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ABSTRACT

Heterogeneous photocatalysis is an important and promising alternative for efficient
water and wastewater treatment processes. The synthesis of composite materials has
attracted attention due to their improved photocatalytic activity and stability. In the
present work, composites made of WO;-AgCl were synthesized by a simple one-step
hydrothermal method. The evaluation of the effects of reaction temperature and synth-
esis time for this composite is reported for the first time. The materials were characterized
by XRD, SEM, TEM, EDS, BET, UV-vis DRS, XPS, EPR and PL. All photocatalysts showed
broad-spectrum activity due to their strong absorption in the UV region and some ab-
sorption in the visible region. The morphology of the materials was highly influenced by
the synthesis temperature and time, which affected the photocatalytic efficiency. All
materials exhibited good photocatalytic activity under simulated sunlight, with maximum
acetaminophen removal of 99.6% for the catalyst synthesized at 120 °C and 12 h. Stability
tests showed considerable stability after four cycles. The main reactive species partici-
pating in the photodegradation reaction were found to be O, > h* ~ *OH. The hetero-
junction formed between AgCl and WO; plays an important role in the photocatalytic
activity, especially when the AgCl surface is not completely covered by WO;.

© 2022 Institution of Chemical Engineers. Published by Elsevier Ltd. All rights reserved.

1. Introduction

Pollutants of emerging concern have attracted growing at-
tention because of their limited removal by conventional

* Corresponding author.

water treatment processes and potential negative impact on
the environmental and human health (Tobajas et al., 2017;
Tisa et al., 2014). Several technologies have been used for
water treatment, such as coagulation, adsorption, sedi-
mentation, and biological processes (Taoufik et al., 2021;
Wang et al., 2021a; Chen et al., 2020); while such approaches
are effective for removing particulate solids and organic
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emerging pollutants, such as pharmaceuticals, hormones
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and pesticides (Mestre and Carvalho, 2019; Ikehata et al.,
2006). Acetaminophen (ACT, N-(4-hydroxyphenyl)acet-
amide), also known as paracetamol, is one of the most pop-
ular analgesic and antipyretic drugs in the world (Tobajas
etal.,, 2017) and is one of those emerging pollutants. ACT was
found in effluents from pharmaceutical facilities at con-
centrations ranging from 0.281 to 461 pg L' in Canada
(Kleywegt et al., 2019), while in hospital effluent in Brazil, at a
maximum concentration of 5470 pg L™ (Vieira et al., 2021). In
addition, high concentrations of 36-500 ug L™ were detected
in effluents from effluent treatment plants in Canada (Guerra
et al., 2014), and in Brazilian surface water bodies ACT from
0.280 to 13.5 pg L™ was found (Montagner et al., 2019). The
presence of ACT in water bodies may negatively affect var-
ious aquatic organisms, being bioaccumulated in some or-
ganisms and transferred to others. Aquatic toxicity,
genotoxicity, resistance development in pathogenic bacteria
and endocrine disruption are some of the adverse effects of
pharmaceutical pollutants, including ACT (Yang et al., 2008).
Considering its potential negative impact on aquatic organ-
isms, a promising alternative in its degradation is the ap-
plication of advanced oxidative processes, such as
heterogeneous photocatalysis (Yang et al., 2008; Peng et al.,
2017; Palharim et al, 2022; Gusmao et al, 2022; Fan
et al., 2018).

Heterogeneous photocatalysis involves the use of a ma-
terial, typically a semiconductor, which absorbs photons and
promotes the local generation of reactive oxidant species,
capable of reacting with organic contaminants to convert
them mainly into CO,, H,O and inorganic salts. In the pho-
tocatalytic process, the pollutant oxidation may result from
two simultaneous fundamental mechanisms, being the first
the oxidation of adsorbed H,O molecules by the photo-
generated positive holes, and the second, the reduction of
electron acceptors, such as dissolved O,, by photogenerated
electrons, which leads to the production of hydroxyl and
superoxide radicals (Ge et al., 2019; Pelaez et al., 2012).

Among the semiconductors applied to photocatalytic
processes, titanium dioxide is by far the most widely used
due to its low cost, non-toxicity and chemical stability.
However, TiO, has limitations in the absorption of visible
light, since its band gap energy (3.2 eV) corresponds to a
maximum wavelength absorption of 385 nm, making it
poorly effective under visible and natural irradiation.
Moreover, TiO, also presents a high charge recombination
rate, which can considerably impair its photocatalytic ac-
tivity. Therefore, several studies have been focusing on ma-
terials that perform better than TiO, in photocatalytic
applications (Palharim et al., 2022; Gusmao et al.,, 2022). In
this context, WOs-based catalysts appear as a potential al-
ternative due to their lower energy band gap (2.5-2.8 eV),
high thermal stability, and chemical inertness (Yu et al,
2019a; Farhadian et al., 2015). Another advantage of W03 is
its ability to absorb about 12 % of the solar spectrum and
visible light up to about 470 nm, making it more attractive
than TiO, for sunlight-driven processes (Zheng et al., 2011;
Costa et al., 2018).

In addition, the valence band of WOs is about 3.1 eV,
making its photogenerated holes strongly oxidizing.
However, since its conduction band is about 0.4 eV, the
photoelectrons have a weak reduction activity, easily accu-
mulating in the CB and increasing recombination rates
(Murillo-Sierra et al., 2021a; Mu et al., 2014). Therefore, the
recombination of photogenerated e /h™ pairs in WO; is a

relevant issue to overcome for its photocatalytic application
(Deng et al., 2019). The formation of heterojunctions with
WO, is an attractive possibility to improve its photocatalytic
activity. Among the materials that are currently used in the
formation of heterojunctions with WO; are g-C3N4 (Deng
et al,, 2019; Zhang et al., 2021), TiO, (Keller and Garin, 2003;
Liu et al., 2020a; Wang et al., 2021b), ZnO (Zhang et al., 2020),
Bi,MoOg (Han et al., 2021), SiC (Li et al., 2021), BiVO, (Dehdar
et al., 2021), ZnS (Murillo-Sierra et al., 2021b), and silver-
based materials (Palharim et al., 2022; Yu et al., 2019a; You
et al, 2021; Ghattavi and Nezamzadeh-Ejhieh, 2019),
ie., AgClL

There are several techniques conventionally used to
synthesize photocatalysts, such as sol-gel method (Chai
et al., 2016), precipitation (Munawara et al., 2004), chemical
vapor deposition (Chen et al., 2022), anodization (Zych et al.,
2022), and hydrothermal reaction (Adhikari et al., 2013; Bi
et al,, 2019; Jiao et al., 2011). The synthesis procedure is cri-
tical for the control of properties regarding elemental com-
position, crystalline structure, and surface morphology
(Biswas et al., 2012). Hydrothermal synthesis is a simple and
low-cost approach compared to others. Moreover, it allows a
fine control over the morphology, crystallinity and size of the
prepared material (Palharim et al., 2022; Biswas et al., 2012).
Therefore, investigations involving different synthesis con-
ditions are required to evaluate how these properties may
enhance charge separation, with improved photocatalytic
efficiency. Previous studies have already been conducted on
the effect of pH (Murillo-Sierra et al,, 2021a; Biswas et al.,
2012), the presence of surfactants (Fang et al., 2016), calci-
nation temperature (Mu et al,, 2014; Liu et al., 2020b), the
amount of dopant (Yu et al,, 2019a; Zheng et al., 2011), and
the nature of the acids used in the synthesis (Palharim et al,,
2022). Regarding this last study, it was previously concluded
that the best material in terms of structure and photo-
catalytic performance was obtained with HCl at pH 1.5;
however, further improvements to the catalysts are needed.
In general, these studies are conducted for the preparation of
WO3 alone, i.e., not in combination with other materials.

