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Mesoporous Co304 nanowire (NW) arrays freely standing on Ni foam substrate are prepared via two-
step strategy: precipitating hydroxides followed by calcinating process. The slim Co3;04 NWs with
average diameter of about 80nm and length up to 10 wm are observed by transmission electron
microscopy and scanning electron microscopy. Cyclic voltammetry, chronopotentiometry, and elec-

trochemical impedance measurements are applied to investigate the performance of the Co30, NW
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arrays. Electrochemical tests show that Co304 NW arrays deliver a specific capacitance (SC) of 1160Fg~!
at 2Ag!, and even 820Fg~! at 20Ag~'. Also, the SC degradation is only 9.6% after 5000 continuous
charge-discharge cycles at 8Ag!, indicating their excellent electrochemical stability. The improved
performance is reasonably ascribed to their unique 3D hierarchical structure.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Recently, Co304 has been widely investigated as a pseudoca-
pacitive material with an anticipation that it could serve as a
replacement for the expensive RuO,, due to its practical avail-
ability, environmentally benign nature and lower cost [1-5].
Various nanostructured Co304 powders including nanoparticles
[6], nanorods [7], nanotubes [8], and nanosheet-based micro-
spheres [9] have been used in electrochemical capacitors (ECs).
However, such ECs often result in low specific capacitances (SCs)
and poor rate capability because the active materials are typically
too insulating to support fast electron transport required by high
rates [10]. Therefore, it is crucial to enhance charge transfer kinet-
ics to fully utilize the redox reactions for high performance ECs.
An effective way is to fabricate one-dimensional (1D) electroactive
materials on current-collecting substrates, which can provide fast
ion and electron transfer as well as sufficient effective area between
electrolyte ions and active materials for Faradaic reactions [11-13].
Gao et al. synthesized 1D solid Co304 NWs (250 nm wide) on Ni
foam by the ammonia-evaporation-induced method which showed
amaximum SC of 746 Fg~1 at 0.3 Ag~! [14,15]. More recently, Tu’s
group fabricated hollow Co304 NW arrays (200 nm wide) by seed-
mediated hydrothermal method that showed a SC of 599Fg-1 at
2Ag-1 with 18% capacitance loss after 7500 cycles [16]. In com-
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parison to the conventional Co304/carbon/PTFE electrode, these
nanostructures can improve the contact between electroactive
materials and current collectors which facilitates better kinetics.
Unfortunately, the observed SCs are much less than its theoretical
value (3560Fg~1), particularly, at high rates. Thus, it is signifi-
cant further tailoring the size and pore structure of Co304 NW to
improve the electrochemical utilizations of Co304 at large current
densities [12,17].

In this work, 1D mesoporous Co304 NW arrays have been suc-
cessfully grown on Ni foam via a facile two-step method. The
employed precursor is Co(OH).19Clg2(CO3)935-1.74H,0, which
on thermal treatment is transformed into spinel Co304. The
mesoporous Co304 NWs and three-dimensional (3D) network
architecture of Ni substrate composed a unique 3D hierarchical
structure, which delivered large SCs and good electrochemical sta-
bility at high rates.

2. Experimental
2.1. Preparation of mesoporous Co304 NW arrays

Typically, 0.95 g of CoCl,-6H,0 and 1.20 g of CO(NH; ), were dis-
solved in 50 mL of water under stirring. Nickel foam (2 cm x 4 cm)
was etched with 6 M HCI for 15 min to remove the oxide layer
and then washed thoroughly with deionized water and absolute
ethanol. Then, the homogeneous solution and the pretreated Ni
foam were transferred into a Teflon-lined stainless steel autoclave.
The autoclave was sealed and maintained at 95°C for 8 h. After
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cooled to room temperature, the nickel foam coated with pink pre-
cursors were rinsed under ultrasonication, and dried at 60°C for
6 h. Finally, the precursors were converted to Co304 by annealing
inairat 250°C for 1 h. In average, the mass of Co304 NWs loaded on
Ni substrate is 2.9 mg cm~2, carefully weighted after the calcination
treatment.

