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HIGHLIGHTS GRAPHICAL ABSTRACT

e Strontium titanate (SrTiO3) is a fasci-
nating material for “green” applications.

e A new and simple supercritical sol-
vothermal flow synthesis using acetyla-
cetonate precursors.

e Unique metastable nanoparticles of
strontium titanate with unusual thermal
stability.

o In-situ TEM investigation of metastable
nanoparticles of strontium titanate
evolution.

ARTICLE INFO ABSTRACT
Keywords: In this study, strontium titanate (SrTiO3) nanoparticles were obtained utilizing a one-step supercritical contin-
Supercritical fluid uous solvothermal synthesis process involving acetylacetonate precursors for both strontium and titanium cat-

Strontium titanate oxide
Nanocrystal
in-situ

ions instead of the historical alkoxide ones. These precursors are expensive, difficult to access (especially for
strontium isopropoxyde) and inadequately stable, forcing the use of a glove box and controlled atmospheres,
which is not the case for acetylacetonates. Pure SrTiO3 nanoparticles with a crystallite size of roughly 20 nm
were successfully synthesized. In addition to the cubic structure of SrTiOs, FTIR revealed surface functions that
are typical of "wet" processes, while Raman spectroscopy showed the activation of non-centrosymmetric modes
brought on by non-linear contributions. The nanoparticles show a faceted shape and are stable at elevated
temperatures (up to 800 °C), according to in-situ high temperature XRD measurements. However, due to a
chemical deficiency in strontium, titanium dioxide (TiO2) phases are formed at higher temperatures. In-situ high
temperature HRTEM investigations showed the existence of two populations of particles, with a better stability
for the bigger-sized particles after thermal treatment as well as the sintering and restructuring of the smallest
ones. Also, the microscopy results suggest the possibility of a chemical inhomogeneity within the crystallites.
Overall, this study offers important new knowledge on the physicochemical characteristics of the synthesized
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SrTiO3 nanoparticles and their thermal stability using a novel supercritical continuous solvothermal approach
based on the use of acetylacetonate precursors.

1. Introduction

Climate change is a serious problem for our society that needs to be
solved in order to reduce environmental risks [1-3]. A framework for
these answers is provided by the sustainable development goals, which
integrates the three pillars including environmental preservation, eco-
nomic growth, and social advancement [4,5]. In this context, exploring
innovative materials becomes crucial.

A fascinating material for “green” applications is the semiconductor
strontium titanate (SrTiOs3) [6]. Strontium titanate properties are mainly
defined by its perovskite structure ABOs corresponding to a cubic
face-centered lattice where the A element corresponds to strontium and
occupies the edge of the cube as the B element being the titanium in the
site at the center of the cube. The oxygen is placed at the center of each
face of the cube allowing the existence of octahedral corner-shared TiOg
units making its structural specificity and backbone. It is also defined as
a semiconductor due to a reasonably large band gap (reported from
3.10 eV to 3.60 eV) which can vary depending on the way it is synthe-
tized [7]. Strontium titanate is a material of choice due to its insulating
optical, thermal, electronic and dielectric properties. Due to its distinct
physical and chemical characteristics, SrTiO3 has attracted a lot of in-
terest thanks to its versatility in renewable energy applications such as
photocatalytic hydrogen production. It is frequently used as a compo-
nent for multilayer ceramic capacitors because of its high energy density
and low leakage current [8] but it can also be used in various other
applications such as thermistors [9], gas sensors [10], and catalysts
[11]. In optics and electronics, its physical properties are of fundamental
interest [12]. It is transparent in the visible region and has a significant
nonlinear optical susceptibility making it well suited for optical devices
like detectors and modulators [13].

