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ABSTRACT

Zinc oxide doped with sulfur (ZnO-S) has presented improved photocatalytic activity under visible irradiation. In
this work, ZnO-S film was efficiently prepared by thermal decomposition from zinc sulfide (ZnS) in an oxidizing
atmosphere. X-ray diffraction analysis (XRD) showed ZnS phase transformation occurred from cubic sphalerite to
ZnO hexagonal wurtzite at temperatures between 500 and 600 °C. ZnO-S electrodes prepared onto a transparent
conductive substrate were modified by silver (Ago) or platinum (Pto) nanoparticles (NPs). X-ray photoelectron
spectroscopy (XPS) confirmed that sulfur was incorporated into ZnO structure. Field Emission Gun-Scanning
Electron Microscope (FEG-SEM) images showed that occur a drastic modification in the particle morphology
of the films treated at distinct temperatures. Photoelectrochemical investigation displayed a negative photo-
potential (AE<O) for all photoelectrode investigated as well as superior photocurrents for samples modified with
metallic Ag® and Pt° NPs. In order to investigate the photoelectroactivity, ZnO-S6, Ag’/Zn0-86, Pt’/Zn0-S6 and
commercial ZnO electrodes were used to degrade progesterone solution under polychromatic irradiation. The
superior performances were observed for ZnO-S films functionalized with Ag® or Pt°. Therefore, the results
showed advances in the degradation of organic contaminants in the water treatment process and possible con-
tributions to a better use of solar radiation.

1. Introduction

organic pollutants in aqueous media [4].
The conventional effluent treatment methods generally consist of

In recent years, solar energy has been considered one of the most
promising sources of abundant and clean energy. Faced with the
growing energy demand, intense research has been dedicated to study-
ing materials that efficiently use solar radiation [1]. Among these ma-
terials, semiconductor oxides stand out [2]. These materials have been
used for various applications, such as solar cells for conversion into
electrical energy, production of fuels [3] and in Advanced Oxidative
Processes (AOPs), with emphasis on heterogeneous photocatalysis (HP)
and photoelectrocatalysis, showing effectiveness in degradation of

removing the pollutant by a simple phase transfer, without the occur-
rence of total destruction of the contaminant, requiring an extra post-
treatment step. Thus, AOPs are able to transform a large part of
organic contaminants into COy and H30O, in reactions with hydroxyl
radicals (eOH). These radicals are not selective and can promote the
destruction of a wide variety of organic pollutants in the aqueous phase,
including dyes, pesticides, herbicides, and drugs such as hormones [5,
6]. Progesterone is a female sex hormone (FSH) of natural or synthetic
origin, widely used as a contraceptive, and which has raised concern
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when improperly disposed of in the environment [7]. Progesterone is a
drug that, when discarded indiscriminately in aquatic environments,
even in low concentrations (1 ng L) can cause cancer, reduced fertility,
feminization and hermaphroditism in fish and crustaceans [8]. There-
fore, technological proposals for removing this pollutant from the
aqueous environment deserve to be investigated.

In several countries around the world, there is already evidence of
contamination of aquatic environments by female hormones, which can
be classified as an emerging micropollutant due to its increasing use and
imminent risk of contamination in the environment, which can cause
negative impacts on fauna, flora, and harmful effects [7]. Thus, it is
necessary to use advanced wastewater treatment techniques that pro-
mote the removal or destruction of these hormones.

Currently, semiconductor oxides have aroused great interest due to
applications in photoelectrochemical cells (PEC), low cost, and the
possibility of adjusting optical and electrical properties, to increase ef-
ficiency, stability, and use of solar radiation [9]. According to band
theory, when the semiconductor absorbs photons with energy equal to
or greater than its band gap energy ( Egg), electrons in valence band (VB)
are excited to the conduction band (CB), forming the electron/hole pair
(e /h") [10]. The photogenerated charges in VB and CB promote cata-
lytic reactions that occur in the semiconductor [11].

Among the investigated semiconductors, Zinc Oxide (ZnO) has
attracted attention due to its high catalytic activity, thermal stability,
high charge mobility, low toxicity, and low cost [12-14]. It is an n-type
semiconductor, with Epg in the range of 3.2 to 3.4 eV [15]. This oxide
can be found in hexagonal wurtzite crystalline forms (more stable) or
cubic zinc blend and rock salt structures [16]. Another important
semiconductor is zinc sulfide (ZnS), which is considered one of the most
significant among metallic sulfides mainly due to its high stability, high
quantum yield, and technological applications. For the hexagonal
wurtzite phase, the ZnS has an Epg of 3.77 eV, while for the cubic zinc
blend phase this energy is approximately 3.72 eV [17].

Different synthesis methods have been used to obtain porous ZnO
electrodes, which allow obtaining the oxide with control of morphology,
particle size, and film thickness [18]. Some methods for obtaining ZnO
films are described in the literature, among them we can mention the
deposition from liquids as a source (sol-gel) using the spin-coating or
dip-coating techniques [19], spray pyrolysis [20], chemical bath depo-
sition [21], chemical vapor deposition [22], deposition by cathodic
sputtering (magnetron sputtering) [23], as well as electrochemical depo-
sition [24]. Doctor Blade deposition is also frequently used in the
preparation of porous film ZnO electrodes [25-27].

Although these semiconductor oxides have several advantages and
diverse applications, most of them have limitations in photocatalytic
processes. For example, ZnO suffers from photocorrosion, while ZnS has
a wide Epg value, which limits its use in technologies using solar radi-
ation [28]. Therefore, its applications in photocatalytic processes under
visible irradiation will only be advantageous after modifying its optical
properties [29]. Thus, semiconductor doping is a strategy used to
gradually adjust their optical and electronic properties. However, there
is a limit of doping amount to be "accommodated” into the structure. If
this limit is exceeded, there may be segregation of other phases [30-32].

The insertion of metallic or non-metallic dopants in the ZnO struc-
ture can modify the absorption region to use it under visible irradiation
[33]. In general, metallic sulfides such as TiSy, when calcined in an
oxidizing atmosphere, are transformed into TiO», because sulfur atoms
can be easily replaced by oxygen. Likewise, the heat treatment of ZnS
under suitable conditions leads to the formation of ZnO, with a small
amount of S remaining in the material structure. In this case, the sulfur
atoms can be considered a substitutional anionic dopant of ZnO [34].
Sulfur is considered a good doping because it has different oxidation
states and does not generate deleterious phases in the ZnO structure
[35]. Recent studies show that doping of ZnO with sulfur alters the
electrical, optical, and photocatalytic properties of the semiconductor
[36-37]. The doping of ZnO with substitutional S can generate energy
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levels above the semiconductor VB, promoting the narrowing of the Epg
and increasing the photocatalytic activity [38]. In order to improve the
stability of the films and minimize the recombination process of the
e /h' pair, another strategy is the semiconductor surface functionali-
zation with metallic nanoparticles, which can improve the photo-
catalytic activity [39].

