatively charged
surface, oxygen-containing functional groups are not favorable for bacterial adhesion, thus
affecting the electron transfer path [25].

Table 1. Physical parameters of SC samples.

Samples Yield (%) pH
Zeta

Potential
(mV)

Ash (%)
Volatiles

(%)
Conductivity

(s/m)

SC600 66.33 8.09 −19.20 78.60 20.30 13.87
SC800 63.63 8.56 −10.59 81.90 15.50 36.40

SC1000 55.93 8.98 1.39 83.20 12.70 57.43
SC1200 57.27 9.65 2.14 86.70 9.80 54.77

Figure 2. FTIR spectra obtained from raw sludge and SC samples.

As shown in Figure 3 and Table S4, the specific surface area and pore structure of
SC were significantly affected by the carbonization temperature, which greatly influenced
the catalytic activity of EABFs. The N2 adsorption/desorption curves of the SC sam-
ples belonged to type IV isothermal curves, and there were notable H3 hysteresis curves
(Figure 3a). This adsorption hysteresis phenomenon is related to the mesoporous and
microporous characteristics of the slit [29]. Table S4 summarizes the BET and pore-size
distributions of the SC samples. The results showed that the specific surface areas of the
SC samples gradually increased as the carbonization temperature increased. The specific
surface area of the SC1000 sample was the largest (216.00 ± 0.005 m2·g−1). However, when
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the carbonization temperature was further increased to 1200 ◦C, the specific surface area
of the sample decreased (176.55 ± 0.010 m2·g−1). The pore size distribution of the SC
was further studied (Figure 3b and Table S1). There were two types of pores in all SC
samples: micropores and mesopores, with an average size of approximately 8 nm. The
total pore volume and mesopore number of the SC800 sample were the largest, while the
total pore volume and mesopore volume of the SC1000 sample reduced, but the micropore
volume increased, which may have been due to the collapse of some mesopores under
high-temperature conditions, resulting in pore blockage [30]. It could be predicted that
the special mesoporous and microporous structures produced on the surface of SC may
provide active sites for the catalytic reaction and enhance the electrocatalytic ability, thus
enhancing proton transfer and charge transfer [15,25,31]. The increase in the specific surface
area also has a considerable effect on the decrease in the internal resistance [31]. In short,
the SC1000 sample had a good specific surface area and rich pore structure for proton and
electron transfer, substrate transport, and biofilm formation in MFCs [11,25,29].

Figure 3. (a) N2 adsorption-desorption isotherms, (b) pore size distribution, (c) powder XRD patterns
and (d) Raman spectra of the SC samples.

As shown in Figure 3c, an XRD analysis of the structure and crystallinity of the SC sam-
ples at varying carbonization temperatures indicated pyrolysis differences in the samples at
different temperatures. The characteristic diffraction peaks at 26.3◦ and 41.0◦ correspond to
the (002) and (101) lattice planes of graphite carbon, respectively, confirming the existence
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of graphite carbon. The characteristic diffraction peaks at 40.9◦ and 54.1◦ corresponded
to the (110) and (116) lattice planes of α-Fe2O3 (JCPDS. Card 33-0664). The characteristic
diffraction peak at 35.4◦ corresponded to the (111) lattice plane of Fe3O4 (JCPDS. Card
72-2303). The characteristic diffraction peaks of Fe3C (PDF No. 01-089-3689) are 43.7◦
and 54.7◦ [29,32]. As the carbonization temperature increased, the intensities of α-Fe2O3
and Fe3O4 decreased, while the intensities of graphite carbon and Fe3C increased. The
existence of graphite carbon and Fe3C supported the conductivity of the SC [29]. The
graphitization degree of SC was studied by testing the carbonized samples at different
temperatures using Raman spectroscopy (Figure 3d). The SC samples showed two char-
acteristic strong peaks at 1350 cm−1 and 1599 cm−1, corresponding to the defect D and
G peaks of graphite, respectively [25]. The strength ratios (ID/IG) of the D and G bands
decreased as the carbonization temperature increased, indicating that the graphitization
degree of SC improved. In addition, compared to the SC600 and SC800 samples, the SC1000
and SC1200 samples had wider peaks at 1350 cm−1, indicating that the nanoparticles in the
sludge carbon samples were smaller.

EDX was performed to detect the types and distribution of elements in SC1000
(Figure S3). According to the EDX results, SC1000 samples were rich in elements. In
addition to the main elements, i.e., C, N, O, and Si, these samples also had low contents
of metals such as K, Ca, Mg, Al, Fe, Cu, Zn, Ti, as well as trace amounts of P and S; these
heteroatoms were evenly distributed. Among them, C, N, P, and S are conducive to en-
hancing the graphite properties and hydrophilicity of SC [25]. Al, Ca, and Mg are useful
for the formation of biochar metal skeletons [23]. It is speculated that transition metal
elements such as Fe, Ti, Cu and Zn can provide rich active sites for redox reactions and
improve the electrocatalytic activity of EAMs [28,29]. The specific content of each element
in the SC samples was determined using XPS (Table S5). Interestingly, with the increase
in carbonization temperature, the contents of the other elements continued to decrease,
except for C and S. This was mainly due to the loss of volatile substances during pyrolysis.
In addition, with the increase in carbonization temperature, the contents of oxygen- and
nitrogen-containing functional groups decreased, which was consistent with the FTIR
results. It is well known that the reduction of oxygen content and pyridine groups enhance
electron transfer [25,33]. The types and contents of the elements in the sludge carbon were
further confirmed by XPS. Figure S4 shows the XPS full spectrum results of the SC samples
carbonized at 600, 800, 1000, and 1200 ◦C. According to the results, the elements in the SC
samples mainly comprised C, N, O, P, Si, Ca, Mg, Al, Fe, and P; this was consistent with
the EDX test results.

Furthermore, changes in the chemical forms of the main elements, i.e., C, N, and
Fe, in the SC samples prepared at different carbonization temperatures were analyzed by
XPS. As shown in Figure 4, the XPS high-resolution spectrum of C 1s mainly included
C-C and C=C graphite carbon with a binding energy of 284.80 eV, C-N with a binding
energy of 285.78 eV, C-O with a binding energy of 286.88 eV and C=O with a binding
energy of 289.12 eV [23]. It was further indicated that with the increase in carbonization
temperature, the oxygen-containing functional groups gradually decreased, and most
amorphous carbon was transformed into SP2 graphite carbon and C-N. Graphite carbon
improves the conductivity of electrodes, and the C-N bond could increase its hydrophilicity,
reduce charge transfer resistance, and facilitate bacterial adhesion [10,12,31,32]. The XPS
high-resolution spectra of N 1s mainly indicated pyridinic-N with a binding energy of
398.80 eV, graphitic-N with a binding energy of 401.50 eV, Fe-N with a binding energy of
399.60 eV, oxidized-N with a binding energy of 402.90 eV and pyrrolic-N with a binding
energy of 400.69 eV [29,32]. When the carbonization temperature was lower than 1000 ◦C,
the proportion of pyridinic-N and oxidized-N decreased, while the contents of graphitic-
N, pyrrolic-N, and Fe-N increased as the temperature progressed. It is well known that
graphitic-N can improve the conductivity of materials and accelerate electron transfer, and
pyrrolic-N can improve the electrochemical reaction rate. Fe-N improves the electrocatalytic
activity of EABFs and accelerates electron transfer [34]. The XPS high-resolution spectrum
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of Fe 2p showed that the oxidation state of Fe on the surface of the SC sample was complex,
and that the difference was significant with the change of carbonization temperature. Due
to the presence of various iron species, sludge carbon exhibits ferromagnetism, which is
conducive to microbial adsorption [23]. Particularly, for the SC1000 sample, the presence
of a Fe-C binding site with a binding energy of 720.7 eV confirmed the existence of Fe3C.
The surface of the CC anode was smooth, which was unfavorable for microbial adsorption
(Figure S5). The surfaces of CC loaded with sludge carbon were relatively rough, which
increased the microbial contact area. For SC1000/CC, the adhesion between the sludge
carbon and CC was closer, which was better for microbial adsorption (Figure S6).

Figure 4. C1s spectra for (a) SC600, (b) SC800, (c) SC1000 and (d) SC1200; N1s spectra for (e) SC600,
(f) SC800, (g) SC1000 and (h) SC1200; Fe2p spectra for (i) SC600, (j) SC800, (k) SC1000 and (l) SC1200.

3.2. Electrode Electrocatalytic Activity

CV analyzed the redox medium composition and redox potential of biofilms. All CV
curves showed a typical S-type anode catalyst curve with sodium acetate as the substrate
(Figure 5). This indicated the formation of electroactive biofilms and showed that all MFC
systems may adopt similar electron transfer paths. However, except for the CC anode, the
CV curves of other SC anodes showed a pair of redox main peaks, i.e., mainly redox pairs
centered on −0.38 V (cathode) and−0.06 V (anode). The midpoint potential was−0.2 V,
which is within the electron transfer activity range of outer membrane c-type cytochromes
(OM c-Cyts), indicating that the electron transfer path between the biofilm and the electrode
is mainly short-range direct electron transfer (DET) mediated by OM c-Cyts [35–37]. The
capacitance area of the SC anodes was much larger than that of the CC anode. The above
results show that the EABFs on SC electrodes have high electrocatalytic activity. In addition,
the peak current density and capacitance area of the anodes revealed a significant linear
relationship with the sludge carbonization temperature, and increased with increasing
scanning speed.
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Figure 5. CV plots of (a) CC, (b) SC600/CC, (c) SC800/CC, (d) SC1000/CC, (e) SC1200/CC with 1,
5, 10 and 15 mV/s scanning rates and (f) CV plots of the electrodes with 10 mV/s scanning rates at
three-electrode electrochemical systems after 54 d of batch mode operations.

3.3. MFC Performance

As shown in Figure 6a, in the first six cycles (approximately 25 days), the COD
removal rates of all MFCs showed an increasing trend, and after the sixth cycle of power
generation, the COD degradation rate stabilized. There was a correlation between COD
removal efficiency and carbonization temperature. MFCs equipped with SC1000/CC
had the largest COD removal efficiency (97.63 ± 0.039%), i.e., higher than that of CC
(90.97 ± 0.035%). In addition, during stable power generation, the VSS/TSS of the granular
sludge in MFCs equipped with SC electrodes was significantly higher than that of MFCs
equipped with CC (Figure 6b), and the value of VSS/TSS increased with the increase
of sludge carbonization temperature. This indicated that sludge carbon can increase
the organic components in granular sludge, thus improving the microbial biomass and
microbial activity. Interestingly, the trend regarding the COD removal efficiency of the MFC
reactor was consistent with that of VSS/TSS. This may have been because the addition of
SC promoted the enrichment of microorganisms, stimulated microorganisms to secrete
EPS, and accelerated the carbohydrate metabolism of exoelectrogens and methanogens,
thereby accelerating the degradation rate of organic matter [5]. Additionally, carbonization
temperature also strongly affected the internal resistance, power density and current density
of SC anodes (Figure 6c,d). According to the polarization curve, there was a significant
difference in anode open circuit voltage. The open circuit voltage of the SC anode was
0.640 V (SC600/CC), 0.686 V (SC800/CC), 0.725 V (SC1000/CC) and 0.698 V (SC1200/CC),
i.e., higher than that of the CC anode (0.626 V). Under the same voltage conditions, the
current density of SC1000/CC was the largest, indicating that SC1000/CC has the highest
electrochemical oxidation activity. The SC1000/CC anode generated a maximum areal
power density of 2.165 ± 0.021 mW·m−2 and current density of 5.985 ± 0.015 A·m−2,
which was 3.017- and 2.992-fold that of the CC anode. The SC1000/CC anode had lower
internal resistance and produced higher current density and power density, which meant
the electroactive biofilm had higher electrocatalytic activity. As shown in Figure 7, the
sludge carbonization temperature significantly affected the voltage output of the MFC
system. Compared to the MFCs equipped with CC electrodes, the output voltage of
the MFCs equipped with SC electrodes significantly improved. Among them, the MFCs
equipped with SC1000/CC anodes showed the best power generation performance, with
a maximum closed-circuit voltage of 0.501 V and an average power generation cycle of
146 h. The maximum closed-circuit voltage of the MFC equipped with CC anodes was only
0.323 V, and the average power generation cycle was 100 h.
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Figure 6. (a) COD removal efficiency of MFCs, (b) VSS/TSS of inoculated anaerobic granular sludge
at MFC systems, (c) polarization curves, and (d) power density of MFCs.

Figure 7. Reproducible cycles of output voltages produced in MFCs equipped with different anodes.

3.4. Anode Biofilm Characterizations

As shown in Figure S7, in the process of power generation, the modification of SC
significantly promoted the secretion of EPS, further confirming that SC can improve mi-
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crobial biomass and microbial activity. It is well known that in the biofilm-producing
current, c-Cyts play a key role in interspecific electron transfer and extracellular electron
transfer [36]. It is believed that the higher the concentration of c-Cyts, the higher the
electron transfer efficiency between EAMs and electrodes [35]. Some studies have shown
that the c-Cyts in EPS can closely bind to the active sites of transition metals Fe (III),
Cu (II), and Zn (II) to promote electron transfer [23,38]. It can be seen in Figure 8a–f that
in all MFCs, the absorbance of c-Cyts at a wavelength of 419 nm in the anode biofilm
gradually increased with power generation, and that the addition of sludge carbon at
different carbonization temperatures changed the absorbance of c-Cyts, indicating that
sludge carbon affected the secretion of c-Cyts and further influenced the power generation.
SC1000/CC had the highest absorbance at 419 nm, indicating that its c-Cyts concentration
was the highest, so it can continuously absorb electrons from the embedded bacteria and
transfer them to the electrode. As shown in Figure 8g–l, EPS extracted from the anode
biofilm was analyzed using EEM fluorescence spectroscopy. Among the observed peaks,
peak A (Ex/Em = 280–295/320–335 nm) was tryptophan-like acid and soluble microbial
by-products, Peak B (Ex/Em = 380/435–450 nm) was humic-like acid, and peak C (Ex/Em
= 420–425/450–470 nm) was coenzyme F420, which plays an important role in the hydrogen
nutrition pathway and is related to the methanogenic metabolic activity [5,39]. Peak D
(Ex/Em = 230/325–330 nm) was protein-like. Compared to the inoculated sludge, the
intensity of peaks A and B in the MFC anode biofilm gradually increased, and peak C
appeared. Compared to CC, the intensities of peaks A, B, and C in the SC anode biofilms
gradually increased, and peak D appeared. This was consistent with the conclusion in
Figure S7, which further proved that the SC can change the composition and content of
EPS. As shown in Figure S8, SC significantly promoted the increase in microbial biomass
in the biofilm and the secretion of EPS. The EPS matrix covered carbon defects on the
electrode surface and strengthened cell adhesion. As shown in Figures S8g–l and S9, SC-
modified CC can improve microbial activity and promote the growth of EABFs. The ratio
of live cells on the SC1000/CC anode biofilm was the largest, indicating that the anode had
high biocompatibility.

3.5. Microbial Community Analysis

The α diversity represents the microbial community diversity on the anode EABFs. As
shown in Table S6 and Figure S10, compared to the CC anode biofilm, the biofilm commu-
nity diversity, richness, and the total number of species in the SC anode biofilms increased.
These factors were linearly related to carbonization temperature, indicating that the SC has
a significant impact on the community diversity of the anode biofilm. The effect of the SC
characteristics on the microbial community structure of EABFs was further explored by
high-throughput sequencing (Figure 9). SC significantly affected the community structure
of the anode biofilm, thus directly affecting the power generation of MFCs. As shown in
Figure 9a, at the phylum level of archaea, Euryarchaeota, and halobacteria were dominant.
Among them, Euryarchaeota represent an irreplaceable functional microorganism in the
anaerobic digestion process [40], and their numbers increased with an increase in the sludge
carbonization temperature. In contrast, the content of halobacteria decreased with an in-
crease in the sludge carbonization temperature, indicating that SC changes the structure of
archaea, and that the characteristics of SC will selectively enrich functional microorganisms.
At the genus level of archaea (Figure 9b), Methanobacterium and Methanosaeta were domi-
nant. They can participate in EET and interspecific direct electron transfer (DIET) [5,39,40].
Methanosacrina is an obligate anaerobic bacterium that was significantly enriched in the
SC1000/CC anode. It can possibly perform an EET. Hence, SC optimizes the archaeal
community structure, selectively enriches functional microorganisms, and enhances the
hydrogen methane production pathway.
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Figure 8. Absorbance of c-Cyts for inoculated sludge and different anodic biofilms at MFCs on
(a) 6D, (b) 18D, (c) 30D, (d) 42D, and (e) 54D. Absorbance of c-Cyts for (f) SC1000/CC. EEM fluo-
rescence spectra of EPS extracted from (g) inoculated sludge, (h) CC, (i) SC600/CC, (j) SC800/CC,
(k) SC1000/CC, and (l) SC1200/CC anode biofilms at MFCs after 54 d of batch mode operations.

As shown in Figure 9c, at the phylum level, the microbial communities on all anodes
were similar, but the relative abundance of dominant bacteria was significantly different.
Compared to the CC anode, the relative abundance of Proteobacteria, Firmicutes, and
Bacteroidetes in the SC anodes decreased, and there was a correlation with the carbonization
temperature. In contrast, the relative abundance of Desulfobacterota, Synergistota, and
Actinobacteria increased. These results showed that SC could promote a synergistic effect
between exoelectrogens and Synergistota. Desulfobacteria and Actinobacteria are related
to organic matter degradation and usually control the acetate oxidation community [41],
which contains a large number of electrochemically-active species [2,42]. The relative

393



Membranes 2022, 12, 120

abundance of Desulfobacterota on the SC1000/CC biofilm was the highest (35%), indicating
that the biofilm was rich in electroactive bacteria.

Figure 9. Microbial community structures of anodic biofilms of Archaea and bacteria attached on CC
and SC anodes at the (a,c) phylum and (b,d) genus levels.

As shown in Figure 9d, at the genus level, SC increased the diversity of microbial
community. The dominant bacteria in each MFC were Geobacter and Lentimicrobium.
Geobacter is a common exoelectrogen that can secrete cytochromes and participate in direct
electron transfer [35,37,42]. This may be reflected in the power generation performance of
MFC systems. Direct electron transfer may occur between Geobacter and methanogens,
which can cooperate in power generation [43]. Lentimicrobium is a strictly anaerobic
gram-negative bacterium. Studies have shown that it may form a consortium with other
EAMs to convert acetate into electric energy [42]. Interestingly, SC significantly increased
the relative abundance of Thermovirga, which was positively correlated with carbonization
temperature, and may produce cytochrome to participate in EET [37]. In contrast, the
relative abundance of Pseudomonas was significantly reduced due to the presence of SC,
which promoted EET by secreting phenazines [42]. The results showed that the electron
transfer path of SC anode biofilms was mainly short-range DET of c-type cytochromes,
which was consistent with the data presented in the CV curves in Figure 5. The above
results show that the microbial community structure of EABFs is directly related to the
characteristics of the anode materials, and that there may be electron transfer between
Archaea and EAMs. The metabolic pathways of microorganisms determine the flow of
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electrons and protons, which affect the performance of electricity production. In metabolism
clusters, all reactors used amino acid, carbohydrate, and energy metabolism as the main
metabolic pathways (Figure S11). The SC1000/CC anode biofilm had the highest amino
acid, carbohydrate, energy, and lipid metabolism. High carbohydrate metabolism indicates
that microorganisms decompose organic matter quickly, which is related to increased
output voltage [43].

