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system. Currently, the application of Z-scheme photocatalysts in environmental remediation and energy
conversion have ushered in a climax over the past several years. Hence, it is the ripe and right period to
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Visible-light-driven photocatalytic system from redox-mediator Z-scheme photocatalytic system to current direct Z-scheme
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moting the separation and transfer of photogenerated charge carriers to achieve optimal photocatalytic
performance. Especially, we discuss the charge carrier transfer process and photocatalytic reaction path-
ways of key aspects of Z-scheme photocatalysts. Finally, conclusions and inspiring perspectives on the
challenges of this emerging research direction are presented. We desire that insights and up-to-date
information in this overview will prompt the scientific community to fully explore the potential of Z-

scheme photocatalytic systems in environmental remediation and energy conversion.
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1. Introduction

With the unceasing expanding of industrialization and urban-
ization, the environmental pollution and energy crisis caused by
over-exploited fossil fuels have become overriding issues for all
countries in the world [1,2]. Therefore, it is imperative to find
environment-friendly technologies for environmental remediation
and to explore promising measures for the sustainable develop-
ment of clean energy. Photocatalysis is an advanced oxidation pro-
cess over the surface of the semiconductor photocatalyst that can
generate hydrogen (H,) by splitting water (H,0) (Fig. 1a) [3-6],
produce electric energy from solar energy (Fig. 1b) [7,8], photode-
grade organic pollutants (Fig. 1c) [9,10] and reduce carbon dioxide
(COy) to fuels (Fig. 1d) [11,12], which has been regarded as a signif-
icant technology to solve aforementioned issues since Fujishima
and Honda reported the photoelectrochemcial H,-evolution on
the TiO, electrode in 1972 [13].

1.1. Basic principles of photocatalysis

Currently, it is inclined to explain the complex physicochemical
processes of photocatalysis with energy band theory [14]. At abso-
lute zero, the valence band (VB) with relatively low energy is com-
pletely occupied with electrons, while the conduction band (CB)
with relatively high energy is empty. As shown in Fig. 2, in the pho-
tocatalytic process, when the absorbed energy (hv) of the semicon-
ductor is above or equal to band gap energy (E;), the
photogenerated electrons will be excited from the VB of semicon-
ductor to the corresponding CB, leaving holes in the VB, resulting in
the electrons and holes occupying the CB and VB of semiconductor,
respectively [15,16]. Then oxidative holes and reductive electrons
participate in the redox reaction over the surface of semiconductor,
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Fig. 2. Schematic illustration of semiconductor photocatalytic processes.

respectively [17,18]. For target pollutants elimination, holes can
directly oxidize pollutants or react with H,O/OH™ to yield hydroxyl
(.OH). In general, the electrons capture oxygen (O;) to generate
superoxide radical (.037), those generated .OH and .03 also take
part in the degradation of pollutants. For energy conversion, car-
bon dioxide (CO,) or H* can be reduced to hydrocarbon or hydro-
gen (Hy), and H,O/OH™ can be oxidized to O, [19-23]. Among
them, the key step is the capture of photogenerated electrons by
0, to generate .03, which not only inhibits the recombination of
photogenerated carriers, but also prolongs the lifetime of the holes
[24]. However, the photogenerated electrons and holes might also
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with permission from Ref. [34], Copyright 2014 John Wiley and Sons.
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recombine either on the surface or in the bulk of the semiconduc-
tor, releasing the absorbed energy as heat or light if they are not
scavenged quickly after photoexcitation [25]. The rate of migration
and the possibility of recombination of electron-hole pairs largely
depend on the level of VB and CB and on the redox potential of
the adsorbates. Oxidation reaction will occur if the oxidation
potential of VB is more positive than the oxidation potential of
the surface reaction. Similarly, reduction reaction will be accom-
plished if the reduction potential of CB is more negative than the
reduction potential of the surface reaction.

The generation and recombination of photogenerated carriers in
semiconductor are the two key factors that restrict the photocat-
alytic performance of photocatalysts. Single-component photocat-
alyst is hard to meet all the requirements because the
photogenerated carriers of narrow band gap single-component
photocatalyst are easy to recombine, whereas it is difficult to pro-
duce photogenerated electrons and holes for wide band gap single-
component photocatalyst, resulting in poor quantum efficiency
and low photocatalytic performance [26]. Fortunately, extensive
studies have demonstrated that heterogeneous photocatalysts
have several potential advantages: (1) The light absorption of wide
band gap materials can be greatly enhanced by functionalizing
with narrow band gap semiconductors or molecules; (2) The sepa-
ration and migration of photogenerated electrons and holes can be
effectively promoted due to the built-in electric field between the
semiconductors; (3) The redox overpotential of active sites could
be reduced by integrating the co-catalyst. For example, in 1987,
the TiO,/CdS prepared by Spanhel et al. is the most typical
double-charge transfer heterogeneous photocatalysts. The blue
shift of the absorption spectrum of ZnO demonstrated that photo-
generated electrons in the CB of CdS are injected into the CB of
attached TiO, under visible light irradiation [27]. Nevertheless,
there are two key problems existing in the type II heterojunctions.
Firstly, the CB-electrons in one semiconductor will transfer to the
CB of another semiconductor having a relatively small negative
potential, while the VB-holes will migrate to the VB of another
semiconductor having a relatively small positive potential, thereby
weakening the redox ability of photogenerated electrons and holes.
Secondly, due to the electrostatic repulsion in the hole-hole or
electron-electron, it is not easy for the strongly oxidative
VB-holes in the semiconductor I and the strongly reductive
CB-electrons in the semiconductor II to transfer to the VB of the
semiconductor I and the CB of semiconductor II, respectively.
Although the band structure of Z-scheme photocatalytic system
is quite similar to that of the type II heterojunction, the charge
transfer direction is completely different. In Z-scheme photocat-
alytic system, the CB-electrons in the semiconductor I with lower
energy combine with the VB-holes in the semiconductor II, result-
ing in the strongly oxidative VB-holes and strongly reductive
CB-electrons respectively in the two semiconductors, which not
only improve the charge separation efficiency of individual semi-
conductor but also retain strong redox electron-hole to participate
the photocatalytic reaction. Therefore, it can be concluded that the
photocatalytic performance of Z-scheme photocatalysts is superior
to that of the conventional type Il heterojunction, let alone a
single-component semiconductor photocatalyst, and its use will
facilitate different technical applications [28]. For example,
Sayama et al. successfully prepared Pt-WO; and Pt-SrTiO; to
generate H, and O, by splitting water [29]. Some other studies
are elaborated in the third section of the fourth quarter.

1.2. Rapid development of Z-scheme photocatalytic system

In order to fully understand the Z-scheme photocatalysts, it is
necessary to review the development of the Z-scheme photocat-

alytic system. In 1960, Hill et al. proposed a hypothetical ring pho-
toreaction pathway to explain how electrons transfer from H,0 to
CO, between two photo-systems and accurately described the
dynamic equilibrium between enzyme consumption and recovery,
which is the origin of the Z-scheme system [30]. The theoretical
data obtained from the hypothesis of Hill indicates that the elec-
tron transfer between two photo-systems is a spontaneous reac-
tion [31]. Barber further illustrated the feasibility of simplifying
the photo-system [32]. Inspired by the Z-scheme system in photo-
synthesis, the researches attempted to simplify the complex multi-
mediator system into a two-step photoinduced single-mediator
reaction system in which the oxidation reaction and the reduction
reaction were respectively carried out on the oxidized photocata-
lyst (PS II) and the reduced photocatalyst (PS I), and the mediator
is used to deliver electrons, whereby the Z-scheme photocatalytic
system come into being [33].

Over the past few decades, there is no ending on constantly per-
fecting the Z-scheme photocatalytic system to improve its photo-
catalytic performance. Especially in the past three years, the
application of Z-scheme photocatalysts on environmental restora-
tion and energy conversion have ushered in a climax (Fig. 3). It is
the ripe and appropriate period to provide a comprehensive and
state-of-the-art review about the application of Z-scheme photo-
catalysts. As a matter of fact, several excellent reviews about Z-
scheme photocatalytic system have been published. For example,
Zhou et al. reported a paper about all-solid-state Z-scheme photo-
catalytic system, which reviewed the composition, construction,
optimization and electron transfer process of photocatalytic
water-splitting of Z-scheme photocatalysts [34]. Low et al.
reported a review concerning the applications and characterization
methods of direct Z-scheme photocatalytic system [35]. However,
published reviews tend to describe several typic material such as
TiO,, g-C3N4, WOs3, few of them systematically describe various
applications of Z-scheme photocatalytic systems based on novel
materials. What's more, many advance studies have proved that
Z-scheme photocatalytic systems have great potential for solving
practical energy and environment problems, and much attention
have been focused on how to maximize photocatalytic perfor-
mance. Therefore, a comprehensive review about “what have been
done and where to go?” about Z-scheme photocatalytic system is
necessary, which provides some inspiration for further optimiza-
tion of the Z-scheme photocatalytic system.

In line with the focus of this review, the historical development
of the Z-scheme photocatalytic system is summarized, from redox-
mediator to current direct Z-scheme photocatalytic system.
Besides, the latest research activities in the application of the Z-
scheme photocatalytic system such as the photocatalytic degrada-
tion of organic pollutants, the redox of heavy metal ion, oxidative
decomposition of pathogens, water-splitting, H, and O, evolution,
are systematically discussed. In particular, we discuss the charge
carrier transfer process and photocatalytic reaction pathways of
key aspects of Z-scheme photocatalysts. We may not mention all
of the published papers due to the proliferation of papers pub-
lished in this field, but rather a summary and description of these
applications of Z-scheme photocatalytic system based on various
novel materials. Last but not least, conclusions and inspiring per-
spectives on the challenges of this emerging research direction
are presented at the end of the review, which demonstrates that
tremendous undiscovered prospects are still present on the subject
of application of the Z-scheme photocatalytic system. We hope
that the insights and up-to-date information in this overview will
inspire researchers to further optimize the Z-scheme photocat-
alytic systems from reaction conditions, crystal facet engineering,
surface heterojunction and so on to achieve maximum potential
for environmental remediation and energy conversion.
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Fig. 4. Schematic illustration of the process of redox-mediator Z-scheme charge
transfer.

2. Basic principles of electron transfer in Z-scheme photocatalytic
system

Inspired by the biomimetic artificial photosynthesis, Bard first
proposed the concept of the Z-scheme photocatalytic system in
1979 [36]. As shown in Fig. 4 that the charge carriers transfer in
the Z-scheme system is initially achieved by ionic redox shuttle
in solution. Both PS Il and PS I are photoexcited and then generate
electrons and holes respectively in their CB and VB under light irra-
diation. Subsequently, the photogenerated electrons in the CB of PS
Il transfer to the VB of PS I via a shuttle redox mediator, leaving the
strong oxidizing holes in the VB of PS Il and strong reductive elec-
trons in the CB of PS I to participate in redox reaction on the surface
of photocatalysts, respectively. Photogenerated electrons in the CB
of PS II are consumed by reacting with high-valent ions in the
redox electron mediator, while the holes in the VB of PS I react with
the low-valent ions to generate high-valent ions. Hence, the con-
centration ratio of redox couples basically remains unchanged dur-
ing the electrode reactions.
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Fe3*/Fe?* and 105/I~ are the most typical electron mediators in
the liquid phase Z-scheme photocatalytic system. For example,
Wang et al. [37] investigated the effect of [03/I” on the O, evolu-
tion rate over o-Fe,03; nanocrystals with different exposed facets.
They found that O, yield of the cubic-Fe,O3 exposed by {01 2}
and {1 04} planes in aqueous NalO; was 85 times that of Octo-
Fe,03 exposed by {101} and {11 1}, which was ascribed to 103
acting as an electron trapping agent, facilitating the separation of
electrons and holes. Furthermore, Yan et al. [38] prepared TiO,/g-
C3N4 binary heterojunction by a hydrothermal method and overall
water-splitting to H, and O, was achieved with I7/I03 or Fe?*/Fe>*
as redox mediator. Different from Fe?*/Fe*>* and 1-/I03, NO3/NO3
can complete electron transfer by participating in the generation
of the product. Sayama and her co-workers [39] conducted exper-
iments on H, photolysis in NaNO, and Na,CO3; aqueous solutions,
they found that the oxygen atoms in O, came from the photolysis
of NO3 generated from the oxidation of NOz, while CO%~ promoted
the desorption of O, generated on the photocatalyst surface. In
addition to inorganic redox mediator, studies regarding Z-scheme
photocatalysts also focus on organic redox couples. Sasaki et al.
[40] carried out the experiment of Hp-evolution via the photolysis
of water under sunlight irradiation with [Co(phen)s;]**/[Co
(phen);]** and [Co(bpy)s]**/[Co(bpy)s]?* as electron mediators,
respectively. The introduction of redox mediator in the photocat-
alytic system does enhance the photocatalytic performance, but
redox mediator such as 17/103, Fe?*/Fe** and NO3/NO;3 are sensi-
tive to the reaction environment. For instance, Fe?* is easily oxi-
dized by O,, thus the reaction must be carried out under strong
acid conditions. In addition, not only the concentration ratio of
ion pair changes as the reaction progresses but also ions are ineffi-
cient in gain or loss of electrons, which are also important limiting
factors. What's more, redox-mediator Z-scheme photocatalytic
system can only be used in the liquid phase, which greatly con-
strain its widely application.

To address the above defects, Tada et al. [41] proposed the con-
cept of all-solid-state photocatalytic system consisting of two dif-
ferent semiconductors with a noble-metal nanoparticle as the
electron mediator, in 2006. Different from the photocatalytic
mechanism of the redox-mediator Z-scheme system, the photo-
generated electrons in all-solid-state Z-scheme photocatalytic sys-
tems are directly transferred through the interface, shortening the
distance of electron migration and improving the photocatalytic
performance. In addition, Ohmic contact with low contact resis-
tance is formed between PS Il and PS I by inserting a conductor,
which facilitates the recombination of the photogenerated elec-
trons in the CB of PS II and the photogenerated holes in the VB of
PS I (Fig. 5a). As a result, the strongly reductive electrons and the
strongly oxidative holes remaining in the CB of PS I and the VB
of PS II will respectively participate in reduction and oxidation
reactions [42].

