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RESUMO

DOPAGEM E FORMACAO DE HETEROJUNCOES COMO ESTRATEGIAS PARA O
MELHORAMENTO DA PROPRIEDADE FOTOCATALITICA DE AgsPO. Nos Gltimos anos, a
crescente atividade tecnoldgica e industrial em setores como farmacéutico e téxtil tem acarretado em
efeitos colaterais ao ambiente e a salde humana. Tais efeitos sdo relacionados a geracdo de residuos
nocivos e seus descartes inapropriados ao ambiente, principalmente aquéatico, impactando diretamente
a saude humana e animal. Dentre diversos processos para tratamento destes residuos, a fotocatalise
heterogénea tem sido considerada um método efetivo para tal propdsito. Com isto, a busca por novos
materiais e 0 melhoramento das propriedades de fotocatalisadores tem crescido abruptamente. Devido
a sua intrinseca atividade fotocatalitica para a degradacdo de compostos organicos, o fosfato de prata
(AgsPO.) tem sido amplamente pesquisado com o intuito de melhoramento de suas propriedades para o
tratamento de efluentes contaminados. A formacdo de heterojungdo entre semicondutores e também, a
dopagem destes, tém se mostrado eficientes no melhoramento da atividade fotocatalitica do AgsPO.
para a degradacdo de corantes e farmacos. Desta forma, este estudo tem como principal objetivo a
modificagdo do AgsPO4 por meio da dopagem com tungsténio (W) e separadamente, por meio da
formagdo de heterojungdo com tungstato de prata (a-Ag.WO.). Em ambos os trabalhos, os materiais
foram sintetizados pelo método de co-precipitacdo quimica e como principais resultados, a dopagem de
W na estrutura do AgsPO4 provocou a formagéo de clusters [AgO4], [PO4] e [WO4] desordenados, 0s
guais geram niveis de energia intermediarios na regido do band gap. Estes niveis retardam o processo
de recombinacdo do par elétron-buraco, resultando na melhoria na performance fotocatalitica dos
materiais dopados para a degradacdo do corante Rodamina B, do antibiotico Cefalexina e do pesticida
Imidacloprido, sob irradiacdo de luz visivel. Além disto, a presenca de W no AgsPO4 apresentou um
aumento de 16 vezes na performance bactericida contra a bactéria Staphylococcus aureus resistente a
meticilina. Para a formacgdo de heterojuncéo, foi observado que o material contendo 24% m/m de a-
Ag.WO, apresentou atividade fotocatalitica superior para a degradacdo do corante Rodamina B, em
comparagdo aos materiais separados. Baseado nos potenciais de reducdo das bandas de valéncia e de
condugdo do a-Ag.WO. e AgsPOs, obtidos experimentalmente pelo método de eletronegatividade de
Mulliken, foi proposto o mecanismo de transferéncia de cargas de heterojungéo do tipo | para estes
materiais. Além disto, foi observada a formacdo de nanoparticulas de prata metalica na interface dos
semicondutores, atuando como uma ponte e aumentando a transferéncia e separacao de cargas entre 0s
semicondutores. Desta forma, neste estudo foi possivel a obtencdo de materiais fotocatalisadores e o
melhoramento das propriedades fotocataliticas do AgsPO4 por meio da dopagem com W e da formacéo
de heterojuncdo com o a-Ag2WOs,.

Palavras-chave: Fosfato de prata. Dopagem. Heterojungé&o.



ABSTRACT

DOPING AND HETEROJUNCTION FORMATION AS STRATEGIES TO IMPROVE THE
PHOTOCATALYTIC PROPERTY OF AgsPO.. In recent years, the growing technological and
industrial activities in sectors such as pharmaceuticals and textiles have shown side effects on the
environment and human health. Such effects are related to the generation of harmful waste and its
inappropriate disposal to the environment, mainly aquatic, directly impacting human and animal health.
Among several processes for the treatment of these residues, heterogeneous photocatalysis has been
considered an effective method for this purpose. With this, the search for new materials and the
improvement of the properties of photocatalysts have grown abruptly. Due to its intrinsic photocatalytic
activity for the degradation of organic compounds, silver phosphate (AgsPOs) has been widely
researched in order to improve its properties for the treatment of contaminated effluents. The formation
of heterojunctions between semiconductors and also their doping have been shown to be efficient in
improving the photocatalytic activity of AgsPO4 for the degradation of dyes and drugs. Thus, this study
had as main objective the modification of AgsPO4 through doping with tungsten (W) and separately,
through the formation of heterojunction with silver tungstate (a-Ag>WO.). In both works, the materials
were synthesized by the chemical co-precipitation method and as main results, the doping of W in the
AgsPO, structure caused the formation of disordered [AgO4], [PO4], and [WO4] clusters, which generate
intermediate energy levels in the band gap region. These levels delay the electron-hole pair
recombination process, resulting in an improvement in the photocatalytic performance of doped
materials for the degradation of Rhodamine B dye, Cephalexin antibiotic, and Imidacloprid pesticide,
under visible light irradiation. In addition, the presence of W in AgsPO. showed a 16-fold increase in
bactericidal performance against methicillin-resistant Staphylococcus aureus bacteria. For the formation
of heterojunction, it was observed that the material containing 24 wt% of a-Ag,WO, showed superior
photocatalytic activity for the degradation of Rhodamine B dye compared to the separated materials.
Based on the reduction potentials of the valence and conduction bands of a-Ag.WO4 and AgsPOs,
obtained experimentally by the Mulliken electronegativity method, a type | heterojunction charge
transfer mechanism was proposed for these materials. In addition, the formation of metallic silver
nanoparticles at the semiconductors interface was observed, acting as a bridge and increasing the transfer
and separation of charges between the semiconductors. Thus, in this study it was possible to obtain
photocatalyst materials and improve the photocatalytic properties of AgsPO. through doping with W
and the formation of heterojunction with a-Ag>WOsa.

Keywords: Silver phosphate. Doping. Heterojunction.
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2 - INTRODUCTION

Water is an essential asset to life and needs to be preserved. However, with rapid
industrial and population growth and the effects of climate change, water sources have been
threatened [1, 2]. Thus, the reuse of contaminated water is extremely important for today's
society.

Among the various pollutants existing in contaminated water, industrial waste
stands out for being more toxic and non-biodegradable when compared to municipal waste, as
it consists of heavy metals, fats, oils, greases, phenols, and ammonia. [3]. Residues from
agriculture, pharmaceutical, and textile industries release herbicides, drugs, and dyes into
effluents that are responsible for chronic diseases that are harmful to human health [4], and it
is very important to carry out adequate water treatments to remove these organic pollutants.
However, the presence of these pollutants in surface water, groundwater, and in municipal
sewage treatment plants [5] demonstrates the inefficiency of conventional treatments used, and
the development of efficient methods is of paramount importance.

There are different treatment methods for the removal of organic pollutants, such
as membrane filtration [6], adsorption [7], biological methods, such as phytoremediation [8]
and bioaugmentation [9], chemical methods, such as chemical precipitation [10] and chemical
coagulation [11], and advanced oxidation processes (AOPs) [12]. The AOPs are ecologically
correct methodologies for the removal of organic pollutants and stand out when compared to
conventional methods as they generate thermodynamically stable oxidation products, such as
carbon dioxide, water, and biodegradable organics [13].

Photocatalysis stands out among AOPs due to its simplicity, low cost,
reproducibility, being non-toxic, and having high efficiency in degrading organic pollutants
[14, 15]. Heterogeneous photocatalysis is based on the activation of a semiconductor by means
of light absorption with energy greater than or equal to the band-gap energy of the
semiconductor. In this way, the electrons are photoexcited from the valence band (VB) to the
conduction band (CB), generating holes in the VB. These holes are highly oxidizing and can be
actively used in the degradation of organic pollutants. Furthermore, adsorbed water molecules
can be oxidized by the holes in the VB, generating hydroxyl radicals. In CB, adsorbed oxygen
can be reduced by photoexcited electrons, generating superoxide ions, which can react with
protons from water oxidation to form a hydroperoxyl radical. These reactive oxygen species
(ROS) generated during the photocatalysis process can also act to degrade organic pollutants

along with the holes. [16]. Thus, photocatalysis process can take advantage of solar energy for
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the degradation of pollutants, making this methodology economically viable. Since the
discovery of the photoelectrochemical water separation reaction using the TiO» semiconductor
by Fujishima and Honda in 1972, photocalysis has advanced rapidly [1]. Since then,
semiconductors such as doped TiO2 [17] and other metal oxides such ZnO [18], SnO: [19],
Bi203 [20], and WOz [21] were used as photocatalysts for the degradation of organic pollutants.
However, studies show that there are some disadvantages in using these semiconductors such
as (1) fast electron/hole pair recombination, resulting in a lower number of photogenerated ROS
to perform the photodegradation process, impairing the photocatalytic efficiency and (2) low
absorption in the visible region due to the high band gap value of these semiconductors, making
it impossible to use sunlight in photocatalytic processes [22]. These factors affected the
practical use of these semiconductors, making the search for efficient photocatalysts of great
relevance.

In 2010, the use of the AgsPO. photocatalyst for the degradation of organic
pollutants using visible light was reported for the first time [23]. Since then, several studies
aiming to explore its photocatalytic applications have been reported [24, 25]. Studies aimed at
investigating the main surface responsible for the high photocatalytic activity of AgsPOas
indicate that the surface (110) is the main responsible. This is due to its high reactivity caused
by the presence of a large amount of undercoordinated Ag cations [26, 27].

The crystal structure of AgsPO4 was first investigated in 1925 by Wyckoff, being
established as a body-centered cubic structure with a P4-3n space group and a lattice parameter
of approximately 6.004 A [23]. This semiconductor has an indirect band gap of 2.36 eV and a
direct band gap of 2.43 eV. The VB of AgsPO4 (+2.85 V vs. NHE) is positive enough to
generate the hydroxyl radical, which can act in the degradation of organic pollutants along with
the photogenerated holes [24]. On the other hand, the CB of AgsPO4 (+0.45 V vs. NHE) is more
positive than the potential O2/*O2 ( —0.046 eV vs. NHE), so the electrons could only reduce the
Ag* from the AgsPOs crystal lattice, leading to the Ag® deposition on the semiconductor
surface. This phenomenon, known as photocorrosion, destroys the structure of AgsPOs, in
addition to reducing the light absorption capacity of AgsPOs4, which directly influences its
photocatalytic activity and stability [23]. In addition, this semiconductor has low efficiency in
the separation of photogenerated electron/hole pairs due to rapid recombination [28].

To overcome these challenges and improve the photocatalytic property of
AQsPOg, different types of modifications were carried out, such as morphology control [29],
cation/anion doping, and heterojunction construction. Doping is considered an efficient way to

improve the photocatalytic activity of materials. In this method, ions (cations or anions) are
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introduced into the structure of the material, which can generate defects in the semiconductor.
The defects generated can act as capture centers, preventing the recombination of
photogenerated electron/hole pairs. In addition, these defects can increase the material's ability
to absorb light in the visible region, as well as cause significant changes in the material’s band
gap energy value. Zhang et al.[30] reported that the introduction of Bi®* ions can replace the
P> ions of AgsPOs, resulting in a decrease in band gap energy. Doping with 2 wt% of Bi
achieved a degradation of 90.7% of methyl orange after 6 minutes of visible light irradiation,
whereas pure AgzPO4 degraded only 27.3% under the same conditions. Song and contributors
[31] reported that doping with Ni%* generated an impurity energy band that facilitated the use
of photons, as well as the efficiency of charge carrier separation. The photodegradation
efficiency of methyl orange under visible light irradiation was 89% in 4 minutes for the doped
material, while for pure AgsPOs it was only 12%. In another study, Masaoudi et al. [32]
investigated the doping of AgsPOs with Cu and it was observed that the band gap of the doped
nanoparticles was reduced. This resulted in increased photocatalytic degradation of
Rhodamine-B under visible light due to increased production of hydroxyl and superoxide
radicals. Afif and contributors [33] doped AgsPO4 with Mn and the results showed that this
insertion decreased the broad absorption in the visible region. Furthermore, the surface
hydroxyl defects and oxygen vacancies of AgsPO4 were compensated by Mn doping, increasing
the photocatalytic activity under visible light irradiation of the doped samples. Trench et al.[34]
observed that doping with Mo generated defects in the structure of AgsPOs that led to the
formation of new intermediate energy levels between VB and CB. The new levels generated
served as a trap for the electron/hole pairs, preventing their recombination and consequently
improving the photocatalytic performance of the doped materials. Thus, it becomes evident that
doping is an efficient approach to improve the photocatalytic properties of AgsPOa. Another
approach considered efficient to improve the photocatalytic property of AgsPOs is the coupling
with another semiconductor to form a heterojunction [35]. The junction of two semiconductors
can enhance their individual photocatalytic properties, since the separation and transfer of
electron/hole pairs can be more effective. In addition, high band gap energy semiconductors
can be coupled to smaller band gap semiconductors, forming a visible light active photocatalyst
[24].

