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ABSTRACT  7 

Oxygen vacancies were introduced into tungsten oxide (WO3) rods by irradiation with H2
+, He+ or 8 

Ar+ ions and/or vacuum annealing. The surface chemical bonding states and visible light 9 

photocatalytic properties of these materials were subsequently assessed. Although the irradiated 10 

surfaces were contaminated with carbon and silicon species during ion irradiation, vacuum 11 

annealing at 500 °C decreased the extent of carbon contamination and increased the concentration 12 

of lattice oxygen species related to a surface WO3-x phase. The irradiated WO3-x rods exhibited 13 

low photocatalytic efficiencies during the degradation of rhodamine 6G compared with pristine 14 

WO3 rods, possibly due to the existence of contamination and oxygen vacancies. Vacuum-15 

annealed WO3-x rods having a green coloration exhibited high photocatalytic efficiency as a result 16 

of enhanced visible light absorption and the low concentration of both surface contamination and 17 

vacancies. 18 
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1. Introduction 26 
Tungsten oxide (WO3) has attracted much attention as a photocatalyst [1,2] and as a component of 27 

gas sensors [3], surface-enhanced Raman scattering (SERS) sensors [4,5] and photochromic 28 

devices [6,7]. This oxide has a narrow band gap of 2.5 eV and is known to function as an efficient 29 

visible-light-active photocatalyst. A nonstoichiometric tungsten oxide phase (WO3-x) can also be 30 

synthesized by annealing [8,9], chemical vapor deposition [10] or ion irradiation [11-14]. In 31 

addition, the nuclear collisions occurring during ion irradiation of the oxide can generate oxygen 32 

vacancies that act as donor defects. The introduction of oxygen vacancies into WO3 can change its 33 

coloration from yellow to blue [14], suggesting applications as a chromic material. Like WO3-x, 34 

tungsten bronze (HxWO3) displays a blue color and thus has various electrochromic uses [15,16]. 35 

In fact, WO3-x thin films fabricated by ion irradiation have a number of unique properties that may 36 

allow for various applications. As an example, WO3-x thin films synthesized by Ar+ irradiation 37 

followed by vacuum annealing exhibit excellent SERS sensitivity [17]. In addition, the room 38 

temperature ferromagnetism of tungsten oxide films is enhanced by Ar+ irradiation [18]. It has also 39 

been reported that the methane gas-sensing properties of these materials are improved by Ar+ 40 

irradiation [19]. Surface reduction of tungsten oxide nanowire film was also performed by Ar+ 41 

bombardment with low ion beam voltage to produce uniform tungsten corn arrays [20].  42 

The effects of ion irradiation on photocatalytic properties of WO3 has not been clarified yet. In 43 

the case of photocatalysis, oxygen vacancies have been shown to have both positive and negative 44 

effects. WO3-x nanoparticles synthesized via a plasma incident on a liquid [21], thermal reduction 45 

by H2 gas [22] and low temperature annealing in an alcohol [23] have exhibited enhanced organic 46 

dye photodegradation properties. In addition, WO3-x nanoparticles synthesized via hydrogen 47 

plasma treatment showed enhanced photocatalytic O2 evolution properties from water oxidation 48 

[24]. Conversely, WO3-x nanoparticles produced under a mixture of gaseous H2 and N2 did not 49 

decompose acetaldehyde [25]. Vacuum-annealed WO3-x particles have also shown different 50 

photocatalytic properties depending on the annealing temperature. Specifically, samples treated at 51 

low and high temperatures have demonstrated excellent and poor promotion of the water oxidation 52 

reaction, respectively [26]. For considering the effects of ion irradiation on photocatalytic 53 

properties, carbon contamination on the surface of the catalysts also should be examined. It has 54 

been known that carbon incorporation often occurs during ion irradiation [27,28]. In our previous 55 

study, carbon contamination was also introduced by He+ irradiation and subsequent effects of 56 
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thermal oxidation of Cu was verified [29]. Also, He+ irradiation and the carbon contamination 57 

introduction into Cu showed the rapid growth of CuO during the subsequent oxidation in alkaline 58 

solution conditions [30]. 59 

In the present study, WO3 rods were synthesized and then irradiated with either H2
+, He+ or Ar+ 60 

ions at room temperature. We selected different kinds of gas phase ions and compared their effects 61 

on defects amounts and microstructure evolutions. In applications involving photocatalysis or 62 

