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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Cyclized polyacrylonitrile binder can 
inhibit the generation of hydrogen. 

• Cyclized polyacrylonitrile binder serves 
as a lithium-ion storage material. 

• Cyclized polyacrylonitrile binder sup
presses side reactions of the electrolyte. 
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A B S T R A C T

Hydrogen generation during thermal runaway significantly elevates the risk of explosive combustion in lithium- 
ion batteries. Although hydrogen generated from binders constitutes a minor fraction, its absolute quantity re
mains substantial in large-scale stationary energy storage systems. Moreover, binder decomposition occurs 
during the later stages of thermal runaway with rapid reaction rates, further raising the danger level. Herein, 
graphite anode with polyacrylonitrile binder is in situ cyclized to eliminate the active hydrogen, while main
taining superior cohesiveness. On one hand, cyclized polyacrylonitrile with largely reduced hydrogen atoms can 
prevent binder-induced hydrogen generation and realize a reduction of hydrogen fraction by over 23%. As the 
three-dimensional cross-linking binders increase the thermal stability of anodes, the peak decomposition tem
perature of solid electrolyte interphase is increased from 150 to 200 ◦C to above 200 ◦C, while the peak reaction 
temperature between lithiated graphite and the electrolyte is delayed by at least 15 ◦C. On the other hand, the 
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transformation from linear to cyclic molecular structures of cyclized polyacrylonitrile enables uniform and tight 
encapsulation of graphite and enhanced cohesiveness. Capacity retentions of 97% after 200 cycles in half cells 
and 72% after 800 cycles in full cells are achieved.

1. Introduction

The development of sustainable energy sources has become 
increasingly important to handle the growing concerns over the exces
sive consumption of fossil energy (Luo et al., 2025; Zantye et al., 2022; 
Zhang, Li, et al., 2018). However, sustainable energies such as solar and 
wind power are inherently intermittent and volatile, posing an urgent 
demand for energy storage technology (Guerra et al., 2020). To ensure 
long-term, stable, and universal access to sustainable energy, electro
chemical energy storage offers an effective solution (Chen et al., 2026; 
Ding et al., 2025; Jiang et al., 2025; Seong et al., 2018). Lithium-ion 
batteries (LIBs), particularly lithium iron phosphate (LFP) batteries, 
have gained widespread application in electrochemical energy storage 
due to their long cycle life, high safety, and low cost (Jiang et al., 2023; 
Luo et al., 2024; Wang et al., 2022). This makes LFP LIBs among the 
most promising electrochemical systems for large-scale energy storage 
applications (Lei et al., 2024; Yu et al., 2025).

With the advancement of large-scale energy storage applications, it is 
imperative to address the safety concerns associated with large-capacity 
lithium-ion batteries (Bashir et al., 2025; Jiang, Wen, et al., 2024; Meng 
et al., 2022). Under conditions of external abuse, lithium-ion batteries 
are prone to thermal runaway, which can lead to explosive combustion 
(Feng et al., 2020; Guo et al., 2025; Jiang, Luo, et al., 2025). LFP crystals 
possess an olivine-type structure, which confers excellent structural 
stability (Chen et al., 2025; Yang et al., 2021; Zhao et al., 2024). During 
the thermal runaway, compared to nickel-cobalt-manganese LIBs, LFP 
LIBs exhibit a higher triggering temperature, as well as lower maximum 
temperature, temperature rising rate, accumulated heat, mass loss and 
combustion possibility (Huang et al., 2021; Shi et al., 2026; Wang et al., 
2021). Therefore, LFP LIBs, which are relatively safer among commonly 
used LIBs, represent the optimal choice for large-scale energy storage 
applications. However, in recent years, safety incidents involving LFP 
LIBs in large-scale energy storage applications frequently occur, even 
leading to some casualties (Wang, Xu, et al., 2022; Zhang et al., 2026). It 
is found that the gases released during thermal runaway of LFP LIBs 
contain a significant proportion of flammable and explosive compo
nents, among which hydrogen (H2) poses the greatest hazard due to its 
low flammability limit and high concentration (Shen et al., 2023; Wei 
et al., 2023).

