
P
e

L
a

b

a

A
R
R
A
A

K
M
C
G
H
S

1

i
[
i
g
o
s
n
o
t
w
c
m
[
a
e
c
s
M
t

B
T

0
h

Electrochimica Acta 76 (2012) 282– 287

Contents lists available at SciVerse ScienceDirect

Electrochimica  Acta

j ourna l ho me  pag e: www.elsev ier .com/ locate /e lec tac ta

reparation  of  metallic  cobalt–graphene  composites  with  enhanced
lectrochemical  activity

in  Wanga, Dianlong  Wanga,∗,  Xinchun  Hua,b, Junsheng  Zhua, Xiaoshi  Lianga

School of Chemical Engineering & Technology, Harbin Institute of Technology, Harbin 150001, China
Tian Neng Power International Limited, Wuhu 241000, China

 r  t  i  c  l  e  i n  f  o

rticle history:
eceived 17 December 2011
eceived in revised form 4 May  2012
ccepted 6 May  2012
vailable online 14 May 2012

a  b  s  t  r  a  c  t

Metallic  cobalt–graphene  composites  were  synthesized  through  coprecipitation  synthetic  method  fol-
lowed by  hydrothermal  treatment  at 180 ◦C.  The  composite  material  as  prepared  was  characterized  using
X-ray  diffraction  (XRD),  SEM,  TEM,  Energy  dispersive  spectrometer  (EDS)  analysis  and  Thermogravimetric
(TG)  analysis.  The  results  indicate  that  metallic  cobalt  particles  possess  a  good  dispersion  on  the  surface
of  graphene.  The  electrochemical  performance  of metallic  cobalt–graphene  composites  was  character-
eywords:
etallic cobalt

obalt hydroxide
raphene
ydrothermal reaction

ized  by  Cyclic  voltammetry  (CV)  and  galvanostatic  charge–discharge  tests.  The  specific  capacitance  of
the composite  material  approaches  1340  F  g−1 at current  density  of  1.5  A  g−1 with  a  capacitance  reten-
tion  rate  of  82%  at current  density  of 3.5 A g−1. The  results  suggest  that  the  combination  of metallic
cobalt  and  graphene  leads  to  synergistic  performance,  which  inherits  the  overall  system  with  enhanced
electrochemical  performance.
upercapacitor

. Introduction

Graphene as a rising star has triggered an exciting new area
n the field of carbon science, due to its extraordinary electrical
1],  chemical stability [2],  high surface-to-volume [3] and capac-
tive performance [4–6]. Moreover, the interleaved network of
raphene produces pathways for electron transport, and can obvi-
usly improve the electrical conductivity of the electrode. The large
urface of graphene provides the platform for the decoration of
anoparticles to avoid their agglomeration, hence more utilization
f nanoparticles during the electrochemical reaction. Because of
hese unique properties of graphene, the combination of graphene
ith a second phase material can further enhance the electro-

hemical properties of the obtained composites. Therefore, many
aterials, including various metal [7],  metal oxide nanoparticles

8–11], carbon materials [12], and polymers [13,14],  have been used
s the second phase to incorporate with graphene. Recently, Lee
t al. [15] reported that the specific capacitance of MnO2–graphene
omposite electrode was 399.82 F g−1 at 10 mV  s−1, which demon-

trated that graphene layers improved the electro-conductivity of
nO2 and the interaction between the electrolyte and the elec-

rode. Zhao et al. [16] developed an effective method to prepare
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monolayer graphene/NiO nanosheets, which indicated that the
specific capacitance of the composite was  528 F g−1 and much
larger than that of pure NiO. Results from Chen et al. [17] shown
that the specific capacitance of Co(OH)2–graphene nanocomposite
reached a value as high as 972.5 F g−1, which leaded to a significant
improvement in relation to each individual counterpart (137.6 and
726.1 F g−1 for graphene and Co(OH)2, respectively).

