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ABSTRACT

Silver-based semiconductor photocatalysts are promising materials for solving environmental and energy issues
due to their strong optical absorption, excellent quantum efficiency and photoelectrochemical properties.
However, the uncontrollable photocorrosion and high use cost of single silver-based semiconductor photo-
catalysts limit its practical application. The construction of Z-scheme photocatalytic systems that mimic natural
photosynthesis can not only enhance the photocatalytic activity of silver-based semiconductor photocatalysts,
but also improve their stability and reduce the use costs. This critical review concisely highlights the basic
principles of Z-scheme photocatalytic systems, and discusses the construction of silver-based semiconductor Z-
scheme photocatalytic systems and the roles of metallic Ag in there and summarizes the synthesis methods of
silver-based semiconductor Z-scheme photocatalytic systems. Then, a series of the solar-driven applications are
elaborated, including organic pollutants degradation, hydrogen production, and carbon dioxide reduction.
Meanwhile, the mechanism and difficult level of these photocatalytic reactions are also described. Besides, metal
organic frameworks (MOFs) as a novel type of photocatalysts have attracted growing attention. The novel
combination of silver-based semiconductors with typical photoactive MOFs is highlighted based on the Z-scheme
photocatalytic systems. Eventually, the future challenges and prospects in the development of silver-based
semiconductor Z-scheme photocatalytic systems are presented.
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1. Introduction

Nowadays, environmental and energy issues are the focus of global
concern (Xiao et al., 2017; Wen et al., 2018a; Yang et al., 2019a; Guo
et al., 2018a; Huang et al., 2017a). To solve these problems, especially
the consumption of fossil fuels and their harms to environment, tre-
mendous efforts have been made toward exploring clean and new re-
newable energy resource. Semiconductor photocatalysis has attracted
considerable attention for its promising potential to address intractable
environmental and energy issues using abundant solar energy (Yang
et al., 2019b; Wang et al., 2019; Liu et al., 2018a). Particularly, it has
exhibited the huge potential in organic pollutants degradation (Xiao
et al., 2017; Wen et al., 2017; Huang et al., 2013; Li et al., 2019a; Shao
et al., 2018b, 2017), water splitting to produce hydrogen (H,) and/or
oxygen (0O,) (Liu et al., 2016; Ye et al., 2016), and carbon dioxide (CO,)
reduction to generate renewable fuels (Sorcar et al., 2017; Li et al.,
2015a; Huang et al., 2019a). The most widely investigated traditional
semiconductor photocatalyst is TiO, owing to its structural stability and
low cost (Yu et al., 2013; Xue et al., 2018a). However, TiO, can only
utilize ultraviolet light which accounts for 4 % of sunlight owing to its
large band gap. Therefore, developing new and efficient visible light
photocatalyst has become the hotspot research in the photocatalytic
field.

Among various visible-light-driven photocatalysts, silver-based
semiconductors are photosensitive materials that have been widely
used in photographic films for more than 200 years, which exhibits the
outstanding photoresponse property (Xu et al., 2015a; Chen et al.,
2019). For example, AgzPO, could obtain a significantly high quantum
yield of 90 % for water oxidation under visible light irradiation (Yi
et al., 2010). Wang et al. Wang et al. (2008) reported a plasmonic
photocatalyst Ag@AgCl possessed highly efficient photocatalytic ac-
tivity for organic pollutants degradation under visible light. Compared
with most semiconductor materials, the conduction band (CB) potential
of Agl is more negative, and when it is loaded on other catalyst surfaces,
it can effectively promote the separation of carriers. Besides, some
silver-based semiconductors present excellent visible light photo-
catalytic activities towards H, production and CO, reduction (An et al.,
2012, 2013). The outstanding performance of silver-based semi-
conductor materials should be attributed to the distinctive filled d'°
electronic configuration of Ag™ ions which involves the formation and
the hybridization of the energy band structure (Dong et al., 2014).
Thus, due to their many advantages, such as strong optical absorption
ability, excellent quantum efficiency and photocatalytic activity, silver-
based semiconductor photocatalysts have aroused great concern and
interest. Generally, the photocatalytic reaction mainly includes four
processes: (1) generating photogenerated electron-hole pairs by ab-
sorbing sunlight, (2) the separation and transfer of photogenerated
carriers, (3) participating the oxidation/reduction reaction on the sur-
face of photocatalyst, and (4) photogenerated carriers’ recombination
in bulk or on the surface of photocatalyst (Bai et al., 2015). The ther-
modynamics and kinetics of the processes above determined the effi-
ciency of photocatalyst. However, for single-component silver-based
semiconductor photocatalyst, the limited visible-light absorption and
low oxidation/reduction ability restrain its wider application. And the
photogenerated electrons and holes in single component photocatalysts
easily recombine owing to the strong Coulombic force between elec-
trons and holes (Fig. 1a) (Low et al., 2017; Huang et al., 2017b).
Moreover, poor stability, high cost and easy aggregation also limit the
practical applications of single-component silver-based semiconductor
photocatalysts.

Fortunately, studies have confirmed that the construction of het-
erostructure photocatalytic system (usually type-II systems (Fig. 1b))
that comprises two semiconductors with suitable bandgap, is an effec-
tive strategy to improve photocatalytic efficiency because of their ad-
vantages in separating photogenerated carriers and increasing light-
absorption range. For example, Zhou et al. Zhou et al. (2018a)
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constructed a type-II Agl/Bi;»0;7Cl, heterojunction photocatalyst
through a deposition-precipitation method. The Agl (25 wt.
%)/Bi1201,Cl, exhibited the optimal photocatalytic activity for sulfa-
methazine degradation under visible light, approximately 7.0 and 7.8
times higher than that of single Agl and Bi;,01,Cl,. The introduction of
Bi;5017Cl; not only enhanced the photostability of Agl, but also re-
duced the amount and cost of Agl. However, the redox ability of pho-
togenerated carriers in type-II system is weakened after carriers transfer
because the valence band (VB) potential of photocatalyst I (PS I) is
more negative than that of photocatalyst II (PS II) and the CB potential
of PS II is more positive than that of PC I. How to achieve strong redox
ability under the premise of ensuring effective separation of photo-
generated carriers has become an important research topic.

In nature, Z-scheme photocatalytic reaction is an important part of
photosynthesis in plants, which includes two photochemical reactions
and a range of intermediate enzymatic redox reactions (Fig. 1c). Under
sunlight, Chlorophyll P680 (PS II) is excited to P680* (PS II), the
electrons in P680* are transferred to Chlorophyll P700 (PS I) with the
help of cytochrome and protease. Then, the electrons in P700* even-
tually combines with NADP* to form NADP which reduce CO, into
carbohydrate, and O, is produced by water oxidation in P680 (PS II)
(Kothe et al., 2013). The artificial Z-scheme photocatalytic systems that
mimic natural photosynthesis of plants consist of two suitable bandgap
semiconductors, which could simultaneously possess the wide light-
absorption range, strong redox ability, and efficient separation effi-
ciency of photogenerated carriers (Deng et al., 2019; Zhang et al.,
2019b; Lu et al.,, 2019). Therefore, the artificial Z-scheme photo-
catalytic systems excellently solve the problem of easy recombination of
photogenerated carriers of single-component photocatalyst and weak
redox ability of type-II heterostructure (Deng et al., 2018; Li et al.,
2019b; Wang et al., 2020). It is anticipated that constructing silver-
based semiconductor Z-scheme photocatalytic systems can not only
enhance the photocatalytic activity of silver-based semiconductor
photocatalysts, but also improve their stability and reduce the use costs.

Early in 2014, Zhou et al. Zhou et al. (2014) had proposed that the
silver-based semiconductors were suitable for the construction of the Z-
scheme system. In recent years, many researches have been explored to
construct silver-based semiconductor Z-scheme photocatalytic systems
to improve their photocatalytic performance. For example, it was re-
ported that Ag-AgCl/y-TaON (Hou et al., 2013a), Ag/AgX/BiOX (X=Cl,
Br) (Ye et al.,, 2012), AgBr/Bi,WO, (Huang et al., 2019b), Agl/BiOBr
(Yu et al., 2018), AgzP04/g-C3N4 (Zhou et al., 2017), Ag>CrO4-GO (Xu
et al., 2015b), Ag,CO3/Ag/WO3 (Yuan et al., 2017a), and Ag,O/RGO/
TiO5 (Hu et al., 2017) exhibited high visible light photocatalytic ac-
tivity and excellent photostability. As the research moves along, in-
creasing instructive reviews have been conducted, such as the summary
of functional design and synthesis strategies of AgsPO, (Li et al., 2019c;
Kausor et al., 2020), the application of Agl based heterojunction (Wen
et al., 2020a), or the mechanisms of the photocatalytic decomposition
of organic molecules of Ag-compound-based semiconductor (Li et al.,
2014). However, the current reviews mostly focused on the properties
of individual silver-based materials or only on the degradation of or-
ganic compounds. Considering the significant advances on silver-based
Z-scheme photocatalysts and the vacancy of summarizing these mate-
rials, we believe that a comprehensive review on this subject is neces-
sary to accelerate further developments. This review mainly focuses on
the construction and synthesis methods of silver-based semiconductor
Z-scheme photocatalytic systems and their potential application in en-
vironmental restoration and energy conversion. The roles of metallic Ag
displayed in silver-based semiconductor Z-scheme photocatalytic sys-
tems are discussed. The mechanism and difficult level of these photo-
catalytic applications, including organic pollutants degradation, H,
production and CO, reduction, are described in detail. Besides, metal
organic frameworks (MOFs) as a novel type of photocatalysts have at-
tracted growing attention. The powerful combination of silver-based
semiconductors with a typical photoactive MOFs is also highlighted
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based on the Z-scheme photocatalytic systems. Finally, the future
challenges and prospects in the development of silver-based semi-
conductor Z-scheme photocatalytic systems are presented.

