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Though polyvinylidene fluoride (PVDF) is commonly employed as a binder for lithium-sulfur (Li-S) bat-
teries, it still faces the challenge of serious electrode fracture caused by dramatic volume changes during
cycling, and lacks extended functions such as capturing dissolved lithium polysulfides (LIPSs) and promot-
ing Lit transfer. Herein, a multifunctional water-soluble binder lithium sulfonated cellulose (Cel-SOsLi) is
designed and prepared. The Cel-SOsLi binder can capture LIPSs due to nucleophilic substitution reaction
between -SO4Li and dissolved LIPSs. Its abundant hydroxyl groups provide excellent electrode mechani-
cal properties, which effectively alleviate sulfur volume changes during cycling. Furthermore, the -SOsLi
groups also enhance the diffusion of Li* in the electrodes. In addition, density functional theory calcu-
lations reveal that the Cel-SOsLi exhibits strong affinity and catalytic ability for LIPSs, indicating that it
can effectively suppress the shuttle effect and enhance their reaction kinetics. Therefore, the electrode
using Cel-SO;Li binder reach a high initial discharge capacity of 1165 mAh/g at 0.5 C, remain 545 mAh/g
after 1000 cycles with a low capacity decay rate of 0.053 % per cycle. This study proposes the concept
of a multifunctional and environmentally friendly binder with the ability of "three birds with one stone"
(high adhesion, fast Li* diffusion, effective capture and even catalysis for LIPSs), which will contribute to

accelerating applications of Li-S batteries.
© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Lithium-sulfur batteries (Li-S) have a theoretical specific capac-
ity of 1675 mAh/g and energy density of 2600 Wh/kg, which is con-
sidered to be one of the most promising candidate for next gener-
ation batteries of portable devices and electric vehicles [1,2]. How-
ever, several practical challenges have hindered their commercial
application, including shuttle effects caused by lithium polysulfides
(LIPSs), significant volume expansion and insulation properties of
sulfur and discharge products [3,4].

Many endeavors have already been devoted to addressing these
issues, including the development of innovative sulfur host materi-
als [5-8], the creation of multifunctional separators and interlayers
[9-11], and the strategic use of electrolyte additives [12,13] to
enhance overall battery performance. However, most of strate-
gies introduce an amount of inactive materials, which obviously
decrease batteries’ energy density. Although binders account for
only a modest proportion of the material composition within Li-S
batteries’ electrodes, their role is crucial in enhancing the cycle
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life and rate capability of these batteries [14-16]. Polyvinylidene
fluoride (PVDF) is commonly employed in Li-S batteries due to its
high thermal stability and broad electrochemical stability range
[17]. However, PVDF's halogenated components display a notably
weak affinity towards LIPSs, which impedes its effectiveness in
curtailing notorious shuttle effect and preserving active sulfur
content, thereby diminishing the cycling stability of Li-S batteries
[18,19]. Yan et al. presented a novel PEI-ER binder containing NH,,
-NH-, and -OH. Its nitrogen and oxygen atoms form coordination
bonds with lithium atoms, which had strong fixation ability for
LIPSs [20]. Liu et al. developed a conductive binder of poly(9,9-
dioctylfluorene-co-fluorenone-co-methylben zoic ester) with an
integrated carbonyl group. The binder exhibited high binding en-
ergy with LIPSs via Li-O band, effectively suppressing the shuttle
effect in Li-S batteries [21]. Nevertheless, like PVDF, these binders
are not water-soluble, which inevitably involves the utilization of
toxic organic solvents (such as N-methyl-2-pyrrolidone) in the pro-
cess of electrode preparation, further increases the production cost
and pollutes the environment [22]. Ling et al. adopted carrageenan,
a water-soluble binder that utilizes the nucleophilic substitution
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reactions between its sulfate groups and LIPSs to effectively thwart
the shuttle effect [23]. Although these binders have achieved
excellent performance for Li-S batteries, their emphasis is pri-
marily the capture performance of LIPSs while rarely consider
the enhancement of Li™ diffusion ability and the acceleration of
redox reaction kinetics [24,25]. Based on the above considerations,
a satisfactory binder should have the characteristics of stable
mechanical properties, fast Lit diffusion, strong capture and even
catalytic conversion ability for LIPSs, safety and environmental
protection, which significantly enhances the overall performance
and application potential of Li-S batteries.

