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Free-standing and binder-free lithium-ion electrodes
based on robust layered assembly of graphene and
Co3O4 nanosheets†

Ronghua Wang, Chaohe Xu, Jing Sun,* Yangqiao Liu, Lian Gao and Chucheng Lin

Free-standing and binder-free Co3O4/graphene films were fabricated through vacuum filtration and

thermal treatment processes, in which sheet-like Co3O4 and graphene were assembled into a robust

lamellar hierarchical structure via electrostatic interactions. The morphological compatibility coupled

with strong interfacial interactions between Co3O4 and graphene significantly promoted the interfacial

electron and lithium ion transport. When used as a binder-less and free-standing electrode for lithium-

ion batteries, the hybrid film delivered a high specific capacity (�1400 mA h g�1 at 100 mA g�1 based

on the total electrode weight), enhanced rate capability and excellent cyclic stability (�1200 mA h g�1

at 200 mA g�1 after 100 cycles). This effective strategy will provide new insight into the design and

synthesis of many other composite electrodes for high-performance lithium-ion batteries.
1 Introduction

Rechargeable lithium-ion batteries (LIBs), owing to their high
energy density, long cyclic life and environmental benignity,
have been envisioned as the most attractive energy storage
system for applications in portable electronics, electric vehicles
and so on.1–5 In order to satisfy the increasing demand for
higher energy density LIBs, novel electrode materials and
architectures are intensively investigated.6–9 Among the avail-
able anode materials, Co3O4 attracts extensive interest due to its
high theoretical capacity (890 mA h g�1), which is more than
two times larger than that of graphite (372 mA h g�1).10–12

However, its large volume expansion/contraction and severe
particle aggregation associated with the Li+ insertion and
extraction process lead to electrode pulverization, electric
contact loss with the current collector and, consequently, result
in a large reversible capacity loss and poor cycling stability.13–16

Generally, there are two strategies to solve these problems. One
focuses on fabricating various nanostructures, such as nano-
tubes,17 nanowires,18,19 nanorods,20,21 octahedral cages,10,22

hollow spheres,23 nanoneedles24 and nanosheets,15,25–27 to miti-
gate the pulverization. Another approach is to construct
composites with carbon materials to further enhance the
structure stability and electrical conductivity.28–30
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Graphene sheets (GS), with high conductivity, large specic
surface area and superior mechanical properties, can provide a
support for anchoring nanocrystals and work as a highly
conductive matrix.31–34 Recently, composites of Co3O4 with gra-
phene were successfully prepared as anode materials for LIBs
and greatly improved the lithium storage properties.16,35–38 For
example, Cheng and coworkers39 reported a hydrothermal
method to synthesize the composite of graphene anchored with
Co3O4 nanoparticles, which exhibited a capacity of 800 mA h
g�1 at 50 mA g�1. Yang et al.40 adopted a two-step process
involving nanocasting and a self-assembly approach to prepare
graphene encapsulated mesoporous Co3O4 microspheres. The
composite delivered a capacity of 820 mA h g�1 at 100 mA g�1.
In these previous studies, electrodes were usually prepared
with active materials, carbon black and a polymer binder for
the battery test. Evidently, a polymer binder may block the
diffusion channels of ion transportation and the outstanding
electric performance of graphene had been signicantly
impaired.14,28,41,42

Until now, great efforts have been devoted to prepare gra-
phene-based free-standing and binder-free electrodes. For
instance, a exible graphene lm was used as a current
collector, upon which metal oxides were attached by chemical
deposition41,43 or hydrothermal reaction.44 Such approaches
usually produce low loading and aggregation of metal oxides,
thus the improvement in the overall hybrid electrode perfor-
mance is limited. Another way is based on vacuum ltration, by
which various active materials (such as TiO2,45 MnO2,42,46 V2O5

(ref. 47) and silicon48–50) were incorporated into a graphene
scaffold.42,51 Specically, both components were homoge-
neously mixed and ltered to produce paper-like electrodes.
This journal is ª The Royal Society of Chemistry 2013
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Graphene formed a three-dimensional conductive network to
behave as a mechanical support and an embedded-in current
collector. At present, active nanomaterials are limited to 0D
nanocrystals,48,52,53 1D nanotubes46 and nanowires.47,49,50 On one
hand, these active materials are made in point-to-point or line-
to-line contact with graphene, and the electrical contact area
between them is rather limited. On the other hand, they are just
physically contacted with graphene without any strong interfa-
cial interactions. These two aspects resulted in an inferior
electron transport through graphene to active materials. In this
regard, it is highly desirable to engineer the interfacial inter-
actions between the support and active materials.

