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  1   .  Introduction 

 Converting solar energy into fuels and/or electricity is one of 
the major scientifi c challenges researchers are facing nowa-
days. [  1  ]  Mixed oxide semiconductor materials can be used to 
perform such energy transformation, for example, by con-
verting sunlight energy into chemical energy by catalyzing the 
formation of chemical bonds. One highly investigated reaction 
using this approach is photocatalytic water splitting, generating 
hydrogen and oxygen from water. [  2–7  ]  Another example is the 
photocatalytic reduction of carbon dioxide (CO 2 ) to carbon-
based chemicals. [  8  ]  

 In case of a semiconductor photocatalyst, the material absorbs 
sunlight when the energy of the incident photons is equal or 
larger than the band gap ( E  g ) of the semiconductor. Thus, an 
electron is excited from the valence band (VB) of the semicon-
ductor into its conduction band (CB). The photoexcited electron 
can be used to perform electrochemical reduction reactions 
on the photocatalyst surface, for example, reducing protons 

to hydrogen, reducing oxygen to O 2  −  radi-
cals, or reducing CO 2 , but only if the CB 
minimum is located at more negative 
potential than the electrochemical poten-
tial of the desired reaction (H 2 /H +  = –0.41 
V; [  2  ]  CO 2 /CH 4  = –0.24 V; [  9  ]  CO 2 /CO 2  −  = 
–1.9 V; [  9  ]  O 2 /O 2  −  = –0.33 V; [  10  ]  .OH,H + /
H 2 O = 2.73 V, [  10  ]  all at pH 7). In the VB 
of the semiconductor, a photo-generated 
“hole” remains, which can perform elec-
trochemical oxidation of compounds with 
oxidation potentials more negative than 
that of the VB maximum. When the pho-
togenerated charge carriers are not used 
in photocatalytic reactions, they recom-
bine, releasing energy in form of lumi-
nescence or heat. The basic principles of 
these processes are depicted in  Figure    1  .  

 The basic three steps of photocatalytic 
reactions are 1) photoexcitation of charge 
carriers; 2) charge carrier separation and 

diffusion to the photocatalyst surface; and 3) oxidation and 
reduction reaction on the catalyst surface. During step (2), 
recombination can occur via different mechanisms. The major 
pathway is the already mentioned relaxation of photoexcited 
electrons back into the VB, which can directly happen from the 
CB. After the photoexcitation, electrons can also be trapped in 
electron traps both at and below the surface of a semiconductor, 
from where the recombination can proceed. The same prin-
ciple is applicable for the holes, which can also be trapped in 
interband or surface states. As a result, several possibilities for 
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of a semiconductor particle; E ph : energy of irradiated photon, A: electron 
acceptor, D: electron donor. 
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Co-oxides, CoPi, CoBi, and B 2 O 3- x  N  x .  [  22–25  ]  A review summa-
rizing the roles of co-catalysts was published very recently. [  26  ]  

 Another important strategy for the extraction of photoex-
cited electrons from the semiconductor to reduce charge carrier 
recombination probability is the formation of composites with 
carbon materials, especially graphene-based nanoassemblies. [  27  ]  
Due to the high electron mobility in graphene, [  28  ]  photoexcited 
electrons transferred from the semiconductor CB to graphene 
are easily separated from the semiconductor surface. Several 
review articles describe improved photocatalysis achieved with 
carbon-semiconductor composite nanomaterials. [  29–33  ]  

 In contrast, the present review will concentrate on the 
strategy of using two or three different photocatalyst materials 

charge carrier recombination exist, summarized in  Figure    2  , 
which must be inhibited to improve photocatalytic reaction 
effi ciency.  [  11,12  ]  Those interband or surface states are usually 
related to defects in the crystal structure or grain boundaries. 
Therefore, increasing the crystallinity of photocatalyst mate-
rials can reduce the recombination probability, as the density 
of crystal defects is reduced with increasing crystallinity. More-
over, reducing the particle size of a photocatalyst shortens the 
diffusion pathway of the charge carriers, leading to decreased 
recombination probability. Finally, charge carrier recombina-
tion occurs not only in single particles or on single particle sur-
faces, but can also occur between different particles.  

 Several approaches to inhibit charge carrier recombination in 
heterogeneous photocatalysis are described in the literature. One 
popular strategy is the decoration of photocatalyst materials with 
metal nanoparticles: The Fermi energy of the metal nanopar-
ticle is usually lower than that of the semiconductor; facilitating 
electron transfer from the semiconductor to the metal via the 
Schottky-contact. The most commonly applied metals for such 
decoration include platinum (Pt), palladium (Pd), gold (Au), or 
rhodium (Rh), [  13–15  ]  due to their noble and/or catalytic character, 
but more abundant elements such as cobalt (Co) and nickel (Ni) 
(both nanoparticles and complexes) have been applied. [  16–18  ]  
They both act as electron sinks/reservoirs, spatially separating 
the electrons from the photoexcited holes in the semiconductor 
VB, and as more effi cient active sites for the photocatalytic 
reduction reaction, thus serving as co-catalysts. Besides metal 
and also metal oxide (NiO, RuO 2 ) nanoparticles, other materials 
like MoS 2 , Rh 2- y  Cr  y  O 3 , or CuO/Cr 2 O 3  have been investigated 
as co-catalysts for, for example, hydrogen generation. [  19–21  ]  For 
catalysis of oxygen generation, classical noble metal oxide co-
catalysts such as RuO 2  and IrO 2  are replaced by compounds 
containing more abundant elements, for example, Mn-oxides, 
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      Figure 2.  Primary photoprocesses at the semiconductor/liquid interface (thick vertical bar). After photoexcitation, radiative and nonradiative recom-
bination can occur, depicted by straight and waved lines respectively. Electrons and holes gain stability when moving down and up in this scheme, 
respectively. The depicted band positions apply for TiO 2  in contact with water at pH 7. The electron energy (eV) is given relative to the vacuum level 
(0 eV); e −  tr : electron trap, h +  tr : hole trap, e −  r : reactive electron surface site, h +  r : reactive hole surface site. Reproduced with permission. [  12  ]  Copyright 
2012, Wiley-VCH. 
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be improved by reducing the particle size and increasing the 
active surface area of the material. Finally, surface structure and 
chemistry play important roles in photocatalysis. For example, 
surface sensitization of UV-active photocatalysts with visible-
light absorbing compounds like dyes [  49  ]  enables broad spectral 
absorption for charge carrier generation. Moreover, modifi ca-
tion of the photocatalyst surface, particularly with co-catalyst 
nanoparticles, can lead to improved adsorption of reactants. 
Finally, tuning the crystal facets of photocatalyst particles like 
TiO 2 , ZnO, WO 3 , or  α -Fe 2 O 3  to expose the most reactive surface 
facets to the surrounding reactants has attracted considerable 
attention in the last years. [  50–55  ]  Tuning the selectivity of photo-
catalytic reactions through facet-dependent molecular adsorp-
tion becomes possible by fi ne tuning the ratio of crystal facets. 

 In summary, the key issues for improving photocatalytic 
activity are improved light absorption, high crystallinity, large 
surface area and good charge carrier separation. Optimum 
band positions, high chemical stability of the semiconductor 
material, and low cost are also highly desirable. By combining 
more than one photocatalyst to form a composite photocatalyst 
system, many of these issues can be addressed at once. 

 The basic principle for a photocatalyst composite in direct 
contact will be explained for a system containing two different 
components. In that case, depending on the band positions of 
those two semiconductors, the formed heterojunction can be 
classifi ed into three different types depicted in  Figure    3  . In a 
type I heterojunction, the VB of semiconductor B is lower than 
of semiconductor A, and the CB of semiconductor B is higher 
than the CB of semiconductor A. Since electrons and holes 
gain energy by moving down and up respectively, photoexcited 
electrons can transfer from CB(B) to CB(A), while the holes can 
be transferred from VB(B) to VB(A) when the contact between 
both materials is suffi cient. Thus, all charge carriers are accu-
mulated on semiconductor A, which yields no improvement to 
charge carrier separation, and thus no improvement in photo-
catalytic activity. However, this type of heterojunction is quite 
common, for example, the GaAs–AlGaAs system. [  56  ]   

 A type II heterojunction provides the optimum band posi-
tions for effi cient charge carrier separation leading to improved 
photocatalytic activity. Photoexcited electrons are transferred 
from CB(B) to CB(A). Whether this occurs directly via elec-
tron transfer between semiconductors due to the favorable 
energetics of the relative positions of the CBs, or due to band 
bending at the interface inducing an internal electric fi eld is 
still under debate. Holes are transferred simultaneously from 
VB(A) to VB(B). Thus, photogenerated electrons and holes are 

and/or phases to form heterojunction composites in order to 
reduce charge carrier recombination. The classical charge 
transfer between two different photocatalysts will be reviewed, 
with emphasis on charge carrier transfer and spatial separa-
tion of charge carriers on different photocatalysts. However a 
critical focus of this review comprises the emerging importance 
of charge carrier separation in multiphase heterojunction mate-
rials, which has gained a lot of attention recently, and has not 
been critically reviewed.  

