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Abstract

The formation, stability and physico-chemical properties of TiO2 powders are strongly influenced by the actual synthesis
and processing routes employed. Pure and metal-doped nanostructured TiO2 samples were obtained using the sol–gel method.
In situ X-ray diffraction (XRD) experiments using synchrotron radiation were performed to explore the high-temperature/high-
pressure stability and sintering behavior of these nanomaterials. The present results show a strong decrease of the anatase-to-
rutile transition temperatures with increasing applied pressure, thus opening new perspectives for the development of efficient
low-temperature sintering procedures.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction

Nanostructured materials were proven to exhibit
unique mechanical, chemical, electrical, optical and
magnetic properties[1]. Pure and metal-doped nanos-
tructured titanium oxide materials are essential for the
development of advanced electrochemical solar cells
[2], photocatalytic devices[3] as well as optical and
electron-sensitive coatings[4].

An important issue in the development and use of
nanomaterials in everyday applications is their ability
to maintain ultra-fine particle sizes within extended
temperature–pressure ranges. The surface free energy
and the surface stress govern the thermodynamic phase
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stability for ultra-fine-grained materials[5]. Both pa-
rameters may be tuned with sufficient accuracy by
intentionally modifying the surface chemistry of the
nanosized particles and by external applied pressure,
respectively.

The formation, stability and physico-chemical
properties of nanostructured TiO2 powders are de-
termined by the details of the actual synthesis and
processing routes employed. Pure and metal-doped
nanostructured TiO2 samples were obtained using
the sol–gel method. In situ X-ray diffraction (XRD)
experiments using synchrotron radiation were per-
formed to observe the high-temperature/high-pressure
stability and sintering behavior of these nanomateri-
als. The present results show a strong decrease of the
anatase-to-rutile transition temperatures with increas-
ing applied pressure. Efficient transformation-assisted
low-temperature sintering procedures[6–10] may
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therefore be developed to produce large-volume
nanostructured ceramic parts with improved proper-
ties and mechanical resistance.

2. Experimental

2.1. Sol–gel synthesis

Pure and Ag-doped titanium oxide samples were
obtained following a sol–gel procedure using tetra-
isopropylorthotitanate (TPOT) and titanium tetra-iso-
propoxide (TTIP) as precursor materials. Under
vigorous stirring, TTIP was added to a water–ethanol
mixture. The solution was further mixed in an ul-
trasonic bath, then aged at room temperature in air
for 24 h. This procedure resulted in centimeter sized
transparent, gel bulk monoliths. A similar procedure
was followed for the Ag-doped samples. After the
hydrolysis of TTIP, AgNO3 was added as a precursor
for the silver ions. The resulting sols were then air
dried at room temperature for a few days.

2.2. In situ X-ray diffraction experiments using
synchrotron radiation

The crystallization sequence and sintering behavior
of the as-prepared brookite-free samples was fol-
lowed for temperatures as high as 850◦C. The in situ
experiments were performed at the high-resolution
powder diffractometer at the B2 HASYLAB/DESY
beamline in Hamburg, Germany. We used a capillary
sample holder and a STOE furnace/oven. The speci-
men temperature was measured using thermocouples
mounted in the immediate vicinity of the capillary
sample holder. The scattered intensity was monitored
using a semi-circular image-plate detector, which
allows the one-step acquisition of high-resolution
XRD patterns. The instrumental resolution function
βg(2θ) was determined using NIST Al2O3 and LaB6
standards. The data-acquisition time was optimized
to about 20 min per scattering pattern. For each of
the sol–gel derived samples, about 50 diffraction pat-
terns were collected at temperatures between 100 and
850◦C. The synchrotron radiation wavelength was
equal toλ = 0.11196 nm.

The in situ high-temperature synchrotron radiation
diffraction experiments under high-pressure were per-

formed in energy-dispersive mode using the MAX80
multiple-anvil high-pressure facility (beamline F2.1,
HASYLAB). The powder samples were loaded into
6 or 8 mm boron cubes. A boron nitride (BN) cylin-
der together with BN powder added above and below
the specimen provide a highly-stable, chemically-inert
environment for the sample material. Pressure is cali-
brated using NaCl as reference standard. Several heat-
ing experiments (up to 1300◦C) were performed at
different applied pressures (up to 2.5 GPa) for each
sample. The typical data-acquisition time per diffrac-
tion pattern ranged from 3 to 10 min.

2.3. Thermogravimetry (TG) and differential
scanning calorimetry (DSC)

The thermal stability of the sol–gel-derived samples
was investigated by TG and DSC, using a SETARAM
LABSYS TG–DSC instrument. The samples were first
vacuum dried at 90◦C for 3 h, then TG–DSC mea-
surements were simultaneously performed up 700◦C
at a heating rate of 2◦C/min.

