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manufacturing of the electrolyte/electrode components, i.e., high purity levels and careful optimization
of the formulation, and of the full cells.
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Figure 6. Panel (a): voltage vs. charge/discharge capacity profile of the 1st cycle
of Li/P(EO)(LiTFSI)o1(PYR4TFSI)1/LiFePOy polymeric cells at 80 °C and different
current rates. Selected voltage vs. charge/discharge capacity profiles, obtained at 80 °C,
of Li/P(EO) (LiTFSI)q 1 (PYR14TESI)g 1 / LiFePOy cells at 0.1C (panel b) and 1C (panel c), respectively.

The cycling performance of the Li/P(EO); (LiTFSI)g 1 (PYR14TFSI)o 1 /LiFePO, solid-state cells,
tested at 80 °C and different current rates, is depicted in Figure 7a. An excellent capacity retention
(as also evinced in Figure 6b,c) with a coulombic efficiency quickly leveling above 99.5% (100% at
0.1C) is recorded even at higher rates, i.e., more than 99.5% and 94% of theoretical capacity are initially
delivered at 0.33C and 1C, respectively, with a very modest decay (>98% and 93.6%, respectively)
after 100 consecutive cycles. This corresponds to a capacity fading around 0.005% per cycle and,
in conjunction with the very good charge/discharge efficiency, once more highlights a highly
reversible lithiation process in combination with the high purity level and high compatibility of
the P(EO); (LiTFSI)g 1 (PYR14TFSI)g 1 polymer electrolyte towards electrodes, in particular with the
lithium metal anode, even at high current rates. Also, it should be noted that very clean lithium metal
tapes were used for the cell manufacturing in order to obtain an optimal Li/electrolyte interface.
Especially, we would like to point out the absence of dendrite growth on the Li electrode during
prolonged cycling tests run also at 1C, i.e., very rarely encountered in lithium metal polymer batteries
operating at medium-high temperatures under high rates [24]. These experimental data, in rather
good agreement with the results derived from potentiodynamic measurements depicted in Figure 4,
once more demonstrate that the incorporation of ionic liquids such as PYR;4TFSI significantly improves
the PEO electrolyte interface with the lithium anode, allowing high current rates to be sustained for
prolonged cycling tests without appreciably depleting the cell performance.

(@) (b)

Figure 7. Capacity and coulombic efficiency vs. cycle number evolution at different current rates (panel a);
and theoretical capacity vs. current density dependence (panel b) of Li/P(EO); (LiTESI) 1 (PYR14TFSI) 1 /
LiFePOy polymeric cells at 80 °C. The corresponding current rates are also reported.
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The capacity vs. current density dependence (80 °C) is plotted in Figure 7b, which evinces a very
good rate capability. Above 94% of the theoretical value is still obtained at 1C, supporting an excellent
rate capability up to 1C, i.e., corresponding to about 0.7 mA-cm~2, which represents a very interesting
current value for an all-solid-state polymer electrolyte. A further increase of the current rate up
to 2C, i.e., around 1.4 mA-cm 2, leads to a reduction of the delivered capacity which levels off at
57% of the theoretical value. This behavior, ascribable to diffusive phenomena within the electrolyte
separator, is in good agreement with the results obtained by the potentiodynamic measurements
(Figure 3b), which indicates that above a current density of about 1.2 mA-cm 2 (determined as Ji.
value), the electrochemical processes through the cell are controlled by the diffusive phenomena
occurring within the polymer electrolyte. However, despite the capacity decay due to the operating
current density exceeding the limiting value, the Li/P(EO); (LiTFSI)g 1 (PYR14TFSI)g 1 /LiFePOy cells are
still able to deliver about 100 mA-h-g*1 at a rate as high as 2C (about 1.4 mA-cm~2), ie., representing
a remarkable capacity value for an all-solid-state polymer electrolyte.

The battery performance of the P(EO); (LiTFSI)g 1 (PYR14TFSI)g ; electrolyte, detected at 80 °C in
Li/LiFePOy cells, is compared with that of other lithium-conducting, ionic liquid-free, PEO membranes,
recorded in Li/LiFePOy, and Li/V;Os systems at temperatures from 90 °C to 100 °C [18,22,23]. The data,
reported in Table 2, show how appreciable capacities, i.e., from 70 to 96% of the cell theoretical value,
are delivered only at low-medium rates (0.2C-0.33C). However, a capacity decay down to 45-60%
of the theoretical value is observed after 100 consecutive charge/discharge cycles, with a fading
corresponding to 0.26-0.36% per cycle. Conversely, very modest capacities, i.e., from 8 to 14%
of the theoretical value, are obtained when the current rate is increased up to 0.8C-1C. From the
data illustrated in Figures 6 and 7 and Table 2, it is evident how, at medium-high temperatures,
the PYR4TFSI-incorporating lithium polymer batteries behave much better in terms of their delivered
capacity and cycling performance than the IL-free ones. For instance, the addition of suitable ionic
liquid is able to largely improve the performance of the LPBs not only at ambient or near ambient
conditions, as previously reported in the literature [18,20,22,23], but even at medium-high temperatures.
Therefore, the PEO-LiTFSI-PYR4TFSI Li*-conducting membranes are very promising candidates as
electrolyte separator systems for all-solid-state lithium polymer batteries operating around 100 °C.

Table 2. Summary of the battery performance of the P(EO); (LiTFSI) ; (PYR4TFSI); polymer electrolyte
at 80 °C compared with that of lithium-conducting, ionic liquid-free, PEO membranes at medium-high
temperatures. (a) From reference [22]; (b) from reference [23]; (c) from reference [18]; (d) this work.