Some studies have focused on the synthesis of WO3-AgCl-
based materials by the hydrothermal method for application
in heterogeneous photocatalysis. Adhikari et al. (2013) used a
hydrothermal procedure at 200 °C and for 2 h to synthesize
Ag-AgCl-WOs3, and obtained 60 % of rhodamine B removal
after 240 min of reaction. Senthil et al. (2019) adopted 160 °C
and 12 h as synthesis conditions to obtain WO5-AgCl, which
was able to completely remove rhodamine B after 30 min.
Likewise, 180 °C and 24 h were set to synthesize WO;-AgCl by
Yu et al. (2019a), who achieved removal percentages of 98 %
for methyl orange and rhodamine B. Other authors used
combined methods, such as hydrothermal (180 °C and 12 h)
followed by precipitation and photoreduction to synthesize
Ag-AgCl-h-WOj;, reaching 99.6 % removal of rhodamine B after
9 min of reaction. It is clear that there is no consensus on the
ideal conditions of hydrothermal synthesis for producing
WO;-AgCl-based photocatalysts. Hence, to the best of our
knowledge, no previous study has evaluated the effect of re-
action time and temperature simultaneously, for the synth-
esis of WO; coupled to AgCl. In the present work, the effect of
these parameters on the properties and efficiency of the cat-
alyst, assessed by the extent of degradation of ACT in water
under simulated solar radiation, was determined by a deep
evaluation of morphological, optical, and crystalline proper-
ties, obtained from several characterization techniques.
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2. Materials and methods
2.1. Materials

Acetaminophen (CgHoNO,, HPLC standard, > 99%), sodium
tungstate dihydrate (Na,W0,-2H,0, ACS, > 99 %) , silver ni-
trate (AgNOs3, ACS, PA) and 5,5-dimethyl-1-pyrroline N-oxide
(DMPO) were purchased from Sigma-Aldrich. Concentrated
hydrochloric acid (36-38 % HCI) and ethanol were of analy-
tical grade. Deionized Milli-Q® water (18.2 MQ) was used as
solvent in all steps of the investigation.

2.2. Synthesis of photocatalysts

All photocatalysts were synthesized via the one-step hydro-
thermal method (Palharim et al., 2022). Briefly, a proportional
amount of AgNO3; was added to 15 mL of an aqueous solution
of 0.3-mol L™ Na,WO,-2H,0 to achieve W03-5% Ag (w/w).
This solution was continuously stirred for 30 min before the
pH was adjusted to 1.5 using HCl, and kept under magnetic
stirring for another 30 min. The final solution was transferred
to a 220-mL PTFE-lined autoclave, which was transferred to a
laboratory oven and heated to 120 or 180 °C at 10 °C min™".
The solution was then allowed to age in the autoclave for 6,
12, 24 or 48 h, producing a total of eight materials. To elim-
inate any possible ionic residues, the solid obtained was re-
suspended and washed three times with ethanol and once
with water. The final dispersion was dried for 24 h at 80 °C,
and the resulting solid was finely ground with mortar and
pestle before storage and use.

2.3. Photocatalysts characterization

Scanning electron microscopy (SEM) and transmission
electron microscopy (TEM) were used to examine the mor-
phology of the produced materials. A sample suspension in
isopropanol was dripped on a silicon substrate and dried for
SEM analyses, which were conducted in a SEM (Vega 3 LMU
Tescan equipment) at 5 and 20 kV. The suspension was
dripped over a carbon-coated copper grid for TEM analysis,
and a JEM-2100 (Jeol) microscope running at 200 kV was
employed. Energy dispersive X-ray spectroscopy (EDS) was
used to map the elemental composition of the catalysts
(Oxford equipment coupled to SEM). X-ray powder diffrac-
tion (XRD) patterns were achieved using a D8 Focus Bruker
AXS system with a Cu K-radiation source and Ni filter at
20 kV and 40 mA. XPS analysis was used to examine the
element surface composition and the chemical states of the
materials, measured on a K-Alpha Thermo Scientific pho-
toelectron spectrometer with a X-ray source (Al K,) and
pressure of 1 x 1078 mBar. UV-vis diffuse reflectance spectra
(UV-vis DRS) were recorded using a Shimadzu 2550 spec-
trophotometer with an integrating sphere. BET surface
areas were measured by N, adsorption using a Gemini III
2375 equipment (Micromeritics Instrument Corp.).
Photoluminescence spectroscopy (PL) was evaluated at
room temperature using a Horiba Yvon-Jobin Fluoromax-
222 (Em/Exc; slit 1.0 nm) at the 350-700 nm region equipped
with a xenon lamp and a peltier-cooled FL-123450 PMT de-
tector. Finally, the material that showed the best photo-
catalytic activity was analyzed by electron paramagnetic
resonance spectroscopy (EPR) using a Bruker EMXplus op-
erating in X-band at room temperature.

2.4. Photocatalytic activity assays

Acetaminophen (ACT) was used as a model contaminant to
evaluate the photocatalytic activity of the synthesized pho-
tocatalysts. 10 mg of the catalyst was dispersed into 10 mL of
5-mg L™! ACT solution, in a 25-mL beaker. A thermal bath
was used to keep the reaction temperature at 21 °C. To
achieve adsorption-desorption equilibrium, the suspension
was stirred in the dark for 30 min. Subsequently, the ex-
periments were conducted for 120 min using a high-power
metal halide lamp (400 W HPI-T, Phillips Co.) placed at 15 cm
from the solution surface. The lamp is assembled on a
parabolic reflector equipped with a 1.5-mm flint glass pro-
tection. A spectroradiometer (Luzchem, SPR-4002) was used
to measure the irradiance on the solution surface, of
4.6 mW cm™. 200-pL samples were collected over time, di-
luted five times, filtered and analyzed by HPLC. An HPLC
Shimadzu LC20 chromatograph, equipped with a C18 column
(Prominent) and with a UV-vis detector (SPD20A) was used to
quantify the ACT concentration. Methanol:water (25:75) was
used as the mobile phase, at a flow rate of 1.0 mL min~},
injection volume of 50 pL and oven temperature of 35 °C. The
detection wavelength and the retention time were 243 nm
and 7 min, respectively. The limit of ACT detection was
0.08 mg L ™" and the limit of quantification was 0.24 mg L.™%.

3. Results and discussion
3.1. Phase structure

The XRD diffractograms shown in Fig. 1a have well-defined
peaks, indicating that the prepared catalysts exhibit high
crystallinity and are free of impurities. The patterns were
found to match well with the JCPDS Cards No. 00-033-1387 of
the WO3 hexagonal structure and No. 96-901-1667 of the
cubic phase of AgCl. An extra peak at 16.3° was found in the
sample synthesized at 120 °C for 12 h, referring to the crystal
plane (020) of the JCPDS Card No. 96-150-9985 of the
WgAg1605, orthorhombic structure. The peaks of cubic me-
tallic Ag crystals could not be clearly identified, possibly due
to the low concentration of silver in all samples.