Metallic cobalt has been regarded as a magnetic material [18,19]
and several methods have been available for the production of this
magnetic material, including physical methods [20], electrochemi-
cal methods [21] and chemical methods [22,23].  Herein, to expand
the extent of graphene-based composites as electrode materials,
we attempted to develop a facile approach to prepare metallic
cobalt–graphene composites via coprecipitation synthetic method
combined with hydrothermal treatment. The results show that
metallic cobalt particles possess a good dispersion on the surface
of graphene, which prevents the agglomeration of metallic cobalt
particles. The high specific capacitance of the composite material
could be expected for the synergistic electrochemical result of the
combination of metallic cobalt and graphene in alkaline electrolyte.

2. Experimental

2.1. Preparation of thermal reduced graphene
Thermal reduced graphene (TRG) was  prepared from natural
graphite powder according to modified Hummers method [24].
6.5 g of graphite powder was  placed in 150 mL  of cold (0 ◦C)

dx.doi.org/10.1016/j.electacta.2012.05.022
http://www.sciencedirect.com/science/journal/00134686
http://www.elsevier.com/locate/electacta
mailto:dlwang@hit.edu.cn
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oncentrated H2SO4, and then 19.5 g of KMnO4 was  added grad-
ally with stirring and cooling, and the temperature of the solution
as not allowed to go up to 20 ◦C. The mixture was  stirred at

5 ± 3 ◦C for 2 h, and 460 mL  of distilled water was  added slowly
o an increase in temperature to 98 ◦C. The temperature was  held
t 60 ◦C for 1 h. Finally, 1.4 L of distilled water and 100 mL  of 30%
2O2 solution were added after the reaction. The mixture was  held
t room temperature for 24 h, and then filtered and washed with 5%
Cl aqueous solution until sulfate could not be detected with BaCl2.
he graphite oxide obtained was dried at 50 ◦C for 72 h. Thermal
educed graphene was obtained after graphite oxide being put into

 muffle oven preheated to 1073 K for 60 s.

.2. Preparation of metallic cobalt–graphene composites

Metallic cobalt–graphene composites (MCGC) were synthesized
hrough a two-step synthetic method. The typical route was  as
ollows: firstly, 997 mg  of cobalt acetate was dissolved in 160 mL
f distilled water, and then 27 mg  of TRG was dispersed in the
bove solution with ultrasonication for 1 h. Subsequently, 100 mL
f 0.1 mol  L−1 NaOH aqueous solution was added into the above
lurry with vigorous stirring. Co(OH)2–graphene composites (CGC)
ere collected by filtration, washed with distilled water, and then
ried in air at 60 ◦C.

Then, MCGC were obtained by hydrothermal reaction of CGC
ith hydrazine hydrate at 180 ◦C. 70 mg  of CGC and 10 mL  of

0 wt% hydrazine hydrate were added to 40 mL  of distilled water
n a Teflon-lined autoclave (85 mL). After stirring of 1 min  with a
tainless-steel muddler, the autoclave was sealed, and heated at
80 ◦C for 24 h. The system was then allowed to cool to room tem-
erature. The resulting product was collected by filtration, washed
ith distilled water, and then dried at 60 ◦C. For comparison, cobalt
ydroxidebare (Co(OH)2) and bare metallic cobalt(BMC) were syn-
hesized via a similar procedure in the absence of graphene.

.3. Materials characterization

Powder X-ray diffraction (XRD) analysis was performed on
igaku D/MAX-RC X-ray diffractometer in order to identify the
rystalline phases of materials. Morphologies of products as
repared were observed on a field emission scanning electron
icroscopy(FESEM, Hitachi, S-4800, 15 kV) and a transmission

lectron microscopy (TEM, Hitachi, H-7650, 100 kV). The element
ompositions of electrode materials as prepared were determined
y an energy dispersive X-ray spectroscopy (EDS, Hitachi, S-4800).
hermogravimetric (TG) analysis was performed using Perkin
lmer Pyris 1 TGA thermo balance. In the TG experiment, the sam-
les were heated in air from 30 to 700 ◦C at 10 ◦C min−1.

