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Enhanced cycling stability of silicon anode by in situ 

polymerization of poly(aniline-co-pyrrole) 

Qingtao Wang,* Ruirong Li, Dong Yu, Xiaozhong Zhou, Jian Li and Ziqiang Lei*  

The application of silicon-based Li-ion battery anode is limited by the poor cycling stability 

associated with its large volume changes during charging and discharging processes. Here 

we report a facile solution process to fabricate silicon composite anodes by encapsulating Si 

nanoparticles with in situ polymerized aniline and pyrrole copolymer. The copolymer matrix 

can accommodate the great volume changes of Si during the cycling process. Therefore, the 

as-prepared Si/poly(aniline-co-pyrrole) composite electrodes successfully achieve higher 

capacity and better cycling performance than the bare nano-Si anode. The specific capacity 

of the composite electrode retains 637 mAh g−1 after 50 cycles. 

 

 

Introduction 

The grid-scale energy storage systems and electric vehicles 

require developing next generation lithium-ion batteries with 

high energy density and long cycle life.1 Currently, the 

theoretical specific capacity of commercial graphite anode is 

370 mAh g-1,2 so it does not meet the need of high energy 

storage. Silicon has been considered as a promising alternative 

anode material due to its high specific capacity (4200 mAh g-1) 

and low delithiation potential (~0.4 V versus Li/Li+).3 However, 

the active Si material will be damaged and lose the contact with 

current collector because of the tremendous volume expansion 

during cycling (more than 300%).4 Furthermore, silicon is a 

semiconductor material and its bulk conductivity as low as 6.7 

× 10-4 S/cm.5 In recent years, the silicon with nanostructure has 

been extensively studied and considerable progress has been 

made, for example, nanoparticles,6 nanowires,7 nanotubes8 and 

nanofilms.9 In addition, Si/carbon10 and Si/metal11 composite 

electrode showed good performance because the composite 

could accommodate the severe volume expansion. Although the 

electrochemical performance has improved greatly, the inherent 

volume change is still the barrier for commercialization of 

silicon-based anodes. 

Conducting polymers have various applications in 

electronics,12 batteries13 and supercapacitors14 because of its 

good environmental stability. Recently, conducting polymer has 

been used to make Si/conducting polymer composite anode, 

which showed improved cyclability and rate performance. For 

example, Cai et al.15 have synthesized the Si/polyaniline (PANI) 

composite anode, which showed stable cyclability and 

improved rate performance because the nest-like PANI 

enhanced the conductivity of the whole composite electrode 

and accommodated the large volume expansion of Si. Yao et 

al.16 have reported that the poly(3,4-ethylenedioxythiophene) 

(PEDOT) coated Si nanowires anode material was synthesized 

and the improvement in cycling stability is attributed to the 

conductive coating maintaining the mechanical integrity of the 

cycled Si material, along with preserving electrical connections 

between nanowires. 

In this work, a novel Si/poly(aniline-co-pyrrole) (Si/PANI-

PPy) composite anode material was prepared by in situ 

chemical oxidation polymerization method. The copolymer 

matrix could act as an effective component that accommodates 

the great volume changes of Si during the cycling process. 

Therefore, the Si/PANI-PPy composite electrode achieved high 

capacity and stable electrochemical cycling. 

 

 

Experimental 

Preparation of the Si/PANI-PPy composite anode material 

Si/PANI-PPy composite was synthesized by an in situ chemical 

oxidation polymerization method. The dopant was sodium p-

toluenesulfonate and the oxidant was ammonium persulfate 

((NH4)2S2O8). The molar ratio of pyrrole to aniline was 1:1 and 

the monomer to dopant was 3:1, the monomer to oxidant was 

1:3. Typically, Si nanopowder (Shanghai Chao Wei Nano 

Technology Co., Ltd.) was dispersed in an aqueous solution of 

sodium p-toluenesulfonate, pyrrole and aniline. The pH of the 

solution was adjusted to 2 by hydrochloric acid. Then, the 

aqueous solution of (NH4)2S2O8 was slowly added with 

continuous stir. The reaction mixtures were then kept under the 

same conditions for 4 h at room temperature. The total dark 

green mass was filtered, and then washed thoroughly with 

distilled water to remove the ammonium persulfate to a large 

extent. Finally, the dark green mass was dried at 60 ℃ for 12 h 

under vacuum. 

