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A B S T R A C T   

In past decades, the intensification of human activities has led to an increase in pollution and energy demand. 
Photoelectrochemical systems have emerged as an alternative for the decentralized management of domestic 
wastewater with the potential of recovering energy while degrading pollutants such as urea. Tungsten oxide 
(WO3) has been traditionally used for water splitting, but the use of this material for the removal of waste from 
water coupled to hydrogen production is not deeply known until now. This contribution shows an exhaustive and 
systematic investigation on WO3 photoanodes for the photoelectrochemical oxidation of urea and the generation 
of hydrogen, with insights on the reaction mechanism, detailed nitrogen balance investigation of the process, and 
analysis of the performance compared to well-accepted materials. The WO3 platelets were successfully synthe
sized in situ on fluorine doped tin oxide glass by a hydrothermal method. The performance of WO3 was compared 
to titanium dioxide (TiO2) as a benchmark. The photocurrent was enhanced for both electrodes when urea was 
added to the electrolyte, with WO3 showing one order of magnitude higher photocurrent than TiO2. The WO3 
electrode showed a peak incident photon-to-current efficiency of 43% at 360 nm and a much greater rate 
constant for urea oxidation (1.47 × 10− 2 min− 1), compared to the TiO2 photoanode (16% at 340 nm and 1.1 ×
10− 3 min− 1). The influence of different reactor configurations was also evaluated testing one- and two- 
compartment back-face irradiated photoelectrochemical cells. Hydrogen was generated with a Faradaic effi
ciency of 87.3% and a solar-to-hydrogen conversion efficiency of 1.1%. These findings aim to contribute to the 
development of technologies based on the photoelectrochemical production of hydrogen coupled with the 
oxidation of pollutants in wastewater.   

1. Introduction 

In the last decades, the intensification of anthropogenic activities 
and the rapid growth of the global population have resulted in alarming 
increased levels of environmental pollution and energy demand. In 
2021, the worldwide demand for primary energy experienced the largest 
increase in history, with fossil fuels accounting for 82% of primary en
ergy used (BP Statistical Review of World Energy, 2021). Besides carbon 
emissions derived by the combustion of fossil fuels, human activities are 

responsible for the pollution of water bodies. In this regard, nutrient 
pollution is one of the most widespread types of water pollution 
worldwide, causing adverse environmental effects such as eutrophica
tion, harmful algal blooms, and in extreme cases the creation of dead 
zones. Excess of nitrogen compounds in water bodies is one of the major 
contributors of nutrient pollution. Urine contributes to 80% of all the 
nitrogen waste found in domestic wastewater, with urea ((NH2)2CO) as 
a major constituent (Egle et al., 2015). 

Coupling the oxidation of organic and inorganic compounds to the 
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production of hydrogen is an interesting approach to recovering energy 
from, and the treatment of, wastewater. Among different options for 
energy recovery, the production of hydrogen is an appealing option due 
to its high energy density and use as clean fuel. When produced in a 
sustainable way, hydrogen is considered a key clean energy carrier 
which can support a decarbonized society fueled by renewable energy. 
Currently however, a 95% of hydrogen is still produced by fossil fuel- 
based processes such as methane reforming and gasification of oil or 
coal (IRENA, 2021). The average urine excretion of an adult human is 
estimated to be app approximately 1.5 L/day, with an average urea 
concentration in urine of 22 g/L (Lens et al., 2005; Rollinson et al., 
2011). Considering that urea contains 6.7 wt% hydrogen, the potential 
recovery is estimated to 400 g of H2 per person annually. This would 
result in an annual recovery of 48 MJ per person. 

Photo-electrochemical cells (PEC) can be used to recover energy 
from wastewater. Photoelectrocatalysis uses a solar driven semi
conductor photoanode which is able to oxidize organic and inorganic 
waste compounds. The photogenerated electrons are passed via an 
external circuit to the counter electrode for the reduction of H+ to H2. 
The counter electrode may be either a metallic or carbon conducting 
electrode, or a semiconductor photocathode (with or without a photo
anode). If operating without an external electrical bias, the PEC behaves 
as a photogalvanic cell, i.e. generating electricity from the oxidation of 
compounds in the wastewater (Fernandez-Ibanez et al., 2021; Rioja-
Cabanillas et al., 2020). 

The thermodynamic potential for water splitting is 1.23 V but the 
potential for reforming some organic and inorganic compounds to yield 
hydrogen can be much lower, e.g. the oxidation of urea is more favor
able with a standard reduction potential of - 0.46 V (Boggs et al., 2009), 
resulting in an overall cell potential for the production of H2 from urea of 
0.37 V. 

Among the different semiconductors, TiO2 has been widely used due 
to its high photo-activity, low cost and good chemical and thermal sta
bility. While TiO2 has been studied for a range of diverse applications 
including hydrogen production (Reddy et al., 2020) and degradation of 
organic pollutants (Pelaez et al., 2012), there are fewer examples for the 
photocatalytic oxidation of urea (Calza et al., 2005; Park et al., 2019; 
Pelizzetti et al., 2004). WO3 has been studied as an alternative to TiO2, 
due to its narrower band gap, which extends into the visible region of the 
solar spectrum. It also presents good stability and charge carrier 
mobility, and resistance to photo-corrosion (Liu et al., 2012). A variety 
of methods for the fabrication of WO3 photoanodes have been reported 
including anodizing of W foils, sol-gel, hydrothermal and pulsed laser 
deposition (Kalanur et al., 2018). WO3 photoanodes have been widely 
studied for water splitting (Kalanur et al., 2018), however to date, only 
some works have investigated urea oxidation (Shen et al., 2019a, 2019b, 
2020). 

