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The applications of nano-hetero-junction in optical and thermal 

catalysis 

Fenglin Liao,[a] Benedict T.W. Lo,[a] and Edman Tsang*[a] 

Abstract: Semi-conductors, particularly metal oxides, are usually 
regarded as one of the key components in most industrial catalysts. 
It has been reported that the band structure of semi-conductors can 
significantly influence their catalytic properties. As one of the most 
effective methods for tuning the band structure of semi-conductors, 
the establishment of nano-hetero-junction in catalyst, is getting 
increasing attentions due to the rational design and the facile 
synthesis procedure. This mini-review scoops the applications of 
nano-hetero-junction in both photo- and traditional thermal-catalytic 
reactions. These reactions range from pollutants removal, renewable 
energy production to new chemical synthesis routes, all of which are 
closely knitted to our daily life. In photo-catalysis, the improvement is 
mainly attributed to the separation of photo-generated electrons and 
holes, which prolongs their lifetime and eventually allows the 
occurrence of chemical reactions with the adsorbed substrate 
molecules. Our research group were amongst the first to apply this 
concept into designing metal/metal oxide catalysts in traditional 
thermal-catalysis. It is found the establishment of electronic nano-
hetero-junction in support material using two semiconducting metal 
oxides of different energy levels influences the catalytic properties of 
the dispersed metal particles from two perspectives: i) the potential 
energy upon exicitation, created by the charge separation on semi-
conducting oxide support in proximity to the overlying metal 
particles; ii) under H2 atmosphere, the accumulated electrons on one 
semiconducting oxide support can facilitate direct reduction of metal 
cations in this support to metal atoms, while the accumulated holes 
(activated oxygen) on the other semi-conducting oxide are relaxed 
by water formation from oxidation of hydrogen. The metallic atoms 
from the support surface thus act as modifiers to the primary metal 
particles by the formation of a bimetallic phase. As a result, the 
electronic configuration of supported metal particles can be modified 
in a subtle manner which consequently influences the catalytic 
performance. It is believed this concept of designing nano-hetero-
junction empowers scientists to approach new catalytic reactions in 
a systematic manner, allowing fine-tuning of catalysts with superior 
performance. 

1. Introduction 

Semi-conductor usually plays a critical role in catalysis reactions 
since most of the working catalysts involve semi-conductor 
component(s), particularly in the form of metal oxide(s) as 
support material.1 The catalytic properties of semi-conductor are 

strongly related with its band structure which can be well-tuned 
by several methods, doping, hetero-junction, hybridization, 
morphology control, to name but a few examples.2,3 Introducing 
another semi-conductor modifier to establishing a hetero-
junction with a specific energy level alignment is one of the 
simpliest methods for structure tuning, due to a wide range of 
choices of modifiers and well-acquired skills for their syntheses. 
In fact, hetero-junction is thought to be commonly established in 
multicomponent catalysts which are composed of differrent 
phases of different electronic energy levels. For example, TiO2 is 
widely used in photo-catalysis and in solar cell. The photo 
efficiency is severely limited by its large band gap energy of 3.2 
eV, which restricts its absorption in the visible-light region.4,5 The 
appropriate introduction of other semi-conductor metal oxides, 
e.g. CeO2, Co3O4 and Cu2O, not only improves the thermal 
stability of TiO2 structure but also effectively extends the photo-
response to the visible light region.6 Cu based catalysts are well 
known for methanol synthesis from synthesis gas, which has 
been studied for many years. Semiconducting ZnO is commonly 
used as the main catalyst component, while the addition of other 
semi-conductor oxides such as Al2O3, Ga2O3, ZrO2, etc., are 
widely reported to promote the catalytic activity.7,8 Although the 
reaction mechanism is still not clear despite many years of 
intense debates, the establishment of hetero-junction interfaces 
in this multi-component catalyst is attracting increasing 
attentions.  
A hetero-junction is defined as a materials interface of two layers 
or two regions of different crystalline semi-conductors. Opposed 
to a homo-junction, these semi-conducting materials have 
unequal band gaps. There are at least three types of hetero-
junctions, as illustrated in Figure 1: straddling gap (type I), 
staggered gap (type II) and broken gap (type III).9,10 For type I, 
the conduction band of semi-conductor 1 is higher than that of 
semi-conductor 2 while the relative energy level is opposite in 
the valence bands. In type II, the band gaps of two semi-
conductors are similar but not at the same band energy 
positions, hence creating staggered bands.11-13 In type III, the 
band energy levels of two semi-conductors simply do not 
overlap at all. 
 
 

 

Figure 1. The relative energy levels of semi-conductors for the three types of 
hetero-junctions. (Note that semi-conductor 1 locates on the left while semi-
conductor 2 on the right) 

 
For typical semi-conductors, some thermal- or photo- ‘excited 
electrons’ could momentarily overcome the forbidden band gap 
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and occupy the higher energy conduction band.14 
Simultaneously, activated holes are left in the valence band. The 
catalytic properties of semi-conductors mainly originate from 
these generated electrons and holes from excitation, since these 
carriers can be extremely active in redox reactions if sufficient 
lifetime is established. The electrons in the conduction bands act 
as strong reductants, while the holes in the valence bands as 
oxidants. However, a majority of these excited carriers actually 
recombines rapidly in a single phase semiconductor either 
radiatively or non-radiatively as heat, which significantly limits 
the catalytic ability.14 On the other hand, by using at least two 
semiconductors, from the energy levels alignment of three types 
of hetero-junctions as described above, the carriers are confined 
in semi-conductor 2 for type I.10 As to type II, the electrons and 
holes are spatially seperated across the interface and are 
localized on different sides of the hetero-interface, as shown in 
Figure 1. Thus, the polarization of two carriers over two 
semiconductor materials at the interface is taken place at the 
type II hetero-junction.9 Due to the spatial separation of 
electrons and holes, the lifetime of excitons in type II hetero-
junction is usually longer compared to that of type I, type III or 
their single phases. This allows more involvements of these 
carriers in catalysis processes before their recombination. As a 
result, some novel properties are usually observed in type II 
hetero-junction compared with other junctions. Therefore, this 
mini-review mainly focuses on the applications of type II hetero-
junction in catalysis and corresponding catalytic mechanisms. 

