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ABSTRACT: We synthesized the needle-like cobalt oxide/
graphene composites with different mass ratios, which are
composed of cobalt oxide (Co;0, or CoO) needle homoge-
neously anchored on graphene nanosheets as the template, by a
facile hydrothermal method. Without the graphene as the
template, the cobalt precursor tends to group into urchin-like
spheres formed by many fine needles. When used as electrode
materials of aqueous supercapacitor, the composites of the needle-
like Co;0,/graphene (the mass ratio of graphene oxide(GO) and
Co(NO;),-6H,0 is 1:5) exhibit a high specific capacitance of
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157.7 F g~" at a current density of 0.1 A g™" in 2 mol L™' KOH aqueous solution as well as good rate capability. Meanwhile, the
capacitance retention keeps about 70% of the initial value after 4000 cycles at a current density of 0.2 A g™*. The enhancement of
excellent electrochemical performances may be attributed to the synergistic effect of graphene and cobalt oxide components in

the unique multiscale structure of the composites.
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1. INTRODUCTION

Fossil fuel depletion, environmental pollution, and global
warming have led to significant interest in developing green and
sustainable energy storage s.ystems.l_3 Among various energy
storage systems, supercapacitor is considered as one of the
most promising candidates due to its high power density, long
life cycles, and bridging the power/energy gap between
traditional dielectric capacitors and batteries/fuel cells.*
Supercapacitor is generally classified into electrical double-
layer capacitor (EDLC) and pseudocapacitor by charge—
discharge mechanisms.*> EDLCs usually have a high power
density with low specific capacitance due to commonly using
carbon materials as the electrode including active carbon® and
carbon nanotubes.® Meanwhile, the pseudocapacitors based on
transition metal oxides, such as RuO,’ Co0,0,>* MnO,,’
NiO,"* and MoO,,"" have a higher energy density with poor
cycling stability which can store the charge in a faradic process.”
Among these, Co;0, is being studied as a candidate material
for pseudocapacitor electrode because it has a high theoretical
specific capacitance and good electrochemical capability.'”
However, due to limited capacitance or energy density and
poor cycling stability, exploring the new cobalt oxide-based
composite materials for the sulpercapacitor has been extensively
investigated in recent years. TS A strategy is to grow or
anchor Co;0, onto carbon-based material to obtain the
composites, which can combine the double-layer capacitance
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electrochemical performance, needle-like CoO, urchin-like spheres

and high electrical conductivity of graphene with higher
pesudocapacitance of Co;0, to the composites at the same
time.'

Graphene nanosheets (GNS) have emerged as a promising
candidate for supercapacitor due to its extremely high specific
surface area, excellent electronic conductivity, and superior
intrinsic mechanical strength.'”~>° As a result, the composites
of Co;0, and graphene materials have attracted many research
interests in order to get superior performance. Chen et al.”!
reported that graphene was deposited on nickel foams by an
electrophoretic deposition method, which can deliver a specific
capacitance of 164 F g~' and keep capacitance retention of 65%
after 700 cycles. The multilayer graphene-based supercapacitor
with a capacitance of 117 F ¢! in aqueous H,SO, solution has
been reported.”” The composite of reduced graphene oxide
(rGO) platelets into the Co;0, scroll has been prepared
through a two-step surfactant-assisted method, showing a large
specific capacitance of 163.8 F g™' in a 6 mol L' KOH
solution.”?

