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State-of-the-Art Progress in Diverse Heterostructured
Photocatalysts toward Promoting Photocatalytic
Performance
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century. Therefore, the exploration of
highly active photocatalyst systems for
directly harvesting and converting solar
energy into usable energy format is one
of the promising strategies, owing to its
utilization of non-polluting and abundant
sunlight as a source of energy. The semi-
conductor photocatalysts are widely used
to split water into H, and O,,I"?l photore-
duce CO, into renewable fuels, such as
CH;0H, CH,, and CO,? and decom-
pose various organic contaminations to
remedy our environment.”] Many studies
have been devoted to develop new and
efficient photocatalysts and explore the
fundamental factors that govern the pho-
tocatalytic activity.

The photocatalytic reaction primarily
involves three main processes: i) the gen-
eration of electron-hole pairs after the

absorption of light by photocatalysts; ii) the charge separation
Utilization of renewable and clean energy resources and devel-  and migration onto the surface of photocatalysts; iii) the reduc-
opment of eco-friendly practical systems for environmental tion/oxidation reaction on the surface of photocatalysts.®-1% In
remediation have been drawing increasing attention, because  depth, an efficient photocatalyst requires the semiconductor
environmental problems and energy consumption have been  with suitable band gap for harvesting light, facile separation
becoming the overwhelming problems for human in the new  and transportation of charge carriers, and proper valence band

Semiconductor photocatalysts have received much attention in recent years
due to their great potentials for the development of renewable energy technol-
ogies, as well as for environmental protection and remediation. The effective
harvesting of solar energy and suppression of charge carrier recombination
are two key aspects in photocatalysis. The formation of heterostructured pho-
tocatalysts is a promising strategy to improve photocatalytic activity, which

is superior to that of their single component photocatalysts. This Feature
Article concisely summarizes and highlights the state-of-the-art progress of
semiconductor/semiconductor heterostructured photocatalysts with diverse
models, including type-l and type-Il heterojunctions, Z-scheme system, p—n
heterojunctions, and homojunction band alignments, which were explored
for effective improvement of photocatalytic activity through increase of the
visible-light absorption, promotion of separation, and transportation of the
photoinduced charge carries, and enhancement of the photocatalytic stability.

1. Introduction
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(VB) and conduction band (CB) edge potential for redox reac-
tion being thermodynamically feasible. To date, much effort has
been made to enhance the photocatalytic efficiencies of photo-
catalysts, such as doping and surface modification. Although
some single semiconductor photocatalysts demonstrate high
photocatalytic efficiency,''"' it is difficult to satisfy above these
harsh terms simultaneously on a single semiconductor photo-
catalyst. The construction of heterostructured photocatalyst sys-
tems comprising multicomponent or multiphase is one of most
effective strategies to balance the harsh terms, owing to the
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tunable band structures and efficient electron-hole separation
and transportation, which endow them with suitable properties
superior to those of their individual components.

One popular strategy is the modification of single photo-
catalyst materials with metal nanoparticles, forming metal/
semiconductor heterostructured photocatalysts. The surface
plasmon resonance (SPR) effects and Schottky junction are
very important to improvement of photocatalytic efficiency of
metal/semiconductor  heterostructured  photocatalysts.[1>-18l
For example, under ultraviolet (UV) light irradiation, a built-in
electric field near the interface of Au/TiO, appeared due to the
existence of the Schottky junction. The photo-induced electrons
in TiO, may flow into Au particles leaving holes in the valence
band of TiO,, and hence significantly separated the charge car-
riers; on the other hand, under visible light irradiation, the pho-
toproduced electrons in Au particles transferred to TiO, due
to the SPR effect of Au particles, which greatly improved solar
energy conversion because of enhanced light absorption and
scattering at the interface of Au/TiO,.'>1®18 Another impor-
tant strategy to reduce charge carrier recombination probability
is the formation of carbon group materials/semiconductor
heterostructured photocatalysts.>'>?!] Robust hollow spheres
consisting of molecular-scale Tij9;0, nanosheets and graphene
nanosheets as building blocks were fabricated, and presented
high efficiency for photocatalytic CO, conversion into renewable
fuel.?l While comprehensive coverage of metal/semiconductor
and carbon group materials/semiconductor heterostructured
photocatalysts have been surveyed elsewhere, %2226 the pre-
sent Feature Article aims to concisely summarize and highlight
the state-of-the-art progress of semiconductor/semiconductor
heterostructured photocatalysts with diverse models, including
type-I and type-II herterojunctions, Z-scheme, p—n heterojunc-
tions, and homojunction band alignments. Based on these het-
erostructures, effective improvement of photocatalytic activity of
photocatalysts was explored through increase of the visible-light
absorption, promotion of separation and transportation of the
charge carries, and enhancement of the photocatalytic stability.
We do not attentionally categorize the heterostructured photo-
catalysts based on the reaction systems, for examples, photocat-
alytic and photoelectrochemical reactions as both systems face
common challenges for high efficiency, which can be gained
through similar strategies although the powder photocatalytic
systems and photoelectrochemical cell systems may not share
totally same working principles in the photocatalytic reaction.

2. Techniques for Synthesis of Heterostructured
Photocatalysts

Various synthesis techniques, such as chemical vapor deposi-
tion (CVD), atomic layer deposition (ALD), hot-injection, hydro-
thermal/solvothermal method, successive ionic layer adsorption
and reaction (SILAR), and ion exchange reaction, were devel-
oped to fabricate high-quality heterostructured photocatalysts.

2.1. CVD and ALD Routes

The CVD route is commonly used for heterojunction prepa-
ration, which allows for multiple materials to be deposited
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on suitable substrates in sequence. Heterostructured photo-
catalysts are generally prepared by two-step growth procedure.
Firstly, the inner core semiconductor is grown on a suitable
substrate via CVD or other synthetic methods. Secondly, the
outer-layer shell semiconductor is subsequently deposited on
the core surface under the optimized CVD conditions (such
as deposition temperature, pressure, carrier gas, and evapora-
tion time). Recently, our group fabricated high-quality WO,/
CdS core/shell nanowire arrays via a two-step CVD method.[”]
Single crystalline WO; nanowire arrays were obtained on the
tungsten foil substrate, followed by the CVD deposition of a
homogenous shell of CdS nanoparticles. The similar ZnO/
CdSSe core/shell arrays with controlled composition and shell
thickness were also synthesized through the CVD deposition of
CdSSe on the pre-grown ZnO nanowire arrays.?8! The forma-
tion of Zn containing alloy in the interface of core/shell het-
erojunction facilitated the growth of single-crystalline CdSSe
shell layers through reducing both the lattice mismatch and the
number of defect sites at the interface. Furthermore, other one-
dimensional (1D) heterostructured photocatalyst systems, such
as Sn0,/Ti0,,1? and SnO,/(Tiy 5V 5)203,2% have also been syn-
thesized by the CVD route.

Although sharing similar chemistry with CVD, ALD has
attracted more attention in the area of heterostructured pho-
tocatalysts due to precisely controlling film thickness at the
atomic level and conformal growth of complex nanostruc-
tures.31734 The photocatalytic active of heterostructured photo-
catalysts prepared by ALD is observably enhanced due to the
improvement of light trapping and carrier separation.?'*2l The
excellent conformability offered by ALD makes it possible to
form homojunctions in a semiconductor through doping con-
trol with low defect densities. Through growth control, Wang
and co-workers successfully produced n-p homejunctions
within Fe,O; by ALD.B! More importantly, no obvious struc-
tural defects between p- and n-type Fe,0; were observed, and
a nominal 200 mV turn-on voltage shift toward the cathodic
direction was measured, suggesting that the desired energetics
for solar water splitting could achieve through advanced mate-
rial preparations.