2.2. Characterization

The morphologies and structures of the samples were examined
by scanning electron microscopy (SEM, LEO, 1430VP, Germany),
high-resolution transmission electron microscopy (HRTEM) and
selected area electron diffraction (SAED) (FEI, TECNAI-20). The crys-
tallographic phases of as-prepared samples were investigated using
powder X-ray diffraction (XRD, Bruker D8 with Cu K, radiation)
with a scanning rate of 3°min~!. Thermal gravimetric analysis
(TGA, NETZSCH STA 409) measurements were carried out at a heat-
ing rate 10°Cmin~! in air atmosphere. Fourier transform infrared
(FT-IR) spectrum of the sample was recorded with a Nicolet 750 FT-
IR spectrophotometer. N, adsorption/desorption was determined
by Brunauer-Emmett-Teller (BET) measurements using an ASAP-
2010 surface area analyzer.

Electrochemical measurements were carried out in a beaker
cell with 6 M KOH aqueous solution as the electrolyte. The elec-
trochemical performance of the Co304 NW arrays was studied by
means of cyclic voltammetry (CV), chronopotentiometry (CP) and
electrochemical impedance spectroscopy (EIS) measurements in a
three-electrode half-cell system. The Co304 NWs growing on Ni
foam (1 cm x 1 cm) was directly used as working electrode. A plat-
inum plate (1 cm?) and an Hg/HgO electrode were used as counter
and reference electrodes, respectively. The SC values determined
from the CP curves were calculated according to the following equa-
tion:

It
T mAV (1)

where Cs, I, t, m and AV are SC (Fg~1), the discharge current (mA),
the discharging time (s), the mass of the electroactive material (mg),
and the potential interval of the discharge (V), respectively. The
galvanostatic charge-discharge tests of the hybrid Co304-AC super-
capacitor were performed in a two-electrode cell. All of the above
electrochemical measurements were carried out on a CHI660C elec-
trochemical workstation (Chenhua, Shanghai).

GCs

3. Results and discussion
3.1. Structural characterizations

Fig. 1 shows the XRD patterns of the NW products before and
after calcination. Before heating, except for the peaks originating
from the Ni substrate (marked by v), these diffraction peaks can
be assigned to the precursor of cobalt chloride carbonate hydrox-
ide (Co(OH)1.10Clp2(C0O3)p.35-1.74H;0, JCPDS No. 38-0547) [18]. It
is demonstrated that Co(OH);.19Clp2(CO3)g.35-1.74H50 has a lay-
ered structure consists of positively charged Co—OH layers and
counteranions located between the Co—OH layers, which can be
easily converted into Co304 without evident nanostructure defor-
mation [19]. After following heat treatment, the crystallinity of
the product increased. All the diffraction peaks can be indexed to
spinel Co304 (JCPDS No. 42-1467). No other peaks of impurities
are observed, indicating that the cobalt hydroxide precursor was
completely transformed to Co304 after calcination.

Fig. 2 presents the FT-IR spectra of the cobalt chloride carbon-
ate hydroxide and Co304 samples, ranging from 4000 to 400 cm™!,
respectively. For the cobalt hydroxide precursor (Fig. 2a), the strong
peak at about 3500cm™! is attributed to the stretching vibration
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Fig. 1. XRD patterns of the NWs scraped off from Ni foam obtained by (a) hydrother-
mal treatment and (b) calcined at 250°C.

