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ABSTRACT

Air pollution has become a sig-
nificant challenge for both
developing and developed
nations. due to its close associ-
ation with numerous fatal dis-
eases such as cancer, respiratory,
heart attack, and brain stroke.
Over recent years, heteroge-
neous semiconductor photo-
catalysis has emerged as an
effective approach to air remedi-
ation due to the ease of scale-
up, ready application in the
field, use of solar light and ready availability of a number of different effective pho-
tocatalysts. To date, most work in this area has been conducted using UV-absorbing
photocatalysts, such as TiO2 and ZnO; However, recent studies have revealed Ag3PO4

as an attractive, visible-light-absorbing alternative, with a bandgap of 2.43 eV. In par-
ticular, this material has been shown to be an excellent photocatalyst for the
removal of many types of pollutants in the gas phase. However, the widespread appli-
cation of Ag3PO4 is restricted due to its tendency to undergo photoanodic corrosion
and the poor reducing power of its photogenerated conductance band electrons,
which are unable to reduce O2 to superoxide �O2

�. These limitations are critically eval-
uated in this review. In addition, recent studies on the modification of Ag3PO4 via
combination with the conventional heterojunctions or Z-scheme junctions, as well
as the photocatalytic mechanistic pathways for enhanced gas-pollutants removal,
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are summarized and discussed. Finally, an overview is given on the future devel-
opments that are required in order to overcome these challenges and so stimu-
late further research into this promising field.

KEYWORDS Ag3PO4; conventional heterojunctions; gaseous pollutants; photocatalytic oxidation process;
Z-scheme junctions

1. Introduction

Rapid population and industrial growth represent the two main underlying
causes for enviromental pollution, associated with a wide variety of pollu-
tants which enter the natural environment evey year (Aarab et al., 2020;
Abdellaoui et al., 2021; Ajmal et al., 2018; Ba Mohammed et al., 2020;
Essekri et al., 2020; Hsini, Essekri, et al., 2020, Hsini et al., 2021; Qadeer
et al., 2020, 2019). Typical indoor air pollutants include volatile organic
compounds (VOCs), particulate matter (PM), and inorganic oxides (NOx,
and SOx). According to the world health organization survey, air pollution
results in the death of about 7 million people around the globe. 4.3 million
people are severely affected by indoor air pollution. It is estaimated that
one in eight total global deaths is due to conditions associated with poor
air quality, and as a result, air pollution is considered by many to represent
the biggest environmental health risk (da Costa Filho & Vilar, 2020;
Cho, 2017).
In order to reduce the effects of air pollution, most standard air purify-

ing systems use air filters to remove particulate matter and adsorbents (e.g.,
magnetite, almond shell derived biomass, granular activated carbon) to
remve VOCs. However, these technologies do not destroy the pollutants,
but rather only transfer them from one phase to another (Ajmal, Usman,
et al., 2020; Ajmal, Muhmood, et al., 2020; Benafqir et al., 2020; Hsini,
Naciri, Laabd, et al., 2020; Sansotera et al., 2019; Zhao & Yang, 2003).
Hence, an urgent current topic for policymakers and scientists is to explore
and introduce new cost-effective treatment strategies to overcome the exist-
ing air pollution problem.
Heterogeneous semiconductor photocatalysis is regarded as an effective

alternative technology for both water and air purification (Ait Ahsaine
et al., 2018; Barebita et al., 2020; Bouziani et al., 2020; Erdogan et al., 2019;
Naciri, Hsini, Ajmal, Nav�ıo, et al., 2020; Ferraa et al., 2021; Shaim et al.,
2019). As a rseult it is often classified into the following two categories, (i)
Aqueous phase organic pollutants degradation (Amaterz, Tara, Bouddouch,
Taoufyq, Bakiz, Benlhachemi, et al., 2020; Amaterz, Tara, Bouddouch,
Taoufyq, Bakiz, Lazar, et al., 2020; Deng et al., 2020; Fiorenza et al., 2020;
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Naciri, Hsini, Ajmal, Bouddouch, et al., 2020; Naciri, Chennah, et al., 2019,
Naciri, Bouddouch, et al. 2019; Naciri et al., 2018) and (ii) Gaseous phase pol-
lutants removal (Aramend�ıa et al., 2007; Ara~na et al., 2004; Liao et al., 2017;
Reyna-Cavazos et al., 2020), and Figure 1 illustrates a schematic that further
sub-divides these areas of application into different types of pollutants.
Semiconductor photocatalysis, SPC, has attracted considerable research

interest over the last few decades owing to its great potential to effect the
continuous elimination eliminate of gaseous pollutants even at low concen-
trations and at low or room temperature (Aramend�ıa et al., 2007; Ara~na
et al., 2009, 2004; Murcia et al., 2012). SPC, appears most efficient for pho-
tocatalysing the complete oxidative mineralization of a wide range of gas-
eous pollutants (i.e., volatile organic compound, simple and chlorinated
hydrocarbons and different nitrogen and sulfur-based oxides-dioxides) by
ambient oxygen (Aramend�ıa et al., 2007; Ara~na et al., 2009, 2004; Murcia
et al., 2012; Zhou et al., 2019). Since the first report on the use of SPC for
organic destruction (Bickley et al., 1973; Djeghri et al., 1974), the photo-
catalytic oxidation of gaseous contaminants has been extensively studied, to
confirm the validity and attractiveness of the method.
Although many semiconductor photocatalysts have been tested, TiO2

remians the most popular due to its low cost, high chemical and photo-
chemical stability, low toxicity and generally high activity. However, TiO2

has one major drawback in wide bandgap (approximately 3.2 eV), which
renders only effective under UV illumination. Solar UV represents about
5% of the energy of the whole solar spectrum, while visible light represents
43%. Therefore, the development of visible-light-driven photocatalysts has
become a subject of prime importance in the field of SPC for pollutants
degradation (Chenchana et al., 2019; Likodimos, 2018; Mazierski et al.,
2018; Puga et al., 2020).

Figure 1. Heterogeneous photocatalytic remediation systems for various pollutants.
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Recently, several Ag-based materials, including AgX (X¼Cl, Br, I)
(Wang et al., 2019; Wen et al., 2020; Xin et al., 2019), Ag2O (Liang et al.,
2019), Ag2CO3 (Liu et al., 2018), and Ag3PO4 (Mart�ın-G�omez et al., 2020),
have been reported as exhibiting high photocatalytic activity even under
natural sunlight or visible light illumination and amongst the materials
tested, Ag3PO4 appears the most promising (Chen et al., 2015, 2013). Other
work indicates that the high photocatalytic activity exhibited by Ag3PO4 is
due to the inductive effect of PO4

3� and the large dispersion of the con-
duction band, both of which aids electron-hole pairseparation (Chen et al.,
2013). Unfortunately, there are some major inherent shortcomings with
reguard to the use of Ag3PO4 in the photodecomposition of gaseous
organic contaminates. One shortcoming is the very positive conduction
band of Ag3PO4 (þ0.45V vs. NHE at pH 0) which makes it unable to
effect the reduction of O2 to superoxide, since E(O2/�O2

�) ¼ �0.33V vs.
NHE (Wood, 1988). As a result, the photogenerated conductance band
electrons of Ag3PO4 cannot react with O2, which is a key part of the
photocatalytic mineralization process. In addition, in the absence of an
effective ambient sacrificial electron acceptor, such as O2, the photogener-
ated electrons are able to reduce the Ag(I) in the Ag3PO4 itself and so des-
troy the efficacy of the original photocatalyst due to Ag particle by-product
formation. The above two limitations affect significantly the photocatalytic
activity and stability and ultimately restricts the potential practical applica-
tions of Ag3PO4 (Chai et al., 2015; Li et al., 2014, 2015).
As a consequence, it is necessary to introduce ways to improve the

photocatalytic activity and stability of Ag3PO4 (Chai et al., 2015; Li et al.,
2014, 2015). One approach has been to couple Ag3PO4 with a more stable
semiconductor photocatalyst, thereby forming a heeterjunction, and in
doing so enhance the stability of Ag3PO4 for the reduction/removal of inor-
ganic gas pollutants (Chen et al., 2015; Guo et al., 2013; Huang et al., 2019;
Jia et al., 2019; Rao et al., 2020; Rawal et al., 2012).
To the best of our knowledge, this is the first review addressing the

reported research progress on the photocatalytic remediation of air using
Ag3PO4-based semiconductor photocatalytic systems. We start with a gen-
eral overview of the current control techniques for gas-phase pollutants
removal and their limitations. Then, the photocatalytic properties of
Ag3PO4 and its limitations as a photocatalyst are discussed in detail. The
improving photocatalytic activities of Ag3PO4 photocatalyst toward gas-
eous-phase pollutants by constructing conventional heterojunctions or Z-
scheme junction photocatalytic systems are then addressed as the main part
of this review. Finally, numerous ways are presently proposed for future
research to overcome the existing challenges and design the most promis-
ing heterojunctions based photocatalyst for air pollution reduction strategy.