2. Characterizations 

2.1. Powder X-ray diffraction (PXRD) 

 
PXRD is one of the most commonly used characterization 
techniques to identify the crystalline phase of materials. In 
hetero-junction, multiple phases of semi-conductors co-exist, 
therefore diffraction patterns of indivdiual phases are 
simultaneously observed. For example, our group have 
synthesized a series of ZnO-CdX (cadmium chalcogenide, X=S, 
Se, Te) nano-hetero-junctions with introduction of minor CdX 
phase into bulk phase of ZnO. As shown in Figure 2, the main 
diffraction pattern of ZnO and minor CdX pattern are clearly 
observed at the same diffractogram, indicating the co-existence 
of CdX and ZnO phases in the materials.15 However, identifying 
separated phases in nano-hetero-junctions faces a number of 
challenges. Firstly, when the size of crystalline phase is smaller 
than 4 nm, it is rather difficult for PXRD to distinguish the mixed 
phases in nano-hetero-junction structures due to the severe line 
broading effect of PXRD. The broadening of the diffraction 
peaks of nano-materials with the decreasing of particle size 
usually causes overlapping of diffraction patterns from different 
phases. Improved X-ray monochromation particularly the use of 
synchrotron and advance instumentation16a and the use of 
multiple peak fitting algorithm16b may resolving the diffraction 
peak overlaps. Secondly, the structural deformation (lattice 
strain) of mixed nanosize phases as core-shell or Janus paritcle 

morphologies16c could cause a significant shift of diffraction peak 
position, making the identification process difficult. Thirdly, the 
structural alteration of materials in nano-dimension and variation 
in defects14 can also affect the mixed phases identification.      
    
 

 

Figure 2. PXRD patterns of ZnO-CdX (X=S, Se, Te) nano-crystal ensembles: 
A) full spectra showing intense wurtzite-ZnO reflections; B) Expanded portion 
of spectra showing less-intense, broader wurtzite-CdS, wurtzite-CdSe, and 
zinc blende-CdTe peaks.15 

2.2. Transmission electron microscopy (TEM) and selected 

area electron diffraction (SAED) 

TEM is a powerful technique used to observe working catalysts 
at nano-scale directly, which reveals important information about 
the finest details of the internal structure, including particle size, 
morphology and atom arrangement, etc. of a particular solid 
phase. These internal characteristics of various semi-conductors 
in a catalyst are usually different. SAED is a crystallographic 
experimental technique that can be performed inside a TEM that 
uses the TEM electron beam as the incident beam for diffraction. 
Therefore, accompanying the acquiring of TEM images, the 
obtained electron diffraction pattern of the selected nano-area 
can be used to accurately identify the structure of each 
crystalline components. Although SAED is subject to the same 
issue of peak boradening, phase identification problems as the 
PXRD due to small size of crystalline structure, this technique 
and the spatial distribution of diffraction spots in projected image 
could help to analyse a wider diffraction range at higher 
resolution. Figure 3 shows the nano hetero-junction interface of 
SnO2-In2O3 reported by Xie et al.16d Clear spacings of SnO2 
(200), (101) facets and In2O3 (222), (011), (200) facets are 
observed in a small selected area which indicates the intimate 
contact of the two phases. The corresponding SAED patterns of 
the composite materials are shown on the right. Two sets of 
diffraction spots are assigned to SnO2 and In2O3 nano phases, 
respectively, which can further confirm the co-existence of the 
two semi-conductors in a selected nano-region. 
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Figure 3. a) High resolution TEM image for the SnO2-In2O3 interface; b) 

Corresponding SAED of the SnO2-In2O3 composite material.16  

2.3. Ultraviolet-visible light (UV-vis) diffuse reflectance (or 

absorbance) spectroscopy (DRS) 

UV-vis DRS is also commonly used to characterize the band 
gap of semi-conductors. With the exposure of a working catalyst 
to UV-vis light, the photo-energy can be absorbed strongly when 
the wavelength of the light matches with the band gap width of 
individual semiconductor component and a sharp absorption 
edge is observed. According to the position of absorption edge, 
the value of band gap of a phase can be determined. For hetero-
junctions materials, multiple edges should be shown in the DRS. 
Figure 4 shows the diffuse absorbance spectra of a series of 
novel g-C3N4/Ag3PO4 hetero-junction catalysts with variable 
compositions.17 With the co-existence of the two phases, two 
absorption edges at around 400 and 550 nm are observed, 
corresponding to the electron transitions across the band gaps 
of g-C3N4 and Ag3PO4. 
However, significantly lower absorption values and lesser 
sharpness of absorption edges are commonly encountered in 
nano-hetero-junctions due to larger interfacial contact with 
atoms exchanged across, which make the phases identification 
and their differentiation much more difficult to achieve.   
 

 

Figure 4. UV–vis diffuse absorbance spectra of pure g-C3N4, Ag3PO4 and g-
C3N4/Ag3PO4 hetero-junctions.17  

2.4. Time-resolved photoluminescence (TRPL) 

TRPL is a powerful technique to characterize the behavior of 
excitons in semi-conductors. With the establishment of type II 
hetero-junction, the electrons and holes (excitons) are separated 
across the interface of two semi-conductors. As stated in the 
introduction section, this spatial separation usually prolongs the 
lifetime of the excitons. This extension can be uniquely detected 
by TRPL. It is noted that XRD and TEM were unable to 
distinguish the two nano-phases of ZnFe2O4 and Fe2O3 in nano-
hetero-junction of ZnFe2O4-Fe2O3 due to small nanoparticle size 
with similar crystal structure of ZnFe2O4 and Fe2O3. Excitingly, 
the significantly enhancement of excitons lifetime in ZnFe2O4-
Fe2O3 detected by TRPL can still indicate the type II hetero-
junction formation.14 Figure 5 and Table 1 shows the TRPL and 
the corresponding fitting results of nano-hetero-junction of 
ZnFe2O4-Fe2O3 in comparison with pure nano-phases of 
ZnFe2O4 and Fe2O3. Apparently, the excitons in the nano-
composite material with ZnFe2O4-Fe2O3 nano-hetero-junction 
exhibits much longer lifetime than those of pure phases (Table 
1). Thus, this technique which does not subject to the same 
limitations as diffraction techniques, hence could be used as a 
technique to probe the nano hetero-junctions.  