2.2. Hot-Injection and SILAR Approaches

The hot-injection method is often used to prepare the core/
shell heterostructured nanocrystals (NCs). The method gener-
ally consists of two-step procedure. The first one involves initial
synthesis of core material, followed by a purification step (in
order to eliminate byproducts, unreacted precursors, and sol-
vents); the second one involves the subsequent growth of the
shell. In order to prevent nucleation of the shell material and
uncontrolled ripening of the core material, the temperature for
the shell growth is typically lower than that for the core syn-
thesis. With this technique, the molecular precursors are rap-
idly decomposed at elevated temperature to produce a burst of
NC nuclei followed by uniform steady state growth.3>-37] More-
over, a “one-pot” hot-injection approach without purification
was also developed, which can be realized only if both the core
and shell semiconductors are grown controllably in the same
reaction mixture.’”] For ZnSe/CdS nanobarbells fabricated with
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the one-opt method,?® the CdS nanorods were synthesized
using a seeded-type method by introducing small-diameter CdS
NCs into the reaction mixture for the nucleus growth of linear
CdS extensions, followed by injecting the precursors of Zn and
Se solutions to grow ZnSe tips on CdS nanorods. A one-step
synthetic method was also utilized for preparation of CdSe/
ZnS core/shell NCs.53% Due to the reactivity difference between
Cd and Zn precursors with Se and S precursors, Cd- and Se
(with a bit of S)-based cores and Zn- and S-based shells were
generated successively, leading to the formation of the core/
shell nanostructure with composition gradients, which relieved
the lattice mismatch between cores and shells. This relatively
simple “one-pot” method was also used to successfully fabricate
CdSe/ZnSe NCs. [0

The SILAR technique was also originally developed from solu-
tion baths. This method can effectively suppress homogenous
nucleation, attributed to the decrease in the coexistence of cat-
ions and anions for the shell materials in solution. The precise
control of shell thickness could be achieved by alternating injec-
tions of cationic and anionic precursors. For synthesis of CdS/
ZnS core/shell NCs with the SILAR method,*'~*31 CdS NCs with
tunable particle size were firstly synthesized via a hot-injection
approach. Zn and S precursors were then alternatively injected
into the mixture solution of CdS and oleylamine for growth of
ZnS shells with different thickness. Other heterostructures can
also be easily obtained by the similar SILAR technique, such as
CdSe/ZnS quantum dots (QDs)*4 and CdSe/CdS QDs.*!

2.3. Hydrothermal/Solvothermal Methods

Hydrothermal/solvothermal methods are conveniently used for
preparation of nanostructured photocatalysts. This method not
only accelerates the dissolution of precursors but also speeds
up the reaction rate between the precursors and the reagents,
assigned to special reaction environment simultaneously with
both the relatively high pressure and high temperature. For the
In,03/In,S; core/shell nanorods, as-prepared In,O; nanorod
core was hydrothermally treated with S precursor solution
to gradually convert In,O; on the nanorod surfaces into In,S;
shells with controllable thickness determined by the reaction
temperature.*? Bi,S;/CdS heterostructures composed of Bi,S;
nanowires with triangle-like CdS NCs at their surfaces were
constructed via one-pot reaction or two-step hydrothermal reac-
tion.*”l CdS/TiO, core/shell nanocomposites were synthesized
via a two-step solvothermal method.*¥! The CdS nanowire core
with the length of 2-3 pm and the diameter of 50-100 nm were
initially synthesized with a solvothermal route. Then, a certain
amount of as-preared CdS nanowires and tetrabutyl titanate were
sonicated thoroughly in the mixture solution of absolute ethanol
and deionized water, followed by solvothermal treatment. TiO,
particles were thus densely coated onto the wall of the CdS
nanowires to form the CdS/TiO, core/shell heterostructure.

2.4. lon Exchange Reaction
Ion exchange is a novel approach to synthesize heterostructured

photocatalysts through exchanging the ions at the interface of
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two semiconductors.**>1 The shell is initially formed in gas
or solution phase. In the process of cation exchange, external
cations enter the parent crystal, and the original cations simul-
taneously diffuse out of the crystal. The ion exchange reac-
tion is superior in terms of the selective formation of a dimer
structure with an epitaxial heterointerface without changing
the prototypical shape of the ionic semiconductor. ZnO/In,S;
core/shell nanorods were successfully synthesized via an ion-
exchange reaction between (Zn?*0%) ions and (In**S%) ions
through the surface of the ZnO core, leading to the formation
of an In,S; layer over the ZnO nanorods.%

In addition, several other strategies have also been explored
to synthesize heterostructured photocatalysts, such as electro-
chemical deposition,*>=38 chemical deposition,3**! and sol-
gel method.P>**l ZnO/CdS core/shell nanorod arrays were
prepared directly on FTO (fluorine doped tin oxide) substrates
via a two-step electrochemical deposition process.’®! ZnO
nanorods were initially synthesized on FTO substrates via
galvanostatic electrolysis in aqueous solution of Zn?**, NH,Ac
(CH3COONH,), and C¢H;,N,. The length and diameter of the
ZnO nanorod can be controlled by changing the electrodeposi-
tion time. The CdS shell with tunable thickness on the ZnO
nanorod surface was obtained in mixture solutions of Cd?',
thiourea, DM SO (dimethyl sulfoxide), and H,O.

3. Diverse Heterostructure Photocatalysts

To design a heterostructure system with highly photocatalytic
activity, the key challenge is to optimize bandgap of each semi-
conductor component for harvesting solar light, especially the
visible light, and prevent the recombination of photogenerated
electron-hole pairs.’”l The heterojunctions provide an offset
in the energies of the CB and/or VB edges to facilely enable
the effective separation of photoexcited electron-hole pairs and
subsequent transfer across the interface in the junction region,
leading to enhanced photocatalytic performance. Heterostruc-
tured photocatalysts are widely applied in the following fields:
1) water splitting, 2) photodegradation of organic contaminants,
and 3) photocatalytic conversion of CO, to renewable fuels.
Table 1 lists recent prominent heterostructured photocatalysts
as well as their photocatalytic application.

