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Abstract
Si/Gr anodes have high specific capacity but their cycle stability is not ideal due to excessive volume expansion during 
discharge/charge cycling, thereby limiting the commercialization of lithium-ion batteries (LIBs). In this paper, a chitosan-
polyvinyl alcohol (CS-PVA) water-based binder was prepared. Unlike conventional one-dimensional structural adhesives, 
CS-PVA adhesives are rich in hydroxyl and amino polar groups. The polar groups induced interactions with Si–OH on silicon 
particles, further enhancing the structural stability of Si/Gr anode to maintain long-term stable cycling of LIBs. In addition, 
the Si/Gr anode formed a stable solid electrolyte interface (SEI) during the activation process, leading to long-term stable 
cycling Si/Gr anodes. The first Coulomb efficiency of Si/Gr@PC11 anode reached 85.5%. And at the current density of 0.5C, 
the discharge capacity stabilized at 505mAh  g−1 after 200 cycles, and reached 433mAh  g−1 after 500 cycles. In summary, the 
success of this work provides a promising avenue to develop high-capacity lithium battery packs with extended cycle life.
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Introduction

The binder is an inactive component of the electrode pur-
posed to mainly bind the active material with conductive 
additive, as well as binds both to the surface of the cur-
rent collector. In lithium batteries, binders, such as poly-
vinylidene fluoride (PVDF), are considered non-functional 
components. However, recent studies have shown that bind-
ers greatly influence the cycling stability and capacity reten-
tion of batteries [1–4]. In commercial lithium-ion batteries 
(LIBs), polyvinylidene fluoride (PVDF) is often used as a 
binder due to its good adhesion and wide electrochemical 
window. However, the van der Waals forces between PVDF 
and active species cannot accommodate the huge volume 
change (300–400%) of silicon particles during charge/

discharge cycling. Meanwhile, PVDF uses N-methyl-2-pyr-
rolidone (NMP) solvent, which is volatile, flammable, and 
explosive with a serious impact on the environment [5, 6]. 
Hence, numerous binders containing reactive groups have 
been used on silicon-based anodes. Examples include car-
boxymethyl cellulose (CMC) [7], guar gum [8], karaya gum 
[9], sodium alginate (Alg) [10], and β–cyclodextrin polymer 
(β–CDp) [3]. Some studies showed that the reactive groups 
in such binders can form hydrogen bonds with silicon par-
ticles to yield stronger adhesion than PVDF. However, such 
polymer binders are only one-dimensional structures, prone 
to sliding of their linear molecular chains slide to result in 
fall off of the surface of the active material during repeated 
discharge/charge processes. The three-dimensional (3D) 
structure effectively buffers the volume expansion of silicon, 
thereby improving the cycle life of silicon-based anodes [11, 
12]. Recently, many 3D cross-linkable polymers including 
PAA-CMC [13], PAA-PEI [14], CMC-SA [15], and PAA/
poly-rotaxane [16] have been explored as binders for Si-
based anodes owing to their better mechanical strain resist-
ance, good performance, and strong interaction with silicon 
particles. However, despite the great progress of binders 
on silicon-based anodes, relatively few binders have been 
practically applied to commercial Si/Gr anodes. Therefore, 
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developing adhesives for the practical application of Si/Gr 
anodes is important [17, 18].

Chitosan (CS) is a natural soluble polysaccharide derived 
from poly(N-acetyl-D-glucosamine) (chitin), mainly com-
posed of β-(1,4)-linked 2-deoxy-2-amino-D-glucopyranose 
unit. Extensive research has so far been carried out in 
antibacterial [19], water treatment [20], medical [21], and 
energy storage [22]. Recently, CS has received extensive 
attention as an alternative binder in electrodes due to its 
abundant reactive groups (amino and hydroxyl groups). The 
first Coulombic efficiency of the PVDF-based graphite elec-
trode has been estimated to 89.3%, while the first Coulom-
bic efficiency of the CS-based graphite electrode has been 
improved to reach 95.4% [23]. Compared to PVDF-based 
silicon-based anodes, carboxymethyl chitosan-based silicon-
based anodes also showed better cycling stability, with a dis-
charge capacity of 950 mAh  g−1 after 50 cycles at a current 
density of 500 mAh  g−1 [24]. In addition, CS-based adhesive 
systems with cross-linkable groups may be more suitable for 
LIBs, including CS-(glutaralde-hyde) [25], carboxymethyl 
CS/poly (ethylene oxide) [26], and CS-PAA/PAANa [27]. 
On the other hand, though these binder systems effectively 
improve the electrochemical performance, their application 
in Si/Gr anodes is not suitable due to the complex prepa-
ration process and poor adhesion performance. Therefore, 
exploring novel binder systems suitable for Si/Gr anodes is 
highly desirable.

