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A B S T R A C T   

Pharmaceuticals and personal care products are contaminants of emerging concern (CEC) in water. Photo-
catalysis (PC) and photoelectrocatalysis (PEC) are potential advanced oxidation processes for the effective 
degradation of these contaminants. In this work a bench-scale photoelectrocatalytic reactor utilizing a UVA-LED 
array was designed and tested for the degradation of diclofenac as a model CEC. Reduced graphene oxide- 
titanium dioxide (rGO-TiO2) composite, prepared by the photocatalytic reduction of rGO on TiO2, was immo-
bilised on fluorine doped tin oxide (FTO) glass and evaluated as a photoanode. The influence of UVA intensity 
and rGO:TiO2 ratio on the degradation rate was studied. Surface modification of the TiO2 with 1% rGO gave the 
highest photocurrent and best degradation rate of diclofenac, as compared to unmodified TiO2. However, 
following repeat cycles of photoelectrocatalytic treatment there was an observed drop in the photocurrent with 
rGO-TiO2 anodes and the rate of diclofenac degradation decreased. Raman and XPS analysis indicated the re- 
oxidation of the rGO. Attempts to regenerate the rGO in-situ by electrochemical reduction did not prove suc-
cessful, suggesting that the site of photoelectrocatalytic oxidation of rGO was different to the reduction site 
targeted in the photocatalytic reduction for the formation of the rGO-TiO2 composites.   

1. Introduction 

PEC (photoelectrocatalysis) has been widely researched as a novel 
technology with the potential to remove organic pollutants and harmful 
microorganisms from water and wastewater (Kusmierek, 2020). The 
advantages of PEC include environmental friendliness, effective degra-
dation of CEC, and improved performance compared to PC alone due to 
enhanced charge carrier separation by the applied potential (Daghrir 
et al., 2012; Alulema-Pullupaxi et al., 2021). PEC is commonly con-
ducted using an n-type photoanode with a metallic or carbon counter 
electrode connected by an external circuit in an electrochemical cell. 
The photoanode can be excited by irradiation with energy that is equal 
to or greater than the bandgap energy of the material, the excitation 
produces an electron-hole pair (e--h+). The applied potential generates 
an electric field and promotes the transfer of photogenerated electrons 
to counter electrode through an external circuit, reducing charge carrier 
recombination and improving process efficiency. The photogenerated 
holes can either directly oxidize organic pollutants or react with the 

absorbed water to produce hydroxyl radicals (HO•). The electrons at the 
cathode can reduce oxygen and generate superoxide radicals (O2

•-) which 
undergo subsequent reactions forming other reactive oxidizing species 
(ROS), such as hydrogen peroxide (H2O2), hydroperoxyl radical HO2

•, 
and HO•. The ROS attack and degrade organic pollutants, eventually to 
H2O and CO2 (Fernandez-Ibanez et al., 2021; McMichael et al., 2021). 

Several different photoelectrochemical reactors have been tested 
such as rotating disk, thin film and cylindrical PEC have been reported in 
the literature (McMichael et al., 2021). However, these designs remain 
restricted to the laboratory scale and have various limitations, including 
a lack of adequate homogeneous irradiation sources, low mass transfer, 
energy loss during irradiation, complex electrode preparation, and PEC 
cell maintenance limitations (Meng et al., 2015, Wang et al., 2020, 
McMichael et al., 2021). In addition, other challenges during the design 
of PEC reactors must be addressed, including the fabrication of photo-
anodes that allow back-face irradiation, and cell design to minimise 
electrical resistant and give a high electrode surface area-to-volume 
ratio (Meng et al., 2015; McMichael et al., 2021, 2022). Several 
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irradiation sources have been tested in PEC systems including mercury, 
xenon, and halogen lamps (Wang et al., 2020). However, each of these 
sources is associated with limitations such as fragility, excessive heat 
generation, high energy consumption, environmental risk, short life 
span, and unhomogenized irradiation in the reactor (Song et al., 2016; 
Martín-Sómer et al., 2017, Wang et al., 2020). Considering these issues, 
light-emitting diode (LED)–based lamps with controllable, 
high-intensity, and uniform irradiance are promising for PEC applica-
tions (Song et al., 2016, Wang et al., 2020). 

Titanium dioxide (TiO2) particulate electrodes formed by the 
immobilization of TiO2 particles on a conducting support have been 
employed as photoanodes. The photocurrent is normally quite low due 
to the requirement of photogenerated electrons to pass between particle 
boundaries to reach the supporting electrode, and surface recombina-
tion reactions will predominate in the absence of hole scavengers. One 
approach to improve electron transport to the supporting electrode is to 
introduce a conducting element such as graphene into the TiO2 layer. 

Graphene-based materials have been widely employed in designing 
novel photocatalysts due to their advantageous physical properties, 
including unique optical properties, large specific surface area, excellent 
mechanical strength, and high electronic conductivity. TiO2-based 
composites made with graphene and reduced graphene oxide (rGO) 
have emerged as promising materials for PC and PEC (D. Wang et al., 
2012; P. Wang et al., 2012, Cruz-Ortiz, 2017). rGO-TiO2 composites 
have been demonstrated to exhibit improved photocatalytic efficiency 
due to several different mechanisms including efficient charge transport, 
reduced electron-hole recombination rates, prolonged carrier lifetime, 
altered ROS distribution (Wang et al., 2012; Cruz-Ortiz et al., 2017), and 
excellent pollutant adsorption (Low et al., 2017). Commonly, rGO is 
prepared by reducing graphene oxide (GO) using thermal or chemical 
reduction methods (Cruz-Ortiz et al., 2017). However, functional oxy-
gen groups may not be completely removed in the reduction stage, and 
the reduced form is referred to as reduced graphene oxide (rGO). Owing 
to the noted properties, rGO-TiO2 composites have been widely 
employed as photocatalysts for water disinfection and organic pollutant 
removal such as E.coli (Cruz-Ortiz et al., 2017), K. pneumoniae, E. faecium 
& B. bacteriovorus (Waso et al., 2020), phenol (Naknikham et al., 2019), 
bisphenol (Žerjav et al., 2017), clofibric acid (Tolosana-Moranchel et al., 
2019a and 2019b), diphenhydramine, and methyl orange (Pas-
trana-Martínez et al., 2012). Pastrana-Martínez et al. (2012) reported 
improvement in the photocatalytic activity of TiO2 when combined with 
rGO, demonstrating total degradation and significant mineralization of 
diphenhydramine and methyl orange in less than 60 min under near 
UV-Vis irradiation (Pastrana-Martínez et al., 2012). However, these 
studies did not show whether the nanocomposites and their photo-
catalytic activity remain stable after the photocatalytic process. Taking 
into consideration that TiO2 is activated by UV irradiation and ROS, 
which are highly oxidative and can degrade organic pollutants, there-
fore oxidation reactions with rGO cannot be discarded. Furthermore, the 
effect of irradiation on the rGO structure and the stability during PC and 
PEC processes has not been completely elucidated up to now. 

