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A B S T R A C T

Ni–metal oxide (Fe2O3, ZnO, Co3O4 and MnO2) nanocomposites were synthesized on carbon substrates by
electrodeposition technique. These catalysts were tested as anodes for electrooxidation of both methanol and
ethanol. To study the chemical composition of the deposits, energy dispersive X-ray spectroscopy (EDX) was
used and the maximum wt% of metal oxides in the prepared composites was found to be 11.4, 11.7, 9.3 and 3.8
for Fe2O3, ZnO, MnO2 and Co3O4, respectively. The morphology of the catalysts surface is significantly affected
by the existence of metal oxides as confirmed by scanning electron microscope (SEM) images. The phase
structure and the particle size of the catalysts were recognized from X-ray diffraction (XRD). A reduction in the
Ni grains was seen in the matrix of the composites compared with that of Ni/C. Cyclic voltammetry (CV),
chronoamperometry (CA) and electrochemical impedance spectroscopy (EIS) were employed to study the
electrocatalytic activity of the prepared nanocomposites. All the results displayed a satisfactory electrocatalytic
activity, better stability, lower charge transfer resistance, and stronger resistance to the poisoning of the na-
nocomposites compared with that of Ni/C. A synergistic effect among multiple active sites due to the presence of
mixed oxides for the nanocomposites could enhance their electrocatalytic activity. The performance of the
different prepared catalysts towards the electrooxidation process was established in the order of: Ni–Fe2O3/
C > Ni–ZnO/C > Ni–Co3O4/C > Ni–MnO2/C > Ni/C. Ni–metal oxide nanocomposites appeared to be pro-
mising and less expensive anode catalysts for fuel cell applications.

1. Introduction

The lack of natural energy resources is a real challenge for the
modern life. Efforts are being made to find new energy resources that
can supply human needs. Nowadays, other alternative fuels such as
non-fossil Syngas (H2/CO) is used, it is a very valuable and versatile
energy carrier because it can be converted into liquid fuels. It is con-
sidered a renewable source of energy and it can be produced by elec-
trochemical CO2 reduction in an ionic liquid [1]. In addition, some
alcohols like methanol and ethanol are being used as renewable fuels. It
is known that the electrochemical power sources, for instance, fuel cells
have been developed and used in a variety of life applications such as
domestic and public transportation. Direct methanol or ethanol fuel
cells are promising systems. Chemical energy of methanol or ethanol
fuel is converted to electricity efficiently without combustion [2].
However, there are some limitations restrict the use of fuel cells at a
commercial level. This is attributed to the high-cost materials used to
design the fuel cell, particularly Pt catalyst that used as anodes espe-
cially in acid media [3–8]. Attempts have been employed to change Pt

by some cheap materials as electrocatalysts for methanol and ethanol
electrooxidation particularly in alkaline media [9–12].

For many years, nanocomposite electrodes have attracted interest
because they are feasible to be prepared by properly incorporating
nano-particulate to be co-deposited in the metal matrix through che-
mical or electrochemical methods. Moreover, they exhibited remark-
able and technologically attractive properties due to their extremely
fine microstructure and higher surface area. They exhibited higher
catalytic activity towards the electrooxidation processes. Meanwhile,
nanocomposites appeared to be promising and less expensive anode
catalysts for fuel cell applications [13]. Some composites containing
metal oxides (CeO2, TiO2, ZrO2 and MoO2) were used as anodes as they
were more useful than Pt and less expensive. It was mentioned that
metal oxides can supply OH– species which induce oxidation/reduction
process between different oxidation states of nanocomposite metal
oxides to improve the catalytic efficiency [14]. Furthermore,
CeO2–ZrO2 mixed oxides have been extensively used as oxygen storage
components. It is noteworthy that cerium oxide may make CO-like
species oxidated to prevent the catalyst deactivation [15]. Also, a
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platinum catalyst supported on a double oxide nanocomposite of tin
oxide clusters and carbon-doped titanium dioxide nanocoatings on
carbon nanotubes is used for electrooxidation of methanol. It leads to a
much lower onset potential for the adsorbed CO oxidation with a much
enhanced bifunctional effect in tin oxide [16]. Moreover, various metal
oxides, for example, CeO2, MnOx, NiO, Co3O4 and their hydroxide
analogues were found to be active materials for the electrocatalytic
applications [17–22]. It was observed that inclusion of small amounts
of metal oxides in addition to the active redox properties can help for
developing the Pt electrocatalysts for fuel cells [23–26]. Also, cobaltous
oxide deposited on a Pt electrode, shows prominent electrocatalytic
activity towards the mediated electrooxidation of glucose and methanol
[27]. The electrocatalytic activity of nano-CoOx and MWNT composite
modified GCE (CoOx-MWNT/GCE) has been examined towards the
oxygen evolution reaction (OER) by linear sweep voltammetry [28].
The addition of nickel oxide into both Pt/C and Pd/C catalysts could
improve the methanol oxidation performance in terms of poisoning
resistance and the reaction activity [10]. Moreover, SnO2 promotes
PtRu catalyst towards ethanol oxidation and it shows a lower onset
potential and larger current density. Also, it could activate ethanol
chemisorptions and increase the electroactive surface area, together
with a faster intrinsic activity at lower overpotential [29]. It was pre-
viously seen that Pd/Cu2O/MWCNT catalyst can be used as an excellent
anode catalyst for ethanol electrooxidation in alkaline solution. The
occurrence of Cu2O increases the stability and CO poisoning tolerance
of the Pd towards electrooxidation of ethanol [30]. Among various
different metal oxides are MgO [31], NiO [32,33], MnO2 [34], SnO2

[35,36], CeO2 [37], Mn3O4 and Co3O4 were used with Pd as a catalyst
for fuel cells.