According to the bandgap and electronic energy level of
the semiconductors, the semiconductor heterojunctions can
be primarily divided into five different cases: straddling align-
ment (type-I), staggered alignment (type-1I), Z-scheme system,
p—n heterojunctions, and homojunctions. The band gap, the
electron affinity (lowest potential of CB), and the work func-
tion (highest potential of VB) of the combined semiconductors
determine the dynamics of the electron and hole in the semi-
conductor heterojunctions.>®>]

3.1. Type-l Heterostructures

In type-I band alignment, both VB and CB edges of semicon-
ductor 2 are localized within the energy gap of semiconductor
1, forming straddling band alignment (Figure 1a). The VB and
CB potentials of two different semiconductors play a crucial

wileyonlinelibrary.com

1001

“
m
5
G
~
m
>
E
(o}
F
m




w
i
4
e
g
w
[
B
g
T
T

1002

www.afm-journal.de

Makies

www.MaterialsViews.com

Table 1. Recent report of diverse heterostructured photocatalysts for water splitting, degradation or oxidization of organic contaminants, and CO,

conversion
Water splitting Degradation or oxidization of organic contaminants CO, conversion
Type-l CdSe/CdS,%4 CdS/ZnS, ¥l In,05/1n,S;146] Bi,S3/CdS, 62 V,05/BiVO,I50 Bi,S;/CdSI6!
Type-Il CdS/TiO,, 7099110 CdSe/ TiO,, 1 SITiO3/TiO,, 7% Fe,05/  CdS/TiO,, 14867687172 Bj S, ITiO,, 7l WO, /TiO,,”>7°] Fe,05/  AgBr/TiO,,”®l CeO2/TiO, %]
TiO,, "1 Zn0/CdS, "8 In,053/Ta,05,8% Fe,N/Fe,03,1] Ti0,,8 In,05/TiO,, 19101 ZnFe,0,/TiO,,% Fe,0;/WO;, 1)
AglnsSg/TiO,, B4 TiO,/CdS/CdSe, 1251 ZnO/CdS/CdSe, ] ZnO/CdTe, 21 ZnO/1n,S;,2 ZnO/CdS, "7 SrTiO;/TiO,, ]
CdS-CdSSe-CdSe/TiO,,['*31 ZnO/CdSSel'34] BiVO,/CeO,,*3la-Fe,05/CdS,1%% CdS/ZnFe,0,,%
CdS/CoFe;0,4,% AgsVO,/TiO,*)

p-n CuFe,0,4/TiO, "1 CuO/ZnO,*] CaFe,0,/TaON,* MoS,/  Ag,0/TiO,,[3 CulnSe,/TiO,,'* TiO,/Zn0O,['>% ZnFe,0,/

Cdsh49.205]

Ti0,,[3 Ni0/Zn0,2 Cu0/ZnO, M6l Cu,0/Zn0,M471481

CulnS,/Zn0O,14 CulnSe,/Zn0,1*3 CuO/In,05,1°% Ag;PO,/

Homojunction  anatase/rutile TiO,,["*®0/-Ga,0;,'% p-n Cu,0,'® p-n

BiVO,,[153] Co30,/BiVO,>Z

N-doped anatase/brookite TiO,,[*” anatase/rutile

Mg-doped Fe,03/Fe; 03,181 W-doped BiVO,,["73 twin-induced  TiO,,['* %3¢t/ 1-Bi, 03,1154 the QDs/nanosheets Bi,WOg,['¢7]

CdOjZnOISS[WS,UG]

p—n Cu,0,[7% p—n Co-doped TiO,/TiO,,['®l p—n Fe-doped

TiO,/TiO,,1'% p—n Co-doped zincblende/wurtzite ZnO,[¢]

Z-scheme CdS/AU/TiIO 46C0 0611 WO;/W/PbBi,Nb, 5Tig ;0,17

Zn0/Cds, 202 CdS /Au/ZnOR0)

Pt/n-Si/n*-Si/Agl74l

CaFe,0,/WO;,2% CdS/Au/TiO,1% CuO/TiO,R%

role in determination of the physical features of photogenerated
charges and the photocatalytic performance. Typically for V,0s/
BiVO, heterostructured photocatalysts,® the CB potential level
of BiVO, is more negative than that of V,0s so that photogen-
erated electrons could migrate from BiVO, to V,0s driven by
the contact electric field. As the VB potentials of BiVO, (2.77 eV)
and V,0s (2.73 eV) are very close, the photoexcited holes is hard

Semiconductor 1  Semiconductor 2

(d)

to transfer from the VB of BiVO, to the VB of V,0s. Therefore,
V,05/BiVO, photocatalysts showed great increase in the separa-
tion extent and lifetime of the photogenerated electrons, leading
to effective photodegradation of methylene blue (MB) under
visible light irradiation. Type-I Bi,S;/CdS heterostructured
photocatalyst shows photocatalytic reduction of CO, with H,O
into methanol with the yield of 613 pmol g under visible light

1.04

0.8 4

0.2

0.0

Time (min)

Figure 1. a) Schematic illustration of the type-I band alignments and the correspondingly possible separation and transfer process of photoinduced
electron-hole pairs of semiconductor heterostructured photocatalysts. b) SEM and ¢) TEM images of Bi,S;/CdS heterostructures. d) Schematic diagram
of electron-hole pair separation in Bi,S;/CdS heterostructures. €) Summary of photodegradation rate of methyl red (MR) with various catalysts under
ultraviolet (UV) light. Reproduced with permission.®% Copyright 2011, American Chemical Society.
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Figure 2. Schematic illustrations of the a) type-l and b) inverted type-|
core/shell heterostructures band alignments, and the correspondingly
possible separation and transfer process of photoinduced electron-hole
pairs of semiconductor photocatalysts.
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irradiation, which was about three times as large as that of
parent CdS or two times of that of parent Bi,S3.1°!l The enhance-
ment of photoreduction CO, efficiency was mainly attributed to
the improvement of the separation of photoinduced charge car-
ries and the prolongation the lifetime of photocarriers caused
by the built-in energy potential. As shown in Figure 1b-e,
Bi,S3/CdS heterostructure also exhibited superior efficiency
for photodegradation of methyl red (MR).°? Although both
the photogenerated charge carries transfer from CdS to Bi,S;
through the interface, the difference between the migration
rates of electrons and holes leads to efficient separation of the
charge carriers at the interface. Moreover, the unique configu-
ration of the Bi,S; nanowire/CdS nanoparticle allows both the
charge carriers to expose to the liquid phase and effectively
involve in the photocatalytic reactions, resulting in the improve-
ment of photocatalytic activity. For the bare CdS NCs, photo-
excited carriers very easily transfer to the surface-trap states
typically located within the semiconductor bandgap, on which
the electrons or the holes with lower energy, and were unuseful
for the redox reactions.*1:3]

Compared to the island type heterostructured photocata-
lysts, for most the core/shell heterostructured photocatalysts
(Figure 2a), the photogenerated electron-hole pairs near the
interface of junction tend to be easily confined to the core semi-
conductor, which are not available for photocatalytic reactions on
the shell semiconductor surface. Thus, the effective separation
of the electrons and holes, and effective transfer of the electron-
hole pairs from the core to the outer shell surface are still chal-
lenging issues for the application of core/shell heterostructured
photocatalysts. In the case of type-I core/shell CdS/ZnS NCs, %!
most the surface-trap states of the CdS can be passivated by ZnS
shell. Thus, the confined electrons and holes with high energy
in the core might tunnel through the ZnS shell to the outer sur-
face for photocatalytic reactions. The CdS/ZnS NCs therefore
exhibited higher activity for H, production and improved pho-
tocatalytic stability than bare CdS NCs (Figure 3). The similar
phenomenon was also observed in type-I core/shell hetero-
junction CdSe/CdS NCs, showing a 10-fold increase in visible-
light driven (A = 400 nm) photocatalytic H, evolution activity
for CdSe/CdS NCs over CdSe core NCs alone.* In contrast,
the shell of the inverted type-I core/shell heterostructures has

