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Abstract: The demands for alternative energy have led researchers to find effective electrocatalysts
in fuel cells and increase the efficiency of existing materials. This study presents new nanocatalysts
based on two binary transition metal oxides (BTMOs) and their hybrid with reduced graphene oxide
for methanol oxidation. Characterization of the introduced three-component composite, including
cobalt manganese oxide (MnCo20s), nickel cobalt oxide (NiC020s), and reduced graphene oxide
(rGO) in the form of MnCo0204/NiC0204/rGO (MNR), was investigated by X-ray diffraction (XRD),
scanning electron microscope (SEM), and energy-dispersive X-ray (EDX) analyses. The alcohol oxi-
dation capability of MnCo204/NiC0204 (MN) and MNR was evaluated in the methanol oxidation
reaction (MOR) process. The crucial role of rGO in improving the electrocatalytic properties of cat-
alysts stems from its large active surface area and high electrical conductivity. The alcohol oxidation
tests of MN and MNR showed an adequate ability to oxidize methanol. The better performance of
MNR was due to the synergistic effect of MnC0204/NiC0204 and rGO. MN and MNR nanocatalysts,
with a maximum current density of 14.58 and 24.76 mA/cm? and overvoltage of 0.6 and 0.58 V, as
well as cyclic stability of 98.3% and 99.7% (at optimal methanol concentration/scan rate of 20 mV/S),
respectively, can be promising and inexpensive options in the field of efficient nanocatalysts for use
in methanol fuel cell anodes.

Keywords: reduced graphene oxide; methanol electrooxidation; MnCo0204/NiCo0204/rGO; methanol
fuel cell

1. Introduction

Due to the high dependence of the modern world on electricity, the energy supply is
a major concern for many countries. The severe reduction in fossil fuel sources and the
harmful effects of excessive use of these fuels on the environment has led the world to use
clean and renewable fuel sources. Energy storage and energy production from these re-
newable sources are two important topics that have attracted the attention of many re-
searchers in various fields [1,2].

Supercapacitors and electrochemical batteries as energy storage equipment [3,4] and
solar cells, wind turbines, and fuel cells as energy production—conversion types of equip-
ment [5] have attracted the attention of researchers [6]. Among fuel cells, alcoholic fuel
cells have specific properties such as lower operating temperature [7], ease of use, and
portability [8]. Moreover, in alcoholic fuel cells, the problems caused by the storage and
conversion of hydrogen in fuel cells have been solved. Therefore, due to these character-
istics, alcoholic fuel cells have been considered by researchers more than other fuel cells

[9].
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In a direct methanol fuel cell, methanol oxidation and oxygen reduction occur at the
anode and cathode [10], and a Nafion is placed between the anode and cathode as a mem-
brane capable of proton exchange [11]. Among alcohol fuel cells, methanol fuel cells have
become popular due to the simple structure of methanol as a fuel in them [12].

The best and most efficient catalysts for the MOR process in alcoholic fuel cells are
platinum-based catalysts and other rare and expensive metals [13-15]. Considering that
these materials are unrivaled and have attracted the attention of researchers in the field of
methanol oxidation [16], their high cost is an obstacle to the industrialization of these cat-
alysts. Studies have shown that doping [17], hybridizing [18], and combining [19] these
materials with low-cost materials such as metal-organic frameworks (MOFs) [20], types
of carbon [21-23], or other materials [24-28] is an attractive way to introduce cost-effective
catalysts [29]. However, the introduction of a catalyst with no presence of rare metals can
still be a bright prospect for researchers in the field of materials and catalysts. Among the
proposed materials as catalysts for alcohol oxidation, sulfides and oxidized metals are
considered more than other materials [30]. The simple synthesis of these materials, the
low cost of their precursors compared to platinum, and their excellent cyclic stability are
their advantages over platinum-based composites. Although none of the proposed mate-
rials in the alcohol oxidation process can compete with platinum, they can be promising
options for advancing energy production from low-cost materials. Typical materials pro-
posed as catalysts for alcoholic fuel cells are ZnixMnxC0204/rGO [31], C0304+-NisSs-rGO
[32], Fes01@MoS:/RGO [33], PSS/MnO:/rGO [34], Ni/NiO/MWCNT [35], NiC0204/rGO
[36], RuO2-MnCo0204/rGO [37], M0S2/NisS2/rGO [38], and ZnO-MWCNT @ FesOs [39].
Most researchers believe that the main disadvantage of metal oxides and sulfides for use
as catalysts is their low electrical conductivity [40].

