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Abstract: Owing to its unique and variable lattice structure and stoichiometric ratio, tungsten oxide is
suitable for material modification; for example, doping is expected to improve its catalytic properties.
However, most of the doping experiments are conducted by hydrothermal or multi-step synthesis,
which is not only time-consuming but also prone to solvent contamination, having little room for
mass production. Here, without a catalyst, we report the formation of high-crystallinity manganese-
doped and potassium-doped tungsten oxide nanowires through chemical vapor deposition (CVD)
with interesting characterization, photocatalytic, and gas sensing properties. The structure and
composition of the nanowires were characterized by transmission electron microscopy (TEM) and
energy-dispersive spectroscopy (EDS), respectively, while the morphology and chemical valence were
characterized by scanning electron microscopy (SEM) and X-ray photoelectron spectroscopy (XPS),
respectively. Electrical measurements showed that the single nanowires doped with manganese
and potassium had resistivities of 1.81 × 0−5 Ω·m and 1.93 × 10−5 Ω·m, respectively. The doping
contributed to the phase transition from monoclinic to metastable hexagonal for the tungsten oxide
nanowires, the structure of which is known for its hexagonal electron channels. The hexagonal
structure provided efficient charge transfer and enhanced the catalytic efficiency of the tungsten
oxide nanowires, resulting in a catalytic efficiency of 98.5% for the manganese-doped tungsten
oxide nanowires and 97.73% for the potassium-doped tungsten oxide nanowires after four hours
of degradation of methylene blue. Additionally, the gas sensing response for 20 ppm of ethanol
showed a positive dependence of doping with the manganese-doped and potassium-doped responses
being 14.4% and 29.7%, respectively, higher than the pure response at 250 ◦C. The manganese-
doped and potassium-doped tungsten oxide nanowires are attractive candidates in gas sensing,
photocatalytic, and energy storage applications, including water splitting, photochromism, and
rechargeable batteries.

Keywords: tungsten oxide; nanowire; chemical vapor deposition; doping; hexagonal; photocatalysis;
gas sensor

1. Introduction

With the development and advancement of industry, people’s lives are becoming
more diverse and convenient; however, this also brings global warming and environmental
pollution, making green energy and sustainable development an important issue that
this generation must face and find feasible solutions in technology. Photocatalysis is an
effective approach to solve environmental pollution by absorbing solar energy through
semiconductor materials, stimulating electrons inside the material to the conductive band,
and leaving holes in the valence band, which can decompose toxic organic pollutants
by the separated electron–hole pairs to conduct oxidation and reduction reactions. In
addition, gas sensing devices can be used to monitor the air quality through adsorption
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and desorption of the target gas and metal oxide semiconductors [1]; as the depletion layer
of the material increases or decreases, the material resistance would change accordingly,
and the surrounding target gas can be detected with high reusability and low energy loss.

Due to their high specific surface area and oxygen-vacancy-rich properties, tungsten
oxide nanowires are of great interest for future semiconductor applications, such as elec-
trodes for rechargeable storage applications [2–4], electrochromic devices, field emitters [5],
photochemical hydrogen production [6], photocatalytic materials for degradation of or-
ganic pollutants [7], and gas sensors [8,9]. However, the excessively high electron–hole
recombination rate limits the availability, weakening the oxidation reduction ability and the
catalytic effect. To enhance the performance of tungsten oxide nanowires for subsequent ap-
plications, several strategies are commonly used, including morphology control [10], metal
doping [11], precious metal modification [12], and construction of composite materials [9].
In particular, doping is an effective method to adjust the structure of the electron band; the
position of the valence and conduction band can be adjusted by metal replacement. Addi-
tionally, doping may cause changes in the crystal growth direction, resistivity, and even
phase transformation; therefore, adjusting the band gap to increase the absorption efficiency
of visible light, or adding impurities to hinder the recombination of electron–hole pairs is
expected to be effective. In addition, tungsten oxide has a multifaceted lattice structure
system [13], providing much room for material modification; doping with impurity atoms
can supply charge traps and act as scattering centers for carriers, making the life cycle
of the electron–hole pair longer. Therefore, the study on the correlation between doping
and changes in the lattice structure and physical properties of tungsten oxide materials is
essential for future applications.

Tungsten oxide usually appears as tungsten dioxide (WO2) and tungsten trioxide
(WO3). At 1 atm and room temperature, tungsten trioxide is light yellow with the structure
of monoclinic; the monomer is a WO6 octahedron, where the W6+ ion occupies the middle
site of the octahedron, while the oxygen ions occupy the other eight sites of the octahedron.
The monomers share the oxygen ions and form a ReO3 structure, similar to a perovskite
structure. Defects or oxygen vacancies lead to the chemical formula of WO3-x, which can
be used in photocatalytic applications [14,15]. Combining other photocatalytic materials,
such as graphene, may contribute to better photodegradation performance [16]. Moreover,
through controlling the annealing temperature and atmosphere, the monoclinic structure
may be converted to a metastable hexagonal tungsten trioxide (h-WO3) structure that can
exist at room temperature [17]. The special structure of h-WO3 provides crystal tunnels for
the intercalation of small cations, which may be applied in specific capacitance [18,19].

Most of the metal-doped tungsten oxide nanowires are synthesized by the hydrother-
mal method [11,20] and solvent heat method [21], while in this work, we used a three-zone
tube furnace to grow nanowires by the CVD method [22–24], which has fewer steps than the
common doping methods. Moreover, the products here are less likely to be contaminated
by the reactive solute solvent. Organic pollutant methylene blue was then degraded for
four hours using a tera solar light simulator. Afterwards, single manganese-doped and
potassium-doped tungsten oxide nanowires were connected to gold electrodes with FIB
for gas sensing devices and 20 ppm of ethanol was sensed at different temperatures. We
expect that the photocatalytic efficiency and gas sensing response of the modified tungsten
oxide nanowires will be significantly improved as compared with the undoped tungsten
oxide nanowires.

