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5.1  �Band-Gap Excitation of Semiconductor 
Photocatalysts

Semiconductor photocatalysis has been applied to various energy and envi-
ronmental problems: it has been used for water splitting to produce hydro-
gen gas, CO2 reduction, waste-water treatment, odor control, and synthesis 
of chemicals.1–4 However, although there are numerous different semicon-
ductors, only a few of them are suitable as practical photocatalysts. For a 
semiconductor to be an efficient photocatalyst, it should absorb as much 
solar energy as possible. Figure 5.1(a) shows the solar spectra and possible 
solar-energy absorption ranges of various semiconductors. Figure 5.1(b) 
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111Photoexcitation in Pure and Modified Semiconductor Photocatalysts

shows the diffuse reflectance UV-visible spectra of some widely used semi-
conductors. Wide band-gap semiconductors such as TiO2 can absorb only 
a small portion (i.e., the UV light region) of solar energy, while small band-
gap semiconductors including Fe2O3, CdS, and Si can extend their absorp-
tion spectrum into the visible light region of solar energy. This absorption of 
solar energy is the first step of semiconductor photocatalysis to convert solar 
energy into chemical energy.

From the perspective of solar energy absorption, wide band-gap semicon-
ductors are inefficient. However, most of the commercialized semiconductor 
photocatalysts are wide band-gap metal–oxide semiconductors, includ-
ing TiO2 (3.0–3.2 eV), WO3 (2.8 eV), SrTiO3 (3.2 eV), and ZnO (3.2 eV); this 
is because a sufficient band-gap energy or high oxidizing/reducing power is 
required to promote most of the useful redox reactions. For example, at least 
1.23 V of energy is required to induce water splitting, and only wide band-
gap semiconductors can absorb light with a higher energy than the required 
potential.4 In the case of pollutant removal, a strong oxidizing/reducing 
power is also required. In addition, practical semiconductors should be 
(photo)chemically stable over long reaction periods; however, metal sulfides 
or iron oxides undergo photocorrosion or become inactive after a period of 
reaction time.1 Therefore, stable metal-oxide semiconductors, such as TiO2, 
that have large band-gaps have been widely investigated and proven to be 
suitable as practical photcatalysts.5

The photocatalytic process that occurs in pure semiconductors is schemat-
ically illustrated in Figure 5.2(a). Semiconductors consist of a filled valence 
band (VB) and an empty conducting band (CB) and can absorb light for var-
ious redox reactions. When light of energy greater than the band-gap of the 
semiconductor is illuminated onto the semiconductor, an electron from 
the VB is promoted to the CB, creating electron–hole pairs. The photogene-
rated electron–hole pair can recombine to release thermal energy. How-
ever, if the electron–hole pair is separated and transferred to the surface of 

Figure 5.1  ��(a) Solar spectra and possible solar-energy absorption ranges of various 
semiconductors. The solar spectra were obtained from ASTM Standard 
G173-03 reference spectra. (b) Diffuse reflectance UV-visible spectra of 
semiconductors that are commonly employed as photocatalysts.
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Chapter 5112

semiconductor, it can reduce and oxidize an adsorbate, assuming that the 
redox potential of the adsorbate is thermodynamically appropriate for the 
reaction. In such a process, the adsorbed electron donor is oxidized to form 
D+ and the adsorbed electron acceptor is reduced to A−.

However, no single semiconductors fulfill all the requirements for practi-
cal semiconductor photocatalysis (i.e., visible light absorption, photostability, 
low cost, and abundance); thus, a variety of strategies have been developed 
to enhance the efficiency of semiconductor photocatalysts. For example, to 
enhance the light absorption of wide band-gap semiconductors, impurity 
doping, coupling with a semiconductor with a narrow band-gap, dye sensiti-
zation, ligand-to-metal charge transfer (LMCT) sensitization, and local surface 
plasmon resonance (LSPR)-sensitization techniques (Figure 5.2b–f) have been 
developed. Figure 5.3 shows the actual enhancement of the visible light absorp-
tion of TiO2, which is a wide band-gap semiconductor, by using the above-men-
tioned techniques. These results demonstrate the utility of these methods for 
extending the light response of semiconductors. Compared with pure TiO2, all 
the modified TiO2 semiconductors exhibit significantly enhanced visible light 
absorption. However, each method has its own advantages and limitations, 
which will be discussed in detail in the following sections.6–10

