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A systematic study on the effect of OH− and Ni2+ ions on the
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Abstract

The effect of varying nickel ions as well as OH− ions concentration on the electrochemical oxidation of methanol on nickel impregnated
silicalite-1 (Ni-S-1) electrodes was investigated. The study of nickel ions concentration effect was carried out in two different ways: by varying
the soaking time in one and the same concentration of NiSO4 solution, or by fixing the soaking time in different concentrations of NiSO4

solution. The results showed that for electrodes pre-soaked in 1.0 M NiSO4 solution for 90 s, increasing the OH− ions concentration results
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n increasing the oxidation current density of methanol. On the basis of this result, high concentration of KOH is preferable as a m
ethanol oxidation at the Ni-S-1 electrode in presence of nickel ions. On the other hand, at a certain OH− ions concentration, the peak hei
f methanol oxidation increases with increasing Ni ions concentration up to a certain value after which no effect was observed. A
eaction kinetics with respect to both nickel ions and OH− ions was estimated for the oxidation of methanol.
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. Introduction

Fuel cells are being considered as an important technol-
gy that can be used for various power applications. They
re devices in which the energy of a chemical reaction is
onverted directly into electricity. In direct methanol fuel
ells (DMFC), methanol is used as a fuel. It is electrochem-
cally oxidized at the anode electro-catalyst to produce elec-
rons which travel through the external circuit to the cathode
lectro-catalyst where they are consumed together with oxy-
en in a reduction reaction. The main problem facing the
erformance of the DMFC is the choice of a suitable cata-

yst for the complete oxidation of methanol to CO2 and H2O.
or this purpose, intensive efforts have been carried out in
rder to prepare efficient catalysts for this reaction. Several
ossible solutions to this problem were adopted by various
esearch groups[1]. These solutions involve the prepara-
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tion and development of a number of catalysts based
platinum binary[2,3] and ternary[3] or quaternary[4,5]
alloys, carbon-supported electrodes[1,2,6,7], platinized ex
panded graphite[8] and modified-zeolite electrodes[9], . . .,
etc. Some of these electro-catalysts are used as a ca
catalyst to enhance the performance of the direct meth
fuel cells [10]. It seems that the method of catalyst pre
ration [11] and the preparation conditions[7,12,13]greatly
affect the performance of the catalyst for methanol ele
oxidation.

The use of zeolites as supported electrodes repre
one of the solutions that overcome the problem of
alytic oxidation of methanol. Zeolites are crystalline mic
porous solids that contain many channel-networks provi
molecular-sized cages and passageways for excellent
control of reaction paths. For catalytic purposes, modi
tion of zeolites is, therefore, carried out with some me
The pore geometry is considered as the main reaso
the different activity of zeolite-based catalysts. Transi
metal-containing zeolites were found to exhibit a high
378-7753/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2005.03.198
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alytic activity. Ni-containing zeolites[14], Ti-zeolites[15],
Pt- and Pt–Ru-zeolites[16] have been used for catalytic
purposes.

Our previous work[9] involved the use of Ni impreg-
nated zeolite, Ni-silicalite-1 (Ni-S-1 electrode), for the elec-
trochemical oxidation of methanol in KOH solution. The
study revealed that the catalytic activity was greatly enhanced
by soaking the electrode in NiSO4 solution for some time.
The present investigation describes the effect of Ni ions as
well as the hydroxyl ions concentrations on the catalytic be-
haviour of Ni-S-1 electrodes towards the electro-oxidation of
methanol and the conditions that provide the highest catalytic
activity.