2.4. X-ray diffraction data-analysis procedure

For the analysis of angular-dispersive diffraction
patterns, we used the software package PeakFit[11].
The experimental scattering patterns were modeled by
assuming a polynomial baseline and Voigt-type indi-
vidual diffraction lines. The modified Voigt function
used for the present peak-shape analysis provides the
Gauss (ωG) and Cauchy–Lorentz (ωL) components of
the linewidth as fitting variables:

Voigt(2θ) = a0
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together with the usual parameters: peak position 2θ0,
amplitudeI0 (the diffracted intensity at 2θ0), and the
full-width-half-maximum (β). The instrumental res-
olution function βg(2θ) was first obtained from the
experimental data on the standard NIST Al2O3 and
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LaB6 specimens, using an interpolation procedure
for the angular range of interest ((10–70) × 2θ). The
instrumental broadening correction was performed
for the experimental FWHM values according to the
equation:

β2
f = (βh − βg)

√
β2

f − β2
g (2)

where the indices h, g and f indicate the experimen-
tal (βh), instrumental (βg) and specimen (βf ) FWHM
contributions, respectively. The values for the cor-
rected FWHMβf were further used to evaluate the
“apparent” particle size (D) according to the Scher-
rer equation, assuming microstrain-free specimens and
K ≈ 1:

βf = Kλ

D cosθ
(3)

Additional information on the temperature evolution
of average grain-sizes and root-mean-square (rms)
strainε were obtained directly from the Cauchy–Gauss
components of the linewidths, within the limits of
the Halder–Wagner approximation[12]. The present
preliminary analysis is restricted to the strongest
anatase (1 0 1) and rutile (1 1 0) reflections. The more

Fig. 1. High-temperature synchrotron radiation diffraction patterns of titanium dioxide sol–gel-derived powders.

detailed examination of line profiles based on the
‘double-Voigt’ method[13] which is equivalent to the
Waren–Averbach procedure[14] will be described in
a forthcoming paper[15].

3. Results

3.1. High-temperature X-ray diffraction (HTXRD)

For the sol–gel-derived titanium dioxide samples
prepared using ethanol, the high-resolution diffraction
patterns measured within the temperature range be-
tween 40 and 860◦C are illustrated inFig. 1. The ini-
tially amorphous samples transform to nanostructured
anatase at temperatures close to 100◦C. No diffrac-
tion lines corresponding to the brookite phase were
observed (brookite is a minority by-product of most
synthesis procedures).

The onset of the anatase-to-rutile transition is ob-
served atT = 460◦C. The anatase (A) and rutile
(R) phases coexist up to 780◦C. Above this tempera-
ture, only rutile diffraction lines could be noticed. The
evolution of the “apparent” particle sizes and relative
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Fig. 2. The evolution of the “apparent” particle-size with temper-
ature (based on the Scherrer equation, seeSection 2).

weight fractions[5] for the anatase and rutile con-
stituent phases against temperature are illustrated in
Figs. 2 and 3, respectively.

As readily seen fromFigs. 1 and 2, in the absence of
secondary phases such as brookite, the crystallite size

Fig. 3. The evolution of relative fractions (wt.%) of the anatase
and rutile phases against temperature.

of the anatase phase remains practically unchanged to
its initial value of about 5 nm, for the entire tempera-
ture range below the anatase-to-rutile (A→ R) phase
transition. The onset of the transition at 460◦C also
triggers the faster coarsening of the anatase particles,
which proceeds up to the complete transformation into
rutile at 780◦C. Another important feature is that the
initial rutile crystallites (of about 30 nm) are almost
five times larger than the anatase particles already at
the onset of the A→ R transition. We also notice
that the titania grain-sizes remain well below 100 nm
even at temperatures close to 900◦C, which is a good
premise for obtaining bulk nanostructured TiO2 spec-
imens with good thermal stability below 1000◦C.
Finally, Fig. 3 indicates that mixed-phase samples
equivalent to the Degussa P25 product (80% anatase,
20% rutile) would be obtained using ambient pressure
sintering at around 500◦C, with average crystallite
sizes of only 12 nm for anatase and around 30 nm
for rutile.

Fig. 4. Temperature evolution of the rms strain for the anatase and
rutile phases.
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Fig. 5. Temperature evolution of the unit-cell volume for the
anatase and rutile phases.

