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The sensing properties of Sb2O5 nanowires are reported for the first time. By varying the heating temperature of
a mixture of Sb and Bi powders, we have successfully prepared Sb2O5 nanowires. For nanowires grown at
600 °C, the stem is mainly comprised of a monoclinic Sb2O5 phase, with a trace amount of a monoclinic
Bi2O3 phase. The existence of Au nanoparticles at the tips suggests that the 600 °C-synthesized nanowires
are mainly grown via a vapor-liquid-solid process. The 500 °C-grown products comprise a small amount of
1D nanostructures, whereas the 700 °C-grown product does not exhibit sufficiently thin 1D nanostructures.
A representative A survey XPS spectrum exhibits several peaks, including Sb 3p, Sb 3d, O 1s, C 1s, Bi 4f, and
Sb 4d. At room temeperature, the sensor response, response time, and recovery time of the nanowires were
measured to be 1.20, 2104 s, and 6579 s, respectively. Sensor measurements employing NO2 gas indicate that
the Sb2O5 nanowires synthesized in this work have potential for use as a room-temperature NO2 chemical
gas sensors.
Keywords: nanostructured materials, chemical synthesis, transmission electron microscopy, X-ray diffraction,
Sb2O5

1. INTRODUCTION
Antimony pentoxide (Sb2O5) is known to be a crucial
material for flame-retardant application due to its high heat
stability, covering power and transparency [1]. Sb2O5 possesses
a high refractive index and high abrasive resistance and is
widely used as an optical material [2]. Sb2O5 is a Lewis acid
for catalyzing the transformation of propene into acrylonitrile
[3]. Sb2O5 nanoparticles have been used as polymer electrolyte
fillers [2]. Sb2O5 films exhibited excellent electrochemical
properties [4]. Furthermore, Sb2O5 exhibited excellent unipolar resistive switching characteristics in Pt/Sb2O5/Pt and
Sb/Sb2O5/Pt structures [5].
A mixture of antimony oxide and resin is a popular flame
retardant [6]. The addition of Sb2O5 enhanced the microwave dielectric properties of (Zr0.8Sn0.2)TiO4 ceramics [7].
Ti/SnO2-Sb2O5 anodes were used for drinking water disinfection, wastewater effluent disinfection, and industrial waste
stream treatment [8]. Hydrous Sb2O5 showed excellent proton transport properties [9].
The application of semiconductor nanowires has resolved
some of the long-standing technical problems that have challenged the bulk/thin film community [10]. Semiconductor
*Corresponding author: hyounwoo@hanyang.ac.kr
©KIM and Springer

nanowires will be potentially used in nanoelectronics and optoelectronics [11-13]. Accordingly, one dimensional (1D) nanostructures of Sb2O5 hold promise for applications in a variety
of areas, including optics, catalysis, dielectrics, and purification. For example, the higher surface-to-volume ratio of
Sb2O5 nanowires enables the preparation of a highly efficient purifier in comparison to its film or bulk counterparts.
However, in spite of such promising applications, there have
been fewer reports on the fabrication of 1D Sb2O5 structures.
According to the literature survey [14,15], 1D nanomaterials with only a Sb2O5-associated phase were synthesized.
Namely, Sb(III)Sb(V)O4 nanorods were solvothermally synthesized from Sb2O5 powders [14]. Also, a mixture of Sb2O3 and
Sb2O5 nanorods was prepared by using a microemulsion
method for an AOT-water-toluene system [15]. However, to our
surprise, up to the present, there has been no single report
on the preparation of genuine Sb2O5 nanowires.
In the present work, for the first time, we report the successful synthesis of monoclinic Sb2O5 nanowires, by means
of heating a mixture of Sb and Bi powders in a conventional
furnace. This is a simple, cost-effective synthesis method that
can facilitate the use of Sb2O5 nanowires on a large scale.
We have varied the heating temperature, while optimizing
the process for producing Sb2O5 nanowires. Furthermore, we
observed that the dominant growth mechanism corresponds
to the vapor-liquid-solid (VLS) process. Because semicon-
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ducting oxide nanowires are intrinsically beneficial for improving chemical gas sensors, exploring the potential use of Sb2O5
nanowires is of importance for various reasons. In this regard,
the present paper is the first to report gas sensing behavior
of antimony oxides, since the investigation of the humidity
sensing properties of TiO2-Sb2O5 nanocomposites [16].

