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Abstract: Volatile organic compounds (VOCs) are a notable group of indoor air pollutants released by
household products. These substances are commonly employed as solvents in industrial operations,
and some of them are recognized or suspected to be cancer-causing or mutagenic agents. Due to
their high volatility, VOCs are typically present in surface waters at concentrations below a few
micrograms per liter. However, in groundwater, their concentrations can reach levels up to thousands
of times higher. This study analyses the applicability of the photoelectrochemical (PEC) sensing
of VOCs in aqueous medium. Tungsten oxide and bismuth vanadate photoanodes were tested for
PEC sensing of xylene, toluene, and methanol in sodium chloride and sodium sulfate electrolytes.
The crystalline structure and morphology of coatings were analyzed using XRD and SEM analyses.
Photoelectrochemical properties were evaluated using cyclic voltammetry, chronoamperometry, and
electrochemical impedance spectroscopy. The results of the study show that aromatic compounds
tend to block the surface of the photoelectrode and interfere with the PEC sensing of other substances.
WO3 photoanode is found to be suitable for the PEC sensing of methanol under the mild conditions in
aqueous electrolytes; however, electrode engineering and assay optimization are required to achieve
better detection limits.

Keywords: photoelectrochemistry; volatile organic compounds; photoanode; tungsten oxide; bismuth
vanadate; detection

1. Introduction

Industry and household products release a significant group of indoor air pollutants
known as volatile organic compounds. VOCs are found in a wide range of products, from
fuels, solvents, paints, adhesives, and deodorants to refrigerants. They are also found in the
emissions resulting from combustion processes, with trihalomethanes being particularly
prevalent in chlorinated drinking water. The release of VOCs into the environment occurs
throughout their entire lifecycle, including production, distribution, storage, handling, and
use. This leads to their potential entry into both surface water and groundwater supplies
through various point and nonpoint sources [1]. VOCs include different alcohols, aromatics
(such as benzene, toluene, and xylene), aldehydes, and halocarbons [2,3]. In addition
to their tendency to accumulate and persist in the environment, VOCs contribute to the
greenhouse effect and the resulting depletion of the ozone layer. Due to their impact on
the environment and human health, the detection of VOCs has been gaining increasing
attention recently [4–7]. In relatively unpolluted waters, VOCs account for about 10% of
total dissolved organic carbon, and their levels are particularly elevated in untreated waters
of various anthropogenic origins. The most popular technique for the detection of VOCs
is gas chromatography (GC); however, it requires time-consuming sample preparation
procedures, such as solvent extraction, gas-phase extraction, purge and trap capillary
or membrane extraction [8,9]. Furthermore, there has been a growing interest in the
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employment of photocatalytic oxidation, an environmentally friendly and energy-efficient
advanced oxidation technique, to degrade pollutants [4]. There are several studies in
which tungsten oxide, titanium oxide, and zinc oxide semiconductors were applied as
gas sensors for the detection of VOCs [10–14]. In these studies, the limits of detection for
xylene and toluene ranged between 10 and 100 ppm depending on the modification of
photoanodes [14–18]; however, in these studies, high temperatures of 200–400 ◦C were used
for detection, requiring sophisticated equipment and high energy input. The mentioned
studies were focused on the detection of VOCs in the gas phase, whereas the number of
studies on the determination of VOCs in aqueous medium is very limited.

Photoelectrochemical systems can be applied to the sensing and detection of vari-
ous organic compounds [18–20]. PEC sensing has several advantages, such as sensitivity,
fast analysis time, and low detection limit [21,22]. The efficiency of the sensing strongly
depends on the nature of the photoelectrode, the electrolytes, and the illumination con-
ditions, etc. Semiconductors differ in positions of valence and conduction bands, which
determine whether photoinduced charge carriers have sufficient energy to carry out certain
oxidation-reduction reactions. For an efficient performance, photoelectrodes must be able
to absorb wide range of visible light and be stable in a specific range of pH (for practical
use, preferably, in a neutral pH). Recently, there has been growing interest in tungsten oxide
and bismuth vanadate [23–26]. These two semiconductors exhibit distinct characteristics,
including different stabilities within specific pH ranges and different energies of photoin-
duced holes (~3 eV for WO3 and ~2.4 eV for BiVO4) [27–30]. They also differ in the lifetime
of the photogenerated carriers and the diffusion length of the holes (~150 nm for WO3 and
~80 nm for BiVO4), resulting in different performances of these photoanodes [31,32].

This work presents the comparative study on the application of WO3 and BiVO4
semiconductors for the PEC sensing of xylene, toluene, and methanol in aqueous NaCl
and Na2SO4 electrolytes. Methanol was chosen as a representative of a different class of
organic compounds in order to compare how the nature of VOCs influences PEC sensing
performance. The crystalline structure and morphology of the synthesized coatings were
analyzed using XRD and SEM analyses. Photoelectrochemical experiments were con-
ducted using cyclic voltammetry (CV), electrochemical impedance spectroscopy (EIS), and
chronoamperometry (CA) techniques. The results show that aromatic compounds tend to
block the photoelectrode surface, leading to an inverse proportionality between the amount
of VOC and the photocurrent. Only the WO3/Na2SO4 system was found to be suitable
for the detection of xylene with LOD ~3.25 mg L−1. In the case of methanol, the direct
proportionality between the photocurrent and concentration of VOC was found and the
best sensing performance was demonstrated by WO3/NaCl with an LOD of 16.5 mg L−1.
The applicability of PEC sensing for VOCs in aqueous medium was evaluated for the
first time.