2342 Y. NACIRI ET AL.



2. General overview of the current control techniques for the romal of
pollutants in gas-phase

Many physicochemical abatement methods have been used extensively for
the effective removal of gaseous pollutants; these methods include, adsorp-
tion (Li et al., 2020), absorption (Rodriguez Castillo et al., 2019), condensa-
tion (Belaissaoui et al., 2016), botanical purification (Pettit et al., 2019,
2018), catalytic combustion (Fino et al., 2016), photocatalytic oxidation
(Kamal et al., 2016), bio-filtration (Malakar et al., 2017), plasma oxidation
(Malakar et al., 2017), biodegradation (Malakar et al., 2017), and membrane
separation (Malakar et al., 2017). Based on the removal mechanism, we can
further classify these abatement techniques into two categories: concentra-
tion and recovery techniques (adsorption, absorption, filtration, and con-
densation) and destructive techniques (catalytic combustion, plasma
oxidation, biodegradation, and botanical purification). The destructive gas
cleaning techniques are mainly based on the conversion of gas-phase
organic contaminants into water vapor, carbon dioxide, and other smaller
molecules by-products (Ehn et al., 2014), which usually require a large
amount of energy to effect, and inevitably produce some toxic byproducts
such as NOx, O3, HO� radicals, secondary organic aerosols, etc. (Ehn et al.,
2014; Li et al., 2020). In contrast, recovery technologies have often been
reported as more efficient and economical gas cleaning strategies (Zhang
et al., 2017). Among them, adsorption is recognized as one of the most
promising strategies to abate the gas-phase pollutants, which does not pro-
duce secondary by-products (Li et al., 2020). In the adsorption process, the
storage of gaseous pollutants on the surface of adsorbent material is com-
monly carried out via a pore-filling mechanism combined with the eventual
formation of physical and/or chemical gas-adsorbent bindings (Zhu et al.,
2020). Thus, the effectiveness and real applicability of adsorption techni-
ques for gas pollutants abatement are ultimately associated with adsorbent
surface proprieties, such as binding functional groups and a porous, i.e.
high surface area, texture (Li et al., 2020). In this regard, a large variety of
adsorbents, including carbon-based materials (Azzouz et al., 2018; Zhang
et al., 2017), organic polymers (Azzouz et al., 2018; Zhu et al., 2020), alu-
minosilicates (Swetha et al., 2017; Zhang et al., 2018), resins (Qiu et al.,
2018), silica gels (Amonette & Maty�a�s, 2017; Sui et al., 2017) and metal-
organic frameworks (Barea et al., 2014; Xian et al., 2015) have been recently
developed to sequestrate gas-phase contaminants. Amongst these, activated
carbon is a popular filter material with excellent gas sequestration ability
because of its high surface area, microporous structure, surface chemistry,
etc. (Shammay et al., 2016; Suresh & Bandosz, 2018). Nevertheless, the
adsorption is a transfer process of pollutants from the gas phase to the
solid phase, which requires a posttreatment to oxidatively mineralize

CRITICAL REVIEWS IN ENVIRONMENTAL SCIENCE AND TECHNOLOGY 2343



the adsorbed pollutants (Jo & Yang, 2009; Thevenet et al., 2014).
Contaminant load variations and high regeneration costs reduce the effect-
iveness of the adsorption process (Jo & Yang, 2009). Thus, overall, the use
of conventional gaseous contaminants abatement techniques is limited by
the features of secondary waste generation and high operation costs
(Krishnamurthy et al., 2019; Luengas et al., 2015). The merits and demerits
of some of the aforementioned conventional processes for gaseous pollutant
removal are given in Table S1.

3. General overview of the removal of gaseous pollutants via
photocatalytic oxidation

3.1. General mechanism of photocatalysis

People spend almost 80% of their life in indoor places such as residential
units, offices, workshops, etc. Therefore, indoor air quality (IAQ) is vital
for human health. In addition, outdoor air quality (OAQ), with pollutants
produced mostly from industrial pollution/human activities, can cause
major environmental, medium-term, and long-term health problems such
as respiratory diseases (e.g., emphysema), heart damage, lung cancer, sud-
den death and cognitive alterations (Olmo et al., 2011). As already reported
in section 2, we see that all the current, conventional gaseous contaminants
abatement techniques have significant limitations.
The photocatalytic oxidation of gaseous pollutants, including volatile

organic compounds (VOCs) (Ardizzone et al., 2008; Ganesh et al., 2011;
Lopes et al., 2012; Monteiro et al., 2015) or inorganic gaseous (e.g., NOx
(Ballari et al., 2010; Zouzelka & Rathousky, 2017), SOx (Li et al., 2016) and
H2S (Navakoteswara Rao et al., 2019) is a promising technology not least
because in many cases it produces less-toxic and odorless compounds and
can utlise solar radiation. The photocatalytic oxidation reaction is focused
on the production of reactive oxygen species (ROSs) having high oxidizing
potentials such as HO�, O2��, HO2��, and H2O2

�, which can oxidize
water- or air-borne pollutants adsorbed on the surface of photocatalyst. In
SPC it is also possible to oxidize adsorbed pollutants directly, via their reac-
tion with photogenerated valence band holes (hþ) on the surface of the
photo-excited photocatalyst can take place as well (Djellabi et al., 2020). As
showed in Figure 2A, unlike the extensive use of photocatalysis for water
treatment, less attention has been given to the application for heteroge-
neous photocatalysis for air purification over the last two decades.
Figure 2B shows the mechanistic pathways of organic pollutant removal via
their photocatalytic oxidation over photocatalyst surface sites.
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3.2. Parameters affected the photocatalytic efficiency

The efficiency of the photocatalytic degradation of gas pollutants depends
upon many factors. Since the production of HO� is carried out via the
reaction of adsorbed water or HO- with positive holes, in air medium, rela-
tive humidity (RH) is a key reaction parameter (Amaterz, Tara,
Bouddouch, Taoufyq, Bakiz, Benlhachemi, et al., 2020; Amaterz, Tara,
Bouddouch, Taoufyq, Bakiz, Lazar, et al., 2020; Guo et al., 2008;
Mamaghani et al., 2017) which can affect the overall rate of photocatalysis
greatly (Aghighi & Haghighat, 2015). For example, a high relative humidity
can prevent/inhibit the adsorption of gas compounds, reducing their
chance of being oxidized photocatalytically and yet at more modest levels it
is essential for effective SPC. For example, Korologos et al. (2011) has
reported that the presence of water enhances the oxidation of benzene and
toluene effectively but without water vapour present no pollutant removal
was possible.
Airflow is another important factor that shows a dual antagonistic effect

on SPC efficiency (Shayegan et al., 2018). Thus, for low airflow rates, the
residence time of pollutants on the surface of the photocatalyst and in the
reactor is high and so provides the pollutant species in the gas phase and
increased opportunity to be adsorbed on the photocatalyst’s surface and
undergo reaction by the photo produced ROSs and/or hþ’s. However, at
higher airflow rates, the shorter residence time will decrease the likelihood
of reaction, resulting in a lower oxidation/mineralization efficiency.
Therefore, in the photocatalytic reactor, the airflow should be optimized to
obtain an optimum photocatalytic efficiency depending on the reactor and

