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Multifunctional Chitosan–Covalent Bonded Multi-Walled
Carbon Nanotubes Composite Binder for Enhanced
Electrochemical Performances of Lithium–Sulfur Batteries

Qiuying Gou, Liqiang Lu, Shengxuan Lin, Wei Zhang, Yael Rodriguez Ayllon, Zhe Zhou,
Liping Zhu,* and Yan Lu*

Lithium–sulfur batteries (LSBs) are considered as one of the most promising
next-generation energy-storage devices because of their high energy density.
However, the long-term use of LSBs is mainly limited by polysulfide shuttling
and cathode structural degradation caused by volume changes during
charging and discharging. To address these issues, a multifunctional,
high-performance aqueous binder is developed by modifying a natural
polysaccharide with multi-walled carbon nanotubes (MWCNTs). Specifically,
the catechol-conjugated chitosan (CCS) acts as the binder, showing strong
polysulfide adsorption, while the MWCNTs covalently bonded to CCS enhance
the mechanical toughness and electronic conductivity. The resulting
CCS-MWCNTs composite binder exhibits a tensile strength of 40 MPa and a
strain at break of 300%, which are higher than those of CCS. As a binder for
sulfur cathodes, the CCS-MWCNTs binder demonstrates superior cyclic
stability and rate capability. At a sulfur loading of 2.0 mg cm−2, it delivers an
initial capacity of 1016 mAh g−1 at 0.2 C and retains 690 mAh g−1 after 100
cycles, significantly outperforming commercial polyvinylidene difluoride
(PVDF), sodium carboxymethylcellulose/styrene butadiene rubber
(CMC/SBR), and CCS binders. This study demonstrates the potential
applications of polysaccharide binders in metal-sulfur batteries by
innovatively incorporating carbon nanotubes into the biopolymer binder,
providing a promising alternative for environmentally friendly energy storage.
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1. Introduction

As society transitions away from fossil fu-
els, the demandfor advanced battery tech-
nologies with high energy storage capacity
and reduced reliance on critical minerals
becomes increasingly urgent.[1–4] Lithium–
sulfur batteries (LSBs) have attracted sig-
nificant research interest due to their high
theoretical specific energy density (2600Wh
kg−1) compared to the state-of-the-art com-
mercial lithium-ion batteries (e.g.,≈250Wh
kg−1),[5,6] and the advantage of natural abun-
dance of elemental sulfur. However, the per-
formance of LSBs deteriorates rapidly due
to several factors, including the insulating
nature of sulfur and lithium sulfide, the no-
torious “shuttle effect” caused by dissolved
polysulfides, and significant volume expan-
sion of up to 80% that induces high me-
chanical stress and rich microcracks during
lithiation-delithiation cycles.[7,8] These chal-
lenges collectively hinder the commercial
viability of LSBs.
In LSB cathodes, polymeric binders

can play a crucial role in stabilizing sul-
fur and conductive carbon within the
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Figure 1. Schematic illustration of the designed molecular structure and working mechanism of the aqueous binder of catechol-conjugated chitosan-
covalent-bonded MWCNTs (CCS-MWCNTs) with multiple functions for lithium-sulfur batteries.

liquid electrolyte, helping to mitigate some of the challenges
and improve battery performance.[9–14] However, conventional
binders such as polyvinylidene fluoride (PVDF), are primarily de-
signed for lithium-ion batteries and suffer from inadequate elec-
tronic and ionic conductivity, as well as poor polysulfide adsorp-
tion ability,[15] inadequately to trap polysulfides from dissolution
and then migration into bulk electrolyte. Furthermore, the slurry
preparation of PVDF binders requires N-methyl-2-pyrrolidone
(NMP), which is a highly toxic and costly solvent.[16–18]

In contrast, aqueous biopolymer binder offers more func-
tions and are environmentally friendly alternative. Commercial
aqueous binders like sodium carboxymethyl cellulose/styrene-
butadiene rubber (CMC/SBR) are commonly used,[19,20] along
with new options such as fenugreek gum,[21] alginate,[22] pectin,
[23] guar gum,[24] and dextrin.[25] Thesematerials not only contain
functional groups such as hydroxyl, carboxyl, and ether groups,
which are highly effective in adsorbing polysulfides,[26,27] but
also possess advantages like environmental sustainability, abun-
dant availability, and ease of procurement.[28] Such featuresmake
biomacromolecules highly promising for LSBs applications.
Chitosan (CS), a natural polysaccharide composed of 𝛽-(1,4)-

linked 2-deoxy-2-amino-D-glucose units,[29] has gained consid-
erable attention due to its abundance and unique chemical
structure. It contains numerous amino and hydroxyl functional
groups, which can effectively immobilize polysulfides through
hydrogen bonding and chemical adsorption, thereby mitigat-
ing the shuttle effect.[30] Additionally, the flexible ether bonds
in chitosan enable efficient lithium-ion transport,[31] improving
electrochemical performances. These favorable properties have
led to extensive research into the application of chitosan for
LSBs.[32–36] However, the overall performance of the chitosan-
based binders still requires improvement. For example, Ramos-
Sanchez et al.[34] introduced various ratios of sulfonic acid groups
into the chitosan molecular chains and prepared tensile samples
for testing. They found that none of the samples experienced a
strain greater than 1.2%, indicating insufficient toughness. In ad-

dition, the synthesis methods reported in these binders are often
complex,[32] difficult to scale up for industrial applications, or re-
liant on toxic solvents.
Conductivity is another critical property for binders.[37] Carbon

