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Abstract

Direct methanol fuel cell is claiming to be the most main power source in future as a clean energy source, for which methanol
is used as fuel. In the present study, nickel nanoparticles were synthesized by green route in the presence of montmorillonite
(Ni-MMT). Then the electrochemical activity of prepared nanocomposite was investigated in methanol oxidation reaction
in acidic medium. In the process of nickel nanoparticle synthesis, the natural substrate montmorillonite was used as cap-
ping agent and Allium jesdianum water extract was used as the source of reducing agent for the first time. The Ni-MMT
sample was characterized by UV-Vis, XRD, SEM and EDX techniques. Production of nickel nanoparticles in the proposed
green method is confirmed by absorption peak of 405 nm in UV-Vis spectrum. The average particle size of Ni-MMT was
determined as 20.80 nm. The oxidation of methanol in acidic medium was studied by cyclic voltammetry using Ni-MMT-
modified carbon paste electrode (Ni-MMT/CPE). Methanol was oxidized on the modified electrode surface at 0.3 V. Also,
the catalytic current of methanol oxidation was 3 mA in H,SO, electrolyte which is significantly more than unmodified CPE.
The concentration of 0.5 M for H,SO, was obtained as the optimum electrolyte for the oxidation of methanol. Methanol can
be catalyzed in the concentration range of 0.1-0.5 M by the prepared nanostructured catalyst.

Graphic abstract
Ni nanoparticles in montmorillonite (Ni-MMT) which was prepared by Allium jesdianum extract have a good electrocatalytic
effect on methanol oxidation.
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Introduction

Fuel cells are electrochemical devices and green power

54 Sajjad Sedaghat sources with widespread applications in portable and station-
sajjadsedaghat@yahoo.com ary electronic devices. Direct methanol fuel cell (DMFC) is

a group of proton-exchange membrane fuel cells (PEM). The
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storage and transport of pure hydrogen gas are difficult com-
pared with methanol as a liquid fuel [1-3]. Low operating
temperature, high energy density, easy handling, light weight
and availability of the methanol as a fuel are advantages of
DMEFCs [4, 5]. However, methanol oxidation at the anode
of DMFC has some problems such as slow kinetic and poi-
soning by the oxidation products. Thus, improvement of the
anodic oxidation of methanol has concerned much attention
nowadays [6, 7]. Various metal catalysts such as Ag, Pd and
Pt have been suggested by researchers for using in DMFCs.
However, the high cost and inadequate resources of them
limited their applications [8, 9].

Nanoparticles due to unique properties and high catalytic
activity are used in many scientific fields such as medicine,
environment, mechanics, electronics, space industries,
chemical industries, catalysis and energy converter science
[10]. Nickel-based materials, particularly nickel nanopar-
ticles, have been considered for the oxidation of methanol,
because of their electrochemical stability, resistance to poi-
soning, catalytic performance and low-cost compared with
other catalysts. The synthesis and study of nickel nanoparti-
cles are interesting because these nanoparticles exhibit high
catalytic activity and high selectivity as a catalyst in different
fields [8, 9]. There are numerous routes to synthesize nickel
nanoparticles, such as electrochemical methods [11] and
chemical reduction method by chemical [12] or biochemical
[13] reductants. In the above-mentioned techniques, chemi-
cal reduction by biochemical substances using plant extrac-
tions is friendly for environments [14, 15].

The synthesis of metal nanoparticles using green chem-
istry routes has recently been of great interest to scientists
because of the using eco-friendly materials such as bacteria,
fungi, microbes, biomolecules and plants for the synthesis
of nanoparticles. The production of nanoparticles by vari-
ous medicinal plants has been reported previously. Extract
of medicinal plants are rich in phenolic and flavonoid com-
pounds that can act as reducing and capping agents for the
synthesis of metal nanoparticles as green route [16, 17].

