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Phenolic resin-coated porous silicon/carbon microspheres anode materials for Lithium-ion 

batteries 
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Abstract 

Porous silicon/carbon (Si/C) anode materials for Lithium-ion batteries was synthesized successfully 

by hydrochloric acid etching and calcination method using micron Si-Al alloy as silicon source and 

phenolic resin as carbon source. The microstructure and morphology were characterized by XRD, SEM, 

TEM, XPS and BET. The electrochemical performance were measured by constant current charge-

discharge test and EIS. The results show that Si/C is porous structure and its pores are distributed between 

1-6 nm. The specific discharge specific capacity of Si/C is 1287.0 mAh/g at a current density of 100 

mA/g after 50 cycles, corresponding to the capacity retention of 91.0% (for the second cycle). Si/C 

delivers a high specific discharge capacity of 605.9 and 359.0 mAh/g at 1 A/g and 2 A/g, respectively. 

The lithium ion diffusion coefficient of Si/C is 5.98×10-11 cm2 s−1, which is higher than that of 7.57×10-

12 cm2 s−1 for porous Si.  
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Introduction 

In recent years, Silicon has been widely 

concerned as a lithium-ion battery anode material 

due to its large specific capacity (~3579 mAh/g), 

low discharge potential (∼0.4 V versus Li/Li+) 

and natural abundant[1-4]. However, the silicon 

has a dramatic volume expansion (~300%) during 

charging and discharging, which resulting in 

cracking and pulverization, losing of electrical 

contact, and forming unstable solid electrolyte 

interface (SEI) films, eventually leading to 

capacity attenuation[5-8]. To overcome these 

defects, many measures have been tried, such as 

nanostructure design[9-12], doping[13-15] and 

carbon coating[16-21]. 

Porous silicon can shorten the lithium-ion 

diffusion path，alleviate the bulk expansion effect 

and improve the electrochemical 

performance[22,23] because of its 3D pore 

structure. The coated carbon layer on the porous 

silicon not only provides buffer for the volume 

expansion of silicon, but also enhances the 

electrical conductivity of the material[24-30]. 

Based on above considerations, Si/C composite 

was prepared by hydrochloric acid etching and 

calcination method using micron Si-Al alloy as 

silicon source and phenolic resin as carbon source 

in this paper. 

Experimental 

Al−Si alloy particle with the average size of 

around 2μm were added in 4% hydrochloric acid 

solution, and mechanical stirred in a water bath at 

40 ° C for 12 hours, followed by rinsing with 

deionized water until neutral. Then the powder 

was placed in a vacuum drying oven at 80 °C for 

40 min to prepare porous silicon. 

Phenolic resin was added to anhydrous ethanol 

and stirred at 40°C until it dissolved completely. 

Then different amounts of porous silicon was 

added into the solution and stirred for 4 h, then 

dried in a vacuum at 80 °C for 40 min to remove 

the solvent. The mixture was annealed at 850 °C 

for 4h in Ar atmosphere to obtain Si/C composite 

with mass ratio of 1:2 (Si: C=1:2), which is 

labeled as Si/C.  

Weight loss process of phenolic resin was 

characterized by thermogravimetric analysis 

(TGA). The phase was determined by X-ray 

diffraction (XRD) from 10° to 80°. Morphologies 

were observed by scanning electron microscopy 

(SEM) and transmission electron microscopy 

(TEM). N2 adsorption/desorption measurements 

of the samples were evaluated with the Brunauer-

Emmett-Teller (BET) method. X-ray 

photoelectron spectroscopy (XPS) measurements 

were applied to analyze the surface elemental 

composition and valence states of the samples. 

Active substances (Si/C), acetylene black and 

binder PVDF were dissolved in n-methyl 

pyrrolidone solvent at a mass ratio of 8:1:1 to 



obtain slurry. The slurry was evenly coated on the 

Cu foil and dried under vacuum at 60 °C for 4 h. 

