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Preface

This Special Issue focuses on recent advances in the design, manufacture, and application of
nanoelectrochemical materials and devices. Twelve papers were included in this Special Issue, where
nine original research papers highlighted novel research progress on advanced nanomaterials and
nanosystems for oxygen reduction reactions, batteries, supercapacitors, and sensors. In addition,
recent achievements in photocatalysis and electrocatalysis, biosensors, and Li-CO, batteries were
comprehensively summarized in three review papers. We are confident that this Special Issue will
attract a high degree of attention in the field of electrochemical materials and devices and promote

the development of advanced functional nanomaterials and nanotechnologies.

Xuyuan Chen, Mei Wang, and Nabin Aryal
Editors
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Nano-electrochemical materials and devices are at the frontier of research and de-
velopment, advancing electrochemistry and its applications in energy storage, sensing,
electrochemical processing, etc. The synergy of nanotechnology and electrochemistry has
led to advances in nanostructured electrode materials [1,2]. Nanotechnology is supported
to advance nanomaterials with high spatial surface area, nanosized and porous-induced
physical effects, and multi-dimensional structure construction, which boosts prominent
properties bordering its potential applications in developing electrochemical devices.

The recent critical developments in nano-electrochemical materials are devices that fo-
cus on developing nanostructured electrode material [3], nano-electrochemical sensors [4],
nanomaterials for energy storage and conversion [5,6], etc. Developing a novel material
synthesis process enables smaller-scale prototypes for application, optimization, and in-
novation experimentation. Therefore, researchers must explore novel concepts and apply
synergy from multiple disciplines to explore fundamental science. That could build a strong
foundation for further industrial applications, technology upscaling and commercializa-
tion. The research and development on laboratory-scale applications required controlled
environmental research with various parameters to bridge the gap between concepts and
laboratory-scale innovation testing. In this Special Issue, various advanced nano-scale ma-
terials and novel processing techniques are reported, including material synthesis, structure
design, interface engineering, and characterization methods.

Demonstrating and developing new nanomaterials and devices are not only academic
exercises for teaching but also include heavy practical applications. However, practical
technical information on the innovation and application of electrochemical materials and
devices is still limited. To overcome such a gap, this Special Issue was aimed at providing
technical details on nano-electrochemical materials and devices. The Special Issue was
focused on summarizing the advances in the design, development, manufacture, and
application of nano-electrochemical materials and devices. In the Special Issue, recent
advances in nanomaterial development, particularly graphene-based, polypyrrole-based,
and carbon tube-based material developments, were critically reviewed. The critical review
summarized the applications of carbon-based materials in electrochemical sensor device
applications, photocatalyst and electrocatalyst applications, and biosensors for early disease
diagnosis. Experts wrote the individual scientific manuscripts published in this Special
Issue, consolidating the most recent state-of-the-art and focusing on innovation.

In the field of energy conversion and storage, novel electrode material synthesis, espe-
cially N, S, and Co-doped graphene (Contribution 1), and constructing FeNi3/C nanorods
(Contribution 2) to enhance oxygen reduction reactions have been tested. A low-loaded
silver-based electrode is also fabricated via the sputtering deposition technique for CO,-to-
CO conversion directly from the capture medium (Contribution 3). Moreover, solid-state
batteries have boosted the development of solid-state electrolytes. In this Special Issue,
the electrochemical performances of PVDF-HFP-LiClO4-Lig 4Laz gZr1 4Tag sO12 composite
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solid-state electrolytes were researched, which is essential for the development of high-
energy density all-solid-state lithium-ion batteries (Contribution 4). A three-matrix solid
electrolyte membrane in air was also tested and published (Contribution 5). The criti-
cal scientific information from this research could be an essential reference for further
developing all-solid-state batteries. In addition, solid-state lithium-sulfur batteries have
recently received widespread attention for energy storage due to their high current density,
performance, and economics [7]. Therefore, composite polymer electrolytes and nitrogen-
doped porous carbon fiber composite cathodes were synthesized (Contribution 6), and
their electrochemical performance was tested to advance the technology. Advances in the
separator also promote improving the performance of lithium-sulfur batteries. An aramid
fiber-modulated polyethylene separator was reported as an efficient polysulfide barrier for
high-performance lithium-sulfur batteries, providing a facile way to fabricate the separator
for inhibiting polysulfides in the lithium-sulfur battery (Contribution 7).

Nowadays, due to the increasingly severe greenhouse effect, the treatment and uti-
lization of carbon dioxide (CO;), which is the biggest contributor to greenhouse gases
(GHGs), has become a worldwide hot topic. Current utilization methods for CO; include
chemical conversion, photoreduction, electrochemical reduction [8], bioconversion, etc.
In this Special Issue, two review papers were published, summarizing recent progress
in photoreduction and electrochemical reduction of CO;. One paper reviewed the car-
bon tube-based cathode for Li-CO, batteries (Contribution 8). As an electrochemical
device that can capture, fix, and convert CO,, electric energy can be stored for energy
utilization in various applications. The other review paper reviewed the multifunctional
graphene-based nanocomposites for photocatalysis and electrocatalysis applications, in-
cluding photocatalytic hydrolysis, pollutant degradation, and the photocatalytic reduction
of CO; (Contribution 9).

Recent laboratory research has shown that metal-organic framework (MOF) materials
have demonstrated superior performances because of their high-tunable conductivity and
their structure’s pore size [9]. One of the research papers published in this Special Issue
is the synthesis of 4,4’-biphenyl dicarboxylic acid-based nickel metal-organic frameworks
for supercapacitor applications (Contribution 10). The research evidence published in the
manuscript will be beneficial as reference information to develop high-performance hybrid
MOF composites for future electrochemical energy storage applications.

Employing electrochemical devices as sensors represents a groundbreaking capabil-
ity in identifying environmental traces, significantly contributing to the monitoring and
restoration of natural ecosystems. This sensor technology has also propelled advancements
in medical diagnostics and industrial processes. Apart from electrochemical devices, nano-
materials have also gained broader application in medical applications for disease detection.
Towards such aims, one of the manuscripts developed a non-enzymatic electrochemical
sensor for the detection of glutamate based on an advanced porous carbon electrode, and
impressively, a novel detection mechanism based on Cu ions was first published (Con-
tribution 11). Recently, conductive polymers have also drawn great attention in the field
of electrochemical sensors. A review of polypyrrole-based electrochemical biosensors for
the early diagnosis of colorectal cancer is published, reporting the properties, synthesis
techniques, and applications of the biosensors (Contribution 12). These achievements
demonstrated the advances and innovation of electrochemical devices for medical and
biological applications, such as microbial fuel cells and amicrobial electrochemical systems.

In conclusion, nanometer-scale electrochemical materials and devices have made
gratifying progress in various fields in recent years. This Special Issue reported several
novel research works on advanced nanomaterials and nano-systems for oxygen reduction
reactions, batteries, supercapacitors, and sensors. Recent achievements in photocatalysis
and electrocatalysis, biosensors, and Li-CO, batteries were comprehensively summarized
in three review papers. We strongly believe that this issue will draw wide attention in the
field of electrochemical materials and devices and promote the development of advanced
functional nanomaterials and nanotechnologies.
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Abstract: Gas-fed reactors for CO, reduction processes are a solid technology to mitigate CO, accu-
mulation in the atmosphere. However, since it is necessary to feed them with a pure CO; stream, a
highly energy-demanding process is required to separate CO, from the flue gasses. Recently introduced
bicarbonate zero-gap flow reactors are a valid solution to integrate carbon capture and valorization,
with them being able to convert the CO, capture medium (i.e., the bicarbonate solution) into added-
value chemicals, such as CO, thus avoiding this expensive separation process. We report here a study
on the influence of the electrode structure on the performance of a bicarbonate reactor in terms of
Faradaic efficiency, activity, and CO, utilization. In particular, the effect of catalyst mass loading and
electrode permeability on bicarbonate electrolysis was investigated by exploiting three commercial
carbon supports, and the results obtained were deepened via electrochemical impedance spectroscopy,
which is introduced for the first time in the field of bicarbonate electrolyzers. As an outcome of the
study, a novel low-loaded silver-based electrode fabricated via the sputtering deposition technique is
proposed. The silver mass loading was optimized by increasing it from 116 pg/cm? to 565 pg/cm?,
thereby obtaining an important enhancement in selectivity (from 55% to 77%) and activity, while a
further rise to 1.13 mg/cm? did not provide significant improvements. The tremendous effect of the
electrode permeability on activity and proficiency in releasing CO, from the bicarbonate solution was
shown. Hence, an increase in electrode permeability doubled the activity and boosted the production of
in situ CO, by 40%. The optimized Ag-electrode provided Faradaic efficiencies for CO close to 80% at a
cell voltage of 3 V and under ambient conditions, with silver loading of 565 ug/ cm?, the lowest value
ever reported in the literature so far.

Keywords: carbon capture and utilization; CO, valorization; bicarbonate electrolyzer; electrochemical
impedance spectroscopy

1. Introduction

During the previous decades, human activities have increased atmospheric CO,
concentrations, stimulating the scientific community toward the development of less-
carbon intensive technologies and depleting the use of fossil fuels. However, renewable
energy use requires time to be assessed, and it is of capital relevance to reduce carbon
emissions during the energy transition. As a consequence, the renewable-energy-powered
electrochemical reduction reaction of CO, (eCO,RR) into added-value chemicals and fuels
(e.g., syngas and methane) has attracted strong interest as a solution for a close carbon
cycle [1]. The possibility to obtain carbon-based products from eCO,RR at high rates has
already been deeply investigated in gas-fed electrolyzers [2], where a stream of pure CO,
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needs to be delivered to the cathode. The perspective to employ such technology in an
industrial setting requires coupling between the electrolyzer and CO, separation from the
other components of flue gasses (e.g., Oy, Ny, and H,O) emitted by a point source (e.g., an
industrial plant). As an example, alkaline solutions (e.g., KOH) are able to capture gaseous
CO, from flue gasses thanks to reactions that form (bi)carbonates [3]. Since it is known
that CO, may be extracted from bicarbonate through energy-intensive processes [4], once
it has been pressurized, it can be exploited for further valorization through electrolytic
conversion. [5] In such kinds of platforms for carbon capture and utilization (CCU), since
common gas-fed electrolyzers exhibit low single-pass utilization, around 80% of delivered
CO; exits from the platform as unreacted gas [6]. In this framework, liquid-fed bicarbonate
(HCO37) electrolyzers have arisen as a new, groundbreaking technology to integrate the
capture and conversion of CO, (ICCU) [7-9] into CO. These reactors introduced the chance
to eliminate all the energy-demanding processes (capture/stripping and pressurization)
necessary to feed a classical gas-fed eCO,RR system. The electrolysis of carbonate solution,
i.e., the capture media, is possible using a cation exchange membrane (CEM) or a bipolar
membrane (BPM) that, providing an acidic local environment, makes gaseous CO; available
in proximity to the catalyst for electroreduction. The utilization of a BPM instead of a CEM
is now benchmarked since it allows for the employment of an inexpensive nickel anode
and prevents products’ cross-over [10,11]. The BPM, together with anodic and cathodic
catalysts, constitutes a membrane electrode assembly (MEA), which is the benchmark
configuration in bicarbonate electrolyzers. In the MEA, the presence of H" (produced in
the BPM by water splitting) at the membrane/catalyst interface is responsible for the in
situ acidification and thus extraction of CO, (i-CO,) from (bi)carbonate, which is converted
into CO (Equations (1) and (2)), thanks to the eCO,RR catalyst.

H* + HCO3~ + H,O + CO; (g) 1)

COy(g) + HoO + 2~ — 20H™ + CO (2)

Since OH™ is a product of the CO,RR as well, the original alkaline capture solution is
regenerated, making this system able to implement a closed cycle where CO; is sequentially
captured and converted. The presence of a MEA ensures a very high local concentration
of CO, at the electrocatalyst interface without the need of supplying the reactor by a
stream of gaseous CO; in stoichiometric excess, as happens with gas-fed electrolyzers.
This also means that CO,RR products are generated at higher concentrations [12]. The
gas diffusion electrode (GDE) employed in this kind of system has to ensure the efficient
transport of carbon feedstock (i.e., HCO3 ™) at the BPM/ catalyst interface. Therefore it must
be engineered differently with respect to the GDEs used in gas-fed electrolyzers, which
usually exhibit hydrophobic properties to avoid the accumulation of water and to mitigate
the hydrogen evolution reaction (HER) [13], the competing reaction of the CO;RR.

Despite the promising advantages, research conducted on this technology so far is still
limited compared to more well-known gas-fed electrolyzers. Therefore, a deep investigation
into every aspect of the system is needed. Among the first works, Y. C. Li et al. [8] reported
a bicarbonate electrolyzer able to keep the high pH of the capture solution for 145 h by
using a carbon composite silver electrode, but the highest Faradaic efficiency (FE) toward
CO (FEco) was ~35%. T. Li et al. [7] with a silver nanoparticle-coated carbon support
obtained impressive FEco at a low current density and showed how the employment of an
anion exchange membrane (AEM) is detrimental to the electrolyzer’s performance. The
same conclusion was reported by C. Larrea et al. [14], whereby, although it was responsible
for a large ohmic drop between the two electrodes, the necessity to use a BPM in order to
have appreciable FE was proven. Z. Zhang et al. [15] showed how the increase in porosity
of a silver foam, employed as a cathode, enables more efficient CO; conversion; however,
even avoiding the utilization of composite carbon electrodes, the FEco achieved at ambient
conditions is around 60%. In addition, they illustrated how higher pressure and higher
temperature promote the CO,RR. Y. Kim et al. [16] underlined the importance of a trade-off
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between the active surface and the permeability of the GDE in order to guarantee both a high
CO,RR rate and efficient transport of bicarbonate (i.e., i-CO, generation). E. W. Lees et al. [17]
reported important information on the spray coating of a silver catalyst in order to have an
efficient GDE in terms of Nafion content and Ag nanoparticle loading. By adding a preliminary
deposition step by sputtering physical vapor deposition (PVD) before the spray coating, they
reached a very good FEco (around 82%) using a high silver loading of 2 mg/cm?.

The sputtering technique serves as a rapid and reproducible method for manufacturing
nanostructured Ag-GDEs with a high surface area in a single step, offering precise control
over catalyst loading, layer thickness, and homogeneity. Our research group has already
explored and established the reliability of this approach [18]. In this study, we further
optimized the sputtering process to fabricate a GDE specifically designed for bicarbonate
electrolyzers. To investigate the electrode’s performance, we tested different commercial
carbon supports with distinct characteristics such as gas diffusion layers (GDLs). This
allowed us to delve into the GDL's role and its impact on the FEcp and CO; utilization,
representing the extent of CO, conversion compared to the unreacted CO,. During the
analysis, we explored the influence of several structural and morphological properties of
the cathode on the electrochemical performance. These properties encompassed different
catalyst distributions on the GDL, GDL hydrophobicity and permeability. By understanding
the significance of these factors, we gain critical insights into optimizing the GDE’s design
and performance for bicarbonate electrolyzers.

Moreover, electrochemical impedance spectroscopy (EIS) has already demonstrated
its efficacy as an efficient tool for studying the charge transfer and transport processes
involved in typical systems for CO, reduction reactions (CO,RRs) [19]. Its utility has made
it a valuable technique for the characterization of materials and reactors in this field [20,21].
Despite this, to the best of our knowledge, it has never been employed in studies involving
bicarbonate electrolyzers. Remarkably, our paper presents a pioneering application of
EIS to investigate the performance of GDEs employed in bicarbonate electrolyzers. This
novel approach represents a significant advancement in the field, as previous research has
primarily focused on using EIS for other CO,RR systems. Through careful modeling of
the GDE/electrolyte interface using an equivalent electrical circuit, this paper successfully
elucidates the underlying factors influencing the activity and Faradaic efficiency trends of
the GDEs.

2. Materials and Methods
2.1. Preparation and Morphological Characterization of A GDEs

DC Sputtering (Quorum Technologies Ltd., Lewes, UK, Q150T) was used to prepare
the Ag electrodes. Three commercial carbon papers (GDL, Ion Power) of 5 cm? characterized
by different permeability and wettability (Table S1) were used as substrates, with a silver
disk (99.999%, Nanovision, Brugherio, Italy) as the target. The deposition current was fixed
at 50 mA, while the deposition time was varied to control the silver mass-loading (100 s,
300 s, and 600 s). A total of 6 GDE samples (A-F) were prepared, whose properties are
reported in Table S2. All of the samples were prepared by depositing silver on both faces of
the carbon papers, except for sample A. The mass loading was determined by weighing the
sample before and after the silver deposition and then by dividing the weight difference by
the geometric area of the GDL. The morphology of the commercial carbon-based supports
and Ag-GDE samples was investigated by field emission scanning electron microscopy
(FESEM, Zeiss Auriga, Oberkochen, Germany).

2.2. Electrochemical Tests and Product Analyses

The electrochemical screening was performed in a bicarbonate electrolyzer (Scribner,
Cell Fixture) placed in a vertical position, whose schematic representation is reported in
Figure 1. A more detailed description of the system is provided in the Supporting Infor-
mation. A 5 cm? MEA was employed in the electrolyzer, and it was made by a bipolar
membrane (FumaSep FBM, FumaTech, Bietigheim-Bissingen, Germany) sandwiched be-
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tween a Nickel foam (99.5%, GoodFellow, Huntingdon, UK) and a Ag GDE. KHCO3 (99.5%,
Sigma-Aldrich, St. Louis, MO, USA) 2 M was used as a catholyte and KOH (Sigma-Aldrich)
1 M was used as an anolyte by dissolving 200 g and 56 g, respectively, in 1 L of ultra-pure
water. A peristaltic pump was used to continuously recirculate 60 mL of bicarbonate
solution and 40 mL of potassium hydroxide at a flow rate of 5 mL/min. Electrolysis was
carried out at ambient temperature and pressure by applying a constant cell voltage (Vep)
of 3 V (Potentiostat, BioLogic VSP, Seyssinet-Pariset, France). Gas-phase products were
delivered to a microgas chromatograph (uGC, Fusion, INFICON) by a N; 35 mL/min
stream (Bronkhorst, EL-FLOW select) and analyzed on-line throughout the entire duration
of the experiment. The microgas chromatograph, which is preceded by a mass flow reader
(Bronkhorst, Ruurlo, The Netherlands, EL-FLOW prestige), is composed of two channels
with a 10 m Rt-Molsieve 5A column and an 8 m Rt-Q-Bond column, and each channel has a
microthermal conductivity detector. Two tests were conducted per set of experiments, and
the results are reported as average values (the error bars correspond to the absolute error).
Additional details on the calculation of the CO partial current density, FE, CO, utilization,
mass activity, and partial mass activity are provided in the Supporting Information.

Gas Diffusion
FElectrode Nickel foam
\ X e Oz[gg
g KOH(a "
CO,+OH e,
- h
HCO, () .\

Bipolar Membrane Flow Field

Figure 1. Schematic representation of the bicarbonate MEA electrolyzer.

2.3. Electrochemical Impedance Spectroscopy

EIS measurements were performed in a three-electrode single compartment cell at
room temperature with a Biologic VSP electrochemical workstation. The working electrode
was a Ag GDE with a geometric area of 0.4 cm?. A Pt wire was used as the counter electrode,
and Ag/AgCl (3 M Cl™) was used as the reference, with both purchased from ALS. The
electrolyte was a CO,-saturated 2 M KHCOj3 (99.5%, Sigma-Aldrich) aqueous solution. The
analysis was performed at a potential of —1 V vs. a reversible hydrogen electrode (RHE)
with an AC signal with 10 mV of amplitude and a 0.1-10° Hz frequency range.

3. Results and Discussion

As the first step of GDE optimization, it was investigated as to whether it is more
convenient to deposit the silver only on one side of the carbon support or on both of them
(Figure 2a). Therefore, keeping the same sputtering parameters and carbon support, two
samples were made. On the first one (sample A), silver was sputtered only on the face
in contact with the bipolar membrane, while on the second one, the sputtering process
was replicated on the opposite side as well (sample B), the one facing the graphite flow
field. As shown in Figure 2b, sample A exhibits relatively good activity and FEco. This
implies that the most active interface is the one facing the bipolar membrane, namely the
region with the highest concentration of i-CO5, since it is in proximity to the BPM. However,
sputtering the silver on the other side of the GDL as well boosted the FEco from 55% to
77%. Considering the results of this experiment, silver was deposited on both faces of the
GDE samples tested from then on.
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Figure 2. (a) Schematic representation of the GDEs with silver sputtered on one face (sample A) and
both (sample B) faces. (b) FE, CO, utilization and CO partial current density obtained by the two
GDEs samples.

The carbon support used to obtain the results mentioned just above was not treated
with polytetrafluoroethylene (PTFE) nor did it include a microporous layer (MPL). These
two characteristics are fundamental if this electrode had been used in a common gas-fed
CO;RR reactor [18]. In gas-fed reactors, the MPL and the hydrophobic treatment produce
water repellent properties that can prevent the carbon fiber backing from flooding. In
bicarbonate electrolyzers, the hydrophobic feature inhibits the transport of bicarbonate
from the flow field toward the BPM, where the low-pH region is located. In this way, the
production of i-CO; drastically decreases, hence also the FEco, Jco, and the CO, utilization
(Figure 3). By using a hydrophobic carbon support (sample C), the FEco decreases to 23%,
while Jco and the overall activity (Jiot) (Figure Sla) are significantly affected as well.
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Figure 3. FE, CO, utilization, and CO partial current density obtained with GDEs with two different
GDLs: one has not been treated with PTFE and does not include an MPL (sample B), while the other
has a strong hydrophobic feature thanks to the PTFE and MPL (sample C).

Once the importance of using a GDE with no hydrophobic treatment and presence
of a catalyst on both its faces has been confirmed, the silver mass loading was optimized
by modulating the sputtering time. The performances of GDEs with silver mass loading
of 116 pg/cm? (sample D), 565 pg/cm? (sample B), and 1.13 mg/cm? (sample E) were
explored by carrying out electrolysis in the flow cell and an EIS analysis in a three-electrodes
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set-up. As reported in Figure 4a, the sample with 116 pug/cm? of silver shows the lowest
FE (55%), while the other two samples with higher mass loading exhibit better selectivity
toward CO. However, since the 1.13 mg/cm? sample did not provided any improvement in
selectivity with respect to 565 j1g/cm?, the latter was identified as optimal catalyst loading
since it achieved an FEcp value of 77%, namely, to the best of our knowledge, the lowest
loaded silver-based GDE reported in the literature so far (Table 1). Most probably, the
great amount of material deposited in sample E lowered the permeability of the GDE,
inhibiting the mass transport of bicarbonate and affecting the selectivity. The performance
in terms of CO, utilization followed a similar trend to the Faradaic efficiency: it was
doubled by increasing the silver loading from 116 pg/cm? to 565 pg/cm?, while, with
sample E, the increase to 1.13 mg/cm? of silver loading did not further enhance the CO,
utilization. Jco and Jiot (Figure Sla) increased with higher loadings as confirmed by the EIS
analysis (Table S3 and Figure S2). Indeed, the increasing trend of activities observed during
bicarbonate electrolysis could be related to the value of the charge transfer resistance (Re).
This parameter describes the catalyst’s ability to exchange electrons with the reactants,
applicable to both the CO,RR and HER. R decreases from 1.42 Q) cm? to 0.92 Q) cm?
when augmenting the amount of silver from 116 pug/cm? to 565 ug/cm? (Figure 4b). A
further decrease (0.38 Q cm?) was experienced with the highest loaded sample (E). Since
the electrochemical surface area (ECSA) is considered to be proportionally associated to the
double layer capacitance Cq; derivable from the EIS analysis (Table S3) [22], the intrinsic
activity of various materials can be compared by investigating the C4 normalized current
densities (Figure S3) [23]. This investigation confirmed 565 pg/cm? as the optimal mass
loading since it showed the highest C4; normalized current density, hence the largest
presence of active sites for the CO,RR to CO. However, the higher mass activity obtained
with sample D (87.1 mA/mgag) compared to samples B and E highlights the excellent
performance of this type of GDE even at very low mass-loading (Figure 4c).
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Figure 4. (a) FE, CO; utilization, and CO partial current density for different silver mass-loadings:

116 pg/cm? (sample D), 565 pg/cm? (sample B), and 1.13 mg/cm? (sample E). (b) Values of Rt that
emerged from the EIS analysis. (c) Values of mass activity for each sample.
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Table 1. The reported state-of-the-art silver GDEs’ performance for liquid-fed bicarbonate electrolyzers.

Ag Mass Loadin, . . Feedstock FEco Cell Jco Partial Mass

s (mg/em?) ®  Deposition Technique [KHCO; (M)] (%) Potential (V)  (mA/cm?)  Activity (mA/mgag) Reference

13 % Spray coating 3 80 3 20 2% [7]

2 PVD + spray coating 3 25 3.5 25 13 [8]

2 Spray coating 2 58 3 14 7 [14]

Foam ** Free standing electrode ** 3 60 3.7 60 - [15]

3 Electrodeposition 3 70 35 70 23 [16]

2 PVD + spray coating 3 82 3.6 82 41 [17]
0.565 PVD 2 77 3 13 25 This work
0.565 PVD 2 58 3 22 40 This work
0.116 PVD 2 55 3 6 48 This work

* This is the nominal loading; the experimental one was not reported by T. Li et al. [7]. ** Loading not present
since a silver foam was used as a free-standing GDE.

As already mentioned, the structural characteristics of the carbon composite elec-
trode are crucial in the determination of the catalytic behavior of the GDE in bicarbonate
electrolyzers. In particular, the choice of the GDL is critical, as its permeability to the
bicarbonate solution directly impacts the i-CO, production efficiency. It is known that the
catalyst’s selectivity toward CO tends to increase when the system is more proficient in
producing i-CO, [24].

This observation was further confirmed by comparing the performance of the same
GDE (sample B) using a less concentrated bicarbonate solution. When the concentration
is halved from 2 M to 1 M, the carbon feedstock is poorer and the i-CO, generated drops.
This introduces a mass transport limitation, causing a decrease in FEco from 77% to 55%,
while the CO, utilization drastically increased from 40% to 83%, as reported in Figure 5.
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Figure 5. FE, CO, utilization, and CO partial current density when varying the concentration of the
bicarbonate solution. GDE sample: B.

Increasing the permeability of the GDL would have a similar effect to using a higher
electrolyte concentration. This improvement allows for enhanced flow of bicarbonate
through the GDE, reaching the BPM, and consequently, the low-pH region becomes capable
of producing a larger amount of i-CO,. Therefore, sample B was compared, whilst keeping
the same mass loading (565 pg/cm?), to a GDE (sample F) whose GDL has a permeability
that is four times higher. The effect of permeability is evident in Figure 6a, which shows
the amount of CO; released inside the reactor as a function of the GDE’s permeability.
The graph presents the total i-CO; produced, which was calculated by summing the
concentrations of CO, and CO detected at the electrolyzer outlet during electrolysis.
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Figure 6. (a) Concentration of i-CO, produced by the electrolyzer using carbon supports with different
permeability: less permeable (sample B) and more permeable (sample F). (b) FE, CO, utilization, and
partial current density for CO. (c) Charge transfer resistance values and (d) double-layer capacitance

values obtained by EIS analysis.

However, as shown in Figure 6b, the improvement in i-CO, production given by the
high permeability of sample F did not provide an enhancement of selectivity; in fact, FEco
dropped from 77% in sample B to 58%. Most probably, having a very open structure (see
FESEM micrographs in Figure S4), which allows it to be more permeable to the bicarbonate,
introduces a problem of mass transportation of i-CO, toward the active sites, affecting
the FEco. The Rt provided by the EIS analysis in sample F is around three times lower
(Figure 6¢), meaning that it includes a higher number of active sites for catalysis, either for
CO2RR or HER, as evidenced by the double-layer capacitance and displayed in Figure 6d.
The slightly larger value of the Cqj of the most permeable GDE, 1.06 mF/cm? compared
to 0.92 mF/cm?, indicates a higher ECSA and confirms the presence of a larger number
of active sites. The Rt and Cg; values account for the high values of Jiot (Figure Sla),
partial mass activity (Figure S1b), and Jco observed in sample F, ensuring a good CO,
utilization percentage even with a lower FEco and increased i-CO, production. In fact, the
partial mass activity for CO was found to be 40 mA/mga¢ (Figure S1b), surpassing values
reported in the literature (Table 1). It is important to emphasize that despite the lower
Faradaic efficiency, the significantly high Jco achieved, explained by the higher ECSA,
makes sample F likely the most suitable GDE for industrial purposes in syngas production.

4. Conclusions

In this work, novel high-performance Ag electrodes for bicarbonate electrolyzers were
fabricated via a simple and scalable sputtering method. Silver thin films were deposited on
commercial carbon supports and used as free-standing gas diffusion electrodes without any
post-treatment. Thanks to the highly repeatable deposition technique, GDEs with different
carbon substrates and silver mass loadings were reliably tested at Ve = 3 V to understand
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their effect in terms of activity and selectivity in CO,-to-CO conversion. The final result
of this investigation presents Ag-GDEs with a FEco close to 80%, which is comparable to
the state-of-the-art achievement with a mass loading of 565 p1g/cm? (sample B). This mass
loading is significantly lower compared to the well-performing Ag-GDEs reported in the
literature. Moreover, increasing the permeability of the carbon GDL significantly enhanced
the activity and, consequently, the mass-activity. As a result, sample F exhibited remarkably
high partial mass activity compared to the values reported in the literature for bicarbonate
electrolyzers. The new Ag electrode reported respectable results in terms of CO; utilization,
which turned out to be around 40%, while, when the bicarbonate concentration was halved
to 1M, it reached 83%. Additionally, our research marks a significant advancement in the
field of GDE development for bicarbonate electrolyzers by introducing the application of
electrochemical impedance spectroscopy. This innovative technique provided us with a
valuable opportunity to delve deeper into the underlying factors that influenced the GDE’s
performance within the reactor. In fact, the charge transport resistances and the double-layer
capacitances derived from the fitting of the experimental Nyquist plot provided an effective
explanation for the different behaviors of the GDEs during bicarbonate electrolysis. Therefore,
by using EIS as a powerful characterization tool for GDEs in bicarbonate electrolyzers, this
work contributes to the growing body of knowledge in this emerging field of research.

The profound insights gained from this study offer a comprehensive understanding
of the intricate electrochemical processes taking place within GDEs during bicarbonate
electrolysis. Based on the results obtained by this work, the herein-proposed Ag GDEs
demonstrate exceptionally promising potential for low-cost electrodes in the future industrial
implementation of integrated carbon capture and conversion through bicarbonate electrolyzers.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/nano13162314/s1. Tables S1 and S2 on the features of commercial
carbon papers and Ag-GDEs; Figure S1 reporting the total density current and the partial mass activity;
details on the reactor set-up; formulas used to calculate Faradaic efficiencies, partial density current,
i-CO,, CO, utilization, mass activity, and partial mass activity; details on and results (Table S3 and
Figure S2) of the EIS analysis; Figure S3 reports the values of Jiot/Cgy; Figure S4 displays the FESEM
images of the GDEs. Ref. [25] is cited in the Supplementary Materials.
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Abstract: The global energy shortage and environmental degradation are two major issues of concern
in today’s society. The production of renewable energy and the treatment of pollutants are currently
the mainstream research directions in the field of photocatalysis. In addition, over the last decade or
so, graphene (GR) has been widely used in photocatalysis due to its unique physical and chemical
properties, such as its large light-absorption range, high adsorption capacity, large specific surface
area, and excellent electronic conductivity. Here, we first introduce the unique properties of graphene,
such as its high specific surface area, chemical stability, etc. Then, the basic principles of photocatalytic
hydrolysis, pollutant degradation, and the photocatalytic reduction of CO, are summarized. We
then give an overview of the optimization strategies for graphene-based photocatalysis and the latest
advances in its application. Finally, we present challenges and perspectives for graphene-based
applications in this field in light of recent developments.

Keywords: graphene composites; photocatalysis; electrocatalysis; pollutant degradation; CO, fixation

1. Introduction

With the acceleration of urbanization, mankind in the 21st century is facing the two
problems of global warming and energy shortage. Among the abundant gases in the
atmosphere, CO; is the most important factor determining the trend of the greenhouse
effect. The excessive development of fossil energy causes energy shortage and also promotes
the excessive emission of CO,. Various environmental pollution problems around the
world are becoming more and more serious [1]. There are many studies on the reduction
of CO,, but only a few semiconductors meet the reduction requirements for CO, under
sunlight irradiation [2-5]. The reason is that effective charge separation is crucial for the
photocatalytic reduction of CO,. A large number of studies have found that the composite
material formed by using graphene-doped semiconductors in photocatalysis significantly
improves the effect of the photocatalytic reaction and greatly improves the reduction
efficiency [6-10]. In particular, graphene can generate specific fuels in the photocatalytic
reduction of CO; through its unique electron collection and transfer capabilities [11,12].

Water resources are important survival resources. According to statistics, human
beings can drink only 3% of the global water resources. With the increase in the world’s
population, there is a shortage of water resources in some parts of the world. More seriously,
the water environment has also deteriorated, making the water resources available for
human use significantly reduced [13]. The deterioration of water resources usually comes
from domestic sewage, industrial wastewater, mining wastewater, etc. This sewage contains
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organic refractory substances, heavy metal ions, etc., which will cause damage to the human
body upon drinking and also cause certain damage to the ecological environment [14].
In view of the shortage of water resources and serious pollution [15-19], low-cost and
efficient sewage purification methods are of great significance to human beings [20-23].
Sewage purification can be performed via physical or chemical methods, including filtration,
adsorption, boiling, distillation, chlorination, electromagnetic radiation, etc.; however, these
methods still contain obvious drawbacks [13,24]. For example, the chlorination of purified
water will produce many carcinogens during the process, and the hypochlorite of purified
water has strong corrosivity, which further increases its treatment cost [25-27].

In recent decades, the use of renewable solar energy technology to remove pollutants
has gradually become a research trend [28-30]. This is because photocatalysis can produce
reactive oxygen species and sterilize and destroy various organic and inorganic pollutants;
furthermore, it is cheap, which also shows that photocatalysis is an important research
direction for water purification [31]. However, considering the cost and photocatalytic effect,
doping graphene is a good method [32-34]. Graphene is a single-layer two-dimensional
structure formed by the arrangement of carbon atoms. It has a high surface area, optical
transmittance, and chemical stability [35]. It is not only an ideal choice for pollutant
treatment applications, but because of its biocompatibility and efficient use of photocatalytic
efficiency, it has also become a leading candidate in the field of photocatalysis [35]. The
structure of graphene is formed by arranging carbon atoms one by one. The internal carbon
atoms are bonded by “sp?” hybrid orbitals. The normal “pz” orbital of the layer plane of the
cabinet carbon atom can form a large 7t bond throughout the whole layer. There is a strong
“s” bond between the two carbon atoms, which greatly enhances its structural strength
and flexibility. Based on this hybridization, the carbon atoms connected by graphene
“sp?” hybridization can be tightly stacked into a single-layer two-dimensional honeycomb
lattice structure, with a high specific surface area and good electronic properties [36]. At
the same time, the unique band structure also makes graphene have good conductivity
and electron mobility [37]. Graphene has a variety of application characteristics. In the
field of multifunctional components, it can be used in the tunable terahertz filter /antenna-
sensor of graphene metamaterials. The center frequency of the filter and antenna sensor
can be adjusted by changing the chemical formula of graphene, and the thickness of the
graphene-layered material can be increased to increase the depth of the enhanced resonance
effect [38,39].

On the other hand, in the application of three-dimensional absorbers, three-dimensional
metamaterial curved ultra-wideband absorbers can exhibit better microwave absorption
properties similar to those of reduced graphene oxide (rGO)/MWNTs hybrids [40-43].
Borah et al. prepared the expanded graphite non-metallic flexible metamaterial absorber
by using the linear low-density polyethylene as the substrate material to composite the
expanded graphite (EG). Compared with copper-based absorbers, the resonance frequen-
cies of expanded graphite-based absorbers are similar (EG = 11.56 GHz, Cu = 11.73 GHz),
but the reflection loss of expanded graphite-based absorbers is much lower than that of
copper-based absorbers (EG = —24.51 dB, Cu = —7.32 dB) [44]. The EG material also has
the characteristics of heat resistance, low thermal expansion, and oxidation resistance, and
it has certain application potential in the field of electromagnetic wave absorbers [45,46].
Singhal studied an ultra-wideband infrared absorption device with an absorption rate
of more than 90% and an operating bandwidth of more than 74 THz from 6 THz. This
device uses a dielectric material such as graphite as a substrate composite of SiO,. Due
to the temperature stability of graphene [47], such devices can be well applied in the ter-
ahertz and infrared spectral bands in the future [48]. Norouzi et al. proposed a low-cost,
simple, and efficient 3D metamaterial ultra-wideband absorber that is insensitive to the
incident angle of 60° in the TE mode (Transverse Electric, no electric field in the direction
of propagation) and 90° in the TM mode (Transverse Magnetic, no magnetic field in the
direction of propagation), and that is not affected by the polarization of the incident wave.
This shows that the device is not sensitive to other electromagnetic wave segments under
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the initial receiving condition setting, and that it has strong anti-interference or shielding
ability [49]. The flexible structural characteristics and broadband-absorption capacity, low
thermal-expansion coefficient and antioxidant functional characteristics of graphene-based
materials confer them great development potential and application prospects in the fields
of medical treatment, imaging, and microwave absorption in the future [50-55].

In addition to the important application of graphene 3D metamaterials in the field
of microwave absorption, some graphene aerogel materials also have outstanding perfor-
mance in electromagnetic wave absorption [56-59]. Wu et al. dispersed graphene oxide
(GO) uniformly in the chain formed by a polypyridine gel and reduced GO to rGO by the
hydrothermal method. After the purification and drying process, using a large amount of
distilled water and ethanol, a sponge-like polypyrrole (S-PPy)/rGO aerogel was obtained.
This material not only has the lightweight properties of aerogel materials but also has low
reflection loss (—54.4 dB at 12.76 GHz) [60]. The graphene@SiC aerogel composites studied
by Jiang et al. also have the characteristics of low reflection loss (—47.3 dB at 10.52 GHz) [61].
The special structure of the aerogel material endows it with compressible characteristics,
and it shows obvious electromagnetic sensitivity and strong adsorption performance under
certain conditions [62-65]. Wang et al. prepared macroscopic 3D-independent porous
all-graphene aerogels with ultra-light density and high compressibility by an in situ self-
assembly and thermal annealing process. The ice crystal growth, GO reduction and the
restoration of m-conjugation during the freeze-drying process will give the material a 3D
structure, thereby obtaining good recoverable compressibility and a strain level of up to
75%, which gives the aerogel a highly sensitive strain response characteristic in volume con-
ductivity. At the same time, the high-temperature-stable graphene composition and large
porosity aerogel structure can quickly remove heat during the combustion process, reflect-
ing a certain flame retardancy [66]. Li et al. made full use of the adsorption of aerogels and
the hydrophobicity of graphene sheets to synthesize hydrophobic aerogels with high poros-
ity, which can absorb different organic liquids or be used to separate and absorb organic
pollutants from water [67]. Hong et al. also studied the selective adsorption of aerogels. On
the basis of non-functionalized graphene aerogels with high porosity and hydrophobicity
after surface modification, they introduced fluorinated functional groups into the surface
of three-dimensional macroporous graphene aerogels by a one-step immersion method to
obtain functionalized rGO (F-rGO). This material has the physical properties of low density
(bulk density of 14.4 mg cm~3), high porosity (>87%), mechanical stability (supports at
least 2600 times its own weight), and hydrophobicity (contact angle of 144°). At the same
time, the team tested the absorption capacity of F-rGO aerogels for various oils and organic
solvents such as pump oil, chlorobenzene, tetrahydrofuran, and acetone. The results show
that F-rGO aerogel has excellent adsorption efficiency for various oils and organic solvents,
and the adsorption capacity is 34~112 times its weight. The absorption capacity depends
on the density of organic solvents. Pre-introduction of fluorinated functional groups can
be used to selectively remove oil or take away more O atoms [68]. There are also many
examples of supercapacitor applications [69-71]. A graphene-based nitrogen self-doped
hierarchical porous carbon aerogel was synthesized by Hao et al. using chitosan as the
raw material through a carefully controlled aerogel formation—carbonization—-activation
process. The specific capacitance calculated from charge-discharge measurements using
an all-solid-state symmetric supercapacitor was about 197 F g~! at 0.2 A g~! with an
excellent capacitance retention of ~92.1% over 10,000 cycles. The energy density reached
as high as 27.4 W h kg ! at a power density of 0.4 kW kg ! and 15 W h kg ! at a power
density of 20 kW kg~! [72]. In terms of photocatalysis, of the many metal-based materials,
an organic-semiconductor has certain applications [73,74], with a long service life and
high water decomposition efficiency, but its effect and economy can still be improved.
The doping of graphene and graphene-based materials provide a good basis for forming
heterojunctions. The doping of graphene brings its own high specific surface area, high
carrier migration speed, high conductivity and other characteristics to the doped composite
materials, which can effectively solve the problems of material environmental protection
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and the rapid recombination of photogenerated electron holes and significantly improve
the overall efficiency and resource utilization of photocatalysis [75,76]. With regard to the
selection of dopants, these are generally divided into metal and nonmetal. Metal can act as
an ‘electronic warehouse’ for releasing electrons, fix on some sites of graphene to improve
the photocatalytic effect [77,78], or fix on graphene to provide appropriate adsorption and
activation to improve the activity of the whole material [79]. Metal doping is quite a good
idea, but because the price of metal materials is slightly expensive and some metals are not
friendly to the environment, the development of metal-anchored graphene composites is
still challenging. Non-metallic doping, single doping or multi-doping have significantly
improved the trend of photocatalysis, and can also achieve the same effect as metal dop-
ing [80]. N and S doping is quite typical of non-metallic doping; when these non-metallic
material co-catalysts are anchored in the active site of graphene, they can limit some metal-
atom couplings. In terms of dimensional stacking, the extension of linear one-dimensional
conjugated polymers to two- or three-dimensional polymers can significantly enhance
exciton dissociation, effectively producing free electrons and abundant reaction sites.

This paper reviews the mechanism of the photocatalytic production of various prod-
ucts and also shows the optimization and promotion of graphene in photocatalysis, as
well as the latest research progress of graphene in this field. In the following chapters, we
will focus on the effect and mechanism of graphene doping and its different dimensional
applications on the improvement of the photocatalytic effect, including photocatalytic
water splitting to produce hydrogen, the reduction of carbon dioxide, the degradation of
pollutants, etc. Finally, we try to provide an understanding of the current progress, future
trends, and challenges of graphene photocatalysis.

2. Photocatalytic Water Splitting for Hydrogen Production and Electrocatalysis

In the context of energy shortage and environmental degradation, hydrogen, as a clean
energy that can be stored in large quantities, is considered to be the main carrier of future
energy and has attracted more and more attention in various fields [81-86]. In 1972, the
University of Tokyo in Japan used the n-type TiO, semiconductor as an anode and Pt as a
cathode to produce a solar photoelectrochemical cell, which realized the photodecomposi-
tion of water to produce hydrogen [87]. According to the characteristics of semiconductor
light-excitation electron transition and photocatalytic reaction, researchers have developed
a device for hydrogen production by the photocomplexation catalytic decomposition of
water. Through a series of coupling processes, that is, artificially simulating the process of
water decomposition by photosynthesis, the efficiency of hydrogen production is generally
6% [88-91]. In order to use hydrogen energy to solve the problem of energy shortage or to
provide better commercial benefits, technical breakthroughs and more effective materials
are needed. At present, graphene-based materials are the better choice, because graphene
can be used as a transfer carrier of electrons, reducing the requirement for electrons to pass
through the valence band and significantly enhancing the photocatalytic reaction effect [92].
In the next chapter, the mechanism of the photocatalytic reaction and the beneficial opti-
mization strategy of graphene-based photocatalysis will be introduced, mainly from the
dimension structure of doping and graphene.

2.1. Mechanism

According to the light quantum theory, when the semiconductor receives a light
quantum energy hv higher than the band gap, the photoelectron overcomes the escape
work and escapes, producing free electrons in the conduction band and positive holes in
the valence band (Figure 1) [93]. The electron produced in this process exhibits a strong
reducing ability in the electron-donor reaction, and the produced holes exhibit an oxidizing
ability in the electron-acceptor reaction. In the reduction process, the electron can undergo
a molecular oxygen reaction with superoxide anions, and in the oxidation process, electrons
in water or hydroxyl ions can be supplemented into holes to produce hydroxyl radicals.
The superoxide anions and hydroxyl radicals produced in these two processes can degrade
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organic matter, and microorganisms and bacteria will be eliminated by OH™ and O,™
to complete the entire photocatalytic process [94-96]. The overall water decomposition
reaction and the complete water decomposition reaction are as follows.

) Adsorbed O,

H+

g 02 =) 0,

H,0,

Excitation

OH
/~—, ' Degradation

Valence Ban

Q
NAdsorbed pollutant
Adsorbed H,0

Semiconductor

Figure 1. Semiconductor—based photocatalysis perspective. Reprinted with permission from Ref. [93].
Copyright©2018 Production and hosting by Elsevier B.V. on behalf of King Saud University.

Overall water decomposition reaction:

H,0 ™ %Oz +2H*t )
o 1
2H' +2¢7 = Hy + 502 @)

Complete water decomposition reaction:

2H,0 ™8 0, + aH* 3)

AHT +4¢” = 2H, + Oy @)

During the catalytic splitting of water into Hj, the CO; that is generally reduced to
CO can also be reduced to methane or ethane using special materials [97].

The photocatalytic reaction of metal oxides contains the above general photocatalytic
reaction mechanism. The difference is that metal oxide photocatalysis mainly involves a
catalyst containing transition metals. The whole cycle includes four main steps: oxidation,
reduction, addition, and removal. The main mechanism is that the d-orbital electrons in
the transition metal has the characteristics of easy separation or addition, which makes it
easier to carry out redox reactions. At the same time, the requirement of d-orbital bonding
and bond-angle matching is low and the bonding energy is not high, which is beneficial for
the formation of low-orbital bonding of reactants. In some of the transition metal catalytic
systems, after the introduction of platinum, palladium, rhodium, silver, and other precious
metals, these transition metals can be used as photon acceptors to produce photoelectrons,
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which is conducive to the formation of active compounds, quantum light, and effective
hole separation [98,99].

2.2. Graphene Optimization Method for the Photocatalytic Effect
2.2.1. Graphene Matrix Composites and Graphene-Doped-Metal Matrix Composite

Graphene can be doped with B, Se, N, P, O, S, E, Cl, Br, I, etc. [100-107]. Titanium-
based materials are widely used in purification and disinfection, building materials, and
agriculture because of their non-toxicity, high reaction efficiency, and economy. They
were considered to be the frontier materials in the field of photocatalysis in the previous
stage [107,108]. TiO,-composite graphene nanomaterials have been proved to have better
photoelectrochemical activity and photocatalytic activity [109-112]. The reason is that GO
can fully act as an electron collection library to accept excited electrons from TiO,. At the
same time, a Ti-O-C bond is formed that introduces the TiO, bandgap intermediate state to
promote a visible light reaction. Unfortunately, TiO; also has the limitation of a light wave
frequency. It is only suitable for the ultraviolet band, while ultraviolet only accounts for 4%
of the solar spectrum, and a large number of electromagnetic waves in the band cannot be
used [113]. In order to further develop photocatalytic energy efficiency and maximize the
use of solar clean energy, various types of TiO, photocatalytic derivatives of new materials
have emerged ceaselessly and have been developed into a variety of composite types
of metal oxides, organic photocatalytic semiconductors, etc. An organic photocatalytic
semiconductor is a good alternative material. Its efficient photoelectric conversion efficiency
and longer service life have a profound impact on solving the increasingly tense resource
and environmental crisis and energy shortage. However, an unsatisfactory aspect is that
there are fewer active sites in the material, the two carriers excited by the energy given by
the light have a short interval, and the overall photocatalytic efficiency is not high, which
make the development of this material still have great limitations [114,115].

In addition to metal-based materials, graphene-based composite conductive materials
are also promising research directions. The main problem of this graphene-based material
is that the free electrons and holes diffuse from the conduction band and valence band
and then the free electrons and holes recombine quickly, losing the conductivity. This
phenomenon affects photochemical stability and ultimately leads to a decrease in photocat-
alytic efficiency. The macroscopic performance shows that the material has high resistance.
At present, there are a large number of strategies to solve the problem of the recombination
of free electrons and holes excited by the optical quantum [116-119]. Now the more efficient
solution for photocatalysis is based on the doping of graphene. The main reason for doping
is that doping other elements can improve the absorption electromagnetic wave region of
photocatalysis, change the graphene semiconductor from a broadband gap to a narrow
band gap, reduce the bandgap energy, improve the photochemical stability, work efficiently
in the absorption band, and further improve the photocatalytic efficiency [120]. Due to the
special layered structure of graphene, it can carry and immobilize other materials, and it has
obvious composite material characteristics, making the composite material composed of
graphene and various semiconductors a new generation of more promising photocatalytic
materials [121,122].

In addition to the above mentioned, graphene can be used as a photocatalytic material
substrate and as a co-catalyst. In order to improve the photocatalytic effect of graphene
materials, doped N has particularly prominent derivatives [80,123]. At the same time,
nitrogen-doped (N-doped) graphene has been shown to be a high-performance co-catalyst
that can effectively increase hydrogen production [124]. Liu et al. anchored Ni onto an
N-doped graphene (NG) material as a co-catalyst for STTIO(Al), effectively carrying the
Ni-based material to improve the photocatalytic water splitting effect. In this experiment,
the N on graphene can be used as the anchor for a single metal atom, and the atomic
coupling of the single metal atom, Ni, is limited [125]. In this way, the effect of precious
metals as co-catalysts can be achieved without the high-cost limits of precious metals. Liu’s
team provided a good direction for photocatalytic water splitting, and in the past two
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years, Yang and Li’s team, advancing further in this direction, have proposed an N and S
co-doped approach to obtain a nitrogen and sulfur co-doped graphene that has a better
effect than single-doped N [126,127].

2.2.2. Structure Design

Graphene’s ability to function as a photocatalytic substrate material and auxiliary ma-
terial has a lot to do with its structure [128]. It is well known that monolayer nanomaterials
are classified as two-dimensional structures, with graphene being the most common. Mul-
tilayer graphene stacked by chemical bonds is classified as a three-dimensional structure.