While most photoelectrochemical works have focused on either 
hydrogen production from water splitting or on the degradation of 
pollutants, only limited studies have investigated the production of 
energy coupled with wastewater treatment. In 2006, Kaneko et al. 
demonstrated the possibility of generating electricity by decomposing 
different pollutants (including urea) using a TiO2 photoanode and a 
O2-reducing cathode. Since then very few studies have highlighted the 
recovery of energy in the form of electricity (Dector et al., 2021) or H2 
from urea using TiO2 based photoanodes (Pop et al., 2015; Wang et al., 
2012). The low photo-current densities reached using TiO2 under 
simulated solar irradiation, however, limit the applicability of this 
approach. 

The aim of this article is to showcase the simultaneous photo
electrochemical oxidation of urea and the production of hydrogen using 
a WO3 photoanode with a platinized titanium cathode in a two 
compartment photoelectrochemical cell. The photoelectrochemical 
behavior of WO3 was compared to TiO2. Urea oxidation kinetics and 
product distribution were investigated using two custom-made photo
electrochemical cells. The findings presented in this study demonstrate 

the proof of concept of oxidizing common pollutants present wastewater 
as urea, coupled to the simultaneous generation of hydrogen in a pho
toelectrochemical cell. 

2. Materials and methods 

All chemicals used in this study were of analytical grade; details are 
available in Supplementary data Section S1. 

2.1. Photoanode fabrication 

The TiO2 photoanode was fabricated by the immobilization of 
commercial P25 on a fluorine doped tin oxide (FTO) coated glass using 
spray coating, achieving a desired loading of 1 mg cm− 2 (the procedure 
is described in Section S2.1). This value was chosen based on previous 
studies that described the optimal loading for the degradation of formic 
acid and atrazine (McMurray et al., 2004, 2006). 

The WO3 photoanode was synthesized directly on the FTO glass 
using a hydrothermal process described in Section S2.2, (Yang et al., 
2012). Subsequentially, the FTO coated glasses were extracted, rinsed 
with distilled water, and dried in ambient air before annealing. Both the 
TiO2 and WO3 coated FTO coupons were annealed in a Lenton furnace at 
450 ◦C in air for 1 h using a ramp rate of 2 ◦C min− 1. 

The electrical contacts for the 1.5 cm × 2 cm electrodes were made 
by attaching a Cu wire to the FTO area not coated with the semi
conductor, using conductive silver epoxy. The contact and any uncoated 
area were then insulated using SU8 photoresist leaving an active pho
toanode area of 1.5 × 1 cm2. The SU8 coated samples were first dried in 
the oven, then cured by exposing them to UVB irradiation followed by a 
hard bake at 160 ◦C for 30 min. 

2.2. Material characterization 

The surface morphology of the photoanodes was characterized using 
scanning electron microscope (Hitachi SU500 FE-SEM) with an accel
erating voltage of 10 kV and a high vacuum pressure of 10− 8 bar. The 
size of the nanoparticles was determined using the software ImageJ 
averaging more than 50 measurements. 

The elemental composition of the electrodes was determined by X- 
ray photoelectron spectroscopy (XPS) (Kratos Axis Ultra). The wide 
energy survey scans (WESS) were measured for all samples in the 
binding energy range of 0–1250 eV, with a pass energy of 160 eV. High 
resolution (HR) scans of each target element (C, Ti, W and O) were 
recorded with a pass energy of 14.2 eV. 

The crystalline phase of the WO3 photoanode was characterized 
using X-ray diffraction (XRD) (Malvern Panalytical) with Cu Kα (λ =
1.560 Å) radiation at a scanning angle between 20 ͦ and 70 ͦ. 

The UV–vis diffuse reflectance spectra were measured with a 
LAMBDA 365 UV/Vis spectrometer (PerkinElmer) equipped with an 
integrating sphere and the optical band gap was estimated using the 
Kubelka-Munk method. 

2.3. Electrochemical characterization 

The photoelectrochemical characterization was performed using an 
electrochemical workstation (AUTOLAB PGSTAT 30) and a 450 W Xe 
lamp (Horiba Jobin Yvon FL-1039/40, Fig. S1) equipped with a mono
chromator (Horiba Jobin Yvon microHR), a chopper (Uniblitz) for 
interrupted irradiation and an infra-red (IR) filter. The irradiance (I) 
from the Xe lamp was measured using a radiometer (Ocean Optics) and 
the spectrum is reported in Fig. S1. In each photoelectrochemical mea
surement, the photoanode was used as the working electrode with a Pt 
mesh as counter and a saturated calomel electrode (SCE) as reference. 
The experiments were performed in a 30 mL one compartment cylin
drical cell made of quartz glass, using 0.05 M KClO4 as electrolyte. 

The linear sweep voltammetry (LSV) and spectral photocurrent 
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measurements were performed to evaluate the performance of the 
photoanodes under different potential and spectral conditions. In the 
LSV, a scan rate of 5 mV s− 1 was used. The spectral photocurrent 
response measurements were performed from a wavelength ranging 
from 280 nm to 500 nm in steps of 10 nm with chopped irradiation 
intervals of 20 s and a fixed potential of 1 V vs SCE. The incident photon 
to current efficiency (IPCE) was determined using equation S1 described 
in Section S4:Efficiency equations. 

