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Converting solar energy into valuable hydrogen and hydrocarbon fuels through photocatalytic water 

splitting and CO2 photo-reduction is highly promising in addressing the growing demand for renewable 

and clean energy resources. Developing efficient photocatalysts for solar-driven H2 production and CO2 

reduction is the most essential part in achieving this goal. For the purpose of attaining high photocatalytic 

efficiency, hetero-nanostructures formed by multiple material components have been demonstrated as an 10 

effective strategy. Within this heterostructure, its interface is a critical consideration, whereby it 

determines the principle of charge transfer across the heterojunctions and consequent surface reactions. 

This article reviews the recent developments of hetero-nanostructures for photocatalytic H2 production 

and CO2 reduction based on material compositions that form heterojunctions. 

 15 

1. Introduction 

Human civilization is mainly powered by fossil fuels such as 

petroleum, coal and natural gas. The combustion of these fossil 

fuels has caused detrimental environmental pollution and 

enormous CO2 emission. According to British Petroleum (BP) 20 

statistical review of world energy 2014, the worldwide energy 

consumption in 2013 has reached 533×1018 J, corresponding to an 

average energy consumption rate of 16.9 TW. Most of the energy 

consumed (>85%) comes from fossil fuels with 38% from oil, 

27.3% from natural gas and 34.7% from coal. In 2013 alone, the 25 

burning of fossil fuels has resulted in unprecedented CO2 

emission of 36 billion tonnes (Gt).1 In addition, the world energy 

consumption rate is projected to be ~27.6 TW by 2050, 

corresponding to more than 40.3 Gt CO2 emission.2 In order to 

meet the projection by the Intergovernmental Panel on Climate 30 

Change (IPCC) on carbon intensity (kg of C emitted to the 

atmosphere as CO2 per year per W of power produced from the 

fuel) of ~ 0.45, significant contributions from carbon-free power 

resources are needed to substitute fossil fuels in total energy 

consumption.  35 

    The incident solar energy on the surface of the Earth is over 

1.3×105 TW, far beyond the current global energy consumption 

rate (~16.9 TW in 2013) by roughly four orders of magnitude. 

Even though photovoltaic and electrochemical solar cells can 

reach high efficiency for solar energy conversion, many issues 40 

still remain unresolved, such as high fabrication costs, 

insufficient light harvesting, low output power density, and 

inconvenient transportation. Therefore, conversion of solar 

energy into transportable chemical fuels, such as methanol, 

methane and hydrogen fuels, by using sunlight, water and CO2, is 45 

one of the most attractive routes since these are highly abundant 

on earth. 

    In principle, the generation of solar fuels can be achieved by 

using solar light to drive the reaction of proton reduction (eq. 1) 

or CO2 reduction via different pathways (eq. 2-6) accompanied 50 

by a water oxidation process (eq. 7).3 The redox potentials of 

these reactions are referred to NHE at pH=7.  

 

2H+ + 2e- → H2                                    E
0  = -0.42 V                (1) 

CO2 + 8H+ + 8 e- → CH4 + 2 H2O       E0 = -0.24 V                (2) 55 

CO + 2 H+ + 2 e- → CO + H2O            E0 = -0.53 V                (3) 

CO2 + 6 H+ + 6 e-→ CH3OH + H2O    E0 = -0.38 V                (4) 

CO2 + 4 H+ + 4 e-→ HCHO + H2O      E
0 = -0.48 V                (5) 

CO2 + 2 H+ + 2 e-→ HCOOH              E0 = -0.61 V                (6) 

2H2O → O2 + 4H+ + 4e                        E0 = +0.81 V               (7) 60 

 

The potential success of solar-to-fuels conversion relies on the 

development of efficient photocatalysts that absorb photon 

energy from sunlight to create active charge carries capable of 

implementing these redox processes towards hydrogen or 65 

carbohydrate fuels generation. A suitable semiconductor 

photocatalyst requires a sufficiently high conduction band (CB) 

edge to enable excited electrons to reduce water or CO2 (eq. 1-6), 

and deep valance band (VB) level to allow the photogenerated 

holes to oxidize water (eq. 7).4 Till now, more than a hundred 70 

types of semiconductor materials have been reported as possible 

photocatalysts for water splitting and CO2 reduction.5-9 However, 

most of these materials possess a fairly large bandgap, resulting 

in limited activity in the visible spectrum range that accounts for 

~43% of solar energy.  75 

    Beside this, the overall efficiency of solar-to-fuels conversion 

over semiconductor photocatalysts is also determined by the 

separation of photogenerated electrons and holes as well as the 
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kinetics of surface redox reactions.10-13 The fast recombination of 

photogenerated electrons and holes is one of dominant reasons 

that results in low photon conversion efficiency because the 

recombination process (~10-9 s) is much faster than surface redox 

processes (10-8-10-1 s). 5 

    In view of this, researchers have now recognized that a single 

semiconductor alone is hardly competent for efficient solar fuels 

generation due to the great challenges of balancing the four 

parameters: 1) VB/CB levels; 2) light-harvesting capability; 3) 

electron-hole separation efficiency; 4) surface reaction rate. 10 

Therefore, it is desirable to form a hybrid photocatalyst consisting 

of semiconductor heterojunctions, which not only allows a 

broader range of solar light absorption but also significantly 

promotes the separation of photogenerated charge carriers, and 

thereby improving solar-to-fuel conversion efficiency.14-17 15 

    In the heterostructured semiconductor photocatalysts, the key 

issue is the interface between different components. 

Heterojunctions formed between different types of materials have 

different principles of charge transfer and consequent activities. 

Therefore, we have divided the discussion in this review based on 20 

the material compositions that form heterojunctions: 

semiconductor-semiconductor, semiconductor-co-catalyst, and 

semiconductor-metal. For solar-to-fuel conversion, we will focus 

mainly on photocatalysts in particular for H2 production from 

proton reduction or CO2 reduction without external electric field, 25 

since there already have been a number of recent reviews on 

heterojunction-based photoanode or photocathode for 

photoelectrochemical (PEC) cell. 18-20 

2. Semiconductor-semiconductor heterostructures 

2.1 Design strategy: promoting interfacial charge separation 30 

The idea of forming semiconductor heterojunctions relies on the 

band energy alignment between the two semiconductors at the 

interface. For example, figure 1 shows the band alignment and 

bending at the heterojunctions created by two n-type 

semiconductors with different band energy position and Fermi 35 

level. Once the junction is formed, electrons will flow from the 

semiconductor with higher Fermi energy level (semiconductor I) 

to the semiconductor with lower Fermi level (semiconductor II), 

which results in an electron-depletion region in semiconductor I 

and an electron-accumulation region in semiconductor II. This 40 

creates a built-in electric field at the interface with a potential 

difference between the two sides. The electron flow will stop 

when the Fermi levels on both side become equal. Consequently, 

equilibrium is established at the heterojunction with a built-in 

voltage of eVb (Ef1-Ef2). The energy difference between the 45 

interface and the bulk in semiconductor due to electron flow 

causes the band bending upward or downward.    
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   Depending on the bandgap and relative energy level of the CB 

and VB, the semiconductor heterojunctions can be divided into 

three categories: straddling gap (type 1), staggered gap (type 2) 

and broken gap (type 3), as shown in Fig. 2. For type 1 

heterostructure, the CB and VB levels of the larger bandgap 5 

semiconductor straddle that of the narrower bandgap 

semiconductor. For type 2 junction, the CB and VB levels are 

staggered between two semiconductors. For type 3 junction, the 

CB level of semiconductor II lies below the VB level of 

semiconductor I. 10 

 
Fig. 1 Diagram of a typical n-n type heterojunction: (a) in contact (b) in 

equilibrium. 

