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Abstract

We have investigated sol-precipitation, coupled with a hydrothermal treatment, as a common solution-based method for the
preparation of SrTiO; nanostructured powders. XRD, FTIR, TG/EGA, Raman and TEM were employed for a detailed structural
characterization of the sol-precipitates in comparison with subsequently hydrothermally or thermally post-annealed samples. The sol-
precipitates exhibited a pseudo-cubic symmetry and adopted the morphology of the hydrolyzed Ti-precursor. The structural distortions
were attributed to un-removed OH ™ groups and A-site vacancies, arising in the crystal lattice, as a result of a low-temperature diffusion-
controlled reaction. Furthermore, we demonstrated that the microstructural characteristics of sol-precipitates are directly responsible for
the formation of extended defects, i.e., nanocavities, within the single-crystalline particles, appearing independently of the selected post-
annealing treatment, i.e., hydrothermal or thermal. The study revealed that local distortions and peculiarities on the microscale,
introduced by sol-precipitation, were not completely restored under vigorous hydrothermal conditions, but rather provoked the
formation of new microstructural defects with an additional treatment.
© 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

SrTiO; (abbreviated as ST) is one of the most studied
perovskites, noted for its quantum paraelectric behavior [1]
and mixed ionic-covalent bonding, which give rise to a
unique electronic structure and intriguing properties for
microwave electronic applications [2]. At room temperature,
ST assumes a prototypic cubic perovskite structure, whereas
at cryogenic temperatures, an antiferrodistortive phase tran-
sition to a tetragonal structure (space group I4/mcm) occurs
[1]. However, studies also indicate stoichiometry-related
difficulties, giving rise to a locally non-centrosymmetric
structure that results in an anomalous dielectric or ferro-
electric response [3,4]. In addition to the structural defects,
the behavior of ST is also influenced by microstructural
properties, particularly below a certain size of the particles.
Accordingly, the structural and microstructural defects
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remain of key importance for the functional performance
of ST, and defects should be investigated within the context
of the synthesis technique applied.

In the past, the processing of ST powders was focused
on the wet chemical methods and accordingly numerous
different approaches have been utilized for the preparation
of nanostructured ST powders, i.e., molten salt synthesis
[5], microemulsion-mediated synthesis [6], Pechini and
related methods [7], thermal decomposition of suitable
precursors [8], decomposition of bimetallic alkoxide pre-
cursors [9], hydrothermal [10], and precipitation from a
precursor solution or gel suspension in a strong alkaline
environment [11].

Recently, Calderone et al. [12] demonstrated the effec-
tiveness of using sol-precipitation from a titanium hydro-
xide gel suspension, which enabled them to prepare
defective single-crystalline ST particles with a tailored size
(80-1400 nm) by careful control of the synthesis condi-
tions. Herein, the oriented aggregation or epitaxial self-
assembly of small nanocrystallites was proposed as the
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growth mechanism that yielded porous monocrystallites. In
addition, the sol-precipitation was coupled with a hydrother-
mal treatment [13-15], as a two-step synthesis procedure.
Although different modifications of the latter synthesis were
employed, all studies collectively reported the formation of
cubic-shaped crystallites with distinct circular- and square-
shaped anomalies being present. Detailed TEM investigations
excluded the possibility that these were surface-related defects,
whereas thickness mapping has revealed the depletion of
material across the defective regions, which suggested the
presence of nanocavities within the crystallites [13]. Although
these anomalous features were collectively observed for
hydrothermally post-treated sol-precipitates, the cause of the
formation was neither suggested nor explored.

Accordingly, we have performed a detailed structural
and microstructural investigation of ST powders derived
from sol-precipitation in comparison to a hydrothermally
post-treated sample. To estimate the actual contribution of
the hydrothermal conditions, precipitated powders were
also thermally annealed, and an investigation from the
microstructural point of view was performed. Sol-precipi-
tation, as a low-temperature ambient-pressure synthesis
technique, requires reactive precursors for the formation of
the perovskite phase. Therefore, chloride-based precursors
are commonly used. However, to avoid any possible
contamination with Cl~ ions, titanium alkoxide and
strontium hydroxide were selected as the initial reagent.

