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Abstract A series of Co;0,4 nanoplates/graphene nano-
sheets (GNS) composites are fabricated using a facile and
green method by hydrothermal treatment and subsequent
calcinations in air. The Co3;0,4 nanoplates with a length of
0.5-1 pm and width of 100-300 nm are homogeneously
distributed on the surface of graphene nanosheets which are
reduced under mild hydrothermal treatment as investigated
by X-ray diffraction, scanning electron microscopy, and
transmission electron microscopy. Electrochemical proper-
ties are tested by cyclic voltammetry, galvanostatic charge—
discharge, and electrochemical impedance spectroscopy.
The Co;04 nanoplates/7.0 % GNS composite shows a max-
imum specific capacitance of 667.9 Fg ' at 1.25 A g ' and
4125 Fg ' at 5 A g ' in 2 M KOH aqueous solution. The
composite exhibits excellent cycling stability with 18.7 % of
specific capacitance increased after 1,000 cycles.
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Introduction

Recently, tremendous attention has been focused on pseu-
docapacitors, which proceed with reversible faradic redox
reaction of materials including transition metal oxides, tran-
sition metal hydroxides, and conducting polymers due to
their high power density and long cycle life [1-4]. However,
the energy density of pseudocapacitors is still low. A novel
strategy incorporating nanostructured carbon materials, such
as porous carbon sphere [5, 6], carbon nanotube [7-9],
carbon fiber [10, 11], and graphene [12-15], has been
employed to address the issue and improve the conductivity
of electrode materials as well.

Since the isolation of single-layer graphene in 2004 [16],
graphene has attracted much attention due to the theoretical
special surface area of 2,630 m? g ', the high intrinsic
electric conductivity, as well as the excellent mechanical
strength and chemical stability. Graphene and graphene-
based materials have been explored for lithium ion batteries,
fuel cells, solar cells, and supercapacitors [17-20]. However,
the serious agglomeration and restacking of graphene nano-
sheets (GNS) result in great specific surface area loss and
consequently a lower capacitance than the anticipated value.
For example, Ruoff and co-workers have reported graphene-
based supercapacitor with specific capacitance of 166 and
135 Fg " inion liquid [21] and aqueous solution [22], respec-
tively. Researchers have been committed to construct a flex-
ible interleaved structure with transition metal nanostructure
attached to GNS to boost the capacitive performance of
graphene-based materials, such as GNS-Mn;0,4 [23], GNS-
MnO, [24, 25], GNS-ZnO [26], GNS-SnO, [27], and GNS—
Co304 [28]. Among the transition metal oxides, Co;04 is
found to be one of the most promising electrode materials
because of high redox activity, great reversibility, and theoret-
ical special capacitance of 3,580 Fg ' [29]. Although there are
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some reports on the preparation of GNS—Co30, the strategies
are not environmental in which graphene nanosheets is
reduced using hydrazine [30] or NaBH, [31]. It is well known
that these reduction agents are toxic, explosive, and expen-
sive. Therefore, synthesis of GNS-based materials with a
facile and environment-friendly approach is still a big
challenge.

In this work, we propose a facile and green method for
growing cobalt oxide nanoplates on graphene nanosheets.
Under hydrothermal treatment, the exfoliated graphite oxide
(GO) is reduced, and simultancously cobalt hydroxide is
deposited on the surface of GNS. A sequence of Co3;04
nanoplates/GNS composites is formed by thermal decom-
position of cobalt hydroxide/GNS composite. Morphol-
ogy and electrochemical capacitive performance of
Co304/GNS composite were investigated in detail and
the formation mechanism of the nanostructure was also
investigated.

Experiment
Preparation of Co;0,4 nanoplates/GNS composite

GO was prepared from flake graphite powder (500
mesh) by Hummers method as described previously
[32]. Typically, as-prepared GO sample (0.5 g) was
soaked in an aqueous solution of tetramethylammonium
hydroxide (TMAOH) (100 mL, 0.5 mol L") for a
week. The brown suspension was then dialyzed with
deionized water until the pH was 7 and dried in oven
at 60 °C for 12 h.

