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ARTICLE INFO ABSTRACT

Editor: Apostolos Giannis Photoelectrocatalysis is one of the most favourable techniques that could be used in this remit as it has the
potential to utilise natural sunlight to generate oxidants in situ to mediate effective pollutant degradation. This
work, therefore, utilises a mesoporous nanoscale WO3/BiVO4 heterostructure photoanode to effectively degrade
ibuprofen in wastewater combined with simultaneous green hydrogen generation at the cathode under simulated
sunlight. A near complete degradation (>96%) of ibuprofen (starting concentration of 100 mg/L), with no
hazardous intermediates (determined via mass spectrometry analysis), along with simultaneous Hy evolution of
114 pmol/cm2 after 145 min was demonstrated in this work. In addition, intermediate product analysis, the role
of the type of in situ oxidants on degradation, the mechanistic pathway of degradation, and the material char-
acteristics of mesoporous photoanode were also investigated. First experimental evidence of in situ generated
H,03 contributing to the degradation of ibuprofen is presented.
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1. Introduction these APIs induce negative health effects on aquatic life and humans via

antibiotic resistance, cause acute and chronic damage [4], behavioural

Pharmaceutical drug consumption in the healthcare sector has
increased continuously in the last two decades. It has resulted in
approximately 4000 active pharmaceutical ingredients being issued
worldwide in 2018 [1]. Active pharmaceutical ingredients (APIs) are an
increasing pollution threat to our freshwater sources due to ineffective
wastewater (WW) treatment processes and its subsequent release into
the environment [2]. APIs have been detected in ng/L to mg/L ranges
within drinking water and freshwater sources worldwide [3]. Mainly,

changes, a build-up in tissue [5], issues with reproductive systems [6]
and inhibition of cell production [7] even at low ng/L concentrations
[1]. Therefore, the severity of pharmaceutical drug pollutants in water
streams have been examined by several researchers [2, 8-10].

One of the most concerning pharmaceutical compounds in the water
environment is ibuprofen (IBP), due to it being the third most consumed
drug [11]. This has resulted in a high concentration of IBP reaching our
WW treatment plants. For instance, ~8600 ng/L IBP have been observed

* Corresponding author at: SPECIFIC, Faculty of Science and Engineering, Swansea University, Swansea, Wales, UK.

E-mail address: S.Pitchaimuthu@hw.ac.uk (S. Pitchaimuthu).

1 Current address: Laboratory for electron microscopy, Karlsruhe Institute of Technology, Karlsruhe, Germany.

https://doi.org/10.1016/j.jece.2023.110256

Received 28 February 2023; Received in revised form 29 May 2023; Accepted 30 May 2023

Available online 1 June 2023

2213-3437/© 2023 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:S.Pitchaimuthu@hw.ac.uk
www.sciencedirect.com/science/journal/22133437
https://www.elsevier.com/locate/jece
https://doi.org/10.1016/j.jece.2023.110256
https://doi.org/10.1016/j.jece.2023.110256
https://doi.org/10.1016/j.jece.2023.110256
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jece.2023.110256&domain=pdf
http://creativecommons.org/licenses/by/4.0/

K.R. Davies et al.

at Canadian wastewater treatment plants [12]. Due to the recalcitrant
structure of IBP, it is extremely difficult to degrade the compound and
mineralise it completely before environmental discharge from conven-
tional WW treatment plants [13]. This has resulted in IBP reaching
freshwater sources which is a significant concern given IBP has been
reported to cause endocrine disruption in Mytilus galloprovincialis [14],
oxidative stress and membrane damage within the digestive gland, and
an increase in lipid peroxidation levels in mussels [15]. Whilst, Lange et
al [16]. showed that IBP concentrations between 10 and 100 ng/L can
decrease the behavioural response of amphipod crustaceans Gammarus
pluex. A 21-day LC50 (lethal concentration sufficient to kill 50% of the
population) concentration of IBP for Daphnia magna, a brackish and
fresh water planktonic crustacean was found to be ~4 mg/L [17]. So, it
is imperative to remove even lower concentrations of IBP present in
water. This implies the elimination of IBP from wastewater is crucial.
Therefore, finding an alternative, sustainable technology that can
completely remove IBP from WW is essential to reduce its environmental
impact.

Typically, recalcitrant pollutants in WW are mineralised using
advanced oxidation processes due to their ability to generate highly
oxidising species in-situ. Photo-electrocatalysis (PEC) is one such
advanced oxidation process that is of emerging interest to decontami-
nate WW. Particularly, PEC has been successfully exploited previously to
degrade a range of pollutants into non-toxic products completely
[18-22]. PEC works by utilising a photoanode containing a
light-responsive semiconductor catalyst coated onto a conductive sub-
strate (glass, steel, etc.) with a counter electrode and reference electrode
[23]. The WW acts as a source of electrolytes and source of electron are
placed in the cell hosting the photoanode and cathode. When a light
source irradiates the semiconductor photoanode, it allows photons with
the equivalent or higher energy than the bandgap to be absorbed. It
causes the electrons to move from the valance band to the conduction
band. This results in holes left in the valance band, which oxidise water
molecules and generate protons (H") as a by-product. In PEC tech-
niques, a small applied electric potential, typically 0.1 — 1.0 V vs. NHE
(normal hydrogen electrode) is required to create a band bending effect
in the semiconductor-electrolyte interface, which drives the photoelec-
trons from the semiconductor surface to the charge collector [24]. These
photoelectrons transport to the counter electrode, reducing the protons
to generate hydrogen gas.

