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TOM TAT

Biang phuong phap ding khuén 1a cac qua cau polystyrene, két hop voi qua trinh nhiét phan trong khong
khi, chiing t61 da ché tao thanh cong vat li¢u nano Co,O, cAu trac xép ¢ do trat tu cao. Hinh thai va cAu tric tinh
thé cua vat liéu duoc khao sat bang phuong phap kinh hién vi dién tir quét (SEM) va phuong phéap nhiéu xa tia X
(XRD). Két qua anh SEM cho thay khoang cach giira cc 16 x5p ¢& vai dén vai chuc nano mét va dudng kinh trung
binh cua céc 15 x6p trong khoang 260 — 300 nm. Két qua phan tich phé XRD ciia mau cho thdy vt liéu duoc tong
hop c6 cAu tric tinh thé dang lap phuong. Tinh chét xuc tac dién hoa cua vat liéu duoc khao sat thong qua phan
g tong hop oxi tir nude. Két qua cho thay hiéu sudt vuot trdi ctia cdu tric xp nano so vai cu tric hat nano.

Twr khéa: Co,O,, nano xop, xic tdac dién héa, phan img tong hop oxi.
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ABSTRACT

In this study, highly ordered mesoporous Co,O, inverse opals are synthesized using polystyrene beads as a
hard template, followed by a calcination in air. The morphology and crystalline structure of the mesoporous Co,O,
are investigated by scanning electron microscopy and X-ray diffraction techniques. The characterizations reveal
that the thickness of the pore walls of the inverse opals is in the range of a few to a few tens of nanometers, the
average diameter of the pores is in the range of 260 — 300 nm, and the mesoporous Co,O, has a spinel crystalline
structure. The electrocatalytic properties of the materials are investigated by the oxygen evolution reaction. The
results show a superior activity of the mesoporous structure with a small Tafel slope and a low overpotential in the
alkaline medium compared to the nanoparticle counterpart.

Keywords: Co,O, mesoporous inverse opal, electrocatalysis, oxygen evolution reaction.

1. INTRODUCTION materials for fuel cells, and metal-air batteries

Renewable energy sources have been developed such as lithium-—air batteries, zinc—air batteries.

rapidly due to the world's growing energy However, one of major hurdles of water

electrolysis is anodic oxygen evolution reaction
(OER) which needs high onset potential and
shows slow sluggish kinetics due to four-electron

demands and serious environmental threat caused
by the depletion of natural fossil resources such
as coal, oil, and natural gas. Even so, currently

renewable energy sources only account for a very
small part of the total global energy consumption.
The renewable energy is still not popular in the
world because the extraction technology is still
limited, making product cost still high.

Catalytic splitting of water into hydrogen
and oxygen provides a potential path to product
clean H, and O, for human society as the input
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transfer process. Consequently, extensive efforts
have been undertaken to develop highly efficient
catalysts with low onset potential and promoted
reaction kinetics. Many materials with different
structures have been studied recently to improve
OER efficiency.

Typically, ruthenium oxide (RuO,) and
iridium oxide (IrO,) have been proven to be
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highly efficient OER catalysts.! Unfortunately,
these noble metal oxide catalysts suffer from
poor chemical stability in alkaline media and
high price, which limit their practical large-scale
application as water splitting anodes. Therefore,
design and development of OER catalysts
with low cost and high activity has attracted
considerable attention, and lots of efforts have
been made.*?

Cobalt oxide (Co,0,) has been intensely
studied for electrochemical energy conversion
and storage, including as an electrocatalyst for the
water oxidation/OER, in lithium-ion batteries,
and as supercapacitors, due to its excellent
catalytic properties and high corrosion stability.
The low cost and earth abundance of Co,O, have
suggested it to be a highly promising substitute
for rare metal based catalysts.>* Moreover, Co,O,
with different morphologies, such as hollow fluffy
cage,’ three-dimensional ordered nanoporous,?
core-shell,> has been used as efficient OER
catalyst. As the surface area and electronic states
of Co,0, are two of the main contributors for its
catalytic performance, substantial work has been
focused on developing new synthetic approaches
to realize a variety. Additionally, mesoporous
nanostructures are beneficial for promoting
electrochemical performance of electrodes due
to their interconnected pores, large specific
surface area, controllable pore size and pore
wall composition.®” Template method has been
considered as one of the most convenient and
effective methods to prepare mesoporous inverse
opal structures.

