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Abstract: The power density of direct methanol fuel cells (DMFCs) can be changed by using different anode materials.
Especially porous materials are preferred for the anode. In the present study, multiwall carbon nanotubes were first
injected into graphite. Then, by depositing nickel, a catalyst was prepared for use as the anode material of the DMFC.
This catalyst was named Ni@QMWNTs. The oxidation of methanol and some kinetic parameters were investigated
in KOH solution. Cyclic voltammetry was used for the electrochemical measurements. Kinetic parameters of the
methanol oxidation were determined at different temperatures, scan rates, and concentrations of methanol. The surface
morphologies and nickel deposition amounts of the NNGQMWNTs and Ni-C (nickel deposited graphite) electrodes were
characterized with scanning electron microscope (SEM), atomic force microscope (AFM), and energy-dispersive X-ray

(EDX) spectroscope. It was found that the NIGQMWNTSs electrode was more active than the Ni-C electrode. The

activation energy of the NIQMWNTs electrode was calculated as 19.52 kJ mol ~! for the methanol oxidation process.
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1. Introduction

In recent times, the search for alternative energy sources has increased with developing technology. Lithium
ion batteries, often used in electrical devices, have become inadequate. In Figure 1, a Ragone plot shows
the practical energy and power density diagram of developing energy storage technologies.? Investigations of
the fuel cell are gaining impetus. One of the most important systems is direct methanol fuel cells (DMFCs),
whose advantages are low pollutant emission, low operating temperature, and high theoretical energy density
of methanol (6.1 Wh g~!). However, there are several problems in the commercialization of DMFCs, such as
poisoning of electroactive sites with intermediate species and low kinetics of the methanol oxidation reaction
(MOR).?3 It has been considered that transition metals or oxides may enhance the electrocatalytic stability and
activity and reduce the costs of DMFCs.*

One of the transition metals used in DMFCs is nickel. This is because of its excellent oxidation
properties. Nickel is utilized as an electrocatalyst in both anodic and cathodic reactions in organic synthesis and

water electrolysis.®~® Recently, nickel-based electrode materials have been used as catalysts or components of
catalysts because of their various electrochemical reactions. Other significant features of nickel-based electrodes

are as follows: they show good stability in alkaline media, reduce costs, and improve kinetics in excessive

*Correspondence: muratfarsak@osmaniye.edu.tr
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Figure 1. Ragone plot comparing the practical energy and power densities of current developing energy storage
technologies with the fuel cells.

Figure 2. SEM images of C (a), C/MWNTs (b), C-Ni (¢), and NIQMWNTs (d) electrodes (mag: 5.00 kx).
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acidic solutions.? Moreover, it has been found that nickel shows excellent efficiency in the electrooxidation of
alcohols. 10712

One of the most important factors in electrooxidation is the surface area of catalysts. Thus catalysts can
show high electrocatalytic activity if they have a large surface area. Carbon nanotubes (CNTs) possess some

13=15 and authentic chemical and

important features including large surface area, low resistance, high stability,
physical properties. In the literature there are two types of carbon nanotubes: single-wall carbon nanotubes
(SWNTs) and multiwall carbon nanotubes (MWNTSs). Enhanced electrocatalysts for low-temperature fuel cells
have been monitored on both SWNTs and MWNTs. 6 When MWNTs were used as a support material for
Pt-based electrocatalysts, the electrocatalytic activities were increased for both the oxygen reduction at the

cathode!” and the oxidation of CO'® and methanol'®~2! at the anode.
The present study was carried out in order to determine the electrocatalytic efficiency of NIGMWNTs

as an anodic electrocatalyst in methanol electrooxidation. The results obtained show that NIQMWNTs as

electrocatalyst improve the stability and catalytic activity in the MOR.

2. Results and discussion

2.1. Characterization

As seen in Figure 2a, the surface of the graphite electrode had microleaves. These microleaves were closed by
MWNTs, which had a fibrous structure (Figure 2b). When Ni was deposited on graphite, cracks were seen
on the surface instead of microleaves (Figure 2c). The SEM image of the NIQMWNTSs electrode shows that
microleaves were covered by a fibrous structure. In addition, metallic Ni particles are seen in the fibrous zone

in Figure 2d. All SEM images were obtained under the same conditions (magnitude: 5.00 kx and 2 pm).
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Figure 3. EDX spectra of Ni-C (a) and NN@QMWNTs (b) layers.

Figure 3 demonstrates that the percentages of atomic nickel amounts are 22.80% and 24.32% on Ni-C
(Figure 3a) and NI@QMWNT's (Figure 3b) electrodes, respectively. They have the same deposition time.

