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Abstract The review focus is on hydrogen production
from renewables using photocatalysis. In particular we
focus on the role of synergism on the reaction rate. Among
the most studied examples for this phenomenon are cata-
lysts based on TiO,. TiO, exists in two common phases:
anatase and rutile, with the latter more thermodynamically
stable. For hydrogen production the photocatalyst is often
composed of nano-size precious metals deposited on TiO,
(such as Pt, Pd, or Au). It has been observed by many
researchers over a decade that M/TiO, rutile is far less
active than M/TiO, anatase. Yet, the presence of the two
phases together results in considerable enhancement of the
reaction rate when compared to M/TiO, anatase alone. The
main reason for this is the increase of the charge carriers’
lifetime allowing for electron transfer to hydrogen ions and
hole transfer to oxygen ions (and/or the sacrificial agent
used). In this work we review the few proposed models, so
far, explaining the way by which this charge transfer
occurs across both phases.
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Introduction

TiO, has many properties that make it effective for use as a
photocatalyst. It is cost effective, abundant, has good sur-
face stability, is non-corrosive, environmentally friendly
and has great versatility in its application [1]. Furthermore,
due to the position of the conduction band (CB) and
valance band (VB) of TiO, in relation to a large selection
of redox potentials, TiO, also shows activity for a large
number of surface reactions [2]. Research into the use of
TiO, as a means for generating hydrogen was initially
accelerated by the work of Fujishima and Honda in the
1970s. This work involved photocatalysis to break down
H,O0 using an electrochemical cell with a TiO, electrode
connected to a platinum electrode via an external circuit.
Fujishima and Honda found that when the TiO, electrode
was exposed to UV light, a current was established. This
was due to the formation of electron-hole pairs, with the
current direction indicating oxidation occurred at the TiO,
electrode and reduction at the platinum electrode [3]. Since
this discovery there has been a proliferation of work con-
ducted in the field of photocatalysis, using TiO, and other
semiconductors, for the intention of hydrogen generation.

Currently the most economically and energetically via-
ble hydrogen production methods are from unsustainable
hydrocarbon reforming. However, even methane reforming
is currently around four times more expensive than current
methods for producing gasoline with the same energy value
[4]. The more integral problem with steam methane
reforming is that it is clearly unsustainable in the long term.
More sustainable methods, such as those utilising renew-
able feedstock’s such as biomass or water, are presently
unfeasible because of economics, incomplete technologies
and/or low production yields. However, due to the inex-
haustible global supply of water, as well as the greater
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accessibility of biomass to the majority of the population in
comparison to hydrocarbons, the benefits of using a purely
renewable feedstock for H, production have far reaching
implications.

To date there has been a far greater amount of work
conducted using powdered TiO,-based photocatalytic
materials than on single crystals. This is because working
with single crystals under ultra-high vacuum conditions is
currently rather limited because of the technical difficulties
associated with conducting these types of experiments.
Another limiting factor is the availability of TiO, anatase
single crystals compared to the rutile ones. As will be
discussed in the case of the hydrogen production from
organic compounds (as well as water), the rutile phase is
largely inactive. This is not necessarily the case for photo-
oxidation of organic compounds using molecular oxygen.
Because of the very high affinity of O, to electrons from
the CB of TiO,, both anatase and rutile have shown high
activity, albeit the anatase phase was generally seen to be
more active. Photoreaction/oxidation of alcohols, carbox-
ylic acids, acetaldehyde and acetone as well as for smaller
molecules such as H,O, O, and CO over the single crystal
rutile TiO, (110) surface has been studied. Most of these
results have been discussed in recent reviews [5-9]. Other
recent reviews on photoreaction of powder systems are
available and these include those of references [10, 11].

In this review, after a brief presentation of the photo-
catalytic process with renewables, we will focus on the
synergistic effect between TiO, anatase and TiO, rutile for
photoreaction as it is an intriguing phenomenon that may
yield considerable activity once well understood.

Au/TiO, nanoparticles

TiO, alone is not efficient for the photo production of
hydrogen from water with or without sacrificial agents
(such as methanol, ethanol or glycols) [12]. The effect of
the addition of noble metals to TiO, has been studied by
many groups as it considerably increased the hydrogen
production rate. Among the most interesting of them is
gold nanoparticle interaction with TiO,. This review will
focus on Au/TiO, because the available data allow for a
systematic extraction of information. The introduction of
Au nanoparticles (NPs) dispersed onto TiO, has been
found to increase reaction efficiency by facilitating electron
transfer and therefore inhibiting electron-hole recombina-
tion, as shown in Fig. 1, and by reducing the overpotentials
for H, generation [13, 14].

