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Abstract

Electrocatalytic oxidation of methanol on a nickel disc electrode coated with nickel dimethyglyoxime complex (NiDMG), conditioned by
potential recycling in a potential range of 100-700 mV (versus SCE) is studied by cyclic voltammetry in alkaline medium (0.10 M NaOH).
The results show that the NIODMG layer formed at the surface of electrode behaves as an efficient electrocatalyst for the oxidation of methanol
in alkaline medium via Ni(lll) species with the cross exchange reaction occurring through out the layer at a low concentration of methanol. A
plausible mechanism was proposed for catalytic oxidation of methanol at this modified electrode. Moreover, the effects of various parameters
such as oven temperature, ligand concentration, potential scan rates, methanol concentration and media temperature on the electro-oxidatior
of methanol were investigated.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction electrode material, its physicochemical state and the involved
substrates. Pt electrodes have been reported to be most active
The electro-oxidation of methanol is a research topic for this reaction in acidic medium, but their activity is
of great concern for the development of high performance not satisfactory higH13,14] One promising approach for
methanol fuel cell§1,2]. In this respect, a great deal of in- minimizing over voltage effects is through the use of an
terest exists in the development of materials with capability electrocatalytic process at chemically modified electrodes
for the electrocatalytic oxidation of methanol, in order to de- [15,16] In this context, preparation of modified electrodes
crease the typically large over potentials encountered in its with Ni-containing modifiers and its application in catalytic
direct oxidation at most unmodified electrode surfaces. oxidation of organic molecules have received considerable
The mechanism and kinetics of methanol oxidation attention[17,18]
have been studied under a wide range of conditions and on In the early works, it was shown that the nickel com-
various electrodes including (], binary and ternary alloys  pounds are capable to form conducting polymeric films
[4,5], modified electrodef,7], nano-compositefB,9] and at the electrode surface, which are used as modifier due
nickel [10-12] It has been shown that the over potential to its reactivity in alkaline solutions as a nickel hydroxide
for electro-oxidation of methanol depends strongly on the electrode[19,20] In the present work, the nickel electrode
is modified with dimethylglyoxime and the efficiency of this
mpondmg author, Tel.: +98 21 8008965; fax: +98 21 8008933, electrode, toward the electrocatalytic oxidation of methanol
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2. Experimental concentration range (0.010-0.200M) was investigated
(Fig. 1). As can be seen, at 0.010M of ligand concentra-
2.1. Reagents and apparatus tion, the Electrocatalytic oxidation of methanol increases and

shows a maximum peak current.

Sodium hydroxide, dimethylglyoxime and methanolused  Surface-bonded hydroxyl radicals play a fundamental role
in this work were analytical grade of Merck origin and were in the catalysis oxidation of methanol. The surface of these
used without further purification. Ni wire (99.99%, 2mm bonded radicals is hydroxide ions in NaOH solutj@1i].
in diameter) was obtained from Aldrich. All solutions were When all of the electrode surface is covered by NiDMG com-
prepared by doubly distilled water. plex, the radicals cannot bond on the surface and the electrode

The electrochemical experiments were carried out using awas not active for electrocatalytic oxidation of methanol. Ac-
Radiometer Model DEA332 digital electrochemical analyzer cordingly, on the basis of the above-mentioned results, an
equipped with an IMT 102 electrochemical interface and a optimum ligand concentration of 0.010 M is proposed for the
personal computer was used for data storage and recordingmethanol oxidation (as shown Fig. 1). At this concentra-
Cyclic voltammetric experiments were donein a conventional tion, from obtained the optimum number of ligand droplet, we
three-electrode cell using a nickel disc as working electrode change the number of ligand deposited droplet and observed
(with 2 mm in diameter). Auxiliary electrode was a platinum that with increasing of ligand droplet number, the peak cur-
wire and reference electrode was a saturated calomel elecyent height corresponding oxidation of methanol increased
trode. up to three dropletKig. 2).

