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Abstract Nanostructured WO3 films were produced by a
simple method using ammonium tungstate dissolved in differ-
ent solvents: ethanol, PEG 300, and a mixture of ethylene
glycol with PEG 300. The suspensions were deposited on an
FTO substrate by drop casting method and calcined at 500 °C
in air atmosphere. The films were characterized by scanning
electron microscopy (SEM), energy-dispersive X-ray spec-
troscopy (EDS), X-ray diffraction (XRD), UV–Vis diffuse
reflectance spectroscopy, and photoelectrochemistry measure-
ments. FTO substrates were fully covered by a thin and ad-
herent WO3 film, which presented a nanostructure with parti-
cle diameter of 30–80 nm. XRD confirms the monoclinic
structure ofWO3. Ethanol samples presented higher photocur-
rent for water oxidation, compared to other solvents.
However, these electrodes showed high fragility and
the response did not present repeatability. High adhesion
was obtained with PEG as solvent (by itself or mixed
with ethylene glycol). In addition, WO3 was applied as
a photoelectrochemical sensor to detect dopamine under visi-
ble light irradiation. The developed sensor showed photosen-
sitivity to dopamine with reproducibility, stability, wide linear
range, and low detection limit (0.30 μM).
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Introduction

Hydrogen has been considered outstanding as a clean energy
carrier, and it can be used in different types of industries as
well as in fuel cells. It can be produced by various methods,
such as steam reforming. However, this method produces hy-
drogen with carbon emission which can cause environmental
damage and fuel cell poisoning [1]. Hydrogen can be pro-
duced alternatively from photo(electro)chemistry systems
using water. This process can produce hydrogen without pre-
senting the challenge of unwanted emissions at the point of
conversion, and the required energy can be acquired from
sunshine. Thus, hydrogen can be obtained from a renewable
energy source such as solar energy [2, 3].

Photoelectrochemical (PEC) solar cell is a device capable
of splitting water into hydrogen and oxygen using a source of
electrons. A major challenge for applying this kind of cell is
the development of photoelectrodes that should present sever-
al properties, for example absorption of the solar radiation
(especially visible radiation), photocorrosion stability, good
efficiency, and cost-effectiveness [4–6].

Several materials have been studied for water splitting ap-
plication. Between them, photocatalytic nanostructures are
promising due to the small size, low recombination rates,
and high crystallinity. Because of these factors, they present
high efficiency [7–10]. Among semiconductor materials,
tungsten oxide (WO3) exhibits excellent performance in
photoelectrochemical applications. It is an n-type semicon-
ductor and presents favorable physical and chemical proper-
ties, such as small band gap (2.6–3.0 eV), chemical stability in
acidic solutions, and resistance to photocorrosion. Thereby,
WO3 has been applied in gas sensors, catalysis, electro-
chromic devices, and photoelectrochemical cells [11,
12]. This material presents low cost as a benefit, when com-
pared to noble materials. Another interesting property ofWO3

* L. H. Mascaro
lmascaro@ufscar.br

1 Universidade Federal de São Carlos, Rodovia Washington Luiz, km
235, São Carlos, SP, Brazil

J Solid State Electrochem (2016) 20:2461–2470
DOI 10.1007/s10008-016-3144-4

http://crossmark.crossref.org/dialog/?doi=10.1007/s10008-016-3144-4&domain=pdf


is polymorphism, (triclinic, monoclinic, orthorhombic, tetrag-
onal, hexagonal, cubic phases) [13].

The main applied phases are hexagonal and monoclinic (h-
WO3 and m-WO3, respectively). The hexagonal phase has
been widely used in gas sensors due to its open-tunnel struc-
ture and rich intercalation with specific cations (Li+, for ex-
ample). m-WO3 has been applied in photocatalytic processes
using solar irradiation because this phase presents suitable
band gap energy for the absorption of visible light [14].

