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Abstract:

The thermalstability of anataséitanium dioxide (TiO») is a prerequisitdo fabricate

photocatalyst coatethdoor building materialsfor use inantimicrobial and sel€leaning
applications under normal room light illuminatiodetal doping of TiQ is an appropriate
way to control the anatase tiatile phase transition (ARTat high processing temperatuhe
this present workART of indium (In) doped TiQ (In-TiO2) was investigated in detail in the
range of 500 °G 900 °C.In-TiO2 (In mol % = 0 to 16) wasynthesizedsia a modified sol
gel appoach. These nanoparticles werdurther characterizedoy means ofpowder X-ray
diffraction (XRD), Raman, photoluminescence (Ptransientphotocurrentresponsegand X
ray photoelectron spectroscopy (XR&hniquesXRD resultsshowedthat theanatase phas
wasmaintainedup to 64 %by 16-mol % ofIn dopingat 800 °Cof calcination temperature
XPS results revealed that the binding energies Bf(Ti 2p12 and Ti 2/2) werered-shifted
by In doping.The influence of In doping on the electronic structanel oxygen vacancy
formation of anatase Ti#Owas studied using density functional theory corrected fesiten
Coulomb interactions (DFT+U). First principles ressl®wed that the charge compensating
oxygen vacancies form spontaneously at sites adjaeehé Indopant.DFT+U calculations
revealed the formation dh - 5s states in the band gap of the anatase At&.iormation of

In2Os at the anatase surfageas also examinedusing a slab modebf the anatase (101)
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surface modified with a nanoclustef composition 120s. The formation of a reducing
oxygen vacancy also has a moderate energy cost and results in charge localisation at In ions
of the supported nanoclustétL and photocurrent measurements suggestedhbathiarge

carrier recombination poessin TiO2 was reducedn the presenceof In dopant. The
photocatalytic activity of 2 % HKTiO2 calcined at700 °C is more comparable with that of

pure anatase.

Keywords: Photocatalysis; Titaniddopant Phase stabilityNanomaterials

1. Introduction:

Titanium dioxide (TiQ) is one of themostpopularnanemateriaé in recent decadesr
its energy (solar cell!, water splitting?, CQ: conversion/reductiorf) and environmental
(antimicrobial*, selfcleaning®, removal of toxic air/watepollutants® 7) applications under
UV/visible light illumination®. PureTiO2 is commonly photeactivatedoy UV light owing to
its wide band gap (3.2 eV for anatase and 3.0 eV for rutile phasg TiGurface decoration
10. 11 or inclusion ofappropriatematerials'?4 in TiO2 can favourits visible light absorption
for practical applicationsAmong the three crystalline phases of BiBuch asanatase, rutile
and brookite)the anatase phasshows maximunphotocatalytic activity>. The lifetime of
photo-generated charge carriers in the anatase phésegerthan that ofrutile and brookite
phases®. However,many of the commercialliO, productsavailable in the marketawe a
mixture of~80 % anatase and ~20 % rutile phaseg. Degussa P25Y" 18 It is perceived
that amixed phaseompositionof TiO2 with a high percentage of anatgseore than~ 60
%) would reduce the charge carriecoenbination process and enharthe photocatalytic
efficiency 1°. Therefore, TiO, anatasecould be used as aaxcellent additivein the
manufacturing ofbuilding materials(especiallyceramic tilessanitary wareand glass¥or
indoor air purificationantimicrobialcoating and selcleaningsurfaces undernormalroom
light illumination 2%22, However, nost of theseindoor building materials angrocessed and
manufacturedat high tempeatures in the range of 60€ to 1000 °C.Usually, he anatase
phase of TiQis thermodynamicallyot stableover 600 °Cdue to its low surface free energy
2325 At high temperatures, thghotoactiveTiO, anatase phase will be converted itite less
photoactive rutilephaseTiO2. Kinetic studieshaverevealed that theoenpletetransition of
anatase to rutile of Tifoccursin the temperaturgange of 673 °G 728 °C?. Thereforea
thermally stable Ti@ anatase photocatalyst is required for applicationindoor building

materials’®, where the high temperature processing is UsBJ temperaturgenerallyrelies
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on various factorssuch as the synthesis method, existence of impudapants and
atmospheré®. Doping of TiO, usingmetalnon-metalions is one of thenostconvenientand
costeffective approaches tdune the bandap energyfor visible light absorptiorand to
control the AR at high temperature$: 2735, ART of metal dopedriO: is influencedby the
ionic radius oxidation statend bonding nature of the dopdht

