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Jena, Löbdergraben 32, 07743 Jena, German

† Electronic supplementary informa
10.1039/d1na00685a

Cite this: Nanoscale Adv., 2022, 4, 182

Received 14th September 2021
Accepted 7th November 2021

DOI: 10.1039/d1na00685a

rsc.li/nanoscale-advances

182 | Nanoscale Adv., 2022, 4, 182–18
TiO3 nanocubes by CO2 laser
vaporization (LAVA) and hydrothermal maturation†

Lenka Müller, Philipp Hornig, Janet Grabow and Frank A. Müller*

SrTiO3 is of particular interest for numerous applications such as photocatalytic water splitting, as an

electrode material for thermoelectrics or as piezoceramics for sensors. Here we report on an advanced

CO2 laser vaporization (LAVA) method for the production of faceted, single-phase SrTiO3 nanoparticles

with an average particle size of 35 nm. Starting from a coarse SrTiO3 raw powder, spherical SrTiO3

nanoparticles were obtained by a laser-induced gas-phase condensation process. The composition of

the nanoparticles corresponds to that of the starting powder, as XRD and FT-IR measurements show.

Further hydrothermal treatment at 275 �C for 4 hours leads to the formation of faceted nanocubes with

increasing crystallite size, as demonstrated by TEM, HR-TEM and XRD measurements. During a final

washing step in 0.1 M HCl, SrCO3 impurities were dissolved and thus single-phase SrTiO3 nanocubes

were successfully obtained, as shown by FT-IR, XRD and TEM analyses. The presented process facilitates

the production of single-phase, highly crystalline SrTiO3 nanopowders in sufficient quantities for

subsequent use in a variety of applications, in particular for hydrogen production by photocatalytic water

splitting.
Introduction

With the growth of the population and the associated increase in
energy demand, the search for sustainable energy sources that
reduce the dependence on fossil fuels and minimize environ-
mentally harmful emissions is also intensifying. Hydrogen seems
to be an attractive energy carrier that causes almost no emissions at
the end user's site.1–4 Among the various methods of hydrogen
production from renewable and non-renewable sources, water
splitting has been of particular interest in recent decade.5–7

Fujishima and Honda discovered that water can be decomposed
into H2 and O2 using titanium dioxide as a catalyst.8 This so-called
photocatalytic water splitting is a complex multi-electron transfer
process that uses specic spectral ranges of sunlight. Besides the
intensively studied titanium dioxide,9–15 certain perovskites,2,16–18

which are composed of ternary oxides of the structure ABO3, where
A is usually a group I or II element and B is usually a transition
metal, are of particular interest. Among them, strontium titanate,
SrTiO3, with its stable cubic structure at ambient temperature and
pressure, high melting point (2080 �C) and chemical stability,
seems to be a promising photocatalyst as it has a more negative
conduction band edge compared to TiO2.1,2,4,16,19–21 Generally, the
activity of heterogeneous catalysts is affected by their crystallinity,
surface area, particle size and the purity of the crystal phase. It was
(OSIM), Friedrich-Schiller-University of
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described that the morphology, crystallinity and size of SrTiO3

particles depend not only on the starting material but also on the
processing route.2 Commonly, SrTiO3 is processed by solid-state
reactions of oxides/carbonates such as SrO/SrCO3 and TiO2.22–24

This processing method requires high temperatures for extended
calcination times, and thus signicantly inuences the micro-
structure and properties of the nal compound. Subsequent
conventional ball milling to obtain a ne-grained powder is likely
to introduce impurities. Therefore, other methods for the fabrica-
tion of SrTiO3 have been investigated, such as sol–gel tech-
niques,25–27 co-precipitation,28,29 microwave-assisted processing,30

combustion methods,31–33 and hydrothermal processes.2,19,34–40 A
review of the methods for the synthesis of SrTiO3 published in the
literature in the last decade is given by Phoon et al.2 In addition,
a large specic surface area is advantageous for photocatalysts,
suggesting the use of nanoparticles with their high surface-to-
volume ratio. It is known that chemically pure, crystalline, oxide
nanoparticles with a narrow size distribution can be prepared from
coarse raw powders using CO2 laser vaporization (LAVA).41–46 In this
work, the LAVA method was applied to produce spherical stron-
tium titanate nanoparticles, which were subsequently hydrother-
mally treated to obtain faceted SrTiO3 nanocubes.
Materials and methods
Samples processing

Commercially available SrTiO3 powder (purity: 99.9%, particle
size: 2–3 mm, Biotain Hong Kong Co., Limited) was used as
a starting material (sample labeling: STO-raw). The LAVA
© 2022 The Author(s). Published by the Royal Society of Chemistry
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method was applied to prepare the SrTiO3 nanoparticles.41

