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a  b  s  t  r  a  c  t

The  titania  based  nanomaterials  are  an  attractive  candidates  for energy  and  environmental  applications.
TiO2 is  one  of  the  most  important  photocatalyst  for its  special  multiple  characteristics  like high reactivity,
low  toxicity,  low cost,  high  flexibility,  long  term  stability  especially  in  aqueous  medium,  shows relatively
high  energy  conversion  efficiency,  easy  to prepare  several  modifications  with  various  morphologies,
with  good  recycle  ability,  favorable  band  edge  positions  and superior  physicochemical  and  optoelec-
tronic  properties.  However,  large  band  gap  of titania  and  massive  charge  carrier  recombination  impairs
its wide  photocatalytic  applications.  As an  alternative  to various  strategies  reported  extensively  in litera-
ture,  noble  metal deposition  on the  titania  surface  seems  to be  effective  and  reliable  method  for  increasing
the  life time  of  excitonic  pairs  and  to extend  the  band  gap  absorption  to visible  range  of the  solar  spec-
trum.  In  this  focused  review,  we discuss  the  fundamental  and  critical  issues  in  the  photocatalytic  activity
of metal  deposited  titania  taking  into  consideration  the  influence  of various  parameters  like  preparation
methods,  metal  dispersion  on titania,  formation  of  heterojunctions  and  optimum  metal  loadings  on  the
interfacial  charge  carrier  dynamics.  The  metal  deposition  onto  the  varied  hierarchical  morphology,  crys-
tal  structure,  defective  surface  of titania  along  with  extended  modification  like simultaneous  doping  and
heterostructure  coupling  with  other  semiconductors  is  also  highlighted.  It was  revealed  that  deposited
metal  is  involved  in  multiple  crucial  roles  like;  (i)  it serves  as  passive  electron  sink  with  high  capacity  to
store  electrons  to suppress  photogenerated  charge  carrier  recombination;  (ii) it facilitates  rapid  dioxy-

gen  reduction  to generate  reactive  free  radicals;  (iii)  visible  light  response  for  titania  can be  achieved
through  surface  plasmon  resonance  effect;  (iv)  direct  excitation  of  metal  nanoparticles  especially  under
visible  light  and  vectorial  electron  transfer  to the TiO2 CB.  This  review  attempts  to  provide  a  compre-
hensive  update  of  design  and fabrication  of  metallization  on  the  surface  of  TiO2 semiconductor  particles
highlighting  some  of  the  advancements  made  in  the  energy  and  environment  applications.
© 2015  Elsevier  B.V.  All  rights  reserved.
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. Introduction

Nano metal deposits on semiconductor surface provide a simple
nd convenient way to tailor the physicochemical-optical proper-
ies of the photocatalysts. A great deal of research on photocatalyst
ngineering has been carried out to customize the electronic band
tructure of various semiconducting materials for a specific chem-
cal reaction with unique opto-electronic property [1,2]. TiO2 is
ne of the most widely used semiconductor photocatalyst for the
xidative destruction and mineralization of vast number of organic
ubstrates [3–8]. The main aim is to explore novel photocata-
yst materials with suitable band structure which allows efficient
hotogeneration of electron–hole pairs to participate in oxida-
ive/reductive processes preferably in the visible region [9–11].
he high charge-carrier recombination rate is the consequence of
eeper penetration depth of photons (beyond the space charge
egion) and the short mean free paths of charge carriers, which
tipulates the charge carriers to recombine before they could reach
he semiconductor surface to participate in photochemical reac-
ions [12]. Attempts to address this problem were mainly centered
n fabricating the photocatalyst structure in order to maximize the
hoton absorption and minimize the charge carrier recombination.
part from introducing various bulk imperfections via doping to
rovide shallow trap states for electrons, another effective method
or increasing the life time of electron–hole pairs and to extend the
and gap absorption of titania to the visible region is to deposit
he noble metal on the titania surface [11–15]. Noble metals in
ulk are photoactive only to a small extent but when deposited on
he surface of semiconductors like TiO2, possess electron storage
roperties leading to improved charge separation or charge rec-
ification. The noble metal nanoparticles when deposited on the
urface of the semiconductor have distinct optical and catalytic
roperties which are not usually observed in the case of bulk metal.
erisher has highlighted the importance of dioxygen reduction by
onduction band (CB) electrons which prevent the recombination
f photogenerated charge carriers and he further inferred that the
uperoxide radical formation may  be the slowest step in the reac-
ion sequence occurring in the millisecond time regime leading to
he oxidation of substrates [16]. A nano noble metal deposit on
iO2 surface can enhance the photocatalytic efficiencies due to the
aster rate of interfacial electron transfer from semiconductor to

etal deposits and vice versa compared to the surface trapping
tates induced by the bulk modification [16]. The metal nano par-
icles deposited on the TiO2 surface change the original charge
arrier concentration equilibrium by withdrawing the electrons out
f TiO2 bulk structure which in turn accelerate the dioxygen reduc-
ion. In any photocatalytic process involving metal/TiO2 composite,
eposited noble metal has the mediating role in trapping and trans-
er of photogenerated electrons from the TiO2 to an acceptor. These
ctivities greatly reduce the possibility of electron–hole recombi-
ation resulting in efficient separation and enhancing the rate of
hotocatalytic reactions [17]. In general, metallization decreases
he probability of charge carrier recombination and increases the
raction of photogenerated holes undergoing the interfacial charge
ransfer reaction resulting in faster degradation of organic inter-

ediates. Metal deposition on TiO2 surface does not significantly
lter the structure and microstructure of TiO2, although marginal
hanges in surface area and pore diameter can be observed in most
f the cases which are not large enough to influence the photoac-
ivity in a drastic way [18]. Hence, it can be tentatively proposed
hat the deposited metals exert a more significant effect in the
eparation of photogenerated charge carriers and also on the catal-

sis process. The absorption properties of metallized TiO2 depend
n the optical properties of the deposited metal, the matrix and
he volume fraction of the metal in the composite mixture. Metal
eposited TiO2 shows an absorption band in the visible region due
face Science 360 (2016) 601–622

to surface plasmon resonance (SPR) effect [19]. SPR is a character-
istic feature of any metal nanoparticle deposited on semiconductor
and this effect arises as a result of collective modes of oscillation of
the free CB electrons induced by its interaction with electromag-
netic field [20]. At the semiconductor/metal interface a significant
redistribution of charge occurs due to the overlap of the wave func-
tions from the two sides, depending on the work function of metal
and semiconductor. The formation of a depletion zone causes the
bending of valence band (VB) and CB of semiconductor for exam-
ple in an n-type semiconductor the bands are shifted downwards
and p-type semiconductors the bands are bent upwards in relation
to the Fermi level [20]. The transfer of the photoexcited electrons
from the CB edge of the semiconductor to the metal deposit is facil-
itated when the band edge positions of both match with each other,
but the opposite scenario is prevented to certain extent by the for-
mation of Schottky barrier [21]. The interaction of the CB electrons
with the electromagnetic field of specific wavelengths in the nano
metal deposits causes coherent electron cloud oscillations leading
to the increase in the energy density at the surface. Thus, noble
metal nanoparticles immobilized on the semiconductor surface can
enhance the local field energy under visible light excitation through
the SPR effect and then these electrons participate in the photocat-
alytic redox reactions or in the energy conversion process [22]. The
plasmon absorption band of metal deposited TiO2 will be generally
observed at higher wavelengths compared to the unmodified TiO2.
Interfacial and interparticle interactions dictate the shift and broad-
ening of plasmon band of metal nanoparticles deposited on the TiO2
surface [23]. The choice of noble metal for the surface deposition
to enhance the photocatalytic activity of TiO2 depends on its work
functions, size and shape which in turn influences the optical prop-
erties of TiO2 [24,25]. Highly dispersed metal nanoparticle on the
semiconductor surface will have low degree of aggregation due to
the stabilization provided by the surface charges and further it pre-
vents the scattering effects and allows the efficient absorption of
photons by the metal/TiO2 composite system. The chemical trans-
formations of the substrate molecules at the metal/TiO2 interface
may  be detrimental to the long-term stability of the metal/TiO2
heterojunction, since the transformations may alter the valency of
the metal species during the photocatalytic reactions [26]. Since
the experimental conditions like reaction medium, redox species
at the interface and the intensity of excitation directly influence
such chemical transformations, it is necessary to consider these
issues while designing a composite photocatalyst for long term
irradiation experiments. Photometallization process carried out for
longer duration (under UV irradiation) results in a decrease in the
efficiency of photoelectrochemical and photocatalytic activity. The
possibilities of oxidation of deposited metal by the photogenerated
hole and/or surface hydroxyl radicals was  proposed as the reason
for the observed deterioration of the catalytic performance of the
nanocomposite [27]. In this regard researchers have used several
noble metals like Pt, Au, Pd and Ag for deposition on TiO2 surface.
The advantages and limitations of each metal deposited on TiO2
surface is discussed elaborately in further sections.

2. Photocatalytic activity of platinum deposited titania
(Pt/TiO2)

It is well known that Pt is one of the best noble metal catalyst
used in the conventional thermal oxidation processes. Deposition of
Pt on TiO2 surface is thought to enhance charge carrier separation
and increase the extent of surface adsorption of various organic

compounds. Pt serves as an electron trap forming a charge-transfer
complex between Pt and TiO2 [27–31].

Sakata et al. discussed the photocatalytic properties of Pt
loaded TiO2 particles in terms of photochemical diode [27].
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Fig. 1. Energy band diagram under UV illumination: (A) before contact between Pt and TiO2, (B) after contact between Pt and TiO2. � and EG are the electron affinity and
energy  band gap of TiO2, respectively. ˚TiO2 is the work function of illuminated TiO2. ˚Pt is the work function of Pt. �EF = ˚Pt − �Pt, is the increase in the Fermi level of Pt
a
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fter  contact with illuminated TiO2.

eprinted with permission from Ref. [28] Copyright (1983) Royal Society of Chemis

his model describes the formation of Schottky barrier at the
etal–semiconductor interface with the creation of an electron

epletion layer at the Pt/TiO2 junction leading to the downward
ending of TiO2 energy bands (Fig. 1) [28]. Electrons are readily
ransferred through this heterojunction barrier and are trapped by
he Pt nanoparticles, while the photogenerated holes are directed
oward the interface. Thus, metal deposits serve as passive elec-
ron sinks and enhance the kinetics of dioxygen reduction (cathodic
alf reaction in the photocatalytic process), while the holes tend to
ccumulate at the TiO2-solution interface [28].

e− + M0 → Mn− (1)

n− + O2 → O2
−• + M0 (2)

The dioxygen reduction by photoelectrons can induce multi-
tep chain reactions producing various kinds of oxidative free
adicals, which reinforces the process of anodic oxidative photode-
omposition of the substrate molecule [27]. Thus based on the
hotochemical diode model, anodic oxidation and cathodic reduc-
ion takes place at the metal and TiO2 surface, respectively under UV
ight illumination. At the interface of two materials, electrons flow
rom one material to another (from the higher energy Fermi level
o lower energy Fermi level) to equilibrate the Fermi energy levels.
harge accumulation on the metal results in the Fermi-level equi-

ibration by raising the quasi Fermi level of the metal close to the
B energy level of the oxide semiconductor [29]. The charges at the
elmholtz and diffuse double layers formed at the metal-solution

nterface play an important role in controlling the Fermi-level equi-
ibration [30]. Schottky barrier formed at the heterojunction results
n the metal having an excess negative charge and the semicon-
uctor with an excess positive charge, between which a depletion

ayer is formed that maintains the charge separation. The nega-
ive charge on the metal nanoparticles is also due to the large
ifference in the work function of deposited metal and the TiO2.
hus, electron transfer is facilitated from the material with higher
ork function to the material with lower work function [31]. Pichat

t al. analogously observed a decrease in the photoconductivity of
latinized TiO2 samples in comparison with pure TiO2 due to the
ow of electrons from TiO2 to metal [28]. Literature also shows
he reduction of water to oxygen with irradiated Pt-loaded rutile

iO2 [32–35]. In these experiments the flat band potential of TiO2
ingle crystal having rutile structure was observed at a potential
lightly positive with respect to the Hf+/H2 redox potential [32]. Pt
eposition carried out by Ohtani et al., on different crystal phases
of titania (either on the surface of anatase or on the surface of
rutile) did not influence the electron transfer process from TiO2
to Pt [33]. This conclusion was  based on the results obtained for
both these samples which showed similar activity for H2 evolution
based on the action spectral studies [33]. Moonrisi et al. reported
the enhanced rate of degradation of 4-chlorophenol (4-CP) using Pt
deposited (1 mol%) P 25 under the experimental conditions of nitro-
gen bubbling. They observed that the degradation rate decreased
in the presence of dissolved oxygen [34]. In another study Pt/TiO2
(rutile) showed superior activity for CO conversion, while only 75%
of CO conversion was  achieved with Pt/P25. But however Pt/TiO2
(anatase) showed no activity at all under visible light irradiation.
In this case, Pt/TiO2 (rutile) can be considered as a multifunctional
catalyst, since rutile phase can be activated by the visible light and
the deposited Pt facilitates both CO adsorption and charge transfer
process [35]. Bosc et al. also reported similar results with Pt/P25,
which showed lower activity compared to Pt/TiO2 (rutile) photo-
catalyst for CO conversion, probably due to the poor absorption
of the former under the stream of visible light illumination [36].
It is suggested that Pt deposits on the surface of anatase crystals
of P25 may  not maintain its metallic state and they do not have
physical metal semiconductor interface compared with the visi-
ble light photoactivated rutile. Anatase phase is not photoactive
under visible light illumination and further the Pt metal deposits
are oxidized on the surface as PtOx species resulting in lower CO
uptake [35]. Pt deposited (1 wt%) Hombikat UV 100 (pure anatase)
and Millenium PC 50 (pure anatase) showed enhancement for the
decomposition of phenol and total organic carbon removal by a
maximum factor of 1.5 compared to the unmodified titania [37].
While Pt deposited P25 sample containing both anatase and rutile
phases showed lower activity compared to the undeposited P25,
which suggested that platinization did not increase the efficiency
of charge separation in Pt/P25 and the bicrystalline framework itself
was sufficient enough to hinder the efficient charge recombination
in photocatalytic reaction [37]. Sakthivel et al., has demonstrated
that Pt loading on P25 (0.8 wt%) increases the activity of the cat-
alyst for the photodegradation of Acid Green 16 [38]. Li and Li
have found that Pt (0.75%) deposited on biphasic TiO2 (85% A + 15%
R) showed superior activity for the degradation of methyl orange
(MO) and methylene blue (MB) under UV/visible light irradiation