2. Experimental procedure

The experimental procedure was performed as illustrated in
the flow chart (Fig. 1). The sol-precipitation was carried out by
dissolving Sr(OH),...8H,O (Alfa Aesar, 99%) in 1 M acetic
acid (pH~2.5) at 95 °C, yielding a clear Sr-precursor solution.
With the addition of titanium (IV) isopropoxide (Alfa Aesar,
97+ %) the final solution of 0.1 M concentration and an
equimolar Sr/Ti ratio was obtained. The precipitation of

 Di-H,0
Sr(OH),-8H,0
1MAcOH

!

mixing - 95°C

% TI[OCH([CH;),)

mixing - 95°C

Sol-precipitation

p—————— NaOH pellets (3M)

’, ~
I

mixing-95°C,05h ko comoccoocooo)oo ': Hydrothermal treatment |

% s 240°C,12 h 1

washing,
drying - 100°C, 2 h
N X

ST-5P )' sT-mr |

Characterization

| washing,
drying -100°C, 2h

Fig. 1. Synthesis procedure employed for the preparation of ST sol-
precipitates and hydrothermally derived ST powders.

SrTiO; was induced by slowly adding sodium hydroxide
pellets (Applichem, pellets, min 99%) to the precursor solu-
tion, attaining a NaOH concentration of 3 M (pH > 13). After
precipitation the reaction suspension was stirred for 0.5 h at
95 °C. The resulting precipitates were subsequently collected
and washed during the centrifugation and water re-dispersion
cycle, repeated three times to remove the remaining species.
The prepared sol-precipitate (abbreviated as ST-SP) powders
were air-dried at 95 °C overnight prior to their characteriza-
tion. The hydrothermally derived samples were prepared using
an identical sol-precipitation procedure to that described
above, only in this case the suspension obtained after the
precipitation was directly transferred into a 100 ml Teflon-
lined autoclave with a 30% filling capacity and heated to
240 °C for 12 h. The autoclave was subsequently allowed to
cool to room temperature. The hydrothermally treated pre-
cipitates were afterwards washed and dried using the same
procedure as employed for the ST-SP product. In this way
hydrothermally derived powders were obtained (abbreviated
as ST-HT).

In addition, ST powders were also prepared by solid-
state reaction (abbreviated as ST-SS) for the reference
structural investigations. Stoichiometric amounts of TiO,
(rutile, 99.99%, Alfa Aesar) and SrCO; (99.99%, Alfa
Aesar) powders were dried at 200 °C for 2 h prior to their
homogenization in absolute ethanol. The reactant powders
were pressed into pellets and pre-reacted at 1000 °C for
10 h. The pellets were subsequently crushed, ball milled
and then calcined at 1250 °C for 10 h. This procedure was
repeated, with the final calcination being conducted at
1400 °C for 10 h.

2.1. Measurements

The X-ray powder-diffraction patterns were collected in
the 2-theta range 20°-80° using a PANalytical X’Pert PRO
(radiation wavelength CuKa=1.5406 A) with a Johansson
monochromator. Ordinarily, XRD diffractograms were
recorded with a step of 0.017° and a counting time of
1 s, except for the precise diffractograms in the 67-69° 2-
theta range, recorded with a step of 0.008° and a counting
time of 10s. For the Fourier-transform infrared spectro-
scopy (FTIR) measurements, the as-prepared powders
were triturated with KBr and pressed into pellets. The
FTIR spectra of the ST powders were recorded with a
Bruker IFS 66/S in the wavenumber region from 400 to
4000 cm " with a resolution of 4 cm ' and with 64 scans
for each sample. Simultaneous thermogravimetric (TG)
and evolved-gas analysis (EGA) were conducted in air
from 30 to 1000 °C with a heating rate of 5 °C/min using a
Jupiter 449&403C Ag]oloss, Netzch. The Raman spectra
were recorded on a Raman Witec alpha 300 spectrometer
employing a 532nm green laser. The microstructural
characterization was performed with a transmission elec-
tron microscope (TEM, Jeol, JEM-2100).
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3. Results and discussion
3.1. XRD