After drying, take out the sheet and cut it into an 

electrode with diameter (d) = 14 mm. The 

assembly of CR2023-type cell with lithium sheet 

as negative electrode was conducted in a glove 

box filled with argon. Microporous 

polypropylene film as the diaphragm, and 1M 

LiPF6 [V (EMC):V(EC):V(DMC)=1:1:1] was 

employed as electrolyte.  

Results and discussion 

Fig.1 is thermogravimetric(TGA) curve of 

Si/C precursor. As shown in the figure, the main 

weight loss occurs from 320 °C to 850 °C, which 

can be attributed to the pyrolysis of phenolic resin. 

After that, the weight of Si/C precursor does not 

change with temperature, indicating that the 

reaction is roughly complete. Therefore, 850 °C 

is chosen as carbonized temperature. According 

to TGA curve, the carbon contents in the Si/C 

composite can be calculated to be 30.8 wt%, 

which is in accordance with the amount of silicon 

added to the reaction.   
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Fig. 1 TG curves of the as-prepared Si/C 

composite 

The X-ray diffraction pattern of porous 

silicon and Si/C composite are shown in Fig. 2. 

As seen in the figure, all of the diffraction peaks 

can be assigned to the standard peaks of Si 

according to the PDF card (27-1402). The peaks 

appeared at 28.5º, 47.4º, 56.2º, 69.3º and 76.5º, 

corresponding to the (111), (220), (311), (400) 

and (331) diffraction planes, respectively. The 

diffraction peaks of porous silicon are sharper 

than those of Si/C，which is due to the carbon 

coating on the surface of Si. No diffraction peaks 

of carbon are observed in the samples, suggesting 

that the carbon is amorphous. 
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Fig. 2 XRD patters of the porous silicon and 

Si/C composite 

The scanning electron micrographs (SEM) 

of porous Si and Si/C composite are displayed in 

Fig. 3. As shown in the Fig. 3a, micro-sized 

porous Si is spherical and dispersed evenly. It can 

be clearly seen that there are many nano pores in 

porous Si, indicating that the porous Si has a good 



porous structure. The Si/C composite is 

demonstrated in Fig. 3b, the porous silicon is 

covered by a dense carbon layer formed by the 

pyrolysis of phenolic resin, which can restrain the 

expansion of macro-porous Si and improve the 

conductivity of material.  

  

Fig. 3 The scanning electron microscopy of porous Si and Si/C: (a) porous Si; (b) Si/C 

   

Fig. 4 transmission electron micrographs images of Si/C 

Figure 4 is the microstructure and 

morphology of Si/C and by transmission electron 

microscopy (TEM). As show in the figure, Si 

particle is uniformly coated by a carbon layer, 

which is beneficial to the structural stability of the 

material during the insertion/extraction of 

lithium-ion. The carbon layer can also prevent the 

formation of unstable SEI film due to silicon 

particle fragmentation and exposure to electrolyte. 

In addition, Si/C composite has good crystallinity 

and the lattice stripe spacing of 0.28 nm can be 

clearly observed and verified to be the 

characteristic (111) crystal plane of Si.  

Figure 5 is the N2 adsorption-desorption 

isotherms of Si/C composite. The 

adsorption/desorption curves (Fig. 5a) show that 

the late hysteresis loop in the relative pressure 

P/P0 of 0.8–1.0, indicating its macroporous 

structure. Meanwhile, the corresponding pore size 

distributions of the samples (Fig. 5b) were 

analyzed by the Density Functional Theory (DFT) 

method. It shows that the pores of the Si/C are 

mainly centered at around 1-6 nm. The proper 

specific surface area and pore size distribution are 

helpful for the penetration and promotion of the 

electrolyte, which can shorten the lithium-ion 



transport channel and increase the active reaction 

sites.  

Figure 6 is the X-ray photoelectron 

spectroscopy (XPS) analysis of Si/C composite. 

