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Abstract The influence of TiO2 nanopowder doping with 4 wt% indium and 2 wt% each of

indium and chromium on phase transformation was studied. Samples were heated from ambient

temperature to 950 �C in sealed quartz capillaries, and in-situ synchrotron radiation diffraction

measurements were obtained. Capillary sealing yielded an increase in capillary gas pressure to

0.42 MPa at 950 �C in proportion to absolute temperature by Gay-Lussac’s Law. The initial synthe-

sized samples were amorphous, and crystalline anatase appeared at 200 �C. Crystalline rutile

appeared at 850 �C for the nanomaterials that were doped with In and In and Cr. A change in

sealed-capillary oxygen partial pressure yielded a decrease and an increase in crystallization temper-

ature, respectively, for the amorphous-to-anatase and anatase-to-rutile transformations. Crystalline

titania (anatase and rutile) formed from the amorphous titania by 800 �C and 900 �C, for materials

doped with In and In-Cr, respectively. The anatase concentration that was dominant in the In-

doped materials up to 950 �C and the higher rutile concentration for the In-Cr doped materials

from 900 to 950 �C results from the defect structure that was induced by doping. Cr-ions in the

Ti sub-lattice retarded the transformation of anatase to rutile when compared with the retarding

effect of mixed In/Cr ions. The transformation results because of the relatively smaller radius of

Cr-ions when compared with the In-ions. The differences in phase-transformation kinetics for In,

In-Cr and for undoped nanopowders in the literature agree with the calculated transformation acti-

vation energies.
� 2019 Production and hosting by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Anatase and rutile are two common crystalline phase of semi-

conductor oxide material TiO2 (titania) (Hanaor and Sorrell,
2011; Albetran et al., 2014a, 2014b; Albetran et al., 2017).
The band gaps for anatase and rutile are 3.20(8) eV and
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3.00(5) eV, respectively, with activation by ultraviolet irradia-
tion (Pascual et al., 1978; Tang et al., 1994; Sanjines et al.,
1994; Tang et al., 1995; Wang and Lewis, 2006; Albetran

et al., 2016a). However, these band gaps limit activation by
natural solar or artificial visible light, because only a small
ultraviolet fraction of solar light can be utilized (Takeuchi

et al., 2000; Yamashita et al., 2003; Ghicov et al., 2006; Wu
and Long, 2011; Yu et al., 2013). Thus, novel approaches have
been developed to extend TiO2 absorption from the ultraviolet

to the visible-light region (Takeuchi et al., 2000; Yamashita
et al., 2003; Ghicov et al., 2006).

TiO2 doping has attracted extensive interest as a method to
expand optical absorption to the visible spectral region.

Recently, the simultaneous doping of two atom types (or co-
doping) into TiO2 has attracted attention because it can result
in a higher photocatalytic activity than may be observed by

single-element doping (Alim et al., 2019). This can be ascribed
to a synergistic effect on the TiO2 band gap of two-elements
co-doing because of the creating of two internal band gaps,

one of which lies above the valence-band (VB) edges, and
one that lies below the conduction band (CB).

To convent modified TiO2 to activity under visible-light

irradiation, the sol-gel method has been used by doping with
metals and non-metals (Alim et al., 2019; Hassan et al.,
2019; Shaban, 2019; Sangchay et al., 2012). Sol-gel synthesis
is simple and cost-effective for nanomaterial fabrication and

their associated industrial applications (Albetran et al.,
2015a, 2017; Jantawasu et al., 2009). Nanoscale TiO2 particles
from sol-gel synthesis have a large specific surface area. This

area increases the photodegradation rate by particle-size-
sensitive photocatalytic reactions on the TiO2 photocatalyst
surface (Takeuchi et al., 2000; Yu et al., 2013; Gnanasekaran

et al., 2015; Reddy et al., 2001; Pan et al., 2012; Albetran
et al., 2013).

TiO2 is a transition-metal oxide, and it exists in various

crystalline phases (e.g., anatase & rutile). Crystalline anatase
that had formed from amorphous TiO2 transforms to crys-
talline rutile from 400 to 1200 �C. The anatase-to-rutile trans-
formation temperature depends on many factors, such as the

surface area, particle size, synthesis method, atmosphere, and
Fig. 1 Capillary pressure versus temperature, from Gay-Lus-

sac’s Law.
dopant (Albetran et al., 2014a, 2014b, 2015b, 2016b, 2018;
Albetran and Low, 2016a, 2016b; Low et al., 2012a, 2012b,
2013; Shannon and Pask, 1965; Eppler, 1987; Gennari and

Pasquevich, 1998; Gamboa and Pasquevich, 1992; Zhang
and Banfield, 2000; Okada et al., 2001; Moamed and
Alsanea, 2020; Plugaru et al., 2004).

