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An aqueous lithium polyacrylic acid binder
enables sulfur distribution and high active
material loading to enhance Li-S

battery performance
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Lithium—sulfur (Li-S) batteries are considered next-generation batteries due to the multiple advantages of
using cost-effective sulfur as a cathode material. The development of high-performance and sustainable Li—S
battery cathodes demands high active material loading and replacement of traditionally used toxic solvents to
dissolve binders in electrode fabrication. Herein, we demonstrate the application of lithium polyacrylic acid
(LiPAA) as an aqueous binder to realize high active material loading in Li-S battery cathodes. This approach
offers a safe and environmentally friendly alternative that enhances performance compared to the widely
employed conventional polyvinylidene fluoride (PVDF) binder, which is processed with the toxic solvent
N-methyl-2-pyrrolidone (NMP). Optical spectroscopy and microscopy analyses revealed sulfur dissolution in
NMP solvent during electrode fabrication, resulting in non-uniform sulfur redistribution within the cathode.
This structural inhomogeneity adversely affected electrode
electrochemical performance of the battery, particularly under high C-rate conditions. In contrast, electrodes

integrity and contributed to inadequate
fabricated with the LiPAA binder did not show sulfur dissolution and offered better cyclability. Electrochemical
impedance spectroscopy was used to investigate and understand the differences in the battery performance
of the prepared electrodes. Our results underscore LIPAA as a viable, scalable, and environmentally friendly
binder system for enhancing the performance and stability of Li—S batteries.

1. Introduction

Lithium-sulfur (Li-S) batteries have attracted significant atten-
tion as potential alternatives to lithium-ion (Li-ion) technology,
owing to their high theoretical energy density (2500 Wh kg ™)
and specific capacity (1675 mAh g~ '), coupled with the low cost
and natural abundance of elemental sulfur (Sg).'” Although
the Li-S system has several advantages, commercialization has
not been possible due to several challenges. For example, Sg
inherently has low electrical conductivity. To address this
challenge, additional conductive materials, such as carbon,
are mixed with Sg. However, such composites add inactive mass
due to carbon loading, thereby reducing the overall energy
density of the battery.*> Unlike Li-ion battery cathodes, where
solid-solid transitions occur, the Li-S battery cathode under-
goes solid (Sg)-liquid (LiyS,(;=5—2))-solid (Li,S) transitions.
These kinds of transitions occurring during (dis)charging
result in a process called polysulfide (PS) shuttling. This
process causes capacity decay, anode poisoning, low coulombic
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efficiency, and active material loss from the cathode, collec-
tively leading to premature battery failure.®® To address these
challenges, different types of carbon matrices, electrolytes, elec-
trolyte additives, and modified separators®®™> have been exten-
sively employed over the last decade.

Among the different parameters investigated to enhance the
Li-S battery performance, the role of the binder is often ignored
and requires careful consideration. Although the total mass of
the binder in the cathode is 5-10%, it plays a crucial role in
(i) maintaining the structural integrity of active materials dur-
ing cycling to mitigate volume changes and delamination,
(ii) ensuring high electronic conductivity, and (iii) improving
the electrolyte wettability to facilitate Li-ion migration in the
electrodes. Therefore, the binder is crucial to enhance the
stability of the electrodes and improve the overall electroche-
mical performance.*™"”

Earlier reports employing polyvinylidene fluoride (PVDF),
polymeric ionic liquids (PILs), and saccharide-based binders
demonstrated the importance of the binder in the performance
of Li-S batteries."®° The general approach in the preparation
of Li-S battery cathodes involves the dissolution of the PVDF
binder in N-methyl-2-pyrrolidone (NMP) and homogenous
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dispersion of a carbon/Sg composite in the same solvent to
form a slurry. The formed slurry is further coated onto an
aluminium current collector followed by drying to obtain the
required electrodes. Apart from the toxicity concern of NMP,
PVDF as a binder is associated with various other challenges.
Cathode electrodes with PVDF binders are known to delami-
nate due to volume expansion taking place in the electrode
during cycling, resulting in battery failure."®* Efforts have
been made to identify alternative binders to overcome the
challenges associated with PVDF and NMP systems.'®° For
Li-S batteries to be commercially viable as high-energy-
density systems, they must deliver areal capacities of at least
4 mAh cm~2.>*** However, many reported studies fall short of
this requirement, often due to limitations associated with the
binder system. PVDF, when used with carbon/Sg composites,
exhibits weak interfacial adhesion, high electrical resistance,
and poor tolerance to the large volume changes occurring in
the cathode during cycling.*>**>’ The earliest report on the use
of polyacrylic acid (PAA) as an alternative to PVDF binders in
Li-S batteries appeared in 2012. In this foundational study,
Zhang et al. systematically compared PVDF and PAA binders,
revealing distinct advantages of PAA over PVDF for electrode
stability and electrochemical performance.?®