In a previous work [40], spherical microparticles generated by
agglomerated spherical nanocrystals of sulfur-containing ZnO, formed
by homogeneous precipitation of ZnS, were studied. In this investiga-
tion, the authors observed that the presence of Zn-S bonds in
sulfur-containing zinc oxide decreases the Epg value of ZnO. Despite
these advances, to the best of our knowledge, the application of S-doped
ZnO films in the photoelectrodegradation (or electrochemically-assisted
heterogeneous photocatalysis-EHP) of progesterone, as presented in this
work, has not yet been reported in the literature.

Therefore, this paper presents a simple methodology for the prepa-
ration of ZnO-S films supported on FTO-glass substrate (Fluorine Doped
Tin Oxide) from pure (commercial) ZnS, which were calcined in an
oxidizing atmosphere at temperatures of 100 to 600 °C, for 2 h. The films
were subsequently, modified with silver and platinum nanoparticles
(AgNP) and PtNP). The optical, morphological, structural, and photo-
electrochemical features and their application in the degradation of
progesterone in an aqueous medium under polychromatic irradiation
were investigated. Thus, the present study displays advances in the
degradation of organic contaminants in the water treatment process and
provides contributions related to the use of solar radiation.

2. Materials and methods
2.1. ZnS suspension preparation

Initially, 1.0 g of zinc sulfide powder (ZnS - Sigma-Aldrich, 99,99 %)
and 40 % by mass of polyethylene glycol (PEG 20,000 Sigma-Aldrich)
were mixed and ground using an Agate mortar and pistil, for 1 h.
Then, deionized water was added, little by little, in 200 uL fractions,
totaling 800 uL. Then,100 uL of Triton X-100 (Sigma-Aldrich) was added
until a paste was obtained.

2.2. Preparation of ZnS, ZnO-S, Ago/ZnO-S, Pt°/Zn0-S and commercial
ZnO films

After the paste synthesis step, the ZnS and ZnO-S photoelectrodes
were prepared on conductive substrate (FTO-glass) from Aldrich with
surface resistivity of 7 Q/sq and dimensions 1.0 x 3.0 cm?. Each piece of
FTO-glass was previously washed in an ultrasonic bath in three suc-
cessive steps of 15 min each, followed by a mixture of deionized water
and neutral soap, deionized water and isopropyl alcohol, respectively.
The preparation of the films consisted of depositing the ZnS paste on the
substrate, on the conductive face of the FTO-glass, in an area delimited
by 1 cm? and 40 um thick adhesive tape, using the Doctor-Blade method.
After drying at room temperature for about 10 min, the samples were
heat treated in a muffle furnace with air flow at temperatures of 100,
200, 300, 400, 500, and 600 °C for 2 h. To comparison effect, an un-
calcined ZnS film was used as a standard.

To compare the stability and photoelectrocatalytic activity with all
ZnO-S films, a commercial zinc oxide film (ZnO, 99.0 % purity, Scientific
Exodus) was prepared in a similar way to ZnS, and calcined only at 600
°C. The surface of the ZnO-S films was modified with silver (Ag0) or
platinum (Pt0) obtained by photoreduction of a 1.0 x 1073 mol L!
solution of silver nitrate (AgNOs3) or hexachloroplatinic acid hexahy-
drate (HoPtClg-6H20), respectively [41]. In photoreduction, the ZnO-S
films were immersed in precursor solutions of Ag"* or Pt** in a glass
beaker of 10 mL for 10 s. These films were then exposed to UV irradi-
ation in a closed container with three STARLUX® 20 W lamps, placed
about 40 cm from the UV source for 5 min. After that, the films were
washed various times with deionized water to ensure the complete
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removal of excess metal ions.
2.3. Structural and optical characterization of photoelectrodes

X-ray Diffraction (XRD) analysis of ZnS, ZnO-S, Ag®/Zn0-S, and Pt%/
ZnO-S samples were recorded employing a LabX XRD-6000 diffrac-
tometer (Shimadzu, Japan) with Cu-Ka radiation (4 = 0.15406 nm) at 40
kV and 30 mA, in the range of 26 from 10° to 110° with a scan speed of 1°
min~!. Standard diffractions were compared with data from the Amer-
ican Mineralogist Crystal Structure Database (AMCSD) and Inorganic
Crystal Structure Database (ICSD). The Thermogravimetric Analysis
(TGA) and Differential Scanning Calorimetry (DSC) experiments were
carried out in simultaneous equipment (model 822- Mettler. These
thermal studies of sample (initial mass: 18.44 mg) were carried out in an
oxidizing atmosphere of synthetic air, with a flow rate of 100 mL min~!
and heating rate of 5 °C min~'. The optical properties were registered by
a Shimadzu UV-2600 spectrophotometer, using FTO-glass as a reference
onto an integrating sphere with barium sulfate between interval wave-
length from 800 to 200 nm. The band gap energy of the semiconductor
was estimated by the Tauc method from the UV-Vis transmittance
curves [42].

2.4. Morphological and photoelectrochemical characterization

The morphology, thickness of the samples, and elemental analysis
were characterized by Scanning Electron Microscopy (SEM) coupled to
the Energy Dispersive X-ray Spectrometer (EDS) (JEOL EDS System,
model 6010LA) with acceleration voltage between 0.5 and 30 kV. The
highest resolution images were obtained by Field Emission Gun Scanning
Electron Microscopy (FEG-SEM, JEOL JSM- 6701F), with a detection limit
of around 1 % (m/m) and acceleration voltage of 0.5 to 30 kV. X-ray
Excited Photoelectron Spectroscopy (XPS, K-alpha+ model, Thermo Fisher
Scientific, operating with Al-ka X-ray source) was employed to investi-
gate the elemental composition, chemical and electronic state of the
elements present on the surface of the samples. The pressure in the
analysis chamber was approximately 10~/ Pa, the spot size was 400 pm.
The pass energies were 50 eV and 20 eV for the survey and high-
resolution spectra, respectively. Cls element was used as reference at
284.8 eV.

