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Abstract- Ni/Al Layered double hydroxide nanoparticles modified carbon paste (Ni/AlLDH/NMCP) electrode was prepared as a new electrode. The Ni/Al-LDH/NMCP electrode
was prepared by grinding the mixture of graphite powder and silicon oil (as a binder) with
sufficient amount of Ni/Al Layered double hydroxide. Then, the electrode was placed in
0.1 M NaOH and the electrode potential was cycled between 0 and 700 mV (vs. Ag/AgCl) at
a scan rate of 50 mVs−1 for 20 cycles in a cyclic voltammetry regime until a stable
voltammogram was obtained. Electrocatalytic activity of the modified electrode was used for
the oxidation of methanol, in aqueous alkaline solution. Results showed that, the
electrocatalytic activity of the Ni/Al-LDH/NMCP electrode is much higher than those of
unmodified carbon paste electrode under similar experimental conditions, showing the
possibility of attaining good electrocatalytic anodes for fuel cells. Kinetic parameters such as
the electron transfer coefficient (α) and the number of electrons involved in theratedetermining step (nα) for the oxidation of methanol were determined utilizing cyclic
voltammetry (CV). The modified electrode shows stable and linear responses in the
concentration range of 0.01 to 0.1 mol L-1.
Keywords- Ni/Al Layered Double Hydroxide, Modified Carbon Paste Electrode,
Electrocatalytic Oxidation, Methanol, Kinetic
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1. INTRODUCTION
Fuel cells are being considered as an important technology that can be used for various
power applications [1]. The electrochemical oxidation of small organic molecules is an
interesting research topic on direct fuel cell. Methanol is the one being most intensively
investigated among various small organic molecules [2]. Direct methanol fuel cells (DMFCs)
are attractive power sources for portable electronics thanks to the advantage of low operating
temperature, easy transportation and fuel storage, high-energy efficiency, low exhaustion and
fast start-up [3]. In direct methanol fuel cells (DMFCs), methanol is used as a fuel and a great
deal of interest exists in the development of materials with capability for the electrocatalytic
oxidation of methanol [1]. Methanol as fuel has numerous advantages such as simple
operation and ease of fuel storage and distribution. However, compared to the hydrogen
based fuel cells, DMFC still remains to be further developed. One of the problems still
unsolved is the slow kinetics of methanol oxidation on the fuel cell’s anode [4].
The mechanism and kinetics of methanol oxidation have been studied under a wide range
of conditions and on various electrodes including Pt [5], binary and ternary alloys [6, 7],
modified electrodes [8, 9], nano-composites [10, 11] and nickel [12–14]. The most important
advantage of alkaline DMFCs is the potential use of non-Pt catalysts in the electrodes,
widening the range of options for materials support and catalyst. Several Pt alternative
materials such as Au [15, 16] and Pd [17] have been investigated for methanol oxidation in
alkaline solutions. An overview of catalysts for DMFCs can be seen in the literature [18].
Among non-Pt catalysts used for methanol electro-oxidation, nickel compounds have become
more attractive in recent years because they exhibit good electrocatalytic activity for
methanol oxidation in alkaline media. Therefore, many Ni-base catalysts, such as pure nickel
[19, 20], nickel alloy [21−23], nickel hydroxide [24] and nickel complex [25−28], have been
successfully performed to fabricate new anode and cathode catalyst systems.
Recently layered double hydroxides (LDHs) have been proposed as catalysts for the
development of modified electrodes [29]. The structure of LDHs consists of positively
charged brucite-like layers, whose net charge is compensated by anions located in the
interlayers, which can be easily exchanged. For this reason these compounds are also called
