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Nickel foam supported mesoporous NiCo:04 arrays with
excellent methanol electro-oxidation performance

Wei Wang,? Qingxin Chu,” Yingnan Zhang,* Wei Zhu,* Xiaofeng Wang?® and Xiaoyang Liu"

In this paper, nickel foam supported NiCo,O4 nanosheet and nanocloth arrays are directly prepared by a mild hydrothermal
method and applied to methanol electro-oxidation. Several techniques including powder X-ray diffraction (XRD), scanning
electron microscopy (SEM), transmission electron microscopy (TEM), X-ray photoelectron spectra (XPS), Energy-
dispersive spectroscopy (EDS) and nitrogen absorption measurements have been employed to characterize the
physicochemical properties of as-prepared catalysts. The electrocatalytic performances are investigated by cyclic
voltammetry (CV), chronoamperometry (CA) measurements and electrochemical impedance spectroscopy (EIS).
Impressively, NiCo204 nanosheet and nanocloth arrays both deliver excellent electrocatalytic performance for methanol
electro-oxidation in alkaline medium, including low onset potential (0.19V, 0.16V), high current densities (111 mA cm?,
134mA c¢m?) and a desirable electro-oxidation stability (90%, 88%), respectively. The excellent electrocatalytic
performances of nickel foam supported NiCo,04 nanosheet and nanocloth arrays originate from their unique 3D mesoporous
architecture, which can provide adequate open spaces and shorter ion diffusion paths to facilitate rapid ionic transportation.

Introduction

As fossil fuels approaching depletion and environmental concerns
arising intensively, people gradually set their sights on the
development of cleaner energy for future demands. Lately, direct
methanol fuel cells (DMFCs) as an energy conversion device with
high efficiency, high energy density, low-to-zero emission and high
performance at low cost, have received enormous attention as the
promising next generation power sources. They are considered to be
one of the best way to solve the energy problems.['-’] Nevertheless,
several problems should be taken into consideration, including cost
issues, stability and life cycles of the catalysts. As the most
commonly and effective catalysts used, the high cost of platinum and
its alloys have restrained the commercialization of DMFCs.[%7]
Therefore, it is necessary to make full use of non-Pt catalysts which
can substantially lower the cost of the fuel cell system.

Transition metal oxides, such as Co30s or NiO, have been
considered to be the promising alternative low-cost candidates for
DMFCs applications. For instance, NiO/CNTsP®), Pt-NiO/C,
Co304/NiO!'%, and PdO-Co30s nanofiber compositest!!!  have
become the research focus in recent years in the fuel cell community.
To the best of our knowledge, their excellent performances are
mainly related to the easy ion transportation and the process of rich
redox reactions of nickel or cobalt. Consequently, binary metal
oxides such as spinel nickel cobaltite (NiC0,04) are expected to be a
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more  cost-effective  material ~ while  exhibiting  superior
electrochemical properties, probably because of the simultaneous
existence of the redox reactions of cobalt and nickel ions.[?]
Previously, several significant researches have been devoted to the
electrochemical applications of NiC0,04 for supercapacitors,!1>14]
lithium ion batteries,'> catalyst materials for oxygen reduction
reactions,!'®) and so on. Furthermore, NiCo0,Os materials have also
shown excellent electro-catalytic activities for methanol electro-
oxidation. Currently, different types of nanostructured NiCo,04 have
been attempted to construct high-performance DMFCs. For instance,
NiCo0,04 nanoparticles,!” urchin-like hollow structures'® and
nanosphere-like NiC0,04""! have been prepared, which display high
electro-catalytic activity and good long-term stability. It appears that
the enhanced electrochemical characteristics are primarily evident in
the nanostructured NiCo,Os materials, making them promising
electrode materials for non-Pt catalysts based DMFCs. However, the
methods of fabricating electrodes in most previous reports are
traditional preparation processes, which utilize polymer binders and
carbon black as conductive agent to avoid the loss of the
electroactive species. The polymer binders may set back the kinetics
of transmission of electrolytes ions between the electrode and
electrolytes, and reduce electrolytes penetration through the active
materials. Therefore, it is necessary to design a rational electrode for
DMEFCs.