Ni-based catalysts like Ni–metal oxide nanocomposites have at-
tracted importance in a wide range of fundamental researches and
technological applications, for example; electrocatalysis and fuel cells
[33,38–43]. This is due to the good distribution of the Ni particles and
the high active surface area which lead to enhancement of the catalytic
activity towards the electrooxidation processes. Ni–metal oxide nano-
composites are synthesized by co-depositing metal oxides like ZnO,
Cr2O3, MgO or TiO2 in the Ni-plated layer under the electric field
[38,39,44–47]. Moreover, the rate of oxide particle co-deposition de-
pends on many factors such as size, shape, charge, current density,
temperature, pH and time. Their applications as anode catalysts were
estimated towards electrooxidation of relatively low molecular mass
alcohols in alkaline fuel cells [48,49]. Their catalytic activity is at-
tributed to the formation of a higher valence Ni oxide which acts as
chemical oxidizing agent [50]. An enhancement of the durability and
catalytic activity is achieved when using these composite materials as
electrocatalysts [51,52]. It was seen that Ni–MgO composite exhibits
low overvoltage for alcohol oxidation, acts as effective anode materials
with higher efficiency, increases the anti-poisoning ability of the Ni
catalysts and improves the kinetic processes [40,53–55]. Also, the ex-
istence of TiO2 co-deposited within the Ni matrix as a nanocomposite
increases its electrocatalytic activity [38,39]. Moreover, nickel mod-
ified with MnOx is significantly active for the methanol electrooxidation
[54]. Effective electrocatalysts for oxygen reduction reaction (ORR)
was carried by using transition metal oxides [56–58]. This is due to the
multiplicity of the active sites which may be responsible for the im-
provement of ORR activities. Additionally, Ni–NiO@C nanocomposites
showed a high electrocatalytic activity for methanol oxidation [59].

Accordingly, the main goal of this work is to develop Ni-based na-
nocomposites for methanol and ethanol electrooxidation. Ni–metal
oxides (Fe2O3, ZnO, Co3O4 and MnO2) nanocomposites were synthe-
sized on carbon electrodes using a simple electrodeposition technique.
The prepared electrodes will be used as anodes for alcohols electro-
oxidation. It is anticipated to improve the catalytic activity of the Ni
and find reasonable explanations for the effect of metal oxides in en-
hancing the electrooxidation process.

2. Experimental techniques

2.1. Synthesis of Ni–metal oxide nanocomposites

For the synthesis of the Ni–metal oxide nanocomposite working
electrodes, carbon substrates were used for the electrodeposition pro-
cess, each of a geometrical electrode area of 0.125 cm2. The carbon
electrodes were cleaned mechanically using metallurgical papers of
various grades, then they were soaked in acetone, rinsed with double
distilled water and finally dried. The electrode surface area was cal-
culated from the geometrical area and the current density value was
referred to it. Ni Watts` bath was utilized for the deposition of Ni and
Ni–metal oxide nanocomposites, it has the composition of: 240 g l−1

nickel sulphate, 45 g l−1 nickel chloride and 30 g l−1 boric acid, oper-
ated at pH 5, 55 °C, 150 rpm and 40mA cm–2 for 30min in the absence
and presence of different concentrations (1–12) g l–1 of each metal
oxide. Before the electrodeposition of composites, the oxide particles
were stirred in the electrolyte solution by using a magnetic stirrer to
achieve a uniform suspension of particles and break down the ag-
glomeration. Ethanol and methanol were used without purification.
Triple distilled water was used for the solutions preparation. Chemicals
used were Sigma-Aldrich products of analytical grade and used without
any further purification.

2.2. Electrochemical measurements

The electrochemical techniques were done in a conventional three-
electrode system. The working electrode was Ni/C or Ni–metal oxide
nanocomposites, the reference electrode to which all potentials were
referred is the Hg/HgO/1.0 M NaOH (MMO), and a Pt sheet was used as
a counter electrode. Measurements were done in an aerated 1.0M
NaOH at room temperature of 25 ± 0.2 °C. The electrochemical mea-
surements were performed by cyclic voltammetric and chronoampero-
metric techniques using Amel 5000 (supplied by Amel Instrument,
Italy) driven by an IBM PC for data processing. The PC was interfaced
with the instrument through a serial RS–232 card. To control the Amel
5000 system, Amel easyscan software was used and connected to PC.
The electrochemical impedance spectroscopy (EIS) data was measured
at frequencies ranging from 100 kHz to 10MHz at 10mV amplitude.
Zahner Elektrik Meβtechnik, IM6, Germany, was used to perform the
EIS and the experimental impedance spectra were fitted with the
equivalent circuits included with the IM6 package using the “SIM”
program. The suitability of the elements in the proposed equivalent
circuits to fit the experimental data was judged by the error 1.5% of the
fitting and by comparing the calculated and the experimental im-
pedance plots.