Recovering hydrogen (Hy) gas via PEC or photocatalysis mediated
pollutant degradation process is an innovative approach [25-27]. Con-
ventional hydrogen production processes, such as steam methane
reforming, is carbon intensive, with 9-12 kg CO,/kg H; produced [28].
Contemporary ‘green’ water electrolysis processes are therefore
favourable with < 0.6 kg COy/kg Hj produced [28-30]. The problem
however is the requirement of fresh water for electrolysis leading to a
large freshwater footprint of 9 kg freshwater/kg hydrogen produced
[31]. On the contrary, when WW is used in a tandem process for its
simultaneous treatment coupled with hydrogen generation, the process
will truly be green. In the case of PEC based tandem processes, the
pollutant in WW acts as a sacrificial electron donor leading to its
degradation coupled with the reduction of protons at the cathode for
hydrogen generation [32]. Such a process is expected to reduce the
levelised cost of hydrogen (LCOH) [25]. The work presented in this
manuscript is an attempt towards achieving this and has duly demon-
strated the PEC of simulated IBP WW for its degradation coupled with Hy
generation. The main challenges with PEC based systems however lie in
the complexity of electrode fabrication without sacrificing the electronic
conductivity of the materials, and the thickness-dependent photocharge
carrier recombination which is also addressed here [33].

Visible light-driven semiconductor photoanodes such as WOs,
BiVOy4, C3Ny4, CdS, TagNs, and bismuth oxyhalides have shown effective
pollutant degradation performance compared to commercially available
TiOy [20, 34-38]. It is beneficial to move away from UV activated
photoanodes but towards visible light activated narrow bandgap energy
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materials (2.2-2.8 eV) to effectively harness sunlight and maximise the
photonic efficiency [39]. However, the charge recombination behaviour
at a single semiconductor catalyst limits the overall performance of the
water pollutant degradation. Hetero-structured semiconductors pro-
mote charge separation (e” and h™) via type-II junction formation and
can overcome charge recombination at electrode/electrolyte interfaces
[40,41]. In this context, nanoscale WO3/BiVOQ4 is a benchmark photo-
anode configuration in water splitting hydrogen generation due to its (a)
effective charge separation at low applied potential energy, (b) extended
visible light absorption, thus exhibiting significant photocurrent density
(2-6 mA em™2) in a PEC cell [42-46]. The higher photocurrent density
generation at WO3/BiVO4 photoanode compared to the respective in-
dividual semiconductor photoanode indicates the merits of hetero-
structure photoanodes in PEC [47]. Usually, the photocurrent density of
the WO3/BiVO4 photoanode can be improved by co-catalyst deposition,
electrolyte pH modification, and passivation layer coatings [48-50]. A
conventional flat type WO3/BiVOQy, is appropriate for splitting water into
oxygen and hydrogen generation, but for WW treatment applications, it
limits the pollutant mass transport on the electrode surface [51]. It is
anticipated that mesoporous WO3/BiVO4 photoanodes can enhance the
water pollutants’ percolation, which enhances mass transfer for efficient
pollutant degradation [52-54].

This work demonstrates the feasibility of mesoporous type nanoscale
WO3/BiVO4 heterostructure photoanode (Scheme 1a) in simultaneous
IBP degradation at photoanode and hydrogen gas evolution at the
cathode compartment. The mesoporous channels at WO3/BiVO,4 will
offer high mass transport of the electrolyte, which is anticipated to result
in high interfacial contact between IBP and the catalyst surface. The
schematic illustration of simultaneous IBP degradation at the anode
compartment and hydrogen gas generation at the cathode compartment
is shown in Scheme 1b.

Current literature exploring PEC for IBP degradation are limited and
have only presented incremental research findings mainly focussing on
material development or enhancing the degradation efficiencies of IBP
[55-59]. A gap still exists in the area of degradation pathway identifi-
cation from a chemistry and environmental fate viewpoint and
improving technology readiness from the engineering viewpoint. This
work addresses one of these aspects i.e., PEC mediated IBP degradation
pathway identification. It is critical to address this as in most cases, the
degradation of a recalcitrant parent compound leads to the formation of
more toxic by-products [60]. Elucidating the pathway presents venues
to intensify the degradation towards non-toxic safe WW discharge. In
addition to addressing a specific challenge with IBP degradation, this
work also demonstrates a novel simultaneous green hydrogen produc-
tion route that has the potential to decarbonise the WW industry and
accelerate net zero transition.

The aim of this work is to primarily demonstrate the capability of a
mesoporous type nanoscale WO3/BiVO4 heterostructure photoanode for
IBP degradation coupled with simultaneous hydrogen evolution in a PEC
cell. During the course, crucial processing parameters, such as the in-
fluence of ionic salt in the electrolyte and its concentration on IBP
degradation as well as hydrogen evolution were examined. Intermediate
product analysis, role of the type of in situ oxidants on degradation,
mechanistic pathway of IBP degradation, and the material characteris-
tics of mesoporous photoanode were also investigated in this work.

2. Experimental
2.1. Preparation of mesoporous WOs3/BiVO,4 photoanode

All the chemicals were received from Sigma Aldrich unless stated
otherwise. In the first step, a homogenous WOj3 paste was prepared using
commercial WO3 nanocrystalline powder (100 nm size). We adopted
Regan’s protocol where WO3 nanopowder was utilised instead of TiO;
[61]. Briefly, the preparation involved the following stages, (a) grinding
5 g of WO3 with 1 mL of acetic acid for 5 min using mortar and pestle,
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Scheme 1. (a) Schematic structure of mesoporous type WO3/BiVO,4 photoanode for solar light-driven PEC water pollutants degradation. (b) Schematic illustration of
simultaneous IBP pollutants degradation (anode) and green hydrogen generation (cathode) at WO3/BiVO4 photoanode based dual compartment PEC cell. FTO-

fluorinated tin oxide.