The temperature evolution of the rms strain (Fig. 4)
and unit-cell volume (Fig. 5) could also be determined
independently for each of the constituent crystalline
phases. The anatase phase exhibits larger rms strain
values than rutile over the whole temperature range.
This indicates that microstrain could be one of the
main causes for the instability of the nanometer-size
anatase particles. The anatase rms strain decreases
rapidly with increasing temperature above 400◦C
(Fig. 4) which correlates with the observed increase
of the apparent particle size (Fig. 2). The average
strain for the rutile phase is lower (about 1× 10−3)
and shows a less-pronounced temperature evolution,
indicating that the larger rutile nanoparticles are in-
significantly affected by volume and surface strain
effects.

The temperature evolution of the unit-cell volume
of the anatase and rutile phases is illustrated inFig. 5.
As expected, the lattice parameters are highly sensi-

tive to the structural phase transition: the onset of the
A → R transition at 460◦C is also detected by sud-
den changes of the unit-cell volumes of each of the
constituent phases. The volume change is largely due
to the change in thec lattice parameter, the other lat-
tice constants being less affected (not shown).Fig. 5
demonstrates also that the onset of the A→ R transi-
tion is accompanied by a 4% reduction of the volume
of the anatase phase. This effect was already success-
fully exploited in the transformation-assisted synthesis
of metal-doped titania-matrix ceramic nanocompos-
ites [15,16]. The volume change at the onset of the
A → R transition further relaxes with increasing tem-
perature: above 560◦C, the unit-cell volume changes
are due to thermal expansion only (Fig. 5).

3.2. High-pressure X-ray diffraction

Energy-dispersive X-ray diffraction spectra were
collected at the MAX80 station (HASYLAB) using
a diffraction angleθ = 3.77◦ at p = 2.38 kbar ≈
0.24 GPa and temperatures as high as 700◦C (Fig. 6).
In Fig. 6, the strong boron nitride BN (2 0 0) Bragg
reflection was removed from the diffraction pattern to
allow the observation of the anatase A (1 0 1) diffrac-
tion line. Under pressure, the amorphous to crystalline
anatase phase transition occurs at about 130◦C. How-
ever, the onset of the A→ R transition is observed
at a much lower temperature, namely at only 200◦C.
The anatase and rutile phases coexist over an extended
temperature range: the A→ R transition is completed
at 600◦C. No secondary phases were formed dur-
ing the sintering process. We notice that the anatase
phase diffraction lines maintain a broadened profile
over the entire temperature range. In contrast, the
diffraction lines of the rutile phase are rather sharp,
even at the onset of the A→ R transition, i.e. the
temperature evolution of rutile nanoparticles is very
similar to the one observed under ambient pressure
conditions.

3.3. Thermogravimetry–differential scanning
calorimetry results

The TG–DSC results for the samples dried at 90◦C
for 3 h are illustrated inFig. 7(initial mass of the spec-
imen mp = 144 mg, after dryingmp = 89 mg). The
specific heat-flow (HF) signal reveals an endothermal
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Fig. 6. Energy-dispersive X-ray diffraction (EDXRD) spectra collected at 0.238 GPa with increasing temperature (up to 700◦C). The BN
(2 0 0) reflection was removed to allow the observation of the anatase A (1 0 1) diffraction line.

transition between 90 and 200◦C, which is related
to the pronounced mass loss within this temperature
interval. We may therefore associate this endother-
mal effect to the further removal of solvent mate-
rial, a process not completed during the pre-heating

Fig. 7. Thermogravimetry (TG) and differential scanning calorimetry (DSC) results: the specific heat flow (HF) is illustrated by the open
symbols curve (exothermal DSC signal downwards). The continuous black curve shows the temperature evolution of the specimen mass
(mp), while the rate of the TG signal is given by the dotted line (black).

stage. Further mass loss is observed however at a re-
duced rate between 220 and 360◦C, becoming in-
significant for temperatures above 450◦C. The first
strong exothermal maximum in the specific HF (DSC)
signal at 240◦C represents the anatase crystallization
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from the amorphous precursor state. The onset tem-
perature of the amorphous-to-anatase transition (ap-
prox. 200◦C) coincides with the change in the rate
of mass loss (thermogravimetric) signal at 220◦C, in-
dicating that solvent removal becomes substantially
more difficult after the crystallization of anatase parti-
cles above 200◦C. This observation immediately sug-
gests that at this stage only thin surface/interface layers
are still trapped between the anatase nanoparticles;
their removal is more difficult to achieve and the mass
loss process slows down accordingly. Moreover, the
growth of the anatase grains is inhibited within this
temperature interval. The nucleation of rutile TiO2
occurs progressively once the solvent removal is lo-
cally completed. This results in a broad exothermal ef-
fect centered at approx. 360◦C. Rutile nucleation thus
seems to occur at the surface of anatase grains, ini-
tially leading to the formation of core–shell particles.
The anatase-to-rutile transition further proceeds from
the surface towards the interior of the particles, so that
relatively large rutile grains result in a short time.