The types of heterojunctions can be defined by the positions of the VB and CB
of the semiconductors and by their electron affinities. As can be seen in image 1, in type |
heterojunction, the position of the CB of semiconductor A is greater than the CB of

semiconductor B. On the other hand, VB of semiconductor A is lower than VB of
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semiconductor B. In this way, under light irradiation, the photogenerated electrons in
semiconductor A migrate to CB from semiconductor B and the photogenerated holes in
semiconductor A migrate to VB from semiconductor B. In type Il heterojunction, the CB and
VB levels of semiconductor A are higher than the CB and VB levels of semiconductor B. In
this way, the photogenerated electrons in semiconductor A will migrate to the CB in
semiconductor B, while the photogenerated holes in semiconductor B will migrate to the VB

of semiconductor A. In type Il heterojunction, the positions of CB and VB of semiconductor

B A A B B A
CB
CB
CB N —
I CB
VB
CB .
VB VY
I VB | VB VB
Type I Type I Type Il

A are much higher than the VB and CB of semiconductor B, making it impossible for the
electron/hole pairs to migrate. Thus, because this type of heterojunction does not allow

separation and charge transfer, it becomes unsuitable for photocatalytic improvement [36].

Figure 1. Types of heterojunction (adapted from Li et al.[24])

Several studies have addressed the use of heterojunctions (type | and II) of
AgsPOs4 in order to produce a photocatalyst with photocatalytic properties superior to those of
isolated materials. Li et al. [37] developed a SrCoOs3/AgsPOs heterojunction by the
hydrothermal method and the photocatalytic activity of this material was tested for tetracycline
degradation under visible light irradiation. The SrCoO3/AgsPO4 heterojunction (1:1.5) showed
a tetracycline degradation rate constant that is 1.7 times greater than AgsPOs and 3.78 times
greater than SrCoOs. This result was related to the higher separation rate of photogenerated
electron/hole pairs. Chi and contributors [38] studied the heterojunction of porous
TiO2/AgsPO4 nanotubes for methylene blue photodegradation. The heterojunctions showed

higher photocatalytic activities than the isolated materials and this efficiency was due to the



formation of a Z-scheme type mechanism between the two semiconductors. Li et al.[39]
investigated the heterojunction of AgsPO4/BiNbO4 for the photodegradation of Rhodamine B
under irradiation of a solar simulator. The heterojunctions showed excellent photocatalytic
performance, the best response being presented for a sample containing 10 wt% of BiNbOa,
which degraded 100% of the dye in 30 minutes. Santos and contributors [40] reported that the
AgsPO4/NIO heterojunction showed excellent photocatalytic efficiency compared to pure
materials. The higher photocatalytic activity was related to the low recombination of the
electron/hole pairs due to the formation of a type | heterojunction. In this way, the construction
of heterojunctions can be an efficient way to improve the photocatalytic performance of
AQgsPOs.

The silver tungstate (Ag2WO) is a semiconductor of the oxoargentate family
and presents polymorphism, with the phases known as a-Ag2WOs, B-Ag2WOs, and y-AgoWO4.
The a-Ag2WO4 phase is thermodynamically stable and the phases -Ag>WO4 and y-Ag2WO4
are considered metastable [41, 42]. The structure of a-Ag2WO4 was identified by Cavalcante et
al. [43] and is composed of octahedral clusters of [WQOe] and clusters of [AgOn] (n = 7,
deltahedral [AgO7]; n = 6, octahedral [AgOe]; n= 4, tetrahedral [AgO4], and n = 2, angular
[AgO2]) [44]. This phase receives special attention because it has different applications such as
luminescent [45], antimicrobials [46], and sensors [47]. In addition, o-Ag2WOs has
photocatalytic property for the degradation of organic pollutants [44, 48, 49], but has
disadvantages by absorbing small amount of visible light due to its high band gap energy and
low stability due to photocorrosion [50].

As reported above, doping is an efficient method to improve the photocatalytic
property of a semiconductor. In this sense, the tungsten element (W) can be used as a dopant
for this purpose. Demircivi et al. [51] reported the doping of BaTiOz with W for photocatalytic
degradation of tetracycline. The doping improved the photocatalytic property of BaTiOs,
leading to a degradation of 80% in 180 minutes. In another study, Shan and contributors [52]
observed the same effect of doping with W on the photocatalytic property of BiVOs for
degradation of dyes.

Thus, this study had as main objective the modification of AgsPO4 through
doping with W and separately, through the formation of heterojunction with a-Ag2WOs to
improve the photocatalytic activity of AgsPOa.
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Bacterial and organic pollutants are major problems with potential adverse impacts on human
health and the environment. A promising strategy to alleviate these impacts consists in
designing innovative photocatalysts with a wider spectrum of application. In this paper, we
report the improved photocatalytic and antibacterial activities of chemically precipitated
AgsPO4 microcrystals by the incorporation of W at doping levels 0.5, 1, and 2 mol %. The
presence of W directly influences the crystallization of AgsPOs, affecting the morphology,
particle size, and surface area of the microcrystals. Also, the characterization via experimental
and theoretical approaches evidenced a high density of disordered [AgO4], [PO:], and [WO4]
structural clusters due to the substitution of P>* by W®* into the AgsPOs lattice. This leads to
new defect-related energy states, which decreases the band gap energy of the materials (from
2.27 to 2.04 eV) and delays the recombination of e'—he pairs, leading to an enhanced
degradation process. As a result of such behaviors, W-doped AgsPOs (AgsPO4:W) is a better
visible-light photocatalyst than AgsPOs4, demonstrated here by the photodegradation of
potential environmental pollutants. The degradation of rhodamine B dye was 100% in 4 min
for AgsPO4:W 1%, and for AgzsPOs, the obtained result was 90% of degradation in 15 min of
reaction. AgsPO4:W 1% allowed the total degradation of cephalexin antibiotic in only 4 min,
whereas pure AgsPO4 took 20 min to achieve the same result. For the degradation of
imidacloprid insecticide, AgsPO4:W 1% allowed 90% of degradation, whereas AgsPO4 allowed
40%, both in 20 min of reaction. Moreover, the presence of W-dopant results in a 16-fold
improvement of bactericidal performance against methicillin-resistant Staphylococcus aureus.
The outstanding results using the AgsPO4#W material demonstrated its potential
multifunctionality for the control of organic pollutants and bacteria in environmental

applications.

INTRODUCTION

In the past years, great efforts have been devoted to the search and development
of new environmentally friendly photocatalysts for the control of pollutants and water
purification as a way to solve great problems associated with the increasing pollution at the
surface of the Earth.12 Since Fujishima and Honda demonstrated in 1972 that titanium dioxide
(Ti02) could be used as a photoanode to split water excited by ultraviolet light, TiO2-based
catalysts appeared as the most promising approach to solve the global energy crisis and
environmental problems due to their low cost and high stability.>* However, the development

of such materials is limited because TiO? can only be activated under ultraviolet light, which is

12



a small fraction (around 5%) of solar light, making it more difficult to harvest the remaining
solar energy®® and obtain a fast recombination rate of photoinduced electron—hole (e'—he) pairs.

The limitation of the visible-light harvesting capacity of TiO, has motivated
researchers to design new single-phase photocatalyst materials with superior visible-light
photoactivity.” Silver orthophosphate (AgsPO4), a traditional Ag-based semiconductor, is a
potential candidate because of its appropriate band gap energy (2.36 eV), nontoxicity, and high
photocatalytic activity for the degradation of organic pollutants under visible-light irradiation.
The delocalized n* antibonding states formed on the conduction band (CB) can facilitate the
separation of charge carriers. Moreover, the inductive effect of PO4*~ anions further promotes
the separation of charge carriers.® Although AgsPOs has been found to exhibit a higher
photocatalytic activity in the degradation of organic dyes than TiO2, °~!? this material can also
be considered a promising antibacterial agent for environmental remediation.!*"'® Further
technological breakthroughs have been presented combining AgsPOs and ceftazidime for
sterilization and residue removal®” as well as AgsPO4 and lidocaine to prevent infections.!®
However, the practical application of AgsPOs is restricted by the photocorrosion resulting from
its poor photostability and rapid recombination of photogenerated e'—he pairs.'%?°

Consequently, it was necessary to overcome those drawbacks by developing
modified AgsPOs materials to obtain optimized photocatalytic activity and stability.?! As
recently discussed and summarized by Li et al.,?? the progress in the field includes the control
of the AgsPOs exposed facets, incorporation of dopants in the AgsPOs crystalline lattice,
coupling AgsPOs with metal nanoparticles, and the construction of heterostructured
composites. In particular, the use of cations (Bi*" Ba?*, Ni?*, and Mn?*) 2226 and anions (SO4>"
and CO3*)?"?8 as dopants may not only retard charge pair recombination but also enable
enhanced visible-light absorption by providing defect states in the band-gap region to improve
the photocatalytic activity.?°

Our group was strongly involved in the theoretical and experimental studies on
the structural, optical, and photocatalytic properties of pure and doped AgsPO4.3°? Very
recently, we reported a new Mo-doped silver orthophosphate (AgsPOs:Mo) material with
enhanced photocatalytic activity.®® This work points out that Mo acts as a dopant, provoking
the appearance of defects in the AgsPOs structure, which significantly improves its
photocatalytic performance (100% rhodamine B (RhB) degradation within 5 min). The results
were reinforced by the findings of Hussien et al.,3* who observed 98% of methylene blue
degradation within 5 min. Considering previous successful research studies, our present aim

was to obtain W-doped AgsPO4 (AgsPO4:W) for wider environmental applications. Until now,
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little is known about this doping process or its consequences on AgsPOs final properties and
only AgsPO4/WO3 composites were prepared.>>37 In this sense, it is expected that the the W®*
dopant replaces P°* cations in the AgsPOa lattice, possibly generating different types of
structural and electronic defects and modifying the intermediate energy levels in the band-gap
region, which are essential to improve the performance of AgsPOa.

Based on the above considerations, a detailed experimental work via structural,
morphological, and compositional characterizations of AgsPO4+:W microcrystals was
performed. The obtained data was complemented by first-principles calculations. The
degradation of organic pollutants including RhB, the antibiotic cephalexin (CFX), and the
insecticide imidacloprid (IMC) by AgsPO4:W samples was investigated. We also studied the
antibacterial activity of the materials by testing them against methicillin-resistant

Staphylococcus aureus (MRSA).

RESULTS AND DISCUSSION

X-ray Diffraction (XRD) and Rietveld Refinement. First crystallographic
studies showed that AgsPOs crystallizes in a cubic structure (P43n space group) based on a
body-centered cubic stacking of an isolated regular [PO4] tetrahedral cluster with P—O bond
distances of 1.548 A. Each Ag* cation is located at a fully occupied oxygen site of —4
symmetry.38% Further refinements showed that the position of the Ag* cation was in fact split
from the 12h site of 2-fold symmetry with half occupancy.*®* Consequently, the [AgOa]
tetrahedral cluster was distorted with two different Ag—O distances, 2.357 A x 2 and 2.404 A
x 2.42.

Powder XRD patterns of pure AgsPO4 and AgzPO4:W (0.5— 2%) are displayed
in Figure 1, and their respective Rietveld refinements are illustrated in Figure S1. The patterns
are clearly in full agreement with the data relative to AgsPO4 with a cubic structure, as reported
in the Inorganic Crystal Structure Database (ICSD) no. 1400039 and no. 1530.40 No impurities
such as a-Ag2WO4 were found in the samples. This contrasts with our previous results obtained
for the doping of AgsPOs with Mo, in which a well-crystallized secondary phase related to
the presence of B-Ag>MoO4 was clearly detected above the limit of 2% Mo doping level. No
diffraction peaks of expected structural phases related to W were observed, indicating the
incorporation of the W cation into the AgsPOs structure as a doping element.

Table S1 gathers the crystal data from Rietveld refinements for our samples of
pure AgsPO4 and AgsPO4:W with 0.5, 1, and 2% W. It can be seen that the lattice constant and
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volume slightly increase from 0 to 1%, while an opposite behavior occurs when the W
concentration increases to 2%. The overall difference in lattice constants and volume is almost
negligible. Under such conditions, it is not possible to accurately determine the doping limit by
simply examining the XRD powder patterns.

From the results of Rietveld refinements for the pure Ag3PO4 sample, we
constructed theoretical models, as illustrated in Figure 2a,b. The optimized calculations lead to
a structure for pure AgsPO4 (Figure 2a) composed of [PO4] and [AgOa] clusters, with [PO4]
clusters forming a tetrahedral arrangement with equal P—O bond length (1.5642 A) and O— P—O
angles (109.47°) and [AgO4] clusters presenting two values of O—Ag—O angles (149.87 and
93.87°) with equal Ag—O bond length (2.4306 A). The result concerning the length of Ag—O
bonds goes against that observed in the literature, where two different bond distances were
found.*? This is because the theoretical optimized structure is ideal and perfect in vacuum,
without the presence of defects.