(b) adding 1 mL of deionised water and grinding for 1 min (repeat this 6
times), (c) adding 1 mL of ethanol and grinding for 1 min (repeat this 15
times), (d) adding 2.5 mL of ethanol and grinding for 1 min (repeat 6
times). Then, the WO3 colloid was transferred into a closed beaker using
100 mL of ethanol. The solution was then magnetically stirred (150
RPM) for 1 min, sonicated for 10 min (10 s on/off) and magnetically
stirred (150 RPM) for 1 min again. Then 20 g of a-terpineol was added to
the above colloidal solution, and then it was magnetically stirred for
1 min, sonicated for 10 min (10 s on/off) and magnetically stirred for
1 min again. Once this step was completed, then 30 g of 10% (w/w)
ethyl cellulose in ethanol was added, and the solution was magnetically
stirred for 1 min, sonicated for 10 min (10 s on/off), and magnetically
stirred for 1 min again. The final step used a rotary evaporator to remove
the ethanol from the paste. The setting was under vacuum, and the
temperature ranged from 50° to 70°C, the speed of rotation was 90 — 120
RPM, and it was conducted for 1 h. Once the homogenous WO3 paste
was ready, it was applied on the pre-cleaned fluorine-doped tin oxide
coated (FTO) glass (Pilkington 12 Q sheet resistance) by utilising the
doctor blade method. A hotplate was utilised to anneal the samples by
utilising the following conditions: (a) Ramp Time =1 h, (b) Set tem-
perature = 450 °C and (c) Annealing Time = 3 h. This step was repeated
twice to make a 2-layer WO3 on the FTO glass.

The BiVOy4 solution was prepared by utilising the method reported by
Choi et al [42]. This was done by mixing 0.1462 g of ammonium met-
avanadate, 0.6061 g of bismuth nitrate pentahydrate, 0.4803 g of citric

acid, 0.825 g of nitric acid and 2.9 mL of deionised water together. The
solution was then sonicated for 10 min. Once the solution was finished,
it was spin-coated on top of the WO3 surface by utilising a spin coater
with a setting of 500 RPM for 5s and 2000 RPM for 40s. The
WO3/BiVO4 photoanode was annealed using the following settings on
an enclosed hotplate: (a) Ramp Time = 2.5h, (b) Set Temperature
=500 °C and (c) Annealing Time = 1 h. Finally, an insulated copper
wire was attached to the uncoated area of WO3/BiVO4 coating on FTO
glass, and the electrode was insulated to avoid the electrolyte interaction
using epoxy resin glue. The active area of the electrode was approxi-

mately 1 cm?.

2.2. Characterisation

The X-ray diffraction measurements were conducted utilising a
Bruker D8 Discover X-ray Diffractometer with a copper source (40 kV,
40 mA) and a 1D detector in Bragg-Brentano. The X-photoelectron
spectroscopy (XPS) measurements were achieved by utilising a Kratos
Axis Supra using a monochromatic Al Ka X-ray source operated at 225 W
(15 mA emission current). The experimental data was deconvoluted
with Fourier transform and fitted with CasaXPS software. The scanning
electron microscopy (SEM) images were captured using a JEOL 7800 F
FEG-SEM with an Oxford Instrument X-MaxN Energy Dispersion Spectra
(EDS) Detector with a 50 mm? window. The high resolution-
transmission electron microscopy (HR-TEM) image was captured using
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a FEI Technai F20 system. The UV-vis diffuse reflectance spectra (UV-
Vis DRS) were obtained using a Perkin Elmer Lambda 365 system.

2.3. Photoelectrocatalysis experiments

PEC experiments were demonstrated using a two-compartment cell
with a proton exchange membrane (Nafion™ 117) separating the anodic
and cathodic compartments. In the anodic compartment (50 mL ca-
pacity), the WO3/BiVO4 photoanode working electrode and Ag/AgCl
reference electrode were immersed in a 0.5 M NaCl electrolyte. At the
same time, the cathodic compartment had conventional platinum (Pt)
wire as a counter electrode. For the chronoamperometry experiments, a
Zahner potentiostat (Thales Zahner Zennnium) was utilised, with an
applied potential of 1.2V (vs. Ag/AgCl) to the WO3/BiVO,4 working
electrode and a 30 s off/on chopped light of 1 Sun solar light (Solar
Simulator 350 — 1800 nm, HAL-320 W, Asahi Spectra) for 5 min. The
linear sweep voltammetry experiments were conducted by using a
Zahner potentiostat (Thales Zahner Zennnium) with an applied poten-
tial range from — 0.5-1.5 V (vs. Ag/AgCl) and carried out in the dark and
1 Sun condition (Solar Simulator 350 — 1800 nm, HAL-320 W, Asahi
Spectra). All the experiments were repeated three times unless otherwise
stated.

2.4. Ibuprofen degradation experiments

The IBP degradation was conducted in the PEC set-up as described
above. However, the 0.5 M NaCl electrolyte in the anodic compartment
was spiked to contain 100 pg/mL of IBP. The experiment was initially
conducted with an applied potential of 0.6 V (vs. Ag/AgCl) for 30 min in
the dark to allow absorption equilibrium, then placed under 1 Sun
irradiation for 2 h. For the optimisation of the process, the applied po-
tential was increased from 0.6 V to 1.5V in 0.3 V intervals. Once the
applied potential was optimised, the NaCl electrolyte concentration was
increased to 1 M. The electrolyte samples (10 pL) were analysed using
liquid chromatography system coupled with a UV detector (LC-UV)
(Agilent 1200 LC-UV system with a Waters X-select C-18 column
(2.1 mm x 100 mm)). The mobile phases were 0.1% formic acid in
water and acetonitrile, which were pumped at 0.250 mL/minute using a
gradient approach (75:25-0:100 over xx minutes, with a column wash at
100% B for XX minutes and recondition step for YY minutes). The UV
detection wavelength was set at 265 nm, to target IBP. The final sample
from the optimised IBP degradation experiment was analysed using the
same LC settings as above but with a Waters Xevo TQ-S mass spec-
trometer, operating using electrospray ionisation in positive ion mode,
at a capillary and cone voltage of 3.5 kV and 5V, respectively, with a
source temperature of 500 °C, and a desolvation and cone gas flowrate
of 600 and 150 L/hr, respectively. Data was acquired over a mass range
of 50-500 mass-to-charge (m/z) range, and used a collision induced
dissociation (CID) energy of 30 eV for the tandem mass spectrometry
work.

