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Figure 12. Electron transfer mechanism in composite semiconductor

In this case, the small band gap CdS (CB = -0.76 eV) cause visible-light sensitization,
and inject electrons to the conduction band of SnO, (CB = -0.34 eV), which results in
an efficient electron-hole separation and an increase of photocatalytic activity. EDTA
was used as a hole scavenger to prevent the photo-corrosion of CdS. Doong et al.
reported very high photocatalytic activity of CdS coupled TiO, towards the
photocatalytic decomposition of 2-chlorophenol [220]. The better photocatalytic
activity resulted from the electron injection from CdS to TiO; and hole injection from
TiO, to CdS, which results in better charge separation. Kang et al. demonstrated the
photodegradation of 4-chlorophenol using CdS-TiO, composite semiconductor [221].
The photocatalytic activities of the composite were found to be very high in
comparison to that of CdS and TiO, used separately.

TiO, coupled with CdS can also be utilized for photocatalytic water splitting
due to the more negative conduction band of TiO, compared to Enzm20. SO et al.
prevented the photo-corrosion of CdS with the help of Na,S during photocatalytic
hydrogen generation from water [222]. While the optical absorption of CdS-TiO;
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Figure 14. Electronic structure of black hydrogenated TiO,. Reproduced with permission
from ref. [263] Copyright 2011 American Association for the Advancement of Science

Oxygen excess defects also cause band-gap narrowing by valence band shifting
(Figure 15), which was confirmed using valence band XPS and photoluminescence (PL)
studies. Oxygen rich TiO, samples exhibited reduced PL-intensities compared to phase pure
anatase TiO; due to reduced electron-hole recombination. Oxygen excess defects also act as
electron scavengers that increase the lifetime of photo-generated holes and decrease
luminescence. Compared to pure anatase TiO, and Evonik Degussa P-25, oxygen rich TiO;
exhibited six-fold and two-fold higher visible-light photocatalytic activities respectively. Only
a few studies of interstitial oxygen species are available. These show that an additional neutral
oxygen atom prefers to bind to a lattice oxygen atom forming an O—O bond, instead of being
stabilized as a charged species in the middle of an interstice [264, 265]. Interestingly, oxygen
interstitials are predicted to be good electron traps by GGA+U calculations. The extra electron

occupies a o* state, which leads to a consistent elongation of the O—O bond from 1.484 to
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Figure 15. Electronic structure of oxygen rich TiO,. Reproduced with permission from ref.
[8] Copyright 2011 Wiley VCH

4.6. Non-metal doping
4.6.1. Nitrogen doping
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Anion doping to enhance the visible-light photocatalytic activity in a semiconductor is
a relatively a new method compared to other techniques. Improved visible-light
absorption was observed for a variety of anions (N, F, C, S, etc.) doped TiO, [142,
266-269]. Non-metal dopants were found to be more efficient compared to most of the
metal ions due to the less formation of recombination centers. Asahi et al. synthesized
a series of anion-doped TiO, and also determined the substitutional doping contents of
these ions [142]. In contrast to other anion doped TiO,, the nitrogen-doped
compositions has been found to be more effective and extensively investigated [207,
270]. N doped TiO, can be synthesized through various physical and chemical methods

[258, 271-275].
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N, atmosphere [142, 276, 277]. Sol-gel synthesis of N-doped TiO, use 1,3-
diaminopropane, and urea as precursor modifier to incorporate nitrogen [278],[10,
279]. N-doped TiO, sample calcined at 500 °C was found to be highly effective in the

degradation of 4-chlorophenol under solar irradiation (Figure 16). No degradation was

recorded for the undoped TiO; prepared under similar experimental conditions [278].
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Figure 16. Solar photocatalysis of 4-chlorophenol using N doped TiO, Reproduced
with permission from ref. [278] Copyright 2012 Elsevier Science.