Besides, the backward reactions in redox-mediator Z-scheme
photocatalytic system and the light-shielding effect caused by
the redox mediator are removed. What's more, the all-solid-state
Z-scheme photocatalytic system can be used not only in the
liquid-phase but also gas-phase environments. Therefore, the
application range of all-solid-state systems are extended from
water splitting to photocatalytic CO, reduction, heavy metals
removal, pollutants degradation and solar cells. For instance, Kim
et al. synthesized a three-dimensional all-solid-state Z-scheme
photocatalysts with superior photocatalytic CO, conversion by
coating conductive carbon and BiVO, particles onto Cu,0 nanowire
arrays. Due to the introduction of Cu,0 nanowire arrays as the base
material, the light harvesting and the surface area of composites
are greatly increased. Moreover, the charge flow follows a Z-
scheme transfer path with carbon layer as an electron mediator

not only achieves an efficient charge separation, but also remains
strong oxidation and reduction potentials [43]. Bi@BiOCl/g-C5N4
having a core-shell structure of Bi spheres coated with porous g-
C3N4 was prepared, which showed excellent photocatalytic perfor-
mance in Cr(VI) reduction. Both BiOCl and g-CsN,4 can be excited
with visible light irradiation, the evoked electrons in the CB of
BiOClI would transfer to the VB of porous g-C3N4 through metallic
Bi functioned as a charge transfer bridge. The strongly redox capa-
bility of single components can be maintained, resulting in more
active radicals being generated in the composite. Therefore, the
photocatalytic efficiency of Cr(VI) reduction was greatly improved
[44]. Three-component photocatalysts Ag/AgBr/BiOBr prepared by
Ye et al. exhibited enhanced photocatalytic performance for the
RhB degradation, which was ascribed to the charge transfer follow-
ing a Z-scheme mechanism. Specifically, the photogenerated elec-
trons in the CB of BiOBr would flow into metallic Ag through the
Schottky barrier. Then the CB-electrons of BiOBr would transfer
to the VB of AgBr and combine with the holes therein because
the Fermi level of Ag is more positive than the VB potential of AgBr.
Therefore, the photocatalytic degradation efficiency of RhB was
greatly improved in the Ag/AgBr/BiOBr composites [45].

Besides, some organic photosensitizers can also be used as
mediators, which not only transfer photogenerated electrons from
PS Il to PS I but also generate electrons under light irradiation. For
example, Hagiwara et al. [46] investigated the electron transfer
mechanism of tetraphenylporphyrin chromium chloride (Cr-
TPPCl), a dye similar to porphyrin, during photolysis water reac-
tion. The dye was supported on the surface of KTa(Zr)O5; and then
Pt was loaded on the other side of the dye. The results showed that
photogenerated electrons transferred from the surface of KTa(Zr)
03 to Pt through the Cr-TPPCIl. Furthermore, nearly twenty differ-
ent dyes such as vitamin B12 and tetrakis (pentafluorophenyl) por-
phyrin (TPFPP) were anchored on the surface of KTa(Zr)Os; by
Ishihara et al. [47]. All dyes were excited and electrons can be
transferred to the Pt surface more efficiently, resulting in the yield
of H, and O, that was about twenty times higher than KTa(Zr)Os.

Although electron mediators play a significant role for the elec-
trons transfer between PS II and PS I, there are several adverse
effects. For example, colored electron transporters might interfere
the light absorption of photocatalyst. In addition, noble-metal
nanoparticles are not only expansive and rare but also strong light
absorbers, which will greatly low the light absorption ability of
photocatalysts [48]. Subsequently, the mediator-free Z-scheme
photocatalytic system, which omits the process of carriers passing
through the electron mediator, has attracted widespread concern
since Wang et al. [49] constructed the first mediator-free all-
solid-state Z-scheme photocatalytic system in 2009. Then Yu
et al. [50] proposed the concept of a direct Z-scheme photocatalyst
in 2013 to explain the excellent photocatalytic performance of the
TiO,/g-CsN4. Although the band structures of the direct Z-scheme
photocatalytic system are very similar to Type- Il heterostructures,
the transfer paths of photogenerated charge carriers between two
semiconductors is completely different. As shown in Fig. 5b, the
CB-electrons of PS II with relatively low energy would combine
with the VB-holes of PS I, thereby remaining the strongly reductive
electrons in the CB of PS I and the strongly oxidative holes in the VB
of PS 11, respectively. Finally, the CB-electrons and VB-holes partic-
ipate in the redox reaction occurred on the surface of catalysts.
Obviously, compared with redox-mediator and all-solid-state Z-
scheme photocatalytic systems, direct Z-scheme photocatalytic
system with direct contact between two components can omit
the process of carriers passing through the electron mediator,
greatly lowing the possibility of recombination of bulk electrons
and holes. Moreover, direct Z-scheme photocatalytic system can
reduce the cost of constructing Z-scheme photocatalytic system
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and also overcome the light-shielding effect caused by the noble-
metal electron mediator, which has a promising future in the field
of various applications.

In summary, many successful examples demonstrate that the
construction of direct Z-scheme photocatalytic system has great
potential for solving environment pollution and energy shortages,
but there are still many challenges to overcome, such as how to
improve light conversion efficiency and long-term stability of each
semiconductor, how to optimize the contact interface of two com-
ponents to maximize photocatalytic performance. It is difficult for
a single-component semiconductor photocatalyst to solve the
above key problems simultaneously, while the artificial Z-scheme
photocatalytic system can do. Since the photocatalytic
performance of redox-mediator Z-scheme photocatalytic system
is limited by the backward reactions, light-shielding effect, long-
distance electrons transfer and reaction environment, redox-
mediator-free Z-scheme photocatalytic system that can shorten
the electron transfer distance and can be used in liquid-phase
and gas-phase environment is the optimal candidate in the appli-
cation of water splitting, pollutants degradation as well as CO,
conversion.

3. What contributions have the artificial Z-scheme photocatalytic
system done on environmental restoration and energy
conversion?

3.1. The photocatalytic degradation of organic pollutants

Rapid industrialization and urbanization have accelerated the
generation of organic pollutants in the environment over the past
decades such as organic synthetic dyes, pesticides, food additives
and so on [51,52]. Survey data shows that the global annual pro-
duction of organic synthetic dyes is up to 700,000 tons, of which
40% from the textile, paper, cosmetics, leather manufacturing and
electronics manufacturing industries [53]. Organic dyestuff with
stable physical and chemical properties is essentially complex aro-
matic compounds that are resistant to degradation. The direct dis-
charge of colored pollutants to aquatic ecosystems poses a variety
of threats to food chain and public health. Compared with the tra-
ditional oxidation technology [54,55], semiconductor photocataly-
sis provides a fixed reaction environment where adsorbed organic
and inorganic species can be chemically altered by photo-induced
redox reactions, which is a rapidly emerging advanced oxidation
process for organic pollution abatement [56].

3.1.1. Basic principles of photodegradation

During photocatalysis, photogenerated electrons transfer to the
surface of photocatalyst through the interfacial charge and then
react with adsorbed O, molecules to generate .05 [57]. VB-holes
with strong oxidation ability can directly oxidize organic pollu-
tants or react with hydroxide ions (OH ™) or H,0 to yield .OH. Those
generated .OH and .03 participate in the photodegradation of
organic pollutants. Hydrogen substitution, electrophilic attack or
electron transfer is considered to be three ways of photocatalytic
degradation of organic pollutants by .OH, of which hydrogen
abstraction is the most typical way [58]. As shown in Eq. (3.1) that
hydrogen abstraction is the process of removing hydrogen atoms
from the organic compound to form an organic radical through
reacting with .OH. These peroxyl radicals completely mineralize
organic compounds into CO,, H,O and inorganic salts (Eq. (3.2))
through a series of oxidation reactions [59]. During electrophilic
attack, .OH is added to the mt-system of organic compounds to form
organic radical (Eq. (3.3)). Electron transfer is a viable route in the
degradation of organic compounds when hydrogen abstraction or
electrophilic addition are hindered by multiple halogen substitu-

tion or steric hindrance. As shown in Eq. (3.4) that .OH react with
organic compounds to form hydroxide ions (OH ™) and organic rad-
icals, and the subsequent reaction is the same as Eq. (3.2). Addi-
tionally, organic compounds can also be directly degraded by
reacting with h* in the VB of semiconductor (Eq. (3.5)). Ultimately,
organic pollutants can be degraded through the above routes.

‘OH+RH — R- +H,0 (3.1)
R-+0,; — RO, — H,0 + CO, + Inorganicions (3.2)
PHX + -OH — HOPHX- (3.3)
OH - +RX — RX - +OH" (3.4)

Pollutants + hy; — Pollutants® — — Degradation products (3.5)

Dyes, a typical organic pollutant, are generally classified as
cationic dyes and anionic dyes according to whether the chro-
mogenic particles or molecules of dye molecules are positively
charged or negatively charged in aqueous solution. Because the
charging type of dye molecules mainly affects its adsorption pro-
cess on the catalyst surface. Besides, the photocatalytic reactions
are surface processes that occur on the surface of the catalyst.
The dye molecules are first adsorbed on the surface of the catalyst
and then participate in the oxidation reaction on the surface of the
catalyst. Therefore, the type of dye molecules affects the efficiency
of photocatalytic degradation and it should be considered when
applying photocatalytic technology to treat dye wastewater.

3.1.2. Typical cationic dye degradation

Rhodamine B (RhB) is a synthetic water-soluble cationic dye.
Toxicity tests have shown that irresistible damage may occur if
animals or humans consume foods containing RhB. Hence, it is nec-
essary to remove RhB in the environment through an efficient and
environmentally-friendly photocatalytic technology, especially the
Z-scheme photocatalyst that exhibits higher photodegradation
efficiency compared with the type II heterojunction photocatalyst.
The latest studies on RhB photocatalytic degradation based on the
Z-scheme photocatalytic system are recorded in Table 1.

It is well known that the separation efficiency of electron-hole
pairs directly influence the photocatalytic performance of the pho-
tocatalyst. The most prominent advantage of the Z-scheme photo-
catalytic system is to improve the charge separation efficiency. In
2006, Tada et al. [41] constructed the first all-solid-state
Au@CdS|TiO, Z-scheme photocatalyst with Au as electrons media-
tor. In the most of Z-scheme photocatalytic systems, the noble
metals are used as charge transmission bridge or recombination
center of undesired electrons and holes, which efficiently promote
the separation of electron-hole pairs. Therefore, it is a promising
direction to modify semiconductor materials by coupling with
noble metals to obtain excellent photocatalytic performance. For
instance, Li and co-workers [67] prepared Ag/AgzP0O4/WO3; com-
posite to promote the separation efficiency of electron-hole pairs
of pure WOs. The UV-vis diffuse reflectance spectra (DRS) analysis
showed that the combination of WO3 causes the edges of light
absorption to move towards longer wavelengths, indicating that
the visible light response of composite was enhanced and more
photogenerated electrons and holes were produced. Meanwhile,
the absorption intensity in the visible light region was enhanced
due to the reduced contact barrier and enhanced electronic cou-
pling between WO3 and Ag/AgsP0O,4 nanoparticles. In Ag/AgsPO,/
WOs3 Z-scheme photocatalytic system, metallic Ag severs as charge
transmission bridge. Specifically speaking, photogenerated elec-
trons in the CB of WO3 quickly transfer to Ag nanoparticles and
recombine with the holes from the VB of AgsPO,, thus the strongly
reductive electrons are stored in the CB of AgzPO,4 and the strongly
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oxidative holes are retained in the VB of WOs, respectively. The
holes could directly oxidize dye molecules or react with H,O or
OH™ to generate .OH, the electrons cannot reduce dissolves O, to
.03, but can react with O, to generated .OH, those active species
and oxidative holes participate in the photodegradation of dye
molecules. In this process, the efficient separation of photogener-
ated electron-hole pairs enables optimal photocatalytic
performance.

More recently, metal-organic frameworks (MOFs) with a large
amount of porosity and large specific surface area, where metal
ions or clusters are linked to organic linkers forming a three-
dimensional well-defined structure, have attracted much attention
in industrial applications and academic research [109]. Photosensi-
tive MOFs interact with incident light and show semiconducting
properties, which can drive a variety of chemically desirable
photo-redox reactions. An iron terephthalate metal-organic frame-
work MIL-53 (Fe) with iron (III) oxide clusters shows inherent vis-
ible light absorption and can be used as an effective photocatalyst.
However, the visible light photocatalytic performance of pure
MIL-53 (Fe) is not satisfactory due to the small number of active
radicals. Therefore, Liu et al. [65] synthesized Ag/AgCI@MIL-53-Fe
photocatalysts by coupling MIL-53-Fe with plasmonic Ag/AgCl to
enhance the photocatalytic performance of MIL-53-Fe. DRS images
show that the absorption intensity of Ag/AgCI@MIL-53-Fe in the
range of 300-600 nm is greatly enhanced after introduction of
plasmonic Ag/AgCl, due to the SPR absorption of Ag nanoparticles
at wavelength above 400 nm and the excitation of AgCl at wave-
length below 400 nm. Additionally, Ag/AgCl can also promote the
separation of photogenerated electron-hole pairs. In general, the
AgCl cannot be excited under visible light irradiation owing to its
large band gap, while metallic Ag can be excited due to its SPR
effects. The SPR-excited electrons are transferred to AgCl through
Schottky barrier formed between Ag and AgCl. Simultaneously,
MIL-53-Fe is excited under visible light irradiation and generates
photogenerated electrons and holes. As show in Fig. 6, the photo-
generated electrons in the CB of MIL-53-Fe would transfer to Ag
particles and combine with its positive charge species, resulting
in the accumulation of holes in the VB of MIL-53-Fe. The stored
photogenerated holes can directly oxidize target pollutants. What’s
more, the large surface area and intrinsic porosity of MOFs provide
open channels for efficient reactant diffusion, which also facilitate
the improvement of photocatalytic performance. Li et al. [78]
loaded the uniform and ultrafine AgsPO, nanoparticles on the oxy-
gen vacated TiO, (TiO,-OV) with average particle size as small as
2.6 nm to fabricated AgzP0,4/TiO,-OV photocatalysts. These zero

Potential (V)
vs NHE

¢+, =~ Organic linker
Tl 2.09ev
Ty

Fig. 6. Plasmonic Z-scheme photocatalytic mechanism of Ag/AgCI@MIL-53-Fe
under visible light irradiation. Adapted and reprinted with permission from Ref.
[65], Copyright 2017 Elsevier.

dimensional defects with relatively free movable electrons formed
by removing some oxygen atoms from TiO, crystalline can strongly
absorb Ag® ions. Most of the electrons are neutralized by Ag"
cations, while small amount of electrons will reduce Ag* to Ag
nanoparticles that serve as the charge transfer bridge. In the pho-
tocatalytic process, the electrons in the CB of AgzPO,4 migrate to
Ag nanoparticles since the CB potential of AgsPO, is more negative
than the Fermi level of Ag, and at the same time, the holes in the VB
of TiO,-0V transfer to the Ag nanoparticles and combine with the
electrons from AgsP0O,4, which greatly promotes the separation of
electron-hole pairs, thus improving the photocatalytic perfor-
mance of AgzP0,4/TiO,-0V (Fig. 7).

In addition, due to the large specific surface area and high sta-
bility of graphene oxide (GO) or reduced graphene (RGO), which
also makes them to be an electron mediators in all-solid-state Z-
scheme photocatalytic system. For example, Chong et al. [69] syn-
thesized Ag/g-C3N4/Bi,WOg with RGO as electron mediator
through a facile hydrothermal synthesis method. Scanning electron
microscope (SEM) and transmission electron microscope (TEM)
analyzes indicate that Ag" ions were successfully reduced and
deposited on the surface of g-C3N4/Bi,WOg composites. The
Ag/g-C3Ny4/Bi,WOg composites exhibit higher photodegradation
efficiency than pure g-CsN,4 and single Bi;WOg. This enhanced pho-
tocatalytic performance is ascribed to the photogenerated
electron-hole pairs following the Z-scheme transfer mechanism.
Here, metallic Ag severs as the center of charge recombination,
the relative weak oxidative holes and the relative weak reductive
electrons are annihilated on Ag nanoparticles, resulting in the
accumulation of strongly reductive electrons in the CB of g-CsN4
and strongly oxidative holes in the VB of Bi,WOg, respectively.
The photogenerated electrons reduce O, to .03 and holes react
with H,0 to produce .OH. Accordingly, the stored holes and formed
.OH and .03 can oxidize target pollutants to achieve an excellent
photocatalytic performance.

