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S
ilicon is regarded as one of the most
promising anode materials for the next
generation lithium-ion batteries (LIBs)

benefiting from its highest theoretical ca-
pacity (∼4200 mAh g�1), environmental
benignity, abundance in nature, and low
working potential.1,2 However, the dramatic
volume change (>300%) during lithiation to
LixSi (0 e x e 4.4) often leads to the rapid
cracking and pulverization of the material
structure;3 the excessive formation of solid
electrolyte interphase (SEI) layer consumes
too much lithium ions and electrolyte thus
causes a large capacity loss.2 Therefore, the
cycling performance of silicon anodes is
still far from satisfactory from a viewpoint
of practical applications. These critical prob-
lems are proposed to be alleviated by
designing appropriate nanostructures and
encapsulation with protective coatings.4�6

Nanostructures can accelerate Liþ diffusion
kinetics, provide large electrode/electrolyte
interfacial contact area, and relax the strain

of lithiation/delithiation with available sur-
rounding free space.7,8 Various Si nanostruc-
tures such as nanoparticles,9 nanowires,6,10

the double-walled SiOx/Si nanotubes,
2 and

nanosheets,11 mesoporous silicon sponge,12

demonstrated greatly improved perfor-
mance. Meanwhile, flexible conductive pro-
tecting coatings are also widely used to
improve the cycling performance with
the attempt to accommodate the volume
change and prevent the aggregation of
nanoparticles.1 For example, improved elec-
trochemical properties have been reported
on the pomegranate-structured Si/SiO2/
Carbon,13 Si@void@C yolk�shell structures,14

silicon nanowires coated with carbon and
conducting polymer,15,16 graphene encapsu-
lated Si nanoparticles,17,18 carbon nano-
tubes�Si films,19 and core�shell structure
with Si nanoparticles embedded in carbon
fibers.20

With two-dimensional (2D) geometry
and lateral dimension at least 2 orders of
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ABSTRACT The large capacity loss and huge volume change of

silicon anodes severely restricts their practical applications in lithium ion

batteries. In this contribution, the sandwich nanoarchitecture of rolled-

up Si/reduced graphene oxide bilayer nanomembranes was designed via

a strain released strategy. Within this nanoarchitecture, the inner void

space and the mechanical feature of nanomembranes can help to buffer

the strain during lithiation/delithiation; the alternately stacked con-

ductive rGO layers can protect the Si layers from excessive formation of

SEI layers. As anodes for lithium-ion batteries, the sandwiched Si/rGO

nanoarchitecture demonstrates long cycling life of 2000 cycles at 3 A g�1 with a capacity degradation of only 3.3% per 100 cycles.

KEYWORDS: silicon . reduced graphene oxide . nanomembranes . nanoarchitecture . lithium-ion batteries

A
RTIC

LE



LIU ET AL. VOL. 9 ’ NO. 2 ’ 1198–1205 ’ 2015

www.acsnano.org

1199

magnitude larger than the thickness,21,22 nanomem-
branes can not only combine the merits of the 0D
and 1D counterparts but also be the ideal candidate
for 3D structures.23 The 2D geometry endows the
nanomembranes with mechanical feature to be de-
formable into various mechanical-engineered wavy,
helical and rolled-up 3D architectures.22,24,25 This me-
chanical feature is particularly expected to buffer
the strain of lithiation/delithiation,26�28 and delay the
pulverization of the electrode materials for LIBs. On
the other hand, graphene and reduced graphene oxide
(rGO) are an ideal protective material for the electrode
materials and have shown great potential in improving
battery performance.18,29�33 With good flexibility,
graphene and rGO are highly compatible with the
strain engineering strategy. In this contribution, the
sandwich nanoarchitecture of Si/rGO bilayer nano-
membranes is designed by combining the merits
of nanomembranes and rGO protecting layer, which
demonstrates good capacity retention and long cycling
life as anode materials for LIBs.

