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ABSTRACT: Mesoporous cobalt oxide (Co3O4) nanosheet electrode arrays
are directly grown over flexible carbon paper substrates using an economical
and scalable two-step process for supercapacitor applications. The
interconnected nanosheet arrays form a three-dimensional network with
exceptional supercapacitor performance in standard two electrode config-
uration. Dramatic improvement in the rate capacity of the Co3O4 nanosheets
is achieved by electrodeposition of nanocrystalline, hydrous RuO2 nano-
particles dispersed on the Co3O4 nanosheets. An optimum RuO2 electro-
deposition time is found to result in the best supercapacitor performance,
where the controlled morphology of the electrode provides a balance between
good conductivity and efficient electrolyte access to the RuO2 nanoparticles.
An excellent specific capacitance of 905 F/g at 1 A/g is obtained, and a nearly
constant rate performance of 78% is achieved at current density ranging from
1 to 40 A/g. The sample could retain more than 96% of its maximum capacitance even after 5000 continuous charge-discharge
cycles at a constant high current density of 10 A/g. Thicker RuO2 coating, while maintaining good conductivity, results in
agglomeration, decreasing electrolyte access to active material and hence the capacitive performance.
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1. INTRODUCTION

Supercapacitors, with their higher power densities, fast charge−
discharge rates, and excellent cycle stabilities than batteries, and
higher energy densities than conventional dielectric capacitors,
are devices that promise to cater to the increasing power
demands of the 21st century.1−3 Significant advances in energy
density, cycling stability, and rate capability are essential for
implementation of supercapacitors in next generation electric
vehicles.3,4 In order to exploit the complete potential of
supercapacitors as energy storage devices, further developments
in the engineering of electrode materials are required, as the
properties of electrode materials like morphology, crystallinity,
porosity, capacitive performance, etc., play a key role in
determining supercapacitor performance.3,5,6 It remains specif-
ically challenging to fabricate high-performance supercapacitors
with environmentally friendly materials for energy storage.7,8

Depending on different energy storage mechanisms, super-
capacitors could be classified into two categories, viz.
electrochemical double-layer capacitors (EDLCs) and pseudo-
capacitors. In EDLCs (which are based on high-surface area
carbon materials), the capacitance arises from the charge
separation at the electrode/electrolyte interface.9 The capaci-
tance of pseudocapacitors arises mainly from the surface
faradaic redox reactions between electrolytes and electrode
materials.1 Apart from this, a certain contribution (5−10%)
from the double layer capacitance completely depending on the
electrochemically accessible interfacial area between the
electrolyte−electrode surfaces, also contributes to the total

capacitance.8,10 Hence, pseudo-capacitors exhibit higher values
of capacitance and energy densities as compared to the EDLCs.
Transition metal oxides (TMOs) or conducting polymers with
several oxidation states for oxidation and reduction are
generally used as the electrode materials for pseudocapaci-
tors.11,12 Among the different TMOs, hydrous ruthenium oxide
(RuO2) has been proven to be an excellent candidate for
pseudocapacitor electrode material due to its large specific
capacitance (700 F/g), low resistivity, high chemical and
thermodynamic stability under electrochemical environment
and good reversibility.13,14 But its commercial application is
restricted due to its lack of abundance and high cost.13 The cost
factor can be reduced either by replacing RuO2 with
inexpensive alternative materials or by loading RuO2 on
nanocarbon or other TMOs. Cobalt oxide (Co3O4), manganese
oxide (MnO2), nickel oxide (NiO), titanium oxide (TiO2), zinc
oxide (ZnO), tin oxide (SnO2), etc., can be used as inexpensive
alternatives for hydrous RuO2.

15 Reports are also available on
fabrication and performance studies of supercapacitors based
on electrodes obtained by loading of RuO2 in other cheap
materials (such as RuO2/NiO, RuO2/SnO2, RuO2/TiO2,
RuO2/carbon nanotube, and RuO2/mesoporous carbon).
Loading of RuO2 in other transition metal oxides can have
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good capacitive behavior because of incorporation of other
transition metal oxides into RuO2 structure.

16

With its favorable pseudocapacitive performance, low cost,
long-term performance, and good corrosion stability and
environmentally friendly nature, Co3O4 can be considered as
a promising alternative electrode material for high performance
pseudocapacitors.12,17,18 The two major disadvantages with
Co3O4 systems are lack of reversibility and degradation of
capacitance at higher current densities, which can be overcome
by incorporation of hydrous RuO2 nanoparticles.