2. Materials and Methods
2.1. Synthesis of Tungsten Oxide Nanowires

In this study, single-phase tungsten trioxide nanowires were grown by thermal vapor
deposition in a three-zone tube furnace. Tungsten oxide powder was placed in an alumina
boat crucible in the first heating zone of the tube furnace, while a silicon substrate was
placed at the third heating zone. The first and second heating zones were set at 1140 ◦C
with the third at 1060 ◦C for 2 h. Argon gas with a flow rate of 100 sccm was used as the
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carrier gas. The tungsten trioxide nanowires were obtained after 6 h of cooling naturally to
room temperature.

2.2. Synthesis of Manganese-Doped and Potassium-Doped Tungsten Oxide Nanowires

A single step growth method was used for doping. Manganese chloride (MnCl2, Alfa
Aesar, Haverhill, MA, USA, purity 97%) was placed in the first heating zone and tungsten
trioxide powder was placed in the second heating zone. The first and second heating zones
were set at 1140 ◦C, while the third zone was set at 1060 ◦C. Then, 10 sccm of oxygen and
90 sccm of argon were introduced as the reaction gas and carrier gas, respectively. The
temperature was held for six hours and then cooled down to room temperature naturally.
As for synthesis of potassium-doped tungsten oxide nanowires, potassium iodide (KI,
Sigma-Aldrich, St. Louis, MO, USA, purity 99.5%) was placed in the first heating zone
of the tube furnace tube, while tungsten trioxide powder was placed in the third heating
zone with 100 sccm of argon as the carrier gas. The rest of the procedures were the same as
the manganese doping experiment. Investigation and characterization of the synthesized
WO3, Mn-doped, and K-doped WO3 nanowires were conducted with AFE-SEM (Zeiss
Auriga, CarlZeiss, Jena, Germany) HR-TEM (JOEL JEM-2100F CS STEM, Tokyo, Japan),
(EDS (Bruker, Billerica, MA, USA), and XPS (ULVAC-PHI 5000 Versaprobe, Chigasaki,
Kanagawa, Japan).

2.3. Electrical Measurements

The single nanowire measurement method we utilized here was previously reported [25].
First, we deposited a 300 nm-thick silicon dioxide layer on ultrasonically cleaned silicon
substrates as an insulation layer by an e-beam evaporation system (ULVAC VT1-10CE).
Then, we pasted a copper mesh as a mask and deposited a 200 nm-thick silver layer
by e-beam evaporation as a conduction layer. After that, we obtained the nanowires
from specimens by an ultrasonic oscillator and dripped the nanowires to the prepared
silver-coated substrate, as shown in Figure S3. The nanowire was then connected to the
electrodes by a dual-beam focused ion beam system (FEI Helios G3CX). To avoid the facet
effect [26], the platinum pad should be thick enough to cover the nanowire, as shown in
Figure S4. Finally, we measured the nanowire resistance by connecting four probes to the
four contacts.

2.4. Preparation of Gas-Sensing Micro-Devices

Silicon dioxide was deposited as the insulating layer, a steel wire was glued as the
photomask, and chromium was deposited as the adhesive layer between the electrode
and substrate with gold deposited as the conductive electrode. The prepared tungsten
oxide nanowires were put into a glass vial and some DI water was added inside. The
nanowires were shaken down with an ultrasonic oscillator and dripped onto the prepared
micro-devices. Finally, a double-beam focused ion beam system (FEI Helios G3CX) was
used to connect both ends of the nanowires to the electrodes with platinum.

2.5. Photodegradation Experiments

Here, 50 ppm of methylene blue was used as the source of contaminants, and pho-
todegradation experiments were conducted on tungsten oxide nanowires, and manganese-
doped and potassium-doped tungsten oxide nanowires, respectively, using a xenon lamp
simulating sunlight as the light source for full-spectrum irradiation (320–780 nm). Prior
to the experiment, the specimen was placed in a dark box to ensure the equilibrium of
adsorption and desorption between the specimen and the solution, and then the experiment
was conducted for four hours with 30 min intervals.

2.6. Gas Sensing Experiments

Here, 300 sccm of a hydrogen-oxygen mixture of ordinary air was continuously passed
into the chamber; thus, the inlet-extraction of the chamber reached equilibrium. As the
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heaters in the chamber were warmed up to the specified operating temperatures, a fixed
voltage of 1 V was given to the device to start measuring the change in current. When the
current was stabilized, we turned on 20 ppm of ethanol at the flow rate of 300 sccm and
turned off the air for the gas sensing measurement.

3. Results
3.1. Synthesis and Characterization of WO3, Mn-Doped WO3, and K-Doped WO3 Nanowires

Figure 1 shows SEM images of Mn-doped and K-doped WO3 nanowires. In this
experiment, 0.15 g of WO3 powder was used as the precursor base for Mn doping and K
doping experiments. From Figure 1a,b, it can be observed that for the nanowires, with
0.02 g of MnCl2 powder, the nanowire density was lower, and the nanowire diameter was
diverse, while with 0.03 g of MnCl2 powder, the nanowire density was higher, and the
nanowire diameter was similar. More MnCl2 powder led to more gas particles, a larger
frequency of collisions per second, and a shorter average free radius of the particles; thus,
they would be in the vicinity of the nucleation sites for deposition, increasing the formation
of nanowires. On the contrary, less MnCl2 powder contributed to a larger average free
radius and fewer nanowires. Figure 1c,d show K-doped WO3 nanowires with different
quantities of precursors. With 0.03 g of KI powder, both the density and aspect ratio of the
nanowires were high, while with 0.04 g of KI powder, coarsening appeared due to the high
vapor pressure of the precursor.