2. EXPERIMENTAL PROCEDURES
A mixture of Sn and Bi powders was used as a source
material at a 1:1 weight ratio. We heated a mixture of Sn
and Bi powders in a vertical tubular furnace. A schematic
diagram of the experimental apparatus was previously depicted
[17]. When the pure Sn powders were heated, we could not
obtain the nanowires. Accordingly, it is evident that Bi powders play a catalytic role in growing the Sb2O5 nanowires.
By means of Bi-Sn phase diagram, it is predicted that the
melting point of Sn will be lowered by the addition of Bi,
facilitating the formation of liquid droplets, which will be a
source of the nanowires. Source powders and Au-coated Si
substrates were located on the lower and the upper holder in
the center of the quartz tube, respectively. The distance between
the powders and the substrate was approximately 7 mm. Aucoated substrates were prepared by sputtering a Au layer
(thickness = 3 nm) on Si substrates in an ion sputterer (Emitech, K757X). The heating time was set to 1 h. A constant
flow of nitrogen (N2) was maintained at a flow rate of 2
standard liters per minute. Since the chamber does not have
a vacuum pump, the oxygen may originate from ambient air
and residual oxygen in the furnace chamber. The amount of
oxygen will be sufficient to provide medium oxygen supersaturation for the growth of 1D nanowires. To investigate the
effects of temperature, we set the heating temperature within the
range of 500-700 °C.
Scanning electron microscopy (SEM) images were acquired
using a Hitachi S-4200, and glancing angle (0.5°) X-ray diffraction (XRD) patterns were obtained with a Philips X’pert
MPD system using CuKα1 radiation. Transmission electron
microscopy (TEM) and energy-dispersive X-ray (EDX) spectra were obtained on a Philips CM 200 operating at 200 kV.
The Raman spectra were acquired using a Jasco laser Raman
spectrophotometer NRS-3000 series, with an excitation laser
wavelength of 532 nm, at a power density of 2.9 mW·cm-2.
XPS was carried out by using a VG Multilab ESCA 2000 system, in which a monochromatized AlKα X-ray source (hν =
1486.6 eV) was used.
The sensing characteristics were evaluated at 10 ppm NO2
concentration at operating temperatures of 25 and 100 °C,
respectively. The configuration of the gas dilution and sensing system used in this study is similar to the experimental
setup reported previously in the literature [18-20]. In the NO2
sensing test, an electrode layer comprising a 300-nm-thick
layer of Au and a 50-nm-thick layer of Ti was sequentially

deposited on the specimens with an interdigitated electrode
mask. The NO2 flow was controlled by changing the mixing
ratio of dry air to NO2 gas using mass flow controllers, with
the total flow rate being set to 500 sccm. For the sensor showing
p-type sensing behavior, the sensor response (R) was determined using the following formula: R = Ra/Rg, where Ra and
Rg are the resistances of the sensor in the absence and presence of NO2, respectively. The response and recovery times
of the sensors were defined as the times taken for the resistance to change by 90% on exposure to the target gas (NO2)
and air, respectively.