If we consider the example of electronic and ionic conductivities,
these properties can be enhanced playing on the composition of the
perovskite. For instance, the A site is usually substituted with rare-earth
elements, which have a similar ionic radius compared to the strontium
element. On the other hand, the B site substitution is achieved with
transition metals which have a smaller ionic radius. This impacts the
material physical properties. Its electronic properties, by the insertion of
a positive hole or supplementary electron in the structure, are modified
by the donor- substitute strontium titanate. It is also important to
consider the possibility of tuning the electronic properties by creating
vacancy sites in the lattice. For example, the cationic vacancy of the A
site enhances the ionic conductivity through the creation of comple-
mentary anionic vacancies that lead to an enhanced mobility of the
oxygen atoms within the lattice [14].

Diverse synthetic methods are used to produce unsubstituted and
substituted SrTiO3 from dry processes to “wet” ones [15-19]. Out of all
the types of syntheses that exist to produce this complex material, su-
percritical synthesis is the most relevant technology providing nano-
sized crystalline particles. The supercritical continuous solvothermal
synthesis allows the creation of crystallized nanoparticles of
multi-cationic oxides. The first synthesis of BaTiO3 (BT) using this
method started in 2005 [20,21] and has been followed by deep studies of
the accessible solid solutions [22] with substitution at A site, barium
with strontium (BST) [23] and at B site, titanium with zirconium (BTZ)
[24,25]. In both cases, the whole solid solutions of these oxides were
prepared, from BT to BST and BTZ.

These syntheses were mainly achieved using alkoxide precursors
such as the isopropoxides of barium and strontium. A drawback of these
precursors, in addition to the environmental impact of their production,
is their cost, their accessibility, their poor stability which involves a
control of the work atmosphere and so the need for expensive equipment

such as a glovebox in order to process them in the right way [26,27].
This new approach allows more flexibility.

The purpose of this study is to develop a new and simpler super-
critical solvothermal flow synthesis method using, for the first time in
the state of the art of supercritical syntheses, acetylacetonate precursors
of titanium and strontium. The physicochemical properties of the pro-
duced particles with a focus on their thermal stability are discussed
using numerous characterization techniques such as X-ray diffraction
(XRD), Fourier-Transform Infrared (FTIR) and Raman spectroscopies,
Inductively Coupled Plasma-Optical Emission Spectrometry (ICP-OES)
and Transmission Electron Microscopy (TEM). Using acetylacetonate
precursors gives access to material with unprecedented physicochemical
properties.

2. Materials and method
2.1. Materials

Strontium (II) acetylacetonate hydrate (Sigma-Aldrich), Titanium
(IV) bis(acetylacetonate) diisopropoxide in 75 wt% solution in 2-propa-
nol for synthesis (Sigma-Aldrich), absolute ethanol (Scharlau, >99 wt%)
and deionized water were used to synthesize the nanoparticles of SrTiO3
with the supercritical continuous solvothermal technology.

2.2. Method

SrTiO3 nanoparticles were synthesized using an alternative method
to the one detailed elsewhere [28]. The setup includes two initial lines:
the first line, where the strontium precursor is dissolved in distilled
water and equipped with a preheater, and the second line, where the
titanium precursor is dissolved in an absolute ethanol solution. The
water line is preheated to facilitate the hydrolysis step of the sol-gel
reaction. This leads to a slight decrease of the original temperature of
the preheater in order to avoid any degradation of the strontium pre-
cursor. A flow reactor was specially assembled for the synthesis of
SrTiO3 nanoparticles based on the sol-gel reaction from acetylacetonate
precursors. As shown in Fig. 1, the setup consists of two initial lines
where each precursor is combined with its respective solvent. The in-
jection lines were fed with the precursor solutions using a JASCO
PU-2080 PLUS pump. To regulate the amount of water and ethanol, the
precursor lines were maintained at a flow rate of 6 g/min for both in-
jection lines. The strontium + water line includes a preheater to ensure
that the solution is at the desired temperature before reaching the
mixing zone. Upon reaching the mixing zone, the two flows combine and
pass through a hot zone reactor made up of a coil of SS-316 stainless
steel tubing (1.58 mm inner diameter) with a total length of 24 m, which
was placed inside a heating clamp to control the reaction temperature
(400 °C). The steady pressure of 23 MPa is maintained thanks to a
TESCOM back pressure regulator (BPR). The residence time in the
reactor was estimated to be around 53 s for this configuration. Subse-
quently, the flow reaches an ice-cooled SS-316 stainless steel tubing
downstream of the reactor, which leads to a sudden decrease in tem-
perature, allowing the reaction medium to revert to the liquid phase.
This sudden quenching halts nanoparticle growth and enables the re-
covery of the powders. Pressure control is monitored for each injection
line and after the mixing area. The temperature of the reactor is
controlled with the presence of thermocouples every 6 m to ensure
homogeneity throughout the reactor.
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2.3. Synthesis of strontium titanate nanoparticles