2.5. Hydrogen peroxide quantification

Quantofix Hy02 stripes were utilised to quantify the HyO5 being
produced during the IBP degradation experiment. These stripes can only
give an approximation with detection range between 0.5 and 25 mg/L;
thus, the results have low precision for the HoOy concentrations. The
stripes were dipped into the electrolyte every 30 min and examined
against the colour chart to obtain the H,O, concentration.

2.6. PEC hydrogen generation experiments

Hp generation experiments were conducted similar to IBP degrada-
tion experiments, except the cathodic compartment had an inlet and
outlet line to and from a gas chromatography (GC) system. A PalmSens
EmStat 3 + potentiostat was used. The PEC cell was irradiated with a
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solar simulator (Thermo-Oriel) equipped with an AM 1.5 G filter
(Newport) at 1 sun; experiments were performed in triplicate. A Shi-
madzu Nexis GC-2030 was used to quantify the hydrogen gas generated.
It is configured with a barrier-discharge ionisation detector (BID) and a
molecular sieve column with an internal diameter of 530 ym and a
length of 30 m. The capillary column temperature was set to 140 °C with
the BID set to 250 °C and Helium (BOC) was used as the carrier gas. The
run time of the method was 5 min, programmed with an auto-injection
after 2 min and a backflush at 2.29 min to avoid moisture from being
injected into the column. The gas samples were carried from the PEC cell
headspace by the purge gas (nitrogen, BOC) via a mass flow controller
(Bronkhorst) to the GC sample loop (Restek, 2 mL). After 2 min flushing
of the sample loop, the gas mixture (sample and purge gas) was peri-
odically sampled using a split injection (5:1). 10-point calibration of the
GC was done using a 2000 ppm Hjy in CO4 standard (BOC) diluted with
N2 to 50-1000 ppm using a set of mass flow controllers. From the
determined Hy concentration in the purge gas and the purge gas flow
rate, the Hy evolution was calculated assuming constant Hy production
in between sampling points.

3. Results and discussion
3.1. Composition of the photoanode material

The crystalline structure of WO3 and WO3/BiVOy4 films were studied
using an X-ray diffractometer (Fig. 1a). The diffraction peaks were
observed at 23.1°, 23.6° and 24.3% which corresponds to (002), (020)
and (200) crystalline phases of WOs. It indicates orthorhombic WO3. A
small crystalline peak at 18.5° in the WO3/BiVO4 sample (Fig. 1b) im-
plies the (101) crystalline phase of BiVO4 has been formed [62-65].
Further, the surface morphology of WO3 and WO3/BiVOy4 films were
studied by FESEM and HR-TEM (Fig. S1 a-b, Fig. 1 c-f, respectively).
Fig. 1 (c) shows the WO3 particles were in an anisotropic shape and size
between 50 and 120 nm. The high magnification image (Fig. 1d) dis-
played a lattice diameter of 0.26 nm corresponding to the (021) phase of
WO3. Fig. 1e shows the BiVOy4 thin film coating with a thickness of
10 nm well covered with WOj3 crystals. However, the (101) lattice
planes of BiVO4 as observed in XRD were not observed in the HR-TEM
images (Fig. 1b). This might be due to the poor crystalline formation
of BiVO4, which is difficult to determine from the HR-TEM images.
Another WOg lattice observed from WOs3/BiVO4 sample (Fig. 1 f)
showed 0.26 nm corresponds to (202) crystalline phase. The WOs3
crystalline phase observations are in line with XRD results.

The surface morphology of the WO3/BiVO4 photoanode was char-
acterised by SEM and shown in Fig. S1 (a). The image shows that the
photoanode has a nanoporous surface as the grain size varies from 60 to
350 nm. While the EDS analysis Fig. 1(b) shows the total coverage of
BiVO4 over WOs. It implies that the spin coating of the BiVO4 layer on
top of WO3 successfully created an effective heterojunction. It can be
further verified with a HR-TEM image (Fig. 1e).

The chemical environment of WO3 and BiVO4 coating was examined
with XPS to provide detailed information about metal ion diffusion (W
or Bi) or oxygen vacancies (V,) that could occur at the WO3/BiVO4
interface. From the literature for WO3, the W4f5,» and W4f7 5 associated
with the target coordination state of W®" are reported to have binding
energies of 35.1-35.4 eV and 37.2-37.6 eV, respectively [64,66,67].
Fig. 2(a) shows strong peaks at 35.18, 35.55 eV, 37.29 and 37.66 eV for
the fabricated films indicating that both WO3 and WO3/BiVO4 photo-
anodes have been successfully manufactured to contain the target co-
ordination state of W8 [64,66].

However, a slight shift in the binding energies associated with W in
WO3/BiVO4 photoanode was also observed. This difference in binding
energy usually suggests a chemical shift has occurred, possibly due to a
change in oxidation state of the atom or the physical environment, with
a higher oxidation state of W in WO3/BiVO,4 than in WOs films. There-
fore, this data indicates that the BiVO4 coating on the WOg layer alters
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the chemical environment and resulting binding energy. Further anal-
ysis of the XPS spectra in Fig. 2(b-d) also shows sound evidence for the
formation of the target BiVO4 coating. For example, multiple O1s peaks
associated with lattice oxygen (529.6 and 530.4 eV) and surface hy-
droxyl groups (-OH) (531.5 eV) were observed, suggesting appropriate
oxidation of the material. Whilst, peaks at 159.21 eV and 164.52 eV
(Fig. 2(c)) indicative of Bi4f;, and Bi4fs,,, respectively [44], and at
516.5 eV and 524.1 eV (Fig. 2(d)) indicative of V2p3,5 and V2ps/,
respectively [64] strongly suggest that the target coordination states of
Bi (3%) and V (57) associated with BiVOy,, have been formed within the
electrode coating.