In another study, N-doped TiO, powders prepared by treating TiO, powder with NH3
followed by calcinations was reported to be highly active for the decomposition of
methylene blue under visible-light irradiation [280]. A mechanochemical method using
crystalline TiO, and hexamethylenetetramine (HMT) was also reported [281].
Hydrothermal and microwave assisted hydrothermal methods were also very effective
for the synthesis of mesoporous TiO, containing nitrogen [282, 283].

Electronic structure and type of dopant species of N-doped TiO, highly depends
on the synthetic method. Several researchers proposed that lattice nitrogen causes the
visible-light absorption, while other studies attributed NOx and NHx adsorbed on the
surface to band gap narrowing [142, 284]. Thus, a controversy still remains regarding
the dopants nature and electronic structure of anion doped TiO,. Asahi et al. illustrated
the electronic structure and visible-light absorption of N-doped TiO, based on Ti-N
bonding [142]. They performed density state calculations and concluded that N-atoms
substitute O-atoms of anatase TiO,, and a consequent mixing of O 2p and N 2p state
results in the band gap narrowing. This finding was also supported by the observations
of Irie et al. [285]. However, a negative contribution of Ti-N bonding towards to band

gap narrowing was identified by Diwald et al. [286]. However, further detailed
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investigations of electronic structure modification mechanism by of N-TiO, have
subsequently been conducted by a number of researchers [258, 285, 287-290].

Di Valentin et al. performed a DFT study of N-doped TiO, with the hybrid
functional B3LYP [260][269]. Their results showed that substitutional N-doping
introduces localized impurity states just above the valence band level, and negligible
mixing occurs between N 2p and O 2p states. In the same study it was also shown that

N could enter the TiO, lattice also in an interstitial position (NO species).
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Figure 17. Electronic band structure of (A) substitutional and (B) interstitial N-doped anatase
TiO,. Reproduced with permission from ref. [260] Copyright 2005 American Chemical
Society

It is also evident that both conduction and valence band edges are unaffected by the
dopants, and visible-absorption is resulted by localized energy levels generated by NO
bond [285]. Two bonding energy-levels are positioned below the valence band level,
and antibonding orbitals lie 0.73 eV above the valence band. It is also proposed that
antibonding NO orbitals act as stepping stone between conduction band and valence
band of TiO, (Figure 17), [237] and facilitate visible-light absorption [291-293].

Sugihara and co-workers have indicated that nitrogen doping could stabilize oxygen
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vacancies, which induce visible-light absorption [258]. This has been fully
corroborated by DFT calculations in combination with EPR experiments on N-doped
polycrystalline powder samples, showing that the stabilization results from electron
transfer between high energy Ti®" states to the low lying N induce impurity states

(Figure 18) [294].
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Figure 18. Schematic representation showing electron transfer between high energy
Ti*" states to the low lying N induce impurity states. Reproduced with permission from
ref. [294] Copyright 2006 American Chemical Society

TiO, surface nitrogen doping was also investigated by DFT calculations. Both the
rutile (110) and anatase (101) surfaces were considered [295, 296]. Analogous
substitutional and interstitial species were identified as in the bulk of TiO,. The
electronic interplay with oxygen vacancies is found to be synergistic; confirming that
surface N-doping is expected to cause an enhanced defect concentration. Pillai and co-
workers [278] observed an unexpected blue shift in the UV/Vis absorbance of N-TiO,
samples heat treated at >600 °C. XRD analysis showed that these N doped TiOg,
processed significant amounts of rutile phase. Di Valentin and co-workers [297] had

previously explained using theoretical calculations that a blue shift was observed with
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N-doped (rutile) because not only the TiO, valence band lowered (by 0.4 eV) but the
newly introduced N 2p states were also lower in energy than the valence band of pure
rutile phase (0.05 eV). This resulted in an overall blue shift due to an effective band

gap widening (Figure 19).
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Figure 19. Schematic diagram showing the energy states of pure and N-doped anatase
and rutile TiO,. Reproduced with permission from ref. [278] Copyright 2012 Elsevier
Science