The Fermi level (Ef) of Au NPs lies slightly lower than
the Ef of TiO, and therefore photo-excited electrons can
migrate from TiO, to surface Au NPs until the two Es are
aligned with each other. This then allows for photo-
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Fig. 1 Enhancement of photo-excitation due to Au nano particles
acting as an electron acceptor. Adapted from [14]

generated holes in TiO, to migrate to the surface rather
than recombining with electrons. The resultant Schottky
barrier formed at the Au/TiO, interface serves as an
efficient electron trap enabling charge separation, and
inhibition of recombination, as well as the potential for
localised reduction of adsorbates on surface Au NPs [15,
16]. Evidently good interfacial contact between Au NPs
and TiO, is critical when synthesising Au/TiO, photo-
catalysts. Au/TiO, also potentially has the ability to
increase the photo-response of TiO, into the visible light
region because of the Au absorption band lying at
500-600 nm, which is inferred to be the surface plasmon
band. It is proposed that excitation of electrons at the
surface plasmon band of Au could allow for electron
transfer to the low-energy CB of TiO,, which is photo-
catalytically inactive with visible light, therefore also
providing charge separation [17-21]. Au NP size,
dispersion, loading and NP-support interaction all play
critical roles in the photocatalytic activity of Au/TiO, with
all these parameters dependent upon the catalyst prepara-
tion methods [17, 22-24]. Among the many methods of
preparing Au, particle deposition—precipitation of Au onto
TiO, provides the good interfacial contact necessary for
photocatalytic activity from Au/TiO, as initially observed
by Bamwenda et al. [22, 24] when comparing various Au/
TiO, photocatalyst preparation methods.

Bamwenda et al. [22] used UV light to irradiate sus-
pensions of TiO, with various Au loadings and monitored
H, production from a water—ethanol solution. Below are
the proposed chemical equations for H, evolution. Fol-
lowing electron-hole formation under UV light, electrons
are trapped at Au NPs and reduce protons to produce H,
gas as shown in Egs. 1-4:
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e (Auy) + H'(sol) — H (ad) (1)
2H (ad) — Hy(ad) 2)
H,(ad) — H,(sol) (3)
H;(sol) — Ha(g) (4)

where (Auy,) is an electron trapped at an Au site, (sol) is
solution, (ad) is adsorbed and (g) is gas phase.

The corresponding surface trapped holes would interact
with either water or ethanol, as shown in Egs. 5-6, as
previously suggested by Sakata and Kawai for H, pro-
duction over Pt/TiO, from a water—ethanol solution: [27]

2h + C,H;OH — 2H* + CH;CHO (5)
2h + CH;CHO + H,0 — 2H" + CH;CHOOH (6)

The acetic acid produced in Eq. 6 can then be
decomposed into methane and CO, as per the photo-
Kolbe reaction shown in Eq. 7 (CH5;  may combine with H,
giving CHy, or with another CH; to give C,Hg), with
methane also possibly forming via Eq. 8:

h:rr + CH;COO (ad)- — CO, + CHy’ (7)
CO; + 4H, — CH4 + H;0 (8)

By depositing precious metal onto the TiO, surface, it
was suggested that the higher E; of the semiconductor
compared to that of the metal allows for smooth electron
transfer from TiO, to the metal and resulted in the
formation of a space charge layer at the metal side of the
interface [26]. This space charge layer causes charge
carriers to be transported in opposite directions and
therefore reduces the probability of recombination [27].

Previous work by our group has so far focused on
hydrogen production from ethanol over Au-loaded anatase
and rutile powdered catalysts. Nadeem et al. [28] investi-
gated the effect of varying the anatase particle size from
nanoparticle to microparticle, with Au NPs of the same
size, on H, rates from ethanol in order to determine the
effect of support particle size on the reaction. Upon nor-
malisation of the H, rate with respect to the surface areas of
the TiO, nano- and micro-particles, it was found that both
particle sizes yielded similar specific reaction rates, indi-
cating that support particle size is not an important
parameter for Au/TiO, photocatalysis. Infrared spectros-
copy (IR) of the ethanol exposed Au/TiO, surface showed
deprotonation of ethanol upon ethanol adsorption on the
Au/TiO, surface, similar to most metal/metal oxides sys-
tems [29, 30]. Combining the IR data with the desorption
profile gained from temperature programmed desorption
(TPD), which showed the main reaction to be that of
dehydrogenation of ethanol to form acetaldehyde, Nadeem
et al. [28] put forward the following reaction pathway for
the photoreaction of ethanol over the Au/TiO, surface as

shown in Eqgs. 9-11. During the process each ethoxide
injects two electrons into the TiO, CB to produce an o-

hydroxyethyl radical (Eq. 10a) and acetaldehyde
(Eq. 10b).
CH;CH,O0H (ad) + Ti*T—0>"(s)

— CH3CH,O™ —Ti*"(ad) + O—H (ad) 9)
CH3;CH,O™ —Ti*"(ad) + 1h™ + O* (s)

— CH3CH O—Ti*"(ad) + O—H (ad) (10a)

CH;CH O-Ti** (ad) + 1h* — CH;CHO (g) + Ti*' (s)
(10b)

20—H (ad) 4+ 2¢~ — 20? (s) + H, (ad) (11)

The production of H, in this scheme requires some of
the photoexcited electrons to migrate from the TiO, CB to
become trapped at Au NPs, which, if in the vicinity of H'
ions produced from the deprotonation of ethanol upon
adsorption, can reduce the protons to form H, gas.

