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a b s t r a c t

In this work, for the first time an aqueous solution of Triton X-100 (TX-100) [t-octyl phenoxy polyethoxy
ethanol] non-ionic surfactant is used as an additive for electropolymerization of o-toluidine (OT) onto
multi-walled carbon nanotube paste electrode (CNTPE), which is investigated as a novel matrix for dis-
persion of nickel ions. The growth of polymeric film in the absence of TX-100 is poor, while it considerably
increases in the presence of the surfactant and its growth is continued up to 60th cycle. The as-prepared
eywords:
riton X-100
oly(o-toluidine)
ethanol oxidation
ickel(II) ions

substrate is used as porous matrix for dispersion of transition metal ions of Ni(II) to POT/TX-100 film by
immersing the modified electrode in a 0.1 M nickel sulfate solution. The electrochemical characterization
of this modified electrode exhibits redox behavior of Ni(III)/Ni(II) couple. It has been shown that POT/TX-
100 at the surface of CNTPE improves catalytic efficiency of the dispersed nickel ions toward methanol
oxidation. Then, using a chronoamperometric method, the catalytic rate constant, k, for methanol oxida-
tion is found to be 7.40 × 104 cm3 mol−1 s−1. At the end of this work, long-term stability of this modified

igate
ulti-walled carbon nanotube paste
lectrode

electrode has been invest

. Introduction

There is increasing interest in the electrooxidation of methanol
ecause of the development of direct methanol fuel cells (DMFCs)
s power sources for electronic devices. The DMFC is a promising
uture technology as an alternative to conventional energy-
enerating devices due to its higher energy conversion efficiency,
ow-to-zero pollutant emissions, ready availability of methanol
uel, ease in distribution, and high energy [1]. Despite many efforts
evoted to the DMFC development, their still remain problems to
e overcome in terms of efficiency and power density. One of the
easons is the relatively slow kinetics of the methanol oxidation
eaction (MOR) at the anode, which leads to high over potentials
2]. Most of the works reported for oxidation of methanol in the
iterature deal with Pt and Pt-based alloys in acid medium [3–11].
owever, the cost price and limited supply of Pt constitute a major
arrier to the development of DMFCs [12]. Also, Pt-based electrodes

enerally become deactivated due to surface poisoning by the reac-
ion intermediates, particularly CO molecules [13].

It is, therefore, of interest to investigate low cost non-noble met-
ls for electrocatalysis of the MOR in alkaline medium. An alkaline

∗ Corresponding author. Tel.: +98 112 5342392; fax: +98 112 5342350.
E-mail address: j.raoof@umz.ac.ir (J.-B. Raoof).
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© 2010 Elsevier B.V. All rights reserved.

solution is considered superior to an acid solution in respect of
kinetics as well as material stability standpoints [13–15]. Com-
pared to an acid solution, a much wider range of materials are
stable in alkaline solutions and can be used as anodes for methanol
oxidation. Recently, several electrodes based on non-noble met-
als/oxides have been investigated as anodes for the MOR in an
alkaline medium [16–20]. Among non-noble metals, nickel is a
versatile catalytic material due to its surface oxidation properties.

Conducting polymer matrices have been employed as catalyst
support materials for the oxidation of small organic molecules in
place of conventional support because when particle catalyst is dis-
persed in carbon black, a part of the active sites remains inaccessible
to the reactant molecules [21,22]. However, metal ions dispersed
into conducting polymer support, not only provide access to large
number of catalytic sites, but also offer the possibilities of spent
catalyst recovery. On the other hand, it should be noticed that
the nature of working electrode substrate in electropreparation of
polymeric film is very important because the properties of poly-
meric films depend on the working electrode material. The ease
and fast preparation and obtaining a new reproducible surface, the

low residual current, porous surface, and low cost of carbon paste
are some advantages of carbon paste electrode (CPE) over all other
solid electrodes [23,24]. Also, an important method to obtain elec-
trocatalyst with high performance and low cost is to disperse these
compounds onto the supporters such as carbon. Finding a suitable

dx.doi.org/10.1016/j.jpowsour.2010.09.046
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
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Scheme 1. (A) Structure of TX-100 non-ionic surfactant. (B) Proposed me

lectrode material will be necessary for economic reasons. Carbon
aste is a promising material for DMFC due to its advantages.

