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a  b  s  t  r  a  c  t

The  nickel–cadmium  (Ni-promoted  Cd) catalyst  for  using  direct  methanol  fuel cell  (DMFC)  applications
is  electrochemically  deposited  on a graphite  substrate.  The  activity  of  methanol  oxidation  is assessed  by
recording cyclic  voltammetry,  electrochemical  impedance  spectroscopy  (EIS)  and  chronoamperometry
(CA)  techniques.  The  surface  morphologies  and chemical  compositions  of catalysts  are  determined  by
scanning  electron  microscopy  (SEM),  energy  dispersive  X-ray  spectroscopy  (EDX)  and  X-ray  florescence
spectroscopy  (XRF).  Mean  roughness  of  catalysts  is  measured  by  atomic  force  microscopy  (AFM).  Kinetic
eywords:
ethanol oxidation

atalysis
ickel
admium

parameters  of  oxidation  such  as the  anodic  electron  transfer  coefficient  (˛a),  cathodic  electron  transfer
coefficient  (˛c) and  charge  transfer  rate  constant  (ks)  are  calculated.  The  effect  of  methanol  concentration
and  temperature  on methanol  oxidation  is  also  investigated.  The  electrochemical  measurements  show
that the  addition  of  Cd  to single  coating  enhances  the  electrocatalytic  properties  for  methanol  oxidation
and  Ni-promoted  Cd/C  has the  best  catalytic  activity  and stability.
raphite

. Introduction

Direct methanol fuel cell (DMFC) is a promising power source for
ortable electronic applications due to its low operating tempera-
ure, easy transportation and fuel storage, high-energy efficiency,
ow exhaustion and fast start-up [1]. A lot of projects have been

ade in the development of DMFCs [2–4]. However, their perfor-
ance is still limited by the poor kinetics of the anode reaction

5,6] and the crossover of methanol from the anode to the cathode
ide through the proton exchange membrane [7,8]. Pt is still the
ost satisfactory electrode material in DMFCs both for its activ-

ty and stability, while few materials have achieved comparable
erformance to Pt. Unfortunately, Pt is easily poisoned by COad,
hich is an intermediate of the methanol oxidation reaction (MOR)

9,10].  The COad poisoning could be alleviated by alloying Pt with
ther metals like Ru [11,12] or Ni [13,14]. Ni has commonly been
sed as an electrocatalyst for both anodic and cathodic reactions in
rganic synthesis and water electrolysis [15–18].  One of the very
mportant uses of nickel as a catalyst is for the oxidation of alcohols.
everal studies of the electro-oxidation of alcohols on Ni have been

eported [19,20].

Carbon based materials are commonly used as DMFC catalyst
upport materials. However, these conventional carbon materials

∗ Corresponding author. Tel.: +90 322 338 6081x16; fax: +90 322 338 6070.
E-mail address: gulfeza@cu.edu.tr (G. Kardaş ).

378-7753/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2012.01.020
© 2012 Elsevier B.V. All rights reserved.

have been investigated for a long time, and substantial information
has already been accumulated. In addition, the choice of suitable
carbon based materials for the catalysts is also an important factor
that can significantly affect the performances of supported catalysts
owing to interactions, which modify the catalytic activities of metal
catalysts and carbon support materials [21]. Because of a good
electrochemical stability, unique structures, low cost, low over-
potential, high electronic and thermal conductivities and a high
specific surface area, graphite (C) as a catalyst support to improve
the catalyst utilization and electroactivity in fuel cells have been
extensively studied [22]. A combination of a large surface area with
an enhanced catalytic activity and low overpotential enable co-
deposits of transition metals and oxides on the graphite substrate.

The aim of present study is preparation of catalyst as an
effective anode material for DMFC applications. For this purpose,
electrochemical measurements are used to analyze the methanol
oxidation on the Ni-promoted Cd/C catalyst.

