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Abstract:  

 The thermal stability of anatase titanium dioxide (TiO2) is a prerequisite to fabricate 

photocatalyst coated indoor building materials for use in antimicrobial and self-cleaning 

applications under normal room light illumination. Metal doping of TiO2 is an appropriate 

way to control the anatase to rutile phase transition (ART) at high processing temperature. In 

this present work, ART of indium (In) doped TiO2 (In-TiO2) was investigated in detail in the 

range of 500 °C ï 900 °C. In-TiO2 (In mol % = 0 to 16) was synthesized via a modified sol-

gel approach. These nanoparticles were further characterized by means of powder X-ray 

diffraction (XRD), Raman, photoluminescence (PL), transient photocurrent response, and X-

ray photoelectron spectroscopy (XPS) techniques. XRD results showed that the anatase phase 

was maintained up to 64 % by 16-mol % of In doping at 800 °C of calcination temperature. 

XPS results revealed that the binding energies of Ti4+ (Ti 2p1/2 and Ti 2p3/2) were red-shifted 

by In doping. The influence of In doping on the electronic structure and oxygen vacancy 

formation of anatase TiO2 was studied using density functional theory corrected for on-site 

Coulomb interactions (DFT+U). First principles results showed that the charge compensating 

oxygen vacancies form spontaneously at sites adjacent to the In dopant. DFT+U calculations 

revealed the formation of In - 5s states in the band gap of the anatase host. The formation of 

In2O3 at the anatase surface was also examined using a slab model of the anatase (101) 
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surface modified with a nanocluster of composition In4O6. The formation of a reducing 

oxygen vacancy also has a moderate energy cost and results in charge localisation at In ions 

of the supported nanocluster. PL and photocurrent measurements suggested that the charge 

carrier recombination process in TiO2 was reduced in the presence of In dopant. The 

photocatalytic activity of 2 % In-TiO2 calcined at 700 °C is more comparable with that of 

pure anatase.   

Keywords: Photocatalysis; Titania; Dopant: Phase stability; Nanomaterials 

 

1. Introduction:  

Titanium dioxide (TiO2) is one of the most popular nano-materials in recent decades for 

its energy (solar cell 1, water splitting 2, CO2 conversion/reduction 3) and environmental 

(antimicrobial 4, self-cleaning 5, removal of toxic air/water pollutants 6, 7) applications under 

UV/visible light illumination 8. Pure TiO2 is commonly photo-activated by UV light owing to 

its wide band gap (3.2 eV for anatase and 3.0 eV for rutile phase TiO2) 
7, 9. Surface decoration 

10, 11 or inclusion of appropriate materials 12-14 in TiO2 can favour its visible light absorption 

for practical applications. Among the three crystalline phases of TiO2 (such as anatase, rutile 

and brookite), the anatase phase shows maximum photocatalytic activity 15. The lifetime of 

photo-generated charge carriers in the anatase phase is longer than that of rutile and brookite 

phases 16. However, many of the commercial TiO2 products available in the market have a 

mixture of ~80 % anatase and ~20 % rutile phases (e.g. Degussa P25) 17, 18. It is perceived 

that a mixed phase composition of TiO2 with a high percentage of anatase (more than ~ 60 

%) would reduce the charge carrier recombination process and enhance the photocatalytic 

efficiency 19. Therefore, TiO2 anatase could be used as an excellent additive in the 

manufacturing of building materials (especially ceramic tiles sanitary ware, and glass) for 

indoor air purification, antimicrobial coatings and self-cleaning surfaces under normal room 

light illumination 20-22. However, most of these indoor building materials are processed and 

manufactured at high temperatures in the range of 600 °C to 1000 °C. Usually, the anatase 

phase of TiO2 is thermodynamically not stable over 600 °C, due to its low surface free energy 