The W doping into the AgsPO;4 structure induced structural distortions in the
crystal lattice and coordination parameters of clusters, as shown in Figure 2b, which can be
seen as changes in bond lengths and angles of the [PO4] and [AgOs] clusters. Specifically, the
W doping process had been shown to induce different average bond lengths for all of the
clusters composing the AgsPOs structure. It was also possible to observe larger P— O and Ag—O
bond lengths in the [PO4] and [AgOa4] clusters, respectively, compared to the pure sample. The
resulting cluster of the doping process, the tetrahedral [WO4] cluster, also presented a distorted
nature (distinct average bond lengths and angles) and possessed a longer bond length than the
[POs4] cluster of the pure sample. These behaviors lead to a range of average values and an
increase in the local structure disorder, which can profoundly affect the final properties of the

studied materials.
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Micro-Raman Spectroscopy. Figure 3a shows the Raman spectra obtained for
pure AgsPO4 and AgsPO4:W 0.5, 1, and 2% samples. The spectrum of the pure AgzPOs is in
good agreement with the data previously reported by our research group.®-3 Eighteen Raman-
active modes were expected, but only a few of them were experimentally observed due to an
overlapping and/or weak relative intensity. The 1000 cm™ (weak) and 911 cm™* (strong) bands
are attributed to T> asymmetric and A1 symmetric stretching modes of the [PO4] tetrahedron,
respectively. A weak scattering band was observed near 701 cm™, related to a symmetric
stretching of the [PO4] tetrahedron. Based on our previous results, it is not assigned to any first-
order normal mode of the AgsPOg structure and thus could originate from a combination mode,

implying the 250 and 458 cm™* wave numbers (for T2 and Ay, respectively), for instance, in their
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calculated spectrum. The T2 band observed at approximately 549 cm™ is attributed to the
bending mode of the [PO4] tetrahedron, as well the expected modes located at approximately
400 (E) and 220 cm ™ (T2), the last two being not observable due to their weak intensity. The
band near 100 cm™ can be associated with translation and/or rotational modes of the T
symmetry. All observed Raman bands for all samples are related to AgsPO4 with no secondary
phase, indicating the effectiveness of W doping into the AgsPOs structure.

As it can be seen in Figure 3a, the samples of pure AgsPO4 and AgsPO4:W doped
up to 1% presented Raman scattering bands, whereas an increase of W dopant to 2% led to an
absence of almost all observed modes for AgsPOs, including the most intense one (A1) at
approximately 911 cm™. The only observed mode for this sample can be related to translational
and/or rotational modes of the structure, while the vibrational modes linked to [PO4] clusters
were absent in the observed spectrum. This band absence is associated with a relative excessive
amount of dopant, i.e., the solubility limit of the W dopant in the AgsPOj4 structure, which
causes a symmetry breaking of the local structure as a result of the high structural disorder
density in the composing clusters. This symmetry breaking provokes a break of degrees of
freedom, resulting in the absence of [PO4] clusters subjected to Raman scattering. The point of
solubility limit was not observed in XRD patterns due to some technique conditions that were
able to detect the structural order at a long range, i.e., the unit cell periodicity. The phase
transformation of a dopant into a secondary phase initiates from a short-range structural
ordering, which includes bond breaking for later structural rearrangement of the composing
clusters. The point of structural changes for a possible rearrangement in the secondary phase
was observed for the AgsPO4:W 2% sample. Therefore, as the main goal of this work was to
study the W doping effects on the structural, optical, photocatalytic, and antibacterial properties
of AgsPQy, all of the other characterization techniques were only employed for pure AgzPO4
and AgsPO4:W 0.5 and 1% samples, since the solubility limit was reached in the AgsPO4:W
2% sample.

It can be observed in Figure 3a that the increase of W dopant concentration
caused an increase in the T, band intensity located at approximately 1000 cm™?, besides the
emergence of two other bands located at approximately 549 cm™ (T2) and 701 cm™?, which
were not observed for the pure AgsPO4 sample. The introduction of W dopant into the crystal
lattice provokes local structural changes due to its difference in electron density in comparison
with the host P ions in [PO4] clusters. This difference leads to changes in bond angles and
lengths of the W-modified cluster and structural changes in the adjacent clusters (Figure 2Db).

These structural variations cause a polarization of the clusters, capable of affecting their
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electron densities. The Raman scattering arises from polarizability of the structure that allows
the light scattering; hence, the higher the polarizability, the higher the Raman scattering. A
similar behavior was previously reported for Mo-doped AgsPO4 samples, which was considered
as the signature of a local disorder.3® Therefore, the W doping into the AgsPOx4 lattice leads to
structural distortions that induce cluster polarization, resulting in a higher polarizability and
consequently the appearance of two Raman bands.

A remarkable broadening of the most intense Raman band (A: mode, at
approximately 911 cm™) was observed with the increase in the W doping concentration
compared to pure Ags:POs. As already mentioned in the XRD section, the theoretical
calculations indicated that the incorporation of W into the AgsPOas structure induces four
different average bond lengths for the [PO4] cluster, in contrast to the pure AgzPOs, which
presented only one bond length for the same cluster. Since the A1 Raman mode observed in the
spectra is related to the symmetric stretching of O—P—O bonds, its average bond length directly
influences the frequency of the vibrational mode and consequently the Raman shift value. For
a given vibrational mode, there is a specific range of frequency allowed for the structure.
Therefore, the greater the range of frequencies of a vibrational mode, the greater the bandwidth
of the respective Raman shift band due to several allowed frequencies scattering the incident
light. Therefore, the observed broadening of the most intense Raman shift band as a function
of W doping concentration corroborates the theoretical calculation results, since the W doping
provokes a range of bond lengths for [PO4] clusters.

Furthermore, a shift in the value of the A1 Raman band was observed with an
increase in the W doping concentration compared to pure AgsPOs. As can be seen in Figure 3b,
such an increase led to a displacement of the Raman band to lower frequency values, which
were 911.4, 909.9, and 908.7 cm™ for pure AgsPOs, AgsPO4W 0.5%, and AgsPOsW 1%
samples, respectively. Hereupon, the displacements were 1.5 cm™* from pure AgsPO4to 0.5%W
and 1.2 cm™! from the latter to 1%W samples. Based on Badger’s rule improved by Herschbach
and Laurie, the bond length and vibrational frequency of a stretching mode has an inversely
linear correlation, i.e., the longer the bond length, the lower the vibrational frequency.*#°
These results were clearly observed in the experimental Raman spectra of the samples,
indicating the introduction of W as a substitutional dopant in the AgsPOas structure. According
to our theoretical calculations previously described in the XRD section, the introduction of W
into the AgsPOs structure resulted in longer bond lengths of [PO4] clusters, which corroborates

the observed displacement of the A1 Raman band to lower frequencies. Therefore, these
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experimental observations and the theoretical calculations support the introduction of W into
AQsPO; as a substitutional dopant.
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Figure 3. (a) Raman spectra and (b) A1 Raman mode of AgzPOas, AgsPO4:W 0.5%, AgzPOs:W
1%, and AgsPO4:W 2%

X-ray Photoelectron Spectroscopy (XPS) Analysis. This technique was used
to identify the surface composition and valence states present in the AgsPOs, AgsPO4:W 0.5
and 1% samples. The survey spectra shown in Figure 4a indicated the presence of sole main
peaks associated with the elements Ag, P, W, O, and C (adsorbed and/or from the XPS
instrument). The elemental surface quantification (Table 1) confirms the presence of W in both
Ag3P04:W 0.5 and 1% samples at the doping levels. The Ag/P atomic ratio gradually increases
with the introduction of W, which can be related to the substitution process of P> by W®*.
Moreover, the samples presented a Ag/P ratio lower than the expected value of 3 for the AgsPO4
structure. Since no secondary phases were identified in all of these samples, this could imply
distinct composition comparing the bulk and surface of the particles. Other adsorbed species
such as water and CO> can also interfere in the quantitative results. A similar trend was observed
in our recent publication regarding the Ag3PO4:Mo structure.
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Figure 4b shows the high-resolution XPS spectra of W in the 4f region of
AgsPO4W 0.5 and 1% samples. Two main peaks at 37.8 and 35.7 eV can be observed,
corresponding to the binding energies of W 4fs, and W 4f7,2 doublet, respectively, with a
spin—orbit separation of 2.1 eV corresponding to the oxidation state W®*. #¢ Figure S2 shows
the high-resolution XPS spectra of Ag in the 3d region for pure, AgPO4W 0.5%, and
AgsPO4:W 1% samples. The peaks centered at ~374 and ~368 eV are associated with Ag 3dz2
and Ag 3ds2 doublet, respectively.*” Then, these peaks were further deconvoluted, revealing
two components in each peak; those with the highest intensities centered at 373.9 and 367.9 eV
correspond to Ag* , while the other less intense peaks at 374.9 and 368.9 eV are attributed to
the presence of AgP in our samples.*® The values calculated for the quantification of Ag® at the
surface were 18.3, 20.7, and 19.6% for AgsPOs, AgsPO4sW 0.5%, and AgsPOsW 1%,
respectively. The reduction of Ag* to AgP can be related to an interaction between the sample
and the XPS equipment, as in the case of transmission electron microscopy (TEM)
characterization, since the samples are sensitive to the exposure to electromagnetic waves and
electron beam.® The slightly higher values of Ag® in doped samples can be explained by the
higher disorder in the AgsPOx structure induced by W°®*, which facilitates the reduction and
extrusion processes. Figure S3 shows the high-resolution XPS spectra of O in the AgsPO4 and
Ag:PO4W samples fitted in three components at 533.3, 531.9, and 530.5 eV. These
components are related to adsorbed water molecules, surface hydroxyl groups, and lattice
oxygen in the AgsPO4 structure, respectively.*?4® Figure S4 shows the highresolution XPS
spectra of P, where it is possible to observe two components at 134.2 and 132.8 eV attributable

to P 2p1zand P 2ps2 doublet, respectively, of P5*.49

20



_—
Y
N

Ag 3d

Ag 3p3
O1s

g MNNI
Ag 3p1

Intensity (a.u.)
Sf i EA

-
-l

X
SAggPO W 1%

4d5

3

4f

A93P04:W 0.5%

AgsPO,

1200 1000 800 600 400 200 0O
Binding Energy (eV)
(b)

Ag3PO4:W 1%

W 4f,, (35.76 eV)
W 4f,,, (37.81 eV) j i j

A Ll L lJ J A L
44 42 40 38 36 34 32 30
Ag3PO4:W 0.5%

W 4f,,, (35.70 eV)
W 4f, (37.87 eV) : :' j "

44 42 40 38 36 34 32 30
Binding Energy (eV)

Figure 4. (a) XPS spectra of AgsPO4, AgsPO4:W 0.5%, and AgsPO4:W 1% samples and (b) W
4f high-resolution spectra of AgsPO4:W 0.5% and AgsPO4:W 1%.

Intensity (a.u.)

Table 1. Elemental surface quantification by XPS of the distinct samples.

Sample Ag (at%) P (at%) W (at%) O (at%) Ag/P
AgsPO4 30.25 20.63 — 49.12 15
AgsPO4sW 0.5%  29.84 16.58 1.21 52.36 1.7
AgsPOsW 1.0%  29.30 14.20 1.67 54.83 2.0

Field Emission Scanning Electron Microscopy (FESEM), TEM, and
Brunauer—Emmett—Teller (BET) Analyses. The morphologies of AgsPOs samples are
dependent on reagents, additives, procedure, pH, etc. used in the synthesis method.?! Figure
S5a—c displays the FESEM images of pure AgaPOs, AgsPO4:W 0.5%, and AgsPO4:W 1%. The
pure AgsPO4 sample is composed of particles with an irregular spherical shape and an average
diameter of 440 nm (Table 2 and Figure S5), which is in accordance with AgsPOs samples
prepared under similar conditions.>® The presence of W dopant affects mainly the shape (insets

in Figure 5b,c) and size of the particles, and diameters in the range of 251 and 257 nm are
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observed for AgzPO4:W 0.5 and 1% samples, respectively. Such behaviors were also observed
for Mo-doped AgsPO4 * and can be related to the substitution process of P>* by W®*, which
disturbs the crystallization process of the AgsPO4 system. These results were corroborated with
the data obtained by the adsorption—desorption isotherms at 77 K/ N2 (Figure S6) a gradual
decrease in particle size and, as a consequence, an increase in specific surface area are observed
as the W concentration increases (Table 2).

Figure 5d—1 shows the TEM images of the AgsPO4:W 1% sample. The HAADF
image in Figure 5d indicates the presence of several particles with distinct sizes, corresponding
to AgsPO4:W 1% (yellow dotted circle) and Ag° (red dotted circle). To confirm this result, an
elementary composition analysis of the sample was conducted by EDS mapping, and the results
are exhibited in panels (e)—(h) in Figure 5. The sample presented a homogeneous distribution
of Ag, P, W, and O elements, with no clear signs of W dopant segregation, corroborating with
the incorporation of W in the AgsPOs structure. These results also confirm the formation of Ag°
nanoparticles on the AgsPOs surface, which is induced by the electron beam of the TEM
characterization, as recently demonstrated by our research group.3! The crystalline features of
our sample were analyzed by HR-TEM. Figure 5i shows an image of the border region of a
single particle, and Figure 5j presents a magnified view of the corresponding lattice fringes.
The interplanar distance at this spot was 0.25 nm, which can be indexed to the (211) plane of
AgzPO4 according to the ICSD database no. 14000. Figure 5k displays an HR-TEM image of
some small nanoparticles formed on the AgsPOas surface, while Figure 51 brings a magnified
view of these structures. The interplanar distance of 0.20 nm in this last figure can be indexed
to the (200) plane of the cubic structure of Ag® according to the ICSD database no. 604630.
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Figure 5. FESEM images of (a) AgsPOs, (b) AgsPO4:W 0.5%, and (c) AgsPO4:W 1%. TEM
images of the AgsPO4W 1% sample: (d) high-angle annular dark-field (HAADF) image
showing two regions comprising AgsPO4:W 1% and AgP structures (yellow and red dotted
circles, respectively), (e—h) EDS mapping of Ag, O, P, and W elements, (i, j) high-resolution
TEM (HR-TEM) images of a border region of the AgsPO4:W 1% crystal, and (k, I) HR-TEM

images of Ag® nanostructures.