Herein, we rstly propose a strategy to strengthen interfacial
interactions by assembling GS with 2D Co3O4 nanosheets into a
lamellar hierarchical structure with the aid of electrostatic
attractive interactions. The unique feature of the sheet-to-sheet
assembly (2D–2D) is that each Co3O4 nanosheet will have
maximum electrical contact with graphene, which could result
in high conductivity of the hybrids. Moreover, strong interfacial
interactions between Co3O4 and graphene contribute to a
robust linking between the two components, which further
promoted interfacial electron and lithium ion transport.
Benetting from the morphological compatibility and intimate
integration between Co3O4 and graphene, the binder-free and
free-standing hybrid electrode exhibited signicantly enhanced
lithium storage properties in terms of higher specic capacities,
better cyclic stability and rate capability compared to traditional
binder-containing electrodes and pure Co3O4 electrodes. To the
best of our knowledge, this is the rst demonstration of a self-
supporting binder-free anode prototype with a lamellar hierar-
chical structure and strong interfacial interaction, which is
totally different from previously reported graphene-based
hybrid lms.42,45–50
2 Experimental
2.1 Material preparation

(a) Preparation of b-Co(OH)2. Synthesis of b-Co(OH)2 was
performed according to previous literature.54 In a typical
procedure, CoCl2$6H2O (238 mg) and hexamethylenetetramine
(HMT) (1.68 g) were dissolved in a mixed solution containing
180 mL de-ionized water and 20 mL ethanol. The solution was
then heated at 90 �C for 1 h under magnetic stirring. The
product was ltered, washed with de-ionized water and anhy-
drous ethanol several times, and nally air-dried at room
temperature.

(b) Preparation of Co3O4/GS hybrid lms and pure Co3O4.
Graphene oxide (GO) was synthesized from graphite by a
modied Hummers method.55 The as-prepared Co(OH)2 can
readily be dispersed in water to form a pink colored homoge-
neous dispersion. By mixing Co(OH)2 dispersion with GO
aqueous dispersion under sonication, a occulent solution was
obtained, which was vacuum-ltered using anodisc membrane
lters (47 mm in diameter, 0.2 mm). Aerwards, a free-standing
Co(OH)2/GO hybrid lm can be obtained aer drying and
peeling off from the lter membrane. Finally, the as-prepared
Co(OH)2/GO hybrid lms were annealed at 350 �C in argon for
This journal is ª The Royal Society of Chemistry 2013
2 h to obtain CoO/GS, which were further converted to Co3O4/GS
via annealing at 300 �C in air for 2 h. In this work, the Co(OH)2/
GO mass ratio was varied as 1 : 2, 1 : 1 and 2 : 1 to optimize
the lithium storage performance. Detailed discussions were
carried out on the optimized sample Co(OH)2/GO (1 : 1) with
75% Co3O4.

A control sample of bare Co3O4 was prepared by the heat
treatment of pure Co(OH)2 at 350 �C in argon for 2 h and 300 �C
in air for another 2 h aerwards.

2.2 Electrode preparation

Co3O4/GS hybrid lms were directly used as a free-standing
electrode without any binder or additive (named F-Co3O4/GS).
The mass loading was �1.6 mg cm�2 for F-Co3O4/GS. A Co3O4/
GS traditional electrode, named T-Co3O4/GS, was prepared by
conventional slurry-coating technology. Specically, Co3O4/GS
hybrid lms were rst ground into powders, which were mixed
with carbon black and poly(vinyldiuoride) (PVDF) at a weight
ratio of 80 : 10 : 10 in N-methylpyrrolidone (NMP) to form
slurries. The homogeneous slurries were then pasted on a
copper current collector and dried under vacuum at 110 �C for
12 h. Another control electrode, named T-Co3O4, was prepared
by the same slurry-coating technology. The mass loading was
�1.2 mg cm�2 for T-Co3O4/GS and T-Co3O4.