It has been seen that surfactants (surface active agents) play a
ery important role in electrode reactions, not only in solubiliz-
ng organic compounds, but also by providing specific orientation
f the molecules at the electrode interface. These molecules can
ive rise to adsorbed layers of varying thickness monolayers, bilay-
rs or multilayers of a very complex structure, thus affect the rate
f electrode reaction. Surfactants affect the locus of polymeriza-
ion and thus modify the molecular and supra-molecular structure
nd surface morphology of polymers. Most non-ionic surfactants
re composed of a polyethylene oxide chain and hydrophobic
art. These surfactants have been applied in many industrial and
echnological processes such as detergency, wetting, foaming,
mulsification and lubrication [25]. On the other hand, non-ionic
urfactants offer decreased sensitivity of the latex to acidity and
onic strength. Triton X-100 (Scheme 1A) is one of the non-ionic sur-
actants widely used in biochemical, chemical, industrial processes
nd in polarography as maximum suppressers.

Generally, studies involving use of the surfactant in electro-
reparation of novel conducting polymer support is rare. Recently,
e have investigated the electrocatalysis of methanol oxidation

ased on nickel particles electrodeposited into poly(m-toluidine)-
TAB film on the carbon paste electrode [26]. The work was time
onsuming (15 min electrolysis at fixed potential) and CTAB can
e only adsorbed on the electrode surface and changes the inter-
acial structure between electrode surface and electrolyte, which
enefits the electropolymerization of MT. Our literature survey

ndicates that, there is no report about the electropolymerization
f o-toluidine (OT) at the surface of multi-walled carbon nanotube
aste electrode in the presence of TX-100 as an additive. The nov-
lty of present work is due to the fact that unlike CTAB, TX-100
ot only may be adsorbed on the electrode surface and alters the

nterfacial structure which facilitates the electropolymerization,
ut also acts as a dopant of the formed polymer film in parallel.
TAB with positive charge cannot act as a dopant during elec-
ropolymerization while TX-100 with oxygen atoms in head polar
roup can do it. Therefore, in this study, with respect to advan-
ages of carbon nanotube (e.g., high accessible surface area, low
esistance, and high stability), carbon paste and non-ionic surfac-
ants, we have decided to investigate the effect of the surfactant on
he electropolymerization and on growth of poly(o-toluidine) films.

herefore, poly(o-toluidine)/TX-100 modified CNTPE which is a
ew conductive organic matrix was prepared and allowed a better
ispersion of nickel ions as a low cost electrocatalyst for electrocat-
lytic oxidation of methanol. This modified electrode can oxidize
he methanol with high current density (over 18.5 mA cm−2). Thus,
m for the electropolymerization of o-toluidine in the presence of TX-100.

this electrode can be a candidate in terms of high current density
as an anode for power sources such as DMFCs.

2. Experimental

2.1. Materials

The solvent used in this work was double distilled water. Sul-
furic acid (from Fluka) and sodium hydroxide (from Merck) were
used as the supporting electrolytes. The NiSO4·6H2O (from Fluka),
OT monomer and Triton X-100 (99%) from Merck were used as
received. Methanol (from Merck) used in this work was analytical
grade. High viscosity paraffin (density: 0.88 g cm−3) (from Fluka)
was used as the pasting liquid for CNTPE. Graphite powder (par-
ticle diameter: 0.10 mm, from Merck) and multi-walled carbon
nanotube (with purity >95%, diameter 54 nm, length 1–10 �m,
number of walls 3–15, from Nanostartech. Co., Tehran, Iran) were
used as the working electrode substrates. The as-received multi-
walled carbon nanotubes were treated with concentrated acids
(H2SO4/HNO3: 3/1) for purification and generation of oxygen func-
tionalities on the surface of MWCNTs. All other reagents were of
analytical grade.

2.2. Electrochemical measurement

Electrochemical experiments were performed using AUTOLAB
PGSTAT 30 electrochemical analysis system and GPES 4.9 software
package (Eco Chemie, Netherlands). The utilized three-electrode
system was composed of a Ag|AgCl|KCl (3 M) as reference elec-
trode, a platinum wire as auxiliary electrode, unmodified carbon
paste and modified carbon nanotube paste as working electrode. All
potentials reported in this article are referenced to the Ag|AgCl|KCl
(3 M).