Recently, NiCo,04 nanoneedles have been grown on graphene-
nickel foam conductive substrate for methanol electro-oxidation,
which display high electrocatalytic activity and stability.?”) However,
the fabrication process of graphene-nickel foam is complicated, and
the direct use of nickel foam as a substrate to grow different
morphologies of active materials is more convenient for methanol
electro-oxidation.'” In our work, we propose mesoporous NiC020s4
nanosheet and nanocloth arrays directly grown on nickel foam for
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methanol electro-oxidation. They display high electrocatalytic
activity and desirable stability.

Experimental

Growing NiCo,0s nanosheet and nanocloth arrays on nickel
foam

Nickel foam (approximately 1 cm x 3 cm) was carefully cleaned
with 3 M HCI solution in an ultrasound bath for 20 minutes for the
sake of removing the NiO layer on the surface, and then rinsed with
deionized water and absolute ethanol several times. In a typical
synthesis, 1 mmol of Ni(NO3),°6H,0, 2 mmol of Co(NO3)2*6H20, 6
mmol of NH4F and 15 mmol of urea were dissolved in 70 mL and 35
mL of deionized water with magnetic stirring for 30 minutes in the
air. After forming a clear pink solution, the reaction mixture was
transferred to a 15 mL Teflon-lined stainless-steel autoclave, into
which a piece of pretreated nickel foam was immersed. The
autoclave was sealed and maintained at 120 °C for 3 h, and then
cooled down to room temperature. The obtained precursors were
collected and rinsed with deionized water for several times, then
dried at 60 °C in air. Subsequently, the precursors were annealed at
320 °C in the air for 2 h with a ramping rate of 1 °C min™!. The
resulting precursors on nickel foams were transformed into NiCo0204
nanosheet and nanocloth arrays which were noted as NCO-NS and
NCO-NC, respectively.

Material characterizations and electrochemical measurements

Powder X-ray diffraction (XRD) was recorded on a Rigaku D/MAX
2550 diffractometer with Cu Ka radiation (A=1.5418 A). X-ray
photoelectron spectra (XPS) with Al-Ka radiation at 1486.6 eV
(ESCALAB 250 Thermo) was used to investigate the valence states
in the synthesized samples. During each scan the Cls peak
positioned at 284.6 eV was recorded as the energy reference.
Scanning electron microscopy (SEM) images were taken with a
JEOL JSM-6700F microscope operating at 10 kV. Transmission
electron microscopy (TEM) measurements were made on a CHI H-
8100 transmission electron microscope with an accelerating voltage
of 200 kV. The specific surface area and pore size distribution of as-
prepared
(Micromeritics

catalysts were measured using a BET analyzer
ASAP  2420) at
spectroscopy (EDS) was performed on an Oxford INCA energy-
(TGA) was
conducted with a heating rate of 10 K min™! using a STA 449C in air.

77 K. Energy-dispersive

dispersive analyzer. Thermogravimetric analysis
Raman microscopy spectra were recorded using a Renishaw Raman
microprobe spectrometer.

All the electrochemical tests were conducted with a CHI 760C
electrochemical workstation with a three-electrode cell where Pt
plate (lcm x lcm) served as the counter electrode (CE) and a
saturated calomel electrode as the reference electrode (RE), NiCo,04
nanosheet (NCO-NS) and NiCo,04 nanocloth (NCO-NC) arrays
were directly used as the working electrode (WE). Cyclic
voltammetry (CV) tests were performed at scanning rates of 10 mV
s™! between 0 and 0.6V at room temperature. Chronoamperometry
(CA) tests were conducted under the potential of 0.6 V (vs. SCE) for
consecutive 1000 s. EIS experiments were taken under open circuit
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voltage (OCV) with an ac amplitude of 5 mV over frequency range
of 100 kHz -10 mHz. The electrolytes for the tests were 1 M KOH
with and without 0.5 M methanol. The equivalent-circuit parameters
were analyzed by the software, ZSimpWin.