nanotubes have garnered considerable attention in LSBs due to
their superior electrical conductivity and mechanical strength,
which can significantly enhance the overall performance of
electrode materials when used as sulfur hosts or conductive
additives.[38–40] However, these materials are often insoluble in
pure water or incompatible with the specific requirements ofLSB
binders.[41–45] Therefore, there is a strong need to explore and de-
velop aqueous biopolymer binders specifically tailored for LSB
applications, offering high mechanical strength, good electronic
conductivity, and enhanced polysulfide adsorption capabilities.
In this study, a novel functional binder was designed as

schematically shown in Figure 1 and developed with modified
chitosan and carbon nanotubes. 3,4-dihydroxyhydrocinnamic
acid (HCA), as a natural phenolic compound found in various
plants, contains catechol groups that exhibit strong adhesive
properties. Inspired by the natural adhesive properties of HCA,
this study first grafted HCA onto the chitosan backbone to im-
prove the adhesive property and solubility of chitosan. Mean-
while, as a proof of concept, multi-walled carbon nanotubes
(MWCNTs) were chemically modified to introduce carboxyl and
hydroxyl functional groups, enhancing their chemical interaction
with the modified chitosan, improving their dispersion within
the chitosan matrix, and strengthening the toughness and con-
ductivity of the composite binder. Afterward, by mixing the mod-
ified chitosan aqueous solution and surface-functionalized car-
bon nanotube dispersion under heat, the multi-functional com-
posite binder with enhanced mechanical and electrical proper-
ties was obtained. This new biopolymer composite was investi-
gated as a binder for sulfur cathode, and demonstrated excellent
electrochemical performance, providing an effective solution for
producing high-quality sulfur cathodes and thus improving the
performance of LSBs.
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Figure 2. Characterization and properties of the biopolymer composite binders: a) chemical structures of CS and CCS binder, b) TEM images of the
MWCNTs before and after oxidation treatment, c) FTIR spectra of CS, CCS, and CCS-MWCNTs binders, d) TGA and DTG curves of CS, CCS, and CCS-
MWCNTs, e) photos showing the bending flexibility of the CCS film and photos of CCS and CCS-MWCNTs films, and f) mechanical properties of different
binder films.

2. Results and Discussion

First of all, to improve the water solubility of chitosan and to en-
hance its capability of polysulfide adsorption, HCA was grafted
onto the chitosan molecular chains through an amination re-
action. Figure 2a illustrates the amide bonds formed between
the amino groups of chitosan and the carboxyl groups of HCA.
The nuclear magnetic resonance (NMR) spectrum in the Sup-
plementary Information (Figure S1, Supporting Information)
shows that a grafting ratio of 15% was obtained in this work.
Meanwhile, MWCNTs were surface functionalized with hydroxyl
groups through an oxidation method using concentrated nitric
acid, enabling MWCNTs to stabilize in water and to form cova-
lent bonds with HCA-modified chitosan. The transmission elec-
tron microscopy (TEM) image in Figure 2b demonstrates that
the original MWCNTs exhibit a dense and aggregated structure
with limited separation between individual carbon nanotubes.
In contrast, the modified MWCNTs form a more dispersed and
looser network, where individual nanotubes are clearly visible,
and the degree of aggregation is significantly reduced. This en-
hanced dispersion facilitates a uniformmixing of the carbon nan-
otubes with the modified chitosan, promoting stable interactions
that substantially improve the mechanical and electrical prop-
erties of the formed composite binder. Such improvements are
crucial for accommodating the volume changes that occur dur-
ing charge and discharge cycles while maintaining conductiv-
ity. Fourier transform infrared spectroscopy (FT-IR) character-
ization (Figure 2c) provides key information on pure chitosan
(CS), catechol-conjugated chitosan (CCS), and CCS-MWCNTs.

The absorption peaks at 1650 cm−1 and 1591 cm−1 in chitosan
correspond to the stretching vibration of the N-acetyl group
(amide I) and the bending vibration of NH (amide II) of chi-
tosan, respectively.[46] After HCA grafting, these peaks shift to
lower wavenumbers, potentially due to the formation of denser
hydrogen bonding and the introduction of aromatic ring struc-
tures, which create steric hindrance for restriction of molecu-
lar rotation. Additionally, the appearance of a new C═O peak at
1740 cm−1 and the weakened peak of amino groups at 1320 cm−1

suggest the formation of covalent bonds between the carboxyl
group of HCA and the amino group of chitosan,[47,48] further
confirming the successful grafting modification. In the CCS-
MWCNTs composite, the broadened C═O peak at 1740 cm−1 and
the enhancement of the C─O peak at 1250 cm−1 indicate the for-
mation of ester bonds between the modified chitosan and the
functionalized carbon nanotubes.[49] Moreover, a comparison of
the X-ray photoelectron spectroscopy (XPS) O 1s spectra of CCS
and CCS-MWCNTs (Figure S2, Supporting Information) reveals
that CCS-MWCNTs exhibit a new peak at 533.7 eV, corresponding
to ether-type oxygens in ester groups.[50] This further confirms
the hybridization of the carbon nanotubes and CCS.
Thermogravimetric analysis (TGA) was employed to evaluate

the thermal stability of the samples. As shown in Figure 2d, two
distinct degradation stages have been observed for all three ma-
terials. The mass loss below 150 °C in CCS and CCS-MWCNTs
is primarily attributed to the physisorbed water and the variable
moisture content left in the samples, while the second degrada-
tion stage occurs between 150 and 350 °C, involved with the ther-
mal decomposition of the CCS backbone and the breakdown of
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the carbon nanotubes in the composite. The grafted functional
groups affect the original crystallinity of CS, resulting in a lower
decomposition temperature for CCS compared to pure CS. How-
ever, the mass loss rate of CCS and CCS-MWCNTs between 250–
350 °C is slower, indicating that the amide bond and ester bond
formed during the grafting reaction and the introduction of car-
bon nanotubes exhibit different thermal degradation behavior. At
800 °C, the residual mass of CCS-MWCNTs is 41.7 wt.%, higher
than that of CCS (36.5 wt.%) and CS (33.1 wt.%). This difference
is attributed to the different carbon contents in the grafted cate-
chol groups and MWCNTs.
Considering that the binder system in Li–S batteries need to ac-