Material characterizations 

The morphology of the as-prepared Si/PANI-PPy composite 

was observed using field emission scanning electron 

microscopy (Carl Zeiss Ultra Plus) and transmission electron 

microscopy (TEM, FEI TECNAI TF20). Fourier transformation 
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infrared (FTIR) spectra of the samples were measured on a 

Digilab Merlin FTS 3000 spectrometer in the transmission 

mode. Powder X-ray diffraction (XRD) patterns were obtained 

on a RigaKu D/max 2400 diffractometer with Cu K-alpha 

radiation. Thermal gravimetric analysis (TGA) was taken on a 

PrekinElmer Pyris Diamond instrument at 10 ℃ /min in air 

atmosphere. 

Electrochemical measurements 

CR2025 coin cells were assembled to test the electrochemical 

performance of the Si/PANI-PPy composite. The testing 

electrodes were prepared by coating a slurry on cooper foil 

substrate. The slurry consists of 70 wt% active material of 

Si/PANI-PPy, 20 wt% conducting additive of carbon black, and 

10 wt% binder of Sodium carboxymethyl cellulose (NaCMC). 

The cells were assembled in an Ar-filled glove box with a 

lithium foil as the counter electrode and a Celgard 2325 

microporous film as the separator. The electrolyte was 

composed of 1 M LiPF6 in ethylene carbonate (EC)/ethylmethyl 

carbonate (EMC)/dimethyl carbonate (DMC) (1:1:1 by volume, 

Shenzhen Capchem Technology Co., Ltd.) and 3 vol% vinylene 

carbonate (VC). 

The galvanostatic charge-discharge measurement was 

performed at a current density of 50 mA g-1 in the first two 

cycles and 100 mA g-1 in the rest of cycles using a battery 

testing system (LANHE CT2001A, Wuhan LAND electronics 

Co., Ltd.) in the voltage range of 0.02-1.5 V (vs. Li/Li+). The 

capacity was calculated based on the whole Si/PANI-PPy 

composite as active mass. Cyclic voltammetry (CV) and 

electrochemical impedance spectroscopy (EIS) measurements 

were performed on an electrochemical work-station (Autolab 

PGSTAT128N, Metrohm, Switzerland) at room temperature. 

The CV measurements were carried out in the voltage range of 

0.02-1.5 V (vs. Li/Li+) at a scan rate of 0.1 mV s-1. EIS 

measurements were measured with an alternating voltage of 5 

mV over the frequency ranging from 105 to 10-2 Hz. 

 

 

Results and discussion 

Structure and morphology of the Si/PANI-PPy composite 

The FTIR spectra of Si, PANI, PPy, PANI+PPy, PANI-PPy and 

Si/PANI-PPy composite are shown in Fig. 1. The characteristic 

peaks of PANI at 1584 and 1502 cm-1 are assigned to the C=C 

stretching vibration of quinoid and benzenoid rings, 

respectively.17 The bands located at 1302, 1145 and 1240 cm-1 

belonged to C–N, C=N, and C–N+ (polaron structure of PANI), 

respectively.18 The bands at about 1041 and 834 cm−1 are due to 

the aromatic C–H in-plane bending and the out-of-plane 

deformation in the 1, 4-disubstituted benzene ring. In the 

spectrum of PPy, the characteristic C=C and C-N stretching 

vibration in the ring of PPy at 1544 and 1460 cm-1, are clearly 

visible. The broad band from 1250 to 1100 cm-1 with a 

maximum at 1173 cm-1 is attributed to the breathing vibration 

of the pyrrole ring.18 The band at 1036cm-1 corresponds to the 

C–H in plane bending. The spectrum of the 1:1 PANI+PPy 

homopolymer mixture shows all the characteristic bands of 

both PANI and PPy. 

For the spectrum of PANI-PPy, the bands are different from 

those of the 1:1 PANI+PPy homopolymer mixture. The 

quinonoid phenyl ring C=C stretch band of PANI at l584 cm-1 

and the C=C stretching mode of PPy at l544 cm-1 have 

amalgamated to form a broader band from l690 to 1530 cm-1. A 

similar spectrum has also been reported.19 While in the 

spectrum of PANI+PPy, the corresponding peaks are 

superposition of l584 cm-1 and l544 cm-1. Secondly, the para-

substituted aromatic C-H out-of plane bending band of PANI at 

834 cm-1 has greatly diminished in PANI-PPy FTIR spectrum. 

