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A B S T R A C T   

Electrochemically assisted photocatalysis (EAP) is one approach to overcome the fast recombination rates in 
photocatalysis and increase the quantum efficiency to produce ROS. In comparison to TiO2, tungsten trioxide 
(WO3) can utilize UV and visible photons and with EAP the external bias can be used to drive the reduction 
pathway. In this work WO3 electrodes were prepared hydrothermally on FTO. Vertically grown WO3 nanoplate- 
like structures were thoroughly characterized. The WO3 photoanodes improved photocurrent response compared 
to P25 and a visible response was measured. These results were attributed to smaller charge transfer resistance 
and their morphology. The activity of the photoanodes was assessed on the EAP degradation of sulfamethoxazole 
and MS2 bacteriophage. WO3 yielded ten times higher degradation rates for sulfamethoxazole (2.21 ⋅ 10− 6 mmol 
cm− 2 min− 1) compared to P25. WO3 also yielded the fastest MS2 inactivation rate. A rapid 5-log removal was 
achieved in 6 min with WO3 that maintained activity over 5 cycles.   

1. Introduction 

Contaminants of Emerging Concern (CECs) include a wide range of 
chemicals such as pharmaceutical, pesticides, personal care products, 
food additives or hormones, mainly originated from human wastes and 
industrial effluents. There is increasing concern about the release of 
pharmaceuticals as they have been detected in various water matrices at 
low concentrations (μg L− 1 or ng L− 1) [1,2]. Furthermore, the release of 
antibiotics can contribute to the rise in antibiotic resistant bacteria 
(ARB) and antibiotic resistance genes (ARGs), posing a global threat to 
human health [3]. Due to the continuous presence of viruses in waste
water and the recent COVID-19 (SARS-CoV-2) pandemic there is 
increasing concern about the transmission of viral pathogens [4,5]. 
Transmission of the virus via the fecal-oral pathway can lead to 
virus-infected wastewater transported to wastewater treatment plants 
(WWTPs). The release of untreated water (capable to infect WWTPs 
workers if bioaerosols are produced), pollution of surface water and 

land-application of residual biosolids produced in the WWTPs can act as 
secondary source of viral transmission [5]. The likelihood of viral 
transmission is higher in countries with poor access to sanitation. Even 
though studies have shown high efficiencies of anaerobic sludge treat
ment for virus reduction, it is necessary to upgrade existing WWTPs to 
include tertiary treatment [4]. Furthermore, conventional wastewater 
treatments are not effective for the removal of CECs but Advanced 
Oxidation Processes (AOPs) have emerged as a potential solution [6]. 
TiO2-photocatalysis, based on the generation Reactive Oxygen Species 
(ROS) is an alternative novel and effective approach to degrade organic 
pollutants and inactivate disinfection resistant microorganisms [7]. 
However, TiO2 is active only under UV radiation (wavelengths below ca. 
400 nm) and therefore the solar efficiency is limited and it presents low 
quantum efficiencies due to fast charge carrier recombination [8]. The 
solar efficiency can be improved by using alternative photocatalysts 
with narrower band gaps or by modification of the parent material to 
improve achieve visible light absorption [9]. WO3 has been investigated 
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incubated at 36 ± 2 ◦C for 21 ± 3 h and lytic plaques were enumerated 
as MS2. Positive controls were performed to ensure stability of MS2 
solution during the experimental time by taking samples of the working 
solution with MS2 before the EAP was applied, kept in the dark (covered 
by opaque foil) at room temperature and finally plated twice, at the 
beginning and at the end of the experimental time. The negative controls 
were plated from the following samples without MS2: PBS, E. Coli host, 
MS2 working solution and electrolyte to ensure no material, virus and 
host contamination. In addition, controls applying + 1.3 V in the dark 
(called ‘electrochemical’) and the photocatalytic removal of MS2 
without any applied potential (called ‘photocatalytic’) were performed 
for each electrode sample. 

