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Abstract: Silicon is increasingly recognized as a promising candidate for the next generation 

of high-capacity anodes in lithium-ion batteries. However, its substantial volumetric changes 

during charge and discharge cycles significantly reduce battery lifespan, which hampers its 

further development and practical application. Developing novel binders represents a critical 

strategy to overcome these challenges. PG (modified gallic acid crosslinked polyvinyl 

alcohol) exhibited excellent adhesion (1.28 N) and mechanical strength (89 MPa). Moreover, 

at a current density of 420 mA·g–1, the PG55 (polyvinyl alcohol: modified gallic acid = 50:50 

wt %) electrode maintained an impressive specific capacity of 2480 mAh·g–1 after 100 cycles. 

Further increasing the current density to 840 mA·g–1, the PG55 electrode retained a capacity 

of 1822 mAh·g–1 after 200 cycles, while maintaining high coulombic efficiency throughout 

the cycling process. This study provides a significant reference for the ongoing evolution of 

binders applied for silicon anode. 

Keywords: Si anode; dual-crosslinked network binder; stable cycling 

1. Introduction 

With the rapid development of new energy vehicles and large-scale integrated circuits, 

lithium-ion batteries (LIBs) are playing an increasingly important role [1–3]. The anode, as 

a crucial component of LIBs, has a decisive impact on the capacity and energy density of the 

batteries [4–6]. Currently, almost all commercial LIBs use graphite as the anode material, 

which has a theoretical specific capacity of only 372 mAh·g–1 [7]. Despite continuous 

research, the performance of graphite anodes in practical applications has nearly reached its 
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theoretical limit, failing to meet the growing energy demands [8]. Silicon, the second most 

abundant element in the Earth's crust, offers a low lithium intercalation potential and an  

ultra-high theoretical specific capacity of 4200 mAh·g–1 at high temperatures and 

pressures, with a theoretical capacity of 3579 mAh·g–1 under ambient conditions [9]. 

However, during the cyclic lithiation/delithiation process, silicon undergoes significant 

volume changes (>300%), leading to particle fracture, pulverization, and even electrode 

structure damage and detachment, severely affecting the battery's cycling stability [9,10]. 

Furthermore, continuous volume changes can disrupt the solid electrolyte interphase (SEI) 

formed on the anode surface, resulting in repeated decomposition reactions of the electrolyte, 

accelerating electrolyte loss, and shortening the battery's cycle life [11–13]. These challenges 

have significantly limited the further development of silicon anodes. 

In recent years, various approaches have emerged to tackle the challenges associated 

with silicon anodes. These include the synthesis of silicon nanomaterials, the advancement 

of porous silicon structures, the utilization of silicon-carbon composites, and the engineering 

of artificial SEI films on silicon anode surfaces [14–17]. However, these strategies face 

obstacles in commercialization due to their intricate processes and high expenses. 

Conversely, the development of innovative polymer binders presents a viable solution. These 

binders can seamlessly integrate into established electrode fabrication procedures, offering 

simplified manufacturing and reduced costs, thus showcasing the substantial potential for 

commercial viability [18–20]. Consequently, the quest for polymer binders tailored for 

silicon anodes has progressively become a pivotal area of research. 

Research indicates that polymer binders suitable for silicon anodes typically possess 

specific characteristics. Primarily, the functional groups within the polymer binder should 

interact with silicon particles to anchor them, with hydrogen bonding and van der Waals 

forces being the most prevalent interactions [18,21]. Polymers such as polyacrylic acid 

(PAA) [22,23], carboxymethyl cellulose (CMC) [24,25], polyvinyl alcohol (PVA) [26,27], 

and natural polysaccharides fulfill these criteria. However, the weak interactions between 

silicon and the binder are insufficient to counteract the mechanical stress caused by silicon 

volume expansion [21]. Therefore, strong intermolecular interactions are also necessary 

between the polymer binder chains [28,29]. For example, Jeong et al. introduced the concept 

of "dynamic crosslinking" for silicon nanoparticle anodes by utilizing host-guest interactions 

between supermolecular crosslinkers comprising hyperbranched β-cyclodextrin polymer 