[39]. From the XPS studies it is shown that the partial reduction of
PtCl62− takes place during the photodeposition process and results
in the formation of Pt(OH)2, PtO2 along with metallic Pt on TiO2
surface and also leads to the formation of Ti3+ centers in the crystal
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attice [40]. According to them, these impurities served as visible
ight harvesters and also effectively inhibited the charge carrier
ecombination resulting in the enhanced activity compared to bare
iO2. Based on cryo-TEM studies, Wang et al., suggested that TiO2
anoparticles tend to form three dimensional networks in the solu-
ion which is considered as antenna system leading to the improved
hotocatalytic activity [41]. The deposition of Pt apparently favors
he particle aggregation to form the chain structures which are
re requisite for the fast transport of excitation energy or photo-
enerated charge carriers. Choi and co-workers reported that Pt
etallization effect is nearly nil and it is even negative with rutile

iO2, while the effect was consistently positive with anatase TiO2
or the dechlorination of trichloroethylene (TCE) irrespective of the
ight intensity [42]. The degradation of TCE on the surface of pla-
inized TiO2 showed positive results at high light intensity, but
howed poor activity at low light intensity. In another study poly-
xometallate (POM) is used as an electron shuttle mediator for the
hotocurrent in Pt/TiO2 suspension. When the TiO2 surface is pla-
inized, the photocurrent is expected to increase because of the CB
lectron trapping by the Pt deposits [43]. As the number of CB elec-
rons increases they are transferred to the collector electrode via
edox cycle of POM or to the Fe3+ ions. Fe3+ ions mediated photocur-
ent generation in the Pt/TiO2 suspension was consistently more
fficient than that of TiO2 suspension under all irradiated condi-
ions and this is due to the scavenging ability of Fe3+ ions for the CB
lectrons. Photocurrent generation with Pt/TiO2 system is higher
or low intensity light compared to high intensity light suggest-
ng significant enhancement in photocurrent generation when the
hoton flux is limited [44]. Pt/TiO2 facilitated the reaction process
or trapping of CB electron by TCE molecule to generate TCE radi-
al. Further, when TCE radical reacts with VB hole (TCE mediated
ecombination) on the surface, results in a null reaction and the
verall efficiency of TCE degradation is reduced. Once TCE radical
s desorbed from the Pt surface into the bulk liquid, it immediately
eacts with oxygen and will have very little chance to readsorb on
iO2 surface. Therefore, oxidation of TCE radical either takes place
n the Pt surface leading to the null reaction or in the bulk of the
eaction solution leading to complete oxidation. The null reaction
athway occurring on Pt/TiO2 surface is favored under low inten-

ity light. The trapping of more number of electrons by Pt deposit by
sing high intensity light induces negative charge on the TiO2 sur-
ace and hence destabilizes TCE radical anion due to electrostatic

able 1
haracteristics of bare and Pt/TiO2 samples before and after the photocatalytic oxidation

Photocatalyst SBET, m2/g Pt oxidation state Pt oxidation statea [P

P25 57 – – –
SCR  57 Pt0, Pt1+ Pt0, Pt1+ 0
PD  57 Pt2+ Pt0, Pt2+ 0

eprinted with permission from Ref. [55] Copyright (2011) Elsevier.

max is the maximum rate of the CO2 production registered during photocatalytic oxidat
Pt]/[Ti] are the atomic ratios of the respective cations on the surface of Pt/TiO2 according
(CO2), mol/cm2 ×107 is the amount of CO2 evolved in 1600 min.
a The oxidation state after the reaction.

able 2
hysico-chemical properties and photocatalytic activities of fibrous TiO2 and Pt/TiO2 prep

Preparation conditions Phase compositionsa SSA, m2/g 

P25 A + (R) 47.3 

Fibrous TiO2 treated in methanol at 325 ◦C M + (A) 22.1 

Fibrous TiO2/Pt treated in methanol at 325 ◦C A + (M + H8 + R) 24.0 

eprinted with permission from Ref. [62] Copyright (2005) Elsevier.
he phase described first is the major product and that in parenthesis is the minor produ
a A: anatase TiO2; M:  monoclinic TiO2; R: rutile TiO2; H8: H2Ti8O17.
face Science 360 (2016) 601–622

repulsion [45]. Photoplatinization of TiO2 thin films using
water/ethanol (acts as sacrificial electron donor) solutions in the
molar ratio of 80/20 showed superior biregime activity for Orange
G degradation under UV irradiation [46]. Pt/TiO2 thin film prepared
by using pure ethanolic solution and 50% ethanolic solution showed
lower activity suggesting that platinization in water rich environ-
ment is more favored [47]. However, such biregime photocatalytic
mechanism was  not observed for non-platinized TiO2 thin films
due to the poor rate of photoelectron transfer to dissolved oxygen.
Photoplatinization in ethanol rich solution induced CO adsorption
(by product of ethanol oxidation) at the surfaces of Pt clusters and
total desorption of CO requires high thermal treatment. Conversely,
photo platinization in water rich environment suppress the CO con-
tamination and seems to promote water adsorption at the surface of
Pt clusters which favors hydroxyl radical generation. CO adsorption
in the former case hampers the process of photoelectron trans-
fer to the dissolved oxygen thereby reducing the efficiency [47].
Superior activity was observed when deposit size was 2.5–4 nm for
the degradation of phenol compared to the samples with higher
deposited sizes (4–8 nm)  obtained at higher calcination tempera-
ture [48]. This could suggest that within the same sample there
is an optimum size for metal deposits for improved photoeffi-
ciency and the larger metal deposits might become detrimental
[49]. The Pt deposition before sulfation on TiO2 surface showed
higher photoactivity for acetone oxidation compared Pt deposition
after sulfation. In this case Pt was deposited on the TiO2 surface
via NaBH4 reduction [50]. In the former case, boron species were
removed during sulfation process, while in the later case, boron
species served as recombination centers during the process of oxi-
dation of acetone. The degradation of trichloroacetate (TCA) under
UV illumination revealed that anoxic path was dominant on pla-
tinized TiO2, while the oxic path was  operative on bare TiO2. It
was suggested that platinum surface stabilized reactive intermedi-
ates (dichlorocarbene) and subsequently changed the mechanistic
pathway of TCA degradation. However, the presence of electron
donors favored oxic pathway for both the photocatalysts, as they
scavenged the VB holes [51]. Linsebigler et al., showed that the addi-
tion of Pt particles to TiO2 single crystal surface decreased both
the rate and total yield of the photooxidation of CO [52]. It was

proposed that the defect sites (Ti3+) which are necessary for the
oxidation of CO to CO2 was preferentially blocked by Pt particles
which reduces the photoreactivity of the catalyst. Pt deposited TiO2

 of DMMP.

t]/[Ti] [Pt]/[Ti]a Wmax, mol/cm2 s ×1010 n(CO2), mol/cm2 ×107

 – 1.6 1.1
.013 0.012 3.1 4.3
.010 0.003 2.4 2.5

ion.
 to XPS measurements.

ared by using H2−2x[Pt(NH3)4]xTi4O90.25H2O precursor.

Band gap (eV) H2 evolution ability (mmol h−1) NO destruction ability (%)

>400 nm >290 nm

3.04 0.032 37.0 51.2
3.31 0.311 5.2 30.1
3.31 2.540 9.0 46.0

ct.
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s also reported to be less effective in the photooxidation of gas-
hase TCE under broad-band irradiation (� > 300 nm)  compared to
iO2 [53]. The ratio of CO2/COCl2 increased as a function of Pt load-
ngs, suggesting that extent of Pt loading affects the distribution
f photoproducts. The change observed in the product distribution
n this case could be due to the extent of COCl2 adsorption on the
urface of Pt particles [54]. To study the difference in the chemical
tate of Pt and the dispersion pattern, the method of platinization
2 wt%) was carried out by both soft chemical reduction method
SCR) and also from photodeposition (PD) method (Table 1) [55].
t was observed that both Pt/TiO2 samples showed enhanced pho-
ooxidation of dimethyl methyl phosphonate (DMMP) under UV
ight irradiation. However, XPS studies revealed that SCR method
eads to the deposition of metallic Pt whereas PD method results
n the deposition of Pt as Pt2+. In the course of the photocat-
lytic oxidation of DMMP  the metallic state of Pt (SCR) remains
table and unchanged for long time. On the contrary the photo-
atalyst prepared via PD method is deactivated quite rapidly due
o the reduction of Pt2+ to Pt0 which led to the agglomeration of
t nanoparticles [55]. Pt (1 at%, 5 nm size)/TiO2 nanowire hybrids
abricated by chemical reduction method showed enhanced pho-
ocatalytic degradation of MB  under UV light [56]. Photogenerated
lectrons are transported at a faster rate through Schottky barrier
o Pt deposits and in turn they are transferred to dissolved oxygen

olecules [57]. When the Pt loading was above 1 at%, the deposit
ould simultaneously attract both electrons and holes and acts as

ecombination center in spite of enhanced response to the visible
ight [58]. The FTIR spectra of Pt/TiO2 and TiO2 samples (taken after
he process of photodegradation) suggested that CH3 group of MB
s adsorbed on the surface and it can be oxidized completely to CO2

ore efficiently by Pt/TiO2 rather than TiO2 due to the superior
atalytic activity of Pt [56]. Pereira et al., have shown that Pt/TiO2
anoparticles prepared by the polymer precursor method demon-
trated efficient photocatalytic degradation of MO  under UV light
rradiation compared to TiO2 [59]. The PXRD patterns indicated the
ncorporation of Pt into the TiO2 lattice along with a small amount
f rutile phase formation when the concentration of Pt was  less than

 mol% and metallic Pt deposition takes place when the concentra-
ion was higher than 1 mol%. When the concentration of Pt exceeds
he optimum limit, phase segregation occurs on the surface of TiO2
ince the Pt clusters are expelled due to its high density from the
iO2 bulk lattice. The high photocatalytic activity of these Pt/TiO2
hotocatalysts were attributed to the electronic defects created by
he doping mechanism at low Pt content and due to the effective
harge transfer mechanism at the metal/oxide interface at high Pt
oncentration level [60]. Their work showed that both doped and
etalized samples had similar photocatalytic activity [59]. Self dec-

rated Pt (0.2 at%) metal deposits on the surface of TiO2 prepared by
nodization of Ti–Pt alloy for 2 h exhibited enhanced photocatalytic
ydrogen evolution under both UV/visible light irradiation [61].
hese Pt nanoparticle deposits were found to have a diameter of
–5 nm with inter particle spacing of ∼50 nm and these dimensions
ere partially adjustable by changing anodization conditions. Sam-
les prepared at shorter (∼30 min) and longer (∼4 h) anodization
ime periods exhibited lower hydrogen production which indicates
he need of optimum size with particle interspacing for effective
hotocatalytic performance [61]. Fibrous titania loaded with 1 wt%
t prepared by the solvothermal reaction using two  different pre-
ursors independently like either H2−2x[Pt(NH3)4]xTi4O90.25H2O
r H2Ti4O90.25H2O/Pt in methanol medium at 350 ◦C exhibited
igher hydrogen evolution rates when compared to the samples
repared either by calcination or by hydrothermal treatment [62].

owever the photocatalytic activity of Pt/TiO2 prepared by using

he precursor H2−2x[Pt(NH3)4]xTi4O9·0.25H2O was higher than that
f H2Ti4O90.25H2O/Pt as precursor due to the difference in the
alence state of Pt. These catalysts when used for NO destruction
face Science 360 (2016) 601–622 605

showed modest activity due to low specific surface area. The sam-
ple prepared by using H2−2x[Pt(NH3)4]xTi4O9·0.25H2O precursor
in methanol at 350 ◦C contains a mixture of monoclinic titania,
protonic octatitanate, anatase and rutile phases, suggesting that
the phase transformation of tetratitanate was accelerated by the
existence of Pt (Table 2). In addition to phase transformation
process, the reduction of Pt ion to metallic Pt could also pro-
ceed simultaneously resulting in uniform distribution of Pt fine
particles on the surface of titania particles [62]. Pt/TiO2 films sup-
ported on hydroxylated fly ash cenospheres (FACs) (alumina silicate
rich byproducts generated in coal firing poder plants) exhibited
enhanced photodegradation of MB under visible light irradiation
[63]. The deposition of Pt0 effectively narrowed the band gap by
promoting the formation of Ti3+. The photodegradation rate of
MB increased with pH in aqueous solution which was attributed
to the improved ability of Pt/TiO2 to adsorb MB  at alkaline pH
[64]. The effects of various inorganic anions on the photodegra-
dation reaction were studied and the rate shows the following
order: HCO3

− > F− > SO4
2− > NO3

− > Cl−. Photocatalytic degradation
rate decreases at higher anion concentration due to the ability of
anions to scavenge the hydroxyl radicals and holes. The Pt/TiO2
supported on hydroxylated low density FACs floats on the surface
of water favoring higher extent of absorption of sunlight in the
practical applications [65].

