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A B S T R A C T

Cu-doped WO3 electrode was fabricated on FTO substrate via one step preparation by modified sol-gel method
using a suspension of [(NH4)10H2(W2O7)6] and CuSO4·5H2O in mix of polyethylene glycol 300 and ethylene
glycol. Photoelectrocatalytic degradation of bisphenol A (BPA) with Cu-doped WO3 electrode was performed
under visible light irradiation and H2O2 as auxiliary oxidizing agent. For monitoring of the photoelectrocatalysis
it was used conventional and alternative method (UV–Vis spectrophotometry and electrochemical sensor, re-
spectively). After 8 h of assay, it was verified removal of 80% of BPA and formation of the phenolic intermediates
using electrochemical sensor and 75% of total carbon organic removal.

1. Introduction

Reduction of environmental pollution and especially the growing
demand for potable water is one of the most serious challenges
worldwide. Besides the shortage of water resources, the presence of
toxic chemicals, even at extremely low concentrations, such as endo-
crine disrupters can causes potential risk to the environment and
human health. The endocrine disruptors are able to alter the natural
functioning of the endocrine system, may cause different types of
cancer and harm the reproductive systems of the affected beings [1].
The main sources of estrogens at the aquatic environment are domestic
sewage, which contains the female hormone excretion, hospital was-
tewater and manufacturing plants effluents [2].

Bisphenol A (BPA) is an organic compound identified as an endo-
crine disrupter, and is used in large quantities in paints, plastics and
epoxy resins industry. BPA is found in the environment as a result of
leaching process of manufactured end products besides being present in
household products and pharmaceutical formulations [3]. Many re-
searches are developing biochemical and physicochemical advanced
methods to eliminate BPA from water sources, since this product may
cause serious damage to the environment, to human and animals [4].

Among the methods used in the degradation of emerging pollutants,
heterogeneous photocatalysis has excelled in recent years due to its
high mineralization efficiency, low toxigenicity and possibility to use of
light sun at the process [5]. This method is based mainly on the in situ
generation of hydroxyl radicals under ambient conditions that are
capable of converting various toxic organic compounds, including non-

biodegradable, in end products such as CO2, H2O and inorganic mineral
ions [6].

Various materials have been used as photocatalyst for the de-
gradation of BPA [7–10]. The tungsten oxide (WO3) is an important n-
type semiconductor that has received great attention due to its ability to
absorb in the visible light region. Besides this, it is an inexpensive
material with high stability in aqueous solutions under acidic condi-
tions, it does not submit to photocorrosive process and exhibits poly-
morphism [11]. WO3 has been applied in smart windows, solar energy
conversion, storage cells, solar cells of water-splitting, gas sensors,
electrochromic and photochromic devices, secondary batteries and
photocatalysts [12–18].

Several investigations have been made in recent years in the ap-
plication of the WO3 as a photocatalyst, due to its relatively narrow
energy band-gap (< 3.0 V) [19]. The transition metals are highlighted
in electrocatalysis due to the presence of unpaired electron and orbital d
unfilled, forming ties with adsorbates [20]. However, the WO3 alone
exhibits very low catalytic activity under irradiation of visible light.
Thus, several attempts have been made to improve the photocatalytic
activity of the WO3. Co-catalysts such as platinum, gold, and silver,
have been used to increase the photoactivity of the WO3 [21–24].

Oxides and metal ions have also been studied for improving the
photocatalytic activity of the WO3. Composites made of WO3 and dif-
ferent oxides such as CuBi2O4 [25], CaFe2O4 [26], TiO2 [27] and CuO
[28] were prepared and used as photocatalysts. The addition of Cu and
Cu ions as co-catalysts on the WO3 surface was also made [29]. It was
verified that a simple mixture of CuO and CuBi2O4 with WO3 to create
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an efficient photocatalyst for decomposing volatile gas and addition of
Cu (II) on WO3 surface causes a significant improvement in the visible
light photocatalytic oxidation of organic compounds. Copper com-
pounds have been widely used because they can contribute to the O2
reduction process, and may extend the length of light absorbed from the
UV to the visible region due to the adjustment of the conduction band
edges of both CuO and CuO2 which are −0.96 and −0.22 V, respec-
tively [30].

