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Abstract 

A novel polymer binder synthesized via in situ thermal cross-linking of water-soluble 

polyvinyl alcohol (PVA) and poly(ethylene imine) (PEI) precursor, is applied as a functional 

network binder to enhance the electrochemical performance of silicon anode. The Si anode 

with PVA-PEI binder exhibits high specific capacity (3072.9 mAh g
-1

) in the initial cycle, 

high initial Coulombic efficiency of 83.8% and excellent long-term cycling stability (1063.1 

mAh g
-1 

after 300 cycles). Furthermore, the Si anode containing PVA-PEI binder also exhibits 

excellent rate performance, reaching a high specific capacity of 1590 mAh g
-1

 even at high 

current density of 10 A g
-1

. These outstanding electrochemical properties are ascribed to the 

reversibly-deformable polymer network and the binder’s strong adhesion to the silicon 

particles. This low-cost and eco-friendly polymer binder has great potential to be used for 

silicon anodes in next generation Li-ion batteries. 
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1. Introduction 

Lithium-ion batteries (LIBs) are the most promising energy storage devices for various 

technological applications, including portable electronic devices, hybrid electric vehicles 

(HEVs), electric vehicles (EVs), and smart energy utility grids.
[1-5]

 However, the commercial 

graphite anode cannot enable the creation of batteries that achieve the high energy density 

required for EVs and HEVs, which has motivated research into new high-capacity anode 

materials.
[6-8]

 Materials that can electrochemically form intermetallic alloys with Li are 

promising candidates due to their much higher theoretical capacities.
[9-11]

 Among those, 

silicon (Si) has been extensively investigated due to its high theoretical capacity (~4200 mAh 

g
-1

), low cost and low charge-discharge potential.
[12-17]

 Unfortunately, silicon suffers from 

gigantic volume changes (~400%) during the lithiation/delithiation process, which causes 

pulverization and leads to isolation of the active material and instability of solid electrolyte 

interphase (SEI).
[18-25]

 These in turn result in drastic capacity fading and low Coulombic 

efficiency.
[26-28]

 The situation becomes even worse when fabricating high-energy cells. Many 

efforts have been made to overcome these problems and improve the performance of Si anode. 

One of the main approaches is adopting nanostructured Si materials to better accommodate 

the strain during charge/discharge and thus alleviate the pulverization of active Si 

materials.
[29-31]

 However, the SEI film generally still fails due to the intrinsic volume change 

of Si materials during cycling, leading to limited cycle life.  

The binder, which is one of the most important components of an electrode, is used to bind 

active material and conductive carbon together onto the current collector. Recent studies have 

demonstrated that the polymer binder has a direct effect on the electrochemical performance 

of the electrodes, especially for the irreversible capacity and cyclability.
[32-34]

 In commercial 

LIBs, the most frequently used binder is poly(vinylidene fluoride) (PVDF), which has strong 

adhesion with graphite and a wide electrochemical window. However, PVDF cannot  robustly 

adhere to high-capacity electrodes that exhibit huge volume changes due to its non-
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functionalized linear chain structure.
[32,34,35]

 A binder with better adhesion is thus needed to 

enable good cycle life for Si anodes. Recently, some functional binders such as polyacrylic 

acid (PAA) and carboxymethyl cellulose (CMC) were found to better adhere on silicon 

particles and better accommodate the volume changes. Multi-functional polymer binders were 

also developed to enhance the electrochemical properties of Si anodes. For example, Liu et 

al.
[36]

 synthesized a conductive polymer binder for Si anodes to improve adhesion, ductility, 

and electrolyte-uptake. Nevertheless, the linear chain character of these polymer binders is 

susceptible to sliding upon the continual volume change of silicon during cycling and thus 

their performance has not met the requirements for practical application (e.g. long cycle life, 

high mass loading, and high Coulombic efficiency). To overcome these issues, three-

dimensional network polymers have been developed for silicon anodes, in which the polymer 

chain was anchored by a cross-linking technique. For example, Koo et al.
[37]

 presented a 

thermally cured polymeric binder by chemical cross-linking of carboxymethylcellulose 

sodium (NaCMC) and PAA for a high-capacity Si anode. Ryou et al.
[38]

 prepared mussel-

inspired adhesive binders through conjugation of dopamine hydrochloride to sodium alginate 

(SA) and PAA to obtain high-capacity Si anodes. Song et al.
[32]

 synthesized an interpenetrated 

gel polymer binder with a reversibly-deformable polymer network through in situ cross-

linking of PAA and poly(vinyl alcohol) (PVA). These designs effectively improved the 

electrochemical properties of Si anodes by suppressing the adverse effects of their large 

volume expansion. Although several binders have been developed for Si anodes, the Si 

anodes with these binders still can not meet the demand of practical application in LIBs. 