2.3 Material characterization

The morphology was characterized with a transmission elec-
tron microscope (JEM-2100F, JEOL, Tokyo, Japan). The eld-
emission scanning electron microscopy (FE-SEM) analysis was
performed on a JSM-6700F at an acceleration voltage of
10.0 kV. X-ray diffraction (XRD) was carried out on a D/max
2550V X-ray diffraction-meter with Cu-Ka irradiation at l ¼
1.5406. Thermogravimetric analysis (TGA) was conducted in
air at a heating rate of 10 �C min�1. Fourier transform infrared
spectroscopy (FTIR) and Raman spectroscopy were recorded on
a Nicolet 7000-C and DXR Raman Microscope, Thermal
Scientic Corporation, USA, with a 532 nm excitation length
respectively. X-ray photoelectron spectroscopy (XPS) analysis
was conducted using a twin anode gun, Mg Ka (1253.6 eV)
(Microlab 310F Scanning Auger Microprobe, VG SCIENTIFIC
LTD). The conductivity of the Co3O4/GS hybrid lm was
measured by a four-point probe method in the van der Pauw
conguration with an Accent HL5500 system. The surface
electrokinetic properties of Co(OH)2 and GO were character-
ized by zeta potential measurements. N2 adsorption/desorp-
tion isotherms were determined using a Micromeritics
ASAP2010 Analyzer (USA).

2.4 Electrochemical measurements

Cyclic voltammetry (CV) was carried out in the voltage range of
0–3.0 V with a scan rate of 0.5 mV s�1. The electrochemical
impedance spectroscopy (EIS) measurements were carried out
on the samples with a PARSTAT 2273, using a sine wave of
10 mV over a frequency range of 100 KHz–0.01 Hz. The elec-
trochemical properties of the electrodes (F-Co3O4/GS, T-Co3O4/
GS and T-Co3O4) were characterized at room temperature. Li foil
Nanoscale, 2013, 5, 6960–6967 | 6961
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was used as the counter electrode. The electrolyte was 1 M LiPF6
in a 50 : 50 w/w mixture of ethylene carbonate (EC) and
dimethyl carbonate (DMC). Cell assembly was carried out in a
glove box with the concentrations of moisture and oxygen below
1 ppm. The batteries were measured using a CT2001 battery
tester.
Fig. 2 XRD curves of the as synthesized Co(OH)2/GO (a), CoO/GS (b) and Co3O4/
GS films (c).
3 Results and discussion

The fabrication process for Co3O4/GS hybrid lms is depicted in
Fig. 1a. When GO dispersion was added, the pink colored
Co(OH)2 dispersion turned into a occulent solution, and a
brown precipitate was formed at the bottom aer keeping it still
for �30 min (Fig. 1b). GO could be considered as a negatively
charged sheet due to the presence of carboxyl groups (zeta
potential: �45 mV), while Co(OH)2 is positively charged with a
zeta potential of 21.7 mV. This indicates that the electrostatic
attractive interaction is the driving force for the self-assembly of
the two dispersions.40,56–61 A free-standing hybrid lm with a
diameter of ca. 42 mm can be obtained by ltration of the
precipitate and heat treatment (Fig. 1c). Importantly, the sheet-
to-sheet assembly (2D–2D) could endow the precipitate with an
excellent lm-forming ability. In this study, when the Co(OH)2/
GO mass ratio ranged from 1 : 2 to 4 : 1, the composites could
easily form free-standing lms. This feature is much superior to
those of 0D–2D and 1D–2D assembly, and favorable to optimize
the properties of the composite.

The crystallographic structure and phase purity were
analyzed by XRD. As shown in Fig. 2, XRD patterns of Co(OH)2
can be well indexed as brucite-like b-Co(OH)2 (Fig. 2a, JCPDS no.
Fig. 1 (a) The fabrication process for Co3O4/GS hybrid films; (b) digital photo-
graphs of Co(OH)2 dispersion, GO dispersion and Co(OH)2/GO suspension; (c)
digital photographs of a free-standing Co3O4/GS hybrid film.

6962 | Nanoscale, 2013, 5, 6960–6967
74-1057). With heat treatment in an inert atmosphere, the
Co(OH)2/GO phase transformed into CoO/GS (Fig. 2b, JCPDS
no. 74-2392). Aer annealing in air, all the diffraction peaks can
be assigned to the face-centered cubic Co3O4 (Fig. 2c, JCPDS no.
42-1467), indicating that CoO has turned completely into Co3O4.