In Fig. 2(a), XRD patterns of the as-prepared, precipi-
tated SP, hydrothermally annealed HT versus bulk SS
ceramics are presented. The main diffraction peaks of all
the samples correspond to the perovskite structure; how-
ever, some less intense additional reflections were noticed in
the diffractograms of the SP and HT samples, indicating a
minor content of impurity phases (Fig. 2b). The broad
secondary peaks in the diffraction pattern of the SP
powders corresponded to SrCO; (JCPDS No. 84-1778)
and the pseudobrookite Ti;Os polytype (JCPDS No.72-
2101). The HT sample exhibited several sharp diffraction
peaks of low intensity that were assigned to sodium acetate
hydrate (JCPDS No. 28-1303), presumably crystallizing
from the un-removed precursor species upon cooling after
the reaction was terminated. As with the ST phase in the SP
sample, a pseudo-cubic symmetry was observed, whereas
only the pattern of the SS sample is totally consistent with
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Fig. 2. (a) XRD diffraction patterns of sol-precipitated (SP), hydrother-
mally post-treated precipitates (HT), and bulk ceramics, prepared by
solid-state reaction (SS). (b) Diffractograms of SP and HT sample with
arrows denoting traces of secondary phases. (c) High-precision scans of
(220) reflections, recorded in the 2-theta 67-69° range of SP, HT, and SS
powders.
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the Pm3m space group (JCPDS No. 86-0176). The esti-
mated FWHM (Full Width at Half Maximum) values are
0.253°, 0.164° and 0.067°, for the SP, HT and SS powders,
respectively. The corresponding increase in FWHM values,
being crystallite-size or microstrain related, is accompanied
by a proportional shift of the peaks toward lower 2-theta
values, as is evident from Fig. 2(c). The lattice expansion
can be related to the non-stoichiometry on the Sr*™ sites, as
previously described by Brooks et al. [16]. In our experi-
ment, vacancies on the A-sites might arise due to the low-
temperature diffusion-controlled reaction between the Sr**
ions and the [Ti(OH)eJ*~, i.e., a hydrolyzed titanium gel
precursor. Considering that crystallization of the ST phase
also requires the elimination of OH™ groups from the
titanium precursor [17], an incomplete transformation might
also result in the residual OH™ within the perovskite
structure. According to Beran et al. [18], a structural model
for OH™ groups, incorporated into the perovskite crystal
lattice, assumes the formation of A-site vacancies, which
compensate for the charge imbalance and also for the strain
and stress effects. Thus, the expansion of the unit cell or
distortions in the crystal symmetry might arise due to the
presence of hydroxyl groups, which at the same time oppose
the occupation of A-sites. Nevertheless, the distortions
observed for the SP powders are reduced by a further
hydrothermal treatment, as determined from the corre-
sponding XRD patterns of the HT sample. Indications of
hydroxyl groups and other precursor-related species for the
SP and HT powders were further investigated by means of
FTIR analyses.

3.2. Fourier-transform infrared spectroscopy

The FTIR spectra of the SP and HT samples are shown
in Fig. 3. Within the measured range, several distinct
absorption bands were observed. The broad, low-intensity
absorption band in the range 3400-3600 cm ' is caused by

Absorbance [a.u.]