Figure 1. SEM images of Mn-doped and K-doped WO3 nanowires. (a,b) Mn-doped WO3 nanowires
with different quantities of precursors: (a) 0.02 g of MnCl2 and (b) 0.03 g of MnCl2; (c,d) K-doped WO3

nanowires with different quantities of precursors: (c) 0.03 g of KI and (d) 0.04 g of KI; (e,f) Mn-doped
WO3 nanowires with different oxygen partial pressures: (e) 0.09 torr and (f) 0.18 torr.
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To solve the low lattice suitability of manganese ions to tungsten oxide, oxygen was
introduced to assist in the formation of manganese oxides; thus, manganese ions could be
successfully doped in the tungsten oxide lattice. Based on Figure 1e,f, showing Mn-doped
WO3 nanowires with different oxygen partial pressures, at the oxygen partial pressure of
0.09 torr, fewer bulk films were generated, and the nanowire density was higher, but the
nanowires were mostly short and thin; at the oxygen partial pressure of 0.18 torr, although
the aspect ratio was higher, many bulk films were generated, and the nanowire density
was also lower. This may be attributed to the fact that more oxygen decreased the average
free radius of tungsten oxide vapor, resulting in a shorter diffusion distance.

The synthesized tungsten oxide nanowires were analyzed by TEM, as shown in Figure 2.
In Figure 2a–c, high-resolution transmission microscopy (HRTEM) and selected-area elec-
tron diffraction (SAED) analysis showed that the interplanar spacings were 0.386 nm and
0.377 nm, corresponding to (002) and (020); thus, it can be confirmed that the structure was
monoclinic, and the growth direction was [001].

Figure 2. TEM analysis of nanowires. (a–c) TEM analysis of WO3 nanowire: (a) HRTEM image,
(b) low-resolution image, and (c) SAED pattern. (d–f) TEM analysis of Mn-doped WO3 nanowire:
(d) HRTEM image, (e) low-resolution image, and (f) SAED pattern. (g,h) TEM analysis of K-doped
WO3 nanowire: (g) HRTEM image, (h) low-resolution image, and (i) SAED pattern.
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TEM analysis of the manganese-doped tungsten oxide nanowires revealed that in
addition to the three peaks between 23◦ and 25◦ from the original tungsten oxide nanowires,
a strong peak was found at 28.11◦, which corresponds to the hexagonal tungsten trioxide
(No. 085-2459) plane in the JCPDS database. It is concluded that the phase change of the
original monoclinic crystal occurred during the doping process [27,28]. In the HRTEM
image of the manganese-doped tungsten oxide nanowires, as shown in Figure 2d–f, the
interplanar spacings were 0.376 nm and 0.366 nm, corresponding to (020) and (200) crystal
planes of the monoclinic phase, respectively; the presence of a clear interface can be ob-
served, contributing to the stacking fault, as indicated by the blue dashed line in Figure 2d,
representing the presence of defects in the manganese-doped tungsten oxide nanowires.
The SAED showed the reflection from a single crystal plane group as the superposition
of different crystal planes in the same direction leads to a weakening of the signal in the
other direction. EDS analysis revealed 0.87% of Mn, indicating successful doping of Mn,
as shown in Figure S1. Figure S2 shows the EDS mapping of the Mn-doped and K-doped
tungsten oxide nanowires.

The HRTEM and SAED images in Figure 2g–i show that the interplanar spacings
were 0.365 nm and 0.381 nm, corresponding to (110) and (002) crystal planes and that the
growth direction was [110], confirming that the lattice structure was hexagonal. As shown
in Figure S1, the ratio of potassium to tungsten (K/W) in EDS was 0.296, coherent with the
stoichiometric ratio of metallic elements in JCPDS card No. 081-0005; the chemical formula
was written as K0.333W0.944O3.

For the chemical valence analysis of the elements in the nanowires, binding energies
and relative intensities were obtained by X-ray photoelectron spectroscopy, as shown in
Figure 3. For undoped tungsten oxide nanowires, the XPS peaks shown in Figure S8 could
be fitted as a mixture of W6+ and W5+, which is consistent with the binding energy state
of oxygen vacancies. In Figure 3a, the binding energies of hexavalent tungsten W4f7⁄2
and W4f5⁄2 corresponded to 35.4eV and 37.5eV, while the binding energies of pentavalent
tungsten W4f7⁄2 and W4f5⁄2 corresponded to 34.7eV and 36.4eV. Comparing Figure S8a,c,
we could find the intensity decrease of W6+ and the intensity increase of W5+ after doping,
demonstrating the increase in oxygen vacancies [15]. The binding energy of O1s corre-
sponded to 530.1 eV; there was a peak at 532.1 eV, resulting from O2−, O−, and OH- signals
based on oxygen vacancies [22], which may be attributed to surface contaminants, such as
water molecules attached to the specimen or adsorbed oxygen from the air [29], as shown in
Figure 3b. Similarly, the W4f peaks of all metal-doped tungsten oxide nanowires exhibited
two major peaks after deconvolution, belonging to W4f7/2 and W4f5/2 orbitals in the W6+