SERS, it is important to control surface defects and contaminations. Thus, both pristine and 63 

irradiated rods were subjected to vacuum annealing. The surface structures, bonding states and 64 

visible light photocatalytic properties of the resulting materials were investigated. The 65 

relationships between the defect introduction process and visible light photocatalytic properties 66 

are discussed herein based on the results observed. 67 

 68 

2. Material and methods 69 

2.1. Sample Synthesis 70 

Tungsten rods (φ 2 mm, purity 99.95%) were purchased from Nilaco (Tokyo, Japan). Pristine WO3 71 

rods were synthesized by calcination of these tungsten rods in air at 800 °C for 2 h. Ion irradiation 72 

of the pristine WO3 rods was performed using the 300 keV ion accelerator at the High Voltage 73 

Electron Microscope Laboratory located at Hokkaido University [31]. The pressure of sample 74 

chamber during ion irradiation was ~1.3×10-4 Pa. The irradiation was conducted at room 75 

temperature with a 100 keV acceleration voltage. These rods were irradiated with H2
+ ions at a 76 

fluence of either 1.0×1016 or 1.0×1017 ions/cm2 while He+ and Ar+ ions were supplied at a fluence 77 

of 5.0×1016 and 1.0×1016 ions/cm2, respectively. Samples of both pristine and irradiated WO3 rods 78 

were annealed under vacuum (5.0×10-5 Pa) at 500 °C for 4 h. In preparation for cross-sectional 79 

micrographs, WO3 rods were cut using an Isomet low speed saw (Buehler, Illinois, USA).  80 

 81 

2.2. Characterization  82 

Parallel beam X-ray diffraction (XRD) analyses were performed by a Smartlab diffractometer 83 

using Cu Kα radiation (Rigaku, Tokyo, Japan) to investigate the surface crystal structures of the 84 

rods. The grazing incidence angle of 1 ° was applied to the analyses. The morphologies of the rods 85 

were also observed by a JSM-7001FA field emission scanning electron microscope (FE-SEM, 86 

JEOL, Tokyo, Japan) equipped with an energy dispersive spectroscope (EDS), applying an 87 
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accelerating voltage of 15 kV. Chemical bonding states were assessed by an XploRA confocal 88 

Raman microscope (Horiba, Kyoto, Japan) with a laser wavelength of 532 nm in conjunction with 89 

a 2400 groove/nm grating. Surface chemical bonding states were analyzed by X-ray photoelectron 90 

spectrometer (XPS, JEOL, JPS-9200) with Mg Kα radiation. The prepared samples were stored in 91 

desiccator decompressed with a rotary pump prior to loading into the spectrometer. The prepared 92 

samples were analyzed by some equipments (Raman or XRD) in air, thus samples were exposed 93 

to ambient air for less than several hours prior to XPS analysis. In preparation for these assessments, 94 

the rods were fixed on a sample holder using carbon tape. The base pressure during spectra 95 

acquisition was better than 5.0 ×10-6 Pa achieved by turbomolecular pump. The electron emission 96 

angle was 0 ° and the size of sample analyzed area was 1.0 mm in diameter. Sputter-etching or 97 

charge neutralizer was not used during the analysis. The binding energy values of the resulting 98 

spectra were calibrated by using the work function method [32]. The work function of WO3-x was 99 

reported to be 4.7 eV [33], thus the binding energy of C 1s peak was calibrated at 284.88 eV in the 100 

present work. Damage profiles following the ion irradiation of WO3 samples were examined using 101 

the Stopping and Range of Ions in Matter (SRIM) program based on calculations performed in the 102 

full-cascade mode using the SRIM 2013 software. During these calculations, the sample density 103 

and threshold displacement energy values for the W and O sub-lattices were set to 7.16 g/cm3 and 104 

85 and 40 eV, respectively. Ultraviolet-visible (UV-vis) diffuse reflectance spectra were acquired 105 

with a V770 spectrophotometer (JASCO, Tokyo, Japan).  106 

The photocatalytic decomposition of rhodamine 6G (Rh6G) by various specimens was 107 

examined under visible light. In these trials, an aqueous solution of Rh6G (10-5 M) was prepared. 108 

The concentrations of Rh6G in contact with 24 mm rod specimens before and after light exposure 109 

were tracked by measuring the absorbance of the solution at the maximum absorbance wavelength 110 

of 526 nm using a JASCO V630 spectrophotometer. These trials were performed in quartz cells 111 

containing the Rh6G solution and rods. In each case, the cell was allowed to stand in the dark for 112 