anionic clays [30]. More recently, non-electroactive Mg-Al LDH significantly enhanced the
catalytic activity of Au nanoparticles (AuNPs) for the oxidation of methanol in alkaline
media [31]. Wang and et al have reported Ni-Al LDH film modified GC electrode for
electrocatalytic oxidation of methanol [32].
In this work, we have reported a new electrode by the use of carbon paste and Ni/Al
LDH nanoparticles as substrate and modifier respectively and explored the electrocatalytic
activity of the prepared electrode toward the oxidation of methanol.
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2. EXPERIMENTAL
2.1. Reagents and instrumentation
Methanol and other reagents were of analytical grade supplied by Merck (Darmstadt,
Germany) and were used without further purification. All solutions were prepared with
doubly distilled water. Electrochemical measurements were carried out in a conventional
three-electrode cell powered by an electrochemical system comprising an AUTOLAB system
with PGSTAT12 boards (Eco Chemie, Utrecht, and The Netherlands). The system was run on
a PC using GPES 4.9 software. A platinum wire was employed as counter electrode and an
Ag/AgCl electrode served as the reference electrode.
All experiments were performed at room temperature of 25±2 oC.
2.2. Preparation of Ni/Al LDH nanoparticles
The Ni/Al LDHs nanoparticles were prepared by hydrothermal method. A series of Ni/Al
LDHs with nominal Ni2+/Al3+ atomic ratio of 3/1 were prepared by hydrothermal reaction at
180oC. All of them were prepared as follows: appropriate amounts of NiSO4.6H2O and
Al2(SO4)3.18H2O (Ni2+/Al3+=3/1 (molar ratio)) were dissolved in deionized water (40 mL).
Then aqueous solution of 0.5 mol L-1 Na2CO3 and 3 mol L-1 NaOH was added to the above
solution drop by drop with vigorous stirring to adjust the pH value of the solution. After that,
the suspension was transferred into a 50 mL stainless Teflon-lined autoclave and heated at
180◦C for appropriate time, then cooled to room temperature naturally. The resulting products
were filtrated and washed several times with distilled water and absolute ethanol. The applegreen solid was then collected and dried at room temperature for 12 h [33]. Nanoparticles of
Ni/Al LDH were obtained.
2.3. Preparation of Ni/Al-LDH/NMCP electrode
The Ni/Al-LDH/NMCP electrode was prepared by homogenizing the 0.2 g mixture of
graphite powder and Ni-Al LDH powder at a ratio of 75:25 along with 3 drops of paraffin (as
a binder). The resulting paste was then packed into a polyethylene tube. The electrode surface
was renewed by extrusion of approximately 0.5 mm carbon paste from the holder and
smoothed using filter paper. Then, the electrode was placed in 0.1 M NaOH and the electrode
potential was cycled between 0 and 700 mV (vs. Ag/AgCl) at a scan rate of 50 mV s−1 for 20
cycles in a cyclic voltammetry regime until a stable voltammogram was obtained. The bare
carbon paste electrode was constructed by the same procedure without adding Ni-Al LDH to
graphite powder. Electric contacts were made by a copper wire through the back of the
electrodes. The electrode was rinsed with distilled water, and applied for electrochemical
studies.
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3. RESULTS AND DISCUSSION
In this study, Ni-Al LDH modified carbon paste electrode was prepared as a new
electrode. For the activation of this electrode, the electrode was placed in 0.1 mol L-1 NaOH
and the electrode potential was cycled between 0 and 700 mV (vs. Ag/AgCl) at a scan rate of
50 mV s−1 for 20 cycles in a cyclic voltammetry regime until a stable
Voltammogram was obtained (Fig. 1). As this figure shows, with increase of the scan
number, the currents for both anodic and cathodic peaks increase steadily for up to 20 runs.
After 20 runs, the Ni/Al-LDH/NMCP electrode shows reproducible cyclic voltamograms.
A single and well-defined redox couple has found.

