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Abstract: This study presents the findings of an investigation into the characteristics and capabilities
of BiVO4 and Mo-doped BiVO4 coatings for the detection of diclofenac (DCF). In this study, a neu-
tral sodium sulfate electrolyte and an alkaline sodium borate buffer were selected, and a range of
potentials were employed to ascertain the impact of diverse conditions on the sensing performance
of diclofenac. The introduction of Mo-doping had a profound impact on the photoelectrochemical
response of the BiVO4 coating. However, it was observed that Mo-doping resulted in an increase in
the adsorption of diclofenac oxidation products on the surface of the photoanode, which in turn led
to a negative blocking effect. To evaluate the structural and morphological properties of the coatings,
X-ray diffraction analysis (XRD), scanning electron microscopy (SEM), and energy dispersive analysis
(EDX) were conducted. The photoelectrochemical properties were evaluated through the use of cyclic
voltammetry (CV), electrochemical impedance spectroscopy (EIS) and chronoamperometry (CA). An
increase in the photocurrent density of BiVO4 was observed in response to an increase in the concen-
tration of diclofenac within a range of 0.1 to 1 mg L−1 during the sensing experiments. However,
at higher concentrations, saturation of diclofenac was observed at the photoelectrode/electrolyte
interface. The results of selectivity experiments demonstrated that the nature of the electrolyte has a
significant impact on the selectivity of designed photoelectrochemical sensors.

Keywords: photoelectrochemical sensing; BiVO4; detection; sensitivity; oxidation; diclofenac

1. Introduction

Pharmaceutical pollutants, including antibiotics, analgesics, anti-inflammatory drugs,
and hormone-related compounds have become emerging contaminants in water sources
due to their widespread use in healthcare and agriculture [1,2]. These compounds enter
the environment through wastewater discharge, improper disposal of unused medications,
and agricultural and industry runoff [3,4]. Pharmaceutical pollutants in the environment
have a hazardous effect on both human health and ecosystems [5]. Once present in
aquatic ecosystems, pharmaceuticals are often resistant to conventional water treatment
processes, leading to their persistent accumulation in water bodies [6–8]. For humans,
chronic exposure to trace levels of pharmaceuticals through drinking water or contaminated
food sources raises concerns about potential long-term health effects, such as antibiotic
resistance and hormonal imbalances [9–11].

Given the increasing prevalence of pharmaceutical contaminants and their potential
impacts, there is a critical need for sensitive, selective, and reliable methods to detect and
monitor these compounds in complex matrices, such as wastewater and biological fluids.
Conventional analytical techniques, such as high-performance liquid chromatography
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(HPLC), liquid chromatography coupled with tandem mass spectrometry (LC-MS/MS),
and UV-visible spectroscopy, are associated with significant time consumption, high op-
erational costs, and the necessity for skilled personnel. Furthermore, their application in
field operations is limited due to their complexity. In contrast, electrochemical sensors
have attracted considerable attention owing to their rapid response, high sensitivity and
selectivity, and promising potential for real-time, on-site detection [12,13].

Photoelectrochemical (PEC) sensors, with their ability to achieve low detection limits
and adaptability for in situ monitoring, offer a promising solution for addressing this envi-
ronmental and public health challenge [14]. The development of advanced PEC sensors
for pharmaceutical detection holds significant importance for safeguarding water quality
and protecting both human and environmental health. Photoelectrochemical (PEC) sensors
are based on a reaction on the surface of an electrode under light illumination, leading
to appearance of a signal—a photocurrent [15]. However, to achieve high selectivity and
stability in complex environments remains a key challenge. Photoelectrochemical (PEC)
systems have been used to detect a variety of pharmaceutical compounds, including antibi-
otics (e.g., tetracycline, ciprofloxacin), analgesics (e.g., acetaminophen), anti-inflammatory
drugs (e.g., ibuprofen), and hormone-related compounds (e.g., estradiol) [16–22].

The sensitivity and selectivity of the sensor depends on the nature of the photoanodes.
A variety of photoanodes can be employed, including titanium dioxide (TiO2), zinc oxide
(ZnO), bismuth vanadate (BiVO4), and tungsten oxide (WO3) [23–28]. These are commonly
employed in PEC sensors for pharmaceutical detection, and frequently enhanced through
doping, composites (e.g., with graphene), or co-catalysts, which improve sensitivity, selec-
tivity, and stability [29]. The choice of semiconductor is dependent on the pharmaceutical
compound under investigation, the desired wavelength range (ultraviolet or visible), and
the prevailing environmental conditions. Moreover, the sensitivity and selectivity of the
photoanodes are affected by the applied potential within the PEC system and the nature of
the electrolytes [18]. The nature of the electrolytes and their pH are of great importance, as
certain ions may be oxidized on the surface of the photoanode, resulting in the production
of radicals that can participate in oxidation reactions with organic compounds [30]. The
behavior of different types of pharmaceutical compounds in electrolytes of various pH can
vary considerably, because they may form stable complexes [31,32].