Wavenumber [em]

Fig. 3. FT-IR results of SP and HT samples. The inset shows more
precisely the low-intensity absorption bands, related to vibrations of the
precursor groups.
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vibrations of the O—H bonds arising from either the surface
hydroxyl groups or the O-H groups from the physically
adsorbed water [19]. The presence of O—H groups is to some
extent characteristic of the powders obtained by a reaction in
an alkaline aqueous solution and/or hydrothermally synthe-
sized powders. The absorption in the range 28503000 cm ~
is due to C-H sp’ stretching and can be ascribed to the
vibrations of the alkyl groups of the titanium precursor,
acetic acid, and the corresponding derivatives. The small,
double-maximum peak at ~2350 cm ™' is due to the asym-
metric stretching of the CO,, originating from the decom-
position of titanium isopropoxide [20]. The two absorption
peaks near 1400 and 1520 cm ' correspond to the symmetric
and asymmetric stretching vibrations of the carboxylate
groups [20], i.e., from the acetate ligands of acetic acid. The
absorption between 1000 and 1100cm~' is due to the
stretching vibration of the C—O alcohol groups, correspond-
ing to the titanium precursor. Furthermore, the IR spectrum
exhibits two strong absorption bands, located at about 400
and 620 cm ', which are attributed to the vibrations of the
Ti—O bonds within the TiOg octahedron, bending at lower-
frequency and stretching at higher-frequency [21], respec-
tively. The latter peaks are characteristic for the perovskite
structure and, as observed, the corresponding absorbance is
significantly higher for the HT powders. The results suggest
that the sol-precipitation results in crystalline ST powders;
however, the pronounced absorption bands associated with
the precursor species for the SP sample are indicative of an
incomplete reaction toward the perovskite structure. Thus,
the subsequent hydrothermal treatment promoted the crystal-
lization process, as determined from the FTIR and XRD
results. The SP and HT powders were subjected to TG and
EGA analyses to acquire supplemental data regarding the
possible elimination of H,O groups and the decomposition
behavior of the unreacted species, as identified by FTIR
spectroscopy.

3.3. TG and EGA analysis

Thermogravimetric curves of the as-prepared ST powders
are shown in Fig. 4. The estimated weight losses of the sol-
precipitate and the hydrothermally derived sample are 9.7%
and 2.6%. In the case of the SP powders, the first contribu-
tion to the weight loss of ~3.6% between room temperature
and 200 °C is due to the elimination of water, ie., a
dehydration process. Later, a gradual decrease in the weight
between 200 °C and 600 °C is related to the emission of CO,
and thus ascribed to the pyrolysis of the carboxyl precursor
groups (in accordance with the FTIR results) with an overall
contribution of ~3.0% to the total weight loss. Between
700 °C and 900 °C, a final weight loss of ~3.1%, also
resulting from CO, emission, is determined and ascribed to
the decomposition of SrCO;, based on the corresponding
thermal analysis data [22]. The latter arises due to the
reaction of atmospheric CO, with Sr>* ions from the system.
According to previous studies, the residual SrCOj; can exist in
the form of separate particles or on the surface of the ST
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Fig. 4. TG curves of SP and HT sample.

grains [23]. With respect to the HT sample, a total weight loss
of 2.6% is determined. The first contribution of ~0.4% up
to 200 °C is related to the elimination of H»O, the dehydra-
tion process. Furthermore, an explicit step in the weight loss
of 1.4% is perceived between 250 °C and 500 °C, originating
from two contributions, i.e., the CO, emission and the
evaporation of H,O. As determined from the mass spectra,
the two peaks coincide. Within the referred to temperature
zone, the water elimination might be attributed to the
removal of OH™ groups, i.e., the dehydroxylation of the
HT nanocrystals [24]. The incorporation of hydroxyl groups
in the regular perovskite lattice has been previously addressed
[25-30], and the latter is closely associated with nanopowders
derived from an alkaline-based aqueous medium. However,
the bounding site of the OH™ groups, i.c., being bulk or
surface-related phenomena, remains uncertain here. Bulk
incorporation, nevertheless, results in a defect structure and
consequently a distorted local symmetry. To verify the
possible structural distortions arising for the prepared ST
powders, Raman spectroscopy was employed.