This work evaluates rGO-TiO2 composite photoanodes prepared by 
photocatalytic reduction of GO for the photoelectrolytic degradation of 
diclofenac in a bench scale photoelectrochemical reactor irradiated with 
a controllable high-intensity UVA-LED array. The stability of the rGO- 
TiO2 photoanodes was investigated by repeat cycles of treatment and 
surface characterisation post treatment. 

2. Experimental 

2.1. Materials and reagents 

Diclofenac sodium (>99%) and sodium sulfate (Na2SO4) (>99%) 
were obtained from Acros Organics. Methanol anhydrous was obtained 
from Scharlab (99.9%), Degussa P25 TiO2 was obtained from Aeroxide, 
graphene oxide (GO) was obtained from Versarien PLC, deacon 90 

detergent was obtained from Deacon Laboratories, and platinized tita-
nium (Pt/Ti) was obtained from Umicore. All solutions were prepared 
with distilled water obtained from a laboratory water purification 
system. 

2.2. rGO-TiO2 composite synthesis 

The rGO-TiO2 composite was synthesized by photocatalytic reduc-
tion method. In which GO and TiO2 particles were suspended separately 
in 50 mL of methanol and sonicated using the Elmasonic P60H ultra-
sonic instrument for 1 h. The two suspensions were mixed to obtain a 
concentration of 1 or 5 wt% GO/TiO2. The resulting suspension was 
sonicated for 1 h and then irradiated with 14.4 mWcm⁻2 UVA-LED for 5 
h to reduce the GO and form the rGO-TiO2 composite, the resulting 
solution was then evaporated in air with the rGO-TiO2 nanopowder 
remaining (Cruz-Ortiz et al., 2017). 

2.3. Photoanode preparation 

FTO glass (23 cm × 29.5 cm) was cleaned using 5% deacon90 
detergent, followed by multiple rinses with distilled water. Subse-
quently, the cleaned FTO substrate was left to dry in air. The FTO sub-
strate was spray-coated using an airbrush spray gun. A methanol 
solution containing 1% w/v of the required material (Degussa P25 TiO2, 
1% rGO-TiO2, or 5% rGO-TiO2), which had been sonicated for 15 min 
before usage, was applied as coating solution. The FTO was coated until 
the optimal catalyst loading of 1 mgcm⁻2 was achieved as reported in the 
literature (Byrne et al., 1998b; Dunlop et al., 2010). The FTO substrate 
was weighed before and after spray coating, with the coating process 
continuing until a weight increase of 0.65 g was attained, signifying the 
achievement of optimal loading. The coated electrodes were then 
annealed at 450 ◦C for 2 h to facilitate adhesion. To carry out surface 
characterization, all samples were prepared using the same method as 
the large photoanode and sprayed onto 1 cm × 1 cm FTO excluding the 
GO sample, which was not annealed. 

2.4. Materials characterization 

Visual changes were examined and confirmed the successful reduc-
tion of GO. A field emission scanning electron microscope (FESEM) was 
used to analyze the surface morphology of the prepared electrodes, 
using FESEM SU5000 (Hitachi) operated under high vacuum conditions 
of ~10− 8 bar. The FESEM was equipped with a dispersive energy X-ray 
(EDX/EDS) analyzer, which was used to determine the bulk elemental 
composition. Composition analyses were conducted at an accelerating 
voltage of 7.5 kV. EDX images were recorded using a backscattered 
secondary electron detector and analyzed using the Aztec software 
provided with the instrument. EDX was used to confirm rGO presence by 
examining carbon percentage in the TiO2 sample. A Renishaw Raman 
spectroscopy was used to evaluate the crystal structure of the samples at 
room temperature with 532 nm argon neon laser sources. For each 
sample, the scan was recorded 3 times with an exposure period of 10 s in 
the range of 3200 – 1000 cm− 1. 

Chemical composition analysis was carried out by X-ray photoelec-
tron spectroscopy (XPS) using a Kratos Axis Ultra employing an Al Kα X- 
ray source (hυ 1486.7 eV). Wide energy survey scans were performed for 
samples at a binding energy range of 0 – 1250 eV with 150 kV pass 
energy. High-resolution scans were performed at a slower scan speed for 
specific elemental transitions at 20 kV pass energy. For charge correc-
tion, the binding energy of the samples was calibrated relative to the C 1 
s peak at 284 eV (Fernández-Ibáñez et al., 2015). The XPS spectra were 
analyzed using Advantage software. The quantification peaks were 
fitted using a mixed Gaussian–Lorentzian function after performing a 
smart background correction. All scans were performed at a minimum of 
three sites to reduce errors in determining elemental proportions. 
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2.5. Photoelectrocatalytic reactor 

The reactor (Fig. 1) was designed based on a sandwich type config-
uration with the photoanode flat plate electrode directly opposite and 
in-parallel to the counter electrode to minimise resistance losses. A fluid 
channel was used to increase the residence time. The photoanodes were 
fabricated using FTO as the supporting electrode to allow back-faced 
irradiation was used to ensure photon absorption by the photocatalyst 
and not by the electrolyte solution (McMichael et al., 2021). The interior 
volume of the channel’s reactor was 450 mL. The FTO glass was used as 
the conductive support for the photoanode (23 cm × 29.5 cm) and had a 
geometric surface area of 534.6 cm2 (19.8 cm × 27 cm) when placed in 
the reactor. The height of the channels was 0.8 mm and located at dis-
tance of 0.2 cm far from the FTO glass. The cathode was platinized ti-
tanium plate (2 mm thick), which was machined to fit the shape of the 
channels. The distance between the working and counter electrodes was 
0.8 cm. The irradiation source comprised of four CL30 UVA-LED Flood 

370 nm lamps (Loctite, 6.6 –235 mWcm⁻2 irradiance at 15 cm) with 
controllable irradiance. An EQ CL30 LED Quad Controller (Loctite, ≤
1500 W) was used to control the irradiance output. The UVA-LED lamp 
configuration is shown in Fig. S1a. The total emitted UVA irradiance 
across the photoanode used during the experiments was 14.4 or 44.8 
mWcm⁻2 and measured using an ocean optics spectrometer (QE65 Pro, 
200–1100 nm). Fig. S1b shows the UVA irradiance spectrum. 