16,19,20 High-
rate charge−discharge and the specific capacitance contribution
from RuO2 can improve the performance of Co3O4 /RuO2
composite based supercapacitor electrode materials.19,20 A
variety of reports are available on the synthesis of Co3O4
nanostructures with different morphologies by chemical
methods.21,22 From these reports it has been established that
Co3O4 nanostructures grown directly over conducting sub-
strates show better supercapacitor performance as compared to
commonly used binder-enriched electrodes produced by the
slurry coating of Co3O4 nanomaterials over conducting
substrates, where a large portion of the electroactive surface
of electrode materials is blocked from direct contact with the
electrolyte. In the case of direct growth, the tedious process of
mixing active materials with binders can be avoided as each one
of nanostructure will be having its own electrical contact with
the conducting substrate, which in turn reduces the internal
resistance of the electrode.18

Electrochemical deposition is a simple, low cost, and scalable
method for the direct growth of Co3O4 thin films over
conducting substrates. Electrodeposition of Co3O4 oxide thin
films on copper substrates were reported by Kandalkar et al.23

and they could achieve a specific capacitance of 235 F/g at a san
rate of 20 mV/s. Wu et al. reported the synthesis of porous
nanowall Co3O4 film Ni foam substrate by scalable electro-
deposition technique. The resultant electrode exhibited a
specific capacitance of 325 F/g at a current density of 2 A/g
and a rate performance of 76% at the current densities ranging
from 1 A/g to 10 A/g, in standard 3 electrode configuration.24

Yuan et al. reported the preparation of porous Co3O4 film by a
cathodic electrodeposition via liquid crystalline template over
Nickel substrate. The resultant electrode exhibited a specific
capacitance of 443 F/g in three electrode configuration.25 In a
recent work, Yuan et al. reported a facile, cost-effective and
scalable two-step route for the synthesis of well-designed
Co3O4 nanosheet arrays on Ni foam for high-performance
electrochemical capacitors.26 They could achieve an ultra high
specific capacitance of 2735 F/g at a current density of 1 A/g in
three electrode configuration. But it has been well established
the heightened sensitivity of the three electrode configuration
can lead to an overstatement of supercapacitor performance of
an electrode material.27 It has also been reported that
substantial errors to the specific capacitance values of electrode
materials using nickel foam as current collector.28 In this
particular work by Yuan et al., the capacitance of the sample
decreased to 1471 F/g at a current density of 10 A/g with a rate
performance of 53% at the current densities ranging from 1 A/g
to 10 A/g.26

Nature of the electrolyte used also plays a significant role in
tuning the electrochemical performance of supercapacitor
electrodes. Cobalt oxide electrodes are reported to have good
electrochemical performance in alkaline solutions due to their
ability to interact with electrolyte ions not only at the surface,
but also throughout the bulk.29 Many reports are available on

the wide use of aqueous KOH or NaOH as electrolytes in
Co3O4 based supercapacitors.21,22,30−32 In a recent report,
Fedorov et al. pointed out that conventional alkaline solutions
used for evaluating capacitive performance of electrodeposited
cobalt hydroxide/oxides have many disadvantages such as
corrosive nature, environmental unfriendliness, besides provid-
ing only a small working potential range.33They proposed the
use of neutral electrolyte solutions such as Na2SO4, which are
more environmentally friendly and are less corrosive.33 But the
capacitance obtained in the neutral solution was lower than that
obtained in alkaline solution.
In this work, we report the direct growth of mesoporous

Co3O4 nanosheet arrays over flexible carbon paper collectors.
Our approach utilizes very small amounts of hydrous RuO2
nanoparticles to decorate the mesoporous nanosheets of Co3O4
resulting in dramatic improvements in the conductivity,
supercapacitance, cycle life, and rate capacity of the hybrid
RuO2/Co3O4 electrodes.

2. EXPERIMENTAL SECTION
2.1. Electrodeposition of Mesoporous Co3O4 Nanosheet

Arrays on Carbon Paper Substrate. All reagents in the experiment
are of analytical grade, which were used as received without further
treatment. Graphitized carbon paper (1 cm × 2 cm) was carefully
cleaned by rinsing with deionized water and absolute ethanol and then
dried in air. The electrodeposition was performed in a standard three-
electrode configuration in a glass cell consisting of the clean carbon
paper as working electrode, a platinum wire counter electrode and a
saturated calomel reference electrode (SCE) at room temperature of
25 ± 1 °C. The Co(OH)2 was electrodeposited upon carbon paper
substrate in a 0.05 M Co(NO3)2·6H2O aqueous electrolyte using an
CHI 660 D Electrochemical Workstation at a constant potential of −1
V (vs. SCE). After electrodeposition for 30 min, the carbon substrate
was carefully rinsed several times with deionized water and absolute
ethanol with the assistance of ultrasonication, and finally dried in air.
Then, the sample was put in a quartz tube and calcined at 250 °C for 2
h for the conversion of Co(OH)2 nanosheets into mesoporous Co3O4
nanosheets. Mass of the Co-based deposit was determined carefully by
weighing the sample after calcination.

2.2. Electrodeposition of Nanocrystalline RuO2 over Co3O4
Nanosheet Array. Nanocrystalline RuO2 particles were electro-
deposited over Co(OH)2 nanosheet array (prior to calcination) using
the CHI 660D electrochemical workstation from 0.01 M aqueous
electrolyte solution of RuCl3·xH2O which was kept in a water bath at
333 K. Platinum wire and saturated calomel electrode (SCE) were
used as a counter and reference electrodes, respectively. The
electrodeposition was performed at a constant potential of −1 V
(vs. SCE) for three different times, 10, 20, and 30 min. Resultant
samples were rinsed several times in deionized water and ethanol, and
then dried in air. The samples were then subjected to calcination at
250 °C for 2 h.