(β-CDp) and a dendritic sebacic acid derivative containing six adamantane units. This 

supermolecular network endowed the binder with self-healing properties, preserving 

electrode structure integrity and improving electrode cycling stability amid silicon's 

continuous volume changes [30]. To further enhance the cycling stability of silicon anodes, 

our prior work investigated water-based dual crosslinked network binders featuring both 

hydrogen and covalent bonds. Specifically, a dual crosslinked network binder, PE, was 

fabricated using epoxidized natural rubber and aminated polyacrylic acid. This binder 

exhibited reversible deformability and sufficient mechanical strength, with numerous active 

groups in its molecular chains ensuring strong adhesion between the active material and the 

current collector. It effectively mitigated and adjusted to the volume changes of silicon 
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anodes, resulting in a stable interface and a cycling-stable silicon anode [31]. At the same 

time, some functional binders have also attracted wide attention [32–34]. For example, 

Jin et al. developed a self-healing polyelectrolyte binder by in-situ crosslinking polydopamine, 

phytic acid and poly (acrylamide-2- (dimethylamino) ethyl acrylate) [35]. 

Combining the discussions above, in this study, we modified gallic acid (GA) with 

epichlorohydrin (ECH) and blended it with polyvinyl alcohol (PVA) to create a binder 

featuring a dual-crosslinked three-dimensional network structure with a dual network 

structure of hydrogen bonds and covalent bonds. Notably, the PG55 binder demonstrated 

outstanding overall performance. As shown in Scheme 1, in this binder system, the  

ECH-modified GA introduced epoxy functional groups into its side chains, providing active 

sites for further covalent crosslinking with the hydroxyl groups in PVA. The red line 

represents the interface between the active material Si and the binder. Moreover, polyvinyl 

alcohol possessed numerous hydroxyl groups on its main chain, capable of forming hydrogen 

bonds with oxygen-containing functional groups on the surface of silicon and the current 

collector, as well as with active groups such as esters and hydroxyls in ECH-modified GA 

(ECH-GA), thereby ensuring strong bonding between the active material and the current 

collector, and effective anchoring of the Si active material. The binder's dual-network 

structure incorporated both "static" (chemical crosslinking) and "dynamic" (physical 

crosslinking) interactions, offering abundant crosslinking points to disperse and transfer the 

stress generated by silicon anode expansion during cycling. This effectively suppressed silicon 

volume changes, thereby preserving electrode structure integrity, extending battery life, and 

providing a straightforward and efficient solution for developing novel binders for silicon anodes. 

 

Scheme 1. The working mechanism of PG binders applied to silicon anodes. 

2. Methods and materials 

Materials: Silicon nanoparticles (average particle size 50–100 nm) were purchased from 

Shenzhen Youyan Platform, conductive carbon black (Super P) was purchased from 

Shenzhen Youyan Platform, poly(vinyl alcohol) (PVA, alcoholysis degree 87%–89%) was 

from Shanghai McLean Company Limited, epichlorohydrin (ECH) was purchased from 

Sinopharm Group Chemical Reagent Company Limited, chitosan (CS) was purchased from 

Shanghai Aladdin Company Limited, sodium hydroxide (NaOH) was purchased from 

Sinopharm Group Chemical Reagent Company Limited. 
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Preparation of GA-ECH: 1 g GA was dissolved in 50 mL water and stirred continuously 

during the process of heating to 100 °C; after GA was completely dissolved, the solution was 

cooled down to 50 °C, then ECH was added by the molar ratio of 1:10 (GA: ECH), then 0.1 g 

of 1% tetrabutylammonium iodide (TBAI) was added as the catalyst, and the reaction was 

opened for 5 h, and then sodium hydroxide was added 10ml concentration of 2% dropwise 

after the solution was cooled down to room temperature and the reaction was closed for 2 h. 

After the reaction, the excess ECH was removed by a rotary evaporator and finally freeze-dried 

for 24 h to obtain modified gallic acid (GA-ECH). 

Preparation of PVA/GA-ECH crosslinked film: PVA and modified GA were 

compounded according to the mass ratio of 7:3, 5:5, 3:7, and a small amount of tertiary amine 

alkaline substance was added as a catalyst, stirred well, and then poured into the molds, and 

finally was dried in a vacuum oven at 100 °C for 8 h. The prepared adhesive films were 

named as PG73, PG55, and PG37, respectively. 