5.2  �Photoexcitation of Impurity-Doped 
Semiconductors

Doping by introducing foreign elements to the host materials is one of the 
most commonly used methods to reduce the band-gap of semiconductor 
photocatalysts. Upon doping with a foreign element, an intra-band state 
close to the CB or VB edge of the original band-gap can be introduced causing 

Figure 5.2  ��Schematics of photocatalysis processes in pure and modified semicon-
ductors: (a) Pure SC, (b) Doped SC, (c) Hybrid-SC, (d) Dye-sensitized 
SC, (e) CT-complexed SC, (f) SC/metal (SC, semiconductor; A, electron 
acceptor; D, electron donor).
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113Photoexcitation in Pure and Modified Semiconductor Photocatalysts

a shift of the light absorption spectra to a longer wavelength (Figure 5.4a). To 
date, various doping strategies such as metal/non-metal ion doping, co-dop-
ing with different ions, and self-doping have been developed to enhance the 
band-gap absorption of the visible light region. Owing to its high reactivity 
and chemical stability, TiO2 is the most investigated host material for doping.

Various kinds of metal ions, such as Fe3+, Cr3+, Co3+, Mn3+, V4+, and Mo5+, 
have been introduced to make TiO2 visible-light active. Metal ions with simi-
lar ionic radii to that of Ti4+ are easily doped into the TiO2 lattice resulting in 
the formation of new energy levels within the band-gap of TiO2. Metal dop-
ants, including V4+, Mn3+, and Co3+, can generate an energy level below the CB 
of TiO2, acting as trapping centers for electrons. In contrast, dopants such as 
Fe3+ and Cr3+ form energy levels above the VB of TiO2, which can trap holes. 
The formation of intrinsic defects (such as oxygen vacancies and interstitial 
Ti) by doping also enhances the visible-light absorption.11,12 As shown in  
Figure 5.4(b), trivalent cation (M3+) dopants can occupy the Ti4+ sites as lower 

Figure 5.3  ��Diffuse reflectance UV-visible spectra of pure and modified TiO2 sam-
ples. All samples were prepared according to the method described in 
the literature.6–10

Figure 5.4  ��(a) Band-gap modification of semiconductors by doping with a foreign 
element. Schematic illustration of aliovalent-doped SrTiO3: doping 
with a (b) trivalent cation and (c) pentavalent cation. (Adapted with per-
mission.12 Copyright 2009 American Chemical Society.)
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Chapter 5114

valence cations resulting in the formation of oxygen vacancies. In contrast, 
pentavalent cation (M5+) dopants occupying Ti4+ sites would cause the forma-
tion of Ti3+, which inhibits the formation of oxygen vacancies (Figure 5.4c). 
Electrons located in the oxygen vacancy states directly affect the electronic 
structure of TiO2 by forming a donor level below the CB.13 The energy level 
that originates from oxygen vacancies has been reported to be located ∼0.75–
1.18 eV below the CB of TiO2. In addition, Ti3+ defects can generate a shallow 
donor level just below the CB, which could also contribute to the visible-light 
response.13 These new energy levels can take part in a new photoexcitation 
process. The electron can be excited to the oxygen vacancy states from the 
VB under visible light. For this reason, oxygen vacancies are called F centers, 
from “farbe”, which is the German word for color. In addition to extending 
the light-absorption range of TiO2, the energy levels that are induced by dop-
ing may serve as a trap site of electrons to inhibit electron–hole pair recom-
bination. However, conversely, the dopant-induced defects formed in TiO2 
may reduce the photo-activity by serving as a recombination center at higher 
doping concentrations.14–16 Therefore, the optimum doping concentration in 
metal ion-doped TiO2 is usually low (typically 0.5–1.0%).14,17–20 In addition, 
it should be realized that the electrons and holes trapped at the dopant sites 
are less energetic than free carriers in their reductive and oxidative potential, 
respectively.

