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Rietveld analysis of the effect of annealing atmosphere on phase evolution of
nanocrystalline TiO 2 powders

Abstract

The struclUral evolution of nanocrystaUine Ti02 was studied by X-ray diffraction (XRD) and the Rietveld
refinement method (RRM). Ti02 powders were prepared by the sol-gel technique. Post annealing of
as-synthesized powders in the temperature range from 500°C to 600 °C under air and argon atmospheres
led to the formation of Ti02 nanoparticles with mean crystallite size in the range of 37-165 nm. based on
the Rietveld refinement results. It was found that the phase structure, composition, and crystallite size of
the resulting particles were dependent on not only the annealing temperature, but also the annealing
atmosphere. Rietveld refinement of the XRD data showed that annealing the powders under argon
atmosphere promoted the polymorphic phase transformation from anatase to rutile. Field emission
scanning electron microscopy (FESEM) was employed to investigate the morphology and size of the
annealed powders.
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Rietveld Analysis of the Effect of Annealing Atmosphere
on Phase Evolution of Nanocrystalline TiO, Powders

M. Salari', M. Rezaee'-2*, A. T. Chidembo!, K. Konstantinov', and H. K. Liu’

VInstitute for Superconducting and Electronic Materials (ISEM), ARC Centre for Electromaterials Science,
University of Wollongong, NSW 2500, Australia
2Mining and Metallurgical Engineering Department, Amirkbair University of Technology,
Tehran, Iran, PO. Box 15875 4413

The structural evolution of nanocrystalline TiO, was studied by X-ray diffraction (XRD) and the
Rietveld refinement method (RRM). TiO, powders were prepared by the sol—gel technique. Post
annealing of as-synthesized powders in the temperature range from 500 °C to 800 °C under air and
argon atmospheres led to the formation of TiO, nanoparticles with mean crystallite size in the range
of 37-165 nm, based on the Rietveld refinement results. It was found that the phase structure,
composition, and crystallite size of the resulting particles were dependent on not only the annealing
temperature, but also the annealing atmosphere. Rietveld refinement of the XRD data showed that
annealing the powders under argon atmosphere promoted the polymorphic phase transformation
from anatase to rutile. Field emission scanning electron microscopy (FESEM) was employed to
investigate the morphology and size of the annealed powders.
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1. INTRODUCTION

The physical and chemical properties of nanocrystalline
materials often differ from those of crystalline or amor-
phous ones. Titanium dioxide is a material which has
been widely investigated, and due to its wide range of
applications in photocatalysis, pigments, protection against
ultraviolet irradiation,'™ sensors,® antibiosis,” and so on,
it has been of considerable interest in recent years. How-
ever, a large amount of work needs be done to realize its
full potential. The effective introduction of nanocrystalline
particles in the applications listed above requires careful
investigation of the crystallite size of these particles to
make the most of their exceptional properties." %7 Almost
all results show that the smaller the particle size, the better
the various properties, revealing the superior performance
of nanocrystalline titania. When heated, nanocrystalline
anatase will coarsen and be transformed to rutile, which
will continue to coarsen much faster.®

The ease of data collection in powder diffraction instru-
ments, and their availability and versatility make them
indispensable tools to obtain compositional, structural,
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4724 J. Nanosci. Nanotechnol. 2012, Vol. 12, No. 6

microstructural, and many other types of information.
The extensive peak broadening and possible overlapping
inherent in studies of the patterns acquired from nanoparti-
cles make the phase determination process a very demand-
ing and time-consuming one. Misidentification of multiple
phase systems, co-existing in closely related phases,
as being single phase ones can lead to deceptive results.”
Therefore, full-pattern profile fitting techniques are exten-
sively employed to assist in the phase identification
process for quantification purposes. Among the various
established methods for the analysis of X-ray diffrac-
tion (XRD) patterns, the Warren-Averbach'®!" method
is highly regarded as an elaborate and rigorous method
for size-strain analysis in order to evaluate microstruc-
tural parameters such as domain size ((D)), micro-strain
((£2)'1?), etc. In this approach, the domain size and micro-
strain can be assessed by expressing the observed XRD
profile in the form of a Fourier series. The coefficients
used in this method are related to the effects of deforma-
tions and instrumental effects. The instrumental effects can
be determined by implementing Stoke’s method (i.e., by
deconvoluting the Fourier coefficients of the Fourier series
into those obtained from the profile of standard silicon).”?
Another approach is the Rietveld"® method (a full-pattern
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fit method). The Rictveld method is a well-known powder-
pattern fitting method, which consists of adjusting a theo-
retical diffraction pattern, calculated on the basis of a model
of the crystal structure of the sample, with experimental
recorded data. The method is most applicable to XRD data
and to synchrotron and neutron diffraction data. There has
also been a trend to apply this method to electron powder
diffraction pattern data.% "

The Rietveld method exhibits advantages over all the
other methods. It takes into account the whole fit-
ting methodology for size-strain analysis, simultancous
refinement of the crystal structure, and microstructural
parameters, and is capable of eliminating preferred orien-
tation effects (if there are any).!?13

Considering all the benefits of the whole profile fitting
methodology, the Rictveld structure refinement procedure
using MAUD software has been adopted in the present
study to address the effect of the annealing temperature and
atmosphere as the operative parameters on the phase struc-
ture, phase composition, and crystallite size of nanocrys-
talline TiO, powders prepared by the sol-gel method.