3.2. Characterisation of the photoanode material in initiating oxidation

To explore if the WO3/BiVO,4 photoanode can efficiently absorb
visible light photons from the solar spectrum, optical absorption mea-
surements were obtained. These results (Fig. 3) show that the visible
light activity of WO35 is extended from approximately 450 nm to 490 nm
with BiVOy4 heterolayer deposition, and that the WO3/BiVO4 hetero-
structured film exhibits higher photo absorption than the original BiVO4

film. The bandgap energy of the WO3, BiVO4 and WO3/BiVOy films are
estimated using Tauc plots using Kubelka-Munk (Fig. S3). The extrap-
olation of a straight line which intersects the X-axis provides the
bandgap energy value. These straight lines indicated in Fig. S3 are
indicated in red colour derived by straight line fitting process with
99.9% of accuracy. The estimated bandgap energy values of WOs3, BiVO4
and WO3/BiVOy4 are found to be 2.79, 2.66 and 2.65 eV, respectively.
The BiVO4 deposition onto WO3 narrows the bandgap energy from 2.79
to 2.65 eV, indicating that the WO3/BiVO4 photoanode can efficiently
absorb visible light photons for photocatalytic activity [45,68].

The potential for the WO3/BiVO4 photoanode to initiate the degra-
dation of organic materials in water via oxidation was initially examined
using water splitting reactions with an aqueous 0.5 M NaCl electrolyte
(see Fig. S4). Earlier reports using NaCl-based electrolytes at this
selected concentration showed that NaCl can effectively scavenge the
photoholes from the valence band of WO3/BiVO4 heterostructured
photoanode, due to high electrolyte conductivity, which helping to
maintain the charge separation required for photocatalytic activity [69].
Chronoamperometry results of WO3/BiVO4 photoanode under dark and
light irradiation conditions confirms this, with the absence of
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photocurrent generation when no electrolyte is used (see Fig. 4). How-
ever, when NaCl is applied, the WO3/BiVO4 photoanode based PEC cells
appear to offer a highly effective water oxidation system, with a high
photocurrent density (3.4 mA.cm? at 2 V RHE) observed within the JV
plots in Fig. S4. This, with the greater visible light activity and charge
separation at the electrode/electrolyte interface, indicates that
WO3/BiVO4 can provide a more effective water oxidation process in
relation to the unmodified WO3 photoanode material.

3.3. Optimisation of the photoanode material

To further enhance the photocurrent generation, the electrolyte
composition to increase charge separation was investigated with the
WO3/BiVO4 photoanode. Past work has shown a NapSO4 electrolyte can
be used with similar performance to NaCl with WO3 photoanodes, and
this was investigated to achieve optimum performance with this new
WO3/BiVO,4 photoanode material. In the case of a NaCl-based electro-
lyte, the photocurrent generation is steady in comparison to NasSOy; for
the latter, the photocurrent starts to decrease with time, suspected due
to reduced photocharge carriers transfer at electrode/electrolyte in-
terfaces [70]. Therefore, based on these results, NaCl was chosen as the
appropriate electrolyte for supporting the degradation of IBP.
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Fig. 4. Chronoamperometry plots of WO3/BiVO, photoanodes in different
electrolytes. Note that the experiments were measured at an applied potential
1.23 V RHE.
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IBP degradation experiments were carried out with chro-
noamperometry mode under an applied potential of 1.15V vs. RHE
using 0.5 M NaCl electrolyte. The IBP removal from the water was
quantified at dark and 1 Sun conditions using the LC-UV method, and
the results are presented in Fig. 5 (a). Briefly, to successfully degrade IBP
it is anticipated that the compound will first need to be adsorbed onto
the WO3/BiVOy4 surface, with the photoholes generated from the semi-
conductor catalyst initiating oxidation of IBP either directly on the
surface of the material, or indirectly via the reactive oxygen species
within the electrolyte. In terms of IBP degradation, differences were
observed following the application of light, with increased IBP removal
(27.9% to 52.3 &+ 5%) in the presence of photons. With the reduced
photocatalytic performance noted in absence of light (in above results),
this lower percentage IBP removal was not unexpected, and the levels
observed were suspected to be primarily due to the adsorption of IBP on
WOs3/BiVO4 surface rather than photocatalytic degradation. This was
supported with the absence of intermediate IBP products during the dark
conditions (Fig. S5) and confirms degradation will require both surface
adsorption and photoelectrocatalysis [57, 71-72]. However, given the
charge separation at WO3/BiVO, interface (and anticipated photo-
catalytic performance) is dependent on the applied potential, percent-
age removal of IBP was evaluated at selected voltages (1.15V, 1.45V,
1.75 and 2.1 V vs. RHE). As shown in Fig. 5 (b), IBP degradation im-
proves with increasing applied potential to 1.75 V vs. RHE, achieving a
maximum IBP removal of 81.7 £+ 4.5% after 150 min of reaction.
However, when increased above 1.75 V vs. RHE no further increase in
IBP degradation was observed, possibly due to the photoelectron gen-
eration being fixed at the photoanode under a constant 1 Sun
irradiation.

