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SYNTHESIS OF MOLYBDENUM OXIDE NANOFIBERS WITH MULTIPLE SURFACE FACETS
VIA ELECTROPSINNING FOLLOWED BY RAPID THERMAL TREATMENT

A MoOj; nanofiber prepared by electrospinning and subsequent heat treatment is attracting significant attention due to its struc-
tural advantages. Vibrant studies are being conducted to control its morphology and diameter to improve its properties. In this study,
we demonstrated the synthesis of a-MoOj3; nanofibers with multiple surface facets by controlling the heating rate and temperature
in the heat treatment step for removing polymer and crystallizing MoOj; from the electrospun polymer/precursor nanofibers. The
analysis results show that the faster heating rate and higher heat treatment temperature in the thermal treatment process are more
favorable for forming a shape in which particles with facet planes are connected. Finally, we observed the morphological change
according to the heat treatment time to confirm the effect of the heat treatment conditions on the shape of MoOj; and interpreted

the results in terms of nucleation and crystal growth.
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1. Introduction

Orthorhombic-phase a-MoO;, which has an anisotropic
crystal structure and variable oxidation states, is an attractive
n-type semiconductor with many potential applications such as
catalyst, gas sensor, photochromic and electrochromic devices,
and rechargeable lithium-ion battery cathodes [1-4]. Since the
performance of these applications is influenced by the structure
of the material that affects its properties, research on synthesizing
MoOs in various structures such as nanoplates, nanowires, na-
nobelts, nanotubes, and nanofibers is actively conducted [5-10].

Among various one-dimensional nanostructures, MoOj3
nanofibers prepared by an electrospinning process have a high
aspect ratio and a controlled diameter and show a relatively large
specific surface area through a microstructure composed of tiny
nanosized grains and a porous nature [10-12]. Such a structure
is advantageous for the applications above requiring chemical
reactions. On the other hand, nanostructures composed of facets
with high energy generally show greater reactivity because they
have high surface energy. The MoOj3, which has remarkable
crystallographic anisotropy, is being actively studied to improve
its properties by synthesizing it into a structure with a facet of
specific crystal planes [13-16].

After the first report on electrospun MoO; nanofibers by

Sawicka et al. [17], some studies on the crystallinity, cation or
anion doping, and diameter control of electrospun MoO; na-
nofibers have been reported. Gouma et al. [11] prepared MoO,
nanowires with single-crystalline nature using electrospinning
followed by a heat treatment for 10 h at 500°C. Liet al. [10] and
Feng et al. [12] reported the electrospun MoO3/Ce and MoO5/C
nanofiber to enhance the catalytic activity and electrochemical
performance, respectively. Han et al. [16] synthesized ultra-long
MoO; nanofibers with about 30 nm in diameter by optimizing
the electrospinning process. However, 0-MoO; nanofibers with
multiple surface facets, which could show higher specific surface
area and faster electron movement from the interior to the surface
or vice versa, have yet to be previously reported.

Heat treatment is essential to synthesize oxide nanofibers
because it removes the polymer used to make fibrous form and
crystallizes the precursor into a metal oxide. In general, crystal-
lization consists of nucleation and crystal growth steps, which
can be controlled by the heat treatment temperature and the rate
at which that temperature is reached. In this study, we attempted
to synthesize a-MoO; nanofibers with multiple surface facets by
controlling the heating rate to the temperature at which crystal-
lization occurs. In addition, we studied in detail how the surface
morphology of the samples prepared by electrospinning and heat
treatment changes according to the heat treatment conditions.
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2. Experimental