commodate around 80% volume expansion of sulfur electrodes,
mechanical performance is therefore a critical factor for binder
evaluation. In this context, the films of CCS and CCS-MWCNTs
were prepared, and their mechanical properties were assessed.
The optical images in Figure 2e demonstrate the excellent film-
forming ability and flexibility of the CCS-MWCNTs composite
material. Good integrity wasmaintained under folding and bend-
ing. Additionally, tensile strain tests have been conducted to eval-
uate its mechanical properties and compared with commercial
PVDF and CMC/SBR binders. Figure S3 (Supporting Informa-
tion) illustrates the stress–strain relationship, which enables the
determination of ultimate tensile strength (UTS) and Young’s
modulus. Pure CCS showed poor ultimate tensile strength. By
the introduction of 3 wt.% MWCNTs, CCS is reinforced and ex-
hibits higher fracture strength and higher toughness compared
to the original material. However, when the MWCNTs content
reaches 6 wt.%, the toughness and fracture strength become sim-
ilar to those of CCS. This may be due to the exacerbation of nan-
otube aggregation, leading to stress concentration during loading
and premature fracture. Therefore, we selected the sample with 3
wt.%MWCNTs (CCS@MWCNTs-3) for further comparison with
commercial PVDF and CMC/SBR binders in tensile strain tests
to evaluate their mechanical properties and electrochemical per-
formances. As shown in Figure 2f, PVDF displays the highest
toughness (tensile strain up to 65%), but its fracture stress was
only 3.17 MPa, indicating limited load-bearing capacity. In con-
trast, CCS exhibits the lowest toughness (3%) but with a fracture
strength of 29.98 MPa, suggesting potential applications under
high-load conditions. CMC/SBR has shown slightly higher frac-
ture strength than CCS, and the addition of SBR increases its
tensile strain, improving flexibility. Notably, the CCS-MWCNTs
binder, through covalent bonding of CCSwith only 3 wt.%MWC-
NTs, demonstrate the highest elastic modulus and maximum
tensile strength (37.96 MPa), indicating that the introduction of
carbon nanotubes significantly enhances the mechanical proper-
ties of CCS while showing good interfacial compatibility. There-
fore, this modification endows CCS-MWCNTs binder with su-
perior tolerance to sulfur volume changes compared to PVDF
and CMC/SBR binders, potentially contributing to improved cy-
cling stability andminimized structural damage upon discharge-
charge cycling in Li–S batteries.
The modification of chitosan with catechol (HCA grafting) in-

creases its solubility in water and improves its thermal stabil-
ity and mechanical properties. As a result, CCS and the CCS-
MWCNTs composite materials show great potential for produc-
ing high-quality electrodes. The cathodes were prepared by the
method of doctor-blade casting of slurry. The slurry formation

was conducted by mixing Ketjen black-sulfur (KB/S, 80 wt.%
of sulfur content) composite, Super P conductive, and different
binders with a mass ratio of 7:2:1. For commercial PVDF binder,
the slurry was prepared with NMP as the solvent, while water
was used for all the other three binder (CMC/SBR, CCS, CCS-
MWCNTs). It should be alsomentioned that Ketjen black carbon,
which is notable for its challenge in thick-sulfur-cathode prepara-
tion due to its high specific surface area and highly porous struc-
ture, was selected as the sulfur host material to examine the bind-
ing performance of various binders. Figure 3 presents the scan-
ning electron microscope (SEM) images of the sulfur cathodes
prepared with four different binders with two different sulfur
loadings: 1mg cm−2 shown in Figure 3a–d and 2mg cm−2 shown
in Figure 3e–h. The SEM images reveal distinct morphological
features and structural integrity associated with each binder type
and sulfur loading. For cathodes with 1 mg cm−2 of sulfur load-
ing, PVDF- and CMC/SBR-based cathodes show plenty of micro-
cracks. The CCS- and CCS-MWCNTs-based cathodes present al-
most crack-free and homogeneous coatings, demonstrating their
excellence of structural integrity and great potential for binder
applications. When increasing the sulfur loading to 2 mg cm−2,
the PVDF cathode exhibits large-size and eye-visiblemacroscopic
cracks (≈100 micrometers), indicating that PVDF binder perfor-
mance is insufficient under higher sulfur loading conditions.
In contrast, aqueous binder-based cathodes demonstrate smaller
microcracks. For the CMC/SBR electrodes, although the num-
ber of micro-cracks decreases with the increased sulfur loading,
the crack width becomes significantly larger. In contrast, elec-
trodes prepared with CCS and CCS-MWCNTs exhibit fewer and
smaller-depth micro-cracks, particularly the CCS-MWCNT elec-
trode. By calculating the ratio of overall micro-crack area on the
entire electrode area with sulfur loading of 1 mg cm−2, the defect
rates of the electrodes for the four binders (PVDF, CMC/SBR,
CCS, and CCS-MWCNTs) have been obtained, which are 4.43%,
4.85%, 0.17%, and 0.04%, respectively (Figure S9, Supporting In-
formation), reflecting different quality of binders. The above re-
sults indicate that the CMC/SBR binder results in the highest
number ofmicro-cracks, likely due to poor compatibility between
CMC and SBR. Although the PVDF electrodes exhibit fewer
micro-cracks than those of the CMC/SBR electrodes, the depth
and sizes of these cracks are significantly larger, indicating more
severe cracking. In comparison, CCS and CCS-MWCNT exhibit
the lowest defect rate, demonstrating excellent electrode quality
and superior binder performance.
The optical images in Figure 3i show the different quality

