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Abstract: Tungsten trioxide nanorod arrays were deposited using aerosol assisted chemical 

vapour deposition. The electronic structure, defect chemistry, optical bandgap and 

photocatalytic activity were found to vary progressively with nanorod length. Nanorods less 

than 1 µm in length showed a widening of the optical bandgap (up to 3.1 eV), more disorder 

states within the bandgap, an absence of reduced tungsten cation states, and increased 

photocatalytic activity for destruction of a test organic pollutant (stearic acid) compared to 

nanorods of 2 µm length or greater which possessed bandgaps close to the bulk value for 

tungsten oxide (2.6 – 2.8 eV), the presence of reduced tungsten states (W4+), and lower 

photocatalytic activity. The results indicate that for maximum photocatalytic performance in 

organic pollutant degradation, tungsten oxide should be engineered such that the bandgap is 

widened relative to bulk WO3 to a value above 3 eV; although less photons are expected be 

absorbed, increases in the over-potential for oxidation reactions appear to more than offset 

this loss. It is also desirable to ensure the material remains defect free, or the defect 

concentration minimised, to minimise carrier recombination.  

 

1. Introduction 
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The bandgap and band edge positions of metal oxide semiconductors are crucial in 

photocatalytic applications and heterojunction design. Tungsten oxide possesses a band gap at 

around 2.6 eV, has valence band maximum (VBM) edge (vs. NHE) sufficiently positive to 

oxidise H2O producing intermediate hydroxyl (·OH) radicals, however the conduction band 

minimum (CBM) edge (vs. NHE) is insufficiently negative to reduce O2 to superoxide (O2·) 

and/or hydroperoxy (HO2·) radicals. This results in low photocatalytic activity for degradation 

of organic pollutants by oxidation with radicals.[1–5] 

 To enhance the photocatalytic performance, the potential strategies for band structure 

engineering include alloying, doping, or quantum confinement.[6–8] Recently, an attractive 

approach introduced oxygen vacancies (VO) in the lattice of ‘black’ TiO2 by hydrogen 

treatment, narrowing the band gap and enhancing the visible light absorption, boosting the 

photocatalytic activity.[9,10] However, high concentration of VO can cause a negative effect on 

the photocatalytic activity by acting as charge-recombination centres.[9] Therefore, controlling 

the level of VO plays an important role in defect engineering. The amount of VO in tungsten 

oxide was recently reported to be controlled through air-annealing at various temperatures 

(300 to 600 °C) and times (0.5 to 8 hours), giving improvements in photocatalytic activity and 

electrochemical performance.[11] 

Recently we have investigated the growth and properties of chemical vapour deposited 

(CVD) nanostructured tungsten oxide.[12] The appearance of defects in the direction 

perpendicular to NR growth was the driving force for formation of the 1D structure via a 

planar-defect-driven growth mechanism.[13] Herein, we study the growth of tungsten oxide 

nanorod (NR) array thin films, their one-dimensional (1D) nanostructure growth mechanism 

and the variable concentration of VO, and their influence on the photocatalytic properties of 

the deposited nanomaterial. We find that as the NR grow, the cross-section increases due to 

the coalescence of adjacent NRs and a change in the VO concentration is observed. Hence, the 
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VO concentration in 1D tungsten oxide deposited via aerosol assisted chemical vapour 

deposition (AACVD) is a function of the deposition time. The photocatalytic activity for 

degradation of stearic acid (SA) irradiated by UVA light (365 nm) was enhanced in the 

tungsten oxide NR array thin films with low VO concentration despite possessing wider band 

gaps (up to 3.1 eV) compared to arrays with a high concentration of VO (2.6 eV).  

2. Results and Discussion 

SEM was used to analyse the morphology of the deposited films, which were all 

comprised of arrays of NR (Figure S2 and S3). The length of the NRs is controlled by 

the deposition time, as shown via side-on SEM (Figure 1), with depositions 0.5, 1, 3, 

5, 10, 20 or 30 minutes long resulting in 350 ± 50, 500 ± 100, 750 ± 150, 1200 ± 200, 

1800 ± 400, 3000 ± 500, 4200 ± 550 nm in length respectively. 

Glancing angle XRD showed the as-synthesized samples adopted the monoclinic 

WO3 crystal structure (a=7.306, b=7.540, c=7.692 Å and β=90.881°, PDF# 01-072-

0677, Figure 2). The intensity of the dominant reflection (002) became stronger, and 

lower intensity peaks emerged, as the length of the NRs became longer.  