Since Asahi et al. reported the enhanced photocatalytic activity of N-doped 
TiO2 under visible-light irradiation,21 various non-metal (e.g., C, S, B, P, or F)- 
doped TiO2 systems have been investigated.22–28 Although all these non-
metal-doped TiO2 have been reported to induce visible-light photocatalytic 
reactivity, the explanation for the origin of visible-light absorption is under 
debate. The following proposals have been made: (i) N 2p states mixed with O 
2p states result in a transition from the N 2pπ to Ti dxy instead of from O 2pπ, 
which leads to visible-light absorption.21 (ii) The isolated N 2p states above 
the VB of TiO2 are responsible for visible-light absorption in N-doped TiO2.29 
(iii) N-doped anatase TiO2 with different doping levels has similar photon 
transition energies, while localized N 2p states form above the VB at lower 
doping levels, and the N 2p states mix with O 2p states at high doping lev-
els.30,31 (iv) Oxygen vacancies induced by N doping contribute to absorption 
as well as the photocatalytic activity in the visible region, similar to the case 
in metal ion-doped TiO2 systems.32–34

As an alternative to metal or non-metal doping, co-doping is a more 
attractive method that could result in higher photocatalytic activities and 
more beneficial characteristics than mono-doped TiO2. TiO2 co-doped with 
different dopant ions has new energy levels within the TiO2 band-gap that 
originate from both dopant ions. Therefore, a narrower band-gap than that 
of mono-doped TiO2 can form leading to stronger visible light absorption. 
In addition to the benefits of band-gap narrowing, co-doping can also effec-
tively increase the number of dopant atoms that are incorporated into the 
lattice of the host materials via the charge compensation effect.35 Co-dop-
ing can also effectively suppress the formation of recombination centers 
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115Photoexcitation in Pure and Modified Semiconductor Photocatalysts

and promote charge separation, thus improving the photocatalytic per-
formance. For example, co-doping with Pt and N enhances visible-light 
absorption and the photocatalytic conversion efficiency under visible 
light.9 Such synergistic effects are attributed to the Pt- and N-induced mid-
gap levels in which charge pairs are effectively separated. The new mid-
gap levels created by co-doping affect hole trapping while the Pt transition  
(Pt4+ → Pt2+) dominantly contributes to electron trapping in Pt,N–TiO2 
(Figure 5.5). Therefore, the electronic interactions between Pt and N in 
co-doped TiO2 facilitate charge-carrier mobility and reduce charge recom-
bination, resulting in photocatalytic synergy.

The intrinsic point defects (i.e., oxygen vacancies, titanium vacancies, 
and interstitial titanium) that affect the electronic structure of doped  
semiconductors also affect the visible-light absorption and photocatalytic 
activity.36,37 Oxygen vacancies and Ti interstitials form donor levels 0.75–1.18 
and 1.23–1.56 eV below the CB, respectively, while Ti vacancies give rise to 
acceptor levels above the VB.36 These defects can induce an additional shoul-
der absorption band in the visible-light range or a tail absorption band in the 
near-infrared region depending on the preparation procedures. For instance, 
the optical absorption of hydrogenated TiO2 nanocrystals shifts from UV to 
near-infrared, which is accompanied by a dramatic color change of the TiO2 
sample from white to black. The band-gap of hydrogenated black TiO2 is 
about 1.0–1.8 eV, indicating that this material can absorb visible and even 
infrared photons for photocatalysis.38,39

5.3  �Photoexcitation of Coupled Semiconductors
Various composite photocatalysts have been developed by coupling different 
semiconductors to enhance the photocatalytic efficiency in terms of effec-
tive charge separation and solar-light absorption.40 The built-in potential 

Figure 5.5  ��Schematic illustration of electron and hole trapping in (a) N–TiO2, (b) 
Pt–TiO2, and (c) Pt,N–TiO2 under 355 nm irradiation. The numbers 
refer to the following charge-transfer steps: (1) electron trapping on 
the defect site, (2) hole trapping on the N-induced state, (3) intervalent 
charge transfer or conversion of Pt4+ into Pt2+, (4) localization of holes 
on the Pt-induced band, and (5) hole-hopping. For comparison, the 
one-electron reduction potentials of the tested substrates are shown on 
the left-hand side. (Adapted with permission.9 Copyright 2014 Elsevier.)
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Chapter 5116

induced by the contact of semiconductors with different band positions can 
facilitate interfacial charge transfer, which can efficiently prohibit the recom-
bination of photogenerated charge carriers.