The peaks at 32.3° and 46.2° associated with the crystal
planes (002) and (022), respectively, of AgCl are more evident
in the samples synthesized at 120°C, revealing that this
temperature favors the growth of AgCl crystals. In the sam-
ples WO3-AgCl (120-6) and WO3-AgCl (120-12), these peaks
appear with higher intensities, implying that the reaction
times of 6 and 12h are optimal for the synthesis of AgCL
Additionally, an extra peak at 27.8°, partially overlapping the
(200) crystal plane of WOs, is particularly observed in the
samples synthesized at 120 °C. This peak corresponds to the
(111) crystal plane of AgCl, and once again indicates that AgCl
particles growth is preferred at the lower synthesis tem-
perature. Although the two peaks overlap, the first plane is
observed to have higher intensity than the second only for
the WO3-AgCl (120-12) catalyst. Furthermore, the XRD pat-
tern of the bare WOs;, synthesized at 120°C and for 12h, is
depicted in Fig. S1, which corresponds to the JCPDS Card No.
00-033-1387 of the WO3 hexagonal structure, as seen in the
composite materials.

The crystal lattice parameters, calculated by the Rietveld
method (Sujiono et al.,, 2021), and the crystallite sizes of WO3
and AgCl, obtained by the Scherrer equation, are shown in
Table 1. The calculated lattice parameters show values very
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Fig. 1 - (a) XRD patterns and (b) variation in crystallite size for the photocatalysts synthesized at different reaction

temperatures and times.

similar to those from the JCPDS Card No. 00-033-1387 of W03
(a=b=7.30A and c = 3.90 A). The slight difference from the
standards is expected, and can be understood as an effect of
the coupling between AgCl and WOs. In addition, neither the
synthesis temperature, nor its duration resulted in appreci-
able changes in the lattice parameters. The Williamson-Hall
plot was used to estimate the microstrain for each material.
Nevertheless, the obtained data showed a poor linear fitting,
with dispersed scatters, which is related to the anisotropy in
the strain broadening component; and, therefore, does not
allow the microstrain estimation (Irfan et al., 2018).

The variation of crystallite sizes for all synthesized ma-
terials is depicted in Fig. 1b, clearly showing that AgCl has
grown larger than WO;. In general, the size of WO;3 crystal-
lites increased with increasing temperature, keeping the
synthesis time. This is expected because the nucleation and
growth rate of the particles increase as temperature is
boosted (Wasly et al., 2018), as well as because of nanocrystal
coalescence (Collazzo et al., 2011). Conversely, in general, the
crystallite sizes of AgCl decreased as temperature increased.
Furthermore, at 120 °C, the size of AgCl crystallites decreased
until reaching minimum values in 24 h of hydrothermal re-
action, increasing again. A similar behavior was observed at
180 °C, but the minimum crystallite size was obtained within
12h of reaction, subsequently increasing and remaining
nearly constant afterwards. As already observed from the
XRD patterns, AgCl growth is not favored at 180 °C; thus, the

prevailing growth of WO; at this temperature could have
inhibited the growth of AgCl, thus resulting in smaller AgCl
crystallites at higher temperatures, for the same reac-
tion time.

According to Table 1 and Fig. 1b, it is observed for the
materials synthesized at 120 °C: (i) although the crystallite size
of WO; is nearly the same for all reaction times studied, it
slightly decreases until reaching 24 h of synthesis and then
increases, achieving the maximum value of 23.0 nm; (ii) the
crystallite size of AgCl decreases as the reaction time is pro-
longed, reaching a minimum size of 47.2nm at 24h of
synthesis and then increases to 61.2 nm at 48 h of reaction. A
possible explanation for this decrease in AgCl crystallite size
could be the growth of other crystals around these crystallites.

For the photocatalysts synthesized at 180°C, it can be
said: (i) the crystallite size of WO; increased with synthesis
time; (ii) there is no clear pattern in the crystallite size of
AgCl in relation to the different synthesis times studied here.
The increase in crystallite size according to the time of
synthesis is generally observed, as longer reaction times
favor a greater coalescence of the particles (Collazzo
et al., 2011).

3.2 Morphology

Fig. 2 exhibits the SEM images of the photocatalysts syn-
thesized at 120 °C at different times of reaction. Rectangular

Table 1 - Lattice parameters, crystal size, N,-BET surface areas, band gap energies and absorption edges of the
synthesized materials.

Sample* Lattice parameters (A) Crystallite size (nm) Surface area (m? g™%) Eg (eV) A (nm)
a=b c WO AgCl
WO3-AgCl (120-6) 7.39 3.88 20.9 61.7 18.79 2.89 429
WO3-AgCl (120-12) 7.40 3.91 20.2 56.2 29.51 2.87 432
WO3-AgCl (120-24) 7.36 3.90 18.4 47.2 38.61 2.82 439
WO;-AgCl (120-48) 7.43 3.92 23.0 61.2 26.04 2.87 432
WO05-AgCl (180-6) 7.35 3.89 234 50.4 15.35 2.90 428
WO3-AgCl (180-12) 7.35 3.90 26.3 48.1 23.01 2.89 429
WO,-AgCl (180-24) 7.32 3.90 29.8 53.3 27.18 2.84 437
WO3-AgCl (180-48) 7.32 3.90 32.0 52.3 16.29 291 426

*The first number in parentheses represents the synthesis temperature (°C) and the second number represents the synthesis time (h).
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Fig. 2 - SEM images of WO3-AgCl photocatalysts synthetized by hydrothermal method at 120 °C for (a-c) 6 h, (d-f) 12 h, (g-i)

24h and (j-1) 48 h of reaction time.

prisms with equivalent length of ~5.2pm are observed for
the sample synthesized in 6 h (Fig. 2b), which are addressed
to AgCl particles. WO3 particles can be seen adhered to the
AgCl particles (Fig. 2b), as a mixture of agglomerated sharp
layers (Fig. 2c). AgCl and WO; particles were confirmed by
EDS analysis, as shown in Fig. S2, where Cl and Ag were
detected in the rectangular prisms with high intensity peaks;
while W, O were identified in the rest of the material, sug-
gesting that these regions refer to the WO; particles. The
AgCl and WO; particles were confirmed by EDS analysis,
according to Fig. S2, where Cl and Ag peaks were detected
with great intensity in the rectangular prisms; while W, O
and Ag peaks were identified in the rest of the material,

showing that WO; is probably decorated with silver particles.
By increasing the synthesis time to 12h (Fig. 2e), the rec-
tangular prisms had their shape changed to cube-like or
quasi-spherical, with average size of 3.9um. On the other
hand, the WO; particles started becoming more well-defined,
with a shape similar to an agglomerate of thin sticks (Fig. 2f).
At the same time, more WO; particles can be seen on the
surface of AgCl (Fig. 2e). A further increase in the reaction
time to 24h led to the formation of quasi-spherical AgCl
particles with average size of 4.2pum (Fig. 2h). Some AgCl
particles were almost completely covered by the WOs;, as
observed in the yellow square indicated in Fig. 2h. Mean-
while, the WO; continued growing and thicker rods were
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Fig. 3 - SEM images of WO;-AgCl photocatalysts synthetized by the hydrothermal method at 180 °C for (a-c) 6 h, (d-f) 12 h, (g-

i) 24h and (j-1) 48 h of reaction time.

detected (Fig. 2i). As the reaction time extended to 48h, the
AgCl particles kept the quasi-spherical-like shape, but were
completely covered by WO; particles (Fig. 2k), which grew
disorderly as thicker rods (Fig. 21).

