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Abstract Meso-macroporous Cos;0, electrode is synthe-
sized by drop coating with a mixed solution containing Co
(OH); colloid, polystyrene spheres, and carbowax (namely
polyethylene glycol), followed by calcining at 400 °C to
remove polystyrene spheres and carbowax. For comparison,
nonporous CozO4 and mesoporous Coz04 electrodes are
prepared by drop coating with Co(OH), colloid and with a
mixed solution containing Co(OH), colloid and carbowax
under the same condition, respectively. Capacitive property
of these electrodes is measured by cyclic voltammetry,
potentiometry and electrochemical impedance spectrosco-
py. The results show that meso-macroporous Co;04
electrode exhibits larger specific capacitance than those of
nonporous Co30, electrode and mesoporous Co;04 elec-
trode at various current densities. The specific capacitance
of meso-macroporous Co304 electrode at the current
density of 0.2 A g ' is 453 F g '. Meanwhile, meso-
macroporous Co3;0,4 electrode possesses the highest specif-
ic capacitance retention ratio at the current density ranging
from 0.2 to 1.0 A g', indicating that meso-macroporous
Co050, electrode suits to high-rate charge—discharge.
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Introduction

Electrochemical capacitors (supercapacitors) recognized as
energy storage devices have attracted great attention due to
their high power density, long cycle life, and short charge
time. Carbon materials [1, 2], metal oxides [3—14], and
conducting polymers [15, 16] are three major types of
supercapacitor electrode materials. Carbon materials show
limited energy capacity and power output, which hinders
their practical application in some areas where high energy
density is required. Short cycle life of conducting polymers
limits their application in electrochemical capacitors.
Among the metal oxides, RuO, exhibits high specific
capacitance, but presents the drawbacks of lack of
abundance and high cost. In order to reduce cost, efforts
have been made to find other metal oxides with good
electrochemical performance to replace RuO,, e.g., cobalt
oxide [6-8], nickel oxide [9-11], and manganese oxide
[12—14]. Co30,4 materials are widely used in many fields,
such as catalyst [17, 18], magnetic materials [19], lithium-
ion batteries [20, 21], and field emission properties [22].
However, a few papers have been reported about Co;0,4 for
supercapacitor electrode materials. Cobalt oxide single
electrode was fabricated by the sol-gel process [23]. The
largest specific capacitance of cobalt oxide single electrode
was 291 F g~'. Co;0y thin films were constructed by spray
pyrolysis [7]. The specific capacitance of spray deposited
Co50, thin film electrodes was 74 F g~'. A radio frequency
sputtering method was used to fabricate Co3;04-based thin
films, and their capacitance depended on the sputtering gas
ratio of O,/(Ar + O,) [24].
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In recent years, porous transition metal oxides have
attracted widely attention due to their excellent super-
capacitive performance [25]. Xue et al. [26] fabricated
mesoporous MnO, electrochemical capacitor electrodes
through triblock copolymer species as templates. Nakayama
et al. [27] prepared the macroporous-layered manganese
oxide electrochemical capacitor electrode, and the results
showed that macroporous-layered manganese oxide elec-
trode exhibited good pesudocapacitive behavior. All their
work focused only on synthesizing single-sized pore
supercapacitor electrode materials. Compared with single-
sized pore materials, however, hierarchical porous materials
containing both interconnected macroporous and mesopo-
rous structures can enhance properties due to improved
mass transport through the material and maintenance of a
specific surface area on the level of fine pore [28, 29]. To
date, there are few reports about meso-macroporous CozOy4
supercapacitor electrode material. Thus, it is very necessary
to study meso-macroporous Co3;0,4 supercapacitor electrode
material.

In the present work, meso-macroporous Cos0, electrode
was synthesized by drop coating with a mixed solution of
Co(OH), colloid, polystyrene spheres, and carbowax, then
calcined at 400 °C. For comparison, nonporous Co3;0,4 and
mesoporous Co304 electrodes were fabricated by drop
coating with Co(OH), colloid and with a mixed solution of
Co(OH), colloid and carbowax by the same manner,
respectively. Electrochemical studies showed that meso-
macroporous Co30,4 electrode material possessed good
capacitive behavior.