Figures 4a and 4b show 2D and 3D AFM images of Ni-C, while Figures 4c and 4d show 2D and 3D AFM
images of NIQMWNTs electrodes, respectively. Small islets and slits are observed on the NI@QMWNTs surface.
It could be associated with the large surface area and higher catalytic efficiency for methanol electrooxidation.

2.2. Nickel deposition on the C/MWNTs electrode

Figure 5 illustrates the effect of nickel deposition (at 50, 80, 100, 200, and 300 s) on electrooxidation of 0.50
M methanol in 1.00 M KOH at the C/MWNTSs electrode at the scan rate of 100 mV s~!. The deposition
times of nickel on the surface of the C/MWNTSs, the current densities, and the potentials of methanol oxidation

for the NIQMWNTSs catalysts are given in the Table. The highest oxidation peak potential and peak current
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Figure 4. 2D, 3D AFM images of C-Ni (a) and (b), NN@QMWNTs (c) and (d).

density were obtained at 80 s of nickel deposition according to the Table. As seen in the Table, nickel deposition
times affected methanol oxidation. In general, the current density decreased when a high amount of nickel was
deposited. The reason for this was that the increasing amount of nickel decreased the porosity of the surface.
Moreover, it could have closed the active regions. As a result of nickel deposition, a thin film formed on the

22—-24

surface. Excessive amounts of nickel deposition may cause loss of mechanical properties, so that electron

transfer may become difficult.??

2.3. NiI@QMWNTs
Cyclic voltammograms were obtained using C, C/MWNTs, C-Ni, and NIQMWNTs catalysts in 1.00 M methanol
containing 1.00 M KOH solution at 100 mV s ~! scan rate, and they can be seen in Figure 6. C and C/MWNTs

have no oxidation peak in the MOR. When nickel was deposited on their surfaces, both catalysts also showed
good efficiency in the MOR. The NiI@QMWNTSs catalyst was more effective than the C-Ni catalyst for methanol
oxidation due to the presence of MWNTs, which form a larger surface and a porous structure. In addition,
oxidation current density of nickel redox couples of the NNQMWNT's catalyst was higher than that of C-Ni.
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Figure 5. Effect of the different Ni deposition times (o) 50; ®) 80; <) 100; A) 200; A) 300 s on the electrooxidation
of 0.50 M CH3OH in 1.00 M KOH for NI@QMWNTSs electrode at 298 K.

Table. Oxidation potential and current density for different deposition periods.

Periods 50 | 80 100 | 200 | 300
Eon vs. Ag/AgCl (V) | 0.795 | 0.798 | 0.791 | 0.733 | 0.671
To. (mA cm ™ 2) 0.206 | 0.228 | 0.210 | 0.145 | 0.127
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Figure 6. Effect of the MWNTs on the electrooxidation of 1.00 M methanol in 1.00 M KOH at the Ni@QMWNTs (o)
and Ni-C (@) electrodes at 298 K.

2.4. Effect of the scan rate on methanol electrooxidation

The cyclic voltammograms shown in Figure 7a were obtained with the NNQMWNT's catalyst in 1.00 M methanol
containing 1.00 M KOH solution at different scan rates (250, 200, 150, 100, 75, 50, 25 mV s~1). Oxidation
peak current densities of the nickel redox couple increased with increasing scan rate. Hereby, potentials became
more positive. In the backward scan, NiOOH species, which were formed in the MOR in the forward scan,!?
were reduced to Ni(OH),. Formation of NIOOH on the catalyst surface leads to methanol oxidation.? The

redox reaction mechanism Ni(II)/Ni(III) can be written as?”
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Figure 7. Effect of the different scan rates (250, 200, 150, 100, 75, 50, and 25 mV s ~') on the electrooxidation of 1.00 M
methanol in 1.00 M KOH at the NIQMWNTs electrode at 298 K (a). Dependence of anodic peak current density during
the forward scan on anodic peak potentials (b). Dependence of anodic (®) and cathodic (o) peak current densities

during the forward and backward scan on the square roots of scan rate (c).
Ni+20H™ = Ni(OH)s + 2¢~ (1)

Ni(OH)y + OH™ = NiO(OH) + HyO + e~ (2)

As seen in Figure 7b, the oxidation peak current densities changed linearly from 25 to 75 mV s~! scan rates.