Preparation of Si anode: A mixture of silicon powder and Super P in a 6:2 ratio was 

combined with a PVA solution and stirred for 2 h to create a homogeneous slurry. Then,  

GA-ECH and a drop of TBAI catalyst were added and stirred for an additional 5 h, resulting 

in a final ratio of silicon powder, Super P, and binder of 6:2:2. The slurry was then coated 

onto a copper foil using a spatula and placed in a vacuum drying oven for 12 h. Afterward, 

the coated material was cut into pieces, weighed, and returned to the vacuum-drying oven for 

another 12 h. The final mass loading of silicon is 1.53 mg, and the areal density is 1.0 mg·cm−2. 

Assembling of button half cell: The prepared pole pieces were assembled into a CR2032 

cell in a glove box filled with inert gas, using lithium as the reference electrode; Celgard 2500 

diaphragm was used, and the electrolyte was 1 M LiPF6 dissolved in ethylene carbonate (EC), 

diethyl ethyl carbonate (DEC), and ethyl methyl carbonate (EMC) in the volume ratio of 

1:1:1, and 10% fluorine-substituted ethylene carbonate (FEC) was added to it, and the 

electrolyte volume was 120 μL. 

Material characterization: FTIR spectra were tested on samples that were scanned using 

a Bruker VERTEX-70 (Karlsruhe, Germany) with a resolution of 4 cm–1 and a scanning range 

of 600–4000 cm–1. 1H-HMR was measured using a Bruker Avance 400 Nuclear Magnetic 

Resonance Spectrometer (Karlsruhe, Germany). XRD was tested by a TESCAN MIRA 

(Toshima, Tokyo) using Cu Kα radiation (λ = 0.154 nm) was tested. Differential Scanning 

Calorimetry (DSC) was tested on a DSC manufactured by DSC204F1S Ray Diffractometer, 

(Selb, Germany). Tensile and 180° peeling experiments were performed on the samples using 

an electronic tensile tester (Zwick/Roell Z005, Ulm, Germany). In the tensile test, the 

samples (50 mm × 5 mm) were tested at a tensile rate of 5 mm·min–1. In the 180° peeling 

test, the prepared poles were first cut into rectangles of 30 cm in length and 15 cm in width 

and then peeled off at a tensile rate of 10 mm min-1 by using a 10 cm wide piece of 3M 

adhesive tape to adhere to the side coated with the active material. Nanoindentation was 

performed with a Berkovich nanoindentation tester (Nano Test Vantage, Wrexham, Wales, 

England). The swelling test can show the stability and absorption characteristics of the 

adhesive in the electrolyte, and the swelling was calculated according to the following 

formula: swelling rate = 100% × (mb−ma)/ma, where ma and mb are the mass of the electrode 
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before and after swelling, respectively. SEM was performed using a TESCAN MIRA, which 

was used to observe the surface and cross-section morphology of the samples. 

Electrochemical characterization: charge/discharge tests and multiplicative charge/discharge 

were performed on the cells at 0.005–1.5 V using the Blue Power System. Cyclic 

voltammetric tests were performed on the cells using a Bio-Logic electrochemical 

workstation with 5 and 3 scans at 0.001–1.5 V using a voltage scan rate of 0.1 mV·s−1. EIS 

tests were performed on a Bio-Logic VMP3 electrochemical workstation with a scanning 

interval of 100 mHz-7 MHz and an amplitude of 5 mV. All potentials in this paper are based 

on (vs. Li/Li+), and all tests were performed at room temperature (~30 °C). 

3. Results and discussion 

To confirm the success of the epoxy functionalization of GA (Figure 1a) and its subsequent 

cross-linking reaction (Figure 1b), we conducted detailed structural characterization using 1H 

NMR and FTIR. First, as shown in the 1H NMR spectrum in Figure 1c, the peak at 3.3 ppm 

corresponds to water. The proton absorption peaks of the epoxy group in ECH are located at 

2.6 ppm and 2.8 ppm, and the peaks for -CH2- appear at 3.5–3.9 ppm. For GA, the proton 

absorption peaks on the benzene ring are at6.91 ppm, and the characteristic peaks of the 

phenolic hydroxyl groups are 8.7–9.4 ppm. After modification with ECH, GA shows proton 

peaks of the epoxy group at 2.6–2.9 ppm and characteristic peaks of -CH2- at 3.5–3.9 ppm. 

