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Abstract. In this work, stem of common reed ash (SCRA) is introduced as a new source of silica in the preparation of
mesoporous materials. Mesoporous silicate MCM-41 nanoparticles were synthesized hydrothermally using sodium silicate
prepared from SCRA as a silica source. The characterization of MCM-41was carried out by X-ray diffraction (XRD),
Fourier transform infrared spectroscopy (FTIR), scanning electron microscopy (SEM), N, adsorption/desorption (BET) and
transmission electron microscopy (TEM). SEM shows that MCM-41 nanoparticles are sphere-like with size in the range of
30-50 nm with some degree of agglomeration. TEM image of the synthesized sample shows the open framework structure of
MCM-41. A type IV isotherm can be observed from adsorption/desorption curves, which is the characteristic of mesoporous
materials. The prepared MCM-41 nanoparticles were used as substrate to facilitate the oxidation of methanol through the
modification with an electroactive species. The modification was achieved by impregnation of MCM-41 pores with Ni2*
ions (Ni-doped MCM-41). A modified carbon paste electrode (CPE) was prepared by mixing Ni-doped MCM-41 with
carbon paste (NiIMCM-41CPE). Cyclic voltammetry of NIMCM-41CPE shows an increment in current density of methanol
oxidation in comparison with CPE in alkaline solution. Moreover, a decrease in the overpotential of methanol oxidation
occurred on the surface of modified electrode. The effects of some parameters such as scan rate and methanol concentration
are also investigated on the behaviour of NIMCM-41CPE. Also, the heterogeneous electron transfer rate for the catalytic

reaction (k) of methanol is calculated.
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1. Introduction

Because of increasing interest for environmentally clean and
cheap energy sources, direct methanol fuel cells (DMFCs)
are being considered as power sources. Methanol is a popular
fuel in DMFC, which has advantages such as simplicity in
the storage, operation and transportation in comparison with
hydrogen-based fuel cells [1]. Some reported advantages of
DMEC are low pollution for environment, high energy den-
sity, ready availability of methanol fuel, ease in distribution
and low operation temperature [2].

One of the main drawbacks of DMFC is slow kinetics of the
methanol oxidation reaction at the anode due to production
of intermediate species and poisoning of the catalysts, which
can lead to high overpotentials and limitation in the perfor-
mance of DMFCs. Noble metals, binary or ternary alloys and
their composite such as Pt-Ru [3], Pd-Fe [4], Pt-Sn [5], Au-Pt
[6], Pt-Cu [7], Pt-polyaniline [8] and Ru-deposited NiZn [9]

MCM-41 nanoparticles; common reed silica ash; electrocatalysis; mesoporous materials; chronoamperometry.

are some proposed electrocatalyst materials for the methanol
oxidation.

Although Pt and Pt-based alloys are very effective in the
anodic oxidation of methanol, but some parameters such as
cost price, limited supply and deactivation due to surface
poisoning by the reaction intermediates and products are
some challenging items in the application of noble metals.
While considering such problems, a great deal of interest is
focussed on the preparation of non-noble metals for oxida-
tion of methanol. Among them, nickel is a promising catalyst,
which has low cost and good stability in alkaline solutions.
Abdel Rahim et al [10] reported that Ni dispersed on graphite
presents a good catalytic activity towards methanol oxida-
tion, but massive Ni does not show suitable behaviour. Xu
et al [11] fabricated Ni hollow spheres using silica spheres as
template. These spheres were applied to methanol and ethanol
electrooxidation in alkaline media. A very high current and
activity towards methanol electrooxidation were observed on
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Ni hollow spheres in comparison with Ni particles. Also, more
negative shifts in the onset and peak potentials for methanol
oxidation were observed in the presence of Ni hollow spheres
with respect to Ni particles.

On the other hand, Ni species were loaded in different
modified electrodes and used as electrocatalyst for methanol
oxidation. Phosphotungstic acid—nickel composite-modified
carbon paste electrode was proposed as efficient electro-
catalyst with low overpotential and high current density
for methanol oxidation in alkaline solution [12]. Zeng and
Song [13] proposed a Ni(II)-quercetin (Qu) complex mod-
ified multi-wall carbon nanotube paste electrode (Ni(Il)-
Qu-MWCNT-PE) for electrocatalytic oxidation of methanol.
They showed that Ni(I)-Qu-MWCNT-PE exhibits im-
proved reversibility and enhanced current responses of the
Ni(II)/Ni(IT) couple compared with Ni(II)-MWCNT-PE and
Ni(IT)-Qu-carbon paste electrode. Also, Golikand et al [14]
used a nickel electrode modified by nickel-dimethylglyoxime
(NiODMG) complex formed by electrochemical synthesis for
electrocatalytic oxidation of methanol. The obtained results
confirmed that the NIODMG film on the Ni electrode provides
an efficient catalyst for the electrooxidation of methanol in
alkaline medium via the formation of Ni(IIl) species on the
electrode surface. Also, electropolymerized Ni(II)curcumin
complex [15] and poly(Ni''-tetramethyldibenzotetraaza [14]
annulene) (Nill-(tmdbta)) on glassy carbon electrodes [16]
are other complex-based materials used for methanol oxida-
tion. Also, Ni-based alloys and Ni-dispersed on polymers are
other examples of fabricated modified electrodes.