The viscous solution for the electrospinning was prepared
by dissolving 0.5 g of polyvinyl pyrrolidone (PVP, Mw = 1,300 k,
Sigma-Aldrich), 0.412 g of ammonium molybdate tetrahydrate
[AM, (NH4)sMo0;0,4 - 4H,0, 99.98%, Sigma-Aldrich] and
0.174 g of citric acid in 9.1 g of mixture solvent with distilled wa-
ter and ethanol. The transparent solution was loaded into a 10 ml
plastic syringe with a nozzle and charged at 12 kV by a power
supply to prepare the PVP/AM nanofibers. The electrospun
products were collected at a metal collector with a fixed distance
of 10 cm from the nozzle and dried at 60°C overnight. The heat
treatment of the products was conducted at 500°C for 3 h in air
with various heating rates of 3°C, 10°C, 20°C, and 25°C min !
via rapid thermal process equipment (AccuThermo AW610,
Allwin21 Corp., USA). In addition, the as-spun nanofibers were
also thermally treated at 400°C and 500°C with a heating rate of
25°C min™' for 10, 20, 50, 100, 200, and 500 min to confirm the
morphology change during the heat treatment step. The crystal
structures and morphology of the electrospun and heat-treated
products were characterized by X-ray diffraction (XRD, X Pert3
Powder, PANalytical, Netherlands) and field emission scanning
electron microscopy (FE-SEM, S-4800, Hitachi, Japan).

3. Results and discussion

Fig. 1(a) shows representative FE-SEM images of electro-
spun PVP/AM products, indicating a smooth surface without
any bead and a well-defined fibrous form. Their average di-
ameter was about 430 nm, and their length could reach several
micrometers. The crystalline phases of the products obtained by
thermally treating the PVP/AM nanofibers at 500°C for 3 h using
various heating rates were investigated by XRD, as shown in
Fig. 1(b). All samples have the same diffraction peaks indexed to
be orthorhombic a-MoOj structure (JCPDS card No. 35-0609),
indicating that all products had no secondary phases. However,
the peak intensities However, as summarized in TABLE 1, the
intensity of specific peaks in each diffraction pattern was dif-
ferent for each sample. All samples show a higher ratio between
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the intensities of (040)/(110) and (040)/(021) diffraction peaks
compared with those of standard reference in JCPDS, which is
consistent with the preferred (010) facets. The (040)/(110) and
(040)/(021) values increased as the heating rate slowed during
the heat treatment of the PVP/AM nanofiber. It can be inferred
that this is because the nucleation rate slows down at the slower
heating rate, and the crystal growth from the nuclei increases,
resulting in the prominent growth of the (040) plane. On the
other hand, in the case of a fast-heating rate, the crystal growth is
relatively tardy due to burst nucleation, which can be interpreted
as a relatively small size of the (040) plane [18-19].

TABLE 1

Calculated intensity ratios between the (040)/(110) and (040)/(021)
diffraction peaks in X-diffraction patterns in Fig. 1(b)

Samples 1(040)/1(110) 1(040)/1(021)
JCPDS (35-0609) 0.494 0.38
3°C/min 3.284 0.624
10°C/min 1.395 0.505
20°C/min 1.245 0.345
25°C/min 1.078 0.359

FE-SEM analysis shown in Fig. 2 was performed to confirm
the effect of the heating rate on the shape of the heat-treated sam-
ples. By raising the temperature to 500°C at the slowest rate, the
sample exhibited a complete plate shape, unlike the fibrous form
of the electrospun PVP/AM sample, as shown in Fig. 1(a). Each
plate shape particle was separated. As the heating rate to reach
500°C increases, it can be seen that the particle size is smaller
than that of the plate-shaped particles observed in Fig. 2(a), and
the facet plane is also observed, but it is elongated and round,
unlike Fig. 2(a). This shape difference agrees with the XRD
analysis results in Fig. 1(b) and TABLE 1. In addition, the par-
ticles were connected, and the number of connected particles
increased as they were heated faster, resulting in a higher aspect
ratio. As a result, a one-dimensional structure with multiple
surface facets was obtained at the fastest heating rate.