2.4. Urea degradation and hydrogen production experiments 

One and two compartment PECs were designed and fabricated using 
a high resolution stereolithography 3D printer (Formlabs Form 2) and a 
chemical resistant clear resin (Formlabs RS-F2-GPCL-04). After the parts 
were printed, they were thoroughly washed with isopropanol and cured 
at 60 ◦C for 40 min, and then cleaned again with MilliQ water. A 
schematic representation of both cells is shown in Fig. 1. The PECs were 
designed for back-face irradiation of the photoanode, with an irradiated 
area of 19.6 cm2. The FTO glass with the deposited semiconductor was 
placed between two O-rings, which seal the system to avoid electrolyte 
leaking. The electrical contact of the photoanode was made by con
tacting the FTO glass with a copper plate. A commercial platinized (2.5 
± 0.3 μm) titanium mesh was used as cathode. The cells were equipped 
with septum ports to facilitate the extraction of liquid samples using 
syringes. The one-compartment cell, shown in Fig. 1a, had a total vol
ume of 33 mL and an electrode separation of 10 mm. In the two- 
compartment PEC (Fig. 1b), a Nafion membrane, placed between two 

silicon gaskets, was used to separate the anolyte from the catholyte. 
Each compartment had a volume of 33 mL and the distance between 
electrodes was 15 mm. The electrolyte consisted of 0.05 M KClO4 and 
known concentrations of either urea, nitrate or ammonium with an 
initial pH of 6.2. 

The irradiation source was a 1000 W Xe lamp (Quantum Design, 
Fig. S1). A power supply (PHL120 DC Aim-TTi) was used to provide the 
external electrical bias and multimeters were used to record the poten
tial and current (1351 Data precision). 

The quantification of the N-species in aqueous phase including, NH4
+, 

NO3
− and NO2

− was performed following the spectrophotometric 
methods described in the ISO 15923–1(Water quality — Determination 
of selected parameters by discrete analysis systems BS ISO 
15923-1:2013, 2013) using a UV/Vis spectrometer (PerkinElmer). The 
concentration of urea was determined by a colorimetric method previ
ously reported by Jung et al. (1975) and Zawada et al. (2009) (See 
Section S5 for more detail). The detection of hydrogen gas was per
formed using a gas chromatograph (GC - Agilent Technologies 7280 A) 
equipped with a thermal conductivity detector (TCD). Separation of the 
gas sample was achieved using a molecular sieve packed stainless steel 
column (MoleSieve 5A, Mesh 80/100, 6 ft length and 2 mm ID, 
RESTEK). The injector was driven at a pressure of 26.1 psi, a tempera
ture of 150 ◦C and a flow rate of 22.9 mL min− 1. The flow rate employed 
in the column was 20 mL min− 1 and the oven temperature was 50 ◦C, 
while the detector was kept at 200 ◦C with a flow rate of 5 mL min− 1. 
The peak position was determined by the injection of pure H2, while the 
quantification was obtained using a calibration curve with known con
centrations. Gas samples with a volume of 0.1 mL were injected into the 
GC using a gas tight syringe. The quantification of the total volume of 
gas produced during the urea degradation experiments was carried out 
by water displacement through a gas tight connection of the catholyte 
headspace to an inverted graduated cylinder. The gas generated in the 
cathode compartment was collected in a Tedlar sampling bag (Restek). 
Before performing experiments, the catholyte compartment was purged 
for 20 min with N2 gas to remove the oxygen from the electrolyte. 

3. Results and discussion 

This section presents and discusses in detail the results obtained in 
this study including material characterization, photoelectrochemical 
characterization, and the oxidation of urea coupled to the production of 
hydrogen. 

3.1. Material characterization 

SEM was performed to analyze the surface morphology of the TiO2 
and WO3 photoanodes (Fig. 2a and b). The image at low and high 
magnification of the TiO2 photoanode (Fig. 2a) shows agglomerates of 
small spherical P25 nanoparticles covering the FTO surface. The nano
particles preserved their average pre-immobilization size of 27 nm. The 
SEM image of the WO3 photoanode, at low and high magnification re
veals the surface of the FTO glass to be uniformly covered with a plate- 
like structures (Fig. 2b). The average length was 1000 nm and average 
thickness was 200 nm. 

The chemical composition of both photoanodes was analyzed by 
XPS. The survey spectra (Fig. S3) showed the presence of Ti, O and C on 
the TiO2 electrode and W, O and C on the WO3 electrode, with no sig
nificant contamination. The Ti 2p spectra corresponding to the TiO2 
photoanode shows the clearly defined Ti(IV) 2 p3/2 peak located at a 
binding energy (BE) of 458.6 eV, and the Ti 2p1/2 at 464.3 eV, separated 
by 5.7 eV (Fig. 2c) (Alov, 2005). The observed Ti4+ confirms, with the 
corresponding O 1s component, the presence of TiO2. Additionally, the 
doublet 2p3/2 and 2p1/2 located at BE of 457.2 and 461.6 respectively, 
reveals a minor contribution from the lower oxidation state (+3) due to 
oxygen vacancies (Bharti et al., 2016). The W 4f spectra of the WO3 
photoanode shows two main peaks separated by 2.2 eV and attributed to 

Fig. 1. 3D exploded view of the (a) one-compartment and (b) two- 
compartment PECs. 
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the doublet W 4f7/2 and 4f5/2 (Fig. 2d). These contributions positioned at 
BE of 35.8 eV and 38 eV, are characteristic of the electronic state of W6+

in WO3. Moreover, the presence of two minor contributions at slightly 
lower BE of 34.6 eV and 36.9 eV can be attributed to the doublet 4f7/2 
and 4f5/2 from the electronic structure of W5+, originated by the pres
ence of oxygen vacancies (Fig. S4) (Corby et al., 2020; Greiner et al., 
2012). 