Polymer Electrolyte Sample Battery System  T/°C Densfi:luyr/:::\t-cmfz Perceg;;i;l;];\ye/(:/zehcal
P(EO)1 (LiCF3503)0.05 (a) Li/Cug1V,05 90 0.1(0.2C) 96 (1st) — 60 (100th)
P(EO); (LiBETI)g o5 (b) Li/V,05 90 0.24 (0.33C) 70 (1st) — 45 (100th)
P(EO)1 (LiBETI) 05 (b) Li/V,05 90 0.72 (1C) 14 (1st)
P(EO); (LiCF3S03),03 + 5 wt. % SiO; (c) Li/LiFePOy 100 0.2(0.20) 82 (1st) — 47 (100th)
P(EO); (LiCF3503)0.03 + 5 wt. % SiO; (c) Li/LiFePOy 100 0.8 (0.8C) 8 (1st)
P(EO)1 (LiTFSI)g 1 (PYR14TFSI)g 1 (d) Li/LiFePOy 80 0.7 (1C) 94.1 (1st) — 93.6 (100th)

4. Conclusions

PEO-LiTFSI Li*-conducting membranes, containing the PYR14TFSI ionic liquid, were prepared
and studied to be addressed as electrolyte separators for all-solid-state lithium polymer batteries
operating at medium-high temperatures. A solvent-free procedure was designed to prepare the
PEO-LIiTFSI-PYR 4 TFSI electrolytes. These ternary systems have shown remarkably improved
thermal, ion transport and interfacial properties with respect to the ionic liquid-free electrolytes.
Wide electrochemical stability was observed even at medium-high operating temperatures. In particular,
the ionic liquid-based PEO electrolytes are able to sustain high current rates without any appreciable
lithium anode degradation, which is not allowed in binary ionic liquid-free, PEO-LiTFSI systems,
thus enabling their use in battery systems operating at 80 °C or above and high current rates. Battery
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tests carried out at 80 °C in Li/LiFePO, polymeric systems have shown excellent cycling behavior and
capability retention at high current rates, e.g., more than 93.6% of the theoretical capacity (i.e., 99.5% of
the initial value) is still delivered after 100 cycles run at 1C with a coulombic efficiency close 100%.
This performance largely exceeds that of analogous, ionic liquid-free, polymer lithium batteries at the
same operating conditions, nominating the PEO-LiTFSI-PYR4TFSI ternary system as an electrolyte
separator for medium-high temperature lithium polymer batteries. It is worth highlighting the absence
of dendrite growth on the Li anode during prolonged cycling tests even at high current rates, which is
very often not observed in lithium metal polymer batteries.
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Abstract: A composite membrane based on a Nafion polymer matrix incorporating a
non-stoichiometric calcium titanium oxide (CaTiO3_5) additive was synthesized and characterized
by means of thermal analysis, dynamic mechanical analysis, and broadband dielectric spectroscopy
at different filler contents; namely two concentrations of 5 and 10 wt.% of the CaTiO3_5 additive,
with respect to the dry Nafion content, were considered. The membrane with the lower amount of
additive displayed the highest water affinity and the highest conductivity, indicating that a too-high
dose of additive can be detrimental for these particular properties. The mechanical properties of
the composite membranes are similar to those of the plain Nafion membrane and are even slightly
improved by the filler addition. These findings indicate that perovskite oxides can be useful as a
water-retention and reinforcing additive in low-humidity proton-exchange membranes.

Keywords: Nafion; CaTiOg3._5; inorganic filler; composite electrolyte

1. Introduction

Nafion is the archetypical membrane for use in the proton exchange membrane fuel cell (PEMFC),
a clean technology suitable for both transport and stationary applications [1,2]. However, to be more
efficient electrical power generators, fuel cells should operate at low relative humidity (RH) conditions
and at temperatures higher than 80 °C. Indeed, at these conditions, the kinetics of the electrode reactions,
the tolerance to fuel contaminants, such as carbon monoxide, and the ions’ transport properties are all
improved. Furthermore, an increased operating temperature would mitigate the problems related to
thermal and water management [3].

Unfortunately, in PEMFCs operating at temperatures above 80 °C, Nafion experiences a severe
decrease in proton conductivity due to water evaporation, which is also reflected in an increase of the
electrolyte’s ohmic resistance [4].

One strategy to develop PMFC electrolytes suitable for high-temperature operation is to modify
the polymer matrix with inorganic additives that are able to improve the water retention capacity of
Nafion membranes. These additives, which can be metal oxide nanoparticles, such as SiO,, TiO,, and
ZrO,, or functionalized inorganic materials, such as sulfated metal oxide, reinforce the hydration and
proton conductivity of the membranes, thanks to their acidic and hygroscopic properties, allowing

Membranes 2019, 9, 143; doi:10.3390/membranes9110143 133 www.mdpi.com/journal/membranes
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them to work at the desired conditions described above [5-8]. In particular, the incorporation of
hygroscopic particles in the host polymer can increase the accessible surface in Nafion membranes,
facilitating water trapping and creating an additional way for the transfer of protons through the
membrane, hence improving the overall fuel cell performance at high temperatures.

Titanium-based oxides are very attractive materials, thanks to their good features in terms of
cost, stability, and high natural abundance, triggering the R&D toward the improvement of their
chemical-physical properties by the study of their chemistry and surface geometry, making them
useful to several research fields [9]. In particular, oxides with a perovskite structure are materials
that have found the potential for a wide range of applications, such as sensors, optical devices, and
solid-oxide-fuel-cells electrodes and electrolytes [10]. This could be explained by the flexibility of the
perovskite design (ABOj3), which allows for the accommodation of several doping agents, such as
metal transition elements at both A- and/or B-sites in the lattice. This leads to changes of the electrical
and optical properties of the oxide, introducing new electronic levels in the energy gap and providing
oxygen vacancies in the lattice of the perovskite [11].

