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ABSTRACT 

Synthesis of nickel oxide nanoparticles (NiO NPs) was carried out by Marrubium astranicum leaf extract. The average of particle 
sizes for NiO NPs was 40 nm. NiO NPs modified carbon paste electrodes in the absence (CPE/NiO NPs) and the presence of 
sodium dodecyl sulfate (CPE/NiO NPs/SDS) were examined for the electrocatalytic oxidation of methanol in alkaline solutions. 
The cyclic voltammograms of modified electrodes showed the redox behavior of Ni(III)/Ni(II) couple. However, the presence of 
SDS at the surface of the electrode increased the efficiency of the catalyst. The values of charge transfer coefficients (α) for the 
CPE/NiO NPs and CPE/NiO NPs/SDS in the presence of methanol were estimated at about 0.63 and 0.84. Finally, the 
electrocatalytic oxidation of methanol at the surface of the CPE/NiO NPs/SDS was studied in the optimum conditions (30 min 
for immersion time in SDS solution, 0.01 M for SDS concentration and 0.4 M for methanol concentration). 
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1. Introduction

Direct methanol fuel cells (DMFCs) can be used for 
various power applications and electric vehicles [1]. It 
has been considered safe compared to the H2/air fuel 
cell. Their main advantage is the ease of transport of 
methanol, simple operation and stable liquid at 
environmental conditions [2-9]. The slow kinetics of 
methanol oxidation on the fuel cell’s anode is one of the 
problems and it is not still solved [10]. Therefore, a 
highly efficient electrocatalyst is needed and the 
electrochemical oxidation of methanol at different 
modified electrodes has been receiving much attention 
[11-14].  

Platinum and Pt-based electrocatalysts have usually 
been used as anodes in such DMFC [15-19] but these 
electrodes are costly, poisoning by products from 
oxidation and intermediates, and they have limited 
sources [20]. Many electrodes based on nickel can be 
used as an electrocatalyst for both anodic and cathodic 
reactions in organic synthesis and water electrolysis 
[21–24]. One of the very important uses of nickel as a 
catalyst is for the oxidation of alcohols.  

*Corresponding author.
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It is an effective and cheap catalyst. Several studies of 
the electro-oxidation of alcohols on Ni have been 
reported [2,25-28]. Also, applications of nickel 
nanoparticles as catalysts in fuel cell have been reported 
[29-31]. Properties of nanoparticles are getting more 
attractive when the size of the particles decreases. The 
research in these fields is still under progress to increase 
low cost efficiency. 

Compared to metals, it is known that metal oxides have 
higher chemical stabilities in various media. NiO is a p-
type semiconductor metal oxide which has been widely 
investigated for its application in energy storage devices 
such as Li_ion batteries, supercapacitors [32,33], anode 
material in electrochromic devices and supercapacitors 
[34,35], water remediation through photocatalysis [36], 
catalysis of chemical processes [37], and 
electrochemical sensing [38-40]. Recently, NiO 
nanoparticles have shown a good behavior toward 
electrooxidation of methanol [41-44].  

The study of the methanol electro-oxidation in alkaline 
solutions has many advantages such as a wider selection 
of possible electrode materials [45], a better efficiency 
of the oxygen cathode [45], increased efficiency 
[46,47], negligible poisoning effects [48, 49], moreover 
the oxidation reactions of organic fuels exhibit almost 
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no sensitivity to the surface structure in alkaline 
solutions [50]. 

On the other hand, surfactants (surface active agents) 
have important effects on electrode reactions such as 
more dissolution of organic compounds, control of 
electrochemical reactions, altering or enhancing of 
reaction rates, control of reaction pathways, 
improvements in the performance of batteries and fuel 
cells, inhibition of corrosion and promotion in 
electroplating techniques [51,52]. These molecules can 
give rise to adsorbed layers by varying thickness of 
monolayers, bilayers or multilayer of a very complex 
structure [53], thus affecting the rate of electrode 
reaction [54]. SDS is a synthetic organic compound with 
the formula of CH3(CH2)11SO4Na. It is an anionic 
surfactant which has a 12-carbon tail attached to a 
sulfate group. 