2. Experimental

The graphite substrate was  used as a catalyst support. The
graphite rod was  coated with polyester block except only a base
side of substrate, which was  left to contact with the electrolyte

and electrical conductivity was provided by a copper wire. Exposed
area of substrate is 0.283 cm2. The substrate surface was pol-
ished with emery paper (320–1000 grain size), then washed with
distilled water, thoroughly degreased with acetone, followed by

dx.doi.org/10.1016/j.jpowsour.2012.01.020
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:gulfeza@cu.edu.tr
dx.doi.org/10.1016/j.jpowsour.2012.01.020
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ashing with distilled water again and immersed in the bath
olution. The electrodeposition was performed galvanostatically
sing a Potentiostate-galvanostate instrument (Princeton Applied
esearch Model 362) with a three-electrode configuration. A nickel
heet was used as counter electrode, and Ag/AgCl electrode was
sed as the reference electrode. The metal deposition was car-
ied out at room temperature. During metal deposition, the bath
olutions were continuously stirred using a magnetic stirrer.

(a) Preparation of Ni/C: The catalyst was prepared using a nickel
bath solution. The bath composition was 30% NiSO4·6H2O,
1.00% NiCl2·6H2O, 1.25% H3BO3 (wt%). A constant current den-
sity of 100 mA  cm−2 was applied to the electrolysis system
for 900 s. After deposition, the catalyst was rinsed with dis-
tilled water in order to remove residues of bath chemicals and
unattached particles.

b) Preparation of Ni-promoted Cd/C: CdCl2 and CdSO4 salts were
added to the nickel bath. The bath composition was 0.274%
CdSO4·8/3H2O, 0.00787% CdCl2 (wt%). The bath mole ratios of
Ni2+ and Cd2+ are 10:0.1. Prepared catalyst is named as Ni-
promoted Cd/C. The amount of Cd was kept very low in the
binary catalyst.

Constant current density of 80 mA  cm−2 was  applied to the
lectrolysis system for 900 s during the electrodeposition. The
lectrochemical measurements were carried out using a CHI
04 A.C. Electrochemical Analyzer (Serial Number 64721A) under
omputer control. A double-wall one-compartment cell with a
hree-electrode configuration was used. A platinum sheet (with

 cm2 surface area) and Ag/AgCl electrode was used as the auxil-
ary and the reference electrodes, respectively. All potential values

ere referred to this reference electrode. Cyclic voltammograms
ere recorded at different scan rates, concentrations of methanol

nd temperatures. Electrochemical impedance spectroscopy (EIS)
nd chronoamperometry (CA) measurements were performed at
 constant potential. The EIS experiments were conducted in the
requency range of 100 kHz to 0.003 Hz at 0.5 V. The amplitude
as 0.005 V. The electrochemical tests were carried out in 1.00 M
H3OH + 1.00 M KOH solution. The solution temperature was

Fig. 2. SEM images of graphite (a) and Ni (b), Cd (c) and Ni-pro
Fig. 1. Cyclic voltammograms of C (�), Cd/C (�), Ni/C (�) and Ni-promoted Cd/C (�)
in  1.00 M KOH at 25 ◦C (scan rate �: 100 mV  s−1).

thermostatically controlled at different temperatures by the Nuve
BS 302 type thermostat. All the test solutions were prepared from
analytical grade chemical reagents in distilled water without fur-
ther purification. Newly prepared catalysts as well as the test
solutions were used for each experiment. All experiments were
repeated at least three times.

The chemical composition of catalyst was determined by energy
dispersive X-ray (EDX) and X-ray florescence (XRF) analysis. The
scanning electron microscopy (SEM) images were taken using a Carl
Zeiss Leo 440 SEM instrument at high vacuum and 10 kV EHT. Mean
roughness of catalysts is measured by atomic force microscopy
(AFM).

3. Results and discussion

3.1. Characterization

Cyclic voltammetry (CV) is an electrochemical technique suit-
able for the electrochemical characterization of the prepared

catalysts [23]. Fig. 1 shows the CVs of C, Cd/C, Ni/C and Ni-promoted
Cd/C in 1.00 M KOH solution at 298 K between the hydrogen and
oxygen evolution potential range. In Fig. 1, it is seen the process of
carbonization on the graphite surface in the alkaline media. When

moted Cd (d) coated graphite electrodes (mag: 5.00k×).
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Fig. 3. EDX spectrum obtained from the surfaces of Ni-promoted Cd/C layer.

he graphite surface was coated with the cadmium, the CV of the
raphite was changed. Three anodic peaks and four cathodic peaks

an be seen. The narrow and large peaks at −0.94 and −0.69 V cor-
espond to formation of soluble cadmium species, as well as solid
d(OH)2 and CdO [24]. The second anodic peak is due to changes

n the anodic layer or to further oxidation of the underlying metal.