While in the spectrum of PANI+PPy, the corresponding peak is 

very strong. This observation is likely to be caused by the 

replacement of An units by Py units along the chains.20 These 

observed differences support the view that besides pyrrole-

pyrrole and aniline-aniline linkages, aniline-pyrrole linkages 

are most likely to be present. The spectrum of Si/PANI-PPy 

shows all the characteristic bands of both Si and PANI-PPy. 

 

 

Fig. 1 The FTIR spectra of Si, PANI, PPy, PANI+PPy, PANI-PPy and 

Si/PANI-PPy composite. 

 

The XRD pattern of purchased Si is given in Fig. 2. The 

main diffraction peaks at 2θ= 28.4◦, 47.2◦, 56.1◦, 69.1◦ and 76.3◦ 

can be indexed as the (111), (220), (311), (400) and (331) 

planes of cubic Si crystallites (JCPDS card No. 27-1402), 

respectively. It is clearly seen that the XRD pattern of PANI-

PPy composite shows the characteristic of an amorphous profile 

with a broad peak centered at 2θ= 20.1◦. Compared with the 

XRD pattern of Si, the pattern of Si/PANI-PPy composite has 

no significant differences, which also indicate that the PANI-

PPy coatings are amorphous. 

 

 
Fig. 2 The XRD patterns of Si, PANI-PPy and Si/PANI-PPy composite. 
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Fig. 3 shows scanning electron microscopy (SEM) images of 

the original Si nanoparticles (SiNPs) and Si/PANI-PPy 

composite. Typically, the diameter of spherical Si nanoparticles 

widely distributed from 20-160 nm (Fig. 3a). As the PANI-PPy 

was formed in the presence of the SiNPs, the SiNPs were 

embedded in the PANI-PPy copolymer. This is confirmed by 

SEM image of the Si/PANI-PPy composite (Fig. 3b). The 
irregular profile of SiNPs indicates that it were coated by the 

PANI-PPy copolymer. 

 

 
Fig. 3 The SEM images of Si nanoparticles (a) and Si/PANI-PPy composite 
(b). 

 

To further confirm the structure of Si/PANI-PPy composite, 

transmission electron microscopy (TEM) image and scanning 

transmission electron microscopy (STEM) images are shown in 

Fig. 4. SiNPs appear to be embedded in the PANI-PPy 

copolymer matrix due to the in situ polymerization discussed 

above, as shown in Fig. 4a. Fig. 4b shows high angle annular 

dark field scanning transmission electron microscopy 

(HAADF-STEM) image of Si/PANI-PPy composite, from 

which we can obviously see bright sphere and gray region 

around it. In order to determine the composition, elemental 

linescan analysis was performed as shown in Fig. 4c. Linescan 

results indicate that the center bright sphere was assigned to 

silicon. The Si nanoparticle was encapsulated in the darker 

surroundings which were the PANI-PPy copolymer. As will be 

discussed later, the superior electrochemical performance of the 

Si/PANI-PPy composite electrode can be attributed to the 

advantages offered by the unique microstructure. 

 

 
Fig. 4 The TEM (a) and HAADF-STEM (b) images of Si/PANI-PPy 

composite, along with the corresponding elemental linescan (c) from a 

single particle. 

 

To determine the content of PANI-PPy copolymer in the 

Si/PANI-PPy composite, Thermal gravimetric analysis (TGA) 

was carried out in air. Fig. 5 shows the TGA curves of different 

mass ratio Si/PANI-PPy composite samples along with those of 

the bare Si and the PANI-PPy powders. PANI-PPy in the 

Si/PANI-PPy composite will be burnt and release gas (weight 

loss), while Si in the composite will be oxidized to SiO2 

(weight gain). Therefore, it is very hard to identify the weight 

loss region where PANI-PPy is burnt. The measured content of 

PANI-PPy in the Si/PANI-PPy composite was based on the 

minimum value of TGA curve. It was found that the amounts of 

PANI-PPy in the 1-Si/PANI-PPy, 2-Si/PANI-PPy, and 3-

Si/PANI-PPy composites were 6.8 wt%, 14.7 wt%, and 27.5 

wt%, respectively. 
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Fig. 5 The TGA curves of Si, PANI-PPy and different mass ratio of 

Si/PANI-PPy composite. 

