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-standing reduced graphene oxide
membranes with different thicknesses and
comparison of their electrochemical performance
as anodes for lithium-ion batteries

Jinxing Wang and Hui Wang*

Free-standing reduced graphene oxide membranes (rGOMs) with different thicknesses and carbon

contents are prepared via a simple, low cost, scalable, and eco-friendly two-step process. Scanning

electron microscopy results show that rGOMs thicken with increasing GO solution concentration. The

as-prepared free-standing rGOMs are directly used as anode materials for lithium-ion batteries without

conducting additives or binders. The cycling performance and rate capability of the membrane

electrodes are investigated and compared, and results indicate that not all of the synthesized rGOM

anodes exhibit good lithium storage properties. Only those membranes with a coriaceous structure,

approximately 2.5 mm thickness, and suitable reduction degree present high performance for reversible

lithium storage. Reasons for these findings are also provided.
Introduction

Rechargeable lithium-ion batteries (LIBs) have recently received
more attention than other rechargeable cells in portable electronic
devices and are regarded as one of the most promising devices for
electric-vehicle applications because of their many advantages,
which include high energy storage capacity, long cycle life, and
environment-friendliness.1 The energy density and electro-
chemical performance of LIBs mainly depend on the chemical
and physical properties of their cathode and anode materials,
hence, a large amount of research has been done to improve the
quality of the electrode materials. An ideal electrode material for
LIBs must have high lithium storage capability as well as a stable
structure for long cyclability.2,3 Graphite is the most widely used
anode material in LIBs because of its reliability, high coulombic
efficiency, and good cycling performance. However, in graphitic
carbons, lithium can form an intercalation compound LiC6, which
endows graphite with a low theoretical specic capacity of only
372 mA h g�1.4 Given the limited capacity of graphite, the energy
density of LIBs cannot meet the high requirements of portable
electronic devices and recently developed fully electric vehicles. To
improve the electrochemical performance of LIBs, considerable
efforts have been devoted to nding new electrode materials with
higher energy density than traditional electrodes and improved
battery capacity, cycle life, and charge–discharge rates.5
nctional Molecule Chemistry (Ministry of

als Science, Northwest University, Xi'an

edu.cn; Fax: +86 29 88303798; Tel: +86

91
Graphene is an intriguing carbon nanomaterial with the
structure of a one-atom thick two-dimensional (2D) sheet of sp2

hybridized carbon. The extended honeycomb network of gra-
phene is the basic building block of other important allotropes:
it can be wrapped to form 0D fullerenes, rolled to form 1D
nanotubes, and stacked to form 3D graphite, has attracted
special research attention.6 This material presents unique
physical and chemical characteristics, such as superior elec-
trical conductivity, excellent mechanical exibility, high trans-
mittance, large surface area, and an open and exible porous
structure.7–11 Graphene has been investigated for a variety of
applications, including batteries, electromagnetic devices,
supercapacitors, sensors, mechanical resonators, and biomed-
icines.12,13 In terms of LIBs, graphene-based electrodes are
reported to accommodate lithium more readily than common
graphite anodes, this feature may be attributed to additional
reaction mechanisms other than intercalation, such as fast
lithium adsorption and electron transportation, faradaic
capacitance, and defect trapping.14–16 The reduced graphene
oxide (rGO) is a functionalized graphene, reduced from gra-
phene oxide (GO) with various oxygen functional groups,
including hydroxyl and carbon–oxygen double bonds (C]O and
O–C]O), on the carbon surface. The redox reactions of lithium
ions and the surface oxygen functional groups are considered as
the primary lithium capturing mechanism in the functionalized
carbon electrodes.17 By avoiding the kinetic limitation imposed
by extremely slow solid-state diffusion, the faradaic redox
reaction (fast pseudocapacitive surface reaction) can result in
high-power performance.17 rGO materials can also be assem-
bled into free-standing paper-like membranes and applied as
This journal is © The Royal Society of Chemistry 2015
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binder-free anodes for LIBs. In contrast to the conventional
anode preparation process, the need to use additives and
binders can be avoided by employing free-standing membranes
with excellent mechanical exibility/stability.18,19 The binder-
free electrode conguration can further enhance rate capac-
ities by allowing better access to the electrolytes.20 Free-standing
paper-like electrodes are also useful in developing wearable and
exible energy storage devices.21