PVA is an excellent hydrophilic polymer with good chem-
ical resistance. Its non-toxic and biodegradable properties 
made it widely used in practical life, including as adhesive in 
the textile, biomedical, and pharmaceutical industries [28]. 
PVA can also be easily modified by chemical crosslinking to 
improve its electrical and thermal properties [29]. In addi-
tion, PVA containing large numbers of hydroxyl groups is 
made of gel polymer electrolytes with good ionic conduc-
tivity due to its strong intermolecular and intramolecular 
interactions with Li ions [30]. However, the one-dimensional 
structure of PVA is difficult to accommodate the volume 
expansion of Si particles when used in Si/Gr anodes. When 
PVA is combined with other polymer binders containing a 
large number of active groups (-OH, -NH2), the -OH groups 
on the PVA group will form dynamic hydrogen bonds with 
other active groups, thereby forming a three-dimensional 
network structure, which further promotes the mechanical 
strength of the binder system [31].

In this work, the PVA-incorporated chitosan network 
structure was designed to obtain sufficient adhesion and 
elasticity, further enhancing the structural stability of the 
Si/Gr anode and enabling batteries with a stable SEI layer 
during activation. To this end, CS and PVA were mixed at 
a certain proportion to yield a 3D network water-soluble 
binder (denoted PC) for Si/Gr anode. Here, CS endowed PC 
adhesive with strong adhesive ability, and PVA improved the 

flexibility of PC adhesive and combined with CS to form 
dynamic hydrogen bonds. The electrochemical properties 
of Si/Gr@PVDF, Si/Gr@CS, and Si/Gr@PC anodes were 
explored by investigating the effect of PC binder on the 
electrochemical performance of Si/Gr anodes. The Si/Gr 
anode based on PC11 binder exhibited a reversible capacity 
of 433 mAh  g−1 after 500 cycles at 0.5C, a value signifi-
cantly higher than those of Si/Gr@PVDF and Si/Gr@CS 
electrodes. At a super-large rate of 5C, the reversible capac-
ity of Si/Gr@PC11 electrode was tenfold and sevenfold of 
those of Si/Gr@PVDF and Si/Gr@CS electrodes. Surface 
SEM images showed that the PC11 anode maintained integ-
rity before and after 100 cycles with little microcracks and 
delamination.

Experimental section

Materials

Chitosan (Mw = 100–300 kDa) was purchased from J&K 
Chemical, and polyvinyl alcohol (Mw = 145  kDa) was 
obtained from Shanghai Aladdin. Silicon/graphite powder 
(about 6% Si) was received from Shenzhen BTR Nanosci-
ence and Technology Co., Ltd, and Super P (99%) was pro-
vided by Alfa Aesar. All chemicals were used as received 
without further purification.

Preparation of the CS − PVA binders

The preparation consisted of dissolving chitosan in a 2 wt % 
acetic acid aqueous solution to form a 2 wt % chitosan solu-
tion. Next, 5 wt% PVA solution was prepared by dissolving 
2 g PVA in 38 g de-ionized water at 95℃. Different amounts 
of PVA to CS solutions were then designed to configure 
three CS-PVA mixed solutions with different ratios. The 
mass ratios of PVA and CS in the three mixed solutions were 
set to 1:1, 1:2, and 2:1, denoted as PC11, PC12, and PC21, 
respectively. The PC binder was stirred for 24 h before use 
and detailed feed composition for preparing the PC adhesive 
is listed in Table S1.