2.3. Electrode modification

A mixture of graphite powder (0.60 g) plus multi-walled carbon
nanotubes (0.085 g) were blended by hand mixing with a mortar
and pestle. Using a syringe, 0.40 g paraffin was added to the mix-
ture and mixed well until a uniformly wetted paste is obtained.
The resulting paste was then inserted in the bottom of a glass tube
(internal radius: 1.7 mm). The electrical connection was imple-

mented by a copper wire lead fitted into the glass tube. A fresh
electrode surface was generated rapidly by extruding a small plug
of the paste out of the tube and smoothing the resulting surface on
white paper until a smooth shiny surface is observed. The unmodi-
fied carbon paste electrode was prepared in the same way without
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dding carbon nanotubes to the mixture to be used for comparison
urposes. Later modifications of the mentioned electrodes were
erformed in three steps:

a) Electropolymerization of OT monomer by using potential
cycling (10 cycles at a scan rate of potential, � = 50 mV s−1)
between 0.0 and 1.2 V vs. Ag|AgCl|KCl (3 M) in aqueous solu-
tion containing 9.3 mM OT, 0.5 M H2SO4 and 5.0 mM of TX-100
for construction of POT (TX-100)/MCNTPE.

b) Incorporation of Ni(II) ions (as inexpensive metallic ions) to the
POT (TX-100) films by immersing the freshly electropolymer-
ized CNTPE in a well-stirred aqueous 0.1 M NiSO4 solution for
accumulation time of 120 s.

c) After nickel ions incorporation, the electrode was rinsed with
distilled water. At beginning of experiments, the Ni/poly(o-
toluidine)/TX-100 modified CNTPE (Ni/POT (TX-100)/MCNTPE)
was immersed in 0.1 M NaOH solution and the potentials were
cycled between 0.1 to 0.8 V at � = 0.05 V s−1 until a reproducible
cyclic voltammogram was attained (10–15 cycles).

. Results and discussion

.1. Electrochemical polymerization

The poly(o-toluidine) film was prepared on the surface of carbon
anotube paste electrode in the absence and presence of TX-100.
ig. 1A shows the typical multi-sweep cyclic voltammograms dur-
ng the electropolymerization of OT in the presence of TX-100. As
an be seen in this figure, in the first anodic sweep, the oxida-
ion of OT occurs as a distinct irreversible anodic peak (Ep = 0.93 V).
hree redox peaks are observed for the polymerization of OT in
2SO4 solution [27–31]. A part of the oxidation products of OT is
eposited on the electrode, as a poly(o-toluidine) film. The oxida-
ion peak current of monomer is decreased with increasing of the
umber of potential cycles up to 4th cycle. The decreasing of oxi-
ation current is due to the loss of activity of the electrode surface
hen covered with newly formed polymer film. In the presence

f TX-100, the rate of polymerization is considerably increased.
urthermore, under successive potential cycling, the peak currents

elated to the polymer are significantly increased, and their growth
ontinued up to 60th cycle. The surfactant tends to accumulate
t the electrode|electrolyte interface and draws in the monomer,
hereby enhancing the local concentration. These results show that,
n the presence of TX-100, the monomers can easily reach toward

ig. 1. Electropolymerization of OT in a 9.3 mM monomer + 0.5 M H2SO4 solution at the s
f the surfactant at � = 0.05 V s−1. The arrows indicate the trends of current during of cycl
ources 196 (2011) 1855–1863 1857

the electrode surface and produce more monocation radicals. TX-
100 improves the OT solubility and allows a well-defined polymer
growth on the working electrode. Moreover, their polymers show
a better stability than those obtained in the absence of TX-100.
For comparison, Fig. 1B shows typical cyclic voltammograms dur-
ing polymerization of OT in the absence of TX-100. Electrochemical
signal of the conducting poly(o-toluidine) film prepared from the
solution with TX-100 is greatly improved in comparison with that
from the solution without the surfactant. The effect of the addi-
tive can be analyzed by looking into its molecular structure. The
head group of TX-100 (PEO chains) is polar. TX-100 molecules
may be adsorbed on the electrode surface and change the inter-
face structure between the electrode and the electrolyte solution,
which benefits the electropolymerization of this monomer. The
proposed mechanism for the electrochemical polymerization of
OT with TX-100 is shown in Scheme 1B. The oxygen atoms in the
polyoxyethylene group of TX-100 may attract the positive charge
of monomer radical, resulting in OT•+–TX-100 form. Therefore,
TX-100 makes easier electropolymerization for OT. Indeed, the
presence of TX-100 decreases the monomer oxidation potential and
induces the polymerization.

