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We  describe  preparation  and  characterization  of nanostructured  electrodes  using Co(OH)2 nano-flakes
and  carbon  fiber  cloth  for supercapacitors.  Nanostructured  Co(OH)2 flakes  are  produced  by  electrodepo-
sition  and  they  are  coated  onto  the  electro-etched  carbon  fiber  cloth.  A highest  specific capacitance  of

−1 −2
3404.8  F  g and  an  area-normalized  specific  capacitance  of 3.3  F cm have  been  obtained  from  such  elec-
trodes.  Morphology  and  structure  of  the  nanostructured  electrodes  have  been  characterized  by  scanning
electron  microscopy  (SEM)  and  transmission  electron  microscopy  (TEM).  The  electrochemical  properties
have  been  studied  by  cyclic  voltammetry  (CV),  constant-current  charge  and  discharge,  electrochemical
impedance  spectroscopy  (EIS),  and  long-time  cycling.

© 2014  Elsevier  B.V.  All  rights  reserved.
. Introduction

With the rapidly growing development and applications of
ortable electronics, hybrid electric vehicles (HEV), and pure elec-
ric vehicles (EV), there has been an ever increasing demand of
igh performance energy storage devices. Electric double-layer
apacitors, which are also often known as electrochemical capac-
tors or supercapacitors, offer a promising alternative to meet the
ncreasing power demand of energy storage systems [1,2]. Super-
apacitors have attracted great attention in recent years because of
heir pulsed high power supply, long cycle life (>100,000 cycles),
imple operation mechanism, and high dynamics of charge propa-
ation, which made supercapacitor an ideal energy storage device
or applications demanding short load cycle and high reliability
3]. The materials that have been used for supercapacitor elec-
rodes can be divided into three categories. The first category is
arbon material, such as activated carbon [4,5], carbon nanotubes
6], graphene [7–9], and their composites [10]. The use of carbon

aterial is based on the mechanism of double-layer capacitance
nd the capacitors store the electric charges electrostatically by

nvoking reversible adsorption of ions of the electrolyte onto active

aterials that are electrochemically stable and have high accessible
urface area [11]. The second category is metal oxides. They are used

∗ Corresponding author at: National Institute for Materials Science, 1-2-1 Sengen,
sukuba 305-0047, Japan.

E-mail addresses: tang.jie@nims.go.jp (J. Tang), lcqin@unc.edu (L.-C. Qin).
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009-2614/© 2014 Elsevier B.V. All rights reserved.
in redox-based electrochemical capacitors, where transition metal
oxides, such as MnO2 [12–15] and RuO2 [16,17], are used for obtain-
ing fast and reversible redox reactions at the surfaces. The metal
oxides usually have high theoretical specific capacitance but often
suffer from poor power performance due to their relatively high
electrical resistance. The third category is conductive polymers,
such as polyaniline [18–21] and polypyrrole [22–24]. Conducting
polymer such as polyaniline (PANI) has many advantageous prop-
erties including low cost, ease of synthesis, good stability in air, and
high conductivity [25]. When PANI is used in supercapacitors, spe-
cific capacitance of 233–1220 F g−1 [9,20,26,27] has been achieved.
However, conductive polymer-based supercapacitors usually suf-
fer from poor stability during cycling because of destabilization of
the polymer backbone.

To increase further the specific capacitance of supercapacitor
electrodes, various approaches including coating metal oxides or
conductive polymers onto the carbon matrix have been explored
intensively recently [9,28,29]. Among all the active materials, metal
oxides and metal hydroxides have been considered as the most
promising electrode material for supercapacitors since they often
show very high theoretical values of specific capacitance. Cobalt
hydroxide (Co(OH)2) is an outstanding example material of promis-
ing potential for fast insertion and desertion of electrolyte ions [30].
Its high theoretical specific capacitance of 3458 F g−1 has also made

it a very attractive electrode material for supercapacitors [31].
However, the supercapacitor electrodes usually need metal current
collectors to conduct the electrons, though the metal component
would decrease greatly the weight-normalized specific capacitance