2.3. General Characterization of Composites. Samples were
characterized by a powder X-ray diffraction system (XRD, Bruker, D8
ADVANCE) equipped with Cu Kα radiation (λ = 0.15406 nm) and X-
ray photoelectron spectroscopy (XPS). BET surface area of the
samples were determined using surface area and porosimetry system
“Micromeritics” (ASAP 2420) at 77 K. Before measurements, the
samples were dried at 70 °C for 10 h in a Vacuum oven and then
degassed at 200 °C for 12 h until the vacuum was less than 2 μm Hg.
The surface morphology and microstructure of the samples were
investigated by a scanning electron microscopy (SEM, FEI Helios
NanoLab) and transmission electron microscopy (TEM, FEI Titan)
and the elemental presence and composition were identified using
energy-dispersive X-ray analysis (EDAX).

2.4. Electrochemical Measurement. Electrochemical measure-
ments were carried out in both two- and three-electrode configurations
using a model 660D electrochemical workstation (CH Instruments).
Assembled coin cells for the two-electrode configuration were
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prepared by sandwiching two identical pieces of the samples, pure
Co3O4 and Co3O4/RuO2 composites prepared by 10, 20, and 30 min
deposition of RuO2 electrodes (each with area containing 1 mg of the
total deposit), by a monolayer polypropylene separator (25 μm thick,
Celgard 3501), inside a coin cell (CR2032, MTI), with 30 wt % KOH
(Sigma Aldrich) as electrolyte. For the measurements in the three-
electrode configuration, the individual sample was used as working
electrode, Ag/AgCl as reference electrode, Pt wire as counter
electrode, and 30 wt % KOH as electrolyte.
Cyclic voltammogram (CV), galvanostatic charge−discharge (CD)

and electrochemical impedance spectroscopy (EIS) were performed to
evaluate the electrochemical performance of symmetric super-
capacitors. The CVs were tested in a voltage window between 0 and
0.8 V at a wide range of scan rates, ranging from 1 mV/s to 100 V/s.
The CDs were measured in the same voltage window under a wide
range of current densities, from 1 A/g to 40 A/g. EIS measurements
were performed both in 3 and 2 electrode configurations. The EIS was
performed in the frequency range from 100 kHz to 10 mHz at open
circuit voltage by applying a 5 mV signal. All measurements were
carried out at room temperature.
Specific capacitance (Csp) of symmetric supercapacitors were

calculated from the cyclic voltammogramms and charge-discharge
curves according to eq 1 and 2

=C
i
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2
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where i is average cathodic current of CV loop and f is the scan rate.
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where i is the constant current for charge−discharge, (dv/dt) is slope
of the discharge curve, and m is the mass of one electrode. In the
present study, for specific capacitance calculation electrode mass was
taken as 1 mg (mass of the active materials only).

3. RESULTS AND DISCUSSION

Schematic of the synthesis strategy is shown in Figure 1. The
preparation process of Co3O4 nanosheet arrays mainly involves
two steps. In the first step, Co(OH)2 precursors of green color
are electrodeposited onto the carbon paper substrate. When the
electrical current passes through the electrolyte containing
Co(NO3)2, nitrate ions can be reduced on the cathodic surface
to produce hydroxide ions. The generation of OH− ions at the
cathode raises the local pH value, resulting in a uniform
precipitation of Co(OH)2 on the surface of the graphitized
carbon paper. The chemical reactions involved in this process
can be explained as follows:34,35

+ + ⇔ +− − − −NO H O 2e NO 2OH3 2 2 (3)

+ ⇔+ −Co 2OH Co(OH)2
2 (4)

Second step is the calcination process at 250 °C, where,
Co(OH)2 is thermally transformed to black Co3O4 supported
on the carbon paper substrate, which can be explained using the
following simple oxidation reaction

+ ⇔ +6Co(OH) O 2Co O 6H O2 2 3 4 2 (5)

Synthesis of Co3O4 /RuO2 films involves three steps. The first
step is the electrodeposition of green color Co(OH)2
precursors on carbon paper. In the second step, hydrated
RuO2 (RuO2·xH2O) is electrodeposited over Co(OH)2 deposit
from an aqueous solution of RuCl3·xH2O according to the
method demonstrated by Park et al.36

In the electrodeposition from an aqueous bath, the following
reactions are considered to generate a base at an electrode
surface

+ + ⇔− −O2H O 4e 4OH2 2 (6)

and

+ ⇔ +− −2H O 2e H 2OH2 2 (7)