3.2. Cyclic voltammetry behavior of the POT (TX-100)/MCNTPE

The stability of prepared films is checked with CV in 0.5 M H2SO4
solution, which shows decreasing in current at initial ten cycles and
the current almost remains constant afterward. In the first cycle a
shoulder is observed at potential redox around 0.48 V. The shoulder
disappeared after repeatedly cycling the film in TX-100 free sulfu-
ric acid solution. This redox peak in the cyclic voltammograms is
due to adsorption of quinone and/or hydroquinone, generated dur-
ing the growth of polymer film, which is strongly adsorbed in the
polymer matrix [27]. For comparison, cyclic voltammetry behav-
iors of POT/MCNTPE and POT (TX-100)/MCNTPE are shown in Fig. 2.
The electrodes demonstrate their electrochemical activities, which
are characterized by typical oxidation and reduction responses.
Poly(o-toluidine)/TX-100 films have considerably higher redox cur-
rent than the normal poly(o-toluidine) film. The difference in redox
currents reflect the effective active surface areas that are accessi-

ble to the electrolytes at POT (TX-100)/MCNTPE. Apparently, the
porous POT (TX-100) films have higher effective surface areas. This
improvement of doping–undoping rate results from the increase
of surface area and porous structure, which are of benefit to the
ion diffusion and migration [32]. Furthermore, the POT (TX-100)

urface of CNTPE, (A) in the presence of 5.0 mM Triton X-100 and (B) in the absence
ic voltammetry.
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ig. 2. Cyclic voltammograms of POT/MCNTPE (a) and POT (TX-100)/MCNTPE (b)
00)/MCNTPE after immersing in 0.5 M H2SO4 solution at � = 0.05 V s−1.

lm shows large background current. This is also attributed to the
arge surface area of porous structure of the film immobilized on the

urface of CNTPE. The redox behavior of the films is strongly depen-
ent on the pH of the electrolyte solution. As can be seen in Fig. 2,
btained polymer shows a well-defined redox behavior in acidic
upporting electrolyte solution. The response obtained in an alka-
ine solution (i.e., 0.1 M NaOH) shows a complete loss of electrode

ig. 3. (A) Cyclic voltammograms of POT (TX-100)/MCNTPE in 0.5 M H2SO4 solution at
.10, (g) 0.20, (h) 0.40, (i) 0.60, (j) 0.80 and (k) 1.0 V s−1. (B) The dependency of peak curre
� > 0.10 V s−1).
potential cycling in 0.5 M H2SO4. (c) The first cyclic voltammogram of POT (TX-

activity (figure not shown). However, the films are not degraded
under these experimental conditions and their responses are recov-

ered when the electrodes are immersed in an acidic supporting
electrolyte solution.

Fig. 3A represents the cyclic voltammograms of POT (TX-
100)/MCNTPE in 0.5 M H2SO4 solution recorded at different
potential sweep rates, �, in a wide range of 0.005–1.00 V s−1. Anodic

various sweep rates of potential: (a) 0.005, (b) 0.01, (c) 0.02, (d) 0.05, (e) 0.08, (f)
nts on the � at lower values (0.005–0.10 V s−1) and (C) on the �1/2 at higher values
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Fig. 4. Cyclic voltammograms of (a) Ni/POT/MCNTPE and (b) Ni/POT (TX-
100)/MCNTPE in a 0.1 M NaOH solution after nickel hydroxide formation at scan
rate of 0.05 V s−1.

Fig. 5. (A) Cyclic voltammograms of Ni/POT (TX-100)/MCNTPE at various potential scan r
and (j) 0.80 V s−1. (B) Plot of Ep vs. log � for cyclic voltammograms depicted in the (A) for a
peak currents on lower values of � (0.005–0.08 V s−1) and (D) on �1/2 at higher values of
ources 196 (2011) 1855–1863 1859

and cathodic peak currents are linearly proportional to � at low
values from 0.005 to 0.080 V s−1 (Fig. 3B). This result is attributed
to the electrochemical activity of an immobilized redox couple at
the surface of electrode. In the higher range of potential sweep
rates (0.10–1.0 V s−1; Fig. 3C); the peak currents are linearly pro-
portional to �1/2, showing the dominance of a diffusion-controlled
process. This limiting diffusion process may occur for the charge
neutralization of the polymer film with ion dopants during its oxi-
dation/reduction process.