WO3 and Cu are extensively used in the degradation of organic
pollutants due to its unique properties. However, there are no reports in
the literature that shows these compounds in a combination assays for
photocatalytic degradation of BPA. Therefore, WO3 doped with Cu film
electrodes have been developed and applied in the BPA photo-
degradation and the results were promising.

A current challenge at monitoring in organic degradation process is
the development of analytical methods capable of identifying a pollu-
tant with high sensitivity and low detection limit. In general, the de-
gradation monitoring is carried out by high performance liquid chro-
matography (HPLC) which require a great demand for time and
reagents, which is not recommended according to the principles of
green chemistry. So, in addition to spectroscopic techniques, in this
work, of the BPA photocatalytic degradation and the formation of in-
termediates was accompanied using an electrochemical sensor.

Thus, this study presents as the goal of evaluating the photoelec-
trochemical degradation of the emerging pollutant BPA with Cu-doped
WO3 electrode under solar energy simulated and the monitoring of the
degradation using spectrophotometry, electrochemical sensor and total
organic carbon.

2. Experimental

2.1. Reagents

All reagents were analytic grade and were used as raw materials
without further purification. Ammonium tungstate
[(NH4)10H2(W2O7)6] (99.99% Sigma-Aldrich), polyethylene glycol 300
(PEG 300, Sigma-Aldrich), ethylene glycol (EG, 99.8% Sigma-Aldrich),
hydrated copper sulphate (CuSO4·5H2O, 98–102%, Reagen), sodium
sulphate (Na2SO4, 99.0%, J.T. Barker), bisphenol A (BPA, ≥99%,
Sigma- Aldrich) and hydrogen peroxide (H2O2, 29.0%, Synth).
Phosphate buffer solution (PBS) (0.1 mol L−1) was prepared using
NaH2PO4 and Na2HPO4 (Synth). The pH of the buffer solution was
adjusted using NaOH (Synth). All aqueous solutions were prepared with
water purified from a Millipore Milli-Q system (>18.2 MΩ).

2.2. Synthesis of WO3 and Cu doped WO3 electrodes

The WO3 and Cu doped WO3 thin films were prepared by synthesis
method developed by the our research group [31]. The precursor used
was (NH4)10H2(W2O7)6 dissolved in a mixed of EG + PEG 300 (1:4 v/v)
with final concentration of 0.03 mol L−1. The white suspensions ob-
tained were deposited on the FTO substrate by drop casting method
(5 μL cm−2 and total area of 1.5 cm2). Each layer deposited was dry at
170 °C and the calcination was carried out at 500 °C for 5 h in air at-
mosphere (heating rate: 170–270 at 1 °C min−1 keeping at 270 °C
during 20 min and 270–500 °C min−1 at 5 °C min−1 keeping at 500 °C
during 5 h). Cu doped WO3 films were prepared by similar procedure,
but in the suspension preparation was added CuSO4·5H2O in the pro-
portions of 0.5; 1.0; 1.5 and 2.0% (w/w). Then, the electrodes were
designed by W0 (undoped), CW0.5, CW1.0, CW1.5 and CW2.0, respec-
tively (Scheme 1). Fig. 1 shows a schematic diagram of confection of the
electrodes.

2.3. Morphology and structural characterization techniques

The structure characterization was carried out by powder X-ray

diffraction using a XRD 6000 Shimadzu diffractometer with Cu Kα ra-
diation. The X-ray diffraction data of the samples were collected in the
2θ range of 10–60°. The morphology study of WO3 and Cu doped WO3
films were carried out by field emission scanning electron microscopy
(ESEM-FEG, FEI Inspect F 50). The amount of Cu in each doped film
was measured by microanalysis using an energy dispersive X-ray
spectroscopy (EDAX, EDX-GENESIS). UV-diffuse reflectance spectra of
the samples were measured by using a UV–Vis spectrophotometer
(Shimadzu UV spectrophotometer).

2.4. Photoelectrochemical characterization

Cyclic voltammetry (CV) measurements were performed in 0.5 M
Na2SO4 as electrolyte, a platinum plate as the counter electrode, WO3
and Cu doped WO3 as the working electrode and Ag/AgCl/KCl satu-
rated as reference electrode. The potential sweep was performed at
range of 0.0 and 1.5 V and of scan rate 20 mV s−1. The photoelec-
trocatalytic activity of the electrodes was measured using a simulated
AM1.0 illumination (100 W) with a Newport Sol3A Class AAA solar
simulator. All films were illuminated with light from the front and
backside.