From Fig. 3a-b, which show the SEM images of the pho-
tocatalysts synthesized at 180°C and 6 h, particles of up to
~12pm can be seen completely covered with smaller parti-
cles of rectangular prisms to nanorods shape. When the re-
action temperature increases to 12 h, the WO; particles had a
morphology of rectangular prisms and nanorods of different
sizes, both with more definition compared to the material
synthesized at 6 h (Fig. 4e-f). An additional increase in reac-
tion time to 24 h led to a decrease in the number of nanorod-

like particles and an increase in the number of the agglom-
erated rectangular prisms (Fig. 3i). Interestingly, this was the
only material synthesized at 180 °C in which AgCl particles
could be seen by SEM, despite being almost completely cov-
ered by WO;5 (Fig. 3h). The EDS spectra of the materials
synthesized at 180 °C for 6, 12 and 24 h are shown in Fig. S3.
Finally, after 48 h of reaction, the WO; agglomerated in rec-
tangular prisms in a disoriented way became dominant in
the sample (Fig. 3l). Except for the sample synthesized at
180°C and 24 h, the other materials produced at 180°C did
not exhibit any AgCl particles by SEM images, as was seen in
the samples prepared at 120°C. Nevertheless, although
chlorine was not detected in the EDS analyses (Fig. S3a-b),
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Fig. 4 - (a) Energy dispersive spectroscopy elemental mapping image and (b) energy dispersive X-ray spectra (EDS) of the

WO3-AgCl photocatalyst synthesized at 120 °C and 12 h.

AgCl is believed to be present in the sample under the WO;
particles, which grew adhered to it. In fact, XRD analysis
exhibited AgCl peaks for all catalysts, but less intense for the
180 °C-samples, confirming the presence of AgCl particles.

The WO3-AgCl (120-12) photocatalyst was further ana-
lyzed by elemental mapping and energy dispersive spectro-
metry. Fig. 4 indicates the presence of W, Ag and Cl in the
sample, with no impurity peaks. In the scanned region, the
material contains 48.8 % W, 20.0 % Ag and 31.2 % Cl (atomic
percentage). Tungsten is evenly distributed throughout the
sample, while Cl and Ag are detected at specific locations,
once again confirming the formation of AgCl, as already ob-
served in our previous work (Palharim et al., 2022). Thus, the
material synthesized at 120°C and 12h is not morphologi-
cally homogeneous, but composed of rectangular prisms to
quasi-spherical AgCl and rod-shaped particles of WO3; (Figs. 2
and 4).

The WO3-AgCl (120-12) photocatalyst was also analyzed
by TEM, TEM-EDS and HRTEM. Fig. 5a-b depict the mixed
morphology of the catalyst, which is composed of nanorods
ranging in length from 27.3 to 70.9nm, and some quasi-
spherical particles. Fig. 5c reveals that the quasi-spherical
particles can be AgCl, while the nanorods are addressed to
WOj; particles. It is worth noting that the AgCl particles ob-
served by TEM (Fig. 5) are different from those detected by
SEM (Fig. 2e), since the latter are micrometric in size and the
former are mostly nanometric. Therefore, it can be said that
the WO3-AgCl (120-12) photocatalyst is composed of WO,
nanorods and micro and nanometric quasi-spherical AgCl.

Some selected areas were analyzed by HRTEM, which
confirmed the high crystallinity of the material by the clear
lattice boundary (Fig. 5d). From Fig. 5d, lattice spacings of
3.91 A and 1.96 A can be identified, corresponding to the (001)
crystalline plane of hexagonal WO; (JCPDS Card No.
00-033-1387) and to the (022) plane of the cubic phase of AgCl
(JCPDS Card No. 96-901-1667), respectively, indicating the
formation of a complex composite.

Finally, the selected area electron diffraction (SAED)
(Fig. 5e) exhibits concentric circles, confirming the poly-
crystallinity of the structure. Six crystalline planes of

hexagonal WO; were detected by SAED pattern, including
(010), (110), (020), (111), (021), (122); and the (022) plane of
AgCl. The results from HRTEM and SAED corroborate those
obtained by the XRD patterns, and suggest the formation of a
heterojunction between WO; and AgCl.

3.3. Chemical states

The chemical states and elemental composition of the WOs-
AgCl (120-12) photocatalyst were evaluated through XPS
analysis, as shown in Fig. 6. All data were adjusted to the
position of C 1s, i.e., 284.8 eV; the CasaXPS software was used
for data fitting. The typical survey scan XPS spectrum (Fig. 6a)
reveals that the photocatalyst contains mainly W, O, Ag, Cl.
The element carbon observed in the spectrum is from the
XPS instrument and sodium is from the sodium tungstate
precursor used in the catalyst synthesis. The high-resolution
XPS spectra of W 4f, O 1s, Ag 3d and CI 2p were conducted in
order to identify the chemical states of the elements. Four
peaks could be fitted to the two W 4f peaks (Fig. 6b): two
strong peaks at 35.27 and 37.44 eV, corresponding to W 4f;,,
and W 4fs;, of W®; and two smaller peaks at 35.45 and
36.58 eV, corresponding to W 4f;,, and W 4fs/, of W>* (Chai
et al., 2019; Wang et al.,, 2018). Thus, the surface of the pho-
tocatalyst contains two valence states of tungsten (Chai
et al., 2019), with oxygen vacancies (Li et al., 2019).

For O 1s (Fig. 6¢), three peaks were observed at 529.82,
530.89 and 533.17 eV, assigned to the lattice oxygen of O-W
bond, to adsorbed O,, and to OH™ groups (from the absorbed
water), respectively (Chai et al., 2019). The two Ag 3d peaks
(Fig. 6d) were divided into two peaks at 366.25 and 372.19 eV
belonging to Ag 3ds/; and Ag 3ds/, of Ag* (Senthil et al., 2019),
and two peaks at 367.71 and 374.58 eV attributed to Ag 3ds/,
and Ag 3ds/, of Ag® (Fang et al,, 2019), respectively. Although
the slight shoulder identified in the Ag 3d peaks correspond
to the Ag’, it was not possible to identify Ag by XRD or TEM
analyses. Thus, it is difficult to affirm that the synthesized
sample contains Ag®. In Fig. 6e, two peaks of Cl 2p at 198.43
and 201.49 eV were assigned to Cl 2ps, and Cl 2ps/, of CI°
(Chai et al., 2019).
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synthesized at 120 °C and 12 h.