Moreover, the absorption efficiency of visible light is another
important factor affecting the photocatalytic performance of pho-
tocatalysts. Among various methods, ion doping is an excellent
method to increase visible light absorption by forming impurity
levels in the band structure. For instance, Liang et al. [62] fabri-
cated a novel double Z-scheme Agl/Ag/I-(BiO),CO5; composite pho-
tocatalysts through ion-exchange method and evaluated their
photocatalytic performance for RhB photodegradation. The
Mott-Schottky curves indicates that the valance band potential of
(Bi0),CO3 is reduced from 3.05 eV to 2.45 eV of I-(Bi0),CO3 after
doping I~ ion and the band gap of (Bi0),CO3 is narrowed from
3.21eV to 2.61 eV, which allows 1-(Bi0),CO3 to be excited under
visible light irradiation. Additionally, the metallic Ag severs as
the electrons transfer bridge, the CB-electrons of I-(Bi0),CO3 trans-
fer to the VB of Agl and combine with the holes therein. As a result,

A
\ 4
it “.,
0 » 7 4

C Visible Light

Ag:POYJTiIO-OV

Fig. 7. Proposed Z-scheme mechanism for photocatalytic degradation in Ag3PO 4/
Ag/|TiO 2-0V catalyst under visible light irradiation. Adapted and reprinted with
permission from Ref. [78], Copyright 2016 Elsevier.
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the photogenerated stored in the CB of Agl could reduce absorbed
0, to .03, both .03 and VB-holes of I-(Bi0),CO5 with strong oxidiz-
ing ability can oxidize the RhB molecule.

Feng et al. [85] constructed a novel direct Z-scheme nanocom-
posite AgBr/MoOs via an oriented diffusing and charge induced
deposition. The AgBr/MoOs; composite with 1:3 mole ratio of Ag
to Mo exhibited the best photocatalytic performance. This
enhanced photocatalytic performance is attributed to three
aspects: Firstly, according to the calculation of plane-wave-
density function (DFT), the band gap of the AgBr/MoOs
(1.378 eV) is much smaller than those of single MoO3; (2.087 eV)
and AgBr (1.661 eV), which is caused by the hybridization between
the Br 4p orbital and O 2p orbital in AgBr/MoOs, thus promoting
the visible-light absorption. Next, the highly dispersed VB and CB
of AgBr facilitate the excitation and migration of charge carrier.
Also, the Ohmic contact formed in the contact surface between
AgBr and MoOs serves as the center of photogenerated electron-
hole recombination, thus remaining the photogenerated electrons
with a more negative reduction potential in the CB of AgBr and
holes with a more positive oxidation potential in the VB of MoOs,
respectively. This efficient separation of electron-hole pairs greatly
improve the photocatalytic performance of AgBr/MoOs.

Methyl blue (MB), another common cationic dye, poses a threat
to the human health and the environment. The studies of the Z-
scheme nanocomposites towards the photodegradation of MB over
the past several years are listed in Table 2. Similar to RhB, MB can
also be effectively photodegraded under different experimental
conditions.

Graphene, a monolayer of graphite, has been an effective co-
catalyst due to its high specific surface area and excellent electron
mobility [137]. Graphitic carbon nitride (g-CsN4) with a narrow
band gap and a relative more negative reduction potential has got-
ten appreciable attention recently and is widely used to degrade
organic pollutants since it was first employed as photocatalyst to
split water in 2009 [138]. However, the oxidation ability of g-
C3Ny is poor owing to its undesirable VB potential of 1.4 eV, result-
ing in a fast recombination of photogenerated electron-hole pairs.
Hence, various g-CsN4-based Z-scheme composite photocatalysts
are designed to promote the charge separation of pure g-C3Nj.
For instance, Wu et al. [111] reported the synthesis of the
all-solid-state Z-scheme g-C3N4-RGO-TiO, heterojunctions with
excellent photocatalytic performance and stability for the
photodegradation of MB under the visible light irradiation.
UV-vis absorption spectra indicates that the absorption edges of
g-C3N4-RGO-TiO, show obvious red-shift to higher wavelengths,
while RGO-TiO, show blue-shift to lower wavelengths, which
demonstrates that the introduction of RGO increases the light
absorption efficiency of g-C3N4-RGO-TiO, composites. Also, the
strong interaction formed between g-C3N4-TiO, and RGO narrows
the band gap of g-C3N4-RGO-TiO,, further improving the visible
light absorption. Furthermore, the charge separation mechanism
of all-solid-state Z-scheme is verified by the photoluminescence
(PL) spectra and the trapping experiment. Here, the prolong life-
time of charge carriers result in generating more active oxidizing
species such as .0; and .OH, thus achieving an enhanced
photocatalytic performance in g-C3N4-RGO-TiO,. Chen et al. [75]
constructed GO/Ag,CrO4/g-CsN4 nanocomposite by one-step
chemical precipitation method and also discussed the photodegra-
dation performance of MB under visible light irradiation. DRS
image indicates that the absorption intensity in visible light region
of g-C3N4/Ag,Cr04 is obvious enhanced after introducing GO since
GO can suppress the reflection of light. Additionally, GO severs as
the bridge between g-C3N4 and Ag,CrO,4 and involves in electrical
conduction, which is beneficial to the separation of photogener-
ated electrons and holes. Besides, the introduction of GO and
g-C3N4 greatly suppress the photo-corrosion of Ag,CrO,4, improving

the photostability of composites. Finally, a double Z-scheme trans-
fer also facilitate the enhancement of photocatalytic performance.
Here, the photogenerated electrons in the CB of Ag,CrO4 would
migrate to the metallic Ag owing to the CB potential of Ag,CrO4
is more negative than the Fermi level of Ag. At the same time,
the holes in the VB of GO and g-C3N,4 shift to Ag nanoparticles
and combine with the electrons. Hence, the remained holes with
more positive oxidation potential directly oxidize the pollutants
or oxidize OH™ to .OH, while the electrons left in the CB of GO
and g-C3N,4 reduce absorbed O, to .03. Those active species formed
in the photocatalytic process could decompose the pollutants into
smaller molecules or directly transformed into CO, and H,O.

Although many advantages of g-CsN4 endow it an excellent
photocatalytic performance, the amount of photocatalytic active
sites in g-C3N4 nanosheets is still restricted due to its limited
boundaries and exposed edges. In order to solve this problem,
the g-C3N4 nanosheets can be made into porous g-C3N4 (Pg-C3Ny4)
by morphological changes, which can not only increase the surface
area, but also expose more active sites, finally improving the sepa-
ration of photogenerated electrons and holes. For instance, Shang
et al. [106] used microemulsion-assisted co-precipitation route to
prepare Pg-C3N,4/Ag,CrO4 composites and evaluated the photocat-
alytic activity of Pg-C3N4/Ag,CrO, with different content of
Ag,CrO4. The high resolution X-ray photoelectron spectra (HRXPS)
spectra of Ag 3d demonstrated that part of Ag,CrO4 was reduced to
Ag®, which acted as the bridge of electron transfer during the reac-
tion process. Additionally, g-C3N4 severed as an electron acceptor
can accept the electrons from the CB of Ag,CrO,4 and combine with
the holes therein, resulting in the electrons with more negative
potential store in the CB of g-C3N4. This process not only facilitate
the separation of electron-holes pairs, but also greatly inhibit the
photo-corrosion of Ag,CrO,4. Zhang et al. [125] reported that the
kinetic constant of MB degradation over Pg-C3N,4/AgsP0O, was 9.6
and 1.45 times as high as that of Pg-C3N4 and Ag3POg4, respectively.
This enhanced photocatalytic performance is mainly attributed to
the fact that Pg-C3N, nanosheets with many active edges and
diffusion channels can greatly accelerate the mass transfer and dif-
fusion of photo-generated carriers. Additionally, the electrons
migration between Pg-C3N, and AgsPO, with Z-scheme mecha-
nism is also contribute to the improvement of the photocatalytic
performance.

GO, another derivative of graphene, retains the layer structure
of graphene and has strong hydrophilic property due to the
presence of abundant oxygen-containing functional groups. These
properties make it a favorable support to fabricate various
GO-involved hybrid photocatalysts. For instance, Xu et al. [124]
prepared direct Z-scheme Ag,CrO4-GO composite photocatalysts
via a simple precipitation method. Ag,CrO4,-GO with 1.0 wt% GO
content exhibited the highest photocatalytic activity and stability
towards MB degradation, owing to the fast transfer of electrons
from Ag,CrO4 to GO sheets followed the Z-scheme mechanism.
The CB level of Ag,CrO, is 0.47 V, which is less negative than the
.05 /0, potential (-0.28 V), so it is difficult to generate .05. How-
ever, the reactive specie trapping experiments proved that .03
was the main active specie. Hence, a Z-scheme mechanism of elec-
tron transfer in Ag,CrO4-GO can explain the excellent photocat-
alytic performance. The electrons in the CB of Ag,CrO, would
transfer and recombine with the holes in the VB of GO. The remain-
ing holes in the VB of Ag,CrO, directly oxidize MB and electrons in
the CB of GO reduce the absorbed O, into .03. Liu et al. [132] cou-
pled TiO, with Bi,S3; to form Bi,S; sensitized TiO, nanoparticles
and then introduce graphene to form ternary Bi,S3/RGO/TiO, com-
posite photocatalyst. Nearly 97.8%MB was photodegraded by Bi,Ss/
RGO/TiO, within 90 min, whereas nano-TiO, just degrade 27.5%
under the same condition. This excellent photocatalytic perfor-
mance is ascribed to three aspects: (1) Bi»S3/RGO/TiO, showed
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enhanced absorption capabilities and wider visible region after
coupling Bi,S3 and RGO; (2) SEM and TEM images proved that part
of Bi,S3/TiO, were uniformly dispersed on the GO, resulting in less
agglomeration; (3) the introduction of graphene facilitate the sep-
aration of electrons and holes.

The photocatalytic performance towards the photodegradation
of MB by GO/Ag,SOs/AgBr was evaluated under visible light
[115]. BET specific surface areas (Sger) measurement indicate that
the introduction of GO and AgBr greatly increase the Sggr of
Ag,S03, thus increasing the absorption of dye molecules. For
Ag,S03/AgBr, the photogenerated electrons in the CB of AgBr
migrate to the metallic Ag owing to its more negative potential.
Meanwhile, due to the SPR effect and dipolar character of Ag, the
absorbed photons are separated to holes and electrons. The photo-
generated electrons migrated from the CB of AgBr combine with
the holes in the highest occupied orbital of Ag. At the same time,
the electrons in the lowest unoccupied orbital of Ag transfer to the
CB of Ag,SO3, which result in the generation of electron-hole pairs
in the Ag,SO; by dipolar-dipolar interaction. While for GO/Ag,SO5/
AgBr, both the photogenerated electrons in the CB of Ag,SO; and
on metallic Ag transfer to GO sheets, further promoting the separa-
tion efficiency of electrons and holes and suppress the reduction of
Ag" ions. The electrons on the surface of GO could reduce GO to
rGO or react with the absorbed O, to produce .O3.

In addition to g-C3N4-based composites, strontium titanate
(SrTiO3) with low toxicity, excellent stability, structural flexibility
and high photocatalytic performance is widely applied in the field
of photocatalysis. Zhang et al. [117] successfully prepared 3DOM-
SrTiOs/Ag/AgsP0O, samples with different molar ratio of SrTiOs to
AgsPO,4 through a deposition-precipitation route. The results show
that almost all MB are degraded by 3DOM-SrTiO3/Ag/AgsP0O4 with
35:65 molar ratio of 3DOM-SrTiO3; to AgsPO4 and 300 nm pore
diameter within 12 min, owing to the photo-corrosion of AgzP0,
being inhibited by forming the Z-scheme system between 3DOM-
SrTiO5; and AgsPO,. Liu et al. [118] fabricated a direct Z-scheme
composites WO5/SrTiOs (La, Cr). Noteworthy, WO5/SrTiOs (La, Cr)
with 90 wt% SrTiOs (La, Cr) possessed the optimal photocatalytic
performance, which can photodegrade about 70% MB within
120 min. This enhancement of photocatalytic performance is
attributed to the effective separation of photogenerated electrons
and holes via forming a close-contact heterojunction interface
between WO3 and SrTiOs (La, Cr). WO3 with much negative zeta
potential strongly attract MB molecules and SrTiOs (La, Cr) can pro-
vide a large surface area. Additionally, the electrons in the CB of
WO; will shift to the VB of SrTiO; (La, Cr) and combine with the
holes therein, thus promoting the separation of photogenerated
electrons in the CB of SrTiOs (La, Cr) and holes in the VB of WOs.

3.1.3. Typical anionic dyes photodegradation

Methyl orange (MO), a kind of azo dyes, is widely used in print-
ing and dyeing textile industry. Similar to RhB and MB, the dis-
charge of industrial wastewater containing MO into the water
environment would bring many negative effects such as terato-
genicity and carcinogenicity. The latest research activities of vari-
ous Z-scheme nanocomposites on MO photocatalytic degradation
was summarized in Table 3.

The photocatalytic performance of photocatalysts largely
depend on the separation efficiency of photogenerated electron-
hole pairs, visible light absorption efficiency and the stability of
photocatalysts. Taking Ag-based photocatalyst as an example, we
will discuss how to improve the photocatalytic performance of
Ag-based photocatalysts by constructing a Z-scheme photocat-
alytic system.

Considerable studies have shown that Ag/AgCl exhibits excel-
lent photocatalytic performance due to its SPR effect. However,
the agglomeration of Ag/AgCl limits its utilization of visible light.

Coupling Ag/AgCl with a suitable material to increase its visible
light absorption efficiency is a good method to improve the photo-
catalytic performance of Ag/AgCl. Simultaneously, the separation
efficiency of electron-hole pairs is also improved due to the metal-
lic Ag as a charge transmission center. Metal-free such as polymer
material, graphite carbon nitride (g-CsN4) is usually used to
improve the photocatalytic performance of Ag/AgCl under the
visible light irradiation. For example, because the C==N bonds in
polyacrylonitrile (CPAN) can be converted to C=N through a
heat-treatment method to form a cyclized structure with
conjugated groups. The resulting cyclized CPAN promote the
n-electrode localization and increase the absorption intensity in
the visible light region. Based on that, Li et al. [142] modified Ag/
AgCl by coupling CPAN to synthesize CPAN/Ag/AgCl and discussed
the photocatalytic performance towards MO photodegradation. In
the photocatalytic process, AgCl cannot produce electron-hole
pairs due to its wide band gap, while Ag nanoparticles can absorb
visible light owing to its strong SPR effect and then produce photo-
generated electrons and holes. Also, CPAN with a narrow band gap
can be excited under visible light irradiation and generate holes
and electrons. In this Z-scheme photocatalytic system, the elec-
trons in the lowest unoccupied orbital of metallic Ag combine with
the holes in the highest occupied molecular orbital of CPAN. Hence,
the electrons stored in the lowest unoccupied molecular orbital
react with the absorbed O, to form .0,, resulting the photodegra-
dation of MO. Additionally, the holes in the lowest occupied orbital
migrate to the surface AgCl and oxidize Cl~ ions to CI°. Then the
formed C1° participate in the oxidation of organic pollutants.