4. Conclusions

The sludge carbon prepared by one-step pyrolysis had the advantages of high con-
ductivity, good pore structure, high biocompatibility, high carbon content, rich heteroatom
composition, and low cost. It significantly improved the activity and diversity of microor-
ganisms on the anode biofilm, optimized the composition of the microbial community,
regulated the metabolic pathway of microorganisms, promoted the secretion of EPS and
the expression of cytochrome, and strengthened the electron transfer ability of EABFs.
Therefore, an anode processed at 1000 ◦C generated a maximum areal power density of
2.165 ± 0.021 W·m−2 and current density of 5.985 ± 0.015 A·m−2, which was 3.017- and
2.992-fold that of the CC anode. This study provides a theoretical basis for the practical ap-
plication of sludge carbon in MFCs and provides a new direction for the rational utilization
of biomass waste resources.
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Abstract: Degradation occurs in catalyst inks because of the catalytic oxidation of the solvent.
Identification of the generation process of impurities and their effects on the properties of HSC ink
and LSC ink is crucial in mitigating them. In this study, gas chromatography-mass spectrometry (GC-
MS) and cyclic voltammetry (CV) showed that oxidation of NPA and EA was the primary cause of
impurities such as acetic acid, aldehyde, propionic acid, propanal, 1,1-dipropoxypropane, and propyl
propionate. After the degassing treatment, the degradation of the HSC ink was suppressed, and the
concentrations of acetic acid, propionic acid, and propyl propionate plummeted from 0.0898 wt.%,
0.00224 wt.%, and 0.00046 wt.% to 0.0025 wt.%, 0.0126 wt.%, and 0.0003 wt.%, respectively. The
smaller particle size and higher zeta potential in the degassed HSC ink indicated the higher utilization
of Pt, thus leading to optimized mass transfer in the catalyst layer (CL) during working conditions.
The electrochemical performance test result shows that the MEA fabricated from the degassed HSC
ink had a peak power density of 0.84 W cm−2, which was 0.21 W cm−2 higher than that fabricated
from the normal HSC ink. However, the introduction of propionic acid in the LSC ink caused the
Marangoni flux to inhibit the coffee ring effect and promote the uniform deposition of the catalyst.
The RDE tests indicated that the electrode deposited from the LSC ink with propionic acid possessed
a mass activity of 84.4 mA·mgPt

−1, which was higher than the 60.5 mA·mgPt
−1 of the electrode

deposited from the normal LSC ink.

Keywords: catalyst ink; PEMFC; rheology; catalyst layer; impurity

1. Introduction

Proton exchange membrane fuel cells (PEMFCs) have received significant research
attention in recent decades, due to their high efficiencies, low operation temperature, and
zero emissions [1–4]. Membrane electrode assemblies (MEAs), which comprise a proton
exchange membrane (PEM), cathode and anode catalyst layers (CLs), microporous layers
(MPLs), and gas diffusion layers (GDLs), are considered to be the heart of PEMFCs [5]. The
complete working principle of an MEA consists of the following process: the oxidation
reaction of H2 at the anode catalyst layer (ACL) provides electrons to an external circuit
and releases protons to the internal electrolyte, while the reduction reaction of O2 at the
cathode catalyst layer (CCL) receives electrons (from the external load) and protons (from
the internal electrolyte). Both the CCL and ACL of an MEA are critical components of the
system, because they represent energy conversion sites, where charge and mass transfer
and the electrochemical reaction occur coinstantaneously [6]. The cost, performance, and
durability of PEMFCs are closely dependent on the structure and morphology of CLs,
which face several challenges, such as the coupling effects of corrosion in a strong acid
environment, humidity stress, thermal shock stress, and mechanical stress during the
service period [7]. Therefore, the optimization of the CL microstructure is a considerably
critical issue to ensure a high performance of PEMFCs.
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Understanding and optimizing the preparation process of MEAs are imperative to
obtaining CLs with the perfect microstructure for the most effective PEMFCs [8,9]. Gen-
erally, the process of preparing CLs involves the following procedures: (i) dispersion of
the catalyst (such as Pt-loaded carbon) and the proton-conductive ionomer, which also
works as a binder in a dispersion medium (such as water/NPA/isopropanol), in the CLs;
(ii) coating of the catalyst ink on the PEM or GDLs; and (iii) drying to evaporate the dis-
persion medium [6,10]. The effects of the catalyst ink quality and process control exist
throughout the above processes, which determine the CL microstructure and therefore
the characteristics of the fuel cells [11]. Previous works have focused on the construction
and optimization of the CL microstructure based on the coating process and ink formula-
tion [5,12]. Coating and drying parameters influence the distribution of materials and pores
in CLs and also have significant impacts on performance. Commonly, the ink formulation,
including the alcohol content and type, ionomer content, and Pt dispersion, also affects
the ink initial properties such as rheology, stability, and coatability, thereby exerting an
influence on the fabrication of CLs [13–16]. However, the degradation of the catalyst ink
quality after preparation also affects the catalyst ink viscosity, the size of agglomerates,
which are a mixture of the catalyst and ionomer, the quality of the coated catalyst layer, and
thus the performance of the fuel cells. Therefore, it is crucially necessary to understand the
degradation process of catalyst inks and its impacts on the storage and rheologic properties,
as well as well-constructed CLs.

Based on extensive studies on CLs, many researches have demonstrated that the
microstructure of CLs was closely realated to the catalyst properties, which was dependent
on the size of agglomerates [11]. Catalyst particles are generally found to be agglomerated,
forming primary agglomerates with a particle size of 200–300 nm under the effect of van der
Walls attractive force. Further agglomeration of primary aggregates happens to generate
secondary agglomerates on the microscale. Additionally, the addition of an ionomer can
reduce the size of agglomerates due to the electrostatic repulsion and steric hindrance
interactions. The larger agglomerates become, the greater negative effect they will have
on the construction of CLs, leading to a reduced output performance. Therefore, the state
of the catalyst ink should be controlled at a uniform and stable condition to fabricate
high-quality MEAs.

The change in composition of the catalyst ink will lead to a change in its properties,
especially the generation of impurities. To date, only a handful of studies have described
the generation of impurities in catalyst inks and their effects on the processability of
catalyst inks [14,17,18]. For instance, some previous works have demonstrated the effects of
various impurities, such as acids and aldehydes, on the agglomerate behavior of inks and
ultimately on the final structure of CLs [14,17–20]. Uemura [14,18,19] used X-ray computed
tomography to detect the presence of air bubbles and the third phase in a catalyst ink and
proved the catalyst caused alcohol to decompose [19]. Kameya combined nuclear magnetic
resonance (NMR) with magnetic resonance imaging (MRI) to analyze the internal state
of an ink during the preparation process and detected the presence of air bubbles in the
ink during the main mixing process [21]. In addition, 19F NMR spectra revealed dramatic
changes in the dispersion states of Nafion during the mixing period. Other previous studies
targeting NPA oxidation on platinum electrodes in acid solutions have demonstrated that
NPA is converted to propionic acid, whereas isopropanol is highly selectively converted
to acetone, due to the difficulty in breaking the C−C bond [22,23]. Catalyzed oxidation of
the dispersion medium and the deuterogenic reaction affect the state of the catalyst ink.
These generated impurities induce the generation of larger agglomerates in the catalyst ink,
and thus cracking of the CLs because of the capillary stress. Kumano [13] identified the
structural parameters that control the dispersion state and stability of Pt/C agglomerates.
In inks containing 48–75% of water, the amount of adsorbed ionomers decreased with
decreasing water content, resulting in increases in the viscosity, storage modulus, and
electrical conductivity. The adsorption rate of the ionomer into the Pt/C decreased, and the
average size of agglomerates, viscosity, and storage modulus increased with the increase in
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the hydrophobicity of the solvent. The impurity produced in inks undoubtedly changes
the hydrophobicity of the solvent and thus affects the properties of the ink. Hence, it is
important to obtain an understanding of the generation process of impurities and their
effects on processability.

HSC ink is often used in the coating procedure across industrial applications, whereas
LSC ink is applied in the spraying procedure and rotating disk electrode (RDE) tests in
laboratories [13,24]. High-quality RDE measurements need a thin, uniform film over the
entire surface area of the glassy carbon to accurately evaluate the electroactivity of the
catalyst [24]. The quality of the working electrode is delicately determined by the drying
conditions, alcohol content and type, Pt dispersion, and surface state of the glassy carbon.
Therefore, the effects of impurities on the properties of LSC ink require a detailed investiga-
tion, owing to their effect on the electrode structure, and the lack of clarity regarding their
underlying mechanism of action. At present, there is limited cognition of the formation
mechanism of impurities and their effects on the catalyst ink rheology and drying behavior.
To fully explore the generation process of impurities, we first investigated the oxidation of
the solvent and the effects of the temperature and atmosphere on catalyst ink degradation.
In order to understand how impurities affect the rheology and drying process of catalyst
inks, we present a comparative study of HSC ink before and after degassing treatment. The
range of comparison includes rheological behavior and the property (ink)–structure (cata-
lyst layer)–performance (MEA) relationship.The influence of impurities on the properties
of LSC ink cannot be ignored because the LSC ink is widely used in the RDE experiments
to evaluate the characteristics of catalysts. The effects of the introduction of propionic acid
in the LSC ink on the microscale structure of the RDE were investigated using optimal
microscopy, cyclic voltammetry (CV), and line sweep voltammetry (LSV). Based on the
understanding of the impurity evolution process and the relationship between the impurity
properties and ink quality for the two ink types, we provide insight into optimizing the
preparation of catalyst inks to obtain excellent processability and coatability. This also helps
in the construction of the desired catalyst layers.

2. Experimental Procedures

2.1. Preparation of Catalyst Ink

This section describes the procedures and instrumentation for the preparation of the
HSC ink. Briefly, 5.7 g of Pt/C powder (Johnson Matthey, Alfa Aesar, Shanghai, China,
Vulcan XC-72 with 60 wt% Pt and 20.5 g of Nafion® solution (Dupont™, New Castle, DE,
USA, Nafion® PFSA polymer dispersions D-520) were mixed with 27 g of the NPA and
ultrapure water (the ratio of NPA to ultrapure water was 1) dispersion medium. The
process of fabricating the HSC catalyst ink followed the steps shown in Figure 1. Firstly,
5.7 g of catalyst powder was added to 13.5 g of water and stirred with a glass rod, and
then 13.5 g of NPA and 20.5 g of Nafion solution were added successively (premixed
process), followed by ultrasonic dispersion (35 kHz, 5 min, 15 ◦C). Secondly, the catalyst
ink was homogenized by high-speed shear (1600 rpm, 30 min) and finally degassed using
a magnetic stirrer at 30 rpm for 30 min at −0.1 MPa. The ink and raw material for the
above process were contained in glass containers. The catalyst ink that was not degassed
was measured after being kept for 24 h and marked as “I-ink”, whereas the degassed ink
was denoted “D-ink” and left to stand for at least 24 h before subsequent measurement.
After preparation of the two catalyst inks, the container was filled with nitrogen as the
protective gas.
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Figure 1. Schematic representation of the process of HSC ink preparation.

The LSC ink for oxygen reduction reaction (ORR) catalyzed activity was evaluated
using a rotating disk electrode (RDE). Briefly, 2 mg of catalyst powder was added to a 1 mL
mixture of 5 wt% Nafion® solution and NPA (volume ratio of 1:30), and the mixture was
fully mixed by ultrasonication for 40 min (35 kHz, 15 ◦C). This LSC ink was denoted “N-
ink”. To characterize the effect of impurities on the LSC ink, we added 10 μL of propionic
acid (playing the role of impurities) to the N-ink to produce a comparison ink known as
“P-ink”. A summary of the compositions of the HSC ink and LSC ink is shown in Table 1.

Table 1. Sample composition of catalyst inks.

Ink Type Pt/C (g)
Deionized
Water (g)

1-Propanol
(g)

Nafion®

Solution (g)

Solid
Content (%)

HSC ink 5.7 14.082 13.705 20.517 12.45
LSC ink 0.002 0.000 0.967 0.0323 0.20

2.2. Electrochemical Evaluation

The HSC catalyst ink was directly coated on the proton exchange membrane (Gore,
Newark, DE, USA, thickness of 18 μm) using a slot-die coating system. The slot die moved
at a horizontal velocity of 10 mm/s above the proton exchange membrane with a coating
gap of 100 μm. The baseplate temperature was maintained at 60 ◦C to remove the solvent
from the wet film. The MEA was assembled by sandwiching a catalyst coating membrane
between two pieces of gas diffusion layer (Freundenberg, Shanghai, China, H24CX483).
The Pt loadings were controlled to be 0.4 mg·cm−2 and 0.2 mg·cm−2 in the cathode and
anode, respectively. To evaluate the fuel cell performance, the polarization curve was
measured with a 25 cm2 three-serpentine cell fixture and tested with a fuel cell test system
(Dalian New Sunrise Testing Technology Co., Ltd., Dalian, China, NSR-FTCS100B-1802-3).
The temperature of cell was controlled at 75 ◦C. The stoichiometry of H2/air was 1.5/2.5.
The inlet gauge pressures of anode and cathode were maintained at 100 and 80 kPa. The
relative humidity at the anode and cathode sides were both 55%. The electrochemical
impedance spectra of single cells were recorded at 1.6 A·cm−2 using a scanning frequency
from 103 to 0.1 Hz. A detailed electrochemical analysis of the oxidation behavior of NPA
and EA under an acid environment was performed using a three-electrode cell system
(PINE, AFCPRBE). This system comprises a thin film of catalyst ink deposited on a glassy
carbon substrate as the working electrode (WE), a reversible hydrogen electrode (RHE)
as the reference electrode, and a platinum sheet as the counter electrode. The electrolyte
solution was de-aerated before each measurement with N2 and O2 for 30 min, and all
electrochemical measurements were performed using an electrochemical workstation (CHI.
Instrument company, Shanghai, China, 760E). The working electrode was prepared by
transferring 10 μL of ink into the RDE (S = 0.196 cm2), followed by natural drying. CV
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and LSV were carried out in 0.1 M HClO4 at 25 ◦C. CV data were recorded at a potential
range from 0.05 to 1.10 V, at a scanning rate of 0.05 V·s−1, in a N2-saturated electrolyte
solution. ORR polarization curves were obtained in an O2-saturated electrolyte solution at
a scanning rate of 0.005 V·s−1 and an RDE rotation rate of 1600 rpm. The electrochemical
surface area (ECSA) of the WE was calculated based on the CV curves, using the following
equation [25]:

ECSA =
QH

210 × mPt
(1)

where QH (mC) is the charge of hydrogen species’ electro-adsorption peak; the value of
210 μC·cm−2 corresponds to monolayer adsorption of hydrogen atoms on a polycrystalline
Pt; and mPt represents the mass load of Pt on the working electrode. ORR’s catalytic
activity, which is the kinetic current density at 0.9 V (vs. the RHE) from the LSV curve, was
calculated based on the Koutecky–Levich (K–L) equation as follows [26]:

1
i
=

1
ik
+

1
id

(2)

where i is the current density value measured at E = 0.9 V; id is the diffusion-limited current
density at E = 0.4 V (vs. the RHE); and ik represents the kinetic current. The specific mass
activity (MA) of the catalyst is the kinetic current per unit mass loading of Pt [24,27].

2.3. GC-MS Instrumentation

Impurities in the catalyst ink were analyzed by GC-MS (Agilent, Shanghai, China,
7890B-5977B), which can detect various volatile components in a solution. Patterns of the
mass spectra were analyzed using NIST-2008.

2.4. Rheological Measurements

The rheological property of the inks was measured using a stress-controlled rheometer
(Anton Paar, Shanghai, China, MCR302), with a coaxial cylinder mold. Prior to measure-
ment, the ink was kept quiescent at 25 ◦C for 5 min to remove any previous disequilibrium
status and ensure that the constituent material established new equilibrium-status struc-
tures. A pre-shear treatment was first used to eliminate the shear history and ensure the
repeatability of the test data. During this operation, the shear rate was controlled at 0.01 s−1

for 100 s. Thereafter, steady status flow measurements were carried out by step-wisely in-
creasing the shear rate from 0.01 to 1000 s−1, to test the viscosity function of the formulated
inks. Three interval thixotropy tests were used to determine the structural regeneration
of the HSC ink, and a typical step test with three intervals depicted as a time-dependent
viscosity function was as follows: (1) the shear rate was kept at 0.1 s−1 for 60 s, at the
beginning, to simulate the ink at rest; (2) the shear rate was maintained at 100 s−1 for 10 s
to simulate the structural breakdown of the ink; (3) the rate was kept at 0.1 s−1 for 60 s to
simulate the structural recovery of the ink at rest. Furthermore, the strain dependency of
the storage modulus (G′) and loss modulus (G′′) was applied to change the strain from
0.01 to 100% at 1 Hz after tests of the steady flow viscosity. All rheology experiments were
performed at 25 ± 0.1 ◦C.

2.5. Measurement of Ink Cluster Size and Zeta Potential

The cluster size and zeta potential measurements of HSC were performed with dy-
namic light scattering (DLS) (Colloid Metrix, Shanghai, China, Nano-fiex) and a particle
potential titrator (Colloid Metrix, Shanghai, China, Stabino), respectively. For testing pur-
poses, 0.1 mL of the inks was diluted using 100 mL of a solution with the original solvent
composition. The diluted inks were dispersed in an ultrasonic bath for 2 min prior to the
DLS and zeta potential measurements.
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2.6. Determination of Contact Angle and Deposition of LSC Ink

The morphology of the LSC ink (5 μL) drying on the RDE was measured using a
digital microsystem (KEYENCE, Osaka, Japan, VH-S30B). The contact angle between the
catalyst ink and the glass was determined, using the side view of the microscope, and the
deposition process of the catalyst ink droplets was observed from the top view.

3. Results and Discussion

The total ion current (TIC) spectrum of I-ink, based on GC-MS detection, and the
spectra of D-ink are shown in Figures 2 and S1; the signals of impurities classified by their
corresponding mass spectra are illustrated in Figure 3; and the results of the quantitative
analysis are listed in Table 2.

 

Figure 2. Total ion current (TIC) spectrum of I-ink.