Table 2. Surface area and particle size values obtained by BET and particle size values obtained

by FE-SEM for the samples of Ag3POs, Ag3PO4:W 0.5%, and AgsPO4+:W 1%.

FE-SEM BET
Sample
Particle Size (nm)  Particle Size (nm)  Surface Area (m?/g)
AgsPOs 442 498 1.89
AgsPO4sW 0.5% 251 207 4.52
AgsPO4W 1% 257 143 6.57

UV-Visible Diffuse Reflectance Spectroscopy and Electronic Properties.
Figure 6a shows the UV—visible spectra of the AgzPOas, AgsPO4:W 0.5%, and AgsPO4+:W 1%
samples. Considering that AgsPO4 has an indirect band gap,* the Kubelka—Munk > equation
and Tauc method 2 were used to calculate the experimental band-gap energy (Egap) Values. The
pure AgsPO4sample presented a Egqp Value of 2.27 eV, which is consistent with that reported
in the literature.?! It can be noted that with the increase of the doping concentration, there was
consequently a decrease in the Egap Value from 2.22 eV for the AgzPO4:W 0.5% sample to 2.04
eV for the AgsPO4:W 1% sample. This behavior can be associated with an enhanced structural
disorder induced by the W cation in the AgsPOg lattice, which allows the appearance of new
intermediate levels in the forbidden zone between the VB and CB. This result is consistent with
that observed for the AgsPO4:Mo structure,33 where the doping by Mo also played key roles in
the AgsPOg electronic structure.

From the calculations, we constructed the band structure for the pure AgzPOs
and AgsPO4:W to analyze the electronic properties of the models. Figure 6b,c reveals that both

models caused a direct transition between the I'-points, with Egap values of 2.52 and 2.44 eV,
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respectively. Therefore, the disorder created by the W doping on the AgsPQOastructure provokes
a small decrease of the band gap, which is in agreement with our experimental data. To verify
how the atomic orbitals are involved and affected by the W doping in the electronic transitions,
the density of states (DOS) was analyzed (Figure S7). The VB of pure AgsPOs is mainly
constituted by Ag and O atoms with a small contribution of P atoms with an effective
hybridization of the Ag 4d and O 2p orbitals on the top of the VB formed mainly by the ligand
orbital. By W doping on the AgsPO4 sample, the top of the VB loses part of the ligand orbital,
consequently increasing the antiligand orbital region. This is generally associated with a loss of
symmetry in the [AgO4] clusters. The CB of both models is mostly derived from Ag atoms with
a small contribution of P and O atoms as well as W atoms in the AgsPO4+W model. The
knowledge of the density of states allows us to explain how the atomic orbitals are involved in

the properties of the materials.
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Figure 6. (a) UV—visible absorption spectra and band-gap energies for AgsPOs4, AgsPO4:W
0.5%, and AgsPO4:W 1% samples. Calculated band structures of (b) AgsPO4 and (c) AgsPO4:W
models.

Photocatalytic Activity of AgsPOs:W Microcrystals against RhB Dye.
Photocatalytic tests were performed for the pure AgsPOs sample and AgsPO4:W 0.5 and 1%
samples by the degradation of RhB under visible-light irradiation. Figure 7a—c shows the
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UV-visible absorption spectra obtained by collecting aliquots at given times (0, 5, 10, and 15
min) and subsequently measuring their absorbance at 554 nm. Figure 7d shows the variation of
RhB concentration (Cn/Co) as a function of irradiation time, where Co and Cn are the
equilibrium adsorption concentrations at t0 and at the irradiation time t, respectively. From the
control experiment (without the addition of a photocatalyst), the photolysis of RhB upon
visible-light irradiation was almost negligible. The doped samples presented higher
photocatalytic activity than the pure material, especially the AgsPO4:W 1% sample, allowing a
complete degradation of the dye in less than 5 min of irradiation. The Kinetics of the
photocatalytic degradation can be described using the pseudo-first-order reaction, and the rate
constants (k') for the degradation of RhB with and without the presence of photocatalysts were
calculated by the Langmuir—Hinshelwood plot (Figure 7¢). As mentioned above, the AgsPO4:W
1% sample revealed a better photocatalytic activity, with a k' of 4.49 x 107! min?! |
approximately 3 times higher than that of the pure AgsPO4 sample (k' =1.64 x 10" min') and
even higher than that of the AgsPO4:W 0.5% sample (k' =3.23 x 10" min™!).

To follow more precisely the degradation rate, another experiment was
performed with intervals of 1 min for the AgsPO4:W 1% sample, as shown in Figure 8a,
revealing a complete degradation in approximately 4 min of irradiation under visible light. This
result confirms that the material proposed has promising photocatalytic properties comparable
to other efficient AgsPO4 doped photocatalysts. To study the photocatalytic stability of the
doped material with W, cycling tests were performed for the same sample (Figure 8b). It can
be seen that the doped sample maintains its stability until the second cycle, but its catalytic
activity decreases in the third cycle. It is well reported that AgsPO4 undergoes a photocorrosion
process, where the photoexcited electrons cause the reduction of Ag* to Ag° during the
photocatalysis. Ag° is formed mainly on the active surfaces of the material, hampering the
absorption of light and, thus, decreasing the photocatalytic activity.>*® In the AgsPO4:W 1%
sample, this mechanism is facilitated since the presence of W dopant causes structural
disturbances, generates defects on the particle surface, and consequently changes the surface
energy of the microcrystals. These features can reduce the stability of Ag* to photocorrosion,
as also observed by doping the AgsPO4 structure with Mo.3® However, even with a loss in
photocatalytic activity, the photocatalyst degrades 60% of the dye within 5 min in the third
cycle of reuse.

In general, a complete semiconductor photocatalytic cycle involves light
harvesting, photogeneration of charge carriers, charge separation and transfer, and surface

redox reactions to allow the formation of reactive oxygen species (ROS) that play crucial roles
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in photocatalysis.*®®" Therefore, to understand the photodegradation mechanism of the doped
AgsPO4 samples and the higher photocatalytic performance of AgsPO4:W 1%, photocatalytic
experiments with radical scavengers were conducted using this sample as a photocatalyst. As
shown in Figure 8c, the addition of AO caused the degradation to decrease from almost 100%
to less than 20%, relative to the same visible-light irradiation time, showing that h* is the major
active species in the photodegradation mechanism. The addition of BQ presented a slight
influence on the photodegradation efficiency, and the addition of tertbutyl alcohol (TBA) did
not exhibit significant influence. These results indicate that O,’ and OH* species had,
respectively, minor and negligible participation in the observed mechanism. At this point, it is
important to remark that the use of electron spin resonance would further confirm the nature of

the radicals involved in the degradation process.
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Figure 7. UV—visible absorption spectra of RhB upon photodegradation in the presence of (a)
AQgsPOs4, (b) AgsPO4:W 0.5%, and (c) AgsPO4:W 1%. (d) Photocatalytic degradation of RhB
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constant.
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Figure 8. (a) UV—visible absorption spectra of RhB photodegradation in the presence of
AgzPO4:W 1% collected in time less than 5 min and (b) run cycles of RhB degradation using
AgsPO4:W 1% under visible-light irradiation. (c) Influence of the scavengers on the degradation
of RhB in the presence of AgsPO4:W 1% under visible-light irradiation and (d) analysis of total
organic carbon (TOC) for degradation of RhB in the presence of AgsPO4:W 1% under 30 min

of visible-light irradiation.

To further evaluate the photocatalytic activity of AgsPOs and AgsPO4:W 1%,
the decrease in the total organic carbon (TOC) concentration during the photodegradation
processes was also investigated. Because the TOC analyzer has low sensibility, the
concentration of contaminant was doubled in these tests (20 mg L™Y). Thus, the mass of the
catalyst was increased accordingly to 100 mg, and the irradiation time was extended to 30 min.
The remaining TOC fraction of the RhB solution can be seen in Figure 8d. As expected for the
AgsPO4:W 1% photocatalyst, the TOC removal was much higher than when the pure material
was used. In this case, the TOC decreased by 60% after 30 min, indicating that AgsPO4+:W 1%
could mineralize RhB and its degradation byproducts under visible-light irradiation even in a
short time. For the AgsPO4 sample, the degradation percentage was approximately 32%. A
similar degradation extent for RhB (~52%) was reported using AgsPO4:Mo 0.5% after 30 min

of treatment.®3
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W-doped samples are composed of distorted clusters, which present significant
changes in bond lengths and angles with respect to their equilibrium positions (Figure 2b). This
symmetry breaking process leads to an electronic reorganization and the spontaneous formation
of donor and acceptor levels within the band gap, causing the gradual decrease in the Egap
observed for the W-doped AgsPO4 samples (Figure 6a—c). Hence, the higher amount of dopant
in the AgsPO4:W 1% sample results in a greater density of defect-related energy states, which
can increase the visible-light absorption, more efficiently serve as charge carrier traps to delay
e'—h" recombination, and consequently improve the photocatalytic property of the material. In
addition, the smaller particle sizes of the AgsPO4:W 1% sample (Table 2) also prevent charge
carrier recombination, since there is a decrease in the distance for their migration from the core
to the surface of the microcrystals. The higher surface area in comparison to the other samples
could also develop an additional role for the best RhB degradation observed by increasing the
dye adsorption capability of the photocatalyst.

Photocatalytic Activity of AgsPO4:W against CFX and IMC. Once the
photocatalytic activity of materials doped with W, especially the sample AgzPOs:W 1%,
showed promising results, even better than those seen in Mo-doped AgsPOs,* it was also
investigated whether this property extends to another class of organic contaminants. For this,
additional experiments were carried out for the highest active photocatalyst (AgzPO4:W 1%) to
test the photodegradation of CFX and IMC insecticide solutions. As can be seen in Figure 9a,
a behavior similar to that of RhB was found in the photodegradation of CFX, using the pure
and doped material. The total removal of CFX was achieved after 20 min using AgsPO4 against
4 min using the W-doped material. The conversion to CO; is also superior for AgsPO4:W 1%
(28%) than for pure AgsPOs (10%), as shown by the mineralization analysis in Figure 9b. On
the other hand, the lower efficiency of AgsPO4sW 1% compared to its yield in RhB
mineralization (60%) indicates that, for CFX, the degradation of byproducts is more recalcitrant
than that of the original molecule. A similar result about the tardive mineralization process of
antibiotics was published by Chen et al.,*®® in which the photocatalytic mineralization of
ciprofloxacin (1 mg L) using Gab/ AgsPO4/ hematite under solar light was ~30% in 30 min.

Figure 9c shows the evolution of the IMC concentration as a function of time of
irradiation for the photocatalysts used. In this case, a moderate removal of IMC (~55%) was
achieved after 30 min using the pure AgsPO4 sample, suggesting that the IMC molecule is
recalcitrant toward oxidation provoked by the use of this material. Clearly, a significant
improvement in the IMC degradation was obtained using AgsPO4:W 1%, where almost 100%

removal of insecticide was achieved after 30 min. However, the degradation of IMC did not
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result in significant levels of mineralization in the time interval probed but only in accumulation
of byproducts in the reaction medium, as shown in Figure 9d. For the pure and 1% doped
materials, the degradation was ~14 and ~26%, respectively.

These results evidenced that some of the degradation byproducts are more stable
toward the photocatalytic process, as also observed elsewhere.>*®° Specifically, Katsumata et
al. found a high level of conversion to CO> (83%) in the photocatalytic treatment of bisphenol
A (10 mg L) using AgsPO4 under visible light after 180 min.®! This indicates that for the
AgzPO4:W 1% sample, the mineralization level obtained for CFX and IMC could be improved
by increasing the irradiation time. Hence, it clearly appears that the AgzPO4:W 1% sample has

superior photocatalytic properties compared to the pure material and thus could be an
interesting option to degrade a wide range of pollutants.
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Figure 9. (a) Photocatalytic degradation of CFX in the presence of AgsPO4 and AgsPO4:W 1%
in a linear plot and (b) analysis of total organic carbon for degradation of CFX in the presence
of AgsPO4 and AgsPO4:W 1% under 30 min of visible-light irradiation. (c) Photocatalytic
degradation of IMC in the presence of AgsPOs and AgsPO4:W 1% in a linear plot and (d)

analysis of total organic carbon for degradation of IMC in the presence of AgsPOs and
Ag3PO4:W 1% under 30 min of visible-light irradiation.
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Antibacterial Activity. Antimicrobial resistance is one of the most difficult
issues humanity deals with, and the World Health Organization (WHO) has been emphasizing
the urgency of new options of treatments with low resistance development.5? In this sense, there
is a need to develop novel antibacterial agents to combat bacteria, such as Staphylococcus
aureus, which has the ability to develop resistance to all classes of clinically available
antibiotics and is often detected in both hospital and municipal wastewaters.®® Although some
previous studies successfully demonstrated the antibacterial capacity of compounds such as
AgsPO4, 13151 this is the first time that the AgsPO4:W activity is reported against methicillin-
resistant S. aureus (MRSA). Antibacterial tests were performed using pure AgsPO4 and W-
doped AgsPO4 samples, and the results are displayed in Figure 10. All probed materials showed
antimicrobial activity against MRSA, and the minimal inhibitory and minimal bactericidal
concentration (MIC/ MBC) values for the AgsPOs4, AgsPOs:W 0.5%, and Ag:POsW 1%
samples were 125, 31.25, and 7.81 ng mL?, respectively. It can be observed that the
antibacterial capacity of the material increases as the W concentration increases.