Due to changes in the substituents on the benzene ring, the proton absorption peaks on the 

benzene ring shift to 7.12 ppm. As seen in the FTIR spectrum in Figure 1d, the peaks in the 

GA spectrum at 3492 cm–1, 3274 cm–1, and 1660 cm–1 correspond to the -OH groups on the 

benzene ring, the -OH in carboxylic acids, and the -C=O group in benzoic acid, respectively. 

The peaks at 1602 cm–1 and 858 cm–1 represent the C=C absorption peaks in the benzene 

ring. After modification with ECH, the -OH peak on the benzene ring disappears and 

transforms into the -OH peak in the alkyl group (3481 cm−1). Additionally, characteristic 

peaks of the epoxy group and -CH2- appear at 912 cm−1, 2943 cm−1, and 2885 cm−1. These 

results collectively confirm the successful epoxy modification of GA. Finally, after cross-

linking GA with polyvinyl alcohol, the epoxy group peak at 912 cm−1 disappears, the ether 

bond peaks 1000–1300 cm−1 significantly increase, and the -OH peaks generated by the ring-

opening reaction are noticeably strengthened, showing a shift due to hydrogen bonding. 

These results indicate that GA has successfully cross-linked with polyvinyl alcohol, and 

hydrogen bonds have formed between them. 

Mechanical properties are essential for evaluating an adhesive's ability to accommodate 

the volume changes of silicon anodes. Superior mechanical performance is crucial for 

maintaining the structural integrity of electrodes and ensuring interfacial stability [36]. Figure 2a 

displays the tensile curves of various films, showing that the PVA film exhibits a mechanical 

strength of 46 MPa and an elongation at break of 122%. When PVA is cross-linked with  

GA-ECH, the film's elongation at break decreases sharply with an increase in GA-ECH 

content, while its mechanical strength increases rapidly. Notably, the tensile strengths of the 

PG73, PG55, and PG37 adhesive films reach 61 MPa, 89 MPa, and 126 MPa, respectively, 
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all demonstrating high mechanical strength. This significant enhancement in mechanical 

properties enables these adhesive films to effectively suppress the volume changes of silicon 

particles, preventing the fracture and pulverization of silicon during charge and discharge 

cycles. High mechanical strength not only helps maintain the structural integrity of the 

electrode but also ensures the stability of the electrode-electrolyte interface during 

cycling, thereby extending the battery's lifespan [37]. Additionally, the mechanical 

performance of the films is critical for the reliability and stability of the electrode under 

various complex operating conditions. 

 

Figure 1. (a) The reaction scheme for epoxidation modification of GA, (b) The reaction 

equation for PVA with GA-ECH, (c) 1H NMR spectra of GA, ECH and GA-ECH, (d) 

FTIR spectra of GA, PVA, GA-ECH, PVA/GA-ECH. 

To further validate the mechanical properties of the aforementioned adhesives, hardness 

and modulus tests were conducted using a nanoindenter. Figure 2(b, c) indicate that PVA 

exhibits the lowest hardness and modulus, which can be attributed to its linear structure 

causing molecular chain slippage when silicon undergoes significant volume changes. This 

phenomenon poses a challenge to stabilizing the electrode structure during cycling, resulting 

in irreversible changes and a reduction in battery capacity. However, after cross-linking PVA 

with GA-ECH, the PG adhesive demonstrates excellent film-forming properties, 

accompanied by a significant increase in hardness and modulus. Consequently, the resulting 

dual-network structure is better equipped to handle the volume expansion of silicon during 

cycling, thereby maintaining a stable electrode structure and enhancing battery performance. 

These findings align with the results of the tensile testing analysis. 

Adhesion strength is a critical property of adhesives, directly impacting the ability of 

electrodes to maintain electrical contact and structural integrity during cycling [38,39]. The 

significant volume expansion of silicon during cycling can lead to the loss of electrical 
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contact between the active material and the current collector, resulting in electrode structure 

collapse and a shortened battery lifespan. High adhesion strength enables close contact 

between silicon particles and copper foil, enhancing the stability of the electrode structure 

and improving cycling performance. Peel tests characterize the adhesion strength between 

silicon and copper foil. Figures 2(d, e) respectively show the peel test curves and average 

adhesion strength of silicon anodes prepared with different adhesives. The results indicate 

that the peel strength of the PG adhesive is higher than that of pure PVA (0.85 N), and it is 

highest (1.28 N) when the mass ratio of PVA to GA-ECH is 5:5. The improvement in peel 

strength is attributed to the introduction of GA-ECH. The molecular structure of GA-ECH 

contains hydroxyl and epoxy groups, which can not only form hydrogen bonds with PVA but 

also undergo ring-opening reactions to form covalent bonds. Additionally, a large number of 

active groups in the adhesive interact via hydrogen bonding with silicon particles and copper 

foil, effectively maintaining the integrity of the electrode structure and electrical contact. 