This reaction mechanism was further refined by Murdoch
et al. [31] when investigating various loadings of Au on both
rutile and anatase NPs. The anatase supports had Au particle
sizes between ~ 3 and 20 nm, whilst the rutile supports had
Au particle sizes between ~20 and 35 nm. Negligible
photoactivity for the production of H, from ethanol was
observed for the un-doped rutile and anatase photocatalysts
alone. The results from loading Au onto the anatase and rutile
supports and running the photoreaction are shown in Fig. 2
with the Hj rate pertaining to anatase on the left axis and the
H, rate for rutile on the right. From Fig. 2 it can be seen that
Auloaded onto anatase NPs led to an increase in the H, rate to
a maximum of 1.1 x 107® mol mg2 min~" with increased
loading up to 4 wt% Au, after which the H, rate decreases. For
Au loaded onto rutile hydrogen production is far lower, about
two orders of magnitude lower than that on anatase
(1.7 x 107® mol mg,2 min~"). The two orders of magnitude
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Fig. 2 Photocatalytic H, production from ethanol over Au/TiO,
anatase (A) and rutile (R) as a function of wt% Au loading [29]
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difference between the H; rates, produced over the rutile and
anatase catalysts, were explained to be due to the greater
charge recombination rate of rutile as compared to anatase.
For the 1, 2 and 4 wt% Au/anatase catalysts, Murdoch et al.
normalised the H, rates to the number of exposed Au atoms
on the surface, calculated from XPS data of Au4f. They found
the normalised rate to be independent of Au particle size. This
is in contrast to results observed for dark reactions where
increasing Au particle size above around 4 nm results in a
decrease in the catalytic activity [32-35].

Rutile and anatase polymorphs of TiO,

There are several main differences between the anatase and
rutile phases of TiO,. First, the band gap (BG) of rutile is
slightly smaller at 3.0 eV as compared to 3.2 eV for ana-
tase [23]. Anatase can therefore only be excited by UV
light whilst rutile has a photo-response to UV light, as well
as extending slightly into the visible light region [36]. It is
generally accepted that the CB of anatase lies higher than
that of rutile [37]; however there is still some debate about
the relative positions between the anatase and rutile CBs
[38], as well as the exact CB potentials for both of these
TiO, polymorphs [39-41]. Furthermore anatase has an
indirect BG whilst rutile has a direct BG, which may affect
electron-hole recombination rates. Many authors have
studied the kinetics and mechanisms of charge separation
and electron-hole recombination in rutile and anatase.
Colbeau-Justin and Kunst [42] used a time-resolved
microwave conductivity (TRMC) method to probe charge
carrier lifetimes in TiO, with the TRMC signal attributable
to electron activity because electron mobility is greater
than that of the associated holes. From the TRMC signal it
was evident that rutile showed faster decay of mobile
electrons than observed for anatase. This demonstrates that
rutile has a shorter photoexcited electron lifespan and
therefore higher recombination rate in relation to anatase,
whilst anatase charge carriers are subjected to competition
between recombination and hole trapping processes
allowing for a longer lifespan of charge carriers. Upon
exposure of anatase to ethanol, the TRMC signal showed a
much slower decay inferring that ethanol is scavenging
holes at the surface and trapping them there. For rutile
exposed to ethanol no difference was observed to the signal
recorded for unexposed rutile, further indicating that fast
recombination is occurring. Using the same method Xu
et al. [43] confirmed these findings using single crystals of
rutile (110) and anatase (101). As shown in Fig. 3, there is
a difference in the observed signal of around one magni-
tude between both crystals. The signal for rutile rapidly
decays, even during the excitation period, and therefore
indicates that fast electron-hole recombination has
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occurred. Conversely the slower signal decay observed for
anatase, as well as the much larger signal amplitude, shows
that anatase charge carriers have a lifetime of over 10 ns.
This difference in charge carrier lifetimes between these
two TiO, polymorphs has been attributed by the authors to
the differing band structures presumed to arise in anatase
and rutile, as shown in the inset in Fig. 3. It is envisioned
that in anatase, with an indirect BG as opposed to the direct
BG in rutile, following the vertical photoexcitation of
electrons into the unoccupied states of the anatase CB
electrons then relaxing to the bottom of the CB will be
unable to undergo direct recombination with holes because
of the indirect BG. This consequently would lead to longer
charge carrier lifetimes and an increase in the diffusion
length of electron-hole pairs excited within the bulk.
Equally important, the CO photo-oxidation was conducted
on both surfaces using reflection absorption infrared
spectroscopy (RAIRS). TiO,(101) anatase was found to be
about eight times more photo-catalytically active than
TiO,(110) rutile.