Adv. Funct. Mater. 2015, 25, 998-1013

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

www.afm-journal.de

v
OC: Oxidation cocatalyst
RC: Reduction cocatalyst

704z CdS NCs
| CdS/ZnS NCs

8.3

H, amount (Lt moi/n)
»n g »
LI~

3

04

None Pt PdS  PdS +Pt

Figure 3. TEM images of a) CdS/ZnS NCs dispersed in Chloroform.
b) HRTEM image of the CdS/ZnS NCs. c) Schematic description of the
transfer and separation of the photogenerated electrons and holes from
type-l Core/Shell NCs. d) Photocatalytic activities of the CdS NCs and
CdS/ZnS NCs with and without cocatalysts. Reproduced with permis-
sion.l?8l Copyright 2013, American Chemical Society.

a smaller band gap than the core (Figure 2b).?”] Both electrons
and holes would be rationally driven to the shell by the built-in
energy potential, which promotes separation of the photoexcited
charge carriers and efficiently facilitates charge transfer to the
shell layer surface to enhance the redox reaction. For instance,
the inverted type-I In,053/In,S; core/shell heterostructure exhib-
ited a good H, evolution rate of 61.4 pmol h™! g=1.14¢l

3.2. Type-ll Heterostructures

In type-II heterostructure band alignment (Figure 4), the posi-
tion of CB and VB of semiconductor 1 is both higher than
that of semiconductor 2, and the steps in the CB and VB go in
the same direction.[°>%°] The band bending at the interface of
type-II heterojunction due to the difference of chemical poten-
tial between semiconductor 1 and 2 induces a built-in field,
which promotes the photoexcited electrons and holes to fac-
ilely move in opposite directions, and subsequently result in an

Reduction

Oxidation,

Semiconductor 1

Semiconductor 2
Figure 4. Schematic illustration of the type-Il heterostructure band align-

ments, and the correspondingly possible separation and transfer process
of photoinduced electron-hole pairs of semiconductor photocatalysts.
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efficiently spatial separation of electron-hole pairs on different
sides of heterojunction before recombination.

The narrow bandgap semiconductors were often coupled
with TiO, to form a type-II heterostructures such as CdS/
Ti0,, 772 WO,3/Ti0,,”>75]  Fe,05/Ti0,,7%77]  AgBr/TiO,,"®
Ce0,/Ti0,,” which is an effective approach to extend the
photoresponse to the visible-light region. Typically, the visible-
light generated electron of CdS/TiO, transfered from the CB
of CdS to the CB of TiO,, while the photoinduced hole of CdS
remained in the VB of CdS, resulting in improvement of elec-
tron-hole separation and high efficiency for photodegradation
of MB dye under visible-light irradiation.”!] The type-II In,0;/
Ta,Os heterostructure facilitated the transfer of electrons from
CB of In,0; to that of Ta,O5 and the opposite transfer route
of the holes, which retarded the recombination probability of
photogenerated electrons and holes. The hydrogen evolution
efficiency of In,03/Ta,05 was about 92 pmol g! h™! with a
long-term stability.®”) In addition, other type-II heterostruc-
tures, such as In,03;/ZnO,Pl Fe,05/WO05,® also presented
significant improvement in photocatalytic performance. More
recently, ternary narrow bandgap semiconductors, such as
AglnsSg, Ag;VO,, and ZnFe,04 Bi,WOg4, and BiVO,, which
well match the solar spectrum, were often selected to form
visible-light-driven heterostructured photocatalysts due to their
large absorption coefficient.285 AglnsSe/TiO, heterojunction
fabricated by a one-pot hydrothermal method exhibited signifi-
cant improvement of the photogenerated carriers separation
due to a synergistic effect of various components,®¥ resulting
in the enhancement of the photocatalytic H, production activity
under visible-light illumination (A = 420 nm). Ag;VO,/TiO,
nanocomposites performed high photocatalytic activities in
decomposition of benzene under both visible and simulated
solar light irradiation.’®”] The improved photocatalytic activity of
Ag;VO,/TiO, nanocomposites was originated from enhanced
absorption of visible light and high efficiency of the interface
charge separation. Most importantly, the excellent conversion
and mineralization ratio of benzene for Ag;VO,/TiO, could be
maintained for >50 h under visible light without obvious deacti-
vation of the photocatalyst, exhibiting great photostability. CdS/
CoFe,04 and CdS/ZnFe,0, heterostructure NCs were success-
fully synthesized via a two-step hydrothermal method.[% Com-
pared with pure CdS, both CdS/ZnFe,O, and CdS/CoFe,0,
showed more broad absorption in the visible-light region and
large surface area. The synergic effects of CdS and ferrites
inhibited the recombination probability of photogenerated elec-
tron-hole pairs, leading to high photodegradation rate of rhoda-
mine B (RhB) and 4-chlorophenol in aqueous solution under
visible-light irradiation. In addition, photogenerated holes rap-
idly transferred to the solution and remained no enough holes
on CdS, resulting in the remarkably photostability.

As discussed above, for the core/shell type-II heterostruc-
tured photocatalysts, one of the carriers may also suffer from
being confined in the core of semiconductors, which is not
easily accessible for surface reactions, instead, results in sem-
iconductor photocorrosion. However, in the case of the outer
layer with sufficiently thin and being modified with an appro-
priate charge-accepting moiety, the core-confined charge car-
riers could tunnel to the surface and be regenerated by a scav-
enging agent.’”) Zamkov and co-workers reported the mecha-
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nism of holes extraction from the ZnSe core to the surface of
the CdS shell in a ZnSe/CdS core shell system.[®¥ The use of
hole-scavenging surfactants was found favorable for an efficient
transfer of core-localized holes to the surface even in the case
of shells exceeding 7 nm in thickness. Moreover, the transfer of
photoinduced electrons and holes from the core to the surface
of the shell was approximately an order of magnitude faster
than electron-hole recombination time, indicating that most
of the absorbed energy in ZnSe/CdS could be used to drive
photocatalytic reactions. For CdS/ZnSe core/shell QDs, a new
energy band lower than the energy gap of both the core and
shell was observed in the visible-light region. It was attributed
to indirect bandgap transitions from the VB of the shell to the
CB of the core, which was confirmed with steady state absorp-
tion and photoluminescence studies.®” The interfacial electron-
hole separation resulting from indirect exciton was affected by
carrier trapping at interfacial defect states lying in the band
offset of the CdS/ZnSe system. The indirect bandgap excita-
tion of CdS/ZnSe reduced the hole trapping in comparison
to direct bandgap excitation of CdS in the CdS/ZnSe system.
The indirect-type exciton was also observed in CdTe/CdSel**!
and CdSe/ZnTel*%2 core/shell QDs. The proposed indirect
bandgap transition is a promising strategy to design novel
nanoscale photocatalysts and effectively enhance their pho-
tocatalytic efficiency. Furthermore, the interband-gap energy
states may also play a vital role in improvement of the photocat-
alytic reaction. The Fe,N/Fe,0; heterostructures exhibited the
photosplitting of neat water into stoichiometric amounts of H,
and O, under visible-light irradiation.’¥] The proximity of the
VB potential of the Fe,N and Fe,O; promoted the preferential
transfer/entrapment of photoexcited holes. Furthermore, the
defect/impurity-induced interband-gap states also led to more
effective separation of electron-hole pairs, resulting in higher
H,/0,; evolution.