The photoelectrochemical properties were studied by using an
electrochemical cell formed by optical glass window. The working
electrodes were ZnS, ZnO-S, AgO/ZnO—S, Pt°/Zn0-S, and commercial
ZnO, (with a geometric area of 1 cmz); Pt wire was the counter electrode
and the Ag/AgCl (aqueous solution of KCI 3.0 mol L™1) was the reference
electrode (in a Luggin capillary). A system configured with three elec-
trodes was used, and an aqueous solution of NaySO4 0.1 mol Lt
(pH=5.6) was used as an inert support electrolyte. Measurement was
performed on a Galvanostat/Potentiostat (Autolab PGSTAT 302-N
Metrohm), connected to the NOVA 1.7 software, in the dark and
under polychromatic irradiation. Metallic vapor lamp (HQI-TS EXCEL-
LENCE NDL-150 W), with an irradiance adjusted to 100 mW cm? was
used to irradiate the films, to verify the photoelectrocatalytic activity of
the films for progesterone degradation.

Cyclic voltammograms with a scan rate of 20 mV s~ was performed
(in the dark and under irradiation condition) in order to get the
photocurrent values. Flat band potential (Eg,) using the Butler-Gartner
model was obtained [43-47], with base on Linear Sweep Voltammetry
(LSV) technique in the anode potential range of —0.2 to 1.0 V at a sweep
rate of 2.0 mV s~ ! with chopped illumination every 10 s. For compari-
son, the potential values recorded (vs. Ag/AgCl) were adjusted in rela-
tion to the reversible hydrogen electrode (RHE) according to the Eq. (1)
[46,47]:

E(vs.RHE) = E(vs.Ag / AgCl) + 0.0591V x pH -+ 0.199V )

Furthermore, the potentials after adjusting for the RHE (in volts)
were converted to electron-volts (eV) using the Eq. (2) [46]:
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E(eV) = [ — 4.5eV — eEyp)| @

2.5. Progesterone degradation studies

The photocatalytic activity of ZnO-S, commercial ZnO, Ag®/ZnO-S,
and Pt®/Zn0-S films was analyzed using progesterone solution in initial
concentration (Cp) of 0.31 mg L 1in NaySO4 0.1 mol L1 (pH 5.6) as
supporting electrolyte, considering three different configurations:

i) Photolysis, which consists of irradiating the solution containing
the hormone and using only clean FTO glass immersed in the
solution;

ii) Heterogeneous photocatalysis (HP), which uses films of different
oxides immersed in the organic pollutant solution;

iii) Electrochemically assisted heterogeneous photocatalysis (EHP).
In this configuration, while the system was irradiated, the films
(electrodes) remained polarized at 0.70 V (vs Ag/AgCl).

For progesterone degradation studies, was used an electrochemical
cell with 15 mL capacity, which was placed at a distance of 12 cm from
the irradiation source, adjusted to in 100 mW cm™2. Previous studies,
developed by our group, revealed that the spectral profile of poly-
chromatic light is mostly in the visible region [48]. During the photo-
catalytic this investigation, the system was not stirred and the
temperature was maintained at 25 + 3 °C.

Progesterone photodegradation kinetics was performed after 30 min
of adsorption-desorption equilibrium. The system remained irradiated
for 3 h and aliquots were collected at successive intervals. Progesterone
removal was evaluated based on the intensity of the absorption band
that occurs in the UV-Vis spectrum at 248 nm. Thus, the degradation
efficiency (1) was determined according to the Eq. (3) [46]:

_ A —4A
= AO

n 3

in this equation, Ay corresponds to the initial absorbance and A, repre-
sents the absorbance of the progesterone after the irradiation time.

3. Results and discussion
3.1. Structural and optical characterization

Thermogravimetric Analysis (TGA) and Differential Scanning Calo-
rimetry (DSC) were performed for the ZnS suspension (Fig. 1). From
TGA analysis, it is possible to see mass losses of 30 and 24% at tem-
peratures between 70 and 100 °C and 170 - 423 °C, which can be
attributed to water elimination and PEG decomposition, respectively. A
residual mass of 46 % was registered for ZnS initial suspension. The DSC
curves show a thermal process involving an endothermic signal that
extends up to 100 °C, associated with water elimination. Other thermal
signals with exothermic processes were observed with maximums at
221, 530, and 581 °C. The DSC exothermic peak at 221 °C is consistent
with PEG decomposition, while the signals at 530 and 581 °C can be
attributed to the phase transition from ZnS to ZnO and greater crystal-
lization of the materials, respectively. To confirm this phase transition
from ZnS to ZnO, structural characterization was carried out using XRD,
and further processing of the data using the Rietveld method.

The structural characterizations by XRD were performed for films
and powdered samples. Fig. 2 shows the XRD patterns for ZnS and ZnO-S
films. Diffraction signals for pure ZnS film (uncalcined) and those
calcined at temperatures from 100 °C to 400 °C are in good agreement
with the sphalerite cubic structure of ZnS, with F-43 m space group
(ICSD No. 110). However, for the sample calcined at 500 °C, it is possible
to observe the appearance of diffraction signals associated to the hex-
agonal wurtzite phase of ZnO, P63mc space group (ICSD No. 65,119). As
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Fig. 1. Thermogravimetric Analysis - TGA and Differential Scanning Calorim-
etry - DSC for pure ZnS sample with synthetic airflow.

displayed in Fig. 2b, these signals were intensified for samples annealed
at 600 °C, with planes (100), (002), and (101) attributed to ZnO with
wurtzite hexagonal phase, indicating that ZnS was converted to ZnO-S.
The signals at 20 equal to 26.43°, 33.80°, 37.88°, 51.45°, 61.55° and
65.61° are attributed to the FTO-glass, being observed in all film sam-
ples. The structural characterization revealed that during the heat
treatment process occurred change of cubic ZnS phase for the wurtzite
hexagonal ZnO phase at 600 °C. In addition, XRD signals of hexagonal
ZnO were clearly evidenced at 500 °C. Considering the XRD data and
temperatures treatment of 100 - 600 °C observed in TGA/DSC is possible
entry of oxygen into host lattice ZnS with thermal treatment, from here,
these samples will be denoted as ZnS-01, ZnS-02, ZnS-03, ZnS-04, ZnO-
S5, and ZnO-S6, respectively.