 
Fig. 2 Energy diagrams for three different types of heterojunctions 15 

     

    By choosing appropriate semiconductors, the obtained hetero-

nanostructured photocatalysts can not only gain wider spectral 

range of light absorption but also improve the separation of the 

photogenerated electrons and holes. In the past several decades, 20 

development of heterostructured photocatalysts has received 

tremendous interests for enhancing solar-to-fuel conversion 

efficiency.16, 21, 22 However, we have to point out that interfacial 

electron and/or hole transfer would possibly decrease the 

reducing ability of the excited electrons and oxidation ability of 25 

the holes. For example, even though more efficient charge 

separation can be achieved from the Cu2O-TiO2 heterostructure, it 

showed lower activity for Orange II degradation as compared to 

pure TiO2 under UV-vis light irradiation due to the lowered 

oxidation ability of holes in Cu2O.23 Therefore, in order to obtain 30 

high photocatalytic efficiency, especially for proton reduction or 

CO2 reduction that requires high reduction potentials, the band 

energy level and charge separation are equally important 

considerations. In addition, the effectiveness of electron/hole 

migration may also be influenced by the potential wells and 35 

barriers at the heterojunction,24 particle size and morphology, 

crystal phase and facets, and surface reactivity,22 all of which 

should be considered in designing heterostructured 

semiconductor photocatalysts.  

    In the fabrication of hetero-structured photocatalysts, the most 40 

common strategy is through in-situ growing of one material onto 

the other material as the “base” or substrate. Therefore, the 

morphology and structure of the “base” material would have 

strong impact on the growth process of the growing materials as 

well as the activities of resultant heterojunctions. For example, if 45 

the “base” material exhibits two-dimensional (2D) structure with 

excellent charge transport ability, it would allow for controllable 

growth of the second photocatalyst on its surface with improved 

charge separation across the generated heterojunctions. Moreover, 

if the growing second material uniformly covers the base material, 50 

it would form a core-shell heterostructure with large interfacial 

area that enables more efficient charge separation as compared to 

regular particle-particle junctions. Therefore in this section, we 

will discuss the semiconductor heterojunctions based on the 

geometrical configuration of the heterostructure, including 55 

particle-particle junction, particle-on-2D junction, and core-shell 

heterojunction. For particle-particle junction, the homo-junctions 

composed by the same compound with different band levels will 

be discussed in a separate sub-section due to their unique 

structural features. 60 

 

2.2 Homo-junction of the same compound 

It is known that for semiconductor nanostructures, the band 

energy levels are highly dependent on the crystal phase. 

Therefore, heterojunctions can be formed between different 65 

phases of one type of semiconductor with the same chemical 

composition. By this way, charge separation can be promoted by 

the slight band alignment between different phases across the 

heterojunction.   

A typical example is TiO2 which has three major crystalline 70 

phases: anatase, rutile, and brookite. In particular, the anatase and 

rutile phases have been extensively explored for photocatalytic 

applications. Due to their large bandgap (rutile:~3.0 eV; 

anatase:~3.2 eV),25-27 pure TiO2 can only act as photocatalyst 

under UV-light excitation, and most of the photogenerated 75 

electrons and holes usually recombine within a few nanoseconds. 

Consequently the available charge carriers for surface redox 

reactions are limited.28, 29 However, researchers have recognized 

that creating TiO2 phase junctions can be an effective strategy for 

improving charge separation. The most famous example is 80 

Degussa P25, a highly benchmarked photocatalyst containing 

anatase (75 wt%) and rutile (25 wt%) TiO2, which shows notably 

higher photocatalytic efficiency than that of the single phase 

anatase or rutile TiO2 due to the large junction area between the 

two phases, and with a relatively more efficient charge 85 

separation.30,31 Furthermore, with appropriate thermal treatment 

of P25, Li et al. found that the rutile content in P25 can be tuned 

to achieve 3-5 times higher photocatalytic activity for H2 

production from biomass reforming. 32 

 90 
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Fig. 3 Schematic illustration of anatase-rutile TiO2 phase junction for 

electron-hole separation and electron transfer from (a) anatase to rutile,33 

and (b) rutile to anatase.34 

Nevertheless, there have been debates on how the bands align 5 

between anatase and rutile TiO2. Since 1996 when Kavan et al. 

reported that the flatband potential of anatase (101) is ~0.2 eV 

more negative than that of rutile (001),33 many researchers have 

consented that the CB of anatase is ~0.2 eV higher than that of 

rutile, which allows photogenerated electrons to transfer from 10 

anatase to rutile and the holes similarly migrate in the reverse 

direction (Fig. 3a). However, recent XPS studies by Scanlon et al. 

indicated that the VB of anatase lies ~0.4 eV lower than that of 

rutile and its CB is ~0.2 eV higher than the rutile CB (Fig.3b),34 

in which case its charge transfer direction is opposite.   15 

    Another phase, brookite TiO2, received less attention in the 

past decades because it is generally considered to have low 

photoactivity. But Ohno et al. recently showed that brookite TiO2 

nanorods with large (210) facets are quite active for 

photocatalytic CO2 reduction into methanol.35 Similar to P25, the 20 

mixed TiO2 phases of brookite with anatase and/or rutile were 

also found to exhibit high photocatalytic activity.36-39 Bahnemann 

et al. demonstrated that the TiO2 mixtures of brookite nanorods 

and anatase particles exhibited higher photocatalytic H2 

generation rate from methanol solution than pure anatase TiO2 25 

particles due to the higher CB (~0.14 eV) of brookite to anatase.36 

Tay et al. also reported similar phenomenon and proved the 

transfer of photogenerated electrons from brookite to anatase 

through transient absorption (TA) spectroscopy.40 Interestingly, 

Huang et al. found that triple-phase composites of TiO2 can 30 

exhibit about four times higher activity in photocatalytic H2 

production than P25 because the additional anatase-brookite 

junctions allow for more efficient charge separation.41 However, 

brookite-rutile junctions showed relatively weaker activity as 

compared to the single phase anatase or rutile probably because 35 

the brookite phase is not active for H2 evolution.  

Besides TiO2, some other phase junctions have also been 

explored recently. Li et al. reported the junction of α-Ga2O3 and 

β-Ga2O3which was constructed through phase transformation 

from α-Ga2O3 through heat treatment.42 The prepared α-β-Ga2O3 40 

junctions exhibited enhanced photocatalytic activity as compared 

to the pure α- and β-Ga2O3 for overall water splitting under UV-

light irradiation. This was due to band alignment at the α-β-

Ga2O3 heterojunction resulting in more efficient interfacial charge 

separation.42 By using the molten salts method, Wark et al. 45 

presented the preparation of a series of phase junctions of calcium 

tantalate (cubic α-CaTa2O6, orthorhombic β-CaTa2O6, etc.).43 

These composites with mixed phase junctions showed high 

activity for photocatalytic H2 generation in methanol solution 

without any co-catalyst. This is attributed to significantly 50 

improved separation of photoexcited charge carriers at the 

interface of the different phases. Guo et al. recently demonstrated 

twin-induced phase junction in Cd0.5Zn0.5S nanorods which 

exhibited alternating zinc-blende (ZB) and wurtzite (WZ) 

segments along [111] direction.44 The type-II staggered band 55 

alignment formed at the ZB-WZ junctions, resulted in highly 

efficient charge separation and a remarkable quantum efficiency 

of 62% in photocatalytic H2 production. 

    In addition to phase difference, vacancy sites could also lead to 

a variation of the electronic structure of the semiconductor 60 

compound.  A representative example is Cu2O which is a typical 

p-type semiconductor due to the dominant Cu vacancies. 