Figure 2. (A) Publications trends in photocatalysis, photocatalysis for water and air treatment
over the last two decades, obtained from PubMed (up to Apr. 2020) (B). Photocatalytic oxida-
tion of organic pollutants, including gas substances, by heterogenous photocatalysis process
(Adapted with permission from ref (Shayegan et al., 2018), copyright 2017 Elsevier).
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the operating conditions employed, such as the gas contaminant concentra-
tion. In addition, the airflow rate may also affect the formation of the by-
product during photo-oxidation of contaminants and the total oxidative
mineralization to CO2 (Farhanian et al., 2013; Sleiman et al., 2009; Yang
et al., 2015).
The type of photocatalyst employed is also key in deciding the efficacy of

the photocatalytic oxidation process in water or air phases. Thus, for more
than three decades, most scientific research has been carried out to develop
photoactive materials and nanomaterials for environmental remediation
and energy production, especially to enhance the adsorption capacity,
improve the visible light response, and reduce the recombination of photo-
generated electron/hole pairs. Several strategies have been employed, such
as the modification of photocatalysts (e.g., TiO2) by metal (Karafas et al.,
2019; Nie et al., 2019) and nonmetal doping (Jo & Kim, 2009; Patil et al.,
2019), the combination of semiconductors with high adsorbing materials
(Shayegan et al., 2020), photosensitizing (Park et al., 2013; Xiao et al.,
2008) and coupling of semiconductors (Djellabi, Yang, Xiao, et al., 2019;
Djellabi, Yang, Adeel Sharif, et al.,2019). So far, a wide variety of titania
and non-titania-based photocatalysts have been employed for air purifica-
tion (Boyjoo et al., 2017). Many physicochemical factors must be taken
when consideration for developing a photocatalyst for air treatment, such
as increasing the visible light activity, enhancing the selectivity toward
some pollutants (e.g., NOx), and improving gaseous phase pollutants min-
eralization into preferred products (CO2, H2O, and inorganic species) and
avoiding the formation of unwanted coke on the surface of the photocata-
lyst, resulting in its deactivation.
The type and the concentration of the gas pollutant significantly affect

the photocatalytic oxidation efficiency. Indeed, the photooxidation effi-
ciency depends on the photocatalyst’s affinity toward the type of pollutant,
wherein species showing good adsorption on the photocatalyst have more
possibility to be oxidized (Jafarikojour et al., 2015; Mamaghani et al., 2017;
Zhong et al., 2013). More by-products are likely to be produced at higher
pollutant concentrations, and in some cases this will impede the overall
mineralization process. Therefore, photocatalysis for air purification is usu-
ally more effective when carried out using low concentrations of contami-
nants although this will also depend upon the photocatalyst’s surface
chemistry and porosity.
One of the successful applications of photocatalysis for air treatment has

been the development of self-cleaning photo-materials. These smart materi-
als have been applied for different purposes, such as house furniture and
glasses, roofs, solar panel cleaning, cement, and self-cleaning building
(Banerjee et al., 2015; Ganesh et al., 2011). Under solar light, self-cleaning
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materials can remove adsorbed gas contaminants/or bacteria via the process
of SPC, coupled with the action of rain, and then by the action of rain,
clean themselves. A number of different self-cleaning materials have been
developed to remove various gas phase contaminants (Ardizzone et al.,
2008, 2007; Bianchi et al., 2020, 2016, 2014; Cappelletti et al., 2008).
Many semiconductor composite photocatalysts with different geometrical

configurations and compositions have been extensively synthesized and
applied to the oxidation of various gaseous phase pollutants. Table S2 (see
Supplementary material) summarizes the recent studies of representative
composite semiconductor photocatalysts for removing many types of pollu-
tants in the gas phase.

3.3. Photocatalytic reactors for air treatment

The photocatalytic reactor type and its geometry are also significant factors
for air purification since they can influence directly the contact of contami-
nants with the immobilized photocatalyst (Boyjoo et al., 2017). For this
purpose, many photo-reactor configurations have been designed for con-
taminants oxidation in the gas phase, such as packed bed (Lopes et al.,
2012), annular reactor (Monteiro et al., 2015), flat plate reactor (Passal�ıa
et al., 2017), honeycomb monolith (Taranto et al., 2009), and multiplate/
annular (Zazueta et al., 2013). In order to improve the value of the surface
of coated photocatalyst per volume of the reactor ratio, which in turn
enhances the uniform irradiated photocatalyst surface and the mass trans-
fer, researchers have developed a new microreactor based on NET mix
technology for the oxidation of VOCs in the gas phase (da Costa Filho,
Araujo, et al., 2019; da Costa Filho, Silva, et al., 2019; da Costa Filho et al.,
2017) (see Supplementary Figure S1).

4. General overview of Ag3PO4 photocatalyst

4.1. Crystal structure of Ag3PO4 photocatalyst

Ag3PO4 is a cubic crystal structure with a space group (P4-3n) and param-
eter lattice �6.004Å. Isolated, regular PO4 tetrahedrals create a body-cen-
tered cubic lattice, with a P-O distance is � 1.539Å. The Agþ ions are
dispersed between twelve sites with double symmetry (Ng et al., 1978).
Every Ag atom on the 2-fold axis mainly uses one of the two sites at (x,0,
0.50) and (0.5-x, 0, 0.50). The Ag atom has 4-fold coordination by four O
atoms (Ma et al., 2011). The P atoms experience 4-fold coordination
encircled by four atoms of O, while O atoms experience 4-fold coordin-
ation encircled by three atoms of Ag and one atom of P (Kahk et al., 2014)
(see Supplementary Figure S2).
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Kahk et al. (Kahk et al., 2014) reported that the lattice parameter of
Ag3PO4 acquired theoretically from DFT calculations is 6.072Å. In add-
ition, Ma et al. (Ma et al., 2011) concluded that Ag3PO4 with polyhedron
configuration mainly contains tetrahedral AgO4 and PO4. They stated that
three AgO4 and one PO4 are joint over the corner oxygen. They explained
that Ag3PO4 photocatalytic activity is due to PO4

3- ions owing to its higher
negative charge, thus maintaining a large dipole in the Ag3PO4, resulting in
the distortion of AgO4 (Ma et al., 2011).

4.2. Electronic structure of Ag3PO4 photocatalyst

In order to have a better understanding of the source of the photocatalytic
activity of Ag3PO4, a thorough electronic study is essential. An analysis of
the ultraviolet-visible diffuse reflectance spectrum indicates the indirect and
direct transition bandgap energies of Ag3PO4 are 2.36 eV and 2.43 eV,
respectively (Yi et al., 2010). Therefore, Ag3PO4 can adsorb illumination
under visible light with an average wavelength (< 530 nm).
Using density functional theory (DFT), several studies have been carried

out in order to better understand Ag3PO4 ’s high photocatalytic activity
(see Supplementary Figure S3.A). For example, Ma et al. (2011) reported
that Ag3PO4 has a conduction band with large dispersion that enables the
separation of charge carriers. Furthermore, the vacancies present in
Ag3PO4 could play a significant role in the separation of the electron-
hole pairs.
Liu et al. (2011) also reported that Ag3PO4 has a bandgap energy of

2.43 eV (see Supplementary Figure S3.B). The conduction and valence
bands mainly consisting of (Ag 5 s, 5p) and (O2p, Ag 4d) states, respect-
ively. A VBM potential of 2.67 eV implies a sufficient driving force for the
oxidation of water and the direct oxidation of most pollutants.
Xu et al. (2014) studied Ag3PO4 and graphene (GR) surface interaction

and established good stability and electron transfer mechanism along with
the photocatalytic activity. The strength of interfacial interaction is attrib-
uted to the geometry and separation of Ag3PO4/GR.
Kahk et al. (2014) demonstrated that the prediction of the electronic,

structural, and optical characteristics of Ag3PO4 using DFT calculations
was consistent with experiment. Molecular orbital (MO) theory was used to
propose an interpretation of the electronic structure of Ag3PO4 (see
Supplementary Figure S3.C) and the results suggrests that the covalent
interactions between silver and oxygen are weaker than those between
phosphorus and oxygen, commencing from an isolated (PO4)

3- unit, a
molecular orbital diagram for Ag3PO4 was created. In this work, only sigma
interactions between orbitals over O and P were considered for (PO4)3

�,
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two orbitals of sigma symmetry were provided by four oxygen atoms: 2 s
and one of the three 2p. The two triply degenerate ligand group orbital
(LGO) is t2 symmetry, and two LGO of a1 symmetry in a tetrahedral
environment. These overlap with the P 3 s (a1) and P 3p (t2) orbitals and
form twelve molecular orbitals, as demonstrated in (see Supplementary
Figure S3.C).