23-25. At high temperatures, the photoactive TiO2 anatase phase will be converted into the less 

photoactive rutile phase TiO2. Kinetic studies have revealed that the complete transition of 

anatase to rutile of TiO2 occurs in the temperature range of 673 °C - 728 °C 26. Therefore, a 

thermally stable TiO2 anatase photocatalyst is required for applications in indoor building 

materials 20, where the high temperature processing is used. ART temperature generally relies 
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on various factors, such as the synthesis method, existence of impurities/dopants, and 

atmosphere 23. Doping of TiO2 using metal/non-metal ions is one of the most convenient and 

cost-effective approaches to tune the band-gap energy for visible light absorption and to 

control the ART at high temperatures 19, 27-35. ART of metal doped TiO2 is influenced by the 

ionic radius, oxidation state and bonding nature of the dopant 23. 

Recently, the ART of cobalt doped TiO2 (Co-TiO2) was studied at a single calcination 

temperature of 600 °C and a dopant (Co) concentration in the range of 0 % to 4 mol % 36. The 

results revealed that ART of TiO2 was promoted by Co doping. 4 % of Co doping in anatase 

produced a mixture of 78 % rutile and 22 % anatase at 600 oC.  In another study, the ART of 

TiO2 was studied using silicon (Si) dopant 37. The anatase phase of TiO2 was well maintained 

until 800 °C by 0.25% Si doping, with 90 % anatase and 10 % rutile. ART of TiO2 has been 

shown to be promoted by tungsten (W) 38 and vanadium (V) doping 39. The phase 

transformation was promoted up to 50 ppm of W6+ and it was inhibited thereafter (> W6+ 50 

ppm; calcination 500 °C) [37]. 100 % rutile was formed by the addition of 6 at.% of V at a 

calcination temperature of 550 °C [38]. In a recent study, it was observed that the anatase 

phase of TiO2 nanowires was well retained with Ti3+ self-doping up to a calcination 

temperature of 800 °C 40. 

Indium (In) is a transition metal with 5s2 5p1 electronic configuration and it generally 

takes a +3 oxidation state. It has the tendency to create oxygen vacancies in TiO2 
41, 42. 

Indium is considered as an effective dopant for TiO2, owing to its electronic properties and 

low toxicity 42, 43. Doping of such metal ions into TiO2 would be beneficial to enrich the 

photocatalytic activity 44 via inhibiting the photo-generated charge-carrier recombination and 

promoting the adsorption of microbes/pollutants on the active sites of photocatalyst 42, 45. In 

doped TiO2 was studied for the photocatalytic reduction of carbon dioxide (CO2) under UV 

light irradiation 42, 46. The dopant concentration was examined in the range of 0 wt % to 20 wt 

% and the calcination temperature was fixed at 500 °C for 5 h. The results revealed that no 

phase transition occurred in In-TiO2 during this calcination step. The CO2 reduction 

efficiency was increased significantly for the In-doped samples as compared to pure TiO2. 

The efficiency of 10 wt % In-TiO2 was 7.9 fold higher than that of un-doped TiO2. Wang et 

al. 47 reported the visible light assisted photocatalytic efficiency of In-TiO2 for the 

degradation of 4-chlorophenol. In was studied in the range of 3 mol % to 15 mol % and the 

calcination temperature was fixed at 450 °C for 2.5 h. These results suggest that the electron-
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hole recombination was minimized and the photocatalytic activity was enhanced by In 

doping, which helps to stabilize the anatase phase. 