Recently, the ART of cobalt doped TAQCo-TiO2) was studiedit a singlecalcination
temperaturef 600°C and a dopant (Co) concentration in the range%ftd 4 mol %°6. The
results revealed th&RT of TiO> was promotedby Co doping4 % of Co doping in anatase
produced a mixture of 78 % rutile and 22 % anatase at®0h another study, the ART of
TiO, was studied usingilicon (Si)dopant®’. The anatase phase of Ti@as well maintained
until 800 °C by 0.25% Si doping, wiB0 % anatase antl0 % rutile. ART of TiQ has been
shown to be promotedy tungsten(W) 3 and vanadium (V)doping °. The phase
transformation was promoteg to 50 pprof W8 ard it was inhibited thereafter (W8* 50
ppm calcination 500 °L[37]. 100 % rutile was formed bthe addition of6 at% of V at a
calcination temperature of 550 38]. In a recent study, it wa®bservedthat the anatase
phase of Ti@ nanowires was well retainedith Ti®* seltdoping up toa calcination
temperature 0800 °C*°,

Indium (In)is a transition metal withs2 51 electronic configuratiomndit generally
takesa +3 oxidation state.tlhas the tendency to create oxygen vacanci€giO, * 42
Indium is considered as an effective dopant for Zi@wing to itselectronic propertieand
low toxicity 42 43 Doping of such metal ions into TiQvould be beneficial tenrichthe
photocatalytic activity** via inhibiting the photegenerated chargearrier recombination and
promoting the adsorption of microbes/pollutants on the active sites of photoc&tlydn
doped TiQ was studied for the photocatalytic reductmfincarbon dioxide ©Oz) under UV
light irradiation*> 46 The dopant concentration was examined in the rangavoPBto 20wt
% and the calcination temperature was fixed at 500 °C forThé results revealed that no
phase transitionoccurred inIn-TiO2 during this calcination step The CQ reduction
efficiency was increasesignificantly for the In-doped sampleas compared to pure TiO
The efficiency of 10 wt % KTiO2> was 7.9 fold higer than that of wdoped TiQ. Wanget
al. %' reported the visile light assisted photocatalytic efficiency of-TiO, for the
degradation of €hlorophenol. In was studied in the range of 3 mol % to 15 mol % and the

calcination temperature was fixed at 450 °C for 2.bHeseresults suggest that the electron
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hole re&eombination was minimized and the photocatalytic activity was enhanced by In
doping which helps to stabilize the anatase phase

First principle studies of hdoped TiQ are sparse in the literature. Wasg al.
reported the visible light assisted photadgic activity for In-TiO2 anatase, which was
attributed to the presence of a surface specieB)-@y (x = 1 or 2)*%’. This species
introduced a surface state energy level at 0.3 eV below theCBOThis work was followed
with a study of TiQ co-modified with N and In, which included DFT calculations of the
electonic band structure and density of states (DOS) fdii®@r “8. While details of the exact
computational setip are lacking, the authors reported thatiémived states emerge at 0.5 eV
below the TiQ CB, in their generalized gradient approximation (GGA) calculations. Charge
compensatiorvia oxygen vacancy formation in {fiO> rutile was previously studied using
standard DFT, DFT+U anlybrid DFT %°. A recent GGA study presented an analysis of the
band structure and DOS for stoichiometric and charge compensafédzlanatas€’. The
details regarding the oxidation states, oxygen vacancy formation, reduciibrcharge
localization were not provided.

