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Abstract Nickel nanoparticles (NiNPs) are directly synthe-
sized on an indium tin oxide electrode by ion implantation,
which is a convenient, cost-effective, and environmentally
friendly method. The morphology of the obtained electrode
is characterized by scanning electron microscopy (SEM). The
size of the nickel nanoparticles (NiNPs) is in the range of
50~125 nm based on SEM measurements. The general elec-
trochemical behaviors of the modified electrode are character-
ized by electrochemical impedance spectroscopy (EIS). The
electrocatalytic activity and stability are measured by cyclic
voltammetry (CV) and chronoamperometry. The results con-
firm that the NiNPs/ITO electrode has substantial electrocata-
lytic activity towards the oxidation of methanol with good
stability, indicating possible applications in direct methanol
fuel cells.

Keywords Nickel nanoparticles - Electrocatalytic -
Oxidation - Methanol

Introduction

In recent years, direct methanol fuel cells (DFMCs) have
attracted a great deal of attention because of fossil fuel exhaus-
tion and worsening environmental pollution [1, 2]. DMFCs
have the advantages of high energy conversion efficiencies
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and power densities, eco-friendliness, and low operating tem-
perature [3—5]. The most efficient catalysts for DMFCs are
Pt-based catalyst [6—8], but their further commercial applica-
tions are restricted because of their high cost, slow kinetics,
and low stability. To improve the performance of DMFCs, it is
necessary to design and synthesize non-Pt materials for meth-
anol oxidation with high activity and stability.

Nickel-based materials, especially nickel nanoparticles, have
received increased attention because of their excellent electrocat-
alytic oxidation performance towards methanol and low-cost
compared with Ag, Pt, and Pd [9-14]. Recently, many efforts
have been devoted to the synthesis of nanosized nickel-based
materials and their applications in DMFCs [15]. For instance,
G. S. Ferdowsi et al. used the electroless method for the deposi-
tion of nickel nanoparticles on a graphite rod as a modified elec-
trode to oxidize methanol [10]. R.H. Tammam et al. fabricated
binary catalysts composed of NiOx and MnOx nanoparticles on a
modified glassy carbon electrode (GC) with controlled loading
and order of the deposition for the electrocatalytic oxidation of
methanol [16]. Recently, Joan Vilana et al. electrochemically syn-
thesized CoNi nanorods of similar compositions (Co;Ni; and
CogNiy) but different crystalline phases (main hep and hep +
fee) for the electrooxidation of methanol [17].

The processes to prepare these electrodes are complicated
and time consuming. In addition, to prepare electrode mate-
rials that exhibit high electrocatalytic performance, most of
the catalysts must be effectively immobilized on the electrode
surface. However, the methods of fabricating electrodes in
most previous reports are traditional preparation processes
which use polymer binders or carbon black as the conductive
agent. However, the polymer binder will increase interfacial
resistance, block active sites and inhibit diffusion, leading to
decreased catalytic performance [18, 19]. These problems can
be solved by the ion implantation method. The versatility of
the implantation technique arises from the fact that almost all
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Fig. 1 SEM of the bare ITO (a)
and the NiNPs/ITO electrode (b)

10.0kV 5.0mm x50.0Kk SE(M}).

elements in the periodic table can be implanted into virtually
any selected host material. In addition, the process is facile,
inexpensive and eco-friendly without using any other
chemicals. Compared with chemical vapor deposition [20],
sol—-gel methods [21], carbon nanotube compositing process-
es, and other modification methods [22, 23], ion implantation
is more convenient for the formation of metal nanoparticles on
many kinds of substrates [24, 25]. Electrodes prepared by ion
implantation without a binder or conducting agent are able to
create nanocomposite materials with good electroactivity.
Indium tin oxide (ITO) coated on glass was used as an elec-
trode substrate and working electrode. It has the advantages of
excellent optical transparency, high electrical conductivity, a
wide electrochemical working window, low capacitive cur-
rent, and stable electrochemical and physical properties
[26-28].

In the present study, we prepared nickel nanoparticle-
modified ITO electrodes (NiNPs/ITO) by the ion implan-
tation method. The as-prepared electrodes were charac-
terized by SEM to investigate whether the nickel nano-
particles were successfully implanted on the ITO surface.
The eclectrocatalytic activity and stability towards
electrooxidation of methanol was studied in an alkaline
medium by cyclic voltammetry and chronoamperometry.
The results indicate that the nickel nanoparticles signifi-
cantly enhance the electrical conductivity of the bare ITO
electrode, and the NiNPs/ITO electrode shows

41.000m | 5.0kV 3.5mm x50.0k SE(U)

remarkable catalytic activity and good stability for the
electrooxidation of methanol.

