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Abstract In this work, a modified carbon paste electrode
consisting of Nickel dispersed in poly(ortho-aminophenol)
was used for electrocatalytic oxidation of methanol in
alkaline solution. A carbon paste electrode bulk modified
with o-aminophenol was used for polymer preparation by
cyclic voltammetry method; then, Ni(II) ions were incor-
porated by immersion of the modified electrode in 1 M Ni
(II) ion solution at open circuit. The electrochemical
characterization of this modified electrode exhibits stable
redox behavior of the Ni(III)–Ni(II) couple. Electrocatalytic
oxidation of methanol on the surface of modified electrode
was investigated with cyclic voltammetry and chronoam-
perometry methods, and the dependence of the oxidation
current and shape of cyclic voltammograms on methanol
concentration and scan rate were discussed. Also, long-term
stability of modified electrode for electrocatalytic oxidation
of methanol was investigated.

Keywords Carbon paste electrode . Ortho-aminophenol .

Electropolymerization .Methanol . Electrocatalysis . Cyclic
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Introduction

For the last decade, methanol has been considered to be a
liquid fuel of relatively high activity in fuel cell systems [1–
5]. Considerable efforts have been directed towards the
study of methanol electrooxidation in solutions of a high

pH [6–9]. The use of alkaline solutions in a fuel cell has
many advantages such as increasing its efficiency [6, 10–
11], a wider selection of possible electrode materials, a
better efficiency of oxygen cathode, and oxidation reactions
of organic fuels exhibit almost no sensitivity to the surface
structure [12]. It was found that the graphite-supported
platinum electrodes exhibited almost the same specific
activity as a smooth Pt electrode for methanol oxidation in
NaOH solution [13]. Smaller or negligible poisoning effects
in alkaline solutions were observed [14]. In the electro-
chemical oxidation of methanol, the electrode material is
clearly an important parameter where a high efficient
electrocatalyst is needed. The mechanism and kinetics of
methanol oxidation have been studied under a wide range
of solution conditions and at several electrodes including
Pt, Pt oxides [15–21], Pt-Sn [22], Pt-Ru [23–25], and nickel
[26–31].

Although metals such as Pt and Pt-Ru are very active in
the anodic oxidation of methanol, they are too expensive
for practical applications, and unfortunately, compounds
such as methanol with large oxidation overpotential at
ordinary carbon electrodes are not suitable analytes for
these electrodes. One promising approach for minimizing
overvoltage effects is in carrying out the electrocatalytic
process at chemically modified electrodes. In this context,
during the last years, a large number of papers dedicated to
the electrocatalytic properties of metallic microparticles
incorporated into polymeric matrices have been published
[32–36]. Among a number of polymeric metal complexes,
those containing Ni(II)–Ni(III) redox couple have received
considerable attention in recent years [37–39]. This is partly
due to the fact that their behavior in alkaline solution is
reminiscent of a nickel oxyhydride species which is
commonly believed to act as a redox mediator between a
substrate and an electrode in many electrooxidaton pro-
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cesses. Maximovitch and Bronoel [40] reported that it is
difficult to measure the oxidation current of methanol on
smooth nickel because it is difficult to obtain a surface free
from adsorbed oxygen. Smooth nickel is very sensitive to
molecular oxygen dissolved in the solution that adsorbs on
the electrode and inhibits the reaction.

In the previous work, we used the poly(1-naphtylamine)/
Ni-modified carbon paste electrode for electrocatalytic
oxidation of several carbohydrates [41]. This study showed
that the metal-polymer electrodes are easy to prepare, stable
for long time periods with good detection limits, and have
wide linear range responses. Also, recently, we have
demonstrated that the poly-1,5-Diaminonaphthalene/Ni-
modified carbon paste electrode can successfully catalyze
the oxidation of methanol in alkaline medium [42]. In these
studies, we have combined the advantageous features of
polymer modification, dispersion of metallic particles into
an organic polymer, and carbon paste technology. All these
results encouraged us to continue the studies with new
polymer materials.

In this work, we decided to combine the above-
mentioned advantageous features again for the aim of
electrocatalytic oxidation of methanol by use of the poly(o-
aminophenol) as a new polymer. We introduced o-amino-
phenol monomer into the carbon paste bulk and obtained a
polymeric-coated electrode in situ by electropolymerization
of the monomer. In fact, this work showed that a renewable
and reproducible polymeric-coated electrode could be
generated rapidly at the o-aminophenol-modified carbon
paste electrode (OAP/MCPE). Then, nickel ions were
incorporated into the polymeric matrix by immersion of
polymeric-modified electrode in a nickel nitrate solution.
This electrode was used for the electrocatalytic oxidation of
methanol in NaOH solution.