BiVO4 is a photoelectrochemically active material with a bandgap of approximately
2.4–2.5 eV, which enables it to absorb a broad spectrum of visible light [33]. The valence
band (VB) of BiVO4 is positioned at approximately 2.6 V, which provides photogenerated
holes with sufficient energy to drive a variety of oxidation reactions [34]. However, BiVO4
has certain limitations, primarily due to the rapid recombination of charge carriers, which
results in a reduction in signal intensity [35]. In order to enhance the PEC performance of
BiVO4, doping with elements such as W and Mo is employed. These dopants reduce charge
carrier recombination by increasing the availability of free electrons, thereby improving the
n-type semiconductor properties of BiVO4 [36].

In this study, a PEC sensor was formed using BiVO4 and Mo-doped BiVO4 coatings
on an FTO conductive substrate. The sensing performance of the photoanodes was in-
vestigated for the detection of diclofenac in sodium sulfate (pH = 7) and sodium borate
buffer (pH = 9). This study presents novel findings and an analysis of the influence of the
doping of BiVO4, the nature of the electrolyte, and the applied potentials of the sensing
performance. The coatings were characterized using XRD, SEM, and EDX analysis. The
photoelectrochemical properties were evaluated using cyclic voltammetry (CV), electro-
chemical impedance spectroscopy (EIS), and chronoamperometry (CA) techniques. The
sensing performance was analyzed using chronoamperometry techniques under chopped
light illumination with electrolytes containing different amounts of diclofenac. It is ex-
pected that the presented findings will prove valuable in the development of PEC sensors
for the detection of pharmaceutical compounds.
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2. Experimental Section
2.1. Materials

Bismuth (III) nitrate pentahydrate (Bi(NO3)3 × 5 H2O) (Carl Roth, Karlsruhe, Ger-
many), ammonium vanadate (NH4VO3) (Acros Organics, Kandel, Germany), nitric acid
(H3NO3) (Reachmen, Bratislava, Slovakia), ammonium molybdate heptahydrate ((NH4)6
Mo7O24 × 7 H2O) (Chempur, Piekary Slaskie, Poland), citric acid (C6H8O6) (Chempur,
Piekary Slaskie, Poland), polyvinyl alcohol (PVA) (Chempur, Piekary Slaskie, Poland), acetic
acid (CH3COOH) (Chempur, Piekary Slaskie, Poland), sodium sulfate (Na2SO4) (Acros
Organics, Kandel, Germany), sodium borate decahydrate (Na2B4O7 × 10 H2O) (Tarchem,
Tornowskie Gory, Poland), boric acid (H3BO3) (Chempur, Piekary Slaskie, Poland), sodium
diclofenac (C14H10Cl2NNaO2) (Farmalabor, Assago, Italy), Ibuprofen (C13H18O2) (Farmal-
abor, Assago, Italy), and dopamine (C8H11NO2) (Fluorochem, Assago, UK) were used as
received from suppliers without further purification.

2.2. Synthesis of BiVO4 and Mo_BiVO4 Coatings

Bismuth vanadate (BiVO4) coatings were deposited onto a conducting glass sub-
strate (fluorine-doped tin oxide, FTO) using a sol-gel method combined with dip-coating
(Figure 1). The solution was prepared from bismuth (III) nitrate (Bi(NO3)3 × 5 H2O), ammo-
nium vanadate (NH4VO3), nitric acid (HNO3, 67%), ammonium molybdate ((NH4)6Mo7
O24 × 4 H2O), citric acid (C6H8O6), acetic acid (CH3COOH, 99.9%), and polyvinyl alcohol
(PVA). All chemicals were used as received without further purification. Initially, 2.94 g
of Bi(NO3)3 × 5 H2O and 0.702 g of NH4VO3 (in a 1:1 molar ratio) were dissolved in 23%
HNO3. Then, 2.52 g of citric acid was added under constant stirring, resulting in a clear
blue solution. To achieve the desired sol-gel viscosity, 1 g of PVA and 3 mL of acetic acid
were introduced, and the mixture was stirred with a magnetic stirrer for 24 h at 50 ◦C.
For molybdenum-doped BiVO4 coatings (Mo_BiVO4), 0.7489 g of ammonium molybdate,
corresponding to 10 atomic % Mo, was added to the solution after 4 h of stirring. Then the
formed sol was stirred for another 24 h at room temperature.
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The resulting sol was used to deposit thin films on the FTO substrate. Before coat-
ing, the FTO glass was thoroughly cleaned in acetone, isopropanol, and water using an
ultrasonic bath for 15 min in each solvent. The dip-coating process was performed using
a Nadetech ND-DC 11/1 dip-coater, immersing the FTO at a rate of 100 mm/min into
the BiVO4 or Mo-doped BiVO4 sol. The immersed substrate was kept in the sol for 1 min
before being withdrawn at the same rate. The BiVO4 and Mo-doped BiVO4 coatings were
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annealed in ambient air for 2 h at 500 ◦C and 450 ◦C, respectively. To increase the coating
thickness, the process was repeated twice.

