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ABSTRACT

Iron oxide nanoparticles are novel functional materials applicable in catalysis. Herein, the
proposed method involved synthesis of electrocatalyst iron oxide nanoparticles and their
application in oxidation process of methanol. The iron oxide nanoparticles prepared using
co-precipitation chemical method, in which ferric and ferrous ions were mixed in a 1:2 M
ratio in highly basic solutions. The electrocatalyst Fe;O, further applied for methanol oxida-
tion reaction (MOR) in 0.5 M KOH solution at room temperature. MOR was performed on
cyclic voltammeter (CV) also measured polarization of process. The methanol oxidation on
cyclic voltammetry expressed forward and backward oxidation peak with function of cur-
rents at 0.7 and 0.5 V. The prepared Fe;O4 nanoparticles showed significant magnetic prop-
erty measured by a vibration magnetometer at 300 K. Also, the structure and surface
morphology of the catalyst were characterized using X-ray diffraction and environmental
scanning electron microscopy (ESEM)-energy dispersive spectroscopy, respectively. ESEM
was used to determine Fe;O, particle size and a high degree of nanoparticle dispersion in
oxidation system.

Keywords:  Electrochemical oxidation; Methanol; Magnetite electrocatalyst; Cyclic
voltammetry

1. Introduction

At present, methanol (CH3;OH) has attracted
increasing attention worldwide because of its
high-power density, energy conversion efficiency, low-
pollution emissions, etc. [1]. To increase the electrocat-
alytic oxidation of CH3OH, many researchers reported
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application of novel catalyst with high electrocatalytic
activity. In addition, it targets to potentially shorten
the oxidation time and allow reaction process under
mild operating conditions inside fuel cells. From an
energetic and ecological perspective, the electrocat-
alytic oxidation of CH3;OH into a stream of H, is
intriguing because this reaction is appropriate for
developing  suitable  catalytic = materials and
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technologies for reducing the CH;OH crossover effect
[2]. At present, practical catalyst for such type of reac-
tion is carried out by platinum-based materials,
whereas H, represents a promising fuel for proton
exchange membrane fuel cells as well as environmen-
tal friendly. The major drawbacks of platinum-based
method were the formation of the poisonous interme-
diates, limited resources, and expensive [34]. In
advance, oxides were utilized with Pt nanoparticles
attached to grapheme-encapsulated magnetite (Fe3O,),
with oxidation of methanol in H,SO, resulted with
improved method [5,6]. These methods principally
based on oxygen-reduction reaction (ORR) were usu-
ally involved in electrochemical reaction carried out in
fuel cells, which enabled feasible methanol oxidation
reaction (MOR) process. Afterwards Guo et al. [7],
Sun et al. [8], and Huang research groups [9] devel-
oped methanol oxidation methods with best design,
heterogenous non-precious composite fuel cells.
Among them Fe;O, nanoparticles demonstrated
selective catalytic and oxidation-reduction potential
[10,11]. In addition, an electrical and magnetic prop-
erty enhances methanol conversion efficiency and
increased intermediate (CO) tolerance [12]. Therefore,
some studies had been applied to Fe;0, to determine
the reactive characteristics of the active materials dur-
ing the electricatalytic liquid-phase oxidation of
CH3;0H [13-15]. We reported an improved significant
electrocatalytic oxidation technique for MOR with
Fe;O, activity in alkaline medium using cyclic voltam-
metry. The catalyst ie. iron oxide nanoparticle was
characterized by polarization, vibrating sample mag-
netometry spectroscopy, X-ray diffraction (XRD) and
environmental scanning electron microscopy (ESEM).

