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Abstract

Commercial titania powders were calcined in order to investigate the influence of the heating history on the
thermally stable phase (rutile). Temperatures from 620 to 700 °C and heating rates from 50 to 300 °C/h were
used in order to evaluate their influence on the kinetics of transformation and microstructure evolution. The
quantitative analysis of anatase-rutile mixtures based on X-ray diffraction intensities was performed. The re-
sults were plotted as cumulative transformation rate vs. cumulative coarsening rate in order to address the
heating history of the anatase to rutile transformation. As the main result it was found that the amount of
anatase transformed into rutile increases with increasing heating rate at fixed soaking time and temperature of
calcination. Through linear extrapolation of experimental data obtained from the calcined commercial titania
Degussa P25, it was found that 83 nm for the rutile crystallite size is the lowest limit needed for getting 100%
of rutile powders. A substantial improvement in the anatase to rutile kinetic transformation was achieved after
pressing the starting powders in order to exploit the interface nucleation.
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I. Introduction

Titanium dioxide (TiO2) is a very well-known di-
electric material in each of its naturally occurring poly-
morphic phases: anatase (tetragonal I4/amd), brookite
(orthorhombic Pcab), and rutile (tetragonal P42/mnm)
[1]. Since 1941 the rutile, with a dielectric constant of
around 100–150 (at room temperature and in the range
of 100 Hz to 1 MHz) [2,3] showed the highest values
[4,5]. Therefore a great quantity of research has been
brought out to study the preparation, anomalous be-
haviour and potential applications of this material [6–
12]. Today, the titania powder is mainly used in the
anatase form in applications such as solar energy storage
cells [13,14], catalysts and degradation of organic com-
pounds [15–20]. Rutile does not show the high photo-
reactivity of anatase [21] and is used mainly for pig-
ments due to its effective high light scattering [22] and
also for its large static dielectric constant [19,23]. More-
over there are many researches that have demonstrated
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rutile’s photocatalytic activity similar to anatase when
the crystal size of both phases was comparable [24].
This goal was achieved when the rutile was not pre-
pared as thermally stable phase as reported by Eraiah
et al. [25].

The Degussa P25 TiO2 (P25) is a largely used
commercial material supplied as a powder mixture
of anatase (major) and rutile and amorphous (minor)
phases with different ratios depending on the batch [26].
The powder is a mixture of anatase and rutile in the
ratio about 3:1, and rutile is present as separate phase
and does not exist on the surface of the individual par-
ticles of anatase [27]. The existence of two different
phases, their unknown precise amount, and the nano-
metric sized particles may give some problems dur-
ing the synthesis, shaping and sintering of ceramic ma-
terials. In particular, the presence of nanosized parti-
cles, especially when mixed with micronic powders and
high density difference between anatase (size: 24.5 nm;
bulk density: 3.893 g/cm3, ICDD-PDF-2 code number
00-021-1272) and rutile (size: 44.1 nm; bulk density:
4.25 g/cm3 ICDD-PDF-2 code number 00-021-1276),
as in the case of this commercial powder, is worthy of
further investigations. In fact, the presence of nanopar-
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ticles with high surface area contributes non-negligibly
to the chemical potential by changing the activation en-
ergy for the phase transformation. For example, in the
phase diagrams taken into consideration, there is a sig-
nificant difference from the value reported by Dachille
et al. [28], which plotted the extrapolations to atmo-
spheric pressure of the anatase-rutile boundaries inter-
secting the temperature axis at 605 °C, in comparison to
the anatase-rutile phase transition temperature reported
more recently by Sun et al. [25] and fixed at 780 °C. Fur-
ther, the phase stability, that, at room temperature and
for macro-crystalline powders, is higher for rutile than
for anatase, reverses when particle size becomes less
than 10–15 nm [29–31]. Thus, by varying the initial size
of TiO2 nanoparticles the phase transformation reaction
path changes, both in terms of transition onset point
and growth rate. The significant change of transfor-
mation rate and activation energy (about 165.6 kJ/mol
and over 330 kJ/mol, respectively, for rutile nucleation,
within nanocrystalline anatase particles and coarse ones
[32,33]) result into a transition temperature that can vary
from 400 °C to 1200 °C [25,34,35].