Previously, we have used the dispersion of metallic ions 
on the modified carbon paste electrode by the 
construction of CPE/PINA(SDS)/Ni-Co [55] and 
CPE/PINA(SDS)/Ni-Pd [56] which can successfully 
catalyze the oxidation of methanol in an alkaline 
medium. Our literature survey indicates that there is no 
report as yet on the use of modified carbon paste 
electrode with NiO NPs in the presence of SDS for 
methanol electrooxidation. Thus, in present work, first, 
we synthesized NiO NPs with Marrubium astranicum 
leaf extract. Then, modification of the carbon paste 
electrode with NiO NPs was accomplished through 
introducing SDS at the surface of the electrode. 
Simplicity, low cost, and high stability are prominent 
properties of this electrode. Ultimately, this electrode is 
used for methanol electrooxidation. 

2. Experimental 

2.1. Reagents and materials 

Nickel nitrate hexahydrate (Ni (NO3)2.6H2O), sodium 
hydroxide, and ethanol were purchased from Fluka 
(Sydney, Australia) origin. Methanol and SDS were 
prepared from Merck (New Jersey, US). High viscosity 
paraffin (density 0.88 g cm–3) from Fluka (Sydney, 
Australia) was used as the pasting liquid for CPE. 
Graphite powder (particle diameter 0.10 mm) from 
Merck (New Jersey, US) was used as the working 
electrode (WE) substrate. All other reagents were of 
analytical grade. Deionized water was used in the 
preparation of all aqueous solutions. 

2.2. Apparatus 

A gas chromatograph model Agilent-6890N equipped 
with the mass spectrometer and a split/splitless injector 
were used. HP-5 MS column (30 m×0.25 mm, film 

thickness: 0.5 μm) was used in the same operating 
conditions as above. Helium and nitrogen (99.999%) 
were used as a carrier and make-up gas, respectively. 
The flow rate of carrier gas was adjusted at 1 ml min−1. 
The oven temperature was programmed as follows:  
50 ℃ for 5 min, at 5 ºC min−1 to 250 ℃, 20 min held at 
250 ℃.  

Phase identification, purity and crystallite size 
determination were carried out using XRD (Philips 
PW1730, Holand) at CuKα radiation, λ = 1.5406 Å, 
using the 2θ range of 10–80° with the step width of 
0.05° and step time of 1 s.  

The morphology and size of NiO NPs were 
characterized by a scanning electron microscopy (SEM, 
JSM-6610 LV FE). 
Electrochemical experiments were conducted using a 
computer controlled potentiostat/galvanostat µ-Auto lab 
type III modular electrochemical system (Eco Chemie 
BV, Netherlands), driven with a general purpose 
electrochemical system (GPES) software (Nova). A 
CPE/NiO NPs/SDS was employed as a working 
electrode, an Ag|AgCl|KCl (3 M) as the reference 
electrode and a platinum wire as a counter electrode. All 
experiments were carried out at room temperature.  

2.3. Preparation of plant extract 

Marrubium astranicum leaves were collected from 
Kiasar city (Iran). These were dried in a laboratory oven 
at 50 ℃ and ground to powder form. 50 g of the powder 
was digested in 2000 mL ethanol and it was kept for 72 
h, then filtered and stored. This was used as the extract 
for the synthesis of NiO NPs. 

2.4. Preparation of NiONPs 

For the synthesis of NiO NPs, aqueous nickel nitrate 
(250 mL, 0.1 M) was added to Marrubium astranicum 
extract (500 mL, 25 g L-1) under vigorous stirring for 2 
hours. The solution was kept overnight and then 
centrifuged. The precursor obtained was calcined in a 
furnace at 400 °C for 2 hours, this resulted in a black 
solid mass. It was analyzed by XRD. Fig. 1 shows how 
to prepare NiO NPs by use of reduced agents in 
Marrubium astranicum leaf extracts. 

2.5. Surface modification of electrode 

Carbon paste (CP) was prepared by grinding 0.67 g 
graphite powder and 0.33 g paraffin oil with a mortar 
and pestle and then by hand mixing to get a homogenous 
paste. A portion of prepared paste was packed into the 
end of a glass tube (internal radius: 1.0 mm) with a 
copper wire as an electrical contact. The surface of paste 
was smoothed on a piece of paper. This electrode was 
named CPE. 
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Fig. 1. Synthesis route for NiO NPs by Marrubium astranicum leaf extract. 