Here, we examine lithium polyacrylic acid (LiPAA) as a
promising alternative binder for high-Sg-loading cathodes in
Li-S batteries, emphasizing its ability to sustain electrode
integrity and accommodate high active material loading while
delivering superior electrochemical performance. To under-
stand the mechanisms underlying the observed performance
differences, UV-visible spectroscopy and scanning electron
microscopy (SEM) were employed to examine Sg dissolution
and redistribution. Electrochemical impedance spectroscopy
(EIS) was used to probe variations in electrode structure.
Together, these analyses reveal that LiPAA enhances battery
stability, rate capability, and active material utilization compared
to conventional and extensively studied PVDF-based cathodes.

2. Experimental

2.1. Materials

Vulcan carbon (XC-72, Tanaka Kikinzoku Kogyo), sodium thiosul-
fate (Na,S,03-5H,0, 99.5%, Sigma-Aldrich), HNO; (Sigma-Aldrich),
polyacrylic acid (PAA, MW =~ 250000; Sigma-Aldrich), NMP
(Sigma-Aldrich), distilled water, LiOH (Sigma-Aldrich), PVDF
(Kynar HSV900), bis(trifluoromethanesulfonyl)imide lithium
(LiTFSI, battery grade, Sigma-Aldrich), lithium nitrate (LiNOs;,
Sigma-Aldrich), 1,3-dioxolane (DOL, anhydrous, Sigma-Aldrich), tet-
rabutylammonium  bis-trifluoromethanesulfonimidate (TBATFSI,
Merck), 1,2-dimethoxyethane (DME, anhydrous, Sigma-Aldrich),
and metallic lithium (Sigma-Aldrich) were used in this study.

2.2. Methods

2.2.1. Preparation of the carbon-sulfur (C/Sg) composite.
The C/Sg composite was obtained by the wet impregna-
tion method.*® 1.5 g of vulcan carbon was first dispersed in
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120 mL of Na,S,03-5H,O using ultrasonic treatment for
20 minutes under continuous stirring. Once a well-dispersed
suspension was formed, 250 mL of 1 M HNO; was slowly added
to the homogenous carbon suspension. Following the addition
of HNOj3, the suspension was continuously stirred for 20 min
under ultrasonic treatment. After 20 min, the suspension was
allowed to settle, and the supernatant was decanted. The
settled C/Sg composite suspension was washed with distilled
water until a neutral pH was reached and filtered to obtain the
C/Sg composite. The C/Sg composite was dried for 72 h at 80 °C
in a vacuum drier. Thermogravimetric analysis (TGA) revealed
that the prepared C/Sg composite contained an Sg loading
of 68%.

2.2.2. Synthesis of the LiPAA binder and preparation of
PVDF solution. A known amount of PVDF powder was dissolved
in a known volume of NMP by stirring overnight to obtain a
10% PVDF solution. Aqueous LiPAA binder was synthesized by
an ion exchange process using PAA and LiOH. A weighed
amount of PAA was dissolved in distilled water under co-
ntinuous stirring overnight, yielding a 25% (w/v) solution.
An equimolar amount of LiOH dissolved in distilled water
was added to the PPA solution until the solution pH was
neutral, leading to the formation of the LiPAA binder. Thus,
the prepared solution contained 3% LiPAA binder.