The XRD patterns of the WO3 grown film after calcination are shown 
in Fig. 2e, with the FTO glass patterns also shown for easier identifica
tion of WO3 peaks. All the diffraction peaks of the WO3 plates agree well 
with the monoclinic crystal phase of WO3, (PDF no.43-1035) with lattice 
constants of a = 7.297, b = 7.539 and c = 7.688 Å. 

The optical band gap energies were estimated from the diffuse 
reflectance measurements using the Tauc plots shown in Fig. 2f. An 
optical band gap of 3.2 eV was obtained for the electrode formed by P25 
deposited on FTO, which agrees with previous literature values of 3.2 eV 
for anatase and 3.0 eV for rutile, with P25 being a mixture of 80% 
anatase and 20% rutile (Pelaez et al., 2012). The optical band gap for the 
WO3 plates grown on FTO was 2.7 eV which, correlates to previously 

reported values for WO3 nanostructures of 2.5–2.8 eV (Dutta et al., 
2021; Pelaez et al., 2012; Zheng et al., 2019). 

3.2. Photoelectrochemical characterization 

The photoelectrochemical characteristics of the fabricated electrodes 
were evaluated by LSV under chopped irradiation, spectral photocurrent 
response and IPCE. The current response of both anodes was measured 
in a potential ranging from 0.0 to +1.5 V vs SCE (Fig. 3a). The TiO2 
photoanode showed a photocurrent density of 40 μA cm− 2, which is 
stable in the studied potential range, while the WO3 photoanode showed 
an increasing photocurrent density, reaching a saturation current den
sity of 402 μA cm− 2 at +1.5 V. The maximum current value obtained 
with WO3 is 10 times higher than the one measured with TiO2. Chro
noamperometry measurements of both electrodes are shown in Section 
S8. Different current densities have been reported for different WO3 
structures, varying from 150 μA cm− 2 to 2500 μA cm− 2 (Li et al., 2014, 
2016; Liu et al., 2019, 2020; Tolosana-Moranchel et al., 2022; Zheng 
et al., 2019), while reported values for P25 photoanodes vary from 1 μA 

Fig. 2. Top view SEM image of a)TiO2 and b)WO3 photoanodes. XPS spetra corresponding to c)Ti 2p for TiO2. photoanode and d) W4f for WO3 photoanode. e) XRD 
patterns of FTO and WO3 and f) Tauc plots for TiO2 and WO3. 
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cm− 2 to 1000 μA cm− 2 (Haisch et al., 2017; Kim et al., 2013; Pop et al., 
2015; Ranganathan et al., 2016; Yang et al., 2019; Yu et al., 2014). A 
direct comparison of these values is unfortunately not possible due to the 
different experimental conditions, such as the radiation intensity, 
spectral output of the irradiation source, the electrolyte and the pho
toelectrochemical cell design. To study the electrode behavior at nega
tive potentials and measure the onset photocurrent potential, a LSV was 
performed from − 1.0 to +1.5 V vs SCE (Fig. S5), for TiO2 photoanode 
the onset potential for anodic current was − 0.6 V vs SCE, while for WO3 
the onset potential for anodic current was +0.15 V vs SCE. The critical 
band bending (∅s) is the difference between the onset potential (close to 
flat band Efb) and the potential required to obtain the maximum or 
saturated photocurrent (where all charge carriers are separated). For 
TiO2 ∅s is around 0.5 V (Fig. S5) while for the WO3 the photocurrent 
continues to increase asymptotically up to 1.5 V (∅s ~ 1.35 V), but a 
much larger photocurrent is observed. Multiple factors can account for 
the better performance of the WO3 photoanode at more positive po
tentials, compared to the TiO2. The plate-like structure of WO3 presents 
a direct pathway for the photogenerated charges to the current collector 
(Zeng et al., 2017; Zheng et al., 2019). On the other hand, the TiO2 
photoanode has a porous structure formed from P25 independent par
ticles. This structure limits photogenerated charge transfer efficiency 
through the particles and to the collector electrode (FTO glass), 
increasing the interparticle charge recombination (Wang et al., 2020). In 
addition to morphological differences, when comparing the spectral 
photocurrent response (Fig. 3b), WO3 showed a superior photocurrent 

density than TiO2, at any point in the spectrum. Furthermore, WO3 
exhibited visible light activity up to 470 nm while TiO2 gave photo
current up to 390 nm. These wavelengths correspond to an effective 
bandgap of 2.63 eV for WO3 and 3.18 eV for TiO2, which are consistent 
with the optical band gap determined from the Tauc plots, and correlate 
to values previously reported (Pelaez et al., 2012; Reddy et al., 2020). 
The IPCE efficiency of WO3 peaks with 37% at a wavelength of 360 nm, 
while TiO2 peaks with 12% at 340 nm (Fig. 3d). The IPCE values ob
tained for WO3 are in line with several studies using WO3 nano
particulate photoanodes (Li et al., 2016; Liu et al., 2019, 2020; Zeng 
et al., 2017). The IPCE values reported in previous studies for P25 
photoanodes vary widely (10–25%) (Haisch et al., 2017; Ranganathan 
et al., 2016; Tolosana-Moranchel et al., 2022; Yang et al., 2019), due to 
the different experimental conditions, including the electrode thickness, 
immobilization process, electrolyte and testing conditions; nevertheless, 
the value reported in this work is within the range reported in compa
rable studies. 