The enhanced catalytic effect of high-dimensional graphene can be attributed to
the fact that, compared with one-dimensional graphene, two-dimensional and three-
dimensional graphene can reduce the Coulomb binding energy of electron holes and
increase the specific surface area to solve the shortcomings of the loose substrate con-
tact and fewer active sites on graphene. At the same time, fixing metals at specific sites
can also avoid the aggregation of metal oxides [129]. In particular, graphene materials
with a three-dimensional porous structure have the synergistic effect of light absorption
and size-stacking to form a higher specific surface area, which is conducive to multiple
reflections of light and improves the light capture ability. They are also widely used in
capacitors [130,131].

Graphitic Carbon Nitride (g-C3Ny) is a two-dimensional material that has been in-
tensively studied in ozone oxidation and in composites with rhodium phosphide [132].
Han reported a porous g-C3Ny material with heterostructural defects. They observed
enhanced water-splitting hydrogen-production efficiency and photocatalytic Hp-evolution
activity by the heterojunction and the construction of defective ultrathin two-dimensional
materials, respectively [133]. Liu et al. improved the structure of g-C3Ny and divided
it into three groups: g-C,5,Ny, g-C195N4 and g-Cq g5Ny4. These three groups were also
doped with Ag-Pd to form a two-dimensional composite material that strongly promoted
photocatalysis. They controlled the ratio of carbon and nitrogen, and the removal rate of
NO; ™ and NO; ™~ was used as a reference for the degree of photocatalytic reaction. The XRD
pattern showed that g-C; 95IN4 had the best photocatalytic activity. After 3 h of reaction,
the removal rate of NO3 ™~ was 87.4%, and the removal rate of NO, ™ was 61.8% [134]. This
shows that by changing or utilizing the material structure of traditional photocatalytic
materials, the catalytic hydrogen evolution performance can be significantly improved. At
the same time, two-dimensional graphene semiconductor materials have lamellar stacking,
and the intrinsic Dirac band structure and performance are not fully utilized. This is
an obvious disadvantage of two-dimensional graphene, which is not mentioned in the
above articles.

The photocatalytic reaction of TiO, composite photocatalytic materials is a good means
to reduce the greenhouse effect gas, CO;. The efficiency of the photocatalytic conversion of
CO, into available chemical fuels mainly depends on the adsorption and diffusion of CO,
by the material. Wang et al. developed a porous composite structure by the in situ weaving
of hyper-crosslinked polymers (HCPs) on TiO,-functionalized graphene (TiO,-FG) without
adding precious metal co-catalysts. The porous HCP-TiO, graphene composite structure
was used as a photocatalytic material to achieve a CO, absorption capacity of 12.87 wt%
and a CHy yield of 27.62 umol g~! h~!. The principle of effective CO, absorption in this
process is to introduce the material into the HCP layer (Figure 2).This method can increase
the micropore volume and significantly increase the specific surface area of TiO;, graphene,
thereby improving the overall energy efficiency of photocatalysis. This is a good example
of a porous material application that offers a research direction for solar fuels [135].
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Figure 2. The photocatalytic performance of CO, reduction, optical and photoelectrical proper-
ties, and mechanism of the charge transfer pathway. Time-dependent production of (a) CH4 and
(b) CO in photocatalytic CO, reduction with different catalysts under visible light (A > 420 nm). The
photocatalytic reactions were carried out in a batch system under standard atmospheric pressure. The
partial pressure of CO, and HyO were constant, with the water content below the scaffold-loading
photocatalyst. Under visible-light irradiation, the temperature of the water was measured to be
about 50 °C. (c) Average efficiency of photocatalytic CO, conversion with different catalysts during
5 h of visible-light (A > 420 nm) irradiation. (d) UV-Vis absorption spectra of TiO,, TiO,-G, and
HCP-TiO,-FG catalysts. (e) Amperometric It curves of samples under visible-light (A > 420 nm)
irradiation. (f) Proposed mechanism of charge separation and transfer within the HCP-TiO,-FG
composite photocatalyst under visible-light (A > 420 nm) irradiation. Reprinted with permission
from Ref. [135]. Copyright©2023 Springer Nature Limited.

Lee et al. provided a heterostructural treatment of graphite carbon three-dimensional
nanomaterials. The team used hydrothermal treatment and the simultaneous reduction
of GO and TiO; crystals, and the absorption tail of GO-coated amorphous TiO; was red-
shifted (2.80 eV) [136]. Through hydrothermal treatment, during the conversion of TiO,
into amorphous TiO,, Ti atoms are rearranged, GO is reduced, and unpaired electrons
are formed. The unpaired electrons and Ti atoms reduce the conduction-band level of
TiO,, thereby reducing the band gap and improving the conductivity and photocatalytic
effect. Qiu’s team provided a new idea for the treatment of graphene heterostructures by
self-doping Ti** to place GO and TiO, on the surface of graphene. GO-cracking into small
size graphene; the smaller the size of the graphene, the more binding surface with TiO,
there is in the structure to promote the efficiency of photocatalysis. Moreover, this process
also generates Ti-O-C bonds to form shallow surface defects, and the band gap is slightly
reduced and red-shifted to 2.98 eV [137].

Many functional catalysts are used to enhance two-dimensional graphene phase car-
bonitrides [138-142]. The use of functional catalysts on three-dimensional porous graphene
phase carbonitrides (g-C3N4 /GO (p-CNG)) is also a good idea. Li’s team fixed Au, Pd, Pt,
and other precious metals on the three-dimensional p-CNG skeleton. By monitoring the
positive correlation between the metal content and the diffraction intensity of the three-
dimensional porous-graphene-phase carbon nitride skeleton, it was determined that the
three metals were successfully anchored on the three-dimensional porous-graphene-phase
carbon nitride body. Subsequently, the performance, photostability and thermoelectro-
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chemical performance of the hydrogen evolution reaction (HER) were tested. Because
precious metals can be used as electron acceptor sites, the effect of electron-hole separation
is significantly improved, and it has strong HER activity under simulated solar light (SSL).
The test results show that the 3D p-CNG-Pt composite catalyst exhibits better HER activity
than the 3D p-CNG-Au and 3D p-CNG-Pd composite catalysts under optimal conditions.
This is due to the effective charge transfer of platinum and 3D p-CNG skeletons, which
shows better HER kinetic curve linearity and lower catalyst dose consumption and results
in better durability. In terms of thermoelectrochemistry, the 3D skeleton exhibits a wider
absorption boundary (531 nm) than the 2D skeleton, and the anchored Au, Pd, and Pt
significantly improve the photoreaction effect of the 3D p-CNG composite catalyst due to
the improvement of the electron transition pathway [143].

Wang’s team provided a new approach to the photocatalytic charge transfer pathway.
The team used the characteristics of the ordered structure of the metal organic layer to
easily obtain active sites and prepared a 1.5 nm metal coordination layer with rGO as
an electron mediator. The ultrathin two-dimensional metal-organic layers (MOLs) are
distributed on the two-dimensional template constructed by rGO. The synergistic effect and
electronic mediation of the two compensate for the gap between heterogeneous catalysts
and homogeneous antenna molecules, improve the energy efficiency of photocatalysis
and CO; absorption, and significantly improve the activity of the photocatalytic reduction
reaction [144].

Although metal-doped photocatalysts have been extensively studied, as described
above, the efficiency and effectiveness of photocatalytic hydrogen production have been
significantly improved. However, the use of these doped materials is still challenging in
many aspects, especially with regard to their impact on the environment. For example, if
the material is applied to too many metals, the cost of subsequent waste recycling will be
increased. If not handled properly, this may lead to regional heavy metal pollution. This
runs counter to the previous idea of improving global energy tensions and environmental
crises through in-depth research on photocatalytic technology. Therefore, research on
promoting the photocatalytic effect by relying on the characteristics of different dimen-
sions of graphene-based materials is still advancing. Researchers want to improve the
photocatalytic effect of graphene composites through the dimension of materials and the in-
troduction of non-metallic elements, such as carbon, hydrogen, oxygen and phosphorus, to
reduce the content of doped metals as much as possible, and even not introduce the whole
process. Based on the photocatalytic process of perylene bisimide (PBI) supramolecular ma-
terials, the addition of zero-dimensional (or microscopic three-dimensional) graphene
quantum dots (GQDs) significantly improve the effect of visible light photocatalysis
(Figure 3). The small particle size of GQDs can be used to place high active sites and
install PBI layer by layer through electrostatic interaction to form GQD/PBI supramolecu-
lar composites. The advantage of these GQD composites is that they can interact with the
-1t of PBI to form long-range electron delocalization, and the quantum confinement effect
also promotes the transfer of electrons from GQDs to PBI, which improves the reduction
ability of PBI and the production characteristics of H,. This study undoubtedly provides
ideas and future research directions for supramolecular organic photocatalysis at the level
of quantum modification [145].

The Yan team studied the reduction process of functionalized GQDs to decompose
water and absorb CO, under visible light. They reported two ways to narrow the band
gap of GQD and explained the mechanism. GQD-AnIn-OCHj, GQD-AnIn-OCF; and
GQD-AnIn-OCCl3 have a Z-scheme structure, and charge separation can promote coupled
photocatalysis (Figure 4). The absorption range of all GQDs is limited to 200-300 nm due to
the 7t-t transition of the sp? substrate. Yan also compared the optical absorption capacities
of GQD derivatives: GQD-BNPTL > GQD-DNPT18 > GQD-DNPT23 > GQD-OPD > GQD
(Figure 5) [146].
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Figure 3. (a) Calculated mechanism with the molecular unit of Co—based metal —organic frameworks
(MOFs) for photocatalytic CO, —to—CO conversion, showing the calculated redox potentials and free
energy changes. (b) Proposed photocatalytic mechanism. Reprinted with permission from Ref. [145].
Copyright©2023 Springer Nature Limited.
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Figure 4. Illustration of energy level diagram and simplified structure of (a) coal GOD, GQD—OPD
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with permission from Ref. [146]. Copyright©2023 American Chemical Society.
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Figure 5. UV-Vis absorbance spectra (a) and accordingly obtained plots (b) of («E)2 versus photon
energy (E) (where « denotes the absorbance coefficient) of coal GQD, GQD-OPD, GQD-DNPT23,
GQD-DNPT18, and GQD-BNPTL. The horizontal intercept of the tangent line in (b) indicates the
bandgap of each GQD type. (c) Cathodic linear sweep voltammetry (c) and anodic linear sweep
voltammetry (d) of coal GQD, GQD-OPD, GQD-DNPT23, GQD-DNPT18, and GQD-BNPTL. The
horizontal intercept of the tangent line in (c) or (d) determines the conduction band minimum (CBM)
or the valence band maximum (VBM) of each GQD type, respectively. Reprinted with permission
from Ref. [146].Copyright©2023 American Chemical Society.

2.3. Graphene Electrocatalysis

The high specific surface area of graphene can provide more active sites and elec-
tron transport channels, which can increase the contact area of reactants and catalysts
and the electron transfer between catalysts and electrodes, thereby increasing the cat-
alytic effect [147-150]. At the same time, graphene can also act as a carrier for a stable
catalyst. Fixing the catalyst on graphene can improve the dispersion and stability of the
catalyst [151-155]. In addition, the functional groups carried on the surface of graphene
can also provide additional active sites to regulate the catalytic object or catalytic efficiency.
The electrocatalytic mechanism of graphene is based on its high surface area and con-
ductivity, electron transfer ability, catalyst support, and surface functional groups. These
factors work together to significantly improve the efficiency and performance of catalytic
reactions [74,156-159]. The oxygen reduction reaction (ORR) and the oxygen evolution
reaction (OER) are crucial for bifunctional electrocatalysts, which are often used in practical
applications of rechargeable metal-air batteries [160].

A 3D nanoporous graphene (np-graphene) bifunctional electrocatalyst is formed by
the nitrogen doping and nickel doping of 3D nanoporous graphene, in which nitrogen
and nickel have two forms: single atom and cluster. A rechargeable all-solid-state zinc—-air
battery was prepared by using nitrogen and nickel co-doped np-graphene as a self-made
flexible air cathode, PVA gel as an electrolyte, and Zn foil as an anode. As shown in Figure 6
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below, the open circuit voltage of this air battery is 1.35 V, and the maximum power density
of discharge polarization is 83.8 mW cm~2. Moreover, there is only a slight performance
loss after 258 cycles, and the bending of the battery at different angles does not affect its
performance, showing good cycle stability and flexibility [78].
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Figure 6. (a) Schematic diagram of the co—doped np-graphene—based all —solid-state Zn—air battery.
(b) Polarization and power density curves of the batteries. (c) Discharge/charge cycling curves at
2mA cm~2 and (d) discharge/charge curves under different bending states. Reprinted with permis-
sion from Ref. [78]. Copyright© John Wiley & Sons, Inc. All rights reserved.

The single atoms of nickel and iron are respectively embedded in the inner and outer
walls of graphene hollow nanospheres (GHSs) to form a new type of highly active Ni-Ny4
and Fe-Ny Janus structure with distributed self-assembly, in which a planar configuration is
formed to coordinate with four nitrogen atoms. The Janus structure on the inner and outer
walls of the GHSs separates the ORR and OER active sites. The outer Fe-Njy site plays a
major role in the ORR activity, and the inner Fe-Ny site plays a major role in the OER. When
Ni-N4/GHSs/Fe-Ny is used as the air cathode, the specific capacity of Ni-N,GHSs/Fe-N4
can reach 777.6 mAh gZn~!, and the energy density can reach 970.4 Wh kgZn !, showing
excellent bifunctional electrocatalytic activity. The Ni-N4/GHSs/Fe-N4-based zinc-air
battery still maintains stable electrocatalytic performance after about 200 h of operation,
which is considered excellent cycle stability [161].

3. Pollutant Degradation
3.1. Removal of Typical Pollutants
3.1.1. Antibiotics

In recent years, antibiotics have been widely used in human treatment, animal hus-
bandry, and aquaculture [162]. However, antibiotics do not have a good metabolic effect on
organisms. The widespread use of antibiotics has caused antibiotic residues to flow into the
environment along with raw materials, causing ecological damage. If humans drink water
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containing antibiotics for a long time, it will also cause damage to human health [163].
Nowadays, adsorption or catalytic oxidation methods, such as the use of natural zeolite,
bentonite, activated carbon, carbon nanotubes, biochar, etc., are usually used to remove an-
tibiotics from the water environment [164]. Membrane filtration, oxidation, photocatalysis,
and biodegradation can also be used for antibiotic removal [165]. The scientific community
has been researching the removal of antibiotics by various nanomaterials such as graphene
for a long time [166]. The Ibrahim team studied a new type of on-line potential monitoring
technology for antibiotics. It can effectively monitor the degradation or elimination of
antibiotics [167].

Antibiotics have a negative impact on plants, aquatic organisms, and microbial com-
munities, causing damage to the ecological environment and affecting human health. The
common antibiotics contained in wastewater are tetracycline antibiotics, quinolone antibi-
otics, B-lactam antibiotics, macrolide antibiotics, sulfonamide antibiotics, etc. [162]. As
one of the broad-spectrum tetracycline antibiotics, oxytetracycline (OTC) was identified
as having small side effects and was thus widely used in the 1960s and 1970s. However,
as OTC became widely used in livestock and aquaculture, people gradually discovered
that organisms could not fully absorb these antibiotics. About 90% of OTC enters into the
ecological environment [168], which leads to OTC accumulation in the aquatic environ-
ment; over time, this will produce resistant bacteria and resistance genes, greatly reducing
the effective use of these antibiotics [169]. Another antibiotic, ofloxacin (OFX), one of the
third-generation quinolone antibiotics, has been used unrestrainedly and discharged at
will. Five years ago, the concentration of antibiotics in groundwater/surface water around
the world reached 30 mg/L, which is concerning data [170].

It has been found that the removal efficiency and kinetic constant of rGO-Fe30O,4 com-
posites formed by adding GO are further improved compared with using Fe;O4 alone. The
OFX removal rate can even reach 99.9% complete removal. Compared with the alkaline
environment, the degradation rate and ability of OFX is more effective under acidic con-
ditions [171]. After 0.5 min visible light irradiation, the degradation rate of ciprofloxacin
hydrochloride (CIP) by the perylenetetracarboxylic diimide (PDI)/rGO composite film can
reach 94.31% (10 mg/L). This composite film has been found to have two functions: photo-
catalytic degradation and photothermal conversion. By using rGO as an additive material,
the optical absorption range of nano-PDI powder self-assembled using hydrochloric acid
can be extended to the near-infrared band. Coupled with the selectivity of the upper band
gap, the ions and pores of the upper nano-PDI will relax to the edge of the band, so the ex-
cess energy can be converted into heat. The practical significance of studying this PDI/rGO
composite membrane shows that there is a visible-light-responsive graphene-based pho-
tothermal catalytic material that can achieve two functions. It can degrade antibiotics while
recovering pure water in actual water samples to achieve the purification and recovery of
wastewater [172].

Using citric acid-modified GO and carboxymethyl cellulose membrane (GO-CMC) to
remove antibiotics, the adsorption capacity of OTC, quinic acid (OA), and trimethoprim
(TMP) can reach 102.05, 252.68 and 370.93 mg/L, respectively. Antibiotics are deposited on
the surface of GO by 7-7t interactions and cation-7t bonds. The citric acid-modified GO-CMC
membrane can be reused and maintains stable recyclability after 5 times of recycling, which
can remove antibiotics in wastewater [173]. For promoting the degradation of OTC in water,
a graphene-TiO,-Fe304 nanocomposite plasma has a good degradation effect. Compared
with rGO-TiOy, the addition of Fe3O4 enlarged the specific surface area of the composites,
accelerated the separation of electron-hole pairs, and increased the magnetic strength,
which made the catalyst easy to separate from water. At the best doping amount of Fe3O4
of 20 wt%, the removal efficiency can reach 98.1%, which is the highest removal efficiency.
Other influencing factors include the catalyst dosage, air-flow rate, peak voltage, and pH
value, and their optimal values are 0.24 g/L, 4L/min, 18, and 3.2 kV, respectively. When
the above conditions are reached, rGO-TiO,-Fe30O4 has the best removal performance. The
rGO-TiO,-Fe3 Oy still has high catalytic performance after four uses [174].

27



Nanomaterials 2023, 13, 2028

Heterogeneous photocatalytic technology based on the TiO,-based catalytic system is
widely considered to remove pollutants in the environment without producing secondary
pollutants, which is conducive to environmental protection [175]. For cephalosporin
antibiotics, the photocatalytic activity of TiO, /N-doped porous graphene nanocomposites
(TiO, /NHG) is better than that of bare p25 TiO,, TiO, /GO and TiO,/porous graphene
frameworks. The results showed that the oxidative degradation rate of TiO,/NHG was
affected by the catalyst loading, the initial antibiotic concentration, and the presence of
H,0O,. The complete mineralization of 25 mg/L of antibiotics was observed within 90 min
of irradiation, and the activity level of the TiO, /NHG catalyst did not decrease significantly
within three repeated cycles. The complete mineralization of antibiotics can be achieved
only by sunlight irradiation within a reasonable time span, which means that the oxidative
degradation of antibiotics remains efficient even in the absence of H,O [176].

Magnetic GO/ZnO nanocomposite (MZ) materials offer an excellent adsorption ca-
pacity with reusability for tetracycline antibiotics (TCs) in wastewater. The results show
that the maximum adsorption capacity of MZ materials for TCs can reach 1590.28 mg g~
at pH = 6.0. At the same time, after four absorption cycles, the adsorption capacity of MZs
still did not decrease significantly and maintained a relatively stable adsorption activity.
MZ materials have been proved to have the advantages of fast separation speed, strong
adsorption capacity, reusability, and simple operation in use [177]. Based on the raw mate-
rial MXene Ti3Cy, a graphene-layer anchored TiO; /g—C3Nys (GTOCN) photocatalyst was
formed by a one-step in situ calcification method. This method of synthesis can not only
act on antibiotics but also on another persistent organic pollutant, namely dyes. Under
visible light, such as sunlight in daily environments, GTOCN will have highly oxidizing
active -O, and -OH, hence offering high-efficiency degradation of tetracycline (TC) and
ciprofloxacin (CIP) antibiotics and bisphenol A (BPA) and rhodamine B (RhB) dyes [178].

The synergistic catalytic removal of thiamethoxam (TAP) induced by pulsed discharge
plasma (PDP) was studied by using graphene-WO3;-Fe304 nanocomposites. Compared
with single WO3; and rGO-WO; without Fe304, rGO-WO3-Fe304 has a larger specific
surface area and higher transfer rate of photogenerated carriers. Fe;0, doping does not
make the higher the better. With the gradual increase from zero, the TAP removal curve first
increased and then decreased. When the Fe304 doping amount was 24 wt%, the catalyst
dosage of 0.23 g/L obtained the best catalytic performance, and the removal rate of TAP
could reach 99.3%. Acidic conditions and the presence of O3, H,O,, and -OH are more
conducive to the catalytic degradation of TAP [179].

The three-dimensional (3D) graphene can be designed as an anode to create an en-
hanced electron and mass-transfer photocatalytic circulation system, which can be used
to remove ampicillin in wastewater and to enhance the antibacterial properties of water.
It enhances electrons by using a three-dimensional graphene photoelectrode as an anode,
a Pt/C air breathing electrode as a cathode, and C3N;-MoS, loading. Perhaps due to the
cleavage of functional groups such as amide bonds and peptide bonds, the removal rate of
ampicillin by the photoanode reached 74.6% after the system was fully reacted in sewage
for 2 h [180].

The 3D-MoS, sponge modified by molybdenum disulfide nanospheres and GO ad-
sorbs organic molecules and provides a multidimensional electron transport path, which
has a positive effect on the degradation of advanced oxidation processes (AOPs), especially
for aromatic organics. After pilot-scale experiments in 140 L wastewater, it still maintains
efficient and stable activity for AOPs. Even after 16 days of continuous experiments, 3D-
MoS; can still maintain a degradation rate of 97.87% in wastewater containing 120 mg/L
antibiotics. This is of great practical and economic interest for industrial applications; if
the sponge could be produced industrially in large quantities, the cost of treating a ton of
wastewater would be only USD 0.33 in the future [181].

Ion-doped GO nanocomposites can perform photon absorption, electron transfer,
and the generation of active species under visible-light irradiation. For example, an iron
oxide/hydroxide N-doped graphene-like nanocomposite has been synthesized by a laser-
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based method to remove antibiotics from wastewater. The method is shown in Figure 7.
Moreover, this nanocomposite is still environmentally friendly during the preparation
process [182].

O.«. // Vvisible
y [ light

Figure 7. Representation of photon absorption, electron transfer, and generation of reactive species
under visible—light irradiation of a Fe oxide/Fe hydroxide/N—rGO nanocomposite. Reprinted with
permission from Ref. [182].Copyright©2023 Springer Nature Limited.

3.1.2. Dye

One of the main causes of surface water pollution is from the textile industry, where
waste from the printing and dyeing process is directly discharged into the water envi-
ronment without qualified treatment [183]. The increasing concentration of dyes in the
water environment seriously affects the refractive index of light, which limits the growth of
aquatic plants and further negatively affects the self-purification of the ecosystem. More
water resources in barren water resources are no longer suitable for organisms, let alone for
household and industrial use [184].

A triphenylmethane cationic dye—Malachite green (MG)—is a common dye in the
dyeing process of the textile industry. However, due to the presence of nitrogen (N;), MG
consumption may lead to many serious human health issues, e.g., cancer, etc. [185]. Ozone
oxidation, oxidation, membrane filtration, flocculation, biosorption, and electrochemical
methods are often used to remove MG dyes on the market. However, these methods are
not only costly, but they also have requirements for reaction conditions, such as dissolved
oxygen demand. Moreover, due to the problems of high sludge production, short half-life
and slow process, the removal efficiency of dyes is not high [186]. As shown in Figure 8, the
porous sodium alginate/graphite-based composite hydrogel was modified by the grafting
polymerization of acrylic acid on sodium alginate, and graphite powder was loaded to
enhance its adsorption capacity. In terms of the effective adsorption for organic pollutants,
the maximum adsorption capacity for malachite green dye can reach 628.93 mg g~ !. The
hydrogel complex showed sustainable usability and could still adsorb 91% of MG after
three consecutive dye adsorption—desorption cycles [187].

A novel 3D magnetic bacterial cellulose-nanofiber/GO-polymer aerogel (MBCNF/GOPA)
mesoporous structure with a high surface area of 214.75 m?g~! can be used to remove
malachite green (MG) dye from aqueous solution with a maximum adsorption capacity
of 270.27 mg g~!.When the reaction environment meets the conditions of temperature
(25 °C and contact with 30 mg/L MG concentration solution for 25 min, the solution with
pH =7.0 and 5 mg MBCNF/GOPA can have the best performance. The adsorption efficiency
of MBCNF/GOPA remained above 62% after 8 times of recovery using 0.1 mol/L acetic
acid/methanol in a 1:2 mixing ratio [188].
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A polyvinylidene fluoride (PVDF)—polyaniline (PANI) and GO mixed membrane
was prepared by incorporating PANI-GO as a nano-filler, which greatly improved the
antifouling performance and solvent content. The pure water flux through the membrane
increased from 112 to 454 mL/m?-h. Compared with other compositions and doping
materials, the nanocomposite membrane with 0.1% w/v GO is superior. When operating
conditions reach 0.1 MPa operating pressure, the dye rejection rate can reach 98%. After
several tests on the membrane, the flux recovery rate of almost all dyes can be stabilized at
94%, while the removal rate of individual dyes such as methyl orange can reach 95%, and
that of Allura red can be as high as 98% [189].

A nanocomposite hydrogel (NCH) formed by chitosan (CS) and carboxymethyl cellu-
lose (CMC) crosslinked-modified GO has a significant adsorption effect on methylene blue
(MB) and methyl orange (MO). At pH 7, the adsorption rate of 0.4 g/L CS/CMC-NCH for
50 mg/L MB was about 99%. At pH 3, the adsorption rate of 0.6 g/L CS/CMC-NCH for MO
was about 82%. The adsorption capacity of CS/CMC-NCH for MO is 404.52 mgdye/gads,
and the adsorption capacity for MB can reach 655.98 mgdye/gads. More importantly,
the composite hydrogel has a stable adsorption performance for the dye after continuous
use of 20 adsorption—desorption cycles. CS/CMC-NCH also has an excellent effect on
the removal of anionic and cationic dyes [190]. The novel lysine and ethylenediamine
double-crosslinked graphene aerogel (LEGA) exhibited a 3D interconnected porous struc-
ture, which greatly increases the adsorption capacity for the MB dye. Compared with other
substrate materials, the compression performance of LEGA was significantly improved
after adding lysine, and the adsorption capacity of MB could reach 332.23 mg/g [191].

For the removal of the crystal violet (CV) dye, it was found that two kinds of nanocom-
posite hydrogels, acrylamide-bonded sodium alginate (AM-SA) and acrylamide/GO
sodium alginate (AM-GO-SA), can be synthesized by the free radical method, and both of
them have good adsorption properties for CV. Compared with other influencing factors,
the removal efficiency of AM-SA and AM-GO-SA was more dependent on pH, and the
maximum single-layer adsorption capacity could reach 62.07 mg/g and 100.3 mg/g [192].

A novel GO/poly (N-isopropylacrylamide) (GO/PNIPAM) composite system removes
organic dyes in water by a similar extraction mechanism and undergoes a reversible sol-gel
transition at a temperature higher than the lower critical solution temperature. PNIPAM is
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anchored on the surface of GO to prevent the reduction of GO and inhibit its aggregation,
which greatly improves the stability of GO dispersions. Moreover, the dye can be effectively
adsorbed and enriched in the gel phase, which is convenient for its separation from water
during the extraction process [193].

3.1.3. Oil and Organic Solvents

The rapid development of modern transportation, petrochemical, and marine engi-
neering has accelerated the release of a large amount of oil into the sea and rivers, causing
energy loss, destroying the local ecological environment, and seriously endangering the
sustainable development of society [194]. The urgent need to solve the problem of oil pol-
lution is self-evident. The public has focused on oil/water separation technology and its
ability to treat industrial oily wastewater and oil spill accidents. However, most of the
traditional oil/water separation materials are based on activated carbon, polypropylene
sponge, and zeolite, and other microporous structure absorbents have the disadvantages of
limited absorption capacity and poor wear resistance [195].

Based on polyimide (PI), a novel zeolitic imidazolate framework-8/thiolated graphene
(ZIF-8/GSH) nanofiber membrane can be prepared by electrospinning and in situ hy-
drothermal synthesis. The membrane has superhydrophobicity /superoleophilicity and
can effectively purify oily wastewater. For various oil/water mixtures and water-in-oil
emulsions, the separation efficiency of oil and water can reach 99.9% through the action
of fiber membranes. More importantly, the film maintains superhydrophobicity without
requiring the environment to remain under harsh conditions. Under harsh reaction condi-
tions, such as excessive acid and alkali, long-term contact with salt and corrosive organic
solvents, high temperature irradiation, mechanical wear, ultrasonic treatment and other
simulated environmental conditions, ZIF-8 @ GSH can still exhibit excellent photocatalytic
degradation efficiency. This shows that the membrane has self-cleaning and active an-
tibacterial abilities and can maintain its performance through the mechanical and chemical
environment, which makes future industrial applications very promising [196].

With the release of a large amount of oil pollution into the water environment, the
emergence of reusable superhydrophobic oil adsorption materials are required. A magnetic
superhydrophobic polyurethane sponge (Fe304/OA/GO-PU) was formed based on a 3D
microstructure by linking GO and coating with functionalized oleic acid Fe3O4 nanopar-
ticles. It can be water repellent, with a contact angle of 158°, and has high selectivity in
contact with organic solutions and oils. Theoretically, the microstructure polyurethane
(M-PU) sponge has a capacity of 80-160 g/g, and it can undergo 15 adsorption cycles. The
oil can be selectively extracted from the wastewater, exhibiting excellent recyclability and
the ability to be recovered in a static state using an external magnetic field. Compared
with the absence of a magnetic field, the increase of M-PU adsorption capacity seems to be
driven by magnetic field exposure due to the enhancement of surface-active sites of the
M-PU sponge. The continuous collection of kerosene from the surface water while cleaning
wastewater with Fe304 @ OA @ GO-PU is cost-effective, highly selective, and an excellent
recyclable, environmentally friendly oil-spill cleanup option [197].

Using phase inversion technology and the dip coating method, a nanocomposite film
was composed of polybenzimidazole (PBI), graGO, rGO, and polydopamine (PDA) in a
coated and uncoated manner as shown in Figure 9. When 0.5-1.5 wt% GO was added
to the polymer matrix, the antifouling performance of the composite membrane could
be improved to the highest extent, and the maximum flux of the membrane reached 91
L/m?-h-bar. Compared with the original single PBI material, the permeability of the
water—oil mixture of the nanocomposite membrane increased by 17%, and the oil removal
efficiency also increased from 80% to 100%. After four clean filtration cycles, the water-flux
recovery rate (FRR) remained above 90%. Even without any alkaline and acidic cleaning,
it exhibits good separation rate for oil-in-water emulsions and stable antifouling and
antibacterial properties [198].
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Figure 9. Schematic representation of the membrane fabrication steps. Reprinted with permission
from Ref. [198]. Copyright©2020 The Authors. Published by Elsevier B.V.

A novel poly (oxyethylene) graphene oxide-based nanofluid (P-GO-O) prepared as
shown in the Figure 10 shows high temperature resistance and high salt tolerance in
deionized water, with a potential of 39 mV. The recovery rate of octadecyl-aminated
graphene oxide (GO-O) is only 6.7%, while that of P-GO-O is 17.2%, indicating that P-GO-O
can improve oil recovery. This is due to the fact that its structural oil-water interfacial
tension can be reduced to 12.2 mN/m under the action of P-GO-O, and the oil-wet surface
is turned into a water-wet surface. Even under harsh conditions, P-GO-O still exhibits
stable properties [199].

. oil Brine Nanofluid

Nanofluid

Figure 10. The schematic of displacement mechanism of P-GO-O. Reprinted with permission from
Ref. [199]. Copyright© 2021 Elsevier Ltd. All rights reserved.

As shown in Figure 11, a polysulfone (PS) mixed-matrix membrane containing aspartic
acid (AA)-functionalized graphene oxide (fGO) has good hydrophilicity, water permeabil-
ity and oil repellency at a very low GO loading. Thanks to the fluorine GO load, the
fluorine GO load performance of the film is much higher than that without addition. The
functionalization of AA introduces carboxyl and amino groups, which is beneficial to the
performance improvement of the matrix membrane and improves the hydrophilicity and
fouling removal rate. After adding very low concentrations of fGO, the incorporation
of fGO in the PS membrane had a positive impact on the mechanical properties and an-
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0

tifouling properties of the membrane and enhanced the separation rate of the oil-water
emulsion. The affinity of BSA for the membrane surface decreased, which means that the
flux recovery of the f{GO membrane after bovine serum albumin (BSA) contamination was
higher. Compared with the monotonous original membrane, the water permeability of the
composite membrane doped with 0.2 wt% fGO increased by 97% and the oil rejection rate
reached 97.9% when the 200 mL oil emulsion was filtered [200].

0
HO 0
OH OH
OH

0 NH,

2M NaOH + 5%HCL

Figure 11. Functionalization of GO with aspartic acid. Reprinted with permission from Ref. [200].
Copyright©2020 The Author(s). Published by Elsevier Ltd.

A small sheet of graphene oxide (SFGO) film for high-performance organic solvent
nanofiltration (OSN) applications, using La®* as a crosslinking agent and a spacer layer
for insertion; moreover, it stabilizes the SFGO film selection layer and achieves selective
molecular transport. The permeability of methanol is 2.9 times higher than that of large-
flake graphene oxide (LFGO), and it has high selectivity for three organic dyes. More
importantly, the SFGO-La®* film exhibits at least 24 h of stable stability under hydrody-
namic stress, which represents real OSN operating conditions. Through the interfacial
polymerization (IP) of low-concentration resorcinol on the surface of the graphene quantum
dot (GQD)-polyethylenimine (PEI)-modified polyimide substrate, a new nanocomposite
(TEN) organic solvent nanofiltration membrane with a sandwich structure was prepared as
shown in the Figure 12.The thickness of the IP skin layer of the GQD-interlayer OSN film is
about 25 nm, and the average surface roughness is generally less than 2 nm, resulting in an
increase in the penetration content of Harnol from 33.5 to 40.3 Lm—2h~1MPa~!, and the
penetration rate of Rhodamine B from 87.4% to 98.7%. After long-term immersion in pure
N, N-dimethylformamide (DMF), it showed superior solubility. After 81 days of storage at
room temperature, it was stored at 80 °C for 45 days and then filtered with Bengal Rose
(1017 Da) DMF solution at 25 °C for 5 days. There was no scar solute rejection, which
proved the antifouling performance during long-term filtration [201].
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Figure 12. The fabrication process of the GQD-interlayered TFN-OSN membranes. Reprinted with
permission from Ref. [201]. Copyright© 2019 Elsevier B.V. All rights reserved.

3.2. Adsorption of Heavy Metals in Sewage

Common heavy metals in sewage, such as Cd, Zn, Pb, Fe, Cu, Hg, Ni, Mn, Co, etc.,
generally exist in trace amounts. Even in very small amounts, heavy metals are considered
to be the most harmful, toxic and most widely distributed components in wastewater due to
the mobility of the ions [202]. The discharge of heavy metals into the water environment will
not only adversely affect the ecological environment but also accumulate in soft tissues after
entering the human body, seriously endangering human health and even threatening life
and health [203]. For example, copper can lead to liver damage, insufficient blood supply,
and night-time insomnia. It can also inhibit the activity of enzymes in the soil and affect
the circular development of the ecological environment. Chromium can cause dizziness,
headache, nausea, and diarrhea. Excessive inhalation of lead may lead to muscle spasm,
even renal failure, and damage to the brain of infants. Mercury can cause rheumatoid
arthritis and even threaten the normal work of the human nervous system circulatory
system [204]. Due to heavy-metal ions being highly soluble, stable, non-biodegradable, and
able to migrate in aqueous media, metal-contaminated wastewater can also cause harmful
effects in plants, such as photosynthesis inhibition, and the reduction of seed germination
rate, enzyme activity and chlorophyll synthesis [205].

In the past, traditional technologies were used, such as non-destructive processes using
resins or adsorbents [206], non-destructive separation using semi-permeable membranes,
and solvent separation techniques, which often have disadvantages such as low efficiency,
insufficient removal, strict operating conditions, and high prices. Nowadays, high porous
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nanostructures such as graphene can be used as alternatives to remove heavy metals from
contaminated water, e.g., graphite oxide (GO) for Pb?* and Cd?* has excellent adsorption
capacity with great potential [134]. Because of its small particle size, large specific surface
area and high adsorption efficiency, graphene can break through the limitations of con-
ventional adsorbents and has become a good choice for removing heavy metal ions from
water [207].

The preparation of a Bi;S3-BiVO, graphene aerogel (SVGA) requires only a simple
hydrothermal method, which can provide effective assistance in both the photogenerated
electron transfer and photocatalytic ability of SVGA. The results show that removal rates
of Cr (VI) and bisphenol A (BPA) using SVGA materials can be infinitely close to 100%
after 40 min of adsorption and 120 min of photocatalysis under visible-light irradiation at
420 nm. The harmful Cr (VI) is preserved as low-toxic Cr (III) after photocatalysis on SVGA,
and BPA is degraded into CO, and H,O [208].

Due to the presence of oxygen-containing functional groups and high porosity, 3D
magnetic fungal mycelia/graphene oxide nanofibers (MFHGSs) can remove Co (II) and Ni
(IT) from high-salinity aqueous solutions, increasing the ion removal rate. The optimum
reaction conditions were as follows: at 323 K and pH = 6.0, MFHGs could remove 97.44
and 104.34 mg/g of Ni (II) and Co (II), respectively, from 2 g/L NaySO4 aqueous solution.
Reductive self-assembly (RSA), one of the main materials of MFHGs, is cheap and environ-
mentally friendly, so the cost of MFHGs is not high. They have excellent magnetization
and large coercivity and can work normally in high-salinity water [209].

Under aerobic conditions, a novel graphene-like biochar supported trivalent iron
(GB/nZVI) to remove Cd (II) and As (III). The main principle of removing As (III) is
through oxidation and surface complexation, while the removal of Cd (II) mainly depends
on surface complexation. At the same time, the strong synergy between GB and nZVI has a
positive effect. The removal ability of GB/nZVI composites was significantly higher than
that of pure GB and nZVI under both acidic and neutral conditions. The presence of As (II)
significantly promoted the removal of Cd (IlI) when both ions were present in the same
water environment. The maximum removal of As (IlI) can reach 181.5 mg/g when nZVI is
363 mg/g. The maximum removal capacity of Cd (II) can reach 46.4 mg/g when n ZVI is
92.8 mg/g. It is worth mentioning that the presence of phosphate and humic acid in the
coexisting background ions has a reverse inhibitory effect on the removal of Cd (II) and
As (III) [210].

GO and highly oxidized graphene oxide (GOy,) with different degrees of oxidation
were combined with tridentate terpyridine ligand (Tpy) to form GO, GOy, and GO-Tpy as
shown in Figure 13. Compared with the prepared GO, GOy, and GO-Tpy, GOh-Tpy has
the highest adsorption efficiency for heavy metal ions due to the synergistic effect of GO
and Tpy components. The maximum adsorption capacity (qmax) of the GOh-Tpy system
for Ni (II), Zn (II), and Co (II) reached 462, 421, and 336 mg g_l at pH = 6, respectively, and
showed excellent repair performance, which proved that the GOh-Tpy mixture had an
ideal cycle stability, reusability, and easy separation operation [211].

3.3. Degradation of Gaseous Pollutants

Exposure to air pollution is one of the five major global human-health risk factors. Pho-
tocatalytic oxidation is a promising method for the treatment of environmental pollutants.
Nitrogen oxides (NO + NO,), benzene, and isopropanol are the three major pollutants that
can be commonly found outdoors. Titanium dioxide/graphene hybrid nanomaterials were
synthesized by the sol-gel method. Under UV-A irradiation, the presence of isopropanol
and benzene will form different free radicals, which improves the removal efficiency under
UV-A irradiation. The addition of at least 1.0 wt% of granolol to TiO, can double the
photocatalytic efficiency, and the system exhibits more stability under oxidizing conditions
compared with pure TiO [212].
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Figure 13. Schematic representation of the functionalization of GO with two levels of oxidation (GO
and GOy,) with Tpy using the ring-opening reaction of epoxides yielding GO-Tpy and GO,-Tpy.
Reprinted with permission from Ref. [211]. Copyright©The Royal Society of Chemistry 2021.

A multi-ionic liquid (PIL)/TiO, composite material directly degrades pollutants
through a free-radical mechanism and promotes the absorption and degradation of com-
posite pollutants. Its photocatalytic degradation is shown in Figure 14. PIL/TiO, has high
and low concentrations, and its photodegradation rate for benzene and toluene pollutants
is also different. When the concentration is high, the photodegradation rate of benzene
and toluene pollutants can be obtained at only 59% and 46%, respectively. Meanwhile,
the decomposition rates can reach 86% and 74%, respectively, at the low concentration.
When the PIL @ TiO;,/modified graphene oxide (m-GO) is at a high concentration, the
photodegradation rate of benzene and toluene can reach a 91% oxidation rate, while PIL @
TiO, /m-GO can reach 97% at a low concentration, and the percentage is obtained within
24 min [213].

A novel high-strength graphene aerogel was prepared by adding tetraethoxysilane
(TEOS) to the precursor GO solution, as shown in the Figure 15, which has an ultra-high
adsorption capacity for gas pollutants. On this basis, the graphene aerogel modified by
SiO2 is more sensitive to benzene vapor, and the adsorption capacity of benzene vapor
increases from 201.71 mg/g to 809.1 mg/g. In addition, it can also be used for the separation
of benzene—toluene mixtures. This graphene aerogel can be reused after heat treatment
at 150 °C. More importantly, the strength and adsorption capacity are not significantly
reduced. This shows that the graphite aerogel in the field of indoor pollution gas removal
has broad application prospects [214].
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Figure 14. Schematic illustrating photocatalytic degradation with the help of band structures.

Reprinted with permission from Ref. [213]. Copyright©2021 by the authors.

Basel, Switzerland.

Ethylenediamine Tetraethoxy silane
¢H20 _—/cn
rb:‘\.‘“ - H2N ~ \N 2 HC \'—'f\o,/\c“‘
l‘ ‘
q © s =—=———
Magnetic stirring GO solution 1 Magnetlc
stirring

Graphene aeroge|

Lyophilization

Licensee MDPI,

GO solution 2
o | =
a1
21 B
21z

—
—

Graphene Gel

Figure 15. The preparation process of graphene aerogels. Copyright© 2021 The Authors. Reprinted
with permission from Ref. [214]. Published by Elsevier Ltd.

4. Photocatalytic Reduction of CO,

4.1. Mechanism

Solar energy will be an important component of future energy improvements for new
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sustainable development. Research on the photocatalytic reduction of CO; began in 1972
and 1979 when Fujishima and Honda used TiO; as a motor to photocatalyze the reduction
of CO, in water [87,215,216]. The reduction and oxidation potential of CO, is matched with
the valence band and the conduction-band position of the semiconductor photocatalyst, but
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most of the semiconductors cannot satisfy this requirement; thus, to achieve CO, reduction
and emission reduction in photocatalytic reactions under sunlight, it is necessary to find
semiconductors that meet the above conditions.

According to the basic reaction principle, the photocatalytic reduction of CO, has
three main steps: (1) the generation of photogenerated electrons by bandgap engineering;
namely, the generation of photogenerated charge carriers and the formation of electron-hole
pairs; (2) the transfer of photogenerated electrons—this process can be called charge carrier
separation and transport; and (3) the reduction of CO, by photogenerated electrons on
the surface.

Given that electron-hole pairs combine easily and restrain charge separation to a great
extent, effective charge separation is the key to achieve large-scale CO, emission reduction.
Graphene is used as electron acceptor/transporter due to its high power function and
good conductivity.

In the process of photocatalysis, graphene plays the following roles: (i) reduces
photogenerated electrons and hole recombination, (ii) promotes CO; adsorption through
-7t conjugation between graphene and CO,, (iii) activates CO, molecules, (iv) improves
corrosion resistance, (v) enhances surface area and light absorption, which subsequently
results in higher photocatalytic activity [217].

4.2. Main Optimization Strategies of Graphene
4.2.1. Metal Doping, Non-Metal Doping and Graphene Heterostructure

Since most catalysts are easy to recombine due to the influence of electron-hole pairs
in the process of CO, reduction, the catalyst surface activity is reduced, and the production
efficiency is low [218]. Graphene doping is an effective method to adjust its electrical
properties and expand its applications [219]. Graphene with different properties can be
obtained by doping [220-222]. Examples include heteroatom doping in graphene, graphene
nanosheets (GNS), graphene nanoribbons (GNR), graphene hydrogels, graphene quantum
dots (GQD), GO, and rGO [223-227].

Doping is the most feasible and convenient method to adjust the band structure of
graphene from semi-metal to p-type or n-type materials [228,229]. Primitive graphene
usually shows bipolar characteristics. However, due to different specific needs, we
need to make different semiconductors or electronic components, such as those with
the above p-type and n-type conductivity, to manufacture logic circuits for industrial
applications [230,231].

Graphene doping can be divided into n-type doping, p-type doping and p/n co-doping
of single-layer or double-layer graphene. The chemical doping of graphene is realized by
attaching heteroatoms to the surface of graphene or by replacing C atoms in graphene. For
graphene, it is easier to produce p-type doping through surface adsorption [232]. Exposure
of the original graphene in molecules with electron-absorbing groups (H,O, O,, Ny, NO,,
PMMA, etc.) will lead to obvious p-type doping. If the heteroatoms are removed from
the p-type doping, the p-type doped graphene will return to the state before the original
doping [233].

Chemical doping can effectively open the band gap of graphene [234]. The Fermi point
on the doped graphene can be moved up and down depending on the different types of
dopants, causing charge separation and easier formation of electron-hole pairs. The external
factors that determine the band gap of graphene depend on the surface adsorption energy,
lattice displacement doping, and so on [235]. X-ray photoelectron spectroscopy (XPS), angle
resolved photoemission spectroscopy (ARPES), potential energy surface scanning (PES),
and other methods can be used for the characterization of doped graphene and to detect its
properties [236].

As a doped atom, graphene can provide a large number of electrons, which is due to
the existence of large 7t bonds. The electrons in its parallel p-orbitals enter the conduction
band, leaving a large number of holes in the valence band, forming an electron-hole pair.
The Fermi energy level is close to the bottom of the conduction band. This doping method
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is p-type doping. In general, graphene has a two-dimensional honeycomb structure, so its
surface easily adsorbs some small molecules, such as HyO, Ny, Oy, and CO,. These small
molecules will promote graphene to form p-type doping. We can also open the sp? bond
of graphene by replacing the position of carbon atoms or other atoms and bonding with
carbon atoms to form doping. Because graphene can be prepared in large quantities by
chemical vapor deposition (CVD), we can add different reaction sources to it at the end
of the production, so that some carbon atoms in graphene can be replaced to form lattice
doping. For example, under certain conditions, boron atoms can partially replace carbon
atoms, forming p-type graphene. Common p-type doping molecules include fluoropolymer,
water, Np, NO,, O, oxidizing solution, B, Cl, and metal [236]. Khudair and Jappor have
proved that the adsorption of CO, on B-doped graphene and double B-doped graphite
has strong chemisorption. The strong interaction between single- and double-B-doped
graphene composites show that B-doped graphene and double B-doped graphene can
catalyze or activate, which indicates that B-doped graphene and double B-doped graphene
can be used as effective catalysts for CO, reduction [237].

Individual metals are easy to dissolve in the reaction environment because of their
low bulk-binding energies, which have been extensively calculated by Chen et al. In
the ORR performance of the 10 metal-doped graphene (M-G) catalysts (light metal Al;
semiconductor Si; 3d-metals Mn, Fe, Co, and Ni; 4d-metals Pd and Ag; and 5d-metals Pt
and Au) they studied, the metal bound to the graphene had higher binding energy, which
shows that the M-G catalyst can be more stable compared with samples without metal
dopants [238].

In the study by Min et al., different kinds of metal-doped graphene (for example,
N-doped graphene, Ga-doped graphene and co-doped graphene) were found to have
different band gaps [239]. The band gap of N-doped graphene was 0.20 eV, that of Ga-
doped graphene was 0.35 eV, and that of N-Ga-doped graphene was 0.49 eV. They also
had different electron densities. In N-Ga co-doped graphene, N atoms gained more elec-
trons (—1.027 electrons) than N-doped graphene (—0.6 electrons), and Ga atoms lost more
electrons (1.75 electrons) than Ga-doped graphene (1.80 electrons). At the same time, it
was also found that different doped elements of graphene also have different electronic
densities. For example, in the N-Ga co-doped graphene, the N atom gained more electrons
(—0.61 electron) than the N-doped graphene (—0.27 electron), and the Ga atom lost more
electrons (1.80 electron) than the Ga-doped graphene (1.75 electron).The analysis of dif-
ferent kinds of doped graphene shows that doped graphene has better photocatalytic
performance; this also proves that doping has an important effect on the study of the
photocatalysis of graphene [240].

As shown in Figure 16, Pawan Kumar et al. report a novel approach for grafting
a copper complex onto N-doped graphene. It shows the reasonable mechanism of re-
ducing CO, with a GrNy-CuC catalyst. At the same time, in order to verify that
the reduction product methanol is produced by CO;, they replaced CO, with N; and
found that the methanol content is small enough to be ignored. All the results show that
the N-doped graphene catalyst has good chemical stability and can be further applied
and developed.

As a material with excellent photosensitivity and conductivity, graphene has a good
application prospect in the field of photocatalysis and CO; reduction. However, in prac-
tical research, it is found that a single-metal material cannot achieve high photocatalytic
efficiency, and a graphene heterostructure can effectively solve this problem.
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Figure 16. Plausible mechanism of CO, reduction by using a GrNyy—CuC catalyst. Reprinted with
permission from Ref. [241]. Copyright©Royal Society of Chemistry 2023.

First of all, we found that the heterojunction can significantly improve the reaction
efficiency in the reduction reaction of CO,, because the graphene heterojunction effectively
reduces the energy band structure of CO; and can more easily dissociate the C-O bond
(750 kJ-mol~1) [242]. Doping heterostructures into graphene can effectively improve the
function of graphene and significantly reduce its energy band structure. For example, a
graphene/ZnV,0g heterostructure can reduce its energy band structure to 0.025 eV. This is
because heterostructures in graphene can effectively migrate electrons from the interior
to the surface. They are excited to graphene through the electrostatic field, promoting the
separation of electron-hole pairs and inhibiting the recombination of carriers. In this way,
a large number of electrons can be formed on the graphene surface, and a large number
of holes can be accumulated on the heterostructure. Such a good combination can greatly
promote charge transfer and photocatalytic efficiency [243] (Figure 17).