3. RESULTS AND DISCUSSION
Figures 1(a), 1(b), and 1(c) show XRD spectra of the products
that were synthesized at 500, 600, and 700 °C, respectively.
All XRD spectra for the samples grown at 500-700 °C mainly
show diffraction peaks of monoclinic Sb2O5 (JCPDS No. 710587). In addition, for samples synthesized at 600 and 700 °C,

Fig. 1. XRD spectra of the product synthesized at (a) 500 °C, (b) 600 °C,
and (c) 700 °C.
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Fig. 2. SEM images and diameter distributions of the nanowires synthesized at (b) 500 °C, (c) 600 °C, and (d) 700 °C.

there exist diffraction peaks in regard to monoclinic Bi2O3
(JCPDS No. 78-1793).
Figures 2(a), 2(b), and 2(c) show SEM images and diameter
distributions of the products that were synthesized at 500 °C,
600 °C, and 700 °C, respectively. At the low temperature of
500 °C, some 1D structures exist. However, at 600 °C, 1D structures were synthesized on a large scale. It is noteworthy that
much thicker 1D structures have been produced at a high
temperature of 700 °C. Based on a statistical analysis of numerous SEM images, the diameter distributions of the nanowires
grown at 500 °C, 600 °C, and 700 °C, respectively, are shown
in Figures 2(b), 2(c) and 2(d). We have calculated the average diameters of the nanowires from the graph of the diameter
distributions. The average diameters of the nanowires grown
at 500 °C, 600 °C, and 700 °C, are 85 nm, 93 nm, and 370 nm,
respectively. Accordingly, the diameter tends to increase with
increasing temperature in the range of 500-700 °C. We surmise
that the higher temperature enables a faster reaction for the
synthesis of 1D structures. Therefore, it is possible that the
synthetic reaction at the high temperature of 700 °C occurs
in a non-equilibrium state and gas species adsorb not only on
the catalytic particles but also on the stem of the 1D structures.
Accordingly, the diameters of the 1D structures increase during
the growth process at 700 °C. On the other hand, for 1D nanowires grown at 600 °C, nanoparticles are attached onto the 1D
structures. Close examination reveals that the nanoparticles
are mainly attached to the ends of the nanowires at 600 °C.
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Fig. 3. (a) Typical TEM image and corresponding elemental maps of
(b) Sb, (c) Bi, (d) Au, and (e) O elements, for 600 °C-grown nanowires. (f) Lattice-resolved TEM image enlarging the squared area in (a).
(g) Corresponding SAED pattern.

In this case, we surmise that the gas species preferentially
adsorb onto the catalytic nanoparticles in the equilibrium state.
Accordingly, the diameter of the nanowire does not significantly increase during the growth process at 600 °C.
To obtain detailed information on the structure, morphology, and chemical composition of nanowires, we conducted
a TEM analysis in conjunction with EDX, for the samples
grown at 600 °C. Figure 3(a) shows a typical TEM image of
a 600 °C-grown nanowire, indicating that nanoparticles are
attached to the stem of the nanowires. Figures 3(b), 3(c), 3(d),
and 3(e) show EDX elemental maps of Sb, Bi, Au, and O elements, respectively. Figures 3(b) and 3(e) indicate that the
stem part of the nanowire is comprised of Sb and O elements.
Also, Figure 3(c) reveals that some Bi elements are present
in the stem part of the nanowire. On the other hand, the
nanoparticle is comprised of a variety of elements, including O, Sb, Bi, Au, and Si. Table 1 shows the relative atomic
portion of Sb, Bi, O, and Au elements in the stem and tip parts
of nanowires, based on EDX spectra. In the stem region, the
atomic percentages of Sb, Bi, O, and Au elements are 18.39,
4.28, 77.26, and 0.07%, respectively. On the other hand, in
Table 1. Relative atomic portion of Sb, Bi, O, and Au elements in
the stem and tip parts of nanowires, based on EDX spectra