As seen in the Fig. 6a, diffraction peaks of silicon, 

oxygen and carbon are observed in the Si/C 

composite. The Si 2p XPS spectrum in Fig. 5b can 

be fitted with three positions: the Si 2p (Fig. 6b) 

characteristic peaks centered at 103.1 eV for Si-O 

bond, 101.9 eV for Si-C bond and 98.6 eV for Si-

Si bond. The C 1s (Fig. 6c) characteristic peaks 

appear at 284.8 eV, 286.3 eV and 288.8 eV, 

corresponding to the C-C bond, C-O bond and 

C=O bond, respectively, which is formed during 

the pyrolysis of phenolic resin. The O 1s (Fig. 6d) 

peak can be deconvoluted into two components 

ascribed to SiO at 533.2 eV, SiO2 at 531.6 eV, 

which are formed at high temperatures during 

carbonization process.  
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Fig. 5 BET specific surface area test of Si/C composite (a) N2 adsorption-desorption isotherms;(b) 

DFT pore size distribution 
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Fig. 6 XPS spectra of porous Si and Si/C: (a)XPS spectra of porous Si and Si/C; (b) Si 2 p peaks of 

Si/C; (c) C 1 s peaks of Si/C; (d) O 1 s peaks of Si/C peaks of Si/C 

The charge and discharge curves and the cycling performance of porous Si and Si/C at the current 

density of 100 mA/g are displayed in Fig. 7. As seen in Fig.7a, the charge and discharge specific 

capacities of porous Si are 1589.0 and 2639.6 mAh/g in the first cycle with the initial coulombic 

efficiency of 60.2%, while Si/C are 1306.2 and 2048.9 mAh/g with the initial coulombic efficiency is 

63.8% . As seen in Fig.7b, The irreversible capacity in the initial cycle is mainly due to electrolyte 

consumption for the formation of the SEI layer on the electrode surface. The specific capacity of Si and 

Si/C are 192.1 and 1287.0 mAh/g after 50 cycles, corresponding to the capacity retention of 12.1% and 

91.0% for the second cycle. The capacity loss is mainly related to the dramatic volume expansion, 

structural fracture and loss of electrical contact during the cycling process. While the coating carbon 

helps to  restrain the bulk expansion effect of Si and enhance the electrical conductivity of the composite. 

As a result, Si/C has a higher reversible specific capacity and smaller capacity fluctuation than that of Si 

during the process of 50 cycles. 
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Fig. 7 The electrochemical performances of porous Si and Si/C at the current density of 0.1 A/g. (a) 

charge-discharge curves; (b) cycling performance 

The cycling performances of porous Si and 

Si/C at different current densities are presented in 

Fig.8. As seen in the figure, Si/C delivers a high 

specific discharge capacity of 1441.4, 887.1, 

793.5, 605.9 and 359.0 mAh/g, with the current 

density increasing from 100 m/g to 200 mA/g, 

500 mA/g, 1 A/g and 2 A/g, corresponding to 

95.3%, 98.3%, 94.3%, 91.6% and 79.8% capacity 

retention after 10 cycles. While the charge 

specific capacities of porous Si are 1683.1, 420.5, 

132.5, 0.6 and 0.6 mAh/g at the same current 

densities. The discharge specific capacity of Si/C 

and porous Si are 761.4 and 390.4 mAh/g when 

current density return to 100 mA/g, respectively, 



corresponding to 98.8% and 70.1% capacity 

retention after 10 cycles. The huge capacity 

differences between porous Si and Si/C is due to 

the particles are crushed by volume expansion 

and fall off the collector, thus losing electrical 

contact. Carbon layer in the Si/C composites can 

protect the porous Si from extensive exposure to 

the electrolyte and buffer the volume expansion 

of the active material during the charge/discharge 

process, resulting excellent cycling stability. 
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Fig. 8 The cycling performances of porous 

Si and Si/C at different charge-discharge rates 

The impedance curve and equivalent circuit 

fitting of porous Si and Si/C are shown in Fig. 9a. 