The impurities in the ink were indexed as acetaldehyde, propanal, 1,1-dipropoxypropane,
propyl propionate, acetic acid, and propanoic acid. The corresponding regions of the TIC
spectrum were detected after 1.865, 2.194, 9.136, 6.338, 18.620, and 20.562 s. The presence
of acetaldehyde was confirmed by the fragment ions (m/z) at 29, 43, 44, and 15 (Figure 3),
whereas the propanal segments were ionized into m/z of 26, 27, 28, 29, 57, 58, and 59. Other
impurities were identified through additional analysis of the mass spectra, such as propyl
propionate, 1,1-dipropoxypropane, acetic acid, and propanoic acid. Interestingly, these
impurities were found to simultaneously occur in I-ink and D-ink, albeit with significant
differences in concentrations. Therefore, the degassing treatment efficiently suppressed
the oxidation process of the solvent. Previous studies have demonstrated that Pt metal
can catalyze solvents to produce complex oxidizing compounds, including acetaldehyde,
propanal, acetic acid, and propanoic acid [22,28,29]. These catalytic products are then
condensed to form esters. We observed significant differences in impurity concentrations
between I-ink and D-ink. It is worth noting that the oxidation products exhibited more
hydrophobic characteristics than the original solvent composition. Nafion®, a binder and
stabilizer in catalyst inks, is essential for optimization of the properties of catalyst inks [30].
In fact, its hydrophobic backbone is attracted to the hydrophobic surface of the carbon
support, whereas its hydrophilic sidechains are ionized to generate numerous ionic charges
on the surfaces of the carbon support [31]. However, the presence of hydrophobic impurities
improved the compatibility between the ionomer and solvent, thereby increasing the
amount of free ionomer on the solvent. Consequently, this affected the interaction between
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the internal components and rheology of the catalyst ink [16,32]. Next, we investigated the
effects of the atmosphere and temperature on the impurity generation process.

 
Figure 3. Mass spectra of impurities derived from electron impact ionization of I-ink: (a) acetaldehyde;
(b) propanal; (c) propyl propionate; (d) 1,1-dipropoxypropane; (e) acetic acid; (f) propanoic acid.

Table 2. Summary of impurity concentrations of the catalyst inks derived from GC-MS data.

Sample Acetic Acid Propionic Acid Propyl Propionate

I-ink 0.0898 wt.% 0.0224 wt.% 0.00046 wt.%
D-ink 0.0025 wt.% 0.0126 wt.% 0.0003 wt.%

The CV of Pt/C electrodes in 0.05 M H2SO4 + 0.1 M NPA solution at 0.002 V·s−1

shows the electro-oxidation process of NPA (Figure 4a). The first oxidation peak was
detected at 0.90V vs. the RHE in the O2-purged solution, in the positive scanning process.
In contrast, this peak was found at 0.95 V vs. the RHE in the N2-purged solution, due to
the overpotential required to overcome the concentration polarization caused by the lack
of O2. Both oxidation peaks corresponded to the poisonous intermediate formation in the
NPA oxidation reaction [28]. However, an increase in the potential generated the second
oxidation peak at 1.29 V in the O2-purged solution, whereas a similar peak was observed at
1.35 V in the N2-purged solution. This oxidation peak indicated the formation of reaction
intermediates during NPA oxidation. Furthermore, several higher peaks’ current densities
were recorded in the O2-purged solution relative to the N2-purged solution, because suffi-
cient electro-oxidation of NPA produces a larger reaction current. A similar phenomenon
was observed during the oxidation of alcohol (Figure 4b). The oxidation peaks’ current
densities of NPA and EA are summarized in Table 3. The high impurity concentration
of I-ink derived from quantitative analysis of GC-MS also supported this phenomenon
(Table 2). As previously mentioned, the CVs of NPA and EA in the O2 atmosphere exhibited
a significantly higher oxidation overpotential and smaller oxidation current density, sug-
gesting that the anoxic environment can reduce the intensity of solvent oxidation reactions.
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The effects of the temperature on the electro-oxidation of NPA and EA are discussed in
the Supporting Information, and the CVs of NPA and EA under various temperatures
are shown in Figure S2. Summarily, high temperatures promoted the solvent’s oxidation
behavior, suggesting the need to regulate the N2 atmosphere and control the temperature
for an effective reduction in solvent electro-oxidation during the ink preparation process. A
summary of the mechanism underlying the formation of impurities in the catalyst inks is
shown in Figure 5. Briefly, EA and NPA can be oxidized to their respective aldehydes and
acids, in the presence of platinum catalysis; meanwhile, propyl propionate is generated by
esterification of propionic acid and propanol. Specifically, the aldolization reaction of NPA
and propanal, via Pt catalysis, is the cause of 1,1-dipropoxypropane [14].

Figure 4. (a) Cyclic voltammograms recorded with a Pt/C electrode in 0.05 M H2SO4 + 0.1 M NPA
solution and (b) 0.1 M EA solution, with a scan rate of 20 mV·s−1 and a temperature of 25 ◦C.

Table 3. Current densities of oxidation peaks recorded from the CV of NPA and EA.

Condition
NPA’s Oxidation Current Density/mA cm−2 EA’s Oxidation Current Density/mA cm−2

Peak I Peak II Peak III Peak I Peak II Peak III

N2-25 ◦C 0.855 3.66 1.338 2.046 3.506 3.231
O2-25 ◦C 1.266 4.148 1.758 2.634 4.241 3.532

Rheological characterization of the catalyst ink is an essential index for each step
during MEA fabrication. The catalyst ink is taken as the working fluid in a slot die,
and its viscosity is perceived as the most crucial rheological property during the coating
procedure [33,34]. It directly influences the behavior of the ink formulation during mixing
and production of the wet catalyst layer [35]. The relationship between viscosity and shear
stress is shown in Figure 6a. Obviously, shear thinning behavior occurred in D-ink and
I-ink, which means the viscosity was negatively correlated with the shear rate. Catalyst inks
are multi-component, complex solid–liquid mixtures that consist of a catalyst, ionomer, and
solvent medium. The dynamic viscosity at low shear rate stages is an index of the settling
degree of the solid content, while that at high shear rate stages is an index of the coating
processability [36]. Both inks showed a high viscosity at a low shear rate stage, which is
preferred owing to the lack of significance in the settlement of the solid content. Notably, at
a higher shear rate stage, the strong shear rate force tended to destroy the microstructure
of the catalyst inks, which subsequently realigned the internal structure and significantly
reduced the viscosity. This behavior means that D-ink and I-ink are non-Newtonian fluids,
a property that is quite suitable for the actual production process. At the ink storage stage,
the particles in the ink were subjected to external forces, including gravity and shear forces.
The shear rate ranged from 10−6 to 10−2 s−1. The high viscosity indicates the excellent
anti-sedimentation properties of these inks. During coating, the fluid with a high shear rate
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requires a low viscosity. After coating, the advection of ink occurs on the proton exchange
membrane under surface tension and the action of gravity. The viscosity of I-ink was
slightly higher than that of D-ink in most of the shear rate scope, but with the shear rate
increasing, the gap between the viscosities of the inks gradually narrowed. This implies
that the network structure of the catalyst and binder grew after degassing, and dispersion
states in the ink were changed. The rising hydrophobicity of the solvent caused an increase
in free ionomers, which subsequently increased the viscosity [37,38]. The difference in
the network structure’s strength between these two inks was further evidenced by the
hysteresis flow curves, as shown in Figure 6b,c. Notably, hysteresis phenomena, where
different shear stress values appeared in the positive scan and negative scan, were observed
in the inks. Moreover, any destabilization of this steady state would destroy the ionomer
structure, owing to entanglements of ionomer chains and fluctuations in the arrangement
of the catalyst particles brought about by changes in shear and relaxation processes [39,40].
The degassing treatment improved the adsorption of the ionomer into the catalyst, due to
the removal of the microbubbles in the aggregates.

 

Figure 5. A schematic illustration of the proposed NPA and EA conversion process.

Furthermore, the continuous increase in bridging within the catalyst, yield stress,
level of shear thinning, and equilibrium G′ within the inks’ linear viscoelastic regime were
all strengthened, and both types of inks exhibited a shear stress plateau at shear rates
from 1 s−1 to 10 s−1, indicating the existence of yield stress in both inks (Figure 6b,c). We
calculated the numerical value of the yield stress by averaging the initial five points in
this stress plateau and found a higher value in I-ink (2.5 Pa) than in D-ink (1.7 Pa). The
decrease in the yield stress of the inks contributed to their self-leveling, which suppressed
the uneven thickness distribution in the catalyst layer [5,41].
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Figure 6. (a) Dynamic viscosity data of tested catalyst inks; (b,c) shear stress as a function of the shear
rate for I-ink and D-ink; (d) three interval thixotropy test of catalyst inks, and amplitude oscillation
test of the inks; (e,f) strain-dependent storage modulus (G′) and loss modulus (G′′) at 1 Hz and
phase angle.

According to the determined yield stress, the level of shear thinning of the inks can be
quantified by implementing the Herschel–Bulkley model [42,43]:

σ = σ0 +Kγn (3)

where σ and σ0 represent the measured shear stress and yield stress measured at a specific
shear rate (Pa), respectively; K denotes the consistency index (Pa·sn); γ is the shear rate
(s−1); and n is the dimensionless flow index. Only information obtained from a shear rate
above 2 s−1 was considered in the modeling procedure, because this range of the shear rate
matches the actual coating process. The consistency index indicates the degree of viscous
contribution during the increase in the shear rate, whereas the function of shear stress
and the shear rate of the catalyst inks were presented by the flow index [44]. As shown in
Table 4, the results show that I-ink had a significantly higher consistency index than D-ink
because I-ink exhibited a significantly higher level of shear thinning and was more viscous
than D-ink. All of the inks had n < 1, a phenomenon that corresponds to the shear thinning
behavior as illustrated in Figure 6a. Notably, a small dimensionless flow index resulted in
stronger shear thinning behavior [42], and the gap in viscosity between D-ink and I-ink
almost disappeared when the shear rates were increased to about 100 s−1. On the other
hand, an increase in the low-shear viscosity (LSV) resulted in a coating layer with a sharper
edge, implying less cut-off waste during subsequent processing [45].

Table 4. Calculated Herschel–Bulkley parameters for the catalyst inks.

Ink Yield Stress, σ0 (Pa) Consistency Index, κ(Pa·sn) Flow Index, n R2

I-ink 2.49505 0.08131 0.76772 0.99982
D-ink 1.6832 0.05865 0.80801 0.99971
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Catalyst ink coating entails a high-shear-rate process, while self-leveling of the ink
onto the PEM is a low-shear-rate process. The essential requirements for this structural
regeneration process include: (1) applying a slow reconstruction rate for good leveling;
and (2) ensuring the rate is not too slow to prevent sagging and to allow a sufficient wet
layer thickness and flatness. To investigate this time-dependent behavior, we performed
a rotational test with three intervals and present the result as a time-dependent viscosity
function (Figure 6d). At the first stage, a very low shear rate (0.1 s−1) was used to simulate
behavior at rest, and as the hydrophobicity of the dispersion solvent increased, the viscosity
of D-ink became lower than that of I-ink. This difference in viscosity resulted from the
increase in the free ionomer and generated aggregation, which was related to the change in
the rate of adsorption of the ionomer into the catalyst [13,38,46]. An increase in the shear
rate to 100 s−1 (stage 2) caused the strong shear to simulate the structural breakdown of the
catalyst inks during the coating process [47]. Moreover, both ink types exhibited very low
viscosity due to the shear thinning behavior. At the final stage, the low shear rate simulated
structural regeneration for the ink self-leveling process, although the structural strength
and viscosity of the inks gradually recovered with time. The thixotropic recovery rates of
D-ink and I-ink were 75.8 and 46.6%, respectively. We hypothesized that the high ionomer
adsorption on the catalyst’s surface strengthened the interaction between the ionomer and
the catalyst, and this behavior was also observed in the lithium-ion battery field [47,48].

Next, we used oscillatory shear to investigate the inks’ microstructure, and amplitude
sweep to characterize the inks’ linear viscoelastic regime (LVR). Subsequently, we applied
the LVR to accurately measure the breakdown of the network structure and acquire the
structural strength of the initial state [42]. The results reveal lower G′′ values for both inks
at the low-strain region compared to G′, indicating an elastic-dominant response property
of the inks (Figure 6e) [42]. At a strain range of 5% to 7%, the G′ value fell below that of
G′′, indicating that only a slight increase in the shear strain could promote the inks’ shift
from elastic-dominant to viscous-dominant [49]. The phase angle δ of the ink, which is
calculated using Equation (4) below, is shown in Figure 6f.

δ = tan−1
(

G′′

G′

)
(4)

Briefly, the value of δ for D-ink reached 1 at a faster rate, indicating that the gel–sol
transformation occurred more easily. For D-ink, the better self-leveling effect, during
the drying procedure, resulted in the gradual development of pores in the wet catalyst
layer. Therefore, a homogenized cavity structure is beneficial to the reduction in capillary
stress during the drying process. In contrast, a wet film with low self-leveling after drying
generates a hierarchic pore structure with larger fluctuations, thereby enhancing capillary
stress and increasing the risk of CL cracks [46,50–53].

Figure 7a shows the cell polarization curves of the MEAs fabricated from different
HSC inks. According to Figure 7a, the MEA prepared from D-ink exhibited excellent
improvements compared with that made from I-ink. At the electrochemical polarization
control region, the voltage of the two MEAs showed no distinct differences, which can be
attributed to the catalyst having the same catalytic intrinsic activity in both MEAs. With the
increase in the current density, the gap in output voltages of the different MEAs expanded.
Especially under high current densities, mass transfer loss led to a significant performance
reduction for the MEA fabricated with I-ink. The electrochemical impedance spectra
were recorded to analyze the H2/air performance and fitting using an equivalent circuit
(Figure 7b) [54]. RΩ denotes the ohmic resistance of the cell. Ranode and Rcathode are faradaic
resistances, which represent the kinetics of the electrochemical reactions occurring on the
anode and cathode, respectively. The finite Warburg circuit element (Wmt) is used to reflect
the mass transport loss on the cathode side. As observed, the MEA performance improved
with the decrease in the impedance arc. The fitted values of RΩ were 0.0043 Ω and 0.0045 Ω
for D-ink and I-ink, respectively. The impedance spectra consist of semicircles in the high-,
medium-, and low-frequency regions, and each of these semicircles corresponds to the

409



Membranes 2022, 12, 541

resistances of anode activation, cathode activation, and mass transport. The increments
in the semicircles in the medium- and low-frequency regions reflect the greater resistance
of the activation kinetics and mass transport. The Ranode values for D-ink and I-ink were
similar, with 0.0211 Ω and 0.0223 Ω, respectively, due to them having the same anode
catalyst layer. The MEA fabricated with I-ink exhibited a higher Rcathode and Rmt than that
fabricated with D-ink. The Rcathode values decreased from 0.0604 Ω to 0.0353 Ω, and the Rmt
values varied from 0.0255 Ω to 0.0183 Ω, with the degassing treatment of the ink. Therefore,
the cathodic mass transport process and ORR kinetics dominated the H2/air performance.
Jian Xie [12] reported a similar phenomenon where the increase in the NPA ratio in the
solvent could intensify the resistance of the ORR kinetics and mass transport limitations.

Figure 7. (a) H2/air polarization curves of membrane electrode assemblies fabricated with HSC
inks, and (b) corresponding Nyquist plots obtained at 1.6 A·cm−2 from 0.1 Hz to 1 kHz; (c) size
distribution and (d) zeta potential of I-ink and D-ink.

To better understand how the impurities affect the MEA performance, the catalyst
cluster size distributions and zeta potential in different inks, which determine the cata-
lyst/ionomer interface and CL structure, need to be studied. The microscale mass transport
in the CLs depends on the aggregate structure and ionomer distribution [55]. As evidently
shown in Figure 7c, the intensity signals in I-ink showed a double-peak structure, indi-
cating quite a few of the larger clusters. On the contrary, the intensity signals of D-ink
were concentrated in small-size regions. The average diameter of I-ink clusters reached
244.7 nm, while the size of the D-ink clusters was 199.7 nm. The zeta potential results
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show the stability differences for D-ink (−32.64 mV) and I-ink (−29.52 mV). A hydrophobic
impurity causes the ionomer to adsorb into the solvent and desorb from the catalyst. This
reduces the adsorption capacity of the ionomer, leads to the inhibition of steric hindrance
between the clusters, and increases the risk of cluster agglomeration.

Apart from electrochemical contamination, impurities also affect the drying behavior
of LSC ink. High-quality ORR tests require a thin, uniform film over the entire surface
area of the GC electrode [56–58]. However, the catalyst dispersed in a drying ink drop
migrates towards the edge of the ink drop to form a “coffee ring” [59,60]. The effects of
impurities on catalyst activity were tested in a half-cell using the as-prepared ink coating
on a GC electrode. Deegan et al. [59,61,62] postulated that the “coffee ring” effect occurs
because the evaporation rate at the edge of droplet is higher than that at the center, resulting
in an outward capillary flow within the droplet. This, in turn, transfers the suspended
particles to the edge of the droplet and deposits them into a ring at the edge. As shown in
Figure 8a, the “coffee ring” phenomenon appeared in the N-ink electrode, leading to an
ununiform distribution of the catalyst, but this phenomenon was alleviated in the P-ink
electrode. Notably, the introduced propionic acid has a higher boiling point and lower
surface tension than the original solvent. As evaporation proceeds, the water evaporation
rate at the edge of the droplet exceeds that at the center, whereas the evaporation rate of
the propionic acid at the edge of the droplet becomes slower. Therefore, the propionic
acid gradually becomes enriched at the edge. The difference in surface tension between
the edge and center of the droplet creates the Marangoni effect [63]. On this basis, the
enhanced Marangoni flow moves the catalyst particles radially from the edge to the center
of the droplet surface, thereby inhibiting the “coffee ring” effect. Therefore, an RDE with a
uniform catalyst deposition layer shows a better ORR performance.

Figure 8. (a) Optical photograph and ORR performance of the electrodes in an RDE: (b) CV and
(c) the corresponding ORR polarization curves.

The CV curves of electrodes from N-ink and P-ink are shown in Figure 8b. The anodic
H waves and the cathodic H waves in the CV represent the H from the electrochemical
desorption and adsorption process, respectively [24,27,64]. The Hupd charge is estimated
after the conventional correction for the pseudocapacity seen in the double-layer region
by a straight line. As an electron is transferred during the oxidation of the adsorbed Hupd,

the charge of Hupd is therefore given by QH =
∫

idE
v with the potential E, the sweep

rate v, and the current i. The amounts of Hdes in the curves of P-ink and N-ink, with
double-layer charges subtracted, are 1.58 mC and 2.83 mC, respectively. In agreement
with the report of Garsany et al. [24], the film quality affects the electrochemical surface
area measurement, with an ECSA of 62.7 m2·gPt

−1 for the electrode fabricated from N-ink,
compared to 112.2 m2·gPt

−1 for the electrode fabricated from P-ink (cf. Table 5—data from
tables). Notably, the data shown in Figure 8c indicate that the electrode deposited by P-ink
had a higher mass activity (84.4 mA·mgPt

−1) than that deposited by N-ink. Furthermore,
the normal LSC ink exhibited lower electrochemical properties of electrode deposition than
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the LSC ink with propionic acid, under similar conditions of the catalyst ink formation and
drying process. The superior catalyst performance of the N-ink electrode was attributed
to the morphology of the deposited catalyst, due to the effect of impurities on the ink [65].
The records of the drying process for N-ink and P-ink are presented in the Supporting
Information to reveal the drying behavior of the ink droplets on the glass substrate.