The primary sources of H2 in the thermal runaway gases include the 
decomposition of trace water, reduction of the electrolyte, reduction of 
hydrofluoric acid and decomposition of the binder (Kim et al., 2020; 
Metzger et al., 2016; Zheng et al., 2022). Given its low concentration, 
the impact of H2 generation from trace water is relatively minor. The H2 
generated from electrolyte and hydrofluoric acid is extensively investi
gated and can be mitigated by regulating electrolyte composition and 
improving the solid electrolyte interphase (SEI) (Jiang et al., 2024). 
However, studies focusing on the thermal safety of binders remain 
limited. At elevated temperatures, the binder reacts with lithium to 
generate H2. Although the binder accounts for a minor mass fraction in 
the electrode, its decomposition-induced H2 generation occurs during 
the mid-to-late stages of thermal runaway (Liu et al., 2021). At this 
phase, the rate of temperature rise is significantly high, rendering sub
sequent measures to suppress H2 generation largely ineffective. More
over, in large-scale energy storage applications, the absolute quantity of 
binder is considerable, resulting in a non-negligible amount of H2 gen
eration. Therefore, the thermal safety of binders warrants significant 
attention. Commonly used binders such as poly (vinylidene fluoride) 
(PVDF) and sodium carboxymethylcellulose have been reported to 
decompose and generate H2 (Chen, Zhang, et al., 2025; Jia et al., 2022; 

Liu et al., 2021). Polytetrafluoroethylene binder does not generate H2 
due to the absence of hydrogen atoms in its molecular structure. How
ever, limited cohesiveness of polytetrafluoroethylene hinders its prac
tical application as a binder (Qin et al., 2024). Consequently, developing 
binders that do not generate H2 while maintain superior cohesiveness is 
of critical importance for the safe operations of long-lifespan lithium-ion 
batteries.

In this study, the graphite anode of LIBs is directly heated to induce 
the cyclization of the polyacrylonitrile (PAN) binder, forming in situ 
cyclized polyacrylonitrile (cPAN) with a stable cyclic molecular struc
ture. Commonly used binders such as PVDF react with lithium during 
thermal runaway, where C–H bond cleavage leads to the generation of 
hazardous H2 (Fig. 1(a)). In contrast, cPAN maintains structural stability 
throughout the thermal runaway, remains unaffected by lithium, and 
exhibits thermally safe characteristics by preventing H2 generation 
(Fig. 1(b)). Furthermore, compared to linear PAN, cPAN possesses a 
crosslinked network structure that distributes more uniformly and 
densely on the graphite (Gr) surface. This process enables cPAN to better 
encapsulate Gr and reinforces the SEI, which inhibits electron transfer to 
the electrolyte and hydrofluoric acid, thus reducing H2 generation. Be
sides, cPAN can serve as an active material for lithium storage, 
demonstrating a high reversible capacity of up to 1238 mAh g− 1 at a 
current density of 50 mA g− 1 (Zhang et al., 2021). Owing to the 
increased lithium storage active sites, electrodes possess reduced charge 
transfer resistance. Consequently, electrodes containing cPAN display 
excellent electrochemical performance.

2. Results and discussion

2.1. Cyclization from PAN to cPAN

A significant weight loss and an exothermic peak at 291 ◦C indicates 
the transformation of linear PAN into crosslinked cPAN by thermogra
vimetric analysis (TG) and differential scanning calorimetry (DSC) of 
PAN powder (see Supplementary Fig. S1). To ensure the complete 
transformation of PAN to cPAN, the cyclization condition is set at 300 ◦C 
for 12 h. PAN initially undergoes dehydrogenation, forming C=C bonds, 
followed by cyclization, during which the characteristic C ≡ N bonds 
disappear while C–N and C=N bonds are formed. Ultimately, under 
sustained heating at 300 ◦C, PAN is fully cyclized into a crosslinked 
network structure (Fig. 2(a)) (Hong et al., 2025). During this 
high-temperature treatment, the color of PAN changes from white to 
brown, consistent with previous researches, confirming the successful 
synthesis of cPAN (Fig. 2(b)) (Zhang et al., 2021).