2. The principles of Z-scheme photocatalytic systems

The artificial Z-scheme photocatalytic systems include three types:
(1) traditional Z-scheme photocatalytic system, (2) all-solid-state Z-
scheme photocatalytic system, and (3) direct Z-scheme photocatalytic
system. As shown in Fig. 2a, traditional Z-scheme photocatalytic system
consists of two different photocatalysts and redox electron mediators
(also called an acceptor/donor (A/D) pair). There is no physical contact
between PS II and PS I. Under light irradiation, the electron acceptor
(A) is reduced to the electron donor (D) and consumed by the photo-
generated electrons in the CB of PS II, while the electron donor (D) is
oxidized to the electron acceptor (A) and consumed by the
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Fig. 1. (a) Electron-hole recombination on a
single photocatalyst; (b) Type-II heterojunc-
tion; (c) Charge separation mechanism in nat-
ural photosynthesis. P680: pigment (chlor-
ophyll) that can absorb 680 nm light in
photosystem II (PS II); P680*: the excited state
of P680; P700: pigment (chlorophyll) that can
absorb 700 nm light in photosystem I (PS I);
P700%: the excited state of P700. Mn: manga-
nese-calcium oxide cluster; Tyr: tyrosine in PS
II; Pheo: pheophytin, the primary electron ac-
ceptor of PS II; Qa: plastoquinone electron ac-
ceptor; Qp: secondary plastoquinone electron
acceptor; PQ: plastoquinone; FeS: Rieske iron-
sulfur protein; Cytf: cytochrome f; PC: plasto-
cyanin; Ag, A;: two separate iron-sulfur cen-
ters; Fx, Fa, Fp: primary electron acceptors of
PS I; FD: ferredoxin; FNR: nicotinamide ade-
nine dinucleotide phosphate (NADP) re-
ductase.

photogenerated holes in the VB of PS I. Then, the photogenerated hole
in the VB of PS II and the photogenerated electron in the CB of PS I can
participate in the redox reaction. Although the redox mediators are
beneficial to the transmission of electrons between different interfaces,
there are also some shortcomings in the process of reaction: First, the
presence of redox electron mediators may also absorb light energy,
which reduces the photons involved in photocatalytic reactions and is
not conducive to photocatalytic reactions; Second, redox electron
mediators can react with the photogenerated electrons in the CB of PS I
and holes in the VB of PS II, which reduces the number of photo-
generated electrons and holes; Third, low stability of redox electron
mediators are only suitable for the liquid-phase photocatalytic reac-
tions. These disadvantages above limit its development. Thus, the A/D-
free Z-scheme photocatalytic systems gained more attention and de-
velopment.

As depicted in Fig. 2b, an all-solid-state Z-scheme photocatalytic

Fig. 2. Schematic illustration of charge transfer in (a) traditional Z-scheme photocatalytic system, (b) all-solid-state Z-scheme photocatalytic system, and (c) direct Z-

scheme photocatalytic system.
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system is constructed by two different photocatalysts and a solid elec-
tron mediator which exists in the contact interface between two semi-
conductors. Noble metals (e.g., Ag, Au) and conductive materials (e.g.,
graphene) have been used as the solid electron mediator. Under light
irradiation, the photogenerated electrons in the CB of PS II can re-
combine with the photogenerated holes in the VB of PS I through the
solid electron mediator, and achieved highly efficient separation of
photogenerated electron-hole pairs and strong redox ability. Notably,
the backward reactions of traditional Z-scheme photocatalytic system
can be avoided because of the absence of redox mediators. In addition,
the all-solid-state Z-scheme photocatalytic system can work both in li-
quid and gas phases. However, the solid electron mediator may also
lead to shielding effect in the all-solid-state Z-scheme photocatalytic
system.

A direct Z-scheme photocatalytic system without electron mediator
was initially proposed by Yu et al. Yu et al. (2013). The photogenerated
electrons in the CB of PS II can directly recombine with the photo-
generated holes in the VB of PS I (Fig. 2c¢). Compared to traditional and
all-solid-state Z-scheme photocatalytic systems, the backward reactions
and shielding effect can all be significantly reduced in direct Z-scheme
system. Besides, direct Z-scheme photocatalytic system not only can
retain high redox ability and efficient carriers separation, but also has a
certain corrosion resistance. For example, when silver-based semi-
conductor photocatalyst as an oxidation component is employed to
construct direct Z-scheme system, the photogenerated electrons in the
CB of silver-based semiconductor can be rapidly consumed by the
photogenerated holes of other photocatalyst, which decrease the pos-
sibility of Ag* being reduced.

3. The construction of silver-based semiconductor Z-scheme
photocatalytic systems

Generally, silver-based semiconductors are a kind of light sensitive
materials that tend to be easily reduced to metallic Ag under light ir-
radiation. The roles of metallic Ag in silver-based semiconductor all-
solid-state Z-scheme photocatalytic systems mainly focus on two as-
pects: surface plasmon resonance (SPR) and charge transmission bridge.
In addition, some studies have shown that the photocorrosion of silver-
based composite semiconductors could be inhibited by consuming the
photogenerated electrons timely or transferring the electrons in the CB
of silver-based semiconductors to an acceptor material (Xu et al.,
2015b; Wan et al., 2017; Li et al., 2016a; Wang et al., 2016a). For ex-
ample, Xu et al. (Xu et al., 2015b) synthesized a direct Z-scheme silver
chromate-graphene oxide (Ag>CrO4-GO) composite photocatalyst,
finding that the photostability of Ag,CrO, was significantly enhanced
by timely transfer the photogenerated electrons of Ag>CrO,4 to GO. At
present, few reviews have summarized the silver-based semiconductor
Z-scheme systems and explored the roles of metallic Ag in there.
Therefore, a comprehensive review about this topic is essential for the
understands of silver-based semiconductor Z-scheme photocatalytic
systems. In the following, we will discuss the two Z-scheme systems of
silver-based semiconductor, including all-solid-state Z-scheme systems
and direct Z-scheme systems, and analyze the different roles of metallic
Ag in all-solid-state Z-scheme photocatalytic systems.

3.1. All-solid-state Z-scheme systems with Ag SPR effect

Theoretically, the SPR of noble metal nanoparticles (NPs) can ap-
pear when the frequency of the incident light coincides the natural
frequency of the oscillating surface electrons (Fig. 3a). Metallic Ag, as a
noble metal NPs, possesses efficient plasmon resonance in visible light
region due to the SPR effect, leading to the strong absorption of sunlight
(Wang et al., 2011; Xue et al., 2018b). The introduction of plasmonic
metals mainly extends the photocatalytic activity of wide bandgap
semiconductor material from ultraviolet to visible regions. In silver
halide (AgX, X = Cl, I, Br), silver chloride (AgCl) with wide bandgap
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(E;~3.25 €V) is a photocatalytic material with ultraviolet response,
when it coexists with Ag, a plasmonic Z-scheme photocatalytic system
using visible light can be constructed (Hou et al., 2013a, b). Wang et al.
(Wang et al., 2011) synthesized Ag/AgCl/H,WO4H>0 composite pho-
tocatalysts by a one-step ionic method. It was indicated that the Ag NPs
formed on AgCl surface increased the visible light absorption ability of
composites owing to its SPR effect. Charge carriers transfer in Ag/AgCl/
H,WO,4H,0 composite was confirmed to obey the plasmonic Z-scheme
mechanism. Ag NPs and H,WO, could all absorb photons to generate
photogenerated electrons and holes under visible light. The plasmon-
induced electrons of Ag NPs were migrated to the CB of AgCl to reduce
O,, while the photogenerated electrons formed on the CB of H,WO,
were entrapped by the plasmon-induced holes of Ag NPs owing to its
high Schottky barrier at the interface of Ag and H,WO,. Subsequently,
the VB holes on H,WO, oxidize organic pollutants (Fig. 3b). Moreover,
plasmonic Z-scheme photocatalytic systems, including AgCl/Ag/y-
TaON (Hou et al., 2013a), Ag-AgCl@BiyTiO3, (Hou et al., 2013b), and
Ag/AgCl/Bi,MoOg (Jing et al., 2015), have been prepared respectively
by Jiao and Niu research group via similar deposition and photo-
reduction process. And the improved photocatalytic activity and broa-
dened visible light absorption could be obtained in these plasmonic Z-
scheme photocatalytic systems owing to the SPR effect of Ag NPs.
Under visible light irradiation, the intrinsic mechanisms for plasmonic
enhancement of photocatalysis mainly include local electric field and
plasmonic sensitization.

3.1.1. Enhanced local electric field

An intense local electric field near the metal NPs surface can be
formed together with the SPR (Fig. 3a). Semiconductor part near
plasmonic metal NPs is affected by a strong electric field, which the
intensity is 1000 times larger than far-field incident light (Ingram and
Linic, 2011; Fei et al., 2008; Xue et al., 2019a). The amount of photo-
generated carriers produced in this part of semiconductor is sharply
increased because the generation and separation efficiency of photo-
generated electron-hole pairs are proportional to the electric field in-
tensity (Fig. 3c). The enhanced local electric field induced by plasmon
excitation declines almost exponentially from the surface of metal NPs
and extends to 10-50 nanometers according to the size and shape of
metal NPs (Tian et al., 2012). Only within this special scale, the gen-
eration efficiency of photogenerated electron-hole pairs in semi-
conductors can be increased. In order to maximize the SPR-induced
enhancement of light absorption in semiconductors, it is necessary to
achieve complete spectral overlap among semiconductor absorption,
incident excitation light and SPR of metal NPs, and increase the effec-
tive contact interface between metal and semiconductor.

3.1.2. Plasmonic sensitization

Plasmonic sensitization is electron transfer process that occurs at the
interface of metal and semiconductor (Fig. 3d). Most semiconductors
used for photocatalysis are n-type. There exists a Schottky barrier be-
tween metal and semiconductor in their composites, which prevents the
transfer of electrons from metal to semiconductor. Yet, under the ex-
citation of the SPR, the hot electron-hole pairs at metal NPs surface can
generate during the decline of the plasmon quantum through non-ra-
diative Landau damping (Meng et al., 2016; Maier et al., 2003). The
partially generated hot electrons have enough energy to overcome the
Schottky barrier, and can be moved to the CB of semiconductors,
driving the chemical reaction. Therefore, due to the process of plas-
monic sensitization, the wide bandgap semiconductor material could
obtain extra electrons under visible light irradiation. It is also note-
worthy that the injection of hot electrons can be influenced by the size,
shape, and properties of metal particles and the adjacent semi-
conductors.
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Fig. 3. (a) Schematic illustration of the SPR effect of metal NPs; (b) Plasmonic Z-scheme mechanism of Ag/AgCl/H,WO,4H,0; (c) Plasmonic enhancement of light

absorption; (d) Plasmonic sensitization.

3.2. All-solid-state Z-scheme systems with Ag as charge transmission bridge

Besides the SPR effects, the Ag NPs formed on the surface of silver-
based semiconductor can be used as charge transmission bridge to fa-
cilitate photogenerated carriers separation in silver-based semi-
conductor Z-scheme systems, because the Fermi level of noble metals is
usually lower than the CB potential of semiconductors. Ren et al. Ren
et al. (2018) successfully fabricated a Z-scheme Agl/Ag/Bi;TaO, pho-
tocatalyst using an ultrasonic-assisted precipitation-photoreduction
method and found it displayed superior photocatalytic activity for
sulfamethoxazole degradation. The transfer pathway of photogenerated
carriers was presented in Fig. 4a. Under visible light irradiation, Agl
and Bi3TaO; could be excited to generate electron-hole pairs. The
photogenerated electrons formed on the CB of Bi;TaO, could move to
Ag NPs through Schottky barrier due to the more positive Fermi level of
Ag than the CB potential of Bi;TaO,. At the same time, the electrons on
Ag NPs surface quickly shift to the VB of Agl because the Fermi level of
Ag was more negative than the VB potential of Agl. Then, the separa-
tion of photogenerated carriers and strong redox ability were realized.
The above charge transfer way also confirmed that Ag NPs as the charge
transfer bridge played a crucial role in this system. In another study, an
in-situ precipitation procedure was adopted to synthesize the Z-scheme
AgsP0O,4/In,S; photocatalyst, which anchored Ags;PO,4 on In,S; hier-
archical microspheres (Yan et al.,, 2017). The boosted photocatalytic
activity of this catalyst was attributed to the efficient separation of
photogenerated carriers through a Z-scheme system, in which a small
amount of reducible Ag NPs acted as the charge transfer bridge.