There are n@womprehensiver systematicstudiesavailable in the literaturen the
ART of In-TiO>. In this paperwe studythe ART of In doped TiQ (In-TiO2) nanoparticles
calcined for 2 itemperatures in the rga of 500 °C to 900 °Chis includes temperature at
which undoped anatase transforms to rutileTiO2> was synthesizedusing a sotgel
techniquewith different mol percentages of In (0 %, 2 %, 4 %, 8 % andl6 ™
calculations of the energetics invotvan the formation of charge compensating and
subsequent oxygen vacancies, the DOS of the ground state and reduced system, and charge
localization after reducing oxygen vacancy formation were investigated throughABHT.
was studied in detaiby DFT, XRD, XPS, PL and Raman spectroscopy techniquEse
anatase phase of TiGs well maintained by the In dopant till 800 °C. The charge carrier
recombination is highly minimizedia the formation of In 5§ states between the conduction
band (CB) and valance baB) of TiO-.

The formation energies of charge compensating and reducing oxygen vacancies in In
TiO2 were computed through the DFT model. There is no impact on the bandgap due to In
doping in the charge compensated system, however, after localisatiorargk cim the
vicinity of the Indopant after the formation of a reducing oxygen vacancy, occupied states

emerge in the bandgap of TAG\ model of a nanocluster of composition@s at the anatase
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(101) surface (denoted4Ds-a101) was considered to examthe impact of 1pOs formation
at high calcination temperatures.

2. Materials and methods
All the materials used weraf analytical grade and they were used as received without
further purification Doubledistilled water was used in the experiments.

2.1. Synthesis ofindium doped TiQ (In-TiOy):

2 mol % In-TiO2 was synthesizethrough asolgel techniqueas follows:In a typical
experiment38 ml of titanium isopropoxide (TTIP) waiskenin 200 ml ofisopropanoland
the mixture was stirred fod5 min at RTP (sdution A). 0.786 g of indium nitrate
(In(NO3)3.xH20) wasdissolvedseparately i200 ml ofdouble distilledwater(solution B)at
RTP. Then,solution B was addedrop wiselyinto solution A under constant stirririgr 30
min. The resultinggelwas dried iran oven at 100 °C fd4 h. Afterwards the powders wer
calcinedin a muffle furnaceat various temperatures (500 °C, 600 700 °C, 750 °C, 800
°C, 850 °Cand900 °C) at a ramp rate of 10 °C/min for 2The samples were synthesized
using various mol %of In. The assynthesizedamplessuch assuch as Gnol % In-TiOo, 2
mol % InTiO2, 4 mol % InTiO2, 8 mol % InTiO2 and 16mol % InTiO2 were labelled as
Tiln-0, Tiln-2, Tiln-4, Tiln-8 and Tilr16, respectivelyPure TiQ was synthesizedsingthe

same pocedure without the addition &f precursor

2.2. Density functional theory (DFT) studies

DFT calculations werearried outusing the VASP5.2> 52code with projector augmented
wave 53 54 (PAW) potentials toaccountfor the corevalence interactionTitanium (Ti) is
described with 12 valence electrommxygen () with six andindium (n) with 13. The
energy cubff for the plane wave basis set is 400 aNd the convergence criterion for
electronic relaxations is f®&V. Indium(In) was substitutionally doped onto two Ti sites in a
(2 = 2 % 1) anatase supercell, to give a dopant concentration of 12.5Atg¥eviousstudy
revealedhatinterstitial sites have highr formation energies relative to substitutional doping
49 Therefore, interstitial sites were not considered in this sflidg.bulk lattice parameters
of the anatase unit cell were complites: a = 3.791 A and b = 9.584 A.
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After substituting two In ions for Ti, two relaxations were performed; the first in which
only the ionic positions were relaxed (supercell with dimensions fixed to thoperef
anatase) and in the second a full relexabf both ionic positbns and supercell parameters
After the latter relaxatignthe lattice dimensions expand in response tddping; the unit
cell parameter®f In-doped TiQ are a = 3.830 A and ¢ = 9.999 A, correspondingrto
increaseof 1% and 4%yespectively. These changes in the lattice dimensions are small and
any impact on the computed properties is expected to be negligible.