 

Electrochemical properties of the Si/PANI-PPy composite anode 

The lithium intercalation and extraction cyclic performance of 

the 1-Si/PANI-PPy, 2-Si/PANI-PPy, and 3-Si/PANI-PPy 

composite anodes were tested and the results are shown in Fig. 

6. The capacity values in this article were based on the mass of 

Si/PANI-PPy composites. For the 1-Si/PANI-PPy, 2-Si/PANI-

PPy, and 3-Si/PANI-PPy composites, the initial discharge 

capacity is 2529 mAh g−1, 2137 mAh g−1 and 1456 mAh g−1. 

Over the 50 charge/discharge cycles, the capacity decreases to 

470 mAh g−1, 637 mAh g−1 and 185 mAh g−1, respectively. It 

can be seen that the PANI-PPy copolymer contents affect the 

specific capacity and cycling stability of the Si/PANI-PPy 

composite anodes. With the copolymer content increasing from 

6.8 to 14.7 wt%, the specific capacity of composite anodes 

increased from 470 to 637 mAh g−1. The improved performance 

could be attributed to the better effect of accommodation with 

the increasing of PANI-PPy copolymer. However, when the 

content of the copolymer increased to 27.5 wt%, the specific 

capacity reduced to 185 mAh g−1. It was ascribed to the 

introduction of excessive copolymer reduced the capacity of the 

entire Si/PANI-PPy composite. The 2-Si/PANI-PPy sample, 

with the measured content of PANI-PPy is 14.7 wt%, exhibits 

the highest capacity and cycling stability. 

 

 
Fig. 6 The cyclic performance of different mass ratio Si/PANI-PPy 

composite anodes measured at a current density of 50 mA g
-1

 in the first two 
cycles and 100 mA g

-1
 in the rest of cycles. 

 

The voltage profiles of the bare Si and 2-Si/PANI-PPy 

electrodes in the first cycle are shown in Fig. 7. The 

charge/discharge curves of the 2-Si/PANI-PPy composite 

electrode exhibited essentially the same features as the bare Si 

electrode. It can be seen that a long flat plateau around 0.1 V 

during the first discharge is observed, which was corresponding 

to crystalline Si reacted with Li to form amorphous LixSi.21 The 

delithiation of LixSi during the charge process formed a plateau 

corresponding to delithiated amorphous silicon was formed.22 

The discharge capacities of bare Si and 2-Si/PANI-PPy 

composite electrode were 2963 and 2137 mAh g−1 with initial 

coulombic efficiencies of 82.4% and 77.9%, respectively. 

These low coulombic efficiencies in the first cycle was ascribed 

to the formation of dead Li, which was not dealloyed during the 

charge process because of disintegration of the electrode 

resulted from large volume change and the solid-electrolyte 

interface (SEI) layer formation on the surface of the electrode.23 

 

 
Fig. 7 The voltage profiles of the bare Si and 2-Si/PANI-PPy electrodes in 

the first cycle measured at a current density of 50 mA g
-1

. 

 

The capacity retention curve and coulombic efficiency (CE) 

curve of 2-Si/PANI-PPy composite anode are given in Fig. 8. 

For comparison purposes, the cycling behavior of the bare Si is 

also shown in Fig. 8. For the bare Si and 2-Si/PANI-PPy 

composites, the initial discharge capacity is 2963 mAh g−1 and 

2137 mAh g−1. Over the 50 charge/discharge cycles, the 

capacity decreases to 156 mAh g−1 and 637 mAh g−1, 

respectively. It can be clearly seen that although the initial 

capacity of the 2-Si/PANI-PPy composite electrode is lower 

than that of the bare Si electrode, its cycling performance is 

much better than that of the bare Si. PANI-PPy can act as an 

effective component that accommodates the great volume 

changes during the cycling process. Therefore, PANI-PPy 

copolymer ensures the higher capacity and better cycling 

stability of the composite electrode. 