First principle studies of In-doped TiO2 are sparse in the literature. Wang et al. 

reported the visible light assisted photocatalytic activity for In-TiO2 anatase, which was 

attributed to the presence of a surface species, O-In-Clx (x = 1 or 2) 47. This species 

introduced a surface state energy level at 0.3 eV below the TiO2 CB. This work was followed 

with a study of TiO2 co-modified with N and In, which included DFT calculations of the 

electronic band structure and density of states (DOS) for In-TiO2 
48. While details of the exact 

computational set-up are lacking, the authors reported that In-derived states emerge at 0.5 eV 

below the TiO2 CB, in their generalized gradient approximation (GGA) calculations. Charge 

compensation via oxygen vacancy formation in In-TiO2 rutile was previously studied using 

standard DFT, DFT+U and hybrid DFT 49. A recent GGA study presented an analysis of the 

band structure and DOS for stoichiometric and charge compensated In-TiO2 anatase 50. The 

details regarding the oxidation states, oxygen vacancy formation, reduction and charge 

localization were not provided.  

There are no comprehensive or systematic studies available in the literature on the 

ART of In-TiO2. In this paper, we study the ART of In doped TiO2 (In-TiO2) nanoparticles 

calcined for 2 h temperatures in the range of 500 °C to 900 °C; this includes temperature at 

which undoped anatase transforms to rutile. In-TiO2 was synthesized using a sol-gel 

technique with different mol percentages of In (0 %, 2 %, 4 %, 8 % and16 %). The 

calculations of the energetics involved in 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 through DFT. ART 

was studied in detail by DFT, XRD, XPS, PL and Raman spectroscopy techniques. The 

anatase phase of TiO2 is well maintained by the In dopant till 800 °C. The charge carrier 

recombination is highly minimized via the formation of In 5s states between the conduction 

band (CB) and valance band (VB) of TiO2. 

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 localisation of charge in the 

vicinity of the In-dopant after the formation of a reducing oxygen vacancy, occupied states 

emerge in the bandgap of TiO2. A model of a nanocluster of composition In4O6 at the anatase 
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(101) surface (denoted In4O6-a101) was considered to examine the impact of In2O3 formation 

at high calcination temperatures. 

 

 

2. Materials and methods 

All the materials used were of analytical grade and they were used as received without 

further purification. Double distilled water was used in the experiments. 

 

2.1. Synthesis of indium doped TiO2 (In -TiO2): 

2 mol % In-TiO2 was synthesized through a sol-gel technique as follows: In a typical 

experiment, 38 ml of titanium isopropoxide (TTIP) was taken in 200 ml of isopropanol and 

the mixture was stirred for 15 min at RTP (solution A). 0.786 g of indium nitrate 

(In(NO3)3.xH2O) was dissolved separately in 200 ml of double distilled water (solution B) at 

RTP. Then, solution B was added drop wisely into solution A under constant stirring for 30 

min. The resulting gel was dried in an oven at 100 °C for 24 h. Afterwards, the powders were 

calcined in a muffle furnace at various temperatures (500 °C, 600 °C, 700 °C, 750 °C, 800 

°C, 850 °C and 900 °C) at a ramp rate of 10 °C/min for 2 h. The samples were synthesized 

using various mol % of In. The as-synthesized samples such as such as 0 mol % In-TiO2, 2 

mol % In-TiO2, 4 mol % In-TiO2, 8 mol % In-TiO2 and 16 mol % In-TiO2 were labelled as 

TiIn-0, TiIn-2, TiIn-4, TiIn-8 and TiIn-16, respectively. Pure TiO2 was synthesized using the 

same procedure without the addition of In precursor. 

 

2.2. Density functional theory (DFT) studies: 

DFT calculations were carried out using the VASP5.4 51, 52 code with projector augmented 

wave 53, 54 (PAW) potentials to account for the core-valence interaction. Titanium (Ti) is 

described with 12 valence electrons, oxygen (O) with six and indium (In) with 13. The 

energy cut-off for the plane wave basis set is 400 eV and the convergence criterion for 

electronic relaxations is 10-5 eV. Indium (In) was substitutionally doped onto two Ti sites in a 

 anatase supercell, to give a dopant concentration of 12.5 at.%. A previous study 

revealed that interstitial sites have higher formation energies relative to substitutional doping 

49 . Therefore, interstitial sites were not considered in this study. The bulk lattice parameters 

of the anatase unit cell were computed as: a = 3.791 Å and b = 9.584 Å.   
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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 those of pure 

anatase) and in the second a full relaxation of both ionic positions and supercell parameters. 