As compared with particle photocatalysts, 1D nanostruc-
tures, such as nanowires,nanorods, and nanotubes, with high
aspect ratio and high surface to volume ratio provide a direct
pathway for charge transport and high electron mobility for
efficient electronic devices. 1D TiO, nanostructures have
become increasing importance in the application of photo-
catalysis originating from their superior properties in com-
parison with other TiO, nanostructured counterparts.** CdS/
TiO,, In,0;/TiO,, and SrTiO;/TiO, nanowire heterostructures
showed high photocatalytic activity attributed to the efficient
separation of photogenerated electrons and holes.*&2>-101
Other 1D heterostructures such as nanorods also show efficient
photocatalytic activities. Typically, ZnO/In,S; nanorod arrays
showed significantly enhanced photocatalytic activity in photo-
degradation of RhB under visible-light irradiation, resulting
from the efficient separation of photoinduced charge car-
ries and the facile charge transfer at the ZnO/In,S; interface.
Type-1I o-Fe,03/CdS nanorods showed high rate for photodeg-
radation of MB under visible light, attributing to the synergy in
visible-light absorption and charge separation at the interface of
heterostructures.[102103]

The type-II Cr-doped SrTiO;/TiO, nanotube arrays were
synthesized by hydrothermal method (Figure 5).'% The pho-
toinduced electrons of Cr-doped SrTiO; were excited from the
VB (Cr 3d) to the CB (Ti 3d) and then transferred to the CB

Adv. Funct. Mater. 2015, 25, 9981013
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Figure 5. SEM images of A,B) TiO, nanotube arrays and C,D) hetero-
structured Cr-doped SrTiO;/TiO, nanotube arrays treated with 1 h hydro-
thermal reaction times. E) TEM image, F) HAADF-STEM image, and G—)
EDX elemental mapping images of the 1 h treated Cr-doped SrTiO3/TiO,
heterostructure. K) Schematic illustration for the charge separation of
Cr-doped SrTiO3/TiO, heterostructure nanotube arrays. Reproduced with
permission.' Copyright 2013, Nature Publishing Group.

of TiO,, leading to enhancement of visible-light response and
separation of photogenerated charge carriers. Other narrow-
bandgap semiconductors couple with 1D TiO, nanostructures
to form type-II heterostructures, including CdS/TiO,,*105-113]
CdSe/TiO,,1*415] and  CdTe/TiO,.'""! CdS QDs-sensitized
TiO, nanotube arrays showed the high H, production rate of
1257 mL h™! cm™ under AM 1.5 illuminations, which benefited
from the extended light absorption, the improved separation of
photoexcited electron-hole pairs, and the facile charge-transfer
properties of TiO, nanotube arrays.''%f Moreover, the quality
of the heterojunction at the CdS or CdTe/TiO, interface has an
important influence on the interfacial charge transfer.'"! It is
exemplified not only by making the significant improvement in
photocurrent efficiencies, but also by offering clear difference
on the size-dependent electron injection efficiencies from the
QDs. As a result, the enhancement in photocurrent up to 18
fold for CdSe QDs-sensitized TiO, nanotubes was achieved, rel-
ative to that of bare TiO, nanotubes. Based on the same mecha-
nism, the type-1I ZnFe,0,/TiO,[!% heterostructures also exhib-
ited obviously enhanced photocatalytic activity.

Among 1D ZnO-based type-II heterostructured photocata-
lysts, CdS-sensitized ZnO nanorods showed high photocurrent
density (15.8 mA cm™), and their monochromatic incident
photon-to-electron conversion efficiency (IPCE) was larger than
50% under the illumination of 380-520 nm light, indicating
a high visible-light-driven photoelectrochemical hydrogen
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production capacity.'""11% With regard to the type-Il ZnO/
CdTe heterojunction,['2%-123] the monolayer deposition of CdTe
QDs was beneficial for fast and efficient transfer of the pho-
togenerated electrons from CdTe to ZnO nanowires, leading
to effective suppression of anodic decomposition/corrosion
and obvious improvement of stability. The maximum photo-
conversion efficiency (1.83%) for ZnO/CdTe was more than
200% higher than that of pristine ZnO nanowires.?3! Core/
shell CdSe/CdS nanorod arrays were achieved by a chemical
bath deposition process using hydrothermally prepared CdS
nanorods as the template.'? The absorption edge of the CdSe/
CdS nanorod array was extended from 525 to 750 nm, and the
corresponding photoconversion efficiency was enhanced from
0.23% (for bare CdS) to 1.6% (for CdSe/CdS), attributing to the
enhanced utilization of visible light and the efficient separation
of photogenerated charges at the interface.

For a multiple heterostructures, the additional heterointer-
faces complicate the charge separation process compared with
what happens in a single heterostructure. The visible-light-
driven CdS/CdSe co-sensitized TiO, (TiO,/CdS/CdSe hetro-
structure) possesses a stepwise band edge structure due to the
Fermi level alignment,['2>126] leading to the electric-field in the
space-charge region on each side of the junction with superior
ability for photoinduced charge carries separation and transfer
at interface.'””) The saturated photocurrent with the TiO,/CdS/
CdSe electrode was 14.9 mA cm2, which was three times that
with the TiO,/CdS and TiO,/CdSe photoelectrodes. The corre-
sponding hydrogen evolution rate for TiO,/CdS/CdSe system
was further increased through passivation with deposition of
a ZnS layer.'>>128 Moreover, CdS and CdSe QDs co-sensitized
ZnO nanowire arrays (ZnO/CdS/CdSe) also exhibited high
saturated photocurrent and high IPCE under visible-light irra-
diation.12%139 With modification with IrO,-nH,0, the photo-
chemical stability of the ZnO/CdS/CdSe was substantially
improved.'3! Furthermore, 1rOenH,0 could help release
photogenerated holes accumulated on the surface of QDs, which
suppressed electron-hole recombination and hole-induced
photocorrosion of QDs. An average hydrogen evolution rate of
240 pmol h™! cm™ at 0.6 V vs reversible hydrogen electrode
(RHE) was achieved with almost 100% of Faradic efficiency.

The adjustment of electronic band structure for heterostruc-
tured photocatalysts is a promising route to improve photo-
catalytic performance.®?! For the TiO,/CdS,Se;., core/shell
nanowire arrays, the shell consists of more complex multinary
phases including CdSe and CdS.!'33 The unique CdS-CdSSe-
CdSe multishell structures were observed in the Se-rich shell,
whereas the separated CdS and CdSe phases disappeared in
the S-rich shell. The Se-rich multishell presented higher pho-
tocurrent and H, generation rate, ascribing to the novel band
alignment for efficient electron-hole separation and enhanced
visible-light absorption. Furthermore, for the ZnO/CdSSe core/
shell nanowire arrays, the decrease in both the lattice mismatch
and the number of defect sites on the phase interface resulted
in the higher photocurrent and hydrogen evolution rate than
that of CdS/TiO,."** The composition-graded Zn,Cd,_,Se/ZnO
core/shell nanowire arrays showed a continuous absorption
edge from 2.7 eV (460 nm) to 1.77 €V (700 nm),'* and yielded
photocurrent density of =5.6 mA cm™ under 1 sun solar light
illumination at zero bias vs Ag/AgCl.
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Reduction

Oxidation

p-type semiconductor
n-type semiconductor

Figure 6. Schematic illustration of p—n heterostructure band alignments,
and the correspondingly possible separation and transfer process of pho-
toinduced electron-hole pairs of semiconductor photocatalysts.

