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A B S T R A C T

Copper silicate (CSO) is a promising anode material for lithium-ion batteries (LIBs). It delivers high specific
capacity; however, the capacity fades quickly because of its intrinsic poor electric conductivity and large volume
variation during lithium ion insertion/extraction. Herein, a sandwich-like structure with CSO nanotubes grown
on both sides of reduced graphene oxide (RGO) is designed to solve the capacity fading issue. The RGO not only
serves as a soft and robust matrix to mitigate the large volume change during cycling but also acts as the electron
highway. When applied as the anode material for LIBs, the as-obtained CSO/RGO sandwich-like structure
exhibits high reversible capacity, good rate capability, and excellent cycling stability. A reversible capacity of
516 mA h g−1 can be achieved after 1000 cycles at 500 mA g−1.

1. Introduction

As a predominant power source for portable electronics, LIBs have
gained commercial success due to their high energy density and long
cycle life [1–3]. The ever-growing energy demands of our society have
inspired the exploration of new electrode materials with high safety,
high reversible capacity, and good rate capability [4–8].

Metal silicates are a very attractive family of anode materials for
LIBs because of their low cost, abundant reserves, environmental
friendliness, easy synthesis, and high theoretical capacity [9–14].
Take CuSiO3 as an example, each formula of CuSiO3 may react with
6.4 Li+ reversibly: CuSiO3 + 4 Li+ + 4 e- → CuO + Si + 2 Li2O
(irreversible reaction), CuO + 2 Li+ + 2 e- ↔ Cu + Li2O (conversion
reaction), and Si + 4.4 Li+ + 4.4 e- ↔ Li4.4Si (alloying/dealloying
reaction) [13]. Combining the conversion reaction and alloying/deal-
loying reaction together, the theoretical capacity of CuSiO3 reaches as
high as 1229 mA h g−1, which is three times higher than that of
commercial graphite (372 mA h g−1). This capacity is also comparable
to typical metal oxide anode materials based on conversion reaction
[15,16]. Although the theoretical capacity of CuSiO3 is lower than that
of Si (4200 mA h g−1), the easy synthesis of CuSiO3 might be a great
advantage over Si.

However, metal silicates have been rarely investigated as anode
materials. Yang et al. reported the lithium storage performance of

nickel silicate [9]. It shows an initial discharge capacity of
1650 mA h g−1. Although the high capacity is appealing, the fast
capacity fading makes it difficult for practical applications. The fast
capacity fading is ascribed to its intrinsic poor electric conductivity and
large volume variation during lithium insertion/extraction. It is
hypothesized that simultaneous improving the electronic conductivity
and accommodating the volume variation may significantly enhance
the cycling stability of metal silicates.

Combining active materials with RGO has been demonstrated to be
an effective strategy to boost the electrochemical performance [17–20].
Various nanoparticles [21–25], nanoplates [26–30], and nanorods[31–
33] have been grown onto RGO. To the best of our knowledge, there is
no report on nanotubes anchored on RGO except for the carbon
nanotube-RGO nanocomposites [34–36]. Herein, we report the synth-
esis of a novel sandwich-like structure with ultrafine CSO nanotubes
grown on both sides of RGO. As the anode materials for LIBs, the as-
obtained CSO/RGO manifests high reversible capacity, good rate
capability, and excellent cycling stability. Specifically, the CSO/RGO
composite delivers a capacity of 516 mA h g−1 after 1000 cycles at a
current density of 500 mA g−1.
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2. Experimental section

2.1. Materials synthesis

2.1.1. Synthesis of SiO2/GO sandwich-like structure
GO is synthesized via a modified Hummers method [37]. For the

synthesis of SiO2/GO sandwich-like nanocomposite, hexadecyltri-
methylammonium bromide (0.15 g) was added into the mixture of
120 mL ethanol and 30 mL deionized water, and stirred vigorously for
5 min. GO solution (10 mL, 3.95 mg mL−1) was dispersed into the
above solution and stirred for another 10 min. Then, 3 mL of concen-
trated NH3·H2O (~28 wt%) was added into the solution. After that,
1 mL tetraethyl orthosilicate (TEOS) was added into the solution
dropwise and stirred for 4 h. The resulting product was collected by
centrifugation, washed with deionized water, and dried at 60 °C for 8 h.
The SiO2/GO composites obtained by adding 1 mL, 0.6 mL, and 0.3 mL
TEOS are denoted as SiO2/GO-1, SiO2/GO-2, and SiO2/GO-3, respec-
tively.