Modified carbon paste electrode containing NiO NPs 
was obtained by homogeneously mixing of 0.067g NiO 
NPs and 0.603 g graphite powder and then 0.33 g 
paraffin oil was added drop-wise until a uniformly wet 
paste was obtained. A portion of prepared paste was 
packed into the end of a glass tube with a copper wire as 
an electrical contact. The surface of paste was smoothed 
on a piece of paper. This electrode was named CPE/NiO 
NPs. Then, the surface modification of the electrode was 
done by introducing SDS at the surface of the modified 
electrode. For this purpose, the solution of the 0.01 M 
SDS was prepared and the modified electrode was 
dipped in the solution of SDS. Electrode remained dip 
in the solution along magnetic stirring for 30 min. Then, 
modified electrodes were washed with distilled water. 
At the beginning of the experiment, the CPE/NiO 
NPs/SDS was immersed in 0.1 M NaOH solution and 
the potentials were cycled between 0.1 and 0.8 V vs. 
Ag|AgCl|KCl (3 M) at v=50 mV s-1 until a reproducible 
cyclic voltammogram (CV) was attained. Fig. 2 shows 
the procedure for the construction of the CPE/NiO 
NPs/SDS. 

3. Results and Discussion 

3.1. Analysis of plant extract 

The gas chromatography (GC)–mass spectroscopy 
(MS) analysis of dried plant extract showed that the 
plant extract contains 22 different compounds. The 
analysis revealed that the major component of the 
extract is Marrubiin. It is a widely known diterpenoid 
lactone that constitutes the bitter principle of the 
horehound and many other medicinal plants of the 
family Lamiaceae [57]. MS analysis of these 
compounds showed the presence of terpenes (70%) and 

fatty acids and its ester (4.71%). Also, CHNS analysis 
of plant extract showed the presence of carbon (49.9%), 
hydrogen (1.64%), nitrogen (1.55%), sulfur (7.56%), 
metals and oxygen (rest). 

Total Phenolic Content (TPC) of the extract was 
determined by the Folin–Ciocalteu method [58,59]. The 
TPC was calculated from the calibration curve 
(Absorbance vs. different concentration of a gallic acid 
standard solution), and the results were expressed as mg 
of gallic acid equivalent per g of extract. Based on  
the calibration curve, TPC of the extract was equal to 
33.3 mg g –1. These results showed that the presence of 
reducing agents such as TPC in Marrubium astranicum 
leaf extract is suitable for synthesizing NiO NPs. 

 
Fig. 2. Schematic procedure for construction of the CPE/NiO 
NPs/SDS. 
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3.2. Identification of NiO NPs 

3.2.1. XRD Analyses 

Fig. 3 depicts the XRD patterns of the sample with a 
mole ratio of 1:2 nickel nitrate solution to extract. The 
XRD data are very well matched with the hexagonal 
phase NiO nanoparticles which (Bunsenite structure) 
are found in the lattice planes (hkl) of (111), (002), (022) 
and (113) at the 2θ values of 37.3, 43.42, 63.00, and 
75.63 degrees, respectively by their comparison with the 
data from JCPDS card No. 98-000-8167 [60]. The 
crystallite size of the NiO NPs was calculated using the 
Scherrer’s equation [61,62]: 

d = kλ/βcosθ      (1) 

Where k is a constant (ca. 0.9) [63]; λ is the X-ray 
wavelength used in XRD (1.5418 Aº); θ is the Bragg 
angle; β is the pure diffraction broadening of a peak at 
half-height, this broadening is due to the crystallite 
dimensions. The average crystallite size of the NiO NPs 
is ca. 40 nm. 

3.2.2. SEM Images 

Fig. 4 shows SEM image of the synthesized NiO NPs of 
Marrubium astranicum leaves. It was very useful for 
determination of the size and morphology of the 
obtained crystals. The results showed that these 
nanoparticles are generally semi_spherical in shape with 
some degree of aggregation taking place. Also, the 
particle size distributions were obtained by image 
analysis (Fig. 4B). Based on this figure, the most 
particle size is about 40 nm. This result showed that the 
average particle size calculated with XRD is consistent 
with the SEM results. 