TEM shows the NRs array grow along the [001] direction with diameter increasing 

from 75 (± 5) nm (0.5 min) to 170 (± 20) nm (30 min), in good agreement with XRD, 

with an interplanar spacing of 0.38 (± 0.01) nm corresponding to the (002) plane of 

WO3 (Figure 3a to 3c). The corresponding Fourier transformation of the HRTEM 

image (Figure 3b inset) shows a streak perpendicular to the [001] direction which can 

be attributed to planar defects in [010] and/or [100] directions.[14] The formation of 

these planar defects are expected to prevent NR growth along the [010] and [100] 

directions in which case the NRs would extrude from the nucleation site growing 

primarily along the [001] direction, consistent with the preferred orientation observed 

by XRD. 
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The optical properties of the films varied with deposition time (Figure 4a to 4c), with 

transmittance generally decreasing and reflectance in the visible region increasing with 

deposition time. The appearance of a distinct absorbance in the NIR (Transmittance + 

Reflectance + Absorbance = 100%) at around 1000 nm (1.2 eV) was also observed for 

samples deposited for 10, 20 and 30 mins.  Based on the absorbance spectra, the bandgaps of 

as-synthesized samples were estimated from Tauc plots giving indirect bandgaps ranging 

from 2.6 - 3.1 eV (Figure 4d, 4e and S4) dependent on deposition time compared to bulk 

WO3 with indirect bandgap of 2.62 eV.[15] The sample deposited for 30 mins had a bandgap 

comparable to bulk WO3, however samples deposited at shorter times showed a widening of 

the indirect bandgap (Figure 4d). The sample deposited for 30 s with a NR length of 350 nm 

showed an indirect bandgap of around 3.1 eV, similar to values observed for WO3 quantum 

dots 1.4 nm wide.7 As noted above, samples with longer growth times (10 – 30 mins) 

possessed an additional optical absorption in the NIR region (~ 1000 nm). This has previously 

been observed in WO3 containing VO,[16] where the presence of VO create a potential well[17] 

and the energy of incident light needed to excite excess bound electrons is 2Ep (where Ep is 

the polaron binding energy, also described as the activation energy of polaron-hopping) with 

maximum absorption at around 4Ep.
[16,18] Based on literature values of a small-polaron ground 

state at 0.15 to 0.2 eV below the CB minimum (dependent on  VO concentration),[18,19]  the 

energy of maximum NIR absorption would be 0.8 to 1.2 eV (1500 to 1000 nm), close to the 

measured value (~ 1000 nm, Figure 4c). 

The origin of the widened bandgap, observed in our WO3 NR arrays cannot be attributed to 

a quantum size-confinement effect as the NR cross-section is far larger (between 40 and 170 

nm dependent on growth time, Figure 3a) than the particle size typically required for a 

semiconductor to exhibit this effect (typically between 1 to 12 nm).[20] We attribute the 

observed bandgap widening to the formation of dislocation loops; it has previously been 
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found that strain fields introduced by the presence of dislocation loops lead to quantum-

spatial-confinement (QSC) effects, which in the case of silicon can increase the bandgap 

energy from between 325 and 750 meV due to the stress formed at the edge of dislocation 

loops.[7] We observed dislocation loops from HRTEM imaging (Figure 5a - yellow 

highlighted boxes) with diameters between 0.4 and 1.5 nm in the NR nucleates from which 

the WO3 NRs grow. This was only found in samples with the widest indirect bandgaps (30 

seconds – 5 minutes growth time). After nucleation the NRs grow along the [001] direction 

without defects (as shown in Figure 5b and 5c, and consistent with the (002) preferred 

orientation observed in XRD patterns) and hence the strain fields from these dislocation loops 

would relax in the NR growth direction. Therefore, as the NR length increases we expect the 

QSC effect to decrease and for the indirect bandgap to narrow to a value closer to that of bulk 

WO3, as observed. 

XPS was used to identify the composition of the tungsten oxide NR arrays as shown in 

Figure 6a. At deposition times up to 3 min, the W 4f peaks appear broad yet symmetrical. 

The corresponding XPS valence band regions are shown in Figure 6b and Figure S5. For 

reduced WO3-x, electrons partially fill the W 5d orbitals and these are detectable close to the 

Fermi level (BE = 0 eV).[21] For deposition times up to 3 min, no such W 5d peaks are 

observed in the XPS VB region (yet are seen for longer deposition times). Based on the 

absence of a detectable W 5d peak in the valence band, the symmetrical (yet broad) W 4f core 

line XPS peaks, and the absence of a NIR absorption in the optical spectrum (Figure 5c), we 

conclude that only W6+ is present in samples of short deposition time, i.e. no W4+ or other 

reduced tungsten states are present within the detection limits of the techniques employed. 