Fig. 4. 2D (a), 3D (b) AFM images, and se
Sources 205 (2012) 71– 79 73

This peak depends on the scan rate, suggesting that the process
is time dependent. The reduction peaks at −1.22 and −1.39 V can
involve the reduction of Cd(OH)2 as well as CdO. The occurrence
of several cathodic peaks has been explained by the reduction of
Cd(OH)2 with different water contents [25,26]. In Fig. 1, the peak at
−0.70 V corresponds to Ni/Ni2+ oxidation [27,28], the transforma-
tion of �-Ni(OH)2 to �-Ni(OH)2 takes place between the potential
ranges of −0.57 to 0.32 V [29]. The peak centered at 0.34 V corre-
sponds to the Ni2+/Ni3+ transition [20,29,30].  The cathodic peak at
0.30 V corresponds to the Ni3+/Ni2+ reduction. In Fig. 1, the CVs of
the Ni-promoted Cd/C catalyst shows both the behaviors of Ni and
Cd. Anodic and cathodic peak intensity changes by changing the
composition of Ni and Cd in the catalyst.

The surface SEM images of graphite (C), Ni/C and Cd/C and Ni-
promoted Cd/C are shown in Fig. 2. As it is seen in Fig. 2a, graphite
surface consists of some micro sheets. In Fig. 2b and c, the mor-
phology of graphite surface changed significantly when the surface
coated with Ni or Cd (Fig. 2b and c). The surface is fully covered
by Ni in Fig. 2b or Cd in Fig. 2c. In Fig. 2b nodular structures were
distributed on the Ni surface. As seen in Fig. 2c, Cd coating has signif-

icantly different crystalline structures than Ni. SEM image and EDX
spectra of Ni-promoted Cd/C catalyst are given in Figs. 2d and 3,
respectively. As it can be seen from Fig. 2d, when Ni and Cd co-
deposited on graphite surface, the surface morphology changed.

ctional analysis (c) of Ni/C catalyst.
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atalyst particles like granules were distributed on the surface. The
eposit presents a highly porous structure. Moreover, the poros-

ty of surface more and more improved. In the EDX spectrum of
i-promoted Cd/C catalyst surface, both peaks of Ni and Cd were

hown. The related percentage metal ratios are given in the same
gures as the inset. The percentage amount of Cd is higher than
he percentage amount of Ni. This is related to the reduction rate
f Cd2+. Upon the entire surface of Ni-promoted Cd/C, the metal
atios are also measured by XRF. Amount of metal ratios was given
s wt%. The related metal ratios are 7.04% Ni and 92.95% Cd. These
ata are in good agreement with results of EDX. AFM is a power-
ul technique to investigative the surface morphology at nano- to

icro-scale and has become a new choice to study the surface mor-
hology of the coatings. The two (2D) and three-dimensional (3D)
FM images as well as a section analysis of Ni-promoted Cd and Ni/C
urfaces are given in Figs. 4 and 5. As it is shown in Fig. 5, the surface
f Ni-promoted Cd/C catalyst has a considerably porous structure.

y comparing Figs. 4 and 5 and Fig. 2, there is a very good agree-
ent between AFM and SEM images. Mean roughness of Ni/C and
i-promoted Cd/C catalysts is measured as 142.82 and 486.51 nm,

espectively.