Different from AgCl, the band gap of AgBr is 2.6 eV, which can
be excited under visible light irradiation. However, the rapid
recombination of photogenerated electrons and holes causes low
photocatalytic performance. In order to promote the separation
efficiency, Xu et al. [148] dispersed different weight ratios of
ZnFe,04 on the surface of Ag/AgBr to synthesize Ag/AgBr/ZnFe,0,
through a simple hydrothermal route. DRS measurement indicates
that the band gap of Ag/AgBr/ZnFe,0,4 (2.36 eV) is smaller than that
of Ag/AgBr (2.6 eV), thus promoting the visible light absorption
efficiency. For Ag/AgBr/ZnFe,0, composite photocatalysts, metallic
Ag severs as the charge migration bridge to construct the Z-scheme
system. Here, the photogenerated electrons in the CB of AgBr
would transfer to Ag nanoparticles. At the same time, the photo-
generated holes in the VB of ZnFe,0, transfer to Ag and combine
with the electrons. Therefore, the separation efficiency of
electron-hole pairs could be efficiently improved, resulting in the
strongly reductive electrons reduce absorbed O, to yield .0, and
the strongly oxidative holes directly oxidize organic pollutants.
As a result, such charge transfer pathway enhances the photocat-
alytic performance of Ag/AgBr/ZnFe,0,.

Silver phosphate (AgszP0,4) with a constructive effect of both the
large dispersion of CB and the inductive effect of PO7~ is regarded
as an efficient visible light photocatalyst for the photocatalytic
degradation of organic dyes. However, its poor stability due to
the photo-corrosion limits its photocatalytic performance, con-
structing Z-scheme photocatalytic system via coupling with other
semiconductor seems an ideal strategy to improve its stability.
For example, loading AgzPO4 on In,S; hierarchical microspheres
to synthesize Ag3PO,4/In,S3 composite photocatalysts through a
facile precipitate method [144]. Compared with pure Ag;PO, and
In,Ss, the absorption edge of AgszP0,4/In,S3 show red-shift to long
wavelength, resulting in a higher utilization efficiency of solar
light. Additionally, loading AgsPO,4 nanoparticles on In,S; hierar-
chical microspheres dramatically increase the surface area of
In,S3, which provides more active sites to absorb the target
pollutants. Ag nanoparticles in the AgsP04/In,S; Z-scheme system
function as the charge migration bridge to quickly capture photo-
generated electrons in the CB of AgsP0O,4 and then transfer it to the
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VB of In,Ss. This process inhibits the reduction of Ag” ions, thus
improving the stability of AgsP0,4/In,Ss. Additionally, the strongly
reductive photogenerated electrons stored in the CB of In,S3 can
reduce absorbed O, to .05, and the holes in the VB of AgsP0O,4 can
react with H,O/OH™ to generate .OH, those formed active species
participate in the photodegradation of target pollutants over the
surface of photocatalysts. Shao et al. [151] prepared AgsPO,4/TiO,@-
MoS, with different content of TiO,@MoS, through chemical depo-
sition. DRS result demonstrated that the light absorption capability
of 3D composite Ag3PO4/Ti0O,@MoS, with 3.5 wt% TiO,@MoS,
depositing was greatly enhanced compared with AgsPO,4, which
is attributed to the fact that the TiO,@MoS, heterostructure max-
imizes the edge position of MoS, and reduces the recombination
rate of electron and hole in Ag;PO,4. Additionally, the face-to-face
restacking of MoS, was restrained by TiO,@MoS; heterostructure
and achieved better separation of photogenerated electrons. In
the AgsP04/TiO,@MoS, system, TiO, function as the ‘wire’ to guide
electrons captured by MoS, and shift electrons to solution. Those
electrons can react with H,0, O, or OH™ to generate active species,
while the holes in the VB of AgsPO,4 can directly oxidize the organic
pollutants or react with OH- to yield .OH. Hence, AgsPOy4/
TiO,@MoS, composite exhibited an excellent photodegradation
efficiency and stability.

Additionally, Guo and her co-workers [81] deposited the
AgsPO, onto the surface of crumpled Fe;0,@Mo0S, nanosphere to
synthesize hierarchical Fe;0,@MoS,/AgsPO, photocatalyst. The
as-prepared Fe3;04,@MoS,/AgsP0, with 6 wt% AgsPO4 loading
exhibited highest photocatalytic activity for the CR photodegrada-
tion. The excellent photocatalytic performance is mainly attributed
to the following advantages: firstly, the electrons transfer in the
Fe30,@Mo0S,/AgsP0O, composites followed the Z-scheme mecha-
nism, the photogenerated electrons in the CB of AgsPO4 transfer
to the VB of MoS, and then combine with the holes therein, result-
ing in an efficient separation of electron-hole pairs. Secondly, two-
dimensional crumpled MoS; nanosheets with huge specific surface
area are in favor of the deposition of AgsPO, and also provided
more active sites to degrade pollutants. Finally, the presence of
MoS, nanosheets inhibit the photo-corrosion of Ags;P0O,, thereby
increasing the stability of the photocatalyst.

3.1.4. Persistent organic pollutants photodegradation

Compared to ordinary dyes, persistent organic pollutants (POPs)
with a long half-life can resist to degradation, which pose a greater
threat to humans and the environment. Hence, the degradation of
such pollutants is of great significance. As shown in Table 4, the lat-
est studies on photodegradation of POPs based on Z-scheme photo-
catalysts are recorded.

The separation efficiency of electron-hole pairs is of great signif-
icance for the photocatalytic performance of photocatalysts.
Charge recombination center at the interface facilitate the combi-
nation of weak oxidative holes and reductive electrons, which
greatly promote the separation of electrons and holes. For all-
solid-state Z-scheme photocatalytic system, electron mediators
acting as charge transfer bridges or charge recombination centers
facilitate the separation of electron-hole pairs, resulting in an
excellent photocatalytic performance of photocatalysts. For exam-
ple, Ma and his co-workers [161] prepared all-solid-state Z-scheme
g-C3N4/RGO/Bi;WOg photocatalysts through hydrothermal method
and evaluated its photocatalytic performance towards 2,4,6-
trichlorophenol (TCP) photodegradation. The enhanced photocat-
alytic performance of g-C3N4/RGO/Bi,WOgs is attributed to RGO as
the charge transfer bridge in Z-scheme system, the photogenerated
electrons in the CB of Bi;WOg migrate quickly to the VB of g-C5N4
and combine with the holes therein. Therefore, not only can the
electron-hole pairs be efficiently separated, but also the inherent
strong redox ability of the electron-hole is retained. AgzPO4/MoS,

composites with different weight ratios of MoS, prepared through
ethanol-water mixed solvents precipitation method were exam-
ined towards the photocatalytic degradation of phenol [121]. The
MoS, with a two-dimensional m-conjugated structure could func-
tion as an electron acceptor. The photogenerated electrons in the
CB of Ag3PO, transfer to metallic Ag via the Schottky barrier, mean-
while, the photogenerated holes in the VB of MoS, migrate to Ag
nanoparticles and combine with the electrons. The photogenerated
electrons stored in the CB of MoS, reduce absorbed O, to yield .03,
then the photogenerated holes left in the VB of AgsPO4 and the
formed .05 participated in the photodegradation of target pollu-
tants. Therefore, AgzP0O4/MoS, composites show excellent photo-
catalytic performance. The g-C3N4/Ags;PO, hybrids fabricated by
Sun et al. [77] exhibited excellent visible-light driven photocat-
alytic activity towards the degradation of phenol and BPA. The
SEM image indicates that the cross-linking structure provide
enough contacting surface area between g-CsN4 and AgszPO,4, which
promote the migration of electron-hole pairs over the photocata-
lysts. In g-C3N4/AgsPO,4 Z-scheme system, the photogenerated
electrons in the CB of AgsP0O4 would quickly transfer to the VB of
g-C3N4 and combine with the holes therein, resulting in the efficient
separation of electron-hole pairs. Simultaneously, relatively fast
electron transfer greatly inhibits the photo-corrosion of Ag;PO4
and improve the stability of composites. Chen and his co-workers
[171] synthesized close-connected Agl/BisO;1 photocatalysts
through a facile deposition-precipitation method. The photocatalytic
performance of the Agl/BisO;l composites are evaluated for the
photodegradation of antibiotics including tetracycline (TC), deoxy
tetracycline (DTC), oxytetracycline (OTC), and ciprofloxacin (CIP)
under visible light irradiation. The UV-vis absorption spectra indi-
cate that the visible light response region of Agl/Bis0-I is wider than
that of BisOI, thus the visible light absorption of BisO-I is distinctly
improved after coupling with Agl. In addition, Photoluminescence,
Photocurrent, and Electrochemical Impedance Spectroscopy experi-
mental results demonstrate that the separation of electron-hole
pairs is greatly improved, which is ascribe to the fact that charge
transfer follows the Z-scheme mechanism in Agl/BisO;I composites.
Here, small amount of Ag® formed in the early photocatalytic
process could function as the charge recombination center, the
photogenerated electrons in the CB of BisO;I transfer to metallic
Ag, simultaneously, the holes in the VB of Agl also migrate to Ag
nanoparticles and combine with the electrons. Hence, the electrons
stored in the CB of Agl can reduce O, to generate .05, and the holes
left in the VB of BisO5I can directly oxidize the pollutants or oxidize
OH™ to produce .OH. In this way, the photogenerated charges are
effectively separated and the photocatalytic performance of com-
posites can be greatly enhanced.

Moreover, energy band structures of semiconductors also
greatly influence the electron migration at the interface. Therefore,
it is important to adjust the energy band structures to obtain an
efficient separation of electron-hole pairs. Among them, electric
fields caused by polarization play an important role in adjusting
the energy band structure. For example, Li et al. [163] inserted
BiFeO; between BiVO, and CulnS, to form the polarization-
induced electric field. The photocurrent density tests indicate that
the electron transfer is greatly promoted after the material is poles
as BiVO4-BiFeO3-CulnS,+. As show in Fig. 8 and Fig. 9, the pho-
tocurrent value of CulnS, is decreased from -0.07 to
—0.01 mA cm~2 after coupling with BiVO,4-BiFeOs, which is attri-
bute to the energy band barrier between BiFeO3 and CulnS,, result-
ing in the electrons in the CB of BiVO,4 and BiFeO3; cannot transfer
to the CB of CulnS,. In addition, the holes in the VB of CulnS, also
cannot transfer to the BiFeOs, which facilitate the recombination of
electrons and holes within CulnS,. While the photocurrent value is
also decreased drastically when the material is poles as
BiVO4-BiFeOs-CulnS,-. Here, the photogenerated holes instead of
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Table 3
Photocatalytic degradation of MO based on Z-scheme photocatalysts in aqueous solution.
Photocatalyst Initial dye Catalyst dose Irradiation [rradiated light/light source Electron Photocatalytic activity Ref.
concentration  (gL™!) time (min) transfer
Fe,03/Ag-(0 1 0y BiVO4 10mgL! 1 150 500 W Xe lamp All-solid-state  Fe,03/Ag-010BiVO,4 : ~96% [139]
Z-scheme (0.015 min™1)
(7.5x~ BiVOy; 4.6 x> Fe,05-
BiVO,4)

(3.75x~ Ag-(0 1 0BiVO,)
BiVO,4: ~30% (0.002 min~")
Fe,03-BiVO,: ~43%
(0.0032 min~")

Ag-010) BiVO,: ~51%

(0.004 min~')
Cu,0/Au/BiPO4 10mgL! 1 60 300 W Xe lamp Cu,0/Au/BiPOy4: ~100% [140]
(190 < % <1100 nm) BiPO4: ~20%
Au/BiPOy4: ~40%
Ag/AgCl/BiFeO3 1.0x 107> mol 1 30 A >420 nm 17.7 wt%-AgCl/Ag/BiFeO3:  [141]
L ~100%

(0.1038 min~ ')

(45x> BiFeOs; 2x> BiFeOs)
BiFeOs: 0.0023 min~'
AgCl/Ag: 0.0513 min~!

cyclized polyacrylonitrile/Ag/ 10mgL~! 1 60 300 W tungsten lamp with a CPAN/Ag/AgCl (1:5): [142]
AgCl 400 nm optical filter ~76.3%
(CPAN/Ag/AgCl) (0.12584 min™")

(3x~ Ag/AgCl)
Ag/AgCl: ~22.2%
(0.03775 min1)

CPAN: ~0.5%
(0.00536 min~"')
Ag/AgCl/g-C5Ny 10mgL~! 1 180 300 W Xe lamp Ag/AgCl/g-C3Ny4 (2.7 at%):  [143]
(A > 400 nm) ~83.5%

(057961 h™")

(6.77x~ g-C3Nyg; 6.27 x~

Ag[g-C3Ny)

Ag/g-C3Ny: ~24.4%

(0.09246 h™')

g-C3Ny: ~8.7%

(0.08556 h™")
Ag/Ag3P04/In,S;3 10mgL™! 1 25 300 W Xe arc lamp Ag3P04/In,S3: ~100% [144]

(400 < » <800 nm) (7 min)

(6x> InyS3)

In,S;3: ~<80% (25 min)
MoS,QDs-g-C3Ny4/Ag 10mgL! 1 40 350 W Xe lamp MoS,QDs-g-C3Ny/Ag: ~90% [145]

(0.057 min~ ')

(4.4x ~g-C3Ny)

g-C3N4: ~18%(0.013 min ')

Ag@AgBr/g-C3Ny 10mgL! 1 10 400 < 2 <680 nm Ag@AgBr/g-C3N4(3:7): [66]
~95%
g-C3Ny: ~19%
AgBr/ZnO/RGO 10mgL~! 0.5 60 300 W Xe lamp with a 400 nm AgBr/ZnO/RGO: [146]
filter Kapp = 0.02336 min !
(12.8x> ZnO/RGO; 2.3x>
AgBr/Zn0O)
AgBr/ZnO:
Kapp =0.01013 min "
ZnO/RGO:
Kapp = 0.00183 min~"
Cu,0/Cu/AgBr/Ag 7mgL™! 0.4 90 300 W Xe-arc lamp Cu,0/Cu/AgBr/Ag: ~98% [147]
(x>420 nm) (50 min)

bare Cu,0: ~2%
Cu,O/AgBr: ~57%
Cu,0/AgBr/Ag: ~72%
Ag/AgBr/ZnFe,04 10mg L~! 1 10 300 W Xe lamp Ag|AgBr/ZnFe,04: ~93.20% [148]
(<420 nm) (0.44991 min™")
Ag/AgBr: ~84.1%
(0.17631 min~1)

GO/Ag,S05/AgBr 20mg L! 0.625 18 500 W xenon lamp with a GO/Ag,SO5/AgBr: ~99.9%  [115]
420 nm UV cutoff filter (9 min)
(x>420 nm) Ag>S03: ~55% (18 min)

AgBr: ~88% (18 min)
Ag,S05/AgBr: ~99.9%

(12 min)
Agl/Ag/AgBr 3.0x10°° mol 2 16 A>420 nm Agl/Ag/AgBr: ~97.0% [149]
L (0.207 min ')

(1.87x> Ag/AgBr; 29.57 x>

(continued on next page)
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Photocatalyst

Initial dye
concentration

Catalyst dose Irradiation
(gL time (min)

Irradiated light/light source

Electron
transfer

Photocatalytic activity

Ref.