Although some achievements have been made, synthesis of
GNS-based materials by an environment-friendly and effective
approach is still a challenge. Very recently, we synthesized
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carbon-coated SnO,/GNS composites by a one pot hydro-
thermal approach, which can effectively prevent SnO, to be
detached and exhibit better cycling performance.** Meanwhile,
we explored a simple solvothermal method to directly self-
assemble three-dimensional (3-D) V,0; nanosheets/rGO
hierarchical composites.*®

To the best of our knowledge, the needle-like Co30,
anchored on GNS as electrode materials of durable high-
performance supercapacitors have not been reported yet. In this
work, we employed a facile hydrothermal treatment of
graphene oxide (GO) and cobalt nitrate hexahydrate with
different mass ratios to synthesize the needle-like Co30,
assembled on the GNS, which is composed of in situ anchoring
the needle-like Co;0, on the surface of GO nanosheets.
Without the template of graphene, the cobalt oxide tends to
group into urchin-like spheres formed by many fine needles.
The electrochemical performance reveals that the needle-like
Co0;0,/GNS composites not only exhibit good pseudocapaci-
tive behavior but also have a good cycling stability, which can
keep capacitance retention of 70% after 4000 cycles.

2. EXPERIMENTAL SECTION

All the chemical reagents used in this study are of analytical grade and
used as received without further purification. All aqueous solutions are
prepared with deionized (DI) water.

2.1. Synthesis of Graphene Oxide (GO). In a typical synthesis,
GO was prepared by a modified Hummers method.? First, preoxidized
graphite was prepared. A total of 5 g of graphite powder was placed in
a mixed solution of concentrated H,SO, (60 mL), K,S,05 (S g) and
P,O; (S g) at 80 °C. The resultant dark blue mixture was cooled to
room temperature, and then carefully washed with DI water. The
preoxidized product was dried in an oven overnight at 80 °C. Then,
2.5 g of preoxidized graphite was added to cold concentrated H,SO, in
a water—ice bath. A total of 7.5 g of KMnO, was slowly added to the
mixture under stirring and then diluted with 230 mL of DI water. After
that, the mixture was stirred at 95 °C for 1.5 h followed by adding 30
wt % H,0, solution and filtrated and washed by HCI three times. The
GO dispersion was then subjected to dialysis to completely remove
metal ions and acids.

2.2. Synthesis of Co;0,/ Graphene. The needle-like precursor
Co(C04),5(OH)-0.11H,0/reduced graphene oxide (rGO) was
synthesized by a simple hydrothermal method. In a typical preparation
process, 0.29 g of Co(NO;),-6H,0, 0.12 ¢ of NH,F, and 0.30 g of
urea were dissolved in 10 mL of deionized water. Then the required
amount of GO dispersion (5.5 mg mL™") was sonicated for 30 min
and dropped into the above solution. The subsequently mixed
suspension was stirred for 1 h and sonicated for S min. The resulting
solution was transferred to a Teflon lined autoclave and heated at 120
°C for S h. Then, the solid precipitate was obtained by centrifuge with
repeated washing with DI water and ethanol, respectively. After drying
at 60 °C for 12 h, the solid was heated to 300 °C at a rate of 1 °C
min~" for 3 h under N, atmosphere. The needle-like Co;0,/GNS
composites were obtained. In our experiments, the mass ratios of GO
and Co(NO;),-6H,0 (rg/rco, weight ratio) were controlled as 1:1,
1:5, 1:10, and 1:1S. For the preparation, pure needle-like Co;O, and
pure GNS were also prepared by the same procedure in the absence of
the GNS and Co;0,, respectively.

2.3. Materials Characterization. The chemical composition of
the samples was determined by X-ray diffraction (XRD, PANalytical,
X'Pert PRO, Cu Ka). The morphology of the synthesized products
was examined using field emission scanning electron microscopy
(FESEM, Carl Zeiss SMT Pte Ltd., Ultra 55), atomic force microscopy
(AFM) image taking in tapping mode with the SPI 3800N from NSK
and transmission electron microscopy (TEM, Carl Zeiss SMT Pte
Ltd,, Libra 200 FE, 200 kV). Thermogravimetric (TG) analysis was
carried out on a SDT Q600 instrument to determine the weight ratio
of GNS to Co;0, in a temperature range of 30—800 °C. Raman
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spectroscopy was recorded from 400 to 3600 cm™ on a Renishaw
Invia Raman microscope excited by an argon ion laser beam (514.5
nm, 20 mW). Fourier-transform infrared (FT-IR) spectra of KBr
powder pressed pellets was recorded on a Spectrum One FTIR
(PerkinElmer Instrument Co.) in the range of 4000—500 cm™". X-ray
photoelectron (XPS) spectra were acquired with an Axis Ultra DLD
(Shimadzu-Kratos Co.).