The swelling performance of adhesives is closely related to their liquid absorption 

properties, with higher swelling aiding the migration of Li+ in the electrode. As shown in 

Figure 2f, PVA has a low swelling rate, less than 10%, attributed to its high crystallinity. In 

contrast, PG55 exhibits the highest swelling rate at 19.62%, while PG73 and PG37 have 

swelling rates of 14.1% and 11.96%, respectively, significantly higher than PVA. This is 

because the introduction of GA-ECH disrupts the crystallinity of PVA, enlarging the gaps 

between molecular chains and increasing the swelling rate. It is worth noting that excessively 

high swelling rates can lead to a decrease in the adhesive's adhesion strength. However, the 

cross-linked network of PG prevents excessive swelling, keeping the swelling rate 

controlled between 10% and 20%, balancing adhesion strength and liquid absorption, 

thereby enhancing the battery's cycling performance. 

Figure 2. (a) The tensile curves of binder films, (b) hardness, (c) reduced modulus, (d) 

peel curves, (e) average adhesive force and (f) swelling ratio for silicon anodes prepared 

using PVA, PG73, PG55, and PG37 binders. 
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Before the preparation of the electrode, we used XRD (Figure S1) and SEM (Figure S2) 

to analyze the Si particles, indicating its crystallinity and particle size. To explore the impact 

of different binders on electrode cycling stability, galvanostatic charge/discharge tests were 

conducted on various half-cells within a voltage range of 0.005 to 1.5 V. Figure 3a outlines 

the initial charge-discharge cycles, where all cells were first activated at a current density of 

210 mA·g−1 before cycling at 420 mA·g−1. Table S1 summarizes the initial coulombic 

efficiency and initial charge-discharge capacities of the various electrodes. The first 

discharge capacities of the PVA electrode, PG73, PG55, and PG37 electrodes are 3753 

mAh·g−1, 3759 mAh·g−1, 3875 mAh·g−1, and 3658 mAh·g−1, respectively, with 

corresponding first coulombic efficiencies of 80.33%, 85.82%, 88.92%, and 84.31%. The 

PVA electrode's lower first coulombic efficiency, at only 80.33%, is attributed to its high 

crystallinity (Figure S3), resulting in a dense electrode surface with low liquid absorption, 

which is unfavorable for lithium-ion transport. However, after cross-linking PVA with 

GA-ECH, the coulombic efficiency significantly improved, especially with a mass ratio of 

5:5. This enhancement is due to the introduction of GA-ECH, which reduces the regularity 

and crystallinity of PVA molecular chains, increases electrolyte absorption, and promotes Li+ 

transport. Moreover, the dual network structure formed by hydrogen bonds and covalent 

bonds effectively disperses the enormous stress caused by the volume expansion of silicon 

particles, maintains contact between the active materials and the current collector, stabilizes 

the SEI film on the electrode surface, reduces electrolyte consumption, and achieves higher 

coulombic efficiency. 

The Si anodes, prepared with different adhesives, underwent cycling performance 

evaluation at a current density of 420 mA·g−1. Figures 3b and S4 provides a comprehensive 

overview of the cycling performance of various PG electrodes. Compared to the PVA 

electrode (1536 mAh·g−1), the PG electrodes exhibit significantly enhanced cycling stability. 