Fig. 1. Repetitive cyclic voltammograms of Ni/Al-LDH/NMCP electrode in 0.1 mol L-1
NaOH in the potential range of 0 to 700 mV. Potential sweep rate is 50 mV s−1. (a) First cycle
and (b) end cycle
Next the cyclic voltammograms of the modified electrode were recorded in 0.1
mol L-1 NaOH at various potential sweep rates (Fig. 2A). A pair of redox peaks was observed
which correspond to the conversion between different oxidation states of Ni according to the
equation 1.
With the increase of the scan rate, the redox current increased, the anodic peak shifted
toward positive potential and overlapped with the oxygen evolution peak, and the cathodic
peak shifted toward negative potential. The peak’s currents (Ipa and Ipc) are proportional to
sweep rates in the range of 5-100 mV s-1 (Fig. 2B), pointing to the electrochemical activity of
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the surface redox couple. From the slope of anodic peak currents versus scan rate, and using
[34]:

 n 2 F2 
 νAΓ
I p  
4RT



(1)

Where ν is the sweep rate, A is the geometric surface area and Γ* is the surface coverage
of the redox species, the calculated value of Γ* can be approximately 9.55×10-5mol cm-2 for
n=1.

Fig. 2. (A) Cyclic voltammograms of Ni/Al-LDH/NMCP electrodein 0.1 mol L-1 NaOH at
various potential scan rates: (a) 5, (b) 10, (c) 15, (d) 20, (e) 30, (f) 40, (g) 50, (h) 60, (i) 70, (j)
80, (k) 90 and (l) 100 mV s−1. (B) The dependency of anodic and cathodic peak currents vs.
scan rate
The Ni/Al-LDH/NMCP electrode was used for electrocatalytic oxidation of methanol.
Fig. 3 presents the CVs of 0.05 mol L-1 methanol at (a) bare carbon paste electrode and (b) at
Ni/Al-LDH/NMCP electrode at 0.1 mol L-1 NaOH solution. At the bare electrode, no anodic
current due to the oxidation of methanol is observed but for Ni/Al-LDH/NMCP electrode a
large anodic peak is observed. It was found that in comparison to bare carbon paste electrode,
electrochemical behavior of methanol was greatly improved at Ni/Al-LDH/NMCP electrode,
indicating that the anodic oxidation of methanol could be catalyzed at Ni/Al-LDH/NMCP
electrode.
As has been reported in the literature [35–39], this behavior is typical of that expected for
mediated oxidation of methanol as follows:
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Ni(OH)2 + OH−

(1)

NiOOH + H20 + e–

NiOOH + CH3OH → Ni(OH)2 + Product

(2)

The relative decrease of the cathodic peak height in presence of methanol is attributed to
the partial consumption of nickel oxyhydroxide species for the methanol oxidation with the
formation of nickel hydroxide in accordance of reaction (2). This indicates clearly that the
applied modifier in this process participates directly in the electrocatalytic oxidation of
methanol.

Fig. 3. Cyclic voltammograms of bare carbon paste (a) and Ni/Al-LDH/NMCP (b) electrode
in 0.1 mol L-1 NaOH containing 0.05 mol L-1 methanol
It is generally agreed that the Ni-based catalysts such as nickel oxides and its complexes
in a basic aqueous medium can catalyze methanol oxidation through an overall four electron
process for producing format anion [27].
CH3OH + 5OH− → HCOO− + 4H2O + 4e−

(3)

The effect of the modifier percentage (Ni/Al-LDH nanoparticles) on the intensity of
methanol oxidation peak current was examined. The highest peak current for the
Ni/Al-LDH/NMCP electrode was obtained when the content of the modifier was 25%
in the paste. Of course, in concentrations more than 25%, a slight decrease in the
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current was observed which could be attributed to reduction of the electrode surface
conductivity. With all these results taken into account, carbon paste having 25% Ni/AlLDH nanoparticles, 50% graphite and 25% mineral oil was used for later studies.
Here we present the effect of NaOH concentration on methanol oxidation at Ni/AlLDH/NMCP electrode in Fig. 4. It can be seen that with an increase in OH− concentration the
peak current of methanol oxidation increase first and then begin to decrease remarkably at a
NaOH concentration of 0.1 mol L-1. The results indicate that the OH− ion participates in the
oxidation of methanol and may also be adverse to the oxidation of methanol for the
competitive adsorption on the active cites to methanol. However, at high OH− concentration
(>0.1mol L-1), the currents mainly come from the redox of Ni(III)/Ni(II) couple, because of
the competitive adsorption on the active cites caused by OH−. To obtain high oxidation
current at lower oxidation potential, 0.1 mol L-1 NaOH was chosen as support electrolyte.

Fig. 4. Cyclic voltammograms of Ni/Al-LDH/NMCP electrode in 0.05 mol L-1 methanol
containing different concentrations of NaOH at the scan rate of 50 mV s−1. The NaOH
concentration is (a) 0.01, (b) 0.02, (c) 0.03, (d) 0.05, (e) 0.08, (f) 0.1, (g) 0.2, (h) 0.5, and (i)
1.0 mol L-1. The inset displays the peak currents vs. NaOH concentration
Fig. 5A shows the cyclic voltammograms of Ni/Al-LDH/NMCP electrode in
0.1 mol L-1 NaOH solution containing 0.05 mol L-1 methanol at different scan rates. The
obtained results show that the catalytic effect of the mediator appeared at all testing scan rate.
It can also be noted from this figure that, with an increasing scan rate, the peak potential for
the catalytic oxidation of the methanol shifts to more positive potentials, suggesting a kinetic
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limitation in the reaction between the redox sites of the modifier and the methanol. However,
the peak current for the anodic oxidation of the methanol is proportional to the scan rate at
high scan rates (Fig. 5B); which is an indication of an adsorption-controlled reaction. Also,
plotting the current function against the potential sweep rate (Fig. 6) revealed negative slope
confirming the electrocatalytic nature of the process.