In this sense, the synthesis method for m-WO3 is very
important, especially regarding the control of nanostructures
size. The photocatalytic activity of WO3 in water splitting
application is directly related to the nanostructure and mor-
phology of the prepared samples [14]. This phase is thermo-
dynamically stable at room temperature, and so, it has been
obtained by several methods, for example acid precipitation
[15], sol–gel [16], electrodeposition [17], hydrothermal [18],
hot-wire chemical vapor deposition [19], and electrospinning
[20]. These methods have provided WO3 nanoparticles with
high photocatalytic efficiency; however, the syntheses have
long time lengths or use aggressive chemical reagents.
Santato et al. proposed a synthesis of WO3 from Na2WO4.
The Na2WO4 aqueous solution was passed through a proton
exchange resin. Thus, tungstic acid was obtained, which was
collected in ethanol. The solution was partially evaporated,
and an organic stabilizer was added to solution. Among the
main organic stabilizers tested, polyethylene glycol (PEG
300) was the most effective when compared to mannitol, eth-
ylene glycol, and glycerol [21].

PEG has been used in different syntheses, in particular for
WO3 films. This organic reagent is known for increasing the
inner surface area and developing morphology. Moreover,
PEG can provide films with high porosity [22]. Ham D.J.
et al. carried out WO3 nanorods synthesis using PEG and
the hydrothermal method [23]. Nanostructured WO3 platelets
were produced by Yagi M. et al. using ammonium tung-
state, ethanol, and PEG to obtain a precursor paste. This
paste was placed on ITO substrate using the doctor blade
technique [24]. Yang H. et al. studied electrochromic and op-
tical properties of WO3 films produced by dip-coating pyrol-
ysis. The precursor solution was a mixture of PEG, ammoni-
um metatungstate, and water, which was aged at 40 °C
for 12 h. The films were produced by the dip coating
method and underwent pyrolysis at a furnace in air at-
mosphere [25].

A simple method based in a one-step preparation of a
photoelectrode was proposed by Mascaro et al. [26]. BiVO4

films were obtained by combination of Bi(NO3)3 and
NH4VO3 directly in polyethylene glycol (PEG 300). This sus-
pension was dropped in ITO-coated glass and calcined in air
atmosphere. This method is simple and easy to employ be-
cause the suspension precursor is obtained by dissolving the
salts in an organic stabilizer and the films are manufactured

without requiring any instrumental apparatus (as in spin coat-
ing, dip coating, doctor blade, for example).

WO3 is considered a versatile material due to its application
in different areas. Among many applications, WO3 is used as
an electrochemical sensor. Multiwalled carbon nanotubes
(MWCNTs) were used by Tsierkezos et al. to fabricate elec-
trodes using the chemical vapor deposition technique with
decomposition of either acetonitrile (ACN) or benzene (BZ)
in the presence of ferrocene (FeCp2) for DA detection. The
detection limit obtained for the MWCNT-BZ electrode was
0.30 and 0.03 μM for the MWCNT-ACN electrode [27].
The same authors developed a sensor with phosphorus-
dopedmultiwalled carbon nanotubes (P-MWCNTs). This film
was grown on to oxidized silicon substrate in the presence of
ferrocene using the chemical vapor deposition technique. The
electrodes were successfully applied for the electrochemical
detection of ascorbic acid (AA), dopamine (DA), and uric acid
(UA). The limits of detection obtained were 1.12, 0.19, and
0.80 μM, respectively [28]. Yang et al. fabricated a functional
nanocomposite of methylene blue on to the multiwalled nano-
tubes (MB-MWNTs). This modified electrode showed great
electrocatalytic activity toward DA and UA. Peak separation
between AA and DA was possible. The anodic peak current
was linear to the concentration of DA in the range of 0.4–
10.0 μM with a detection limit of 0.2 μM [29].

However, its application as photosensor is still in develop-
ment, particularly in the determination of organic compounds.
A sensor for dopamine was developed by Anithaa et al. using
WO3 nanoparticles with monoclinic (γ) and orthorhombic (β)
structures. Glassy carbon electrode (GCE) was modified with
WO3 nanoparticles, and it was observed that γ-WO3 nanopar-
ticles showed an excellent electrocatalytic activity to dopa-
mine (DA) oxidation in the presence of ascorbic acid (AA)
at pH 7.0 without the presence of light. Differential pulse
voltammetry (DPV) analysis showed that the electrode exhib-
ited a linear response over a wide concentration range (0.1–
600 μmol L−1) of DA with the lowest detection limit of
24 nmol L−1 [30].