The surface coverage was calculated from the slope of the curve using the following equation: 2%

n2F2AAT
Ip= (M) XV (3)

where Ip, A, and T" are anodic peak current density, electrode surface area, and surface coverage of the redox
species, respectively. The surface coverage is approximately 6.01 x 1072 and 1.46 x 1078 mol cm 2 for
Ni@MWNTs and C-Ni, respectively. Figure 7c shows the dependence of cathodic and anodic peak current

densities on the square root of the scan rate. The linear curves indicate that the MOR is processing with

diffusion control at the Ni@QMWNTs electrode. The process of methanol oxidation is given as follows: 230
CH30H,, + NiOOH _red-, C"Hy0H,4s + Ni(OH) (4)
C"HyOHqa4s + H,O _Tost . HCOOH + 3¢~ +3H* (5)
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or
C HyOH,qs + 3NiOOH + HyO _fast . HCOOH + 3Ni(OH)y (6)
CHOOH — COy +2H™ + 2¢~ (7)

2.5. Effect of concentration on methanol electrooxidation
Figure 8a shows the dependence of concentration on methanol electrooxidation at the NNQMWNTSs catalyst at

100 mV s~ ! scan rate. Peak current densities were 302.8 mA cm 2 and 7.35 mA cm 2 on electrooxidation
of 1.00 M and 0.10 M methanol, respectively. As seen in Figure 8b, oxidation peak current densities increased

with increasing methanol concentration because more methanol molecules penetrated into the catalyst surface

for oxidation. Therefore, potentials shifted to a more positive region.
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Figure 8. Effect of the different concentrations of methanol ((®) 1.00 M, (o) 0.75 M, (A) 0.50 M, (A) 0.25 M, (<)
0.10 M) in 1.00 M KOH at Ni@MWNTs electrode at 298 K (scan rate v: 100 mV s~ ') (a). Concentration-Ipa curve
obtained on NiI@MWNTs electrode at 100 mV s ™' scan rate (b).

2.6. Effect of temperature on methanol electrooxidation

Figure 9 shows the effect of different temperatures on the electrooxidation of methanol at the NIQMWNTs
catalyst at 100 mV s ~!. Generally, reaction rates accelerate with increasing temperature. As seen in Figure 9a,
oxidation current density rose with the rising temperature, which shows the acceleration of the electrochemical
reaction. The highest oxidation peak current density was obtained at 318 K. It was not studied above 318 K
because of the boiling temperature of methanol. Activation energies of the MOR at the NNQMWNTSs catalyst
were calculated (Figure 9b).

The effect of different temperatures on the electrooxidation of methanol at the C-Ni catalyst at 100
mV s~! is shown in Figure 10a. As seen in Figures 9 and 10, the oxidation peak current density at the
Ni@MWNTs catalyst is higher than that at the C-Ni catalyst at 100 mV s~!. Activation energies of the
methanol electrooxidation reaction at the NNQMWNTSs and C-Ni catalysts (Figure 10b) were calculated with

the Arrhenius equation as follows:
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Figure 9. Effect of the different temperatures (298 (o), 308 (®), 318 (A), 328 (A) K) on the electrooxidation of 1.00
M methanol in 1.00 M KOH (scan rate v: 100 mV s~') at the NI@MWNTs electrode (a). 1/T — In Ip curve obtained

in 1.00 M KOH solution containing 1.00 M methanol on Ni@QMWNTs electrode at 100 mV s " scan rate (b).
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Figure 10. Effect of the different temperatures (298 (), 308 (®), 318 (A), 328 (A) K) on the electrooxidation of

1.00 M methanol in 1.00 M KOH (scan rate v: 100 mV s™') at the Ni-C electrode (a). 1/T — In Ip curve obtained in
1.00 M KOH solution containing 1.00 M methanol on Ni-C electrode at 100 mV s~ scan rate (b).

InIp=InA— Ea/RT, (8)

where Ip, Ea, T, and A stand for peak current density, activation energy, temperature, and constant of Arrhenius,
respectively. The activation energies are 19.52 and 21.61 kJ/mol for the NI@QMWNTs and C-Ni catalysts,
respectively. The value of activation energy (Ea) of the MOR for the NN@MWNT catalyst (19.52 kJ/mol) is
quite smaller when compared to the literature data on Ea, which are prepared by Pt, Pd, Ru, and Ag catalysts
in the range ~40-60 kJ/mol....31734 On the other hand, similar Ea values were obtained from the literature for
nickel catalysts.3%3% The smaller activation energy indicates that using NNGMWNTs as electrocatalysts makes

the charge transfer process faster compared with the other three electrodes.
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2.7. Chronoamperometric measurements