4.3. Photocatalytic properties of Ag3PO4 photocatalyst

Key factors responsible for a high photocatalytic activity for air purification
include (i) the successful photo-excitation and the formation of separated
electron/hole pairs during visible or UV irradiation, especially promising if
this can be effected using visible light; (ii) the ability of the photocatalyst
photogenerated conduction band electrons to reduce dissolved O2 to super-
oxide (Wood, 1988); (iii) the ability of the photogenerated valance band
holes to oxidize H2O or adsorbed -OH into �OH radicals (E0(H2O/HO�) ¼
2.73V vs the NHE; E0(HO-/HO�) ¼ 1.9V vs the NHE) (Schneider et al.,
2014); (iv) the interaction of the surface area with the pollutant under test,
since the photocatalytic mineralization process takes place at photocatalyst
surface sites, (thus, adsorbed pollutants have more chance of being oxidized
via ROSs (Djellabi et al., 2020); (v) the stability of the photocatalyst is also
considered as a critical key for practical application.
Since 2010, Ag3PO4 has been identified as a photocatalyst for organic

pollutant oxidation and water splitting (Yi et al., 2010). Ge et al. (2012)
reported that the scavenging of HO� and �O2

� species by isopropyl alcohol
and benzoquinone, respectively, does not affect visible-light-driven RhB
photocatalytic degradation using Ag3PO4, thereby prompting these workers
to suggestt that the latter ROSs do not contribute much to the oxidation of
RhB. In other words, the photo-production of HO� and �O2

� via the
Ag3PO4/visible light system is not very efficient. They reported that the CB
and VB are not thermodynamically able to convert O2 into O2

�� and H2O
into HO� and HO�. However, the photocatalytic degradation of RhB was
utterly inhibited when EDTA was added to the reaction, which confirms
that direct oxidation of RhB by photoinduced hþ on Ag3PO4 is the primary
oxidation mechanism. Dong et al. (2016) also showed that the direct hole
oxidation of MB by Ag3PO4 (oxidized at 200 �C) is the most crucial path-
way, while there is also the participation of HO� species. As shown in
Figure 3A, Ag3PO4 is very effective for oxygen evolution via the oxidation
of H2O by the photogenerated holes and concomitant reduction of the sac-
rificial electron acceptor, Agþ, to Ag (Bierman et al., 2008).
As noted earlier, one of the main problems associated witb using of

Ag3PO4 as a photocatalyst for environmental remediation is the photo-
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corrosion issue due to Agþ reduction into metallic Ag (Martin et al., 2015),
since this process leads to the deactivation of the photocatalyst. In addition,
due to the position of its CB and VB potential edges, the efficiency of
Ag3PO4 photocatalyst for photo-producing ROSs is very low. Thus only
pollutants that are adsorbed on the Ag3PO4 surface have some possibility
of being oxidized and ultimately oxidatively mineralized, and then by direct
reaction with the photogenerated valence band. It is essential to point out
that the specific surface area of Ag3PO4 is very small as reported by some
studies, e.g., 0:98m2/g (Yi et al., 2010); 0.16–1.02 m2/g (Dong et al., 2016);
2m2/g (Ge et al., 2012).

5. Improving photocatalytic activities of Ag3PO4 photocatalyst toward
the degradation of pollutants in gas-phase

The generation of by-products during the photocatalytic treatment process
in both the purification of water and air is a majeur issue that represents a

Figure 3. (A). Mechanistic pathway of photocatalytic oxidation of organic pollutants in Ag3PO4/
visible light; (B) Schematic of the conventional type-II heterojunction; (C) Schematic of the
Ag3PO4-Based Z-scheme heterojunction photocatalyst (inspired from (Xue et al., 2020; Yi
et al., 2010)).
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barrier to the widespread application of photocatalysis systems for pollution
control in the real-world (Pichat, 2019). This problem is somewhat reduced
in that the photocatalytic system can continuously produce ROSs, so as to
eventually mineralize such by-products. But, in general, photocatalysis can-
not be used as a single treatment process when it comes to the real applica-
tion due to its shortcoming in terms of the formation of by-products.
Therefore, the combination of photocatalysis with other pollutant removal
systems is crucial in order to create a highly effective air purifica-
tion system.
The formation of heterojunctions between Ag3PO4 and other semicon-

ductors is an attractive option help reduce its tendency to undergo photo-
induced corrosion and create a photocatalytic system with characteristics
which are different to the that of a single photocatalyst (Cai et al., 2020;
Tang et al., 2020). A prolonged carrier lifetime and an enhanced interfacial
charge transfer rate can be obtained from such heterostructures. However,
it is also well understood that it is not easy to get the desired properties for
the heterojunctions and will depend strongly on the degree of matching of
the valence and conduction bands of the component semiconductors (Lu
et al., 2015; Wang et al., 2015).
Ag3PO4-Based Z-scheme and conventional heterojunctions have already

been extensively investigated to the enhance photo-generation of the
charges responsible for the desired photocatalytic reactions and inhibit any
photo-corrosion (Chen et al., 2014; Lu et al., 2015; Rao et al., 2020; Tang
et al., 2020). The type II junction is the most common in conventional het-
erojunctions (Figure 3B). In contrast, the newly emerged direct Z-scheme
heterojunction (Figure 3C) is regarded as the most efficient in Z-scheme
systems to explore photo-generated carriers (He et al., 2018). Both hetero-
junctions have different charge carrier transport mechanisms, but the struc-
ture of both direct Z-scheme and type-II heterojunctions is the same.
The formation of conventional type-II heterojunction is mainly depend-

ent on combining the two different semiconductors (SC-I) and (SC-II)
which have an appropriate CB and VB band structure for the transfer of
photogenaerted electrons and holes Figure 3B. Upon ultra bandgap irradi-
ation, due to the electron fields within the heterojunction, the photogener-
ated electron and holes from SC-I and SC-II can move toward SC-II (CB)
and SC-I (VB), respectively. As a consequence, electron-hole pair recom-
bination associated with the individual semiconductors is reduced, and sur-
face oxidation and reduction reactions promoted over the two
semiconductors. (Huang et al., 2019; Lam et al., 2012; Pirhashemi et al.,
2018). In contrast, a completely different mechanism of charge carrier
migration can also occur in the case of direct Z-scheme heterojunctions. In
this case, upon irradiation, the electron produced on semiconductor II (SC-
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II) transfers toward the higher reduction potential of semiconductor I (SC-
I) (Figure 3C), while the photogenerated holes remain on semiconductor II
(SC-II), resulting in the spatial separation of charge carriers, thereby pro-
ducing an overall very effective separation of a photogenerated electron
and hole. As a result, a direct Z-scheme heterojunction photocatalyst has
the potential to create a system with an enhanced the photocatalytic activity
(He et al., 2018; Huang et al., 2019). The direct Z-scheme heterojunction
photocatalyst offers two obvious merits, a highly efficient photogenerated
electron hole pair separation and so high photocatalytic activity and a low-
cost fabrication (Huang et al., 2019; Low et al., 2017; Zhou et al., 2014).
The bottom of the Ag3PO4 conduction band (CB) energy level is more

positive than the reduction potential of O2 (O2 þ e� ! �O2
�, � 0.33V vs.

NHE) (Wood, 1988). Therefore, introducing another semiconductor to pro-
duce the Z-scheme system is beneficial for the degradation of gaseous pol-
lutants and the extension of Ag3PO4 lifetime if the photo-excited electrons
in the CB of Ag3PO4 can be transferred efficiently to the second introduced
semiconductor photocatalyst.
A wide range of Ag3PO4-based heterojunctions photocatalysts have been

generated through various well-established synthesis protocols and then
used for the photocatalytic oxidation of gas-phase pollutants and many of
the systems are described below.

5.1. Coupling Ag3PO4 with graphitic carbon nitride (g-C3N4)

Graphitic carbon nitride (g-C3N4) has gained considerable interest as a
metal-free polymer n-type semiconductor due to favorable characteristics
such as its 2D structure, tunable electric structure, and good chemical sta-
bility, It is a visible-light-driven semiconductor (2.7 eV bandgap), with CB
and VB energy position at �1.1 and 1.6 eV vs. standard hydrogen electrode
(NHE), respectively (Che et al., 2020; Dong et al., 2014; He et al., 2020;
Masih et al., 2017; Tian et al., 2017). These characteristics make g-C3N4 the
most attractive candidate for use in a Z-scheme system for the highly effi-
cient photocatalysis of gas-phase volatile pollutant degradation.
There are several reports of such Z-scheme systems regarding the deg-

radation of gaseous pollutants. They include the photocatalyzed destruction
of volatile organic pollutants (toluene, Ethylene, isopropanol, formaldehyde)
and nitrogen oxide (NOx) by an Ag3PO4/g-C3N4 composite photocatalyst
(Chen et al., 2014; Rao et al., 2020; Shen et al., 2018; Zhao et al., 2017).
Thus, Chen and his coworkers (Chen et al., 2014) recently prepared a dir-
ect Z-scheme configuration-based novel g-C3N4/Ag3PO4 composite for vis-
ible-light-driven (300W Xe lamp) photocatalytic oxidation of ethylene
(C2H4). The results indicate that the coupling of of g-C3N4 with Ag3PO4
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resulted in enhanced gas adsorption. Notably, by using (30:70%) ratio of
Ag3PO4 and g-C3N4 composite, the complete decomposition of C2H4