Herein, a novel aqueous lithiated polysaccharide derivative,
lithium sulfonated cellulose (Cel-SOslLi), is designed and prepared
for sulfur cathode. Due to special molecular structure, it improves
inherent problems of Li-S batteries in various aspects: (1) Anchor-
ing and catalytic conversion of LIPSs: the Cel-SO3Li with -SO4Li
groups that can capture LIPSs, even contribute to their oxidation-
reduction kinetics. (2) Stable mechanical properties: the Cel-SOsLi
is rich in hydroxyl and provides excellent bonding performance,
which effectively suppress volume expansion of sulfur. (3) Rapid
Lit diffusion: the -SOs3Li group in the Cel-SOsLi can promote the
diffusion of Li* in Li-S batteries. Consequently, at 0.5 C, the dis-
charge capacity of Li-S batteries using the Cel-SOsLi binder can
maintain at 545 mAh/g after 1000 cycles, with a capacity decay
rate of only 0.053 % per cycle. In addition, the Li-S batteries using
Cel-SOsLi binder can provide 754 mAh/g capacity at 2 C, demon-
strating well rate performance.

The binder is highly important as a necessary component to
stabilize the electrodes in batteries. As shown in Fig. 1a, large
volume expansion, active material exfoliation, LIPSs dissolution
and slow reaction kinetics will happen in electrodes using PVDF
binder during cycling. Compared to PVDF, multifunctional Cel-
SOsLi binder with rich hydroxyl can provide excellent mechanical
properties and inhibit the electrode volume expansion. In addition,
Li* in the binder effectively enhances Li* diffusion rate of the elec-
trodes (Fig. 1b). More importantly, as shown in Fig. 1c, functional
groups -SO4 can react with LIPSs in nucleophilic substitution re-
action, which effectively captures LIPSs and accelerates the kinet-
ics of LIPSs conversion reaction. The Cel-SOs3Li binder with rich
-SOsLi groups is synthesized by esterification of refined cotton (RC)
with sulfur trioxide pyridine complex (Fig. S1 in Supporting infor-
mation). To verify the structural difference between RC and Cel-
SOsLi, Fourier transform infrared spectroscopy (FTIR) is conducted
(Fig. 1d). The peaks at 814 and 1225 cm™! are the stretching vibra-
tion peak of C-O-S and the asymmetric stretching vibration peak
of 0=S=0, proving the presence of -SO, group characteristic peak.
The fact indicates that the H of the hydroxyl group on the cellu-
lose structural unit is replaced by -SO3 group, meaning the sul-
fonation reaction occurs. The results of element content for RC and
Cel-SOsLi are shown in Fig. 1e. Clearly, the contents of Li, C and
S in Cel-SOsli are 4.73 %, 18.72 % and 21.56 %, indicating the suc-
cessful introduction of -SOsLi group. The total degree of substitu-
tion (DS) of -SO3Li group is calculated by the following formula:

DS = (72.066 x 5%)/(32.06 x C%) (1)

According to the calculation of equation, the DS reaches 2.59,
which indicates that average 2.59 hydroxyl groups have under-
gone substitution reactions on each cellulose unit. The above re-
sults show that the -SOsLi group is successfully substituted on cel-
lulose and have a high DS.

As a strong nucleophilic reagent, LIPSs can attack the activated
carbon (C) site attached to the leaving group, resulting in the for-
mation of a new C-S bond [26]. Fig. 2a shows the process of nu-
cleophilic substitution reaction. The -SO4Li in Cel-SOsLi acts as a
leaving group to form a new C-S bond with LIPSs. The mecha-
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Fig. 1. (a) The sulfur electrode with PVDF binder has the characteristics of slow re-
dox kinetics, large volume expansion and LIPSs dissolution. (b) Schematic diagram
of Cel-SOsLi binder sulfur electrode, with fast redox kinetics and small volume ex-
pansion, and anchoring LIPSs in the electrochemical process. (c) Schematic diagram
of the mechanism of immobilization and catalysis of LIPSs by Cel-SOsLi binder. (d)
FTIR spectra of RC and Cel-SOsLi. (e) Elemental content of RC and Cel-SOsLi.