Using TiO, films Shen et al. [44] directly measured the
photoexcited hole activity of both rutile and anatase phases
using a lens-free heterodyne detection transient-grating
(LF-HD-TG) method. The LF-HD-TG signal is attributed
to the change in the amount of photoexcited holes as the
effective mass for holes is far smaller than that for elec-
trons. Upon laser excitation the anatase signal quickly
decreased (<2 ps) and was followed by a slow decay
thereafter, whilst the rutile sample showed only a slow
decay. The rapid decrease of the anatase signal was of first-
order kinetics and proposed to be due to surface hole
trapping whilst the slow decay observed for both samples
indicative of recombination and/or trapping processes
occurring within the bulk of the particles. Experiments
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Fig. 3 Transient photoconductance measurements at 30 GHz using
355-nm laser pulses (10-ns FWHM) in rutile (110) and anatase (101)
single crystals. The inset shows a schematic of the proposed model of
the rutile band gap (left) and the anatase band gap (right) [43]
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were also run on anatase and rutile of various NP size,
which showed the same LF-HD-TG response regardless of
particle size. Based on these findings Shen et al. proposed
that the differences in the charge dynamics observed
between rutile and anatase could be dependent on the dif-
ference in the dielectric constants of the two phases. Sur-
face potential barrier height is inversely proportional to the
dielectric constant and so the smaller dielectric constant of
anatase gives rise to a larger surface potential barrier, with
the potential slope being steeper for anatase than for rutile,
as shown in Fig. 4. This results in the faster transport of
holes to the surface of anatase than in rutile, with sub-
sequent hole trapping at surface sites, which correlates with
the initial fast decay of the signal upon excitation of
anatase.

Work was conducted on the photocatalytic reaction of
acetic acid over the rutile (011) surface reconstructions
{011} and {114} [45, 46]. The {011} surface was found to
be far more active for this reaction than the {114} surface,
and upon calculating the depletion layer from the quantum
yield of the reaction from both surfaces it was found that
the more reactive {011} reconstruction had a larger
depletion layer and therefore higher potential barrier height
than the {114} surface. The increase of reactivity observed
as being proportional to the depletion layer was attributed
by these authors as being due to the width of the depletion
layer affecting the electron-hole recombination rate, which
correlates with the work of Shen et al. [44].

TiO, P25: a case study for the synergistic effect
in photocatalysis

TiO, P25 is the industry standard, mixed phase rutile/
anatase TiO, catalyst that has repeatedly shown enhanced
catalytic activity in comparison to using the rutile and
anatase phases alone. P25 has an anatase/rutile ratio of
~70/30 with a surface area of typically 50 + 15 m* g~
[36]. The method used for synthesising P25 must ensure
good contact between anatase and rutile in order to observe
the synergistic effect between the two phases. The prepa-
ration method of the catalyst will also have a direct effect

v, I
cB B

VB

o,
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Fig. 4 Schematic of surface band bending in anatase and rutile, Vj is
the surface potential barrier height; adapted from [44]

on the morphology of the interfacial boundaries, in turn
affecting the electronic energy levels of electron-hole pairs
[45]. Furthermore the calcination temperature of the cata-
lysts must be closely controlled in order to gain the
required TiO, phase composition, with phase transforma-
tion of anatase to rutile beginning at around 550 °C [46].

Several authors have monitored H, production from
various reactants over mixed phase TiO, photocatalysts.
Zhang et al. [46] deposited Pt onto almost pure rutile, pure
anatase and mixed phase TiO,. Surface phase composition
of the TiO, particles was controlled by increasing the
calcination temperature and confirmed using XRD, visible
and UV Raman spectroscopy. At 550 °C the anatase phase
in the bulk began to transform to rutile with the surface
retaining the anatase phase until temperatures above
680 °C. Above 700 °C nearly all bulk anatase is trans-
formed into the rutile phase and around 44 % of surface
anatase remains. Complete phase transformation to rutile is
achieved upon calcination to 800 °C. From monitoring H,
production from the reaction of methanol and water over
these TiO, photocatalysts, the H, rate with respect to the
surface specific area of the catalyst was calculated. The
highest activity observed was for the photocatalyst calcined
at 700-750 °C (rutile bulk and mixed phase surface),
which yielded a H, rate around four times greater than that
observed for rutile alone. From UV Raman spectra of the
700-750 °C calcined catalysts, the authors confirm that
both rutile and anatase coexist at the surface and therefore
have surface phase junctions. It has been postulated by
many authors [23, 25, 39, 46-48] that it is the presence of
surface phase junctions in mixed phase TiO, that facilitates
the electron transfer between the two phases upon photo-
excitation and therefore improves charge separation,
reduces recombination and subsequently increases photo-
catalytic activity.