The changes in chemical composition of Co(OH)2/GO during
heat treatment are further characterized by XPS. The Co 2p
spectrum of Co(OH)2/GO showed two major peaks at 781.6 and
796.9 eV, assigned to the Co 2p3/2 and Co 2p1/2,62 respectively
(Fig. 3a). For CoO/GS, the Co 2p3/2 and Co 2p1/2 peaks shied to
780.7 and 796.6 eV, accompanied by two prominent shake-up
satellite peaks (786.1 and 802.7 eV). These are the typical
characteristic peaks of CoO,29 demonstrating the trans-
formation of Co(OH)2 to CoO, while the Co3O4/GS hybrid lm
exhibited two peaks at 780.2 and 795.6 eV with a spin–orbit
splitting of 15.4 eV, distinctly verifying the formation of
Co3O4.21,39 The formation of Co3O4 can be further conrmed by
the O 1s peak at 529.9 eV (see ESI, Fig. S1†), which corresponds
to the oxygen species in Co3O4.21,39,44
Fig. 3 (a) Co 2p XPS spectra; (b and c) Raman spectra and FTIR spectra of pure
Co3O4 and Co3O4/GS hybrid film; (d) FTIR spectra of Co(OH)2/GO and Co3O4/GS.

This journal is ª The Royal Society of Chemistry 2013
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Fig. 4 (a and b) SEM images of Co(OH)2; (c and d) SEM image and the corre-
sponding backscattered SEM image of Co(OH)2/GO suspension showing that
Co(OH)2 was well dispersed within GO; (e and f) TEM and HRTEM images of
Co(OH)2/GO suspension, the inset in (f) is the SAED pattern of Co(OH)2.

Fig. 5 Cross-sectional SEM images of the Co(OH)2/GO film (a and b), CoO/GS
film (c and d) and Co3O4/GS film (e and f).
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Raman spectra and FTIR were employed to investigate the
interfacial interactions between Co3O4 and graphene. As shown
in Fig. 3b, the Raman spectrum of pure Co3O4 exhibited four
characteristic peaks at 469, 511, 608, and 678 cm�1, corre-
sponding to Eg, F

1
2g, F

2
2g, and A1

g modes of the crystalline Co3O4,11

respectively. As for the Co3O4/GS hybrid lm, the characteristic
peaks of Co3O4 showed red shis compared with those of pure
Co3O4, revealing the n-type doping effect on Co3O4.53 This
indicates signicant electronic interactions between Co3O4 and
graphene. Moreover, in the FTIR spectrum of Co3O4/GS
(Fig. 3c), the specic peaks representing Co3O4 adsorption
bands (562.9 and 658.1 cm�1) also underwent a red shi
compared with that of pure Co3O4 (570.5 and 663.8 cm�1).36,63

This further conrmed a strong interfacial interaction existing
between Co3O4 and graphene. Accordingly, the strong interfa-
cial interaction will have a great impact on the interfacial elec-
tron and lithium ion transport.

FTIR was further used to analyze the reduction of GO
(Fig. 3d). The peaks centered at 1623, 1385 and 1069 cm�1 were
attributed to C]C, C–OH and C–O functionalities in GO,13

respectively. Obviously, the intensity of peaks for oxygen-con-
taining functional groups strongly declined for Co3O4/GS,
indicating the effective reduction of graphene. As a result, the
electrical conductivity of the hybrid lm reached 794.9 S m�1. It
means graphene can serve as an efficient electrically conducting
network. Thus, from the above analyses, it is reasonable to
conclude that the Co3O4/GS hybrid lm, with both high
conductivity and strong interfacial interactions, was success-
fully prepared.

The morphology of Co(OH)2 and the mixed suspension was
investigated by SEM and TEM (Fig. 4). Co(OH)2 displayed a
sheet-like structure with a thickness of �18 nm (Fig. 4a and b).
As shown in Fig. 4c–e. Co(OH)2 nanosheets were uniformly
distributed on the surface of GO. It is noteworthy that even aer
a long time of sonication during the preparation of the TEM
specimen, Co(OH)2 nanosheets were still tightly anchored on
the surface of GO, suggesting a strong interaction between
Co(OH)2 and GO. The HRTEM image displayed that Co(OH)2
was highly crystallized with a lattice spacing of ca. 2.75 Å
assigned to the interspacing of the (100) crystal planes (Fig. 4f).
The corresponding SAED patterns showed perfect hexagonally
arranged diffraction spots, which represented the single crys-
talline nature of Co(OH)2.

