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Abstract 

The growth of silicon nanoparticles on graphene surface without forming the unwanted 

silicon carbide (SiC) phase has been challenging.  Herein, the critical issues surrounding 

silicon anode materials for lithium-ion batteries, such as electrode pulverization, unstable 

solid electrolyte interphase and low electrical conductivity, have been addressed by growing 

silicon nanoparticles smaller than 10 nm, covalently bonded to reduced graphene oxide (rGO) 

surface.  The successful growth of SiC-free silicon nanoparticles covalently attached to the 

rGO surface was confirmed by using various spectroscopic and microscopic analyses.  The 

rGO-Si delivered an initial discharge capacity of 1338.1 mAh g-1 with capacity retention of 

87.1% after the 100th cycle at a current rate of 2100 mA g-1 and exhibited good rate 

capability.  Such enhanced electrochemical performance is attributed to the synergistic 

effects of combining ultra-small silicon nanoparticles and rGO nanosheets. Here, rGO 

provides a continuous electron conducting network, whereas, ultra-small silicon particles 

reduce ionic diffusion path length and accommodate higher stress during volume expansion 

upon lithiation.  
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Introduction 

The growing demand for high-performance rechargeable batteries for applications such as 

electric vehicles and energy storage systems requires improvement in the energy density of 

current lithium-ion batteries.1  This requirement has led to a search for materials with high 

theoretical specific capacity and natural abundance for large-scale applications.  Silicon-

based anode materials with high theoretical capacity, low reduction potential and low cost 

satisfy these requirements for next-generation lithium-ion batteries.2  However, silicon 

materials undergo large volume changes during the lithium alloying and de-alloying reactions, 

resulting in electrode pulverization.3,4  In addition, the large volume changes result in 

continuous breakdown and formation of a solid electrolyte interphase (SEI) layer during 

repeated cycling.5  Coupled with the low intrinsic electrical conductivity of silicon, these 

problems led to significant capacity fading and low coulombic efficiency, thereby limiting the 

practical use of silicon materials.   

Various strategies have been adopted to mitigate these problems, including controlling 

the particle size and morphology,6,7 alloying with inert metals,8,9 utilizing self-healing 

binders,10 and embedding silicon in a conductive matrix.11,12  Among these approaches, 

silicon nanostructures modified with carbon showed an overall improved electrochemical 

performance as anode materials in lithium-ion batteries.  In particular, graphene nanosheets 

with two-dimensional and sp2-hybridized carbon structures have been widely explored as the 

conductive matrix in energy storage devices, because they possess many unique properties, 

including excellent electronic conductivity, high surface area, superior mechanical strength 

and chemical stability.13  The presence of graphene nanosheets in silicon composites 

enhances electrical conductivity and buffers the pulverization of silicon upon lithiation.14,15  

In previous works, graphene has been physically mixed with silicon nanoparticles to obtain 

silicon-graphene nanocomposites.16-19 Another strategy used to prepare silicon-graphene 

composites includes functionalization of silicon particles with positively charged short-chain 
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molecules followed by self-assembly with graphene oxide (GO) through electrostatic 

interaction.20-23  Xin et al. prepared a 3-D porous architecture of Si-graphene 

nanocomposites with silicon firmly riveted on the graphene nanosheets through covalent 

interactions.14  Similarly, Zhu et al. synthesized silica nanoparticles of approximately 30 nm 

size that were uniformly deposited on a GO surface using the sonochemical method24 

followed by reduction with a magnesiothermic reduction process.25-29  However, reduction 

of silica in presence of graphene using these methods may form the unwanted silicon carbide 

(SiC) phase in the graphene-silicon interface, which is detrimental to the silicon anode 

performance due to its insulating and electrochemically inactive nature.30  Therefore, SiC-

free hybrids need to be synthesized for improved electrochemical performance.  Moreover, 

control of silicon particle size is also a critical factor for enhancing the electrochemical 

performance of silicon-based anode materials.31-33 Thus, the direct growth of ultra-small 

silicon nanoparticles on a graphene surface without forming the unwanted silicon carbide 

phase has been very challenging. 