2. Materials and methods
2.1. Catalyst preparation

Magnetic particles (Fe;O,) were prepared through
the chemical co-precipitation of FeCl;:6H,O and
FeCl,-4H,0 in 1:2 M ratio in deionized water [16]. The
precipitates were thoroughly stirred and NH,OH was
dropwise added with continuous stirring until pH
>9.0 was attained at room temperature (~30 min).
Afterwards, the reaction mixture was heated at 353 K
for 4 h. The resulting precipitates were washed with
DI water and freeze-dried for further experiment. The
resulting particles were black in color with strong
magnetic response. The chemical reaction involved in
the formation of Fe;O,4 co-precipitation is as follows:

Fe?t + 2Fe*t + 80OH™ — Fe;0, + 4H,0 1)
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All the reagents used in the experiment were of
analytical grade without further purification.
Deionized water was used for solution preparation
throughout the entire experiment.

2.2. Experimental procedure

Cyclic voltammograms were recorded at room
temperature with an electrochemical analyzer (CHI
6081D, USA) equipped with three-electrode electro-
chemical cells to investigate the electrochemical behav-
iors of electrode samples. A glassy carbon (GC)
electrode (diameter, 3 mm; CHI 104, USA) loaded with
active Fe;O, samples was used as the working elec-
trode and scanned at 5, 10, 50, and 100 mV s}, while
the potential was cycled between —0.2 and 1.2 V. A Pt
wire (CHI 102, USA) and a standard hydrogen elec-
trode were used as the counter electrode (CE) and ref-
erence electrode (RE), respectively. Before CV
measurements, the electrolyte solution, ie. 0.5M
KOH, was degassed by bubbling with N,. XRD analy-
sis was performed on a Diano-8536 diffractometer
equipped with a Cu Ka radiation source. During anal-
yses, samples were scanned from 20° to 80° at
0.4°min~'. Magnetic measurements of the samples
were performed using a superconducting quantum
interference device magnetometer (MPMS-XL7, Quan-
tum Design, USA). The morphology and structure of
catalyst (Fe;O4) were studied by ESEM system
equipped with an EDS X-ray spectrometer (Quanta
200 FEG, FEI Company, Czech Republic).

3. Results and discussions

The CV curves at different scan rates
(5-100mVs™") in 0.5M KOH are plotted in Fig. 1.
Typical H, desorption peaks from Fe;O, are observed
in the potential region of —0.2 to 0.15 V. The FezO,
electrocatalyst displayed little reactivity in the poten-
tial window when the scan rates were 5 and
10 mV s™". The CV curves revealed the superior reduc-
tion capacity because well-marked oxidation peaks
appeared at 0.55 V which are attributable to the reduc-
tion of Fe®* to Fe?" in Fe;O, and the irreversible reac-
tion associated with electrolyte decomposition and
increased the electrolyte’s current density under
higher potential scan rates (50 and 100 mV s™") [17].
These results similarly agree with an earlier study
proposed by Yin research group [18]. The increase in
current density that occurred when the potential scan
rate increased is attributable to the charged interface
capacitance caused by charge transfer [19]. Vot et al.
[20] investigated electrochemical oxidation for
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Fig. 1. Cyclic voltammogram profiles in a 0.5M KOH
solution recorded at various scan rates for the FezOy
electrocatalyst.

characterizing H, adsorption—desorption (between
—0.2 and 0.2V) and double-layer (between 0.2 and
0.6 V) regions through CV. Compared with our find-
ings, the electrochemical behavior of the catalyst was
associated with both CH3;OH oxidation and surface
composition of the catalyst.