60 min to ensure absorption-desorption equilibrium, after which six cycles of 30 min light 113 

irradiation per cycle were applied. After each cycle, the rod was removed from the cell and the 114 

absorbance of the solution at 526 nm was measured. The cells were irradiated using a 150 W xenon 115 

lamp (XEF-152S, KenkoTokina, Tokyo, Japan) with an output of approximately 70,000 lux as 116 

determined using an LM-332 digital illuminance meter (AS ONE, Osaka, Japan). 117 

 118 
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3. Results and discussion 119 

Figure 1 presents photographic images of the tungsten oxide rods used in this study. Figure 1(a) 120 

shows the synthesized oxide rods, which exhibited a yellow coloration typical of WO3. These are 121 

referred to herein as the pristine rods. As shown in Fig. 1(b), the oxide rods were masked prior to 122 

ion irradiation so that only a selected area was exposed to the ions in each case. Images of oxide 123 

rod specimens after ion irradiation at a fluence of 1016 ions/cm2 are provided in Fig. 1(c) and 124 

demonstrate that the irradiated areas had an obvious blue color, confirming that selected area ion 125 

irradiation was successfully performed. Interestingly, despite using similar fluences, the blue color 126 

became darker in the order of H2
+ to He+ to Ar+. During the present work, a normalized grayscale 127 

value (NGV) system based on dividing the grayscale value of the blue area by that of the non-128 

irradiated (yellow) area was employed. The NGVs for the specimens irradiated with H2
+, He+ and 129 

Ar+ were determined to be 0.48, 0.42, and 0.40, respectively. Figure 1(d) presents images of 130 

specimens irradiated with H2
+ ions at 1016 and 1017 ions/cm2. These images confirm that a higher 131 

irradiation fluence resulted in a darker blue color. The vacuum annealing of pristine WO3 rods was 132 

found to also change the color of the oxide. but to a deep green as shown in Fig. 1(e).  133 

Variations in the surface structures resulting from ion irradiation were assessed by acquiring 134 

parallel beam XRD patterns, and Fig. 2 shows the XRD patterns obtained from both pristine and 135 

irradiated WO3 rods. The noise of the profile of H2
+-irradiated rod is maybe due to degradation of 136 

X-ray tube. The diffraction peaks generated by the pristine rods were indexed to a monoclinic WO3 137 

phase (PDF# 00-043-1035) and the irradiated samples were also monoclinic phases. Irradiation 138 

was expected to generate oxygen-deficient WO3-x, thus a slight change in the profiles were 139 

observed, but it was difficult to discuss defects state from the patterns. 140 

Cross-sectional and surface morphologies were observed by scanning electron microscopy 141 

(SEM), as shown in Fig. 3. Figure 3(a) and (b) presents cross-sectional and surface images of the 142 

pristine WO3 rods, respectively, and demonstrates that tungsten oxide layers were formed on the 143 

outer surfaces of the rods. Interfaces between the outer oxide and inner metal can also be clearly 144 

observed in these images, with an estimated oxide thickness of approximately 200 µm. The results 145 

of EDS analysis (Fig. S1) showed that oxygen was detected only in the outer surface area. As 146 

shown in Fig. 3(b), the pristine WO3 rods comprised submicron oxide particles. Although the 147 

surface morphologies of the vacuum-annealed rods (Fig. 3(c)) and the He+ irradiated rods (Fig. 148 

3(d)) were similar to that of the pristine material, the morphology after Ar+ irradiation (Fig. 3(e) 149 
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and 3(f)) was somewhat different. As shown in Fig. 3(e), the grain boundaries between oxide 150 

particles were not readily apparent following Ar+ irradiation. This phenomenon is attributed to the 151 

Ar+ sputtering effect. For instance, the effect of re-deposition of the sputtered chemical species 152 

would occur. The sputtering yield associated with the present irradiation conditions was calculated 153 

using SRIM simulations and values of 5.09 and 0.01 atoms/ion were determined for Ar+ and He+ 154 

irradiation, respectively. On this basis, sputtering would be expected to occur in the case of Ar+ 155 

irradiation. As shown in Fig. 3(f), some particles were not readily apparent, but others were 156 

apparent by Ar+ irradiation followed by vacuum annealing. 157 

Figure 4 presents the Raman spectra obtained from the pristine and irradiated rods. The pristine 158 

sample generated a spectrum containing bands at 716 and 806 cm-1 that are ascribed to O-W-O 159 