To increase the contact between reactants and the catalyst, the structure of the elec-
trode must be porous, and the high porosity provides a large, involved surface area with
reactants, which allows them to reach active sites easily [41].

Metal oxides, in many cases, do not have a significant active site on their surfaces;
however, the active surface can be controlled by various synthesis methods [42]. Further-
more, the main challenge related to low electrical conductivity can be solved by compost-
ing these materials with conductive materials or doping conductive metals in their struc-
ture [43].

One of the attractive options for introducing low-cost catalysts is applying a variety
of carbonaceous materials, including carbon nanotubes, reduced graphene oxide, or bio-
mass carbon in the structure of metal oxide-based catalysts. Thus, by using carbon as the
most abundant and available element in nature, we have improved the electrical conduc-
tivity of catalysts [44,45].

In this study, MN and MNR nanocatalysts coated on nickel foam (NF) were synthe-
sized by a one-step hydrothermal method to investigate their methanol oxidation ability.
Considering the fact that few studies have been conducted to investigate the capability of
two BTMOs as catalysts in the MOR process, the main novelty and importance of our
research is to introduce a new catalyst that includes two BTMOs as well as an easy syn-
thesis process. The role of rGO, as a promoter component in the oxidation process, was
considered, and the presented results show that rGO plays an important role in improving
the catalyst performance in the methanol oxidation process.

2. Materials and Methods

All precursors used in this study, including manganese nitrate, cobalt nitrate, nickel
nitrate, urea, potassium hydroxide, and methanol, were purchased with purity of more
than 99% from Merck. X-ray diffraction analysis was performed by EQUINOX INEL3000,
and SEM imaging was provided by Phenom Prox. Potentiostat/Galvanostat AU-
TOLAB3202N device and related electrode systems were used for the electrochemical
studies.
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2.1. Synthesis and Characterization
2.1.1. Synthesis of MnCo on a Nickel Foam Substrate

Firstly, nickel foam was washed through the three-time sonication process with 0.5
M hydrochloric acid and deionized water (DI) for 10 min. Then, 234 mg of Mn (NOs) 2
with 464 mg of Co (NOs)2-6H20, 150 mg of urea, and 28 mg of NH4F in a solution contain-
ing 60 mL of DI water and 10 mL of ethanol were stirred and dissolved for 30 min. Finally,
the cleaned nickel foam (1 x 1 cm?) was placed in an autoclave containing the prepared
solution and maintained for 12 h at 140 °C. The autoclave cooled, and the electrode was
washed several times with DI water and ethanol and dried for 4 h at 45 °C.

2.1.2. Synthesis of MnC0204/NiC0204

To synthesize MnCo0204/NiC020s, 3 mmol Co (NOs)2:6H20 with 1.5 mmol Ni
(NO:s)2:6H20 and 18 mmol urea were dissolved in a solution with 30 mL of distilled water
and 20 mL of pure ethanol and stirred for 45 min. Then, the nickel foam coated with MnCo
was placed in an autoclave containing the solution at 145 °C for 11 h. Finally, after washing
and drying at 40 °C, the electrode was annealed at 400 °C.

2.1.3. Synthesis of MnC0204/NiC0204/rGO

To synthesize MnC0204/NiC0204/rGO, 3 mg of rGO was prepared by the Hummers
method and was added gradually to the solution that was previously prepared for
MnCo0204/NiC020s.

3. Results and Discussion
3.1. Characterizations

To investigate the crystal structure of the synthesized nanomaterials, XRD analysis
was performed using a 3000 EQUINOX INEL device with a CuKa lamp at room temper-
ature. The corresponding peaks were observed at angles 20 from 10° to 80°. Figure 1
shows the XRD pattern for MnCo204/NiCo20s4. As can be seen, the index peaks at 18.3°,
36.1°, 37.8°, 43.6°, and 57.9° correspond to the Miller indices (111), (311), (222), (400), and
(511), respectively, in agreement with the reference data (JCPDS card: 23-1237) [46], which
confirms the spinel structure of MnCo204; moreover, the index peaks 31.3°, 36.8°, 59.2°,
and 64.9° confirm the presence of NiCo20s spinel with the Miller indices (220), (311), (511),
and (440), conforming to the reference data (JCPDS card 20-0781) [47]. The NiCo204 index
peaks are visible at some angles of reflection with the MnCo204 index peaks, so the XRD
results confirm the presence of both NiC0204 and MnCo20s spinel.
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Figure 1. XRD patterns of MnC0204/NiC020a.