Results and discussion

Fig. S1 shows the thermogravimetric analysis (TGA) plots for the
precursors of NCO-NS and NCO-NC. It can be seen that the TGA
plots show three regions of weight loss. The first weight loss below
210 °C can be attributed to the evaporation of chemisorbed water.
The second weight loss occurs between 210-400 °C mainly
associated to the oxidation of Ni-Co hydroxides and formation of
spinel NiCo0,04, which can be simply described as follows:

1
Ni(OH), +2Co(OH), + 50, - NiCo,0, +3H,0 (1)

A weight loss was also observed after 400 °C, which can be
construed as the decomposition of spinel NiCo,O4. In order to
prepare more smooth products and avoid the oxidation of nickel
foam, it is reasonable to set the low annealing temperature at 320 °C
with a slow ramping rate of 1 °C min’..

XRD analysis had been employed to determine the crystal
structure of NCO-NS and NCO-NC. As shown in Fig. 1, the
characteristic (111), (220), (311), (222), (511) and (440) crystal
planes are clearly evident, except for the three typical peaks
originating from the nickel foam. No peaks from other crystallized
phases are observed, indicating the presence of high purity phase
(JCPDS NO. 20-0781). In addition, the broadened diffraction peaks
suggested that poor crystallinity had been obtained, and the size of
crystallites should be relatively small.*!] Fig. S2 shows comparative
XRD patterns of the as-obtained NCO-NS and NCO-NC scratched
down from nickel foam. It can be seen that all of the diffraction
peaks can be indexed to spinel NiCo0,0a.

* NiCo,0,
o Nifoam o O (0]

* 311

E { * 400

111
* 220

*

A

| ||' I I
10 20 30 40 50 60 70 80
20/°(Cu Ka)

Intensity / a.u.

Fig. 1 XRD patterns of NCO-NS (black line); NCO-NC (red line)
calcined at 320 °C.

Due to the chemical bonding states of each element of catalysts
can affect their catalytic behaviors, XPS analysis on as-prepared
catalysts had been conducted, and the typical results of NCO-NC are
presented in Fig. 2. It demonstrates that the signals of O 1s, Co 2p

This journal is © The Royal Society of Chemistry 20xx
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and Ni 2p core levels are detected based on the full scan spectra (Fig.
2A). Specifically, Fig. 2B shows the local XPS spectra of the O 1s
region, in which two peaks at 531.3 and 529.4 eV are evident.
Presumably, they could be associated with oxygen ions in low
coordination sites at the surface and typical metal-oxygen bonds,
respectively.l?”) The Co 2p spectra is shown in Fig. 2C, and the peaks
at 779.9 eV and 795.6 eV correspond to the Co 2pi» and Co 2ps»,
respectively, indicating the Co*" ions are dominant in NCO-NC.!
Similarly, Ni 2p spectra (Fig. 2D) are composed of Ni 2pi» (873.4eV)
and Ni 2ps; (856.4eV), which are indexed to Ni?*.[?425] Meanwhile,
the similar Co 2p and Ni 2p spectra of NCO-NS can be also found in
Fig. S3. These results show that the surface of both NCO-NC and
NCO-NS include the Co*" and Ni?* species, which can provide a
large number of active sites for methanol electro-oxidation. It could
be one of the imperative factors contributing to the electrocatalytic
performance of NiCo0,0s; materials.?! Additionally, the EDX
analysis of NCO-NS and NCO-NC (Fig. S4) indicate the presence of
Co and Ni species in as-prepared catalysts.
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Fig. 2 Survey XPS scan (A); High-resolution XPS spectra of O 1s

(B); Co 2p (C) and Ni 2p (D) of NCO-NC.

The morphologies of NCO-NS and NCO-NC are examined by
SEM and TEM analysis. As shown in Fig. 3A and B, the obtained
nanosheets (NCO-NS) appear to be uniform and smooth, with
widths ranging from 0.5 to 1.5 um. In addition, NCO-NS are almost
homogeneously aligned and interconnected with each other. Fig. 3C-
D reveal that NCO-NC are also grown uniformly on nickel foam.
Moreover, the high-magnification images in Fig. S5 show that
nanowires selectively deposit on the surface of nanosheets which are
intertwined with each other to afford the cloth-like nanostructure. A
typical TEM image of the nanosheets carefully scraped off from
nickel foam is presented in Fig. 4A. It exhibits obviously mesopores
which are uniformly distributed throughout the nanosheets. The
corresponding high-resolution TEM image of NCO-NS (Fig. 4B)
reveals a d-spacing of 0.47 nm for the (111) crystal plane.