Fig. 5. (A) Cyclic voltammograms of Ni/Al-LDH/NMCP electrode in 0.1 mol L-1 NaOH
containing 0.050 mol L-1 of methanol at various potential scan rates (from inner to outer)
3-100 mV s-1. (B) Plot of Ip vs. v

Fig. 6. Current function vs. v for 0.1 mol L-1 NaOH solution in the presence of 0.050 mol L-1
methanol

407
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To obtain information on the rate-determining step, a Tafel plot was drawn (Fig. 7),
derived from data of the rising part of the current–voltage curve at a low scan rate of 5
mV s−1. A slope of 90.6 mV decade−1 is obtained indicating the one-electron transfer to be
rate limiting assuming an anodic electron-transfer coefficient of α =0.65.

Fig. 7. Tafel plot derived from the rising part of voltammogram recorded at a scan rate
5 mV s−1
The exchange current density (j0) evaluated from Tafel plots is 7.55×10-7 Acm-2. The
Tafel slope, b, can be obtained by another method. The peak potential, Ep, is proportional to
log v as can be seen in Fig. 8. The slope of the plot of Ep vs. log v is ∂Ep/∂(logv)=47.916 mV
decade−1. The Tafel slope may be estimated according to the equation for the totally
irreversible diffusion-controlled process [40]:
EP 

b
logv  constant
2

(2)

So, based on Eq. (2) b=95.832. This result is close to that obtained from the polarization
measurement. This slope indicates a one electron transfer to be rate limiting, assuming a
transfer coefficient α of 0.62.
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Fig. 8. Plot of Ep vs. log v
Fig. 9 shows the effect of methanol concentration on the cyclic voltammograms of the
Ni/Al-LDH/NMCP electrode. As can be seen from Fig. 9, the height of the anodic peak
increases with increasing methanol concentration. The calibration curve obtained from these
voltammograms is shown as the inset of this figure. There is a good linear relationship
between the oxidation peak current and the methanol concentration in the range of 0.01 to 0.1
mol L-1.
Chronoamperometry (CA) is also used to investigate the electro-oxidation of methanol on
Ni/Al-LDH/NMCP electrode. Chronoamperograms of Ni/Al-LDH/NMCP electrode in the
absence (curve a) and presence (Curves b–f) of methanol in 0.1 mol L-1 NaOH at the
oxidation potential of 750 mV vs. Ag/AgCl is presented in Fig. 10A. The inset of Fig. 10A
shows plots of currents sampled at fixed time as a function of methanol concentration. The
response is linearly proportional to the concentration of methanol in the range of 0.01–0.05
mol L-1. Plotting of the net current with respect to the mines square roots of time presents a
linear dependency (Fig. 10B). This indicates that the transient current must be controlled by a
diffusion process. The transient current is due to catalytic oxidation of methanol and the
current increases as the methanol concentration is raised. No significant cathodic current is
observed when the electrolysis potential is stepped to 0 V vs. Ag/AgCl indicating the
irreversible nature of the oxidation of methanol. CA results can also be employed to evaluate
the catalytic rate constant (k) for the electrode reaction according to [41]:
Icata l
= λ1/2 π1/2 = π1/2 (kCt)1/2
Id

(3)
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where Icat is the catalytic current, Id is the limiting current in the absence of methanol and
λ=kCt (k , C and t are the catalytic rate constant, bulk concentration of methanol and the
elapsed time, respectively). Based on the slope of the Icatal/Id vs. t1/2 plot, the value of k for
0.05 mol L-1 methanol was calculated to be 5.4×104 cm3 mol-1 s-1 (Fig. 10C).
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Fig. 9. Cyclic voltammograms of different concentrations of methanol at Ni/Al-LDH/NMCP
electrode in 0.1 mol L-1 NaOH at a scan rate of 50 mV s-1. Concentrations of methanol from
(a) to (j) are 0.01, 0.02, 0.03, 0.04, 0.05, 0.06, 0.07, 0.08, 0.09 and 0.1 mol L-1, respectively
Fig. 11 indicates pseudo-steady-state current–potential curves recorded for the
electrocatalytic oxidation of methanol. Typical S-shape plots have been obtained.
The rate law for the Ni (III) mediated oxidation of methanol is derived through:

 1  k1 II  k 1 III

(4)

 2  k 2  III C m

(5)

Where is the total number of adsorption sites per unit area of the electrode surface’s
represent the fractional surface coverage of nickel of different valence states and Cm is the
bulk concentration of methanol. With only the 2 and 3 valence states of nickel prevailing one
has:

 II   III  1

(6)
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And the rates of changes of their surface coverage as well as that of the intermediate
compounds are:

d II
d
  III  k1 II  k 1 III  k 2 III C m  k 3 III Ci
dt
dt

(7)

dci
 k 2 III C m  k 3 III C i
dt

(8)