Zhiling Tang et al. developed the ternary catalyst of rGO-coated Ag/Cu,O-octahedron
nanocrystals (Ag/Cu,O@rGO). In order to obtain materials with more photoelectrons,
Tang et al. coated silver nanoparticles on the materials, according to the characteristics of
silver nanoparticles with low Fermi energy, and finally obtained more photoelectrons in
CuyO. At the same time, because of the high specific surface area and two-dimensional
honeycomb structure of GO after sp? hybridization, it can adsorb gas better and enhance
activation ability by coating a Ag/Cu,0O surface. In the end, they concluded from a
number of experiments that the ternary heterojunction can effectively reduce the CO,
content in photocatalysis and selectively produce CHy [242]. Similarly, Fei Li, Li Zhang,
and others also proved that when exposed to visible light (A4400 nm), the use of a single
double-sided Cu,O/graphene/TiO; nanotube array (TNA) heterostructure as a separate
oxidation and reduction catalyst, which uses anode TNA as the substrate, electrodeposits
graphene and CuyO in turn. The results of photoelectrochemical measurements show that
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the ternary heterogeneous materials display the advantages of each component, improve
the photocatalytic performance significantly, and show excellent performance in light
absorption and the reduction of electron-hole pair coincidence; in other words, ternary
heterogeneous materials are excellent catalysts for photocatalytic reactions [244].

(b)
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Figure 17. Model for the graphene/ZnV;0¢(001) heterostructure viewed from the side (a) and the
top (b). Reprinted with permission from Ref. [243]. Copyright © 2023 Elsevier B.V. or its licensors
or contributors.

It is concluded from the above-mentioned optimization strategies that the inhibition
of electron-hole-to-ground recombination is the key to enhancing photocatalytic efficiency.
Graphene-based photocatalytic engineering is an effective way to reduce CO, and convert it
into fuel because of its superior photocatalytic properties when combined with metal oxides.

Graphene’s broad absorption spectrum is one of the main reasons for its excellent
photosensitivity, and its excellent performance in light absorption is an effective way to
improve the efficiency of photocatalysis. Li and his colleagues reported that the addition of
graphene to Pt-TiO enhanced the light absorption. In this process, finding the appropriate
doping stoichiometry is the key to improving the optical absorption efficiency.

A great deal of research has been conducted on the preparation of highly efficient
heterojunction photocatalysts. Rui Sun et al. obtained the heterojunction of a perylene
diimide/Graphene-g-C3N4(PDI/G-CN) nanosheet and demonstrated the potential practi-
cability of an S-type heterojunction in photocatalysis [245].

Radovic et al. have found that the transfer of photogenerated electrons occurs through
Valery Karpin sites in graphene after doping and that the surface of the doped graphene
has more oxygen vacancies, and realignment occurs. The active sites on the surface provide
more sites for CO, reduction [246].

Khaja Mohaideen Kamal, Rekha Narayan, Narendraraj Chandran, and others studied
the synergistic enhancement of plasma gold nanoparticles on a TiO,-modified N-graphene
heterostructure catalyst for CO; reduction for highly selective methane production. Doped
graphene itself has excellent photocatalytic performance, and TiO; also plays an excellent
role in synergistic catalysis. Properly designed plasma gold nanoparticles electrodeposited
onto TiO,-modified N-doped graphene (ANGT-x) heterostructure catalysts exhibit signif-
icant CO, reduction activity and high methane generation selectivity. Compared with
the typical binary Au-TiO, photocatalyst, the electron consumption rate (Repetron) value
of the reduction product of ANGT2 is about 742.39 1 mol g~ 'h~1 the latter is 60 times
more than the former. As far as we know;, this is the highest PCO2R rate reported under
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comparable conditions. These remarkable improvements are attributed to good light selec-
tivity and improved electron transfer dynamics. At the same time, due to the formation
of the heterojunction by doping, the components form a seamless interface. Their contact
greatly inhibits the recombination of electron-hole pairs and improves the efficiency of
charge separation.

4.2.2. Compound Materials

The combination of graphene and semiconductors as a synergistic heterogeneous
composite can improve the efficiency of photocatalysis or electrochemical CO, reduction.
On the premise that the coupling of CO, reduction and H,O oxidation forms a complete
photoelectrochemical cycle, graphene can change the conduction-band potential of semi-
conductors to form graphene-based composites, which leads to the reduction of CO;. It
has been reported that graphene/WOj3 nanobelt composites can reduce CO; to CHy, in
which graphene improves the conduction band of WOj3 in the composites, while single
WOs; inherently limits the reduction of CO,.

The main preparation methods of graphene matrix composites include physical coat-
ing, CVD, electrophoresis, and electrodeposition. The physical coating method is to attach
the available graphene or graphene-based composite materials to the target materials with-
out changing their physical and chemical properties. The CVD method has been briefly
explained in the above section on chemical doping. Electrophoretic deposition (EPD) is
a general processing technology for depositing graphene with controllable thickness and
uniform structure on a wide range of substrates [247-249].

Herein, we show you the preparation method for TiO,-rGO nanocomposites devel-
oped by Liu et al. They used GO and TiO; nanoparticles as starting materials to realize the
efficient photocatalysis of GO composites through simple and relatively general methods.

It is difficult to reduce CO, efficiently simply by using components as photocat-
alytic materials. Metal-organic framework (MOF)/GO composites were prepared for CO,
capture under flue gas conditions by using the method of Mégane Muschi and Sabine
Devautour-Vinot, and its performance greatly exceeds that of pure components. Based
on the microporous water-stabilized MIL-91(Ti), a series of CO,-capture composites were
prepared by in situ and post-synthesis methods. It was observed that 5 wt% GO in situ
composites exhibited semi-conductive behavior, whereas the composite was insulating,
even though the GO content was high (20 wt%). Therefore, compared with pure MOFs
and post-synthesized materials, this composite material absorbs microwave radiation more
effectively. Finally, Muschi and Devautour-Vinot reported that CO, desorption under
microwave irradiation is faster than direct electrical heating on MOF/GO in situ mate-
rials, paving the way for energy-efficient microwave-swing adsorption processes in the
future [250].

Graphene itself is a two-dimensional honeycomb material. It is precise because
of its structural characteristics of a high specific surface area, which greatly increases
its reaction efficiency. Zhuxing Sun and Yun Hang Hu proposed several 3D structure
graphene materials that can reduce the accumulation of graphene sheets and help improve
the photocatalytic efficiency of graphene-based materials. They found that the exothermic
reaction between an alkali metal and inorganic carbon compounds provides an ideal
solution for the efficient utilization of CO; and the cost-effective production of 3D graphene.
In many reactions, in order to solve the problem of building up micro-scale 3D graphene
materials, it is necessary to form alkali metals and CO, graphene at the same time and
use them as original templates. Etching graphene by CO; is the key project to control the
formation of porous surface structures, so it also provides a good scheme for constructing
various excellent 3D graphene materials [251].

The current research on graphene-based composites is aimed at reducing CO; emis-
sions. There are many types of materials in this field, but they are mainly based on graphene
for the mixing of three or other components. Barbara Szczeéniak et al. have studied three-
component GO/ ordered mesoporous carbon/metal organic matrix composites to address
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the need for expensive organic binders in the field of composites, and they found that the
three-component composite also contributes to the formation of MOF crystals during air
raids on mesoporous networks and CO; recovery [252].

4.2.3. Bandgap Engineering

Graphene has a strong s bond between its two carbon atoms due to its “sp?>” hybridiza-
tion, which greatly enhances its structural strength and flexibility. Based on this hybrid,
graphene “sp2” hybrid-connected carbon atoms can be tightly stacked into a single-layer
two-dimensional honeycomb lattice structure. Bandgap engineering can effectively adjust
the bandgap of graphene, and it plays a role as a charge-transfer carrier to enhance the
efficiency of electron transfer and to increase the reduction rate of CO, [144].

The translational symmetry of the original graphene is broken, that is, when two
equivalent atoms in the original cell become unequal, a band gap will be generated. The ex-
periment of introducing a band gap into the original graphene includes growing graphene
on some substrates, applying an external bias voltage, generating graphene in the form of
narrowband graphene, and perforating graphene to form a “graphite nanonet” [253,254].

Through a lot of research on graphene bandgap engineering [255-262], it is found
that there are two main methods to change the band gap of graphene: (1) By triggering
the quantum confinement effect to open the obvious band gap, which requires greatly
reducing the size of graphene to 10 nm through nano-level operations to form nanoribbons.
(2) By the adsorption or coating of some substances on the surface of graphene to affect
its reaction, thereby changing the electronic structure of graphene. In practice, the first
method is not often used in practical applications because it is affected by the nanoribbons
and bandgap openings [263,264].

It has been proved by experiments that if nanopores or molecularly modified graphene
are introduced into the original graphene, the required translational symmetry can be
removed, thus opening the band gap. Doping some elements into graphene can open the
band gap. For example, the hydrogenation of graphene can effectively adjust the band gap
of graphene. In addition, some graphite intercalation compounds (GIC) are outstanding in
inducing superconductivity [265].

At the same time, because the volatile organic compounds adsorbed on the surface
of the catalyst combine with the lattice oxygen on the surface of the catalyst, the catalyst
surface generates oxygen holes and is reduced, and the catalyst is oxidized by filling the oxy-
gen vacancies with the dissociated adsorbed oxygen. The resulting graphene derivatives,
such as GO and rGO, have the characteristics of insulators and similar semiconductors in
terms of photocatalysts, resulting in wide band gaps. GO has a limited band gap due to
the two-dimensional grid generated by its “sp?” and “sp>” hybridization. Therefore, the
proportion of operating hybrid-bonding atoms can effectively adjust the broad band gap
of GO, transforming it from an insulator to a semiconductor and into a metal similar to
graphene. The oxidation functional groups around GO can operate through HzPOy,. The
amount of H3POy is the key to the operation affecting the oxidation functional groups,
which leads to a tuned band gap that is well aligned with the CO,/CH30OH redox potential
(vs. NHE, pH = 7.0) and shows an improved activity of CO, photoreduction to methanol.
The conversion of CO; to methanol requires stretching the band gap of GO so that there is a
CH4 production orientation in the CO, conversion. After much research, it has been found
that there are many oxygen groups on the surface of GO, which can effectively stretch the
band gap of GO. This stretching regulates the oxidation and reduction potential of CO,
to match the valence band and the conduction band and promotes the generation and
excitation of photogenerated electrons, which can migrate to the surface more effectively
and induce CO, reduction.

Sokal reported on the bandgap engineering of graphene. We know that photocatalysis
produces photogenerated electrons, while doped graphene exhibits better charge separa-
tion properties. In his paper, Sokal pointed out that the graphene doped with TiO, can
separate the electron and hole more effectively and keep them in different positions. Tang
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and colleagues have also demonstrated that graphene-coated metals exhibit rapid CO,
reduction over a longer period of time [266].

In order to effectively adjust the band gap structure of graphene, Wu et al. calculated
the energy band structure of polycrystalline graphene through the density functional
theory (DFT). The results showed that even under the condition of external stress, the
grain boundaries (GBs) with symmetrical polycrystalline graphene still have zero band gap,
while some asymmetric GBs can also open the band gap, which can be adjusted by external
stress (Figure 18). The discovery of this study plays an important role in the further study
of graphene bandgap engineering.
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Figure 18. GB structure and band structure of symmetrical polycrystalline graphene. (a) Detailed
GB structure of armchair-tilt (6 = 21.8°) graphene. (b) The first Brillouin zone of all structures and
special K points used to calculate the band structures. (c) The corresponding band structures for the
structure in (a) with different types of strains. (d) Detailed GB structure of zigzag-tilted boundary
with 0 = 27.8°. (e) The corresponding band structures for the structure in (d) with different types of
strain. Reprinted with permission from Ref. [267]. Copyright©2023 Springer Nature Switzerland AG.

5. Summary and Outlook

Graphene and its derived materials are functional materials that have emerged in
recent years. They have also been involved in a series of breakthrough discoveries in the
field of photocatalysis and pollutant degradation and have spawned the creation of many
new photocatalytic materials and applications. So far, many of their advantages have been
exploited and utilized by people, and there will be more excellent potential applications in
the future. However, there is no denying that graphene also has some shortcomings to be
overcome, mainly involving the following aspects:

(1) Graphene semiconductor materials have been deeply studied in the field of photo-
catalysis, and they have shown good photocatalytic material properties when combined
with many precious metals. They can reduce the bandgap energy and improve the electron-
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hole yield. They are a good choice to reduce the greenhouse gas CO, and to obtain chemical
fuel-metal composite graphene materials similar to CHy that can be used. However, as a
new material, at the environmental level, the economic cost and environmental resource
cost of using precious metals to improve the photocatalytic effect are still huge. If some
metals are not properly treated, this may cause pollution to the environment and indirectly
increase the cost of the subsequent treatment of materials. Metal-graphene composites
with low cost and high photocatalytic energy efficiency remain to be found. TiO, can
efficiently utilize ultraviolet light. Although many TiO, composite graphene materials
can expand the range of the photocatalytic reaction light wave, the effect still has a large
room for improvement. Making full use of the visible-light band will greatly improve the
photocatalytic energy efficiency. In graphene bandgap engineering, the band gap can be
opened by reducing the size of the graphene material [268]. This method does provide
a certain bandgap engineering idea, but in view of the edge structure of the bandgap
opening and its strong chemical modification sensitivity, the application of this method is
still challenging.

(2) By constructing two-dimensional and three-dimensional graphene composites,
or by constructing porous materials, the high surface-area ratio, optical properties, and
mechanical structure stability of graphene can be maximized. These characteristics can in-
crease the photocatalytic reaction area, CO, absorption rate, water decomposition efficiency,
etc. and significantly improve the photocatalytic effect. Furthermore, there will be no
environmental disadvantages of noble-metal composite graphene photocatalytic materials.
However, to be economically viable, researchers need to continue to push for lower material
costs so that they can be produced on a large scale and use solar energy efficiently. At the
same time, there are also some problems to be addressed in the construction of heterojunc-
tion structures by organic non-metallic graphene materials. For example, the existence time
of two carriers excited by quantum light is short and the photocatalytic efficiency is low,
and it is difficult to avoid agglomeration when graphene nanomaterials are introduced. The
reaction site of photocatalysis is not positively correlated with the amount of material input.
According to the semiconductor properties of graphene, the development and production
of highly active graphene-based photocatalysts can be further studied. For different types
of graphene-based materials (open-bandgap graphene materials, zero-bandgap perfect-
single-layer graphene, etc.), their electrical properties may have unexpected effects in their
applications. At the same time, the application of graphene-based composites in pho-
tochromic or electrochromic fields is not mature. Metal oxide-based composite graphene
materials or glass-fiber composite graphene may make full use of the semiconductor prop-
erties of graphene to participate in the redox process of electrochromic materials and to
promote the development of products such as “smart glass”. Furthermore, in catalytic
reactions, due to the easy recombination effect of electron-hole pairs, we need to introduce
heteroatoms to adjust the band structure of graphene and to reduce the recombination rate
of electron-hole pairs. For different types of doped graphene, we have made a detailed
overview of metal-doped graphene and non-metal-doped graphene and have given certain
conclusions in terms of their basic electronic structure, catalytic active site, and morphology.
However, the structural characteristics and functions of doped graphene still need further
discussion and research.

(3) The use of graphene for pollutant degradation has given rise to more graphene-
based composites for environmentally friendly cleaning purposes or to enhance the per-
formance of graphene. However, most forms are just composite materials, composite
membranes, composite hydrogels, etc., and few become a green and clean treatment system.
They have shown good performance in the laboratory, and some can even achieve a 100%
removal rate. They also show good recyclability after an adsorption cycle and will not
cause secondary pollution to the environment. However, most of them only have good
adsorption for individual pollutants, and the removal efficiency for most of the pollutants
not mentioned in the discussion are still unknown. In addition, it is also necessary to
consider whether the laboratory simulation environment or sampling can fully match the
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real environment. The environment of different regions is also under different conditions.
How to carry out the next industrialization or commercialization step is still a question
mark. The cost of material manufacturing or cleaning system construction is one of the
issues we need to consider. Nonetheless, if there is a better application than the current
choice, that would be a small success.

(4) Some defects of graphene-based photocatalyst lead to its low recycling rate, which
is rarely considered in most of the current literature. For example, the synthesis of N-
doped graphene-based photocatalysts will produce vacancy defects at the same time,
which significantly affects the activity of photocatalytic materials. For environmental
protection and sustainable development, how to maintain the stability and service life of
graphene-based photocatalysts is a direction worthy of study.

(5) Graphene has become an important photocatalytic material in the 21st century. In
this article, we discuss in detail the bandgap engineering for constructing graphene, which
can fully utilize its role as a charge carrier and improve electron transfer efficiency and
CO; reduction rate. These methods include adding graphene to the substrate, applying
an external voltage, producing graphene in the form of narrowband graphene, and us-
ing “graphite nanogrids”. The specific graphene band gap provides enormous room for
progress in photocatalytic reactions and will be further expanded and developed in the
future field of photocatalysis. Single-layer pure graphene sheets lack hydrophilic functional
groups, and the preparation of semiconductor/pure graphene composites is extremely
challenging. At the same time, as a 2D material, it is still worth exploring how to achieve
large-area interface dynamics with other non-2D materials or to load various components
to achieve charge separation in space.

(6) Studies suggest that cytotoxicity mainly depends on the physical and chemical
properties of nanomaterials. Surface-doped chemical or biological molecules will also affect
the expression of properties to some extent. Nowadays, many graphene products exist
in the market with smart devices and sensors, which also creates a problem. Graphene-
based materials have toxic effects. When put into use, graphene nanoparticles have a
potential risk of exposure to air, which will cause certain irritation to the human body and
affect health. In order to give full play to the commercial value of graphene nanocompos-
ites in practical market applications, more in-depth research still needs to be conducted
in this area.
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Abstract: Although colorectal cancer (CRC) is easy to treat surgically and can be combined with
postoperative chemotherapy, its five-year survival rate is still not optimistic. Therefore, developing
sensitive, efficient, and compliant detection technology is essential to diagnose CRC at an early stage,
providing more opportunities for effective treatment and intervention. Currently, the widely used
clinical CRC detection methods include endoscopy, stool examination, imaging modalities, and tumor
biomarker detection; among them, blood biomarkers, a noninvasive strategy for CRC screening,
have shown significant potential for early diagnosis, prediction, prognosis, and staging of cancer.
As shown by recent studies, electrochemical biosensors have attracted extensive attention for the
detection of blood biomarkers because of their advantages of being cost-effective and having sound
sensitivity, good versatility, high selectivity, and a fast response. Among these, nano-conductive
polymer materials, especially the conductive polymer polypyrrole (PPy), have been broadly applied
to improve sensing performance due to their excellent electrical properties and the flexibility of their
surface properties, as well as their easy preparation and functionalization and good biocompatibility.
This review mainly discusses the characteristics of PPy-based biosensors, their synthetic methods,
and their application for the detection of CRC biomarkers. Finally, the opportunities and challenges
related to the use of PPy-based sensors for diagnosing CRC are also discussed.

Keywords: polypyrrole; electrochemical biosensor; biomarkers; early diagnosis; colorectal cancer

1. Introduction

As a result of the influences of individual lifestyle, food safety, and the ecological
environment on health and the accelerating processes of industrialization, urbanization,
and global population aging, the morbidity and mortality of chronic diseases are increasing
with a constant upward trend, seriously endangering population health. Colorectal cancer
(CRC) has one of the highest incidences among malignant tumors all over the world, which
is related to genetics, gender, age, race, living environment, lifestyle, eating habits, and
medicine use [1]. CRC develops from genetic and epigenetic variation and progresses to
adenoma and malignancy through subsequent changes, such as transcription, translation,
and abnormal protein expression, in a multi-stage process. There were over 1.9 million
new CRC cases and over 900,000 deaths worldwide in 2020 [1]. Early diagnosis of CRC
can enhance the survival rate with successful treatment and improve CRC outcomes by
offering care at the earliest possible stage.

Recently, many techniques have been developed to diagnose CRC clinically, such
as colonoscopy, sigmoidoscopy, colon capsule endoscopy (CCE), computed tomography
colonography (CTC), the antibody-based fecal immunochemical test (FIT), the immune-
based fecal occult blood test (FOBT), and biomarker determination [2]. Colonoscopy and
sigmoidoscopy (endoscopic examination of the distal colon) are practical tools for CRC
screening with higher sensitivity that can clearly show lesions, and they can be utilized as
auxiliary options during CRC surgery. However, these methods are invasive and costly
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and require special facilities and sedatives with low patient compliance [3,4]. CCE is
a potential noninvasive screening tool for CRC, but it is difficult to control and lacks
accuracy in the determination of the type and size of lesions [5]. CTC is an auxiliary
imaging method that can be used to identify colonic lesions in three-dimensional (3D)
images with high sensitivity, and it is less invasive and suitable for visualization of the
entire colon [6,7]. Nevertheless, CTC is also limited due to the uncomfortable bowel
preparation, radiological safety concerns, and poor specificity in the detection of small
tumors [8]. Standard non-invasive assays, such as FIT and FOBT, enable the quantitative
measurement of hemoglobin content in human fecal samples [9,10]. However, they lack
specificity in the detection of precancerous lesions and are related to false positives in
clinical tests [11]. In contrast, the detection of CRC biomarkers, including Kirsten rat
sarcoma viral oncogene homolog (KRAS), V-RAF murine sarcoma viral oncogene homolog
B1 (BRAF), tumor protein 53 (TP53), microRNA-21 (miRNA-21), carcinoembryonic antigen
(CEA), carbohydrate antigens (CA19-9, CA72-4, CA125), interleukin-6 (IL-6), and vascular
endothelial growth factor (VEGF), is more sensitive and has important practical significance
for the early screening of CRC [12,13].

Biomarkers mainly refer to biological molecules—i.e., DNA, RNA, miRNA, and
proteins—that are markers of normal or abnormal states [14]. The conventional detec-
tion methods include the polymerase chain reaction (PCR) method [15], the enzyme-
linked immunosorbent assay (ELISA) [16], DNA microarrays [17], Northern blot tech-
niques [18], electrophoresis [19], radioimmunoassays (RIAs) [20], immunohistochem-
istry [21], chromatography-based technologies [22], the fluorescence method [23,24], and
the chemiluminescence method [25]. Although these methods have been used to obtain
relatively accurate results, detecting trace biomarkers at the early stage of CRC is far from
effective. Moreover, the limitations include complex operation, a time-consuming detection
process, the need for high-level technology and expensive equipment, and low sensitivity.
Thus, there is still a strong demand for specific tools for the early detection of CRC that are
efficient, sensitive, accurate, convenient, and fast.

Electrochemical-based detection methods, including electrochemistry, electrochemi-
luminescence (ECL), and photoelectrochemistry (PEC) methods, can convert analytical
signals generated by target molecules into readable electrical signals, and they have the
inherent advantages of excellent sensitivity and selectivity, simple operation, rapid de-
tection, cost-effectiveness, simultaneous detection of multiple biomarkers, and potential
for miniaturization [26]. Electrochemical techniques can be divided into five categories in
accordance with the measurable signals: amperometry, potentiometry, resistance methods,
voltammetry, and conductometry (Figure 1). Among them, voltammetry and electrochem-
ical impedance spectroscopy (EIS) are often used for the construction of electrochemical
biosensors, sensor characterization, and quantitative analysis [27,28]. Voltammetry has
the advantages of simple operation, intuitive atlas analysis, widespread effectiveness, and
high sensitivity. EIS has no significant influence on the system during the measurement
process. It provides more interface structure and electrode dynamics information than
other electrochemical methods.

Electrochemical sensors are sensitive sensing devices that use electrochemical tech-
nology to detect analytes; they are generally composed of sensitive elements, transducers,
and transformation circuits. Electrochemical sensors can be categorized according to their
different target molecules as biosensors, gas sensors, ion sensors, etc. The biometric ele-
ment is a sensitive element with a molecular recognition ability that has a significant place
in the construction of biosensors. In accordance with the different biometric elements,
biosensors can be divided into enzyme sensors, immune sensors, aptamer sensors, and
so on. Moreover, the electrode reaction in the sensor occurs at the interface between the
solution and the electrode, and the properties of the interface have a significant influence
on the reaction. Therefore, reasonable modifications of the interface play a decisive role in
improving sensing efficiency.

58



Nanomaterials 2023, 13, 674

Electrochemical techniques Voltammetry

Amperometry Chronoamperometry

Potentiometry Chronopotentiometry

Linear sweep voltammetry (LSV)
Cyclic voltammetry (CV)

Differential pulse voltammetry (DPV)
Square wave voltammetry (SWV)

Resistance method — Electrochemical impedance spectroscopy (EIS)

Conductometry

Figure 1. Electrochemical technologies commonly used in electrochemical detection.

Nanomaterials and nanocomposites with different structures [29,30], including con-
ductive polymers (CPs), carbon-based materials, metal nanomaterials, metal oxide nano-
materials, and silicon nanomaterials, are often utilized in biosensors to increase the surface
area, fix the biometric elements, catalyze the electrochemical reactions, enhance the elec-
trical conductivity of the electrode surface, and label the biomolecules, improving the
detection performance of the sensors.

Among the various nanomaterials, increasing attention has been focused on CPs,
which are known as “synthetic metals” because of their outstanding electrical, optical, and
magnetic characteristics [31]. Furthermore, several CPs, such as PPy, polyaniline (PANI),
polythiophene (PTh), and poly(3,4-ethylene dioxythiophene) (PEDOT), have gained ex-
tensive attention for practical applications relating to biomedicine, electronics, energy
equipment, etc. because of their biocompatibility, high surface area, good environmental
stability, inherent electrical conductivity, and other physical properties [32,33]. Specifically,
these CPs can be used for a wide range of applications in electrochemical biosensors, as
shown in Table 1. Wang et al. utilized polypyrrole nanowires (PPyNWs) and polyami-
doamine dendrimer (PAMAM) to design an miRNA biosensor with a high surface area and
high electrical conductivity that showed significantly improved sensitivity in the determi-
nation of miRNA [34]. Compared to other CPs, PPy has been widely studied and applied,
especially for the development of implantable, flexible, and wearable electronic equipment,
due to its electrical versatility, which ranges from that of an insulator to near that of a
metal; outstanding optical, thermoelectric, and electrical characteristics; easy synthesis
and functionalization; low electropolymerization potential; stability under environmental
conditions; and biocompatibility [35-37].

Table 1. Conductive polymers commonly used in electrochemical biosensors.

Conductive Polymers Ref.
Polypyrrole (PPy) [38-41]
Polyaniline (PANTI) [42-44]
Polythiophene (PTh) [45-47]
Poly(3,4-ethylene dioxythiophene) (PEDOT) [48-50]
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2. Polypyrrole Biosensors
2.1. Physical and Chemical Characteristics of PPy

Pyrrole monomer is a five-membered heterocyclic molecule composed of C and N that
appears as a colorless oil-like liquid at room temperature. PPy, a heterocyclic conjugated
conductive polymer that usually appears as an amorphous black solid with good electrocon-
ductivity, processability, and chemical stability, is easy to form through polymerization of
pyrrole in various organic electrolytes. Although conventional PPy has high rigidity, poor
mechanical ductility, and poor solubility in common organic solvents, as well as deficiencies
in its optical, electrical, and biological properties, nanostructured PPy has improved elec-
trochemical activity, better electrical conductivity and biocompatibility, enhanced optical
properties, good mechanical properties, and is easy to process because of the nanostructure
and larger surface area, making it widely utilized in biomedical applications [51,52].

2.2. Synthesis and Modification of PPy

The polymerization of pyrrole can be carried out using chemical, electrochemical,
ultrasonic, electrospinning, and even biotechnological methods with different morphologies
(Figure 2), among which chemical oxidation polymerization and electropolymerization are
commonly used [53-59]. During the synthesis of PPy, the CP is able to carry biomolecules or
functional groups for specific biometric functions through physicochemical means [60,61];
i.e., physical adsorption, embedding, affinity, covalent immobilization, etc.

Oxidative
chemical
Other polymerization
methods
Electrochemical
polymerization
Microemulsion
polymerization Synthesis
methods o
Ultrasonication
Photopolymerization
Electrospinning
Vapor phase

polymerization

Figure 2. Synthesis methods for PPy.

Oxidative chemical polymerization of PPy is inexpensive and suitable for large-scale
production. Andriukonis et al. proved that [Fe(CN)]* can induce the synthesis of PPy [62].
Mao and Zhang pointed out that FeCls, H,O,, and other oxidants can be utilized to ox-
idize Py and polymerize PPy [63]. Furthermore, pyrrole monomer can also be oxidized
using oxidoreductases (e.g., peroxidase, glucose oxidase, etc.) through enzymatic reac-
tions in an environmentally friendly fashion with a suitable pH and room temperature
conditions [64,65], and the embedded enzyme can maintain its catalytic activity when
encapsulated in the polymer particles or layers formed during the preparation of enzyme-
based biosensors. In addition, the formation of PPy can be implemented in cells, where the
PPy induced by microorganisms is mainly deposited in the cytoderm and between the cell
membrane and the cytoderm [66,67].

Electrochemical polymerization can be used to form PPy in situ with or without em-
bedding materials (nucleic acids, enzymes, receptor proteins, and antibodies) to improve
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the mechanical properties and solubility [34,68-71]. In the electrochemical preparation of
PPy, selection of the appropriate electrodeposition methods and electrochemical parame-
ters, including the applied voltage, current, potential window, potential scanning rate, and
duration, can ensure that the morphology, thickness, conductivity, doping, and dedoping
of the PPy are regulated well [72]. Moreover, the electrochemical properties of PPy, such as
the conductivity, morphology, thickness, structure, and porosity, can also be modulated
by controlling the type and concentration of dopants, electrolytes, and solvent, as well as
the pH value, temperature, and monomer concentration of the bulk solution [54,73,74]. In
addition to normal PPy preparation, electropolymerization can be utilized for the synthesis
of molecularly imprinted polymer (MIP) films on the electrode surface with high stability
and low cost [72,75,76]. During the preparation of the MIP, additional electrochemical oper-
ations can be performed for overoxidation after the formation of the initial electrodeposited
PPy layer [77,78]. Although peroxidation will destroy the 7—m conjugate system of CP and
inhibit the polymerization process, during the construction of the MIP, oxygen-containing
groups, such as hydroxyl (-OH), carbonyl (-CH = O), and carboxyl (-COOH), can be gener-
ated adjacent to the embedded molecules, forming a specific environment conducive to
the attachment of imprinted template molecules. Moreover, excessive oxidation is able to
promote template removal and regeneration based on the MIP layer.

In addition to the direct synthesis of PPy via chemical oxidation and electrochemical
oxidation, ultrasound can also be used to promote the polymerization of Py. The ultrasonic
cavitation effect produced in the ultrasound process can heat the solvent and atomize it
locally, making it possible to prepare polypyrrole with a small size and uniform shape in a
short time [79]. Electrospinning is another convenient method that can be used to produce
ultra-fine polymer nanofibers with a porous structure and high specific surface area [80].
Vapor phase polymerization does not require a solution environment and can be used to
produce high-purity PPy nanomaterials on different types of substrates. However, the
formed PPy has insufficient adhesion with the substrate surface [81]. Photopolymeriza-
tion is a technology with which Py monomers can be polymerized under visible light or
ultraviolet light, using laser-generating free radicals for the preparation of porous PPy with
a high specific surface area. This approach allows for excellent control of the size of PPy
and facilitates micro-machining and direct polymerization on substrates with solubility or
temperature limitations [82].

2.3. Applications of PPy

As shown in Figure 3, PPy—with different morphologies including nanoparticles,
nanotubes, nanowires, nanorods, nanocapstules, thin films, nanofibers, and hydrogels—can
be utilized as a conductive material, electrical display material, electrochromic material, or
photoluminescent quencher [35,83,84] in the construction of chemical sensors, biosensors,
optical sensors, actuators, flexible electronics, transistors, electrochemical batteries, biofuel
cells, photovoltaic cells, electrochromic displays, wearable and implantable /connectable
biomedical tools, and other sensors [31,85-94]. Yang et al. prepared a high-performance
biosensor utilizing PPy nanowires (PPyNWs) with outstanding conductivity and a large
surface area to detect hydrogen peroxide and miRNA [95]. Rong et al. reported a nanocom-
posite film containing PPy for the selective adsorption and removal of Pb [96]. Mohamed
etal. designed a nanocomposite using PPy nanofibers (PPyNFs) with photocatalytic activity
and the capacity for dye adsorption to remove dye from raw water samples [97]. Han
et al. fabricated a conductive hydrogel combining PPy and silk hydrogel for use in the
preparation of flexible and wearable sensors [91]. Fan and his colleagues utilized a PPy
sponge with micron-sized pores, good mechanical capacities, and the capacity for light
absorption for use in a functional solar steam generator [98].
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4  Nanocomposites
€  Microelectronic

4  Adsorbent

4 Pressure sensor 4  Nanocomposites 4 Printing circuit board, |€  Power generator
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4  Actuator ¢  Drug delivery

Figure 3. Synthesized PPy morphologies and their applications.

2.4. Application of PPy-Based Biosensors

PPy and its derivatives are some of the most effective nanomaterials for improving
the sensing performance of different biosensors (see Table 2). PPy nanomaterials and their
composites, which have unique optical, electrochemical, and other physical and chemical
properties, have great potential for the enhancement of sensing performance, including the
response and recovery time, stability, selectivity, and sensitivity [99].

Table 2. Applications of PPy-based biosensors with different functions.

Type of Biosensor

Function of PPy Ref.

Enzyme-based biosensors

Entrap and immobilize the enzyme

Reduce the oxidation potential of the substrate
Improve the biocompatibility of the biosensor
Promote electron transfer

[100-102]

Immunobiosensors

Offer a proper environment for the immobilization of biomolecules
Increase surface area [103-105]
Improve the biocompatibility and conductivity of the biosensor

Aptamer-based biosensors

Immobilize aptamers
Enlarge the specific surface area [106,107]
Enhance the biocompatibility and electroconductivity of the biosensor

MIP-based biosensors

Manually create specific molecular recognition sites

Enhance the specificity, biocompatibility, and electroconductivity of the biosensor [108-111]

Nanocatalytic biosensors

L R 4 LR 2 2R & 2 2R 2 2 2R & X X 4

Serve as a suitable immobilization matrix and disperse metal nanoparticles
effectively

Improve the catalytic activity of enzyme mimics

Provide good conductivity

[112-114]

2.4.1. Enzyme-Based Biosensors

PPy is widely used as a substrate for the preparation of enzyme-based biosensors.
During this process, PPy is used for enzyme fixation and facilitates electron transfer between
the active center of the immobilized enzyme and the electrode. The permeability of the
PPy layer for enzyme substrates and reaction products is relatively low, contributing to
the increase in the apparent Michaelis constant of the enzyme and thereby expanding
the detection range for analytes [115]. Apetrei et al. described a PPy-based enzymatic
sensor in which the polyphenol oxidase extract could be utilized as a catalyst for both the
synthesis of PPy and the self-encapsulation of the enzyme (Figure 4A) [100]. Dutta et al.
synthesized an amperometric biosensor in which PPy was used to entrap and immobilize
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acetylcholinesterase, facilitate electron transfer, and reduce the oxidation potential of the
reaction substrate [101]. Shi et al. synthesized overoxidized PPy to modify an electrode, and
it had a catalytic oxidation ability that made it possible to reduce the oxidation potential of
ascorbic acid and then increase the sensitivity of the biosensor [102].
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Figure 4. (A) Schematic diagram of PPy-based enzymatic sensor. Reproduced from [100] with
permission from Elsevier. (B) Schematic diagram of the electrochemical platform for polypyrrole—
poly(3,4-ethylenedioxythiophene)-gold (PPy-PEDOT-Au). Reproduced from [104] with permission
from Elsevier. (C) Schematic diagram of the fabrication process for polypyrrole-reduced graphene
oxide/gold nanoparticles (PPy-rGO/AuNPs) for use in biosensors. Reproduced from [105] with
permission from Elsevier.

2.4.2. Immunobiosensors

Antibody/antigen-based biosensors are sensing devices based on the affinity inter-
action between antibodies and antigens [116]. PPy is commonly applied in these sensors
because of its low oxidation potential and good biocompatibility. During biosensor prepa-
ration, PPy can serve as both an immobilizing substrate for biometric components and as a
signal transduction system [99]. Tang et al. fabricated PPy-PEDOT-Au to fix the antibody
in an electrochemical immunosensor due to the excellent electron transfer efficiency and
environmental stability of PPy (Figure 4B) [104]. Zou et al. utilized PPy with good bio-
compatibility and a high surface area to improve the dispersion of AuNPs, constructing a
biocompatible platform and immobilizing more antibodies to detect trace amounts of E.
coli K12 (Figure 4C) [105].

2.4.3. Aptamer-Based Biosensors

Aptamers, which are artificial single-stranded oligonucleotide fragments, can precisely
capture ligands, such as DNA, RNA, or proteins, with high affinity and selectivity. Ap-
tamers are easily synthesized and more stable than antibodies and antigens, and they have
been widely utilized in electrochemical biosensors to detect low concentrations of target
molecules in the blood. Duan et al. designed an aptasensor to detect lipopolysaccharide in
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which PPyNWs with -COOH ensured the immobilization of aptamers and enlarged the
specific surface area (Figure 5A) [106]. In addition, a nitrogen-doped graphene (NG) /PPy

nanocomposite was synthesized in order to design an aptasensor that, with the help of PPy,
would exhibit a large surface area and enhanced electroconductivity [107]
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Figure 5. (A) Schematic diagram of the preparation procedure for the polypyrrole nanowire (PPyNW)-
based aptasensor. Reproduced from [106] with permission from Elsevier. (B) Schematic diagram of

64



Nanomaterials 2023, 13, 674

the preparation of molecularly imprinted polypyrrole nanotubes (MIPNs) and the MIPN-based
glyphosate platform. Reproduced from [108] with permission from Elsevier. (C) Schematic diagram
of the fabrication process for the biosensor based on imprinted polypyrrole film from bacteria.
Reproduced from [109] with permission from the American Chemical Society.

2.4.4. MIP-Based Biosensors

MIP is synthesized by polymerizing one or more monomers in the presence of the
template molecules and then removing the template analytes, forming a complementary 3D
imprint in the polymer matrix. It is a kind of polymer with specific recognition sites that are
created artificially and complement the imprinted analyte, and it is also known as a “bionic
receptor” [117]. Considering its biocompatibility, excellent electron transmission rate, and
good environmental stability [108,110], molecularly imprinted polypyrrole (MIPPy) can
be polymerized and impressed simultaneously using amperometric, potentiometric, or
potential scanning methods or polymerized on a template-modified electrode [75]. It can be
used for biomedical and environmental monitoring applications, and it is cost-effective and
exhibits excellent selectivity, sensitivity, and chemical/thermal stability [75,111]. Ding et al.
described an electrochemical method that can be used to detect glyphosate with a detection
limit of 1.94 ng/mL based on the construction of molecularly imprinted polypyrrole
nanotubes (MIPNs) that exhibited excellent conductivity and specificity (Figure 5B) [108].
Wu et al. designed an electrochemical platform utilizing imprinted polypyrrole from
bacteria that could sensitively detect E. coli O157. Owning to the presence of MIPPy, the
biosensor had high selectivity and specificity and a rapid detection ability and was easy to
prepare (Figure 5C) [109].

2.4.5. Nanocatalytic Biosensors

As natural enzymes are limited by their instability, demanding environmental con-
ditions, and complex preparation processes, nanocatalytic biosensors have been devel-
oped that provide improved electrocatalytic behavior, stability, and selectivity because of
their satisfactory surface area, morphology, and high conductivity [118-120]. After Fe304
nanoparticles were reported to exhibit catalytic activities similar to enzymes in 2007 [121], a
growing number of catalytically active nanomaterials have been discovered that can be used
as alternatives to enzymes. Metals and metal oxides have outstanding electronic properties,
and their nanoenzymes have received significant attention for sensing and electrocatalysis
applications [118]. Li et al. prepared nanocomposites capable of catalyzing glucose oxi-
dation by depositing gold nanoparticles on the surface of PPyNFs to non-enzymatically
detect glucose, using PPyNFs as carriers to avoid the need for harsh oxidation pretreatment
and disperse the AulNPs well, thereby improving their catalytic activity and reducing Au
consumption (Figure 6A) [112]. Jeong and his colleagues proposed an electrochemical
method based on a chitosan-PPy/TiO, sensor in which TiOy NPs, as the electrochemical
catalyst, are deposited using the plasma process, demonstrating outstanding catalytic
activity, reactivity, sensitivity, and selectivity in the detection of glucose (Figure 6B) [113].
Meng et al. fabricated a non-enzymatic biosensor utilizing Cu,O-modified PPyNWs to
sensitively detect glucose, and the PPyNWs showed excellent electrical performance and
produced a good immobilization matrix for nanoparticles (Figure 6C) [114].
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Figure 6. (A) Schematic diagram of the synthesis of polypyrrole nanofiber-supporting Au nanoparti-
cles (Au/PPyNFs). Reproduced from [112] with permission from Elsevier. (B) Schematic diagram
of the preparation of chitosan—polypyrrole/titanium oxide (CS-PPy/TiO;) nanocomposite films
on a fluorine-doped tin oxide-coated glass slide (FTO). Reproduced from [113] with permission
from MDPI. (C) Scanning electron microscope images of PPyNWs (a) and copper oxide (CuxO)
nanoparticle-modified PPyNWs (b). Reproduced from [114] with permission from Elsevier.

3. PPy-Based Biosensors for CRC Biomarker Detection

CRC is currently the second-leading cause of death worldwide [122]. The electrochem-
ical detection of biomarkers in the blood (such as DNA, RNA, miRNA, proteins, and other
molecules), a low-cost, simple, rapid, specific, sensitive, and noninvasive strategy, exhibits
tremendous potential for the early diagnosis of CRC [27].

3.1. Circulating Cell-Free DNA (ccf-DNA)

Ccf-DNA is actively released by tumor cells through apoptosis, necrosis, or exosomes. It is
present in significantly higher amounts than in healthy people, highlighting its crucial practical
significance for the early diagnosis of malignant tumors. Ccf-DNA is attractive and easily
accessible, providing a new, non-invasive method for CRC detection and characterization.
Many studies have shown the diagnostic, predictive, and prognostic significance of abnormal
ccf-DNA with genetic and epigenetic variations in the plasma/serum of CRC patients [123].

3.1.1. DNA Mutation

Abnormal genetic mutations in the blood have been evaluated as one of the most
promising diagnostic tools for CRC. The protooncogene KRAS is an early candidate in this
context, as its mutations involve some of the most frequently mutated oncogenes and have
a certain practical significance for the clinical diagnosis of CRC [122]. BRAF, belonging to
the RAF gene family, is a direct downstream effector of KRAS and is connected to CRC
development [123]. The adenomatous polyposis coli (APC) gene, a tumor-suppressor
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gene with the encoded protein in the Wnt signaling pathway, was one of the early genetic
factors used in the screening of CRC [124]. It is claimed that TP53 is the guardian of the
genome, and its mutation can disable the functional activity of wild-type p53 (wtp53)
and produce oncogenic properties [125]. As the TP53 mutation occurs in 50-70% of CRC
patients, monitoring the changes in the TP53 gene and/or its encoded protein in CRC
patients may contribute to the early diagnosis and detection of clinical conditions.

As shown in Figure 7A, Wang and colleagues coated PPy-covered MWNT-Ru(bpy)3
composite materials on the surface of a Au electrode to prepare a DNA sensor for wtp53
sequence detection using ECL [126]. ECL, which has the advantages of low background
signals, high sensitivity, good versatility and controllability, and a wide detection range, is
generated using electrochemical reactions that trigger light signals. Considering its large
specific surface area and prominent conductivity, PPy was utilized as a stable modification
layer for ssDNA attachment to improve the wtp53 sensing performance, resulting in a
detection range of 0.2 pM—-200 pM and an LOD of 0.1 pM. The authors also fabricated
another DNA-based biosensor modified by electrospinning composite MWNT-PA6-PPy
nanofibers (Figure 7B) [127]. Compared with traditional planar materials, PPy nanofibers
have better mechanical strength, uniformity, porosity, and reusability, as well as satisfactory
biocompatibility and a high surface area, making it possible to immobilize more ssDNA
and increase the hybridization sensitivity for determination of trace amounts of wtp53.
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Figure 7. (A) Schematic illustration of the fabrication of a PPy-covered multiwalled carbon nanotube
and ruthenium (II) tris-(bipyridine) (MWNT—Ru(bpy)32+—PPy) biosensor for the wild-type p53 se-
quence (wtp53) assay based on electrochemical luminescence (ECL). Reproduced from [126] with
permission from Elsevier. (B) Schematic illustration of the preparation of a multi-walled carbon
nanotube-nylon 6-polypyrrole (MWNT-PA6-PPy) biosensor for wtp53 detection based on electro-
spinning technology. Reproduced from [127] with permission from Elsevier.
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3.1.2. DNA Methylation

DNA methylation is another ccf-DNA-based technique for the early diagnosis of
CRC that employs genes such as SEPT9, SCTR, SDC2, SFRP2, TMEFF2, NGFR, and
CG10673833 [128-131]. Sun et al. demonstrated that aberrant methylation of the SEPT9
gene (MSEPTY) in the blood can be used as a marker in the early diagnosis and screening
of CRC [128]. Li et al. showed that hypermethylation of the SCTR gene resulted in good
accuracy in the diagnosis of CRC and its precursor lesions [129].

3.2. MiRNA-Based Biomarkers

MicroRNAs are abundant and endogenous noncoding RNAs with a small size and
hairpin structure. MiRNAs can regulate and control physiological processes, such as the
proliferation and differentiation of cells, by regulating the expression of various genes. The
development of numerous diseases (cancer, neurodegenerative diseases, cardiovascular
diseases, etc.) is related to abnormal microRNA expression [132]. It has been shown that
miRNAs play significant roles in the progress of CRC, and evaluation of the strange expres-
sion of miRNAs, such as miR-21, miR-92a, miR-451a, miR-29a, miR-23a, miR-141, let-7a,
miR-1229, miR-223, miR-1246, miR-150, and miR-378, has shown great clinical value in
CRC screening, prognosis, prediction, and treatment [133-136]. Among these miRNAs,
miR-21 is one of the most widely researched for the diagnosis, prediction, and treatment of
CRC [134,136-138]. Pothipor et al. synthesized a gold nanoparticle/polypyrrole/graphene
(AuNP/PPy/GP) nanocomposite for the selective detection of miR-21 (Figure 8A) [139].
The use of PPy in this work improved the dispersion of AuNPs on the electrode sur-
face, facilitating the fixation of an miR-21 probe with a corresponding detection range of
1.0 fM-1.0 nM and LOD of 0.020 fM that can be used to detect miR-21 in clinical trials. Tian
et al. designed a PPy-AuNP superlattice (AuNS) biosensor for the detection of miR-21
(Figure 8B) [140]. Compared to randomly arranged nanoparticles, the presence of the
conductive polymer PPy can induce AuNPs to assemble into AuNS structures with a larger
surface area, better electron transfer performance, and more active sites. Furthermore,
using PPy ligand can facilitate quantitative and accurate control of the distance between
adjacent particles, enabling miR-21 determination with a 100 aM-1 nM detection range and
limit of detection (LOD) of 78 aM.
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Figure 8. (A) Schematic representation of the strategy based on a gold nanoparticle/polypyrrole/
graphene (AuNP/PPy/GP) nanocomposite. Reproduced from [139] with permission from the Royal
Society of Chemistry. (B) Schematic representation of the approach using a PPy-AuNP superlattice
(PPy-AuNS). Reproduced from [140] with permission from Elsevier.

Kaplan et al. sensitively detected miRNA-21 using electropolymerized PPy on the sur-
face of a pencil graphite electrode (PGE) and achieved maximum doping of the anti-miR-21
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probe in PPy (Figure 9A) [141]. PPy has high conductivity and a porous structure, making
it possible to improve charge transfer, increase the number of fixed probe molecules, and
reduce the non-specific binding of MDB and other molecules, and the designed biosen-
sor demonstrated improved selectivity and an LOD of 0.17 nM. Yang et al. prepared
PDA-PPy-NS with m-electron coupling and an ultra-narrow band-gap by polymerizing
PPy onto hybrid polydopamine nanosheets (PDA-NSs) and used nucleic acid dye (Cy5)-
labeled ssDNA as probes to detect miRNA-21 (Figure 9B) [83]. The mixed PDA-PPy-NS
nanoquencher showed a better fluorescence quenching ability than PDA-NSs owing to the
presence of the narrow band-gap PPy and its excellent m-electron delocalization ability,
promoting intermolecular electron coupling and realizing fluorescence quenching. The
nanoquencher/probe was demonstrated to have remarkable specificity, stability, and sensi-
tivity and an LOD of 23.1 pM, indicating the tremendous potential of nanoquencher-based
sensors for detection with real samples.
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Figure 9. (A) Schematic diagram of the biosensor fabrication process utilizing PPy electrodeposition.
Reproduced from [141] with permission from Elsevier. (B) Schematic diagram of the preparation
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procedure for the hybrid polydopamine/polypyrrole nanosheet (PDA-PPy-NS) biosensor for miRNA-
21 determination. Reproduced from [83] with permission from the American Chemical Society.

3.3. Specific Protein Biomarkers

In addition to DNA and RNA, various proteins secreted from tumor cells can also
facilitate the early diagnosis of CRC, including CEA, CA19-9, CA72-4, CA125, IL-6, IL-
8, MUC1, and p53, as shown in Table 3. As the table demonstrates, conductive PPy
is commonly applied to improve electrochemical sensing performance, including the

detection range and LOD, in the detection of specific CRC protein biomarkers.

Table 3. PPy-based biosensors for the determination of CRC protein biomarkers.