nism is further explained by visible adsorption experiments and
Ultraviolet-visible (UV-vis) spectroscopy. Fig. S2 (Supporting infor-
mation) depicts the visible color alterations after the addition of
Cel-SOsLi and PVDF respectively. After 24 h, the dark yellow of the
Li,Se solution containing Cel-SO3Li become clear but the solution
containing PVDF keeps almost unchanged. The results indicate that
plenty of -SO4Li group is replaced by LIPSs, proving more LIPSs are
captured. UV-vis spectra further verify the capture capacity of Cel-
SOsLi binder to LIPSs and the results are shown in Figs. 2b and c.
Clearly, the peak at 430nm means the characteristic absorption of
Li,Sg [27]. With the passage of time, the characteristic peak inten-
sity rapidly decreases in Li,Sg solution containing Cel-SOs;Li. How-
ever, the peak intensity remains stable in the solution containing
PVDE. Above facts shows that Cel-SOsLi binder have a strong abil-
ity to capture LIPSs, which is due to the formation of grafted LIPSs
originated from the substitution reaction between -SO4Li and dis-
solved LIPSs. In order to reveal the reaction rate between different
binders and LIPSs, the reaction kinetics diagram based on UV-vis is
shown in Fig. S3 (Supporting information). Clearly, PVDF has small
physical absorption in the initial stage and reach equilibrium after
about 300 min. On the contrast, the substitution reaction between
Cel-SOsLi and LIPSs happen slowly but continuously. Fig. 2d shows
the FTIR spectra of Cel-SOsLi before and after absorption in LIPSs
solution. Clearly, a new characteristic peak appeared at 1100 cm!
after absorption, which is due to the C-S bond. The results indi-
cate the occurrence of nucleophilic substitution reaction between
Cel-SO3Li and LIPSs. The XPS of Cel-SO3Li before and after the ab-
sorption in Li,Sg solution further prove the occurrence of the sub-
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Fig. 2. (a) Molecular structures of Cel-SOsLi and their replacement reactions with LIPSs to form immobilized LIPSs on the polymer backbones. (b, ¢) UV-vis spectral profiles
for Cel-SOsLi and PVDF in Li,Sg solutions. (d) FTIR analysis for Cel-SO3Li pre and post interaction with LIPSs solutions. (e) XPS analysis for Cel-SO3Li pre and post interaction
with LIPSs solutions. (f, g) Bond lengths and binding energies between Cel-SOsLi, PVDF, and long-chain LIPSs.

stitution reaction (Fig. 2e). As expected, a new peak appears at
162.3 eV after the absorption, which is attributed to the formation
of the C-S bond and also confirms the substitution reaction be-
tween Cel-SOsLi and LIPSs. Moreover, the characteristic peaks of
-SO3 and -SO4 in Cel-SOsli are located at 168.1 and 169.4eV, re-
spectively. After LIPSs adsorption, they shift towards lower binding
energies 167.7 and 169.0 eV, indicating a strong chemical interac-
tion between Cel-SO3Li and LIPSs [28,29]. Notably, the formation
of the C-S bond is beneficial for mitigating LIPSs dissolution and
suppressing shuttling effects, and thus improving the cycle stability
of sulfur electrodes. The discharge test of the visual Li-S batteries
is employed to further verify the strong capture capacity of Cel-
SOsLi binder on LIPSs during the discharge process. The results are
shown in Fig. S4 (Supporting information). Meanwhile, the pho-
tos of Cel-SO3Li and PVDF based batteries separators after cycling
also demonstrate the inhibitory effect of Cel-SOsLi on LIPSs (Fig. S5
in Supporting information). To reveal effective interaction between
Cel-SOsLi and LIPSs, the binding energy and bond length between
the two binders and LIPSs are calculated [30-32]. As shown in
Figs. 2f and g and Fig. S6 (Supporting information), the binding en-
ergies of Cel-SOsLi-Li,Sg (—0.89eV), Cel-SO5Li-Li,Sg (—0.76 eV) and
Cel-SO3Li-Li;S4 (—0.53eV) are higher than PVDF-Li;Sg (—0.05eV),
PVDF-Li;Sg (—0.19eV) and PVDF-Li,S; (—0.17eV), and the bond
length between LIPSs and Cel-SOsLi is smaller than that of PVDFE.
These results indicate that Cel-SO3Li exhibits significant affinity for
LIPSs, effectively mitigating the shuttle effect and significantly en-
hancing the electrochemical performance of Li-S batteries.