 

Figure 5. Left) TRPL recorded for (a) sample 3 (ZnFe2O4:Fe2O3=1.0) at time 
intervals 0.1, 0.2, 0.35, 0.7, 1.75, 6, 15, 50, 250, 1500 and 5000 ps; (b) 
ZnFe2O4 at time intervals 0.1, 0.2, 0.35, 0.7, 1.5, 5, 20, 50, 100, 200 and 850 
ps; and (c) Fe2O3 at time intervals 0.1, 0.25, 0.35, 0.6, 1.5, 6, 17.5, 60, 175, 
850 and 3000 ps after excitation at 350 nm in water.  Right) Normalized 
experimental and fitted kinetic decay profiles of photoluminescence at 500-700 
nm for sample 3 (○), ZnFe2O4 ( ), and Fe2O3 (□); the region of 0-0.1 
normalized intensity is enlarged in the inserted figure.14 

Table 1. Time constants (τ) and the associated amplitudes (a) of ZnFe2O4, 
Fe2O3, and sample 3 (ZnFe2O4: Fe2O3=1.0) measured by TRPL14 

Sample name tav 

(tav=τi×ai) 
(ps) 

τ1 
(ps)/a1 

τ2 
(ps)/a2 

τ3 
(ps)/a3 

τ4 
(ps)/a4 

ZnFe2O4 52.80 0.47/ 
0.52 

4.74/ 
0.15 

41.36/ 
0.23 

423.35/ 
0.10 

Fe2O3 160.94 0.49/ 
0.49 

7.15/ 
0.22 

64.24/ 
0.18 

1341.51/
0.11 

Sample 3 
(ZnFe2O4:Fe2O3=1.0) 

353.64 0.43/ 
0.56 

8.99/ 
0.23 

135.41/ 
0.14 

4748.17/
0.07 

 

Besides the mentioned PXRD, DRS, TEM and TRPL, other 
techniques such like electron energy loss spectroscopy (EELS), 
high-sensitivity low-energy ion scattering (HS-LEIS), atomic 
probe tomography (APT), etc. may also be useful in the hetero-
junction characterization but each techniques have their own 
limitations and the applications are sometimes restricted by 
availability of equipment in general catalysis laboratories. A 
combination of a wide range techniques through collaboration is 
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commonly required to provide a more accurate representation of 
the interfacial structure(s) of the nano-hetero-junction. 
 

3. Applications of nano-hetero-junction in catalysis 

From the viewpoint of excitation source, catalysis reactions can 
be classified into photo-catalysis and thermal-catalysis. The 
concept of hetero-junction catalysts is well known in photo-
catalysis since semi-conductors with distinctive band gaps are 
commonly used. They can efficiently absorb light energy to 
generate excited electrons and holes which are active enough to 
react with the adsorbed molecules and eventually catalyze the 
redox reactions.18 On the other hand, photons are not necessary 
to be the only excitation energy source. Thermal energy can 
also promote electrons from valence band to conduction band in 
semiconductor although it is less specific and the energy 
transfer is not as efficient as the photonic means. Recently, it 
was firstly demonstrated by our group that nano-hetero-junction 
can be applied into traditional thermal-catalysis, particularly, in 
the metal/metal oxides catalysts which are regarded as the most 
frequently used catalysts. With the establishment of type II 
hetero-junction in two semi-conducting support oxides, the 
reduction behaviors of the semi-conductor supports to 
corresponding metallic atoms can be rationalized. The produced 
metallic atoms derived from the support can act as modifier for 
the primary supported metal nanoparticles and tune its catalytic 
properties in a subtle manner through the formation of bimetallic 
species. The typical applications of nano-hetero-junction in 
these catalytic reactions are reviewed in this section.   

3.1. Photo-catalysis 

It is well accepted that our present non-renewable energy 
resources, such as oil, gas and coal, cannot dominate the 
energy and chemical markets for too long due to their finite 
reserves and rapid consumption.19-22 As one of the primary 
renewable energies in nature, sunlight with abundant supply to 
many places on earth has become a favorable alternative and is 
getting increasing attentions.23 In chemistry, photo-catalysis is 
the occurrence of a reaction driven by light energy instead of 
chemical or thermal energy in the presence of a catalyst. The 
quantized light energy is primarily absorbed by a working 
photocatalyst that contains semi-conductor(s) through the 
electron transition process across the band gap provided the 
wavelength of the light matches in energy with the band gap. 
The generated electron–hole pairs can be extremely active to 
react with the adsorbed substrate molecules on the surface of 
catalyst if their rapid recombination is tamped. This process 
consumes the surface carriers and subsuquently produces some 
surface species or radicals. Simultaneously, the light energy is 
captured and transferred from the catalyst to substrate molecule. 
Then, the produced species/radicals react with each other and 
produce products. The whole process is demonstrated in Figure 
6. The photocatalytic activity (PCA) in turn of quantum yield of 
efficiency mainly depends on the ability of the photocatalyst to 

create electron-hole pairs which is active to generate for 
example, free radicals (e.g. hydroxyl radicals: •OH) to undergo 
secondary reactions.  

Figure 6. The demonstration of a typical photo-catalysis process. 

 
Comparing with industrial catalytic reactions that often require 
high temperature and elevated pressure, photo-catalysis 
operates under basically ambient conditions if an adequate 
radiation source is available.18 Currently, the most commonly 
used materials in photo-catalysis include TiO2, ZnO, CdS, etc. 
and various promoters are usually added to optimize the 
catalytic performance. The applications of photo-catalysis have 
been mainly focused in the fields of pollution removal using 
radicals for organics destruction and in energy production 
involving H2 production from water.24-27  The manufacture of 
useful chemicals by photocatalysis is yet to be explored.  
 