However, some researchers reported that the preparation of n-

type Cu2O in acidic solution might favour the generation of 

oxygen vacancies though the nature of n-type Cu2O, though this 65 

is still under much debate.45 If so, the heterojunction of p-n Cu2O 

can be fabricated to promote the separation of photogenerated 

charge carriers and consequently improve photocatalytic 

activity.46, 47 

    Comparing to natural vacancies in the crystal structure, 70 

artificial doping by the additional of other elements is a more 

popular option to adjust band structures of semiconductors. This 

allows for heterojunction formation of the same compound but 

with different types of doping. For example, TiO2 is an n-type 

semiconductor, but by creating Ti vacancies at elevated 75 

temperature and pressure,48 or doping with low valence ions, such 

as Fe3+,49, 50 Co3+,51 Cr3+,52 V3+,53 p-type TiO2 structures have 

been obtained and extensively studied for photocatalytic 

applications. Heterostructured hybrids by integrating n-type and 

p-type TiO2 have been demonstrated to assist the charge carrier 80 

separation for enhanced photocatalytic activities.54, 55 

 

2.3 Nanoparticle-heterojunctions between different 
semiconductors 

In the past decade, a number of hetero-nanostructure 85 

photocatalysts composed of different semiconductor 

combinations have been reported due to their relatively more 

effective charge separation at the interfaces, as compared to their 

individual component. In particular, for the purpose of CO2 

reduction or H2 generation via proton reduction, both 90 

semiconductors must have CB levels sufficiently higher than the 

redox potential of these two representative reactions. Therefore, 

some metal oxides, including TiO2, ZnO, In2O3, etc., have been 

widely used as the base materials to couple with another 

semiconductor nanostructure of a higher CB level to form 95 

heterojunctions. However, these metal oxides usually have large 

bandgaps and very limited visible-light activity. Thus, they are 

usually coupled with relative narrow bandgap semiconductors 

which can effectively be excited by visible-light and are capable 

of injecting photogenerated electrons into the CB of the 100 

contacting metal oxides for reduction reactions.  

TiO2, as the most common base photocatalyst with excellent 

stability, has been used to form heterostructures with CdS,56-59 

TiSi2,
60 CuO,61, 62 In2S3,

63 for photocatalyticH2 generation, and 

with CdSe,64 AgBr,65 PbS,66 for CO2 photoreduction. Among 105 
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them, CdS or CdSe decorated TiO2 structures have received lots 

of attention due to the perfect band alignment with the highly 

efficient electron transfer from CdS/CdSe to TiO2 under visible 

light excitation. For example, Wang et al. employed CdSe 

quantum dots to sensitize platinized TiO2 (P25). Although the CB 5 

edge of bulk CdSe is only slightly higher than that of TiO2, the 

quantum confinement can shift it to a higher level. As a result, the 

photoinduced electrons are injected from CdSe quantum dots into 

TiO2, and this heterojunction is capable of catalyzing the 

photoreduction of CO2 into CH4 and CH3OH under visible light 10 

irradiation.64 

Till date, a variety of TiO2 nanostructures, including nanotube 

and nanotube arrays,67-73 branched TiO2,
74 hollow sphere,75 and 

nanowires76, 77 nanosheets,78 have been decorated with CdS or 

CdSe for improved solar-to-hydrogen generation. In particular the 15 

one-dimensional TiO2 nanostructures, such as nanowires and 

nanotubes, can exhibit excellent efficiency in PEC after decorated 

with CdS or CdSe quantum dots, which benefits from the 

vectorial electron transport within the TiO2 structure (Fig. 4). 79-81  

However, unlike the organic dye-sensitized metal oxide in 20 

which the photogenerated electrons can quickly transfer into the 

metal oxide, trap-state Auger recombination at the interface of 

QDs and metal oxide may result in the slow electron injection 

with high charge recombination rates, which decreases the 

photocatalytic efficiency.82, 83 To solve this problem, ternary 25 

heterostructures consisting of QDs, Au nanoparticles, and metal-

oxide semiconductor have been constructed with improved 

photocatalytic efficiency.83-87 For example, Wu et al. have 

demonstrated that the Au nanoparticle decorated between CdS 

QDs and TiO2 nanorod can serve as an electron relay to facilitate 30 

the charge transfer between photoexcited CdS and TiO2, which  

increases the charge-transfer lifetime, reduces the trap-state 

Auger rate.83  

An alternative to improve the activity is enhancing light 

harvesting. Ding et al. demonstrated that the butterfly wing 35 

architectures of TiO2 can effectively reduce 40% reflection of UV 

light. The resulted CdS-TiO2 heterostructures exhibited improved 

H2 generation efficiency by 200% as compared to plate-like 

TiO2.
88 Besides TiO2, ZnO and In2O3 have also been widely used 

to form heterojunctions with other semiconductors for 40 

photocatalytic H2 production, including ZnSe-ZnO,89 CdS-

ZnO,90, 91 ZnS-ZnO,92 CuO-ZnO,93 CuInS2-ZnO,94 In2O3-

NaNbO3,
95 Gd2Ti2O7-In2O3,

96 and so on. 

 
Fig. 4 Schematic illustration of charge vectorial transfer in (a) 1-D TiO2 45 

nanostructure and (b) quantum dot sensitized 1-D TiO2 nanostructure for 

H2 generation and CO2 reduction.  

    In order to achieve suitable band alignment, doping is usually a 

favorable strategy to tune the band structures of semiconductors. 

For example, the Cr-doped Ba2In2O5-In2O3 heterojunctions can be 50 

used for H2 generation in methanol solution under visible light 

irradiation, and overall water splitting under UV light 

irradiation.97 The appropriate Cr-doping allows perfect band 

alignment between Ba2In2O5 and In2O3 with effective separation 

of photogenerated electrons and holes, which enables redox 55 

reactions to occur separately on the surface of Cr-In2O3 for H2 

evolution and on Cr-Ba2In2O5 surfaces for O2 evolution. Li et al. 

showed that Zn-doping of β-Ga2O3 resulted in the formation of 

ZnGa2O4–β-Ga2O3 heterojunctions with a type-2 band alignment, 

which facilitated charge separation and enhanced photocatalytic 60 

activity for water splitting. 98 

    Previously, most reported heterostructured photocatalysts are 

constructed between two n-type semiconductors, even though a 

p-n junction is known to be more effective in charge separation 

due to the built-in electric field. Examples of p-n heterojunction 65 

photocatalysts are much fewer because p-type semiconductors are 

rather rare in nature as compared to the n-type semiconductors. 

Lee et al. have demonstrated that through a hydrothermal process, 

p-type CaFe2O4 nano-islands can be created on then-type 

PbBi2Nb1.9W0.1O9 particles to form p-n heterojunctions that are 70 

capable for both H2 production in methanol solution and water 

oxidation to O2 in AgNO3 solution under visible light irradiation 

(Fig.5).99 A similar p-n nanojunction of CaFe2O4-MgFe2O4has 

also been constructed for improved photocatalytic H2 production 

in isopropanol solution.100 Following this work, Kim et al. 75 

fabricated a heterojunction photoanode of p-CaFe2O4/n-TaON 

that exhibited five times enhancement in PEC.101 

 

 
Fig. 5 (a) HRTEM image of CaFe2O4-PbBi2Nb1.9W0.1O9 p-n 80 

heterojunction. (b) schematic illustration of CaFe2O4-PbBi2Nb1.9W0.1O9 p-

n heterojunction for H2 and O2 production. Reprinted with permission 

from Ref.99. Copyright 2005, Wiley. 

    In addition to metal oxides, some metal sulphides have also 

been used to form p-n junctions for photocatalytic applications. 85 

Yu et al. showed that by depositing p-type NiS nanoparticles onto 

n-type CdS nanorods, the resulted p-n hetero-nanostructures can 

exhibit even higher H2 generation rate than 1 wt% Pt-loaded CdS 

nanorods under visible-light irradiation.102 However, in the 

heterostructures of metal sulphides, cation-diffusion between 90 
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segments of different segments may have a negative effect on 

photoactivity. Mokari et al. demonstrated that p-type Cu2S can be 

created on the tip of n-type CdS nanorods through cation 

exchange to form heterojunctions.103 However, Cu+ ions are able 

to diffuse into CdS lattice and act as a recombination center, 5 

which decreases the exciton lifetime in the nanorod. As a result, 

the p-Cu2S/n-CdS hetero-nanorods showed even lower 

photocatalytic activity than the plain CdS nanorods. 