2.3. Surface analysis techniques

Scanning electron microscopy Model Quanta 250 FEG (Field
Emission Gun) attached with EDX unit (Energy dispersive X–ray ana-
lyses), with accelerating voltage 30 KV (FEI Company, The
Netherlands) was applied to investigate both the chemical composition
and the surface morphology of the prepared nanocomposites. X-ray
diffractometer (XRD, Rigaka, Japan) with CuKα (λ=1.540 Å) was used
to study the crystal structure and particle size of the prepared catalysts.
It is operated at 45 kV and 40mA. The step scanning size, range and
rate were 0.02°, 10°–100°, and 0.05°/s, respectively.

The values of zeta potential for each metal oxide particles (Fe2O3,
ZnO, Co3O4 and MnO2) was measured using a laser zeta meter
(Zetasizer 2000, Malvern Instruments, UK). A sample powder of every
metal oxide (about 0.02 g) was placed into≈50ml of Ni Watts' solution
and the sample was stirred for 50min at pH 5, after that the measure-
ment of zeta potential was done. Actual surface areas of the prepared
catalysts were measured using Nova 2000 series based on the well-
known Brunauer, Emmett and Teller (B.E.T.) theory.
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3. Results and discussion

3.1. Surface characterization of nanocomposites

Electrodeposition technique was employed to synthesis Ni and
Ni–metal oxide (Fe2O3, ZnO, Co3O4 and MnO2) nanocomposites on
carbon substrates from Ni Watts' bath at the optimum conditions as was
mentioned in the Experimental techniques section. The most favorable
conditions were determined from our previous work on similar Ni
composites [38–40]. The surface composition of each electrode was
investigated by energy dispersive X-ray spectroscopy (EDX) and the
quantity of each metal oxide deposited within the Ni layer was esti-
mated and the results are presented in Figs. 1 and 2. Characteristic
peaks for Ni, O, and C were seen in the EDX spectrums for the Ni/C and
Ni–metal oxide composite electrodes (Fig. 1a–e), while additional peaks
for Fe, Zn, Co and Mn were observed for the Ni–metal oxide composite
electrodes (Fig. 1b–e). By inspecting Fig. 2, it is clear that the weight
percentage (wt%) for the studied metal oxides increases with increasing
its concentration in the plating electrolyte reaching its maximum wt%
at a concentration of 10 g l−1. However, any further increase in the
concentration of metal oxides in the plating electrolyte beyond 10 g l−1

has a slight effect on the incorporation process and this indicated that
the co-deposition of the metal oxides in the Ni matrix reached its sa-
turation level [60]. The mechanism of the co-deposition of metal oxides
within the Ni matrix depends on the adsorption phenomena and this
was explained by Guglielmi's two-step adsorption model [61]. A com-
prehensive explanation of this model was discussed in the literature
[38–40,62–64]. The zeta potential of each metal oxide is a significant
factor in the co-deposition process. All the studied metal oxides have
negative zeta potentials at the operating pH 5, their values were −20,
−22, −18, −15mV for Fe2O3, ZnO, Co3O4 and MnO2, respectively.
This could help the Ni2+ adsorption on the metal oxides surface and
consequently it will facilitate the co-deposition process. Moreover, as
the metal oxides concentration in the plating electrolyte increases, the
amount of adsorbed Ni2+ on the surfaces of metal oxides increases and
they will be together transmitted to the cathode surface to be deposited
under the effect of the applied electric field [65]. As a result, an in-
crease in the wt% of the metal oxides deposited in the deposited layer is
observed (Fig. 2). The maximum amount of the metal oxides co-de-
posited within the nickel matrix was obtained at a concentration of
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Fig. 1. EDX analysis of (a) Ni/C, (b) Ni–Fe2O3/C, (c) Ni–ZnO/C, (d) Ni–Co3O4/C and (e)
Ni–MnO2/C catalysts prepared by electrodeposition at 40mA cm−2 for 30min.
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10 g l−1 for each metal oxide. The maximum wt% of the metal oxides
deposited in the Ni matrix was found to be 11.3, 11.7, 9.3 and 3.8 for
Fe2O3, ZnO, MnO2 and Co3O4, respectively.

Fig. 3 displayed the SEM images of Ni/C and Ni–metal oxides
(Fe2O3, ZnO, Co3O4 and MnO2) nanocomposites deposited on carbon
substrates at a constant current density of 40mA cm−2, pH 5, 150 rpm
and temperature 55 °C in the absence and presence of 10 g l−1 of each
metal oxide. SEM micrograph of the electrodeposited Ni/C electrode
(Fig. 3a) demonstrated a regular pyramidal structure of Ni crystallites
with a relatively greater Ni grains in contrast to the other Ni compo-
sites. The co-deposition of metal oxide particles in the Ni deposits in-
duced some changes in the morphology of the resulting composites as
shown in Fig. 3b–e. Actually, a relatively good dispersion of Ni particles
on the carbon substrate was observed for the composite electrodes with
a reduction in the Ni grain size depending on the characteristics of each

metal oxide. This is due to the distribution metal oxide particles on the
boundaries of Ni grains, which inhibits its growth and results in a fine
surface [66].