state and two low-intensity peaks in the W5+ state. Figure 3c shows the deconvolution for
potassium, which corresponded to the K2p3/2 orbital at 293.1 eV and the K2p1/2 orbital
at 296.0 eV. In addition, the peaks of Mn ion-based compounds were not well identified,
as shown in Figure 3d, suggesting that Mn ions might have entered the WO3 lattice; low
doping concentration and few Mn ions on the surface contributed to weak signals, which
is similar to previous studies, where the XPS signal peaks were not discernible at doping
concentrations less than 1% [30,31]. As XPS is sensitive to the local chemical environment
and oxidation state in the surface composition of the material, it was not difficult to find the
displacement of the XPS peak according to the chemical changes, as shown in Figure 3e,f;
during the doping process, chemical reactions occurred between the material and the dop-
ing metals, which changed the chemical state and the relative ion size. The superimposed
W4f spectra can be interpreted as a significant shift in the binding energy of the W6+ state
toward higher binding energies after doping, which indicates that these doped metal ions
were successfully doped as impurity atoms replacing W atoms or embedded in the WO3
lattice, resulting in a change in the chemical bond strength between the original tungsten
atom and oxygen.
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Figure 3. XPS analysis for the undoped tungsten oxide nanowires: (a) W4f and (b) O1s; XPS analysis
for K-doped tungsten oxide nanowires: (c) K2p; XPS analysis for Mn-doped tungsten oxide nanowires:
(d) Mn2p; and XPS comparison of the three kinds of nanowires: (e) W4f and (f) O1s.

In Table 1, the electrical measurements showed that the resistivity of the single
nanowires doped with manganese and potassium was measured to be 1.81 × 10−5 Ω·m
and 1.93 × 10−5 Ω·m, respectively, which were much higher than those of the undoped
wires (8.27 × 10−6 Ω·m), confirming the effect of increasing resistivity due to doping. The
resistivity increased after doping as the doping metal ions became a barrier for electron
transmission, particularly for potassium-doped tungsten oxide nanowires, which had the
highest resistivity. Figures S5–S7 show the I–V measurements of undoped WO3 nanowire,
Mn-doped WO3 nanowire, and K-doped WO3 nanowire, respectively.

Table 1. Electrical resistivity measurements of single nanowires.

WO3 NW Mn-Doped WO3 NW K-Doped WO3 NW
Resistivity 8.27 × 10−6 Ω·m 1.81 × 10−5 Ω·m 1.93 × 10−5 Ω·m
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3.2. Photodegradation of Methlene Blue

The methylene blue acted as a pollutant in the experiment, while the doped nanowires
and undoped nanowires acted as catalysts. Under the exposure of light, the energy over the
band gap of the tungsten oxide nanowire excited the electrons in the valance band (VB) into
the conduction band (CB), leaving holes in the valance band. The electrons were reducing
agents, while the holes were oxidizing agents. The nanowires reacted with the oxygen and
water molecules in the air, generating superoxide radicals and hydroxide radicals, which
would degrade methylene blue into water and carbon dioxide.

Figure 4a shows a schematic illustration of the photodegradation mechanism, Figure 4b–e
show UV–Vis results of the photodegradation, and Figure 4f shows the line graph of
photodegradation studies, where the gray area represents the blank test of methylene blue
before illumination on the specimen. From the line graph, the photocatalytic efficiency
of the manganese-doped and potassium-doped tungsten oxide nanowires was better
than that of the undoped tungsten oxide nanowires. The maximum difference between
the manganese-doped and potassium-doped tungsten oxide nanowires was at 150 min
of degradation. The manganese-doped tungsten oxide nanowires had a methylene blue
concentration difference of 17.5% to the undoped ones, while the potassium-doped tungsten
oxide nanowires had almost the same concentration with the undoped nanowires. After
150 min of degradation, both degradation rates began to stabilize with time, in accordance
with the trend of methylene blue photodegradation.

The doping improved the efficiency of photocatalysis for two reasons: the effect of
doping with impurity atoms and the structural effect due to the phase change caused by
doping. The doping brought abundant electrons; thus, more electrons were separated
and accumulated in the conduction band of tungsten oxide after illumination; holes were
left in the valence band of tungsten oxide; the doping changed the internal energy band
structure of the original tungsten oxide material. The impurity atoms became charge traps
and electron–hole pair recombination obstruction centers, making the recombination of
electron–hole pairs slower, which could be inferred from previous studies [32,33]. Further-
more, doping of manganese or potassium brought a phase change from the monoclinic
phase to hexagonal phase, as the enhanced photocatalytic performance resulted from the
activation of photogenerated carriers to interact with oxygen and water molecules on the
surface of tungsten oxide nanowires. The special electron transfer channels of the hexag-
onal tungsten oxide phase could improve the interfacial charge transfer and increase the
photochemical interaction.

3.3. Gas Sensing Mechanism

There are two gas sensing models at temperatures above 500 ◦C and below 500 ◦C. The
temperature above 500 ◦C corresponds to the oxygen vacancy mechanism model, where
the target gas will interact with the crystal lattice of the metal oxide and form oxygen
vacancies. The oxygen vacancies generate electrons to metal oxide, which will increase the
concentration of free electrons in the metal oxide and decrease the resistance [34].