    Nevertheless, the presence of Cu+ in some heterostructures 

based on CuO or Cu2O may provide positive contributions to the 10 

photoactivity.61, 104 For example, Xu et al. have shown that CuO-

loaded TiO2 could exhibit higher activity for H2 production than 

Pt- or Pd-loaded TiO2.
61, 105 Recently Durgakumari et al. also 

reported a very high H2 production rate over CuO quantum dots 

decorated TiO2 nanotubes under solar light irradiation,106 and 15 

proposed that the electrons transferred from photoexcited TiO2 

will accumulate on CuO, leading to formation of Cu2O thus 

facilitating the interfacial electron transfer to the proton in 

solution for H2 evolution. 

2.4 Heterojunctions on 2-D nanomaterials 20 

Graphene, as a typical two-dimensional (2-D) nanomaterials 

composed of a single layer or a few layers of sp2-hybrid carbon 

atoms, exhibits high specific surface area and outstanding 

thermal, mechanical, optical, and especially electrical 

properties.107, 108 The 2-D structure of graphene with large surface 25 

area allows it to serve as an excellent platform for supporting 

semiconductor nanoparticles. In addition, the work function of 

graphene is -4.42 eV, which is slightly higher than that of H+/H2 

reduction potential.109-111 Thus, when a semiconductor particle 

with suitable CB position is deposited onto the graphene surface, 30 

the injection of photoexcited electrons from the deposited 

semiconductor particle to graphene would be thermodynamically 

favored. Moreover, graphene possesses excellent electronic 

conductivity and high mobility of charge carriers, thus the 

injected electrons can readily be transported along the graphene 35 

surface and collected for reduction reactions.112, 113 For example, 

by using transient absorption spectroscopy and time-domain 

terahertz spectroscopy, Meng et al. have demonstrated that 

graphene can extract the photogenerated electrons from the α-

Fe2O3 nanoparticles decorated on its surface, which increases the 40 

lifetime of charge carriers and thereby improving the 

photocatalytic activity.114 

    Due to the challenges in bulk-scale preparation of pristine 

graphene, most researchers synthesize graphene oxide (GO) 

based on Hummers’ method, and treat it with different reducing 45 

agents to achieve a format of reduced graphene oxide (r-GO). 

Graphene oxide also exhibits semiconductor characteristics with 

tuneable bandgap depending on the oxidation degree or oxygen 

concentration in the structure,115 and has been used as a 

photocatalyst for H2 generation in methanol solution.116 Although 50 

perfectly reduced graphene oxide without vacancy defects should 

be infinitely close to pristine graphene and gapless, the actual r-

Go reported in literatures usually possess a small bandgap down 

to 1 eV.117 As such, in the past five years, GO and r-Go have 

been extensively used as 2-D substrates to form heterojunction 55 

coupling various semiconductor nanostructures to achieve 

enhanced photocatalytic activities for H2 generation and CO2 

reduction. 

    The first example presented by Zhang et al. was the decoration 

of TiO2 particles onto r-GO surfaces, and the resulting TiO2/r-GO 60 

composite showed higher H2 generation rate in Na2S and Na2SO3 

solution than pristine TiO2 and P25.118 The excellent electronic 

conductivity of graphene enables rapid transportation of the 

injected electrons from TiO2, thus promoting charge separation 

and photocatalytic activity. Following this work, other groups 65 

have also reported different heterostructures constructed by r-GO 

with TiO2 nanowires,119 nanosheets,120 and nanotubes,105 

respectively, which all exhibited enhanced photocatalytic activity 

in H2 production as compared to individual TiO2 structures. 

    Compared to TiO2, CdS is more photoactive in the visible 70 

region, and has a direct bandgap allowing for a more efficient 

charge injection. As such, researchers have made lots of efforts to 

fabricate heterojunctions of r-GO with CdS-based nanocrystals. 

For example, Gong et al. have prepared CdS cluster-decorated r-

GO through a solvothermal method.121 The resultant 75 

heterojunctions showed~5 times higher H2 production rate than 

CdS nanoparticles alone. As illustrated by Fig. 6, the increased 

photocatalytic activityis attributed to the efficient electron 

collection by r-GO, which prolongs the lifetime of the 

photoinduced charge carriers from CdS. Jia et al. showed that 80 

comparing with undoped r-GO, N-doped r-GO could further 

improve H2 generation activity upon coupling with CdS.122 In 

addition, the electrons captured by graphene can readily be 

transported along r-GO surfaces to the nearby Pt co-catalyst for 

water reduction. Similar results of enhanced H2 production have 85 

also been achieved by coupling r-GO with ZnxCd1-xS,123 

Zn0.5Cd0.5S porous nanosheets,124 ZnO-CdS,125 MoS2,
126 and 

SiC.113,115 In addition, the reduction level of GO also strongly 

influences its activity. Fu et al. found that for the heterostructure 

formed by ZnIn2S4 and r-GO, the higher the reduction level of 90 

GO, the better H2 generation rate was achieved, suggesting that 

the electron transport ability on graphene sheets plays a dominant 

role on the efficiency of charge separation over the 

heterostructures.127 

 95 

Fig. 6 Schematic illustration of the charge separation and transfer in the 

graphene-CdS system under visible light. Reprinted with permission from 

Ref.121. Copyright 2011, American Chemical Society. 

 

    Besides H2 production, photoreduction of CO2 has also been 100 

demonstrated by using graphene-based heterostructures. For 

example, through layer-by-layer (LBL) assembly of Ti0.91O2 
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nanosheets and GO sheets onto a polymer sphere followed by 

microwave treatment, the Ti0.91O2/r-GO hollow sphere junction 

could be prepared and showed much higher activity for 

photocatalytic CO2 reduction than pure Ti0.91O2 and P25.116 The 

enhancement arises from the intimate contact of Ti0.91O2 5 

nanosheets with r-GO as well as the hollow sphere structure that 

facilitates light absorption via multi-scattering process. Zou et al. 

showed that by introducing Ti3+ to TiO2/r-GO hybrids with 

ethylenediamine as the reducing agent, selective conversion of 

CO2 to CH4 and C2H6 could be achieved in the presence of water 10 

vapour because Ti3+ favours coupling photo-generated ٠CH3 

radicals into C2H6.
128 This work provides a new strategy for C-C 

catalytic reaction over graphene-based photocatalysts. More 

recently, Yu et al. prepared CdS nanorod/r-GO heterostructures 

through a one-step microwave-hydrothermal process, which 15 

showed over 10 times higher CH4 production rate than pure CdS, 

and better than Pt loaded CdS.129 It was believed that r-GO can 

not only enhance the adsorption and activation of CO2, but also 

generate photo-excited electrons, thus resulting in enhanced CO2 

reduction over the CdS/r-GO photocatalyst. It is noteworthy that 20 

defects on r-GO could have negative effects on its photocatalytic 

activity. Hersam et al. have compared P25/r-GO with P25/SEG 

(solvent exfoliated graphene) for CO2 photoreduction, and 

demonstrated that the former exhibited significantly lower 

methane production rate than the latter.130 This observation again 25 

proves the high importance of charge transport on graphene to the 

performance of graphene-based heterostructures. 

    Graphitic carbon nitride (g-C3N4) is another type of two-

dimensional material with a bandgap of 2.4~2.8 eV,131, 132 and 

can be synthesized through calcination of some molecular 30 

precursors such as melamine,133 urea,134-136 and cyanamide.137 

The raw g-C3N4 obtained right after calcination usually appears 

like a bulk crystal with random shapes, but one can easily 

exfoliate it into very thin nanosheets through ultrasonication in an 

appropriate chemical environment.138 Owing to its visible-light 35 

activity, high stability and suitable band levels capable for water 

splitting, g-C3N4 has attracted tremendous interest for 

photocatalytic applications in the past five years. However, 

individual g-C3N4 usually encounters problem of rapid 

recombination of photogenerated electrons and holes. Therefore, 40 

efforts have been made to couple g-C3N4 nanosheets with other 

materials, including graphene,139-142 TiO2,
143-145 ZnO,146, 147 

In2O3,
148 CdS,149-151 and TaON,152 in order to achieve more 

efficient charge separation and enhanced photocatalytic activity 

for H2 generation and CO2 reduction.  45 

    The heterojunction formed between two inorganic 2-D 

structures has also been explored. For instance, Ida et al. reported 

an ultrathin p-n junction by depositing nanosheets of p-type NiO 

and n-type calcium niobate (CNO) sequentially on a quartz 

substrate.153 The prepared CNO/NiO (n−p) junction films showed 50 

two times higher rate of photocatalytic H2 generation than the 

individual n-CNO film and p-NiO film. 