A (4 x 4 x 4) k-point sampling grid was used and structunese relaxed until forces
were less than 0.01 eV/A. Calations were sphpolarized and no symmetry constraints
were imposed. The calculations include ansite@ Hubbard correction (DFT+UP 6 to
describe the partially filled TiBstate; U = 4.5 eV is applied to Bd stateswith this choice
for U informedby previous studie¥™2.

Oxygen vacancy formation is the mechanism of charge compensation in response to the
substitution of 1A* for Ti** ions. To study this, multiplexygen sites of the most stable In
doped structure were considered and the energy of formation was calculated via:

E¥e¢ = E(In,Ti,_,0,_,)+ 1/2E(0,) — E(In,Ti,_,0,) (1)

where E[:InxTii_x{l:_}.} is the total energy of hdoped TiQ with a charge

compensating oxygen vacancy agin, Ti,_..0,]) is the total energy of huloped TiQ. The
formation energy is referenced to half the total energy of Onegative value folE'?®
indicates that the vacancy will form spontaneously at 0 K. The energy cost to produce a
second, reducing oxygen vacancy is categ similarly using:

Erec — E[:IH_;.Ti-l—_xU: ' } T l.-"IIEE[G::I - E[:IH.A'Ti‘l—.xG:—.‘-'} (2)

—_
.

where E(In,Ti,_.0, ) is the total energy ofn doped TiQ with two oxygen
vacancies. The oxidation states were analysed through Bader charge &fhatysisomputed
spin magnetizations
To examine the presence of:@3, a nanocluster of ks compositionat the anatase
(101) surface (denotebIn4Os-al01)was consideredlhe anatase (101) support is ralbed
as a 12 atomic layer thick slab with{ ax 4) surface expansion and a vacuum gap oA20
For these calculations,-point sampling was performed at the gampoint and the

remaining computational parameters aomsistent withthosedescribedabove for the bulk
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calculations. The adsorption energytbé In4Os nanocluster at the anatase (101) surface is
computed as follows:

E® = EF(In,0,-a101) — E(a101) — E(In,0,) 3)

where the first, second and third terms on fiight-hand side refer to the total energf
nanoclustessurface composite, bare anatase (101) @nedgas phase W®e nanocluster,
respectively. The formation energiesof a single andreducing oxygen vacancy in the
supported nanoclustererecomputed usinghe following equation

E¥¢ = E(In,0, -a101) + 1/2E(0,) — E(In,0,-a101) (4)

2.3. Characterization

ART and theTiO: crystalline phasesvere studied with the help oK-ray diffraction
(XRD)using Cu KU r adi atthe®nfangeef10 °080 1ib & JieBnens m)
D500 XRD instrument The percentages of Tianatase and rutileere calculated though

the Spurr equatiofp %

1
140,800 (1017 /15 (110]]

Frp =

®)

Where R is the quantity of rutile phase;(IL01) and #(110) are the intenséds of anatase
and rutile peag respectively. Thaverage crystallite siazsasdeterminedising the Scherrer
equationl: ® ART was also analyzedia Raman spectroscopy (Horiba Jobin Yvan
LabRAM HR 800) with a grating of 300 gr/mmhe acquisition timef Raman analysiwas
3 secondsThe oxidation state of elements and thending inteactionsof In-TiO, were
examined by @ X-ray photoelectron spectroscopf{XPS; ThermoFisher Scientific
Instruments (East Grinstead, UKyith K-Alpha® spectrometgr The charge carrier
recombination processasstudiedin terms ofphotoluminescencéL) spetroscopywith an
excitation wavelength of 350 nithe photocatalytic activity0.5 g/L) was evaluatedusing
0.5 g/L of nanoparticlekor hydrogen (H) production in a 230 ml stainless steel reactor with
a quartz window. The experiments were carried outgudil5 ml of double distilled water
under simulated solar light irradiation (300 W ozone free Xe la@pjcerol (10 %) was
used as a sacrificial agentz glaswas analysethroughan Agilent gas chromatography (GC)
with thermal conductivitydetector(TCD) and flame ionization detectdFID). Carboxen

1000 packed column was used in the GC.