Briey, a CO2 laser beam is focused on the surface of the
starting powder that is located in a rotating container ring. Due
to the absorption of the intense laser radiation, the raw powder
heats up, vaporizes and forms a plasma above the beam focus,
which cools down rapidly as it expands into the process gas at
normal pressure. Consequently, ultrane particles are formed
by gas phase condensation. Finally, the desired nanopowder is
obtained, which generally has the same chemical composition
as the target raw powder.41 Pulsed CO2 laser radiation (wave-
length: 10.59 mm, pulse length: 1 ms, pulse repetition
frequency: 200 Hz, average radiation power: 730 W, pulse peak
power: 3.5 kW, focus diameter: 1 mm) and air as process gas
(ow rate in the vaporization zone: 2 m3 h�1, total ow rate: 14.5
m3 h�1) were used for the preparation of the nanoparticles
(sample labeling: STO-LV). Pulsed laser radiation was used to
reduce the particle size and the width of their distribution, and
to minimize the number of primary particles rmly bound by
solid state bridges.43

The STO-LV nanoparticles (1.5 g) were suspended in 200 ml
distilled water and further treated in a hydrothermal reactor
(4560 Mini Reactor 600 ml, Parr Instruments, USA) under stir-
ring at 275 �C and 38 bar for 4 h and then cooled to room
temperature. Subsequently, the suspension was centrifuged at
5000 rpm (Megafuge 1.0, Heraeus, Germany) and the powder
was nally dried at 70 �C (sample labeling: STO-LV-hy).

The dried STO-LV-hy nanoparticles were washed in 0.1 M
HCl (Carl Roth, Germany) for 20 min and subsequently centri-
fuged at 6000 rpm for 3 min (ThermoFisher SCIENTIFIC, Her-
aeus Multifuge X1R, Germany). The centrifugate was then
washed several times with distilled water and nally dried at
60 �C for 24 hours (sample labeling: STO-LV-hy-HCl).

An overview about sample labeling and corresponding pro-
cessing steps is shown in Table 1.
Characterization

Transmission electron microscopy (TEM) (Zeiss EM 900, Ober-
kochen, Germany) at an accelerating voltage of 80 kV and
a maximum magnication of 250 000 was used to investigate
the morphology of the nanoparticles aer LAVA and hydro-
thermal processing. For this purpose, a small amount of the
nanopowder was ultrasonically dispersed in ethanol and drop-
ped on a TEM grid (circular perforated carbon lm on copper
mesh, Quantifoil Micro Tools, Grobloebichau, Germany).

The particle size distribution was determined from TEM
micrographs by measuring the diameters of more than 1400
primary nanoparticles using the Gatan Digital Micrograph
soware (Pleasanton, CA, USA) assuming a spherical shape of
Table 1 Sample labeling and corresponding processing steps

Sample labeling/process step STO-raw

LAVA processing —
Hydrothermal maturation —
Acid etching —

© 2022 The Author(s). Published by the Royal Society of Chemistry
the particles.47 From these values, the percentage density
distributions of the particle diameters on a number basis q0, on
diameter basis q1 and on surface basis q2 were calculated. The
measured distribution was tted with a logarithmic normal
distribution in order to obtain the corresponding geometric
mean particle diameters mg(q0), mg(q1) and mg(q2), respectively.
The cumulative distribution of the particle diameters Q0 was
tted with a sigmoid function to obtain the characteristic
particle diameters d10, d50, and d90.47 The specic surface area
STEM of the nanopowder sample was calculated from mg(q2) ¼
36.9 � 0.8 nm using the density (r ¼ 5.12 g cm�3) of the
commercial SrTiO3 powder and by assuming spherical
particles.48

A high-resolution transmission electron microscope (HR-
TEM) (JEOL JEM-ARM200F NEOARM, JEOL GmbH, Germany,
accelerating voltage of 200 kV) was used to obtain structural
information of the powder at the atomic level and to determine
lattice plane spacings. The images were taken with a 4K-CMOS-
camera (GATAN OneView, USA). The frequency distribution of
the intensities was determined from 2048 px� 2048 px HR-TEM
images using the Fast Fourier Transform (FFT) function of the
camera soware (DigitalMicrograph version 3.43.3213.0, Gatan
Inc., USA).