Diffractograms without the interference of the FTO-glass diffraction
signals were obtained for powder samples. The Rietveld refinement re-
sults for samples calcined from 100 to 600 °C are shown in Fig. S2.
Schematic representations of the ZnS and ZnO-S6 unit cells are shown in
Fig. S3, as well as the Rietveld refinement parameters are presented in
Table S1. In the sample calcined at 600 °C, practically all the sulfur was
replaced by oxygen atoms, leaving only a few sulfur atoms in the crys-
talline structure of ZnO, resulting in zinc oxide doped with sulfur (ZnO-
S), verified by the XRD and Rietveld refinement for sample powders
(Figures S1 and S2).
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Previous studies have shown that the surface modification of oxide
films with metallic particles improves the charge separation process in
electrodes [46]. Considering that the film treated at 600 °C was the one
that presented the most complete phase transition from ZnS to ZnO, the
Zn0-S6 film was chosen for modification with metallic nanoparticles.
Also, for comparison purposes, a commercial ZnO film was prepared and
investigated. Fig. 2¢ shows diffractogram for ZnO-S6, Ag®/ZnO-S6,
Pt°/Zn0-S6 and ZnO (commercial) films calcined at 600 °C. The
apparent diffraction patterns for all samples are in agreement with
wurtzite phase. In addition, characteristic diffraction planes of the cubic
structure of Ag® and Pt® metallic NPs produced by photoreduction were
observed on the ZnO-S films, according to ICSD N°. 22,434 and ICSD No.
243,678, respectively [41,46].

The average crystallite size (D) for the pure ZnS and ZnO-S samples
was estimated from the Debye-Scherrer equation, as shown in Eq. (4)
[46]:

K2
D=
p.Cos

4

where K is Scherrer’s constant, which represents the form factor (K =
0.91) [49], 4 is the wavelength of the radiation used (Cu-Ka), f is the
width at half height of the peak, and 6 is the diffraction angle. For the
ZnS sample, the average crystallite size was calculated employing the
(111), (022), and (113) diffraction signals, located at 20 = 28.59 °, 47.58
°, and 56.33 ° respectively. On the other hand, for the ZnO-S6 film, D was
calculated from the (100), (002), and (101) peaks at 31.78 °, 34.44 °, and
36.29 ° respectively. The average crystallite size showed results very
similar, which were estimated at 31 and 30 nm for ZnS and ZnO-S films,
respectively.

Fig. 3 shows the optical behavior for all films, investigated by UV-Vis
spectroscopy. Studies show that the ZnO microcrystal presents light
absorption at wavelengths close to 380 nm, which corresponds to Epg of
3.2eV [15,50]. In contrast, ZnS is a semiconductor with an exceptionally
large Epg, between 3.5 and 3.7 eV, and has absorption of light in the
UV-Vis region, at a wavelength of less than 350 nm [17].

Fig. 3a shows the UV-Vis curves, recorded in the transmittance mode
for ZnS film in comparison to that on calcined at different temperatures.
As observed in Fig. 3a, the thermal treatment caused a displacement of
the absorption edge towards the higher wavelengths. This result in-
dicates that the ZnO-S6 sample has a greater capacity to absorb radiation
at longer wavelengths, suggesting that the remaining sulfur in the oxide
structure acts as a doping and promotes the formation of energy levels
between the valence and conduction bands of the semiconductor.
Furthermore, as indicated by the DSC curves and structural character-
ization by XRD, increasing the heat treatment temperature promotes the
formation of ZnO phase.

From the transmittance curves obtained by spectroscopy in the
UV-Vis region, it was possible to estimate the band gap energy (Epg) for
all samples using the Tauc method [51], according to Eq. (5):

ahy = A(hy — —Egg)"? (5)

where A is the proportionality constant, h is Planck’s constant, v the
frequency of light, Epg is the band gap energy, « is the absorption co-
efficient near the absorption edge and % is applied due to the direct
transition of the material. Both ZnS and ZnO have a direct gap and these
curves usually have a linear part, which can be extrapolated to estimate
the semiconductor Egg [45,46]. Thus, the curves obtained from (ahv)? as
a function of hv are shown in Figs. 3b and 3c. The estimated Egg values
for pure ZnS (3.52 eV) and commercial ZnO (3.25 eV) films are close to
those already mentioned in previous studies, with energy ranging from
3.5 to 3.7 eV for ZnS and 3.2-3.4 eV for ZnO [15,17].

As observed from DSC and XRD analysis (Figs. 1 and 2), from 500 °C
it is possible to identify phase transition and conversion of ZnS into ZnO.
However, this transition was completed with sample annealing at 600
°C. The ZnO-S6 film, therefore, presented Epg (3.14 eV) lower than pure
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Fig. 2. XRD standard of: (a) pure ZnS films (non-calcined) and heat treated at temperatures of 100 °C, 200 °C, 300 °C, 400 °C, 500 °C and 600 °C per 2 h, (b)
appearance of planes (010), (002) and (011) in the phase change from cubic ZnS to hexagonal ZnO and (c) films of ZnO-S 600 °C, AgO/ZnO—S 600 °C, Pt’/Zn0-S 600
°C and ZnO (commercial) 600 °C. Vertical bars indicate the positions of the cubic ZnS (AMCSD No. 110) and ZnO (ICSD No. 65,119) planes.

ZnO in its wurtzite crystalline phase, indicating a possible incorporation
of sulfur in the crystalline structure of ZnO. This occurred because the
thermal conversion of ZnS to ZnO happened with substitutions of oxy-
gen atoms in a position initially occupied by sulfur atoms. However, this
change would not be complete, as some sulfur atoms remain in the ZnO
structure, acting as impurities in the ZnO crystal. Thus, the materials
obtained can be considered S-doped ZnO (ZnO-S), with sulfur occupying
substitutional positions in the semiconductor structure.

In principle, doping caused a decrease in Epg due to an enlargement
of the VB and to the presence of states located between the VB and CB,
resulting in an improvement in electron injection from the VB to CB of
the material [45-48]. Fig. 3c shows the Tauc plot only for films prepared
at 600 °C. The small variation in Epg values indicates that the presence of
Ag® and Pt° nanoparticles does not alter the structure of ZnO-S or ZnO
oxides, as occurs in doping processes [41,46]. Previous studies have
shown that Epg calculated for oxide films generally presents higher
values than those calculated for the material in powder form. To assess
this issue, UV-Vis spectra in diffuse reflectance mode were obtained for
the powders of ZnS (pure) and ZnO-S (calcined). The Epg values were
estimated by the Kubelka-Munk function, which is calculated by plotting
the square product of the absorption coefficient and energy (aE)? versus

energy E, ((aE)? vs E) (See Fig. S4). Table 1 summarizes the calculated
Epg values for the different samples.