2.3. Structural and Morphological Analysis

The composition and structure of the synthesized coatings were examined using a
SmartLab X-ray diffractometer (Rigaku, Neu-Isenburg, Germany) with a 9 kW rotating cop-
per anode X-ray tube. The analysis was conducted over a 2θ range of 20–80◦, utilizing the
grazing incidence X-ray diffraction (XRD) method, with a fixed angle (ω) of 0.5◦ between
the parallel X-ray beam and the sample surface. Phase identification was performed using
Match software (3.10.2.173), referencing the Crystallography Open Database (COD).

The morphology of the coatings was characterized using a Helios NanoLab dual
beam workstation, equipped with an EDX spectrometer (Oxford Instruments, Amster-
dam, The Netherlands). Mapping and elemental analysis were carried out at 10 kV and
20 kV, respectively.

2.4. Photoelectrochemical Investigations

Cyclic voltammetry, electrochemical impedance spectroscopy, and chronoamperome-
try measurements were conducted using a potentiostat/galvanostat Zennium/Zahner Xpot
(Zahner Elektrik, Kronach, Germany) and a three-electrode electrochemical cell. The exper-
iments were conducted in electrolytes comprising 0.1 M Na2SO4 (SS) and 0.2 M sodium
borate buffer (SBB). BiVO4 and Mo_BiVO4 films deposited on FTO substrates were used as
working electrodes. A silver/silver chloride electrode with a 3 M KCl solution (Ag/AgCl)
and a platinum plate (1 × 1 cm2) were employed as the reference and counter electrodes,
respectively. All potential values stated in this paper are reported versus Ag/AgCl, unless
otherwise indicated. The surface (1 cm2) of the working electrode was illuminated with an
LED solar simulator (Redox.me), with a light intensity of 100 mW cm−2. The Nyquist plots
were measured at 0.7 V and 0.6 V in SS and SBB, respectively, with an AC amplitude of
10 mV, and within a frequency range from 104 to 0.1 Hz under illumination.

Photoelectrochemical detection experiments were conducted in 0.1 M Na2SO4 and
0.2 M sodium borate buffer electrolytes containing 0.1, 0.5, 1, 5, and 10 mg L−1 of di-
clofenac using chronoamperometry under chopped light illumination experiments with
30 s dark/light intervals using BiVO4 and Mo_BiVO4 photoanodes. In order to evaluate
the impact of applied potentials on PEC sensing performance, a series of experiments
were conducted, applying potentials of 1.4, 1, and 0.6 V for samples analyzed in the 0.1 M
Na2SO4 electrolyte. In the case of the 0.2 M sodium borate buffer, the applied potentials
were 1, 0.6, and 0.2 V.

Selectivity experiments were performed with BiVO4 using the chronoamperometric
technique at 1.4 and 1 V in SS and at 1 and 0.6 V in SBB. In selectivity tests 100 µL of
50 mgL−1 diclofenac, 50 mg L−1 dopamine, 50 mg L−1 diclofenac, 50 mg L−1 dopamine,
5 mg L−1 ibuprofen, 50 mg L−1 diclofenac, and finally 1 mL of 5 mg L−1 ibuprofen were
sequentially added every 60 s to SS and SBB electrolytes.