3.1.1 Photo-catalytic H2 evolution from water decomposition 

 
Hydrogen gas is considered as the cleanest energy carrier.28-30 
However, its large scale production is presently derived from 
steam reforming of natural gas, which is obviously unsustainable 
in this non-renewable reserve with a hugh carbon emission 
probem. Thus, as shown in the following equation, photo-
catalytic hydrogen production from water decomposition, 
particularly with the utilization of visible light, is being regarded 
as an alternative route to obtain renewable hydrogen.31 
2H2O→2H2 + O2 

More frequently sacrificial electron donors such as methanol are 
used to boost the rate of hydrogen evolution as accordingly18: 
H2O + CH3OH→ CO2 + 3H2 
Sulphides are found to be the most active photocatalysts 
components for H2 evolution and the reported active ones 
includes CdS, AgGaS2, MoS2, etc. CdS nanoparticles have a 
narrow and direct band gap (2.3 eV), which is effective for 
capturing the visible light regime and is greater than 1.23 eV, the 
minimum energy required for water splitting.29,32 However, the 
rapid instant recombination of photo-generated electrons and 
holes in photo-activated CdS and the high kinetic barrier for 
hydrogen production on the surface do not allow the direct 
efficient conversion of solar energy to hydrogen gas.33 
Fortunately, with the addition of appropriate secondary semi-
conductors, the catalytic performance can be significantly 
improved. Li et al. reported the the rate of H2 evolution can be 
increased by up to 28 times when CdS was loaded with only 1.0 
wt% WS2.34 The relevant characterizations indicate that the 
significantly enhanced H2 evolution of WS2/CdS catalyst is 
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mainly caused by the hetero-junctions formed between WS2 and 
CdS. The excited electrons generated on CdS can be 
transferred to the surface of WS2 which offers a much lower 
kinetic barrier for the reduction of H+ to H2, as shown in Figure 7. 
  
 

 

Figure 7. a) Proposed reaction mechanism for photo-catalytic H2 production 
on WS2/CdS catalyst; b) Rate of H2 evolution on CdS photo-catalysts under 
visible light (λ > 420 nm) loaded with different amounts of WS2.34  

Our group have reported a novel CdS–graphene–MoS2 catalyst 
which increased the H2 yield from water by 70 times.32 With the 
co-existence of MoS2 and graphene, the generated electrons on 
CdS by the absorption of visible light can be transferred into the 
conduction band of MoS2 efficiently through the graphene as 
electron conductor which decreases the radiative recombination 
of the carriers. (The staggered energy levels of CdS and MoS2 
are shown in Figure 8.) Meanwhile, MoS2 provides a much lower 
kinetic barrier for H2 evolution than CdS. Thus, this multiple-
component photocatalyst accelerates the reaction rate for H2 
production significantly. The proposed catalysis mechanism and 
catalytic result, are shown in Figure 8 and Figure 9 
 
 

 

Figure 8. Proposed reaction mechanism of graphene supported CdS and 
MoS2 for photocatalytic hydrogen evolution.32 

Usually, the catalytic performance of hetero-junction catalysts 
can be further promoted by the addition of a small amount of 
noble metal, which facilitates the electron transfer at the 
interface and decreases the instant recombination of excitons. 
As reported by Li et al., the Pt loaded CdS-PdS system gave a 
H2 yield of 29,233 µmol h-1g-1 with S2-/SO3

2- as the sacrificial 
agent.35 The value was even raised to 40,000 µmol h-1g-1 by 
Alivisato et al. in Pt promoted CdS-CdSe system.36 

 

 
Figure 9. Photo-catalytic hydrogen evolution rates over MoS2, CdS, CdS–
graphene, CdS–graphene–MoS2 and CdS–MoS2 (20 mg samples in 10% 
lactic acid).32 

 
3.1.2 Photo-catalysis in solar cell 
 
In term of sunlight conversion into utilisable energy, photo-
catalytic production of H2 is perhaps of less desirable due to an 
extra step required to convert produced H2 into electrical energy 
(PEM fuel cell and combustion engine). More importantly, the 
time scale for recombination of photogenerated excitons of 
typical semiconductor (< 10-10 s) is generally much faster than 
chemical reactions (10-10-10-5 s) despite the use of hetero-
junction. In contrast, charge separation can be rapidly achieved 
by using electromotive force in an external circuit. Thus, the 
investigation of solar cell for capture of sunlight is currently one 
of the most intense research themes. Solar cell is an device that 
converts light energy directly into electricity by photovoltaic 
effect.37-40 The operation of a photovoltaic (PV) cell requires 
three basic attributes: 
i.  The absorption of light, generating electron-hole pairs. 
ii.  The separation of charge carriers of opposite types. 
iii.  The extraction of those carriers to an external circuit. 
Therefore, semi-conductors components are essential for solar 
cell devices due to the intrinsic characteristics of semi-
conductors, the discrete band structures, the transition of 
electrons across the band gaps, etc. Type II hetero-junction has 
been confirmed to be an effective method to increase the energy 
efficiency, since it helps to keep separation of charge carriers 
and allows their extraction to an external circuit. Silicon is a hot 
topic in crystalline silicon photovoltaic as it allows solar cells with 
energy conversion efficiencies above 21%, also at industrial 
production level.41 These Si based solar cells consist of thin 
amorphous hydrogenated silicon (a-Si: H) layers on 
monocrystalline silicon wafers (c-Si wafer), as shown in Figure 
10a. The amorphous silicon is easily doped to be either negative 
type (n a-Si: H) or positive type (p a-Si: H), Therefore the band 
gap of this type silicon can be well-tuned. With a few layers of 
deposition of two types amorphous silicon deposited on the two 
side of bulk crystalline silicon, a type II hetero-junction can be 
established which enhances the spatial separation of the 
carriers of opposite charge through charge transfer across the 
hetero-junction interface, as shown in Figure 10b. As stated, the 
energy conversion efficiency of this type solar cell can reach 
over 20%. 