2.4. Electrochemical Measurements. The electrochemical
behavior of the samples was tested by a three-electrode cell in
aqueous 2 mol L™ KOH electrolyte solution at room temperature.
The working electrode was prepared by mixing 75 wt % of the needle-
like Co;0,/GNS composites, 15 wt % of the carbon black, and 10 wt
% of the binder (polytetrafluoroethylene, PTFE, Aldrich). This
mixture was then pressed onto the nickel foam at a pressure of 10
MPa and dried at 100 °C under vacuum. As the counterpart, pure
needle-like Co;O, was prepared by the same method as describe
above. Pt foil and standard calomel electrode (SCE) are used as the
counter electrode and the reference electrode, respectively. The cyclic
voltammogram (CV) and electrochemical impedance spectroscopy
(EIS) tests were carried out using a VSP (Bio-Logic SAS)
electrochemical workstation. Galvanostatic charge/discharge cycling
measurements were taken by the CT2001A battery program
controlling test system (China-Land Co., Ltd.). According to
galvanostatic charge/discharge cycling measurements, specific capaci-
tance (Cs) can be calculated by the following equation, Cs = IAt/AU
(eq 1), where I is current density (A g™'), At (s) is the discharge time,
and AU is the voltage difference (V) from the end of charge drop to
the end of the discharge process.

3. RESULTS AND DISCUSSION

The fabrication processes are illustrated in Figure 1. First, GO
was ultrasonically dispersed in DI water. The graphite oxide was

NH,F
Co(NO;),.6H,0

Heat
treatment

Graphene
Oxide

C0,0,/GNS

precursor

Figure 1. Schematic illustration of the preparation processes of the
needle-like Co;0,/GNS composite.

exfoliated to GO layers. Meanwhile, cobalt nitrate hexahydrate
was dissolved with the mixture solution of ammonium fluoride
and urea and then mixed with the GO solution in the PTFE
autoclave. Second, in the hydrothermal process, Co?*
intercalated into the GO nanosheets to further integrate with
carboxyl and phenolic hydroxyl groups that exist on the GO
sheets.”® At the initial stages, GO nanosheets decorated with
many fine nanoparticles were formed and acted as nucleation
sites for further particle growth.27’28 Then, these particles
spontaneously aggregated into needle on the surface of GO
nanosheets. After annealing, the precursor of Co(COj;)os(OH)-
0.11H,0/rGO composites turns to Co;0,/GNS composites.
The morphology and microstructure of pure needle-like
Co(CO;)os(OH)-0.11H,0 and needle-like Co(CO;)ys(OH)-
0.11H,0/rGO composites with different mass ratios were
characterized by the AFM and FESEM, as shown in Figure 2. It
can be seen from the AFM in Figure 2a that the edges of the
GO nanosheet with a plane dimensions of about 1—8 ym were
wrinkled. The GO sheet has a lateral thickness of 1.3—1.8 nm
which corresponds to multilayered GO. Seen from the SEM
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Figure 2. AFM image of GO (a) and pure needle-like Co(CO5),s(OH)-0.11H,0. (b) SEM images of the needle-like Co(CO;),5(OH)-0.11H,0/
reduced GO composites (c—f) and the mass ratio of GO:Co(NO,),-6H,0 is (c) 1:1, (d) 1:5, (e) 1:10, (f) 1:15.