Fig. 5. 2D (a), 3D (b) AFM images, and sectional
Sources 205 (2012) 71– 79

3.2. Electrooxidation of methanol on Ni-promoted Cd/C
electrocatalyst

Fig. 6 displays the cyclic voltammograms recorded for the oxida-
tion of methanol at a scan rate of 100 mV s−1 for C, Ni/C, Cd/C and
Ni-promoted Cd/C. As it can be seen from Fig. 6, no current peak
of methanol oxidation is observed, indicating that the C and Cd/C
have no obvious electrocatalytic activity for methanol oxidation.
It is clear from Fig. 6 that two well-defined anodic peaks and one
cathodic peak were observed in the forward and backward scans,
for the Ni/C and Ni-promoted Cd/C catalysts. Methanol oxidation
currents (Ip) during the forward scan were determined as 106.6
and 230.4 mA cm−2 for Ni/C and Ni-promoted Cd/C, respectively,
from the corresponding CVs. The results obtained showed that the
methanol oxidation current increased for Ni-promoted Cd/C cata-
lyst with respect to Ni/C. However, the highest methanol oxidation
current was  obtained on Ni-promoted Cd/C catalyst. These data

suggest that the surface porosity and enhancement of the surface
area are not negligible for the Ni-promoted Cd/C catalyst [31]. Syn-
ergistic effect between Ni and Cd may  also affect the methanol
oxidation. Because the Cd is incorporated into the surface Ni layer

 analysis (c) of Ni-promoted Cd/C catalyst.
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Fig. 6. Cyclic voltammograms of C (�), Cd/C (�), Ni/C (�) and Ni-promoted Cd/C (�)
i

w
a
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b

t

F
(
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n 1.00 M CH3OH + 1.00 M KOH at 25 ◦C (scan rate �: 100 mV s−1).

here it can exert a strong electronic effect [32]. Yu et al. observed
n enhancement of formic acid oxidation on the PtBi/C compos-
te electrodes prepared by co-deposition. The oxidation activity

hanged with electronic effect of the Bi. This attributed to selective
locking of sites at which CO is formed [33].

The electrocatalytic oxidation of methanol occurs not only in
he anodic but also continues in the initial stage of the cathodic

ig. 7. Effect of the different scan rates (250, 200, 150, 100, 75, 50 and 25 mV s−1) on the 

a).  Dependence of anodic peak current during the forward scan on anodic peak potential
nd  reverse scan on the square roots of scan rate (c). Dependence of both anodic (�) and 
Sources 205 (2012) 71– 79 75

half cycle. The value of this new oxidation peak which was
obtained in the initial stage of the cathodic half cycle was  found
as 135.2 mA cm−2 for Ni-promoted Cd/C. Methanol molecules
adsorbed on the surface are oxidized at higher potentials paral-
lel to the oxidation of Ni2+ to Ni3+ species. The later process has
the consequence of decreasing the number of sites for methanol
adsorption that along with the poisoning effect of the products
or intermediates of the reaction tends to decrease the overall rate
of methanol oxidation. Thus, the anodic current passes through a
maximum as the potential is anodically swept. In the reverse half
cycle, the oxidation continues and its corresponding current goes
through a maximum due to the regeneration of active sites for the
adsorption of methanol as a consequence of removal of adsorbed
intermediates and products. Surely, the rate of methanol oxidation
as signified by the anodic current in the cathodic half cycle drops
as the unfavorable cathodic potentials are approached.

Fig. 7a shows the effect of the scan rate on methanol oxida-
tion at Ni-promoted Cd/C catalyst in 1.00 M KOH  in the presence
of 1.00 M methanol. This curve shows that the anodic current for
methanol oxidation at Ni-promoted Cd/C catalyst increases rapidly
with increasing the potential scan rate and anodic potential shift

toward higher potential values (Fig. 7a). Indeed, the time win-
dow for methanol oxidation process at higher scan rates becomes
very narrow where facile electron transfer takes place between
methanol and catalytic sites. The peak currents of the CVs are

electrooxidation of 1.00 M CH3OH in 1.00 M KOH at the Ni-promoted Cd/C at 25 ◦C
s (b). Dependence of anodic (�) and cathodic (©) peak current during the forward
cathodic (©) Ep on ln � (d).