2.4. Photocurrent measurements:
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The nanoparticles were sonicated in methanol followed by spray coating on a clean
titanium foil ®. The spraycoated samples were annealed at 400 °C (raf@pr@in’ up, 2°C
min? down) to enhance the adhesion and ipiticle cohesionThe final loading of the
samples was 1 mg.chon a 2 cm photoactive area. Electrical contact to the Ti foil was made
with copper wire using silver epoxy. The contact and any are not coated withw&i®
insulatedby SU8 (MicroChem) phatresist.The photocurrent measurements were performed
using an Autolab PG30 electrochemical workstation coupled with the irradiation source of
450 W Xe lamp. The measurements under irradiated and dark conditions were obtained using
a Uniblitz chopper in fsnt of the irradiation source. Electrochemical measurements were
performed in a&hreeelectrode cell using platinum mesh as counter electrode and saturated
calomel as reference electrode. The electrochemical cell was equipped with a quartz window
to irradiate the working electrode. 0.1 M perchloric acid was used as an electrolyte and all
potentials are reported relative to saturated calomel electrode (SCE). The photocurrent

responses were measured at a fixed potential of +1.0 V.

3. Results and Discussion

Theimpact of In doping on the ART dfiO2 samplessynthesizedit variouscalcination
temperatures500 °C, 600 °C, 700 °C, 750 °C, 800 °C, 850 °C and 9Q@v&ze examined
by XRD. The changes in the lattice parameters o ByOIn doping was studied Hgaman
spectroscopy. The bonding interactiprfermation of new energy leveland oxygen
vacancies of kTiO. frameworkwere investigated througDFT andXPS. The results were

compared with pure Tifanatase and rutile.

Density functional theory (DFT) calculatns:

Fig. 1 (a) shows the2 x 2 x 1) anatase supercell and the local atomic structure in the
vicinity of In dopantsThe most favourable dopant configuration is that in which both In ions
are incorporated at Ti sites in the same(001) sublattice plane, as shown irFig. 1.
However, a number of other configurations were very close in energy (withib.@12eV
per TiG: unit). The geometry about the dopant sites is symmetri@. dhistances are 2.22 A
for apical (Oap) and 2.03 A for equatoriglOeq Oxygen sites. These values compare with
values of 2.00 A and 1.94 for equivalent THO distances in wdoped anatase. Replacing
two Ti*" with two In®" ions means a deficit of two valence electrons, aind this
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computational set ypghe excess charge is dibtited over all O ions in the supercell as
shown inFig.1 (b).

Applying the GGA+U to the O®states, with U = 5.5 eV, yields a solution in which the
excess charge is distributed only over the O fonsid at apical positions relative to the-In
dopants. Bder charges for these sites decrease from 7.2 to 7.1 electrons and computed spin
magnetizations are 0£%. After this localization of charge each-@yp distance increases to
2.24A. If we now distort the initial structure about the dopant sites to break the symmetry,
the geometry relaxes to an asymmesotution, whichis more favourable than the symmetri
solution by 0.34 eV Kig. 1(c)). In this configuration, the excess charge localizes
predominantly on a single apical oxygen site neighbouring eadodant. The @mputed
Bader charges decrease from 7.2 to 6.8 electronshammbmputed spin magnetizatie are

0.7 ¢g for theseoxygensites, indicating the formation of oxygen polarons)  #° It is this

localization of charge which prodes the asymmetric geometry distortion-andistances
are 2.31 A, InOap distances are 2.19 A and-@yq distances are 2.62.05 A.

Fig. 1 Panel(a) shows the positions of {dopant in the anatase lattice. Pafi®l showsthe excess

spin density plot for the computational set up with no +U correction on thp €lags. Pangk)

shows the excess spin density plot for the computational set up with an additional +U correction on
the O 2 states and for which the geometrysagistorted from symmetry prior to relaxation. Ti is
represented by grey spheres, O by red spheres, In by green spheres and the oxygen hole polarons (O

are highlighted in yellow. The blue ismrface encloses spin densities up to 0.02 elecfkéns/