Jafarian et al [17] proposed a Ni—Cu alloy modified
electrode for catalytic oxidation of methanol in alkaline
solution. Carbon-paste electrodes modified with nickel-
poly(o-aminophenol) [18], nickel ions dispersed into
poly(1,5-diaminonaphthalene) film [19] and nickel particles
electrodeposited into poly(m-toluidine) film [20] as well as
nickel ions dispersed onto poly(o-toluidine)/Triton X-100
film at the surface of MWCNT-paste electrode [21] are the
electrodes proposed to facilitate the methanol oxidation.

Porous materials such as zeolites and ordered mesoporous
silicate materials can provide several hundred holes and chan-
nels for encapsulation of transition metals and their complexes
to prepare modified electrodes. Pt nanoparticles confined in
SBA-15 [22] and Ni-ZSM-5 [23,24], Ni-SBA-15 [25] and
Ni-SBA-16 [26] and Ni-P [27] zeolites mixed with carbon-
paste electrodes were used for electrocatalytic oxidation of
methanol.

Porous materials such as M41s and SBA families have
promising features due to their larger pore sizes and surface
area than zeolite. Since Mobile Corporation discovered the
M41S family of mesoporous materials in 1992, they were
used widely in different research areas such as catalysts or
catalyst supports of metals [28]. MCM-41 as main member of
the M41S family has excellent properties such as high surface
area, high thermal stability and narrow pore-size distribution,
which can be synthesized economically with inexpensive sil-
ica sources. It is applied in research areas such as catalyst
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support [29], environmental purification [30] and adsorbent
[31].

Self-grown plants on the river beach such as common reed
(Phragmites australis) is noticed as wastage and is not consid-
ered properly, but it can be used as an energy source in many
industries. Stem of common reed ash (SCRA) is rich in silica
and can be used as cheap silica sources for industrial scale
production of mesoporous materials. The extracted silica of
SCRA is found with high purity, low mineral impurity and
in the form of amorphous (most reactive form for silylation
reaction).

In this work, sol-gel technique was used to prepare
mesoporous silica MCM-41 nanoparticles by using silica
extracted from SCRA in the presence of co-templates hex-
adecyltrimethyl ammonium bromide (CTAB) as structure-
directing agent under hydrothermal conditions. Then, Ni**-
incorporated mesoporous silicate materials were prepared
through impregnation procedure and used as modifier in
the preparation of Ni-doped MCM-41 carbon-paste electrode
(NiMCM-41CPE). Then, the efficiency of modified electrode
was investigated for methanol electrooxidation reaction in
alkaline medium by electrochemical techniques.

2. Experimental

2.1 Apparatus and chemicals

SiO, powder was extracted from stem of common reed
ash as silica source. CTAB, graphite powder, nickel chlo-
ride, methanol, paraffin, ammonium hydroxide and sodium
hydroxide were purchased from Merck.

The chemical composition of the SCRA was analysed by
X-ray fluorescence spectroscopy (XRF, 8410 Rh 60 kV) and
is shown in table 1. X-ray diffraction (XRD) pattern of the
mesoporous silica was recorded on an X-ray diffractometer
(SIEMENS D5000) using CuKa radiation. The framework
vibrations of mesoporous silica was recorded at room tem-
perature using KBr pellet by Fourier transform infrared
spectroscopy (FTIR, Vector 22-Bruker), in the range of 500—
4000 cm~!. The surface morphology and structure of the
calcined mesoporous silica was studied by field-emission
scanning electron microscopy (FESEM, HITACHI, S-4160)
and transmission electron microscopy (TEM, Philips CM 120
instrument at an acceleration voltage of 100 kV). Specific
surface area was determined by BET surface area ana-
lyzer (Coulter model BELSORP mini 100 instruments). The
particle size distribution of the samples was determined

Table 1. Chemical compositions of SCRA (wt%) characterized
by XRF.

Si0» P,Os KO CaO MgO Fe;0O3 NaxO AlLO3
84.020 7.482 2.613 1918 1.435 1.361 0.309 0.183
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by nitrogen adsorption data using the conventional
Barrett—Joyner—Halenda (BJH) method. The electrochemi-
cal experiments were conducted using a Dropsens, Bipo-
tentiostat/Galvanostat (WSTAT 400). A platinum wire, an
Ag|AgCl|KCl (3 M) electrode (both from Azar electrode Co.,
Iran) and NiMCM-41CPE were used as auxiliary, reference
and working electrodes, respectively.

2.2 Preparation of pure silica powder from SCRA

SiO, powder was extracted from SCRA using Kalapathy
et al’s method [32]. Stem of common reed samples were col-
lected from Mazandaran province in the north of Iran. At first,
the samples were cleaned and washed with water to remove
adhering soil and dust and then dried at 100°C overnight.
Dried stem of common reed samples were completely burned
in air. SCRA was steeped in 1 M HCl for 4 h. After acid pre-
treatment, the mixture was filtered and washed with distilled
water several times until the filtrate became acid-free. The
acid-leached sample was then dried at 100°C overnight and
calcined at 600°C.

