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Two-dimensional (2D) nanostructures may show unique
properties, as compared to zero- or one-dimensional ones

because of their quantum well band structure and oriented
surface exposure.1 For example, graphene, which is basically a
single layer of carbon atoms, attracted much interest because of
its quantum hall effect,2 high electrical/thermal conductivity,3

high mechanical strength,4 and high specific surface area.5 2D
structured topological insulators, such as HgTe or Bi2Te3,
display massless Dirac-like surface states.6 And some catalysts,
such as SiO2,

7 TiO2,
8 and Pd9 nanosheets, show good catalytic

properties because of their high specific surface area.
Silicon is the most important material in modern electronic

technology and its nanostructures show many promising
potential applications due to size-confinement effect.10

Recently, the syntheses of silicon nanosheets have attracted
great interest as they show many new properties.11 For
example, organosilicon nanosheets prepared by the reaction of
polysilane with Grignard reagent have potential application in
solar cells;11c amine-modified Si nanosheets obtained by
exfoliation of layered polysilane are easily self-assembled into
a regular stacking structure.11e However, these Si nanosheets
are usually hybrid structures composed of Ca doping or
methylamines and the size of these Si nanosheets are not
controllable. Free standing single crystalline Si nanosheets can
be synthesized by a chemical vapor deposition (CVD)
process.11d However, the diameter of the Si nanosheets cannot
be controlled and this method may not be easily adapted for
large scale production. As of now, it is still a challenge to
develop scalable approaches to synthesize free-standing Si
nanosheets with controllable size.
In this work, we report a controlled synthesis of ultrathin Si

nanosheets with different sizes by using graphene oxide (GO)
nanosheets as sacrificial templates. The GO sheets can be
prepared abundantly by the oxidization and subsequent
exfoliation of graphite.12 The GO with different size ranges
can be separated through the centrifuge process using different
speeds. The synthesis of the Si nanosheets includes several
steps (see the Supporting Information scheme S1). The GO
sheets were first coated with a silica layer by a sol−gel process.
The GO were then removed by calcining in air. The resulting
silica sheets were then reduced to silicon by a thermal reduction

process assisted with magnesium powder. After acid etching, Si
nanosheets were obtained. As an anode material, these Si
nanosheets showed good Li storage properties.
Three types of GO sheets with different mean diameters of

400 nm, 4 and 10 μm were synthesized. Here, we chose the GO
sheets with diameter of 4 μm to illustrate the whole synthesis
process of the Si nanosheets. The GO sheets, which were
prepared by a modified Hummer’s method,13 contained many
carboxyl, hydroxyl and epoxy groups as the nucleation sites for
the growth of silica.14 The thickness of the GO sheets was
determined from AFM measurements (see the Supporting
Information, Figure S1a) to be ∼0.9 nm, indicating that single
layered GO sheets were obtained. After coating with a silica
layer, the GO@SiO2 retained the nanosheets structure as
shown in the SEM image (Figure 1a). The thickness of the
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Figure 1. (a, b) SEM images of GO@SiO2 nanosheets before and after
calcination at 500 °C in air; (c, d) SEM andTEM images of Si
nanosheets, Inset in c is a statistical size-distribution of 4 μm Si
nanosheets; Inset in d is a high-resolution TEM image of a Si nanosheet.
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GO@SiO2 nanosheets was ∼3.7 nm (see the Supporting
Information, Figure S1b), which suggested that the thickness of
the silica layer was about 1.4 nm on both sides of the GO
sheets. Unfortunately, the TEM image (see the Supporting
Information, Figure S2) did not show a clear contrast between
the GO sheets and the SiO2 layer. In order to prove that SiO2
was successfully coated onto the GO sheets, we removed the
GO sheets by calcining the samples at 500 °C in air. The
corresponding TGA measurements (see the Supporting
Information, Figure S3) confirmed that GO could be burned
out at this temperature. After the calcination process, the
remaining samples turned to white color and still retained
the nanosheets structure (Figure 1b), which was expected to
be SiO2. Partial agglomeration of the nanosheets could be
observed, but most of the nanosheets were not coarsened
because the calcination temperature was not high enough to
cause the nanosheets to cross-link.15 Furthermore, the peaks in
the Raman spectra corresponding to the D-band (at 1350
cm−1) and G-band (1588 cm−1) of graphene oxides in the as-
prepared GO@SiO2 samples were not detectable after the
calcination process (Supporting Information, Figure S4), which
supports the removal of the GO in the calcined samples.
The SiO2 nanosheets were reduced into silicon by mixing