As displayed in the figure, The Nyquist plots of 

the two samples are composed of a circle in the 

middle and high frequency region and a slash in 

the low frequency region. The semi-circle 

represents the charge transfer impedance Rct, 

reflecting the speed of Faraday dynamics. The 

straight line represents Warburg impedance (Rw) 

and reflects the diffusion ability of lithium-ions in 

the electrode material. It is found that the fitting 

charge transfer impedance of Si/C is 74.9 Ω, 

which is much smaller than that of 246.1 Ω for Si. 

The relationship between ω-0.5
 and Z’ are 

presented in Fig. 9b. Based on this relationship, 

Li-ion diffusion coefficient (DLi) can be 

calculated from the following equation[31,32] . 

DLi=R
2T2/2AF4C2σ2 

where R is the gas constant( 8.314 J·mol-1·K-1), T 

is the absolute temperature(298 K), A is the 

surface area of the electrode(1.54 cm2), n is the 

number of electrons per molecule during 

oxidization(1), F is the Faraday constant(96485 

C·mol-1), C is the Li+ concentration (4.37×10-3 

mol·cm-3)[33]. According to the above equation, 

the values of Li+ diffusion coefficient of porous Si 

and Si/C are 7.57×10-12 cm2 s−1 and 5.98×10-11 

cm2·s−1, respectively. The Li-ion diffusion 

coefficient of Si/C is nearly ten times as porous Si, 

which can be attributed to the presence of the 

carbon layer，which makes the pore structure of 

silicon complete during the charging/discharging, 

so that the Li-ion could transfer fast through the 

interlayer path.      



0 200 400 600
0

100

200

300

400

500

 

 





)

)

 Si

  Si/C

Fitting 

a

0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
0

10

20

30

40

50

60

 

 





)

 

 Si

 Si/C

-0.5

(b

 

Fig. 9 Electrochemical impedance spectra of porous Si and Si/C. (a) EIS curves of porous Si and 

Si/C; (b) the relationship of Z’ and ω−0.5 

Conclusions 

porous silicon/carbon composite was 

synthesized by hydrochloric acid etching and 

calcination method using micron Si-Al alloy as 

silicon source and phenolic resin as carbon source. 

The prepared Si/C has good pore structure and its 

pores are distributed between 1-6 nm. The 

specific capacity of porous Si and Si/C are 192.1 

and 1287.0 mAh/g at 0.1 A/g, corresponding to 

the capacity retention of 12.1% and 91.0% for the 

second cycle after 50 cycles. Si/C delivers a high 

specific discharge capacity of 605.9 and 359.0 

mAh/g at 1 A/g and 2 A/g, corresponding to 91.6% 

and 79.8% capacity retention after 10 cycles. Si/C 

has a smaller charge transfer impedance than 

porous Si and a higher Li-ion diffusion coefficient 

of 5.98×10-11cm2 s−1 than that of 7.57×10-12 cm2 

s−1 for the latter.  
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Figures

Figure 1

TG curves of the as-prepared Si/C composite



Figure 2

XRD patters of the porous silicon and Si/C composite

Figure 3

The scanning electron microscopy of porous Si and Si/C: (a) porous Si; (b) Si/C



Figure 4

transmission electron micrographs images of Si/C

Figure 5

BET speci�c surface area test of Si/C composite (a) N2 adsorption-desorption isotherms;(b) DFT pore
size distribution



Figure 6

XPS spectra of porous Si and Si/C: (a)XPS spectra of porous Si and Si/C; (b) Si 2 p peaks of Si/C; (c) C 1
s peaks of Si/C; (d) O 1 s peaks of Si/C peaks of Si/C



Figure 7

The electrochemical performances of porous Si and Si/C at the current density of 0.1 A/g. (a) charge-
discharge curves; (b) cycling performance

Figure 8

The cycling performances of porous Si and Si/C at different charge-discharge rates



Figure 9

Electrochemical impedance spectra of porous Si and Si/C. (a) EIS curves of porous Si and Si/C; (b) the
relationship of Z’ and ω−0.5