2. EXPERIMENTAL PROCEDURE

The samples of nanocrystalline TiO, were synthesized by
two-stage hydrolysis of titanium (IV)-isopropoxide (TTIP,
Aldrich). TTIP was first diluted with absolute ethanol
(TTIP/Ethanol = 1/5) while stirring. De-ionized water
(TTIP/H,0 = 1/20) was then added into the diluted solu-
tion together with acidic (HCI) and basic (NH,OH) cat-
alytic agents. The solution was stirred at room temperature
for 1 hour. The final white slurry was filtered and dried at
100 °C overnight. In the present work, four sets of experi-
ments with different anncaling atmospheres and annealing
temperatures were performed (Table I).

Phase characterization of the obtained powder was con-
ducted using GBC MMA X-Ray diffraction (XRD) with
Cu-K, radiation. The average crystallite size and relative
weight percentage of the phases in the samples were cal-
culated via the Rietveld refinement method using MAUD
software. The particle size and morphology were investi-
gated using a JEOL JSM-7500FA field emission scanning
electron microscope (FESEM).

Table I. Annealing conditions of the as-synthesized samples.
Annealing temperature :
Sample (°C) Annealing atmosphere
A 500 Air
Argon
B 600 Air
Argon
c 700 Air
Argon
D 800 Air
Argon
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Fig. 1. XRD patterns of samples annealed at 500 *C (sct A) under air
and argon atmospheres.

3. RESULTS AND DISCUSSION

In order to determine the exact phase evolution in the
TiO, powders, it is essential to fit the experimental pow-
der diffraction pattern with a profile fitting function based
on the crystal structure and microstructure information.
This methodology takes care of all reflections of each
phase present in such a multiphase material and provides a
very accurate result, The experimental XRD pattern (dots)
of the sample annealed at 500 °C (set A), fitted with its
calculated counterpart (solid curve), is shown in Figure 1.
The differences between the experimental and the fitted
patterns shown as the continuous line under the individ-
ual diffraction pattern. The vertical bars at the bottom of
the figure indicate the diffraction peak positions of dif-
ferent TiO, phases. This figure reveals that the samples
completely consist of anatase phase.

The experimental XRD patterns (dots) of the samples
annealed at 600 °C (set B), fitted by the theoretical pat-
terns calculated based on their crystallographic file infor-
mation (CIF), is presented in Figure 2. From the plots
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Fig. 2. XRD patterns of samples annealed at 600 *C (set B) under air
and argon atmospheres.
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Fig. 3. XRD patterns of samples annealed at 700 *C (sample C) under

air and argon atmospheres.

of the differences between the experimental and the fit-
ted patterns, it is clearly evident that the experimental pat-
terns have been fitted satisfactorily. It can be observed that
these samples consist of anatase phase and a small hint
of rutile phase. In fact, annealing at higher temperature
caused the rutile peaks to appear. This can be attributed
to the coarsening of the initial anatase grains with increas-
ing annealing temperature and subsequent coarsening of the
final anatase grains.'®

As can be seen in Figure 2, the intensity ratio of the rutile
peak to the anatase one is higher for the sample annealed
under argon atmosphere than for the one annealed in air
atmosphere. Since the anatase to rutile phase transforma-
tion involves an overall contraction of the oxygen struc-
ture and a cooperative movement of ions, the removal of
oxygen ions might be expected to accelerate the trans-
formation, whereas the formation of titanium interstitials
would inhibit the transformation. This implies that an
argon atmosphere would accelerate the transformation.
Conversely, the presence of interstitials would increase the
strain energy that would have to be overcome and the
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Fig. 4. XRD patterns of samples annealed at 800 °C (sample D) under
air and argon atmospheres. -
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Fig. 5. Rutile phase fraction with increasing annealing temperature.

bonds that would have to be broken, implying that an air
atmosphere would inhibit the transformation.'”'®

This trend towards increase of the polymorphic transfor-
mation with increasing annealing temperature and change
of the annealing atmosphere from air to argon can be
observed by annealing the samples at 700 °C (Set C).
Figure 3 presents the experimental XRD patterns (dots)
of samples annealed at 700 °C fitted with the correspond-
ing simulated patterns (solid line). As can be seen in this
figure, both samples are a mixture of anatase and rutile
phases. It is obvious that the relative content of rutile phase
in this set is higher than in sets A and B.

