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Graphite, the most widely used anode material in lithium-ion batteries, faces significant limitations due
to sluggish lithium-ion diffusion across the conventional organic solid electrolyte interphase (SEI) during
cycling. In this work, we propose the incorporation of SO;Li-grafted graphene as an ion-conducting agent
(ICA) to enhance lithium-ion transport kinetics within graphite anodes. The -SO3Li functional groups reg-
ulate the Li* solvation structure through anion-solvent dipole interactions, promoting the formation of a
lithium fluoride (LiF)-rich SEI that ensures uniform lithium-ion flux and significantly extends battery cy-
cle life. This SO;Li-grafted ICA also mitigates mechanical strain within the graphite anode during repeated
cycling, improving structural integrity over long-term operation, evidenced by fiber optic sensing tech-
nology. As a result, a 3 Ah Gr||LiFePO4 pouch cell incorporating this functionalized ion-conducting agent
achieves excellent cycling performance, retaining 86.4% of its capacity after 1200 cycles at 1 C. These
findings demonstrate the effectiveness of functionalized ICAs in addressing the intrinsic limitations of
graphite, providing a promising strategy for developing long-life lithium-ion batteries for practical energy

storage applications.

© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Lithium-ion batteries (LIBs) are critical energy storage and
power supply devices in electric vehicles and large-scale energy
storage systems [1-4]. Graphite is the most commonly used anode
material in LIBs due to its high theoretical capacity (372 mAh/g),
excellent electrical conductivity, low lithium intercalation poten-
tial, and mature manufacturing process [5,6]. Despite these advan-
tages, the practical application of graphite anodes is hindered by
several inherent limitations [7,8]. During repeated lithiation and
delithiation cycles, the SEI layer on the graphite surface is prone
to rupture, compromising its ability to act as a stable barrier be-
tween the electrode and electrolyte. The instability of the SEI leads
to continuous electrolyte decomposition, increased internal resis-
tance, and the depletion of active lithium, ultimately reducing the
battery’s cycle life. Moreover, the organic-rich SEI layer typically
exhibits poor ionic conductivity, further slowing lithium-ion trans-
port [9-12].
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To address these challenges, various strategies have been ex-
plored to improve the performance of graphite anodes [13-16].
Nanostructured graphite, for example, increases the number of
lithium-ion diffusion channels and active sites, while heteroatom
doping, such as nitrogen doping, enhances electronic conductivity
and lithium-ion adsorption [17-24]. However, these methods often
involve high costs, complex processes, and challenges in scalability,
limiting their use in practical applications [25,26].

Recently, ion-conducting agents (ICAs) functionalized with spe-
cific chemical groups have emerged as a promising approach
to optimize lithium-ion transport at the electrode/electrolyte in-
terface [27]. ICAs can improve the ionic conduction environ-
ment while maintaining the intrinsic properties of graphite [28].
Several functionalized ICAs have shown potential for enhancing
graphite anodes, but they also come with drawbacks. For instance,
carboxyl-functionalized ICAs are sensitive to moisture, which re-
duces their stability and lithium-ion conductivity. Similarly, amino-
functionalized ICAs can react with electrolyte components, gener-
ating harmful by-products that increase internal resistance [29-
32].

1001-8417/© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.
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Scheme 1. Schematics showing the evolution process of Gr and SO;Li-modified Gr
anode during charging.

In this study, we introduce a graphene-based ICA functionalized
with lithium sulfonate groups (-SO3Li) to overcome the limitations
of graphite anodes in LIBs (Scheme 1). The -SOsLi groups regu-
late the Li* solvation structure by creating an anion-rich coordina-
tion environment through anion-solvent dipole interactions. This
unique solvation structure promotes the preferential decomposi-
tion of PFg~ anions, leading to the formation of a stable, LiF-rich
SEI layer. As a result, lithium-ion transport kinetics are significantly
improved, interfacial resistance is reduced, and the cycling stability
of the graphite anode is enhanced. Furthermore, the ICA mitigates
mechanical strain within the anode during cycling, improving its
structural integrity over long-term operation. A 3 Ah Gr||LiFePOy4
pouch cell incorporating this functionalized ICA demonstrates ex-
cellent cycling performance, retaining 86.4% of its capacity after
1200 cycles at 1 C. This work highlights the potential of functional-
ized ICAs, such as -SOsLi-grafted graphene, as a practical and scal-
able method to address the intrinsic limitations of graphite and de-
velop high-performance, long-life LIBs for advanced energy storage
applications.