All semiconductors in a composite can be concurrently excited when 
the illuminated light has sufficient energy to excite all the semiconductors  
(Figure 5.6a). Photogenerated electrons migrate from CB1 to CB2 and holes 
migrate from VB2 to VB1; thus, electrons and holes are effectively separated. 
Accordingly, more electrons and holes on semiconductor 2 (Semi-2) and 
semiconductor 1 (Semi-1), respectively, are available for photo-redox reac-
tions. Photo-excitation of solely Semi-1 induces electron transfer from CB1 
to CB2 (Figure 5.6b) and potential further transfer to CB3 (Figure 5.6c), while 
the holes of VB1 remain, which can retard the recombination of the charge 
carriers (e.g., in CdS/TiO2, Bi2S3/TiO2, PbS/TiO2, and CdS/TiO2/WO3).41–44 
However, one obvious drawback of these composites is that the redox poten-
tial of the transferred electrons and holes is greatly reduced resulting in 
decreased redox power. From this perspective, the Z-scheme has the merit of 
maintaining electrons/holes with stronger reduction/oxidation abilities from 
each photocatalyst, quenching electrons/holes with weaker reduction/oxida-
tion potentials with redox mediators (Figure 5.6d) or by direct recombina-
tion of the weaker oxidative holes and reductive electrons (Figure 5.6e).45–48 
Similarly, the vectorial electron-transfer process can recombine less-reduc-
tive electrons from one semiconductor with less-oxidative holes of the other 
semiconductor via a solid-interface metal phase instead of redox mediators 
in solution (Figure 5.6f).49 The advantages and disadvantages and some 
examples of Z-scheme and vectorial electron-transfer processes are well- 
explained in ref. 33.

Figure 5.6  ��Schematics of various electron transfers in several semiconductor com-
posite systems: (a) co-sensitization, (b) sensitization in a binary hybrid, 
(c) sensitization in a ternary hybrid, (d) indirect Z-scheme, (e) direct 
Z-scheme, and (f) vectorial electron transfer.
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117Photoexcitation in Pure and Modified Semiconductor Photocatalysts

5.4  �Dye-Sensitized Semiconductors and  
Dye Discoloration

Dye sensitization has mainly focused on the effective absorption of visible 
light to enhance the photo-conversion efficiency; its operation mechanism is 
conceptually similar to that of dye-sensitized solar cells (DSSCs).50–52 Amongst 
the various dyes (i.e., organic, inorganic, organometallic complexes, etc.) that 
have redox properties and visible light sensitivity, ruthenium complexes such 
as Ru(dcbpy)2, Ru(dcbpy)2(NCS)2, and [Ru(dcbpy)2(dpq)]2+ (where dcbpy =  
4,4′-dicarboxy-2,2′-bipyridine and dpq = 2,3-bis(2′-pyridyl)quinoxaline) 
have been widely utilized as sensitizers.53–59 In principle, electron transfer 
in dye-sensitized semiconductor systems is very rapid and highly efficient. 
For the TiO2–Ru(dcbpy)2(NCS)2 system, the photogenerated electron can 
be transferred from excited dyes to the CB of TiO2 through two pathways 
in which both singlet and triplet excited states exist in Ru(dcbpy)2(NCS)2: 
one pathway involves the direct transfer of electrons from a singlet metal to 
ligand charge transfer (1MLCT) excited state to the CB of TiO2 (Figure 5.7a, 
Channel A), and the other involves the indirect transfer of electrons from 
a triplet metal to ligand charge transfer (3MLCT) to the CB of TiO2 (Figure 
5.7a, Channel D) followed by electron transfer from the excited 1MLCT to the 
excited 3MLCT (Figure 5.7a, Channel B) and then relaxation from the excited 
3MLCT to the lowest 3MLCT state (Figure 5.7a, Channel C). Indirect electron 
transfer is known to be much slower than direct electron transfer, and dyes in 
which the lowest 3MLCT state has a higher energy level than the CB edge of 
TiO2 are expected to induce effective electron injection and high energy-con-
version efficiency.60 The electron-injection kinetics can be also affected by 