Hence, development of novel binders is critical for  realizing practical application of the Si 

anodes in LIBs.  

Herein, we develop a novel , reversibly-deformable polymer binder for Si anode materials 

via an in situ thermal cross-linking approach. Considering cost and practical applications, 

water soluble PVA and poly(ethylene imine) (PEI) were selected binder precursors for this 
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method. This polymer binder contains hydroxyl and imido functional groups, and thus can 

form an interconnected network that strongly bonds with Si particles (Figure 1). Meanwhile, a 

relatively stable SEI is formed on the Si electrode with this binder during the cycling process 

as confirmed with atomic force microscopy (AFM). Excellent cycling stability and high rate 

performance were achieved by Si anodes with PVA-PEI binder. Therefore, the PVA-PEI 

binder provides a new binder-design perspective for Si-based anodes in LIBs. 

 

2. Experimental  

Commercially available Si nanoparticles (~50nm, Alfa Aesar) were applied as the active 

material without any further treatment. The poly(vinyl alcohol) (PVA) (Sigma Aldrich) and 

poly(ethylene imine) (PEI) (Aladdin) were purchased as the polymer binder precursors. The 

carboxymethyl cellulose (CMC) (Aladdin) and poly(vinylidene fluoride) (PVDF) (Sigma 

Aldrich) were utilized as control binders. 

The aqueous solution of mixed poly(vinyl alcohol) and poly(ethylene imine) with the 

weight ratio of 8:2 was prepared as polymer binder precursor. For comparison, polyvinylidene 

fluoride (PVDF) solution of N-methyl-2-pyrrolidone (NMP) and aqueous solution of 

carboxymethyl cellulose (CMC) were utilized as control binders. To prepare the working 

electrode of a coin cell, the active material, conducting additive, and binder with the weight 

ratio of 6:2:2 were stirred for 4 h to form homogeneous slurry, and then the slurry was coated 

onto copper foil. Afterwards, the silicon electrode was dried at 100 
o
C for 8 h and then further 

thermally heated at 120 
o
C for 1 h in a vacuum oven. The amount of material on the Cu foil 

was in the range of 3-4.5 mg cm
-2

, thus the active material loading is calculated to be ca.1.8-

2.7 mg cm
-2

. The graphite anodes were prepared containing the active materials, Super P, and 

PVA-PEI binder in a ratio of 7:2:1 (weight ratio). Electrochemical propeties were studied by 

using 2032 coin-type half cells assembled in Ar-filled glove box. Lithium foils and 

polypropylene films were used as counter electrodes and separators, respectively. The 
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electrolyte (3015G, Guo Tai Hua Long Company) was 1 M LiPF6 in a mixture of ethylene 

carbonate (EC) and dimethyl carbonate (DMC) (1:1 by volume). Galvanostatic charge and 

discharge tests were carried out at different constant current densities between 0.01 and 1.5 V 

using a LAND battery test system (Wuhan, China). After cycling, the coin cells were 

dissemabled and the test electrodes were washed and dired for characterization.  

The phase of the as-purchased Si samples was characterized by using a Bruker D8 Advance 

diffractometer (XRD) with Cu Kα radiation, at 2θ range of 20
o
–60

o
 with 0.02 per step. The 

morphology and size of Si particles were determined by a NanoSEM 630 scanning electron 

microscope (SEM, Hitachi, Japan). Fourier transform infrared spectroscopy (FTIR) was 

carried out as diffuse reflectance measurements with powder samples using a Bruker IFS 66/S 

FT-IR spectrometer and Spectra-Tech Collector II DRIFTS accessory. An Agilent 5500 

atomic force microscope (AFM) (Agilent Technologies, Santa Clara, CA) was applied to 

investigate the electrodes using silicon AFM tips (NSC18, Mikromasch, Tallinn, Estonia) 

with a resonance frequency of about 75 KHz and spring constant of about 2.8 N/m. For AFM 

characterization, the test electrodes were prepared and mearsured in an Ar-filled glove box. In 

addition, the surface morphology of electrodes were characterized by using SEM. The 

morphology of cycled Si electrode with PVA-PEI binder was investigated by transmission 

electron microscopy (TEM, Tecnai F20, FEI, America). Cross section of the samples soaked 

in liquide nitrogen were prepared by a microtome (Leitz microtome type 1310, Germany) and 

fixed to a steel sample holder with adhesive tape without touching the surface. 