3.2. Chemical composition and morphological characterization

The films were prepared by spreading the ZnS paste on a FTO-glass,
by the Doctor Blade method, delimited by an area of 1.0 cm?. Pure ZnS
and the calcined films showed a particle density of about 2.6 + 0.4 mg
cm 2. The SEM images showed that for samples calcined at a tempera-
ture lower than 600 °C, the films presented similar morphology, formed
by agglomerates of almost spherical particles with ca. 6 um. However,
the ZnO-S6 film shows a distinct morphology, with particles formed by
smaller structures like plates. Various SEM images can be observed in
Supporting Information. The SEM images in Fig. S5 show that the cross
section of the films calcined from 100 to 500 °C have a thickness of about
1442 pym. On the other hand, the ZnO-S6 electrode has a smaller
thickness, with an average value of 7.1 + 0.8 um. This lower ZnO-S6
thickness value may be associated with the oxidation of the ZnS pre-
cursor, corroborating the TGA curves presented in Fig. 1a. Fig. 4 displays
the morphological characterization and EDS mapping/spectra of the
films calcined at 600 °C, in comparison to ZnS film. Based on the EDS
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Fig. 3. UV-Vis curves for pure and calcined films at temperatures from 100 to 600 °C: (a) transmittance; (b) Epg values estimated by the Tauc method for ZnS (pure
and calcined); (c) EBG values estimated by the Tauc method for ZnO-S, Ag®/Zn0O-S, Pt°/Zn0O-S and commercial ZnO films.

Table 1

Optical band gap values for pure ZnS, ZnO-S6, Ag®/
Zn0-S6, Pt°/Zn0O-S6 and commercial ZnO films,
calculated from the transmittance curves obtained by
spectroscopy in the UV-Vis region by the Tauc

method.
Samples Epg / eV
ZnS puro 3.52
ZnS-01 3.52
ZnS-02 3.50
ZnS-03 3.41
ZnS-04 3.35
ZnO-S5 3.18
ZnO-S6 3.14
Ag®/Zn0-$6 3.14
Pt°/Zn0-S6 3.14
Commercial ZnO 3.25

spectra and mapping analysis it was possible to identify the presence and
homogeneous distribution of Zn, O, S, Ag, and Pt atoms on the surface of
samples (ZnS, ZnO-S6, commercial ZnO and Ago/ 7n0-S6, Pt°/Zn0-S6
films).

The EDS analysis for ZnS film identified the presence of Zn and S.
Also, a small signal associated to O atoms was registered for ZnS surface
sample. The presence of oxygen can be attributed to the precursors used

in the preparation of semiconductor suspensions, such as PEG 20,000
and Triton X-100. With the heat treatment at 600 °C, there was a
reduction in the intensity of the S signal and a consequent increase in the
O signal. Also, the mapping carried out in the Zn0-S6, Ag®/Zn0-S6, and
Pt’/Zn0-S6 samples revealed a homogeneous distribution of Zn, O, S,
Ag, and Pt on the surface of the samples. However, it was not possible to
observe evidence of metallic nanoparticles on the surface of the func-
tionalized films, probably due to the small size of these particles. For
comparison purposes, the SEM-EDS analysis was also performed for
commercial ZnO film prepared at 600 °C. The EDS analysis identified the
Zn and O atoms on the semiconductor surface, uniformly distributed.
Sulfur was not detected.

Fig. 5 presents images of the surface morphology of the ZnS and ZnO-
S6 films, taken at higher magnification. The images show similar
morphology already discussed in Fig. S5. In the pure ZnS film (Fig. 5a-
b), irregular shaped structures can be seen immersed in a “pasty” ma-
terial, which can be associated with PEG 20,000 and Triton X-100 un-
burned, present in the precursor suspension. In the highest
magnification image, it was observed that the surface morphology of the
ZnS film is formed by very irregular structures, forming an agglomerate
of particles of different shapes, such as nanoplates and irregular nano-
spheres [52]. The ZnO-S6 film (Fig. 5c-d) showed particles with
hedgehog-like morphology that are formed as a result of the growth of
nanoplates that densely cover the surface of microspheres [53]. The size
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Fig. 4. SEM surface images of pure ZnS (a), ZnO-S6 (b), AgO/ZnO—Sé (o), Pt’/Zn0-S6 (d), and commercial ZnO (e) films; with mapping and distribution of Zn, O, S,
Ag and Pt atoms on the electrode surface, obtained by EDS.

of nano-hedgehogs ranges from 100 to 400 nm.
Fig. 6 shows XPS survey spectrum and high-resolution XPS spectra
over Zn 2p, S 2p, O 1 s, Ag 3d, and Pt 4f peaks of films. The survey scan

spectrum (Fig. 6a) shows the presence of peaks corresponding to Zn, S,

0, and C for ZnS, ZnO-S6, PtO/ZnO-S, and commercial ZnO films. High-
resolution XPS spectra corresponding to Zn 2p, S 2p, O 1 s, Ag 3d, and Pt
4f are shown from Figs. 6b-f. Fig. 6b, the high-resolution Zn 2p spectra
display two well-defined peaks with average binding energy of 1021.06
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Fig. 5. Surface images of pure ZnS (a-b) and ZnO-S6 films (c-d) obtained by FEG-SEM, with magnification of 1k, and 20k, respectively.

eV and 1044.18 eV attributed to the presence of Zn?* and corresponding
to Zn 2ps,2 and Zn 2py /o, respectively [54]. This separation peaks with
AE of 23 eV is in agreement with previously reported values for zinc ions
binding to sulfur ions in ZnS networks [55].

The asymmetrical S 2p peak in Fig. 6¢ has been deconvoluted into
two subpeaks corresponding to S 2p3,2 and S 2p; /2, which are located at
160.31 and 161.30 eV, respectively [56]. The doublet for the no calcined
sample can be attributed to S2~ jons in a crystalline lattice of the ZnS
structure. The sample calcined at 100 °C (ZnS-O1) presents a small shift
in the maxima in the S 2p3,2 and S 2p; /, signals towards lower energy
values, which can be attributed to species with S-S and O-S bonds pre-
sent on the ZnS surface [57]. However, for samples calcined at 200 to
600 °C, the appearance of a second doublet was observed, which can be
attributed to defects caused by the thermal treatment of ZnS. Previous
study shows that thermal treatment can cause sulfur vacancies in ZnS,
which result in defects in the crystalline structure of zinc sulfide [58]. It
is important to note that the second doublet maintains a 2:1 ratio, as
expected for the signal ratio (S 2ps/2: S 2p;1,2), obeying the degeneracy
rule [59]. Based on Fig. 6d, it can be seen that for samples calcined at
600 °C, there is a drastic reduction in the signal attributed to S~ ions,
suggesting that at this temperature almost all the sulfur in the initial
structure of ZnS was exchanged for oxygen atoms, leading to the for-
mation of ZnO with some S atoms as impurities.