Based on previous ndings, the present study focuses on
free-standing, binder-free model rGOMs as electrode materials
for LIBs. Given that the electronic properties of rGOMs rely
heavily on their thickness and reduction degree,22 the relation
between electrochemical performance and rGOMs with various
thicknesses and reduction degrees as anodes for LIBs is
systematically explored. Herein, six free-standing rGOMs with
varying thicknesses are prepared via a simple, scalable, and
effective two-step fabrication method, which includes vacuum
ltration and chemical reduction. The inuences of different
thicknesses and reduction degrees of rGOMs on their
mechanical, optical, and other properties are studied. The
electrochemical activities of the rGOM anodes are also evalu-
ated and compared. Investigation results suggest that only
those materials with a coriaceous structure and appropriate
thickness and reduction degree exhibit high performance for
reversible lithium storage. Reasons behind the high electro-
chemical performance observed are extensively investigated
and discussed.
Experimental
Preparation of graphite oxide (GO)

GO was synthesized from natural ake graphite (99%, Qingdao
Chenyang graphite Co., Ltd. Product) via acid-oxidation
according to a modied Hummers method.23 In a typical
synthesis, graphite powder (1 g) was put into the mixed solution
of H2SO4 (98%, 92 mL) and HNO3 (65%, 24 mL) while stirring in
an ice-water bath as a safety measure to keep the temperature
below 10 �C. Then, KMnO4 (6 g) was added to the solution above
and the rate of adding was controlled carefully to keep the
mixture temperature from exceeding 20 �C. The mixture was
kept in the ice-water bath for 2 h and then stirred continuously
at 35 �C for half an hour. Next, the temperature of the mixture
solution was increased to 85 �C and maintained for 30 min.
Subsequently, 92 mL of deionized (DI) water was added slowly
to the mixture within 15 min, and the temperature was kept at
85 �C for another 30 min until a brilliant yellow product was
obtained. Aerward, the mixture was cooled to room tempera-
ture and then diluted with 10 mL of H2O2 (30%) to reduce the
residual permanganate to soluble manganese ions. Finally, the
mixture was washed several times with DI water (1 L) and 1 : 10
HCl (1 L) aqueous solution until its pH ranged between 5 and
6 and then dried at 60 �C in vacuum for 12 h.
Fig. 1 Schematic illustration of the synthesis process for rGOM.
Preparation of free-standing rGOM

Certain amounts of GO (5, 10, 20, 30, 40, and 50 mg) were
dispersed in 10 mL of DI water. Yellow homogeneous GO
This journal is © The Royal Society of Chemistry 2015
solutions of different concentrations were then obtained by
ultrasonication for 2 h in a water bath sonicator. For free-
standing GOM formation, the obtained GO solutions were
vacuum-ltered through a lter membrane (Millipore, 50 mm,
0.22 mm pore size) for 1 h under positive pressure. Subse-
quently, the GOM on the lter membrane was transferred into
an oven and dried at 60 �C for 40 min. The residue was then
picked up and immersed in acetone for several seconds. The
GOM was detached from the lter membrane support using
tweezers. The as-prepared GOMs at varying amounts were
reduced by HI at 100 �C for 1 h in an oil bath, washed several
times with ethanol and DI water, and completed dried in a
vacuum oven at 80 �C for 12 h. rGOMs were thus obtained and
designated as rGOM-5, rGOM-10, rGOM-20, rGOM-30, rGOM-
40, and rGOM-50 according to the amounts of GO used. The
synthetic procedure for these samples is illustrated in Fig. 1.