Figure 5.7  ��(a) Diagram of two-state electron (1MLCT and 3MLCT) injection of 
Ru(dcbpy)2(NCS)2 to the CB of TiO2. (b) Visible light-induced photocat-
alytic reaction on a ruthenium complex-sensitized Pt/TiO2 particle.56 
(Copyright 2014 American Chemical Society.) (c) Schematic illustration 
of a dye-sensitized TiO2 particle with an Al2O3 overlayer. (Adapted with 
permission.65 Copyright 2014 American Chemical Society.)
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Chapter 5118

the binding distance and geometry between a sensitizer and semiconductor. 
As CH2 spacer groups are introduced between the bipyridine and carboxyl-
ate groups in Re(dcbpy)(CO)3Cl complexes, the electronic coupling strength 
to TiO2 is exponentially reduced, which reduces the electron-transfer rate.61 
Moreover, replacing the carboxylate anchoring groups in Ru(dcbpy)2 with 
phosphonic ones markedly enhances the photocatalytic activity and sta-
bility over a wide pH range because of strong complexation with TiO2.62 To 
increase the photocatalytic efficiency, rapid electron injection is highly desir-
able and the reverse reaction between the injected electron and oxidized dye 
should be effectively inhibited. Although the electron injection rate is much 
faster than the recombination rate, the latter is predominant especially when 
nanoparticulate photocatalysts are isolated in suspension. Therefore, along 
with the development of new dyes to increase visible-light absorption and 
the electron-injection efficiency, some strategies to solve this issue have been 
investigated. As shown in Figure 5.7(b) and (c), loading of noble metals as a 
co-catalyst on TiO2 and surface passivation of TiO2 using an alumina over-
layer effectively prohibits the recombination process (Channel E).63–65 The 
electrons that are injected from the excited dyes to the CB of TiO2 and their 
further transfer to the acceptors (e.g., H+, O2, CCl4, CCl3COOH, Cr(vi)) ini-
tiates redox reactions under visible light irradiation. The time-resolved dif-
fuse reflectance spectra of slurry-type TiO2 and Al2O3/TiO2 confirmed that the 
recombination of the electron injected from the excited dye with the oxidized 
dye was effectively retarded by the surface passivation. A very thin overlayer 
of alumina did not significantly affect the yield of electron injection from the 
excited dye to the TiO2 CB despite being an insulator.

In the absence of sacrificial reagents, such as I3−/I− pairs53 and EDTA,56 dyes 
tend to be self-degraded by the remaining holes because electron transfer from 
water requires a high overpotential (Figure 5.7b and c, Channel D). Accord-
ingly, regeneration of the dyes is essential to sustain the reaction cycles. From 
the environmental perspective, the treatment of industrial dyestuffs in waste-
water is an important issue because they are toxic. Dye-sensitized TiO2 systems 
can also be applied to discoloration of dye molecules and further mineraliza-
tion to CO2 via reactive oxygen species (ROS) or by direct degradation after sen-
sitization. In principle, the transfer of electrons from the exited dye to oxygen  
(Figure 5.7b and c, Channel A → B → C) generates superoxide anions, and fur-
ther electron transfer produces hydrogen peroxide, which is a source of hydroxyl 
radicals with strong oxidizing power. In a Pt/TiO2 system, the excellent catalytic 
property of Pt for the reduction of dioxygen enhances the generation of ROS 
(O2

−•, H2O2, HO•, etc.), which accelerates the dye decomposition.66 In general, 
the decolorization of organic dyes is relatively efficient in most dye-sensitized 
TiO2 systems. However, the decolorization indicates only the destruction of the 
chromophoric groups of dyes, not the complete mineralization of dye mole-
cules.67 Even after complete dye decolorization, the degradation intermediates 
with toxicity persist.68 As a result, the mineralization of dyes should be mon-
itored by measuring chemical oxygen demand (COD), total organic carbon 
(TOC), total CO2 emission, or the formation of inorganic ions.68–70
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119Photoexcitation in Pure and Modified Semiconductor Photocatalysts