Justin and co-workers interpreted charge carrier separation
mechanism in terms of charge carrier decay for short and long time
duration based on time resolved microwave conductivity studies
[66]. In the short time range (1–40 ns) few electrons can be trapped
by the activated metal and few charge carriers are lost in the faster
recombination. In long time range (40–100,000 ns), the process of
decay takes place between trapped species and the decay of the
excess electrons is controlled by their slow recombination with
either trapped or relaxed holes. The predominant negative effect
in the short time range seems to be produced by the rutile phase
and also platinization in the case of P25. In the long-time range,
platinization had different effects on different catalysts. Separation
of charge carriers was  efficient in PC50, it was insignificant in the
case of P25 and decay of electrons was accelerated in the case of UV
100. The observed activity is the resultant effect of both the neg-
ative and positive effects of platinization [66]. However, contrast
to these reports, Chen et al. observed an increased rate of photo-
catalytic oxidation of methanol and ethanol on platinized P25, but
the same catalyst was less effective for the degradation of chloro-
form compared to bare P25 [67]. Mesostructured Pt (0.5 wt%)/TiO2
nanocomposites with anatase/rutile ratio of 65.5/34.5 (from XRD
data) prepared by simple one step sol–gel reaction (annealed at
450 ◦C in the presence of H2 gas for 2 h) yielded highly crystalline
ordered hexagonal mesoporous TiO2 (confirmed by TEM) [68a].
The photocatalytic activity was  evaluated by measuring the initial
rate of HCHO formation generated by photooxidation of CH3OH
in aqueous suspension. The photocatalytic activity of 0.5 wt%  Pt
deposited TiO2 nanocomposites were found to show significantly
higher activity (three times) than that of 0.5 wt% Pt deposited
colloidal UV-100 Hombikat or Aeroxide TiO2 P25. This superior-
ity was attributed to the anatase–rutile bicrystalline framework,
large surface area, high crystallinity and mesoporous structure
[69]. It was observed that in this three-dimensional solid/surface
state framework, the excited TiO2 nanoparticle can transfer the
absorbed energy through the mesoporous hexagonal TiO2 network
to the other TiO2 in the ground state. This antenna mechanism
results in energetic coupling which extends throughout the three-
dimensional TiO2 network. This will enable the energy and/or

exciton transfer from the particle where the initial photon absorp-
tion took place to the particle where the electron transfer process
finally occurs. Further, the probability of electron transfer to the
Pt particle is increased by an increased CH3OH diffusion through
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Fig. 3. Scheme of photoreduction process designed for Pt deposition onto the micro-
spheres of TiO2.

R

ig. 2. Mechanism for the reversed photoactivity order of anatase TiO2 {0 0 1} and
0  1 0} facets on Pt/TiO2 during the photocatalytic CO2 reduction process.

eprinted with permission from Ref. [73] Copyright (2014) Elsevier.

he pores of the nanostructures. Once the electron has reached the
t particle in the presence of adsorbed methanol, which is known
o act as hole trap induces the charge separation of the original
xciton. The overlap of the energy bands of the TiO2 nanoparti-
les forming the three dimensional network will result in unified
nergy bands for the entire system enabling a quasi-free movement
f the photogenerated charge carriers throughout the system [70].
ierarchically macro-/mesoporous Pt/TiO2 showed enhanced ther-
al  catalytic activity toward the catalytic decomposition of HCHO

ompared to DP25 mainly attributed to the hierarchically arranged
acro-/mesoporous structures on the TiO2 support, large specific

urface area and optimal pore size [68b]. Yu et al., reported the use
f Pt/TiO2 nanosheets with exposed {0 0 1} facets for H2 produc-
ion in the presence of sacrificial agents (electron acceptors) like
lycerol, triethanolamine and glucose [71]. The photodeposition
f Pt on TiO2 although found to enhance the photocatalytic activ-
ty, it is still controversial as to whether Pt/TiO2 interface forms
n ohmic contact or Schottky barrier [72]. Mao  et al., reported
hat Pt-loaded anatase TiO2 with (0 0 1) and (0 1 0) facets showed
everse photocatalytic activity for photoreduction of CO2 to CH4
73]. It was observed that TiO2 (0 1 0) facet without Pt-loading
xhibited higher photocatalytic CO2 reduction efficiency which
as attributed to its larger CO2 adsorption capability and longer
hotogenerated charge carrier lifetime when compared with TiO2
0 0 1) [74]. Whereas the photoinduced charge carrier separation
as more efficient with platinized TiO2 (0 0 1) facet when com-
ared to the activity of platinized TiO2 (0 1 0) facet. The above
esults provide an important indication about the effects of Pt-
oading on the anatase TiO2 for the photocatalytic CO2 reduction

ith different exposed facets. The results also shed light on the
abrication of novel nanostructured photocatalysts through crys-

allographic morphology control for high conversion efficiency in
he CO2 resource utilization. The TiO2 (0 0 1) facets shows uniform
nd regular Pt nanoparticles on its surface, while the TiO2 (0 1 0)
acets had agglomerated Pt nanoparticles (for 1 wt% Pt deposition)

Fig. 4. Interfacial charge transfer mechanism in CdS/Pt/F−

eprinted with permission from Ref. [79] Copyright (2014) Wiley Publications.
Reprinted with permission from Ref. [76] Copyright (2011) American Chemical Soci-
ety.

and this difference was  due to their different surface electronic
structures (Fig. 2) [75]. A well distributed smaller Pt nanoparti-
cles on TiO2 (0 0 1) facets was an important factor to enhance
the lifetime of charge carrier as compared to the agglomerated
Pt nanoparticles loaded on TiO2 (0 1 0) facets [73]. Zhang et al.,
reported a two stage strategy toward the selective Pt deposition
on the assembled microspheres of TiO2 (1 1 0) facet which exhib-
ited an excellent photocatalytic activity for MO  degradation under
UV/visible light irradiation [76]. This approach included the assem-
bly of nanowires with exposed (1 1 0) facet and (0 0 1) tips to form
microspheres followed by Pt deposition only on the (1 1 0) facet
by the photoreduction method. The rutile TiO2 microspheres con-
stituting nanowires with special structure provides two possible
directions along (1 1 0) and (0 0 1) for the migration of the elec-
trons. Initially (1 1 0) facet will be enriched by electrons, since it

is an efficient reduction facet for rutile TiO2 as indicated by the
reduction of Fe3+ to Fe2+ in the photoreaction process. Thus, it was
believed that photogenerated electrons could predominantly be

/TiO2 under UV (A) and visible-light (B) irradiation.
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pread along the (1 1 0) direction rather than (0 0 1) direction. This
s because the (1 1 0) surface of each nanowire possess high energy
o spread the electrons from nucleation center to microsphere sur-
aces (Fig. 3). Further, it is well-known that Ti atoms show 6-fold
oordination and oxygen atoms are 3-fold coordination in rutile
iO2. The nanowires terminating at (1 1 0) may  break the Ti O
onds which lie normal to the surface plane and results in 5-fold
oordination for Ti and 2-fold coordination for O atoms on the sur-
aces [77]. The lower coordinated bridging oxygen atoms at surface
f (1 1 0) facet may  form a minimum energy position for a single Pt
tom. Therefore, at terminal plane, microspheres were assembled
y bundles of nanowires with special growth direction which could
e suitable for Pt deposition. Upon Pt deposition, the dielectric per-
ittivity was further improved and the work function for Pt metal

s 5.36 eV which is higher than the work function of (1 1 0) surface
acet (4.2 eV) of rutile TiO2 [78]. The position of CB energy of TiO2

icrospheres is located above the Fermi level of the Pt nanopar-
icles and the Pt deposition leads to the formation of a Schottky
arrier at metal/semiconductor contact leading to the transfer of
lectrons from TiO2 CB to Pt nanoparticles, while the reversible
rocess can be extremely difficult unless the band energy positions
re equalized. A Pt nanoparticle initially gets excited under visible-
ight irradiation because of the SPR effect. Then excited electrons

ay  transfer from the lower energy bands of Pt (below the Fermi
evel) to its higher energy level. These activated electrons at higher
nergy levels get migrated from Pt deposits to the CB of TiO2 micro-
pheres. Subsequently, these electrons could be directly captured
y adsorbed O2 molecules at the vicinity of microsphere surfaces to
orm the superoxide radical species for the photocatalytic reactions.
he time taken for producing the photoexcited electrons is much
horter in comparison to the reaction time to generate the superox-
de radical species and to decompose the MO molecules. Therefore,
ccumulation of extra electrons is highly possible situation for com-
ensating the time difference. In this regard, the microcapacitors
re formed in the adjacent nanowires within microspheres and
he enhanced dielectric constant upon Pt deposition could provide

 huge electronic storage. In this case of visible-light irradiation,
wing to the continuous electronic migration from Pt nanoparti-
les to TiO2 CB, Pt nanoparticles may  exert some degree of positive
harges. The electronic donors like H2O or HO− in the MO  solution
ould readily provide electrons to Pt metal to form the hydroxyl

adicals, since the potential of the above donors is more negative
han that of the holes in the Pt nanoparticles. These highly activated
adicals could participate in the photocatalytic reaction for effective
emoval of MO species [75]. CdS-sensitized Pt/F−/TiO2 nanosheets
ith exposed (0 0 1) facets is fabricated by a three-step proce-
ure: TiO2 nanosheets were prepared from Ti(OC4H9)4, HF and H2O
eactants and the mixture is subjected to hydrothermal treatment
ollowed by Pt metallization by photochemical reduction method
nd the deposition of CdS nanoparticles is done by the chemical
ath method [79]. CdS/Pt/F−/TiO2 nanosheets exhibited enhanced
hotocatalytic hydrogen evolution rate under UV/visible light irra-
iation and this enhancement is attributed to: (i) the presence of
xposed (0 0 1) facet, (ii) surface fluorination and (iii) high specific
urface area. Further the beneficial effects of Pt deposition are: (i)
mproved the charge carrier separation, (ii) reduced the hydrogen
roduction over potential and (iii) suppresses the reverse reaction
f O2 and H2. Under UV irradiation, both TiO2 nanosheets and the
eposited CdS nanoparticles undergo photoexcitation simultane-
usly producing electrons and holes in their corresponding CB and
B, respectively (Fig. 4). Due to the difference in band edge posi-

ions the excited electrons gets transferred from the CB of CdS to

he CB of TiO2. Contrarily, the created holes from the VB of TiO2

igrate to VB of CdS. Finally all these excited electrons migrate
o the deposited Pt nanoparticles to react with the adsorbed H+

ons to form H2. The Pt on TiO2 nanosheets induces a Schottky
face Science 360 (2016) 601–622 607

barrier, which facilitates electron capture while the accumulated
holes in the CdS VB leads to the oxidative decomposition of lac-
tic acid or any other pollutant [80,81]. However, under visible
light irradiation only CdS nanoparticles with low band gap gets
photoexcited to produce electrons in CB and holes in the VB, respec-
tively. These electrons in the CdS CB transfer to TiO2 CB and then
migrate to Pt nanoparticles to reduce H+ to yield H2. The photocat-
alytic activity of CdS/Pt/F−/TiO2 in the presence of model electron
donors or scavengers like triethanolamine, glucose, glycerol and
mixed Na2S–Na2SO3–H2O solutions exhibited the hydrogen pro-
duction rates of 75.6, 38.6, 11.8, and 25.8 mmol h−1, respectively.
However the hydrogen production rate in the presence of lactic
acid is found to be 265 mmol  h−1 which is very much higher than
the above mentioned electron scavengers. In addition to hydro-
gen evolution process, simultaneous decomposition of pollutants
can also be accomplished. The F− ions adsorbed on TiO2 surface
greatly reduced the recombination rate of charge carriers by acting
as electron trapping sites due to its strong electronegativity [82].

Park and co-workers obtained a hot electron current using cat-
alytic nanodiodes such as Pt/TiO2 for CO oxidation [83]. This hot
electron flow at the metal/oxide interface was  found to be well
connected with the turnover rates and selectivity of catalyzed reac-
tions, since the local structure at the interface strongly affects the
charge trapping, charge carrier dynamics, and the band structure
[83]. There may be a limitation and an optimum arrangement in the
design of metal/TiO2 heterojunction to serve as highly active photo-
catalyst. In some instances, metal deposition can also decrease the
activity of TiO2 in photocatalytic reaction, because of the possible
water reduction on Pt particles which otherwise cannot take place
on the surface of pure TiO2. Water reduction to hydrogen will con-
sume a part of photogenerated electrons which otherwise could
take part in the oxygen reduction forming reactive oxygenated
species [84]. With high metal loading concentration, electron trans-
fer from TiO2 particles to metal can also deform the potential field
in TiO2 particles and draw a portion of holes near the metal/TiO2
junction, which increases the recombination rate. Furthermore, it
was observed that the accumulation of photoinduced electrons on
the metal particles was facile, the subsequent electron transfer
from the metal particles to electron acceptors may  not be sim-
ilarly favored. However, at higher metal loading concentrations,
the electrical potential gradient is lowered and the rate of electron
diffusion decreases, due to the decrease in the electron density
gradient. When the two gradients are too small to increase the
electron flux through the metal/TiO2 contact, a new equilibrium
is reached and hence it can be concluded that high level of metal
deposition cannot enhance the charge separation and therefore the
decomposition rate stops growing. The deformation of potential
field in TiO2 particles and drawing the hole near the Pt/TiO2 junc-
tion also increases the recombination rate [84]. The deposited metal
can act as shield for absorption of photons, enhance recombina-
tion at higher metal concentration and it can also activate trapped
electrons. The first two  processes are detrimental to photocatalytic
activity, while the third process being favorable. Thus the overall
activity of metal deposited titania should be considered as a result
of these three competing phenomenon. The process of oxidation
of deposited metal by the photogenerated hole and the reduction
of metal ions by CB electrons compete with one another to decide
the ultimate fate of the interface. Deposited metal can also absorb
photons, but these photons are not available for the generation of
charge carriers in the semiconductors, and the metal could act as a
shield for TiO2 and does not influence drastically the electron bulk
mobility. Gerisher further suggested that the platinum deposits

function as recombination centers [16];

h+ + Mn− → Mn (ifforexamplen = 1) (3)
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Based on geometric consideration, it is proposed that high
ensity of small epitaxial deposits on semiconductor surface are
nergetically capable of trapping photoelectrons which decreases
he charge carrier separation distance and thereby increasing the
ecombination, while small number of metal deposits may  increase
he interfacial charge transfer processes [16]. Furthermore, large Pt
lusters acts as recombination sites due to their ability to serve
s both electron/hole traps. In general, the optimization of metal
eposits on TiO2 surface for enhanced activity is often explained as
he result of competition between (i) a decrease of electron–hole
ecombination due to the electron trapping effect by Pt clusters; (ii)
lectron–hole recombination on Pt. In addition to the above factors,
t high concentration of metal loading, the metal deposits begin to
ouch and overlap with one another, thus decreasing the metal/TiO2
nterface and also decrease the efficiency of interfacial charge trans-
er. Ohtani et al. have pointed out that an optimal Pt loading value
ogether with a homogeneous distribution of Pt clusters at the TiO2
article surface are required to enhance the photocatalytic activ-

ty [85]. In their experimental study, the authors determined an
verage distance between Pt clusters of ca. 10 nm.