A certain amount (40, 80, 240 mg) of TMAOH-soaked
GO was well dispersed in 80 mL deionized water by ultra-
sonic agitation for 2 h. Cobalt nitrate hexahydrate, urea, and
sodium citrate were dissolved in GO dispersion step by step
in intervals of 10 min under vigorous stirring to give the
final concentration of 40, 80, and 8 mmol L™, respectively.
The dark homogeneous solution was transferred into a
100-mL Teflon-lined stainless steel autoclave. The autoclave
was heated at 180 °C for 24 h. The black products deposited
at the bottom were washed by centrifugation for three times
using deionized water, dried in an oven at 60 °C for 12 h,
and then annealed at 350 °C for 3 h in air to form final
products. The pure Co30O4 nanoplates were synthesized by
the previously mentioned steps without the addition of GO.

For comparison, GNS were prepared via a hydrothermal
method as reported by Xu and co-workers [33]. A total of
30 mL homogeneous GO aqueous dispersion (1 mg mL™")
was sealed in 50-mL Teflon-lined stainless steel autoclave
and hydrothermally treated at 180 °C for 12 h. The cylinder-
like graphene hydrogel was collected and dried in vacuum
freeze—drying step.
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Materials characterization

The crystal structure was determined by X-ray diffractome-
ter (XRD, Rigaku D/max 2550VB") from 5 ° to 70 ° with
CuKo radiation (A=1.54056 A). The surface morphology
was characterized by scanning electron microscope (SEM;
JEOL JSM-6360 LV), transmission electron microscope
(TEM; JEOL JEM-2100 F), and atom force microscope
(AFM; Vecco Dimension). The Fourier transform infrared
(FT-IR) spectra were recorded on Nicolet560 spectroscopy
with KBr pellet technique. Raman spectra were tested with
Dior LABRAM-1B instrument. The graphene content of
GNS/Co0304 composites was measured by C-S800-
infrared-carbon sulfur analyzer. The graphene content of
as-prepared composites adding 40, 80, and 240 mg GO were
determined to be 4.1, 7.0, and 12.3 %, respectively.

Electrochemical measurement

Cycle voltammetry (CV) test, galvanostatic charge—
discharge (CD) test, and electrochemical impedance spec-
troscopy (EIS) were carried out on a CHI660C electrochem-
istry workstation. The working electrode was prepared by
mixing 85 wt.% active materials, 10 wt.% acetylene black as
conductive agent, and 5 wt.% poly(tetrafluoroethylene)
(PTFE) as binder to form a slurry and pressing the slurry
onto a nickel grid (1 cm?). The electrodes were dried under
vacuum at 110 °C for 12 h. To fabricate the graphene
working electrode, freeze-dried graphene hydrogel was mixed
with PTFE in a mass ratio of 95:5. The fabrication of electrode
is just the same as detailed earlier. All electrochemical meas-
urements were finished in a three-compartment cell: a work-
ing electrode, a platinum plate as counter-electrode, and a
saturated calomel electrode (SCE) as reference electrode.
The electrolyte was 2 M KOH aqueous solution.

Results and discussion
Microstructure characterizations

Figure 1 shows the XRD patterns of GO, GNS, and Co30,
nanoplates/GNS composite. The intense peak of GO at 20~
11 ° corresponds to the (001) reflection. GO exhibits a
layered structure with a higher d-spacing (0.806 nm) than
that of natural graphite (0.336 nm), which demonstrates
complete oxidation of graphite into graphite oxide [34].
For GNS, the (001) peak at 11 ° disappears and a broad
(002) peak appears at 23.6 °, confirming the conversion of
GO to graphene. Diffraction lines, assigned to the crystal
planes of (111), (220), (311), (222), (400), (422), (511), and
(440), are observed for the 7 % GNS/Co;0, composite,
which are well indexed to face-centered cubic structured as
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Fig. 1 XRD patterns of GNS, GO, C0304/7.0 % GNS composite, and
C0304/12.3 % GNS composite

Co304 (JCPDS card no. 43-1003, Fd3m, a,=0.808 nm).
The additive peaks at 28.3 © (002) and 41.5 ° (100) can be
attributed to graphene. The (002) peak and (100) peak are
weaker than that of GNS, implying less restacking and
agglomeration of GNS in composites [35]. In comparison,
all diffraction peaks observed in Co3;04/12.3 % GNS com-
posite were still in good accordance with those of cubic
spinel Co304.