5.5  �LMCT-Sensitized Semiconductors
One approach to extend the light response of wide band-gap semiconduc-
tors such as TiO2 into the visible region is LMCT sensitization. This process 
results in visible light inducing charge transfer from the ground state of 
the adsorbate to the CB of the semiconductor. Figure 5.8 compares typical 
dye sensitization with LMCT sensitization.71 Dye sensitization involves the 
absorption of visible light via HOMO–LUMO photoexcitation of dye mole-
cules, which are pre-adsorbed onto the surface of the semiconductor; the 
photoexcited electron is then transferred from the dye to the semiconductor 
CB, and the oxidized dye is usually regenerated in the presence of suitable 
electron donors (Figure 5.8a). In contrast, in LMCT sensitization, the light 
initiates a direct electron transfer from the HOMO of the adsorbate (with-
out involvement of the LUMO of the adsorbate) to the CB of the semicon-
ductor. The oxidized adsorbate, which still contains a hole, could be further 
degraded or regenerated in the presence of a suitable electron donor as in 
the case of dye sensitization (Figure 5.8b).71

In LMCT sensitization, the HOMO level of the adsorbate is a critical fac-
tor in determining the extension of the light absorption range of the semi-
conductor. If there is strong coupling between the molecular orbital of the 
adsorbate and the energy band of the semiconductor, a new absorption band 
could appear that is not evident in either the adsorbate or semiconductor 
alone. This implies that LMCT sensitization has a significant potential for 
the development of cheap visible light sensitizers. Unlike dye sensitization, 
which requires that the sensitizer itself absorbs visible light, various inex-
pensive organic/inorganic compounds that have suitable HOMO levels can 
possibly form LMCT complexes that absorb visible light on the surface of 
wide band-gap semiconductors.65 This process is particularly advantageous 

Figure 5.8  ��Schematic illustration of two similar visible light-sensitization tech-
niques for wide band-gap semiconductors. (a) Dye sensitization: (1) 
HOMO–LUMO excitation of the dye, (2) electron transfer from the 
excited state of the dye to the semiconductor CB, (3) recombination, 
(4) electron transfer to the acceptor, and (5) regeneration of the dye 
by an electron donor. (b) LMCT sensitization: (1) visible light-induced 
LMCT, (2) recombination, (3) electron transfer to the acceptor, and (4) 
regeneration of adsorbates by an electron donor. S0 and S* represent 
the ground and excited states of the sensitizer/adsorbate, respectively. 
(D: electron donor, A: electron acceptor.) (Adapted with permission.71 
Copyright 2014 The Royal Society of Chemistry.)
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Chapter 5120

for the degradation of organic pollutants because numerous organic pollut-
ants (e.g., phenol) can form LMCT complexes on the surface of wide band-
gap semiconductors and self-degrade under visible-light illumination.72–74

For LMCT sensitization, an adsorbate should form a complex on the sur-
face of the semiconductor. Therefore, the surface sites of semiconductor are 
important. It was reported that some enediol ligands such as dopamine and 
catechol have a strong affinity for under-coordinated surface sites of TiO2.75 
The authors suggested that the deepest surface sites are the most reactive 
toward binding of the enediol ligands, and the binding of ligand shifts the 
energy of surface sites toward the CB of TiO2. The kind of functional groups 
on the adsorbate molecule is another important parameter for LMCT sensi-
tization, which is critical in the formation and applications of LMCT com-
plexes. Several compounds with different linkages have been examined for 
LMCT sensitization; for example, organic compounds with phenolic (e.g., 
catechol), carboxylic (e.g., oxalic acid), and hydroxyl (e.g., cyclodextrin) link-
ages have been reported to form LMCT complexes on the surfaces of semi-
conductors, and most of them were studied for the self-degradation of LMCT 
complexes.76–79 Because LMCT complexes that are anchored onto semicon-
ductor surface through a functional group are not stable enough, LMCT 
complexes with multiple anchoring bonds have been studied. Zhang et al. 
reported LMCT complexation between TiO2 and a phenolic resin (PR), which 
forms a strong complex through multiple anchoring groups; this complex 
exhibited visible-light activities for H2 production from water and the deg-
radation of organic pollutants (Figure 5.9).80 LMCT sensitization can also be 
achieved with inorganic linkages; for example, LMCT complexes with cya-
nide or isocyanate linkages have been reported and can possibly be used 
as stable visible-light photocatalysts.81–83 Hydrogen peroxide can also form 
an LMCT complex on the surface of a semiconductor through its hydroxyl 