3.3. Electrochemical behavior of Ni/POT (TX-100)/MCNTPE

Nickel(II) ions link covalently to the amine groups in the
POT (TX-100) backbone creating a structure more stable than
that attained by the immersion of bare CNTPE in nickel solu-
tions. After incorporation of Ni2+ ions onto the polymer films,
polarization behavior is examined in 0.1 M NaOH solution using
cyclic voltammetry technique. This technique allows the hydrox-
ide film formation in parallel to inspecting the electrochemical
reactivity of the surface. The significant difference between
the cyclic voltammogram obtained for immobilized nickel on

the POT/MCNTPE (Fig. 4a) and that obtained on the POT (TX-
100)/MCNTPE (Fig. 4b) is an increase in area under the curve for
the Ni/POT (TX-100)/MCNTPE. This improvement may be resulted
from an interaction between the nickel ions and TX-100 presented
in the POT films. This porous structure yields larger available area

ates: (a) 0.005, (b) 0.01, (c) 0.02, (d) 0.05, (e) 0.08, (f) 0.10, (g) 0.20, (h) 0.40, (i) 0.60
nodic peaks (a) and cathodic peaks (b). (C) The dependency of anodic and cathodic

� (� > 0.08 V s−1).
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ig. 6. (A) Electrochemical responses of Ni/POT (TX-100)/MCNTPE in 0.1 M NaOH (
a) Ni/POT/MCNTPE and (b) Ni/POT (TX-100)/MCNTPE in 0.1 M NaOH + 0.24 M CH3O

nd, in the case of introducing of nickel, with a better dispersion
nd/or distribution. The redox process of these modified electrodes
s expressed as:

i(OH)2 + OH− � NiOOH + H2O + e− (1)

Fig. 5A shows the cyclic voltammograms obtained at the surface
f Ni/POT (TX-100)/MCNTPE at different scan rates of potential in
wide range of 0.005–0.8 V s−1. A pair of well-defined peaks with
half wave potential of 425 mV appears in the voltammograms,

nd the peak-to-peak potential separation (at the potential sweep
ate of 10 mV s−1) is 98 mV. The peak-to-peak potential separa-
ion is deviated from the theoretical value of zero and increases
t higher potential sweep rates. This result indicates a limitation
n the charge-transfer kinetics arising from chemical interactions
etween the electrolyte ions and the modifier film, dominated of
lectrostatic factors, and/or non-equivalent sites present in the
lm. Laviron derived general expressions for the linear potential
weep voltammetric response in the case of surface-confined elec-
roreactive species at small concentrations [33]. The expressions for
eak-to-peak separation of �Ep > 0.2/n V, where n is the number of
xchanged electrons, are as follows:

pa = E0 + A ln
[

1 − ˛

m

]
(2)

pc = E0 + B ln
[

˛

m

]
(3)

og ks = ˛ log(1 − ˛) + (1 − ˛)log ˛ − log
(

RT

nF�

)

− ˛(1 − ˛)nF�Ep

2.3RT
(4)

here A = RT/(1 − ˛)nF, B = RT/˛nF, m = (RT/F)(ks/n�), Epa, Epc, ˛, ks

nd � are anodic, cathodic peak potentials, anodic electron trans-
er coefficient, apparent charge transfer rate constant and potential
weep rate, respectively. From these expressions, ˛ can be deter-
ined by measuring the variation of the peak potential with respect

o the potential sweep rate, and ks can be determined for electron

ransfer between the electrode and surface deposited layer by mea-
uring the Ep values. Fig. 5B shows the plot of Ep with respect to
he logarithm � from cyclic voltammograms recorded at potential
weep rates 0.005–0.08 V s−1 for anodic (a) and cathodic (b) peaks.
t can be observed that the values of Ep are proportional to the log-
he absence and (b) the presence of 0.24 M methanol. (B) Cyclic voltammograms of
= 0.02 V s−1.

arithm � at � > 0.08 V s−1 indicated by Laviron. Using the plot and
Eqs. (2) and (4), the value of ˛ is determined to be 0.7. In addition,
the value of ˇ (cathodic electron transfer coefficient) is deter-
mined to be 0.3. These discrepancies suggest that the rate-limiting
steps for the reduction and oxidation processes might not be the
same [34,35]. Moreover, the mean value of ks is determined to be
2.86 s−1.