Infrared spectra in the region of 400-4000Chwere
recorded in KBr pellets using a BRUCKER vector 22 FT-IR
spectrophotometer. The spectrum obtained after multiple
scans was a plot of transmittance percent against wave

203 ‘
2.2. Modified electrode preparation 202} ‘
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The nickel disc electrode was fitted into a Teflon exposing e %
circular. The surface of the electrode for each experiment
was mechanically polished with 600-grit sand-paper and
then with 0.05um «-alumina powder. The polished sur-
face rinsed with acetone and then with doubly distilled /
water. /

The preparation of nickel dimethylglyoxime-modified
electrode consists of the following steps: 180 (three
droplets) of a 0.010 M solution of dimethylglyoxime ligand
in acetone was gradually deposited on the surface of working §
electrode. The electrode was dried every time in an air oven =
at 160°C (+2°C) for 30 min and then rinsed with water.
The prepared electrode was conditioned in 0.10 M NaOH
solution by potential cycling between 100 and 700 mV
(versus SCE) at a sweep rate 100 mV,sfor about 50
cycles of potential scans. These parameters were obtainec
experimentally as optimum values for complete transfor-
mation of NiDMG to NiODMG and maximum activation
of electrode surface towards electrocatalytic oxidation of
methanol.
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3. Results and discussion
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3.1. Parameters affecting the electrode modification E(mV)

3.1.1. Effect ofligand concentration Fig. 1. (A) Cyclic voltammograms obtained in 0.10M NaOH for

. Ni/NiODMG electrodes in the presence of 0.10 M methanol with various
The effect of the DMG concentration on the peak pyc concentrations inrange 0.0050-0.20 M in modification step. (B) Vari-

heights of methanol oxidation in a .50|Uti0n .conta.ining ation of anodic peak currents obtained with DMG concentration. (Oven
0.10 M NaOH +0.10 M methanol and in the various ligand temperature: 160C, volume of ligand: 15Q.L, scan rate: 20 mv'st.)
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Fig. 3. (A) Cyclic voltammograms obtained in 0.10M NaOH for
E(mV) Ni/NiODMG electrodes in the presence of 0.10 M methanol with various
oven temperatures in modification step. (B) Variation of anodic peak cur-
Fig. 2. (A) Cyclic voltammograms obtained in 0.10M NaOH for rents obtained with oven temperature. (Concentration of ligand: 0.010 M,
Ni/NIiODMG electrodes in the presence of 0.10 M methanol with various yglume of ligand: 15QuL, scan rate: 20 mv'st.)
droplet of deposited complex in modification step. (B) Variation of an-
odic peak currents obtained with number droplet of deposited complex.

(Oven temperature: 16@, concentration of ligand: 0.010 M, scan rate: all of surface atoms oxidized and formed the complex.
20mvs1t) . . .

Therefore, in this temperature, formation of the complex

is completed, and increasing oven temperature has not any
3.1.2. Effect of oven temperature effect on the efficiency-modified electrode. Although, it has

The effect of the oven temperature on the electrode mod- been reported that, a temperature of 160is needed for
ification process via studies of peak current of the methanol the effective drying of NIDMG at surface electro2?].
oxidation in a solution containing 0.10 M NaOH, 0.10M On the basis of the FT-IR spectrum (as showrFig. 4)
methanol (used 0.010 M DMG in the electrode modification and comparing with the results of previous reporf2d],
process) was investigated in the range of oven temperaturet can be concluded that the NiDMG complex is formed in
110-180C and is showed irFig. 3. A linear increase in  these conditions at the surface of electrode. Ultimately, in
the peak current with increasing the oven temperature is preparation of modified electrode (Ni/NiODMG), optimum
observed up to 160C. This is indicating an enhancement value of parameters affecting the electrode modification
of the methanol oxidation rate with oven temperature in the is used (ligand concentration: 0.01 M, number of ligand
electrode modification process. No significant enhancementdroplet: 3 (15QuL), oven temperature: 16@). Then, the
was observed in higher temperatures. modified electrode washed with doubly distilled water and
It was shown that the chemical oxidation of nickel is a was conditioned in 0.10M NaOH solution by potential

spontaneous reactionAG = —44.3831 kJmotl). Conse- cycling from 100 to 700 mV (versus SCE) at sweep rate of
quently, formation of Ni(ll) accelerated with increasing the 50 mVs™! for about 33 min (100 cycles of potential scans),
oven temperature. When temperature goes up to°@60  which was found adequate to obtain the modified electrode.
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Fig. 4. FT-IR spectra of NIODMG complex formed at surface of modified =
electrode in modification condition. 150