2.5. Degradation assays

The BPA photoelectrocatalytic oxidation was carried out in a glass
cell equipped with a working electrode (CW1.0), an auxiliary electrode
of Pt and a reference electrode of Ag/AgCl/KCl saturated. The mea-
surements were made in 200 mL of 0.5 mol L−1 Na2SO4 solution. The
photoactive area of the CW1.0 anode was 1.5 cm2 and it was illuminated
with Vapour Metallic Lamp (HQI-TS Osram, 150 W). The experiments
were made inside of a black box to avoid interference of external
lighting. An Autolab PGSTAT30 model (Eco Chemie, Utrecht,
Netherlands) potentiostat/galvanostat, controlled by GPES 4.9 software
(Eco Chemie) was used at the photoelectrocatalytic oxidation mea-
surements. Firstly, current applied during electrolysis was 5 mA cm−2

and the pH of solutions was not adjusted. Aliquots of the samples of
BPA solution were withdrawn at regular time of 0, 30 and 60 min and
the progress of photoelectrodegradation of BPA was monitored by ab-
sorbance measurements in a UV–Vis spectrophotometer (Shimadzu UV
spectrophotometer) operating from 200 to 800 nm in a quartz cell. The
effects of experimental conditions on the photoelectrodegradation of
BPA such the initial concentration of BPA, pH of solution, applied
current density, and H2O2 concentration was studied. Exhaustive elec-
trolysis was made to study intermediates formed during the degrada-
tion of BPA. In addition, total organic carbon was monitored by a total
organic carbon analyzer (Sievers InnvOx Laboratory Total Organic
Carbon).

2.6. Electrochemical monitoring of intermediates

A new form to monitor the degradation of BPA and the inter-
mediates formed during photoelectrolysis was applied in this work. The
decay of the concentration of the BPA and the formation of inter-
mediates were monitored by an electrochemical sensor. The sensor used
was developed by our research group and consist in a glassy carbon
electrode modified with nickel oxide nanoparticles and carbon nano-
tubes (NiO/MWCNT/GCE) [32]. During electrolysis, aliquots of the
sample of BPA solution were withdrawn at regular time and diluted in
0.1 mol L−1 PBS solution pH 6.0 to electrochemical analysis. The
measurement was carried out in a conventional three-electrode cell
with NiO/MWCNT/GCE as the working electrode, Ag/AgCl (KCl
3.0 mol L−1) as the reference electrode and platinum as the counter
electrode. Cyclic voltammetry (CV) experiments were carried out in a
potential range from −0.2 V to +1.0 V with a scan rate of 50 mV s−1.
Each scan, the electrode was subjected to an electrochemical treatment
to renew its surface, where −0.8 V was applied for 100 s and then it
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was cycled 10 times in PBS solution pH 7.0.

3. Results and discussion

3.1. Morphologic, structural and optical characterization

Morphology and particle size of films were investigated by SEM-
FEG. Fig. 1(a–e) shows images obtained to film without Cu and doped
with Cu in the nominal proportion of 0.5; 1.0; 1.5 and 2.0%, respec-
tively. It is observed that the substrate is recovery completely all elec-
trodes with dense films which present grains homogenously distributed.
This morphology is similar to films prepared form others methods
[33,34]. An important characteristic is the porosity of the films, which
is achieved by PEG presence. This organic polymer promotes high ad-
herence of the film and high porosity. It was not observed significant
difference in the morphology of films with Cu presence. Grain dia-
meters were estimated by microscopy analysis as well and Table 1 show
diameter ranging from 30 to 50 nm to each film deposited. The thick-
ness of film deposited was valued according to Fig. 1f. Each deposited
layer presents thickness of 860 nm after calcination. This result is very
important because very thick films are subject to higher recombination
of the pair electron/hole when illuminated by light.

Semiquantitative analysis was performed by EDX and the compo-
sition of the films after the annealing process is presented in Table 1.
The amounts of Cu added vary from 0.5 to 2% by weight relative to the
concentration of ammonium tungstate as the precursor. It was observed
that from 1.5% Cu it is not possible to add more dopant, and the per-
centage reaches a maximum of 1.1%. From this percentage, the Cu may
have reached an optimum doping concentration and the excess may be
present in other non-doped forms. Average atomic percentages (at.%)
confirm that the main elements found in the samples were oxygen and
tungsten with respect to 3 oxygen atoms to 1 of tungsten in all the films.