3. Results and Discussion
3.1. Structural and Morphological Properties of BiVO4 and Mo_BiVO4 Coatings

The crystalline structure and morphology of the synthesized coatings were evaluated
through the application of X-ray diffraction analysis and scanning electron microscopy
(Figure 2a–c). Figure 2a,b present scanning electron microscopy images of BiVO4 and Mo-
doped BiVO4 coatings, respectively. The Mo_BiVO4 coating consists of elongated particles
with a diameter of approximately 200–800 nm. In contrast, the pure BiVO4 coating is com-
posed of smaller particles that are interconnected. The XRD analysis confirmed that both
coatings have a monoclinic crystalline structure, in accordance with the Crystallography
Open Database (COD) No. 9013436 (Figure 2c). Peaks corresponding to BiVO4 are marked
by asterisks (*). Additionally, peaks (marked as—♦) corresponding to SnO2 (COD: 9009082)
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are observed. To confirm the Mo-doping effect, an EDX analysis was carried out, and the
EDX mapping results demonstrated that the doping with Mo was successful (Figure 2d,e).
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3.2. Photoelectrochemical Investigations of BiVO4 and Mo_BiVO4 Coatings

The photoresponse of the synthesized coatings was evaluated using cyclic voltammetry.
The cyclic voltammograms of the BiVO4 and Mo_BiVO4 coatings recorded in 0.1 M Na2SO4
and 0.2 M sodium borate buffer are presented in Figures 3a and 3b, respectively. In
the absence of light, both coatings exhibited minimal current. In the presence of light,
the Mo-doped coatings in the SS electrolyte exhibited a photocurrent of approximately
0.52 mA cm−2 at 1.4 V, while the pure BiVO4 reached a value of approximately 0.5 mA cm−2.
Another distinction can be seen in the shapes of the curves, where the photocurrent of
Mo_BiVO4 started to increase at a lower applied potential of about 0.1 V, whereas for
BiVO4 the increase started at 0.4 V. The curve of Mo_BiVO4 is markedly steeper, indicating
a considerably faster charge transfer (Figure 3a). Similar regularities were observed in
the 0.2 M SBB electrolyte, where a faster increase in photocurrent was also found for the
Mo-doped coating. The photocurrent in the SBB is slightly lower due to the differing
nature and pH of the electrolytes (Figure 3b). In the borate buffer at pH 9, the primary
oxidation reaction is likely to be water oxidation [37,38]; however, in sodium sulfate
(pH 7), sulfate ions may be oxidized with greater ease on the surface of the photoanode, as
sulfate oxidation is typically more favorable than water oxidation, leading to an elevated
photocurrent [39–42].



Chemosensors 2024, 12, 249 6 of 15

Chemosensors 2024, 12, 249 6 of 14 
 

 

 
Figure 3. Cyclic voltammograms and electrochemical impedance spectroscopy results of BiVO4 and 
Mo_BiVO4 coatings in 0.1 M Na2SO4 (a,c) and 0.2 M sodium borate buffer (b,d). Scan rate of CV 50 
mVs−1. 

Electrochemical impedance spectroscopy (EIS) experiments were conducted to quan-
tify the charge transfer resistance of the two coatings in the 0.1 M SS and 0.2 M SBB elec-
trolytes. The charge transfer resistance (Rct) was observed to be lower in the sodium sulfate 
electrolyte, reaching 1700 Ω and 12,000 Ω for the Mo_BiVO4 and BiVO4 coatings, respec-
tively (Figure 3c,d). However, in the SBB, the Rct is more than two times higher for both 
samples, indicating a slowed charge transfer kinetic in the alkaline electrolyte. The doping 
of BiVO4 with Mo is typically employed to enhance the transport of charges within the 
bulk, thereby increasing the electrical conductivity. The replacement of V5+ with Mo6+ re-
sults in the formation of donor states, which in turn leads to an improvement in electron 
mobility. This enhanced conductivity is reflected in the EIS measurements, wherein the 
Mo-doped BiVO4 exhibits a lower Rct compared to the undoped BiVO4, indicating superior 
charge transfer. 

The results of the chronoamperometry under chopped light illumination demon-
strated a similar tendency to those observed in previous experiments. The transient pho-
tocurrent was found to be almost two times higher for Mo-doped coatings (Figure 4a,b). 
In the SBB, the photocurrent decreased more rapidly under light illumination for both 
coatings, indicating that the recombination of charge carriers occurred more quickly in 
the case of an alkaline electrolyte. BiVO4 is sensitive to pH changes, and its surface prop-
erties (e.g., surface states, band edge positions, and recombination rates) can vary depend-
ing on the electrolyte [43]. Therefore, the higher Rct in the SBB is predominantly due to the 
different oxidation reactions and band shifts. 