Kho et al. [39] measured the onset potentials versus
Ag/AgCl of mixed phase TiO, NPs and found that above
60 % anatase content there is a steady increase in the onset
potential observed. The onset potential can be taken as an
evaluation of the quasi-E; of the photocurrent from the
anode and therefore Kho et al. suggested that E; band
bending had occurred, which would indeed require intimate
contact between the two TiO, phases. The authors also
monitored H, production over a TiO, suspension with an
aqueous solution of methanol and H,PtClg. Within the
TiO, suspension the anatase/rutile content was varied, and
an optimum anatase content of 39 % was found to yield the
best H, rate in comparison to pure rutile or anatase as well
as other phase composites. Based on the 39 % anatase
composition another catalyst was prepared via manual
grinding of anatase and rutile samples and tested for H,
production. This time no synergistic effect was observed
between anatase and rutile, showing that the grinding
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method did not produce sufficient inter-particle mixing,
and therefore no good interfacial contact was made
between the two phases, which is crucial for the enhanced
photocatalytic activity that was previously observed. Kho
et al. described the mechanisms for the synergistic effect
between anatase and rutile in the presence of methanol as
shown in Fig. 5. Electron-hole pairs are generated after
photoexcitation in both anatase and rutile with methanol
acting as a hole scavenger and oxidised at the VB of both
anatase and rutile. Due to the lower potential of the rutile
CB, as compared to the anatase CB, Kho et al. proposed
that the majority of photoexcited electrons at the anatase
CB migrate across the phase junction to the rutile CB.
Therefore, the majority of H* ion reduction occurs at the
rutile CB, with a smaller amount occurring at the anatase
CB. Due to this transfer of electrons from the anatase CB to
the rutile CB, the likelihood of electron-hole recombination
at either the anatase or rutile VBs would be decreased with
more H' reduction occurring at the rutile CB than would
be observed in single-phase rutile. However, due to the
rutile CB minimum being closer to the H' reduction
potential than that of the anatase CB, there is possibly no
benefit to be gained from transferring photoexcited elec-
trons from the anatase to rutile CB for H* reduction and in
fact another mechanism for the observed synergistic effect
in P25 could be occurring.

From work on the photooxidation of phenol by various
pure and Pt doped TiO, P25 and Hombikat UV100 (HK)
photocatalysts, Sun et al. [23] found that TiO, P25 alone
showed the greatest phenol degradation. According to Sun
et al. band bending caused by interfacial contact between
the two phases resulted in the anatase CB energy increasing
within the space charge layer and therefore prohibiting
electrons from migrating from anatase to rutile, as shown
in Fig. 6. However VB bending of both phases allows for
hole migration from the anatase to the rutile VB, explain-
ing P25’s enhanced photoactivity in liquid reaction. This

Fig. 5 Schematic of the

would result in holes mostly populating the rutile VB
where the majority of oxidation would occur and electrons
concentrated at the anatase CB where mostly reduction
reactions would occur. It is thought that rutile’s role in the
process is purely for charge separation and providing oxi-
dation sites. Photoexcited electrons in rutile are not thought
to be directly involved in the reaction and instead undergo
recombination with holes.

Other TiO, systems studied for the synergistic effect
in photocatalysis

Using theoretical studies Deak et al. [38] produced the
generic band alignment scheme shown in Fig. 7. It was
found that the rutile CB lay higher than the anatase CB by
around 0.3-0.4 eV, whilst the anatase VB is around
0.5-0.6 eV lower than for rutile. This is in disagreement
with other models discussed already whereby the rutile CB
is lower in energy than the anatase CB [23, 39]. Despite
this, the authors concluded that this band alignment will
result in an accumulation of migrating electrons at the
anatase CB and migrating holes at the rutile VB; the latter
is in agreement with several other studies [25, 49-52].
Further models that have gained greatest acceptance are
commonly referred to as the ‘rutile antenna’ and the ‘rutile
sink’ models [25]. Bickley et al. [49] proposed the ‘rutile
sink’ model as shown in Fig. 8. In this model Bickley et al.
assumed there to be an overlayer of rutile on the anatase
and that <1 % of UV radiation was absorbed by the rutile
overlayer. On this assumption the majority of incident light
is absorbed by, and photoexcited electrons in, the under-
lying anatase. In agreement with Sun et al. [23], it is
thought that when the E¢s of both phases are in contact with
each other a space charge layer is created promoting the
migration of holes from anatase to rutile and then to the
surface, as shown in Fig. 8. Due to the position of the CB
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electron pathway during the HCHO HCHO
photocatalytic production of H, S : % b
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[39] = — ) : S
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Fig. 7 Schematic of rutile/anatase band alignment [38]

edges and E; of the two phases, the space charge layer is
thought to adversely affect the migration of electrons
toward the surface. However, electron migration from the
lower energy rutile CB to the higher energy anatase CB, as
shown in Fig. 8 by Bickley et al. [49], is energetically
unfavourable.