Table 5. Properties of electrodes deposited by N-ink and P-ink.

Sample ECSA (m2·gPt
−1) MA (mA·mgPt

−1)

P-ink 112.2 84.4
N-ink 62.7 60.5

4. Conclusions

In the traditional ink preparation procedure, the catalytic oxidation of alcohols and its
effects on the quality of the catalyst ink are generally ignored. In this study, we explored the
mechanism by which impurities are generated, and the effects of such impurities on HSC ink
and LSC ink. The GC-MS results indicate that the impurities in the inks included propionic
acid, acetic acid, propanal, acetaldehyde, propyl propionate, and 1,1-dipropoxypropane.
Together with the electrochemical behavior of NPA and EA, the impurity evolution process
is as follows: NPA and EA are catalytically oxidized to propionic acid and acetic acid.
Then, they are under esterification and aldolization reactions. The strength of the catalytic
reaction is strongly correlated with the oxygen atmosphere and temperature. This result
demonstrates the importance of temperature control and degassing treatment during the
ink preparation process.

The effects of impurities on the HSC ink and LSC ink were identified, and the produc-
tion of impurities was suppressed by the degassing treatment, causing the concentrations
of acetic acid, propionic acid, and propyl propionate to decrease from 0.0898 wt.%, 0.00224
wt.%, and 0.00046 wt.% to 0.0025 wt.%, 0.0126 wt.%, and 0.0003 wt.%, respectively. For
the HSC ink, the viscosity and yield stress of D-ink were lower than those of I-ink, and
its structural resilience, as a result of the stronger interactions between the ionomer and
catalyst, was 29.2 % higher than that of I-ink. For the LSC ink, the addition of propionic
acid reduced the surface tension of the original solvent, thereby suppressing the “coffee
ring” effect. This creates a thin, uniform catalyst deposition layer. Based on this, the ECSA
of electrodes derived from N-ink was 62.7 m2·gPt

−1, but the parameter for P-ink reached
112.2 m2·gPt

−1. Therefore, the inhibition of impurity generation in HSC ink will provide
better coatability, but the introduction of impurities will promote the uniform deposition
of the catalyst in LSC ink. In the end, extending this study to the industrial scale will
be particularly valuable for the improvement of the electric generation performance of
PEMFCs, which is accessible by controlling of the HSC ink quality to establish the desired
catalyst layer microstructure.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/membranes12050541/s1, Figure S1: Total ion current (TIC) spec-
trum of D-ink; Figure S2: Cyclic voltammograms recorded with Pt/C electrode in 0.05 M H2SO4 +
0.1 M NPA solution (a) and 0.1 M EA solution (b) with a scan rate of 20 mV·s−1 under N2 atmosphere.
Figure S3: A side view of catalyst ink droplets at the initial state and top view of ink droplets with
the evolution of time for N-ink (a) and P-ink (b).
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Abstract: Sodium ion batteries have been receiving increasing attention and may see potential
revival in the near future, particularly in large-scale grid energy storage coupling with wind and
solar power generation, due to the abundant sodium resources, low cost, and sufficiently high
energy density. Among the known sodium ion conductors, the Na-β”-alumina electrolyte remains
highly attractive because of its high ionic conductivity. This study focuses on the vapor phase
synthesis of a Na-β”-Alumina + YSZ (Naβ”AY) composite sodium electrolyte, which has higher
mechanical strength and stability than conventional single phase β”-Alumina. The objectives are the
measurement of conversion kinetics through a newly developed weight-gain based model and the
determination of sodium ionic conductivity in the composite electrolyte. Starting samples contained
~70 vol% α-Alumina and ~30 vol% YSZ (3 mol% Y2O3 stabilized Zirconia) with and without a thin
alumina surface layer made by sintering in air at 1600 ◦C. The sintered samples were placed in a
powder of Na-β”-alumina and heat-treated at 1250 ◦C for various periods. Sample dimensions and
weight were measured as a function of heat treatment time. The conversion of α-Alumina in the
α-Alumina + YSZ composite into Naβ”AY occurred by coupled diffusion of sodium ions through
Na-β”-alumina and of oxygen ions through YSZ, effectively diffusing Na2O. From the analysis of
the time dependence of sample mass and dimensions, the effective diffusion coefficient of Na2O
through the sample, De f f , was estimated to be 1.74 × 10−7 cm2 s−1, and the effective interface
transfer parameter, ke f f , was estimated as 2.33 × 10−6 cm s−1. By depositing a thin alumina coating
layer on top of the bulk composite, the chemical diffusion coefficient of oxygen through single
phase Na-β”-alumina was estimated as 4.35 × 10−10 cm2 s−1. An AC impedance measurement was
performed on a fully converted Naβ”AY composite, and the conductivity of the composite electrolyte
was 1.3 × 10−1 S cm−1 at 300 ◦C and 1.6 × 10−3 S cm−1 at 25 ◦C, indicating promising applications
in solid state or molten salt batteries at low to intermediate temperatures.

Keywords: sodium β”-alumina; Naβ”AY; sodium electrolyte; sodium solid-state battery; vapor
phase process; sodium batteries

1. Introduction

Na-β”-alumina (more commonly referred to as β”-alumina) is a sodium ion conductor,
which is used as a solid electrolyte in sodium-sulfur batteries, sodium-nickel chloride batteries,
and in alkali metal-based thermoelectric converters [1–3]. While significant attention to Na-
β”-alumina dates back as early as in the 1960s when sodium-sulfur batteries were originally
developed by Weber and Kummer at the Ford Motor Company [1], the relatively high working
temperature in a molten sodium-sulfur battery has significantly limited their applications and
development, and soon, they were almost completely replaced by more popular lithium ion
batteries in mobile applications. However, with increasing demands on large-scale energy
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storage due to climate change and the bloom of a solid-state battery, applications of Na-β”-
alumina are seemingly rising again because of the abundance of sodium as compared to
lithium sources and the high ionic conductivity of about 1 S cm−1 in single crystal Na-β”-
alumina and 0.2–0.4 S cm−1 in polycrystalline β”-alumina at 300 ◦C [4–10]. For example,
recently, Fertig et al. have provided a detailed review on the potential revival of Na-β”-alumina
for sodium solid-state batteries [4]. Ligon et al. have reported large planar Na-β”-alumina
solid electrolytes (150 mm in diameter) for next generation Na-batteries [5]. Lee et al. have
demonstrated a full-scale pilot model of a cost-effective sodium-nickel-iron chloride battery
over 40 Ah using a Na-β”-alumina electrolyte [9]. Zhu et al. have reported that by ion
exchange, a Na-β”-alumina-containing composite electrolyte may be ion exchanged with
molten salts to lithium-ion or silver-ion conducting electrolytes [11], which may further
expand the application of Na-β”-alumina in other types of batteries.

The conventional process for the fabrication of dense samples of Na-β”-alumina
consists of first calcining a mixture of Na2CO3, α-alumina, and LiNO3 (or MgO) at ~1250 ◦C
in air, which leads to a powder mixture containing Na-β”-alumina, Na-β-alumina (β-
alumina), and some NaAlO2. Powder compacts are then sintered in sealed platinum or
MgO crucibles at ~1600 ◦C [12]. Sintering in sealed containers suppresses the loss of Na2O
through the vapor phase. Densification occurs by a transient liquid phase mechanism.
Sintered samples are subsequently heat-treated at a lower temperature (~1400 ◦C) to convert
β-alumina into β”-alumina by reacting with NaAlO2. Usually, a small amount of NaAlO2
remains unreacted in β”-alumina as a thin film along grain boundaries, which makes it
susceptible to degradation due to moisture in the atmosphere. Thus, Na-β”-alumina made
by the conventional process is stored in desiccators.

In concept, if an already-sintered α-alumina can be converted into Na-β”-alumina by
reacting it with Na2O, it may be possible to avoid the formation of NaAlO2 along the grain
boundaries, thus making it moisture-resistant. A possible vapor process for the conversion
of sintered α-alumina into Na-β”-alumina involves exposing it to a vapor containing Na2O.
The approximate composition of Na-β”-alumina is Na2O ~6Al2O3. For the conversion of
α-alumina into Na-β”-alumina, the reaction is

Na2O + ~6Al2O3 → Na2O ~6Al2O3 (1)

If a fully dense sintered Al2O3 is exposed to Na2O vapor, a thin layer of Na-β”-alumina
forms on the surface. Further conversion of the interior α-alumina requires the transport
of Na2O (as coupled (ambipolar) transport of 2Na+ and O2−) through the formed Na-β”-
alumina (Figure A1a in Appendix A). While the Na+ diffusivity through Na-β”-alumina
is high, O2− diffusivity is very low. Thus, the conversion kinetics are dictated by the
diffusion coefficient of oxygen ions in Na-β”-alumina and are very sluggish. Furthermore,
the conversion kinetics are diffusion-limited (parabolic). At 1300 ◦C, for example, the
thickness of α-alumina converted into Na-β”-alumina in 16 h was only about 25 μm [13].

In the novel vapor phase process, a two-phase composite of α-alumina and YSZ, with
both phases being contiguous, is exposed to Na2O vapor [14]. Once α-alumina on the
surface is converted to Na-β”-alumina, subsequent conversion of the interior α-alumina
to Na-β”-alumina involves the transport of Na2O, such that 2Na+ transports through
the formed Na-β”-alumina, while the O2− transports through the YSZ phase (Figure 1b).
More specifically, the effective diffusion of Na2O through the two phase mixture occurs
by a coupled (ambipolar) transport of 2Na+ through Na-β”-alumina and O2− through
YSZ. Since the diffusion coefficient of O2− through YSZ is much higher than that of O2−
through Na-β”-alumina, the kinetics of conversion of α-alumina + YSZ into Na-β”-alumina
+ YSZ is much faster than the conversion of single phase α-alumina into Na-β”-alumina.
The resulting two-phase composite of Naβ”AY is also much stronger than conventional
Na-β”-alumina and is moisture-resistant.
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Figure 1. XRD patterns of α-Alumina + YSZ composites (a) before and (b) after subjecting to vapor
phase conversion at 1250 ◦C.

Since the invention of the novel vapor phase process patented by Virkar et al. [14],
it has been gaining attention in Na batteries [15–19]. A recent study has shown that
a planar sodium nickel chloride battery demonstrated a specific energy density of as
high as 350 Wh kg−1, operated at 190 ◦C over 1000 cycles. The composite electrolyte
adopted in that battery consisted of α-alumina and 8YSZ, also with a volume ratio of 7:3
as starting materials, and then was converted via the vapor phase conversion process.
Such a composite electrolyte also offered high mechanical strength. A flexural strength
of higher than 300 MPa has been reported in literature [20,21], making them an excellent
Na-conducting membrane in Na batteries.

The only available model reported so far on the kinetics of this novel vapor phase
conversion process is the one reported by Parathasarathy and Virkar [22], where the
kinetics of conversion of α-alumina + YSZ composites of various grain sizes over a range of
temperatures between 1250 ◦C and 1400 ◦C were investigated. The experimental procedure
involved packing sintered α-alumina + YSZ samples into Na-β”-alumina powder, heat
treating at a given temperature for a period of time, cooling down to room temperature, and
grinding/polishing the sample to measure (using a microscope) the conversion thickness
x(t) as a function of cumulative heat treatment time t. The process thus is tedious, as it
requires repeated grinding and polishing. Furthermore, this involves the destruction of
the sample. Under some situations, where both conversion fraction and conductivity as
a function of conversion time are of interest, the above thickness-based model may be
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insufficient, since it requires cutting of the sample. Therefore, an alternate model needs to
be developed to fulfill the routine examination of this vapor phase process.

The objective of the present work was to measure the sample weight and the external
dimensions after various thermal treatments so that the kinetics of conversion could be
measured more effectively without destroying the sample and, at the same time, minimizing
the effort required in the actual measurements.

An equally important model was also developed and experimentally verified to
measure the chemical diffusion coefficient of oxygen through single phase -β”-alumina by
depositing a thin layer of α-alumina on the α-alumina + YSZ composite prior to conversion.
The α-alumina-coated samples were subjected to the same conversion treatment as the
uncoated samples. Both of the newly developed models may be used as effective tools for
future studies and applications of the vapor phase process. Note that the concepts and
models developed here may well fit to other binary or possibly ternary diffusion system
where diffusion kinetics of certain mobile ions, such as oxygen-ion, proton, metal ions, etc.,
are of interest.

2. Materials and Methods

2.1. Preparation of α-Alumina + YSZ Samples

High purity α-alumina (AKP-53, Sumitomo Chemical) and 3YSZ (TZ-3Y, Tosoh Cor-
poration, Tokyo, Japan) were mixed in a volume ratio of alumina:3YSZ of 7:3. A slurry of
the powder mixture was made in distilled water with a small amount of ammonium poly
methyl methacrylate (DARVAN C-N, R. T. Vanderbilt, Inc., New York, NY, USA), added
as a dispersant and as a stabilizer. The slurry was planetary milled for 12 h, dried, and
then heated to 500 ◦C for 5 h. The dried powder was sieved through a 70-mesh screen to
remove any large agglomerates. A few grams of powder was placed in a circular die and
uniaxially pressed under a force of 5 tons, followed by cold isostatic pressing at 30,000 psi.
The disc was then pre-sintered at 1200 ◦C for 2 h and then polished on both sides to a finish
of ~50 nm using an alumina suspension in water. After polishing, selected samples were
either spin-coated or dip-coated with an alumina suspension depending on the desired
thickness. After slowly heating the samples to 1000 ◦C to burnout the organic components,
all of the samples were sintered in air at 1600 ◦C for 5 h. The weight and the dimensions
(diameter and thickness) were measured as the baseline information.

2.2. Formation of Na-β”-Alumina + YSZ Samples via Vapor Phase Conversion

Sintered discs were then buried in Na-β”-alumina powder (Materials and Systems
Research, Inc., Salt Lake City, UT, USA) in an alumina crucible and covered with a lid.
The crucible was placed in a furnace in air and heated to 1250 ◦C (5 ◦C min−1 ramp
up rate), maintained for a period of time at temperature, and rapidly cooled to room
temperature (>15 ◦C min−1 ramp down rate). The objective was to ensure that for most of
the reaction time, the samples were at the heat treatment temperature. Since the process
of vapor phase conversion of α-alumina + YSZ into Na-β”-alumina + YSZ is thermally
activated, most of the conversion occurred isothermally at 1250 ◦C, and any conversion
during heating to 1250 ◦C and cooling down from the heat treatment temperature could be
neglected. This process was repeated several times until a maximum cumulative time of
~84 h. The dimensions of the samples and their weights were carefully recorded after each
thermal treatment. For weight measurement, a balance with a resolution of 0.0001 g and
repeatability <0.0002 g was used. The digital caliper used for dimension measurements
had a resolution of 0.01 mm with negligible deviation in repeat measurements. In order
to examine the conversion front at different conversion times, a small part of one of
the samples was cut from the edge after each conversion period and fine polished for
microstructure characterization. Samples used for weight measurements were not cut.

420



Membranes 2022, 12, 567

2.3. Characterization

Similar samples were prepared for X-ray diffraction (XRD) and scanning electron
microscopy (SEM). An Energy Dispersive Spectroscopy (EDS) elemental line scan was per-
formed on a partially converted sample to examine the α-alumina + YSZ/Na-β”-alumina +
YSZ interface. Density measurements were performed by the standard fluid immersion
method on an as-sintered α-alumina + YSZ sample and a fully converted Naβ”AY sample.
Conductivity was measured in air as a function of temperature using an AC Electrochem-
ical Impedance Spectroscopy (EIS) with gold paste as electrodes. Measurements were
conducted over a frequency range from 10 Hz to 1 MHz. The high frequency intercept was
taken as the measure of conductivity.

3. Results and Discussion

3.1. X-ray-Diffraction

Figure 1 shows XRD patterns of an as-sintered α-alumina + YSZ sample and a fully
converted Naβ”AY sample. In Figure 1a, all peaks are identified as belonging to either α-
alumina or YSZ. Peaks belonging to α-alumina have been identified by arrows. In Figure 1b,
which is for the converted sample, peaks belonging to Na-β”-alumina have been identified
by arrows. No peaks belonging to α-alumina were observed in the converted sample. Some
of the peaks belonging to Na-β-alumina overlapped with those of Na-β”-alumina. Thus,
the presence of some Na-β-alumina cannot be ruled out.

3.2. SEM and EDS Analysis

Figure 2a shows an SEM image of a polished section of a sample that had been heat-
treated at 1250 ◦C for 4 h by packing in Na-β”-alumina powder. The converted region is
darker in color. The average conversion thickness measured was ~110 μm. Figure 2b shows
an EDS scan from the surface of the sample, across Na-β”-alumina + YSZ/α-alumina + YSZ
interface and into the α-alumina + YSZ unconverted region. While the EDS scan was not
smooth and showed considerable scatter, the demarcation between the converted region
and the pristine region is clear.

Figure 3 shows SEM micrographs of the cross-sections of an uncoated sample, a sample
with a ~2.5 μm-thick layer Na-β”-alumina (initially, an alumina layer of 2 μm-thickness)
and a sample with a ~15 μm-thick layer of Na-β”-alumina (initially, an alumina layer
of 12 μm-thickness) after conversion treatment for 4 h, 4 h, and 84 h, respectively. The
micrographs in (b) and (c) thus correspond to samples that were initially coated with α-
alumina. These layers fully converted to Na-β”-alumina. The interiors of all three samples
contained Na-β”-alumina + YSZ. The dark phase is Na-β”-alumina; the light phase is
YSZ. The Na-β”-alumina and YSZ phases were both contiguous, as would be required
for coupled transport of Na2O to occur through the two phase mixture: Na+ through
Na-β”-alumina and O2− through YSZ [22].

Figure 4 compares the conversion thicknesses of the alumina-coated (~2.5 μm Na-β”-
alumina after conversion) portion of the sample, with part of the region that was uncoated,
after conversion at 1250 ◦C for 6 h. The conversion thickness corresponding to the non-
coated region was about twice that of the coated region. This shows that the presence of a
2.5-μm Na-β”-alumina surface coating substantially lowered the conversion kinetics.
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Figure 2. (a) An SEM image showing the converted and the pristine regions of the initially α-alumina
+ YSZ sample after 4 h of conversion at 1250 ◦C. (b) The corresponding EDS line scan is indicated by
the arrow.
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Figure 3. SEM images showing the enlarged view at the interface of (a) The uncoated region,
(b) A ~2.5 μm Na-β”-alumina-coated sample, and (c) A ~15 μm Na-β”-alumina-coated sample.

 

Figure 4. SEM images showing the conversion fronts for the uncoated and 2.5 μm Na-β”-alumina-
coated regions after 6 h of conversion.

423



Membranes 2022, 12, 567

3.3. Estimation of the Kinetic Parameters on the Uncoated Samples

Appendix A gives the relevant equations describing the kinetics of conversion and
the chemical diffusion coefficients. Equation (A1) gives the conversion thickness x corre-
sponding to isothermal treatment time of t in terms of the effective diffusion coefficient,
De f f , and the effective interface transfer parameter, ke f f . Appendix B gives the kinetic
equation in terms of the sample dimensions and the increase in weight as a function of
time. The following describes an example of the estimation of the kinetic parameters on an
uncoated sample.