stretching modes [34] along with bands at 272 and 325 cm-1 resulting from O-W-O bending modes 160 

and a peak at 133 cm-1 corresponding to a lattice vibration mode [34]. Although the Raman 161 

spectrum of the rods exposed to H2
+ ions was similar to that of the pristine rods, the spectra 162 

generated by the materials treated with He+ or Ar+ exhibited peak positions shifted toward lower 163 

wavenumbers. In addition, the full width at half maximum of the peaks became broader by ion 164 

irradiation. Raman peaks shifts and broadening caused by oxygen vacancies have previously been 165 

observed in metal oxide systems [35,36]. Thus, the results of our study suggest that oxygen 166 

vacancies were formed during irradiation with either He+ or Ar+ ions. 167 

Figure 5 provides XPS wide-scan spectra of pristine, vacuum-annealed and irradiated rods, 168 

which showed the existence of carbon, oxygen and tungsten element in all specimens. The 169 

irradiated rods showed the stronger C 1s peak intensities compared with those of pristine and 170 

vacuum-annealed rods. In particular, He+ irradiated rods, which has the largest fluence value, 171 

showed the strongest C 1s peak intensity among irradiated rods. The increase of carbon peak 172 

intensity was caused by surface contamination introduced during ion irradiation, which was also 173 

confirmed in our previous study of Cu system [29, 30]. The carbon contamination of the rods 174 

exposed to Ar+ ions was reduced by subjecting the material to vacuum annealing (see the spectra 175 

labeled Ar+_Vac. 500 °C rod in Fig. 5). In addition, the low intensity Si 2s and 2p peaks were 176 

detected in the spectra of irradiated rods except the rod exposed to H2
+ ions. The silicon species 177 

would also originate from the contamination during ion irradiation. The origin of Si and C would 178 

be the residual gas of silicone oil and/or sample fixture in the irradiation chamber. Figure 6 shows 179 

the core-level spectra of the prepared tungsten oxide rods. Fig. 6(a) shows W 4f spectra. As shown 180 
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in Fig. 6(a), the spectrum of the pristine WO3 rods exhibits W 4f7/2 and W 4f5/2 spin-orbit doublet 181 

peaks at 35.3 and 37.4 eV, respectively, corresponding to the W6+ oxidation state. In the spectra 182 

obtained from the vacuum-annealed rod (Fig. 6(a)), the W 4f7/2 and 4f5/2 peaks were slightly shifted 183 

to higher energies (a shift of 0.2 eV). This shift would be caused by oxygen vacancies formation 184 

by segregation of oxygen toward the surface during vacuum annealing [37,38]. For pristine, 185 

vacuum-annealed, H2
+-irradiated and Ar+-irradiated rods, peak fitting analyses were carried out 186 

and the results were shown in Fig. S2. In the previous study, the doublet peaks corresponding to 187 

W5+ peaks were observed for ion-irradiated WO3 [14,18]. The increase in the relative proportion 188 

of W5+ species following Ar+ irradiation indicates that ion irradiation generated a large number of 189 

oxygen vacancies compared with vacuum-annealed rod. In the case of H2
+ irradiation, the 190 

formation of both HxWO3 and oxygen vacancies could occur. The results of a previous study 191 

suggested that the production of HxWO3 was the dominant carrier-generation mechanism in WO3 192 

during H+ ion irradiation [11]. Further study on depth-dependent analyses of bonding states would 193 

be needed to clarify the HxWO3 species, which was characterized in a recent study [39]. In contrast 194 

to vacuum annealing, ion irradiation causes depth-dependent vacancy distributions, and Fig. S3 195 

provides depth profiles of tungsten and oxygen vacancies following 100 keV irradiation as 196 

simulated using the SRIM program. It is apparent from Fig. S3(a) and (b) that higher 197 

concentrations of oxygen vacancies should be formed compared with tungsten vacancies and the 198 

maximum damage was predicted to occur at depths of approximately 400 and 50 nm in conjunction 199 

with He+ and Ar+ irradiation, respectively. The defects information in bulk is important for 200 

considering the photocatalytic properties, which will be discussed later. 201 

Fig. 6(b) shows the XPS spectra of O 1s. The peak at 530.1 eV seen in the spectrum of the 202 

pristine rods corresponds to lattice oxygen in WO3 [40] and the spectrum acquired from the 203 

vacuum-annealed rods showed the peak at 530.3 eV, meaning that this peak was slightly shifted 204 

to higher binding energy compared with the pristine rods. This shift of O 1s spectra was consistent 205 