2.1.2. Synthesis of CSO/RGO nanostructure
For the synthesis of CSO/RGO composite, 60 mg of SiO2/GO-1 was

dispersed into 35 mL deionized water with ultrasonication for 30 min.
Cu(NO3)2·4H2O (1.2 mmol), NH4Cl (5 mmol) and NH3·H2O (1 mL)
were added into the solution in sequence under vigorously stirring. The
solution was transferred into a 50 mL autoclave and maintained at
140 °C for 20 h. The black product was collected by centrifugation,
washed with deionized water and ethanol, and dried at 60 °C for 6 h.
The products synthesized using SiO2/GO-1, SiO2/GO-2, and SiO2/GO-
3 are denoted as CSO/RGO-1, CSO/RGO-2, and CSO/RGO-3, respec-
tively. Pristine CSO is obtained by annealing CSO/RGO-1 in air at
450 °C for 6 h.

2.2. Materials characterization

D8 Advance X-ray diffractometer with a non-monochromated Cu
Kα X-ray source was used to characterize the crystalline structure of
the products. The morphology and microstructure were characterized
with field emission scanning electron microscopy (SEM, JEOL-7100F)
and transmission electron microscopy (TEM, JEM-2100F STEM/EDS).
Brunauer-Emmet-Teller (BET) surface areas and pore size distribu-
tions were measured using Tristar II 3020 instrument. Raman spectra
were obtained using a Renishaw IN VIA micro-Raman spectroscopy
system. Thermogravimetric Analysis (TGA) was performed with
Netzsch STA 449F3 at a heating rate of 10 °C min−1 in air.

2.3. Measurement of electrochemical performance

The electrochemical measurements were carried out using 2016
type coin cells assembled in the glove box filled with argon. Lithium
chips were used as the counter electrode and reference electrode. The
working electrode was prepared by mixing the active material, acet-
ylene black, and carboxyl methyl cellulose (CMC) in a weight ratio of
70:25:5. The slurry was casted on the copper foil, dried at 70 °C for 4 h,
then dried at 120 °C for 24 h in a vacuum oven. The mass loading of the
active material was 1.0–1.5 mg cm−2. 1 M LiPF6 in a mixture of
ethylene carbonate and dimethyl carbonate with the volume ratio of
1:1 was used as the electrolyte. Before the electrochemical test, the cell
was placed at room temperature for at least 4 h. Galvanostatic

discharge/charge measurements were performed in the potential
window of 0.01–3 V νs. Li+/Li using a multichannel battery testing
system (LAND CT2001A). Cyclic voltammetry (CV) and electrochemi-
cal impedance spectroscopy (EIS) were tested using electrochemical
workstation (Autolab Potentiostat Galvanostat 302N and CHI760D).
All of the measurements were carried out at room temperature.

3. Results and discussion

The sandwich-like CSO/RGO composite is prepared via a two-step
process (Fig. 1). In step I, SiO2 is coated on the surface of GO via a
facile Stöber method. In step II, the as-obtained SiO2/GO is converted
into CSO/RGO composite by hydrothermal treatment, during which
NH3·H2O, NH4Cl, and Cu(NO3)2·4H2O are introduced.

The morphologies and microstructures of the SiO2/GO composites
were studied by SEM. With the usage of 1.0 mL of TEOS, the SiO2/GO-
1 well inherits the nanosheet morphology of GO (Figure S1), indicating
the uniform coating of SiO2 on the surface of GO. When 1.2 mL of
TEOS is used, both separate SiO2 spheres and composite nanosheets
can be observed in the product (Figure S2a and S2b), indicating that
the amount of TEOS is excessive. When 0.6 mL of TEOS is used, the
SiO2/GO-2 composite shows thin nanosheet morphology with smooth
surface (Figure S2c and S2d). When the amount of TEOS decreases to
0.3 mL, the SiO2 is not enough to form a continuous coating; instead, it
forms island-like domains on GO (Figure S2e and S2f). The above
results indicate that SiO2 can be homogeneously and conformally
coated onto GO sheets by the hydrolysis and condensation of an
appropriate amount of TEOS.

The crystal structure and phase of the product obtained via
hydrothermal method is studied by X-ray diffraction (XRD). Fig. 2
shows the XRD pattern of the CSO/RGO-1. The peaks can be indexed
to chrysocolla copper silicate (JCPDS No. 03-1152, CuSiO3·xH2O). All
the diffraction peaks are broadened and the intensities are very low,
indicating the low crystallinity of the sample. No diffraction peaks for
RGO can be observed in the XRD pattern, which is ascribed to the
highly dispersed nature and ultrathin feature of RGO [23].

The morphology and structure of the CSO/RGO-1 is characterized
by SEM and TEM. During the hydrothermal reaction, the SiO2 in SiO2/
GO composites is in-situ transformed into CSO, resulting in the
formation of CSO/RGO composites. As shown in the SEM images

Fig. 1. Schematic illustration of the formation of CSO nanotubes anchored on RGO.