.4. Electrochemical measurements

Cyclic voltammetry (CV) curves and galvanostatic
harge–discharge tests of electrodes as prepared were inves-
igated under a conventional three-electrode cell with 6 mol  L−1

OH aqueous solution as electrolyte at room temperature. The
orking electrode was fabricated by mixing powders as prepared
ith 20 wt% acetylene black and 10 wt% polytetrafluorene ethylene

PTFE) binder. A small amount of distilled water was added to
he mixture to produce a homogeneous paste. The mixture was
ressed onto nickel foam current collectors (1.0 cm × 1.0 cm) to
ake electrodes. A platinum foil and an Hg/HgO electrode served
s counter electrode and reference electrode, respectively. CV
urves were collected between −1.3 and −0.2 V (vs. Hg/HgO) and
onducted on a CHI 604B electrochemical workstation (Shanghai
H Instrument Company, China). Galvanostatic charge–discharge
2 theta / degree 

Fig. 1. XRD patterns of the samples as prepared.

tests were measured between −1.05 and −0.5 V (vs. Hg/HgO) and
investigated by a Neware battery testing workstation.

3. Results and discussion

The XRD patterns of TRG, Co(OH)2 and BMC  extracted from com-
posites, as well as CGC and MCGC are shown in Fig. 1. The diffract
peak of TRG at around 21.5◦ corresponding to 0 0 2 crystal plane
of carbon is weak and broad, which indicates that graphene has a
highly amorphous nature through thermal treatment. The results
of XRD patterns show that diffract peaks of pristine Co(OH)2 as
prepared are in good agreement with the standard profile of hexag-
onal �-Co(OH)2 (JCPDS 30-0443). Moreover, the crystal state of CGC
coincides well with that of Co(OH)2. The reflection peak of graphene
disappears in the XRD pattern of CGC, which shows that graphene
covered by Co(OH)2 is in a state of increasingly disordered stacking.
The XRD patterns confirm that BMC  consists of hexagonal phase
(JCPDS 05-0727) and cubic phase (JCPDS 15-0806). Compared to
BMC, a diffraction hump of MCGC appears in the range of 20–27◦,
which originates for the diffract peak of graphene. This result sug-
gests that the disorderedly stacked structure of graphene tends to
an ordered structure through hydrothermal treatment.

The microstructures of TRG, Co(OH)2, BMC, CGC and MCGC are
characterized by FESEM in Fig. 2, respectively. The wrinkle and
transparent graphene sheets can be seen in Fig. 2(a). Fig. 2(b) shows
that the compound Co(OH)2 exists as flat hexagonal platelets in
around 300 nm.  The FESEM image in Fig. 2(c) reveals that metal-
lic cobalt particles are aggregated together with the particle size
of around 400 nm.  Fig. 2(d) indicates that Co(OH)2 within CGC is
encapsulated in graphene sheets, and CGC possess a layer by layer
assembled structure. The FESEM image of MCGC  shows that metal-
lic cobalt particles are anchored on the surface of graphene sheets
in Fig. 2(e), which prevents metallic cobalt particles from agglom-
eration. To confirm the elemental composition of MCGC,  EDS is
employed in Fig. 2(f). The EDS image displays that MCGC consist
of cobalt element and carbon element with little of oxygen ele-
ment which is derived from functional groups on the surface of
graphene. The microstructure of MCGC is also observed by TEM in
Fig. 3. The TEM image in Fig. 3(a) reveals that metallic cobalt par-
ticles possess a good dispersion on the surface of graphene and
a maximum particle diameter of 300 nm.  Moreover, Fig. 3(b) dis-
plays that metallic cobalt particles within MCGC are wrapped by

graphene. As will be discussed later, this unique microstructure
is beneficial for good accessibility and fast diffusion of the redox
phase, which results in the enhanced electrochemical capacitance
of the composite material as prepared.
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ig. 2. FESEM micrographs of the samples as prepared: (a) FESEM image of TRG; (b
mage  of MCGC; (f) EDS image of MCGC.
In order to quantify the mass ratio of metallic cobalt to graphene
ithin MCGC, TG curves of TRG, BMC  and MCGC are shown in Fig. 4.
ormally, some vacancies and topological defects can be simulta-
eously produced on graphene because of the release of carbon