Protein

Detection

. . I
Biomarkers Biosensor Components Method Detection Range LOD Ref.
2-NS-PPy I /PEE 1 1n3
IV_pPy /2-NIS-PPy / AuNP / Apt/CEA EIS 1071-10° ng/mL 0.033 ng/mL [142]
PPy foam/Cu/ITO V/PET Resistance
VI/Kapton/PDMS VI /cAb determination 0.2-60 ng/mL 0.13 ng/mL [143]
VIIL/CEA /PtNP-labeled dAb X
GCE 5
X /PPy@AuNP-luminol-anti-CEA /CEA ECL 107210 ng/mL 3 fg/mL [144]
CEA Il ITO/PANI/PPy-
Ag/Ab; /CEA/ZnO@AgNC ECL 10—3-100 ng/mL 0.4 pg/mL [145]
XI_ Abz
AuNP/NH,-GS
XL/ Aby /CEA/Au@PdND i-t/SWV 5 x 107°-50 ng/mL 17 fg/mL [146]
X /Ee2+.CS /PPy NT/ Aby
GCE/ !
E/PPy -6
hydrogel / AuND,/anti-CEA /CEA DPV 1070200 ng/mL 0.16 fg/mL [147]
GCE/PPy-NH,GO- _ _
_4 XIV 4_ 5
CA72-4 AgaSe@CdSe/ Ab/CEA ECL 107420 U/mL 21x1075U/mL  [148]
v ITO/MB-mAb; /CEA /PPy-Ag-pAb, LSV 0.001-300 U/mL 7.6 mU/mL [149]
CA125 Au-SPE/MIPPy XV1 /CA125 SWV/SPRXVI  0.01-500 U/mL 0.01 U/mL [150]
SPGE XX /PPy/AuPts/Apt XX /IL-6 EIS 1076-15 pug/mL 0.33 pg/mL [151]
ITO/PPCE X /IL-6 receptor/IL-6 EIS/CV 0.02-16 pg/mL 6.0 fg/mL [152]
ITO/AB XX /EpxS-PPyr XX /TL-6
XVII -
IL-6 receptor/TL6 EIS/CV 0.01-50 pg/mL 3.2 fg/mL [153]
PEEK *XIV /PETE
XXV PPyNW,/mAb/TL-6 EIS 1-50 pg/mL 0.36 pg/mL [154]
Glass substrate/ CPNT XXVl / Apt/VEGF FET XXVII - 400 fM [155]
XXVI i -
VEGF Flexible substrate / PPy-NDFLG FET } 100 FM [156]

XXX/ Apt/VEGF

Notes: I. LOD: limitation of detection; II. CEA: carcinoembryonic antigen; III. 2-NS-PPy: PPy doped with 2-
naphthalene sulfonate; IV. PEE: pentaerythritol ethoxylate; V. ITO: indium tin oxide; VI. PET: poly(ethylene tereph-
thalate); VIL. PDMS: poly(dimethylsiloxane); VIIIL. cAb: capture antibody; IX. dAb: detection antibody; X. GCE:
glassy carbon electrode; XI. AgNC: silver nanocluster. XII. NH,-GS: amino-functionalized graphene sheet; XIII.
PAND: palladium nanodendrite; XIV. CA72-4: carbohydrate antigen 72-4; XV. CA125: carbohydrate antigen 125;
XVI. MIPPy: molecularly imprinted polypyrrole; XVIIL SPR: surface plasmon resonance; XVIIL IL-6: interleukin-6;
XIX. SPGE: screen-printed graphite electrodes; XX. Apt: aptasensor; XXI. PPCE: polypyrrole polymer-containing
epoxy side group; XXII. AB: acetylene black; XXIII. EpxS-PPyr: epoxy-substituted poly(pyrrole) polymer; XXIV.
PEEK: polyether ether ketone; XXV. PETE: poly(ethylene terephthalate); XXVI. VEGF: vascular endothelial growth
factor; XXVII. CPNT: carboxylated polypyrrole nanotube; XXVIIL. FET: field-effect transistor; XXIX. PPy-NDFLG:
PPy-transformed N-doped few-layer graphene.

3.3.1. Carcinoembryonic Antigen (CEA)

The polymeric glycoprotein CEA is a tumor-associated antigen that is overexpressed in
CRC, gastric cancer, breast cancer, lung cancer, and other cancers and has a certain value for
the evaluation of tumor status and therapeutic effect [157]. CEA is abnormally expressed
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(A)

in more than 90% of CRC patients. The monitoring of CEA concentration in serum/plasma
is an effective strategy for CRC diagnosis and measurement of disease progression.

Tavares et al. designed a self-powered and self-signaled biosensing platform for the
detection of CEA using MIPPy and the DSSC method (Figure 10A) [158]. Specifically, they
assembled the MIPPy as a biorecognition element on the PEDOT layer of an FTO-conductive
glass substrate and used it as the counter electrode of the DSSC. The DSSC /biosensor
device was connected to an electrochromic cell to produce a color gradient for the CEA.
The concentration of CEA ranged from 0.1 ng/mL to 100 ug/mL. This strategy can be used
for clinical point-of-care (POC) analysis with high independence.
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Figure 10. (A) Schematic diagram of the design of a self-powered and self-signaled biosensing
platform based on biosensing, molecular imprinting technology, a dye-sensitized solar cell (DSSC),
and electrochromic technology. Reproduced from [158] with permission from Elsevier. (B) Schematic
diagram of a flexible pressure sensor based on the elastic three-dimensional (3D) structure of PPy
foam. Reproduced from [143] with permission from the American Chemical Society.

PPy can also be used to prepare flexible pressure sensors that convert external force
information into electrical signals in real time. Yu et al. prepared a pressure-based immune
sensor based on 3D PPy foam (Figure 10B) [143]. The PtNPs attached to dAb catalyze the
decomposition of H202 and produce oxygen in the sealed device. Consequently, CEA
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concentration can be detected using pressure changes in the range of 0.2-60 ng/mL with
an LOD of 0.13 ng/mL.

Zhu et al. constructed a novel ECL immune-based biosensor using anti-CEA-luminol-
AuNP@PPy (Figure 11A) [144]. The PPy nanostructure made it possible to enhance the
conductivity of the biosensor and provided a high specific surface area for the combination
with the AuNPs, thus enabling the attachment of abundant amounts of the ECL reagent
(luminol) and promoting the immobilization of antibodies. This strategy showed a detection
range of 0.01 pg/mL-10 ng/mL and an LOD of 3 fg/mL, making it an effective tool for the
clinical detection of CEA.
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Figure 11. (A) Schematic diagram of the preparation of an anti-CEA-luminol-AuNP@PPy-based
immunosensor for CEA detection. Reproduced from [144] with permission from Nature Publishing
Group. (B) Schematic diagram of the electrochemical method for CEA determination based on 3D
continuous conducting network nanocomposites composed of PPy hydrogel loaded with AuNPs.
Reproduced from [147] with permission from Nature Publishing Group.

CP hydrogels, such as PPy hydrogel, have been applied to construct biosensors; in
particular, those with 3D nanostructures. Compared to other materials, PPy hydrogel has
the advantages of prominent conductivity, good biocompatibility, a large specific surface
area, and easy processing [147]. Rong et al. designed an electrochemical immunosensing
platform to measure CEA based on 3D continuous conducting network nanocomposites
composed of PPy hydrogel loaded with AuNPs (Figure 11B) [147]. The hydrogel had
good biocompatibility and electronic properties and offered a larger space that made it
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possible to immobilize more biomolecules. The nanostructure-based sensor had a highly
porous 3D network, high specificity, and good stability. It showed a broad linear range
(1 fg/mL-200 ng/mL) and an LOD of 0.16 fg/mL.

Abnormal changes in CEA concentration in the blood are generally associated with
cancer progression, and the sensitivity of this biomarker increases with tumor stage. There-
fore, CEA is the preferred marker for monitoring CRC progression and prognosis. However,
abnormal elevation of CEA in the blood occurs not only in CRC but also in various other
diseases. In addition, CEA has low sensitivity in the early stages of CRC. Hence, this
biomarker is ineffective for screening and detecting CRC early [123].

3.3.2. Carbohydrate Antigens

Abnormal expression of CA19-9, CA72-4, CA125, CA242, and other carbohydrate
antigens also has a certain correlation with CRC [157,159-161]. CA19-9 was first discovered
in 1981, and elevated CA19-9 levels can be used both as an aid in the diagnosis of CRC and
as a reference index to assess the development of CRC.

CA72-4 is a cancer biomarker with a certain diagnostic value that can provide diagnos-
tic information regarding recurrent CRC. Lv et al. proposed an ECL immunosensor using
a novel Ag25e@CdSe nanomaterial nanoneedle modified with polypyrrole-intercalated
aminated graphene (PPy-NH,GO) for CA72-4 detection (Figure 12A) [148]. The PPy-
functionalized NH,GO had a high surface area that made it possible to immobilize signifi-
cant amounts of Ag;Se@CdSe, and it demonstrated a low LOD of 2.1 x 107> U/mL and a
detection range of 10~4-20 U/mL.

An electrochemical magnetic immunoassay platform was described by Huang et al.
that used anti-CA125 antibody (mAb;)-conjugated magnetic beads as the capture probe
and an anti-CA125 antibody (pAb,)-labeled Ag-PPy nanostructure as the detection probe
(Figure 12B) [149]. Compared with AgNPs, use of Ag-PPy as the electroactivity indicator
can further improve sensors’ analytical performance.

However, due to the limited applicability of markers such as CEA and CA19-9, several
other proteins have been highlighted as potential biomarkers associated with CRC.

3.3.3. Interleukin-6 (IL-6)

IL-6 is an inflammatory cytokine with hematopoietic and immunomodulatory func-
tions; although not a specific biomarker of CRC, IL-6 is closely associated with CRC
occurrence, development, staging, invasion, and metastasis.

Tertis et al. constructed an electrochemical aptasensor to sensitively detect IL-6 in
human serum by depositing a nanocomposite consisting of PPy nanoparticles (PPyNPs)
and AuNPs onto SPCE (Figure 13A) [151]. Both the PPyNPs and AuNPs coexisted on
the electrode surface, providing an appropriate environment for immobilization of IL-6
aptamers. Moreover, conjugated polypyrrole polymer-containing epoxy side group (PPCE)
is a novel conjugated polymer polymerized by the Py monomer that contains an epoxy
active side group. As shown in Figure 13B, Elif Burcu Aydin designed an immunosensor
using PPCE-modified ITO electrodes [152]. The PPCE polymer formed a large specific
surface area on the ITO electrode, making it possible to fix the biomolecular IL-6 receptor,
and the sensor had good conductivity, stability, and biocompatibility, which enhanced its
sensitivity.

PPyNWs exhibit good electrical characteristics and can enhance the sensitivity of
biosensors because of their high specific surface area. Cruz et al. prepared PPyNWs
on PEEK and PETE flexible thermoplastics using nanocontact printing technology and
controlled chemical technology and then functionalized them with diazo chemistry and
a crosslinking agent to immobilize the IL-6 antibody, enabling IL-6 detection with a wide
linear range from 1 pg/mL to 50 pg/mL and an LOD of 0.36 pg/mL [154].
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Figure 12. (A) Schematic diagram of the polypyrrole-intercalated aminated graphene/Ag,Se@CdSe
(PPy-NH,GO/ AgyrSe@CdSe)-based immunosensor for the CA72-4 assay. Reproduced from [148] with
permission from the American Chemical Society. (B) Schematic diagram of the platform for CA125

Movable

measurement: (a) the preparation of the capture probe using mAb;-conjugated magnetic beads
(mADb;-MB). (b) the preparation of the detection probe using pAb;-labeled Ag-PPy nanostructure
(Ag-PPy- pAb,). (c) magneto-controlled microfluidic device with an electrochemical detection cell.
Reproduced from [149] with permission from the Royal Society of Chemistry.

3.3.4. Vascular Endothelial Growth Factor (VEGF)

Angiogenesis is closely connected to the growth of solid tumors and the metastasis of
cancer cells, and VEGEF participates in the regulation of angiogenesis by stimulating the
corresponding receptors and is important for the development of blood vessels. Nogués
et al. pointed out that high-level expression of VEGF in the serum of CRC patients seems
to be a promising tumor biomarker [162].

By immobilizing anti-VEGF RNA aptamers onto a field-effect transistor (FET) modified
with carboxylated polypyrrole nanotubes (CPNTs) with excellent conductivity, Kwon et al.
developed a biosensor capable of recognizing VEGF, as shown in Figure 14A [155]. The
FET platform is capable of detecting VEGF at concentrations as low as 400 M. In a related
study, the author led a team in combining PPy-transformed N-doped few-layer graphene
(PPy-NDFLG) with an RNA aptamer for the fabrication of a high-performance and flexible
FET biosensor (Figure 14B) [156]. The sensor demonstrated good mechanical flexibility,
high sensitivity, high selectivity, a rapid response, reusability, durability, and a low LOD of
100 fM.
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3.3.5. Other CRC-Related Protein Biomarkers

Mucin 1 (MUC1) is a membrane-associated macromolecule glycoprotein that is over-
expressed in most adenocarcinomas [163,164]. Detection of abnormal increases in MUC1 in
the blood can offer new opportunities for CRC early diagnosis, tumor staging, and clinical
treatment.

Huang et al. designed a microfluidic aptasensor by combining the use of an MUC1
aptamer as a detection probe with PPyNWs. The sensor can be used for sensitive, rapid,
label-free, and real-time detection of MUC1 [165]. The PPyNW-modified biosensor showed
significantly enhanced sensitivity, conductivity, and biocompatibility. In addition, serum
angiopoietin, MST1/STK4, S100A9 TIMP1, ITGB4, Cyr61, and CXCL-8 in the blood have
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also been proven to have potential uses as biomarkers in the diagnosis and detection of
colorectal cancer, and they could be employed in electrochemical sensor detection after
further verification [166-170].

3.4. Opportunities and Challenges Related to PPy-Based Sensors in CRC Diagnosis

Currently, most discovered CRC biomarkers are not specific to CRC. Combined de-
tection of multiple biomarkers in the blood could sufficiently increase the accuracy of
CRC diagnosis, resulting in an effective detection strategy. It has been shown that, com-
pared with the detection of single biomarkers, simultaneous determination of the serum
biomarkers MMP-7, TIMP-1, and CEA increased the sensitivity and specificity of CRC diag-
nosis [171]. However, studies are still required to further determine the clinical significance
of single CRC marker analysis and combined detection of groups of biomarkers as early
detection tools for CRC and to develop additional analytical means that can enhance the
accuracy and specificity of CRC diagnosis.

As a heterocyclic conjugated polymer with good electroconductivity, processability,
and chemical stability, PPy is rarely used for the detection of multiple CRC biomarkers. The
electrochemical deposition of PPy could enable sensing of coating designs with different
physical characteristics and the development of arrays of electrochemical biosensors in
which a single sensor would respond differently to similar mixtures of the analyte, opening
applications for the detection of CRC biomarkers. Moreover, the biocompatibility of
PPy provides it with potential for use in the design of implantable biomedical devices.
However, PPy lacks selectivity for target molecules, and the modification of suitable
biometric molecules is essential. In addition, while PPy may not always show the best
results alone in an electrochemical biosensor, copolymers blended with other CPs could
also be applied for suitable trace sensing. Moreover, PPy may degrade over time during
detection, and efforts should be devoted to improving the stability of sensor response. In
addition, in past decades, researchers mainly focused on the interfacial design, employing
different PPy polymerization methods to improve the stability of the enzymes. However,
research on the interface interaction between PPy and biorecognition elements, which has
the potential to improve the sensitivity of biosensors, is lacking. Therefore, the interface
interaction between PPy and biorecognition elements should be focused on and discussed
in future studies with the aim of increasing sensing performance.

4. Conclusions

CRC is a type of cancer with high morbidity and mortality worldwide. Analyzing the
concentration changes in CRC-associated biomolecules through electrochemical biosensing
technology is significant for the early diagnosis, prognosis, and prediction of CRC. The
fundamental purpose of this review paper was to introduce the design of PPy biosensors
and their applications for the electrochemical measurement of CRC biomarkers. The
conductive polymer PPy is a nanomaterial that has attracted much attention because of
its specific characteristics, such as its excellent electrical properties, the flexibility of its
surface properties, its easy preparation and functionalization, and its good biocompatibility,
and it is often used in the design and improvement of biosensors. The different forms
of PPy, synthesized via oxidation chemistry or electrochemical synthesis, can be used for
various purposes. Moreover, various properties of PPy can be significantly improved by
embedding, doping, or dedoping specific materials during or after its formation. PPy and its
derivatives can be applied in enzyme-based biosensors, immunobiosensors, aptamer-based
biosensors, MIP-based biosensors, and nanocatalytic biosensors and improve their sensing
performance. Herein, it was shown that electrochemical-based PPy-based sensors, which
have the inherent advantages of excellent sensitivity and selectivity, rapid detection, cost-
effectiveness, and being capable of simultaneous detection of multiple CRC biomarkers, can
be used to develop highly important detection strategies for CRC. However, the potential of
such biosensors for simultaneous detection of multiple biomarkers needs further research
and development. It is necessary to skillfully combine PPy with other nanomaterials to
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effectively improve the detection performance of biosensors. The stability of PPy during
detection also needs to be further enhanced. In addition, more attention should be focused
on improving the interfacial synergy between PPy and biorecognition elements, thereby
improving the sensing performance of assays.
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Abstract: The stability and wide temperature performance range of solid electrolytes are the keys to
the development of high-energy density all-solid-state lithium-ion batteries. In this work, a PVDF-
HFP-LiClO4-Lig 4 LazZr; 4 Tag O12 (LLZTO) composite solid electrolyte was prepared using the solution
pouring method. The PVDE-HFP-LiClO,4-LLZTO composite solid electrolyte shows excellent electro-
chemical performance in the temperature range of 30 to 60 °C. By assembling this electrolyte into
the battery, the LiFePO, /PVDF-HFP-LiClO4-LLZTO/Li battery shows outstanding electrochemical
performance in the temperature range of 30 to 60 °C. The ionic conductivity of the composite electrolyte
membrane at 30 °C and 60 °C is 5.5 x 107> Sem ™! and 1.0 x 1075 S cm™!, respectively. At a cur-
rent density of 0.2 C, the LiFePO, /PVDF-HFP-LiClO,-LLZTO/Li battery shows a high initial specific
discharge capacity of 133.3 and 167.2 mAh g~! at 30 °C and 60 °C, respectively. After 50 cycles, the
reversible electrochemical capacity of the battery is 121.5 and 154.6 mAh g~ at 30 °C and 60 °C; the
corresponding capacity retention rates are 91.2% and 92.5%, respectively. Therefore, this work provides
an effective strategy for the design and preparation of solid-state lithium-ion batteries.

Keywords: lithium-ion battery; solid-state electrolyte; composite; electrochemical performance

1. Introduction

Lithium-ion batteries (LIBs) exhibit high energy density, a low self-discharge rate, and a
long cycle life, and they have been widely used in various portable electronic devices [1-3].
LIBs continue to prove their irreplaceable value as power suppliers in a variety of applications.
However, liquid LIBs include potential explosion hazards due to their flammability; thus,
its security issues remain unresolved. Solid-state electrolytes have attracted a wide range
of research interests because they are highly flame-retardant and have good flexibility. For
example, polymer electrolytes [4-10], ceramic electrolytes [11-17], and ceramic/polymer
composite electrolytes [18-23] have been intensively investigated in recent years.

Among these, ceramic/polymer composite electrolytes have attracted wide attention
due to their high ionic conductivity, elastic stiffness, high shear modulus, high flexibility,
and lower density, which can effectively inhibit the growth of lithium dendrite and make
better contact with the electrode interface, thus improving the electrochemical performance
of solid-state lithium-ion batteries. Zhang et al. [24] prepared a PVDF/LLZTO composite
electrolyte by dispersing LLZTO ceramic powder into a polymer matrix. The ionic conduc-
tivity of the composite electrolyte is 5 x 10~ S cm™~! at room temperature, and it exhibits
high mechanical strength and good thermal stability. In the LiCoO, /Li battery composed
of the composite electrolyte, the initial specific discharge capacity reaches 150 mAh g1,
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and the capacity retention rate reaches 98% after 120 cycles at 0.4 C. Gu et al. [25] re-
ported a PVDF-HFP/LLZTO composite solid electrolyte membrane (CSE) with a simple
synthesis route and complete raw materials. The mixed electrolyte contains a wide electro-
chemical stability window (~5 V), excellent mechanical properties (tensile strength over
13 MPa, young’s modulus > 50 MPa), good ionic conductivity (3.2 x 1074 S cm™1) at
room temperature, and good electrochemical properties (about 150 mAh g~! at 0.1 C; the
coulomb efficiency is 99% after 50 cycles). Although good electrochemical performance was
achieved in composite solid electrolytes, novel solid electrolytes with better electrochemical
performance need to be developed to match the requirements for a practical battery.
Generally, the electrochemical performance of these solid electrolytes is measured at a
certain temperature. As an important performance for practical application, the electro-
chemical performances of the solid electrolytes at wide temperature ranges were rarely
reported. However, the applied temperature has an obvious influence on the electro-
chemical performance. In this work, the PVDF-HFP-LiClO4-Lig 4LazZrq 4 Tag 012 (LLZTO)
composite solid electrolyte was prepared using the solution pouring method, and its elec-
trochemical performance was investigated systematically in the temperature range of 30 to
60 °C. It is found that the PVDF-HFP-LiClO4-LLZTO composite solid electrolyte shows ex-
cellent electrochemical performance in the temperature range of 30 to 60 °C. By assembling
this electrolyte into the battery, the LiFePO,/PVDE-HFP-LiClO4-LLZTO/Li battery shows
outstanding electrochemical performance at 30 and 60 °C. It is noted that the electrolyte
and the assembled battery show better electrochemical performance at 60 °C than at 30 °C.

2. Experimental Section
2.1. Preparation of PVDF-HFP-LiClO4-LLZTO Composite Solid Electrolyte

CSE was prepared using the solution casting method, and the preparation process is
shown in Figure 1. Typically, 4 g of PVDF-HFP (Mn = 600,000, Aladdin, Shanghai, China)
and a certain amount of LiClOy4 (99%, Aladdin, Shanghai, China) were dissolved/dispersed
in N-N dimethylformamide (DMF, 99.8%, Aladdin, Shanghai, China). LLZTO (99%, Kocrys-
tal, Shenzhen, China) was introduced under moderate stirring, and the temperature was
set at 50 °C. Then the slurry was transferred into the PTFE mold for static flow casting.
PVDF-HFP-LiClO4-LLZTO CSE can be exfoliated after vacuum-drying at 60 °C for 12 h.
Finally, the electrolyte membrane was cut into small discs with a diameter of 18 mm and
stored in a glove box (<0.01 PPM H,O and O5,).
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Figure 1. Schematic pattern of the preparation process of CSE.
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2.2. Physical Characterization

The phase analysis of the materials was measured on an X-ray diffractometer (XRD,
DX-2700, Dandong, China, Cu-Ka, 40 kV x 40 mA). The surface structure of the solid
electrolyte films was characterized by scanning electron microscopy (SEM, Phenom Pharos
G2, Shanghai, China) equipped with energy dispersive spectrometry (EDS). Raman spectra
were collected by a Raman microscope (ATR8000, Fujian, China). Thermogravimetric
analysis (TGA) was conducted using a TG analysis system (NetzschF3Tarsus, Bayern,
Germany) from 30 to 800 °C with a heating rate of 10 °C min~!.

2.3. Electrochemical Tests

High ionic conductivity at operating temperature is one of the prerequisites for
the application of CSE in solid-state batteries. The electrochemical impedance spec-
troscopy (EIS) of CSE was measured on an electrochemical workstation (DH 7000, Donghua,
Jiangsu, China) using button-mounted symmetrical cells assembled from stainless steel
(SS)/CSE/SS. The EIS was conducted from 10° Hz to 0.01 Hz with an amplitude of 10 mV.
The ionic conductivity o was calculated according to the following formula [24]:

L

()':Ris

@
where o is the ionic conductivity (S/cm), L is the thickness of the film (cm), R is the local
minimal resistance over all the impedance spectrum ({2), and S is the contact area between
the film and the SS (cm?).

The electrochemical stability window of CSE was determined by linear sweep voltam-
metry (LSV) using an SS/CSE/Li semi-symmetric cell with a scanning rate of 5mV S~! in
the voltage range from 2.5V to 6.0 V. The lithium-ion migration number (Ty;*) of the CSE at
30 °C and 60 °C was measured by the combined measurement of EIS and DC polarization
on the same electrochemical station using a symmetric Li/CSE/Li battery. T;* is calculated
according to the following formula [26,27]:

_ Iss(AV —1IpRg)

T, ., — SS\2V¥ 700/
L Io(AV —IssRss)

i+ @
where Ty ;+ represents the number of lithium-ion migrations in the electrolyte, Iy and Iss
are the current values at the beginning and after the DC polarization is stabilized, Ry and
Rss are the impedance values before and after the DC polarization, and AV is the voltage
applied to both ends of the battery at 50 mV.

Electrochemical measurements of the cells were carried out by a battery test system
(Neware, Dongguan, China). Commercial LiFePOy (LFP, Macklin, Shanghai, China) is used as
the cathode active material without further modification, and a lithium plate is used as the
anode. The cathode is made of a paste of 80 wt.% LFP, 10 wt.% PVDEF, and 10 wt.% conductive
carbon black cast on aluminum foil. The active material loading of the prepared cathode is
about 1.8 mg cm 2. The assembled LFP/CSE/Li cells were tested in the voltage range of
2.8 t0 4.0 V. Liquid electrolyte (1.0 M LiPFg ethyl carbonate (EC), diethyl carbonate (DEC) and
diethyl carbonate (DMC) (V:V:V = 4:3:3)) was added to the surface of the electrolyte membrane
to improve the interface contact between the membrane and the electrode.

3. Results and Discussion

The addition of LLZTO inorganic filler can effectively reduce the crystallinity of the
polymer, introducing a large number of Li* migration channels, thus improving the ionic
conductivity of the electrolyte membrane and enhancing its mechanical properties [28].
However, excessive LLZTO makes it difficult to completely peel the electrolyte membrane
from the mold, and the ionic conductivity of the electrolyte membrane decreases due to
the agglomeration of the LLZTO filler. Considering the influence of LLZTO on the ionic
conductivity of the electrolyte membrane, the CES were prepared with different amounts
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of LLZTO (0~20 wt.%), namely 0 wt.% LLZTO, 5 wt.% LLZTO, 10 wt.% LLZTO, 15 wt.%
LLZTO, and 20 wt.% LLZTO, respectively. Figure 2a—e shows the EIS of CSE with different
LLZTO content at different temperatures; corresponding calculated ionic conductivity of
the electrolyte membranes is shown in Figure 2f. It is found that the ionic conductivity
of CES increases with the increase in LLZTO content at first, then shows a rapid decline
after the LLZTO content is more than 15 wt.%. Therefore, the CSE with 15 wt.% LLZTO
was used as the studied object for the following discussion. Obviously, the resistance of
the CSE decreases with the increase in temperature, and the calculated ionic conductivity
of CSE at 30 °C, 40 °C, 50 °C, 60 °C, and 70 °C are 5.5 x 107>, 6.9 x 107, 8.4 x 107>,
9.6 x 1075, and 1.0 x 10~* S cm ™!, respectively. It should be pointed out that there is little
difference between 60 °C and 70 °C, so 60 °C is chosen as the upper-temperature limit for
the following discussion.
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Figure 2. (a—e) EIS and (f) corresponding calculated ionic conductivity of CSE with different LLZTO
content at different temperatures.

Figure 3a shows the XRD patterns of the samples. For LLZTO powder, the diffraction
peaks are matched with cubic garnet LisLazNbyO1, (PDF#45-0109), indicating that LLZTO is a
typical cubic phase. With respect to CSE, the diffraction peak of LLZTO can also be observed.
Figure 3b shows the Raman curves of the materials; it can be seen that the PVDF-HFP peak
appeared in the PVDF-HFP/LiClO4 membrane, while there was none in the CSE, indicating
that PVDF-HFP reacted with LLZTO. Thermal stability is an important indicator of composite
polymer electrolytes. Figure 3c shows the TG analysis of the materials; the test temperature
ranges from 30 °C to 800 °C. It can be seen that the weight loss temperature of PVDF-HFP
is about 450 °C, PVDE-HFP/LiClO; starts to decompose at 350 °C, and CSE loses weight at
456 °C. The weight loss of the PVDF-HFP, PVDF-HFP/LiClO4 and CSE at 800 °C are 98.67%,
94.61%, and 71.63%, respectively, indicating that the weight loss of CSE decreases after the
addition of LLZTO, which is beneficial to improve the thermal stability of CSE.

The morphology of the CSE was characterized by a scanning electron microscope
(SEM). Figure 4a—c shows SEM images of the front, back, and cross-section of the CSE
sample, respectively. The positive surface of the electrolyte film has a thickness of about
200 pm, and there are some holes, which may be due to the uneven volatilization of the
solvent. Some solid particles and roughness can be observed on the back of the electrolyte
film, which may be caused by part of ceramic oxide LLZTO sinking into the bottom of the
mold during the drying process of the slurry. The roughness on the back of the electrolyte
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film is caused by the surface roughness of the PTFE mold. It can be seen from the cross-
section that the ceramic oxide LLZTO filler is evenly distributed in the CSE. It is also
explained that this heterostructure contributes to the high performance of all-solid-state
lithium batteries (ASSLB), as smooth surfaces in contact with the cathode (polymer-rich)
will help to reduce interface resistance due to their soft properties, while rough surfaces in
contact with the lithium anode (LLZTO-rich) will be beneficial. The EDS mapping of C,
CL F, La, Ta, and Zr are shown in Figure 4d-i. It can be observed that the LLZTO ceramic
particles are uniformly dispersed in the electrolyte membrane. Figure 4j—-m shows photos of
the electrolyte membranes in different physical states; obviously, the prepared CSE shows
excellent mechanical flexibility and can be bent and wound. The excellent mechanical
flexibility should be beneficial to inhibit the formation of lithium dendrite.
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Figure 3. (a) XRD, (b) Raman, and (c) TG of PVDF-HFP, PVDF-HFP-LiClOy and CSE.

As mentioned above, the ionic conductivity of CSE at 60 °C is 1.0 X 1074 S cm 1,
which is higher than that at 30 °C, being 5.5 x 107> S cm™!; the corresponding EIS is shown
in Figure 5a,b shows the electrochemical stability windows at the temperatures of 30 °C
and 60 °C. The results show that the electrochemical stability window of the CSE at 60 °C
is 4.4V, while the electrochemical stability window at 30 °C is 4.7 V. Li* migration number
is an important parameter to evaluate ion mobility [29]; Figure 5¢,d shows the polarization
curves and initial/steady impedance curves of the electrolyte membrane at 30 °C and
60 °C. The Ty;* of the composite solid electrolyte at 60 °C is 0.32, higher than that that at
30 °C (0.21). The addition of LLZTO powder as an inorganic filler not only improves the
ionic conductivity of the material, but also has a positive impact on the electrochemical
window and the migration number of lithium ions [30]. Moreover, the addition of LLZTO
ceramic fillers has been reported to slack the polymer chain. Therefore, the interaction
between the inorganic filler and the polymer chain promotes the movement of the chain
segments and accelerates the dynamic process between them [31].
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La

Figure 4. (a,b) SEM images and (c) cross-sectional SEM images of CSE, (d—i) corresponding EDS
mapping of CSE and (j-m) macro picture of CSE in different physical states.
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Figure 5. (a) Impedance diagram, (b) LSV diagram, and (c,d) DC polarization and AC impedance
curves of CSE at 30 and 60 °C.

In order to explore the effect of CSE on the stability of lithium metal and the transport
capacity of lithium ions, a symmetric battery composed of a lithium metal anode and a
lithium metal cathode was charged and discharged at 0.5 h in a constant current. Figure 6a,b
shows the process of lithium plating/stripping of symmetric cells at different temperatures.
After 100 h of cycling at 0.1 mA cm 2 and 0.2 mA cm 2, the batteries exhibit stable
lithium plating/stripping processes at all given current densities, and the composite solid
electrolyte battery exhibits very stable polarization voltage in the 200 h cycle, at either 30 °C
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or 60 °C. This result shows that the CSE can achieve reversible electroplating and stripping
of lithium metal without obvious lithium dendrites.
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Figure 6. Constant current charge and discharge cycling of Li/CSE/Li symmetric batteries at
(a) 30 °C and (b) 60 °C.
To explore the charge transfer resistance of the battery at different temperatures, EIS
measurement of the half-cell assembled by CSE, cathode LFP, and anode Li at different
temperatures was conducted, as shown in Figure 7a. Each EIS spectrum consists of a
semicircle, caused by charge transfer resistance (Rct), and a diagonal line corresponding
to the diffusion of Li* [32]. It can be seen that the semicircle at 60 °C is smaller than that
at 30 °C, indicating that the charge transfer resistance of the battery decreases with the
increase in temperature. Figure 7b shows the cyclic voltammetry (CV) of CSE at different
temperatures between 2.5 V and 4 V, at a scanning rate of 0.5 mV s~ 1. In the CV curves
shown in Figure 7b, a remarkable reduction peak appears at ~3.0 V for all the cells, and a
strong oxidation peak appears at ~3.8 V, corresponding to the lithium ion dilithium and
stripping from the LFP. When observed carefully, it can be seen that the CV curve for 60 °C
has a larger redox peak area, indicating that it has a larger specific capacity [33].
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Figure 7. (a) Impedance diagram, (b) CV curves, (c,d) initial charge—discharge curves, (e) rate
capability and (f) cycling life of LFP/CSE/Li battery at 30 and 60 °C.
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To verify the applicability of the prepared electrolyte membranes at different tempera-
tures, the LFP/CSE/Li battery was assembled, and its electrochemical performances were
measured at 30 °C and 60 °C. Figure 7c,d shows the initial charge and discharge (CD) curves
of the assembled ASSLB, with different rates at different temperatures, in the voltage range
of 2.8~4.0 V. The initial CD curve presents a typically smooth and monotonous voltage
plateau due to the extraction/insertion of Li* from the LFP active substance. The voltage
platform gap of the battery at 30 °C is larger than that at 60 °C, indicating that there is a
bigger polarization in the charging and discharging process at 30 °C. In addition, for all
applied current densities, the battery shows a larger charge-discharge capacity at 60 °C
than that at 30 °C, fitting well with the results of the CV.

It is noteworthy that the rate performance of the assembled lithium-ion battery is
closely related to the ionic conductivity of the prepared CSE. The CSE has higher ionic
conductivity at 60 °C than at 30 °C, so the battery assembled using this membrane shows
better rate performance at 60 °C, as shown in Figure 7e. At a current density of 0.1 C, the
assembled battery has a specific discharge capacity of 147.9 mAh g~! and 158.2 mAh g~ ! at
30 °C and 60 °C, respectively. After experiencing the cycle of 0.2, 0.5, and 1 C and recovering
to 0.1 C, the specific discharge capacity of the battery can be restored to 133.9 mAh g~! and
141.8 mAh g1, respectively, indicating that the battery assembled by this composite solid
electrolyte has good reversible performance.

Figure 7f shows the cycling life of the LFP/CSE/Li battery with 0.2 C at 30 °C and
60 °C. It can be seen that the initial specific discharge capacities at 30 °C and 60 °C are
133.3 and 167.2 mAh g, respectively. After 50 cycles, the specific discharge capacities
are 121.5 and 154.6 mAh g, respectively; the corresponding retention rates are 91.2 and
92.5%, respectively. The results show that the battery has better cycling life at 60 °C because
the high temperature accelerates the relative motion of Li* and promotes the migration of
Li*. In short, the results of electrochemical measurements obtained above indicate that the
prepared CSE enables the solid-state battery to show good rate capability, high reversible
capacity, and good cycling life at 30 °C and 60 °C.

4. Conclusions

The PVDF-HFP-LiClO4-LLZTO composite solid electrolyte was prepared using the
solution pouring method, and its electrochemical performance was investigated system-
atically in the temperature range of 30 to 60 °C. The ionic conductivity of the composite
electrolyte membrane at 30 °C and 60 °C is 5.5 x 107> Scm ™! and 1.0 x 107#* S em ™},
respectively, and the electrochemical stability window of the composite electrolyte mem-
brane at 30 °C and 60 °C is 4.7 V and 4.4 V, respectively. By assembling this electrolyte
into the battery, the LiFePO, /PVDE-HFP-LiClO4-LLZTO/Li battery shows outstanding
electrochemical properties at the temperatures of 30 and 60 °C. At a current density of
0.2 C, the LiFePO4/PVDF-HFP-LiClO4-LLZTO/Li battery shows a high initial specific
discharge capacity of 133.3 and 167.2 mAh g, respectively, at 30 °C and 60 °C. After
50 cycles, the reversible electrochemical capacity of the battery at 30 °C and 60 °C is
121.5 and 154.6 mAh g1, respectively, and the corresponding capacity retention rates are
91.2% and 92.5%, respectively. In addition, the battery shows excellent rate capability,
especially at 60 °C. We believe this work stimulates further interest in solid composite
electrolytes for high-energy density lithium batteries.
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Abstract: The rareness and weak durability of Pt-based electrocatalysts for oxygen reduction reactions
(ORRs) have hindered the large-scale application of fuel cells. Here, we developed an efficient metal-
free catalyst consisting of N, S co-doped graphene nanoribbons (N, S-GNR-2s) for ORRs. GNRs
were firstly synthesized via the chemical unzipping of carbon nanotubes, and then N, S co-doping
was conducted using urea as the primary and sulfourea as the secondary heteroatom sources. The
successful incorporation of nitrogen and sulfur was confirmed by elemental mapping analysis as well
as X-ray photoelectron spectroscopy. Electrochemical testing revealed that N, S-GNR-2s exhibited
an Eonset of 0.89 V, Eq /5 of 0.79 V and an average electron transfer number of 3.72, as well as good
stability and methanol tolerance. As a result, N, S-GNR-2s displayed better ORR property than either
N-GNRs or N, S-GNRs, the control samples prepared with only a primary heteroatom source, strongly
clarifying the significance of secondary-heteroatom-doping on enhancing the catalytic activity of
carbon-based nanomaterials.

Keywords: secondary-heteroatom-doping; graphene nanoribbons; unzipping; oxygen reduction reaction

1. Introduction

The World Energy Outlook 2021 report, released by the International Energy Agency
(IEA), pointed out that the growth speed of new energy power is not fast enough to
support the goal of net zero emissions by 2050 [1]. Therefore, new energy conversion and
storage devices (such as fuel cells [2—4], metal air batteries [5-7], lithium-ion batteries [8-10],
supercapacitors [11-13], etc.) continue to draw researchers’ attention. A fuel cell is a device
that can convert the chemical energy of a fuel and an oxidizer directly into electric energy
with the help of catalysts. It is an environmentally friendly technology with a high energy
density and conversion rate [14].

The oxygen reduction reaction (ORR) is a vital electrochemical process which occurs
at the cathode side of fuel cells. The sluggish kinetics of ORRs result in serious cathode
polarization and energy loss, making them one of the major challenges of the large-scale
implementation and commercialization of fuel cells [15,16]. To date, Pt-based nanomaterials
still play an important role in catalyzing ORRs as they are regarded as the most efficient
catalysts [17]. However, numbers of research works have been conducted on exploring
alternative ORR electrocatalysts with a low price and outstanding catalytic performance
due to the prohibitive cost, poor stability and methanol tolerance of commercial Pt-based
catalysts [18].

Carbon nanomaterials are a hot topic in recent years because of their special struc-
ture, physical and chemical properties, and thus their wide range of applications [19,20].
Heteroatoms (e.g., nitrogen, sulfur, boron, phosphorus) doped into carbon nanomaterials
could induce electron modulation, rendering the charge distribution and facilitating the
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adsorption of O, to enhance the ORR activity [21]. Nitrogen has an atomic size similar to
that of carbon but a different electron configuration, such that nitrogen atoms can change
carbon nanomaterials’” electronic structures while minimizing the lattice mismatch [22].
N-doped materials, including carbon nanotubes (CNTs) [23-25], graphene [26-28] as well
as porous carbons [29-31], have been studied for years in order to regulate nanomaterials’
electronic structures and some other properties. In addition, sulfur has also been confirmed
to have a beneficial effect on the ORR activity of carbon nanomaterials. The electroneg-
ativity of sulfur atoms is similar to that of carbon atoms (C = 2.55, S = 2.58), leading to
the change in the spin density of carbon atoms as well as more defect sites [32]. These
characteristics make sulfur the second-most efficiently doped element after nitrogen. Given
the facts above, the co-doping of nitrogen and sulfur atoms has the potential to further
regulate the electronic structure of the adjacent carbon atoms, resulting in a synergistic
effect on enhancing ORR properties [33].

Graphene nanoribbons (GNRs) have drawn growing research attention for their
unique structure with a large length-width ratio and abundant edge content [34]. They
can be regarded as the products of the longitudinal unzipping of CNTs. In addition, GNRs
show characteristics such as high chemical stability, low weight, decent specific surface area
and low price, making themselves possible to be applied in the field of electrocatalysis [35].
In our previous work, N-doped GNRs (N-GNRs) were successfully prepared and electro-
chemical tests were conducted [36]. The synergistic effect between N-doping and carbon
edges on catalyzing ORRs has been demonstrated, and as a result, as-obtained catalysts
exhibited superior ORR property. On the basis of the discussion above, if an additional
heteroatom of sulfur is introduced into N-GNRs, the obtained new catalyst can take full
advantage of the synergy among the edge structure, nitrogen doping and sulfur doping,
and thus the ORR catalytic activity is expected to be further improved [37-39].

Herein, GNRs were firstly prepared via the chemical unzipping of multi-walled CNTs,
and N, S co-doped GNRs (N, S-GNR-2s) were obtained by high-temperature annealing
with urea as the primary and sulfourea as the secondary heteroatom precursors. Structural
characterizations of the sample have verified the successful incorporation of nitrogen and
sulfur. N, S-GNR-2s showed better ORR activity than other GNR-based samples doped only
with a primary heteroatom source, demonstrating the importance of secondary-heteroatom-
doping. As a result, N, S-GNR-2s mainly displayed a 4-electron catalytic pathway towards
an ORR, rendering themselves potential ORR electrocatalyst alternatives for the application
on fuel cells.

2. Materials and Methods
2.1. Synthesis of N-GNRs, N, S-GNRs and N, S-GNR-2s

GNRs were obtained by the unzipping of multi-walled CNTs (full details are given
in the Supplementary Materials) [40]. GNRs and urea (mass ratio of 1:20) were mixed
and grinded in an agate grinding bowl [41,42]. The mixture was slowly transferred into
a quartz boat and put in a tube furnace, and then underwent thermal annealing in an Ar
atmosphere at 900 °C for 2 h to obtain N-GNRs. N-GNRs and sulfourea (mass ratio of 1:20)
followed the same steps above but pyrolyzed at different temperatures (800 °C, 900 °C and
1000 °C) for 2 h to obtain N, S-GNR-2s.

To synthesize the control sample of N, S-GNRs, GNRs and sulfourea (1:20) were also
mixed and grinded in a crucible and then annealed in Ar at 900 °C for 2 h.

2.2. Structural Characterization

Scanning electron microscopy (SEM, JEOL JSM-7800F; Tokyo, Japan) and transmission
electron microscopy (TEM, JEOL JEM-2100; Tokyo, Japan) were applied to observe the mor-
phology of the catalysts. Element mapping analysis was detected to know the distribution
of the elements. X-ray photoelectron spectroscopy (XPS, ESCALAB 250Xi; Thermo Fisher,
Waltham, MA, USA) was conducted to analyze the bond configuration of the elements.
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Raman spectra were collected to monitor the defect level of the samples. All instrument
parameters are shown in the Supplementary Materials.

2.3. Electrochemical Characterization

A 2 mg catalyst was uniformly dispersed in a 1 mL mixed solvent of isopropanol
and nafion (19.88:0.12) to form a homogeneous ink. Then, a 20 uL catalyst ink was loaded
onto a rotating disk electrode (RDE) or rotating ring-disk electrode (RRDE) and dried. A
concentration of 0.1 M of KOH was used as the electrolyte with O, or N, saturation.

All of the electrochemical characterization was performed in a standard three-electrode
cell (a Pt wire as the counter electrode, an Ag/AgCl as the reference electrode and an
RDE or RRDE as the working electrode). The potentials in this study were converted
according to the equation of Evs RHE = Evs. ag/agc1 + (0.059 pH + 0.197) V [43]. Full details
of the electrochemical characterization including cyclic voltammetry (CV), RDE and RRDE
measurements are given in the Supplementary Materials.

3. Results and Discussion

Figure 1a illustrates the fabrication process of N, S-GNR-2s. Urea was utilized as the
primary heteroatom source to form the N-GNRs via thermal annealing. Then, sulfourea
was used as the secondary heteroatom source to incorporate sulfur as well as additional
nitrogen to form N, S-GNR-2s. TEM and SEM were applied to observe the morphology
of our sample. After chemical oxidation and N, S co-doping, the ribbon structure can
be clearly seen (Figure 1b,c), indicating that the CNTs were successfully unzipped and
GNRs were formed. However, some side walls of CNTs still existed, implying that the
oxidative unzipping was not 100% complete. An SEM image of N, S-GNR-2s is shown in
Figure 1d, and the corresponding energy dispersive spectrometer (EDS) elemental mapping
proved that nitrogen and sulfur were successfully doped and uniformly distributed on N,
S-GNR-2s (Figure 1e).

ON @©s

Figure 1. (a) The synthesis process of N, S-GNR-2s. (b,c) TEM images of N, S-GNR-2s. (d) The SEM
image and (e) the corresponding EDS element mappings of N, S-GNR-2s showing the distribution of
C,N,OandS.

A variety of structural characterizations were used to examine the physical properties
of our samples. The existence of C, N, O and S was detected by the XPS analysis of N,
S-GNR-2s (Figure 2a), further proving the successful incorporation of nitrogen and sulfur.
In the C 1s spectrum, C-C, C-S, C-N, C-O and O = C-O bonds could be directly observed
(Figure 2b), demonstrating that parts of N, S-GNR-2s were oxidized with N and S co-doping.
The N 1s spectrum can be divided into four peaks: pyridinic N, pyrrolic N, graphitic N and
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oxidized N (Figure 2c). Since the GNRs possessed abundant edge structures and pyridine
N was located at the edges of the carbon materials, the content of pyridine N was high
(48.78%) as expected. Figure 2d is the S 2p spectrum of N, S-GNR-2s, in which the fitting
peaks of 162.8 eV (S 2p3,;,) and 163.9 eV (S 2p1 /,) are characteristic peaks of thiophene S
with different spin orbital coupling. There is also a small peak of S-O at 167.1 eV. Generally,
thiophene S is considered as the key coordination type to enhance ORR performance [44,45].
The results confirmed that N and S replaced a small amount of C in the material and acted
as dopants, which was beneficial to improving the ORR performance of the catalysts.

(a)] survey Ci1s (b)[c1s
c-C

3 3 v
= LA c-S

z =z CN N

@ N1s 8 c-0

§ Ofts §| o=co N ~

E E N

S2p
900 800 700 600 500 400 300 200 100 288 286 284 282
Binding Energy (eV) Binding Energy(eV)
() N1s N (@)[s2p
Pyridinic N C-8-C2p 312

g Pyrrolic N 3

< K C-SC2p1/2

2| Graphitic N 2

2| oxidized N ™. 2|.s0

2 N 2

£ N £ N

406 404 402 400 398 396 394 168 166 164 162 160

Binding Energy(eV) Binding Energy (eV)

Figure 2. (a) The XPS survey, (b) C 1s, (c) N 1s and (d) S 2p spectra of N, S-GNR-2s.

The D band (located at ~1360 cm 1) and G band (located at ~1580 cm ™) are shown
in the Raman spectra of N-GNRs, N, S-GNRs and N, S-GNR-2s (Figure 3). The Ip/Ig
ratio of N-GNRs was calculated to be 1.28, owing to N-doping and the formation of the
porous structure caused by the release of gas generated during the thermal decomposition
of urea. Compared with the N-GNRs, both the N, S-GNRs and N, S-GNR-2s had more
defects caused by additional S-doping. As a result, the Ip /I ratios of the N, S-GNRs and
N, S-GNR-2s were increased to 1.36 and 1.37, respectively [46].
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Figure 3. The Raman spectra of N-GNRs, N, S-GNRs and N, S-GNR-2s.
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Electrochemical tests of N, S-GNR-2s were carried out in an alkaline medium of 0.1 M
KOH. Three samples of N, S-GNR-2s with different thermal annealing temperatures (800 °C,
900 °C and 1000 °C) were examined, among which, N, S-GNR-2s at 900 °C showed the
best ORR activity (Figure S1). For this reason, this sample was selected in the following
experiments for the performance analysis. Figure 4a displays CV curves of N, S-GNR-2s in
O, and Nj-saturated solution. No evident peaks appeared when tested in Nj-saturated
solution, whereas a distinct ORR peak in O,-saturated solution was clearly observed at
0.80 V, suggesting good ORR catalytic activity for N, S-GNR-2s. RDE measurement was
carried out at different rotating speeds from 625 to 2500 rpm (Figure 4b), and Koutecky—
Levich (K-L) plots are correspondingly displayed in Figure 4c. The electron transfer number
was extracted to be 3.66~3.67, ranging from 0.3~0.6 V. In addition, RRDE testing was further
performed in order to accurately detect the generation of peroxide (HO, ) during the
reaction (Figure 4d). The average HO, ™ yield was measured and calculated to be about
13.69%, and the average electron transfer number was calculated to be about 3.72 from 0
to 0.8 V (Figure 4e), in correspondence with the result in Figure 4c. The electrocatalytic
properties tested by RDE and RRDE distinctly verified that N, S-GNR-2s mainly displayed
a 4-electron catalytic pathway towards an ORR. RDE curves at 1600 rpm before and after
2000 CV cycles with a scan rate of 100 mV s~! and potential range of 0.56~0.96 V are shown
to evaluate the stability of N, S-GNR-2s (Figure 4f). The diffusion-limited current density
after cycling stayed almost unchanged, and the half-wave potential (E; /,) slightly shifted
from 0.79 V to 0.71 V, demonstrating the decent ORR stability of our catalysts.
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Figure 4. Electrocatalytic property tests of N, S-GNR-2s. (a) The CV test in 0.1 M KOH solution.
(b) The RDE test at rotating speeds from 625 to 2500 rpm. (c) K-L plots based on the RDE test.
(d) RRDE curves at a rotating speed of 1600 rpm. (e) The calculated HO, ™ yield and electron transfer
number. (f) The stability test before and after 2000 cycles.