These reactions consume H2O and generate OH− ions. The
generation of OH‑ ions at the cathode raises the local pH value,
resulting in the uniform precipitation of RuO2·xH2O over
Co(OH)2 deposit. The final step is the calcination at 250 °C for
2 h for the conversion of Co(OH)2 into mesoporous Co3O4
nanosheet array. The film thickness was changed by varying
deposition time period as 10, 20, and 30 min respectively.
Field-emission scanning electron microscope (FESEM)

image of top view of the intermediate product, Co(OH)2
nanosheet arrays directly deposited over carbon paper substrate
is shown in Figure 2 (a). Upon calcination at a ramping rate of
2 °C per min., no significant morphological and structural
changes happens to the array, except for the development of
mesoporous nature, as evident from the high resolution SEM
image of Co3O4 nanosheets as shown in images b and c in
Figure 2, suggesting good stability of the nanosheet structure.
The average thickness of the Co3O4 nanosheet can be
estimated to be less than 20 nm. The mesoporous nature can
be ascribed to the successive release and loss of H2O during the
oxidative transformation of Co(OH)2 to Co3O4 during the
thermal treatment.37,38 The morphology of the nanosheet array
starts collapsing when the ramping rate is increased above 5 °C
per min (Figure 2d).
FESEM image of top view of Co3O4 nanosheet arrays

obtained by the calcinations of Co(OH)2 nanosheet arrays at a
ramping rate of 2 °C per min reveals (Figure 3a) the presence
of high density of Co3O4 nanosheets perpendicular to the
surface of graphitized carbon paper substrate, forming a 3D

Figure 1. Schematic of the synthesis of Co3O4 nanosheet arrays and
Co3O4/RuO2 composite films.
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hierarchical structure with interconnected nanosheets micro-
porous structure. FESEM images of Co3O4 /RuO2 films
prepared by, 10, 20, and 30 min of electrodeposition of RuO2
nanoparticles are shown in Figure 3b−d, respectively. After10
min of RuO2 deposition, the majority of the area of Co3O4
nanosheet array is not coated with RuO2 nanoparticles. For the
sample prepared by 20 min of RuO2 deposition, the edges of
Co3O4 nanosheet array are uniformly coated with nanocrystal-
line RuO2 particles retaining the open porous structure of the
array. After 30 min of RuO2 deposition, the open mesoporous

morphology of the array is completely lost because of the thick
layer of the RuO2 deposit. From the surface morphology it
appears that the Co3O4 /RuO2 film prepared by 20 min
deposition will be the most suitable one as a supercapacitor
electrode as it retains the open structure of the nanosheet array
with thicker deposition of conducting RuO2 nanoparticles at
the edges of the sheets. Energy dispersive X-ray analysis
(EDAX) pattern and elemental mapping of Co3O4 /RuO2 film
prepared by 20 min of RuO2 deposition are shown in Figure
S1a−d in the Supporting Information. The pattern shows the
presence of the elements Co, O and Ru. Elemental mapping
images show homogeneous dispersion of these elements
throughout the surface of the film.
Powder X-ray diffraction (PXRD) patterns of the as-prepared

and calcined films on the graphitized carbon paper substrate are
shown in Figure 4. In these profiles, the diffraction peaks at 2θ

= 26.5 and 43.0° are attributed to graphitic carbon from the
substrate. The as-prepared sample obtained (Figure 3a) after
the electrodeposition of Co(OH)2 shows a peak corresponding
to the reflection from (101) plane of β-Co(OH)2 (JCPDS card
no. 30-0443). For the calcined sample (Figure 3b), except for
the peaks originating from the substrate, all the diffraction
peaks can be indexed to a pure face-centered cubic phase of
Co3O4 (space group: Fd3m (227), JCPDS card no. 43-1003).
No prominent peaks from β-Co(OH)2 can be seen in the
pattern. XRD pattern of Co3O4 /RuO2 sample shows
reflections from different planes of both tetragonal RuO2
((JCPDS 40-1290, 43-1027) and from Co3O4. It can also be
seen that (110) peak from RuO2 is overlapping with (002) peak
of graphitic carbon.
Figure 5a shows the high-resolution Co 2p spectrum of the

sample obtained by calcination of Co(OH)2 nanosheet array.
Spectrum consists of two main broad peaks at 794.9 and 779.8
eV corresponding to 2p1/2, 2p3/2 spin orbit lines respectively.
The spectrum also contains weak satellite structures at the high
binding energy side of 2 pl/2 and 2p3/2 main peaks, which
indicates the existence of Co in oxide form.39,40 To identify the
oxidation state of Co, we conducted peak fitting of Co 2p3/2
(Figure 5b). The approach used for the peak fitting is similar to
the one used by Biesinger et al.,41 i.e., fitting of a broad main
peak combined with the satellite structure. A shirly background
is applied across the Co 2p3/2 peak of the spectrum. The details
are given in the Supporting Information. The Co 2p3/2 from the

Figure 2. (a) FESEM image of as grown Co(OH)2 nanosheet arrays.
(b) High-magnification FESEM image of mesoporous Co3O4
nanosheets. (c) FESEM image of Co3O4 nanosheet array at a
calcination ramping rate of 2 °C per min and (d) FESEM image of
collapsed Co3O4 nanosheet array when the calcination ramping rate is
above 5 °C per min.

Figure 3. FESEM images of (a) Co3O4 nanosheet arrays and Co3O4/
RuO2 composite films produced by (b) 10, (c) 20, and (d) 30 min
deposition of hydrous RuO2 nanoparticles.