76 A. Döner et al. / Journal of Power Sources 205 (2012) 71– 79

Fig. 8. Effect of the different concentrations of CH3OH solution ((�) 1.00 M,  (©)
0.75 M,  (�) 0.50 M, (+) 0.25 M,  (�) 0.10 M)  on the electrooxidation of methanol in
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Fig. 9. Effect of the different temperatures on the electrooxidation of methanol in
−1
.00  M KOH on the Ni-promoted Cd/C at 25 ◦C (scan rate �: 100 mV s−1) (a) (inset
hows the zoomed regions of methanol oxidation peaks). C–Ipa curve obtained on
i-promoted Cd/C electrode at 100 mV  s−1 scan rate (b).

inearly proportional to the scan rate (�) up to 80 mV s−1 (Fig. 7b),
rom the slope of this line and using [34]

p =
(

n2F2A�

4RT

)
� (1)

here Ip, A and � are anodic peak current, electrode surface area
nd surface coverage of the redox species, respectively. The val-
es of � were calculated to be approximately 5.76 × 10−6 and
.34 × 10−6 mol  cm−2 for Ni-promoted Cd/C and Ni/C catalysts,
espectively. In the higher range of � (� > 80 mV  s−1, Fig. 7c), the
eak current depends on �1/2, signifying the dominance of a diffu-
ion process as the rate limiting step in the total redox transition of
he modifier film. This diffusion process may  be due to the charge
eutralization of the film during the oxidation/reduction process
35–37]. As it is shown in Fig. 7d, the peak-to-peak separation
�Ep = Epa − Epc, �Ep > 200/n mV,  n is the number of the exchanged
lectrons) increases with the scan rate, indicating the limitation
rising from charge transfer kinetics. Based on the Laviron theory
38], it is possible to determine the electron transfer coefficient (˛)
y measuring the variation of the peak potentials with the scan
ate (�) as well as the apparent charge transfer rate constant (ks)
or the electron transfer process between the electrode and the

urface-deposited layer according to the following equations:

pa = E◦ + RT

(1 − ˛)nF
ln

[
(1 − ˛)Fn�

RTks

]
(2)
1.00 M KOH at the Ni-promoted Cd/C (scan rate �: 100 mV  s ) (a). 1/T–ln Ipa curve
obtained in 1.00 M KOH solution containing 1.00 M methanol on Ni-promoted Cd/C
catalyst at 100 mV s−1 scan rate (b).

Epc = E◦ + RT

˛nF
ln

[
˛Fn�

RTks

]
(3)

ln ks =  ̨ ln(1 − ˛) + (1 − ˛)ln  ̨ − ln
RT

nF�
− ˛(1 − ˛)nF �Ep

RT
(4)

Fig. 7d shows the plot of Ep with respect to ln � from the CVs
recorded for Ni-promoted Cd/C catalyst in 1.00 M KOH in the pres-
ence of 1.00 M methanol at potential scan rates of 100–250 mV  s−1

for anodic and cathodic peaks. The anodic electron transfer coef-
ficient (˛a) and cathodic electron transfer coefficient (˛c) were
determined as 0.62 and 0.23 and the rate constant, ks was deter-
mined as 0.25 s−1 using the plot and Eqs. (2)–(4).  This discrepancy
between ˛a and ˛c, suggests that the rate-limiting step for the
reduction and oxidation processes might not be the same [39,40].
Since the value of �Ep was smaller than 200 mV, ˛a and ˛c were
not calculated for Ni/C.

3.3. Effect of concentration on methanol electrooxidation

Fig. 8 shows the effect of methanol concentration on the anodic
peak current at Ni-promoted Cd/C catalyst in 1.00 M KOH. It is
clearly observed that as the methanol concentration increases, the
peak height increases linearly with methanol concentration up to
0.5 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
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ig. 10. Nyquist (a), Bode (b) and f–� (c) plots of Ni-promoted Cd/C at E = 0.50 V vs.
g/AgCl at 25 ◦C in 1.00 M CH3OH + 1.00 M KOH (solid line shows the fitted results).

ate depends on the reaction between methanol and Ni3+ species,
hich is present in the film (Fig. 8b).

.4. Effect of the temperature on methanol electrooxidation

Methanol oxidation on the Ni-promoted Cd/C catalyst in 1.00 M
H3OH + 1.00 M KOH solution was also performed at different tem-
eratures between 298 and 323 K. The corresponding CVs are
hown in Fig. 9a. Methanol oxidation current with rising temper-
ture increased, as expected if the process is thermally activated.
owever, the potential shift between positive and negative sweeps

s not very significant with increasing temperature. Fig. 9b shows
he Arrhenius plot for the Ni-promoted Cd/C catalyst, and it is found
hat almost the regression coefficient is almost close to 1, which

eans that the relationship between ln Ipa and 1/T  is good. The
pparent activation energy was determined from the slope of the
lot of ln Ipa vs. 1/T  and calculated as 17.69 and 46.25 kJ mol−1 for
i-promoted Cd/C and Ni/C catalysts, respectively. The lower acti-
ation energy for the methanol oxidation on Ni-promoted Cd/C
atalyst suggests that the Ni-promoted Cd surface structure is ben-
ficial kinetically for the methanol oxidation in alkaline media.