In this study, pure, indium (In) and indium-chromium (In–
Cr) doped TiO2 nanopowders were synthesized by the sol-gel
method. In-situ high-temperature synchrotron diffraction

(SRD) was used to study the effects of doping on the crystal-
lization kinetics of TiO2 nanopowders in sealed capillaries
from 25 �C to 950 �C. Gay–Lussac’s Law indicates that
sealed-capillary heating within this temperature range would

result in pressure increase from 0.10 to 0.42 MPa (Fig. 1). Sam-
ples were also studied by field-emission scanning electron
microscopy (FESEM), energy-dispersive X-ray spectroscopy

(EDS), electron backscatter diffraction (EBSD), and labora-
tory X-ray diffraction (XRD).

2. Experimental methodology

2.1. Synthesis of materials

Details of pure/undoped TiO2 nanopowders are given in pre-
liminary studies by the authors (Albetran et al., 2017). Sol-

gel synthesis with titanium (IV) isopropoxide material was
used (Mw = 284.22 g/mol, Sigma-Aldrich, Castle Hill, NSW,
Australia). Organic material evaporation was achieved by mix-

ing the solution magnetically at 100 �C for 60 min. The mate-
rial was dried at room temperature for 48 h. In and In-Cr co-
doped TiO2 nanopowders were synthesized via the same
method using titanium (IV) isopropoxide as TiO2 precursor,

and indium (III) nitrate nanohydrate (Mw = 300.83 g/mol,
Sigma-Aldrich) and chromium (III) nitrate nanohydrate
(Mw = 400.15 g/mol, Sigma-Aldrich) as sources for indium

and chromium doping (co-doping), respectively, of TiO2

nanopowders.
Indium (III) nitrate nanohydrate (100 mg) or 50 mg each

of indium (III) nitrate nanohydrate and chromium (III)
nitrate nanohydrate were dissolved in ethanol (1 ml,
Mw = 46.07 g/mol, 99.5% purity, Sigma-Aldrich). Titanium
(IV) isopropoxide (9 ml, Mw = 284.22 g/mol, Sigma-Aldrich)

was added to the indium (In) or indium (In) – chromium
(Cr) solution. The calculated chemical doping concentrations
were 1 wt% In for In-doping, and 0.5 wt% each for In and

Cr co-doping, but these concentrations were increased in the
next step. Organic-material evaporation was achieved by mag-
netic mixing of solutions for 1 h at 100 �C. The materials dried

at room temperature for 48 h to obtain 2.4 g per sample.
Thus, the approximate dopant concentrations were 4 wt%
In-doping and 2 wt% for In and Cr co-doping.

2.2. Materials characterization

2.2.1. Field emission scanning electron microscopy

Field-emission scanning electron microscopy (FESEM, Zeiss,
Neon, 40EsB, Germany) was used to study the In and In-Cr
doped TiO2 nanoparticle sample morphologies after in-situ

high-temperature SRD measurements. A sputter-coated layer
of 3 nm of platinum was used prior to the FESEM as this
increases the conductivity and improves the image contrast.



Fig. 2 Heating protocol for non-isothermal in-situ SRD with 3-

min SRD data-acquisition time indicate by plateaus.
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2.2.2. Transmission electron microscopy

Small samples (�5 mg) were ground and suspended in ethanol

using ultrasonication for 5 min. Two drops of the resultant
suspension were placed on carbon-coated copper grids for
transmission electron microscopy (TEM) imaging using

JEM2011 TEM (JEOL, Japan) with a LaB6 filament operating
at 200 kV. The microscope was equipped with an energy-
dispersive X-ray spectroscopy attachment (EDS). EDS was

used to determine the sample elemental composition.