On the other hand, the phase structure of Ni/C and Ni–metal oxide
composites was studied by XRD (Fig. 4). The XRD pattern for Ni/C
electrode (Fig. 4a) showed three characteristic diffraction peaks at
44.5°, 51.8°, and 76.3°, which corresponded to the (111), (200), and
(220) planes of crystalline Ni, respectively. While, XRD patterns of the
Ni–metal oxide composites displayed the same diffraction peaks of Ni
but with relatively lower intensities, in addition to other small peaks
hardly detected by the naked eye and observed at different angles can
be assigned to the different metal oxides as shown in Fig. 4b–e. XRD
pattern of Ni–Fe2O3/C composite electrode (Fig. 4b) shows some
characteristic peaks of lower intensities for Fe2O3, present at 2θ of 33.4°
(104), 36.0° (110), 41.2° (113), 49.8° (024) and 54.4° (116), in addition

e) 

c) 

a) 

d) 

b) 

Fig. 3. SEM images of (a) Ni/C, (b) Ni–Fe2O3/C, (c) Ni–ZnO/C, (d) Ni–Co3O4/C and (e) Ni–MnO2/C catalysts prepared by electrodeposition at 40mA cm−2 for 30min.
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to the diffraction peaks of Ni that mentioned above but with lower
intensities indicating a very small particle size of Ni in the composite
sample. On the other side, XRD pattern of Ni–ZnO/C (Fig. 4c) indicates
some diffraction peaks of lower intensities present at 2θ of 31.7° (100),
34.4° (002), 36.2° (101), 47.4° (102), 56.6° (110), 62.8° (103) and 69.1°
(201) were assigned to ZnO, besides the diffraction peaks of Ni. The
Ni–Co3O4/C electrode (Fig. 4d) shows characteristic peaks present at 2θ
of 19.0° (111), 31.3° (220), 36.85° (331), 38.5° (222), 44.8° (440), 56.7°
(422), 59.4° (511) crystal planes due to the Co3O4 in addition to the
diffraction peaks of Ni. Fig. 4e indicates some diffraction peaks for
MnO2 appeared at 2θ of 37.4° (400), and 60.2° (002), respectively, are
assigned to MnO2, and the other peaks should be ascribed to the
characteristic peaks for Ni but with lower intensities.

Based on XRD and SEM results, it can be claimed that the existence
of metal oxides such as Fe2O3, ZnO, Co3O4 and MnO2 modified the
surface morphology and reduced the size of Ni grains. The average
particle sizes of Ni grains are calculated from XRD data based on
Scherrer's formula [67] and the results are presented in Table 1. The
average particle sizes of Ni grains were found in the order of:
Ni–Co3O4 < Ni–ZnO < Ni–Fe2O3 < Ni–MnO2 < Ni/C (see Table 1).

Also, the actual surface area of each catalyst was calculated and the
results were reported in Table 1. The real surface areas were found in
the order of Ni/C < Ni–MnO2 < Ni–Co3O4 < Ni–ZnO < Ni–Fe2O3.

3.2. Electrocatalytic performance of nanocomposites

The electrochemical catalytic activities of the prepared Ni/C and
Ni–metal oxide nanocomposites were investigated in 1.0M NaOH so-
lutions using the cyclic voltammetric technique. The results are shown
in Figs. 5–7 in the absence and presence of 1.0 M methanol and 1.0M
ethanol. All the catalysts prepared at the experimental conditions of
40mA cm–2, pH 5, 150 rpm and temperature of 55 °C in the absence and
presence of 10 g l–1 of each metal oxide. The cyclic voltammograms
were measured in a potential range from −0.5 up to +1.2 V (MMO) in
the anodic, then in the cathodic direction at a scan rate of 50mV s–1.
Obviously, two pairs of well–defined redox peaks due to the Ni redox
species (Ni3+/Ni2+) were observed in the cyclic voltammogram at
+0.46 and +0.29 V (MMO) in the positive and negative direction,
respectively for Ni/C electrode (Fig. 5a). The anodic peak is due to
oxidation of Ni(OH)2 to NiOOH and the cathodic peak is due to the
reduction of NiOOH to Ni(OH)2 as mentioned in the literature [48,68],
due to the following reaction:

+ = + +
−Ni(OH) OH NiOOH H O e2

–
2 (1)