dx.doi.org/10.1016/j.cplett.2014.10.013
http://www.sciencedirect.com/science/journal/00092614
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f the supercapacitor device in practice. Furthermore, the area-
ormalized capacitance is also a very important indicator of the
erformance of supercapacitors in industrial applications. A lower
rea-normalized specific capacitance means that larger electrodes
re needed to reach a certain capacitance, which in turn often leads
o the use of more current collector material and lower gravimet-
ic specific capacitance in applications [27,32–35]. An example of
ecent work on this material is to coat Co(OH)2 onto a metal foil and
eolite to explore their electrochemical performance for superca-
acitor applications [36].

In this study, we fabricated vertically aligned Co(OH)2 nano-
akes onto electro-etched carbon fiber cloth by electrodeposition
s the active material with which we have achieved a highest spe-
ific capacitance of 3405 F g−1, approaching its theoretical value of
458 F g−1. The carbon fiber cloth was etched by electro-etching
o increase the surface area of the carbon fibers and the wett-
bility to the electrolyte. The use of carbon fiber cloth is to take
dvantage of its high electrical conductivity, chemical stability,
hree-dimensional network structure, high porosity, and low cost.
t can also serve as a low-weight current collector. The benefits of
hoosing carbon fiber cloth as the backbone material are multifold.
irstly, the macropores in the structure of carbon fiber cloth are
xpected to facilitate the diffusion of electrolyte into the electrode.
econdly, the carbon fiber cloth with selective additives can also be
ade into flexible electrodes to produce wearable energy storage

evices. Thirdly, when Co(OH)2 nano-flakes are directly grown onto
he electro-etched carbon fiber cloth electrodes, the supercapaci-
or can be made binder-free to lead to smaller interfacial resistance
nd to enhance the electrochemical reaction rate. Most important
f all, the carbon fiber cloth of high electrical conductivity can serve
s the current collectors at the same time and this will improve the
pecific capacitance significantly.

. Experimental

The carbon fiber cloth was purchased commercially (Toray, Inc.,
apan) and it has a thickness of 0.19 mm.  Its lateral surface resis-
ance is 5.8 m� cm and the perpendicular resistance is 80 m�  cm.
he density of the carbon fiber cloth is 0.44 g cm−3 and the average
iameter of the carbon fibers is 8 �m.  Cobalt acetate, potassium
ydroxide, and ethanol of analytical reagent grade were purchased

rom Sigma–Aldrich.
Electro-etching of the carbon fiber cloth was carried out using

 potentiostat operated at 2 V for 10–30 min  for obtaining etch-
ng of different thicknesses. The electro-etched carbon fiber cloth
1 cm × 2 cm)  was used as the working electrode and a platinum
late (1 cm × 2 cm)  was used as the counter electrode. All poten-
ial values were recorded versus the saturated Ag/AgCl reference
lectrode. The distance between the working electrode and the
ounter electrode was fixed at 1.5 cm.  Cathodic deposition was
ontrolled by an electrochemical station (Ivium Technologies, The
etherlands) in a 0.1 M cobalt acetate solution. The nanostructured
oating of Co(OH)2 was performed at constant current with the
urrent density of 5 mA  cm−2 for coating densities of 1.0, 2.0, and
.0 mg  cm−2 onto the electro-etched carbon fiber cloth working
lectrode.

The electrochemical properties and capacitance of the super-
apacitor electrodes were studied in a three-electrode system by
yclic voltammetry (CV), constant current charge and discharge
est, and electrochemical impedance spectroscopy (EIS). The CV
esponse of the electrodes was measured at different scan rates

arying from 20 to 500 mV/s. Charge and discharge testing was
arried out at potentials between 0 and 0.8 V in 6 M KOH aque-
us electrolyte solution. EIS measurements were carried out over
he frequency range from 10 kHz to 0.1 Hz without DC bias.
tters 616–617 (2014) 35–39

The morphology and structure of the electrode material were
examined by scanning electron microscopy (SEM, JSM-6500F, JEOL)
and transmission electron microscopy (TEM, JEM-2100, JEOL).