2.2.3. Preparation of cathodes with LiPAA and PVDF bin-
ders. Electrodes with the PVDF binder were prepared by dis-
persing the C/Sg composite into a suspension of 10% PVDF in
NMP. The mixture was formulated to yield a slurry composition
of 90 wt% C/Sg composite and 10 wt% PVDF. For LiPAA
electrodes, the C/Sg composite was dispersed into a suspension
of 3% LiPAA in water. The mixture was composed of 90 wt%
C/Sg composite and 10 wt% LiPAA. No additional carbon black
was used in either of the slurries. The slurries were homoge-
nized by vigorous mixing for 1 h and then cast onto aluminum
foil (16 pm thick) with a Mayer rod set to a wet-film thickness of
400 pm. In this study, bare aluminum foil was employed as the
current collector rather than carbon-coated aluminum foil to
enable a direct and unbiased evaluation of binder performance.
This approach isolates the intrinsic effects of binder chemistry
by eliminating additional contributions arising from surface
modification or conductive carbon coatings on the substrate.
The electrodes were dried at room temperature for 72 h.
Circular electrodes were then punched out and dried further
at 80 °C for 12 h before battery assembly. The resulting
cathodes had an Sg loading of 2.5 + 0.1 mg em™?, translating
to 4.0 mAh ecm ™2 capacity. Uncalendared electrodes were used
in the coin cells for battery performance evaluation and the first
set of EIS measurements.

2.2.4. Preparation of standard samples and UV-visible
analysis of binder solvents. A known amount of Sg was added
to NMP and distilled water and stirred for 24 h to obtain a
1 mM Sg solution in each solvent. Binder solutions of LiPAA
and PVDF, along with their solvents (distilled water and NMP),
were used directly for UV-visible spectroscopy. Distilled water
and NMP were also extracted from C/Sg composite slurries. The
slurry composition stayed the same; only the solvent extraction
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time was varied. Sg is not expected to dissolve in water, so
slurries were left for 24 h before extracting the solvent. For
NMP, the solvent was extracted after 30 min to represent the
minimum processing time for electrode preparation. The
extracted solvents were then used for UV-visible measurements.

2.2.5. Coin cell battery assembly and electrochemical mea-
surements. The electrolyte was prepared by dissolving 1 M
LiTFSI and 0.25 M LiNO; in a 1:1 (v/v) mixture of DOL and
DME. LiNO; was used to promote SEI formation on the lithium
anode, thereby extending battery life. Coin cells (CR2032) were
assembled with a 15 mm cathode, a 15 mm lithium anode, and
an 18 mm Celgard H2013 separator. To ensure adequate
electrolyte uptake for optimal battery performance, three layers
of separators were inserted between the electrodes. The cells
were filled with 80 pL of electrolyte consisting of 1 M LiTFSI and
0.25 M LiNO; dissolved in DOL: DME, equivalent to 32 pL per
milligram of Sg in the cathode. The assembled batteries were
cycled with a Metrohm Autolab battery tester. For EIS measure-
ments, symmetrical cells with cathodes were assembled. Two
15 mm cathodes were used along with three layers of Celgard
separators, and 80 pL of 100 mM TBATFSI in DOL: DME was
used as the electrolyte. For battery performance testing, we
used 1 M LiTFSI and LiNO; in DOL:DME electrolyte as this
electrolyte enables realistic electrochemical performance eva-
luation, including cycling stability.® TBATFSI was not used in
cells for battery cycling considering the large size of TBA"
cations compared to Li" ions that facilitate faster ionic con-
ductivity at higher C-rate cycling. Therefore, the performance
claims in the manuscript are based exclusively on LiTFSI and
LiNO; in the DOL: DME electrolyte system.

3. Results and discussion

Fig. 1 compares the UV-visible spectra between PVDF in NMP
and LiPAA in distilled water along with the supernatant
obtained from their respective composite inks. Fig. 1a shows
the UV-visible spectrum of the supernatant of the ink with
the PVDF binder. The obtained spectrum confirmed the
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dissolution of Sg in NMP during the ink preparation. The
absorption peak at 280 nm indicates the dissolution of Sg, as
the obtained peak matched the standard Sz in NMP solution.>
Within 30 min, approximately 3 mM of Sg was dissolved in
NMP, corresponding to ~16% of the total Sg in the ink. This
dissolution process ultimately facilitates the redistribution of
Sg within the electrode, leading to the undesired outcomes
discussed later in the study. Fig. 1b shows the UV-visible
spectrum of the standard Sg in water. It can be seen from the
spectrum that negligible or no solubility was observed, with no
detectable dissolution even after 24 h of continuous stirring.
The UV-visible spectrum of the supernatant of the prepared ink
formulated with the LiPAA binder showed no characteristic
Sg absorption features, indicating the absence of dissolved Sg
species in the system. However, an absorbance peak at 260 nm
was detected, which corresponds to the LiPAA binder dissolved
in water. This peak matches the characteristic spectrum
of LiPAA in aqueous solution. The key takeaway from the UV-
visible results is that Sg dissolves from the composite when
NMP is used during electrode fabrication. This dissolution may
cause Sg to redistribute unevenly within the electrode.