Recently, our research group has published a study using
BiVO4 photoanode as a photoelectroanalytical sensor for ni-
trite. The proposed sensor showed a wide range of detection
(2.5–100.0 μmol L−1), with a limit of detection of
1.5 μmol L−1 and reproducibility of 4.1 %. This new applica-
tion for BiVO4 is promising for the detection of inorganic
species [31]. However, there are no studies reporting about
this kind of photoelectrochemical sensor for organic
compounds.

The aim of this study is to produce WO3 films on FTO
substrate using a simple synthesis method based in a modified
sol-gel method. For this purpose, different solvents were eval-
uated: PEG 300, ethanol, and a mixture of ethylene glycol and
PEG 300. The films were characterized by morphologic and
structural techniques, and photocatalytic activity under visible
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light was investigated. Furthermore, the application of WO3

films as photoelectrochemical sensor for dopamine was
evaluated.

Experimental

WO3 film preparation

WO3 films were produced by a modified sol-gel method using
ammonium tungstate as precursor [(NH4)10H2(W2O7)6]
which was dissolved in different solvents: ethanol, polyethyl-
ene glycol (PEG 300), and a mixture of ethylene glycol + PEG
300 (1:4 v/v). All suspensions were sonicated for 30 min.
Different concentration values were evaluated for the precur-
sor: 0.01 and 0.03 M according to Table 1. The suspensions
were deposited on the FTO substrate by drop casting method
(5 μL cm−2, total area of 1.0 cm2) for the formation of one
layer. Films were made with up to four layers, and after each
deposition, the films were dried at 170 °C and the calcination
was carried out at 500 °C for 5 h in air atmosphere. The
substrates were fully covered with an adhesive yellow film
after the preparation process.

Characterization

The morphologies and sizes of the WO3 particles obtained
were observed with a field emission scanning electron micro-
scope (ESEM-FEG, FEI Inspect F 50). The crystalline struc-
tures of the samples were measured by X-ray diffraction
(XRD) patterns obtained with a XRD 6000 Shimadzu diffrac-
tometer with Cu Kα radiation over the range of
10° ≤ 2θ ≤ 70°. The W/O ratio was determined by energy-
dispersive X-ray spectroscopy (EDX) using an energy-
dispersive X-ray spectrometer (EDAX, EDX-GENESIS).
The band gap energy (Eg) was determined by means of UV–
Vis diffuse reflectance absorption spectroscopy of the WO3

samples using a Shimadzu UV spectrophotometer.

Photoelectrochemical assays

Photoelectrochemical measurements were carried out in a cell
with three electrodes: a Pt auxiliary electrode, an Ag/AgCl/
KCl saturated reference electrode and a working electrode.
Na2SO4 (0.5 M) was used as the electrolyte. The
photoelectrocatalytic activity of the electrodes was measured
using solar simulator 500 W Xenon (Newport, 66902) cali-
brated to 100mWcm−2. Filmswere illuminated from the front
and back side. Cyclic voltammetry was performed in the po-
tential range from 0.0 to 1.5 V with a scan rate of 20 mV s−1.
Moreover, assays were carried out with 0.5 M Na2SO4 in the
presence of Na2SO3 with the light on. The final concentrations
of Na2SO3 were 1.0 × 10−4, 1.0 × 10−3, and 2.5 × 10−3 M.

Photoelectrochemical sensor for DA

TheWO3 electrodewas applied for the oxidation of 1.0 × 10
−4M

DA in phosphate buffer solution (PBS) 0.1 M, pH 7.0. The
dopamine voltammetric behavior was evaluated without and
with light using a solar simulator 500 W Xenon (Newport,
66902) calibrated to 100 mW cm−2. The electrodes were illumi-
nated from the back side. Photoelectrochemical determination of
DA was carried out using cyclic voltammetry (CV), and the
experiments were done using a scan rate of 50 mV s−1 in the
potential range from −0.2 to +1.0 V vs. Ag/AgCl/KCl saturated.
All cyclic voltammograms were performed under illumination.
To obtain the calibration curves, aliquots of a standard solution of
DA 1.0 × 10−3 M were added in 0.1 M PBS, pH 7.0. The
detection limit (LOD) was calculated according to the IUPAC
recommendation [32].