  2   .  Composite Photocatalysts 

 Although photocatalysis research has made a lot of progress 
in the last decade, there are still major issues that need to be 
addressed before photocatalysis can become a viable, effi cient 
and widely accepted process, especially for industrial applications. 
Practical problems such as long term stability and reliable char-
acterization of photocatalyst performance through standardized 
reactor geometries and test protocols remain. Additionally, funda-
mental properties of photocatalyst materials still need improving: 
critical, fundamental materials design parameters that affect 
photocatalytic performance include i) electronic structure; ii) 
surface structure; and iii) crystal structure. In terms of electronic 
structure, the main tasks for researchers remain both the gen-
eral improvement of light absorption, and the extension of light 
absorption of semiconductor materials into the visible portion of 
the solar spectrum. Several strategies extend the absorption of 
UV-active photocatalysts into the visible light region, including 
doping with cations [  34–36  ]  and/or anions, [  37,38  ]  as well as decora-
tion of the semiconductor with plasmonic metallic nanoparti-
cles. [  39–42  ]  One limitation of doping is that it can also reduce the 
oxidation and reduction potentials of the excited charge carriers, 
leading to decreased photocatalytic activities. However, alteration 
of electronic structure via doping can also improve charge carrier 
mobility in semiconductors, as in the case of, for example, nio-
bium doping of TiO 2 . [  43,44  ]  Finally, carefully chosen reaction con-
ditions and ideal materials’ properties, like doping from the gas 
phase of a semiconductor material with open crystal structure, 
can lead to both improved light absorption in the visible light 
range and enhanced photocatalytic activity. [  45–48  ]  

 At the level of photocatalyst crystal structure, an ongoing 
challenge is the reduction of defect concentration to enhance 
crystallinity, thereby reducing the number of charge carrier 
recombination sites. The chances of successful bulk diffusion 
of charge carriers to the reactive photocatalytic interface can also 

      Figure 3.  Different types of semiconductor heterojunctions. 
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  3   .  Multicomponent Heterojunctions of 
Semiconductors 

  3.1   .  Heterojunctions Between Two/Three Solid State 
Photocatalysts 

 One of the fi rst-described and most investigated photocata-
lyst multicomponent heterojunctions is the CdS/TiO 2  system. 
Charge transfer of photoexcited electrons from the CB of CdS 
to TiO 2  was fi rst described in 1984 by Serpone et al., [  57  ]  and 
further investigated for the CdS–ZnO system by Spanhel et al., 
in 1987. [  58  ]  The charge transfer under visible light irradiation 
for these heterojunctions is exemplarily shown in  Figure    5  . [  59  ]  
CdS–ZnO and CdS–TiO 2  are typical examples for type II het-
erojunctions. Photoexcited electrons are transferred upon 
light irradiation from the CdS CB to the CB of ZnO or TiO 2 . 
This charge injection process is very fast, it was fi rst reported 
to occur in <18 ps at CdS–ZnO [  59  ]  and <20 ps at CdS–TiO 2 ,  [  60  ]  
respectively. The charge transfer process is now known to be 
completed in <2 ps. [  61,62  ]  Upon visible light irradiation, only 
electrons in CdS are excited ( E  g  = 2.4 eV), while no charge 

spatially separated from each other, reducing the recombina-
tion probability signifi cantly and increasing electron lifetimes, 
which can be proven by transient spectroscopic techniques. 
Most of the examples of composite photocatalysts described in 
the literature are type II heterojunctions. 

 Finally, in type III heterojunctions the charge carrier transfer 
is the same as in type II semiconductors, only that the band 
positions are even further set off. Such arrangements of band 
positions are also called broken-gap situations. 

 The following chapters will deal mostly with type II het-
erostructures. Band positions and band gaps for the pre-
sented semiconductors used in heterojunctions are shown in 
 Figure    4  a,b. In these chapters, the heterojunction-containing 
materials will be differentiated as follows: A photocatalyst 
composite consisting of two different materials will be called 
a “multicomponent” heterojunction material. A composite con-
sisting of different phases of one material (e.g., anatase and 
rutile, both crystal phases of TiO 2 ) will be called “multiphase” 
heterojunction material, since different crystal phases typically 
also have different band gaps. Sometimes the latter case is also 
called a homojunction in literature, which would however indi-
cate equal band gaps.   

      Figure 4.  Band gaps and band positions of a) n-type semiconductors and b) p-type semiconductors used for composite photocatalyst heterojunctions. 
Values taken from references given in the article. 

Adv. Funct. Mater. 2014, 24, 2421–2440
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and SnO 2  to the current-collecting back contact electrode. The 
improved electron separation was used to decompose the azo 
dye naphthol blue black (NBB) with electrochemical assistance 
(up to a degradation rate  k  = 0.05 min −1 , 0.8 V vs standard cal-
omel electrode (SCE), 37 ppm NBB in water). [  76  ]   

 In recent years, the interest especially in CdS–TiO 2  hetero-
junctions has grown again, due to the emergence of several 
techniques to prepare CdS quantum dots (QDs) and surface 
engineered TiO 2  with different morphologies. [  77–83  ]  Hoffmann 
et al. showed that photocatalyst heterojunctions should be 
carefully designed with regards to the desired application. [  81  ]  
Using CdS–TiO 2  with deposited Pt co-catalyst, they showed 
that the deposition of Pt should be exclusively performed on 
TiO 2  leading to the maximum rate of hydrogen evolution (up to 
8.8 mmol h −1  per gram catalyst, 25 mL Na 2 S/Na 2 SO 4  solution 
[4 mmol L −1 ], 0.5 g L −1 , 450 W Xe lamp,   λ   > 420 nm). Charge 

carriers are generated upon visible light irradiation in TiO 2 . 
Therefore, photogenerated holes are only generated in the VB 
of CdS, and accumulate there due to the higher VB position 
of CdS with respect to that of TiO 2 . The electrons are trans-
ferred to TiO 2 , and thus spatially separated from CdS reducing 
the recombination probability. Many early examples of dif-
ferent chalcogenice-containing semiconductor combinations 
which improve photocatalytic and photoelectrochemical per-
formance have been described, including the above-described 
CdS–TiO 2  [  57,58,60,61,63–65  ]  and CdS–ZnO, [  58,59,65,66  ]  but also CdS–
K 4 Nb 6 O 17 , [  67  ]  CdS–AgI, [  60  ]  Cd 3 P 2 –TiO 2  [  68  ] /ZnO, [  69  ]  ZnO–ZnS, [  70  ]  
ZnO–ZnSe, [  71  ]  CdSe–ZnS, [  72  ]  and CdS–CdSe. [  73  ]  Weller et al. 
performed a comprehensive study investigating multiple het-
erostructures (PbS, CdS, Ag 2 S, Sb 2 S 3 , Bi 2 S 3  @ TiO 2 , Ta 2 O 5 , 
Nb 2 O 5 , ZnO, SnO 2 ), upon which only heterostructures with 
CdS and PbS were found to be effi cient or stable. [  74  ]   

 The consequences of such a directed 
charge carrier transfer under light illumi-
nation was nicely shown by Kamat et al. in 
their investigation of the type II heterojunc-
tion between SnO 2  and TiO 2 . [  75  ]  When both 
material are in contact, charge carriers are 
generated in both semiconductors upon UV 
light irradiation. However, due to their rela-
tive band positions (see Figure  4 a), charge 
carriers are separated and the electrons are 
transferred to the CB of SnO 2 . Moreover, all 
photogenerated holes are accumulated in 
the VB on TiO 2 . When SnO 2  is completely 
encapsulated by TiO 2 , photoexcited elec-
trons cannot react with any reactant and are 
trapped on SnO 2 . This consequence is illus-
trated in  Figure    6  , in which case photoanodes 
made of SnO 2 –TiO 2  were prepared, and IPCE 
(incident photon to current effi ciency) values 
were calculated from wavelength dependent 
photocurrent measurements taken under 
illumination with UV light. Photoanodes 
prepared from TiO 2 -capped SnO 2  produce 
hardly any photocurrent, which proves the 
very effective charge carrier separation. Elec-
trodes made of coupled TiO 2 –SnO 2  particles 
produce anodic photocurrents, as photoex-
cited electrons are transferred from TiO 2  

      Figure 6.  Comparison of IPCE values of a) coupled TiO 2 –SnO 2  heterojunction photoanode 
compared to b) photoanode made of TiO 2 -capped SnO 2  particles: OTE: optical transparent 
electrode. Reproduced with permission. [  75  ]  Copyright 1995, American Chemical Society. 

      Figure 5.  Charge transfer in the CdS/TiO 2  and CdS/ZnO heterojunction composites, band positions are arbitrary and not comparable. Reproduced 
with permission. [  59   ,   60  ]  Copyright 1990/1992, American Chemical Society. 

Adv. Funct. Mater. 2014, 24, 2421–2440



2426

www.afm-journal.de
www.MaterialsViews.com

wileyonlinelibrary.com © 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

FE
A
TU

R
E 

A
R
TI

C
LE  For example, Li et al. prepared hollow spheres of Bi 2 WO 6  

using polystyrene spheres as template, and a Bi 2 O 3  layer was 
deposited via solvothermal method to prepare a type II com-
posite photocatalyst. [  180  ]  This p–n junction between p-type Bi 2 O 3  
and n-type Bi 2 WO 6  lead to strongly improved degradation rates 
(95% degradation after 3 h, 80 mg catalyst, 80 mL RhB solu-
tion [10 −5  mol L −1 ], 500 W tungsten–halogen lamp,   λ   > 420 nm) 
for RhB compared to pure Bi 2 O 3  (2% degradation after 3 h) or 
Bi 2 WO 6  (8% degradation after 3 h). 

 Marschall et al. prepared a composite of the (111)-layered 
perovskite Ba 4 Ta 4 O 15  and Ba 3 Ta 5 O 15  by tuning the ratio of 
barium and tantalum precursors in their sol–gel syntheses. [  174  ]  
Although the VB of both phases only differed slightly, the 
energy difference of both CBs was suffi cient to improve charge 
carrier separation leading to signifi cantly enhanced activity 
in photocatalytic TA hydroxylation and H 2  generation from 
aqueous methanol (1885  μ mol h −1  per 0.5 g catalyst, in 600 ml 
methanol/H 2 O [8 vol%], 350 W Hg immersion lamp, com-
pared to 800  μ mol h −1  per 0.5 g pure Ba 4 Ta 4 O 15 ), with very low 
amounts (0.025 wt%) Rh co-catalyst. 