Furthermore, the presence of Ag NPs can enhance the photostability of
silver-based semiconductor owing to the reason that Ag act as electron
accepters to trap photogenerated electrons in silver-based semi-
conductor, avoiding the direct reduction of Ag™. Also, Agl/BiVO,
(Chen et al., 2016), CeO»-Ag/AgBr (Wen et al., 2018b), Ag>CrO4/Ag/g-
C3Ny4 (Gong et al., 2017), and AgsP04/g-C3N4 (He et al., 2015) were
constructed with similar mechanism. So, how to distinguish the dif-
ferent role of Ag NPs in silver-based semiconductor Z-scheme photo-
catalytic systems? Generally, when PS II or PS I is photoexcited, the SPR
effect of Ag NPs plays significant role. When both PS II and PS I are
photoexcited, the Ag NPs mainly act as charge transmission bridge.
However, when both PS II and PS I cannot be photoexcited, Ag NPs
possess SPR effects but the reaction system is not Z-scheme. Ye et al. Ye
et al. (2012) prepared two kinds of Ag/AgCl/BiOCl and Ag/AgBr/BiOBr
photocatalysts and explored the role of Ag in two systems. The ab-
sorption edges of AgCl, AgBr, BiOCl, and BiOBr were 382, 477, 358, and
428 nm, respectively. Thus, AgCl and BiOCl cannot be excited under
visible light irradiation. The enhanced photocatalytic performance of
the Ag/AgCl/BiOCl composite was only ascribed to the SPR of metallic
Ag. In addition, the generated C'l was another active species in pho-
todegradation reaction. Under visible light irradiation, AgBr and BiOBr
were excited, and the CB electrons of BiOBr flow into Ag through the
Schottky barrier because the CB potential of BiOBr was more negative
than that Fermi level of the loaded Ag. On the other hand, since the
Fermi level of Ag is more positive than the VB of AgBr, the VB holes of
AgBr also flow into Ag. Therefore, the role of Ag was only the Z-scheme
bridge for Ag/AgBr/BiOBr system because of the visible light response

Fig. 4. (a) Schematic illustration of the charge separation of Agl/Ag/Bi3;TaO; (b) Photocorrosion-inhibition mechanism of Ag;PO4@RGO@La,Cr:SrTiO3.
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of AgBr and BiOBr. It shows that Ag can improve the photocatalytic
performance not only for narrow bandgap photocatalyst (E; < 3.1 eV)
but also for wide bandgap photocatalyst (Eg > 3.1 eV) through different
roles it displayed. Similar results could also be reported by Wen et al.
Wen et al. (2019).

In short, Ag NPs can not only extend the light absorption spectrum
but also suppress the recombination of electron-hole pairs and reduce
the occurrence of photocorrosion of silver-based semiconductor. Thus,
loading Ag NPs on the surface of photocatalysts has provided a new
approach to overcome the restricted efficiency of silver-based semi-
conductor. However, the loading of excessive metal particles will not
only occupy the active sites of photocatalyst, but also reduce the light
absorption, so the number of metal particles loaded should be further
studied.

Besides Ag, reduced graphene oxide (RGO) with large surface area,
excellent conductivity, special layered structure and high chemical
stability can also be employed as the electron mediators. The Z-scheme
Ags;PO4,@RGO@La,Cr:SrTiO3 photocatalyst with RGO as the electron
mediators was synthesized by Cai et al. Cai et al. (2017). It was de-
monstrated that RGO packaged on AgsPO, surface could timely trans-
port electrons away from AgsPO,4 and consumed by the holes generated
in the VB of La,Cr:SrTiOs, leading to the effective separation of pho-
togenerated carriers and a rich-hole region in Ag;PO, surface. And the
rich-hole micro-environment could protect AgzPO, from photoreduc-
tion (Fig. 4b). Besides, Zhang et al. Zhang et al. (2020) reported a two-
step process for the synthesis of CdS/AgBr-rGO (CAR) composite pho-
tocatalysts. They revealed that the composite exhibit higher activity for
the organic pollutants. The electrochemical analysis demonstrated that
CdS and AgBr formed a Z-scheme photocatalytic system via RGO at the
interface of the two semiconductors acting as a solid electron shuttle
where the photogenerated electron-hole pairs were efficiently sepa-
rated through electron transfer. It is excepted that the introduction of
RGO is an efficient way to improve the properties of silver-based
semiconductor Z-scheme systems. Significantly, effective conduction of
RGO can enhance the electron transfer, which can inhibit the photo-
corrosion by preventing the reduction of Ag* to Ag’.

3.3. Direct Z-scheme systems

As discussed in Section 2, direct Z-scheme photocatalytic system not
only can maintain strong redox ability, but also has a certain corrosion
resistance owing to the photogenerated electrons formed on the CB of
silver-based semiconductor can be timely consumed by the other
semiconductors. Many studies have been conducted to enhance the
photostability of silver-based semiconductors by constructing direct Z-
scheme system with other semiconductor materials (Yu et al., 2018; Xu
et al.,, 2015b; Wan et al., 2017; Tan et al., 2017; Wang et al., 2016b;
Bing et al., 2017; Deng et al., 2016; Zhang et al., 2015; Yin et al., 2020;
Zhang et al., 2019c; Ke et al., 2019; Lu et al., 2017; Wen et al., 2020b;
Guo et al., 2018c). Specially, a novel AgsPO4 NPs @MoS, quantum dot/
MoS, nanosheet core@shell heterostructure was prepared through the
stirring-ultrasonic exfoliation reaction and a succedent organic phase
in-situ growth procedure (Wan et al., 2017). Quantum dots are formed
in the ultrasonic process of bulk MoS, and loaded on MoS, nanosheet
and used as shell together. Fig. 5a indicated the atomic force micro-
scope (AFM) image of MoS, nanosheet with precise nanometer thick-
nesses of sections A and B were 1.894 and 3.703 nm, confirming the
successful construction of MoS, nanosheets. AgsPO, NPs was covered
closely by few-layer MoS, nanosheets to form core@shell structure
(Fig. 5b), which could protect AgzPO4 NPs from photocorrosion in the
photocatalytic reaction and promote the separation of photogenerated
carriers at their interface. Results showed that the composites exhibited
excellent stability after five cyclic experiments, and the superior pho-
tocatalytic performance of the composites derives from the direct Z-
scheme carriers transfer pathway (Fig. 5¢) and the core@shell structure
of composite. It may be a good strategy to construct core@shell
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structure photocatalysts for improving the photostability of the silver-
based semiconductor core based on the Z-scheme mechanism. Zhang
et al. (Wang et al., 2016b) fabricated a visible-light-driven Agl/WO3
nanocomposite via in-situ precipitation method. The optimum photo-
catalytic performance for tetracycline (TC) photodegradation over 20
%-Agl/WO3 was about 4.3 and 25 times high as that of pure Agl and
WOj3, respectively. The possible mechanism for the enhanced photo-
catalytic activity could be attributed to the formation of a direct Z-
scheme system which causes the photogenerated electrons migrate
from WO; to Agl, leading to effective charge separation of WO3. As we
discussed earlier, pure silver-based semiconductors is unstable because
the Ag* may be reduced into Ag® species during the photocatalytic
process. Worth noting that, the stability of silver-based semiconductors
can be enhanced when the direct Z-scheme system with other semi-
conductor have been constructed successfully. More efforts should be
done to construct the silver-based semiconductor direct Z-scheme
photocatalytic system to further inhibit the photocorrosion of silver-
based semiconductors.

4. Synthesis methods of silver-based semiconductor Z-scheme
photocatalytic systems

4.1. Precipitation method

The precipitation method is a traditional and facile method for the
preparation of silver-based semiconductor Z-scheme photocatalysts.
Generally, this method is carried out by mixing the synthesized semi-
conductor materials with the raw materials of silver-based semi-
conductor and reacting for a certain time to form the required pre-
cipitate (Zhou et al., 2017; Xu et al., 2015b; Hu et al., 2017; Yan et al.,
2017; Chen et al., 2016; Tan et al., 2017; Wang et al., 2016b; Deng
et al., 2016; Zhang et al., 2015; Yin et al., 2020; Guo et al., 2018c; Chen
et al., 2017a). If the resulting suspension is exposed to visible light, Ag
NPs will be produced, which can be defined the precipitation-photo-
reduction process (Hou et al., 2013a; Yuan et al., 2017a; Jing et al.,
2015; Wen et al., 2018b; Gong et al., 2017; He et al., 2018; Liang et al.,
2019). For example, the Z-scheme Ag/AgCl/Bi,MoOg¢system was ac-
complished by irradiating the two-component AgCl/Bi;MoOg compo-
site with Xe lamp for 30 min (Jing et al., 2015). The Ag NPs were in-situ
generated in the contact interface between AgCl and Bi;MoOg. When
Agl was substituted for BiVO,, the Ag NPs could be still in-situ gener-
ated under light irradiation. The resulting Agl/Ag/BiVO, system shows
the similar Z-scheme electron transfer as the former one (Chen et al.,
2016). In addition, the photocatalytic performance of the composite
could be affected by the ratio of silver to the composite (Chen et al.,
2016; Wen et al., 2018b). A Z-scheme CeO,-Ag/AgBr hybrids with
different Ag mass ratios of 5.12, 13.94, 21.26 and 27.43 wt% (denoted
as CAB-5.12, CAB-13.94, CAB-21.26 and CAB-27.43) were reported by
Wen et al. (Wen et al., 2018b). Ag/AgBr was loaded onto the surface of
CeO, via precipitation-photoreduction process. The elimination effi-
ciency of ciprofloxacin could reach 65.12, 87.32, 93.05, and 80.29 %
for CAB-5.12, CAB-13.94, CAB-21.26, and CAB-27.43, respectively,
within 120 min of visible light irradiation. Characterization data in-
dicated that CAB-21.26 hybrids composites exhibited higher photo-
generated charge separation efficiency.