Fig. 2 shows the SEM micrographs of the fabricated electro-
des with PVDF and LiPAA binders, taken from the top and in
the cross-section. Fig. 2a and b present the surface and cross-
sectional views of the PVDF-based cathode, respectively. Both
reveal a distinct Sg layer on the surface and within the elec-
trode. Fig. 2c and d display the surface and cross-sectional SEM
micrographs of the electrode with the LiPAA binder, which
clearly lack the Sg layer and show a homogeneous distribution
of components. Further SEM images show open pores and an
even distribution of materials in the electrode. Overall, the
LiPAA-based cathode avoids Sg dissolution during processing,
as confirmed by UV-visible spectroscopy (Fig. 1b), and achieves
a homogeneous distribution of electrode components. Addi-
tional evidence for Sg redistribution in PVDF-based electrodes
is provided by XRD and EDX analyses (Fig. S1 and S2). XRD
patterns obtained from PVDF and LiPAA-based electrodes both
show the characteristic diffraction peaks of crystalline Sg
(JCPDS no. 08-0247); however, the PVDF electrode (Fig. S1a)
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(a) UV-visible spectra of NMP, NMP + PVDF, 1 mM standard Sg in NMP, and the supernatant extracted from PVDF electrode slurry. (b) UV-visible

spectra of H,O, LiPAA + H,O, 1 mM standard Sg in H,O, and the supernatant extracted from LiPAA electrode slurry.
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Fig. 2 (a) PVDF-based cathode showing clogged pores and cracks.
(b) PVDF-based cathode showing an Sg layer deposited on the carbon
black across the electrode. (c) LiPAA-based cathode showing open pores.
(d) LiPAA-based cathode showing a homogenous distribution of electrode
components.

exhibits higher peak intensities, indicating greater Sg accumu-
lation on the electrode surface. Consistently, EDX analysis
reveals a higher surface Sg content in PVDF-based electrodes
(20%) compared to LiPAA-based electrodes (14%) (Fig. S2a
and b). Together, these results confirm enhanced Sg redistribu-
tion and surface deposition in the PVDF system. These observa-
tions confirm the dissolution and subsequent redistribution of
Sg in NMP, consistent with the UV-visible spectroscopy results
presented in Fig. 1a. During electrode fabrication, Sg dissolves
in NMP from the carbon pores, enters the liquid phase, and
gradually deposits on the electrode surface during drying. This
dissolution and recrystallization of Sg causes uneven active
material distribution in the cathode.

To further understand the consequences of Sg dissolution,
redistribution and the influence of binders on battery perfor-
mance, coin cells were assembled and cycled. Fig. 3 shows the
long-term battery cycling capacity and coulombic efficiency of
batteries with PVDF and LiPAA binder cathodes. The results
discussed here are averages from two batteries per binder-type
cathode, all cycled under the same conditions. Cathodes with
similar active material loading were carefully selected to avoid
discrepancies in battery capacity. The batteries were cycled at
C/20 in the initial cycle, followed by long-term cycling at C/5.
Initial capacities at C/20 from the PVDF and LiPAA batteries
were 1100 mAh g~ and 1050 mAh g~ ', respectively, as shown
in Fig. 3b. Despite this initial capacity difference, the long-term
cycling profiles of both systems coincided. During extended C/5
cycling, the capacity gradually stabilized within the range of
550-600 mAh g~ ' (Fig. 3b). This stabilization suggests that,
after initial structural and interfacial rearrangements, both
binder systems can support relatively stable electrochemical
performance at low C-rates. A more detailed examination of
capacity retention after prolonged cycling revealed clear
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Fig. 3 (a) Obtained coulombic efficiency during long-term cycling of

batteries with PVDF and LiPAA cathodes. (b) Obtained specific discharge
capacity. (c) Specific capacity obtained from batteries in rate capability tests.

differences between the two binder systems. After 100 cycles
at C/5, batteries with the PVDF binder retained 68% of their
initial capacity. In contrast, LiPAA-based batteries retained 78%
of their initial capacity. The higher capacity retention with
LiPAA shows its superior ability to preserve electrode integrity,
maintain active-material connectivity, and reduce degradation
over time compared to PVDF. After 120 cycles, the PVDF-based
cathode showed a much faster drop in capacity than the LiPAA
cathode, further confirming the accelerated performance dete-
rioration observed in the PVDF system (Fig. 3b). Earlier
research highlights the importance of a uniform distribution
of Sg within the electrode. A uniform distribution of electrode
components, including carbon, Sg, and the binder, helps
optimize Sg utilization, enhances ionic and electronic conduc-
tivity, and accommodates volume expansion. As a result,
the battery can deliver higher energy density and capacity.
In contrast, non-uniform Sg distribution often leads to rapid
capacity decay and accelerated electrode degradation.*"*?