Characterization

The functional groups on the surface of each sample were 
characterized by Fourier transform infrared (FT-IR, Nico-
let 6700) spectrometry. Differential scanning calorimetry 
(DSC, Discovery DSC25) analysis was used to determine 
the samples’ glass transition temperature. Thermogravimet-
ric analysis (TGA) experiments were performed on a TA 
Instruments (TGA Q50) system under  N2 flow (60 mL/min) 
in the scanning range of 25 to 600 °C and heating rate of 
10 °C/min. Peeling tests were carried out on a UTM6103 
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universal testing machine. To this end, the coated side of 
each electrode (3 × 8 cm) was attached to single-sided adhe-
sive tape (2.5 × 7.5 cm), while the other side was attached 
to a fixed glass using double-sided adhesive tape. The coat-
ing layer peeled off the copper current collector by pulling 
the single-sided adhesive tape at an angle of 180° with a 
constant displacement rate of 10 mm/s. X-ray diffraction 
(XRD) was carried out on an X’Pert Pro MPD X-ray Diffrac-
tometer (PANalytical B.V., Holland) using Cu Kα radiation 
(0.15406 nm). Scanning electron microscopy (SEM, JSM-
7800F, JEOL, Japan) and energy dispersive spectrometry 
(EDS) were employed for morphology, structure, and ele-
ment distribution analyses of commercial silicon/graphite 
power.

Preparation of electrodes and electrochemical 
characterization

The electrodes were fabricated by thoroughly mixing sili-
con/graphite and Super P in an aqueous solution of PC 
binder at a weight ratio of 8:1:1 under stirring for 12 h. The 
obtained slurry was then coated on copper foil using a doc-
tor blade, followed by drying in a convection oven for 2 h 
and a vacuum oven at 120 °C overnight. PVDF in NMP and 
CS dissolved in water was utilized as the control binder. 
The areal mass loading of each electrode was controlled to 
approximately 2.0 mg  cm−2. In an argon-filled glove box, the 
electrodes were cut into circular sheets (diameter 14 mm), 
and their cycling performances were evaluated in CR2032-
type coin cells using Li metal as the counter electrode, the 
polyethylene film (Celgard 2400) as the separator, and 1.0 M 
 LiPF6 in EC/DEC (1:1 by volume) containing 5 wt% FEC 
as the electrolyte. To assemble coin-type full cells,  LiFePO4 
cathode was fabricated by preparing a slurry consisting of 
 LiFePO4, super P, and PVDF in a weight ratio of 80:10:10 
in NMP. The slurry was cast onto aluminum foil and dried 
at 70 ℃ for 12 h under a vacuum. The n/p ratio defined by 
the capacity ratio between the anode and cathode was 1.15. 
The organic electrolyte of full cells was the same as that 
of half cells. As for the half cells, galvanostatic charge/dis-
charge tests were recorded on a Neware BTS-81 instrument 
between 0.01 and 1.5 V (versus Li+/Li). A low C rate (0.05 
C) was used for the first two cycles of activation, followed 
by cycling tests at 0.5 C (1 C = 600 mAh  g−1). As for the full 
cell, galvanostatic charge/discharge tests were recorded on 
a Neware BTS-81 instrument between 2 and 4.2 V. A low C 
rate (0.05 C) was used for the first two cycles of activation, 
followed by cycling tests at 1 C (1 C = 170 mAh  g−1). Elec-
trochemical impedance spectroscopy (EIS) and cyclic vol-
tammetry (CV) measurements were carried out on a 1470E 
electrochemical workstation (Solartron Analytical). The 
CV scans were obtained at a scan rate of 0.2 mV  s−1 in the 
voltage range of 0.01–1.5 V. The EIS measurements were 

performed at an amplitude value of 10 mV and frequencies 
between 10 mHz and 100 kHz. All EIS fitting data were 
obtained by ZView software (Scribner Associates, Version 
3.5).