 Chai et al. prepared a photocatalyst composite made of 
BiOCl and Bi 2 O 3  in 2009 which was very active for 2-propanol 
oxidation ( k  = 0.602 h −1  m −2 , 117 ppmv 2-propanol, 300 W Xe 
lamp,   λ   > 420 nm). [  184  ]  However, the mechanism responsible 
for visible light activity was different from those deriving from 
more typical sensitization strategies. Under visible light irra-
diation, photogenerated charge carriers can only be produced 
on Bi 2 O 3 , but since its VB is 0.7 eV lower than that of BiOCl, 
electrons from the VB of BiOCl can be transferred to the VB 
hole in Bi 2 O 3 , resulting in reactive holes in the BiOCl VB which 
can oxidize of organic compounds. Thus, electrons and holes 
become spatially separated, decreasing recombination prob-
ability and resulting in increased reaction rates. 

 Madhusudan et al. combined BiVO 4  with photocata-
lyst Bi 2 O 2 CO 3 . [  187  ]  SEM images revealed a nanocomposite 
of Bi 2 O 2 CO 3  nanosheets with highly exposed {001} facets 
combined with BiVO 4  particles which were prepared by a 
hydrothermal process. The resulting type II heterojunc-
tion was both stable and very effective for RhB degrada-
tion in visible light (97% degradation in 60 min, 0.1 g cat-
alyst in 20 mL RhB solution [2 x 10 −5  mol L −1 ], 350 W Xe 
Lamp,   λ   > 420 nm) compared to the single components 
(BiVO 4 : 54% in 60 min, Bi 2 O 2 CO 3 : 47% in 60 min). Saito 
et al. used BiVO 4  in a triple multicomponent heterojunc-
tion together with SnO 2  and WO 3  to create a very effec-
tive vectorial charge transfer system for photoexcited elec-
trons. [  189  ]  First, WO 3  was deposited on FTO (fl uorine-doped 
tin oxide) electrode via spin-coating, followed by spin coating 
of SnO 2  and BiVO 4  subsequently. The resulting multilayer 
photoanode was irradiated with visible light from the BiVO 4  
side, upon which charge carriers were mainly generated in 
the BiVO 4  layer, but also in WO 3 . In addition to having VB 
and CB bands well-positioned for electron transfer, the SnO 2  
interlayer also interposed an energy barrier to the recombi-
nation process between electrons in the CB of WO 3  and the 
holes in the VB of BiVO 4 , improving the overall photoelec-
trochemical performance in KHCO 3  electrolyte. Stoichio-
metric photoelectrochemical water splitting was achieved 
using a Pt counter electrode (0.1  M  KHCO 3  electrolyte) with 

separation and vectorial charge transfer of photoexcited elec-
trons from CdS → TiO 2  → Pt was achieved, with hydrogen being 
produced at the surface of the photo-deposited Pt nanoparticles. 

 Mathur et al. decorated rutile nanorod arrays with CdS QDs 
to enhance the photocurrent response. [  84  ]  To further improve 
the photoelectrochemical effi ciency, a multicomponent-mul-
tiphase heterojunction was prepared by introducing an anatase 
layer onto the rutile nanorods. The resulting “staircase” het-
erojunction, consisting of a CdS-anatase multicomponent het-
erojunction and a rutile-anatase multiphase heterojunction, 
yielded signifi cantly improved photocurrents (up to 2 mA/cm 2  
at 0.4 V  vs.  Ag/AgCl, aqueous Na 2 S electrolyte, Pt counter, AM 
1.5 sun simulator at 1 sun) compared to the single CdS-rutile 
heterojunction (up to 1 mA cm −2  at 0.4 V vs Ag/AgCl). 

 Besides CdS–TiO 2 , many other heterojunction composites 
have been prepared using TiO 2  to enhance charge carrier sepa-
ration, as shown in  Table   1 .  

 The WO 3 –TiO 2  system is a typical example for a type I het-
erojunction: The VB maximum and CB minimum of WO 3  are 
both energetically situated inside the TiO 2  E  g , so photoexcited 
charge carriers would be transferred onto WO 3  upon UV light 
irradiation. However, by selective photodeposition of co-cat-
alysts on one semiconductor of the composite, the photocata-
lytic properties can nevertheless be tuned to effi ciently separate 
charge carriers even in this type I arrangement. [  92  ]  

 Diwald et al. used electron paramagnetic resonance spectros-
copy (EPR) as an effective technique to detect photogenerated 
and adsorbed O 2  −  ions on ZrO 2 –TiO 2  nanoparticle networks. [  113  ]  
Enhanced charge carrier separation was observed in comparison 
to pure TiO 2  or pure ZrO 2  nanoparticle networks, due to effi cient 
charge carrier transfer via the ZrO 2 –TiO 2  interface, reducing 
charge carrier recombination in ZrO 2 . The same investigations 
were also performed on TiO 2 –SnO 2  nanoparticle networks, 
proving the electron transfer from TiO 2  to SnO 2  ( Figure    7  ) being 
dependent also on effective mixture and high amount of inter-
faces between the different nanoparticulate materials. [  118  ]   

 Heterojunctions can also be used to improve the stability of 
one component. Ag 3 PO 4  usually lacks stability in the absence 
of sacrifi cial electron donors, although being highly active in 
visible light ( E  g  = 2.5 eV) for photocatalytic reactions. However, 
forming a heterojunction with TiO 2  signifi cantly improves the 
stability, and additionally enhances the activity ( k  = 0.34 min −1 , 
50 mg catalyst in 100 mL MB [20 mg L −1 ], 300 W Xe lamp,   λ   
> 400 nm) compared to pure Ag 3 PO 4  ( k  = 0.23 min −1  at   λ   > 400 nm) 
or TiO 2  ( k  = 0.14 min −1  at   λ   = 350–800 nm). [  148  ]  

 Some three-component heterojunctions prepared with TiO 2  
have been described, among them are Cu 2 O–CuO–TiO 2 , [  124  ]  
CuO–ZnO–TiO 2 , [  162  ]  TiN–TiO  x  N  y  –TiO 2 , [  163  ]  Bi 2 O 3 /Bi 4 Ti 3 O 12 /
TiO 2 , [  164  ]  and also heterojunctions containing the multiphase 
heterojunction rutile-anatase together with SnO 2 , [  165  ]  WO 3 , [  166  ]  
Cu 2 O, [  167  ]  and MoO 3 . [  166  ]  In those cases, charge separation and 
vectorial charge transfer were achieved over all three compo-
nents for very effective spatial separation of electrons and holes. 
More details about the anatase-rutile TiO 2  heterojunctions will 
be given in Section 4. 

 More generally, a very large number of different semicon-
ductor combinations have been investigated in terms of their 
photochemical and photophysical properties. Some of the most 
prominent and most recent examples are summarized in  Table   2 .  
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their resulting WO 3 -BiVO 4 :Mo heterojunction photoanode, 
reducing bulk and surface recombination signifi cantly, and 
improving charge injection and charge separation. Photocur-
rents up to 2.4 mA cm −2  at 1.23 V versus RHE were achieved. 

IPCE values above 40% >400 nm. The photoelectrochemical 
performance of BiVO 4  was enhanced by Jeong et al. via Mo 
and W doping. [  191  ]  Additionally, they electrochemically depos-
ited the well-known oxygen evolution co-catalyst Co-Pi [  23  ]  on 

 Table 1.   Prominent multicomponent heterojunctions with TiO 2 . 

Semiconductor 1  Semiconductor 2  Type of heterojunction  Photocatalysis in visible light (  λ   > 400 nm)  Refs.  

TiO 2   ZnO  II  -   [  85,86  ]   

  WO 3   I  Isopropyl alcohol (IPA) oxidation, stearic acid removal, Rhodamine B (RhB) 

degradation, oxalic acid oxidation, H 2  production, formic acid oxidation, enhanced 

photocurrents  

 [  87   –   96  ]   

  MoS 2   I  enhanced photocurrents, H 2  production, RhB degradation   [  97,98  ]   

  MoO 3   II  –   [  87,99,100  ]   

  Nb 2 O 5   I  –   [  101,102  ]   

  Bi 2 O 3   II  Orange II oxidation, p-chlorophenol degradation, pentachlorophenol degradation   [  103  ]   

  In 2 O 3   II  2-chlorophenol degradation, 2,4-dichlorophenoxyacetic acid oxidation, RhB 

degradation  

 [  106–109  ]   

  CeO 2   I/II  Iodide oxidation, Methylene blue (MB) degradation, Methyl Orange (MO) 

degradation  

 [  110    –    112  ]   

  ZrO 2   I  –   [  113,114  ]   

  V 2 O 5   I/II  RhB degradation, terephthalic acid (TA) hydroxylation, H 2  production   [  115    –    117  ]   

  SnO 2   II  –   [  118  ]   

  Fe 2 O 3   I  enhanced photocurrents, H 2  production, RhB degradation   [  119–122  ]   

  CuO  II  H 2  production, Orange II oxidation   [  123,124  ]   

  Cu 2 O  II  Orange II oxidation, MB degradation, p-nitrophenol oxidation, 2,4,6-trichloro-

phenol degradation, enhanced photocurrents  

 [  103,125–

127  ]   

  In 2 S 3   II  MO degradation, H 2  production   [  128–130  ]   