Figure 5.9  ��(a) Schematic illustration of the proposed electron-transfer pathways 
on PR–TiO2 for H2 production and degradation of organics under vis-
ible light (PR, phenolic resin). (b) UV/visible spectra of TiO2, PR, and 
PR–TiO2 samples. The upper photo shows the color changes induced by 
PR complexation on TiO2. (Adapted with permission.80 Copyright 2012 
The Royal Society of Chemistry.)
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121Photoexcitation in Pure and Modified Semiconductor Photocatalysts

linkage and could generate a hydroxyl radical that would mineralize pollut-
ants under visible light.84 LMCT sensitization is even possible through phy-
sisorption, which is different from most LMCT complex systems that are 
typically based on chemisorption. For instance, Seo et al. reported that pure 
polycyclic arenes can form LMCT complexes with dry TiO2 surfaces and the 
resultant colored arene–TiO2 complex could be reversibly bleached without 
degrading the arene compounds.85

Extension of the light response of wide band-gap semiconductors through 
LMCT sensitization should be useful considering the variety of organic/inor-
ganic compounds that could potentially form LMCT complexes, while the 
more popular dye-sensitization method requires efficient dyes that are often 
expensive and unstable. However, most LMCT-sensitization studies that have 
been reported to date are based on a TiO2 system and their solar conversion 
efficiency should be improved. Generally, the solar conversion efficiencies of 
LMCT complexes have not reached those of dye-sensitized TiO2 or UV–TiO2 
systems.

5.6  �Photoexcitation at Metal/Semiconductor 
Interfaces

The efficiency of a semiconductor photocatalyst is generally limited by two 
critical issues: (i) low light absorption because of the wide band-gap of the 
semiconductor and (ii) fast electron–hole pair recombination. A useful 
approach to overcome these problems is coupling semiconductor photo-
catalysts with metal nanoclusters. In principle, loading of metal nanoclus-
ters onto a wide band-gap semiconductor provides three potential benefits: 
firstly, metal nanoclusters on the surface of the semiconductor can act as 
electron traps and form Schottky junctions, which facilitate the separation 
of photo-exited electron and holes in the semiconductor.86 This process is 
useful for reducing electron–hole pair recombination and enhancing the 
photocatalytic activity of semiconductors. Secondly, metal nanoclusters can 
act as co-catalysts that lower the overpotentials for various photochemical 
redox reactions; for example, Pt nanoclusters are excellent co-catalysts that 
can greatly improve the photocatalytic H2 production efficiency.4 Lastly, 
metal nanoclusters can be sensitizers that harvest visible light through local 
surface plasmon resonance (LSPR). In this section, we focus on visible-light 
absorption and the photocatalytic activity of plasmonic photocatalysts.

LSPR of metal nanoclusters refers to the optical phenomenon in which 
the conducting electrons on the metal nanoclusters in resonance with the 
electrical field of incoming light undergo coherent oscillation.86 When the 
light is illuminated onto metal nanoclusters that are smaller than the inci-
dent wavelength, some of the photons are scattered and some are absorbed 
through LSPR. The resonant frequency of LSPR is strongly dependent on 
the size, shape, and configuration of the plasmonic photocatalyst. For 
example, the LSPR of Au nanoparticles, which are one of the most widely 
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investigated noble metal nanoparticles for LSPR, can be tuned by changing 
the shape of the Au metal nanocluster. Gold nanoparticles have a single 
absorption band at ∼530 nm, while Au nanorods have two bands; this is 
attributed to the presence of two separate plasmon bands along the short 
and long axes of the rod-shaped Au nanocluster.87–89 As the aspect ratio (i.e., 
length-to-width ratio) of the Au nanorod increases, the LSPR wavelength 
is redshifted (Figure 5.10a). The LSPR behaviors of metal nanoclusters 
are also affected by the morphology of the metal/semiconductor hybrid 
system. Seh et al. investigated the electric near-fields of two Au/TiO2 sys-
tems with symmetric core–shell (Figure 5.10b) and non-centrosymmetric 
Janus (Figure 5.10c) structures.90 The Janus Au/TiO2 induces strong non- 
centrosymmetric localization of the plasmonic near-fields close to the Au–
TiO2 interface, which leads to improved optical absorption and enhanced 
photocatalytic activity relative to that of the core–shell Au/TiO2 system 
under visible light.