with the shift of W 4f spectra. The H2
+-, He+- and Ar+-irradiated rods showed the similar lattice 206 

oxygen peak in addition to a new peak at 532.3 eV that would be attributed to C-O and C=O 207 

species [41]. This species would be formed by surface contamination by ion irradiation and the 208 

following air exposure. The XPS spectra of C 1s are shown in Fig. 6(c). The Ar+-irradiated 209 

specimens were subjected to vacuum annealing and the W 4f and O 1s spectra of this material are 210 

shown in the bottom of Fig. 6(a) and (b), respectively. The W 4f peaks and lattice oxygen peak of 211 
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O 1s were shifted to higher binding energy compared with the pristine rods or rods treated with 212 

vacuum annealing but not irradiation. Compared with surface contamination peak at 532.8 eV, the 213 

lattice oxygen peak at 531.0 eV showed strong intensities. The shift of peak to higher binding 214 

energy is ascribed to the presence of WO3-x phases in the rods. The diffusion of interstitials and 215 

vacancies during vacuum annealing would be expected to modify the surface structures of these 216 

rods to form WO3-x phases. The appearance of a sharp lattice oxygen peak after vacuum annealing 217 

is an important result with regard to potential applications of ion-irradiated WO3 to SERS. In 218 

previous research, the Ar+ irradiation of a WO3 film followed by vacuum annealing enhanced the 219 

sensitivity with which this oxide responded to dye molecules during SERS, whereas ion irradiation 220 

without the annealing did not have this effect [17]. The XPS spectra indicate that carbon 221 

contaminations covered the irradiated surfaces of the rods, and these species could possibly impede 222 

charge transfer between the WO3-x surface and dye molecules. However, vacuum annealing would 223 

enhance the effectiveness of surface lattice oxygen species, which would be conducive to charge 224 

transfer between adsorbed molecules and the oxide.  225 

The photocatalytic properties of the prepared tungsten oxide rods were evaluated under visible 226 

light and Fig. 7(a) plots the relative Rh6G concentration (C/C0) values over time. The 227 

photocatalytic decomposition kinetics of Rh6G can be explained by pseudo first-order kinetics 228 

with the equation of ln(C0/C) = kt (k: reaction rate constant, t: time) [21]. The photocatalytic 229 

decomposition plots of Rh6G in Fig. 7(a) followed the pseudo first-order kinetics model as shown 230 

in Fig. S4. The photocatalytic efficiency of the rods irradiated with H2
+ at a fluence of 1016 ions/cm2 231 

was lower than that of the pristine WO3 rods. The surface carbon contamination of the rods 232 

exposed to Ar+ ions, as well as the concentration of irradiation-induced defects, was reduced by 233 

subjecting the material to vacuum annealing (see the line labeled Ar+_Vac. 500 °C rod in Fig. 7(a)) 234 

and then evaluating the photocatalytic properties. However, the photocatalytic efficiency of this 235 

material was also lower than that of the pristine rods. It is known that oxygen vacancies in WO3 236 

often act as recombination centers for electrons and holes during photocatalysis [26] and so oxygen 237 

vacancies formed by ion irradiation would be expected to decrease photocatalytic efficiency. In 238 

contrast, vacuum-annealed rods without ion irradiation showed higher photocatalytic efficiency 239 

than that of the pristine rods, suggesting that the catalytic properties could be modified by varying 240 

the method by which oxygen vacancies are introduced. The better photocatalytic properties of 241 

vacuum-annealed rods were also confirmed by the photocatalytic tests with short-length specimens 242 
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as shown in Fig. S5. Fig. 7(b) shows the UV-vis diffuse reflectance spectra of tungsten oxide 243 

powders scraped off the rod surfaces. These spectra demonstrate that visible light absorption above 244 

470 nm was improved after vacuum annealing. Similar absorption properties were also previously 245 

reported for other blue-green tungsten oxide samples containing high concentrations of oxygen 246 

vacancies [21,26,36]. 247 

On the basis of the above results, we concluded that the vacuum-annealed green rods exhibited 248 

enhanced absorption in the visible light region as a consequence of the small amount of 249 

contaminations and oxygen vacancies on the rod surfaces, which in turn provided high 250 

photocatalytic efficiency. Although ion irradiation also would enhance the visible light absorption 251 

properties of the rods, numerous oxygen vacancies were formed on the surfaces and in the bulk of 252 

the materials. Therefore, electron-hole recombination would occur such that the photocatalytic 253 

efficiency would be reduced [26]. Also, irradiation-induced carbon and silicon contamination 254 

would inhibit the contact between oxide surfaces and dyes, which also results in the low efficiency. 255 