The mapping results showed that the elements W, O and Cu were
distributed homogeneously throughout the film without presence of Cu
agglomerates (Fig. 1g). This behavior was observed to all electrodes
with different doping levels. Thus, the synthesis method used to

produced WO3 electrodes doped with Cu in one step it was carried out
successfully and homogeneous films were produced.

To analyze crystallinity of the films, X-ray diffractograms (XRD) of
the WO3 and Cu-doped WO3 films were measured in the range of
10° ≤ 2θ ≤ 60° with a rate of 1° per minute (Supplementary data, Fig.
A2). The major peaks for monoclinic WO3 were present at 23.3°, 23.7°,
and 24.4°, which correspond to the (002), (020), and (200) planes,
respectively (PDF No. 43-1035). Moreover, it is noted other diffraction
peaks which can be associated to FTO substrate (SnO2, PDF No. 88-
287). No peak should be related to Cu presence. This can be associated
by small amount of Cu deposited and the addition of Cu ion into the W
lattice site rather than interstitial ones. Similar results were observed
with the doping of Cu in other semiconductors like TiO2 and ZnO. The
characteristic peaks of Cu at the ZnO nanoparticles only was observed
at the X-ray diffractograms with a Cu content> 15% [35–37].

WO3 presents relatively wide band gap energy (2.6–3.0 eV) and it is
excited by the blue and near ultraviolet regions of the solar spectrum.
To increase the photocatalytic performance it is possible decrease the
band gap and thus, the material will be activated in region closer to the
visible of the solar spectrum, what is interesting of point view of ap-
plication of this material since this region is the most abundant. To
verify the band gap energy of the electrodes WO3/FTO and Cu-doped
WO3/FTO were performed diffuse reflectance measurements
(Supplementary data, Fig. A3.a).

The optical bang gap determination was carried out from Tauc plot
and Kubelka-Munk unit. The Kubelka–Munk unit of absorption is cal-
culated by follow equation: [38].

=F R R
R

( ) (1 )
2

2

(1)

where R is reflectance and F(R) is the absorbance (Fig. 2a). All elec-
trodes showed radiation absorption in the range of 300–450 nm. Max-
imum doped electrode presented a slight shifting in the absorption band
to the visible region. Moreover, it is noted two additional absorption:
first absorption between 450 and 500 nm and second one between 550
and 800 nm. The first absorption can be associated to charge transfer

Scheme 1. Schematic diagram of manufacture of WO3 and Cu doped WO3 electrodes.
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from O (from WO3) 2p to Cu(II) as clusters or CuO [39,40]. The second
absorption can be attributed to d-d transition of Cu(II) presents in the
crystalline WO3. This absorption increases according to doping level
[39].

The bang gap was estimated by plot of [F(R)hν]n against hν. This
value is obtained when [F(R)hν]n vs. hν is equal to zero. It is considered
the WO3 as a direct band gap semiconductor, then n = 2. The band gap
determination curves for all electrodes are shown in Fig. 2 and the
values obtained of band gap energy can be observed in Table 1.

Indeed, the Cu amount is too small to promote significative changes
in band gap energy. Until the doping of 1.5% of Cu, the band gap values
are very similar and they are agreement with expected value to WO3

monoclinic phase [41]. However, CW2.0 electrode, i.e. more doped
electrode, presented the band gap value of 2.78 eV. This value of band
gap corresponds to shifting in the absorption to visible region compared
to not doped WO3.

3.2. Photoelectrochemical behavior of WO3 and Cu doped WO3 electrodes

The electrochemistry characterization of the electrodes is needed to
verify the effect of doping in relation to the photocurrent of the syn-
thesized electrodes. It was evaluated the photoelectrocatalytic activity
of Cu-doped WO3 by electrochemical measurements in light presence
using a solar simulator (Supplementary data, Fig. A1.a). It was observed
the dopant effect in photoelectrochemical assays. The photocurrent
increases with Cu presence to all electrodes. There is a slight increase in
photocurrent response with Cu- doped WO3 0.5%, with three times
more photocurrent than WO3 undoped electrode. For comparison ef-
fect, it was chosen the potential of +0.71 V vs Ag/AgCl at pH 5, which
corresponds to the thermodynamic potential for water oxidation. The
dopant percentage of 1.0% presented the higher photocurrent response,
with 87 μA cm−2, then the photocurrent increase at six times compared
to WO3 not doped electrode. When the doping level is extended to 1.5
and 2%, the photocurrent response decreases again but values are
higher than 0.5% and not doped electrode. This behavior it was ex-
pected because according elemental analysis (EDX), from 1.0% is not
possible adding more dopant efficiently in WO3. From photocurrent