Results and discussion

The binding mechanism of CS and PVA binders and that 
between PC binder and active substances are provided in 
Fig. 1a–b. The combination of PC binder with the active 
material formed a strong chemical bond between the active 
groups -OH and -NH2 with the silicon particles, leading to 
a tightly combined active material, conductive agent, and 
binder [32]. This structure well maintained the stability of 
the Si/Gr anode, enabling withstanding the repeated expan-
sion of silicon particles during long-term cycling [33].

The FTIR spectra of CS, PVA, PC11, PC12, and PC21 
are shown in Fig. 2a. The peaks at about 3329, 2889, and 
1022   cm−1 in the FTIR spectrum of CS were attributed 
to the stretching vibrations of N–H/O–H, C-H, and C-O, 
respectively. The peaks at about 1649, 1550, and 1373  cm−1 
corresponded to the stretching vibration of C-O (amide-I), 
the in-plane bending vibration of N–H (amide-II), and the 
stretching vibration of C-N (amide-III), respectively [27]. 
Compared to CS spectra, both the N–H and O–H peaks 
in the PC binder system shifted to lower wavenumbers 
(1548  cm−1 and 3283  cm−1), confirming the formation of 
hydrogen bonds. In addition, the stretching vibration peak 
intensity of C-O (amide-I) in the PC binder system was 
greatly reduced, further proving the formation of intermo-
lecular hydrogen bonds [15].

Binders with high crystallinity often impede the flow of 
electrolyte molecules and increase the resistance of the elec-
trodes, thereby reducing the electrochemical performance of 
LIBs [34]. Therefore, preparing adhesives with amorphous 
structures or with low crystallinity is important. The XRD 
patterns of PVDF, PVA, CS, PC11, PC12, and PC21 are 
shown in Fig. 2b. PVDF and PVA were crystalline poly-
mers with high crystallinity, while CS was amorphous. The 
crystallinity of the PC binder containing PVA was signifi-
cantly lower than that of PVDF. This may reduce the inter-
nal impedance of the cell to a certain extent, resulting in 
good capacity retention. The transition of the PC binder to 
an amorphous state also further demonstrated the intermo-
lecular interaction between CS and PVA [35]. After XRD 
measurements, CS and PC binders were found more suitable 
for LIBs than PVDF.

Better wettability between the binder and the current col-
lector allows for better adherence to the slurry to adhere. The 
contact angle between each binder and the current collector 
is shown in Fig. S1. The contact angles of CS, PVDF, PC11, 
PC12, and PC21 with the current collector were estimated 
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to 90.7°, 93.6°, 82.0°, 88.5°, and 71.6°, respectively. The 
wettability of the PC binder containing PVA improved, con-
ducive to the formation of a tighter bond between the active 
material, conductive agent, and current collector.

The solubility of PVDF, CS, PC11, PC12, and PC21 
films after soaking in the electrolyte for 48 h is displayed 
in Fig. 2c. Although the polymer films were insoluble in 
the electrolyte, they swelled more or less after soaking. The 
swelling rate of CS, PC11, PC12, and PC21 binders after 
soaking for 48 h was much lower than that of PVDF. Larger 
swelling ratios of the binder led to a significant increase in 
electrode thickness, resulting in severe capacity fading and 
shorter cycle life of LIBs. Therefore, the PC can be used as 
a binder for Si/Gr anodes.

The thermal properties of the composite adhesive were 
investigated by DSC and TGA. As shown in Fig. 3a–b, the 
degradation temperature  (T10) values of PC11, PC12, and 
PC21 were estimated to 255.5, 251.3, and 262.2 °C, respec-
tively. Thus,  T10 value of PC binder was higher than that 
of CS (240.3℃), indicating that the introduction of PVA 

improved the thermal stability of PC adhesive. As shown 
in Fig. 3c, the glass transition temperatures (Tg) of PC11, 
PC12, and PC21 were recorded as 81.7, 88.7, and 72.5 °C, 
respectively. The Tg of the PC adhesive was lower than that 
of the CS (106.8 °C), suggesting that the introduction of 
PVA improved the flexibility of the PC adhesive.

