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Aqueous Polypyrrole:Carboxymethyl Cellulose Conducting Binder
for Graphite Electrodes in Lithium-lon Batteries

Anh Ngoc Tram Mai 2, Christian Kuss *2

In lithium-ion batteries (LIBs), polymeric binders are utilized to ensure the mechanical integrity of composite electrodes and
facilitate ion transport. Compared to conventional fluoropolymers, such as polyvinylidene fluoride (PVDF), water-
processable polymers are advantageous from both ecological and economic standpoints. Aqueous sodium carboxymethyl
cellulose (CMC-Na) and its composites with elastomers have been established as fluorine-free alternatives to conventional
fluorinated binders in lithium intercalation anodes. Unlike the low polarity PVDF, CMC possesses functional groups (—COOH
and —OH) that can strengthen interactions with other materials through hydrogen bonding and covalent bonding. CMC is
also cost-effective, water-soluble, and biodegradable. To create a multifunctional binder with CMC and eliminate the need
for conductive additives, our group previously synthesized conductive CMC composites by using CMC as a dopant in
polypyrrole (PPy). As a conducting polymer in its oxidized form, it provides good conductivity and thermal and environmental
stability. In this study, we report, for the first time, the application of PPy:CMC as a conducting binder in graphite anodes.
Cycling stability, rate capability, and interfacial/charge transfer resistance were evaluated with galvanostatic cycling, cyclic
voltammetry, and impedance spectroscopy, respectively. Degradation mechanisms and by-products were studied, and
electrode morphology and homogeneity were characterized. It was found that although PPy:CMC is partially reduced under
anode operating conditions, this does not adversely affect long-term battery cyclability. These findings establish PPy:CMC
as a viable multifunctional binder for graphite anodes and provide new insight into the binder’s behavior, laying the
groundwork for its application in next-generation high-energy-density LIBs.

Binder systems, which conventionally consist of fluorinated binders,
e.g., poly(vinylidene difluoride) (PVDF), and carbon conductive
additives, provide adhesion and electronic conductivity. PVDF has
been widely used in commercialized batteries due to its

Lithium-ion batteries (LIBs) have become a preferred technology for
powering electronic devices, hybrid and electric vehicles, and short-
to mid-term stationary energy storage, aiding the transition from
fossil fuels to renewable energy systems?. To optimize LIBs for these
diverse applications, it is essential to develop materials that offer
high electrochemical performance while being safe, cost-effective,
sustainable, and scalable for next-generation high-power batteries.
Although binders account for only small portions (2 — 5 wt.%) in
commercial electrodes and are often considered of minor
significance, binders can significantly influence the electrochemical
performance of energy-storage devices?. Binders are critical for (i)
maintaining the electrode’s mechanical and electronic integrity by
bridging dispersed electrode particles together with a current
collector via physical and chemical forces, (ii) promoting ion
transport by facilitating electrolyte uptake and improving electrode
wettability, and (iii) aiding in electrode fabrication.
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electrochemical, thermal, and environmental stability. However,
PVDF is expensive, has limited binding strength, poor flexibility, and,
upon release into the environment, contributes to persistent,
bioaccumulative microplastic and PFAS contamination3. Electrode
preparation with PVDF generally requires dissolution in the
hazardous, flammable, expensive, and high-boiling solvent N-
methyl-2-pyrrolidone (NMP), which increases overall cost and safety
concerns during electrode processing (i.e. slurry mixing, electrode
coating, drying) and solvent recovery. Moreover, traditional binders
are proving inadequate for emerging high-capacity active materials,
which require binders with improved mechanical properties and
additional functionalities*®. PVDF can also exhibit swelling issues in
the presence of electrolytes, compromising its mechanical benefits®.
These issues underscore the need to address the reliance on non-
renewable chemicals and the environmental and safety risks
associated with toxic manufacturing/disposal processes. To ensure
the sustainability of future energy storage systems, it is crucial to
develop greener binder systems with enhanced functionalities and
environmental compatibility.