Figure 5.10  ��(a) LSPR wavelengths of Au/TiO2 nanorods that were tuned by con-
trolling the aspect ratio. (Adapted with permission.89 Copyright 2008 
American Chemical Society.) TEM images of (b) core–shell and (c) 
Janus Au/TiO2 nanostructures. (Adapted with permission.90 Copyright 
2012 John Wiley & Sons.)
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Several plasmonic photocatalysts consisting of noble metals (i.e., Au, Ag, 
and Pt) and semiconductors (i.e., TiO2, AgCl, AgBr, and AgI) have been prepared 
and applied for water splitting, organic degradation, and reduction of Cr(vi) 
under visible light.91–95 Figure 5.11 schematically illustrates the traditional view 
of the charge-transfer pathways in metal/semiconductor hybrid systems under 
visible-light illumination. Photocatalytic water splitting with Au/TiO2 under visi-
ble light was chosen as an example.96 Unlike the case of UV irradiation in which 
the Au nanoparticles act as both an electron reservoir and a co-catalyst for H2 
production, the Au nanoparticles under visible-light irradiation act as a visi-
ble-light sensitizer through LSPR. The electrons from Au are injected into the CB 
of TiO2, which induces the generation of H2 and the oxidation of electron donor 
(e.g., EDTA) (Figure 5.11a). In the presence of a sacrificial electron acceptor such 
as AgNO3, the holes located in certain Au nanoparticles with high oxidizing abil-
ities can oxidize water (Figure 5.11b). Through a similar charge-transfer mech-
anism, the photocatalytic reactions of plasmonic photocatalysts for organic 
degradation can also occur under visible-light irradiation.97–99

In the above mechanism, the transfer of electrons occurs only when the 
energy of the excited electron in the metal is higher than that of the semicon-
ductor CB edge. However, the charge separation at the interface can also be 
enabled through an alternative mechanism in which the charge separation 
occurs immediately upon photoexcitation. According to Long et al., in about 
50% of cases, an electron appears inside TiO2 immediately upon photoexci-
tation because the plasmon excitation exhibits a strong delocalization into 

Figure 5.11  ��Proposed photocatalysis mechanisms of Au/TiO2 upon excitation 
through LSPR for (a) H2 generation and (b) O2 evolution under visible 
light. (CB, conductance band; VB, valence band.) (Adapted with per-
mission.96 Copyright 2011 American Chemical Society.)
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TiO2.100 In the remaining 50% of cases, the plasmonic excitation generates 
electron–hole pairs inside the Au nanoparticle and the electron is transferred 
to the TiO2 surface. In either case, close contact between the metal nanocluster 
and semiconductor is essential for transfer of the LSRP-induced electron.86 The 
metal/semiconductor interface facilitates separation of the photogenerated 
electron–hole pairs and reduces recombination. The sizes and shapes of the 
metal nanoclusters determine the light-absorption range of LSPR and should be 
chosen to maximize the efficiency of the metal/semiconductor hybrid system.

5.7  �Conclusions
The photoexcitation of a semiconductor is a prerequisite step for initiating 
the photocatalytic conversion process and various modification techniques 
have been developed to extend the light absorption by wide bandgap semicon-
ductors (e.g., TiO2) to the visible light region. In this chapter, we introduced 
the principles and strategies of five common modification methods in rela-
tion to their effects on the semiconductor photoexcitation, which includes (1) 
impurity doping, (2) coupling with narrow band-gap semiconductor, (3) dye 
sensitization, (4) LMCT sensitization, and (5) LSPR sensitization. Since each 
modification system is very different from other modified systems in their 
action mechanisms and operating conditions, the resulting effect of a specific 
modified semiconductor on its activity is hard to generalize. The effects of a 
modification method are often substrate-specific, reaction-specific, and experi-
mental conditions-specific. For example, a modified semiconductor that exhib-
its a highly enhanced activity for the degradation of organic compounds might 
have little activity for the H2 production reaction (and vice versa). Therefore, the 
modification of a semiconductor should be based on a comprehensive under-
standing of the overall photocatalytic process, and the target applications of 
a modified semiconductor should be carefully selected considering various 
factors such as the working reaction mechanism, the operating experimental 
conditions, the expected stability of the photocatalyst, and the estimated cost.
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