Experimental

Reagent and materials

OAP from Merck was recrystallized in ethyl acetate and
dried under vacuum. Colorless OAP crystals were protected
from light in a dark desiccator [43]. Perchloric acid from
Fluka was used as the supporting electrolyte. All other
reagents were of analytical grade.

Instrumentation

Electrochemical experiments were performed on 746VA
Trace Analyzer Metrohm potentiostat with a Metrohm
voltammetry cell in a three-electrode configuration. An
Ag–AgCl was used as reference electrode, and a platinum
wire was the auxiliary electrode. Working electrode was

Nickel/poly(o-aminophenol)-modified carbon paste elec-
trode (Ni/POAP/MCPE).

Working electrode

A 1% (w/w) mixture of OAP to total weight of graphite
powder was made by dissolving a given quantity of OAP in
diethyl ether and hand mixing with the required graphite
powder in a mortar and pestle. The solvent was evaporated
by stirring. Silicon oil was then added and was blended by
hand mixing until a homogeneous paste was obtained. For
fabrication of the electrode, the prepared paste was tightly
packed into one end of a glass tube (approximately 3.4 mm
internal diameter), and a copper wire was introduced into
the other end for electrical contact. A fresh electrode
surface was generated rapidly by extruding a small plug
of the paste with a stainless steel rod and smoothing the
resulting surface on white paper until a smooth shiny
surface was observed.

Result and discussion

Preparation of poly(o-aminophenol)-modified carbon paste
electrode

Previously, poly(o-aminophenol) films were obtained at the
surface of Pt and GC electrodes by use of cyclic
voltammetric method [43, 44]. In this work, we investigat-
ed the preparation of poly(o-aminophenol) in the bulk of
carbon paste electrodes. Electropolymerization was carried
out at the OAP/MCPE by cycling the potential between 0 to
750 mV in 0.5 M HClO4 solution. Figure 1 shows typical
multisweep cyclic voltammograms of modified electrode
during electropolymerization. As can be seen from this
figure, OAP oxidizes irreversibly at 700 mV in the first
positive scan without corresponding cathodic processes in

Fig. 1 Consecutive cyclic voltammograms of OAP/MCPE in 0.5 M
HClO4 solution scan rate 100 mV s−1
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the reverse scan. The second and consecutive scans are
different; the reaction begins at higher potential and two
redox peaks (related to polymer) in lower potentials
appeared, and their currents increased with potential
cycling. The shape of voltammograms obtained during the
polymerization on the surface of this electrode is not
exactly corresponding to those reported in the literature [43,
44], because the monomer is in the bulk of carbon paste;
therefore, its reaching to electrode surface is easy and
blocking effect is not a problem.

After preparation of poly(o-aminophenol), the electrode
was removed, rinsed with water, and the sides wiped with
soft tissue paper. The redox behavior of poly(o-amino-
phenol) was investigated in the electrolyte solution (0.5 M
HClO4 with scan rate of 20 mV s−1). Cyclic voltammo-
grams of freshly prepared electrode in 0.5 M HClO4 shows
two redox couple at potentials about 0.15 and 0.35 V
(Fig. 2a), but after immersing the electrode for 1.5 h in
0.5 M HClO4 solution, the redox couple in 0.35 V
disappeared (Fig. 2b). Therefore, this redox couple can be
attributed to the soluble product of 2-aminophenoxazin-3-
one (APZ; Scheme 1(A)) which can be produced during
electropolymerization behind the main structure of POAP
films (phenoxazine units Scheme 1(B)) [43] and because of
its solubility that can diffuse from the carbon paste bulk to
the electrolyte solution.

The response obtained in a 0.1-M NaOH solution
showed a complete loss of electrode activity in the potential
range from 0 to 0.75 V (Fig. 2c). However, the film was not
degraded under these experimental conditions, and its

response was recovered when the electrode was immersed
in a supporting electrolyte solution of HClO4 0.5 M.