 

3. Results and discussion  

Figure 2 shows SEM image and XRD pattern of raw silicon nanoparticles, combined with 

FTIR spectra of raw silicon nanoparticles. Commercial silicon nanoparticles having spherical 

shapes with an average size of ~50 nm were used in this study. The XRD pattern in Figure 2 

reveals the crystal structure of the Si nanoparticles. It is well known that Si nanoparticles are 
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covered with a thin layer of amorphous SiO2 because of oxidation when exposed to air.
[34]

 To 

confirm this, FTIR analysis was carried out, as shown in Figure 2. The peak at 3444 cm
−1

 was 

attributed to the hydrogen bonding of Si-OH groups. The peaks at 1179 cm
−1 

and 890 cm
−1 

corresponded to the Si-O-Si asymmetric stretching band and Si-O symmetric stretching band, 

respectively. These characteristic peaks agree well with the previous reports on the existence 

of an SiO2 layer on the surface of Si nanoparticles.
[32] 

 

The silicon electrodes with the reversibly-deformable polymer binder were prepared by an 

in situ thermal polymerization approach. An aqueous solution of PVA and PEI (8:2, weight 

ratio) was used as precursors for the polymer binder. The electrodes were prepared by 

spreading a slurry of 60 wt.% Si nanoparticles, 20 wt.% carbon black, and 20 wt.% polymer 

binder precursors in distilled water onto a Cu-foil current collector, and then dried in a 

vacuum oven. In this manner, the condensation reaction would take place between the 

hydroxyl groups of PVA and the imido groups of PEI. Simultaneously, the hydroxyl 

functional group of PVA would also react with the hydroxyl groups of SiO2 on the surface of 

the Si particle. To verify the chemical structure of the network polymer binder, FTIR was 

carried out, as shown in Figure 3. In the spectrum of PEI, the peaks at 3430 cm
-1 

and 1635 cm
-

1
 originated from N-H bending.

[39]
 For the PVA polymer, the peaks at 3439 cm

-1
 and 1704 cm

-

1
 corresponded to the vibration of O-H groups, and the peak located in 1095 cm

-1 
was 

attributed to the C-O bond.
[40]

 After cross-linking of PVA with PEI, it is clearly seen that the 

vibration peaks of O-H from the PVA ( 1704 cm
-1 

and 3439 cm
-1

) and the peaks of N-H from 

the PEI (1635 cm
-1 

and 3430 cm
-1

) were decreased. These changes demonstrated the 

formation of -CN- groups due to the condensation reaction of PVA and PEI, resulting in a 

cross-linked polymer network. In addition, the FTIR spectra of polymer films prepared with 

silicon showed obvious changes: the O-H bond peak of PVA at 1704 cm
-1

 completely 

disappeared and the stretching vibration peaks of the N-H bond of PEI at 1635 cm
-1

 were 

further reduced. Moreover, the stretching vibration peak of the C-O bond of PVA became 

Page 7 of 26 RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



  

8 

 

broader, due to the appearance of stretching vibration peak of C-O-Si, which overlapped with 

the stretching vibration peak of C-O bond of PVA. These changes indicated the occurrence of 

the etherification reaction between the silicon particles and PVA, which confirmed the 

presence of interactions between the PVA-PEI binder and the Si particles. As identified in 

previous reports,
[32] 

the strong interaction between binder and active Si material is beneficial 

for improving the electrode integrity and thus mitigating destruction of the electrical network 

under a large volume change during cycling. 