In order to compare the catalytic performance of different samples (N-GNRs, N,
S-GNRs and N, S-GNR-2s) and verify the significance of secondary-heteroatom-doping,
various electrochemical analyses were carried out. A CV test was performed, and the
curves were recorded and plotted together (Figure 5a). The CV curve of N, S-GNR-2s in
O, exhibited a more positive oxygen reduction peak than those of the other two samples,
revealing the superior catalytic activity of N, S-GNR-2s. Figure 5b shows the RDE curves at
1600 rpm of the three samples, and the corresponding values of onset potential (Egnset) and
E;/, were plotted in Figure 5c. Among all the samples, N, S-GNR-2s showed the highest
Eonset of 0.89 V and E;/; of 0.79 V along with a diffusion-limited current density of up
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to 5.06 mA cm 2, while N-GNRs displayed an Eonget of 0.81 V and Eq/, of 0.72 V, and N,
S5-GNRs displayed an Eonset of 0.84 V and E; /» of 0.67 V. Tafel plots of the catalysts are
displayed in Figure 5d on the basis of the RDE test. N, S-GNR-2s presented a much lower
Tafel slope of 74.34 mV dec™! than other catalysts, suggesting the most desirable ORR
activity of N, S-GNR-2s. The values of electron transfer number are shown in Figure 5e
on the basis of the RDE tests (Figure 4, Figures S2 and S3). N, S-GNR-2s exhibited similar
but more steady values than N, S-GNRs, and both of their performances surpassed that of
N-GNRs. Chronoamperometric measurement was conducted to test the methanol tolerance
of these samples at 1600 rpm at 0.5 V (Figure 5f). When 1 M methanol was added to the test
system, they exhibited different levels of performance decay. Interestingly, N, S-GNRs were
found to display a high current retention of 95.03% after 500 s, slightly higher than 93.64%
for N, S-GNR-2s and 93.16% for N-GNRs, certifying a good methanol tolerance property
for all the catalysts. We compared the electrocatalytic property of N, S-GNR-2s with some
relevant studies (Table S1), and the results revealed that N, S-GNR-2s showed competitive
or even better performance compared to the reported works.

Figure 5. Electrocatalytic property tests of N-GNRs, N, S-GNRs and N, S-GNR-2s. (a) The CV test in
0.1 M KOH. (b) The RDE test at a rotating speed of 1600 rpm. (c) The corresponding values of Egnset
and Eq /5. (d) The corresponding Tafel plots based on the RDE tests. (e) The values of electron transfer
number (n) at certain potentials. (f) The methanol tolerance test.

To sum up the electrochemical performance above, interesting conclusions can be
drawn. Firstly, comparing the performance of N, S-GNR-2s with N-GNRs and N, S-GNRs,
the significance of secondary-heteroatom-doping was remarkably certified. Both N-GNRs
and N, S-GNRs were synthesized using only a primary heteroatom source, and thus
they presented inferior activity to N, S-GNR-2s with secondary-heteroatom-doping. In
order to understand the effect of secondary-heteroatom-doping, we further conducted
the XPS analysis of N-GNRs and N, S-GNRs. As shown in Figure S4 and Table S2, N,
S-GNR-2s displayed a N content of 10.93%, much higher than that of either N-GNRs
(5.43%) or N, S-GNRs (5.67%). Thus, it can be concluded that the heteroatom content was
greatly increased by secondary-heteroatom-doping, leading to more reaction sites and
thus improved ORR property. Secondly, the performance difference between N, S-GNR-2s
and N-GNRs also proved that the synergistic effect between N and S induced by N, S
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co-doping contributed to the enhancement of catalytic activity. Consequently, the highest
electrocatalytic performance was obtained for our well-designed catalyst of N, S-GNR-2s.

4. Conclusions

In summary, N, S-GNR-2s were prepared via the N, S co-doping of GNRs using
urea and sulfourea as the primary and secondary heteroatom precursors, respectively.
The ribbon structure of N, S-GNR-2s was confirmed by TEM observation, suggesting the
successful unzipping of CNTs. The introduction of both nitrogen and sulfur was verified
by various structural characterizations. Electrochemical testing showed that N, S-GNR-2s
exhibited an Eonget 0f 0.89 V, E1 /» of 0.79 V and an average electron transfer number of 3.72,
as well as good stability and methanol tolerance. As a result, N, S-GNR-2s revealed better
ORR property than N-GNRs and N, S-GNRs, demonstrating that secondary-heteroatom-
doping contributes greatly to the improvement of electrocatalytic performance for carbon
nanomaterials.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/nano12193306/s1, Figure S1. Electrochemical characterizations
of N, S-GNR-2s synthesized at different temperatures in 0.1 M KOH. Figure S2. Electrochemical
characterizations of N-GNRs. Figure S3. Electrochemical characterizations of N, S-GNRs. Figure
S4. An XPS survey of N-GNRs, N, S-GNRs and N, S-GNR-2s. Table S1. An electrocatalytic property
comparison between our work and some relevant studies. Table S2. The elemental contents of
N-GNRs, N, S-GNRs and N, S-GNR-2s based on XPS analysis in Figure S4. References [43,47-55] are
cited in the supplementary materials.
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Abstract: Solid-state lithium batteries have attracted much attention due to their special properties
of high safety and high energy density. Among them, the polymer electrolyte membrane with high
ionic conductivity and a wide electrochemical window is a key part to achieve stable cycling of
solid-state batteries. However, the low ionic conductivity and the high interfacial resistance limit its
practical application. This work deals with the preparation of a composite solid electrolyte with high
mechanical flexibility and non-flammability. Firstly, the crystallinity of the polymer is reduced, and
the fluidity of Li* between the polymer segments is improved by tertiary polymer polymerization.
Then, lithium salt is added to form a solpolymer solution to provide Li* and anion and then an
inorganic solid electrolyte is added. As a result, the composite solid electrolyte has a Li* conductivity
(3.18 x 107* mS cm™1). The (LiNip5Mn; 504)LNMO/SPLL (PES-PVC-PVDF-LiBF;-LAZTP)/Li
battery has a capacity retention rate of 98.4% after 100 cycles, which is much higher than that without
inorganic oxides. This research provides an important reference for developing all-solid-state batteries
in the greenhouse.

Keywords: composite solid electrolyte; lithium ion conductivity; capacity retention; flame retardancy

1. Introduction

All-solid-state batteries have received extensive attention due to the advantages of
high safety and high energy density in recent years. The use of electrolyte membranes
replaces traditional electrolytes and separators, acting as Li* transport bridges in batter-
ies [1,2]. The quality of the electrolyte membrane determines the cycle performance of
the battery. Solid electrolytes for lithium battery development can generally be divided
into two categories: ceramic-based solid-state electrolytes and polymer-based solid-state
electrolytes [3,4]. In ceramic solid electrolytes, cation groups and metal cations form a unit
cell skeleton, which provides a channel for the transmission of lithium ions. Each unit cell is
connected to each other to form a network structure, which enables lithium ions to perform
vacancy migration and interstitial migration inside to complete the transport of lithium
ions [5]. Inorganic polymer electrolytes have thin films that can be prepared into thinner
shapes—which can reduce interfacial impedance with positive and negative electrodes and
can have good mechanical ductility—that can adapt to changes in battery conditions during
charging and discharging. These materials have been studied for many years, but each has
its own advantages and disadvantages [6,7]. The integration of material advantages is an
important aspect of innovation. Xiang et al. prepared a Li/LiPON/LiCoO; all-solid-state
battery with a capacity loss of less than 2% after 4000 cycles. Subsequently, organic poly-
mer solid electrolytes, inorganic solid electrolytes, and organic/inorganic composite solid
electrolytes appeared in succession [8]. Polyethylene oxide (PEO) based polymer solid
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electrolyte has attracted much attention [9]. In the PEO-based polymer solid electrolyte,
the conductive Li* in the amorphous region coordinates with the ether oxide (EO) on the
PEO segment and realizes Li* migration through the complexation and decomplexation
process of the lithium-oxygen bond (Li-O) movement on the PEO chain segment [10-12].
However, PEO has higher crystallinity and less lithium ion migration at room temperature,
resulting in extremely low ion conductivity (only 1078-10~7 S cm~1) [13]. The inorganic
solid electrolyte has distinctive merits, including high chemical stability, environmentally
friendly, high safety, high conductivity, wide electrochemical window, and good thermal
stability. Li et al. [14], prepared a high-performance three-dimensional cross-linked elec-
trolyte based on polyvinylidene fluoride (PVDF) and polyethylene oxide (PEO), which has
good performance at room temperature, but the cycle performance needs to be improved.
However, shortcomings, such as preparation and storage requirements and flexibility,
restrict their development [15-17].

The organic/inorganic composite solid electrolyte was developed to have the conduc-
tivity of inorganic solid electrolytes and the flexibility of PEO-based polymer electrolytes,
opening up new development prospects for all-solid-state lithium-ion batteries with high
safety and a long cycle life [18,19]. However, its electrochemical performance is still worse
than traditional liquid batteries [20-22]. Therefore, preparing a greenhouse with high ion
channels and solving interface problems has high prospects.

Here, we propose the strategy of combining organic electrolytes and inorganic elec-
trolytes. Firstly, the crystallinity of the polymer is reduced, and the fluidity of Li* between
the polymer segments is improved by tertiary polymer polymerization. Then, lithium salt
is added to form a sol polymer solution to provide Li* and anion and then an inorganic
solid electrolyte is added. By adding inorganic fillers, the regular arrangement of polymer
segments can be destroyed and made in an amorphous state to increase the amorphous
region conducive to lithium ion transport. In addition, inorganic solid electrolytes have
high greenhouse conductivity and a wide electrochemical window. Inorganic fillers can
also reduce the activation energy of lithium ion migration to form channels conducive to
lithium ion migration.

2. Materials and Methods
2.1. Preparation of LATP Powder

The solid phase method uses lithium carbonate (Li;COj3), aluminum oxide (Al;,O3),
titanium dioxide (TiO,), and ammonium dihydrogen phosphate (NH3zH,POy) zinc oxide
(ZnO) as precursors. Each material is weighed according to Lij 3Aly3Tij 7(PO4)3(LATP)
and Lil 3Alp1Zng 1 Ti; §(PO4)3(LAZTP). Calculate the molar ratio to prepare 40 g of LATP
and LAZTP materials, respectively, for use in subsequent experimental tests. After mixing
uniformly, ball mill for 8 h, use ethanol as the dispersant, and the speed of the ball mill
is 280 rpm. After ball milling, the powder was dried in a drying oven at 80 °C for 10 h.
After the powder was dry, it was processed by grinding. The powder was annealed and
calcined in an atmosphere furnace at 950 °C for 4 h to obtain two white LATP and LAZTP
precursor powders.

2.2. Preparation of Electrolyte Sheet

After the powder is ground through the grinding table, the two powders are pressed
under a pressure of 18 MP for 5 min and pressed into a disc with a diameter of 16 mm and
a thickness of 1 mm. The layer powder is placed in an atmosphere furnace, calcined at
900 °C for 4 h at a heating rate of 5 °C/min, and naturally cooled to room temperature to
obtain high-temperature sintered LATP and LAZTP solid electrolyte sheets, which are then
polished to the required thickness by sandpaper. All LATP and LAZTP electrolyte sheet
sintered samples were ultrasonically cleaned in absolute ethanol for 10 min and then dried
for 2 h. Conductive silver paste was applied to both sides and steel sheets were pasted and
placed in a drying oven for 3 h for testing.
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2.3. Preparation of SPLL Composite Electrolytes

Preparation of three-matrix solid electrolyte SPLL (PES-PVC-PVDEF-LiBF,-LAZTP).
First, add 30 mL of DMF solution in a 100 m beaker, stir it electrically at a temperature of
60 °C, then add 2 g of PES until the solution becomes a clear sol-like solution and then add
1g of PVA. When the mixture is stirred until there are no air bubbles, add 5% PVDF to form
a copolymerized base, sonicate for 20 min to mix the three completely, then add LiBF, (add
with PES es: Li=8:1), and stir for 4 h. Then, add 10% LAZTP, ultrasonic for 30 min, stir for
10 h, pour it into a polytetrafluoroethylene container, dry in a blast drying oven at 60 °C for
12 h, then remove and cut it to a size of 16 mm, and put it in a glove box for later use.

2.4. Preparation of Solid-State LFP/SPLL/Li Cell

The CR2032 button cell is assembled in an argon box using the above composite
SSE in an argon-filled glove box. The LNMO cathode was prepared by mixing 80 wt.% of
commercial LNMO (Shanghai Ales Co., Ltd.), 10 wt.% conductive carbon black, and 10 wt.%
PVDF dissolved in NMP solvent. After thorough stirring, the cathode slurry was evenly
cast onto the aluminum foil. Subsequently, the aluminum foil was dried under vacuum at
110 °C and then cut into circular electrodes with a diameter of 16 mm. In addition, lithium
metal is used as the anode of assembled button batteries. The electrochemical performance
of all assembled batteries is measured in the voltage range of 3.5-5 V.

2.5. Physical Characterizations

X-ray diffraction (XRD, D8-Advabce, Bruker, Frankfurt, Germany, in the range of
10-90 °) and Raman spectroscopy were used to analyze the phase structure of the positive
electrode material. The surface structure of the material is observed through a field emission
scanning electron microscope (SEM, Sigma(04-55, ZEISS, HORIBA, Longjumeau, France).
The electrochemical window test is carried out by linear sweep voltammetry (LSV) at a
scanning rate of 0.1 mV-s~!. A stainless steel sheet (SS) is used as the working electrode,
and a lithium sheet is used as the counter electrode. The LAGP glass and GC structural
studies were carried out using 13 C Solid State Nuclear Magnetic Resonance (NMR) using
BRUKER 700 MHz HD spectrometer on a 2.5 mm Trigamma probe at a spinning frequency
of 32 kHz. The SPLL and SPL anode surface was characterized by X-ray photoelectron
spectroscopy (XPS, Thermo Escalab 210 system, Dreieich, Germany).

2.6. Electrochemical Measurements
The ionic conductivity of the electrolyte can be obtained by the following equation:

L
(RxS)

where ¢ represents the ionic conductivity, L is the thickness of the sample, S represents
the contact area between the electrolyte and the test electrode (SS), and R is the resistance
measured by impedance spectroscopy.

The lithium ion transference number (t;;+) is an important parameter for evaluating
polymer electrolyte membranes. A higher number shows the lithium ion transfer strength
of the membrane, and the transfer is more important during the cycle. Usually, the test is
performed by the timing method on a lithium symmetrical battery (such as Li/SPLL/Li) at
a voltage of 1 mV for 4000 s, and the value is calculated by the following equation.

IS(AV — IORO)

friv =

where Iy and Is are the current values at the beginning and after the DC polarization
is stabilized, and Ry and R are the impedance values before and after DC polarization,
respectively, and AV is the voltage value acting on both ends of the battery [23].

The electrochemical stability window of the electrolyte membrane is obtained by linear
scanning voltammetry. The lithium sheet is used as the counter electrode and the reference
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Energy (eV)

electrode, the stainless steel sheet is used as the working electrode (SS), and the electrolyte
membrane is in the middle (Li/SPLL/SS). The test range is 0-6 V, and the sweep speed
is0.5mVs 1.

The cycle rate test is a standard for evaluating the quality of a battery. The assembled
battery is tested for the cycle and rate performance between the 3.5-5 V electrochemical
window, using the Xinwei tester and the DH7000 (Shenzhen, China) tester for impedance
and CV testing.

3. Results

It can be seen from Figure 1b that the diffraction peaks of the two samples are consistent
with the standard card (35-0754) of the NASICON (Na* superionic conductor) structure
(R-3c). The three prominent diffraction peaks are sharp, indicating that the synthesized
samples are of high crystallinity. Negligible spurious peaks indicate some purity of the
LATP and LAZTP samples. The intensity of the diffraction peak at 1 is higher than at 2 in
Figure 1b, meaning the successful incorporation of Zn element into the lattice system, and
it causes vacancies or defects in the lattice in the LAZTP sample. The SEM-EDS images in
Figure S1 further confirmed that the Zn element is successfully doped with a small amount
in the LAZTP sample.
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Figure 1. (a) LATP and LAZTP unit cell model. (b) XRD patterns of LATP and LAZTP. (c) Nyquist
patterns of LATP and LAZTP. (d,e) Band structure and total density of states diagrams of LATP. (g,h)
Band structure and total density and states diagrams of LAZTP. (f) SEM image of LAZTP. (i) SEM
image of LATP.

As shown in Figure 1lc, the conductivity of LAZTP is much higher than LATP
(1.69 x 1073 Sem~! vs. 4.02 x 107* S cm™!). Theoretical calculations are used to confirm
the further conductivity of LAZTP. The calculation results show that the energy bandgap
of LATP is 0.165 eV (Figure 1d), while the energy bandgap of LAZTP (Figure 1g) is only
0.05 eV. Such a small bandgap is beneficial for electrons to transition from the valence band
into the conduction band and improve the electronic conductivity of LAZTP.

The density of states of the two samples is shown in Figure 1e,h. LAZTP is metalized
after doping. The energy transition decreases and the conductivity increases, which is
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consistent with the experimental results, indicating that the doping of Zn element greatly
improves the conductivity of the material.

As shown in Figure 1f,i, the particle distribution of the samples is relatively uniform
with low agglomeration and clear boundary. Compared with LATP, the LAZTP has a
smaller grain size and a smoother surface, which is conducive to the migration of Li*.

The interaction mechanism between lithium ions and electrolyte skeleton was further
revealed by XRD and Raman spectroscopy. As shown in Figure 2a, the XRD patterns
of (Polyethersulfone)PES, (Polyvinyl chloride)PVC, and PVDF are different, and their
characteristic peaks are displayed in the SP (PVDF-PES-PVC) polymer. The diffraction
peak at ~20° is broad, indicating that amorphous regions are formed in the SP polymer,
conducive to the transmission of Li*. No impurity peaks can be observed in the XRD
patterns, suggesting the high purity of the composite electrolyte. Figure 2b shows the
Raman spectra of the polymers in the range of 2000-3000 cm~!. The characteristic peaks of
the SP polymer are only the superposition of the peaks of the three polymers, indicating that
the SP polymer is only copolymerized of the three polymers, which is in good agreement
with XRD results. Figure 2c shows the XRD patterns of SP, SPL, and SPLL. Compared
with SP, the peaks at 26 ~ 20° and ~33°of SPLL are significantly weakened, indicating
that with the addition of LiBFy, the heterogeneous salt doping process changes the locally
ordered polymer-ion assembly; filling the defective LiBF4 nanocrystalline grains into the
intercrystalline network, changing the lattice structure, and improving the conductivity of
the copolymer substrate. The peak intensities of SPLL are different from SPL, which is due
to the addition of LAZTP in SPLL. Figure 2d shows the Raman spectra of SP, SPL(PVDF-
PES-PVC-LiBF,), and SPLL, which reflects that the structure of SP changes with the addition
of LiBFy, and the structure of SPL changes with the addition of LAZTP.
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Figure 2. (a,c) XRD patterns of different polymer. (b,d) Raman patterns of different polymer. (e) Con-
ductivity of polymer electrolyte at different temperatures. (f) SPLL impedance diagram at different
temperatures.

Electrochemical impedance spectroscopy (EIS) was utilized to explore the conductivity
of the composite electrolytes [24]. As shown in Figure 2e, the conductivity of SPL polymer
electrolytes increases as the temperature rises. However, for SPLL polymer electrolyte,
the conductivity did not dramatically change, indicating that the electrolyte membrane is
adapted to a broad temperature environment and is more stable than SPL. Figure 2f shows
that the interface impedance decreases as the temperature changes for SPLL. Still, the phase
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does not change, indicating that the prepared electrolyte membrane can maintain stable
cycling at different temperatures.

Figure 3 shows the preparation flow chart of the polymer electrolyte. PES, PVC, and
PVDF polymers constitute a polyelectrolyte and then lithium salt LiBF, is added to form a
stable polymer. LAZTP is used as an additive to improve lithium ion transport channels,
and inorganic metal oxides are added to increase the amorphous area of the polymer.
After mixing uniformly, the composite is poured on a polytetrafluoroethylene template.
Subsequently, the composite is cut to the size of a steel sheet after drying. Afterward, the
product is assembled into a quasi-solid battery. Then, electrolyte was added to the battery
to improve the humidity of the composite interface. The battery was taken out from the
glove box and put in a dry box to stabilize polymerization. Finally, the battery was tested
under air conditions.

60°C 12 h

- -

—
m“m ]

EE 3k iixxx

Figure 3. Schematic diagram of preparation of PES-PVC-PVD-LiBF;-LATP polymer electrolyte and
assembly of solid-state LiNig sMnj 50, /SPLL/Li lithium battery.

Figure 4a shows the assembly sequence of the prepared electrolytes in the solid-state
battery. The lithium ion migration number of SPL is calculated by chronoamperometry
combined with AC impedance spectroscopy. At the initial stage of polarization, both Li*
and LiBFy provide current. At the end of polarization, only Li* are transferred from one
lithium electrode to another, and the current reaches a constant value. In SPL polymer
electrolytes, the mobility of Li* is lower than that of the corresponding anions due to the
high complexation of Li* with the three polymer substrates. As shown in Figure 4b,e, the
Li+ transference number of SPL is 0.32, while the lithium ion migration number of SPLL is
0.5, which is significantly higher than that of SPL. It was believed that the high lithium ions
mobility of SPLL is due to the binding effect of LAZTP on anions.

The electrochemical stability window of the composite electrolytes was carried out
by linear sweep voltammetry. As shown in Figure 4d, when the voltage rises to 5.1 V, the
SPL is oxidized and decomposed, while the electrochemical stability window of SPLL can
increase to more than 5.2 V, indicating that adding LAZTP to the polymer can increase the
electrochemical stability window of polymer electrolyte. The wide electrochemical stability
window of the composite electrolyte system is due to the strong interaction between small
molecules and the trapping effect of a large number of micropores [25]. Therefore, SPLL
can match the high voltage cathode of high-energy-density lithium-ion batteries.
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Figure 4. (a) Polymer electrolyte membrane assembly test. (b,c) SPL timing current and impedance
before and after timing. (d) SPL and SPLL linear voltammetry test. (e,f) SPLL timing current and
impedance before and after timing. (g—i) XRD patterns after exposing to air (40% relative humidity).

The structural stability of the composite electrolytes was evaluated in the air. The
indoor relative humidity is 40%. XRD was used to analyze the change of crystal structure.
As shown in Figure 4g, new peaks at 20 ~ 36° and ~55° were produced after 40 min,
indicating that slight water decomposition occurred in the SP polymer. As shown in
Figure 4h, new peaks appeared after 40 min, corresponding to Li,O and LiOH, indicating
that the crystal structure of SPL polymer electrolyte changed. As shown in Figure 4i, the
peak strength of SPLL polymer does not change significantly, indicating that the addition
of LAZTP improves the stability of the composite electrolyte.

Figure 5 presents the chemical composition of the polymer electrolyte by X-ray pho-
toelectron spectroscopy (XPS). Figure 5a represents the C element of SPL and SPLL. The
peaks of SPLL at the low value are higher than SPL, indicating that the internal C structure
of the polymer has changed after adding LAZTP and SiO,, resulting in highly stable under
air circulation. As shown in Figure 5b, for SPLL, two peaks at 402.3 eV and 399.8 eV in
the pristine N1s spectrum correspond to the N in [bmim]* cation (Ncation) and [Tf,N]~
anion (Nanion). Compared with SPL, the N element peaks of SPLL increased significantly,
indicating that the number of anion groups increased, which accelerated the transport of
lithium ions. As shown in Figure 5c¢, the intensity of the Li* peak is weak, suggesting an
increase of the amorphous region area in the polymer, thereby increasing the Li* mobility
of the polymer.

To prove that the addition of LAZTP and SiO, reduces the crystallinity of polymer
electrolyte and provides a lithium ion migration channel, we analyzed the local chemical
environment of lithium ion by 13C solid-state nuclear magnetic resonance (NMR). As shown
in Figure 5d, the peaks of SPL are scattered, and there are many impurity peaks. In contrast,
for SPLL, the peaks near 50 ppm and 140 ppm gradually become sharp, indicating that the
addition of LAZTP and SiO; reduces the crystallinity of SPLL polymer and enhances the
conductivity of the material, which is consistent with the EIS results [26].

109



Nanomaterials 2022, 12, 3069

ISPL SPL
a Cls b Nis

~ ~

] 5

< <
N~ ~

>
-‘2 ISPLL g ISPLL

g £
= =

1 1 1 1 1 1 1 1 1 1 1 1 1 1

300 295 290 285 280
Bingding energy (eV)

412 410 408 406 404 402 400 398 396 394 392 390
Binding energy (eV)

Lils
——SPLL
——SPL

Mo

SPLL

Intensity (a.u.)

L L L L L L L
64 62 60 58 56 54 52 50 -50 0 50 100 150 200 250 300 350

Bingding energy (eV) ppm

Figure 5. (a) Lils, (b) N1s, and (c) Lils XPS spectra of the SPL and SPLL. (d) Solid state NMR of the
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Constant current charge and discharge (GCD) were used to evaluate the influence
of the addition of LAZTP and SiO; on the electrochemical stability of the polymer elec-
trolytes under the current density of 0.05, 0.1 and 0.2 mA cm 2. Figure 6c shows that the
Li/SPLL/Li battery exhibits a stable Li electroplating/stripping under the corresponding
current density. Moreover, it displays excellent stability even after 1000 cycles of long-
term plating/stripping, demonstrating a good rate performance. On the contrary, the
SPL polymer appears flocculent at 0.2 mA cm~? during the plating/stripping process
(Figure S2) [27]. Figure 6b shows that the interface impedance increases after the cycling
test, indicating that a stable SEI film is formed at the interface, reducing the loss at the
interface and improving the Li* transmission rate. According to literature reports, adding
inorganic metal oxide LAZTP [28] and non-metal oxide SiO; [29] can increase the conductiv-
ity and amorphous region of the polymer electrolyte and improve the lithium ion migration.
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Figure 6. (a) Two-sided photo after GCD cycled 1000 times. (b) impedance spectra before and after
GCD cycle. (c) GCD cycling of the Li/SPLL/Li cells at 0.05, 0.1 and 0.2 mA cm 2.
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To evaluate the electrochemical stability of the electrolytes, the LNMO/SPLL/Li and
LNMO/SPL/Li batteries were assembled with SPLL and SPL electrolyte membranes,
respectively [30]. Figure 7a,d shows the rate performance of the two batteries at 0.1 C,
02C,03C,05C,1.0C, and 2.0 C. Compared with the SPL polymer battery, the SPLL
polymer electrolyte battery exhibits a better rate performance. Figures S3 and 7b are the
cycle performance and CV curves of the LNMO/SPLL/Li battery. The CV curves change
slightly after five cycles, indicating that the battery has a stable cycle performance [31].
Figure 7c displays the discharge/charge curves of the first 100 cycles at a rate of 0.1 C
at room temperature. It has a high voltage discharge platform of 4.7 V and a high cycle
stability. The charge and discharge specific capacity of the first cycle are 140 mAh/g and
122 mAh/g, respectively, which are close to the theoretical specific capacity of LNMO,
suggesting an excellent cycle stability of the SPLL polymer [32]. Figure 7e shows the
Nyquist plots of the LNMO/SPLL/Li battery after various charging/discharging cycles
at the fully charged state. The charge transfer impedance decreases and finally stabilizes
with the increase of the cycle number, indicating that the SPLL polymer has a good cycle
performance. As shown in Figure 7f, the capacity retention rate of the LNMO/SPLL/Li
battery is still 98.4% after 100 cycles. On the contrary, the LNMO/SPL/Li battery displays
a poor cycle performance (Figure 54), indicating that adding inorganic metal oxide LAZTP
and non-metallic oxide SiO, could improve the stability of the polymer electrolyte.
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Figure 7. Electrochemical performance of the all-solid-state cell with LNMO cathode and SPLL:
(a) rate capability; (b) CV curves of LNMO/SPLL/Li; (c) typical discharge—charge profiles at 0.1 C
rate; (d) charge/discharge curves under various current densities ranging from 0.1 to 2.0 C; (e) Nyquist
plots; and (f) the cycling performance between 3.5 and 5V at 0.1 C rate.

The morphology of the SPLL polymer electrolyte was characterized by SEM before
and after cycling. The electrolyte exhibits a smooth surface morphology before cycling
(Figure S5a,b) and shows a cross-networking morphology after 100 cycles, indicating that
the polymer electrolyte membrane reacts to form an ion conduction channel for lithium
ion transmission. It can also be seen from the cross-section that the uncirculated electrolyte
cross-section is neatly arranged and dense. When electrochemical charging and discharging
are carried out, a network structure appears inside the electrolyte, which indicates that a
chemical reaction occurs internally during the charging and discharging process, forming a
new type of electrolyte. The conductive network provides a powerful channel for lithium
ion transmission.
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Figure S6 shows the morphology of the SPLL polymer electrolyte membrane before
and after cycling. The electrolyte displays a white morphology before cycling. However,
the surface of the electrolyte turns black after 100 cycles, which is the residue of the
LNMO cathode. At the polymerization temperature (60 °C), SPLL is in close contact with
LNMO. The good interface contact ability is conducive to the shuttle of Li+ in the interface.
Figure S7 shows the XRD patterns of the polymer electrolyte membrane before and after
cycling. The characteristic peak is very sharp before cycling, and no by-products were
generated after 20 cycles, indicating that no side reactions occurred during cycling.

The cycling stability of the LNMO/SPLL/Li batteries is evaluated at a current density
of 0.25 C. As shown in Figure 8, the battery can reach up to 117.5 mAhg ! in the first cycle.
After 500 cycles, the capacity can still reach 85.6 mAhg~! with a capacity retention rate
of 82.5% [33]. For such a good performance, we attribute it to several aspects. First, the
LAZTP can provide lithium ion transport channels to improve the ionic conductivity of the
polymer. On the other hand, the non-metal oxide SiO; can increase the amorphous area of
the polymer and expand the lithium ion transport channel. Finally, we add a small amount
of electrolyte on both sides of the polymer SPLL to reduce interface impedance.
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Figure 8. Cycling performance of the assembled all-solid-state LNMO/SPLL/Li battery at 0.25 C.

The polymer electrolyte is ignited (Figure S8) to test its stability in the air. The elec-
trolyte membrane burns when the fire source touches the electrolyte for 2 s. Subsequently,
the electrolyte membrane goes out when being removed from the fire source. When we
again put it on the polymer electrolyte for 4 s, the electrolyte membrane burned up, and
the electrolyte membrane extinguished immediately as the fire source was removed. These
results show that the electrolyte has a good air stability.

4. Conclusions

This work prepared a composite solid electrolyte with high mechanical flexibility and
non-flammability. Firstly, the crystallinity of the polymer is reduced, and the fluidity of
Li* between the polymer segments is improved by tertiary polymer polymerization. The
composite solid electrolyte has an excellent Li* conductivity (3.18 x 10~* mS cm™~'). The
LNMO/SPLL/Li battery has a capacity retention rate of 98.4% after 100 cycles, which is
much higher than that without inorganic oxides. This research provides an important
reference for developing all-solid-state batteries in a greenhouse.
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Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/nano12173069/s1, Figure S1: SEM-EDS of the LAZTP. (a) 10 um size
LAZTP. (b) Zn element content chart; Figure S2: SPL’s GCD at three different current densities; Figure S3:
CV test of SPLL under different cycle rates; Figure S4: (a) 50 cycles of LNMO/SPL/Li at 0.1c rate in
the greenhouse. (b) The first charge and discharge of LNMO/SPL/Li at different rates; Figure S5:
(a,b) Surface map of the SPLL before and after cycle. The SEM cross-sectional view of (c) and (d);
Figure S6: Physical image of the surface before and after the SPLL cycle; Figure S7: XRD before and
after SPLL cycle; Figure S8: Physical image of the surface before and after the SPLL cycle. SP is an
electrolyte membrane formed by stirring and drying three polymers in DMF (among them, DMF
30mL, PVA 1 g, PES 2 g, PVDF 5% copolymerized base); SPL is added on the basis of SP LiBF4 (PES
es:Li = 8:1); SPLL is based on SPL with 10%LAZTP added.
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Abstract: Solid-state lithium sulfur batteries are becoming a breakthrough technology for energy
storage systems due to their low cost of sulfur, high energy density and high level of safety.
However, its commercial application has been limited by the poor ionic conductivity and sulfur
shuttle effect. In this paper, a nitrogen-doped porous carbon fiber (NPCNF) active material was
prepared by template method as a sulfur-host of the positive sulfur electrode. The morphology
was nano fiber-like and enabled high sulfur content (62.9 wt%). A solid electrolyte membrane
(PVDE/LiClO4/LATP) containing polyvinylidene fluoride (PVDF) and lithium aluminum titanium
phosphate (Lij.3Aly.3Ti;.7(POy4)3) was prepared by pouring and the thermosetting method. The
ionic conductivity of PVDF/LiClO4/LATP was 8.07 x 107> S cm ™! at 25 °C. The assembled battery
showed good electrochemical performance. At 25 °C and 0.5 C, the first discharge specific capacity
was 620.52 mAh g~1. After 500 cycles, the capacity decay rate of each cycle was only 0.139%. The
synergistic effect between the composite solid electrolyte and the nitrogen-doped porous carbon fiber
composite sulfur anode studied in this paper may reveal new approaches for improving the cycling
performance of a solid-state lithium-sulfur battery.

Keywords: solid-state lithium-sulfur battery; composite polymer electrolytes; porous carbon

1. Introduction

With the increasing energy demand for energy storage equipment in the current
market, traditional lithium-ion batteries cannot meet the requirements due to low energy
density, poor safety and high cost [1,2]. Therefore, it is imperative to develop and research
a new battery system with high specific energy and high safety. The theoretical specific
capacity and theoretical specific energy of lithium-sulfur battery can reach 1675 mAh g~ !,
2600 wh kg~!. What’s more, sulfur has obvious advantages in environmental protection,
acquisition cost, and so on. It is considered to be the most promising next-generation new
energy storage system [3,4]. However, the commercialization of lithium-sulfur batteries
still faces some problems [5,6]. Firstly, liquid electrolytes have the safety problem of
inflammability and the possibility of explosion, and the lithium dendrite grown from the
negative electrode pierces the diaphragm, leading to short circuit [7,8]. Secondly, sulfur has
poor electrical conductivity and low utilization rate of active materials. The “shuttle effect”
caused by polysulfide dissolution leads to low capacity and coulomb efficiency [1,9].

In order to solve the above problems, more and more attention has been paid to solid-
state lithium-sulfur batteries [10,11]. On the one hand, the cathode side requires a high
conductivity material to improve contact with low conductivity S. Carbon materials have
high electrical conductivity, high specific surface area and excellent mechanical properties,
which can provide a conductive network for sulfur and discharge products (Li,S) and
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improve the electrochemical performance of sulfur cathodes [12]. In addition, the intro-
duction of nitrogen doping cannot only significantly improve the electrical conductivity
of carbon materials, but also introduce active sites on the surface of carbon materials [13].
Therefore, nitrogen-doped carbon materials can be used in lithium-sulfur batteries as active
materials with high electronic conductivity and strong physical and chemical adsorption.
On the other hand, there is no solid electrolyte that can meet all the requirements, such
as high ionic conductivity at room temperature, a wide electrochemical stability window,
good mechanical properties, etc. [14-17]. The advantages and disadvantages of different
solid-state electrolytes are integrated by using composite electrolytes, which provides a
new idea for further study of solid-state lithium-sulfur batteries. Polyoxyethylene (PEO)
and polyvinylidene fluoride (PVDF) are common polymer electrolyte substrates [18-20].
Currently, polyoxyethylene (PEO) has been widely studied in lithium-sulfur batteries,
but its ionic conductivity is low at room temperature, and it can only show good ionic
conductivity in the amorphous state of 60~90 °C [21]. Compared with PEO, the PVDF
electrolyte has better mechanical strength and a higher melting point. Adding inorganic
filler to a polymer electrolyte to form CPEs can effectively improve ionic conductivity
and lithium-ion transference number. Common inorganic electrolytes include NASICON
type, Lil()Gestlz(LGPS) type, LIXPON type, LizS-PzS5 type and Li7La32r2012 (LLZO)
type [22-25]. Lithium titanium aluminum phosphate (LATP) is a glass ceramic material
with NASICON type three-dimensional network structure, which has the advantages
of high mechanical strength, high ionic conductivity, high temperature stability and sta-
bility to air and water [26,27]. However, the application of LATP as an electrolyte in
batteries is limited by its large interfacial impedance and side effects. By adding a cer-
tain amount of nano-scale ceramic materials into the polymer electrolyte, the composite
polymer-ceramic electrolyte (CPEs) formed has lower interfacial resistance and higher ionic
conductivity [28,29]. It can inhibit the formation of lithium dendrite and the shuttle effect
of polysulfide and can be effectively applied to solid-state lithium-sulfur batteries.

In this paper, a nitrogen-doped porous carbon fiber active material (NPCNF) with
a microporous structure and nanofiber shape was prepared via template method. The
NPCNEF/S electrode exhibits excellent performance due to the better electrical conductivity
and strong physical and chemical adsorption of carbon and nitrogen doped materials. A
PVDE/LiClO4/LATP composite solid electrolyte (CPEs) was prepared, which combined
the advantages of inorganic electrolytes and polymer electrolytes. It has the characteristics
of a wide electrochemical window, high ionic conductivity and stable mechanical properties
at room temperature. The assembled quasi-solid lithium sulfur battery was tested at 25 °C
and had excellent performance. This study proves that the long cycle performance of a
solid-state lithium-sulfur battery is improved at a large magnification rate, which provides
ideas for subsequent research.

2. Materials and Methods
2.1. Materials

The raw materials included PEO-PPO-PEO (P123) (99%, Aladdin, Shanghai, China),
CgH,004Si (99%, Aladdin, Shanghai, China), HCI (98%, Aladdin, Shanghai, China),
CoHyNy (99%, Aladdin, Shanghai, China), HF (40%, Aladdin, Shanghai, China), S (99%,
Aladdin, Shanghai, China), polyvinylidene fluoride (PVDF) (Mw = 600,000, Macklin,
Shanghai, China), lithium bisimide (LiClOy4) (99.99% purity, Aladdin, Shanghai, China),
Lij.3Alp.3Tiq.7(POy4)3 (99.99% purity, Macklin, Shanghai, China).

2.2. Preparation of the NPCNF/S Composite

We dissolved 1 g PEO-PPO-PEO (P123) in 6 mL CgH;O045i under magnetic stirring.
Then, we added 32 mL ethanol and 0.583 mL concentrated hydrochloric acid (HCL, 37%) to
the solution. After adding 4 mL of deionized water, wefully stirred the hydrolysis for 2 h.
Adding 2.8 g dicyandiamide (DCDA) as carbon source and nitrogen source, the semi-solid
colloid was obtained by stirring and drying at 80 °C. The powder was dried overnight at

116



Nanomaterials 2022, 12, 2614

80 °C to obtain a white powder; then, we calcined N in a tubular furnace at 1000 °C for
60 min at a heating rate of 3 °C min~!. After cooling to room temperature, the sintered
powder was poured into 5%HF solution to clean the template. Fully cleaned samples were
dried at 60 °C for 12 h to obtain the final product NPCNFE. The NPCNF was mixed with
elemental S at a mass ratio of 1:2 and calcined at 155 °C for 12 h in a tube furnace under a
nitrogen atmosphere. Cooling to room temperature to obtain NPCNFE/S.

2.3. Preparation of the Composite Solid Electrolyte Membrane (CPEs)

PVDE LATP and LiClO4 powders were vacuum-dried at 60 °C for 24 h. PVDE, LATP,
LiClO4 and DMF were weighed at the mass ratio of 10:1:0.124:80. PVDF was dissolved
in 40 mL DMF and stirred at 55 °C for 1 h to form a transparent viscous solution. LATP
and LiClO4 were added and stirred for 5~6 h. Finally, the mixed solution was cast into
a polytetrafluoroethylene mold and vacuum dried at 60 °C for 24~72 h to obtain flexible
electrolyte films with ceramic/polymer composites

2.4. Battery Assembly

NPCNEF/S, conducting carbon and polyvinylidene fluoride (PVDEF), were dissolved in
N-methylpyrrolidone (NMP) at a mass ratio of 7:2:1 and stirred to a obtain uniform slurry.
The slurry was coated on aluminum foil and dried in a vacuum drying oven for 12 h. The
composite electrolyte was cut into discs with a diameter of 18 mm. The 2025-coin cells were
assembled and tested. We then added two drops of electrolyte. The electrolyte was 1.0 mol
LiTFSI in DOL:DME = 1:1 vol% with 1.0 wt% LiNOs.

2.5. Characterization

Via X-ray diffraction (XRD, D8-Advance, Bruker, Germany), the material phase was
analyzed by measuring the diffraction data in the range of 10~90°. Via thermogravi-
metric analysis (TGA) measurement in air atmosphere temperature under the condition
of 10 °Cmin~!, we performed an analysis of material quality, along with the change of
temperature. The cathode material was tested via Raman spectroscopy (XploRA PLUS,
HORIBA, France) under a 523 nm Raman microscope. The microscopic morphology of
the sample was characterized via scanning electron microscope (SEM, Sigma(04-55, ZEISS,
Germany). The composition and valence of solid electrolyte elements were determined by
X-ray photoelectron spectroscopy (XPS, K-alpha, Thermo, America) at 5 kV.

2.6. Electrochemical Measurements

The timing current of lithium symmetric battery was tested at a voltage of 0.5 mV,
lasting 4000 s, and the formula was as follows:

triy = Is(AV — IyRg) / Ip(AV — IsRs)

The lithium-ion transfer rate (¢;;,) can be obtained. Iy and Is are current values after
DC polarization starts and stabilizes, Ry and Rs are the impedance values before and after
the DC polarization, and AV is the value of the voltage applied to both ends of the battery.

For the ionic conductivity test, battery assembly used SS as a symmetrical battery and
electrochemical impedance test together to calculate the ionic conductivity. The frequency
range of impedance test is 0.1~106 Hz.

c=L/S xR

where ¢ represents the ionic conductivity, L is the thickness of electrolyte, S represents the
contact area between electrolyte and test electrode (SS) and R is the impedance value of
battery electrolyte measured by EIS. The battery test system (CT-400, Neware, Hong Kong,
China) performed constant current charge—-discharge cycle tests between 1.5 and 3 V. At 25 °C,
the electrochemical workstation (DH-7000, Donghua, Shanghai, China) was used for cyclic
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voltammetry (CV) test at 1.5~3 V and 0.2 mV s~ 1. Linear sweep voltammetry (LSV) was used
to perform electrochemical window tests at 2~6 V at a scanning rate of 0.1 mV s~ 1.

3. Results

Figure 1 shows the manufacturing process of CPEs and NPCNEFE/S positive poles. The
NPCNF material was prepared via the etching template method. Its unique hole structure
increased the specific surface area of the material, and it could load more elemental sulfur.
After mixing with S, the positive electrode sheet was obtained after the slurry coating. The
polymer, lithium salt and inorganic electrolyte were fully dissolved in the mixed solution,
and the nanoscale LATP was uniformly combined with PVDF to obtain CPEs.

i3l
St i .
H Fl, ©°—\|—° Stirring Casting Drying
PVDF ; :> :> i
0 LiH
Lt 0-¢:":0 Al .
0 LATP Composite polymer
electrolyte
LiClO,

—>

Positive electrode

NPCNF/S

Figure 1. A schematic illustration of the fabrication of the positive electrolyte and CPEs.

XRD patterns of NPCNF and NPCNF/S are shown in Figure 2a. NPCNF/S has an
obvious diffraction peak corresponding to elemental S at 23.04°. There is a diffraction peak
at 24.8° of NPCNF corresponding to the (002) plane of graphite carbon, which proves that
a certain amount of graphite amorphous carbon is formed in the material. The diffraction
peak at two places indicates that the characteristics of elemental S and NPCNF are retained
in NPCNF/S. NPCNF/S, compared with the diffraction peak of sulfur, was reduced greatly,
and this is due to the large amounts of S fully penetrated into the microporous structure
of the carbon fiber material [30]. The corresponding morphology can be observed in the
SEM figure (Figure 3c,d). Raman spectroscopy was used to test NPCNF and NPCNF/S, as
shown in Figure 2b. The D band and G band intensity ratios of NPCNF and NPCNF/S
are 1.04 and 1.03, respectively. The differences were small, indicating that the introduction
of sulfur particles did not change the graphitization degree of NPCNEF. The I /g values
are all greater than 1, indicating that the active material has a high degree of graphite
carbonization and good conductivity [31]. In order to determine the sulfur content of the
NPCNE/S sample, TGA measurement was carried out, as shown in Figure 2c. The mass
change of the sample was measured when the temperature was raised to 800 °C at a heating
rate of 10 °C min~! in a nitrogen flow. It can be seen that there was about a 17 wt% amount
of weight loss when NPCNF rose to 800 °C, and the elemental sulfur rapidly sublimated to
complete disappearance at 250~350 °C. The sulfur content of the NPCNF/S sample is about
62.9 wt%. The sulfur loading and content of the cathode is 0.38 mg cm 2. An experiment
on adsorption of polysulfide lithium was carried out using NPCNE, as shown in Figure ?2d.
Firstly, we added Li;Ssion (Bottle No. 1); 10 mg of NPCNF was added as the No. 2 solution.
After standing for 30 min, a clear and transparent liquid was formed in bottle No.3. The
pore structure of the NPCNF material had an obvious adsorption and anchoring effect on
LiyS4, which results in an inhibiting “shuttle effect” of lithium-sulfur batteries.
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Figure 2. (a) XRD tests of the NPCNF and NPCNF/S (b) Raman spectra of NPCNF and NPCNF/S
(c) TGA curves of S, NPCNF and NPCNEF/S (d) The photograph of the static adsorption test.

SEM characterization tests were conducted for NPCNF and NPCNF/S, as shown
in Figure 3. Figure 3a,b shows that the surface of NPCNF presents an irregular reticular
structure resembling nanofiber. After being fully etched by the HF solution, an EDS test
analysis of NPCNF shows that no Si element was found in the material, and nano-SiO,
particles generated by tetraethyl orthosilicate hydrolysis were cleaned and removed. The
holes leftover increase the specific surface area of the material, which is conducive to
the load of S and sulfide in the positive electrode. At the same time, polysulfide can be
adsorbed through physical action to provide channels for ion transfer in the battery. After
loading S, the sample changes from a nanofiber to porous mesoporous structure, but the
original carbon fiber conductive network still remains, as shown in Figure 3c,d. This unique
porous mesoporous structure anchors polysulfide, which inhibits the “shuttle effect” and
improves the cycling performance of the battery [32]. Figure 3e-h shows the EDS test
analysis element map in the specified region of NPCNF/S, where C,N,S elements are
evenly distributed, proving the uniformity of material doping.

The XRD results of CPEs can be seen in Figure 4a, 24.2° and 20°, respectively, cor-
respond to characteristic peaks of LATP and PVDEF, and another wide peak appears at
38.9°, indicating that PVDF is dominated by y phase [33]. The characteristic peaks of
PVDF and LATP were retained in the samples, indicating that the PVDF and LATP did not
combine with each other, but kept their respective characteristics together. Figure 4b shows
that the absorption peak of PVDF/LiClO4 complex at 785,910,1131,1438 and 1590 cm ™!
did not shift with the addition of LATP. The change of peak value at 910 cm™! cor-
responds to the out-of-plane bending of C-H bond, and the change of peak value at
1590 cm™~! is the stretching vibration of C-C bond and C=0, indicating that the addition
of LATP is conducive to lithium-ion migration [34]. The TGA tests were conducted for
PVDEF/LiClO4 and PVDE/LiClO4 /LATP. As shown in Figure 4c, rapid weight loss occurred
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at 400~500 °C. It can be seen from Figure 4d that the temperature of rapid sublimation loss
of PVDF/LiClO4 and PVDF/LiClO4/LATP were 471 °C and 433 °C. The weight loss rate
of PVDF/LiClO4/LATP was lower than that of PVDF/LiClOy, indicating that the addition
of LATP improved the thermal stability of CPEs.

()

(8 (h)

Figure 3. (a,b) SEM images of NPCNF (c,d) SEM images of NPCNF/S (e) SEM image of NPCNF/S
and corresponding elemental mapping images (f) C element (g) N element (h) S element.
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Figure 4. (a) XRD tests of the CPEs (b) ATR-FTIR (c) TGA curves of CPEs (d) DTG curves of CPEs.

See Figure 5a for measuring the EIS of CPEs and LATP under 25 °C. It is obvious that
the impedance of electrolyte was greatly reduced, which was due to the better flexibility of
the membrane made by the combination of PVDF and LATP, as shown in Figure 5e, greatly
reducing the interface impedance. The ionic conductivity was at 25 °Cis 8.07 x 107> Scem L.
Figure 5b shows the Arrhenius diagram of CPEs. With the increase of temperature, the
ionic conductivity also increased correspondingly. The increase of temperature promoted
the expansion of the polymer and generated free volume in the polymer, which enhanced
the segment movement of the polymer and increased the ionic conductivity [35]. The
electrochemical window is also an indicator to evaluate the performance of CPEs. Therefore,
linear sweep voltammetry (LSV) was used to characterize the electrochemical window. As
shown in Figure 5c, the composite solid electrolyte membrane could withstand a voltage of
4.56 V, which is more than sufficient for Li-S batteries. Figure 5d shows the initial impedance
spectrum and the impedance spectrum and timing current curve after polarization. The
lithium-ion transfer rate of CPEs was calculated to be 0.77. Compared with a traditional
liquid electrolyte (ti; < 0.5) [36], the addition of LATP improved the lithium-ion transfer
rate and made the CPEs have better performance. A high lithium-ion transfer rate can
generally reduce the concentration of movable anions in CPEs, thus reducing electrode
polarization and the accompanying side reactions [37].

Figure 6 shows the CPEs interface and surface SEM characterization tests. Figure 6a,b
shows the porous structure of CPEs, which is consistent with the SEM image of the surface
in Figure 6c,d. The thickness of CPEs was 183.1 um, and the porous structure formed
by PVDF fiber winding nano-LATP particles was conducive to the transport of lithium-
ions [38]. The EDS spectrum in Figure 6e—h shows the existence of element P, proving that
LATP was uniformly distributed in CPEs, which itself was conducive to the formation of
lithium-ion migration channels [39].