. Photocatalytic activity of gold deposited titania (Au/TiO2)

Among the noble metals, gold has attracted significant inter-
st. Gold nanoparticles have been exploited for various purposes,
tarting from optics and electrochemistry to environmental engi-
eering, due to their stability, non-toxicity and biocompatibility
86]. Although gold in bulk is chemically inert toward chemisorp-
ions of reactive molecules such as oxygen and hydrogen and has
ften been regarded as a poor catalyst, but however its nanosized
articles are surprisingly active for many reactions [87].

It is likely that in the works of Hidalgo and co-workers the
re-sulfate treatment on TiO2 produces a highly defective material
hich strengthens the adsorption of metallic species on the oxygen

ites increasing the extent and effectiveness of electronic interac-
ion between Au and TiO2 surface [87]. Surface gold metallization
ould increase the charge separation and thus the efficiency

f photocatalytic process. Mohapatra et al., have also found an
ncreased activity of Au/titania catalyst prepared by using sulfate
retreated titanium oxide for the oxidation of CO at room temper-
ture [88]. These authors attributed the higher activity to a direct
nteraction between sulfate ions with the gold atoms. Au/TiO2 sam-
les were calcined at 400 ◦C which still retained high amount of
ulfate groups on the surface. In contrast to the works of Mohapatra
t al., no sulfate species were found in samples prepared by Hidalgo
t al., suggesting that different mechanisms would be operative
n different reaction conditions [87,88]. The transient absorption
ecay measurement of Au/TiO2 at � = 675 nm under UV pulse illu-
ination (� = 308 nm)  showed less intense signal compared to

ure TiO2, which was interpreted as indication of accumulation
f high number of CB electrons in the Au nanoparticles [89]. In
nother study it was reported that the visible light induced oxi-
ation of 2-propanol on Au/TiO2 was initiated by SPR effect as
onfirmed by action spectrum analysis and they speculated that
lectron from Au nano particles may  be injected into the TiO2 CB
nd they in turn reduce the molecular oxygen adsorbed on the
iO2 surface [90]. The resultant electron-deficient Au could oxi-
ize organic compound to recover to its original metallic state. It
as also found that the above visible light sensitive Au/TiO2 photo-

atalyst oxidizes ethanol/methanol and simultaneously reduce the
xygen [91]. Many preferential or exclusive reactions are believed

o proceed at the metal/oxide interface which contains sites located
t atomic distances between metal atoms and the support. The
ocal surface structure and interfacial sites is even more critical
or photocatalytic processes since these sites are the loci for the
face Science 360 (2016) 601–622

transfer and subsequent trapping of photogenerated charge carri-
ers. The interaction between a metal center and TiO2 was found
to depend on the phase composition of TiO2 materials. Specifi-
cally, mixed phase TiO2 appears to be different compared to single
phase TiO2 as catalyst. Kamat et al., have reported that the ratio
of metal/metal ion concentration (Au0/Au3+) at the TiO2 surface
was found to dictate the process of photocatalytic oxidation of
SCN− ions at the semiconductor/metal nanocomposite [92]. The
photoreduction of gold ions which readily takes place in deaer-
ated TiO2 suspension becomes difficult to achieve in the aerated
solution. Another dominating chemical process at the TiO2 inter-
face is the oxidation reaction involving holes. When gold capped
TiO2 was irradiated under aerated conditions, continuous disap-
pearance of SPR band was observed which reveals the continuous
process of oxidation of metal deposits by hole. The VB holes are
highly energetic to oxidize gold (E0 = 1.76 V) at the interface. How-
ever, when dissolved oxygen was removed by purging N2 gas into
the system, original SPR band was restored again. It is evident
from these experimental results that the metal ion reduction or
metal oxidation strictly depends on the reaction medium. Most of
the photocatalytic oxidation experiments reported in the litera-
ture includes dissolved oxygen as the electron scavenger. These
oxygenated conditions are although effective for unmodified TiO2
photocatalysts, such a medium may  not be suitable for Au/TiO2
nanocomposites. Thus the photogenerated hole in such compos-
ite system not only oxidizes the redox species but also oxidizes
the metal deposits at the semiconductor interface. The presence of
oxidized metal ion at the interface can further alter the energetics
and/or act as recombination sites for photogenerated charge carri-
ers. The increased efficiency at low concentration of Au0/Au3+ + Au0

on TiO2 surface suggests that careful control of these two species
at the semiconductor/metal interface is important for maximiz-
ing the performance of the photocatalysts. Although, metal ions
serve as charge recombination centers, their presence along with
metal should be beneficial and effective for promoting photo-
catalytic oxidation on a semiconductor–metal composite system.
High Au0 coverage can reduce photocatalytic activity due to the
simultaneous competition for hole by both metal deposits and the
substrate molecule. Further higher Au3+ sites serve as recombina-
tion centers [92]. Au/TiO2 showed enhanced activity compared to
Ag/TiO2 and Pt/TiO2 for the degradation of tartrazine [93]. It has
been confirmed by several studies that the catalytic properties of
metal/semiconductor heterostructure photocatalyst depends sig-
nificantly on the size of deposited metal particles, the interaction
between metal and TiO2 and on the active sites on the nanostruc-
ture. The smaller metal deposits on the TiO2 surface exhibit more
negative shift of Fermi energy level. Okazaki et al. have proved by
density functional studies that the adhesive energy between Au and
TiO2 for non-stoichiometric surfaces was much larger than those on
stoichiometric surfaces. The charge transfer between gold and TiO2
is more effective on non-stoichiometric Ti-rich surfaces and also on
defect rich states [94]. Tian et al., have shown that interfacial elec-
tron transfer process depends on the size of Au nanoparticle on TiO2
surface [95]. When the size of gold particles is too large, the Fermi
energy level of gold particles will be lower than that of energy level
of adsorbed O2 and hence the photoelectrons cannot be energeti-
cally transferred to the adsorbed O2. However, for quantum sized
gold deposits, photoelectrons cannot be transferred from the bot-
tom of TiO2 CB to the gold particles since its Fermi level is much
higher than the TiO2 CB edge due to the quantum size effect. There-
fore, Au particle deposits with an appropriate size that can possess
an energy level between TiO2 CB and adsorbed O2 are very essen-

tial for the smooth transfer of the electrons [96]. The reduction of
Au3+ ions on sulfated TiO2 either by photodeposition or by chem-
ical reduction methods by citrate molecules showed good activity
for the phenol degradation [87b]. The samples prepared by the later
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Table  3
Summary of preparation conditions and characterization results for the TiO2 and Au/TiO2 prepared at different light intensity.

Sample Nominal content of Au (wt%) Deposition time (min) wt% Au (XRF) Anatase crystallite size

TiO2 0 – 0.00 21

0.5
15 0.36 21

120 0.45 20

Au/TiO2 (high intensity:
140 W/m2)

1
15 1.03 19

120 0.82 20

2
15 1.55 20

120 1.56 20

0.5

15 0.29 20
30 0.29 21
60 0.27 21

120 0.32 19
240 0.33 21

Au/TiO2 (low intensity:
0.15 W/m2)

1

15 0.45 21
30 0.52 20
60 0.54 21

120 0.8 21
240 0.69 20

2

15 0.28 21
30 0.32 21
60 0.52 22

120 0.77 20
240 0.98 21

Reprinted with permission from Ref. [97] Copyright (2011) Elsevier.

Table 4
Physical properties of the photocatalytic samples, zero-order reaction rate constants (kapp) and initial photonic efficiency (�0) of photocatalytic decomposition of oxalic acid.

Catalyst sample Au loading pH Method Average metal
particle (nm)

Adsorption of oxalic acid
(�mol/g catalyst)

kapp (mmol/Lmin) �0 (%)

None – – – – No –
TiO2 – – – 850 0.028 0.76
1%Au/TiO2 3 PR 18 590 0.02 0.79
1%Au/TiO2 5 PR 9 500 0.055 1.49
1%Au/TiO2 7 PR 5 430 0.069 1.87
1%Au/TiO2 9 PR 4 450 0062 1.68
1%Au/TiO2 7 PD 5 440 0.064 1.74

R
T recipit

m
p
g
p
j
p
i
i
l

F
c

R

eprinted with permission from Ref. [103] Copyright (2007) Elsevier.
he gold was loaded on TiO2 by the photoreduction method (PR) and deposition–p

ethod showed improved performance. Compared to the photode-
osition method, chemical reduction method by citrate molecules
ave much homogeneous and smaller gold deposits with better dis-
ersion which resulted in stronger bonding and superior electronic

unction between gold nano particles and the TiO2 surface. Au/TiO2

repared by photodeposition method using a low intensity light

llumination (0.14 W/m2 UVA range) showed notable improvement
n photocatalytic activity for the phenol decomposition under UV
ight compared to Au/TiO2 prepared by the same method using high

ig. 5. (a) Schematic diagram of Au/TiO2/graphene composite and (b) illustration of energy
omposite for photocatalytic H2-production under visible light irradiation.

eprinted with permission from Ref. [104] Copyright (2014) Royal Society of Chemistry.
ation method (PD).

intensity illumination (140 W/m2 UVA range) [97]. The poor activ-
ity of the later sample was  due to the production of very large and
heterogeneously distributed gold deposits which serve as recom-
bination centers rather than as the trap sites for photogenerated
electrons (Table 3). The extent of gold deposition, aggregation and

oxidation state of Au can be controlled effectively by changing the
deposition time for Au/TiO2 (prepared at low intensity light illu-
mination) [97]. Au deposited on Ti3+ self doped TiO2 effectively
boosted the photocatalytic degradation of Rhodamine B (RhB) [98].

 band structure and charge carrier transfer and separation in the Au/TiO2/graphene
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Fig. 6. Proposed mechanism for the activatio
eprinted with permission from Ref. [111] Copyright (2014) Elsevier.

he defect mediated TiO2 was synthesized by using TiH2 as pre-
ursor and the noble metal was directly deposited onto the surface
f defective titania through the in situ redox reaction between the
oble metal and the reductive Ti3+species. In non-stoichiometric
iO2 the presence of large amount of oxygen vacancies substan-
ially shifts the VB maximum to form a tail band. This tail band along
ith large number of oxygen vacancies concomitantly hybridizes
ith Ti3+ can form a new band just below the CB minimum. These

wo defect states eventually narrowed the bandgap of pristine TiO2
nd rendered visible light response. The potential of Ti3+ is thermo-
ynamically more negative (∼0.12–0.3 V below the CB minimum)
han the highly oxidative noble metal ions. When HAuCl4 solution
s introduced into the reaction mixture, Ti3+ on the surface can
mmediately reduce the Au3+ species into metallic Au nanoparticles
ccompanied by the simultaneous oxidation of Ti3+ ions into Ti4+

tate resulting in Au/TiO2 nanocomposites [99]. This direct in situ
eduction involves no foreign additives and thus makes intimate
ontact between metal/TiO2 interfaces [98]. TiO2 surface modi-
ed with Au25 clusters exhibited enhancement in the oxidation
eactions of phenol derivates and also ferrocyanide [100]. It can
lso show reduction reactions of Ag+, Cu2+ and dissolved oxygen.

 thermodynamically uphill reaction such as oxidation of phenol
ccompanied by reduction of Cu2+ is also driven by this catalyst
nder the irradiation of light with wavelength of 860 nm [100].
u/TiO2 demonstrated enhanced photocatalytic decomposition of
O under visible light exposure while the activity was reduced

nder UV light which was attributed to the decrease in the TiO2
urface area by Au deposits [101]. Finite-difference time-domain
imulations of these Au nanoparticles on TiO2 photocatalyst show
hat the enhanced photocatalytic activity is due to the large plas-

onic enhancement of the incident electromagnetic field, which
ncreases the rate of electron–hole pair generation at the TiO2 sur-
ace resulting in the enhancement of MO  photodecomposition. This
nhancement mechanism relies on the presence of defect states in
he TiO2, which enabled sub-bandgap absorption [102]. The rate
f photocatalytic destruction of oxalic acid increased with TiO2
odified with Au nanoparticles in comparison to the pure TiO2

103]. Remarkable influence of the pH on the particle size of Au was
bserved by photoreduction method. The dimensions of the gold

anoparticles on the TiO2 surface decreased with increasing the
H of the medium. The photocatalytic activity of Au/TiO2 sample
btained at pH 3 did not show any improved activity when com-
ared to DP25 due to smaller number of gold nanosized particles
MS  in the presence of Au/TiO2 nanoparticles.