3.3. p—n Heterojunctions

The design of p—n heterostructure photocatalyst systems con-
sisting of p-type and n-type semiconductors is one of the most
common methods to improve efficiency of photocatalytic reac-
tion (Figure 6). With contact of p-type and n-type semiconduc-
tors each other, the bands of the semiconductors will bend
and the Fermi levels will equilibrate because of the forma-
tion of a space charge region after the diffusion of electrons
and holes.B130l Thus, the built-in electrical potential in the
space charge region from n-type side to the p-type side can
direct the electrons and holes to quickly travel at the opposite
direction, and allow more effective separation and longer life-
time of electron-hole pairs.'3”] These advantages endow the
p—n type heterostructures with an enhanced photocatalytic
performance.

TiO, were contacted with different p-type semiconductor to
form p-n heterojunction photocatalysts,'*¥! such as ZnFe,0,/
Ti0,,11 CulnSe,/Ti0,,* and CuFe,0,/TiO,."* Typically,
the narrow bandgap semiconductor ZnFe,0, NCs were depos-
ited in the highly ordered TiO, nanotube arrays to generate
ZnFe,0,/TiO, p-n heterostructures.!3% ZnFe,0,/TiO, nano-
composites could absorb both UV and visible light with a band
edge of 588 nm. The stronger surface photovoltage intensity
of ZnFe,04/TiO, was obviously observed, indicating that the
charge separation efficiency was enhanced as compared with
that of TiO, in the UV light region, due to the formation of a
p—n heterojunction. In addition, the ZnFe,0,/TiO, nanocom-
posite also exhibited remarkably high photoelectrocatalytic sta-
bility with little loss even after five cycles. Similar enhancement
of the photocatalytic activity of ZnO-based nanocomposites
with p-type semiconductors (including NiO,*? CulnSe,,'*!
CulnS,,[1*3 CuO,144+146] Cyy, 01147148 were also observed.

However, the utilization of visible light is still quite low
in TiO,- and ZnO-based p—n heterostructure photocatalysts
because of the large bandgaps of TiO, and ZnO. Thus, it is
necessary to synthesize p—n heterojunction consisting of two
narrow bandgap semiconductors with high activity under a
wide range of visible-light irradiation. The MoS,/CdS p-n
heterojunction exhibited an optimal photocurrent of 28 mA
cm™2 and high IPCE of approximately 28% at 420 nm at 0 V
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vs Ag/AgClL* and the theoretical rate of H, evolution was
calculated to be 523.1 pmol cm™ h7!. The high photoelectro-
catalytic activity and stability of MoS,/CdS toward the water
splitting were attributed not only to the visible light absorption
but also to the efficient separation of photoinduced carriers
by the internal electrostatic field in the p-n junction region.
The CuO/In,0; heterojunction displayed the enhanced pho-
tocatalytic activity and stability even at wavelengths longer
than 650 nm for effective photodegradation of RhB.[™*" Other
p-n heterostructures, such as Co;04/BiVO,,["11%2 Ag;PO,/
BivVO,,'>3 CaFe,0,/TaON,[> also showed high photocatalytic
performance.

Additionally, n-p—n type heterojunction is proposed to fur-
ther improve photocatalytic activities. Tang and co-workers
fabricated highly efficient core/shell ZnO/TiO, n-p-n hetero-
junction nanorods.>! In this system, two inner electric fields
were formed between n-type ZnO and p-type Zn?"-doped
Ti,03, and between p-type Zn?* -doped Ti,O3 and n-type TiO,.
Numerous oxygen vacancies binding electrons were resulted
from the replacement of Ti** by Zn?* in the interface region
(i-e., Zn**-doped Ti,03), leading to an exciton energy level near
the bottom of the CB of Ti,0;, lower than that of TiO,. Due
to the two inner electric fields, the photoinduced electrons
in ZnO and TiO, transferred to the CB of Zn?*-doped Ti,0s3,
significantly promoting the separation of electron-hole pairs.
Therefore, the photodegradation rate of methyl orange (MO)
for ZnO/TiO, n-p—n heterojunction nanorods was around four-
fold and threefold compared to those for the P25 and bare ZnO
nanorods at the same irradiation time, respectively.

3.4. Homojunction Systems

The homojunction is the junction layers made of same semicon-
ductor materials. The difference in the positions of band edges
between two sides of homojunction could build an internal
field and thus facilely suppress the photoinduced electron-
hole recombination. Moreover, the fact that the same composi-
tion on both sides of the interface in the homojunction region
provides continuity of the band bonding, which facilitates the
photogenerated charge carriers transfer across the interface.
Therefore, the homojunction provides a new mechanism for
the efficient separation of photoinduced charge carriers and
enhancement of the photocatalytic performance.l'>6-163 A hier-
archical TiO, nanostructure photoelectrode with a core/shell
structure was synthesized, of which the core portion was rutile
TiO, nanodendrite arrays and the shell portion was rutile and
anatase TiO, NCs.["*® The TiO, nanodendrite arrays provided
a fast electron transport pathway, and the shell portion endows
a larger surface area for more efficient photoinduced electron-
hole separation without significantly sacrificing the electron
collection efficiency. The anatase/rutile TiO, homojunction
enhanced the charge separation as the CB edge of anatase TiO,
is higher than that of rutile TiO,. A homojunction between
0-Bi,03 and ¥-Bi,03 composites exhibited higher photocatalytic
activity than bare o-Bi,O; or ¥Bi,O; in the photodegradation
of RhB, which was attributed to the synergetic effect of the
homojunction.['*Y The type-II tailored o/ phase Ga,O3; homo-
junction also presented significantly enhanced photocatalytic

Adv. Funct. Mater. 2015, 25, 9981013
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Figure 7. a) HRTEM image of Ga,0;. b) A simplified cartoon depicting
the o-f phase junctions according to (a). ) lllustration of charge transfer
cross the o-f3 phase junction. Reproduced with permission.['%l Copyright
2012, John Wiley & Sons, Inc.

activity for water splitting than those with o or 8 phase struc-
tures alone (Figure 7).1%] Although the potential difference
caused by the differing band levels of 0-Ga,03; and B-Ga,0,
is small (The CB and VB offset between a-Ga,0; and f-Ga,04
were ~0.07 eV and ~0.03 eV, respectively), the photoinduced
electrons can still transfer from the o-phase to the B-phase, and
the photogenerated holes can move from the B-phase to the
o-phase, which was of great benefit for enhancing the photocat-
alytic reaction. A cobalt-doped mixed phase/
biphasic ZnO homojunction with zinc blende
(ZB) and wurtzite (WZ) phases showed high
visible-light-induced photodegradation of MB
and phenol due to favorable charge sepa-
ration and transport characteristics of the
interface.l'®! The band gap of Bi,WO; QDs
in the Bi,WO, QDs/Bi,WO, nanosheets
homojunction was widened, forming type-I
staggered band alignment.'®”] Under visible-
light irradiation, the photogenerated elec-
trons in the CB and the holes in the VB of
Bi,WO, QDs migrated to the CB and the VB
of Bi, WO, nanosheets, respectively, to inhibit
the electron-hole recombination. Hence, the
photocatalytic efficiency of the Bi,WO4 QDs/
nanosheets homojunction was six times
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doped Fe,0; was deposited on n-type Fe,O; by atomic layer
deposition to form p-n homojunction.'®8! The fast decay of
open circuit voltage for p—n Fe,0; indicates the effective carrier
separation, attributing to the built-in internal fields. Besides
doping, the dominate charge carrier type in a semiconductor
can also be tunable with the solution pH, e.g. from n-type to
p-type through changing acid to alkaline solutions.['**172 The
p-CuO (pH = 9)/n-CuO (pH = 4.9) homojunction displayed
large interfacial electric field and high charge separation effi-
ciency, resulting in highly photocatalytic reduction of methylvi-
ologen (MV?*).[170]