Experimental
Reagents

ITO glass was purchased from Beijing Tsinghua Engineering
Research Center of Liquid Crystal Technology. The chemicals
were all of analytical grade and used as purchased without any
further purification. All measurements were performed at
room temperature. All solutions were prepared with triply
distilled water.

Preparation of the NiNPs/ITO Electrode

Ion implantation was carried out using a Beijing Normal
University (BNU) metal vapor vacuum arc (MEVVA) implant-
er. Before ion implantation, the ITO surface was cleaned ultra-
sonically in triply distilled water, then ethanol, and then again
with triply distilled water for 5 min. Then, the ITO was dried by
nitrogen gas at room temperature. Nickel ions with 10 keV at
the fluence of 10 x 10'7 ions cm 2 were implanted onto the
pretreated ITO surface, forming the NiNPs/ITO electrode. Bare
or modified ITO (3 mm x 10 mm) were washed with distilled
water and absolute ethanol several times before being used.

Fig. 2 XPS spectra of 2 b
NiNPs/ITO
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Fig. 3 CV of the bare ITO (a) and the NiNPs/ITO electrode (b) in | M
NaOH at a scan rate of 50 mV s |
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The structure and morphology of the electrode were charac-
terized by scanning electron microscope (SEM) (Hitachi
X650, Japan). The electrochemical measurements were con-
ducted in a three-electrode single-cell system in the electrolyte
(1 M NaOH) containing methanol at various concentrations.
Bare or modified ITO (A = 30 mm?), Ag/AgCl and platinum
wire electrodes were used as the working, reference and coun-
ter electrodes, respectively. The NiNPs/ITO electrode was ac-
tivated by cycling the potential from —0.2 to 0.8 V in 0.1
NaOH about 20 cycles at the scan rate of 50 mV s~ ' before
electrochemical experiments.

Results and Discussion

Characterization of NiNPs/ITO Electrode

SEM Images of NiNPs/ITO Electrode

We have changed the Ni content by changing the implantation

fluences in our previous researches [25, 29, 30]. The particle
size was almost the same when we changed the fluences from
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Fig. 4 Nyquist impedance plots of NiNPs/ITO electrode with (a) and

without () 1 M methanol in the presence of 0.1 M NaOH. Frequency

range 100 KHz to 1 Hz. The inset shows the equivalent circuit used for

fitting of EIS date
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5.0 x 10" jons cm 2 t0 20.0 x 10'® jons cm 2. By comparing
these fluences, we found that the fluence at
10.0 x 10'® ions cm 2 is optimal, so we choose this fluence
for the current study. The surface morphologies of the bare
ITO and the NiNPs/ITO were characterized by SEM. As
shown in Fig. 1a, there are some gullies and spherical grains
on the bare ITO electrode surface. After the ion implantation
of nickel on the bare ITO electrode, the surface becomes
smooth and the spherical features of the bare ITO disappear
because of the sputtering effect of the implantation of nickel
ions. We can easily find the nickel nanoparticles dispersed
uniformly on the surface of ITO using the high magnification
SEM image (Fig. 1b). The size of nickel nanoparticles ranges
from 50 to 125 nm. The results above show that the nickel
nanoparticles have been successfully synthesized on the sur-
face of the ITO electrode.

XPS Spectra of NiNPs/ITO Electrode

In order to investigate the surface composition of NiNPs/ITO,
XPS was used to determine the chemical state of the product.
It demonstrates that the signals of In3d, O 1's,C 1 s, and Ni 2p
are detected based on the full scan spectra (Fig. 2a). The sig-
nals of In 3d, O 1 s, and C 1 s are indexed to ITO substrate.
The Ni 2p spectrum is shown in Fig. 2b, and two major peaks
at 873.02 and 855.78 eV are indexed to Ni**. The XPS spectra
demonstrate the existence of Ni nanoparticles on the surface
of ITO substrate.

Electrochemical Behaviors of the NiNPs/ITO Electrode
with CV

The bare ITO and the NiNPs/ITO electrodes were first char-
acterized using cyclic voltammetry (CV), as shown in Fig. 3.
It was clear that no obvious oxidation/reduction peaks were
observed on the bare ITO. The NiNPs/ITO electrode was ac-
tivated in 0.1 M NaOH before electrocatalytic texts for
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Fig. 5 CVof'the bare ITO (a) and the NiNPs/ITO (b) in the presence of
0.5 M methanol and the NiNPs/ITO without methanol (¢) in 1 M NaOH.
Scan rate 50 mV s~
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Table 1  Comparison of NiNPs/ITO with other modified electrodes

Composites Electrolyte T (°C) Concentration (M)  Peak potential Peak current density ~ Scan rate  Reference