Figure 2 presents the FT-IR spectra of the as-prepared
samples. The intensive characteristic peaks of GO, consist-
ing of O—H stretching mode at 3,450 cm ™' and C=0 stretch-
ing vibrations of carboxyl groups at 1,730 cm ™', disappear
in the spectrum of GNS. The result indicates that the major
oxygen-containing functional groups of GO have been
removed after reduction [36]. The remaining absorption at
around 1,600 and 1,060 cm ! can be assigned to skeletal
vibrations of un-oxidized graphite domains and C-O
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Fig. 2 FT-IR spectra of GNS, GO, and Co030, /7.0 % GNS composite

stretching vibrations of the residual epoxy groups, respec-
tively. For the composite, the absorption peaks at 570 and
660 cm ! is attributed to the vibration of the Co—O [37].

The morphology and microstructure of Co3;04/7.0 %
GNS composites are shown in Fig. 3. The cross-sectional
AFM images in Fig. 3a, b provide evidence that single-atom
layer GO sheet and GNS were obtained with the thickness
of 0.80 and 3.54 nm, respectively. The GNS exhibits
interconnected 3D porous network in SEM image (Fig. 3¢)
and crumpled silk-liked structure in TEM image (Fig. 5a).
Figure 3d—f shows the SEM images and corresponding EDS
pattern of Co304/7.0 % GNS composite. As can be seen, the
irregular and thin plates with a length of 0.5-1 um and
width of 100-300 nm are decorated on the surface of gra-
phene nanosheets, which could prevent the restacking of
graphene nanosheets. The EDS pattern of Co0304/7.0 %
GNS composite confirms the existence of the elements
including Co, O, and C on the surface of graphene nano-
sheets. For the Co304/4.1 % GNS composite, many stacked
irregular platelets were observed in the image (Fig. 4a). It is
hard to see scrolled graphene nanosheets. When the content
of graphene in composite is 12.3 %, the graphene nano-
sheets agglomerate to form clusters (Fig. 4b). Few cobalt
oxide nanoflakes were loosely decorated on the graphene
nanosheets.

To investigate the structural information of Co304 nano-
plates on graphene nanosheets, TEM, high-resolution trans-
mission electron microscopy (HRTEM), and selected area
electron diffraction (SAED) results are presented in Fig. 5.
TEM image in Fig. 5b shows the porous nanoplates consist-
ing of particles with a diameter of around 5-20 nm which is
probably because of the elimination of H,O molecules dur-
ing calcination [38]. It can be obviously observed that
Co30,4 nanoplates are wrapped by graphene sheets. The
SAED pattern in the inset of Fig. 5c reveals the poly-
crystalline nature of the nanoplates. HRTEM image (as
presented in Fig. 5d) shows a clear cubic lattice. The
HRTEM image is recorded through the (—1 1 2) direction.
The (2-2 2) and (2 2 0) lattice spacing are 0.233 and
0.286 nm, respectively. By using the formula for a cubic
lattice: ag=d (h2+k2+12)”2, ay 1s calculated to be 0.808 nm,
corresponding to the given value in the JCDS 43-1003
card [39].

For Raman spectroscopy, the G band at around
1,590 cm ™' represents the E,, phonons of C sp> atom, while
the D band at around 1,330 cm ™' is breathing modes of rings
or K-point phonons of A, symmetry. In general, the Ip/I;
intensity ratio reflects the disorder density of carbon materi-
als [40]. Figure 6 shows the Raman spectra of GO, GNS,
and Co304/7.0 % GNS composite in the range from 400 to
2,000 cm . The intensity ratio (Ip/lg) of GO is 0.962.
Compared with GO, the Ip/lg of GNS is increased to
1.236 due to the unrepaired defects after the removal of
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Fig. 4 SEM image of a Co30,4/
4.1 % GNS composite and b
C0304/12.3 % GNS composite;
corresponding EDS pattern of ¢
C0304/4.1 % GNS composite
and d Co304/12.3 % GNS
composite
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oxygen-containing functional groups, which leads to
destruction of sp? network [41]. For Co3;04/7.0 % GNS
composite, the Ip/lg is 1.247 and the additive peaks were
detected at around 191, 476, 518, and 680 cm ', which can
be attributed to E,, Ezgl, Fzgz, and A;, modes of Co304
[42].