CR2032 coin cells were used in charge-discharge measurements to study the 

electrochemical properties of the Si electrodes. To evaluate the PVA-PEI binder, PVDF and 

CMC binders were utilized in fabricating control electrodes prepared and tested following the 

same approach as the PVA-PEI binder. As shown in Figure 4, the electrochemical properties 

of Si anodes with different binders were investigated. Figure 4a shows the voltage profiles of 

the Si electrode with PVA-PEI binder for the 1
st
, 2

nd
, 5

th
, 50

th
, 100

th
, 200

th
 and 300

th
 

galvanostatic discharge-charge cycles. In the first cycle, discharge potential showed a plateau 

at 0.1−0.01 V, consistent with the behavior of crystalline Si. The first discharge and charge 

capacities were 3072.9 mAh g
-1

 and 2575.1 mAh g
-1

, respectively, with an initial Coulombic 

efficiency of 83.8%. This excellent performance of Si anode demonstrated that this polymer 

binder is suitable for practical applications with its great bonding capability. Subsequently, 

the capacity at the 2
nd

, 5
th

, 50
th

, 100
th

, 200
th

, and 300
th 

cycle, compared to the 1
st
 charge 

capacity, was 98.4%, 96.5%, 82.6%, 72.2%, 54.5% and 41.3%, respectively. The comparison 

of cycling stability and Coulombic efficiency of the electrodes with different binders further 

reflected the advantage of PVA-PEI binder. The cycling stability and Coulombic efficiency of 

both the PVA-PEI electrode and control electrodes, cycled at a current density of 1 A g
-1

, are 

shown in Figure 4b. The capacity of the cell with PVDF binder significantly decreased with 

the cycling (40.6 mAh g
-1

 after 50 cycles). The Si anode with CMC binder showed an initial 

capacity of 2910.8 mAh g
-1

 and a better cycling stability (343.6 mAh g
-1

 after 300 cycles) 
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than that with PVDF binder, but was still obviously unsatisfactory. In constrast, the Si anode 

with the PVA-PEI binder exhibited an excellent performance. A high initial capacity of 

3072.9 mAh g
-1

 was achieved, which is about 73.2 % of the theoretical capacity (~4200 mAh 

g
-1

). After 300 cycles, the specific capacity remained over 1060 mAh g
-1

, which is about 3 

times the theoretical capacity of graphite. Furthermore, the Si electrode with the PVA-PEI 

binder also showed a relatively high initial Coulombic efficiency of 83.8%, which increased 

to ~97.7% at the 2nd cycle, and further increased to ~98.9% at the 10th cycle, and finally 

stabilized at ~99.3% in subsequent cycles. The high Coulombic efficiency and stable cycling 

of the silicon anode with the PVA-PEI polymer binder suggests that there exists a relatively 

stable SEI layer, which prevents the reaction between the electrolyte and the lithium. 

  In addition to the comparison of cycle ability, the rate capabilities of the electrodes with 

PVDF, CMC and PVA-PEI binder were also investigated at increasing current densities from 

200 mA g
-1

 to 10 A g
-1

. As shown in Figure 4c, the Si anode with PVDF binder had hardly 

any capacity at high current densities and recovers poorly when a lower rate is again used. 

The rate capability of Si anode with CMC binder was better than that with PVDF binder, 

retaining a specific capacity of ~990 mAh g
-1

 at a high current density of 10 A g
-1

. The Si 

anode with PVA-PEI binder had the best rate performance among the three. The cell exhibited 

a capacity of ~1590 mAh g
-1

 at high current density of 10 A g
-1

, and recovered to the previous 

capacity of ~2798.5 mAh g
-1

 when the rate returned to 200 mA g
-1

. Similar to the high 

Coulombic efficiency and excellent cycling stability, the sufficient high rate capability of the 

silicon anode with PVA-PEI binder should be closely related to a stable SEI film formed on 

the Si anode even cycled at the high current density.  

To verify the above hypothesis, AFM was employed to visualize the SEI morphology on Si 

anodes. The samples with different binders before cycling and after 100 cycles were 

transferred to an Agilent 5500 AFM to quantitively investigate the topography of SEI film on 

the Si electrodes. AFM tips with a resonant frequency of about 75 KHz and spring constant of 
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about 2.8 N/m were used as the probes. Figure 5a-f shows AFM mappings of the silicon 

electrodes before and after cycling, together with the coresponding surface roughness of the 

Si electrodes (Figure 5g). The original Si electrodes with PVDF, CMC, and PVA-PEI binder 

(Figure 5a-c), exhibited granular morphology with ~81.7, 56.1 and 57.3 nm surface roughness, 

respectively. The Si electrodes with CMC and PVDF binders showed similar granular 

distribution, while the electrode with PVA-PEI binder was more compact than those using 

CMC and PVDF binders. Figure 5d-f show corresponding electrode statuses after 100 cycles. 