Atomic%

Wire
Tip

Sb
18.39
3.39

Element
Bi
O
4.28
77.26
0.74
16.67

Au
0.07
79.20

Total
100
100
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the tip region, those of Sb, Bi, O, and Au elements are 3.39,
0.74, 16.67, and 79.20%, respectively.
Figure 3(f) shows a lattice-resolved TEM image of an
edge of a nanowire, enlarging the square area in Figure 3(a).
The observed lattice fringes correspond to the (002) and (200)
lattice planes of monoclinic Sb2O5, with spacings of 0.26
and 0.61 nm, respectively. Figure 3(g) shows a corresponding
selected-area electron diffraction (SAED) pattern, exhibiting
diffraction spots of the monoclinic Sb2O5 structure; spots
corresponding to the (002), (200), and (202) lattice planes
of monoclinic Sb2O5 are observed. The SEM (Fig. 2(a)) and
TEM images (Fig. 3(a)) coincidentally indicate that the 600 °Cgrown product is comprised of nanowires with ball-shaped
particles being attached to the nanowire tip. Also, the XRD
investigation (Fig. 1(b)), lattice-resolved TEM (Fig. 3(f)), and
SAED patterns (Fig. 3(g)) reveal that the nanowire stem
mainly consists of a monoclinic Sb2O5 phase, and thus confirms
the generation of Sb2O5 nanowires. However, EDX investigation suggests the presence of Bi and O elements, and thus the
possible existence of BiOx species. Herein, the XRD spectrum
(Fig. 1(b)) indicates that the BiOx species correspond to the
Bi2O3 phase, indicating that Bi atoms have been doped to
exist as a monoclinic Bi2O2 phase. Furthermore, EDX data
indicate that tip particles are mainly composed of Au.
By means of the observation that the ball-shaped particles
are attached to the tips of the nanowires, the synthesis of
600 °C-grown nanowires should be mainly controlled by a
VLS process. We surmise that the catalyst particles were in
the liquid state during growth because the catalysts exhibit
spherical shapes with smooth surfaces [21]. In the growth
process at 600 °C, the vapors may condense into liquid SbBi-Au-O alloy clusters preferentially on the surface of the
substrate, where the liquid state particles should easily absorb
oxygen in the carrier gas. It should be noted that Au has been
used as an effective catalyst to grow nanowires via a VLS pro-

Fig. 5. Binary phase diagrams of (a) Au-Sb [38], (b) Au-Bi [39], and
(c) Bi-Sb [40] systems.

Fig. 4. Schematic illustration of the growth process at 600 °C. In the
initial stage, a Sb/Bi/O/Au liquid droplet is formed. The gaseous Sb-,
Bi-, and O-related species are incorporated into the droplet, from
which the composite nanowires are grown continuously.

cess [22-25]. In the present VLS mode, Sb, Bi, and O vapors
are continuously incorporated onto the liquid droplets. Once
the concentrations of the species become greater than the
saturation threshold, Sb2O5 crystals precipitate from the liquid
droplets, as shown in Fig. 4. A continuous supply of growth
species facilitates the formation of 1D nanowires (Fig. 4).
Figures 5(a), 5(b), and 5(c) shows the binary phase diagrams
of Au-Sb, Au-Bi, and Bi-Sb systems, respectively. It is apparent
that the addition of Au will lower the melting point of Sb
and Bi. Also, the addition of Bi will lower the melting point
of Sb. Accordingly, the mixing of Au, Bi, and Sb will facil-

Sb2O5 Nanowires
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Fig. 7. (a) Dynamic response curves at NO2 concentration of 10 ppm
at 25 °C, for the sensors fabricated from 600 °C-grown Sb2O5 nanowires. (b) Graphe showing the response times and recovery times for
the sensors fabricated from 600 °C-grown nanowires.

Fig. 6. XPS spectra of Sb2O5 nanowires: (a) survey spectrum; (b) Sb
3d5 region. (c) Bi 4f region.