Figure 3. Cyclic voltammograms and electrochemical impedance spectroscopy results of BiVO4 and
Mo_BiVO4 coatings in 0.1 M Na2SO4 (a,c) and 0.2 M sodium borate buffer (b,d). Scan rate of CV
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Electrochemical impedance spectroscopy (EIS) experiments were conducted to quan-
tify the charge transfer resistance of the two coatings in the 0.1 M SS and 0.2 M SBB
electrolytes. The charge transfer resistance (Rct) was observed to be lower in the sodium
sulfate electrolyte, reaching 1700 Ω and 12,000 Ω for the Mo_BiVO4 and BiVO4 coatings,
respectively (Figure 3c,d). However, in the SBB, the Rct is more than two times higher for
both samples, indicating a slowed charge transfer kinetic in the alkaline electrolyte. The
doping of BiVO4 with Mo is typically employed to enhance the transport of charges within
the bulk, thereby increasing the electrical conductivity. The replacement of V5+ with Mo6+

results in the formation of donor states, which in turn leads to an improvement in electron
mobility. This enhanced conductivity is reflected in the EIS measurements, wherein the
Mo-doped BiVO4 exhibits a lower Rct compared to the undoped BiVO4, indicating superior
charge transfer.

The results of the chronoamperometry under chopped light illumination demonstrated
a similar tendency to those observed in previous experiments. The transient photocurrent
was found to be almost two times higher for Mo-doped coatings (Figure 4a,b). In the
SBB, the photocurrent decreased more rapidly under light illumination for both coatings,
indicating that the recombination of charge carriers occurred more quickly in the case
of an alkaline electrolyte. BiVO4 is sensitive to pH changes, and its surface properties
(e.g., surface states, band edge positions, and recombination rates) can vary depending
on the electrolyte [43]. Therefore, the higher Rct in the SBB is predominantly due to the
different oxidation reactions and band shifts.
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3.3. Photoelectrochemical Sensing of Diclofenac

The PEC detection of diclofenac with BiVO4 and Mo_BiVO4 was studied using
chronoamperometry under chopped illumination in sodium sulfate and sodium borate
buffer containing 0.1, 0.5, 1, 5, and 10 mg L−1 of DCF. The experiments were conducted with
the application of varying potentials in order to find the optimal conditions and the impact
of such conditions on the sensing performance. Figure 5a–d present the photocurrent
versus the concentration of diclofenac. The values of the photocurrent were obtained from
the midpoint of the second step of transient photocurrents, as presented in the (Supplemen-
tary Figures S1 and S2). As illustrated in Figure 5a,b, the photocurrent of BiVO4 increases
with increasing concentration of DCF for all applied potentials, namely 1.4, 1, and 0.6 V in
sodium sulfate and 1, 0.6, and 0.2 V in sodium borate buffer. At low concentrations of DCF,
rapid oxidation occurred on the BiVO4 surface, resulting in an increase in photocurrent
density. Upon reaching a concentration of 1 mg L−1, the photocurrent density exhibited
a gradual increase, approaching a maximum value. It can be postulated that at elevated
concentrations of DCF, a point is reached where the oxidation reaction is no longer feasible
within the allotted time. Consequently, the interfacial charge transfer resistance increases,
resulting in a saturation of the photocurrent density. A comparative analysis of the SS
and SBB electrolytes reveals that at higher potential (1 V) in SBB, the photocurrent density
increases more steeply with increasing concentrations of diclofenac within the range of 0 to
1 mg L−1.

The results of the Mo_BiVO4 coatings, as presented in Figure 5c,d, are strikingly differ-
ent. Upon application of 1.4 V in sodium sulfate, a dramatic decrease of the photocurrent is
observed in the electrolyte containing 0.1 mg L−1 of DCF and a further slow decrease is
observed with increase in diclofenac concentration in the SS electrolyte (Figure 5c). In the
case of SBB, however, a sudden increase in photocurrent was observed at 1 V upon addition
of DCF (Figure 5d). With further increase in DCF concentration, the photocurrent decreased
until it reached a saturation level comparable to that of BiVO4. This phenomenon can
be explained by the blocking off of the Mo_BiVO4 surface, which may have been caused
by the adsorption of DCF or DCF oxidation products on the electrode. The findings of
reference [44] support this assumption, indicating that an increase in the concentration of
the organic compound results in enhanced resistance and a reduction in photocurrent. This
layer can hinder light absorption and limit the interaction between the photoanode surface
and the electrolyte, reducing the available active sites for the photoelectrochemical reaction
and thus decreasing the photocurrent. The SEM images (Figure 2a,b) clearly demonstrate
that the morphology of the BiVO4 and Mo_BiVO4 coatings is markedly different, sug-
gesting that the adsorption of organic compounds on their surfaces may also be different.
With regard to the lower potentials, it can be observed that in SBB, the tendencies are
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the same. However, in SS, the results are random, with no discernible tendencies. As
previously demonstrated in our research, the dominant reaction occurring on the surface of
the BiVO4 photoanode in the presence of the sodium sulfate electrolyte is sulfate oxidation
to persulfate (SO4

2− → S2O8
2−) [39–42], with the competing water oxidation reaction. The

random distribution of photocurrent values in the case of Mo_BiVO4 (Figure 5c) may be
attributed to the aforementioned sulfate oxidation reaction, which is slowed down by the
presence of DCF on the photoanode surface. The different morphology of the coatings, in
addition to the doping of Mo, can give rise to disparate surface states, which affect the
interactions with DCF. This phenomenon gives rise to the observed random distribution of
the photocurrent values vs. DCF concentration.