(mA cm 2 mV/s

NiNPs/ITO 0.1 MNaOH Room temperature 0.5 710 vs. Ag/AgCl 547 50 This work

CPE/poly-Ni(Il)- 0.1 M NaOH Room temperature 0.1 580 vs. SCE 0.75 20 [39]
quercetin

GC/MnOx/NiOx 0.5 M NaOH Not mentioned 0.5 530 vs.SCE 16.67 20 [33]

NiNP-GE 0.5M NaOH Not mentioned 0.5 800 vs.SCE 7 100 [10]

GC/poly-Ni(Il)TCPP 0.1 M NaOH Room temperature 0.1 680 vs. SCE 2.23 20 [40]

MWCNTPE/poly-Ni(II)- 0.1 M NaOH Room temperature 0.1 580 vs. SCE 6.47 20 [39]
quercetin

methanol oxidation to create the NiOOH species with highly
electrocatalytic activity. After activation, we detected two
peaks in the voltammogram. One is in the anodic direction
at 0.509 V due to the formation of NIOOH, and the other in
the cathodic direction at 0.398 V originating from the reduc-
tion of NiOOH, as per the following reaction:

Ni + 20H™ —Ni(OH),+2¢" (1)
Ni(OH),+OH™ 2NiOOH + H,0 + ¢ (2)

This result suggests the successful formation of NiNPs/
ITO. By comparing the electrochemical behaviors of the
NiNPs/ITO and bare ITO electrodes with CV, we believe that
the modified electrode has better electrochemical activity than
the bare ITO electrode.

Electrochemical Behaviors of the NiNPs/ITO Electrode
with EIS

In order to investigate the effect of doping nickel ions on bare
ITO electrode, EIS measurement was used to further study the
internal resistance, electron-transfer kinetics, and ion diffusion
process of the obtained electrodes. Figure 4 shows the Nyquist
impedance plots of NiNPs/ITO electrode with (a) and without
(b) 1 M methanol in the presence of 0.1 M NaOH measured at
0.55 V (vs. Ag/AgCl) in the frequency range of 100 kHz to
1 Hz.

As shown in Fig. 4, Nyquist plots of NiINPs/ITO electrode
exhibit a semicircular shape in the high frequencies, which
related to the combination of the Rct of transformation be-
tween NiOOH and Ni(OH), on the surface [31]. The Rct of
NiNPs/ITO electrode in 1 M methanol is 600 €2 cm_z, which is
much smaller than without methanol (2400 © cm 2). It sug-
gests that the charge-transfer resistance is lower after adding
methanol to the electrolyte. What is more, the Rct of NiNPs/
ITO electrode is smaller than other similar electrodes, such as
NiO/foam Ni electrode [32], GC/NiOx electrode [33], and G/
NiCuCo electrode [34], which demonstrates that NiNPs/ITO
electrode owns good electrocatalytic activity. At low frequen-
cies, the phase angle is related to the Warburg resistance,
which is account for the diffusion of ions to the interface
between electrode and electrolyte. In this work, the Nyquist
plot of NiNPs/ITO electrode with 1 M methanol shows more
close to vertical line at low frequencies of the complex imped-
ance, indicating the existence of constant phase element
(CPE) and the diffusion of methanol into the porous NiNPs/
NF electrode is a limiting process [35].

The Electrocatalytic Oxidation of Methanol

Figure 5 shows the CV of the bare ITO (a), the NiNPs/ITO (b)
in the presence of 0.5 M methanol, and the NiNPs/ITO with-
out methanol (¢) in 1 M NaOH. We did not find any peaks on
the bare ITO in the presence of 0.5 M methanol (curve a).
From curve b, two oxidation peaks appeared after adding
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Fig. 7 CV of the NiNPs/ITO electrode with different concentrations of
methanol in 1 M NaOH solution, scan rate 50 mV s

methanol. The redox transition of nickel species present in the
film is the following:

Ni (I2Ni (1) + e- (3)

Several mechanisms have been reported regarding the
electrooxidation of methanol on nickel-based materials in al-
kaline solution. Fleischmann et al. proposed a mechanism of
methanol oxidation and suggested that the NiIOOH acts as an
electrocatalyst [36, 37]. Taraszewska et al. considered that
methanol oxidation occurs after complete conversion of
Ni(OH), to NiOOH due to an anodic potential sweep [38].
On the basis of the above literature, we consider the mecha-
nism for the mediated electrooxidation of methanol on the
NiNPs/ITO electrode to be the following series of reactions:

Ni** 4 methanol— Ni** + intermediate (4)

Ni** + intermediate— Ni** + products (5)

Table 1 shows the comparison of peak potentials and peak
current densities of the NiNPs/ITO towards methanol
electrooxidation with some of the modified electrodes, such
as CPE/poly-Ni(Il)-quercetin, NiNP-GE, and GC/poly-
Ni(II)TCPP. Although the quantity of nickel ions implanted
onto the pretreated ITO surface was very low, the peak current

Fig. 8 a Chronoamperometric a

density of NiNPs/ITO electrode still comparable with other
modified electrodes and shows good catalytic activity for
methanol oxidation. In addition, the preparation of the
NiNPs/ITO electrode is much easier than other electrodes.
Thus, the NiNPs/ITO electrode has the unique advantages of
easy preparation; economic and environmentally friendly will
be a promising electrocatalyst for methanol oxidation.

