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Thermally Controlled Dual Stabilization Mechanisms of Modified 
Kenaf-Derived Lignin-Based Aqueous Binders for Silicon 
Electrodes Used in Lithium-ion Batteries
Tatsuki Hozumi a , Reiichi Chiba a, Masanori Ikeda a, Daisuke Tashima b , Yusuke Abe c, Seiji Kumagai 
c and Takuya Egcuhi * a

Silicon (Si) is a promising anode material of lithium-ion batteries due to its high lithium storage capacity; however, severe 
volume expansion during the charge-discharge cycling causes electrode degradation and rapid capacity fading. While binders 
are essential for maintaining electrode integrity, high-performance binders are often costly, complex to process, and 
dependent on organic solvents. Aqueous binders derived from natural polymers therefore represent attractive alternatives 
in terms of cost, sustainability, and environmental compatibility. Although chemically modified lignin binders are promising 
for Si electrodes, previous studies have only suggested the existence of two distinct thermal treatment approaches—low- 
and high-temperature processing—and no study has systematically compared these two methods. Herein, we report a 
modified kenaf-derived lignin copolymerized with polyacrylamide (KL-PAM) as an aqueous binder for Si electrodes and 
systematically investigated the effect of thermal treatment temperature on its stabilization mechanisms. Low-temperature-
treated at 200 °C KL-PAM electrodes accommodated Si volume expansion through binder flexibility and adhesion, whereas 
high-temperature-treated electrodes were stabilized by carbonization-induced hardening of KL-PAM, which also enhanced 
electronic conductivity. As a result, high-temperature-treated at 600 °C electrodes exhibited superior rate capability, while 
capacity retention was comparable between the two regimes. Intermediate-temperature treatment was ineffective, leading 
to binder failure. This study clears thermally controlled dual stabilization mechanisms of lignin-based binders and provides 
guidance for the development of sustainable binders for Si electrodes of lithium-ion batteries.

Introduction
Silicon (Si) has attracted attention as an anode active material for 
lithium-ion batteries and lithium-ion capacitors. Although Si offers a 
lithium storage capacity approximately ten times higher than that of 
conventional carbon-based anodes, it undergoes a large volume 
expansion of >300% during lithium-ion insertion and extraction1-4. 
This severe volume change causes pulverization of the Si active 
material and detachment of Si particles from the current collector, 
leading to rapid capacity fading and accelerated cycle degradation in 
energy storage devices. In electrodes, binders play a crucial role in 
bonding active material particles and fixing them to the current 
collector, and conventional binders such as poly(vinylidene fluoride) 
(PVDF), carboxymethyl cellulose (CMC), and styrene–butadiene 
rubber (SBR)/CMC have been widely used5-9. With the emergence of 
Si anodes, the development of high-performance binders possessing 
superior mechanical properties10-12, intrinsic electrical 
conductivity13,14, and even self-healing binder15 has been actively 
pursued. However, improvements in binder performance are often 
accompanied by increased process complexity and the use of 
expensive polymeric materials, resulting in higher electrode 
manufacturing costs. In addition, increasingly stringent regulations 
on the use of organic solvents such as N-methyl-2-pyrrolidone (NMP) 
in binder preparation and electrode fabrication impose stricter 
equipment requirements, resulting to increased production 
costs7,8,16. 

On the other hand, aqueous binders derived from modified 
polymers based on natural resources offer advantages in terms of 
resource availability, manufacturing cost, and environmental impact. 
Accordingly, various aqueous binders employing modified cellulose, 
gums, and alginates have been reported6,7,17-19. Lignin is the second 
most abundant natural polymer after cellulose and functions as a 
natural binder in plant structures20; however, its application as a 
binder for battery electrodes has been scarcely reported21. Although 
unmodified lignin has been reported to provide binder performance 
comparable to that of conventional binders in lithium-ion 
batteries22,23, its application to Si-based electrodes requires 
enhanced mechanical properties. 

Modified lignin binders produced via chemical polymerization 
exhibit superior binding properties compared to unmodified lignin 
owing to copolymerization, and various functionalities have been 
incorporated into these binders24-28. For instance, Luo et al. 
developed a lignin-graft-sodium polyacrylate modified lignin through 
a multistep synthesis process and applied it as a binder for Si 
electrodes, achieving a capacity retention of 91% after 100 cycles24. 
In these reports, the heat-treatment temperature during electrode 
fabrication was 100–110 ℃, which falls within the conventional 
electrode processing range. Cheng et al. carbonized a polyethylene 
oxide-modified lignin binder in Si electrodes by heat treatment at 
800 °C, enhancing mechanical strength and electronic conductivity29; 
a subsequent study identified 600 °C as optimal, delivering 2378 mAh 
g⁻¹ after 100 cycles30. These studies indicate the existence of two 
distinct thermal-treatment approaches in the development of 
modified lignin-based binders, namely low-temperature and high-
temperature treatments. However, no systematic study has yet 
directly compared these approaches or clearly elucidated the 
challenges and stabilization mechanisms specific to each thermal 
treatment method. 