2.2.3. Electron backscatter diffraction

For samples heated in air under normal pressure, electron

backscatter diffraction (EBSD) analyses were performed by
SEM (Tescan, Mira3) with a Nordlys Nano EBSD detector.
Samples were prepared using an epoxy resin to encase the

powder particles. The specimen surface was polished using
a series of successively finer grades of diamond paste. The
polishing stage was necessary to expose an unaltered, reason-
ably flat sample cross section. Specimens were coated with an

8 nm-thick carbon layer and then mounted with conductive
carbon sticky tabs onto stubs to avoid charging. Samples
were tilted to 70 �C from horizontal using a SEM-protected

holder. The operating conditions for EBSD collection were:
an acceleration voltage of 20 kV, a spot size of 23 nm, a
working distance of 19.7 mm, and a beam current of

842 pA. Amorphous and crystalline areas for the polished
cross-sectional TiO2 samples were studied, and phase identifi-
cation for crystalline titania were determined using EBSD

software (AZtec Software, Oxford). An electron beam was
directed at a point of interest on tilted samples. An optimiza-
tion pattern tool was used to identify amorphous and crys-
talline areas; an image was produced on a phosphor screen

by detecting a Kikuchi pattern, which is generated by
electron-beam interaction with only the crystal structure in
the sample surface. Kikuchi patterns were captured by a

high-speed and high-sensitivity charge-coupled device
(CCD) camera behind a phosphor screen and transferred to
a computer for further processing.

2.3. In-situ high-temperature synchrotron radiation diffraction

Albetran et al. (2017) provides details of the in-situ SRD data-
acquisition technique. In brief, samples that were pure/

undoped, doped with In, and doped with In- and Cr were
ground and loaded into 80-mm long and 1.00-mm diameter
quartz capillary (Charles Supper Company, USA) with a

sealed and open-ended funnel shaped. The capillaries were
filled to one-third with the synthesized TiO2 powder sample
and packed in an ultrasonic bath. The capillaries were broken

from the open funnel sides, sealed using a nitrogen flame, and
inserted into 10-mm brass stub holders for SRD studies at the
Australian Synchrotron. The SRD patterns were measured by

using Debye-Scherer geometry, a Mythen II microstrip X-ray
detector, and 15.0204 keV photon energy (k = 0.0825 nm)
for 2h= 5–84� with a 3-min acquisition time per SRD pattern.

Fig. 2 shows the non-isothermal in-situ SRD heating proto-

col. The upper temperature limit was set to 950 �C because no
anatase-to-rutile transformation occurred up to 800 �C for
pure TiO2 as reported in a previous study by the authors

(Albetran et al., 2017). SRD patterns for the In-doped or In-
Cr co-doped materials were obtained at room temperature,
in 100 �C increments from 100 �C to 300 �C, and then in incre-
ments of 50 �C from 350 �C to 950 �C, at 2 �C/min.

2.4. Ex-situ XRD

Albetran et al. (2017) provides a detailed account of the ex-situ

XRD data acquisition. In brief, samples were heated in air at
atmospheric pressure and 10 �C/min from room temperature
to 700 �C and cooling to ambient temperature before XRD

patterns were obtained. The XRD patterns (Bruker D8
Advance diffractometer) of TiO2 powders that had been doped
with In- and In and Cr were collected using Cu Ka radiation
with k = 0.15419 nm, 2h = 7–120�, a sample spinning speed

of 30 rpm, scanning speed of 0.0149�/s, and an accelerating
voltage of 40 kV.

2.5. Phase identification and quantitative analysis

DIFFRAC. EVA software (Version 3.1, 2012) was used to
match peak positions and intensities in the in-situ SRD and

ex-situ XRD patterns. Phase identification and using the Inter-
national Centre for Diffraction Data (ICDD) powder-
diffraction file database.

Relative pattern-fitting was used to determine relative
phase levels of crystalline TiO2 phases by using TOPAS (Bru-
ker AXS, Version 4.2). Rietveld refinements yielded 2h0; the
pattern background; the peak shape parameters, lattice param-

eters, and a scale factor to compute the relative crystalline
TiO2 phases for the peaks; and temperature-dependent lattice
parameters. The Rietveld method was used to calculate the

extent of transformation of the anatase to rutile in samples
that were doped with TiO2 and calcined between 850 �C and
950 �C and this result was supported by the Spurr and Myers

line-ratio approach. Crystal structures for anatase (ICSD
202242) and rutile (ICSD 64987) were used in a refinement,
and the method Albetran et al. (2014a) was used to determine

the Rietveld phase-abundance ratios.
The amount of amorphous and crystalline TiO2 were deter-

mined each temperature by using the anatase and rutile rela-
tive phase levels from Rietveld analysis, and the SRD

pattern background dependence on temperature was used to



Fig. 3 FESEM photomicrographs with EDS spectra for (a)

pure, (b) In-doped, and (c) In-Cr co-doped TiO2 nanopowders

following SRD experiments.
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determine the levels of amorphous titania by using the novel
SRD method (Albetran et al., 2015b, 2016b). In summary,
the in-situ SRD background-temperatures were determined

by assuming that the amorphous scatter that yields back-
ground B(T) at temperature T is given by component
BA(T), and component BS results from atomic X-ray scatter