One approach to addressing the above issues is using biopolymer
binders that are water-processable and biodegradable®’. They


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6ya00042h

Open Access Article. Published on 21 April 2026. Downloaded on 4/22/2026 1:06:50 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(ec)

Energy Advances

=]
S~

= 2.0 e .
-g: o i | 108 —- Graphite:PVDF:C
ERE e — =.
E L104 159
-
£ 200, s 2
& 100 = > 1.0
o [ S s
@ QO o
o 0.5¢C o6 o
£ 100+ . Graphite:PVDF:C = 0.5
. . Graphite:CMC:C 3
2 . Graphite:PPy:CMC r92 00
w 0 | | ] . -1 , . ,
0 20 40 60 80 100 0 100 200 300
C) Cycle number d) Specific capacity (mAh/g)
__ 2.0 Graphite:cMc:c __ 2.0 Graphite:PPy:cMC
+ +
g | 3
5 154 —107 g 154
2' — 20" §
_50‘"
= 1040 jgon > 10
1] ]
o j=1]
S 05 £ 05
Q Q
> >

o
o
.

0 100 200 300
Specific capacity (mAh/g)

View Article Online
DOI: 10.1039/D6YA00042H

=3
—

o
o
!

0 100 200 300
Specific capacity (mAh/g)

Figure 1: a) Cycling performance of Graphite:PVDF:C, Graphite:CMC:C, and Graphite:PPy:CMC half-cells; charge-discharge curves of b)
Graphite:PVDF:C, c¢) Graphite:CMC:C, and d) Graphite:PPy:CMC at 0.5C for 100 cycles (after the first 3 SEI-formation cycles at 0.1C).

commonly contain multiple functional groups that make them water-
soluble as well as reinforce binding strength and improve mechanical
and electrochemical performance. The most widely used bio-derived
binder, carboxylmethyl cellulose (CMC), is significantly cheaper than
PVDF and is commercially used in LIB graphite anodes. Interestingly,
using CMC as a dopant in polypyrrole (PPy) yields PPy:CMC
conductive polymers with tunable electrical and mechanical
properties®. The composites have been investigated and applied in
various fields, including conductive binders in LiCoO, cathode?®,
electrode materials in supercapacitorsl®, anode materials in
microbial fuel cells!l, or as adsorbents in wastewater treatment?2,
This is attributed to the PPy’s high conductivity, redox activity, and
facile production process'3. However, the electrochemical behavior
and degradation mechanisms of PPy:CMC as an alternative
conductive binder in LIBs have not been well understood. In addition,
as a p-type conductive polymer, PPy:CMC may undergo reduction or
partial carbonization when used in lithium intercalation anodes.
While the decomposition products resulting from partial
carbonization can lead to increased irreversible capacity in the first
cycle, they can contribute to the power density due to increased
electronic conductivity and consequently improved power
performance in subsequent cycles'#1>, To the best of our knowledge,
in this work, the applicability and effects of PPy:CMC in graphite
anode, the dominant anode material in commercial LIBs, are studied
for the first time. The study provides insights into the design and
optimization of multifunctional binders for next-generation
batteries, and a broad range of related and unconventional
applications, e.g. charge storage devices, flexible electronics, sensors
effluent treatment technology, etc., that can be expected in the
future.

Experimental

2| J. Name., 2012, 00, 1-3

Materials and methods. Synthetic Graphite powder (20 microns),
pyrrole (98%), sodium carboxymethyl cellulose (Na-CMC) (MW =
250,000 Da, degree of substitution = 0.9), (Poly(vinylidene fluoride)
(PVDF, average Mw ~534,000), N-Methyl-2-pyrrolidone solvent
(NMP, 99%), and electrolytes (1.0 M lithium hexafluorophosphate
solution (LiPFg) in ethylene carbonate and dimethyl carbonate
(EC/DMC = 50/50 (v/v), battery grade) were purchased from Sigma
Aldrich. FeCls (98%) and ethanol (98%) were purchased from Fisher.
Carbon black (BLACK PEARLS® 2000) was supplied by Cabot.