4. Discussion and conclusions

The use of the unique properties of nanostructured
materials derived from their ultra-fine-grain size in
technological applications is restricted by our abil-
ity to stabilize fine microstructures at the nanometer
scale for extended temperature and pressure ranges.
It was earlier recognized that the surface free energy
and surface stress play a major role in the stability
of nanosized particles. Both parameters can be used
for tuning the phase stability of competing crystalline
phases, for example by modifying the chemistry of
inner surfaces/interfaces in the bulk material or by ex-
ternal applied pressure. Various recent studies have
pointed out that the temperature–pressure phase dia-
grams of coarse-grained specimens are no longer valid
for nanostructured materials: for example, the relative
phase stability was found to be reversed due to the
enhanced surface energy contribution at very fine par-
ticle sizes[5,17–20].

In situ high-temperature high-pressure X-ray
diffraction experiments using synchrotron radiation
are highly valuable methods in exploring the phase
stability of these interface-controlled nanomateri-
als. These methods were here used to examine the

pressure–temperature phase diagram of brookite-free
titania nanosized powders prepared by the sol–gel
method. For coarse-grained polycrystalline TiO2 un-
der ambient conditions, the rutile phase is thermody-
namically stable relative to both anatase and brookite
polymorphs. The onset temperature of the A→ R
transition for macrocrystalline TiO2 is usually higher
than 900◦C [21]. Various ambient pressure onset
temperatures well below 900◦C were reported for
specimens with fine-grain-sizes[5,22–24]. The spread
in the values previously reported in the literature may
to a certain extent be attributed to the presence or
absence of minor secondary phases such as brookite,
which also plays an important role in the interface sta-
bilization of anatase[16]. For the brookite-free titania
samples investigated here, the onset temperature for
the A → R transition equals 460◦C, which is roughly
the half of the value reported for the coarse-grained
counterparts[21]. This illustrates the strong effect of
grain refinement at the nanometer scale and the ur-
gent need for a thorough revision of phase diagrams
for nanostructured materials.

Another interesting result of the present experi-
ments is the observed ability of the anatase phase to
maintain its nanostructured character (average grain
sizes:<10 nm) for temperatures as high as 460◦C
at ambient pressure and for an extended temperature
range (up to 600◦C) under moderate applied pressure
(0.24 GPa). Under ambient pressure conditions, the
faster growth of the anatase particles is triggered by
the onset of the A→ R transition (Fig. 2), however
the titania specimens remain nanostructured up to
temperatures as high as 850◦C. The observed anatase
nanoparticle stabilization effect is consistent with the
assumption that the more stable rutile phase nucle-
ates on inner surfaces, thus giving rise to core–shell
(rutile-coated anatase) nanoparticles. This assump-
tion is also fully supported by the TG–DSC results
(see alsoSection 3.3). Moreover, the presence of
larger rutile nanoparticles already at the onset of the
A → R phase transition (Figs. 1 and 6) would also
be described in this way.

Both in situ X-ray diffraction and calorimetry ex-
periments yielded results in good qualitative agree-
ment, in spite of the fact that the thermal history
of the samples investigated was different, resulting
in somewhat different transition temperature values.
The TG measurements offered additional insight into
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the nature of the anatase grain-growth inhibition ef-
fect preceding the anatase-to-rutile transition, as well
as into the evolution of solvent removal processes at
lower temperatures.

The effect of applied pressure on the crystalliza-
tion and sintering behavior of nanostructured tita-
nia was also investigated. We observed that even
moderate pressures, as commonly encountered in
pressure-assisted processing of ceramic materials, are
able to induce a number of important effects. The
onset of the A→ R transition is detected at only
200◦C at 0.24 GPa instead of 460◦C under ambient
pressure conditions. Also, the extent of the A→ R
phase transition (defined as the temperature range
within which the anatase and rutile phases coexist)
increases with almost 100◦C under applied pressure.
Beyond the obvious technological relevance of these
results for the further development of low-temperature
low-pressure synthesis of nanostructured large-volume
titania-based ceramics, we underline the importance
of these observations for the full understanding of
interface-controlled nucleation and growth processes.
At present, the effect of applied pressure onto the
stability, kinetics and sequence of phase transitions
in nanophase materials may tentatively be understood
in terms of pressure-induced changes of the surface
tension and free energy, as well as atomic mobility
and diffusion coefficients. A more detailed analysis
of the high-pressure X-ray diffraction data[15] as
well as further calorimetry experiments at ambient
pressure are underway in order to resolve the individ-
ual contributions of the above mentioned factors to
the overall stability behavior of these nanostructured
materials.
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