 

http://actu.epfl.ch/news/new-record-for-photovoltaic-solar-cells/
http://actu.epfl.ch/news/new-record-for-photovoltaic-solar-cells/
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Figure 10. a) Schematic diagram of a hetero-junction solar cell (drawn not to 
scale); b) Electronic band diagram of a hetero-junction solar cell (drawn not to 
scale).41 

Besides silicon, CdTe is another leading material for the 
development of cost effective solar cell. The two key properties 
of this semi-conductor are its near ideal band gap for visible light 
absorption of 1.45 eV, and its high optical absorption 
coefficient.42 CdS is usually added to establish a type II hetero-
junction to increase the carrier separation efficiency. As reported 
by Morales-Acevedo et al., a system of thin film of polycrystalline 
CdSe-CdS exhibited a high energy conversion efficiency of 
16.5% which was almost the calculated theoretical limit of this 
system under visible light irradiation (400 - 850 nm).42 
Recently, it was reported that the one-dimensional (1-D) 
structure of nano-wires or nano-rods serves as direct pathway 
for the transportation of carriers in solar cell and the efficiencies 
have been increased significantly compared to the nanoparticles 
or the porous versions.43-44 As a result, the decoration of 
cadmium chalcogenide (CdX) quantum dots (QDs), namely, 
CdS, CdSe and CdTe, on arrays of ZnO rods or wires is under 
extensive research due to the formation of type II CdX-ZnO 
hetero-junction and the direct transportation pathway of 1-D ZnO 
for electrons. Wang et al. aligned ZnO/CdTe core–shell nano-
cable arrays on an indium tin oxide (ITO) substrate and 
constructed a photoelectrochemical device with a photocurrent 
of 5.9 mA cm-2 (at 0 V vs Ag/AgCl) which was much higher than 
that of anode without CdTe decoration (less than 1.0 mA cm-2).45 
Li et al. reported the design and characterization of novel 
double-sided CdS and CdSe QD co-sensitized ZnO nano-wire 
arrayed photo-anodes for photo-electrochemical (PEC) 
hydrogen generation.46 The TEM images are shown in Figure 11. 
These photo-anodes exhibit strong absorption in nearly the 
entire visible spectrum up to 650 nm, with a high incident-
photon-to-current-conversion efficiency (IPCE) of ∼45% at 0 V 
vs Ag/AgCl which were much higher than that of pure ZnO 
photo-anode. The observed linear sweep voltammograms and 
the proposed electron pathway are displayed in Figure 11B and 
Figure 12. The formation of type II hetero-junction helps the 
separation of carriers and the 1-D structure of ZnO wire 
promotes the transferring efficiency of electrons to the copper 
wire. Most recently, the PbI2 perovskite based solar cells with 
the establisment of efficient heterojunctions are currently under 
intensive research as a Si alternatives to reduce the prime cost. 
The energy conversion efficiencies are comparable with that of 
Si-based solar cell but the materials are much cheaper.47  

 

 

Figure 11. A) TEM images of ZnO NW sensitized by QDs. Low-resolution (left 
column) and high-resolution (right column). TEM images of (top) CdSe QD-
sensitized ZnO NW and (bottom) CdS QD-sensitized ZnO NW. White lines 
highlight the measured lattice spacings in the TEM images, which are 
corresponding to the d-spacings of CdSe and CdS. B) Linear sweep 
voltammograms of photo-anodes fabricated from (a) ZnO-ZnO, (b) CdS-ZnO-
ZnO-CdS, (c) CdSe-ZnO-ZnOCdSe, and (d) CdS-ZnO-ZnO-CdSe nano-wires 
at a scan rate of 10 mV s-1 at applied potentials from -0.7 to +0.4 V, under a 
light intensity of 100 mW cm-2.46 

 

Figure 12. Schematic diagrams illustrating (a) the architecture and (b) the 
corresponding energy diagram of double-sided CdS-ZnO-ZnO-CdSe NW 
arrayed photo-anode. The dashed box highlights the CdS-ZnO and CdSe-ZnO 
interfaces.46 

3.1.3 Photo-catalytic decomposition of aqueous organic 
molecules 
 
With the rapid development of economy and increasing 
population, the waste released from human activity into the 
global water, such as heavy metals, solvents and toxic sludge, 
have reached 300 – 400 million tons per year.48 These pollutants 
impose a great environmental pressure, particularly the 
hazardous organic molecules.48 Meanwhile, new recalcitrant 
organic pollutants are continuously emerging and released into 
the environment. As a result, the development of new facile 
methods to obliterate these contaminants is urgently desired. 
Photo-catalytic oxidation of organic pollutants has been 
considered as a promising technique where the toxic material is 
usually oxidized to harmless CO2 and H2O.49-52 During these 
processes, the contaminants are degraded mainly by the attack 
of OH• or O2• radicals which are produced from the excitation of 
photo sensitive catalysts, as shown in Figure 13;53-55 the photo-
generated electrons and holes on the surface of catalyst is 
active to react with O2, H2O, OH– in the system to generate OH• 
and O2• radicals. 
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Among a wide variety of semi-conductors, TiO2 has been 
regarded as a promising environmentally friendly photo-catalyst 
due to its biological and chemical inertness, as well as the 
strong oxidizing power originating from the position of its valance 
and conduction bands. Meanwhile, TiO2 is cheap and stable 
against photo and chemical corrosion, which also makes it 
outstanding among a wide range of semi-conductor photo-
catalysts.56-60 Unfortunately, the rapid electron-hole pair 
recombination of this semiconductor oxide generally leads to its 
very low photo-catalytic efficiency.61,62 In addition, the band gap 
of TiO2 is usually over 3 eV (3.0 - 3.5 eV). This wide band gap 
significantly limits the utilization of sunlight as the infrared and 
visible light (with energy of less 3.2 eV) contributes 95% of the 
energy of the sunlight spectrum. It has been proved that building 
hetero-junctions can efficiently tune the band structure of TiO2 
based catalysts and separate the carriers (electrons and holes) 
across the components interfaces. Jin et al. reported that even a 
mixture of rutile/anatase TiO2 hetero-junction with uniform 
chemical composition can significantly promote the photo-
catalytic ability in the degradation of methyl blue (MB).63 The 
enhanced performance was assigned to the staggered energy 
levels of rutile and anatase TiO2 which separated the photo-
generated electrons and holes on the surfaces of rutile and 
anatase, respectively. This spatial separation prolongs the 
lifetime of the carries, which consequently promotes the 
formation of active O2• and OH• radicals and accelerates the 
secondary reactions. The similar enhancement was also 
observed in a CeO2-TiO2 hetero-junction system reported by Liu 
et al.64  With the surface decoration of CeO2 nano-particles, the 
catalytic ability of TiO2 rods in the degradation of rhodamine B 
(RB) solution was raised to 6 times due to the better separation 
of photo-generated electrons and holes. To increase the 
utilization efficiency of visible light, Shi et al. added some 
CoFe2O4 and polyaniline to modify the optical properties of TiO2 
catalyst.65 The catalytic performance of this ternary catalyst was 
strongly promoted under visible light due to the formed hetero-
junction of added polyaniline with TiO2, which promoted the 
electron-hole separation, as shown in Figure 14a. CoFe2O4 was 
introduced to facilitate the charge transfer across the interface of 
polyaniline-TiO2 phases particularly for the holes in the 
conduction bands since the energy gap between polyaniline and 
TiO2 is too wide (Figure 14a). Simultaneously, the addition of 
CoFe2O4 also increased the energy absorption in visible light 
range owing to the relatively narrower band gap around 2.0 eV 
compared with that of 3.5 eV in TiO2.    
 