Two characteristic peaks at 2245 and 1450 cm− 1, attributed to C ≡ N 
and CH2 bonds respectively, are observed in the Fourier transform 
infrared spectroscopy (FTIR) spectra of PAN (Fig. 2(c)) (Sun et al., 2021; 
Zhang et al., 2018). During cyclization, dehydrogenation leads to the 
disappearance of CH2 bonds, while the C ≡ N undergoes transformation 
into C–N and C=N bonds. These molecular structural changes are 
confirmed by the absence of C ≡ N and CH2 peaks in the FTIR spectrum 
of cPAN, alongside new characteristic peaks at 1257 and 1596 cm− 1 

corresponding to C–N and C=N or C=C bonds, indicating successful 
cyclization (Chiu et al., 2025; Zhang et al., 2021). The structural 
transformation of PAN during cyclization is further corroborated by 
X-ray diffraction (XRD) patterns. A prominent peak at 17◦, corre
sponding to the (100) planes of the hexagonal structure of PAN, disap
pears after thermal treatment, while a new peak emerges at 25.5◦, 
attributable to the (002) planes of a pre-graphitic structure, signifying 
the formation of the cyclic structure (Fig. 2(d)) (Sun et al., 2021). No 
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distinct characteristic peaks are observed in the Raman spectrum of PAN 
(Fig. 2(e)). In contrast, cPAN displays typical disordered (D) and 
graphitic (G) peaks at 1360 and 1570 cm− 1, respectively, indicating the 
coexistence of sp3 hybridized C–C (C–N) and sp2 hybridized C=C (C=N) 
structures (Zhang et al., 2021). Collectively, the changes in color, FTIR 
spectra, XRD patterns, and Raman spectra conclusively demonstrate that 
the thermal treatment applied in this study successfully converts PAN 
into cPAN.

2.2. The cPAN binders in anode

In this study, direct heating of the electrodes is employed to induce in 
situ cyclization of PAN binders, resulting in the formation of cPAN in the 
Gr anode (Fig. 3(a)). After thermal treatment, no discernible changes are 
observed in optical photographs of the electrodes, indicating that only 
the PAN binders undergo cyclization. The distribution of binders on the 
Gr surface is investigated by scanning electron microscopy (SEM) and 
high-resolution transmission electron microscopy (HRTEM) (Fig. 3(b–e) 
and S2). Both PAN- and PVDF-based electrodes display exposed Gr re
gions with non-uniform binder distribution across the Gr particle sur
faces. cPAN provides a dense and uniform coverage of the Gr surface, 
forming a protective physical barrier that suppresses electrolyte side 
reactions at the Gr electrode. This effect is critical for endowing elec
trodes with superior thermal safety, mechanical integrity, and electro
chemical performance. XRD analysis is conducted to examine the phase 
structure of Gr electrodes prepared with three different binders: PVDF, 
PAN and cPAN (Fig. 3(f)). The diffraction peaks of all three electrodes 
corresponded well with Gr, demonstrating that the Gr crystal structure 
remains unaffected by the thermal treatment (Agostini et al., 2016; Lavi 
et al., 2019; Zhang et al., 2025). Differences observed in the Raman 
spectra among the three electrodes confirm that the electrode with cPAN 
binder undergoes a higher level of cyclization after heat treatment 
(Fig. 3(g)). All electrodes possess distinct D and G peaks. However, the 
intensity ratio of the D to the G peaks (ID/IG) for the cPAN-based elec
trode is significantly higher than those of the other electrodes, indicating 
a more disordered microstructure (Piper et al., 2013; Wang et al., 2016; 
Xu et al., 2024).

To evaluate the mechanical performance of cPAN after thermal 
treatment, folding tests are performed on the electrodes. The cPAN- 
based electrode demonstrates excellent mechanical performance, with 
no significant loss of mass after repeated folding and unfolding cycles, 

suggesting that cPAN is conducive to stable cycling (Fig. 3(h) and S3). 
Adhesion tests using adhesive tape further compare the mechanical 
performance. Electrodes with PVDF and PAN binders lose substantial 
active material upon tape peeling. The cPAN-based electrode shows 
negligible material detachment, indicating that the crosslinked molec
ular network of cPAN effectively protects the active material and pro
vides superior adhesion properties (Fig. 3(i)). The adhesion strength 
between the active material and the current collector is further evalu
ated using the 180◦ peeling test (Fig. S4). The cPAN-based electrode 
shows a maximum peeling force of 2.36 N, whereas the PVDF- and PAN- 
based electrodes exhibit values below 0.5 N. After peeling, a larger 
amount of active material remains adhered to the surface of the cPAN- 
based electrode compared with the other two electrodes. These results 
demonstrate that cPAN provides stronger adhesion between the active 
material and the current collector, thereby exhibiting superior me
chanical performance. Moreover, the contact angle of electrolyte on 
cPAN-based electrodes is significantly smaller than those on electrodes 
with PVDF and PAN binders. This suggests enhanced interaction be
tween the electrolyte and the cPAN binder, facilitating improved elec
trolyte infiltration and wetting of the electrode (Fig. 3(j)). Consequently, 
the in situ cyclization process does not compromise the intrinsic Gr 
structure but notably enhances the mechanical properties of the 
electrodes.