SrTiO3 (STO) was synthesized from strontium acetylacetonate and
titanium diisopropoxide bis(acetylacetonate) precursors in a supercrit-
ical ethanol/water mixture with 0.3 mol% of ethanol (controlled with
the pumps flow rate) as described in Fig. 1. The critical point of such a
mixture for the supercritical solvothermal continuous synthesis are
calculated using the NIST software Refprop which gives p.= 13.1 MPa
and T.= 297 °C. The temperature (400°C) and pressure (23 MPa) are set
higher than the critical point of the mixture. The top injection line is the
water line, where the strontium precursor is solubilized, injected, and
preheated at a temperature of 180°C at which the strontium precursor is
still stable. The bottom injection line corresponds to the ethanol line
where the titanium precursor is solubilized and injected in the system.
The precursor concentrations of Sr>™ and Ti** were fixed at 2¥10™* M at
the mixing point in order to optimize the production yield and to avoid
any clogging in the reactor. The obtained solutions were then treated by
centrifugation at 12,000 rotations per minute to recover the nano-
particles which were dried in an oven at 80 °C for 4 h. In order to study
the impact of the concentration of strontium acetylacetonate, the molar
excess was studied and was modified from 1 %, 5 %, 10 %, 15 %, and up
to 20 %.

2.4. Powder characterizations

Powder X-ray diffraction (PXRD) patterns were collected at room
temperature on a Malvern-PANalitycal Bragg-Brentano 6-0 geometry
Empyrean diffractometer equipped with a 3x15 positions sample
changer and an 1Der detector over an angular range of 20 = 8-130°. The
acquisition lasted for more than 11 h. The Cu-Ka radiation was gener-
ated at 45 KV and 40 mA (A = 0.15418 nm). The samples were prepared
on a stainless-steel sample holder with a razor blade to prevent prefer-
ential orientation. Temperature dependent PXRD patterns were
collected on a PANalitycal X'pert MPD Bragg-Brentano 6-0 geometry
diffractometer equipped with an Anton Paar HTK16 oven and a sec-
ondary monochromator over an angular range of 20 = 10-80°. Each
acquisition lasted for about 3 h. The Cu-K, radiation was generated at 45
KV and 40 mA (A = 0.15418 nm). The sample was prepared on a heating
filament sample holder made of platinum and flattened with a glass
slide. For all the PXRD data, the database used for the phase indexation
was ICDD PDF-2 using the EVA software. All the PXRD patterns were
refined using the FullProf software. The peak profile was fitted using the
Thompson-Cox-Hastings with the pseudo-Voigt function. Among the
refined parameters we focused on the lattice parameters and the crys-
tallite sizes. The crystallite sizes were calculated using the detailed MIC

Distilled water +
Sr(acac),

Preheater 180°C

HPLC

Reactor 400°C, 23 MPa
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file of the same software.