In order to confirm the superiority of Cel-SOsLi binder for Li-S
batteries, different binders (Cel-SOsLi and PVDF) are used to mon-
itor the symmetrical batteries. As depict in Fig. 3a, Li,Sg symmet-
rical batteries incorporating the binder delivers a stronger current
response compared to that of PVDF binder at 0.2 mV/s, proving im-
proved conversion ability between LIPSs and Li,S. The Cel-SOsLi

binder without Li,Sg shows no oxidation and reduction peaks,
suggesting that the binder is electrochemically stable during the
cycle, and the change of the peaks is attributed to the interac-
tion between Cel-SOsLi and LIPSs [33]. Furthermore, the nucle-
ation behavior of Li,S is examined through current-time transient
spectroscopy to substantiate the improved conversion capability of
LIPSs using the Cel-SOsLi binder [34]. As shown in Figs. 3b and c,
as the rate limiting step for slow sulfur redox reactions, the re-
sponse time and current strength for the electrode position of Li,S
nucleation in the Cel-SOsLi electrode are earlier and stronger than
those in the PVDF electrode. Correspondingly, the Li,S deposition
capacity of 118.8 mAh/g in the Cel-SOsLi electrode is higher than
64.7 mAh/g of PVDF electrode, indicating that the Cel-SOsLi could
effectively promote liquid-solid phase conversion. The nucleation
and growth rate of Li,S can be determined by the nucleation and
growth rate constant (Ak2?). The nucleation and growth rate con-
stant can be obtained using equations [35].

Ak? =2/t (2)

where A means the nucleation rate constant (cm™ s™1), k repre-
sents the growth rate (cm/s). As shown in Fig. S7 (Supporting in-
formation), the growth rate of Li;S nucleation using the Cel-SOsLi
is higher than that using the PVDF, suggesting that the Cel-SOsLi
binder achieves rapid kinetics of Li,S deposition. To further verify
catalytic performance of Cel-SOsLi, CV measurements are carried
out on the batteries with different binders. Fig. 3d reveals that the
Cel-SOsLi electrode shows higher peak intensities and lower redox
potentials, indicating that its kinetic performance is improved and
the degree of electrochemical polarization is reduced. Moreover,
Icq, Ic; and Ia; of Tafel slopes in Cel-SOsli electrode are 51.9, 49.5
and 44.3 mV/dec, respectively, which is lower than 81.9, 89.3 and
63.4mV/dec in the PVDF (Figs. 3e and f, Fig. S8 in Supporting
information) [36]. The fact further confirmed that the Cel-SO5Li