2.3. Thermal safety

Improving the safety performance of LFP LIBs fundamentally hinges 
on reducing the flammability of the thermal runaway gas. This is real
ized by employing cPAN to suppress H2 generation, ultimately 
decreasing H2 fraction. To evaluate the capability of cPAN in sup
pressing H2 generation, ten identical coin cells are placed in a sealed 
reaction kettle and subjected to thermal runaway (Fig. S5). The gases 
generated during thermal runaway are subsequently collected and 
analyzed for H2 fraction (Fig. 4(a)). The thermal runaway gases of LIBs 
employing PVDF and PAN binders contain 0.81% and 0.97% hydrogen, 
respectively. The hydrogen fraction in the thermal runaway gases of LIBs 
using cPAN binder is significantly reduced to 0.62%, representing a 
reduction of at least 23% compared to the others (Fig. 4(b) and S6). H2 
generation originates from trace water decomposition, electrolyte 
reduction, hydrofluoric acid reduction, and binder decomposition. 
However, since the binder serves as the sole variable, the reduction in 

Fig. 1. Diagram of H2 generation from (a) PVDF and (b) cPAN.
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the H2 fraction is attributable to the excellent thermal stability of cPAN, 
which prevents its decomposition and subsequent H2 generation. In 
addition to acute thermal runaway, cPAN-based LIBs maintain a H2 
fraction of 0.6–0.7% under chronic thermal stress, which remains lower 
than that of PVDF- and PAN-based LIBs, thereby confirming the superior 
thermal stability of cPAN (Fig. S7). Furthermore, cPAN forms a physical 
barrier on the Gr surface, reducing direct contact between the electro
lyte and lithiated Gr. This barrier also prevents the electrolyte and hy
drofluoric acid from gaining electrons at the anode surface, thereby 
suppressing their reduction and the consequent generation of H2.

To further substantiate the multi-dimensional H2 suppression effect 
of cPAN, differential scanning calorimetry (DSC) tests are conducted on 
lithiated Gr electrodes prepared under different conditions. Three Gr 
electrodes are lithiated to the same capacity. In the absence of electro
lyte, the DSC curves of all three samples display two exothermic peaks 
(Fig. 4(c)). The first peak corresponds to the decomposition of SEI, while 
the second is attributed to the reaction between the binder and lithium 
(Guo et al., 2024; Ren et al., 2021; Zhang et al., 2023). Compared with 
cPAN-based electrode, where an exothermic peak occurs above 200 ◦C, 
lithiated Gr electrodes with PVDF and PAN binders undergo SEI 
decomposition and release significant heat in the range of 150–200 ◦C, 
indicating poorer cycling stability. This instability leads to continuous 
SEI rupture and reformation, generating a large quantity of organic 
products. In contrast, cPAN-based electrodes form a uniform coating on 
Gr surfaces, reducing side reactions between the electrolyte and Gr, and 
facilitating the rapid formation of a thin, robust SEI. Regarding the 
second exothermic peak, electrodes with PVDF and PAN binders release 
substantial heat due to binder-lithium reactions between 200 and 
300 ◦C, which are known to generate H2. Conversely, the second 
exothermic peak of the cPAN-based lithiated Gr is minimal and even 
smaller than the heat released during SEI decomposition. Although all 
three binders contain hydrogen atoms in their molecular structures, the 
negligible second exothermic peak indicates that the reactivity of 
hydrogen atoms in cPAN is substantially lower than those in the other 
two binders. The minor exothermic peak may be attributed to the 
presence of residual branched chains in cPAN that are not fully cyclized, 
which can still react with lithium. Nonetheless, following dehydroge
nation and cyclization heat treatment, the thermal runaway reaction 

between cPAN and lithium is negligible.
To explain the impact of cPAN on Gr electrodes, we discuss both the 