This journal is © The Royal Society of Chemistry 20xx
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Furthermore, Fig. 4C shows the nanowire-on-nanosheet structure of
NCO-NC, which can offer efficient 3D electron transport for
oxidation reaction. The HRTEM image of NCO-NC is showed in
Fig. 4D, and a d-spacing of 0.25 nm has been determined based on
the lattice fringes, which corresponds to the (311) lattice plane of
spinel NiC0204 and agrees well with the result of XRD data. (JCPDS
NO. 20-0781).
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Fig. 3 SEM images of NCO-NS (A-B); NCO-NC (C-D) grown on
nickel foam.

1 0.25nm
\

10 nm’

Fig. 4 TEM characterization of (A) NCO-NS; (C) NCO-NC;
HRTEM images of (B)NCO-NS; (D) NCO-NC scratched down from
nickel foam.

Nitrogen sorption measurements are conducted to evaluate the

surface area and porosity properties of as-prepared catalysts. From
the Nitrogen adsorption-desorption isotherms in Fig. SA and 5B, the
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hysteresis loops can be distinctly seen, indicating the mesoporous
structure of the materials. The corresponding pore size distribution
(inset of Fig. 5A and 5B) further confirms the characteristic of
mesoporous structure. According to the investigative results, NCO-
NC has slightly higher specific surface area (66.9 m? g'!) than that of
NCO-NS (54.2 m? g'!). Moreover, NCO-NC exhibits a narrow pore-
size distribution around 2.2 nm and a relatively wide pore size
distribution around 9.1 nm. Besides, the pore size distribution of
NCO-NS mainly centers at 9 nm. The mesoporous structure can
afford more active sites and boost electrochemical kinetics during
the oxidation reduction process. Therefore, the superior surface
structures of NCO-NC are of large benefit for methanol electro-
oxidation than that of NCO-NS.
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Fig. 5 Nitrogen adsorption—desorption isotherm and the

corresponding pore size distribution (inset) of (A) NCO-NS and (B)
NCO-NC.

The methanol electro-oxidation performance of NiCo0204
electrodes are initially evaluated by CV, and Co0304 and NiO
electrodes prepared by the same methods were used for comparison.
Fig. 6A shows the CV plots of NCO-NS and NCO-NC electrodes in
1 M KOH electrolytes from 0 to 0.6 V at a scan rate of 10 mV s'. It
appears that the shapes of the CV plots are consistent with the ones
expected for pseudocapacitive processes. The redox peaks originate
from the Faradaic reaction relating to the reversible reactions of
Co?*/Co**and Ni?*/Ni**.?7-1 Note that, the NCO-NC electrode
exhibits a larger enclosed area and broader redox peaks than that of
NCO-NS electrode, which means that the former has a higher

4| J. Name., 2012, 00, 1-3
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electrochemical activity. In order to demonstrate that the NiCo,04
array grown on nickel foam is favorable catalyst for methanol
oxidation, the electro-catalytic activities of methanol oxidation on
NiO and Co304 and blank nickel foam electrodes were compared in
Fig. 6B. Apparently, NiO and Co03Os4 and blank nickel foam
electrodes show different behavior in 1 M KOH with 0.5 M
methanol. By comparing the currents at 0.6V, it is obvious that
NiCo0:0;4 electrodes have higher catalytic activity for methanol
electro-oxidation than that of other electrodes. In addition, Raman
spectra of 1 M KOH electrolytes with 0.5 M methanol after 500
cycles can prove that CH3;OH has been oxidized to other
intermediate products (Fig. S9). The current of blank nickel foam is
much lower, thus the activity of blank nickel foam for methanol
oxidation can be ignored (Fig. S10).['! The details of the reaction
process can be seen in Scheme 1 and the mechanism of methanol
electro-oxidation on each electrode can be simply described as
follows:30-321

MO +OH" -e© — MOOH (M = Ni, Co) )

2MOOH+2CH3OH+§OZ —2M(OH), +2CO, +3H,0 ?3)

CH;0OH

Scheme 1 The details of the electro-oxidation reaction process of
NiCo0204 nanocloth arrays on nickel foam. The unique
morphological features can afford efficient 3D electron transport
during the redox reaction.