After 200 cycles, the remaining specific capacities of the PG73, PG55, and PG37 electrodes 

are 2289 mAh·g−1, 2480 mAh·g−1, and 2122 mAh·g−1, respectively. Among these, PG55 

exhibits the best cycling stability. This improvement is attributed to the formation of a  

cross-linked network structure when PVA is combined with GA-ECH at a mass ratio of 5:5, 

enhancing both tensile and peel strength, effectively suppressing the excessive volume 

expansion of silicon particles, maintaining electrode structural stability, and extending 

electrode lifespan. Conversely, at a mass ratio of 7:3, the fewer covalent bonds formed are 

less effective in suppressing the excessive volume expansion of silicon, resulting in silicon 

particle fracturing, excessive electrolyte consumption, and the formation of a thicker SEI 

film, leading to reduced residual battery capacity. Meanwhile, at a ratio of 3:7, excessive  

GA-ECH leads to a significant number of remaining epoxy groups on the molecular chains, 

which undergo aging during extended cycling, significantly reducing the mechanical 

properties of the PG37 adhesive and weakening its ability to inhibit silicon particles, 

ultimately resulting in poorer cycling performance. To further verify the stabilizing effect of 

the PG binder on the anode at higher current densities, we conducted cycling performance 

tests at a current density of 840 mA·g−1. As shown in Figures 3c and S5, after 200 cycles, the 

remaining specific capacities of the PG73, PG55, and PG37 electrodes were 1597 mAh·g−1, 
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1822 mAh·g−1, and 1403 mAh·g−1, respectively. Additionally, we compared the performance 

of PG binders with that of general binders such as CMC [40] and PAA [41], as reported in 

the literature. Specifically, CMC achieved a capacity of 1178 mAh·g−1 after 100 cycles at a 

current density of 400 mAh·g−1, while PAA only reached 1046 mAh·g−1 after 150 cycles at 

a current density of 300 mA·g−1. In comparison, the electrode prepared with the PG55 binder 

in this work exhibited superior cycling stability. 

Additionally, rate performance tests were conducted on different electrodes at current 

densities of 210 mA·g−1, 420 mA·g−1, 840 mA·g−1, and 2100 mA·g−1 within the voltage range 

of 0.005–1.5 V. As shown in Figure 3d, the PVA and PG73 electrodes exhibit low cycling 

capacity and rapid decay at high current densities. This is because PG73 contains the highest 

amount of PVA components and has the least degree of cross-linking, resulting in mechanical 

properties similar to those of the PVA binder. Consequently, at high currents, during the rapid 

intercalation/deintercalation of lithium ions, neither PG73 nor the PVA binder can 

effectively suppress the volume expansion of the Si anode, resulting in extremely low 

discharge capacities. In contrast, benefiting from superior mechanical properties and a more 

robust dual cross-linking structure, the PG55 and PG37 binders can stabilize the electrode 

structure. Both exhibit higher cycling-specific capacities at high current densities and when 

the current density returns to 420 mA·g−1, the specific capacity also returns to its initial value, 

indicating a high reversible capacity. This further underscores the beneficial role of hydrogen 

bonds and covalent bonds in the three-dimensional network in maintaining electrode 

structural stability and enhancing battery cycling performance. 

Cyclic voltammetry (CV) curves serve as indicators of the lithium deintercalation 

process during electrode cycling. In this study, the PG55 electrodes underwent three CV 

scans within the 0–1.5 V voltage range at a scan rate of 0.1 mV·s−1. As illustrated in Figure 3e, 

the reduction peaks at 0.20 V and 0.01 V are associated with the formation of Li12Si7 and 

Li15Si4 alloy phases during discharge, respectively. Crystalline silicon undergoes a two-step 

phase transition to form lithium silicide (LixSi) alloys. Conversely, the peaks at 0.37 V and 

0.52 V correspond to lithium extraction during battery charging, where lithium silicide  

de-alloys form amorphous silicon. With the scan progression, these peaks increase in 

magnitude, indicating thorough lithium deintercalation processes within the electrode that 

become progressively activated. Furthermore, Figure S6 illustrates the cyclic 

voltammograms of pure PG55 adhesive within the working voltage range of 0–1.5 V. It is 

evident that after scanning at a voltage scan rate of 0.1 mV·s−1, no distinct redox peaks are 

observed. This observation suggests excellent electrochemical stability of the PG55 binder 

within the working voltage range of silicon anodes, thus meeting the requirements for the 

binders of silicon anodes. 