2. Materials and Methods
2.1. Materials and Reagents

All chemicals used in this study were of analytical grade. Sodium tungstate dihy-
drate (Na2WO42H2O) (Carl Roth, Karlsruhe, Germany), ammonium oxalate (NH4)2C2O4)
(Chempur, Piekary, Slaskie), hydrochloric acid (HCl) (Chempur, Piekary, Slaskie), hydrogen
peroxide (H2O2) (Chempur, Piekary, Slaskie), methanol (CH3OH) (Reachem, Bratislava,
Slovakia), isopropanol (C3H7OH) (Reachem, Bratislava, Slovakia), bismuth pentahydrate
(Bi(NO3)3 × 5H2O) (Carl Roth (Karlsruhe, Germany)), ammonium vanadate (NH4VO3)
(Acros Organics, Kandel, Germany), nitric acid (HNO3) (Chempur, Piekary, Slaskie),
polyvinyl alcohol ((PVA) (Chempur, Piekary, Slaskie), ammonium molybdate heptahydrate
(NH4)6Mo7O24 × 7H2O) (Chempur, Piekary, Slaskie), xylene (C8H10) (mixture of isomers)
(Reachem, Bratislava, Slovakia), and toluene (C7H8) (Lachner, Neratovice, Czech Republic)
were used as received from suppliers without further purification.
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2.2. Synthesis of Tungsten Oxide and Bismuth Vanadate

WO3 thin films were fabricated on fluorine-doped tin oxide (FTO) substrates fol-
lowing a slightly modified procedure outlined in detail in [33,34]. The FTO substrates
with a resistance of 5–7 Ω/sq were cut into 1 × 2.5 cm2 slides and were ultrasonically
cleaned in acetone, isopropanol, and deionized water for 15 min in each. A solution of
Na2WO4 × 2H2O and (NH4)2C2O4 in deionized water was prepared, and HCl was added
while continuously stirring at 40 ◦C. Subsequently, H2O2 was added to form peroxotungstic
acid, followed by the addition of isopropanol (IsoPrOH) as a reductant. After 10 min, the
cleaned conducting glass substrates were immersed in the prepared mixture with the FTO
side facing down and kept for 140 min. The deposition process was carried out at a constant
temperature of 85 ◦C in a water bath. The coated slides were then rinsed in distilled water
for 1 min and dried in a drying oven at 40 ◦C for 10 h. Finally, the coatings were annealed
in ambient atmosphere at 400 ◦C for 2 h, with a heating rate of 1 ◦C min−1 and a starting
temperature of 20 ◦C.

BiVO4 coatings were synthesized through a sol-gel process as detailed in reference [35].
Initially, 2.94 g of Bi(NO3)3 × 5H2O and 0.702 g of NH4VO3, with a molar ratio of 1:1,
were dissolved in 23% HNO3. Subsequently, 2.52 g of citric acid (C6H8O7) was added
under continuous stirring, resulting in the formation of a transparent blue solution. To
adjust the viscosity of the sol-gel, 1 g of polyvinyl alcohol (PVA) and 3 mL of acetic acid
were introduced. After 4 h of mixing, 0.702 g of (NH4)6Mo7O24 × 7H2O, corresponding to
10 atomic percent of Mo, was added to the solution, and the resulting mixture was stirred
overnight (12 h) on a magnetic stirrer at 20 ◦C. The obtained sol-gel was then utilized for
the deposition of thin films on FTO substrates. The FTO slides were prepared using the
same method as in the synthesis of tungsten oxide. The procedure for dip-coating was
conducted with a dip-coater (Nadetech, ND-DC 11/1) at an immersing and pulling rate
of 100 mm/min, lasting for 60 s. After the deposition, the layers were annealed in air at
450 ◦C (with a heating rate of 1 ◦C min−1) to achieve crystalline Mo-doped BiVO4 coatings.
The deposition process was repeated twice.

2.3. Structural and Morphological Analysis of WO3 and BiVO4

The crystalline structure of the WO3 and BiVO4 coatings was examined using an X-ray
diffractometer, specifically the SmartLab system (Rigaku), which was equipped with a 9 kW
rotating Cu anode X-ray tube. The analysis was conducted within a 2θ range of 20–80◦

using the grazing incidence (GIXRD) method, where a 0.5◦ angle (ω) was set between a
parallel beam of X-rays and the surface of the specimen. To identify the phases present,
the Match software was used in conjunction with the Crystallography Open Database
(COD). The surface morphology of the prepared samples was investigated using the Helios
NanoLab dual beam workstation, manufactured by Oxford Instruments in the Netherlands.