After the latter relaxation, the lattice dimensions expand in response to In-doping; the unit 

cell parameters of In-doped TiO2 are a = 3.830 Å and c = 9.999 Å, corresponding to an 

increase of 1% and 4%, respectively. These changes in the lattice dimensions are small and 

any impact on the computed properties is expected to be negligible.  

A  k-point sampling grid was used and structures were relaxed until forces 

were less than 0.01 eV/Å. Calculations were spin-polarized and no symmetry constraints 

were imposed. The calculations include an on-site Hubbard correction (DFT+U) 55, 56 to 

describe the partially filled Ti 3d state; U = 4.5 eV is applied to Ti 3d states, with this choice 

for U informed by previous studies 57-61.  

Oxygen vacancy formation is the mechanism of charge compensation in response to the 

substitution of In3+ for Ti4+ ions. To study this, multiple oxygen sites of the most stable In-

doped structure were considered and the energy of formation was calculated via: 

    (1) 

 

where  is the total energy of In-doped TiO2 with a charge 

compensating oxygen vacancy and  is the total energy of In-doped TiO2. The 

formation energy is referenced to half the total energy of O2. A negative value for Evac 

indicates that the vacancy will form spontaneously at 0 K. The energy cost to produce a 

second, reducing oxygen vacancy is computed similarly using: 

   (2) 

where  is the total energy of In doped TiO2 with two oxygen 

vacancies. The oxidation states were analysed through Bader charge analysis 62 and computed 

spin magnetizations 

To examine the presence of In2O3, a nanocluster of In4O6 composition at the anatase 

(101) surface (denoted as In4O6-a101) was considered. The anatase (101) support is modelled 

as a 12 atomic layer thick slab with a ) surface expansion and a vacuum gap of 20 Å. 

For these calculations, k-point sampling was performed at the gamma-point and the 

remaining computational parameters are consistent with those described above for the bulk 
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calculations. The adsorption energy of the In4O6 nanocluster at the anatase (101) surface is 

computed as follows: 

                  (3) 

where the first, second and third terms on the right-hand side refer to the total energy of 

nanocluster-surface composite, bare anatase (101) and the gas phase In4O6 nanocluster, 

respectively. The formation energies of a single and reducing oxygen vacancy in the 

supported nanocluster were computed using the following equation: 

      (4) 

 

2.3. Characterization: 

ART and the TiO2 crystalline phases were studied with the help of X-ray diffraction 

(XRD) using Cu KŬ radiation (ɚ= 0.15418 nm) in the 2ɗ range of 10 °- 80 ° in a Siemens 

D500 XRD instrument. The percentages of TiO2 anatase and rutile were calculated though 

the Spurr equation 25, 63: 

                      (5) 

Where FR is the quantity of rutile phase; IA(101) and IR(110) are the intensities of anatase 

and rutile peaks, respectively. The average crystallite size was determined using the Scherrer 

equation 11, 64. ART was also analyzed via Raman spectroscopy (Horiba Jobin Yvan 

LabRAM HR 800) with a grating of 300 gr/mm. The acquisition time of Raman analysis was 

3 seconds. The oxidation state of elements and the bonding interactions of In-TiO2 were 

examined by an X-ray photoelectron spectroscopy (XPS; ThermoFisher Scientific 

Instruments (East Grinstead, UK) with K-Alpha+ spectrometer). The charge carrier 

recombination process was studied in terms of photoluminescence (PL) spectroscopy with an 

excitation wavelength of 350 nm. The photocatalytic activity (0.5 g/L) was evaluated using 

