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a  b  s  t  r  a  c  t

A  novel  ordered  mesoporous  Co(OH)2 nanowire  structure  has  been  successfully  fabricated  by  a  dual-
template  method  utilizing  porous  anodic  alumina  (PAA)  and  lyotropic  liquid  crystal  (LLC)  through
potentiostatic  electrodeposition  technique.  The  mesoporous  ordered  hexagonal  structure  with  cylindri-
cal channels  in  Co(OH)2 nanowires  is  confirmed  by  low-angle  X-ray  diffraction  (XRD)  and  transmission
electron  microscopy  (TEM).  A  capacitance  of  993  F g−1 for the  mesoporous  Co(OH)2 nanowire  array  is
eywords:
ual templates
orous anodic alumina templates
yotropic liquid crystalline templates
esoporous nanowires

obtained  from  charge/discharge  measurement  at current  density  of  1  A g−1,  indicating  that  the  unique
mesoporous  nanowire  structure  can  enhance  its  electrochemical  properties.

© 2011 Elsevier B.V. All rights reserved.
apacitor

. Introduction

Electrochemical supercapacitors (ECs) are well known as attrac-
ive energy storage devices for application because of their high
ower energy storage ability [1]. The range of potentially prac-
ical applications of ECs extends from mobile device to electric
ehicles. Based on the different nature of charge-storage mech-
nism, electrochemical capacitors are classified into two  forms:
lectrochemical double layer capacitors (EDLCs) and redox capac-
tors (pseudocapacitors). Carbon-based materials [2,3] with high
pecific surface area are widely utilized as EDLCs which exhibit

 nonfaradaic reaction with accumulation of charges at the elec-
rode/electrolyte interface. Subsequently, conducting polymers
4,5] and transition metal oxides and hydroxides [6–11] have
een identified as possible electrode materials for redox capaci-
ors which utilize the charge-transfer pseudocapacitance arising
rom reversible faradaic reactions occurred at the electrode sur-
ace. Redox capacitors attract much more attention than EDLCs
ecause of their better capacitive characteristics which are not
nly limited by specific surface area but decided by the faradaic
edox character of materials themselves as well [12]. Among all
he candidates of redox electrode materials, Co(OH)2 has gen-

rated growing research activities and extensive studies in the
eld for its layered structure with large interlayer spacing, great
eversibility and high specific capacitance [10,13–16].  At the
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E-mail address: jmlee@ntu.edu.sg (J.-M. Lee).

378-7753/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2011.10.138
beginning, precipitation methodology was used to synthesize
Co(OH)2 for supercapacitor, but it shows the very low specific
capacitance in a range of 200–400 F g−1 [13,17,18].  With the devel-
opment of self-assemble nanotechniques, template synthesis was
paid much attention as a new kind of fabricated technology of
ordered nanomaterials. One particular approach is to use porous
anodic alumina (PAA) template to obtain nanowire arrays with
combined lyotropic liquid crystalline (LLC) template as pore-
directing agent together [19–23],  which maintains the topology of
the phase throughout the progress of the reaction and holds the
ability to fabricate mesoporous nanowires with high surface area
via electrodeposition. In this paper, we fabricated a novel meso-
porous nanowire structure of Co(OH)2 by confined LLC phases in
cylindrical pores of PAA membranes.

2. Experimental

Porous anodic alumina (PAA) template was synthesized by
anodizing Al/Ti/Si substrate in 0.3 mol  L−1 oxalic acid solution at
40 V and 4 ◦C for 4 h. Lyotropic liquid crystalline (LLC) template was
prepared from mixing 50 wt% Brij56 (polyoxyethylene(10) cetyl
ether, C16 [EO]10) and 50 wt% Co2+ electrolyte (1.2 M Co(NO3)2 and
0.075 M NaNO3) to achieve homogeneous mixtures. The electro-
chemical deposition [24–26] was conducted on an electrochemical
workstation (CHI660d, CH Instruments Inc., Shanghai), by using

a conventional three-electrode system composed of a 0.6 cm2

PAA/Ti/Si working electrode, a large surface area platinum counter
electrode, and a standard Ag/AgCl electrode. After electrodeposi-
tion, the electrode was immersed into ethanol to remove Brij56

dx.doi.org/10.1016/j.jpowsour.2011.10.138
http://www.sciencedirect.com/science/journal/03787753
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ig. 1. XPS Co 2p1/2, Co 2p3/2 spectra (a) and O 1s spectra (b) of electrodeposited m
c-1)  and mesoporous Co(OH)2 nanowires (c-2) (upper right is POM image of hexag

or 2 h and ethanol was replaced at least 3 times until the surfac-
ant was removed entirely. PAA template was removed by using

 M NaOH. Finally, the electrode was rinsed by ultrapure water and
ried in ambient atmosphere.