Fig. 1. Scanning electron microscopy images of WO3 films deposited after calcination: (a) W0; (b) CW0.5, (c) CW1.0, (d) CW1.5, (e) CW2.0, (f) image of W0 electrode
cross section and (g) SEM-EDX mapping of the CW1.0.

Table 1
Estimated particle diameter, composition and optical properties of WO3 and Cu
doped WO3 electrodes.

Electrode Nominal Cu
amount (%)

Particle diameter
(nm)a

Cu amountb

(wt%)
Band gap
Eg (eV)

W0 0.0 30 ± 2.32 – 2.97
CW0.5 0.5 50 ± 6.08 0.3 2.96
CW1.0 1.0 35 ± 2.33 0.9 2.96
CW1.5 1.5 40 ± 5.20 0.8 2.94
CW2.0 2.0 40 ± 5.20 1.1 2.78

a By SEM analysis.
b By EDX analysis.
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results, it was chosen the electrode with 1.0% of Cu to degradation
study.

In addition, it was evaluated the number of layers of precursor
suspension in photoelectrochemical response in Na2SO4 0.5 M
(Supplementary data, Fig. A1.b). Clearly, it was noted that the number
of layers affect the photocurrent values. When it is deposited just one
layer of precursor suspension, it is reached the higher photocurrent
compared to others electrodes with different layers. With 2 and 4 layers
it is obtained the same behavior with same photocurrent. The electrode
with 3 layers presented the minor photocurrent response of all elec-
trodes. After 4 deposited layers, it is not possible a film with quality,
i.e., with homogeneity and small thickness. From photocurrent results,
it was chosen the electrode with 1.0% of Cu and 1 layer to degradation
study.

3.3. Photochemical, electrochemical and photoelectrochemical oxidation of
the BPA

The efficiency of photoelectrochemical degradation (light irradia-
tion and current density applied, 5 mA cm−2) in relation to photo-
chemical (light irradiation) and electrochemical (5 mA cm−2) to
sample content 60 ppm of BPA in 0.5 mol L−1 Na2SO4 was evaluated.
The process was monitored after 30 min of oxidation by measurement
absorbance decay at λ = 276 nm. During BPA oxidation, the maximum
absorbance diminishes in 13% after treatment using photoelec-
trocatalysis. However, it was not observed decrease at BPA absorbance
band at when photocatalysis and electrolysis was used to perform the
oxidation, as show in Fig. 3.

The results clearly indicated that the light irradiation and the

Fig. 2. Kubelka-Munk absorption curves of WO3 and Cu doped WO3 electrodes (a) and determination of band gap of W0, CW0.5, CW1.0, CW1.5 and CW2.0 electrodes
(b).

Fig. 3. UV–Vis absorption spectra at 30 min of oxidation 60 ppm of BPA in 0.5 mol L−1 Na2SO4 (a) photocatalysis (light irradiation), (b) electrolysis (5 mA cm−2)
and (c) photoelectrocatalysis (light irradiation + 5 mA cm−2); vapour metallic lamp 150 W.
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current used alone were not efficient to degrade of BPA. However, the
combination of light irradiation and current in the photoelec-
trocatalytic experiments were more effective to promote the decay of
BPA absorption band in just 30 min.

3.3.1. Optimization of degradation parameters in photoelectrochemical
process

The synergism between photo and electrochemical processes is
needed to degrade the pollutant BPA. Thus, some parameters were
studied to evaluate the efficiency of the degradation process of BPA,
which are: initial concentration of BPA, pH, applied current density and
amount of auxiliary oxidizing agent, H2O2.