Raman spectra were recorded at room temperature using a HR
Evolution spectrometer from HORIBA with a gas laser at A = 633 nm.
The spatial resolution is specified as a confocal microscope offering
submicron lateral resolution and axial confocal performance better than
2 microns. The Raman signal data were collected and analyzed using the
Labspec6 software over a domain between 150 and 800 cm ™~

Fourier transform infrared (FTIR) spectroscopy was used to charac-
terize the surface properties of nanopowders. This was achieved using a
Bruker equinox 55 spectrophotometer. A small amount of strontium
titanate nanoparticles was ground and mixed with KBr powder in order
to perform the measurements. Then the infrared (IR) signal was
collected between 400 and 4000 cm™! to get a wide spectral absorption
domain of the sample.

Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-
OES) experiments were performed with an Agilent 5800 ICP-OES in-
strument for chemical analysis. The working coil is operating at 1500 V
RMS and about 27 MHz, leading to a plasma reaching around 10,000°C.
The data were analyzed using the Expert software. The mineralization
followed this protocol: 10 mg of strontium titanate nanoparticles were
accurately weighted and mixed with a solution composed of 10 mL of
hydrochloric acid 37 wt% (Scharlau), 3 mL of nitric acid 69.5 wt%
(Scharlau) and 1 mL of hydrogen peroxide solution 30 wt% (Sharlau).
The solution was then heated for 4 hours at 80 °C using Environmental
Express HotBlock SC154 Digestion System. The solution was then
diluted to 100 mL with ultrapure water and injected in the ICP-OES
device. The quantified elements were strontium using the ray at
215.283 nm and titanium using the ray at 324.199 nm.

Transmission electron microscopy was used to observe the micro-
structure as well as the size and morphology of the strontium titanate
particles. The devices used were a TEM-JEOL 2100 equipped with a
filament LABO giving a resolution of 2.5 A and a HRTEM-FEG JEOL
2200FS equipped with a gunfield emission giving a resolution of 1.5 A.
The TEM images were obtained and analyzed using the Digital Micro-
graph software. Also, the samples were dispersed in ethanol before being
deposited onto a copper-carbon grids. Energy-Dispersive X-ray spec-
troscopy was used as a complementary characterization to analyze the
elemental composition of a local area of the sample. The lines used for
the quantification of strontium was located at 14.140 keV and the one
for titanium at 4.508 keV to reach a clear separation and quantification
of the spectra.

The in-situ transmission electron microscopy experiments were car-
ried out using a JEOL JEM-2100 F microscope operated at 200 kV
equipped with a spherical aberration probe corrector (Cs from CEQOS),
high-resolution objective lens pole piece, an UltraScan 1000 CCD array

Ice bath

HPLC

O
0

P!
<

®

Absolute ethanol +
Ti (acac),(0-i-Pr),

BPR

Recovery

OJONC,

Fig. 1. Supercritical continuous solvothermal synthesis setup for the production of strontium titanate nanoparticles.
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detector (GATAN) and an Centurio EDX detector (JEOL). Before the
analysis, the samples were sonicated in a dichloromethane solution. For
the in-situ observations, a Protochips Atmosphere system was used, in
which the samples are suspended between two micro-electro-
mechanical systems (MEMS) based closed cells made up of transparent
SiNx (for observation) and SiC (for heating). The in-situ analysis
involved several steps: firstly, the sample was heated to 100°C under
vacuum, followed by the introduction of air until atmospheric pressure.
In the second step, the temperature was increased to 800 °C at a rate of
10 °C per minute. Typical TEM images, on the initially chosen frag-
ments, were recorded in the temperature range between 500 °C and
800 °C. To minimize the effects of electron beam such as contamination
and sample damage, observations were made to determine the
maximum electron beam dose the sample can withstand under each
gaseous environment without damage. Furthermore, the in-situ obser-
vation areas were not continuously exposed to the electron beam, in
addition, areas outside the in-situ observation zones were systematically
observed for comparison, to check for any significant artefacts caused by
electron irradiation.