2. Experimental technique

Silicalite is a crystalline material with a special struc-
ture and contains 100% SiO2. The silicalite-1 (1 SiO2:
0.437 TPAOH: 26H2O), used as a substrate, is of a MFI-
type zeolite structure[17,18], it has been synthesized
in Institut fur Technische Chemie, Technische Universtat
Dresden, Dresden, Germany. It has a surface area (N2-
adsorption) of 466 m2 g−1 and the volume of the micro-
pores is 0.182 cm3 g−1. The preparation of nickel-silicalite-
1 catalyst was performed by the impregnation technique.
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3. Results and discussion

It was found previously that Ni-silicalite-1 electrode is
electrochemically inactive towards methanol oxidation in
alkaline medium unless it has been soaked in NiSO4 solution
for some time[9]. In this work[9], different electrodes were
prepared by mixing the Ni-S-1 paste with carbon in the mass
ratios of 1:1, 1:3 and 1:5, respectively, and were examined in
the electro-oxidation of methanol in KOH solution but they
were inactive. The activity was enhanced by soaking the elec-
trode in a nickel sulphate solution for some time. On the bases
of these results[9], it was proposed that the catalytic oxida-
tion reaction of methanol takes place once the oxy-hydroxide
species [NiOOH] starts to be electrochemically formed by
the anodic oxidation of nickel hydroxide [Ni(OH2)] at the
electrode surface. The Ni(OH)2/NiOOH transformation
preferably occurred at the Ni sites in the zeolite matrix’s
surface, i.e., bonded Ni species act as an electron relay to
the Ni2+/Ni3+ redox system. This suggests that the electro-
oxidation of methanol undergoes Faradaic change through
the reduction of Ni(III) to Ni (II). On the basis of this result
and in the present investigation, in order to use this electrode
for the catalytic oxidation of methanol in KOH solutions, it
was first soaked in NiSO4 solution for various time intervals.
In KOH solution, the soaked Ni ions at the electrode surface
will be converted into Ni(OH) species.Fig. 1 illustrates
t te of
1 ns

Fig. 1. Effect of KOH concentration on the cyclic voltammetric behaviour
of Ni-silicalite-1 electrode at a scan rate of 10 mV s−1 (the electrode was
pre-soaked in 1.0 M NiSO4 solution for 90 s).
etails of the preparation method are described elsew
9].

The Ni-S-1 electrode was mixed with activated car
lack (high surface area acetylene black as P1042, Stic

werk Piesteritz, Germany) in the ratio of 1:3, respectiv
n a water bath at around 80◦C with constant stirring fo
h. This step was particularly necessary to ensure tha
eolite component of the catalyst becomes fully conduc
rior to the electrochemical tests. A 10 wt% suspension
TFE (used as suspension, Dyneon TF5032) and an a
riate amount of isopropyl alcohol were used together

he Ni-S-1 to form a paste. The resulting paste was sp
ver a gold plated stainless steel mesh of 0.38 cm2 apparen
urface area and pressed under 4 t cm−2 pressure for a perio
f 5 min. The electrode discs obtained were then dried
ir oven at 110◦C for 1 h, and subsequently, heated at 30◦C

or 15 min.
The electrochemical measurements were performed

n Amel 5000 system (supplied by Amel instrument, It
riven by a PC for data processing. The PC was interf
ith the instrument through a serial RS-232C card. A
asyscan software was used in connection with the PC to

rol the Amel 5000 system. A conventional 3-electrode g
ell with a Pt sheet as a counter electrode and Hg/HgO/1
aOH (MMO) as a reference electrode was used. Ch

cals were obtained from BDH (NiSO4 analytical reagen
nd AR methanol). They were used without further pu
ation and solutions were prepared using triply distilled
er. All experiments were carried out at room tempera
f 30± 2◦C.
2
he cyclic voltammetric curves recorded at a scan ra
0 mV s−1 in blank KOH solutions of various concentratio
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ranging from 0.1 to 1.0 M. Before these experiments, the
electrode was pre-soaked in 1.0 M NiSO4 solution for 90 s. In
this figure, two peaks appear in the voltammogram, one in the
anodic direction at a potential value of about 0.60 V which
represents the oxidation of nickel hydroxide [Ni(OH)2] to
nickel oxy-hydroxide [NiOOH] and the other in the cathodic
direction at about 0.2 V represents the reduction of the
produced oxy-hydroxide to the hydroxide. It is clear inFig. 1
that the redox peak heights increase with the increase of
KOH concentration. This is expected as the amount of nickel
hydroxide [Ni(OH)2] increases with increasing the KOH
concentration in accordance with the following equation:

Ni2+ + 2OH− ⇔ NI(OH)2 (1)

In each KOH solution and after recording the cyclic
voltammogram, the electrode was introduced into another
cell containing 0.25 M methanol solution in the desired KOH
concentration, and then a cyclic voltammogram was recorded
at 10 mV s−1. The resulting CV’s are shown inFig. 2. Consid-
erable anodic current density for the methanol oxidation was
observed in each case. The current density increases rapidly
with OH− concentration at the same methanol concentration.
As the OH− activity is determinant for the formation of the
oxy-hydroxide which is the main species enhances methanol
oxidation, one expects a strong dependence of the peak cur-
r
C s of
F aller
t tion.

F Ni-
s ,
t

The relative decrease of the cathodic peak height in presence
of methanol is attributed to the partial consumption of nickel
oxy-hydroxide species for the oxidation of methanol with the
formation of nickel hydroxide in accordance with the follow-
ing reaction:

NiOOH + methanol⇔ Ni(OH)2 + products (2)

Charges under the cathodic peaks of the voltammograms
of Fig. 1 (in absence of methanol) and ofFig. 2 (in pres-
ence of methanol) are estimated and represented inFig. 3
as a function of KOH concentration. Comparing the average
value of the charge in both cases, it is noted that in presence
of methanol, the charge under the cathodic peak is reduced to
about 18.7% of its value in absence of methanol. This leads to
the conclusion that about 81.3% of the NiOOH species pro-
duced during the anodic oxidation of Ni(OH)2 in the anodic
half cycle are consumed in the oxidation of methanol (Eq.
(2)). The anodic peak potential for methanol oxidation (see
Fig. 2) is naturally shifted to the positive direction as a result
of an IR drop arising from a current density value more than
140 mA cm−2.

Soaking time in 1.0 M NiSO4 was found to affect the peak
current density and the peak potential of the anodic oxida-
tion of methanol. Cyclic voltammograms were recorded for
electrodes that were soaked for various time intervals.Fig. 4
s ain-
i
t rent

F mmo-
grams of the Ni-S-1 electrodes in KOH solutions in absence and in presence
ent density of methanol oxidation on the activity of OH−.
athodic peak are also observed in the voltammogram
ig. 2, however, their current density values are much sm

han the anodic one as a result of the oxy-hydroxide reduc

ig. 2. Effect of KOH concentration on the oxidation methanol at
ilicalite-1 electrode at a scan rate of 10 mV s−1 (in each KOH solution

he electrode was pre-soaked in 1.0 M NiSO4 solution for 90 s). o
hows such voltammograms in 0.8 M KOH solution cont
ng 0.25 M MeOH for electrodes pre-soaked in NiSO4 solu-
ion for time intervals in the range of 10–300 s. The cur

ig. 3. Variation of the charges under the cathodic peaks of the volta
f methanol with KOH concentrations at a scan rate of 10 mV s−1.
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Fig. 4. Effect of soaking time in 1.0 M NiSO4 solution on the voltammetric behaviour of Ni-S-1 electrode in 0.25 M MeOH + 0.8 M KOH solution at a scan
rate of 10 mV s−1.

densities of methanol oxidation were found to increase as a
result of longer soaking time up to 90 s and then they decrease
again. It seems that there would be a certain maximum con-
centration of Ni ions on the electrode surface, after which the
catalytic activity decreases.Fig. 5shows the effect of soaking
time on the peak current density for methanol oxidation in two
different KOH concentrations, 0.2 and 0.8 M. These results
suggest that the crucial factor for the methanol oxidation is
the formation of the nickel oxy-hydroxide [NiOOH] species,
and any conditions favoring this process lead to enhancing
methanol oxidation. The effect of nickel ions concentration