Results and discussion

Characterization of WO3 films

WO3 films were obtained using ammonium tungstate as pre-
cursor and different solvents (mixture of ethylene glycol +
PEG 300, PEG 300, and ethanol). All films were calcined at
500 °C to obtain a crystalline material having photocatalytic
properties and particle size in the nanometers scale.
Ammonium tungstate can go through pyrolysis to form
WO3 as follows:

NH4ð Þ10H2 W2O7ð Þ6→12 WO3 þ 10 NH3 þ 12 H2O ð1Þ

The initial suspensions presented white color, and the films
showed yellow color which is characteristic of the formation
of WO3. An interesting aspect in the preparation of suspen-
sions is that when ethanol is used as solvent, the suspension is
unstable and easily decants over time. Moreover, it is only
possible to use this suspension on the same day of its

Table 1 Samples prepared from different solvents and precursor
concentrations

Sample Solvent Precursor
concentration

WET-1 Ethanol 0.01 M

WPEG-1 PEG 300 0.01 M

WEG/PEG-1 Ethylene glycol + PEG 300 0.01 M

WET-3 Ethanol 0.03 M

WPEG-3 PEG 300 0.03 M

WEG/PEG-3 Ethylene glycol + PEG 300 0.03 M
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preparation. On the other hand, suspensions prepared
with PEG 300 showed high stability and could be used
in up to 7 days when kept in the refrigerator. Fur-
thermore, suspensions put in the refrigerator are
more easily manipulated since the viscosity decreases
with PEG temperature. Thus, the manufacture of films
by dripping the suspensions is improved. The use of
precursor suspension with PEG instead of paste, for
example, improves the reproducibility of the films
produced.

WO3 films produced from ammonium tungstate and ethyl-
ene glycol showed low adhesion with the substrate;
these films easily leached in the solution. Despite the
high solubility in this solvent, the fragility of the sam-
ples produced did not motivate the use of such suspen-
sion. Thus, assays were carried out with a mixture of
ethylene glycol and PEG 300.

Morphologies of the WO3 films were investigated by
scanning electron microscopy (SEM). Figure 1a–c
shows the top view images of WET-3, WPEG-3, and
WEG/PEG-3 films, respectively. When ethanol was used
as solvent (Fig. 1a), the film did not cover the entire
surface of the substrate and it was possible to observe
several cracks. Moreover, the surface morphology of this

film showed agglomerated particles. Figure 1b shows an im-
age of the film produced with PEG as solvent. This film
had covered the FTO substrate but homogeneity was not
observed. Spherical nanoparticles were predominant in
this morphology and some large particles were observed
as well. Finally, the film produced with a mixture of
ethylene glycol and PEG 300 was homogeneous, consisting
of uniform spherical nanoparticles with average particle diam-
eter of 30 nm. Furthermore, the mixture solvent provided full
coverage of the substrate.

The chemical composition of the films formed was con-
firmed by EDS analysis (Fig. 1d). From the spectra presented,
strongWandO signals are observed for the sample using PEG
300 as solvent. The other samples showed similar composi-
tion, mainly containing W and O.

The formation of the WO3 crystalline structure was
verified by powder X-ray diffraction. Figure 2a shows
the crystalline structure of the film calcined at 500 °C
for 5 h for WPEG-1 sample. The majority of the diffrac-
tion peaks can be connected to WO3 monoclinic phase,
23.07, 23.60, and 24.40 (PDF No. 43–1035). Besides, it
is possible to observe other diffraction peaks which can
be associated to the FTO substrate (SnO2, PDF No. 88–
287), these peaks are identified with a circle symbol. In

(c)

(a) 

(d) 

(b) Fig. 1 FE-SEM images of the
WO3 films prepared from
different solvents a WET-3, b
WPEG-3, c WEG/PEG-3, and d EDS
analysis
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every sample, the formation of the WO3 crystalline
structure was observed at 500 °C.