PPy:CMC binder was synthesized using the same procedure from our
previous study'®. Briefly, we first dissolved 0.4 g Na-CMC (MW =
250,000 Da) in 80 mL of DI water by magnetic stirring. Next, pyrrole
was introduced dropwise into the solution. The mass ratio between
pyrrole and CMC is 1:1. The beaker containing the mixture was
subsequently cooled in an ice bath. After the solution cooled down,
the solution of FeCls, acting as an oxidizing agent, dissolved in 20 mL
of DI water was added dropwise into the mixture while stirring
vigorously for homogeneous mixing (Npyrrote:Nrect,= 1:2.75). After
4 h of mixing inside the ice bath, the reaction was then terminated
by introducing ethanol into the suspension with 1:4 volume ratio of
suspension:ethanol. The PPy:CMC precipitate was vacuum filtered,
washed several times with ethanol until the filtrate became
colorless, and dried at 80 °C for overnight before ground into powder
and stored in a desiccator for future use. To prepare
Graphite:PPy:CMC electrode slurries, a typical dispersion consisting
of 90 wt.% graphite and 10 wt. % PPy:CMC composite as conductive
binder were ball-milled in DI water (the solid content was 20 wt.%)
for 1 h at 300 rpm in a planetary ball-mill with agate jars and balls.
For Graphite:PVDF:C slurries, Graphite, PVDF binder, and conductive

This journal is © The Royal Society of Chemistry 20xx
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Figure 2: (a-b) Cyclic voltammogram at the 15t and 2" cycles at 0.1 mV/s, ¢) Cumulative irreversible capacities resulting from SEl formation
(X RICg;) at 0.5C over 100 cycles, and d) C-rate performance of Graphite:PVDF:C, Graphite:CMC:C, and Graphite:PPy:CMC half-cells.

additive carbon black (90:5:5 wt.%) were ball-milled in NMP for 4 h,
300 rpm. For Graphite:CMC:C slurries, Graphite, CMC, and carbon
black (90:5:5 wt.%) were ball-milled in DI water for 1 h at 300 rpm.
The slurries were then cast onto copper film (MTI, battery grade, 9 u
m) at a thickness of 10 um using a doctor blade. The cast films of
Graphite:PPy:CMC and Graphite:CMC:C were air-dried at room
temperature for 1 h before being punched into electrodes discs with
a diameter of 12.7 mm. The cast films of Graphite:PVDF:C on the
other hand were dried at 110 °C to remove the NMP solvent before
being punched into electrodes discs. All the electrodes (2.0 — 3.0 mg
mass loading, density 0.79 + 0.17 g/cm3) were then dried again at
80 °C under vacuum overnight and brought directly into a glovebox
for cell assembly.

Characterization. Scanning electron microscopy (SEM) and energy-
dispersive X-ray analysis (EDX) were carried out using a FEl Quanta
650 FEG Environmental SEM, at an accelerating voltage between
10-15 kV. X-ray photoelectron spectroscopy (XPS) measurements
were carried out on a Kratos Axis Ultra X-ray Photoelectron
Spectrometer. XPS spectra were analyzed using CasaXPS software.
Raman spectroscopy was performed using a Raman fiber-optical
spectrometer (Wasatch, WP-785-ER-IC, 785 nm). All post-mortem
anodes were washed several times with propylene carbonate (PC)
inside an Ar-filled glovebox and dried in a vacuum chamber
overnight before analysis.

For electrochemical characterization, two-electrode-coin cells (type
2032) were assembled in an argon-filled glovebox (O and H,O
concentrations are maintained at <0.1 ppm). A typical coin cell
includes a lithium foil used as both counter and reference electrodes

This journal is © The Royal Society of Chemistry 20xx

and a graphite composite electrode as the working electrode. The
electrolyte (100 pL) was 1 M LiPFg in EC/DMC (50:50 v/v%, Sigma
Aldrich). A glass microfiber disc (Whatman®, Grade 934-AH®, pore
size: 1.5 um, thickness: 435 um, Sigma Aldrich) was used as a
separator. Also, a spacer (stainless-steel disc, diameter: 15.5 mm,
thickness: 0.5 mm) and a spring (diameter: 15.4 mm, thickness: 0.2
mm), purchased from MTI, were used. After three formation cycles
at 0.1 C, the cells were cycled at the same rate for 100 cycles with a
BTS battery testing system at room temperature over a voltage of 2
— 0.01 V. C-rate performance tests were also conducted using the
same battery cycler. Cyclic Voltammetry (CV) at 0.1 mV s and
Electrochemical Impedance Spectroscopy (EIS) with a frequency
ranging from 1 MHz to 10 mHz, were performed using a Gamry
Interface 1010E potentiostat. All potentials (V) are referenced to the
Li/Li* (lithium metal) electrode. All electrochemical tests were
performed at 24 + 1 °C. Reported uncertainties represent 95%
confidence intervals calculated from replicate measurements ( = 3)
assuming a Student’s t distribution.