2.4. Photoelectrochemical Investigations

Cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS) measure-
ments were carried out in a three-electrode electrochemical cell using potentiostat/galvanostat
Zennium/Zahner Xpot (Zahner Elektrik, Kronach-Gundelsdorf, Germany). Experiments
were performed in 0.5 M Na2SO4 (Acros Organics (Kandel, Germany) using WO3 and
BiVO4 coatings on FTO substrates as working electrodes. Ag/AgCl(sat. KCl) and Pt plate
(1 × 1 cm2) were used as reference and counter electrodes, respectively. All reported poten-
tial values in the paper are referenced against Ag/AgCl(sat. KCl). The surface of the working
electrodes was illuminated using a high-intensity discharge Xe-lamp with a spectrum of
6000 K. The lamp was calibrated using a silicon diode to simulate AM 1.5 illumination
at an intensity of approximately 100 mW cm−2. Nyquist plots were measured at a poten-
tial of 0.7 V with an AC amplitude of 10 mV within a frequency range of 104 to 0.1 Hz
under illumination.
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Applied bias photon-to-current efficiency (ABPE, %) measurements were performed
in a two-electrode cell using WO3 or BiVO4 coatings and Pt plate as working and counter
electrodes, respectively. Linear sweep measurements were performed at a 50 mV s−1 scan
rate in 0.5 M Na2SO4. ABPE (%) was calculated using equation:

ABPE (%) =
Iph(E0 − Ebias)

P
× 100%, (1)

where Iph is photocurrent (mA cm−2), E0 is the thermodynamic potential of a reaction (V),
Ebias is the applied bias (V), and P is the power of illumination. In our experiments, E0 was
2.4 V, considering that the anodic process is SO4

2− → S2O8
2− with E0 = 2.0 V (SHE) [36]

and the cathodic one is a hydrogen evolution reaction with E0 = −0.413 V (SHE) at pH 7;
the power of illumination corresponded to 1 sun (~100 mW cm−2).

Chronoamperometry (CA) under chopped illumination was performed in a two-
electrode cell at 1.4 V bias (vs. Pt) using WO3 and BiVO4 photoanodes as working electrodes
and a Pt counter electrode. Experiments were performed in 0.5 M NaCl and 0.5 M Na2SO4
electrolytes. Further, for the evaluation of sensing, experiments under chopped illumination
were performed in 0.1 M NaCl and 0.1 M Na2SO4 electrolytes containing 1, 5, and 10 mg L−1

of xylene, 1, 5, and 10 mg L−1 of toluene, and 50, 100, and 250 mg L−1 of methanol. To
prevent potential contamination of the photoelectrode surface, new samples of WO3 and
BiVO4 were employed for every test.

The production of reactive sulfate species (RSS) and reactive chlorine species (RCS)
was investigated in the two-electrode setup in the solutions of 0.5 M Na2SO4 and 0.5 M
NaCl, respectively. Photoelectrolysis was performed under an applied bias of 1.4 V (vs. Pt)
until the charge of ~1 C had passed through the system. After that, the electrolyte from the
anodic compartment of the cell was collected and the presence of RSS in the form of S2O8

2−

and RCS in the form of ClO− + ClO2
− was investigated by means of chromatometric and

iodometric titration, respectively. The theoretic amount of RCS and RSS, mtheor, was calcu-
lated according to Faraday’s law on the basis of an electric charge, Q (C), passed through
the cell during photoelectrolysis assuming 2-electron transfer in the oxidation of SO4

2−

to S2O8
2− and Cl− to ClO−. The Faradaic efficiency, FE (%), of the photoelectrochemical

generation of RCS and RSS was evaluated as the ratio mexp/mtheor × 100. Titration proto-
cols for the determination of persulfate and chlorine species are described in detail in our
previous works [35,37,38].

3. Results and Discussion
3.1. Structural and Morphological Characterisation of WO3 and BiVO4 Coatings

Figure 1 displays the X-ray diffraction (XRD) patterns of tungsten oxide (Figure 1a)
and bismuth vanadate (Figure 1b) coatings. The diffractograms exhibit distinct peaks
corresponding to the crystalline structure of tungsten oxide (indicated as asterisks) and
bismuth vanadate (indicated as diamonds), as verified by the COD database entries 2311041
and 9013436, respectively. Additionally, the spectrum of BiVO4 sample reveals peaks
attributable to the FTO substrate (indicated by circles).

The morphology of WO3 and BiVO4 coatings was evaluated using SEM (Figure 1c,d).
The tungsten oxide layer is composed of randomly oriented plates with a size range of
approximately 500 to 2200 nm, whereas the bismuth vanadate coating consists of fused
elongated and rounded particles, ranging in size from about 10 to 50 nm, forming a
film-like structure.
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Figure 1. XRD patterns (a,b) and SEM images (c,d) of WO3 (a,c) and BiVO4 (b,d) coatings. Peak
symbols: *—WO3 (COD data base No: 2311041), �—BiVO4 (COD data base No: 9013436), •—SnO2

(COD data base No: 9009082).