Figure 13. The formation mechanism of radicals on semi-conductor catalyst 
under light irradiation. 

 

Figure 14. a) Possible charge transfer of polyaniline-CoFe2O4-TiO2 (PCT) 
catalyst; b) the Plots of degradation of MB over different samples under visible 
light irradiation; (1) TiO2 (2) polyaniline-CoFe2O4 (3) CoFe2O4-TiO2 (4) 
polyaniline-TiO2 (5) polyaniline-CoFe2O4-TiO2.65 

Besides TiO2, ZnO is another widely studied material for the 
photo-decomposition of organic pollutants and toxic 
contaminants in air and water.66-69 However, similar to TiO2, the 
realization of high catalytic performance is limited by the fast 
internal excitons recombination caused by the wide band gap 
(3.2 eV). Several approaches have been investigated to improve 
ZnO catalytic activity, including both cation70 and anion71 doping, 
metal–semi-conductor Schottky junctions,72-74 surface decoration 
with organic molecules,75 and morphology manipulations.76,77 
Besides these, the creation of multiphase or “heterostructured” 
semi-conductor systems is regarded as an effective way. To 
date, most of the synthesis of these systems deposited a second 
semi-conductor phase onto pre-formed ZnO nano-crystals (NCs). 
Jaegermann et al. reported a novel SnO2−ZnO hetero-junction 
consisting of a mesoporous network of aggregated wurtzite ZnO 
decorated by cassiterite SnO2 nano-crystallites, which showed 
much higher photo-catalytic activities for the degradation of MB 
than those of individual SnO2 and ZnO nanomaterials, as 
indicated by the rate constant values in Figure 15a.78 After the 
determination of band structure of the catalyst, the enhancement 
was assigned to the formation of SnO2-ZnO hetero-junction, as 
shown in Figure 15b. 
 

 

Figure 15. a) Kinetic of the degradation of MB in the presence of UV only 
(square, dot), SnO2−ZnO in the dark (triangle, dash), SnO2−ZnO under UV 
(square, plain), SnO2 under UV (triangle, plain), and ZnO under UV (circle, 
plain); inset shows the calculated rate constant of MB degradation, kapp 
represents the apparent rate constant while knorm is the rate constant 
normalized by BET surface area. b) Mechanism of radical generation 
catalyzed by SnO2-ZnO hetero-junction.78  
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Similar enhancements have been observed in ZnO/CdSe,79 
ZnO/CuS,80 ZnO/CdTe81 and ZnO/CdS82 systems. Although the 
type II hetero-junction effect has been observed in several 
photo-catalytic systems, the detailed investigation in the 
relationship of catalytic ability with nano-junction structure of 
catalyst has not been reported. Meanwhile, the decoration of a 
secondary semi-conductor modifier on the ZnO surface exposes 
the modifier with narrow band gap into the reactants which 
usually leads to a photo-corrosion to the catalyst and causes 
catalyst deactivation. For the first time, our group reported a 
series of high quality hetero-structured photo-catalysts prepared 
by growing ZnO nano-crystals (NCs) around pre-formed 
cadmium chalcogenide quantum dots (QDs) using a simple and 
scalable solution-based approach.15 We demonstrated the 
successful growth of ZnO tetrahedrons around colloidal CdS, 
CdSe, and CdTe quantum dots (QDs), which gave rise to novel 
type II hetero-structured semi-conductor nano-crystals (HSNCs) 
with significantly increased photo-catalytic activity relative to 
pure ZnO. In performing a comparative study across a series of 
chalcogenides, we observed that the rate of exciton generation, 
and hence photo-catalytic activity, was related to both the nature 
of the chalcogenide anion (X-) and the structure of the junction 
between the different semi-conductors. The use of atomic probe 
tomography (APT) to characterise these hetero-junctions yielded 
unprecedented insights into the nano-hetero-junction structure, 
which revealed the increasing degree of interfacial atoms 
exchange (CdS<CdSe<CdTe) proportional to the materials 
softness and inversely proportioned to their lattice mismatch. We 
also observed that CdS and CdSe NCs can form extensive but 
sharp material interface with ZnO crystals while the much softer 
CdTe NCs with highest lattice mismatch generated more 
extensive atoms exchange with ZnO, leading to total 
encapsulation by the ZnO crystalline phase. Thus, the 
establishment of an internal CdTe/ZnO nano-interface  promoted 
the photo-catalytic properties of ZnO without photo corrosion of 
CdTe. The corresponding catalytic results of the series of 
materials, TEM and APT are shown in Figure 16, Table 2 and 
Figure 17, respectively. The core-shell structure of CdTe-ZnO 
NCs shows the highest catalytic ability due to the strongest 
interaction of CdTe and ZnO (as shown in Table 2, the band gap 
of ZnO in the core-shell structure lowers to 3.21 eV, while CdS 
and CdSe show much less significant effect.)  

 
 

Figure 16. a) MB decomposition curves under UVA irradiation (l=350 nm); b) 
Linear plots of pseudo-1st order rate equation. C0=initial dye concentration.15 

 

 

Table 2. Photo-catalytic rate constants (k-values) and band-gap values (Eg) 
for HSNCs and pure ZnO.15 

 

Figure 17. Top) TEM of CdX/ZnO (X=S, Se, Te) HSNCs showing CdS (left) 
and CdSe (center) decorating the surface of ZnO tetrahedrons, while CdTe 
(right) is fully encapsulated by ZnO. Bottom) (A) APT three-dimensional spatial 
reconstruction of Cd2+ (pink) and Zn2+ (blue) ions present in HSNCs; (B) 
Atomic composition profile of HSNC nanojunction as a function of scanned 
distance. (at%=atom%.)15 

 

3.2. Thermal-catalysis by nano-hetero-junction 

Although the concept of nano-hetero-junction has been applied 
into the photo-catalysis area for several decades, it is scarely 
discussed in traditional thermal-catalysis. On the other hand, 
many traditional catalysts contain finely divided noble metal 
nanoparticles on a semiconducting transition metal oxide 
support promoted with other ingredients.83 In addition, the 
thermal-catalytic reactions, usually involving the use of high 
temperature and high pressure during catalysis, which provide 
the energy input for the material excitation. In the past few years, 
our group have focused on the establishment of electronic nano-
hetero-junction in catalyst support that can effectively tune the 
thermal catalytic properties of the dispersed noble metals. 