Figure 3. SEM images of pure Co(CO;)s(OH)-0.11H,O annealing at 300 °C in N, (a and e) and Co(CO;),5(OH)-0.11H,0/rGO (GO:
Co(NO;),-6H,0 = 1:5) annealing at 300 °C (b and f), 400 °C (c and g), 500 °C (d and h) in N;.

images as shown in Figure 2b, pure Co(CO3),s(OH)-0.11H,0
forms some uniform hierarchical urchin-like aggregate with
diameters of 5—10 pm which consists of many fine needles.
After being incorporated with Co(CO;)o5(OH)-0.11H,0, each
Co(C04)5(OH)-0.11H,0/rGO composite displays an inter-
esting and distinctive morphology. In the composite with a
mass ratio of 1:1 (rg/rc,), a relatively less needle-like structure
anchored by particles on rGO nanosheets is clearly revealed
(Figure 2c). When the rg/rc, is 1:5, the composites show a very
uniform hierarchical needle-like Co(CO;),(OH)-0.11H,0
anchored on rGO nanosheets, and the sizes of needle-like
Co(CO04)0s(OH)-0.11H,0 become shorter (Figure 2d).
However, when the rg/rc, increases to 1:10, the composites
show a mixture of long needles and urchin-like spheres formed
by further aggregates of the needles due to high concentration
of cobalt in the solution (Figure 2e). It demonstrates that, with
high concentration of cobalt salt, the cobalt precursor on the
graphene tends to group into urchin-like spheres formed by
many fine needles, which is well consistent with the formed
precursor without the use of graphene. Obviously, the factors of
self-nucleation and the assembly on the graphene competitively
affected the cobalt behavior in the solution, leading to different
morphologies formed on the graphene. As the mass ratio
reaches 1:15, more urchin-like spheres are observed (Figure 2f).
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For comparison, we choose the sample obtained with rg/r¢, of
1:5 as the electrode material.

Subsequent thermal treatment of the needle-like Co-
(C0O4)45(0OH)-0.11H,0/rGO with rg/rc, of 1:5 in N, at
different temperatures led to the formation of cobalt oxide/
GNS composites. To explore the influence of heat treatment
temperature on the morphology of the composites, the SEM
images of the sample obtained at different temperatures are
shown in Figure 3. When the precursors were annealed at 300
°C, the urchin-like structure of the Co(CO;),s(OH)-0.11H,0
precursor is still well maintained with a shorter needle. In
contrast, the composites of Co-precursor/GO were annealed at
300 °C, the urchin-like structure of the precursors disappeared,
and the composite demonstrated a uniform hierarchical
structure of many fine needles anchored on rGO nanosheets
due to the template effect of the graphene. However, heat
treatment of 400 °C makes the partial needle structure damage
and break down to form small nanoparticles. This might be
attributed to the process where a small part of cobalt oxide
decomposed to produce O, and change to CoO, which can be
seen from the XRD test. As the temperature rose to 500 °C, the
needles anchored on rGO nanosheets obviously reduced.

The crystal structure of GNS, pure Co;0, and the
composites obtained before and after annealing at different
temperatures (300, 400, and S00 °C) was analyzed by XRD. As
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shown in Figure 4, a small diffraction peak appears at around
11° and a broad peak locates at between 24 and 27°, which can

# CoO
*
200 o0,

111 ® GNS
# 220 299
311
[ # f

#
#
## e

3

111220
* 420 51*14}"40
. d

Intensity / a.u.