Ag/Agl/BiOl

AgzMo004/Ag3PO4

Ag3P0O4/MoS,

Ag3P0,4/Ti0,@Mo0S,

SnS;,/AgsP04

g-C3N4/AgsP0O,

WO03/Ag,CrO4

Ag>Cr04/g-C3Ny

8-C3N4/Ag, WO,

g-C5N,4/BiOIO;
BiOI/TiO,

KNbO3/Bi,05

g-C3Ny4/Bi,03/BiPO,

TiO2/g-C3Ny

10mgL™!

10mgL™!

10mgL!

25mgL!

10mgL!

10mgL!

10mgL™!

10mgL!

10mgL!

20mgL!
10mgL!

1.0 x 107> mol

10mgL!

10mgL!

0.4 6

0.4 21

0.5 16

0.2 60

0.8 40

0.2 120

0.2 120

1 160

500 W Xe lamp
(»>420 nm)

350 W Xe lamp
(»>420 nm)

300 W xenon lamp
(% >400 nm)

800 w xenon arc lamp

500 W Xe-arc lamp
(% >400 nm)

500 W halogen lamp
(420 < » <800 nm)

300 W Xe lamp
A>420 nm

300 W Xe-arc lamp
(x>420 nm)

300 W Xe lamp

300 W Xe arc lamp
(*>420 nm)

500 W Xe lamp
(x>420 nm)

375 W mercury lamp
(2 <365 nm)

500 W Xe lamp

Direct Z-
scheme

Ag/Agl)

Ag/AgBr: ~89.9%

(0.111 min™1)

Ag/Agl: ~8.8%

(0.007 min~')
Ag/Agl/BiOl: ~93%
(0.950h™1)

BiOI: 0.142 h™!

Agl: 0.093 h~!
Ag>Mo04/Ag3P04: ~90%

Ag3;P04/MoS,: ~90%
(0.0964 min1)
g-C3Ny4-N: ~18.5%
(0.0089 min~ 1)
Ag,CrO4: ~30.6%
(0.0163 min~ ')
AgsPO,/TiO,@MoS,(3.5 wt
%): ~95%

(0.2085 min~')

(2.5%~ AgsPOy)
AgsPO, (0.0834 min~")
SnS,/AgsP04: ~50%
(0.012 min™ ')

(1.5x ~SnS,; 2.0x
~Ag3P04)

SnS,: 0.008 min~!
AgsP0,4: 0.006 min~!
¢-C5N,/AgsPO,: ~92%
(0.0625 min~')
(2.96x> b-g-CsN4/APO-20)
(4.3% ~AgsPO4; 312 ~g-
C3Ny)
b-g-C3N4/APO-20: 70%
(0.0211 min™ ).
g-C5N4: 0.0002 min~!
Ag3P0,: 0.0144 min !
WOs3/Ag,CrOs: ~44.5%
(0.00487 min~1)
(10.8x ~WO0s3; 2.5x%
~Ag,Cr04)

Ag,Cr0,4: ~18.1%
(0.00158 min~1)

WO5: 0.00034 min~!
Ag>Cr04/g-C3Ny:
0.0068 min '

(5.7x> g-C3Ny; 4.3 x>
Ag>Cr04)

g-C3Ny: ~13.8%
(0.0012 min™1)
Ag,Cr0Oy4: ~18.1%
(0.0016 min~')
g-C3N4/Ag;WO,: ~95%
g-C3Ny: ~42%
o-AgoWO,: ~71%
C3N4/BiOI03(10:2): ~73%

BiOI/TiO,: ~85%
TiO,: ~51.5%
KNbBOs/Bi03: ~90.8%
(0.061 min~')

(4.1x> Bi;03; 7.1x> KNbOs)

Bi,05: ~29.9%

(0.015 min™ ')

KNbO3: ~17.2%

(0.0086 min~ 1)
-C3N4/Bi05/BiPO,: >90%
(0.01154 min )

BiPO,: 0.0009 min '

g-C3Ny/BiPO4: 0.0055 min~!
Bi,04/BiPO,: 0.00832 min -

TiO,/g-C5N4: 0.012 min~!
g-C3Ny: 0.005 min™!

[150]

[116]

[121]

[151]

[152]

[77]

[153]

[154]

[155]

[103]
[156]

[90]

[157]

[158]
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Table 3 (continued)

Photocatalyst Initial dye Catalyst dose Irradiation Irradiated light/light source Electron Photocatalytic activity Ref.
concentration (gL™") time (min) transfer
g-C3N4 nanosheets [titania 10mgL! 1 90 300 W xenon lamp 0.7CNNS/0.3TNS: ~100% [159]
nanosheets(CNNS/TNS) (r>420 nm) (2.34 x> H-CNNS; 48.5 x> H-
TNS)
H-TNS: ~10%
g-C3N4/Vo-ZnO 10mgL! 1 60 A > 400 nm g-C3N4/Vo-ZnO: ~93% [160]

electrons are driven from BiFeOs to CulnS,, which is opposite to the
direction of photocurrent inside CulnS,. Thus, the electrons in the
CB of CulnS, prefer to combine with the holes generated from
BiFeOs. However, the photocurrent value is greatly increased when
the material is poles as BiVO4-BiFeOs-CulnS,+. Due to the photo-
generated electrons in the CB of BiFeOs transfer to the VB of CulnS,
and combine with the holes therein, as a result, the electrons and
holes can be efficiently separated. Therefore, a suitable electric
field direction facilitate electron transfer through the Z-scheme
mechanism. Chen and her co-workers [162] synthesized micro-
nano AgsP04/ZnFe,04 composites and evaluate the photodegrada-
tion efficiency of 2,4-dichlorophenol (2,4-DCP). The excellent
photocatalytic performance of Ags;PO4/ZnFe,0, is attributed to
the enhanced separation efficiency of electrons and holes. In the
photocatalytic process, a considerable number of defects accumu-
lated in the contact interface of ZnFe,0, and AgsPO, facilitate the
formation of quasi-continuous energy levels, which endows the
ZnFe,04-AgsP0O, contact interface the similar properties to
conductors. The Ohmic contact is formed in the ZnFe,04-Ag3P0,
contact interface due to its low electric resistance, which makes
the ZnFe,04-AgsP0O,4 contact interface act as the charge recombina-
tion center for the photogenerated electrons from the CB of Ag;PO,4
and the holes from the VB of ZnFe,04. Therefore, the charge
separation efficiency is greatly improved and the photocatalytic
performance is also enhanced.

At present, the photodegradation of target pollutants by con-
structing a Z-scheme photocatalytic system is still a promising
method. A large number of photocatalysts with excellent visible
light response have been design, such as Ag-based, Bi-based, g-
C3N4-based photocatalysts. However, the efficiency of charge sep-
aration is still not satisfactory. It is important to generate driving
force at the interface of the photocatalytic oxidation system and
the photocatalytic reduction system to control vector electron
transfer and achieve efficient separation of electrons and holes.
Among them, the adjustment of bandgap structure of semiconduc-
tors plays a significant role. Additionally, electron-mediators acting
as undesired charge recombination center or charge transfer bridge
also influence the separation efficiency of electron-hole pairs.
Moreover, the photocatalytic performance of photocatalysts also
depend on the visible light absorption density and the stability of
the photocatalyst.

3.2. Inactivation of microorganisms

As 80% of illnesses in developing countries are caused by water-
borne diseases, the elimination of pathogenic microorganisms such
as bacteria, viruses and fungi play an important role in wastewater
treatment [174-176]. What most important is to investigate the
mechanism that leads to the inactivation of microorganisms. It is
reported that the destruction of cell membrane is a pivotal process
of cell inactivation. Studies have proved that most organic macro-
molecules will eventually be oxidized if given sufficient photocat-
alytic time. For example, pure TiO, can photo-oxidize organic

macromolecules such as amino acids [177] and DNA [178]. The
various targeting sites based on cell structure play significant roles
in the overall photocatalytic inactivation process, including pepti-
doglycan, lipids and polysaccharides that make up the cell mem-
branes and cell walls existing in the extracellular environment as
well as the cytoplasm existing in the intracellular environment.
Photocatalytic experiments and other reactions involving free rad-
icals have demonstrated that lipids, especially polyunsaturated
fatty acids (PUFA), are the main targets of oxidative radical
[179,180]. Unsaturated fatty acid with free radical reacts with oxy-
gen to form peroxyl radical, which in turn reacts with other nearby
lipid molecules to produce additional lipid radicals. As these newly
formed lipid radicals react with other unsaturated lipids, Radical
chain reaction initiated by reactive oxygen species (ROS) is propa-
gated and eventually destroy the important components of the cell.

Escherichia coli, a pathogenic microorganism, is prevalent in the
intestine of warm-blooded vertebrates [181,182]. It enters the
aquatic environment and then invades the body, which in turn
cause numerous intestinal diseases such as peritonitis, cholecysti-
tis, cystitis and diarrhea. However, the current water disinfection
methods such as ozonation, chlorination and ultraviolet disinfec-
tion have secondary pollution and potential safety issues, espe-
cially the consumption of energy, thereby limiting its long-term
sustainable development [183,184]. Therefore, solar-driven photo-
catalysis, an alternative “green”, gentle, low-cost microbial inacti-
vation method, came into being.

Photocatalysis is first proved to be an effective sterilization pro-
cess by Matsunaga et al. who reported that Lactobacillus aci-
dophilus, Saccharomyces cerevisiae and Escherichia coli were
perfectly sterilized when they were incubated with TiO,/Pt parti-
cles under metal halide lamp irradiation for 60-120 min [185].
Among the various types of photocatalysts, titanium dioxide
(TiO,) is widely recognized as one of the most promising photocat-
alysts in the field of bacteria inactivation owing to its excellent dis-
infection performances and wide availability, However, TiO, with
large band gap energy of 3.2 eV just is excited under UV-light
accounting for less than 5% of the solar spectrum, limiting its wider
application [186]. The development of visible light driven photo-
catalysts have evolved from modified TiO, [187,188] to non-TiO,
based semiconductor photocatalysts in the past few decades
[189,190].

Up to now, Z-scheme photocatalysts with unique electron
transfer pathway have become a hot spot for photocatalytic disin-
fection. For example, Wang et al. reported the disinfection of the
E. coli K-12 via Ni,P/g-C3N4 exposed to a 300 W Xenon lamp with
a 420 nm cut-off filter [191]. Scavenging studies using Cr(VI), iso-
propanol, Fe(II)-EDTA and oxalate as scavengers to validate the for-
mation of holes, which are described as the main reactive species
for the bacterial inactivation. Due to the electron transfer in
NiyP/g-CsN4 composites following the Z-scheme mechanism, the
Ni,P capture the photogenerated electrons generated from g-
C3N4 and suppress the recombination of electron-hole pairs, so that
more holes can be used to enhance bacterial inactivation efficiency.
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Fig. 8. Charge carrier transfer behaviors in BiVO,4-BiFeOs-CulnS; (a) without polarization, (b-c) after polarization with different poling directions, (d) Photocurrent density-
time plots of BiVO4-BiFeO3-CulnS, under visible light irradiation. Adapted and reprinted with permission from Ref. [163], Copyright 2017 Elsevier.

Fig. 9. (a-c) Fluorescence microscopic images. Adapted and reprinted with permission from Ref. [181], Copyright 2017 Elsevier.

The g-C3N, with delocalized conjugated p structures lead to a rel-
atively slow charge recombination rate and a more efficient sepa-
ration of photogenerated charge, drawing widespread concern of
researchers [192]. Xia et al. synthesized all-solid-state g-C3N4/m-
Bi,O4 Z-scheme heterojunction photocatalysts [181]. The enhanced
bacterial inactivation efficiency ascribes to the different role of
reactive oxygen species. The photogenerated hole, .03 and H,0,
played a synergic roles for the E. coli inactivation by g-C3N4/m-
Bi,O4, whereas that of g-C3N4 was .05 and hole and that of m-
Bi» 04 was only hole. The Z-scheme heterojunction formed between
g-C3N4 and m-Bi,04 endows the photogenerated electrons popu-

lated to the higher CB and holes to the lower VB, so that more holes
generated from m-Bi,O,4 are used to attack E. coli. According to the
fluorescence microscopy images (Fig. 9), the green fluorescent cells
decreased in number are replaced by the red fluorescent cells in
the bacterial destruction process since the generated ROS rupture
the cell envelope. As a result, the respiratory chains is destroyed
and the generation energy (ATP) is drastically decreased from
123.8 RLU-103 to zero after visible light irradiation for 1 h, the loss
of ATP generation capacity directly caused bacterial death.

Zeng et al. [193] successfully prepared ternary Z-scheme TiO,/
WO3/rGO composite photocatalysts by a simple hydrolysis-
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hydrothermal method, in which WO3 nanorods and TiO, nanocrys-
tals were highly dispersed on rGO nanosheets. The photogenerated
electrons in the CB of WO5 transfer to the VB of TiO, through con-
ductive rGO and combine with the holes, as a result, holes and
electrons are enriched in the VB of WO3 and the CB of TiO,, respec-
tively (Fig. 10a). As show in Fig. 10b, when the electrolyte buffer is
saturated with O,, the obvious currents are observed at about
—0.3V vs. NHE and 0.7 V vs. NHE, which indicates that both the
one-electron reduction of O, to .05 and the two-electron reduction
of O, to H,0, can occurred. The photogenerated electrons in the CB
of TiO, reduce absorbed O, to .05 and H,0,, and the holes in the VB
of WO5 oxidize H,0 to .OH. Although the generation rate of .OH on
WOs is slower than that of TiO, and the oxidation capability of .OH
is stronger than .03 and H,0,, the lifetime of .OH is far shorter than
.07 and H,0, and it can diffuse a very short distance in the aqueous
solutions, so that the long-lived .03 and H,0; can still reach the
E. coli cells (Fig. 10c-d). The experiment indicates that long-lived
species (H,O, and .03) are more important than the short-life
.OH for photocatalytic disinfection relatively.

Guan et al. [194] fabricated Agl/BiVO, photocatalysts by a
chemical deposition-precipitation approach and investigated the
efficiency of photocatalytic disinfection of E. coli. Almost all E. coli
cells (7.0 x 107 CFU mL™") could be inactivated by the Agl/BiVO,
in 50 min while only 1.26-log and 1.18-log inactivation were
observed by pure Agl and BiVOy,, respectively. The effect of antibac-
terial activity on the initial concentration of E. coli was also studied
considering the practical wastewater treatment. The results
showed that the inactivation efficiency decreased with the increase
of initial bacterial concentration during the photocatalytic reac-
tion. Probably because the higher initial concentration can extend
the light path into the E. coli cell solution and reduce photons to the
catalyst surface, leading to poor antibacterial properties. In the
photocatalytic process, the photogenerated electrons in the CB of

s cell

% 5
B2 !*';.""-:%"

BiVO, combine with the holes in the VB of Agl due to the strong
electrostatic attraction between Agl and BiVOQ,, resulting in the
electrons and holes are accumulated in the CB of Agl and the VB
of BiVOQ,, respectively. Consequently, the electrons reduce O, to
.02. Radical trapping experiments indicates that the holes and
.03 are the dominant reactive species for the bacterial inactivation,
and the leakage of potassium ions (K*) is the dominate reason for
cell membrane rupture.