Figure 4. Powder XRD patterns of (a) Co(OH)2 nanosheet arrays (b)
Co3O4 nanosheet arrays and (c) Co3O4/RuO2 composite films over
graphitized carbon paper substrate.
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calcined sample in Figure 5b is well-fitted using a combination
of the parameters derived from both Co3O4 and Co(OH)2
standard samples.41 This indicates that the surface layers of the
sample contains small amount of Co(OH)2. XPS is a surface
characterization technique, which can give the atomic
composition of approximately the upper 5 nm of a sample
surface. In the present study the sample thickness is more than
20 micrometers. Hence PXRD results give more detailed idea
about the composition of the bulk sample. Absence of
Co(OH)2 peak in the PXRD pattern of calcined Co3O4 sample
clearly eliminates the possibility of having any significant
amount of Co(OH)2 in the bulk sample.
Figure S2a in the Supporting Information shows the XPS

survey spectrum of the graphitized substrate. FigureS2b in the
Supporting Information shows the high-resolution C1s peak
arising from the substrate. XPS survey spectrum of RuO2/

Co3O4 sample obtained by 20 min electrodeposition of RuO2 is
shown in FigureS2c in the Supporting Information. In addition
to the peaks arising from the substrate, the spectrum exhibits
peaks corresponding to photoelectron core levels and Auger
lines originating from Co and Ru.
Figure 5c shows the high-resolution Ru 3p spectrum of the

Co3O4/RuO2 sample obtained by 20 min electrodeposition of
RuO2. Spectrum consists of two main peaks at 485.3 and 463.2
eV corresponding to 3p1/2, 3p3/2 spin orbit lines respectively,
separated by about 22.1 eV.42−44 Detailed analysis of Ru 3d
spectrum done by peak fitting (Figure 5d) is used to identify
the nature of RuO2 (hydrous/anhydrous) present in the
sample. The analysis of high-resolution Ru 3d spectrum is
complex due to the overlap of Ru 3d peak with the C 1s peak
(285.1 eV) arising from the underlying graphitized carbon
support. In order to extract the fitted curve of the C 1s from the

Figure 5. (a) High-resolution Co 2p spectrum, (b) peak fitted high-resolution Co 2p3/2 peak, (c) high-resolution Ru 3p spectrum, and (d) peak
fitted high-resolution Ru 3d spectrum originating from Co3O4/RuO2 composite films over graphitized carbon paper substrate.

Figure 6. (a) Nitrogen adsorption and desorption isotherms and (b) pore size distribution of the as-prepared Co(OH)2 and calcined Co3O4
samples.

ACS Applied Materials & Interfaces Research Article

dx.doi.org/10.1021/am405849n | ACS Appl. Mater. Interfaces 2014, 6, 4196−42064200



substrate was subtracted from the Ru spectrum. The Ru 3d5/2
peak occurs at 281.3 eV. For metallic Ru, it has been reported
that the Ru 3d5/2 occurs at 280.1 eV, while upon subsequent
oxidation, a movement towards higher binding energy is
observed and for pristine RuO2 films, the Ru 3d5/2 peak is
reported to be at 281 eV.42−44 Any small shift in this value
towards higher binding energy can be attributed to the presence
of hydrous RuO2 in the sample. Detailed analysis the Ru 3d
spectrum upon peak fitting shows two peaks at 285.3 and 281.3
eV corresponding to 3d3/2, 3d5/2 spin orbit lines arising from
hydrous RuO2.

42,44 The spectrum also contains two peaks at
286.3 and 282.1 eV which can be attributed to the unscreened
final state effect in photoemission or (and) the presence of
higher oxidation states such as Ru6+ or Ru8+.42

The nitrogen adsorption and desorption isotherms of the as-
prepared Co(OH)2 and calcined Co3O4 samples are shown in
Figure 6a. The Brunauer−Emmett−Teller (BET) surface area
values calculated for the as-prepared and the calcined samples
are respectively 11.2, and 53.1 m2/g. The calcined sample
exhibits a distinct hysteresis loop in the range of 0.45−1.0 P/P0,
which suggests the presence of a mesoporous structure with the
maximum BET surface area. This loop is not prominent in the
case of the as-prepared sample (in the range of 0.45−1.0 P/P0).
BET surface area value obtained for the calcined sample is
higher than the values reported for Co3O4 nanoflakes by Xiong
et al.17 and, which is favorable for better supercapacitor
performance of the composites. From DFT pore size
calculations, the total pore volume values obtained for the as-
prepared and calcined samples are respectively 0.03351, and
0.04639 cm3/g. The pore size distributions of the as-prepared
Co(OH)2 and calcined Co3O4 samples calculated by desorption
isotherms using Barret−Joyner−Halenda (BJH) method are
shown in Figure 6(b). BJH Desorption cumulative volume of
pores between 1.700 and 300.000 nm diameter for the as-
prepared and the calcined samples are respectively 0.046, and
0.104 cm3/g, respectively.
Detailed information of the inside structure of Co3O4