(Compton and Rayleigh). Thus, the amorphous titania weight
percentage (wtAm%) is:

wtAm% ¼ B Tð Þ � Bf

Bo � Bf

ð1Þ

where Bo is the background intensity before the conversion of
amorphous titania to its crystalline form, B(T) is the intensity
of the background at temperature T, and Bf is the final back-

ground intensity that is projected when the amorphous-to-
crystalline titania transformation has been completed. The
background and temperature data were fitted with the follow-

ing function to obtain an estimate of the final background
intensity Bf:

B Tð Þ ¼ Bf þ ae�bT ð2Þ
b, which is the rate of the amorphous transformation was

0.0089 �C�1 and 0.0087 �C�1 for the In and In-Cr co-doping

results, respectively.

2.6. Estimation of activation energies

Matusita et al.’s and the Arrhenius equations were modified to
estimate activation energies for the phase transformations for
the transformations of amorphous material to anatase and

that of anatase to rutile from non-isothermal SRD data anal-
ysis (Albetran et al., 2015b, 2016b). The modified equation of
Matusita et al (1984) is:

ln �ln 1� wtð Þ½ � ¼ �1:052E=RTþ constant ð3Þ
where E is the activation energy (kJ/mol), T is the temperature

(K), R is the ideal gas constant (8.3145 J/kmol), and wt is the
weight fraction of the transformed material. A plot of 1/T ver-
sus ln[�ln(1 � wt)] is expected to be linear, and the activation

energy can be determined from the gradient of a linear regres-
sion fit.

A modified version of the Arrhenius equation is:

lnwt ¼ �E=RTþ lnwto ð4Þ
where wto is the initial weight fraction, and wt is the weight
fraction of the transformed phase(s).

3. Results and discussion

3.1. Imaging of microstructures

The morphologies and microstructures of samples were char-
acterized by FESEM and TEM. Fig. 3a and b illustrate a typ-

ical secondary electron FESEM image with EDS spectra for
In, and In-Cr co-doped TiO2 nanopowders, respectively, as
characterized following the SRD measurements. The qualita-
tive EDS spectrum of the In-doped and In-Cr co-doped sam-

ples showed strong signatures for Ti, O, and Pt, with the Pt
content originating from the platinum coating. Small/weak
In and In–Cr signatures resulted for the In-doped and co-

doped TiO2 nanopowder, respectively. Quantitative EDS was
performed on flat samples, which approximated nanopowder

samples. Thus, the EDS for the nanopowder was collected
from a small square to minimize the effect from the sample
not being flat. It was assumed that the Pt peak from the plat-

inum coating was negligible. Quantitative EDS analysis con-
firmed and provided evidence of titania with a TiO2 chemical
formula structure (32.14(20) % Ti Ka and 64.23(20) % O

Ka), which was almost the same for pure samples in prelimi-
nary studies by the authors (Albetran et al., 2017). The exis-
tence of In-doping and In-Cr co-doping was verified by the

quantitative EDS analysis that indicates 3.63(50) % In Ka

for In-doping and 1.82(50) % In Ka and 1.81(50) % Cr Ka

for In-Cr co-doping. A typical secondary electron image of
pure TiO2 nanopowders that were heated to 800 �C in a sealed

capillary was shown in the preliminary study by the authors
(Albetran et al., 2017). Uniform sized 85 ± 31 nm nanopow-
ders were observed for pure/undoped TiO2 nanopowder

(Albetran et al., 2017), and this size range increased to 178
± 44 nm for In-doped TiO2. The In-Cr co-doped TiO2

nanopowder particles become non-homogeneous, diverse in

appearance and type, nonspherical, and have a strict shape tol-
erance of �218 ± 64 nm. Fig. 4 shows a typical TEM image of
the In-Cr TiO2 nanopowders following the SRD experiment.
The nanoparticles were �200 nm, which is consistent with

the FESEM result in Fig. 3b, with there being nano-
agglomeration of �40 nm crystallites. This indicates that



Fig. 4 TEM image with EDS of In-Cr co-doped TiO2 nanopow-

ders following SRD experiment.

Fig. 6 Backscatter Kikuchi pattern (BKP) of crystalline rutile

from In-Cr co-doped TiO2 at 20 keV, acquired with CCD camera.
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co-doping had promoted the titania phase transformation and
grain growth.