The other model is the oxygen ion adsorption, which is the case here. The oxygen
adsorbed on the surface of tungsten oxide nanowires formed different valence oxygen ions,
such as O2

−, O−, and O2−, after trapping free electrons from the conduction band [35,36],
as shown in Figure 5a. The oxygen also formed an electron depletion layer on the surface
of tungsten oxide nanowires, which narrowed the electron transport channel and increased
the overall resistance of the material. The path of oxygen adsorption can be expressed by
the following equations:

O2(gas) → O2(ads) (1)

O2(ads) + e− → O2
− (2)

O2
- + e− → 2O- (3)

O− + e− → O2− (4)
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Figure 4. Photodegradation of methylene blue with WO3 NW, Mn-doped WO3 NW, and K-doped
WO3 NW. (a) Schematic illustration of photodegradation mechanism. (b–e) UV-Vis results: (b) MB,
(c) undoped WO3, (d) Mn-doped WO3, and (e) K-doped WO3. (f) Line graph of photodegradation of
methylene blue.

After interaction with a reducing gas, the electrons were released back to the nanowire,
resulting in the resistance decrease of the nanowire; the mechanism is shown in Figure 5b.
The reaction path is described by the following equations:

C2H5OH(gas) → C2H5OH(ads) (5)

C2H5OH (ads) + 4O2
−

(ads) → 4CO2(gas) + 6H2O(gas) + 4e− (6)

C2H5OH (ads) + 6O−(ads) → 2CO2(gas) + 3H2O(gas) + 6e− (7)

C2H5OH (ads) + 3O2−
(ads) → 2CO2(gas) + 3H2O(gas) + 6e− (8)
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Figure 5. Gas sensing of the nanowires to 20 ppm of ethanol. (a,b) Schematic illustration of gas
sensing mechanism: (a) Oxygen adsorbed to the surface of the nanowire to form superoxide radicals.
(b) Gas sensing mechanism for ethanol. (c–f) Dynamic gas sensing curves of WO3 NW, Mn-doped
WO3 NW, and K-doped WO3 NW at 100 ◦C, 150 ◦C, 200 ◦C, and 250 ◦C to 20 ppm of ethanol,
respectively: (c) 100 ◦C, (d) 150 ◦C, (e) 200 ◦C, and (f) 250 ◦C. (g) Line graph of the sensitivity of WO3

NW, Mn-doped WO3 NW, and K-doped WO3 NW to 20 ppm of ethanol at different temperatures.
(h) Bar graph of the sensitivity of WO3 NW, Mn-doped WO3 NW, and K-doped WO3 NW to 20 ppm
of ethanol at different temperatures.

3.4. Gas Sensing Properties

The gas response (S) is presented by:
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S = [1-(Rg/Ra)] × 100 (for reductive gas) (9)

S = [(Rg/Ra)−1] × 100 (for oxidative gas) (10)

where Rg and Ra are the resistance of the nanowire under target gas and air ambience,
respectively. Tungsten oxide is an n-type semiconductor and the main charge transfer
carrier is the electron; with exposure to an oxidizing gas atmosphere, including O2, NO2,
and CO2, the electrical resistance will increase and the conductivity will decrease; with
exposure to a reducing gas atmosphere, such as CO, H2, ethanol, and acetone, the electrical
resistance will decrease and the conductivity will increase. Figure 5c–h show the gas
sensing results of tungsten oxide nanowires, manganese-doped tungsten oxide nanowires,
and potassium-doped tungsten oxide nanowires at 100 ◦C, 150 ◦C, 200 ◦C, and 250 ◦C
with 20 ppm of ethanol. It is clear that the sensitivity of the three different tungsten oxide
nanowires increased with temperature. Moreover, the gas sensing sensitivity of the doped
tungsten oxide nanowires was better than that of the undoped tungsten oxide nanowires;
at 250 ◦C, the response of tungsten oxide nanowires, manganese-doped tungsten oxide
nanowires, and potassium-doped tungsten oxide nanowires was 7.92, 9.06, and 10.28,
respectively. Potassium-doped tungsten oxide nanowires showed an approximately 30%
higher response to 20 ppm of ethanol than undoped tungsten oxide nanowires. This may
be attributed to the following factors: (1) Doped metal ions inhibited the lattice growth in
tungsten oxide nanowires; with smaller grain size, there would be more grain boundaries,
resulting in a shortening of the average free radius of electrons more easily trapped by
oxygen in the air to form superoxide radicals. (2) The doping led to a phase transition from
monoclinic to hexagonal tungsten oxide nanowires; the hexagonal and trigonal tunneling
structures allow faster electron transport.

4. Conclusions

In this work, tungsten oxide nanowires with good crystallinity were successfully
synthesized in a three-zone tube furnace; manganese-doped and potassium-doped tungsten
oxide nanowires with excellent morphology, and high density and aspect ratio were grown
by chemical vapor deposition through a single step. Doping of manganese or potassium
structurally changed the tungsten oxide nanowire from a stable monoclinic phase to
hexagonal phase. XPS analysis showed that the binding energies of tungsten and oxygen
atoms in the nanowire after doping were significantly shifted, indicating the change in the
original tungsten oxide nanowire chemical state due to the doping. In the photodegradation
experiment of methylene blue, the photocatalytic efficiency of manganese-doped and
potassium-doped tungsten oxide nanowires was better than that of undoped tungsten
oxide nanowires; after 150 min, the degradation efficiency of manganese-doped tungsten
oxide nanowires was 17.5% higher than that of undoped tungsten oxide nanowires. In the
gas sensing experiment, the single hexagonal phase brought the best gas sensing sensitivity;
at 250 ◦C, the potassium-doped tungsten oxide nanowires improved the response to
20 ppm of ethanol by ~30% as compared with the undoped tungsten oxide nanowires.
The synthesized manganese-doped and potassium-doped tungsten oxide nanowires are
excellent choices for the photocatalysis of wastewater treatment under visible 1light and
for gas sensing of ethanol.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/nano12071208/s1, Figure S1—EDS analysis of (a) Mn-doped WO3 NW and (b) K-doped WO3
NW. Figure S2—EDS mapping of (a) Mn-doped WO3 NW and (b) K-doped WO3 NW. Figure S3—
Schematic illustration for the preparation of electrical measurement micro-device: (a) Paste copper
mesh on a silicon substrate with silicon dioxide; (b) deposit silver as a conductive layer; (c) drip
nanowire solution; (d) connect the nanowire with electrodes by FIB. Figure S4—Schematic illustration
of electrical resistivity measurements of a single nanowire. (a) The relative position and label of the
electrode and nanowire; (b) the electrode under low magnification; (c) SEM image of the nanowire
connected to electrodes; (d) HRSEM image of the nanowire. Figure S5—I–V measurements of single
WO3 nanowire: (a) R13+, (b) R13−, (c) R14+, (d) R14−, (e) R23+, (f) R23−, (g) R24+, and (h) R24−.