Oxygen vacancy formation is the mechanism by which the charge mismatch that results

from substitution of Ti ions with lower valent-ifopants is compensatéd The computed
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formation energies for a single compensating oxygen vacancy were in the@&eV to
+0.84 eV, depending on the €lite consideredThe negative oxygen vacancy formation
energyconfirms that the charge compensated structure is favoufadneation of the most
stable vacancy was more favourable than the next most stable by 0.12 eV and the resulting
geometry is shown ithe top panels ofFig. 2. The most stable oxygen vacancy in the fully
relaxed structure has a formation energy-@fll eV, which shows that oxygen vacancy
formation takes place to charge balance the In dopérg. removed O ion was in an
eqguatorial posion relative to the dopant andafter formation of a vacancy at this site, the
neighbouring Ti and In sites are fifeld coordinated. The Ti ions move off their lattice sites
by 0.2 A away from the vacancy and theT'idistances opposite the vacancg shortened

by 0.160.14 A relative to the bond lengths prior to vacancy formation. THi®pant moves
0.2 A closer to the vacancy andince there are no oxygen polarons after charge
compensationthe IO, distances are shortened to 2.09 and A1%he remaining IFOgq
distances are 2.68.08 A For the second ‘dopant, away from the vacancy site, theOlp
distances are 2.14 and 2A%&nd the IrOeqdistances are 2.62.12 A.

Formation of a second, reducing oxygen vacancy, which is implicate@ iRf, was
consideredand the computed formation energies lie in the range of3@®0DeV. Energies at
the lower end of this range mean that theldéped system is reduciblith moderate energy
costs and, given the elevated preparation temperatuoes$, ieducing oxygen vacancies will
be expected to formin the fully relaxed super celhe most stable reducing oxygen vacancy
forms with an energy cost of 4.41 eV. While this cost is lattggmthat in the fixed supercell,
it is still moderate whercompared with an energy cost of 5.2 eV to produce a single,
reducing oxygen vacancy in thig x 2 x 1) un-doped anatase supercell, computed with the
same input parameter§he most stable site for the formation of a reducing vacancy is an
equatorial site othe second hdopant as shown in the bottom panels l6fy. 2. In this
instancethe Indopants move 0.4 off the lattice site and towards the vacancy sites, while
the Ti ions move 0-D.3 A outwards from the vacancy sites. The geometry in the vicihity o
both Indopant is similar; the kDap distances are 2.18 A, two-Deq distances are 2.10 A and

the third, opposite the vacancy, is longer2.22 A.
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Fig. 2. The top panels display distortions to the latbéen-dopedanatase Ti@in response

to the charge compensating oxygen vacancy. Bottom panels show the atomic structure after
formation of a second, reducing oxygen vacancy. Thplage geometry, shown {@&) and

(d), and the xzplane geometry, shown ifb) and (e), highlight the movement of the 4n
dopants towards the vacancy sites and the movement of Ti ions away from the vacancies,
represented by black circles. Paige) and (f) indicate the cations to which the removed

oxygen ions were bound.

With two oxygen vaancies in Irdoped anatase, there is an excess of two electrons and
the computed Bader charges reveal that some of this charge is distributed over the cations to
which the removed oxygen ions were bound. For theolmants the Bader charges increase
froml1. 0 to 11.5 electrons and thegcPEortheTi es ha
sites the Bader charges increase from 9.6 to 9.7/9.8 electrons, where the vacancy sits in an

equatorial/apical position relative to the Ti ion. Similarly, these Ti $ite® computed spin
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magneti zat i esnTheseovalued indrtlzulal those for the spin magnetization,
indicate that the excess electrons are not fully localized. The excess spin densityfitpts in
3 show that the charge is distributed osie of the removed oxygen atom, similar to an F

centre, and with some localisation onto neighbouring Ti and In sites.

Fig. 3 Excess spin density plot showing the localization of electrons after formation of a
second, reducingxygen vacancy in hdoped anatase TiOPanels(a), (b) and(c) display
the geometry in the xplane, xzplane and from an angled view. The yellow isosurface

encloses spin densities up to 0.02 electrohs/A

The energy cost to produce a third oxygen vacascin the range of 5:5.9 eV,
depending on the vacancy sifehis can be compared with an energy cost of 5.2 eV to
produce a single, reducing oxygen vacancy in{ihex< 2 x 1) un-doped anatase supercell,
computed with the same input parameters. Thansdoping can lead to less favourable
vacancy formation, althoughe precise details of the ART mechanism is reported to be more
complex than oxygen vacancy formatfSr’.