proportion and the cyclization degree of cPAN. A higher proportion of 
cPAN in the Gr electrode effectively suppresses electrolyte side re
actions, reducing the formation of organic components in the SEI and 
thereby lowering the heat released during SEI decomposition (Fig. S8). 
However, a higher proportion of cPAN also contains more uncyclized 
side chains, which can react with lithium and generate additional heat. 
By varying the heating temperature and time, Gr electrodes using cPAN 
with different cyclization degrees can be obtained. Representative 
conditions are chosen as 260 ◦C for 1 h, 300 ◦C for 1 h, and 300 ◦C for 
12 h to yield cPAN with different cyclization degrees. With increasing 
heating temperature and time, the characteristic signals of C–H bonds 
are weakened, confirming the decrease of active hydrogen atoms, while 
those of C=N and C=C bonds are intensified, indicating a higher cycli
zation degree (Fig. S9). In other words, the cyclization degree is posi
tively correlated with heating temperature and time. Electrodes 
prepared at 260 ◦C for 1 h and 300 ◦C for 12 h, which exhibit different 
cyclization degrees, are selected for thermal stability comparison. The 
results show that lower cyclization degree leads to poorer SEI stability, 
resulting in greater heat released from SEI decomposition. This occurs 
because cPAN with low cyclization degree cannot form a uniform 
coating on the anode surface, weakening its suppression of side reactions 
and thereby reducing SEI stability. The cPAN with low cyclization de
gree contains more unstable side chains that readily react with lithium, 
generating additional heat (Fig. S10). Moreover, LIBs employing cPAN 
with low cyclization degree generate more H2 (Fig. S11). Folding tests 
reveal that the mechanical properties of the cPAN-based electrodes 
improve with an increasing cyclization degree (Fig. 3(h)–S3(b), S12 and 
S13). These results highlight that the cyclization degree plays a decisive 
role in the protective function of cPAN. Insufficiently cyclized cPAN not 
only fails to form a thermally stable interface but also undergoes severe 
reactions with lithium, ultimately increasing the fraction of H2.

To further verify the protective effect of cPAN on Gr, DSC tests are 
performed on mixtures of lithiated Gr and electrolyte. Since the elec
trolyte delays exothermic reactions, SEI decomposition peaks are nearly 
absent for three electrodes (Fig. 4(d)). Reactions between the lithiated 
Gr and electrolyte occur within the temperature range of 200–300 ◦C. 

Fig. 2. Physicochemical characterization of PAN and cPAN powder. (a) Molecular structure changes during the cyclization of PAN. (b) Optical photographs, (c) FTIR 
spectra, (d) XRD patterns, and (e) Raman spectra of PAN and cPAN powder.
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Notably, the reaction peak for the cPAN-based Gr is delayed by at least 
15 ◦C compared to the others and is accompanied by significantly lower 
heat generation. These results fully demonstrate that the physical barrier 
formed by cPAN provides an effective protective effect in suppressing 
side reactions between Gr and the electrolyte. Overall, these results 
confirm that cPAN not only resists reactions with lithium to generate H2 
but also mitigates H2 generation from electrolyte and hydrofluoric acid 
reduction. During the early and intermediate stages of thermal runaway, 
the electrolyte and hydrofluoric acid generate H2 by acquiring electrons 
at the anode. The robust SEI promoted by cPAN exhibits excellent 
thermal stability, effectively preventing these species from gaining 
electrons at the anode and thereby reducing H2 generation. In the late 
stage of thermal runaway, cPAN inherently avoids reacting with lithium 
to generate H2. This multi-dimensional suppression of H2 generation 
significantly enhances the thermal safety of LIBs.

2.4. Electrochemical stability

The hexagonal carbon ring, piperidine ring, and pyridine nitrogen in 
the cPAN are the main active sites for lithium-ion storage (Zhang et al., 
2021). Half-cells employing cPAN as the active material are assembled 
and subjected to charge-discharge and cyclic voltammetry (CV) tests. 
Lithium-ion insertion and extraction are observed for cPAN electrode 
(Fig. S14). The first-cycle CV curve of the half-cell exhibits distinct 
lithium (de)intercalation peaks around 0.01 V (Fig. S15). Both the 
charge-discharge and CV results are in agreement with previous studies 
(Zhang et al., 2021), confirming that cPAN indeed serves as an effective 
lithium-ion storage material. When Gr electrodes are fabricated using 
cPAN as the binder, both Gr and cPAN contribute to the overall capacity. 
Comparative analysis of Gr electrodes with different cPAN binder con
tents reveals that the total electrode capacity depends on the proportions 
and specific capacities of Gr and cPAN (Fig. 5(b) and S16). In other 
words, the total capacity of the electrode is originated from the specific 