The starting STO-raw powder as well as STO-LV, STO-LV-hy
and STO-hy-HCl samples were characterized by X-ray powder
diffraction analysis (XRD) using CuKa radiation (l ¼ 0.15405
nm) at an accelerating voltage of 30 kV and a beam current of 10
mA (Miniex 300, Rigaku, Japan). Data were recorded with
a sample rotation in the range of 5–75� 2q, a step width of 0.02�

and a scan rate of 1� min�1. Furthermore, mean crystallite sizes
D were calculated from the corresponding diffractograms using
Scherrer's eqn (1) with a shape factor K ¼ 1.107 (the reexes
were tted by Gaussian function), wavelength l, FWHM200 the
full-width-at-half-maximum of the (200) reex and q the angle of
this diffraction line.49–51

D ¼ Kl

cos q

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
FWHM200

2 � FWHMLaB6
2

q (1)

The FWHM200 was corrected for the instrumental broadening
FWHMLaB6 determined from the measurement of a LaB6 stan-
dard material.

Fourier transform infrared (FT-IR) spectra were measured
using the KBr technique in the range from 4000 to 400 cm�1 at
a resolution of 4 cm�1 at 32 scans (Alpha-T, Bruker, Germany).
Approximately 1 mg of the samples was mixed with 300 mg of
dry KBr powder and ground using an agate mortar and pestle.
The resulting mixture was uniaxial pressed into transparent
pellets with a diameter of 13 mm using a pressing tool (PW 20,
STO-LV STO-LV-hy STO-LV-hy-HCl

Yes Yes Yes
— Yes Yes
— — Yes

Nanoscale Adv., 2022, 4, 182–189 | 183
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Carl Zeiss, Jena, Germany) and applying a force of up to 50 kN
(P/O/Weber Laborpresstechnik, Remshalden, Germany). All
sample data were normalized to the most intense signal in each
case.
Fig. 2 FT-IR analysis of the SrTiO3 starting powder (STO-raw)
compared with those after LAVA processing (STO-LV), LAVA pro-
cessing and hydrothermal treatment (STO-LV-hy) as well as after LAVA
processing, hydrothermal treatment and subsequent acid etching
(STO-LV-hy-HCl).
Results and discussion
SrTiO3 raw powder (STO-raw)

XRD analysis of the starting powder (Fig. 1) shows sharp
reections at 22.8�, 32.4�, 40�, 46.5�, 52.4�, 57.8� and 67.8� 2q
that can be assigned to SrTiO3 (JCPD card-no. 35-0734).
According to JCPD card-no. 05-0418 diffraction lines of SrCO3

can be found at 25.2�, 25.8�, 31.5�, and 36.2� 2q. Moreover, the
small reexes at 27.5� and 54.4� 2q correspond to TiO2 (JCPD
card-no. 87-0710) with the tetragonal structure of rutile. The
chemical bonding characteristics of the sample were measured
using FT-IR spectra shown in Fig. 2.

The low-frequency bands detected in the STO-raw powder,
centred at 588 and 434 cm�1, are typical of metal–oxygen
stretching in titanate compounds and correspond to Ti–O, Ti–
O–Ti, Sr–O and Sr–Ti–O vibrations.52–54 Beyond, the broad and
intense band between 900 and 400 cm�1 with a maximum at
588 cm�1 can be assigned to Ti–O and Ti–O–Ti stretching and
bending vibrations in TiO2.55 In addition, the vibration at
Fig. 1 X-ray diffraction analyses of the starting SrTiO3 powder (STO-
raw) compared with those after LAVA processing (STO-LV), LAVA
processing and hydrothermal treatment (STO-LV-hy) as well as after
LAVA processing, hydrothermal treatment and subsequent acid
etching (STO-LV-hy-HCl).

184 | Nanoscale Adv., 2022, 4, 182–189
1460 cm�1 can be assigned to (CO3)
2�.56 The FT-IR analyses of

the STO-raw powder correspond with the XRD measurement,
where strontium titanate, strontium carbonate and rutile were
detected.
SrTiO3 raw powder processed by laser vaporization (STO-LV)

The SrTiO3 nanoparticles were produced by the LAVA process
under air atmosphere using pulsed CO2 laser radiation in
a continuous process.41,47 The production rate of the nano-
particles was 18.1 g h�1. The LAVA nanoparticles are predomi-
nantly spherical in shape and only slightly agglomerated by
weak van der Waals forces, as the overview TEM micrograph of
the sample shows (Fig. 3a). The average particle diameter d50 is
23.7 nm and the distribution width d90–d10 is 32.13 nm. The
geometric mean diameter on number basis mg(q0) and on
diameter basis mg(q1) is 26.5 � 1.0 and 31.0 � 0.9 nm, respec-
tively (Fig. 3b). The specic surface area STEM calculated from
the particle size distribution is 31.8 m2 g�1.

HR-TEM images (Fig. 3c and d) conrm the crystalline
structure of the nanospheres. The d-spacing calculated from the
HR-TEM image in Fig. 3d is 0.19 and 0.22 nm, respectively. This
is only slightly different from that of the (200) (0.195 nm) and
(111) (0.225 nm) planes of SrTiO3 and could be explained by the
formation of vacancies during the LAVA process leading to
negligible lattice changes.