The influence of the initial concentration of BPA at the photoelec-
trocatalysis experiments was investigated evaluating solutions of
0.5 mol L−1 Na2SO4 containing 10, 20, 30, 60 and 100 ppm of BPA. The
degradation efficiency was monitored at the 30 min of oxidation by
measurements of absorbance decay at λ = 276 nm. At the Fig. 4a can
be observed the percentage of degradation versus BPA concentration.
Increasing BPA concentration from 10 to 20 ppm has practically no
effect on absorbance decay band, while a further increase from 20 to
30 ppm results in 9% of degradation and 14% was observed with
60 ppm. Higher concentrations decrease the degradation efficiency
percentage of BPA. Studies show that the degradation performance will
be dictated by the catalyst sites to substrate molecules ratio. At low BPA
concentrations, in the range 10 to 30 ppm at the experimental condi-
tions of this study, catalyst sites at the CW1.0 anode are in excess and
they can accommodate all BPA molecules. However, in very low con-
centrations, less analyte reaches the surface of the electrode and the
free radicals formed in the photocatalytic processes and that would aid
in the degradation of the BPA, can recombine, thus reducing its de-
gradation.

This behavior is illustrated in Scheme 2a. The decreases of de-
gradation of BPA at high initial concentrations as 100 ppm for example,
may be explained by (i) an increase of the molar extinction coefficients
due the formation of numerous reaction intermediates at high con-
centrations, thus absorbing a considerable portion of the emitted ra-
diation, and (ii) less active sites are accessible at higher BPA con-
centrations, thus triggering a competitive adsorption onto the catalyst
surface, which in that way decreases the formation of OH% and O2%−

free radicals attacking BPA and photodegradation efficiency (Scheme
2b) [42,43].

The effect of the initial pH on the BPA photoelectrodegradation for
the CW1.0 anode is shown in Fig. 4b. It can be seen that BPA de-
gradation efficiency % increased with increasing of initial pH. Spe-
cially, 1%, 13% and 22% of degradation were observed at initial values
pH of 3, 5 and 8, respectively. The photoelectrocatalysis is much faster
under alkaline conditions; however, above pH 11 occurred a reduction
of the photocatalytic activity and a decrease of degradation efficiency
(data not shown). The effect of initial pH at the BPA photodegradation
can be explained as a consequence of the electrostatic interactions and
the pKa value of molecule. In highly acid and alkaline conditions, such
pHs 3 and 11, the low photodegradation rates recorded may be due to
the adsorption capacity of BPA associated with the electrostatic inter-
actions between BPA and the charged semiconductor surface. At higher
pH values, repulsion will occur between BPA and catalyst because both
are negatively charged, while at lower pH, due BPA is not charged and
the attraction on the catalyst surface is difficulties. Additionally, BPA
molecule has two ionizable hydrogen atoms with pKa of 9.6–10.2 and
this implies the BPA is in the ionized form, as bisphenolate anions
(BPA− and BPA2−) at pH values close to 10 [43]. Therefore, at the
higher pH the molecule could be more readily attacked by the elec-
trophilic OH% radical than lower pH values. In addition, the increased

Fig. 4. Effects of experimental conditions on the photoelectrodegradation of BPA: (a) initial concentration of BPA, (b) pH, (c) applied current density and (d) H2O2
concentration; vapour metallic lamp 150 W.
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performance recorded at pH 8 may partly be due to the fact that hy-
droxyl radical formation is favoured at alkaline conditions [44,45]. The
Scheme 2c illustrates the interaction between BPA and CW1.0 anode in
different initial pH values.

The effect of current density (j) on the electrochemical degradation
of BPA in the range 1–20 mA cm−2 is shown in Fig. 4c. As can be seen
lower j (1, 2 and 5 mA cm−2) result in approximately 25% of decay
absorbance of BPA and 10 mA cm−2 promote 28% of degradation after
just 30 min of reaction. At 20 mA cm−2 was observed decrease of re-
moval of BPA which may be attributed to higher formation of oxygen in
surface of electrode that can decrease the catalyst sites. In addition, in
this j there was the removal partially of films of CW1.0 at the surface of
FTO. These results show that 10 mA cm−2 would be a great bias to
promote enough potential to the flat band potential to more separate
charges by removing electrons to the cathodes. Generally, to BPA de-
gradation are used higher currents densities than used in this work
[46]. Titanium electrodes modified with platinum (Ti/Pt) and tin oxide

(Ti/SnO2) completely degraded the BPA by applying a current density
of 300 mA cm−2 [47]. Titanium electrodes and boron doped diamond
(Ti/DDB), titanium with tin oxide and antimony (Ti/Sb-SnO2) films,
titanium and ruthenium oxide (Ti/RuO2) and platinum electrode (Pt)
mineralized BPA by applying 50 mA cm−2 for 10 h [48]. Anodes of
titanium modified with tin oxide (Ti/SnO2), iridium oxide (Ti/IrO2) and
lead oxide (Ti/PbO2) were applied in the electrolysis of BPA and re-
quired 2.0 A cm−2 to degrade 90% of BPA in solution [49].

