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material for Li-ion batteries was examined. Results showed that this novel composite
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had a very high reversible Li-storage capacity of 1172.5 mA h g

1

at 0.5C (1C = 372 mA g 1),

which is thrice that of commercial graphite anode. The composite also exceeded the theoretical sum of capacities of the three ingredients. More importantly, its reversible capacity
below 0.25 V can reach up to 600 mA h g 1. In summary, the graphene oxide/graphite/CNT
composite had higher reversible capacity, better cycling performance, and similar rate
capability compared with the graphene oxide/graphite composite.
Ó 2014 Elsevier Ltd. All rights reserved.

1.

Introduction

Rechargeable Li-ion batteries (LIBs) are widely used in
portable electronic devices and electric vehicles. Electrode
materials are the key components responsible for the electrochemical properties of LIBs. Currently, the anode material of
commercial LIBs is based on graphite because of the latter’s
excellent stability [1], safety [2], and affordability. However,
graphite has a maximum theoretical Li-storage capacity of
only 372 mA h g 1 [3], which hardly satisfies the changing
requirements of portable electronic devices and recently
developed fully electric vehicles. To improve the capacity, life
cycle, and rate capability of LIBs, a considerable number of
studies has focused on advanced carbonaceous materials,
including mesophase carbon micro beads (MCMB) [4], hard
carbon materials [5], carbon nanofibers [6], carbon nanotubes
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(CNTs) [7], and graphene [8]. However, reports on the direct
use of graphene oxide as anode material in LIBs are limited.
In our previous work, we have shown that graphene oxide
can be directly used in LIBs [9]. As a possible anode material,
graphene oxide demonstrates an excellent performance, with
a high capacity of 704.7 mA h g 1 at a current rate of 0.5C
(1C = 372 mA g 1). However, graphene oxide is unstable when
subjected to electrochemical cycling after its compositing
with commercial graphite. In the present study, we added
CNTs to the above composite in an attempt to enhance its
capacity, with the consideration that CNTs often used as conductive additives [10] possess a special one-dimensional (1D)
structure, high electrical conductivity, and good transfer
channels.
By compositing graphene oxide, graphite, and CNTs with
the conductive additive (denoted as GGCC), a binder-free
anode material with a high specific capacity was successfully
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synthesized. Compared with commercial anode materials that
require polymeric binders and negatively affect the cost, specific capacity, and conductivity of LIBs [1], our GGCC composite
can be directly used as an electrode without a need for any
other binder. As such, our composite presents a solution to
the abovementioned problems. Furthermore, graphite particles
and CNTs were homogeneously distributed throughout graphene oxide sheets, which effectively prevented the restacking of
the said sheets and promoted the easier movement of electrons
within the electrode. Results of electrochemical tests indicated
that the novel GGCC composite had very high reversible capacity, excellent rate capability, and cycling stability.

2.

Experimental

2.1.