Results and discussion

The cycling performance of Graphite:PVDF:C, Graphite:CMC:C, and
Graphite:PPy:CMC anodes was evaluated over a voltage window of 2
—0.01 V vs. Li/Li*, in the presence of industry-standard electrolyte
additives (2% v/v vinylene carbonate (VC, Sigma) + 1% v/v 1,3,2-
dioxathiolane 2,2-dioxide (DTD, Sigma)). In these compositions,
polypyrrole is expected to replace carbon as conductive component.
The specific capacity and irreversibility at the 15t SEI formation cycle
(0.1C) were calculated to investigate whether PPy:CMC was
electrochemically active and participating in any reduction reactions.

J. Name., 2013, 00, 1-3 | 3
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Figure 3: Representative Nyquist plots of a) Graphite:PVDF:C, b) Graphite:CMC:C, c) Graphite:PPy:CMC cells; and d) calculated charge

transfer resistance R.; (Q) after resting, SEI formation, 10th, 20th, 50th,
(inset) for fitting the EIS data.

As can be seen in Figure S1, Graphite:PPy:CMC electrodes have the
same first lithiation capacity and initial coulombic efficiency within
the error (567.1 + 29.4 mAh g%, CE=57.0 + 2.9 %) as compared
to Graphite:PVDF:C (570.8 + 25.7 mAh g, CE=59.6 + 0.5% ) and
Graphite:CMC:C (572.4 + 28.5 mAh g, CE = 644 + 3.4 %),
demonstrating that, unlike other aromatic polymeric binders41>,
PPy:CMC was not substantially reduced to carbonaceous conductors
during the 1t (de)lithiation. Furthermore, at the same 1%t SEI
formation cycle, Graphite:PPy:CMC exhibited apparently lower initial
delithiation specific capacities of 332.65 + 12.3 mAh g7, as
compared to Graphite:PVDF:C (339.0 + 14.7 mAh g?) and

Graphite:CMC:C (345.3 + 6.8 mAh g), though without statistical
significance at the 95% confidence level. The large irreversible
capacity observed in the first SEI formation cycle is attributed to SEI
formation'’. In the subsequent cycles, both (dis)charge capacities
became reversible and approached the practical capacity of graphite
(320 — 360 mAh g at low rate of 0.1C), demonstrating good
electrochemical performance in the custom cell configurations.
After 3 SEI formation cycles, the cells began to cycle at 0.5C for 100
cycles (Figure 1). The result showed that Graphite:CMC:C still
delivered the highest initial delithiation specific capacity of 339.6 +
24.1 mAh g%, followed by Graphite:PVDF:C (315.2 + 20.1 mAh g?)
and Graphite:PPy:CMC (309 + 31.5 mAh g1). After 100 cycles at
0.5C, there seems to be little difference in capacity retention
between Graphite:PVDF:C and Graphite:CMC:C (~93-94%), whereas
Graphite:PPy:CMC exhibited slightly lower capacity retention (~
90%). This result shows that Graphite:PPy:CMC can be used in
Graphite anode as a conducting binder without the addition of any
conducting agent.

4| J. Name., 2012, 00, 1-3

and 100t cycles, in delithiated state, and the equivalent circuit model

Cyclic voltammetry was applied to investigate the impact of the
binders on electrode redox behavior. In the 1%t cathodic scan (Figure
2a), a broad reduction peak (centered at around 0.4 V) was observed
for all cells. This signal did not appear in subsequent cycles, indicating
the irreversible SEI formation process. In addition to the SEl-related
peaks, subsequent peaks and shoulders resulting from the staged
lithiation/delithiation reactions in graphite were reversibly observed
in all following cycles (see Figure S2). Graphite:PPy:CMC showed
sharper lithium (de-)intercalation peaks and lower overpotentials
(Figure 2b) compared to Graphite:PVDF:C and Graphite:CMC:C
electrodes, suggesting reduced overall resistance and improved
charge-transfer kinetics?®.