https://www.mdpi.com/article/10.3390/nano12071208/s1
https://www.mdpi.com/article/10.3390/nano12071208/s1
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Figure S6—I–V measurements of single Mn-doped WO3 nanowire: (a) R13+, (b) R13−, (c) R14+,
(d) R14−, (e) R23+, (f) R23−, (g) R24+, and (h) R24−. Figure S7—I–V measurements of single K-
doped WO3 nanowire: (a) R13+, (b) R13−, (c) R14+, (d) R14−, (e) R23+, (f) R23−, (g) R24+, and
(h) R24. Figure S8—XPS analysis for the tungsten oxide nanowires in W4f energy level: (a) undoped
nanowires, (b) Mn-doped nanowires, and (c) K-doped nanowires.

Author Contributions: Conceptualization, P.-R.C. and K.-C.L.; data curation, P.-R.C.; formal analysis,
P.-R.C.; supervision, K.-C.L.; writing—original draft, P.-R.C.; writing—review and editing, H.-W.F.,
S.-M.Y. and K.-C.L. All authors have read and agreed to the published version of the manuscript.

Funding: This research was supported by the Ministry of Science and Technology of Taiwan through
Grant MOST 108-2221-E-006-139-MY3. The research was also supported in part by Higher Education
Sprout Project, Ministry of Education to the Headquarters of University Advancement at National
Cheng Kung University (NCKU). The authors acknowledge the use of EM000800 of MOST 110-2731-
M-006-001 belonging to the Core Facility Center of National Cheng Kung University.

Conflicts of Interest: The authors declare that they have no competing interest.

References
1. Mohammad, A.; Khan, M.E.; Yoon, T.; Cho, M.H. Na,O-co-doped-graphitic-carbon nitride (Na,O-g-C3N4) for nonenzymatic

electrochemical sensing of hydrogen peroxide. Appl. Surf. Sci. 2020, 525, 146353. [CrossRef]
2. Pal, B.; Vijayan, B.L.; Krishnan, S.G.; Harilal, M.; Basirun, W.J.; Lowe, A.; Yusoff, M.M.; Jose, R. Hydrothermal syntheses of

tungsten doped TiO2 and TiO2/WO3. J. Alloys Compd. 2018, 740, 703–710. [CrossRef]
3. Huang, K.; Zhang, Q. Rechargeable lithium battery based on a single hexagonal tungsten trioxide nanowire. Nano Energy 2012, 1,

172–175. [CrossRef]
4. Zhang, W.H.; Yue, L.; Zhang, F.; Zhang, Q.F.; Gui, X.C.; Guan, R.F.; Hou, G.H.; Xu, N. One-step in situ synthesis of ultrathin

tungsten oxide@carbon nanowire webs as an anode material for high performance. J. Mater. Chem. A 2015, 3, 6102–6109.
[CrossRef]

5. Huang, K.; Pan, Q.T.; Yang, F.; Ni, S.B.; He, D.Y. Synthesis and field-emission properties of the tungsten oxide nanowire arrays.
Physica E 2007, 39, 219–222. [CrossRef]

6. Chakrapani, V.; Thangala, J.; Sunkara, M.K. WO3 and W2N nanowire arrays for photoelectrochemical hydrogen production. Int.
J. Hydrogen Energy 2009, 34, 9050–9059. [CrossRef]

7. Li, Y.; Chopra, N. Structural evolution of cobalt oxide–tungsten oxide nanowire heterostructures for photocatalysis. J. Catal. 2015,
329, 514–521. [CrossRef]

8. Zhao, B.S.; Qiang, X.Y.; Qin, Y.; Hu, M. Tungsten oxide nanowire gas sensor preparation and P-type NO2 sensing properties at
room temperature. Acta Phys. Sin. 2018, 67, 8.

9. Tomic, M.; Setka, M.; Chmela, O.; Gracia, I.; Figueras, E.; Cane, C.; Vallejos, S. Cerium Oxide-Tungsten Oxide Core-Shell
Nanowire-Based Microsensors Sensitive to Acetone. Biosensors 2018, 8, 11. [CrossRef] [PubMed]

10. Li, Z.L.; Liu, F.; Xu, N.S.; Chen, J.; Deng, S.Z. A study of control growth of three-dimensional nanowire networks of tungsten
oxides: From aligned nanowires through hybrid nanostructures to 3D networks. J. Cryst. Growth 2010, 312, 520–526. [CrossRef]

11. Zhou, D.; Shi, F.; Xie, D.; Wang, D.H.; Xia, X.H.; Wang, X.L.; Gu, C.D.; Tu, J.P. Bi-functional Mo-doped WO3 nanowire array
electrochromism-plus electrochemical energy storage. J. Colloid Interface Sci. 2016, 465, 112–120. [CrossRef] [PubMed]