An increase in the photocurrent density due to the addition of urea 
was observed for both electrodes, which may be attributed to the 
oxidation of urea via direct hole transfer or via hydroxyl radical medi
ated hole transfer (Fig. 3a) both resulting in hole capture and reduced 
rates of charge carrier recombination. The photocurrent magnitude 
depends on the concentration of urea in solution. An increase in 
photocurrent due to the presence of urea has been previously reported in 
two studies using TiO2 photoanodes. Kim et al. (2012) reported a 3-fold 
increase in photocurrent with a concentration of 0.33 M urea and Pop 

Fig. 3. a) Linear sweep voltammograms under chopped irradiation, working window: 0 to +1.5 V, scan rate = 5 mV s− 1, b) spectral current response at fixed 
potential (1.0 V vs SCE) with monochromatic irradiation (280 nm–500 nm) c) Incident photon-to-current efficiency (IPCE). I0 (280–500 nm) = 178 W m− 2. Elec
trolyte = 50 mM KClO4 with or without 6.6 mM urea. 
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et al. (2015) reported an enhancement varying from 15% to 35% with 
urea concentrations ranging from 0.1 to 1 M. In this work, with urea 
concentration of 6.6 mM, a 45% increase in photocurrent for the TiO2 
photoanode is reported. Moreover, this study also tested a WO3 photo
anode in the presence of urea, observing a 25% increase in photocurrent. 
The spectral photocurrent response was also measured in presence of 
urea (Fig. 3c). For WO3 the peak efficiency increased to 43% at a 
wavelength of 360 nm, while TiO2 improved to 16% at 340 nm. 

Overall, the photoelectrochemical results showed an improved per
formance for WO3, when compared to TiO2, which is attributed to an 
increased light absorption range in the UV–vis due to the lower bandgap 
energy and an enhanced pathway for the charge carrier migration. 

3.3. One-compartment cell: urea degradation experiments 

The performance of TiO2 and WO3 photoanodes in the custom-made 
PEC (Fig. 1a) was investigated by varying the applied cell potential 
between the photoanode and the platinized titanium mesh cathode 
(Fig. 4a). Simultaneously, the photoanode potential was measured using 

a reference electrode as shown in Fig. 4b. The current generated under 
irradiation by the TiO2 photoanode increases slightly with increasing 
applied cell potential (Fig. 4a), for the dark current, breakdown was 
observed at a potential of 1.2 V. The chosen operating cell potential for 
TiO2 was 1.2 V with a photoanode potential of +1.14 V vs SCE, as this 
was the point of current saturation. 

The saturation current for the WO3 photoanode was substantially 
higher than for TiO2, however a greater applied potential is also 
required to achieve this current (Fig. 4a). The breakdown current for 
WO3 photoanode is observed at a cell potential of 2.5 V, corresponding 
to a photoanode potential of +1.55 V vs SCE. Under irradiation, for 
increasing cell potential between 0.5 and 1.25 V (Fig. 4a), the anode 
potential remains fairly constant (+0.31 to +0.32 V vs SCE) (Fig. 4b). 
Similarly, in the dark for cell potential between 2.0 and 2.5 V (Fig. 4a) 
the anode potential remains between +1.79 and +1.81 V vs SCE 
(Fig. 4b). This trend is attributed to the contribution of the cathode and 
the ohmic drop to the cell potential. The cell potential of 2.4 V was 
chosen within the saturation region, corresponding to an anode poten
tial of +1.37 V vs SCE. 

The current densities recorded using the one-compartment custom- 
made PEC (Fig. 4b) were higher compared to the quartz cell (Fig. 3a), in 
the whole range of the applied potentials. This enhancement is caused 
by the design of the photoelectrochemical cell (Fig. 1). This includes 
lower reflective losses due to planar FTO compared to the cylindrical 
water-jacketed quartz cell (further information in supplementary data 
Section S9). 

The activity of the TiO2 and WO3 photoanodes for urea removal was 
studied over a period of 2.4 h (Fig. 5a). The TiO2 photoanode achieved 
only 13% of urea oxidation while the WO3 photoanode showed 90% of 
urea oxidation at the same time. The experimental data are fitted to a 
pseudo-first-order kinetic model (Fig. 5b), where C0 is the initial con
centration and Ct the concentration measured at time t. The obtained 
rate constant (k1) for WO3 is 1.47 × 10− 2 min− 1, is 15 times higher than 
the one obtained for TiO2 (1.1 × 10− 3 min− 1). 

To further investigate the difference in performance between WO3 
and TiO2, additional experiments with the PEC in open circuit config
uration (photocatalysis) were performed. For WO3, the results showed 
urea removal values less than 5% after 2.4 h, and a rate constant of 3 ×
10− 4 min− 1 (Fig. 5c). The negligible urea oxidation is due to the positive 
conduction band edge potential of WO3 which is not negative enough to 
reduce molecular oxygen to superoxide, leading to a build-up of pho
togenerated electrons and recombination of charge carriers dominates. 
On the contrary, when a bias is applied, electrons are driven to the 
cathode, and the recombination is reduced, leading to improved per
formance. In the case of TiO2, (Fig. S9), the decrease in the urea con
centration obtained at open circuit was 7% with a rate constant of 5 ×
10− 4 min− 1, showing just a small difference between the open circuit 
and applied bias. The favorable position of P25–TiO2 conduction band 
edge enables the use of the photogenerated electrons to reduce molec
ular oxygen, with the holes being used for urea oxidation (Pelaez et al., 
2012). However, when a bias is applied, the morphology of P25–TiO2 
hinders electron transfer, and favors surface recombination. This 
recombination hampers TiO2 photoanode performance in comparison to 
WO3, as discussed in section 3.2 Photoelectrochemical characterization. 