Fig. 3. Features of Gr electrodes with PVDF, PAN and 
cPAN binders. (a) Schematic diagram of cyclization of 
Gr electrodes. (b) SEM and (c) HRTEM images of Gr 
electrode with PAN binder before cycling. (d) SEM 
and (e) HRTEM images of Gr electrode with cPAN 
binder before cycling. (f) XRD patterns, (g) Raman 
spectra, (h) Folding experiments of anodes with 
different binders. (i) Electrodes (top) and active ma
terial on tape (bottom) after tape peeling. (j) Elec
trolyte wettability on the anode with different 
binders.
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capacities of Gr and cPAN, determined by their respective mass ratios. 
Moreover, a higher cyclization degree generates a greater number of 
active sites for lithium-ion storage, consequently enhancing the overall 
capacity of the electrode (Fig. S17). The electrodes using cPAN treated at 
300 ◦C for 12 and 14 h deliver comparable capacities, indicating that the 
optimal cyclization degree has already been achieved within 12 h.

To investigate the influence of cPAN on the electrochemical perfor
mance of LIBs, three types of Gr electrodes are assembled into both half- 
cells and full-cells. First, Gr/Li half-cells are evaluated at various rates to 
probe their kinetic behavior (Fig. 5(a)). It is evident that cPAN enhances 
both the capacity and rate capability of the LIBs: the specific capacity 
reaches 410 mAh g− 1 at 0.1 C (1 C = 340 mA g− 1), 399 mAh g− 1 at 0.2 C, 
366 mAh g− 1at 0.5 C and 282 mAh g− 1 at 1 C. With a Gr loading of 
6 mg cm− 2, long-term cycling stability is assessed at 0.5 C (Fig. 5(b) and 
S18). The cPAN-based LIBs possess an initial specific capacity of 370 
mAh g− 1 and retain 97% of this capacity after 200 cycles, whereas LIBs 
using PVDF and PAN binders demonstrate lower capacities and inferior 
cycling stability. Even when the cPAN content is reduced from 10% to 
2%, the half-cell still exhibits stable cycling performance (Fig. S19). 
These results demonstrate that cPAN uniformly coated on Gr signifi
cantly improves capacity, rate performance, and long-term stability. 
Subsequently, LFP/Gr full-cells are assembled to further validate the 
advantages of cPAN. From rate capability tests, the cPAN-based full-cells 
outperform their counterparts: specific capacities of 155, 153, 146, 134, 
121, 85, 43, and 27 mAh g− 1 at 0.1, 0.2, 0.5, 1, 2, 5, 8, and 10 C 
(1 C = 150 mA g− 1), respectively (Fig. 5(c)). Moreover, upon returning 
to 0.1 C, the cPAN-based cells recover their initial capacity, indicating 
excellent reversibility. Long-term cycling at 0.5 C with an LFP loading of 
11 mg cm− 2 shows that the cPAN full-cells retain 72% of their initial 
capacity after 800 cycles, confirming their outstanding stability (Fig. 5
(d) and S20).

From these results, the uniform cPAN coating on Gr offers three key 
electrochemical advantages: (1) it provides additional lithium storage 
sites, thereby increasing the specific capacity; (2) the increased active 
sites and the formation of a thin and robust SEI lower both charge 
transfer resistance and interfacial resistance, enhancing rate capability; 
and (3) it mitigates side reactions between electrolyte and lithiation Gr, 
improving cycling stability.

To further elucidate the electrochemical properties of the Gr elec
trodes, CV measurements are conducted (Fig. 5(e–g)). All three elec
trodes exhibit consistent oxidation and reduction peaks, indicating that 
thermal treatment does not alter the electrochemical behavior of Gr. 