Fig. 6e shows the deconvolution from peak to O 1 s, indicating peaks
with binding energy values in 528.82 and 530.57 eV. These peaks
correspond to the lattice oxygen of ZnO, OH™ or adsorbed oxygen spe-
cies O™ and 02_, respectively [60]. This result confirms the formation of
anions on the surface, which is the most important surface reaction,
related to the detection phenomenon.

Further deconvolution of Ag 3d peaks in Fig. 6g revealed the

presence of signals of Ag 3ds,2 and Ag 3ds/s, centered at 365.91 and
371.89 eV, respectively. The division of the spin-orbit peaks of the 3d
doublet of Ag was 5.98 eV, together with typical binding energy values
(the standard binding energy of Ag 3ds 2 is about 368.2 eV), suggests the
formation of metallic silver on the of the ZnO-S6 film surface, in addition
to the asymmetry between the peaks, which confirms metallic silver
rather than of eventual silver oxide (Fig. 6g) [32].

Fig. 6h shows XPS spectrum for Pt 4f signal. An adequate deconvo-
lution of the signal was performed considering an energy variation of 3.3
eV (peak-to-peak distance) and full width at half maximum (FWHM),
according to procedures presented in previous studies [61,62]. Based on
deconvolution, two doublets were found for the platinum signal. The
first doublet with peaks of Pt 4f;,5 and Pt 4fs/» centered at 70.79 and
74.09 eV were attributed to the metallic state of platinum Pt9). The
second doublet was attributed to platinum in the 4+ oxidation state
(Pt*"), which may be associated with non-photoreduced HyPtClg pre-
cursors during the surface modification of the ZnO-S6 film.

3.3. Photoelectrochemical analysis

Fig. 7 shows the cyclic voltammetry curves obtained for pure ZnS
film in comparison to that one treated thermally from 100 to 600 °C. The
measurement was performed under conditions of dark or polychromatic
irradiation with a sweep speed of 20 mV s™! in a potential window
ranging from —0.2 to 1.0 V, limited by O, and Hj gas release reactions.

From the under light/dark conditions, it was possible to determine
the type of semiconductor for all films. In the dark, all films showed an
open circuit potential (Vo) of approximately 0.02 V, when irradiated
the V¢ value decreased to —0.25 V. The observed change of V¢ to
negative values is characteristic of n-type semiconductors. In n-type
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semiconductors, holes move to the electrode surface and oxidize the
species in solution, producing an anodic photocurrent when the semi-
conductor is irradiated [45-48]. In the dark, a current of approximately
zero was observed for all films, considering the potential window
adopted.

According to Fig. 7a, the pure ZnS film and calcined from 100 to 400
°C, displayed low photocurrent values. However, the ZnO-S5 and ZnO-
S6 films (Fig. 7b), show photocurrent values of about 10 and 65 pA
em ™2, respectively (at 0.70 V vs Ag/AgCl). The highest photocurrent
value for the ZnO-S6 film indicates greater crystallinity for this material,
corroborating the XRD analyses. Considering the EDS and XPS analysis,
at 600 °C, almost all the sulfur atoms were substituted by oxygen atoms.
Thus, some sulfur atoms present an impurity (doping) in substitutional
positions to the oxygen atoms, resulting in S doping ZnO sample. The
introduction of S2~ ions changes the energy of the semiconductor band
gap, its ability to absorb radiation with longer wavelengths, and
improved the charge separation process.

Subsequently, all photoelectrochemical studies were conducted with
films calcined at 600 °C (ZnO-S6), considering this film displayed a
photocurrent density four times greater than the film calcined at 500 °C.
The ZnO-S6 electrodes were functionalized with nanoparticles of silver
(AgNP) or platinum by the photoreduction method. The presence of
metallic NPs on the surface of the ZnO-S6 film increased the photocur-
rent value, reaching 105 yA cm ™2 for Ag%/Zn0-S6 and 140 pA cm ™2 for
the Pt%/Zn0-S6 films, respectively. An increase in photocurrent density
was obtained for both functionalized films investigated, probably due to
the interaction of Zn O-S particles with Ag® and Pt° NPs. In previous
work, Valenti et al. [63] reported the improvement of photo-
electrochemical behavior using a CuWO, electrode modified by Au
nanoparticles as the electrode. This improvement was correlated to a
combination of factors such as Plasmonic Resonance Energy Transfer
(PRET), light scattering and electron injection. Thus, the gain in current
value is due to metallic NPs, since these act as light-scattering centers or
electron traps. If the reaction kinetics of the hole with species contained
in the solution is faster compared to the recombination process of the
e /h* pair, the photogenerated electrons are moved through the grain
boundaries of the constituent crystallites of the film, reach the
conductive substrate are collected by the external circuit [45,46]. Fig. 7¢
also shows the curve for the commercial ZnO film, with a photocurrent
of 1.3 times higher than the ZnO-S6 film at 0.7 V (vs. Ag/AgCl). This
commercial ZnO film was used as a comparative parameter in relation to
the ZnO-S6 film for several analyses performed in this work.

Fig. 8 shows linear voltammograms from —0.3 to 1.0 V vs Ag/AgCl
for ZnO-S6, AgO/ZnO-SG, and Pt°/Zn0-S6, films, with light interruption
(chopper at 0.10 Hz) and registered at 2 mV s ! of scan rate. From these
curves, the flat band potential (Eg,) was obtained for ZnO-S6, commer-
cial ZnO, AgO/ZnO-Sﬁ and Pt°/Zn0-S6 films (inset in Fig. 8a-d). Eg, is
considered an approximation of Fermi level potential and expresses for
n-type semiconductors the reducing power of the electrons in CB,
making it possible to estimate its application in photoelectrocatalytic
processes [64,65]. Eg, values were determined by Butler-Gartner model
according to previous studies by our research group [45-48]. The Eg,
values for the ZnO-S6, commercial ZnO, Ag’/Zn0-56 and Pt’/Zn0-S6
electrodes are —0.09 V, —0.21 V and —0.17 V and 0.07 V vs Ag/AgCl
respectively.