of the O—H group of molecular water and hydrogen-bound O—H
groups [20-22], v(O—H). The weak band at 1625 cm~! is due to the
bending mode of water molecules. The presence of CO32~ in the
sample is evidenced by its vibration bands from middle to lower
wavenumbers. The bands observed at 1506, 1070, 831, 742, and
692 cm~! are assigned to the stretching vibration v(0CO,), v(C=0),
8(C0O3), 6(0CO), and p(0OCO) [22], respectively, while the band at
962 cm~! is ascribed to §(Co—OH) bending modes and the band at
512 cm~! is ascribed to pw(CoOH) vibration [23]. As a comparison,
the IR spectrum of the Co304 sample (Fig. 2b) shows no absorp-
tions of CO32~ and CI~ anions, which indicate that the anions in the
as-prepared precursor have been completely removed. Two dis-
tinctive bands at 663 and 576 cm~! are the characteristics of the
Co—O stretching vibrations in Co304 [24]. In addition, the weak
adsorptions at 3424 and 1630 cm~! correspond to the bending and
stretching vibration modes of absorbed water molecules on the sur-
face. The above analysis revealed that the temperature of 250°C
is high enough for complete decomposition of the precursor into
Co304 phase.

The thermal behavior of the as-prepared precursor was investi-
gated using a TGA technique (Fig. 3). The TGA curve indicates that
the weight loss of the cobalt hydroxide precursor is ca. 4.0% below
200°C, which could be ascribed to the removal of absorbed water
molecular. From 200 to 350°C, the weight loss is mainly attributed
to the loss of structure water by dehydroxylation and the release of
CO, and HCl gases produced by decomposition of anions, which is
ca. 21.6%, roughly in agreement with the expected value (22.5%) on
the basis of the decomposition reaction (Eq. (2)). The last weight
loss (ca. 4.7%) after 300°C may be due to a continuous thermal
depletion of deep-trapped hydroxyl groups [25]. The total weight
loss is ca. 30.3%, which is less than the theoretical value of 41.4%,
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Fig. 2. FT-IR spectra of the (a) cobalt hydroxide and (b) Co;04 samples.
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Fig. 3. TGA curve of the cobalt hydroxide precursor.

the mismatch between the observed and expected loss is mainly
due to the adsorbed water [18].

CO(OH)1.10C10A2(C03)0_35 -1.74H,0 + éOz — %C0304 +2.19H,0

+0.2HCI + 0.35C0, 2)

The morphologies and structures of as-obtained Co304 sam-
ples were investigated by SEM and HRTEM. Fig. 4a-c shows the
SEM images of Co304 NW arrays viewed from the top. It can be
seen that Co304 NWs with high density (Fig. 4a) were grown uni-
formly on the Ni foam, forming a 3D hierarchical structure (inset
in Fig. 4a). The NWs with sharp tips are homogeneously aligned
and are separated apart adequately (Fig. 4b and c). The main length
of the NWs is ca. 10 pm along the growth direction (Fig. 4c). One
can also see that the Co304 NWs grow almost vertically from the
substrate. Furthermore, the adhesion of the NWs on the substrate is

strong considering the fact that the sample had been ultrasonicated
for tens of minutes before the SEM examination. Fig. 5a exhibits a
typical TEM image of a single NW scraped off from Ni substrate,
from which we can clearly see that the diameter of the single NW
is around 80 nm and many mesopores are widely distributed on
the surface. The lattice spacing of 0.285 nm is corresponded to the
(220)crystal planes of spinel Co304, as seen from the HRTEM image
(Fig. 5c), which is consistent with the XRD data. The SAED pattern
(Fig. 5d) demonstrates a polycrystalline structure of the Co304 NW.

To gain further insight into the porous structure and pore size
distribution of the Co304 NWs, BET measurements were performed
to examine its textural properties. As shown in Fig. 6, it can be seen
that the Co304 NWs sample give rise to type-IV isotherms, accord-
ing to IUPAC classification. At a relative pressure of above 0.7, the
distinct hysteresis loop reflects the capillary condensation of the
mesopores [26-28]. Barrett-Joyner-Halenda (BJH) pore size distri-
bution calculated using the adsorption curve in the context of the
BJH method further confirms the mesoporous structure with pore
size of 9.7 nm. The mesoporosity is assigned to the thermal decom-
position of the starting material, which could result in weight loss
and volume shrinking. Moreover, the Co304 NWs exhibit high BET
surface area of 74.9 m2 g~! and large pore volume of 0.25cm3 g~1.
Such characteristics of the as-prepared cobalt oxide sample permit
easy access for ions to the electrode/electrolyte interfaces, which is
crucial for surface redox reactions [16,29].