2.6. Photoelectrochemical characterization 

The current generated as a function of applied cell potential was 
measured in the dark and under irradiation. An aqueous solution of 
Na2SO4 (10 mM) was used as a working electrolyte with a conductivity 
of 2 mS cm⁻1, like typical secondary treated wastewater conductivity 
(Rodríguez-Chueca et al., 2015). A DC bench power supply (RS3005 
PRO, 0.0–30.0 V ± 20.0 mV) was used to apply voltage ranging from 
0.0 to + 1.7 V in + 0.1 V increments. A Duratool digital multimeter 

Fig. 1. a) View of the photoelectrochemical reactor, b) assembled view, c) photograph of the reactor, and d) flow diagram of the experimental set-up.  
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(D03124, 2 ×10− 4 –10 A ± 1.5%) was used to monitor the applied po-
tential, and a FLIR DM91 with a data logger multimeter (400 ×10− 4 

–10 A ± 1%) was used to determine the current. 
The current versus time response was recorded during the photo-

electrocatalytic degradation of diclofenac at + 1.0 V under both irra-
diance intensities (14.4 and 44.8 mWcm⁻2) using an FLIR data logger 
multimeter. In addition, the current versus time response was recorded 
during photoelectrocatalytic experiments without the addition of 
diclofenac under both irradiance intensities for 2 h, to evaluate the 
stability of the prepared photoanodes. 

2.7. Photoelectrocatalytic degradation experiments 

All the experiments for photoelectrocatalytic (PEC) diclofenac 
removal, control tests of electrochemical (EC, dark and applied bias), 
photocatalytic (PC, light and no applied bias), photolysis (PT, irradia-
tion and without electrodes) and dark (no light neither applied bias and 
in the presence of the photoanode) performance, were carried out for 2 h 
in duplicate with an initial concentration of 10 mg/L of diclofenac in 
10 mM Na2SO4. Dark control experiments were performed for 2 h to 
evaluate diclofenac pollutant adsorption on the surface of the photo-
anodes. The diclofenac adsorption over the photoanodes reached a 
constant value with a 30 min duration (Fig. S2). Thus, 30 min was 
selected as the equilibration time before each degradation experiment in 
the dark. The reactor set-up is shown in Fig. 1d and operated in a 
recirculating batch mode with a peristaltic pump with a flow rate of 
30 mL/s and a reservoir to treat a total volume of 1 L. The reservoir was 
continuously purged with air using three small aquarium air pumps at 
1.25 L/min. The applied potential was based on the maximum photo-
current density obtained from the current at fixed potential character-
ization which was + 1.0 V. Diclofenac concentration was measured via a 
UV–Vis spectrophotometer (Spectroquant® Merck Millipore) at 276 nm, 
by sampling 3 mL from the receiver at 15 min intervals, the sample was 
returned to the reservoir after measurement to maintain the volume. The 
stability of the photoelectrodes during degradation was performed via 
four cycles of PEC using the same photoelectrode with a reaction time of 
2 h for each cycle. All the error bars represent the standard error ob-
tained from linear regression analysis of the experimental degradation 
data fitted to the pseudo-first-order model. 

3. Assessment of electrode stability 

The current response with time at a fixed cell potential of + 1.0 V 
was recorded under two irradiance levels (14.4 or 44.8 mWcm⁻2) for 
four cycles using a 1% rGO-TiO2 composite photoanode in 10 mM 
Na2SO4 electrolyte. The duration of each cycle was 1 h. To attempt to 
electrochemically regenerate the rGO following PEC, the cell was biased 
negatively at − 1.0 V for 10 min (Toh et al., 2014). 

4. Results 

4.1. Photocatalytic reduction of GO to form rGO-TiO2 composites 

Changes in GO before and after reduction were visually observed. 
The color of GO samples changed after photocatalytic reduction from 
light yellow to grey-black, which indicates a reduction from GO (yellow) 
to rGO composite (grey-black) (Pei and Cheng, 2011, Mohamed, 2012). 

For both 1% and 5% GO samples, a color change was observed 
(Fig. 2). Pei and Cheng (2011) attributed the color change to the partial 
restoration of the π bonds within the graphitic carbon structure (Pei and 
Cheng, 2011), which is a convenient indicator of successful GO reduc-
tion and rGO-TiO2 composite formation by the photocatalytic reduction. 
A darker color change was observed with the 5% GO, indicating a higher 
rGO concentration, which was confirmed by Raman spectroscopy in 
section 3.4.3. 

FESEM was used to investigate sample morphology of the P25 TiO2, 
1% rGO-TiO2, and 5% rGO-TiO2 electrodes (Fig. 3). The TiO2 films were 
formed with micro-aggregates (Fig. 3a). As the concentration of GO 
increased, surface roughness, aggregation, and agglomerate size 
increased (Fig. 3c and e) similar observations were reported by others 
(Pastrana-Martínez et al., 2012; Vallejo et al., 2019). The film thickness 
was also examined (Fig. S3), due to the spray coating method utilised in 
this work the films are not uniform; subsequently, there appears to be no 
significant deviation in the thickness between the 3 materials examined 
all with a loading of 1 mgcm− 2. 

An increase in agglomeration was observed after the addition of rGO. 
A similar behaviour was observed in previous studies and was attributed 
to the removal of oxygen-containing functional groups in rGO, which 
decreases the electrostatic repulsion between nm particles, inducing 
aggregation (Chen and Jafvert, 2010; Bitter et al., 2014; Shams et al., 

Fig. 2. Colour changes in the GO-TiO2 suspension before and after 5 h reduction of (a, b) 1% and (c, d) 5% GO.  

S. Alkharabsheh et al.                                                                                                                                                                                                                         



Process Safety and Environmental Protection 182 (2024) 833–844

837

2019). While increased aggregation occurred at higher concentrations of 
rGO as there was more GO to reduce and subsequently an increased 
reduction of the oxygen groups at the higher concentration, which was 
confirmed by Raman spectroscopy in section 3.4.3. The agglomeration 
process is commonly reported when TiO2 nanoparticles are combined 
with graphene sheets (Shams et al., 2019; Vallejo et al., 2019, Tolosa-
na-Moranchel et al., 2019a). In previous studies, it has been found that 
agglomerates within the rGO-TiO2 composite can improve photo-
catalytic activity owing to the enhanced separation of photogenerated 
charge pairs, which occurs following contact with TiO2 particles and 
improves inter-particle charge transfer within the agglomerates (Bitter 
et al., 2014, Ryu et al., 2015). For example, Ryu et al. (2015) reported 
that rGO-TiO2 composite agglomerates promoted acetaldehyde oxida-
tion. Increased FESEM magnification images for P25, 1%, and 5% 
rGO-TiO2 electrodes are shown in Fig. 3b, d, and f. The rGO was 
observed within the TiO2 film assembly, which supports previous ob-
servations reported for rGO-TiO2 composite films (D. Wang et al., 2012; 
P. Wang et al., 2012). 