3.2. Photoelectrochemical Characterization of WO3 and BiVO4 Coatings

The photoelectrochemical properties of WO3 and BiVO4 coatings were evaluated
using cyclic voltammetry and electrochemical impedance spectroscopy techniques. From
the CVs shown in Figure 2a, it can be seen that the photocurrent in both cases starts to rise
when E exceeds 0.3 V. Nevertheless, in the case of tungsten oxide, this increase is sharper
and, at about 0.7 V, the current stabilizes and remains steady for the remaining potential
range. As for bismuth vanadate, the photocurrent rises steadily across the entire potential
range, reaching a value of approximately 0.9 mA cm−2 at 1.6 V, which is about two times
higher than the Iph of tungsten oxide at the same E. The steeper increase of Iph observed
in the case of WO3 may indicate a lesser extent of charge carrier recombination, because a
higher applied bias is required for BiVO4 to facilitate charge separation and achieve the
same magnitude of photocurrent. The saturation of the photocurrent observed in the case
of WO3 indicates that the maximum rate of interfacial charge transfer has been reached
under the specific conditions of the experiment, whereas for BiVO4, such a limit was not
attained. The charge transfer resistances (Rct) of the synthesized coatings as determined by
EIS were ~5000 Ω for WO3 and almost four times lower for BiVO4, i.e., 1200 Ω (Figure 2b).
Figure 2c illustrates that the ABPE values for both coatings are remarkably similar, with a
maximum value of approximately 0.2%. The peak of WO3 is slightly shifted to the lower
voltage values, indicating that a slightly lower potential is required to achieve the highest
efficiency of light to electric energy conversion.

In Figure 3a,b chronoamperograms of tungsten oxide and bismuth vanadate coatings,
recorded under chopped illumination in 0.5 M NaCl and 0.5 M Na2SO4, are presented. The
key distinction between the two photoelectrodes lies in the shape of the curves: the initial
photocurrent spikes were more pronounced in the case of bismuth vanadate photoanode.
This phenomenon again indicates that, upon illumination, a substantial concentration of
charge carriers is excited; however, due to rapid recombination processes, the photocurrent
decreases rapidly until reaching a stationary state.
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Figure 3. Chronoamperograms of WO3 (a) and BiVO4 (b) coatings recorded under chopped light
illumination in 0.5 M NaCl and 0.5 M Na2SO4 electrolytes at 1.4 V (vs. Pt).

The highest quasi-stationary photocurrent was achieved for WO3 in NaCl electrolyte
(Figure 3a). A contrasting trend was observed with the BiVO4 coating. Initially, the
highest Iph was obtained in sodium sulfate solution but, as the experiment progressed, the
photocurrents in both electrolytes became comparable.

Such differences in photoresponse could be related to different thermodynamics as well
as kinetics of photoelectrochemical reactions on the photoanode surface. Different thermo-
dynamics refer to different valence band positions, hence different energies of photoinduced
holes in the studied semiconductors. From the literature, it is known that the energy of
photoinduced holes (h+) in tungsten oxide and bismuth vanadate corresponds to ~3 V and
~2.4 V vs. SHE, respectively [29,38]. Due to different energetics, holes have different abilities
to oxidize the solution species. In fact, holes have enough energy to oxidize water and dis-
solved anions to reactive radical species, e.g., E0(OH•/H2O) = 2.31 V (SHE) at pH 7) [39],
E0(Cl•/Cl−) = 2.432 V (SHE) [40,41] and E0(SO4•/SO4

2−) = 2.437 V (SHE) [40,42], which
can further participate in various photochemical reactions with molecules and ions present
in the supporting electrolyte [43,44]. The competition between the photoanodic oxidation
of water and anions is influenced by the affinity of certain species to adsorb on the pho-
toelectrode’s surface because those ions or molecules, which are adsorbed on the surface,
would have a kinetic advantage over the others in the process of hole scavenging. The
adsorption is, in turn, influenced by the pH of the electrolyte, the surface charge, and also
the morphology of the coatings [38].

The photoanodic formation of reactive chlorine species (ClO− + ClO2
−) and reactive

sulfate species (S2O8
2−) in 0.5 M NaCl and 0.5 M Na2SO4 electrolytes was confirmed by

means of a titrimetric analysis of the oxidation products after the passage of 1 C in a
PEC cell using WO3 and BiVO4 photoelectrodes. The results are presented in Figure 4.
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Faradaic efficiencies of RCS and RSS formation in the case of BiVO4 were ~81% and ~71%,
respectively, whereas for tungsten oxide, FE values were somewhat lower: ~75% and ~61%.
FE values below 100% most likely indicate that the remaining part of the photogenerated
charge is consumed during the production of hydrogen peroxide and/or oxygen.

Chemosensors 2023, 11, x FOR PEER REVIEW 7 of 14 
 

 

cell using WO3 and BiVO4 photoelectrodes. The results are presented in Figure 4. Faradaic 
efficiencies of RCS and RSS formation in the case of BiVO4 were ~81% and ~71%, respec-
tively, whereas for tungsten oxide, FE values were somewhat lower: ~75% and ~61%. FE 
values below 100% most likely indicate that the remaining part of the photogenerated 
charge is consumed during the production of hydrogen peroxide and/or oxygen. 

 
Figure 4. Comparison of Faradaic efficiencies (%) of photoelectrochemically produced RCS and RSS 
using WO3 and BiVO4 photoanodes in 0.5 M NaCl and 0.5 M Na2SO4 electrolytes. 