X-ray photoelectron spectroscopy (XPS) was  performed on a
ratos AXIS UItra HAS spectrometer equipped with a monochro-
atized Al K� X-ray source to study the chemical state of

lectrodeposited Co(OH)2 film. The LLC phase structure was  inves-
igated by polarized optical microscopy (POM, XJP400T, KOZO)
quipped with a KER-3100-08S heating stage and temperature
ontrol unit. Low angle X-ray diffraction (XRD) patterns were
ecorded on a Bruker D8 Advance diffractometer with Cu-K� as
he radiation source (� = 0.154 nm). Field emission scanning elec-
ron microscopy (FESEM) was carried out with a JEOL-JSM-6700F

icroscope operated at 5 kV for morphology of PAA template
nd Co(OH)2 nanowires on the substrate. Transmission electron
icroscopy (TEM) was  carried out with JEOL-2010 microscopes

perated at 300 kV. The electrochemical measurements of the sam-
les were performed on CHI660d electrochemical workstation.

. Result and discussion

Co(OH)2 synthesis is carried out using potentiostatic electrode-
osition method at constant cathodic potential in the range of −0.6

o −1.0 V. The mechanism of Co(OH)2 electrodeposition is proposed
o be as follows:

O−
3 + 7H2O + 8e− ⇒ NH+

4 + 10OH− (1)
rous Co(OH)2 nanowires. Low-angle XRD patterns of Co2+ liquid crystalline phase
tructure.). Wide-angle XRD patterns of mesoporous Co(OH)2 nanowires (d).

Co2+ + 2OH− ⇒ Co(OH)2 (2)

XPS was employed to examine the chemical state of deposited
Co(OH)2 nanowires. Fig. 1 shows the Co 2p (a) and O 1s (b) spec-
tra of XPS deposit. As shown in Fig. 1a, there are two main Co
2p spectrums which locate at binding energy 797 eV (Co 2p1/2)
and 781.1 eV (Co 2p3/2) with satellite peaks due to plasmon losses
and final state effects respectively. The distance between these
two  peaks (�Eb = 15.9 eV) indicates Co existed as Co(OH)2 version
[16,27]. Fig. 1b shows the XPS spectra and curve fitting results of
O 1s. Inside, the middle strongest spectrum indicates the existing
of Co(OH)2 (531.1 eV) which is the dominating form within the
deposit. The figure also shows two smaller shoulder spectrums, in
which the right one can be assigned as CoO (529.8 eV) attributed
to a small degree of dehydroxylation upon drying and the left one
can be ascribed to structural water (532.8 eV) [28]. The crystalline
structure of Co(OH)2 was  further confirmed by wide-angle XRD as
shown in Fig. 1d. The three main peaks with indexes of (1 0 0), (0 0 2)
and (0 0 4) can be assigned to the diffraction of layered �-Co(OH)2
[10,15] (JCPDS No. 74-1057) except one peak labeled as Ti/Si sub-
strate. Fig. 1c (upper right) shows the POM photo of Co(NO3)2 LLC
phase. Its focal conic fan texture indicates the phase exists as the
hexagonal form. The low-angle XRD patterns of the template mix-
ture (Fig. 1c-1) display two well-resolved peaks with d-spacing of

58.1 and 33.7 Å at 2� equal to 1.52◦ and 2.62◦, respectively, which
can be indexed as the (1 0 0) and (1 1 0) planes of the P6 mm space
group (hexagonal structure) for reciprocal ratio of d are 1:

√
3.  The

pore to pore distance of this hexagonal LLC template, calculated
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ig. 2. SEM images of PAA templates (end view (a) and cross view (b)) and mesop
o(OH)2 nanowires (e and f). (g) and (h) are the end view and side view of the pore

y d100/cos 30, is 6.7 nm.  Meanwhile, the resulting mesoporous
o(OH)2 nanowire also shows a strong reflection peak at 2� equals
o 1.24◦. The peak is also assigned to d100 plane of the P6mm space
roup with d-spacing of 71.2 Å and pore to pore distance of 8.2 nm.
his result suggests that the liquid crystalline structures were still
etained after the electrosynthesis. The presence of diffraction peak
ndicates that the ordered mesophase structure in the template is
reserved in the deposited film.

The surface morphologies of PAA template and porous Co(OH)2

anowire were examined by FESEM as shown in Fig. 2. From sur-

ace (Fig. 2a) and side (Fig. 2b) images of PAA template, the pore
iameter of templates was found to be around 50–65 nm with
ne channels. As shown in Fig. 2c and d, after removing the PAA
 Co(OH)2 nanowire (end view (c) and side view (d)). TEM images of mesoporous
ectively.

template, the diameter of templated Co(OH)2 nanowires still kept
as 65 nm,  which means the fully duplicated procedure was pro-
cessed. The rough wall of nanowires indicates pores existing and
a few structural defects. The wires are inclined to agglutinate
each other with holly structure at topside. It can be explained by
nanosheet-like morphology of Co(OH)2 films reported from Zhou
et al. [10]. The growth of nanowires still obeys the rules of sheet
packing. This loose packed structure causes weak holding strength
between nanowires and substrate, and then leads to wires aggre-

gation.