Incorporation of Ni(II) ions into poly(o-aminophenol) film
and electrochemical response of the Ni/POAP/MCPE

In order to incorporate Ni(II) ions into the POAP film, the
freshly electropolymerized OAP/MCPE was placed at open
circuit in a well-stirred aqueous solution of 1 M Ni(NO3)2.
Accumulation of nickel was carried out by complex
formation between Ni(II) in solution and amines sites in
the polymer backbone [45, 46] for a given period of time
(ta, accumulation time). The polarization behavior was
examined in 0.1 M NaOH for Ni/POAP/MCPE using cyclic
voltammetry (CV). This technique allows the oxide film
formation in parallel to inspecting the electrochemical
reactivity of the surface [47]. Voltammograms were
recorded by cycling the potential between 0.1 and 0.85 V
at 100 mV s−1 until a stable voltammograms was obtained.
Figure 3 shows the electrochemical response of the POAP/
MCPE and Ni/POAP/MCPE after polarization in 0.1 M
NaOH solution. From Fig. 3, it can be seen that whereas
neither oxidation nor reduction took place on the POAP/
CPE, a well-developed redox wave was observed on the Ni/
POAP/MCPE when the potential was cycled between 0 and
0.85 V, which was related to the oxidation of Ni(OH)2 to
NiOOH with a peak potential of 0.51 V and reduction of
NiOOH to Ni(OH)2 with a peak potential of 0.31 V. The
surface coverage of the immobilized active substance (Ni
(II)) in the films can be evaluated from the charge under the
current–potential wave (Fig. 3b) with correction for the
baseline (Γ* = Q/nFA). The value of Γ* for Ni/POAP/
MCPE was 1.37×10–5 mol cm−2.

Figure 4A shows the cyclic voltammograms of Ni/
POAP/MCPE in 0.1 M NaOH solution at different potential

Fig. 2 Electrochemical responses of POAP/MCPE: a immediately, b
after 1.5 h remaining in 0.5 M HClO4 solution, c in 0.1 M NaOH
solution. scan rate 20 mV s−1

Scheme 1 Structure of A APZ and B phenoxazine units
Fig. 3 Electrochemical responses of electrodes: a POAP/MCPE and b
Ni/POAP/MCPE, in 0.1 M NaOH solution, scan rate 20 mV s−1
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sweep rate in a wide range of 10–400 mV s−1; as can be
seen. anodic and cathodic peak currents are linearly
proportional to the potential sweep rate at low values from
10 to 50 mV s−1 (Fig. 4B). This can be attributed to an
electrochemical activity of an immobilized redox couple at
the surface. In the higher range of potential sweep rates
(70–400 mV s−1; Fig. 4C), the peak currents depend on
square root of the potential sweep rate, signifying the
dominance of a diffusion process as the rate limiting step in
the total redox transition of the modifier film. This limiting
diffusion process was also reported for other Ni-modified
electrodes [48, 49].

As has been reported [50–53], nickel hydroxide may
generally exist in two different crystallographic forms

designed α-Ni(OH)2 and β-Ni(OH)2 which are hydrous
and anhydrous, respectively. In addition [53, 54], the
oxidation of nickel hydroxide gives two other varieties of
oxyhydroxides, β and γ, which explains the existence of
the two reduction peaks during the backward sweep
observed in high potential sweep rate in Fig. 4A.

Electrocatalytic oxidation of methanol at Ni/POAP/MCPE

Cyclic voltammetry studies

In this work, the electrochemical behavior of methanol was
first studied at a POAP/MCPE electrode (without the
incorporation of nickel) by cyclic voltammetric experiments
in 0.1 M NaOH. Typical results obtained for a potential
range of 0 to 1.2 V vs. Ag–AgCl are shown in Fig. 5A. The
electrochemical response of POAP/MCPE in the absence of
methanol is shown in Fig. 5A(a); the addition of 0.43 M
methanol to the alkaline solution causes no effect on the
electrochemical response of the POAP/MCPE (Fig. 5A(b)).
The electrochemical response of a Ni/POAP/MCPE in
alkaline solution (i.e., 0.1 M NaOH) exhibits well-defined
anodic and cathodic peaks (Fig. 5B(a)) associated with the
Ni(II)–Ni(III) redox couple. As can be seen, upon methanol
addition (0.43 M), there is an increase in the anodic peak
current and a decrease in the cathodic peak current (Fig. 5B
(b)). This behavior is typical of that expected for mediated
oxidation as follows:

Fig. 4 A Cyclic voltammo-
grams of Ni/POAP/MCPE in
0.1 M NaOH solution. Potential
sweep rates from inner to outer
are: 10, 20, 25, 30, 50, 70, 100,
200, and 400 mV s−1, respec-
tively. B The dependency of
Current on v at lower values
(10–50 mV s−1). C The depen-
dency of Current on v1/2 at
higher values (70–400 mV s−1)

Fig. 5 Electrochemical responses of A POAP/MCPE and B Ni/
POAP/MCPE to: a 0 and b 0.43 M methanol in 0.1 M NaOH solution,
scan rate 20 mV s−1

Ni(OH)2 +  OH– NiOOH + H2O + e E (1)