In this work, ultra-small silicon nanoparticles of smaller than 10 nm size were directly 

grown on both sides of a reduced graphene oxide (rGO) surface using a two-step synthesis 

method, as illustrated in Fig. 1.  In the first step, silica (SiO2) nanoparticles were directly 

grown on the GO surface using a sol-gel method, followed by a magnesiothermic reduction 

process to reduce both silica nanoparticles and GO simultaneously.  Here, magnesiothermic 

reduction process was chosen due to its low reaction temperature (650°C) in comparison to 

the traditional carbothermic reduction process.  The magnesiothermic reaction temperature 

is much lower than the melting point of silicon (1410 °C), which can prevent the melting and 

fusion of silicon and enable the preservation of nano-structured morphology.  Sodium 

chloride was used as a heat scavenger in the second step to prevent condensation of silicon 

nanoparticles and suppress formation of SiC as an impurity phase during the exothermic 

reaction of magnesium metal.34  The covalent attachment of ultra-small silicon nanoparticles 
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to rGO without forming SiC phase prevented detachment of silicon nanoparticles from 

graphene nanosheets during cycling, which resulted in improved electrochemical 

performance as an anode material in lithium-ion cells. 

 

Experimental  

Growth of silicon nanoparticles on graphene surface  

GO was prepared by exfoliating graphite oxide, which has been synthesized from graphite 

powder (SP-1, Bay Carbon, USA) using a modified Hummer’s method.  In the first step, 

pre-oxidation was carried out as previously reported.35  This was followed by oxidation 

using the modified Hummer’s method in the subsequent step.36  Silica nanoparticles on GO 

(GO-SiO2) were synthesized by modifying the method reported in a previous literature.37  In 

a typical synthesis, 50 mL of GO dispersion (1.6 mg mL-1) in DI water was poured into 700 

mL of ethanol and stirred vigorously at 80 °C.  A mixture of sulfuric acid (1.5 mL) and 

tetraethylorthosilicate (TEOS, 3.6 mL) in 50 mL of ethanol was added to the solution and 

stirred vigorously for 24 h.  The resulting product was centrifuged and washed with ethanol 

and DI water several times.  The prepared GO-SiO2 was reduced in the subsequent step 

using magnesiothermic reduction method.  Typically, 200 mg of GO-SiO2 was mixed well 

with 2 g of sodium chloride and 0.2 g of magnesium powder in a glove box under an argon 

atmosphere.  The mixture was heated at 650 °C in a tube furnace for 2 h under argon gas 

flow.  The resulting powder was washed with 1 M hydrochloric acid solution.  Reduced 

graphene oxide-silicon nanoparticles (rGO-SiNaCl) were then obtained by filtering and 

washing with DI water until the pH became neutral.  As a control sample, the reduced 

graphene oxide-silicon nanoparticles (rGO-Si) sample was prepared using the same synthetic 

procedure without NaCl in the second step. 

 

Electrode preparation and cell assembly  
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The rGO-SiNaCl electrode was prepared by coating N-methyl-2-pyrrolidone (NMP)-based 

slurry containing rGO-SiNaCl, super P carbon (MMM Co.) and poly(amide imide) binder 

(75:13:12 by weight) onto a Cu foil.  The electrode was dried under a vacuum for 12 h at 80 

oC and further thermally treated at 350 oC for 1 h in argon gas to enhance particulate contact 

and adhesion to the current collector.  The rGO-SiNaCl loading in the electrode was 

approximately 1.0 mg cm-2.  The lithium electrode consisted of 100-m-thick lithium foil 

(Honjo Metal Co., Ltd.) pressed onto a copper current collector.  A CR2032-type coin cell 

composed of a lithium electrode, a polypropylene separator (Celgard 2400), and an rGO-

SiNaCl electrode was assembled with a liquid electrolyte.  The liquid electrolyte was 1.15 M 

LiPF6 in ethylene carbonate (EC)/diethyl carbonate (DEC) (1:1 by volume, battery grade, 

Soulbrain Co. Ltd.).  All cells were assembled in a glove box filled with argon gas. 