3.4.  Formation mechanism

As seen from the results above, the morphology of WO; and
AgCl is highly influenced by temperature and time of
synthesis. During the first stage of the synthesis process, i.e.,
the mixing of precursors, two main reactions occur at the
same time: (i) HCI reacts with sodium tungstate forming
H,WO0,4-2H0.2H,0 (Eq. 1); (ii) HCl reacts with silver nitrate
producing AgCl crystals (Eq. 2), which settle immediately.
The nucleation process of AgCl particles and their growth

start before heating and, according to Guo et al. (2017)., lead
to irregularly shaped particles at this point. In turn, the nu-
cleation process of WO; starts at temperatures above 60 °C,
because it overcomes the decomposition temperature of
H,WO, (Park et al., 2017) (Eq. 3). Hassani et al. (2011). con-
cluded that the nucleation step of WO; particles occurs be-
fore the first hour of hydrothermal reaction and then the
formation mechanism is led by the growth process. Wang
et al. (2019), who synthesized bare WO; by the hydrothermal
method, noticed a phase change before 2 h of reaction, from
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Fig. 6 — XPS spectra of the WO3-AgCl photocatalyst synthesized at 120 °C and 12 h: (a) survey, (b) W 4f, (c) O 1 s, (d) Ag 3d and

(e) Cl 2p.

orthorhombic to monoclinic; and remarked that at increased
synthesis times, the growth process prevailed. Nevertheless,
as the XRD patterns (Fig. 1a) revealed similar peaks for all
catalysts, no phase transformation was observed in our
materials. It is worth noting that we synthesized photo-
catalysts starting at 6 h of reaction, and it is likely that any
phase transformation would have occurred before that. Fig. 7

summarizes the formation mechanism, at different condi-
tions, for the materials synthesized in this work.

Na, WO,-2H,0 + HCI - H,WO0,-2H,0 + 2NacCl

AgNO; + HCl — AgCl | + HNO;

H,WQ0,-2H,0 3 WOs (crystal nuclei) + 3H,0
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Fig. 7 - Proposed formation mechanism of WO; and AgCl particles at different temperatures and times of reaction.

As the present work focuses on the one-spot synthesis of
WO3 and AgCl, the growth mechanism can be said to be
different for both materials, depending on the reaction
temperature and time. At 120°C and up to 24 h of reaction
time, the growth of AgCl particles prevailed over that of the
WOs; particles, suggesting that the growth rate is higher for
AgCl at lower temperature and shorter times. After 6h of
reaction, AgCl were produced as rectangular prisms, and
then had their shape changed to quasi-spherical after 24 h.
As reaction time increased, some WO; particles became
more and more adhered to the AgCl surface, almost com-
pletely covering it after 24 h, which may have inhibited the
continued growth of AgCl. This observation suggests that
after 24 h of synthesis, AgCl particles have their growth rate
reduced and probably the WO; growth rate turns faster.

The slow polar growth that controls the 1D growth of WO3
nanorods explains the change in WO; particles shape from a
mixture of agglomerated sharp layers to nanorods as the
hydrothermal reaction proceeds. The polar crystals tend to
grow at low growth rates along the polar direction (c-axes),
especially at low reaction temperatures (Wang et al., 2008).
The crystal planes that have higher surface energy will grow
at higher velocity (Tong et al., 2006). In this work, the (001)
plane is the growth plane of WO; particles, as confirmed by
the HRTEM analysis (Fig. 5d). As the reaction time proceeds,
the smaller nanorods dissolve, promoting the growth of
larger nanorods. This process can be explained by the Ost-
wald ripening mechanism, whereby smaller particles redis-
solve, allowing the growth of larger ones, due to the high
solubility and surface energy of the smaller particles (Thanh
et al., 2014). Furthermore, it is suggested that the mixture of
agglomerated sharp layers obtained after 6h may be pro-
duced during the cooling and washing processes. Hassani
et al. (2011) claimed that the single nanorods generated in
the subsequent hours could not be obtained if the mixture of
agglomerated sharp layers had been bounded chemically.
Thus, the authors suggest that the formation of nanorods is
evidence for the late formation of agglomerated sharp layers
after hydrothermal synthesis; and that each single crystal of
WO; would grow from the nuclei at different rates.

For the materials synthesized at 180 °C, in contrast, it was
not possible to observe the growth of AgCl particles. As al-
ready mentioned, the WO; particles may have grown on the

AgCl surface during all times of reaction studied in this work,
covering it completely. Thus, it can be implied that at 180 °C,
the growth rate of WOs is higher than that of AgCl. Similarly
to the materials synthesized at 120 °C, the Ostwald ripening
mechanism seems to drive the growth of the particles.
Additionally, particles of different sizes could be detected
(Fig. 31) even after 48 h of reaction, confirming that the nu-
cleation step lasted as long as the growth process. Since the
process parameters (temperature and pressure) do not
change during the whole synthesis, it can be proposed that
the W*® ions leave the solution to form the WOs solid phase,
leading to a constant or decreased rate of reaction. Therefore,
as the nanorods grow larger, their growth rate slows down
because they need less W*® ions to turn into WOs; (Hassani
et al,, 2011).

3.5. BET surface area

Table 1 summarizes the N,-BET specific surface areas of the
WO3-AgCl materials synthesized at 120 and 180°C, at dif-
ferent reaction times. In general, the photocatalysts prepared
at 120 °C exhibited higher surface areas, which may be due to
the material morphology. At 120 °C, the catalysts were com-
posed of rectangular prisms to quasi-spherical AgCl particles,
and WO; nanorods that became thinner with increasing re-
action time; while at 180°C, the materials consisted of a
mixture of agglomerated quasi-spherical AgCl completely
covered with assembled WO5; nanorods. Thus, the high ag-
glomeration of particles observed in the materials synthe-
sized at 180 °C can result in lower values of surface area.
For both synthesis temperatures, the surface area in-
creased until 24 h of reaction and then decreased. The largest
surface areas were achieved at 24h of synthesis for both
temperatures (38.61m? g' at 120°C and 27.18m? g at
180 °C), and may be related to the optimum combination of
the morphologies of both WO; and AgCl particles. In fact, the
photocatalyst WO5-AgCl (120-24), which exhibited the lar-
gest BET surface areas, has a combination of quasi-spherical
AgCl particles with thin WO3; nanorods, once again demon-
strating that the morphology is directly related to the surface
area. The lower surface areas achieved may be associated
with the pore structure of the particles (Adhikari et al., 2013).
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3.6. Optical properties

The optical properties of the synthesized materials were
evaluated through UV-vis diffuse absorbance spectra (DRS),
as shown in Fig. S2. All photocatalysts exhibited broad-
spectrum activity due to their strong absorption in the UV
region and some absorption in the visible region. Moreover,
the band gap energy was estimated by the Tauc plot (Table 1),
as described by Makula et al. (2018). It is worth mentioning
that modifications introduced in composite materials, such
as those synthesized in the present work, can lead to intra-
band gap states, which will reflect in the absorption spec-
trum as an additional broad absorption band, and thus
change the Tauc plot. Therefore, it should be taken into
consideration to estimate the band gap energy (Makuta
et al., 2018).

According to Table 1, the band gap energies of the syn-
thesized materials varied from 2.82 to 2.91eV, showing that
their photocatalytic activity may be intensified under sun-
light, when compared to commercial TiO, (3.0-3.2eV)
(Adhikari and Sarkar, 2014; Yu et al., 2019a). Generally, there is
neither significant difference in the E; values for the tem-
peratures and times of synthesis studied, nor a clear pattern.