Synthesis of materials

All chemical reagents used to prepare graphene oxide were
analytical grade (purchased from Chengdu Kelong Chemicals
Co., Ltd.) and used as received. Graphene oxide was synthesized from high-purity natural graphite flakes (about 200
meshes, 99.999% purity; Changsha Shenghua Research Institute) using the Hummers method [11]. In a typical synthesis,
5 g of natural graphite flakes was added to 115 ml of H2SO4
(98%) with vigorous stirring in an ice bath. Then, 15 g KMnO4
was slowly added to the reaction vessel five times. Afterwards,
230 ml of deionized water and 30 ml of H2O2 were added to the
suspension. The ice bath was removed and then subjected to
centrifugal separation and repeated washing using dilute
hydrochloric acid and deionized water. The colloidal dispersion
of the as-synthesized graphene oxide in deionized water at a
concentration of 1 mg ml 1 was prepared with the aid of ultrasonication (20 kHz ultrasound probe) for about 15 min until stabilization and browning of the dispersion.
The CNTs used in the GGCC composite were multi-walled
CNTs purchased from Chengdu Organic Chemicals Co., Ltd.
(CAS). The conductive additive used in the GGCC composite
was Super-P carbon black (SP; 40 nm, 62 m2 g 1), purchased
from TIMCAL Graphite & Carbon Co. The commercial graphite
(characterized in Fig. 1a) used in the GGCC composite was
purchased from BTR New Energy Materials Inc., Shenzhen
(diameter, 8–15 lm; pellet density, 1.45–1.60 g cm 3). For electrochemical tests, anode slurries were prepared by mixing
adequate deionized water with the GGCC composite. The battery performances of the composites highly depended on the
graphene oxide/graphite/CNT weight ratios. The highest
capacities were obtained in from the composite with graphene oxide, graphite, CNT, and SP mass ratios of 15:60:20:5.
The slurry was prepared by mixing adequate deionized water
with the GGCC composite under vigorous stirring for 3 h. The
resultant slurry was uniformly pasted onto a Cu foil with a
blade. The prepared electrode sheets were dried at 120 °C in
a vacuum oven for 12 h and subjected to a pressure of approximately 200 kg cm 2. The electrodes of graphene oxide,
graphite, and CNTs were prepared using the same processes
with (a) graphene oxide and SP at a weight ratio of 85:15; (b)
graphite, carboxymethyl cellulose (CMC; MW, 90,000; Aldrich),
and SP at a weight ratio of 85:10:5; and (c) CNTs, CMC, and SP
at a weight ratio of 85:10:5.

2.2.

Characterization

The morphology and structure of the obtained samples were
determined by scanning electron microscopy (SEM; INCA PentaFETx3) with energy-dispersive X-ray spectrometry (EDS)
and transmission electron microscopy (TEM; JEM-100CX
JEOL). X-ray photoelectron spectroscopy (XPS; PHI5600 Physical Electronics) was performed using Al/Ka radiation
(hm = 1486.6 eV) to determine elemental compositions and
assignments of carbon peaks. X-ray diffraction (XRD) patterns
were obtained from X’Pert MPD DX2700 using Cu/Ka radiation
(k = 1.5406 Å). Nitrogen adsorption–desorption isotherms at
196 °C were obtained using a Builder SSA4200 apparatus.
Specific surface areas and porosimetries were calculated
using the Brunauer–Emmett–Teller and Barrett–Joyner–Halenda methods based on the adsorption branches of the isotherms (Supplementary materials Fig. S1).

2.3.

Electrochemical measurements

Electrochemical measurements were conducted using twoelectrode CR2032 coin cells assembled in an argon-filled glove
box. The electrolyte, obtained from Capchem Technology
(Shenzhen) Co., Ltd., consisted of a solution of 1 M LiPF6 in
ethylene carbonate, dimethyl carbonate, diethyl carbonate
(1:1:1, v/v). The separator used in the battery was Celgard
2400. A Li foil was used as the counter and reference electrode. Galvanostatic charge and discharge experiments were
conducted at various rates on a BS-9300R battery test system
within the potential range of 0.01–3.0 V versus Li+/Li. Electrochemical impedance spectroscopy (EIS) and cyclic voltammetry (CV) tests were performed on a PARSTAT 2273 workstation.

3.

Results and discussion

3.1.

Characterization of materials

Fig. 1a and b present the micro-appearance of commercial
graphite particles and multi-walled CNTs with an outer diameter of about 20–50 nm. Fig. 1c and d show the SEM and TEM
images of the as-synthesized two-dimensional paper-like
graphene oxide sheets. Fig. 1c shows that the oven-dried
graphene oxide sheets easily form a soluble aggregate. After
ultrasonication in deionized water (Fig. 1d), a nearly single
layer of graphene oxide sheet is obtained from the aggregate.
Corrugation and scrolling are part of the intrinsic nature of
graphene oxide sheets. As such, nanovoids and nanocavities
are to be expected in the GGCC composite. Fig. 1e shows that
the rough surface of commercial graphite becomes smooth
after compositing, indicating that it is uniformly wrapped
by graphene oxide sheets. Moreover, at the junction of two
graphite particles, the CNTs partly or fully wrapped by graphene oxide sheets make a bridge and form a conductive network. This structure helps enhance electron transfer
between graphite particles and between graphene oxide
sheets. More importantly, no obvious agglomeration is
observed. Graphene oxide maintains its typical wrinkled
paper-like structure after compositing with graphite and
CNTs. The TEM image shown in Fig. 1f confirms this effect
of the GGCC composite. Graphene oxide sheets cover the
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Fig. 1 – SEM images of (a) graphite, (b) CNT, (c) graphene oxide, and (e) GGCC composite. TEM images of (d) graphene oxide and
(f) GGCC composite.