Experimental

All reagents used in this experiment were of analytical
grade without further purification. Polystyrene spheres (PS)
with a diameter of 600 nm were acquired from Duke
Scientific Corporation. A nonionic surfactant, carbowax
20000 (namely polyethylene glycol 20000), was purchased
from Aldrich Chemicals. An indium-tin-oxide (ITO)-coated
glass plate was used as the substrate.

A typical experiment procedure was shown as follows:
Co(OH), precipitate was synthesized by slowly adding
LiOH solution into CoSO4 solution with vigorous magnetic
stirring under room temperature. When finished, the
precipitate was filtered, and washed thoroughly with
deionized water, then redispersed with glacial acetic acid.
The obtained Co(OH), colloidal solution was mixed with
polystyrene spheres and carbowax. Finally, the above
mixture was dropped onto ITO substrate and dried at room
temperature, followed by calcining at 400 °C for 30 min in
air to remove polystyrene spheres and carbowax. As a
result, meso-macroporous Co3;0,4 electrode, denoted as
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PSC—Co0504, was obtained. Non-porous Co3;0, electrode,
referred to as N-Co304, was prepared onto ITO substrate by
drop coating with Co(OH), colloid under the same
condition. Mesoporous Co30, electrode, designated as C—
Co;0,4, was synthesized by drop coating with a mixture of
Co(OH), colloid and carbowax by the same manner.
X-ray diffraction (XRD) pattern was recorded on a
Rigaku D/max2550VB"18kw with Cu K« radiation. The
size distribution and morphology of Co304 were observed
by scanning electron microscopy (FEI, Sirion200). Electro-
chemical studies of the as-obtained electrodes were evalu-
ated by cyclic voltammetry (CV), potentiometry, and
electrochemical impedance spectroscopy using a CHI
660B electrochemical workstation (Shanghai, China) in a
conventional three-electrode cell. The working electrodes
with the geometric surface area of 1 cm® were the as-
prepared Co504 electrode. A Pt plate and a saturated
calomel electrode were used as the counter and reference
electrodes, respectively. A 2-M KOH solution was used as
the electrolyte. All the electrochemical measurements were
carried out at room temperature. The impedance spectra
were recorded by applying an AC voltage of 5-mV
amplitude in the frequency range from 0.01 Hz to 100 kHz.

Results and discussion
X-ray diffraction analyses

Figure 1 displays XRD patterns of N—-Co304 (a), C—Co0304
(b), and PSC—Co0304 (c). It can be observed that the
positions of the characteristic peaks in three products are
consistent. The peaks in curves a, b, and c are assigned to
Co304 (JCPDS No. 43-1003) and ITO substrate. The peaks
of ITO substrate are good agreement with that previously
reported by Nakayama et al. [27]. No other peaks are
observed in the XRD patterns except that peaks are
attributed to Co30,4 and ITO. This suggests that carbowax
and polystyrene spheres do not exist after calcining.
Besides, carbowax and polystyrene spheres decompose
fully under high temperature calcination according to
relevant references [30—32]. Therefore, this is no evidence
of residual carbowax and polystyrene spheres after calcin-
ing. The average crystallite sizes of N-Co504, C-Co504 and
PSC—Co0504 according to Scherrer formula are calculated to
be about 9, 8, and 8 nm, respectively. There is only slight
change in the average crystallite sizes of studied electrodes.

Morphology
SEM images of N-Co3;04 (a), C—Co0304 (b), and PSC-

Co304 (c) are shown in Fig. 2. As shown in Fig. 2a, there
are no mesoporous and macroporous structures in N—
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Fig. 1 XRD patterns of N-Co304 (a), C—C0304 (b), and PSC—Co0504
(©)

Co304. However, as shown in Fig. 2b, mesopores below
15 nm is observed in C—Co30,4 due to removal of carbowax
after calcining. Figure 2c¢ displays mesoporous and
interconnected macroporous structure in PSC—Co;0,4 due
to removal of carbowax and polystyrene spheres after
calcining. The above mesoporous structure in C—Co304 and
PSC—Co0304 can be explained as the followings: Co®" ion
prefers to assemble around the carbon chains of carbowax
via coordination with ether groups. The chemical interac-
tion combined with the polymeric backbones provides a
fixed template for the continual growth of mesoporous
Co30,4 during the subsequent calcining process [8].

As for macroporous structure in PSC—Co30,, polysty-
rene spheres are decomposed during calcining process.
Macroporous structure of ca. 420 nm is obtained with
600 nm polystyrene spheres.