Fig. 2. XRD pattern of CSO/RGO-1.
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(Fig. 3a and 3b), CSO nanotubes cover the surface of RGO uniformly,
forming a sandwich-like structure. The RGO sheets can only be
observed at the edges of the composites under high magnifications
(Fig. 3b). Fig. 3c and 3d show the TEM images of CSO/RGO-1.
Agreeing with the SEM observations, the CSO nanotubes grow on the
surface of RGO uniformly and densely. The diameters of the nanotubes
are determined to be ~5 nm. High resolution TEM (HRTEM) image
and selected area electron diffraction (SAED) pattern of CSO/RGO-1
are shown in Figure S3. Due to the low crystallinity, it is difficult to
observe the lattice fringes of CSO nanotubes in the HRTEM image. A
set of diffuse diffraction rings can be observed in the SAED pattern,
further confirming the low crystallinity of CSO. Fig. 3e displays the
energy dispersive X-ray spectroscopic (EDS) elemental mapping re-
sults, from where one can know the homogeneous distribution of Cu,
Si, O, and C in the products. The EDS mapping results further confirm
that the CSO nanotubes are uniformly grown on the surface of RGO.
The Cu to Si ratio is determined to be 1 to 1 by EDS analysis (Figure
S4), which is in consistency with the formula. For comparison, the
morphologies and structures of CSO/RGO-2, CSO/RGO-3, and pristine
CSO are also investigated and the results are shown in Figure S5 and
S6. It is worth mentioning that the pristine CSO prepared by annealing
CSO/RGO-1 in air at 450 °C shows a similar morphology to CSO/RGO-
1 (Figure S6).

The highly porous feature of CSO/RGO-1 is characterized by N2

sorption (Figure S7). The CSO/RGO-1 has a type IV adsorption-
desorption isotherm (Figure S7a). The Brunauer-Emmett-Teller spe-
cific surface area of the product is as high as 387 m2 g−1. The Barret-
Joyner-Halenda pore size distribution (Figure S7b) displays a typical
bimodal pore system. The small pore with a pore size of 2–3 nm is
attributed to the inner diameter of the CSO nanotubes, while the large
pore centered at ~30 nm is attributed to the packing voids. Such a
porous structure would facilitate the penetration of electrolyte into the
active material, and thus promote the electrochemical reactions and
boost the electrochemical performance.

Raman spectrum of CSO/RGO-1 (Figure S8) presents two distinct
carbonaceous peaks. The peaks centered at 1327 and 1593 cm−1 are
ascribed to D-band and G-band, respectively. The D band is ascribed to
the defect of C atoms and the G band is attributed to the stretching
vibration of sp2 C atoms. Figure S9 shows the thermogravimetric
analysis results of CSO/RGO. According to the weight loss from 300 to

700 °C, the contents of RGO are estimated to be 2.2 wt%, 4.8 wt%, and
7.3 wt% for CSO/RGO-1, CSO/RGO-2, and CSO/RGO-3, respectively.

The electrochemical performances of CSO/RGO are studied by CV,
galvanostatic discharge-charge test, and EIS. The first three CV curves
of CSO/RGO-1 at a scan rate of 0.1 mV s−1 is shown in Fig. 4a. In the
initial cathodic process, there is an obvious peak located at 1.3 V, which
disappears in the subsequent cycles. It may be ascribed to the initial
lithium ion insertion into the CSO/RGO-1 [38]. The difference between
the 1st and 2nd cathodic processes indicates a highly irreversible
reaction. In the initial anodic process, there are two peaks located at
2.0 and 2.8 V. The anodic peaks of the subsequent cycles overlap with
those of the first cycle with slight change in the intensity.

Fig. 4b displays the discharge-charge profiles of CSO/RGO-1 at the
current density of 200 mA g−1. A discharge plateau at 1.2–1.5 V can be
seen clearly in the 1st cycle discharge curve; however, it disappears in
the following cycles. This tendency is consist with that of CV profiles.
And this phenomenon is very common for the alloy and conversion
type anode materials [2,39–41]. The discharge and charge capacities of
CSO/RGO-1 composite are 1557 and 818 mA h g−1, respectively. The
irreversible capacity is as high as 739 mA h g−1, which is ascribed to the
formation of SEI film and irreversible reaction (CuSiO3·xH2O + 4Li+ +
4e- → CuO + Si + 2Li2O + xH2O). The discharge-charge curves of CSO
and GO are presented in Figure S10. The curves of CSO are similar to
those of CSO/RGO, indicating the identical electrochemical reaction.