graphite particle and CNTs, and the latter are randomly
aligned to form a conductive bridge.
Fig. 2a–c show the C1s XPS spectra of graphene oxide, CNT,
and GGCC electrodes before discharge–charge tests. Fig. 2d
and e display the C1s XPS spectrum of the GGCC electrode
after being subjected to the initial charge (delithiation) and
discharge (lithiation) test. Here in XPS analysis, Ar+ sputtering
is used to remove the influence of SEI film for the electrode
which has undergone discharge–charge test. Graphene oxide
shows four peaks at 284.6, 285.7, 286.8, and 287.8 eV
(Fig. 2a), which correspond to sp2 hybridized carbon, CAOH/
CAN, C@O and OAC@O species, respectively [12]. Fig. 2b
shows that the peaks at 284.6, 285.5, 286.9, 289.1, and

291.2 eV correspond to sp2 hybridized carbon, CAOH/CAN,
C@O, OAC@O and Ph–p* species [13,14], respectively. As
shown in Fig. 2c, all characteristic peaks of both graphene
oxide and CNTs are found in the spectra of the GGCC composite. Five dominant peaks occur at 284.6, 285.9, 286.9, 288.5,
and 290.3 eV, which correspond to sp2 hybridized carbon,
CAOH/CAN, C@O, OAC@O and Ph–p* species, respectively.
However, after the GGCC composite is subjected to a
discharge–charge process at 0.1C, certain changes occur in
the functional groups. A comparison of the peaks in Fig. 2c
and d (both in delithiated state) suggests the following. First,
a new peak of nearly semi-ionic CAF [15] group arises. Second, the peaks of CAOH/CAN, C@O and OAC@O show

156

CARBON

7 4 ( 2 0 1 4 ) 1 5 3 –1 6 2

Fig. 2 – C1s XPS of (a) graphene oxide, (b) CNT, (c) GGCC electrode before electrochemical tests, (d) delithiated GGCC electrode,
and (e) lithiated GGCC electrode at 0.1C.

unconspicuous change but shifts to a slightly lower binding
energy. Third, the peak of Ph–p* noticeably increases after
the electrochemical test. While in comparison of Fig. 2d and
e, the peak intensity of sp2 hybridized carbon, semi-ionic

CAF, C@O, CAOH/CAN and Ph–p* groups have changed obviously after lithiation process, which may mean above groups
have the ability of bonding Li-ion in the full lithiated state of
GGCC electrode.
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Electrochemical characterization of materials