From the perspective of catalysis, performance of nano-
particles are dependent on particles size, so using suitable
support to prevent their aggregation and longer living time in
aqueous solution is necessary. Recently, researchers reported
the green synthesis of metal nanoparticles supported on the
several supports such as eggshell, Fe;O,, TiO,, zeolite, gra-
phene oxide, and nanoclay [18-23].

In this work, green leaves and bulb extract of Allium jes-
dianum (Iranian native medicinal plant) were used for the
biosynthesis of nickel nanoparticles. Ni(Il)-exchanged mont-
morillonite (Ni(II)-MMT) used as source of nickel ions and
solid support to prevent aggregation of nickel nanoparticles.
The morphology of the synthesized nanocomposite and its
particle size are determined using SEM and XRD. Energy-
dispersive X-ray analysis, on the other hand, confirms the
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biosynthesis of nickel nanoparticles. Ni-MMT-synthesized
nanocomposite is added as modifier to carbon black (Vul-
can XC-72R) for preparing modified carbon paste electrode.
Then electrochemical activity of Ni-montmorillonite/Vulcan
XC-72R carbon black nano-catalyst was examined towards
methanol oxidation reaction in H,SO, solution. For this
purpose, cyclic voltammetry (CV) technique was employed.

Experimental
Materials and apparatus

MMT powder and carbon black (Vulcan XC-72R) were pur-
chased from Fluka and Cabot respectively. Methanol, nickel
nitrate, sulfuric acid, paraffin oil and other reagents used in
this research were analytical grade from Merck. Double-
distilled water was used for the preparation of all aqueous
solutions. Green leaves and bulbs of A. jesdianum were col-
lected in spring 2018 from the southern slopes of the Zagros
Mountains (Bell mount in Eghlid city) in Iran. A poten-
tiostat/galvanostat (Autolab, PGSTAT 128N, Metrohm) was
used for performing the electrochemical tests. The modified
carbon paste electrode is applied as the working electrode.
An Ag/AgCl (Metrohm) electrode and a platinum rod were
used as the reference and auxiliary electrodes, respectively,
in a conventional three-electrode cell.

Biosynthesis of Ni-MMT nanocomposite by green
route

To prepare the plant extract, at first, the collected fresh
leaves and bulbs of A. jesdianum were washed and then
dried in shade under air circulation for a week. After grind-
ing the plant into fine particles, 5 g of its fine powder was
added to 100 ml of double-distilled water and then heated
for 20 min at 65 °C. The mixture was then filtered and cen-
trifuged at 4000 rpm for 10 min. The extract was then stored
in a dark bottle at 5 °C until use. To prepare ion-exchanged
form of montmorillonite (Ni(II)-MMT), 1000 mg of MMT
was added to 50 ml of NiNO;-6H,O (1 M) and stirred for
48 h. Then the resulting mixture was placed in an ultrasonic
system and then 4 mL A. jesdianum water extract was added
dropwise for 40 min at room temperature to convert Ni(Il)-
MMT to Ni-MMT nanocomposite. To remove all nickel-free
ions from the mixture, it was centrifuged at 4000 rpm for
10 min, washed by double-distilled water, and repeated.

Preparation of the Ni-MMT/CPE electrodes
To prepare modified carbon paste, the desired amounts of

carbon black (Vulcan XC-72R), paraffin oil (10 wt% relative
to carbon black) and Ni-MMT nanocomposite (20, 30 and
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40 wt% relative to total mixture) were thoroughly mixed in
an agate mortar. This mixture was put into the polyethylene
pipe as keeper and copper wire as electric contact. These
prepared electrodes are referred to as Ni-MMT/CPE. Raw
carbon paste electrode (CPE) was prepared in the similar
way, but without the addition of Ni-MMT. To renew the
surface of the electrode, it was polished on the soft paper
and then rinsed with double-distilled water [24].