Herein, we aim to develop an aqueous lignin-derived binder and 
report a modified kenaf-derived lignin (KL-PAM) synthesized via 
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copolymerization with polyacrylamide (PAM). Owing to its water 
solubility, PAM enables binder preparation and electrode fabrication 
using aqueous processing. Modified lignins copolymerized with PAM 
have been actively studied in various fields, including structural 
materials, hydrogels, and paper strength additive, and are known to 
exhibit high mechanical strength and excellent thermal stability31-39. 
Kenaf is a fast-growing plant whose cellulose is widely utilized for 
industrial applications, making its lignin a sustainable and 
underutilized resource40-42. In this study, by controlling the thermal 
treatment during electrode fabrication, we reveal dual stabilization 
mechanisms of Si electrodes enabled by KL-PAM binders. 
Furthermore, this study highlights the challenges associated with 
low- and high-temperature thermal treatments, providing insights 
into the development pathways of modified lignin-based binders.

Results and discussion
KL-PAM is synthesized following the procedure illustrated in Fig. 1 (a). 
In this study, kenaf-derived lignin (KL) extracted via a conventional 
soda pulping process using an alkaline aqueous solution was 
employed as the starting material. The extracted KL was pulverized 
and dispersed in an aqueous KOH solution, after which PAM was 
added at a weight ratio of KL:PAM = 10:1 and stirred to obtain KL-
PAM. Detailed information is provided in the supplementary 
information (SI). Thermogravimetric analysis under a nitrogen 
atmosphere was conducted to clarify the thermal decomposition 
temperatures of KL and KL-PAM, and the corresponding 
thermogravimetry (TG) and differential thermogravimetry (DTG) 
curves were obtained (Fig. 1 (b)). Below 100 °C, dehydration and the 
removal of low-molecular-weight volatile species occur in lignin43. 
Between 200 and 350 °C, decomposition of carbohydrate 
components takes place, accompanied by the evolution of volatile 
gases44. Above 400 °C, the aromatic structures in lignin undergo 
decomposition or condensation, ultimately leading to the formation 
of carbonaceous residues44. The DTG curve of KL exhibited a main 

peak at 268 °C, followed by only a minor mass change above 600 °C, 
with the residual mass of 35.9% at 600 °C. In contrast, the DTG curve 
of KL-PAM shows a sharp peak at 229 °C and a broad peak centered 
at 413 °C in the range of 200–500 °C. These peaks are attributed to 
partial decomposition of polymer chains in the copolymer (223–
313 °C) and decomposition of the copolymer backbone (313–507 °C), 
respectively33. The residual mass of KL-PAM at 600 °C reaches 55.7 %, 
which is 19.8 % higher than that of KL. Plant-derived components are 
thermally decomposed and carbonized at temperatures up to 
approximately 600 °C. During this carbonization process, thermal 
decomposition and volatilization leads to mass loss. The difference 
in residual mass at 600 °C between KL and KL-PAM reflects their 
structural differences and indicates that KL-PAM is less prone to 
thermal decomposition and volatilization than KL. Also, considering 
that pristine PAM exhibits a residual mass of only 8.9% at 600 °C (Fig. 
S1), this result clearly indicates that copolymerization enhances the 
thermal stability of KL-PAM. In addition, the differences observed in 
the DTG curves of KL and KL-PAM above 700 °C suggest the formation 
of different carbonized residues.

Based on the thermal analysis of KL-PAM, the heat-treatment 
temperatures for electrode fabrication were set to 200, 400, 600, 
and 800 °C. The electrode slurry was prepared using deionized water 
as the solvent, with a composition of 80 wt% active material, 5 wt% 
conductive additive, and 15 wt% KL-PAM. The slurry was coated onto 
copper foil and subsequently heat-treated under an inert gas 
atmosphere at the designated temperatures. Based on the thermal 
analysis of KL-PAM, the heat-treatment temperatures for electrode 
fabrication were set to 200, 400, 600, and 800 °C. The electrode 
slurry was prepared using deionized water as the solvent, with a 
composition of 80 wt% Si as active material, 5 wt% carbon black (CK), 
and 15 wt% KL-PAM. The slurry was coated onto copper foil and 
subsequently heat-treated under an inert gas atmosphere at the 
designated temperatures. To clearly isolate and evaluate the binder 
performance, micron-sized Si particles were intentionally used, 
despite the common use of nano-Si or Si composites1,5 to alleviate 