The density of the as-sintered α-alumina + YSZ samples, ρAY, was measured as
4.59 g cm−3. The initial thickness of the α-Al2O3 + YSZ disc sample was 3.64 mm, and the
initial diameter was 29.54 mm. Figure 5 shows the measured weight, the thickness, and the
diameter changes in percent with respect to the initial measurements. The initial weight of
the sample, mo, was 11.2452 g. After conversion for a cumulative time of 84 h at 1250 ◦C,
the sample weight increased to 11.9302 g. That is, the sample weight increased by 685 mg
after a cumulative conversion time of 84 h at 1250 ◦C. After 72 h, the weight increased only
slightly. This indicated that the sample had fully or very close to fully converted after 84 h.

Figure 5. Measured weight and geometry change of an uncoated sample as a function of conversion time.

At 1250 ◦C. The sample cross-section confirmed that it had fully converted to Na-
β”-alumina + YSZ. Thus, the final weight of the sample of 11.9302 g was taken as the
weight after full conversion, that is, m(∞) = 11.9302 g. The density of the fully converted
thinner sample prepared using the same procedure, ρβ′′ Y, was measured as 3.94 g cm−3.

From the measured values of mo, m(∞), ρAY, and ρβ′′ Y, the ratio x′(t)
x(t) corresponding to

Equation (A16) was measured as

x′(t)
x(t)

=
l0

l(∞)
=

ρAYmo

ρβ′′ Ym(∞)
= 0.81 (2)
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The ratio mo

m(∞)
= 0.94 (3)

is used in Equation (A18).
The thickness measured after conversion (84 h) was 4.45 mm. Thus, lo

l(∞)
based on the

thickness measurement is
lo

l(∞)
= 0.82 (4)

The increase in thickness was ~22%. The corresponding increase in diameter was only
~2.5%. For this reason, the assumption that most of the dimensional change occurs along
the thickness direction is reasonable. Based on the weight gain, it is concluded that the
stoichiometry of Na-β”-alumina is almost exactly Na2O·6Al2O3.

The kinetic equation in terms of weight change given in Equation (A19) is reproduced
here

(Δm(t))2

4De f f

(
Aρβ′′ Y

(
1 − mo

m(∞)

))2 +
Δm(t)

2ke f f

(
Aρβ′′ Y

(
1 − mo

m(∞)

)) = t (5)

The same equation can be written as

Δm(t) = 4De f f

(
Aρβ′′ Y

(
1 − mo

m(∞)

))2 t
Δm(t)

− 2De f f

ke f f

(
Aρβ′′ Y

(
1 − mo

m(∞)

))
(6)

In Equations (5) and (6), the Δm(t) is in g. Equation (6) shows that a plot of Δm(t) vs.
t

Δm(t) should be linear, with the slope given by 4De f f

(
Aρβ′′ Y

(
1− mo

m(∞)

))2
and the intercept

given by − 2De f f
ke f f

(
Aρβ′′ Y

(
1− mo

m(∞)

))
. Thus, from the slope and the intercept, one should

be able to estimate De f f and ke f f . Figure 6a gives a plot of Δm(t)
A vs. t(

Δm(t)
A

) . Thus, the

slope is 4De f f

(
ρβ′′ Y

(
1− mo

m(∞)

))2
, and the intercept is − 2De f f

ke f f

(
ρβ′′ Y

(
1− mo

m(∞)

))
. As seen in

Figure 6a, the plot is linear. The corresponding slope was 4.99 × 10−8 g2 cm−4 s−1, and the
intercept was −0.04 g cm−2. It is significant that the intercept was negative, as required. The
corresponding estimated values of the kinetic parameters are De f f

∼= 1.74× 10−7 cm2 s−1 and
ke f f

∼= 2.33× 10−6 cm s−1. The experimental data were directly fitted to Equation (5) by a poly-
nomial fitting, as shown in Figure 6b. The estimated values were De f f

∼= 1.76× 10−7 cm2 s−1

and ke f f
∼= 2.29 × 10−6 cm s−1, which were in good agreement with the results of the

linear plot in Figure 6a. The estimated value of De f f was in good agreement with that
measured by Parthasarrathy and Virkar [22] based on conversion thickness, which was
De f f

∼= 1.5× 10−7 cm2 s−1. The ke f f measured by Parthasarathy and Virkar [22] ranged be-
tween ~3.6 × 10−7 cm s−1 for large-grained samples to ~1.0 × 10−6 cm s−1 for fine-grained
samples. The ke f f estimated in the present work was thus between 3- and 10-times larger than
in the study by Parthasarathy and Virkar. Given the possible differences in microstructures,
the agreement is deemed reasonable. The present work thus shows that weight measurements
can be used to estimate both kinetic parameters without having to section and polish after
each thermal treatment.
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Figure 6. (a) A plot of Δm(t)
A vs. t(

Δm(t)
A

) for the uncoated sample. From the slope and the intercept,

both De f f and ke f f can be determined. (b) A plot of t vs. Δm(t)
A for the uncoated sample by a second

order polynomial fitting with the intercept set as 0. From the 1st order and 2nd order coefficients,
both ke f f and De f f can be determined.

3.4. Effects of Na-β”-Alumina Coating on Conversion Kinetics

Figure 7 compares the measured weight changes for the uncoated, 2.5 μm coated,
and 15 μm coated (thicknesses correspond to the formed Na-β”-alumina after conversion)
disc samples. For the uncoated and 15 μm coated samples, the figure shows the actual
measured weight changes (in percent) as a function of time. For the sample with a 2.5 μm
coating, the actual conversion thickness was measured as a function of time. In order to
graph the data on the same plot, the expected weight changes in the 2.5 μm coated sample
were calculated from the measured conversion thickness using Equation (A15). In Figure 7,
these data are shown by a dashed line. The uncoated sample showed a much higher weight
percentage change than the coated samples. As seen in the figure, the uncoated sample
exhibited the largest weight gain (faster kinetics), and the 15 μm coated sample showed
the lowest (slowest kinetics of the three samples tested). Also significant is the observation
that over the duration of the tests, the weight gain vs. time plots were linear for both of the
coated samples, indicating that the kinetics can be described as interface-controlled.

Figure 7. Comparison in weight change for (a) uncoated, (b) ~2.5 μm Na-β”-alumina-coated, and
(c) ~15 μm Na-β”-alumina-coated samples as a function of conversion time at 1250 ◦C.
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3.5. Estimation of the Kinetic Parameter for the Coated Samples

Figure 8a,b show plots of Δmt
A vs. t for the two coated samples. Note that these plots

are linear, indicating that the kinetics is interface-controlled. Equation (A19) then becomes

Δm(t)
A

∼= 2ke f f

(
ρβ′′ Y

(
1 − mo

m(∞)

))
t (7)

Figure 8. (a) A plot of Δm(t)
A vs. t for a sample with a 2.5 μm Na-β”-alumina surface coating. From

the slope, the ke f f is obtained. (b) A plot of Δm(t)
A vs. t for a sample with a 15 μm Na-β”-alumina

surface coating. From the slope, the ke f f is obtained.

Thus, the slope is given by

2ke f f

(
ρβ′′ Y

(
1 − mo

m(∞)

))
(8)

from which the ke f f can be estimated. The estimated values of ke f f were 6.45 × 10−7 cm s−1

for the sample with a 2.5 μm Na-β”-alumina coating and 2.26 × 10−7 cm s−1 for the sample
with a 15 μm Na-β”-alumina coating. This ke f f has a number of series contributions, as
discussed below.

Figure 9 shows a schematic variation of the chemical potential of Na2O from the gas
phase, μI

Na2O; just inside the single phase Na-β”-alumina close to the gas phase, μ1
Na2O; in

the single phase Na-β”-alumina close to the single phase Na-β”-alumina/Na-β”-alumina
+ YSZ interface, μ2

Na2O; just inside the Na-β”-alumina + YSZ close to the single phase Na-
β”-alumina/Na-β”-alumina + YSZ interface, μ3

Na2O; inside the Na-β”-alumina + YSZ close
to the Na-β”-alumina + YSZ/α-alumina + YSZ interface, μ4

Na2O; and inside the α-alumina
+ YSZ close to the Na-β”-alumina + YSZ/α-alumina + YSZ interface, μI I

Na2O. The transfer
of Na2O across the three interfaces can be described by three interface kinetic parameters,
namely, kI1, k23, and k4I I . The transport of Na2O through single-phase Na-β”-alumina is

dictated by the chemical diffusion coefficient of Na2O, D̃β′′
Na2O. However, this transport

occurs through a layer of fixed thickness, δ. Thus, it reflects as an interface step, with the

corresponding k12 given by
D̃β′′

Na2O
δ . The measured interface parameter, ke f f , is thus related

to these parameters by the following equation.

1
ke f f

=
1

kI1
+

1
k23

+
1

k4I I
+

δ

D̃β′′
Na2O

(9)
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Figure 9. A schematic showing the variation of the chemical potential of Na2O, μNa2O, through a
sample with surface layer of Na-β”-alumina of thickness, δ.

The preceding suggests that a plot of 1
ke f f

vs. layer thickness, δ, should be a straight

line with the slope given by 1

D̃β′′
Na2O

and the intercept given by 1
kI1

+ 1
k23

+ 1
k4I I

. Figure 10 is a

plot of 1
ke f f

vs. δ. In this study, measurements were conducted on samples with only two
different thicknesses. Thus, there are only two data points. The straight line shown is thus
through these two points. Furthermore, plotted on the same plot, however, is 1

ke f f
for the

uncoated sample, for which δ = 0. For the uncoated sample, the relevant equation is

1
ke f f

=
1

kI3
+

1
k4I I

(10)

where kI3 corresponds to the interface transfer parameter at the gas phase/Na-β”-alumina
+ YSZ interface.

Figure 10. A plot of 1/ke f f vs. the Naβ”-alumina layer thickness, δ. Also shown in the figure is the
ke f f for the uncoated sample.

428



Membranes 2022, 12, 567

Note that
1

kI3
+

1
k4I I

�= 1
kI1

+
1

k23
+

1
k4I I

(11)

From Figure 10, it is observed that the

1
kI3

+
1

k4I I
<

1
kI1

+
1

k23
+

1
k4I I

(12)

or
1

kI3
<

1
kI1

+
1

k23
(13)

or
kI3 >

kI1k23

kI1 + k23
(14)

At this stage, it is not possible to separately determine the different interface transfer
parameters.

From the slope, the chemical diffusion coefficient of Na2O through single phase Na-

β”-alumina is given by D̃β′′
Na2O

∼= 4.35 × 10−10 cm2 s−1. By contrast, the De f f determined
for coupled transport of Na2O as 2Na+ through Na-β”-alumina and O2− through YSZ was

~1.74 × 10−7 cm2 s−1. That is, D̃β′′ /YSZ
Na2O was over 400 times larger than D̃β′′

Na2O. As given in
Equation (A6), De f f for the two-phase sample is given by

De f f = D̃β′′ /YSZ
Na2O

2Vm

f
ΔCβ′′

Na2O (15)

wherein

D̃β′′ /YSZ
Na2O =

CYSZ
O2− DYSZ

O2− VYSZ

Cβ′′
Na2O

1
kBT

⎛⎝ ∂μNa2O

∂ ln Cβ′′
Na2O

⎞⎠ (16)

That is, the D̃β′′ /YSZ
Na2O is proportional to the diffusion coefficient of O2− in YSZ, namely,

DYSZ
O2− . However, in single-phase Na-β”-alumina, the Na2O chemical diffusion coefficient is

given by

D̃β′′
Na2O = Cβ′′

O2−Dβ′′
O2−

1
kBT

⎛⎝ ∂μ
β′′
Na2O

∂Cβ′′
Na2O

⎞⎠ (17)

That is, the D̃β′′
Na2O is proportional to the diffusion coefficient of O2− in Na-β”-alumina.

It is well known that oxygen diffusion is much faster in YSZ, an oxygen ion conductor, than
in Na-β”-alumina. The present results are consistent with this expectation. Table 1 lists the
measured ke f f and De f f for alumina-coated and non-coated samples.

Table 1. Summary of measured ke f f and De f f for alumina-coated and non-coated samples.

Samples keff (cm s−1) Deff (cm2 s−1)

Non-coated α-alumina/YSZ composite 2.33 × 10−6 1.74 × 10−7

~2.5 μm Na-β”-alumina-coated α-alumina + YSZ composite 6.45 × 10−7 1.74 × 10−7

~15 μm Na-β”-alumina-coated α-alumina + YSZ composite 2.26 × 10−7 1.74 × 10−7
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3.6. Measurement of Ionic Conductivity

Conductivity was measured on a disc sample of 0.9-mm-thickness that had been con-
verted at 1250 ◦C for 36 h and a disc sample of 3.7-mm-thickness that had been converted
at 1250 ◦C for 108 h. The heat treatment was long enough to ensure that the entire samples
converted into Naβ”AY. Figure 11 shows an Arrhenius plots for the Naβ”AY composite and
along with some common Na and Li electrolytes for better comparison [23–29]. Over the
range of temperatures measured, the oxygen ion conductivity of YSZ was much lower than
the sodium ion conductivity of Na-β”-alumina. Thus, the measured conductivity is attributed
exclusively to sodium ion conduction. The measured activation energies of ~23.2 kJ mol−1 (af-
ter 36 h conversion) and ~21.2 k J mol−1 (after 108 h conversion) were also in accordance with
the previously reported activation energy of Na+-ion conduction, especially in fine-grained
Na-β”-alumina [10]. At 300 ◦C, the resistivity was measured as ~16 Ω cm (conductivity of
6.3 × 10−2 S cm−1) and ~8 Ω cm (conductivity of 1.3 × 10−1 S cm−1) for the samples con-
verted for 36 h and 108 h, respectively. The calculated conductivity based on the best linear
fitting of the Arrhenius plot at 25 ◦C was 1.4 × 10−3 and 1.6 × 10−3 S cm−1 for the samples
converted for 36 h and 108 h, respectively.

Figure 11. An Arrhenius plot of the measured conductivity of NaβAY and some common Na and
Li electrolytes. Conductivity sources: Na3PS4 [23], 60Na2S-40GeS2 [23], β/β”-alumina mixture [15],
(1 − x)Li2S − xP2S5 [23], Li3xLa(2/3−x)TiO3 (LLTO, x = 0.17) [27], NaSiCON (Produced by Cera-
matec) [23], Li(1+x)Ti(2−x)Alx(PO4)3 (LATP, x = 0.3 [29], LiPF6 (1M in EC/DMC mixture) [26], Liβ”AY
(Vapor phase) [25], Li(4−2x)ZnxGeS4 (LiSICON, x = 0.05) [28].

An interesting feature revealed by this combined plot is that the activation energies of
the listed electrolytes do not change vastly regardless of the crystal structure or conduc-
tion mechanisms. In comparison with a liquid electrolyte, most of the solid electrolytes
show better conductivity at a higher temperature regime. The comparison in the solid
electrolytes indicates that the Naβ”AY composite electrolyte showed higher conductivity
than most of the listed electrolytes, other than the mixed β/β”-alumina electrolyte and
the NaSICON-type Na electrolyte. However, when mechanical strength is of a concern,
Naβ”AY (~300 MPa flexural strength [20,21]) may be a better choice, due to a higher me-
chanical strength than that of NaSICON electrolyte, with ~100 MPa flexural strength [30].
Therefore, the Na”βAY composite produced by the vapor phase conversion process seems
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a promising solid electrolyte for Na battery applications. It is to be noted that although the
Li-β”-alumina + YSZ electrolyte (Liβ”AY) synthesized by the vapor phase conversion pro-
cess showed lower conductivity as compared with the Naβ”AY electrolyte, its conductivity
was still higher than a few of the listed Li solid electrolytes.

4. Conclusions

The vapor phase conversion of α-alumina + YSZ into Na-β” alumina + YSZ (Naβ”AY)
was investigated using the measurement of weight gain and external sample dimensions as
a function of time. Vapor phase conversion studies were also conducted on samples coated
with thin layers of α-alumina on the one surface, which during the process, first converted
into a layer of Na-β”-alumina. In the coated samples, the transport of Na2O occurred
through single phase Na-β”-alumina prior to the conversion of the interior α-alumina
in the α-alumina + YSZ composite. From the measurement of conversion kinetics of the
uncoated sample, the effective diffusion coefficient, De f f , and effective interface transfer
parameter, ke f f , were determined. At 1250 ◦C, the measured De f f was 1.74 × 10−7 cm2 s−1,
in agreement with the previously reported results of Parthasarathy and Virkar [22]. The
measured ke f f was 2.33 × 10−6 cm s−1, which is within an order of magnitude of the values
reported by Parthasarathy and Virkar [22]. Some difference may be related to the possible
differences in microstructural details. The De f f is a measure of the chemical diffusion

coefficient of Na2O in the two-phase Naβ”AY composite, D̃β′′ /YSZ
Na2O , which is proportional

to the oxygen ion diffusion in YSZ.
The measured kinetics of conversion of the coated samples were found to be linear in

time, indicating interface-controlled kinetics. Since the chemical diffusion of Na2O must
first occur through the surface Na-β”-alumina layer, it reflects as an interface step which
is proportional to the oxygen diffusion coefficient through single-phase Na-β”-alumina.
From the dependence of conversion kinetics on the thickness of the surface Na-β”-alumina

layer, the chemical diffusion coefficient of Na2O through Na-β”-alumina, D̃β′′
Na2O, was

estimated. The estimated value was 4.35 × 10−10 cm2 s−1, which is over 400-times smaller
than D̃β′′ /YSZ

Na2O . The measured D̃β′′
Na2O was proportional to the oxygen diffusion coefficient

through Na-β”-alumina. The present work thus provides a method to determine the
chemical diffusion coefficient of Na2O through a Naβ”AY composite, as well as through
single-phase Na-β”-alumina. This method may have applicability to other systems.

The measured highest conductivity of the converted Naβ”AY was 1.6 × 10−3 S cm−1 at
25 ◦C and 1.3 × 10−1 S cm−1 at 300 ◦C. These values are higher than many single-phase Li
or Na solid electrolytes, indicating the Naβ”AY composite synthesized by the vapor phase
conversion process may be used as a promising electrolyte membrane for Na batteries.
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Appendix A. Vapor Phase Conversion Kinetics and Transport Parameters

The vapor phase conversion of α-Alumina + YSZ (or with a thin α-alumina coating
layer) to Na-β”-alumina/YSZ consists of three steps in series. (a) Step 1: Na2O from the
vapor phase is adsorbed on the Na-β” alumina + YSZ (or pure Na-β”-alumina for an
alumina-coated sample) surface. (b) Step 2: coupled diffusion of 2Na+ and O2− through
converted Na-β”-alumina + YSZ in the composite or through, first, a thin layer of Na-β”
alumina single phase, followed by coupled diffusion through a Na-β” alumina + YSZ
composite for the coated sample. (c) Step 3: conversion of α-Alumina + YSZ to Na-β”
alumina + YSZ composite at the reaction front; this requires lateral transport of O2−
ions arriving from the YSZ phase through Na-β”-alumina, α-Alumina, or along the α-
Alumina/Na-β”-alumina interface, as discussed by Parthasarathy and Virkar [22]. Since in
both coated and non-coated samples, the reaction front is the same, the interfacial kinetic
parameter at this interface should be the same. This transport at the reaction front is similar
to the conversion of γ-Fe into pearlite (α-Fe + Fe3C) in low carbon steels [31].