W. Lei, Z. Li, H. He et al. Chinese Chemical Letters 37 (2026) 110985

8 == 0.12 0.12
a ) Cel-so,Li b Cel-SO,Li ¢ PVDF
=] pvor s [ | X3
Cel-SO,Li (without Li,S) e LS,
4 ' ' 0.09 IS 0.09 I s,
_ _ LS| | JEXA
< < E
£ - E 43788 <
H = ——t H £ 006
E° —_— E 00 111.8 mAh/g g
H H H
5] [} s}
Precipitation of Li,S 46458
4 0.03 0.03 64.7 mAh/g
Precipitation of Li,S
3 N . . . . 0.00 y - - -
-1.0 0.5 0.0 05 1.0 00 5.0%10° 1.0x10¢ 1.5%10° 0.0 5.0x10 1.0x10 1.5%10
Voltage (V) Time (S) Time (S)
234
[T Cel-SO,Li - € @ Cel-SO,Li la, fz_lz,a Cel-SO,Li Ic,
2FJpvDE 1 /\ 9 PVDI @ PVDF
95
; s o 49.5 mV/gee
2 Ir 231+ 3
3 o oo z
b3 / 2 &t 5 £
g )// 3 V'f/ aes =208} 893
E ol I . Z N % {j/” R‘\\\\ ¢ £ a\‘& I my de
o] B /A / > AAS s e, c
\ 4 \7 228 >
\? : \\\J
-r H Ie,:
Ie
2 2041
2 . N . . " R 225 N . .
16 18 20 22 24 26 28 -09 0.6 03 0.0 0.7 06 05 04 03
g Voltage (V) Loglljl (mA)] Log[lj1 (mA)]
= Cel-SO,Li PVDF
4
™\
) el
< *Li,S
- 0 & et
86 d 0 -
50 s oo A
s b A (v‘&
S $ e <
@ SG -2
=2
= 48
-4
Reaction coordinate
h Discharge Cel-SO,Li 1 Discharge PVDF _] @ Cel-SO,Li
2.7}~ Charge 0.1 C-rate 27k 0.1 C-rate b 3 o~ PVDF
Li,S activation _ Discharge Charge
(=] Iy £ .
S 24H Li,S nucleation  ,/ s 2} - |
3 L i,S nucleation 5
s / A— L ¢ ER N
Z 9 z 2 ENE
e % Py £ Sy -
£ £ 3
2 K £t
18+ 18 ocy £
i v
15F . 15k ol =
0 50 100 150 200 0 50 100 150 200 0 50 100 150 200

Normalized time (%)

Normalized time (%)

Normalized time (%)

Fig. 3. (a) Electrochemical characterization via CV for symmetrical batteries using various binders. (b, ¢) Current responses during the potentiostatic deposition of Li,S across
electrodes with different binders. (d) Electrochemical curves via CV for batteries incorporating diverse binders. Tafel analyses for (e) anodic peak Ia; and (f) cathodic peak Ic,
from part (a). (g) Energy profiles of Gibbs free energy for Cel-SO;Li and PVDF when interacting with LIPSs (Li,S,, where 1 < n < 8), along with their corresponding optimized
structural models. (h, i) Display galvanostatic intermittent titration technique (GITT) analyses for Cel-SO3Li and PVDF electrodes. (j) Internal resistances of Cel-SO;Li and PVDF

electrodes with respect to normalized charge/discharge time.

has a positive effect on the dynamics of LIPSs. The transformation
of sulfur species is theoretically analyzed to calculate the Gibbs
free energy via density functional theory [37]. Fig. 3g illustrates
the conversion process from Li,Sg to Li;S. Obviously, the Gibbs
free energies of the Cel-SOsLi are significantly lower than those
of PVDF, indicating that Cel-SOsLi could effectively accelerate the
catalytic conversion of LIPSs. The rate limiting step from Li,S, to
Li,S has highest Gibbs free energy. The value in the Cel-SOslLi is
0.95eV, which is lower than 1.16eV of PVDF, indicating that the
Li,S nucleation efficiency in the Cel-SOsli is higher. These results
are consistent with the conclusions of Figs. 3b and c.

The reaction and diffusion kinetics for PVDF and Cel-SOsLi elec-
trodes are investigated by constant current intermittent titration
(GITT). As shown in Figs. 3h and i, the Cel-SOsLi electrode have
smaller voltage change (AiR, 75.2 and 97.5mV) between quasi-
open-circuit-voltage (QOCV) and closed-circuit-voltage (CCV) com-
pare to 87.9 and 135.6 mV of PVDF electrode, indicating that it have
faster redox kinetics. In addition, the Cel-SOsli electrode shows
low internal resistance (ARjpernar), €Specially in nucleation and ac-
tivation process of Li,S, which indicate that the Cel-SOsLi binder
improved Li* diffusion rate and accelerate Li;S nucleation and ac-