The EDX spectra of TiO2, GO, 1% rGO-TiO2, and 5% rGO-TiO2 
composite along with the elemental atomic percentages is shown in 
Fig. S4a–d. The EDX profile for P25 TiO2 and 5% rGO-TiO2 composite 
were also evaluated (Fig. S4e–f). Elemental mapping of P25 TiO2 
confirmed the presence of Ti and O as well as a very small amount of C, 
which indicated sample purity (Fig. S4a). For the pure GO sample, C and 
O were present (Fig. S2b). The prepared rGO-TiO2 composites contained 
Ti, O, and C elements, which confirmed the presence, purity, and 
dispersion of rGO in the TiO2 film, as shown in Fig. S4c and d. EDX 
analysis revealed that the prepared electrodes had no significant 

impurities and indicated the successful incorporation of rGO with TiO2 
film and increased carbon content at higher rGO/TiO2 weight ratios 
(Tolosana-Moranchel et al., 2019b). 

4.2. Photocurrent response of rGO-TiO2 photoanodes 

The current response at different applied potentials in electrolyte 
was examined for each photoanode (TiO2 1% rGO-TiO2, and 5% rGO- 
TiO2), in the dark and then with the light, under 14.4 mWcm⁻2 and 44.8 
mWcm⁻2 UVA-LED irradiance in 10 mM Na2SO4 electrolyte (Fig. 4). In 
the dark, the anodic currents were negligible below + 1.1 V, which is a 
typical response of an n-type semiconductor in contact with an elec-
trolyte (Byrne and Eggins, 1998a), while the observed small increase in 
current (below 40 μAcm2) at potentials higher than + 1.1 V in the dark 
is typically associated with semiconductor breakdown (Tantis et al., 
2015). Under UVA-LED irradiation an increased anodic current was 
observed, i.e., the generation of a photocurrent because of electron 
photoexcitation to the conduction band. The photocurrent increases 
upon irradiation and continues to rise with increasing cell potential 
before levelling off to a saturated photocurrent at + 0.3 V for TiO2 and 
+ 0.5 V for rGO-TiO2 composite. The initial rise in photocurrent implies 
a limitation of electron transport in the semiconductor electrode film. 
The saturation part indicates several aspects: a limitation of charge 
carrier diffusion through the semiconductor film (Pablos et al., 2014), 
the limited photoinduced holes utilization at the electrode surface 
(Jiang et al., 2007), and the maximum number of photogenerated 
electrons reaching the ohmic contact of the supporting electrode (Han 
et al., 2017). 

Fig. 3. SEM surface images of (a, b) P25-TiO2, (c, d) 1% rGO-TiO2, and (e, f) 5% rGO-TiO2.  
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All rGO-TiO2 composite electrodes exhibited a higher photocurrent 
than the unmodified TiO2 electrode at both irradiances (Fig. 4), 
implying improved charge carrier separation on the rGO-TiO2 composite 
electrodes, improved electron transport through the semiconductor 
electrode film and higher electronic mobility, as reported by Tayebi 
et al. (2019), deduced via electrochemical impedance spectroscopy. 

The photocurrent density at + 1.0 V cell potential and 14.4 mWcm⁻2 

irradiance for TiO2, 1% rGO-TiO2, and 5% rGO-TiO2 composites were 
49 ± 1, 122 ± 1.2, and 99 ± 1 µAcm⁻2, respectively. While the photo-
current density at + 1.0 V cell potential and 44.8 mWcm⁻2 irradiance for 
TiO2, 1% rGO-TiO2, and 5% rGO-TiO2 composites were 65 ± 1, 237 
± 2.4, and 221 ± 2.2 µAcm⁻2, respectively. Increasing the intensity 
resulted in a higher photocurrent for all electrodes due to the higher 
incident photon flux, which induced higher charge carrier photo-
generation (Garcia-Segura et al., 2017). The 1% rGO-TiO2 composite 
exhibited the highest photocurrent at both irradiances, while increasing 
rGO concentration up to 5% reduced the photocurrent. According to P. 
Wang et al. (2012); D. Wang et al. (2012), increasing the rGO concen-
tration from 1% to 1.5% resulted in a reduction in the current due to the 
large rGO fraction wrapping TiO2 leading to higher light absorption by 
the rGO layer and reduced light intensity reaching the TiO2 particles i.e., 
shielding effect, and the increase in recombination sites associated with 
excessive rGO (D. Wang et al., 2012; P. Wang et al., 2012). The differ-
ence in the photocurrent between the 1% and 5% rGO-TiO2 composites 
marginally decreased with increasing intensity, yielding a difference of 
23 and 15 µAcm⁻2 at 14.4 mWcm⁻2 and 44.8 mWcm⁻2 irradiance levels, 
respectively, at an applied potential of + 1.0 V due to the lower 
shielding effect with increasing irradiance. 

5. Photoelectrocatalytic degradation of diclofenac 

Diclofenac (10 mg/L) was used as a model pollutant. Diclofenac 
adsorption over the three photoanodes was evaluated as a function of 
time in the dark and without applying a potential for 2 h. Adsorption 
equilibration was reached after 30 min (Fig. S2) and the total adsorp-
tion was 3%, 4.1%, and 4% of the initial concentration of diclofenac for 
TiO2, 1% rGO-TiO2, 5% rGO-TiO2 composite, respectively. The diclo-
fenac adsorbed was similar for all rGO-TiO2 composite electrodes, and 
slightly greater that for the TiO2 electrode. Diclofenac degradation was 
also evaluated by photolytic, photocatalytic and PEC under both UV 
intensities; and electrocatalysis (without irradiation). For photolytic and 
electrolytic treatment (+1.0 V) diclofenac degradation was negligible 
within 2 h (Table S1). For PC (electrode at open circuit) and PEC, 
diclofenac degradation was observed within 2 h. The degradation 

followed a pseudo first order reaction kinetic (see Fig. S5). The reaction 
rate constants (k) and standard errors are presented in Table S2. Fig. 5 
shows the first-order reaction rate constant (k) for the photocatalytic 
and photoelectrocatalytic treatment. For the TiO2 sample, the difference 
between the rates for PC and PEC was negligible under both irradiance 
levels (Dale et al., 2009). 