nanosheets were obtained from high-resolution transmission
electron microscopy (HRTEM) images in Figure 7a−c. The
calcined nanosheets are composed of interconnected crystalline
Co3O4 nanoparticles with average particle size in the range of
10-15 nm. The nanosheets are porous because of the removal
of water molecules at high temperature.22 The porous nature of
the nanosheets as evident from these images will help in
increasing the surface area of Co3O4, and expected to enhance
electrochemical activities. SAED pattern of the Co3O4 nano-
sheet is shown in Figure 7d, which reveals that the nanosheets
have a polycrystalline structure. The diffraction rings can be
indexed to the cubic Co3O4 crystal structure.
Further insight into the morphology and microstructure of

the Co3O4 and RuO2/Co3O4 nanosheets were obtained by
TEM and scanning tunneling microscopy (STM) images
shown in Figure 8. The TEM image of Co3O4 nanosheet
(Figure 8a) shows a porous foam-like inside architecture. A
large amount of well-distributed pores (the white points on the
surface) can be clearly seen, which is well-consistent with the
results observed from SEM. TEM and STM images of RuO2/
Co3O4 nanosheets (Figure 8b, c, respectively) show nano-
crystalline RuO2 particles over Co3O4 nanosheets. High-
resolution TEM (HRTEM) image of crystalline RuO2
nanoparticles is shown in Figure 8d. The selected-area electron
diffraction of RuO2 nanoparticles (SAED, inset of Figure 8d)
could be indexed as a polycrystalline pattern.

To identify the best-suited electrode material for high-rate
capacitive energy storage, symmetric supercapacitors are
fabricated using the 4 different samples and cyclic voltammetry
(CV) and galvanostatic charge−discharge (CD) measurements
are conducted in classical two electrode configurations. It has
been reported that as compared to three electrode config-
uration, measurements using two electrode configuration is
more suited for evaluating the performance of a supercapacitor
test cell as it mimics the physical configuration, internal
voltages, and charge transfer that occurs in a real supercapacitor

Figure 7. (a−c) HRTEM images of Co3O4 nanosheet arrays and (d)
SAED pattern of Co3O4 nanoparticles.

Figure 8. TEM images of (a) Co3O4 nanosheet arrays and (b) Co3O4/
RuO2 composite films. (c) STM image of Co3O4/RuO2 composite
films and (d) HRTEM image of nanocrystalline hydrous RuO2
nanoparticles (Inset shows the SAED pattern of RuO2 nanoparticles).
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application and thus provides the best indication of an
electrode material’s performance.27

A comparison of CV loops of symmetric supercapacitors
based on the different samples and carbon cloth substrate at a
scan rate of 20 mV/s is shown in Figure 9a. For the same mass
loading, the CV curves show different areas indicating different
levels of stored charge. It is also evident that the capacitive
contribution from the carbon cloth substrate to the electrodes
is negligibly small. Because both Co3O4 and RuO2 are excellent
pseudocapacitive materials, there is significant pseudocapaci-
tance contribution from each of these metal oxides to the
overall measured capacitance.
The mechanism of electrochemical reaction occurring at the

Co3O4 electrode during the redox process in the CV
measurement can be expressed according to eq 8

+ + ⇔ +− −Co O H O OH 3CoOOH e3 4 2 (8)

From the CV loops specific capacitances of 585, 627, 842, and
762 F/g, respectively (using eq 6) are obtained for the
symmetric capacitors based on pure Co3O4 and Co3O4 /RuO2
samples with 10, 20, and 30 min deposition of RuO2.
Enhancement in the capacitance values of Co3O4/RuO2
electrodes likely arises from a pseudocapacitance contribution
from hydrous RuO2 through a strong Faradic reaction, which
can be expressed using eq 9

δ δ δ δ+ + ⇔ ≥ ≥δ
+ −

−RuO H e RuO (OH) (1 0)2 2
(9)

The resultant cyclic voltammograms shown in Figure 9a are
having the combined characteristics of double layer capacitance
(by virtue of the electrode morphology providing maximum
electrolyte accessibility) and Faradaic pseudocapacitance.
Absence of peaks in the cyclic voltammogram merely indicates
that the electrodes are charged and discharged at a pseudo-
constant rate over the complete voltammetric cycle. Figure 9b