This time was obtained experimentally as optimum value for
complete transformation of NiDMG to NiODMG and maxi- 100
mum activation of electrode surface towards electrocatalytic
oxidation of methanol (see the insetff). 5).

50

3.2. Electrocatalytic oxidation of methanol

The modifier layer NIODMG at the electrode surface acts 0
as a catalyst for the oxidation of methanol in 0.10 M NaOH
solution. Fig. 5 shows the behavior of this electrode in
absence and presence of 0.1 M methanol. It obviously seen -50 : : : :

L ; ) . 0 200 400 600 800 1000
that the oxidation occurred in two regions of potential. The
first region corresponds to that where Ni(lll) species begin E(mV)
to produce[10,2_4—26] At t.his potential,_methanol OXidatiOn Fig. 5. (A) Cyclic voltammograms obtained in 0.10M NaOH for
appears as an 'ncreaselﬂhaccompamed by a decrease in Ni/NIODMG electrode: (1) in the presence and (2) in absence of 0.10M
cathodic peak current in the negative sweep. This indicateSmethanol. (B) Inset shows the cyclic voltammograms recorded during the
clearly that the applied modifier in this process participates varied numbers of cycles of potentials; scan rate: 20 mV's
directly in the electrocatalytic oxidation of methanol. In
the second region of potential, where only Ni(lll) species Overall reaction leading to formate anions:
exists at the electrode _surface, a new anodic peak (b) WithCH3OH + 50H" — HCOO™ +4H,0 + 4e
a large peak current with respect to that of the former one
is appeared. The height of this peak increases linearly with ~ This mechanism may be written as follows, taking into
methanol concentration in solution, indicating that it pertains account that the mechanism of electro-oxidation does not
to the process in which methanol is involved. Moreover, the change with temperature variation within the explored tem-
efficiency of the prepared NiODMG for methanol oxidation, Pperature range:
chargcterized by anogic peak currgqt density is significantly NiO + OH— < NIOOH + &
high in comparison with other modified electrodes reported
in the literaturd16,19,27]

The appearance of the new anodic peak (b) at more
positive potentials can lead to the conclusion that methanol
oxidation takes place mainly after the oxidation of Ni(ll) ) )
to Ni(lll) [28,29] On the other hand, there is a separation NIOOH(CH3OH)ags+ NiOOH
of _the_Ni(II)/Ni(III) oxi_dation.peak from_that for methqnol — NiO + NiOOH(CHzOH)ags+ H20 (1)
oxidation. On the basis of this observation, the catalytic role
of Ni(lll) for methanol oxidation is obvious as proposed
previously by Fleischmann et 4B0]. . .

On the basis of the other work&5,31] and in the light NIOOH(CH;OH)ads + NIOOH
of present study, a possible mechanism can present with an — NiO + NiOOH(COH)gs+ H20

CH3OH + NiIOOH — NiOOH(CHzOH)ags
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rate depends on the reaction between methanol and Ni(lll)

. . ies, which | tin the film.
NiOOH(COHYgs+ OH™ — NiO + HCOO™ + H,0 species, which is present in the fim

In the presented mechanism, E@) indicates the rate- 322 Effect of scan rate on the anodic peak heights

determining step. The effect of scan rate on the peak current ratio at modified

The effect of various factors on the oxidation of methanol g|ectrode (Ni/NIODMG)in 0.10 MNaOH + 0.10 M methanol
at NiODMG was studied. The obtained results can be pre- js shown inFig. 7. This curve shows that the anodic current

sented as follow. for methanol oxidation decreases rapidly with increasing the
_ potential scan rate. Indeed, the time window for methanol
3.2.1. Effect of methanol concentration oxidation process at higher scan rates becomes very narrow