Characterization techniques

The UV-visible spectra were recorded using a UV Bio-
TEK, UV-visible spectrophotometer. XRD pattern was
obtained using diffractometer (XRD, STOE-STADI MP).
The FESEM and EDX analyses of nanocomposite were
achieved by field emission scanning electron microscopy
(MIRA II/FESEM-TESCAN).

Results and discussion
Characterization of the Ni-MMT nanocomposite

The absorption spectra at 374—422 nm range correspond to
the nickel nanoparticles as reported in the literature [25].
The absorption spectrum of Ni nanoparticles synthesized by
green route in MMT gives a peak centered at 405 nm that
is shown in Fig. 1.

The X-ray diffraction pattern of Ni-MMT was carried out
(20=20°-80°) that is shown in Fig. 2. The sharp distinct
diffraction peaks at 26 angles of 37.32°, 44.82°, 47.92° and
75.97° for green-synthesized Ni nanoparticles related to
111, 200, and 220 crystal planes. This results confirm that
nanocomposite includes face-centered cubic (FCC) nickel
(JCPDS no. 04-0850) [26, 27]. Other diffraction peaks are
related to the structure of MMT [28]. Also, by Debye—Scher-
rer equation, the average particle size of Ni-MMT nanocom-
posite was found to be 20 nm.

The FESEM of Ni-MMT nanocomposite is shown in
Fig. 3. The FESEM image demonstrates that prepared

0.9
gos
<
©

20.7

2

206
0.5

300 350 400 450 500 550
Wave lenght (nm)

Fig.1 UV-Vis absorption spectra obtained after the reduction of

Ni%* to Ni nanoparticles in MMT by Allium jesdianum water extract

Ni-MMT was in spherical shape and the particle size was
in agreement with XRD analysis. As can be seen in EDX
analysis (Fig. 4), the Ni-MMT showed absorption peaks at
0.8, 7.5 and 8.3 keV that are related to Ni nanoparticles
[29]. In addition, the weight percent of the elements that are
related to MMT structure and Ni nanoparticles is shown in
Table 1. As can be seen, the amount of Ni atoms is 3.29%
in Ni-MMT, which is close to the expected amount based
on the MMT capacitance. This amount of Ni is near to the
calculated amount by cationic exchange capacity of MMT,
which is 3.5% Ni.
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2-Tetha (degree)

Fig.2 XRD pattern of Ni nanoparticles in MMT
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Fig.3 a FESEM image of the Ni-MMT nanocomposite b as (a) with
more magnification
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Fig.4 EDX analysis of the Ni-MMT nanocomposite

Table 1 Weight percent of

> Elements w/w percent
the elements in Ni-MMT
nanocomposite achieved by 0 56.22
EDX analysis Si 2962
Al 9.18
Ni 3.29
Na 0.96
Ca 0.73

Methanol oxidation by Ni-MMT/CPE

The prepared electrodes were used for electrochemical stud-
ies. The electro-catalyzing of the methanol oxidation was
investigated at the surface of the electrodes. The effect of
several parameters such as weight percent of the modifier
in the modified electrode, concentration of the electrolyte,
concentration of the methanol and scan rate also on metha-
nol oxidation in acidic medium was investigated.

Electro-catalysis of the methanol oxidation in acidic media

The cyclic voltammograms of Ni-MMT/CPE electrode in
the absence [insert (a)] and presence [voltammogram (2)]
of methanol in 0.5 M H,SO, electrolyte are shown in Fig. 5.
The sharp increase of anodic current in voltammogram (2)
after the addition of methanol shows the catalytic oxidation
of methanol at the surface of the modified electrode accord-
ing to the literature [30]. The methanol oxidation peak is
at potential about 0.23 V at the surface of Ni-MMT/CPE.
Also the anodic current for methanol oxidation is about
0.9 mA at the modified electrode, whereas the electrochemi-
cal response of methanol oxidation is not observable at the
unmodified CPE [inset (b) of Fig. 5]. Therefore, the green-
synthesized nickel nanoparticles are highly effective for
methanol oxidation by Ni-MMT/CPE.