Fig. 9a shows cyclic voltammograms, obtained in the dark, for pro-
gesterone in different concentrations. In this voltammograms, this
possible observe an oxidation peak with an onset potential of 0.87 V and
a maximum peak of 1.05 V for the solution with 0.50 mmol L1 of
progesterone.

In order to prove that this response is related to progesterone, cyclic
voltammograms were performed for more dilute solutions in the sup-
porting electrolyte. Thus, the response related to each diluted solution
was registered until the extinction of the signal. The observed oxidation
potential related to progesterone was transformed on the energy scale
applying Egs. (1) and (2), in which the value of —6.0 eV was obtained. In
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the case of organic compounds, the maximum oxidation value can be
associated to the highest occupied molecular orbital (HOMO). Also,
inset in Fig. 9a, there is an absorption UV-Vis curve for progesterone,
which represents the energy gap between HOMO and LUMO (lowest
unoccupied molecular orbital) of this pollutant. An absorption band at
248 nm, was observed and related to the progesterone UV-Vis absorp-
tion spectrum. According to [E(eV)=1241/ A(nm)], the relative energy
value is 5.0 eV. Considering this referred value to the gap energy in
progesterone, the LUMO level corresponds to —1.08 eV. From the Epg,
Em, progesterone oxidation potential, and UV-Vis values, the relative
positions of the semiconductor conduction/valence band edges, and
oxidation potential positions were estimated using the methodology
shown previously. Fig. 9b displays the progesterone oxidation potential
compared to the VB and CB edge potentials of each film. The diagram
shows the relative position of the VB and CB edges, which are favorable
for progesterone oxidation. Whereas the VB edge displays more positive
potential, highest in relation to the HOMO level of the pollutant, the
photogenerated holes in the VB cause the oxidation of progesterone.
According to Fig. 9b, all films calcined at 600 °C have similar potentials
for oxidation of progesterone as a pollutant. However, ZnO-S6 films
modified with Ag and Pt should be more efficient because they have
higher photocurrent values.

3.4. Progesterone degradation

The photocatalytic response of the ZnO-S6, commercial ZnO, Ag®/

11

Zn0-S6 and Pt°/Zn0-S6 was investigated for the degradation of the
hormone progesterone in aqueous medium, using systems with hetero-
geneous photocatalysis (HP) and electrochemically assisted heteroge-
neous photocatalysis (EHP) configurations. For the EHP condition, the
films were biased at 0.70 V (vs Ag/AgCl). Fig. 10 displays the degra-
dation efficiency of hormone under polychromatic irradiation, as well as
the degradation kinetics related to the photocatalytic process.

As observed in Fig. 10a, the first step corresponds to the adsorption
process on the surface of the photocatalyst for about 30 min, due to the
fact that system is not illuminated. However, with polychromatic irra-
diation, the hormone concentration reduced with time due to the for-
mation of photogenerated oxidant species in the system [66]. The
degradation efficiency of progesterone by photolysis was only 3.82 %
under irradiation for 3 h. However, in HP and EHP arrangements, the
efficiency reached higher values, especially in the EHP form. In the HP
configuration, ZnO-S6, Ago/ZnO—S6, Pt°/Zn0-S6 and commercial ZnO,
electrodes increased the degradation efficiency of 10.05 %, 10.63 %,
11.52 %, and 9.35 %, respectively, for the same irradiation time. On the
other hand, for the EHP configuration, the photoelectrodes showed a
higher degradation efficiency of 40.40 %, 45.11 %, 50.80 %, and 30.36
%, respectively (Table 2).

Compared to commercial ZnO film, unmodified ZnO-S6 films and
those modified with metal NPs improved the degradation of progester-
one in both conditions (EHP and HP). The photoexcited electrons to the
BC (after irradiation) were trapped by the metallic NPs, thus, inhibiting
the recombination of the e /h™" pair [67]. In addition, the surface
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Fig. 9. (a) Cyclic voltammograms (10 mV s ~ Y for platinum electrode in the
dark, in aqueous solution of Na;SO4 0.1 mol.L ~ ! as supporting electrolyte
containing different concentrations of progesterone; (b) Energy diagram for the
semiconductor/progesterone hormone interface in aqueous solution, consid-
ering the highest occupied and the lowest unoccupied molecular orbitals, as
well as the edges of the valence and conduction bands for the electrodes.

plasmonic resonance and the light scattering fomented by NPs (Ag® and
Pt%) in ZnO-S films improved photocatalytic activity [68]. In the EHP
arrangement, under potential application, the electrodes are polarized.
Thus, when the n-type semiconductor is irradiated, electrons are con-
ducted towards the conductive substrate, improving the charge sepa-
ration process. In addition, Oliveira et al. [69] presented better
responses for TiO, and TiOy/WOs electrodes investigated in EHP
configuration to the photocatalytic remediation of 17-a-ethinylestradiol
in solution, as the technique performs a faster and lower cost
degradation.

Some strategies have been reported in the literature to degrade
progesterone from water, for instance: photolysis by UVA light, oxida-
tion with potassium permanganate, photoeletrocatalysis electrochemi-
cally assisted degradation, among other techniques [70-72]. However,
as mentioned earlier, photodegradation employing S-doped ZnO films in
the EHP configuration has not been reported in the literature.

In general, the degradation reactions of organic compounds follow
the model of Langmuir-Hinshelwood (L-H) defined by Eq. (6) [46]:

dc kK.
y=—=
dt 1+K.

(6)

where r is the initial rate of photooxidation, C is the reagent concen-
tration, t is its time of irradiation, k is the rate constant and K¢ is the
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Fig. 10. Efficiency in the degradation of progesterone in aqueous solution
during polychromatic irradiation (25 + 2 °C) by photolysis, Heterogeneous
Photocatalysis (HP) and electro-assisted HP (EHP) for ZnO-S6, AgO/ZnO—S6,
Pt°/Zn0-S6 and ZnO commercial electrodes, (b) kinetic of degradations.

Table 2
Catalytic efficiency and degradation kinetic of the progesterone in different
systems.