0.5 g/L of nanoparticles for hydrogen (H2) production in a 230 ml stainless steel reactor with 

a quartz window. The experiments were carried out using 115 ml of double distilled water 

under simulated solar light irradiation (300 W ozone free Xe lamp). Glycerol (10 %) was 

used as a sacrificial agent. H2 gas was analysed through an Agilent gas chromatography (GC) 

with thermal conductivity detector (TCD) and flame ionization detector (FID). 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 65. The spray-coated samples were annealed at 400 °C (ramp 2 oC min-1 up, 2 oC 

min-1 down) to enhance the adhesion and inter-particle cohesion. The final loading of the 

samples was 1 mg.cm-2 on a 2 cm2 photoactive area. Electrical contact to the Ti foil was made 

with copper wire using silver epoxy. The contact and any are not coated with TiO2 were 

insulated by SU8 (MicroChem) photoresist. 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 front of the irradiation source. Electrochemical measurements were 

performed in a three-electrode 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 

The impact of In doping on the ART of TiO2 samples synthesized at various calcination 

temperatures: 500 °C, 600 °C, 700 °C, 750 °C, 800 °C, 850 °C and 900 °C, were examined 

by XRD. The changes in the lattice parameters of TiO2 by In doping was studied by Raman 

spectroscopy. The bonding interactions, formation of new energy levels and oxygen 

vacancies of In-TiO2 framework were investigated through DFT and XPS. The results were 

compared with pure TiO2 anatase and rutile. 

 

Density functional theory (DFT) calculations: 

Fig. 1 (a) shows the  anatase supercell and the local atomic structure in the 

vicinity of In dopants. The most favourable dopant configuration is that in which both In ions 

are incorporated at Ti sites in the same Ti (001) sub-lattice plane, as shown in Fig. 1. 

However, a number of other configurations were very close in energy (within 0.2-6.0 meV 

per TiO2 unit). The geometry about the dopant sites is symmetric. In-O distances are 2.22 Å 

for apical (Oap) and 2.03 Å for equatorial (Oeq) oxygen sites. These values compare with 

values of 2.00 Å and 1.94 Å for equivalent Ti-O distances in un-doped anatase. Replacing 

two Ti4+ with two In3+ ions means a deficit of two valence electrons and, in this 



Please cite this paper as J. Phys. Chem. C 2019, 123 (34), 21083ī21096 

 

Please cite this paper as J. Phys. Chem. C 2019, 123 (34), 21083ī21096 

 

computational set up, the excess charge is distributed over all O ions in the supercell as 

shown in Fig.1 (b).  

Applying the GGA+U to the O 2p states, with U = 5.5 eV, yields a solution in which the 

excess charge is distributed only over the O ions found at apical positions relative to the In-

dopants. Bader charges for these sites decrease from 7.2 to 7.1 electrons and computed spin 

magnetizations are 0.3 ɛB. After this localization of charge each In-Oap distance increases to 

2.24 Å. If we now distort the initial structure about the dopant sites to break the symmetry, 

the geometry relaxes to an asymmetric solution, which is more favourable than the symmetric 

solution by 0.34 eV (Fig. 1(c)). In this configuration, the excess charge localizes 

predominantly on a single apical oxygen site neighbouring each In-dopant. The computed 

Bader charges decrease from 7.2 to 6.8 electrons and the computed spin magnetizations are 

0.7 ɛB for these oxygen sites, indicating the formation of oxygen polarons (O-) 30, 49. It is this 

localization of charge which produces the asymmetric geometry distortion. In-O- distances 

are 2.31 Å, In-Oap distances are 2.19 Å and In-Oeq distances are 2.02-2.05 Å. 

 

 

Fig. 1 Panel (a) shows the positions of In-dopant in the anatase lattice. Panel (b) shows the excess 

spin density plot for the computational set up with no +U correction on the O 2p states. Panel (c) 

shows the excess spin density plot for the computational set up with an additional +U correction on 

the O 2p states and for which the geometry was distorted 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 iso-surface encloses spin densities up to 0.02 electrons/Å2. 