SEM analysis was used to investigate the surface morphology of the MN and MNR
nanocomposites. For this purpose, SEM images were prepared using a SEM microscope
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device (Phenom Prox, Waltham, MA, USA) at different magnifications. Figure 2a,b shows
the MnCo0204/NiC0204 SEM images at different scales. Regarding the SEM images, the
obtained morphology may provide the appropriate contacting surface between the cata-
lyst and methanol, which can be a positive factor to facilitate the methanol oxidation pro-
cess. Considering the MNR, Figure 2¢,d also clearly shows the MnC0204/NiC0204 hybrid
placed on the surface of rGO nanosheets. The uniform dispersion of the MN catalyst on
the surface of the rGO is also clearly visible, and rGO has been marked in Figure 2d.

The EDX mapping analysis is an appropriate way to investigate the presence of man-
ganese, nickel, cobalt, and oxygen. In this system, the number of X-rays emitted is counted
against their energy. The amount of energy of each X-ray determines the characteristic of
the element from which the beam is emitted. Therefore, by obtaining the energy spectrum
against the counted X-rays, the quantitative and qualitative estimates of the elements in
the sample are examined. Figure 3 also shows the EDX diagram, which confirms the pres-
ence of the elements Mn, Co, O, and Ni on the nickel foam substrate.

Figure 2. SEM images of MN (a,b) and MNR (c,d).
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eZAF Smart Quant Results

Element Weight % Atomic % Net Int.

OK 6.36 19.93 44,81
MK 3.56 325 46.78
CoK 17.52 145 13718
NiK 72.56 61.93 49711
kv 25 ag: 20000 Takeoff. 35 Live Time(s): 15 Amp 768 Resolution:{eV) 1205

Figure 3. EDX mapping analysis of MnCo0204/NiC020s.

3.2. Electrochemical Studies
3.2.1. Electrode Preparation

The electrochemical properties of the catalysts were studied on a Potentiostat/Gal-
vanostat (AUTOLAB3202N, Wuhan, China) device with a typical three-electrode set-up,
involving MnCo0204/NiC0204 and MnCo0204/NiC0204/rGO coated on NF as working elec-
trodes, Ag/AgCl as the reference electrode, and 0.5 mm diameter platinum wire as the
auxiliary electrode.

3.2.2. Electrochemical Investigation of Catalysts for Methanol Oxidation

According to many studies, metal oxide-based nanocatalysts are more efficient in the
oxidation process of alcohols in alkaline media. Therefore, we investigated the capability
of MN and MNR nanocatalysts in the methanol oxidation process. In the initial part, the
cyclic voltammetric analysis of the nanocatalysts was performed in a 2 M KOH solution
at a scan rate of 20 mV/s.

As can be seen in Figure 4a, both nanocatalysts have capacitive behavior, in that these
materials are used as supercapacitor electrodes for electrochemical energy storage de-
vices. Based on the CV analysis of catalysts in KOH, the MNR catalyst has a higher current
density than the MN catalyst. The electrochemical impedance spectroscopy (EIS) analysis
was performed to further study the electrical properties of catalysts. According to Figure
4b, the EIS analysis was accomplished at open circuit potential (OCP) over the frequency
range of 0.01 Hz-100 kHz in a 2 M KOH aqueous solution. The charge transfer resistance
(RCT) for MN and MNR in an alkaline medium obtained 9 and 6 ohms, respectively.
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The ability of catalysts for MOR was evaluated by performing CV analysis in 2 M
KOH solution in the presence of 0.5 M methanol in the potential range of 0 to 0.8 mV.
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Figure 4. CV curves of MN and MNR (a), EIS plots of MN and MNR in 2M KOH (b), and CV curves
of the MN and MNR 2 M KOH and in the presence of 0.5 M methanol (c).