3.2. Electrochemical measurements

Fig. 7a shows the CV curves of the Ni foam supported-Co304
NW arrays and pure Ni foam at a scan rate of 0.5 mV s~1. Two pairs
of well-defined redox peaks (P;/P4 and P,/P3) indicate good pseu-
docapacitive characteristics of the Ni supported-Co304 NW arrays.

Fig. 4. (a) Low-magnification SEM image of Co304 NW arrays viewed from the top and (b and c) locally enlarged images; the inset of (a) shows the 3D hierarchical structure
of the Co304 NW arrays growing on Ni foam. (d) SEM image of Co304 NW arrays from the side view.
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Fig. 5. (a) TEM image of a single Co304 NW. (b) Magnified TEM image reveals the mesoporous structure of the Co304 NW. (c) High resolution image of the NW with a

d-spacing of 0.285 nm for the (22 0) plane and (d) the corresponding SAED pattern.
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Fig. 6. (a) The gas (N,) adsorption-desorption isotherm loop and (b) a histogram of
the pore size distribution data for the cobalt oxide NWs after thermal treatment at
250°C.

The peak of P; /Py is ascribed to the conversion between Co30,4 and
CoOOH, described as follows [30,31]:

C0304 + OH™ + H,0 <> 3CoO0H + e~ 3)

The redox peak of P,/P; corresponds to the change between
CoOOH and Co0,, expressed as follows:

CoOOH + OH™ < C00y +Hy0 + e~ (4)

However, for the pure Ni foam as an electrode, the response cur-
rent is relatively weak, which is negligible in contrast with that of
the Co304 NW arrays. Because the capacitance is directly propor-
tional to the area under the CV curve, the contribution from the Ni
foam to the total capacitance is ignored in the following discussion.
The CV curves recorded at high scan rates are presented in Fig. 7b.
With increasing the scan rate, the redox peaks become broad and
cathodic peaks overlap, indicating fast redox reactions occurred at
electroactive material/electrolyte interfaces.

Fig. 7c shows the typical CP curves of the Co304 NW arrays
at different current densities in the potential window of 0-0.5V.
The shape of charge-discharge curves is almost symmetrical in all
cases, suggesting their high coulombic efficiency. The SCs of the
Co304 NW arrays can be calculated based on the charge-discharge
curves in Fig. 7c and the typical data collected in Fig. 7d. The Co30,4
NW arrays exhibited excellent pseudocapacitances of 1160Fg~!
at 2Ag-1,996Fg-! at 5Ag!, 884Fg! at 10Ag!, 861Fg ! at
15Ag-! and 820Fg-! at 20Ag~1, respectively, and 71% capac-
ity retention is obtained when the charge-discharge rate changes
from 2 to 20Ag-!. Our results are even better than previous
reports, where Co304 NWs with solid (746 Fg~1) or hollow inte-
riors (599 Fg~1) were synthesized by Gao et al. [14] and Xia et al.
[16], respectively. In our case, the Co304 NWs have slim diameter
and mesoporous structure, which can greatly reduce the pathways
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Fig. 7. (a) CV curves of Ni foam supported-Co304 NW arrays (red) and pure Ni foam (black) in the potential range of 0-0.55V, respectively. (b) CV curves of the Co304 NW
arrays at different scan rates of 5 and 10mVs~'. (c) CP plots and (d) the SCs of the Co30, NW arrays at different current densities. (For interpretation of the references to

color in legend, the reader is referred to the web version of the article.)

for insertion and extrusion of OH~ and provide more active sur-
face area for Faradaic reactions [17,32], and consequently promote
the pseudocapacitance. It suggests that such NW arrays with slim
morphology and uniform mesoporosity favor high electrochemical
utilization.