  SnS 2   II  Cr(VI) reduction, 4-chlorophenol (4-CP) degradation, phenol degradation, MO 

degradation, RhB degradation  

 [  131  ]   

  BiOI  I  MO degradation,   [  132,133  ]   

  ZnIn 2 S 4     enhanced photocurrents   [  134  ]   

  Ag-AgBr  II  Phenol degradation, ibuprofen degradation,  E. coli  treatment, enhanced 

photocurrents  

 [  135–137  ]   

  Bi 2 WO 6   II  RhB degradation, acetaldehyde oxidation, stearic acid removal, enhanced 

photocurrents  

 [  138–142  ]   

  Bi 2 MoO 6   II  RhB degradation, alizarin red degradation   [  143,144  ]   

  InVO 4   II  benzene oxidation, cyclohexane oxidation, ethylbenzene oxidation, toluene oxida-

tion, acetone oxidation,  E. coli  treatment  

 [  145,146  ]   

  BiVO 4   I  benzene oxidation   [  147  ]   

  Ag 3 PO 4   II  RhB degradation, MB degradation, 2-CP degradation, enhanced photocurrents   [  148,149  ]   

  Bi 12 TiO 20   II  RhB degradation   [  150  ]   

  AgIn 5 S 8   II  H 2  production   [  151  ]   

  CuInS 2   II  4-nitrophenol degradation   [  152  ]   

  AgGaS 2     H 2  production   [  153  ]   

  CoFe 2 O 4   II  enhanced photocurrents   [  154  ]   

  ZnMn 2 O 4   I  Orange II oxidation   [  103  ]   

  K 2 Ti 4 O 9   I  –   [  155,156  ]   

  HTiNbO 5   II  –   [  157  ]   

  Bi 4 Ti 3 O 12   II  RhB degradation   [  158  ]   

  W 18 O 49   II  IPA oxidation   [  159  ]   

  YFeO 3   II  benzene oxidation, Orange II oxidation   [  160,161  ]   
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anode by coating an overlayer of p-type 
CaFe 2 O 4  particles onto n-type TaON. [  196  ]  
Resulting photocurrents were strongly 
enhanced by combination of these two semi-
conductors compared to those observed 
at single TaON electrodes, IPCE values 
increased from 5% to 30% at 400 nm (in 
0.5 mol L −1  NaOH at 0.2 V vs Ag/AgCl). Stoi-
chiometric photoelectrochemical water slit-
ting was achieved with a Faradaic effi ciency 
of ≈80% from potassium phosphate buff-
ered KOH solution at pH 11 with Pt counter 
electrode and a 0.4 V applied bias versus 
Ag/AgCl at  l  > 420 nm. 

      Figure 7.  Synthesis of TiO 2 –SnO 2  nanoparticle network, homogeneous distribution achieved 
by adjustment of surface charges leading to increased number of interfaces and enhanced 
charge separation yield. Reproduced with permission. [  118  ]  Copyright 2012, American Chemical 
Society. 

 Table 2.   Multicomponent heterojunctions for enhanced charge carrier separation. 

Semiconductor
1  

Semiconductor 
2  

Semiconductor 
3  

Type of 
heterojunction  

Photocatalysis in visible light ( λ  > 400 nm)  Refs.  

Ag 2 O  Bi 2 WO 6     II  MO degradation   [  168  ]   

Ag 2 O  Bi 2 O 3     II  MO degradation   [  169  ]   

Ag 3 PO 4   Cr:SrTiO 3     II  IPA oxidation   [  170  ]   

AgBr  BiOBr    II  RhB degradation   [  171  ]   

Ag/AgCl  BiMg 2 VO 6     II  Acid red G (ARG) degradation   [  172  ]   

AgI  SnO 2     II  MB degradation   [  173  ]   

Ba 5 Ta 4 O 15   Ba 3 Ta 5 O 15       H 2  generation, TA hydroxylation   [  174  ]   

Bi 2 O 2 CO 3   Bi 2 MoO 6   Carbon nitride  II  RhB degradation   [  175  ]   

Bi 2 O 3   BaTiO 3     II  RhB/MO degradation   [  176,177  ]   

 β -Bi 2 O 3   Bi 2 MoO 6     II  RhB degradation,  E.coli  destruction   [  178  ]   

Bi 2 O 3   ZnO    I/II  –   [  179  ]   

Bi 2 O 3   Bi 2 WO 6     II  RhB degradation   [  180  ]   

Bi 2 S 3   BiOCl    II  2,4-dichlorophenol degradation   [  181  ]   

Bi 2 S 3   Bi 2 WO 6     II  Phenol degradation   [  182  ]   

BiOBr  Bi 2 WO 6     II  RhB degradation MO degradation   [  183  ]   

BiOCl  Bi 2 O 3     II  IPA oxidation, TA hydroxylation   [  184  ]   

BiOI  ZnTiO 3     II  Rhodamine 6G (R6G) degradation   [  185  ]   

BiPO 4   BiVO 4     II  MB degradation   [  186  ]   

BiVO 4   Bi 2 O 2 CO 3     II  RhB degradation   [  187  ]   

BiVO 4   CuWO 4     II  enhanced photocurrents   [  188  ]   

BiVO 4   SnO 2   WO 3   II-I  enhanced photocurrents   [  189  ]   

BiVO 4   FeOOH    -  enhanced photocurrents, O 2  evolution   [  190  ]   

BiVO 4   WO 3     II  enhanced photocurrents   [  191  ]   

BiVO 4   Cu 2 O    II  MB degradation, Phenol degradation   [  192  ]   

BiVO 4   CuO    II  MB degradation   [  193  ]   

BiVO 4   V 2 O 5     II  MB degradation   [  194  ]   

CaAl 2 O 4 :(Eu,Nd)  (Ta,N)-TiO 2   Fe 2 O 3   II  Acetaldehyde oxidation   [  195  ]   

CaFe 2 O 4   TaON    II  Enhanced photocurrents, H 2 O splitting   [  196  ]   

CaFe 2 O 4   ZnFe 2 O 4     II  Enhanced photocurrents   [  197  ]   

CaFe 2 O 4   MgFe 2 O 4     II  IPA oxidation, H 2  generation   [  198  ]   

CaFe 2 O 4   PbBi 2 Nb 1.9 W 0.1 O 9     II  H 2  evolution, O 2  evolution, IPA oxidation, acetaldehyde 

oxidation  

 [  199  ]   

CaFe 2 O 4   WO 3     II  Acetaldehyde oxidation   [  200  ]   

CdS  KNbO 3     II  H 2  generation   [  201  ]   

CdS  CdSnO 3     II  RhB degradation   [  202  ]   

CdS  NiO    II  H 2  generation   [  203  ]   
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Semiconductor
1  

Semiconductor 
2  

Semiconductor 
3  

Type of 
heterojunction  

Photocatalysis in visible light ( λ  > 400 nm)  Refs.  

CdS  SnO 2   Ru-complex  II  Enhanced photoconversion effi ciency   [  204  ]   

CdS  ZnO    II  H 2  generation   [  205,206  ]   

CdS  Al 2 O 3     II  H 2  generation   [  205  ]   

CdS  CdSe    I  H 2  generation   [  207  ]   

CdS  ZnS    I  H 2  generation   [  208  ]   

CdS  ZnS  CdTe    H 2  generation   [  208  ]   

CdS  MoS 2     II  H 2  generation, enhanced photocurrents   [  19,209  ]   

CdS  Ta 2 O 5     II  H 2  generation with simultaneous pollutant degradation   [  210  ]   

CdS  ZnFe 2 O 4     II  H 2  generation   [  211  ]   

CdSe  MoS 2     II  H 2  generation   [  212  ]   

Cu 2 O  CuO    II  enhanced photocurrents   [  213  ]   

CuO  In 2 O 3     II  RhB degradation   [  214  ]   

CuS  ZnS      H 2  generation   [  215  ]   

Fe 2 O 3   SrTiO 3     I  Ag +  reduction   [  216,217  ]   

Fe 2 O 3   graphene  BiVMoO 4   II  enhanced photocurrents   [  218  ]   

Co:Fe 2 O 3   MgFe 2 O 4     II  enhanced photocurrents   [  219  ]   

Ti:Fe 2 O 3   ZnFe 2 O 4     II  enhanced photocurrents   [  220  ]   

Fe 2 O 3   ZnFe 2 O 4     II  enhanced photocurrents   [  221  ]   

Fe 2 O 3   Fe 4 N    II  H 2 O splitting   [  222  ]   

Fe 3 O 4   SiO 2   Bi 2 WO 6   –  RhB degradation   [  223  ]   

Fe 3 O 4   SiO 2   Au-TiO 2   –  MB degradation   [  224  ]   

Gd 2 Ti 2 O 7   GdCrO 3     II  H 2  generation   [  225  ]   

Cr:In 2 O 3   Cr:Ba 2 In 2 O 5     II  H 2  generation, O 2  generation, H 2 O splitting   [  226  ]   

In 2 O 3   Gd 2 Ti 2 O 7     II  H 2  generation, enhanced photocurrents   [  227  ]   

In 2 O 3   N:InNbO 4     II  H 2  generation   [  228  ]   

In 2 O 3   LaTiO 2 N    II  enhanced photocurrents   [  229  ]   

NaTaO 3   SrTiO 3     I  –   [  230  ]   

Nb 2 O 5   SrNb 2 O 6     II  –   [  231  ]   

SnO 2   V 2 O 5     II  –   [  232  ]   

SrTiO 3   TiO 2     II  –   [  233  ]   

Sr 2 TiO 4 :(La,Cr)  SrTiO 3 :(La,Cr)    II  H 2  generation, enhanced photocurrents   [  234  ]   