3.7. Photocatalytic activity

The photocatalytic activity of the WO3-AgCl catalysts syn-
thesized at different temperatures and reaction times was
evaluated in the degradation of acetaminophen under si-
mulated sunlight. No significant ACT removal was observed
during the 120-min experiments conducted under dark
conditions (Fig. S5). From Fig. 8, it can be seen that the pho-
tocatalysts synthesized at 120°C clearly exhibited higher
photocatalytic activity compared to those synthesized at
180°C. For the latter (Fig. 8b), ACT removal increased with
increasing reaction time, reaching a maximum removal of
70.5 % after 120 min, for the material synthesized for 24 h;
and then, ACT removal decreased to only 54.3 % for WOs;-
AgCl (180-48).

Interestingly, the WOs-AgCl (180-24) sample, which
showed maximum removal among the catalysts synthesized
at 180°C, was the only one that allowed the observation of
AgCl particles not completely covered by WO; in the SEM
images (Fig. 3h). From this, it can be suggested that the pre-
sence of AgCl particles may have an important role in ACT
removal. All the photodegradation data followed a kinetic
behavior consistent with a pseudo first-order model, as pre-
sented in Table 2. Although the removal efficiency varied
according to the reaction time, the rate constants of the
materials prepared at 180°C were all in the same order of
magnitude (from 0.011 to 0.017 min™?).

In turn, the photocatalyst synthesized at 120°C for 12h
showed the highest ACT removal efficiency overall,
achieving near complete removal, followed by the 6-h reac-
tion catalyst. The photodegradation run with the WO;-AgCl
(120-12) material showed a rate constant of 0.063min™,
which is approximately six times higher than the k of the
materials produced at 180 °C. The materials synthesized at 24
and 48h presented good removal efficiencies, but sig-
nificantly smaller than those exhibited by materials prepared
in shorter reaction times. According to the SEM images
(Fig. 2a-f), the catalysts with maximum removal efficiencies,

i.e., WO5-AgCl (120-6) and WO5-AgCl (120-12), exhibited both
AgCl and WO; particles, with morphologically defined AgCl
particles partially covered by the latter. Conversely, when the
synthesis time was increased to 24 h, the ACT removal effi-
ciency dropped to 75.6 %,; in this case, SEM images (Figs. 2g-1)
revealed that some of the AgCl particles were completely
covered by WO3;, as well defined nanorods. Thus, this mor-
phology may have negatively influenced the photocatalytic
performance of the material. However, with further increase
in the synthesis time to 48h, the WOj3 particles became
thicker and disordered, and the ACT removal efficiency in-
creased to 83.6 %. A possible explanation for this increase in
removal efficiency could be that, although the AgCl was
completely covered, the thicker WO3; nanorods produced in
48h could positively enhance the photocatalytic efficiency,
compared to the nanorods still in the growth phase.

The photocatalytic efficiency of the materials synthesized
in this work can be concluded to indeed be influenced by
their morphology, which is deeply affected by the tempera-
ture and duration of the synthesis reaction. The establish-
ment of a heterojunction between AgCl and WO; plays an
important role in photocatalytic activity, especially when the
AgCl surface is not completely covered by WOj3 particles.

The stability of the WO3-AgCl (120-12) photocatalyst was
assessed through reuse tests for 120 min, as described else-
where (Palharim et al., 2022). The ACT removal was reduced
by only 14.7 % after 4 cycle times, validating the photo-
catalyst stability (Fig. 8c). Both fresh and used photocatalysts
were evaluated by XRD, SEM and TEM analyses, as seen in
Fig. 8d-j. The XRD pattern (Fig. 8d) indicates that the material
composition was practically unchanged during the photo-
catalytic reaction. However, four extra peaks at 26=38.1°,
44.3°, 64.4° and 77.5°, indexed to the (111), (200), (220) and
(311) planes of cubic Ag (JCPDS Card No. 00-004-0783), were
observed in the used sample. This implies that some Ag*ions
may have been reduced to Ag® by e’ in the conduction band
and/or photo-reduced during photodegradation experiments
(Qiao et al., 2015).

The SEM images of the used material (Fig. 8e-f) reveal that
it remained with almost the same morphology as before its
use (Fig. 2d-f). The TEM and STEM (Fig. 8g-i) images exhibit
some nanorods and darker quasi-spherical particles. Both
morphologies were previously observed in the fresh material
(Fig. 5a-b), however, the nearly spherical particles are present
in greater quantity in the spent catalyst. According to the EDS
spectra (Fig. 8j), which refer to the marked regions of Fig. 8h-i,
the lighter areas refer to WO; while the darker particles may
correspond to AgCl. Finally, although the XRD pattern clearly
shows the presence of Agin the used sample (Fig. 8d), it is not
possible to attribute any role to silver in terms of photo-
catalytic efficiency, as Ag particles were not detected in the
TEM images (Figs. 5 and 8). Likewise, the LSPR effect was not
observed by the DRS UV-vis analyses (Figs. S4 and S6), neither
for fresh materials nor for materials after use.

Table 3 presents a list of studies that synthesized WOs-
AgCl-based photocatalysts using different technologies. It
can be seen that the hydrothermal method is widely used.
However, there is no consensus regarding the optimal tem-
perature and time of synthesis, which varies from 120° to
200°C and from 2 to 48 h, respectively, thus reinforcing the
importance of a systematic study to evaluate the effect of
these two conditions. Likewise, sodium tungstate, the
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cheapest reactant among others, is widely applied as a pre-
cursor of tungsten. Although there is unanimity for the ap-
plication of an irradiation source that simulates the solar
spectrum for photocatalytic assays, there are still various
works that adopt dyes as model contaminants. However, the
photocatalytic removal of dyes should be analyzed with
caution due to the possible photosensitizing effect of the
catalyst (Shaham-Waldmann and Paz, 2016). After all, re-
gardless of the synthesis variations, all the WO3-AgCl-based

catalysts reported resulted in high photocatalytic perfor-
mance, suggesting that this material is, in fact, a promising
photocatalyst. Finally, our study is of great importance to
understand the effects of different temperatures and synth-
esis times, using an easy one-step hydrothermal method
with a low-cost tungsten precursor. In addition, the high
photocatalytic activities obtained open perspectives for fur-
ther improvements and studies on the synthesis procedure
that can still be carried out.
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Table 2 - ACT removal percentages and pseudo first-order kinetic constants for the W0O5-AgCl photocatalysts

synthesized at different temperatures and times.

Sample® ACT removal (%)° k (min~?)¢ R?
WO,-AgCl (120-6) 979 + 0.2 0.044 + 0.001 0.998
WO,5-AgCl (120-12) 99.6 + 0.1 0.063 + 0.006 0.941
WO,-AgCl (120-24) 765 + 1.3 0.016 = 0.007 0.948
WO,-AgCl (120-48) 83.6 + 0.9 0.030 + 0.001 0.989
WO5-AgCl (180-6) 473 + 3.1 0.011 + 0.001 0.963
WO,-AgCl (180-12) 61.7 + 4.1 0.016 = 0.001 0.984
WO3-AgCl (180-24) 705 + 3.4 0.017 + 0.002 0.991
WO,-AgCl (180-48) 543 x 2.3 0.017 + 0.002 0.951

3The first number in parentheses represents the synthesis temperature (°C) and the second number represents the synthesis time (h).