3.3. PEC Detection of Xylene with WO3 and BiVO4 Photoanodes 
Next, WO3 and BiVO4 coatings were tested in the photoelectrochemical sensing of 

xylene, toluene, and methanol in 0.1 M NaCl and 0.1 M Na2SO4 electrolytes. Methanol 
(MeOH) was chosen to compare how the nature of the organic compound influences the 
sensing performance. It should also be noted that MeOH has much higher hydrophilicity 
in comparison with xylene and toluene. In these experiments, 0.1 M solutions were used 
to reduce the ionic strength of the electrolytes, resulting in better solubility of xylene and 
toluene. Chronoamperograms of WO3 and BiVO4 photoelectrodes recorded under 
chopped illumination in 0.1 M NaCl and 0.1 M Na2SO4, with or without 1, 5, and 10 mg 
L−1 of xylene or toluene and 50, 100, and 250 mg L−1 of methanol, are shown in Figures S1 
and S2 in the supporting information. Figure 5 displays the correlation between the VOC 
concentration and the ratio Iph/I0, where Iph and I0 refer to the quasi-stationary photocur-
rents, which were measured at the end of the second illumination period in the electrolyte 
with and without the analyte, respectively (Figures S1 and S2). It can be seen that Iph/I0 
mostly decreased with the increase in concentrations of xylene and toluene in both elec-
trolytes for both photoanodes (Figures S1a–d and S2a–d), whereas a random response was 
observed in the cases of BiVO4/Na2SO4 with xylene and WO3/Na2SO4 with toluene (Figure 
5a,b). Such behavior implies that presence of these aromatic compounds somehow inter-
fered with charge transfer reactions occurring at the photoelectrode/electrolyte interface. 
When xylene was used as the analyte (Figure 5a), the slower decrease of the photocurrent 
was observed for WO3 in both electrolytes as compared to BiVO4, implying that the inter-
ference of xylene with competing photoanodic reactions (formation of RCS and RSS) was 
more significant in the case of BiVO4. A completely different situation was, however, ob-
served with methanol, where the photocurrent as well as Iph/I0 increased with the amount 
of MeOH in the case of WO3 and BiVO4 coatings in both electrolytes, except for 
BiVO4/Na2SO4, where the photocurrent was independent of the methanol concentration 
(Figures 5c, S1e,f and S2e,f). The results of the PEC sensing performance presented in Fig-
ure 5 are summarized in Table 1, where calculated regression equations with correlation 

0 10 20 30 40 50 60 70 80 90 100

NaCl

Na2SO4

WO3 

BiVO4

BiVO4

WO3 

Faradaic efficiency (%)

Na2SO4

NaCl

Figure 4. Comparison of Faradaic efficiencies (%) of photoelectrochemically produced RCS and RSS
using WO3 and BiVO4 photoanodes in 0.5 M NaCl and 0.5 M Na2SO4 electrolytes.

3.3. PEC Detection of Xylene with WO3 and BiVO4 Photoanodes

Next, WO3 and BiVO4 coatings were tested in the photoelectrochemical sensing of
xylene, toluene, and methanol in 0.1 M NaCl and 0.1 M Na2SO4 electrolytes. Methanol
(MeOH) was chosen to compare how the nature of the organic compound influences the
sensing performance. It should also be noted that MeOH has much higher hydrophilicity
in comparison with xylene and toluene. In these experiments, 0.1 M solutions were used
to reduce the ionic strength of the electrolytes, resulting in better solubility of xylene and
toluene. Chronoamperograms of WO3 and BiVO4 photoelectrodes recorded under chopped
illumination in 0.1 M NaCl and 0.1 M Na2SO4, with or without 1, 5, and 10 mg L−1 of xylene
or toluene and 50, 100, and 250 mg L−1 of methanol, are shown in Figures S1 and S2 in the
supporting information. Figure 5 displays the correlation between the VOC concentration
and the ratio Iph/I0, where Iph and I0 refer to the quasi-stationary photocurrents, which
were measured at the end of the second illumination period in the electrolyte with and
without the analyte, respectively (Figures S1 and S2). It can be seen that Iph/I0 mostly
decreased with the increase in concentrations of xylene and toluene in both electrolytes for
both photoanodes (Figures S1a–d and S2a–d), whereas a random response was observed
in the cases of BiVO4/Na2SO4 with xylene and WO3/Na2SO4 with toluene (Figure 5a,b).
Such behavior implies that presence of these aromatic compounds somehow interfered with
charge transfer reactions occurring at the photoelectrode/electrolyte interface. When xylene
was used as the analyte (Figure 5a), the slower decrease of the photocurrent was observed
for WO3 in both electrolytes as compared to BiVO4, implying that the interference of xylene
with competing photoanodic reactions (formation of RCS and RSS) was more significant in
the case of BiVO4. A completely different situation was, however, observed with methanol,
where the photocurrent as well as Iph/I0 increased with the amount of MeOH in the case
of WO3 and BiVO4 coatings in both electrolytes, except for BiVO4/Na2SO4, where the
photocurrent was independent of the methanol concentration (Figure 5c, Figures S1e,f and
S2e,f). The results of the PEC sensing performance presented in Figure 5 are summarized
in Table 1, where calculated regression equations with correlation coefficients and limits
of detection (LOD) are listed. It is evident that photoelectrochemical sensing is strongly
influenced by the nature of photoanodes, analytes, and electrolytes. WO3 demonstrated
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a linear decrease of Iph with increasing xylene concentration in the range of 0–10 mgL−1