NiOOH + methanol Ni (OH)2 + products C' (2)
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As can be seen in Fig. 5B, the oxidation current of
methanol on the surface of Ni/POAP/MCPE appears at a
potential slightly more positive than that of Ni(II)/Ni(III)
oxidation. In fact, this peak is a new anodic peak. In order
to further clarify the electrochemical oxidation mechanism
of methanol on the Ni/POAP/MCPE, effect of methanol
concentrations and potential scan rates on cyclic voltam-
metric responses was investigated. Figure 6A represents the
CVs of the Ni/POAP/MCPE electrode in the range of 0–
0.85 V at the scan rate of 20 mV s−1. The concentration of
methanol in 0.1 M NaOH solution is changed from 0 to
2.4 M. It is observed from Fig. 6B that in low concentration
of methanol, there are two anodic peak; a1 (assigned to the
couple α-Ni(OH)2/NiOOH) and a2 (assigned to β-Ni(OH)2/
NiOOH).

The corresponding electrode reaction involved in the
anodic peak a2 might be

b � Ni OHð Þ2þOH�! NiOOH þ H2Oþ e ð3Þ
Therefore, the Ni(OH)2 produced in reaction 2 might be

β-Ni(OH)2 [52]; as mentioned above, crystallographic form
of this Ni(OH)2, represented by β, is different from that of
the α-Ni(OH)2 involved in the anodic peak a1. This is
consistent with different redox potentials of α-Ni(OH)2/
NiOOH and β-Ni(OH)2/NiOOH [56], i.e., α-Ni(OH)2 is
converted to NiOOH at a lower potential than β-Ni(OH)2 to
NiOOH. It is observed from Fig. 6B that when methanol
concentration increases, the current density of the peak a2
increases significantly while the peak a1 decreases and even
disappears when the concentration of methanol becomes

more than 0.22 M. This result shows that much more β-Ni
(OH)2 is generated through reaction 2, and subsequently,
the current density of the peak a2 increases considerably, as
shown in Fig. 6.

Figure 7A represents the CVs of the Ni/POAP/MCPE
electrode in the presence of 0.45 M methanol concentration
at different potential scan rates. It is observed from Fig. 7
that in low potential scan rates, only peak a2 exists, and in
potential scan rates higher than 100 mV s−1, peak a1
appears and its current density increases with potential scan
rates increasing, while the peak a2 decreases and even
disappears when the potential scan rates become more than
600 mV s−1.

These results, and also plotting the current function
(anodic peak current divided by the square root of the
potential sweep rate) against the potential sweep rate (inset
of Fig. 7A), revealed negative slope confirming the
electrocatalytic nature of the process.

The redox couple Ni(II)–Ni(III) has played a mediate
role on heterogeneous catalytic-oxidation of methanol. In
the redox system, α-Ni(OH)2 is firstly oxidized to NiOOH
through the electrode reaction 1 in an alkaline medium;
then, the generated NiOOH is reduced to β-Ni(OH)2 by
methanol through reaction 2. Subsequently, this β-Ni(OH)2
is converted to NiOOH at higher potentials through reaction
3, leading to the appearance of a new anodic peak.
Electrochemical oxidation processes of methanol on the
Ni/POAP/MCPE can be exhibited in Scheme 2.

Fig. 6 A Main panel: cyclic voltammograms of the Ni/POAP/MCPE
in 0.1 M NaOH solution with different concentrations of methanol: a
0, b 0.04, c 0.15, d 0.22, e 0.43, f 0.66, g 0.99, h 1.38, i 2, and j 2.4 M,
respectively. Inset: Plot of catalytic current vs. methanol concentra-
tion. B Zoomed voltammograms of b, c, and f from main panel of A

Fig. 7 A Main panel: cyclic voltammograms of the Ni/POAP/MCPE
in the presence of 0.45 M methanol at different scan rates: a 10, b 20,
c 30, d 50, e 70, f 100, g 200, h 300, i 400, and j 600 mV s−1,
respectively. Inset: Variations of anodic current function vs. v. B
Zoomed voltammograms of b, f, and i from main panel of A
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The anodic currents for methanol electrooxidation
under the same conditions at the surface of different
electrodes are given in Fig. 8. As can be seen,
conventional Pt electrode has negligible catalytic effect for
methanol and also in the absence of polymer the amount of
accumulated Ni (electrode (2)); therefore, its catalytic effect
for methanol oxidation is very low. In electrode (3), the
POAP was prepared on the surface of a bare carbon paste
electrode, with electropolymerization in 5 mM monomer
solution which, to some extent, improved methanol
oxidation current. As can be seen in electrode (4), in which
polymer prepared on the surface of monomer containing
carbon paste electrode, the amount of accumulated Ni and
catalytic current for methanol oxidation is significantly
higher.