Annealing the samples at the higher temperature of
800 °C (set D) completes the anatase to rutile phase trans-
formation in both atmospheres. Figure 4 shows the exper-
imental XRD patterns (dots) of these samples fitted with
their theoretical counterparts (solid lines).

Figure 4 shows that the polymorphic transformation
can be completed in all the samples by annealing them
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Fig. 6. Mean crystallite size of anatase phase versus annealing temper-
ature, as calculated by the Rietveld refinement method.
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at 800 °C, whereas at lower annealing temperatures, the
transformation rate in the samples annealed under argon
atmosphere is higher than for the samples annealed in air.

Figure S5 shows the variation in the rutile phase frac-
tion after the anatase to rutile phase transformation, calcu-
lated using the Rietveld refinement method in the samples
annealed in air and under argon atmosphere, with annealing
at different temperatures for a period of 1 hour. It can be
observed that the phase transformation progression in both
samples obeys a sigmoidal shape and that the rate of the
phase transformation in the powders annealed under argon
atmosphere is higher than in the samples annealed in air.

Kinetic considerations suggest that the oxygen par-
tial pressure of the annealing atmosphere may have an
influence on the concentration of oxygen vacancies in the
TiO, lattice. An annealing atmosphere with low oxygen
partial pressure favors the formation of oxygen vacan-
cies and conscquently accelerates the phase transformation
of anatase.® Thus, in the nanocrystalline TiO, powders
annealed in air and argon atmospheres, the transformation
rates of anatase are different, although the temperatures
experienced by the powders are the same. More oxygen
vacancics form in the argon-annealed TiO, powder due to
lower oxygen partial pressure, which enhances the trans-
formation of anatase.

Figure 6 shows the change in anatase crystallite size
with increasing annealing temperature in samples annealed
under argon and in air atmospheres. This figure demon-
strates that the mean crystallite size of the anatase phase
increases with increasing anncaling temperature in both
samples.

As a rule, nanostructured materials contain a large num-
ber of disordered surface atoms which possess greater
energy than the inner atoms. As the size of a grain
becomes smaller, its surface area increases, and the sur-
face atoms exhibit higher mobility, which leads to greater
defect content, thus further enlarging lattice deformation.
Previous studies have shown that nanocrystalline TiO, is
typically oxygen-deficient.® Figure 7 shows the calculated
lattice parameters of anatase phase in the samples annealed
under air and argon atmospheres at the temperatures of
500 °C, 600 °C, and 700 °C. As can be seen, the a and ¢
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“a" and “¢" lattice parameters of anatase phase for the samples annealed under air and argon atmospheres at 500 *C, 600 *C, and 700 °C.

parameters in all samples are different from the theoreti-
cal lattice parameters of anatase phase (a, = 3.7852 A and
o =9.5139 A). The transformation from anatase to rutile
during annealing seems to be a reasonable outcome due to
the existing deformation in the powders.

Figure 8 shows two FESEM micrographs of the annealed
samples. As can be seen, the sample annealed at 500 °C
(Fig. 8(a)), consisting of fully anatase phase, has smaller
particles than the sample annealed at 800 °C (Fig. 8(b)),
consisting of fully rutile phase. The larger particle size

2rA0/E00
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WD 4. dmm 4:44:24

x 180.000 2.08K¥ BI1 A

Fip. 8. FESEM micrographs of nanocrystalline TiO, powders anncaled
(a) at 500 °C in air and (b) at 800 °C under argon atmosphere.
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in the sample annealed at 800 °C can be attributed to
the higher annealing temperature.'® The other noticeable
point is the fairly good agreement between the calcu-
lated crystallite size from the XRD patterns, based on
the Rietveld refinement method, and the particle size
in the FESEM micrograph for the sample annealed at
500 °C, which means that each particle consists of just
one crystallite. Because the size of the particles annealed
at 800 °C is larger than the upper detection limit of
X-ray diffraction analysis based on the Rietveld method,
the Rietveld method cannot be used to fully describe the
patiern and therefore cannot be employed to determine the
particle size.?® So, the calculated mean crystallite sizes of
the rutile phase are not reported here.

4. CONCLUSION

The effects of the annecaling temperature and the anneal-
ing atmosphere on the structural evolution of nanocrys-
talline TiO, powders prepared by the sol-gel method were
investigated. It was observed that the transformation of
anatase to rutile in all samples began at 500 °C and was
completed at 800 °C, regardless of annealing atmosphere.
However, the transformation rate of anatase to rutile was
accelerated by annealing the powders under argon atmo-
sphere due to the decreased oxygen partial pressure of the
annealing atmosphere, which favors the formation of oxy-
gen vacancies in the nanocrystalline TiO, particles. A good
agreement was found between the particle size in FESEM
micrographs and the calculated results for crystallite size
based on the Rictveld refinement method, which means
that the particles are single crystallites.
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