In this way, the developed anode in this work is very promissory to
be used in the BPA photodegradation in consequence of its high pho-
tocatalytic activity mainly at the first minutes of reaction, using current
densities lower than previously reported.

The addition of H2O2 significantly improves the photocatalysis ef-
ficiency due it may accept photogenerated electrons by [50]:

+ = +H O e OH OH•2 2 (2)

+ =H O h OH2 •2 2 (3)

Scheme 2. Illustration of the photoelectrolysis of the BPA with CW1.0 anode in different conditions: (a) 10–20 ppm of BPA; (b) 100 ppm of BPA and (c) different
initial pH values.
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The photo-Fenton oxidation generates hydroxyl radicals to oxidize
numerous contaminants when H2O2 is reacted with transition metal as
iron [51]. Studies show that Cu also may exhibit somewhat Fenton-like
behaviors through [52,53]:

+ = ++ +Cu H O Cu OH OH•2 2
2 (4)

+ = ++ + +Cu H O Cu O H H•2
2 2 2 (5)

Thus, the influence of H2O2 concentration on photoelectrocatalysis
of BPA was also investigated. Initial concentration values of H2O2 were
2.0, 5.0 and 10.0 mmol L−1. As shown in Fig. 4d, at 30 min of photo-
calysis there was decay of absorption of BPA in all H2O2 concentrations
studied. However, at 10 mmol L−1 was observed formation of

Fig. 5. (a) UV–Vis absorption spectra at different times under optimal conditions and (b) UV–Vis absorption spectra of phenol (Phe), resorcinol (RE), catechol (CC),
hydroquinone (HQ) and bisphenol A (BPA).

Fig. 6. CVs at NiO/MWCNT/GCE in 0.1 mol L−1 PBS (pH 6.0) (a) at different times of photocalysis of BPA; (b) details of graph (a).; (c) CV of a solution containing
BPA, HQ and CC and CVs obtained in time of 8 h of degradation of BPA and (d) initial and final voltammograms in less diluted samples.
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intermediates of reaction, since other absorption band was observed at
250 nm. In 60 min photoelectrocatalytic, there was an increase in the
absorption band of the intermediates and decay of BPA absorption band
with the addition of 10 mmol L−1 H2O2 (data not shown). As in this
work the aim is the application of Cu doped WO3 in BPA degradation
beyond the monitoring of degradation and formation of intermediates
by electrochemical methods and considering that the addition of
10 mmol L−1 H2O2 promoted greater formation of intermediates, this
concentration was chosen for exhaustive photoelectrocatalysis.

3.3.2. Photoelectrochemical degradation of BPA under optimum conditions
The monitoring of BPA concentration and formation of inter-

mediates during photocatalytic degradation experiments was made by
UV–Vis spectrometry and electrochemical measurement. Experiments
were performed under optimum conditions: initial BPA concentration
of 60 ppm, initial pH of 8 in 0.5 mol L−1 of Na2SO4 solution, current
density applied of 10 mA cm−2 and 10 mmol L−1 of H2O2.

Along of photoelectrolysis, aliquots were collected and diluted in
Na2SO4 and PBS buffer solution for spectrometric and voltammetric
analysis respectively. Fig. 5a shows the BPA absorption spectra during
8 h of photocatalytic treatment process. There were gradually decay
absorption bands of BPA and an increase at the bands in 250 and
300 nm that can be attributed at several aromatic intermediates for-
mation which have been reported previously in the literature. These
compounds include phenol, isopropylphenol, methoxyphenol, hydro-
quinone, benzoquinone, catechol, glycerol, biphenyldiol, among others
[54–56]. It was found 43.2% BPA was removed after 8 h of photo-
electrolysis from UV–Vis spectrum. However, the intermediates formed
during photoelectrolysis can have influenced at the final result. The
aromatic molecules can interfere the absorption spectrum of BPA since
they absorb in the same spectral region, as seen in Fig. 5b, which shows
the absorption spectra of different aromatic patterns (phenol, re-
sorcinol, catechol, hydroquinone) and of BPA. Therefore, at the con-
dition studied, the absorption spectrometry in the UV–Vis was not re-
commended to monitor BPA degradation then it was used the
electrochemical measurements, because this technique allows better
selectivity when a suitable electrode is used [32].