of cathodes, further demonstrating that CCS-MWCNT binder
is more beneficial not only for crack-less structure than PVDF
but also for being potentially applicable for large-area electrode
preparation under high sulfur loading conditions. This may be
attributed to the superior mechanical properties of the CCS-
MWCNT binder and its strong interfacial adhesion with the elec-
trode materials, promoting a more uniform distribution of sul-
fur particles. Chitosan is a natural hydrophobic linear macro-
molecule, and the presence of catechol allows these molecular
chains to dissolve in water. At the same time, the main chain of
chitosan remains hydrophobic, enabling it to adsorb onto simi-
lar sulfur-carbon particles via hydrophobic interactions, thereby
preventing the agglomeration of active materials and forming
a more homogeneous active slurry. The addition of MWCNTs
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Figure 3. SEM images of the cathodes prepared with different binders with areal sulfur loadings: a–d) 1 mg cm−2, e–h) 2 mg cm−2. Photos of i) PVDF
and j) CCS-MWCNT electrodes with sulfur loading of 2 mg cm−2.

further enhances the mechanical toughness of the binder, allow-
ing it to withstand volume shrinkage during electrode drying.
Such excellent uniformity is crucial for optimizing electrochem-
ical performance, as it enhances both the overall conductivity of
the electrodes and their mechanical stability, thereby would be
helpful for improving the rate performance and extending cycle
life of the battery.
Chemical adsorption has been proven to be an effective strat-

egy toward suppressing the shuttling of polysulfides.[51,52] Figure
4a–d presents the XPS spectra of CCS. Figure 4a shows the C 1s
spectrum, which can be deconvoluted into four peaks: the peak
at 285.6 eV corresponds to C─C bonds, 284.5 eV indicates the
presence of C═C bonds,[53] confirming the successful grafting of
HCA onto the chitosan molecular chains. The peaks at 286.5 and
288 eV are attributed to C─O and C═O bonds, respectively.[54]

Figure 4b shows the N 1s XPS spectra of CCS, with three differ-
ent peaks centered at 399.5, 400.7, and 401.8 eV, corresponding
to C-NH2, O═C─N, and C-NH3

+, respectively.[55] In Figure 4c,
the measured O 1s binding energies were 531.1 eV for C═O
in N-acetylated-glucosamine units and 532.9 eV for C─O bonds
corresponding to ether and alcohol oxygen.[56] These functional
groups contribute to strong chemical adsorption of polysulfides.
After immersing CCS in a 20 mm Li2S6 solution followed by dry-
ing, the comparison of the XPS spectra before and after adsorp-
tion, as shown in Figure 4d, indicates the emergence of peaks cor-
responding to sulfur (S) and lithium (Li) in the post-adsorption
spectrum (CCS-LiPS).
The detailed spectra of CCS after polysulfide adsorption are

shown in the Supplementary Information. Figure S4 (Support-
ing Information) compares the XPS spectra of CCS before and
after the adsorption of Li2S6, highlighting the strong interactions

between CCS and lithium polysulfides. N 1s spectrum (Figure
S4b, Supporting Information) shows a significant decrease in the
peak intensity at 401.1 eV, which corresponds to C-NH3

+, after
the adsorption of polysulfides. Concurrently, a new peak appears
at 402.8 eV, assigned to Li─Nbonds. This indicates a strong inter-
action between the C-NH3

+ groups and the lithium polysulfides.
Additionally, C 1s (Figure S4a, Supporting Information) and O
1s spectra (Figure S4c, Supporting Information) reveal changes
in the peak intensities of C─O and C═O groups. The trend of
these changes aligns with the polysulfide adsorption strength,
with the following order of adsorption affinity: C-NH3

+ > C-NH2
>O═C─N, and OH > C═O >O─C─O. These functional groups
exhibit a strong affinity for polysulfides, which likely leads to the
coverage of these groups by excessive polysulfide adsorption, re-
sulting in the weakened detection of these functional groups.
These results demonstrate that the CCS binder interacts strongly
with lithium polysulfides through electrostatic interactions, hy-
drogen bonding, and coordination between the lone pairs of ni-
trogen and oxygen atoms in CCS and Li+ in lithium polysulfides
or Li2S6.

[55,57,58]

Furthermore, to visually evaluate the interaction capacity of
four binders with polysulfides, lithium-polysulfide adsorption ex-
periments were conducted by immersing equivalent amounts
of each binder material into a Li2S6 solution. As shown in
Figure 4e, the binders show different capabilities toward ad-
sorption of polysulfides. The CMC/SBR results in a lighter yel-
low color in comparison with the darker yellow color of the
control (1 mM Li2S6) and that of the PVDF binder. Remark-
ably, the Li2S6 solution treated with CCS and CCS-MWCNTs
is nearly colorless as almost all polysulfides are adsorbed
by the binders, indicating the stronger polysulfide adsorption

Macromol. Rapid Commun. 2025, 46, 2500155 2500155 (5 of 11) © 2025 The Author(s). Macromolecular Rapid Communications published by Wiley-VCH GmbH
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Figure 4. XPS spectra of CCS binders: a) C 1s, b) O 1s, c) N 1s, and d) full spectra before and after adsorption. Polysulfide adsorption: e) Photos of
10 mg of the four types of binders in 1 mm of Li2S6 solutions. f) UV-vis absorption spectrum of Li2S6 in DOL/DME electrolyte solution with four types
of binders after 4 h.