3.4. Raman spectroscopy

Under ambient conditions, ST exhibits an ideal cubic
structure with the Pm3m space group. This means that no
first-order Raman scattering is allowed, based on symmetry
considerations, and the spectrum is expected to be dominated
by second-order activity [31]. As reported previously [32], the
second-order dynamics is observed in two broad bands
centered in the 200-500 cm ™ 'and 600-800 cm ™' regions of
the spectrum; therefore, activity in the corresponding regions
will not be further specifically addressed. For the low-
temperature ST tetragonal structure of the I4/mcm space
group, seven Raman active modes including two degenerate
{E,, B, and a B,, mode were reported [31,32], with the
corresponding bands observed in the ranges 140-150 cm ™!,
440-460 cm ™', and 220-260 cm ™ '. However, a strong peak
at ~146cm ™', previously assigned by Banerjee et al. [33]
to the E, mode, was also related to the SrCO; content in the
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specimen; therefore, the corresponding scattering will not be
taken into consideration. Fig. 5 represents the Raman spectra
of the SP and HT samples in relation to the scattering
behavior of the SS bulk ceramic. Second-order activity is
clearly observed for the ST-SS sample, whereas the SP and
HT samples exhibited somewhat different behavior. The
corresponding Raman spectra were differentiated in terms
of the appearance of additional peaks outside the expected
second-order scattering regions. The sol-precipitates exhibited
two additional peaks at 176 and 543 cm ™!, whereas the HT
sample showed several peaks of low intensity. However, the
following peaks at 176, 543, and 796 cm ™' are sufficiently
explicit to consider. The recorded Raman shifts at 176, 543,
and 796 cm ' agree well with the frequencies of the TO,,
TOy4, and LO4 [31,32], respectively, and are indicative of the
first-order scattering behavior. Previously, this phenomenon
was collectively observed for ST nm- and pm-sized powders
[13,33], thin films [34], as well as at fine- and coarse-grained
bulk ceramics [3]. Distortions from the ideal cubic structure
have been attributed to non-stoichiometry, such as impurities
[33] and oxygen vacancies [3,13,33]. The latter compositional
fluctuations distort the long-range ordering and cubic sym-
metry. Thus, the ambient IR active polar modes demonstrate
the loss of the local inversion symmetry for the as-prepared
SP as well as HT powders.

3.5. TEM characterization

TEM investigation of the SP powders (Fig. 6) revealed
less-defined or even cloddy-like particles that appear
as aggregates of a few-nm-sized crystallites. However, the
HRTEM imaging of a single aggregate-like particle
(Fig. 6a) clearly shows the parallelism of the lattice fringes
throughout the whole crystal with a spacing of 0.28 nm,
corresponding to the {110} planes of the ST. Nevertheless,
the translucent regions suggest that such crystals contain
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Fig. 5. Raman spectra recorded at ambient conditions of SP and
HT powders, in comparison to scattering behavior of the bulk ST
ceramic (SS).

some inner voids or pores, as previously reported by
Calderone [12] and Wang [35]. For the adopted morphology
of the SP sample, the hydrolyzation of titanium isoprop-
oxide into a gel precursor was considered. Repeating the
identical sol-precipitation procedure, now in the absence of
a strontium precursor, yielded titanium precipitates (shown
in Fig. 7b) that reflected the exact microstructural char-
acteristics, as observed for the SP powders (Fig. 7a). These
results indicate that the formation mechanism, which can be
adopted for the given synthesis procedure, involves the
diffusion of Sr** ions into the amorphous (according to
XRD, not shown here) hydrolyzed titanium gel precursor,
from which the perovskite phase crystallizes, when properly
alkaline conditions (pH > 13) are attained by the addition
of NaOH into the stock solution. The proposed mechanism
explains the morphological properties of the SP sample as
well as the results from the XRD, TG and FTIR analyses,
and is in agreement with the predictions of Kao and
Yang [36]. The microstructural diversity of the precipitates

Fig. 6. Microstructure of the sol-precipitated SP sample. Inset (a) denotes
a single aggregate-like particle with the corresponding fringe spacing of
0.28 nm and (b) SAED polycrystalline diffraction pattern.