PAfter 120 min of reaction; “calculated in the first 30 min of reaction.

3.8. Role of oxidizing species

Reactive oxidizing species play an important role in the
photodegradation of organic pollutants and are crucial for
understanding the photocatalysis mechanism (Palharim
et al.,, 2022; Hernandez-Uresti et al., 2017). The main active
species are known to be hydroxyl radicals ("OH), superoxide
radical anions (0,"), holes in the valence band (h*) and
electrons in the conduction band (e7). Thus, additional ex-
periments were performed using tert-butanol (TBA), formic
acid, 1,4-hydroquinone and potassium iodine (KI) as radical
scavengers. All runs were conducted with the WO;3-AgCl
(120-12) material, which showed the best photocatalytic ac-
tivity using initial concentration of 0.02molL™" for each
quencher (Palharim et al,, 2022; Hernandez-Uresti et al.,,
2017). The data fitted well to the pseudo first-order kinetic
and the rate constants were (Fig. 9a): 0.063 min™" in the ab-
sence of radical scavengers; 0.045min™' with formic acid;
0.040 min~! with TBA; 0.027 min~! with KI; and 0.0001 min™?*
with 1,4-hydroquinone. These results imply that the inhibi-
tion rate of ACT removal followed the sequence: 99.8 % with
1,4-hydroquinone > 57.1 % with KI > 37.1 % with TBA > 28.6 %
with formic acid.

1,4-hydroquinone is usually used as a an O, scavenger
(k=1.6 x10” Lmol™! s7%), although it can also react with ‘OH
radicals with a high rate constant (k=2.1x 10*° Lmol™* s7%) at
pH 6-7 (Fonagy et al., 2021). Although the pH of the solution
in our experiments was ~5.0, 1,4-hydroquinone could sca-
venge both 0," and "OH, which may be the main reactive
species in the photocatalytic removal of ACT using the WO5-
AgCl (120-12) catalyst. KI, in turn, is generally used as an h*
scavenger because iodine donates electrons to the holes in
semiconductors (Schneider et al., 2020); therefore, the 57.1
%-suppression when KI was used indicates that holes are
also essential in ACT removal. Considering that TBA reacts
very rapidly with *OH (k=4.2-7.6 x 108 Lmol™* s7%) (Lee and
Tang, 1982; Gordon et al,, 1977) and its presence hindered
ACT removal by 37.1 %, this radical does participate in the
degradation mechanism, but it can be concluded that it is not
as important as O,"". In turn, formic acid is widely used as an
h* scavenger (Schneider et al., 2020; Pelaez et al.,, 2016);
however, it can also react with "OH with a high rate constant
(k=1.2x10® Lmol™ s7%) (Buxton et al., 1988). Thus, the re-
duction of rate constant by 28.6 % with the addition of formic
acid indicates that competition for quenching h* and "OH can
occur and, as already discussed, both species take part in the
removal of ACT. Nevertheless, Schneider et al. (2020).

mention that, despite the low selectivity of formic acid, the
mechanism is believed to happen mainly by reactions
with h*.

To better understand the radical species involved in the
photocatalytic reaction, EPR experiments were performed
applying DMPO as a spin-trapping agent. First, 1.5mg of the
WO5-AgCl (120-12) catalyst and a specific amount of DMPO
were added to a transparent vial containing a small magnetic
stirrer. 50 mmol L™ of DMPO was used for the experiments
aimed at detecting *OH, while 100 mmol L~* was used for 0,"".
Then, the vial was filled with water (DMPO-trapped *OH) or
methanol (DMPO-trapped O,") until reaching 1.5 mL. The vial
was placed on a magnetic stirrer plate, 15cm away from a
high-power metal halide lamp (Fig. S7). 50 pL-samples were
collected under dark conditions and after 15 min of irradia-
tion. The samples were immediately placed in glass capillary
tubes, which were later sealed with paraffine on one side.
Finally, the capillary tubes were settled in an EPR quartz
tube, and placed in the EPR equipment for spectrum mea-
surement. According to Fig. 9c-d, four characteristic peaks of
the DMPO-"OH adduct and six peaks of DMPO-O," adduct
can be observed; while no signal was detected under dark
conditions. These results confirm the participation of both
‘OH and O," species in the photocatalytic removal of ACT
using the WO3-AgCl (120-12) catalyst, corroborating the re-
sults obtained in the radical scavenging assays.

Finally, although the radical scavenging experiments nor
the EPR technique do not allow us to quantify the role of each
reactive species in the degradation mechanism, both ana-
lyses are essential to understand the general order of their
importance. Thus, it can be said that the removal of ACT in
photocatalytic experiments using the WO;-AgCl (120-12)
catalyst is driven by the following reactive species: 0," > h*
~ *OH.

3.9. Photodegradation mechanism

Photoluminescence spectroscopy (PL), a powerful method for
exploring the transfer and recombination of photogenerated
carriers in photocatalysts (Yuan et al,, 2017), was used to
provide convincing evidence for the separation of e/h* pairs.
It is acknowledged that lower intensities of the emission
spectra indicate that the recombination of the e”/h* pairs was
inhibited and consequently, greater photocatalytic activity
can be achieved (Yuan et al, 2017). Fig. 9b shows the PL
spectra of the bare WO3; and the WO3-AgCl (120-12) catalyst,
at an excitation wavelength of 340 nm. Pure WO; presents a
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Reference

Model contaminant / initial Maximum removal

Irradiation source

Synthesis method / W precursor

Photocatalyst

concentration

(Adhikari

Rhodamine B/ 10 mgL™" 60 % after 240 min

Solar simulator

Hydrothermal (200 °C, 2h) / Na,WO,-2 H,0

Ag-AgCl-WO3

et al., 2013).

(Chai

99.6 % after 9 min

Rhodamine B / 15mgL™"

Xenon lamp with a

Hydrothermal for h-WO; (180 °C, 12 h) and precipitation

+ photoreduction for composite / H;WO,4

Ag-AgCl-h-WO3

et al., 2019).

(Chen

420 nm cut-off filter
Xenon lamp with a

~100 % after 5 min

Methyl orange and rhodamine

B/20mgL™" each

Intercalation-top-chemical for WO; and precipitation

+ photoreduction for composite / H,WO,

Ag-AgCl-WO3

et al., 2012).

420 nm cut-off filter
Xenon lamp with a

(Li et al., 2018).

90 % after 60 min

4-aminobenzoic acid /

10mgL™?

Hydrothermal for WO3 (180 °C, 9 h) and ultrasonic precipitation for

composite / Na,W0,-2 H,0

Ag-AgCl-WO3

420 nm cut-off filter

(Ma et al., 2012).

Metal halide lamp with 4-chlorophenol / 10 mg L~ 100 % after 30 min

Deposition—precipitation-photoreduction / Na,WO,4-2 H,O

Ag-AgCl-WO3

a 420 nm cut-off filter

Solar simulator

(Palharim

75.4 % after 120 min

Acetaminophen / 5mgL™

Hydrothermal (120 °C, 24 h) / Na,WO,4-2 H,0

WO5-AgCl

et al., 2022).