4.6.2. Other non-metal doping

Kisch and co-workers for the first time reported daylight-induced photocatalysis using
carbon-modified TiO, [298]. Many physical and chemical investigations were reported
for the synthesis of carbon doped nanoparticles and thin films [19, 299-302]. This
narrow band gap TiO, showed significantly improved photocatalytic activities up on
visible-light irradiation compared to pure anatase TiO, and the standard photocatalyst
Evonik Degussa P-25. Control of porosity, morphology, and synthesizing hierarchical
structures further improved the visible-light photocatalytic activities of C-doped TiO;
[303-305]. Mechanism of visible-light absorption in C-doped TiO, was explained by
the formation of Ti** and oxygen vacancies due to carbon doping [142, 298, 306, 307]
Previous researchers performed DFT calculations, and concluded that substitution of
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0% by C-atoms (Ti-C bond formation) resulted in the mixing of O 2p states with C 2p
states, and band gap narrowing [306, 308]. However, DFT based calculations of C-
doped rutile and anatase TiO, clearly indicate that C impurities can be both
substitutional and interstitial, depending on the preparation conditions (i.e. oxygen
partial pressure). Eventually, both types of species may even coexist since there is a
synergistic effect associated to the electron transfer from the oxidized interstitial
species to the reduced substitutional one [309].

Another interesting class of visible-light active photocatalyst consist of sulfur-
doped TiO,. Sulfur was detected as hexavalent (S°*), tetravalent (S*"), or sulfide (S%),
depending on the synthetic method of S-doped TiO, [100, 105, 310]. Umebayashi et al.
thermally oxidized TiS; to synthesize anionic S-doped TiO,, and Ohno et al. fabricated
cationic S-doped TiO, powder through chemical modification of titanium
tetraisopropoxide using thiourea [266, 310]. These S-doped materials were found to
have notably improved photocatalytic decomposition of 2-propanol and methylene
blue under visible-light irradiation. Absorption of visible-light by these photocatalyst
are explained by the mixing of O 2p and S 3p states [266, 310]. On the other hand,
recent studies explained the band gap narrowing by the formation of S 3p impurity
states above the valance band [311, 312]. Formation of S 3p level 0.38 eV above the
valence band was identified in the case of cationic S-doped TiO, [312]. Though S-
doped TiO; is a promising visible-light active photocatalyst, incorporation of S in the
TiO; crystal structure is difficult due to its large ionic radius [313].

It was demonstrated that F-doping is useful for improving the visible-light
photocatalytic activity of TiO, [314-316]. F-doping was also effective for stabilizing
the most reactive (001) facets of anatase TiO, [317]. The photocatalytic activity of
such F-doped TiO, with dominant exposed (001) facets were remarkably higher than
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other F-doped TiO, nanoparticles [318]. F-doped thin films also showed improved
visible-light photocatalytic activities towards the photodegradation of X-3B dye [319].
lodine doping was also successful for significantly reducing the band gap of anatase
TiO; photocatalysts [320-323]. Yu et al. explained that F-doping cause the reduction
of Ti*" to Ti*", which resulted in the band-gap narrowing [324]. Li et al. confirmed the
formation of additional energy levels below the conduction band of F-doped TiO, due
to oxygen vacancy formation [314].

lodine is another potential dopant that can induce visible-light absorption by
altering the electronic structure of TiO, photocatalyst. Cheng et al. synthesized
mesoporous  bicrystalline network of mesoporous TiO, with improved
photodegradation of methylene blue under visible-light irradiation [321]. Synthesis,
characterization, and electronic structure of multivalent iodine (I”*/1") doped TiO, was
reported by Fu et al. [323] It was suggested that the recombination of photogenerated
electron-hole pairs is inhibited due to the electron trapping action of the 1 sites [320]. A
maximum absorption edge of 550 nm was experimentally determined for the lattice I-
doped TiO,. Whereas, an extended absorption up to 800 nm was observed for the
surface iodine doped TiO, [325]. Photocatalytic activities of narrow band gap I-doped
bronze phase TiO, was nanosheets were also investigated recently [326]. lodine doped
TiO, was highly effective for the degradation of dyes, 4-chlorophenol and CO,
reduction under visible-light irradiation [320, 325, 327]. In the case of I-doped TiO,,
electronic excitation from the I-O-Ti states positioned just above the valence band to
the 1-O-1 levels below the conduction band [325].