Several authors have reported that there is an independent rela-
tionship between the applied potential and the photocurrent of P25 
photoelectrode due to the presence of nm-sized particles (Byrne and 
Eggins, 1998a; Pablos et al., 2014), charge trapping sites, and grain 
boundaries within the P25 TiO2 material (Jiang et al., 2010). These 
factors hinder the formation of a depletion layer responsible for the 
separation of photogenerated charge carriers when a potential is 
applied. Thus, the obtained photocurrent was attributed to the transport 
of the charge carrier by diffusion, rather than through the formation of a 
depletion layer. This leads to a lower impact of the applied potential on 
the charge carrier separation, which, in turn, results in higher charge 
recombination, lower ROS generation, and induced photo-
electrocatalytic degradation performance. 

The results show that the addition of rGO resulted in an improvement 
in the k for PEC and the difference in the k between the PC and PEC in 
comparison to TiO2 at both irradiance levels. The improvement in the 
TiO2 degradation and disinfection performance after the addition of rGO 
has been widely reported in the literature (Wang et al., 2012; Pas-
trana-Martínez et al., 2012; Cruz-Ortiz et al., 2017). For instance, Wang 
et al. reported k = 0.096 min− 1 for the degradation of Rhodamine dye 
using rGO-TiO2 composite under UVA irradiation compared to 
0.023 min− 1 for TiO2 alone during the PEC process (D. Wang et al., 
2012; P. Wang et al., 2012). Cruz-Ortiz et al. (2017) reported 6 log 
inactivation of E. coli using rGO-TiO2 suspension in 90 min under 
UV-Vis irradiance, while the same level of inactivation was achieved by 
TiO2 in 120 min. The significant improvement associated with the 
addition of rGO was attributed to the increased efficiency of charge 
transport and reduced electron-hole recombination rates (Wang et al., 
2012; Pastrana-Martínez et al., 2012; Cruz-Ortiz et al., 2017), which 
occurred owing to the high electronic conductivity of rGO (D. Wang 
et al., 2012; P. Wang et al., 2012). 

The 1% rGO-TiO2 composite electrode exhibited a higher degrada-
tion performance than 5% rGO-TiO2 for PC at both irradiance levels, 
while an insignificant difference between rGO loadings was observed 
with PEC. Numerous studies have attributed the reduced performance of 
high rGO loading to the large rGO fraction wrapping TiO2 leading to 
higher light absorption by the rGO layer and reduced light intensity 
reaching the TiO2 particles i.e., shielding effect (Villajos et al., 2021, 
González et al., 2022), and the function of excessive rGO as recombi-
nation centre (Wang et al., 2012; Minella et al., 2017). Thus, the pho-
tocatalytic performance diminished with the higher rGO loading. As 
reported in the literature, the application of potential can improve 
charge carrier separation and enhance ROS generation (Daghrir et al., 
2012), which can lead to improved degradation performance for the 
high rGO concentrations during the PEC, resulting in a similar perfor-
mance for both rGO concentrations. In addition, increasing the intensity 
resulted in a significant increase in the photocurrent, but there was only 
a marginal improvement in the rate of diclofenac degradation. Li et al. 
(2013) observed a decrease in photoelectrocatalytic uridine degradation 
by TiO2 photoanode with increasing the intensity beyond 20 mWcm⁻2. 
This decrease was attributed to the higher current efficiency towards 
water oxidation rather than ROS generation (Li et al., 2013; Naka-
bayashi and Nosaka, 2013). 

The proposed primary reactions occurring at the rGO-TiO2 photo-
anode, when illuminated and biased with a potential greater than the 
bandgap, are shown in reactions 1–10. The application of a potential 
exceeding the flat band potential of the semiconductor photocatalyst 
facilitates efficient electron (e-) and hole (h+) separation (reaction 1), 
minimizing recombination rates (reaction 2). This process promotes the 
migration of h+ toward the photoanode surface. Upon reaching the 

Fig. 4. Currents at different potentials for 1% rGO-TiO2, 5% rGO-TiO,2, and 
TiO2 photoanodes under irradiated (light) and dark conditions. Experimental 
conditions were as follows: 14.4 & 44.8 mWcm⁻2 irradiance, 10 mM Na2SO4 
electrolyte, and 0.0 to + 1.7 V cell potential range at + 0.1 V increments. 
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photocatalyst surface, h+ either directly oxidize diclofenac (reaction 3 
and 4) or initiate the generation of HO⦁ through HO- and water oxidation 
(reactions 5 and 6). Furthermore, these h+ may oxidize water to produce 
oxygen (reaction 7). Conversely, e- in the conduction band engage in 
reduction reactions, generating ROS through various oxygen reduction 
reactions such as O2

⦁- (reaction 8), hydroperoxyl radicals (HO2
⦁) (reaction 

9), or hydrogen peroxide (H2O2) (reaction 10). Additionally, HO⦁ can be 
formed from H2O2 (reactions 11 and 12). the generated ROS promote 
the efficient degradation Diclofenac by PEC, resulting in the production 
of H2O and CO2 (reactions 13) (McMichael et al., 2021, Joseph and 
Vijayanandan 2023, Cruz-Ortiz et al., 2017, Sanchez Tobon et al., 2022) 

rGO − TiO2 + hν→e− BC + h+
VB (1)  

e− BC + h+
VB→Energy(heat) (2)  

h+
BV +Diclofenac→Diclofenac⦁+ (3)  

Diclofenac⦁+→H2O+CO2 (4)  

h+
VB +H2O→HO⦁ +H+ (5)  

h+
VB +HO− →HO⦁ (6)  

2H2O+ 4h+
BV →O2 + 4H+ (7)  

e− BC +O2→O⦁−
2 (8)  

O⦁−
2 +H+→HO⦁

2 (9)  

2HO⦁
2→H2O2 +O2 (10)  

H2O2 +O⦁−
2 →HO⦁ +O2 +HO− (11)  

H2O2 + e−Cb→HO⦁ +HO− (12)  

Diclofenac+ROS→H2O+CO2 (13) 

Also, the energy consumption for the photocatalytic and photo-
electrocatalytic treatment was evaluated (Table S3). PEC exhibited a 
lower energy consumption than the PC due to the improvement in the 

degradation performance of diclofenac. However, as the intensity 
increased, both PEC and PC required higher energy input to degrade 
diclofenac. Among the different photoelectrodes, the 1% rGO-TiO2 
photoanode PEC showed the lowest energy consumption at 
14.4 mW cm⁻2 irradiance (0.417 kWh L− 1 order− 1). Thus the 1% rGO- 
TiO2 composite was selected as the best photoanode candidate to work 
with an irradiation intensity of 14.4 mWcm⁻2 for best energy efficiency. 