Scott et al. [52] obtained H, production rates of the ethanol
reaction over pure phase Au/rutile and Au/anatase, as well as
for Au/P25. It was found that when the H, rates were nor-
malised, in order to take into consideration the number of
exposed Au atoms on the surface, that 1.5 wt% Au/P25 had a
H, rate (7 x 107> mol™' m? min™") that was around two
times greater than that seen for 2.0 wt% Au/Anatase
(4 x 107> mol™' m? min™"), which was found to have a rate
of two orders of magnitude greater than that observed for
2.0 wt% Au/Rutile (6 x 107" mol™" m® min™"). Scott etal.
proposed that the synergistic mechanism operating in P25
that led to the enhancement of the H, rate involves electron
transport from the rutile phase to the anatase phase. They
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core surface layer

Fig. 8 Mechanism for the synergistic effect of a thin overlayer of
rutile on anatase; adapted from [49]

propose that the smaller BG of rutile results in the generation
of ahigher number of charge carriers in rutile than observed in
anatase and that these electrons are then transferred to the
anatase CB where they benefit from a slower rate of electron-
hole recombination; Fig. 9. The enhanced H, rate observed
for P25 can then be attributed to the reaction occurring mainly
at the anatase CB where there is a greater difference in the
potentials of the anatase CB and the redox potential for H"
reduction than is the case for the rutile CB and H' reduction
potential.

Hurum et al. [50] re-evaluated this ‘rutile sink’ model
using electron paramagnetic resonance (EPR) spectroscopy
following visible light photoexcitation in order to take into
account any charge transfer trapping on charge carrier
pathways. EPR can be used to focus on the electron and
hole trap population and recombination behaviour in mixed
phase TiO, and is very useful in this respect as it is able to
directly and indirectly detect photo-induced radicals via
spin-trapping methods allowing for the identification of
electron and hole surface and lattice trapping sites [37].
Upon irradiation of the aqueous P25 sample with visible
light, the signal intensity for the population of anatase bulk
and surface trapping sites increased, whilst the rutile
trapping site signal simultaneously decreased. This evi-
dence directly indicates that electron transfer is occurring
from rutile to anatase under visible light. As Hurum et al.
used visible light to excite their samples, rather than UV,
only rutile has the potential to utilise the highest frequency
light available from the visible light source for photo-
excitation. Therefore, photoexcitation would only occur in
rutile with these electrons transferred to anatase, specifi-
cally to trapping sites that lie just below the anatase CB. As
shown in Fig. 10, further electron transport fills up surface
trapping sites in anatase, resulting in the availability of
photogenerated holes in rutile to be available for oxidative
reactions.

Nair et al. [27] also investigated the synergistic effect
between anatase and rutile using the photodegradation
reaction of phenol under both UV and visible light. As
expected under UV light the photocatalysts with the
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Fig. 9 a Production of

Synergistic effect in photoreaction

hydrogen (per unit area) from 4.0E-04 H,
ethanol over 1.5 Au wt%/TiO, . Hydrogen production from_Ethanol
P25, 2 wt% AwTiO, anatase A B 2H
and 2 wt% Au/TiO, rutile. 3.0E-04
b Model explaining the role of ~ A CB CB
rutile and anatase as synergistic § 2.0E-04 ‘ ey /@3 Al eae
effect. In the model the larger ° N o2 -2 R — VB VB
number of charge carriers in £ &g N T - Tio,rutile  TiO, anatase
rutile associated with the slower 1.0E-04 1 @,E‘@’
rate of charge carriers T oWt % Au/TiOz_(rfﬂe)_"fE _4 - E, (rutile)
disappearance in anatase is 0.0E+00 4 k= k- k- A n 0.2N,,i;, €Xp 72](87,
behind the high activity of P25. 0 100 200 300 n—”: "E (e =10
¢ HRTEM of the 2 wt% Au/ Time (minutes) anatase O'Sszamse exp[ngiTJ
TiO, P25; the interface between B
Au, anatase and rutile is clearly
seen. The table present results Catalyst BETm?g| Corrected Rate Normalized
from a normalised to the surface XPS mol/(m2 min) rate
Au signal from their XPS Au4f. '
Still after normalisation the rate Audf/Ti2p
of AwTiO, P25 is larger than AWTIO,(P25) | 48 0.024 18% 107 7x 105
that of Au/TiO, anatase. The -
rate of hydrogen production is Au/TiO, 105 0.017 7x107 4x107%
negligible i (anatase)
HRTEM of AU/TiOz P25 AU/Ti02 (rutile) 170 0.008 5x10° 6x 107
Rutile Anatase Carneiro et al. [51] agree with the work cited in refs.
CB CB [23, 38, 49] in that hole migration occurs from anatase to
rutile in mixed phase TiO,; however they found that the
= e . . . . .
= pr— —ﬁ/el\A_ efficiency of photocatalytic reactions carried out in aque-
477 —— — h surface ous liquid phase in the presence of rutile was actually
hv VB @ reduced because of this hole migration rather than
VB