Material characterization

The contents of carbon in the membrane materials were
determined by an element analyzer (EA, VarioEL III). The
powder X-ray diffraction (XRD) patterns of the samples were
recorded by a Bruker D8 ADVANCE X-ray powder diffractometer
using Cu Ka radiation (l ¼ 0.15418 nm) at a scanning rate of
0.02� s�1 in the 2q range from 10� to 70�. Scanning electron
microscopy (SEM) images of the samples were measured by an
FEI Quanta 400 ESEM-FEG (environmental scanning electron
microscope-eld emission gun) instrument with an accelerating
voltage of 20 kV equipped with an X-ray energy dispersive
spectrometer (EDS). The pore size distribution of the samples
was obtained using nitrogen adsorption via Barrett–Joyner–
Halenda (BJH) method. X-ray photoelectron spectrum (XPS)
measurements were performed on a PHI-5400 electron spec-
trometer. Raman spectra were recorded by a dispersive Raman
spectrometer (Nicolet, ALMEGA Company) with an excitation
wavelength of 532 nm.

Electrochemical measurements

Electrochemical measurement was carried out at 25 �C using a
coin-type cell (CR2025) with pure lithium foil as the counter and
reference electrode. To test the electrochemical performance of
the exible lithium-ion electrodes, exible free-standing rGOMs
were cut into appropriate sizes smaller than the 14 mm-
RSC Adv., 2015, 5, 30084–30091 | 30085
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Fig. 3 Transmittance spectra of GOMs synthesized by using different
concentration of GO solution.
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diameter Ni foam wafers and designed without using other
carbon additives or binders. The rGOM pieces were then
directly pressed onto the Ni foam at 20 MPa to achieve good
contact between the active material and the Ni foam. The
electrolyte solution was prepared by dissolving 1 M LiPF6 in a
mixture of dimethyl carbonate, diethyl carbonate, and ethylene
carbonate (1 : 1 : 1 by volume), and the separator was a micro-
porous polypropylene lm. Cell assembly was carried out in an
Ar-lled glovebox with moisture and oxygen concentrations
below 1.0 ppm. Discharge–charge tests were performed using a
LAND battery program-control test system (CT 2001A, Wuhan
Jinnuo Electronic Co. Ltd. of China) in a cut-off voltage window
of 0.005–3.0 V. Cyclic voltammetry (CV) was carried out on an
electrochemical workstation (660D, CHI company, China) at a
scan rate of 0.1 mV s�1 in the potential range of 0–3.0 V vs. Li/
Li+. Electrochemical impedance spectroscopy (EIS) was per-
formed using the same electrochemical workstation over the
frequency range of 0.01–100 kHz.
Results and discussion

Optical photographs of GOMs and rGOMs are shown in Fig. 2.
All of the as-prepared free-standing GOMs show smooth
surfaces with different colors. As the GO solution concentration
increases, the color of the as-obtained GOMs darkens and
changes from light brown to puce. This phenomenon indicates
that the thickness of the GOMs increases gradually, which can
also be conrmed by their transmittance spectra results (Fig. 3).
Fig. 2 Photographs of GOMs and rGOMs synthesized by using
different concentration of GO solution: (a) 0.5 mg mL�1 GO and
rGOM-5; (b) 1.0 mg mL�1 GO and rGOM-10; (c) 2.0 mg mL�1 GO and
rGOM-20; (d) 3.0mgmL�1 GO and rGOM-30; (e) 4.0mgmL�1 GO and
rGOM-40; (f) 5.0 mg mL�1 GO and rGOM-50.

30086 | RSC Adv., 2015, 5, 30084–30091
As shown in Fig. 3, optical transparencies of the GOMs decrease
with increasing membrane thickness. In contrast to the original
GOMs, all of the rGOMs exhibit dark black coloration with a
weak metallic luster on their surfaces and possess very exible
and coriaceous paper-like structures. Aer reduction by HI acid,
most of the rGOMs, except rGOM-5, can be bent without
damage. This result provides clear inference that rGOM
synthesized from a low GO solution concentration is too fragile
to form a stable membrane morphology.