In order to further study the performance of CPEs, XPS tests were carried out on C,
F, O and S elements in CPEs after 500 battery cycles. As shown in Figure 7a, the peak at
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284.9 eV is the C-C bond peak of organic carbon, and the peak at 286.2, 288.3 and 290.5 eV
are carbon—oxygen bonding peaks, indicating the existence of Li;COj3 in SEI film [40]. The
characteristic peak of -CF; appeared at 292.9 eV, corresponding to 684.9 eV in Figure 7b
and indicating that -CF, in PVDF underwent dehydrogenation to generate LiF [41], which
exactly corresponded to the LiF peak at 687.9 eV in Figure 7b. The LiF can inhibit the growth
of lithium dendrites and increase the diffusion rate of lithium-ions [42,43]. Figure 7c shows
the Ols orbital graph. The characteristic peak of -ClO4 at 533 eV is the free -ClOy in
LiClO4. At 532.3 eV, -504 shows the positive S reaction to generate the sulfate salt, which is
consistent with the -5O4 at 169.2 and 170.4 eV in Figure 7d. In Figure 7d, 164.4 and 165.6 eV
are natural sulfur [44,45], and no peak bond of polysulfide is found, indicating that the
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(f)

(8) (h)

Figure 6. (a,b) A cross-sectional SEM image of CEPs; (¢,d) SEM images of CEPs; (e) an SEM image of
CEPs and corresponding elemental mapping images; (f) C element; (g) F element; (h) P element.

Figure 8a presents the CV curves of the Li| PVDF/LiClO4/LATP |NPCNF/S batter-
ies in the voltage range of 1.5~3 V at a scanning rate of 0.2 mV S~! at 25 °C. In the first
scan, two reduction peaks appear at 2.3 V and 1.98 V, indicating that S8 is reduced to
LiySn (4 < n < 8) and LipSy/LisS [46] during the discharge process. An oxidation peak
that appeared at 2.5 V suggests LiyS,/LiyS oxidized in the process of charging. This
is consistent with the phenomenon in the charge—discharge curve of Figure 8c. As the
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cycle continues, the SEI film tends to be stable and the test curves coincide well, which
proves that the polymer electrolyte has good reversible properties. In order to further
understand the electrochemical properties of solid-state lithium-sulfur batteries, the AC
impedance after different charge—discharge cycles was measured, as shown in Figure 8b.
All impedance spectra exhibit at least one semicircular with a Warburg component for
the diffusion of lithium-ions through the electrode. After the first charge-discharge cycle,
the RCT value was 193.5 (), as the number of cycles increased, Rct decreased and finally
stabilized after the 10th cycle. It indicates that a stable SEI film is formed in the battery.
Research regarding the rate performance test between 0.1 and 1 C is shown in Figure 8d.
The discharge specific capacities of the Li| PVDF/LiClO4 LATP | NPCNEF/S battery were
595.5 mAh g~! (0.1 C, 1st), 292.3 mAh g~! (0.2 C, 10st), 200.9 mAh g~! (0.5 C, 15st),
141.5 mAh g~! (1 C, 20st). When the rate was restored to 0.1 C, the specific capacity was
390.5 mAh g~!. This shows that the reversible specific capacity of the battery can be
maintained after the charging and discharging cycle with a high rate, which proves that
the battery has good rate performance. Moreover, the lithium ions diffusion coefficient
can be obtained by a series of processing in terms of CV curves at different scan rates,
shown in Figure 8e,f. The anodic and cathodic Li* diffusion rate of D(siy) = 1.06 X 1078,
Degriy) = 2.06 % 1072 and D(cLi+) = 4.36 X 1072 em? s L. Figure 8g shows the test of
500 long cycles of the battery at 25 °C and 0.5 C. The capacity decay of only 0.139% per
cycle, and the coulomb efficiency of the whole cycle is close to 100%, indicating that
the battery has good cycle performance. The conductive framework in NPCNFE/S and
composite electrolytes (CPEs) can provide embedded channels for polysulfide formed
in the charge—discharge cycle and inhibit the deposition of polysulfide at the Li-anode
interface, thus reducing the influence of “shuttle effect” and improving the performance
of batteries.
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Figure 7. XPS of the CEPs after 500 cycles (a) C 1s (b) F 1s (¢) O 1s (d) S 2p.
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(g) cyclic performance of the Li | PVDF/LiClO4/LATP INPCNEF/S cell at 0.5 C.

4. Conclusions

In this paper, NPCNF as a high-efficiency conductive skeleton of sulfur electrode
active material was prepared by template method. The PVDF/LiClO,/LATP electrolyte
with good performance was prepared via mixed solution casting method. The NPCNF
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has a good morphology, such as with nano fiber, having an obvious adsorption effect
on polysulfide, and the sulfur content can reach 62.9 wt%. The active material has a
high carbonation degree of graphite and good electrical conductivity. At 25 °C, the ionic
conductivity of PVDF/LiClO4/LATP electrolyte is 8.07 x 10~ S em™!, and the lithium-ion
transfer rate can reach 0.77. With the addition of nanoscale LATDP, the overall performance of
CPEs is better than that of a garnet type and PVDF-based solid electrolytes. The assembled
cell has a low impedance, and the RCT value of the first ring is 193.5 Q). The battery has
a good rate performance and can work at 1 C, maintaing a certain specific capacity. At
25 °C and 0.5 C, the specific discharge capacity of 500 cycles is 620.52 mAh g~!, and the
capacity decay rate of each cycle is only 0.139%. This method for preparing the excellent
sulfur positive electrode, combined with the composite electrolyte membrane, provides a
new idea for improving the long cycle performance of solid-state lithium-sulfur batteries at
room temperature.

Author Contributions: X.L.: Supervision, resources, conceptualization, writing—review and editing,
project administration, and funding acquisition; Y.Z.: Investigation, methodology, writing—original
draft, formal analysis, and data curation; Y.N.: data curation; D.H.: investigation; L.L.: funding
acquisition; S.L.: writing—review and editing. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was supported by Guangxi Natural Science Foundation (No. 2020GXNS-
FAA297082), Guangxi Innovation Driven Development Project (No. AA18242036-2); the Fund Project
of the Key Lab of Guangdong for ModernSurface Engineering Technology (No. 2018KFKTO01); the
National Natural Science Foundation of China (No. 52161033).

Data Availability Statement: The data that support the findings of this study are available upon
reasonable request.

Acknowledgments: We are thankful to the following authors for their contributions, as well as for
the purchase of materials and conducting the relative experiments: Yu Zhang, Xinghua Liang, Yujuan
Ning, Dongxue Huang, Linxiao Lan and Siying Li.

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

References

1. Pang, Q.; Liang, X.; Kwok, C.Y.,; Nazar, L.F. Advances in lithium-sulfur batteries based on multifunctional cathodes and
electrolytes. Nat. Energy 2016, 1, 16132. [CrossRef]

2. Fu, A.; Wang, C,; Pei, F; Cui, J.; Fang, X.; Zheng, N. Recent advances in hollow porous carbon materials for lithium-sulfur
batteries. Small 2019, 15, 1804786. [CrossRef] [PubMed]

3. Fan, L.L.; Deng, N.P; Yan, J.; Li, Z.H.; Kang, W.M.; Cheng, B.W. The recent research status quo and the prospect of electrolytes for
lithium sulfur batteries. Chem. Eng. J. 2019, 369, 874-897. [CrossRef]

4. Liu, YJJ.; Zhou, P; Hao, S. Rechargeable solid-state Li-Air and Li-S batteries: Materials, construction, and challenges. Adv. Energy
Mater. 2018, 8, 1701602. [CrossRef]

5. Urbonaite, S.; Poux, T.; Petr, N. Progress towards commercially viable Li-S battery cells. Adv. Energy Mater. 2015, 5, 1500118.
[CrossRef]

6.  Skilton, R.A.; Bourne, R.A.; Amara, Z.; Horvath, R.; Jin, J.; Scully, M.J.; Streng, E.; Tang, S.L.Y.; Summers, P.A.; Wang, J.
Remote-controlled experiments with cloud chemistry. Nat. Chem. 2014, 7, 1-5. [CrossRef]

7. Tao, X.; Chen, X,; Xia, Y.; Huang, H.; Gan, Y.; Wu, R; Chen, F,; Zhang, W. Highly mesoporous carbon foams synthesized by a
facile, cost-effective and template-free Pechini method for advanced lithium-sulfur batteries. J. Mater. Chem. A 2013, 1, 3295-3301.
[CrossRef]

8.  Zheng, G,; Yang, Y.; Cha, ].J.; Hong, S.S.; Cui, Y. Hollow carbon nanofiber-encapsulated sulfur cathodes for high specific capacity
rechargeable lithium batteries. Nano Lett. 2011, 11, 4462-4467. [CrossRef]

9.  Manthiram, A.; Fu, Y.; Chung, S.H.; Zu, C,; Su, Y.S. Rechargeable lithium-sulfur batteries. Chem. Rev. 2014, 114, 11751-11787.
[CrossRef]

10. Mangani, L.R; Villevieille, C. Mechanical vs. chemical stability of sulphide-based solid-state batteries. Which one is the biggest
challenge to tackle? Overview of solid-state batteries and hybrid solid state batteries. J. Mater. Chem. A 2020, 8, 10150-10167.
[CrossRef]

11. Lei, D.; Shi, K.; Ye, H.; Wan, Z.; Wang, Y.; Shen, L.; Li, B.; Yang, Q.H.; Kang, F.; He, Y.B. Solid-state electrolytes: Progress and

perspective of solid-state lithium-sulfur batteries. Adv. Funct. Mater. 2018, 28, 1870272. [CrossRef]

126



Nanomaterials 2022, 12, 2614

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.
33.

34.

35.

36.

37.

38.

Jeong, B.O.; Kwon, SSW.; Kim, T.J.; Lee, E.H.; Jeong, S.H.; Jung, Y. Effect of carbon black materials on the electrochemical properties
of sulfur-based composite cathode for lithium-sulfur cells. J. Nanosci. Nanotechnol. 2013, 13, 7870-7874. [CrossRef]

Li, X.; Sun, X.L. Nitrogen-doped carbons in Li-S batteries: Materials design and electrochemical mechanism. Front. Energy Res.
2014, 2, 49. [CrossRef]

Yu, J.; Lee, M.; Kim, Y.; Lim, HK.; Chae, J.; Hwang, G.S.; Lee, S. Agent molecule modulated low-temperature activation of
solid-state lithium-ion transport for polymer electrolytes. J. Power Sources 2021, 505, 229917-229924. [CrossRef]

Chen, X.; He, W.; Ding, L.X.; Wang, S.; Wang, H. Enhancing interfacial contact in all solid state batteries with a cathode-supported
solid electrolyte membrane framework. Energy Environ. Sci. 2019, 12, 938-944. [CrossRef]

Zheng, Y.; Yao, Y,; Ou, J.; Li, M.; Luo, D.; Dou, H.; Li, Z.; Amine, K.; Yu, A.; Chen, Z. A review of composite solid-state electrolytes
for lithium batteries: Fundamentals, key materials and advanced structures. Chem. Soc. Rev. 2020, 49, 8790-8839. [CrossRef]
Zuo, C.; Yang, M.; Wang, Z; Jiang, K.; Li, S.; Luo, W.; He, D.; Liu, C.; Xie, X.; Xue, Z. Cyclophosphazene-based hybrid
polymer electrolyte via epoxyamine reaction for high-performance all-solid-state lithium-ion batteries. J. Mater. Chem. A 2019,
7,18871-18879. [CrossRef]

Chen, Y,; Shi, Y,; Liang, Y.; Dong, H.; Hao, F.; Wang, A.; Zhu, Y.; Cui, X.; Yao, Y. Hyperbranched PEO-based hyperstar solid
polymer electrolytes with simultaneous improvement of ion transport and mechanical strength. ACS Appl. Energy Mater. 2019,
2,1608-1615. [CrossRef]

Zhai, P; Peng, N.; Sun, Z.; Wu, W.; Kou, W,; Cui, G.; Zhao, K.; Wang, ]J. Thin laminar composite solid electrolyte with high
ionic conductivity and mechanical strength towards advanced all-solid-state lithium-sulfur battery. J. Mater. Chem. A 2020,
8, 23344-23353. [CrossRef]

Barbosa, ].C.; Correia, D.M.; Gongalves, R.; de Zea Bermudez, V,; Silva, M.M.; Lanceros-Mendez, S.; Costa, C.M. Enhanced ionic
conductivity in poly(vinylidene fluoride) electrospun separator membranes blended with different ionic liquids for lithium ion
batteries. J. Colloid Interface Sci. 2021, 582, 376-386. [CrossRef]

Zhang, Y.; Zhao, Y.; Gosselink, D.; Chen, P. Synthesis of poly(ethylene-oxide) /nanoclay solid polymer electrolyte for all solid-state
lithium /sulfur battery. lonics 2015, 21, 381-385. [CrossRef]

McGrogan, EP.; Swamy, T.; Bishop, S.R.; Eggleton, E.; Porz, L.; Chen, X.; Chiang, Y.M.; Van Vliet, K.J. Compliant yet brittle
mechanical behavior of LiyS-P,Ss lithium-ion-conducting solid electrolyte. Adv. Energy Mater. 2017, 7, 1602011. [CrossRef]

Li, M,; Bai, Z; Li, Y.; Ma, L.; Dai, A.; Wang, X.; Luo, D.; Wu, T; Liu, P; Yang, L.; et al. Electrochemically primed functional redox
mediator generator from the decomposition of solid state electrolyte. Nat. Commun. 2019, 10, 1890-1898. [CrossRef]

Li, M,; Frerichs, J.E.; Kolek, M.; Sun, W.; Zhou, D.; Huang, C.J.; Hwang, B.].; Hansen, M.R.; Winter, M.; Bieker, P. Solid-state lithium-
sulfur battery enabled by Thio-LiSICON/Polymer composite electrolyte and sulfurized polyacrylonitrile cathode. Adv. Funct.
Mater. 2020, 30, 1910123. [CrossRef]

Deng, S.; Sun, Q.; Li, M.; Adair, K;; Yu, C; Li, J.; Li, W,; Fu, J.; Li, X;; Li, R,; et al. Insight into cathode surface to boost the
performance of solid-state batteries. Energy Storage Mater. 2021, 35, 661-668. [CrossRef]

Schell, K.G.; Bucharsky, E.C.; Lemke, F; Hoffmann, M.]. Effect of calcination conditions on lithium conductivity in
Lij 3Tiq 7Alg 3(POy)3 prepared by sol-gel route. Ionics 2016, 23, 821-827. [CrossRef]

Han, J.P; Zhang, B.; Wang, L.Y,; Zhu, H.L.; Qi, Y.X,; Yin, L.; Li, N.; Lun, N.; Bai, Y.J. Lij 3Aly3Ti; 7(PO4)3 behaving as a fast
ionic conductor and bridge to boost the electrochemical performance of LiyTisO1p. ACS Sustain. Chem. Eng. 2018, 6, 7273-7282.
[CrossRef]

Zheng, F.; Kotobuki, M.; Song, S.; Lai, M.O.; Lu, L. Review on solid electrolytes for all-solid-state lithium-ion batteries. J. Power
Sources 2018, 389, 198-213. [CrossRef]

Gao, H.; Xue, L,; Xin, S.; Goodenough, J.B. A high-energy-density potassium battery with a polymer-gel electrolyte and a
polyaniline cathode. Angew. Chem. Int. Ed. Engl. 2018, 130, 5449-5453. [CrossRef]

Fu, C;Ma, Y,; Zuo, P; Zhao, W.; Gao, Y.; Tang, W.; Yin, G.; Wang, J. In-situ thermal polymerization boosts succinonitrile-based
composite solid-state electrolyte for high performance Li-metal battery. J. Power Sources 2021, 496, 229861. [CrossRef]

Cheng, D.; Zhao, Y.; An, T.; Wang, X.; Zhou, H.; Fan, T. 3d interconnected crumpled porous carbon sheets modified with high-level
nitrogen doping for high performance lithium sulfur battery. Carbon 2019, 154, 58—-66. [CrossRef]

Xu, Z.L.; Kim, ] K.; Kang, K. Carbon nanomaterials for advanced lithium sulfur batteries. Nano Today 2018, 19, 84-107. [CrossRef]
Cai, X;; Lei, T.; Sun, D.; Lin, L. A critical analysis of the , 3 and 'y phases in poly(vinylidene fluoride) using ftir. Rsc Adv. 2017,
7,15382-15389. [CrossRef]

Shan, Y; Li, L.; Yang, X. Solid-state polymer electrolyte solves the transfer of lithium ions between the solid-solid interface of the
electrode and the electrolyte in lithium-sulfur and lithium-ion batteries. ACS Appl. Energy Mater. 2021, 4, 5101-5112. [CrossRef]
Baskaran, R.; Selvasekarapandian, S.; Kuwata, N.; Kawamura, J.; Hattori, T. Conductivity and thermal studies of blend polymer
electrolytes based on PVAc-PMMA. Solid State Ion. 2006, 177, 2679-2682. [CrossRef]

Cho, Y.G.; Hwang, C.; Cheong, D.S.; Kim, Y.S.; Song, H.K. Gel/solid polymer electrolytes characterized by in situ gelation or
polymerization for electrochemical energy systems. Adv. Mater. 2019, 31, 1804909. [CrossRef]

Kim, D.H.; Hwang, S.; Cho, ].].; Yu, S.; Kim, S.; Jeon, J.; Ahn, K.H.; Lee, C.; Song, HK.; Lee, H. Toward fast operation of lithium
batteries: Ion activity as the factor to determine the concentration polarization. ACS Energy Lett. 2019, 4, 1265-1270. [CrossRef]
Bag, S.; Zhou, C.; Kim, PJ.; Pol, V.G.; Thangadurai, V. Lif modified stable flexible PVDF-garnet hybrid electrolyte for high
performance all-solid-state li-s batteries. Energy Storage Mater. 2019, 24, S2405-58297. [CrossRef]

127



Nanomaterials 2022, 12, 2614

39.

40.

41.

42.

43.

44.

45.

46.

Zhang, Q.; Wang, Q.; Huang, S.; Jiang, Y.; Chen, Z. Preparation and electrochemical study of PVDF-HFP/LATP/g-C3N4 composite
polymer electrolyte membrane. Inorg. Chem. Commun. 2021, 131, 108793-108799. [CrossRef]

Yue, Q.; Shi, S.; Hong, L.; Jr, L. Defect thermodynamics and diffusion mechanisms in Li2CO3 and implications for the solid
electrolyte interphase in Li-ion batteries. J. Phys. Chem. B 2013, 117, 8579-8593.

Bai, Y,; Li, L.; Li, Y;; Chen, G.; Zhao, H.; Wang, Z.; Li, H.; Wu, E; Wu, C. Reversible and irreversible heat generation of nca/si—c
pouch cell during electrochemical energy-storage process. Energy Storage Mater. 2019, 16, 411-418. [CrossRef]

Yuan, Y.; Feng, W.; Ying, B.; Li, Y.; Chen, G.; Wang, Z.; Wu, C. Regulating li deposition by constructing lif-rich host for dendrite-free
lithium metal anode. Energy Storage Mater. 2018, 16, 411-418. [CrossRef]

Chao, X,; Bing, S.; Gustafsson, T.; Edstrm, K.; Hahlin, M. Interface layer formation in solid polymer electrolyte lithium batteries:
An xps study. ]. Mater. Chem. A 2014, 2, 7256-7264.

Fang, R.; Xu, H.; Xu, B.; Li, X;; Li, Y.; Goodenough, J.B. Reaction mechanism optimization of solid-state Li-S batteries with a
PEO-based electrolyte. Adv. Funct. Mater. 2020, 31, 2001812. [CrossRef]

Liang, X.; Hart, C.; Pang, Q.; Garsuch, A.; Weiss, T.; Nazar, L.F. A highly efficient polysulfide mediator for lithium—sulfur
batteries. Nat. Commun. 2015, 6, 5682-5689. [CrossRef]

Zhang, X.; Chen, K,; Sun, Z.; Hu, G,; Xiao, R.; Cheng, H.M.; Li, F. Structure-related electrochemical performance of organosulfur
compounds for lithium-sulfur batteries. Energy Environ. Sci. 2020, 13, 1076-1095. [CrossRef]

128



@ nanomaterials

Article

Aramid Fibers Modulated Polyethylene Separator as Efficient
Polysulfide Barrier for High-Performance
Lithium-Sulfur Batteries

Jifeng Gu !, Jiaping Zhang !, Yun Su ! and Xu Yu >*

Citation: Gu, J.; Zhang, J.; Su, Y,; Yu,
X. Aramid Fibers Modulated
Polyethylene Separator as Efficient
Polysulfide Barrier for High-
Performance Lithium-Sulfur
Batteries. Nanomaterials 2022, 12, 2513.
https://doi.org/10.3390/
nano12152513

Academic Editor: Jung Woo Lee

Received: 23 June 2022
Accepted: 20 July 2022
Published: 22 July 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/).

College of Physics and Electronic Engineering, Xinxiang University, Xinxiang 453003, China;
zk_gujifeng@163.com (J.G.); wdsysx@163.com (J.Z.); bit-1@163.com (Y.S.)

School of Chemistry and Chemical Engineering, Yangzhou University, Yangzhou 250002, China
*  Correspondence: yxypzl5@yzu.edu.cn

Abstract: The separators with high absorbability of polysulfides are essential for improving the
electrochemical performance of lithium—sulfur (Li-S) batteries. Herein, the aramid fibers coated
polyethylene (AF-PE) films are designed by roller coating, the high polarity of AFs can strongly
increase the binding force at AF/PE interfaces to guarantee the good stability of the hybrid film.
As confirmed by the microscopic analysis, the AF-PE-6 film with the nanoporous structure exhibits
the highest air permeability by the optimal coating content of AFs. The high absorbability of
polysulfides for AF-PE-6 film can effectively hinder the migration of polysulfides and alleviate
the shuttle effect of the Li-S battery. AF-PE-6 cell shows the specific capacity of 661 mAh g~!
at 0.1 C. After 200 charge/discharge cycles, the reversible specific capacity is 542 mAh g~! with
the capacitance retention of 82%, implying the excellent stability of AF-PE-6. The enhanced cell
performance is attributed to the porous architecture of the aramid layer for trapping the dissolved
sulfur-containing species and facilitating the charge transfer, as confirmed by SEM and EDS after
200 cycles. This work provides a facile way to construct the aramid fiber-coated separator for the
inhibition of polysulfides in the Li-S battery.

Keywords: nanoporous; aramid fibers; polysulfides; Li-S battery

1. Introduction

Lithium-sulfur (Li-S) batteries with a high energy density (2600 Wh kg~!) and high
theoretical specific capacity (1675 mAh g~!) have been considered the promising energy
storage system in practical applications [1,2]. However, the poor electrical conductivity,
large volume expansion, and the shuttle mechanism of polysulfides are still important
factors to affect the performance of Li-S batteries, such as the fast degradation of specific
capacity [2-7]. The shutting mechanism is induced by the free migration of polysulfides
anions between cathode and anode during the charge/discharge process, which not only
reduces the utilization of active materials but also results in the low columbic efficiency of
Li-S batteries [8-10].

Recently, the efforts in the modification of host materials have been reviewed to solve
the solubility and diffusion of polysulfides [11-13]. The separator is an important compo-
nent to guarantee the safety of Li-S batteries by separating the cathode and anode without
direct contact. The modification of separators is an effective strategy to solve the polysulfide
diffusion in an organic electrolyte, such as coating some porous materials on the separator
surface, which can act as a physical barrier to block the polysulfide diffusion during cy-
cling. The coating of porous carbon or carbon nanotubes on commercial polypropylene
(PP) separators has been reported to show the improved electrochemical performance for
Li-S batteries by effectively trapping the polysulfides [14,15]. Meanwhile, many reported
lectures demonstrate that the high porosity of metal oxides or sulfides (MnO,, TiO,, Al,O3,
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and MoS,) as a coating layer can also enhance the capacitive behavior of Li-S batteries
due to their polarity, hydrophilic property, and high absorbability by interacting with
polysulfides [15-20]. However, these porous materials are almost nonpolar or weakly polar
conductive materials, which only own a single physical barrier to the dissolution of lithium
polysulfides. Considering the high polarity surface of the separator, the coating layer may
be peeled off from the separator after long-term charge/discharge cycles because of the
weak binding force between inorganic coating materials and the separator.

The exploration of high polarity coating materials is necessary to be studied. Aramid
fibers (AFs) serving as new building blocks have attracted attention owing to the low cost,
high strength, high-temperature resistance, and excellent dimensional stability [21-23],
which is favorable to improve the mechanical property of the separator and the ionic
conductivity of batteries [22]. Yang and co-workers report an aramid nanofiber/bacterial
cellulose (ANFs/BC) composite, which exhibits increased ionic conductivity and interfacial
compatibility. The electrochemical performance is significantly improved as the optimal
ANFs/BC as the separator in the battery cell [22]. However, the aramid fibers coating
on polyethylene (PE) membrane with the nanoporous structures as the separator for Li-S
batteries has yet to be explored.

Herein, the aramid fibers coating on PE membrane (AF-PE) was prepared, and the
effect of coating content on the porosity of AF-PE films is discussed. AF-PE-6 with the
optimal coating content shows better air permeability than other AF-PE films. As the AF-PE-
6 film applies as the separator in a lithium-sulfur battery, the electrochemical performance
is dramatically enhanced in contrast with pristine PE films, such as the high specific capacity
of 661 mAh g~ ! at 0.1 C, and 38.9% of capacity retention from 0.1 to 1 C. Especially, the
specific capacity remained the value of 542 mAh g~! after 200 charge/discharge cycles.
This work provides a facile synthetic route to prepare the high polarity separators to further
enhance the capacitive performance of the Li-S batter.

2. Experimental Section
2.1. Materials

The PE microporous separators (GRE-20, Green Inc, Xinxiang, China, 20 pm) were used
as base membranes. The organic electrolyte was made by dissolving 1M bis-(trifluoromethane)
sulfonamide lithium (LiTFSI) into a 10 mL mixed solvent of dimethoxyethane (DME) and
1,3-dioxolane (DOL) in 2:1 volume ratio to test the electrochemical performances. Aramid
fibers were purchased from Dongbang special fiber Co., Ltd. (Zhangjiagang, China).

2.2. Preparation of AF-PE Separators

Aramid fibers have a limited solubility in NMP (or DMF, DMAc); however, fast
dissolution could be obtained after adding a certain amount of salt (LiCl or CaCl,). Hence
3 g of aramid fibers and 0.3 g of LiCl (Aladdin Industrial Co., Shanghai, China) were
mixed with the mass ratio of 10:1 as the co-solvent and subsequently immersed in 50 g
of N-Methy pyrrolidone (NMP, Aladdin Industrial Co., Shanghai, China) under magnetic
stirring at 65 °C for 8 h. The obtained transparent solution was coated on polyethylene (PE)
separators by a simple roller coating technology, and then the separator was immersed in
deionized water for about 5 min. Finally, the separator was dried at 55 °C for 12 h under
vacuum conditions and named AF-PE-6. As for comparisons, the different mass ratios of
aramid fibers and co-solvent (5:1 and 15:1) were treated at the same synthetic process and
noted as AF-PE-3 and AF-PE-9.

2.3. Characterization

Surface morphology of AF-PE and PE films with different strains were observed using
Zeiss Scanning electron microscopy (SEM, SIGMA, ZEISS, Oberkochen, Germany) and
energy dispersive X-ray analysis (EDX) at an accelerating voltage of 5 kV. The average pore
size, pore size distribution and porosity were evaluated using a through pore size analyzer
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instrument (porosimeter 3G, Quantachrome Instruments, Boynton, FL, USA). Permeability
test was evaluated using Gurley test instruments 4410N.

2.4. Electrochemical Measurements

The electrochemical performance of AF-PE separators was measured by assembling
CR2032 type coin cells in the glove box (Mbraun, M. Braun Inertgas-Systeme GmbH,
Garching, Germany) at Argon atmosphere. The sulfur cathodes were prepared by a
conventional slurry coating method with a doctor blade, and the detailed process was listed
as follows: 80 wt% of pure sulfur (Sigma-Aldrich, St. Louis, MO, USA), 10 wt% of carbon
black (Super P), and 10 wt% of PVDF were placed in an agate mortar and ground with
adding few drops NMP as the solvent for 40 min. The obtained slurry was pasted onto the
aluminum foil and dried in a vacuum oven at 60 °C overnight. The mass loading of the
sulfur cathodes was about 2.5 mg cm~2. The sulfur cathode acted as the working electrode,
pristine PE and AF-PE-6 films as the separator and lithium metals (Sigma-Aldrich) as the
anode electrode, the assembled batteries were named pristine PE cell and AF-PE-6 cell.
Galvanostatic charge/discharge (GCD) measurement was performed at different current
densities in the voltage range of 1.8-2.8 V with program-controlled battery test equipment
(LAND CT2001A, Wuhan LAND Electronic Co.Ltd., Wuhan, China). Ionic conductivities
of the membrane with electrolyte were measured by sandwiching it between two stainless
steel electrodes, and the ionic conductivity was calculated using formula: o = d/RA, where
d was the thickness, A was the separator effective area of a membrane and R was the
bulk resistance. Ionic conductivities and the electrochemical impedance spectroscopy (EIS)
were measured by an electrochemical workstation (CHI660E, Shanghai, China) over a
frequency range of 1 Hz-100 kHz with an AC voltage amplitude of 5 mV. For comparison,
the assembled CR2032 coin cell with commercial PE film as a separator was measured
under the same condition.

3. Results and Discussion

The aramid fibers coating on polyethylene (PE) membrane (AF-PE) were prepared
by combining a simple bar coating process and low-temperature vacuum drying methods
in Figure 1a. The existence of a co-solvent of aramid/LiCl is favorable to obtain the
homogeneous solution, and the treatment in DI water aims to cure the film and remove
the residues or co-solvent. Scanning electron microscopy (SEM) was characterized to
reveal the morphological structure of AF-PE and pristine PE films. It can be found that the
pristine PE film exhibits cross-linked internetworks and porous structures in Figure 1b. The
morphological structure of AF-PE films is affected by the coating content of aramid fibers
on the PE surface by filling with the porous structure (Figure 1c—e). AF-PE-6 with optimal
coating content of AF shows the increased porosity including mesopores and micro-pores
in Figure 1d, which is better than AF-PE-3 with the insufficient content of AFs and AF-PE-9
with the over-coating of AFs. The average pore size of all samples is shown in Figure 1f,
and the AF-PE-6 owns the value of 98.9 nm, which is larger than that of AF-PE-3 (81.1 nm),
AF-PE-9 (59.9 nm), and is smaller than pristine PE film (104.7 nm), respectively. The porous
structure is favorable for the fast electrolyte diffusion, while the tortuous pores of AF-PE-6
can localize the polysulfide species diffusing from the cathode to the anode sites. The
porous structure of the aramid-coated separator can also be quantitatively characterized
by measuring the Gurley value and porosity. The air permeability of AF-PE is affected by
the coating content of AF. In comparison to pristine PE film (278 s), the Gurley value of
AF-PE-3 increased resulting from the AF coating. However, the Gurley value of AF-PE-6
(440 s) is smaller than these of AF-PE-3 (571 s) and AF-PE-9 (760 s), implying a better air
permeability of AF-PE-6. The porosity of AF-PE-6 (49.5 + 1.5%) is higher than pristine PE
(37 + 0.5%), AF-PE-3 (43.2 + 0.7%) and AF-PE-9 (41.7 + 1.4%), which is attributing to the
optimal coating content of AFs in Figure 1g. This result is attributed to the optimal coating
content of AF because the insufficient content of AF blocks the original pores of pristine PE
film and the overloading of AFs results in the increased densification of AF-PE-9 film.
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Figure 1. (a) Schematic illustration of the preparation of AF-PE films. SEM images of: (b) pristine PE
film; (c) AF-PE-3; (d) AF-PE-6; and (e) AF-PE-9; (f) The pore size distribution of pristine PE, AF-PE-3,
AF-PE-6 and AF-PE-9 films; (g) Porosity of PE and aramid-coated separator.

To initially evaluate the quality of AF-PE and pristine PE film, the ionic conductivity of
separators and the electrochemical performance of the constructed Li-S cells are compared
with the AF-PE films and commercial sulfur as the separators and cathode material. As
shown in Figure 2a, the ion conductivity value of the AF-PE-6 film can reach up to about
0.57 mS cm !, which is almost 2.5, 1.6 and 1.7 times larger than that of PE (0.23 mS cm_l),
AF-PE-3 (0.36 mS cm~!) and PF-PE-9 (0.33 mS cm™!). The large ion conductivity for
AF-PE-6 is assigned to the increased porosity. The resistance of the fresh Li-S cells is
confirmed by electrochemical impedance spectroscopy (EIS) in Figure 2b. The semicircle
at the high-to-medium frequency and an inclined line at low frequency correspond to the
charge transfer resistance (R.;) and mass transfer process, respectively. AF-PE-6 cell shows
a smaller diameter of the semicircle and steeper slope line than that of pristine PE cell,
implying a faster charge transfer kinetics. The R value for AF-PE-6 cell (21.56 (1) is smaller
than that of PE cell (260.1 ), attributing to the enhanced affinity and wettability for the
accumulation of polar liquid electrolytes by coating optimal content aramid fibers [24,25].
Especially, AF-PE-9 cell shows the highest R.; value, and the overloading of aramid fiber
can increase the density of film and decrease the average pore size, which is not favorable
for the electrolyte ion passing through the film.

The electrochemical performance of pristine PE cell and AF-PE-6 cell is further con-
firmed by galvanostatic charge/discharge (GCD) at 0.1 C with the applied potential range
from 1.8 to 2.8 V. Figure 3b show the GCD curves of pristine PE cell and AF-PE-6 cell,
and both cells display two voltage plateaus arising from the two steps redox reaction of
elemental sulfur with metallic lithium during the discharge process. Interestingly, AF-PE-6
cell owns a lower charge plateau potential and higher discharge plateau potential than
this pristine PE cell, and a smaller potential separation between charge and discharge
plateau indicates a better kinetic behavior for AF-PE-6 cell. For the first cycle, the dis-
charge capacity of AF-PE-6 cell is 731 mAh g~! with the charge capacity of 753 mAh g~!
at 0.1 C, which decreases to 687 mAh g~ for the second cycle and 665 mAh g~ for the
fifth cycle, respectively. The degradation of the discharge capacity can be attributed to
the formation of the SEI layer. It can be found that the discharge capacity is almost stable
after 5 charge/discharge cycles. The GCD curves of pristine PE cell and AF-PE-6 cell at
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0.1 C are shown in Figure 3b, and the discharge capacity of AF-PE-6 cell is 687 mAh g~!
higher than that of pristine PE cell (638 mAh g~!). As the C rate increased by a factor of
10 (Figure 3c), pristine PE cell owns the discharge capacity of 72 mAh g~! with the charge
capacity of 74 mAh g~!, and the calculated capacity retention is only 11.2%, respectively.
The discharge capacity is 267 mAh g~ for AF-PE-6 cell with a capacity retention of 38.9%,
which is higher than that of pristine PE cell (Figure 3d). The high discharge capacity and
good capacitance retention for AF-PE-6 cell reflect the enhanced sulfur utilization to tolerate
the high charge currents.
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Figure 2. (a) The ionic conductivity of PE and AP-PE films, (b) Nyquist plots of pristine PE, AF-PE-3,
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Figure 3. (a) The 1st, 2nd and 5th cycle of GCD curves of AF-PE-6 cell; (b) The GCD curves of pristine
PE and AF-PE-6 cells. The GCD curves at different C rates of (c) pristine PE; and (d) AF-PE-6 cells.

Furthermore, the stability of pristine PE and AF-PE-6 cells were evaluated at different
C rates with 10 cycles for each in Figure 4a. As the C rates increased from 0.1 C to 1 C, the
specific discharge capacity is decreased from 661 to 247 mAh g~! for AF-PE-6 cell, and
then the discharge capacity keeps at the value of 618 mAh g~ as the C rate returns to
0.1 C. The loss of discharge capacity is only 43 mAh g~!. In comparison, the discharge
capacity of pristine PE cell dramatically decreases from 656 mAh g~! at 0.1 C to 61 mAh g~!
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at 1 C. The improved electrochemical performance of AF-PE-6 cell can be attributed to
the limitation of polysulfides at the sulfur cathode/aramid-coated separator interface by
physical absorption and electrochemical deposition. The cycling test of pristine PE and
AF-PE-6 cells is carried out by GCD at 0.1 C for 200 cycles. Figure 4b,c shows the GCD
curves of pristine PE and AF-PE-6 cells at different cycles. It can be found that the specific
discharge capacity of AF-PE-6 cell is only 622, 603 and 542 mAh g~ loss for the 50th cycle,
100th and 200th cycles. After 200 charge/discharge cycles, the capacity retention of AF-PE-6
cell (81.9%) is higher than that of the pristine PE cell (64.8%) in Figure 4d. Meanwhile, the
related coulombic efficiency of AF-PE-6 cell is higher than that of the PE cell. The excellent
rate capability and cyclic stability for AF-PE-6 cell can be attributed to the blocking effect of
aramid coating on the polysulfides.
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Figure 4. (a) The specific capacity and the related coulombic efficiency of PE and AF-PE-6 cells at
various C rates with 10 cycles for each. The GCD curves of: (b) AF-PE-6 and (c) PE cells at the

50th, 100th and 200th cycles; (d) The cyclic performance of PE and AF-PE-6 cells and the related
coulombic efficiency.

Figure 5a shows the EIS result of pristine PE and AF-PE-6 cells after 200 GCD cycles.
AF-PE-6 cell exhibits two depressed semicircles at high and middle frequency, and an
inclined line at low frequency. The Rs value of AF-PE-6 cell is smaller than that of pristine
PE cell, implying the efficient inhibition of polysulfides by coating aramid fibers. In
comparison to pristine PE cell, the R.; values of AF-PE-6 cell is significantly decreased
after 200 cycles, and a significant decrease in charge transfer resistance is attributed to
the dissolution and redistribution of the active materials during the chemical activation
process [26].

The change in surface morphology of pristine PE and AF-PE-6 films after 200 cycles
is probed by SEM. In comparison to pristine PE film, the color of AF-PE-6 film becomes
yellow (Figure 5b), arising from the interception and adsorption of soluble polysulfides by
the optimal coating content of aramid fibers. Figure 5c,d are the SEM images of pristine PE
and AF-PE-6 films after the cycling test. In comparison to pristine PE film, AF-PE-6 film
with a small pore size can not only block the polysulfides, but also as a barrier for trapping
the polysulfides. The elemental mapping of S for pristine PE and AF-PE-6 films is disclosed
in Figure 5e f. The existence and uniform distribution of S can be found on the surface of
films. However, the content of elemental S on AF-PE-6 film is more than that of PE film,
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indicating that the coating of aramid fiber is favorable for the absorption of polysulfides.
Therefore, this work provides a promising strategy to construct the separators to efficiently
suppress the shuttling mechanism of polysulfides for Li-S batteries.

24

Figure 5. (a) Nyquist plots and (b) the optical images of pristine PE film and AF-PE-6 film after
200 cycles. SEM images of (c) pristine PE and (d) AF-PE-6 films after 200 cycles. Elemental mapping
of S of (e) pristine PE and (f) AF-PE-6 films after 200 cycles.

4. Conclusions

The AF-PE-6 film with high porosity has been prepared and acts as the separator for
the Li-S battery. The morphological structure of AF-PE-6 is characterized by SEM, and
the effect of coating content of AFs on the porosity of hybrid films is discussed. The air
permeability of AF-PE-6 is superior to other control samples determined by the optimal
coating content of AFs, which showed the enhanced electrochemical performance of the
Li-S battery. The specific discharge capacity is 661 mAh g~ ! at 0.1 C, and 247 mAh g !
of specific capacity is maintained at the C rate increased by a factor of 10, which is better
than pristine PE cell. The high specific capacity and good rate capability of AF-PE-6 cell
are attributed to the high porosity of the separator and the increased absorbability of
polysulfides by coating AFs.
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Abstract: Transition bimetallic alloy-based catalysts are regarded as attractive alternatives for the
oxygen evolution reaction (OER), attributed to their competitive economics, high conductivity and
intrinsic properties. Herein, we prepared FeNi3/C nanorods with largely improved catalytic OER
activity by combining hydrothermal reaction and thermal annealing treatment. The temperature
effect on the crystal structure and chemical composition of the FeNiz/C nanorods was revealed,
and the enhanced catalytic performance of FeNiz /C with an annealing temperature of 400 °C was
confirmed by several electrochemical tests. The outstanding catalytic performance was assigned to the

formation of bimetallic alloys/carbon composites. The FeNiz /C nanorods showed an overpotential
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of 250 mV to afford a current density of 10 mA cm~2 and a Tafel slope of 84.9 mV dec™!, which
were both smaller than the other control samples and commercial IrO; catalysts. The fast kinetics

and high catalytic stability were also verified by electrochemical impendence spectroscopy and
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chronoamperometry for 15 h. This study is favorable for the design and construction of bimetallic
alloy-based materials as efficient catalysts for the OER.
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There is a global consensus that producing hydrogen energy via electrochemical
water splitting will lighten the burden of consuming energy from fossil fuels and replace
unsustainable energy sources [1-5]. The oxygen evolution reaction (OER) is a half-reaction
of the electrolysis of water, but the issue of slow reaction kinetics during the complicated
four-electron transfer process critically needs to be solved [6,7]. The energy conversion
efficiency of catalysts for practical water splitting is affected by the high overpotential and
energy consumption of catalysts during the OER process [8,9]. Ruthenium dioxide (RuO,)
and iridium dioxide (IrO;), as effective OER catalysts [10-12], can facilitate a combination
of OH™ ions in the alkaline electrolyte for the OER. However, the high price and scarcity
of resources restrict its wide application in energy conversion systems [13,14]. Therefore,
cost-competitive catalysts with high catalytic activity urgently need to be explored.

Recently, earth-abundant and low-cost transition metal (TM)-based catalysts with im-
proved catalytic OER stability have been an effective strategy for water splitting. Transition
metal (i.e., Fe, Co, Ni, and Mo) oxides or hydroxides can form hydroxide intermediates
during the OER process [15-18], but their high energy barrier and sluggish kinetics are
still difficult to overcome due to fact of their poor conductivity [19-22]. Therefore, many
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efforts have been reported on the study of TM-based derivatives with modification of the
surface electronic structure [23,24] including metal phosphides [25,26], sulfides [27,28],
and fluorides [29,30]. Bimetal-based catalysts have the merits of enhanced reactivity and
abundant active sites by the adjusted electronic structure at the metal/metal interfaces,
which are important for improving the electrocatalytic performance [31]. Meanwhile,
bimetal-based catalysts can form more oxygen vacancies and reduce the adsorption energy
of anions in electrolytes [32]. As demonstrated by many reports, the incorporation of Fe3*
into transition metal-based catalysts can significantly increase the reactivity and catalytic
activity during the OER process [33,34]. The iron—nickel bimetallic catalyst near the top of a
volcano plot shows an excellent catalytic OER performance [35-38]. Importantly, the intro-
duction of a conductive matrix in a bimetal system is favorable for increasing the electronic
conductivity and catalytic stability, such as graphene [39], nickel foam [40], and amorphous
carbon [41]. A couple of FeNi alloys with carbon supports can significantly increase the
electrical conductivity, and the controllable construction of an FeNi/C hybrid can provide
fast ion diffusion and enhance the electrocatalytic stability during the OER process.

Herein, we report iron—nickel/carbon (FeNi; /C) nanorods as an effective OER catalyst
through hydrothermal and activation approaches. The nanorod morphology can increase
the amount of exposed surface and the number of effective catalytic active sites, which are
beneficial for increasing the electrochemical activity. The effect of the activation temperature
on the crystallinity and catalytic OER behavior of the FeNi3/C nanorods were studied
by physical characterization and electrochemical tests. As the optimal temperature was
400 °C, the FeNiz/C nanorods showed excellent OER performance. Only 250 mV of
the overpotential was required at 10 mA cm~?2 with a Tafel slope of 84.9 mV dec~!. The
improved electrochemical stability was studied by chronoamperometry, which was indexed
to the effect of rough morphology and optimal composition.

2. Experimental Section
2.1. Synthesis of the FeNi3/C Nanorods

A mixture of deionized (DI) water (12 mL) and ethylene glycol (36 mL), as the solvent
to dissolve 200 mg of NiCl,-6H,O and 200 mg of FeCl,, and 200 mg of oxalic acid were
subsequently slowly added under continuous ultrasonication. The solution was transferred
to a stainless-steel autoclave (100 mL) and maintained at 150 °C for 12 h. As the temperature
naturally cooled down, the precipitate was repeatedly washed with DI water/ethanol and
dried at 60 °C under vacuum conditions overnight to obtain the FeNi nanorods. The FeNi
nanorods were further thermally activated at 400 °C for 2 h with flowing N, gas, and
the target sample was named FeNi; /C. The FeNi3/C was thermally activated at 300 and
500 °C and labeled as FeNiz /C-300 and FeNi3 /C-500. The related catalytic performances of
FeNi; /C-300 and FeNis /C-500 were compared. The synthetic process of the Fe nanorods
and the Ni nanorods was the same as for the FeNi nanorods, and the precursor only
included a single metal salt, either FeCl, or NiCl,-6H,O. The samples were thermally
activated at 400 °C, and the obtained powders were labeled as Fe/C and Ni/C nanorods
for further use.

2.2. Characterization

The crystal structure was characterized by powder X-ray diffraction (XRD) (Bruker D8
Advance powder X-ray diffractometer, Cu K1, A = 1.5405 A, 40 KV, and 40 mA, Bruker,
Saarbrucken, Germany). Scanning electron microscopy (SEM) images were obtained
using an S-4800 II, Hitachi (Tokyo, Japan). The morphological structure was confirmed by
transmission electron microscopy (TEM, Philips, TECNAI 12, Amsterdam, The Netherlands)
and high-resolution transmission electron microscopy (HRTEM) (FEI Tecnai G2 F30 STWIN,
300 kV, FEI, Hillsboro, OR, USA). X-ray photoelectron spectroscopy was measured using a
Thermo Science ESCALAB 250Xi (Thermofisher, Waltham, MA, USA).
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2.3. Electrochemical Measurements

The electrochemical performance was performed using an electrochemical workstation
(CHI 660E, Shanghai, China). The active material loaded on a glassy carbon electrode (GC,
3 mm diameter, 0.07 cm—2), graphite rod, and saturated calomel electrode (SCE) acted as
the working, counter, and reference electrodes, respectively. The potentials were calculated
to the reversible hydrogen electrode (RHE) by E(RHE) = E(SCE) + 0.0591 x pH + 0.24 V. The
catalyst ink was prepared by mixing 5 mg of catalyst, 950 uL of ethanol, and 50 uL of Nafion
solution (5 wt.% Nafion™ in lower aliphatic alcohols and water, 15-20% water) under bath
sonication. Then, the catalyst ink (10 pL) was dropped onto the GC and naturally dried.
All data are presented with IR compensation unless otherwise noted.

The polarization curves were measured as the potential from 1.04 to 1.64 V vs. RHE at
5mV s~1. Electrochemical impedance spectroscopy (EIS) was measured from 10° Hz to
1072 Hz. One thousand CV cycles were measured within the potential ranging from 1.04 to
1.64 V vs. RHE in 1 M KOH at a scan rate of 150 mV s~1, and a linear sweep was measured
under a sweep rate of 5 mV s~ ! after 1000 cycles. Chronoamperometry (CA) was tested at
avoltage of 1.48 V for 15 h.

3. Results and Discussion

The iron-nickel alloy with conductive carbon (FeNi3/C) nanorods were synthesized
via facile hydrothermal and thermal treatment methods. The high reducibility of ethylene
glycol as the solvent could strongly couple the metal ions with oxalic acid, and the content
of iron was accurately controlled to adjust the morphology of catalysts. After activation at
a high temperature of 400 °C, the carbon ligands decomposed into carbon materials, which
can improve the conductivity of the catalysts. Finally, the FeNi3;/C nanorods were obtained.

To probe the morphological structure of the FeNiz/C nanorods, scanning electron
microscopy (SEM) was carried out. The FeNi nanorods were uniform and had an average
length of 1.5 um, as shown in Figure 1a, which was different from the Ni nanorods, which
had irregular lengths, and the Fe nanorods, which had longer lengths of approximately
2 um (Figure Slab). As a comparison to the precursors, the morphology of the FeNi
nanorods was adjusted by the electrostatic interaction of metal ions, which is favorable
for exposing abundant surface area. After thermal activation, the surfaces of the FeNi; /C
nanorods became relatively rough due to the formation of the FeNiz alloy and the decom-
position of the carbon ligands (Figure 1b), which can provide abundant active sites. This
morphology was further confirmed by transmission electron microscopy (TEM) images, as
shown in Figure 1lc. The average thickness of the nanorods was approximately determined
to be 90 nm (Figure S2). Two d-spacings of 0.176 and 0.203 nm of the FeNi3; /C nanorods
corresponded to the (200) and (111) planes of the FeNis (Figure 1d). Figure 1le shows the
corresponding selected area electron diffraction (SAED). The existence of concerned ele-
ments were found using energy-dispersive spectroscopy (EDS) (Figure S3a and Table S1),
and the elemental mapping results confirmed that the distribution of the Fe, Ni, C, and O
elements in FeNi; /C was uniform (Figure 1f).