 

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

from substitution of Ti ions with lower valent In-dopants is compensated 45. The computed 
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formation energies for a single compensating oxygen vacancy were in the range -0.24 eV to 

+0.84 eV, depending on the O site considered. The negative oxygen vacancy formation 

energy confirms that the charge compensated structure is favourable. Formation of the most 

stable vacancy was more favourable than the next most stable by 0.12 eV and the resulting 

geometry is shown in the top panels of Fig. 2. The most stable oxygen vacancy in the fully 

relaxed structure has a formation energy of -0.11 eV, which shows that oxygen vacancy 

formation takes place to charge balance the In dopant. The removed O ion was in an 

equatorial position relative to the In-dopant and, after formation of a vacancy at this site, the 

neighbouring Ti and In sites are five-fold coordinated. The Ti ions move off their lattice sites 

by 0.2 Å away from the vacancy and the Ti-O distances opposite the vacancy are shortened 

by 0.10-0.14 Å relative to the bond lengths prior to vacancy formation. The In-dopant moves 

0.2 Å closer to the vacancy and, since there are no oxygen polarons after charge 

compensation, the In-Oap distances are shortened to 2.09 and 2.15 Å. The remaining In-Oeq 

distances are 2.00-2.08 Å. For the second In-dopant, away from the vacancy site, the In-Oap 

distances are 2.14 and 2.19 Å and the In-Oeq distances are 2.02-2.12 Å. 

Formation of a second, reducing oxygen vacancy, which is implicated in the ART, was 

considered, and the computed formation energies lie in the range of 3.80-5.84 eV. Energies at 

the lower end of this range mean that the In-doped system is reducible, with moderate energy 

costs, and, given the elevated preparation temperatures, such reducing oxygen vacancies will 

be expected to form. In the fully relaxed super cell, the most stable reducing oxygen vacancy 

forms with an energy cost of 4.41 eV. While this cost is larger than that in the fixed supercell, 

it is still moderate when compared with an energy cost of 5.2 eV to produce a single, 

reducing oxygen vacancy in the  un-doped anatase supercell, computed with the 

same input parameters. The most stable site for the formation of a reducing vacancy is an 

equatorial site of the second In-dopant, as shown in the bottom panels of Fig. 2. In this 

instance, the In-dopants move 0.4 Å off the lattice site and towards the vacancy sites, while 

the Ti ions move 0.1-0.3 Å outwards from the vacancy sites. The geometry in the vicinity of 

both In-dopant is similar; the In-Oap distances are 2.18 Å, two In-Oeq distances are 2.10 Å and 

the third, opposite the vacancy, is longer, at 2.22 Å.  
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Fig. 2. The top panels display distortions to the lattice of In-doped anatase TiO2 in response 

to the charge compensating oxygen vacancy. Bottom panels show the atomic structure after 

formation of a second, reducing oxygen vacancy. The xy-plane geometry, shown in (a) and 

(d), and the xz-plane geometry, shown in (b) and (e), highlight the movement of the In-

dopants towards the vacancy sites and the movement of Ti ions away from the vacancies, 

represented by black circles. Panel (c) and (f) indicate the cations to which the removed 

oxygen ions were bound.  

 

With two oxygen vacancies in In-doped 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 the In-dopants the Bader charges increase 

from 11.0 to 11.5 electrons and these sites have spin magnetizations of 0.2 ɛB. For the Ti 

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 sites have computed spin 
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magnetizations of 0.1/0.2 ɛB. These values, in particular those for the spin magnetization, 

indicate that the excess electrons are not fully localized. The excess spin density plots in Fig. 