Fig. 10 Rutile antenna model explaining the synergistic effect
between rutile and anatase; adapted from [50]

highest anatase content (88 and 92 %) showed the highest
activity, whilst under visible light photocatalysts with the
highest rutile content (72 and 76 %) showed the highest
activity. Nair et al. explained these results by proposing a
slightly modified version of the ‘rutile sink’ and ‘rutile
antenna’ models based on the band structure of the two
phases at the phase junction. Figure 11a shows the pro-
posed interfacial band model between rutile with a BG of
3.0 eV and anatase with a BG of 3.2 eV at equilibrium and
the potential charge barrier formed at the phase junction.
Figure 11b shows the model after UV excitation where
excitation of electrons to the CB occurs mainly in anatase.
The charge barrier created between the two phases
encourages migration of electrons in the interfacial region
from the anatase CB to the rutile CB and holes migrate to
the anatase VB. Figure 11c shows the model under visible
light excitation with a photoresponse only from rutile. This
time the charge barrier influences electron transfer in the
interfacial region from the rutile CB to the anatase CB with
holes remaining at the rutile VB.
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increased. Carneiro et al. monitored the photocatalytic
activity of both methylene blue degradation and cyclo-
hexane oxidation over a series of sol-gel TiO, photocata-
lysts calcined at various temperatures in order to gain
various phase compositions. By increasing the calcination
temperature the % of rutile increased, along with the par-
ticle size of both anatase and rutile, whilst the presence of
surface water and hydroxyl groups was observed to
decrease because of the decreased surface area. It is pro-
posed that the lower density of OH groups on the rutile
surface than observed for the anatase particles means that
holes that have migrated to rutile are not being utilised in
surface processes, whereas when no rutile is present
photogenerated holes will remain at anatase where they can
participate in surface reactions. Carneiro et al. [51] sug-
gested that the observed discrepancy between the photo-
reactivity of their catalysts, as compared to P25, was due to
the improved crystalline quality of the TiO, particles in
P25 and it is therefore anatase particle size and morphology
in P25 rather than through charge separation between the
two phases that results in the enhanced reactivity observed.

In direct opposition to the majority of previously pro-
posed charge transfer models [38, 49, 50], Scotti et al. [54]
used EPR to determine that for hydrothermally synthesised
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Fig. 11 Proposed interfacial band model, a under equilibrium, b under UV light and ¢ under visible light [28]

mixed phase TiO, catalysts UV excited electron transfer was
occurring from the anatase to the rutile phase, as previously
concluded by Kho et al. [39]. Figure 12 shows the EPR signal
for (a) pure rutile, (b) 61 % rutile, (c) 48 % rutile, (d) 20 %
rutile and (e) pure anatase at 10 K following UV irradiation
for 20 min. From these results it can be seen that the signal
obtained for the mixed phase catalysts is similar to that
obtained for pure rutile regardless of the anatase % of the
catalyst. This indicates that electrons in mixed phase TiO, are
preferentially trapped at O~ and Ti> " sites on the rutile phase.
Scotti et al. therefore conclude that under UV excitation
electrons are transferred from the higher energy anatase CB to
the lower energy rutile CB, with hole migration simulta-
neously occurring from the lower energy anatase VB to the
higher energy rutile VB.

Komaguchi et al. [47] also show evidence for electron
transfer from anatase to rutile due to the presence of
trapping sites. Pure phase anatase and rutile as well as P25
catalysts were partially reduced and then subjected to light
of wavelength less than the rutile BG. Upon illumination
the Ti>™ ESR signal for both pure anatase and rutile dis-
appeared and was then restored to full signal intensity upon
switching off the light. The photoresponse signal for P25
also disappeared upon illumination; however on turning off
the light source the signal exceeded its initial response,
reaching 130 % of the initial intensity for the reduced P25
catalyst and 250 % of initial intensity for the air treated
P25 catalyst. Furthermore, following restoration of the
signal after illumination, the rutile component is observed
to be more dominant than previously observed, showing
that there is increased electron trapping in rutile. As the
light source used in this work is unable to photoexcite
electron-hole pairs in TiO,, Komaguchi et al. proposed that
it is trapped electrons that are being excited from trap sites
around 0.3-0.8 eV below the CB. Following excitation of
trapped electrons into the TiO, CB, the ESR signal is
unobservable until relaxation of electrons back into Ti**"
sites occurs. By taking into account the increase in rutile
signal following illumination, the following scheme is
suggested, as shown in Eq. 12. First, electrons at anatase
trap sites are photoexcited into the anatase CB where the

. qTi"'=1.9665
9,071=2.0230 l

l 9/0M=2.0193

g,Ti**=1.9475

g,O[I-11]=2.0036,

b)
©
d)
gJ_Tia' [A]=1.9876
l g,Ti" [A]=1.9615

gain x 10
9,0, 11]=2.0221
9,0,111=2.0268
e')
9/0T=2.0166
9O N=2.0126
g,,0; [I-111=2.0078 9,0, [I-111=1.9939
g, O'[I-11=2.0020
T T T T T T T T T T T
3250 3300 3350 3400 3450 3500 3550
H(Gauss)

Fig. 12 EPR spectra of hydrothermally synthesised TiO, recorded at
10 K following 20 min of UV irradiation showing trapping centres at
O~ sites and Ti>™ sites. a 100 % rutile, b 61 % rutile, ¢ 48 % rutile,
d 20 % rutile and e 0 % rutile (100 % anatase) [54]

corresponding ESR signal remains silent until the electrons
relax and return to trap sites. In this case the majority of
excited electrons are transferred to the rutile CB before
becoming re-trapped at rutile trapping sites.