The surface morphologies of the rGOMs were measured by
SEM, and results are displayed in Fig. 4. Regardless of the
amount of GO used for membrane formation, the nal samples
obtained all exhibit very similar characteristics. A large number
of gossamer-like rGO sheets closely associate with one another
to form a surface with curled and corrugated structures. The
rGOMs cross-sectional morphologies were determined by SEM
to measure their thicknesses (Fig. 5). The thinnest membrane
can clearly be observed in Fig. 5(a), this membrane displays a
thickness of 1.4 mm. With increasing GO concentration, the
thickness of the related membranes increases gradually. Based
on Fig. 5, the average thickness of each rGOM can be roughly
calculated, and relevant results are shown in Table 1. The
fracture edges indicate that a layer-by-layer stackingmode exists
in all rGOMs and that the distance between these stacked
“wavy” layers is approximately 100–200 nm.
Fig. 4 SEM images of rGOMs synthesized by using different
concentration of GO solution: (a) 0.5, (b) 1.0, (c) 2.0, (d) 3.0, (e) 4.0, and
(f) 5.0 mg mL�1.

This journal is © The Royal Society of Chemistry 2015
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Fig. 5 SEM images of the cross-section view of rGOMs synthesized by
using different concentration of GO solution: (a) 0.5, (b) 1.0, (c) 2.0, (d)
3.0, (e) 4.0, and (f) 5.0 mg mL�1.

Fig. 6 The BJH pore size distribution of rGOM-10.
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In order to investigate the pore structure of the rGOMs, a
nitrogen isothermal adsorption technique was used. Because
the pore size distributions for these membranes are similar to
each other, here we only display the result of rGOM-10 as the
example in Fig. 6. The Barrett–Joyner–Halenda (BJH) pore size
distribution of rGOM-10 indicates the existence of micropores
and mesopores. The total pore volume of rGO sheets is as high
as 1.38 cm3 g�1, but the micropore volume is too small to be
considered, revealing a very low micropore content. The average
pore diameter is about 18.67 nm. This porosity structure of
rGOMs can be very helpful for buffering the volume expansion
during lithium insertion, which may contribute to a better
cycling performance.

The XRD patterns of the synthesized GOMs and rGOMs are
shown in Fig. 7. An obvious diffraction peak centered at 11.6�

may be observed in the XRD patterns of the GOMs, this peak
corresponds to a d-spacing of approximately 7.96 Å and is
caused by interlamellar water trapped between hydrophilic GO
sheets.24 Aer chemical reduction treatments, the featured
diffraction peaks then shi to �24.3�. This result indicates that
the interplanar spacing decreases to 3.75 Å.25 No other detect-
able peaks from impurities are observed, which indicates the
high purity of the synthesized GOMs and rGOMs.

Raman spectroscopy provides a powerful tool with which to
determine the microstructure of carbon-based materials. Thus,
Ramanmeasurements were performed on the free-standing GOMs
and rGOMs, as shown in Fig. 8. The Raman spectra of all of the
GOMs display two prominent peaks: the D peak at 1335 cm�1,
which is attributed to edge planes and disordered structures, and
the G peak at 1578 cm�1, which corresponds to rst-order scat-
tering of the E2g mode observed for sp2 domains.26–28 Compared
with those of the GOMs, the Raman spectra of rGOMs also present
both D and G bands (at 1330 and 1580 cm�1, respectively). The ID/
IG ratios embodied in the Raman spectra of rGOMs verify that
Table 1 The average thickness of rGOMs synthesized by using different

Sample rGOM-5 rGOM-10

Average thickness (mm) 1.4 2.5

This journal is © The Royal Society of Chemistry 2015
signicant graphitic regions exist within these reduced materials.
The intensity ratio of the D and G bands in the spectrum of rGOM
is 0.92, whereas that for GOM is obviously lower. This change
suggests a decrease in the average size of in-plane sp2 domains
upon GO reduction as well as an increase in the edge planes and
degree of disorder of the prepared rGO sheets.26–31