2.5 Core-shell heterojunctions 

As stated earlier, the interface area of heterojunctions is critical in 

determining the final photocatalytic efficiency. In order to 55 

achieve large interface area, a core-shell structure is often a more 

favourable approach as opposed to normal hetero-nanoparticles. 

In recent years, there are growing interests on the development of 

core-shell hetero-nanostructures for solar-to-fuel conversion. 

For one-dimensional (1-D) semiconductor nanostructures, i.e. 60 

nanowires and nanotubes, which can be grown on a conductive 

substrate surface, creating core-shell junctions not only enables 

effective charge separation, but also can take advantage of 

vectorial charge transport along the 1-D structure. Therefore, a 

number of 1-D core-shell photoelectrodes, such as TiO2-coated 65 

Cu2O/CuO coaxial nanocables,154 CdSe sensitized CdS@ZnO 

nanowires,155 α-Fe2O3/graphene/BiV1-xMoxO4 nanorods,156 

Si@ZnO nanowires,157 cobalt-doped α-Fe2O3@ MgFe2O4 

nanorods,158 Si/InGaN hierarchical nanowire arrays,159 have been 

reported for PEC water splitting. 70 

In comparison, for photocatalytic systems without external 

circuit to drive the charge carriers, redox reactions occur on the 

surface of both core and shell materials especially for type-II 

heterojunctions of core-shell structures. As such, the shell layer is 

usually porous or does not fully cover the core structure. For 75 

example, Fang et al. reported that hollow SnO2@SiC core-shell 

spheres showed enhanced photocatalytic activity in H2 evolution 

due to both interfacial charge separation and the porous 

structure.160 Another representative example was reported by Yu 

et al. on CdS@g-C3N4 core-shell nanowires that were prepared 80 

by suspending CdS nanowires and g-C3N4 thin nanosheets into 

methanol followed by a slow drying process (Fig. 6).161 With a 

small amount of surface g-C3N4, there were some uncovered sites 

of the CdS nanowire surfaces allowing for effective charge 

separation at the CdS/g-C3N4 heterojunctions, and more 85 

importantly H2 evolution on the CdS surface. As such, the 

resulting CdS@g-C3N4 core-shell nanowires showed twice higher 

H2 generation rate than pure CdS nanowires without shell (Fig. 

7a). However, at high concentration of g-C3N4 in the suspension, 

a dense and closed g-C3N4 shell covering the entire CdS nanowire 90 

surface leads to significant decrease in photocatalytic activity 

(Fig. 7b).  

However, the situation is different and somewhat surprising for 

type I core-shell structures that can also exhibit enhanced 

photocatalytic activity. For example, theoretically, in CdSe@CdS 95 

core-shell nanocrystal, as a type-I junction, photogenerated 

electrons and holes could be transported together towards the 

CdSe core, and the CdS shell acts as a physical barrier that 

inhibits access of photogenerated electrons to the nanocrystal 

surface, which should decrease the activity for photocatalytic 100 

reactions (Fig. 8a). However, Larsen et al. observed a 10-fold 

increase in photocatalytic H2 generation over the CdSe QDs 

passivated by a very thin layer of CdS shell as compared to the 

bare CdSe QDs.162 Similar phenomenon was also reported by Li 

et al. on the CdS@ZnS core-shell nanocrystal which showed 105 

much higher activity in photocatalytic H2 production than the 

CdS nanocrystal alone.163 It was proposed that the enhanced 

photoactivity of such type-I core-shell nanocrystals is attributed 

to the fast tunnelling of photogenerated electrons from the core to 

the shell surface (Fig. 8b), or electrons leaking from the 110 

uncovered core surface in the case of a very thin shell. In 

addition, shell passivation would prevent photocorrosion of the 

unstable core, which might be another reason for the improved 

activity. In contrast, Lee et al. reported an inversed-type I 

structure, In2O3-In2S3 core-shell nanorods, with enhanced H2 115 

production in methanol solution under UV-vis light irradiation.164 
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In this case, the wide band gap In2O3 nanorod core was covered 

by In2S3 nanoflakes with narrow band gap, which enables 

photoexcited electrons and holes in the In2O3 core to migrate 

towards the In2S3 shell surface for direct redox reactions. 

 5 

 

Fig. 7 Schematic illustration of photocatalytic H2 production over aCdS 

nanowire partially covered g-C3N4 (a) or fully covered CdS nanowire (b). 

Reprinted with permission from Ref. 161. Copyright 2013 American 

Chemical Society. 10 

 

 

Fig. 8 (a) Theoretical charge transfer process in CdSe@CdS type I core-

shell structure with decreased photocatalytic activity. (b) The proposed 

principle for CdS@ZnS structure with actually enhanced photocatalytic 15 

activity. Reprinted with permission from Ref. 163. Copyright 2013 

American Chemical Society 

3. Heterojunctions of semiconductor photocatalyst 
and noble-metal-free co-catalysts for H2 evolution 

For most semiconductor photocatalysts, the overpotentials on the 20 

surfaces for hydrogen evolution reaction (HER) are always a 

critical issue that restricts the overall photocatalytic efficiency of 

water splitting. It is common to deposit noble metals (e.g. Pt, Pd, 

Au etc.) to lower the overpotential and enhance efficiency. 

Nevertheless, due to the high cost of noble metals, researchers are 25 

making efforts to use cheap noble-metal-free co-catalysts with 

high efficiency for H2 evolution. By coupling the co-catalyst with 

the semiconductor photocatalyst, it forms a different type of 

heterojunction as compared to semiconductor-semiconductor and 

metal-semiconductor junctions in terms of the nature and 30 

principle of interfacial charge transfer.  

    Some transition metal sulphides, oxides, and complexes have 

been found to be effective co-catalysts that can extract 

photoexcited electrons from the semiconductor photocatalyst for 

efficient proton reduction in H2. But these co-catalyst compounds 35 

alone are not photoactive for H2 generation. In this section, we 

will review recent developments on heterojunctions of 

semiconductor-co-catalyst for photocatalytic H2 production based 

on the composition of the metal compound co-catalyst.  

3.1 Transition metal oxide-semiconductor heterojunctions 40 

Over the past several decades, some metal oxides such as RuO2, 
165, 166 Cr2O3,

155 Rh2-yCryO3,
16,157 CoOx,

167 have been used to 

deposit onto photocatalyst surfaces as co-catalysts for oxygen 

evolution reaction (OER) to promote photocatalytic efficiency for 

overall water splitting. However, for metal oxide co-catalyst for 45 

H2 evolution, there are fewer of such examples reported.  

    A well-recognized example is NiO which has been used for 

promoting H2 production for many years. An appropriate 

reduction-oxidation process is usually needed to achieve high H2 

production rate when NiOx is used as co-catalyst.168, 169 It is 50 

believed that the reduction process converts the loaded NiOx 

particle into metallic Ni, on which the outmost layer would be 

subsequently oxidized back to NiO again. As a result, the so 

called NiOx co-catalyst is in fact composed of a Ni core with a 

very thin layer of NiO shell. Such Ni-NiO core-shell structures 55 

created on the surfaces of semiconductor photocatalysts could not 

only improve photocatalytic H2 production but also suppress the 

back reaction of H2 and O2 into H2O.170 However, a recent study 

by Osterloh et al. indicates that NiOx-loaded SrTiO3 photocatalyst 

behaves more like a three component Ni-SrTiO3-NiO structure 60 

that allows for proton reduction and water oxidation to occur on 

Ni and NiO, respectively.153 A separate study by Hwang et al. 

also showed that the Ni/NiO co-loaded GO exhibits higher 

activity for H2 generation than NiO-loaded GO,154 implying that 

the metallic Ni may have considerable contribution to the 65 

enhanced H2 evolution by NiOx. 