The ion-conducting agent (ICA) with -SO3Li groups was suc-
cessfully synthesized by grafting lithiated sulfonic acid groups onto
graphene (Fig. S1 in Supporting information). The structural and
chemical properties of ICA were systematically characterized to
confirm the successful functionalization. X-ray diffraction (XRD)
analysis (Fig. 1a) reveals a broad peak at 25.8°, corresponding to
the (002) crystalline plane of carbon materials, indicative of a
sp? hybridized two-dimensional network structure. The presence
of amorphous carbon in the pattern likely arises from mesoscale
conformational fluctuations, consistent with the characteristics of
covalent organic polymers [33]. Raman spectroscopy further sup-
ports this structural analysis. As shown in Fig. 1b, the D peak at
1375cm™! indicates disordered or amorphous carbon, while the
G peak at 1577cm! reflects the presence of aromatic rings, con-
firming the graphitic nature of the ICA [34]. The successful graft-
ing of -SO3Li groups onto graphene was confirmed using Fourier-
transform infrared (FT-IR) spectroscopy (Fig. 1c and Fig. S2 in Sup-
porting information). Characteristic peaks at 658.1, 1063.6, and
12574cm™! correspond to the stretching vibrations of C-S, S-0,
and S=0 bonds, respectively [35].

X-ray photoelectron spectroscopy (XPS) provided further evi-
dence of functionalization. In the C 1s spectrum (Fig. 1d), a peak at
285.8eV is attributed to C-S bonds, while the S 2p spectrum (Fig.
1e) shows peaks corresponding to S-C (164.8eV), S=0 (168.4eV),
and S-0 (169.6eV). Additionally, the Li 1s spectrum (Fig. S3 in Sup-
porting information) exhibits a characteristic peak at 56.0eV, as-
signed to Li-O bonds, further confirming the presence of -SOsLi
groups [36,37]. To investigate the microstructure of ICA, multiple
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imaging techniques were employed. Scanning electron microscopy
(SEM) images (Fig. 1f) reveal a layered structure, while energy-
dispersive X-ray spectrometry (EDS) elemental mapping (Fig. 1g
and Fig. S4 in Supporting information) confirms the uniform distri-
bution of oxygen (O) and sulfur (S) throughout the material. Trans-
mission electron microscopy (TEM) images (Fig. 1h and Fig. S5
in Supporting information) further highlight the two-dimensional
lamellar morphology, consistent with the results from atomic force
microscopy (AFM) (Fig. 1i and Fig. S6 in Supporting information).
Collectively, these results confirm the successful synthesis of the
ICA with a well-defined layered structure and uniform functional-
ization of -SOsLi groups.