on the surface of the photocatalyst. The size of Au nanoparticle
decreases in the photoreduction method by increasing the pH of
the medium containing gold salt solution with TiO2 which results
in improvement of the photocatalytic activity (Table 4). At pH 9 fast
precipitation of Au(OH)nCl4−n takes place and further the reduced
gold is not deposited on the TiO2 surface [103]. With the increase
in the number of metal nanoparticle serving as effective electron
traps, the photocatalytic activity increases only to a certain extent.
But however further increase in the number of metal nanoparti-
cles band-gap excitation of TiO2 is hampered and decreases the
extent of adsorption of oxalic acid and also water due to the large
surface coverage by Au nanoparticles [103]. Microwave assisted
hydrothermal synthesis of graphene based Au/TiO2 (Au = 0.25 wt%)
showed enhanced photocatalytic hydrogen evolution under visi-
ble light irradiation when compared to TiO2, graphene–TiO2 and
graphene–Au [104]. Au is excited at 420 nm due to plasmonic res-
onance and the charge separation takes place by the transfer of
electrons from Au to TiO2 CB which in turn tends to get trans-
ferred into graphene sheets as the redox potential of the redox
couple (graphene/graphene−) is −0.08 eV which is lower than TiO2
CB (−0.24 eV) [105]. The mobility of these electrons in the graphene
sheets is high which led to the retardation of charge carrier recom-
bination and suppressed the reverse reaction by separating the
evolution sites of hydrogen and oxygen (Fig. 5). The Fermi level
of Au is around 0.6 eV lower than TiO2 CB [106]. There is a poten-
tial energy barrier of magnitude ∼1 eV (Schottky barrier) at the
interface between Au and TiO2 which will hinder the process of
electron injection from Au to TiO2 on SPR excitation [107]. Under
visible light irradiation the Au would give rise to SPR effect which
leads to the intraband excitation, generating energetic electrons
whose energy is above 1.0 eV with respect to the Fermi level of Au
which would overcome the Schottky barrier leading to the transfer
of electrons to TiO2 CB. In addition graphene is an excellent electron
acceptor with a superior conductivity due to its two  dimensional �
conjunction structure serving as electron collector and transporter
in the graphene/Au/TiO2 composite [108]. The observed hydrogen
production enhancement was further confirmed by transient pho-
tocurrent response and electrochemical impedance spectroscopy
(EIS) experiments [104]. Au/N–TiO2 showed better photocatalytic

degradation of oxalic acid under various light sources like only UV,
only visible and the mixture of UV-visible light irradiation com-
pared to N–TiO2, Au/TiO2 and TiO2 due to the dominating influence
of charge separation [109]. The longer lifetime of the photoexcited
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Fig. 7. Z-scheme in CdS/Au/N–TiO2 composite representing artificial photosynthe-
sis.

R

e
o
l
r
c
b
a
s
o
o
c
t
t
i
s
c
i
d
s
d
t
t
(
a
a
[
s
r
t
e
b
c
t
t
l
g
[
b
a
b
h
h
N
g
u
a

Fig. 8. The proposed reaction pathway of photocatalytic hydrogen generation from
water/methanol suspension containing Au/B–TiO2 catalyst.

Reprinted with permission from Ref. [120] Copyright (2014) American Chemical
Society.
eprinted with permission from Ref. [116] Copyright (2014) Elsevier.

lectron in the TiO2 CB results in the accumulation of electrons
n Au nanoparticles and to the formation of new quasi-Fermi
evel favoring the formation of hydroxyl radical and superoxide
adicals [110]. The interaction of highly reactive hydroxyl radi-
als with oxalic acid leads to total destruction. Au/TiO2 prepared
y deposition–precipitation method by virtue of its visible light
bsorption property and rapid charge separation at the interface
howed excellent photocatalytic property toward the degradation
f ceftiofur sodium (CFS) a third generation cephalosporin antibi-
tic under UV–visible light irradiation [111]. Under illumination
onditions the CB electrons are attracted by Au nanoparticles owing
o the difference in the work function between Au and TiO2 and
hese electrons are driven by an electric field and hence the light
nduced charge separation becomes easier (Fig. 6). TEM images
howed that the Au particles were highly dispersed on TiO2 with a
ondensed shape having a large interfacial area as a result of low
nterfacial energy between gold and TiO2 [112]. The photocatalytic
egradation experiments in presence of oxidants like peroxomono-
ulfate, peroxodisulfate and hydrogen peroxide increased the
egradation rate and the activity is attributed to the immediate
rapping of the photogenerated electrons by the oxidants that lead
o the decrease in charge recombination [111]. Au/N–TiO2//N–WO3
4% WO3 optimum concentration) exhibited enhanced photocat-
lytic oxidation of aqueous 2,4,6-trinitrotoluene (TNT) under UV
nd visible light irradiation when compared to other samples
113]. This enhanced activity was a result of more efficient charge
eparation which led to the increase in lifetime of charge car-
iers and enhanced the efficiency of interfacial charge transfer
o adsorbed substrates. In addition gold nanoparticles served as
ffective traps for electrons due to the formation of a Schottky
arrier at the metal–semiconductor contact. The photonic effi-
iency of N–TiO2 and coupled N–WO3/N–TiO2 is much higher
han the efficiency of TiO2 under visible light irradiation due
o the substitution of nitrogen atoms (1.2 at%) into the crystal
attice of TiO2 and WO3 photocatalysts which led to the band
ap narrowing owing to the formation of a new impurity level
114]. The noble metal–TiO2 core–shell structure (M@TiO2) has
een designed as a promising strategy because the metal cores
re protected by the TiO2 shell, which is chemically inert, sta-
le and also exhibits better durability [115]. A three component
eterostructures CdS(Shell)/Au(core)/N–TiO2 exhibited enhanced
ydrogen evolution rates which was about 2.6 times greater than
–TiO (under UV/visible light irradiation) and about 270 times
2
reater than Au/N–TiO2 (under visible light irradiation) [116]. The
nique architecture-hierarchical macro/mesoporous morphology
s observed in the natural leaves for photosynthesis is retained in
CdS/Au/N–TiO2 with an enhanced overall light harvesting ability
and offered more reaction sites for adsorption in the catalytic reac-
tions. The photogenerated electrons in the N–TiO2 CB photosystem
II (PS II) can easily flow into Au through the Schottky barrier and the
holes in the VB are available for the oxidation reaction [117,118].
Simultaneously the holes in the VB of CdS photosystem I (PS I)
will also easily flow into Au to combine with the stored electrons
because of higher Fermi energy level when compared to CdS and
the electrons left in the CdS CB are available for the reduction reac-
tion. Thus the resulted vectorial electron transfer from N–TiO2 to
Au to CdS realizes the complete separation of holes in N–TiO2 VB
and the electrons in the CdS CB (Fig. 7). Furthermore the electron
supply from N–TiO2 to CdS via Au restricts the self decomposition
of CdS due to the oxidation of surface S2− ions by the VB holes of CdS
[119]. The TEM images suggested that the sizes and distribution of
Au nanoparticles on N–TiO2 was controlled by changing the irradia-
tion time, irradiation distance and the concentration of methanol in
HAuCl4 solution. At relatively high concentration of methanol the
Au particles preferred to cluster together and the particle distri-
bution was not homogeneous. Many particles were agglomerated
indicating that these particles nucleated in solution. The sacrificial
agent raises the charge carrier concentration in the nanoparticle. In
the meantime with the increase in the irradiation time, the average
diameter of Au deposit increases. The fabrication of this system was
based on biological morphology which provided a proof for the bio-
inspired design of artificial photosynthetic system for enhanced
photocatalytic performance [116]. Au/B–TiO2 synthesized by sol
gel hydrothermal method promoted a remarkable enhancement
in hydrogen evolution from water/methanol mixture under visible
light irradiation [120]. The formation of Ti–O–B structure pro-
vides vacancies or microvoids for gold ions which were converted
into metallic gold after calcination as revealed by NMR  studies
[121,122]. These embedded gold particles which are present in
close proximity to B–TiO2 act as efficient electron sinks and pro-
long the lifetime of charge carriers thereby enhancing the activity
(Fig. 8). The electrons are easily transferred from TiO2 to Au while
the holes in the VB migrate to TiO2 surface and react with adsorbed
water to form hydroxyl radicals and hydrogen ion. Meanwhile these
radicals would attack the methanol molecules and oxidize them
into formaldehyde which is further oxidized to CO2 and water. The
trapped electrons on the gold nanoparticles facilitate the reduc-
tion of H+ ions into hydrogen. For the first time, the isotopic tracer
studies using a gas chromatograph isotope ratio mass spectrom-
eter along with a series of control experiments revealed that the
produced hydrogen was  originated mainly from water rather than
methanol, whereas the direct oxidation of methanol did not lead to

hydrogen generation [120].
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Fig. 9. Interface charge-carrier transfer dynamics of anatase/rutile, Ag/anatase and
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and the concentration of Ag increased on the TiO2 surface [135].
g/rutile within Ag/TiO2 composite thin films.

eprinted with permission from Ref. [124a] Copyright (2005) Elsevier.

. Photocatalytic activity of silver deposited titania
Ag/TiO2)

The Ag noble metal is a promising candidate for extensive appli-
ation because of its low cost, inherent antibacterial activity and
an be adopted by facile preparation techniques [123]. Ag/TiO2
ultiphase nanocomposite thin films were prepared on quartz

ubstrates by liquid phase deposition method from a mixed aque-
us solution of ammonium hexafluorotitanate, silver nitrate and
oric acid under ambient temperature and atmosphere followed
y calcination at 500 ◦C for 1 h. This catalyst showed enhanced
hotocatalytic activity for the degradation of MO  under UV light
124]. PXRD results suggested that the grain growth of anatase was
uppressed upon Ag+ adsorption at 0.02 M concentration of AgNO3
124,125]. Phase transformation from anatase to brookite was cat-
lyzed by Ag+ ions when AgNO3 concentration is ≥0.02 M. Further
ncrease of AgNO3 concentration from 0.02 to 0.03 M leads to the
utile phase formation along with the presence of metallic Ag on the
urface [126]. The phase transformation temperature of anatase to
utile in this case was greatly decreased by the silver metallization
ue to the following reasons: (i) the grain size of anatase crystallites
ere reduced by the presence of AgNO3; (ii) total grain boundary

nergy is increased and (iii) the thermal decomposition of AgNO3
roduced intensive exothermic heat which was sufficient enough
o cause phase transformation. The presence of Ag in the thin films
roduced a Schottky barrier, which facilitated the electron capture.

 significant improvement of photocatalytic activity was observed
hen AgNO3 concentration is around 0.03–0.05 M due to the fol-

owing causes: (i) the catalyst sample consisted of anatase, brookite,
utile phases of TiO2 along with metallic Ag suggesting that
he films contained many heterojunctions such as anatase/rutile,
natase/brookite and rutile/brookite phases. The interface between
he two phases served as a rapid separation site for the pho-
ogenerated charge carriers due to the difference in the energy
evels of their CB and VB edge positions; (ii) metal/semiconductor
etero-junctions such as Ag/anatase, Ag/rutile and Ag/brookite also
xisted in the films due to the Ag deposition (Fig. 9). The coupling
etween Ag/anatase and Ag/rutile allowed the electron migration
rom anatase or rutile phases to Ag metal deposits. This electron
ransfer process significantly retards the recombination of charge
arriers in both anatase and rutile phases and (iii) on UV light exci-
ation, electrons gets accumulated either in the metallic Ag deposits
r in the low lying CB of rutile, whereas holes could get accumulated
n the VB of both anatase and rutile due to similar VB edge positions.

he accumulated electrons from Ag deposits or from the CB of rutile
ould easily be transferred to surface adsorbed oxygen to form O2

−

r O2
2− [127]. Contrarily in another study the deposition of Ag on
face Science 360 (2016) 601–622

the surface of P25 containing both anatase and rutile phases had
negligible effect on the degradation of aspartic acid, while reaction
rate was quite high with either anatase or rutile individually [128].
C/Ag/TiO2 microspheres synthesized via controlled hydrolysis of
tetrabutyl titanate in ethanol medium and followed by calcination
process using AgNO3 as Ag source and citric acid as carbon source
showed an enhanced the photocatalytic activity for RhB degrada-
tion under UV as well as visible light region compared to pristine
TiO2 and Ag/TiO2 [129]. The addition of citric acid to the system
largely increased the Ag density due to its reductive property and it
can also induce the disorderness of sp2 orbitals of carbon during the
heat treatment (500 ◦C for 2 h) which gets coated on TiO2 surface.
Raman spectra of C/Ag/TiO2 showed two bands around 1354 and
1594 cm−1 attributed to the distorted sp2 carbon and well ordered
graphite like structure on the TiO2 surface. These results suggested
that sp2 hybrid orbitals of carbon interacts with orbitals of silver
nanoparticles to increase the SPR effect of Ag and also enhances the
light absorption ability of C/Ag/TiO2 both under UV and visible light
[130].