3 show that the charge is distributed over site 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, reducing oxygen vacancy in In-doped anatase TiO2. Panels (a), (b) and (c) display 

the geometry in the xy-plane, xz-plane and from an angled view. The yellow isosurface 

encloses spin densities up to 0.02 electrons/Å2 

 

The energy cost to produce a third oxygen vacancy is in the range of 5.1-5.9 eV, 

depending on the vacancy site. This can be compared with an energy cost of 5.2 eV to 

produce a single, reducing oxygen vacancy in the  un-doped anatase supercell, 

computed with the same input parameters. Thus, In doping can lead to less favourable 

vacancy formation, although the precise details of the ART mechanism is reported to be more 

complex than oxygen vacancy formation 66, 67. 

The projected electronic density of states (PEDOS) plots are shown in Fig. 4 for (a) un-

doped anatase, (c) the ground state In-doped system, with a single, compensating oxygen 

vacancy, and (d) the reduced In-doped system, with two oxygen vacancies. For reference, the 

computed PEDOS for In-doped anatase prior to charge compensation is shown in Fig. 4 (b). 

However, as this does not represent a physical system, due to oxygen vacancies forming 

spontaneously at 0 K, it is included only for completeness.  

For the ground state In-doped system, the PEDOS plot in Fig. 4 (c) yields a band gap of 

2.44 eV, which compares with a value of 2.70 eV for the un-doped system. For the PEDOS 
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plot in Fig. 4 (d), the titania-derived 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 density as shown in Fig. 3. The first peak emerges at 1.59 eV 

above the valence band max (VBM) of the TiO2 host and is associated with the singly-

occupied, 5s orbitals of the In-dopants. The next states lie higher in energy, at 2.17 eV above 

the TiO2 VBM, and are derived from the empty 5s orbitals of the In-dopants.  

 

Fig. 4. Projected electronic density of states (PEDOS) computed for (a) undoped anatase and (b) 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 

oxygen vacancies are shown in panels (c) and (d). 

 

 To examine the influence of In2O3 on the properties of In-doped anatase, a model of an 

In4O6 nanocluster modifying the anatase (101) surface (In4O6-a101) was implemented. The 

computed adsorption energy is -3.42 eV, showing that the cluster-surface 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 would lead to enhanced In2O3 signals in the XRD spectrum.   

The relaxed structure of stoichiometric In4O6-a101 is shown in Fig. 5 (a). In4O6 binds to 

the surface via the formation of three In-O and three Ti-O bonds. Three In ions are four-fold 

coordinated and the fourth In ion is three-fold coordinated; In-O bond lengths are in the range 

1.96-2.19 Å. Three cluster O ions are three-fold coordinated and the remaining three O ions 

are doubly coordinated. The interfacial Ti-O distance is 1.86-2.08 Å. The computed Bader 

charges for In ions in the stoichiometric cluster are 11.2-11.3 electrons, to which we ascribe 

an oxidation state of In3+. 

The formation energy for the most stable oxygen vacancy in the supported In4O6 

nanocluster is computed as 2.19 eV. The relaxed structure of In4O5-a101 is shown in Fig. 5 

(b). In this configuration, there are seven interfacial bonds (four In-O and three Ti-O bonds); 

In-O distances are in the range 2.06-2.36 Å and interfacial Ti-O distances are 1.88-1.96 Å. 

Two electrons are released after the formation of a neutral oxygen vacancy and these localise 

at In ions, as shown in the excess spin density plot (Fig. 5 (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 spin magnetisations of 0.3 and 0.4 ɛB. Based on these results, and 

given the moderate oxygen vacancy formation energy, should In2O3 form at the anatase 

surface, In ions will be present in a mixture of oxidation states. In particular, localisation of 

charge at In ions at the surface will contribute to the photocatalytic activity. 

     The PEDOS of In4O6-a101 and In4O5-a101 are shown in Fig. 6 (a) and 6 (b), respectively. 