Energy Adv., 2026, 5, 518-527 | 521
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Despite the relatively stable coulombic efficiency observed in
the initial cycles, notable differences emerged beyond 90 cycles,
where a gradual drop in efficiency was detected in both systems
(Fig. 3a). This decline in the coulombic efficiency is indicative
of intensified PS shuttling, where soluble lithium PS migrate
between the cathode and anode. Shuttling reactions lead to
irreversible capacity loss and reduced cycle stability by con-
suming the active material. The onset of significant PS shut-
tling after extended cycling underscores the challenges
associated with high-Sg-loading cathodes, where larger quanti-
ties of soluble PS intermediates are generated, requiring effec-
tive confinement strategies to maintain cycling efficiency.
However, the reduced capacity in this study can be attributed
to the high Sg loading in the cathode and the absence of
specialized or modified carbon black used in the compo-
site.>*>* Further differences between the two binder systems
became evident after approximately 100 cycles, where the
cycling stability and coulombic efficiency of the PVDF batteries
began to deteriorate rapidly, as shown in Fig. 3a. The loss of
stability in the PVDF system is likely associated with its weaker
interaction with the C/Sg composite, dissolution intermediates,
and volume changes, which compromise the electrode integrity
during prolonged cycling. In contrast, the LiPAA-based electro-
des demonstrated comparatively better performance, as evi-
denced by their better capacity retention and more stable
cycling response, even though they were subjected to the same
electrode formulation constraints (Fig. 3b). This difference
highlights the beneficial role of the LiPAA binder in providing
stronger interactions with the active materials and better
mechanical stability under repeated cycling stress.

Further evidence for the above discussion on the difference
in the performance of the batteries can be found in the rate-
capability measurements of both binder systems, as shown in
Fig. 3c. The batteries were cycled at different C-rates and
analyzed for their electrochemical performance. At higher
C-rates, electrochemical evaluation revealed distinct differ-
ences between cells fabricated with LiPAA and PVDF binders.
During the initial low-rate cycling, both binder systems exhib-
ited comparable behaviors (Fig. 3c). However, LiPAA-based
electrodes exhibited markedly improved capacity retention
and cycling stability at higher current densities (1C to 4C).
Batteries with the PVDF binder cathode delivered capacities of
approximately 200, 90, 40, and 10 mAh g~ " at 1C, 2C, 3C, and
4C, respectively. In contrast, LiPAA binder-based cathode bat-
teries delivered capacities of 500, 410, 140, and 100 mAh g~ " at
the same C-rates, as shown in Fig. 3c. The capacities obtained
from LiPAA-based batteries were significantly superior to those
obtained from PVDF binder-based batteries. Furthermore,
when the batteries were switched to low C-rate (C/5) cycling,
differences in the delivered capacity were observed between the
two binder systems. The capacity of PVDF batteries deteriorates
with cycling, whereas LiPAA binders enable stable cycling, as
shown in Fig. 3c. Based on earlier findings, capacity degradation in
Li-S batteries following C-rate measurements is primarily asso-
ciated with the PS shuttle phenomenon and electrode degradation
due to volume expansion. The cathode experiences the buildup of
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insulating Li,S layers, along with the loss of interparticle contacts
and delamination. This combination restricts electron and ion
transport, limits further redox reactions, and increases the internal
resistance in the cell. In the presence of the PVDF binder, these
degradation pathways accelerate under high C-rate operation.**”
Sg dissolution and the generation of supersaturated intermediates
promote excessive precipitation of Li,S, which electrochemically
depletes the active material. Electrode structural integrity degrada-
tion may also contribute to the decline in battery capacity. The
stability of LiPAA batteries can be attributed to the stronger
interactions between LiPAA and the carbon matrix. These interac-
tions support the electrode integrity by accommodating volume
changes and mitigate active material loss during repeated cycling.
In contrast to PVDF, LiPAA-based cathode batteries maintained a
consistent performance, highlighting their robustness at higher
Crrates. Based on the delivered specific capacity of 500 mAh g *
from LiPAA-based electrodes at C/5, the corresponding partial
energy density at the pouch-cell level is estimated to be approxi-
mately 420 Wh kg '. Postmortem analysis of the electrodes
recovered from the cells can provide more information on the
degradation phenomenon. Efforts were made to recover electrodes
from the cycled batteries for postmortem analysis; however, reco-
vering intact and representative cathodes after cycling for a pro-
longed period proved challenging due to the substantial volume
changes associated with Sg conversion reactions. Effects often led to
partial delamination or structural collapse upon disassembly,
making it difficult to obtain reliable and artefact-free SEM images
for meaningful comparison.