F k
c

was also examined by fixing the soaking time of the electrode
at 90 s in various concentrations of NiSO4 solution. The rela-
tion between the concentration of NiSO4 in the soaking bath
and the peak current density of methanol oxidation in 0.2 and
0.8 M KOH solution is represented inFig. 6. This result shows
that, in both KOH solutions, the peak height of methanol oxi-
dation increases by increasing the NiSO4 concentration in the
soaking bath up to 0.5 M after which no appreciable change
in the peak height was observed. On the basis of this result,
one may conclude that soaking the electrode in 0.5 M NiSO4
solution for 90 s is quite enough to saturate the electrode

Fig. 6. Relation between NiSO4 concentration in the soaking bath and the
ig. 5. Relation between soaking time in 1.0 M NiSO4 solution and the pea

urrent density of methanol oxidation in 0.2 and 0.8 M KOH solutions. p
eak current density of methanol oxidation in 0.2 and 0.8 M KOH solutions.
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Fig. 7. Variation of the oxidation peak height of the Ni(II)/Ni(III) transfor-
mation with the number of potential cycles in 0.2 KOH (a) and in 0.8 KOH
(b) solutions.

surface by incorporated nickel ions that enhance the methanol
oxidation process.

A set of experiments was carried out to examine the stabil-
ity of the Ni-S-1 electrode (pre-soaked in NiSO4 solution) on
repeated potential cycling in KOH solution in absence and in
presence of methanol. In absence of methanol, after soaking
the electrode in 1.0 M NiSO4 solution for 90 s, the electrode
was transferred into a cell containing 0.2 M KOH solution in
which repeated potential cycling was carried out. The exper-
iment was repeated using 0.8 M KOH solution.Fig. 7repre-
sents the variation of the peak height of nickel oxy-hydroxide
formation with the number of potential cyclization in KOH
solution. It is noted from these results that continuous po-
tential cycling of the pre-soaked Ni-S-1 electrode in KOH
results in continuous formation of the nickel oxy-hydroxide
species according to the following reaction:

Ni(OH)2
Oxidation�
Reduction

NiOOH

In 0.2 M KOH, the formation rate of the nickel oxy-
hydroxide species in the first five cycles, as denoted from
the value of oxidation peak height, increases with relatively
high rate after which it reaches almost a steady value up to
40 cycles. In highly concentrated KOH solution, 0.8 M, a
nearly regular increase in the oxidation peak current density
was observed along the 40 cycles. This result leads to the as-
s ble

Fig. 8. The dependence of the peak current density of methanol oxidation
at the Ni-S-1 electrode in 0.2 and 0.8 M KOH on the number of potential
cycles according to the first procedure (a) and the second one (b).

as a medium for methanol oxidation at the Ni-S-1 electrode
in presence of nickel ions. This is due to the continuous sup-
ply of NiOOH by repeated potential cyclization in presence
of OH− ions.