In this paper, Co,0, with mesoporous
inverse opal structure (Co,0, I0) is fabricated
on nickel foam (NF) substrates via chemical
method with polystyrene (PS) beads as hard
template, followed by the calcination process in
air. The influence of fabrication conditions such
as solution concentration, calcinated temperature
on morphology and crystal structure are studied
by SEM and XRD analytic techniques. The
electrocatalytic properties for OER of as-
synthesized materials are also studied.

2. EXPERIMENTAL
2.1. Nickel foam substrate preparation

Nickel foam susbtrate with an area of 1.0
cm x 1.0 cm was ultrasonically cleaned for 5
minutes in a 0.5 m hydrochloric acid (HCI) and
for 30 minutes in ethanol (EtOH) and distilled
(DI) water to remove any contaminants and
amorphous surface oxides, and was dried in box
furnace at 60 °C for 12 h in air.

2.2. Synthesis of PS nanobeads

PS spheres were prepared by emulsion
polymerization using sodium dodecyl Sulfafe
(SDS, Sigma Aldrich), sotassium persulfafe
(PPS, Sigma Aldrich), and aqueous distilled
water as emulsifier, initiator, and dispersion
medium, respectively. A mixture of 8§ mg SDS
surfactants, 100 mg PPS initiators and 30 ml
deionized water was kept to 70 °C for 30 minutes
under N, flow in a three-necked reaction flask.
6 ml of styrene monomers, which had been
filtered with alumina, was quickly injected to
the solution. After polymerization at 70 °C for
4 h, the obtained PS dispersion was dialysated
filtered in deionized water for 3 days to remove
unreacted reagents. PS beads of 280 nm average
diameter were obtained.

2.3. C03O A 10 fabrication

The substrates (NF or glass subtrates) as
electrodes were vertically immersed into 50 mL
of PS solution which was prepared by diluting 1
ml as-prepared PS bead solution with 35 ml of
distilled water and 14 ml of anhydrous ethanol.
By keeping the sustrates in the PS solution at
65 °C for 48 h until the solution was completely
evaporated, PS beads were uniformly coated on
the electrodes. As a cobalt oxide source, cobalt
nitrate hexahydrate (Co(NO,),.6H,0, Sigma
Aldrich) was slowly added into anhydrous
ethanol, and stirred at ambient condition for
1 h. After stirring, Co(NO,),.6H,0 solution was
dropped on PS coated substrate (20 pl cm?)
by micropipette. The electrodes were dried
overnight in ambient conditions, followed by
thermal annealing at 90 °C for 1 h in air. Finally,
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these Co(NO,),.6H,O-treated ~ PS/substrates
were transferred to box furnace, and annealed
at 450 °C for 2 h (ramping rate of 5 °C min")
in air to form Co,0, IO with a removal of PS
template. The synthesized process of Co,0, 10
is summarized in Figure 1.

In this paper, we studied different
samples by varying the synthetic parameters
with Co(NO,),.6H,O concentration of 0.1 M;
0.2 M and 0.4 M and calcinated temperatures
of 300 °C, 450 °C and 600 °C. The samples
with different fabricated conditions denoted as
MO01.450, M02.450, M04.450, M02.300, and
M02.600 respectively.

S
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::..p-".- solution
. ==
Evaporation Dmpplng “,
PS solution 6‘ «c, -I-8I| [
- oo
\-‘lang mang
cén PS Natural drying
Powder
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Co;0, 10 powder Coz0, 10 thin film PSiacobalt hydrate

an substrate

Figure 1. The fabrication process of Co,O, 10

2.4. Characterization and investigation of
electrochemical properties of Co,O, 10 electrode

Scanning  electron  microscopic  (SEM)
measurement was performed using a HITACHI
S—4800 microscope to observe the morphology
of Co,0, 10 samples. The crystal structure of
as-synthesized materials was characterized by
using X-ray diffraction (D8 Advance Bruker).
The crystallinity and chemical structure of the
Co,0, 10 were studied by a Raman spectroscopy

(XploRA—Horiba).

To evaluate the electrochemical
performance of the electrodes, experiments were
carried out in a three-electrode electrochemical
cell using potentiostat (DY2300). The as-
prepared Co,O, IO on substrate were used as
working electrode, electrode, Platinum (Pt) wire
and Ag/AgCl (saturated in KCI) were used as the

counter and reference electrode. The electrolyte

https://doi.org/10.52111/qnjs.2022.16102

was 1.0 M KOH. For OER performamce,
LSV polarization curves were recorded from
0.2 - 0.8 V versus saturated Ag/AgCl at a scan
rate of 10 mV s under N, medium.