Catalyst k value (min -1) ZnO Eg (eV) CdX Eg (eV) 

CdTe/ZnO 0.039 ±2.3*10-3 3.21±0.04 1.52 

CdSe/ZnO 0.014 ±1.4*10-4 3.26±0.04 1.93 

CdS/ZnO 0.024 ±6.2*10-4 3.26±0.04 2.59 

ZnO 0.012 ±1.9*10-4 3.28±0.03 N.A. 
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Cu/ZnO catalyst is a typical example for the illustration. Due to 
the primary greenhouse effect of CO2, catalytic conversion of 
CO2 with H2 to methanol or other condensable valuable 
chemicals has a positive impact on this important environmental 
issue.84,85 The majority research on catalytic studies for CO2 
hydrogenation has used modified industrial methanol catalysts 
for synthesis gas (CO/H2) hydrogenation, which contains 
Cu/ZnO as the main components together with Al2O3 as support 
and with different modifiers.86-88 However, the commercialization 
of methanol synthesis from CO2 hydrogenation is limited by the 
low methanol selectivity over this catalyst due to the 
simultaneous rapid formation of CO through reversed water gas 
shift reaction. Our group reported the synthesis of a novel 
Cu/CdSe@ZnO catalyst which showed a dramatic promotion of 
methanol selectivity from 40% of the undoped sample to about 
75%, dependent on the CdSe content (Figure 18a).79 The 
enhancement was assigned to the enrichment of electron 
density in ZnO by encapsulating CdSe (electron rich QD) into 
the ZnO rod through an establishment of the type II hetero-
junction. As shown in Figure 18b, the excited electrons by light 
or thermal energy are accumulated on the surface of ZnO, while 
holes take residence on CdSe due to the staggered energy 
levels created at the junction. Figure 19 shows the electron 
paramagnetic resonance (EPR) signals of ZnO in CdSe@ZnO 
and pure ZnO phase; apparently, the number of electrons in 
ZnO conduction band is raised several times by the addition of 
CdSe, which confirms the excited conduction electrons have 
been transferred from CdSe and accumulated in ZnO. By mixing 
Cu nano-particles with ZnO-CdSe support, the accumulated 
electrons with enhanced electronic potential were transfered to 
the Cu surface whcih could significantly modify the electronic 
interaction(s) between Cu site and the reactants. Thereby, the 
methanol selectivity increases with the concentration of CdSe 
QD embedded in ZnO rod, as shown in Figure 18. The core-
shell structure also minimizes the exposure of CdSe QD to the 
reactant molecules, which thus avoids its poisoning to the Cu 
surface 
 

 

Figure 18. a) Electronic interaction of ZnO, CdSe and Cu at hetero-junctions; 
b) Influence of CdSe content on the CO2 conversion and methanol selectivity 
of the synthesized catalysts.79 

Since Cu nanoparticle was added to the support by physical 
mixing, the interaction of CdSe-ZnO and the metallic Cu has not 
yet been maximized. This present Cu/CdSe@ZnO system is 
thus only serving as a material model to illustrate the influence 
of hetero-junction effect in support to the overlying metal particle 
in thermal catalysis. Another class of hetero-junction catalysts 

for thermal-catalysis has been studied. Rh/ZnFe2O4-Fe2O3 (or 
Pd/ZnFe2O4-Fe2O3) hetero-junction catalyst was prepared by 
co-precipitation method to extensively investigate the interaction 
of support and dispersed noble metal with intimate contact.14 
The electron energy loss spectroscopy (EELS) mapping, EPR 
and TRPL characterization results confirmed the existence of 
type II ZnFe2O4-Fe2O3 hetero-junction in the support. It was 
interesting to observe that the reduction of Fe(III) in the support 
to metallic Fe(0) by H2 was significantly promoted by the 
establishment of this hetero-junction and the amount of 
produced Fe(0) was determined by the ratio of ZnFe2O4 : 
Fe2O3. For the metal/metal oxide catalyst with intimate interface, 
it is becoming clear that one of the important interactions is the 
decoration of supported metal particles with trace reactive 
metallic elements derived from the support as bimetallic species. 
The metallic atoms from support is reduced by the activated 
atomic hydrogen from the metal site which is spilled to the 
neighboring support oxide. By the introduction of type II hetero-
junction, our group demonstrated that Rh (or Pd) noble metal 
nano-particles can be decorated with controlled amount of 
reactive Fe atoms to form bimetallic RhFe or PdFe nano-
particles with tunable composition by catalytic reduction of 
ZnFe2O4-Fe2O3 support materials (at a temperature lower than 
200 oC). The proposed reduction mechanism is shown in Figure 
20; with the formation of ZnFe2O4-Fe2O3 hetero-junction, more 
holes in terms of activated oxygen species are accumulated on 
the surface of ZnFe2O4. When noble metal is in proximity, these 
activated oxygen species (holes) could then react with the 
spilled atomic hydrogen (produced on noble metal surface) at 
the interface to form water as their lifetime constant of excitons 
is comparable to that of this chemical reaction. 