3.3. Electrochemical characterization 

3.3.1. Electrochemical behavior of modified electrode 

Fig. 5 shows the polarization behavior of the modified 
electrodes with NiO NPs in the absence and presence of 
SDS using a cyclic voltammetry technique in the 
potential range of 0.2–0.8 V with a potential sweep rate 
of 50 mV s−1. This technique allows the oxide film 
formation to be in parallel to inspecting the 
electrochemical reactivity of the surface. As can be seen 
in this figure, the anodic and cathodic currents for both 
modified electrodes grow with the number of potential 
scans, indicating the enrichment of the electroactive 
species Ni (II) and Ni (III) in the surface. 

 
Fig. 3. XRD patterns of the NiO NPs produced by Marrubium 
astranicum extract. 

 

 

Fig. 4. SEM images of NiO NPs produced by Marrubium astranicum extract (A) Curve of particle size distribution of NiO NPs 
(B). 
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Fig. 5. Cyclic polarization behavior of (a) CPE/NiO NPs and (b) CPE/NiO NPs/SDS in 0.1 M NaOH (pH=13) with consecutive 
potential scans (n=5), Inset: Electrochemical responses of (a) CPE/NiO NPs and (b) CPE/NiO NPs/SDS after anodic polarization 
in 0.1 M NaOH solution (pH=13), υ =50 mVs−1  

Polarization results in a stationary state. The redox 
process of these modified electrodes in alkaline solution 
is expressed as [64]: 

Ni(OH)2 + OH-   NiOOH + H2O + e-  (2) 

Also, the redox current in the presence of SDS is 
considerably higher than in the absence of it (Insert of 
Figure 5). This observation reflects that the effective 
active surface of the modified electrode is bigger in the 
presence of SDS. It shows that, in the presence of SDS, 
more nickel ions may easily reach the electrode surface 
and produce the more effective active surface. It has 
been seen a pair of well-defined peaks with a half-wave 
potential of about 430 mV vs. Ag|AgCl|KCl (3 M) for 
both modified electrodes. The peak-to-peak potential 
separation at v=50 mV s-1 is about 150 mV. The anodic 
peak current is proportional to the v (potential scan rate) 
at values from 5 to 100 mV s-1 (Figure not shown). The 
linear relationship between peak current and v indicates 
a surface-controlled process. This can be obtained from 
the slope of this line and using equation [65]: 

Ip = n2F2vAτ*/4RT    (3) 

where Ip, A, and τ* are peak current, electrode surface 
area and surface coverage of the redox species, 

respectively. The total surface coverage of the 
immobilized active substance at the surface of CPE/NiO 
NPs and CPE/NiO NPs/SDS is calculated about 3.86 × 
10-9 and 8.69×10-9 mol NiO cm-2 (The slopes of I vs. υ 
were obtained to be 0.109 and 0.245 for modified 
electrodes, respectively. 

3.3.2. Electrochemical behavior of the modified 
electrode in the presence of methanol 

Fig. 6 shows the electrochemical behavior of methanol 
at the surface of CPE and CPE/SDS by cyclic 
voltammetric experiments in 0.1 M NaOH. No anodic 
and cathodic peaks were observed at the surface of CPE 
and CPE/SDS in the presence of methanol and in the 
investigated potential range (−0.2 to +1.2 V) because of 
slow electron transfer of methanol at the surface of 
them. 

The electrochemical response of CPE/NiO NPs and 
CPE/NiO NPs/SDS has been shown in 0.1 M NaOH 
solution and in the presence of 0.1 M methanol (Fig. 7). 
Increasing the anodic peak current and decreasing the 
cathodic peak during the reverse scan are observed upon 
methanol addition to the electrolyte solution. The Ni 
(OH)2 layer at the electrode surface acts as a catalyst for 
methanol oxidation.  
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Fig. 6. Electrochemical responses of (A) CPE and (B) CPE/SDS in 0.1M NaOH solution (pH=13) with υ =20 mV s−1 in the (a) 
absence and (b) the presence of 0.10 M methanol, υ =20 mV s−1. 