The impact of different binders on the electrochemical kinetics of the Si anode was 

further investigated using electrochemical impedance spectroscopy (EIS). Before cycling, all 

electrodes exhibited similar interface impedances (the fitting circuit is shown in Figure S7), 

as illustrated in Figure S8. However, after 100 cycles at a current density of 420 mA·g−1 

(Figure 3f, the fitting circuit is shown in Figure S9), all PG electrodes showed lower interface 

impedances compared to the PVA electrode. This improvement is attributed to the 



Renew. Sust. Energy   Article 

 

10 

excellent mechanical properties and unique dual-crosslinking structure of PG binders, 

which effectively mitigate the volume expansion of the Si anode during cycling, ensuring the 

integrity of the electrode structure and the stability of the SEI film. 

 

Figure 3. (a) Details of initial charge-discharge for each anode, (b) cycling behavior 

of PVA, PG73, PG55, and PG37 electrodes at a current density of 420 mA·g−1, (c) 

cycling behavior of PG73, PG55, and PG37 electrodes at a current density of 840 mA·g−1, 

(d) rate performance plots of PVA, PG73, PG55, and PG37 electrodes, (e) cyclic 

voltammetry curve of PG55 electrode, (f) electrochemical impedance spectroscopy of 

PVA, PG73, PG55, and PG37 electrodes after 100 cycles at 420 mA·g−1 current density. 

SEM images of electrodes prepared with different binders before and after cycling are 

presented in Figure 4. Figure 4a illustrates the highly dense surface of the PVA electrode, 

attributed to its high crystallinity, resulting in a low liquid absorption rate in swelling tests. 

This density impedes the access of lithium ions to the silicon surface, leading to lower initial 

Coulombic efficiency and subpar cycling performance. Conversely, after cross-linking PVA 

with modified GA-ECH, the dense crystallinity of PVA is disrupted, creating a porous 

structure on the surface of the PG electrode (Figure 4c, e, g). This porous morphology 

facilitates lithium-ion transport, thus improving initial Coulombic efficiency and cycling 

performance. After 100 cycles at a current density of 420 mA·g−1, the PVA electrode surface 

exhibits numerous large cracks, attributed to the linear structure of polyvinyl alcohol being 

ineffective in mitigating the volume expansion of silicon particles during cycling. This results 

in substantial changes in the electrode surface structure, increased electrolyte consumption, 

reduced lithium ion content, and ultimately, degraded cycling performance. In contrast, the 

surface of the PG electrode remains predominantly intact without significant cracks, 

indicating that the binder's high-strength dual-network structure effectively suppresses 

the volume expansion of silicon particles, preserves the integrity of the electrode structure, 

and promotes the formation of a stable SEI film. This mitigates further electrolyte 

consumption, thereby enhancing the cycling lifespan of lithium-ion batteries. 
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Figure 4. Surface SEM images of different electrodes before and after cycling. (a) 

PVA@Si, (b) PG73@Si, (c) PG55@Si, (d) PG37@Si electrodes before cycling, (e) 

PVA@Si, (f) PG73@Si, (g) PG55@Si, (h) PG37@Si electrodes after cycling 100 

times at a current density of 420 mA·g−1. 

 

 

(a) 

(b) 

(c) 

(d) 

 (e) 

(f) 

(g) 

(h) 
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4. Conclusion 

In this study, GA was modified with ECH, successfully grafting epoxy groups onto its 

molecular structure. Subsequently, these groups cross-linked with hydroxyl groups in PVA, 

forming hydrogen bonds between unreacted polar groups, while the presence of benzene 

rings endowed the binder with high mechanical strength. This resulted in the preparation of 

a binder with a robust three-dimensional dual network structure of hydrogen and covalent 

bonds. Tensile and nanoindentation tests demonstrated that the cross-linked binder exhibited 

high mechanical strength, effectively mitigating significant volume expansion in silicon. Peel 

tests indicated that the PG binder possessed strong adhesion, ensuring close contact between 

active materials and current collectors, thereby enhancing battery cycling performance. 

Constant current charge-discharge tests revealed that the PG55 electrode exhibited superior 

cycling performance, with an initial Coulombic efficiency as high as 88.92% and a specific 

capacity of 1822 mAh·g−1 after 200 cycles at a current density of approximately 840 mA·g−1 

and a mass loading around 1.0 mg·cm−2. SEM analysis further confirmed that the PG55 

electrode maintained a more intact electrode structure. In conclusion, the experimental 

results demonstrate that the high-strength three-dimensional dual network binder can 

effectively mitigate silicon volume expansion to maintain electrode structural integrity, 

thereby exhibiting excellent cycling performance in batteries. 
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