Horavath et al. reported that the process of photoreduction of
silver ions on the TiO2 surface was not influenced by the pres-
ence of oxygen in the system [131]. This fact was confirmed by
the experiment carried out by bubbling Ar to replace oxygen in the
reaction mixture and also by the use of catalyst prepared under
Ar atmosphere. Both experiments displayed almost similar results
[131]. It means that electron scavenging by the oxygen molecules
at the surface of the excited TiO2 cannot efficiently compete with
the electron transfer process to the metallic silver. When Ag/TiO2
nanocomposite was used in the dye degradation reaction, photoex-
cited electrons were found to get readily transferred from TiO2
to metal nanoparticles, but their subsequent release to the dye
molecules occurred only via the smaller metal nanoparticles [132].
The photocatalytic performance of metal/TiO2 heterojunction is a
strong function of size and shape of the metal nanoclusters. Christo-
pher reported that by changing the size and shape of Ag nanocluster
it is possible to maximize photochemical activity of semiconduc-
tor at a given excitation wavelength [133]. There are number of
physical mechanisms previously observed that could potentially
explain the enhanced photocatalytic activity of the composite sys-
tem compared to pure titania; (i) electron transfer from TiO2 to Ag
nanoparticles effectively increases the life time of electron–hole
pairs; (ii) electron transfer from Ag to TiO2 is mediated by Ag
surface plasmons under visible light irradiation; (iii) the localized
heating of Ag nanostructures due to non-radiative decay converts
the Ag surface plasmons into phonon modes; (iv) indirect trans-
fer of photons from Ag nanoparticles to TiO2 via radiative decay of
surface plasmon states to excite electrons in TiO2 results in the
increase of electron–hole pair concentration. However, Christo-
pher ruled out (i)–(iii) mechanism and suggested that pathway (iv)
is highly responsible for enhanced activity for Ag nanocube/TiO2
compared to Ag nanospheres (75 ± 13 nm diameter)/TiO2 and Ag
nanowire (70 ± 12 nm diameter)/TiO2 system for the degradation
of MB.  The presence of Ag deposits on the TiO2 surface enhanced
the photo oxidation of oxalic acid by a factor of 5 times. The accu-
mulation of electrons in the nanosize silver particle increases the
probability of formation of excited oxygen atoms by the process
of electron transfer from Oads

− which itself was originated from
the electron donation by O2

2−
ads to the hole [131]. Highly ordered

TiO2 nanotube arrays decorated with Ag nanoparticles prepared
by a direct electrodeposition method (at −0.6 V for 60 s) exhib-
ited enhanced activity for MO photodegradation under UV/visible
light irradiation [134]. On increasing the deposition time, the size
When the deposition time was  varied as 20, 60, 90 s, the average
size of Ag deposit was found to be ∼5.7 (2 at%), ∼9.6 (6 at%) and
∼12.2 nm (9 at%), respectively. According to Chen et al., when the
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adius of the Ag nano deposit was less than that of 30 nm,  strong
bsorption in the visible light was observed [136]. Thus the pho-
ogenerated electrons excited by decaying surface plasmon can
ccupy the empty states in the excited state of Ag. These excited
lectrons migrate from the excited state of Ag to the TiO2 CB lead-
ng to the enhanced photocatalytic activity [137]. Devi et al., has
eported the enhanced E. coli (a gram negative bacteria) bacteri-
idal activity of Ag (0.10%)/TiO2 under solar light and the activity
f the catalyst was attributed to the SPR effect of Ag nanoparti-
les which creates an enhanced local electric field on the surface
f TiO2 [13]. The photogenerated reactive oxygen species (ROS)
uch as

•
OH and H2O2 attacks the polyunsaturated phospholipids

n lipid peroxidation reaction which causes the breakdown of its
ell membrane structure and also destructs its associated func-
ions. The effect of the EROS (Externally generated Reactive Oxygen
pecies) and IROS (Internally generated Reactive Oxygen Species
ithin the bacteria) on the bactericidal inactivation was  corre-

ated with each other. These ROS target the cell components like
NA, RNA, proteins and lipids. The IROS produced within the cell
ill have detrimental effect on E. coli but the enzymes like cata-

ase and superoxide dismutase converts IROS into O2 and water.
he EROS comes in contact with the bacteria and directly attacks
he polyunsaturated fatty acids in membranes and initiates lipid
eroxidation and disrupts the function of the above enzymes. The
echanism of the cell death is due to the lipid peroxidation reac-

ion that subsequently causes a breakdown of the cell membrane
tructure and their associated functions, leading to the simulta-
eous loss of cell viability [18]. Similar research using Ag/TiO2
anotube arrays with 100 nm length exhibited enhanced antibac-
erial activity for the destruction of E. coli and S. aureus both in
ark and UV light irradiation, respectively [138]. The hydroxyl rad-

cal and superoxide radicals generated during photoexcitation can
amage the stereostructure of the active enzyme and block the
NA of microorganisms resulting in inactivity of enzymes and dys-

unction or destruction of the cell wall or plasma membrane by
inding with their proteins especially with enzymes [186]. The pos-

tive antibacterial behavior under UV light is a synergistic effect
etween nano Ag and TiO2. In the dark, nano Ag plays an active
ole in antibacterial behavior and TiO2 nanotubes serve as good car-
ier support for nano Ag [139]. Therefore Ag/TiO2 nanotube arrays
uited well for endo-prosthetic applications due to their excel-
ent antibacterial activities in the dark. The highly ordered and
mooth Ag/TiO2 nanotubes array with one directional electric chan-
el for electron transportation showed enhanced photoconversion
fficiency and hydrogen evolution rate under UV light irradiation
140]. The ordered and smooth architecture enhances the specific
urface area. Ag decorated titania of both nanorod array (NRA)
nd nanopore array (NPA) designed as Surface-Enhanced Raman
cattering (SERS) active substrate is used for a sensitive detec-
ion application [141]. NRA of TiO2 was grown on glass slide by
ydrothermal synthesis process. NPA of TiO2 was grown on the
itanium sheet by a two-step anodization process. Silver deposi-
ion on the surface of NRA and NPA was performed by electroless
eposition method. Ag/TiO2 NRA had smaller silver interparticle
aps and more hot-spots than Ag/TiO2 NPA, exhibiting a higher
ERS activity. The analytical enhancement factor was higher for
g/TiO2 NRA (7.8 × 105) compared to Ag/TiO2 NPA (1.8 × 105).
urther, Ag/TiO2 NRA substrate could even detect a very low con-
entration of 4-mercaptobenzoic acid (5 × 10−12 M)  when used as a
robe molecule, showing a sensitive SERS detection performance.

n addition, Ag/TiO2 NRA also exhibited photocatalytic decomposi-
ion of these adsorbed organic molecules to recover a clean surface

nder UV irradiation, exhibiting a self-cleaning activity [141]. In
nother research study Ag/TiO2 nanocomposite exhibited much
igher photocatalytic activity than bare TiO2 for the degradation
f rhodamine 6G (R6G) and MB  molecules under UV light [142].
face Science 360 (2016) 601–622 613

This photocatalyst served as a high sensitive SERS substrate for
in situ monitoring of the photocatalytic decomposition reaction and
the catalyst is recyclable with its self cleaning function. Full wave
numerical calculations revealed that the improved photocatalysis
and SERS efficiencies were attributed to the largely enhanced elec-
tromagnetic near field in the nanocomposites. This present study
stimulates the development of synthetic approaches of other one
dimensional nanocomposite materials with improved properties
and multiple functionalities [142]. Ag/TiO2 nanotubes with dimen-
sions of 200 mm length and 50 nm diameter were fabricated by
electrochemical anodization of Ti substrate on which Ag nanopar-
ticles were deposited by a silver mirror reaction [143]. This Ag/TiO2
nanotubes exhibited highest antibacterial activity for E. coli inac-
tivation under UV light illumination. Their study suggested that
antibacterial activity was  independent of the length of the nanotube
but was dependent on its diameter. In addition anatase nanotube
showed the highest antibacterial activity compared to rutile and
amorphous titania. Hydrolysis of silver ions in the silver mirror
reaction is one of the factor which influences the activity of Ag/TiO2
[144]. Ag deposited on the TiO2 nanotube can accelerate the process
of hydrolysis due to its large specific surface area and it can release
higher number of silver ions within a given time period compared
to the catalyst in which silver is deposited on the polished titanium
plates.

Ag/TiO2 nanoplate arrays grown on activated carbon fiber
showed enhanced photocatalytic degradation of MB  under both
UV/visible light irradiation [145]. Ag was deposited by photode-
position method and optimum UV light irradiation time for the
process of Ag deposition was  found to be 10 min. The concentration
of the deposited Ag increases with the increase in the deposition
time. The increased Ag amount would prevent or hinder the contact
between TiO2 and the pollutant MB molecule and it also decreases
the number of photons absorbed [146]. Ag nanoparticles with Fermi
level (Ef) located around 0.4 V are found to be good electron accep-
tors and act as efficient electron traps under UV irradiation [147].
These electrons react with adsorbed oxygen to form superoxide
radicals [148]. In addition holes at TiO2 VB lead to the production
of hydroxyl radical under UV/visible light irradiation. Under visible
light irradiation most of the hot electrons are excited from the sur-
face of Ag due to the SPR effect and are transferred to TiO2 CB which
then diffuses to the surrounding medium to degrade MB molecules
[149]. Wet  chemistry immobilization of plasmonic Ag nanopar-
ticles on the surface of P25 TiO2 through a bifunctional linker
molecule such as 3-mercaptopropionic acid showed enhanced pho-
tocatalytic degradation of Alizarin Red S under UV/visible light
irradiation compared to unmodified P25 and the enhanced activity
is attributed to the formation of Schottky barrier leading to effi-
cient charge separation [150]. The photodegradation experiments
in the visible light irradiation inferred that the P25 bicrystalline
photosensitization process is dominant for both Ag/P25 and P25
catalyst at the beginning of the degradation reaction and it was
found that Ag nanoparticles did not have any prominent role at
this stage of the reaction. However after the initialization, bicrys-
talline photosensitization effect is diminished and it was  possible
to observe the effect of the local excitation of the photocatalyst
through SPR effect [150]. In another study porous TiO2 sheets
obtained by aqueous tape casting method further modified with
Ag deposition showed enhanced MO degradation under UV light
illumination compared to bare TiO2 sheets. The deposited Ag parti-
cles served as electron traps to hinder charge carrier recombination
[151]. TiO2 nanoparticles synthesized via in situ sol–gel method
followed by Ag deposition via reduction method with dextrose

as reductant and sodium dodecyl sulfate as stabilizer exhibited
excellent reduction of 4-nitrophenol to 4-aminophenol at room
temperature suggesting the commercial exploitation of heteroge-
neous catalyst for the reduction of nitrocompounds [152]. Ag/TiO2
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Table 5
Ag (wt%):Ti(wt%) of Ag/TiO2 samples prepared by simple electrospinning process
combined with silver mirror.

Sample number Silver mirror reaction time (min) Ag(wt%):Ti(wt%)

1 5 1:15.98
2  15 1:2.82
ig. 10. A photocatalytic mechanisms for the plasmonic Ag@P25 photocatalysts.

eprinted with permission from Ref. [157] Copyright (2013) Elsevier.

ith Ag > 0.5 wt% exhibited significant efficiency for the degrada-
ion of amoxicillin and 2,4-dichlorophenol (endocrine disturbing
ompounds) under artificial solar light when compared to TiO2
153]. This notable improvement was attributed by the unique
haracteristics of Ag SPR effect which enabled Ag to absorb light
n the visible spectrum. The charge density is redistributed and
hus establishes a strong coulombic restoring force which results
n the oscillation of charge density. The in phase oscillations (with
he incident light) in this case can be compared to simple har-

onic oscillator [154]. Further, these charge density oscillations
ecreased the dielectric constant of the surrounding matrix [155].
iO2 nanotube films prepared by using NH4F (0.25 mol/L) and 9:1
olume ratio of glycerol to water under the conditions of 25 V oxida-
ion voltage (for 2 h anodic oxidation time) had excellent structural
ntegrity, an ordered arrangement, large diameters and thin walls
156]. Further, Ag metallization on the above TiO2 nanotubes was
one by using ultrasonic atomization-UV photo reduction method
nd this Ag/TiO2 nanotube films showed good activity for acetic
cid decomposition under UV light irradiation. A mathematical
odel for catalytic degradation was established based on a hyper-

olic model [156].

−dC(HAc)t

dt
= C(HAc)2

t

a C(HAc)0
(4)

(HAc)t is acetic acid concentration at degradation time t, C(HAc)0
s the initial acetic acid concentration and a is concentration factor
a = f(C)). The plot of reciprocal of degradation rate versus 1/t  gave
he value of a = 0.113 C(HAc)0 + 0.435.

1%Ag@TiO2 (P25) nanocrystals showed remarkable photocat-
lytic activity for the photodegradation of RhB under visible light
rradiation [157]. This catalyst was synthesized by in situ photore-
uction of Ag+ ion on TiO2 in polyvinylpyrrolidine (PVP)–ethanol
uspensions. The Ag nanocrystals of 1–3 nm size was  deposited on
he surface of TiO2 (20–30 nm)  to form a non-centrosymmetric
g@TiO2 nanostructures with abundant Ag/TiO2 interfaces. This
esults in different dielectric environments surrounding the plas-
onic Ag (TiO2 with higher refractive index on one side and RhB

olution with lower refractive index on the other side). Excitation of
PR occurs on visible light irradiation resulting in strong localized
lasmonic near fields close to Ag/TiO2 interface (Fig. 10). These sur-
ace plasmon excitations leads to the generation of electron–hole
airs via optical transitions between localized electronic states

n the band gap of TiO2 [158]. At low Ag (0.5%) loading density,

he photocatalytic activity decreased since the Ag/TiO2 interface is
ot quite large enough for efficient visible light absorption. Even
t higher Ag loading density the activity decreased as the adja-
ent visible light induced plasmonic near fields regions are too
3  30 1.43:1

Reprinted with permission from Ref. [159] Copyright (2013) Elsevier.

close and easily overlap with each other facilitating the recom-
bination of photogenerated charge carriers. Therefore optimum
Ag loading facilitates visible light absorption and also has high
separation efficiency of charge carriers [157,158]. Nanostructured
Ag/TiO2 hybrid nanofibers prepared via a simple electrospinning
process combined with silver mirror reaction exhibited enhanced
photocatalytic activity for the degradation of RhB under simulated
sunlight irradiation. This activity was  attributed to several fac-
tors like high dispersion of Ag nanoparticles on individual TiO2
nanofibers, preferable adsorption behavior of RhB molecules and
the synergistic function between the dispersed networks with
quantum size effect of Ag/TiO2 nanofibers [159]. It is also proved
that a proper silver mirror reaction time (15 min) will result in
an optimal photocatalytic effect (Table 5). Any excess and redun-
dant Ag will be disadvantageous for catalytic activity because of the
excessive occupation of the active sites on the TiO2 nanostructures
[159]. Ag/TiO2 and TiO2 film coatings deposited using sol gel coat-
ing method showed higher photocatalytic activity for bisphenol-A
degradation compared to the similar coatings prepared by using
magnetron sputtering method [160]. This difference is caused by
smaller Ag grain sizes as obtained from the sol–gel derived coat-
ings when compared to the magnetron coatings. Hydroxyapatite
modified Ag/TiO2 exhibited better photocatalytic activity for ace-
tone degradation under visible light irradiation when compared
to Ag/TiO2, TiO2 and P25 [161]. Hydroxyapatite [Ca10(PO4)6(OH)2]
possess excellent adsorption capacity as well as biocompatibility
[162].