.5. Electrochemical impedance spectroscopy (EIS) measurements
EIS measurements were performed at 0.5 V potential in order
o determine the catalytic activity of prepared catalysts for the

ethanol oxidation. The representative Nyquist, Bode and f–� plots
or Ni-promoted Cd/C and Ni/C are given in Figs. 10 and 11.  As it is
Fig. 11. Nyquist (a), Bode (b) and f–� (c) plots of Ni/C at E = 0.50 V vs. Ag/AgCl at
25 ◦C in 1.00 M CH3OH + 1.00 M KOH (solid line shows the fitted results).

seen in Fig. 10,  the Nyquist plot of Ni-promoted Cd/C shows a capac-
itive loop in high frequencies and followed a small straight line in
low frequencies. The high frequency capacitive loop is related to
the charge transfer resistance (Rct) [41]. The low frequency straight
line implies that the methanol oxidation process on Ni-promoted
Cd/C catalyst is diffusion controlled [42]. Diameter of the capacitive
loop which was observed at the high frequency region was about
0.83 � cm2 and the value of phase angle was −9◦ (Fig. 10a and c).
This was  demonstrated that there is a very faster electron-transfer
rate on the Ni-promoted Cd/C catalyst. This is not only attributed
to the electronic interaction with Ni and Cd on the surface, but may
also be caused by the high double-layer capacitance arising from
the roughness of the structure of Ni-promoted Cd composite film.
For comparison, the curves obtained for Ni/C at 0.5 V potential are
also given in Fig. 11.  Nyquist’s plot of Ni/C catalyst contains two
time constants. At the high frequency region, it was  observed one
capacitive loop and at the low frequency region, appeared induc-
tive loop. This inductive behavior occurs for relaxation phenomena
characteristics of the generation of further active sites [43,44]
and further adsorption of electroactive constituents, methanol, on
active sites [44]. Phase angle was measured as −27◦ from the curve
of f–� on Ni/C catalyst (Fig. 11c).

The EIS data obtained at 0.5 V potential were fitted by using
the electrical equivalent circuit diagrams given in Fig. 12 and the
fitting parameters are listed in Table 1. In Fig. 12a, Rct corre-
sponds to charge transfer resistance in Table 1. In this electrical
equivalent circuit, Rs, n, CPE and Rct represented the solution

resistance, phase shift, a constant phase element and the charge
transfer resistance, respectively. In addition, Rads and Cads sig-
nify surface adsorption resistance and a capacitance representing
the adsorption process. Total polarization resistance was shown
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Fig. 12. Electrical equivalent circuit diagram used for modeling electrocatalyst/solution interface in 1.00 M CH3OH + 1.00 M KOH for Ni-promoted Cd/C (a) and Ni/C (b)
catalysts, respectively. Rp = Rct + Rads (R*ads), Rs: solution resistance; Rct: charge transfer resistance; R*ads: surface adsorption resistance; Rads: resistance of adsorbated specimen
(electroactive constituents, methanol); CPE: double layer capacitance; Cads: related to the adsorption process; L: inductance.

Table 1
The electrochemical data determined from Nyquist plots at 0.5 V potential.