Fig. 1 (a) Process for producing KL-PAM from kenaf. (b) TG and DTG curves of KL powder and KL-PAM obtained from thermal 
analysis.
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volume expansion effects. The obtained electrodes were designated 
as KL-PAM-x, where x corresponds to the first digit of the applied 
heat-treatment temperature. The surface morphology of the 
electrodes observed by scanning electron microscope (SEM) are 
shown in Fig. 2 (a). The surface morphology of KL-PAM-2 was similar 
to that of the electrode using PVDF as the binder (PVDF: 80 wt% Si, 5 
wt% CK, 15 wt% PVDF; heat-treated at 160 °C, Fig. S2(d)), exhibiting 
a relatively flat surface. In KL-PAM-4, -6, and -8, circular depressions 
appeared on the electrode surfaces, with both their number and size 
increasing as the heat-treatment temperature rose. These features 
are attributed to the gasification reactions associated with the 
thermal decomposition of KL-PAM, suggesting that the extent of 
gasification increases at higher temperatures. In addition, small 
cracks were observed on the surface of KL-PAM-4 electrodes, and 
both the visibility and number of cracks increased with higher heat-
treatment temperatures. These cracks are attributed to the 
shrinkage of electrode materials during thermal contraction, 
indicating that the effect of thermal shrinkage becomes more 
pronounced at elevated temperatures. Linear deposits observed 
along the edges of the circular depressions in KL-PAM-6 (Fig. S2a) 
disappeared in KL-PAM-8 (Fig. S2b). This observation is consistent 
with the thermal analysis of KL-PAM and indicates that these 
deposits are residual carbonized products derived from KL-PAM. The 
residual carbonized deposits and the circular depressions observed 
at high heat-treatment temperatures were mitigated by 
incorporating CMC into the electrode slurry (KL-PAM-CMC-6; 75 wt% 
Si, 5 wt% CK, 15 wt% KL-PAM, 5 wt% CMC; heat-treated at 600 °C), 
as shown in Fig. S2(c.) This improvement is attributed to the 

dispersing effect of CMC7,8, which promotes a more uniform 
distribution of KL-PAM within the electrode material.

The surface composition of the electrodes was analyzed using X-
ray photoelectron spectroscopy (XPS). The elemental ratios derived 
from the XPS survey spectra (Fig. S3) are presented in Fig. 2b. To 
reflect the actual electrode fabrication conditions, no sputtering was 
applied in the XPS analysis. The carbon content decreased with 
increasing heat-treatment temperature, showing a sharp drop in KL- 
PAM-8.The narrow-scan XPS spectra of C 1s for the electrode 
surfaces is shown Fig.2(b). The peaks observed between 284 and 285 
eV correspond to the relative contributions of sp² (C=C, 284 eV) and 
sp³ (C–C, 285 eV) carbon45, with the main peak primarily attributed 
to aromatic C–C bonds46. Peaks corresponding to C–H, C–O, and C=O 
bonds appear at 284.1, 285.8, and 287.0 eV, respectively47,48. Bands 
associated with metal–carbon (Metal–C) interactions are observed 
at lower binding energies than the C–C peak49. In KL-PAM-2 and -4, a 
broad band observed between 281.3 eV and 283.7 eV corresponds 
to the potassium-carbon combination band. The O1s spectra (Fig. S4) 
showed a single large hump, with peak positions at 530.3 eV for KL-
PAM-2 and 4, 530.8 eV for KL-PAM-6, and 530.1 eV for KL-PAM-8. In 
the O 1s spectra, the C–O and C=O bonding peaks appear at 531.2 eV 
and 532.1 eV, respectively47. Previous studies have reported that 
KOH-related species, including KOH, K+–O, inorganic compound KOH, 
and organic compound KOH, exhibit binding energies lower than 
those of C–O and C=O, at 529.4, 530.0, 531.9, and 529.0 eV, 
respectively50-52. Therefore, the main peaks in the O 1s spectra are 
attributed to potassium species. Up to a heat-treatment 
temperature of 400 °C, the peaks correspond to a combination of 