Liang et al. [195] described photocatalytic inactivation of Gram-
negative strain Escherichia coli (E. coli) and Gram-positive strain
Staphylococcus aureus (S. aureus), using Z-scheme Agl/Bi,MoOg
hybrid photocatalyst fabricated through a solvothermal-
precipitation approach. The Agl particles are decorated onto the
surface of Bi,MoOg to form the Agl/Bi,MoOg microstructure, which
greatly maximize the interface areas. The charge migration at the
interface of Agl and Bi;MoOg largely depends on the local internal
electric field (IEF). When the particle size of Agl is within the area
of IEF, the photocatalytic performance of Agl/Bi,MoOs is increase
with the accumulation of Agl particles. In the Agl/Bi,MoOg system,
the Z-scheme structure is formed by the Ohmic contact between
Bi,MoOgs and Agl, the photogenerated electrons in the CB of
Bi;MoOg combine with the holes in the VB of Agl, resulting in an
excellent separation efficiency of electron-hole pairs. The electron
spin resonance (ESR) analysis shows that the holes, .03, e~ and
H,0, generated by Agl/Bi,MoOg are the dominate reactive species
for the bacterial inactivation. Further disinfection experiments
under anaerobic conditions demonstrate that the electrons do
not directly disinfect bacterial cells but participates in the forma-
tion of .0; and H,0,, and the leakage of potassium ions (K*) is
the dominate reason for cell membrane rupture.

Photocatalytic disinfection has become a promising method to
inactivate waterborne pathogens since the photocatalytic bacterial
inactivation was reported by Matsunaga et al. in 1985 [185].

1
—TW(N2)
—TW(02)
_TRW(O2)

04 -0.2 00 0.2 04 06 0.8

Potential(V vs NHE)

Fig. 10. (a) Schematic diagram for describing Z-scheme charge transfer and surface redox reactions for TiO,/WO3/rGO (TWR), (b) Current-potential curves of the prepared
TiO/WO3 (TW) and TWR electrodes in N, or O,-saturated phosphate-buffered solutions (0.1 M, pH = 7.0), (c) TEM images of E. coli cells treated by TW photocatalytic
suspension, (d) TEM images of E. coli cells treated by TWR photocatalytic suspension. Adapted and reprinted with permission from Ref. [193], Copyright 2017 Elsevier.
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Photocatalysts can generated reactive species that can rupture the
cell membrane under light irradiation. Artificial Z-scheme photo-
catalytic system promote the recombination of relatively weak
oxidative holes and relatively weak reductive electrons, as a result,
the intrinsic redox capacity of electron-hole pairs can be respec-
tively preserved in the CB and VB of photocatalysts. However,
the visible light absorption capacity of photocatalysts is still not
very satisfactory, and increasing the amount of highly reactive spe-
cies, especially relatively long-lived radicals, is also a key step in
improving the efficiency of photocatalytic disinfection.

3.3. Reduction of heavy metal

Heavy metals exposed to the environment such as cadmium
(Cd) [196-200] and lead (Pb) [201-203], have an adverse effect to
biology. Hexavalent chromium (Cr (VI)), a common pollutant in
groundwater and surface water, is widely used in metal processing,
electroplating and leather tanning. The existence of Cr (VI) in aqua-
tic system can invade the human body through the respiratory
tract, skin, digestive tract and mucous membranes [204]. There-
fore, it is necessary to remove Cr(VI) from the water at any cost.

Various methods have been used to remove or reduce Cr (VI) in
the environment, including adsorption [205], precipitation [206],
and reduction [207]. Photocatalytic reduction of highly toxic Cr
(VI) to lowly toxic Cr (III) by photocatalysts, especially Z-scheme
photocatalysts, is more effective and low-cost than chemical
reduction. In recent years, in order to achieve efficient utilization
of the sunlight, great efforts have been made to search for
Z-scheme photocatalysts that exhibit highly efficient Cr (VI)
reduction under visible light irradiation. For example, Yang et al.
synthesized benzothiadiazole-Bi,MoOg (BBT-BMO) via an in-situ
palladium-catalyzed cross-coupling method and evaluated the
photoreduction efficiency of Cr (VI) [208]. The maximum rate con-
stant (0.081 min~!) of the optimal composites was 80 times that of
single Bi;MoOg. The accepted crucial for evaluating photocatalytic
activity include surface reaction, solar light harvesting and photo-
generated charge separation. N, absorption-desorption tests
showed the BET surface area of BBT-MO was much higher than
pure Bi;MoOg and BBT, which might because of the greater disper-
sion of BBT on the surfaces of Bi;M00Os. The UV-vis absorption
spectra demonstrated that the visible-light absorption edge of Bi,-
MoOg was 460 nm, while BBT-BMO exhibited strong visible-light
absorption ability from 42 to 700 nm. In addition, the conjugated
microporous structure of BBT endowed it with superior electron
transfer properties, which facilitated the recombination of
CB-electrons of Bi;MoOg and the HOMO-holes of BBT. The
remaining electrons and holes with stronger redox ability
significantly improved the photocatalytic performance of Cr (VI)
reduction. Zhou et al. reported the photoreduction of Cr (VI) by
Nb3 49N45600.44/(GaxZn;x) (NxO;x). Nearly all the Cr (VI) was
reduced by NbNO/GZNO (6.0) within 30 min, which was ascribed
to the formation of Z-scheme system between Nbs49N45600.44
and (GayZn;_x) (NxO1.x) [209]. Upon photoexcitation, the photogen-
erated electrons in the CB of (GayZn;_x) (NxO1.x) would transfer and
recombine with the holes in the VB of Nbs 49N4 5600.44 OWing to the
interfacial electronic field and quasi continuous intermediate levels
at the interface. Hence, the electrons in the CB of Nbs49N45600.44
and the holes in the VB of (GayZn;_x) (NxO;_x) retain their original
high redox capability to reduce Cr (VI) and oxidize water,
respectively. Feng et al. [44]| prepared core-shell structured
Bi@BiOCl/g-C3N4 via a solvothermal method followed by an in-
situ oxidation etching. About 82.3% of Cr (VI) was reduced by
Bi@BiOCl/g-C3N4 within 80 min while pure p-g-C3N4 was inactive
in Cr (VI) photo-reduction owing to the intimate interfaces in
Bi@BiOCl/g-C3N4 and its proper energy band structure, of which
Bi was functioned as Z-scheme bridge during the charge transfer.

Specifically, the photogenerated electron in the CB of BiOCl would
transfer and then recombined with the hole in the VB of g-C3N4
with the help of metallic Bi. The remaining electrons in the CB of
g-C3Ny4 either directly reduced Cr (VI) or first reacted with absorbed
0, to form .03 and then reduce Cr (VI).

The photoreduction of Cr (VI) is a surface reaction, of which the
negatively charged Cr,02%~ ions are reduced to Cr** under the acid
condition while CrO3~ ions are reduced to Cr>* and then the formed
Cr (III) will be precipitated into Cr(OH); in alkaline medium
(Eq. (6-7)). Specifically, due to less active electrons and holes can
be effectively diminished in Z-scheme photocatalytic system, as a
result, more active electrons can escape from the pair recombina-
tion to enhance Cr (VI) reduction, maximizing the utilization of the
active electrons and optimize the reduction ability of the photocat-
alytic system. The photogenerated electrons play a dominant role
for Cr (VI) reduction. How to effectively separate photogenerated
electron-hole pairs to release more active electrons to participate
in the reduction reaction is a key step for Cr (VI) photoreduction.
Simultaneously, the effect of pH values on the photocatalytic per-
formance should be took into consideration. Because the zeta
potentials of photocatalysts become more negative with the
increase of pH values, the negative surface lead to electrostatic
repel the anionic Cr(VI) and readily adsorption of the cationic
Cr(Ill). Moreover, the formed Cr(IlI) will be precipitated into
Cr(OH); at pH > 6, which will mask the active sites of photocata-
lysts. Hence, studies on material modification methods should
focus on how to allow more efficient channeling of the charge
carriers into useful reduction reactions rather than recombination
reactions [210,211].

Cr,03 +14H" + 6e~ — 2Cr*" 4 7H,0 (3.6)

CrO;™ + 4H,0 + 3e~ — Cr(OH); + 50H" (3.7)

3.4. Energy conversion, the dawn of the future

Energy shortage can restrict social development and affect
human life. Solar energy, environmentally friendly, wide distribu-
tion, has been regarded as the most promising candidate to solve
above problem. There is an increasing desire to develop effective
strategies to directly harvest solar energy and convert it into avail-
able energy. Photovoltaic cells such as batteries can directly con-
vert solar energy into electricity, while the energy must be
consumed immediately or stored in auxiliary equipment. Photo-
catalytic process of thermodynamic uphill reactions driving by
the solar energy might be another attractive way to harness solar
energy.

In general, the semiconductor based photocatalysts consists of a
semiconductor particle for solar energy absorption and two redox
catalysts for hydrogen and oxygen evolution, respectively
(Fig. 11a) [212]. The semiconductor particles excited by solar
energy produce electrons and holes in the CB and VB, respectively.
The separated electrons and holes might diffuse within the semi-
conductor and eventually migrate to the redox catalysts to facili-
tate the desired redox reactions. In order to achieve water
splitting, the band gap of semiconductor must be higher than the
redox potential of H"/H; (0 eV) and 0,/H,0 (1.23 eV). Additionally,
the semiconductor particles must be tightly integrated with the
selected redox catalyst for effectively harnessing photogenerated
charge for the desired photochemical reaction. Finally, a mecha-
nism protecting semiconductors from direct electrochemical reac-
tions is necessary to ensure photoelectrochemical stability of the
system. Although considerable efforts have been made to optimize
the photocatalyst construction, the charge separation is still
restricted. In addition, the undesired semiconductor degradation
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reaction might occur if the separated electrons with high reduction
potential and holes with high oxidation potential reached the sur-
face of the semiconductor (Fig. 11b). Hence, designing a photocat-
alyst with excellent light harvesting capability and
photoelectrochemical stability is a big challenge.

Heterogeneous photocatalysts not only enhance the light
absorption region of wide band gaps materials through functional-
ization or sensitization with small band gap semiconductors or
molecules, but also facilitate the charge separation by forming
built-in electrical potential between semiconductors. Among them,
artificial Z-scheme system coupled a photocatalyst for H, evolution
and another photocatalyst for O, evolution with an electron medi-
ator. In this system, each photocatalyst is only involved in one half
reaction of water splitting, the electron mediator is oxidized on the
H, evolution photocatalyst and reduced on the O, evolution photo-
catalyst. Considerable efforts have been made on the construction
of Z-scheme systems using different materials (Table 5).

3.4.1. Overall water splitting

SrTiO3 photocatalysts with ideal cubic perovskite structure can
maintain the valence-state of metal cations and thereby determin-
ing the lifetime of photogenerated charge carriers and the light
responsiveness, which makes it excellent materials toward
water-splitting to H, and O, [241]. Sayama et al. [29] first reported
the stoichiometric splitting of water into H, and O, under visible
light irradiation using a mixture of Pt-WOs and Pt-SrTiO3 photocat-
alysts and an 103/I” shuttle redox mediator. Compared with the
single Pt-SrTiOs3;, the H, evolution rate of mixed catalysts was
higher. This enhancement was attributed to the added Pt-WOs
effectively reduced the 103 into I~ and finished O, evolution at
the same time, inhibiting the effect of cumulative 103 on H, evolu-
tion. Recently, Chen et al. [213] successfully synthesized SrTiOs:
(Cr/Ta) photocatalysts via a polymerizable complex method and
also studied the effect of synthesis method and doping amounts
to the photocatalytic performance. For H, evolution photocatalyst,
the result of the density of states (DOS) indicated that, after Cr/Ta
co-doping, the Cr 3d and O 2p orbitals formed some new impurity
states between VB maximum and CB minimum of SrTiOs, which
promotes the excitation of low-energy photons. Here the doped
Ta acted as the center of charge recombination, inhibiting the
appearance of undesired Cr®". The high crystalline quality and rel-
atively large specific surface area of the photocatalyst not only
reduce the recombination possibility of photoinduced carriers,
but also generate a considerable number of active sites for water
splitting. Niishiro et al. [215] evaluated the photocatalytic effi-

2
( WA~ E%: OV
E;>1.23 eV
J
O,JH o
£9:1.23V @

valence \__,
band

semlconductor oxldatloncata st
(e.g. TiO,, GaN}  (e.g. TiO,, RuG,)

Fig. 11. (a) Schematic illustration of a semiconductor particle based photocatalyst
that can be used for water splitting and hydrogen generation; (b) Due to the lack of
intrinsic driving force to direct charge separation and transportation in this
construction of a photocatalyst, a major portion of the photogenerated charges may
not reach the redox catalysts for productive redox reactions before consumed
through recombination or undesired semiconductor degradation reactions. Adapted
and reprinted with permission from Ref. [212], Copyright 2012 The Royal Society of
Chemistry.

ciency of water splitting by rhodium (Rh) and antimony (Sb) co-
doped SrTiO3 photocatalyst (SrTiOs: Rh/Sb). Here, the effective Rh
species involved in the H, evolution was different from that of
the O, evolution. For H, evolution reaction, unstable and reversible
Rh3* ions formed by the reduction of Rh*" ions are the dominant
species of H, evolution. For O, evolution reaction, even visible-
light-sensitized SrTiOs3: Rh/Sb photocatalysts doped with Sb cannot
achieve four-electron oxidation of water to form O, (Fig. 12). How-
ever, when IrO, co-catalyst was loaded on the surface of SrTiOs:
Rh/Sb, the O, evolution rate was drastically improved. In this pro-
cess, IrOy co-catalyst and stabilized Rh** ions formed by co-doped
Sb play a significant role. The unstable Rh3* ions possessing higher
electron-donating property form an electron donor levels in more
negative position, thus resulting in the energy-gap narrowing
and the red shift of the action spectrum. This study achieved the
application of half reaction of water to overall water splitting via
co-doping technique.

3.4.2. H, evolution reaction

Hydrogen, a clean and high heating value energy carrier, has got
great attention due to the depletion of fossil fuel energy and its
adverse impact on the environment. Photocatalytic water splitting
is considered as an ideal strategy for the generation of H,. How-
ever, hydrogen production efficiency is limited in practical applica-
tions because of the high electron-hole recombination rate of
photocatalysts [242,243]. Constructing Z-scheme photocatalytic
system to suppress the recombination of electron-hole might be
an ideal strategy to solve above problems. Hence, various Z-
scheme photocatalysts have been designed to enhance the hydro-
gen production efficiency. For example, Ng et al. [217] fabricated
Zng5CdosS-MWCNT-TiO, core-shell nanocomposites via coating
and co-precipitation-hydrothermal route. The H,-evolution rate
reached 21.9 umol h™! over Zng5CdosS-MWCNT-TiO,, which was
4.5 times and 2.8 times higher than that of pure ZngsCdosS and
binary MWCNT-Zng 5CdgsS, respectively. This enhanced photocat-
alytic performance was mainly due to the use of MWCNTSs as a
solid-state electron mediator to improve vector electron transfer
from TiO, to ZngsCdosS. The direct Z-scheme Er’*: YAIO3/Tay05-
Caln,S4/MoSe,-RGO showed higher photocatalytic H,-evolution
compared with Caln,S4/MoSe,-RGO and Er3*: YAlO3/Ta;0s/MoSe;-
RGO under visible-light irradiation [218]. The DRS and PL spectra
confirmed that Ta,0s was activated by high-energy ultraviolet
light emitting from Er®*:YAIOs, achieving efficient photocatalytic
hydrogen-evolution (210 pmolh~'g™"). Zhu et al. [222] con-
structed ternary ZnIn,S4/RGO/BiVO, all-solid-state Z-scheme pho-
tocatalyst and estimated the H, production with different mass
ratio of ZnIn,S,4 to BiVO,. The optimal La-ZnIn,S4/RGO/Ru0,/BiVO,
composites with 1:5 mass ratio of ZnIn,S4 to BiVO,4, 1.5 wt% RGO
and 1.0 wt% RuO, loading was obtained and the H,-evolution rate
was 4.1 umol h=' g~1. It can be explained that the recombination
of the holes in the VB of ZnIn,S; and the electrons in the CB of
BiVO,4 was promoted by graphene.