3. Results and discussion

The design of our experiments is shown schematically in
Figure 1. The carbon fiber cloth (Figure 1a) is modified first by
electro-etching to obtain a highly conductive substrate with larger
surface area and improved hydrophobicity (Figure 1b). Co(OH)2
nano-flakes are then coated onto the etched carbon fiber cloth
(Figure 1c) to produce supercapacitor electrodes. This kind of elec-
trodes is expected to possess both high weight-normalized and
high area-normalized specific capacitance.

The carbon fiber cloth used in this study is made of carbon fibers
which are densely packed and randomly oriented with a macropo-
rous structure to offer better accessibility to the electrolyte. An SEM
image of the pristine carbon fiber cloth is shown in Figure 2a. In
order to increase the wettability and surface area, the carbon fiber
cloth is modified first by electro-etching. The inset in Figure 2b
shows a carbon fiber after electro-etching. We  can see clearly the
etched grooves on the etched carbon fiber, which greatly increased
the surface area. The electro-etched carbon fibers would also make
it easier for the nucleation of nanomaterials. Furthermore, we  also
found that the electro-etched carbon fiber cloth had much bet-
ter hydrophilicity than the one without etching. An SEM image
of Co(OH)2 coated electro-etched carbon fiber cloth with coating
density of 1.0 mg  cm−2 is shown in Figure 2b in which a very uni-
form layer of Co(OH)2 coating can be seen. The thickness of the
Co(OH)2 coating can be simply controlled by adjusting the coating
time of 10, 20, and 30 min  leading to coating densities of 1.0, 2.0,
and 3.0 mg  cm−2, respectively. Figure 2c shows the Co(OH)2 coated
carbon fiber at higher magnification with a coating density of
1.0 mg  cm−2. The Co(OH)2 nano-flakes grown on the electro-etched
carbon fiber are vertically aligned on the surface of the carbon fiber,
which would offer better ion accessibility and fast ion diffusion.
Figure 2d is the Co(OH)2 coated electro-etched carbon fiber with
coating density of 3.0 mg  cm−2 and the coating becomes less uni-
form. Figure 2e shows a TEM image of the Co(OH)2 nano-flakes.
Almost all the flakes have a regular hexagonal morphology. The cor-
responding selected-area electron diffraction (SAED) pattern (inset
in Figure 2e) showed hexagonally arranged Bragg reflections indi-
cating that the flake is in its [0 0 1] crystallographic orientation. A
representative high-resolution TEM (HRTEM) image (Figure 2f) of
the Co(OH)2 nano-flake shows clear lattice fringes of spacings 4.46,
2.76, and 2.37 Å, corresponding to the (0 0 1), (1 0 0), (1 0 1) lattice
planes of the �-phase of Co(OH)2 (space group P3m1, lattice con-
stant a = 3.182 Å and c = 4.658 Å), respectively. Figure 3 shows the
X-ray diffraction pattern obtained from the Co(OH)2 coated elec-
trode material. All the sharp Bragg reflections are indexed according
to the structure of the �-phase of Co(OH)2.

The capacitive behavior of the electrodes was  evaluated by cyclic
voltammetry (CV) as well as galvanostat charge and discharge in
6 M KOH electrolyte using a Pt plate as the courter electrode and
Hg/HgO as the reference electrode. Figure 4a shows the CV curves at
different scan rates ranging from 20 to 500 mV s−1 in the potential
range of −0.3 to 0.5 V, which is governed by the electrochemical
properties of Co(OH)2. Strong redox peaks and non-rectangular
shape of the CV curves are observed as shown in Figure 4a, indi-
cating that the capacitive characteristics are dominated by faradic
reactions and not purely electrical double-layer capacitance. The

electrochemical reaction corresponding to the redox reactions can
be expressed as