It is expected that the main features of perovskites are controlled by the size and nature of both
A and B cations in the ABOj3 structure and that the occupation of the B-site by several ions with
different acid/base properties affects the stability of the perovskite. Furthermore, the presence of the
oxygen vacancies in the structure can play a key role as active sites for the oxygen adsorption and
the dissociative absorption of water, for which the protons conductivity is favored. The last aspect
could be used to improve the hydrophilicity of the oxide by the protonation of the lattice oxygen
ions. This phenomenon seems to be predominant in perovskite-type oxides due to the low formation
enthalpies of oxygen ions as a consequence of low bond strengths and strong relaxation effects [12-14].

Consequently, with the aim to combine all the features of the abovementioned materials, a
non-stoichiometric perovskite titanium oxide, calcium titanate (CaTiOs_s), is here proposed as a
water-retention and reinforcing additive in low-humidity proton-exchange membranes. The scope of the
present study is to investigate the impact of the additive on thermomechanical and proton-conduction
properties of membranes by differential scanning calorimetry (DSC), dynamic mechanical analysis
(DMA), and broadband dielectric spectroscopy (BDS) studies, in order to evaluate the interplay
of the transition/relaxation phenomena in Nafion membranes at high temperatures and under
humidified conditions.

2. Materials and Methods

The CaTiO3_5 additive was prepared by a template-driven procedure recently proposed by our
group [14], using Pluronic F127 to control the structure of the particles and to promote the formation of
oxygen vacancies. More specifically, titanium isopropoxide and calcium dichloride dehydrated were
used as precursors. Pluronic F127 was dissolved in ethanol (molar ratiol:4), under vigorous stirring, for
20 min, at 60 °C. Subsequently, titanium isopropoxide was added into the above solution, to obtain a
titanium-oxide-based sol. At the same time, calcium dichloride was dissolved in deionized water, and,
after 15 min, it was added into the mixture. A 3M NaOH solution was dripped to facilitate the complete
dissolution of TiO, and its conversion to CaTiO3. The solution was transferred in an autoclave and
treated at 180 °C, for 24 h, followed by natural cooling to room temperature. After that, the solid
product was centrifuged and washed several times with bi-distilled water. Finally, the perovskite was
calcinated for 3 h, at 550 °C (heating rate 3 °C/min), to remove the occluded template. During this step,
the polymer was oxidized, creating a reductive environmental near the oxide surface and facilitating
the formation of oxygen defects. All the reagents for this synthesis were Sigma-Aldrich products
(Sigma-Aldrich, St. Louis, MO, USA).

The sample particles obtained have well-defined prismatic, quasi-cubic morphology, as well
as the presence of holes/imperfections on the perovskite surface, which can be observed. Based on
Brunauer-Emmett-Teller (BET) analysis, the specific surface area was found to be 6.6 + 0.5 m?-g~1.
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A solvent-casting procedure was used to prepare both doped and undoped Nafion membranes,
according to an established procedure [15-17]. Solvents of a commercial Nafion 5 wt.% dispersion
(E.W. 1100, Ion Power Inc., Miinchen, Germany) were gradually replaced with N,N-dimethylacetamide
(>99.5%, Sigma-Aldrich, St. Louis, MO, USA), at 80 °C. For the composite membranes, two filler
concentrations of 5 and 10 wt.% of the CaTiO5_s additive, with respect to the dry Nafion content,
were chosen and added to the final Nafion solution. The mixture obtained was casted on a Petri
dish and dried at 80 °C. In order to improve the thermal stability and robustness of the membranes,
dry membranes were extracted and hot-pressed at 50 atm, 175 °C, for 15 min. The membranes
were activated and purified in boiling 3 wt.% hydrogen peroxide (H,O,, 34.5-36.5%, Sigma-Aldrich,
St. Louis, MO, USA), H,SO4 (0.5 M) and distilled water. Composite membranes were compared to
plain Nafion systems prepared with the same procedure. All samples were stored in bi-distilled water.
Membranes containing 5 and 10 wt.% of the inorganic filler are labeled in the text as M5 and M10,
respectively, while the undoped membrane is referred to as N.

The mechanical properties of the membranes were measured by means of a DMA 8000 (Perkin
Elmer Waltham, MA, USA) in the so-called “tension configuration”, on small membrane pieces that
were 4-6 mm wide, 10-12mm long, and 0.10-0.15mm thick [18-21]. The samples were cut from the
various membranes dried in an oven, at 80 °C (dry samples), or immersed in bi-distilled water, at room
temperature (wet samples). In this latter case, to prevent the release of water, the samples were very
quickly mounted into the DMA apparatus and measured. The storage modulus, M, and the elastic
energy dissipation, tand, were measured at 1 and 10 Hz, as a function of temperature between 20 and
190 °C, with a scan rate of 4 °C/min.

DSC experiments were carried out using a DSC821 instrument (Mettler-Toledo, Zaventem,
Belgium), under nitrogen (N) flux (60 mL/min), in a temperature range between 30 and 150 °C, at
a scan rate of 20 °C/min. Before DSC measurements, membrane samples were equilibrated at 100%
relative humidity (RH) for two weeks. By using the STARe software, the determination of both the
Tonset and the enthalpy values associated with the thermal transition were evaluated. In particular,
the Tonset was defined as the intersection of the tangent of the peak with the extrapolated baseline,
whereas the peak area was proportional to the enthalpy of the thermal event.