The electrocatalytic stability was measured at 3600 s, 298 K, and 0.60 V in 1.00 M KOH + 1.00 M methanol
using chronoamperometry as shown in Figure 11. Chronoamperograms of C/MWNTs and C electrodes were
obtained in order to compare them with nickel-deposited electrodes. Current densities of C and C/MWNTs
electrodes were very close to each other and they stayed stable for 3600 s. At the beginning, current density
decreased quickly at the NIQMWNTs catalyst but a few seconds later it became stable. Current density
decreased because the catalyst surface was poisoned by intermediate CO species. As a result, the activity of
the catalyst was diminished.?” As seen in Figure 11, the highest oxidation current density was achieved with
the NNQMWNTSs catalyst. At 3600 s, this catalyst was more stable than the other three electrodes.
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Figure 11. Chronoamperometric curves recorded in a 1.00 M methanol in 1.00 M KOH solution at E = 0.60 V vs.
Ag/AgCl for Ni@QMWNTs (A), C-Ni (A), C/MWNTs (@), and C (o) electrodes.

3. Experimental
3.1. Preparation of electrodes

A graphite rod of length 5 cm was cut. One side was drilled and connected with copper wire to attain electrical
conductivity. The graphite rod was immersed in polyester. The other side, with a surface area of 0.283 cm?,
was abraded with waterproof emery paper (grain size 150-1200), then washed with distilled water, scoured
with acetone, and once again washed with distilled water. This process was repeated for each experiment. The
electrodeposition was studied using the three-electrode technique, at room temperature and with a constant
current. The bath solution was stirred nonstop using a magnetic stirrer. The counter and reference electrodes

were a nickel sheet and a Ag/AgCl electrode, respectively.

(a) Preparation of C-Ni: The graphite electrodes were immersed in a nickel bath solution that had the
composition of 30% NiSO4-6H5 O, 1.00% NiCly-6H2 O, 1.25% H3BO3 (wt%). The current density of 100
mA c¢cm ~? was applied to electrodeposition at different times (50, 80, 100, 200, 300 s) at 298 K. After these

steps, the catalysts were flushed with distilled water to remove undesired particles from their surfaces.

(b) Preparation of Ni-deposited C/MWNTs: MWNTs are inert against chemical and electrochemical reac-
tions. For activation, the MWNTs were ultrasonically treated with HNOg3 for 6 h at 298 K. After this
process, a functional group with oxygen formed a MWNTs-graphite bond. Acidic MWNTs were filtered
and mixed in acetone to form a suspension. Then 40 pL of the suspension was injected onto the surface

of each working electrode to prepare C/MWNTs electrodes. The electrodes were inverted in a nickel bath
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solution and a current density of 100 mA cm ~2 was applied to the electrolysis at different times (50, 80,

100, 200, 300 s) and at 298 K to prepare the NIQMWNTs catalyst.

Cyclic voltammetry and chronoamperometry (CA) measurements were performed with the three elec-
trode technique using a CHI 608 D Electrochemical Analyzer (Serial: R0635) under computer control. A
platinum plate (with a surface area of 2 cm?) and a Ag/AgCl electrode were used as the counter and the
reference electrodes, respectively. Cyclic voltammograms were obtained at different scan rates, temperatures
and concentrations of methanol. Chronoamperometry measurements were performed at a constant potential.
The electrochemical analyses were done in 1.00 M CH3 OH + 1.00 M KOH solution. The solution tempera-
ture was thermostatically controlled by a Nuve BS 302 type thermostat. All chemicals used were of analytical
or chemical grade purity. All test solutions and catalysts were prepared freshly for each experiment. Every
experiment was repeated at least three times. Energy dispersive X-ray (EDX) spectroscopy analysis was used
to determine the chemical composition of the catalysts. Scanning electron microscopy (SEM - Carl Zeiss Leo
440 SEM instrument) took surface images at high vacuum and 20 kV EHT. Atomic force microscopy (AFM)

showed the mean roughness of catalysts.

4. Conclusions

A Ni@QMWNTs catalyst was prepared and tested in the methanol oxidation process for potential use as the
anode catalyst of DMFCs. The prepared NiI@QMWNTSs catalyst was characterized using cyclic voltammetry,
SEM, EDX, and AFM. The optimum deposition time was selected as 80 s. The electrooxidation ability of
methanol was raised by using the NN@QMWNTSs with a large specific surface area, synergistic combination, and
high surface porosity. The activation energy of the NIQMWNTSs was calculated as 19.52 kJ/mol. The small
activation energy supports our thesis that the NNQMWNTSs catalyst is a good anode in DMFCs. As a result of
all the experiments, the NNQMWNT's catalyst could be preferred for use in DMFCs.
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