(Senthil

100 % after 30 min

Rhodamine B/ 10 mgL™"

Xenon lamp with a

Hydrothermal (160 °C, 12 h) / Na,WO,-2 H,O

WO,5-AgCl

et al., 2019).

420 nm cut-off filter
Metal halide lamp

(Yu et al,, 2019a).

98 % for both

Methyl orange and rhodamine

B/20mgL~* each

Hydrothermal (180 °C, 24 h) / Ammonium tungstate

WO0,-AgCl

contaminants after

75 min

This work

99.6 % after 120 min

Acetaminophen / 5mg L™

Metal halide lamp

Hydrothermal (120 and 180 °C; 6, 12, 24 and 48 h) / Na,W0,-2 H,0

WO0,-AgCl

strong emission peak at 442 nm, as a result of the rapid re-
combination of the e7/h* pairs. The PL peaks of the WO3-AgCl
composite decreased considerably, indicating that the se-
paration of the e”/h* pairs was increased.

Based on the previous results, a photodegradation me-
chanism for the WO3-AgCl (120-12) catalyst, which showed
the best photocatalytic activity, is proposed in Fig. 9e. To
calculate the valence and conduction bands (VB and CB) of
the semiconductors present in the composite, pure WO3 and
AgCl were synthesized following the same methodology de-
scribed in Section 2.1, but without the addition of AgNO; or
sodium tungstate. These materials were analyzed by UV-vis
DRS and the corresponding band gap energies obtained were
2.88eV and 3.05 for WO5; and AgCl, respectively. The VB and
CB of WOs3, calculated according to the equations described
in our previous work (Palharim et al., 2022), were 3.53 and
0.65 eV, respectively; while the VB and CB of AgCl were found
at 3.1 and 0.06 eV.

SEM and TEM images of the WO3-AgCl (120-12) photo-
catalyst (Figs. 2d-f and 8g-i) revealed the presence of micro-
metric and nanometric AgCl particles, which are in close
contact with agglomerated WO3; nanorods. Aware of this, the
mechanism is proposed, where AgCl and WOs; are directly in
contact. The bandgap energies of WO3 and AgCl revealed that
they cannot be highly excited by visible light (Yu et al,
2019a). However, as the irradiation source used in our ex-
periments was a lamp that simulates the solar spectrum, the
materials could be excited by the UV portion of the spectrum
(Palharim et al., 2022). Thus, the photocatalytic reaction
starts with the absorption of photons with energy equal to or
greater than the band gap energies of WO5; and AgCl, re-
sulting in the generation of e/h* pairs, according to Egs. 4-5.
As the CB of AgCl is more negative than that of WOs;, elec-
trons in the CB of AgCl will migrate to the CB of WOs.
Meanwhile, with the VB of WO; being more positive than the
VB of AgCl, the positive holes are transferred to the VB of
AgCl, and thus accumulate there. Therefore, this composite
allows efficient separation of the photogenerated electrons
and holes, which was confirmed by photoluminescence
analysis (Fig. 9b).

WO3 + hu - WO, (e‘) + WO (h+) (4)

AgCl + hv — AgCl(e”) + AgCl(h*) (5)

As the VB of AgCl is more positive than the potentials of
*OH/H,0 (2.72 eV vs. NHE) and "OH/OH" (2.40 eV vs. NHE), the
gathered holes can react with H,O or OH™ to generate “OH
radicals (Yuan et al., 2017). Conversely, the accumulated
electrons cannot react with O, to form 0O, found to be the
most important oxidative species, because the CB of WO; is
more positive than the potential of 0,/0," (-0.33 eV vs. NHE)
(Palharim et al., 2022; Yuan et al., 2017). It is worth noting,
however, that the reference potentials of 0,/0,", “OH/H,0
and "OH/OH" are based on standard temperature and activ-
ities of the participating species, which may be different
from the actual conditions; thus, it is important to consider
that the experimental potentials could be slightly different
from the standard potentials. The generation of O, can also
be related to the occurrence of defects with intermediate
energies, as indicated by the presence of low-valence tung-
sten ions, which were identified on the surface of the WO3-
AgCl (120-12) composite by XPS analysis (Fig. 6). In this case,
W** is first photoexcited, producing extra W°* and photo-
generated electrons. Then, these electrons can be trapped by
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Fig. 9 - (a) Effect of different radical scavengers on the efficiency of ACT degradation using the WO5-AgCl (120-6) catalyst.
Conditions: [ACT], =5.04 + 0.45mgL™, Mcatalyst = 10 Mg, Vgolution = 10 mL; dosage of scavengers = 0.02 mol L7}, irradiation
time = 60 min; (b) Photoluminescence spectra of pure WO3; and WO3-AgCl (120-12) catalyst; (c) EPR spectra of "OH radicals
trapped by DMPO in aqueous medium using the WO5-AgCl (120-6) catalyst under simulated solar radiation and of (d) 0,
radicals trapped by DMPO in methanol medium. Conditions: [catalyst] = 1 mg mL™", [DMPO].on = 50 mmol L™, [DMPO]oy..
=100 mmol L™}, irradiation time =15 min; (e) Schematic diagram of the photodegradation mechanisms proposed for the
WO5-AgCl (120-12) catalyst for the degradation of ACT under simulated solar radiation.
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the absorbed O,, generating O,", followed by the production
of other species, such as “OH, “OOH and '0,. Meanwhile, W®*
can be reduced to W>* by reacting with OH" to yield hydroxyl
radicals, completing a full photocatalytic cycle (Chai et al,,
2019; Li et al., 2016).

4, Conclusions

In summary, WO3-AgCl composites were successfully syn-
thesized by a one-step hydrothermal method, whereby the
reaction temperature and time were varied. The reaction
temperature of 120°C led to the formation of rectangular
prisms to quasi-spheres AgCl particles and agglomerated
WO; nanorods; while at 180 °C, the formation of WO; as ag-
glomerated rectangular prisms predominated, which were
possibly completely covering the AgCl particles. As the
synthesis time increased, the WO3 nanorods became thinner
at 120 °C and rectangular prisms became more agglomerated
at 180 °C. AgCl growth prevailed at 120 °C and up to the first
12h of reaction. The photocatalytic efficiency of the mate-
rials was highly influenced by the morphology of the cata-
lysts, which was deeply affected by the temperature and
extent of the synthesis reaction. The establishment of a
heterojunction between AgCl and WO; plays an important
role in photocatalytic activity, especially when the AgCl
surface is not completely covered by WO; particles. The
photocatalyst synthesized at 120 °C for 12 h showed the best
photocatalytic activity, resulting in 99.6% acetaminophen
(ACT) removal after 120min of reaction, with
k=0.063 + 0.006 min~?. Stability tests revealed that the ma-
terial was considerably stable after four cycles. The evalua-
tion of oxidative species participating in the
photodegradation reaction indicated that the ACT removal
using the WO53-AgCl (120-12) catalyst is driven by 0," > h* ~
‘OH. Finally, these results show that the materials synthe-
sized in the present work are an interesting option for the
removal of organic contaminants using heterogeneous pho-
tocatalysis processes.
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