3. Results and discussion 

3.1. Physicochemical characterization of WO3 

In Fig. 1 SEM images of WO3 and P25 electrodes are shown. Verti
cally oriented plate-like WO3 structures were grown on the FTO glass 
(Fig. 1A and B). For the WO3 synthesized hydrothermally at 180 ◦C for 
3 h, the vertically grown layer of brick-like nanostructures was uniform 
and the nanoplates thickness ranged 40–300 nm. For the sample of WO3 
synthesized at 120 ◦C for 12 h the nanoplates were more homogeneous 
and the thickness varied between 70 and 250 nm. For the latter synthesis 
conditions the nanoplates showed fewer edges and boundaries 
compared to the nanostructures obtained at 180 ◦C and 3 h. These 
nanostructures have been reported to exhibit higher photocatalytic ac
tivity [12,39]. They can expose highly reactive facets and shorten the 
charge diffusion length. In Fig. 1C the SEM image of the P25 photoanode 
is shown. It can be noted that the coating is made of agglomerates of 
smaller P25 nanoparticles, giving rise to interparticle spaces. The 
thickness of the coatings was also measured using SEM and the images 
can be seen in Fig. S3. A significant difference between WO3 and P25 

coatings was observed. In both images the thicknesses were uniform, but 
whereas the thickness of WO3 coating was around 0.5 µm, that of the 
P25 film was close to 50 µm. EDX analysis was also performed to analyze 
the chemical composition of the samples (Fig. 1D and E). As expected 
only O and W (Sn in Fig. 1D comes from the FTO) for the WO3 and only O 
and Ti were detected for P25 photoanodes. The atomic ratio of O to W is 
2.7, which indicates oxygen deficiency [29]. 

Diffuse reflectance was performed and the optical band gap energies 
of the photocatalysts coated on FTO was estimated using the Tauc plots 
(Fig. 2). From the plot, band gap values of 2.7 for WO3 and 3.3 eV for 
P25 films were calculated. These values are in agreement with those 

Fig. 1. SEM images of WO3 180 ◦C 3 h (A), WO3 120 ◦C 12 h (B) and P25 (C). EDX spectra of WO3 120 ◦C 12 h (D) and P25 (E).  

Fig. 2. Tauc plot used to estimate the band gap values.  
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reported previously in the literature. The band gap values reported in 
other works are between 2.5–2.8 for WO3 nanoplates [17,19] and 
3.2–3.3 for P25 [40,41]. As expected, WO3 band gap is lower than that of 
TiO2 [10,41]. Hence, whereas P25 is only able to absorb radiation with a 
wavelength of up to ~ 400 nm (3.2 eV for Anatase and 3.0 eV for Rutile, 
it P25 is 80:20 Anatase: Rutile) WO3 absorbs radiation up to 450 nm. 

Raman spectra were recorded and analyzed to confirm the crystal 
structure of the TiO2 and WO3 photocatalysts (Fig. 3). P25 was a mixture 
of anatase (A) and rutile (R), giving eight Raman-active modes in the 
vibrational spectrum at 144 (Eg(A) + B1 g(R)), 195 (Eg(A)), 399 
(B1 g(A)), 447 (Eg(R)), 519 (A1 g(A) + B1 g(A)), 639 (Eg(A) + A1 g(R)) 
and 806 cm− 1 (B2 g(R)) [42]. Regarding WO3 spectra, well defined peaks 
were detected at 72, 134 and 184 cm− 1, due to the lattice vibrations 
from the (W2O2)n chains of WO3 [43,44]. The bands at 272 and 
322 cm− 1 correspond to O-W-O bending modes of the bridging oxygen, 
whereas those identified at 711 and 806 cm− 1 were ascribed to O-W-O 
stretching modes [45,46]. These bands can be indexed to the monoclinic 
WO3 structure [43–46]. The fact that there are several bands between 70 
and 100 cm− 1 due to lattice vibrations confirms the monoclinic phase as 
it is less asymmetric than the orthorhombic phase [44]. However, a 
small shoulder at 640 cm− 1 could be observed in the spectrum of WO3 
120 ◦C 12 h. This band O-W-O was attributed to the stretching vibration 
of the bridging oxygen in the residual hydrated WO3, so this sample did 
not only consist of a monoclinic phase [45]. 