For In4O6-a101, states derived from cluster O ions extend to 0.2 eV above the VBM of 

titania. In addition, In-derived states emerge in the bandgap at 0.5 eV below the CBM. For 

the reduced system (In4O5-a101), cluster O 2p-derived states persist to 0.4 eV above the 

VBM and additional In-derived occupied states emerge in the titania bandgap at 1.3 eV above 

the VBM. For both stoichiometric In4O6-a101 and reduced In4O5-a101 systems, these 

features suggest a red-shift in the light absorption edge and could enhance the lifetime of 

charge carriers on the photocatalyst surface as compared to bare anatase (101).  
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Fig. 5. The relaxed atomic structure of (a) stoichiometric In4O6-a101 and (b) reduced In4O5-a101. The 

yellow iso-surface encloses spin densities up to 0.02 electrons/Å2. 

 

Fig. 6. Projected electronic density of states (PEDOS) computed for (a) stoichiometric In4O6-a101 

and (b) reduced In4O5-a101.  

 

X-ray diffraction: 

XRD patterns of pristine TiO2 and In-TiO2 calcined at 500 °C, 700 °C, 800 °C and 

900 °C are shown in Fig. 7. The percentages of anatase and rutile phases in In-TiO2 samples 

are given in Table 1. At 500 °C, the diffraction peaks of all samples are matched with the 

anatase phase TiO2. Undoped TiO2 is almost transformed into the rutile phase (90 % rutile 

and 10 % anatase) when the calcination temperature is increased to 600 °C. Nevertheless, the 

anatase phase is well retained for In-TiO2 samples up to 700 °C. A mixture of anatase and 

rutile phases is formed for In-TiO2 samples at 800 °C (Fig. 8 (a)). Moreover, some additional 

peaks also appear, due to the formation of indium trioxide (In2O3). The peak intensities for 

indium oxide are increased with increase of In dopant concentration. All samples completely 
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transform to rutile at 900 °C calcination temperature. For In-TiO2 (especially at 600 °C, 700 

°C and 800 °C), the (101) anatase peak is slightly shifted after In doping, suggesting the 

substitution of Ti4+ ions by In3+ ions in the crystal lattice of TiO2 
68, 69. This is ascribed to the 

fact that the lattice parameters and cell volume of In-TiO2 being larger than pure anatase 

TiO2. TiIn-2 (at 800 °C) and TiIn-16 (at 800 °C) samples showed remarkable anatase and 

rutile percentages with respect to commercial TiO2 p25. The crystallite size of TiO2 is 

gradually reduced with increase of In content (Fig. 8 (b)). This is ascribed to the 

crystallization and agglomeration of TiO2 being retarded by In doping 70-72. TiO2 crystal 

framework may be stressed by the substitution of Ti4+ or superficial O2 ions by In3+ ions and 

the O-Ti-OH surface bonds are affected by In doping47. Wang et al. 48 suggested that the 

increase of In concentration (from 5 to 10 %) in TiO2 favours the rutile formation in small 

amounts at the calcination temperature of 450 °C. However, in this present work, the rutile 

formation is highly restricted up to 700 °C by In doping. Hinojosa-Reyes et al. 70 found that 

the anatase phase could be retained up to 1000 °C by In doping with a decreased calcination 

time of 30 min. These results suggest that the calcination time can also play a role in the ART 

of In-TiO2. Moreover, the calcination time of 2 h is sufficient for the complete transformation 

of anatase to rutile. The lattice constants (a and c) and cell volume (V) were calculated for the 

samples (0 % In-TiO2 @500 °C, 2 % In-TiO2 @750 °C, 4% In-TiO2 @750 °C and 16 % In-

TiO2 @800 °C) with high anatase content ( Table S1). The cell volume (from 135.4 to 135.8) 

and lattice constant ócô (from 9.48 to 9.50) of pure TiO2 anatase are slightly increased after 

doping with In. The results revealed that the impact of In doping on the anatase lattice 

parameters are negligible. 

 

(a) 

(b) 