The increment in the applied potential to the circuit enhances the
band bending at the WO3/BiVOjy/electrolyte interface, thus providing a
higher driving force for the photoelectrons to move from the BiVO4
surface to the charge collector via WO3 [73]. Once the photoelectrons
effectively separate from the semiconductor, the hole lifetime can be
extended to enable effective pollutant degradation [74]. However,
increasing the electric potential in the circuit above the flat band po-
tential does not change the charge carrier collection. Instead, it initiates
a competitive reaction on the photoanode surface. Secondly, at higher
potentials, the by-products are formed at faster rates, which means there
is higher competition for the active sites, thus reducing the ibuprofen
degradation [75]. Thirdly, when the applied potential is at its optimum,
the space charge layer is roughly the same thickness as the photoanode
resulting in the complete separation of the charge carriers [76].
Consequently, increasing the applied potential beyond this point causes
the space charge layer to relocate, which results in charge recombina-
tion and reduces the IBP degradation [76]. Finally, pushing the applied
potential beyond the optimal amount causes oxygen generation, which
competes with the ibuprofen degradation reaction, resulting in lower
degradation rates [77].

In addition to the electrolyte type, the concentration and subsequent
ionic conductivity of the electrolyte was also investigated to improve the
charge separation at the electrode/electrolyte interface. Despite typical
conditions in published works involving 0.5 M NaCl, it is anticipated
that an increase in the electrolyte (salt) concentration would result in an
increase in ionic transport from the solution to the electrodes, further
driving charge separation and degradation. By changing the NaCl con-
centration from 0.5 to 1 M, IBP degradation increased by 18% (see
Figs. 5¢) to 96.7% within 2.5 h [78].

The demonstration of near complete removal of IBP shows that the
degradation of recalcitrant pollutants in WW using PEC based methods
are often a function of treatment time. Other contributing factors
include, active surface area, mass transfer and electrolyte type. There-
fore, future research should focus on intensifying PEC WW treatment to
improve their technology readiness and understanding its environ-
mental impact, rather than focussing on new materials for incremental
improvement in removal efficiencies.
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3.4. Elucidation of WO3/BiVO,4 photoanode degradation mechanisms:
IBP

Studies exploring PEC, PC and other advance oxidation processes
have identified that different and often undesirable by-products can be
generated from IBP degradation that are hazardous to aquatic life and
potentially, human health. Hazardous substances include malonate,
phenol, 4-isobutylacetophenone and hydroxy-ibuprofen (Table S2), and
further underlines the importance of deciphering the degradative
pathways using this new photoanode design to avoid their generation (if
possible). The application of the developed WO3/BiVO4 photoanode
generated several low mass species that spanned the hydrophobicity
range of the positive ion chromatogram (see Fig. 6). This was expected,
as it was evident within the single published paper [71] which explored
PEC that identified ibuprofen was degraded to 2-Hydoxyl-propanoic
acid, Hydroxyl-acetic acid, Pentanoic acid, Malonate, Phenol and 1,
4-Benzenedicarboxylic acid. However, rather than generating a pro-
tonated molecule ion species via electrospray ionisation-mass spec-
trometry (ESI-MS), this work involved the analysis of the IBP
by-products using gas chromatography-mass spectrometry (GC-MS)
(see Figs. S6 and S7), and as such, the fragmentation data obtained
within this published work is not directly comparable to those observed
via CID when using ESI-MS (Fig. S8). Therefore, the chromatogram of
the acquired data obtained with this WO3/BiVO4 photoanode was first
searched for equivalent precursor mass species for the known PEC
by-products, and then cross refenced versus analogous photocatalyst
technology measured via LC-MS for possible candidate identities
(Table S2) [79].

Interestingly, the sample did not appear to show evidence of known
PEC by-products but did indicate the presence of molecule ion species of
m/z 239, 223, 221 and 177. When compared to the literature of other
AO processes (including PC UV/advanced oxidation process), m/z 239,
223, and 177 matched formula of C13H1804, C13H1803, and C12H160,
respectively [80]. However, upon fragmentation the product ion spectra
showed differences to those of the anticipated PC by-products, including
toxic substances such as hydroxy-ibuprofen and 4-isobutylacetophenone
(see table S2) identified in previous work [79]. Therefore, the data
obtained from this new PEC photoanode indicates the potential forma-
tion of novel isobaric species to both published PC and PEC systems. To
characterise these species, the fragmentation patterns were explored for
losses commonly associated with the fragmentation of IBP by-products
(see Table 1). This data suggested fragment ions were largely alkyl or
oxygenated alkyl species, with only m/z 221, 177 showing evidence of
aromaticity within the structure, indicated by the presence of a benzyl
(m/z 77) and phenoxy fragment ion (m/z 93). Thus, this evidence in-
dicates a substantial change in the chemical structure of IBP when
treated with this PEC process with no confirmation of the known haz-
ardous by-products being produced during the process.

Various species can be responsible for the degradation of IBP in a PEC
system. To help determine the degradative mechanisms, identification
of the type of oxidant is crucial. In general, photoholes at valence band
of irradiated semiconductor catalyst surface are responsible for
pollutant degradation directly or indirectly via free radicals or oxidant
species [57, 71-72, 78, 81-82]. Thermodynamically, the main reactive
species produced by the semiconductor catalyst would be ¢OH where
the valence band maximum position of the semiconductor catalyst
should be equal or above 2.32 V RHE [60]. The hydroxyl radical gen-
eration will only be prevalent when efficient charge separation occurs.
Otherwise, with the higher rates of charge carrier recombination, the
radical generation will be limited and oxidation can directly proceed via
photoholes. This would especially be true when a higher adsorption of
IBP is observed on the catalyst. In such a scenario, when the catalyst
surface is saturated with the pollutant, surface adsorbed water mole-
cules will be minimal thereby leading to negligible hydroxyl radical
formation.

Therefore, to identify the active reactive species on mesoporous
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Fig. 6. The representative chromatogram was obtained from the final sample of the optimised PEC ibuprofen degradation experiment.

Table 1
Summarises the m/z of the precursor ion species with their corresponding
product ions obtained by CID fragmentation. Unk — unknown.