Notably, the first CV cycle of the cPAN-based electrode shows a broad 
peak between 0.5 and 1.0 V, attributable to SEI formation on the cPAN 
surface, thus confirming its active participation in the electrochemical 
processes (Fig. 5(g)) (Zhang et al., 2021). Compared with PAN, elec
trodes with cPAN binders display higher peak currents for both oxida
tion and reduction, signifying accelerated reaction kinetics and faster 
lithium-ion diffusion (Fig. 5(f and g)) (Sun et al., 2017; Yang et al., 
2023). Additionally, the five CV cycles of the cPAN-based electrode 
overlap more precisely than those of the other electrodes, further 
evidencing its superior cycling stability.

To reveal the dynamic processes during charge and discharge, in situ 
electrochemical impedance spectroscopy (EIS) and distribution of 
relaxation times (DRT) analyses are performed (Fig. 5(h–j) and S21). In 
the DRT mappings, low-frequency peaks (the τ in the range of 101 to 
10− 1) correspond to charge transfer resistance (Rct), mid-frequency 
peaks (the τ in the range of 10− 1 to 10− 3) to the resistance of lithium- 
ion transport through the SEI (RSEI), and high-frequency peaks (the τ 
in the range of 10− 3 to 10− 4) to contact resistance (R0) (Chen et al., 
2023). The primary resistance differences among the electrodes during 
charge-discharge are observed in RSEI and Rct. cPAN effectively sup
presses side reactions between electrolyte and lithiated Gr and, thanks to 
its network structure, ensures structural integrity of Gr, yielding a robust 
and stable SEI that minimizes RSEI. The presence of cPAN increases 
lithium-ion storage active sites, resulting in a reduced Rct (Fig. S22). In 
addition, after chronic thermal stress, the impedance of the cPAN-based 
battery shows no significant variation, demonstrating its excellent sta
bility (Fig. S23).

2.5. Electrode–electrolyte interphase of Gr electrodes

To investigate the protective role of cPAN on Gr during cycling, X-ray 
photoelectron spectroscopy (XPS) is employed to characterize Gr elec
trodes after 200 charge-discharge cycles. The changes in the SEI are 
analyzed based on the elemental spectra of Li, F, C, and O. The Li 1s XPS 
spectra reveal that the SEI of three types of Gr electrodes contains 
ROCO2Li, Li2CO3, and LiF (Fig. 6(a)) (Hong et al., 2025; Suh et al., 2025; 
Yang et al., 2022). A substantial amount of organic components 
(ROCO2Li) is detected in the SEI formed on electrodes using PVDF and 
PAN as binders, indicating poor interfacial stability during cycling. This 
instability leads to repetitive rupture and reformation of the SEI, 
resulting in continuous thickening of the interphase and sustained 
electrolyte consumption. In contrast, the SEI formed on the cPAN-based 

Fig. 4. Thermal characterization of Gr electrodes with PVDF, PAN and cPAN binders. (a) Scheme for testing the fraction of H2 generated during thermal runaway. (b) 
Fraction of H2 generated in (a). (c) DSC curves of lithiated Gr electrodes. (d) DSC curves of the mixture of lithiated Gr electrodes and electrolyte.
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electrode is predominantly composed of inorganic species (Li2CO3 and 
LiF) (Fig. 6(b)). This suggests that cPAN effectively suppresses side re
actions between the electrolyte and lithiated Gr, thereby facilitating the 
formation of a thin and robust SEI. The O 1s XPS spectra further confirm 
that the SEI on the cPAN-based Gr electrode contains the lowest amount 
of organic species (Fig. S24). Additionally, the F 1s spectra show the 
presence of P–F and Li–F species in the SEI of electrodes using PAN and 
cPAN binders, attributed to the decomposition of the electrolyte. 
Notably, in the case of the PVDF-based electrode, a distinctive C–F signal 
is observed in the F 1s spectra, originating from the PVDF binder itself 
(Fig. 6(c)) (Liao et al., 2025; Yu et al., 2022). This C–F signal is also 

evident in the C 1s spectra (Fig. S25), indicating binder degradation and 
active material detachment during cycling. These results demonstrate 
the inferior cycling stability of PVDF-based electrodes. Moreover, the F 
1s spectra verify that the cPAN-based electrodes possess the highest 
proportion of inorganic species, corroborating the aforementioned ob
servations (Fig. 6(d)).

To further analyze the internal composition of the SEI, sputtering is 
conducted on the SEI of the three electrodes, with each sputtering depth 
set at 20 nm (Fig. S26). For the PVDF- and PAN-based electrodes, the 
ratio of F atoms in the SEI remains below 10% and exhibits an overall 
decreasing trend, indicating a low proportion of inorganic components. 