Chronoamperometric studies

Double potential step chronoamperometry, as well as other
electrochemical methods, was employed for the investiga-
tion of electrochemical processes at Ni/POAP/MCPE. The
main panel of Fig. 9 represents the current–time profiles obtained by setting the working electrode potential at

700 mV (in first step) and 350 mV (in second step) for
various concentrations of methanol. The forward and
backward potential step chronoamperometry of the
modified electrode in the blank solution that showed an
almost symmetrical chronoamperogram with almost equal
charges consumed for the oxidation and reduction of
surface confined Ni(II)/Ni(III) sites (Fig. 9A(a’)). How-
ever, in the presence of methanol, the charge value
associated with the forward chronoamperometry, Q, is
greater than that observed for the backward chronoamper-
ometry (Fig. 9A(f’)).

The rate constant for the chemical reaction between the
methanol and redox sites of Ni/POAP/MCPE can be
evaluated by chronoamperometry according to the method
described in the literature [57].

IC=IL ¼ g1=2 p1=2erf g1=2
� �þ exp �gð Þg1=2� � ð4Þ

Where IC is the catalytic current of the Ni/POAP/MCPE in
the presence of methanol, IL is the limiting current in the
absence of methanol, and γ=kcot (co is the bulk concentra-
tion of methanol) is the argument of the error function. In
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Fig. 8 Comparison of anodic currents for various electrodes: (1) Pt in
1 M H2SO4 solution, (2) Ni/CPE, (3) Ni/POAP/CPE, and (4) Ni/
POAP/MCPE in 0.1 M NaOH solution in the absence (checkered bar),
and presence (filled bar) of 0.1 M methanol. Scan rate: 20 mV s−1

Fig. 9 Chronoamperograms obtained at the Ni/POAP/MCPE in
absence (a) and presence of (b) 0.09, (c) 0.45, (d) 1, (e) 1.4 and (f)
2.3 M of methanol, first and second potential steps were 0.7 and
0.35 V vs. Ag–AgCl, respectively, in 0.1 M NaOH solution. Inset (A)
dependence of Charge (µC) vs. t, a’ and f’, respectively, derived from
the data of chronoamperograms of (a) and (f). Inset (B) dependence of
IC/IL on t1/2 derived from the data of chronoamperogams of (a) and (f)
in the main panel. Inset (C) dependence of current (μA) on t−1/2

derived from the data of chronoamperogams of (a) in the main panel

Scheme 2 Schematic diagram of electrocatalytic oxidation of
methanol on the surface of Ni/POAP/MCPE

932 J Solid State Electrochem (2009) 13:927–934



the cases where γ exceeds 2, the error function is almost
equal to 1 and the above equation can be reduced to:

IC=IL ¼ g1=2p1=2 ¼ p1=2 kcotð Þ1=2 ð5Þ
Where k, co, and t are the catalytic rate constant (cubic
centimeter per mole per second), methanol concentration
(mole per cubic centimeter), and time elapsed (seconds),
respectively. From the slope of the IC/IL vs. t

1/2 plot, we can
simply calculate the value of k for a given concentration of
substrate. Inset (B) of Fig. 9 shows one such plot,
constructed from the chronoamperogram of the Ni/POAP/
MCPE in the absence and presence of 2.3 M methanol. The
mean value for k was found to be 86.7 cm3 mol−1 s−1. Inset
(C) of Fig. 9 shows the cotrel curve for modified electrode
obtained from chronoamperogram (a); the linear relation-
ship amplifies the diffusion controlled behavior of nickel in
polymeric matrix.

Stability of Ni/POAP/MCPE

We checked long-term stability of Ni/POAP/MCPE by
measuring its response for methanol oxidation after 1 and
2 weeks of storage in dry conditions. The electrode
retains 92% and 88% of its initial response, respectively.
Such stability seems to be acceptable for most practical
applications.

Conclusions

We have shown in this work the advantageous features of
carbon paste technology, polymer modification, and disper-
sion of metallic particles into an organic polymer. A novel
electrode has been described herein, consisting of nickel
ions loaded into a poly(o-aminophenol)-modified carbon
paste electrode by immersion of the polymeric-modified
electrode in a nickel ion solution. The Ni/POAP/MCPE can
catalyze the oxidation of methanol. The kinetic process of
the catalytic reaction can be explained using cyclic
voltammetry and chronoamperometry. The values for the
rate constant k obtained from the chronoamperometric
method indicated that the modified electrode can overcome
the kinetic limitations for methanol oxidation by a catalytic
process and can decrease the overpotential for the oxidation
reaction of methanol.
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