The comparison of curves in the presence and absence 
of methanol is shown in Fig. 7C. As can be seen in this 
figure, the peak current of methanol oxidation at the 
surface of CPE/NiO NPs/SDS is about 1.5-fold greater 
than that at the CPE/NiO NPs. These observations can 
explain clearly the role of the SDS on the enhancement 
of the electrocatalytic oxidation currents of methanol. It 
seems that the main and plausible reason for such 
enhancement is the effective presence of nickel ions in 
the presence of SDS at the surface of CPE/NiO 
NPs/SDS which provides the facile arrival of methanol 
on nickel catalytic centers. Taking into account all these 
observations and also available literatures [28,30,55,66] 
the electrocatalytic oxidation mechanism (EC') of 
methanol at these modified electrodes may be described 
by: 

Ni(OH)2 + OH-   NiOOH + H2O + e-  (4) E 

NiOOH + Methanol       Ni(OH)2 + products   (5) C' 

Fig. 7 depicted the plots of log I vs. E (Tafel plot) for 
the oxidation of 0.1 M of methanol at the surface of 
CPE/NiO NPs and CPE/NiO NPs/SDS at a scan rate of 
5 mV s−1. The rising part of the current_voltage of curve 
b on the voltammogram is affected by electron transfer 
kinetics between the modified electrode and methanol. 
The Tafel equation for anodic reactions is shown below 
[65]: 

log I = log I0 + (1−α) nFE/ 2.303RT   (6) 

where α is the transfer coefficient, I0 is the exchange 
current, n is the number of electrons involved in the 
rate_determining step, F is the Faraday constant, R is the 
molar gas constant, and T is temperature. The Tafel 

slope for the CPE/NiO NPs and CPE/NiO NPs/SDS is 
equal to n(1−α)F/2.303 RT which comes up to 6.26 and 
2.75 V decade−1, this indicates that charge transfer 
coefficients (α) for mediated electrooxidation of 
methanol are about 0.63 and 0.84, respectively. To the 
point where the overpotential equals zero, the exchange 
current can be calculated by extrapolating the Tafel 
lines. The exchange currents for the CPE/NiO NPs and 
CPE/NiO NPs/SDS catalysts are 7.7 × 10−6 and 8.5 × 
10−4 mA, respectively. These results indicate that the 
CPE/NiO NPs/SDS electrocatalyst is more efficient 
than the CPE/NiO NPs electrocatalysts. The CPE/NiO 
NPs/SDS catalyst yielded a higher exchange current and 
charge transfer coefficient compared with the other 
catalysts; this may be related to the enhanced 
electrocatalytic activity in the methanol oxidation 
reaction. 

3.4. Effect of different parameters on the response of 
modified electrode  

3.4.1. The effect of immersion time in SDS solution 

The electrocatalytic oxidation peak currents increased 
gradually when immersion times in SDS solution 
increased up to a maximum at 30 min. So, 30 min was 
chosen as the optimum time, which indicated that the 
saturated accumulation on the CPE/NiO NPs/SDS had 
been achieved (Fig. 8). It is well established that 
surfactants can be adsorbed on modified surfaces to 
form surfactant films [67]. The increasing sensitivity 
with the immersion time can also be rationalized by the 
increasing absorbance of SDS on electrode surface and 
increased presence of nickel ions on the surface of 
electrode. 
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Fig. 7. Electrochemical responses of (A) CPE/NiO NPs and (B) CPE/NiO NPs/SDS in 0.1 M NaOH solution (pH=13) with  
υ =20 mV s−1 to: (a) 0.0 M, (b) 0.10 M methanol, (C) comparsion response of modified electrodes in the presence of methanol. 
Inset: Tafel plot derived from the rising part of the curve b for CPE/NiO NPs and CPE/NiO NPs/SDS. 

3.4.2. The effect of SDS concentration  

Surfactants play a very important role in electrode 
reactions, providing the specific orientation of the 
molecules at the electrode interface [68]. The influence 
of different concentrations of SDS (0.005, 0.01 and 0.05 
M) on the electrocatalytic oxidation of methanol was 
investigated and the corresponding results are shown in 
Fig. 9. The increase of SDS concentration increases the 
anodic current apparently. The highest anodic peak 
current was considered as an optimum concentration. 