The change in the crystal structure of FeNi3/C was characterized by X-ray diffraction
(XRD) (Figure 2a). The broadened peak at 25.8° corresponded to the (002) plane of graphitic
carbon. The characteristic peaks for the FeNi nanorods were indexed to the existence
of NiFe;Oy4 (JCPDS card No. 54-0964). In comparison, the FeNiz/C nanorods showed
strong characteristic peaks at 44.2°, 52.0°, and 75.7°, owing to the (111), (200), and (220)
planes of the FeNij alloy (JCPDS card No. 38-0419), which is agreement with the TEM
results. The disappearance of the diffraction peaks of NiFe,O4 for FeNi3/C was attributed
to the decomposition of metal oxides during thermal activation. Meanwhile, the effect
of the annealing temperature on the crystallinity of the FeNi;/C nanorods was studied
by XRD analysis (Figure S3b), and the average crystal size of the FeNiz/ nanorods was
approximately 15.6 nm. As the activation temperature increased, the domain characteristic
peaks of the FeNi3/C nanorods became stronger than for FeNi3/C-300, indicating the
increased crystallinity due to the formation of FeNijs alloys. There were no obvious changes
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in the characteristic peaks between FeNis/C and FeNis/C-500, demonstrating that the
optimal temperature of 400 °C was high enough to form a stable catalyst.

d=0.203 nm (111)

¢ 0 = Fe
100 nm 100 nm 100 nm 100 nm

Figure 1. SEM images of (a) FeNi and (b) FeNi3/C nanorods; (c) TEM and (d) HR-TEM images of
FeNi3 /C nanorods; (e) SAED pattern; (f) STEM and elemental mappings of the FeNi3/C nanorods.
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Figure 2. (a) XRD spectra of the FeNi and FeNi3/C nanorods (the asterisk and oranges squares
represent the diffraction peaks of NiFe,O, and FeNi3); high-resolution (b) Fe 2p, (c¢) Ni 2p, and
(d) O1s XPS spectra of the FeNi3/C nanorods.
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The surface chemical circumstances of the FeNi3/C nanorods were probed by X-ray
photoelectron spectroscopy (XPS), and C 1s at 284.8 eV was applied to standardize the
binding energy. From the full scan of the XPS spectra, the FeNiz/C nanorods contained
11.6 atom% of O, 22.0 atom% of C, 19.5 atom% of Fe, and 46.9 atom% of Ni elements
(Figure S4a). The C 1s spectra showed two dominant peaks at 284.8 eV for a C-C bond and
at 288.6 eV for C-O bonds (Figure S4b). Figure 2b shows the deconvoluted Fe 2p spectra,
and two distinct peaks were indexed to the spin-orbit coupling of Fe 2p; /, and Fe 2p3/,»
accompanying the satellite peaks. The peak was divided into Fe® (706.9 and 719.8 eV) and
Fe3* peaks (711.3 and 724.8 eV), respectively [42]. The Ni 2p spectra were deconvoluted
into Ni® (852.5 and 869.7 eV) and Ni?* (855.3 and 873.2 eV) with the related satellite peaks
in Figure 2c [43], respectively. An energy difference of 17.8 eV was calculated between
Ni 2p3,, and Ni 2p; /5, implying that the Ni?* state was dominant [44]. In addition, two
peaks at 852.2 eV and 869.3 eV corresponded to Ni metal. The FeNi3/C nanorods with
contents of Fe>* and Ni?* can act as active material, and the electrocatalytic behavior can
be dramatically affected by the boosted active sites arising from the conversion of Ni** to
Ni** during the OER process [45]. The deconvoluted O 1s spectra are shown in Figure 2d,
and the two peaks at 529.5 and 532.3 eV corresponded to metal-O and C=0 bonds [41].
The existence of metal-O bonds can probably be ascribed to the formation of oxidized
states on FeNij alloy surfaces during thermal activation, and the internal high-oxygen
coordination defects of the nanorods are generally considered as the dominant catalytic
sites for increasing the oxidation kinetics and catalytic activity during the OER.

The electrocatalytic OER performance of the FeNiz /C nanorods was initially evaluated
by cyclic voltammetry (CV) using a three-electrode configuration, and an aqueous 1 M KOH
was the electrolyte with N, purification. To reflect the effect of the activation temperature
on the catalytic OER performance, the polarization curves of the FeNi3/C nanorods were
compared (Figure S5a). To receive a current density of 10 mA cm ™2, the overpotential of
the FeNiz/C nanorods (250 mV) was smaller than 280 mV for FeNi3/C-300 and 290 mV
for FeNi3 /C-500, and the Tafel slope for the FeNiz /C nanorods (84.9 mV dec™!) was lower
than 99.2 and 101.1 mV dec~! for FeNiz/C-300 and FeNis /C-500 (Figure S5b). As shown
in Figure 3a, the FeNi3 /C nanorods showed a lower overpotential at 10 mA cm~? than
that of Fe/C (370 mV), Ni/C (330 mV), commercial IrO;, /C (327 mV), and other reported
FeNi-based electrocatalysts for the OER (Table S2). The low overpotential of FeNi3/C
implies a high OER activity due to the incorporation of Fe ions with Ni ions [46,47]. In
addition, The Tafel slope can reflect the rate-determining step with the related reaction
mechanism during the OER process, and Tafel slopes of 120, 60, and 40 mV represent the
RSD of one-electron, chemical, and electron—proton reaction steps [48-50]. According to the
Tafel slopes shown in Figure 3b, FeNi; /C had a smaller value of 84.9 mV dec™! compared
to 102.2 and 121.2 mV dec~! for Fe/C and Ni/C, indicating faster catalytic kinetics for
FeNi3 /C. Chemical reactions with O, formation as an intermediate on the catalytic sites
was dominant for FeNiz/C, and the impact of the electron transfer process was no longer
the primary step for the OER. The electrochemical dynamics and interfacial properties
of the electrode were elucidated by electrochemical impedance spectroscopy (Figure 3c),
and the calculated resistances are listed in Table S3 and were fit using Nyquist plots with
an equivalent circuit in Figure S6. The charge transfer resistances (Rct) were 15.2, 110,
and 26 () for the FeNis /C, Fe/C, and Ni/C nanorods, respectively. The smaller Rct value
indicates a faster charge transfer behavior as well as higher catalytic activity of FeNis/C.

A catalyst exposing abundant active sites can show high electrochemical activity. The
electrochemical surface area (ECSA) was estimated by CV measurement in a non-Faradic
field (Table S4), and the double-layer capacitance (Cq4;) value was calculated by linearly
fitting the current density versus scan rates (Figure S7). Specific activity was obtained
by normalizing the origin current to the ECSA. The FeNi3/C nanorods with the optimal
temperature of 400 °C had a specific activity of 0.24 mA cm~? at the overpotential of 300 mV,
which was higher than that of all control samples (Figure S8). The FeNis/C nanorods had
a Cyq) value of 4.14 mF cm 2, as shown in Figure 3d, which was approximately 9.6 and
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3.23 times higher than 0.43 and 1.28 mF cm~2 for Fe/C and Ni/C, respectively. This result
confirms that FeNi3 /C provided an enlarged catalytic active surface for facilitating ion
diffusion and promoting the electrochemical reaction.
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Figure 3. (a) Polarization curves of FeNi3/C, IrO,/C, Fe/C, and Ni/C nanorods at 5 mV s~; (b)
Tafel slopes of FeNi3 /C, Fe/C, Ni/C, and IrO, /C; (c) Nyquist plots; (d) Cg4; values of FeNi3/C, Fe/C,
and Ni/C nanorods.

The long-term stability of the FeNiz /C nanorods was initially evaluated by performing
1000 CV cycles, as shown in Figure 4a. The initial and 1001st CV curves almost overlap,
and the overpotential at 10 mA cm~2 was a negligible change. Furthermore, chronoam-
perometry (CA) was measured at the potential of 1.48 V for 15 h (Figure 4b). The FeNi3/C
nanorods exhibited no obvious change in current density at the initial 10 h, and the current
density remained at 90% for the next 5 h. The Faraday efficiency of FeNiz/C was measured
by comparing the experimental and theoretic amounts of oxygen gas produced during con-
stant voltage electrolysis for 60 min (Figure S9), and the experimental volume was close to
the theoretical oxygen volume, indicating that the oxygen evolution efficiency was close to
100%. These results demonstrate the outstanding electrocatalytic OER activity and stability
of the FeNis/C nanorods, attributed to the in situ formation of the FeNi; /C composites.

The morphological change of the FeNis/C surface after the stability test was char-
acterized by TEM, as shown in Figure 5a. The morphology of FeNi3/C nanorods was
maintained, and the slight collapse or fracture phenomena were caused by the partial
oxidation of FeNij during the catalytic reaction in an alkaline solution. The change in the
surface chemistry after the electrocatalytic test was confirmed by XPS. In comparison to the
pristine state, the intensity of the metal-O bond after the CA test slightly increased with a
shift of 0.4 eV because of the formation of intermediates. For the Ni element, the change in
the Ni 2p spectra can be seen in Figure 5¢, and the Ni 2p3,, peak downshifted with by a
value of 0.1 eV, attributed to the formation of nickel hydroxides or hydroxyl oxides after
long-term CA testing. The Fe element showed a similar result, suggesting the formation of
electroactive intermediates during the stability test, as shown in Figure 5d.
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During the OER process, the high-valence nickel in the catalysts was more conducive
to the rapid formation of intermediates (Ni-OH) in the electrolyte, which was further
combined with the OH™ to form a nickel oxyhydroxide followed by the removal of oxygen.
Therefore, the high content of Ni2* in FeNis /C was more conducive to the OER, and the
adjusted surface electronic structure by incorporation of Fe** increased the absorbabil-
ity of OH™, which resulted in the boosted catalytic activity of the catalysts during the
OER process.
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4. Conclusions

In summary, FeNis /C nanorods as effective catalysts for the OER were constructed
by combining the facile hydrothermal reaction and further thermal annealing treatment.
The temperature and compositional effect on the catalyst were discussed. The FeNiz/C
nanorods with an annealing temperature of 400 °C showed the best electrocatalytic perfor-
mance such as a low overpotential of 250 mV at 10 mA cm 2, small Tafel slope of 84.9 mV
dec™!, and high catalytic stability after CA testing for 15 h. The improved electrocatalytic
behaviors were indexed to the controllable structure and optimal chemical composition
by hybridizing bimetallic alloy with carbon. This work provides a strategy for preparing
efficient catalysts for the OER by coupling bimetallic alloys with a carbon matrix.
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Abstract: Metal-organic frameworks (MOFs) have attracted significant research interest for super-
capacitor applications due to their high-tunable conductivity and their structure’s pore size. In this
work, we report a facile one-step hydrothermal method to synthesize nickel-based metal-organic
frameworks (MOF) using organic linker 4,4’-biphenyl dicarboxylic acid (BPDC) for high-performance
supercapacitors. The pore size of the Ni-BPDC-MOF nanostructure is tuned through different syn-
thesization temperatures. Among them, the sample synthesized at 180 °C exhibits a nanoplate
morphology with a specific surface area of 311.99 m?2- g_l, a pore size distribution of 1-40 nm and
an average diameter of ~29.2 nm. A high specific capacitance of 488 F- g_1 has been obtained at a
current density of 1.0 A- g_1 in a 3 M KOH aqueous electrolyte. The electrode shows reliable cycling
stability, with 85% retention after 2000 cycles. The hydrothermal process Ni-BPDC-MOF may provide
a simple and efficient method to synthesize high-performance hybrid MOF composites for future
electrochemical energy storage applications.

Keywords: metal organic framework; 4,4’-biphenyl dicarboxylic acid; one-step hydrothermal method;
tunable pore size; nanoplate structure; supercapacitors

1. Introduction

The supercapacitor is a promising electrochemical energy storage device and plays
an important role of bridging the gap between conventional capacitors and batteries [1,2].
Taking advantage of its long lifetime, high power density and fast charging-discharging
rate, the supercapacitor attracts a lot of attention in fields ranging from portable electronic
products to vehicle parts [3,4]. From the view of material design, the supercapacitive
performance of electrode materials can be improved through a higher conductivity and
surface area as well as an appropriate pore size for enhanced efficient ion transmission [5].

Compared with other types of electrode materials such as carbon-based materials,
transition metal oxides and conducting polymers, the metal-organic framework (MOF), a
porous crystalline material, is emerging as a promising material due to its variable structure,
tunable pore size and high surface area [6]. Since the MOF is composed of central metal
ions and organic ligands [7], it combines the high specific capacitance of pseudo capacitance
and the reliable cycling stability of electric double-layer capacitance at the same time. So
far, more than 20,000 different MOFs have been created, and the number is still growing [8].
Although they have relatively high porosity, few MOFs are used as electrode materials,
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mainly due to the insufficient pore size for the diffusion of electrolyte ions and the low
conductivity [9].

Organic ligands play an important role in the morphology and electrical properties
of MOF [10]. Among them, 4,4’-Biphenyl dicarboxylic acid (BPDC), 2, 6-Naphthalene
dicarboxylic acid (NDC) and Benzene dicarboxylic acid (BDC) are the most common car-
boxylic acids used as the organic linkers for synthesizing MOF material. Some researchers
have demonstrated that the molecular length of organic linkers influences the pore size
and surface area of MOFs [11]. Longer linkers, such as BPDC, can provide MOFs with
larger pores and surface areas and thus improve their capacitance properties [12,13]. Since
the BPDC-based MOFs are inherently non-conductive and lack thermal and mechanical
stability, a conscious method is to fabricate MOF-based composites with common transition
metals such as Zn, Cd, Co, Mn, Cu and Ni [14-17], which may integrate the advantages
and mitigate the drawbacks of individual components [16].

Herein, we attempt to design a BPDC-based nickel MOF (Ni-BPDC-MOF) with a
different surface area, pore size and morphology for high-performance supercapacitor
applications. Through a simple hydrothermal reaction between BPDC and nickel nitrate
hexahydrate, the typical Ni-BPDC-MOF was prepared under four different hydrothermal
temperatures to tune the pore size of its nanostructure. The morphology, surface area,
porosity and conductivity of the Ni-BPDC-MOF varied with the hydrothermal temperature,
leading to different capacitive properties. The sample fabricated at 180 °C showed a
relatively high surface area and pore size and a good thermal stability, with a specific
capacitance of 488 F-g~! at 1.0 A-g~! in the 3 M KOH aqueous electrolyte. Further, it
exhibited excellent cycling stability, with a capacitance retention of 85% after 2000 cycles.

2. Materials and Methods
2.1. Characterization Techniques and Electrochemical Measurements

The surface morphology of the Ni-BPDC-MOF was studied by field emission scanning
electron microscopy (FESEM, SU8010, Hitachi Inc., Tokyo, Japan). Its crystal structure
was tested by X-ray diffraction (XRD, D8 Advance, Bruker Inc., Billerica, MA, USA) in
a 20 range of 10-70 degrees with CuK« (« = 1.541 A) radiation. The chemical analysis
was evaluated under Fourier transform infrared spectroscopy (FTIR, NicoletiS10, Thermo
Fisher Inc., Waltham, MA, USA) and X-ray photoelectron spectroscopy (XPS, EscaLab250Xi,
Thermo Fisher Inc., Waltham, MA, USA). The thermal stability of the Ni-BPDC-MOF was
investigated by thermo-gravimetric analysis (TGA, Pyris 1, PerkinElmer Inc., Waltham,
MA, USA). To ensure the full decomposition, the sample was heated gradually up to
800 °C at a rate of ~10 °C/min in a nitrogen atmosphere. The Brunauer Emmet Teller (BET)
surface area was characterized with the nitrogen adsorption method by a porosity analyzer
(QuadraSorb S1, Quantachrome Inc., Graz, Austria).

The supercapacitive performance of the Ni-BPDC-MOF sample was studied by cyclic
voltammetry (CV), electrochemical impedance spectra (EIS) and galvanostatic charge-
discharge (GCD) tests employing an electrochemical workstation (IM6, Zahner-Elektrik
GmbH Inc., Kronach Gundelsdorf, Germany). All of the tests were tested by using a
standard three-electrode system, where the fabricated sample, platinum mesh and Hg/HgO
were used as the working, counter and reference electrode, respectively. Then, 3.0 M KOH
(85.0%, Sinopharm Chemical Reagent Co., Ltd., Shanghai, China) aqueous solution was
served as the electrolyte in the electrochemical measurements due to the stability issue of
the Ni-BPDC-MOF. For the EIS test, the perturbation potential was set as 5 mV, and the the
frequency ranged from 0.01 Hz to 100 KHz.

2.2. Synthesis Methods

The Ni-BPDC-MOF was synthesized through a facile one-step hydrothermal method.
In brief, 0.149 g of BPDC (97.0%, Sinopharm Chemical Reagent Co., Ltd., Shanghai, China)
and 0.096 g of nickel nitrate hexahydrate (Ni(NOg3)2-6H,0O, 98.0%, Sinopharm Chemical
Reagent Co., Ltd., Shanghai, China) were dissolved in 20 mL N, N-dimethylformamide
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(DME, 99.5%, Sinopharm Chemical Reagent Co., Ltd., Shanghai, China) followed by contin-
uous stirring. The molar ratio between the organic ligands and metal ions was kept as 3:2.
Then, 0.032 g of sodium hydroxide (NaOH, 96.0%, Sinopharm Chemical Reagent Co., Ltd.,
Shanghai, China) was added into the solution. The configured solution was then shifted
into a 50 mL Teflon-lined stainless steel autoclave. The hydrothermal process was done in
atmosphere environment and kept at 180 °C for 10 h. Some light green precipitate appeared
after the hydrothermal process, which was collected by centrifugation, washed in DMF and
alcohol and tried in a nitrogen atmosphere. The temperature influence of the hydrothermal
process was investigated with four different values: 120 °C, 150 °C, 180 °C and 210 °C,
as described in the Supplementary Materials. The four types of Ni-BPDC-MOFs were
activated at 120 °C in vacuum for 24 h [18].

For the consolidation of the sample on a substrate, nickel foam (Jiayisheng Electronics
Co., Ltd., Kunshan, China) was adopted as the current collector, taking advantage of its
three-dimensional structure for full electrolyte penetration, fast ion diffusion and excellent
conductivity [19]. Then, 80 wt.% Ni-BPDC-MOF, 10 wt.% carbon black (Sinopharm Chemi-
cal Reagent Co., Ltd., Shanghai, China) and 10 wt.% polytetrafluoroethylene (60%, Aladdin
Biochemical Technology Co., Ltd., Shanghai, China) were blended together in ethanol. The
mixture was painted on one piece of nickel foam with a size of 10.0 x 20.0 mm, dried at
60 °C in a nitrogen atmosphere for 12 h and then compressed at a pressure of 8 MPa for the
following electrochemical measurements.

3. Results and Discussion

Figure 1 shows the typical morphology of the as-prepared Ni-BPDC-MOF. It can
be seen that the Ni-BPDC-MOF is comprised of a lot of interconnected nanoplates with
an approximate feature size of ~500 nm. As shown in Figure 1a, the high concentrated
BPDC molecules (12.3 mmol/L) are easily ionized and construct a monolayer liquid mem-
brane [17]. When added into the solution, the nickel ions are coordinated with the carboxyl
ions on the top surface of one BPDC membrane and the bottom surface of another BPDC
membrane simultaneously, forming the interconnected nanoplate morphology. The high
magnification images of Figure 1b,c present a loose connection and large separation be-
tween two nanoplates [20], which may also allow for a continuous charge distribution
as well as a large available surface to accelerate the electron transport throughout the
framework. The SEM graphs by three different hydrothermal temperatures are displayed
in Figure S1. With a lower temperature, the size of the nanoplate is small, with some cracks
on its surface. The size increases with the increase in temperature. At 180 °C, the nanoplate
is large and integrated. However, with higher temperatures, e.g., 210 °C, the structure
seems to melt, leading to the smooth plate surface and edge.

Figure 2a shows the XRD patterns of the Ni-BPDC-MOF and the pure BPDC samples.
Compared with those of the BPDC, several new diffraction peaks at 12.4°, 15.3°, 18.7° and
30.3° are observed in the case of the Ni-BPDC-MOF. The 20 positions of these new peaks
are similar to those of other reported isostructural Ni-BPDC-MOFs [21,22], suggesting a
similar crystalline structure and the high crystallization of our samples. The XRD patterns
of the Ni-BPDC-MOF with hydrothermal temperatures of 120 °C and 180 °C are compared
in Figure S2. Since no more diffraction peaks appeared, the chemical structures of our
samples may remain the same by changing the hydrothermal temperatures. The chemical
bonds are further analyzed by FTIR. As shown in Figure 2b, a couple of intense bands at
847 cm 1, 1406 ecm ™1, 1532 cm ! and 1586 cm ! are observed, which could be assigned
to the stretching vibration of the carboxylate groups (COO—) coordinated to the metal
center [23]. Among them, the two bands located at 1406 cm ! and 1586 cm ! are assigned
to the symmetric and asymmetric stretching modes of the COO— groups, respectively,
which are in accordance with Rawool’s report [16]. The difference between these two bands
indicates that the COO— groups are coordinated to the metal center through the bidentate
mode. Three peaks at 679 cm~1 770 cm~?! and 3082 cm™! corresponded to the stretching
vibration of the C—H bond, the ring deformation vibration of the benzene ring and the
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antiplane bending vibration of the aromatic ring in the BPDC, respectively [24]. The peak
at 524 cm~! was related to the Ni—O stretching vibration [21]. The XRD and FTIR analyses
conclude a proper coordination between the organic ligand BPDC and the nickel ions.

(@) NaOH 0 0. 9

I(Nos)l 61,0
/
HO
s

Hydrothermal
method

180 °C
10 hours

BPDC

42+
Ni™" Ni-BPDC-MOF

1000 nm 100 nm

Figure 1. (a) Synthetic scheme for the preparation of Ni-BPDC-MOF nanoplates. (b,c) SEM graphs of
the Ni-BPDC-MOF sample with different magnifications.
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Figure 2. (a) XRD patterns of the Ni-BPDC-MOF and the pure BPDC samples. (b) FTIR spectrum of
the Ni-BPDC-MOF sample.

The chemical valence states of the Ni-BPDC-MOF are studied by XPS. The survey
spectrum in Figure 3a indicates the existence of C, O and Ni elements. Two major peaks
located at 855.8 eV and 873.3 eV are observed in the spectra of Ni 2p (Figure 3b), which
correspond to Ni 2p; /, and Ni 2p3,,, respectively [25]. The other two peaks located at
861.3 eV and 879.6 eV are considered as satellite peaks for Ni?* [26]. Figure 3c shows the C
1s of the Ni-BPDC-MOF. The two peaks at 284.8 eV and 288.6 eV represent the sp? phase
(C=C) in the benzene ring and (CO) bond, respectively [27]. The O 1s spectrum in Figure 3d
exhibits one predominant peak at 531.5 eV, which is attributed to the adsorbed —OH on
the surface of the Ni-BPDC-MOF [28], while another smaller peak at 536.5 eV is directly
related to the hydrocarbon oxides in the BPDC [29].
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Figure 3. XPS spectrum of the Ni-BPDC-MOF sample. (a) Survey spectrum. (b—d) High resolution
XPS spectrum of (b) Ni 2p, (c) C 1s and (d) O 1s.

TGA is performed to evaluate the thermal stability of the Ni-BPDC-MOF. As shown in
Figure 4a, four mass drops were observed. The first (8.5%) mass drop happened from the
RT to 390 °C and was caused by the desorption of physiosorbed water and the chemisorbed
organic solvent on the surface of the Ni-BPDC-MOF [30]. The second (21.4%) and the third
(34.6%) mass drops happened sharply from 390 °C to 600 °C, with the fastest drop at 428 °C.
This can be concluded as the decomposition of the Ni-BPDC-MOF’s organic skeleton and
the generation of nickel oxide. The final mass loss was observed from 600 °C to 700 °C and
is related to the exclusion of CO; from the evolution of the carboxylic groups. When the
applied temperature is higher than 700 °C, the mass remained stable, and less than 30% of
the residual was left. The TGA demonstrates that the Ni-BPDC-MOF is thermally stable
below 400 °C in the open air.
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Figure 4. (a) TGA spectra of the Ni-BPDC-MOF sample. (b) N, adsorption—desorption isotherms
and the corresponding pore size distribution curve of the Ni-BPDC-MOF sample.

Figure 4b shows the N, adsorption-desorption isotherm and the corresponding pore
size distribution curve of the Ni-BPDC-MOF. It shows a type-IV curve with a type-H3
hysteresis loop [31], indicating the highly porous structure of the as-prepared sample.
The BET specific surface area is 311.99 m?-g~!. The pore sizes of the Ni-BPDC-MOF are
further calculated by the Barrett—Joyner—Halenda (BJH) method. The pore size of the
Ni-BPDC-MOF exhibits a bimodal distribution with a diameter of 1-40 nm, while the
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calculated average value is calculated as 29.2 nm. The average pore size seems to be higher
than that of some common MOFs, which is proved by other BPDC-based MOFs with
similar structures [20,32]. The relatively larger surface area and pore size may be due to the
micropores produced by the long organic linker BPDC and the mesopores caused by the
stacked nanoplates. The relatively larger surface area and pore size are likely to lead to the
easy diffusion of electrolyte ions, which is beneficial to high charge storage capacity [16].

The adsorption—-desorption isotherms and pore size distribution curves of the other
samples are shown in Figure S4. It can be seen that the sample synthesized at 180 °C has the
largest surface area. The result is in good agreement with the SEM observation. With lower
temperatures, the size of the nanoplate is too small and cannot supply enough surface area,
while with higher temperatures, the nanoplate is melted and sticks with the other, so the
surface area value drops again. A temperature of 180 °C is considered the optimized value
for Ni-BPDC-MOF synthesization.

Electrochemical measurements have been carried out to evaluate the supercapacitive
performance of the Ni-BPDC-MOF. Figure 5a depicts the CV curves of the Ni-BPDC-MOF
sample at three different scan rates from 10 to 100 mV-s~!, with a potential range 0-0.6 V.
All of the CV curves displayed a couple of obvious redox peaks, indicating the typical
pseudocapacitive property of the samples [33]. With increasing scan rates, the oxidation
peak is shifted positively, while the reduction peak is shifted negatively, resulting from
the resistance of the electrodes [34]. The pseudocapacitance is generated from faradic
redox reactions of the intercalation and deintercalation of the OH™ during electrochemical
reactions in the Ni-BPDC-MOF. The anodic and cathodic peaks in the CV curves are
considered to be different oxidation states of nickel, corresponding to the following process:

Ni(Il), + OH™ <> Ni(I)(OH),4 + e~ (1)
Ni(II)(OH),4 <> Ni(Ill) (OH) 4 + e~ )
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Figure 5. Capacitance performances of the Ni-BPDC-MOF sample. (a) CV curves at different scan
rates. (b) GCD curves at different current densities. (c) Specific capacitances at different current
densities. (d) Cyclic stability.
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Figure 5b presents the GCD curves of the Ni-BPDC-MOF with three different cur-
rent densities. The charge time and discharge time in each GCD curve are almost equal,
demonstrating a good capacitance performance and the reversible redox process of the
Ni-BPDC-MOF sample. For the discharging part, an obvious potential plateau at 0.43 V is
observed. This plateau is interpreted as the electrochemical adsorption—desorption and
the faradic redox reaction process on the interface of the electrode and electrolyte [35],
which is in accordance with the CV curves. The specific capacitance is calculated from the
discharging time of the GCD curve. At the commonly used current density (1.0 A-g™ 1),
the Ni-BPDC-MOF sample delivers a value of 488 F-g~!. Figure 5c concludes the specific
capacitances of the Ni-BPDC-MOF with different current densities. With increasing cur-
rent densities, the calculated capacitance decreases. However, even the current density is
changed from 0.5 F-g ! to 10 F-g 1. The capacitance is dropped from 521 F-g~! to 380 F-g~ !,
with 72.9% of the capacitance retained. The result shows the good rate capability of the
Ni-BPDC-MOF. The GCD test was circulated 2000 times at a current density of 1.0 A-g~!
to evaluate its cyclic stability. As shown in Figure 5d, more than 85.0% of the specific
capacitance is reserved. In the first 500 cycles of the test, the capacitance increased, which
may result from the electro-activation of the active material [36]. The value was decreased
from 500 to 2000 cycles continuously, owing to the shedding of active material from the
nickel foam during the cycling test.

In Figure 6, R; is the internal resistance of the electrode, including the contact resistance
of the active material and substrate, the intrinsic resistance of the active material and
the ionic resistance of the electrolyte. R.; and W; are the charge transfer resistance and
Warburg diffusion impedance, which are related to the pseudocapacitive reaction. CPE1
is the double-layer capacitance element and can be neglected in this research. In the low
frequency part, the slope of the straight lines in the low frequency is larger than 45°,
confirming a smaller W and a fast migration of the ions [37]. Ry and R; are calculated
from the radius of the semicircle and the intercept of the real axis in the high frequency
range, with relatively low values of 0.49 () and 18.55 Q) [38], respectively. The EIS result
indicates that the Ni-BPDC-MOF has a good ability to deliver charges on the interface of
the electrode and electrolyte and thus led to a positive effect on its specific capacitance. The
relationship between the hydrothermal temperature and the supercapacitive performance
of the Ni-BPDC-MOF is displayed in Figure 54 and Table S1. All of the Ni-BPDC-MOFs
exhibit a typical seudocapacitive property, and the sample synthesized at 180 °C had the
highest capacitance.
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Figure 6. Nyquist plots of the Ni-BPDC-MOF sample.

Table 1 compares recent reports on the porosity and supercapacitive performance of
BPDC-based MOF materials. The specific capacitance is superior to that found by most
other researchers in the absence of the highest surface area value. For the research on
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BPDC-based porous carbon nanoparticles (C-BPDC) [15,30], the specific surface area is
even 2~3 times higher than that found in our report. However, because of their small
pore size, the electrode materials may be not well-soaked in the electrolyte, leading to a
relatively low specific capacitance. For the BPDC-based metal nanoparticles (Al-BPDC,
Ni-BPDC) [16,17,39], the surface area and pore size may reach a sufficient amount for the
better intercalation of electrolyte ions. Still, our report has the lowest R.; value, which might
be related to our unique structure: the interconnected network of the Ni-BPDC nanoplates
results in a continuous charge distribution, leading to a faster electron transport throughout
the whole framework and a lower R.; value [16].

Table 1. Comparison of the present work with previously reported BPDC-based MOFs for porosity
and supercapacitive performance.

Current

Surface Area Average Scan Rate L Rt Capacitance

Sample (mZ-g 1) Diameter (nm) Electrolyte (mV-s—1) ]3:1;5712’ @ (F-g~1) Ref.
C-BPDC 1137 4.2 6M KOH 1 — 0.34 170 [40]
Al-BPDC 415.2 18.5 6M KOH — 0.25 3.25 119 [39]

C-BPDC 843 0.53 6M KOH — 1 1.23 256 [41]

Ni-BPDC 347 32.7 6M KOH — 1 1.10 328 [16]

Ni-BPDC — — 6M KOH — 1 0.65 432 [17]
Ni-BPDC 311.99 29.16 3M KOH — 1 0.49 488 This
Work

4. Conclusions

In conclusion, we demonstrate a facile one-step hydrothermal method for synthesizing
a BPDC-based nickel MOF with an optimized reaction temperature of 180 °C. A chemical
characterization confirmed a good coordination between the organic ligand BPDC and
the nickel ions. The as-synthesized Ni-BPDC-MOF presents a nanoplate structure with a
relatively high specific surface area of 311.99 m2-g~1, a pore size distribution of 1-20 nm
and an average diameter of 29.2 nm. As a result, the capacitance properties of the Ni-BPDC-
MOF exhibited a great performance, with a specific capacitance of 488 F-g~! at a current
density of 1.0 A-g~!. The capacitance retention is kept at 85% of its initial value after
2000 cycles. This study demonstrates a simple synthesizing method for high-performance
BPDC-based MOF material, which may become a promising candidate for electrochemical
capacitive energy storage.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/nano12122062/s1, Figure S1: SEM graphs of Ni-BPDC-MOF samples with
different hydrothermal temperature; Figure S2: XRD patterns of Ni-BPDC-MOF with hydrothermal
temperatures of 120 °C and 180 °C; Figure S3: N2 adsorption/desorption isotherms and correspond-
ing pore size distribution curve of Ni-BPDC-MOF samples with different hydrothermal temperature;
Figure S4: Capacitance performances of Ni-BPDC-MOF samples with different hydrothermal temper-
ature; Table S1: The comparison for porosity and supercapacitive performance of Ni-BPDC-MOF
samples with different hydrothermal temperature.
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Abstract: Metal-air batteries are considered the research, development, and application direction of
electrochemical devices in the future because of their high theoretical energy density. Among them,
lithium—carbon dioxide (Li—-CO,) batteries can capture, fix, and transform the greenhouse gas carbon
dioxide while storing energy efficiently, which is an effective technique to achieve “carbon neutrality”.
However, the current research on this battery system is still in the initial stage, the selection of key
materials such as electrodes and electrolytes still need to be optimized, and the actual reaction path
needs to be studied. Carbon tube-based composites have been widely used in this energy storage
system due to their excellent electrical conductivity and ability to construct unique spatial structures
containing various catalyst loads. In this review, the basic principle of Li-CO, batteries and the
research progress of carbon tube-based composite cathode materials were introduced, the prepara-
tion and evaluation strategies together with the existing problems were described, and the future
development direction of carbon tube-based materials in Li-CO, batteries was proposed.

Keywords: carbon tube-based cathode; Li-CO; battery; reaction mechanism; performance improve-

ment; carbon neutrality

1. Introduction

Global warming caused by greenhouse gases is an essential factor affecting the current
environmental deterioration. The generation of greenhouse gases is inevitable based on
the biomass (coal, oil, natural gas, etc.) combustion energy conversion method. Among
them, carbon dioxide is the most important greenhouse gas, standing as the core issue that
needs to be addressed to realize the currently advocated “low carbon environment” [1].
The solution strategy from “carbon peak” to “carbon neutralization” is divided into two
aspects: one is the need to reduce carbon emissions, that is, to minimize energy storage and
transformation based on “C”, and to gradually promote all types of renewable alternative
energy in all walks of life; the second is the treatment of existing carbon dioxide with
conventionally applied methods including chemical conversion, photocatalytic reduction,
electrochemical reduction, and biological conversion [2]. The conversion efficiency of these
methods has yet to be improved, while the biggest limitation is that the direct conversion
of C in CO; inevitably requires additional energy (resulting in extra “carbon emissions”),
as C in CO; is in the highest oxidation state [3]. The products obtained by these methods
are carbon monoxide, methane, ethylene, formic acid, methanol, etc. The gaseous or liquid
products are involved in compression, packaging, storage, transportation, and other steps
before they are used as energy storage materials, which is bound to cause further energy
loss [4]. Thus, the conventional CO, conversion method is also a “high carbon” process.

In recent years, the research on lithium-air batteries has made significant progress,
especially the developments focusing on the optimal catalyst selection and the structure of
the carbon matrix composite cathode design [5-8]. Because of their high theoretical specific
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capacity (their theoretical specific capacity is 5-10 times that of lithium-ion batteries) [5,9,10],
they are considered the ultimate devices for the energy storage of vehicle power batteries
in the future. In the study of lithium—-oxygen batteries, the effects of water vapor and CO,
have to be carefully considered. Research shows that the battery capacity under an O,/CO,
mixture is three times that of pure oxygen [11], but the stability decreases significantly.
The study of the battery reaction process in a carbon dioxide atmosphere is an essential
intermediate link to realize the real application of metal-air batteries in the future [6,12].
With the expansion of this research, Li-CO; batteries have gradually developed into an
independent research direction because this system can achieve potential applications
in particular fields such as Mars (96% of carbon dioxide in the atmosphere with a low
temperature) detection [13] and energy storage for submarines. In recent years, the number
of related research papers published (Web of Science statistics) has increased year by year
(Figure 1a), and the distribution of disciplines is shown in Figure 1b. Previous studies have
shown that lithium—carbon dioxide batteries based on carbon-based cathode catalysis can
achieve a stable cycle, and it is believed that the charging and discharging process is based on
the following reaction: 4Li* + 3CO; + 4e~ —2Li,CO;3 + C (EY =2.80 V versus Li/Li*) [14-16].
This reaction has attracted wide attention in the fields of energy and the environment
because it involves the fixation and transformation of CO, in the electrochemical energy
storage process. With the deepening of this research, the reversibility of the battery reaction
has also sparked a controversial concept. At present, significant progress has been made
in the study of the performance improvement of battery systems, such as the number of
rechargeable cycles and the reduction in the overpotential. However, the research on the
controllable preparation of optimized electrode materials and the corresponding reaction
mechanism is still in its infancy.
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Figure 1. (a) The research progress and (b) distribution of disciplines of Li—-CO, batteries.

This review introduces the primary mechanism of lithium—carbon dioxide batteries
and the latest progress in the application of carbon tube-based materials in battery systems,
including the strategy and application of carbon nanotubes (fibers) combined with noble
metals, molybdenum-based materials, other metal-based materials, and heteroatoms. This
paper focused on the optimum selection and structure construction of carbon tube matrix
composites and the improvement and enhancement of the performance of lithium-carbon
dioxide batteries. Combined with innovative research methods, the development direction
of carbon tube-based Li-CO, batteries was proposed.

2. Structure and Reaction Mechanism of a Lithium-Carbon Dioxide Battery
2.1. The Structure of a Li-CO; Battery

A typical type of Li-CO, battery consists of a porous cathode, electrolyte (liquid, solid),
and lithium metal anode [17]. The basic structure is shown in Figure 2, in the form of coin
cells from different points of view.
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Figure 2. The structure of a Li-CO; battery.

2.2. The Mechanism of a Li-CO; Battery

The reaction process of Li-CO, batteries is closely related to the electrode, electrolyte,
and atmosphere environment. Studies have shown that lithium—carbon dioxide batteries
cannot discharge in a pure CO; atmosphere, and there must be a small amount of oxygen
involved in the catalysis [11]. A much more critical problem is the lack of research evidence
on the generation and decomposition process of discharge product C, and the lack of
direct and powerful characterization test data. Zhou's group reported in Joule that lithium-
carbon dioxide batteries are rechargeable. Still, their charge and discharge processes are
irreversible: lithium carbonate generated during discharge can be decomposed, but the
generated carbon will not be decomposed but enriched on the electrode [18]. That is, when
charging, the battery reaction is 2Li;CO3—2CO; + O; + 4Li* + 4e™ (E° = 3.82 V versus
Li/Li"). Based on this principle, an energy storage device can be designed, which can not
only reduce the emission of CO; but also use CO; as the energy storage carrier. The gaseous
CO;, is fixed into the solid C; that is, during the charging and discharging process, high
specific energy storage and greenhouse gas treatment can be realized at the same time.
The energy efficiency reaches 73.3% without pollution, which is of great significance to the
solution of energy and environmental problems (Figure 3). Therefore, it is urgent to carry
out proper mechanism research to confirm the reaction process of the system [19,20].

Energy Storage System CO, Fixation Strategy
Rechargeable / Reversible ' Rechargeable / Irreversible
17— Input 2Li,CO3+ C > 4Li* + 3C0, + 4e
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Figure 3. Schematic for the achievement of an energy storage system (reversible process) and a CO,
fixation strategy (irreversible process) via Li-CO; electrochemistry technology. (Reprinted /adapted
with permission from [18]. Copyright 2017 Elsevier).

2.3. The Application of DEMS in Electrode Interface Reaction

The macroscopic property of the electrode catalytic material interface lies in the chem-
ical reaction. Since metal-air batteries involve the gas consumption and emission at the
surface interface of catalytic materials, in recent years, the application of differential elec-
trochemical mass spectrometry (DEMS) analysis based on gas detection in the field of
lithium—oxygen batteries have realized the continuous measurement of gas, and in situ
online analysis of the catalytic cathode interface reaction and possible side reactions [21,22].
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The components of DEMS are shown in Figure 4a. In 2006, Bruce et al. added Li;O,
to the cathode of a lithium-air battery [23]. With the help of DEMS analysis, the results
proved that O, could be generated by oxidation during the charging process. The re-
action mechanism of lithium—oxygen batteries was directly confirmed by experimental
data. McCloskey et al. studied the formation and decomposition process of Li,O; [21].
Peng et al. used nanoporous gold as a simulated cathode instead of a carbon-based cathode
material [24]. The battery test results based on the DMSO electrolyte showed that no CO,
was detected. Based on the test of carbon-based materials, there will be apparent CO, emis-
sion, indicating that lithium-air batteries with a carbon-based cathode have the possibility
of decomposition in the use process, and the safety factor must be considered. The effect
of nanocatalysts added to the cathode materials can also be evaluated by the DEMS test
and the reaction measurement calculation, such as TiC and Mo,C, so as to speculate on
the actual effect of the catalyst and analyze the stability of the electrode material [25].
The charge—discharge e~ /reaction gas ratio can be calculated by Faraday’s law so as to
speculate on the reaction path (Figure 4b). Another advantage of mass spectrometry is that
it can be combined with isotope calibration methods, such as an isotope reaction gas or
electrolyte, to track the intermediate products in the reaction process, and to effectively ana-
lyze the ion migration process and catalytic mechanism of the interface by in situ chemical
testing methods [26].
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Figure 4. (a) Schematic for a DEMS system; (b) the process of predicting the reaction mechanism.

3. Carbon Tube-Based Cathode for Li-CO, Battery

Carbon nanotubes are unique 1D materials, consisting of hexagonal carbon atoms to
form a single layer to dozens of layers of coaxial circular tubes. With special mechanical,
thermal, and electrical properties, they can be used in special applications in the field of
engineering materials. Carbon nanotubes have good electronic conductivity and form a
unique 3D overlapping space structure, providing sufficient space for the deposition of
discharge products [27]. In 2015, Zhou's group applied carbon nanotubes to a Li-CO,
battery cathode, and the battery charge and discharge cycles were realized [28]. However,
the catalytic activity of pure carbon materials in the charge—discharge reaction of the Li-
CO; battery was limited, and the battery exhibited a high charge-discharge overpotential
and a poor cycle life. Carbon tube matrix composites can effectively encapsulate and
load various catalyst nanoparticles so as to achieve the expected carbon dioxide reduc-
tion/evolution reaction (CO,-RR/CO;-ER) catalytic performance and increase the reactive
sites in Li—-CO, batteries.

3.1. Carbon Tube—Noble Metal-Based Composites

Noble metals such as gold, silver, and the platinum family (ruthenium, rhodium,
palladium, osmium, iridium, platinum) have unique activity in catalytic reactions [29,30].
They are used as catalysts for oxygen reduction (ORR) and oxygen precipitation (OER)
reactions in the initial stage of lithium-—air battery research and are designed as air electrodes
with various unique spatial structures [31].
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Kong et al. dispersed Au nanoparticles uniformly on the surface of a carbon tube
(AuNPs/CNTs) to achieve 46 cycles of a Li-CO; battery under the condition of a limited
capacity of 100 mAh g~! [32]. In the discharge stage, the voltage platform is obviously
higher than that of the carbon nanotube electrode, indicating that it has a catalytic effect in
the CO, reduction process. In the charging stage, the voltage platform and carbon nanotube
electrode are basically the same, reaching more than 4.5 V, indicating that the catalyst effect
of the Au electrode in the CO, evolution process is limited.

In previous work, ruthenium-based materials were considered efficient catalysts for
lithium carbonate decomposition [33,34]. Chen et al. anchored Ru nanoparticles on carbon
tubes, which could effectively improve the conductivity of the material matrix, and the
porous skeleton formed by cross-linking could promote the diffusion and transmission
of CO; and the electrolyte [35]. By comparing the attenuation of the battery system at
a low specific capacity of 100 mAh g~! and a high specific capacity of 500 mAh g~ !,
the researchers believed that the dominant role is not the passivation of the cathode, but the
effect of lithium dendrites on the anode. After replacing the lithium metal sheet with a
C/Li anode deposited on the surface by sputtering, the cycle stability of the battery can be
improved by more than three times. Using ruthenium chloride and carbon tubes as raw
materials, ruthenium nanoparticles can be attached to the surface of carbon tubes by the
reflux method (Figure 5a,b). The obtained composite material can be used as the cathode
of lithium-carbon dioxide batteries and sodium—carbon dioxide batteries to realize more
than 100 cycles [36]. Li et al. combined a covalent organic framework compound (COF)
with Ru-coated carbon nanotubes to explore the adsorption capacity of the material for
CO; [37]. In the Li—CO, battery, the specific capacity reached 27348 mAh g~!. The good
performance was attributed to the 1D channel of the material and the functionality of
the COF, which facilitate the capture of CO, and the rapid transmission of lithium ions.
These synergistic effects promote the rapid formation/decomposition of Li,CO3 during
the discharge—charge process.
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Using ruthenium chloride and carbon nanotubes as raw materials, through a simple
solution reaction and vacuum sintering at 200 °C, the structure of RuO; particles attached
to the surface of carbon nanotubes can be obtained (Figure 5c¢,d) [38]. This type of material
was first used in Li-CO; batteries. Under the condition of a limited specific capacity of
500 mAh g~!, the initial cycle was 30 cycles, and the charging voltage was lower than
4.0 V. Based on the analysis of XPS, XRD, and SEM, most of the discharge products of
lithium carbonate can be effectively decomposed. The catalytic activity of the electrode
was analyzed by charging decomposition with pre-filled lithium carbonate. The coulombic
efficiency of the carbon tube electrode was 56%, and the charging voltage was close to 4.5 V.
The coulombic efficiency of the carbon tube and ruthenium oxide composite electrode was
93%, and the charging voltage was controlled at 3.9 V.

In the practical application of noble metal-based electrode materials, the following
issues should be considered: raw material cost, synthesis technology, and performance
optimization. Alloying is an effective strategy to reduce costs and optimize the composition.
Jin et al. attached Ru and Cu nanoalloys on the surface of carbon nanofibers. The optimized
composition and electronic effect can promote the formation and decomposition of lithium
carbonate during discharging and charging [39].

3.2. Carbon Tube-Molybdenum-Based Composites

Mo-based materials, due to the multiple valence states of Mo, its ease in the formation
of composites, its high electronic conductivity, its high electrocatalytic activity, and the low
cost of raw materials, have achieved excellent electrochemical performance in the study of
Li-O, batteries [40,41]. In Li-CO, batteries, Mo-based materials also exhibited excellent
properties, such as: improved catalytic activity, reduced charging overpotential, and long
cycle stability [42].

Molybdenum carbide (Mo,C) has been widely studied due to its excellent catalytic
properties, similar to VIII metals. It has attracted extensive attention in methane recon-
struction, water—gas transfer reactions, hydrogen evolution reactions, and CO, reduction
reactions. Compared with the metal Mo, the high activity of Mo,C originates from the
electronic properties introduced by carbon, which affects the reaction activity of the Mo-C
bond energy and adsorbate. Chen’s research group synthesized a composite of Mo,C
and carbon nanotubes and used it for the test of Li-CO; batteries [43]. The battery energy
efficiency reached 77% and could be recycled for 40 cycles. The mechanism analysis showed
that Mo, C can stabilize the intermediate product of CO, in the reduction process during
discharging, thereby inhibiting the formation of insulating lithium carbonate. The amor-
phous discharge product Li;C,04-Mo,C can be decomposed at a 3.5 V charge voltage.
First-principles calculation can further analyze the role of Mo,C electrodes in Li-CO,
batteries. Yang et al. systematically studied the Gibbs free energy changes of Li;C,O4
and Li;COj3 nucleation intermediates and theoretically proved that Li,C,O4 can stably
become the final discharge product without forming Li;COj3 [44]. The overpotential was
analyzed by an electrochemical free-energy level diagram, and the catalytic activity of the
catalyst during charging and discharging was evaluated. The electron transfer between
the intermediate product and the Mo, C catalyst plays a crucial role in the stability of the
discharge product and the electrochemical mechanism of the battery. Xia’s group designed
a water-in-salt electrolyte (LiTFSI/H,O 21.0 mol/1 kg) and studied the reaction mechanism
of a Li-CO; battery composed of CNT and Mo,C/CNT cathodes [45]. Through a variety of
in situ/non-in situ and qualitative/quantitative characterization analyses, the electrode
based on Mo,C/CNT can realize the reversible conversion between CO, and Li,C,Oy4
at a low charge—discharge overpotential. In contrast, the CN'I-based electrode needs to
form and decompose Li;COj3 at a high overpotential. The electrochemistry mechanism is
schematically shown in Figure 6.
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Figure 6. Schematic of the electrochemistry mechanism of CO, reduction in WIS-based Li-CO,
batteries with various cathodes (reprinted/adapted with permission from [45]; Copyright 2021
American Chemical Society).

MoC has also been demonstrated as a highly efficient catalyst in lithium-air batteries [46].
Zhu et al. applied a modified flowing catalyst chemical vapor deposition (FCCVD) method
by using dicyandiamide as a carbon and nitrogen source [47]. Nitrogen-doped carbon
nanotubes were grown on the surface of the nickel foam skeleton, and MoC nanoparticles
were embedded in the carbon nanotubes. The obtained self-supporting structural materials
can be directly used for Li-O, batteries, Li-CO; batteries, and Li-air batteries to avoid
the addition of an organic binder. The formation and decomposition of the discharge
product lithium carbonate on the electrode surface were verified by XRD, Raman, XPS,
FTIR, and SEM analysis. Combined with the DEMS test, the possible reaction mechanism
in the charging and discharging process was explained.

Chen et al. prepared an array structure of MoO3-coated CNTs grown on the surface
of a nickel foam [48]. The cross-linking structure of carbon tubes provided abundant
channels for electron transport. The large specific surface area provided sufficient ion
embedding/desorption sites. Based on the surface self-restriction and self-saturation
adsorption, the MoOj layer deposited on the outer layer of the carbon tube had good 3D
consistency. The Li-CO; battery assembled with the material had a discharge capacity of
121.06 mAh cm 2, a charge voltage of less than 3.8 V, and a cycle number of 300 cycles.

Transition metal dichalcogenides have been widely investigated in various electro-
chemical reactions, including Li-CO; batteries [34,49]. The composites of MoS; and CNTs
also realized a stable cycle in Li-CO, batteries [50]. Chen et al. prepared a MoS, /CNT
electrode with a discharge capacity of 8551 mAh g~!, coulombic efficiency of 96.7% and
charge voltage of 3.98 V. The DFT calculation results showing the adsorption sites of Li,
CO,, and Li;CO3 on MoS, materials were analyzed and verified by Raman and X-ray
absorption fine structure spectra. In addition, MoSe,@CNT composites were designed,
synthesized, and proven to be beneficial to the nucleation and growth of Li;O; in Li-O,
batteries [51]. The batteries had a specific capacity of 32,000 mAh g~! and a cycle life of 270
at 500 mA g~ 1.

3.3. Carbon Tube—Other Metal-Based Composites

Transition metals are widely used in various catalytic fields due to their rich con-tent,
low cost, and good catalytic activity. Copper was demonstrated effective in the adsorption
and activation of CO, molecules [52-54]. Xu et al. prepared copper polyphthalocyanine-
carbon nanotubes composites (CuPPc-CNTs) by solvothermal in-situ polymerization method.
The obtained Li—-CO, battery show high discharge capacity [55].

Li et al. used an FCCVD method to grow nitrogen-doped carbon tubes on a Ti sub-
strate [56]. The electrode with a self-supporting structure had 45 cycles in a Li-CO, battery.
The electrode could also assemble a flexible fibrous battery with a semi-solid electrolyte.

Kim et al. used hemoglobin biomolecules as raw materials to analyze the mechanism
of Fe nanoparticles embedded in nitrogen-doped carbon nanotubes through capillary action
under different heat treatment conditions [57]. Non-in situ characterization proved that the
material was not Li;CpO4 based on the formation and decomposition of Li,CO3 during
the battery cycle. It is believed that the material has high catalytic activity in the battery
reaction due to the formation of an Fe-O-C bond.