To determine the optimal concentration of the ion-conducting
agent (ICA) in graphite anodes, a series of gradients (0%, 0.1%,
0.2%, 0.3%, 0.5%, and 1.0%) were prepared, with the correspond-
ing anodes labeled as Gr, Gr-0.11CA, Gr-0.2ICA, Gr-0.3ICA, Gr-0.5ICA,
and Gr-1.0ICA, respectively. The SEM images (Fig. S7 in Support-
ing information) confirm a uniform distribution of slurry compo-
nents on the electrode surface, although the low ICA concentra-
tion makes it difficult to distinguish individual ICA particles. The
electrochemical performance of these anodes was evaluated using
Li||Gr half-cells. As shown in Fig. 2a, the Gr-0.2ICA anode deliv-
ers superior specific capacities at various charge-discharge rates,
reaching 375.7, 357.8, 318.7, 289.6, 222.0, and 158.9 mAh/g at 0.1,
0.25, 0.5, 0.75, 1, and 2C rates, respectively. These values are sig-
nificantly higher than those of other ICA concentrations and pris-
tine graphite (Gr). Furthermore, the Gr-0.2ICA anode demonstrates
excellent reversibility, recovering to 366.8 mAh/g when the rate is
returned to 0.1C. In contrast, the pristine Gr anode delivers only
100.8 mAh/g at 2 C, highlighting its inferior rate performance. Cy-
cling performance at 1C (Fig. 2b) further supports the effective-
ness of ICA. After 200 cycles, the Gr-0.2ICA anode retains a specific
capacity of 325.4mAh/g, significantly surpassing the 254.2 mAh/g
retention of the pristine Gr anode. The electrochemical activation
process observed during the initial 50 cycles is characteristic of
graphite-based systems, where the electrode requires this stabiliza-
tion period to establish optimal interfacial conditions for sustained
performance [38,39]. Additionally, constant-current discharge pro-
files (Fig. 2c) show that the Gr-0.2ICA anode exhibits the lowest
polarization potential, confirming improved rate capability, cycling
stability, and reduced overpotential.

To understand the mechanism behind these improvements,
0.2% ICA concentration was selected as the optimal value for fur-
ther investigation. The energy barriers for Li* diffusion in pristine
graphite (Gr) and ICA-modified graphite (Gr-ICA) were calculated
(Figs. 2d and e) [40]. The Gr-ICA anode exhibits a significantly
reduced energy barrier of 0.16eV compared to 0.355eV for pris-
tine Gr, enabling faster Li* transfer across the graphite electrode.
Cyclic voltammetry (CV) analysis (Fig. 2f) shows that the peak cur-
rent of Gr-0.2ICA (0.81 mA) is notably higher than that of pristine
Gr (0.52 mA), reflecting enhanced reaction kinetics [41]. Further CV
analysis at varying scan rates (Figs. 2g and h, Fig. S8 in Support-
ing information) provides insight into lithium-ion diffusion behav-
ior. During lithiation, the slope of oxidation peak 1 for Gr-0.2ICA
cells is -1.4, higher than the -1.31 observed for pristine Gr cells,
indicating improved Li* transport. The corresponding lithium-ion
diffusion coefficient for peak 1 in Gr-0.2ICA cells is 7.75 x 1014
cm?/s, significantly higher than that of pristine Gr. This enhance-
ment is attributed to the reduced Lit diffusion barrier facilitated
by ICA, which ensures uniform lithium-ion flux within the graphite
structure. In contrast, during delithiation, the slope of peak 2 for
Gr-0.2ICA cells is slightly lower (0.98) than that of pristine Gr
cells (1.07), with a lithium-ion diffusion coefficient of 3.81 x 1074
cm?/s. This suggests that pristine Gr cells exhibit a slightly higher
Li+ diffusion rate during delithiation, likely due to lithium-ion ac-
cumulation at the graphite edges in the absence of ICA.
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Fig. 1. Characterization of ICA: (a) XRD spectra. (b) Raman spectra. (c) FT-IR spectra. (d) C 1s of XPS spectra. (e) S 2p of XPS spectra. (f) SEM image and (g) EDS elemental

distributions of corresponding S of ICA. (h) TEM image of ICA. (i) AFM image of ICA.
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Fig. 2. (a) Rate performance of Li||Gr cells with various proportions of ICA from 0.1C to 2C. (b) Cycling performance of with various proportions of ICA at 1 C. (c)
Charge/discharge curves of Li||Gr cells with various proportions of ICA at 100™ cycle (1 C). Li-ion migration barriers on (d) Gr and (e) Gr-SOsLi (inset shows the opti-
mized structure). (f) CV curves of the first cycle of Li||Gr and Li||Gr-0.2ICA cells at 0.5mV/s. (g) Profiles of CV peak currents versus the square root of the scan rates. (h)
Diffusion coefficient of lithium ions. (i) Schematic diagram of the evolution of embedded lithium in Gr and Gr-0.2ICA anodes.