Fig. 6 shows the effect of methanol concentration on the ayoiding the facile electron transfer between substrate and
anodic peak current at Ni/NIODMG electrode in 0.10M catalytic sites. However, the peak currents of the oxidation
NaOH. It is clearly observed that as the methanol con- of NiO and the reduction of NIOOH enhanced with increas-
centration increases, the peak height increase linearly withing the scan rate. Therefore, it can be concluded that the
methanol concentration up to 0.40 M. It can be assumed thatNiO/NiOOH transformation process is much faster than the
the increase is due to the presence of a diffusion-controlled methanol oxidation. Direct reaction between methanol and
process thatappears to play an important role atlow methanoINiOOH (that formed on the electrode surface) produces NiO
concentrations. While the methanol concentration exceeds|eading to a little increase in the anodic peak current.
this limit, the rate of the whole oxidation process seems to
be limited by that of the catalytic process in origin and its
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Fig. 6. Plot of anodic peak currents as a function of methanol concentra- E(mV)

tion for Ni/NiODMG electrode: (1) 0.10 M, (2) 0.020 M, (3) 0.040 M, (4)
0.050 M, (5) 0.10M, (6) 0.20M, (7) 0.30M, (8) 0.40M, (9) 0.50M, (10)  Fig. 7. Variation of anodic peak currents with scan rates in the presence of
0.60 M, (11) 0.70 M and (12) 0.80 M (scan rate: 20 mV)s 0.10 M methanol for Ni/NiODMG electrode.
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Fig. 8. Medium temperature effect on cyclic voltammograms of methanol
oxidation on Ni/NIiODMG electrode in the range 30-&5 (scan rate:
20mvsh).

At higher potentials, the whole catalytic sites are in
NiOOH form, which cause a considerable growth in the an-
odic current of peak corresponding to oxidation of methanol.
The amount of NiOOH formed on the electrode surface de-

creases in the reverse scan due to its chemical reaction with
methanol, which appears as a decrease of cathodic peak

height.

3.2.3. Effect of medium temperature

The effect of medium temperature on the anodic current
is shown inFig. 8 It is found that the anodic current at
the Ni/NIODMG electrode is not affected by temperature
variations, most probably due to the inactive nature of the
electrode matrix for the electron transfer process. A linear

increase in the peak current with increasing medium temper-

ature is observed for this electrode up to°€5 indicating
an enhancement of the kinetics of methanol oxidation with
the temperature. The decrease of peak current in highe

temperatures can be attributed to the progressive evaporatior[113]
of methanol with increasing temperature. By assuming that

no azeotrope is formed in the methanol/water mix{@dg, it

A.N. Golikand et al. / Journal of Power Sources 144 (2005) 21-27

is expected that a progressive decrease in peak current should
appear during the temperature elevation, because of aloss in
methanol concentration. However, the linear increasing of the
peak current, which is observed in practice in temperatures
till 65 °C can be correlated to the acceleration of the electrode
reaction kinetics proportionally to temperature increase.
Accordingly, on the basis of the above results, an optimum
temperature of 60C is proposed for methanol oxidation at
Ni/NIODMG electrode in 0.10 M methanol +0.10 M NaOH
(the boiling point of methanol is 64°%).

4. Conclusion

This work presents the electrocatalytic oxidation of
methanol on nickel dimethylglyoxime-modified nickel elec-
trode (Ni/NiODMG) in alkaline solutions. Itis concluded that
the electro-oxidation of methanol that starts around 610 mV
(versus SCE) occurs through a mediated electron transfer
mechanism catalyzed by Ni(lll) species, which form in the
same potential region. The kinetics of the reaction based on
the above mechanism has been developed and the optimum
temperature for modification, optimum methanol concentra-
tion and optimum temperature have been obtained.
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