Although the present irradiation conditions did not improve the photocatalytic properties, 256 

optimizing the irradiation parameters could potentially induce enhanced catalysis. As an example, 257 

the SERS sensitivity of WO3 thin films exposed to Ar+ ions has been found to depend on the 258 

irradiation conditions [17]. In addition, it should be noted that the photocatalytic properties of TiO2 259 

system under ultraviolet irradiation can be improved by gas phase ion irradiation [42]. 260 

 261 

4. Conclusion 262 

Tungsten oxide rods irradiated with H2
+, He+ or Ar+ ions and subjected to vacuum annealing were 263 

prepared. This is the first report of a complete evaluation of XPS spectra of ion-irradiated WO3 264 

surface. Vacuum annealing caused shifts of W 4f and O 1s peaks to higher binding energies, and 265 

increased the proportion of W5+ slightly, indicating the lesser amounts of surface oxygen vacancies. 266 

The XPS wide-scan spectra showed that the surfaces of irradiated areas were contaminated with 267 

carbon and silicon species. The higher irradiation fluence caused the formation of more 268 

contamination, thus the contaminations were introduced during ion irradiation process. As a result 269 

of O 1s core-level spectra, a characteristic peak of contamination was appeared at ~532.3 eV in 270 

addition to a lattice oxygen peak. Vacuum annealing at 500 °C decreased the carbon contamination 271 

and increased the lattice oxygen species associated with a surface WO3-x phase. The increase of 272 

lattice oxygen species would be important with regard to potential applications of ion-irradiated 273 
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WO3 to SERS. The visible light photocatalytic decomposition of rhodamine 6G was first reported 274 

for ion-irradiated WO3. Samples in which WO3-x was generated by irradiation exhibited low 275 

photocatalytic efficiencies even when the contamination was decreased by vacuum annealing. 276 

Vacuum-annealed green WO3-x rods showed high photocatalytic efficiency as a consequence of 277 

the enhanced absorption of visible light and low concentration of contamination and vacancies. In 278 

the present study, irradiation-induced surface contamination was detected. Therefore, in addition 279 

to oxygen vacancies, contamination effects should be carefully evaluated for the photocatalytic or 280 

SERS applications of WO3 in the future study. 281 
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Fig. 1. Photographic images of fresh and ion-irradiated tungsten oxide rods. (a) A freshly 444 

synthesized (pristine) rod, (b) an oxide rod in the mask used during ion irradiation, (c) rods 445 

irradiated over selected areas at a fluence on the order of 1016 ions/cm2, (d) rods irradiated with 446 

H2
+ ions using different fluences, and (e) a rod after vacuum annealing at 500 °C for 4 h. Due to 447 

the unclear sample color on a white background, black background was used for vacuum-annealed 448 

rod. 449 
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 456 

Fig. 2. Parallel beam X-ray diffraction profiles of pristine and irradiated tungsten oxide rods. 457 
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 470 

Fig. 3. Cross-sectional and surface SEM images of tungsten oxide rods. (a, b) A pristine rod, (c) a 471 

vacuum-annealed rod without ion irradiation, (d, e) an ion-irradiated rod, and (f) a rod irradiated 472 

with Ar+ followed by vacuum annealing. Images acquired at an acceleration voltage of 15 kV. In 473 

the Fig. 3(a), oxide thickness was ~200 µm. The arrow in the Fig. 3(a) indicates the observation 474 

direction of the Fig. 3(b). 475 
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 489 

Fig. 4. Raman spectra of various tungsten oxide rod specimens. 490 
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 507 

Fig. 5. XPS wide-scan spectra obtained from various tungsten oxide rod specimens. 508 
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 516 

Fig. 6. XPS core-level spectra obtained from various tungsten oxide rod specimens. (a) W 4f 517 

spectra, (b) O 1s spectra, and (c) C 1s spectra. 518 
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 527 

Fig. 7. (a) Plots showing the photocatalytic degradation of rhodamine 6G in aqueous solution by 528 

tungsten oxide rods exposed to visible light. The insets show photographic images of the samples 529 

used for the photocatalytic tests (The picture of Ar+ is shown to indicate the irradiated area). (b) 530 

UV-vis diffuse reflectance spectra of tungsten oxide powders scraped off rods. 531 