3. RESULTS AND DISCUSSION

Figure 2. SEM image of PS beads deposited on
glass substrate (the inset is the enlarged image of
corresponding sample).

The SEM image was represented to
investigate the morphology of the nanostructures
involved in each step of the entire fabrication
process in Figure 1. Figure 2 shows the SEM
image of PS beads deposited on the glass
substrate, evidencing the relatively uniform
diameter, smooth surface, and well-ordered
arrangement. The average diameter of the PS
beads is about 270 nm.

SEM images of Co,O, IO at different
prepared  conditions with  Co(NO,),.6H,0
concentrations of 0.1 M; 0.2 M; 0.4 M (at the
calcination temperature of 450 °C) are shown in
Figure 3.

Figure 3. SEM images of Co,O, 10 with concentrations
of Co(NO,),.6H,0: 0.1 M (a, b, ¢); 0.2 M (d, e, 1);
0.4 M (g, h, i).
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At concentration of 0.1 M, the wall
between the pores of 10 structure is thin, the
average diameter of the pore is approximately
300 nm (Fig. 3 a, b, ¢). With this morphology, the
electrode has a large surface area, high porosity,
but weak inter-pore adhesion leading to a fragile
structure. When increasing the concentration
to 0.2 M, the obtained Co,0, 10 structure has
a fairly homogeneous and clear shape, with the
honeycomb-like morphology. The thickness
between the pores increases, the diameter of the
pores decreases with the average value of about
270 nm (Fig. 3d, e, f). Although the surface area
of material in this condition is slightly reduced,
the morphology is more uniform.

Continuing to increase the concentration
to 0.4 M, the thickness between the pores
increased, so the surface area dramatically
decreased, and the material morphology was
not uniform anymore. The diameter of the
pores is now greatly reduced, averaging only
170 nm (Fig. 3g, h, i). From the SEM images,
it can be seen that changing the concentration
of Co(NO,),.6H,0 has affected the morphology
as well as the texture of the Co,0, 10 material.
Based on the above analysis results, we found
that 0.2 M is the optimal condition for material
synthesis and research.

Calcination temperature is also an
important parameter that can affect the
morphology of the material. Figure 4 shows the
SEM image of the Co,0O, IO material calcined at
600 °C (at Co(NO,),.6H,0 concentration of 0.2
M). In comparison with the samples synthesized
at the calcination temperature of 450 °C (Fig. 3d,
e, 1), the thickness of the wall between the pores
is thinner, so the structure of material easily
gets colaped. We predict that if the temperature
continues to increase, it is very likely that
this structure will not be maintained, and the
honeycomb shape will be broken. If the sample
is calcinated at a temperature lower than 450 °C,
this temperature is not high enough to completely

ignite the PS® to form a porous nanostructure.
Combined with the above analysis results, the
limit calcination temperature for the 10 sample
can be selected as 600 °C or less, and the optimal

temperature of 450 °C was chosen in this study.

Figure 4. The SEM image of the Co,O, IO material
calcined at 600 °C at different magnifications.

— M02,.300
- |- Co(OH), ~——M02.450
- spinel Co,0, ——M02.600
0

Intensity (a.u.)

26 (°)

Figure 5. The XRD patterns of the Co,0, IO
samples at Co(NO,),.6H,O concentration of 0.2 M
and calcination temperature of 300 °C, 450 °C and
600 °C, respectively.

The XRD patterns of the Co,0, 10
structures at Co(NO,),.6H,O concentration of
0.2 M and calcination temperature of 300 °C,
450 °C and 600 °C are shown in Figure 5. XRD
results reveal that, at the 300 °C, the material
only exists phase a, B of Co(OH), (JCPDS
No. 30-443). At the 450 °C and 600 °C, XRD
patterns exhibit diffraction peaks at 31.2°
36.8°, 44.6°, 55.5° 59.3° and 65.2°, which are
assigned to (220), (311), (400), (422), (511)
and (440) faces of cubic crystallite Co,0,
(JCPDS No0.42-1467). No peaks ascribed to
other impurities can be found, revealing the
high purity of as-synthesized spinel oxides.
This result indicates that cobalt precursor has
been completely transformed into crystalline
Co,0, at the temperature higher 450°C.
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Figure 6. The XRD patterns of Co,0, IO at
calcination temperature of 450 °C and Co(NO,),.6H,0
concentrations of 0.1 M and 0.2 M.