The substitution of P>* by W®* yields a decrease in particle size and a consequent
increase in surface area (Table 2), which could be the main cause for the excellent bactericidal
activity of the AgsPO4:W 1% sample. It is known that smaller materials have high antimicrobial
capacities in comparison with larger materials,% and the increase in the surface area of the
particles holds the advantage of efficiently binding to microorganisms for enhanced
antimicrobial action.®® Wu et al.™ observed the correlation among particle size, specific surface
area, and antibacterial activity in AgsPO4 micro- and nanoparticles. In this case, as the particle
size decreased, the specific surface area increased, consequently enhancing the antibacterial
activity against Escherichia coli and Bacillus subtilis.

The results obtained through the Rietveld refinement complemented by the
theoretical results show that the tetrahedral [WOQ4] cluster presented a distorted nature and
exhibited longer bond length than the [PO4] cluster of the pure AgsPOa4. The increase of this
structural local disorder profoundly alters the properties of the material, leading to an enhanced
e'—h" separation, which is directly proportional to the ROS production.66 These species, in turn,
are responsible for injuries to the plasmatic membrane of microorganisms and changes in the
cytoplasmic region, rendering them inhomogeneous in comparison with healthy
microorganisms. ROS is also associated with disintegration of DNA, RNA, and microbial

proteins, causing severe cellular injuries, making them unviable.®” Thus, as AgsPOs:W 1% has
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a greater density of defects, the e’—h" separation is facilitated, and it becomes the best and most
effective antimicrobial agent.

Based on the photocatalytic and bactericidal results, it can be assumed that the
proposed W-doped AgsPO4 microcrystals have the potential to be industrially used as a catalyst
for wastewater decontamination from organic pollutants, employing sunlight irradiation for
these processes, as well as to act as a bactericidal agent for the inactivation of resistant bacteria
in wastewater or in product packaging. Both properties were proven to be superior to those of
the pure material. However, although higher RhB degradation is detected in the third cycle of
reusing the AgsPO4:W 1% sample in comparison with pure AgsPOs, the recycling efficiency
improvement of the W containing microcrystals is still an issue that needs to be addressed to

achieve a better stability for this photocatalyst.
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Figure 10. Bacterial growth values (Logo) as a function of the concentrations (mg mL™?) of
AgsPOsand AgsPO4:W.

CONCLUSIONS

In summary, new single-phased photocatalysts based on AgsPO4 doped with W
were easily obtained by the chemical precipitation method without any evidence of W dopant
segregation up to 1% of doping. The experimental results and first-principles calculations
revealed that the structural disorder and morphological changes caused by W incorporation in
the AgsPOs crystalline lattice are closely related to the final properties of the materials, and the
AgsPO4:W 1% sample stood out with respect to its photocatalytic and bactericidal activities. In
this sense, the AgsPO4:W 1% sample exhibited a remarkable enhancement of photodegradation
of RhB with a total discoloration of the dye in only 4 min (90% in 15 min for pure AgsPOs)
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and a TOC decrease of 60% in 30 min (32% in 30 min for pure AgsPOas). Tests for the
photodegradation of antibiotic CFX and insecticide IMC also revealed that AgsPO4+W 1%
microcrystals are more interesting to degrade a wide range of pollutants than pure AgsPOas. The
bactericidal activity of the materials was investigated against MRSA. The MIC/MBC value for
AgsPO4:W 1% was 7.81 ng mL 1, which is significantly lower in comparison to that of pure A
AgsPO; (125 ug mL™1), evidencing the highest potential for the Wdoped material to be used as
an antimicrobial agent. The present results provide a deep understanding of the photocatalytic
and antibacterial activities of AgsPO4:W, standing as a potential material for applications in

environmental remediation.
EXPERIMENTAL SECTION

Synthesis of Pure AgsPO4 and AgsPO4:W Microcrystals. Pure AgsPO4 and
Ag:PO4W samples were synthesized by the CP method in aqueous medium at room
temperature. The salts used in the preparation of the materials were (NH4).HPO4 (0.001 M)
(98.6%, J.T. Baker), AgNOs (0.003 M) (99.8%, Vetec), and Na;WOQO4-2H>O (99.5%,
SigmaAldrich). Two solutions were prepared: the first one was (NH4):HPO4 diluted in 50 mL
of deionized water at 30 °C under agitation to dissolve the salt and the second one was
composed of AgNOs diluted in 50 mL of deionized water at 30 °C under stirring. The dopant
was added in the first solution after complete dissolution of the (NH4)2HPO4 salt. The salt
contents used were 0.000, 0.005, 0.01, and 0.02 moles. The syntheses were conducted by first
adding the second solution to the first one and then keeping this mixture under stirring for 10
min to obtain yellow precipitates. The obtained materials were centrifuged several times with
deionized water to remove soluble species and oven-dried at 60 °C for 24 h. For practical

reasons, these samples were named pure AgsPOs and AgsPO4:W 0.5, 1, and 2%.

Characterization Techniques. The obtained materials were characterized by
XRD using a D/Max-2500PC diffractometer (Rigaku, Japan) with Cu Kal radiation (A =
1.54056 A) in the 20 range of 10—100°, a scanning speed of 1° min—1 , and a step size of 0.02°.
For the Rietveld refinements, we used the general structural analysis system (GSAS) software
package with graphic interface EXPGUI. The theoretical diffraction pattern was obtained from
ICSD no. 14000, which is based on the body-centered cubic structure with the P43n space
group. For the micro-Raman spectra, an iHR550 spectrometer (Horiba Jobin-Yvon, Japan) was
used coupled to a CCD detector and an argon ion laser (Melles Griot) operating at 514.5 nm
with a maximum power of 200 mW. The spectra were measured in the range of 50—1100 cm—1
. Measurements of X-ray photoelectron spectroscopy (XPS) were performed on a Scienta
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Omicron ESCA+ spectrometer (Germany) using monochromatic Al Ko (1486.7 eV). The
maximum deconvolution was performed using a line of 70% Gaussian and 30% Lorentzian
with a baseline of the nonlinear (Shirley-type) sigmoid. For calibration of the binding energy
of the elements, the peak C 1s at 248.8 eV was used as reference. Transmission electron
microscopy (TEM) and high-resolution TEM (HR-TEM) were performed using an FEI Tecnai
G2F20 microscope (Netherlands) operating at 200 kV. A high-angle annular dark-field
(HAADF) image and elemental mapping by energy-dispersive X-ray spectroscopy (EDS) were
recorded in the scanning TEM (STEM) mode. The morphologies of the samples were
characterized by field emission gun scanning electron microscopy (FESEM) in an FEI
instrument (Inspection Model F50) operating at 10 kV. The BET surface area (SBET) and
particle sizes of the samples were studied using N2 adsorption and desorption isotherms
measured at 77 K on a Micrometrics ASAP 2420 A surface area and porosimetry analyzer.
Prior to the N2 adsorption measurement, the samples were degassed at 200 °C under vacuum
for 4 h. The SBET of the samples was calculated using the Brunauer—Emmett— Teller (BET)
method in the relative pressure (P/Po) range of 0.05-0.16. To obtain ultraviolet—visible
(UV—visible) absorption spectra, a Varian Cary 5G spectrophotometer was used in diffuse

reflection mode.

Computational Methods. First-principles calculations for the AgsPOs and
AgsPO4:W structures were performed using the CRYSTAL14 software package.®®® Moreover,
density functional theory (DFT) calculations at the B3LYP hybrid functional level were
made.’®"* The thresholds controlling the accuracy of Coulomb’s law calculations and the
exchange integrals were set to 108 , 108 , 10® , 10 , and 104, and the percentage of
Fock/Kohn—Sham matrix mixing was set to *°. The diagonalization of the Fock matrix was
performed using an adequate number of k-point grids in the reciprocal space. The basis sets
obtained from the CRYSTAL website’® for the atomic centers of Ag, P, O, and W were
described by PS311d31G, 85-21d1G, 6-31d1, and PS-311(d31)G, respectively, where PS
stands for Hay and Wadt’s nonrelativistic small-core pseudopotential.” The lattice parameters
and internal atomic coordinates of the bulk AgsPOs were fully optimized until all force
components were less than 10—6 eV A—2 . From these optimized parameters, two 2 x 2 x 2
supercell periodic models were built for pure AgsPO4 and AgsPO4:W samples to accurately
describe the structural and electronic properties derived from the experimental synthesis. In the
supercell model, there were 16 AgzPOa units (Z = 16). To build the AgzPO4:W model, one P
cation was replaced by one W cation. Therefore, it was necessary to create a load balance to

ensure the electroneutrality of the system by generating a Ag* vacancy near the P atom replaced
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by the W atom. Our AgzPO4:W model contains 6.25 mol % W in the structure. Unfortunately,
to obtain lower percentages of W doping, a larger supercell model would be required, and the
computational cost is prohibitive. The same theoretical strategy was used to construct an
AgzPO4:Mo model, as recently reported.33 The band structure and density-of-states (DOS)
models were constructed along the appropriate high-symmetry directions of the corresponding
irreducible Brillouin zone implemented in the CRYSTAL program.

Photocatalytic Measurements. The photocatalytic activity of both pure and
doped samples was tested for degradation of RhB (95%, Aldrich) under visible-light irradiation.
For the tests, 50 mg of each photocatalyst, AgsPO4 and AgsPO4:W, was added in a beaker
containing a solution of RhB (50 mL, 10 mg L™). This solution was placed in an ultrasonic
bath (Branson, model 1510; frequency 42 kHz) for 30 min and then stirred for another 30 min
for a better absorption—adsorption equilibrium process, always keeping the solutions protected
from light. After this stage, an aliquot at time 0 was collected, the solution was placed under
irradiation of six lamps (Philips TL-D, 15 W), and the system was kept under stirring at a
controlled temperature of 20 °C. Subsequent aliquots were collected at determined intervals
and centrifuged to remove the photocatalyst powder. Dye degradation was monitored by
measuring the peak absorbance of RhB (Amax = 554 nm) using a UV-visible
spectrophotometer (V-660, JASCO). A control experiment was carried out under the same

conditions but without photocatalysts.

To understand the roles of reactive oxygen species (ROS) in the photocatalytic
process, experiments on scavengers were performed by adding 0.1 M tert-butyl alcohol (TBA)
(Alfa Aesar), 1 x 10~ M ammonium oxalate (AO) (Alfa Aesar), and 1 x 103 M benzoquinone
(BQ) (Alfa Aesar) as scavengers of the hydroxyl radical (OH*), hole (h"), and superoxide
radical (O2"), respectively. In addition, we studied the efficiency of this novel material regarding
the oxidation of another class of contaminant, i.e., the degradation process of synthetic solutions
(10 mg L) of CFX (95%, Vita Nova) and IMC (commercial solution, AdamaBrasil), which
are types of antibiotic and insecticide, respectively. The CFX and IMC concentrations were
monitored by high-performance liquid chromatography (HPLC) using Shimadzu LC-20A
equipment and a reversedphase C18 column (150 mm x 4.6 mm, 5 um particle size from
Phenomenex) as the stationary phase. For CFX determination, a mixture of 10 mmol L™
KH2PO4 (eluent A) buffer solution (pH 3, adjusted with phosphoric acid) and methanol (eluent
B) was used as the mobile phase at 1.0 mL min™, with the following gradient elution protocol:
from 10% (V/V) eluent B to 90% in 10 min and then returning to 10% in 3 min. CFX was
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detected at 262 nm, and the injection volume was 15 pL. A mixture of 0.1% formic acid (eluent
A) and methanol (eluent B) at 1.0 mL mint in gradient mode was used as the mobile phase for
the IMC determination: from 20% (V/V) eluent B to 90% in 8 min and then returning to 20%
in 3 min. IMC was detected at 270 nm, and the injection volume was 25 puL. Finally, the
mineralization (i.e., conversion to COy) extent was also measured by analysis of the total
organic carbon (TOC) concentration (TOC analyzer, GE Sievers Innovox) using 6 mol L™
H3PO4 (a.r., Mallinckrodt) and 30% (m/m) Naz2S20g (99%, Sigma-Aldrich) as acidifier and

oxidant reagents, respectively.

Antibacterial Measurements. In this study, the antibacterial activity of AgsPO4
and AgsPO4:W was investigated against MRSA from the American Type Culture Collection
(ATCC 33591). Antibacterial activity probes were performed according to the protocol
previously described.” Briefly, MRSA cells were cultured from the frozen stock onto
Mueller—Hinton agar plates and incubated at 37 °C for 24 h. Colonies of fresh cells were
transferred to tryptic soy broth (TSB) and incubated until reaching the mid-log stage of
microbial growth. The minimal inhibitory and minimal bactericidal concentration (MIC/MBC)
susceptibility tests were performed using the broth microdilution method of the Clinical and
Laboratory Standards Institute, documents M27- A3 (2008),75 with some modifications.
Microbial growth control consisted of bacterial suspension in culture medium without particles,
while negative controls consisted of uninoculated culture medium.”® To ensure data

reproducibility, the experiments were performed in triplicate, on three different occasions.
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Figure S1. Rietveld refinement plots of pure AgzPO4 (a), AgsPO4: W 0.5% (b), AgzsPO4:W 1%

(c), and AgzPO4:W 2% (d).