Another point in the voltammograms represented in Fig. 5A
is that the anodic and cathodic peak currents are proportional to
the � at low values from 0.005 to 0.08 V s−1 (Fig. 5C). This can be
attributed to an electrochemical activity of an immobilized redox
couple at the surface. From the slope of this line and using [36]:

Ip = n2F2�A� ∗

4RT
(5)

where Ip, A and � * are peak current, electrode surface area and
surface coverage of the redox species, respectively, and taking the
average of both cathodic and anodic currents, the total surface
coverage of the immobilized active substance in the film of about
8.28 × 10−8 mol cm−2 is derived. In the higher range of � (� > 0.08 V
s−1, Fig. 5D), the peak currents depend on �1/2, signifying the dom-
inance of a diffusion process as the rate limiting step in the total
redox transition of the modifier film. This diffusion process may
be due to the charge neutralization of the film during the oxida-
tion/reduction process [37–39].

3.4. Electrocatalytic oxidation of methanol at the Ni/POT
(TX-100)/MCNTPE

The electrochemical response of a Ni/POT (TX-100)/MCNTPE in
alkaline solution exhibits well-defined anodic and cathodic peaks
(Fig. 6A (a)) associated with the Ni(III)/Ni(II) redox couple. Fig. 6A
(b) shows the behavior of this modified electrode in the presence
of 0.24 M methanol. An increment in the anodic peak current (aI)
followed by the appearance of a new peak (aII) at more positive
potential and a decrease in the cathodic peak current and its charge
(RI) during the reverse scan are the main effects observed upon

methanol addition to the electrolyte solution. The modifier layer
Ni(OH)2 at the electrode surface acts as a catalyst for the oxida-
tion of methanol in 0.1 M NaOH solution. As has been reported in
the literature [40–44], this behavior is typical of that expected for
mediated oxidation of methanol as follows:
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Fig. 7. Histograms of anodic peak currents for, (1) Ni/CPE, (2) Ni/POT/MCPE,
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3) Ni/POT (TX-100)/MCPE, (4) Ni/CNTPE, (5) Ni/POT/MCNTPE and (6) Ni/POT
TX-100)/MCNTPE in a solution containing 0.24 M methanol + 0.1 M NaOH at
= 0.02 V s−1.

The relative decrease of the cathodic peak height in presence
f methanol is attributed to the partial consumption of nickel oxy-
ydroxide species for the methanol oxidation with the formation of
ickel hydroxide in accordance of reaction (7). This indicates clearly
hat the applied modifier in this process participates directly in the
lectrocatalytic oxidation of methanol.

It is generally agreed that the Ni-based catalysts such as nickel
xides and its complexes in a basic aqueous medium can catalyze
ethanol oxidation through an overall four electron process for

roducing formate anion [45]:

H3OH + 5OH− → HCOO− + 4H2O + 4e− (8)

For comparison, the cyclic voltammograms of methanol oxida-
ion at Ni/POT/MCNTPE and Ni/POT (TX-100)/MCNTPE are shown
n Fig. 6B. The Ni/POT (TX-100)/MCNTPE yields much higher

ass activity (i.e., current normalized per Ni load/A gNi
−1) about

3470 A gNi
−1) than the other electrode (2370 A gNi

−1). The differ-
nce between cyclic voltammogram (a) with (b) may be attributed
o the large real surface area of the Ni ions in the POT (TX-100) film
mmobilized on the CNTPE. In addition, the polymeric structure
revents the particle agglomerating and coalescing during accumu-

ation and also stabilizes them on the electrode. These observations
an clearly explain the role of the POT (TX-100) film on the enhance-
ent of electrocatalytic oxidation currents of methanol. Indeed, the

OT (TX-100) film is a good and proper bed for immobilization of
ickel ions. It seems that the main and plausible reason for such
n enhancement is the formation of a polymer film backbone at
he surface of CNTPE that provides the facile arrival of methanol on
i(OH)2 catalytic centers.