Figure 3d shows the 180° peel test results of Si/Gr elec-
trodes prepared by PVDF, CS, PC11, PC12, and PC21. The 
mean peel strengths for PVDF, CS, PC11, PC12, and PC21 
were estimated to 0.5, 0.97, 1.25, 1.13, and 1.07 N  cm−1, 
respectively. Optical images of all electrodes after peel test-
ing demonstrated better adhesion of the PC binder (Fig. S2). 
The electrode material on the pole piece prepared with PC 
binder was hardly peeled off from the copper current col-
lector, while that on the pole piece prepared with CS and 
PVDF looked largely peeled off. The reason for this had to 
do with the structural advantages of the physical cross-link-
ing of CS and PVA in PC binders. Moreover, the CS binder 
formed strong chemical bonds with the surface of the active 
material, closely combining the active material, conductive 

Fig. 1  A The binding mecha-
nism of CS and PVA. b Bond-
ing mechanism between PC 
binder and active substance
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agent, and current collector. As a result, the pole piece pre-
pared by the PC binder possessed a higher mechanical strain 
resistance.

The XRD, SEM, and EDS patterns of the active material 
Si/Gr are depicted in Fig. S3. The content of nano-silicon 
contained in the active material Si/Gr was estimated to 6%. 

The electrochemical performances of Si/Gr anodes prepared 
with each binder were investigated in coin cells. The initial 
charge–discharge curves of Si/Gr@PVDF, Si/Gr@CS, Si/
Gr@PC11, Si/Gr@PC12, and Si/Gr@PC21 anodes at 0.05C 
are summarized in Fig. 4a. The initial charge/discharge 
capacities of Si/Gr@PVDF, Si/Gr@CS, Si/Gr@PC11, 

Fig. 2  A FTIR spectra of binder 
films. b XRD curves of binder 
films. c Swelling ratios of 
binder films. d Adhesive film 
soaked in electrolyte

Fig. 3  A TGA results of various 
binders. b Thermal decomposi-
tion temperature of various 
binders. c DSC curves of bind-
ers. d Peel strength–displace-
ment curves of Si/Gr anodes 
fabricated with various binders 
during 180° peel tests
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Si/Gr@PC12, and Si/Gr@PC21 anodes were recorded as 
608/762, 544/662, 541/633, 549/660, and 558/665 mAh  g−1, 
respectively. The corresponding initial Coulombic efficien-
cies were 79.5%, 82.2%, 85.5%, 83.2%, and 83.9%, respec-
tively (Fig. S4). Si/Gr@PC11 anode exhibited the highest 
reversibility, while the Si/Gr@PVDF anode showed inferior 
performance due to the formation of a thick SEI layer at the 
interface between Si/Gr@PVDF anode and electrolyte [36, 
37]. The PVDF binder with an extremely strong ability to 
absorb electrolytes resulted in continuous decomposition of 
the adsorbed electrolytes to form thick SEI layers. This was 
confirmed by the dQ/dV curve, where two reduction reac-
tion peaks of the electrolyte appeared at 0.79 and 1.01 V 
(Fig. 4b) [38, 39]. Meanwhile, the Si/Gr@CS anode exhib-
ited a similar reduction reaction peak at 0.97 V with smaller 
intensity, indicating the consumption of small amounts of an 
electrolyte by that CS. The PC11, PC12, and PC21 showed 
insignificant reduction peaks at 1.25 V, 1.20 V, and 1.25 V 
when compared to CS and PVDF, respectively. Thus, the 
introduction of PVA further reduced electrolyte consump-
tion and contributed to the formation of thinner SEI layers.