Precursor Ion Major Product Ion Tentative Product Ion Mass
(m/2) Identified (m/z) Assignment Loss
239 198 Ci13H260 41
157 C10H210 82
116 C7H;60 123
95 C4H;50, 144
93 C4H130, 146
77 C4H;30 162
75 C4H;,0 164
73 C4HoO 166
223 149 Unk 74
57 C4Hy 166
221 139 Unk 82
133 Unk 88
105 C;Hs0 116
57 C4Hy 164
177 149 C11Hie 28
134 CioH1s 43
77 CeHs 100
57 C4Ho 120

WO3/BiVO4 photoanode, a coumarin probe-based method was utilised.
When hydroxyl radicals are the predominant reactive species, coumarin
will be hydroxylated to generated hydroxycoumarins [83,84]. This
experiment utilised 100 pM of coumarin to capture any OHe radicals
that may be generated in the system. The product of interest, umbelli-
ferone (also known as 7-hydroxycoumarin) was fluorometrically quan-
tified (emission peak 450 nm, excitation peak 332 nm) to determine the
hydroxyl radical producing ability of the system [83,85].

The PEC coumarin degradation concerning the duration of the re-
actions is presented in Fig. 7a. It seems WO3/BiVOy effectively degraded
50% of coumarin in 60 min of light irradiation. The PL spectra (Fig. 7b)
resulted in weak peaks at 450 nm. Alongside, the area under the curve
was observed to increase with time indicating that there may negligible
formation of umbelliferone which is consistent with literature for WO3
based catalysts [86]. This argument also aligns with other research re-
ports where the inadequate valence band position of BiVO4 does not
support eOH radical generation until adding the scavengers in the
electrolyte or surface modification [87-89]. The heterostructure

formation on BiVOy4 surface with WO3 may have induced weak hydroxyl
radical production ability of the photoanode. Furthermore, the rate of
coumarin degradation seems to be declining beyond 60 min (Fig. 8a)
suggesting that there may have been competitive adsorption on the
anode surface by the intermediates formed. These intermediates could
be other non-fluorescent hydroxycoumarins or other coumarin degra-
dation products [86]. This suggests that in addition to hydroxyl radicals,
other reactive oxidants may have also contributed to the degradation of
IBP in this system.

Another probable oxidant that may be prevalent in BiVO4 based PEC
systems is hydrogen peroxide. Recent reports show that BiVOy is capable
of producing anodic hydrogen peroxide via the traditional PEC water
splitting process as follows [90-94],

2 HO - H,O, + 2 HY + 2e” Ey(H,0,/H,0) = +1-78 V vs-RHE (@D)]

Further, we investigated the electrolyte and ensured the hydrogen
peroxide formation using Quantofix hydrogen peroxide strips to deter-
mine the approximate concentration of hydrogen peroxide in mg/L. A
colour change in the strips indicated the hydrogen peroxide formation
(Fig. S9). The results are presented in Fig. 8. A significant amount of
hydrogen peroxide formation in the electrolyte was confirmed during
PEC reactions, which increased between 1.5 and 2.3 mg/L with the re-
action duration.

In general, the water oxidation to oxygen evolution competes with
hydrogen peroxide formation at the BiVO4 photoanode with the selec-
tivity depending on the semiconductor material [95]. In BiVOy,
hydrogen peroxide formation can be achieved by surface passivation
layer coating, which modulates the surface hole oxidation reaction ki-
netics to suppress the oxygen evolution. But in our case, organic pol-
lutants at the photoanode compartment act as an electron donor to the
BiVOy4, effectively scavenging the photo holes and thus preventing water
oxidation. Fuku et al [94]. suggested that in-situ PEC hydrogen peroxide
generation at electrodes can oxidise organic species such as IBP.
Therefore Fig. 8 unambiguously explains anodic hydrogen peroxide
formation at BiVO4 which could be the predominant oxidant responsible
for IBP degradation. To the best of our knowledge, this is the first-time,
involvement of hydrogen peroxide was experimentally observed in
WOs3/BiVO4-based PEC IBP degradation experiments. This PEC in-situ
hydrogen peroxide generation-based IBP pollutants degradation will
be economically advantageous compared with hybrid process of UV
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Fig. 7. (a) A graph displaying the PEC coumarin degradation achieved by the
WO3/BiVO,4 photoanode, and (b) The PL spectra obtained during the coumarin
degradation experiment.

ozone + hydrogen peroxide based IBP degradation where commercial
hydrogen peroxide was added externally [96].

The stability of the mesoporous WO3/BiVO4 photoanodes was tested
in at least three IBP degradation runs (Fig. S7). The degradation per-
formance was reduced with every subsequent run. It might have been
due to the photo hole accumulation at the photoanode resulting in
photooxidation of BiVOy and the dissolution of V°* to the electrolyte,
which drives photocorrosion at the photoanode [97]. The deposition of
porous and ion-permeable catalysts such as Co-Pi, FeFOOH, NiOOH or
FeNiOOH, etc., on BiVO4 can improve the extraction of photogenerated
holes from the near-surface region, which can effectively reduce pho-
tocorrosion of the semiconductor catalyst surface [98-100]. Another
reason is that the electrolyte’s pH changes (Fig. S10) during the PEC
process, which may also affect the stability of BiVO4. The estimated
Pourbaix diagram by Toma et al [98]. shows that BiVO4 can be stable for
a wide range of potentials and pH 4 <pH< 11. But in this work, the pH
of the electrolyte after PEC treatment was reduced to lower than 4,
which might have affected the stability of the photoanode. In previous
reports of photocatalytic IBP degradation, this issue is not adequately
discussed. This issue also can be overcome with co-catalyst coating on
photoanode [101]. Therefore stability of BiVO4 photoanode can be
further improved with metal oxide-based passivation layer coatings on
top of the BiVO4 surface [95], or metal doping at BiVO4 [102]. The pH of
the electrolyte reduced from 4.3 to 2.1 after the PEC IBP degradation,
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Fig. 8. Approximate quantification of the hydrogen peroxide concentration in
the electrolyte solution during the ibuprofen degradation process. The experi-
mental values obtained for average of three runs.

indicating that it should be neutralised before being discharged from the
treatment plants.