Ti*TA (s) — hv — (ecp) TiO2A — [(ecg) TiO2R]

— Ti**R () (12)

where Ti’TAs are anatase electron trapping sites, [(ecg)
TiO,A]s are anatase CB electrons, [(ecg) TiO,R]s are

biglae clloll 3o
KACSTa16Ulg roglell

@ Springer



Page 10 of 12

Mater Renew Sustain Energy (2012) 1:3

Catalyst Rate Quantum | Surface area
(mole/(M%-min) | yield, % | M?/gcaar.

8wt. % Au/TiO, |8x101° 0.6 168

rutile

8wt. % Au/TiO, |5x108 9 104

anatase

8wt. % Au/TiO, |2x107 18.4 48

P25

Fig. 13 HRTEM of 8 wt% Au/TiO, P25. Au particles (dark
particles). The close proximity of anatase, rutile and Au particles
ensures electron transfer to reduce hydrogen ions to hydrogen
molecules. Despite the high loading of Au the mean particle size is

rutile CB electrons, Ti**Rs are rutile electron trapping sites
and (s)s are surface ions.

Hurum et al. [53] monitored recombination behaviour of
electron-hole pairs at the surface and in the lattice of P25
using EPR. By adding 2.4,6-trichlorophenol (TCP) and
then methanol to P25 to act as hole scavengers, the resul-
tant EPR signal should show electrons populating surface
trapping sites. Upon illumination with fluorescent light, at
room temperature, the EPR signal for anatase surface
electron trapping sites is observed to be very broad, indi-
cating that a wide variety of both surface and lattice sites,
with varying geometries and therefore energies, have been
populated. Also observed is a signal attributed to distorted
four-coordinated interfacial sites, as previously observed
between silica and anatase coatings. Following illumina-
tion of the sample, this time at 10 K, more electron-hole
pairs were created because of the lower temperature
impeding charge carrier mobility. Subsequently any
recombination of trapped species will occur where the
electron-hole pair was formed. The resultant EPR signal
showed there to be a decrease in both the number of
populated surface electron trapping sites and interfacial
electron trapping sites, which coincided with an increase in
the signal for the anatase and rutile lattice electron trapping
sites. These two observations indicate that recombination
of electron-hole pairs is dominantly a surface process with
photoexcited holes within TiO, particles generated on the
particle surface and photoexcited electrons quickly trapped
at lattice sites. This work directly shows that the surface-
to-bulk ratio of particles in photocatalysis influences
photoexcitation in particulate systems.

In a very recent work from our group [55], a series of
Au/TiO, catalysts was studied for TiO, anatase, rutile and
P25. Au wt% was changed from 1 to 8 %; TEM of Au
particles showed a very similar particle size distribution,
typically with a mean size between 4 and 5 nm. The

izl cllollavan .
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still about 5 nm, evidence of high dispersion. The table presents the
rate of reaction, the quantum yield for 8 wt% Au/TiO, catalysts and
the corresponding surface areas. Flux of UV (360 nm) photons is
1.8 x 10" photons/s cm?

quantum yield of the hydrogen production was measured
using ethanol (0.5 vol%) as a sacrificial agent under UV
excitation of 360 nm with a light flux of about 1 mW/cm?.
Part of the results is presented in Fig. 13. In all cases the
rutile quantum yield was found less than 1 % and is
therefore of little activity. The quantum yield of the anatase
series increased with increasing Au loading. It was found
equal to 9 % for 8 wt% anatase. At all Au concentrations
the quantum yield of the P25 was found higher than that of
the anatase. For example, the quantum yield of 8 wt%
Au/TiO, P25 was found equal to 18.4 %. This once again
is a direct observation of the synergistic effect of the two
phases for the reaction.

There are also limited studies on the synergistic effect of
TiO, phases different from those between anatase and
rutile such as between anatase and brookite [56, 57] and
rutile-brookite [58] that are treated in this work because of
the so far very limited work. Despite the recent increase in
studies on the role of each phase, as presented here and
elsewhere [58-62], on the possible transfer routes
for charge carriers across the mixed phase titania photo-
catalysts there is still no generally accepted consensus on
the exact mechanisms for the synergistic effect between
anatase and rutile. The clearest results still indicate that the
presence of three phases—nano-particles of the precious
metal (such as gold), the rutile and the anatase phase—in
intimate contact is needed. Along this interface the transfer
of holes from the anatase to the rutile phase appears to be
the most plausible [but the transfer of electrons from the
rutile to the anatase surface-trapped sites (Figs. 8, 9, 10) or
due to a different band bending, interfacial band model
(Fig. 11) is still unclear].

Open Access This article is distributed under the terms of the
Creative Commons Attribution License which permits any use, dis-
tribution, and reproduction in any medium, provided the original
author(s) and the source are credited.
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