The cycling performances of Si/Gr anodes prepared with 
each binder after 500 cycles at 0.5C are shown in Fig. 4c. 
The relatively large capacity change in the first 100 cycles 
is may be due to increased electrolytepenetration/electrode 
activation during battery operation under ultrahigh current 
density [40, 41]. After 200 cycles, the discharge specific 
capacity of Si/Gr@PVDF, Si/Gr@CS, Si/Gr@PC11, Si/
Gr@PC12, and Si/Gr@PC21 anodes remained around 175, 
344, 505, 450, and 476 mAh  g−1, respectively. Compared 
with the discharge specific capacity of the first cycle, their 

capacity retention rates were 23.0%, 52.0%, 79.9%, 68.2%, 
and 71.6%, respectively. After 500 cycles, the discharge spe-
cific capacity of Si/Gr@PVDF, Si/Gr@CS, Si/Gr@PC11, 
Si/Gr@PC12, and Si/Gr@PC21 anodes remained around 
173, 316, 433, 386, and 403 mAh  g−1, respectively. By 
contrast, the cycling performance of Si/Gr anodes prepared 
with all PC binders was improved to some extent. Among 
electrodes, the Si/Gr@PC11 anode showed the best cycle 
performance. The Si/Gr@PC11 anode displayed a high 
discharge capacity of 505 mAh  g−1 at 200 cycles after the 
previous activation. And after 500 cycles, its discharge spe-
cific capacity is 117 mAh  g−1 higher than that of Si/Gr@CS 
anode. Figure S5 shows the Coulombic efficiencies (CE) of 
Si/Gr@PVDF, Si/Gr@CS, Si/Gr@PC11, Si/Gr@PC12, and 
Si/Gr@PC21 electrodes during long cycling. The CE of the 
Si/Gr@PVDF anode fluctuates greatly during cycling. The 
CE of the Si/Gr@CS anode also fluctuates slightly around 50 
cycles. However, the CE of Si/Gr@PC11 electrode remained 
stable, further demonstrating the superiority of the Si/Gr@
PC11 electrode for long cycling. Figure S6 illustrates the 
long-cycle performance of Si/Gr@PC11 electrode at a cur-
rent density of 120 mA/g (0.2 C). The discharge specific 
capacity is stable at 550 mAh  g−1 after 500 cycles. The rate 
performances of Si/Gr anodes prepared with various bind-
ers were compared at current densities from 0.1 to 5 C and 
the data are gathered in Fig. 4d. The rate capability of Si/
Gr anode using PC binder looked better than those of Si/
Gr@PVDF and Si/Gr@CS anodes. The Si/Gr@PC11 anode 
exhibited the best capacity under all rate conditions. After 
charging and discharging at different rates, the discharge 
capacity of Si/Gr@PC11 anode recovered to 90.8% of the 

Fig. 4  A Voltage profiles. b dQ/
dV plots recorded during the 
first cycle of each Si/Gr anode 
obtained with a different binder. 
c Specific discharge capacity. d 
Rate capability performances 
of Si/Gr anodes obtained with 
different binders
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initial value, with discharge capacity reaching 48 mAh  g−1 
at a high rate of 5C. By comparison, Si/Gr@PVDF and Si/
Gr @CS anodes only recorded 4.5 mAh  g−1 and 7 mAh  g−1, 
respectively. Therefore, introducing an appropriate amount 
of PVA into the CS binder improved the long-term cycling 
performance and rate capability of Si/Gr anodes. The elec-
trochemical performances of the prepared PC11 binder were 
compared with those of some reported binders (Table S2) 
and the results showed that PC11 binder system exhibited 
better long-term cycling stability.

Besides, the coin-type full cells were prepared by pairing 
the Si/Gr@PC11, anode with a  LiFePO4 (LFP) cathode. The 
negative/positive (n/p) ratio of the coin-type full cells was 
set to 1.15. The LFP cathode in full cell delivers a specific 
capacity of 151 mAh  g−1 in the initial activation cycle at 
0.05 C (1 C = 170 mAh  g−1). Even though full cell under-
goes a seriously irreversible process in the initial cycle for 
the growth of SEI film, its ICE is still as high as 79.2%, 
which demonstrates the superior role of PC11 binder in the 
full cell system (Fig. S7b). After the initial two activation 
cycles, full cell delivers a specific discharge capacity of 149 
mAh  g−1 in the first cycle at 1 C (1C = 170 mAh  g−1) with 
the CE of 99.8% (Fig. S7a). Moreover, the full cell demon-
strates decent cyclability of 50 cycles with an average CE of 

99.85% (Fig. S7a). Thus, the PC11 binder has great potential 
for commercial application.