12. Xu, Z.L.; Tabata, I.; Hirogaki, K.; Hisada, K.; Wang, T.; Wang, S.; Hori, T. Preparation of platinum-loaded cubic tungsten oxide: A
highly efficient visible light-driven photocatalyst. Mater. Lett. 2011, 65, 1252–1256. [CrossRef]

13. Zheng, H.D.; Ou, J.Z.; Strano, M.S.; Kaner, R.B.; Mitchell, A.; Kalantar-Zadeh, K. Nanostructured Tungsten Oxide—Properties,
Synthesis, and Applications. Adv. Funct. Mater. 2011, 21, 2175–2196. [CrossRef]

14. Wang, Y.L.; Wang, X.L.; Li, Y.H.; Fang, L.J.; Zhao, J.J.; Du, X.L.; Chen, A.P.; Yang, H.G. Controllable Synthesis of Hexagonal WO3
Nanoplates for Efficient Visible-Light-Driven Photocatalytic Oxygen Production. Chem. Asian J. 2017, 12, 387–391. [CrossRef]
[PubMed]

15. Xie, F.Y.; Gong, L.; Liu, X.; Tao, Y.T.; Zhang, W.H.; Chen, S.H.; Meng, H.; Chen, J. XPS studies on surface reduction of tungsten
oxide nanowire film by Ar+ bombardment. J. Electron. Spectros. Relat. Phenomena 2012, 185, 112–118. [CrossRef]

16. Khan, M.E.; Khan, M.M.; Cho, M.H. Fabrication of WO3 nanorods on graphene nanosheets for improved visible light-induced
photocapacitive and photocatalytic performance. RSC Adv. 2016, 6, 20824–20833. [CrossRef]

17. Szilágyi, I.M.; Madarász, J.; Pokol, G.; Király, P.; Tárkányi, G.; Saukko, S.; Mizsei, J.; Tóth, A.L.; Szabó, A.; Josepovits, K.V. Stability
and Controlled Composition of Hexagonal WO3. Chem. Mater. 2008, 20, 4116–4125. [CrossRef]

18. Zhu, M.S.; Meng, W.J.; Huang, Y.; Huang, Y.; Zhi, C.Y. Proton-Insertion-Enhanced Pseudocapacitance Based on the Assembly
Structure of Tungsten Oxide. ACS Appl. Mater. Interfaces 2014, 6, 18901–18910. [CrossRef] [PubMed]

19. Nwanya, A.C.; Jafta, C.J.; Ejikeme, P.M.; Ugwuoke, P.E.; Reddy, M.V.; Osuji, R.U.; Ozoemena, K.I.; Ezema, F.I. Electrochromic
and electrochemical capacitive properties of tungsten oxide and its polyaniline nanocomposite films obtained by chemical bath
deposition method. Electrochim. Acta 2014, 128, 218–225. [CrossRef]

http://doi.org/10.1016/j.apsusc.2020.146353
http://doi.org/10.1016/j.jallcom.2018.01.065
http://doi.org/10.1016/j.nanoen.2011.08.005
http://doi.org/10.1039/C4TA06262K
http://doi.org/10.1016/j.physe.2007.04.007
http://doi.org/10.1016/j.ijhydene.2009.09.031
http://doi.org/10.1016/j.jcat.2015.06.015
http://doi.org/10.3390/bios8040116
http://www.ncbi.nlm.nih.gov/pubmed/30477177
http://doi.org/10.1016/j.jcrysgro.2009.11.036
http://doi.org/10.1016/j.jcis.2015.11.068
http://www.ncbi.nlm.nih.gov/pubmed/26669497
http://doi.org/10.1016/j.matlet.2010.12.011
http://doi.org/10.1002/adfm.201002477
http://doi.org/10.1002/asia.201601471
http://www.ncbi.nlm.nih.gov/pubmed/28035735
http://doi.org/10.1016/j.elspec.2012.01.004
http://doi.org/10.1039/C5RA24575C
http://doi.org/10.1021/cm800668x
http://doi.org/10.1021/am504756u
http://www.ncbi.nlm.nih.gov/pubmed/25280251
http://doi.org/10.1016/j.electacta.2013.10.002


Nanomaterials 2022, 12, 1208 13 of 13

20. Su, J.Z.; Feng, X.J.; Sloppy, J.D.; Guo, L.J.; Grimes, C.A. Vertically Aligned WO3 Nanowire Arrays Grown Directly on Transparent
Conducting Oxide Coated Glass: Synthesis and Photoelectrochemical Properties. Nano Lett. 2011, 11, 203–208. [CrossRef]

21. Kunyapat, T.; Xu, F.; Neate, N.; Wang, N.N.; De Sanctis, A.; Russo, S.; Zhang, S.W.; Xia, Y.D.; Zhu, Y.Q. Ce-Doped bundled ultrafine
diameter tungsten oxide nanowires with enhanced electrochromic performance. Nanoscale 2018, 10, 4718–4726. [CrossRef]
[PubMed]

22. Chen, Y.Y.; Yang, S.M.; Lu, K.C. Synthesis of High-Density Indium Oxide Nanowires with Low Electrical Resistivity. Nanomaterials
2020, 10, 2100. [CrossRef] [PubMed]

23. Yang, S.M.; Yen, H.K.; Lu, K.C. Synthesis and Characterization of Indium Tin oxide Nanowires with Surface Modification with
Silver Nanoparticles by Electrochemical Method. Nanomaterials 2022, 12, 897. [CrossRef] [PubMed]