itate the formation of liquid catalytic droplets.
We have used XPS to investigate the valence state and
chemical composition of the 600 °C-grown Sb2O5 nanowires.
Figure 6(a) shows a survey spectrum, which exhibits several
peaks, including Sb 3p, Sb 3d, O 1s, C 1s, Bi 4f, and Sb 4d,
respectively. The atomic compositions of Sb, O, and Bi elements
are 22.97, 74.69, and 2.34%, respectively. We surmise that the
nanowire surface has a higher oxygen concentration than
expected, presumably due to the surface oxidation. In addition, small amount of oxygen is expected to combine with
Bi, forming the bismuth oxides. The binding energy of the

measured Sb 3d5 spectrum peak is at 530.2 eV. This region was
simulated to two regions of Sb3+ and Sb5+ cations, which have
binding energies of Sb 3d5 of 529.8 and 530.4 eV, respectively (Fig. 6(b)). The ionic concentrations of Sb(V) and Sb(III)
are calculated to be 68.90 and 31.10%, respectively. Figure 6(c)
shows the Bi 4f peak, indicating a binding energy of 156.4 eV.
This value is similar to those reported for Bi2O3 thin films [26].
We have investigated the room-temperature sensing properties of the 600 °C-grown nanowires to test their potential
applicability to chemical gas sensors because they were mainly
of a Sb2O5 phase and exhibited a much smaller average
diameter. Figures 7(a) and 7(b) show the dynamic resistance
curves at a NO2 concentration of 10 ppm for the sensors fabricated from 600 °C-grown nanowires. Since the resistance
decreased and increased upon introduction and removal of
the NO2 gas, respectively, the nanowire sensors exhibit ptype behavior, irrespective of the sensing temperature. In air
ambient, it is expected that the oxygen species are adsorbed
Sb2O5 surface in the form of O2- , O2-, or O- [27]. In the present case with a sensing temperature of 25-100 °C, the preferred species will be O2- or O- [28]. By means of the surface
reactions, such as O2- + e- ↔ 2O-, 2O- + VO.. + e- ↔ OO [29], the
electrons will be extracted from the Sb2O5 surface. These
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reactions will consequently form the hole accumulation region
on the p-type Sb2O5 surface. The introduced NO2 gas further
extract electrons, by the following reactions: NO2 + O- ↔ NO
+O2 + e- , NO2 + e- ↔ NO2- [30]. The reduction of electrons
in p-type Sb2O5 surface will decrease the resistivity. On the
other hand, the subsequent removal of NO2 gas will restore
the value of the resistivity to the original one.
From the measured resistance values, we have estimated
the sensor responses. The sensor response of the 600 °C-grown
nanowires is 1.20. We reveal that the response and recovery
times are 2104 and 6579 s, respectively. The sensing performances such as sensor response, response and recovery times
of the Sb2O5 nanowires are inferior in comparison to the
widely-used oxide semiconducting sensors based on SnO2
or ZnO materials. However, taking the operating temperature into account, it is likely that they can be used as a sensor
material that can detect NO2 particularly at room temperature. Precise optimization of sensor fabrication parameters
including the type of electrode, electrode geometry, and the
nature of the nanowire network will improve Sb2O5 nanowire
sensing capabilities, which will be performed extensively in
the near future. Being similar to previous works [31-37],
Sb2O5 nanowires will have promising applications in a variety
of area.

4. CONCLUSIONS
In summary, we successfully grew Sb2O5 nanowires at
600 °C, by heaing a mixture of Sb and Bi powders at various
temperatures. While 500 °C-grown products comprise a small
amount of 1D nanostructures, the 700 °C-grown product does
not exhibit sufficiently thin 1D nanostructures. The 600 °Cgrown nanowire stem is mainly comprised of a monoclinic
Sb2O5 phase. The trace amount of Bi elements found in the
nanowire stems is supposed to be doped in the form of a
monoclinic Bi2O3 phase. The 600 °C-grown nanowires have
ball-shaped Au catalytic particles at the tips, suggesting that
the growth is dominated by a VLS process. We have discussed
the possible mechanism by which the growth affected the
morphology and structure of the produced nanowires. A survey
XPS spectrum exhibits several peaks, including Sb 3p, Sb
3d, O 1s, C 1s, Bi 4f, and Sb 4d. The NO2 sensor response of
the nanowires at room temperature is 1.20. We reveal that
the response and recovery times at 25 °C are 2104 and 6579 s,
respectively. These results will pave the way for the application of Sb2O5 nanowires to room-temperature chemical sensors.
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