Catalyst CPEdl (F cm−2) n1 Rct (� cm2) Cads (F cm−2) n2 Rads (� cm2) L (Hz)

13 1.495
7.2 0.55 0.65
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atures allowed evaluating the methanol oxidation mechanism.
Ni/C 0.0026 0.95 2.65 

Ni-promoted Cd/C 0.0137 0.75 0.83 

s Rp = Rct + Rads. Commonly, the high frequency loop was related
o the capacitive character and the low frequency inductive loop
as attributed to the relaxation phenomenon characteristics of

he generation of further active sites upon the desorption of the
ntermediates [43–46].  It should be noted that the diffusion pro-
ess observed during the oxidation process probably would have
ppeared at very low frequencies with a high or small time con-
tant (Figs. 10 and 11). The low frequency straight line related to
he semi-infinite diffusion of the electro-reactant species [42]. The
PE was used in place of a double layer capacitance (Cdl) in order to
btain a more accurate fit of the experimental results [47,48]. The
PE value increase in the case of the binary coating was related
o the onset of the Faradaic reaction of the methanol oxidation
eaction, which indicates the increasing electrocatalytic activity of
he catalyst for methanol oxidation [49]. On the other words, the

aximum of adsorption capacitance for Ni-promoted Cd/C catalyst
ts fairly well with the minimum value of the adsorption resis-
ance parameter. Electrooxidation of the methanol is preceded by
he surface adsorption step; consequently, minimum value of the
dsorption resistance parameters strongly facilitates the kinetics
f the Faradaic electrooxidation process. In addition, this reaction
tep becomes diffusion-controlled at the peak-current potential
Fig. 10).

It is clear from Table 1 and Fig. 10 that, the charge trans-
er resistance decreased when a thick Ni-promoted Cd film was
lectrodeposited on the graphite surface in comparison to that
bserved at nickel coated graphite catalyst. These results showed
hat the Ni-promoted Cd/C catalyst has the good electrocatalytic
ctivity for the methanol oxidation. Obtained results from the EIS
re in good agreement with the results of the CVs.

.6. Chronoamperometric measurements

Chronoamperometry (CA) is also used to investigate the electro-
xidation of methanol on Ni-promoted Cd/C catalyst. Fig. 13 shows
he chronoamperograms obtained at Ni-promoted Cd/C and Ni/C
n 1.00 M CH3OH + 1.00 M KOH solution at E = 0.50 V vs. Ag/AgCl. In
ig. 13,  the oxidation current density on the Ni-promoted Cd/C cat-
lyst was increased slowly with time, and then decreased slowly at
onger times. This may  be caused by the CO-poisoning effect which
esults in deactivation of the catalyst surface and blocks further oxi-

ation of methanol. There is a sharp decrease in the current density
n Ni/C catalyst during the initial stage, followed by a slow decrease
ver longer periods of time. At the beginning, the active sites are
ree of adsorbed methanol molecules (fast kinetic rate reaction);
Fig. 13. Chronoamperometric curves recorded in a 1.00 M CH3OH + 1.00 M KOH
solution at E = 0.50 V vs. Ag/AgCl for Ni-promoted Cd/C (�) and Ni/C (�).

after that, the adsorption of new methanol molecules is a function
of the liberation of the active sites by methanol oxidation or inter-
mediate species, such as CO, CHx and CH3O formed during the first
minutes (rate determining step) [50] that are responsible for poi-
soning of the catalytic sites. The results imply that the Ni-promoted
Cd/C catalyst exhibits higher stability than Ni/C catalyst.

4. Conclusions

Ni-promoted Cd/C catalyst was  prepared on the graphite sub-
strate, which was  used as the support material for catalysts in the
methanol fuel cell applications. Its electrocatalytic activity toward
methanol oxidation was evaluated and compared with Ni/C cata-
lyst. The following results can be concluded:

1. The bare graphite and cadmium coated graphite electrodes show
no activity for methanol oxidation reaction in 1.00 M KOH.

2. Compact and porous Ni-promoted Cd layer can be successfully
prepared on graphite surface.

3. Ni-promoted Cd/C is good catalyst for methanol oxidation reac-
tion, and the highest methanol oxidation current is obtained on
this catalyst.

4. CVs at different scan rates, methanol concentrations and temper-
5. Based on the CV, CA, AFM and EIS analyses, Ni-promoted Cd/C
catalyst enhanced the electrochemical activity of methanol oxi-
dation because of larger specific surface area, higher surface
porosity and synergistic combination.
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16] R. Solmaz, G. Kardaş , Energy Convers. Manage. 48 (2007) 583–591.
17] I.A. Raj, K.I. Vasu, J. Appl. Electrochem. 20 (1990) 32–38.
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