XPS studies were implemented to analyze the various
elements, oxidation states, and purity of the synthesized
materials. The XPS results of all six samples before and aer
reduction are extremely similar. Thus, for simplicity, the XPS
results of the 1.0 mg mL�1 membranes are presented here as an
example. Fig. 9(a) and (c) show the survey scan spectra of as-
synthesized GOM-10 and rGOM-10. The presence of C1s
(284.6 eV) and O1s (532 eV) can be observed in both GOM and
rGOM. Oxygen functional groups in rGOM are substantially
decreased by reduction, and the intensity of the C1s peak in
rGOM is higher than that in GOM. High-resolution C1s peak in
the XPS of rGOM proves that most oxygen-containing groups are
effectively expelled during HI acid reduction. The C1s spectrum
of GOM [Fig. 9(b)] shows that GOM comprises two main
components arising from C–O (hydroxyl and epoxy, 286.5 eV)
and C]C/C–C (284.6 eV) groups as well as a minor component
from C]O (carbonyl, 288.3 eV) group.30 Aer HI reduction, the
hydroxyl and epoxy groups, which make up the majority of
oxygen-containing groups in GOM, are nearly completely
removed and C–C bonds become dominant, as shown by the
single strong peak at 284.6 eV (C]C/C–C) and a small weak
peak at 286.5 eV (C–O) in Fig. 9(d). Table 2 gives the carbon
contents of the six rGOM samples, results clearly reect the
reduction degree of these membranes. Increasing the GO
concentration, causes successive decreases in the carbon
contents of the related rGOMs. This result can be ascribed to the
reduction degree of the rGOMs, which directly affects the
sample C/O ratio. The higher the GO concentration is, the
thicker the rGOMbecomes. When reduced by equal degrees, the
thicker membrane will show a lower reduction degree and lower
sample C/O ratio.
concentration of GO solution

rGOM-20 rGOM-30 rGOM-40 rGOM-50

5.1 7.3 12.4 16.4

RSC Adv., 2015, 5, 30084–30091 | 30087
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Fig. 7 XRD patterns of GOMs and rGOMs synthesized by using
different concentration of GO solution: (a) 0.5 mg mL�1 GO and rGO-
5; (b) 1.0 mg mL�1 GO and rGO-10; (c) 2.0 mg mL�1 GO and rGO-20;
(d) 3.0 mg mL�1 GO and rGO-30; (e) 4.0 mg mL�1 GO and rGO-40; (f)
5.0 mg mL�1 GO and rGO-50.

Fig. 8 Raman patterns of GOMs and rGOMs synthesized by using
different concentration of GO solution.

Fig. 9 X-ray photoelectron spectroscopy (XPS) of GOMs-10 and
rGOMs-10. Survey spectra (a and c) and high-resolution core level
spectra of C1s signal (b and d).
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Aer successful synthesis of rGOMs with different thick-
nesses and reduction degrees, the electrochemical properties of
the products as anode materials for LIBs were investigated and
compared. EIS measurements were carried out in order to
compare the conductivity of rGOM electrodes. In the equivalent
circuit [Fig. 10(a)], a modied Randles equivalent circuit was
incorporated to t the data points. RU and Rct are the ohmic
resistance (total resistance of the electrolyte, separator, and
electrical contacts) and charge-transfer resistance, respectively.
CPE is the constant phase-angle element involving double-layer
capacitance, and W represents the Warburg impedance
reecting the solid-state diffusion of lithium ion into the bulk of
the active materials. Fig. 10(b) compares the Nyquist plots of the
rGOM anodes before the charge–discharge cycles. All of the
anodes exhibit two distinct parts: a semicircle in the high-
frequency range, which may be assigned to Rct, and an
inclined line in the low-frequency range, which represents W.32

In general, the smaller the diameter of a semicircle, the lower
the Rct of an electrode. Based on Fig. 10(b), increasing the rGOM
30088 | RSC Adv., 2015, 5, 30084–30091
concentration causes the Rct of the membranes to increase
gradually. The lowest Rct (smallest diameter of semicircle) is
obtained from rGOM-5. This result is relevant to the thickness
and reduction degree of the rGOMs.33 On the one hand, by
increasing the thickness of the rGOMs, the layer numbers of the
rGO sheets increase [Fig. 5(a)–(f)]. Increases in the layer
numbers of rGO sheets imply that migration of lithium ions and
electrons in the vertical direction of the electrodes is prolonged.
On the other hand, increases in rGOM thickness decreases in
reduction degree and gradual increases in oxygen contents may
be observed, as conrmed by the data in Table 2. These results
suggest that aer reduction, more oxygen functional groups
may be observed in thick membranes than in thin membranes.
Nevertheless, oxygen functionalities are not conducive to
migration of lithium ions and electrons.34 Therefore, the Rct of
the rGOMs gradually increases with increasing thickness.