The effect of the modifier percentage on the methanol
oxidation

The cyclic voltammograms of Ni-MMT/CPEs with differ-
ent weight percent of modifier in 0.1 M methanol and 0.5 M
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Fig.5 Cyclic voltammograms of the Ni-MMT/CPE containing (1)
40, (2) 30 and (3) 20% of Ni-MMT nanocomposite in 0.1 M metha-
nol and 0.5 M H,SO,, inset a Ni-MMT/CPE in 0.5 M H,SO, in the
absence of methanol, inset b CPE in 0.1 M methanol and 0.5 M
H,SO,; all cyclic voltammograms were recorded at scan rate of
25mVs!

H,SO, are shown in Fig. 5. As can be seen, the methanol
oxidation is changing with variation of Ni-MMT/CPE per-
centage. The percentage of 30 wt% of modifier has better
performance in methanol oxidation compared to other elec-
trodes (20 and 40 wt% of modifier). Therefore, the results
illustrate that the optimum ratio of the Ni-MMT to the car-
bon paste was 30%. Lower amounts of the modifier (20 wt%)
can decrease the effective presence of Ni nanoparticles at the
modified electrode surface, while the higher amounts of it
(40 wt%) can decrease the electrochemical signal by increas-
ing the internal resistance of the modified electrode [24].

The effect of electrolyte concentration on methanol
oxidation

The effect of the electrolyte concentration in the range of
0.1-0.5 M was investigated on the methanol oxidation at
Ni-MMT/CPE. Figure 6a shows the obtained results. As can
be seen, by increasing the concentration of the H,SO,, the
anodic current of the methanol oxidation was increased at
methanol concentration of 0.1 M. In addition, by increas-
ing the concentration of the electrolyte, a slightly positive
potential shift is observed in Fig. 6a [30]. Therefore, it can
be concluded that the H,SO, has an essential role in the oxi-
dation of methanol. Also, the optimum concentration of the
electrolyte was obtained as 0.5 M with the highest metha-
nol oxidation current. Another object can be observed from
Fig. 6a; the anodic current in the reverse scan is remaining
constant with variation of the electrolyte concentration [31].

The effect of methanol concentration on methanol
oxidation

The voltammetric response of the Ni-MMT/CPE at differ-
ent concentrations of methanol (0.1-0.5 M) in 0.5 M H,SO,
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Fig.6 a Cyclic voltammograms of Ni-MMT/CPE, containing 30%
of Ni-MMT, in 0.1 M methanol and different concentration of H,SO,
(1-5 correspond to 0.1, 0.2, 0.3, 0.4 and 0.5 M); b cyclic voltammo-
grams of the Ni-MMT/CPE in different concentration of methanol
(1-5 correspond to 0.1, 0.2, 0.3, 0.4 and 0.5 M) in 0.5 M H,SO,; all
cyclic voltammograms were recorded at scan rate of 25 mV s7!

solution is shown in Fig. 6b. As can be seen, with increas-
ing methanol concentration anodic peak current that related
to methanol oxidation is increased [30]. This observation
confirms that this peak is for methanol oxidation reaction.
In addition, the oxidation of methanol can be catalyzed by
the proposed catalyst to a concentration of 0.5 M methanol.

Also, as the results show that the peak current in the
negative scan is increased with increasing the methanol
concentration (Fig. 6b), but these peaks are not changed by
increasing the H,SO, concentration (Fig. 6a). Therefore,
these peaks can be related to the reduction of methanol oxi-
dation products at the electrode surface [32, 33].