Thermal gravimetric (TG) analysis was performed on dry samples, with a TGA/SDTA851
(Mettler-Toledo, Zaventem, Belgium), under air (80 mL/min), in a temperature range between 25 and
550 °C. Prior to measurements, the samples were dried at 80 °C, under vacuum, overnight.

Dielectric measurements were performed using a NovocontrolGmBH broadband dielectric
spectrometer (Montabaur, Germany), equipped with a QuatroCryosystem temperature-control unit.
The membranes were placed between two carbon electrodes and then between two gold-plated
electrodes (diameter of 10 mm), under humidity condition (i.e., we kept a water reservoir under the
bottom electrode. The spectra were measured in the frequency range from 107! to 10’ Hzand at different
temperatures, with the following temperature sequence: 20 °C — 80 °C — 110 °C — 80 °C — 20 °C.

3. Results and Discussion

3.1. Differential Scanning Calorimetry and Thermal Gravimetric Analysis

The DSC curves of all membranes are displayed in Figure 1. In the investigated temperature range,
a main peak is observed around 100 °C, assigned to an order—disorder transition of the ionic clusters in
Nafion [22]. The enthalpy value, calculated by integrating the DSC peak, associated to this endothermic
phenomenon, was evaluated and is reported in Table 1. In accordance to the literature [22], only
water associated with Nafion hydrophilic groups contributed to this thermal transition. In particular,
the enthalpy value increased with an increasing degree of hydration of the polymer, leading to a
major organization of ionic clusters and more cohesive interactions. At the same time, the change in
temperature of the transition peak is attributed to a plasticizing effect of water, for which a shift toward
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lower temperatures may correspond to higher hydration levels. However, in our case, the change in
the enthalpy values is much more significant than that in Tonget.

Heat Flow (Wg ‘)

8l

A

Nafion
—M5
—M10

2

30

150
Temperature (°C)

Figure 1. DSC response of the hydrated membrane samples.

Table 1. AH and Tonset associated to the thermal transition observed by DSC.

Samples Tonset (°C) AH (J-g™)
N 82 738
M5 81 747
M10 55 380

Among all samples, the composite membrane M5 (containing 5 wt.% of the CaTiO3_s additive)
shows a higher AH value than both M10 (10 wt.% of CaTiO3_5) and, to a lower extent, N (plain Nafion)
samples. The addition of CaTiO3_; particles caused an increase in the water content, even though the
M10 sample, having the highest concentration of additive, displayed the lowest water affinity, possibly
due to phase segregation and a non-optimized distribution of the inorganic additive [23,24], which can
prevent the motions of the segments among the fluorocarbon backbone to restrict the water release.

The TGA curves obtained for the three membranes are shown in Figure 2 (panel a). The thermal
decomposition of the Nafion membrane occurs in three main steps. The first decomposition is associated
with desulfonation of the side-chain of the polymer; the second and the third transitions, occurring in
the range 350-450 °C, are related to side-chains and perfluorinated backbone decompositions [25].
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Figure 2. (a) TG and DTG curves (b) recorded for the dry membranes.
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The TGA profiles show that all the membranes are thermally stable up to 300 °C, even
though, compared to plain Nafion, the two composite samples exhibit slightly higher decomposition
temperatures, as better shown by the derivative curves (see DTG curves in Figure 2b). In particular, the
last thermal process looks broader and shifted to higher temperatures for the M5 sample, suggesting a
stabilizing interaction between the filler and the Nafion matrix. Moreover, as shown in the inset of TGA
profiles (see Figure 2a), the composite membranes exhibit a smooth mass loss in a lower temperature
range (below 300 °C), most likely due to traces of surface water still present in the membrane after
the drying treatment carried out at 80 °C prior to the measurement. This can be explained in terms
of extra hygroscopicity induced by the inorganic fillers. The presence of surface water looks to be
more evident in M5.This could be explained by considering an optimal concentration/dispersion of the
perovskite additive, able to hold water during the drying step and to release it gradually at higher
temperature. The greater slope observed in M5, as compared to M10 (see inset of Figure 2a), suggests
a higher content of surface water. Considering the final weights after TGA analysis, it is clear that
the M10 membrane leaves a higher amount of residual weight, in respect to the other samples. This
evidence could be interpreted by assuming a strong interaction between the Nafion polymer and the
perovskite particles, for which the removal of the decomposed Nafion products at a high temperature
is more difficult.

3.2. Dynamical Mechanical Analysis

Figure 3 reports the storage modulus and the elastic energy dissipation of the dry membranes
measured at two fixed frequencies (1 and 10 Hz), during heating between room temperature and
180 °C, with arate of 4 °C/min. In agreement with DSC measurements, the Nafion membrane shows
a relaxation around 110 °C, indicated by the occurrence of an intense peak in tand and a two-order
magnitude drop in the modulus. This relaxation, usually indicated as o-relaxation, was already largely
reported [18,19] and corresponds to the glass transition of the hydrophilic domains (polar regions) of
Nafion [26].

In the composite membraneM5, the x-relaxation is slightly shifted to higher temperatures
compared to the pure Nafion sample, and this shift is even more clear when increasing the amount of
filler, since, for the M10 samples, the relaxation is observed at around 130 °C. At room temperature, the
modulus values of the three samples are close, while at higher temperature, the composite membranes
present slightly higher modulus values, thus confirming the reinforcing action of the filler. In particular,
above 90 °C the modulus of the M10 membrane is the highest. Indeed, at room temperature, the
modulus values could be affected by some undesired water contamination occurring during sample
loading, while on heating above 100 °C, these effects should be suppressed. An increase of the modulus
in a Nafion membrane, with an addition of a filler like SnO, nanoparticles [27] and sulphated SnO,
ceramic nano-powders [19], was already observed.