Sodium silicate was prepared from silica-contained ash
powder with refluxing in sodium hydroxide solution under
vigorous stirring at 100°C for 4 h. The mixture was filtered
and the obtained solution was cooled to room temperature and
neutralized by 1 M HCI to form silica aqua gel. Then, it was
washed by deionized water to remove soluble salts and dried
at 80°C overnight to produce silica xerogel. It was transferred
to a pounder to obtain pure silica powder.

2.3 Synthesis of MCM-41 mesoporous nanoparticles

To synthesize mesoporous MCM-41 by hydrothermal method,
1.36 g CTAB was dissolved in 47.43 ml of deionized water and
0.1 ml ethanol, and then 3.5 ml ammonia solution was added
to this solution. After 10 min stirring, alkaline sodium silicate
solution was added drop-wise to this mixture and stirring was
continued for 2.5h at room temperature to obtain gel. Then,
it was transferred into a Teflon autoclave and heated at 373K
for 24 h. Finally, the white precipitate was filtered, washed
and dried in oven and then calcined at 823 K in air for 6h to
remove the organic template.

2.4 Electrode preparation

Modified MCM-41 was prepared by exchanging ions of meso-
porous silica (usually Nat) by nickel (II) ions. Three hundred
milligrams of mesoporous silica was grinded and dispersed
to 10 ml of 0.1 M NiCl, solution for 24 h to replace Na™ ions
in the MCM-41 by Ni2*. Then, the mixture was filtered and
washed by deionized water to remove any surface-adsorbed
Ni** and dried in an oven overnight.

Modified carbon paste with an optimized ratio of 30%
(W/W) was made by hand-mixing of 0.3 g of NIMCM-41
with 0.7 g graphite powder in diethyl ether. After evaporation
of solvent, paraffin was blended by hand mixing to obtain
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uniformly wetted carbon paste. The resulting paste was
inserted in the bottom of a glass tube (with internal radius
1.5mm). Cu wire was used as an electrical connection.
The modified electrode (NiMCM-41CPE) was immersed in
0.1 M NiCl, solution for 5 min before each experiment and
then rinsed with deionized water to remove surface-adsorbed
species.

To investigate the main role of mesoporous silica in oxida-
tion of methanol, MCM-41CPE was constructed with addition
of non-modified MCM-41 prepared in the absence of Ni** to
CPE (MCM-41CPE). Also, blank experiments were carried
out at the surface of CPE and NiCPE prepared in the same
way, but in the absence of MCM-41 to investigate the effect
of mesoporous material in the electrocatalytic behaviour of
NiMCM-41CPE in oxidation of methanol. To prepare NiCPE,
CPE was firstly immersed in 0.1 M NiCl, solution for 3h and
then rinsed with distilled water. Ni species became stable at
the surface of the modified electrodes by cycling the potential
between 0 and 1 V for several times in 0.1 M NaOH.

3. Results and discussion

3.1 Characterization of MCM-41

Table 1 shows chemical compositions of SCRA measured by
XRF. From XREF, it is shown that SCRA consists of 84.02%
Si0, and small percent of other metal oxides such as Al,O3,
Ca0, Fe, 03, Na,0, MgO, K,0 and P,0s. This indicates that
SCRA is a good silica source for direct synthesis of meso-
porous silica (MCM-41).

Figure 1 shows the low-angle XRD pattern of calcined
sample. The sharp and intense peak at 260 ~ 2-3° corre-
sponding to reflection plane (100) confirms the formation of
ordered hexagonal structure of MCM-41. Other weak peaks in
figure 1 corresponding to the (110), (200) and (210) planes
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Figure 1. Small-angle XRD pattern of calcined mesoporous
MCM-41 nanoparticles.
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Figure 2. FTIR spectra of synthesized mesoporous MCM-41
nanoparticles.

show the formation of the highly ordered structure of MCM-
41 [28].

The FTIR of MCM-41 is presented in figure 2. A broad
absorption band around 3400 cm™' is assigned to the O-H
stretching vibration mode of the silanol groups and adsorbed
water molecules, while deformational vibrations of adsorbed
molecules cause the absorption bands at around 1631 cm™".
The sample also shows a peak at 805 cm™! assigned to sym-
metric stretching mode of Si—O-Si bonds [33], while the peak
at 957 cm™! is appropriated to overlapped vibration modes of
non-reacted SiO; and Si—~OH symmetric stretching vibrations
[34]. The broad absorbance band in 1000-1300 cm ™! region
is referred to Si—O-Si anti-symmetric stretching [34]. The
sample also shows a peak at 805 cm™! assigned to symmetric
stretching mode of Si—O-Si bonds [35]. The band at around
457 cm™! is assigned to bending vibration of Si—-OH group.

The morphology and size of the MCM-41 nanoparticles
are investigated by SEM (figure 3a). The calcined sample is
composed of agglomerated sphere-shaped nanoparticles with
the size in a range of 30-50 nm. Figure 3b and ¢ shows TEM
image of the synthesized sample at two different magnifica-
tions, which shows details of the open framework structure of
MCM-41.