The TEM-EDS spectrum for In-Cr TiO2 recorded after the
SRD measurements is shown in Fig. 4. The spectrum identifies
Ti and O, Si, C, and Cu. C and Cu features result from the

carbon-coated copper grids and organic solvent, with the Si
content resulting from the capillary. The Ti and O lines con-
firm the presence of TiO2 in the material (see EBSD section
(Figs. 5, and 6), SRD patterns, crystalline anatase, and rutile

are shown in Fig. 7, and Lab-XRD patterns (Fig. 8)). TEM-
EDS does not detect In and Cr signatures because the TEM
samples are too thin (no nano-agglomeration) for a focused

probe to be contained within the In and co-doped samples,
i.e., primary beam transmission occurs because the electron
beam can pass through the entire sample. This prevents the

beam from scattering in the sample. The FESEM-EDS spectra
of In, and In-Cr doped nanopowder after SRD measurement
(Fig. 3) show In signatures for In-doping, a strong Ti and O
presence in co-doped In and Cr signatures, and Pt signatures
Fig. 5 Low-magnification secondary-electron SEM images show

nanopowders and (b) In-Cr co-doped TiO2 nanopowders. [Am: amor
from platinum coating for all the samples. FESEM–EDS
detected In and Cr because of the greater FESEM sample

thickness when compared with the TEM samples.

3.2. Phase identification using EBSD

Fig. 5 shows the secondary electron SEM images in the amor-
phous and a crystalline titania area for In and In-Cr co-doped
TiO2 nanopowders after they cooled to room temperature
from 700 �C following the ex-situ XRD experiment. The amor-

phous titania areas are softer, more polished and smoother
than the crystalline areas. The crystalline areas in the In-Cr
doped TiO2 sample appear to be larger than the In-doped

TiO2 sample because amorphous-to-crystalline titania trans-
formation was accelerated by the presence of Cr-ions.

A crystalline area for In and In-Cr co-doped TiO2

nanopowder was identified in a Kikuchi pattern acquired at
20 keV from a single point on each of the samples. Identifica-
tion was conducted against the ICDD-PDF database. Fig. 6
amorphous and crystalline titania areas for (a) In-doped TiO2

phous area and Cry: crystalline area (anatase and rutile)].



Fig. 7 In-situ high-temperature SRD plots stacked for (a) In-

doped TiO2 nanopowders, and (b) In Cr co-doped TiO2

nanopowders that were heated in sealed capillaries from 25 �C
to 950 �C. [A: anatase, R: rutile, In: indium titanium oxide (In2-

TiO5), X: unknown phase].

Fig. 8 Ex-situ XRD plots showing In and In Cr co-doped TiO2

nanopowders heated in air at 10 �C/min from 25 to 700 �C. [A:

anatase, R: rutile, C: corundum (Al2O3), and Y: unknown phase].
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shows the backscatter Kikuchi pattern for crystalline rutile
from In-Cr co-doping, which was similar to that for In-
doped TiO2 nanopowders.

3.3. SRD patterns from sealed capillary heating In-situ

Fig. 7 compares the stacked SRD plots for In- and In-Cr

doped samples during heating in sealed capillaries from 25 to
950 �C. Crystalline anatase formed first at 200 �C for pure
(Albetran et al., 2017) and doped samples. This result is in con-

trast with the literature crystallization temperature of anatase
that is lowest at 415 �C for pure TiO2 powders that are heated
under normal pressure in air (Okada et al., 2001). The crystal-

lization temperature increased to 438, 475, 496, 554, 577, and
609 �C in the presence of 3, 5, 7.5, 10, 15, and 20 mol%
SiO2, respectively (Okada et al., 2001). The presence of foreign
elements is one factor that affects titania transformation kinet-

ics at elevated temperature. Partial pressure is another factor
that was considered in this study. The formation of anatase
at a significantly lower temperature results from the presence

of an oxygen-rich environment in sealed capillaries
(�0.16 MPa at 200 �C) – see Fig. 1.