Electrochemical capacitor property

Figure 3 displays cyclic voltammograms of N—Co3;0,4, C—
Co0304, and PSC—Co30, in a 2-M KOH solution at a scan
rate of 5 mV s '. The shape of CV curves reveals that the
capacitance characteristic mainly results from the pseudo-
capacitive capacitance, which is caused by the fast and
reversible faradaic redox reactions of electroactive material.
A couple of redox peaks are observed within potential
range from 0.25 to 0.46 V. The redox peaks correspond to
the following electrode reaction.

Co0304 + H,0 + OH Z23CoO0H + e~ (1)

Compared with N—Co304 and C—Co30,4, PSC-Co050,4
electrode exhibits the largest current density, indicating that
PSC—Co;0, electrode possesses the highest specific capac-

Fig. 2 SEM images of N-Co30, (a), C—C030, (b), and PSC—Co;0,
(¢

itance. This may be attributed to the improved mass
transportation and electrode conduction [27], as a result of
the mesopores and interconnected macropores in PSC—
Co0504 electrode.

Figure 4a shows cyclic voltammograms of PSC—Co304
in a 2-M KOH solution at scan rates of 5, 10, 20, 50, and
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Fig. 3 Cyclic voltammograms of N—Co3;04, C—Co0304, and PSC—
Co030, in a 2-M KOH solution at a scan rate of 5 mV s !

100 mV s'. When increasing the scan rate, the anodic peak
potential is shifted to higher value and that of the cathodic
is shifted to lower value. The potential difference between
the anodic and cathodic peak increases due to the
polarization of electrode under high scan rate. Besides, the
peak currents increase with the increase of the scan rate,
indicating rapid reversible redox reaction occurred among the
electrode materials. Figure 4b shows that the cathodic peak
current (ip) is in proportion to the square root of the scan
rate (v'"%), indicating that the reaction kinetics is controlled
by the diffusion process [33, 34].

In order to obtain information about capacitive property of
N-Co050,4, C-C030,4, and PSC-Co30, electrode materials,
potentiometry was carried out in a 2-M KOH solution.

Current density / A g
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Figure 5a shows constant current potentiometry curves of
N-Co0304, C—Co0304, and PSC—Co30, electrode materials
at the current density of 0.4 A g ' in the potential range
from 0 to 0.46 V. During the discharge steps, the
capacitance of the working electrode within potential
range of interest is related to the above indicated redox
reaction (1), taking place at Co30,4 electrode/electrolyte
interface. Therefore, the surface area of this interface is of
crucial importance. The specific capacitance of the
electrode can be calculated as follows

I xt
V xm

where [ is the discharge current, ¢ is the discharge time,
is the potential range during discharge, m is the mass of
active material in the electrode. According to the equation
above, relationship between the specific capacitance (Cyp)
from Eq. 2 and the current density (0.2, 0.3, 0.4, 0.5, 0.6,
0.8, and 1.0 A g ') is shown in Fig. 5b. As shown in
Fig. 5b, PSC—Co30, electrode possesses larger specific
capacitance than those of N—Co3;0,4 electrode and C—
Co30y electrode at various current densities, in agreement
with CV curves in Fig. 3. This is ascribable to the
contributions from the surface of meso-macropores and
interconnected macropores structure in PSC-Co304 elec-
trode [35], which is desirable for the penetration of
electrolytes and reactant into the whole electrode matrix
[4]. The specific capacitance of PSC—Co030, electrode at
the current density of 0.2 A g ' is 453 F g ', which is
much higher than CoOx materials prepared by Lin et al. (a
maximum capacitance of 291 F g ') [23] and spray
deposited Cos0, film electrode (74 F g ') [7], despite

T T T
4 6

V1/2 / (mV S-1)1/2

N -

10

Fig. 4 Cyclic voltammograms of PSC—Co0, in a 2-M KOH solution at scan rates of 5, 10, 20, 50, and 100 mV s ' (a); relationship between the
cathodic peak current (i) and the square root of the scan rate (v'/ 2) (b)
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Fig. 5 Constant current potentiometry curves of N-Co030,4, C—Co0304, and PSC—Co030, in a 2-M KOH solution at the current density of 0.4 A g_1
(a); relationship between the specific capacitance and the current density of N—Co0304, C—Co030,, and PSC-Co030, (b)