with a 3.25 mg L−1 LOD in Na2SO4 electrolyte with a signal-to-noise ratio of 3. However,
in NaCl electrolyte, WO3 and BiVO4 did not show good linear dependence. In the case of
toluene (0–10 mg L−1), a rather wide scattering of experimental points was obtained for
all investigated PEC systems: the addition of the lowest amount of toluene was enough
to suppress the Iph to a certain level, which was almost not influenced by the increase in
amount of the analyte (Figure 5b). With methanol, linear dependences with correlation
coefficients of 0.99733 and 0.98764 and LODs of 16.5 mg L−1 and 33.76 mg L−1 were
obtained for WO3/NaCl and WO3/Na2SO4 coatings, respectively. For the BiVO4 coating,
linear dependence was observed only in the sodium chloride electrolyte with a correlation
coefficient of 0.96099 and an LOD of 64.39 mg L−1.

Chemosensors 2023, 11, x FOR PEER REVIEW 8 of 14 
 

 

coefficients and limits of detection (LOD) are listed. It is evident that photoelectrochemical 
sensing is strongly influenced by the nature of photoanodes, analytes, and electrolytes. 
WO3 demonstrated a linear decrease of Iph with increasing xylene concentration in the 
range of 0–10 mgL−1 with a 3.25 mg L−1 LOD in Na2SO4 electrolyte with a signal-to-noise 
ratio of 3. However, in NaCl electrolyte, WO3 and BiVO4 did not show good linear de-
pendence. In the case of toluene (0–10 mg L−1), a rather wide scattering of experimental 
points was obtained for all investigated PEC systems: the addition of the lowest amount 
of toluene was enough to suppress the Iph to a certain level, which was almost not influ-
enced by the increase in amount of the analyte (Figure 5b). With methanol, linear depend-
ences with correlation coefficients of 0.99733 and 0.98764 and LODs of 16.5 mg L−1 and 
33.76 mg L−1 were obtained for WO3/NaCl and WO3/Na2SO4 coatings, respectively. For the 
BiVO4 coating, linear dependence was observed only in the sodium chloride electrolyte 
with a correlation coefficient of 0.96099 and an LOD of 64.39 mg L−1. 

 
Figure 5. Ratio of Iph and I0 obtained from chopped light illumination experiments vs. concentration 
of xylene (a), toluene (b), and methanol (c) for WO3 and BiVO4 photoelectrodes in 0.1 M NaCl and 
0.1 M Na2SO4 electrolytes. 

Photoelectrochemical sensing in the case of n-type semiconductors is based on the 
interaction between photoinduced holes and solution species, leading to the generation of 
a photocurrent, whereas photoexcited electrons from the conduction band are transferred 
to the cathode to participate in reduction reactions. The same mechanism applies for the 
PEC degradation of organic compounds. In certain cases, photoelectrons can be scavenged 
by ions or molecules adsorbed on the photoanode’s surface, which results in the reduction 
of the net current flowing through the cell. Such a scenario was recently reported in [45], 
where the effect of dopamine on the PEC performance of BiVO4/FeOOH was studied. 
There are two potential explanations for the observed decrease in Iph when xylene or tol-
uene is added: either it adsorbs onto the semiconductor’s surface, creating a physical bar-
rier that restricts the access of other solution species that can be oxidized by holes, or it 
functions as a photoelectron acceptor, thus decreasing the net photocurrent. Xylene and 
toluene molecules have a benzene ring, which could act as an effective electron acceptor 
and inhibit electron transfer from the photoactive coating to the FTO substrate [46,47]. 
Methanol, on the contrary, does not block the surface of the photoanode and actively par-
ticipates in hole scavenging, leading to an increase in Iph. Due to its low oxidation potential 
(E0(CH3OH/CH3O•) = 0.48 V vs. SHE [48]), the ability of methanol to undergo photooxi-
dation is well known and has been investigated in numerous PEC systems involving var-
ious semiconductors, e.g., TiO2, ZnO, Fe2O3, CdS, BiVO4, and WO3 [48–51]. PEC formation 
of formaldehyde with 96% Faradaic efficiency was found to take place on an α-Fe2O3 pho-
toanode in 95% CH3OH + 0.1 M NaOH [49]. The mechanism is believed to proceed via 
methoxy radical formation: 

CH3OH + h+ → CH3O• + H+ (2)

CH3O· + h+ → CH2O + H+. (3)

0 2 4 6 8 10
0.0

0.2

0.4

0.6

0.8

1.0

 WO3 / Na2SO4

 BiVO4 / Na2SO4

 WO3 / NaCl
 BiVO4 / NaCl

I ph
/I 0

Concentration of xylene (mg L-1)

(a)

0 2 4 6 8 10
0.0

0.2

0.4

0.6

0.8

1.0

I ph
/I 0

Concentration of toluene (mg L-1)

(b)

0 50 100 150 200 250
0.9

1.0

1.1

1.2

1.3

I ph
/I 0

Concentration of methanol (mg L-1)

(c)

Figure 5. Ratio of Iph and I0 obtained from chopped light illumination experiments vs. concentration
of xylene (a), toluene (b), and methanol (c) for WO3 and BiVO4 photoelectrodes in 0.1 M NaCl and
0.1 M Na2SO4 electrolytes.