Adsorption/desorption of nitrogen is shown in figure 4A.
A type IV isotherm is observed which is characteristic of a
mesoporous material. Figure 4B displays the pore-sized dis-
tribution of MCM-41 based on BJH method. According to
figure 4b, the synthesized MCM-41 has narrow pore-size dis-
tribution. The structural properties of the calcined sample are
tabulated in table 2.

3.2 Electrochemical behaviour of NiMCM-41 CPE

The cyclic voltammetry is used to investigate the behaviour
of electrodes in alkaline solution. At CPE, in the absence and
presence of 0.03 M methanol (supplementary figures S1 and
5b), no redox peak is observed in 0.1 M NaOH recorded at
25 mV s~!, which means a kinetically sluggish oxidation of
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methanol is occurred, while at NIMCM-41CPE (figure 5a),
one pair of redox peaks appears. Such behaviour shows that
on modified electrode and in the presence of electroactive Ni
species, the methanol oxidation is catalysed through decreas-
ing the overpotential of reaction. Ni/MCM-41 operates as
catalyst in the oxidation of methanol in 0.1 M NaOH.

According to Bessel and Rolison [36] proposed mecha-
nism, ion exchange between the Ni** ions incorporated in
mesoporous silica MCM-41 with Na™ ions in the electrolytes
occurs at the surface of electrode NiMCM-41CPE:

24
Nl(ms

-2
s 2Na?;) — Nizt

(int

, +2N a?;ns), (1)
where descriptors ms, s and int represent for mesoporous
silica, solution and mesoporous silica—solution interface,
respectively.

In alkaline solution, Ni*T ions at the mesoporous sil-
ica/electrolyte interface combine with OH™ and converted to
Ni(OH), species according to the following equation:

Ni** +20H~ — Ni (OH), . )

Potential scanning of NIMCM-41CPE in NaOH was repeated
several times to achieve a stable behaviour of modified elec-
trode and at such condition, Ni** ions are trapped in pores
of mesoporous MCM-41 through the formation of nickel
hydroxide. With such process, Ni species remain on the sur-
face of electrode and become stable. As can be seen in figure
Sa, one redox peak is observed at scan rate of 25 mV s~! due
to the oxidation of the Ni(OH), to the nickel oxy-hydroxide
(NiOOH) and the reduction of NiOOH to Ni(OH), [37,38]:

Ni (OH), + OH™ — NiOOH + H,0 + ¢". ?3)

A set of electrodes was designed to resolve the role of
MCM-41 in oxidation of methanol. Cyclic voltammograms of
NiCPE (figure 5c), MCM-41CPE (figure 6D) and NiIMCM-
41CPE (figure 5e) were recorded in the solution of 0.03 M
methanol in 0.1 M NaOH. With the addition of methanol,
considerable anodic current is observed on NIMCM-41CPE
during the anodic scan at 0.77 V (figure Se). Such prominent
increment in anodic current is an evidence of facilitated elec-
trochemical oxidation of methanol on the surface of modified
electrode and relies on the presence of redox active species
of Ni in the pores of mesoporous silica.

To optimize the amount of modifier, the response of the
NiMCM-41CPE at different ratios (20, 30 and 40% (W/W))
of NIMCM-41 were examined by cyclic voltammetry in the
presence of 0.1 M methanol in 0.1 M NaOH solution. When
30% (W/W) of NIMCM-41 is mixed with graphite paste, the
oxidation of methanol produce higher anodic current. At low
wt% of MCM-41, the available MCM-41 pores, which can
be doped with Ni** is decreased and due to it, the number
of reaction active sites (Ni(OH),) diminishes at the surface
of modified electrode. MCM-41 is an insulating material
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Figure 3. (a) SEM and (b and ¢) TEM images of synthesized mesoporous MCM-41 nanoparticles
at two different magnifications.

so that an increase in the MCM-41 percent causes lower
conductivity of prepared carbon paste and eventually, the cur-
rent of methanol oxidation decreases.

Interesting results are obtained when CPE is modified with
Ni*t. From figure Sc, it is observed that the oxidation of
methanol occurs at the surface of NiCPE as a small oxida-
tion peak at 0.6 V. Such evidence shows that the presence
of Ni species in CPE are necessary for the oxidation pro-
cess, but amount of adsorption of Ni** in CPE is lower than
MCM-41CPE and from this, the essential role of MCM-41 can
be described. During the potential cycling of NiIMCM-41CPE
in alkaline solution, the conversion of redox active species of
Ni?*/Ni** to each other and not related to MCM-41 activity.

Even though an increase in current in the presence of
methanol is observed at NiCPE, but it is noticeably lower
when compared to NiIMCM-41. With comparison among dif-
ferent electrodes, only NiMCM-41CPE shows an increase in
anodic oxidation current that means the mesoporous silica

MCM-41 can collaborate in the oxidation of methanol. The
capital role of MCM-41 appears in its mesoporous structure
with large number of pores, where the diffusion of Ni** ions
and their conversion to NiOOH species cause the accelera-
tion of the oxidation of methanol process in comparison with
NiCPE.