4.2. Ion exchange method

Ion exchange method is realized by the diffusion between the free
flowing ions carried by the synthesized semiconductor materials and
the ions in the treated solution. This method is one of widely adopted to
fabricate silver-based semiconductor Z-scheme photocatalytic systems.
The operation condition is simple and the cost is low. The two semi-
conductors in the silver-based semiconductor Z-scheme photocatalytic
systems constructed by ion exchange method are generally silver based
semiconductors (Cai et al., 2019; Hu et al., 2015; Chen et al., 2013;
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Fig. 5. (a) AFM image and corresponding height profile of MoS, nanosheets; (b) TEM images of as-prepared MoS,-AgzPO4 nanocomposite; (c¢) Schematic illustration
of the photocatalytic mechanism of composites under visible light irradiation. Reproduced with permission from Ref. Wan et al. (2017). Copyright 2016 Elsevier.

Wang et al., 2016¢; Lin et al., 2012). Chen et al. Chen et al. (2013)
prepared Z-scheme Ags;PO,/Agl photocatalysts with different mole
fractions of Agl via an in-situ anion exchange method. Compared with
pure AgsPO, or Agl, the AgsPO,/Agl-20 % composite exhibited en-
hanced photocatalytic activity for the dedradation of MO and phenol. In
this system, AgsPO, was utilized as Ag™ ion sources instead of AgNOs,
and then different amounts of sodium iodide solution were dropped
into the AgsPO, dispersion. Similarity, Agl/AgVO; nano-ribbon com-
posites were synthesized via a facile in-situ ion exchange approach
(Wang et al., 2016c). The improvement in the photocatalytic redox
properties of Agl/AgVO3; was mainly ascribed to the efficient separation
of photogenerated electrons/holes via a Z-scheme bridge mechanism of
formed Ag/Agl/AgVOs3, in which Ag nanoparticles serve as the charge
migration bridge.

4.3. Hydrothermal method

Hydrothermal preparation of silver-based semiconductor Z-scheme
photocatalytic system is also a noteworthy method. It is utilizing the
chemical reaction between the reagents under specific temperature and
pressure (Shi et al., 2013). The operating parameters such as synthesis
temperature, synthesis time and precursor concentration are easy to
adjust (Zhang et al., 2020; Lu et al., 2017; Zhu et al., 2016b). At the
same time, the surrounding atmosphere is easy to control under hy-
drothermal condition, which is conducive to the formation of inter-
mediate and special valence compounds, and can realize the binding
process uniformly. Lu et al. Lu et al. (2017) prepared a direct Z-scheme
WO3/AgsPO, photocatalyst by hydrothermal method. Results showed
that the large size of AgsPO, would be due to the relatively high hy-
drothermal temperature in the hydrothermal process. The particle size
of WO3 was relatively uniform. Compared with pure AgzPO4 and WOs;,
the composite exhibited notably enhanced photocatalytic efficiency. It
was also revealed that the developing of 1 W/1Ag not only improved
the reaction activity, but also effectively reduced the cost of the AgzPO,

based Z-scheme photocatalyst. However, compared to precipitation and
ion exchange methods, this method is time-consuming and not suitable
for mass production.

4.4. Others

Besides the methods discussed above, there are also some other
methods to prepare silver-based semiconductor Z-scheme photo-
catalyst. For example, Li et al. Li et al. (2015b) synthesized a Z-scheme
photocatalyst Ag@AgCl/BiVO, composite by photoreduction and in-
situ oxidation. First, the Ag/BiVO, sample was prepared via photo-
reduction. Second, the Ag@AgCl/BiVO, composite was prepared by an
in-situ oxidation reaction between Ag/BiVO, and FeCl; aqueous solu-
tion. Finally, the Ag@AgCI core-shell structure was decorated on the
crystal facet of BiVO, as a hierarchical Z-scheme photocatalytic system.
In this hybridization system, the Ag NPs could both act as the solid state
electron mediator and enhance the visible light absorption corre-
sponding with SPR-effect. A graphitic-C3N4-hybridized AgsPO, tetra-
hedron with reactive {111} facets (Z-scheme system) was prepared
through a ultrasonication and solvent evaporation procedure (Tang
et al., 2015). It was showed that the g-C3N, assembled on the surface of
AgsPO, or gathered around Ags;PO, to achieve a minimum surface
energy during ultrasonication and ethanol evaporation process.

At present, most of the silver-based semiconductor Z-scheme pho-
tocatalysts are prepared in the laboratory. Silver-based semiconductor
materials are sensitive to light, and the laboratory light is likely to re-
duce Ag™ and produce Ag NPs. Previous study had showed that the
prepared AgBr microspheres were irradiated under sunlight, the Ag™
on the surface of the microspheres were reduced (Kuai et al., 2010).
Therefore, in order to avoid the possible negative effects of the la-
boratory light on the material synthesis process, most of the preparation
of silver-based semiconductor Z-scheme photocatalysts are basically
completed in the dark.
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Fig. 6. Energy band diagram of some representative silver-based semiconductor materials.

5. Photocatalytic processes

Silver-based semiconductor materials are one of the most widely
studied photocatalytic materials driven by visible light at present,
mainly including AgX (X = Cl, I, Br), AgsP0O,4, AgoCrO,4, Ag,CO3, and
Ag-0 (all energy band potentials vs. NHE, pH = 7 are depicted in
Fig. 6). The synthesis processes, photocatalytic activities and
morphologies of these Ag-based semiconductor photocatalysts were
summarized in the Supporting Information (Table S1). Combining
silver-based semiconductor materials and other semiconductor to con-
struct a composite Z-scheme photocatalytic system can improve the
photocatalytic activity, stability and cost reduction of silver-based
semiconductors, thus contributing to promote the practical application
of silver-based materials in new energy utilization and environmental
decontamination. In this section, a range of photocatalytic-involved
applications, including organic pollutant degradation, H, generation,
CO, reduction, are presented. Meanwhile, the reaction mechanism and
difficult level of these photocatalytic reactions are also described in
detail.

5.1. Photodegradation of organic pollutants

5.1.1. Reaction mechanisms

Artificial Z-scheme photocatalytic system usually composes of two
connected photocatalysts: one is an oxidative photocatalyst and the
other is reductive photocatalyst. For example, AgzPO, is an oxidative
photocatalyst with low VB potential and possess high oxidation ability,
which usually combined with high CB semiconductor material to con-
struct Z-scheme photocatalytic system (Wan et al., 2017; Cai et al.,
2017; Tan et al., 2017; Shi et al., 2017; Lin et al., 2015; Meng et al.,
2015). Under visible light irradiation, charge carriers transfer via
electron mediator (Ag, GO, etc.,) or direct transfer at composites in-
terface to surface active sites. Then, the photogenerated electrons on
one semiconductor (PS I) with high CB could reduce O, to generate
'O, if the CB potential is negative than O,/05- potential (-0.33 V vs.
NHE). The photogenerated holes on other semiconductor (PS II) with
low VB could oxidize OH™~ or H,0 to produce O H or direct oxidization
of organic pollutants if the VB potential is positive than the potential of
O'H/OH- (+2.40 V vs. NHE) or H,O/O'H (+2.72 V vs. NHE) (Shao
et al., 2018a; Jiang et al., 2018a; Wang et al., 2018; Gong et al., 2018).
Thus, the generated "O,~, O'H, and holes could effectively oxidize the
organic pollutants to smaller molecules or decompose them into CO,
and H,0. The photocatalytic reaction mechanism above is applicable to
Ag as a charge transmission bridge or direct Z-scheme system. In ad-
dition, if the enhancement of photocatalytic performance of composite
materials is mainly due to the SPR effect of metallic Ag, the reaction
mechanisms obey the plasmonic Z-scheme mechanism. As described in

above, the introduction of plasmonic metals is mainly to enhance the
photocatalytic performance of wide bandgap semiconductor material,
because the excitation energy of SPR is usually lower than that of
semiconductor. For silver-based semiconductor, Ag/AgCl can combined
with a variety of visible light response photocatalytic materials to form
plasmonic Z-scheme system. The reaction mechanism of plasmonic Z-
scheme photocatalytic system can be summarized as follows: under
visible light irradiation, the plasmon-induced electrons of Ag NPs are
transferred to the CB of AgCl to reduce O,. Simultaneously, the
plasmon-induced holes left on the Ag NPs are recombined with the
photogenerated electron from another excited semiconductor to effec-
tively facilitate the photogenerated carrier separation in semi-
conductor, while the photogenerated holes left on semiconductor to
oxidize organic pollutants.

5.1.2. Application

Based on these functional mechanisms, many silver-based semi-
conductor Z-scheme photocatalysts with different geometrical config-
urations and compositions, have been extensively synthesized and ap-
plied in photodegradation of organic pollutants. Tables 1 and 2
summarizes the recent studies of some representative silver-based Z-
scheme photocatalysts for organic pollutants degradation. In the fol-
lowing, we will select some well-designed photocatalyst as examples to
explain the applications of silver-based semiconductor Z-scheme pho-
tocatalysts in organic pollutants degradation.

5.1.2.1. Photodegradation of aqueous organic  pollutants. The
photocatalytic activity of a specific semiconductor highly depends on
the crystal facet properties owing to the different mobility of
photogenerated carriers and energy band levels in different crystal
facet of semiconductor (Li et al., 2015b; Tang et al., 2015; Cai et al.,
2019; Yin et al., 2018). Previous studies showed that the (040) crystal
facets of BiVO4 had high charge mobility and photocatalytic active sites
(Li et al., 2013; Kim et al., 2016). Li et al. (Li et al., 2015b) constructed
a plasmonic Z-scheme photocatalyst by decorating core-shell structure
Ag@AgCl on the (040) crystal facet of BiVO, (Fig. 7a and b), and the
obtained catalyst exhibited higher photocatalytic performance for RhB
degradation. The UV-vis diffuse reflectance spectra (DRS) of catalysts
were presented in Fig. 7c. It was observed that the Ag/BiVO, displayed
a better light absorption ability than the others, which was attributed to
the SPR effect of Ag. Moreover, the photocurrent intensity of Ag@AgCl/
BiVO,4 under visible light was stronger than that of BiVO,, indicating
that the Z-scheme heterojunction system of Ag@AgCl/BiVO, with Ag
plasmonic sensitization effect could effectively boost the separation of
photogenerated carriers (Fig. 7f). In addition, some other plasmonic
metal NPs based Z-scheme photocatalysts have been reported for the
photocatalytic degradation of aqueous organic pollutants. The catalytic
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Fig. 7. SEM images of BiVO, (a) and Ag@AgCl/BiVO, (b); (c) UV-vis diffuse reflectance spectra of the BiVO,, Ag/BiVO,, Ag@AgCl/BiVO, and AgCl; (f) Transient
photocurrent responses of BiVO4, Ag/BiVO,4, Ag@AgCl/BiVO,. Reproduced with permission from Ref. Li et al. (2015b). Copyright 2015 Elsevier. SEM images of
Bi,WOg (d) and Ag@AgCl/Bi,WOg (e). Reproduced with permission from Ref. Liang et al. (2015). Copyright 2014 Elsevier. (g) SEM image of CuBi,O4; (h) TEM image
of AgsP0O,/CuBi,0,4 composite; (i) The preudo-first-order reaction kinetics of the prepared samples for TC degradation. Reproduced with permission from Ref. Shi

et al. (2017). Copyright 2014 Elsevier.