3. Results and discussion

A representative PXRD pattern recorded on a SrTiO3 powder syn-
thesized using the continuous solvothermal synthesis process is shown
on Fig. 2. The indexation confirms a crystallized phase of SrTiO3 through
the JCPS code 00-035-0734. From the Rietveld refinement, a lattice
parameter of 3.911 A, larger than the reference one of 3.905 A for bulk,
was determined [29]. This lattice expansion could be due to a size effect,
well documented, for instance, in the study of Smith and al. with BaTiO3
particles [30]. It is also in good agreement with the previous synthesis in
supercritical conditions on BaTiO3 obtained from alkoxides. Also, a
crystallite size of 20 nm was calculated from the Scherrer equation. No
other secondary crystallized phases are observed, which confirms the
purity of the crystalline powder.

The functions located at the SrTiOs nanoparticle surface were
investigated using Fourier Transform Infrared Red spectroscopy (Fig. 3).
The IR signal is decomposed over different wavenumber ranges and is
constituted of a main large peak located between 3750 cm™! and
3000 cm™! corresponding to surface hydroxyl groups and a small
domain at 1600 cm ™! corresponding to lattice hydroxyl groups. These
—OH groups are typical of “wet” processes of which the sol gel reaction is
a part of. The domain between 3000 cm ™! and 2800 cm ™! corresponds
to organic compounds, which could result from the precursor trans-
formation. A narrow peak located around 1400 cm™! corresponds to
strontium carbonate arising from a possible side reaction of the stron-
tium precursor inside the system. All of the above surface groups are
identical to those evidenced in a previous study performed on barium
titanate using isopropoxide precursors [31]. We can conclude that using

m— YObs
— YCalc
= Yobs-Ycalc
@ JCPS 00-035-0734

Intensity (a.u.)

20 40 60 80 100 120
26(°)

Fig. 2. Fullprof profile refinement of SrTiO3 (STO) PXRD pattern in the 20° to
130° 20 range confirming a lattice parameter of 3.911 A and a mean crystallite
size of 20 nm.
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this new set of precursors in an adjusted setup has no effect on the nature
of the surface groups related to the “wet” processes.

As a complementary characterization, Raman spectra were recorded
in order to study the local structure and the defect presence by indexing
the longitudinal (LO) and transversal optical phonon (TO) modes in
SrTiOs. It is important to notice that the perovskite strontium titanate
structure is cubic, so the first order Raman modes are not allowed at
room temperature. However, point defects like oxygen vacancies and
lattice distortion linked to the nanosize of the grains both can lead to the
activation of the transversal and longitudinal modes. The modes
observed in Fig. 4 are thus supposed to result from a local symmetry
lowering because of lattice distortion resulting from the supercritical
synthesis. Many studies have reported such an indexation on SrTiOs,
where the different phonon modes are attributed to different symmetries
in the lattice. The first order modes are attributed to TO5 (O-Sr-O) and
TOg4 (Ti-O-Ti), whose bands are located at 171 em! and 545 cm’l,
respectively. Second order modes are attributed to TO3 (O-Sr-O) and LO4
(Ti-O), these bands being located at 268 em ! and 794 cm~!. More
precisely, the TO; modes arise from a displacement of Sr versus the TiOg
octahedron and the TO4 modes are due to the bending of the octahedron
following a polar axe mode. To summarize, the Raman spectra of STO
shows a pure strontium titanate in which the presence of defects induces
polar instability and leads to the activation of phonon modes despite the
cubic structure [32-34].