Fig. 5 exhibits the cross-sectional SEM images of the hybrid
lms. It is clear that Co(OH)2 nanosheets and GO tightly aligned
in parallel to form an ordered layer structure. Both of them are
distributed homogeneously in the hybrid lm (Fig. 5a and b).
The morphology of CoO/GS is quite similar to that of Co(OH)2/
GO (Fig. 5c and d). However, the Co3O4/GS lm became a loosely
stacked layered structure with some open voids formed. The
thickness of Co3O4 was about 20 nm, which is helpful to shorten
the lithium ion diffusion length.64 In contrast, in the case of
pure Co3O4, the size increased signicantly (Fig. S2,† thickness
of about 100 nm) due to the Ostward ripening47 during the same
annealing process. This drastic morphological difference
highlights the important role of graphene in restricting the
growth of Co3O4 during heat treatment. It is noteworthy that
This journal is ª The Royal Society of Chemistry 2013
Co3O4 and graphene remained tightly contacted with each
other. The intimate integration enables fast electron transport
through GS to Co3O4 sheets. Additionally, such a sheet-to-sheet
assembly (2D–2D) can give rise to a maximum interfacial
Nanoscale, 2013, 5, 6960–6967 | 6963
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Fig. 7 (a–c) Nitrogen adsorption and desorption isotherms of Co3O4/GS, CoO/
GS and pure Co3O4, respectively; (d) TG curve of Co3O4/GS hybrid films obtained
from Co(OH)2/GO films with a mass ratio of 1 : 1.
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contact between Co3O4 and GS compared with 0D–2D and 1D–
2D connections. This can further improve electron transport
within the hybrid lm during lithiation and delithiation
processes.

Further insight into the morphology and microstructure of
the hybrid was obtained from TEM images. Co3O4 nanosheets
were still anchored on the surface of graphene (Fig. 6a and b),
which is consistent with the SEM images. Closer observation
showed that the nanosheets were porous with a pore size of
about several nanometers (Fig. 6c). This will greatly increase the
specic surface area and lead to a great enhancement in elec-
trochemical activities. HRTEM showed a well-dened crystal-
line structure with a lattice spacing of 0.467 nm, corresponding
to the (111) plane of Co3O4 (Fig. 6d). The SAED pattern revealed
a single crystal structure of the Co3O4 sheet.

The porous structure of the hybrid lm was also veried by
BET measurement. The Co3O4/GS lm exhibited type IV
nitrogen adsorption and desorption isotherms (Fig. 7a), indi-
cating the presence of mesopores. The specic surface area was
86.6 m2 g�1, higher than those of CoO/GS (Fig. 7b, 73.9 m2 g�1)
and pure Co3O4 (Fig. 7c, 48.7 m2 g�1). Such a structure can
provide not only fast electronic and ionic conducting channels
but also sufficient buffer space for the volume expansion of
Co3O4.65 Therefore, the Co3O4/GS hybrid lm provides critical
features for high performance electrodes: short diffusion length
for Li+, fast electron and Li+ transport, large surface reaction
sites and excellent endurance for internal stress. The optimal
content of Co3O4 in the hybrid lm was about 75% as deter-
mined by TG analysis (Fig. S3† and 7d).

Coin cells were fabricated to measure the electrochemical
performance of Co3O4/GS hybrid lms. Detailed discussions
were carried out on the optimized sample with a Co3O4 content
of 75% hereaer. Here, a graphene conductive network can act
as a highly conductive pathway for electrons/lithium ions and as
a current collector, without the use of an insulating binder or a
Fig. 6 (a–c) TEM images of the Co3O4/GS hybrid, (d) HRTEM image of Co3O4; the
inset in (d) shows the corresponding SAED pattern.