The observed behavior can be explained as follows: During
lithiation, pristine graphite suffers from sluggish Li* diffusion,
leading to lithium-ion accumulation at the edges and hindering
further insertion into the bulk (Fig. 2i). ICA effectively mitigates
this issue by lowering the diffusion barrier and enabling more uni-
form Li* transport. During delithiation, accumulated lithium ions
in pristine graphite edge rapidly migrate to the positive electrode,
resulting in a higher apparent diffusion coefficient but also caus-
ing greater strain and uneven ion flux. To verify these findings,
strain generated during lithiation and delithiation was monitored
in Gr||LiFePO,4 (Gr||LFP) pouch cells using embedded optical fibers
as in-situ sensors by our group (Figs. 3a and b) [42-44]. The strain

profiles of the graphite anode at different states of charge (SOC)
are shown in Fig. 3¢, with the strain rate of change determined by
the slopes of the curves (Fig. 3d). The results reveal that the strain
generated by the Gr-0.2ICA anode is significantly lower than that
of the pristine Gr anode. This reduction in strain can be attributed
to the enhanced reaction kinetics of lithium ions facilitated by the
-S03li functional groups in ICA, which mitigate stress accumula-
tion during cycling. In contrast, the sluggish Li* transfer in the
pristine Gr anode leads to a significant accumulation of lithium
ions at the graphite edges, resulting in higher strain and imped-
ing Li™ migration into the graphite bulk. Consequently, during the
delithiation process, a large number of lithium ions are rapidly re-



S. Liao, D. Cheng, X. Xu et al.

a /——Coated fiber
/ ~ — Sealing tape
7—Tab
LFP cathode
PP Separator

e |

Separator

Gr anode

Y ————Pouch

Bare fiber
.y
c 40 d 3.0
Lithiation Rest Delithiation Lithiation Rest Delithiation
30 Gr 15 Gr
— Gr-0.2ICA| — Gr-0.2ICA|

Strain (ue)
N
=]
Slope
L o
¢ o
ot T
=
i
1
X i

10 15 I
= .
% 50 100 00 50 o % s 100 100 50 0
SOC (%) SOC (%)

Fig. 3. (a) Schematic diagram of the pouch cell with an implanted optical fiber. (b)
Process of implanting an optical fiber into a pouch cell. (c) Plot of the relationship
between different states of charge and strain. (d) Slope of strain variation at differ-
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leased from the edges of the pristine Gr anode, leading to a sig-
nificantly higher strain reduction rate compared to the Gr-0.2ICA
anode These findings are consistent with the results obtained from
CV tests.

XRD analysis of the graphite anodes before and after cycling
(Fig. 4a) reveals key insights into structural changes. The (002)
peak of the pristine Gr anode shifts from 26.5° to 26.8°, indicating
a reduction in the interlayer spacing of graphite sheets. This shift
is attributed to stress accumulation caused by sluggish lithium-
ion transport during cycling, which leads to graphite pulveriza-
tion. In contrast, the (002) peak of the Gr-0.2ICA anode remains
unchanged after cycling, demonstrating that ICA effectively en-
hances lithium-ion transport, alleviates stress associated with lithi-
ation/delithiation, and maintains optimal interlayer spacing. These
effects collectively improve lithium-ion transport and contribute to
enhanced electrochemical performance and structural stability.

The SEM images (Fig. S9 in Supporting information) further
support these findings. After cycling, the Gr-0.2ICA electrode re-
tains a relatively intact lamellar structure, while the pristine Gr
electrode exhibits severe pulverization. Similarly, the lithium metal
surface in Gr-0.2ICA cells appears smooth and flat, whereas signif-
icant cracks are observed on the lithium metal from pristine Gr
cells. The TEM images provide additional evidence (Figs. 4b and c).
The pristine Gr anode develops a highly inhomogeneous SEI layer
with substantial defects at the graphite edges. In contrast, the Gr-
0.2ICA anode forms a uniform and dense SEI layer with a thickness
of 12.4nm and maintains a well-defined edge structure. This uni-
form SEI layer improves interfacial stability and reduces side reac-
tions, further enhancing the cycling performance and durability of
the Gr-0.2ICA anode.