The kinetics of the conversion process of α-alumina + YSZ into Na-β”-alumina + YSZ
was modeled by Parathasarthy and Virkar [22]. Figure A1b shows a schematic. Isothermal
conversion kinetics could be described by an equation of the form

x2

De f f
+

x
ke f f

= t (A1)

where x is the thickness converted in time t, De f f is the effective diffusion coefficient of
Na2O for ambipolar transport of Na2O through the composite with 2Na+ transporting
through Na-β”-alumina and O2− transporting through the YSZ, and ke f f is the interface
transfer parameter that includes processes at the vapor phase/Na-β”-alumina + YSZ
interface and also at the Na-β”-alumina + YSZ/α-alumina + YSZ reaction front. The De f f
is given by

De f f =
2VYSZCYSZ

O2− DYSZ
O2−

(
μI

Na2O − μI I
Na2O

)
Vm

kBT f
(A2)

where Vm is the molar volume of Na-β”-alumina, μI
Na2O is the chemical potential of Na2O in

gas phase at the Na2O-gas phase/Na-β”-alumina interface, μI I
Na2O is the chemical potential

of Na2O in α-alumina at the Na-β”-alumina + YSZ/α-alumina + YSZ interface, and f is a
factor which includes the dimensional change that occurs when α-alumina in the composite
converts into Na-β”-alumina. We will write Equation (A2) as

De f f =
2VYSZCYSZ

O2− DYSZ
O2−

(
μI

Na2O − μI I
Na2O

)(
Cβ′′ I

Na2O − Cβ′′ I I
Na2O

)
Vm

kBT
(

Cβ′′ I
Na2O − Cβ′′ I I

Na2O

)
f

(A3)

or

De f f =
2VYSZCYSZ

O2− DYSZ
O2−

(
Cβ′′ I

Na2O − Cβ′′ I I
Na2O

)
Vm

kBT f

⎛⎝ ∂μ
β′′
Na2O

∂Cβ′′
Na2O

⎞⎠ (A4)

or

De f f =
2VYSZCYSZ

O2− DYSZ
O2−

kBT

⎛⎝ ∂μ
β′′
Na2O

∂Cβ′′
Na2O

⎞⎠Vm

f
ΔCβ′′

Na2O (A5)

where ΔCβ′′
Na2O denotes the difference in Na2O concentration in Na-β”-alumina from the

Na2O-gas phase/Na-β”-alumina boundary to the Na-β”-alumina/α-alumina boundary. A
comparison of Equations (A2) and (A5) shows that

De f f = D̃β′′ /YSZ
Na2O

2Vm

f
ΔCβ′′

Na2O (A6)
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Figure A1. Schematics showing vapor phase conversion in (a) single phase α-alumina, (b) α-alumina
+ YSZ composite, and (c) α-alumina-coated α-alumina + YSZ composite. The schematics do not show
grain structure in this one-dimensional model. The widths of YSZ, α-alumina, and Na-β”-alumina
are essentially equal to the respective volume fractions.

Thus, the estimated De f f measured from conversion kinetics is a measure of the chem-
ical diffusion coefficient of Na2O through the two-phase Na-β”-alumina + YSZ composite,

namely, D̃β′′ /YSZ
Na2O , since 2Vm

f ΔCβ′′
Na2O is a dimensionless constant. This chemical diffusion

coefficient is proportional to the O2− diffusion coefficient through YSZ.
The ke f f also depends on the chemical potentials of Na2O. Equation (A1) assumes that

the conversion thickness at the beginning of the isothermal process is negligible.

433



Membranes 2022, 12, 567

Figure A1a shows a schematic of the conversion of single phase α-alumina into Na-
β”-alumina by the vapor phase process. In this case, the effective diffusion coefficient, as
determined from conversion kinetics, would given by

De f f = D̃β′′
Na2O

2Vm

f ′ ΔCβ′′
Na2O (A7)

where f ′ is the factor that includes the dimensional change when α-alumina converts into
Na-β”-alumina. As given in Equation (A7), the effective diffusion coefficient is proportional
to the chemical diffusion coefficient of Na2O through Na-β”-alumina, which is effectively
proportional to the O2− diffusion coefficient through single phase Na-β”-alumina. This is
expected to be very low compared to the O2− diffusion coefficient through YSZ. Thus, we
expect that

D̃β′′ /YSZ
Na2O >> D̃β′′

Na2O (A8)

Figure A1c schematically shows the conversion process in thin α-alumina-coated
α-alumina + YSZ composites. Initially, the thin α-alumina layer is converted into Na-β”-
alumina, the kinetics of which is governed by the effective diffusion coefficient, corre-
sponding to transport through single-phase Na-β”-alumina, which is governed by oxygen
diffusion through single-phase Na-β”-alumina. Once this layer is fully converted into
Na-β”-alumina, the conversion of α-alumina in the interior α-alumina + YSZ composite
begins. This conversion of the interior α-alumina into Na-β”-alumina occurs by coupled
transport of 2Na+ through Na-β”-alumina and of O2− through YSZ. However, this conver-
sion requires a continual supply of Na2O, which must transport through the thin surface
layer of the single-phase Na-β”-alumina of a fixed thickness. Because of the fixed thick-
ness of this layer, the overall conversion kinetics contain an additional ‘interface’ transfer
step, corresponding to Na2O diffusion through the single-phase Na-β”-alumina of a fixed
thickness, δ. That is, the transport of Na2O through the single-phase Na-β”-alumina layer
is equivalent to an additional interface step given by

kβ′′ ∝
Dβ′′

O2−
δ

(A9)

The larger the layer thickness, the smaller is the kβ′′ , and the slower is the kinetics.
This suggests that the kinetics of conversion should be slower in samples coated with a
Na-β”-alumina layer and that by comparing the kinetics of conversion of samples initially
coated with two different thicknesses of alumina layers, it should be possible to estimate
the diffusion coefficient of O2- through a single phase Na-β”-alumina.

Appendix B. Study of Kinetics of Vapor Phase Conversion by Weight Measurement

Figure A2 shows a schematic of the conversion process of an α-alumina + YSZ com-
posite. The following analysis assumes that the samples are in the form of thin discs. When
α-alumina is converted into Na-β”-alumina, there is both an increase in weight, since Na2O
reacts with Al2O3 to form Na-β”-alumina (Na2O~6Al2O3), and an increase in volume,
since the density of Na-β”-alumina is lower than that of Al2O3, and it also includes Na2O,
which is an additional reason for the increase in volume. Prior work has shown that if
the disks are sufficiently thin, most of the dimensional change occurs in the thin direction,
and the disk diameter remains essentially unchanged. If the initial sample thickness is lo,
the cross-sectional area is A; then, the initial sample volume is Vo = Alo. The density of
the α-alumina + YSZ composite is ρAY, and the density of the Na-β”-alumina is ρβ′′ Y. The
initial mass of the sample is

mo = ρAYVo = ρAY Alo (A10)
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Figure A2. Schematics showing (a) a sintered α-alumina + YSZ sample before conversion and
(b) after partial conversion. x′(t) is the initial thickness of α-alumina + YSZ which converted into
Na-β”-alumina + YSZ of thickness x(t), in a conversion time of t.

After time t, the thickness x′(t) of the initial sample on both surfaces converts to
Na-β”-alumina + YSZ of thickness x(t). Thus, the sample thickness at time t becomes

l(t) = lo + 2x(t)− 2x′(t) (A11)

and the volume at time t is

V(t) = Al(t) = A
(
lo + 2x(t)− 2x′(t)

)
(A12)

The corresponding mass at time t is

m(t) = A
{

ρAY
(
lo − 2x′(t)

)
+ ρβ′′ Y2x(t)

}
= ρAY Alo + 2A

(
x(t)ρβ′′ Y − x′(t)ρAY

)
(A13)

or
m(t) = mo + Δm(t) (A14)

where
Δm(t) = 2A

(
x(t)ρβ′′ Y − x′(t)ρAY

)
(A15)

is the increase in sample weight after time t. Note that

x′(t)
x(t)

=
lo

l(∞)
=

moρβ′′ Y

m(∞)ρAY
(A16)

where the final thickness after full conversion is l(∞), and the final mass is m(∞).
Thus,

Δm(t) = 2Ax(t)ρβ′′ Y

(
1 − mo

m(∞)

)
= 2Ax(t)ρβ′′ Y

(
1 − ρAYlo

ρβ′′ Yl(∞)

)
(A17)
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The ρAY, lo, and mo are measured on the initial sample. The ρβ′′ Y is measured on
a fully converted sample. Thus, both l(∞) and m(∞) can be estimated. The preceding
implies that it is not necessary to carry out full conversion to achieve the final weight,
m(∞), and the final thickness, l(∞), in order to use the kinetic equation given in (A1). In
the present work, however, the sample was heat-treated for a long enough time to achieve
the final weight and thickness. Thus, Equation (A17) is used in the analysis.

From Equation (A17), the conversion thickness in terms of weight gain is given by

x(t) =
Δm(t)

2Aρβ′′ Y

(
1 − mo

m(∞)

) =
Δm(t)

2Aρβ′′ Y

(
1 − ρAYlo

ρ
β′′ Yl(∞)

) (A18)

Equations (A17) and (A18) show that the conversion thickness x(t) at time t can be
given in terms of change in weight, Δm(t), and the densities of the initial sample, (ρAY), and
after conversion to Na-β”-alumina, (ρβ′′ Y), the sample cross sectional area, A; the initial
and final sample thicknesses, lo and l(∞), respectively; and the initial and final masses, mo
and m(∞), respectively. Therefore, Equation (A1) can be written as

(Δm(t))2

4De f f

(
Aρβ′′ Y

(
1 − mo

m(∞)

))2 +
Δm(t)

2ke f f

(
Aρβ′′ Y

(
1 − mo

m(∞)

)) = t (A19)

Thus, by measuring Δm(t) as a function of time t and fitting experimental data to
Equation (A19), it should be possible to obtain both kinetic parameters, De f f and ke f f .
Alternatively, Equation (A19) may be linearized as follows

Δm(t) = 4A2(ρβ′′ Y − ρAYλ)2De f f
t

Δm(t)
− 2A(ρβ′′ Y − ρAYλ)

De f f

ke f f
(A20)

A plot of Δm(t) versus t
Δm(t) is thus expected to be linear. Then, from the slope and

the intercept, it should be possible to obtain both De f f and ke f f .
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Abstract: Proton exchange membrane fuel cells are relevant systems for power generation. However,
they suffer from a lack of reliability, mainly due to their structural complexity. Indeed, their operation
involves electrochemical, thermal, and electrical phenomena that imply a strong coupling, making
it harder to maintain nominal operation. This complexity causes several issues for the design of
appropriate control, diagnosis, or fault-tolerant control strategies. It is therefore mandatory to
understand the fuel cell structure for a relevant design of these kinds of strategies. This paper
proposes a fuel cell fault structural analysis approach that leads to the proposition of a structural
graph. This graph will then be used to highlight the interactions between the control variables and
the functionalities of a fuel cell, and therefore to emphasize how changing a parameter to mitigate a
fault can influence the fuel cell state and eventually cause another fault. The final aim of this work is
to allow an easier implementation of an efficient and fault-tolerant control strategy on the basis of the
proposed graphical representation.

Keywords: fuel cell fault structural analysis; diagnosis; fault tolerant control; fuel cell cathode
water management

1. Introduction

Proton exchange membrane fuel cells (PEMFCs) are efficient and clean energy supply
systems. However, they are subject to the occurrence of various faults, which decreases their
reliability. Faults are inordinate phenomena that degrade a system’s performance more
or less rapidly and substantially [1]. Their occurrence can be attributed to several factors
(exogenous and endogenous). Both exogenous factors, such as gas purity or demanding
load profile, and endogenous factors, such as poor internal design or natural aging, can
lead to fault occurrence and, therefore, to fuel cell damage. The operating conditions need
to be adjusted to mitigate the faults. Moreover, PEMFCs are nonlinear, multivariate, and
strongly coupled systems, which complicates their ability to be maintained under normal
operation. Therefore, it is necessary to highlight the coupling of the PEMFCs’ parameters to
facilitate the understanding of the fault occurrence process. Indeed, an exhaustive analysis
of the variables’ effects and interactions inside the system is a major issue to be considered
to set an efficient fault-tolerant control (FTC) strategy.

The literature provides different approaches to modeling and analyzing a system
in order to understand the influences of its variables and their interactions. Noyes [1]
highlighted two types of methodologies that allow this analysis: statistical and functional.
On the one hand, a statistical analysis consists in the observation of events [2,3] with the
aim of making assumptions to predict events in similar situations. For instance, Bayesian
statistical analysis [2] aims to process small datasets. Indeed, this approach allows one to
obtain relevant information by limiting costly observations. The obtained information is
then iteratively refined according to a Bayesian law. On the other hand, functional analysis,
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focuses on all functions ensured by the system and their influence on the occurrence of
a fault. These approaches are usually based on a graphical formalism that leads to the
specification of good operating conditions.

Several methods for functional analysis can be found in the literature, such as FAST
(Function Analysis System Technique), SADT (Structured Analysis and Design Technique),
or FTA (Fault Tree Analysis).

FAST is a graphical representation of a system’s functions that answers the follow-
ing questions: why does a function have to be ensured? How is this function ensured?
When must the function be ensured? Other functional analysis methods also exist in the
literature [4–6], and they consist in analyzing a system with measurements to observe its
structural and functional modifications.

The SADT [7,8] method is a graphical tool associated with a top-down analysis method.
This method is used to decompose a function with a functionally oriented methodology.
It consists of modeling the process by breaking it down into subsets. A data-based or
function-based diagram is then created to model the process of each subset.

FTA is also a functionally based analysis that allows one to perform a failure mode
analysis. It is a top-down approach: a top event is considered, and all combinations of
sub-events that lead to it are determined [9].

The top event is reached with a combination of several sub-events. Sub-events have
their origin in the combination of basic events. Fault trees, therefore, bring information
about the variables (basic events) that are involved in a specific fault occurrence.

To summarize, on the one hand, FAST uses a diagram to organize the ways of think-
ing, acting, or talking. It enables the development of technical solutions according to a
functional logic. However, this method does not consider the system complexity or the
coupling phenomena of internal system variables. On the other hand, the SADT method
takes into consideration the complexity and allows the analytical decomposition of the
system according to a hierarchical structure. However, this approach does not allow links
between transitions of operating conditions, such as from normal condition to a faulty one.
On the contrary, FTA is relevant in understanding how a fault can occur with a combination
of basic events. Indeed, FTA allows the link between each transition of the operating condi-
tions. With logic gates and sub-events, it describes all paths that lead to the appearance of
the fault. FTA highlights the information about fault occurrence and, therefore, the relevant
variables for fault mitigation. Fuel cells are strongly coupled systems, and several variables
have mutual interactions that are not highlighted by FTA. For this reason, a new analysis
methodology, which is called Fault Structural Analysis (FSA), is applied to these systems.
Indeed, the FSA allows describing the system’s structure and highlighting all variables that
influence the fuel cell operating conditions. This approach is also relevant for designing
fault tolerant control strategies because it is helpful for fault mitigation and system moni-
toring process. For instance, as presented in [10], authors present their strategy for fuel cell
fault mitigation. Their work consists of gathering information about the PEMFC state of
health through the remaining useful lifetime. The approach is based on the analysis of the
system nominal and faulty conditions which are provided by a key variable behavior. This
strategy is thus highly dependent on the relevant choice of the key variable that should be
subject to a study of its field of action in the fuel cell for more efficiency. In [11], Yang et al.
try to improve the PEMFC reliability with the implementation of a robust fault observer for
air management system fault diagnosis. Once again, the choice of the estimated variable is
a key factor for their diagnosis tool. Indeed, the implementation of their strategy depends
on sensitivity of the diagnosis variables to the fuel cell functionalities which are subject to
faulty conditions. In [12], authors proposed a fuel cell health management system. They
used the electrochemical impedance spectroscopy (EIS) in a fault tolerant control strategy
in order to diagnose the water management faults. The drawback of EIS diagnosis tools
lies in their low computational time, their offline operating mode and the cost of the used
equipment. To avoid this problem, a solution for the implementation of a diagnostic tool
can be based, for each relevant variable, on identifying the one most influenced by each
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faulty condition. Another study proposed by Rubio et al. [13], consist of the implemen-
tation of a fuzzy model to determine the water dehydration in a PEMFC. The real-time
aspect of the strategy involves the use of fast response time of the control variable. The
current, the flow rate and the voltage are thus used in the strategy for the fuel cell hydration
characterization. This study only considers fast response time variables for the diagnosis
tool, but the studied phenomena have low, medium and high frequency behavior. In the
case of the introduction of variables which are influenced on the overall spectrum, authors
would improve their strategy efficiency.

The FSA design leads to a graphical representation which is achieved in three steps:
(i) identification of the system’s functionalities and definition of each control variable, (ii)
finding the constraints (restriction of the system functionalities) that are influenced by
system’s variables and (iii) designing the structural graph.

Water management faults is a recurrent faulty condition for PEMFC systems. Indeed,
they can lead to severe performance losses and in some cases to irreversible degradation.
Therefore, the FSA approach that leads to a structural graph considers two faulty conditions
related to the water management: flooding and membrane drying out. The introduction of
these two faults in the structural graph will underline the fuel cell functionalities impacted
by their occurrence, and also highlight the available control variables which can be used for
their mitigation in the case of an FTC strategy. FSA leads thus to the following contributions:

• Describe the fuel cell structure only with a graph,
• Highlight all variables which influence the fuel cell functionalities and therefore its

operating conditions,
• Underline the links between the fuel cell functionalities and faults,
• Highlight the relevant control variables which can be used for fault mitigation

This paper is organized as follows: The first section is dedicated to the PEMFC water
management issues. The second section proposes a structural analysis which allows
highlighting all couplings between the system variables. Then, in the third section the
structural analysis approach is defined and applied on the PEMFC system. The two
last sections discuss and conclude about the structural analysis approach applied to a
PEMFC system.

2. Water Management Faults

PEMFC systems may be subjected to different faulty operating modes. In [14], authors
define fault as a decrease in system performance caused by improper major or minor fuel
cell operation. These kinds of operations could lead to a permanent loss of the fuel cell
performance due to the occurrence of faults or fuel cell ageing. This paper only focuses on
faults which lead to fuel cells performance losses. These faults can be classified according
to some criteria like: effects, response time, recovery property (the loss of performance can
be totally recovered or not) or location.