6964 | Nanoscale, 2013, 5, 6960–6967
conducting additive. Charge storage behaviour was rst char-
acterized by CV (Fig. 8a). In the rst cycle, one cathodic peak at
0.66 V can be attributed to the electrochemical reduction reac-
tion of Co3O4 and the formation of a solid electrolyte interphase
(SEI).20,30 The anodic peak at 2.22 V corresponded to the
reversible oxidation of Co0 to Co3O4.66,67 The reversible reaction
occurring with lithium can be described by the following elec-
trochemical conversion reactions:

Co3O4 + 8Li+ + 8e� / 3Co + 4Li2O (1)

Co + Li2O / CoO + 2Li+ + 2e� (2)

In the subsequent cycles, the main reduction peak shied to
�0.85 V while the main anodic peak at�2.2 V showed very little
modication. The peak intensity and integral areas were nearly
identical, suggesting the good reversibility of lithium insertion
and extraction reactions.21
Fig. 8 (a) Cyclic voltammograms for the first five cycles of the F-Co3O4/GS
electrode; (b) charge–discharge voltage profiles of the F-Co3O4/GS electrode at a
current density of 100 mA g�1; (c) the rate capability of F-Co3O4/GS (i), T-Co3O4/
GS (ii) and T-Co3O4 (iii) at different current densities; (d) comparative cycle
performance of electrodes at a current density of 200 mA g�1.

This journal is ª The Royal Society of Chemistry 2013
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Fig. 9 (a) An equivalent circuit model of the electrodes, (b–d) Nyquist plots of
T-Co3O4, T-Co3O4/GS and F-Co3O4/GS free-standing electrodes before and after
ten cycles at a constant current density of 100 mA g�1.
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Fig. 8b shows the representative charge–discharge proles of
Co3O4/GS at a current density of 100 mA g�1 between 0.01 and
3 V vs. Li+/Li. In the rst discharge curve, it showed a long voltage
plateau at�1.04 V followed by a sloping curve down to the cutoff
voltage of 0.01 V, indicative of typical characteristics of voltage
trends for the Co3O4 electrode.10,25 The rst discharge and charge
capacities were as high as 1714 and 1312 mA h g�1 based on the
total mass of composites (including graphene). The lithium
storage capacities were much higher than the theoretical
capacity of Co3O4 (890 mA h g�1) owing to the formation of the
SEI layer and possibly interfacial Li+ storage.45,53,68 A reversible
capacity of 1379 mA h g�1 was achieved in the 5th cycle, which
gradually increased to about 1422 mA h g�1 in the 40th cycle.
Such an increase in capacity during cyclingmay be related to the
gradual activation of the hybrid electrode, and was also observed
in the previously reported results.20,23,26

To further demonstrate the superiority of the unique Co3O4/
GS free-standing and binder-free electrode (denoted as F-Co3O4/
GS) for lithium storage, traditional binder-enriched electrodes
(with 10 wt% PVDF binder and 10 wt% carbon black) of pure
Co3O4 and the hybrid of Co3O4/GS (denoted as T-Co3O4 and T-
Co3O4/GS, respectively) were also fabricated by conventional
slurry-coating technology. Fig. 8c displays the rate performance
of the three electrodes. F-Co3O4/GS delivered very high capacity
of 1390, 1203, 1005, 855, 735, 577 and 493 mA h g�1 at 100, 200,
500, 800, 1000, 1300 and 1500mA g�1, respectively. Remarkably,
when the current density returned to 100 mA g�1, a capacity of
1446 mA h g�1 was recovered. These values are higher than
those previously reported.16,36,38,39 However, the T-Co3O4 elec-
trode showed much poorer rate capacity and cannot bear large
current density due to the inefficient electron transport.
T-Co3O4/GS reached a comparable capacity at low current
density. Unfortunately, the charge storage capacity at high rates
was not comparable to that of the free-standing and binder-less
hybrid electrode. This may be due to two reasons. First, the
presence of a polymer binder may block the diffusion channels
of ion transportation.14,28,41,42 Secondly, the grinding treatment
of Co3O4/GS lms into powders signicantly destroyed the
initial tight contact between Co3O4 and GS, and resulted in a
weaker interfacial interaction. Therefore, constructing a binder-
free, robust architecture of Co3O4/graphene is critical to achieve
a high performance of the hybrid electrode.