Fig. 2 (a) SEM image of the electrode surface of KL-PAM-x (x: first digit of heat-treatment temperature of 200, 400, 600 or 800°C), top 
high magnification, bottom low magnification. (b) Composition ratio and C1s narrow scan spectrums of KL-PAM-x obtained by XPS.
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KOH and organic compound KOH. At 600 °C, the organic compound 
KOH contribution becomes dominant, while at 800 °C, bands 
corresponding to K+–O and inorganic compound KOH are more 
pronounced. This interpretation is further supported by the K 2p 
spectra (Fig. S4), where the two characteristic peaks, corresponding 
to K 2p₁/₂ and K 2p₃/₂, are shifted from their standard positions at 
295.3 and 292.5 eV53, indicating the presence of potassium in 
complex chemical states. In KL-PAM-8, the potassium contained in 
KL-PAM is suggested to react with carbon at high temperatures, 
promoting carbon gasification and ultimately leaving inorganic 
potassium within the electrode. This process corresponds to the 
observed decrease in spectral intensity between 281.3 and 283.7 eV 
at heat-treatment temperatures above 400 °C. In addition, it has 
been reported that the potassium activation reaction can generate 
CO₃²⁻ species (290.5 eV)51. In the K 2p spectra of KL-PAM-8, the 
lower-energy peak is shifted further to lower binding energy, which 
can be attributed to the presence of the CO₃²⁻ band. Potassium 

activation is a common method for producing porous carbon, 
typically carried out at 800–900 °C54. The sharp decrease in carbon 
content observed at KL-PAM-8 can be attributed to carbon 
gasification induced by potassium activation, leading to the loss of 
carbonized material. From the Si 2p spectra (Fig. S4), the surface of 
the Si particles was found to contain Si–OH functional groups (100.7 
eV; O 1s: 532.3 eV)55. As the heat-treatment temperature increased, 
these functional groups were removed, giving rise to Si–O–Si species 
(101.6 eV; O 1s: 531.6 eV)52. In KL-PAM-8, a peak including Si–Si 
bonds (99.4 eV) appeared. These results suggest that high-
temperature heat treatment may effectively remove functional 
groups generated on the active material particles during processing 
in aqueous slurries.

Rate test was conducted using the fabricated electrodes in half-
cells. LiPF₆ in EC/DEC was used as the electrolyte, and the cells 
voltage was between 0 and 1 V at current densities of 0.1, 1, 5, and 
10 mA cm⁻², with four cycles performed at each current density. The 

Fig. 3 (a) Relationship between the potential and specific capacity of KL-PAM-x electrodes during Li-ion insertion and extraction, 
as obtained from rate capability tests. (b) Comparison of KL-PAM-x rate performance (extraction specific capacity). (x indicates 
first digit of heat-treatment temperature of 200, 400, 600 or 800°C)
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relationship between the electrode potential and the specific 
capacity for the first cycle and the last cycle at each current density, 
as obtained from the rate tests are shown in Fig.3 (a). Here, 
“extraction specific capacity” refers to the specific capacity 
corresponding to Li-ion extraction from the Si electrode (i.e., the 
charging process in the half-cell configuration), whereas “insertion 
specific capacity” refers to the specific capacity associated with Li-ion 
insertion into the Si electrode (i.e., the discharging process). PVDF 
and KL-PAM-CMC-6 are shown in Fig. S5. In Si-based anodes, the first 
lithiation not only forms a solid electrolyte interphase (SEI) on the 
electrode surface, but also leads to repeated SEI formation due to 
the emergence of new surfaces associated with Si volume expansion. 
As a result, the initial Coulombic efficiency is low. The initial 
Coulombic efficiencies (ICE) of KL-PAM electrodes were 57.24% for 
KL-PAM-2, 40.84% for KL-PAM-4, 71.20% for KL-PAM-6, and 47.01% 
for KL-PAM-8. A Si electrode exhibiting a low ICE suggests that 
significant new interfaces were generated on the electrode surface 
due to the volume expansion of Si. In contrast, an electrode showing 
a high ICE indicates that the formation of new interfaces was 
suppressed. Namely, in this comparative study, KL-PAM-6 
demonstrates higher mechanical strength than the other electrodes. 
The extraction specific capacity in the fourth cycle for KL-PAM-4 and 
-8 were 36.35% and 38.18% of their respective first-cycle extraction 
specific capacity, indicating that the electrode structures of KL-PAM-
4 and -8 collapsed due to the volume expansion of Si during the initial 
lithiation. A similar trend was also observed for electrodes using 
PVDF as the binder (Fig. S5). Even after 20 cycles, KL-PAM-2 and -6 
electrodes retained the plateau region at 0.43 V vs. Li/Li+, indicating 
that rapid electrode collapse was suppressed. Although KL-PAM-2 
exhibited a low ICE, indicating the formation of new surfaces due to 
Si volume expansion, the KL-PAM binder effectively prevented 
electrode structure collapse. In contrast, KL-PAM-6 showed a higher 
ICE, suggesting suppression of repeated SEI formation. This indicates 
that the electrode hardening induced by KL-PAM carbonization 
effectively stabilized the electrode structure. The rate capability of 
KL-PAM-CMC-6 was slightly inferior to that of KL-PAM-6, indicating 
that material homogenization does not necessarily improve 
performance (Fig. S5). The extraction specific capacity obtained from 
the rate tests is shown in Fig. 3(b)(detailed data in Fig. S6). At the high 
rate (10 mA cm⁻²), the difference in specific capacity among the cells 
became minimal due to the voltage drop caused by their internal 
resistance. However, KL-PAM-6 slightly retained its capacity. This 
suggests that the electronically conductive network formed through 
the carbonization of KL-PAM contributed to reducing the electrode 
resistance. The reversible extraction specific capacities of KL-PAM-2 
and KL-PAM-6 after 20 cycles were 1440 and 1741 mAh g⁻¹, 
respectively. In contrast, the PVDF electrode showed the reversible 
specific capacity of only 58 mAh g⁻¹, indicating structural collapse 
during rate testing.