 

Characterization and measurements 

The morphologies of the prepared samples were examined using field emission scanning 

electron microscopy (FE-SEM, JEOL JSM 6701F) equipped with energy dispersive X-ray 

spectroscopy (EDS) and transmission electron microscopy (TEM, JEOL, JEM 2100F).  

Silicon-based hybrid materials were further characterized to investigate the quality of the 

graphene using Raman spectroscopy (Dongwoo Optron, MonoRa 780i).  The simultaneous 

reduction of GO during magnesiothermic reduction was confirmed using X-ray photoelectron 

spectroscopy (XPS, VG multilab ESCA system, 220i).  X-ray diffraction (XRD) patterns of 

GO, GO-SiO2 and rGO-SiNaCl were obtained using an X-ray diffractometer (Rigaku 

DMAX/2500) with Cu Kα radiation.  Cyclic voltammetry (CV) measurements were carried 

out using a potentiostat (Zahner Electrik IM6) on the rGO-SiNaCl electrode, with the counter and 

reference electrodes of lithium metal at a scanning rate of 2.0 mV s-1.  Charge and discharge 

cycling tests of the Li/rGO-SiNaCl cells were conducted at different current rates over a voltage 

range of 0.005 – 1.5 V using battery testing equipment (WBCS 3000, Wonatech).  The initial 
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formation cycles were carried out at 100 mA g-1 prior to the cycling test.  Specific capacities 

were calculated based on the rGO-SiNaCl weight in the electrode unless otherwise specified.  

All the electrochemical measurements were carried out at 25 °C. 

 

Results and discussion 

Fig. 1 schematically illustrates the growth of silicon nanoparticles on a graphene surface 

using a simple sol-gel method followed by magnesiothermic reduction.  During the sol-gel 

reaction, hydrolyzed TEOS molecules are directed towards the defect sites created by oxygen 

functional groups in GO through electrostatic interactions. These defect sites act as 

nucleation sites for the formation of Si-O-C bonds, aiding the growth of silica nanoparticles.  

An SEM image of GO-SiO2 and its corresponding elemental mappings of silicon, 

carbon, and oxygen are given in Fig. 2.  The uniform distribution of these elements 

throughout the sample indicates that silica nanoparticles are uniformly grown on the GO 

surface in the first step.  The SEM EDS spectrum of GO-SiO2 shown in Fig. S1 confirms the 

predominant presence of silicon and oxygen with a minor peak corresponding to carbon.   

In the second step, the formed GO-SiO2 sample was reduced using magnesiothermic 

reduction at 650 °C to form rGO-SiNaCl.  SEM images of the rGO-SiNaCl given in Fig. 3(a) 

and (b) show the uniform and dense growth of nanoparticles on both sides of the graphene 

surface.  The SEM-EDS spectrum of rGO-SiNaCl given in Fig. S2 shows the predominant 

presence of silicon, whereas small amount of carbon is detected.  From SEM-EDS results, 

the silicon, carbon and oxygen contents in the rGO-SiNaCl sample were determined to be 75.8, 

20.9, and 3.3 wt.%, respectively.  The predominant presence of silicon in the rGO-SiNaCl 

sample indicates that the particle-like structures observed on the surface of the graphene 

sheets correspond to silicon nanoparticles.  The presence of a negligible amount of oxygen 

in the rGO-SiNaCl sample confirms simultaneous reductions of SiO2 and GO during the 

magnesiothermic reduction step.  The reduction of GO during magnesiothermic reaction 
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was confirmed using XPS analysis of rGO (Fig. S3), which was prepared by the same 

reduction procedure in the absence of silica nanoparticles on GO surface.  The relative 

intensity of oxygen peak in rGO was highly reduced after magnesiothermic reduction in 

comparison to the GO sample.  The ratio of C/O in GO and rGO was found to be 2.21 and 

9.75, respectively, indicating that GO is simultaneously reduced along with the reduction of 

silica during the magnesiothermic reduction process. 