Fuel cell faults can be detected and isolated, with the use of appropriate fault diagnosis
tools. The literature relates several diagnosis techniques and many of them are used for
PEMFCs water management issues. For instance, Lu et al. [15] proposed a fault diagnosis
based on a fast electrochemical impedance spectroscopy (EIS) measurement. The developed
tool allows an on-line flooding and drying out diagnosis but the authors underline that it
cannot rules on the fuel cell state of health (SoH) in the case of multiple fault occurrence.
Regarding their experiment, the multiple fault occurrence happens when the recovering
time between each faulty condition is not enough. Therefore, in order to have a complete
fault deletion and to improve the diagnosis tool performance, it is therefore relevant
to know what the involved variables during a fault mitigation process are. Another
example of a diagnosis tool consists of a model-based observer for fuel cell internal states
estimation [16]. Authors aim to resolve the unmeasured internal variables issue thanks
to a virtual sensor based on observer. This work highlights the need to understand the
fuel cells operation mechanism through the internal state estimation and by the coupled
variables involved in the change of the fuel cell SoH. In the follow-up, Alves-Lima et al. [17]
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have worked on a quantitative video-rate hydration imaging of Nafion. Their results
have shown that membrane water content is correlated to several factors: the membrane
thickness, the fuel cell temperature (the room temperature in their study) and the water
desorption process are major factors that influence the membrane hydration. Once again,
the knowledge of the fuel cell internal variables are major issues to maintain the membrane
under nominal hydration. In [18] authors use an EIS measurement to characterize the
impact of the membrane water management on the performance of PEMFC commercial
stacks. Their goal is to understand what the effects of the inlet gas water content on the fuel
cell operations via the analysis of the Nyquist plot for fuel cell stack and single cells are.

These papers underline the need of knowledge about the internal fuel cell variables
and how they have mutual influences. Indeed, as shown in [17], a modification of only one
internal variable value could lead to the system destabilization. For this reason, the FSA
analysis is focused on all the variables involved in the fuel cell to highlight extensively and
systematically the multilateral effects of water management faults inside the fuel cell.

Cell flooding and membrane drying out are two possible consequences of improper
water management. Flooding is caused by an accumulation of liquid water either in the
diffusion layer of the electrodes, the bipolar plate channels or the feeding lines that limits
the access of the reactants to the catalyst sites, and then decreasing the electrochemical
reaction rates. Membrane drying out is the result of an insufficient hydration of the PEMFC
membrane, thus increasing its proton resistivity.

Li et al. [19] identified flooding as the most recurrent PEMFCs’ fault and point out that
the cathode—being the place of water production—is particularly affected. The antagonist
phenomenon is the drying out. It can occur when the gases relative humidity is too
low [20,21], the input gas flow rate is too high, the operating temperature is too high or
when these improper operating parameters are combined.

To better understand these faults, a functional analysis of PEMFC water manage-
ment has been investigated through the Fault Tree Analysis in [11], among the possible
approaches presented previously. The FTA is reported in Figure 1.

The FTA approach provides information about some coupling phenomena between
variables inside the system. For instance, the temperature (T) influences the gas relative
humidity. However, it is also linked to other variables which can be used to settle a fault
tolerant control law. It is therefore important to understand how the different control
variables are coupled to reduce the risk of unexpected phenomena. The proposed FSA
approach aims to bring out this information in an explicit and systematic way via the
design of diagrams called structural graphs.

Figure 1. Cont.
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Figure 1. FTA applied on membrane drying out (a) and on a flooding (b) reproduced with the
permission from Yousfi Steiner et al., 2021 [9].

3. Fault Structural Analysis: Definition and Objectives

FSA is a low-level representation of a system behavior that allows highlighting the
operating conditions that potentially lead to a fault occurrence and the variables that could
be used to mitigate this fault. The representation is based on connections between the
system variables through a bipartite graph. All system features are described by a set of
constraints, viewed as restrictions on the system functionalities, and the violation of one of
them that indicates a fault occurrence.

3.1. Dynamical Systems

Structural analysis considers only the structural information, highlighting the variable
involved in the studied phenomenon. A representation is given in Figure 2.

Figure 2. Known and unknown variables representation.
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Inputs Ur are defined as: Ur with r ε {1,2, . . . ,n}
Outputs Yi are defined as: Yi with i ε {1,2, . . . ,k}
Unknown states, which are not directly measured but could be estimated from the

known ones, they are defined by: xj with j ε {1,2, . . . ,l}.

3.2. Bipartite Graph

Beauguitte [22] defined the bipartite graph as a structure that displays relationships
between two separate sets of vertices, describing system characteristics, variables, and
constraints. For this reason, in the next section the bipartite graph will be called structural
graph. The author underlines that vertices can be separated according to their contribution
to an event such as the occurrence of a particular fault.

The links between vertices are usually not oriented and represent the system’s struc-
ture which is noted as: G = (C U Z, Γ), where G is the structure of the bipartite graph and
U the union operator. Z is the set of characteristic variables: Z {z1, z2, . . . , zn}. C is the set
of constraints: C = {c1, c2, . . . , cm}. Arcs that connect each vertex (constraints/variables)
are noted:

Γ = {(c_i,z_j)� | z_j exist in c_i,z_j ε Z, i ε [1,m], j ε [1,n]}. (1)

An illustration of a bipartite graph is given in Figure 3.

Figure 3. Illustration of a bipartite graph.

It is possible to create an incidence matrix M that represents the bipartite graph and
consists of a Boolean matrix where the rows are the constraints and the columns the
characteristic variables:

M = {mi,j | mi,j = 1 if (ci,vj) ε Γ,0 else} (2)

3.3. Differentiation

The studied phenomena (faults) are time dependent. Therefore, a dynamic model
is mandatory in order to take into account time dependent variables. Three options can
be considered:

Option 1: Considering x (variable of the studied system) and
.
x as the same variable

and treating the dynamical equations in the same way as the static ones.
Option 2: Considering x and x = dx/dt as structurally distinct and using the model

with the explicit differential equation: dx/dt ([23]).
Option 3: Considering x and x = dx/dt as structurally distinct and proceeding to the

structural differentiation of the initial model ([24]).
The choice to use the explicit differential equation

.
x is preferred in our study to take

into consideration the system dynamic behavior with the present and past values (option 2).
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3.4. Representation of Faults

As said before, faults are abnormal phenomena which decrease the system perfor-
mance and can lead to its degradation. It is thus mandatory to detect their occurrence to
proceed to a fault mitigation strategy. In case a diagnosis tool is used, several levels of a
priori knowledge must be considered.

- A low level of knowledge, that only allows specifying the system functionalities
(i.e., the function which describes the operations) which are influenced by the faults’
occurrences. The description of the cause-and-effect relationship is not mandatory.

- A medium level of knowledge for which an analytical description of the cause-and-
effect relationships between system functionalities and faults is available. In this case,
variables that describe the faults must be integrated into the model.

- A high level of knowledge for which a fault model is specified.

For this work, a low level of knowledge is considered. Indeed, accurate fault model is
not mandatory. Only the functionalities that are influenced by their occurrence are needed
whereas the cause-and-effect relationship is not.

The FSA approach and objectives are now explained. The structural graph design
process is therefore described by the following steps: (i) find a model of the system which
describes its functionalities, (ii) identify the system constraints in order to get all the
variables which have an influence on the system operation, (iii) create an incidence matrix
for the design of the structural graph. The next section consists in choosing a PEMFC
model to guide the structural graph design.

4. PEMFC Functionalities and Control Variables

4.1. PEMFC System

A PEM fuel cell is composed of an anode, supplied with hydrogen, and a cathode,
supplied with oxygen (pure or from the air). At the anode side, one molecule of hydrogen
is oxidized thanks to a catalyst made of platinum (Pt). It allows the formation of two
protons and two electrons:

H2→2H+ + 2e− (3)

At the cathode side, oxygen is reduced by the protons thanks to a catalyst made of
platinum (Pt). Its reduction allows the formation of water through the electrochemical reaction:

1/2 O2 + 2H+ + 2e−→H2O (4)

The electrons move from the anode to the cathode through an external electric circuit.
These two electrodes are separated by a proton exchange membrane that is impermeable
to reactant gases. The supply of reactants to the PEMFC and the exhausts are carried in
and out via channels in bipolar or mono-polar plates as represented in [25].

For the next sections, the studied system is a PEMFC stack. All cells are supposed to
have the same mean behavior, and the reactant supply system is represented on the scheme
on Figure 4:
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Figure 4. Example of humidified system synoptic of a PEMFC.

The Figure 4 represents the main elements of the PEMFC system that will be involved
in fault generations and then monitored for their mitigation. Indeed, the system is supplied
with hydrogen and oxygen and the gas flows are controlled with two controllers which
manage to supply the PEMFC with the good ratio of reactants. The reactants are humidified
with the humidification system. The PEMFC input gas relative humidity is adjusted with
a heated line. The PEMFC pressure is controlled with two back pressure controllers. To
simplify the representation, in the following, the considered oxidant is pure oxygen, but
the approach would be the same with air.

4.2. PEMFC Modeling with an Energetic Macroscopic Representation (EMR)

To perform an FSA for PEMFCs water management faults, a zero-D fuel cell model is
considered. The energetic macroscopic representation (EMR) proposed in [26] is used to
identify the system functionalities. This macroscopic model is chosen because it highlights
the system’s control variables. Indeed, the structural analysis presented in this paper aims
to bring the relevant control variables which could mitigate a fault occurrence. Other
multidimensional models would lead the same analysis, but they involve more variables
which are not measurable or controllable. Therefore, this kind of model are useless for the
aim of fault mitigation.

The EMR representation is a quasi-static model involving differential equations that
make possible the study of time-dependent systems. It also specifies the equations that
describe the system’s functionalities that could be submitted to a faulty condition. The
principle of the EMR consists in considering the different power conversions and the cause-
consequence relationship. Then, each element is linked to the others through a couple of
action/reaction variables which product is a power. The instantaneous conversion and the
accumulation of power are distinguished.

The PEMFC is modelled as several sub systems linked together in order to create a
complete fuel cell model. This simple model and few additional equations are relevant to
perform the ASD because it allows taking into account the variables of interest.

This representation is composed of three parts.
First, the fluidic part is dedicated to the gas channels located between the gas tank and

the reaction sites. An electric analogy is used with pressure is assumed to be a potential
and volume flow rates are assumed to be currents. Using electrical analogy:

- the system is also composed of a distribution resistance RdO21, an exhaust resistance
RdO22 and a hydraulic capacity Ch (for gas accumulation in the circuit),

- and the current generator represents the consumption of the reactant or the generation
of the products.

The Figure 5 shows the analogy between the pipe and the RC electrical circuit [27].
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Figure 5. Analogy between pipe of the hydraulic circuit and an electric RC circuit.

The oxygen circulation qO2 is enabled by fuel cell input/output pressure difference.
The consumed (resp. produced) gases’ flows qcO2 are calculated from the Faraday law
and the number of electrons exchanged nO2 counted negatively (resp. positively). Partial
pressures at each electrode are imposed by the gas accumulation represented by qch. Ifc is
the electric current of the fuel cell, N is the number of cells.

PO2 = PscO2 + RdO21 qO2 (5)

qO2out = (PscO2 − PsO2)/RdO22 (6)

(dPscO2)/dt = 1/Ch (qO2 − qcO2 − qO2out) (7)

qcO2 = ±N ∗ Ifc/(nO2 ∗ F) ∗ (R ∗ Tfc)/PO2 (8)

qO2out = qO2 + qcO2 (9)

In Equation (7) the derivative term is assumed to be structurally different from PscO2
(Cf. Section c).

The second part of the EMR is the electrochemical part. The Nernst potential En is
based on the computation of a thermodynamic potential E0 and the influence of the partial
pressures and the temperature:

En = E0 + ΔE (10)

with,
E0 = α + β ∗ Tfc + γ ∗ Tfcˆ2 + δ ∗ Tfcˆ3+ ν ∗ Tfc ∗ ln(Tfc) (11)

and,
ΔE = Acd ∗ ln (PscH2/P0) + Bcd ∗ ln(PscO2/P0) (12)

where α, β, γ, ν, Acd(Tfc) and Bcd(Tfc) are model adjustment variables. Tfc is the fuel
cell temperature and the chosen model does consider a cooling system. E0 is the ther-
modynamic potential of the PEMFC [26]. The voltage drop ΔV calculation (activation,
concentration and ohmic losses) is then carried out:

ΔV = ΔV _act + ΔV _conc + ΔV _ohm (13)

The PEMFC voltage is thus:

V_M = E_n − ΔV (14)

Each loss is expressed as follows, using In the cross over current, I0 the exchange
current, and Il the limit current:

ΔVact = A ∗ Tfc ∗ ln((Ifc + In)/I0) (15)

ΔVconc = B ∗ Tfc ∗ ln(1 − Ifc/Il) (16)

ΔVohm = Rm ∗ Ifc (17)
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The third part is the electric impedance of the cell, represented by the block “Charge
double layer” but as the fast-electric dynamic is not considered in the analysis, this block is
not considered. Considering N the number of stack cells, the stack voltage is expressed
as follows:

Vfc = N ∗ (VM + Vc) (18)

Thanks to this fuel cell model, it is possible to define the control variables for the
system functionalities. All variables that influence the PEMFC functionalities are supposed
to be known. The next step consists of defining the constraints that can be influenced by a
fault occurrence.

5. Constraints of PEMFC

5.1. Structural Analysis of a PEMFC

The structural analysis design is focused on the cathode fluidic part because it is the
location of the water production. The cathode area therefore represents the major issue
regarding fuel cells water management. It is located between the gas tank and the reaction
sites. This part is modeled with the electric analogy represented on Figure 5. The oxygen
circuit is composed of a fluidic resistance RdO21, an exhaust resistance RdO22, a hydraulic
capacity ChO2 and the consumed oxygen flow generator. The water circuit is composed of
the same type of elements, with the produced oxygen flow generator. The input gas flow
qO2 is imposed by a flow controller, the values of the input water flow qH2Oin is imposed by
the humidification system depending on the controlled humidity rate and the temperature
of the fuel cell Tfc. The pressure at the exhaust is the atmospheric pressure.

The gas flow inside the PEMFC supply channels is considered as the first event for the
normal fuel cell operation. This first event, called constraint for the structural analysis, is
the first constraint noted C1. However, this gas circulation can be influenced by the system
variables given in the following equations:

PO2in − PO2out = RdO21 ∗ qO2in + RdO22 ∗ qO2in − qO2ca (19)

where PO2in and PO2out are the pressure of the input and output gas respectively. Regarding
the water circuit the equation becomes:

PH2Oin − PH2Oout = RdH2O1 ∗ qH2Oin + RdH2O2 ∗ qH2Oin + qH2Oca

The cathode pressure drop is expressed as follows:

ΔP = Ptot_in − Ptot_out

Using the humidified input gas flow, which is actually the total input flow (qO2hum_in),
the pressure drop expression becomes:

ΔP = RdO2hum1qO2humin
+ RdO2hum2

(
qO2humin

− qO2ca
+ qH2Oca

)
Thus:

C1 : qO2humin
=

1
RdO2hum1 + RdO2hum2

(
ΔP + RdO2hum2qO2ca

− RdO2hum2qH2Oca

)
(20)

The humidified gas inside the channels crosses the gas diffusion layer (GdL) for the
purpose of air diffusion to the catalytic site. However, the GdL gas concentration has to be
kept at a high value for a good and safe catalytic feeding. The gas amount accumulated in
the GdL is thus the third constraint C2. The variables which have an influence on this gas
amount inside the GdL appear in the expression of the hydraulic capacity of the GdL Ch:
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Ch =
1

.
PO2ca +

.
PH2Oca

(
qO2 + qH2Oin

− qcO2 + qH2Oca
− qO2out

− qH2Oout

)
(21)

where:
qO2humout

=
PO2ca + PH2Oca − PO2out − PH2Oout

RdO2hum2

(22)

hence:

C2 : Ch =
1

.
PO2ca +

.
PH2Oca

(
qO2in

+ qH2Oin
− qO2ca

+ qH2Oca
− PO2ca + PH2Oca − PO2out − PH2Oout

RdO2hum2

− qH2Oout

)
(23)

It should be noted that the constraint C2 has also the fuel cell temperature as input
variable. Indeed, the flowrates are expressed as volume so they depend on Tfc.

At the catalytic sites, and for high current densities, the kinetic of reactions increases
and the gas consumption intensifies. During this operating condition, the quantity of
O2 species decreases and the steam production increases. Therefore, the fuel cell voltage
decreases. The steam partial pressure at the catalytic site is thus the fifth constraint C3
because it has to be under the saturation pressure value to avoid water condensation.
The variables which influence this constraint are expressed by the following inequality
relationship which represent the steam partial pressure at the catalyst (PH2Oca) and the
saturation pressure (Psat):

C3 : PH2Oca ≤ Psat (24)

Then as depicted in [28], there is a thermodynamic equilibrium between the GdL [29]
water content (λGdL) and the membrane water content λm ([30]). The constraint C4 represents
this equilibrium. Variables which have an influence on C4 are expressed below ([30]):

C4 : λGdL = a1 + a2

(
PH2Oca

Psat

)
− a3

(
PH2Oca

Psat

)2
+ a4

(
PH2Oca

Psat

)3
(25)

Regarding the membrane, it has to be hydrated for an appropriate fuel cell operation.
An electro osmotic flow (qosm) allows the membrane water supply via a protonic load
flow [10]. This flow must get a sufficient value for a good membrane hydration. This is the
fifth constraint C5 which involves the electro osmotic flow. Then, a diffusive flow (qdiff)
through the membrane also exists and modifies the water content of the membrane. Like
the electro osmotic flow, it has to get a relevant value for a good membrane hydration. This
value constitutes the sixth constraint C6. The constraint C5 and C6 are expressed as below:

qH2Oca = qosm + qdiff (26)

with:
C5 : qosm = λmτ0

Ifc
F

(27)

and:
C6 : qdiff = −Dm

ρdry

Mm

dλm

dx
(28)

An optimal membrane hydration is mandatory for the nominal operation of the
PEMFC. Its water content is related to the water concentration inside the membrane.
A constraint C7 is thus considered for the membrane water content. This constraint is
influenced by the water concentration variation and is expressed as below ([31]):

C7 : λm =
Mm

ρdry
cH2O (29)

where cH2O is the membrane water concentration which depends on the fuel cell temperature.
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The membrane hydration also depends on the thermodynamic equilibrium; a relation-
ship between the GdL water content (λGdL) and the membrane water content λm exists.
The constraints C5 and C6 are therefore linked to the fuel cell temperature.

The last constraint C8 is also about the membrane water content. Indeed, the lower
the membrane water content is, the higher the ohmic resistance is. This resistance can be
expressed as below ([31]):

C8 : Rm =
tm(

b1 exp
(

b2

(
1

303 − 1
Tfc

))) (30)

where, tm represents the membrane thickness, b1 and b2 are coefficients that depend on
fuel cell being tested and b1 depends on the membrane water content ([31]):

b1 = b11λm − b12 (31)

Then, the higher the membrane resistance is, the higher the ohmic losses are. The
ohmic losses is written as:

C8 : ΔVohm = RmIfc (32)

The incidence matrix can now be set in order to create the PEMFC structural graph.