A comparison of cumulative irreversible capacities associated with
SEI formation (RICsg;) can be made by calculating the difference
between lithiation capacity at cycle n + 1, QULRatON and delithiation
capacity of the previous cycle, QZelithiation = relative to the
delithiation capacity at cycle n according to the following equation:

N
Qlithiation _ Qdelithiation
RIC — n+1 n
SEI — Qdelithiation
n=1 n

Any lithiation in excess of the previous delithiation capacity can be
ascribed to electrolyte decomposition, especially when the
delithiation capacity is itself degrading. Therefore, Y, RICgg; reflects
accumulated irreversibility, providing an estimate of lithium
inventory loss. It can be seen in Figure 2c that, at 0.5C rate,
Graphite:PPy:CMC exhibited lower irreversible capacity than
Graphite:PVDF:C and higher than Graphite:CMC:C. The formation of
more stable SEI with CMC, through the binder’s reactivity with the

This journal is © The Royal Society of Chemistry 20xx
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Figure 4: XPS spectra of F 1s, P 2p, and Li 1s of Graphite:PVDF:C, Graphite:CMC:C, and Graphite:PPy:CMC electrodes before and after 100

cycles at 0.5C.

electrolyte, forming an artificial SEI, has been shown before!®. The
slower SEI formation in Graphite:PPy:CMC and Graphite:CMC:C
could also be due to the more homogenous distribution of CMC over
the surface of graphite due to the amphiphilic nature of the PPy:CMC
and CMC binders, protecting the active material underneath and
reducing electrolyte reactivity with the electrode?. Finally, prior
research clearly demonstrates that the active material - electrolyte
contact area has a significant impact on SElI formation. In that
context, it should be noted that the replacement of carbon by
polypyrrole can cause changes to the conductive surface area of the
electrode, where SEI formation can occur. As such, the observed
reduced SEI formation may be a result of lower reactivity of the
composite electrode due to artificial SEl formation, surface coverage
of active electrode components by non-conductive CMC, or lower
conductive surface area, due to the larger particle size of PPy (about
50 nm) compared to carbon (primary particle size of 15 nm?1).

To understand the effect of the binder on the rate performance of
graphite anodes, C-rate tests were performed. Figure 2d shows the
C-rate performance of graphite electrodes dependent on the binder
system. Both electrodes exhibit typically poor C-rate performance as
graphite is an intercalation material with slow intercalation kinetics.

This journal is © The Royal Society of Chemistry 20xx

Interestingly, as discharge rates increased, the capacity retention of
Graphite:PPy:CMC increases slightly compared to Graphite:PVDF:C
and Graphite:CMC:C. This can be due to the uniform charge
transportation provided by PPy:CMC. Unlike the non-conducting
PVDF binder or ion-conducting CMC binder, where electron transfer
happens only at the points contacting the active material with carbon
particles, the balanced dual functionality of PPy:CMC, i.e., electronic
conductivity from PPy and ionic conductivity from CMC, provides the
continuous transport of ions and electrons over the surface of the
active material. This contributes to better electrical contact and
charge distribution, ultimately leading to better performance at high
C-rates, where charge transfer of both electrons and ions is
challenged?2.

More insight into the kinetic properties of graphite electrodes was
obtained from EIS data. Figures 3a—c show the Nyquist plots of the
batteries after resting for 10 hours, SEl formation, and 10th, 20, 50t",
and 100t cycles. Initially, only one charge transfer process
(semicircle) was observed for all cells. As the number of cycles
increased, the SEI thickened, resulting in the appearance of a second
charge transfer process in the high-frequency range. Generally, the
higher frequency process is ascribed to interfacial layer resistance,

J. Name., 2013, 00, 1-3 | 5
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Figure 5: Raman spectra of a) fresh electrodes; b) Graphite:PVDF:C, c) Graphite:CMC:C, and d) Graphite:PPy:CMC electrodes, fresh and after