24. Huang, W.J.; Yang, S.M.; Liao, T.T.; Lu, K.C. Synthesis of morphology-improved single-crystalline iron silicide nanowires with
enhanced physical characteristics. CrystEngComm 2021, 23, 3270–3275. [CrossRef]

25. Gu, W.; Choi, H.; Kim, K.K. Universal approach to accurate resistivity measurement for a single nanowire: Theory and application.
Appl. Phys. 2006, 89, 253102. [CrossRef]

26. Huang, M.H.; Naresh, G.; Chen, H.S. Facet-Dependent Electrical, Photocatalytic, and Optical Properties of Semiconductor
Crystals and Their Implications for Applications. ACS Appl. Mater. Interfaces 2018, 10, 4–15. [CrossRef]

27. Chandrasekaran, S.; Zhang, P.X.; Peng, F.; Bowen, C.; Huo, J.; Deng, L.B. Tailoring the geometric and electronic structure of
tungsten oxide with manganese or vanadium doping toward highly efficient electrochemical and photoelectrochemical water
splitting. J. Mater. Chem. A 2019, 7, 6161–6172. [CrossRef]

28. Kalanur, S.S.; Yoo, I.H.; Seo, H. Fundamental investigation of Ti doped WO3 photoanode and their influence on photoelectro-
chemical water splitting activity. Electrochim. Acta 2017, 254, 348–357. [CrossRef]

29. Dalavi, D.S.; Devan, R.S.; Patil, R.A.; Patil, R.S.; Ma, Y.R.; Sadale, S.B.; Kim, I.; Kim, J.H.; Patil, P.S. Efficient electrochromic
performance of nanoparticulate WO3 thin films. J. Mater. Chem. C 2013, 1, 3722–3728. [CrossRef]

30. Saasa, V.; Malwela, T.; Lemmer, Y.; Beukes, M.; Mwakikunga, B. The hierarchical nanostructured Co-doped WO3/carbon and
their improved acetone sensing perfomance. Mater. Sci. Semicond. Process 2020, 117, 9. [CrossRef]

31. Zhang, Y.D.; Hou, T.T.; Xu, Q.; Wang, Q.Y.; Bai, Y.; Yang, S.K.; Rao, D.W.; Wu, L.H.; Pan, H.B.; Chen, J.F.; et al. Dual-Metal Sites
Boosting Polarization of Nitrogen Molecules for Efficient Nitrogen Photofixation. Adv. Sci. 2021, 8, 2100302. [CrossRef]

32. Ding, J.; Zhanga, L.; Liua, Q.; Dai, W.L.; Guan, G. Synergistic effects of electronic structure of WO3 nanorods with the dominant
{001} exposed facets combined with silver size-dependent on the visible-light photocatalytic activity. Appl. Catal. B 2017, 203,
335–342. [CrossRef]

33. Liang, Y.C.; Chang, C.W. Preparation of Orthorhombic WO3 Thin Films and Their Crystal Quality-Dependent Dye Photodegrada-
tion Ability. Coatings 2019, 9, 90. [CrossRef]

34. Chiang, Y.J.; Pan, F.M. PdO Nanoflake Thin Films for CO Gas Sensing at Low Temperatures. J. Phys. Chem. C 2013, 117,
15593–15601. [CrossRef]

35. Singh, O.; Kohli, N.; Singh, R.C. Precursor controlled morphology of zinc oxide and its sensing behaviour. Sens. Actuators
B—Chem. 2013, 178, 149–154. [CrossRef]

36. Ahsan, M.; Ahmad, M.Z.; Tesfamichael, T.; Bell, J.; Wlodarski, W.; Motta, N. Low temperature response of nanostructured
tungsten oxide thin films toward hydrogen and ethanol. Sens. Actuators B—Chem. 2012, 173, 789–796. [CrossRef]

http://doi.org/10.1021/nl1034573
http://doi.org/10.1039/C7NR08385H
http://www.ncbi.nlm.nih.gov/pubmed/29464250
http://doi.org/10.3390/nano10112100
http://www.ncbi.nlm.nih.gov/pubmed/33113939
http://doi.org/10.3390/nano12060897
http://www.ncbi.nlm.nih.gov/pubmed/35335710
http://doi.org/10.1039/D1CE00267H
http://doi.org/10.1063/1.2405400
http://doi.org/10.1021/acsami.7b15828
http://doi.org/10.1039/C8TA12238E
http://doi.org/10.1016/j.electacta.2017.09.142
http://doi.org/10.1039/c3tc30378k
http://doi.org/10.1016/j.mssp.2020.105157
http://doi.org/10.1002/advs.202100302
http://doi.org/10.1016/j.apcatb.2016.10.028
http://doi.org/10.3390/coatings9020090
http://doi.org/10.1021/jp402074w
http://doi.org/10.1016/j.snb.2012.12.053
http://doi.org/10.1016/j.snb.2012.07.108

	Introduction 
	Materials and Methods 
	Synthesis of Tungsten Oxide Nanowires 
	Synthesis of Manganese-Doped and Potassium-Doped Tungsten Oxide Nanowires 
	Electrical Measurements 
	Preparation of Gas-Sensing Micro-Devices 
	Photodegradation Experiments 
	Gas Sensing Experiments 

	Results 
	Synthesis and Characterization of WO3, Mn-Doped WO3, and K-Doped WO3 Nanowires 
	Photodegradation of Methlene Blue 
	Gas Sensing Mechanism 
	Gas Sensing Properties 

	Conclusions 
	References