To understand the influence of ICA on lithium-ion solvation and
SEI formation, ab initio molecular dynamics (AIMD) simulations
were conducted. Two models were established: Pristine graphene
(Gr) and graphene grafted with -SOsLi groups (Gr-ICA). Radial dis-
tribution function (RDF) analysis (Figs. 4d and e) shows that, com-
pared to the pristine Gr model, the Gr-ICA model exhibits a sig-
nificant decrease in the g(r) and N(r) values of ethylene carbonate
(EC) and diethyl carbonate (DEC) molecules, alongside a slight in-
crease in those of PFg~ anions. This indicates a reduction in the
coordination number of EC and DEC in the Li* solvation sheath,
accompanied by an increased proportion of PFg~ anions. These
changes promote the formation of an inorganic-rich SEI layer, re-
ducing interfacial resistance and facilitating lithium-ion migration.
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Additionally, a distinct peak emerges at 1.97 A in the Gr-ICA model,
positioned closer to Lit than the peaks for EC, DEC, and PFg~
anions. This peak corresponds to the coordination of Lit with
-SOsLi groups, which exhibit a coordination number similar to
that of PFg~ anions. These results demonstrate that while the
-SOsLi groups remain covalently anchored to the graphene surface,
their strong dipole moment induces significant reorganization of
the adjacent Li* solvation structure. This interfacial restructuring
not only accounts for the observed kinetic enhancement but also
facilitates the incorporation of additional PFg~ anions into the sol-
vation shell. Consequently, the preferential decomposition of these
anions at the electrode-electrolyte interface results in the forma-
tion of an inorganic-rich SEI layer with superior electrochemical
stability. By influencing the composition of the SEI layer, the -SO5Li
groups promote the formation of a stable, uniform, and inorganic-
rich SEI, which significantly improves interfacial stability and elec-
trochemical performance.

The role of ICA in interfacial chemistry was further investigated
using XPS of the cycled graphite anodes (Fig. S10 in Supporting
information). The F 1s spectra (Fig. 4f) reveal consistent fluori-
nated species in both pristine Gr and Gr-0.2ICA anodes, includ-
ing LiF (685.3eV), PFy/POyF, (687.9eV), and C-F (687.3eV). How-
ever, the proportion of LiF in the SEI layer of the Gr-0.2ICA anode
is significantly higher (49.5%) than that of the pristine Gr anode
(41.2%). The LiF-rich SEI is formed through the participation of ICA
in Li* solvation and the decomposition of PFg~ anions on the elec-
trode surface. The increased LiF content enhances interfacial stabil-
ity, promotes uniform lithium-ion flux, and ensures favorable con-
ditions for stable cycling.

To further validate the role of the ICA grafted with -SOsLi
groups in graphite batteries, single-layer pouch cells (Gr||LFP) were
assembled using different anodes and commercial lithium iron
phosphate (LFP) cathodes (with a specific capacity of 143 mAh/g).
The Gr-0.2ICA pouch cell exhibits superior discharge specific ca-
pacities across a range of charge densities (0.1-2C) compared to
the pristine Gr pouch cell (Fig. 5a and Fig. S11 in Supporting in-
formation), owing to the optimized interfacial ion transport facili-
tated by ICA. Additionally, the Gr-0.2ICA cell demonstrates excep-
tional cycling stability, retaining 75.1% of its capacity (96.4 mAh/g)
after 1400 cycles at 1C, whereas the pristine Gr cell experiences
rapid capacity degradation and fails after only 500 cycles (Fig. 5b).
Consistent with the coin cell results, pouch cells employing non-
optimal ICA ratios (0.1%, 0.3%, 0.5% and 1.0%) all displayed sig-
nificantly faster capacity decay compared to the 0.2% ICA formu-
lation (Fig. S12 in Supporting information). Post-cycling SEM im-
ages of the graphite anodes and LFP cathodes (Figs. S13 and S14
in Supporting information) reveal that the Gr-0.2ICA anode main-
tains an intact lamellar structure, while the pristine Gr anode
shows significant surface disruption and lithium dendrite forma-
tion. The charge-discharge curves at the 400t cycle (Fig. 5¢) fur-
ther highlight the advantages of Gr-0.2ICA, with lower polarization
and higher specific capacity attributed to the uniform, LiF-rich SEI
layer formed by addition of the ICA. The addition of ICA improves
battery performance without compromising safety, as confirmed
by ARC tests demonstrating maintained thermal stability with no
thermal runaway below 120°C (Fig. S15 in Supporting informa-
tion).