The dye sensitized solar cells (DSSC) fabricated with Ag/N–TiO2
showed an enhanced solar to electrical energy conversion effi-
ciency of 8.15% compared to DSSC composed of unmodified TiO2
which shows 2.19% conversion efficiency under simulated solar
irradiation of 100 mW cm−2 with AM 1.5 G [163]. The improve-
ment was mainly attributed to Ag deposition and incorporation
of nitrogen into TiO2 lattice in the form of N–Ti–O which partially
converts Ti4+ ions to Ti3+ ions effectively contributing toward visi-
ble light absorption [164]. Under light illumination conditions the
dye N719 absorbs incident light and promotes electrons to the
excited state which are injected into Ag nanoparticles and these
excited electrons are in turn transferred to TiO2 CB [165,166]. The
dye N719 cation is then oxidized by receiving electrons from the
electrolyte through the redox system. The electrons through the
external circuit are available at the counter Pt electrode to regen-
erate electrolyte. In this case Ag deposits served as electron sink,
acts as scattering element for plasmonic scattering, can also trap
the photon and it also enhances the near field (Fig. 11). In addition
the accumulation of electrons on Ag deposits shifts the position of
its Fermi level closer to TiO2 CB. The excited electrons from TiO2
CB (transferred from Ag deposits), were collected by indium tin
oxide (ITO) acting as current collector thus improving the pho-
tocurrent and photovoltaic performance under the visible light
region [167]. Ag/N–TiO2 nanotube arrays fabricated via electrode-
position method at deposition potential of −1.0 V with deposition
time of 5 s showed enhanced photodegradation of acid orange II

compared to TiO2 and N–TiO2 [168]. The photocurrent density of
Ag/N–TiO2 (150 �A/cm2) was  found to be highest when compared
to other samples under visible light. The zero-current potential
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Metal/semiconductor contact induced band bending due to the
variation of electric and potential fields in the space charge region
was described by using finite and infinite interface models. The
infinite metal/semiconductor interface model can be applied when

Fig. 12. Photocurrent as a function of broadband visible-light intensity for N–TiO2
Fig. 11. Charge transfer mechanism f
eprinted with permission from Ref. [163] Copyright (2014) Royal Society of Chem

Ezcp) for Ag/N–TiO2 and TiO2 nanotube arrays was found to be
0.768 V and −0.607 V versus Ag/AgCl, respectively. This negative

hift of potential by 0.161 V was ascribed to the modification of TiO2
y nitrogen doping and Ag deposition suggesting that Ag/N–TiO2
hotocatalyst needs a lower potential (less energy) to extract the
hotoinduced electrons to the external circuit [168]. Ag/N–TiO2
oated with PVP a non-conducting organic stabilizer exhibited
nhanced H2 evolution and high photocurrent efficiency under vis-
ble light irradiation when compared to N–TiO2 and Au/N–TiO2.
he activity was attributed to the formation of intense electric
elds at the Ag particle surface which increases the rate of for-
ation of electron–hole pairs near the N–TiO2 particle surface

169]. The advantages of forming charge carrier pairs near the
emiconductor surface rather than in the bulk are as follows: (i)
he charge carriers are readily separated from each other under
he influence of the surface potential and (ii) the charge carriers
ave a shorter distance to migrate in order to reach the surface,
here they can take part in photocatalytic transformation reac-

ions. This effectively means that the probability of photoreaction
s enhanced relative to the probability of charge-carrier recombina-
ion. The optimal distance between a semiconductor and plasmonic
anostructure is affected by Forster energy transfer from the semi-
onductor to the metal [170]. In the photoelectrodes, the organic
VP layer acts as the buffer region which kept the two nanos-
ructures at a finite distance from each other without physical
ontact, providing an environment where the negative effect of
he Forster energy transfer is diminished. Photocurrent was shown
o be a function of broadband visible-light intensity for N–TiO2
nd composite Ag/N–TiO2 samples. Ag/N–TiO2 exhibits approxi-
ately a linear first-order dependence on the light intensity, while
–TiO2 exhibits approximately half-order dependence (Fig. 12).
he observed linear dependence of the surface concentration of
ole on the light intensity for Ag/N–TiO2 is another indication that
harge carriers are formed close to the semiconductor surface in the
omposite Ag/N–TiO2 system. Surface-science measurements have
mplied half-order dependency on light intensity for the TiO2 bulk

oles and linear dependency on light intensity for surface generated
oles [171]. In those measurements, the surface-specific formation
f charge carriers (holes) was accomplished by using a flux of ener-
etic electrons with penetration depths significantly smaller than
N–TiO2 photoanode-modified DSSC.

those of photons [172]. The observed intensity dependence differ-
ence was  attributed to the charge carriers formed in the bulk are
lost mainly through the process of charge carrier recombination
(exhibiting a half-order dependence on the intensity), while the
charge carriers formed close to the surface of the semiconductor
mainly decayed in their reaction with surface trap states (exhibiting
a first-order dependence on the light intensity).

Devi et al., reported the use of Ag/Mn–TiO2, which showed
enhanced photocatalytic activity due to the synergistic effect of
bicrystalline framework of anatase and rutile structures with
high intimate contact due to the similarity in their crystallite
sizes [13c]. The extent of band bending, the variation of poten-
tial field in the space charge region with respect to the size
of the deposited Ag metal particles was discussed in detail.
and composite Ag/N–TiO2 samples Ag/N–TiO2 exhibits approximately a linear (first-
order) dependence on the light intensity, while N–TiO2 exhibits approximately half-
order dependence.

Reprinted with permission from Ref. [169] Copyright (2011) American Chemical
Society.
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Fig. 13. Schematic diagram of photocatalytic mechanism of Ag/Fe3+–TiO2 prepared
nanocatalyst under (a) UV light and (b) visible light irradiation.
16 L. Gomathi Devi, R. Kavitha / Appl

ateral width of metal/semiconductor interface is higher than the
hickness of the space charge region (10 nm). However in a cat-
lytic system where semiconductor particles with small metal
eposits are used as a catalyst which is smaller than 10 nm,  finite
etal/semiconductor interface model is more relevant. In this

egard Ioannindes and Verykios have proposed a model based on
chottky approximation [20]. According to them the electric field
(r) and potential V(r) in the space charge region along with extent
f band bending can be calculated. As the size of Ag metal deposit
ncreases the magnitude of the electric field decreases. It can be
nferred that when the radius of the deposited Ag metal particle on
he surface of semiconductor is around 8 nm,  the number of surface
dsorbed molecules is high. The number of adsorbed molecules on
he surface decreases with the increase in the size of the metal
eposit. Dimensional size of deposited Ag particles plays a sig-
ificant role in enhancing the photocatalytic activity. Depending
n the size of the silver deposit, the energy level of silver varies
rom −4.64 to −1.30 eV (with respect to vacuum energy level).
eyond the optimum Ag concentration (>0.10%), the space charge
egion within the semiconductor becomes more negative and facil-
tates the recombination process. The surface plasmon resonance
requency of the metal particles can be tuned to the visible light
bsorption by changing the size of the deposited metal particles on
he mixed phase titania.

Ag deposited on Fe-doped TiO2 (Ag/Fe–TiO2) showed enhanced
ctivity for the photocatalytic degradation of MB  under visible
ight irradiation compared to Ag/TiO2, Fe/TiO2 and TiO2. The supe-
ior activity of Ag/Fe–TiO2 is ascribed to coexistence of optimal
e3+ (0.3 mol%) and Ag (0.25 mol%) content. Under UV illumination
lectron–hole pairs are generated which are trapped by Fe3+ ions
indering recombination process [173]. The trapped electron is fur-
her transferred to surface adsorbed oxygen to generate superoxide
adical, hydroperoxy and hydroxyl radical. The trapped holes can
lso generate hydroxyl radical and oxidize the MB  molecule. Con-
equently the Ag nanoparticles can also trap excited electrons and
ransfer them to adsorbed oxygen to generate superoxide radicals,
ydroperoxy and hydroxyl radicals.

iO2
hv−→e− + h+ (5)

e3+ + e− → Fe2+ (6)

e3+ + h− → Fe4+ (7)

− + O2 → O2
•− (8)

2
•− + H2O → HOO

• + OH− (9)

+ + H2O → •
OH + H+ (10)

OH + Dye → CO2 + H2O (11)

Under the visible light irradiation, the electronic transition from
he dopant energy level (Fe3+/Fe4+) to the CB of TiO2 is responsible
or the excitation of the nanocomposite [174]. The 3d orbital of Fe3+

on is located above the TiO2VB. Thus Fe3+ ion can absorb a photon
o produce a Fe4+ ion and this excited electron in the TiO2 CB can
ither react with the adsorbed oxygen to form superoxide radical
r can be subsequently transferred to Ag nanoparticles inhibiting
he recombination of electron–hole pairs. In addition, Fe4+ ions can
eact with surface hydroxyl group to produce hydroxyl radical and
e3+ ion (Fig. 13).

e3+ + hv → Fe4+ + e− (12)

− + O2 → O2
•− (13)
e4+ + OH− → Fe3+ + OH
•

(14)

Visible light degradation experiments were conducted in pres-
nce of blue, green, yellow and red filters (Table 6) suggested that
Reprinted with permission from Ref. [173] Copyright (2014) Elsevier.

red filter transmits most of visible light at � > 600 nm where MB
is activated into its excited state injecting an electron into the CB
or surface states of TiO2 which was captured by surface adsorbed
oxygen to generate superoxide radical [175]. In another study Fe3+

ions were doped into TiO2 nanotube arrays synthesized by electro-
chemical anodic oxidation of pure titanium in an NH4F electrolyte
solution containing iron ions. Ag nanoparticles were assembled
on this Fe3+–TiO2 nanotube array by microwave assisted chemical
reduction method which showed enhanced quantum efficiency for
H2 production by water splitting under UV/visible light irradiation
[176]. Both Ag and Fe effectively restrained the recombination rate
of photogenerated charge carriers. During H2 production ethanol
is oxidized to acetic acid by hydroxyl radicals. The consumption
of hydroxyl radicals accelerates the decomposition of water to H+

and hydroxyl radicals. When UV light is irradiated on Ag/Fe3+–TiO2
electron gets excited from VB to Fe3+ dopant level to yield Fe2+

leaving behind a hole. This Fe2+ in turn is reoxidized to Fe3+ by
transfer of electron to adsorbed oxygen. Alternatively the trapped
hole can migrate to Fe3+ dopant to yield Fe4+ which in turn can
transfer the hole to the surface and oxidize the hydroxyl anions to
produce hydroxyl radicals. Fe3+ ion is relatively stable ion state due
to half filled 3d electronic configuration. The Fe4+ or Fe2+ states can
easily release the respective charge carriers to return back to stable
Fe3+ state and thereby participating in the photocatalytic reaction
[177,178]. Ag/Fe–TiO2 (with 4.5% Fe and Ag) showed enhanced pho-
tocatalytic hydrogen production via water splitting under visible
light irradiation [179]. During the hydrogen production, ethanol
is used as sacrificial agent. Holes in TiO2 VB react with water to
form an H+ ion and a hydroxyl free radical (OH

•
). Subsequently
hydroxyl free radicals can participate in the chemical reaction with
CH3CH2OH [180]. The decomposition of water to H+ and hydroxyl
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Table  6
The percentage of MB  discoloration and TOC reduction by different catalyst under visible light in presence of various filters.

Samples % Discoloration K (h−1) % TOC reduction

Visible light Filters Visible light Visible light

240 min
irradiation

540 min
irradiation

Blue filter Green filter Yellow
filter

Red filter 240 min
irradiation

240 min
irradiation

540 min
irradiation

TiO2 22.0 64.0 6.0 6.0 12.7 10.0 0.054 5 16
Fe3+–TiO2 43.0 86.0 17.0 14.8 22.9 12.7 0.138 10 36
Ag/TiO 37.0 75.0 18.0 11.4 16.3 15.0 0.102 8 30
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Ag
•+ + Cl− → Ag + Cl0 (22)

4-CP + Cl0(h+) → CO2 + H2O + Cl− (23)
2

Ag/Fe3+–TiO2 52.0 99.0 25.0 24.0 

eprinted with permission from Ref. [173] Copyright (2014) Elsevier.

adicals is accelerated by the presence of sacrificial agent leading
o enhanced hydrogen production [181].