capability of CCS and CCS-MWCNTs compared to that of
CMC/SBR and PVDF binders. This is owing to the factor that
chitosan contains rich amino/acetamido groups and secondary
hydroxyl groups, offering stronger chemical adsorptions of poly-
sulfides than the CMC/SBR binder. The UV-vis absorption spec-
tra for the supernatants from the adsorption experiments are pre-
sented in Figure 4f. The absorbance at 420 nm corresponds to
the polysulfide species of S6

2−.[59] The much lower absorbance
for CCS-based samples at 420 nm than those of PVDF and
CMC/SBR binders evidently supports the extraordinary polysul-
fide adsorption capability.
Cyclic voltammetry (CV) curves can intuitively reveal the elec-

trochemical reactions occurring in the electrode and the re-
versibility of its charge-discharge processes. The CCS-MWCNT
binder only performed the capacitive behavior and contributed to
neglected capacity (Figure S5, Supporting Information). Figure
5a shows the CV curves of four electrodes with the same sul-
fur loading (1 mg cm−2). For the reduction curves, the reduc-
tion peaks around 2.3 V correspond to the conversion of el-
emental sulfur to higher-order polysulfides, while the reduc-
tion peaks between 2.0─2.1 V correspond to the conversion
of higher-order polysulfides to lower-order polysulfides.[60] On
the oxidation curves, the oxidation peaks between 2.3─2.5 V
correspond to the conversion of lithium sulfide to elemental
sulfur.[61] Comparing the four curves, the CCS-MWCNTs-based
electrode exhibits the highest reduction peak intensity, indicat-
ing the highest electrochemical reaction rate and the highest uti-
lization of active material. Moreover, the reduction peak inten-

sity of the CCS-MWCNTs-based electrode is comparable to its
oxidation peak, whereas the reduction peaks of the other three
electrodes are significantly lower than their oxidation peaks, indi-
cating that the charge-discharge efficiency of the CCS-MWCNTs-
based electrode is higher than the others. This suggests that the
CCS-MWCNTs-based electrode has excellent cycling reversibility,
demonstrating its potential for outstanding cycling performance.
The initial galvanostatic charge and discharge curves of the

cathodes with four different binders are shown in Figure 5b. In
accordance with the CV results, all sulfur cathodes demonstrate
the typical two-plateau discharge profile of conventional LSBs,
i.e., the conversion of sulfur to highly soluble long-chain polysul-
fides at around 2.3 V and then the transformation to less-soluble
or insoluble Li2S2/Li2S at around 2.1 V. At low current density
(0.1 C), the polarization (i.e., the potential difference between re-
duction and oxidation) are similar for all cathodes with different
binders, consistent with the CV profiles. Compared to that of the
PVDF and CMC/SBR binders, LSBs using chitosan binders ex-
hibit obviously higher capacity. The CCS-MWCNTs-based cath-
ode delivers an initial capacity of 1470 mAh g−1, corresponding
to 88% of sulfur utilization. In addition, from the galvanotactic
discharge processes it can be observed that the potential of the
CCS-MWCNT cells is higher than that of the PVDF cells when
the cells discharged to the same capacity (e.g., 2.136 V for CCS-
MWCNTs-based cell vs 2.121 V for PVDF-based cell when dis-
charged to capacity of 800 mAh g−1). Meanwhile, in the charge
processes, the potential of the CCS-MWCNT cells is lower than
that of the PVDF cells when charged to the same capacity (e.g.,
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Figure 5. Electrochemical performances of Li–S batteries with different binders: The sulfur loading for a–d,f) is 1 mg cm−2. a) CV profiles, b) voltage-
capacity profiles for the first discharge and charge at 0.1 C, c) rate capabilities, and d) cycling performance at 0.2 C. e) Cycling performance at 0.2 C of
cathodes with sulfur loading of 2 mg cm−2. f) Nyquist plots for Li–S batteries using different binders. (1 C = 1675 mA g−1).

2.319 V for CCS-MWCNTs-based cell vs 2.334 V for PVDF-based
cell when charged to capacity of 800 mAh g−1). These results in-
dicate that the CCS-MWCNT cells exhibited lower polarization
during both discharge and charge.Moreover, the strong chemical
interaction between polysulfides and CCS is expected to enhance
the Li2S precipitation by the functional groups of CCS. To verify
it, Li2S deposition measurements on Ketjenblack electrodes with
different binders, PVDF, and CCS-MWCNTs were conducted to
study the Li2S precipitation (Figure S6, Supporting Information).
The Li2S deposition capacity can be calculated based on the elec-
trodepositing potentiostatical profiles from long-chain polysul-
fides Li2S8 to Li2S.

[62] The deposition capacity for Li2S precipi-
tation was increased from 69 mAh gs

−1 for the PVDF binder to
198 mAh gs

−1 for the CCS-MWCNT binder, leading to187% of
increment. Meanwhile, the Li2S precipitation time at peak cur-
rent density was increased from 175 seconds for PVDF binder-
based electrodes to 580 seconds for CCS-MWCNT binder-based
electrodes, contributing to more Li2S precipitation. Thus, the im-
proved capacity of the CCS-MWCNTs-based cathodes observed in
Figure 5b is assumed not only to be its strong polysulfides adsorp-
tion capability and improved electrical conductivity by MWCNTs,
but also to the enhanced Li2S precipitation by CCS-MWCNTs.
It should be noted that the relatively low peak current density
for CCS-MWCNTs indicates that the increased Li2S precipitation
is ascribed to the enhanced polysulfide adsorption and uniform
Li2S precipitation rather than the kinetical conversion process.
Figure 5c presents the rate capability, an important parameter

that reflects the battery operation under different current den-
sities. The cathodes with commercial PVDF binder show rapid
capacity decrease from 1138 to 574 mAh g−1 when increasing
the current densities from 0.1 C to 1 C. CMC/SBR-based cath-