Ta 3 N 5   TaON    II  O 2  evolution, MB degradation, enhanced photocurrents   [  235  ]   

H 0.68 Ti 1.83 O 4 -

nanosheets  

Zn-Cr-LDH 

nanosheets  

  II  O 2  generation   [  236  ]   

CdS  MIL-101    -  H 2  generation   [  237  ]   

WO 3   Sb 2 O 3     II  RhB degradation   [  238  ]   

WO 3   Si    II  enhanced photocurrents   [  239  ]   

WO 3   Bi 2 WO 6     II  H 2 O splitting, enhanced photocurrents   [  240  ]   

WO 3   H 2 WO 4     II  RhB degradation   [  241  ]   

WO 3   Fe 2 O 3     II  enhanced photocurrents   [  242  ]   

WO 3   BiVO 4     II  enhanced photocurrents   [  243  ]   

 y BiO(Cl x Br 1-x )  Bismuth oxide 

hydrate  

  II  RhB degradation, KI oxidation, Acetophenone degradation   [  244  ]   

ZnO  Cs 0.68 Ti 1.83 O 4     I  –  [  245  ]   

ZnO  Au/ZnFe 2 O 4     II  enhanced photocurrents   [  246  ]   

ZnO  Ti 1.83-x Fe x O 4  

nanosheets  

  II  MB degradation   [  247  ]   

ZnO  BiOI    II  MO degradation, enhanced photocurrents   [  248  ]   

ZnO  Fe 2 O 3     II  H 2  generation, R6G degradation, 4-chloro-2-nitro phenol 

degradation  

 [  249  ]   

ZnO  In 2 O 3     II  MB degradation   [  250  ]   

ZnO  CdS  Cd  II  H 2  generation   [  251  ]   

ZnO  ZnSe    II  Orange-II degradation   [  252  ]   

ZnS  [Fe 2 S 2 ]    I  H 2  generation   [  253  ]   

Table 2. Continued.
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ence) with a Faradaic effi ciency of ≈98%.  
 Jia et al. prepared a type II heterojunction of two (La,Cr)-

doped strontium titanates, SrTiO 3  and Sr 2 TiO 4 . [  234  ]  Both titan-
ates are able to absorb visible light only after (La,Cr)-doping, 
and are n-type semiconductors according to Mott-Schottky-
measurements. Thus, both are able to generate H 2  from 
aqueous methanol solutions under visible light irradiation 
with Pt co-catalyst (La,Cr-doped SrTiO 3 : 2  μ mol/h per 0.5 g; 
La,Cr-doped Sr 2 TiO 4 : 2  μ mol h −1  per 0.5 g, 200 mL methanol/
H 2 O [20 vol%], 300 W Xe lamp,  l  > 420 nm, no co-catalyst). 
(La,Cr)-doped Sr 2 TiO 4  has lower CB and VB positions. After 
combination of both doped semiconductors, electrons excited 
by visible light irradiation of the heterojunction are transferred 
and accumulated in the CB of (La,Cr)-doped Sr 2 TiO 4 , while 
the holes are accumulating in the VB of (La,Cr)-doped SrTiO 3 . 
Forming this heterostructure, improved H 2  generation rates 
were observed (12  μ mol h −1  per 0.5 g catalyst). Preferential Pt 
loading on the surface of (La,Cr)-doped Sr 2 TiO 4  (the electron-
accepting component in the heterojunction) lead to further 
enhanced H 2  evolution rates (16  μ mol h −1  per 0.5 g catalyst, 
0.25 wt% Pt) and more long-lived electrons due to effi cient 
charge carrier separation measured by time resolved FT-IR 
spectroscopy. 

 Gunjakar et al. combined titanate nanosheets (prepared 
from proton-exchanged and delaminated layered titanate 
Cs 0.68 Ti 1.83 O 4 ) and delaminated nanosheets prepared from 
Zn−Cr-layered-double hydroxide (Zn−Cr-LDH) to design 
mesoporous heterolayered nanocomposites. [  236  ]  Layered 
titanate nanosheets exhibit a negative surface charge, while 
the delaminated LDH nanosheets are positively charged. Thus, 
both nanosheets can be alternately restacked. Depending on 
the ratio of the nanosheets, a house-of-cards like mesoporosity 
was generated, and the photocatalytic O 2  evolution (10 mg cata-
lyst in 20 mL AgNO 3  [0.01 mol L −1 ], 450 W Xe lamp,  l  > 420 nm) 
was enhanced (from 6.7  μ mol h −1  per 0.01 g catalyst for Zn−
Cr-LDH to 11.8  μ mol h −1  per 0.01 g catalyst) forming these 
heterostructures. Since the photocatalytic activity was achieved 
in visible light, the LDH must absorb the photons provided by 
the Xe lamp. Electrons are then transferred to the CB of the 
titanate for charge separation. Additionally, by covering the 
Zn−Cr-LDH nanosheets with titanate nanosheets, the stability 
of the LDH nanosheets regarding Zn dissolution was signifi -
cantly improved. The same layered titanate nanosheets were 
also used to prepare heterojunctions with ZnO for improved 
pollutant (Phenol, DCA) degradation (400 W Xe lamp, 
 l  > 300 nm). [  245  ]  

 Wang et al. prepared CdS@Cd core–shell particles deco-
rated with ZnO nanoparticles for improved H 2  generation. [  251  ]  
In this case, the Cd metal core provided the channel for fast 
charge carrier transport: Upon light irradiation, charge car-
riers are excited either in CdS and ZnO. H 2  evolution occurs 
at the CdS surface, the oxidation reaction at ZnO. Thus, the 
remaining charge carriers (holes on CdS, electrons on ZnO) 
recombine via Cd metal contact, leaving no charge carriers 
on CdS or ZnO behind (Z-scheme type mechanism), leading 
to photocatalytic activity for H 2  evolution on the CdS surface 
of up to 610  μ mol h −1  per 0.1 g catalyst (300 mL solution of 
Na 2 S [0.1 mol L –1 ] and Na 2 SO 3  [0.1 mol L −1 ], 300 W Xe lamp), 

 In 2008, Zong et al. investigated different co-catalyst loadings 
on CdS, and discovered that MoS 2  was very effective as H 2  gen-
eration co-catalyst due to the ideal junction between those two 
compounds (up to 500  μ mol h −1  per 0.1 g catalyst, 200 mL lactic 
solution [10 vol%], 300 W Xe lamp,  l  > 420 nm). [  19  ]  Liu et al. 
further investigated the MoS 2 –CdS system and identifi ed MoS 2  
as a p-type semiconductor from Mott-Schottky-plots, with holes 
as major charge carriers but having low carrier density. [  209  ]  In 
a MoS 2 -CdS p-n-heterojunction in the form of a double-layer 
electrode comprising electrodeposited CdS coated with MoS 2  
deposited from bath deposition, the photocorrosion of CdS was 
inhibited and charge carrier separation improved, leading to 
signifi cantly enhanced IPCE values under UV and visible light 
irradiation (from 4% of pure CdS up to 30% at 400 nm for the 
composite electrode, collected at 0 V vs Ag/AgCl). Seger et al. 
electrodeposited MoS x  onto a p-type Si electrode with high level 
of surface n-doping (n + p-Si). [  254  ]  To enhance the stability against 
oxidation during H 2  generation, a thin Ti-TiO  x   layer was 
introduced, resulting in the heterojunction composite photo-
cathode shown in  Figure    8  . H 2  was generated under chrono-
amperometric testing (200  μ mol/h/cm 2 ) using only the red part 
( l  > 635 nm) of the solar spectrum (AM1.5) wasAM1.5), shown 
in HClO 4  electrolyte with an H 2 -purged Pt counter electrode.  

 Hematite ( α -Fe 2 O 3 ) has been used extensively to construct 
composite photoanodes (see table  2 ). For example, hematite was 
combined with zinc ferrite ZnFe 2 O 4  to prepare nanoparticulate 
heterojunction photoanodes. [  221  ]  The increased current density 
(from 0.02 to 0.06 mA cm −2  at 0.4 V vs Ag/AgCl, 1  M  NaOH, 
300 W Xe lamp, AM 1.5 fi lter, 1 sun) was proven to originate 
mainly from enhanced electron-hole separation in the type 
II heterojunction, introducing Al 3+  and Co 2+  ions to the elec-
trode surface further improved the overall photocurrent up to 
0.45 mA cm −2  at 0.4 V versus Ag/AgCl. Recently, Hou et al. 
used Co-doped hematite nanorods grown on a Ti mesh as sub-
strate for deposition of MgFe 2 O 4 , constructing a fl exible type II 
heterojunction photoanode absorbing a wide range of visible 
light, and based only on earth-abundant elements. [  219  ]  The com-
plex structure of the photoanode ( Figure    9  ) with large contact 
area enabled enhanced photocurrents (in 0.01 mol/L NaOH, vs 
Ag/AgCl) under sunlight (150 W Xe lamp, AM 1.5G fi lter) irra-
diation and photoelectrochemical O 2  gas evolution (≈5.7 L m −2  
per hour, 0.5 V applied bias, 0.01  M  NaSO4 electrolyte, Pt 

      Figure 8.  Scheme of the MoS  x  –Ti-n + p-Si photocathode prepared by Seger 
et al. Reproduced with permission. [  254  ]  Copyright 2012, Wiley-VCH. 
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respectively) compared to those of many oxide semiconduc-
tors. [  259  ]  Therefore, many different type II heterojunction com-
posites with oxide semiconductors have been reported using 
carbon nitride. Several groups have recently investigated the 
properties of carbon nitride-TiO 2  composites. [  260–265  ]  Bledowski 
et al. showed that the in-situ formation of carbon nitride (here 
called polyheptazine) in the presence of TiO 2  leads to very 
intensive interfacial contact between both semiconductors, 
resulting in a core–shell morphology. [  262  ]  Besides the expected 
photoinduced charge transfer of photoexcited electrons from 
the CB of carbon nitride to the CB of TiO 2 , indications for a 
direct optical excitation from the VB of carbon nitride to the 
CB of TiO 2  were found, and attributed to the aforementioned 
optimized interfacial contact. Stable photocurrents were meas-
ured under continuous visible light (  λ   > 455 nm) irradiation 
supporting this assumption. However, oxygen evolution experi-
ments, after deposition of IrO 2  nanoparticles as co-catalysts, 
were only conducted at   λ   > 420 nm, which do not rule out the 
typically observed excitation process (from carbon nitride VB to 
carbon nitride CB) followed by photoinduced charge transfer of 
photoexcited electrons from the carbon nitride CB to the TiO 2  
CB for the overall photocatalytic process. 