The anatase to rutile transformation occurs with a
coarsening mechanism. On the other hand, the rutile nu-
cleation is dominated by surface nucleation (surface nu-
cleation > interface nucleation > bulk nucleation) [36].
This transformation can be regarded as reconstructive
phase transformation, which requires repositioning of
both Ti cations and change in the oxygen arrangement.
This implies that at the interface of two anatase parti-
cles atomic migration is the primary driving force for
the formation and growth of rutile nuclei. The migra-
tion is strongly dependent on potential driving forces
for anatase to rutile transition that decreases at increas-
ing anatase particle size and correlated surface area. The
transition driving force is due to the atoms in the de-
fect sites which have higher energy than those in the
main lattice and can favourably act as nucleation sites
for the rutile phase formation at the surface of anatase
crystallites. Thus, rutile nuclei keep consuming anatase
particles from their interface until its total free energy
becomes equal to or smaller than that of anatase. There-
fore, it is easier to overcome the energy barrier to start
the transformation of anatase to rutile with finer parti-
cles due to their higher free surface area and concentra-
tion of anatase particle-particle contact points. Since the
anatase particle-particle boundaries are the nucleation
sites for the polymorphic phase transition, the phase
transformation rate of nanocrystalline anatase can be re-
lated to the “concentration” of anatase particles [32].
The kinetics of the anatase-to-rutile phase transforma-
tion was investigated by several researchers (as well
summarized by Zhang and Banfield [32]) and studied
as a function of temperature, pressure, particle size, ad-
ditive/dopant, hydrothermal condition but the influence
of heating rate during the transformation has not been
emphasized.

This work aims to find the best calcination cycle - in

air and with “natural” cooling in oven (without quench-
ing treatment) - in order to achieve the highest trans-
formation rate of the anatase into rutile in commercial
P25 powder, while keeping the crystallite size and par-
ticle size distribution, respectively, as low and as uni-
form as possible [8], and to improve the quality of the
calcined P25 powder for applications as a filler or pre-
cursor for functional ceramic composites [37,38]. Li et

al. [3] observed that the particle sizes become larger
and non-uniform with the increase of the annealing tem-
perature. Therefore temperature and time of calcination
must be kept as low as possible. So the approach is
to increase the heating rate in order to boost the non-
equilibrium transition from anatase to rutile by exploit-
ing the higher surface areas, so as to reduce the activa-
tion energy needed for transition [36]; the requested en-
ergy will be available if the surface area and particle ra-
dius of anatase particles, respectively, are as high and as
low as possible when the onset temperature (related to
the particle size at the starting point) is reached. The full
transformation was achieved by shaping the powders in
a compacted green body in order to increase the con-
tact points between the particles of anatase. In this way
the coarsening mechanism was exploited increasing the
“concentration” of anatase particles, while keeping the
heating rate as high as possible.

We believe that the control of a mild thermal treat-
ment of commercial P25 will allow to reduce dispersity
and aggregation of rutile particles with nanometre size.

II. Experimental procedure

All phase transformation experiments were carried
out under normal pressure (1 atm) in a Nannetti Klin
FCN 16 furnace controlled using an Ero-Electronic PKP
controller. Three samples (#1, #2, #3) used in the kinetic
experiments were based on ∼20 g TiO2 (Degussa P25)
powders. For the fourth sample (#4), 4 g of TiO2 (De-
gussa P25) powder was subjected to cold linear press-
ing at 70 MPa to produce 30 mm diameter, 3 mm thick
disk. Isostatic pressing at 300 MPa was applied to the
disk to obtain green homogeneous TiO2 body. All the
samples were fired by setting the heat treatment cycles
reported in Table 1. From one cycle to the following one
the samples were cooled down to room temperature by
free cooling of the furnace. In Table 1, the cooling times
(tc) which passed from the calcination temperature to
605 °C, which is the equilibrium temperature at atmo-
spheric pressure reported by Dachille et al. [28], are re-
ported. The crystallite’s growth and relative phase con-
tents for anatase and rutile were quantitatively evaluated
by Powder X-Ray Diffraction (PXRD) analysis by using
Bruker D8 Advanced X-ray diffractometer (θ–θ) with
a LYNXEYE detector. PXRD patterns were recorded
with Cu Kα radiation in the range 0° ≤ 2θ ≤ 60° which
includes most of the main anatase and rutile diffraction
peaks. The scan speed and point intervals were kept at
2.4°/min and 0.02°, respectively.
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Table 1. Heating treatments performed on samples of Degussa P25 powder