 

 
Fig. 8 The cyclic performance of Si and 2-Si/PANI-PPy anodes measured at 

a current density of 50 mA g
-1

 in the first two cycles and 100 mA g
-1

 in the 

rest of cycles, along with the coulombic efficiency curve of 2-Si/PANI-PPy 

anode. 

 

The CV curves of 2-Si/PANI-PPy composite electrode are 

shown in Fig. 9. In the first cathodic branch, a broad cathodic 

peak observed between 0.6 and 0.8 V could be attributed to the 

formation of SEI film on the surface of the composite anode.24 

The peak disappears in the subsequent cycles. This 

phenomenon explains the low initial CE in the galvanostatic 

charging/discharging tests. Moreover, one additional cathodic 

peak appears near 0.17 V in the subsequent cycles, which is 

corresponding to the formation of Li-Si alloys.25 During the 

first lithium ion extraction process, two broad anodic peaks 

occur at around 0.35 and 0.52 V corresponding to the phase 

transition from amorphous Li-Si alloys to amorphous Si.16 

After further cycles, the anodic peaks become broader and 
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stronger, which can be attributed mainly to the gradual 

breakdown of the crystalline silicon structure that depends on 

the migration rate of Li-ions into the silicon host and the rate of 

amorphous Li-Si alloy formation.26 

 

 
Fig. 9 The CV curves of 2-Si/PANI-PPy half-cell measured at scan rate of 

0.1 mV s
−1

 between 0.02 and 1.5 V (vs Li/Li
+
). 

 

Fig. 10 shows the rate capability of the 2-Si/PANI-PPy 

composite anode at various current densities. The capacity of 

the 2-Si/PANI-PPy anode decreased from 2137 mAh g−1 to 699 

mAh g−1 over 40 cycles at a current density of 100 mA g−1. At 

the current density of 250, 500 and 1000 mA g−1, the 2-

Si/PANI-PPy anode could achieve a capacity of 440, 201 and 

95 mAh g−1 after 40 cycles, respectively. 

 

 
Fig. 10 The rate capability of the 2-Si/PANI-PPy composite anode. 

 

The charge/discharge kinetics of the 2-Si/PANI-PPy 

composite anode was analyzed using electrochemical 

impedance spectroscopy (EIS). Fig. 11 shows the Nyquist plots 

of the cells with 2-Si/PANI-PPy composite anode. To maintain 

uniformity, the impedance analyses were done at a charged 

potential of 1.5 V after 3 and 30 cycles. The 0 times cycle’s 

electrode were tested at a potential of 1.5 V. All of the 

impedance spectra have similar features with a medium-to-high 

frequency depressed semicircle and an inclined low-frequency 

line. According to previous researches, the inclined line in the 

low-frequency region represents the lithium diffusion 

impedance, while the depressed semicircle is attributed to the 

overlap between the SEI film and the interfacial charge transfer 

impedance.27 The semicircle at high frequencies increased after 

3 cycles in the case of 2-Si/PANI-PPy anode. It means that the 

total SEI and charge transfer resistances increase after 3 cycles. 

However, no obvious impedance increase was observed after 

30 cycles, indicating limited growth of the SEI film during 

cycling. 

 

 
Fig. 11 The Nyquist plots of 2-Si/PANI-PPy composite anode measured 

with an alternating voltage of 5 mV from 10
5
 to 10

-2
 Hz. 

Conclusions 

In summary, a facile solution process was developed to 

fabricate silicon-based Li-ion battery anode by encapsulating 

SiNPs with in situ polymerized PANI-PPy copolymer. The 

copolymer matrix could act as an effective component that 

accommodates the great volume changes of Si during the 

cycling process. Therefore, the Si/PANI-PPy composite 

electrode achieved high capacity and stable electrochemical 

cycling. The specific capacity of the composite electrode 

retained 637 mAh g−1 after 50 cycles. In addition, our described 

materials design for silicon-based anodes may be extended to 

other battery electrode material systems that experience large 

volume changes during cycling, such as sulfur. 
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Poly(aniline-co-pyrrole) encapsulated Si nanoparticles composite anode material were prepared by in situ 

chemical oxidation polymerization method. 
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