 Carbon nitride has also been used to prepare composite 
photocatalyst systems with Ag 3 PO 4,  [  266  ]  Bi 2 WO 6 , [  267,268  ]  
Bi 5 Nb 3 O 15 , [  269  ]  BiOBr, [  270,271  ]  CdS, [  272,273  ]  CuInS 2 , [  274  ]  Fe 2 O 3 , [  275  ]  
Fe 3 O 4 , [  276  ]  N-H 2 Ta 2 O 6 , [  277  ]  MoS 2 , [  278  ]  N-Nb 2 O 5 , [  279  ]  SrTiO 3 , [  280,281  ]  
TaON, [  282  ]  WO 3 , [  283  ]  ZnO, [  284  ]  and ZnWO 4  [  285  ]  with enhanced 
catalytic activity due to improved charge carrier separation 
relative to that of non-composite materials. Pan et al. covered 
BiPO 4  nanorods with carbon nitride to achieve a composite 

≈50× higher than for pure CdS (12  μ mol h −1  per 0.1 g catalyst). 
Loading the ZnO–CdS@Cd composites with 3 wt% Pt further 
improved the activity to a maximum of 1920  μ mol h −1  per 0.1 g 
catalyst, one of the highest reported hydrogen evolution rates 
for composite photocatalysts.  

  3.2   .  Metal Oxide–Carbon Nitride Heterojunctions 

 Carbon-nitrogen based polymers belong to the oldest reported 
polymer materials prepared by chemists. Berzelius in 1830 
and Justus Liebig in 1834 reported a yellowish compound con-
sisting only of carbon and nitrogen, which Liebig received after 
decomposition of (CN) 2 S and called “Melon”. [  255  ]  In 2006, Mit-
oraj and Kisch determined that the origin of visible light activity 
of TiO 2  after treatment/modifi cation with urea was related 
to surface sensitization with higher melamine condensation 
products [  256  ]  like “Melon”. Urea was converted to ammonia and 
isocyanic acid between 300–420 °C in the presence of TiO 2 , 
and the resulting melamine was further condensed to “Melon” 
on the surface of TiO 2 . Since Antonietti et al. described the 
optical properties, the electronic structure and the photocata-
lytic activity of layered carbon nitride photocatalysts in detail in 
2009, [  257  ]  the material has been investigated by many research 
groups all over the world in diverse attempts to optimize its 
optical, electronic and catalytic properties. [  258  ]  One of the very 
interesting and important features of carbon nitride is its rela-
tively low E g  (2.7 eV) and its high VB and CB positions (+1.4 V 
and –1.3 V at pH 7  vs.  normal hydrogen electrode (NHE), 

      Figure 9.  Scheme of a photocathode made of MgFe 2 O 4 -covered, Co-doped hematite nanorods grown on a Ti-mesh, and respective band positions for 
charge separation. Reproduced with permission. [  219  ]  Copyright 2013, Wiley-VCH. 
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of type I–III. 
 The most prominent example for a pho-

tocatalyst compound with different active 
phases is TiO 2  with anatase, rutile or 
brookite crystal structures. All three crystal 
structures exhibit different photocatalytic 
properties, with anatase usually considered 
the most active due to better organic mol-
ecule adsorption [  291  ]  and lower recombina-
tion rate. [  292  ]  However, there are also reports 
showing higher activity for rutile or brookite, 
described later in this chapter. 

 All three kinds of double-phase hetero-
junctions of the different TiO 2  phase have 

been reported in literature. Evonik-Degussa Aeroxide TiO 2  P25 
(in the following denoted as P25), an anatase–rutile hetero-
junction with  ∼ 80:20 phase composition (varies with different 
reports) is often considered as benchmark material for photo-
catalytic reactions, and its high activity is often attributed to the 
synergy between anatase and rutile. This effect was fi rst pro-
posed by Bickley et al. in 1991. [  293  ]  Evidence for the proposed 
synergy of anatase and rutile in P25 was found by Ohno et al., 
investigating the photocatalytic naphthalene oxidation on pure 
anatase, pure rutile and P25. [  294,295  ]  The reaction was found to 
be nearly inactive over pure rutile and pure anatase, but very 
effi cient on P25 and also on physical mixtures of anatase and 
rutile prepared via sonication in water. Many other studies have 
since described the improved activities of anatase–rutile com-
posites, including P25, for different photocatalytic reactions 
and different anatase–rutile concentrations. [  296–318  ]  

 Su et al. investigated TiO 2  fi lms with varied anatase–rutile 
composition, but otherwise nearly identical properties in 
porosity, grain size and crystallinity. [  319  ]  The rate constant for 
MB degradation increased with anatase content starting from 
pure rutile ( k  = 0.007 h −1 , 30 mL MB solution [4  μ mol L −1 ], 
pH 7, 365 nm LED) indicating higher activity of anatase over 
rutile. When the anatase content was in the range of 40−80%, a 
clear synergistic effect on the photocatalytic rates was observed, 
increasing the rate constant of MB degradation signifi cantly 
and off-trend ( Figure    11  ). The observed rates in this compo-
sition range were far higher even than for pure anatase (up 
to  k  = 0.071 h −1 ). The optimum composition was found at 
anatase:rutile 60:40%. At anatase contents higher than 80%, the 
rutile content was found to be too low for synergistic charge 
carrier separation, and the activity was simply dominated by the 
anatase phase.  

 Kho et al. varied the anatase–rutile composition in TiO 2  
nanoparticles during synthesis via fl ame spray pyrolysis from 
4–95 mol% anatase. [  312  ]  While all composites exhibited very 
similar surface areas and particle size, a maximum activity for 
H 2  generation from aqueous methanol (10 vol%) was found 
for composites containing 39% anatase (425  μ mol h −1  per 0.1 g 
catalyst, 150 mL methanol/H 2 O, 0.4 wt% Pt, 300 W Xe lamp). 
Moreover, only in-situ prepared mixtures showed high cata-
lytic activity; physical mixtures of anatase and rutile in a 39:61 
ratio did not show any synergistic effects due to lack of inti-
mate physical contact (≈140  μ mol h −1 ). Additionally, the highly 
reducing hydroxymethyl radical (.CH 2 OH) was identifi ed 

photocatalyst with core–shell structure, [  286  ]  leading to enhanced 
photocatalytic activity in visible light for MB degradation, up to 
 k  = 0.3 h −1  for the composite compared to  k  = 0.05 h −1  for the 
carbon nitride (50 mg catalyst in 100 mL MB [10 −5  mol L −1 ], 
500 W Xe lamp,   λ   > 420 nm). Huo et al. prepared a 2D lay-
ered type I heterojunction composite of carbon nitride with 
layered MoS 2  to enhance photocatalytic H 2  generation. [  287  ]  The 
morphological similarity between both sheet-like compounds 
( Figure    10  ) facilitated the planar growth of MoS 2 : the intimate 
contact between both materials was shown to be important for 
enhanced photocatalytic activity of the composite. Additionally, 
low amounts (0.2 wt%) of MoS 2  were necessary to optimize H 2  
generation rates in the presence of lactic acid (100 mL solution 
[10 vol%]) as an electron donor (up to 27  μ mol h −1  per 0.02 g 
catalyst, 300 W Xe lamp,   λ   > 420 nm, apparent quantum yield 
(AQY, number of evolved H 2  × 2 divided by number of incident 
photons): 2.1% at 420 nm).  

 Yuan et al. used the elemental photocatalyst red phosphor [  288  ]  
to construct a metal free composite with carbon nitride. [  289  ]  The 
composite showed strongly enhanced visible light absorption 
compared to pure carbon nitride, and at 30 wt.-% of carbon 
nitride, the maximum rates for photocatalytic H 2  generation (up 
to 10  μ mol h −1  per 0.01 g catalyst, in 10 mL aqueous L-ascorbic 
acid [0.1 mol L −1 ], 0.5 wt% Pt, 300 W Xe lamp,   λ   > 420 nm) 
or CO 2  reduction (20 mg catalyst, 0.5 wt% Pt, 500 W Xe lamp) 
were achieved. Another metal free semiconductor multicompo-
nent type II heterojunction was prepared by Zhang et al., using 
sulphur-modifi ed carbon nitride in combination with con-
ventional carbon nitride. [  290  ]  The resulting composite showed 
longer charge carrier lifetimes, enhanced H 2  generation activi-
ties (up to 130  μ mol h −1  per 0.02 g catalyst, in 100 mL aqueous 
triethanolamine [10 vol%], 300 W Xe lamp,   λ   > 420 nm) 
and improved photocurrent densities.   