Chemosensors 2024, 12, 249 8 of 14 
 

 

different, suggesting that the adsorption of organic compounds on their surfaces may also 
be different. With regard to the lower potentials, it can be observed that in SBB, the tenden-
cies are the same. However, in SS, the results are random, with no discernible tendencies. 
As previously demonstrated in our research, the dominant reaction occurring on the sur-
face of the BiVO4 photoanode in the presence of the sodium sulfate electrolyte is sulfate 
oxidation to persulfate (SO42− → S2O82−) [39–42], with the competing water oxidation reac-
tion. The random distribution of photocurrent values in the case of Mo_BiVO4 (Figure 5c) 
may be attributed to the aforementioned sulfate oxidation reaction, which is slowed down 
by the presence of DCF on the photoanode surface. The different morphology of the coat-
ings, in addition to the doping of Mo, can give rise to disparate surface states, which affect 
the interactions with DCF. This phenomenon gives rise to the observed random distribu-
tion of the photocurrent values vs. DCF concentration. 

 
Figure 5. Photocurrent vs. concentration of diclofenac graphs of BiVO4 (a,b) and Mo_BiVO4 (c,d) in 
0.1 M Na2SO4 and 0.2 M sodium borate buffer at different applied potentials. 

In order to gain a deeper insight into the distinctive characteristics of the Mo_BiVO4 
coating in comparison to the BiVO4 coating, it is essential to perform a comprehensive 
analysis. Cyclic voltammetry was conducted in electrolytes containing 10 mg L−1 of DFC 
(Figure 6a,b). As can be observed, the red curves corresponding to Mo_BiVO4 coatings 
exhibit a distinct reduction peak, which was not evident in the initial CVs presented in 
Figure 3a,b. In the case of the BiVO4 coating, these peaks are also absent. As previously 
stated, the observed decrease in photocurrent in the Mo_BiVO4 photoanode is likely due 
to the adsorption of DCF oxidation products on the electrode surface. To ascertain 
whether DCF and DCF oxidation products were adsorbed on the surface of the pho-
toanode, CVs were recorded in pure sodium sulfate and sodium borate buffer solutions 
using photoanodes, which underwent chronoamperometric experiments in DCF-contain-
ing electrolytes. Prior to CV measurements, the photoelectrodes were rinsed with distilled 
water and dried. Figure 6c,d demonstrate that the Mo_BiVO4 coatings still exhibit minor 

Figure 5. Photocurrent vs. concentration of diclofenac graphs of BiVO4 (a,b) and Mo_BiVO4 (c,d) in
0.1 M Na2SO4 and 0.2 M sodium borate buffer at different applied potentials.

In order to gain a deeper insight into the distinctive characteristics of the Mo_BiVO4
coating in comparison to the BiVO4 coating, it is essential to perform a comprehensive
analysis. Cyclic voltammetry was conducted in electrolytes containing 10 mg L−1 of DFC
(Figure 6a,b). As can be observed, the red curves corresponding to Mo_BiVO4 coatings
exhibit a distinct reduction peak, which was not evident in the initial CVs presented in
Figure 3a,b. In the case of the BiVO4 coating, these peaks are also absent. As previously
stated, the observed decrease in photocurrent in the Mo_BiVO4 photoanode is likely due to
the adsorption of DCF oxidation products on the electrode surface. To ascertain whether
DCF and DCF oxidation products were adsorbed on the surface of the photoanode, CVs
were recorded in pure sodium sulfate and sodium borate buffer solutions using photoan-
odes, which underwent chronoamperometric experiments in DCF-containing electrolytes.
Prior to CV measurements, the photoelectrodes were rinsed with distilled water and dried.
Figure 6c,d demonstrate that the Mo_BiVO4 coatings still exhibit minor reduction peaks,
indicating that DCF or oxidation products are still absorbed on the surface of the pho-
toanode, which consequently compromises their sensing performance. Furthermore, the
photoresponse of the Mo_BiVO4 coating is reduced by a factor of four in comparison with
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the initial CVs (Figure 3a,b). In the case of the pure BiVO4 coating, a small peak is also
observed, indicating that DCF remains on the surface of the photoanode as well or that the
surface of BiVO4 is altered.
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(b) containing 10 mg L−1 of diclofenac; and in pure sodium sulfate (c) and sodium borate buffer
(d) after PEC sensing performance. Scan rate 50 mV s−1.