In contrast, with the formation of crystalline anatase at a

much lower temperature when compared with heating at atmo-
spheric pressure, crystalline rutile was observed in both doped
samples at 850 �C, which is �170 �C higher when compared
with the formation of pure rutile powder (Okada et al.,

2001). Nanopowders of high purity show a transformation
of anatase to rutile from �600 to 700 �C (Hanaor and
Sorrell, 2011). The anatase-to-rutile transformation was

affected by the high pressure (�0.38 MPa at 850 �C) created
in sealed capillaries at elevated temperature, which reduced
the phase transformation, and then increased the transforma-

tion temperatures (Iida and Ozaki, 1961).
Crystalline rutile became unstable at high temperature and

pressure (950 �C and 0.42 MPa) and starts transforming to a

new phase. For In-doped TiO2 nanoparticles, the rutile trans-
formed partially to indium titanium oxide (In2TiO5) (PDF #
00-030-0640), which can be prepared by heating ‘‘TiO2” and
‘‘In2O3” in a closed system at 1250 �C for 24 h (Senegas

et al., 1975). The two highest intensities In2TiO5 peaks occur
at 16.23, and 15.58�, which correspond to the d-spacings of
0.2923, and 0.2861 nm, respectively. For In-Cr co-doped

TiO2 nanopowders, rutile started transforming into an
unknown phase with two peaks at 15.56� and 16.70�, which
correspond to d-spacing of 0.305 nm and 0.284 nm, respec-

tively. This new phase could not be identified using the
ICDD–PDF database.

3.4. Effect of capillary pressure in the SRD as determined by ex-
situ XRD

Ex-situ XRD patterns are shown in Fig. 8 for In- and In-Cr
TiO2 nanopowders after being heated at 10 �C/min in air from

25 to 700 �C and cooling to room temperature. The tempera-
ture and heating rate were chosen from literature to observe
crystalline anatase and rutile. Literature data indicate that

the rutile and anatase crystallization temperatures span
415 �C and 609 �C, and 400 �C and 1200 �C, respectively
(Shannon and Pask, 1965; Eppler, 1987; Gennari and

Pasquevich, 1998; 1992; Zhang and Banfield, 2000; Okada
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et al., 2001; Moamed and Alsanea, 2020; Plugaru et al., 2004;
Low et al., 2012a, 2012b, 2013). Fig. 9 compares plots of (i) the
room-temperature ex-situ XRD patterns of samples that were

cooled from 700 �C, and (ii) the in-situ SRD pattern at 700 �C.
Crystalline anatase and rutile were observed for both samples
following the ex-situ XRD experiment with crystalline rutile

comprising 10.60 wt% for In-doping and 8.82 wt% for co-
doping and crystalline titania. The phase composition indi-
cates that a sequential transformation of amorphous material

to anatase results followed by a transformation of anatase to
rutile because anatase after the ex-situ XRD experiment was
observed at a lower temperature than 700 �C. The in-situ
SRD experiments show that the transformation of anatase to

rutile was affected by the high pressure created by sealed cap-
Fig. 9 Stacked plots of ex-situ XRD after samples were cooled

to ambient temperature from 700 �C and in-situ SRD at 700 �C for

In and In Cr co-doped TiO2 nanopowders. [A: anatase, R: rutile,

C: Corundum (Al2O3), Y: unknown phase].

Fig. 10 Difference plots for SRD Rietveld data for (a) In-doped a

patterns; solid red lines calculated patterns. Gray residual plot differen

peak positions; blue bars: rutile peak positions. TOPAS (Version 4.2)
illaries (i.e., closed system), when compared with the ambient
oxygen partial pressure in the ex-situ XRD experiments. A
high partial pressure decreased crystallization temperatures

of the anatase, which may be attributed to an enriched oxygen
environment. However, an increase in oxygen partial pressure
that resulted from an increase in temperature inside the capil-

lary inhibited the anatase-to-rutile phase transformation
because relaxation is prevented in the anatase structure.

Fig. 10 shows typical in-situ residual SRD Rietveld plots for

In- and co-doped TiO2 nanoparticles at 900 �C. The goodness
of fit or quality can be determined from the global values (R-
factors), which for In-doped TiO2 nanopowders were
Rexp = 4.26%, Rwp = 5.99%, RB (anatase) = 4.26%, and

RB (rutile) = 1.91% and Rexp = 3.71%, Rwp = 7.29%, RB

(anatase) = 6.18%, and RB (rutile) = 3.36% for the co-
doped TiO2 nanopowders. The goodness-of-fit (GOF) was

1.40 for In-doped TiO2, and 1.97 for co-doped TiO2

nanopowders.
The concentration of crystalline anatase to rutile and amor-

phous titania were used to determine the absolute amorphous
titania, crystalline rutile and anatase (Albetran et al., 2015b,
2016b). Fig. 11 shows the variation in absolute titania levels

(amorphous, anatase and rutile) for both samples from 100
to 950 �C. The phase-composition results indicate a transfor-
mation of amorphous titania to crystalline anatase followed
by crystalline anatase to crystalline rutile. The amorphous-

to-anatase transformation rate increased significantly between
100 and 400 �C, which was dependent strongly on an oxygen-
rich environment. It appears that a high-oxygen atmosphere

speeds up the transformation of amorphous phase to anatase
phase. However, for both samples, the atmospheric pressure
inhibited the transformation of anatase to rutile because it

leads to the formation of titanium interstitials. At elevated
temperature, the anatase-to-rutile transformation rate
increased more rapidly in the In-Cr than in the In-doped
nd (b) In Cr co-doped TiO2 at 900 �C. Black crosses: measured

ce between measured and calculated patterns. Black bars: anatase

was used to compute these plots.