To delineate the electrochemical performance of modi-
fied electrode, the effect of scan rate is studied in 0.1 M
NaOH. Figure 6A shows the cyclic voltammograms obtained
at the surface of NIMCM-41CPE at different scan rates of
potential in a wide range of 0.005-0.6 V s~!. Redox peaks
with a half wavepotential of 425 mV and AE,(Ep, — Epc)
of ~180 mV at the potential sweep rate of 10 mV s~!
reappeared at cyclic voltammogram. A £, increases with scan
rate, which arises from limitation in the charge transfer kinet-
ics during the chemical interactions between the electrolyte
ions and surface film of NiMCM-41CPE. Laviron [39] pro-
posed a theory for the linear potential sweep voltammetric
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Figure 4. (A) Nitrogen adsorption—desorption isotherms and (B)
pore-size distribution of mesoporous MCM-41 nanoparticles.

response of surface-confined electroactive species at small
concentrations. In Laviron theory, for AE, > (0.2/n)V,
where n is the number of transferred electrons, the factors
« and kg (the transfer coefficient and the charge transfer rate
constant, respectively) can be calculated as follows:

l—a:|, @

m
o o
Epe=E +¥In[2], )
m

Ep = E +X1n|:
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RT
logks = alog (1 —a) + (1 — o) logar — log (T)
nFv

a(l —a)nFAE,

6
2.303RT ©

where X = RT/(1 — a)nF, Y = RT/anF, m =
(RT/F)(ks/nv). Also, Ey, and Ep,. and v are the anodic and
cathodic peak potentials, scan rate, respectively. A plot of E,
with respect to v can be used to calculate «. Also, kg is het-
erogeneous electron transfer rate constant of an electroactive
compound (here Ni) and can be computed with the aim of
AE, at related scan rate and using calculated o [39].

A graph of anodic and cathodic peak potential (Ep) vs.
log v (figure 6B) is obtained from cyclic voltammograms
of NIMCM-41CPE in 0.1 M NaOH, which recorded at the
range of 0.005-0.6 V s~! (figure 6A). A linear dependence
of E, with log v is observed at v > 0.075 V s~!. From the
slope of linear part of figure 6B and applying equations (4)
and (6), the value of anodic («) and cathodic (8) electron
transfer coefficients are calculated to be 0.78 and 0.22, respec-
tively,which means that the different rate-limiting steps exist
for the reduction and oxidation processes [40]. Also, kg is
equal to 0.046 s~ at scan rate of 300 mV s~ !.

As can be seen in figure 6C, a linear dependence of both
anodic and cathodic peak currents with scan rate are observed
at low values from 0.005 to 0.075 V s~! (figure 6C) ascribing
to an electrochemical activity of deposited redox couple at
the surface of modified electrode. Using equation (7), which
is related to reversible process with adsorbed species, surface
coverage can be calculated from the slope of linear section of
figure 6C [41].

I n?F2Avl*

- i 7
P ART ™

where I,, A and I'* are peak current, electrode surface area
and surface coverage of the redox species (Ni(OH),), respec-
tively. From equation (7), the average value of I'* is obtained
around 9.05 x 108 mol cm~? from cyclic voltammogram of
electrode in 0.1 M NaOH and can be used to estimate the
amount of Ni involved in redox process of NIMCM-41CPE.
Both anodic and cathodic peak currents depend on square root
of scan rate (v'/?) in scan rates of v > 0.075 V s~! (figure
6D) due to domination of diffusion controlled process in the
total redox behaviour of NIMCM-41CPE. The charge neu-
tralization of the film during the oxidation/reduction process
is the origin of such diffusion controlled process [42,43]. It
seems probably that at low scan rate, the kinetic limitation of
Ni(OH),/NiOOH formed at the electrode surface for charge
transfer controls the behaviour of electrode, while at high scan
rate, the diffusion of OH™ from bulk of solution to the elec-
trode surface can control the total electrochemical behaviour
of electrode, which appears as dependence of current to square
root of scan rate.
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Table 2. Structural properties of mesoporous MCM-41 nanoparticles powder determined by

nitrogen adsorption.

Sample  ag (m*g™!)  Vi(em?g™!)

7p (nm)

Dggr (nm)  Vip em®g™!)  V, (em3 g™

MCM-41 814.7 0.8495

2.37

3.2764 74.248 0.7981

Abbreviations: ag, the BET surface area; Vi, total pore volume; 7, average pore radius; DBgr, average pore
diameter; Vi, micropore volume; Vo, primary mesopore volume.

o “:1 0.4 0§ M 1 2
E 'V vs AglAgCHRCI M)

Figure 5. (a) Cyclic voltammograms of NiMCM-41CPE in the
absence of methanol in 0.1 M NaOH. Cyclic voltammograms of
(b) CPE, (¢) NiCPE, (d) MCM-41CPE and (e) NIMCM-41CPE in
the presence of 0.03 M methanol in 0.1 M NaOH at scan rate of
25mV s

3.3 Redox behaviour of NiMCM-41CPE in methanol

To delineate the mechanism of electrochemical oxidation
of methanol on the modified electrode, the influence of
methanol concentrations on the cyclic voltammetry responses
of NIMCM-41CPE electrode was investigated (figure 7A).
From figure 7B, in low concentration of methanol, there
are two anodic peaks (p, and p,); one peak p, at ~0.57 V
(assigned to the redox couple of a-Ni(OH),/NiOOH) and
another peak p, at 0.77 V (assigned to the redox couple of
B-Ni(OH),/NiOOH) can be observed [44—46].