(90 mL) was achieved after 3 h under visible light, whereas bare Ag3PO4

needs 20 h for complete decomposition of C2H4 under visible light irradi-
ation (Figure 4A). Moreover, it was noted that g-C3N4-Ag3PO4 composites
exhibited higher rate constants (1.0464 h�1) than that exhibited by pristine

Figure 4. Time courses of (A) C2H4 degradation and (B) CO2 evolution on g-C3N4-Ag3PO4 com-
posites, (C) Charge transfer in the g-C3N4-Ag3PO4 Z-Scheme mode under sunlight illumination
(Figures 4A,4B and 4C are adapted with permission from ref. (Chen et al., 2014), copyright 2014
Wiley Online Library). (D) and (E) NOx destruction activities of Ag3PO4/g-C3N4 composites under
the irradiation of different wavelengths of light, (F) Cycling photocatalytic degradation of NOx
under 290 nm irradiation, (G) the possible mechanism of visible-light-induced photocatalysis of
Ag3PO4/gC3N4 composite (Figures 4D,4F,4E and 4G are adapted with permission from ref. (Zhao
et al., 2017), copyright 2016 Elsevier).
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g-C3N4 (12.38 times lower) and Ag3PO4 (3.7 times lower). Hence, it is con-
firmed that the synergetic combination of Ag3PO4 and g-C3N4 improves
photogenerated charge carrier separation and in so doing produces a super-
ior photocatalytic performance. Furthermore, It was observed that during
the photo-oxidation of C2H4, no other products except CO2 were detected
(Figure 4B). The fact that the CO2 yields for all g-C3N4-containing samples
were greater than that which can be generated from C2H4 reveals an obvi-
ous adsorption effect of g-C3N4. Moreover, this composite was stable for
the photocatalytic oxidation of C2H4 and could be recycled upto 5 times
without exhibiting a significant decrease in its activity.
According to their investigation, the reaction mechanism under sunlight

illumination during ethylene photocatalytic oxidation using 70% g-C3N4-
30% Ag3PO4 catalysts may be summarized by the schematic presented in
Figure 4C. Thus, upon sunlight irradiation, a photognerated conductance
band electron on Ag3PO4 (CB) transfers to the photoexcited g-C3N4 (VB)
and there reacts with one of its photogenerated holes, thus resulting in effi-
cient removal of the photo-generated electron from the Ag3PO4, thereby
preventing its reaction with the Agþ ions. Meanwhile, the highly reducing,
photogenerated conductance band electrons on g-C3N4 react readily with
surface adsorbed O2 to produce superoxide. In order to stay electrically
neutral the remaining photogenerated holes on the Ag3PO4 react either
with surface water to produce OH radiacals or directly with any surface
adsorbed organic pollutant, C2H4, thereby oxidizing it. The overall process
is a 2 photon photocatalyzed oxidative mineralization of the C2H4 by O2;
by coupling the Ag3PO4 with g-C3N4 the Ag3PO4 is rendered much more
stable (Chen et al., 2014).
A number of different Ag3PO4/g-C3N4 composites have also been made

by a simple in-situ solvothermal process with different mass ratios (1:0,
19:1, 9:1, 17:3, 4:1, 7:3, and 1:1) of C3N4 and the composites used, under
different irradiation conditions, for the photocatalyzed decomposition of
NOx (Zhao et al., 2017). The results reveal no apparent NOx destruction at
510 nm wavelength using both Ag3PO4 or g-C3N4 (Figure 4D), however,
NOx decomposition under irradiation of >400 nm was observed using
Ag3PO4/20%gC3N4, Ag3PO4/30%g-C3N4, and Ag3PO4/50%g-C3N4 compo-
sites photocatalysts with average performance rate of 15.52%, 4.35%,
10.64%, respectively (Figure 4D). In addition, by fixing the irradiation
wavelength at 290 nm, an incremental increase in activity was observed of
all the composites for the photocatalytic decomposition of NOx, with aver-
age decomposition rates of 41.76%, 51.09% and 47.87%, respectively, see
(Figure 4D). These decomposition rates were comparatively higher than
those observed for pristine g-C3N4, Ag3PO4, and P25, thus demonstrating
the promising efficiency of the Ag3PO4/g-C3N4 composite under both
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ultraviolet and visible irradiation due to enhanced light absorption after
Ag3PO4 and g-C3N4 composite formation (Figure 4E). It was also noted
that under irradiation >290 nm, the system exhibited excellent stability,
and that the remarkable efficiency of the Ag3PO4/30%g-C3N4 photocatalyst
continued even after four cycles. In contrast, the NOx decomposition rate
of Ag3PO4 alone decreased with repeated use (Fig. 4F). The results of this
work suggest that the g-C3N4 addition automatically improves Ag3PO4 sta-
bility and inhibits its photo-corrosion.
The photocatalytic mechanistic pathways on Ag3PO4/g-C3N4 photocata-

lysts under visible light is illustrated in Figure 4G. When Ag3PO4/g-C3N4

photocatalysts composite is irradiated by visible light (Eq. (1)), the transfer
of photoexcited electron occurs from g-C3N4 CB to Ag3PO4, inhibiting
electron and holes recombination behavior. Thus, the hole present over the
g-C3N4 valence band (VB) is scavenged by water molecules to generate
more free hydroxyl radical (OH�) (Eq. (2)). Conversely, the photogenerated
and transfer electrons over the Ag3PO4 CB site automatically react with
oxygen, thereby generating oxygen radicals (Eq. (3)) and resulting in the
oxidation of nitrogen monoxide via oxygen, hydroxyl radical, and water
producing NO2

� or NO3. Moreover, it was noted that during light irradi-
ation, only 20% of NO was converted into O2 and N2, while the rest 80%
was oxidized to NO3

�. The overall mechanism of photocatalytic NOx
decomposition via Ag3PO4/gC3N4 composite under visible light is pre-
sented below (Zhao et al., 2017):

Ag3PO4=gC3N4 þ hm ! hþ þ e� (1)

H2O þ hþ ! �OH þ Hþ (2)
O2 þ e� ! �O2

� (3)
NO þ 2 � OH ! NO2 þ H2O (4)

NO2 þ �OH ! NO3
� þ Hþ (5)

NOx þ �O2
� ! NO3

� (6)

Similarly, Rao et al. (2020) proposed a different mass ratio (0.5, 1.0, 1.5,
to 2.0wt%) to prepare Ag3PO4/g-C3N4 nanocomposites. In a continuous
flow system, irradiated with a 420 nm LED, the photocatalyzed oxidative
mineralization of formaldehyde (HCHO) (0.5mg/m3) was studied using a
Ag3PO4/g-C3N4 photocatalyst (Rao et al., 2020). The results of this work
showed maximum formaldehyde degradation rates (8.51%, 10.60%, 22.4%,
10.60%, and 6.38%), in the order of g-C3N4, 0.5AP-CN, 1AP-CN, 1.5AP-
CN, and 2AP-CN, respectively Figure 5A. The optimum photoactivity of
the 1AP-CN heterojunction for HCHO degradation was about (2.63) times
faster than g-C3N4. From the results of this work these researchers suggest
that when Ag3PO4 as an impurity semiconductor is inserted into the g-
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C3N4 lattice, type II heterojunctions are created (Figure 5B), which can
restrain photogenerated carriers recombination thereby enhancing the over-
all efficiency of the reaction. Moreover, their results reveal that under vis-
ible light irradiation, the photogenerated electrons trapped by O2 over
conduction band CB produce more �O2

� radicals, and the presence of
holes over the valence band (VB) directly participate in the oxidation of
water/�OH and/or water by generating �OH radicals and thereby resulting
in further oxidation of HCHO into H2O and CO2.

Figure 5. (A) Degradation measurement of flowing gas-phase formaldehyde (B) Energy band
schematic of Ag3PO4/g-C3N4 composites (Figures 5A and 5B are adapted with permission from
ref. (Rao et al., 2020), copyright 2019 Elsevier). (C) Photocatalytic degradation of gaseous isopro-
panol over AC1.0, Ag/Ag3PO4 and g-C3N4 samples, (D) Photocatalytic degradation of gaseous
isopropanol and amounts of acetone evolution yield over AC1.0, (E) the cyclic stability tests of
AC1.0, (F) Schematic illustration for the charge transfer and separation in Z-scheme g-C3N4/Ag/
Ag3PO4 photocatalytic composite under visible-light irradiation (Figures 5C,5D,5E, and 5F are
adapted with permission from ref. (Shen et al., 2018), copyright 2018 Elsevier).