Fig. 5. Electrochemical characterization of Gr electrodes with PVDF, PAN and cPAN binders. (a) Rate performance of Gr/Li half-cells. (b) Long-term cycling per
formance of Gr/Li half-cells. (c) Rate performance of LFP/Gr full-cells. (d) Long-term cycling performance of LFP/Gr full-cells. (e− g) CV curves of Gr/Li half-cells at 
0.1 mV s− 1 (h− j) In-situ DRT mappings of Gr/Li half-cells.
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In contrast, the SEI of the cPAN-based electrode consistently maintains 
an F atomic ratio above 20%, which further increases with sputtering 
depth. This result demonstrates that both the surface and interior of the 
SEI are enriched in inorganic components, suggesting that cPAN effec
tively mitigates electrolyte side reactions and enhances cycling stability.

To further elucidate the protective effect of cPAN, the cross-sections 
of Gr electrodes after 200 cycles are examined via SEM. The electrode 
using PAN as the binder exhibits visible surface cracks, indicating 
structural degradation due to poor cycling stability (Fig. 6(e)). In stark 
contrast, the cPAN-based electrode maintains a smooth and intact sur
face morphology after cycling (Fig. 6(f)). After chronic thermal stress, 
the cPAN-based electrode still remains flat (Fig. S27). These results 
clearly demonstrate that electrodes using PVDF and PAN as binders 
suffer from unstable electrode–electrolyte interphases, leading to active 
material detachment and structural damage. In comparison, cPAN 
significantly enhances the interfacial stability, enabling the Gr electrode 
to maintain long-term structural integrity and cycling stability.

3. Conclusion

This study proposes a direct heating approach of anodes to achieve in 
situ cPAN in Gr, simultaneously enhancing both the thermal safety and 
electrochemical performance of LIBs. Specifically, during thermal 
runaway, cPAN possesses excellent thermal stability and does not react 
with lithium, effectively suppressing H2 generation. Moreover, cPAN 

inhibits side reactions between the electrolyte and lithiated Gr, reducing 
H2 generation caused by electrolyte and hydrofluoric acid reduction at 
the anode. These results indicate that cPAN mitigates H2 generation 
from multiple pathways during thermal runaway, resulting in a reduc
tion of hydrogen fraction by more than 23%. Meanwhile, cPAN increases 
the peak SEI decomposition temperature to above 200 ◦C and delays the 
peak reaction temperature between lithiated Gr and the electrolyte by at 
least 15 ◦C, while significantly reducing the heat released from these 
exothermic processes. Electrochemically, cPAN serves as a lithium-ion 
storage active material, significantly increasing the specific capacity of 
Gr electrodes, achieving up to 410 mAh g− 1 at 0.1 C. The increasing 
lithium storage sites decreases charge transfer resistance, while cPAN 
also promotes the formation of a thin, robust SEI, reducing interfacial 
resistance. The resistance reduction translates to outstanding rate 
capability for LIBs employing cPAN as the binder, particularly in full- 
cell. Furthermore, cPAN suppresses side reactions between electrolyte 
and lithiated Gr, enhancing cycling stability, with capacity retention of 
97% after 200 cycles in half-cells and 72% after 800 cycles in full-cells. 
The simultaneous improvements in thermal safety and electrochemical 
performance can be attributed to the facilitation of a stable electro
de–electrolyte interphase. Owing to its advantages in thermal safety, 
mechanical property and electrochemical performance, cPAN is ex
pected to be extensively investigated and applied in hard carbon, silicon 
and other advanced battery systems. This work provides valuable in
sights toward the design of LIBs that meet stringent requirements for 

Fig. 6. Electrochemical characterization of cycled Gr anode. (a− d) XPS spectra of Li 1s and F 1s for SEI of Gr electrodes with PVDF, PAN and cPAN as binders. (e and 
f) SEM images of Gr electrodes with PAN and cPAN as binders after 200 cycles.
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both high safety and high performance. Currently, validations in large- 
capacity batteries are restricted by current fabrication techniques and 
the stringent safety protocols required for handling large volumes of 
explosive gases. In industrial production, numerous large-format elec
trodes can be simultaneously processed in advanced thermal treatment 
systems. This significantly reduces the average cost and energy con
sumption, facilitating the fabrication of large-scale batteries.
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