On the other hand, repeated potential cycling of the pre-
soaked Ni-S-1 electrode in KOH solution in presence of
0.25 M methanol showed different behaviour, seeFig. 8. The
study was carried out in two different procedures: in the first
procedure, the electrode was soaked in 1.0 M NiSO4 solution
for 90 s and was then transferred into a cell containing 0.2 M
KOH solution. In this solution, the potential of the electrode
was scanned one cycle at a scan rate of 10 mV s−1 (from 0.0
to 1.0 V in the anodic direction and then the scan was reversed
in the cathodic direction to 0.0 V). After this cycle in KOH
solution, a 0.25 M methanol was added to the cell after which
another one potential sweep was carried out. The experiment
was repeated on another pre-soaked Ni-S-1 electrodes but a
number of potential sweeps of 2, 5, 10, 15,. . . and 40 cycles
in KOH was carried out before adding MeOH and a single
potential sweep was recorded. The same procedure was also
performed using 0.8 M KOH solution. The process carried
out in this manner was intended to increase the amount of
nickel oxy-hydroxide species on the electrode surface which
helps to oxidize methanol.Fig. 8a shows the variation of the
peak height of methanol oxidation with the number of cycles
in both KOH solutions (0.2 and 0.8 M solutions). The effect
i he
umption that high concentration of KOH is more prefera
 s quite clear in 0.8 M KOH solution. In this solution, t
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peak height of methanol oxidation increases with potential
cyclization up to 15 cycles after which it decreases. It was
assumed that the increase of methanol oxidation peak height
during the first 15 cycles could be attributed to the increase
in the amount of nickel oxy-hydroxide (NiOOH) formed dur-
ing potential cyclization in KOH. Along this procedure, two
opposing operations could exist. The first one is the continu-
ous formation of nickel oxy-hydroxide as a result of potential
cyclization in KOH solution that helps methanol oxidation.
The second one is the repeated oxidation of methanol on the
electrode surface which causes the formation of intermedi-
ate products that might accumulate on the electrode surface
and retard the methanol oxidation process. The effect of the
second operation is obviously clear after 15 cycles where a
decrease in the peak height of methanol oxidation is observed.

In the second procedure, repeated potential sweep of the
pre-soaked Ni-S-1 electrode in both 0.2 and 0.8 M KOH solu-
tions containing 0.25 M MeOH was carried out. The variation
of methanol oxidation peak current density with the num-
ber of potential sweeps is represented inFig. 8b. This figure
showed a regular decrease of the peak height of methanol ox-
idation with potential cyclization along the 40 cycles. After
40 cycles in 0.2 M KOH containing MeOH, the peak height
of methanol oxidation decreases to about 75% from its value
in the first cycle, while it decreases to about 80% in 0.8 M
KOH containing MeOH. This also confirms the assumption
t t at
h

F
m

Quantitative estimations of the dependence of the oxy-
hydroxide [NiOOH] formation (Fig. 1) and the methanol ox-
idation (Fig. 2) on the concentration of OH− ions are shown
in Fig. 9 on log–log plots. Straight lines were obtained in
both cases with slopes of 0.74 for the oxy-hydroxide forma-
tion and 0.99 for methanol oxidation. This result suggests
that the methanol oxidation reaction is a first order with re-
spect to the OH− concentration which confirms the control of
the reaction(2) over the entire methanol oxidation process.
More evidence for this view is also shown from the weak
dependence on the methanol concentration on the oxidation
process.

4. Conclusion

In spite of the results which show that the nickel impreg-
nated silicalite-1 electrode is not electrochemically active to-
wards methanol oxidation in alkaline medium unless it has
been soaked in nickel ions-containing solution[9], the present
investigation proved that increasing nickel ions in the soak-
ing solution improves the electro-catalytic behaviour of the
electrode for methanol oxidation until a certain limit. There
would be a certain maximum concentration of Ni in the ze-
olite matrix, after which the catalytic activity decreases. In-
creasing the concentration of OH− ions leads to an increase
i reat
e n
o nces
m tion
o ickel
i nce
o ation
i ion is
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hat the oxidation reaction of methanol is more efficien
igher concentrations of KOH solutions.
ig. 9. Dependence of the oxy-hydroxide [NiOOH] formation and the
ethanol oxidation on the concentration of OH− ions.

.

n the anodic peak height of methanol oxidation to a g
xtent as the OH− activity is determinant for the formatio
f the oxy-hydroxide which is the main species that enha
ethanol oxidation. A reaction order for methanol oxida
f about one was estimated with respect to both the n

ons and the OH− ions concentration. A weak depende
f methanol peak current density on methanol concentr

s observed that leads to the conclusion that such react
reatly affected only by the amount of nickel as well as
ydroxide ions.
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