100 cycles at 0.5C.

which is related to the impedance of Li-ion migration through the SEI,
Rsg?. The main charge transfer process, observed in the
intermediate-frequency range, represents the charge transfer
between the electrode and the electrolyte, Ri. The diffusion-
dependent Warburg impedance (W,), represented by a straight 45°
slope, is observed at low frequency (see Figure S3). Using the
equivalent circuit R¢+CPEsg/Rse+CPEct/(Ra+W), where CPE is constant
phase element (Figure 3, inset), the charge transfer resistance R
was calculated (Figure 3d).

If the reduction of PPy:CMC during cycling caused significant
electronic resistance growth in the composite electrode, an increase
in the Rt or Rs values would be expected. However, no reproducible
increase was found in Graphite:PPy:CMC, consistent with the
behavior of Graphite:PVDF:C and Graphite:CMC:C (Figure S3d).
While this is not direct evidence of a lack of PPy reduction, it indicates
minimal impact on the electrode resistance. The charge transfer
resistance Rq: of all the samples showed a similar decrease over
cycling. Interestingly, throughout cycling, Graphite:PVDF:C and
Graphite:PPy:CMC exhibited lower R than Graphite:CMC:C (Figure
3d), potentially indicating better connectivity within those binder
systems.

Scanning electron microscopy with energy dispersive X-ray
spectroscopy (SEM/EDX) was conducted to examine the morphology
and possible compositional changes due to the SEI formation at
electrode surfaces. As shown in Figure S4 (left side), the pristine
electrodes showed homogeneous particle distribution for both types
of electrodes. No obvious morphological changes were observed
after cycling. From the EDX results (Figure S4 (right side)), the

6 | J. Name., 2012, 00, 1-3

presence of nitrogen from PPy rings (4.8 + 0.6 %) and fluorine from
PVDF (1.9 + 0.2 %) was detected on the surface of the pristine
Graphite:PPy:CMC and Graphite:PVDF:C electrodes, respectively.
After cycling, both electrodes exhibited signs of SEI formation
through an increase in oxygen, fluorine, and phosphorus atomic
fractions.

The elemental composition at the electrode surface was analyzed
using X-ray photoelectron spectroscopy (XPS). The C 1s spectra
(Figure S5) of three pristine electrodes show the main peak at 284.8—
285.0 eV corresponding to the sp2-hybridized carbon C—-C of the
graphite active material?4. The spectra of Graphite:PVDF:C indicate
the presence of the covalent C—F (C 1s at 288.3 eV and F 1s at 687.9
eV)and C-F, (C1sat291.0 eV and F 1s at 688.8 eV) bonds from PVDF
binder'®, which are absent in Graphite:PPy:CMC and
Graphite:CMC:C, as well as the carbon atoms single-bonded to
hydrogen (C—H, C 1s at 285.0 eV)?*. The spectra of Graphite:PPy:CMC
reveal the features of C—N bonds from the pyrrole ring (C 1s at 285.0
eV, N 1s at 399.8 eV), and C-O (C 1s at 286.4 eV, O 1s at 533.5 eV)
and C=0 bonds (C 1s at 291.0 eV, O 1s at 532.0 eV) from the CMC
component?®, The characteristic peak of PPy:CMC (C—-N, 399.8 eV)
decreased after 100 cycles (Figures S6éa—b). As XPS is highly surface-
sensitive, this is likely a result of SEI formation and coverage of any
conductive binder surfaces. For Graphite:CMC:C, XPS shows several
peaks from CMC, such as C-O/C-OH (C 1s at 286.8 eV, O 1s at 533.8
eV), C=0 (C 1s at 290.2 eV, O 1s at 533.2 eV), and C-O—C (O 1s at
536.2 eV) (Table S1).