While, for the Ni–metal oxide nanocomposites (Fig. 5b), the redox
peaks of Ni appeared at potentials of +0.59, +0.54, +0.53 and
+0.57 V (MMO) for Ni–Fe2O3/C, Ni–ZnO/C, Ni–Co3O4/C and
Ni–MnO2/C, respectively in the anodic direction, and at +0.33, +0.34,
+0.34 and +0.40 V (MMO), respectively in the cathodic direction but
with different catalytic activities. It was observed that the anodic peaks
are to some extent shifted to the positive direction and the cathodic
peaks are shifted towards the less negative direction depending on the
metal oxides. But the values of current densities for the redox peaks are
much higher in Ni–metal oxide nanocomposites compared with that
obtained with Ni/C. Furthermore, the best performance was found for
Ni–Fe2O3/C, its catalytic activity was 3 times larger than that of Ni/C,
then Ni–ZnO/C electrode, its performance is about 1.7 times higher
than that of Ni/C. The relatively small performance was recorded for
Ni–Co3O4/C and Ni–MnO2/C, but their performances are still higher
than that of Ni/C. From the cyclic voltammograms (Fig. 5b), it is clear
that the presence of metal oxides such as Fe2O3, ZnO, Co3O4 and MnO2

enhances the formation of Ni3+/Ni2+ redox species and the formation
of Ni3+ species is essential for alcohols oxidation process [69–71]. The
current density of the redox peaks and the catalytic activity were found
in the order of Ni–Fe2O3 > Ni–ZnO > Ni–Co3O4 > Ni–MnO2 > Ni/
C. From this order, it can be concluded that a higher catalytic activity is
connected with a small Ni grain size and thus a higher active surface
area of the prepared catalyst. Moreover, the relatively high redox cur-
rent for the nanocomposite electrodes in comparison to Ni/C electrode
could due to the presence of multiple electrochemical activity sites
[72]. Also, the peak to peak separation potential (ΔEp) for the compo-
site electrodes shows an approximate reversible system which value is
~0.21–0.17 V (MMO) and this indicated that a rapid electron transfer
could occur between the composite electrode surfaces and the electro-
lyte [73–76].

Cyclic voltammetric curves at a scan rate of 50mV s−1 for 1.0M
methanol and 1.0M ethanol in 1.0M NaOH were measured at the
different prepared electrodes and the results are shown in Figs. 6 and 7,
respectively. A single anodic peak is observed corresponding to the
oxidation of methanol (Fig. 6) and ethanol (Fig. 7) for all the studied
electrodes but with different current densities. The oxidation current
density gradually increases at the starts at a potential corresponding to
Ni3+ species formation, reaching its maximum as an oxidation peak.
The anodic current increases as a result of alcohols oxidation is ac-
companied by a decrease in the cathodic current indicating that alcohol
could lessen the entire high valence of nickel species formed. The
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Fig. 4. XRD patterns of (a) Ni/C, (b) Ni–Fe2O3/C, (c) Ni–ZnO/C, (d) Ni–Co3O4/C and (e)
Ni–MnO2/C catalysts prepared by electrodeposition at 40mA cm−2 for 30min.

Table 1
The average Ni particle size of different electrodes as calculated from XRD data, the actual
surface area, the oxidation current density values for methanol and ethanol at +1.0 V
(MMO), and the efficiency after 50 cycles (Ip50/Ip1 ×100).

Electrode Ni
particle
size
(nm)

Actual
surface
area m2/
g

Ip, mA
cm-2

for 1.0
M
MeOH

Efficiency
after 50
cycles for
MeOH

Ip, mA
cm-2

for
1.0 M
EtOH

Efficiency
after 50
cycles for
EtOH

Ni/C 100 33 64 72 % 46 67 %
Ni-MnO2/C 90 92 78 73 % 83 71 %
Ni-Co3O4/C 65 101 137 76 % 134 74 %
Ni-ZnO/C 70 133 200 83 % 170 81 %
Ni-Fe2O3/C 72 155 339 93 % 302 89 %
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oxidation current densities of the different nanocomposites are calcu-
lated at a constant potential of +1.0 V (MMO) (see Table 1). From the
data presented in Table 1, it can be concluded that Ni–Fe2O3/C has the
highest catalytic activity as it has the highest oxidation current density.
Also, the order of decreasing the catalytic activity of the proposed
catalysts towards methanol and ethanol oxidation was found in the
order of Ni–Fe2O3 > Ni–ZnO > Ni–Co3O4 > Ni–MnO2 > Ni/C and
the onset potential of oxidation shifted to more negative values in the
same order. The oxidation of alcohol may due to the proposed in-
volvement of Ni3+/Ni2+ surface species [77]. When NiOOH is formed,
methanol or ethanol oxidation starts at the potential of NiOOH for-
mation, as indicated by the following reaction:

+ → +NiOOH alcohol Ni (OH) intermediate products2 (2)

This mechanism was reported by Fleischmann et al. [78], where
alcohols and organic compounds were oxidized at a potential that
agreed precisely at which NiOOH was created. Methanol or ethanol is
oxidized by the reduction of NiOOH to Ni(OH)2 with the development

of intermediate products. Likewise, it is expected to get a cyclic vol-
tammogram free from the NiOOH reduction peak in the cathodic range
(see Figs. 6 and 7).