Fig. 11 Amorphous titania, crystalline rutile and anatase phase

abundances for In and In Cr co-doped TiO2 for 100–950 �C.

Fig. 12 Temperature change with anatase lattice parameters a

and c, and cell volume for In-doped TiO2 and In-Cr co-doped

TiO2.
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sample. In the In-doped TiO2 nanopowders, 15.05(6)% crys-
talline anatase converted to crystalline rutile by 950 �C,
whereas 57.81(9)% of the anatase had transformed in co-
doped TiO2 nanopowders at this temperature. This enhanced
rate of transformation of anatase to rutile was very dependent

on impurities or doping (Iida and Ozaki, 1961), and increased
with In and Cr ions in the samples.

3.5. Influence of doping

Deformation of anatase lattice due to the incorporation of In
and Cr affects the lattice parameters for both samples with

temperature. Anatase of pure/undoped TiO2 nanopowders
was compared with doped TiO2 samples. Fig. 12 shows the
temperature variations with anatase lattice parameters and
volume cell for pure, In-doped, and co-doped TiO2 nanopow-

ders. The determination of anatase lattice parameters from the
SRD showed an increase in doped samples relative to the pure
sample. The influence of doping on the anatase lattice param-

eters should be studied at the lowest temperature possible,
assuming any or the lowest effect of partial pressure. At
200 �C (�0.16 MPa), the anatase lattice parameters a for the

pure, In, and co-doped sample with In and Cr were 0.37874
(16) nm, 0.379205(18) nm, and 0.379180(27) nm, respectively.
The anatase lattice parameters c were 0.94978(45) nm,
0.949998(51) nm, and 0.949491(76) nm for the pure, In, and

In-Cr samples, respectively. Thus, the volume of cells for both
doped samples was higher than for the pure sample, and that
for In doping was slightly larger than that for In–Cr doping.

The lattice parameter changes suggest that, instead of occupy-
ing interstitial sites, the added Cr substitutes for Ti4+, which
results in ion incorporation as dopants in the TiO2 lattice.

The ionic radii for Cr3+, Cr4+, Cr5+, and In3+ are 0.0615,
0.058, 0.049, and 0.080 nm, respectively. The ionic radius for
Cr3+ and Cr4+ does not differ significantly from Ti4+

(r = 0.0605 nm), which can enter the anatase structure
(Okada et al., 2001). Changes in anatase lattice parameters
have been used to determine the incorporation of foreign ions
in the anatase structure (Okada et al., 2001; Akhtar et al.,

1992; Yoshinaka et al., 1997). The effect of foreign ions
valency is complicated by oxygen vacancy formation (i.e.,

increases the transformation of anatase to rutile) or interstitial
Ti3+ (i.e., decreases the anatase-to-rutile transformation) and
lattice deformation because of the incorporation of a foreign

ionic radius that differs from Ti4+ (Okada et al., 2001). The
ease with which anatase can be transformed to rutile in the
co-doped sample arises from a relatively smaller Cr ion radius
that occupies the Ti sub-lattice substitutionally when com-



Table 1 Activation energies (kJ/mol) of phase transformation for In-doped and co-doped samples from SRD data analysis from non-

isothermal tests using the equations of Arrhenius and Matusita et al. [NA: not available].