A comparative analysis of the degradation performance of diclofenac 
using the rGO-TiO2 photoanode in the present study and a previously 
reported photoanode based on rGO-TiO2 in a PEC process is presented in 
(Table S4). Although direct comparison is challenging due to variations 
in experimental conditions, the photoanode employed in this study 
demonstrated exceptional performance when compared to other rGO- 
TiO2 based photoanode reported in literature. Notably, the rGO-TiO2 
exhibited remarkable performance in this work, highlighting its efficacy 
in PEC application. 

5.1. rGO-TiO2 electrode stability 

For any proposed solution for water treatment, it is important to 
assess the stability of the materials used. Therefore, to evaluate the 
stability of rGO photoanodes, several investigations were conducted, 
which include changes in the photocurrent after degradation; differ-
ences in kinetic values when the photoanode is reused; and character-
ization of the rGO using XPS and Raman spectroscopy. 

5.1.1. Photocurrent stability 
The photocurrent response was assessed before and after PC and PEC 

experiments (Fig. 6a & Fig. S6). A decrease in photocurrent was 
observed after the PEC and PC experiments using rGO-TiO2 electrodes. 
At an irradiance of 14.4 mWcm⁻2 and an applied bias of + 1.0 V, both 
1% and 5% rGO-TiO2 electrodes exhibited a decrease in photocurrent of 
17.4 µAcm⁻2 (14%) and 15.9 µAcm⁻2 (16%), respectively. Similarly, at 
an irradiance of 44.8 mWcm⁻2 and an applied bias of + 1.0 V, the 
photocurrent for both 1% and 5% rGO-TiO2 electrodes decreased by 36 
µAcm⁻2 (16%) and 40 µAcm⁻2 (18%), respectively. 

The photo-oxidation and degradation of rGO have been demon-
strated by several authors (Akhavan et al., 2010; Radich and Kamat, 
2013; Spilarewicz-Stanek et al., 2021; Mondal et al., 2021), who 

Fig. 5. First-order reaction rate constants for diclofenac degradation for PC and PEC processes using TiO2, 1% rGO-TiO2, and 5% rGO-TiO2 composite photoanodes. 
Experimental conditions: 14.4 and 44.8 mWcm⁻2 irradiances, 10 mM Na2SO4 electrolyte, 2 h reaction time, + 1.0 V applied potential for PEC, and 10 mg/ 
L diclofenac. 
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reported the rGO photo-oxidation and degradation in the rGO-TiO2 
composite by OH• generated by the photoexcited TiO2, during irradia-
tion of an electrode immersed in water yielding the defragmentation of 
rGO and emission of CO2. Furthermore, the higher drop in the photo-
current observed with increasing intensity may be attributed to faster 
rGO degradation and photo-oxidation. Spilarewicz-Stanek et al. (2021) 
reported that the coverage of TiO2 surface by GO decreased with 
increasing UV dose, which was attributed to the faster degradation of the 
GO (Spilarewicz-Stanek et al., 2021). In addition, a higher relative 
decrease in the photocurrent was observed with the 5% rGO-TiO2 
composite as compared to the 1% composite at both irradiances which 
can be due to the higher photo-oxidation and degradation associated 
with high rGO concentration. 

The photocurrent-time response in absence of diclofenac was 
investigated for TiO2 and 1% rGO-TiO2 composite under both intensities 
(14.4, and 44.8 mWcm⁻2) (Fig. 6b). For the 1% rGO-TiO2 composite at 
both irradiance levels, the photocurrent-time response was recorded for 
a period of 2 h, a continuous decay in the photocurrent over time 
without reaching a steady-state photocurrent confirming the degrada-
tion (Selvaraj et al., 2016) and photo-oxidation of rGO. 

During the PEC degradation of diclofenac the current was recorded 
(Fig.S6b). The photocurrent was higher in the presence of diclofenac 
and electrolyte (Fig.S6b) compared to that in presence of the electrolyte 
alone (Fig. 6b). For all electrodes, under both irradiance levels, the 
photocurrent decay over time occurred due to the degradation of 
diclofenac. However, in the case of the rGO-TiO2 composite, the decay in 

the photocurrent–time response was also due to the degradation of rGO 
over time, though the degradation of rGO occurred more slowly in the 
presence of diclofenac due to the competition between the rGO and 
pollutant towards HO•. 

6. Electrode stability over repeat cycles of photoelectrocatalytic 
treatment 

The reusability & stability of the 1% and 5% rGO-TiO2 photoanodes 
were investigated over four cycles of diclofenac degradation, with a 
duration of 2 h per cycle under 14.4 mWcm⁻2 irradiance (Fig. 7). The 
reaction rate constant (k) for diclofenac degradation for both rGO-TiO2 
composite electrodes revealed a notable decrease with each PEC 
experiment. The k value dropped after the fourth cycle, from 0.0220 to 
0.0208 min− 1 for the 1% rGO-TiO2 and from 0.0224 to 0.0194 min− 1 for 
the 5% rGO-TiO2. 

Several articles have been published based on rGO-TiO2 composites 
as photocatalysts in PC and PEC. However, many of these papers do not 
report the stability of the composite (Tolosana-Moranchel et al., 2019a 
and 2019b; Mohammadi et al., 2019; Carreño-Lizcano et al., 2020). 
Studies that do report on stability indicate that the material is stable, 
although a clear decrease in degradation performance has been observed 
over time (Wang et al., 2012; Zuo et al., 2021). Further analysis using 
XPS and Raman was performed to better understand molecular changes 
in the rGO-TiO2 composite after PEC treatment. 

Fig. 6. a) Current at various fixed potentials for 1% and 5% rGO-TiO2 anodes before and after diclofenac photocatalytic degradation experiments under irradiation 
with 14.4mWcm⁻2 (light) and dark conditions b) Photocurrent–time response of TiO2, 1% rGO-TiO2 composites under 14.4 & 44.8 mWcm⁻2. Experimental conditions 
were as follows: 10 mM Na2SO4 electrolyte a) 0.0 V to + 1.7 V cell potential range at + 0.1 V increments b), 2 h experiment duration, + 1.0 V applied potential. 

Fig. 7. PEC stabilities using a) 1% rGO-TiO2 and b) 5% rGO-TiO2 for four cycles. Experimental conditions were as follows: 14.4 mWcm⁻2 irradiance, 10 mM Na2SO4 
electrolyte, 2 h reaction time, + 1.0 V applied potential, and 10 mg/L diclofenac. 
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6.1. XPS & Raman characterization before and after experiments 

Fig. 8 shows the Raman spectra of GO, 1% rGO-TiO2, and 5% rGO- 
TiO2 composite before and after diclofenac photocatalytic degradation 
experiments. The main characteristic bands of carbonaceous material in 
Raman spectra are the D band at 1360 cm− 1 ascribed to sp3 hybridiza-
tion and disorder or defects in the sp2-hybridized carbon atoms, the G 
band at 1600 cm− 1 attributed to the vibration of ordered sp2 carbon 
atoms (Monteagudo et al., 2019, Spilarewicz-Stanek et al., 2021), 2D 
band at 2670 cm− 1 attributed to second-order dispersive Raman mode 
and the presence of a multi-graphene layer; and the combination of D+G 
as stated before at 2940 cm− 1 (Xu and Cheng, 2013, Monteagudo et al., 
2019). The intensity ratio of ID and IG peaks were analyzed, revealing 
defects in the carbon structures and the reduction degree. As the ID/IG 
ratio increased, defects increased i.e. a higher degree of GO reduction 
and successful oxygen functional group removal. 