The morphology of the rGO-SiNaCl sample was further characterized using TEM analysis.  

The TEM images shown in Fig. 4(a) and (b) show the uniform and dense growth of silicon 

nanoparticles on both sides of the rGO surface.  Silicon nanoparticle size was determined to 

be smaller than 10 nm.  In contrast, silicon nanoparticles obtained using a similar synthetic 

procedure without sodium chloride resulted in aggregated structures with much bigger 

particle size, as shown in Fig. S4.  This result can be attributed to the fact that NaCl absorbs 

excess local heat generated by the exothermic reaction of magnesium metal and prevents 

condensation of silicon nanoparticles.34  It is noticeable that no free silicon particles are 

observed in the TEM images, indicating that any free silicon particles are completely 

removed during washing after the sol-gel reaction.  The rGO nanosheets show a folded 

morphology, which is characteristic of rGO due to the presence of residual defect sites on the 

graphene basal plane. The folded structure shown in the HRTEM image (Fig. 4(c)) 

demonstrates the presence of few-layered rGO sheets (less than 10 layers), indicating that the 

graphene sheets are well exfoliated.  This result is ascribed to the presence of silicon 

nanoparticles on the rGO surface, which prevents the sheets from restacking during high 

temperature reduction.  Lattice spacing of 0.31 nm corresponds to the (111) plane of silicon, 

confirming the presence of crystalline silicon nanoparticles attached to rGO nanosheets.  

Selected area electron diffraction (SAED) pattern of rGO-SiNaCl sample given in Fig. 4(d) 

shows the characteristic reflections of crystalline silicon (JCPDS no. 27-1402).  In case of 

rGO-Si prepared without NaCl in the second step, the HRTEM image and the corresponding 
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line profiles in Fig. S4(b)-(d) indicate the presence of silicon carbide impurity phase in 

addition to the silicon particles in the hybrid.  During the magnesiothermic reduction 

process of silica in presence of graphene nanosheets, the massive heat released from the 

exothermic reaction of magnesium metal could increase the local reaction temperature as 

high as 1720 °C.30  Such a high temperature facilitated the reaction of surface oxide-stripped 

silicon with carbon in graphene to form SiC phase.  SiC is insulating in nature and shows 

inferior electrochemical activity.  Accordingly, the presence of SiC phase exerts a negative 

influence on the electrochemical performance of silicon electrodes, and it should be removed.  

In contrast, when NaCl was used in the second step, the excess heat produced by the reaction 

of magnesium metal was scavenged by the fusion of NaCl crystals.  The melting of NaCl 

crystals began at 801 °C and consumed the excess heat generated, thereby effectively 

dissipated the excess heat and prevented further temperature rise.  This heat scavenging by 

NaCl effectively prevented the formation of SiC phase.  Based on these results, we conclude 

that the addition of NaCl during magnesiothermic reduction plays a dual-role of not only 

controlling particle size, but also suppressing the formation of SiC. 