The reusability of the WO3 photoanode for urea oxidation is studied 
over 5 consecutive cycles each 2.4 h, as shown in Fig. 5d. The photo
anode reveals similar activity with urea concentration decreasing by 
between 90% and 82% at the end of each cycle, which results in rate 
constants ranging from 1.47 × 10− 2 min− 1 to 1.2 × 10− 2 min− 1. Only a 
slight decrease can be observed in the last cycle after 12 h. 

The analysis of the time distribution of the nitrogen ionic species 
present in the solution from the oxidation of urea in the custom-made 
one-compartment PEC reveals that the prevalent species are NH4

+ and 
NO3

− , reaching up to 0.86 mM and 0.70 mM, respectively at the end of 
the experiment, and nearly non-detectable concentrations of NO2

− (8 ×
10− 3 mM) (Fig. 6). The totality of the quantified N-ionic species balances 

Fig. 4. a) Measured current for TiO2 and WO3 at different cell potentials b) 
Current for anode potential vs SCE measured while varying cell potential for 
TiO2 and WO3. All measurement were carried out in the one-compartment 
photoelectrochemical cell. I0 (280–500 nm) = 173 W m− 2. Anode geomet
rical area = 19.6 cm− 2. Electrolyte = 50 mM KClO4 and 0.83 mM Urea. 
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the nitrogen content in this process, suggesting that no N2 gas or other 
aqueous N-species were originated from the oxidation of urea under 
these conditions (Equation S4). 

Hydroxyl radicals (.OH) have been reported to have a major role in 
the oxidation of urea to form NO3

− and NH4
+ (Calza et al., 2005; Park 

et al., 2019; Pelizzetti et al., 2004). Previous studies described a detailed 
mechanism for the photocatalytic oxidation of urea using TiO2 (Calza 
et al., 2005; Park et al., 2019; Pelizzetti et al., 2004). Pelizzetti et al. 
(2004) proposed a mechanism for urea degradation using TiO2, where, 
one of the amino groups of urea initially converts into a nitroso group 
and later to a nitro group by .OH. Subsequentially, the nitroformamide is 
hydrolyzed, releasing NO2

− ions, which are rapidly transformed into 
NO3

− by .OH (Zafra et al., 1991). The remaining carbamic acid, which 
occurs as a zwitterion can undergo two different oxidation pathways. 
One of the possible pathways is the oxidation to CO2 and NH2OH by .OH 
radicals, NH2OH undergoes further .OH oxidation to NO2

− and NO3
− . The 

other possible pathway is the decomposition of carbamic acid to form 
HCO3

− and NH3 by simultaneous .OH and e− attacks. The molar ratio of 
NO3

− to NH4
+ is indicative of which reactions are favored. NO3

− /NH4
+

ratios of 2 (Calza et al., 2005) and 1.9 (Park et al., 2019) have been 
reported for photocatalytic degradation of urea using TiO2. Alterna
tively, Kim et al. (2012) reported no NO3

− production in anoxic condi
tions, suggesting that the presence of O2 is essential for the generation of 
NO3

− from the photocatalytic degradation of urea in TiO2. 
In this study, with the WO3 photoanode, the production of NO2

− in 
time peaks at 8 × 10− 3 mM after 72 min and then decreases, indicating 

Fig. 5. a) Normalized urea concentration vs time for TiO2 and WO3 electrodes and b) negative natural log of normalized concentration vs time for TiO2 and WO3, c) 
Normalized urea concentration vs time for WO3 electrodes at open circuit (OC) and with applied bias (AB), d) Normalized urea concentration vs time for 5 
consecutive experiments with the WO3 electrode. [Urea]0 = 0.83 mM. Electrolyte = 0.05M KClO4. I0 (280–500 nm) = 173 W m− 2. 

Fig. 6. Time evolution of urea conversion to NH4
+, NO3

− and NO2
− using WO3 

photoanode. One-compartment cell. [Urea]0 = 0.83 mM. Electrolyte = 0.05M 
KClO4. I0 (280–500 nm) = 173 W m− 2. 
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that NO2
− is a reaction intermediate (Fig. 7), which is consistent with the 

proposed rapid oxidation of NO2
− to NO3

− (Zafra et al., 1991). However, a 
higher molar concentration of NH4

+ than NO3
− was obtained with a ratio 

of 0.81 [NO3
− ]/[NH4

+], which deviates from the previously obtained 
results in photocatalytic tests using TiO2 (Calza et al., 2005; Park et al., 
2019). This suggests that even though the urea oxidation via .OH radi
cals in solution could follow the pathway proposed by Pelizzetti et al. 
(2004), there might be another mechanisms contributing to preferential 
decomposition to NH4

+. The production of .OH by the WO3 was 
demonstrated in Section S11. 