In dQ/dV diagram (Fig. 4b), the electrochemical per-
formance of Si/Gr anode may be related to the formation 
of SEI. Therefore, the formation of SEI was further inves-
tigated by EIS. Figure 5a–b provides the Nyquist plots of 
different anodes after 2 cycles at 0.05C and 100 cycles at 
1.0C. In the EIS diagram,  Rs represents the bulk resist-
ance from the electrolyte and current collector, while the 
two semicircles from high frequency to medium frequency 
are attributed to SEI resistance  (RSEI) and charge transfer 
resistance  (Rct), respectively. The slope at low frequency 
represents the Li+ diffusion resistance (Zw) through the 
porous anode  [42, 43]. The initial  Rct values of Si/Gr@
PVDF, Si/Gr@CS, Si/Gr@PC11, Si/Gr@PC12, and Si/
Gr@PC21 electrodes were calculated according to the 
equivalent circuit (Fig. 5e). As shown in Fig. 5c–d, the ini-
tial  Rct of the latter four electrodes was significantly lower 
than that of Si/Gr@PVDF electrode since the amorphous 
polymer binders were more effective in promoting charge 
transfer at the electrode/electrolyte interface. After 100 
cycles, the  Rct value of each electrode decreased, and that 
of Si/Gr@PC11 was the lowest. The reason for this may 
have to do with the proper introduction of PVA to facili-
tate the rapid formation of a stable SEI layer on the Si/Gr 

Fig. 5  A Nyquist plots of 
various Si/Gr anodes after two 
formation cycles at 0.05 C. b 
Nyquist plots of various Si/
Gr anodes after 100 cycles at 
1 C. d Resistance values of 
various Si/Gr anodes after two 
formation cycles at 0.05 C. e 
Resistance values of various Si/
Gr anodes after 100 cycles at 1 
C. e Equivalent circuit model 
for EIS fitting
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surface to keep a stable conductive network and structure. 
This, in turn, declined the charge transfer resistance of the 
Si/Gr anode.

The electrochemical stabilities of Si/Gr@CS, Si/Gr@
PVDF, Si/Gr@PC11, Si/Gr@PC12, and Si/Gr@PC21 
electrodes were investigated by CV and the data are shown 
in Fig. 6a–e. In the third, fourth, fifth, and sixth cycles 
of the Si/Gr@PVDF electrode, distinct reduction peaks 
(~ 0.10 V), and corresponding delithiation peaks (~ 0.33 V, 
0.53 V) appeared. However, the CV curves of the other four 
electrodes showed different shapes, with a relatively broad 
delithiation peak at 0.37 V and a less obvious reduction 
peak around 0.1 V. This may be related to the formation 
of SEI film on the Si/Gr anode surface [44–46]. The good 

repeatability of the CV curves after the first cycle further 
indicated the improved electrochemical performances of Si/
Gr@PC11, Si/Gr@PC12, and Si/Gr@PC21 electrodes [47, 
48].

The morphologies of the newly fabricated and cycled 
Si/Gr anodes were characterized by SEM. As shown in 
Fig. 7a–b. The flake graphite before cycling was uniformly 
covered by silicon nanoparticles, and no cracks were 
observed on the anode surface. Hence, the morphology of Si/
Gr anode prepared with each binder was uniform and com-
plete. After 100 cycles, many deep cracks appeared on the 
surfaces of Si/Gr@PVDF and Si/Gr@CS anodes (Fig. 7b), 
suggesting the Si/Gr@PVDF and Si/Gr@CS anodes inabil-
ity to adapt to the drastic volume change of Si nanoparticles 

Fig. 6  A–E Cyclic voltammetry plots of various polymer-bonded Si/Gr anodes at a scan rate of 0.2 mV s.−1

Fig. 7  SEM images of various polymer binder-bonded Si/Gr anodes: a before and b after 100 cycles
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during long-term cycling. This would explain their poor 
cycling performance and large electrode impedance. By 
contrast, the Si/Gr@PC11, Si/Gr@PC12, and Si/Gr@PC21 
anodes showed only small amounts of cracks, and Si/Gr@
PC11 performed the best. Thus, the physical cross-linked 
structure of PC binder effectively maintained the structural 
stability of the Si/Gr anode, leading to improved long-term 
cycle stability of the electrode.