The discharge–charge behavior of graphene oxide, CNT,
graphite, and the GGCC electrodes in a constant current mode
at 0.5C are shown in Fig. 3a–d. Based on the first discharge
curve of graphene oxide electrode in Fig. 3a, the capacity below 0.5 V is primarily attributed to Li intercalation in the
graphene oxide layers [16]. By contrast, the capacity above
0.5 V can be ascribed to faradic capacitance or side reactions
[17], such as the formation of a SEI film. The discharge–charge
behavior of CNT electrode in Fig. 3b is similar to that of graphene oxide electrode. Two slopes emerge in the first discharge
curve of CNT electrode from 1.8 to 1.0 V and from 1.0 to 0.7 V,
which can be ascribed to the lithiation side reaction in CNTs
and SEI layer formation. Fig. 3c shows the typical discharge–
charge profile of graphite electrode, which has been analyzed
in previous reports [18]. As shown in Fig. 3d, the discharge–
charge behavior of GGCC electrode after it has been composited with graphene oxide, graphite, and CNTs exhibits all the
features of the three electrodes above, although some plateaus overlap with each other. GGCC electrode delivers a very
high specific capacity of 1942.6 mA h g 1 in the initial discharging and a reversible capacity of 1153.7 mA h g 1 in the
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first charging. To the best of our knowledge, such extremely
high reversible capacity at the current rate of 0.5C exceeds almost all previously reported ones for graphite-composited
carbonaceous materials, such as MCMB [19], nitrogen-doped
chemically reduced mesocarbon microbead oxide [20], and
graphite/Si-based composite [21–23] (Table S1, Supplementary
materials).
Besides the normal LiC6 storage, the high capacity yielded
from GGCC composite may comprise: (a) LiC2 storage [24].
Graphene oxide in GGCC composite still has the graphite layer
structure and high proportion of aromatic ring (sp2 hybridized
carbon) is contained, which is confirmed by XRD, EDS and XPS
results (Figs. S2 and S3 of Supplementary material). So just
like graphene, the LiC2 storage mode is very possible. (b) Lithium storage in nano-cavity. In the GGCC composite, CNTs and
SP conductive additive are uniformly dispersed among the
graphene oxide sheets, and the interface between graphite
and graphene oxide. The present of CNTs and SP particles
can effectively enhance the electric conductivity of the composite on one hand, and create some nano pore and channel
structures on the other, which also have the storage capacity
of lithium [25]. (c) Lithium storage in surface functional
groups, and above XPS results has proved this. The role of

Fig. 3 – First two discharge–charge profiles of (a) graphene oxide, (b) CNT, (c) graphite, and (d) GGCC electrodes. (A color version
of this figure can be viewed online.)
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functional groups in providing high capacity in GGCC composite is further confirmed by comparing the specific capacity
of GGCC, reduced-GGCC (RGGCC, exposure to 10% H2 and 90%
Ar by volume at 400 °C for 3 h, employing 10 wt % carboxymethyl cellulose (CMC) binder) and GGCC–CMC electrode
(GGCC with 10 wt% CMC binder). The discharge–charge test
result (Fig. S4 of Supplementary material) shows that, at different current rate, the specific capacity is in a sequence of
GGCC > GGCC–CMC > RGGCC, indicating a dominant contribution to the capacity from the surface functional groups
[12]. Furthermore, the enhanced conductivity may be helpful
for lessening polarization so as to increase specific capacity,
and the faradic capacitance can also contribute to lithium
storage [26].
Compared with our previous work, the present results
indicate that the charge capacity of the GGCC composite
has an improvement of >55% over that of the graphene
oxide/graphite composite, which exhibits an initial discharge
and charge capacity of 1039.4 and 704.7 mA h g 1 [9], respectively. Thus, the addition of CNTs significantly boosts the Listorage capacity of the GGCC composite. Furthermore, the
GGCC electrode’s capacity below 0.25 V can reach as high as
600 mA h g 1, which is much higher than the theoretical

sum of capacities below 0.25 V of the three ingredients
(295.8 mA h g 1). This finding suggests the occurrence of a
synergistic interaction among graphene oxide, graphite, and
CNTs, which requires further investigation.
However, GGCC electrode notably exhibits poor initial coulombic efficiency (the percentage ratio of charge-to-discharge
capacity) of only 58% under a current rate of 0.5C. This behavior suggests the low efficiency of the ingredient electrodes,
such as graphene oxide (37%) and CNTs (42%). The Li-ion irreversible consumption in the formation of the SEI layer of both
electrodes is very high as a result of their large surface area
[27,28]. Furthermore, certain side reactions also need to be
considered, such as the electrochemical reduction of residual
oxygen-containing functional groups in the materials, as proven by the XPS spectra (Fig. 2d). To improve the coulombic
efficiency of the as-synthesized GGCC anode material, we
have explored a variety of approaches, such as electric plating
and mild pre-reduction. The results of these explorations are
to be collected and reported in the future.
Fig. 4 shows the CV data of graphene oxide, CNT, graphite,
and GGCC electrodes conducted at a scan rate of 0.1 mV s 1
from 0.01 to 3.0 V vs. Li+/Li. In Fig. 4a, a large reductive peak
from 2.0 to 0.5 V is observed for graphene oxide electrode in