odes perform similarly to PVDF-based cathodes. In contrast,
chitosan-based cathodes exhibit much higher reversible capac-
ities under various rates. In addition, the cathodes with CCS-
MWCNTs present higher specific capacity than modified chi-
tosan. Even at 1 C, the CCS-MWCNTs-based cathodes demon-
strate 720 mAh g−1, which is 50% of the capacity at 0.1 C and
much higher than that of the other binders. At 2 C, the similar
capacities for CCS-MWCNT, CCS, and PVDF binders are pre-
sumed to be the poor kinetics mainly limited by the sluggish con-
version between short-chain polysulfide to lithium sulfide. The
CCS-based binders have the ability to chemically suppress poly-
sulfide shuttling but are not expected to work as an electrocatalyst
for the above sluggish conversion, which can be also supported
by the relatively low peak current density of Li2S precipitation
during potentiostatical measurements. Therefore, smaller differ-
ences or no obvious differences betweenCCS-MWCNTs andCCS
when increasing the current density can happen. The lower ca-
pacity for CMC/SBR binder than other binders can be due to
its poorer interfacial electrochemical resistance, which was also
found in previous works.[63] When the rate is returned to 0.2 C,
a high specific capacity of over 800 mAh g−1 is still retained for
the CCS-MWCNTs-based cathodes. The excellent rate capability
for the CCS-MWCNT binders indicates the enhanced kinetics of
discharge/charge by the MWCNTs and rich functional groups of
chitosan.
High uniformity and structural integrity of cathodes are es-

sential for long-term and stable battery operation. To evaluate
the cathode stability using different binders, the long-term gal-
vanostatic discharge-charge cyclic stability was further investi-
gated by discharge-charge cycling tests at 0.2 C and 0.5 C for
100 cycles, respectively. As seen in Figure 5d and Figure S7

Macromol. Rapid Commun. 2025, 46, 2500155 2500155 (7 of 11) © 2025 The Author(s). Macromolecular Rapid Communications published by Wiley-VCH GmbH
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(Supporting Information), the capacity for CCS-MWCNTs-based
cathodes after 100 cycles at 0.2 C remains at 830 mAh g−1, which
is much higher than that of cathodes with PVDF, CMC/SBR
and CCS binders. At 0.5 C, the initial discharge capacity of CCS-
MWCNT cathodes reaches 1040 mAh g−1, corresponding to 60%
of the theoretical capacity at such relatively high current den-
sity, and still persists at 826 mAh g−1 after 100 cycles. In com-
parison, cathodes with PVDF, CMC/SBR, and modified chitosan
binder exhibit lower capacity. The long-term cycling of PVDF and
CCS-MWCNT cells (Figure S8, Supporting Information) further
demonstrates the improved capacity and cyclic stability over 400
cycles at 0.5 C. These improvements are not only attributed to
the improved kinetics, strong polysulfides adsorption, and facil-
itated Li2S precipitation by chitosan covalent bonded MWCNTs
binder, but also can be ascribed to the crack-free homogeneity of
CCS-MWCNTs-based cathodes, leading to more uniform electro-
chemical reactions at electrode-electrolyte interfaces than those
using the PVDF and CMC/SBR binders.
Furthermore, increasing the areal sulfur loading is crucial for

obtaining higher practical energy density. To demonstrate po-
tential practical applications of chitosan binders, a higher sulfur
loading of 2.0 mg cm−2 was investigated for comparing the cyclic
stability of cathodes prepared using different binders. As shown
in Figure 5e, the cathodes with CCS-MWCNTs binder exhibit an
initial capacity of 1300mAh g−1, corresponding to 77% of the the-
oretical capacity. The reversible capacity remains at 690 mAh g−1

after 100 cycles at 0.2 C, exceeding the capacity and stability of the
cathodes using commercial PVDF, CMC/SBR binders, andmod-
ified chitosan binder. These results strongly demonstrate that the
CCS-MWCNT binder is efficient in chemically trapping polysul-
fides and improving kinetics.
Electrochemical impedance spectroscopy (EIS)measurements

were carried out to investigate the internal resistance and kinetics
of the cathodes with different binders as shown in Figure 5f. Each
curve shows the semicircle in the high-frequency region and
the linear session in the low-frequency region, corresponding to
the interfacial charge transfer resistance (Rc) and mass-diffusion
controlled Warburg resistance (Rw), respectively. The interfacial
charge transfer resistance for different binder-based cells follows
the order of Rc (CCS-MWCNTs) < Rc (CCS) < Rc (CMC/SBR) <
Rc (PVDF). The results indicate that the electrochemical charge
transfer resistance of the battery based on the CCS binder is sig-
nificantly lower than that of PVDF and CMC/SBR. This suggests
that lithium ions exchange charges more easily at the electro-
chemical interface composed of the active material and the CCS
binder. One reason for this is that electrodes prepared using the
CCS binder are more compact and freer of obvious cracks, creat-
ing a continuous and intact electronic conduction network with
lower electronic resistance. Additionally, the negatively charged
functional groups on the CCS surface facilitate the adsorption of
lithium ions, promoting their transport. The combined effects of
these factors enhance charge exchange at the electrochemical in-
terface, reducing the charge transfer resistance. Furthermore, the
composite CCS binder with MWCNTs further reduces the elec-
trode resistance, resulting in even lower electrochemical charge
transfer resistance compared to modified CCS. The above elec-
trochemical results align with the EIS results, further confirming
the beneficial impact of a dense and uniform electrode structure
and the incorporation of MWCNTs on enhancing the conversion

efficiency of the active material and improving charge-discharge
efficiency.
Post-mortem analysis of cathode structures was then per-