To examine the crystalline structure of synthesized materials, the XRD patterns of 

graphite oxide, GO-SiO2, and rGO-SiNaCl are given in Fig. 5(a).  The graphite oxide sample 

shows an intense and sharp peak at 10.5°, which corresponds to the interlayer spacing of 0.84 

nm.  This indicates that the oxygen functional groups in graphite oxide increase d-spacing, 

since the interlayer distance of the nearest graphene sheets in graphite is 0.335 nm.  In the 

GO-SiO2 sample, a broad and low-intensity peak is observed around 23°, which implies the 

presence of well exfoliated graphene nanosheets.  The absence of other diffraction peaks 

suggests that the silica particles are amorphous in nature.  In the XRD pattern of the rGO-

SiNaCl sample, sharp peaks corresponding to silicon with a cubic structure (JCPDS no. 27-

1402) are observed.  The peaks at 28.4°, 47.2°, and 56.1° are attributed to the crystal planes 

of (111), (220), and (311), respectively.38,39 When NaCl was not used as a heat scavenger in 

Page 8 of 27RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



 9

the magnesiothermic reduction process, the XRD pattern of rGO-Si (Fig. S5) shows 

additional crystalline peaks corresponding to SiC.24  This result further confirms that the 

presence of NaCl as a heat scavenger suppresses the formation of SiC impurity phase during 

the magnesiothermic reduction step.  In order to understand the structure and quality of the 

graphene nanosheets, the rGO-SiNaCl sample was characterized by Raman spectroscopy.  

Raman spectra of the GO and rGO-SiNaCl samples given in Fig. 5(b) show characteristic D 

and G bands.  The D band corresponds to the local basal plane derivatization that creates sp3 

distortion, and the G band arises from sp2-hybridized graphitic carbon atoms.  The intensity 

ratio of the D to G bands (ID/IG) indicates the extent of defects in the graphene nanosheets.  

In Fig. 5(b), the ID/IG ratios are 0.98 and 1.10 for GO and rGO-SiNaCl, respectively.  

Although the oxygen functional groups in GO were removed during the reduction step, ID/IG 

increased for the rGO-SiNaCl sample.  This result suggests that silicon nanoparticles interact 

with rGO sheets, thereby generating more defects in the rGO-SiNaCl sample.  Raman 

spectrum of rGO-SiNaCl shows a main peak at 510 cm-1, which corresponds to crystalline 

silicon nanoparticles.  The minor peak at 940 cm-1 is attributed to an amorphous phase Si-Si 

stretching.40  The presence of a broad 2D band around 2700 cm-1 indicates the predominant 

presence of a mixture of single- and few-layer rGO nanosheets in the rGO-SiNaCl samples.  

This result is consistent with the XRD and HRTEM results that the rGO nanosheets are well 

exfoliated.  To determine the type of interactions between the rGO and silicon nanoparticles, 

the FTIR spectra of the GO, GO-SiO2, and rGO-SiNaCl samples were obtained, as shown in 

Fig. 5(c).  The GO sample shows characteristic peaks corresponding to various oxygen 

configurations on the basal plane and on the edges of the GO.  The GO-SiO2 sample shows 

new peaks corresponding to Si-O-Si bonds, indicating that silica nanoparticles successfully 

grew on the GO surface.  The presence of a minor peak at 951 cm-1 corresponds to the 

silanol groups, indicating that a small amount of Si-OH groups remain uncondensed.  

However, silanol would condense in the further reduction step at elevated temperatures.  
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Another important difference between GO-SiO2 and GO is the disappearance of a peak at 

1740 cm-1 corresponding to the C=O group.  This is attributed to the formation of covalent 

bonds through esterification between the hydroxyl groups in the silica precursors and the 

carboxyl groups in the GO.41  The rGO-SiNaCl spectrum showed the disappearance of peaks 

corresponding to the Si-O-Si bonds at 794 cm-1 and 453 cm-1.  This result confirms that 

silica is successfully reduced to silicon in the magnesiothermic reduction step.  The broad 

peak centered at 1080 cm-1, which is also present in GO-SiO2 (albeit with a different peak 

shape), is attributed to both the Si-O-C bonds and the Si-O-Si bonds.  Since the peaks 

corresponding to Si-O-Si in other regions disappear, the peak at 1080 cm-1 in the rGO-SiNaCl 

sample is assigned to the Si-O-C bonds.  The disappearance of C=O group and the 

formation of Si-O-C bond confirms covalent interactions between the silicon and rGO 

nanosheets.  Thus, these results demonstrate successful growth of ultra-small silicon 

nanoparticles covalently attached on both sides of rGO surface. 