According to the results presented earlier, the formation
processes of Co3;04 nanoplates/GNS composite is proposed
in Fig. 7. Previous studies have indicated that the oxygen
functional groups such as epoxy and hydroxyl decorates on
GO sheets, and the carbonyl and carboxyl groups are pre-
sumably located at the edges. After the treatment in

Fig. 5 a TEM image of GNS, b
TEM image of Co304
nanoplates obtained from the
composites after agitation for

1 h; ¢, d TEM image of Co30,/
7.0 % GNS composite; e
HRTEM image of the Co30,4
nanoparticle surface viewed
from the broad plane. The insets
in ¢ and d show the
corresponding SAED pattern
and fast Fourier transform
pattern

TMAOH aqueous solution, the GO sheets are exfoliated
by the intercalation of TMA" into the interlayer of GO and
negatively charged through the ion exchange of OH to H"
from carboxyl [43]. The metal ions (Co®") are adsorbed onto
the surface of GO sheets due to the electrostatic force, and
cobalt hydroxide was grown on the surface accompanied
with the reduction of GO to graphene under a hydrothermal
treatment. Because of the removal of water molecules dur-
ing calcination, the cobalt oxide nanoplates become porous,
which is beneficial for permeating of electrolyte. CozO4
nanoplates are firmly attached to the nanosheets of gra-
phene, which could effectively prevent the restacking of
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Fig. 6 Raman spectra of GNS,
GO, and Co304/7.0 % GNS

composite

Fig. 7 Schematic illustration of
the formation process of Co304
nanoplates/GNS composite
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graphene nanosheets. Meanwhile, the volume expansion of
Co304 could also be restrained, suggesting that the Co3;04
nanoplates/GNS composite may show good electrochemical
performance.

Electrochemical properties

Figure 8a displays the CV curves of Co0304/7.0 % GNS
composite at various scan rates of 5, 10, 20, and 50 mV s L
The CV curves are different from the ideal rectangular shape
of the typical electric double-layer capacitance. There are a
couple of redox peaks at about 0.21 and 0.37 V (vs SCE)
similar to that of pure Co30,4, which suggest that the capaci-
tance is mainly from the pseudocapacitance of Co30,4. The

peaks are related to the reactions between different
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Fig. 8 a Cyclic voltammograms of C0304/7.0 % GNS composite
electrode in 2 M KOH solution at various scan rates. b Cyclic voltam-
mograms of GNS, pure Co3;0, nanoplates, and C0304/7.0 % GNS
composite electrodes in 2 M KOH solution at a scan rate of 10 mV s™'

oxidation states of Co according to the following
equations [44, 45]:

Co304 + Hy0 + OH™ == 3Co00H + ¢~ (1)

CoOOH + OH~ == Co0, + H,0 + ¢~ (2)

With the increasing rates, the anodic peaks shift toward
positive potential and the cathodic peaks shift toward neg-
ative potential. The potential difference between anodic and
cathodic peak materials is around 0.16 V at a scan rate of
5mV s '. The coulombic efficiency of electrode calculated
from the ratio of discharge time to charge time is 92.8 % at
the specific current of 1.25 A g '. These two factors indicate
the quasi-reversible feature of redox couples [38]. Further-
more, the specific current increases from 5 to 50 mV s ',
which indicates fast redox reaction. For comparison, CV
curves for Co304/7.0 % GNS composite, pure Co30,4 nano-
plates, and GNS at 10 mV s ' are shown in Fig. 8b. The
internal area of CV curve for Co304/7.0 % GNS composite
is apparently larger than that of pure Co;04 nanoplates,
implying that the specific capacitance of composite is higher
than that of pure Co3O4 nanoplates. In addition, the CV
curve of GNS is almost ideally rectangular, exhibiting the
electric double-layer capacitance of GNS [33].

The specific capacitance (SC), based on galvanostatic
charge/discharge measurement, can be calculated from the
following equation:

I xt

SCeo =% av e

where [ is the discharge current (A), ¢ is the discharge time
(s), m is the mass of the electrode materials (g), and Vis the
discharging potential range.