 

3.2Transition metal sulfide-semiconductor heterojunctions 

Comparing to metal oxides, transition metal sulphides are more 

capable of acting as HER co-catalysts when coupled with 70 

semiconductor photocatalysts for H2 production.132-146 The first 

example was reported by Li et al. in 2008 on the MoS2-loaded 

CdS that showed 36 times higher H2 production rate than CdS 

alone,171 while MoS2 alone is not photoactive for H2 generation. 

The intimate contact between MoS2 and CdS enables the electron 75 

transfer from photoexcited CdS to MoS2, and more importantly, 

MoS2 provides catalytically active sites,172, 173 allowing the 

received electrons for efficient proton reduction. Similar to MoS2, 

WS2 belonging to the same group was found to have similar 

function for improved H2 production when coupled with CdS.174 80 

    Apart from sulfide-sulfide contact, MoS2can also be coupled 

with non-sulfide photocatalysts for improved H2 generation 

owing to the benefit of its surface active sites for HER. Zhang et 

al. have demonstrated that a few layered MoS2 nanosheets can 

grow onto TiO2 nanobelts, which creates a heterostructures 85 
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showing high efficiency for photocatalytic H2 production. Hou et 

al. have reported layered nanojunction between MoS2 and 

mesoporous g-C3N4 that improves H2 production.175 The very thin 

layered MoS2 with anisotropic conductivity promoted charge 

transport between different layers and shortened the electron 5 

migration distance and time. 

    Nickel sulfides are another group of popular HER co-catalyst, 

and have many different compositions and phases. Among them, 

NiS and NiS2 have been demonstrated as highly active co-catalyst 

for photocatalytic H2produciton.176-182 Xu et al. have shown that 10 

the NiS-CdS heterostructures could exhibit a high apparent 

quantum yield (AQY) of 51.3 % for H2 production at 420 nm 

excitation.176 It was proposed that the proton can bind with Ni2+ 

on NiS surfaces, which facilitates its reduction and consequent H2 

evolution.183 Similarly, the deposition of NiS2 nanoparticles onto 15 

CdLa2S4 surfaces also resulted in remarkable enhancement in H2 

generation under visible light irradiation as compared to pristine 

CdLa2S4.
181 Both NiS and NiS2 have been successfully loaded on 

g-C3N4 surfaces to enhance photocatalytic H2 production.178, 182 

    In comparison to MoS2 and nickel sulfide, CuS can also act as 20 

a co-catalyst but with a different mechanism. Gong et al. have 

prepared CuS-loaded ZnS porous nanosheets via a hydrothermal 

process with cation exchange.184 Although ZnS alone is a wide 

bandgap semiconductor with no visible light activity and CuS 

alone is also not capable for photocatalytic H2 generation, CuS-25 

ZnS heterojunctions exhibit high visible-light activity for H2 

production with an AQY of 20% at 420 nm. The authors propose 

that the interfacial charge transfer (IFCT) from the valence band 

of ZnS to CuS (Fig. 9) with transition energy of 2.94 eV is 

responsible for its visible light activity, leading to reduction of 30 

surface CuS clusters to Cu2S as an intermediate product that is 

subsequently converted back to CuS with accompanied proton 

reduction into H2. Following this work, CuS has been also 

decorated onto other semiconductors including ZnO,185 CdS,186 

and ZnxCd1-xS,144,145 to achieve enhanced H2 production without 35 

aids of noble-metals. 

    It is noteworthy that these metal sulfide co-catalysts, such as 

MoS2 and NiS,102, 126, 187 have also been reported as a type of 

semiconductor for some photocatalytic reactions. The exact 

principle of how these metal sulphide co-catalyst function as an 40 

electron receptor is still under debate. 

 

 

Fig.9 Schematic illustration for the proposed mechanism of visible light 

induced interfacial charge transfer (IFCT) from the valence band of ZnS 45 

to the CuS clusters. Reprinted with permission from Ref. 184. Copyright 

2011 American Chemical Society 

3.3 Heterojunctions of semiconductor and metal complex 

In recent years, some transition metal complexes, such as 

hydrogenases,188, 189 hydrogenase mimics,190, 191 and Ni-50 

complexes,192, 193 have been proven as active HER co-catalysts 

when coupled with semiconductor photocatalysts. Unlike metal 

oxide or sulphide co-catalysts which are deposited onto the 

semiconductor with intimate contact, these molecular co-catalysts 

are normally chemisorbed or electrostatically binded on the 55 

semiconductor surface. Nevertheless, these interactions still 

enable the electron transfer from photoexcited semiconductors to 

the molecular co-catalysts for proton reduction.  

    For example, by coupling a hydrogenase system consisting of 

Clostridium acetobutylicum [Fe-Fe]-hydrogenase I (CaI) and 60 

CdTe or CdS nanoparticles, high quantum efficiencies of 9% at 

523 nm and 20% at 405 nm could be achieved.188, 189 This is 

attributed to the fast electron transfer from excited CdTe or CdS 

to CaI serving as active sites for proton reduction to H2. Besides 

natural hydrogenases, artificial hydrogenase mimics, such as 65 

dinulear [Fe-Fe]-H2ase and cobaloximes, have also been used to 

promote H2 production through similar electron transfer 

process.190, 191, 194, 195 

    Recently Krauss et al. reported a durable and active system 

containing dihydrolipoic acid (DHLA) capped CdSe quantum 70 

dots as photocatalyst and water soluble Ni2+-DHLA as co-catalyst 

for H2 production,192 which exhibited excellent long-term stability 

for H2 production with maintained high quantum yield over 15 

days. Although the details of the catalytically active nickel 

species are still not clear, it was believed that the nickel-thiolate 75 

moieties attaching on CdSe surfaces are responsible for proton 

reduction in this system. Similarly, some other Ni2+ complexes, 

such as Ni(dmgh)2,
196 and [Ni(TEOA)2]

2+,193 have also been 

reported as effective molecular co-catalyst to couple with 

semiconductor photocatalysts for efficient H2 production.  80 

 

4. Metal-semiconductor heterojunctions for H2 
production and CO2 reduction 

4.1 Schottky junction 

The intimate contact of a metal with an n-type semiconductor 85 

normally creates a Schottky junction with a potential barrier that 

prevents most electrons/holes from passing through them. The 

opposite case of a p-type semiconductor/metal junction represents 

an ohmic contact. Fig. 10 illustrates the energy band diagram of a 

typical metal-semiconductor Schottky junction. The height of the 90 

potential barrier (Φb) depends on the band bending of the 

semiconductor and the Fermi level of metal at the equilibrium.197 

Upon excitation of the semiconductor, the photogenerated 

electrons are able to transfer across the Schottky junction to the 

contacting metal, resulting in a shift of Fermi level of the metal 95 

towards that of the semiconductor with a new equilibrium (Fig. 