Fig. 6(a) shows cyclic voltammograms of the rGO-SiNaCl electrode in the potential range 

of 0.005 to 1.5 V at a scan rate of 2 mV s-1.  An irreversible reductive current was observed 

from 1.1 to 0.42 V in the first cycle, which disappeared in the second cycle.  This result 

indicates that the reductive decomposition of liquid electrolyte in subsequent cycles was 

suppressed by the SEI layer formed in the first cycle.  The cathodic scan of the second cycle 

showed a main peak at 0.05 V and a shoulder peak at 0.21 V, which is attributed to the 

formation of Li-Si alloy phases.  The anodic scan exhibited two broad peaks at 0.32 and 

0.51 V, which correspond to the de-alloying reaction of Li-Si alloys.42,43 The redox peaks in 

the second and third cycle are similar, indicating high reversibility of the rGO-SiNaCl electrode. 

Fig. 6(b) shows the formation charge and discharge curves of the rGO-SiNaCl electrode, which 

was obtained at a current rate of 100 mA g-1 in the potential range of 0.005 to 1.5 V.  The 

rGO-SiNaCl electrode exhibited typical charge and discharge profiles that correspond to 

alloying (forming LixSi) and de-alloying (regenerating Si) reactions, respectively.  During 
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the first charge, the curve shows reductive activity from 1.1 V, which is well consistent with 

the CV result.  The main plateau during the charge process is observed around 0.15 V, which 

is attributed to the alloying reaction of silicon with lithium ions.  The specific capacities 

during charge and discharge in the first formation cycle are 2949.4 and 1902.1 mAh g-1, 

respectively.  Low coulombic efficiency in the first cycle can be attributed to SEI layer 

formation, lithiation of native oxide, and the large surface area of rGO nanosheets.27 The 

subsequent formation cycle resulted in a discharge capacity of 1850.4 mAh g-1 with a 

coulombic efficiency of 85.8%. This result indicates that a stable SEI layer is formed by 

electrolyte decomposition in the first cycle, which results in an increase of coulombic 

efficiency in the second cycle.  The cycling performance of the rGO-SiNaCl electrode after 

two formation cycles was further evaluated at a current rate of 2100 mA g-1 in the voltage 

range of 0.005 to 1.5 V, and the results are given in Fig. 6(c).  The rGO-SiNaCl electrode 

delivered a discharge capacity of 1338.1 mAh g-1 (based on the rGO-SiNaCl material in the 

electrode) at the first cycle after the formation process.  The rGO-SiNaCl electrode exhibited 

stable cycling characteristics, and it delivered 87.1% of the initial discharge capacity after 

100 cycles.  The specific capacity based on the weight of silicon loaded in the electrode at 

the 100th cycle was calculated to be 1514.3 mAh g-1
silicon.  The coulombic efficiency of the 

cell steadily increased and was maintained at higher than 99.0% through cycling after the 

initial cycles.  Such high coulombic efficiency and good capacity retention indicate that the 

rGO-SiNaCl electrode is highly reversible with a stable SEI layer formed on the electrode 

surface.  In addition, covalent bonding of silicon nanoparticles on graphene could prevent 

the segregation of silicon upon volume expansion/contraction, resulting in enhanced cycling 

performance.44 On the other hand, the rGO-Si electrode prepared without using NaCl as a 

heat scavenger showed inferior cycling performance (Fig. S6) in comparison to the rGO-

SiNaCl electrode.  The specific capacity decreased drastically in the first 30 cycles and 

stabilized at around 810 mAh g-1 in the subsequent cycles.  The specific capacity when 
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calculated based on the weight of silicon in the hybrid is about 1052 mAh g-1 at the 100th 

cycle, which is only about 69% of the capacity achieved using rGO-SiNaCl electrode without 