Where Ci is the concentration of the intermediate. Assuming that the steady state
dominates:
d II
dt



d III
0
dt

(9)

dCi
0
dt

(10)

One arrives at the values if the coverage:



k  2k C



k



1
2 m

 II  
k
k
2
k 2 C m 


1
 1



1

 III  


k
k
 1 1 2k 2 C m 

(11)

(12)

And subsequently:



2 k k C



1
2 m

 1  


k
k
2k 2 C m 
1
 1

(13)

On the basis of this rate equation the faradic current will be:

 2 FAk1k 2 C m
i f  
 k1  k 1  2k 2 C m





(14)

Where A is the surface area of the electrode and the rate constants k1 and k-1 are
obviously potential dependent and are of the forms:
nFE 
k1 ( E )  k 01 exp 
 RT 

(15)
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 (  1)nFE 
k 1 ( E )  k 0 1 exp 

RT


(16)

Where k0’s are the chemical rate constants measured at E/Ag/AgCl=0 with a being the
anodic transfer coefficient and other parameters have their usual meanings [42]. Eq. (14) is
well suited for the calculation of rate constants and the validity test of the kinetics and
mechanism of the oxidation process.

Fig. 10. (A) Chronoamperograms of Ni-Al LDH/MCP electrode in 0.1 M NaOH contaning
different concentrations of methanol: 0.0, 0.01, 0.02, 0.03, 0.04 and 0.05 mol L-1, from (a) to
(f), respectively. Potential steps were 0.75 and 0.0 V, respectively. (B) Dependency of
transient current on t-1/2. (C) Dependency of Icat/ Id on t1/2 derived from CAs of (a) and (f) in
panel (A)
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The pseudo-steady state polarization curves of the electro-oxidation of methanol on Ni-Al
LDH modified carbon past electrode at a number of methanol concentrations are presented in
Fig. 11. The rotation rate of the electrode is maintained at 3000 rpm to avoid the interference
of the mass transfer in the kinetics measurements. The oxidation process was found to begin
at nearly 550 mV vs. Ag/AgCl and to reach a plateau at 670 mV vs. Ag/AgCl while the
oxygen evolution starts at still higher potentials. In the course of reaction the coverage of Ni
(III) increases and reaches a saturation (steady state) level and the oxidation current follows
accordingly. At potentials as high as 740 mV vs. Ag/AgCl the decomposition (oxidation) of
solvent interferes and the plateau region become ill defined.

Fig. 11. Pseudo-steady state polarization curves of Ni-Al LDH/NMCP electrode obtained in
0.03 (a), 0.004 (b), 0.05 (c), 0.06 (d) and 0.1 (e) mol L-1 methanol respectively. The potential
sweep rate is 5 mVs−1
According to Eq. (17) the plots of the inverse of current against the inverse of methanol
concentration should be linear:

if

1

 k  k 1  1
1
 FAk1    1
cm
 2 FAk1 k 2  

(17)
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Fig. 12. (A) Plot of i-1 (from polarization curves in Fig. 11. against Cm-1 at various potentials:
(a) 576; (b) 589; (c) 594; (d) 602; (e) 616; (f) 623; (g) 638; (h) 645 and (i) 652 mV/Ag, AgCl
as curves (a–i). (B) Plot of the slopes (of curves in 12A) vs. exp (-nFE/RT). (C) Plot of the
Ln (intercepts) (of curves in12A) vs. applied potential
Fig. 12A presents the i-1 vs. Cm-1 dependencies where straight lines at various potentials
have been obtained. Both the intercepts and slopes of the straight lines appearing in this
figure were potential dependent. The slopes are plotted against exp(–nFE/RT) with n=1 and
the graph is presented in Fig. 12A Using this graph along with Eq. (17) reveals that the rate
constant of reaction, k2  and the ratio of k0-1/k01 are 9.3×10-10 cm s-1 and 1.13×1010
respectively. Fig. 12C presents the variation of the intercepts of the lines in Fig. 12A with the
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applied potential in a semi-log scale. Using this graph and Eq. (17) the magnitudes of k0 
and the anodic transfer coefficient of 3.2×10-11 mol s-1cm-2 and 0.36 have been obtained.

4. CONCLUSION
Ni/Al-LDH nanoparticles were employed as a modifier for preparation of a new carbon
paste electrode. The modified electrode has very good electrocatalytic activity. The
electrochemical behavior of methanol was greatly improved at the surface of Ni/AlLDH/NMCP electrode. The charge transfer coefficient and the number of electrons involved
in the rate-determining step were calculated. High stability, good reproducibility, rapid
response, easy surface regeneration and fabrication are the important characteristics of the
proposed electrode.
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