 

Figure 19. (top) a) HRTEM image of CdSe@ZnO to show embedded CdSe 
nanoparticles with observed [002] fringes of 3.36 ± 0.05 Å; b) HRTEM on 
materials interface showing regions of wriggled [101] fringe lines of ZnO. 
(bottom). Resolved integrated EPR signal of left).~17 mg ZnO rod and right). 
40 mg CdSe-ZnO sample (CdSe 26.4 wt%).79 
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Thus, the corresponding electrons in Fe2O3 phase will reduce 
metal ions Fe(III) from the support mixture to metal atoms Fe(0). 
The number of first shell neighbor Fe to Rh (NFe=5.2) varies 
with ratio of ZnFe2O4: Fe2O3 in the support as sample 3 
(ZnFe2O4: Fe2O3=1.0) > sample 2 (ZnFe2O4: Fe2O3= 0.6) > 
sample 4 (ZnFe2O4: Fe2O3=8.6) > sample 1 (ZnFe2O4: Fe2O3=0) 
reflecting the varied composition of RhFe nano-particles by the 
amount of hetero-junction interface in support. The content of Fe 
in the bimetallic phase increases with the amount of ZnFe2O4-
Fe2O3 hetero-junction interface and reaches the optimum at 
ZnFe2O4: Fe2O3 =1.0 which has the maximum hetero-junction 
interface (Figure 21a). Due to the strong interaction of iron oxide 
based support with the noble metal containing phase, extremely 
small PdFe or RhFe particles with tunable compositions can be 
maintained, which exhibit high catalytic ability (as shown in 
Figure 20b, the average size of Rh containing phase is around 
1.5 nm). Meanwhile, the catalytic properties of noble metals can 
be rationally tuned by varying the composition of the formed 
bimetallic nano-particles through the electronic interaction with 
modifier atoms. As shown in Figure 21b, the binding energy of 
Rh changes with the content of Fe(0) in the bimetallic RhFe 
nanoparticles indicating the tunable electronic structure of Rh. 
The catalytic performance of the series of prepared RhFe and 
PdFe nanoparticles prepared by this ZnFe2O4-Fe2O3 hetero-
junction method in the hydrogenolysis of ethylene glycol are 
shown in Figure 22. The results vary with the content of Fe, 
corresponding to the amount of ZnFe2O4-Fe2O3 hetero-junction 
interface. We believe such a fine control in electronic and 
structural modifications in supported bimetallic catalysts enabled 
by designed hetero-junctions empowers scientists to approach 
new catalysis reactions in systematic manner, and allows fine-
tuning of catalysts with superior performance for important 
reactions. It is anticipated that this method may have a potential 
to identify new catalysts to meet the growing demands for 
greener catalysts. 
 

 

 

 

Figure 20. a) Proposed electron flow cycle in the reduction process of two 
semi-conductor supports catalyzed by noble metal; b) TEM image of reduced 
Rh/ZnFe2O4-Fe2O3 sample (ZnFe2O4-Fe2O3=1.0).14   

 

Figure 21. a) Number of neighbor Rh (NRh) and Fe (NFe) atoms around Rh 
absorbing atom derived from EXAFS fittings; b) Rh 3d XPS curves for samples 
1-4 after pre-reduction. R represents the ratio of ZnFe2O4: Fe2O3.14 

 

Figure 22. Catalytic performances of (a) Rh samples and (b) Pd samples in 
hydrogenolysis of ethylene glycol (50 bar H2, 250 oC, the trace products 
include CO, C2H6, etc.).14 

4. Conclusions 

Semi-conductors act as excellent catalysts or catalyst supports 
in a large variety of important industrial reactions, which range 
from photo- to traditional thermal-catalysis reactions. By 
incorporating an appropriate secondary semi-conductor into a 
working catalyst, a type II hetero-junction in the catalyst can be 
established. With the excitation of catalyst by light or heat, the 
generated excited electrons and holes are separated on different 
phases of the semi-conductors. This hetero-junction effect 
significantly prolongs the lifetime of excitons, which tunes the 
catalytic properties. 
In photo-catalysis, the photo-generated electrons and holes are 
the key for the occurrence of chemical reactions or for the 
generation of photo-current. But the efficiency of excitons 
utilization is strongly restricted by the instant recombination of 
electrons and holes. The prolonged lifetime of excitons by 
hetero-junction effect reduces the recombination of holes and 
electrons by separating the two on different crystalline phases at 
the interface. As a result, more electrons and holes with 
prolonged lifetime can be involved in chemical reactions or be 
transferred into the electronic device. Clearly, the longer 
timescale for catalytic reactions would demand a more efficient 
hetero-junction to prolong the excitons lifetime in converting 
photon energy to chemical product. 
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  In traditional thermal-catalysis, the mixed phase of semi-
conductor oxide as support is commonly used to host noble 
metal particles. The formed type II hetero-junction in support by 
blending another semiconducting support material can enhance 
spatial charge separation hence altering the electronic potential 
and adsorptive properties of overlying noble metal particles. The 
hetero-junction can also effectively control the reduction 
behavior of the semi-conductor oxides to their metallic state, and 
consequently tune the amount of produced metallic atoms. 
These atoms with controlled amount from the support phase act 
as modifiers for the dispersed noble metal nano-particles 
through the formation of bimetallic phase. They can be in form of 
core-shell or Janus morphology with adjustable dimensions. As 
a result, the electronic structure of noble metal can be well tuned 
in a subtle manner by varying the content of modifiers through 
the strong electronic interaction of the two elements. 
Currently, the research of nano-hetero-junction is mainly 
focused in the area of photo-catalysis, including the 
development of solar cell, photo-degradation of environmental 
pollutants and the renewable H2 production. The mechanism is 
clear and some processes have been commercialized. Our 
group have demonstrated that the hetero-junction effect is also 
effective in traditional thermal catalysis and the results appear to 
be promising. Although it is hard to accurately determine the 
precise role(s) of hetero-junction in thermal reactions due to the 
complexity of multi-component catalysts, delicate pretreatments 
of catalysts and applications of extreme temperature and 
pressure in industrial applicable conditions, we believe the 
application of nano-hetero-junction concept is a simple and 
effective way in tuning the catalytic performance of catalysts in a 
rational manner. Due to the large share of traditional thermal-
catalysis in industry, this rational guide of catalysts is extremely 
important and warrenty further study.  
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MICROREVIEW 

Heterojunction of two semiconductor 
phases to prolong lifetime for spatial 
charge separation is a well-established 
concept in photo-physics and is widely 
explored in solar cell and photocatalytic 
devices. However, its applications in 
thermal catalysis are currently rather 
limited. This min-review scoops the 
applications of nano-hetero-junction in 
thermal-catalysis area as to compare to 
photocatalysis with particular focuses on 
pollutants removal, renewable energy 
production and chemicals synthesis. 
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