Ni(OH), has two crystallographic forms, a-Ni(OH), and
B-Ni(OH),. a-Ni(OH), is unstable form and is converted to
NiOOH at lower potential, while p-Ni(OH), is a crystalline
form with more resistance to oxidation and subsequently, it
is appeared in higher potential. It was investigated by some
authors that during the electrochemical oxidation of Ni elec-
trode in alkaline solution, a-form is formed at the initial stage
of electrooxidation process although converted slowly to the
B-Ni(OH), with further cycling [45]. According to previously
observed evidence, it seems that a-Ni(OH), is oxidized to
NiOOH at peak potential of p,, but the presence of methanol
reduces it and B-Ni(OH), is reformed. As a result, the anodic

peak (p,) appeared due to oxidation of B-Ni(OH), to NIOOH
[47-49].

When the concentration of methanol increases, peak p,
grows noticeably and current of anodic peak p; does not
show significant increment. At high methanol concentration,
more NiOOH species are converted to f-Ni(OH), through the
methanol oxidation and more $-Ni(OH), species are available
in oxidation process according to equation (8) [45]:

B — Ni(OH), + OH™ — NiOOH + H,O +¢~,  (8)

NiOOH + CH;OH — Py, + Ni (OH), , )

where Py defines the eventual products of methanol oxidation
such as carbonate, formaldehyde and formate anion [21,50].
The equations (8) and (9) show an EC’ mechanism which can
be described according to the following reactions:

R < O+ ne™, (10)

O0+X—->R+Y. (11)
In this mechanism, R, O, X and Y are Ni(OH),, NiOOH,
methanol and products of reaction, respectively. When poten-
tial is increased, Ni(OH), species (R) are oxidized to NiOOH
species (O). Also, they can be reproduced during the reduction
of NiOOH species by methanol (X). The net results of these
two processes are increasing in the concentrations of R (which
appears as increasing in the oxidation current of Ni(OH), oxi-
dation (peak 2)) as well as decreasing in the concentrations
of NiOOH species (diminish in the cathodic peak). As it can
be seen, methanol can participate in reduction of NiIOOH (O
species) to Ni(OH), (R species). It is expected that the oxida-
tion and reduction peaks are only for Ni species. It means that
the oxidation of methanol (X) did not appear as independent
peak.

According to Fleischmann ez al [37] mechanism, formalde-
hyde is produced as an active intermediate during the
methanol oxidation and format ions can be the final products
of methanol oxidation:

Ni (OH), + OH™ — NiOOH + H,0 + ¢~ (12)
NiOOH + RCH,OH — Ni (OH), + RC*HOH,  (13)
RC*HOH + 30H™ — RCOOH + 2H,0 +3e™.  (14)
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Figure 6. (A) Cyclic voltammograms recorded on the NIMCM-41CPE in 0.1 M NaOH at various scan rates: (a) 0.005, (b) 0.010,
(c) 0.020, (d) 0.025, (e) 0.05, (f) 0.075, (g) 0.1, (h) 0.2, (i) 0.3, (j) 0.4, (k) 0.5 and (1) 0.6 V s~1. (B) Plot of Ep vs. log v for cyclic
voltammograms of anodic and cathodic peaks. The dependency of I, and I (C) on lower values of v (0.005-0.075 V s~ 1) and (D) on

/2 at higher values of v (v > 0.075 V sfl).

In convenience with increasing the intensity of peak p,, a
decrease in the current density of cathodic peak (assigned
to NiOOH reduction) is observed at higher concentration
of methanol during the reverse sweep. Although increase
of anodic currents is due to conversion of more NiOOH to
B-Ni(OH), through the methanol oxidation, but the intensity
of cathodic peak current decreases because of the conversion
of NiOOH to a-Ni(OH),. Mass normalized voltammograms
of oxidation of 0.03 M methanol at NiIMCM-41CPE (i.e., cur-
rent normalized per Ni load/Ag~" Ni) is given in figure 7C
for comparison. On the electrode surface with surface area
of 0.07065 cm? (1.5 mm radius) and surface coverage of
9.05 % 10~% mol cm™2, the mole of Ni (M,, = 58.69 g mol~!)
is calculated to be 6.39 x 10~° mol. From this, the mass of Ni