3.2. Calculation of absorbed radiation by the photoanodes 

The spectral local surface rate of photon absorption by the film 
(ea;s

f ;
 ) was determined according to Manassero et al. [36,47], by per
forming a balance of the net radiation fluxes: 
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represents the spectral radiation flux that 

reaches the surface of the coated glass and Tg;
� is the transmittance of the 
FTO glass to account for the radiation absorbed or reflected by the FTO 
glass. The spectral fraction of radiation absorbed (�f ;
) is calculated from 
the spectral transmittance (Tf ;
) and reflectance (Rf ;
) of the photo
catalyst coating. Tf ;
� and Rf ;
� can be computed from diffuse reflectance 
(R
) and transmittance (T
) values of the coated (fg) and bare FTO glass 
(g) [36,47] according to the following expressions: 
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In Fig. S4 the fraction of absorbed radiation (�f ;
) by the different 
photocatalyst coatings are shown. It could be noted that �f ;
�was over 0.9 
at 300 nm and then decreases until it reaches a steady value at wave
lengths above that correspond to the band gap. By comparing the frac
tion of radiation absorbed obtained for the different photocatalysts, it 
was always lower for P25 even though the coating was much thicker. 
The values estimated here (0.86) agree with the values of �f at 350 nm 
for P25 films previously reported (0.906) [36]. However, �f ;
� values for 
WO3 remains over 0.8 up to 400 nm. 

3.3. Photoelectrochemical characterization 

The photoelectrochemical behavior of the prepared photoanodes 
was studied by performing linear sweep voltammetry (LSV) and chop
ped chronoamperometry under back-face irradiation. The main results 
are shown summarized in Fig. 4. Under back-face irradiation most of the 
electron-hole pairs are generated near the photocatalyst-FTO contact. 
Thus, photogenerated electrons are quickly collected at the supporting 
FTO electrode whereas holes will be trapped at the semiconductor- 
electrolyte interface on individual platelets of the photoanode to be 
transferred [10]. In Fig. 4A the voltammograms for the WO3 and P25 
photoanodes are shown. They were recorded from − 1.0 V to + 1.0 V 
under chopped irradiation. The photocurrent produced by WO3 180 ◦C 
3 h and WO3 120 ◦C 12 h was far greater than the obtained with P25, 
98.13, 140.27 and 12.05 μA cm− 2 at + 1.0 V. Unfortunately, these re
sults cannot be directly compared to those published by other research 
groups due to different experimental parameters. Yang et al. [20] 
detected a photocurrent close to 2.25 mA cm− 2 at + 1.0 V (Ag/AgCl) 
using WO3 nanoplates grown on FTO, but the LSV was carried out in acid 
pH using a 500 W Xe lamp and the electrolyte concentration was 5 times 
higher. Li et al. [31] synthesized WO3 nanoflakes on FTO by a hydro
thermal method that gave 0.62 mA cm− 2 at + 1.0 V (Ag/AgCl) 
(~ 1.23 V vs RHE). The higher photocurrent they reported might be due 
to the different synthesis method as a WO3 was precoated on the FTO 
and the hydrothermal process was carried out only for 2 h. Also, their 
electrolyte concentration was 10 times higher. A similar photocurrent 
(0.6 mA cm− 2 at ~ 1.5 V (RHE) near + 1.0 V (SCE) was also reported by 
Li et al. [19] when they used WO3 synthesized hydrothermally on FTO 
and natural seawater as electrolyte. However, despite the fact that the 
photocurrent they reported was greater than the observed in this work, 
their IPCE values for WO3 are close to the IPCE values found here 
(around 30%). Thus, the difference in the photocurrent measured during 
LSV between both studies must be due to the different experimental 
conditions. Regarding LSV of P25, Byrne et al. [48] reported a short 
circuit photocurrent density (photocurrent obtained without any 
external applied voltage) of 13 μA cm− 2 using KCl as electrolyte, which Fig. 3. Raman spectra of WO3 180 ◦C 3 h, WO3 120 ◦C 12 h and P25.  
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is identical to the value obtained in this work. The higher photocurrent 
exhibited by both photoanodes is ascribed to the plate-like morphology 
of the WO3 which entails: 1) an increase of the surface area thanks to the 
vertically grown plate structures and the pores between them and 2) it 
provides a pathway for charges to migrate towards the conductive side 
of the substrate [19,20]. Hence, the morphology of the WO3 helps 
reduce recombination of electron-hole pairs. On the other hand, the 
lower photocurrent for the P25 electrodes is due to the fact that they are 
mesoporous and in the absence of hole scavengers the holes are trapped 
within the film at the semiconductor-liquid interface and act as surface 
recombination sites [39]. 