Fig. 7. Microstructural characteristics of (a) SP powders, in relation to
(b) pure titanium-based precipitates.
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20 nm

Fig. 8. TEM micrograph of HT nanoparticles. Inset on the left shows
single-crystalline electron diffraction of nanoparticle along the {100)
zone axis.

thus originates from poor control of the hydrolyzation
process itself.

By further exposing the SP powders to the hydrothermal
conditions, a transformation toward predominately cubic-
like single-crystalline nanoparticles with well-defined facets
was observed and shown in Fig. 8. The HT nanopowders
exhibited some distinct features. The first types are pre-
sumably surface-related defects, which appear in the form of
oriented cubic-like features (with truncated or rounded
edges), perfectly aligned with the crystallite itself, appearing
without interrupting the crystal’s lattice fringes (Fig. 9a).
Similar observations were reported by Balaya et al. [37]
Also observed (for the electron beam) are highly translucent
circular- or square-shaped features within the crystallites,
shown in Fig. 9(b). Previous investigations [13] demon-
strated that these were not surface-related phenomena but
actually nanocavities within the single-crystalline particles.
However, to the best of our knowledge, no explanation for,
or assumption about, their occurrence has been reported in
the literature. In addition to sole hydrothermal conditions,
the peculiar microstructure of the SP sample, as a precursor
source, is another important parameter that can be the
origin of extended defects arising from a subsequent treat-
ment. For verification of the latter, the SP powders were
alternatively thermally annealed, i.e., heat treated at 900 °C
for 2h. As presented in Fig. 10, thermally annealed SP
powders are from the aspect of size, shape and defects,
almost identical to the HT sample. Accordingly, we have
demonstrated that the defects are not conditioned by the
choice of post-annealing process, but rather invoked by the
microstructural characteristics of the SP sample. The un-
filled regions within the SP particles can act as trapping sites
for water or precursor species that remain captured or
locally hinder the crystallization process during the hydro-
thermal post treatment. Accordingly, the HT sample results
in particles that exhibit distinct inner defects, as perceived
from the TEM, and are accompanied by the elimination of
bulk-bounded H,O (or CO, in the case of precursor

Fig. 9. TEM imaging of microstructural peculiarities, observed for HT
sample, i.e., surface-related cubic features (a) and (for electron beam)
translucent nanocavities (b).

Fig. 10. ST nanoparticles obtained by thermal annealing of precipitated
SP powders at 900 °C for 2 h.

species), supported by a TG/EGA analysis. It is worth
noting that the inherent defects appear to be fairly stable,
since no change regarding their size, distribution and shape
is observable, either by repeating and/or prolonging the
thermal or hydrothermal treatment of the SP powders.
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4. Conclusions

Sol-precipitation-derived SP powders exhibit a highly
distorted cubic symmetry that was ascribed to their non-
stoichiometry, i.e., OH™ groups and vacancies on the Sr*™
sites. The microstructure was adopted from the hydrolyzed
titanium precursor. Thus, we confirmed that the SP powders
form by the diffusion of Sr ions into the hydrolyzed
titanium precursor network, followed by a crystallization
towards perovskite by water elimination under properly
alkaline conditions. Detailed XRD, FTIR, TG/EGA and
Raman analyses indicate that distortions arise due to the
low-temperature, alkaline environment of the crystallization
that limits the diffusion of Sr ions and hinders the elimina-
tion of residual OH™ groups, respectively.

A subsequent hydrothermal treatment improves the
crystallinity of the powders, but the local disorder was still
present (Raman). The hydrothermal treatment changes the
morphology of the powders toward cubic-shaped single-
crystalline particles that exhibited distinct surface features
and nanocavities within. However, the same microstructural
characteristics were also observed for a thermally annealed
SP sample. Thus, we demonstrated that the latter defects are
not conditioned by the post-annealing procedure, but rather
grounded by the microstructural peculiarities of the pre-
cipitated SP sample. The microstructural faults remain
stable after further prolongation or repetition of the hydro-
thermal or thermal annealing procedure.
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