Figure S11a shows the cycling performances of CSO/RGO-1,
pristine CSO, and GO at the current density of 200 mA g−1. The
capacity of CSO/RGO-1 is much higher than the other two. The higher
capacity of sandwich-like CSO/RGO-1 is attributed to the synergistic
effect between CSO and RGO. The RGO improves the electrical
conductivity of the CSO effectively and the CSO nanotubes provide
high capacity. EIS of CSO/RGO-1 and CSO are measured and shown in
Figure S11b. The EIS for both CSO/RGO-1 and CSO are composed of a
semicircle in the high frequency region and an inclined line in the low
frequency region. The diameter of the semicircle represents the charge
transfer resistance at the interface (Rct). The slope of the line
represents the diffusion constant of the lithium ions in the electrode
materials. The semicircle diameter of CSO/RGO-1 is smaller than that
of CSO, indicating the lower Rct. The steeper slope of CSO/RGO-1
suggests the faster lithium ion diffusion rate in the electrode materials
[27].

Fig. 3. SEM images (a, b), TEM images (c, d), elemental mapping (e) of CSO/RGO-1.
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It is very important to know how the amount of RGO affects the
electrochemical performance of the sandwich-like structures. Fig. 4c
shows the cycling performance of CSO/RGO at the current density of
200 mA g−1. All the electrode materials exhibit good stability during
the cycling process, and CSO/RGO-1 displays the highest capacity,
which is attributed to its highest CSO content. The capacities of the
electrode materials firstly decrease and then increase by activation of
the electrode material after cycling [42].

When tested at various current densities ranging from 50 to
2000 mA g−1, CSO/RGO-1 displays higher capacity at each current
than CSO/RGO-2 and CSO/RGO-3, demonstrating the superior rate
performance (Fig. 4d). The reversible specific capacities for CSO/RGO-
1 at current densities of 50, 100, 200, 500, 1000, and 2000 mA g−1 are
639, 574, 498, 400, 329, and 260 mA h g−1, respectively. With the
current density returned back to 50 mA g−1 after high current density
testing, a reversible capacity of 773 mA h g−1 can be obtained, which is
higher than the initial capacity at the same current density. Similar
trend is observed in other two samples and has been reported for other
metal silicate as well [27]. Compared to the previous report on CSO
based anode materials [13], the CSO/RGO-1 delivers higher reversible
capacities at low current densities (Table S1).

The long-life cycling performance of CSO/RGO-1 is evaluated at the
current density of 500 mA g−1 (Fig. 4e). The first discharge and charge
capacities are 1218 and 707 mA h g−1, respectively. The capacity fades
slightly during the first 20th cycles and then begins to rise due to the
activation of electrode material. After the activation process, the
capacity stabilizes at around 520 mA h g−1. After 1000 cycles, a
capacity of 516 mA h g−1 can be maintained, which demonstrates the
outstanding cycling stability.

To attest the structural advantage of CSO/RGO-1 over pristine CSO,
ex-situ SEM images after 1000 discharge-charge cycles are collected
(Figure S12, S13). The sandwich-like structure of CSO/RGO-1 can be
well retained, suggesting its excellent structural stability. In sharp
contrast, the original sheet-like CSO (Figure S6) pulverizes into fine
nanoparticles (Figure S13).

Fig. 4f shows the EIS of CSO/RGO to understand the excellent
performances of the sandwich-like CSO/RGO-1. The Rct value for CSO/

RGO-3 is determined to be 55.7 Ω, which is smaller than that of CSO/
RGO-2 (62.9 Ω) and CSO/RGO-1 (78.4 Ω). It can be concluded that
both the specific capacity and Rct value decrease with the increasing of
RGO content in the CSO/RGO composites. The results further prove
that the capacity is afforded by the CSO nanotubes and the RGO acts as
a conductive matrix. The excellent electrochemical performance of
CSO/RGO-1 is attributed to the synergistic effect of high capacity CSO
and highly conductive RGO with appropriate proportion.

4. Conclusions

A novel CSO nanotube-RGO sandwich-like nanocomposite has been
synthesized via a facile hydrothermal method. The CSO nanotube
provides high capacity; meanwhile, the RGO acts as soft and con-
ductive matrix, enhancing the structural stability and conductivity of
the nanocomposite. Due to the synergistic effect between high-capacity
CSO nanotube and highly conductive RGO, the resultant CSO/RGO
nanocomposite manifests high reversible capacity, good cycling stabi-
lity, and excellent rate performance. A high capacity of 516 mA h g−1

can be achieved after 1000 cycles at 500 mA g−1.
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Appendix A. Supporting information

Supplementary data associated with this article can be found in the
online version at doi:10.1016/j.ensm.2017.01.008.
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