RESULTS AND DISCUSSION

The Si/rGO bilayer nanomembrane consists of the
parallel aligned Si and rGO nanolayers with the Si
nanolayer as the electrochemically active layer for
lithium storage and the rGO nanolayer as conductive
protecting layer. The sandwich nanoarchitecture of
Si/rGO bilayer nanomembranes is fabricated via strain
released strategy with the assistance of a sacrificial
layer. As illustrated in Figure 1, the Si/rGO bilayer nano-
membranes are forced to roll up naturally under the
built-in strain released by selectively etching away the
sacrificial layer. And the sandwich structure is formed
by the rolled up nanomembrane with multilayer con-
voluting. The alternately stacked elastic rGO layers can
protect the Si layers from being directly exposed to
electrolyte and prevent the aggregation of Si layers.
The void space inside this configuration can well
accommodate the volume change of Si layers and
relax the strain during lithiation/delithiation. All
these structural advantages are conflated within the

sandwich-nanostructured bilayer nanomembranes,
which are expected to potentially improve the electro-
chemical performance for LIBs.
The scanning electron microscopy (SEM) image

(Figure 2a) exhibits themorphology of the as-obtained
rolled-up Si/rGO bilayer nanomembranes with the
length of several hundreds of micrometers. The
inset of Figure 2a displays the multilayer convoluted
nanoarchitecture at one end of a single rolled-up
nanomembrane. The cross section images of a single
rolled-up nanomembrane after focused ion beam
(FIB) cutting clearly reveal the large inner void space
(Figure 2b) and the multilayer stacking (Supporting
Information Figure S1). The TEM image (Figure 2c) of a
single rolled-up nanomembrane also reveals themulti-
layer convoluted tubular structure with different di-
ameters. Herein, the packing density of the rolled-up
nanomembrane is defined as the fraction of the cylin-
der space filled by single rolled-up nanomembrane.
For the rolled-up Si/rGO bilayer nanomembrane
shown in Figure 2b, the packing density is calculated
to be ∼16.03%. The material density of the Si/rGO
bilayer nanomembrane is calculated tobe∼2.28 g cm�3.
The related calculation can be seen in the Supporting
Information. The bulk density of the rolled-up Si/rGO
bilayer nanomembranes is∼2.91mg cm�3. The compo-
sition is analyzed to be Si, C, and O by energy-dispersive
X-ray spectroscopy (EDX), as shown in the element
mapping images (Figure 2e�g) of Figure 2d. The thick-
ness of a single dispersed rGO sheet is determined to be
∼2.0 nm by atomic force microscopy (AFM) (see Sup-
porting Information Figure S3), corresponding to the
thicknessof twoelementary rGOsheets (The thicknessof
an elementary GO or rGO sheet is about 1.0�1.4 nm.34).
Figure 2h shows the AFM line scan image of the spin-
coated rGO nanolayer with the thickness of ∼15.8 nm.
The composition and structure of the rolled-up Si/rGO
bilayer nanomembranes were further characterized by
Raman spectroscopy. As shown in Figure 2i, the Raman
peak at ∼470 cm�1 is ascribed to the vibration mode
of the typical transverse optical structure (TO) in
amorphous Si,35 while the two peaks at ∼1363 and
∼1595 cm�1 are attributed to the disordered band
(D band) and the graphitic band (G band) of the
graphitic carbon sheets in rGO.36

The electrochemical properties of the sandwich
nanoarchitectured Si/rGO bilayer nanomembranes as
anodes for LIBs were evaluated by cyclic voltammetry
(CV), electrochemical impedance spectroscopy (EIS)
and galvanostatic discharge/charge cycling with Swa-
gelok-type half-cells. Figure 3a shows the initial three
CV curves of the Si/rGO bilayer nanomembrane elec-
trode. In the first discharge process, the minor peak at
0.98 V is related to the formation of SEI layer, and the
main cathodic peak from 0.49 nearly to∼0 V, evolving
into two peaks at 0.15 and ∼0 V in the subsequent
cycles, arises from the alloying process of amorphous