The morphology and crystallinity of the synthesized strontium tita-
nate powder were investigated using high resolution transmission
electron microscopy. Fig. 5 shows three typical images: Fig. 5a reveals a
large-scale view of the particles; Fig. 5b shows a focus on one crystallite;
and Fig. 5¢ conveys a fast Fourier transform (FFT) of the image corre-
sponding to the previous particle. The picture a) mainly shows the
average morphology of the crystallites, where two populations of
nanoparticles are evidenced: one includes monocrystalline particles
with a faceted morphology (with an average size of 20 nm, in good
agreement with the crystallite size determined from Rietveld refine-
ment), the second population is less defined geometrically and smaller in
size. The image b) is a focus on one of the faceted particles with
monocrystalline characteristics while the pattern c) corresponds to its
indexed fast Fourier transform which confirms the single crystalline
nature of the particle. Two of the distances extracted from the FFT
(3.50 A and 2.53 10\, respectively) were used to determine the lattice
parameters, i.e., 2.86 A and 3.95 A respectively, in good agreement with
the similar parameters determined by Rietveld refinement for PXRD of
STO.

The thermal stability of the material was checked in order to gather
more information about this novel synthesis route. To this aim, in-situ
XRD experiments were performed from 100°C to 1200°C in air. From
each XRD pattern as shown in Fig. 6, the lattice parameter and the
crystallite size were determined using Rietveld refinements. The main
trend stems from an expansion of the lattice parameter resulting in a
shift of the peaks to smaller angle upon heating. For T > 800°C, a second
crystallized phase is observed at angles between 20° and 30°. Those
phases, after indexation, correspond to a TiO5 anatase (peak located at
25.58°) and a TiO» rutile phase (peak at 27.59°). An increase of the
anatase peak intensity is observed from 800 °C to 1100 °C followed by a
decrease at 1200 °C. An increase in the intensity of the rutile peak is
observed from 800 °C to 1200 °C. Another feature is the relative in-
crease of the width of strontium titanate peaks in the same temperature
range from 800°C to 1200°C showing a decrease in the crystallite size.
On the inset of Fig. 6, the evolution of the crystallite size as a function of
temperature from 25 °C to 1200 °C is plotted. Two distinct behaviors are
observed, the first from 25 °C to 700 °C with no clear size modification,
and the second from 800 °C to 1200 °C where a decrease of the crys-
tallite size is observed from 21 to 16 nm. The starting value correlates
with those deduced previously by PXRD and HRTEM, the differences
being due to the accuracy and the sensitivity of each technique.

Fig. 7 shows the evolution of the lattice parameter of the strontium
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Fig. 3. IR spectrum of strontium titanate nanosized powder synthesized in the continuous supercitical solvothermal process.

Modes Ref[*] Theor [**] Exp
TO.+L0, TOs+LO, TO2+LO1 175 207 171
J TO3+L0O2 266 264 268
—_ LO3 474 - 476
3
S
= TO4 545 510 545
g
3]
k| TO - 635 615
LO4 795 777 794
[*] Rabuffetti et al. Chem. Mater. 2008, 20, 5628-5635
[**] Moreira et al. J. Phys. Chem. C 2012, 176, 24792-24808
150 250 350 450 550 750

Raman shift (cm!)

Fig. 4. Indexed Raman spectrum of obtained SrTiO; nanoparticles.

Fig. 5. Transmission electron microscopy analysis of the SrTiO3 nanoparticles. a) Typical TEM image of several particles, b) High resolution image of a unique
ystallite of SrTiO3, c¢) Fast Fourrier Transform pattern of the image of the SrTiOs crystallite shown in b).

titanate phase as a function of temperature from 25 °C to 1200 °C during
the heating (red square and diamond dots) and the cooling (blue triangle
dots) steps. During the heating stage, a two-step behavior of the evolu-
tion of the lattice parameter is observed and correlates with the evolu-
tion of the crystallite size. From 25 °C to 700 °C, the linear lattice
parameter increase is due to the thermal expansion. This is in agreement
with the slope of the equation (y;=3.19*10"> K1) which is similar to
the reference thermal expansion coefficient (3.23*10°° K’l) value of
SrTiO3 [35]. For T > 800°C, where a TiO, phase starts crystallizing, the
slope decreases from 3.19*10 7 to 1.82*10 ° K ! (y2). The SrTiOj3 lat-
tice is destabilized at the same time as the crystallite size decreases. This
observation fully agrees with the overall diffraction peaks of the SrTiO3
phase where a secondary phase TiO2 develops. During the cooling, the
atom network contracts and the lattice parameter decreases compared to