An ideal binder should contribute to constructing a stable 
solid-electrolyte interphase (SEI) on Si/Gr anode materials. 
Thus, electrode surfaces were wrapped with binders in the 
pristine state, then covered with SEI layers after cycling. 
To gain a better understanding of the effect of binders on 
the formation of the SEI layer, XPS was carried out, and 
Fig. 8 shows the high-resolution spectra of the C 1 s, O 
1 s, and F 1 s. Characteristic peaks of C–C (284.8 eV), 
C–O–C(286.5 eV), and C = O(288.4 eV) are observed in 
Fig. 8a [49]. An additional peak at 289.6 eV was noticed, 
attributed to the formed SEI layer components, such as car-
bonate  (Li2CO3) [50]. Comparison of C 1 s spectra of Si/
Gr@PC11 electrodes with that of Si/Gr@CS electrodes 
showed a decline in the intensity of the peak corresponding 
to the SEI layer components for Si/Gr@PC11 electrodes. 
Thus, the Si/Gr@PC11 electrode had a thinner SEI layer 
since PC11 binder was well coated onto Si/Gr particle’s 
surface, which inhibited parasitic reactions at the (Si/Gr)/
electrolyte interface. This result was also verified by O 1 s 
spectra (Fig. 8b). After 100 cycles, the spectra of both elec-
trodes showed a significant difference due to the formation 
of SEI layer. Typical SEI species of  ROCO2Li (531.5 eV) 
and  Li2CO3 (532.1 eV) were detected. The relative ratio of 
the  Li2CO3 peak intensity in Si/Gr@PC11 electrode was 
smaller than that of Si/Gr@CS electrode, consistent with the 
above observation from C 1 s. The F 1 s spectrum is shown 
in Fig. 8c. After 100 cycles, the electrodes displayed a peak 
at 684.5 eV linked to LiF, and another peak at 686.5 eV 
related  toLixPFyOz. Importantly, the LiF peak intensity was 
strong in Si/Gr@PC11 electrode. LiF, as an effective pas-
sivation layer, may have a low Li ion diffusion barrier. Thus, 

the higher-LiF-containing SEI layers in the Si/Gr@PC11 
electrodes could be more ionically conductive to stabilize 
the electrodes [51].

Conclusions

The design, preparation, and performance of the aqueous 
binder CS-PVA as Si/Gr anode binder in LIBs were stud-
ied. The following conclusions can be drawn: the physically 
cross-linkable reactive groups facilitated the formation of a 
robust 3D network of the binder inside the Si/Gr anode, sup-
pressing the volume expansion of silicon nanoparticles in the 
Si/Gr anode. This also ensured the integrity of the electrode 
after long-term cycling, as well as improved the electro-
chemical performance of the Si/Gr anode. The first Coulomb 
efficiency of Si/Gr@PC11 electrode reached 85.5%. And at 
the current density of 0.5C, the discharge capacity stabilized 
at 505mAh  g−1 after 200 cycles, and reached 433mAh  g−1 
after 500 cycles, a value significantly higher than those of Si/
Gr@PVDF and Si/Gr@CS electrodes. At a super-large rate 
of 5C, the reversible capacity of Si/Gr@PC11 electrode was 
tenfold and sevenfold of those of Si/Gr@PVDF and Si/Gr@
CS electrodes. The excellent long-term cycling stability and 
high-rate performance of PC11-based Si/Gr anodes and low 
cost and facile preparation of PC11 binder suggested PC11 
as a promising binder for Si/Gr anodes in Li-ion batteries.
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