The broad nature of the XPS W 4f peaks may represent a variety of W6+ environments, 

especially surface states or the presence of greater disorder, which is also suggested by 

valence band results discussed below. The disorder states may relate to the presence of the 



  

6 

 

dislocation loops observed in TEM, although the lack of reduced tungsten species requires 

that these loops comprise both cation and anion vacancies. 

At longer deposition times, the XPS W 4f peaks become narrower but asymmetric, with a 

distinct low binding energy shoulder visible, that increased with deposition time. These are 

modelled with W6+ and W4+ components, implying the formation of VO. The presence of W4+ 

in these samples is corroborated by the presence of a NIR optical absorption due to small 

polaron hopping and also by the presence of a W 5d peak close to the Fermi level in the 

valence band XPS region (Figure 6b). Deconvolution of the W 4f region showed the relative 

concentration of W4+ increasing up to 8.56% (i.e. WO2.91) as the deposition time increased. 

The d-band within band gap was previously observed in MoO3-x 2D flakes and black TiO2 

nanoparticles containing reduced cation Mo5+ and Ti3+ respectively in presence of VO.[10,22] 

The gradient and binding energy of the VBM, relative to the Fermi level, the latter 

calculated by extrapolating the low binding energy edge of the valence band to the spectra 

baseline, was dependent on the deposition time. The VBM shifted from 2.8 eV in the sample 

grown for 30 s to 2.3 eV in the sample grown for 30 mins, i.e. as deposition time increases the 

VBM shifts towards the Fermi level (Figure 6b). A schematic of the band structure (Figure 

7c) illustrates that the expansion of the indirect Eg (from 2.6 to 3.1 eV) at short deposition 

times is mainly accounted for by the downward shift of the VBM from 2.3 to 2.8 eV below 

the Fermi level. In this case, assuming the indirect optical transition is at the fundamental 

bandgap, the CBM is situated 0.2 - 0.3 eV above the Fermi level for all samples. In addition 

the spectral VBM becomes much sharper at longer deposition times, whereas for short 

deposition times the valance band spectrum has a considerable tail into the bandgap. This 

indicates the presence of a low concentration of filled states, which may be due either to 

surface states or to disorder states, as found in black-TiO2.
[9,10] However, in contrast to black-
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TiO2, these disorder states are of much lower spectral intensity and do not appear to cause 

optical absorption. This may be due to the lower density of these disorder states.  

In summary, two distinct regimes of electronic structure can be discerned in these samples. 

At short deposition times, no reduced W states are detectable either by valence band or core 

level XPS, or by optical spectroscopy (Table 1). In these samples, as NR length decreases 

(with lower deposition time) the bandgap widens as compared with bulk WO3, which can be 

accounted for by a lowering of the VBM compared to the Fermi level with the CBM 

remaining unchanged (relative to the Fermi level). Also at short deposition times a tail of 

disorder states is detectable by valence band XPS within the bandgap, which may relate to the 

dislocation loops observed via TEM, but these states do not appear to be optically active. XPS 

core line indicates greater breadth of the W 4f peaks at shorter deposition times, also 

suggesting greater disorder or greater prevalence of surface W6+ states. At longer deposition 

times, evidence of reduced W states appear in the core level XPS, valence band XPS and 

optical spectra (Table 1). The band gap narrows towards the bulk value due to a decrease in 

the separation between the Fermi level and the VBM. 

The photocatalytic activity of the samples was evaluated by measuring the 

photodegradation of SA under UVA irradiation (λmax = 365 nm). The area of peaks at 2958, 

2923 and 2853 cm-1 (Figure 7a to 7c and Figure S6) representing for the C-H bonds of SA 

obtained from IR spectra reduced as illuminated by UVA light from 0 to 27 hour caused by 

photocatalytic oxidation (Equation 3). The integrated areas of those peaks are shown in Figure 