Table S1. Rietveld refinements of pure AgsPO4 and AgsPO4:W powders.

Lattice Parameters

Sample Cell volume (A)®  Reragg 12 Rwp Rp
a=b=c (A) (%) (%) (%)
AgsPO4 6.015570(18) 217.6860(20)  0.0605 236 875 6.43
W 0.5% 6.01740(4) 217.885(5) 0.0636 1.72 6.38 4.82
W 1% 6.01839(7) 217.992(8) 0.0651 1.95 7.45 5.52
W 2% 6.01685(15) 217.825(16) 0.0473 2.38 6.28 4.79
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Figure S2. High-resolution XPS spectra of Ag 3d for AgsPO4, AgsPO4: W 0.5%, and AgsPO4:
W 1% samples.
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Figure S4. XPS spectrum of P 2p for pure AgsPO4 (a), AgsPO4:W 0.5% (b), and AgsPO4s:W
1% (c) samples.
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ABSTRACT

Heterojunction engineering of complex metal oxides is an active area of research that addresses
fundamental questions in solid-state systems with broad technological applications. In this
work, a-Ag2WO4/AgsPOs heterojunctions with different amounts of a-Ag2WO4 (12, 24, and 36
wit%) were synthesized by the coprecipitation method and characterized by X-ray diffraction,
X-ray photoelectron spectroscopy, field emission scanning electron microscopy, transmission
electron microscopy, UV-vis diffuse reflectance spectroscopy, and photoluminescence. The a-
Ag2WO4/AgsPO4 heterojunction containing 24% wt of a-Ag2WO4 showed the most enhanced
photocatalytic activity for the degradation of Rhodamine B, being much higher than AgsPOa4
and a-Ag>WOs. Trapping experiments revealed that the holes and superoxide radical, in minor
extent, were the main active species in the photocatalytic degradation. Such enhanced
photocatalytic performance was explained by the surface plasmon resonance effect associated
with the presence of metallic Ag at the interface and the formation of a type | heterojunction

between a-Ag2WO4 and AgsPO4 semiconductors.

Keywords: oa-Ag2WO4/AgsPO4, photocatalytic activity, surface plasmon resonance, type |

heterojunction.
1. Introduction

Over the past few years, semiconductor photocatalysis has attracted much

interest due the synthesis of innovative materials with excellent performance for organic
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pollutant degradation and waste water cleaning [36, 53]. A highly efficient semiconductor needs
to have a wide range of light absorption, a fast charge separation of photo-generated electron-
hole (e—h™) pairs and a strong redox ability [54] [55-58]. However, it is difficult for a single-
component photocatalyst to possess all these characteristics.

To overcome these drawbacks and improve the performance of a single
semiconductor, in the last years two feasible methods emerged via a synergistic
interaction/effect [59]. The firs refers to the formation of a heterojunction involving the
combination of two or more semiconductors to form new materials [50, 60-67]. This strategy
constitutes a hotspot in recent research [36, 68-74] to obtain new materials with superior
electrical, optical, and catalytic properties associated with the transfer of interfacial charge and
a synergistic effect between coupled semiconductors [75]. The second concerns the deposition
of active metal nanoparticles (NPs) (for example, noble metals, such as Ag, Au or/and Cu
nanoparticles), displaying localized surface plasmon resonance (SPR) effect on the
semiconductor’s surface [76, 77]. In the first case, the photocatalytic activity of the
heterojunction depends on the semiconductor type (p or n), chemical composition, band
alignment, and location of valence/conduction band potentials.

The combination of metal and semiconductor significantly enhances the activity
because of two main features: the formation of a Schottky barrier between the metal NPs,
resulting in the increased separation efficiency of photogenerated (e'—h*) pairs [78]. The high
electron trapping ability of NPs help to effectively promote the conductivity of NPs, which can
then be directly injected into the conduction band of the semiconductors, facilitating the charge
separation at the interface between NPs and the semiconductor, and consequently improving its
photocatalytic ability [47, 79-91].

The interface causes induced e and h* in or near this area to move in opposite
directions, promoting charge transfer and suppressing the recombination of e—h* pairs, thus
increasing their stability [92] and maximizing the redox power for heterojunction
photocatalysts. This quantum phenomenon occurs in a confined region and is capable of
enhancing the simultaneous (successive or parallel) transformation of compounds. As it occurs
in other Ag-based semiconductors, both AgsPOs and a-Ag2WO4 are unstable and tend to
segregate Ag metal nanoparticles (Ag NPs) on the surfaces of these complex oxides, hence
forming Ag NPs/AgsPO4 and Ag NPs/a-Ag>WO4 composites, respectively. These composites
present SPR effect associated with the easy formation of Ag NPs on the surface of these
semiconductors [80, 82, 87, 90, 93-97].
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Despite the practical importance of such composites and the fact that they have
been observed for different types of heterojunction [98], so far there is a lack of studies in the
literature on a consistent pattern demonstrating the synergistic influence of plasmons of Ag NPs
on their photocatalytic activity. Inspired by the unique properties of both AgsPOs4 and a-
Ag2WOq, it was envisaged that the coupling of the heterojunction of both materials with
presence of Ag NPs at the interface could provide additional active sites, significantly
improving their photocatalytic property. Therefore, the aim of the present work was to obtain a
a-Ag2WO4/AgsPO4 heterojunction via a facile coprecipitation method in order to contribute to
the discussions on the topic. To this end, a wide range of a-Ag2WO4 compositions (12, 24, and
36 wt%) was used. The as-synthetized heterojunctions were fully characterized by X-ray
diffraction (XRD), X-ray photoelectron spectroscopy (XPS), transmission electron microscopy
(TEM), field emission gun scanning electron microscopy (FE-SEM) and diffuse reflectance
spectroscopy in the ultraviolet-visible region (UV-vis). This work can also provide important
understanding on the role played by Ag NPs at the interface of these heterojunctions during the
photocatalytic process of Rhodamine B (RhB) dye degradation. After systematically
characterizing and evaluating the properties of the photocatalyst, it was possible to observe that
this heterojunction exhibited higher photoactivity than pure counterparts. Based on the
scavenger results, the photocatalytic mechanism was proposed and discussed in detail. Finally,

the stability of the material was studied via recycling and reusability experiments.

2. Experimental section
2.1 Synthesis

Ag:POs sample was synthesized by the coprecipitation method in aqueous
medium at 30 °C. 50 mL of deionized water and (NH4).HPO, salt (0.001 mol,) (98.6%, JT
Baker) were added to a beaker. This solution was stirred at 30 °C for 10 minutes for complete
salt dissolution. In another beaker, the same procedure was performed using 50 mL of deionized
water and AgNO3z salt (0.003 mol) (99.8%, Vetec). After salt dissolution, the solution
containing AgNOs was added to the (NH4)2HPO4 solution and kept under stirring for 10 minutes
at 30 °C. Subsequently, the formed precipitate was washed with deionized water to remove
residual ions, and then dried in a conventional oven at 60 °C for 12 hours.

The a-Ag2WO4 crystals were also prepared by the coprecipitation method at
room temperature. Na;W0O4-2H>0 (0.007M) (99.5%, Sigma-Aldrich) and AgNOs (0.0035M)
(99.8 %, Sigma Aldrich) were stirred separately in a solution containing 50 mL of deionized

water at room temperature until the complete dissolution of the salts. Afterwards, the AgNO3
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solution was added to the Na;WO4 solution and stirred for 10 minutes. The formed precipitate
was washed with deionized water to remove residual ions, and then dried in a conventional
oven at 60 °C for 12 hours.

Stoichiometric contents of precursors reagents for a-Ag2WO4 and AgsPOs were
used to obtain a-Ag2WO4/AQsPO4 heterojunction with 12, 24 and 36 wt% of a-Ag2WO;4 in
relation to AgsPOas, which were denominated as AWP 1, AWP 2 and AWP 3, respectively. For
this purpose, a-Ag>WO4 was dispersed in a beaker containing 20 mL of deionized water at 30
°C under constant agitation. In another beaker, (NH4)2HPO4 salt was dissolved in 20 mL of
deionized water at 30 °C under constant stirring. This solution was added to the beaker
containing the dispersed a-Ag2WO4 and kept under stirring at 30 °C for 10 minutes. Another
solution was prepared using 20 mL of deionized water and AgNO3, which was dissolved under
stirring at 30 °C. This solution was dripped onto the suspension containing a-Ag>WO4 and
(NH4)2HPOy4, and the whole mixture was stirred for 10 minutes. The precipitate formed was
washed with deionized water to remove residual ions, and then dried in a conventional oven at
60 °C for 12 hours.

2.2 Characterization

The obtained materials were characterized by XRD diffraction using a D/Max-
2500PC diffractometer (Rigaku, Japan) with CuKa radiation (A = 1.54056 A) in the 20 range
of 10° to 80° at a scanning speed of 1°min~t and step size of 0.02°. Transmission electron
microscopy (TEM) was performed using a FEI Tecnhai G2F20 (Netherlands) microscope
operating at 200 kV. Dark field (DF) image as well as local compositional analyses and
mapping via energy-dispersive X-ray spectroscopy (EDS) were recorded in the scanning TEM
(STEM) mode. The morphologies of the samples were characterized by field emission gun
scanning electron microscopy (FE-SEM) in a FEI instrument (Inspection Model F50) operating
at 10 kV.

Measurements of X-ray photoelectron spectroscopy (XPS) were performed on a
Scientia Omicron ESCA + (Germany) spectrometer using monochromatic Al Ka (1486.7 eV).
The maximum deconvolution was performed using a Gaussian (70%)—Lorentzian (30%) line
with Shirley nonlinear sigmoid-type baseline. For calibration of the binding energy of the
elements, peak C 1s at 248.8 eV was used as a reference. To obtain ultraviolet-visible (UV-vis)
absorption spectra, a Varian Cary 5G (United States) spectrophotometer was used in diffuse
reflection mode.

Photoluminescence (PL) measurements were performed by using a 500M SPEX

spectrometer coupled to a GaAs-PMT detector. A Kimmon He-Cd laser (325nm line) was used
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as excitation source. The PL measurements were performed in the range of 380-750 nm with
laser power of about 16 mW and at 300K.

2.3 Photocatalytic measurements

The photocatalytic activity of AgsPOs, a-Ag2WO4 and heterojunction samples
AWP 1, AWP 2 and AWP 3 were tested for Rhodamine B (RhB) discoloration (95%, Aldrich)
under visible light irradiation. For the photocatalytic experiments, 50 mg of each sample and
50 mL of RhB (10 mg L) were placed in a beaker, and later in an ultrasonic bath (Branson,
model 1510; frequency 42 kHz) for 15 minutes, followed by stirring for another 30 minutes,
always keeping samples in the dark. An aliquot was collected at time 0, and the RhB solution
containing the catalyst was exposed to the irradiation of 6 lamps (Philips TL-D, 15 W). The
entire system was maintained at a constant temperature of 20 °C. Aliguots were removed at
certain times (0, 2, 5, and 10 minutes). All aliquots were centrifuged, and their degradation was
monitored by measuring the peak of maximum RhB absorption (Amax = 554 nm) using a UV-
visible spectrophotometer (V-660, JASCO). A control experiment was carried out under the
same conditions, but without the presence of catalysts.

To elucidate the mechanism of a-Ag2WO4/AgsPO4 photocatalytic activity
enhancement, the main active species that participated in the photocatalytic reaction were
investigated. The free radicals and holes trapping experiments were carried out. The scavenger
experiments were performed by the addition of tert-butyl alcohol (TBA, 0,012 mol/L) (Alfa
Aesar), ammonium oxalate (AO, 0.012 mol/L) (Alfa Aesar) and benzoquinone (BQ, 0.012
mol/L) (Alfa Aesar) as scavengers of hydroxyl radical (¢OH), hole (h™) and superoxide radical

(*O2), respectively.

3. Results and discussion

3.1. Powders characterization
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The AgsPOs and a-Ag>WO4 were synthesized by the coprecipitation method, as
previously reported [34, 99]. The heterojunctions containing 12, 24 and 36 wt% of a-Ag2WO4
in relation to AgsPO4 were synthesized as shown in Figure 1, and denoted as AWP 1, AWP 2
and AWP 3, respectively.

9 a-Ag,WO0,
9 Ag,PO,

Washing process
Dried at 60 °C / 12h

—>

10 min =0 : 10 min 2 10 min
Stirring Stirring Stirring AWP

Figure 1. Schematic representation of the synthesis procedure.

Figure S1 in Supplementary Information, shows the XRD patterns of the
AgzPOs4, AWP 1, AWP 2, AWP 3 and a-Ag>WO, samples. The XRD pattern of the AgsPO4
sample are in good agreement with the Inorganic Crystal Structure Database (ICSD) No. 14000,
with a cubic structure and P43n space group [100]. On the other hand, the a-Ag,WO4 sample
has an orthorhombic structure with a Pn2n space group, according to ICSD No. 4165 [101].

It was observed that as the amount of a-Ag2WO;4 increased, the XRD peaks
referring to this phase intensified, which is well expected due to the higher content of this
material. No characteristic peaks related to any impurities or secondary phase were noted,
suggesting that the samples presented only a-Ag2WO4 and AgsPO4 phases.