tivation in Li-S batteries (Fig. 3j) [38]. The CV curves of different
electrodes at different scanning rates are shown in Figs. S9a and b
(Supporting information). Clearly, the Cel-SOsLi electrode has good
electrochemical stability compared to the PVDF electrode. As sug-
gested by the Randles-Sevcik equation, Lit diffusion coefficient is
evaluated from the slope of the curve fitted from the peak current
versus the square root of the scanning rate in CV profiles [39,40].
The slope of the Cel-SOsLi electrode is larger than that of PVDF
(Figs. S9c and d in Supporting information), demonstrating bet-
ter Lit diffusion. EIS and Warburg impedance coefficient (o) fur-
ther confirm the rapid diffusion of Li* in the Cel-SOsLi electrode
(Figs. S10a-d, Tables S1 and S2 in Supporting information) [41].
Fig. S11 (Supporting information) displays the excellent adhesion
performance of the Cel-SOsLi binder. Figs. S12a-d (Supporting in-
formation) show surface morphology of the electrodes using differ-
ent binders, indicating that Cel-SOsLi electrode has excellent me-
chanical properties. Figs. S12e-h (Supporting information) display
cross-sectional views of electrodes using various binders before
and after cycling, demonstrating that the Cel-SOsLi binder signifi-
cantly mitigate the electrode volume expansion. Fig. S13 (Support-
ing information) depicts that the degree of swelling observed in
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PVDF is considerably greater than that in Cel-SOsLi [42]. Figs. S14
and S15 (Supporting information) demonstrate the surface unifor-
mity of different electrodes. Compared to the Cel-SOsLi electrode,
the surface aggregation of the PVDF electrode is more serious and
its surface is much rougher. As shown in Figs. S16a-f (Supporting
information), the binding energy between Cel-SO3Li binder and ac-
tive/conductive/collector materials is greater than PVDF, indicating
that the adhesion between Cel-SOsLi binder and active, conductive
and current collector materials in sulfur electrode is much stronger
than PVDF binder. The conclusions are consistent with the results
of Figs. S16g and h (Supporting information).

Fig. 4a compares the charge/discharge profiles for the electrodes
at 0.2 C. As shown in Fig. 4a, the Cel-SOsLi electrode demonstrates
a notably greater discharge capacity than the PVDF electrode. The
noted potential difference (AE) between the oxidation and reduc-
tion stages at a 50 % discharge capacity highlights the extent of
polarization during the redox reactions [43]. Clearly, the AE of
163 mV in the Cel-SOsLi electrode is lower than 201 mV in the
PVDF (Fig. 4b). For the discharging process, the curve can be di-
vided into two parts: Qup from the dissolution stage and Q;o from
the deposition stage. In theory, the Q;o/Qup value of Li-S batter-
ies is 3. The closer to 3 the Qo/Qup value, the better the con-
version reaction of the LIPSs [44]. The Cel-SOsLi electrode reach a
Qro/Qup ratio of 2.92 compared to 1.41 of the PVDF electrode, indi-
cating that the Cel-SOsLi binder effectively improve the liquid-solid
conversion rate. Above results prove that the Cel-SO3Li binder can
immobilize LIPSs, thereby promoting the oxidation-reduction re-
action kinetics of LIPSs and improving the electrochemical perfor-
mance of Li-S batteries. Fig. 4c evaluates long-term cycling stability
of the electrodes at 0.5 C. Clearly, the Cel-SOsLi electrode have an

initial discharge capacity of 1165 mAh/g and stabilize at 545 mAh/g
even after 1000 cycles, with a decay rate per cycle of 0.053 %.
In contrast, the corresponding values in the PVDF electrode are
701 mAh/g, 205 mAh/g and 0.071 %. Fig. S17 (Supporting informa-
tion) shows the cycling performance of the cathodes with differ-
ent contents of Cel-SOsLi. Clearly, the cathode with 5wt% Cel-SO3Li
possesses best cycling stability. Figs. S18a and b (Supporting infor-
mation) show the charge/discharge profiles of the electrodes at dif-
ferent cycle numbers. Clearly, the AE of the corresponding cycles
in the Cel-SO3Li electrode (from 197 mV to 268 mV) is all lower
than those in the Cel-SOsLi (from 247 mV to 308 mV) (Fig. S18c
in Supporting information). These findings are coincided with the
conclusion in Fig. 4b. As shown in Figs. S18d and e (Supporting
information) both high and low plateaus of the Cel-SOsLi elec-
trode are stable and provided high discharge capacities compared
to wide voltage fluctuation of PVDF electrode, indicating that the
Cel-SOsLi effectively suppress the production of LIPSs [45]. After
the 100t discharge, S utilization rate of the Cel-SOsLi electrode
in Qup and Qi process reach 19.42 % and 36.75 % (total 56.17 %),
which is much higher than 10.52 % and 20.71 % (total 31.23 %) in
the PVDF electrode (Fig. S18f in Supporting information). The re-
sults indicate that the Cel-SOsLi electrode has higher sulfur uti-
lization and LIPSs conversion than the PVDF electrode.