As shown in Figure 5d, the AFM mapping of electrode containing PVDF binder was very 

indistinct, and its roughness dropped to 35.6 nm. It is necessary to point out that a seriously 

trailing phenomenon happened during the scanning, which made the imaging process very 

difficult.  Since the nanostructured Si materials can accommodate the strain and alleviate their 

pulverization during charge/discharge, it is  plausible that those small and compact grains at 

surface are a thick SEI layer formed on the Si particles. Compared to the electrode with PVDF 

binder, the AFM mapping of the electrode with CMC binder was better (Figure 5e). However, 

the surface roughness of electrode also decreased to 32.1 nm and SEI gathering regions were 

observed. In contrast, the surface roughness of the electrode with PVA-PEI binder increased 

to 61.8 nm, which can be attributed to the mutual adhesion of Si particles and the formation of 

secondary particles with larger size after cycling (Figure 5f). We believe that the Si particles 

were constrainted by the PVA-PEI polymer network, by which these nanoparticles closely 

integrated together with carbon blacks during the cycling process. This could have increased 

interparticle contact and was beneficial to electron transfer, resulting in improved 

electrochemical performance. Furthermore, due to the tight encapsulation of the PVA-PEI 

polymer network, the contact area between the Si particles and electrolyte are greatly reduced. 

It can effectively suppress the formation of SEI film, as shown in Figure 5f. Therefore, the 

cross-linked network of the PVA-PEI binder can help alleviate the issues caused by volume 

change of Si.   
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The Si anode materials are well known to suffer from substantial volume change during 

lithiation/delithiation, which cause severe pulverization of the silicon and continuous 

formation of a SEI.
[41-44]

 It is widely accepted that a stable SEI ploys an active role in the 

electrochemical properties for Si anodes.
[45-48]

 Based on these considerations, SEM studies 

were carried out on the Si electrodes with different binders before and after cycling, as shown 

in Figure 6. For the pristine samples, all the electrodes had similar morphology: silicon 

nanoparticles and carbon black were uniformly dispersed on the copper foil (Figure 6a-c). As 

expected, morphology changes were observed for all electrodes after 300 cycles. A large 

smooth surface topography was observed for the electrodes with PVDF and CMC binders, as 

marked by arrows in Figure 6d-e. The smooth surface is believed to be due to the constant 

growth of a new SEI layer after particle pulverization and SEI failure. For the electrode with 

the PVA-PEI binder, neither obviously detectable morphology change nor microstructural 

failure was found, even after 300 cycles (Figure 6f). These SEM images were highly 

consistent with the analysis of the AFM results (Figure 5) that the SEI film formed on the Si 

particles with the PVA-PEI binder is more stable than those formed when using PVDF and 

CMC binders. The formation of the stable SEI could be attributed to the deformable feature of 

the PVA-PEI binder, which can effectively accommodate the large volume variation of Si 

particles during cycling, and prevent the further formation of new SEI film due to reaction 

between newly exposed silicon surface and electrolyte. Furthermore, the binder’s strong 

adhesion to the silicon nanoparticles should assist in constructing a stable SEI for Si 

electrodes.  

To validate the ability of the binder for accommodating large volume changes during 

cycling, the thickness variations of the silicon electrode with different binders were observed 

by SEM. Figure 7a-c displays the cross-section SEM images of silicon electrodes with 

different binders before cycling, at the end of the 5
th

 discharge, and at the end of the 5
th

 charge, 

respectively. As shown in Figure 7a, the initial thickness of the electrode with PVA-PEI was 
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about 44.8 µm, and the thickness increased to ca. 63.3 µm at the end of the 5
th

 discharge, 

which was ~41% volume change. As the lithium extracted from the electrode, the expanded 

silicon nanoparticles shrank and the final thickness of the electrode was 48.2 µm, which 

almost returned to its original thickness with a volume change of ~7.6%. In contrast, as shown 

in Figure 7b-c, the thickness of the silicon electrodes in the charged state after cycling with 

PVDF and CMC binder increased by ~38.9% and ~23.4%, respectively, which are ~3 times 

higher than the increase with PVA-PEI binder. Furthermore, many cracks were seen in the 

cross-sectional views and delamination of the electrodes from the current collector was also 

observed, which likely caused the high resistance and polarization of these electrodes. As 

schematically illustrated in Figure 7d, the PVA-PEI polymer binder displays the most 

reversible deformation upon volume change of Si of all three binders thanks to its three-

dimensional interpenatrated network. Furthermore, the effect of the cycling process on the 

binding between the Si particles and binder was examined by TEM. Figure 8 shows the TEM 

images of the Si electrode with PVA-PEI binder after 5 cycles. It was clear that the Si 

particles are uniformly covered by binder (the edge is marked by arrows), which indicated 

that the connection between the Si particles and the binder was good even after the 

lithiation/delithiation processes. The results strongly confirmed the above suggestion of 

Figure 7.  