Fig. 6a shows the CV of the NiNPs/ITO electrode in the
presence of 500 mM methanol in 1 M NaOH at scan rate from
100 to 900 mV s~ . The results demonstrate that the two anodic
peaks are linearly proportional to the scan rate (Fig. 6b) with a
correlation coefficient of 0.9950 and 0.9958. This suggests that
the methanol electrooxidation is a surface-controlled process.
According to Fig. 6, we find that with the increasing scan rates,
the oxidation peak current of Ni** in the positive sweep is
increasing and the oxidation peak in the negative sweep is
decreasing. This can be attributed to the fact that when the scan
rates increase, it becomes too fast for the following chemical
reaction (Egs. 4 and 5), which can regenerate Ni (IT). This result
is highly consistent with the above analysis. In addition, the
anodic peak potential in the positive/negative sweep displays
positive/negative shifts due to the polarization of the electrodes.

The effect of the methanol concentration was also investi-
gated. Figure 7 shows a cyclic voltammogram of the NiNPs/
ITO electrode in a 1 M NaOH solution in the presence of
various concentrations of methanol ranging from 50 to
200 mM and at scan rate of 50 mV s . As the figure shows,
the two oxidation peak currents increase with increasing meth-
anol concentrations because of the higher methanol concen-
tration is present, the more NiOOH reduces to Ni(OH),. With
the methanol concentration increasing, the NiOOH consump-
tion is increasing and the residual amount of NiOOH on the
catalysis surface is decreasing, which lead to the lower reduc-
tion current density [5]. The electrocatalytic current of meth-
anol shows good linearity with methanol concentrations rang-
ing from 50 to 200 mM. In addition, the peak potential of two
oxidation peaks moves in the positive direction with the con-
centration increasing, which indicate that the methanol oxida-
tion reaction rate become slower.

b —a

responses of the NiNPs/ITO in 18
1 M NaOH towards 1 M
methanol. b The recovery ability
of the NiNPs/ITO electrode after
1000 continuous cycles: curve a,
the first cycle, and curve b, the
1001st cycle in freshly prepared
solution (1 M methanol +1 M
NaOH)
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The stability of the NiNPs/ITO electrode was studied by
chronoamperometry and cyclic voltammetry. Figure 8a shows
the chronoamperometric curves of the NiNPs/ITO electrode in
a solution of 1 M NaOH for 1 M methanol oxidation at a
constant potential of 0.8 V versus Ag/AgCl for 1000 consec-
utive seconds. After a rapid initial decay, the current density
reached a steady state, which indicates a high stability. This
result suggests that the NiNPs/ITO electrode has good elec-
trochemical stability during the short duration for the oxida-
tion of methanol. The proposed modified electrode was stored
in air at ambient conditions, and its sensitivity was checked
every month by cyclic voltammetry. The response was 93% of
its initial value after 6 months, which shows the long-term
stability of this electrode for the oxidation of methanol. The
cycling performance of the NiNPs/ITO electrode towards the
oxidation of methanol is shown in Fig. 8b. The peak current at
0.79 and 0.82 V of methanol oxidation from the forward CV
sweep increased slightly as the cycle number increased. After
scanning 1000 CV cycles, a CV measurement was performed
on the catalyst again in freshly prepared 1 M methanol and
1 M NaOH aqueous solution. The two oxidation peak current
responses were 116.8 and 102.8% compared to the response in
the first cycle. The high stability of NiNPs/ITO further implies
that ion implanted NiNPs will be a good alternative catalyst in
fuel cells.

Conclusions

Nickel nanoparticles were successfully synthesized on the sur-
face of ITO by ion implantation, which is a facile and envi-
ronmentally friendly method. The NiNPs/ITO electrode ex-
hibits good catalytic activity and electrochemical stability for
the electrooxidation of methanol in an alkaline medium. These
excellent electrochemical properties can be attributed to the
direct implantation of Ni nanoparticles without the use of any
polymer binders, which reduce the interface resistance and
improve the electrical conductivity. In summary, NiNPs/ITO
electrodes with these novel functions are excellent candidates
for active, stable, and low-cost direct methanol fuel cells and
could be used in large-scale industrial applications in the
future.
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