shows the comparison of galvanostatic charge/discharge curves
for the samples at a constant current density of 1 A/g. The
constant current charge discharge curves all the devices are
nearly triangular, with reduced internal resistance at the
beginning of the discharge curve. The reduction in internal
resistance may be attributable to the direct contact of active
materials and the conducting carbon paper substrate. The
specific capacitance values for the supercapacitors based on
pure Co3O4 and Co3O4/RuO2 samples with 10, 20, and 30 min
deposition of RuO2 respectively are 786, 824, 905, and 859 F/g
(using eq 7). These values are much higher than those reported
for RuO2/Co3O4 thin films (353 F/g) prepared by spray
pyrolysis technique by Li et al.16 Galvanostatic charge-discharge
measurements for the four different symmetric capacitors are
carried out at different current current densities (see Figure S3
in the Supporting Information) from 1 A/g to 40 A/g and
specific capacitance values are calculated from each of these
measurements. High performance supercapacitor electrodes
should have high rate performance. Variations in specific
capacitances of symmetric supercapacitors based on the
different samples with increase in current density are shown
in Figure 9c. In general, the specific capacitance decreases with
the increase in discharge current density. At lower current
densities, ions can penetrate into the inner-structure of
electrode material, having access to almost all available pores
of the electrode, but at higher current densities, an effective
utilization of the material is limited only to the outer surface of
electrodes. It results in the reduction of specific capacitance
values. Supercapacitors based on Co3O4 /RuO2 composites
exhibit superior capacitive performance than the one based on
pure Co3O4 sample. The symmetric supercapacitor based on
Co3O4/RuO2 sample prepared by 20 min electrodeposition of
RuO2 presented the highest specific capacitance value at various
current densities. The excellent microstructure and surface
morphology of the electrode with uniform distribution of

Figure 9. (a) CV loops of symmetric supercapacitors based on the different samples and carbon cloth substrate at a scan rate of 20 mV/s and (b)
galvanostatic charge/discharge curves at a constant current density of 1A/g. (c) Variation in specific capacitance values as a function of current
density (rate performance) and (d) Ragone plot of symmetric supercapacitors based on the different samples.
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nanocrystalline RuO2 over mesoporous Co3O4 nanosheet array
presents maximum electrolyte accessible surface area for this
sample. The specific capacitance retention ratio as a function of
the current density can be obtained from Figure 9c. The highest
rate capacity (78%) is obtained at the current density ranging
from 1 to 40 A/g for the symmetric supercapacitor based on
Co3O4/RuO2 composite obtained by 20 min depositon of
RuO2. Rate capacities of 42, 47, and 74%, respectively, are
obtained for the symmetric capacitors based on pure Co3O4
and Co3O4/RuO2 samples with 10 and 30 min deposition of
RuO2. These results indicate that 20 min. RuO2 deposition
composite suits to high-rate charge/discharge, as it has a lower
electron hopping resistance which results in a lower iR at a
high-rate charge−discharge. Ragone plot (power density vs.
energy density) of the symmetric supercapacitors based on pure
Co3O4 and Co3O4/RuO2 samples with 10, 20, and 30 min
deposition of RuO2 are shown in Figure 9d. The energy (E)
and power densities (P) for the supercapacitors were calculated
from charge−discharge curves at different current densities
using eq 10 and 11, respectively.

= ΔE C V
1
2 sp

2
(10)

where ΔV is the potential window of discharge process.

=
Δ

P
E

t (11)

At a constant power density of 32 kW/kg, the energy densities
obtained for supercapacitors based on pure Co3O4 and Co3O4/
RuO2 samples with 10, 20, and 30 min deposition of RuO2 are
29, 34, 62 and 56Wh/kg respectively. At a low power density of
0.8 kW/kg, the energy densities reach as high as 69, 73, 80, and
76 Wh/kg respectively. From the analysis of Ragone plot, it is
evident that mesoporous Co3O4/RuO2 sample prepared by 20
min deposition of RuO2 works as a very promising electrode
material for high-performance supercapacitors. This sample
maintains high power density without much reduction in
energy density.
The cycle life is another important factor for evaluating the

performance of supercapacitor. Cyclic stability curves and % of

Figure 10. (a) cycling stability performance and (b) % of specific capacitance retention of symmetric supercapacitors based on the different samples.

Figure 11. Nyquist plots for pure (a) Co3O4 and Co3O4/RuO2 composite electrodes prepared by (b) 10, (c) 20, and (d) 30 min deposition of RuO2
in a three-electrode configuration.
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specific capacitance retention for symmetric supercapacitors at
a constant current density of 10 A/g are illustrated in panels a
and b Figure 10, respectively. For Co3O4/RuO2 samples with
20 and 30 min deposition of RuO2, the specific capacitance
increases gradually at the beginning of cycles, and then there is
a slight decrease. This phenomenon indicates that there is an
initial activation process for Faradaic pseudo-capacitance of
electrode materials. During the first 500 cycles, the specific
capacitance of sample with 20 min deposition of RuO2
increases from 835 to 846 F/g and that of Sample with 30
min deposition of RuO2 increases from 751 to 758 F/g. In the
case of supercapacitors based on other two samples, the specific
capacitance slowly decreases with increase in cycle numbers. At
the end of 5000 cycles, symmetric supercapacitors based on
pure Co3O4 and Co3O4/RuO2 samples with 10, 20, and 30 min
deposition of RuO2 retain respectively 89, 91, 96, and 97% of
their maximum capacitance.
Electrochemical impedance spectroscopy (EIS) measure-

ments can be applied to investigate electrical conductivity and
ion transfer properties of the different electrode materials.
Figure 11a−d respectively presents the Nyquist impedance
plots measured in standard 3 electrode configuration in the
frequency range from 100 kHz to 10 mHz at open circuit
voltage by applying a 5 mV signal for pure Co3O4 and Co3O4/
RuO2 composites prepared by 10, 20, and 30 min deposition of
RuO2. The impedance spectra can be divided into two regions
by the so-called knee frequency, with a semicircle arc in the
high frequency region and a straight line in the low frequency
region. 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.
These values for pure Co3O4 and Co3O4/RuO2 composites
prepared by 10, 20, and 30 min deposition of RuO2 electrodes