A linear relationship between the photocurrent density and the logarithm of DCF
concentrations was plotted in Figure 7a,d over the range of 0.1 mg L−1 to 10 mg L−1 in
the SS and SBB electrolytes for BiVO4 and Mo_BiVO4 photoanodes. Correlation coeffi-
cients and regression equations are presented in the Table 1. As can be observed, BiVO4
demonstrated a much better linear relationship between photocurrent density and lg of
DCF concentration in comparison with the Mo_BiVO4 coating, where regression coeffi-
cients were low and reached just 0.25, −0.29, 0.15, and 0.72, 0.85, 0.71 in the SS and SBB
electrolytes (Figure 6c,d, Table 1). Higher correlation coefficients were obtained in the
SBB, probably due to the absence of sulfate ions—eliminating competing sulfate oxidation
reactions—as well as due to changes of pH, which influences several key factors includ-
ing the band edge positions, reaction kinetics, and surface states, all of which are critical
for efficient PEC performance [45,46]. Regression equations Iph = 0.00961 lgC + 0.2512,
Iph = 0.00879 lgC + 0.03746, and Iph = 0.00303 lgC + 0.01054 with correlation coefficients
0.83, 0.85, and 0.96, respectively, were obtained in SS, and Iph = 0.03162 lgC + 0.12588,
Iph = 0.00787 lgC + 0.01341, and Iph = 0.00236 lgC + 0.00287 with correlation coefficients
0.98, 0.92, and 0.79, respectively, were obtained for BiVO4 in SBB.

The results show that linear correlation was the best for BiVO4 coating in sodium
borate buffer at 1 V applied potential and in sodium sulfate electrolyte at 0.6 V, with a
limit of detection (LOD) of 6 × 10−3 µM and 2.3 × 10−3 µM, respectively, based on 3 σ/S,
in which σ is the standard deviation of a blank signal and S is the slope of the linear
calibration plot presented in Figure 7. In comparison with the previously presented results
in Table 2, it can be observed that the use of TiO2, CuCo2O4@CoO, and BiVO4/rGO as
photoanodes resulted in similar values for the limit of detection of DCF, whereas in the case
of heterojunctions TiO2/FeVO4 and Au/GR-doped CdS lower LODs were found. However,
studies investigating the sensing of diclofenac using BiVO4 as a photoanode have not been
widely performed.
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sodium borate buffer (b,d) electrolytes using BiVO4 (a,b) and Mo_BiVO4 (c,d) photoanodes.

Table 1. Regression equations and correlation coefficients for BiVO4 and Mo_BiVO4 coatings at
different applied potentials in sodium sulfate and sodium borate buffer.

Photoanode, Electrolyte Potential, V Regression Equation R2

BiVO4, 0.1 M SS
1.4 Iph = 0.00961 lgC + 0.2512 0.83
1 Iph = 0.00879 lgC + 0.03746 0.85

0.6 Iph = 0.00303 lgC + 0.01054 0.96

BiVO4, 0.2 M SBB
1 Iph = 0.03162 lgC + 0.12588 0.98

0.6 Iph = 0.00787 lgC + 0.01341 0.92
0.2 Iph = 0.00236 lgC + 0.00287 0.79

Mo_BiVO4, 0.1 M SS
1.4 Iph = −0.0119 lgC + 0.19401 0.25
1 Iph = 0.00323 lgC + 0.11036 −0.29

0.6 Iph = 0.0045 lgC + 0.0449 0.15

Mo_BiVO4, 0.2 M SBB
1 Iph = −0.00999 lgC + 0.09642 0.72

0.6 Iph = −0.00549 lgC + 0.03924 0.85
0.2 Iph = −0.0006062 lgC + 0.00943 0.71

Table 2. Literature overview about photoanodes for detection of diclofenac.