In Fig. 4B the photocurrent response at + 1.0 V (SCE) under chopped 
irradiation every 10 s can be seen. Similar to what was observed before, 
the photocurrent produced by WO3 was 16 times higher than the one 

observed with P25 (∼ 132 and ∼ 8 μA cm− 2 respectively). Both pho
toanodes exhibited high photostability throughout the run and a quick 
response on light/dark cycles. To evaluate the photocurrent response at 
wavelengths greater than 400 nm a UV cut-off filter was placed between 
the lamp and the cell. Even under visible light WO3 yielded a good 
photocurrent (∼ 30 μA cm− 2), even greater than the achieved by P25 
under the whole spectrum. However, when the UV radiation was 
blocked, the photocurrent detected was negligible for the P25 photo
anode. Fig. 4C, shows the spectral photocurrent response. Regardless of 
the wavelength, the photocurrent response was always higher for WO3, 
with the highest peaks in the range between 340 and 420 nm for WO3 
and between 320 and 360 nm for P25. It is important to note the dif
ference in the photocurrent at any wavelength above 300 nm and the 
higher spectral response of WO3, which is able to produce measurable 

Fig. 4. (A) Linear sweep voltammetry (LSV) results, (B) Photocurrent density vs time curves chopped UV–vis light and using a UV cut-off filter, (C) spectral current 
response and (D) Nyquist plots measured under irradiation at 0.9 V vs SCE from 0.01 Hz to 100 kHz. In the experiments 0.1 M Na2SO4 aqueous solution was used as 
electrolyte, WO3 180 ◦C 3 h, WO3 120 ◦C 12 h and P25 were used as a photoanode and Pt as a cathode. 
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photocurrents up to 490 nm. Hence, the good performance of WO3 is not 
only due to the its morphology, but also because of its electronic prop
erties [9]. 

EIS spectroscopy was measured to evaluate the charge transfer ki
netics at the semiconductor electrolyte interface and the Nyquist plots 
are shown in Fig. 4D. Smaller semicircle radii were observed for WO3 
180 ◦C 3 h and WO3 120 ◦C 12 h compared to P25, which indicates that 
the charge transfer resistance of WO3 nanostructures is smaller than that 
of P25 [16,24,41]. 

Mott-Schottky measurements were conducted to confirm the type of 
semiconductor and estimate the flat-band potentials (EFB) and donor 
density (ND). In the Mott-Schottky plot, Fig. 5, a positive slope could be 
observed for both WO3 samples typical for n-type semiconductors [34]. 
From the x-intercept of the Mott-Schottky plot the values of the flat-band 
potentials were + 0.22 V vs SCE and + 0.05 V vs SCE (+ 0.83 V and 
+ 0.66 V vs RHE) for WO3 180 ◦C 3 h and WO3 120 ◦C 12 h electrodes. 
A negative shift of the EFB has previously been reported to be beneficial 
for the EAP process, as more positive values of the flat-band potential 
decrease the bending of band edges [49]. From the optical band gap 
measurements, we can calculate that the valence band potentials are 
close to + 2.92 V vs SCE (+ 3.53 V vs RHE) for WO3 180 ◦C 3 h and 
+ 2.75 V vs SCE (+ 3.36 V vs RHE) for the WO3 120 ◦C 12 h electrodes. 
From the slope in the linear region the ND were estimated according to 
Eq. (1). The estimated ND values were 3.38 ⋅ 1019 and 5.0 ⋅ 1019 cm− 3 

for WO3 180 ◦C 3 h and WO3 120 ◦C 12 h electrodes, respectively. The 
increase of the charge carrier concentration for WO3 120 ◦C 3 h can be 
attributed to a higher amount of oxygen vacancies in the WO3 lattice 
[31], which can act as electron traps, favouring electron/hole separation 
[29,31]. This was reported by Liu et al. [10] where they synthesized 
WO3 and oxygen-deficient WO3− x nanoplate array films and estimated 
the concentration of ND for each of them. ND values for WO3− x were 
more than one order of magnitude larger than for WO3. They proposed 
that the oxygen deficiencies allowed an easier electron transfer at the 
photoanode/electrolyte interface since the negative shift of the EFB, and 
therefore of the Fermi level, leads to an enhanced electric field in the 
space charge layer and lower space charge layer that improves elec
tron/hole separation. 