Figure 1. Schematic fabrication process of the rolled-up Si/
rGO bilayer nanomembranes.
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silicon with Li to form a series of LixSi alloys
(0 e x e 4.4).6 The anodic peak at 0.52 V in the first
cycle, which appears as two peaks at 0.52 and 0.4 V in
the subsequent cycles, corresponds to the dealloying
process of LixSi to amorphous Si.37,38 Figure 3b exhibits
the representative galvanostatic discharge/charge
voltage curves at the current density of 1 A g�1 within
0.01�1.5 V. The long slopes (below 0.5 V) are related to
the reversible lithiation/delithiation of silicon, which is in
accordance with the CV peaks.
The electrochemical impedance spectroscopy (EIS)

was used to further study the charge transfer and ion
diffusion kinetics of the Si nanomembrane and Si/rGO
bilayer nanomembrane electrodes. Both Nyquist plots
in Figure 3c exhibit an incomplete semicircle in the
high frequency region and a straight line in the low
frequency region. Compared with the pure Si elec-
trode, the Si/rGO electrode shows a reduced diameter
of the semicircle, indicating the decreased charge
transfer (ct) resistance at the electrode/solution inter-
face due to the conductive rGO layer.39 In the fre-
quency range between 10�1 Hz, the slope of the linear
fitting plot of Z0 versus ω�1/2 defines the Warburg
factor (Figure 3d), which reflects the solid-state diffu-
sion of Liþ inside the electrode materials.40 The lower
slope of the fitting line indicates the reduced solid-
state diffusion inside the Si/rGO electrode.

The cycling performance of the Si/rGO bilayer nano-
membrane electrode is first evaluated at 100 mA g�1,
and the comparisonwith that of the Si nanomembrane
electrode is shown in Figure 4a. The Si nanomembrane
electrode has an initial discharge/charge capacity of
2683/1250 mAh g�1 with the initial Coulombic effi-
ciency (CE) of 46.6%. The reversible capacity in the
second cycle is 1237 mAh g�1 (CE: 95.5%), and the
reversible capacity after 100 cycles is 1231 mAh g�1

(CE: 99.0%), which demonstrates the structural advan-
tages of nanomembranes in the cycling performance.
The Si/rGO bilayer nanomembrane electrode delivers
a higher initial discharge/charge capacity of 2871/
1817 mAh g�1 with a higher initial CE of 63.3% than
the Si nanomembrane electrode. The reversible capa-
city in the second cycle is 1732 mAh g�1 (CE: 94.0%),
and then the capacity decreases slightly in the initial
several cycles. Afterward the electrode keeps a stable
cycling with the reversible capacity of about 1500( 50
mAhg�1 (CE: 98.2( 0.4%). The reversible capacity after
100 cycles is 1433 mAh g�1 (CE: 97.6%). The higher
initial CE and higher reversible capacity of the Si/rGO
electrode than the Si electrode confirms the important
role of the rGO protecting layers in the capacity reten-
tion. Supporting Information Figure S4 shows another
cycling performance comparison at 100 mA g�1, in-
dicating the good repeatability.

Figure 2. Characterizations of the rolled-up Si/rGO bilayer nanomembranes: (a) SEM image (inset: a single rolled-up
nanomembrane); (b) cross section image of a single rolled-up nanomembrane after FIB cutting (carbon is the leftover
after FIB cutting); (c) TEM image of a single rolled-up nanomembrane; (e) Si, (f) O, and (g) C elemental mapping images of
(d) from EDX; (h) AFM image of the spin-coated rGO layer with corresponding line scan and thickness, and (i) Raman
spectrum.
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The cycling performance of the Si/rGO bilayer nano-
membrane electrode is further examined at a higher
current density of 1 A g�1, as shown in Figure 4b. The
electrode offers an initial discharge/charge capacity of
1957/1155 mAh g�1 (CE: 59.0%). After the capacity
decay in the initial several cycles, the electrode keeps a
stable cycling with the reversible capacity of about
965 ( 50 mAh g�1 during the 25th�530th cycles. The
reversible capacity after 700 cycles is 821 mAh g�1 (CE:
∼99.8%). The cycling performance of the Si nanomem-
brane electrode at 1 A g�1 is shown in Supporting
Information Figure S5. The initial discharge/charge
capacity is 1737/667 mAh g�1 (CE: 38.4%) and the
reversible capacity after 350 cycles is 806mAh g�1. The
reversible capacity of the Si/rGO bilayer nanomem-
brane electrode after 350 cycles is 957 mAh g�1, also
demonstrating the improved performance of Si/rGO
electrodes. Figure 4c shows the cycling performance at
an even higher current density of 3 A g�1 for 2000
cycles. The initial discharge/charge capacity is 1642/
792 mAh g�1 and the reversible capacity fluctuates
within∼815( 65 mAh g�1 for the 16�600 cycles. The
capacity only degrades by 3.3% per 100 cycles for the
total 2000 cycles. Even after 2000 cycles, the electrode
still delivers a much higher reversible capacity of 571
mAh g�1 than the theoretical capacity (372 mAh g�1)
of graphite.