10).198-200 In this way, the metal acts like an electron sink to 

enable the separation of photogenerated electrons and holes and 

thus allowing more time for the holes on the semiconductor 

surface for oxidation reaction. Furthermore, the metal surface 100 

may provide active sites to lower the overpotentials for H2 

generation and CO2 photoreduction.170, 201 
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Fig. 10 Schematic illustrations of (a)Schottky junction with energy level 

alignment and (b) photoinduced electron transfer across the metal-

semiconductor junction. Reprinted with permission from ref. 197 and 

199. Copyright 2008 and 2004 American Chemical Society. 5 

    To achieve efficient electron transfer across the Schottky 

junction, the Fermi level of the metal should be sufficiently lower 

than the semiconductor CB. Therefore, metals with large working 

function (normally larger than 5.0 eV) such as Pt,136, 202 Pd,203 

Au,204, 205 Rh,206 and Ru,207 have been commonly used to form 10 

heterojunctions with semiconductors. In addition, particularly for 

H2 generation, the M-H (M as transition metal) bond strength is 

also a critical issue. The stronger M-H bond may allow for lower 

activation energy of proton reduction (H+ + e- → Had), but H2 

desorption (2Had→ H2) on the metal surface would be more 15 

difficult.208 Therefore, one has to find a balance on the M-H bond 

strength for efficient H2 evolution. Among all metals, Pt has been 

recognized as the optimal choice in terms of work function and 

bond strength with hydrogen,170, 201 and thus is the most popular 

metal co-catalyst for photocatalyticH2production.  20 

    For example, a simple tip-loading of Pt on CdSe@CdS 

nanorod could result in an AQY of 20% at 420 nm irradiation for 

H2 production.178 An even higher AQY (60.3%) was reported by 

Bao et al. over porous CdS nanostructures with homogenous 

loading of Pt nanoparticles via UV-photodeposition, which 25 

benefits from the large surface area.177 Note that the pH of the 

precursor (e.g. H2PtCl6) solution for photodeposition of Pt may 

also influence the photocatalytic activity of Pt-semiconductor 

structures. Xu et al. found that Pt4+ species (in H2PtCl6) can be 

readily reduced to Pt0 in alkaline solution, while in acidic 30 

condition, some Pt4+ can only be partially reduced to Pt2+.209 Thus 

the CdS particles with Pt-loading at pH 13.5 showed much higher 

photocatalytic H2 generation rate than that with Pt loading at pH 

2.4.  

    Due to the high cost of Pt, researchers have attempted to 35 

reduce its usage by alloying Pt with earth abundant transition 

metals with retained high efficiency for H2 evolution. Yu et al. 

found that loading 1 wt% Pt3Co onto CdS resulted in about two 

times higher H2 production rate than 1 wt% Pt-loaded CdS,210 

which is ascribed to the more effective accumulation of 40 

photoexcited electrons on Co than on Pt. Indeed, previous reports 

also showed that some earth abundant coinage metals, such as 

Ni,211-213 Co,214 Cu,215, 216 could also act as co-catalysts for H2 

evolution. For instance, Do et al. demonstrated that the visible-

light-driven H2 production rate over 1.2 wt% Ni loaded CdS is 45 

nearly twice higher than that of 1.2 wt% Pt loaded CdS.213 

Moreover, the nanocomposite of CdS nanoparticles growing on 

titanate nanodisks exhibited very weak photoactivity for 

H2evolution (0.142 mmol g-1 h-1) in ethanol-water solution due to 

the high overpotential on titanate surfaces. However, loading of 50 

nickel clusters onto this composite led to 80 times enhancement 

on the photocatalytic H2 generation rate because the Ni clusters 

on titanate surfaces can trap the electrons injected from excited 

CdS and act as active sites for H2 evolution. 

    Besides H2 evolution, the metal-semiconductor Schottky 55 

junction can also be used for enhanced CO2photoreduction, and 

the loaded metal may exhibit certain selectivity for hydrocarbon 

formation. For example, CO2 photoreduction over Pd-loaded TiO2 

led to CH4 as the main product and minor production of C2H6 and 

CO.217 Wang et al. demonstrated that the film of 1-D single 60 

crystal TiO2 coated with ultrafine Pt nanoparticles (0.5-2 nm) 

exhibited very high efficiency of CO2 photoreduction with 

selective formation of methane (1361 µmol/g-cat/h).218 

    Previous studies also proved that Cu could act as active co-

catalyst for CO2 photoduction.219, 220 In 2010, Biswas et al. 65 

prepared mesoporous silica supported Cu-TiO2 nanocomposites 

for efficient CO2 photoreduction.221 Without Cu co-catalyst, CO 

was found to be the main product, while the Cu-loading on 

TiO2led to higher selectivity in CO2 reduction into CH4. The 

same group subsequently reported the rapid preparation of Cu-70 

TiO2-SiO2 hybrids by evaporation driven self-assembly of 

nanocolloids for high yield photo-conversion of CO2 into CO.222 

 

4.2 Plasmonic metal-semiconductor heterojunctions 

In the past decade, the nanostructures of some noble metals such 75 

as Au, Ag and Pd, have attracted particularly strong interest due 

to their interactions with visible-light induced by surface plasmon 

resonance (SPR), referring to the collective coherent oscillations 

of metal surface electrons against the restoring force of positive 

nuclei.223, 224 The SPR wavelengths highly depend on the 80 

composition, size, shape, geometric arrangement, and dielectric 

environment of the plasmonic metal nanostructures.225 This 

strong SPR effect has been used to improve the light-harvesting 

capability in photovoltaic devices due to light-trapping by the 

localized oscillating electric field of metal nanostructures. 226 85 

In 2005, Tatsuma et al. reported the first direct observation of 

plasmon-induced photocurrent on the TiO2 film loaded with Au 

nanoparticles, and the action spectra for IPCE matched well with 

the absorption band of the Au particles.227 Later, the plasmon-

induced photocurrent was also observed by other groups over 90 

different metal oxide-Au heterojunctions.83, 228, 229 By using 

ultrafast spectroscopy, Furube et al. have proven that upon 

plasmon excitation, the hot electrons of Au particles can be inject 

into TiO2 conduction band within 250 fs,230 and these electrons 

are capable of diffusing into TiO2 for 100 ps~10 ns depending on 95 

the particle size,231 leading to plasmon-induced charge separation. 

Brückner et al. further proved the plasmon-driven electron 

transfer from Au particles to TiO2 by electron paramagnetic 

resonance (EPR) spectroscopy, and found that the injected hot 

electrons are trapped in the vacancies near the Au-100 

TiO2interface.232 These observations imply that the hot-plasmon 

electrons can be used for some chemical reactions such as proton 

reduction to H2 under visible-light irradiation.  

For instance, García et al. have observed clear H2 production 

over Au-TiO2 composites under irradiation at 532 nm.233 Other 105 

researchers further reported that the crystal facet and 

superstructure of TiO2 have significant effect on the H2 

generation activity because it influences the transport ability of 
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injected hot electrons to the active site for proton reduction.234, 235 

Nevertheless, the activity of plasmon-induced H2 evolution over 

Au-TiO2 heterojunctions is still very low because the TiO2 

surfaces have high overpotential for H2 evolution. To solve this 

issue, Kiminami et al. demonstrated that the co-loading of other 5 

metal co-catalysts onto Au-TiO2 structures led to improved H2 

generation rate upon Au SPR excitation.236 Moreover, through 

systematic studies with dual-beam irradiation over the Au/Pt co-

decorated TiO2 nanofibers, Zhang et al. found a synergistic effect 

between Au SPR and TiO2 excitation, and indicated that the 10 

plasmon-driven H2 generation can be significantly enhanced 

when the TiO2 is co-excited (Fig. 11). This might enhance TiO2 

conductivity so that the injected hot electrons from Au can be 

more effectively transported through TiO2 to nearby Pt sites for 

H2 evolution.237  15 

In addition to TiO2, some other materials have also been used 

to form heterojunctions with Au nanoparticles to observe 

plasmon-induced H2 evolution. For instance, Halas et al. have 

demonstrated hot-electron-induced photodissociation of H2 on 

small Au nanoparticles supported on SiO2.
238 Interestingly, a 20 

recent study by Zheng et al. showed that even a bimetallic 

nanostructure, Au nanorod with tip-loading of Pt, can exhibit H2 

evolution in methanol through plasmon-induced hot electron 

transfer from Au to Pt.239 Similar process was also observed over 

the Pt/Au/WO3 photocatalysts with H2 generation in the presence 25 

of glycerin or 2-propanol.240 However, as more Pt are deposited 

onto gold particle surface, the Au SPR would be gradually 

dampened, leading to a decrease in the plasmon-driven 

photocatalytic activity.241 

 30 

 
Fig. 11 Plasmon-driven photocatalytic hydrogen production over Au/Pt-

TiO2 nanofibers. The hot plasmon electrons of Au nanoparticles can 

readily transport through TiO2 (when it is co-excited) to the nearby Pt 

particle for hydrogen generation. Reprinted from ref. 237 with permission 35 

from The Royal Society of Chemistry. 