2356 Y. NACIRI ET AL.



In another study, Z-scheme g-C3N4/Ag/Ag3PO4 composites were used to
promte the photocatalytic oxidation of gaseous isopropanol (Shen et al.,
2018). The formation of g-C3N4/Ag/Ag3PO4 composites at room tempera-
ture was carried via a simple in situ deposition method by coating regular
rhombic dodecahedrons Ag3PO4 particles over a g-C3N4 sheet. Later on
different Ag3PO4 to g-C3N4 ratio were created, denoted by ACx and x refer
to various ratios (x¼ 0.3, 0.5, 0.7, 0.9, 1.0 and 1.2). The photocatalytic oxi-
dation efficiency of AC1.0 (90mL) was found to be the highest amongst the
following photocatalysts Ag/Ag3PO4 and g-C3N4 (Figure 5C). In the case of
AC1.0 samples, almost 63% IPA was removed within 4 h, higher than that
by g-C3N4 (14%) and Ag/Ag3PO4 (40%). Their findings also showed that
acetone was the main product during the photocatalytic oxidation of iso-
propanol. The incremental increase in acetone concentration was attributed
to isopropanol’s selective oxidation to acetone (Figure 5D). As depicted in
Figure 5E, g-C3N4/Ag/Ag3PO4 as a photocatalyst for isopropanol oxidation
exhibited significant efficiency over five consecutive cycles, thereby indicat-
ing a high stability of the studied photocatalyst. A schematic of the
mechansim for the photocatalyzed oxidation of formaldehyde by g-C3N4/
Ag/Ag3PO4 is shown in Figure 5F.

5.2. Coupling Ag3PO4 with TiO2

TiO2, continues to attract attention as an efficient UV light-driven photoca-
talyst, due to its nontoxic nature and low cost. Many attempts have been
made by many researchers to construct a heterostructure of TiO2 with
Ag3PO4, not only to enhance the latter’s stability but also to improve the
overall photocatalytic activity exhibited by TiO2 alone (Jia et al., 2019;
Rawal et al., 2012; Xie et al., 2015; Zhao et al., 2014). For example, Rawal
et al. (2012) created a novel Ag3PO4/TiO2 heterojunction by coating
Ag3PO4 surface sites with polycrystalline TiO2 as illustrated in Figure 6A.
The photocatalytic performance of the Ag3PO4/TiO2 heterojunction under
visible light irradiation (k� 420 nm) was evaluated for the photocatalytic
oxidation of gaseous 2-propanol (IP). The results showed that several com-
positions of Ag3PO4/TiO2 composites exhibited photocatalytic activities
greater than bare Ag3PO4 and TiO2, (Figure 6B). The best of the compo-
sites, 3/97 Ag3PO4/TiO2, was able to photocatalyse the oxidation of the
2-propanol within 120min and the authors suggest that this enhanced
activity was due to superior adsorption and higher photogenerated e- trans-
fer over interface between TiO2 and Ag3PO4 (Figure 6B). In addition,
photocatalytic activity was further evaluated in this system by monitoring
the evolution of CO2 as a function of irradiation time (Figure 6C) and
revealed, once again, that the 3/97 Ag3PO4/TiO2 photocatalyst was the
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Figure 6. (A) Preparation strategy for Ag3PO4/TiO2 composite; (B) Percentage of the remnant IP
as a function of irradiation time in the presence of several Ag3PO4/TiO2 composites under vis-
ible-light irradiation; (C) Amount of CO2 evolved (ppmv) in the presence of several Ag3PO4/TiO2

composites under visible-light irradiation, (D) Photocatalytic evolution of CO2 by the repeated
use of 3/97 Ag3PO4/TiO2. (Figures 6A,6B,6C, and 6D are adapted with permission from ref.
(Rawal et al., 2012), copyright 2011 Elsevier). Acetone (E) and (F) CO2 evolution through degrad-
ation of 2-propanol by TiO2-Ag3PO4 photocatalysts (Figure 6E,6F are adapted with permission
from ref (Jia et al., 2019), copyright 2019 Elsevier). (G) Diagram for the charge carrier transfer
and formation of �OH radical in the Ag3PO4/TiO2 under visible light irradiation (Adapted with
permission from ref. (Rawal et al., 2012). copyright 2011 Elsevier).
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most active, generating 11.4 ppmv of CO2 within 2 hour. In sharp contrast,
the pristine Ag3PO4 and TiO2 photocatalysts were only able to generate in
the same irrdaution time period 0.9 and 2.9 ppmv of CO2, respectively.
The stability of the 3/97 Ag3PO4/TiO2 photocatalyst was evaluated for gas-
eous isopropanol decomposition and revealed change in the CO2 vs irradi-
ation time profile even after 10 cycles (Figure 6D), thus indicating a high
photocatalytic stability.
Other workers also studied this system (Jia et al., 2019) i.e. the visible

light driven photocatalytic decomposition of gaseous 2-propanol by
Ag3PO4/TiO2 nanocomposites. The observed high photocatalytic activityies
exhibited by the of Ag3PO4/TiO2 composites obtained were attributed to
their superior surface areas, which further enhances the visible light absorp-
tion capacity. Amongst the tested TiO2-Ag3PO4 nanorods, TiO2-Ag3PO4-3
(13% molar percentage of Ag3PO4) proved to be the best by producing ca.
147 ppm and 424 ppm of acetone and CO2, within the first 3 h (Figure 6E)
and 11 h (Figure 6F), respectively.
The proposed mechanism for the oxidation of 2-propanol by oxygen

photocatalyzed by the Ag3PO4/TiO2 nanocomposites is sumamrised in
Figure 6G (Rawal et al., 2012). Thus, visible light irradiation produces an
electron-hole pair on the Ag3PO4. The higher valence band position of
Ag3PO4 (þ2.9 eV vs. NHE) compared to TiO2 enables the photogenerated
valence band hole to transfer to the TiO2, where it is able to oxidize the 2-
propanol. Meanwhile, the phogenerated electrons on the Ag3PO4 is able to
reduce O2. However, when considering the latter redox reaction, it would
appear that the direct reduction of O2 to superoxide, reactions (7) or (8), is
unlikely, on thermodynamic grounds (Krungchanuchat et al., 2017), and thus
it is proposed that the reduction of O2 by photogenerated conduction band
electrons on Ag3PO4 involves multielectron transfer reactions (9) and (10).

O2 þ e� ! � O2
�, E0 ¼ �0:284 V vs: NHEð Þ: (7)

O2 þ e� ! � O2
�, E0 ¼ �0:284 V vs: NHEð Þ: (7)

O2 þ Hþ þ e� ! HO2 � , E0 ¼ �0:046 V vs: NHEð Þ: (8)

O2 þ 2Hþ þ 2e� ! H2O2, E0 ¼ þ 0:682 V vs: NHEð Þ: (9)

O2 þ 4Hþ þ 4e� ! 2H2O, E0 ¼ þ 1:23 V vs: NHEð Þ: (10)

5.3. Coupling Ag3PO4 with SrTiO3

SrTiO3 is one of the most commonly studied perovskite materials used in
photocatalysis (Ji et al., 2019; Kong et al., 2016; Yue et al., 2018); it exhibits
high corrosion resistance (Kong et al., 2016; Yue et al., 2018), high chem-
ical stability (Kong et al., 2016), low cost (Kong et al., 2016), and is non-
toxic (Kong et al., 2016; Zhang et al., 2010). It has also proved an efficient
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photocatalyst for enhancing Ag3PO4 photocatalytic activity (Kong et al.,
2016; Saadetnejad & Yıldırım, 2018; Yue et al., 2018).
For example, in a study conducted by Guo et al. (2013), a novel Ag3PO4/