After the rate tests, a cycle test was conducted at the current 
density of 1 mA cm⁻² within a voltage range of 0–1 V. KL-PAM-8 and 
PVDF electrodes, which exhibited severe capacity loss during the rate 
tests, were excluded from further testing. The cycling performance 
of KL-PAM-2 and -6 electrodes are shown in Fig.4. The cycling results 
of KL-PAM-4 and KL-PAM-CMC-6 are presented in Fig. S7. The 
Coulombic efficiencies of KL-PAM-2 and -6 remained above 98% 
throughout the cycles after the initial cycle. Although KL-PAM-6 
exhibited higher specific capacity during cycling compared to KL-

PAM-2, both KL-PAM-2 and -6 showed a gradual capacity decline 
with repeated charge–discharge cycles. The extraction specific 
capacity retention relative to the first cycle for KL-PAM-2 and -6 was 
54.7% (451 mAh g⁻¹) and 57.82% (637 mAh g⁻¹) after 50 cycles, and 
32.7% (270 mAh g⁻¹) and 38.8% (427 mAh g⁻¹) after 100 cycles, 
respectively. The flexibility of KL-PAM to accommodate mechanical 
stress during Li-ion insertion and extraction, and the ability of KL-
PAM carbonization to harden the electrode and prevent structural 
collapse, were found to have comparable effects on cycling 
performance. KL-PAM-CMC-6 exhibited lower specific capacity and 
capacity retention than KL-PAM-2, indicating that material 
homogenization slightly deteriorated the cycling performance.

Conclusions
Kenaf-derived lignin copolymerized with polyacrylamide (KL-
PAM) was developed as an aqueous binder for Si electrodes, 
and its thermally controlled dual stabilization mechanisms were 
cleared. Low-temperature heat treatment stabilized Si 
electrodes by exploiting the intrinsic flexibility and adhesion of 
KL-PAM to accommodate the large volume expansion of Si, 
whereas high-temperature heat treatment stabilized the 
electrodes through carbonization-induced hardening of KL-PAM, 
simultaneously enhancing electronic conductivity. 
Consequently, high-temperature-treated electrodes exhibited 
superior rate performance, while capacity retention was 
comparable between low- and high-temperature-treated 
electrodes. In both regimes, KL-PAM outperformed 
conventional binders as a Si electrode binder. Thermal 

Fig. 4 Insertion and extraction specific capacities and coulombic 
efficiency during cycle testing of KL-PAM-2 and -6.
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treatment at intermediate temperatures was ineffective, as it 
activated neither sufficient flexibility nor carbonization-induced 
reinforcement, leading to binder failure. Moreover, high-
temperature heat treatment introduced challenges such as 
surface cracking and alkali-metal-induced activation reactions, 
which caused gasification of carbonized structures and loss of 
binder functionality. In industrial electrode manufacturing, the 
heat treatment investigated in this study corresponds to a final 
thermal treatment step applied after drying the electrode 
sheets and cutting them into individual electrodes56. Since 
conventional vacuum heating equipment typically operates at 
temperatures up to approximately 300 °C, implementing a 
600 °C process would require modification of the production 
line; however, such modification is technically feasible. 
Although high-temperature treatment provides improved rate 
capability at the expense of increased manufacturing cost, low-
temperature treatment offers a cost-effective alternative. 
Therefore, both low- and high-temperature thermal treatment 
strategies are viable for lignin-based binders for Si electrodes, 
with distinct development pathways required according to their 
fundamentally different stabilization mechanisms.
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