More importantly, it is possible to achieve high charge sepa-
ration efficiency via construction of a large magnitude of inter-
facial electric field within a semiconductor. A gradient W-doped
BiVO, homojunction photoanode was prepared by spray pyrol-
ysis.l'73] A distributed n*-n homojunction in BiVO, was created
through introduction of a gradient dopant concentration in the
dopant profile, which greatly enhanced the charge-separation
efficiency throughout the bulk of the material rather than just
at the interface. Therefore, the carrier-separation efficiency of
gradient W-doped BiVO, photoanode up to 80% was achieved.
A free standing Pt/n-Si/n*-Si/Ag heterostructure nanowire,
which was encased in a silica insulating shell, exhibited excel-
lent activity in dye photodegradation reactions (Figure 8).'74
This system facilitated efficient separation of electron-hole
pairs. Meanwhile, the 1D morphology and insulating shell
enable the separated electrons and holes to transfer in opposite
directions toward two metal catalysts for the desired reactions.
Moreover, the insulating shell reduced direct photoelectro-
chemical reactions on the semiconductor surface, and there-
fore minimized the semiconductor photodegradation, which
ensures the electrochemical stability of the whole system.

The twin-induced Cdjs5Zn,sS nanorods consisting of alter-
nating ZB and WZ segments along <111> direction led to the
generation of series of homojunctions with short spacing in a
specific dimension (Figure 9).17°] The up-shift of both CB and

Oxidizing

Product

n*-Si

higher than that of NC-assembling Bi,WOgq
and three times higher than that of nano-
plate-assembling Bi, WOy, respectively.

A p—n homojunction in the same material
can also be used for enhancement of photo-
catalytic activity. A 20 nm film of p-type Mg-
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Schottky Diode

Ohmic contact

Figure 8. Schematic illustration and band diagram of Pt/n-Si/n*-Si/Ag photocatalyst. The
photoexcited electron-hole pairs quickly dissociate into separated electrons and holes, which
migrate in opposite directions toward the two ends for the desired reduction reaction on Ag
and the oxidation reaction on Pt, respectively. Reproduced with permission.l'74l Copyright 2010,
American Chemical Society.
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Figure 9. Structural models of a typical twinned CdgsZngsS. a) Two
(111)/[11-2] type coherent twin planes involve in a zinc blende FCC lattice
matrix. The thicker cyan lines represente twin planes. Red circles and solid
black solid are lattice configurations before and after twining, respectively.
b) A twinned Cdg5ZngsS nanorod as seen from the [-110] direction, and
three-dimensional projection as observed from a high-index [-hhk] direc-
tion (The dark blue layers indicated the twin planes). ¢) HRTEM of the
twinned CdgsZngsS nanorod with {111} twin plane (scale bars is 1 nm).
d) The selected area electron diffraction (SAED) patterns confirme the
formation of (111)/[11-2]-type slips in nano-twins of CdgsZngsS. Repro-
duced with permission.l7>] Copyright 2013, Nature Publishing Group.

VB energy levels for WZ segments compared with that of ZB
segments could simultaneously lead to efficient separation of
photoexcited electrons and holes. It was obviously different
from most of heterojunctions that can only separate either elec-
trons or holes alone. Furthermore, large distribution and the
close interconnection at the atomic level of two phases (ZB
and WZ) in such homojunctions were beneficial for the vecto-
rial transfer of photoinduced charges. In addition, CdysZn,sS
NCs with nano-twin structures also exhibited high activity for
hydrogen evolution from water under visible-light irradiation
(A = 430 nm) without noble metals, with an extremely high
apparent quantum yield of 43% at 425 nm.['7 The “back to
back” potential (twin-boundary-dependent potential) formed
by parallel nano-twins in the Cd;,Zn,S crystals significantly
improves the separation of the photogenerated electron-hole
pairs, and subsequently leads to enhancement of the photocata-
lytic activity.['7¢]

3.5. Z-Scheme Systems

In the development of visible-light-driven photocatalytic sys-
tems, Z-scheme was originally introduced by Bard in 1979,
which was driven by a two-step photoexcitation.'””l The
Z-scheme is generally composed of a Hj-evolving photocatalyst,
an Oy-evolving photocatalyst, and an electron mediator.®%178l
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Figure 10. Schematic illustrations of the Z-scheme in the presence of
10%/I~ as electron mediators, Red and Ox indicate electron donating and
accepting species, respectively.

The Z-scheme photocatalysis system allows overall water split-
ting. The principal advantage of the Z-scheme lies in the avail-
ability of the strongly reductive electrons of one photocatalyst
and the strongly oxidative holes of the other. The Z-scheme
system has been applied for water splitting,['*-13 CO, photore-
duction,®>18% and photodegradation or oxidation of organic
contaminants.!87.188]

Several semiconductor-based Z-scheme systems consisting
of two isolated photocatalysts and the redox mediators (Ox/Red)
(e.g. 10%7/I7, and Fe*"/Fe?*) have been well developed, which
are active for splitting water into H, and O,,[178181184189-192] 54
shown in Figure 10. Domen and co-workers achieved the con-
struction of Z-scheme system using 10%7/I~ as redox mediators,
Pt/SrTiO5:Cr, Ta as a H,-evolving photocatalyst, and Pt/WO,
as an O,-evolving photocatalyst.'®) The Z-scheme systems
consisting of Pt/SrTiO3:Rh as a H,-evolving photocatalyst, and
O,-evolving photocatalysts such as BiVO,, Bi;Mo0Og, and WO,
were also achieved in the presence of Fe3*/Fe* redox couple,
resulting in the achievement of production of H, and 0.1

Nevertheless, this Z-scheme photocatalytic system has var-
ious negative effects, such as back reactions for water splitting
reaction.""”! The redox mediators also strongly absorb the vis-
ible light, reducing the light absorption of semiconductor pho-
tocatalysts. Thus, the all-solid-state Z-scheme systems were
greatly developed in recent years. The noble-metale particles
(such as Au, Ag) were explored as an electron mediator for the
Z-scheme system (Figure 11a),19*% providing insight into
the design of novel and highly efficient Z-scheme visible-light
photocatalysts. Tada and co-workers fabricated an all-solid-
state Z-scheme CdS/Au/TiO, by a simple photochemical tech-
nique.'* Under UV irradiation, the photoexcited electrons in
CB of TiO, transferred to Au and then to the VB of CdS, and
subsequently recombined with holes photogenerated in CdsS.
Simultaneously, the photogenerated electrons in CB of CdS
and holes in the VB of TiO, exhibited strong reduction power
and oxidation power, respectively, leading to high photocatalytic
reduction of methylviologen (MV2*). Moreover, the photoexcited
holes in VB of CdS were recombined with electrons from TiO,,
resulting in the improvement of photostability of CdS. The pho-
tocatalytic activity of CdS/Au/ZnO Z-scheme system was also
improved due to more facile electron transfer from ZnO to
CdS mediated by Au.l2% Recently, Yun and co-workers reported
a combination of two visible-light sensitive Z-scheme photo-
catalysts CdS/Au/TiO¢Cq 041> Photogenerated electrons at
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Figure 11. a) Schematicillustrations of the Z-scheme in the presence of Au, Ag as electron-medi-
ators. b) Schematic illustrations of the Z-scheme in the presence of RGO as electron-mediators.
c) Schematic illustrations of the direct Z-scheme, S1:semiconductor 1; S2:semiconductor 2.