Current density is an important parameter for evaluating the
performance of the catalysts. From Fig. 6C and D, it is observed that
the maximum current density of NCO-NC electrode can reach 134
mA cm? at 0.6V, indicating the excellent electrocatalytic activity of
NCO-NC for methanol oxidation. The enhanced electrocatalytic
performance of NCO-NC is mainly ascribed to its superior
mesoporous architecture and unique morphological features than that
of NCO-NS (111 mA cm?). Remarkably, the electro-oxidation
performance of NCO-NC is much better than those of NiO/CNTs
composites ¥, Pt-NiO/C composites [°), nickel cobaltite nanoparticles
7 porous NiCo,04, coral-like nickel cobalt oxidesP*.
Furthermore, the onset potential of methanol oxidation on NCO-NC
and NCO-NS are about 0.16 V and 0.19 V, respectively, which are
much lower than those of reported NiCo020s electrodes, 101719, 33.34]
The low onset potential and high current density indicate that nickel

This journal is © The Royal Society of Chemistry 20xx
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foam supported NiCo,O4 arrays have excellent performance for
methanol electro-oxidation.

A)é6o B)160

o 50 o 140_ ~——NCO-NS
£ —NCO-NS £ —NCO-NC
G 40 S 1204

< ——NCO-NC < 100- ~—— Blank NF
£ 30 € —Ni0
< 2 < 804 —co0,
2% 2 60]

g £ 40

g 0 o 204

£-10 € 0l

£-20 £ 20]

G-30 3 40

00 01 02 0.3 04 05 0.6
Voltage / V vs. SCE

00 04 02 03 04 0.5 06
Voltage / V vs. SCE

c)160 D)160

o 1404 —1mKoH «_ 140{ —1mKoH

£ 120] —1MKOH +0.5Mmethanol 5120. —— 1 MKOH + 0.5 M methanol

: 100{ Nco-ns ‘é 100{ Nco-Nc

£ 80 = 80

> 60] 2 60

3 40] 2 40d

g 20 a 20]

=] -

£ 0 5 0]

9 20 t -20
540 3 40—
© 0.0 01 02 03 04 05 06 0.0 0.1 0.2 0.3 04 0.5 0.6

Voltage / V vs. SCE Voltage / V vs. SCE

Fig.6 (A) CV plots of NCO-NS and NCO-NC electrodes in 1 M
KOH electrolytes without 0.5 M methanol at a scan rate of 10 mV s;
(B) CV plots of NCO-NS, NCO-NC, Co0304, NiO and nickel foam
electrodes in 1 M KOH electrolytes with 0.5 M methanol at a scan
rate of 10 mV s; CV plots in 1 M KOH electrolytes without and
with 0.5 M methanol for NCO-NS (C) and NCO-NC (D) electrodes
at a scan rate of 10 mV s’! respectively.
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Fig. 7 CA plots in 1 M KOH electrolytes with 0.5 M methanol at 0.6
V (vs. SCE) of as-prepared NCO-NS and NCO-NC electrodes.

In order to investigate the electrochemical stability of the
electrocatalysts, the chronoamperometric tests are performed at 0.6
V for consecutive 1000 s. As shown in Fig. 7, it is observed that
NCO-NC electrode remains 93% retention based on the initial value,
comparing with 89% retention for NCO-NS. Notably, an interesting
phenomenon can be seen that the electrolysis current increases
steadily, which is due to the activation and wettability occurred on
the electrode surface, making the catalysts more active and causing

This journal is © The Royal Society of Chemistry 20xx
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more electroactive surface areas.’> ) Long-term stability of both
electrodes are also examined by CV. Fig. 8A shows that the current
density of NCO-NS has 82% retention after 1000 cycles at a rate of
10 mV s, comparing with 83% retention for NCO-NC (Fig. 8B).
When replacing the new 1 M KOH electrolytes with 0.5 M methanol,
the current density of NCO-NS and NCO-NC at 0.6 V can be
returned to 90% and 88% of the original value, respectively. It
means that the decay of the current density may probably due to the
Noticeably, 1000 cycles, the
morphologies and structures of both electrodes are well preserved

reduction of methanol. after
which are depicted in the inset images of Fig. 8A and B, indicating
the desirable electrocatalytic stability of the as-prepared catalysts.