TiO2 encapsulated Ag nanoparticles supported on porous SiO2
ead nanospheres were fabricated in the following way: surface
rotected etching strategy was adopted to synthesize porous SiO2
ore, followed by a calcination process to immobilize Ag nanopar-
icles on the surface of porous SiO2 and in turn this was  followed
y hydrolysis process to coat TiO2 shell layer, respectively [182].
his photocatalyst showed enhanced photocatalytic activity for
hB degradation when compared to TiO2 encapsulated porous SiO2
anospheres and P25 mainly because Ag nanoparticles cannot only
nhance the response of UV/visible light while the special struc-
ure of TiO2 encapsulated Ag nanoparticles supported on porous
iO2 bead nanospheres effectively facilitates the separation of
hotogenerated electrons and holes. This unique structure of the
hotocatalyst provides more advantages like: (i) the encapsulation
f Ag nanoparticles was advantageous since this process increased
ts stability during calcination and subsequent photocatalysis. Fur-
her, encapsulation effectively avoids the Ag nanoparticles from

oving together and coagulating [183–185]. (ii) The in situ growth
f the Ag nanoparticles on the surface of porous silica bead leads to
niform distribution of the Ag nanoparticles inside the TiO2 matrix.
his is beneficial to decrease the mean free path of the photogen-
rated electrons between TiO2 and Ag nanoparticles which serve
s electron trapping center. Furthermore, the authors claim that
ue to SPR effect of the Ag nanoparticles, the absorption ability
f the photocatalyst was largely increased especially in the vis-
ble light region [186]. (iii) The encapsulation of Ag within TiO2
hell increases the contact area between Ag nanoparticles and the
iO2 matrix for more efficient electron transfer [147]. In another
tudy TiO2 film was initially prepared by absorptive self assem-
ly method and Ag deposition was fabricated by photochemical
oute and this Ag/TiO2/SiO2 photocatalyst showed improved E. coli
actericidal efficiency under UV light illumination [187]. At the inti-
ate contact interface, the plasma Ag metal served as the electron

onductors to transport them away from TiO2 surface and retard
he electron–hole recombination rate [188]. The residual free holes
an react with water molecules to generate various reactive oxy-
en species which acts as an immense oxidizing agent and this was
he main mechanism proposed for Ag/TiO2/SiO2 composite catalyst
o kill the bacteria by the assistance of light [189]. Ag/AgCl/TiO2
anotube arrays was prepared by depositing AgCl nanoparticles

nto the self-organized TiO2 and then partially reducing Ag+ ions
o Ag0 species on the surface region of AgCl particles under
enon lamp irradiation [190]. The prepared metal–semiconductor
anocomposite plasmonic photocatalyst exhibits high visible-light
hotocatalytic activity for the degradation of MO in water. The Ag
anoparticles are photoexcited due to SPR effect and charge separa-
ion is accomplished by the transfer of photoexcited electrons from

he Ag nanoparticles to the TiO2 CB and the authors further pro-
ose simultaneous transfer of compensative electrons from donor
l− ions to the Ag nanoparticles (Fig. 14) [191–193]. In another
tudy Ag/AgCl/TiO2 nanocomposite thin films prepared by the same
23.6 24.0 0.180 12 47

method exhibited enhanced photocatalytic decomposition of 4-CP
under visible light irradiation [194]. The grains of AgCl are photo-
sensitive to UV light due to the ionic point defects and they can trap
electron which leads to the formation of small amount of metallic
Ag which gets deposited on the surface of AgCl [195]. Under the
visible light irradiation electron–hole pairs are photogenerated in
the Ag nanoparticles due to SPR effect. The photoexcited electrons
of Ag get injected into the TiO2 CB as the Fermi level of TiO2 and
Ag nanoparticles match with each other thereby forming Ag

•+. This
radical ion can react with Cl− ion forming Cl0 and Ag as shown in
the equations [191–193]. Because of the high oxidation ability of the
chlorine atoms, the 4-CP could be oxidized by the chlorine atoms
and hence the Cl0 could be reduced to chloride ions again. The 4-CP
can also be oxidized directly by plasmon induced hole (or Ag+) on
Ag nanoparticles, thereby accelerating the reduction of photoox-
idized Ag nanoparticles back to their initial state. Therefore, the
Ag nanoparticles can be rapidly regenerated and the Ag/AgCl/TiO2
system remains self stable [196].

Ag + hv → Ag∗ (15)

Ag∗ + TiO2 → Ag
•+ + TiO2(e−) (16)

TiO2(e−) + O2 → TiO2 + O2
•− (17)

O2
•− + H+ → HOO

•
(18)

e− + HOO
• + H+ → H2O2 (19)

H2O2 + e− → •
OH + OH− (20)

4-CP + •
OH → CO2 + H2O + Cl− (21)
Fig. 14. Schematic representation for the charge separation in a visible light irradi-
ated Ag/AgCl/TiO2 system.

Reprinted with permission from Ref. [190] Copyright (2009) American Chemical
Society.
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Fig. 15. Hot electron injection from the surface plasmon state of the metal to the
CB of TiO2 in Pd/TiO2 composite.
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Considering their large specific surface area, high pore volume,
nique morphology and high photocatalytic activity, these photo-
atalysts are of great interest in various applications like sensors,
olar cell, catalysis, separation technology, biomedical engineer-
ng and nanotechnology. This study may  provide new insight into
he design and preparation of advanced visible-light photocatalytic

aterials.

. Photocatalytic activity of palladium deposited titania
Pd/TiO2)

Bowker and co-workers studied the photocatalytic degrada-
ion of methanol on a Pd/TiO2 catalyst under anaerobic conditions,
hich clearly indicated that the active sites were on the metal/TiO2

nterface [197]. The high photoactivity of Pd/N–TiO2 (0.6% Pd) for
osin yellow decomposition under visible light arises from the syn-
rgistic effects of palladium deposition and nitrogen doping [198].
he palladium on TiO2 surface creates a Schottky junction between
he metal and the semiconductor, which acts as a sink for photo-
enerated electrons. Plasmonic cubic Pd@TiO2 composite structure
ith well-controlled TiO2 shell thickness of 75 nm fabricated using

 two-step surface modification process exhibited superior visi-
le light photocatalytic performance for phenol degradation. The
uperior activity was contributed to the synergistic effects between
arge surface area with high crystallinity and well defined mor-
hology with controllable optical properties from plasmonic effects
199]. The Pd core serves as a sensitizer that absorbs resonance pho-
ons, facilitates light harvest by enhancing light absorption. During
his process collective oscillation of valence electrons of the metal
n interaction with incident light excites electrons from the ground
tate to the SPR state which has energy between 1.0 and 4.0 eV with
espect to Fermi level of the Pd metal [200]. These photoexcited
lectrons directly get injected into the nearby TiO2 CB due to the
ormation of Schottky barrier at the metal semiconductor interface.
t was also suggested that the hot spots (plasmon decay producing
ntensely hot electrons) appear on the sharp edges and corners of
iO2 where the electric field intensity of SPR is several times higher
han that of the incident electric field of the photon [201–204].
lectron hole pairs are generated by surface plasmon decay and
he rate of generation is intensified by the local filed enhancement
n the hot spot regions (Fig. 15). This system may  pave way  for
tilizing the SPR effect in designing highly efficient photocatalytic
ystem. In another research study it was found that Pd/TiO2 (con-
aining 0–44% rutile) had significant number of Ti3+ sites which
as in contact with Pd and was responsible for ethylene selectivity

n acetylene hydrogenation reaction [205]. The existence of highly
istorted defect sites at the metal–semiconductor interfaces are the
ource of efficient and unique photocatalytic reaction sites [205].

. Photocatalytic activity of titania with bimetallic surface

eposition

Recent literature highlights various research groups investigat-
ng the effects of bimetallic deposition on TiO2 surface. However

able 7
urface area and photoactivity of TiO2 modified with Au/Pt obtained by microemulsion m

Sample label Amount of noble metal
precursor (mol%)

Calcination
temperatur

Pt Au

(0.5)Au/(0.1)Pt/TiO2-350 0.1 0.5 350 

(0.5)Au/(0.1)Pt/TiO2-450 0.1 0.5 450 

(0.5)Au/(0.1)Pt/TiO2-550 0.1 0.5 550 

(0.5)Au/(0.1)Pt/TiO2-650 0.1 0.5 650 

eprinted with permission from Ref. [210] Copyright (2014) Elsevier.
Reprinted with permission from Ref. [199] Copyright (2014) Royal Society of Chem-
istry.

this review gives only a glimpse toward this strategy. Detailed anal-
ogy and citations of all the articles of this aspect is too difficult
at this stage and it may  be a subject matter for another complete
review. Bimetallic particles of same size, shape, and composition
show significant differences in activity when configured into dif-
ferent architectures such as alloy, cluster in cluster, core–shell
or monometallic mixtures. The structure of bimetallic combina-
tion depends on the preparation conditions, miscibility and the
kinetics of the reduction of metal ions on the surface of the cat-
alyst [206–210]. Au/Pt–TiO2 obtained by the hydrolysis of titanium
isopropoxide in microemulsion system followed by reduction of
HAuCl4 (precursor for gold) and K2PtCl4 (precursor for palladium)
along with NaBH4 for the bimetallic deposition and the catalyst
was further calcined at 450 ◦C. This catalyst exhibited high rates
for phenol degradation under visible light irradiation [210]. The use
of NaBH4 as reducing agent favored the formation of smaller Au/Pt
nanoparticles and higher amounts of gold in the form of electroneg-
ative species (Au�−) and the intermetallic dominant state (AuPt)
facilitates the charge transfer mechanism between the metals. The
electron transport is expected to take place from Pt to Au due to the
higher electronegative potential of gold compared to Pt. It was also
observed that enhancement in the calcination temperature of this
photocatalyst from 450 to 650 ◦C (Table 7) resulted in rapid drop
of photoactivity due to the shrinkage in the surface area, change
in the crystal structure and probably change in AuPt nanoparti-
cle morphology [210]. Au/Pt/TiO2 electrospun nanofibers showed
direct evidence for Plasmon enhanced H2 generation through dual-
beam irradiation [211]. The Au/Pt/TiO2 nanofibers exhibited certain
activity for H2 under single irradiation at 420 nm that excites

the defect/impurity states of TiO2. A higher activity (2.5 times)
for H2 generation was observed when secondary irradiation at
550 nm which was introduced simultaneously to excite Au SPR.

ethod by using titanium isopropoxide as TiO2 source and NaBH4 as reducing agent.

e (◦C)
BET surface
area (m2/g)

Rate of phenol degradation
under visible light
(� > 420 nm)�mol dm−3 min−1

195 0.42
160 1.71
128 0.69

98 0.27
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L. Gomathi Devi, R. Kavitha / Appli

he control experiments with different sacrificial agents like iso-
ropanol, triethanolamine (TEOA), and methanol suggested that
he hot plasmonic electrons of Au are responsible for the enhanced
hotocatalytic activity. An enhancement was observed in the case
f TEOA and isopropanol but no such effect of enhancement was
bserved with methanol. This different enhancement factor sug-
ests that the strong localized electric field by SPR excitation may
ot be the dominating factor on the enhanced H2 generation [211].

The electrospun TiO2 nanofibers decorated with Au 0.75 at%/Pd
.25 at% bimetallic alloy nanoparticles displayed a high selectivity
or H2 production rate (88.5 �mol  h−1) through decomposition of
ormic acid due to the high selectivity of Pd for the dehydrogenation
eaction, the strong electron sink effect of Au/Pd nanoparticles and
he SPR effect of Au [212].

Ag/Pt/TiO2 bimetallic modified TiO2 nanoparticles exhibited
mproved photocatalytic activity for the degradation of phenol
nder visible light irradiation compared to monometallic Ag/TiO2
nd Pt/TiO2 nanoparticles [213]. Antimicrobial activities were only
bserved for Ag/TiO2 and Ag/Pt/TiO2 photocatalysts for inactivation
f bacteria like E. coli and S. aureus.

. Conclusion

A comprehensive update of mechanism and kinetics involved
ehind the enhanced photocatalytic efficiency of TiO2 in combi-
ation with the deposited noble metals like Pt, Au, Ag and Pd

s discussed elaborately and an effort is made to give an insight
nvolving various strategies adopted along with the highlights and
dvancements made in the research field. Several milestones in
ailoring the interface and bulk properties between TiO2 and the

etal are explored. Though it is impossible to cover all the research
rticles due to the voluminous work available in the literature,
e sincerely hope that this particular review will trigger inter-

st in synthesizing several semiconductors with multi functional
eatures to enhance its capacity in the energy and environment
pplications. The degree of enhancement of TiO2 activity by met-
llization seems to be highly depending on several factors like
he substrate to be degraded, the effects of metal/TiO2 interac-
ions, the amount and the nature of deposited metal, structural
nd morphological properties of original TiO2, photophysical and
hotochemical properties, site specific interaction, electrostatic
ffects, surface adsorption, metallic nature and size of the deposits,
xidation state of the metal which influences the redox proper-
ies of the photocatalyst are discussed elaborately in the present
eview.

The efficiency of the metalized semiconductor particles in pho-
ocatalysis and photoelectrocatalysis is dictated by the factors
ike variation of electric field and potential field within the space
harge region and also on the extent of band bending. Electric
led decreases with increase in the size of the metal deposit
hereas the potential field shows an exponential behavior with

he increase in size of the metal deposits. Majority of studies report
he optimum size of the metal to be between 8 and 12 nm and the

aximum efficiency of the catalyst is limited to this size. The pro-
ess of oxidation of deposited metal by the photogenerated hole
nd the process of reduction of metal ions by CB electrons compete
ith one another to decide the ultimate fate of the interface. The

hallenge for the next decade lies in designing a novel metal semi-
onductor assembly which can promote an efficient photoinduced
harge separation and which can mimic  various reactions taking
lace in the nature. The other applications of metallized semi-

onductor particles include as colorimetric sensor, photovoltaic
nd also in photochromic devices. It is hoped that this review can
nspire multidisciplinary research interest in precisely tailoring the
hotophysical and photochemical properties of metal deposited
face Science 360 (2016) 601–622 619

semiconductor particles and to study in the realm of various appli-
cations.
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