Table 1 shows the prepared electrode ID/IG ratio before and after 
diclofenac PEC and PC degradation experiments. The ID/IG of the GO, 
1% rGO-TiO2, and 5% rGO-TiO2 composite before degradation experi-
ments increased from 0.89 to 1.32 and 1.37, respectively, which con-
firms the increase in the incidence of defects on the GO surface due to 
the removal of oxygen functional groups and successful reduction to 
rGO. Moreover, the reduction degree was slightly higher for the 5% rGO- 
TiO2 composite due to the strong interactions between TiO2 and GO 
sheets at higher concentrations (Mohammadi et al., 2019). However, the 
ID/IG decreased after the PEC and PC degradation experiments to 1.03 
and 1.06 for 1% and 5% rGO-TiO2 respectively, which indicates reox-
idation of the rGO and oxygen functional group restoration (Spilar-
ewicz-Stanek et al., 2021; Mondal et al., 2021). In addition, a decrease in 
the intensity of Raman spectra bands for rGO-TiO2 composite electrodes 
following diclofenac PEC and PC degradation experiments as shown in 
Fig. 8 can be attributed to rGO oxidation (Akhavan et al., 2010; 
Spilarewicz-Stanek et al., 2021). 

XPS analysis was performed to evaluate the elemental composition 
and chemical state of rGO-TiO2 composite electrodes. Table 2 shows the 
elemental atomic percentage results obtained from the XPS analysis for 
the rGO-TiO2 composite electrodes before and after diclofenac photo-
catalytic degradation experiments. After the experiments, the carbon 
content decreased for rGO-TiO2 composites, while the oxygen content 
increased. The decrease in carbon content was more significant at higher 
GO loadings due to the increased interaction with TiO2, which promoted 
degradation. The 5% rGO-TiO2 composite exhibited a higher C/O ratio 
compared to the 1% rGO-TiO2 composite due to the higher rGO/TiO2 
ratio (Mohammadi et al., 2019). These results correlate with the Raman 
spectroscopy results indicating rGO reoxidation. 

To confirm variation in the oxygen functional group composition of 

the GO and rGO-TiO2 composites, XPS C 1 s spectra were acquired. 
Fig. S8 depicts the XPS spectra of C1s for GO and rGO-TiO2 composites 
before and after diclofenac PEC and PC degradation experiments. The 
deconvolution of peaks centred at binding energy levels 288.4, 284.7, 
286.3, and 288.5 eV were attributed to C-C/C––C in aromatic rings, C-O 
(epoxy and hydroxyl groups), and C––O (carbonyl and carboxylic 
groups), respectively (Tayebi et al., 2019). 

The atomic percentages of chemical states for C1s XPS spectra are 
shown in Table 3. Before diclofenac PEC and PC degradation experi-
ments, the (C–C, C––C)/C–O and (C–C, C––C)/C––O ratios increased for 
both rGO-TiO2 electrodes compared to GO due to the removal of the 
oxygen-containing groups and an increase in the C–C/C––C content with 
respect to other functional groups, thus confirming the successful 
reduction of GO to rGO. However, these ratios decreased after the 
photocatalytic and photoelectrocatalytic experiments due to the reox-
idation of the rGO (Peng et al., 2016). Before diclofenac PEC and PC 
degradation experiments, the 5% rGO-TiO2 had a higher C–C/C––C 
atomic percentage and higher percentage removal of oxygen functional 
groups compared to the 1% rGO-TiO2 composite, indicating a slightly 
higher reduction degree at increasing concentrations due to increased 
interaction between TiO2 and GO (Mohammadi et al., 2019). Further-
more, C––O removal was lower than that of C-O for both rGO-TiO2 
composites due to the higher stability of carbonyl and carboxylic groups 
(C––O), which are less likely to react initially and higher C-O contents, 
which are more exposed for reduction (Shams et al., 2019; Taniguchi 
et al., 2021; Spilarewicz-Stanek et al., 2021). The C––O remained almost 
stable for the 1% rGO-TiO2 composite, while for the 5% rGO, C––O 
slightly decreased due to the stronger interaction between GO and TiO2 
at a higher concentration, which leads to increased reduction and 

Fig. 8. Raman spectra of GO, 1% rGO-TiO2, and 5% rGO-TiO2 before and after 
diclofenac photocatalytic degradation experiments. 

Table 1 
Comparison of Raman spectra peak ratios (ID/IG) for GO, 1% rGO-TiO2, and 5% 
rGO-TiO2 composite before and after diclofenac photocatalytic degradation 
experiments.   

GO 1% rGO-TiO2 5% rGO-TiO2 

Before PEC 0.89 1.32 1.37 
After PEC - 1.03 1.06  

Table 2 
XPS elemental analyses of the 1% and 5% rGO-TiO2 before and after diclofenac 
photocatalytic degradation experiments.   

C1s (%) O1s (%) Ti2p (%) C/O 
1% rGO-TiO2 before PEC 4.0 ± 0.5 65.3 ± 0.3 30.7 ± 0.6 0.06 
1% rGO-TiO2 after PEC 2.7 ± 0.7 67.3 ± 0.8 30.1 ± 0.5 0.04 
5% rGO-TiO2 before PEC 16.3 ± 1.0 57.9 ± 1.3 25.8 ± 0.7 0.28 
5% rGO-TiO2 after PEC 10.5 ± 1.7 62.3 ± 1.7 27.2 ± 0.9 0.17  

Table 3 
Atomic percentages of chemical states for C 1 s spectra before and after diclo-
fenac photocatalytic degradation experiments (data shown are averages of three 
measurements).   