Table 1. Regression equations with correlation coefficients and limits of detection (LODs) of WO3

and BiVO4 photoanodes.

VOC PEC System The Regression Equation
Iph/I0 = Slope × C (mg L−1) + Intercept

Correlation
Coefficient

LOD
mg L−1

Xylene WO3/NaCl −0.01284C + 0.9776 0.81585 6.22
Xylene WO3/Na2SO4 −0.0229C + 0.97418 0.94192 3.25
Xylene BiVO4/NaCl −0.03115C + 0.90151 0.753 7.5
Toluene WO3/NaCl −0.01284C + 0.9776 0.7885 6.77
Toluene WO3/Na2SO4 −0.04693C + 0.73532 0.48905 13.39
Toluene BiVO4/NaCl −0.02808C + 0.86992 0.58283 11.08
Toluene BiVO4/Na2SO4 −0.01356C + 0.96963 0.77057 7.14

Methanol WO3/NaCl 0.00108C + 0.99595 0.99733 16.5
Methanol WO3/Na2SO4 8.14033 × 10−4C + 1.00499 0.98764 35.76
Methanol BiVO4/NaCl 5.2535 × 10−4C + 0.99002 0.96099 64.39

Photoelectrochemical sensing in the case of n-type semiconductors is based on the
interaction between photoinduced holes and solution species, leading to the generation of
a photocurrent, whereas photoexcited electrons from the conduction band are transferred
to the cathode to participate in reduction reactions. The same mechanism applies for the
PEC degradation of organic compounds. In certain cases, photoelectrons can be scavenged
by ions or molecules adsorbed on the photoanode’s surface, which results in the reduction
of the net current flowing through the cell. Such a scenario was recently reported in [45],
where the effect of dopamine on the PEC performance of BiVO4/FeOOH was studied.
There are two potential explanations for the observed decrease in Iph when xylene or
toluene is added: either it adsorbs onto the semiconductor’s surface, creating a physical
barrier that restricts the access of other solution species that can be oxidized by holes, or it
functions as a photoelectron acceptor, thus decreasing the net photocurrent. Xylene and
toluene molecules have a benzene ring, which could act as an effective electron acceptor
and inhibit electron transfer from the photoactive coating to the FTO substrate [46,47].
Methanol, on the contrary, does not block the surface of the photoanode and actively
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participates in hole scavenging, leading to an increase in Iph. Due to its low oxidation
potential (E0(CH3OH/CH3O•) = 0.48 V vs. SHE [48]), the ability of methanol to undergo
photooxidation is well known and has been investigated in numerous PEC systems involv-
ing various semiconductors, e.g., TiO2, ZnO, Fe2O3, CdS, BiVO4, and WO3 [48–51]. PEC
formation of formaldehyde with 96% Faradaic efficiency was found to take place on an
α-Fe2O3 photoanode in 95% CH3OH + 0.1 M NaOH [49]. The mechanism is believed to
proceed via methoxy radical formation:

CH3OH + h+ → CH3O• + H+ (2)

CH3O· + h+ → CH2O + H+. (3)

In more dilute methanol solutions, such as those investigated in this study, as well as in
the presence of other dissolved species (Cl−, SO4

2−), competition between the photoanodic
processes and possible interactions between the photogenerated species may play an
important role in determining the composition of the products of PEC processes [52,53].
The fact that the valence band edge of WO3 is deeper than that of BiVO4 can explain
the faster response and higher linearity obtained for the WO3 photoelectrode in methanol
sensing (Table 1), because the holes in WO3 have a greater energy offset to drive the CH3OH
oxidation reaction. There are several studies in which cysteine-stabilized Cd quantum dots
or TiO2 have been used for the PEC detection of methanol and LODs were 0.16 mg L−1 [54]
and 0.24 mg L−1 [55], respectively. PEC sensing of xylene and toluene was mostly applied
for gas phase samples, where high temperatures were required. Only a few studies report
the electrochemical (i.e., not light-assisted) detection of xylene and toluene in aqueous phase
using a boron-doped diamond or glassy carbon-supported ZnO/MgO/Cr2O3 nanofiber
anodes, respectively [56,57]. The reported LODs for detection of xylene and toluene were
0.0954 mg L−1 and 0.0736 mg L−1, respectively. The LODs obtained in our study are higher,
indicating the need to optimize the photoanodes as well as the measurement conditions.