properties of other plasmonic metal NPs based Z-scheme photocatalysts
were summarized in Table S2. From Table S1 and S2, it could be seen
that Ag-based semiconductor photocatalysts had shown superior
degradation performance to aqueous solution pollutants. Different
from AgCl, Agl or AgBr and other silver-based semiconductors have a
relatively narrow bandgaps and can absorb visible light, which can
directly form an efficient Z-scheme photocatalytic system with other
semiconductor materials. For example, for AgsPO4 (Eg~2.4 eV), its
{111} facets are the most active crystal facet among all facets owing to
the highest surface energy level (Martin et al., 2013). So, it is
anticipated to combine two strategies, including hybridization and
exposed facets control, to improve the photocatalytic performance of
AgsPO,. Tang and co-workers successfully fabricated AgsPO, {111}/g-
C3Ny4 Z-scheme hybrid (Tang et al., 2015). Results showed that the
layered g-C3N,4 was attached on the {111} facets of AgsPOyvia strong
interface electrostatic interaction with Ag*. The hybrid composite
showed the highest photocatalytic performance for MB degradation
(0.3214 min~"), which was 8.10 times higher than single g-C3N,4
(0.0397 min~'). The improved photocatalytic performance of AgsPO,
{111}/g-C3N, photocatalysts was attributed to the common effect of
reactive Ags;PO, {111} facets and the efficient separation of
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photogenerated carriers via a Z-scheme system consisting of AgsPOy,,
Ag and g-C3Ny, in which Ag NPs acted as charge transmission bridge.

Besides, the photocatalytic activity of photocatalysts is also mor-
phology dependent (Hou et al., 2013a; Cai et al., 2017; Yang et al.,
2017; Zhang et al., 2020; Feng et al., 2018). It is generally known that
the photocatalyst with hierarchically structure is characterized by large
surface area and abundant porous structure, which can provide more
active sites and great favor charge carriers transfer, respectively. Liang
et al. Liang et al. (2015) decorated Ag@AgCl QDs onto flower-like
Bi,WOg surface to form Z-scheme Ag@AgCl/Bi,WO¢ heterostructure
through a facile oil-in-water self-assembly strategy (Fig. 7e). Bi,WOg
flower-like structure has a larger surface area with many mesopores
(Fig. 7d) and can act as the reaction support to disperse Ag@AgCl. In
this heterostructure, the Ag@AgCl/Bi,WOg photocatalyst possessed
excellent visible light absorption properties owing to the SPR effect of
Ag NPs and the light scattering effect of Bi;WOg. It was confirmed that
the large surface area and tight interface contact of Ag@AgCl/Bi,WOs
heterojunction could promote the efficient separation of photo-
generated carriers. Similarly, AgCl/Ag/y-TaON hierarchical hollow
spheres (Hou et al., 2013a), Agl/Bi,WOg hierarchical microspheres
(Xue et al., 2019b), Ag3P04/In,S3 hierarchical microspheres (Yan et al.,
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2017), were also constructed and displayed excellent photocatalytic
activity for organic pollutants degradation.

Moreover, as mentioned in Section 3.3, the photocatalysts with
core@shell structure can improve the photostability of photocorroded
material. Ag,CrO4 (E;~1.8 eV) displaying superior light absorption
and electron conductivity, is considered as a promising candidate, but
the photocorrosion of Ag,CrO,4 also occurs in the photocatalytic reac-
tion. A novel core-shell Z-scheme Ag,CrO4/N-doped graphene quantum
dots (N-GQDs)@g-C3N4 photocatalyst with excellent anti-photocorro-
sion property was prepared by Feng et al. Feng et al. (2018). Under
visible light irradiation, the photogenerated electrons on the CB of
Ag,CrO4 (core) could migrate to the VB of g-C3N, (shell) with inhibited
photocorrosion on basis of Z-scheme transfer pathway. The presence of
N-GQDs could effectively promote this transfer process owing to its
good electron transfer ability. Thus, the enhanced photogenerated
carriers separation and redox ability of the catalyst could be realized.
Also, Yang et al. Yang et al. (2017) successfully fabricated a plasmonic
Z-scheme Ag/AgCl/Ag>0O photocatalyst by in-situ growth of Ag/AgCl
nanoshell on Ag,0 NPs surface. Under visible light irradiation, the Ag/
AgCl/Ag,0 composite showed the optimal photocatalytic activity for
ciprofloxacin (CIP) degradation, realizing 91.2 % of degradation effi-
ciency within 100 min. Silver-based Z-scheme photocatalysts other than
flower-like and core@shell structure, nanoflakes (Wang et al., 2019; Li
et al., 2018), rod-like (Shi et al., 2017; Hu et al., 2015), etc. are also
fabricated by researchers. For example, a rod-like Z-scheme Ags;PO4/
CuBi,O4 composite photocatalyst was prepared through an in-situ
precipitation route (Fig. 7g and h) (Shi et al., 2017). The AgsPO, (5 wt.
%)/CuBi»O4 photocatalyst possessed the best photocatalytic perfor-
mance for TC degradation, which was 2.16 and 2.79 times higher than
that of CuBi,O,4 and Ag;PO,, respectively (Fig. 7i). It was demonstrated
that a small amount of Ag NPs was generated on Ag;PO, surface in the
early stage of photocatalytic reaction. Specially, under visible light, the
photogenerated electrons formed on the CB of AgzPO,4 could move to
Ag NPs, and subsequently combined with the photogenerated holes on
the VB of CuBi,O4. Meanwhile, the photogenerated electrons generated
on the CB of CuBiyO4 could reduce O, to form 'O, , the photo-
generated holes on VB of AgzPO4 could oxidize OH™ to O'H or directly
oxidize organic pollutants. In this system, ‘O, ~, O'H, and holes were
the main active radicals for TC degradation. In addition, abundant and
cheap carbon materials (such as GO and its derivatives) have been also
utilized to improve the photocatalytic performance of silver-based
semiconductor photocatalysts owing to their unique structure and re-
markable properties (Xu et al., 2015b; Hu et al., 2017; Cai et al., 2017;
Zhang et al., 2020; Sheydaei et al., 2018). Corresponding examples can
be found in the previous Section.

5.1.2.2. Photodegradation of gaseous organic pollutants. Volatile organic
compounds are typical harmful air organic pollutants (He et al., 2019).
Photocatalytic oxidation, which can mineralize volatile organic
compounds under mild reaction conditions using light irradiation
(Mamaghani et al., 2017), is an efficient method for its degradation.
As a gaseous volatile organic compounds, ethylene (CoH4) gas in the
atmosphere can induce physiological disorders and disease
susceptibility even in a trace amount (Keller et al., 2013; Chen et al.,
2017b, 2014). Chen et al. Chen et al. (2017b) fabricated for the first
time a series of In,O3-Ag-AgsPO,4 Z-scheme photocatalysts through a
facile route and examined their performance on C,H, photodegradation
under visible light irradiation. When In,03-Ag-AgsPO, composite
displayed a mass ratio of 9:1 (90-10-Ag-10-AP), the highest activity
for C,H4 photodegradation was obtained, and 200 ppm of C,H, was
completely decomposed under visible light within 2 h (Fig. 8a). The
photocatalytic oxidation reactions well followed with the kinetics of the
pseudo-first-order reaction kinetics (Fig. 8b). And the 90-10-Ag-10-AP
composite exhibited the highest k value of 52.93 x 10~ h!, which
was about 61.6-fold higher than that of In,O3 and 41.1-fold higher than
that of AgszPO,. To track the photocatalytic oxidation processes of CoHy,
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in-situ IR experiment of C;H, photooxidation over the 90-10-Ag-10-AP
composite under visible light illumination was further confirmed
(Fig. 8c). According to the in-situ IR experiment results, except for
CO, and H,0, no other intermediate product was detected. Based on the
band edge positions of In,O3; and AgsPO, in conjunction with OH-/"OH
and O,/05- redox potentials (Fig. 8d), it was deduced that the Z-scheme
charge transfer mechanism was the more suitable mode for the
composite (Fig. 8e). This work demonstrated that both the activity of
C,H,4 photocatalytic degradation and AgsPO, photostabilization are
considerably improved by making such a Z-scheme composite. Ji et al.
Ji et al. (2019) constructed Z-scheme heterojunction AgsPO4/Ag/
SrTiO; (AgPO/Ag/STO) for improving visible light response and
redox ability (generate "OH and 'O,-), and a satisfactory performance
of visible-light photocatalytic toluene, xylene, and benzene oxidation
was obtained. The conversions of toluene, xylene, and benzene all
exceeded 85 % over AgPO/Ag/STO by photothermocatalytic oxidation
with visible light irradiation for 4 h at 90 °C. Moreover, Shen et al. Shen
et al. (2018) designed a Z-scheme g-C3N4/Ag/AgsPO, composite by an
in-situ deposition method. The photocatalytic activity of g-C3N4/Ag/
AgsPO, was tested for gaseous isopropanol. After 4 h irradiation, 63 %
of isopropanol was oxidized with acetone as main outcome product.
This work is expected to provide a promising photocatalyst for
environmental purification. Based on the above analysis, it is indicate
that silver-based semiconductor Z-scheme photocatalysts are promising
candidates for gaseous organic pollutants degradation.

In conclusion, the construction of silver-based semiconductor Z-
scheme photocatalytic systems with other suitable bandgap and struc-
ture semiconductor can effectively improve the photocatalytic activity
and photostability of silver-based semiconductors. Also, silver-based
semiconductors usually act as the facilitators for photogenerated carrier
separation and visible light harvesting. Particularly, the degradation
efficiency of organic pollutants by silver-based semiconductor Z-scheme
photocatalysts can be improved by controlling the crystal facet, struc-
ture and morphology of the composites. Meanwhile, loading small
number of silver-based semiconductors on other in-expensive materials
based on the Z-scheme photocatalytic system can also efficiently cut
down its use cost. Moreover, unlike aqueous applications, the applica-
tions of silver-based semiconductor Z-scheme photocatalytic systems to
gaseous organic pollutants purification are rarely found in literature.
Considering its unique advantages, more efforts should be done to de-
sign and develop silver-based semiconductor Z-scheme photocatalysts
for efficient degradation gaseous organic pollutants.