The WO3 films optical properties were analyzed by diffuse
reflectance spectroscopy. This measurement can be used to
estimate the band gap energy (Eg) considering that WO3 pre-
sents an indirect band gap according to Fig. 2b. The band gap
energy was calculated from the equation for indirect allowed
transitions:

αhv1=2 ¼ A hv� Egð Þ ð2Þ

where α is the absorption coefficient at photon energy, hν, and
A is a constant. The band gap can be estimated as 2.65, 2.60,
and 2.60 eV for samples WET-1, WPEG-1, and WEG/PEG-1, re-
spectively. These values are in agreement with the expected
value for the band gap of the WO3 monoclinic phase (2.6–
2.90 eV).

Photocurrent measurements

The photocurrent of the WO3 films can be an indicative of the
photocatalytic activity in a photoelectrochemical cell. Figure 3
shows cyclic voltammograms for the WEG/PEG-3 electrode on

FTO in aqueous 0.5 M Na2SO4 solution in the dark and with
frontal illumination (illumination of 100 mW cm−2).

The redox system HxWO3/WO3 was observed near 0.0 V.
It is observed that anodic photocurrent increases from +0.16 V
according to the potential application when under illumina-
tion. This is can be associated with the photooxidation of
water, i.e., oxygen evolution. This result was expected since
it is known that WO3 is an n-type semiconductor, and it has
been considered suitable for efficient photocatalytic oxidation.
When the WO3 film is illuminated, the electrons (e−) from the
valence band (Ev) are excited to the conduction band (Ec)
leaving empty holes (h+). The photoexcited electrons are tak-
en to the auxiliary electrode (Pt), and they can be used to
reduce H+ to H2. The holes can be used to promote water
oxidation and produce O2, according to equations:

WO3 þ hν→WO3 e�CBð Þ þWO3 hþVBð Þ ð3Þ

4 WO3 hþVBð Þ þ 2H2O→O2 þ 4Hþ þ 4 WO3 ð4Þ

The photocatalytic activity of the samples was evaluated
considering the effect of the solvent and the concentration of
the precursor salt, in accordance to photocurrent under solar
simulator conditions (AM1.0), i.e., +0.71 V vs. Ag/AgCl at
pH 5. Figure 4a, b shows photocurrent values for the precursor
concentration of 0.01 M with front illumination and back il-
lumination, respectively.

In general, it is noted that the photocurrent increases ac-
cording to the solvent: ethanol > PEG 300 > ethylene glycol +
PEG 300. Figure 4a shows the effects of increasing the num-
ber of layers and the different solvents. Thus, when ethanol is
used, the photocurrent is higher compared to PEG 300 and
ethylene glycol + PEG 300 for any number of layers studied
(one to four layers). This behavior can be explained when FE-
SEM images are observed. Because of the cracks in the film
using ethanol as solvent, a higher surface area is expected and,
consequently, greater photoelectrochemical response is ex-
pected. With electrodes of one, three, and four layers, the
second best solvent is PEG 300. However, the electrode with

Fig. 2 aXRD patterns of the sampleWPEG-1 on FTO substrate and b plot
αhν2 vs. photon energy for a WPEG-1 sample from diffuse reflectance
spectrum

Fig. 3 Cyclic voltammogram for theWEG/PEG-3 sample in 0.5MNa2SO4

in the dark and light with scan rate of 20 mV s−1
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two layers deposited and obtained with the ethylene glycol
and PEG 300 mixture as solvent presented photocurrent great-
er than the electrode in which only PEG was used. Then, the
films were illuminated from the back side, i.e., FTO substrate.
Again, it is possible to observe that films produced with eth-
anol have greater photocurrent when compared to other sol-
vents. The behavior of two layers was similar to the front
illumination behavior. The photocurrent of the film obtained
from mixed ethylene glycol + PEG 300 was close to response
of the film obtained from ethanol. In addition, it is noticed that
illumination from the front or back side has little effect on the
photocurrent response for a precursor concentration of
0.01 M.