formed to validate the electrode damage after cycling. Figure 6
presents the SEM images of the galvanostatic discharge─charge
tested electrodes from the four different binders (PVDF,
CMC/SBR, CCS, and CCS-MWCNTs) after 100 cycles at a rate
of 0.2 C. Notably, the CCS-MWCNTs-based electrode maintains
optimal structural integrity post-cycling. In contrast, the PVDF-
based electrode exhibits deepening cracks and an increase in fine
fissures. The CMC/SBR-based electrode also shows a certain de-
gree of crack propagation. Although the CCS-based electrode dis-
playsmicrocracks, as observed in Figure 6g, these cracks are shal-
lower compared to those in the CMC/SBR electrode, with a uni-
form quality in the surrounding area, indicating that the CCS
binder facilitates a more uniform dispersion of the electrode ma-
terials. Figure 6h reveals that the CCS-MWCNTs-based electrode
contains only a single shallow crack and retains a dense surface,
demonstrating good cycling stability. To quantitatively compare
the integrity of the electrodes, defect areas were analyzed before
and after cycling (Figure S9, Supporting Information). The re-
sults indicate that the PVDF-based electrodes exhibit poor in-
tegrity, with defect rates reaching 4.75%, comparable to those of
CMC/SBR (5.70%), and significantly higher than those of CCS
(0.48%) and CCS-MWCNTs (0.13%). The superior integrity of the
CCS-MWCNTs-based electrode can be attributed to the incorpo-
ration of MWCNTs. The covalent bonds formed between MWC-
NTs and CCS enhance the structural robustness. These findings
further validate the advantages of the CCS-MWCNTs composite
binder in improving electrode structural integrity, facilitating ho-
mogeneous electrochemical reactions, and enhancing the cyclic
stability of Li–S batteries.

3. Conclusion

In conclusion, this work developed a novel composite binder for
LSBs by integrating catechol-conjugation modified chitosan with
modified multi-walled carbon nanotubes. The CCS-MWCNTs
binder offers enhancedmechanical properties through covalently
bonded MWCNTs, strong polysulfide adsorption, and facilitated
Li2S precipitation due to its rich amino and hydroxyl groups, ef-
fectively addressing challenges like electrode cracking, polysul-
fide shuttling, and structural degradation in LSBs. The enhanced
chemical and mechanical performance of the CCS-MWCNTs
composite binder not only contributes to its superior electro-
chemical stability and rate capability compared to conventional
binders but also underscores its potential in advancing LSB tech-
nology. Furthermore, the bio-based nature of chitosan and its
water-processing slurry formulation highlights the promising
sustainability and low environmental impact for next-generation
metal-sulfur battery applications, paving the way for more effi-
cient and greener electrochemical energy storage solutions.

4. Experimental Section
Materials: Chitosan (CS, Mw≈100 000 Da, deacetylation degree 85%)

was purchased from Macklin Co., Ltd. 3, 4-dihydroxhydrocinnamic acid
(HCA) and 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride

Macromol. Rapid Commun. 2025, 46, 2500155 2500155 (8 of 11) © 2025 The Author(s). Macromolecular Rapid Communications published by Wiley-VCH GmbH
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Figure 6. SEM images of the Li–S battery cathodes (sulfur loading 1 mg cm−2) prepared by various binders after cycling tests at 0.2 C.

(EDC) was purchased from Tokyo Chemical Industry Co., Ltd. Polyvinyli-
dene fluoride (PVDF, battery grade) was purchased fromMTI Corporation,
carboxymethyl cellulose (CMC,Mw≈250KDa) was purchased from sigma-
Aldrich, styrene-butadiene rubber (SBR) was purchased from MTI Corpo-
ration, MWCNTs (below 10 nm diameter, 5–15 μm length) was purchased
from TCI Chemicals.

Synthesis of Catechol-Conjugated Chitosan (CCS): 2.500 g of chitosan
was dissolved in 250 mL dilute acetic acid and the pH was adjusted
to ≈5.2. 1.783 g of 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hy-
drochloride (EDC) and ≈1.695 g of 3,4-dihydroxyhydrocinnamic acid
(HCA) were dissolved in a mixed solution of 125 mL deionized water and
125 mL anhydrous ethanol, the pH was then adjusted to around 4.8 us-
ing 0.1 mol L−1 nitric acid. The mixture was stirred thoroughly and then
added dropwise to the chitosan solution, which was allowed to proceed
for 12 h. After that, 5 L of 0.2 g L−1 LiNO3 solution was prepared as the
dialysis medium, and the pHwas adjusted to 4.6–4.8 using nitric acid. The
modified chitosan solution was placed into a dialysis membrane tube and
dialyzed against the LiNO3 solution for 3 days, during which the dialysis
solution was replaced every 4–6 h. Then, the chitosan was further cleaned
by dialysis in diluted nitric acid solution with a pH of 4.6–4.8 for twice.
Last, the CCS was obtained by freeze-drying of the purified solution. CCS
aqueous binder solutionwith a concentration of 10mgmL−1 was prepared
by dissolving 100 mg of catechol-conjugated chitosan (CCS) in 10 mL of
water.

Modification of Multi-Walled Carbon Nanotubes: 100 mg of MWCNTs
were refluxed with 50 mL 65% concentrated nitric acid at 110 °C for 24
h. After cooling down to room temperature, the residue was thoroughly
washed with deionized water until neutral pH (≈7.0), filtered, and dis-
persed in 100 mL deionized water. The sample was then sonicated for 1 h,
frozen in liquid nitrogen, and dried by freeze-drying.