10 20 30 40 50 60 70 80 90100
20 / degree

Figure 4. Typical XRD patterns of GNS (a), Co(CO;),5(OH)-
0.11H,0/rGO composites (b), pure Co;0, (c), and the composites
sample obtained after annealing at 300 °C (d), 400 °C (e), and S00
°C(f).

be indexed to the (001) peak of disorderedly stacked GO and
the (002) peak of GNS,**° respectively. For the XRD of GNS
(Figure 4a), the small peak at approximately 11° disappears and
a broad peak appears at apgroximately 22.6°, confirming the
conversion of GO to GNS.” Most of the diffraction peaks of
the composites before annealing in Figure 4b can be attributed
to orthorhombic Co(CO;)y5(OH)-0.11H,0 (JCPDS card No.
48-0083). For the XRD patterns of Co;0, (Figure 4c), the
diffraction peaks can be assigned to the crystal planes of (111),
(220), (311), (400), (511), and (440), respectively, which also
can be observed in Co;0,/ GNS composites (Figure 4d). It is
well indexed to the face-centered cubic structured Co;0,
(JCPDS card No. 42-1467, Fd3m). Besides, the diffraction
peak of Co;0,/GNS composites at 24.1° can be attributed to
the (002) plane of graphene.”” The (002) peak is weaker than
that of GNS, implying less restacking and agglomeration of
GNS in the composites.z’0 In comparison, Figure 4e,f show
diffraction peaks located at 36.5°, 42.4°, 61.5°, 73.7°, and 77.5°,
respectively, which can be assigned to the crystal planes of
(111), (200), (220), (311), and (222) of cubic structured CoO
(JCPDS card No. 43-1004, Fm3m), respectively. It confirms
that the Co;0, in the composites would turn to CoO when
annealed at above 400 °C. The specific surface area of the
composites was also characterized by BET measurement. As
shown in Supporting Information Figure S1, the specific surface
area of the needle-like Co;0,/GNS was 120.6 m* g, higher
than those of CoO/GNS composites obtained after annealing
at 400 °C (110.1 m* g™") and CoO/GNS composites obtained
after annealing at S00 °C (104.9 m* g™'). High specific surface
area may help to increase contact area at the electrode and
electrolyte interface, provide more surface reaction sites, and
quicken diffusion kinetics, which would benefit the electro-
chemical performance.

To determine the carbon content of the needle-like Co;0,/
GNS composites (rg/rc, = 1:5), TG-DSC curves are shown in
Figure 5. The TG curve exhibits a typical weight loss between
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Figure 5. TG-DSC curves of the needle-like Co;0,/GNS composites
in air.

approximately 200 and 330 °C. The abrupt weight loss between
approximately 200 and 330 °C can be assigned to the
decomposition reaction of labile oxygen-containing functional
groups on the surface of GNS.*' The weight loss between 330
and 440 °C can be attributed to the oxidation of the carbon
skeleton.> Correspondingly, the DSC curve shows a strong
exothermal peak centered at approximately 333 °C and a much
stronger exothermal peak centered at 350.3 °C. The amount of
GNS in the needle-like Co;0,/GNS composites is about 40 wt
%.

To better know the structural information on needle-like
Co3;0, on GNS, TEM and an elemental mapping test were
carried out as shown in Figure 6. As seen from TEM image

C

Figure 6. (a) TEM image of the needle-like Co;0,/GNS composites.
(b) HRTEM image of the needle-like Co;0,/GNS composites. (c)
HADDF STEM image and elemental mapping images of cobalt,
oxygen, and carbon.

(Figure 6a), needle-like Co;0, is well incorporated within
GNS. The HRTEM image in Figure 6b clearly indicates that
each building block of needle-like Co;0, on GNS is composed
of many interconnected Co;O, nanocrystals with the sizes of
10—50 nm.** The interplanar distances of lattice fringes are
about 0.243 nm. The presence of Co;0, is further confirmed
by elemental mappings of the composites, as shown in the
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mapping images of HADDF STEM in Figure 6c¢. It can be seen
that the cobalt, oxygen, and carbon elements are distributed
uniformly in the needle-like Co;0,/GNS composites.