Cr-SrTiO3 heterojunction photocatalyst was used to promote the oxidation
of isopropyl alcohol by O2 using solar light (420 nm< k< 800 nm). In this
work Ag3PO4/Cr-SrTiO3 samples with different ratios were used and their
efficiencies as photocatalysts assessed by monitoring both the change in
[IPA] and [CO2] as a function of irradiation time. The best Ag3PO4/Cr-
SrTiO3 heterojunction composite was one with a (1:4) mass ratio which
was able to photocatalyse the oxidation of 97% of the IPA within 3.8 h
irradiation (Figure 7A). In contrast, pure Ag3PO4 and Cr-SrTiO3 exhibited
only 9% and 12% IPA decomposition within 8 h of irradiation, respectively
(Figure 7A). In addition, and not surprisingly the highest rate of CO2 evo-
lution was found using this 1:4 Ag3PO4/Cr-SrTiO3 heterojunction photoca-
talyst, which produced 291.2 ppm of CO2 over 20 h of irradiation, which

Figure 7. (A) The concentration change of IPA and (B) the evolution of CO2 over Cr-SrTiO3,
Ag3PO4 and Ag3PO4/Cr-SrTiO3 (1:4) composite powders under visible light irradiation; (C) the
evolution rate of CO2 under visible light irradiation of the Ag3PO4/Cr-SrTiO3 (1:4) composite
powders calcined at different temperature over (420 nm< k< 800 nm); (D) The XRD patterns
and Adapted with permission from ref. (Guo et al., 2013), copyright 2013 Elsevier).
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was 35 and 5-fold higher than the bare Ag3PO4 and Cr-SrTiO3, respectively
(Figure 7B). In this study, the effect of calcining the photocatalyst was also
studied and revealed the highest photocatalytic activity was associated with
1:4 Ag3PO4/Cr-SrTiO3 samples calcined over 500 �C than the ones calcined
over 300 �C and 700 �C (Figure 7C). XRD analysis of these calcined sam-
ples, see Figure 7D, suggest that the enhancement in activity may be due to
the thermal production of metallic silver particles over the Ag3PO4 photo-
catalytic particles, which would act as efficient electrion traps and catalysts
for the reduction of O2 via the multielectron processes described by Eqs.
(9) and (10). In contrast, the decrease in photocatalytic performance with
an increase in calcined temperature above 500 �C, might be due to the
decomposition of Ag3PO4

The group of Ji et al. (2019) investigated visible light induced Z-scheme
photocatalysis exhibited by a Ag3PO4/Ag/SrTiO3 composite, named AgPO/
Ag/STO.) . In this work, using light with (k� 420 nm, 150mW/cm2), the
photocatalysed destruction of different volatile organic compounds, ie.
VOCs, which included xylene, toluene, and benzene,was studied aminly
under above room temperature (RT) conditions, but not higher than 90 �C.
Their findings showed that the AgPO/Ag/STO photocatalyst was able to
destroy > 90% of the toluene vapor 800 ppm within 6 h of irradiation
(Figure 8A), which was better than the AgPO/STO, Ag/AgPO, and Ag/
STO photocatalysts. This work shows that the Ag NP bridge between the
AgPO and STO photocatalysts enhances considerably photocatalytic per-
formance. Other work showed that the rate of photocatalysis exhibited by
the system increased with increasing temperature. Thus, the toluene con-
version during the photo-thermo-catalytic oxidation (PTO) process sig-
nificantly increased from (65%–94%) over AgPO/Ag/STO as the
temperature was increased from 45 to 90 �C, see Figure 8B. In the absence
of light, the (dark) thermal catalytic oxidation of toluene (TCO) was neg-
ligible and only the photocatalytic oxidation (PCO) was observed (Figure
8B). The photo-thermo-catalytic oxidation (PTO) activity xhibited by
AgPO/Ag/STO was also tested using xylene and benzene as the VOC.
Their results showed that after 4 h photo-thermo-catalytic oxidation
(PTO) process at 90 �C, the conversion rates of xylene, toluene, and
benzene were more than 85%, thereby suggesting its potential practical
application.
A schematic of the proposed photocatalytic mechanism and the photo-

thermo-catalytic oxidation of volatile organic compounds under visible-
light irradiation over Ag3PO4/Ag/SrTiO3 is illustrated in Figure 8C,
although electronic excitation of the STO suggests UV irradiation, as well
as visible light irradiation. In this mechanism, the surface of Ag NP provide
a selective route for the recombination of the photogenerated conduction
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band electrons in Ag3PO4 and the photogenerated valence band holes in
SrTiO3 and in doing so help protect the Ag3PO4 photocatalyst from light
corrosion (Agþ to Ag0), thereby ensuring enhancement of Ag3PO4/Ag/
SrTiO3 photocatalytic stability.

5.4. Coupling Ag3PO4 with In2O3

In2O3 is an indirect band semiconductor with a direct bandgap of 3.6 eV
and an indirect bandgap of 2.8 eV and regarded as an efficient

Figure 8. (A) Photocatalytic oxidation (PCO) of toluene under visible light at room temperature
for 6 h; (B) Thermocatalytic oxidation (TCO), Photocatalytic oxidation (PCO), and photothermoca-
talytic oxidation (PTO) of toluene over Ag3PO4/Ag/SrTiO3 for 3 h (RT refers to room
temperature);(C) Charge transfer process in the photocatalytic oxidation process over Ag3PO4/
Ag/SrTiO3. (Figures 8A, 8B, and 8C are adapted with permission from ref. (Ji et al., 2019), copy-
right 2019 American Chemical Society); (D) Time courses of C2H4 photodegradation and (E)
pseudo-first-order kinetics plots: a.In2O3, 95-IO-Ag-5-AP, c. 90-IO-Ag-10-AP, d. 70-IO-Ag-30-AP, e.
50-IO-Ag-50-AP, f. Ag3PO4; (F) Charge transfer in the In2O3-Ag-Ag3PO4 Z-scheme mode under
sunlight illumination (Figures 8D, 8E, and 8F are adapted with permission from ref. (Chen et al.,
2017), copyright 2017 Elsevier).
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photocatalyst, as it increases the semiconductor absorption spectra from
the UV region into the visible region (Liu et al., 2018; Mu et al., 2012;
Yang et al., 2017). Recently, one group (Chen et al., 2017), has investi-
gated the visible-light-driven oxidation of ethylene (C2H4) by O2 photoca-
talysed by In2O3-Ag-Ag3PO4 composites. These researchers found that the
In2O3-Ag-Ag3PO4 composite with 9:1 (90-IO-Ag-10-AP) mass ratio
exhibited the highest rate for C2H4 photodegradation, decomposing
almost 200 ppm C2H4 within 2 h under visible light irradiation (Figure
8D). Note, in this work, only the production of CO2 was detected during
the photocatalytic oxidation of C2H4 and the kinetics of the reaction were
first order with respect to [C2H4] (Figure 8E), The value of the first order
rate constant for C2H4 removal determined for the 90-IO-Ag-10-AP pho-
tocatalyst was found to be 24.4 and 41.1 times higher than that deter-
mined for the In2O3 and Ag3PO4 photocatalysts, respectively. However,
note that the degradation proficiency of the photocatalysts decreased after
3 reaction cycles.
A schematic diagram of reaction mechanism associated with the photo-

catalytic oxidation process driven by the photoexcited In2O3-Ag-Ag3PO4

composite is illustrated in Figure 8F. Once again, in this mechanism, it is
proposed that the photogenerated conductance band electrons on the
Ag3PO4 particles combine with the photogenerated holes on the In2O3, via
the bridging Ag nanoparticles, thereby leading to the efficient separation of
photo-generated charge carriers, which in turn slow down the Ag3PO4

photo-corrosion. Simultaneously, the efficient reduction of adsorbed O2

over the In2O3 surface by its photogenerated conduction band electrons
results in the production of reactive superoxide radical anions �O2

�, which
eventually are reduced to water. At the same time the photogenerated
valence band holes on the Ag3PO4 particles are able to effect the efficient
oxidation of adsorbed water molecules or surface hydroxyl groups thereby
producing hydroxyl radicals �OH which are able to oxidize the ethylene
to CO2.