To further evaluate the effect of PVA-PEI binder, the electrochemical property of a 

graphite anode was also studied. Figure 9 shows the cycling stability of graphite electrode 

with PVA-PEI binder at a current of 100 mA g
-1

. The initial discharge and charge capacities 

were 365.7 and 329.5 mAh g
-1

, respectively, which correspond to an initial coulombic 

efficiency of 90.1%. Moreover, the graphite anode also showed an excellent capacity 

retention upon to 30 cycles. These results further demonstrated that the water soluble, cross-

linked polymer binder has a good compatibility with commercial Li-ion batteries, which 

makes it more promising for practical application.  
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4. Conclusions 

In this study, a low-cost water-soluble PVA-PEI polymer binder has been successfully 

applied as a high-performance binder for a Si anodes in LIBs. Due to the advantages of a 

reversibly-deformable polymer network and strong binding between Si and the binder, this 

binder could effectively accommodate the large volume change of silicon electrodes during 

the lithiation/delithiation process, resulting in excellent cycling stability (1063.1 mAh g
-1

 after 

300 cycles) and high Coulombic efficiency (initially 83.8% and rising to 99.3% by the third 

cycle) at a current density of 1 A g
-1

. Furthermore, the Si anode with PVA-PEI binder also 

exhibited a good rate performance and achieved a high specific capacity of 1590 mAh g
-1

 

even at high current density of 10 A g
-1

. This enhanced electrochemical performance was 

mainly attributed to the interpenetrated network of this binder. In addition, it also can assist in 

the formation of a stable SEI film on the Si anode, which has been demonstrated by AFM and 

SEM. Taking the facile preparation and the low-cost and excellent performance of the Si 

anode into account, this novel water soluble binder has a great potential to be utilized for 

high-capacity Si anodes in high-energy LIBs.  
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Figure 1. The chemical structure and illustrative interaction between cross-linked PVA-PEI 

and silicon particles. 
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Figure 2. (a) SEM image of raw silicon nanoparticles, (b) XRD pattern of raw silicon 

nanoparticles, and (c) FTIR spectra of raw silicon nanoparticles. 
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Figure 3. The FTIR spectra of PVA, PEI, PVA-PEI mixed binder, and silicon/PVA-PEI 

composite. 
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Figure 4. (a) The charge/discharge voltage profiles of the silicon anode using PVA-PEI 

polymer binder; (b) the cycling performance and the Coulombic efficiency of Si anodes with 

PVA-PEI, CMC, and PVDF binders, and (c) the rate performance (current density form 200 

mA g
-1

 to 10 A g
-1

) of electrodes with PVA-PEI, CMC, and PVDF binder. 
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Figure 5. The AFM images (2×2 µm
2
 scan size) of the Si electrode surface (a-c) before 

cycling and (d-f) after 100 cycles with (a, d)  PVDF, (b, e) CMC, and (c, f) PVA-PEI binders, 

and (g) the calculated surface roughness for all these conditions. 
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Figure 6. SEM images of the surface morphology of the silicon electrodes with (a, d) PVDF, 

(b, e) CMC, and (c, f) PVA-PEI binder (a-c) before cycling and (d-f) after 300 cycles.  
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Figure 7. Cross-sectional SEM images of the silicon electrodes with (a) PVA-PEI binder,  (b) 

PVDF binder and (c) CMC binder before cycling, at the end of the 5
th

 discharge, and at the 

end of the 5
th

 charge, and (d) the proposed working mechanism of PVA-PEI binder for silicon 

electrodes. 
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Figure 8. (a) TEM image of the silicon electrode powder with PVA-PEI polymer binder after 

5 cycles; (b) Magnified TEM image of the silicon electrode powder with PVA-PEI polymer 

binder after 5 cycles. 
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Figure 9. The cycling stability of graphite anode using PVA-PEI polymer binder. 
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