  4   .  Multiphase Heterojunctions of Semiconductor 
Photocatalysts 

 Since the electronic structure of a semiconductor depends on 
the atomic ordering hence the crystal structure, different crystal 
phases of one semiconductor compound can exhibit different 
band positions and/or  E  g . Thus, composites of multiple crystal 
phases can be prepared to achieve enhanced charge carrier sep-
aration when the band positions are suitable to each other. The 

      Figure 10.  Preparation of MoS 2 -decorated carbon nitride (g-CN) forming a p-n-multicompo-
nent type II heterojunction. Reproduced with permission. [  287  ]  Copyright 2013, Wiley-VCH. 
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electrons are transferred to the rutile CB, and the holes to 
the VB of anatase. Kawahara et al. proved the interfacial elec-
tron transfer from anatase to rutile CB using patterned thin 
fi lms. [  323  ]  By investigating the gas phase oxidation of acetalde-
hyde, a higher activity was found for anatase–rutile composites 
( k  = 0.43 h −1 ), compared to bare rutile exhibiting a reaction 
rate of ( k  = 0.005 h −1 ). When the photodeposition of silver was 
investigated, silver depositions were found on rutile, proving 
the photoexcited electrons being transferred to rutile. Several 
later studies on multiphase TiO 2  heterojunctions of anatase–
rutile further confi rmed this behavior. [  324,325  ]  In contrast, Xiong 
et al. revealed by photoemission electron microscopy (PEEM) 
on anatase−rutile composite fi lms that the rutile work func-
tion is 0.2 eV lower than that of anatase, which places the rutile 
CB edge higher than that of anatase, [  326  ]  which would result 
in photoexcited electrons being transferred to the anatase CB 
upon light irradiation of a rutile-anatase multiphase hetero-
junction. Several studies by EPR proved this mechanism to be 
valid, [  292,327  ]  and theoretical calculations underlined the experi-
mental evidence proposing the photogenerated holes being 
transferred and accumulated simultaneously on rutile. [  328  ]  
Carneiro et al., using experimental evidence from both time-
resolved microwave conductance measurements and different 
photocatalytic activity studies, reported that photogenerated 
holes were trapped at the rutile surface in their anatase–
rutile composites, indicating hole transfer from anatase to 
rutile. [  329  ]  Very recently, Scanlon et al. used density func-
tional theory (DFT), hybrid quantum-mechanical/molecular-
mechanical calculations and X-ray photoelectron spectroscopy 
(XPS) experiments to support the model of electron transfer 
from rutile to anatase CB and simultaneous hole transfer 
from anatase to rutile VB. [  330  ]  The VB edge of anatase was 
found to be ≈0.47 eV lower than the VB of rutile by modeling 
data, and additional XPS data revealed independently a com-
parable band offset of ≈0.39 eV ( Figure    12  ). The high electron 
affi nity of anatase results in photogenerated electrons being 
transferred from rutile on anatase, and thus acting as the 
driving force for improved photocatalytic activities of anatase–
rutile multiphase heterojunctions.  

during methanol oxidation, which can inject additional elec-
trons into the CB of TiO 2  (anatase or rutile). A mechanism 
for improved electron separation onto rutile was proposed 
being responsible for the high activities of the multiphase 
heterojunction. 

 In contrast, several research groups claim that the improved 
activity of anatase–rutile composites has nothing to do with a 
synergistic effect, rather that anatase and rutile actually exhibit 
the same photocatalytic activity, but their crystal surfaces have 
different capacity for the adsorption of O 2  necessary for the 
oxygen reduction step during aerobic degradation reactions, 
resulting in altered activities with changes in the anatase–rutile 
composition. [  320  ]  Ohtani et al. claim that anatase, rutile and 
small amounts of amorphous TiO 2  in P25 act completely inde-
pendently during photocatalysis. [  321  ]  

 In 1996, Kavan et al. determined that the CB of anatase 
lies 0.2 eV above the CB of rutile, [  322  ]  with rutile having  E  g  of 
≈3.03 eV and anatase having  E  g  of 3.2 eV. These energetics 
favor charge carrier separation upon irradiation in a way that 

      Figure 12.  Band alignment in anatase–rutile multiphase heterojunctions estimated by quantum-mechanical/molecular-mechanical calculations and 
XPS measurements. Reproduced with permission. [  330  ]  Copyright 2013. Macmillan Publishers Limited. 

      Figure 11.  Increasing activity of anatase–rutile multiphase heterojunc-
tions with identical properties but increasing anatase content, showing 
a clear synergistic effect between 40–80% anatase. Reproduced with per-
mission. [  319  ]  Copyright 2011, American Chemical Society. 
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which was higher than that of P25 (0.13  μ mol h −1  per 0.1 g 
catalyst) and pure anatase (0.12  μ mol h −1  per 0.1 g catalyst) or 
brookite materials (0.07  μ mol h −1  per 0.1 g catalyst). However, 
the surface areas of the different composites were very dif-
ferent, ranging from 76.6 to 145.6 m 2  g −1 ; after normalizing 
to the surface areas, composites with anatase:brookite ratio of 
50:50 yielded the highest CO 2  reduction rates. 

 Very interesting examples of multiphase heterojunctions 
have been recently reported consisting of other, non-TiO 2  
photocatalyst materials. For example, Wang et al. prepared a 
multiphase type II heterojunction of  α -Ga 2 O 3  and  β -Ga 2 O 3  by 
calcination, and reported signifi cantly enhanced photocata-
lytic overall water splitting (H 2 /O 2  up to 125/62  μ mol h −1  m −2  
per 0.5 g catalyst, 500 mL pure water, 2 wt% NiO  x   co-catalyst, 
450 W Hg lamp). [  337  ]  The optimum activity for the composites 
was obtained after calcination at 863 K. Pure  α -Ga 2 O 3  or  β -Ga 2 O 3  
showed relatively low activities (40/20 and 15/7  μ mol h −1  m −2 ) 
per 0.5 g catalyst, respectively) compared to the multi phase het-
erojunctions. Transient absorption spectra and time-resolved 
infrared spectroscopy revealed ultra-fast charge carrier transfer 
and prolonged charge carrier lifetimes in  α -Ga 2 O 3 − β -Ga 2 O 3  
composites in comparison to single-phase materials, which can 
be attributed to an effi cient charge carrier transfer and separa-
tion across this type II heterojunction ( Figure    13  ). Photoexcited 
electrons are transferred from the CB of  α -Ga 2 O 3  to  β -Ga 2 O 3 , 
while the holes are accumulated and spatially separated in the 
VB of  α -Ga 2 O 3 , reducing charge carrier recombination and 
enhancing photocatalytic activity.  

 A similar effect was observed in visible light-active  α -Bi 2 O 3  
and  β -Bi 2 O 3 . [  338  ]  Photoluminescence spectra showed reduced 
charge carrier recombination rates in the multiphase composite 
compared to pure  β -Bi 2 O 3 , and the band positions of the dif-
ferent Bi 2 O 3  phases were estimated from fl atband potential 
and E g  measurements (Figure  13 ). The  α -Bi 2 O 3 − β -Bi 2 O 3  mul-
tiphase composite also forms a type II heterojunction with 
improved charge carrier separation and transfer, with electrons 
moving to the CB of  β -Bi 2 O 3  and holes to the VB of  α -Bi 2 O 3  
upon light irradiation. Enhanced photocatalytic degradation 
rates for either RhB (up to  k  = 0.043 min −1 ) or MO (up to  k  = 
0.128 min −1 ) were determined under visible light irradiation 
for the multiphase Bi 2 O 3  heterojunction photocatalysts (0.2 g 
catalyst, 100 mL dye solution [1 x 10 −4  mol L −1 ], 300 W Xe lamp, 
  λ   > 420 nm) in comparison to the phase-pure  β -Bi 2 O 3  ( k  = 0.027 
min −1  (RhB) and  k  = 0.063 min −1  (MO)). Sun et al. prepared 
a comparable type II multiphase heterojunction with Bi 2 O 3 , 
using  α -Bi 2 O 3  and  γ -Bi 2 O 3 . [  339  ]  Improved photocatalytic RhB 
degradation in visible light was observed; 95% degradation was 
achieved after 1 hour, compared to 40% for  α -Bi 2 O 3  or  γ -Bi 2 O 3  
(50 mg catalyst, 50 mL RhB solution [10 −5  mol L −1 ], 500 W Xe 
lamp,   λ   > 420 nm). The improved activity was explained by effi -
cient transfer of electrons into the  γ -Bi 2 O 3  CB and holes into 
the  α -Bi 2 O 3  VB reducing recombination probability. 

 Tsang et al. prepared macroporous Ta 2 O 5 , TaON, and Ta 3 N 5  
using polystyrene spheres as templates for macroporous Ta 2 O 5  
followed by heat treatment in ammonia. [  340  ]  During ammon-
olysis, a multiphase heterojunction of  β -TaON and  γ -TaON 
(35:65%) was prepared, and subsequently used for H 2  evolution 
from aqueous ethanol (8.5  μ mol h −1  per 0.04 g catalyst, 110 mL 

 The multiphase heterojunction between anatase-TiO 2  and 
brookite-TiO 2  has recently also gained some attention. Ozawa 
et al. prepared anatase−brookite composites with anatase 
content ranging from 55 to 100%. [  331  ]  The highest photocata-
lytic activity for acetaldehyde oxidation was found at a ratio of 
anatase:brookite of 65.3:34.6 ( k  = 1.40 h −1  m −2 , compared to  k  = 
0.26 h −1  m −2  for pure anatase, 25 mg catalyst, 400 ppm acetal-
dehyde, 300 W Xe lamp). Yu et al. prepared hierarchical macro/
mesoporous anatase–brookite composites via hydrothermal syn-
thesis. [  332  ]  The trimodal porosity arising from anatase (brookite) 
nanocrystallite agglomerates resulted in surface area of 150–460 
m 2  g −1 , and the anatase content was varied between 70–100%. 
The maximum photocatalytic activity for acetone oxidation 
was found at a ratio of anatase:brookite of 70:30 ( k  = 9.12 × 
10 −3  min −1 ,  k  ≈ 2.5 × 10 −3  min −1  for pure anatase, 0.3 g catalyst, 
400 ± 20 ppm acetone, 15 W UV (365 nm) lamp). 