165



Nanomaterials 2022, 12, 2063

Thoka et al. compared the performance of CNTs, Co304@CNT and ZnCo0,O4@CNT in
Li—-CO; batteries [58]. The ZnCo,O4@CNT composite with a spinel structure significantly
decreased the overpotential while improving the cycle number performance of the battery.

Zhang et al. deposited NiO nanosheets on the CNT surface using a hydrothermal
method. In the first full charge—discharge cycle, the coulombic efficiency reached 97.8%, and
the efficiency after five cycles was 91.7% [59]. Inspired by the design of high-nickel and low-
cobalt electrode materials, Xiao et al. modified Cog 1Nig9Ox nanoparticles on the surface of
carbon nanotubes [60]. Through various characterization techniques, the effect of doping
Co on the electrochemical performance was systematically studied. The Cog 1Nig9Ox/CNT
electrode achieved 50 cycles without apparent attenuation, which is twice more than that
of the NiO/CNT and CNT electrodes. The improvement of the catalytic performance was
attributed to the advancement in the P-type electronic conductivity by doping Co?* in the
NiO lattice. The Co?*-doped electrode surface formed polymer-like discharge products,
which was considered to build a better reaction interface.

Lei et al. prepared an a-MnQO, /CNT electrode, which could increase the number of
surface-active sites. A total of 50 cycles could be realized under the limited capacity, and
6 cycles could be realized under the full charge and discharge conditions [61]. Liu et al.
prepared layered sodium manganese hydroxide 8-MnO,-coated carbon nanotubes [62].
Porous lamellar MnO; had abundant oxygen vacancy and was evenly distributed on the
surface of the carbon tubes. The 3D cross-linked pore network structure formed between the
layered MnO, and CNTs could effectively promote the permeation of the electrode solution
and the diffusion and transmission of CO,, providing a sufficient Li* /electron transport
path and catalytic activity sites for the CO, precipitation reaction. The adsorption energies
of CO, and Li,CO;3 in the absence and presence of oxygen vacancies were calculated by
DFT, indicating that CO, is easier to adsorb at sites containing oxygen vacancies.

Zhang et al. embedded tungsten carbide (W,C) nanoparticles into the CNT wall to
achieve an ultra-low charging voltage of 3.2 V in lithium—carbon dioxide batteries [63].
The ultra-low polarization originates from the electron-rich effect of W atoms in the W-O
bond, breaking the stable triangular structure in CO3%". The discharge product formed by
the W,C-CNT catalytic electrode was amorphous, which is conducive to decomposition at
a low voltage, and the cycle energy efficiency of the battery could reach 90.1%. Combined
with the EXAFS spectrum and theoretical calculation results, it was considered that the in-
teraction between lithium carbonate and CNTs was physical, while the interaction between
lithium carbonate and W,C-CNTs was chemical (Figure 7). The problem with the electrode
material is that the charging voltage began to increase significantly after 30 cycles.
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Figure 7. Investigation of the reaction mechanism of Li—-CO, batteries with WoC-CNTs. (a) XPS
spectra, (b) O K-edge XANES spectra, (c¢) Raman spectra, (d) wavelet transform EXAFS spectra, and
(e) Fourier transform EXAFS spectra of the cathode (reprinted /adapted with permission from [63];
Copyright 2021 American Chemical Society).

166



Nanomaterials 2022, 12, 2063

3.4. Heteroatom-Doped Carbon Tube-Based Composites

Due to their low catalytic activity, pure carbon tubes have been proven not suitable
for direct use in lithium-carbon dioxide batteries, and a proper adsorbent should be de-
signed [64,65]. Heteroatom doping is an effective strategy. For example, the introduction
of nitrogen atoms can enhance the adsorption of CO, on the surface through Lewis’s
acid-base interaction [47]. Li et al. prepared bamboo-like nitrogen-doped carbon tubes
using an FCCVD method (Figure 8a) [66]. Studies have shown that nitrogen-doped carbon
tube materials can benefit from pyridine nitrogen on the surface, forming abundant defect
active sites. Li et al. believed that carbon-based materials were not suitable for direct
use in lithium—carbon dioxide batteries without binders, and the introduction of binders
would not only cause the loss of active sites on the electrode but also lead to heterogeneous
dispersion, resulting in attenuation of the catalytic activity [67,68]. In addition, the contact
interface between the catalyst and lithium carbonate will also decrease, resulting in incom-
plete decomposition, and gradually accumulating and blocking the channels of CO, and Li*
transport, thereby further reducing the active sites. High-capacity Li-CO; batteries have
become candidates for a flexible power supply, having potential applications in bracelets
or wearable electronic devices. On this basis, a vertical array of nitrogen-doped carbon
tubes on a titanium mesh was designed, which was used as a self-supporting electrode
to achieve an ultra-long cycle, high performance and a flexible lithium—carbon dioxide
battery with a gel polymer electrolyte. Two layers of nitrogen-doped graphene-coated
CNTs were prepared by Dai’s group using anodic aluminum oxide (AAO) as a template
(Figure 8b) [69]. They can also be used as a binder-free 3D cathode, as well as a metal-free
structure. Song et al. prepared N-S co-doped carbon tubes and confirmed N-S co-doping
by high-resolution XPS [70]. The battery test analyzed the high catalytic activity of the
composite compared with the CNTs, and a specific capacity of 23,560 mAh g~! could be
achieved in the quasi-solid flexible lithium—carbon dioxide battery for 110 days, while the
effect of N-S doping remains to be further studied.
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Figure 8. (a) Schematic illustration of preparation procedures for B-NCNT electrodes using an
FCCVD method (reprinted /adapted with permission from [66]; Copyright 2019 Wiley); (b) schematic
illustration of the synthesis procedure of VA-NCNT arrays on a Ti wire via an FCCVD method
(reprinted /adapted with permission from [69]; Copyright 2020 American Chemical Society).

In summary for this section, the current research progress of CNT-based cathodes for
Li—-CO; batteries is compared in Table 1. The discharge capacity with the corresponding
current density, the cycle performances, and the discharge—charge voltage platform are
listed in detail.
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Table 1. Comparisons of the performances of CNT-based cathodes for Li-CO, batteries.

Discharge Capacity/ Cycle Performance (Cutoff Specific Discharge-Charge
Cathode Curre1g1t Derlzsityty Y Capacity/Current Densit];r) VoltagegPlatforri Year Ref.
Mo,C/CNTs 1150 pAh/20 pA 40 (100 pAh/20 pA) 2.65/3.35V 2017 [43]
MoC/N-CNTs 8227 mAh g=1/100 mA g~} 90 (1000 mAh g~1/1000 mA g~ 1) 2.75/3.79V 2017 [47]
NiO-CNTs 9000 mAh g~1/100 mA g~* 42 (1000 mAh g~1/50 mA g~ 1) 2.75/4.00 V 2018 [59]
COF-Ru@CNT 27,348 mAh g~1/200 mA g~! 200 (1000 mAh g~1/1000 mA g~1) 2.53/4.27V 2019 [37]
CNTs@RuO, 2187 mAh g~!/50 mA g1 55 (500 mAh g~1/50 mA g~1) 2.48/390V 2019 [38]
N-CNTs@Ti 9292.3 mAh g~!/50 mA g1 45 (1000 mAh g~1/250 mA g~ 1) 2.60/4.18 V 2019 [56]
MnO,/CNTs 7134 mAh g=1/50 mA g~} 50 (1000 mAh g~!/100 mA g~ 1) 2.62/3.95V 2019 [61]
N-CNTs 23,328 mAh g~ 1/50 mA g ! 360 (1000 mAh g~1/1000 mA g 1) 2.72/3.98V 2019 [66]
Ru/CNTs 2882 mAh g~1/100 mA g~! 268 (100mAh g~1/100 mA g~ 1) 2.56/4.01V 2020 [35]
ZnCo,04@CNTs 4275 mAh g~1/100 mA g~ 230 (500 mAh g~1/100 mA g~ 1) 2.52/4.22V 2020 [58]
Co304@CNTs 2473 mAh g=1/100 mA g~! 43 (500 mAh g~1/100 mA g~ 1) 2.45/4.38V 2020 [58]
3D NCNTs/G 17,534 mAh g~ 1/50 mA g~ ! 185 (1000 mAh g=1/100 mA g~ 1) 2.77/3.90V 2020 [69]
N,S-CNTs 23,560 mAh g~1/200 mA g~! 538 (500 mAh g~!/200 mA g~ 1) 2.63/452V 2020 [70]
Ru/CNTs 4541 mAh g~1/100 mA g ! 45 (500 mAh g~1/100 mA g~ 1) 2.76/4.24V 2021 [31]
AuNPs/CNTs 6399 mAh g~1/100 mA g~ ! 46 (1000 mAh g~1/200mA g~ 1) 2.73/4.30V 2021 [32]
Ru/CNTs 23,102 mAh g~!/100 mA g~! 100 (500 mAh g~1/100 mA g~ 1) 2.60/4.09 V 2021 [36]
Mo,C/CNTs 0.5 mAh/0.05 mA 20 (1000 mAh g=1/100 mA g 1) 2.74/341V 2021 [45]
MoO3;@CNTs 30.25 mAh cm~2/0.05 mA cm 2 300 (1 mAh cm~2/0.05 mA cm~2) 2.68 /4.03V 2021 [48]
MoS,/CNTs 8551 mAh g~!/100 mA g1 140 (500 mAh g~1/100 mA g~ 1) 2.70/3.94V 2021 [50]
Fe/CNTs 3898 mAh g~!/100 mA g1 30 (600 mAh g~1/100 mA g~ 1) 2.62/4.24V 2021 [57]
Co00.1NiggOx/CNT 5871.4mAh g~1/100 mA g ! 50 (500 mAh g~1/100 mA g~ 1) 2.55/3.94V 2021 [60]
CNT@MnO, - 50 (1000 mAh g~!/200 mA g~ 1) 2.64/4.19V 2021 [62]
W,C-CNTs 10,632 mAh g=!/100 mA g~! 75 (500 mAh g~1/200 mA g~1) 2.81/320V 2021 [63]
N-CNTs 18,652 mAh g~ 1/100 mA g~ 120 (1000 mAh g~1/250 mA g~ 1) 2.51/4.25V 2021 [67]
CuPPc-CNTs 18,652.7 mAh g~1/100 mA g~ ! 160 (1000 mAh g=1/200 mA g~1) 2.87/4.32V 2022 [55]
MWCNTs 5255 mAh g~!/60 mA g1 50 (600 mAh g~1/60 mA g~1) 2.75/4.31V 2022 [71]
Holey CNTs 17,500 mAh g~1/500 mA g~? 150 (500 mAh g~1/100 mA g~ 1) 2.75/4.31V 2022 [72]

4. Prospect

The actual process of a Li-CO, or future genuine Li-air battery is complex [73]. Based
on the existing structure and system, a large number of creative works have been carried out,
including the battery reaction process assisted by an external light field, the replacement of
a liquid electrolyte with a solid one, and other types of metal-carbon dioxide batteries.

4.1. Light Field Assistance

Peng’s group designed a carbon nanotube framework with an internal connection
structure and coated carbon nitride (C3Ny4) on the surface to form a heterojunction pho-
tocathode for a quasi-solid-state Li-CO, battery [74]. The composite was prepared at
600 °C to form carbon nitride with more defect structures, which enhanced the absorption
of ultraviolet light and produced abundant photoelectrons and vacancies. This further
led to the red shift of the absorption edge and the improvement of the carrier separation
efficiency in carbon nitride. The accelerated transport of the charge between the carbon
nitride and carbon tube structure provides more photoelectron/vacancy migration and
promotes the reduction/evolution reaction of carbon dioxide rather than recombination.
This process also increases the utilization of light energy. Carbon dioxide was reduced to
lithium carbonate/carbon by photoelectrons at 3.24 V (higher than the thermodynamic
equilibrium voltage, 2.80 V). In the charging process, the voltage of the oxidation process
was only 3.28 V, so the energy efficiency of the charging and discharging cycle process
was 98.8%, while the energy efficiency after 100 cycles was 86.1%. This electrode material
can also adapt to the application of flexible wearable electronic equipment in the future.
Based on the photoelectric effect, the specific incident light can excite a large number of
high-energy photoelectrons and holes with high redox activity on semiconductor materials,
which is expected to promote the reduction/evolution of CO; (Figure 9). However, due
to the unfavorable charge transfer/separation of typical semiconductor photocatalysts,
most photogenerated carriers often recombine before participating in the target battery
reaction. The charge transfer/separation of the semiconductor photocatalyst is unfavorable,
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and most photogenerated carriers tend to recombine before participating in the target
battery reaction. Only a tiny fraction of photogenerated carriers can migrate to the surface
of semiconductors to promote the CO, reduction/evolution reaction. In order to effectively
use light to promote the kinetic process of a CO, cathode, it is necessary but challeng-
ing to encourage the transfer/separation of photogenerated carriers in a semiconductor
photocatalyst. Peng’s team designed a synergistic two-field auxiliary cathode to solve the
inherent limitation of semiconductor photocatalysts by combining plasma metal nanoparti-
cles (such as gold and silver) with semiconductor photocatalytic materials [75]. Under the
incident light, the free electrons in the plasma metal nanoparticles can construct a locally
enhanced electric field, exerting the opposite force on the electrons and holes to suppress
the recombination of carriers. Silver (Ag) nanoparticles were electrodeposited on an anodic
oxidation TiO, nanotube array as a dual-field auxiliary cathode to promote the CO, reduc-
tion/evolution reaction. Under the action of a light field, a large number of photogenerated
electron holes are generated on TiO;, and the enhanced electric field around Ag nanoparti-
cles promotes the separation/transfer of photogenerated carriers, thus making better use of
carriers for the CO, reduction/evolution reaction. The dual-field-assisted Li-CO; battery
had an ultra-low charging voltage (2.86 V at 0.10 mA cm~2), and the efficiency was 86.9%

after 100 cycles, achieving an area capacity of 31.11 mAh cm 2.
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Figure 9. Depiction of the light-assisted discharge—charge processes in a CNT@C3Ny heterostructured
photocathode (reprinted /adapted with permission from [74]; Copyright 2022 Wiley).

4.2. Solid State

In recent years, the research on Li-CO; batteries has been mainly based on the non-
proton solvent system, namely, the organic electrolyte system [76,77]. Compared with
carbonate electrolytes used in lithium-ion batteries, ether or sulfone electrolytes have wider
electrochemical windows and better stability. However, with lithium metal as a negative
electrode, it is inevitable that the problems of lithium dendrite growth and a short circuit
caused by the penetrating diaphragm will be faced [78,79]. At the same time, as an open
system, the battery has problems such as volatilization, leakage of liquid electrolytes, and
dissolution of the atmosphere in the air into the corrosion of the lithium sheet, which
seriously restrict the improvement of battery performance in terms of stability and a long
cycle life. Solid electrolytes have the following advantages:

1.  They avoid electrolyte volatilization, which is not flammable;

2. They can inhibit the growth of lithium dendrites with higher safety;

3. They are not prone to inducing side reactions and have a better stability;

4. They can effectively prevent water vapor in the air and reduce the corrosion of
lithium anodes.

However, there are still many bottlenecks to be considered in the development and
application of solid-state Li-CO; batteries, including the composition and structure design
of the electrolyte, the contact between the electrolyte and electrode solid interface, the ionic
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and electronic conductivity and the cost [80]. In existing solid electrolytes, sulfur-based
and garnet-based electrolytes are sensitive to water vapor and need to be prepared in an
inert atmosphere, which is not suitable for metal-air batteries. Sodium-ion fast-charged
Li1 1 AlxGeyr(POy4)3 (LAGP) and Lij Al Tip(POy4)3 (LATP) ceramics can alleviate the
grain-limited boundary transport of lithium ions and stabilize in a carbon dioxide atmo-
sphere [81]. Using a commercial LAGP wafer as the electrolyte, a Ru/CNT cathode and a
lithium anode, Liu et al. assembled a Li-CO; battery and achieved 45 cycles at a limited
capacity of 500 mAh g~ [31].

Wang's group prepared a gel polymer electrolyte with a compact structure and good
thermal stability by conventional UV curing technology and assembled rechargeable Li—
CO;, batteries based on carbon tube gas electrodes [82]. Under the condition of a limited
specific capacity of 1000 mAh g~!, the battery could cycle for 60 cycles. Compared with the
liquid electrolyte battery, the discharge product had a granular form with poor crystallinity.
In the liquid electrolyte battery, the discharge product created a continuous polymer coating
structure, which is not conducive to the transmission of ions, electrons, and gases, thus
affecting the cycle stability of the battery. The charging process of the battery was analyzed
by in situ differential electrochemical mass spectrometry, but the reaction mechanism needs
to be further verified by the isotope method.

The selection of both the electrode and electrolyte needs to be considered in flexible
batteries [67]. Li-CO, batteries with a liquid electrolyte inevitably have a leakage prob-
lem, which cannot meet the requirements of flexible batteries with high safety. Based on
a lithium sheet anode and a polymethacrylate/polyethylene glycol-lithium perchlorate-
silica composite polymer electrolyte combined with a carbon nanotube cathode, Chen’s
team constructed a flexible Li-CO; battery without a binder and liquid electrolyte [83].
At 55 °C, the ionic conductivity of this organic-inorganic composite electrolyte reached
0.0714 mS cm~!, while the composite of the electrode and electrolyte provided more
surface-active sites, reduced the interfacial resistance, and avoided the side reactions
caused by the binder. The assembled Li-CO, battery effectively cycled for 100 cycles
with a specific capacity of 1000 mAh g~!. The assembled soft-packed battery achieved a
capacity of 993.3 mAh, reached an energy density of 521 Wh kg~! and cycled for 220 h
under the bending condition of 0-360° (Figure 10). The formation and reaction process of
lithium carbonate were characterized by in situ Raman technology, and the stability of the
composite electrolyte/electrode material was verified.
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Figure 10. The bending and twisting properties and corresponding cycling numbers of Li-CO,
batteries (reprinted /adapted with permission from [83]; Copyright 2017 Wiley).
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4.3. Other Metal-CO, Batteries

Due to the shortage of lithium metal resources and the complicated and expensive
production process, it has become a hot trend to derive metal-carbon dioxide batteries from
other metals (such as sodium or potassium as compared in Table 2) with a higher content in
the Earth’s crust. Sodium is similar to lithium in terms of physical and chemical properties.
The theoretical energy density of sodium-carbon dioxide batteries is 1013 Wh kg !, and the
reaction is based on 4Na + 3CO,;—2NayCOs3 + C [84-87]. The discharge voltage of this type
of battery is 2.35 V, which is lower than that of a Li-CO, battery. Still, the advantage is that
the charging voltage is reduced accordingly, which has better safety [36]. Because metal
sodium is more active and the atomic radius is larger, it will cause higher polarization and
more security problems. At present, sodium—carbon dioxide (Na—CO;) primary batteries
and rechargeable batteries have great security risks, mainly due to the problems with
the liquid electrolyte and pure sodium anode, including the leakage and volatilization of
the liquid electrolyte in sodium salt/organic solvent Na—CO; batteries (especially under
high-temperature working conditions). During the battery cycle, dendrite formation or
surface cracking will also occur, leading to a short circuit. Therefore, it is crucial to find
alternatives to liquid electrolytes and pure sodium anodes [88]. In potassium—carbon
dioxide (K-CO,) batteries, using an alloy instead of a pure metal anode will be safer and
more stable and will avoid the generation of dendrites, which is an effective strategy.
A K—CO, battery was assembled with potassium-tin alloy as the negative electrode and
carbon tubes containing carboxyl functional groups as the positive electrode. Since the
-COO™ ions in the carboxyl group were similar to those in potassium carbonate, the C=O
bond in potassium carbonate could be weakened, thus promoting the decomposition of
potassium carbonate [89]. The specific capacity of the battery reached 3681 mAh g~ ! at the
current density of 100 mA g~!; under the condition of a limited capacity, 400 cycles could
be realized.

Table 2. Comparisons of Metal-CO, batteries.

Metal-CO, , Theoretical Theoretical Energy
Battery Earth’s Crust Potential Density
Li 0.0017 wt% 280V 1876 Wh Kg~!
Na 2.3 wt% 235V 1130 Wh Kg~!
K 1.5 wt% 248V 921 WhKg~!

Theoretical energy densities were calculated based on 4M + 3CO, —2M,CO;3 + C (M: Li, Na, K).

5. Conclusions

This review introduced the basic structure and reaction mechanism of Li—-CO, batteries,
focusing on the application of carbon nanotube-based composites in Li-CO; batteries, from
material synthesis to performance analysis. New development directions of optical field
assistance, the solid state, and other metal-CO, batteries were also introduced as prospects.
Although many breakthroughs have been made, Li-CO; batteries still have many problems
to be solved, including the following:

e  Mechanism problems in actual material systems. Through mass spectrometry or
other in situ characterization techniques, the dynamic process of the battery system is
usually explored by using simulated batteries, which may not effectively correspond
to the actual battery system, especially in terms of the battery performance under
different specific electrode material systems. For several steps of intermediate product
formation, lithium carbonate or Li;C,O4 needs to be combined with the specific actual
material system, and even with the different phase structures and tri-configuration
systems of the same material, which is complex work.

e  Key material selection and structural design issues. The selection of catalytic electrode
materials needs to comprehensively consider factors such as the source, cost, prepa-
ration process, catalytic performance, and stability. The selection of the electrolyte
is primarily concerned with the safety of the voltage window range, as well as the
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cost. The cost of existing liquid and solid electrolyte systems is much higher than
that of lithium-ion batteries. In addition to the electrode and electrolyte, the type and
packaging process of the separator and battery casing will affect the final performance
of the battery. That means each component plays a vital role in the final performance
and application of Li-CO, batteries.

e  Characterization method. Non-in situ characterization methods can only provide
complementary reference information for the disassembled battery. Effectively com-
bining in situ infrared, Raman, scanning, and transmission electron microscopy with
the battery system is the key to the study. In addition, with the combination of ex-
perimental characterization and theoretical calculation, the experimental data should
provide more guidance to the calculation model, rather than a simple simulation, such
as the reaction path, product type, formation, and decomposition of energy, reactant,
product adsorption energy, Gibbs free energy change, electron, ion migration rate of
thermodynamics, and kinetics analysis.

e  Practical application problems. As a high-energy-density energy storage device and car-
bon dioxide treatment device, the actual reaction process, performance, and effect of the
battery at the amplification scale should be considered in the actual application process.

To sum up, Li-CO, batteries are a very promising energy storage device and have the
functions of CO, absorption, fixation, and conversion. They are an important technical
means for assisting energy optimization and environmental protection to realize carbon
neutralization. However, many scientific and technical problems still need to be studied
and solved steadily.
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Abstract: A non-enzymatic electrochemical sensor, based on the electrode of a chitosan-derived car-
bon foam, has been successfully developed for the detection of glutamate. Attributed to the chelation
of Cu ions and glutamate molecules, the glutamate could be detected in an amperometric way by
means of the redox reactions of chelation compounds, which outperform the traditional enzymatic
sensors. Moreover, due to the large electroactive surface area and effective electron transportation of
the porous carbon foam, a remarkable electrochemical sensitivity up to 1.9 x 10* pA/mM-cm? and a
broad-spectrum detection range from nM to mM scale have been achieved, which is two-orders of
magnitude higher and one magnitude broader than the best reported values thus far. Furthermore,
our reported glutamate detection system also demonstrates a desirable anti-interference ability as
well as a durable stability. The experimental revelations show that the Cu ions chelation-assisted
electrochemical sensor with carbon foam electrode has significant potential for an easy fabricating,
enzyme-free, broad-spectrum, sensitive, anti-interfering, and stable glutamate-sensing platform.

Keywords: carbon foam electrode; copper ion chelation; glutamate detection; high sensitivity

1. Introduction

Huntington’s disease (HD) is one of the most prevalent neurodegenerative diseases
(NDs), of which the symptoms typically begin in elderly age [1,2]. Similar to other NDs,
the symptoms of HD are generally mild at the start yet become worse over time and
interfere with daily life [3]. Several researchers have realized that the presence of glutamate
in the cerebral cortex is one of the key points for intracellular signal pathways, and the
concentration change of glutamate is possibly related to HD [1,4,5]. In addition, glutamate
is also an important biomarker for other diseases, such as musculoskeletal pain [6],
tumor cells [7], and Alzheimer’s disease [8]. Hence, the detection of glutamate can be
applied in clinical diagnoses as well as symptom monitoring during the treatments of
these diseases [9,10]. The concentrations of glutamate in plasma, serum, cerebral spinal
fluid, urine, whole blood and saliva are in the range of 5-100 uM, 97.4 &+ 13.2 uM, 0.5-2 uM,
8.5 (3.3-18.4) uyM mM ! creatinine, 150-300 uM, and 0.232 + 0.177 uM, respectively [11].
Therefore, the broader the detection range of glutamate is, the better, and the limit of
detection of the non-enzymatic glutamate sensors should be at least lower than 0.05 uM.
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Recent studies have reported a number of electrochemical biosensors for the detection
of glutamate [12-14]. Although enzymatic glutamate biosensors such as electrochemical
sensors using L-glutamate oxidase (GluOy) have demonstrated their capability for gluta-
mate detection, their low sensitivity is problematic due to indirect electron transfer [15].
Moreover, a few other shortcomings of enzymatic detection techniques also need to be
overcome, including the complicated enzyme purification procedures, high fabrication
costs, instability due to enzyme denaturation, and a narrow detection range. In addition, in
terms of the mechanism of glutamate detection in an electrochemical strategy, catalyzing
oxidative deamination of glutamate by the enzymes, and the redox reaction of glutamate to
oxoglutarate, which is ascribed from the catalytic effect of multivalent cationic metal ions,
are the main methods used thus far [16,17]. Unfortunately, the current strategies can only
offer a sensitivity of up to ~10> pA/mM-cm? and a detection linear range in the tM scale,
which cannot fulfill the detection requirements. In this regard, undoubtedly, developing a
broad-spectrum and highly sensitive glutamate-sensing system is extremely important.

When addressing such formidable challenges of enzymatic detection, researchers have
made great efforts to exploit non-enzymatic sensors, which are called the fourth generation
of electrochemical glutamate sensors. Of the various factors previously highlighted for
establishing a high-performance non-enzymatic glutamate sensor, nanostructured materials
as sensing platforms hold an effective strategy for high sensitivity and broad detective
concentration ranges which ascribe from their large electrochemically active surface area, as
well as a desirable anti-interference, short response time and impressive stability. Therefore,
developing nanostructured materials that boosted non-enzymatic glutamate sensors is an
irresistible trend that could improve the stability and decrease the cost of sensors. For
example, Razeeb et al. firstly developed a non-enzymatic Pt/Ni nanowire array electrode
to detect glutamate in 2012 [16]. Disappointingly, despite the complicated and costly
synthesis process of the precisely structured nanowire, the sensitivity and linear range of
detection were far removed from expectations. Since then, even though the non-enzymatic
glutamate sensors have been developed for ten years, there are still a limited number of
works of literature published [18-23]. Islam et al. reported RuO;-doped ZnO nanoparticles
based on a non-enzymatic glutamate sensor, which reports a high sensitivity of up to
9.6 x 107° pA/mM-cm? and the lowest detection limit of 0.0001 uM [22]. However, the
highest detection limit of this sensor is only 10 uM, which cannot fulfill the detection
requirement in many clinical environments, such as plasma, serum, and whole blood.

Owing to its affinitive chelation with Cu ions, glutamate has been employed as a
chelation agent to enhance the electrodeposition of copper and prevent the precipitation
of copper oxide [24]. This motivated us to develop a Cu ions chelation-assisted system
for high-performance glutamate sensing. Along with our recent advance in the synthesis
technique of porous carbon foams, we were able to directly detect the concentration of
glutamate in an amperometric way. Contributing to the large electroactive surface area
and effective electron transportation of the chitosan-derived carbon foam electrode, a high
electrochemical sensitivity and a broad-spectrum detection range can be achieved. This
study describes the new strategy of a facile and non-enzymatic detection of glutamate,
assisted by chelating with Cu ions, and to the best of our knowledge, it reports the highest
sensitivity and broadest detection range thus far.

2. Experimental
2.1. Chemicals and Apparatus

L-glutamic acid monosodium salt monohydrate (glutamate, >98%), copper chloride
(CuCly, 97%), ascorbic acid (AA), uric acid (UA), dopamine hydrochloride (DA), glucose,
3,4-Dihydroxyphenylacetic acid (DOPAC), chitosan (medium molecule weight), and acetic
acid were purchased from Sigma-Aldrich (USA). Phosphate-buffered saline (10 mM of
PBS, pH = 7.4) was prepared from NaCl, KCl, NayHPOy, and KH,POj4. All chemicals were
commercially available at analytical grade and were used without further purification.
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2.2. Preparation of Electrode Based on a Chitosan-Derived Carbon Foam

The chitosan-derived carbon foam was synthesized from a chitosan foam, which was
prepared through a temperature-controlled freeze-casting process [25]. In brief, chitosan
powders were dissolved into a 0.3 M acetic acid solution at a chitosan concentration of
10 mg/mL. Subsequently, the solution was frozen at —20 °C and lyophilized in a freeze-
dryer at —80 °C for 48 h. Afterwards, the resultant chitosan foam was annealed at 900 °C
for 2 h to obtain a cylindrical chitosan-derived carbon foam. The carbon foam was cut with
a thickness of 1 mm and attached to a gold plate (as a current collector) with a conductive
carbon tape.

2.3. Characterizations

The morphology of the chitosan-derived carbon foam was examined with field emis-
sion scanning electron microscopy (FE-SEM, HITACHI, SU8010, Tokyo, Japan). The pyrol-
ysis information was obtained from thermal gravimetric analysis (TGA, Mettler Toledo,
TGA 2, Zurich, Switzerland). Focused monochromatized Al K« radiation (hv = 1486.6 V)
was utilized for the X-ray photoelectron spectroscopy (XPS, ESCALAB, Thermo-Scientific,
Brno, Czech). All electrochemical measurements were performed using a VSP potentiostat
(Princeton Applied Research, Oak Ridge, TN, USA) at room temperature. A conventional
three-electrode system consists of the carbon foam electrode, a platinum plate and Ag/AgCl
(saturated KCl solution) as the working, counter and reference electrodes, respectively. The
electrochemical performance of the carbon foam electrode on glutamate was studied via
cyclic voltammetry (CV) between —0.55 and 0.65 V at a scan rate of 100 mV /s in 10 mM
PBS containing 2, 4, and 6 mM CuCl,, respectively. The amperometric responses were
operated by chronoamperometry (CA) in 10 mM PBS containing 4 mM CuCl, at the excited
potentials of 0.03 V and 0.31 V, obtained from the previous CV.

3. Results and Discussion
3.1. Chitosan-Derived Carbon Foam Electrode

The chitosan-derived carbon foam was synthesized from a precursor of a chitosan
foam made through a freeze-casting process, as illustrated in Figure S1 from Supplementary
Materials [25]. The chitosan foam exhibited a porous cellular structure, with the chitosan
chains connected with each other, as shown in Figure 1a. After the subsequent pyrolysis
process to prepare the carbon foam, the cellular structure kept well while the pore size
obviously shrinks (Figure 1b). The change in the pore size was attributed to the weight
loss of the chitosan, where the weight after pyrolysis at 900 °C only remained at 22.43%
(Figure 1c). The decomposition of chitosan happened at the temperature of ~307 °C and the
weight loss occurred steadily at 900 °C, where the porous carbon foam was well synthesized.
XPS was checked to precisely demonstrate the N-doping in the carbon foam and chitosan
foam, as shown in Figure 1d and Figure S2 from Supplementary Materials. The content
of nitrogen in the carbon foam was 5.65%, which was derived from the nitrogen groups
in chitosan foam and confirmed from the N 1 s peak in the wide scan of XPS spectra. The
deconvoluted N 1 s peak of the N-doped carbon foam shows two distinguished peaks at
398.2 and 401.1 eV, which are attributed to pyridinic N and graphitic N, respectively [26-28],
indicating the successful N-doping in the carbon foam during the pyrolysis process.
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Figure 1. (a) SEM image of chitosan foam; (b) SEM image of chitosan-derived carbon foam; (c) TGA
thermogram of weight loss and its derivative of chitosan foam; (d) X-ray photoelectron spectroscopy
(XPS) wide scan spectrum and deconvoluted spectra of N 1 s (inset) of carbon foam.

3.2. The Electrochemical Characterization

Porous nanocarbon materials, such as carbon nanotubes, have been widely used as
biosensor electrodes for the detection of water-soluble species [29]. In our study, the highly
porous chitosan-derived carbon foam was utilized as an electrode for glutamate detection.
Figure 2a showed the cyclic voltammograms of the electrode in 10 mM PBS containing
100 uM of glutamate and 4 mM CuCl, at different potential sweep rates in a wide range of
20-600 mV /s. The dependence of the anodic and cathodic peak currents of glutamate on
the scan rates (v) was depicted in Figure 2b,c. As shown in these figures, the currents of
both the oxidation and reduction peaks increased with the increasing scan rates and the
peak-to-peak separations also increased simultaneously. The linear regression equations
were obtained as follows:

Peak 1: Ipa =7.55 x 10™* v + 1.1625, R* = 0.9938

Ipc = —4.84 x 107* v — 0.3570, R? = 0.9916
Peak 2: Ia = 0.0039 v +0.3239, R? = 0.9976
Ipe = —0.0029 v — 0.2542, R? = 0.9859

The perfect linear relationship between the current and scan rates indicates a deposition-
controlled process (also called the surface-controlled process), which is ideal for glutamate
detection [30-32].

The electrochemical properties of our carbon foam electrode and a gold electrode were
evaluated by electrochemical impedance spectroscopy (EIS) in Figure 2d. The electroactive
surface areas of these two electrodes were estimated from EIS data and presented in
Table S1 [33,34]. The Rs, Zy, Ret, and C in the equivalent circuit represent the solution
resistance, the Warburg diffusion resistance, the electron-transfer resistance, and the double-
layer capacitance, respectively [35]. Moreover, the electrochemically active specific surface
area (Sp) can be calculated from the specific capacitance of the electrochemical double-layer
by means of the relationship Sp = C/Cq, where Cq is a constant value of 20 uF/ cm? [36].
As shown in Table S1, the calculated Sp of the carbon-based electrode is 11.66 cm?/ g, which
is about 12 times higher than the commonly used gold electrode (0.98 cm?/g). It indicates
that the chitosan-derived carbon foam electrode can effectively provide a large active
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surface area, and its intrinsic porous structure can enhance the mass transport of glutamate
and decrease the diffusion pathway to reach excellent electrochemical performance for
glutamate detection.
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Figure 2. (a) Cyclic voltammograms for 4 mM CuCl, chelation agent in 100 uM glutamate in PBS at
scan rates of 20, 50, 100, 150, 200, 250, 300, 350, 400, 450, 500, 550, and 600 mV /s; (b) currents of redox
peak 1 obtained from (a) as functions of the scan rates; (c) currents of redox peak 2 obtained from
(a) as functions of the scan rates; (d) Nyquist plots of carbon-based electrode and flat gold electrode
in 10 mM PBS containing 100 uM glutamate and 4 mM CuCl, solution.

3.3. The Sensing Performances

Figure 3a showed the CV response of the carbon-based electrode when detecting
glutamate in 10 mM PBS (pH = 7.4) containing 4 mM CuCl, at the applied potentials
between —0.55 and 0.65 V with a scan rate of 100 mV/s. It is worth noting that, without
the existence of glutamate, the CV plot of 4 mM CuCl, presents no obvious peak compared
with that of the glutamate solutions with different concentrations. While at the appearance
of glutamate, the glutamate would chelate with Cu?, thereby forming [CuGlu, % [24,37].
Hence, the redox peaks are ascribed from the electro-oxidation and electro-reduction of
[CuGlup]*. As shown in Figure 3b,c, the currents are proportional to the logarithmic
concentration of glutamate over the range of 0.001 to 1000 uM for peaks 1 and 2 at the
potential of 0.03 and 0.31 V, respectively. The linear regression equations of the anodic peaks
are Iy = 0.1545 log C + 0.8805, R? = 0.9980 and I,.> = 0.0981 log C + 0.5736, R? = 0.9976,
with the relative standard deviation (RSD) of 3.15% and 2.32%, respectively. The anodic
peaks represent the oxidation of the copper chelate compounds, while the cathodic peaks
around 0.17 V and —0.28 V are assigned to the reduction of the chelate compounds.

For confirming the good performance of the carbon foam electrode, the gold plate
was undertaken as the electrode for glutamate detection, as shown in Figure S3 (from
Supplementary Materials). It can be observed that the current obtained from the porous
carbon electrode is 10 times higher than that of using a gold plate electrode at the glutamate
concentration of 1 mM, and the glutamate can only be detected under the high glutamate
concentration of 0.5-2 mM. The good performance of the carbon electrode is ascribed to the
high specific surface area of the carbon foam, which can supply plenty of reaction sites and
increase the electrochemical signal. Moreover, the chitosan-derived carbon foams possessed
the intrinsic N-doped nature (Figure 1d) [38—40], which can also improve the hydrophilicity
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of carbon foam electrode and the affinity of the electrode and glutamate, resulting in a
broad glutamate detection range using the carbon foam electrode. In addition, Figure S4
(from Supplementary Materials) exhibits the CV curve of the 4 mM CuCl, aqueous solution
using the carbon foam electrode and Figure S5 (from Supplementary Materials) shows the
detection of glutamate without the CuCl,. No obvious redox peak can be observed in the
CV curve of sole Cu?* and the currents of the anodic peak exhibit no obvious difference
with the increasing glutamate concentration without Cu?*, demonstrating the effectiveness
of the Cu?* chelation-assisted detection system.

In order to ensure the effectiveness of the detection method at 4 mM CuCly, gluta-
mate detection was also conducted at 2 and 6 mM CuCl,, as shown in Figure S6 (from
Supplementary Materials). Under the condition of 2 mM CuCly, only peak 2 existed in the
plots at various concentrations of glutamate, while both peaks 1 and 2 appeared when the
concentration of CuCl, was 6 mM. The currents in peak 1 show a good linear relation with
the log C (RZ = 0.9926) for the detection of glutamate from 0.01 to 1000 uM, however, the
R? at 4 mM CuCl, is higher than that in 6 mM CuCl,, indicating a better performance for
the glutamate detection than 2 and 6 mM CuCl,.
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@15/ =2% 0 A (b} 15 l,a1 =0.1545 log C +0.8805 . 1@ 4] l,:2 =0.098110g C +0.5736 ;
—0.01 M M L
1.0 0.05 pM 1.4 R2=09980 R2209976
—01 M , g
0.5{—1uM 1.21 / < o /
< — 10 pM “EE £
£ 0.0 :}ggm = 1.0 ~ 06+
= —— 1500 pM & -
-0.54 2000 pM 2752 0.81 ) 0.4 &
-1.0 0.6 "
=15 044 = Peak 1 02 Peak 2
-1.0-0.8 -0.6 0.4 02 00 02 04 06 3 -2 1 0 1 2 3 3 2 -1 0 1 2 3 a4

E/V

logC

logC

Figure 3. (a) Cyclic voltammograms of carbon-based electrode for the detection of the different
concentrations of glutamates (0, 0.001, 0.01, 0.05, 0.1, 1, 10, 100, 1000, 1500, and 2000 pM) in 10 mM
PBS containing 4 mM CuCly; (b) calibration curve of I, vs. log C of anodic peak 1; (c) calibration
curve of I, vs. log C of anodic peak 2.

3.4. The Sensing Mechanisms

In order to understand the mechanism of the glutamate detection resulting from the
complex formation of Cu ions, the electron-transfer mechanism during the electrochemical
reactions was investigated. A good linear relationship between the potentials (Ep) of redox
peaks and the logarithm of the scan rates (In v) were plotted and shown in Figure 4a,b.
Laviron derived general expressions for the linear potential scan voltammetric response
are as follows [41,42]:

Epa=Eg+Alnv (1)

Epc=Eg+BInv 2)

where the A = RT/(1—o)nF, and the B = RT/anF. Ep, and Ep are the anodic and cathodic
peak potentials, respectively, and the «, Ks, n and v are the electron-transfer coefficient, the
apparent charge-transfer rate constant, number of electron transfer, and potential sweep
rate, respectively. From these expressions, it is possible to determine the & by measuring the
variation of the peak potentials with scan rates and the n can be determined for the electron-
transfer number between the electrode and the surface-deposited layer by measuring the
Ep, values (R =8.314 J/K:mol, T =298 K, F = 96,485 C/mol). Plots of the Ep, and Ec as
functions of the In v yield two straight lines with slopes equal to RT/(1 — o)nF and RT/ anF
for the anodic and cathodic peaks, respectively. Figure 4c shows the plot of E;, versus In
v with slopes equal to 0.0650 and —0.0490 for anodic and cathodic peaks 1, respectively.
Using the slopes of plots, the value of « was specified as 0.57 and the electron-transfer
number was 1 (0.9194). Figure 4d shows the plot of E;, versus In v with slopes equal to
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0.0748 and —0.04083 for anodic and cathodic Peaks 2, respectively, thereby the value of «
was specified as 0.648 and the electron-transfer number is 1 (0.9722). Hence, all the electron
transfers of these two redox peaks are both 1.
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Figure 4. (a) Variations of E,, vs. In v of the redox peak 1; (b) variations of Ep, vs. In v of the redox
peak 2. (c) The calibration curves of E, vs. In v of the redox peak 1 when v > 400 mV/s. (d) The
calibration curves of Ep, vs. In v of the redox peak 2 when v > 400 mV/s.

During the cyclic voltammetric process, dark brown copper appears on the carbon
foam electrode at the end of the cathodic process. According to this phenomenon and the
calculated electron-transfer number, the reaction mechanism could be speculated as follows:

Cathodic peak 1: [Cul'(Glu),]*>~ + e~ — [Cu'(Glu),[" (3)
Cathodic peak 2: [Cul(Glu),]" + e~ — Cu® + Glu*~ (4)
Anodic peak 1: Cu® + Glu?~ — e~ — [Cu(Glu),]" (5)
Anodic peak 2: [Cul(Glu)x]" — e~ — [Cu}(Glu),]*>~ (6)

where the [Cu!(Glu),]" stands for the complex formed between Glu?~ and Cu™ [24,43]. Under
the appearance of copper ions, chelation compounds of [Cu"{(Glu), >~ are formed [44,45], and
subsequently, the intermediate [Cu!(Glu)x]" and final product Cu® are synthesized on the
carbon foam electrode after the cathodic peak 1 and peak 2, respectively [24,46]. Therefore,
in the anodic process afterwards, glutamate interacts with Cu! or Cu'! to form the chelation
compounds, in which the glutamate can be detected in an amperometric way due to the
redox reactions of Cu.

The amperometric sensing performances of glutamate were carried out under the oxi-
dation potentials of +0.03 V and +0.31 V, respectively. Figure 5a showed typical amperomet-
ric response curves of the successive addition of 0.001, 0.01, 1, 5, 50, 100, 200, and 1000 uM
of glutamate in 10 mM PBS containing 4 mM CuCl, for the carbon foam electrode. The
current response increased directly after adding the glutamate and achieved a steady-state
within 10 s, suggesting the fast rate of electron transfer between glutamate and our pro-
posed electrode. In the calibration curves (Figure 5b), the carbon-based electrode provides a
linear range of glutamate from 0.001 to 1000 uM. The linear regression equations are [31,47]:
j (mA/cm?) = 0.0190 C (M) + 2.6493, R? = 0.9943 for 0.03 V; and j (mA /cm?) = 0.0054 C

183



Nanomaterials 2022, 12, 1987

(uM) + 0.2106, R? = 0.9928 for 0.31 V on carbon foam electrode. Compared with the other
reported electrochemical sensors for the detection of glutamate in Table 1, the carbon-based
sensor in this study exhibits the highest sensitivity (1.9 x 10* pA/mM-cm?) as well as the
comparable detection limit (0.001 uM) and linear range (0.001-1000 uM).

Table 1. Comparison of the performance of different sensor platforms for glutamate detection.

Linear Range Limit of Sensitivities
Electrodes Enzyme (uM) Detection (1tM) (LA/mM-cm?) Reference
GlutOy /cMWCNT-AuNPs-
CHIT/ Au GlutOx 5-500 1.6 155 [17]
GlutOy /Pt-SWCNT/PAA GlutOy 0.05-1600 0.0046 27.4 [31]
PU/GlutOx/MWCNT/PPy /Pt GlutOx 0.3-500 0.3 0.384 [48]
GlutO/APTES/ta-C /Pt GlutOy 10-500 10 29 [49]
GlutO4/BDD/Pt GlutOy 0.5-50 0.35 24 [50]
Glutamate Glutamate
dehydrogenase/CNT/GCE dehydrogenase 27225 2 071 511
GlutOy /ta-C/CNFs GlutOy 20-500 0.000767 18.8 [12]
GlutOy /ZnO nanorods/PPy/PGE GlutOy 0.02-500 0.18 N/A [52]
GlutOx/ Ce?)f)/fli?z/ CHIT/o- GlutOx 5-90 0.594 793 pA/uM 53]
Pt/Ni nanowire array No enzyme 500-8000 135 65 [16]
NiO/chit/GCE No enzyme 1000-8000 272 11 [18]
Ni@NC/GCE No enzyme 0.005-500 135 - [20]
GluBP/Au NP/SPCE No enzyme 0.1-0.8 0.15 - [21]
ZnO/RuO, NPs/GCE No enzyme 0.0001-10 9.6 x 10~ 5.42 x 103 [22]
. 100-1000 25
MWCNT/Ti-doped ZnO/GCE No enzyme 1000-10,000 11.59 47 [23]
Cu?* assisted carbon foam No enzyme 0.001-1000 0.001 1.9 x 10* This work

Selective electrochemical detection of glutamate is a challenging task because the
oxidizable and electroactive interferents easily interfere with the amperometric measure-
ment of glutamate [51]. To simulate an environment of glutamate in blood, 200 uM
of glutamate solution (150-300 uM of glutamate in whole blood) is used to character-
ize the selectivity and anti-interference ability of the carbon foam-based sensing system.
The interference experiment was carried out by the successive addition of 200 uM of
glutamate and a high concentration of 50 uM of different interferent species, including
3,4-Dihydroxyphenylacetic acid (DA), ascorbic acid (AA), uric acid (UA), glucose, and
dopamine hydrochloride (DH). The current in Figure 5c showed desirable stability under
the addition of interferent species. In addition, the current densities obtained at 200 uM
and 400 uM of glutamate are 6.84 mA/cm? and 9.80 mA /cm? (Figure 5¢), exhibiting devia-
tions of 6% and 4% from the theoretical values calculated from the equation in Figure 5b,
respectively. It indicates satisfactory consistency and repeatability of our glutamate-sensing
system. Furthermore, these results demonstrate that the carbon foam-based glutamate
sensor possesses satisfactory anti-interference ability and selectivity.

In addition, the stability of our non-enzymatic glutamate detection system was also
evaluated from the CA performance for three different electrodes with a relative standard
deviation (RSD) of 3.2% in 10 mM PBS containing 4 mM CuCl, and 100 uM of glutamate
over one month. The carbon foam-based electrode was stored at room temperature and
tested every five days. The current response toward 100 uM of glutamate retained 98.7%
of the initial value after 30 days, as shown in Figure 5d. Hence, our non-enzymatic
glutamate sensor exhibited impressive stability, which could be essential for glutamate-
sensing applications.
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Figure 5. (a) Amperometric responses of carbon-based electrode with stepwise addition of glu-
tamate stock solution at +0.03 V and +0.31 V; (b) plots of the response currents from (a) against
the concentration of glutamate; (c) amperometric response of carbon foam electrode in successive
addition of 200 uM glutamate, 50 uM of different interference species (3,4-Dihydroxyphenylacetic
acid (DA), ascorbic acid (AA), uric acid (UA), glucose, and dopamine hydrochloride (DH) in 10 mM
PBS containing 4 mM CuCl, at 0.03 V; (d) long-term stability of the carbon foam electrode measured
in 30 days.

4. Conclusions

In summary, we developed a novel Cu ion chelation-assisted non-enzymatic gluta-
mate detection system on the porous chitosan-derived carbon foam electrode, which was
pyrolyzed from a chitosan foam fabricated through a temperature-controlled freeze-drying
process. The porous morphology of the electrode provided a large electroactive surface
area, which was 12 times larger than the commonly used gold plate electrode, bringing
into a low limit of detection (0.001 M), a broad detection rate of 10° M scale (0.001 to
1000 M) and a high sensitivity of up to 1.9 x 10* uA/mM-cm?. The sensing mechanism of
the Cu ions chelation-assisted system was finely investigated and proved to be on account
of the redox reactions of the chelation compounds of Cu ions and glutamate. Excellent
selectivity was also found for glutamate sensing upon various interferent reagents and the
sensing performance of our glutamate sensor retains up to 98.7% after 30 days of regular
use. We believe our developed non-enzymatic detection system can achieve a low-cost,
facile, sensitive, and broad-spectrum glutamate sensor and can also offer new insights into
the detection of other reagents.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/10
.3390/nano12121987/s1, Figure S1: Scheme of the synthesis process of chitosan-derived graphitic
carbon foams, Figure S2: XPS wide scan spectrum (a) and deconvoluted spectra of N 1 s (b) of
chitosan foam, Figure S3: (a) Cyclic voltammograms of flat gold electrode for the detection of
different concentrations of glutamates (0.5 mM, 1 mM, 1.5 mM, and 2 mM) and carbon electrode for
the detection of 1 mM glutamate in 10 mM PBS containing 4 mM CuCl2. The scan rate is 20 mV/s,
(b) calibration curve of peak currents of anodic peak in (a) vs. log C, Figure S4: CV curve of the 4 mM
CuCl2 aqueous solution measured using the carbon foam electrode, Figure S5: Cyclic voltammograms
of carbon foam electrode for the detection of the different concentrations of glutamates (0.5 mM, 1 mM,
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1.5 mM, and 2 mM) in 10 mM PBS without CuCl2, Figure S6: (a) Cyclic voltammograms of carbon-
based electrode for the detection the different concentrations of glutamates in 10 mM PBS containing
2 mM CuCl2; (b) calibration curve of Ip vs. log C of anodic peak in (a); (c) cyclic voltammograms
of carbon-based electrode for the detection of the different concentrations of glutamates in 10 mM
PBS containing 6 mM CuCl2; (d) calibration curve of Ip vs. log C of anodic peak 1 in (c), Table S1:
EIS data collected from the carbon foam electrode and gold electrode: Ret, C, and Sp represent the
electron-transfer resistance, the double-layer capacitance, and the surface area, respectively.
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