The rate capability of the Si/rGO bilayer nanomem-
brane electrode is evaluated by three turns of rate
cycling measurements with a stepwise current density
program from 0.3 to 15 A g�1, as shown in Figure 4d.
During the initial 0.3 A g�1 step, the first discharge/
charge capacity is 2545/1249 mAh g�1 and the rever-
sible capacity after 40 cycles is 1248mAh g�1. Then the
capacity decreases gradually with increasing the cur-
rent density. Although the capacity decreases slightly
at each current density in the first turn due to the
further formation of SEI layer at higher current rate, the
electrode keeps a stable cycling at each current density
in the subsequent two turns of measurement. When
the current density is set back to 0.3 A g�1 after each
turn of measurement, the capacity can recover to a
similar value of the last cycle in the initial 0.3 A g�1 step
and keeps a very stable cycling. The reversible capacity
of the last cycle at 0.3, 0.7, 1.5, 3, 7, and 15 A g�1 in the
third turn is 1263 (the 165th cycle), 1146, 952, 636, 325,
111 mAh g�1, respectively. Even after a long heavy-
duty operation for three turns of rate cycling, the elec-
trode still keeps a very stable long cycling at 0.3 A g�1

with a reversible capacity of 1245 mAh g�1 after 250
cycles (last 0.3 A g�1 step), demonstrating the good
reversibility of the Si/rGO bilayer nanomembrane elec-
trode. The rate capability of the Si nanomembrane
electrodewith the samemeasurement program can be

Figure 3. Electrochemical properties of the Si/rGO bilayer nanomembrane electrodes: (a) CV curves at a scan rate of
0.1 mV s�1 within 0.003�3.0 V vs Li/Liþ; (b) representative discharge/charge voltage curves at 1 A g�1 within 0.01�1.5 V vs
Li/Liþ (except for the first discharge curve starting from 3.0 V); (c) Nyquist plots and (d) the relationship between Z0 andω�1/2

within 10�1 Hz of the Si and Si/rGO electrode obtained from EIS (symbols, real data; lines, fitting curves) within 100 kHz to
1 mHz (perturbation voltage: 10 mV) at the fixed voltage of 3.0 V before cycling. Inset of (c) is the simplified electrochemical
system as Randles circuit, inwhich RΩ is ohmic resistance, Cdl is double-layer capacitance, Rct is charge transfer resistance, and
ZW is Warburg impedance.
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seen in Supporting Information Figure S6. At the initial
0.3 A g�1 step, the first discharge/charge capacity is
2146/950 mAh g�1 and the reversible capacity after 40
cycles is 1010 mAh g�1. The reversible capacity of the
last cycle at 0.3, 0.7, 1.5, 3, 7, and 15 A g�1 in the third
turn is only 1082 (the 165th cycle), 979, 778, 544, 259,
1.48 mAh g�1, respectively. By comparison, it can be
seen that the Si/rGO bilayer nanomembrane electrode
exhibits better rate capability with improved capacity
retention than the Si nanomembrane electrode.
The electrochemical performance of the Si/rGO

bilayer nanomembrane electrode is compared with
the reference results (see Supporting Information
Table S1). From comparison, it can be seen that the
present Si/rGO bilayer nanomembrane electrode does
not register the best performance among all the
Si-based anodes. For example, the double-walled
SiOx/Si nanotubes,