Figure 4c shows that both nanocatalysts have a methanol oxidation peak in their CV
analysis, which confirms the efficiency of the catalysts in the oxidation of methanol. It can
also be seen that the oxidation peaks observed in MNR are much higher than in MN. Two
important points can be concluded from Figure 4a—c: both nanocatalysts have the ability
for MOR and can be used in the anode of methanol fuel cells, and the performance of
MNR is better than MN in the methanol oxidation reaction. The MNR nanocatalyst has
lower charge transfer resistance than MN and has a higher oxidation current density. This
advantage can be related to the presence of rGO in the structure of the catalyst, which
improved the performance of the catalyst by increasing the electrical conductivity [48] as
well as by increasing the electrochemically active surface area [49-51]. In the following,
we examine the influence of various parameters such as methanol concentration, scan

rates, and temperature in MOR by MNR and MN, and we optimize these parameters for
two nanocatalysts.

The Effect of Methanol Concentration on MOR Process by MN and MNR

To study the effect of methanol concentration on the MOR process of MN and MNR
nanocatalysts, the CV analysis was performed in the constant concentration of 2 M KOH
with different concentrations of methanol (0.3, 0.5,0.7, 1, 1.5, 2, 2.5, and 3 M) at a scan rate
of 20 mV/s.

According to Figure 5a, for the MN catalyst, the oxidation peak has an upward be-
havior up to 1 M methanol, and then at 1.5 and 2 M methanol concentrations, the peak
oxidation current density decreases. In the same behavior, the MNR catalyst showed an
upward trend in methanol oxidation activity up to 2 M methanol, and then from 2.5 M
methanol, the oxidation current density trend decreased (Figure 5b). It appears that at
concentrations higher than the critical concentration of methanol, the surface of the cata-
lyst is saturated and the methanol oxidation process is disrupted.
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§ 20 0.5M _g- 20
- — 07M
< 15 <
£ —1m £
> 10 15M -
3 — G 10
c 5 — 25M g
g im ! -]
§ ° ) ::\// E 0
3 3

-10 -10

00 02 04 06

Potential (V)

0.8 1.0 02 04 06

Potential (V)

0.8 1.0

Figure 5. CV curves of MN (a) and MNR (b) at different concentrations of methanol.
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Investigation of the Effect of Scan Rates on MOR Process by MN and MNR

By choosing one and two molar concentrations of methanol as the optimal concen-
trations for the two nanocatalysts, MN and MNR, in the process of MOR at different scan
rates (20, 40, 60, 80, 100, and 120 mV/s), we investigate the behavior of nanocatalysts by
increasing the scan rate. Figure 6a,b shows the CV analysis of MN and MNR at an optimal
concentration of methanol in the presence of a 2 M alkaline solution of KOH at different
scan rates. As seen in the behavior of both nanocatalysts, capacitive and faradic currents
increase with the increasing scan rate. The square root of the scan rate is plotted in terms
of the maximum current density for two catalysts in Figure 3c. The linear relationship
between these two parameters, with R? = 0.998 and 0.997 for the two catalysts, indicates
the diffusion control mechanism in the methanol oxidation process.

o
—

~
(a) 30 (b) 20 E w0
T E 39 — 20mVis I e MmN
< 45 —— 20mVis = 40 mVis £ 2 ° MNR
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Figure 6. CV curves of MN (a) and MNR (b) at different scan rates and (c) plot of methanol concen-
tration versus maximum current density.

The proposed mechanism of methanol oxidation by nanocatalysts can be proposed
in the form of a six-electron mechanism, as follows:

Catalyst + CH;0H — Catalyst — CH30H 445
Catalyst — CH30H,4s + 40H™ — Catalyst — (CO),qs + 4H,0 + 4€”
Catalyst + OH™ — Catalyst — OH,4q5 + €”