Fig. 3. TEM micrographs of MCGC with (
M image of Co(OH)2; (c) FESEM image of BMC; (d) FESEM image of CGC; (e) FESEM
dioxide during thermal treatment. These defect sites lead to the
thermal decomposition of graphene at elevated temperature. From
this figure, only one step for mass loss of TRG begins at 483 ◦C with
the mass loss of 91.6% [25]. The initial oxidation temperature of

a) low and (b) high magnification.
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material is obviously elevated. The results of CV clearly illustrate
Fig. 4. TG curves of TRG, BMC  and MCGC.

etallic cobalt is 343 ◦C and its residue mass is 136.0% of the origi-
al amount. This result indicates that metallic cobalt is completely
xidized to Co3O4 while it is exposure to air at this temperature
ange [26], due to that the molecular weight of Co3O4 is 36% higher
han that of metallic cobalt. Accordingly, the mass ratio of metallic
obalt to graphene within MCGC can be determined through the TG
urve of the composite material. The mass gain behavior of MCGC
ndergoes a broader temperature range and the mass gain of the
omposite material is 25.3%, which is assigned to the decomposi-
ion of graphene and the generation of Co3O4. The mass ratio of

etallic cobalt to graphene within MCGC is estimated to be around
.6:1.

The overall synthetic strategy toward the composite material
onsisting of metallic cobalt and graphene is outlined in Fig. 5. It is
ell known that graphene has its basal plane decorated with epoxy
nd hydroxyl groups, while carboxyl groups are located at the edge.
hese functional groups, which act as anchor sites, have a high
apability of enabling dissolved metal ions to be absorbed on the

Fig. 5. Synthetic strategy illustration of the composite m
Acta 76 (2012) 282– 287 285

surface and edge of graphene via electrostatic interaction. There-
fore, Co2− ions can be selectively bonded with functional groups
through mutual electrostatic attraction. Then, Co2− ions, which are
absorbed on the surface of graphene, react with added NaOH to pro-
duce Co(OH)2 platelets on the surface of graphene. These platelets
are encapsulated in graphene sheets, and increase disorderedly
stacked structure of graphene. Through the reduction of CGC in
presences of hydrazine hydrate, Co(OH)2 platelets are transformed
into metallic cobalt particles which can be firmly attached to the
surface of graphene. Moreover, this synthetic methodology is easy
and straightforward, therefore can be readily extended as a general
procedure to preparation of other metal–graphene nanocompos-
ites.

To explore the potential applications of the composite material
as prepared, the samples were fabricated into supercapaci-
tor electrodes and characterized with CV and galvanostatic
charge–discharge measurements. Interestingly, the combination
of metallic cobalt and graphene enhances electrochemical perfor-
mance of the whole system. CV curves of TRG, BMC  and MCGC
at scan rate of 10 mV  s−1 are shown in Fig. 6(a). The loop shape
curve of TRG is close to rectangle, which indicates its ideal capac-
itive performance. A couple of peaks in the CV curve of BMC  is
observed, which is related to the following redox reaction [27]:
Co(OH)2 + 2e ↔ Co + 2OH−. The oxidation and reduction peak of
metallic cobalt appear at the potential of around −0.696 and
−1.072 V, respectively. However, the reduction peak of metallic
cobalt is weak in comparison with the oxidation peak, due to slow
reduction reaction rate of Co(OH)2 caused by its diffusion pro-
cess [28]. The CV curve of MCGC shows that the current density
of the oxidation peak is obviously enhanced when the oxidation
peak migrates to high potential [29]. However, the reduction peak
of MCGC is inconspicuous due to that this peak shifts to low
potential and is covered by the current of hydrogen evolution reac-
tion. Meanwhile, the reduction current density of the composite
that the well-organized interleaved structure consisting of metal-
lic cobalt and graphene facilitates Faraday reaction of metallic
cobalt.