Sample Step, i
Heating rate, q Calcination Permanence time, t Cooling time, tc

[°C/h] temperature, T [°C] [h] [min]

#1

1 100 620 0.5 1
2 100 640 1 3
3 100 640 5 3
4 100 620 50 1
5 100 700 1 7

#2
1 200 680 1 5
2 100 700 1 7

#3 1 300 700 1 7
#4 1 300 700 1 7

III. Results

Figure 1 shows the PXRD patterns of P25 samples.
All peaks belong to the anatase and rutile phases and
no other phase is detected within the X-ray detection
limit. The average crystallite sizes (DA for anatase and
DR for rutile) were calculated by Scherrer’s formula,
D = kλ/β cos θ, based on the precise 2θ positions and
full width at half maxima (β) of the diffraction peaks
with background-subtracted and Lorentzian correction
of 0.037° on β due to the instrumental peak broadening.
The values of β and θ are taken for anatase crystal planes
(101) and rutile one (110). The shape factor (k) and the
X-ray wavelength (λ) were fixed at 0.9 and 0.15418 nm,
respectively. Following this formula, the XRD calcula-
tion does not give the true average crystal size but an
apparent one, which, anyway, depends on the first.

The phase composition is calculated by the Spurr and
Meyer’s equation formula [39]:

WR =
AR

A0
=

AR

0.884AA + AR

(1)

where WR is the rutile weight fraction, AA and AR are in-
tegrated diffraction peak intensities (after background-
subtraction) of the strongest peaks of anatase (101) and
rutile (110) fitted by Pearson VII curves, respectively,
and A0 is the total integrated 101 and 110 peaks inten-
sity. It has been supposed that the possible amount of
amorphous phase [26,40], about 9% [41], corresponds
to anatase particles with crystallites smaller than 30 Å.
The measured particle sizes and percentage amount of
calculated phases for each heat treatment step are shown
in Table 2. The commercial powder TiO2 (Degussa P25)
that has an average size of about 30 nm, was also charac-
terized as supplied for comparison, and used as standard
for initial composition.

IV. Discussion

The measured average crystallite sizes and the per-
centage amount of detected phases for each heat treat-
ment (data reported in Table 2) were processed in or-
der to evaluate the role of heating rate and the thermal
history. For this purpose in Fig. 2 the cumulative trans-

Figure 1. Normalized PXRD patterns (the first and the second number denote sample and step i, respectively)
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Table 2. The measured particle sizes and percentage amount of calculated phases

Sample Step, i
WR DR DA Slope

[wt./wt.] [nm] [nm] [10-3 nm-1]
P25 0 0.15 36 24 -

#1

1 0.22 42 26 11±1
2 0.35 53 29 11±2
3 0.63 71 32 13±2
4 0.82 87 37 11±2
5 0.91 94 41 11±2

#2
1 0.54 61 30 17±1
2 0.88 89 38 16±2

#3 1 0.86 75 35 18±1
#4 1 1 >100 - -

Figure 2. Plot showing the correlation between
transformation rate and coarsening rate of anatase and

rutile for each step of kinetic experiments run at the
condition reported in Table 1

formation rate, α̇, and the cumulative coarsening rate, ḋ,
were approximated and plotted, respectively, as follows:

α̇ =

n
∑

i=0

∣

∣

∣WA/Ri+1 −WA/Ri

∣

∣

∣ /ti+1 (2)

ḋ =

n
∑

i=0

∣

∣

∣DA/Ri+1 − DA/Ri

∣

∣

∣ /ti+1 (3)

where ti is the overall time of the step i calculated as the
sum of the time spent to reach the calcination temper-
ature from 465 °C [31], plus the soaking time, plus the
time of free cooling (tc) down to 605 °C [28].