Co(OH)2 + OH− ⇔ CoOOH + H2O + e− (1)
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igure 1. Schematic of making an electrode. (a) A single carbon fiber of the carbon fib
arbon  fiber after electrodeposition of Co(OH)2 nano-flakes.

nd the reaction at higher potential can be expressed as

oOOH + OH− ⇔ CoO2 + H2O + e−. (2)

The charge and discharge curves of Co(OH)2 coated electro-
tched carbon fiber cloth at different charging current of 1.0, 2.0,
.0, and 4.0 mA  are shown in Figure 4b. The charge and discharge
urves exhibited the characteristic pseudo-capacitance in all charg-
ng currents and the pseudo-capacitance is directly related to the
edox peaks shown in the CV curves in Figure 4a. The specific capac-
tance can be calculated from the following formula

m = c

m
= I × �t

�V  × m
,  (3)

here Cm is the specific capacitance, I the constant charg-

ng/discharging current, �t  is the discharge time, �V  is the
harging potential, and m is the mass of the active electrode mate-
ial. Figure 4c is the Nyquist plot of impedance for the Co(OH)2
oated electro-etched carbon fiber cloth with three different

igure 2. Morphology and structure of coated carbon fiber cloth and Co(OH)2. (a) SEM im
arbon  fiber cloth. Inset is a single carbon fiber after electro-etching. (c) Co(OH)2 coated
ber  cloth with coating density of 3.0 mg/cm2. The coating becomes less uniform compa
attern of Co(OH)2 in [0 0 1] orientation. (d) High-resolution TEM image of a Co(OH)2 nan
th without electro-etching. (b) Carbon fiber after electro-etching. (c) Electro-etched

coating densities. As usual, the Nyquist plot of a supercapacitor
consists of three regions that are all dependent on the frequency.
At high frequency, the supercapacitor behaves like a pure resistor,
from which the equivalent series resistance (ESR) can be obtained
from the intercept of the curve on the horizontal axis. At low
frequency, the imaginary part increases sharply and a vertical or
nearly vertical line is observed, indicating a capacitive behavior.
In the medium frequency domain, the influence of the electrode
porosities can be observed. When the frequency decreases, start-
ing from the very high frequency, the applied electric current
penetrates deeper and deeper into the porous structure of the elec-
trode to allow more electrochemical processes to take place on
more electrode surface for ion adsorption. The EIS curves given
in Figure 4c are nearly linear in the low frequency region and all
have a semi-circle in high frequency region, typical for carbon-

based supercapacitors. There is usually a very large circle in the
activated carbon electrodes, which means large inter-granular elec-
trical resistance between the activated carbon particles. The loop

age of pristine carbon fiber cloth. (b) SEM image of Co(OH)2 coated electro-etched
 carbon fiber cloth with coating density of 1.0 mg/cm2. (d) Co(OH)2 coated carbon
red with (c). (e) TEM image of Co(OH)2 nano-flakes. Inset is an electron diffraction
o-flake.
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igure 3. X-ray diffractogram of the Co(OH)2 electrode. All the Bragg reflections are
ue to the �-phase of Co(OH)2.

ay  also reveal correlations between the active material and the
urrent collector. In the impedance of pseudocapacitors, the charge
ransfer resistance Rct can usually be correlated with the diam-
ter of the semi-cycle observed in the Nyquist plot of the EIS
ata. Therefore, the EIS data shown in Figure 4c suggest that the
anostructured Co(OH)2 coated electro-etched carbon fiber cloth
omposite have smaller charger transfer resistance and intergra-
ular resistance [37]. The equivalent series resistance (ESR) of the
upercapacitor is obtained from the intercept of the Nyquist plot
ith the real axis (Z1). The ESR of the three samples with increasing
o(OH)2 coating are 2.0, 1.8, and 1.2 �,  respectively. The decreasing

SR is attributed to the increased contact area in samples with
hicker coating. The ESR determines the rate that the supercapaci-
or can be charged and discharged and it is a very important factor
o determine the power density of the supercapacitor.