When the precursor concentration was 0.03 M (Fig. 5a, b),
the same tendency is observed: the photocurrent is
higher with ethanol as solvent. However, the second
best solvent was the mixture of ethylene glycol + PEG
300, followed by PEG 300. The electrode with two
layers of precursor and using the mixture of ethylene
glycol + PEG 300 presented higher photocurrent than
the ethanol and PEG 300 case. The effect of front and back
illumination is more pronounced at 0.03 M precursor concen-
tration, in this case back side presented higher photocurrent
than front side illumination.

Although the ethanol samples presented higher photocur-
rent for water oxidation, these electrodes showed high
fragility. WO3 did not adhere to the substrate and was
leached into the solution (solution presented yellow

color). In addition, the response did not present repeat-
ability, i.e., when several cyclic voltammetries were car-
ried out with the same electrode, the photocurrent de-
creased. High adhesion is obtained with PEG as solvent,
and the films obtained with PEG have repeatability and
reproducibility. The use of ethylene glycol and PEG
provided the best solubility for ammonium tungstate
(promoting greater photocurrent at the highest concen-
tration) and allowed the synthesis of a film with trans-
parent and homogenous appearance.When only PEG is used
as solvent, the film is opaque and the dissolution ammonium
tungstate is lower and the preparation of the suspension is
harder. The films with 0.03 M precursor concentration are
more homogenous than the ones with 0.01 M, and they cover
the substrate more easily.

The recombination processes of the WO3 electrode were
investigated using sulfite ions (Na2SO3). Figure 6 shows cy-
clic voltammograms of the WEG/PEG-3 electrode in 0.5 M
Na2SO4 with the light off and on and in sulfite presence (con-
centrations of 1.0 × 10−4 and 1.0 × 10−3 M).

Some species are able to react with holes from the photo-
excited electrode to give SO4

2− and, then, recombination pro-
cesses in solution can be suppressed. Sulfite can be employed
to act as a hole scavenger. Here, this effect can be observed
due to the photocurrent increase according to the increase of
the sulfite concentration (1.0 × 10−4 and 1.0 × 10−3 M).
Moreover, a decrease in the onset potential (potential close
to 0.0 V vs. Ag/AgCl) is noted. This behavior is a character-
istic of the presence of a hole scavenger. Thereby, sulfite ions
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have the function of hole scavengers, minimizing the recom-
bination effect on the semiconductor surface leading to the rise
of the photocurrent.

Application of WO3 film as photoelectrochemical sensor
for DA

The photosensor activity of the WEG/PEG-3 electrode was dem-
onstrated by comparison of cyclic voltammograms obtained,
under light and at dark, of the 1.0 × 10−4 M DA solution in
PBS 0.1 M, pH 7.0, Fig. 7a.

In the dark and with addition of DA, there is a current
associated with the oxidation of dopamine but with very small
value (4 μA cm−2). When the WEG/PEG-3 electrode is illumi-
nated and in the presence of DA, the current density
increases to 25.0 μA cm−2, which is almost six times
higher than the current observed in the dark. This result
shows that the sensitivity of the sensor increases with
the incidence of light (Fig 7b). Therefore, the use of
WO3 as photosensor would be more appropriate than
its use only as sensor, as reported in the literature.
Another important result is that the DA oxidation pro-
cess starts in more negative potential when WO3 is lit,
showing the photoeletrocatalytic property of this materi-
al for this reaction. Under dark condition, the current
associated to DA oxidation is lower because the kinetics
of charge transfer at the WO3 interface, the faradic pro-
cess, is slower. However, under illumination, the DA
oxidation process occurs due to the faradaic process
and the presence of electron-hole pairs; in this way,
the kinetics of charge transfer is faster increasing the
photocurrent. Thus, the WO3 electrode was used for
the determination of dopamine by photocurrent measure-
ment using cyclic voltammetry. Figure 8 presents the

effect of different concentrations of DA on the photo-
current response of WO3.