the less conductive property of ITO substrate. The specific
capacitance can be increased significantly by the use of highly
conductive substrate [27]. Meanwhile, this value is compa-
rable with that obtained from mesoporous MnO, (a
maximum capacitance of 449 F g ') [26], but much higher
than that obtained from macroporous MnO, film at the slow
scan rates (152-163.4 F g ') [27]. When the current density
increases to 1.0 A g ', the specific capacitance retention
ratios of N—Co304, C—Co0304, and PSC-Co30,4 are 18.8%,
23.4%, and 26.3%, respectively, indicating that PSC—Co30,4
electrode suits to high-rate charge—discharge. The above
results can be explained as the followings: the improved
mass transportation and electrode conduction in PSC—Co30,4
electrode contribute to the high-rate performance.
Electrochemical impedance spectroscopy test was
performed to further test the fundamental behavior of
electrode materials for supercapacitors. Figure 6a
presents measured and simulated Nyquist impedance plots
for N—Co304, C—Co0304, and PSC—-Co30, electrodes
measured at —0.3 V in a 2-M KOH solution in the
frequency range 0.01~10°Hz. A corresponding equivalent
circuit for modeling the measured impedance spectrosco-
py is shown in Fig. 6b. As shown in Fig. 6a, simulated
Nyquist impedance plots match well with measured
Nyquist impedance plots. In the high frequency range,
the intercept at real part (Z') is a combinational resistance
of ionic resistance of electrolyte, intrinsic resistance of
substrate, and contact resistance between the active
material and the current collector (R.) [36]. The above
combinational resistance is about 2 Q cmz, which is the
same for all the electrodes. A depressed semicircle is
observed in the high frequency region, which results from
a parallel combination of the charge-transfer resistance
(R.) caused by faradaic reactions and a constant phase

element one (CPE;). The calculated charge-transfer
resistance for N-Co304, C-Co304, and PSC-Co304
electrode are 260, 214, and 82 Q cmz, respectively. The
lower the charge-transfer resistance, the higher the specific
capacitance of the electrode. PSC—Co030, electrode shows
the lowest charge-transfer resistance, indicating that
PSC—Co030, eclectrode possesses the highest specific
capacitance, which is agreement with previous specific
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Fig. 6 Measured and simulated Nyquist impedance plots of N-—
Co304, C—Co0304, and PSC—Co0304 measured at —0.3 V (a); a
corresponding equivalent circuit for modeling the measured imped-
ance spectroscopy (b)
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capacitance calculated by constant current potentiometry
curve. Charge-transfer resistance is normally related to the
electroactive surface area. In the low frequency range, the
straight sloping line represents the electrolyte diffusion
process (W) and the diffusion of OH ion in host
materials. The slope of straight line increases in the order
of N-Co304, C-Co0304, and PSC-Co304 electrodes.
Normally, a higher slope for the impedance line means a
lower diffusive resistance for the electrolyte in the
electrode by the shortened diffusion path of OH ion
[36, 37]. In other words, PSC—Co30, electrode shows the
lowest diffusive resistance for the electrolyte. This can be
explained as the followings: macropores and mesopores in
PSC—Co030,4 electrode can enhance the diffusivity of
electrolyte ions in the pores.

Conclusions

Meso-macroporous Co30,4 electrode was prepared on
indium tin oxide substrate using polystyrene spheres and
carbowax as templates. For comparison, non-porous Co3;0y4
and mesoporous Co3;0, electrodes were synthesized on
indium tin oxide without a template and with carbowax
template, respectively. The result shows that meso-
macroporous Coz0, electrode exhibits the largest specific
capacitance, as a result of the contributions from the surface
of mesopores and interconnected macropores structure in
meso-macroporous Co;0y4 electrode. Meso-macroporous
Co50, electrode reaches a maxium value of 453 F gf1 at
the current density of 0.2 A g '. Moreover, the highest
specific capacitance retention ratio is obtained in meso-
macroporous Coz0, electrode at the current density ranging
from 0.2 to 1.0 A g ', indicating that meso-macroporous
Co30, electrode suits to high-rate charge—discharge. In
conclusion, high specific capacitance and specific capaci-
tance retention ratio promote meso-macroporous Coz0, as
a novel electrode material in electrochemical capacitors.
Further, this study provides a simple and available method
to prepare other meso-macroporous transition metal oxides
in electrochemical capacitors.
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