The discharge–charge characteristics of the rGOMs were
further researched. Fig. 11(a) presents the rst three discharge–
charge proles of the rGOM-10 anode at 50 mA g�1 current
density. An obvious difference can be observed between the
voltage curves of the rst and second discharge processes. In
the rst cycle, the potential prole shows an irreversible
capacity at approximately 0.75 V, which is due to formation of a
solid electrolyte interface (SEI) lm on the surface of the rGOM
electrode, electrolyte decomposition, and irreversible lithium
ion reaction with residual oxygen-containing functional
groups.35,36 Furthermore, in the rst discharge curve, the slope
begins at approximately 2.8 V and exhibits large specic
capacities below 0.5 V with no distinguishable plateaus. The
capacity of the potential region lower than 0.5 V may be
attributed to lithium intercalation into the rGO layers. The
absence of a potential plateau below 0.5 V implies that the rGO
sheets feature disordered stacking, which results in electro-
chemically and geometrically non-equivalent lithium ion sites.
Capacities above 0.5 V may be ascribed to the faradaic
This journal is © The Royal Society of Chemistry 2015
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Table 2 The carbon contents in rGOMs synthesized by using different concentration of GO solution

Sample rGOM-5 rGOM-10 rGOM-20 rGOM-30 rGOM-40 rGOM-50

Carbon content (%) 77.5 77.3 77.2 71.0 69.8 60.3

Fig. 10 Electrochemical impedance spectroscopy (EIS) measure-
ments. (a) Modified Randles equivalent circuit used to fit EIS data. (b)
Comparison of the rGOMs electrodes.

Fig. 11 (a) The first three discharge–charge profiles of the synthesized
rGOM-10 electrode at the current density of 50mA g�1, (b) the second
and third CV curves of the synthesized rGOM-10.

Fig. 12 (a) The cycle performance and (b) capacity retention of rGOMs
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capacitance on the surface or edge sites of the rGO sheets.37 No
obvious plateaus are observed in the second and third
discharge–charge proles. The cyclic voltammogram (CV)
shapes are similar for all rGOM electrodes, hence, only the CV
curves of rGOM-10 are considered in the present discussion for
analysis. Fig. 11(b) shows the CV curves of the rGOM-10
This journal is © The Royal Society of Chemistry 2015
electrode in the second and third cycles, these curves were
recorded at a scan rate of 0.5 mV s�1 between 0 and 3.0 V. The
CV curves match the discharge–charge voltage proles well
[Fig. 11(a)], they exhibit good reproducibility and nearly coin-
cide in shape, which indicate the high reversibility of the
electrode.

The long-term cyclic performance and capacity retention of
the rGOM electrodes over 1000 cycles are shown in Fig. 12. It is
observed that the rGOM-5 electrode displays the highest
capacity within the rst 200 cycles [Fig. 12(a)]. However, its
capacity fades quickly over the following cycles. A poor capacity
of �60 mA h g�1 can only be obtained at the 1000th cycle
(capacity retention: 29%). This result implies that this electrode
has unstable electrochemical performance. Rapid reductions in
capacity during long cycles may limit the practical use of this
material.38 The highest initial capacity of rGOM-5 electrode may
be ascribed to its minimal Rct (i.e., highest conductivity)
[Fig. 10(b)]. Unfortunately, this membrane is very thin and
fragile, hence, the integrity of the electrode structure may be
destroyed during repeated intercalation–de-intercalation
processes, thereby leading to a rapid drop in its ability to
store lithium ions. By contrast, all other electrodes from rGOM-
10 to rGOM-50 perform well during the long-cycle life test and
exhibit good cyclic retention aer the initial 20 cycles. For
example, over 20 cycles, the reversible discharge capacities of
rGOM-10, rGOM-20, rGOM-30, rGOM-40, and rGOM-50 are
approximately 174, 143, 86, 49, and 7 mA h g�1, respectively.
electrodes for 1000 cycles at the current density of 200 mA g�1.