8d, and then the rate of photocatalytic oxide of SA molecules is estimated by linear regression 

of initial (40 to 50 %) step (Figure 7d) with results presented in Figure S7 used to obtained 

the FQE by Equation 4 to determine the photocatalytic activity of WO3 NR arrays deposited 

in various growth times (Figure 7e).[23] 
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Initially, photocatalytic activity increased with NR growth time from 30s, reaching a 

maximum at a growth time of 5 mins. From this point, the photocatalytic activity decreased 

with increasing growth time. Therefore the trend in photocatalytic activity reflected the two 

regimes of electronic structure and defect chemistry described above. The samples with short 

growth times exhibiting quantum confinement and fully oxidised tungsten cations, showed 

photocatalytic activity that increased with deposition time. The most photocatalytic active 

sample was the sample grown for 5 mins (FQE = 8.7 ± 0.4 x 10-5 molecules per photon, much 

higher than a commercially available self-cleaning coating, Pilkington ActivTM glass, with 

FQE = 0.7 x 10-5 molecules per photon under irradiation by UVA at 365 nm,[24] is used for 

reference), which contained a small amount of reduced tungsten states but still possessed a 

bandgap significantly wider than bulk WO3, i.e. VB is at a more positive potential, giving rise 

to greater oxidation over-potential compared to bulk WO3. At longer deposition times the 

bandgap decreased, which might be expected to improve photocatalytic performance as the 

material will absorb more of the incident light. However the photocatalytic activity decreased, 

which correlates with the presence of the reduced tungsten states (VO). The presence of VO 

can cause charge carriers to be strongly localized, and hence inhibit their movement to the 

material surface where they can react.[25,26] Consequently the photocatalytic performance of 

our WO3 NRs decreased with an increase in VO, found in samples with growth times greater 

than 5 minutes. 

 

 

3. Conclusions 

    The photocatalytic performance of nanostructured tungsten oxide, grown by chemical 

vapour deposition, can be correlated to changes in the electronic band structure as well as the 

presence of oxygen vacancies. The results indicate that for maximum photocatalytic 

performance for organic pollutant degradation, tungsten oxide should be engineered so that 

the bandgap is widened relative to bulk WO3 to a value above 3 eV; although less visible light 
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would be absorbed in this region, increases in the over-potential for oxidation reactions offset 

this loss. It is also desirable to ensure the material remains defect free, or the defect 

concentration is minimised, to minimise carrier recombination. This study can be used a 

general guide for defect engineering.[27,28]   

 

4. Experimental Section  

    Synthesis of WO3 NR arrays: Tungsten oxide NR arrays were prepared by AACVD, a 

solution-based variant of conventional chemical vapour deposition CVD which we have 

previously demonstrated for the controlled growth of nanostructured tungsten oxide.[12,29] The 

precursor solution of W(CO)6 (99%, Aldrich) dissolved in 2:1 a mixture of acetone (99%, 

Emplura) and methanol (99.5%, Emplura) (1.37 x 10-2 M) was used to generate aerosols by an 

ultrasonic humidifier (Liquifog, Johnson Matthey operating at 2 MHz) transported to the 

reactor using nitrogen carrier gas (99.99%, BOC, flow rate 300 sccm) controlled by a mass 

flow controller (MFC, Brooks), and then deposited on a quartz substrate at set-temperature 

(375 °C) for 0.5 to 30 min, After deposition the heater and humidifier were switched off to 

stop deposition and the reactor naturally cooled under N2 to room temperature. The inlet to 

the cold wall reactor of the AACVD system is equipped with a water jacket to avoid precursor 

overheating and decomposition prior to entering the reactor chamber and the exhaust was 

directly vented into the extraction system of the fume cupboard. Finally, the as-synthesized 

thin films were put into furnace for annealing at 500 °C in air for 2 hour (Schematic outline of 

AACVD process shown in Figure S1).[12] 

    Characterization: Scanning Electron Microscopy (SEM) images were obtained on a JEOL 

6301F. Samples were coated with gold for 60 seconds and scanned at 5 kV.  X-Ray 

diffraction (XRD) patterns were acquired on a Bruker D8-Discover reflection diffractometer 

equipped with a LinxEye silicon strip detector using Cu Kα radiation operated at 40 kV and 

40 mA.The X-ray photoelectron (XPS) analysis was carried out on a Thermo Scientific K-
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Alpha instrument equipped with a monochromatic Al Kα radiation (1486.6 eV) with charge 

compensation by a beam charge neutralization argon-ion gun (≤ 10 eV), and calibrated by the 

C 1s peak at 284.8 eV. Peak fitting was carried out by using “CasaXPS software (Version 

2.3.16)”.[30,31] Transmission electron microscopy (TEM) and scanning TEM (STEM) analysis 

was performed on a JEOL 2100 at 300 KV equipped with energy dispersion X-ray (EDX) 

detector (X-MaxN 80, Oxford Instruments). UV/vis spectroscopy was performed using a 

double monochromated PerkinElmer Lambda 950 UV/vis/NIR spectrophotometer in the 

250−2500 nm range recording the transmittance % and reflectance % of tungsten oxide NR 

arrays on quartz. The absorbance % is estimated by:  

A% = 100% – (T% +R%)    (1) 

where A, T and R are absorbance, transmittance and reflectance respectively. 