The excellent catalytic activity inherited with the nanocomposite
electrodes could due to the presence of more than one type of the metal
oxides compared with that of Ni/C. A synergism between the different
oxides could lead to a higher adsorbability of methanol or ethanol on
the nanocomposite surface [79]. It is most significant that both the
redox current obtained in the blank solution (1.0 M NaOH) and the
oxidation current of methanol and ethanol obtained with the nano-
composites are higher, likely caused by an increase in the electroactive
area of the anode owing to the smaller Ni particle sizes in the compo-
sites compared with that of Ni/C. So, methanol or ethanol is predictable
to be adsorbed rather easily on the composite surfaces. Moreover, the
presence of different metal oxides such as Fe2O3, ZnO, Co3O4 and MnO2

play a significant role in the formation of NiOOH species, Ni2+ can be
oxidized to Ni3+ by the strong oxidant higher valence metal oxides
leading to an increase in the Ni3+ concentration in the matrix. As a
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consequence, an increase in the conductivity of the matrix occurs which
enhances both methanol and ethanol oxidation [80]. On the other side,
the catalytic participation of some higher valent states of metal oxides
in electron transfer relay is speculated [81]. The existence of more than
one metal oxide on the carbon electrode surface could act as a good
mediator for electron transfer in electrooxidation of methanol and
ethanol [82]. For example, electrochemical oxidation of Fe(III) to Fe
(VI) of Ni–Fe2O3/C nanocomposite electrode, in a strong alkaline so-
lution is possible. Moreover, species such as Fe(IV), Fe(V), or Fe(VI)
may exist in less alkaline media at the iron oxide solid/aqueous solution
interface and Fe(IV) surface species is highly reactive [83]. These
higher valence species could enhance the formation of Ni3+ species and
help in the oxidation of methanol and ethanol by a direct or indirect
way. Moreover, the improved catalytic activity inherited to Ni–ZnO/C
electrode is due to the reaction of ZnO with NaOH to give Zn(OH)2
which dissolve in a strong alkaline solution to give zincates [84,85],
and these species could enhance the oxidation of Ni2+ to Ni3+ as well
as it could enhance the oxidation of alcohol. On the other hand, OH–

species are employed in the electrochemical redox reaction of Co3O4 for
the Ni–Co3O4/C nanocomposite electrode. Co3O4 can be converted to

CoOOH, and CoOOH is converted to CoO2 [86]. The reactions can be
expressed as:

+ + ↔ +
−Co O OH H O 3CoOOH e3 4

–
2 (3)

and

+ ↔ + +
−CoOOH OH CoO H O e–

2 2 (4)

The catalytic property of this electrode in the alkaline solution was
related to CoOOH, CoO2 and NiOOH. Therefore, methanol or ethanol
could be also oxidized by the active catalyst of Co3+, Co4+ and Ni3+

moieties. It is likely that the existence of MnO2 in the Ni–MnO2/C
electrode could increase Ni3+ content. Mn4+ species can be converted
during the anodic scan to the powerful and unstable oxidant Mn5+,
which can convert some of the Ni2+ to Ni3+ and cause an increase in
the conductivity of the former according to the following reaction
[80,87]:

+ → +
+ + + +Mn Ni Ni Mn5 2 3 4 (5)

On the other hand, some authors [80,87] claimed that the electro-
oxidation process proceeds via Mn4+ as the following reaction:
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+ ↔ +
+ +Mn methanol or ethanol oxidation product Mn4 3 (6)

A dual role could be exerted by the mixed oxides in the Ni–metal
oxide nanocomposite electrodes; one enhances the adsorption of al-
cohol and the other causes mediation of the oxidation process.

Moreover, Fig. 8a, b illustrates the relation between the anodic peak
current density and the concentration of methanol and ethanol, re-
spectively at Ni/C and the nanocomposite electrodes. It is clear that the
anodic peak current density in the positive scan increases linearly as the
bulk concentrations of methanol and ethanol increase and the linear
dynamic range (LDR) is found from 0.05 to 2.0M, while at higher
concentration beyond 2.0M the linearity is no longer present.

On the other side, Fig. 8c, d displays the chronoamperometric
analysis for the synthesized catalysts in the presence of 1.0M methanol
(Fig. 8c) and 1.0M ethanol (Fig. 8d) obtained at +1.0 V (MMO). It is
clear that all samples showed some current decay at the first seconds
before the relative steady state is attained. The decay is probably at-
tributed to the adsorption of some incomplete oxidation products on the
carbon electrode surface [88]. Moreover, the starting decrease can be

attributed to fast methanol or ethanol molecules oxidation near to the
electrode surface. Afterwards, the kinetic of methanol or ethanol oxi-
dation reaction changes to be under mass transfer–controlling process.
The current densities obtained with the synthesized nanocomposites
were considerably higher than that obtained with Ni/C. The metal
oxides cause an increase in the adsorption ability of the hydroxyl ion
onto the catalyst surface. Moreover, metal oxides could activate water,
which can oxidize the adsorbed carbonaceous intermediate species and
thereby liberate the active sites of the surface [75,76]. Ni–Fe2O3/C
nanocomposite electrode shows the highest performance and stability
towards either methanol or ethanol oxidation, also it maintains its
catalytic activity for a relatively long time. Compared to the Ni/C, the
higher If/Ib value (If and Ib are peak currents in the forward and
backward, respectively) (see Figs. 6 and 7) of the nanocomposites in-
dicates a higher anti-poison property as the If/Ib ratio reflects the tol-
erance ability to carbonaceous species accumulated [89]. On the other
hand, the relatively poor catalytic activity and stability of the
Ni–Co3O4/C and Ni–MnO2/C compared to Ni–Fe2O3/C and Ni–ZnO/C
electrocatalysts are related to the low solubility of Co3O4 and MnO2 in
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the alkaline solutions [76]. But their stabilities and their catalytic ac-
tivities are still larger than that of Ni/C. On the other hand, the stability
of the prepared nanocomposites was investigated from the repeated
cyclization and the efficiency of each catalyst after 50 cycles was cal-
culated and reported in Table 1. Comparable results to those obtained
from the chronoamperometric studies were obtained.