Photoanode Solution Detection Range, µM LOD, µM Reference

TiO2 0.1 M Na2SO4 5.0 × 10−2–1.0 × 103 3.4 × 10−3 [47]

TiO2/FeVO4 0.1 M PBS 1.0 × 10−4–5.0 × 10−1 6.9 × 10−5 [48]

Au/GR doped CdS 0.1 M Na2SO4 1.0 × 10−3–1.5 × 10−1 7.8 × 10−4 [21]

Ni(OH)2 1.0 M PBS 2.0 × 102–2.7 × 103 3.2 × 101 [49]

CuCo2O4@CoO 0.1 M Na2SO4 1.0 × 10−2–5.0 × 102 6.5 × 10−4 [50]

Cu(OH)2 1.0 M PBS 1.8 × 10−1–1.2 × 102 4.0 × 10−2 [49]

BiVO4/rGO 0.1 M Na2SO4 9.6 × 10−3–9.2 × 101 4.2 × 10−3 [51]
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A comparison of the results obtained under different applied bias reveals that the re-
combination of carriers is more significant at lower applied potentials (see Figures S1 and S2).
This is further corroborated by the negative current overshoot observed following the ter-
mination of illumination [52]. The results demonstrate that the negative current overshoots
observed after the light is switched off are significantly more pronounced in the case of
the lower potentials (1 V and 0.6 V in SS and 0.6 V and 0.2 V in SBB) than in the case of
the higher potentials. This evidence indicates that the carriers are susceptible to intense
surface recombination. This indicates that photogenerated holes do not react with suffi-
cient rapidity with water, sulfate, or organic compounds, thereby increasing the likelihood
of recombination with photoelectrons. The rapid decrease in photocurrent observed im-
mediately after illumination and continuing after light cessation is indicative of intense
recombination of surface-accumulated holes and electrons. Nevertheless, it is evident that
the optimal potential must be selected for the best sensing performance.

3.4. Selectivity Experiments

The BiVO4 photoanode was selected for use in selectivity experiments due to linear
correlation of photocurrent versus the logarithm of DCF concentration. Selectivity experi-
ments were conducted in SS and SBB electrolytes, applying 1.4 and 1 V, and 1 and 0.6 V,
respectively (Figure 8a,b). In the sodium sulfate electrolyte, an increase in photocurrent was
observed when 50 mg L−1 of DFC was added. However, after the addition of ibuprofen and
dopamine, no discernible changes were noted, indicating that BiVO4 exhibits selectivity
for DFC in the sodium sulfate electrolyte. The application of a higher potential resulted
in the generation of a greater photocurrent, although the detection of analytes was also
observed at lower potentials. In the case of the SBB, a different outcome was observed, with
the addition of dopamine resulting in an increase in photocurrent while the addition of
ibuprofen did not elicit any changes in the photocurrent. The different selectivity outcomes
can be ascribed to the formation of reactive sulfate species (RSS) in the sodium sulfate elec-
trolyte, which exhibits selective reactivity with diclofenac. The results of the experiments
demonstrated that the type of electrolyte can exert a significant influence on the selectivity
of the sensor.
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4. Conclusions

The objective of this study was to examine the impact of BiVO4 photoanode doping,
the nature of the electrolyte, and the applied potential on the sensing performance of
DCF. The findings revealed that Mo-doping enhanced the photoelectrochemical activity of
the photoanode and reduced the charge transfer resistance. However, the morphological
features of the Mo-doped photoanode resulted in the higher adsorption of diclofenac and its
oxidation products, which in turn led to the blocking of the surface. Cyclic voltammograms
recorded in the sodium sulfate and sodium borate buffer containing 10 mg L−1 of DCF
and in the pure electrolytes after chopped light illumination experiments demonstrated
a reduction peak in the range of 0.4–0 V and −0.4–0 V vs. Ag/AgCl in sodium sulfate
and sodium borate buffer, respectively. This confirms adsorption of oxidation products of
DCF on the surface of Mo_BiVO4, which are subsequently reduced. A linear correlation
was observed between the photocurrent and the logarithm of DCF concentration in the
sodium sulfate and sodium borate buffer for the BiVO4 coating at 1 V vs. Ag/AgCl and
0.6 V vs. Ag/AgCl, respectively. In the case of Mo_BiVO4 coatings, a high degree of
value distribution was observed. The selectivity experiments demonstrated that BiVO4
is selective for the detection of DCF in a sodium sulfate electrolyte, whereas in a sodium
borate buffer, an increase in photocurrent was observed following the addition of dopamine.
This discrepancy can be attributed to the nature of the electrolyte. Our study demonstrated
that PEC processes can be significantly influenced by such factors as composition and pH
of the electrolyte, applied bias, and the surface morphology of the photoactive layer. If
the interplay of these factors is properly understood, it may be possible to increase the
selectivity of PEC sensors. We hope that our study will be useful for further investigation
and modification of BiVO4 in PEC sensing performance.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/chemosensors12120249/s1, Figure S1: Chronoamperometry under
chopped light illumination results in sodium sulfate and sodium borate electrolytes at different
applied potentials as photoanode using BiVO4; Figure S2: Chronoamperometry under chopped light
illumination results in sodium sulfate and sodium borate electrolytes at different applied potentials
as photoanode using Mo_BiVO4.
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