    Finally, the band gap of tungsten oxide NR arrays is determined with the following 

equation: 

𝛼 = 𝐴 [(ℎ𝜈 −  𝐸𝑔)
𝑛/2

/ℎ𝜈    (2) 

where 𝛼, 𝐴, 𝐸𝑔, 𝜈 and 𝑛  are the absorption coefficient, constant, band gap, incident light 

frequency and an integer respectively, whilst the value of integer n depends on the 

characteristics of the optical transition (n = 1 or 4 for direct or indirect band transition 

respectively).[32] The indirect bandgap of all samples were obtained for the plot of (𝛼ℎ𝜈)1/2 

vs. ℎ𝜈. 

    Photocatalytic activity tests: the as-synthesized WO3 thin films were dip-coated with a thin 

layer of SA from a 0.05 M SA and chloroform solution, and then irradiated by UVA bulb 

(Philips TL-D 18W BLB*4) (4.2 mW cm-2) in spectra range of 340 to 410 nm (maximum at 

365 nm)[33] (Figure 8) with area of samples 0.78 cm2. One of the great advantages of using 
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stearic acid to assess the photocatalytic efficiency of semiconductor photocatalysts is the fact 

that stearic acid is a very stable organic pollutant under UV irradiation in the absence of a 

photocatalyst host. The photodegradation of SA was monitored by a Fourier transform 

infrared (FTIR) spectrometer (Perkin Elmer RX-1) in the range from 2700-3000 cm-1. The 

overall SA degradation reaction is: 

CH3(CH2)16CO2 ⟶ 18CO2  + 18H2O    (3) 

To evaluate the activity of photodegradation of SA, the IR spectra were collected in 

absorbance mode and the areas of typical peaks (at 2958, 2923 and 2853 cm-1 representing C-

H bonds of SA), integrated to give an estimation of the number of SA molecules degraded 

during irradiated by UV light using a conversion factor (1 cm-1 ≡ 9.7 × 1015 molecules) 

presented in the literature.[34] The photodegraduation rate of SA (zero order kinetics) were 

estimated from linear regression of the initial 40 to 50 % degradation steps, and then given a  

formal quantum efficiency (FQE) values defining the number of SA molecules photodegraded 

by per incident photon (365 nm). The FQE can be calculated by:[35]  

𝐹𝑄𝐸 =  
|𝑑[𝑆𝐴] 𝑑𝑡⁄ |

𝑑[ℎ𝜈]𝑖𝑛𝑐/𝑑𝑡
    (4) 

where 𝑑[𝑆𝐴] 𝑑𝑡⁄  is the rate of removal of SA (molecules per second, estimated by integrated 

area of IR spectra peaks times the conversion factor), and 𝑑[ℎ𝜈]𝑖𝑛𝑐/𝑑𝑡 is the rate of incident 

light (photons per second) assuming all incident photons absorbed had the same energy 3.4 

eV (365 nm).  

 

Supporting Information  
Supporting Information of additional SEM images, XPS valence band spectra and FT-IR 

spectra is available from the Wiley Online Library. 
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Figure 1. Photographs of WO3 thin films (2.5 × 2.5 cm) grown for 0.5, 1, 3, 5, 10, 20 and 30 

minutes (from left to right) via AACVD (top) which result in a change in length of the NRs 

from around 400 to 4500 nm (images of cross-section SEM, middle). 
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Figure 2. Glancing angle XRD patterns of the WO3 thin films, with growth time shown on 

the right, all conforming to the monoclinic WO3 crystal structure (PDF# 01-072-0677) shown 

in red. 
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Figure 3. (a) A typical TEM image of a single NR from a sample deposited for 30 mins, 

correlating the width of the NR observed at a particular growth time with the distance along 

the abstracted nanorod length (measurements were taken based on the varying NR length 

obtained from samples grown for 0.5 to 30 mins shown in Figure 1). (b) a HRTEM image 

showing how the interplanar spacing 0.38 (± 0.01) nm correponds to preferred growth in the 