Direct Z-scheme TasNs/WO, ., photocatalysts was prepared
through depositing TasNs on WO, 7, sol [230]. The as-prepared
TasN5/WO, 7, showed higher H,-evolution (5.3 pmol h™! g~!) com-
pared with pure TasNs thin film (13.2 pmol h~! g=!) under the vis-
ible light, and highest H, evolution of 46.4 pmolh'g™! was
obtained after loading Pt nanoparticles. In contrast, the enhance-
ment of Hy-evolution in the Nal-mediated liquid Z-scheme system
was insignificant, which demonstrated that conformal coating of
TasNs on WO, 7, enhanced well physical contact between the
two photocatalysts, thereby promoting the transfer of charges.

Compared to all-solid-state Z-scheme systems, direct Z-scheme
system might show more excellent photocatalytic performance for
H, evolution as the electron mediators limit such combination to
several system and might shield incident light. However, the elec-
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tron mediators provide a suitable environment for the
electron/hole combination, facilitating the separation of photogen-
erated electrons and holes. Therefore, the specific photocatalytic
activity depends on the influence level of aforementioned factors.

3.4.3. 0, evolution reaction

Only minority researches have reported the O, evolution reac-
tion because this process requires four electrons transfer compared
with Hy evolution requiring two electrons transfer [244]. Wang
et al. [240] found the photocatalytic O,-evolution of BiVO, was
enhanced after hybridizing micro-SiC particles. SiC/BiVO, with
1:1 mass ratio of SiC to BiVO,4 exhibited highest oxygen evolution
rate (32.9 umol h™1), which was about 3 times that of single BiVO,,
of which H,PtClg was used as a molecular probe to determine the
electron transport path during photocatalytic O, evolution. Wang
et al. [37] reported the effect of photocatalytic activity towards
0, evolution with different exposed facets of a-Fe,03. The photo-
catalytic O, evolution rate of a-Fe,O3; exposed by {012} and
{1 0 4} facets reached 309.4 pmol h~! g~!, which was 85 times that
of a-Fe,03 exposed by {101} and {11 1} facets under the same
conditions.

3.4.4. CO, reduction

The increasing consumption of global fossil fuels lead to the
rapid growth of CO, concentration in the atmosphere, which has
been a great concern for its effect to undesired climate change
and environmental destruction. CO, reduction has been a promis-
ing method to reduce increasing CO, since the advent of photo-
catalysis in the 1970s [245]. However, chemical processes based
on photocatalytic technology are rarely reported because of the
low photon efficiency of the material [246,247]. The photoinduced
reaction of H,O and CO, to form hydrocarbons is currently known
as a promising technology for storing solar energy in the form of
chemical bonds [248]. Over the past few decades, studies based
on the photocatalytic processes of CO, conversion have been
explored. In 1979, Inoue et al. [249] first demonstrated that photo-
catalytic CO, reduction can be achieved by a variety of semicon-
ductor photocatalyst such as CdS, ZnO, TiO,, W03 and SiC. Those
photocatalysts can reduce CO, to formic acid, formaldehyde,
methanol and methane. Subsequently, continuous studies on pho-
toreduction of CO, have been carried out for enhancing reduction
efficiency.

Generally, the photocatalytic CO, conversion requires a large
amount of energy input to break the C=0 bond with high thermo-
dynamic stability. In addition, Ye et al. reported that the initial step
of the photocatalytic CO, reduction is a one-electron reduction
reaction in which CO, was reduced to CO3, followed by the break
of C-0 bonds and the creation of C-H bonds [250,251]. However,
due to the high negative redox potential of CO,/CO3 (—1.90V vs.
NHE), one electron-involved CO, reduction reaction is thermody-
namically infeasible. Therefore, proton-coupled multielectron
reduction reaction are more preferable due to the relatively lower
redox potential. As shown in Fig. 13, under visible light irradiation,
the semiconductor absorbs light and the VB-electrons are excited
to the CB, leaving behind holes in the VB. Because the photocat-
alytic CO, reduction is an uphill reaction, the CB bottom potential
of the semiconductor should be more negative than the redox
potentials of CO, and the oxidation potential of water. Further-
more, the bulk charge recombination rate is faster than the rate
of redox reaction occurring on the surface of catalysts. Hence, the
photocatalytic performance of CO, reduction can be improved by
promoting the spatial separation efficiency of photogenerated
carriers.

In Z-scheme photocatalytic system, the photogenerated elec-
trons in the CB of one semiconductor with lower energy would
combine with the holes in another semiconductor, as a result,

the strongly reductive electrons and the strongly oxidative holes
are respectively left in two different semiconductors. Finally, the
excited electrons participate in CO, reduction and the holes partic-
ipate in water oxidation. In this regard, the Z-scheme photocat-
alytic system with charge transfer along the pathway similar to
the letter “Z” preserves the strong reduction ability of electrons,
which is quite beneficial for the reduction of CO,.

At present, the studies on photocatalytic CO, reduction based
on Z-scheme photocatalytic system have aroused widespread con-
cern. For instance, Wang et al. prepared a-Fe,03/Cu,;0 composites
with enhanced photocatalytic performance in CO, reduction [252].
An inner electrical field with the direction from Fe,03 to Cu,0 was
established at the contact interface, which make the photogener-
ated electrons in the CB of Fe,05 transfer to the VB of Cu,0 and
combine with the holes therein. As a result, the excited electrons
with more negative potential would reduce CO, to its reduced-
products, while the holes react with water to generate .OH species
followed by the generation of O,. Bae and his co-worker [253] syn-
thesized ZnO-Cu,0 nanocatalysts by growing Cu,O single-
crystalline nanocubes on the surface of ZnO, achieving selective
reduction of CO, to generate CH,. The optimal CH, production of
1080 pmol gt h~! over ZnO-Cu,0 was 71 times and 5 times higher
than that of pure ZnO and Cu,0, respectively. The enhanced photo-
catalytic reduction efficiency was attribute to the suitable band
structure in ZnO-Cu,0, the VB-hole potential of ZnO is positive
enough to oxidize H,O and the CB-electron potential is negative
to reduce CO,. Besides, Cu,O mainly exposed (10 0) facets with
less defect in ZnO-Cu,0O composite, which facilitate the charge
transfer from semiconductor to the reagents. Moreover, the high
surface area produced by the colloidal dispersion is beneficial to
the adsorption of CO, to specific crystal faces of Cu,0, resulting
in an optimal photocatalytic performance. A similar Z-scheme
mechanism is also proposed in SnO,_,/g-C3N4 [254], g-C3N4/WO3
[106], CAS/WO5 [255], a-Fe,05/g-C5N4 [256].

Besides the direct Z-scheme, the charge separation can also
achieve by electron mediator such as metals or graphene species.
For example, the all solid state Z-scheme photocatalysts 3DOM
Pt@CdS/TiO, were prepared by dispersing core-shell Pt@CdS
nanoparticles on the surface of three-dimensionally ordered
macroporous (3DOM) TiO, [257]. The photogenerated electrons
in the CB of TiO, transfer to metallic Pt and then flow into the
CdS, followed by combining with the holes therein. As a result,
the strongly oxidative VB-holes of TiO, react with adsorbed water
to generate O, and H*, while the strongly reductive CB-electrons of
CdS reduce CO, to CH, with the participation of H* protons
(Fig. 14a). Moreover, 3DOM TiO, with highly ordered macroporous
structures can promote the light absorption efficiency. Hence, the
photocatalytic performance for CO, reduction was greatly
improved. Furthermore, an efficient photocatalyst CdS/rGO/TiO,
for CO, conversion was reported by Kuai et al., wherein rGO func-
tioned as recombination center of the CB-electrons of TiO, and the
VB-holes of CdS [258]. Such electron flow mechanism make CB-
electrons of CdS with strong reduction react with CO, to generate
CH,4, which also inhibited the photocorrosion of CdS (Fig. 14b). Li
et al. [259] designed Fe,V40,3/RGO/CdS composite for photocat-
alytic conversion of CO, into CH4. RGO, which is an intermediate
layer between CdS and Fe,V4013, has a high-speed charge transfer
channel that improves charge separation efficiency while protect-
ing CdS from photocorrosion. Besides, the visible light absorption
region is greatly enhanced after coupling with CdS nanoparticles,
endowing the Fe,V,0,3/RGO/CdS composite more efficient solar
energy utilization. Simultaneously, the charge transfer follows
the Z-scheme mechanism is also facilitate the separation of photo-
generated electron-hole pairs. The photogenerated electrons in the
CB of CdS would transfer to RGO, followed by flowing into the VB of
Fe,V40:3 and combine with the holes therein. As a result, the
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Fig. 12. Proposed scheme of photocatalytic O, evolution over SrTiOs: Rh/Sb under visible light irradiation. Adapted and reprinted with permission from Ref. [215], Copyright

2014 Elsevier.

strongly reductive electrons in CB of Fe,V,40,5 participate in the
photocatalytic reduction reaction of CO, and the strongly oxidative
holes in the VB of CdS can oxidize H,0 to O,.

Compare with single semiconductor photocatalyst, heterojunc-
tion composed of different semiconductors can achieve enhanced
light responsive region and charge separation efficiency. Compared
with type II heterojunction, the most prominent advantage of Z-
scheme is the realization of vector electron transfer, in which the
electrons with relatively low energy of one semiconductor com-
bine with the holes of another semiconductor, resulting in a more
efficiency charge separation. Therefore, a Z-scheme photocatalytic
system can not only achieve an efficient charge spatial separation
but also remain strongly reductive electrons to participate in the
CO, photoreduction, which is a very good idea to improve the effi-
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hv>E & o i T €O, = HCOH, (26", -0.61V)
\Y . > 4 i :
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g H.O

Fig. 13. Schematic illustration of probable mechanism of photocatalytic CO,
conversion over a semiconductor photocatalyst.

ciency of CO, photoreduction. As shown in Table 6, the latest stud-
ies about the photoreduction of CO, based on Z-scheme
photocatalysts are evaluated.

Table 6 list part of the studies reported in the literature, includ-
ing the reaction conditions, major product and its yield. In addi-
tion, we also discussed the design of photoreactors. For instance,
Yu et al. [268] designed a dual-function photocatalyst system with
103/1” incorporated for the first time to balance charge, which
combine water-splitting and CO, photo-hydrogenation. GaN:
ZnO-Ni/NiO photocatalysts reduce CO, while Pt/WO3 photocata-
lysts simultaneously produce O, in each chamber of a twin pho-
toreactor, the results showed that the twin photoreactor could
significantly promote the photoreduction quantum efficiency
(PQE) more than 4 times from 0.015% to 0.070% compared to a sin-
gle photoreactor. Additionally, the selectivity for CO, reduction in
the twin photoreactor reached 99.1%, which was higher than that
in the single photoreactor (73.6%). Currently, a twin photoreactor
[269] offers several advantages over other systems: (1) It blocks
the backward reaction because H; and O, are generated separately;
(2) It hinders the oxidation of hydrocarbon products because O,
from water splitting is effectively isolated from CO, hydrogenation,
which is also thermodynamically favorable; and (3) It provides
sustainable operation because H, generated from water splitting
is directly applied to CO, hydrogenation. The advantages of the
Z-scheme and H-type reactor systems were combined in this novel
twin photoreactor system, which has great potential for water con-
version to solar energy. However, their efficiency is still relatively
low and far away from the benchmark photo-conversion efficiency
for commercialization, it is necessary to establish a model simulat-
ing the performance of photoreactors to systematically study the
photocatalytic reduction of CO,, achieving higher photo-
conversion efficiency. When constructing photocatalytic reactors,
not only mass transfer should be considered, the reactor should
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permission from Ref. [257]. Copyright 2015 The Royal Society of Chemistry. (b) Schematic illustration of photocatalytic conversion of CO, into CH4 over CdS NSs/rGO/TiO, Z-
scheme system. Figure reproduced with permission from Ref. [258]. Copyright 2015 The Royal Society of Chemistry.

also be designed to allow the catalytic active sites to be exposed to
as much light as possible. Especially in slurry reactors, the scatter-
ing properties largely depend on the agglomeration phenomenon,
which will affect the reaction rate. Coated catalysts in the reactor
can greatly reduce the effect of scattering behavior [270]. However,
how to optimize coatings to produce suitable agglomerate size and
porosity to reduce scattering behavior still need to further study.

The present study has demonstrated that CO, is a promising
and powerful alternative for the production of renewable fuels
and commodity chemicals. Technology for the catalytic hydrogena-
tion of CO, to CH30H is the most expected since it can not only
replace fossil fuels also can be the source of hydrogen. Theoreti-
cally, H; sources for the production of CH;0H/CH, from CO, should
be sustainable. To some extent, H,O would be the best source.
However, how to activate two stable molecules (CO, and CO,) into
unstable molecules and not consume too much energy still need
further exploration. We should first understand the reaction mech-
anism and optimize the product. Additionally, it is difficult to com-
pare the photocatalytic performance because the final productivity
largely depended on the experimental conditions including the
type of light, pH of the solution and CO, pressure. Few papers
report the quantum yield or efficiency because the quantity of pho-
tons absorbed by the photocatalysts is difficult to measure.

For water splitting and CO, reduction accompanied with
water oxidation, the CB-edge potential of photocatalyst should be
more negative than the redox potential of H,O/H, or CO,/CH4
(CO,/CH30H, CO,/CHOOH or CO,/CO), the VB-edge potential should
be more positive than that of the redox potential of H,0/0,, which
seems to be more difficult to achieve than other photocatalytic
reactions. As long as the active species is present in the reaction
system, whether it is .03 (0,/.03, —0.33 V vs. NHE), .OH (OH™/.OH)
or h* can participate in the oxidation reaction of pollutant degrada-
tion. However, in order to achieve photocatalytic CO, reduction, it
is not enough that the photocatalyst with suitable band structure
can be excited to generate electron-hole under light irradiation.
Due to the redox potential of CO,/CO5 of —1.90V is relative
negative, one-electron CO, reduction is not thermodynamically
unfavorable. The proton-coupled multielectron CO, reduction is
relative easy to carry out due to the lower redox potential of its
reduced-products. Hence, a highly efficient photocatalyst that used
to reduce CO, should be easily excited to produce multiple
electrons and those generated electron can easily transfer to CO,.
Besides, the CB bottom potential of catalyst should be more nega-
tive enough to reduce CO,. In order to reduce the possibility of bulk
charge recombination, holes should be trapped by the oxide
species.