Figure 6 shows the XRD profiles
of samples synthesized at Co(NO,),.6H,O
concentration of 0.1 M and 0.2 M and
calcination temperature of 450 °C (M01.450 and
M02.450). The XRD patterns of two samples at
different concentrations has exactly the same
peak positions and are confirmed to agree with
reported spinel cobalt oxide. This result indicates
that Co(NO,),.6H,O concentration does not
affect the crystal structure of the as-synthesized
material.

Intensity (a.u.)

400 500 600 700 800
Raman shift (cm-)

Figure 7. Raman spectra of samples synthesized

at different Co(NO,),.6H,0 concentrations and

calcination temperature of 450 °C (MO01.450,

M02.450, and M04.450).

Raman spectra of samples samples
different  Co(NO,),.6H,0
concentrations and calcination temperature of
450 °C (M01.450, M02.450, and M04.450) are

synthesized at

https://doi.org/10.52111/qnjs.2022.16102

presented in Figure 7. As revealed by these results,
there are four Raman-active modes at 482, 521,
618, and 690 cm! attributed to the E, F‘zg, Fzzg,
and A‘g vibration modes of the cubic structure of
Co,0,,” further confirms the formation of Co,O,
spinel, which is corroborated by the XRD. From
the XRD and raman results, it is clearly revealing
that cobalt salt concentration affects only the
morphology (SEM results) without changing the

crystal structure of Co,O, I10.

& L N

Figure 8. SEM image of the Co,0, nanoparticle was
synthesized by hydrothermal method.

To evaluate the electrochemical
property of Co,0, 10, we also synthesized Co,0O,
nanoparticle materials (denoted as Co,0, NP)
as the reference by hydrothermal method at
120 °C, 12 h. The cobalt precursor is also a
cobalt nitrate salt, but without the PS template.
The morphology of the Co,0, nanoparticles is

shown in Figure 8.
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Figure 9. LSV characteristics of Co,0O, 10 (sample
M02.450) and Co,O, NP as the reference.
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Figure 9 compares LSV characteristics
of Co,0, IO and Co,0, NP materials fabricated
on NF substrates. The graphs show that the
overpotential values (1) of the NF substrate,
Co,0, IO, and Co,0, NP (at the current density
of 30 mA.cm?) is 1.71 (V), 1.65 (V), and 1.60
(V), respectively. Thus, compared with the
Co,0, NP, the Co,0, IO material needs a much
lower overpotential value. Moreover, the LSV
characteristic curve of the Co,0, 10 shows
higher slope, demonstrating the OER reaction
rate of the Co,0, 10 sample is much faster than
that of than that of Co,0, NP counterpart. The
above results confirm the outstanding catalytic
performance of the Co,0, IO sample.

This result can be explained as follows:
The NF substrate has a three-dimensional (3D)
porous structure with high surface area, whereas
the distribution of the catalyst on the entire
substrate is uniform, which greatly increases the
catalytic active sites of the material. Meanwhile,
the regular empty spaces, surrounded by
the mesoporous walls composes of tiny
nanoparticles (size 5 - 7 nm), are interconnected
by the pores/voids where the removed PS
spheres have resided in contact with each other.
The interconnected voids can act as diffusion
channels, and hence, facilitating the charge
exchange process, increasing the conductivity of
the Co,0, 10 catalyst. Thus, the high catalytic
performance of Co,0, IO is demonstrated to
be mainly attributed to both high surface area
and good electrical conductivity. These results
seem to hint at the interest in Co,0, IO as an
electrochemical catalyst for the OER process.

4. CONCLUSION

The Co,0, ordered porous architecture,
so-called inverse-opal structure has been
successfully fabricated by chemical method
using PS spheres as hard template, followed
by calcination process in air. The morphology
of the 10 structute changes in terms of pore
diameter and wall thickness of interconnected

voids with the concentration of Co(NO,),.6H,0

and the calcination temperature. XRD patterns
confirm the as-prepared IO material has a cubic
crystal structure of Co,0,. We believe this work
represents a valuable addition focusing on the
importance of the IO structure to improve the
electrocatalytic performance of Co,0,-based
electrodes in OER. This contribution is therefore
expected to further encourage studies of electrode
design in electrochemical water-splitting, and
metal-air batteries such as lithium-air batteries,
and zinc-air batteries.
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