As shown in Fig. 9a, the discharge curves consist of a
sudden potential drop from 0.4 to 0.3 V and a slow potential
decay from 0.3 to 0.2 V. It is in good agreement with results
corresponding to CV curves. The charge—discharge curve of
GNS is presented in Fig. 9b. The voltage decreases linearly
along the discharge time, which shows ideal double-layer
capacitive behavior. According to Eq. (3), the specific ca-
pacitance of C0304/7.0 % GNS composite is calculated to
be 703.4, 667.9, 472.5, 412.5, and 385.1 Fg{l at the current
density of 0.625, 1.25,2.5,5.0, and 12.5 A gfl, respectively.
Compared to 334.2 Fg™' for pure Co304 nanoplates and
2242 Fg ' for GNS at 0.5 A g', the capacitance of the
composite is remarkably enhanced, which is also higher
than Co304/graphene materials prepared by microwave-
assisted method (243.3 Fg ') [28] and surfactant-assisted
synthesized Co;04/reduced graphene oxide (163.8 Fg ')
[46]. The remarkable enhancement in specific capacitance
is attributed to the unique properties of the Co304/GNS
composite, shown as follows: (1) the graphene nanosheets
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provide a large surface for well-anchored Co30,4 nanoplates
and a highly conductive network for electron transport; (2)
the Co30,4 nanoplates inhibit the restacking of graphene,
improving the absorption of electrolyte on the surface of
electrode; and (3) the channel between graphene and Co3;04
nanoplates facilitates ion transportation [47].
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Fig. 11 a Nyquist plots of GNS, pure Co;04 nanoplates, and Co30.,/
7.0 % GNS composites electrodes; b the equivalent circuit for the EIS
of C0304/7.0 % GNS electrode composites
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To further understand the effect of graphene mass
ratio on specific capacitance, the galvanostatic charge/
discharge curves of Co304/GNS composites with the
graphene content of 4.1, 7.0, and 12.3 % at 1.25 A
g ' are presented in Fig. 9c. The Co304/7.0 % GNS
composite shows maximum capacitance, which is attrib-
uted to a unique morphology that can be observed from
the SEM. When the graphene loading is less than
7.0 %, the graphen does not effectively improve the
conductivity of composite and it would result to the
low utilization of Co3;0,4 nanoplates. When the graphene
content is more than 7.0 %, the graphene nanosheets
agglomerate with each other, which could lead to the
decrease of specific surface and electroactive site [48].

To investigate the long cycling performance of Co;04/
7.0 % GNS composite and pure Co304 nanoplates, the
charge—discharge tests were performed at 2.5 A g ' for
1,000 cycles (Fig. 10). The special capacitance of CozO4/
GNS composite is increased by 25.2 % after 450 cycles. In
the following 550 cycles, only slight capacitance loss could
be observed. After 1,000 cycles, the capacitance still
increases to 18.7 % of the initial capacitance. During cy-
cling, flexible GNS can inhibit the volume change and
detachment of Co3;04 nanoplates [28]. It is noted that the
specific capacitance of the composite is gradually increased.
This phenomenon could be attributed to the reasons as
follows: At the initial cycle, the nanostructures wrapped by
graphene have not been fully activated. After continual
charge/discharge cycling, the electrochemical active sites
will be fully exploited to the electrolyte [15, 49]. For pure
Co30,4 nanoplates, the capacitance fading is 15.2 % after
1,000 cycles.

In order to evaluate the effect of graphene in electrode
materials, EIS measurement was performed at 0.1 V in the
frequency range of 0.01 to 10° Hz. The Nyquist impedance
plots of three electrodes (Fig. 11) exhibit a semicircle at high
frequency and a straight line at low frequency. At very high
frequency, the crossover point of the semicircle on the real
part is a combinational resistance of the electrolyte resis-
tance, intrinsic resistance of substrate, and contact resistance
between the active materials and current collector (R.) [50].
The values of R, are about 0.5 €2, almost the same for three
electrodes. Meanwhile, the semicircle corresponds to a par-
allel RC element, the charge transfer resistance (R.), and the
constant phase capacitance [49]. With the intercalation of
graphene, the R, decreased from 8.38 to 0.98 2 obviously.
The straight line in low frequency represents the Warburg
resistance (W) related to the electrolyte diffusion process
and OH  ion diffusion into electrode [51]. The almost ver-
tical shape, indicating fast diffusion of ions in electrolyte
during charge/discharge process, is an ideally capacitive
behavior [52].

Conclusions

A series of Co304 nanoplates/graphene nanosheet compo-
sites has been prepared by a facile and green hydrothermal
reduction—thermal decomposition method. GNS effectively
restrain the volume expansion of Co;04 nanoplates during
cycling and improve the conductivity of electrode, whereas
the Co304 nanoplates prevent the restacking of GNS.
Among the composites, the C03;04/7.0 % GNS composite
exhibits excellent electrochemical performance with the
highest specific capacitance and long cycling life. The spe-
cial capacitance of 703.4 Fg ' is achieved at a current
density of 0.625 A g '. Even at 12.5 A g ', 385.1 Fg ' is
retained with the retention of 63 %. After 1,000 cycles, the
increase of capacitance is 18.7 % of the initial value.
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