The cyclability of the Co304 NW arrays in 6 M KOH electrolyte
is an important parameter for practical applications (as shown in
Fig. 8). During the first 300 cycles, the SC increases from 962 Fg~!
to 1040F g~1. This must result from the activation process of the
Co304 electroactive material. Thereafter, it decreases to 940Fg~!
after the subsequent 4700 cycles. Such a low SC degradation of
9.6% after 4700 continuous cycles demonstrates the good electro-
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Fig. 8. Cycling performance of the Co304 NW arrays at 8 Ag~'. The inset shows the
last 20 cyclic charge-discharge curves.

chemical stability of the Co304 NW arrays at large current densities.
The inset of Fig. 8 shows the last 20 charge-discharge cycles of
the Co304 NW arrays. The morphology and structure changes after
5000 cycles were studied to understand the good cyclability of
our electrode. The SEM and XRD data of the cycled electrode are
depicted in Fig. 9. Fig. 9a is the SEM image of Co304 NW arrays elec-
trode after 5000 charge-discharge tests. It can be observed that the
NW arrays exhibit small bending deformation compared to the as-
synthesized morphology. The NWs tend to cluster at their tips to
form sheaflike structure, which may be due to the strong interaction
forces between the long and thin NWs [33]. However, the electrode
maintained its NW arrays structure after cycling test, maintain-
ing the pathway for electrons and ions. Retaining the structure
integrity is a key factor to ensure the cyclability of the material
[11]. In addition, its XRD shape seen in Fig. 9b remains almost
unchanged, matching that of the pristine electrode, indicating that
the crystalline structure of the electrode is indeed preserved over
the measured cycle life.

In order to investigate the detailed characteristics of a capacitive
electrode, we carried out comparative studies using EIS measure-
ments before and after cycling tests. Fig. 10 shows Nyquist plots
of the Co304 NWs electrode measured over the frequency range of
0.01 Hz-100 kHz at the open circuit potential. Both EIS curves con-
sist of a depressed arc in high frequency regions and an inclined
line in low frequency regions. An equivalent circuit proposed to fit
the spectra is shown as an inset of Fig. 10, where the Rs is the inter-
nal resistance, R is Faradic charge transfer resistance, W is the
Warburg impendance, and Cy; is the double layer capacitance. Rg
is characterized by the high-frequency intercept on the real axis
(Z), which includes the resistance of the electrolyte, the ohmic
resistance of the active materials and the contact resistance at the
active materials/current collector interface [34-36]. As indicated
in Fig. 104, the value of Rs of the pristine electrode is 1.4 Q2. After
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Fig. 9. (a) Typical SEM image and (b) XRD pattern and of the Co;04 NW arrays
electrode after 5000 continuous charge-discharge cycles.

5000 charge-discharge cycles, the Rs value has increased to 1.8 €2,
showing that the conductivity of the electrode decreases after long-
term cycling. Besides, compared to the pristine electrode, the radius
of the semi-circle for the 5000-cycled electrode has enlarged in
medium frequency regions. Accordingly, the R increases from
ca. 1.6 Q2 to ca. 2.5, which may be due to some morphological
changes with cycles. As seen in Fig. 9a, the clustered NWs will
reduce the electroactive surface area (a combination of the spe-
cific surface area and electrical conductivity) and block the path of
ion diffusion to some extent, thereby hindering the charge transfer

20
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Fig. 10. Nyquist plots of the Co304 NWs electrode (a) before and (b) after 5000
charge-discharge cycles. The inset is the equivalent circuit.
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Fig. 11. (a) Galvanostatic charging/discharging curves (I=2Ag~') of the hybrid
Co304-AC supercapacitor in 6 M KOH electrolyte. (b) Ragone plot of the specific
energy and specific power at various charge-discharge rates.

between the electrode surface and electrolyte. It is indicated that
the charge transfer resistance is related to the electroactive surface
area. The larger the electroactive surface area, the lower the charge
transfer resistance [17]. At low frequency, two straight lines in the
Nyquist plot incline at an angle of around 90° to the Z’-axis and this
suggests good capacitive behavior [36].