It can be observed that the photocurrent increased
with the increasing of DA concentration (inset Fig. 8)
and that there are two linear ranges, the first is a narrow
linear range from 53 to 80 μM, the second linear range is from
85 to 155 μM. The correlation coefficients were 0.995 and
0.998, respectively. Thus, the present electrode shows a good
linear response for the photoelectrochemical detection of DA
in the range of 53–155 μM. The detection limit of the WO3

sensor was determined to be 0.30 μM (S/N = 3). Compared
with some previous reports for photosensors using
chronoamperometry for DA determination, this work shows
lower detection limit (Table 2). The effect of light on the
electrochemical response for the detection of dopamine is ev-
ident because there is an increase in the electrode sensitivity
and better resolution of the oxidation peak. Moreover, in the
absence of light, the linear increase of current according to

Fig. 6 Cyclic voltammetry ofWEG/PEG-3 film electrode in 0.5MNa2SO4

without light, light on and the absence of Na2SO3 and in the presence of
Na2SO3 (concentrations of 1.0 × 10−4 and 1.0 × 10−3 M)

Fig. 7 a Cyclic voltammograms obtained at the WEG/PEG-3 electrode in
0.1 M PBS pH 7.0 solution at a scan rate of 20 mV s−1 under light and
dark conditions in the presence of 1.0 × 10−4 M DA and b schematic
representation of DA oxidation in the FTO/WO3 electrode
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increased concentration was not observed. It is important to note
that in the literature, there are quite sensitive sensors for dopa-
mine; however, there are few studies that use photosensors to
detect it due to this area being relatively new and unexplored.
Thus, our results are very promising and may contribute to the
development of this area.

Conclusions

In this study, a simple method for producing WO3 films was
demonstrated. The films were produced on FTO substrate using
a one-step process based on the formation of an ammonium
tungstate suspension in different solvents (ethanol, PEG 300,
and amixture of ethylene glycol + PEG 300) with calcination in

air atmosphere. FTO substrate was fully covered by a thin and
adherent WO3 film. Moreover, WO3 presented monoclinic
structure. In general, it is noticed that photocurrent increases
according to the solvent: ethanol > PEG 300 > ethylene glycol
+ PEG 300 to both precursor concentrations that were tested.
However, electrodes produced with ethanol as solvent showed
high fragility with WO3 leaching into the solution. The film
adhesion is obtained using PEG as solvent (alone or mixed with
ethylene glycol), and the films obtained using such solvent have
repeatability and reproducibility. The solubility of ammonium
tungstate is higher in the presence of ethylene glycol.
From this study, it was concluded that WO3 synthesis
on FTO substrate is promising for photoelectrochemical
applications, such as water splitting. In addition, the
WO3 electrodes were highly photosensitive to dopamine, with

Fig. 8 Calibration plot of the
current vs. concentration of DA
(53.0 to 155 μM). Insets are
cyclic voltammograms of DA
with increasing concentration
(inset A from a to g: 53.0, 56.6,
60.1, 63.9, 68.9, 80.0 μM; inset B
from h to o: 85.0, 92.5, 99.0,
105.0, 111.0, 127.0, 142.0,
155.0 μM)

Table 2 Performance
comparison of WO3 photosensor
for DA detection with other
sensors

Electrode Linear range
(μM)

Detection limit
(μM)

Ref

Sensor RuOx–Nf–GC 50 to 1100 5.0 [33]

Poly(caffeic acid)-GC 1.0 to 40 0.40 [34]

(MCPE)-Carbon Paste Electrode 8.0 to1400 0.84 [35]

(Si/Db/CuTsPc)-carbon paste
electrode

1.0 to 107 0.42 [36]

Photosensor CdS QDs/ITO 0.02 to 50, 0.002 to 10 0.008 [37]

TiO2NPs/ITO 5.0 to 200, 200 to 5000 2.0 [38]

WS2/TiO2/ITO 0.9 to 48.7, 72.2 to 333.3 0.32 [39]

QDs/ITO 0.4 to 1000 0.17 [40]

GQDs–TiO2/GCE 0.02 to 105 0.006 [41]

WEG/PEG-3 53 to 80, 85 to 155 0.30 This work
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a detection limit of 0.30 μM. Also, the electrode was verified
as a promising photoelectrochemical sensor with stability, re-
producibility, and a wide linear range of concentrations.
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