5.2. Photocatalytic production of hydrogen

5.2.1. Reaction mechanisms

Photocatalytic production of Hy from water splitting using semi-
conductors, first discovered in the early 1970s (Fujishima and Honda,
1972), has been considered as a promising technology for solving en-
vironmental and energy issues. While, water splitting is an uphill re-
action with a Gibbs free energy of 237.13 kJ/mol (Eq. (1)), which
consists of two half-reactions, including H, evolution (Eq. (2)) and O,
evolution (Eq. (3)).

2H,0(l) + hv — 2H,(g) + 0,(g) AE° =1.23V '6D)
2H* 4 2¢~ — Hy(g) AE® = —0. 41V 2
2H,0() + 4ht — 0,(g) + 4H* AE° = +0. 82V 3)

According to the theoretical calculation, the minimum bandgap (E,)
of a semiconductor should be 1.23 eV to split water molecules into H,
and O,. Nevertheless, not all semiconductors with bandgap larger than
1.23 eV possess the photocatalytic activity for H, evolution.
Thermodynamically, for photocatalytic H, evolution, the CB potential
of a semiconductor must be more negative than the reduction potential
of H* /H, (—0.41 V vs. NHE at pH = 7). Kinetically, the realization of a
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semiconductor photocatalytic production of H, still needs four pro-
cesses as described in the introduction. So, the wide light-absorption
range and efficient separation of carriers are two key considerations in
developing photocatalysts for H, production. Rarely, a semiconductor
photocatalyst can meet the mentioned above requirements. Similarly,
the same is true for single silver-based semiconductors owing to their
relatively positive CB potential and fast recombination of carriers.
Fortunately, constructing silver-based semiconductor Z-scheme photo-
catalytic system seems to be an effective measure for realizing the
photocatalytic production of H, due to the strong reduction ability,
excellent photoabsorption performance, and effective separation of
photogenerated carriers (Rauf et al., 2018; Jiang et al., 2018b; Huang
et al., 2019c). Moreover, the introduction of suitable sacrificial reagents
or co-catalyst can further improve the performance of photocatalysts
for photocatalytic production of H,. The most common sacrificial re-
agents are methanol, triethanolamine (TEA), ethanol, and Na,S-Na,;SO3
solution. These sacrificial agents can react more quickly with photo-
generated holes than H,O because of their less positive oxidation po-
tential, leading to the accumulation of photogenerated electrons on the
surface of photocatalysts for the photoreduction of H* to H,. Pt NPs are
commonly used as co-catalyst and active site that can be deposited on a
semiconductor surface for H, production due to its large work function
and superior ability for trapping photogenerated electrons (Ma et al.,
2016; Feng et al., 2016). The schematic of photocatalytic production of
H, of silver-based semiconductor Z-scheme photocatalytic system in the
presence of sacrificial agents or co-catalyst is shown in Fig. 9a. In this
system, silver-based semiconductor usually located at PS II. The reac-
tion mechanism of photocatalytic H, production over silver-based
semiconductor Z-scheme photocatalysts is similar to the photocatalytic
degradation of pollutants. The difference is that the photogenerated
electrons on one semiconductor (PS I) with high CB are shifted to Pt NPs
and the electron aggregates, and participate in surface reduction of H*.
At the same time, the photogenerated holes on other semiconductor (PS
II) with low VB could be consumed by sacrificial agents timely, which
would favor the separation of photogenerated carriers. For the system
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Fig. 8. (a) Time courses of CyH,; photo-
degradation; (b) pseudo-first-order kinetics
plots: a. In,03, b. 95-10-Ag-5-AP, c. 90-10-Ag-
10-AP, d. 70-10-Ag-30-AP, e. 50-10-Ag-50-AP,
f. AgsPOy4; (c) In-situ IR spectra of ethylene
photo-oxidation over 90-I0-Ag-10-AP compo-
site collected at different illumination times
with simulated sunlight; (d) Band edge posi-
tions of In,O3 and AgszPO, in conjunction with
OH™/OH and 0O,/0,~ redox potentials; (e)
Charge transfer in the conventional In,Os-
AgsPO, heterojunctions and Z-scheme mode
under visible light irradiation. Reproduced
with permission from Ref. Chen et al. (2017b).
Copyright 2017 Elsevier.

without co-catalyst, the photogenerated electrons on one semi-
conductor with high CB (PS I) could directly reduce H* to form H,. In
addition, due to the large reaction barrier need to be overcome to
produce H, by splitting water, therefore, most experiments are carried
out in the presence of sacrificial agents.

5.2.2. Application

Photocatalytic production of H, is a more challenging process than
photodegradation of organic pollutants due to its requirement of large
reaction barrier, negative CB potential, and two electrons. So far, re-
searches have shown that silver-based semiconductor Z-scheme pho-
tocatalysts can be used for H, production from water splitting (Shehzad
et al., 2019; You et al., 2018; Che et al., 2018; Zhang et al., 2019a).
Recently, Che and co-workers synthesized a Z-scheme g-C3N,4/Ag>CrO4
nanocomposite for H, evolution with Pt as co-catalyst and methanol as
sacrificial agent (Che et al., 2018). Results showed that the single
Ag,CrO, exhibited the best photoabsorption performance, suggesting
that an effective utilization of solar energy could be obtained over
Ag,CrO,4. In addition, the introduction of Ag,CrO, significantly en-
hanced the visible light absorption of the composite. And the higher
efficient separation efficiency of photogenerated carriers could be rea-
lized in this composite. Especially, the g-C3N4/Ag,CrO, (23.1 wt.%)
nanocomposite displayed the largest H, evolution rate of 902.1 umol/
g'h, which was 14 times higher than g-C3N,4 (Fig. 10a). The enhanced
activity was related to the effective separation of photogenerated car-
riers through the construction of Z-scheme system (Fig. 10c) and the
increased light absorption ability due to the photosensitive of Ag,CrOy,.
Moreover, this nanocomposite was quite stable for H, evolution and no
significant decrease in activity was detected after 5 cycles (Fig. 10b).
Shehzad et al. (Shehzad et al., 2019) fabricated an all-solid-state Z-
scheme AgBr/RGO/TiO, photocatalyst through a facile two-step pro-
cedure, in which RGO act as an electron mediator. Methanol was se-
lected as sacrificial agent. The photocatalyst of AgBr/RGO/TiO, dis-
played the enhanced photocatalytic H, production activity, which was
13.4 times higher than that of single TiO,. The enhanced activity was
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Fig. 9. Schematic illustration of photocatalytic production of H, in the presence of sacrificial agents or co-catalyst (a) and photocatalytic reduction of CO, (b) of

silver-based semiconductor Z-scheme photocatalytic system.

that the efficient transfer of photogenerated carriers and the extended
light absorption. Besides, the photocatalysts with large surface area is
beneficial to the increase of reactive sites. You et al. You et al. (2018)
synthesized a Z-scheme Ags;PO,/Ag/g-C3N, nano-heterojunction by
depositing AgzP0O,4/Ag NPs onto g-CsN, nanosheets surface. After cou-
pling with Ags;P0O,4/Ag NPs and selecting TEA as sacrificial agent, the
composites possessed the improved photocatalytic activity toward H,
production, which was mainly due to the Z-scheme system of composite
and the lamellar structure of the g-C3N, with large surface area. As
listed in Table S2, silver-based semiconductor Z-scheme photocatalysts
had better photocatalytic hydrogen production performance than other
plasmonic metal NPs based Z-scheme photocatalysts. Moreover, well-
defined interfaces and exposed surfaces for Z-scheme photocatalyst are
also important factors owing to its advantage to improve the photo-
generated carrier separation and light harvesting, which helped to
boost its photocatalytic H, production performance (Yuan et al.,
2017b).

The above results indicate the feasibility of the silver-based semi-
conductor for H, production through construction of Z-scheme photo-
catalytic system with high CB potential semiconductor. Although the
yield of H, is low and doesn’t meeting the practical application
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requires, the potential of silver-based semiconductor Z-scheme photo-
catalytic systems for producing H, cannot be ignored owing to the
distinct advantages. In addition, in 2013, An et al. An et al. (2013) had
prepared a hollow Agl:Ag nanostructures photocatalyst and it exhibited
good performance for H, production from water reduction. Results
showed that the CB potential of Agl in hollow and solid Agl:Ag struc-
tures was different, and the CB edge of hollow Agl:Ag nanostructures
(-0.531 eV vs. NHE) was more negative than the reduction potential of
H*/H,. It is indicated that engineering the CB position through de-
veloping shaped different semiconductor is a feasible method to im-
prove the photocatalytic H, production performance of composite.
More efforts should be done to explore the shapes of silver-based
semiconductor Z-scheme photocatalysts and further enhance their
photocatalytic H, production performance.

5.3. Photocatalytic reduction of carbon dioxide

5.3.1. Reaction mechanisms

Photocatalytic reduction of CO, to renewable fuels can be simulta-
neously utilized to generate energy and decrease CO, content in at-
mosphere. Generally, the process of photocatalytic CO, reduction on

Fig. 10. (a) Comparison of average photo-
catalytic H, production rates; (b) Recyclability
of the optimal g-C3N4/Ag>CrO;, in five succes-
sive experiments for the H, evolution under
visible light irradiation; (c¢) Schematic re-
presentation of the charge generation, migra-
tion and H, production mechanism of Z-scheme
g-C3N4/Ag,CrO, nanocomposites. Reproduced
with permission from Ref. Che et al. (2018).
Copyright 2018 Nature.
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Table 3
Thermodynamic potentials of CO, reduction into various products.

Equations Reactions E° (V) vs. NHE at pH = 7
1 COy+e” —COy ™~ -1.90
2 CO,+2e” +2H*" —HCOOH —-0.61
3 COy+2e~ +2H" —CO +H,0 —0.53
4 CO,+4e” +4H" —HCHO +H,0 —0.48
5 CO,+6e” +6H*—CH3;0H + H,0 —-0.38
6 CO,+8e” +8H" —CH,+2H,0 —0.24
7 2H" +2e” —H, —0.41
8 2H,0+4 h*—=0,+4H* +0.82

semiconductor photocatalysts includes five steps: light absorption,
carriers separation, adsorption of CO,, surface redox reaction and
products desorption. However, the reduction of CO, needs to overcome
the big barriers of thermodynamics due to its stable molecular structure
(C=O0 bond energy, 750 kJ/mol) (Kim et al., 2013; Huang et al.,
2019d). The redox potentials (E°) of different products for CO, reduc-
tion reactions are obtained from thermodynamic data and presented in
Table 3 (Sun et al., 2018; Huang et al., 2019¢). Obviously, the process
of CO, reduction is a proton-combined multiple electron process in-
stead of a one-electron or two-electron transfer. And the reduction re-
actions of CO, are significantly determined by the CB edge of the
semiconductor. Moreover, from the point of kinetics, the CO, reduction
usually require H,O act as the hydrogen source to form C—H, then, H,
production from H,O reduction sometimes may be a key competitive
reaction for CO, reduction. Therefore, CO, reduction reactions are
more complex and difficult than H, production from water splitting due
to the higher thermodynamic stability and kinetic inertness of this
process. At present, photocatalytic CO, reduction into CH3;0H with H,O
has been reported on Ag/AgCl and Ag/AgBr nanostructures (An et al.,
2012). The quantum yields of reduction of CO, could obtain 0.893 %
and 0.6.9 % with the assistance of Ag/AgCl and Ag/AgBr owing to their
strong visible light absorption properties, respectively. But there is still
a great need to further boost the activity of photoreduction CO, reac-
tions. Considering the excellent advantages of Z-scheme photocatalysts,
it is highly expected that constructing silver-based semiconductor Z-
scheme photocatalysts is desirable for photocatalytic reduction of CO,.
The schematic of photocatalytic reduction of CO, of silver-based
semiconductor Z-scheme photocatalytic system is presented in Fig. 9b.
Also, silver-based semiconductor usually located at PS II due to the low
CB edge. The difference from previous reaction mechanism is that the
photogenerated electrons on one semiconductor with high CB (PS I)
reacts with CO, and H™ to produce hydrocarbon fuels. Meanwhile, the
photogenerated holes on other semiconductor (PS II) with low VB re-
acts with H,O to generate O, thereby, accelerating H,O oxidation can
further promote CO, reduction.