Displayed in Fig. 4d are the comparative rate performances of
two distinct electrodes. The electrode incorporating the Cel-SOsLi
binder consistently outperforms the PVDF counterpart in terms of
discharge capacity at various rates. Specifically, the electrode using
Cel-SOsLi binder reaches a capacity of 754 mAh/g at 2.0 C. When
back to 0.5 C, its capacity increases to 950 mAh/g and the recovery
rate is 97.4 % compare to 529 mAh/g and 94.9 % of the PVDF elec-
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trode, which show that the Cel-SOsLi electrode have remarkable
electrochemical reversibility. Figs. S18g-i (Supporting information)
depict the charge/discharge plateaus for two electrodes at differ-
ent rates. In contrast to the PVDF electrode, the Cel-SOsLi electrode
has a lower degree of polarization. The self-discharge experiments
further prove the influence of the Cel-SOsLi binder on the shuttle
effect of LIPSs. As shown in Figs. S19 and S20 (Supporting informa-
tion), the capacity loss and voltage drop in the Cel-SOsLi electrode
are significantly smaller than those in the PVDF electrode after
different resting and recovery times, which indicate that the Cel-
SOsLi binder have well anchoring ability on LIPSs [46]. In-depth
investigations are conducted to explore the practicality of utiliz-
ing Cel-SOsLi binder within Li-S batteries, focusing on electrodes
characterized by high sulfur content and low electrolyte volume.
When the sulfur loading of Cel-SOsLi electrodes are 2.16, 3.38 and
4,57 mg/cm?, initial capacity of the battery is 3.29, 4.21 and 5.93
mAh/cm?2, respectively, which could be maintained at 3.14, 4.12
and 5.75 mAh/cm? after 50 cycles at 0.1 C (Fig. 4e). Notably, at
a sulfur loading of 6.71 mg/cm? and a comparatively low E/S ra-
tio of 8.4pL/mg, the area capacity of the Cel-SOsLi electrode can
reach 6.98 mAh/cm? and remain stable capacity of 5.40 mAh/cm?
after 50 cycles (Fig. 4f), which has exceeded 4 mAh/cm? of com-
mercial Li-ion batteries [47]. Comparative analysis of electrochem-
ical performances, depicted in Fig. 4g [32,48-55], underscores the
superior balance attained by Cel-SOsLi binders in terms of cycle
life, E/S ratios, sulfur loading, and capacity retention compared to
other polymer binders, thereby highlighting their competitive edge
in the realm of Li-S batteries.

In summary, a novel water-soluble Cel-SO3Li binder is proposed
to improve overall electrochemical performance of Li-S batteries.
The physical and electrochemical experiments prove the Cel-SOsLi
binder possesses multifunctions: (1) Due to the nucleophilic sub-
stitution reaction between -SO4Li and dissolved LIPS, it effectively
immobilizes LIPSs and helps accelerate its redox kinetics. (2) It
provides excellent mechanical performance and keeps the elec-
trode integrity before and after cycling due to the robust adhe-
sion. (3) It shows high Li+ diffusion performance due to the -SO4Li
groups. Calculations using density functional theory have corrobo-
rated the stabilizing and catalytic roles of Cel-SO3Li on LIPSs. Based
on above advantages, the Cel-SOsLi electrode exhibits an initial dis-
charge capacity of 1165 mAh/g at 0.5 C, the capacity decay rate
per cycle is only 0.053 % after 1000 cycles. Even under high sul-
fur loading of 6.71 mg/cm?, the electrode still has a high initial ca-
pacity of 6.98 mAh/cm?. This work provides a cost-effective strat-
egy for practical application of water-soluble binder in high perfor-
mance Li-S batteries.
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