The GNS from reduction of GO was also confirmed by using
Fourier transform infrared (FT-IR) spectra and Raman
spectrum. The FT-IR spectra of GO are presented in Figure
7a. The absorption bands at 1734, 1374, 1227, and 1061 cm™"
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Figure 7. (a) FT-IR spectra of nature graphite, GO, GNS, and Co;0,/
GNS; (b)Raman spectra of GNS, GO, and needle-like Co;0,/GNS
composites; (c) XPS of the survey scan; and (d) Co 2p region of
needle-like Co;0,/GNS composites.

can be assigned to the stretching vibrations of C=0, O—H,
C—OH, and C—O, respectively. The absorption bands at
1624 cm™" can be attributed to the skeletal vibration of C=C
from unoxidized graphitic domains, suggesting that the rich
functional groups exist in the GO. However, only C=C, O—
H, and C—OH bands can be seen in the FT-IR spectrum of
GNS (Figure 7a) and the bands of C=0 and C—O cannot be
obviously observed, suggesting that GO is well reduced in the
process of heat treatment.** For the FT-IR spectra of needle-
like Co30,/GNS, all the peaks of oxygen-containing functional
groups corresponds to GNS, indicating that the GO in the
composite has been reduced to GNS. Meanwhile, it can be
clearly observed that there are two strong absorption bands at
659.7 and 5612 cm™', which suggests the production of
C0;0,.%° In the Raman spectra of GO, GNS, and Co;0,/ GNS
as shown in Figure 7b, the G band at around 1590 cm™
represents the E,, phonons of the C sp? atom,*® while the D
band at around 1330 cm™" is ascribed to defects like edges and
disordered carbon.*”*® In general, the intensity ratio of the D
band and the G band (Ip/I;) refers to the disorder density of
carbon materials.’® For the GO, the Iy/I; value is 0.9.
Compared with that of GO, the I/I; of GNS decreased to
0.74 due to the reduced defects after the removal of oxygen-
containing functional groups.®® The Ip/I value of needle-like
Co030,/GNS composites (0.72) is close to that of GNS (0.74),
which suggests that GO in the needle-like composites reverted
to GNS. The results are in good agreement with the results of
FT-IR and XRD. The peaks located at 464 cm™} 512 em™, and
672.5 cm™! can be assigned to the Eyy Fyp and Ay, active
modes of Co;0,,> respectively.

The chemical state of the elements in the composites is
further characterized by X-ray photoelectron spectroscopy
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(XPS). The peaks located at 284.6 eV in Figure 7c can be
assigned to the binding energy of C 1s of GNS. Co 2p XPS
spectra as shown in Figure 7d have two main peaks with
binding energy at 781.9 eV (Co 2p,s,) and 797.3 eV (Co
2p1/,). Two shakeup satellite peaks are located at about 6 eV
above the main peaks. These results demonstrate that cobalt
exists in the form of Co;0,. The detailed microscopic and
spectroscopic results confirmed that the needle-like Co;0,
successfully deposited onto GNS.*®

To test the electrochemical performance of needle-like
C0;0,/GNS composites (rg/rc, = 1:5), cyclic voltammogram
(CV) is carried out in a three-electrode system using a SCE as
the reference electrode and platinum foil as the counter-
electrode. Figure 8a shows the CV of the needle-like Co;0,/
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Figure 8. (a) Cyclic voltammograms of the needle-like Co;0,/GNS
composites (rg/rc, = 1:5) at different scan rates in 2 mol L™' KOH;
(b) galvanostatic discharge curves of the Co;0,/GNS composite
electrodes (rg/rc, = 1:5) in 2 mol L™ KOH solution at 0.1 A g™" at
different current densities; (c) galvanostatic specific capacitance
retention of needle-like Co;0,/GNS (rg/rc, = 1:5), CoO/GNS,
and pure Co;0, at different current densities; (d) average specific
capacitance versus the cycle number of the pure Co;O, and the
needle-like Co;0,/GNS composites at a current density of 0.2 A g™';
(e) Nyquist plots of pure Co;0, and needle-like Co;0,/GNS
composites.