SiC phase.  This result demonstrates the negative influence of SiC phase on the 

electrochemical performance of rGO-Si electrode.  Therefore, the enhanced electrochemical 

performance of rGO-SiNaCl electrode was not only attributed to the presence of rGO 

nanosheets and ultra-small particle size, but also the absence of SiC impurity phase.  The 

cycling performance of rGO-SiNaCl electrode is compared with those of the reported systems 

based on graphene-silicon nanocomposites (Table S1).  It shows that the performance of 

rGO-SiNaCl electrode is comparable or better than the reported results.  The rate capability of 

rGO-SiNaCl electrodes was evaluated at rates ranging from 0.1 to 2.0 C (Fig. 6d) with every 5 

cycles for each rate.  Discharge capacities slightly decreased as the C rate increased, and the 

electrode delivered high discharge capacity of 1239.5 mAh g-1 at a rate of 2.0 C.  This 

superior rate performance can be ascribed to the covalent attachment of silicon nanoparticles 

on the rGO surface, which enables fast electron transport through strong electrical coupling 

between silicon nanoparticles and rGO sheets.  In addition, the ultra-small particle size of 

silicon results in a shorter lithium ion diffusion path, enabling faster reaction kinetics. 

To understand the enhanced electrochemical performance of rGO-SiNaCl material, SEM 

images of the electrode surface were taken before and after the cycles (Fig. 7(a)-(c)).  The 

SEM image of the electrode prior to cycling showed smooth and porous morphology with 

particle-like structures, which was attributed to the clumped rGO-SiNaCl hybrid materials.  

After 100 cycles, it showed a larger particle size and a denser particle-like morphology at the 

charged state, indicating that the clumped rGO-SiNaCl hybrid increased in size upon lithiation, 

resulting in volume expansion.  At the 100th cycle discharged state, the morphology was 

reversed back to a smoother morphology with the appearance of some cracks on the electrode 

surface.  However, the electrode was still intact and did not show any pulverization.  This 

result demonstrates that graphene nanosheets act as a volume buffer and suppress 

Page 12 of 27RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



 13

pulverization of the electrode.  

 

Conclusions 

An rGO-SiNaCl hybrid with silicon nanoparticles of smaller than 10 nm was successfully 

synthesized using sol-gel reaction followed by magnesiothermic reduction.  The use of NaCl 

as a heat scavenger aided in controlling the particle size and suppressing the formation of SiC 

impurity phase.  The uniform distribution of silicon nanoparticles on the surface of rGO 

nanosheets through covalent bonding resulted in stable cycling performance and superior rate 

capability.  The enhanced electrochemical performance of the rGO-SiNaCl electrode is 

attributed to the high electronic conductivity of the rGO nanosheets and their ability to 

preserve the mechanical integrity of the electrode.  In addition, the ultra-small size of silicon 

particles reduced the ionic diffusion path length.  Also, suppression of formation of the SiC 

phase played a key role in improving the electrochemical performance.  Such a simple and 

scalable approach can be extended to other conversion type electrode materials in lithium-ion 

batteries. 
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Figure captions 

 

Fig. 1.  Schematic illustration of the rGO-SiNaCl synthesis using a two-step method.  Silica 

nanoparticles were grown on GO surface using a sol-gel method followed by 

magnesiothermic reduction to form rGO-SiNaCl.   

 

Fig. 2.  (a) SEM image of the GO-SiO2 hybrid and its corresponding EDS elemental 

mappings of (b) Si, (c) C and (d) O.  

 

Fig. 3.  (a) Low and (b) high magnification SEM images of rGO-SiNaCl showing the growth 

of nanoparticles on both sides of the rGO nanosheets. 