The anodic currents for methanol electrooxidation under the
ame conditions at the surface of various electrodes are given
n Fig. 7. Methanol does not undergo oxidation prior to the dis-
harge of supporting electrolyte at CPE and CNTPE in potential

indow (0.1–0.9 V) in 0.1 M NaOH solution, while a small current

s observed in the case of the Ni/CPE. Following the dispersion of
ickel ions at the POT/MCPE surface, methanol oxidation occurs at
his electrode with higher current. This may be attributed to the
resence of polymeric film having amine groups which increases
Fig. 8. Current–potential curves of different methanol concentrations: (a) 0.0 M,
(b) 0.06 M, (c) 0.12 M, (d) 0.18 M, (e) 0.24 M and (f) 0.3 M at the surface of Ni/POT
(TX-100)/MCNTPE at the potential scan rate of 0.02 V s−1.

the amount of accumulated nickel. Ni/POT (TX-100)/MCPE shows
higher catalytic current with respect to the previous electrodes.
Also, the application of MWCNTs as incorporated materials into
a carbon paste electrode improves the electrochemical signal of
methanol oxidation and thus the highest current is obtained at the
surface of Ni/POT (TX-100)/MCNTPE.

3.5. The effect of methanol concentration

Fig. 8 shows the effect of methanol concentration on the anodic
peak current at Ni/POT (TX-100)/MCNTPE in 0.1 M NaOH. It is
clearly observed that as the methanol concentration increases, the
peak height increases linearly with methanol concentration up to
0.24 M. It can be assumed that the increase is due to the presence
of a diffusion controlled process that appears to play an important
role at low methanol concentrations. While the methanol concen-
tration exceeds this limit, the rate of the whole oxidation process
seems to be limited by that of the catalytic process in origin and its
rate depends on the reaction between methanol and Ni(III) species,
which is present in the film.

3.6. Chronoamperometric studies

Double potential step chronoamperometry is employed for
the investigation of electrochemical processes at the Ni/POT (TX-
100)/MCNTPE surface. Fig. 9A shows the double-step chronoam-
perograms for the modified electrode by setting the working
electrode potential at 0.7 V (first step) and 0.3 V (second step) vs.
Ag|AgCl|KCl (3 M) for various concentrations of methanol. In the
presence of methanol, the charge value associated with the forward
chronoamperometry, Qa, is greater than that observed for the back-
ward chronoamperometry (Fig. 9B (e′)). Chronoamperometry can
also be used for the evaluation of the chemical reaction between the
methanol and modified layer (catalytic rate constant, k) according
to [36]:

IC 1/2 1/2 1/2 1/2
IL
= � � = � (kcot) (9)

where IC and IL are the currents in the presence and absence of
methanol, k is catalytic rate constant; co is the bulk concentra-
tion of methanol and t is the elapsed time. From the slope of the
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Fig. 9. (A) Chronoamperograms obtained at a Ni/POT (TX-100)/MCNTPE in the absence
CH3OH. (B) The dependency of charge Q (mC) vs. t, derived from the data of chronoampe
chronoamperograms of (a) and (e) in the main panel.

Table 1
Comparison of the catalytic rate constant (k, cm3 mol−1 s−1) of some Ni-modified
electrodes used in electrocatalytic oxidation of methanol.

Electrode Modifier Catalytic rate
constant

Reference

6

I
t
a
w

T
C
a

MWCNTPE Poly-Ni(II)-quercetin 1.83 × 10 [39]
Glassy carbon Poly-Ni(II)-curcumin 2.04 × 103 [44]
Ni–Cu alloy Ni(OH)2 1.98 × 103 [46]
Carbon paste Ni/POAP 8.67 × 101 [47]
Carbon nanotube paste Ni/POT (TX-100) 7.40 × 104 This work
C/IL vs. t1/2 plot, presented in Fig. 9C, the mean value of k for
he concentration range of 0.024–0.12 M of methanol is obtained
s 7.40 × 104 cm3 mol−1 s−1. This estimated k value is comparable
ith other k values for similar systems in the literature (see Table 1).

able 2
omparison of the efficiency (in terms of current density) and anodic peak potential (aII

lkaline medium.