The interaction of photoinduced holes with an analyte may be direct or indirect.
In the latter case, dissolved organic compounds are degraded via reactions with pho-
togenerated oxidizing species. In [4,47,49], an electron spin resonance (ESR) analysis
was applied to demonstrate that xylene and other organic compounds adsorbed on
the surface of TiO2 or ZnO are mainly degraded by hydroxyl and superoxide radicals,
produced by the PEC oxidation of water molecules. It is also known that methanol is
a good scavenger of OH• [58]. However, RCS and RSS can also actively participate in
the degradation of organic compounds [59–62]. The formation of these species has also
been evidenced by ESR [43,63–68], though the intensity of the signals in the ESR spectra
was lower compared to those of OH•. The latter fact implies that the formation of RCS
and RSS can also be induced by OH• [44,64,69]. Possible mechanisms of RCS and RSS
formation were discussed in our previous studies [35,37]. The fact that VOCs’ sensing
performance of WO3 and BiVO4 photoelectrodes depends on the electrolyte can be ex-
plained by competing interactions occurring between photogenerated holes, reactive
chlorine, sulfate or oxygen species, and VOCs. These complex photo(electro)chemical
equilibria are strongly influenced by the nature of the photoelectrode (i.e., energy of
holes) as well as by the morphology of the surface.

As previously mentioned, the reduction in photocurrents observed in electrolytes
containing xylene or toluene implies that these aromatic compounds, owing to their high
lipophilicity, have the ability to passivate the surface of the photoanode. This was confirmed
through chronoamperometric experiments in which xylene, toluene, and methanol were
sequentially introduced to the 0.1 M NaCl electrolyte containing 50 mg L−1 of xylene,
while monitoring the photocurrent (Figure 6). The amounts of analytes added dropwise
in the close vicinity of the electrode surface were as follows: 100 µL of 100 mg L−1 xylene,
50 µL of 200 mg L−1 toluene, and 50 µL of 500 mg L−1 methanol. It is evident that
neither WO3 nor BiVO4 exhibited any response in Iph regardless of the added analytes.
This proves that aromatic compounds tend to block the surface of the photoelectrode,
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preventing photoinduced hole transfer reactions and thus interfering with the PEC sensing
of other analytes.
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Figure 6. Effect of addition of 100 µL of 100 mg L−1 xylene, 50 µL of 200 mg L−1 toluene, and 50 µL
of 500 mg L−1 methanol on photocurrent of WO3 (a) and BiVO4 (b) photoelectrodes in 0.1 M NaCl
containing 50 mg L−1 xylene under applied bias of 1.4 V (vs. Pt).

4. Conclusions

In this work, a comparative analysis of the photoelectrochemical sensing of
VOCs—namely xylene, toluene, and methanol—using WO3 and BiVO4 photoanodes in
aqueous solutions of NaCl and Na2SO4 was carried out. Semiconductor layers were synthe-
sized using a sol-gel route. Both coatings demonstrated high photoelectrochemical activity.
The charge transfer resistance (Rct) of the coatings, determined by EIS, was approximately
5000 Ω for WO3 and 1200 Ω for BiVO4. Maximum ABPE values for both coatings found in
the sodium sulfate electrolyte were around 0.2%.

It was found that an increase in the concentration of the studied aromatic VOCs, i.e., xylene
and toluene, leads to a decrease in the photocurrent. This behavior was explained either
by the electrode surface blocking it due to the adsorption of these compounds, which
prevents the interaction of photogenerated holes with solution species, or by photoelectron
scavenging by the adsorbed aromatic molecules. The best sensitivity to xylene in the studied
concentration range of 0–10 mg L−1 was found for WO3/Na2SO4, with a limit of detection
of 3.25 mg L−1. No reliable linear correlation was obtained for toluene in all the PEC systems
studied. In the case of methanol, direct proportionality between the concentration of
alcohol and the photocurrent was found in all PEC systems except for BiVO4/Na2SO4. The
determined LODs for WO3/NaCl and WO3/Na2SO4 were 16.5 mg L−1 and 33.76 mg L−1,
respectively. In the case of BiVO4/NaCl, the LOD for methanol was 64.39 mg L−1.

The findings of this study demonstrate that a tungsten oxide photoanode is suitable
for the photoelectrochemical sensing of methanol under the mild conditions in aqueous
electrolytes. However, electrode engineering and assay optimization are required to achieve
better detection limits. The BiVO4 coatings produced in this study were found to be
unsuitable for the PEC sensing of xylene, toluene, and methanol, presumably due to the
fast contamination of the surface and the strong influence of competing PEC processes,
i.e., the oxidation of other solution species. The latter process is most likely influenced by
the energy of photogenerated holes and the morphology of the photoelectrode surface. It
has been shown that aromatic compounds tend to block the surface of the photoelectrode,
hindering photoinduced charge transfer reactions and thus interfering with the PEC sensing
of other compounds.
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Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/chemosensors11110552/s1, Figure S1: Chronoamperograms of WO3
(a,c,e) and BiVO4 (b,d,f) photoanodes in 0.1 M NaCl electrolyte with and w/o xylene, toluene and
methanol; chopped illumination, 1.4 V (vs. Pt). Figure S2: Chronoamperograms of WO3 (a,c,e) and
BiVO4 (b,d,f) photoanodes in 0.1 M Na2SO4 electrolyte with and w/o xylene, toluene and methanol;
chopped illumination, 1.4 V (vs. Pt).
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