the initial value observed before the crystallization of the secondary
TiO, phase. The thermal expansion coefficient is also impacted and in-
creases from 3.19*107° to 3.25%¥10° K~ ! (y3) which is even closer to
previous quoted reference. Moreover, the initial lattice parameter
(3.911 ;\) decreases after the thermal treatment to 3.904 f\, avalue close
to the reference (3.905 A). Those values, closer to the bulk lattice
parameter as well as the thermal expansion coefficient obtained after the
thermal treatment, is probably the consequence of a reorganization of
the structure and a disappearance of part of the defects in the lattice.
ICP-OES measurements were performed to quantify the chemical
content of strontium and titanium in the studied powders. The strontium
titanate was mineralized as well as a commercial nanopowder SIGMA
(<100 nm particle size) which was used as a reference. The experiments
were duplicated three times per sample to have a coherent average value
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Fig. 6. In-situ high temperature X-ray diffraction of STO with the evolution of the crystallites size on upper corner as a function of temperature.
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Fig. 7. Evolution of the lattice parameter of STO as a function of the temper-
ature during the heating (red) and cooling (blue) steps.

as well as to confirm the total mineralization of the powder. The ratio
Sr/Ti found for the commercial powder is close to one, as expected,
confirming thus the viability of the mineralization process. The ratio
found for the powder synthesized in this work is equal to 0.6, evidencing
a large deficiency of strontium in the powder. This could explain the
evolution of the material above 800°C (supposed to be stable at 1500 °C)
where there is a crystallization of titanium dioxide. In fact, this stoi-
chiometry could cause a “transformation” of the nanocrystalline stron-
tium titanate due to the release of titanium, which occurs easily for T >
800 °C. This type of highly A-site deficient composition formed during
the solvothermal and hydrothermal synthesis has been previously
investigated for perovskite material such as BaTiOs [36] and
Baj 4SryZrOs [37].

To complete this quantitative analysis, energy dispersive spectros-
copy measurements (EDS) were performed in scanning TEM to deter-
mine locally the relative amount of strontium and titanium (Fig. 8). For
the studied area, the molar contents of strontium and titanium are of 42
and 58 mol%, respectively, confirming thus the strontium deficiency
already seen in the global ICP-OES analysis, also at the nanoparticle
level.

The lack of strontium can be explained by side reactions happening
with the strontium precursor where strontium can react in the system by

decomposition of the organic part forming strontium carbonate, which
were identified by FTIR (Fig. 3). To try to optimize the Sr/Ti ratio, the
concentration of the strontium precursor was increased following a
molar excess of 1 %, 5 %, 10 %, 15 %, and 20 % compared to the tita-
nium precursor. The harvested powder was then thermally treated at
850 °C to induce the transformation of the crystallites in order to
determine the molar percentage of the TiO5 and SrTiO3 phases; a sub-
sequent decrease of the titanium dioxide amount upon increasing the
excess strontium precursor is expected. Fig. 9 shows the molar per-
centage of TiOy and SrTiOs of the synthesized powder after the thermal
treatment. The table on the right focuses on the microstructural prop-
erties of each powder before and after the thermal treatment. In each
case (various molar contents), the formation of TiO is evidenced after
the thermal treatment performed at 850 °C. The molar percent of TiO,
was calculated from its weight percent of determined using the PXRD
data. No clear trend connecting the amount of titanium dioxide and the
excess of strontium acetylacetonate can be determined. Regarding the
lattice parameter, there is no modification of the lattice parameter for all
tested compositions and the crystallite size is relatively similar. The ICP-
OES measurements were performed on each sample, and the average
value of the Sr/Ti ratio is equal to 0.6, again meaning that the strontium
titanate particles are Sr-deficient. It is difficult to establish a clear trend
between the ICP-OES ratio and the amount of TiO, obtained after the
thermal treatment of each powder. The PXRD data performed before the
thermal treatment do not show the presence of an amorphous phase, the
only phase existing before is indeed strontium titanate. Those results
show that the molar excess of strontium does not influence the structural
properties of the material. The difference in molar percentage of tita-
nium dioxide formed after thermal treatment between the different
samples could be explained by the possible inhomogeneous composition
of the strontium titanate nanoparticles.