Catalyst — CO,q4s + Catalyst — OH,4s + OH™ — Catalyst + CO, + H,0 + e~

Investigation of the Effect of Temperature on the MOR Process by MN and MNR

As mentioned in the introduction, one of the most important features of methanol
fuel cells is the performance of these cells at relatively lower temperatures than other fuel
cells. So, to investigate the behavior of MN and MNR catalysts at various temperatures, a
series of CV analyses were performed at optimal concentrations and scan rates of 20 mV/s
for two nanocatalysts at different temperatures (ambient temperature, 30, 40, and 50 °C).
It can be seen from Figure 7a,b that the oxidation current increases with increasing peak
temperature. This increase in the current density can be related to the increase in temper-
ature to facilitate OH- adsorption by the catalyst [38]. Moreover, the rising temperature
can affect the activation energy of reactants and provide sufficient energy to break chem-
ical bonds of the methanol in the methanol oxidation reaction. Therefore, it can be said
that with increasing temperature, the oxidation process of methanol is facilitated by two
nanocatalysts. The linear relationship between the temperature rise and maximum oxida-
tion peak current density is shown in the inset of Figure 7a,b.
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Figure 7. CV curves of MN (a) and MNR (b) at different temperatures.

MN and MNR Stability Evaluation in MOR Process at Optimal Scan Rate and
Concentration

To evaluate the stability of nanocatalysts in the methanol oxidation process, 500 con-
secutive CV cycles of MN and MNR were performed in an alkaline solution at an optimal
concentration and scan rate of 60 mV/s. As can be seen, the MNR is almost 99.7% stable
after this number of cycles and there is no decrease in its oxidation current density peak
(Figure 8a), and this stability rate for MN is about 98.3% (Figure 8b). In order to check the
stability of the synthesized nanocatalysts in the MOR process, chronoamperometry anal-
ysis was performed at a potential of 0.6 V for a duration of 4000 s. As seen in Figure 8¢,
MNR and MN have 89.8% and 75.9% stability in current density, respectively. Although
both nanocatalysts have adequate stability in the MOR process, the superiority of MNR
over MN can also be related to its higher electrical conductivity and higher electrochemi-
cal active surface area, which is due to the presence of rGO in the structure of the nano-

catalyst.
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Figure 8. Cyclic stability of MN (a) and MNR (b) in MOR process after 500 consecutive CV and (c)
chronoamperometry analyses of MN and MNR.

The performance of the MNR catalyst in the process of methanol oxidation is com-
pared with other reported studies in Table 1. Examining Table 1 shows that the proposed
catalyst is competitive with other research in terms of overvoltage and current density.
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Table 1. Comparison of electrochemical properties of MNR in MOR with some reported works.

Current Col- Methanol Concentra- Scan Rate Anodic Potential Peak Current

El ial Ref.
ectrode Materia lector tion (M) (mV s7) V) Density (mA cm™) €
NiC0:04/rGo GCE 0.1 M KOH/0.5 M 50 0.256 16.6 [52]
Methanol
1 H/3 M Meth-
NiO-MOF/rGO GCE M Naoan/le et 50 0.8 275.85 53]
a-CoMoOs nanoflakes  Carbon cloth 1 MKOH/0.5 M 50 0.8 25 [54]
Methanol
. 0.5 M NaOH/0.5 M
NiCo020s/carbon xerogel GCE Methanol 50 0.29 98 [55]
FeO/NiO MOF cce M Nao;/le Meth- 5, 0.85 486.14 [56]
1 M KOH/2 ha-
NiMoOs/C Carbon paper | M KO r/1 OIM Metha-—— 5, 0.45 49 [57]
Zn1-xMnxCo204/rGO 1 M KOH/0.5 M
Mn0s-Co30s-1GO cce M KOHr/l th Metha- 4, 0.48 16.5 [59]
1 M KOH/0.
Mn30s-CeO2-rGO GCE MKOH/0.8 M 90 0.51 17.7 [1]
Methanol
MNR Nickel Foam 2 M KOH/2 MMetha- ) 0.58 24.76 This
nol work

4. Conclusions

In this study, we introduced nanocatalysts based on transition metal oxides. In this
regard, we synthesized the MN and MNR nanocatalysts deposited on the surface of NF
by a simple hydrothermal method. After the physical characterization of the nanocata-
lysts, we studied the capability of nanocatalysts in the MOR process. Although both nano-
catalysts performed relatively well in methanol oxidation, the MNR catalyst is more effi-
cient in the MOR process due to the presence of rGO as a two-dimensional material with
suitable conductivity and an active surface area. The two proposed nanocatalysts, MN
and MNR, with a current density of 14.58 and 24.76 mA/cm? and 98.3% and 99.7% cyclic
stability, respectively, after 500 consecutive CV cycles in the MOR process, can be inex-
pensive and attractive candidates for use in the anode of methanol fuel cells.
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