To gain knowledge depth on the mechanism and potential side re
actions, the reduction of NO3

− to NH4
+, by either the cathode or electrons 

from the photoanode conduction band, was investigated by performing 
experiments starting with a 0.55 mM NO3

− solution. The results show 
that 25% of the NO3

− was converted to NH4
+ (Fig. 8), confirming the 

viability of this reduction reaction in the final product distribution. 
Similarly, to obtain more insight into the possible oxidation of NH4

+

to NO3
− and its role in the main mechanism, experiments starting with a 

0.58 mM NH4
+ solution were performed. The results proved that NH4

+

was not oxidized under these experimental conditions. Several studies 
have reported the oxidation to occur only when the un-ionized form 
ammonia (NH3) is predominant for which the pH needs to be higher 
than 9.25 (pKa) (Michels et al., 2010; Nemoto et al., 2007; Zhu et al., 
2005). In the pH used in this study (initial pH of 6.2), the protonated 
form ammonium (NH4

+) will predominate. 
The ionic N-species present due to urea oxidation using TiO2 as 

photoanode was also studied and shown in Fig. S10, similarly to WO3 
the majority of the products are NH4

+ and NO3
− with low values for NO2

−

of 5 × 10− 3 mM, but in this case a slightly higher molar concentration of 
NO3

− was obtained over NH4
+ with a ratio of 1.14. 

3.4. Two-compartment cell: urea degradation coupled to hydrogen 
production 

In order to couple the production of hydrogen with the degradation 
of urea a two-compartment gas tight PEC was designed, with the com
partments separated by a proton exchange membrane (Fig. 1b). This 
configuration was chosen to separate the H2 gas evolving at the cathode 
from the possible gases produced at the photoanode, as well as to 
eliminate the potential reduction of urea intermediates in the cathode. 
The two-compartment cell was tested using a WO3 photoanode as it was 
the best performing photoelectrode in the initial experiments. 

An operational cell potential of 2.4 V, was chosen to perform the 
experiments in the two-compartment cell since no considerable increase 
of photocurrent was observed above this potential (Fig. 9a). The cell 
potential of 2.4 V corresponds to a potential at the photoanode of +1.15 
V vs SCE (Fig. 9b). The current generated from WO3 photoanode under 
irradiation and in the dark were plotted against potential of cathode vs 
SCE (Fig. 9c). For the chosen working applied cell potential of 2.4 V, the 
potential measured between cathode and reference was − 1 V vs SCE. 

In the two-compartment cell, a urea removal of 86% was obtained 
after 2.4 h in the anolyte compartment (Fig. 10), with a rate constant of 
1.34 × 10− 2 min− 1. This slight reduction compared to the 90% (1.47 ×
10− 2 min− 1) obtained with the one-compartment cell is attributed to the 
reduced photoanode potential. Simultaneously, the production of H2 gas 
was studied at the catholyte compartment. Hydrogen production 
reached 3.09 × 10− 1 mmol after 1 h irradiation and was confirmed by 
GC-TCD. This would result in an average 309 μmol h− 1 rate if a zero 
order H2 production rate is assumed. This corresponds to a faradaic ef
ficiency of 87.3%, calculated considering the theoretical mol produced 
by the recorded current during this hour, 3.54 × 10− 1 mmol (Equation 
S2). 

The solar-to-hydrogen conversion efficiency (STH) was calculated by 
comparing the energy content of the produced hydrogen with the energy 
supplied by the simulated solar light source (Fig. S1). Using 237 KJ for 
the energy content of 1 mol of hydrogen and with photoanode area of 
19.6 cm2, an efficiency of 1.1% was obtained (Equation S3). Even the 
calculated value might seem low, it is important to consider that the 
maximum theoretical STH for WO3 is just 4.5% (Li et al., 2013). Raptis 
et al. (2017) reported STH efficiency varying from 1.2 to 1.7% using 
WO3 in presence of ethanol. It is also important to consider that the 
presence of ethanol is unlikely to be a main component in wastewater 
and its use as a model pollutant influences the STH because of its known 
current-doubling effect. Recently, studies have reported the generation 
of hydrogen and urea oxidation using photoelectrochemistry (Bezbor
uah et al., 2023; Tao et al., 2022, 2023). Bezboruah et al. (2023) re
ported the production of H2 when urea is present in the electrolyte. This 
study used a Ni–TiO2/p-NDIHBT photoanode and a Pt cathode in a one 
compartment cell, achieving a faradaic efficiency of 83.3% and STH 
efficiency of 0.34%, when using a 0.5 M KOH electrolyte. Tao et al. 
(2022) demonstrated the oxidation of urea linked to the production of 
H2. The study achieved a H2 production rate of 128 μmol cm− 2 h− 1 when 
employing a La–Ni-based perovskite photoanode and a Pt cathode in a 
H-cell reactor with 1 M KOH. In a recent study, Tao et al. (2023) studied 

Fig. 7. Evolution of NO2
− concentration in time during oxidation of urea with 

WO3. One-compartment cell. WO3 photoanode. I0 (280–500 nm) = 173 W m− 2. 
Electrolyte = 0.05M KClO4. [Urea]0 = 0.83 mM. 

Fig. 8. Evolution of NO3
− in time and conversion to NH4+([NO3

− ]0 = 0.55 mM). 
One-compartment cell. WO3 photoanode. I0 (280–500 nm) = 173 W m− 2. 
Electrolyte = 0.05M KClO4. 
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the oxidation of urea and hydrogen production, reporting H2 rate of 200 
μmol h− 1 when using Ni2P clusters sensitized TiO2 nanotube arrays 
photoanode (Ni2P/TiO2-NTAs) in a 1 M KOH electrolyte. However, a 
direct comparison of the performance with the present is not possible 
due to different experimental testing conditions (as irradiation source, 
cell configuration and electrolyte). In addition, these studies were per
formed at alkaline pH (13–14), which if used for wastewater treatment, 
this process would require pH adjustment of the wastewater with 
consumable chemicals before treatment and correction before 
discharge. 