The effect of potential scan rate on the methanol oxidation

The effect of the potential scan rate in the range of
5-45 mV s~! on the voltammetric response of Ni-MMT/CPE
in 0.5 M methanol and 0.5 M H,SO, solution was inves-
tigated; Fig. 7a shows the results. Positive shift of anodic
peak with an increase in the scan rate shows the irreversible
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Fig.7 a Cyclic voltammograms of Ni-MMT/CPE, containing 30%
of Ni-MMT, at different potential scan rates (1-5 correspond to 5,
15, 25, 35 and 45 mV s’l), insert: variation of peak currents versus
square root of potential scan rate; b successive cyclic voltammograms
of the Ni-MMT/CPE during 3 cycles at scan rate of 25 mV s~'; all

cyclic voltammograms were recorded in 0.5 M methanol and 0.5 M
H,SO,

electrode process [34]. Also, the potential shift is due to IR
drop generated at higher current density values [30]. The
linear relationship of methanol oxidation current with the
square root of the potential scan rate (inset of Fig. 7a) indi-
cates the methanol oxidation process dependence on the
methanol diffusion to the modified electrode surface [35].

The Ni-MMT/CPE ability in re-oxidation of methanol

The ability of the catalyst in re-oxidation of methanol in
successive uses is an important factor. Therefore, this abil-
ity was checked by obtaining the cyclic voltammograms in
three successive scans (Fig. 7b). A significant decrease of
methanol oxidation current during three successive cycles
occurred which is shown in Fig. 7a. This is due to elec-
trode surface contamination by oxidation products [32].
This contamination reduces the catalytic performance of
the electrode surface in subsequent cycles. Therefore, it is
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Table 2 Comparison of the proposed nano-catalyst with other works

Electrode Modifier Electrolyte Oxidation peak potential (V) Current References
Glassy carbon electrode PtgsNiy;Ru, H,SO, 0.6 (vs. SCE) 4 mA cm™ [36]
Glassy carbon electrode Ni/SPAni H,SO, 0.57 (vs. SCE) 0.3 mA cm™> [31]
Glassy carbon disk Pt/rGO-TT H,SO, 0.9 (vs. RHE) 4.5 mA cm™> [37]
Glassy carbon electrode Pt,Au;Sn;/CNT H,SO, 0.7 (vs. Ag/AgCl) 2.5 mA [38]
Glassy carbon disk Pt;Ni nanoframes HCIO, 1 (vs. RHE) 0.75 mA cm™2 [39]
Carbon paste Ni-MMT H,SO, 0.3 (vs. Ag/AgCl) 3 mA This work

necessary to polish the surface of the electrode for revital-
izing the catalytic activity of the electrode. The proposed
electrode in this work has a renewable surface, which is
an important advantage.

For comparing the obtained results with the literature,
a comparison table was added. Table 2 summarizes the
comparison between the characteristics of the prepared
modified carbon paste electrode and some previously mod-
ified electrodes [36-39]. As shown, the prepared modified
electrode in this research has acceptable performance for
methanol oxidation in acidic medium compared to other
ones. The oxidation peak of the methanol at the proposed
electrode is 0.3 V, which is lower than other electrodes. In
addition, the proposed electrode has a renewable surface.
Therefore, its surface does not have the serious problem
of poisoning.

Conclusion

Using water extract of A. jesdianum medicinal plant,
nickel nanoparticles are successfully synthesized in MMT
as a green and cost-effective route. This nanocomposite
was confirmed by UV-Vis, XRD and EDX studies and
then was used as modifier to make the Ni-MMT/CPE. The
prepared nanostructured catalyst was evaluated for metha-
nol oxidation in H,SO, solutions by cyclic voltammetry
technique. The methanol oxidation was catalyzed by the
proposed electrode in acidic conditions, the anodic poten-
tial was decreased and its current was increased signifi-
cantly. The results of the studies showed that the proposed
nanocomposite is capable of modifying the carbon paste
electrode for methanol oxidation. Therefore, it is possible
to use of green chemistry (as an environmentally friendly
method) to synthesize metal nanoparticles for the prepara-
tion of new catalysts in the oxidation of methanol.
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