3.3. Electrochemical impedance spectroscopy (EIS)

EIS is a powerful technique used to investigate the kinetics of
electrooxidation of small organic molecules in fuel cells [90,91]. To
evaluate the electrocatalytic activity of the modified electrodes towards
alcohols electrooxidation in terms of the charge transfer resistance
[92], EIS measurements were carried out at a constant potential of
+0.5 V (MMO). This potential is corresponding to the formation of
Ni3+ for all the prepared electrodes. As previously seen, loading of
metal oxides within the Ni matrix can effectively promote the catalytic
activity of methanol or ethanol electrooxidation. Bode and Nyquist
plots (Figs. 9, 10 and 11) were performed to further study the elec-
trocatalytic performance of the synthesized Ni/C, Ni–Fe2O3/C, Ni–ZnO/
C, Ni–Co3O4/C and Ni–MnO2/C in 1.0M NaOH solution in the absence
and presence of 1.0 M methanol and 1.0M ethanol. The impedance data
are analyzed using the equivalent circuit shown in Fig. 12 in the blank
and in methanol or ethanol solutions and the circuit elements are fitted
[79]. The experimental data are shown by the symbols and the simu-
lated data, which are generated using the equivalent circuit depicted in

Fig. 12, are shown as solid lines. Good agreement between the simu-
lated and experimental data is obtained with an average error of 1.5%.
The equivalent circuit shown in Fig. 12 represents Randel's circuit with
components corresponds to the presence of charge transfer resistance
(Rct) at the interface of electrode/electrolyte. Replacement of the ca-
pacitor C with a constant phase element (CPE) in the equivalent circuit
is denoted as Qdl in Table 2. This was due to a microscopic roughness
which makes an inhomogeneous distribution in the capacitance of the
double layer and in the solution resistance (Rs) [93]. The impedance of
a constant phase element (ZCPE) can be expressed as:

=
−Z [C(j ω) ]CPE

α 1 (7)

where −1≤ α ≤1, j= (−1)1/2, ω=2πf, ω is the angular fre-
quency in rad/s, f is the frequency in Hz= s−1 and α is a fitting
parameter which is an empirical exponent varies from 1 for a perfect
capacitor and 0 for a perfect resistor. As can be estimated from Table 2,
the empirical exponent α was varied between 0.59 and 0.89, which
confirmed the deviation from the behavior of ideal capacitive as a result
of surface heterogeneity, roughness factor and adsorption effects [93].
This means that the studied metal oxide composites do not act as per-
fect capacitors. At potential (E=+0.5 V (MMO)), the methanol or
ethanol oxidation is kinetically (charge–transfer) controlled (Rct is ob-
tained in Table 2). The outcomes were contrasted with that acquired for
Ni/C electrode prepared under a similar experimental setting. The
imaginary impedance (Z′) is plotted against the real impedance (Z), in
Nyquist plots for the examined electrodes at methanol or ethanol
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concentration of 1.0M in 1.0 M NaOH as can be observed from Fig. 9a.
A capacitive loop is seen which verify the faradic reaction (methanol or
ethanol oxidation) with a diameter coordinated with the charge transfer
resistance (Rct) [95]. The capacitive loop appears to be higher in the
blank solution (1.0M NaOH) than in methanol or ethanol solution. For
the Ni–Fe2O3/C the diameter of the semicircle was smaller than that of
Ni/C which signifying that Ni–Fe2O3/C has a reduced resistance and
makes large electron transfer efficiency. The resultant Nyquist plots
were illustrated in Fig. 10 in the absence and presence of 1.0M me-
thanol or 1.0M ethanol, it is clear that the highest diameter of semi-
circle was found for Ni/C, while Ni–Fe2O3/C had the most shrunk
diameter among the different studied electrocatalysts. This could due to
the good conductivity and the higher its active surface area [93]. This
means that during methanol or ethanol electrooxidation, the impedance
decreases and the conductivity increases. This confirms well the in-
crease in the peak current obtained for methanol or ethanol oxidation
from CV responses shown in Figs. 6 and 7. The results show that the
addition of methanol or ethanol causes a decrease in Rct values as
shown in Table 2 which demonstrates that Rct and the arc diameter
decrease in the following order: Ni/C > Ni–MnO2/C > Ni–Co3O4/
C > Ni–ZnO/C > Ni–Fe2O3/C in the all studied solutions. The