EIS was used to further understand the difference in battery
performance between PVDF and LiPAA binder electrodes.
Symmetrical coin cells with PVDF and LiPAA binders were
assembled with a non-intercalating TBATFSI electrolyte.
In the full cell configuration, multiple elementary processes
occurring at each of the electrodes make it difficult to decon-
volute the obtained results.*® Symmetrical cell configuration is
considered due to its multiple advantages in elucidating the
obtained impedance spectra.***° To describe the ionic trans-
port behavior within the electrolyte-filled pores of the conduc-
tive electrode network, the transmission line model (TLM) was
considered. This equivalent circuit framework, commonly used
for interpreting EIS data of Li-ion battery electrodes, provides a
realistic representation of distributed ionic and electronic
pathways. Previous studies have shown that the electronic
resistance in a well-designed Li-ion battery is very small due
to the presence of conductive carbon in the electrodes.* ™

Given its negligible contribution to total resistance, electro-
nic resistance is usually not considered. However, the ionic
resistance is significantly high owing to solid-to-liquid phase
charge-transfer reactions.** To mitigate the higher ionic resis-
tance, blocking conditions can be considered using non-
intercalating electrolyte salts such as TBATFSI. This approach
enabled the generation of simplified yet reliable results, facili-
tating clearer comparison between cathodes prepared using
PVDF and LiPAA binders. EIS spectra were measured between
100 kHz and 100 mHz at 25 °C. The obtained resistance
responses were divided by two, as it is the total contribution

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 EIS from symmetrical cells: (a) and (b) spectra and fitting of PVDF and LiPAA-based electrodes; (c) and (d) spectra of PVDF and LiPAA-based

electrodes compressed at different pressures.

of two identical electrodes. Fig. 4a shows the EIS data obtained
with PVDF cathode cells, and Fig. 4b shows the EIS data
obtained with LiPAA cathode cells. The TLM under blocking
conditions provides an excellent fit to the data, as indicated by
the asterisks and line combination for both PVDF and LiPAA,
presented in Fig. 4a and b. The expected EIS data under the
mentioned working conditions and the observed spectra, along
with the proposed electric circuits, are shown in Fig. S3a and b
(SD). The expected EIS data should have a 45 degree slope at
high frequencies and a vertical line at low frequencies, which
corresponds to the resistance from the separator and finite
space Warburg element that corresponds to the mass transport
(ion diffusion) within the electrodes (as shown in Fig. S3a).*'"*?
However, we obtained a semicircle at high frequency (100 kHz)
followed by the expected 45 degree slope and subsequent
vertical line in the case of both PVDF and LiPAA-based binder
electrodes (Fig. 4a and b). As discussed earlier, electronic
resistance is negligible, and the ionic resistance was eliminated

by employing a non-intercalating electrolyte; therefore, the
observed semicircle must arise from another resistance ele-
ment within the electrode.

A closer comparison of the EIS data from the PVDF and
LiPAA-based cathodes reveals that the measured resistance
primarily arises from three contributions: the high-frequency
resistance associated with the separator (Rypg), an additional
resistance component responsible for the semicircle (Rsc), and
the pore resistance within the cathodes (Rpor.) at low frequency.
The values corresponding to these contributions are listed in
Table 1. Table 1 shows that the high-frequency resistance is
comparable for both electrodes (PVDF and LiPAA), as it arises
from the separator. However, the PVDF-based electrode exhib-
ited a 13% higher pore resistance than the LiPAA-based elec-
trode. This increase is likely due to the deposition of the Sg layer
on the surface, which clogs the electrode pores, as confirmed by
the SEM micrographs (Fig. 2a and b). Additionally, the addi-
tional resistance component Rgc substantially contributes to