Moussab Harb has recently reported the optoelectronic properties of Se-doped TiO,
using DFT and perturbation theory approach DFPT. A range of selenium doping at various
substitutional sites for oxygen or titanium, interstitial sites or at mixed substitutional and
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interstitial sites were investigated. Various structures such as Tig-2xO02Sexx (Se** species),

TiO(_Sex (Se* species), and TiOp_Sexx (Se,” species) with visible-light optical absorption

spectra were identified (Figure 20) [328]. Theoretical predictions were found to be in good

agreement with the experimental results. The study of Grey et al. that boron doping of TiO,

lead to partial reduction of Ti** to Ti**, which could improve the photocatalytic activity [329].

Compared to other non-metals, boron doping was not investigated in detail. Recently Chen et

al. reported band gap widening for B-doped TiO,, whereas Zhao et al. showed a band gap

narrowing
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Figure 20. Effect of selenium doping in the visible light activation of anatase TiO2.
Reproduced with permission from ref. [328] Copyright 2013 American Chemical Society

It was later demonstrated that proper doping of an optimum B-doping results in significantly
higher visible-light absorption and visible-light photocatalytic activities [332]. These B-doped
Ti0, were successfully utilized for the decomposition of methyl orange, methyl tertiary butyl
ether, orange Il, 4-cholorophenol and nicotinamide adenine dinucleotide (NADH) under
visible-light irradiation [330, 332-334]. Based on LDA calculations, the band gap narrowing
of boron doped TiO; was illustrated by the formation of isolated B 2p impurity levels in the
band gap [291]. More refined hybrid density functional results indicate that B enters the TiO,
lattice in the interstitial sites, forming oxidized borate species and, consequently, reduced Ti**
centers [335].

Several attempts have been reported for the spectroscopic band gap
investigation of the anion doped TiO.,. For instance, Etacheri et al. [17, 19] performed
valence band (VB) XPS to illustrate the consequence of S, N and C doping on the
electronic structure of TiO,, (Figure 21). They identified similar valence band
maximum (1.95 eV) for both pure and anion doped TiO,, which was also identical to
the previously reported valence band levels of pure anatase TiO, [8, 336, 337].
Additionally, equal width (9.5 eV) of the valence band explained identical mobilities

of the photogenerated holes.
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TiO;, heterojunctions composed of nanosized anatase and brookite nanoparticles. A
microwave synthetic method was used for the rapid synthesis of these nanoheterojunctions,
and 90% bacterial killing occurred within 3 h visible-light irradiation. High visible-light
induced photocatalytic activity was attributed to the efficient transfer of photogenerated
electrons from the conduction band of brookite to that of anatase (Figure 39), which facilitate

the formation of reactive oxygen species and bacterial killing.
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Figure 39. Mechanism of visible-light induced photocatalytic bacterial killing using carbon
doped anatase-brookite heterojunctions. Reproduced with permission from ref. [497].
Copyright 2013 American Chemical Society

7. Strategies to select dopants and future recommendations for an improved electron-

hole separation

In the last decades great attention has been paid to the synthesis of transition-metal ion
doped TiO, possessing high photocatalytic activities to satisfy the requirements for

practical applications. However, until now many questions are still open considering
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both the mechanism by which metal doping improves the photocatalytic activity as
well as the determination of the optimal doping ratio. It is assumed that at low doping
concentration the doping ions traps electron-hole pairs thus reducing the recombination
rate, while at a higher doping ratio the formation of recombination centers occurs [40].
Consequently, for every transition metal doped TiO, there is an optimal dopant
concentration. Bloh et al. developed a theoretical model, which describes the
dependency of the photonic efficiency on the doping ratio and which can thus be
applied for the determination of optimal transition metal-ion ratio [498]. The idea
behind this model is that the direct cationic neighbourhood of two dopant metal cations
can be considered as recombination center, while more distant dopants can be ignored,
since they induce a lower recombination probability. With increasing doping ratio,
both the probability for the formation of the clusters and the amount of the doping
atoms increases. The cluster ratio re, i.e., the product of the doping ratio and the cluster
probability, depends quadratically on the doping ratio rq and can be describe by the
following equation:
r.=nr;