 

Fig. 4.  TEM images of (a) low- and (b) high-magnification rGO-SiNaCl hybrid showing the 

uniform and dense growth of silicon nanoparticles on the rGO surface. (c) HRTEM image of 

rGO-SiNaCl showing the lattice fringes corresponding to crystalline silicon.  The folded rGO 

region indicates 8 layers of graphene sheets. (d) A SAED pattern of rGO-SiNaCl sample 

showing the characteristic reflections of crystalline silicon. 

 

Fig. 5.  (a) XRD patterns of graphite oxide, GO-SiO2 and rGO-SiNaCl. (b) Raman spectra of 

GO and rGO-SiNaCl. (c) FTIR spectra of GO, GO-SiO2 and rGO-SiNaCl. (d) Schematic 

illustration of the magnesiothermic reduction process demonstrating the role of NaCl as a 

heat scavenger. 

 

Fig. 6.  (a) Cyclic voltammograms of the rGO-SiNaCl electrode, (b) two initial formation 

curves of the rGO-SiNaCl electrode cycled at 100 mA g-1, (c) charge and discharge capacities 

of the rGO-SiNaCl electrode after two formation cycles (current rate: 2100 mA g-1, cut-off: 
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0.005 - 1.5 V), and (d) discharge capacities of the rGO-SiNaCl electrode as a function of the C 

rate. The C rate was increased from 0.1 to 2.0 C after every 5 cycles. 

 

Fig. 7.  SEM images of (a, b) a pristine rGO-SiNaCl electrode before cycling, (c, d) an rGO-

SiNaCl electrode at a charged state after 100 cycles, and (e, f) an rGO-SiNaCl electrode at a 

discharged state after 100 cycles.   
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Fig. 1.  Schematic illustration of the rGO-SiNaCl synthesis using a two-step method.  Silica 

nanoparticles were grown on GO surface using a sol-gel method followed by 

magnesiothermic reduction to form rGO-SiNaCl.   
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Fig. 2.  (a) SEM image of the GO-SiO2 hybrid and its corresponding EDS elemental 

mappings of (b) Si, (c) C and (d) O.  
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Fig. 3.  (a) Low and (b) high magnification SEM images of rGO-SiNaCl showing the growth 

of nanoparticles on both sides of the rGO nanosheets. 
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Fig. 4.  TEM images of (a) low- and (b) high-magnification rGO-SiNaCl hybrid showing the 

uniform and dense growth of silicon nanoparticles on the rGO surface. (c) HRTEM image of 

rGO-SiNaCl showing the lattice fringes corresponding to crystalline silicon.  The folded rGO 

region indicates 8 layers of graphene sheets. (d) A SAED pattern of rGO-SiNaCl sample 

showing the characteristic reflections of crystalline silicon. 
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Fig. 5.  (a) XRD patterns of graphite oxide, GO-SiO2 and rGO-SiNaCl. (b) Raman spectra of 

GO and rGO-SiNaCl. (c) FTIR spectra of GO, GO-SiO2 and rGO-SiNaCl. (d) Schematic 

illustration of the magnesiothermic reduction process demonstrating the role of NaCl as a 

heat scavenger. 
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Fig. 6.  (a) Cyclic voltammograms of the rGO-SiNaCl electrode, (b) two initial formation 

curves of the rGO-SiNaCl electrode cycled at 100 mA g-1, (c) charge and discharge capacities 

of the rGO-SiNaCl electrode after two formation cycles (current rate: 2100 mA g-1, cut-off: 

0.005 - 1.5 V), and (d) discharge capacities of the rGO-SiNaCl electrode as a function of the C 

rate. The C rate was increased from 0.1 to 2.0 C after every 5 cycles. 
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Fig. 7.  SEM images of (a, b) a pristine rGO-SiNaCl electrode before cycling, (c, d) an rGO-

SiNaCl electrode at a charged state after 100 cycles, and (e, f) an rGO-SiNaCl electrode at a 

discharged state after 100 cycles.   
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