TEM analysis was performed for the sample with an intermediate amount of a-
Ag2WO4 (AWP 2). Figure 2(a) shows a low-magnified DF-STEM image, where two main
arrangement of particles in this sample comprising faceted nanospheres and elongated irregular
microparticles covered by these nanospheres can be seen. Figure 2(b) shows a magnified view
corresponding to the dotted square marked in Figure 2(a). An elemental characterization by
EDS was conducted in the microparticle and nanospheres, as shown in Figure 2(b). The
resulting EDS spectrum for the microparticle indicates the predominance of the elements Ag,
P, W and O, whereas the irregular nanospheres are mainly composed of Ag, P and O. Figures
2 (c-f) show the EDS mapping of the elements Ag, P, W and O corresponding to the region in
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(b), again confirming the presence of the elements referring to the heterojunction and the
homogeneity of the sample.

® Ag:51.6at.% |
® P:274at% |
® W:00at.% |
o 0:21.0at% [
O Cu: TEM grid |

® Ag:533at% [

® P:74at% |
® W:263at.% [ :
o 0:130at.% [ :
O Cu: TEM grid | :

" Counts (au)
Counts (au)

.........................................................................................................................................................

Figure 2. TEM characterization of sample AWP 2. (a) DF-STEM image, (b) high-
magnification DF-STEM image and EDS spectra obtained at AgsPOs crystallized on o-
Ag>WOq surface, and (c-f) EDS mapping of the elements Ag, P, W, and O corresponding to the

region in (b).

To complement this result, selected area electron diffraction (SAED) analyses
(insets in Figure 3) were conducted in the same region of Figure 2 (b), and as indicated by the
dotted arrows they reveal patterns typically observed in polycrystalline materials. The
nanospheres exhibit concentric rings that can be indexed to the (220), (310), and (520) families
of planes of the cubic AgsPO4, while the patterns on the elongated microparticle reveal the
presence of both (402) and (633) families of planes of the a-Ag2WOjs structure, and (233) family
of planes associated with the AgsPOs structure. These results confirm the successful formation
of AgsPOs nanospheres and their crystallization on the surface of a-Ag>WO4 microcrystals,

forming the heterojunction.
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Figure 3. DF-STEM image and its corresponding SAED patterns of sample AWP 2.

Figure 4 shows the micrographs of the pure materials and the heterojunction
formed in different proportions. The AgsPOs structure, represented by the orange color, exhibits
a morphology with irregular nanospheres (Figure 4(a)), while the a-Ag>WOs structure,
represented by the blue color, displays a morphology with hexagonal microrods (Figure 4(b)).
In the heterojunction (Figures 4(c-e)), it can be seen that the interaction of the materials during
the synthesis process causes changes in the morphology of both materials. As presented in the
TEM analysis, the elongated irregular blue microparticle is composed of the a-Ag2WO4
structure, whereas the smaller nanosphere orange particles are formed by the AgsPOs structure.
The change in the morphology of the heterojunction is due to the dissolution and
recrystallization of the rods in aqueous medium, which consequently formed larger faceted
microparticles. Sample AWP1 showed an agglomerate of particles that coalesced to form a
large microparticle represented by the blue color, which can be attributed to the a-Ag2WO4
structure (Figure 4(c)). Samples AWP2 and AWP3, on the other hand, were characterized by
the presence of large microparticles with well-defined surfaces (Figures 4(d-e)). EDS results
revealed that the a-Ag>WO4 microparticles were covered by the elements Ag, P and O, with
the smaller nanoparticles corresponding to the AgsPOs structure. Moreover, the AgsPOs

nanoparticles presented more defined surfaces in the heterojunction.
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Figure 4. FE-SEM images of (a) AgsPOs (orange color), (b) a-Ag2WO4 (blue color), (c) AWP
1, (d) AWP 2 and (e) AWP 3.

To investigate the chemical composition and surface structure of the as-prepared
samples, XPS measurements were carried out. The analysis of the high-resolution spectra of
the constituent elements of a-Ag2WO4 and AgsPO4 samples is presented in Figure S2. The
deconvolution analysis of the P 2p spectrum of AgsPO4 as well the W 4f spectrum of a-Ag2WO4
indicates the presence of P>* and W®* oxidation states, as shown in Figure S2(b) and Figure
S2(e), respectively [102, 103]. The deconvolution analysis of the Ag 3d spectra for both AgsPO4
and a-Ag2WO4 samples reveals the presence of Ag* and Ag° oxidation states according to their
respective spin-orbit coupling peaks, as demonstrated in Figure S2(a) and Figure S2(d),
respectively [104-106]. Figure S2(c) and Figure S2(f) show the O 1s spectra for the AgsPO4
and a-Ag2WO4 samples, respectively, and their components for lattice oxygen (= 530 eV),
oxygen vacancies (= 531.5 eV) and hydroxyl-bounded groups on particle surface (= 533 eV)
[107, 108].

The heterojunction with intermediate amount of a-Ag:WOs (AWP 2) was
investigated by XPS. The Ag 3d spectrum of sample AWP 2 is shown in Figure 5(a), where it
is possible to see well-defined components of the spin-orbit coupling related to both Ag* and
Ag° oxidation states. The contribution of the Ag°® oxidation state arises from the presence of
metallic Ag nanoparticles on the surface of AgsPO4 and a-Ag2WO4 particles that results in Ag
metal/semiconductor interface. The deconvolution analysis of the P 2p spectrum for AWP 2
indicates the presence of P> oxidation state (Figure 5(b)). The O 1s spectrum for AWP 2
together with its main components and the survey spectra for AgsPOa, a-Ag>WO4 and AWP 2
are shown in Figure 5(c) and Figure 5(e), respectively. Variations in the broadening of the peaks
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of W 4f spectrum for AWP 2 in relation to pure a-Ag>WO4 can be observed in Figure 5(d) by
the broadening of the peaks. The deconvolution results indicated the presence of two oxidation
states for W in this sample: W®* in major proportion and W*>* in minor proportion. The presented
components were attributed to the spin-orbit coupling of W 4f7, (35.9 eV) and W®* 4fs/, (38.0
eV), W 4f7, (35.0 eV) and W** 4fs, (37.2 eV) [109], and a shoulder related to the W®* loss
feature (41.2 eV).

Several works have reported the effects of heterojunction formation in the
surface structure of the materials, such as interfacial strain [110-113]. The presence of W°" in
sample AWP 2 can be attributed to interfacial strain due to lattice mismatch between a-Ag2WO4
and AgsPOs since this latter was grown upon a-Ag2WO, particles. Furthermore, the W®*
reduction can be assigned to the charge transfer effect between a-Ag2WO4 and AgsPO4 caused

by the effective formation of the heterojunction that leads to the energy level alignment [114].
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Figure 5. High-resolution XPS spectra of (a) Ag 3d, (b) P 2p, (c) O 1s and (d) W 4f, and (e)

survey of AWP 2, a-Ag2WOs, and AgsPOas.

It is well known that the photocatalytic activity of the photocatalysts is closely

related to their light absorption ability. In this way, UV-vis diffuse reflectance spectroscopy

was employed to determine the optical absorption properties of the pure AgsPOa, a-Ag2WOs,

and a-Ag2WO4/AgsPO4 heterojunction. The results are represented in Figure 6. The AgsPO4

and a-Ag>WO4 samples show an absorption edge in the visible region at 510 nm and 405 nm,

respectively. It was observed in the heterojunction samples (AWP 1, AWP 2 and AWP 3) that
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the spectra have two absorption edge wavelengths near these absorption edges, proving the
presence of both materials, and therefore the successful formation of the heterojunction. It was
also noted a slight redshift in the absorption edge at 405 nm referring to a-Ag2WOs, which

favors the use of visible light in the photocatalytic process.

—— Ag,PO,

—AWP 1
AWP 2

— AWP 3
a-Ag,WO,

Absorbance (a.u.)

] ] ] ] ]
300 400 500 600 700 800
Wavelength (nm)

Figure 6. UV-vis diffuse reflectance spectra of AgsPOs, AWP 1, AWP 2, AWP 3 and a-
Ag2WOs,,

The band gap energy (Eg) of the a-Ag2WO4 and AgsPO4 samples (Figure S3)
were calculated using the Tauc method, following Equation (1)[115]:

(ahv)?™ ~ hv — Eg, (1)
where n = 1 for a semiconductor with direct band gap, n = 4 for a semiconductor with indirect
band gap, a = absorbance, and hv is photon energy. AgsPOs has an indirect band gap (n = 4)
[116] with an experimental Eg value of 2.40 eV, as shown in Figure S3(a). The calculated Eq
value is in agreement with those reported in the literature [117]. Figure S3(b) shows the
experimental band gap of a-Ag2WOs, which has direct band gap (n = 1) [46] with a value of
3.12 eV. This experimental Eg value is also in well agreement with those reported in the
literature [118].

The photoluminescence (PL) spectrum is usually employed to investigate the
separation and transfer efficiency of the photogenerated (e—h") pairs during the photocatalytic
process [119]. It is well known that the stronger PL intensity indicates the faster recombination

speed of photogenerated charge carriers, implying that fewer photoinduced e” and h* took part
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in the photocatalytic oxidation and reduction reactions, resulting in lower photocatalytic
activity [120]. Figure 7 exhibits the PL spectra of the as-prepared samples under the excitation
wavelength of 325 nm. An analysis of the results renders that the PL spectrum of AgsPOs
presents a broadband profile with the maximum emission intensity in the blue region of the
visible electromagnetic spectrum at around 454 nm (2.731eV), which is in agreement with the
previous results reported in the literature [95, 121]. This emission occurs mainly by the charge
transfer (e—h") process between the different clusters that compose the material, such as [POa]
tetrahedron clusters [95, 116, 122]. On the other hand, the a-Ag2WO4 sample showed a PL
intensity peak also in the blue region centered at 456 nm (2.719eV), and another emission in
the red region with a maximum emission intensity between 570 and 650 nm (about 1.984 eV).
The blue emission peak is usually related to distorted [WOe] octahedron, while the emission in
the red region can be assigned to [AgOy] clusters with y =2, 4, 6 and 7, which arise from oxygen
vacancies in the semiconductor [45, 123]. The heterojunction samples also showed emissions
in the blue region at approximately 451 nm, which are close to the blue emission from the
isolated materials. Particularly, samples AWP 1 and AWP 2 exhibited a broadband profile
similar to AgsPOs4, while AWP 3 had a profile similar to a-Ag2WOa. This result could be
associated with the fact that AWP 3 has a higher amount of a-Ag>WO4, resulting in a band
profile similar to a-Ag>WOs. It can then be concluded that the PL results are consistent with
the charge transfer processes of carriers between AgsPOs and a-Ag2WO4 semiconductors in the
heterojunction.

According to the interfacial strain resulting from synergetic effects, it was
possible to observe that the a-Ag2WO4 presented surface defects, such as a mix of W and
W8 oxidation states (suggested by XPS experimental results), leading to a higher proportion
of distorted [WOe] clusters in the heterojunction. This caused the charge recombination related
to these defects to increase, resulting in a higher emission in the blue region (around 454 nm)
for samples AWP 1 and AWP 2, which showed higher PL intensities than the other samples.
Additionally, the e—h" recombination rate in AgsPOs could be decreased, boosting its

photocatalytic performance for oxidative reactions.
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Figure 7. PL spectra of AgsPO4, AWP 1, AWP 2, AWP 3 and a-Ag>WO; at 300K.

3.2. Photocatalytic activity

The photocatalytic performance of a-AgWO., AgsPOs and heterojunction
samples AWP 1, AWP 2 and AWP 3 were investigated for the photodegradation of RhB dye
under visible light irradiation. The degradation process was monitored by UV-vis absorption
spectra at 554 nm, and the degradation curves are displayed in Figure 8. Tests on the RhB
adsorption process of all samples were performed and the results are presented Figure S4. For
this, after a period of 15 minutes in the ultrasound bath, the samples were under constant
agitation (in the dark) for 30 minutes, with aliquots being removed every 10 minutes in order
to evaluate the absorption profiles of the samples. An analysis of the results shows that the
absorbance profiles are no dependent of the adsorption process. The AgsPO4 sample showed a
higher photocatalytic activity than a-Ag2WOQ4, degrading approximately 70% of the dye in 10
minutes of reaction, while for the latter no dye degradation was observed in the same reaction
time. This low photocatalytic activity of a-Ag2WO4 can be attributed to the use of visible light
since the material has a band gap energy that corresponds to excitation in the UV region (Figure
S3(a)). As a consequence, e” cannot be excited from the valence band (VB) to the conduction
band (CB) [49]. Conversely, AgsPO4 has a band gap energy that corresponds to excitation in
the visible region, generating e—h" pairs under visible light irradiation, consequently degrading

the dye. This makes AgsPO4 a promising photocatalyst compared to a-Ag2WO4, as it has the
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possibility of using sunlight irradiation for the degradation of organic compounds. The
degradation curves for the heterojunction are also shown in Figure 8. It can be noted that all
samples presented a photocatalytic activity superior to that of the isolated materials,
demonstrating that the synergistic effect was effective for the formation of a heterojunction

interface, responsible for the charge carrier transfer.
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Figure 8. UV—vis absorbance plots for RhB photocatalytic degradation in the presence of 50
mg of each catalyst and 50 mL of RhB (10 mg L™?)