The characteristics of electrocatalyst (Fe;O4) were
crucial factor before performing oxidation-reduction
reaction in this experiment. Fig. 2 shows the CV pro-
files at scan rates from 5 to 100 mV s~ ' for Fe;O, elec-
trocatalyst with 0.5 M CH;OH added to 0.5 M KOH.
Electro-oxidation was not observed at bare unmodified
GC electrode at alkaline medium so that the modified
electrode with catalyst used for the oxidation of
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Fig. 2. Cyclic voltammograms profiles in a 0.5M KOH
plus 0.5 M CH;OH solution electrocatalytically recorded at
various scan rates for the Fe;O, electrocatalyst.
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CH;O0H [21]. The metal oxidation-reduction occurred
in the range of 0.4-0.9 V, where the redox process of
Fe;0,4 can be observed. Fig. 2 shows that until ~0.5V
oxidation current density was not observed. While
scanning at 10, 50, and 100 mV s ! CH;OH adsorption
at the electrode surface hindered hydroxyl ion or
oxide layer formation on the catalyst, thus altering the
electrode—electrolyte interfacial properties in the solu-
tion. Furthermore, the CV plots revealed that the
Fe;0, electrocatalyst had forward and backward oxi-
dation peak currents at 0.7 and 0.5V, respectively.
This reactivity pattern may indicate the catalytic redox
cycling of Fe by reducing Fe(Ill) to Fe(Il), thus acceler-
ating CH30H oxidation. The peak currents of the
wave increased linearly with the potential scan rate,
which is typical of the Fe(Ill)-Fe(Il) reaction of an
electrode surface-adsorbed redox couple [15,22].
Subsequently, during alcohol oxidation reaction,
O,-containing species could more easily form on the
surface of oxides, which reacted with CO-like interme-
diate species on oxides to produce CO, or other dis-
solvable products and release the active sites for
further electrochemical reaction, which can catalyze
ORR [2]. Moreover, FesO,4 functioned as an O, activa-
tor to produce the —OH species required to oxidize
CO,gs into CO, at the active sites during the alcohols
oxidation reaction [11]. Furthermore, the -catalytic
activity may have been strengthened by the strong
interaction among Fe;O, particles. The Fe;O, electro-
catalytic materials scanned at 5 and 10 mV s™" exhib-
ited a decrease in CH3;OH oxidation peak currents in
the given potential window (Fig. 2). The oxidation
peak in the reverse sweep is according to the poison-
ing and structural change in Fe;O, because of disrup-
tion of the potential during scanning in an aqueous
solution [2].

To elucidate the corrosion properties of the com-
plex Fe;O, electrocatalyst, we conducted experiments
in 0.5 M KOH using polarization curve profiles and
performed MOR in an alkaline medium using the
equilibrium potential V4 (Fig. 3). In 0.5 M KOH, the
Fe;0, electrocatalyst generated a shoulder peak at
approximately 1.18 V in the potential window, shown
as the equilibrium potential V.4 in Fig. 3. Moreover,
the polarization curve plots revealed that in 0.5M
CH;30H, the Fe;O4 electrocatalyst generated a promi-
nent potential peak at 1.2 V, which is near the corro-
sion potential of the catalyst (Fig. 3). This was
proposed on the basis of the cycle of redox pairs of
Fe®*/Fe®* catalyzed by alcohol species and electron
transfer from an excited CH;OH molecule to Fe* [23].

Fig. 4 shows the XRD patterns of fresh and used
catalyst and shows that the catalyst changed during
exposure to the catalytic environment. Furthermore,
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Fig. 3. Polarization curves of the Fe;O, electrocatalyst in a
0.5M KOH plus 0.5 M CH30H solution (a) before and (b)
after the electrocatalytic test.

XRD analysis confirmed the presence of Fe;O, in the
catalyst. The XRD patterns of freshly prepared Fe;O,
and used Fe;O, after MOR were similar. The domi-
nant Fe;O, diffraction peaks detected at 26 values of
approximately 18.3°, 30.2°, 35.4° 37.2°, 43.2° 53.7°
57.3°, 62.8°, and 74.2° were associated with the (11 1),
(220), B11), (222), (400), (422), 611), 440),
and (5 3 3) planes, respectively. Therefore, the diffrac-
tion peaks of nanoparticles closely matched those of
Fe;0,, confirming the cubic spinel-type phase of the
samples. This result agrees well with those of previous
studies [5,24]. The XRD results indicated that Fe;O,
active sites were formed on the Fe;O, catalyst. There-
fore, CH;OH was probably adsorbed on the catalyst
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Fig. 4. XRD patterns of the Fe;O, electrocatalyst in a 0.5 M
KOH plus 0.5 M CH;OH solution (a) before and (b) after
the electrocatalytic test.
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surface before undergoing a catalytic reaction at the
Fe;0y active sites.