Therefore, we used a concentration of 0.01 M SDS to 
prepare CPE/NiO NPs/SDS. This concentration is close 
to the value of 0.0082 M for critical micelle 
concentration (CMC) of SDS at 25℃. At low SDS 
concentrations, the surface concentrations of nickel ions 
at the surface of modified electrode are low and the 
interactions between nickel ions and methanol are weak. 
When the SDS concentration is near about CMC, it is 
convinced that SDS may form a compact monolayer on 
the electrode surface and the density of this monolayer 
increases with SDS concentration.  
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Fig. 8. Electrochemical responses in 0.1 M NaOH solution (pH=13) in the presence of 0.10 M methanol at v=20 mV s-1 for 
CPE/NiO NPs/SDS prepared in various immersion times in SDS solution in the modification steps. Inset: Variation of anodic 
peak currents with immersion times in SDS solution (SDS concentration=0.01 M). 
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Fig. 9. Electrochemical responses in 0.1 M NaOH solution (pH=13) in the presence of 0.10 M methanol at  
v=20 mV s-1 for CPE/NiO NPs/SDS prepared in various concentrations of SDS solution in the modification steps. 
Inset: Variation of anodic peak currents with SDS concentration (immersion time in SDS solution =30 min). 

At SDS concentrations greater than the CMC and when 
sufficient surfactant is present, the sorbed surfactant 
molecules primarily form a bilayer on the modified CPE 
surfaces. The surface concentration of nickel ions is 

very high and the electrostatic repulsion between them 
may result in the low peak current [69]. Fig. 10 
represents the schematic description of the modified 
electrode. 
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Fig. 10. Schematic representation for the CPE/NiO NPs/SDS. 

3.4.3. The effect of methanol concentration  

Fig. 11 shows the response of CPE/NiO NPs/SDS  
in the presence of several concentrations of methanol.  
It can be seen that the anodic peak current  
increases when the methanol concentration  
increases and reaches the steady state at higher 
concentrations. We assume this effect may be due to the 
saturation of active sites and/or poisoning the  
electrode surface with adsorbed intermediates.  
Thus, a concentration value of 0.4 M represents  
a critical concentration after which the  
adsorption of the oxidation products at  
the electrode surface causes the hindrance of  
further oxidation. Thus, a concentration value of 0.4 M 
is an optimum concentration with a higher current 
density [64].  

3.5. Electrode stability, repeatability and reproducibility 

It is obvious that the CPE/NiO NPs/SDS exhibits a good 
stability toward methanol oxidation. The stability of the 
modified electrode has been checked by measuring its 
response to methanol oxidation after 3 weeks of storage 
in the laboratory atmosphere condition. The electrode 
response to electrocatalytic oxidation of methanol 
retains 92% of the initial value. To investigate the 
repeatability of electrode, the CPE/NiO NPs/SDS was 
applied to the 5 parallel determinations of 0.1 M 
methanol and the relative standard deviation (RSD) was 
calculated as 3.2%. Further, under the same and indepe-
ndent conditions, it was found that the electrocatalytic 
oxidation currents of 0.1 M methanol almost remained 
the same by five with CPE/NiO NPs/SDS a RSD of 4%, 
indicating a high reproducibility. 

 

 

Fig. 11. Cyclic voltammograms of CPE/NiO NPs/SDS in 0.1 M NaOH solution (pH=13) with different concentrations of 
methanol a 0, b 0.1, c 0.2, d 0.3, e 0.4, and f 0.5 M, v = 20 mV s−1. Inset: Plot of Ipa vs. methanol concentration. 
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4. Conclusions 

In this work, CPE/NiO NPs/SDS was prepared by a 
simple method. NiO NPs have been successfully 
synthesized through one-step and cost-effective 
phytofabrication using nickel nitrate and leaf extract of 
Marrubium astranicum. This modified electrode 
showed good electrocatalytic activity for the oxidation 
of methanol. Addition of SDS leads to a higher increase 
in the electrocatalytic oxidation current of methanol 
than that in the absence of SDS. In comparison with 
some other previous works, it seems clear that CPE/NiO 
NPs/SDS in the modified electrode can act as a 
comparable catalyst in methanol oxidation (Table 1). 
The values of current density and anodic peak potential 
of methanol at the surface of this modified electrode are 
comparable with those obtained using other modified 
electrodes. Besides, the surface modification of the 
electrode is very simple and reproducible compared to 
other modified electrodes. 
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