Besides the high capacity and good rate capability, the
F-Co3O4/GS electrode also showed excellent cycling stability
(Fig. 8d). The charge–discharge capacities retained was �1200
mA h g�1 at 200 mA g�1 without noticeable capacity loss during
100 cycles. The Coulombic efficiency of the rst cycle was ca.
72% and from the second cycle onwards it remained above 98%,
indicative of high charge–discharge reversibility of the anode
material for LIBs (Fig. S4†). For T-Co3O4, the specic capacity
decreased signicantly and retained only �100 mAh g�1 aer
100 cycles. In the case of T-Co3O4/GS, though it showed much
stable capacity during the initial 20 cycles, the stability
degraded to only 250 mA h g�1 aer 100 cycles. These results
further imply that the graphene conductive network and free-
standing electrode structure do result in better active material
utilization and thus improved electrochemical properties.
This journal is ª The Royal Society of Chemistry 2013
In order to achieve an in-depth understanding of the advan-
tages of binder-less and free-standing electrodes and the role of
graphene, EIS was employed to investigate the electrochemical
reaction kinetics of different electrodes (Fig. 9). The semicircle
appeared in the medium frequency range is classically assigned
to the charge-transfer resistance (Rct) occurring between active
materials and liquid electrolyte. The straight line is attributed to
the diffusion of lithium ions into electrode materials, or the so-
called Warburg diffusion16,69 (Fig. 9a). For the T-Co3O4 electrode
(Fig. 9b), Rct was 19.34 U before cycling and increased dramati-
cally to 34.22 U aer ten cycles (DRct ¼ 14.88 U), suggesting a
considerable degradation of charge transfer kinetics. This may
be due to the severe pulverization of Co3O4 and the loss of
electric contact with the current collector. In the case of the
T-Co3O4/GS electrode (Fig. 9c), Rct was 15.56U before cycling and
increased less (DRct ¼ 6.87 U) than the pure T-Co3O4 electrode.
Evidently, the presence of graphene improved the conductivity of
the electrode, effectively accommodated the volume change of
Co3O4 and prevented its agglomeration during cycling. There-
fore, the degradation of charge transfer kinetics was suppressed
to some extent. By contrast, Rct of the F-Co3O4/GS electrode was
the smallest (13.31 U) before cycling (Fig. 9d), suggesting the
lowest charge transfer resistance. And also, it decreased to 9.14U
aer 10 cycles (DRct ¼ �4.17 U), indicating good electrode
stability with an activation process. This may be attributed to the
unique architecture of the free-standing and binder-free Co3O4/
GS electrode. On one hand, the charge transfer kinetics was
improved since the use of electrically insulative polymer binder
was avoided. On the other hand, the morphological compati-
bility coupled with strong interfacial interactions between Co3O4

and GS also signicantly promoted the interfacial electron and
lithium ion transport. Thirdly, unlike a traditional electrode, the
free-standing electrode, which integrated active materials and
the current collector (graphene) into one lm, ensured durable
electric contact of Co3O4 with the current collector. The above
synergetic effect favors a large capacity, and good rate capability
as well as superior cycle stability of F-Co3O4/GS.
Nanoscale, 2013, 5, 6960–6967 | 6965
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4 Conclusions

We have demonstrated an effective strategy to strengthen
interfacial interactions by assembling 2D Co3O4 nanosheets
with GS into a lamellar hierarchical structure with the assis-
tance of electrostatic attractive interactions. As a binder-less
and free-standing anode material, the Co3O4/GS hybrid ach-
ieved a high reversible capacity of �1400 mA h g�1 at a current
density of 100 mA g�1. Moreover, the cycling performance and
rate capability were signicantly improved compared with a
traditional electrode and a pure Co3O4 electrode. The superior
electrochemical performance can be attributed to the following
reasons. One is the short transport length for both lithium ions
and electrons and the porous nature which favors electrolyte
penetration. Another reason is the graphene 3D network, which
prevents agglomeration of Co3O4 and enhances the structural
stability and electrochemical reaction kinetics. More impor-
tantly, the morphological compatibility coupled with strong
interfacial interactions between Co3O4 and GS signicantly
promoted the interfacial electron and lithium ion transport.
This structural design approach offers an effective technique to
boost electrochemical performances of electrode materials, and
can be extended to synthesize other metal oxide/graphene
hybrid anodes.
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