To show the practical applications of the Ni supported-Co304
NW arrays, we fabricated a hybrid supercapacitor consisting of
the Co304 NW arrays as the positive electrode and activated car-
bon (AC) as the negative electrode. The weight of AC is calculated
using the following equation [37,38], m_ =(Cs+ AE+)[(Cs—- AE_)m.,
where AE is the potential range for the charge and discharge pro-
cess and m is the mass of the electrode materials. On the basis of
the SC values and potential ranges for the Co304 NW arrays and
AC, the optimized mass loading of AC is 6.7 mg. Fig. 11a shows the
galvanostatic charging/discharging curves of the Co304-AC hybrid
supercapacitor at a current density of 2A g1 in the potential range
from O to 1.5V. As shown in Fig. 11a, a linear variation of the volt-
age was observed during the charging-discharging process, which
can prove that the hybrid capacitor has a good capacitive behavior.
The Ragone plot of Co304-AC supercapacitor illustrates the corre-
sponding energy/power densities (Fig. 11b), which were calculated
from galvanostatic charge-discharge data at various current den-
sities. All the data were calculated on the basis of the total mass
of active materials of two electrodes. The data of Fig. 11b clearly
demonstrated that the hybrid supercapacitor based on Co304 NWs
and AC has a good specific energy density and power density.
Remarkably, the hybrid capacitor operated at 1.5V is capable of
delivering a high energy density of 37.8 Whkg~! and a high power
density of 19.5kW kg~1. Compared to previously reported asym-
metric capacitors [39-43], our hybrid capacitor display comparable
energy density and higher power density, which can be attributed
to the binder-free nature and 3D porous structure of the Co304 NWs
electrode, which thus improves the power density of asymmetric
cells.
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Fig. 12. Schematic representation of microstructure and energy storage character-
istics of the Co304 NW arrays.

The superior pseudocapacitive performance of the Co304 NW
arrays can be attributed to their unique 3D hierarchical structure,
as shown schematically in Fig. 12. (1) 3D porous structure of the Ni
foam substrate can facilitate the fast penetration of the KOH elec-
trolyte and its contact with the surface of Co304 NWs, which has a
significant positive effect on the electrochemical performance of Co
oxide [44]; (2) each Co304 NW is connected directly on Ni skeleton,
building up an express way for charge transfer. The slim diameter
and mesoporous structure of the Co304 NWs will greatly reduce
the OH™ ions diffusion length within Co304 phase, ensure its high
electrochemical utilizations; (3) Co304 NWs growing directly on
Ni foam can form a good adhesion and better electrical contact
between Co30,4 and Ni substrate, which is beneficial to improve
long-term cycling stability at high rates [45]. In addition, as the
Co304 NW arrays are connected to Ni framework, the need for
binders or conductive carbon, which add extra contact resistance
or weight, is eliminated.

4. Conclusions

In summary, we have prepared mesoporous Co304 NW arrays
growing on Ni foam via a facile two-step method. The Co304 NW
arrays have shown high SCs and good cyclability. High SCs of
1160Fg1 at 2Ag~! and 820Fg~! at 20Ag~! were obtained by
CP tests. More importantly, the electrode can still remain a SC of
940F g~ after 5000 continuous charge-discharge cyclesat8Ag-1.
The outstanding electrochemical performance should be ascribed
to good contact, short electron transporting paths, high surface-
to-volume ratio, porous structures and open space in the unique
electrode. The binder-free Co304 NW arrays electrode could be a
promising candidate for ECs applications and the cost-effective syn-
thesis strategy can be exploited to prepare other transition metal
oxide nanostructures.
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