GNS composites at different scan rates in a potential range of
—0.2—0.4 V in 2 mol L™! KOH. It can be seen from the curves
that the anodic peaks shifted toward positive potential and the
cathodic peaks shifted toward negative potential with the
increase of scan rate. The well-defined redox peaks in the CV
curve are mainly attributed to the faradaic redox.*> At low scan
rate, the faradaic redox reaction is dependent on the insertion—
deinsertion of protons in the electrolyte.

In order to determine the capacity of the composites, the
galvanostatic charge—discharge curves of the Co;0,/ GNS
composites (rg/rc, = 1:5) and pure Co;0, at a current density
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of 0.1 A g”! are shown in Supporting Information Figure S2.
The discharge curves consist of a sudden potential drop around
0.35 V and a slow potential decay from 0.35 to 0.15 V. The
composite electrode delivers a discharge capacitance of 157.7 F
g~ ". The capacitance of the composites is remarkably enhanced
compared with that of pure Co;O, (77.2 F g™!). It is in good
agreement with the results of the CV curves. According to eq 1,
the specific capacitances of Co;0,/GNS composites are
calculated to be 157.7, 130.7, 88, 81.7, and 60 F g™' at a
current density of 0.1, 0.2, 0.5, and 1 A g_l, respectively (Figure
8b). As shown in Figure 8c, needle-like Co;0,/GNS shows
better galvanostatic capacitance retention at different current
densities from 0.1 A g' to 2 A g”! compared with the CoO/
GNS and pure Co;0,.

The long-term electrochemical capability of the electrode
material is evaluated by conducting galvanostatic charge—
discharge measurements at a current density of 0.2 A ¢! in a
potential range between 0 and 0.6 V. It can be seen from Figure
8d that the specific capacitance of needle-like Co;0,/GNS
composites (rg/rc, = 1:5) can maintain 70% of the initial value
after 4000 cycles at 0.2 A g~', while pure Co;0, only retained
30% after 4000 cycles at 0.2 A g”". The result demonstrates that
the needle-like Co;0,/GNS composite has excellent cycle
stability in the long term charge—discharge cycle test.

Electrochemical impedance spectroscopy (EIS) is carried out
to further understand the fundamental behavior of super-
capacitor electrodes. Figure 8e reveals the Nyquist plots of pure
Co;0, and needle-like Co;0,/GNS composite electrodes (rg/
fco = 1:5). The plot is composed of a semicircle in the high
frequency region and a straight line inclining about 45° to the
real axis in the low-frequency region. The semicircle
corresponds to double layer capacitance Cq and charge-transfer
resistance R,. The straight line shows the Warburg impedance,
which represents the electrolyte diffusion and proton diffusion
in active materials.*® From the plots, it can be seen that needle-
like Co;0,/GNS composite has a smaller solution resistance, R
(0.28 Q), and charge-transfer resistance, R, (0.46 Q), than
pure Co;0, suggesting that the needle-like Co0;0,/GNS
composite has better electrical conducting network due to
the synergistic effect of graphene and cobalt oxide.

4. CONCLUSIONS

In summary, we demonstrate the preparation of the composites
of needle-like Co;0, anchored on the GNS with different mass
ratios by a facile hydrothermal method. Graphene oxide
nanosheets worked as the anchoring templates for in situ
deposition of needle-like Co;0,. Without the template of
graphene, the cobalt precursor tends to assemble into urchin-
like spheres formed by many fine needles. When tested as the
electrode material of aqueous supercapacitor, the composites of
needle-like Co0;0,/GNS (rg/rc, = 1:5) exhibit obviously
enhanced electrochemical performance with high capacitance
retention of 70% over 4000 cycles. The synergistic effect of
graphene and cobalt oxide in the unique multiscale structure of
the composite may lead to the enhancement of excellent
electrochemical performances.

B ASSOCIATED CONTENT

© Supporting Information

Galvanostatic discharge curves of the pure Co;0, and Co;0,/
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