The projectd electronic density of states (PEDOS) plots are showamgird for (a) un
doped anatase, (c) the ground stateldped system, with a single, compensating oxygen
vacancy, and (d) the reduceddoped system, with two oxygen vacancies. For reference, the
computed PEDOS for doped anatase prior to charge compensation is showig.id (b).
However, as this does not represent a physical systeloe tooxygen vacancieorming
spontaneouslgt O K it is included only for completeness

For the ground sta In-doped system, the PEDOS plothig. 4 (c) yields a band gap of
2.44eV, whichcompares with a value of 2.70 eV for thedoped system. For the PEDOS
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plot in Fig. 4 (d), the titaniaderived band gap is 2.49 eV and states emerge in this gap which
arise due to cation reduction in response to formation of a second, reducing oxygen vacancy
and are associated with the spin denagghown inFig. 3. The first peak emerges at 1.59 eV
above the valence band max (VBM) of the Tibst and is associated withe singly
occupied, Sorbitals of the Indopants. The next states lie higher in energy, at 2.17 eV above
the TiQ VBM, and are derived from the empty &bitals of the Irdopants.

Anatase-TiO, In-anatase-TiO,

e
i

..................................................

-6 -4 -2 0 2 4 6 -6 -4 -2 0 2 4 6
Energy/eV — Ti3d Energy/eV
— 02p
In 5s (x 10)
In-anatase-Ti0,-0Ov1 In 5p (x 10) In-anatase-TiO,-0v2
c d
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M
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E
P>

(=31

6 4 -2 0 2 4 6 -6 -4 -2
Energy/eV Energy/eV
Fig. 4. Projected electronic density sfates (PEDOS) computed f@) undoped anatase afio)) In-
doped anatase with no oxygen vacancies are included for reference. The PEDOS of the ground state
structure, with a single, charge compensating oxygen vacancy and the reduced system with two

oxygenvacancies are shown in pan@¥and(d).

To examine the influence of J@3 on the properties of {doped anatase, a model of an
In4Os Nanocluster modifying the anatase (101) surfacgO¢hal01) was implemented. The
computed adsorption energy 18.42 eV, showing that the clustsurface interaction is
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favourable. However, at high calcination temperatures, it is possible that the nanoclusters will
desorb or migrate and aggregate at the surface to form larger nanoclusters. The latter
eventuality wouldéad to enhanced4@s signals in the XRD spectrum.

The relaxed structure of stoichiometria@a-al101 is shown irFig. 5 (a). InkOe binds to
the surfacevia the formation of three h® and three FO bonds. Three In ions are feimid
coordinated and thieurth In ion is thredold coordinated; IrO bond lengths are in the range
1.962.19A. Three cluster O ions are thrémd coordinated and the remaining three O ions
are doubly coordinated. The interfaciat@idistance is 1.88.08 A. The computed Bade
charges for In ions in the stoichiometric cluster are-11.3 electrons, to which we ascribe
an oxidation state of #.

The formation energy for the most stable oxygen vacancy in the suppod@e In
nanocluster is computed as 2.19 eV. The relaxedtatel of InOs-a101 is shown itrig. 5
(b). In this configuration, there are seven interfacial bonds (fe@ &md three FO bonds);
In-O distances are in the range 22086 A and interfacial TO distances are 1.8896 A.
Two electrons are releasedeafthe formation of a neutral oxygen vacancy and these localise
at In ions, as shown in the excess spin density pigt § (b)); the Bader charges for these
sites increase from 11.2 and 11.3 electrons to 11.8 electrons. Electron localisation is further
confirmed by computed s pi g Bavad@mtbesd resalts, iar@n s
given the moderate oxygen vacancy formation energy, show@ form at the anatase
surface, In ions will be present in a mixture of oxidation states. In partitatatisation of
charge at In ions at the surface will contribute to the photocatalytic activity.