The charge transfer (Re) characteristics and the “knee” frequency
(funee) are important factors affecting the electrocatalytic activity and
stability of the catalysts, thus EIS measurements for both electrodes
are further investigated in 1 M KOH without and with 0.5 M
methanol. The Nyquist plots and admittance plots of experimental
and fitting data are shown in Fig. 9A, B and Fig. 9C, D respectively.
It is observed that the impedance spectra of NCO-NS and NCO-NC
are similar with a semicircle at high frequency region and a straight
line at low frequency region, dividing by the “knee” frequency (fince)-
In the circuit, Rs, CPE(Q), L,W and R represent the solution
resistance, the constant phase element corresponding to the double
layer capacitance, the inductance, the Warburg impedance and the
charge-transfer resistance, respectively.
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Fig. 8 CV plots of NCO-NS (A) and NCO-NC (B) electrodes in 1 M
KOH with 0.5 M methanol measured at a scan rate of 10 mV s7!, the
inset images are the SEM images of both electrodes after 1000cycles.
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From the inset plots of Fig. 9A, the depressed semicircle of NCO-
NC is smaller than that of NCO-NS in the high frequency region,
indicating lower R between the electrolytes and the active materials
137, Moreover, when adding methanol into the electrolytes (Fig. 9B),
the diameter of the semicircles change slightly before and after
addition of methanol, indicating both electrodes have a high
tolerance to intermediate poisoning.*8! From the Table 1 in the ESI,
in 1 M KOH electrolytes, the NCO-NC electrode exhibits smaller Re
and larger finee values (0.89 Q cm?, 31.6 Hz) compared with those
(427 Q cm?, 6.8 Hz) of the NCO-NS electrode. In 1 M KOH
electrolytes with 0.5 M methanol, the NCO-NC electrode also
exhibits smaller R and larger finee values (0.86 Q cm?, 26.1 Hz)
compared with those (5.02 Q cm?, 2.2 Hz) of the NCO-NS electrode.
The results further illustrate that the NCO-NS and NCO-NC based
electrodes are both suitable for methanol electro-oxidation and the
superior performance of NCO-NC electrode in the catalysis of
methanol electro-oxidation.

A) 100 Fitting model B)
NCO-NC 0.44
80. NCO-NS
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Fig. 9 Nyquist plots (A) and admittance plots (B) in 1 M KOH
electrolytes, and Nyquist plots (C) and admittance plots (D) in 1 M
KOH electrolytes with 0.5 M methanol of both NiCo,04 electrodes
(Inset shows the enlarged parts in the high frequency regions and
fitting models, hollow symbols and solid lines represent the
experimental and fitting data respectively).

The excellent methanol electro-oxidation property of the
mesoporous NCO-NS and NCO-NC could be explained as follows:
(1) 3D structure possess structural advantage which allow electrons
and ions penetration into the inner space of the electrode, increasing
the utilization of the active materials. (2) The mesoporous
sites, which lead to higher
electrochemical performance in the oxidation reactions. (3) The
materials

architecture offer richer active

directly grown on the nickel foam ensures good
mechanical adhesion and electrical connection to the current
collector without use of polymer binders and conducting additives.
Due to these competitive advantages, nickel foam supported

6 | J. Name., 2012, 00, 1-3

mesoporous NiCo,O4 arrays can exhibit excellent electrochemical
performance.

Conclusions

In conclusion, the NiCo0,04 nanosheet and nanocloth arrays have
been successfully fabricated via a mild method for methanol electro-
oxidation. Particularly, both NiCo,O4 catalysts exhibit excellent
electrochemical performance for methanol electro-oxidation,
including low onset potential, high current densities and desirable
stability. The remarkable electrocatalytic activities of as-prepared
catalysts are ascribed to their superior mesoporous architecture and
unique morphological features leading to rapid ionic transportation
during the oxidation process. The NCO-NC electrode shows a

current density of 134 mA c¢m?

at 0.6 V and displays a desirable
stability with 88% current retention after 1000 cycles. Therefore, it is
suggested that nickel foam-support NiCo,0O4 arrays might be the
potential binder-free catalytic electrodes for direct methanol fuel

cells.
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