CCS-MWCNTs Binder: The freeze-dried MWCNTs were dispersed in
water and sonicated for 1–2 h to form a 0.15 mg mL−1 MWCNTs uniform
dispersion. 5 mL of the MWCNTs dispersion was stirred at 1000 rpm, and
2.4 mL of the 10 mg mL−1 CCS aqueous solution was added dropwise.
After the addition, the mixture was sonicated for 1 h, heated to 60 °C, and
stirred for 4 h to obtain the CCS-MWCNTs binder.

Preparation of Electrode Material: 200 mg of Ketjen black carbon (KB,
EC-600 JD) and 800 mg of sublimed sulfur were dissolved in a mixture of
carbon disulfide and isopropanol (v/v 1:1) and stirred at 50 °C overnight.
The KB-sulfur (KB/S) mixture was then transferred into a container in ar-
gon, sealed tightly, and subjected to heat treatment at 155 °C for 12 h.

CharacterizationMethods: The Fourier transform infrared (FTIR) spec-
tra were obtained on TensorFlow II (Bruker Optics, Inc.). The 1H NMR
spectrum of CCS polymer was obtained using AVANCE NEO (Bruker Cor-
poration). Thermogravimetric (TG) and thermogravimetric analysis (TGA)
of CS, CCS, and CCS-MWCNTs were conducted using TG 209 F1 (NET-

ZSCH GmbH, Germany). X-ray photoelectron spectroscopy (XPS) analy-
sis of the CCS samples before and after adsorption of polysulfides was
carried out using Escalab 250Xi (Thermo Fisher Scientific Inc.). The struc-
tures and morphologies of the cathodes were analyzed using scanning
electron microscopy (SEM, LEO 1530 field emission SEM). TEM images
of MWCNTs before and after modification were obtained on a JEOL-2100
TEM (JEOL GmbH, Germany) with an operation voltage of 200 kV. The
samples of MWCNTs before and after oxidation treatment were dispersed
in water by ultrasonication, and then the dispersion was dropped onto Cu
grids and dried for analysis.

Lithium-Polysulfide Adsorption Tests: Lithium sulfide (Li2S) and sul-
fur with a molar ratio of 1:5 were added into the mixed solution of 1,3-
dioxolane (DOL) and dimethoxyethane (DME) (v/v 1:1), and stirred at 80
°C for a few days in an argon glove box to obtain the Li2S6 solution. Dif-
ferent binder materials with 10 mg for each were added in 4 mL of 1 mm
Li2S6 solution in the glove box, respectively. After standing for 4 h, the su-
pernatants and host material particles were separated by centrifugation.
Then, the collected supernatant was added into a quartz cuvette, sealed
tightly in the glove box, and analyzed using a UV-vis spectrophotometer
(Agilent 8453, Agilent Technologies, Inc.).

Li2S Precipitation Tests: First, the CCS-MWCNT electrodes containing
30 wt.% of CCS-MWCNTs and 70 wt.% of Super P carbon were prepared
by casting the water-based slurry onto Al foil. The preparation of the PVDF
electrodes was the same except for using PVDF as a binder and NMP as
the solvent. Then, the CR2025 coin cells were assembled using the above
electrodes, Li metal anodes, and PP Celgrad separators. In each cell, 20 μL
catholyte consisting of 0.2 m Li2S6 and 1 M LiTFSI in the mixture solvent
of DOL and DME (1:1, v/v) was added to the cathode side, meanwhile,
20 μL of anolyte with 1 m LiTFSI in DOL and DME (1:1, v/v) was added
in the anode side. After assembly, the cells were aged for 2 h and then
discharged galvanostatically at a current density of 0.1 C to 2.16 V versus
Li/Li+, followed by being discharged potentiostatically at 2.05 V versus
Li/Li+ for Li2S nucleation and growth. The potentiostat discharge was run
over 65 000 s.

Mechanical Tests: The mechanical tests were performed on a
computer-controlled electronic universal testing machine (UTM2502,
SANS Technology Co., Ltd.) with a strain rate of 5 mm min−1. The size
of the tensile specimen was 15 mm × 60 mm.

Electrochemical Testing: The electrode material, super P and binder
(7:2:1 inmass) weremixed in water by stirring andmilling to form a homo-
geneous slurry. The as-prepared slurry was coated onto aluminum foil by a
doctor-blade casting process on a compact tape-casting coater (MSK-AFA-
III, MTI Corporation). The wet coating was first dried at room temperature
and then dried in an oven at 60 °C for 12 h. After drying, the coated alu-
minum foil was calendared and then cut into discs (12 mm in diameter)
as the cathodes. The S mass loading was controlled at ≈ 1.0 and 2.0 mg
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cm−2, respectively. The 2032-type coin cells were assembled in an argon-
filled glove box, using a lithium metal disc (15.6 mm in diameter) as the
anode, a Celgard 2400 polypropylene separator, and the electrolyte consist-
ing of 1 m lithium bis(trifluoromethane)sulfonamide (LiTFSI) dissolved in
DOL and DME (v/v, 1:1) with 2 wt.% of lithium nitrate as additives. 35 μL
of electrolyte was added in each coin cell. Galvanostatic charge/discharge
(GCD) measurements such as long-term cycling tests at 0.2 C, 0.5 C and
rate performances were carried out using an NEWARE Model battery test-
ing system within a cutoff voltage window of 1.7–2.8 V. Electrochemical
impedance spectroscopy (EIS) was performed in the frequency range of
0.1–105 Hz at room temperature using a Gamry Potentiostat/Galvanostat
(Interface 1000) with amplitude of 5 mV. Cyclic voltammetry (CV) was per-
formed using Gamry Potentiostat/Galvanostat at a scan rate of 0.1 mV
s−1 within 1.7–2.8 V. All the measurements were conducted three times
for reproducibility.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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