Photocatalyst Catalytic Catalytic Efficiency =~ Degradation Kinetc k
Film System n (%) (min™1)
Photolysis 3.82 3.32x107*
Zn0-S6 HP 10.05 5.82x107*
EHP 40.40 2.14x1073
Ag®/Zn0-S6 HP 10.63 6.42x107*
EHP 45.11 2.29x1073
Pt%/Zn0-56 HP 11.52 6.74x107*
EHP 50.80 2.44x1073
Commercial ZnO HP 9.35 5.64x10%
EHP 30.36 1.69x1072

adsorption constant of the species in solution. This .-H model can be
simplified considering systems with single species and at low concen-
trations. As seen in Fig. 9b, the progesterone degradation in solution can
be fitted to pseudo-first order kinetics, which obeys the simplest model
described by Eq. (7) [46]:
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@
where k corresponds to a degradation rate constant of the hormone
(min’l), and t represents the irradiation time (min). Thus, the values
related to the progesterone photodegradation were fitted to a graph of In
(A¢/Ap) vs. time in order to get the rate constant (Fig. 10b). The k values
for the removal of progesterone, as well as the degradation efficiency,
are specified in Table 2. According to the results, the k values are in
accordance with the degradation efficiency, that is, the greater the value
of k, the higher degradation efficiency. The highest k values were ob-
tained in the EHP configuration. After functionalization with Ag® and
Pt NPs, slightly higher values of k were obtained for Ag®/Zn0-S6 and
Pt°/Zn0-S6 films, respectively.

Generally speaking, the success of the photodegradation of hormones
is associated to several factors, for example: the capacity of photo-
degradation of estrogenic steroidal hormones, physicochemical prop-
erties, initial concentrations of the pollutants, photon flux, light source,
catalyst loading, type, temperature, pH, among others [71].

The progesterone presents relatively low solubility in water (8.81 mg
L~! at 25 °C) [46], therefore the analyses could not be carried out with
progesterone solutions of higher concentrations. In fact, hormones can
be considered persistent pollutants and these results showed that the
progesterone in aqueous medium is not easily degraded by photolysis
alone.

Compared with commercial ZnO electrode, sulfur-doped ZnO films
exhibited higher progesterone degradation capacity in HP and EHP
configurations.. Comparing all electrodes in the HP and EHP configu-
rations, those functionalized with metallic NPs exhibited greater pro-
gesterone degradation efficiency, however, the Pt® electrode /ZnO-S
electrode presented the highest capacity for progesterone degradation,
which may be related to a greater distribution of platinum NPs deposited
compared to silver on the surface of ZnO-S, as can be seen in Fig. 4.
According to the literature, Pt’ NPs act as one of the more efficient load
transfer facilitators [41,46].

Surface plasmon resonance corresponds to an efficient procedure to
localize photon absorption on the surface of the semiconductor, by the
incorporation of NPs of the plasmonic metal in the semiconductor ma-
terial. The frequency and intensity of plasmonic resonance depend on
the geometry, distribution engineering of NPs, and dielectric property of
the surrounding environment [46].

The superior performance related to progesterone degradation (51
%) was verified for the Pt°/ZnO-S electrode in the EHP configuration. In
comparison to the commercial ZnO film, the S-doped ZnO film showed
superior catalytic performance for progesterone removal. The charac-
terizations indicate that the doping of ZnO with S introduces new energy
levels in the Epg, which favors the transfer of electrons to CB, resulting in
holes in the VB that react with the pollutant on the surface of the
semiconductor, causing its oxidation.

In summary, these results are promising, considering that proges-
terone is a neutral molecule and difficult to degrade. Therefore, it is
possible to conclude that the EHP form is more proper compared to HP
and photolysis under polychromatic light to degrade the progesterone
solution in an aqueous medium. Fig. 11 shows the separation process of
photogenerated e /h" pairs. This indicates that more charge carriers
generated participate in the photoelectrochemical activity due to the
presence of metal NPs at the semiconductor interface, for the generation
of reactive ¢OH and other species for the degradation of progesterone.
Thus, the presented results indicate that the S-doped ZnO film presents
good morphological and interesting structural and optical properties,
and these are advanced when the structure is modified by functionali-
zation using metallic NPs. However, the improvement in the photo-
electrochemical performance of the ZnO-S6 electrode for the
photocatalytic degradation of organic pollutants in aqueous solution
(such as progesterone) is associated to the transfer efficiency of photo-
generated charges, improved light absorption, and reduction in the
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Fig. 11. Schematic illustration of the mechanism of charge separation and
photocatalytic process over photocatalyst under irradiation of visible light.

recombination rate of the photogenerated e /h" pair. Furthermore,
structural evaluation of the ZnO-S6 material obtained by XRD mea-
surement carried out after the electrocatalytic progesterone degradation
process revealed that the wurtzite phase of the oxide remains, revealing
that the photocatalyst material has good stability (see Fig. S6)

4. Conclusion

This work revealed that ZnO-S films can be prepared by the Doctor-
Blade method at temperature of 600 °C in the course of 2 h, and func-
tionalized with Ag® and Pt° (NPs) by photoreduction. Pure and calcined
ZnS films at 100 to 400 °C exhibited a cubic structure. At 500 °C, two
phases were observed (cubic and hexagonal) for ZnS sphalerite and ZnO
wurtzite, respectively and the film calcined at 600 °C showed only a
hexagonal phase of ZnO. Pure ZnS samples and those calcined up to 500
°C exhibited irregular spherical morphology, however, the sample
calcined at 600 °C showed a coating of nanosheets over the irregular
spheres. A decrease in the direct optical Epg (calculated by the Tauc
method) was evidenced during the thermal treatment and shift of light
absorption toward the visible region. The XPS data showed signals of
Zn2p, S2p, Ols, Ag3d, and Pt4f on ZnS and ZnO-S films. Photo-
electrochemical investigations indicate that doping and functionaliza-
tion with metallic NPs accelerate the electron transport, increasing the
charge separation, thus reducing recombination of the photogenerated
e /h' pair. In this way, oxidative degradation of progesterone in
aqueous medium with polychromatic irradiation was studied in HP and
EHP configurations using ZnO-S6, commercial ZnO, Ag®/Zn0O-S6, and
Pt°/Zn0-S6 electrodes as photocatalyst for 3 h. When the photoanode
was biased at + 0.7 V, the photocatalytic efficiency increased, probably
because the application of potential suppressed the charge recombina-
tion. So, the highest photocatalytic response was observed for the EHP
arrangement for the Pt’/Zn0-S6 electrode, due to doping with S and the
presence of nanoparticles on the surface of the electrode. Therefore,
functionalized ZnO-S6 films with metallic NPs can be considered
promising materials as a photoanode and the EHP configuration can
provide information for further studies on PEC applications in water
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