To investigate the kinetics of the RhB photodegradation reaction, the Langmuir-
Hinshelwood model [50] was used, considering a pseudo-first order reaction, according to
equation -In (Cn /Co) = kt, where Cn and Co represent the RhB concentration at different time
intervals and in the initial stage, respectively, and k and t represent the rate constant and
irradiation time correspondingly, respectively. Figure 9(a) displays the variations in RhB

concentration as Cn/Co versus irradiation time for the different samples. The photolysis
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experiment performed is illustrated in Figure 8(a), where no degradation can be seen. Figure
9(b) shows the values found for the rate constants (k) using the Langmuir-Hinshelwood model
abovementioned. It was observed that the heterojunction presented k values higher than those
of isolated materials, especially sample AWP 2, which reached a value 4.13 times higher than
that of AgsPO4 and 458 times higher than of a-Ag2WOa, being the sample with the highest
photocatalytic activity.

Note that the increased value of k in AWP 2 with respect to AWP 1 may have
been due to the greater amount of a-Ag2WO, inserted into the sample, which increased the
synergistic effect between a-Ag2WO4 and AgsPOs, enhancing the transfer of charge carriers
and improving the photocatalytic activity of AWP 2. The value of k for AWP 3 possibly
decreased in relation to AWP 2 as a result of the highest amount of a-Ag2WO4 contained in this
sample in relation to the other heterojunction, thus requiring a higher proportion of UV light
for the separation of the charge carriers, lowering its photocatalytic activity — which was still
higher than that of isolated materials since the synergistic effect between the AgsPO4 and a-
AQ2WO4 samples prevailed. In addition, the excess of a-Ag2WO4 in sample AWP 3 caused a
competition between the active sites and AgzPO4 for the adsorption of species.

Table 1 shows the photocatalytic efficiency of the a-Ag2WO4/AQ3PO4
heterojunction synthesized in this work in comparison with other studies that used modified
AgzPO4 or the composite coupled to another material for RhB photodegradation. The data
presented in Table 1 indicate that a-Ag2WO4/AgsPO4 heterojunction in this work has a
remarkably higher efficiency for RhB degradation, being the material with the highest rate
constant among those reported there. Although Li et al. [124] synthesized an a-
Ag>WO4/Ag:PO4 heterostructure for the photodegradation of bisphenol A, however without
mentioning the presence of metallic silver in its heterostructure, this is the first time that the o-
Ag>WO4/AgsPOs heterojunction in the presence of Ag NPs is studied for RhB

photodegradation under visible light irradiation.
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Figure 9. Photocatalytic degradation (a) and kinetic fit curves for all samples under visible-
light irradiation (b).

Table 1
Comparison of photodegradation of RhB using visible light by materials containing
AgsPO4 with the reported literature.

Mass
- RhB Rate Time
0
concentration constant degradation
Catalyst il 9 Reference
(mg/L) (mint) (min)
(mg)
AgsPO4/N-TIO2 20 10 0.019 120 [125]
-CsNs@Ag@
g J 20 0.030 60 [126]
AgsPO4
Ag2Mo004 /AgzPO4 50 10 0.359 12 [127]
AgsPO4/NiO 30 5 0.224 30 [40]
Ag3PO4/BiNbO4 15 20 0.146 30 [39]
AgsPOs@MgFe204 20 10 0.1370 30 [128]
AgsPO4:Mo 50 10 0.347 15 [34]
AgzPO4:W 50 10 0.449 10 [129]
a-Ag2WO4/AgsPO4 50 10 0.504 10 Our work
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To evaluate the stability and reuse of the photocatalyst, recycling experiments
were carried out under identical conditions using the sample with the highest photocatalytic
activity (AWP 2). Figure 10 displays the five cycles performed for the RhB photodegradation.
It can be noted that the first three cycles are relatively stable, with a catalyst deactivation of
approximately 27% and 47% only in the fourth and fifth cycles, respectively. This decrease in
the photocatalytic activity of AWP 2 may be related to the photocorrosion process that the
sample is susceptible, which is a well-known phenomenon in Ag-based materials. To confirm
the photocorrosion effect, the analysis of the XRD patterns of the AWP 2 sample was performed
after the fifth cycle of the photocatalytic experiment and the results are presented in Figure S5.
Note that the formation of a peak located at 26 = 38.1°, which corresponds to the (111)
diffraction plane of Ag® (JCPDS Card n° 89-3722). It is believed that the loss in photocatalytic
activity after the third cycle is related to the increase in the production of AgP, since the excess

of Ag® formed in the material decreases the light absorption, and then its performance.

Deyradation(% )

Figure 10. The RhB photodegradation cycles using 50 mg of AWP 2 sample and 50 mL of
RhB (10 mg L) under visible light irradiation.

In this study, trapping experiments were performed in sample AWP 2 to
investigate the main reactive species (Figure 11). The scavenger experiments for «O.", *OH and

h* were investigated by using the capture agents 1,4-benzoquinone (BQ), t-butyl alcohol (TBA)
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and ammonium oxalate (AO), respectively [130]. Meanwhile, the RhB degradation process was
inhibited by the addition of AO; however, when BQ was added, this process was moderately
suppressed, i.e., the photocatalytic rate was reduced to 48%. Furthermore, no inhibition was
detected when using TBA, indicating that «OH does not contribute to the degradation of RhB.
These results demonstrate that h* and *Oy", in minor extent, are the main active species
participating in the dye degradation (h*> ¢O,>>¢QOH). At this point, it is important to mention
that the possible mechanism for the degradation process is very dependent not only on the
antioxidant capacity of scavengers, but also on the nature of the radical chain reaction. The
chain reactions involving <Oy radical participate in the degradation process, as occurred in the
present case. The participation and generation of *«OH along the degradation process does not
rule, and the scavenging effect of BQ on <O radical tends to inhibit the formation of «OH
radicals. In this case, the catalytic reaction rate will be greatly reduced by adding either BQ or
TBA.

Figure 11. Effect of scavengers on the degradation efficiency.

3.3. Possible photocatalytic mechanism

It is known that the mechanism for photocatalytic degradation is closely related
to the position of the conduction (CB) and valence (VB) bands of a semiconductor. Thus, to
fully understand the photocatalytic reaction mechanism occurring during the photodegradation
of the as-prepared a-Ag2WO4/AgsPO4 heterojunction, the energy band edge positions of the VB
and the CB of both a-Ag>WO4 and AgsPO4 were calculated. The energy band diagram for the
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heterojunction was constructed using Equations 2-3, which are based on the Mulliken’s
electronegativity, i.e., the geometric mean of the electronegativity of the constituent atoms in
the material composition (Hill notation) [131, 132]:

Eve =7 - Ee + 0.5E (2)

Ece = Eve — Eq, 3)
where Evg is the valence band potential, Ecg is the conduction band potential, Ee is the free
electron energy on the hydrogen scale (~ 4.5 eV), Eq is the semiconductor band gap energy
(Figure S3), and y is the absolute clectronegativity (Mulliken’s electronegativity) of the
semiconductor. For AgsPOs, the value of x is 5.96 eV [40], and for a-Ag>2WOs it is 6.00 eV
[133]. Therefore, by employing Equations 2 and 3 the Evs and Ecg values of 2.66 eV and 0.26
eV for AgsPO4 and 3.06 eV and -0.06 eV for a-Ag>WOs, respectively, were obtained and are
in agreement with those reported in the literature [134, 135].

Figure 12 illustrates two degradation mechanisms proposed for the a-
Ag>WO4/AgsPO4 heterojunction based on the obtained results. As shown in Figure 12 (a), under
visible light irradiation both AgsPO4 and a-Ag2WOs are excited, generating e—h" pairs. Due
to the energy position of the CB and the VB of each material, a type | heterojunction is formed,
the photoexcited e in the CB of a-Ag:WO4 migrates to the CB of Ags:POs, and the
photogenerated h™ in the VB of a-Ag2WO: also migrates to the VB of AgsPOs4, thus generating
an accumulation of charge carriers in AgsPOa. In the VB of AgsPOs, the h* that comes from a-
Ag2WO; and the photogenerated h* in the AgsPO4 can directly degrade RhB [129, 136], as
shown in Equation 4:

h*+ RhB - degradation products + CO2 + H,0 4)

The as-mentioned reaction is in accordance with the observed scavenger results
displayed in Figure 11, which indicate that h* is the main species acting in the RhB
photodegradation.

As the CB of AgsPO4(0.26 eV) is more positive than the potential of O2/¢O2
(E®(O2/+02 ) =—0.046 eV vs. NHE) [137], from a theoretical point of view it can be concluded
that the photoexcited e” on AgsPO4 cannot react with dissolved O in the reaction solution to
yield «O2". However, this reaction between the accumulated e” on the AgsPOas surface with the
adsorbed O to produce *O> have been reported in several recent studies [40, 138, 139]. As
seen in Figure 11, the *O> species act, to a lesser degree, in the photodegradation of RhB,
according to Equation 5:

*O2 + RhB - degradation products + CO2 + H20 5)
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As seen in the scavenger experiments (Figure 11), the *OH species do not
participate in the degradation mechanism, and a possible explanation is that *«OH would be
rapidly self-consumed, forming H20 and Oz [34], according to Equation 6:

4e0H > 2H,0 + 0, (6)

As seen in XPS spectra results (Figure 5), the Ag NPs formed may be present at
the interface of the two semiconductors and could contribute to the separation process of e—h"
pairs due to the surface plasmon resonance (SPR) effect, which creates a cross-linking bridge
for both semiconductors [66]. The surface plasmon excitations are generated under visible light
irradiation and partially converted into energetic electrons on the surface of Ag NPs. Figure 12
(b) shows a proposed RhB degradation mechanism in the presence of Ag NPs, where it can be
seen that the heterojunction remains type | and the same oxidizing species act. However, e
photoexcited in a-Ag>WOs can be transferred more quickly to Ag NPs. Thus, the e that are
photoexcited to the CB of a-Ag2WOs are able to migrate to the CB of AgsPO4 more efficiently,
as they use Ag NPs as a bridge. Therefore, the formation of metallic Ag NPs leads to an SPR
effect, which is advantageous for the effective separation of charge carriers, resulting in

improved photoactivity.
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Figure 12. Possible photocatalytic mechanism diagram.

4. Conclusion

In conclusion, a-Ag2WO4/AgsPO4 heterojunctions with different weight ratios
of a-Ag>WO4 were fabricated by a facile chemical precipitation method. Under visible light
irradiation, the as-prepared a-Ag2WO4/AgsPOs heterojunction displayed enhanced
photocatalytic activity for the photocatalytic degradation of RhB. In particular, the sample with
weight content of 24% of a-Ag2WO4 (named AWP 2) showed the highest photocatalytic
performance for RhB photodegradation, degrading 94.3% in only 5 minutes of exposure to
visible light, which is a very promising result when compared to pure AgsPO4 and a-Ag>WO4
materials, which degraded 45 and 10%, respectively, under the same conditions. Our results
demonstrate that this heterojunction can significantly enhance the absorption of visible light
and successfully separate photogenerated electrons and holes after excitation. Such enhanced
photocatalytic performance was explained by the surface plasmon resonance effect associated
with the presence of metallic Ag at the metallic interface, as well as the formation of type |
heterojunction, which served as a load transfer bridge, avoiding e-h" recombination, and
consequently improving the photocatalytic activity of the heterojunction since charge carriers

are available to react with the adsorbed species for a longer time.
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Figure S1. XRD patterns of AgsPOs, AWP 1, AWP 2, AWP 3, and a-Ag2WO4
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4 — CONCLUSIONS

Doping and heterojunction formation were methodologies considered promising
for improving the photocatalytic activity of AgsPO4. Doping with W in the AgsPOg structure
caused the formation of disordered [AgO4], [POs], and [WOA4] clusters, which generate
intermediate energy levels in the band gap region. These energy levels delayed the electron-
hole pair recombination process, increasing its availability for oxidation and reduction reactions
with the reaction medium and consequently improving the material's photocatalytic
performance. The material doped with 1 at% of W showed remarkable superior photocatalytic
activity compared to the pure material for the degradation of Rhodamine B dye, Cephalexin
antibiotic, and Imidacloprid pesticide under visible light irradiation. In addition, the presence
of W in AgsPO4 showed a 16-fold increase in bactericidal performance against methicillin-
resistant Staphylococcus aureus bacteria. For heterojunction formation, it was observed that the
material containing 24 wt% of a-Ag>WO4 showed superior photocatalytic activity for the
degradation of Rhodamine B dye compared to the separated materials. According to the results
of photocatalytic experiments with species scavengers, the holes showed predominant activity
for the degradation of Rhodamine B, followed by the action of superoxide radicals. Based on
the reduction potentials of the valence and conduction bands of a-Ag.WO4 and AgsPOs
obtained experimentally by the Mulliken electronegativity method, a type | heterojunction
charge transfer mechanism was proposed for these materials. Photoexcited electrons and
photogenerated holes in a-Ag2WO4 migrate to the conduction band and valence band of
AQsPOg, respectively. This charge transfer leads to an accumulation of holes in AgsPO4, which
interact with Rhodamine B molecules, and also of electrons, which interact with the adsorbed
O- to generate superoxide radical. In addition, the formation of metallic silver nanoparticles
was observed at the semiconductors interface, acting as a bridge and increasing the transfer and
separation of charges between the semiconductors. Thus, with the use of doping and
heterojunction formation, it was possible to obtain photocatalyst materials and improve the

photocatalytic properties of AgsPOa.
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