5.5. Coupling Ag3PO4 with Sr2Nb2O7

Sr2NB2O7 is viewed currently as a most promising visible-light-driven pho-
tocatalyst, and has a low bandgap (3.9 eV) (Adhikari et al., 2018; Guo et al.,
2014; Nisar et al., 2012). Thus, Guo et al. (Guo et al., 2014) have reported
the preparation of different temperature based (873K, 923K, 973K, 1023K,
1073K, and 1173K), novel Ag3PO4/nitridized Sr2Nb2O7 (nitrided under
NH3 flow (500mL min�1)) photocatalysts for the oxidation of IPA under
visible light irradiation. Electronic structure calculations suggest that the
valance band of Sr2Nb2O7 might be significantly shifted (made less
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positive) with nitrogen doping (Figure 9A), which in turn suggests that the
electronic structure of the Ag3PO4/nitridized Sr2Nb2O7 photocatalysts can
be altered by controlling the nitrogen dose in nitridized Sr2Nb2O7. All the
composite photocatalysts tested displayed superior photoactivity than the
pristine materials, with the being a Ag3PO4/SNON-1023 photocatalyst
which achieved maximum CO2 and acetone evolution rates 10.32 ppm h�1

and 173.3 ppm h�1, respectively (Figure 9B) and (Figure 9C). Other work
showed that by increasing the nitridation temperature to 1023K, the
Ag3PO4/SNON-1023 increased in activity, as shown by the rate of photo-
induced evolution of acetone (Figure 9B) and CO2 (Figure 9C). However,
above a nitridation temperature of 1023K, increasing temperature resulted
in a significant loss of activity. The observed variation in photocatalytic
activity, illustrated in Figures 9B and C, is assumed to be due to the change
in the valence band position of the nitridized Sr2Nb2O7 (Figure 9D). The
results of this work suggest that the optimal band gap of the nitridized
Sr2Nb2O7 is ca. 2.15 eV, with CB and VB potentials of �0.27 eV and
þ1.88 eV, respectively. The results of this study indicate that the Ag3PO4

Figure 9. (A) The schematic band structures of nitridized Sr2Nb2O7 (N: 0–6.18wt%); (B) The
acetone evolution rates of the as-prepared composite photocatalysts; (C) The CO2 evolution
rates of the as-prepared composite photocatalysts; (D) The schematic band structure of the
Ag3PO4/SNON-1023 composite photocatalyst. Adapted with permission from ref. (Guo et al.,
2014) Copyright 2014 Royal Society of Chemistry).
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valance and conduction bands potentials as well as those of the nitridized
Sr2Nb2O7 have an important effect on photoactivity.

5.6. Coupling Ag3PO4 with CaIn2S4

CaIn2S4 belongs to the AB2X4 semiconductor family which posses suitable
band edge positions (Li et al., 2017), high chemical stability (Liu et al.,
2019), and narrow bandgaps (Wan et al., 2018), that in turn renders them
very effective as photocatalysts (Ding et al., 2014; Jo & Natarajan, 2015; Li
et al., 2017; Liu et al., 2019).
Wan et al. (2018), prepared a numbers of different Z-scheme CaIn2S4/

Ag3PO4 nanocomposites (called CIS/APO) via wet impregnation method,
and by changing the CaIn2S4 concentration from 0 to 15wt%. These photo-
catalysts were then used to effect the photooxidation of nitric oxide (NO)

Figure 10. (A) The NO conversion efficiency of CIS, APO, and x%-CIS/APO nanocomposites
(x¼ 2, 5, 10, 15); (B) the stability tests of the 10%-CIS/APO nanocomposite for NO removal The
schematic band structures of nitridized Sr2Nb2O7 (N: 0–6.18wt%); (C) Schematic representation
of the photoexcited electron-hole transfer mechanism. Adapted with permission from ref. (Wan
et al., 2018), copyright 2018 Royal Society of Chemistry).
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(�400 ppm) using a 300W Xe-lamp as a solar light production source. The
highest rate of NO oxidation was achieved using a CaIn2S4/Ag3PO4 photo-
catalyst with 10wt% of CaIn2S4 (Figure 10A). Thus, the 10%-CIS/APO
nanocomposite exhibited a 2-fold and 3.5-fold higher solar light-driven rate
of photocatalytic oxidation of nitric oxide after 80min irradiation than
the pristine photocatalytic samples Ag3PO4 and CaIn2S4, respectively
(Figure 10A). The CaIn2S4/Ag3PO4 nanocomposite photocatalyst also
exhibited high photostability over four photocatalytic oxidation of NO
cycles (Figure 10B).
A schematic illustration of the major electron transfer processes associ-

ated with the above photocatalytc system is illustrated in Figure 10C.
The results demonstrate that the coupling of CaIn2S4 and Ag3PO4 does not
follow the conventional CaIn2S4/Ag3PO4 heterojunction (type II,see
Figure 10Ca) because of the more positive potential of Ag3PO4 CB
(þ0.45 eV) (Krungchanuchat et al., 2017) than the produced �O2

� and
�OH formation (O2/�O2

� ¼ �0.33 eV; H2O2/�OH ¼ þ0.06 eV) redox
potential (Krungchanuchat et al., 2017), as well as the more negative poten-
tial of CaIn2S4 VB (þ0.82 eV) (Wan et al., 2018) than the potential
required for the oxidation of H2O2 to �O2

� (þ1.00 eV) (Krungchanuchat
et al., 2017).
Instead, the coupling of CaIn2S4 and Ag3PO4 suggests Z-scheme mechan-

ism (see Figure 10Cb), in which the photogenerated conduction band elec-
trons on the Ag3PO4 conduction band recombine with the photogenerated
valence band holes on the CaIn2S4 . As a result the remaining photogener-
ated holes on the Ag3PO4 are able to effect the production of OH radicals
which are able to oxidize NO and the photogenerated conduction band
electrons on the CaIn2S4 are able to effect the reduction of O2. As a result,
the CaIn2S4/Ag3PO4 nanocomposite photocatalysts exhibit a higher effi-
ciency for the oxidation of NO than the pristine CaIn2S4 or Ag3PO4

photocatalysts.

6. Conclusions and future directions

Silver phosphate is believed to be the most effective photocatalysts recorded
to date since its first application in photocatalysis in 2009. Also, it is con-
sidered to be the most efficient visible-light-driven photocatalyst exhibiting
remarkable photocatalytic properties than commonly employed oxidative
photocatalysts such as TiO2, ZnO, BiVO4, and WO3. The only drawback
for Ag3PO4 use as a photocatalyst is its photo-corrosion, which limits its
potential in photocatalytic reactions. Consequently, many research efforts
have been devoted to improving Ag3PO4 stability and its photocatalytic
performance in environmental photo remediation studies. This review
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reveals that its incorporation in a Z- scheme semiconductor heterjunction
with other photocatalyst or into a more conventional type-II heterojunction
could effectively enhance its stability and photocatalytic activity toward gas-
eous pollutants elimination. The enhanced photocatalytic oxidation of gas-
eous contaminants is closely associated with narrow bandgap energy,
improved absorption light range, reduce electron-hole pair recombination,
faster charge transfer, and negligible photo-corrosion.
Thus, this review’s main purpose has been to compile the current

research progress on the current strategies for enhancing Ag3PO4-based
composite photocatalytic activities toward gaseous pollutants elimination.
Also, to discuss the proposed mechanisms responsible for the enhanced
photocatalytic performance of the Ag3PO4-based composite systems.
Although considerable advances in this area have already been made over
the past few years, most studies in this field are still at the initial stage.
Thus, future work should focus on the following aspects:

i. The use of Ag3PO4-based composite photocatalysts should be extended
toward the degradation of other harmful gases, such as acetaldehyde,
trichloroethylene… etc.

ii. Photocatalyst synthetic methdos that are more environmentally friendly
and simpler should be investigated. Thus, systematic studies are needed
urgently to introduce sustainable production pathways to provide a
selection based material fabrication with the desired morphology, crys-
tal phase, surface structure, as these characteristics strongly influence
its photocatalytic activity.

iii. The efficacy of core@shell structure photocatalysts based on Ag3PO4-based
composite semiconductors need to be investigated as they could effectively
improve the photostability of the Ag3PO4. This work would also provide a
better understanding of the relationship between semiconductor photoca-
talyst structural properties and its photocatalytic performance.

iv. In order to understand, the mechanism of the Ag3PO4-based composite
systems, different novel characterization and computational techniques,
such as density functional theory (DFT), are required as they will be
able to provide invaluable insights into the relationship between activity
and material structural characteristics, such as i.e., surfaces, interfaces,
nanostructures and activity at the atomic and molecular level.

v. Bare Ag3PO4 showed a low surface area, which inhibits the kinetics
and the photocatalytic degradation rate. Therefore, it is highly desirable
to combine bare Ag3PO4 with adsorbing/porous surface materials such
as activated carbon, graphene, lignocellulosic biomass, or clays in order
to enhanced the available surface area and observed photoactivity.
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vi. The problems of scaling up these systems for operating under real con-
ditions need to be addressed.

If the above issues and challenges are adequately addressed, then in years
to come, the use of Ag3PO4 based Z-scheme or conventional type-II heter-
ojunction photocatalysts for gaseous phase contaminants destruction is
likely to be significant in air-pollution control.
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