The modulus and the elastic-energy dissipation of the wet membranes measured at a fixed
frequency of 1 Hz during heating between room temperature and180 °C, with a rate of 4 °C/min,
are reported in Figure 4. The a-relaxation is shifted to slightly higher temperatures compared to the
dry membranes, and the highest temperature for the maximum of the energy dissipation is observed
for the wet M10 membranes, confirming that the faded filler increases the relaxation temperature.
On cooling (Figure 4), the peak associated to the x-relaxation presents its maximum at about 90 °C for
the pure Nafion and the M5 membranes. In both membranes the o-relaxation displays a clear thermal
hysteresis between heating and subsequent cooling, as already reported for similar systems [18,19].
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Figure 3. Modulus and elastic energy dissipation of pure and dry Nafion (black) and composite
membranes M5 (red) and M10 (blue), measured on heating, at two frequencies, i.e., f = 1 Hz (full dots)
and f = 10 Hz (open dots).

Contrarily, the peak displayed by the M10 membrane does not present a significant temperature
shift when measured on cooling. For comparison, the curves (both storage modulus and tand) measured
on cooling for the dry samples are also reported in Figure 4. The curves measured in the cooling run
for the Nafion and the M5 membranes, starting from their wet state, are close to the curves measured
on cooling for the corresponding dry samples. Conversely, the tand measured on cooling for the M10
membranes, starting from the wet state, displays the o-relaxation at the same temperature at which it
is detected in the heating run, and well above the temperature at which it appears in the spectrum
measured on cooling, starting from the dry state. Indeed, it seems that, for this latter sample, the
a-relaxation shows a very small thermal hysteresis between heating and cooling, regardless of the
water content, maybe due to some interactions between the higher amount of filler and the Nafion
matrix. Moreover, with a higher amount of filler, the presence of water (i.e., at wet conditions) seems
to increase, more remarkably, the temperature at which this relaxation occurs.

The modulus values of the wet Nafion and M5 samples measured at room temperature before
heating are close to that displayed by the corresponding membranes in the dry state, while the
modulus displayed by the wet M10 membrane is slightly lower than the one measured on the dry
M10 membrane, suggesting that, in this latter case, water acts more remarkably as a plasticizer that
decreases the stiffness of the membranes. However, when comparing the modulus value in the cooling
run, where most of the water may have evaporated, the curves are close for the same kind of samples,
independent of the initial state (wet or dry). This confirms that the thermal treatment completely
eliminates the hydration history of the samples. A small difference can be noticed only for the M5
membranes, where the modulus measured in the cooling run, starting from the wet state, is slightly
higher than those obtained when cooling the dry sample.
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Figure 4. Modulus and elastic energy dissipation of pure Nafion (black) and composite membranes M5
(red) and M10 (blue) in the wet state, measured at f = 1 Hz, on heating (full dots) and subsequent cooling
(open dots). Dry membranes measured at f = 1 Hz, on cooling (lines), are also reported for comparison.

3.3. Dielectric Spectroscopy Studies

Figure 5 shows the frequency dependence of the imaginary part of the permittivity (¢”) as a
function of frequency for plain Nafion, M5, and M10, at a given temperature of 20 °C, during cooling.
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Figure 5. Frequency dependence of the imaginary part of the permittivity for Nafion, M5, and M10, at
a given temperature of 20 °C, during cooling.
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For samplesM5 and M10, two clear dielectric relaxation processes are observed at high and low
frequencies. These relaxation processes, called 3-relaxations (i.e.,31, 32) and generally observed at a
low temperature (i.e., lower than Tg), were attributed to conformational changes of the ether group
bound to the backbone end of the side-chain or the ether group bound to the sulfonate end of the
side-chain [28]. These (3-relaxations are completely different from the main structural «-relaxation,
which occurs at higher temperatures, around 110 °C, as revealed by DMA measurements, and is
associated to the long-range movement of the fluorocarbon domains (i.e., to Tg). In the case of Nafion,
one major B-relaxation process is observed at high frequencies, while, at the limit of the lowest
frequency investigated, the shape of the curve is reminiscent of the tail of a 3-relaxation (peaked at
low frequencies outside the frequency window investigated).A similar behavior was found in Nafion
membranes investigated by Di Noto et al. [28,29]. Both -relaxations (i.e.,$1, f2) become faster with
increasing temperature and move to higher frequencies, which implies that, at 80 °C, both are outside
the experimental frequency window investigated (see Figure 6). This figure shows that the main
structural x-relaxation is not observed within the studied frequency window, but two conductivities
are detected instead. These are recognized by the typical slope of —1.

e Nafion
a M5
= M10

Frequency (Hz)

Figure 6. Frequency dependence of the imaginary part of the permittivity for Nafion, M5, and M10, at
a given temperature of 80 °C, during heating.

We propose to assign the conductivity observed at low frequencies (i.e., in the range 1071-10! Hz)
to localized and slow phenomena, whereas the conductivity at higher frequencies (i.e., in the range
10*-10° Hz) is attributed to long-range bulk or dc conductivity. Both these two conductivities are
associated to €”, with a slope of —1, and become faster with an increasing concentration of CaTiO3 (see
arrow in Figure 6).

The conductivity curves recorded for all three membranes (Nafion, M5, and M10) and over the
whole frequency window, as well as for all temperatures (i.e., 20, 80, and 110 °C) are shown in Figure 7,
both for the heating and cooling scans.

Two characteristic ranges can be observed, at low (1071-10 Hz) and high (10*~10° Hz) frequencies,
a behavior similar to that described by Di Noto et al., in the investigation of dry and wet Nafion [28].