 Kandiel et al. prepared brookite nanorods decorated with 
anatase nanoparticles in a one-step hydrothermal process using 
titanium bis(ammonium lactate) dihydroxide and urea. [  333  ]  The 
phase composition was tailored by changing the concentration 
of urea during synthesis and varied between 0–100% anatase. 
Brookite nanorods and anatase−brookite composites (72:28 %) 
showed higher activities in photocatalytic H 2  evolution (pho-
tonic effi ciencies (H 2  production rate divided by photon fl ux) 
  ξ   ≈ 11.5% and 13%, respectively, 0.5 g L −1  catalyst, 75 mL 
methanol/H 2 O solution [4.93 mol L −1 ], 0.5 wt% Pt, 1000 W Xe 
lamp, UG1 fi lter) than pure anatase (  ξ   ≈ 7%) due to a 140 mV 
more negative fl atband potential of brookite nanorods com-
pared to anatase, leading to charge transfer in the composite 
of photoexcited electrons to the anatase CB. This observation 
was confi rmed by Tay et al. who prepared anatase−brookite 
multiphase heterojunctions from TiS 2  and NaOH in a hydro-
thermal process. [  334  ]  In the photocatalytic DCA degradation 
however, anatase showed better activities (  ξ   ≈ 5.5% decreasing 
with brookite content and decreasing surface area, 30 mg cata-
lyst, 60 mL KNO 3  solution [10 mmol L −1 ], 1 mmol L −1  initial 
DCA concentration, 450 W Xe lamp,   λ   > 320 nm) due to its 
larger surface area. A subsequent calcination study (400–800 °C 
for 2 h) further tuned the phase composition of the thus-pre-
pared materials. [  335  ]  As a result, multiphase heterojunctions of 
anatase−rutile, anatase−brookite, brookite−rutile, and anatase−
brookite−rutile were prepared besides the phase-pure materials. 
The former synergistic effect between anatase and brookite was 
confi rmed by photocatalytic methanol oxidation experiments, 
anatase−brookite nanoparticles showed higher activities (  ξ   ≈ 
13.5%, 65 mg catalyst in 65 mL methanol/H 2 O [30 mmol L −1 ], 
450 W Xe lamp,   λ   > 320 nm) than pure anatase nanoparticles (  ξ   
≈ 7%). Very small additional amounts of rutile (6 wt%) had no 
further effect, while larger amounts of rutile (49 wt%) reduced 
the activity drastically (  ξ   ≈ 6%), possibly due to disturbed charge 
transfer. However, pure brookite nanoparticles still exhibited 
higher photocatalytic activities (  ξ   ≈ 16%) compared to anatase 
or anatase-rich composites. Brookite−rutile composites showed 
no enhanced methanol oxidation (  ξ   ≈ 3–7.5%). 

 Zhao et al. investigated anatase−brookite multiphase het-
erojunctions in photocatalytic CO 2  reduction experiments. [  336  ]  
Anatase-rich materials were more active than brookite-rich, the 
multiphase composite anatase:brookite 3:1 showed the highest 
reduction rates (0.21  μ mol h −1  per 0.1 g catalyst, gas mixture 
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the photocatalytic activity was improved strongly even when 
the difference in, for example, CB minimum was only minor. 
Examples are the multiphase heterojunctions of the different 
TiO 2  phases. On the other hand, in some cases the activity was 
only slightly improved in relation to the big difference in band 
positions (e.g., Cu 2 O/TiO 2 ). One reason for this effect might 
be the different electron mobility in different components, but 
this has to be proven. Unfortunately, often the molar/weight 
ratio between the two components of a heterojunction is also 
not reported, which makes a reliable comparison very diffi cult, 
too. Moreover, the lack of standardized photocatalytic and pho-
toelectrochemical measurements and their protocols remains a 
key issue to reliably compare photocatalytic results. [  342  ]  

 Given the examples in this review of the demonstrated 
enhanced photoactivity enabled by photocatalyst heterojunc-
tions, one might question the purpose of aiming for phase 
pure materials. Indeed, photocatalysts containing “impuri-
ties”, either in the form of another crystal phase or deliberately 
added second (or third) material, always seem to have higher 
photocatalytic activities than the respective pure compounds. Is 
a pure photocatalytic material actually worthy of investigation 
(beyond the purposes of determining the baseline character-
istics of the phase-pure materials), or should one always aim 
for a “non-pure” material when attempting to develop superior 
photocatalysts? The challenge is to prove that a material is actu-
ally 100 % phase pure, and/or actually needs to be. Designing 
semiconductor composites might be the better path to fi nd the 
most active photocatalyst systems. 

 In any case, photocatalysis researchers have to pay much 
more careful attention to their materials characterization, par-
ticularly concerning crystal phase analysis. The biggest chal-
lenge lies in analyzing the amounts of “impurity” phase(s), 
or even amorphous phases. Especially very high activities 
should be followed by a detailed investigation of the origin of 
the photocatalytic activity, and questions of phase purity and 
multiphase composition should be of constant and utmost 
concern. Consequently, by careful tailoring the phase composi-
tions and investigating the infl uence of every phase, optimum 
ratios and interfacial contacts can be established to maximize 

ethanol/H 2 O [9 vol%], 300 W Xe lamp). Normalized for the 
surface area, the macroporous  β -TaON/ γ -TaON heterojunction 
generated more hydrogen under the same reaction conditions 
than the pure phase  β -TaON, which was attributed to the charge 
separation in the composite material. Wang et al. prepared 
hollow urchin-like  β -TaON/ γ -TaON multiphase heterojunctions 
via hydrothermal synthesis of hollow urchin-like Ta 2 O 5  also fol-
lowed by annealing in ammonia. [  341  ]  γ -TaON and the  β -TaON/ γ -
TaON composite showed signifi cant activities for hydrogen 
generation under visible light irradiation (381.6  μ mol/h and 
351.9  μ mol h −1  per 0.3 g catalyst, respectively, in 200 mL meth-
anol/H 2 O [10 vol%], 0.1 wt% Ru, 300 W Xe lamp,   λ   > 420 nm) 
with quantum effi ciencies (Q.E.) of 9.5 and 8.7%, respectively. 
Additionally, the multiphase composite showed higher activity 
than the phase-pure  β -TaON (287.7  μ mol h −1  per 0.3 g catalyst, 
Q.E. 6.9%).  

  5   .  Conclusion 

 Forming multiphase or multicomponent heterojunctions of 
photocatalysts is a very promising strategy to improve photo-
catalytic activity by enhanced charge carrier separation and 
thus reduced recombination. By carefully choosing the relative 
band positions of the two/three photocatalysts, very effective 
charge separation can be achieved. In the best cases vectorial 
charge transfer is achieved, guiding electrons to the surface of 
the desired phase of the composite photocatalyst. By selectively 
decorating those surfaces with co-catalysts, the most active het-
erojunctions can be realized. Besides improved charge carrier 
separation, the other obvious motivation preparing multicom-
ponent heterojunctions is the extension of light absorption 
by the combination of at least one visible light absorbing 
semiconductor with another semiconductor material. Many 
effective examples have been reported to expand the light 
absorption by this strategy deep into the visible light range. 

 However, it seems diffi cult to predict the extent of photocata-
lytic activity of a multiphase or multicomponent heterojunction 
just by the relative band positions. In some examples shown, 

      Figure 13.  Left: Schematic illustration of charge carrier transfer and separation across  α -Ga 2 O 3  −  β -Ga 2 O 3 . Reproduced with permission. [  337  ]  Copyright 
2012, Wiley-VCH. Right: Charge carrier transfer and separation in visible light across  α -Bi 2 O 3 − β -Bi 2 O 3 . Reproduced with permission. [  338  ]  Copyright 2013, 
Elsevier. Band positions are not comparable. 
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photocatalytic activity for every heterojunction. For many of the 
presented heterojunctions, such investigations have not been 
yet performed. Moreover, facile and reproducible synthesis con-
ditions are necessary to tune phase compositions carefully. Sol-
gel techniques should be most suitable to tune precursor ratios 
infl uencing the resulting multiphase compounds. 

 Finally, surprisingly very few examples in literature pay 
adequate attention to the formation of p/n-type heterojunc-
tions simultaneously. Forming a multiphase or multicompo-
nent heterojunction usually increases photocatalytic activity as 
shown in this review, but forming heterojunctions of n-type 
semiconductors with p-type semiconductors would further 
enhance charge separation and open up new possibilities for 
vectorial charge transfer. The BiOI-TiO 2  system is a very good 
example, in which visible-light excited electrons are transferred 
to TiO 2  after contact, and do not remain in the CB of BiOI. [  133  ]  
Electrochemical investigations to determine the semiconductor 
behavior should be a major concern in the future for materials 
scientists in pursuit of designing new and more effi cient het-
erojunction systems. The investigation of band positions after 
contact and to fi nd experimental evidence for the p–n junction 
will be important in the future. However, forming photocata-
lytic or photoelectrochemical p/n-type heterojunctions might 
be a viable strategy to make, for example, photoelectrochem-
ical water splitting an economic alternative to electrolysis, and 
may be integral to the design of more effi cient photocatalyst 
systems.  
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