RSC Adv., 2015, 5, 30084–30091 | 30089
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Fig. 14 The average discharge capacities for rGOMs electrodes at
various current densities.
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Aer 1000 cycles, these rGOM cells maintain discharge capac-
ities of 123 (rGOM-10), 94 (rGOM-20), 38 (rGOM-30), 28 (rGOM-
40), and 6 mA h g�1 (rGOM-50). The capacity retentions of
rGOMs anodes at the 1000th cycle are 62%, 68%, 43%, 53% and
69%, respectively [Fig. 12(b)], indicating a relatively slow
capacity fading of these anodes over long-term cycles compared
with rGOM-5. As the rGOMs thicknesses increase, their capac-
ities decrease in the order of rGOM-10 > rGOM-20 > rGOM-30 >
rGOM-40 > rGOM-50. Despite the capacity retention of rGOM-50
is superior to other reported rGOM anodes, its capacity is the
lowest. The specic capacities and capacity retentions of rGOM-
30 and rGOM-40 are very low, so all of them (rGOM-30, rGOM-40
and rGOM-50) can be ignored. Therefore, among the rGOM
electrodes tested, rGOM-10 and rGOM-20, with thicknesses of
2.5 and 5.1 mm, are the most suitable for practical applications.

The rate capabilities of the rGOM electrodes at various
current densities of 50, 100, 200, 400, and 800 mA g�1 are
displayed in Fig. 13. The average reversible capacities of the
electrodes at different current densities are given in Fig. 14.
Based on these two gures, the rGOM-5 electrode displays the
highest discharge–charge capacity among all rGOM elec-
trodes studied at every tested current density. However, the
intercalation–de-intercalation process of lithium ion at each
current density is held for such a relatively short time
(10 cycles). Considering the long-term cyclic performance of
the electrodes, the capacity retention of rGOM-5 is the poorest
among the samples. Thus, rGOM-5 is not the best choice for
LIBs. The order of the rate capabilities of the other electrodes,
without considering rGOM-5, is similar to that of their cyclic
performance, that is, rGOM-10 > rGOM-20 > rGOM-30 >
Fig. 13 The rate performance of rGOMs electrodes at different
current density: (a) 0.5, (b) 1.0, (c) 2.0, (d) 3.0, (e) 4.0, and (f)
5.0 mg mL�1.
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rGOM-40 > rGOM-50. This phenomenon demonstrates that
among rGOMs under study, the rGOM-10 and rGOM-20 elec-
trodes are the best choice for practical application.

Although the capacities of the as-prepared rGOM elec-
trodes show a certain changing regularity as their thickness
changes, they are still limited by their low specic capacities.
In this work, the best electrochemical performance among the
rGOM electrodes tested is realized on rGOM-10 based on the
fact that every electrode can steadily exert their capacities. A
high reversible discharge capacity of 228 mA h g�1 is obtained
when the current density is reduced back to 50 mA g�1 aer 60
cycles. The rGOM-10 electrode shows an excellent discharge
capacity of 123 mA h g�1 and good capacity retention of 62%
aer 1000 charge–discharge cycles at 200 mA g�1. Consid-
ering their advantages of a simple two-step preparation
method and good stability to maintain capacity, rGOM elec-
trodes may be considered promising materials in the eld of
energy storage. The high electrical conductivity of rGOM
electrodes is expected to lead to signicant benets when the
electrodes are used as electrode current collectors in future
applications.
Conclusions

Free-standing rGOMs with different thicknesses and carbon
contents were synthesized via a simple two-step method to
achieve low-cost and eco-friendly mass production of rGOMs,
especially rGOM-10, as efficient electrode materials for LIBs.
SEM results showed that the thickness of the rGOMs increases
with increasing rGO solution concentration. In anode tests for
LIBs, rGOM-10 exhibited the best electrochemical perfor-
mance among the rGOM electrodes tested. This result is
mainly attributed to the following: (1) a exible and coria-
ceous paper-like structure, which maintains electrode inte-
grality during cycles, resulting in a large reversible capacity
and good cycling stability; (2) an appropriate thickness con-
sisting of a small number of rGOM layers, which causes the
distances for lithium ion diffusion and electron transfer to
shorten; and (3) a proper reduction degree, which produces
an appropriate C/O ratio and decreases the Rct.
This journal is © The Royal Society of Chemistry 2015
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