The conductivity at low frequencies (1071~10' Hz) shows a similar general trend for the three
samples, increasing with increasing temperatures during heating and decreasing, with decreasing
temperature during cooling. However, the conductivity at high frequencies (10*~10° Hz) shows
different behaviors in the three samples. For Nafion, the conductivity values are lowered by one order
of magnitude after heating to 110 °C, which most likely reflects the dehydration of the membrane.
For M5, the conductivity values during heating and cooling show a small but detectable change, with
the conductivity increasing upon increased temperature. M5 also shows the highest conductivity,
reaching a value at 110 °C of 3.1 x 1073 S-cm™! at 110 °C. For M10, there is no significant change in
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conductivity during heating and cooling, and a value about 1.2 X 1073 S:em™! is measured. These
trends are better visualized in Figure 8.
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Figure 7. Conductivity (0”) spectra as a function of frequency for Nafion (a), M5 (b), and M10 (c),

during heating and cooling.
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Figure 8. The dc conductivity as a function of temperature for Nafion, M5, and M10, during heating

and cooling.

Table 2 shows the dependence of the dc conductivity on composition, for the representative
temperature of 110 °C. The three samples all exhibit a reasonably high conductivity (~1073 S-em™),
although M5 displays the highest value, indicating that a too-high concentration of CaTiO3 can be
detrimental for the conducting property. The conductivity displayed by M5 at 110 °C is higher than
that of dry Nafion at the same temperature [28] and slightly lower than, but comparable to, that of
Nafion containing sulfated zirconia as the filler (also added at 5 wt.%) [29].

Table 2. Conductivity values (o) measured for different membranes at 110 °C.

Sample wt.% CaTiO3 o (mS-cm™1)
N 0 21
M5 5 3.1
M10 10 1.3
Nafion (wet) [28] - 10-100
Nafion (dry) [28] - 0.0001-0.001
S-ZrO,/Nafion (dry) [29] - 1-10
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The reported results indicate that composite membranes obtained by adding calcium titanate as
filler in a Nafion matrix display interesting properties that ought to be considered for electrochemical
applications, such as in PEMFCs. An improved water affinity and enhanced proton conductivity is
observed for a low concentration of the filler (around 5 wt.%), whereas higher filler contents (about
10 wt.%) are not beneficial for the thermal and conducting performance of the membrane. This behavior
was already reported for other types of filler in composite membranes [24]. In particular, previous
results published by Chen et al. [30] show that Nafion membranes containing 5 wt.% of sulphated
tin oxide had higher proton conductivity than both the undoped membrane and the membrane with
10 wt.% of filler. Moreover, filler loading around 4-5 wt.% was the most effective, also for Nafion-based
composite membranes containing different metal oxide fillers, likely due to the more homogeneous
dispersion of the additive within the polymer matrix [8,27]. The issues of inhomogeneous dispersion
and non-optimized filler-to-polymer interactions appear to be particularly critical in this work due to
the micrometric size of the calcium titanate particles [14], exceeding the dimension of the hydrophilic
domains and, possibly, occluding them to some extent. Moreover, a too-high filler concentration
could block the ionic channels and impede ionic motion, as also suggested for proton-conducting
hybrid membranes containing protic ionic liquids and silica nanoparticles or mesoporous silica
nanospheres [31].

4. Conclusions

In the present paper, a composite membrane based on a Nafion polymer matrix incorporating a
CaTiO3_5 additive is proposed and investigated. Different filler contents, namely two concentrations
of 5 and 10 wt.% of the CaTiO3_s additive, with respect to the dry Nafion content, were considered.
The membrane with the lower amount of additive displayed better properties in terms of both water
affinity and conductivity. Indeed, our results suggest that a too-high content of additive can be
detrimental for these particular properties. However, our results indicate that perovskite oxides can be
useful as a water-retention and reinforcing additive in low-humidity proton-exchange membranes.
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Abstract: Printed batteries have undergone increased investigation in recent years because of the
growing daily use of small electronic devices. With this in mind, industrial gravure printing has
emerged as a suitable production technology due to its high speed and quality, and its capability
to produce any shape of image. The technique is one of the most appealing for the production of
functional layers for many different purposes, but it has not been highly investigated. In this study,
we propose a LiFePO, (LFP)-based gravure printed cathode for lithium-ion rechargeable printed
batteries and investigate the possibility of employing this printing technique in battery manufacture.

Keywords: gravure printing; printed batteries; printed cathode; lithium batteries; multilayer

1. Introduction

The use of printing techniques as a low cost production method for creating layers of different
functional materials has recently undergone increased investigation in many fields. Compared with
coating techniques, printing allows greater control of the characteristics of the layer, the possibility to
realize any desired shape and pattern, and it also delivers a higher production speed. Among these
printing techniques, the gravure technique is the most commonly used for the production of magazines
and flexible packaging because of its ability to couple high throughput (speed up to 400 m/min~")
and high quality (resolution 0.1 um). Gravure is considered to be the most promising technique for
producing thin layers (0.05-10 um) of different functional materials [1]. The use of such conventional
roll-to-roll industrial printing techniques allows the manufacture of low cost flexible structures and
devices at high volume [2,3] in a one-step direct deposition process, which is suitable for patterning
realization and large area production under ambient conditions, coupled with a minimal waste of
energy, time, and materials [4-6]. With this aim, in the last few years organic materials, such as
polymers and conductive polymers, have been successfully gravure printed in our laboratories to be
employed in the field of optoelectronic [7-10]. More recently, this technique has also been demonstrated
to be suitable for inorganic materials such as ceramics, offering the possibility to tailor the layer’s
characteristics through the modulation of the printing parameters [11]. The level of control of particle
deposition is high enough to allow an innovative method of oxide sintering at low temperatures under
pressure-less conditions [12].