From the plot (Fig. 2) it can be seen that the slope of
anatase curves is always higher than rutile one and this
is coherent with the coarsening mechanism. Anatase
coarsening rate is always lower than rutile’s one. This
means that adjacent anatase crystallites tend to trans-
form to rutile rather than to coarsen, so even if the
anatase crystallite sizes increase during the treatment,
this phenomenon is hidden or decremented by the trans-
formation to rutile which consumes the anatase par-
ticles. This was shown by Gribb and Banfield [29]
who found partially reacted anatase particles. So, both
anatase and rutile particle sizes increase with the in-

crease in temperature, but the growth rate is different.
The rutile has much higher growth rate than anatase.

The curves, plotted in Fig. 2, confirm also the effect
of the starting crystallite size and the “concentration”
of anatase particles on the kinetics of the anatase-to-
rutile phase transformation. Considering the last step
of the curves #1 and #2 – the same heating rate (Ta-
ble 1), with different initial DAi

and WAi
(Table 2) – the

slope (WRi+1 − WRi
)/(DRi+1 − DRi

) increases from about
0.011 nm-1 to 0.016 nm-1, respectively. Nevertheless, it
is not possible to distinguish the specific contributions

Figure 3. Weight fraction vs. average crystallite size for
anatase (top) and rutile (bottom)
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Figure 4. Diagram showing steps involved in the phase transformation of nanocrystalline anatase particles over lower heating
rate (A) and over higher heating rate (B)

of DAi
and WAi

. From the data reported in Table 2 it
seems there is a close correlation between DA/R and
WA/R which is not strongly influenced by the thermal
history. In fact, a linear correlation between them (with
a quite high R2 = 0.95 and 0.94 for the anatase and ru-
tile, respectively) was found (Fig. 3). According to the
model proposed by Zhang and Bandfield [32] the ki-
netic of anatase to rutile transformation is a function of
the numeric fraction of anatase particles and thus it is
directly proportional to WA and inversely proportional
to (DA/2)3. So, in order to boost the kinetics of transfor-
mation of a given anatase and rutile nanopowder mix-
ture, it is fundamental to supply enough thermal energy
to the system in short time. This suppresses the coars-
ening of adjacent anatase particles [42] and their stabi-
lization at higher temperatures. In fact, the highest slope
of 0.019 nm-1 was achieved at the highest heating rate
starting from the powders characterized by the highest
value of WA and the lowest DA. The above discussed
heating rate role in the anatase to rutile transformation
is summarized as graphical kinetic model in Fig. 4.

The coarsening mechanism was also confirmed and
exploited by pressing the starting powder into a disk in
order to increase the anatase-anatase contact-points. In
this way the anatase to rutile mechanism was signifi-
cantly improved achieving the full transformation to ru-
tile.

According to the linear correlation between DR and
WR (WR = 0.014DR − 0.33) and the results achieved by
increasing the heating rate and anatase-anatase contact-
points, it should not be possible to get 100% of rutile
powders characterized by a DR smaller than 97±14 nm.

V. Conclusions

The influence of heating rate and thermal history on
the anatase to rutile transformation and crystallite size
of commercial TiO2 (Degussa P25) powder was stud-
ied. The enhanced anatase to rutile transformation, as
a consequence of the increase of the heating rate, re-
sults into the highest ratio of rutile weight percentage

(86 wt.%) to its crystallite size (75 nm). At the same
heat treatment, the full transformation was achieved by
increasing the anatase-anatase contact-points. A theo-
retical lower threshold on the rutile crystallite size was
found. It is not possible to get 100% of rutile particles
with average crystallite size lower than 83 nm by firing
TiO2 Degussa P25 powders.
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