The sheet packed structure was  further confirmed by TEM as
shown in Fig. 2. Fig. 2e and f shows the nanowire structures
of Co(OH)2 at different magnifications. As expected, the ordered
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ig. 3. Electrochemical properties of ordered mesoporous Co(OH)2 nanowire elec-
rode: (a) CV curves at different scan rates and (b) discharge curves at different
urrent densities in potential range of −0.1 V to 0.5 V vs. Ag/AgCl.

orous morphologies on the nanosheets of Co(OH)2 wires were
bserved by TEM shown in Fig. 2g and h. The light regions cor-
espond to pores left after removal of the surfactant template from
he electrodeposited wires and the dark areas represent the elec-
rodeposited Co(OH)2. The uniform and well-ordered hexagonal
ores with cylindrical channels of about 3.6 nm in diameter were
bserved. The pore to pore distance is around 7.9 nm and the pore
all thickness is about 4.3 nm,  which are consistent with 100 peak

ppeared in the low-angle XRD patterns.
Both cyclic voltammetry (CV) curve and chronopotential

harge–discharge methods were used to investigate capacitor
ehavior of the materials. For both electrochemical measurements
f Co(OH)2, 1 M KOH aqueous solution was used as electrolyte. In
his electrochemical system, two reversible redox reactions can
ccur during potential sweep of synthesized Co(OH)2 electrode. The
eactions can be expressed as follows [29]:

o(OH)2 + OH− ↔ CoOOH + H2O + e− (3)

oOOH + OH− ↔ CoO2 + H2O + e− (4)

As shown in Fig. 3a, the CV curves of mesoporous Co(OH)2
anowires measured at scan rates of 100, 50 and 10 mV s−1 were
isplayed respectively. One pair of redox peaks can be observed
rom the cycles at scan rate of 100 and 50 mV  s−1, indicating that

he mechanism of capacitance generation is based on redox capac-
tor because of electron-transfer process which is distinct from an
deal rectangular shape produced by electric double-layer capac-
tors. During the electron transfer procedure, only one oxidation
urces 201 (2012) 382– 386 385

peak, appeared at around 0.4 V, possibly due to the production of
CoOOH as an intermediate form which just existed for quite short
time and then converted into CoO2 rapidly. The actual reversible
reaction at scan rate of 100 and 50 mV  s−1 can be written as follows:

CoOOH + OH− ↔ CoO2 + H2O + e− (5)

At scan rate decreasing to 10 mV  s−1, two oxidation peaks
appear, proving that Co(OH)2 has enough time to remain in CoOOH
form which can be changed into CoO2.

Fig. 3b shows the discharge curves of the ordered mesoporous
HI–Co(OH)2 nanowire array electrode measured at different dis-
charge current densities within potential window of −0.1 to 0.5 V.
The specific capacitance values were calculated to be 993, 922,
873 and 810 F g−1 corresponding to the discharging current den-
sities of 1, 5, 10 and 20 A g−1, respectively. The highest capacitance
of 993 F g−1 was  obtained at discharge current density of 1 A g−1.
Co(OH)2 mesoporous nanowire array has a slightly lower capaci-
tance than mesoporous film [10], possibly due to the collapse of the
end parts of nanowires under different synthesis conditions (e.g.
electrodeposition potential, drying method and electrode work-
ing area) [30]. Further work is needed to solve the problems and
enhance its performance. Fig. 3b also summarized the capacitance
retained ratios of the electrodes prepared in this study as a func-
tion of current density. Using capacitance obtained at 1 A g−1 as
100% retention, when the current density was increased from 1 to
20 A g−1, the capacitance of mesoporous Co(OH)2 nanowire array
electrodes reserved 100%, 92.8%, 87.9% and 81.5%, respectively,
indicating that the capacitance of the Co(OH)2 wires is not signifi-
cantly influenced with increasing of the current density. From the
results, mesoporous nanowires obtained from the dual templates
behave excellent performance which can be attributed to the high
porosity and well dispersion of Co(OH)2. These structural factors
increase ionic transport, shorten electron traveling distance and
reduce interface resistance.

4. Conclusion

In summary, we have demonstrated a novel approach for elec-
trosynthesis of mesoporous Co(OH)2 nanowire array electrode via
PAA templates with Brij56 LLC templates as pore-generated agent.
The results of TEM and low angle XRD indicate the presence of
ordered porous nanostructures and supported a direct templat-
ing mechanism for the electrodeposition of mesoporous Co(OH)2
wires. The electrochemical results show the attractive specific
capacitance of 993 F g−1 at current density of 1 A g−1 which has
potential application to be used as electrode material in superca-
pacitors.
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