Photocatalytic water splitting to O, and H, by catalysts is a
promising method for obtaining chemical energy from solar

energy, which is uphill reaction of Gibbs energy of 237.13 k] mol~".
In order to realize water splitting, the CB bottom potential of pho-
tocatalysts should be more negative than the redox potential of
H,0/H; (—0.41 V vs NHE) and the VB top potential should be more
positive than the redox potential of H,O0/O, (—0.82V vs NHE).
Although photocatalytic water splitting based on Z-scheme photo-
catalytic system have been achieved about ten years ago, some
challenges still need to be overcome. The determining step of
water splitting in Z-scheme system is water reduction, thereby
how to improve the rate of H, evolution is a critical step for further
enhancing photocatalytic performance. Additionally, due to the
backward reactions of redox-mediator Z-scheme system, con-
structing redox mediator-free Z-scheme system is a promising
development direction to achieve maximum photocatalytic perfor-
mance. However, exploring new cocatalysts that facilitate forward
reactions but suppress backward reactions and the recombination
of H,-O, remains a critical challenge. Building a Z-scheme photo-
catalyst with a wider range of visible light response for a higher
apparent quantum yield is another current challenge.

In order to overcome these problems to maximize the efficiency
of water splitting and CO, photoreduction, enormous effort should
be made according to the following. Firstly, exploring advanced
photocatalysts that can prevent the bulk charge recombination
and improve light-harvesting efficiency is crucial for water split-
ting and CO, photoreduction, such as bandgap engineering, crystal
facet engineering as well as surface heterojunction. Next, optimiz-
ing the adsorbing amount and state of CO, and H,O on the surface
of catalysts can improve the photocatalytic performance of water
splitting and CO, reduction in both thermodynamics and kinetics.
Finally, a fundamental research based on theoretical and experi-
mental analysis is necessary for understanding the photocatalytic
mechanism, which facilitates further optimize the facets, surface
and phases of semiconductor for maximum photocatalytic
efficiency.

4. Summary and future prospects

As a promising candidate technology, photocatalysis can effec-
tively degrade various pollutants and convert solar energy into
sustainable chemical energy, which has been extensively explored
to alleviate environmental pollution and global energy crisis. The
artificial multi-component Z-scheme photocatalytic system, which
can effectively promote the separation of electron-hole pairs, has
better photocatalytic performance than a single photocatalyst or
even Type Il heterojunction photocatalyst. The present studies pro-
vide the basic review of recent significant publications about the
application of Z-scheme nanocomposite photocatalysts in environ-
mental restoration and energy conversion, including photodegra-
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Table 6
Photoreduction of CO, based on Z-scheme photocatalysts.
Photocatalyst CO, photoreactor Irradiation source  Electron Major product Products and Yields Ref.
transfer
o-Fe;03/Cuy0 0.10 g of photocatalyst; 10 mL of deionized water; 300 W xenon arc Direct Z- CO CO: 1.67 umol ggth™! [252]
CO,, pressure, 0.3 MPa; stainless steel cylindrical  lamp scheme
reactor; (»>400 nm)
Zn0-Cu,0 photocatalyst, 0.019 g; CO, pressure, 2.6 bar; 20 mL 300 W Xe lamp Direct Z- CH,4 CH,: 1080 pmol g th™! [253]
of CO,-saturated 0.2 M Na,CO3; homemade quartz (A >200 nm) scheme (71x> ZnO)
flask with a total volume of 41 mL, pH =74, (5%> Cuy0)
g-C3N4/WO5 photocatalyst, 0.025 g; CO, pressure, 0.1 MPa; 300 W Xe lamp Direct Z- CO C0: 27.2 pmol g 'h™! [254]
NaHCOs (1.712 g), H2S04 (5 mL, 4 M); reaction (A >420 nm) scheme (2.2x> g-C3N4)
temperature, 20 °C; 500 mL PLS-SXE300 Labsolar- (0.21 W cm™2)
IIIAG closed gas system
CdS/WO0s3 photocatalyst, 0.025 g; CO, pressure, 0.1 MPa; 300 W Xe lamp Direct Z- CO CO: 27.2 umol g 'h™! [255]
NaHCOs; (1.712 g), H,SO4 (5 mL, 4 M); reaction (A >420 nm) scheme (2.2x> g-C3Ny)
temperature, 20 °C; 500 mL PLS-SXE300 Labsolar- (0.21 W cm™2)
IIIAG closed gas system
o-Fe,05/ photocatalyst, 0.025 g; CO, pressure, 0.1 MPa; 300 W Xe lamp Direct Z- CO CO: 27.2 pmol g~ 'h™! [256]
g-C5Ny NaHCOs; (1.712 g), H,SO4 (5 mL, 4 M); reaction (2 >420 nm) scheme (2.2x> g-C3Ny)
temperature, 20 °C; 500 mL PLS-SXE300 Labsolar- (0.21 W cm™2)
IIIAG closed gas system
3DOM Pt@CdS/TiO, 0.02 g of catalyst; CO, pressure, 0.1 MPa; H,0, 300 W Xe lamp All-solid- CH4 CH,: 36.8 umol g 'h1; [257]
1.0 mL; reaction temperature, 20 °C; gas-closed (320< » <780 nm) state Z- (24 x> 3DOM TiO;)
circulation system scheme (26x> 3DOM CdS/Ti0;)
(7x> Pt[TiOy)
CdS/rGO/[TiO, 0.02 g of catalyst; CO, pressure, 0.1 MPa; H,0, 300 W Xe lamp All-solid- CH4 CHy: 0.1176 pmol g~ 'h™";  [258]
0.4 mL; reaction temperature, 20 °C; gas-tight state Z- (4 x> CdS|TiO,)
reaction system scheme (3x> CdS/rGO)
(5.6x> CdS)
Fe,V40,3/RGO/CdS gas-tight system; photocatalyst, 0.025 g; CO, 300 W Xe lamp All-solid- CHy4 CH4: 2.25 pumol g 'h™1; [259]
pressure, 1 atm; 0.4 mL of deionized water; state Z- (1.4 x> FeyV4043/CdS)
scheme (4x> FeyV4043)
g-C5N4/11.4 wt.%BisOsl, photocatalyst, 0.1 g; CO, pressure, 1 atm; reaction 300 W high pressure I5/I~ co CO: 45.6 umol g 'h™! [260]
temperature, 15 °C; Lab solar-IIl AG closed gas xenon lamp redox (7.9%x> g-C5Ny4)
system, (*>400 nm) mediator (2.3x> 11.4 wt.%Bi,0sl;)
TiO,/Au@CdS photocatalyst, 0.02 g; CO, pressure, 0.1 MPa; HO, 300 W Xe lamp All-solid- CH4 CH,: 41.6 pmol g 'h! [261]
1 mL; reaction temperature, 20 °C; gas-closed (320< » <780 nm) state Z- (26 x> 10-Ti0,-195)
circulation system (100 mW cm™2) scheme (23 x> CdS/10-TiOy)
(8x> Au/IO-TiO,)
CO (0.6 umol g 'h™1),
(5x< 10-Ti0,-195)
(7x< CdS/IO-TiO3)
(3x> Au/I0-TiOy)
g-C3Ny4/BiOBr/Au-B Lab solar-IIl AG closed gas system; photocatalyst, 300 W high- All-solid- CO CO: 6.67 umol g 'h™1; [60]
0.1 g; CO, pressure, 1 atm; pressure xenon state Z- (2.5x>g-C3N,4/BiOBr/Au-S)
lamp scheme (2.67x> g-C3N4/BiOBr)
CH,: 0.92 pmol g 'h!
(1.7 x>g-C5Ny4/BiOBr/Au-S)
(2x> g-C3N4/BiOBr)
g-C3Ny4/SnS, 200 mL homemade Pyrex reactor with two 300 W Xe light Direct Z- CH3;0H CH30H: 2.3 umol g 'h™'  [262]
openings at ambient temperature and atmospheric (A > 420 nm), scheme (2x= g-C3Ng4; 3x~ SnS,)
pressure CHy4: 0.64 pmol g 'h™!
30 wt%Cu,ZnSnS,/Zn0 A gaseous phase reactor arrangement 100 W xenon solar Direct Z- CH4 CH4(138.90 ppmg'h™') [263]
simulator with an  scheme (31 x> unsensitized ZnO)
AM 1.5 filter (22x> CuyZnSnSy)
AQE: 0.0128%
ZnFe;04/TiO, 50 mL cylindrical slurry reactor system at ambient 250 W high pressure Direct Z- cyclohexanone CH: 21.28 umol gth™! [264]
temperature and pressure, photocatalyst, 0.01 g;  mercury lamp scheme  (CH), cyclohexyl CF: 22.26 umol g;th™!
reaction temperature, 25 °C; (360 nm, 3.2 mW formate (CF)
cm?)
WO03/g-C3Ny photocatalyst, 3 mg; CO, pressure, 1 atm; H,0, light-emitting diode Direct Z- CH50H CH50H (2.4x> g-C3Ny) [254]
5.0 mL; reaction temperature, 24 °C; (435 nm, 3.0 mW scheme
cm?)
42.2 wt% SnOy./ a stainless steel reactor with a quartz window on 500 W Xe lamp Direct Z- CO CO + CH30H + CHy: [105]
g-C3Ny the top of the reactor; photocatalyst, 0.02 g; CO, scheme 22.7 pmol gth™!
pressure, 0.3 MPa; H,0, 4.0 mL; reaction (4.3x> g-C3Ny)
temperature, 80 °C; gas-closed circulation system (5%> P25)
Cu,0/TiO, a 135 cm® customized quartz photoreactor with flat 1 kW high-pressure Direct Z- CO €0:0.55 pmol g th~! [265]
circular windows (diameter = 5.08 cm); Hg (Xe) arc lamp scheme (4.0x> Cu0)
photocatalyst, 0.03 g; CO, pressure, 1 atm; reaction (305 < A < 665 nm)
temperature, 20 °C;
Al-O bridged g-C3N,/ A cylindrical steel reactor with 100 mL volume and 300 W Xenon arc Direct Z- CO C0:24 pmol g~ 'h™! [256]
o-Fe,03 3.5 cm? area; photocatalyst, 20 mg; CO, pressure, lamp scheme (4.0x> a-Fe,03)

1 atm; H,0, 5.0 mL

CH4: 3.1 umol h™' g!
(10.0x> o-Fe,03)

(continued on next page)
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Table 6 (continued)

Photocatalyst CO, photoreactor Irradiation source  Electron Major product Products and Yields Ref.
transfer
AgBr/g-C3Ny4 150 mL cylindrical glass reactor equipped with a UV 300 W xenon lamp Direct Z- CH4 CH,: 61.52 umol g1 [266]

illumination source located in the quartz
immersion tube; photocatalyst, 0.1 g

3D ZnlIn,S4/TiO; photocatalytic reduction of CO,

(270 mW cm~2)

300 W xenon lamp Direct Z- CH4

(3.59x> AgBr)

(2.86x> g-CsN.y)

CH5COCHs3: 3.32 umol g~}
CHy4:1.135 pmol g 'h! [267]
(39%x> ZnIn,S44)

scheme

scheme

dation of organic pollutants, photocatalytic CO, reduction, water
splitting, photocatalytic H,/O, evolution, heavy metal reduction
and photocatalytic disinfection. Simultaneously, the photogener-
ated charge carrier migration process and photocatalytic reaction
pathways of key aspects of Z-scheme photocatalysts are discussed.
It is an on-going process to search for Z-scheme photocatalysts for
practical applications in the environment and energy. Up to now,
quite a lot of Z-scheme photocatalysts have showed a promising
photocatalytic performance in the above applications. They will
continue to attract research attention until breakthrough discover-
ies are available for large-scale applications.

Despite considerable photocatalytic results have obtained
based on the Z-scheme photocatalytic materials, there are still
some critical and inspiring topics to be investigated. Rational
design of Z-scheme photocatalysts that simultaneously possess
effective visible light absorption, low charge carrier transfer resis-
tance, good physical and chemical stability are critical steps for
large-scale applications. Because the redox-mediator Z-scheme
photocatalytic system can only work in the liquid-phase, thus con-
structing Z-scheme photocatalytic system without redox mediator
would be a promising strategy for its widespread application, in
which geometric configuration is a critical factor that influence
the photocatalytic performance of Z-scheme photocatalytic perfor-
mance. Specifically, for all-solid-state Z-scheme photocatalytic sys-
tem, the light absorption capacity and charge spatial separation
efficiency are largely depended on the crystal structures, spatial
distribution as well as the morphologies of the components,
thereby the photocatalytic performance can be improved by opti-
mizing the geometric configuration. For direct Z-scheme photocat-
alytic system, optimizing the geometric configuration to increase
the effective contact interface area and balance the distribution
of incident photons between two components.

Moreover, an efficient Z-scheme photocatalysts often require a
relatively narrow band gap to expand available light spectra, and
simultaneously, the developed Z-scheme photocatalysts should
generated as many charge carriers with appropriate energy levels
as possible to perform a specific photocatalytic redox process.
Besides, due to the charge carrier migration at the surface of Z-
scheme photocatalysts largely depends on the energy band bend-
ing of semiconductors, so that the adjustment of energy band
structures of PS I and PS I is important. Generally, built-in electric
fields formed at the interface between semiconductors facilitate
the separation of electron-hole pairs. However, the dynamics of
carriers can only be promoted when the direction of photogener-
ated charge carrier migration coincides with the direction of the
built-in electric field. Therefore, it is an exciting insight to intro-
duce the external electric field induced by polarization to change
the band structure of semiconductors. Additionally, the intensity
of the internal electric field and its orientation can be changed
under different polarization conditions, so that the electron trans-
fer direction in the Z-scheme photocatalyst can be controlled by
downward band bending from PS II to PS I. Also, depositing suit-
able reduction and oxidation co-catalysts respectively on reduction

and oxidation active sites are also ideal methods to further
enhance the separation efficiency of electron-hole, thereby opti-
mizing the photocatalytic performance of photocatalysts.

The charge carrier migration at the surface of two semiconduc-
tor also affected by the crystal structure such as defects, lattice
parameters and so forth. Optimizing the interface properties of
semiconductors is also an efficient method to improve the photo-
catalytic performance of Z-scheme photocatalysts. What’s more,
theoretical material simulation based on first-principles density
functional (DFT) combined with various characterization methods
might be a promising method for in depth understanding the reac-
tion pathway of Z-scheme photocatalysts.

While focusing on practical applications, Z-scheme with low-
cost, high yield and environmentally-friendly is a prerequisite for
its practical application. It is also worth considering whether the
excellent photocatalytic performance of the Z-scheme photocata-
lyst can be maintained in the industrial process. Separation effi-
ciency of materials is also one of the key factors affecting its
practical application. A possible approach is to grow these materi-
als on a functional substrate such as polymeric or inorganic mem-
brane to achieve a synergy between photocatalytic reaction and
effective separation.

Despite the challenges, it is undeniable in the scientific commu-
nity that Z-scheme photocatalysts have potential advantages in
energy conversion and environmental purification. It is hoped that
this review will motivate researchers to fully utilize the photocat-
alytic potential of the Z-scheme photocatalysts through theoretical
calculations and experiments.
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