5.3.2. Application

An all-solid-state AgsPO,/g-C3N, Z-scheme photocatalyst con-
structed by Fan et al. realized efficient CO, photoreduction (He et al.,
2015). The addition of AgsPO,4 on g-C3N, improved its light absorption
properties. Ag NPs, as charge transmission bridge, were generated in
the course of photocatalytic reaction. The efficient separation of pho-
togenerated carriers and high redox ability were obtained in this Z-
scheme system consisting of Ags;PO,4, Ag and g-C3N4, and then im-
proved the photocatalytic reduction of CO, activity of composite. Re-
sults revealed that the AgsPO, (30 wt.%)/g-C3N,4 possessed the highest
CO,, reduction rate of 57.5 umol/gh, which was 6.1 times than g-C3N4.
In another study, Li et al. Li et al. (2015c) loaded AgBr NPs on the
surface of g-C3Ny-decorated nitrogen-doped graphene (ACNNG-x),
which presented high photocatalytic performance toward CO, reduc-
tion. The CO, reduction capacity of composite respectively reached
256.45 umol/g for ethanol and 105.89 umol/g for methanol (Fig. 11a).
Besides, the quantum efficiency of ACNNG-50 was up to 3.41 % at 420
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nm, which was 3.5 and 1.7 times higher than single g-C3N4 and AgBr,
respectively (Fig. 11b). Reasons for this improved photocatalytic ac-
tivity is due to the Z-scheme carriers transfer mechanism.

Moreover, co-catalysts (usually is noble metal) exert a significant
role in the products selectivity and efficiency of photocatalytic CO,
reduction process (Li et al., 2016b). Noble metal Pt is the most com-
monly used co-catalyst for CO, photoreduction reaction. Interestingly,
Xu et al. Xu et al. (2018) using GO as co-catalyst and Ag,CrO, NPs as
photosensitizer to fabricate a novel Z-scheme Ag,CrO4/g-C3N4/GO
photocatalyst and found it showed an enhanced CO, reduction activity.
As presented in Fig. 11c, AgoCrO4 NPs were uniformly dispersed on g-
C3N, sheets surface. And an obvious interface between g-C3N4 and GO
was found, which indicated their compact layered structure is con-
ducive to the rapid transfer of interfacial charges. The density func-
tional theory (DFT) calculations confirmed that Ag>CrO, NPs possessed
a smaller effective mass than g-C3N4, showing that the transfer of
photogenerated electrons from Ag,CrO4 to g-C3N,4 was highly probable
(Fig. 11d). Hence, the Z-scheme charge transfer mechanism was formed
on the Ag,CrO,4/g-C3N,4 composite and the photocorrosion of Ag,CrO4
was also inhibited efficiently. Meanwhile, GO, as co-catalyst, not only
provide abundant adsorption and catalytic sites, but promote the se-
paration and transport of photogenerated electrons owing to its unique
structural characteristics (Fig. 11e). For this system, the enhanced CO,
reduction activity was attributed to the wider light absorption, high
CO,, adsorption and Z-scheme photocatalytic system. Graphene mate-
rials, including GO and RGO, are well known as efficient cocatalysts for
g-C3Ny4 due to their superior electron mobility, two-dimensional (2D)
layered structure, large surface area and perfect chemical stability.
These characteristics make graphene an excellent metal-free cocatalyst
alternative to the expensive noble metal Pt. Furthermore, the adsorp-
tion of CO, is an important step for CO, photocatalytic reduction pro-
cess. As mentioned above, the photocatalyst with high CO, adsorption
capacity is beneficial to CO, reduction. And after the photocatalytic
reaction is completed, the final step is product desorption. If the pro-
duct cannot be released from the catalyst surface timely, the reaction
will be terminated and the catalyst will become “poisoned”. In addition,
due to the preferential H, generation and low CO, solubility in solu-
tions, the CO, reduction reaction in aqueous solution suffers from low
photocatalytic performance (Sato et al., 2011). At present, there are still
relatively few applications of photocatalytic reduction of CO, based on
silver-based semiconductor Z-scheme photocatalytic systems, to which
researchers should pay more attention.

6. Powerful combination of silver-based semiconductor with
MOFs as a novel Z-scheme photocatalyst

MOFs are newly emerged as a kind of porous crystalline organic-
inorganic hybrid materials, which are formed by self-assembly of or-
ganic ligands and metal ions/clusters via coordination bonds (Yaghi
et al., 2003; Pi et al., 2018). Their unique features including high
porosity, large surface areas, and tunable structure endow them with
important application in hydrogen storage (Rowsell and Yaghi, 2010),
separation (Cheng et al., 2019), drug delivery (Sun et al., 2011; Li et al.,
2017), sensing (Cui et al., 2014), and heterogeneous catalysis (Liu et al.,
2019). Particularly, in MOFs, the alignment of organic ligands and
metal ions/clusters has obvious directivity, which can form different
framework pore structures, thus showing different adsorption and op-
tical properties. The photoactive MOFs interact with incident light and
present semiconducting properties, and it can drive various photoredox
reactions (Liu et al., 2019; Silva et al., 2010). At present, some photo-
active MOFs materials have been developed as potential candidates for
photocatalysis, such as MILs and ZIFs (Liu et al., 2018b; Huang et al.,
2018; Xie et al., 2019; Fan et al., 2018; Liu et al., 2017). However, the
photocatalytic activity of single MOFs is still unsatisfied due to the
rapid recombination of photogenerated carriers and limited light ab-
sorption. To further improve its photocatalytic activity, the
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combination of light-harvesting catalysts with MOF is proven to be a
good strategy. Therefore, considering the excellent photoresponse
ability of silver-based semiconductor with the outstanding advantages
of Z-scheme photocatalytic system, it is an efficient strategy to construct
silver-based semiconductor/MOFs Z-scheme photocatalytic systems
(Fan et al., 2018; Liu et al., 2017).

MIL-53(Fe) possessing a suitable optical bandgap (E;~2.6 eV) is
considered as an iron-based MOF with photoreactivity because of its
flexible structure, semiconductor properties, low cost, and nontoxicity.
To further enhance its photocatalytic performance, a plasmonic Z-
scheme Ag/AgCl@MIL-53(Fe) photocatalyst was constructed through
one-pot solvothermal procedure (Liu et al., 2018b). The photocatalytic
activity of Ag/AgCl@MIL-53(Fe) was 21.4 and 10.8 times higher than
of single MIL-53(Fe) for RhB degradation and Cr(VI) reduction, re-
spectively. It was depicted in Fig. 12a and b that Ag/AgCl NPs were
uniformly anchored on MIL-53(Fe) microrods surface. The HRTEM
image of the composite showed that the lattice spacing of 0.24 and 0.28
nm respectively correspond to metallic Ag (111) plane and AgCl (111)
plane, demonstrating the successful loading of Ag/AgCl NPs
(Fig. 12c—e). The plasmonic Z-scheme photoreaction process was pre-
sented in Fig. 12f. Under visible light irradiation, the Ag NPs were SPR-
excited to generate electrons and holes, and the plasmon-induced
electrons were transferred to the CB of AgCl to reduce Cr(VI), the
plasmon-induced holes in Ag were recombine with the photogenerated
electron generated in the CB of MIL-53(Fe), the photogenerated holes
left on MIL-53(Fe) to oxidize RhB. Then the separation of
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Fig. 11. (a-b) Products of yields from the
photocatalytic reduction of CO, of different
photocatalysts under visible light irradiation
and corresponding apparent quantum effi-
ciency for those photocatalysts. Reproduced
with permission from Ref. Li et al. (2015c).
Copyright 2015 Wiley-VCH. (c) TEM images of
Ag,Cr0O4/g-C3N,/GO composites and inset of
part (c) presents the high-resolution TEM
image of Ag,CrO4; (d) The crystal and elec-
tronic band structures of Ag,CrO4 and g-C3Ny4
based on DFT calculation; (e) The proposed Z-
scheme photocatalytic mechanism for the
Ag>Cr0O4/8-C3N4/GO composite. Reproduced
with permission from Ref. Xu et al. (2018)
Copyright 2018 Elsevier.

photogenerated carriers was realized for improving photocatalytic ac-
tivity. Moreover, the large surface area and high porosity of MIL-53(Fe)
endows Ag/AgCl@MIL-53(Fe) with efficient channel for reactant dif-
fusion, which was also favorable for the photocatalysis. In other similar
studies, Huang et al. Huang et al. (2018) designed a plasmonic Z-
scheme Ag/AgCl@MIL-88A(Fe) nanocomposites and it exhibited su-
perior performance for ibuprofen degradation under visible light. The
introduction of Ag/AgCl promoted the light absorption of MIL-88A(Fe)
and greatly accelerated the separation and transfer rate of photo-
generated carriers.