Where, n corresponds to the number of the neighbouring cations (n=12 for TiO, or
ZnO (wurzite)). It is assumed that the photonic efficiency increases linearly with the
doping ratio due to the formation of the charge carrier trapping centers, while it
concurrently decreases quadratically with the doping ratio due to the formation of
recombination centers. The relation between doping ratio and photonic efficiency is
shown in Figure 40. Moreover, the experimentally determined data correlate very well
with developed theoretical model. However, both the position and the height of the
maximum can vary depending on the nature of dopants, ionic radius, number of the
cationic neighbours, and the separation among the cations.
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Figure 40. The photocatalytic activity as a function of the doping ratio. Reproduced
with permission from ref. [498] Copyright 2013 Wiley VCH

The drawback of the above-described model is that it does not consider the
dependency between particle size, morphology, and optimum dopant ratio. Zhang et al.
suggested a theory indicating a correlation between the optimal Fe**-doping ratio and the
particle size of TiO,, though, they have not developed a model to describe this phenomenon
[499]. In a similar study, Bloh et al. presented another model that explaining the relationship
between dopant content, particle size and photocatalytic activity [500]. This model assumed
small dopant concentration, formation of recombination centers, and presence of at least one
dopant atom per particle to achieve a doping action. This model (Figure 41) includes the
correlation between particle size and dopant content, defining regions with too many empty
particles or too many cluster occurs, respectively. For larger particles, the optimal loading of
dopants is rather wide, and for smaller particles it gets smaller. No optimal solution can be
obtained for particles below the critical size (2.8 nm for ZnO and 3.2 nm for TiO,). The

plotting of the experimentally determined data into the graph clearly shows a good agreement
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with the theory. There is no dependence between the material and the optimum dopant

loading, which can be calculated using the following equation [500].

6M -1
—2(2.40 nm” )

dopt N,pnd

Where, rqopt is the optimum doping ratio, M is the molar mass, Na is the Avogadro
number, p is density of the material and d the particle diameter. This calculation is
based on the assumption that individual semiconductor particles contain 2.4 dopant
atoms for each nanometer of particle diameter. A good agreement of the calculated
optimal doping ratio with the experimentally determined values was observed. Hence,

this model allows, for the first time, to calculate the optimal doping concentration for a

particular material and a given particle size.
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Figure 41. Optimal combinations of particle size and doping ratio. Reproduced with
permission from ref. [500] Copyright 2012 American Chemical Society

As mentioned earlier, visible-light photocatalytic activity of cation doped TiO;
was limited due to the formation of electron hole recombination centers. In addition,
recent studies proved that non-metal or metalloids doped TiO, materials are much
promising than metal-doped counterparts [1,2,17,501-506]. A number of recent

reviews also address the use of modified TiO, for various environmental
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applications.”®>*2 |t is clear that the future development of visible-light active TiO,
would mainly be based on anion doping. The main shortcoming of anion doped TiO; is
the formation of oxygen vacancies that accelerate the recombination of photo-excited
electron-hole pairs. The photocatalytic activity can be significantly improved by
reducing the recombination rate of photoexcited electron-hole pairs. This can be
pursued through different approaches. For instance, co-doping of TiO; is efficient in
reducing the formation of compensating oxygen vacancies with a positive effect on the
photocatalytic performance of the material. Alternatively, one may combine anion
doped TiO, with small band gap semiconductors to improve electron-hole separation.
Coupling of anion-doped anatase TiO, with WO3;, Fe,O3 and V;0s5 (which has less
negative conduction band level compared to anatase) can effectively trap photo-excited
electrons and thereby reducing electron-hole recombination. Metal nanoparticles (Au,
Ag, Pt, Pd etc.) can also be employed as photo-excited electron trap and thereby
increasing the photocatalytic performance [63]. Due to the different conduction band
energy levels of anatase, rutile and brookite phases, anion-doped multiphase TiO; is
highly recommended over single phase photocatalyst. This would enable the efficient
electron transfer from the conduction band of brookite to anatase, brookite to rutile and
anatase to rutile, which can lead to a momentous enhancement in the photocatalytic
activity [11, 17, 19].