Table 1 The three factors contributing to the observed resistances in the PVDF and LiPAA cathodes

Resistance (R) PVDF R in Q LiPAAR in Q Difference in R

Rurr 10.10 £ 0.45 10.15 £ 0.52 No significant difference

Rsc 5.73 £+ 1.05 1.33 £ 0.14 PVDF electrodes show a 330% higher resistance
Rpore 8.5 + 0.51 7.5 + 0.25 PVDF electrodes show a 13% higher resistance

The total observed resistance is the sum of Rypr + Rsc + Rpore- Resistance values from each factor are extracted from the EIS data and divided by

two, as we are using symmetric cells.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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the overall resistance of the PVDF cathode. The calculated Rgc
value for the PVDF cathode was 330% higher than that for
LiPAA, suggesting that this element (Rgc) plays a dominant role
in limiting the battery performance under higher C-rate cycling.
Comprehensive studies by Landesfeind et al. and GaberSéek
et al. revealed that the high-frequency semicircles (Rsc) com-
monly observed in the EIS of Li-ion battery electrodes originate
primarily from contact resistance at the electrode-current
collector interface.*>™*” From their studies, it was apparent that
the high-frequency impedance semicircle (Rgc) primarily high-
lights the contact resistance between the electrode composite
and the metallic substrate, such as aluminum, along with the
double-layer capacitance that forms on the substrate when it
comes into contact with the electrolyte.*>™*” Fig. S3b presents
the proposed equivalent circuit for the EIS data with the
semicircle, where an additional parallel resistor-capacitor
element is incorporated into the baseline circuit shown in
Fig. S3a.

To further confirm that the origin of the high-frequency
impedance semicircle is due to the contact resistance in the
electrodes, we performed EIS of the compressed PVDF and
LiPAA electrodes. Fig. 4c and d show the EIS spectra of the
electrodes coated on aluminum current collectors and com-
pressed at 1.2, 2.0, and 4.0 bar. The spectra were shifted to the
origin of the complex plane for easier comparison. At medium
and low frequencies, all samples displayed the expected TLM
behavior. However, differences appeared at high frequencies.
The PVDF-based electrode compressed at 1.2 bar shows a
clear semicircle, with a resistance of ~100 Q. In the case of

f a. PVDF Cathode
Ss |al)'e" pype  CBI/Sgcomposite

Re(2)/[Q)

4

* Low-capacity @ high C-rates
» Low-capacity retention
» Higher total impedance

4
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electrodes compressed at 2.0 bar, the semicircle remains, but
the resistance decreases to ~16 Q, and in the electrodes
compressed at 4.0 bar, the semicircle nearly disappears, as
shown in Fig. 4c. A similar trend was observed for the EIS
results of the LiPAA-based electrodes. However, the initial
resistance was ~2.5 Q, and the decrease in resistance was
minimal when the compression pressure increased from 1.2 to
2.0 bar. At 4.0 bar, the semicircle completely disappears in the
EIS (Fig. 4d). This trend suggests that the semicircle originates
from the electronic resistance, which is reduced by higher
compression. The contact resistance may arise from either
the interparticle resistances in the electrode or the contact
resistance at the current collector-electrode interface. Since
Sg was dissolved and redistributed within the electrode, the
observed resistance was likely a combination of the interparti-
cle resistance and the contact resistance at the aluminum/
electrode interface. These results align with those of Land-
esfeind et al. and GaberSéek et al., who also linked the high-
frequency semicircle to the current collector/contact resistance
and observed its reduction with pressure.*>™’

Earlier studies have demonstrated that variations in tem-
perature can significantly influence the impedance behaviour
of Li-S electrochemical cells.*® To understand the influence of
temperature on the EIS results of the PVDF and LiPAA electro-
des, we measured the EIS spectra at 10 °C and 45 °C.
No significant difference or impact of temperature on the
electrodes was observed (Fig. S4), further suggesting that the
Rsc element is due to interparticle resistance and contact
resistance in the electrodes.