2 pomegranated Si/SiO2/Carbon,
13

Si@void@C yolk�shell structures,14 Si/Ni/PVDF coaxial
nanofiber,41 delivered longer cycling life or higher
capacity compared with the Si/rGO bilayer nano-
membrane electrode. Comparedwith these nanostruc-
tures, the rolled-up nanomembranes have a large size
of about 5�20 μm in diameter and hundreds of
microns in length with lower surface-to-volume ratio
correspondingly. In addition, only one surface of the Si

nanomembranes is protected by rGO layers with the
other surface still being exposed to the electrolyte.
However, the electrochemical performance of the
Si/rGO bilayer nanomembrane electrode still outper-
forms quite a large part of the Si-based anodes.
The lithium storage capability of the Si/rGO bilayer

nanomembrane electrode benefits preferably from the
structural advantages of the multilayer convoluted
sandwich nanoarchitecture. The amorphous structure
can facilitate the lithiation process and accommodate
the strain in the first cycle.42�44 Themechanical feature
makes the nanomembranes deformable to buffer the
strain during lithiation/delithiation, thus maintaining
the structural integrity against pulverization. This is
confirmed by the morphology change of the Si/rGO
bilayer nanomembrane before and after cycling.
Before cycling, the rolled-up nanomembranes have
well-defined tubular profile (Supporting Information
Figure S7a), and the large inner void space can be seen
from the cross section image of a single rolled-up
nanomembrane after FIB cutting (Supporting Informa-
tion Figure S7b). After repeated expansion/shrinking
during rate capability measurement for 250 cycles, the
tubular structures are not obvious from the top view of
the electrode (Supporting Information Figure S7c).
However, from the cross section image after FIB cutting

Figure 4. Cycling performance at (a) 100 mA g�1 (in comparison with the Si nanomembrane electrode), (b) 1 A g�1, and
(c) 3 A g�1; (d) rate capability of the Si/rGObilayer nanomembrane electrodeswithin 0.01�1.5 V vs Li/Liþ. The specific capacity
is calculated based on the total weight of Si and rGO.
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(Supporting Information Figure S7d), it can be seen
that the rolled-up structure deforms greatly with re-
duced inner void space due to the inward expansion to
buffer the strain; the nanomembranes become con-
siderably wrinkled under the strain during cycling but
still maintain high structural integrity. The wrinkled
nanomembranes after cycling can also be seen from
the TEM images in Supporting Information Figure S8.
Meanwhile, as a conductive buffering network, the
alternately stacked elastic rGO protecting layers can
facilitate the electron transport, accommodate the
volume change of Si layers and prevent their aggrega-
tion. Some additional lithium storage may be also
provided between rGO sheets. Furthermore, the rGO
layers can protect Si layers from being directly exposed
to the electrolyte, which can help to suppress the

excessive formation of SEI layer and slow down the
capacity decay. The protection role of the rGO layers is
clearly revealed by the SEMobservation of thewrinkled
Si/rGO bilayer nanomembranes after rate capability
measurement for 250 cycles. It can be seen that the
surface of the Si layer without the protection of rGO
layer becomes quite rougher due to the pronounced
formation of SEI layer (Figure 5a) than the other surface
with rGO protecting layer (Figure 5b).

CONCLUSION

The sandwich nanoarchitecture of rolled-up Si/rGO
bilayer nanomembranes are designed via strain re-
leased strategy, and exhibit long cycling lifetime of
2000 cycles at 3 A g�1 with a capacity degradation of
only 3.3% per 100 cycles as anode for LIBs. The inner
void space inside the configuration together with
the mechanical feature of the amorphous Si nano-
membranes can buffer the strain of lithiation/
delithiation against pulverization to extend cycling
life. The alternatively aligned rGO layers in this
nanostructure can facilitate electron transport, ac-
commodate the volume change of Si layers and
prevent their aggregation. Furthermore, the rGO
layers can protect the nanomembranes from the
excessive formation of thick SEI layer to suppress
the capacity degradation.

METHODS

Synthesis of rGO. First, graphite oxide was synthesized by
modified Hummers' method from natural graphite, and then
sonicated into graphene oxide (GO) colloid.45,46 The rGO was
obtained by reducing GOwith NaBH4 at 95 �C for 3 h, after which
the resulting mixture was filtered and washed thoroughly by
deionized water until the pH of filtrate to be 7.0. The obtained
rGOwas then redispersed inwater and sonicated into suspension
with the concentration of ∼4.0 mg mL�1 for subsequent use.