Fig. 4 – First two cyclic voltammograms of (a) graphene oxide, (b) CNT, (c) graphite, and (d) GGCC electrodes. (A color version of
this figure can be viewed online.)
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the first cycle, and this peak corresponds to the formation of
SEI film and the reduction of trace water or oxygen groups [29]
that disappear in the second cycle. Moreover, the peak intensity and area from 0.5 to 0.01 V in the second cycle is weaker
than that in the first cycle, indicating some fading of active Li
storage sites, for instance, the aggregation of graphene oxide
sheets after the electrochemical test. Fig. 4b presents the CV
profiles of CNT electrode. In the first cycle, two small negative
current peaks occur at about 2.0 and 1.3 V. These peaks possibly result from the reduction of trace water and surface
groups on the CNT surface [30], both of which are observable
only in the first cycle. The distinct reduction current peak at
about 0.6 V can be attributed to SEI formation [31]. As expected, this peak is reduced in the subsequent cycle. The
CV profile of graphite electrode (Fig. 4c) is interpreted in detail
in a previous article [32]. The CV measurement of GGCC electrode in Fig. 4d shows that Li can reversibly intercalate and
deintercalate with the composite. In the first cycle, two peaks
emerge at about 1.7 and 0.7 V. The former can be ascribed to
the electrochemical reduction of oxygen groups in the composite, and the latter can be attributed to the formation of
SEI film on composite surface [33]. This formation is associated with electrolyte decomposition and the formation of Li
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organic compounds. Such peaks are not detected in the subsequent cycle. The peak close to 0 V corresponds to the intercalation of Li with graphene oxide, graphite, and CNTs, a
typical feature of Li–carbon interaction [34]. The CV measurements confirm the reversible electrochemical reaction between Li ions and the GGCC composite in Li-ion cells.
Fig. 5a presents the cycle performances of graphene oxide,
graphite, CNT, and GGCC electrodes at 0.5C. The capacity of
graphene oxide electrode sharply decreases in the first few
cycles and slightly declines in the subsequent cycles. Finally,
the capacity reaches 148.7 mA h g 1 after 60 cycles, and its
correlated capacity retention rate is 39.8%. By contrast, both
graphite and CNT electrodes show very stable cycle performance with only a slight increase in capacity. However, their
capacities are only 344.5 and 149.3 mA h g 1 after 60 cycles.
After compositing all three ingredients, GGCC electrode
exhibits very high reversible capacity and stable cycle performance. This electrode shows an initial capacity of
1172.5 mA h g 1 and a final capacity of 1050.3 mA h g 1 in
the 60th cycle, yielding an extremely high capacity retention
of 89.6% (86.9% for 325 cycle times in Supplementary material
Fig. S5). Moreover, as shown in Fig. 5b, GGCC electrode is a
great improvement in the graphene oxide/graphite composite

Fig. 5 – Cyclic performance of (a) graphene oxide, graphite, CNT, and GGCC electrodes; and (b) graphene oxide/graphite
composite and GGCC electrodes. Rate capabilities of (c) graphene oxide, graphite, CNT, and GGCC electrodes; and (d) graphene
oxide/graphite composite and GGCC electrodes. (A color version of this figure can be viewed online.)
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Fig. 6 – Nyquist plots of graphene oxide, graphene oxide/graphite composite and GGCC electrodes obtained by applying a sine
wave amplitude of 10.0 mV over the frequency range of 10 kHz to 0.1 Hz: (a) before and (b) after two discharge–charge cycles at
0.1C. (A color version of this figure can be viewed online.)