Besides, a Z-scheme Ag;PO,/MIL-53(Fe) heterojunction photo-
catalyst fabricated by Xie et al. realized to degrade 93.72 % TC within
60 min under visible light (Xie et al., 2019). The TEM images (Fig. 13a
and b) clearly confirmed that AgzPO,4 NPs were successfully decorated
on MIL-53(Fe) rhombic polyhedron surface. And the APM-3
(Ag3PO4:MIL-53(Fe) = 1:3) sample displayed the higher photocatalytic
stability than single AgsPO, after four cyclic experiments (Fig. 13c).
XRD analysis indicated that only a weak metallic Ag peak was appeared
in the used APM-3 and the peak intensity was much lower than the used
AgsPO, sample, showing the photocorrosion problem of AgsPO, NPs
could be avoided effectively over AgsPO,/MIL-53(Fe) (Fig. 13d). In
addition, the composite had the lowest resistance and represented the
higher charge transport ability (Fig. 13e). In this study, the Z-scheme
mechanism consisting of AgzPO,4, Ag, and MIL-53(Fe) was proposed, in
which Ag NPs serve as charge transmission bridge (Fig. 13f). Powerful
redox ability and effective carriers separation were achieved in this Z-
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Fig. 12. (a) SEM, (b) TEM, and (c-e) HRTEM image of Ag/AgCI@MIL-53(Fe); (f) Plasmonic Z-scheme photocatalytic mechanism of Ag/AgCl@MIL-53(Fe) under
visible light irradiation. Reproduced with permission from Ref. Liu et al. (2018b). Copyright 2017 Elsevier.

scheme heterostructure. Moreover, it is reported that the three-di-
mensional structure of MOF is beneficial to charge transfer (Zhen et al.,
2016). For example, Zhou et al. prepared a novel Z-scheme AgzPO,/
MIL-101/NiFe,04 (APO/MOF/NFO) composite through an in-situ pre-
cipitation procedure and the APO/MOF/NFO (20 wt.%) composite
displayed excellent photodegradation activity and photostability (Zhou
et al., 2018b). It was demonstrated that the improved photocatalytic
activity depends on the rapid transfer of photogenerated charge from
APO to NFO via the three-dimensional structure of MOF materials
(Fig. 14a).

ZIF-8, constructed by Zn®* and imidazolate organic ligands, is

another MOF material that attracts much attention due to its high
thermal and chemical stability (Fairen-Jimenez et al., 2011). Fan et al.
Fan et al. (2018) synthesized Ag/AgCl@ZIF-8 photocatalyst to degrade
acetaminophen (ACT) under visible light (Fig. 14b). Results suggested
that Ag/AgCl NPs were uniformly attached on ZIF-8 surface and the
presence of ZIF-8 inhibited Ag/AgCl agglomeration to some extent. Due
to the wider bandgap, AgCl and ZIF-8 cannot be excited. The SPR effect
of Ag NPs was considered as the power supply. Under visible light ir-
radiation, the plasmon-induced electrons of Ag NPs were transferred to
the CB of ZIF-8 to reduce O, into ‘O, . The improved photocatalytic
activity of Ag/AgCl/ZIF-8 was ascribed to the dual roles of ZIF-8, high

Fig. 13. (a-b) TEM images of APM-3; (c) Cycling photocatalytic tests of AgsPO,4 and APM-3 for degradation of TC under visible light irradiation; (d) XRD patterns of
the fresh and used AgsPO4 and APM-3; (e) EIS spectra of MIL-53(Fe), AgsPO,4 and APM-3; (f) Photocatalytic mechanism scheme and the possible charge separation
over APM-3 composite. Reproduced with permission from Ref. Xie et al. (2019). Copyright 2018 Elsevier.
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adsorption capacity for pollutants and generation of more Oj- by the
appropriate CB potential. And it was also indicated that when both PS II
and PS I cannot be photoexcited, Ag NPs possess SPR effects but the
reaction system is not Z-scheme (as discussed in Section 3.2).

In these silver-based semiconductor/MOFs Z-scheme photocatalytic
system, MOFs played an important role owing to their large surface
area and distinctive structure, and can be summarized as: (i) disperse
the silver-based semiconductor; (ii) stabilize and reduce the photo-
corrosion of silver-based semiconductor; (iii) provide more active sites
and increase pollutants adsorption; (iv) promote charge transfer. Also,
loading silver-based semiconductor enhances the light absorption
ability of MOFs and promotes the separation of photogenerated carriers
by a Z-scheme system. Therefore, their combination further improves
the performance of photocatalysts.

7. Conclusions

This review has summarized the construction and synthesis methods
of silver-based semiconductor Z-scheme photocatalytic systems and
discussed the different role of Ag NPs. The role of Ag NPs in silver-based
all-solid-state Z-scheme photocatalytic systems mainly includes: Ag SPR
effect and charge transmission bridge. While, the function of Ag NPs
depends on the optical response characteristics of semiconductors.
When PS II or PS I is photoexcited, the SPR effect of Ag NPs plays
significant role. When both PS II and PS I are photoexcited, the Ag NPs
mainly act as charge transmission bridge. However, when both PS II
and PS I cannot be photoexcited, Ag NPs possess SPR effects but the
reaction system is not Z-scheme. Subsequently, we summarized the
application of silver-based semiconductor Z-scheme photocatalyst in
the fields of organic pollutants degradation, photocatalytic H, genera-
tion, CO, reduction, discussing the reaction mechanism and difficult
level of these photocatalytic application. It was indicated that in-
tegrating silver-based semiconductor with other photocatalyst to con-
struct Z-scheme photocatalytic systems could significantly improve the
photocatalytic activity of composite photocatalyst, and enhance the
stability and reduce the amount used and costs of silver-based semi-
conductor. Moreover, crystal facet, morphology, and interface proper-
ties played an important effect on the improvement of photocatalytic
performance of silver-based semiconductor Z-scheme photocatalytic
systems. Finally, the novel combination of silver-based semiconductor
with MOFs based on the Z-scheme photocatalytic system was also
highlighted.

8. Prospects
Despite silver-based semiconductor Z-scheme photocatalytic system
has certain potential in solving environmental and energy issues, there

are still some problems which need further efforts.

i) It is generally known that silver-based semiconductor is unstable
under light irradiation and easily reduced to Ag NPs. Appropriate
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Fig. 14. (a) The photocatalytic mechanism of
the APO/MOF/NFO (20 %) composite under
visible light irradiation. Reproduced with per-
mission from Ref. Zhou et al. (2018b). Copy-
right The Royal Society of Chemistry. (b) Pro-
posed photocatalytic mechanism of ACT over
the Ag/AgCI@ZIF-8. Reproduced with permis-
sion from Ref. Fan et al. (2018). Copyright
2018 Elsevier.

amount Ag NPs generated by photocorrosion is conductive to the
enhancement of photoactivity and photostability of silver-based
semiconductor. Extensive aggregation of Ag NPs would reduce the
light adsorption and stability of silver-based semiconductors.
However, few researchers have studied the exact amount of Ag NPs
generated from silver-based semiconductors photocorrosion during
synthesis or photocatalysis process. In addition, the size and shape
of Ag NPs have a great influence on the photocatalytic activity of
composite. Thus, the development of a facile reduction strategy
which can be used to control the size, shape and quantity of Ag NPs
in the formation process is highly desirable.

ii) Significant challenges still remain in the development of facile, ef-
ficient, and economic methods for preparing high-quality silver-
based semiconductor Z-scheme photocatalysts at the large scale for
practical applications. Many factors affecting photocatalytic prop-
erties of composites, such as size and shape, crystal facet, porosity,
and interface properties, need to be further understood, which is
critical for design of silver-based semiconductor Z-scheme photo-
catalytic systems for photocatalysis application. Some researchers
have demonstrated that constructing core@shell structure photo-
catalysts can significantly improve the photostability of silver-based
semiconductor core. Besides, it is anticipated to deepen the un-
derstanding of the relationship of semiconductor structure and
photocatalytic performance when experimental and computational
methods are integrated.

To meet the needs of practical application, more works are done to

investigate the silver-based semiconductor Z-scheme photo-

catalysts, such as the chemical stability of catalyst during use in
different pH or temperatures, photocatalytic selectivity for multiple
pollutants, etc. Moreover, the environmental risk of these photo-
catalysts should be carefully evaluated. In particular, the photo-
catalytic degradation often cannot completely mineralize pollu-
tants, it is necessary to carefully assess the toxicity of intermediate

products. In addition, the reported silver-based semiconductor Z-

scheme photocatalyst mainly exists in water in the form of solid

powder, which is difficult to recover after photocatalytic reaction.

Thus, construction of Z-scheme system by coupling of silver-based

semiconductor with recyclable magnetic materials is beneficial to

reuse and does not cause secondary pollution.

iv) Although silver-based semiconductor Z-scheme photocatalytic sys-
tems with excellent catalytic activities have been fabricated and
reported for photocatalytic production of H, and reduction of CO,,
the energy conversion efficiency is far away from industrialization
demands and there still exist some challenges in future studies.
Generally, photogenerated holes need to be consumed by sacrificial
agents timely to obtain high photocatalytic activity for H, produc-
tion, but the addition of sacrificial agent will undoubtedly increase
the cost of new energy preparation in the future. The common co-
catalyst for H, generation is noble metal due to their large work
function and the ability for trapping photogenerated electrons. The
amount of noble metals deposited on the catalyst surface must be

iif)
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controlled within a suitable range. Excessive deposition may make
the metal become the center of the rapid recombination of electrons
and holes, which is not conducive to photocatalytic reaction. In
addition, the amount of noble metals on earth is very limited, thus,
it is important to develop some cheap and efficient non-noble metal
co-catalysts for improving photocatalytic H, production. For pho-
tocatalytic reduction of CO,, the selectivity of the products is low
due to the CO, reduction accompanied by H, production and it is a
more complicated process (Tu et al., 2014). Co-catalysts modifica-
tion exerts a significant role in the products selectivity during CO,
reduction. Moreover, the adsorption of CO, and reactant desorption
over the photocatalyst surface are two important steps in photo-
catalytic reduction of CO,. Combining silver-based semiconductor
with large surface area and porosity materials based on the Z-
scheme systems is beneficial to the above two steps. Besides, some
characterization techniques, such as DFT or scanning tunneling
microscopy (STM), can be adopted to better understand the process
of CO, reduction.

v) MOFs, as a new type of photocatalyst material, have achieved ex-
tensive attention. Emerging research has indicated that silver-based
semiconductor/MOFs Z-scheme photocatalytic systems exhibited
superior photocatalytic activity for organic pollutants degradation.
The advantages of the combination of silver-based semiconductor
and MOFs have been discussed in Section 5. However, to date, the
reported silver-based semiconductor/MOFs Z-scheme systems are
mainly used for the degradation of organic pollutants, more studies
should be done on the photocatalytic production of H, and reduc-
tion of CO,. Moreover, the development of new types of photoactive
MOFs with excellent photocatalytic performance, large surface
area, high stability, and well-defined porosity is still urgently
needed for the rational design of silver-based semiconductor/MOFs
Z-scheme photocatalysts. More morphological structures should be
further explored for this system, and not just deposited silver-based
semiconductor on the surface of MOFs. We believe that constructing
silver-based semiconductor Z-scheme photocatalyst with high
photocatalytic activity and photostability is a feasible way for sol-
ving environmental and energy issues. We hope this review can
provide new insights to researchers for designing silver-based
semiconductor Z-scheme photocatalytic systems for solar energy
conversion.
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