Fabrication of the Sandwich Nanoarchitecture of Si/rGO Bilayer Nano-
membranes. As for the fabrication of the Si/rGO bilayer nano-
membranes, photoresist AR-P 3510 as a sacrificial layer was first
spin-coated onto a Si wafer substrate, and a 25 nm silicon film
was sequentially deposited onto the sacrificial layer by an
electron beam evaporator (Edwards AUTO50) with bulk Si
source (Kurt J. Lesker) at the pressure of ∼6 � 10�6 mbar. The
thickness of the deposited film is controlled by a quartz crystal
microbalance, and the tooling factor was calibrated beforehand
by depositing a 200 nm film the actual thickness of which was
then measured by a Profilometer Dektak XT (Bruker). Then the
rGO suspension was spin-coated onto the deposited silicon
nanofilm and dried naturally at room temperature. The spin-
coating process was repeated several times to obtain the
desired thickness. By selectively etching away the underlying
photoresist with acetone, the Si/rGO bilayer nanomembranes
are forced to roll up naturally to form the multilayer convoluted
sandwich nanoarchitecture, as schemed in Figure 1. The ob-
tained rolled-up nanomembranes were thoroughly washed
with acetone for several times and then dried in a critical point
dryer (CPD). For comparison, the pure Si rolled-up nano-
membranes with the same thickness were fabricated by the
same process without rGO spin-coating.

Material Characterization. The overall morphology of the
rolled-up Si/rGO bilayer nanomembranes was observed by

scanning electron microscopy (SEM, DSM 982, Zeiss). The
composition was characterized by scanning electron micro-
scopy (SEM, LEO, GEMINI, 1530) and energy-dispersive X-ray
spectroscopy (EDX, Bruker XFlash Detector 4010). Raman spec-
troscopy (Renishaw) was performed at a 442 nm wavelength to
identify the composition. The thickness of individual rGO sheet
was determined by atomic force microscopy (AFM, Dimension
3100 equipped with controller Nanoscope V). To determine the
thickness of the spin-coated rGO layer on Si nanolayer, the rGO
was spin-coated on the O2 plasma treated Si wafer (with the
same spin-coating condition as the sample fabrication), pat-
terned by photolithography, and finally measured by AFM.
Transmission electron microscopy (TEM) was performed on
Philips CM200 LaB6. The cross section of the rolled-up nano-
membranes was observed by the SEM (NVision 40 CrossBeam,
Carl Zeiss) after focused ion beam (FIB) etching.

Electrochemical Measurements. Electrochemical measurements
were performed with two-electrode Swagelok-type half-cells
assembled in Ar-filled glovebox (H2O, O2 < 0.1 ppm, Mbraun,
Germany). To make the working electrode, the rolled-up Si/rGO
bilayer nanomembranes were vibrating mixed with conductive
additive carbon black (Timcal) and sodium alginate (Aldrich)
binder (7:2:1 by weight) in water using a vibromixer (Analog
Vortex Mixer, VWR). Then the obtained paste was coated onto a
Cu foil (Goodfellow) current collector and finally dried at 60 �C
for 10 h in vacuum oven. The dried electrode plate, with the
active electrode material areal density of ∼0.53 mg cm�2 (total
weight of Si and rGO), was punched into several discs with
φ = 10 mm (the electrode area is 0.785 cm2) for batteries
assembly. The battery was assembledwith a punched electrode
disc as working electrode, a Li foil (φ = 10 mm) as counter/
reference electrode and a glass fiber membrane (Whatman) as
separator, as well as the electrolyte which contains the solution
of 1 mol L�1 LiPF6 in ethylene carbonate/dimethyl carbonate/
diethyl carbonate (1:1:1, wt %, Merck) including 2 wt % vinylene

Figure 5. SEI layer on the surface of the Si/rGO bilayer
nanomembrane after rate capability measurement for 250
cycles: (a) without and (b) with rGO layer.
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carbonate (Merck) electrolyte additive. Galvanostatic discharge/
charge cycling was performed with a multichannel battery-
testing system (Arbin BT 2000) within 0.01�1.5 V vs Li/Liþ at
different current densities. Cyclic voltammetry (CV) at the scan
rate of 0.1 mV s�1 within 0.003�3.0 V vs Li/Liþ and electro-
chemical impedance spectroscopy (EIS) within 100 kHz to
1 mHz with a perturbation voltage of 10 mV at fixed voltage
of 3.0 V before cycling were performed on Zahner electroche-
mical workstation (IM6) with an assembled half-cell at room
temperature.
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