igure 4. Electrochemical properties of Co(OH)2 coated carbon fiber cloth electrode. (a
00  mV s−1. (b) Charge and discharge curves of the electrode at charging current of 1, 2, 

lectrode with different coating time (10, 20, and 30 min). (d) Mass-normalized speci
rea-normalized specific capacitance with different charging current at coating density o
tters 616–617 (2014) 35–39

The gravimetric specific capacitance at different coating densi-
ties was calculated from the charge-discharge curves obtained at
charging current from 1 to 10 mA,  which are shown in Figure 4d.
We obtained the highest value of 3404.8 F g−1 at the charging cur-
rent of 1 mA  with coating density of 1.0 mg cm−2, which is quite
close to the theoretical value of 3458 F g−1. The specific capaci-
tance was 1396.1 F g−1 at charging current of 1 mA  with coating
density of 2.0 mg  cm−2. The specific capacitance was 876.1 F g−1

at the same conditions with a coating density of 3.0 mg  cm−2.
Different values of specific capacitance were also obtained at
different charging current. For example, the specific capacitance
was 1327.3 F g−1 at charging current of 10 mA.  At a lower value,
the charging current could penetrate more into the active mate-
rial and therefore the electrode can take full advantage of the
redox reactions of Co(OH)2 with the electrolyte solution. On the
other hand, as the thickness of the Co(OH)2 coating increases,
since the electrolyte can only react with the surface atoms of
the active material and the interior material with buried surfaces
is all wasted practically, an actual smaller specific capacitance is
resulted.

The area-normalized capacitance at different charging current
with the coating density of 1.0 mg  cm−2 is shown in Figure 4e.
The largest area-normalized specific capacitance of 3.3 F cm−2 was
obtained at the smallest charging current of 1 mA.  Figure 4f shows
the cycling performance of the Co(OH)2 coated electro-etched car-
bon fiber cloth electrode under charging current of 10 mA. The
cycling stability shown in Figure 4f is obtained with coating density
of 1.0 mg cm−2. The capacitance dropped to 80% after 2000 cycles.
It should be noted that in the first 500 cycles a larger drop in spe-
cific capacitance is usually observed and the specific capacitance
becomes relatively stable after the first 500 cycles. In our case, the

specific capacitance dropped about 10% in the first 500 cycles, and it
dropped another 10% in the subsequent 1500 cycles. We  also tested
the cyclicality of larger coating densities, which exhibited almost
the same behavior.

) CV curves of Co(OH)2 coated electrode at the scan rate of 20, 50, 100, 200, and
3, and 4 mA  with coating density of 1.0 mg  cm−2. (c) EIS curves of Co(OH)2 coated
fic capacitance at different charge current and of different coating densities. (e)
f 1.0 mg/cm2. (f) Cycling stability of the Co(OH)2 coated electrode.
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The carbon fiber cloth also served as the current collector
nstead of using metal current collectors. The specific capacitance
s 614.0 F g−1 at 1 mA  charging current, a high value underlining the
otential for practical applications of the electrodes.

. Conclusions

We  have successfully fabricated vertically aligned Co(OH)2
ano-flakes on carbon fiber cloth by electro-deposition. The verti-
ally aligned Co(OH)2 nanostructures can facilitate the accessibility
f the electrolyte and can greatly increase the usage of active
aterial to result in a higher specific capacitance. The use of mac-

oporous structure of electro-etched carbon fiber cloth can further
nhance the diffusion of electrolyte into the electrode to give rise
o an increase of the utility ratio of active material. Moreover, the
o(OH)2 nano-flakes grown directly onto the electro-etched carbon
ber cloth electrode are binder free and can also serve as the current
ollector to avoid using metal current collectors. As a result, highest
ravimetric specific capacitance of 3404.8 F g−1 and areal specific
apacitance of 3.3 F cm−2 have been obtained from the constructed
lectrodes.

These results are also useful for preparation of other metal oxide
ased composite electrodes targeted for energy storage applica-
ions.
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