TiO2 format Amorphous to anatase Anatase to rutile Note Reference

Pure 7(1) NA This study

In-doping 7(1) 518(63)

In & Cr co-doping 7(1) 486(19)

Nanopowders NA 423–527 Fe2O3 doping Gennari and Pasquevich (1998)

Nanofibers 25(3) 16(3) V implantation Albetran et al. (2015, 2016)

45(9) 97(7) Heated in argon

69(17) 129(5) Heated in air

Powder 377 NA Pure Yoganarasimhan and Rao (1962)

418 NA 0.1% sulphate doping

502 NA 1% sulphate doping

Membranes NA 147, 213 Kumar et al. (1993a, 1993b)

Powder NA 213 Kumar et al. (1995)

Nanotubes NA 264 Varghese et al. (2003)

Nanoparticles NA 195–222 Barakat et al. (2005)

3954 H.M. Albetran, I.M. Low
pared with In ions in the In-doped sample, whereby the In con-
centration was higher. These results imply that doped In ions

and Cr ions substitute in the Ti sublattice and inhibit the
TiO2 phase transformation for both materials. The difficult
transformation of anatase to rutile for In-doped samples when

compared with In-Cr co-doped samples is believed to occur
because the In3+ radius (0.080 nm) is larger than the Cr3+

radius (0.0615 nm). Part of the Ti4+ (0.061 nm) is reduced,

which yields an increase in rigidity of the structure, and does
not allow Ti bonding environment to relax. The high capillary
gas pressure and the higher temperature (from 0.33 MPa at
700 �C to 0.42 MPa at 950 �C) allows for no relaxation by ana-

tase bond breakage and rutile bond formation. The high oxy-
gen pressure decreased the vibration amplitude, and then
decreased the thermal expansion of anatase atoms at elevated

temperature. Thus, the thermal expansion coefficients (TECs)
of anatase for doped TiO2 nanopowders increased slowly with
temperature when compared with the pure sample, and that

for In doping was slower than that for In–Cr co-doping.
Therefore, the cell volumes of anatase will be smaller for doped
samples than for the pure sample (which was heated to
800 �C), and that for In-doped was slightly smaller than that

for In–Cr co-doping at elevated temperature.

3.6. Crystallization kinetics modelling

The Arrhenius-equation average activation energies are shown
with those from Matusita et al. in Table 1 (Albetran et al.,
2015b, 2016b). The values of amorphous-to-anatase, and

anatase-to-rutile activation energy for this study are compara-
ble with literature values of several TiO2 forms/types, atmo-
spheres, and doping elements. The activation energy for

transformation of the amorphous phase to the anatase phase
in pure, In, and co-doped material was the same at 7(1) kJ/-
mol, whereas that for the transformation of anatase to rutile
was 518(63) kJ/mol for In-doping and 486(19) kJ/mol for co-

doping. An estimate of activation energy for transformation
of anatase to rutile was higher than that of other pure TiO2

samples and some doped TiO2 samples (Yoganarasimhan

and Rao, 1962; Kumar et al., 1993a, 1993b, 1995; Varghese
et al., 2003; Barakat et al., 2005), whereas it is similar to values
from doped TiO2 powder (Gennari and Pasquevich, 1998). For
In and co-doped TiO2 nanopowder, the apparent activation
energies were reduced substantially when compared with

377 kJ/mol for a transformation of pure amorphous phase to
anatase phase prepared from sulphate hydrolysis
(Yoganarasimhan and Rao 1962). Thus, a high oxygen partial

pressure decreased the activation energies considerably for the
transformation of amorphous to anatase phase because of the
oxygen-rich environment, whereas it increased the activation

energy for the transformation of anatase to rutile because tita-
nium formed interstitially at elevated temperature. It appears
that the high partial pressure arising from a rich atmospheric
oxygen accelerated the transformation of amorphous phase

to anatase phase. However, the high partial pressure allows
no relaxation by anatase bond breakage and rutile bond
formation.

4. Conclusions

In-situ high-temperature SRD experiments of In and co-doped

TiO2 nanopowders in a sealed capillary were conducted to
ascertain the effects of partial pressure and co-doping on
TiO2 phase transformations.

The following main conclusions can be made:

� Initially, amorphous samples yielded crystalline anatase at

200 �C and rutile at 850 �C for In and co-doped TiO2

nanopowders.
� The rate of transformation of anatase to rutile was acceler-
ated for co-doped TiO2 nanopowders when compared with

In-doped TiO2 because of the substitution of relatively
small Cr ions with a low concentration of Ti being substi-
tuted by In in the TiO2 crystal structure.

� The high partial pressure with increasing temperature inside
the glass capillary inhibited the transformation of anatase
to rutile because of titanium formed interstitially.

It is concluded that the oxygen partial pressure, which
increased with increasing temperature inside the sealed capil-
lary accelerated the transformation of amorphous phase to

anatase phase, but inhibited the anatase-to-rutile transforma-
tion. However, Cr and In in co-doped TiO2 nanopowders
altered/accelerated the phase transformation by substitution
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of Ti by smaller Cr ions in crystalline TiO2 relative to the In
ions.
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