[002] plane, with planar defects (red rectangle) that form parallel to the growth direction. (c) a 

top down SEM image of the NR array. 
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Figure 4. The (a) transmittance, (b) reflectance and (c) absorbance spectra of WO3 NR arrays 

deposited on quartz with growth times from 0.5 to 30 mins (aberrant data due to a grating 

change in the UV-Vis spectrometer has been removed). (d) Absorption data was used to 

calculate the indirect bandgap Eg from Tauc plots (more in Figure S4). (e) The change in 

indirect bandgap Eg with deposition time (0.5 to 30 min) shown alongside the indirect 

bandgap Eg of bulk WO3 (2.62 eV, dotted line).[15] 

 

 
Figure 5. (a) HRTEM of a WO3 growth site showing dislocation loops (yellow circle) in the 

[010] and [100] directions of diameter ~ 0.4 to 1.5 nm. (b) A NR extruding from a growth site 

and growth along direction [001]. (c) TEM image of the NR array. 
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Figure 6. XPS spectra for the (a) W 4f region, (b) valance band and (c) schematic band 

structure of WO3 NR arrays grown for between 0.5 and 30 mins [calibrated to graphitic 

carbon 1s = 284.8 eV and the respective Fermi level (Ef = 0 eV). (c) The expansion of d-band 

of W4+ and Eg with red shift of VB is dependent on the increase of W4+ (from 0 to 8.6 %) 

attributed to an increase in oxygen vacancies (VO). 
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Figure 7. Infrared spectra showing the photodegradation of stearic acid (SA) upon UVA 

irradiation (4.2 mW cm-2) on a range of WO3 NR arrays of various growth times of (a) 0.5 

min, (b) 5 min, (c) 30 min (1, 3, 10 and 20 min in Figure S6),  where a decrease is caused by 

photocatalytic oxidation. (d) Integrated areas of the peaks of the C-H stretches of stearic acid 

(a to c and Figure S6) illuminating by UVA from 0 to 27 hour. (e) Photocatalytic activity for 

the photodegradation of stearic acid are quoted in terms of formal quantum efficiency (FQE), 

which corresponds to the number of SA molecules degraded per incident photon, calculated 

from the initial rates of photodegradation. 

 

 
Figure 8. Spectra of UVA light (Philips, TL-D 18W BLB).[33] 
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Table 1. A summary of the XPS results, which relate changes in indirect bandgap, 

concentration (at. %) of W4+, VBM position and the peak maxima of NIR absorption with 

deposition time. 
Depos. time 

(minute) 

Indirect Bandgap 

(eV) 

W4+ 

(at. %) 

VBM 

(eV) 

NIR absorption peak 

(nm) 

30 2.6 8.56 2.32 986 

20 2.7 7.50 2.37 970 

10 2.9 3.02 2.41 968 

5 3.0 1.48 2.65 n/a 

3 3.0 trace 2.67 n/a 

1 3.1 trace 2.72 n/a 

0.5 3.1 trace 2.78 n/a 
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Figure S 1. Schematic flow diagram of the AACVD process. 

 

  

2. Results 
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Figure S 2. SEM images  of WO3 thin fims depostied in 0.5 (a), 1(b), 3(c), 5(d), 10(e), 20(f)fand 30 

minutes (g) via AACVD. 

 

 

 
Figure S 3. Cross-section SEM images  of WO3 thin fims depostied in 0.5 (a), 1(b), 3(c), 5(d), 10(e), 

20(f)fand 30 minutes (g) via AACVD. 
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Figure S 4. Absorption data (Figure 2c) was used to calculate the indirect bandgap Eg of WO3 NR 

array thin films deposited for 0.5 to 30 min from Tauc plots. 

 

Figure S 5. XPS spectra for the valance band of WO3 thin films with NRs strucutre deposited on 

quartz after 30 mins to 30 seconds (a to g) with reference C1s peak calibrated to 284.8 eV. 
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Figure S 6. Infrared spectra showing the photodegradation of stearic acid (SA) upon UVA irradiation 

(4.2 mW cm-2) on a range of WO3 NR arrays of various growth times of (a) 1 min, (b) 2 min, (c) 10 

min and (d) 20 min. 

 

 
Figure S 7. Results of linear regression of initial (40 to 50 %) step of integrated area of obtained IR 

spectra peak  at 2958, 2923 and 2853 cm-1 dependent on the UVA illumination time from 0 to  27 hour 

(Figure 6d). 