In this paper, we demonstrate that it is possible to employ the gravure printing technique in
the field of printed batteries. Printed batteries are thin batteries used in portable electronic devices,
and their use is becoming more and more widespread in our daily lives [13]. All such devices (e.g.,
wearable, beauty, and biomedical) need only a small specific capacity (5-10 mAh-cm~2), which has
to be provided by a thin and customizable battery with a volume below 10 mm? in order for it to be
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perfectly integrated into the device. To date, industrially produced printed batteries are mostly not
rechargeable [13].

Despite its possible advantages, the use of gravure printing for the production of printed batteries
has not been well reported in scientific literature [14]. This is mainly due to the requirement of having
to use low viscosity inks in order to achieve adequate thickness, particularly in electrodes, for achieving
adequate capacities [15]. In addition, the possible contamination of materials from the printing cylinder
(steel, copper, or chromium) limits the ink formulation. Finally, while the possibility to print polymers
and inorganic materials separately has been demonstrated, the possibility to print such materials
together in a homogenous composite structure remains a challenge.

In this study, gravure printing is used to produce LiFePO, (LFP)-based cathodes for rechargeable
lithium-ion batteries using a multilayer approach. The well-known LFP was chosen as a reference.
Moreover, in accordance with the most recent research regarding green aspects of component
preparation, the cathodes were prepared using a water soluble sodium carboxy methyl cellulose (CMC)
binder, which was deposited by water based ink solution.

2. Materials and Methods

Suitable inks were prepared for the gravure printing of the cathodes, with a fixed percentage of
the solid component and a variable solvent content. The materials involved and their proportions
were as follows: LiFePOy (LFP) (Sigma—Aldrich, Milan, Italy) as the active material (84%), super P
(Thermofisher, Karlsruhe, Germany) as the conductive carbon (10%), and sodium carboxy methyl
cellulose (CMC) (Panreac Quimica sa., Barcelona, Spain) as the binder (6%). The solvent used was a
mixture of water and 2-propanol (80-20 wt%). The cathodes were constructed through a multilayer
deposition of 3 layers (3L) or 5 layers (5L). The first layer was deposited by ink containing 23% by
weight of dry content. The second layer was deposited by adding 10% of the mixed solvent to the ink
used for the first layer. The successive layers were printed, adding a further 5% of the mixed solvent in
each step. The solid content of each layer is reported in Table 1. The cathodic layers were deposited on
aluminum foils (Sigma—-Aldrich) using a commercial lab-scale IGT G1-5 gravure printer (IGT, Alemere,
Netherlands) equipped with a cylinder with a line density of 40 lines/cm, stylus angle of 120°, cell
depth of 72 um, and screen angle of 53°. Each layer, and the finished cathodes, were dried at 130 °C.
No final calendering was performed on the printed cathodes. After preliminary tests, the best printing
conditions were found to be a printing force of 500 N at a speed of 36 m/min. The printing conditions
were kept constant for all the printed layers. The electrical conductivity of the printed layers was
verified by sheet resistance measurements performed by a four points probe instrument (Resistest RT
8A coupled with Resistage RG 8 supplied by Napson, Korea). The thickness and surface roughness
of the printed samples were investigated by interferometry-based optical profilometer (Talysurf CCI
HD, Taylor Hobson, Leicester, UK). The reported values represent the average obtained by several
measurements and have a standard deviation of about 10%. The root mean square surface roughness
was obtained according to the ISO 25178 standard. The morphology of the printed cathodes was
also investigated through scanning electron microscopy (1530, LEO Elektronenmikroskopie GmbH,
Oberkochen, Germany). The 3L and 5L cathodes were cut into discs of 14 mm diameter and tested
in cells against lithium metal foil discs of 12 mm diameter. The separator was a glass fiber disc
and the electrolyte used was an LP30 battery grade (Sigma-Aldrich) (1 M solution LiPF in a 1:1 by
volume mixture of ethylene carbonate and diethyl carbonate (EC:DEC, 1:1)). Galvanostatic cycling
measurements were performed on the cells by a Maccor 4000 at 20 °C, at a fixed 0.1 C, and then at
increasing C-rates.
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Table 1. Layer by layer characteristics of the gravure printed cathodes.

Layern Ink dry Content Overall Active Overall Thickness Surface
’ (%) Material (g cm~2) (um) Roughness (nm)
1 23 9107° 17 1
2 21 2107 3.2 15
3 20 410 4.6 1.8
4 19 51074 5.9 2.3
5 18 51074 7.1 2.5

3. Results and Discussion

The gravure printing process consists of the fluid transfer of low-viscosity ink from the
micro-engraved cells of a printing cylinder directly onto a flexible substrate through the pressure of a
rubber cylinder as depicted in Figure 1. The desired geometry/patterning is obtained by engraving it
onto the printing cylinder.

Impression

Q cylinder
Substrate

Engraved
cylinder

Doctor
blade /

Figure 1. Schematic of the gravure printing process.