Fig. 5 shows the magnetic hysteresis loops of fresh
and used Fe;O, samples with a magnetic field cycle
between —10 and +10 kOe at 300 K. Both the fresh and
used samples were magnetic at room temperature,
and the M-H hysteresis curves passed the original
spot, revealing the super paramagnetic nature of mag-
netic Fe;O, materials. The saturation magnetization
(Ms) of the fresh and used samples was 88 emu g_l,
and it gradually decreased to 78 emu g ' because of
the over-oxidation of Fe;O, after the activity test.
However, the observed Mg value of FezO,
(88emug ') was similar to previously reported
method [5].

Fig. 6 presents the changes in the surface morphol-
ogy and structure of the Fe;O, catalyst, as elucidated
by ESEM. These data provide crucial information
regarding the catalyst surface structure during
CH3;0H oxidation. The agglomerates observed
through ESEM indicated that the composite catalyst
particles formed fine grains and prickly sphere-like
iron oxide species (Fig. 6). However, Fig. 6(a) also
revealed that the catalyst surface was more mono-dis-
persed and well-crystallized than the surface shown in
Fig. 6(b). These small crystalline phases indicate that
the high catalytic activity may be due to the highly
dispersed  nanoscale particles (~approximately
100 nm). Specifically, disaggregated phases formed as
the catalyst surface aged or poisoned through plug-
ging, implying that the porosity of particles had chan-
ged (Fig. 6). Moreover, this change in porosity might
explain the increased over-potential of the catalytic
reaction and therefore the decline in the CH3;OH

L e o o o o e e e BSLLE  i m m
3 (a) Fresh E
3 (b) Used E
T so0f -
S L i
E L _
e L i
g L i
= N 4
© L i
N
= L i
o L i
c
> L i
= ¥ ]
_100 -I | I T T N T N T N [ T B | | | N T N T N T T T T I I-
-15000 -10000 -5000 0 5000 10000 15000

Magnetic Field (Oe)

Fig. 5. Magnetic hysteresis loops (at 300 K) of the Fe;O,
electrocatalyst in a 0.5 M KOH plus 0.5 M CH3;0H solution
(a) before and (b) after the electrocatalytic test.
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Fig. 6. ESEM-EDS images of the Fe;O, electrocatalyst in a 0.5 M KOH plus 0.5 M CH3;0H solution (a) before and (b) after
the electrocatalytic test.

oxidation performance. Consequently, the electrocat- 4. Conclusions
alytic activity of the prepared Fe;O, catalyst for
CH30H oxidation in aqueous solutions is dependent
on the surface crystalline phases of the particles.

Here, we reported a simple method for preparation
of Fe;O4 catalyst and tested it for the electro-oxidation
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of CH3OH in an alkaline solution. The surface peak
current density and potential electrochemical charac-
terizations of Fe;O, electrocatalytic materials consider-
ably enhanced catalytic performance during MOR.
Their electrochemical behavior was investigated
through cyclic voltammetry. The wide current density
peak for CH3OH oxidation proved that catalyst exhib-
ited excellent activity across a wide potential range.
The Fe;04 electrocatalyst underwent further reduction
at higher potential scan rates. Therefore, the electrocat-
alyst is necessary during the CH3;OH electrocatalytic
process. Because of the magnetic property of Fe;O,
nanoparticles, Fe;O4 can be readily manipulated by a
magnetic field and used products can be recycled.
This strategy of cost-effective fabrication of Fe;0, elec-
trocatalysts facilitates the development of various
metal oxide nanocomposites for constructing high-per-
formance electro-oxidation materials.
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