To further improve the economics of PEC wastewater treatment, co-
generation of hydrogen gas at the cathode compartment during the PEC
IBP degradation process was demonstrated and the generated Hy was
quantified by gas chromatography. Initially, PEC water splitting
(without pollutants) at the WO3/BiVO,4 photoanode was investigated.
Fig. SO shows that hydrogen gas was observed at the cathode compart-
ment under illumination, but no hydrogen gas was noticed in dark
conditions. It validates the PEC water-splitting activity at WO3/BiVOg4-
based PEC cells. Further, Fig. 9 demonstrates that the PEC systems could
generate a similar amount of hydrogen gas in the presence and absence
of IBP in the electrolyte (anode compartment). For instance, the PEC IBP
degradation process produced ~61 + 5.5 pmol/cm? of hydrogen whilst
simultaneously degrading ibuprofen in the water, similar to ~69
+ 5.5 umol/cm? in the absence of IBP in the electrolyte (within the error
limits), implying IBP has little effect on the Hy generation. However,
increasing the IBP concentration further may be expected to increase the
proton concentration in the anode compartment, thus enhancing the
hydrogen generation at the cathode. The usage of the Nafion membrane
in the PEC cells successfully separates the ibuprofen degradation re-
actions (at the anode) from the hydrogen production (at the cathode). If
the membrane were absent, the secondary by-products from ibuprofen
degradation would further reduce as the cathode surface, which would
be a competitive reaction for hydrogen gas production.

As can be seen, the enhanced PEC IBP degradation rate after
increasing NaCl concentration (Fig. 5¢) was expected to produce more
protons (H') as by-products in the photoanode compartment. The
increased proton concentration from the PEC IBP degradation reactions
could enhance the hydrogen gas evolution at the cathode. As expected,
the hydrogen gas evolution was markedly increased from ~61 pmol/
cm? to ~114 + 5.5 umol/cm? for 145 min of the PEC reactions period at
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1.75V vs. RHE applied potential. The 2-fold enhanced hydrogen gas
evolution by increasing the NaCl concentration from 0.5 to 1 M in the
electrolyte demonstrates the importance of electrolyte conductivity at
BiVOy via electrolyte engineering.

IBP degradation has been investigated predominantly via hybrid
advanced oxidation processes due to its recalcitrance. Most of the re-
ported literature use HyO- as an external oxidant to enhance the IBP
degradation efficiencies [103-105]. [57,96], For instance, photo-
catalysis based methods utilise one reaction chamber and therefore are
prone to higher charge carrier recombination as well as toxic interme-
diate product formation. From a safety and operations cost point of
view, it is not advisable to utilise externally added peroxide for pollutant
degradation. Therefore, recent research has focussed on in situ genera-
tion and utilisation of H,O, for IBP removal from wastewater (refer to
Table S4) [106-108]. Along these lines, we have demonstrated complete
IBP removal via the PEC based process involving in situ HoO; genera-
tion. In addition to complete IBP degradation, the intermediate product
analysis show that no hazardous products were formed as a result as
compared to previously reported works [103,105]. While there are no
previous studies to directly compare PEC based IBP degradation with in
situ HpO4 generation, a general comparison of existing literature with
hybrid advanced oxidation processes presented in Table S4 showed that
the results presented in this work are on par with current state of the art.
Furthermore, the use of mesoporous WO3/BiVO,4 photoanode for IBP
degradation alongside simultaneous Hy production at the cathode was
also reported for the first time.

The schematic illustration of simultaneous IBP degradation at the
anode compartment and hydrogen gas generation at the cathode
compartment is previously explained in Scheme 1. Briefly, photoholes
forms oxidants (hydrogen peroxide) and H" as a by-product in the
anodic compartment. The hydrogen peroxide produced in-situ, oxidises
IBP to generate intermediates. The H' ions are transferred to the
cathodic compartment via the proton exchange membrane, where the
photoelectrons transported to the Pt cathode reduce H' to generate
hydrogen gas.

Overall, the experimental results presented in Figs. 5¢ and 9
confirmed the feasibility of simultaneous green hydrogen evolution
from the PEC IBP degradation process (anode). The photocorrosive
behaviour observed at the BiVO, surface can be further suppressed with
a passivation layer coating or co-catalyst decoration. Enhancing the
charge separation, i.e., photoholes from BiVO4 to the electrolyte via

11

Journal of Environmental Chemical Engineering 11 (2023) 110256

surface engineering is anticipated to avoid further corrosion.
4. Conclusions

The application of a mesoporous nanoscale WO3/BiVO4 photoanode
was demonstrated in PEC water splitting and IBP degradation. The
WO3/BiVO4 photoanode showed up to 96.7% of IBP degradation within
150 min when a NaCl-based electrolyte was used. However, the chem-
ical analysis of the electrolyte after PEC treatment warned that 4-Isobu-
tylacetophenone was formed as a primary intermediate. It could
however be possible to completely eliminate this intermediate by
extending the PEC process duration above 150 min. It was also further
demonstrated that unlike reported in the literature, IBP degradation did
not proceed via a OHe radical based mechanism, but rather progressed
via a HyO based oxidation pathway. Furthermore, concurrent genera-
tion of green hydrogen (~114umol/cm?) was also demonstrated
alongside IBP degradation at 145 min of reaction period under 1.75 V
vs. RHE applied potential. The demonstration of tandem reaction sug-
gests that PEC is a viable technology for recovering energy from
wastewater. This work opens a platform for designing efficient photo-
electrocatalyst materials for tackling toxic organic water pollutants,
including pharmaceutical species and recovering green hydrogen gas to
support the net zero transition.
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