electrode, which has a capacity of 559.3 mA h g 1 in the 60th
cycle and a capacity retention of 79.4% based on our previous
study [9]. Such an improvement is a result of the addition of
CNTs, which have an outstanding conductive network that
enhances both reversible capacity and cycle stability.
The rate capabilities of graphene oxide, graphite, CNT, and
GGCC electrodes at various charge rates were also compared
to test the superiority of GGCC composite. As Fig. 5c shows,
graphene oxide electrode exhibits the lowest rate capability,
markedly dropping from 353.1 mA h g 1 at 0.5C to
19.7 mA h g 1 at 10.0C. Similarly, the capacity of graphite electrode also drops from 303.8 mA h g 1 at 0.5C to 54.7 mA h g 1
at 10.0C. Although the capacity of CNT electrode slightly decreases with increased current rate, its capacity is very low
(only 162.5 mA h g 1 at 0.5C and 35.1 mA h g 1 at 10.0C). By
contrast, GGCC electrode is stable at different current rates
and delivers capacities of 1153.7, 1049.9, 960.6, 793.1, and
478.8 mA h g 1 at 0.5C, 1.0C, 2.0C, 5.0C, and 10.0C, respectively.
Clearly, GGCC electrode displays the highest charge capacity
and preferable capacity retention with increased current rate,
signifying the synergistic effect of compositing the original
components. After cycling at various rates with the current
density back at 0.5C, the capacities of all the electrodes, except that of graphene oxide, revert to their original values,
suggesting good reversibility and structure stability. The rate
capability of the graphene oxide/graphite composite was also
compared with that of GGCC electrode, and the results are
presented in Fig. 5d. The capacity of GGCC electrode is much
higher than that of graphene oxide/graphite composite electrode at any current rate. This result further confirms the
importance of adding CNTs, which effectively form a conductive network and improve rate capability.
The powerful technique of EIS was also used to evaluate
the electrochemical behavior of graphene oxide, graphene
oxide/graphite composite and GGCC electrodes. Fig. 6a and
b show the EIS of the three electrodes before and after discharge–charge processes. The insets are high-frequency region Nyquist plots. The EIS of these electrodes consist of a
quasi-semicircle from high to middle frequency, which can

be attributed to the charge transfer processes on the electrode–electrolyte interface, and of a straight sloping line in
the low-frequency range, which indicates the impedance
caused by the Li diffusion and accumulation processes in
the working electrode. The former is associated with the porous structure of the electrodes, and the latter is the characteristic feature of pure capacitive behavior [35]. The numerical
value of the diameter of the semicircle on the ZRe axis gives
an approximate indication of the charge-transfer resistance
(Rct). As shown in Fig. 6a, the Rct of GGCC electrode (238.8 X)
is much lower than that of graphene oxide (425.8 X) and
graphene oxide/graphite composite (334.9 X) electrode before
discharge–charge processes. This results indicate that the
addition of CNTs could help form a conductive network and
facilitate the movement of electrons. However, after discharge–charge processes (Fig. 6b), the Rct of GGCC electrode
markedly decreased to 82.6 X, whereas that that of graphene
oxide and graphene oxide/graphite composite electrode decrease to 185.7 and 134.3 X. This finding can be explained by
the electrochemical reduction of oxygen groups on the
surface of graphene oxide sheets, which occurs during the
discharge–charge process that increases the electric conductivity of graphene oxide and GGCC electrodes [36]. The good
electrolyte wetting after the discharge–charge process, which
results in a large contact area between the active material and
electrolyte, also needs to be considered [37].

4.

Conclusions

A novel composite of graphene oxide, graphite, and CNTs was
successfully synthesized. This GGCC composite can be directly used as a binder-free anode material. Based on electrochemical measurements, the composite exhibits superior
performance and stable properties, with a capacity of
1050.3 mA h g 1 after 60 cycles at a rate of 0.5C and a rate
capacity of 478.8 mA h g 1 at a current rate of 10.0C. Its
reversible capacity below 0.25 V (vs. Li+/Li) is almost
600 mA h g 1, whereas the theoretical sum of the reversible
capacity of graphene oxide, graphite, and CNTs is only
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295.8 mA h g 1. The GGCC composite shows a larger reversible capacity with higher capacity retention and rate capability than previously reported graphene oxide/graphite
composites. These performance enhancements mostly result
from the addition of CNTs, which help form a conductive network and facilitate the movement of electrons. Moreover, the
synergistic effect of compositing graphene oxide, graphite,
and CNTs is noted. Based on galvanostatic discharge–charge,
CV, and EIS studies, we conclude that the use of the as-synthesized material as an anode material for LIBs is not only
viable but also desirable.
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