b. LiPAA Cathode

No Sg layer Open pores
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Fig. 5 The proposed model of Li—S cathode behavior with (a) the PVDF binder cathode and (b) the LiPAA cathode and their respective influence on EIS

and battery performance.
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Schematic representations of the cross-sections of the CB/Sg
composite, PVDF, and LiPAA binder electrodes are shown in
Fig. 5. Fig. 5a shows the cross-section of the PVDF electrode.
The elemental Sg encapsulated in the pores of the carbon black
dissolves in NMP and gets redistributed across the electrode.
The redistribution of elemental Sg occurs not only on the
surface of the cathode but also at the interface of the carbon
composite and aluminum current collector and between the
carbon black particles in the electrode. Once the electrodes are
dried, the dissolved Sg recrystallizes, leading to the formation of
a non-conductive layer between the carbon particles, carbon
composite, and aluminum current collector, which increases
the total contact resistance in the electrode, as observed in the
EIS measurements (Fig. 4a). The impact of this increased
contact resistance is clearly visible in the battery performance
at higher C-rates, as shown in Fig. 3c. The possible reasons for
the inferior battery performance can be linked to the deposition
of Li,S particles (discharge product) on the surface of the
carbon black and the carbon composite—current collector inter-
face along with delamination and loss of interparticle contact.
As Li,S is a highly insulating material, it further facilitates the
deterioration of battery performance owing to reduced contact.
When the PVDF-based electrodes were compressed at different
pressures, the Sg layer present between the carbon black
particles and at the current collector interface was disrupted,
thereby reducing the overall contact resistance, as shown in
Fig. 4c. In comparison, the distribution of the CB/Sg composite
in the electrode with the LiPAA-based binder was significantly
different.

As confirmed by UV-visible spectroscopy and SEM, Sg dis-
solution did not occur in water, and as a result, the encapsu-
lated Sg was retained inside carbon black. This led to a more
homogeneous distribution of all electrode components, as
shown in Fig. 5b. Because there is no Sg layer between the
carbon particles and the current collector interface, the overall
contact resistance is significantly low, as observed by EIS
(Fig. 4b). Although we observe minimal contact resistance, this
could arise from the small space between the carbon composite
particles and current collectors. Collectively, these findings
indicate that LiPAA binders provide distinct advantages over
PVDF in maintaining long-term electrochemical stability under
demanding operating conditions, highlighting their suitability
for high-active-material-loading and high-C-rate Li-S cathodes.
Commonly used water-based binders, such as CMC-SBR
systems, offer good mechanical flexibility and adhesion; how-
ever, they often present processability challenges like high
slurry viscosity, sensitivity to solid loading, and the need for
careful control of pH and mixing order to ensure uniform
dispersion.*”*° In contrast, LiPAA offers simpler slurry proces-
sing and good rheological control, making it more suitable for
scalable cathode electrode manufacturing. Furthermore, quasi-
solid-state Li-S batteries typically exhibit higher interfacial and
charge-transfer resistances due to limited electrolyte mobility
and restricted electrode-electrolyte contact.>>> Addressing
these limitations requires binder systems that can facilitate
efficient ion transport and maintain intimate interfacial

© 2026 The Author(s). Published by the Royal Society of Chemistry
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contact. In this regard, the use of LiPAA offers distinct advan-
tages. In the present study, LiPAA markedly reduces interfacial
resistance compared to PVDF, which is expected to improve
ionic transport across solid or gel-like interfaces. Additionally,
LiPAA promotes closer contact among Sg, conductive carbon,
and the electrolyte phase. Consequently, LiPAA binders can
effectively mitigate resistive losses in quasi-solid-state Li-S
systems, thereby supporting enhanced reaction kinetics and
improved cycling stability.

4. Conclusions

This study showed the effective use of a water-soluble LiPAA
binder for high-active-material-loading Li-S cathodes, presenting a
viable alternative to the commonly used NMP-soluble PVDF binder.
Due to its processability in water, LiPAA promotes environmentally
friendly electrode preparation by eliminating the need for toxic
solvents such as NMP. In contrast to the advantages of LiPAA-based
electrodes, PVDF-based electrodes processed with NMP suffered Sg
dissolution (as verified by UV-visible spectroscopy, XRD, and SEM),
which led to Sg redistribution and poorer electrochemical perfor-
mance at high C-rates. Compared to PVDF-based electrodes, those
with LiPAA demonstrated superior battery performance, especially
at higher C-rates. EIS revealed that lower contact resistance in the
LiPAA electrode contributed to its improved battery performance
relative to PVDF electrodes. Notably, LiPAA enabled stable cycling at
high active material loadings even without optimization of the
carbon black in the composite. These results highlight the strong
potential for further performance enhancement through the inte-
gration of LiPAA with advanced carbon architectures. These find-
ings underscore the potential of LiPAA as a sustainable binder for
high-performance Li-S batteries.
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