In the present study, both the anolyte and catholyte compartment 
were periodically sampled to identify possible membrane crossover of 
species. Similar to the observations drawn from the one-compartment 
cell experiments, the molar nitrogen balance was closed by the sum
mation of the products in solution from both compartments. The prod
ucts were mostly NH4

+ and NO3
− , with a small amount of NO2

−

(Fig. S13d). Small amounts of NH4
+ are detected in the catholyte 

compartment, suggesting some NH4
+ crossover through the membrane. 

In the case of the two-compartment cell, the measured ratio of NO3
− / 

NH4
+ is equal to 0.76, in close agreement with the 0.81 observed in the 

one compartment cell. 
The NO2

− concentrations remained below 0.002 mM for the first half 
of the experiment (Fig. S13), before decreasing below instrumental 
detection limit (LODNO2 = 2 × 10− 4 mM). To verify if the observed 
conversion of NO3

− to NH4
+ in the one-compartment cell occurs at the 

cathode, additional experiments were carried out starting with an initial 
NO3

− concentration of 0.55 mM in the anolyte compartment. The 

Fig. 9. a) Current vs cell potential for WO3, b) current vs anode potential for different applied cell potentials c) current vs cathode potential while cell potential is 
varied. Two-compartment photoelectrochemical cell. I0 (280–500 nm) = 173 W m− 2. Anode geometrical area = 19.6 cm− 2. Catholyte electrolyte = 50 mM KClO4 and 
anolyte electrolyte = 0.83 mM Urea and 50 mM KClO4. 

Fig. 10. Degradation of urea and corresponding conversion to NH4
+, NO3

− and 
NO2

− using WO3 photoanode. Two-compartment cell. [Urea]0 = 0.83 mM. 
Electrolyte = 0.05 M KClO4. I0 (280–500 nm) = 173 W m− 2. 
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concentration of NO3
− remains unchanged throughout the duration of 

the experiments and no detectable concentration of NH4
+ is found, 

indicating that the cathode is responsible for the conversion of NO3
− to 

NH4
+ in the one-compartment cell experiments. Additionally, experi

ments with an initial concentration of 0.58 mM NH4
+ were performed, 

similarly to the one-compartment cell no NH4
+ removal was observed 

(Fig. S13). 
This study has shown the potential of simultaneous photo

electrochemical urea oxidation and hydrogen generation from waste
water. In order to progress from the laboratory scale testing, further 
work in reactor design is needed. Specifically, a scale-up version of this 
technology needs to be evaluated in further studies, together with 
testing with real wastewater, to assess electrode fouling and long-term 
operation at these conditions. In addition, techno-economic assess
ment should be carried out before deployment. 

4. Conclusions 

This work demonstrates the feasibility of coupling urea oxidation to 
energy recovery as hydrogen. This investigation focuses on the utiliza
tion of WO3 monoclinic plates as photoanode. This visible light active 
electrode outperformed the UV active TiO2 electrode for the oxidation of 
urea without the addition of external oxidizing radicals. WO3 proved 
superior urea removal with a rate constant 15 times higher the one 
obtained for TiO2. 

The coupling of urea oxidation to hydrogen production, besides 
providing additional value to each individual process, can represent a 
more desirable anodic process than water splitting to produce hydrogen. 
This was demonstrated by the increase in photocurrent and IPCE in the 
presence of urea. 

The investigation of the mechanisms of the N-species reactions and 
product distribution in liquid and gas phase, showed a closed nitrogen 
balance with nitrate and ammonium as main by-products and the pro
duction of hydrogen with a faradaic efficiency of 87.3% and a STH ef
ficiency of 1.1%. Nitrite was just detected in small quantities as it rapidly 
converted to nitrate. Moreover, the use of a two-compartment PEC 
should be considered to separate gas products and to limit the side re
actions at the cathode derived by anode by-products. Further work is 
needed to address the preferential and selective oxidation of urea to 
dinitrogen. 

This study showcases the potential of photoelectrochemical urea 
oxidation and hydrogen generation from wastewater. This technology 
can achieve the recovery of resources from wastewater, generating a 
clean fuel, which aids in the implementation of the circular economy 
concept and the development of sustainable approaches in the envi
ronmental and energy fields. The presented findings encourage further 
developments related to coupling of wastewater remediation to energy 
recovery. 

CRediT authorship contribution statement 

Adriana Rioja-Cabanillas: Conceptualization, Methodology, 
Investigation, Writing – original draft, Writing – review & editing. 
Stuart McMichael: Investigation, Writing – review & editing. Alvaro 
Tolosana-Moranchel: Writing – review & editing. Salem Alkharab
sheh: Writing – review & editing. Nathan Skillen: Investigation, 
Writing – review & editing. Pilar Fernandez-Ibanez: Writing – review 
& editing, Supervision, Funding acquisition. John Anthony Byrne: 
Writing – review & editing, Supervision, Funding acquisition. 

Declaration of competing interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Data availability 

Data will be made available on request. 

Acknowledgements 

This work was supported by the European Union’s Horizon 2020 
research and innovation programme under the Marie-Curie grant 
agreement No 812574 (REWATERGY) and under grant agreement No 
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