is obtained 3.75 x 1077 g. Normalized current is calculated
from dividing current in microampere with the mass of Ni.
The effect of scan rate on kinetic of redox process occurred
on NiIMCM-41CPE was studied by cyclic voltammogram of
0.03 M methanol in 0.1 M NaOH at different scans rates
(figure 8). At low scan rates, two anodic peaks (p, and p,)
appeared, which increases with the scan rate increment (figure
8b), whereas peak p, strongly depends on the potential scan
rate and even disappears in higher scan rates (v > 0.2 Vs~ ).
At high scan rates, the conversion of 3-Ni(OH), to NIOOH
is not fast enough due to a kinetic limitation taking place in
electron transfer with surface electrode. Since oxidation reac-
tion of Ni(OH), to NiOOH has a fast electron transfer kinetic,
the anodic peak current intensity (p,) increases. This means
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Figure 7. (A) Current—potential curves of the NIMCM-41CPE for
electrocatalytic oxidation of methanol at the scan rate of 25 mV s~/
in 0.1 M NaOH solution with different concentrations of methanol:
(a) 0.0, (b) 0.03, (c) 0.06, (d) 0.08, (e) 0.1, () 0.15, (g) 0.2 and (h)
0.35 M, respectively. (B) Zoomed cyclic voltammograms of (b), (e)
and (g) from the main panel of (A). (C) A plot of mass activity of
NiMCM-41CPE in the (a) absence and (b) presence of 0.03 M of
methanol.

Page 9of 13 88

0l 0l 03 05 07 0.9 L1
E /V vs AglAgCECI(3M)

15'3
20 - -

15 4

& o

jimA eme?

al o1 03 0s 0.7 09 L1
E 'V vs AglAgCIKCIGM)

Figure 8. (A) Cyclic voltammograms of the NiIMCM-41CPE in
the presence of 0.03 M methanol in 0.1 M NaOH, scan rates: (a)
25, (b) 50, (c) 75, (d) 100, (e) 200, (f) 300, (g) 400, (h) 500 and
(i) 600 mV s~!, respectively. (B) Zoomed cyclic voltammograms of
(e), (d) and (b) from the main panel of (A).

that the anodic current principally arises from the oxidation
of a-Ni(OH), to NiOOH.

The plot of the anodic peak current (/p,) vs. scanrate (figure
9b) obtained from cyclic voltammetry of NIMCM-41CPE in
0.03 M methanol (figure 9a) gives further information about
the process involved in redox behaviour of NiIMCM-41CPE.
Figure 9b shows that the anodic peak current increases linearly
with the square root of the sweep rate in the range of 5-
600 mV s~!, that expresses the process is diffusion-controlled
reaction rather than surface-controlled process.

Theoretically, the slope of the log I,,—log v plots is
expected to be 1.0 or 0.5 for adsorption or diffusion-controlled
process, respectively [37]. Figure 9c shows a linear
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Figure 9. Plots of (a) Ipa vs. v, (b) Ipa vs. V03 (e) log Ipa vs. log v and (d) Ipa/vo'5 vs. log v for oxidation of 0.03 M methanol in

0.1 M NaOH at NIMCM-41CPE.

dependence between log I, and log v for methanol oxidation
at NiIMCM-41CPE with a slope value of 0.41, which is near
to theoretical expected value for a purely diffusion-controlled
current. However, some difference with theoretical value is
probably due to the contribution of a kinetic limitation to the
overall process [51].

Figure 9d indicates the plot of scan rate normalized current
(Ipa/vl/ ) vs. logarithm scan rates. The observed behaviour
is an evidence of an EC’ process that expresses the elec-
trode reaction, which is coupled with an irreversible follow-up
chemical step [52].

One of the main parameters in efficiency of NiMCM-
41CPE is its mechanical and chemical stability in alkaline
solution. To examine it, NIMCM-41CPE was cycled between
Oand 1 Vin 0.1 M NaOH (at 25 mV s~!) and it was found
that under repeated cycles, considerable change occurred in
redox peaks of modified electrode, probably due to strong

binding of Ni>* ions to pores of mesoporous MCM-41 and a
only few percent of Ni>* could diffuse to solution in long time
application of modified electrode. Also, the redox behaviour
of NIMCM-41CPE was investigated in the presence of 0.03
M methanol and it was observed that only a slight change
in current density of methanol oxidation was occurred in
0.1 M NaOH after several weeks. The sources of any changes
are permeation of Ni’* into solution or adsorption of prod-
uct of methanol oxidation to NiOOH active sites. Also, the
redox behaviour of NiMCM-41CPE in various concentrations
of methanol showed a minor decrease in current density of
anodic oxidation current and the response of the electrode can
be easily repaired to its primary state by immersion of modi-
fied electrode in 0.1 M NiCl, for 5 min. Also, to obtain reliable
and repeatable results, all modified electrodes were prepared
daily. Also, to regenerate the primary behaviour of electrode,
a thin layer of carbon paste was simply removed from the
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surface of modified electrode with polishing on paper. To
investigate the reproducibility of NIMCM-41CPE, the redox
behaviours of four different electrodes prepared at the same
condition were investigated by cyclic voltammetry in the pres-
ence of methanol and the relative standard deviation of 2.9%
was obtained, which means that the modified electrode pro-
vide good reproducibility.