Besides the hot-electron mechanism, the plasmon-enhanced 

localized electric field has also been considered as another major 

contribution to the improved photocatalytic activity over 

plasmonic metal-semiconductor hybrid nanostructures. Upon 40 

SPR excitation, the local electric field nearby the metal particle 

surfaces can be significantly enhanced, and the enhancement 

factor drops exponentially along with the distance from the metal 

surface.223 Hence, the semiconductor that is located very near the 

metal surface would be exposed to this strong plasmonic field 45 

which can enhance the semiconductor excitation with more 

exciton formation,242-244 leading to higher photocatalytic 

efficiency.  

For example, Kumar et al. prepared a plasmonic TiO2/SiO2/Ag 

system in which the TiO2 film was deposited onto the Ag 50 

nanoparticle film with a very thin or SiO2 spacers between TiO2 

and Ag for the purpose of excluding injection of hot plasmon 

electrons. This tri-layer structure still showed enhanced 

photocatalytic activity with higher enhancement at smaller SiO2 

layer thickness, which proves the effect of this plasmon field-55 

enhancement mechanism.243 Han et al. Have reported an 

interesting Janus Au-TiO2 nanoparticles that exhibit enhanced H2 

generation in isopropanol solution under visible-light irradiation 

with the rate of hydrogen generation following the order of 

Au70nm-TiO2>Au50nm-TiO2>Au30nm-TiO2.
245 The authors 60 

attributed the higher H2 generation rate to the strong Au 

plasmonic near field that enhanced the optical absorption and of 

electron-hole pair generation on the conjugated TiO2 particle.  

Besides the near-field enhancement, the SPR effect of metal 

nanoparticles can also promote the charge separation of nearby 65 

semiconductor through a process of plasmon-induced resonance 

energy transfer (PIRET), in which the plasmonic energy is 

transferred from metal to semiconductor through dipole-dipole 

interaction to induce charge separation in the semiconductor. 246 

Importantly, the PIRET process enables the generation of charge 70 

carriers even if the excitation photon energy is below the band 

gap, and thereby allows us to utilize wide ranges of low energy 

photons for photocatalytic reactions.  

    In addition to H2 production, plasmonic metal-semiconductor 

nanostructures have also been utilized for CO2 photoreduction. 75 

Cronin et al. have achieved 24-fold enhancement in CO2 

reduction over Au-TiO2 heterojunctions when the incident photon 

energy matches the SPR of gold nanoparticles.247 Enhanced CO2 

photoconversion to CH4 has also been reported by Fan et al.by 

using Ag-loaded TiO2 nanocomposites.248 Recently, Zhang et al. 80 

showed that co-loading of gold nanoparticles into the Pt-TiO2 

nanofibers can result in higher efficiency for CO2 photoreduction 

due to plasmon field enhancement. 

 

4.3 Z-scheme heterostructure of Semiconductor-metal-85 

semiconductor 

The concept of Z-scheme was originated from the natural leaf 

that utilizes two red photons to accomplish the photosynthetic 

processes. As shown in Fig. 12, the biomimetic Z-scheme water 

splitting system consisting of two isolated semiconductors and 90 

redox couples in liquid electrolytes.249 However, the overall 

working efficiency in this Z-scheme is restricted by the slow 

diffusion of redox couple ions and the competitive backward 

reactions between them.  In order to avoid these drawbacks, 

researchers have proposed “all-solid-state” Z-scheme by using 95 

noble metal as the electron mediator to substitute solution-based 

redox couples, resulting in a ternary heterostructure of 

semiconductor-metal-semiconductor.84,85 Though some examples 

of Z-scheme semiconductor-metal-semiconductor heterostructure 

have been demonstrated with successful outcomes for 100 

photocatalytic water splitting or CO2 reduction,250, 251 currently 

there is still a lack of solid evidence to verify the proposed Z-

scheme electron transfer path.  
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Fig.12 Schematic illustration of (a) liquid-based Z-scheme for water 

splitting; (b) “all-solid-state” Z-scheme consisting of semiconductor I (Sc 

I)-metal-semiconductor II (Sc II). Reprinted with permission from ref. 5 

249 and 251. Copyright 2013 American Chemical Society (a) and 2014 

Wiley (b). 

5. Conclusion and perspectives 

Significant advances have been achieved in designing and 

fabricating hetero-nanostructure photocatalysts for efficient 10 

photocatalytic H2 production and CO2 reduction in the past 

decade. Although the photocatalytic activities, in most cases, can 

be enhanced by creating appropriate heterojunctions, actual solar-

to-fuel conversion efficiencies are still a far cry from meeting the 

criteria for commercialization. This is due to the limitations of 15 

semiconductor photocatalysts such as high overpotentials for 

H2/O2 evolution and its very low activity for red-photons or near-

IR light. In particular, long-term stability is the most serious 

problem especially for those noble-metal-free structures. Beside 

these, there are still several important issues to be addressed in 20 

design and fabrication of heterostructured photocatalysts in the 

future to achieve satisfying efficiency in solar-to-fuel conversion.  

    I: Charge transfer/separation at the interface: Though there is 

general consensus that heterojunctions facilitate migration of 

photoexcited electrons or/and holes across the interfaces so as to 25 

reduce charge recombination or enhance charge separation,   

there were very few direct experimental evidences or 

spectroscopic observations that unambiguously reveal the 

detailed mechanism of the photoinduced charge transfer process 

at the interface of heterostructures. The key challenges come 30 

from the interference between multiple complicated variables, 

such as surface status (crystal facets, defects, trapping sites etc.), 

excitation/relaxation dynamics, and surface reaction kinetics, 

especially when two or more components in the heterostructure 

are making contributions simultaneously during the studies. 35 

Nevertheless, it is still important and critical to gain deep 

understanding on the charge transfer process through 

fundamental studies towards rational design of heterostructures 

with high photocatalytic efficiencies. 

    II: Competitive light-harvesting: The semiconductor-based 40 

photocatalysts are mostly active in the spectral region with high-

energy photons (e.g. UV or blue light). Although some of them 

do exhibit certain visible-light activity, their photo-conversion 

efficiency is very low. This problem becomes more notable for 

semiconductor heterostructures because the two semiconductor 45 

components would have to compete in absorbing high-energy 

photons for charge carrier generation, especially if their 

absorption range has a large overlap. Therefore, it is challenging 

to design heterostructures with the appropriate morphological-

related orientation and position of each semiconductor unit within 50 

the structure. Alternatively, one would need to develop a new 

type of semiconductor that can efficiently utilize red photons or 

near-IR light with suitable band structure and high stability. 

    III: Interfaces versus surfaces: For heterostructures, the 

interface area is often critical to achieve optimal charge 55 

separation. Especially for heterojunctions between two 

semiconductors, whereby a larger interface area would provide 

more chances for charge transfer across the junction towards a 

more efficient separation of photogenerated electrons and holes 

on both units. Based on this concern, it is important to have 60 

nanoscale units to create the heterojunction, allowing for large 

interface area and reduced charge transport length towards the 

heterojunction. However, the overall photocatalytic efficiency is 

determined not only by charge separation, but also surface 

reactions. Thus in the preparation of heterostructures, there would 65 

be strong challenges on how to balance the interfaces with the 

available surface area for redox reactions. More importantly, 

more systematic studies are required to explore theories or 

experimental methods to determine or estimate the optimal ratio 

between interface and bare surface in different heterostructures.  70 
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