semicircles of the Nyquist plots (Figs. 9, 10 and 11) exhibit different
radii, and the smallest radii were recorded for methanol, which suggest
that the charge–transfer resistance (Rct) in the case of methanol solution
had the fastest electron–charge transfer. In methanol solution, the
smallest value of Rct≈ 6.2Ω cm2 is obtained with Ni–Fe2O3/C and the
highest value of Rct≈ 80.7Ω cm2 is obtained with Ni–MnO2/C elec-
trode. The lower Rct confirms that Ni–Fe2O3/C is the best electro-
catalyst that could improve the catalytic oxidation of methanol or
ethanol [94,95]. The small Rct values (Table 2) in methanol or ethanol
solution in the presence of Ni–Fe2O3/C, Ni–ZnO/C, Ni–Co3O4/C and
Ni–MnO2/C suggested a high electron transfer efficiency and a low
charge transfer resistance for the studied electrocatalysts, the con-
ductivity increased and consequently a higher electrocatalytic activity
was obtained [96]. On the other side, Bode plots for Ni–Fe2O3/C,
Ni–ZnO/C, Ni–Co3O4/C and Ni–MnO2/C are shown in Fig.11; one dis-
tinguishable peak was observed which corresponding to the depressed
semicircle in the Nyquist plot. The phase angles (Fig. 11a′–c′) have
values less than 90° which confirm the non–ideality of the capacitive
behavior of the nanocomposites. In the blank 1.0 M NaOH solution, the
phase angle shift had an extra linear part which is attributed to a lim-
ited diffusion process [51]. At this potential (E=+0.5 V (MMO)),
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oxidation of methanol and ethanol are kinetically (charge–transfer)
controlled. It reflects that the electron transfer step during methanol or
ethanol oxidation was easier at Ni–Fe2O3/C electrocatalyst surface. This
confirms that oxidation of methanol and ethanol on the Ni–Fe2O3/C is
facilitated compared to the other electrodes. Ni–Fe2O3/C nanocatalyst
provided a high catalytic activity than Ni–ZnO/C which has higher
activity than Ni–Co3O4/C. The lowest catalytic activity was found for
Ni–MnO2/C. These outcomes were interpreted due to the different
oxidation mechanism connected to each catalyst such evidence de-
monstrates that a multifunctional catalyst may improve methanol or
ethanol electrooxidation. This indicates that the variation in the elec-
trocatalytic activity of these nanocomposite catalysts and these results
are comparable with that obtained from the CVs of the studied elec-
trodes for methanol and ethanol oxidation. No convection or stirring
was done throughout the electrochemical measurements. It is note-
worthy mentioning that, five working electrodes were used in all the
electrochemical analysis. Different utilization of the electrodes did not
affect the performance which supports the good stability of the pre-
sented nanocatalysts.

In comparison with the conventional Pt/C catalyst [97,98], the
prepared nanocomposites exhibited higher catalytic activities toward

electrooxidation of methanol and ethanol. Also, its catalytic activity is
more twice than that of the Pt/C electrode (see Table 1). Moreover, its
stability towards the electrooxidation process with time is better than
that of Pt/C electrode.

.

4. Conclusions

The overall main conclusion is drawing the advantage of using
metal oxides to improve the electrocatalytic activity of Ni toward me-
thanol and ethanol oxidation. The nanocomposite electrodes displayed
smaller average Ni particle size, better dispersion, higher electro-
catalytic activity and better stability. The particle sizes of Ni are 100,
72, 70, 65 and 90 nm for Ni/C, Ni–Fe2O3/C, Ni–ZnO/C, Ni–Co3O4/C
and Ni–MnO2/C, respectively. The corresponding surface areas are 33,
155, 133, 101m2/g for Ni/C, Ni–Fe2O3/C, Ni–ZnO/C, Ni–Co3O4/C and
Ni–MnO2/C, respectively. Also, Ni-metal oxide nanocomposites im-
proved the kinetic of electron transfer process towards methanol or
ethanol electrooxidation compared to Ni/C. Ni–Fe2O3/C electrode ex-
hibited the lowest charge transfer resistance values of 6.2 and
10.7Ω cm2 for electrooxidation of methanol and ethanol, respectively.
Moreover, it gave the highest oxidation peak current densities of 339
and 302mA cm−2 for 1.0 M methanol and 1.0M ethanol, respectively.
The catalytic activity of the different synthesis catalysts was found to be
in the order of: Ni–Fe2O3/C > Ni–ZnO/C > Ni–Co3O4/
C > Ni–MnO2/C > Ni/C. Also, Ni–Fe2O3/C showed the highest sta-
bility towards the oxidation process over repeated cyclization, its effi-
ciency after 50 cycles was 93% for methanol and 89% for ethanol. It is
noteworthy to mention that the Ni–metal oxide nanocomposites are
promising candidates for the development of alkaline direct alcohol fuel
cells.
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Fig. 12. Equivalent circuit used in the generation of the simulated data for of Ni-–Fe2O3/
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Table 2
Electrochemical impedance parameters of Ni/C and Ni-metal oxide nanocomposite
electrodes in 1.0 M NaOH solution in absence and presence of 1.0M methanol or 1.0M
ethanol at +0.5 V (MMO).
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