them with magnesium powder and annealing under Ar/H2
atmosphere at 650 °C for 2 h, during which MgO was formed
as a byproduct.16 The XRD patterns of the as-annealed samples
(see the Supporting Information, Figure S5) showed the
characteristic diffraction peaks of the cubic Si (JCPDF895012)
as well as the cubic MgO (JCPDF790612). Unreacted SiO2 was
also expected to exist in the as-annealed samples. However,
because of their amorphous nature, the unreacted SiO2 was not
detected from XRD analysis. MgO and the remaining SiO2
were then removed by HCl and HF acid etching as described in
the experimental section. Only peaks corresponding to the
cubic Si phase were observed in the XRD patterns of the
samples after the etching process, which indicated that MgO
was removed. The energy-dispersive X-ray (EDX) analysis
(Supporting Information Figure S6) showed that the intensity
ratio between the (K) peaks of oxygen and Si decreased
significantly (e.g., from 1 to 0.07) after the acid etching process,
which suggested the removal of the oxides, e.g., SiO2 and MgO.
After the etching process, the obtained Si maintained its

nanosheets structure, which was revealed by the SEM and TEM
images (Figure 1c, d). AFM measurement showed that the
thickness of the Si nanosheets was ∼3.5 nm, which was slightly
thinner than that of the SiO2 nanosheets (see the Supporting
Information Figure S7). The HRTEM image (inset in Figure
1d) shows that these Si nanosheets were crystalline and the
observed interlattice spacing of 0.192 nm corresponded to the
(220) planes of cubic Si (JCPDF 895012). Unlike the SiO2
nanosheets, defects such as pores could be observed in the Si
nanosheets, which possibly formed during the acid etching
process. Raman spectra of the Si nanosheets showed a peak at
∼506 cm−1, which was shifted from 520 cm−1 of bulk silicon
(see the Supporting Information, Figure S4). In addition, the
full width at half-maximum (FWHM) of the peak was also
widened to 30 cm−1 as compared to bulk silicon (e.g., 20 cm−1

for bulk silicon). Such Raman peak shift and broadening of the
FWHM are attributed to the phonon confinement in the two-
dimensional nanoscale Si crystal.17The diameter of the Si
nanosheets could be easily changed by using different sizes of
GO as templates. Figure 2 shows the SEM images of Si
nanosheets with mean diameter of 400 nm and 10 μm. It is

noted that the colloidal stability of the Si nanosheets decreased
with increased diameters of the Si nanosheets. The 10 μm Si
nanosheets are easily aggregated and it was hard to find
individual Si nanosheets in the SEM images. On the contrary, Si
nanosheets with diameter of ∼400 nm could be easily dispersed
into ethanol and remained separated as observed in the SEM
image (Figure 2b). This was mainly due to the increased van
der Waals attraction between the larger Si nanosheets.
A series of electrochemical measurements were carried out to

study the Li storage properties of the Si nanosheets based on
the half-cell configuration.18 The cyclic voltammetry (CV)
curves of the first, second, and third cycles (see Figure S8 in the
Supporting Information) were tested at a scan rate of 0.5
mV s−1. The observed redox peaks in CV curves are in agree-
ment with previous report and are related to the following
conversion reactions19

The cycling performances of the Si nanosheets electrode were
evaluated at 0.1 C (Figure 3). The Si nanosheet electrodes

maintained a discharge capacity of ∼600 mA h g−1 with a
Coulombic efficiency of 96.2% during the 100th cycle. We also
carried out similar tests on 50-nm silicon nanoparticles
synthesized by direct reduction of SiO2 using the same
approach. The Si nanoparticles showed a lower initial discharge
capacity of only 1636 mA h g−1, which decreased rapidly to less
than 120 mA h g−1 during the 100th cycle. The higher initial
capacities obtained in Si nanosheets as compared to that of Si
nanoparticles is possibly due to its dimensional features. The
ultrathin thickness (<5 nm) of the Si nanosheets allows the fast

Figure 2. SEM images of (a) 10 μm and (b) 400 nm Si nanosheets.
Inset in b is a statistical size-distribution of 400 nm Si nanosheets.

Figure 3. Cycling performance of different electrodes made of Si
nanosheets and Si nanoparticles at a current density of 0.1 C.
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kinetics of charge carrier diffusion as compared to that of the Si
nanoparticles (∼50 nm). The small feature size of the Si
nanosheets may also effectively buffer the strain generated
during the Li intercalation process. Furthermore, the large
specific area of the Si nanosheets allows effective contact
between the electrode and the electrolytes, which can also
contribute to the high specific capacities.
In summary, we have developed a facile method to synthesize

free-standing ultrathin silicon nanosheets by using GOs as
sacrificial templates. The size of the Si nanosheets was
controllable by using GO sheets of different sizes. The resulting
Si nanosheets were well-crystallized, which showed better Li
storage properties as compared to that of 50 nm Si
nanoparticles. Such synthesis approaches can be promising
for a scalable production of Si nanosheets.
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