C–C, C––C 
(%) 
(284.4 eV) 

C–O (%) 
(286.3 eV) 

C––O (%) 
(288.5 eV) 

(C-C, 
C––C) / 
C–O 

(C-C, 
C––C) / 
C––O 

GO 39.4 ± 2.8 40.7 ± 1.5 19.9 ± 1.5 1.0 2.0 
1% rGO- 

TiO2 

before 

72.5 ± 1.3 6.4 ± 3.0 21.1 ± 1.7 11.3 3.4 

1% rGO- 
TiO2 

after 

61.5 ± 2.1 17.1 ± 2.7 21.4 ± 3.0 3.6 2.9 

5% rGO- 
TiO2 

before 

78.2 ± 3.1 7.8 ± 1.6 14.0 ± 1.5 10.0 5.6 

5% rGO- 
TiO2 

after 

64.8 ± 1.1 22.0 ± 1.0 13.2 ± 1.4 2.9 4.9  
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oxygen functional group removal (Shams et al., 2019; Mohammadi 
et al., 2019). After the experiments, the C-O functional groups partially 
recovered due to reoxidation, and the C––O groups remained nearly 
stable. The proposed routes for rGO degradation and reoxidation have 
been reported by other authors. It involves HO• attacks the unsaturated 
bonds of C––C by an electrophilic addition reaction, introducing large 
quantities of hydroxyl groups C-OH, i.e. rGO is hydroxylated by HO•. In 
the second step, hydroxyl groups C-OH are further oxidized to C––O, 
which is then further oxidized and converted into CO2 and H2O (Li et al., 
2005; Zhou et al., 2012). Thus, these results indicate the reoxidation, 
degradation, and low stability of rGO-TiO2 composite in PEC and PC 
processes. 

7. Attempt to electrochemical regenerate the rGO in-situ 

As the rGO is being re-oxidized during the PC and PEC experiments, 
electrochemical reduction of the 1% rGO-TiO2 electrode after the PEC 
degradation experiment was examined as a method to regenerate the 
rGO in-situ. The stability was evaluated by measuring the photocurrent 
response over four cycles under 14.4 and 44.8 mW cm⁻2 irradiance in 
10 mM Na2SO4 only. After the first three cycles, the electrochemical 
reduction was attempted by biasing the cell negative at − 1.0 V for 
10 min (Toh et al., 2014). Fig. 9 shows the photocurrent response with 
time for the four cycles under both irradiance levels. A clear decrease in 
the photocurrent was observed with time and after each cycle for both 
irradiance levels, confirming the decomposition of rGO by the generated 
ROS. However, this decrease was higher at 44.8 mWcm⁻2 due to 
increased ROS generation. 

The decrease in the current at various fixed potentials before and 
after the electrochemical reduction experiments under the two irradi-
ance levels was evaluated, as shown in Fig. S9. The current at an applied 
potential of + 1.0 V dropped from 117.8 ± 1.2–108.8 µAcm⁻2 ± 1.1 
(− 7.6%) and 230.5 ± 2–183.8 ± 2 µAcm⁻2 (− 20.2%) for 14.4 and 44.8 
mWcm⁻2 irradiance levels, respectively. Unfortunately, the electro-
chemical reduction did not re-establish the original photocurrent 
response and it can be assumed that the in-situ electrochemical reduc-
tion did not regenerate the rGO. Of course, it is likely that the original 
site of photocatalytic reduction in the formation of the rGO-TiO2 com-
posites takes place at a reduction site on the TiO2 surface. This results in 
a surface bond between the Ti and carbon in the rGO and blocks the 
reduction site on the surface of the TiO2. In subsequent use for PC or 
PEC, the rGO may be oxidized by hydroxyl radicals at a different site 
near oxidation sites on the TiO2 surface. 

8. Conclusions 

rGO-TiO2 composites were formed by the photocatalytic reduction of 
GO. The rGO-TiO2 composites were immobilised on FTO to be used as 
photoanodes in a bench-scale photoelectrocatalytic reactor for the 
degradation of diclofenac as a model CEC. The surface modification of 
TiO2 with rGO improved the photocurrent response and led to a 
improved rate of photocatalytic and photoelectrolytic degradation of 
diclofenac. Additionally, PEC using 1%, and 5% rGO electrodes 
exhibited 13%, and 16% lower energy efficiency for the process than PC 
under 14.4 and 44.8 mWcm⁻2, respectively. The best-performing pho-
toanode was 1.0% rGO to TiO2 under 14.4 mWcm⁻2 irradiance, exhib-
iting a photocurrent of 122 µAcm⁻2, and a PEC first-order reaction rate 
constant (k) of 0.0214 min⁻1 , and energy order of 0.417 kWh L⁻1 

order⁻1. However, increasing the rGO concentration to 5% did not 
further improve the reaction rate constant due to the shielding effect and 
increased recombination centre associated with high rGO concentration. 

The photocurrent decreased over time and over cycles indicating 
non-stability of the rGO-TiO2 electrodes. Re-oxidation of the rGO 
following photocatalytic or photoelectrocatalytic treatment was 
confirmed by Raman spectroscopy and XPS. Attempts to regenerate the 
rGO in-situ by electrochemical reduction were not successful, probably 

due to oxidation of the rGO being at different sites on than those targeted 
in the photocatalytic reduction of GO in the preparation of the com-
posites. This work indicates the potential to use composite materials to 
improve the photoelectrocatalytic properties of TiO2 electrodes but 
highlights the challenges of stability. The work also demonstrates the 
ability to scale up photoelectrocatalytic reactors for water treatment and 
to drive these using UVA LED arrays as a more environmentally friendly 
approach to Hg lamps. 
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Faraldos, M., Hermosilla, D., Bahamonde, A., 2021. Photocatalytic Degradation of 
Alachlor over Titania-Reduced Graphene Oxide Nanocomposite: Intrinsic Kinetic 
Model and Reaction Pathways. Ind. Eng. Chem. Res. 60 (51), 18907–18917. https:// 
doi.org/10.1021/acs.iecr.1c04304. 

Wang, D., Li, X., Chen, J., Tao, X., 2012. Enhanced photoelectrocatalytic activity of 
reduced graphene oxide/TiO2 composite films for dye degradation. Chem. Eng. J. 
198–199, 547–554 https://doi.org/10.1016/j.cej.2012.04.062.  

Wang, P., Ao, Y., Wang, C., Hou, J., Qian, J., 2012. Enhanced photoelectrocatalytic 
activity for dye degradation by graphene–titania composite film electrodes. 
J. Hazard. Mater. 223–224, 9–83. https://doi.org/10.1016/j.jhazmat.2012.04.050. 

Wang, Y., Zu, M., Zhou, X., Lin, H., Peng, F., Zhang, S., 2020. Designing efficient TiO2- 
based photoelectrocatalysis systems for chemical engineering and sensing. Chem. 
Eng. J. 381, 122605 https://doi.org/10.1016/j.cej.2019.122605. 

Waso, M., Khan, S., Singh, A., McMichael, S., Ahmed, W., Fernández-Ibáñez, P., Byrne, J. 
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