Several physical parameters relating to the materials, such as the ink and the substrate, are
important in the gravure printing production quality; the ink viscosity, its rheological behavior,
the surface tension/surface energy, the solvent evaporation rate, and the substrate porosity and
smoothness. Moreover, process parameters such as cell geometry and density, printing pressure, and
speed also play an important role on the final results. Although it may appear to be a relatively simple
process, gravure printing has a complex multi-physical nature involving a series of sub-processes
(inking, doctoring, transfer, spreading, and drying), each with its ideal operating regime, and each one
determining the final quality of the printed product. In addition, an important issue is the formulation
of low viscosity inks (1-100 mPa-s) [16] suitable for gravure printing that are able to realize proper
functional layers. Thus, in order to prepare the inks, a large quantity of solvent is required. In this
work, in order to develop a sustainable process, a water soluble CMC was used as a binder, and for
this reason a mixture of water and 2-propanol was used in the ink formulation. The 2-propanol played
the role of improving the ink printability, decreasing the surface tension due to the use of water, and
improving the ink wettability of both the substrate and the printing cylinder. Taking into account
all such matters, several preliminary tests were carried out to identify the best ink composition and
process parameters, and the results are reported in the experimental section. Composite cathodic
materials were successfully gravure printed onto aluminum foils and demonstrated good printability.
To increase the mass loading, a multilayer approach was used. Up to five layers were overlapped
using inks at decreasing dry content levels, keeping all the other printing parameters (cylinder, speed,
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pressure, drying temperature) constant, which benefited the overall production process. The multilayer
was created by stacking at increasing solvent amounts in order to improve the distribution. This
approach has been proved as the best way to lay down the consecutive printed layers [8]. The layer by
layer characteristics of the printed cathodes are reported in Table 1. The mass loading of the active LFP
material increased until the third layer. When adding another two layers (up to five), the increase in
the mass loading and the thickness of the printed layers was poor due to the decreasing dry content of
the inks. It had been expected that the increase in the solvent content of the inks on each of the layers
would restrain the surface roughness increase, but this effect was not observed. This is likely due to the
starting size distribution of the active material, which was measured in microns. In addition, the SEM
images in Figure 2 show worse distribution and a slightly higher inhomogeneity in the 5L cathode
when compared with the 3L.

Figure 2. SEM images of the 3 layer (3L) (a3,b3,c3) and 5 layer (5L) (a5,b5,c5) gravure printed cathodes
at different magnifications.

When the magnification of the cathode images is increased, it can be seen that the lower
homogeneity of the 5L appears to be caused by polymer segregation occurring between the CMC
polymer and the LFP active material. This is probably due to the low affinity of the CMC versus
the increasing 2-propanol content in the ink generating the formation of polymer domains into the
printed layer, thus worsening the distribution of the components in the 5L cathode itself. Both the
cathodes were tested in batteries against lithium metal. In Figure 3, examples of charge-discharge
cycles obtained for the 3L and 5L cathodes are reported.

The galvanostatic profiles appear featureless and present a typical LFP plateau, which is flat
around 3.4 V in both charge and discharge, showing a stable cyclability and specific capacities close to
the theoretical one (170 mAh/g). This is especially true for the 3L cathode. These results demonstrate
that the structure of the printed layer is suitable to be used as a cathode. The discharge specific
capacities of the 3L and 5L cathodes are shown in Figure 4.
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Figure 3. The galvanostatic profiles for cycles 5-10 obtained for the 3L (A) and the 5L (B) gravure
printed cathode. The insets are photographs of the electrodes.
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Figure 4. The discharge specific capacity vs. cycle number of the 3L and 5L gravure printed cathodes.

Sample 3L shows specific capacity values close to the theoretical ones, with a very high coulombic
efficiency (>98%) for almost 100 cycles. After a few initialization cycles (<5) there is no capacity fading
upon cycling at C/10. The same behavior can be observed in the 5L sample, but the values are 20 mAh
lower. This provides important feedback regarding the production process. The higher homogeneity
of the 3L cathode leads to higher efficiency in its behavior in batteries, thus demonstrating that the 3L
cathode is better than the 5L cathode, especially when considering the necessary production steps.
Since no calendering was performed on the printed cathodes, the positive battery tests suggest that
using gravure printing would allow such post-process steps to be skipped, which would simplify the
overall process. Cycling of the investigated cells was continued, and they showed good stability over
time. Therefore, long life cyclability can be expected.

The charge and discharge capacities compared to the cycle numbers at increasing specific currents
for the cells containing the 3L and 5L cathodes are reported in Figure 5. The Figure shows good
stability of the cells at different rates and similar values for the charge and discharge capacities
above 100 mAh-g~!, even at 2 C-rate. However, the obtained mass loadings (see Table 1) are too
low for practical applications, but they could be improved by increasing the thickness and density
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of the layers by decreasing the size and narrowing the size distribution of the active material. This
would allow the printability of more concentrated inks, even when using different multilayer profiles.
Moreover, a substrate pre-treatment, such as a commonly used corona discharge, would also improve
the distribution of the solid on the substrate. Such changes would also improve the homogeneity of
the printed electrode, further improving its performances. Furthermore, the use of a better performing
active material than LFP would simplify the target achievement. Nevertheless, the good performance
results, in terms of efficiency and reproducibility, of the printed cathodes in this study prove the
feasibility of gravure printing in the field of printed batteries. This work may open the way for layer
by layer device manufacturing using only gravure printing, which would potentially bring large
advantages in terms of fast, easy, and low cost printed battery production.
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Figure 5. The charge-discharge specific capacity vs. the cycle number of the 3L and 5L gravure printed
cathodes at increasing C-rates.

4. Conclusions

Thanks to a multilayer approach, the gravure printing technique led to the production of functional
composite layers. The feasibility to gravure print cathodes for batteries has been demonstrated and,
even with only a few overlapped layers, good performances was achieved. Keeping most of the
printing parameters constant during the production process and skipping the calendering step allowed
the manufacturing process to be simplified, which would make its industrial scaling easier. The
performances of the printed cathodes could be improved by increasing the layer homogeneity by
decreasing the size and the size distribution of the starting materials. These results open the way to
the possibility of utilizing such techniques in future industrial production, especially in the field of
printed batteries.
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