The PEDOS of Ii0s-a101 and 150s-a101 are shown iRig. 6 (&) and 6b), respectively.
For IiOs-al101, states derived from cluster O ions extend to U.aAl®ve the VBM of
titania. In addition, Irderived states emerge in the bandgap at 0.5 eV below the CBM. For
the reduced system ¢@s-al101), cluster O [2derived states persist to 0.4 eV above the
VBM and additional Irderived occupied states emergeha titania bandgap at 1.3 eV above
the VBM. For both stoichiometric i®s-al01 and reduced 40s-al01l systems, these
features suggest a ratiift in the light absorption edge and could enhance the lifetime of

charge carriers on the photocatalyst surfaceasgpared to bare anatase (101).
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Fig. 5. The rlaxed atomic structure @) stoichiometric 160s-a101 andb) reducedn.Os-al01. The
yellow isosurface encloses spin densities up to 0.02 eleckéns/

In406—aTi02—(101) 1I1405—3Ti02—(101)

— Ti3d
— Os2p
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Fig. 6. Projected electronic density of stat€EDOS) computed fofa) stoichiometric 1n0s-a101
and(b) reducednsOs-a101

X-ray diffraction:

XRD patterns of pristine Ti®and InTiO2 calcined at 500 °C, 700 °C, 800 °C and
900 °C are shown in Fig. The percentages ahatase and rutile phasedmrTiO> samples
are given in Table 1. At 500 °C, the diffraction peaks of all samples are matched with the
anatase phase TiOUndopedTiO: is almost transformed intthe rutile phase (90 % rutile
and 10 % anatase) when the calcination temperature isgsct¢o 600 °C. Nevertheless, the
anatase phase is well retained foiTi®2 samples up to 700 °C. A mixture of anatase and
rutile phasess formed for InTiO2 samples at 800 °C (Fi§.(a)). Moreover, some additional
peaks also appeadue to the formatio of indiumtrioxide (In2Oz). The peak intensities for

indium oxide are increased with increase of In dopant concentration. All samples completely
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transformto rutile at 900 °C calcination temperature. FoiTI®: (especially at 600 °C, 700

°C and 800 °C)the (101) anatase peak is slightly shifted after In doping, suggesting the
substitution of T ions by Ir#* ions in the crystal lattice of T¥3® ®° This is ascribed tthe

fact thatthe lattice parameters and cell volume ofTi®, being larger tharpure anatase
TiO2. Tiln-2 (at 800 °C) and Tiki6 (at 800 °C) samples showed remarkable anatase and
rutile percentages with respect to commercial .Tf25. The crystallite size of Ti®is
gradually reduced with increase of In contgiig. 8 (b)). This is ascribed to the
crystallization and agglomeration of TiMeing retarded by In dopindg®’2 TiO, crystal
framework may be stressed by the substitution 6f dii superficial Q ions by Irf* ions and

the OTi-OH surface bonds are affected by In dopingVvang et al. *® suggested that the
increase of In concentration (from 5 to 10 %) in Ff@vours the rutile formation in small
amounts at the calcination tperature of 450 °C. However, in this present work, the rutile
formation is highly restricted up to 700 °C by In dopiktnojosaReyeset al. ’° found that

the anatasphase could be retained up to 1000 °C by In dopiitly a decreasedalcination

time of 30 min These results suggest that the calcination tamalsoplay a role in the ART

of In-TiO2. Moreover the calcination time of 2 h gufficientfor the complet transformation

of anatase to rutilelhe lattice constanta@ndc) and cell volumeY) were calculated for the
samples (0 % KTiO2 @500 °C, 2 % IATiO2 @750 °C, 4% IATiO2, @750 °C and 16 % in

TiO2> @800 °C) with high anatase contéritable S). The cdl volume (from 135.4 to 135.8)
and | atticoe( tooamt 8n#8 0 tanatBse &rd 3lightty fincrgased ater T i O
doping with In. The results revealed that the impact of In doping on the anatase lattice

parameters are negligible.

(b)
(@)
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