Electrode Modifier aj (mA cm−

Glassy carbon NiII-DHS 6.9
Nickel NiODMG 15.9
Glassy carbon Ni(OH)2 15.4
Glassy carbon Poly-(NiII-tmdbta) 1.5
Nickel NiODMG 16.1
Glassy carbon Poly-Ni(II)-curcumin 17.2
Carbon paste Ni/POAP 3.7
Carbon NiHS 25.1
Carbon paste Ni/P-1,5-DAN 1.54
Carbon nanotube paste Ni/POT (TX-100) 18.5

a Current density: j = Ip(aII)/A (A is the geometric surface area of substrate).
(a) and the presence of (b) 0.024 M, (c) 0.048 M, (d) 0.072 M and (e) 0.096 M of
rograms of (a) and (e). (C) The dependency of IC/IL on t1/2 derived from the data of

3.7. Long-term stability of Ni/POT (TX-100)/MCNTPE

In the practical view, long-term stability of the electrode is
important. The long-term stability of Ni/POT (TX-100)/MCNTPE is
examined in 0.1 M NaOH + 0.24 M CH3OH solutions using cyclic
voltammetry method (figure not shown). The anodic peak cur-
rent decreases gradually with potential cycling. In general, the loss
of the catalytic activity with successive scans of potential may
result from the consumption of methanol during the scan of poten-

tial in cyclic voltammetry. It also perhaps due to poisoning and
the structure change of the nickel as a result of the perturbation
of the potentials during the scanning in aqueous solutions, espe-
cially in the presence of organic compound. Another factor may
be due to the diffusion process occurring between surface of the

) of some Ni-modified electrodes used in electrocatalytic oxidation of methanol in

2) � (mV s−1) Ep(aII ) (V) Reference

20 0.63 [37]
20 0.60 [40]
50 0.58 [41]

100 0.61 [42]
20 0.62 [43]

100 0.77 [44]
20 0.70 [47]

5 0.60 [49]
10 0.65 [50]
20 0.70 This work
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ig. 10. Current–time transient for methanol oxidation at the surface of Ni/POT
TX-100)/MCNTPE in the presence of 0.24 M methanol in 0.1 M NaOH solution for a
eriod of 600 s. The potential step was 0.75 V.

lectrode and the bulk solution. With increasing of scan number,
ethanol diffuses gradually from the bulk solution to the electrode

urface.
It was reported by Jiang and coworkers [48] that the methanol

xidation current on Pt polycrystalline electrode decays rapidly
ith the time, and the current in i–t curve is almost zero after

00 s. The rapid current decay has been interpreted as the “self-
oisoning” of the adsorbed species derived from the dissociative
dsorption of methanol. In this work, for further evaluate the
ctivity and stability of the Ni/POT (TX-100)/MCNTPE, chronoam-
erogram was recorded for a large time window of our modified
lectrode in the presence of methanol (Fig. 10). As can be seen,
he decrease in current is relatively slow. It is obvious that
he Ni/POT (TX-100)/MCNTPE exhibits a good stability toward

ethanol oxidation. In comparison with some other previous
orks, it seems clearly that nickel hydroxide in the modified elec-

rode can act as a comparable catalyst in methanol electrooxidation
see Table 2).

. Conclusion

In this work, a novel poly(o-toluidine)/Triton X-100 film was
repared by electropolymerization of OT at the surface of carbon
anotube paste electrode in the presence of TX-100. Addition of
X-100 to the monomer solution leads to an increase in the poly-
er growth rate. Also, TX-100 in the electrolyte solution may be

dsorbed on the electrode and changes the interfacial structure
etween electrode and electrolyte, which benefits the preparation
f poly(o-toluidine) with more current density. The electrochemi-
al behavior of POT (TX-100)/MCNTPE shows that, apart from the
igher polymerization rate in the presence of TX-100, the result-

ng polymer has good electrical conductivity, which can be due
o the different morphology of poly(o-toluidine) in the POT (TX-
00)/MCNTPE.

Ni(OH)2 species onto the poly(o-toluidine)/Triton X-100 film
hows higher catalytic activity towards methanol oxidation than
hat the other nickel modified electrodes. The value for the catalytic

ate constant obtained from the chronoamperometric method
ndicates that the modified electrode can overcome the kinetic lim-
tation for the methanol oxidation by a catalytic process and can
ecrease the overpotential for the oxidation reaction of methanol.
he stability of the Ni/POT (TX-100)/MCNTPE seems to be accept-
ble for practical applications.
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