The monitoring of BPA degradation by electrochemical experiments
was performed using a glassy carbon electrode modified with nickel
nanoparticles (NiO/MWCNT/GCE) and cyclic voltammetry (CV) such
analysis technique. An apparent decrease in the current peak is ob-
served at the cyclic voltammetry at different times of photocatalytic
oxidation of BPA, Fig. 6a. Limiting the potential range of the obtained
voltammograms (Fig. 6b), one can clearly see the reduction in current
peak related to oxidation of BPA at 0.6 V and the formation and

increase the oxidation peak around 0.2 V corresponding to the inter-
mediates of reaction.

As discussed earlier, phenolic intermediates as hydroquinone and
catechol may be formed during the oxidation of BPA. Thus, to confirm
the formation of intermediate during photoelectrocatalysis experi-
ments, cyclic voltammograms of a solution containing BPA, HQ and CC
were compared with voltammogram obtained in time of 8 h of de-
gradation, as seen in Fig. 6c. The potential of oxidation and reduction of
HQ and CC at the cyclic voltammetry of the standard solution are very
similar to those observed at the end of photoelectrocatalysis. Moreover,
other peaks are not observed in the same oxidation potential of BPA,
showing the high selectivity of electrochemical method, besides high
sensitivity for monitoring BPA concentration. In less diluted samples,
Fig. 6d, the initial and final voltammograms of BPA clearly show a
decrease of current peak of the oxidation in 79.2%.

According to the results, it was found that monitoring the BPA
concentration using electrochemical methods are more effective than
spectroscopic methods, since these last, there was the interference of
the intermediates formed during the oxidation of BPA.

At the end of photoelectrocatalysis (8 h), total organic carbon (TOC)
was made to determine the mineralization of organic matter (Fig. 7).
75% mineralization was observed BPA after the degradation test, con-
firming the good performance of CW1.0 electrode in the degradation of
organic compounds.

Energy consumption (EC) to degradation of BPA was evaluated by
values for EC (kWh kg−1) calculated using Eq. (6) [57]:

=Ec i E t
TOC

· ·
·1000

cel
(6)

where Ecel is the cell potential (V), i is the applied current (A), t is the
time of photocatalysis (h) and ΔTOC is the mass of TOC removed (kg).
The Ec calculated to BPA degradation was 11.73 KWh kg−1. Con-
sidering that in the state of São Paulo (Brazil) the KWh costs $ 0.13, the
cost of treating 1 kg of BPA is $ 1.53.

4. Conclusions

In the present study, Cu doped WO3 electrodes were synthesized by
modified sol gel method and were applied at the effective photo-
catalytic degradation of BPA. The monitoring of degradation was made
by UV–Visible spectrometry and electrochemical measurement using a
sensor NiO/MWCNT/GCE. The presence of 1% of Cu increased the
photocurrent density in six times compared to WO3 bare. The experi-
mental conditions as initial concentration of BPA, pH, current density
and H2O2 concentration affected significantly BPA photodegradation.
The monitor of concentration of BPA during photoelectrolysis by ab-
sorbance measurements was affected due absorption of intermediates
formed in same region at the spectrum at BPA. However, the mon-
itoring the BPA concentration using electrochemical sensor was very
effective and there was not interference of the reaction intermediates.
After 8 h of assay, it was verified removal of 80% of BPA using elec-
trochemical measurements and it was possible to observe the formation
of intermediates by the appearance of oxidation and reduction peaks.
These peaks present potential characteristic of phenolic compounds
such as hydroquinone and catechol that are generally BPA degradation
products. Results obtained in this study clearly demonstrate that Cu
doped WO3 electrode has potential application for photocatalysis. In
addition, the electrochemical monitoring of the degradation is very
effective and an alternative to conventional methods because is not
observed interference of reaction intermediates of BPA.
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