5.2. Incidence Matrix of the Structural Analysis

Based on the extraction of the PEMFC constraints, it is possible to create an incidence
matrix A (ai,j) that allows to link vertices (variables/constraints) and arcs. It contains n
rows and m columns:

- ai,j is +1, if the numbered arc j admits the vertex i as origin,
- ai,j is −1, if the numbered arc j admits the vertex i as the arrival,
- ai,j is 0 in other cases.

The incidence matrix is represented in the Table 1.

Table 1. Incidence matrix of the structural analysis.

C1 C2 C3 C4 C5 C6 C7 C8

Tfc 1 1 1 1 1 1

qO2in 1

qH2O 1

qhum_in 1

Ptot_in 1 1 1

PO2_out 1

PO2_ca 1

qH2O_ca 1 1 1 1

PH2O_out 1

Ptot_out 1 1 1

qH2O_out 1

qO2_ca 1 1

PH2O_ca 1 1 1
.
PH2O_ca 1

.
PO2_ca 1

Vfc 1

Ifc 1 1 1
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Table 1. Cont.

C1 C2 C3 C4 C5 C6 C7 C8

qosm 1 1

qdiff 1 1

λm 1 1 1 1

λGDL 1 1

CH2O 1

Rm 1

The control variables are separated from the others with a double vertical line. The
structural graph is designed on the basis of the incidence matrix of the Table 1. It is
represented on the Figure 6 below.

Figure 6. Structural graph of the PEMFC.

The next step consists of adding the PEMFC faults on the structural graph in order to
represent their interaction inside the PEMFC.

5.3. Fuel Cell Flooding Structural Analysis

A PEMFC flooding can occur in two areas. Both inside the GdL with a water droplet
accumulation which reduces the catalytic site reactant feeding, and inside the channels
by propagation of water droplet accumulation. This water accumulation can also appear
directly inside the supply channels and reduce the fuel cell reactant feeding. To integrate
the flooding in the structural analysis, the fault is assumed to be a variable which has
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influence on the PEMFC constraints defined above. For this purpose, a new variable (Fflood)
which represents a flooding occurrence is added. Fflood can therefore be expressed as below:

Fflood =
Velectrode_available

Vgeo_electrode
(33)

with, Velectrode_available is the global volume available in the compartment (channels + GdL)
and Vgeo_electrode the geometrical volume of the electrode. This variable is set to 1 in case of
optimal hydration and to 0 when completely clogged.

The flooding variable has an influence on the supply channels. The new variable is
thus added to the constraint C1 which is linked to PEMFC supply channels:

C1 : qO2humin
=

Fflood
RdO2hum1 + RdO2hum2

(
ΔP + RdO2hum2qO2ca

− RdO2hum2qH2Oca

)
(34)

The flooding variable has also an influence on the GdL and thus on the constraints C2
and C4. These two constraints become:

C2 : Ch =
Fflood

.
PO2ca +

.
PH2Oca

(
qO2in

+ qH2Oin
− qO2ca

+ qH2Oca
− PO2ca + PH2Oca − PO2out − PH2Oout

RdO2hum2

+ qH2Oout

)
(35)

C4 : λGdL = Fflood

(
a1 + a2

(
PH2Oca

Psat

)
− a3

(
PH2Oca

Psat

)2
+ a4

(
PH2Oca

Psat

)3
)

(36)

The incidence matrix is updated with the flooding variable as represented in the Table 2.

Table 2. Incidence matrix updated with the flooding variable.

C1 C2 C3 C4 C5 C6 C7 C8

Tfc 1 1 1 1 1 1

qO2in 1

qH2O 1

qhum_in 1

Ptot_in 1 1 1

PO2_out 1

PO2_ca 1

qH2O_ca 1 1 1 1

PH2O_out 1

Ptot_out 1 1 1

qH2O_out 1

qO2_ca 1 1

PH2O_ca 1 1 1
.
PH2O_ca 1

.
PO2_ca 1

Vfc 1

Ifc 1 1 1
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Table 2. Cont.

C1 C2 C3 C4 C5 C6 C7 C8

qosm 1 1

qdiff 1 1

λm 1 1 1 1

λGDL 1 1

CH2O 1

Rm 1

Fflood 1 1

The structural graph with the flooding variable is represented on the Figure 7:
The next step consists in introducing the membrane drying out variable inside the

structural analysis. The goal is to identify the constraints which are influenced with
its occurrence.

Figure 7. Structural graph with the flooding variable.

5.4. Membrane Drying out Structural Analysis

The membrane drying out fault results from a decrease of the membrane water content.
Therefore, it has an influence on constraints C7 and C8 that involve the membrane water
content variable (λ). The fault can thus be represented by a variable which is expressed
as below:

Fdry =
Vabs_membrane

Vabs_tot_membrane
(37)

where, Vabs_membrane is the volume absorbed by the membrane and Vabs_tot_membrane is the
total volume absorbable by the membrane. Fdry has a value between 0 and 1.
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This variable can now be introduced in the constraint C9:

C9 : λm =
Mm·Fdry

ρdry
cH2O (38)

The incidence matrix is updated with the membrane drying out variable as represented
on the Table 3.

Table 3. Incidence matrix updated with the membrane drying out variable.

C1 C2 C3 C4 C5 C6 C7 C8

Tfc 1 1 1 1 1 1

qO2in 1

qH2O 1

qhum_in 1

Ptot_in 1 1 1

PO2_out 1

PO2_ca 1

qH2O_ca 1 1 1 1

PH2O_out 1

Ptot_out 1 1 1

qH2O_out 1

qO2_ca 1 1

PH2O_ca 1 1 1
.
PH2O_ca 1

.
PO2_ca 1

Vfc 1

Ifc 1 1 1

qosm 1 1

qdiff 1 1

λm 1 1 1 1

λGDL 1 1

CH2O 1

Rm 1

Fflood 1 1

Fdry 1

The structural graph with the membrane drying out variable is represented on the
Figure 8:
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Figure 8. Structural graph with the membrane drying out variable.

6. FSA in Experimental Context

The experimental FSA illustration is made through the mitigation of fuel cell flooding
fault. Indeed, an active fault tolerant control (AFTC) strategy which is detailed in another
work [32], is applied on a single cell fuel during a flooding.

AFTC strategies, compared to other kinds of FTC strategies, differs mainly by their
structure. Indeed, in a previous literature review [1] it has been highlighted that there are
two kinds of FTC strategies: Active or Passive ones. Passive strategies (PFTC) consist of
a robust controller design for fault mitigation. In this case, the controller is designed by
considering the fault as a disturbance. This structure allows to not use diagnosis tools. But
as more is important the number of faults that should be mitigated as more is the PFTC
design complexity. To reduce this complexity and instead of use a unique robust controller,
the AFTC structure decomposed the mitigation process to several steps. For instance,
in [33] authors proposed a three-modules fault mitigation process on a powertrain city bus.
Authors used as first module a diagnosis tool for fault detection whereas the second module
is composed of decision-making part. Finally, the third module is composed by a set of
controllers which implement on the powertrain city bus the mitigation strategy computed
by the second module. Another work in [23] where authors proposed another application of
the AFTC strategy. In this case the purpose is to address the water management issues. They
manage to couple a fault detection and isolation (FDI) algorithm with a reconfiguration
mechanism and an adjusting controller. The FDI process is a machine learning based
whereas a self-tuning PID is implemented as the control part. Authors also highlight
the advantages of the self-tuning PID which shows robustness against noise and model
uncertainties. Wu et al. proposed in another fault mitigation process which also consists
of an implementation of a three-module AFTC to diagnose a PEMFC fault occurrence, to
decide on a relevant mitigation action, and to apply the strategy on the fuel cell through
a control set. The main purpose of the method is the distribution of the complexity of
the AFTC design into the three modules which significantly simplifies its implementation.
In [13] authors proposed a model-based AFTC strategy for PEMFC temperature sensor
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fault. They used a FDI process with the aim of real time fault diagnosis with a sliding mode
controller for the fuel cell thermal management.

The advantage of the use of AFTC structure lies in its modular aspect. Indeed, it
allows the decomposition of the mitigation process into several steps. Each step being
dedicating to a different task, it reduces the complexity of the strategy.

6.1. Experimental Set Up

The fault tolerant control strategy is applied on a test bench of the FCT brand [34]. It
manages to supply a fuel cell with hydrogen at the anode and oxygen or air at the cathode.
The experimentations are carried out only with oxygen. The tested fuel cell is a 50 W unit
which is composed of N117 ION POWER single-cell of 50 cm2 [35]. The synopsis of test
bench is given on the Figure 4.

The Figure 4 shows that the test bench is mounted with two flow rate controllers in
order to regulate the input reactant flows. Then, two humification systems are placed
on O2 and H2 feeding lines in order to control their relative humidity thanks to two gas
temperature controllers. At the event of the fuel cell, two back pressures controllers are
used at the anode and cathode lines to manage the fuel pressure. An electronic load is
finally connected to the FC electric terminals which can absorb a power of 1.8 kW. The
whole test bench is monitored with a LabVIEW virtual instrument.

6.2. Flooding Generation Test

The experiment consists of mitigating a flooding occurrence with an AFTC strategy. It
will modify the fuel cell operating conditions by changing some control variables iteratively.
The selection of the control variables is based on the previous structural graph and on
the available sensors and actuators on the test bench. The selected control variables are
the: input cathode gas flow rate (qO2ca); fuel cell temperature (Tfc); inlet gas flow relative
humidity (qH2Oca).

The structural graph shows that the flooding affects the fuel gas channels and the
GDL on the fuel gas channels and on the GDL. The control variables qO2ca and qH2Oca have
an influence on the gas channels whereas Tfc influences the GDL.

In the experiment, the flooding is generated by introducing liquid water in the cell
from the canalization which is between the humidifier and the fuel cell. Indeed, on Figure 4
the gas at the outlet of the humidification system is temperature-regulated in order to reach
the relative humidity setpoint. With the temperature controller, it is possible to condense
the steam. Then the condensed water goes into the fuel cell to cause a flooding inside
the electrode.

The used algorithm for the AFTC strategy is based on an iterative modification of the
operating condition with the modification of the selected control variables. The Figure 9 is
an illustration of the AFTC mechanism.

6.3. AFTC Application to Flooding

The used AFTC strategy has been selected from a previous literature review [1] which
is constituted of three modules: diagnosis; decision; control. The diagnosis module is
used for the flooding identification based on some outputs fuel cell measurements. Then,
if a fault occurred, a decision process is launched through the decision module. At this
step, a mitigation strategy is computed for a fast and sustainable fault mitigation. The
decision strategy is finally implemented on the fuel cell through the control module which
is composed of a set of controllers.
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Figure 9. Iterative AFTC strategy.

In this work, the diagnosis consists of identifying a flooding occurrence by monitoring
the fuel cell pressure drop and the voltage. The decision process provides a decision
regarding the fault occurrence to proceed fast mitigation with minimal change in the
operating point. The guidelines which are the output of the decision process are transmitted
to all controllers to apply the mitigation strategy on the fuel cell.

The AFTC iterative process leads to the setup of two testing cases for the flooding
mitigation. Figure 10 represents these testing cases.

Figure 10. Two possible test cases for flooding mitigation.

In both cases, the three selected control variables are used by the AFTC strategy for
fault mitigation. If a fault is identified by the diagnosis block, one of the variable values
is modified. For instance, in the case 1, the strategy starts with a correction of the gas
flow rate qO2ca (1). This is referred to as a Transient action because qO2ca is temporally
modified until the flooding is mitigated. The second step of the decision process (2) is an
action on Tfc and on qO2ca. Here, Tfc is permanently modified to a new value. In parallel
with the action on Tfc, another Transient action on qO2ca is triggered. The third step (3) of
the case 1 consists of a permanent modification of the input gas water content (qH2Oca).
This action is also supported by a Transient action on qO2ca. The fourth step (4) consists of
a permanent change of qO2ca. Here, there is no Transient action.

The test case 2 consists of a different order of the corrective actions. It is composed of
the same actions as for the case 1, in a different sequence; except for the first action which
is a Transient action on qO2ca.
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6.4. Experimental Validation of the AFTC Strategy Based on the Variables Extracted from the
Structural Graph

A flooding mitigation process based on the test case 1 has been tested on a single fuel
cell. Results are depicted in Figure 11a–c.

Figure 11. Cont.
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Figure 11. Pressure drop (a), oxygen flow rate (b) and temperature (c) superposition with the fuel
cell voltage for the test case 1.

The Figure 11a shows the superposition of the fuel cell voltage with the cathode
pressure drop (PD). The PD evolution is used for flooding diagnosis. For instance, F1
corresponds to an increase in PD, which means flooding is in progress.

On Figure 11b all the applied Transient actions on O2 flow rate qO2ca are marked
with the AFTC. Each increase in qO2ca aims to mitigate the flooding. When the flooding
is mitigated (not diagnosed anymore), the qO2ca value is reset to its value before the
Transient action triggering.

On Figure 11c, the second mitigation action of the test case 1, that is the fuel cell
temperature is triggered (AFTC 2) at the same time as a Transient action

Figure 12 represents a flooding mitigation process based on the test case 2.
The Figure 12 represents the experimentation applied to the test case 2. Here the first

mitigation action is always based on a Transient action, on qO2ca. The second action is
also based on the same control variable qO2ca. The increase in qO2ca (AFTC 3) with the
Transient action manages to mitigate the flooding by causing the liquid water to drain from
the fuel cell.
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Figure 12. Cont.
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Figure 12. Pressure drop (a), oxygen flow rate (b) and temperature (c) superposition with the fuel
cell voltage for the test case 2.

The test results are summarized in the Table 4.

Table 4. Test results for flooding mitigation for the tests cases 1 and 2.

Flooding Case 1 Case 2

Number of Transient decisions 6 6
Number of permanent decisions 1 1

Permanent decision triggering time 11 mn 15 mn
Flooding mitigation time 18 mn 15 mn

Voltage loss −3.1% −6.21%
Voltage recovery +1% +0.35%

6.5. Experimental Analysis

The test of the case 1 and 2 allows the flooding mitigation in about 15 to 18 min and for
the same number of Transient actions and permanent actions. The main difference concerns
the voltage recovery which is three times fastest in the case of an action on temperature
rather than on the cathode flow rate.

Indeed, regarding the structural graph it appears that a flooding acts on the gas
feeding channels and on the GDL. Actions on qO2ca allow the water to drain from the
fuel cell channels but do not allow the water to drain from the GDL. In the same way, Tfc
manages to remove water from the GDL and has no effects on the fuel cell channels. For
these reasons, the case 1 which is a mix of actions on the channels and GDL through the
qO2ca and Tfc, is a more efficient way for flooding mitigation than case 2 which only acts
on the channels.
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7. Discussion

The structural analysis gives a graphical representation of all PEMFC variables that
have an influence on the fuel cell operating conditions. It highlights the coupling of
variables inside the PEMFC and leads to the design of a structural graph. The structural
graph of the PEMFC on the Figure 8 shows that the fuel cell temperature appears as the
most coupled variable. It has an influence on the steam partial pressure at the catalyst site
(C3), on the thermodynamic equilibrium of the GdL and the membrane water content (C4),
on the electro osmotic and diffusive flows (C5 and C6) and on the membrane water content
(C7 and C8). Other variables such as the membrane water flow rate and the input steam
flow rate appear to be also strongly coupled. This information, brought by the structural
graph, is very relevant to understand the PEMFC complexity and why it is so challenging
to maintain fuel cell systems under nominal operating conditions.

Then, the flood variable (Fflood), which is considered as a fuel cell variable, is integrated
in the structural graph. This variable has an influence on the input gas circulation inside
the supply channels (C1) and on the GdL gas volume (C2). In case of a design of a
flooding mitigation strategy, the structural graph gives the influenced constraints in order
to get the appropriate control variables. The structural graph shows that the input gas
pressure (Ptot) and flow rate have an influence on the gas feed channel and can lead to
the mitigation of the flooding. Regarding a flooding diagnosis tool inside the gas feed
channels, the measurement of the inlet gas pressure at the inlet and at the catalytic sites are
relevant variables for the design. Indeed, when there is water accumulation inside the gas
feed channels, the gas pressure difference between the inlet and catalytic sites increases.
However, the pressure at the catalytic site is not measurable and for this reason the pressure
difference is determined with the inlet and outlet pressures.

Regarding the flooding in the gas diffusion layer, the analysis conducted gives no
relevant variable to diagnose the GdL flooding. This is due to the scale of the model
which does not provides the fuel cell behavior inside the GdL and does not discriminate
a clogging in the channels or in the GdL. However, the humidified inlet gas and the fuel
cell temperature are relevant control variables for the GdL flooding mitigation with a fault
mitigation strategy. Indeed, by decreasing the steam injected inside the fuel cell the water
accumulation inside the GdL is restrained. An increase of the fuel cell temperature modifies
the relative humidity inside the fuel cell and makes the water droplets evaporate.

Concerning the membrane drying out variable on the Figure 8, the structural graph
shows that it is related to the membrane water content. The fuel cell current and tempera-
ture appear as relevant control variables on the structural graph for a mitigation strategy.
These variables have an influence on the membrane water content and can be used in a
fault mitigation strategy to alleviate the drying out occurrence. Indeed, the decrease of
the fuel cell temperature leads to rehydrate the membrane by an increase of the relative
humidity inside the fuel cell. The change of the current value has also an influence on
the electroosmotic flow and thus on the water dragged through the membrane which
participates to its rehydration. For this faulty condition, the fuel cell voltage, water content
and current are relevant variables to set a membrane drying out diagnosis tool.

Therefore, the PEMFC FSA leads to the highlighting of the internal variable coupling.
The integration of the fault variables in the structural graph allows understanding the
fault process and their location. The analysis underlines the PEMFC constraints that are
directly influenced by their occurrence and shows the relevant variables that can be used
in FTC strategies.
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8. Conclusions

The structural analysis approach aims to synthesize the known information about
the PEMFC structure and water management issues, leading to flooding and drying
out faults. Therefore, the analysis allows describing the system functionalities and their
variables. It allows the graphical representation of the fuel cell strong coupling and
provides information about relevant variables for the design of a diagnosis tool for flooding
and membrane drying out. This analysis also highlights the relevant variables for the
design of FTC strategies. Indeed, in case of the development of PEMFC monitoring or
mitigation tools, the knowledge of the relevant variables that have to be used and given
by the FSA is very helpful. The relevance of the FSA and particularly the graph is shown
by the experimental mitigation of a flooding occurrence on a single fuel cell. Indeed,
the experiment shows that it is very important to consider which control variable has an
influence on which fuel cell functionalities in order to introduce in the FTC strategy enough
control variables for fault mitigation.

As discussed in the previous section, the information contained in the FSA depends
on the accuracy of the chosen model. But if a higher level was used for the structural
graph design, maybe other control variables could appear in the structural graph. For
this work and for the used AFTC strategy, only a low level of knowledge was needed
because for the FTC design, the fact that not all variables can be measured nor estimated
has to be kept in mind to lead to an implementable solution on the used test bench. Hence,
there is a trade-off to be found between the different levels of knowledge regarding the
selected models.

The literature also reports some other fuel cell faults like CO poisoning, hydrogen
and oxygen starvation and low cathode and anode stoichiometry. The next step of the FSA
design is therefore to complete the structural graph by adding these faulty conditions.
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