The incident photon-to-current efficiency (IPCE) or external quan
tum efficiency (EQE) was calculated at a fixed potential of 1 V vs SCE 
(Fig. 6A). The IPCE is the ratio of the photocurrent density obtained to 
the rate of incident photons of a certain wavelength [34]. It considers 
the efficiency of electron-hole generation over the number of incident 
photons on the cell (�h+=e− ), charge transport efficiency (�transport) and the 
efficiency of interfacial charge transfer (�interface) [50]. The IPCE is 

calculated using the following equation: 

����(
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) =

����� ( �=! 2)
��⋅�! ("⋅� )

�
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where jph is the photocurrent density, h represents the Planck’s 
constant, c is the speed of light, P
� is the power intensity of the mono
chromatic light and 
� is the wavelength of the monochromatic light. 
IPCE values indicated the higher performance of the WO3 photoanode to 
turn incident radiation into current. The maximum IPCE value (29%) 
was obtained at 340 nm for WO3 whereas the peak for P25 was detected 
at 330 nm (6.4%). The values for WO3 hydrothermally grown on FTO 
are in accordance with those reported previously by Li et al. [19] 
although the values calculated for them are slightly lower. This is 
probably due to a lower reaction time of the hydrothermal process since 
they carried it out for only 1 h instead of 12 h. On the other hand, the 
IPCE values estimated here are three times greater than those reported 
by Li et al. [31] (near 10% at 360 nm). The difference is attributed to the 
different synthesis parameters as they precoated the FTO glass with WO3 
seed prior to the hydrothermal reaction. As a result, they obtained 
thinner nanoflakes (thickness between 20 and 30 nm) and with a greater 
overall film thickness (~ 2 µm). 

Similarly, the Absorbed Photon to Current conversion Efficiency 
(APCE) or internal quantum efficiency (IQE) was determined at a fixed 
potential of 1 V vs SCE (Fig. 6B). The APCE is the ratio of the photo
current density obtained to the rate of absorbed photons of a certain 
wavelength. This parameter provides information concerning the charge 
transport efficiency (�transport) and the efficiency of interfacial charge 
transfer (�interface) [34,51]. It can be calculated using the following 
equation: 
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where jph is the photocurrent density and 
D

ea;s
f ;


E
is the spectral average 

surface rate of photon absorption (described in Section 3.2). Values of 
the APCE were only calculated for wavelengths above 300 nm as at 
lower wavelengths the FTO transmittance is so low that leads to very low 
surface rates of photon absorption, and therefore to APCE values higher 
than 100%. It is important to note that the APCE is null at around 
490 nm for WO3 and 400 nm for P25, which agrees with their band gap 
values. The APCE values were always greater for WO3 (50% at 360 nm) 
than for P25 (5.9% at 360 nm). On the other hand, smaller efficiencies 
were observed between the WO3 180 ◦C 3 h and WO3 120 ◦C 12 h 
photoanodes. Besides, while the APCE dropped exponentially for P25, 
the decline followed a linear trend in the case of both WO3 photoanodes. 

Hence, WO3 has higher absorption radiation efficiency, charge sep
aration and charge transfer efficiency, supporting the LSV and chro
noamperometry results [19]. These results highlight the advantages of 
using nanostructures to increase the EAP performance e.g. they can 
expose highly reactive facets, increase surface area and shorten the 
charge diffusion length as well [12]. 

3.4. Electrochemically assisted photodegradation of Sulfamethoxazole 
(SMX) 

The activity of the WO3 180 ◦C 3 h, WO3 120 ◦C 12 h and P25 
photoanodes was tested for the degradation of SMX. In Fig. 7A, the 
photocurrent response detected at different potentials for the different 
photoanodes is plotted. The selected applied potential was 1.3 V and 
1.1 V for both WO3 photoanodes and P25, respectively, to ensure the 
maximum photocurrent. The current response obtained in the dark and 
under irradiation for WO3 180 ◦C 3 h, WO3 120 ◦C 12 h and P25 elec
trodes can be found in the Supplementary information (Fig. S5). It can be 
noted that WO3 120 ◦C 12 h (∼ 370 μA cm− 2 at 1.5 V) is able to reach Fig. 5. Mott-Schottky plot of the WO3 photoanodes.  
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