TiO;.96Co4 under the visible-light irradiation transferred to
CdS through the Au, resulting in a decrease in the probability
of electron-hole recombination at CdS. Thus a higher amount
of photogenerated electrons at CdS were available to partici-
pate in the reduction reaction, leading to an exceptional perfor-
mance in the photocatalytic evolution of H,. Additionally, the
Z-scheme system of AgBr/Ag/Bi,WOq exhibited higher photo-
degradation rates of organic pollutants than AgBr and Bi,WOq
due to the low recombination rates of the photoinduced elec-
tron-hole pairs mediated by Ag.1%¥ A study claimed that visible-
light driven WO;/W/PbBi,Nb, ¢Ti;;09 photocatalysts could
also follow the Z-scheme mechanism."’! The electrons photo-
excited in the CB of WO; would migrate to W and recombine
with the photogenerated holes from PbBi,Nb, ¢Tiy;09. There-
fore, the photogenerated electrons in PbBi,Nb, ¢Tiy ;09 func-
tioned for the reduction of H,0 to H,, and the photogenerated
holes in WO; worked for the oxidation of H,0 to O,. Further-
more, Amal and co-workers reported that reduced graphene
oxide (RGO) can also be used as a solid-state electron mediator
for Z-scheme water splitting consisting of Ru/SrTiO3:Rh (H,-
evolving photocatalyst) and BiVO, (O,-evolving photocatalyst)
(Figure 11b).2°U In this system, the best balance between the
extent of RGO reduction and the hydrophobicity was a crucial
factor in enhancement of photocatalytic efficiency, due to the
efficient transfer of photoexcited electrons from BiVO, to Ru/
SrTiOs:Rh.

Recently, a so-called direct Z-scheme system without the
redox mediator was also explored (Figure 11c).[183:202-2041 The
photoexcited electrons in one photocatalyst with a lower CB
minimum could recombine with the holes in the other photo-
catalyst with a higher VB maximum at the solid heterostructure
interface, and thus more oxidative holes and reductive electrons
can be retained on different counterparts, which enhanced pho-
tocatalytic efficiency. ZnO/CdS heterostructures based on the
Z-scheme mechanism were demonstrated to be highly active
photocatalysts for H, evolution under simulated solar light
irradiation.?”l The decay lifetime of carriers in the (ZnO),/
(CdS)., heterostructure was greatly prolonged to 220 ns, indi-
cating that the transfer of photoexcited electrons from CB of
ZnO to VB of CdS retarded the recombination probability of
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electron-hole pairs. Thus (ZnO);/(CdS),,
shows the H, evolution rate of 1805 pmol
h™! g1, which was 14 and 40 times as high as
that of the referred CdS and ZnO photocata-
lysts, respectively.

As discussed above, the built-in electric
field in the p—n heterojunctions leads to more
effective separation and longer lifetime of the
charge carriers, and a separation of reduc-
tion and oxidation reactions in nanospace.'3’]
These advantages are also obtained in p-n
type Z-scheme photocatalysts. The p-n type
Z-scheme CaFe,0,/WOj; heterostructure NCs
were synthesized by a heterogeneous nuclea-
tion process under controlled hydrothermal
treatment.?!  Photogenerated  electrons
with a high reduction potential in the CB of
CaFe,0, reacted with oxygen molecules in
air, while photogenerated holes with high oxi-
dation power in the VB of WO, reacted with acetaldehyde mol-
ecules, leading to a relatively rapid decomposition of gaseous
acetaldehyde under visible-light irradiation. A similar strategy
was employed for photoconversion of CO,, such as the CuO/
TiO, Z-scheme photocatalysts.?’] The photoexcited electrons
in the CB of CuO worked for the photoreduction of CO, into
methyl formate with the formation rate of 1600 pmol h™! g7,
and the photogenerated holes in the VB of TiO, were consumed
by methanol as sacrificial reagent.

Reduction

4. Challenges and Perspectives

Photocatalysis appears to be a promising avenue to solve envi-
ronmental and energy issues in the future. Although the photo-
catalytic processes involve a complicated sequence of multiple
synergistic or competing steps, the efficient utilization of solar
energy (especial visible-light energy) and improvement in
separation and transportation of charge carriers are the main
challenges and current trend to design highly effective photo-
catalysts. A variety of strategies, such as doping, textural modi-
fication, formation of metal/semiconductor, carbon group/
semiconductor, and semiconductor/semiconductor heterojunc-
tions were explored to enhance the efficiencies of photocatalytic
activities. The construction of a semiconductor/semiconductor
heterojunction demonstrates its perfect photocatalytic effective-
ness through utilization of sunlight, improvement of the sepa-
ration/transportation of the photogenerated electron-hole pairs,
and creation of sufficient built-in potential for redox reactions.
Among diverse semiconductor/semiconductor heterostructured
photocatalysts, while type-I heterostructured photocatalysts pre-
sent high efficiency of photocatalytic activity, however, both
the photogenerated electrons and holes of one semiconductor
may transfer to another semiconductor due to straddling band
alignment, which is not helpful to more efficiently inhibit the
electron-hole recombination. The photoexcited electrons and
holes in type-II heterostructured photocatalysts facilely transfer
to the opposite sides of heterojunction before recombination,
which have more opportunities for separation. In despite of
some shortcomings in enhancement of light absorption, the
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same composition on both sides of the homojunction region
provides continuity of the band bonding, which facilitates the
photogenerated charge carriers transfer across the interface,
resulting in enhancement of the photocatalytic performance.
As compared with non-p-n heterostructured photocatalysts
(type-I heterojunctions, type-1I heterojunctions, and homojunc-
tions), the built-in electrical potential in the space charge region
from n-type side to the p-type side can direct the electrons and
holes to quickly travel at the opposite direction, and allow more
effective separation and longer lifetime of electron-hole pairs.
However, for above-mentioned heterostructured photocatalysts,
one clear drawback is that the redox ability of transferred elec-
trons and holes is weakened by the release of a portion of the
potential energy. In contrast, Z-scheme-based heterostructured
photocatalysts simultaneously possess high charge-separation
and strong oxidative holes and reductive electrons, which were
isolated on different semiconductors. The electron mediator
of Z-scheme photocatalysts plays an important role in charge
carrier transportation. All-solid-state Z-scheme photocatalysts
eliminate various negative effects of solution-based Z-scheme
systems, such as back reactions. Although the solar-light con-
version efficiency is still low at the present stage, Z-scheme
photocatalysts may be the most promising photocatalytic
systems.

Although great progresses have been achieved in investiga-
tion of heterostructured photocatalytsts, it is still some chal-
lenges to design high efficiency of photocatalytic systems.
Firstly, there is no a detail understanding of the charge gen-
eration, separation and transportation across nanoscale inter-
faces of heterostructured photocatalysts, which are critical for
the design and optimization of highly efficient photocatalysts.
Secondly, while most available photocatalysts so far can only
function in the UV or near UV regime, the highly effective
utilization of visible light is another challenge of heterostruc-
tured photocatalysts. Finally, photostability of heterostructured
photocatalytst is and will still be one main challenge for prac-
tical applications. Therefore, the deepening knowledge of the
photocatalytic mechanism and exploration of new materials are
indispensible to make substantial breakthroughs for practical
application of photocatalysts.
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