The in-situ analysis by TEM as a function of temperature gives an
explicit interpretation of what is happening at the crystallite scale. As
mentioned before, two types of nanoparticles can be observed on the
TEM images. By following the same nanoparticle populations between
500 °C and 800 °C under air, the main phenomena observed are the
sintering and the restructuration of the smallest population of
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Fig. 8. EDS spectrum (bottom left) recorded in scanning TEM mode on several STO nanoparticles (image on top left) with corresponding elemental maps (top right:
Sr/Ti relative map, Sr and Ti elemental maps) and the results of the quantification analysis (bottom right).
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Fig. 9. Molar percents of the SrTiO3 and TiO, after thermal treatment of STO nanoparticles at 850 °C (left), the results were obtained from the XRD pattern

refinement and by ICP-OES (right).

nanoparticles (images c and e), in agreement with the structural evo-
lution observed by in-situ PXRD at 800 °C. Another important observa-
tion is the stability of the biggest particles regarding their size and
morphology from 150 °C to 800 °C. On Fig. 10, faceted particles of
20 nm are observed (images b and d). At 800 °C, the monocrystalline
nature seems impacted since the shape of the particles becomes
considerably less defined than before. In order to exclude a possible
influence of the electron beam during the thermal treatment, an image
of an area not exposed to the electron beam during the in-situ monitoring
has been taken before and after. The aggregates show the same type of
behavior, meaning the vanishing or sintering of the small particles. As
no PXRD signature (nor Raman) corresponding to the presence of tita-
nium dioxide was detected in this sample, the amorphous population
could be attributed to metastable particles of strontium titanate with a

lower Sr/Ti ratio. This second population may have been synthesized
thanks to the fast reaction in the supercritical conditions leading to the
stabilization of the particles with a lower ratio of Sr/Ti.

4. Conclusion

Using supercritical fluids in continuous flow and adapting the set-up
to the use of acetylacetonate precursors allowed us to obtain unique
metastable nanoparticles of strontium titanate with unusual thermal
stabilities. PXRD and Raman characterizations evidenced a pure phase
of strontium titanate, while FTIR confirmed surface properties charac-
teristic of a “wet process”. The HR-TEM characterizations showed the
presence of two types of nanocrystallites: a first type with a faceted
morphology and a second one with a less defined shape. The EDS and
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Fig. 10. In-situ high temperature TEM monitoring of an aggregate of STO nanoparticles. Images acquired at 150°C under vacuum (a and b which corresponds to the

red square), at 500 °C under air (c and d) and at 800 °C under air (e and f).

ICP-OES measurements provide important information regarding the
composition, highlighting a significant lack of strontium amount due to
many possible scenarios, such as the synthesis of strontium carbonate
inside the supercritical system. The deficiency in strontium could lead to
a decreased thermal stability of the material since the formation of ti-
tanium dioxide was demonstrated at 800 °C and increased as the tem-
perature rise. During the cooling, the amount of titanium dioxide was
fixed and the lattice parameter became similar to the reference lattice
value of strontium titanate after a heat treatment reaching 1200°C. This
phenomenon was monitored using in-situ TEM with increasing temper-
atures and allowed us to observe a sintering of the smallest population.
In the continuity of this study, a modification of the titanium precursor
will be attempted in order to evaluate the impact on the reactivity of the
reaction and the modification on the microstructural properties.
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