3.4 Chronoamperometric study

The chronoamperometry was employed to determine the
catalytic rate constant of the methanol oxidation on the
NiMCM-41CPE. Figure 10 shows a double-step chronoam-
perograms (I —t curves) of redox process at NiMCM-41CPE.
Current—time profiles are obtained by setting the working
electrode potential at 700 mV (in first step) and 350 mV
(in second step) vs. Ag|AgCl (3 M KCl). An exponential
behaviour of /-t amperograms (figure 10a) shows that a
diffusion-controlled process take place, which can be mod-
elled by a Cottrell equation [41]. A curve of I vs. t~!/?
presents a linear relationship in the absence of methanol
(figure 10a). From equation (15), the catalytic rate constant
between the active sites of NIMCM-41CPE-modified elec-
trode and methanol molecules can be estimated [53]:

I

Lo y! 2 [mPerf(y'?) +exp(=y)y '],

(15)
where I, and [;, are the catalytic and limiting currents of
NiMCM-41CPE in the presence and absence of methanol,
respectively. Also, y is the argument of error function and is
shown as y = kCyt(Cy in the argument is attributed to the
concentration of methanol in bulk solution). When y exceeds
2, the error function is almost equal to 1 and equation (15)
can be summarized as:

II_c _ J/I/ZJTI/Z _ ﬂl/z(kCOI)l/z.
L

(16)
Parameters k, Cyp and ¢ describe the catalytic rate con-
stant (cm® mol~'s™!), methanol bulk concentration (mol I™")
and time (s), respectively. The value of catalytic rate con-
stant is calculated from the slope of linear part of Ic/Iy,
vs. t'/2. According to figure 10b, the mean value of k is
found to be about 1.512 x 10* cm?® mol~'s™! from chronoam-
program of NiMCM-41CPE in the absence and presence
of 0.1 M methanol and shows that NIMCM-41CPE can
present a good catalytic activity towards the methanol
oxidation.

Table 3 compares the results obtained on the surface of
NiMCM-41CPE with some previously reported electrodes for
methanol electrooxidation. NIMCM-41CPE used in this work
acts as an efficient electrocatalyst in the process of methanol
oxidation when compared to other works. Also, itis necessary
to note that to calculate the current density of the methanol
oxidation alone, the current density of NiMCM-41CPE in
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Figure 10. Chronoamperometeric curves obtained on the
NiMCM-41CPE in the (a) absence and presence of (b) 0.02,
(c) 0.05, (d) 0.08, (e) 0.1, (f) 0.2 and (g) 0.3 of methanol in 0.1 M
NaOH solution. First and second potential steps were 0.730 and
0.350 V vs. Ag|AgCl (3 M KCl), respectively. Inset (A): dependence
of current on ¢~1/2, derived from the data of chronoamperogram
of (a) in the main panel. Inset (B): dependence of Ic/I1, on /2,
derived from the data of chronoamperograms.

0.1 M NaOH is subtracted from total current density of
peak p,.
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Table 3. Comparison of the current density and the oxidation potential of some nickel-modified
electrodes investigated in the electrocatalytic oxidation of methanol in alkaline medium.

Electrode Modifier Jj* (mA cmfz) E/V Reference
SBA15CPE Ni ~14.2 ~0.80 vs. Ag/AgCl [25]
GC Ni-Cu ~46 ~0.57 vs. Ag/AgCl [54]
ZSM5CPE Ni ~ 8.46 ~0.72 vs. Ag/AgCl [23]
GC NiMn ~7.17 ~~0.62 vs. Ag/AgCl [55]
CPE Poly-1,5-DAN/Ni ~ 1.54 ~0.65 vs. Ag/AgCl [56]
GC Ni-DHS ~1.25 ~0.63 vs. Ag/AgCl [57]
GC Poly-TCPP/Ni ~1.34 ~0.67 vs. SCE [58]
CNTPE POT/TX-100 10.33 ~0.7 vs. Ag/AgCl [21]
SBA16CPE Ni ~13.33 ~0.76 vs. Ag/AgCl [26]
PCPE Ni ~13.75 ~0.8 vs. Ag/AgCl [27]
NiMCM-41CPE Ni ~11.67 ~0.82 vs. Ag/AgCl This work

DHS: N,N’ -bis(2,5-dihydroxybenzylidene)-1,2-diaminobenzene, POT: poly(o-toluidine), TX: Triton X-100,
CNTPE: multi-walled carbon nanotube paste electrode, DAN: 1,5-diaminonaphthalene, P: P zeolite, CPE:

carbon paste electrode.
4. Conclusions

Natural inexpensive silica source, SCRA, provides silica
source to prepare mesoporous silicate MCM-41 nanoparti-
cles. During hydrothermal treatment of precursors, spherical
mesoporous MCM-41 nanoparticles with size in the range of
20-40nm are synthesized. With incorporation of Ni** ions
into MCM-41 mixed with carbon paste, modified electrode
is fabricated. The performance of electrode is considered
for the electrocatalytic oxidation of methanol in alkaline
solution. The obtained results show that the nonconduc-
tive MCM-41 has no role in oxidation process, and only
provides a framework with large surface area for Ni** adsorp-
tion. The conversion of Ni(OH), to NiOOH during the
anodic scan in alkaline solution provides the required active
sites for reaction. At NiIMCM-41CPE, high current densities
are observed for methanol oxidation. The modified elec-
trode can overcome sluggish kinetic process of methanol
oxidation on CPE in alkaline solution by a catalytic EC'
mechanism.
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