are 3.3, 4.6, 5.7, and 6.3 Ω, respectively. A comparison of the
Nyquist plots of the samples are shown in Figure S4a in the
Supporting Information. Since the values of ionic resistance of
electrolyte (Rs) and intrinsic resistance of substrate are the
same for all the samples, the different values imply the
difference of the contact resistance between the active material
and the current collector. The contact resistance of different
Co3O4/RuO2 composites increases gradually with the increase
of RuO2 content. The semicircle arc observed in the high
frequency region results from a parallel combination of the
charge-transfer resistance (Rct) caused by faradaic reactions and
the double-layer capacitance (CDL). The charge-transfer
resistance (Rct) from the diameter of the semicircle for pure
Co3O4 and Co3O4/RuO2 composites prepared by 10, 20, and
30 min deposition of RuO2 electrodes are calculated as 0.06,
0.04, 0.03and 0.01 Ω, respectively. The charge-transfer
resistance (Rct) decreases gradually with the increase of RuO2
content, which indicates the improvement in the conductivity
of the composite films.
Figure 12a−d respectively shows the experimental Nyquist

impedance spectra for symmetric supercapacitor test cells based
on pure Co3O4 and Co3O4 /RuO2 composites prepared by 10,
20, and 30 min deposition of RuO2. In the present study all the
samples exhibit very low value for Rct, indicating high
conductivity of the electrodes with excellent electrolyte
accessibility. The line at the low-frequency region making an
angle 45° with the real axis is the Warburg line which is a result
of the frequency dependence of ion diffusion in the electrolyte
to the electrode interface. Experimental results show that the
magnitude of ESR obtained from the x-intercept of the
Impedance spectra for symmetric supercapacitor test cells based
on pure Co3O4 and Co3O4 /RuO2 composites prepared by 10,
20, and 30 min deposition of RuO2 are 0.72, 0.89, 0.91, and
1.02 Ω, respectively. These lower values indicate consistent

Figure 12. Nyquist plots for (a) pure Co3O4 and Co3O4/RuO2 composites prepared by (b) 10, (c) 20, and (d) 30 min deposition of RuO2-based
symmetric capacitors in a classical two-electrode configuration.
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interfacial contact between the nanocrystalline RuO2 dispersed
mesoporous Co3O4 nanosheet arrays and the carbon substrates.
The impedance characteristics are analyzed based on a
equivalent circuit,45 as depicted shown in Figure S4b in the
Supporting Information. In the circuit model, Cp represents the
pseudocapacitance of the active materials.
Because of their small particle size, high surface to volume

ratio, and higher surface energy, nanomaterials inherently
exhibit higher electrocatalytic activities as compared to their
bulk counterparts. Hydrous RuO2 deposited over mesoporous
Co3O4 nanosheet arrays in the present study are crystalline
nanoparticles. In the case of the Co3O4 /RuO2 composite
prepared by 30 min deposition of RuO2, a coagulation of
nanoparticles occurs due to their high surface energy. This
invariably leads to an under-utilization of the active material
leading to a loss of material performance. Moreover, the
underlying morphology of the Co3O4 nanosheet array is lost,
leading to a reduction in electrolyte accessible surface area and
thus the total capacitance. Thus, it is highly desirable that the
nanoparticle is dispersed uniformly with good adherence to the
underlying support material. SEM images of Co3O4/RuO2
samples with 30 min and 20 min deposition of RuO2 after
the cycling studies are shown in a and b and c and d,
respectively, in Figure S5 in the Supporting Information. The
rate performance of supercapacitors can be improved by the
enhancement in the kinetics of ion and electron transport in
electrodes and at the electrode/electrolyte interface and by
exposing more electroactive species for the Faradaic redox
reaction. This happens in the case of Co3O4 /RuO2 composite
prepared by 20 min deposition of RuO2, where the underlying
morpohology of the nanosheet array is also retained, leading in
the improvement in the conductivity specific capacitance and
rate capability, thereby making the composite electrode an ideal
one for the fabrication of high rate supercapacitor.

4. CONCLUSIONS
In summary, we have demonstrated that the rate performance
of mesoporous Co3O4 nanosheet arrays grown directly over
carbon cloth collectors can be improved by the uniform
dispersion of hydrous RuO2 nanoparticles. The Co3O4/RuO2
nanostructured electrode morphology was tuned by controlling
the electrodeposition time to achieve a balance between good
electrode conductivity and efficient electrolyte access to the
RuO2 nanoparticles, hence optimizing perfromance. A high
specific capacitance value (905 F/g at 1 A/g ), high rate
performance of 78% at the current density ranging from 1 to 40
A g−1, and excellent cycling stability (96% after 5000 charge
discharge cycles) were achieved using symmetric two-electrode
configuration.
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