To confirm the relationship between the final shape of the
heat-treated MoO; sample and the heating rate and temperature,
time-dependent experiments were conducted at 400°C and
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Fig. 1. (a) FE-SEM images of electrospun PVP/AM nanofibers and (b) XRD patterns of the products synthesized by an electrospinning process
followed by a thermal treatment at 500°C for 3 h with different ramping rates; 3°C/min, 10°C/min, 20°C/min and 25°C/min
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Fig. 2. FE-SEM images of the MoOj particles synthesized by an electrospinning process followed by a thermal treatment at 500°C for 3 h with
different ramping rates; (a) 3°C/min, (b) 10°C/min, (c) 20°C/min and (d) 25°C/min

500°C, and the products were analyzed with FE-SEM. Fig. 3
shows FE-SEM images of the samples treated at 400°C for a spe-
cific holding time. It is difficult to observe any particular change
until the holding time of 20 min. In the sample heat-treated for
50 min., a small number of MoO; plates similar to those shown
in Fig. 2(a) were observed, and the fiber diameter began to
decrease. Afterward, more MoO; plates were observed as the
treatment time increased, and the fibrous shape disappeared. This
shape change can be explained by the nucleation rate of MoO;
occurring in the heat treatment step. Heat treatment at a relatively
low temperature of 400°C slows down PVP decomposition in
the electrospun PVP/AM nanofibers, thereby limiting the MoO5
nuclei generated from AM. In general, crystal growth relatively
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lowers the surface energy contributing to the total free energy
compared to nucleation [20]. Therefore, the growth of already
generated nuclei occurs, and a plate shape is formed, as shown
in Fig. 3(c) to (f).

Fig. 4 shows the morphological change of the sample
thermally treated over time at 500°C, which could induce the
nucleation of MoO; more quickly. Fig. 4(a) shows that many
fine particles are formed on the surface of nanofibers from the
heat treatment for 10 min., which can be explained as a result of
the rapid nucleation of MoOj;. As observed from the heat-treated
sample for 20 min., the formed nuclei grew into plate-like par-
ticles through subsequent crystal growth, but unlike the sample
at 400°C, the size of the particles was relatively small, and the
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Fig. 3. FE-SEM images of the MoOj particles synthesized by an electrospinning process followed by a thermal treatment at 400°C with a ramping
rate of 25°C/min for different time; (a) 10 min, (b) 20 min, (c¢) 50 min, (d) 100 min, (e) 200 min, and (f) 500 min
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Fig. 4. FE-SEM images of the MoOj particles synthesized by an electrospinning process followed by a thermal treatment at 500°C with a ramping
rate of 25°C/min for different time; (a) 10 min, (b) 20 min, (¢) 50 min, (d) 100 min, (e) 200 min, and (f) 500 min

shape was elongated and round. The most important difference
from the sample heat-treated at a relatively low temperature is
that each particle is connected to the other and maintains a fibrous
form, as shown in the inset pictures. The morphology is because
a plurality of nuclei generated in the early stages grew adjacent
and did not separate into individual particles. Therefore, it can
be seen that the electrospun PVP/AM nanofibers were success-
fully transformed into MoO; nanofibers having multiple facets
on the surface through a fast-heating rate and heat treatment at
an appropriate level to promote rapid nucleation.

4. Conclusion

In summary, we have successfully synthesized the MoO;
nanofibers with multiple facets on the surface using the elec-
trospinning process followed by heat treatment with controlled
temperature and heating rate. The XRD and FE-SEM analysis
results show that the temperature and heating rate in the thermal
treatment for removing PVP and crystallizing MoOj; from the
electrospun PVP/AM nanofibers can control the crystallographic
characteristics and shape of the finally formed MoOjs. The faster
heating rate and higher heat treatment temperature in the calcina-
tion process rapidly remove the PVP and induce burst nucleation
0of MoOj; in the PVP/AM nanofibers. Therefore, each nucleus can
grow adjacent, and the synthesized MoO; could have a fibrous
shape with multiple facets on the surface. It is expected that the
heat treatment process’s temperature and heating rate control
can be applied to other oxides with a crystal structure capable of
facet growth to synthesize nanofibers with facets on the surface.
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