aterial consisting of metallic cobalt and graphene.
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Fig. 6. (a) CV curves of TRG, BMC  and MCGC between −1.3 V and −0.2 V (vs. Hg/HgO) in 6 mol  L−1 KOH aqueous electrolyte; (b) CV curves of MCGC at different scan rates
(10  mV s−1, 20 mV s−1, 30 mV,  40 mV  s−1 and 50 mV  s−1); (c) galvanostatic charge–discharge curves of TRG, BMC  and MCGC at current density of 1.5 A g−1; (d) rate performance
of  TRG, BMC  and MCGC at different current densities(1.5 A g−1, 2.0 A g−1, 2.5 A g−1, 3.0 A g−1 and 3.5 A g−1).
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To further explore the electrochemical behavior of MCGC, CV
urves of MCGC at different CV scan rates are shown in Fig. 6(b).
V curves of MCGC show that the oxidation current density of
CGC increases with the enhancement of CV scan rate until CV

can rate is increased to 20 mV  s−1. However, the oxidation peak
urrent density retains around 25 A g−1 as well as the profile of the
xidation peak becomes slightly broad, when CV scan rate proceeds
o increase. The results from CV curves of MCGC in Fig. 6(b) suggest
hat the electrochemical reaction between Co and Co(OH)2 may
e controlled by the dissolution–precipitation process of Co(OH)2
ather than the diffusion process of dissolved Co(OH)2 in alkaline
olution [28], when CV scan rate is increased adequately.

The comparison of charge–discharge curves of TRG, BMC  and
CGC at current density of 1.5 A g−1 indicates enhanced electro-

hemical performance of MCGC in Fig. 6(c). The results obtained
rom Fig. 6(c) show that the charge–discharge curve of TRG is highly
iner and symmetrical, which is a typical characteristic of an ideal
apacitive material. MCGC have a longer charge–discharge plateau
han BMC, which indicates that MCGC possess a higher capacitance
han BMC. In this case, the synergistic effect of the combination
f metallic cobalt and graphene on electrochemical performance
f the composite material is excellently demonstrated. Graphene
s anticipated to serve two roles during the electrochemical reac-
ion. On one hand, graphene prevents the agglomeration of metallic
obalt particles, which can provide unobstructed pathways for

onic transport during the electrochemical reaction. On the other
and, the presence of graphene can contribute to the double-

ayer which increases the facility of OH− transportation during the
harge–discharge process.
Fig. 6(d) shows specific capacitances of TRG, BMC  and MCGC at
different current densities. Specific capacitances of the samples are
measured according to the following equation [30]:

Cs = I  × �t

�V  × m
(1)

where Cs is the specific capacitance (F g−1), I is the constant dis-
charge current (A), �t  is the discharge time (s), and �V is the
potential change during discharge process (V), m is the mass of
the active materials in electrode (g). Specific capacitances of TRG,
BMC and MCGC are 214 F g−1, 460 F g−1 and 1340 F g−1 at current
density of 1.5 A g−1, respectively. Capacitance retention rates of
TRG, BMC  and MCGC are 89%, 68% and 82% at current density of
3.5 A g−1, respectively. The results obtained suggest that the three-
dimensional network of graphene sheets plays an important role in
improving the rate capability of metallic cobalt, due to that metal-
lic cobalt particles are anchored homogeneously on conductive
graphene which can promote both the electrochemical utilization
of metallic cobalt and the electrical conductivity of the electrode.

As mentioned above, one main reason for the synergistic effect
of the combination of metallic cobalt and graphene on electro-
chemical performance of the composite material is due to that
metallic cobalt particles possess a good dispersion on the surface of
graphene, which improves the interaction between the electrolyte
and the electrode. And the flexible and electrically conductive

graphene layers, in which metallic cobalt particles are embedded,
can enhance the electrical conductivity of the composite material
to reduce the electrochemical polarization of the electrode during
the electrochemical reaction. In additional, double-layer capacitive
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erformance of graphene increases the facility of OH− transporta-
ion during the charge–discharge process.

. Conclusion

In summary, MCGC are prepared through a two-step synthetic
ethodology. Through the reduction of CGC possessing a layer

y layer assembled structure, metallic cobalt particles are firmly
ttached to the surface of graphene. The specific capacitance of
CGC is 1340 F g−1 at current density of 1.5 A g−1 in comparison
ith the specific capacitance of 460 F g−1 without graphene. Capac-

tance retention rates of TRG, BMC  and MCGC are 89%, 82% and 68%
t current density of 3.5 A g−1, respectively. As a result, the addition
f graphene enhances the storage capacitance and rate capability
f metallic cobalt.
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