Coupling of anionic doped TiO, with sensitizers such as graphene and carbon
nanotubes, is highly recommended considering the fact that these visible-light
absorbing carbonaceous dopants can sensitize TiO, and separate photogenerated
electron-hole pairs. Modification of anion-doped TiO, with quantum dots could be
very useful for significantly improving the visible-light photocatalytic activity.
Semiconductor and noble metal quantum dots can simultaneously sensitize TiO;
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through LSPR and act as electron-hole separating agents. In addition, coupling of
anion doped TiO, with multiple sensitizers and electron-hole separating agents could
be effective for utilizing the whole visible spectrum. Since the photocatalytic activity
of TiO, highly depends on the particle size, morphology and amount of exposed (001)
crystal planes, it is highly recommended to optimize these parameters of anion doped
TiO; to attain the best results.

Investigation of the electronic structure through DFT calculations can play a
fundamental role in the study of these new generation composite photocatalysts.
Through these types of calculations it is possible to determine how the band structure
is modified when different materials are put into contact to create oxide/oxide,
metal/oxide, QD/oxide or sensitizers/oxide heterojunctions for an efficient visible-light
absorption and subsequent charge separation at the interface. Theoretical modelling
provides solid basis for identifying the key factors into play and for controlling the
heterojunctions performance through band structure engineering. Such investigations
can be used for predicting novel efficient photocatalytic systems and for improving the
existing ones, in the continuous attempt to enhance the control of the structure-

properties relationship of materials for photocatalytic applications.

7. Conclusions

Titanium dioxide has been the focus of research efforts in the area of photocatalysis
due to its improved chemical stability and high redox potential over other
semiconductor photocatalysts. Improving the visible-light spectral sensitivity of TiO,
is one of the key challenges faced by the community involved in the research of
photocatalysts. Recent developments in the area of TiO, photocatalysts were promising

enough for the development of TiO, active in the visible-light region of the
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electromagnetic spectrum. A number of techniques have been employed by previous
researchers to overcome the main shortcoming of TiO, photocatalyst, the poor visible-
light induced photocatalytic activity. In this review, various strategies activation of
TiO; photocatalysts under visible-light irradiation was discussed in detail. The effect of
various visible-light activation techniques on the electronic structure and photocatalytic
activities of TiO, was critically investigated. Recent theoretical developments
explaining the electronic structure of visible-light active TiO, were explored. Previous
studies demonstrated the fact that various non-metal doped TiO, materials are more
promising than metal doped counterparts. Each anionic dopant was found to have a
distinctive consequence on the electronic structure and photocatalytic activities of
TiO,. The main drawback of the non-metal-doped TiO, is the increased carrier
recombination, which makes them considerably less active under visible-light than
UV-light. Since the synthesis methods, dopant concentration and phase purity crucially
affect the photocatalytic activity of TiO,, further optimization of these parameters are
necessary for increasing the visible-light performance of anion-doped TiO,. Another
vital challenge is the fabrication of thermally stable TiO, with predictable performance
under visible and UV-light. Since the charge carrier recombination is the major
drawback of current generation anion-doped TiO,, future research should be devoted
for enhancing the lifetime of electron-hole pairs. The advancements made to date in the
area of visible-light activated TiO, photocatalysts are encouraging and further widens
its scope of applications in environmental protection. A number of recommendations
for enhancing the photocatalytic performance of the current generation visible-light

active TiO, are also presented.
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