Differential capacity curves (Fig. S16 in Supporting information)
indicate that Gr-0.2ICA exhibits a higher amplitude and more pro-
nounced peaks during discharge, as well as a greater specific ca-
pacity per unit voltage, suggesting deeper lithiation compared to
the pristine Gr anode [45]. This behavior is attributed to the ac-
celerated lithium-ion transport through the LiF-rich SEI enabled by
ICA. Electrochemical impedance spectroscopy (EIS) measurements
after 50 cycles (Fig. 5d) further confirm the benefits of ICA, show-
ing significantly lower impedance for the Gr-0.2ICA pouch cell. This
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reduction in impedance is attributed to the regulation of the inter-
facial solvation structure by ICA, which promotes the formation of
a highly ion-conductive SEL

The ion diffusion kinetics of the Gr-0.2ICA and pristine Gr an-
odes were further investigated using the galvanostatic intermittent
titration technique (GITT) [40], as illustrated in Fig. 5e and Fig.
S17 (Supporting information). The Li™ diffusion coefficients (Dy;+)
of the Gr-0.2ICA anode are consistently higher than those of the
pristine Gr anode during the initial lithiation process. Additionally,
the Gr-0.2ICA anode exhibits lower ohmic polarization and volt-
age hysteresis compared to the pristine Gr anode throughout most
of the lithiation process (Fig. 5f). These results, including the el-
evated Lit diffusion coefficients and reduced ohmic polarization,

align with previous experimental findings and can be attributed to
the interfacial modulation and reduced migration barrier induced
by the -SOsLi groups.

In order to better illustrate the improvement effect of ICA on
the performance of graphite batteries, 3 Ah Gr||LFP pouch cells
were assembled. Both the pristine Gr and Gr-0.2ICA pouch cells
initially exhibit stable specific discharge capacities of 2.74 and 2.73
Ah, respectively, at 1C, indicating that ICA incorporation main-
tains the intrinsic capacity characteristics. However, significant di-
vergence in electrochemical performance becomes apparent upon
prolonged cycling, with the Gr-0.2ICA cells exhibiting markedly en-
hanced cycling stability compared to the pristine Gr cells. After
1200 cycles at 1C, the Gr-0.2ICA cell retains a specific discharge
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capacity of 2.36 Ah, corresponding to a capacity retention rate of
86.4%, significantly higher than that of the pristine Gr cell (2.17
Ah, 79.5%) (Fig. 5g). Furthermore, the polarization voltage of the
Gr-0.2ICA cell (0.23V) is markedly lower than that of the pris-
tine Gr cell (0.32V) (Fig. 5h). These results demonstrate that the
ICA facilitates the formation of a LiF-rich SEI layer, which enhances
lithium-ion conduction, reduces polarization, and significantly im-
proves the overall cycling stability of the battery.

In summary, we develop an ion-conducting agent by grafting
-SOsLi groups onto graphene surface. The SO3Li groups promote
the entry of PFs~ anions into the Lit solvation shell by anions-
solvent dipole interaction, contributing to a stable LiF-rich SEL
Consequently, LiF-rich SEI reduces the migration barrier of Li* in
graphite electrodes and facilitates the rapid migration of lithium
ions in the anode. The assembled 3 Ah Grl|LiFePO4 pouch cell
with ICA could maintain a high-capacity retention of 86.4% after
1200 cycles at 1C. This work not only presents a novel and con-
venient method for the preparation of high-performance graphite
lithium-ion battery with the wide applications, but also helps to
reveal the underlying correlation between the solvent/anode inter-
face and electrochemical stability of the graphite anode.
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