SEl chemistry was also reflected in XPS spectra. Figure 4 shows the
spectra of F 1s, P 2p, and Li 1s, which provides insight into SEI

This journal is © The Royal Society of Chemistry 20xx
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components of the electrodes. The SEl surface of Graphite:PVDF:C
mainly contains Li,CO; (C 1s at 290.4 eV, O 1s at 532.1 eV, and Li 1s
at 55.4 eV), lithium alkoxides/lithium alkyl carbonates
(ROLi/ROCO,Li) (C 1s at 289.1 eV, O 1s 531.4 eV and Li 1s at 55.4 eV),
LixPO,F, (O 1s at 533.8 eV, F 1s at 687.4eV, P 2p at 134.1 eV, and Li 1s
at 55.4 eV), LiF (F 1s at 684.8 eV and Li 1s at 56.3 eV), as well as Li,O
(Li 1s at 54.6 eV)?42628_Similar compounds were found in the spectra
of cycled Graphite:PPy:CMC electrodes (see Table S1). The C 1s and
O 1s spectra show significant growth of components at higher
binding energies after cycling, suggesting oxidative decomposition of
the electrolyte solvent occurred on all electrodes, producing organic
species. The F 1s spectra indicate the presence of electrolyte
decomposition by-products, such as LiF, LixPFy, and LixPOyF,. The
atomic percentages of F, P, and Li, calculated from survey spectra
(Figure S6c¢), showed that Graphite:PPy:CMC exhibits SEI chemistry
similar to Graphite:PVDF:C and Graphite:CMC:C.

To study the potential reduction of PPy:CMC in the electrode, Raman
measurements were carried out. As can be seen in Figure 5,
graphite’s characteristic peaks were observed at 1314 cm (D-band)
and 1580 cm~ (G-band)?® in the Raman spectra of all samples before
and after cycling. For Graphite:PPy:CMC, signals of PPy were
detected in both the pristine and cycled electrodes. The presence of
oxidized PPy was identified by the peak at 928 cm™, ascribed to the
ring deformation related to the bipolaron structure of PPy, and the
peak at 1605 cm~attributed to the stretching of C=C backbone in the
oxidized PPy30:31 After 100 cycles, the PPy signal at 928 cm™
weakened significantly, and a new peak at 987 cm™! appeared,
indicating the reduction of PPy332, These results suggest that
PPy:CMC was partially reduced, accompanied by the loss of the
bipolaron structure. Such reduction is accompanied by diminished
electronic conductivity. While EIS and cycling performance data
show little impact of such reduction, electrodes with higher mass
loading may experience greater sensitivity to the binder domain
conductivity. The binder’s function as a binding agent remains stable
during long-term cycling, as evidenced by the long-term cycling
profiles of Graphite:PPy:CMC after 1000 cycles at 0.1C and 500 cycles
0.5C (see Figure S7 and Figure S8).

Conclusions

Aqueous electrode processing offers the potential to reform
conventional binder technology without compromising on
electrochemical performance. Our work shows that PPy:CMC as a
binder provides several advantages, including cost and energy
savings from lower temperature drying, elimination of solvent
recovery, and avoidance of PFAS, leading to more ecofriendly
electrode manufacturing. When used in graphite electrodes,
PPy:CMC can serve as the sole electrode additive, delivering
performance comparable to the industry-standard PVDF:C.
Considering electrolyte side reactions, it is well known that the poor
stability of the SEI film leads to lithium-ion consumption and thus,
increasing cumulative irreversible capacities, D, RICgg;. According to
XPS spectra, the SEl film is composed of an inorganic layer of Li,COs,
Li,O, LiF, LixPOyF,, and organic lithium salts such as ROCO,Li and ROLi.
2. RICsg; findings suggest that SEI layer formation seems to happen

This journal is © The Royal Society of Chemistry 20xx
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slower when using PPy:CMC. In addition, the presence..ef the
oxidized PPy peaks in Raman spectra before R{tIiHE 1878/ FUEad dPy
after cycling indicates partial reduction of PPy:CMC during cycling.
Despite the partial reduction, PPy:CMC maintains stable binding, as
shown by long-term cycling. However, an in-depth understanding of
the impact of PPy reduction in other lithium-intercalation anode
compositions and the binder behavior in full-cell configuration
remain to be established. This research paves the way for further
development of aqueous and conducting binders to eliminate the
need for toxic solvents and move a step closer to sustainable and
eco-friendly production to meet the continuously growing demand
for LIBs.
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