The processing of the starting powder by LAVA causes
a broadening of the SrTiO3 diffraction lines (Fig. 1), which
indicates a more nanocrystalline structure compared to the
starting powder. However, the diffraction lines can still be
assigned to the cubic perovskite structure of SrTiO3 (JCPD card-
no. 35-0734). The mean crystallite size of the (200) reex
calculated from Scherrer's equation is 12 nm for the STO-LV and
136 nm for the STO-raw powder, respectively. Furthermore, no
secondary phase was detected in the STO-LV sample using X-ray
diffraction.
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) TEM micrograph of STO-LV powder (overview), (b) TEM-
derived particle size distribution of STO-LV: frequency-based nano-
particles diameter distribution (log normal (—) and cumulative (----)
distribution) with the geometric mean diameter mg(q0) and the char-
acteristic diameters d10, d50, and d90, (c and d) HR-TEM images of
STO-LV.

Fig. 4 (a) TEM micrograph of STO-LV-hy nanoparticles (overview), (b)
TEM-derived particle size distribution of STO-LV: frequency-based
nanoparticles diameter distribution (log normal (—) and cumulative
(----) distribution) with the geometric mean diameter mg(q0) and the
characteristic diameters d10, d50, and d90, (c) HR-TEM image, (d)
indexed FFTs from the corresponding selected area.
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Aer LAVA processing, the H2O adsorbed on the surface can
be detected in STO-LV sample using FT-IR (Fig. 2) as the broad
stretching vibration of hydroxyl group in H2O appeared at
3400 cm�1. Furthermore, the absorptions at 1065, 1270, 1405,
1458 and 1502 cm�1 are due to vibrations of (CO3)

2� and can
thus be attributed to SrCO3, which is also produced along with
SrTiO3.52,56–58 However, SrCO3 was not found by X-ray diffraction
analysis which is probably due to its low content and/or low
crystallinity and thus relatively weak diffraction intensities. EDX
analyses of TEM-samples could not be used to prove the pres-
ence of carbonate, since the copper mesh grids were covered
with carbon lm. Splitting of the broad vibration ranging from
900 to 400 cm�1 into a doublet may be attributed to the decrease
in the symmetry of the titanate structure unit (TiO6 octahedra).
This assumption can be supported by the HR-TEM analysis
(Fig. 3d), which shows a slightly smaller (001) lattice plane
spacing in SrTiO3, probably due to lattice vacancies.59

SrTiO3 raw powder processed by laser vaporization and
hydrothermal maturation (STO-LV-hy)

From the TEM analyses (Fig. 4a) of hydrothermally treated STO-
LV nanoparticles, it becomes evident that the treatment affects
the particle shape. Applying pressure and temperature
promotes the development of well-dened facets and the
formation of cubic nanoparticles of uniform size and regular
morphology (Fig. 4a). The average particle size d50 is 5.4 nm and
the distribution width d90–d10 is 31.6 nm. The geometric mean
diameter on number basis mg(q0) is 37.06 � 0.35 nm (Fig. 4b).

Representative HR-TEM micrograph is shown in Fig. 4c.
Lattice planes are visible throughout the entire particles. The
lattice spacings of 0.390 nm and 0.274 nm are consistent with
the values of the (001) and (110) planes of SrTiO3, respectively.
© 2022 The Author(s). Published by the Royal Society of Chemistry
The fast Fourier transforms (Fig. 4d) show that lattice fridges in
the region correspond to (110), (111) and (100) planes of SrTiO3.

The XRD results for STO-LV-hy powder in Fig. 1 illustrate that the
diffraction lines t well to those of SrTiO3 (JCPD card-no. 35-734)
with a standard cubic perovskite structure (space group Pm3m).

The hydrothermal treatment leads to a decrease of the width at
half maximum intensity of the diffraction lines indicating an
increase in the crystallite size of the (200) reex to 20.5 nm
according to Scherrer's equation. According to the literature2,19 the
composition, size and morphology of the particles can be adjusted
or even controlled by varying some physical and chemical param-
eters such as temperature, concentration, pH and solvent compo-
sition. Furthermore, it has been shown that different precursors
and solvents inuence the shape, size distribution and crystallinity
of SrTiO3. In our case, however, we did not synthesise SrTiO3 from
precursors (e.g. TiO2 or TiCl4), but used the hydrothermal reactor
only formaturation (ageing). An extendedmaturation time of up to
8 hours and a higher temperature of up to 300 �C did not change
the particle or crystallite size.

However, SrCO3 (JCPD card-no. 05-0418) is observed in this
XRD pattern with the two strongest lines at 25.2� (111) and 25.8�

(021) 2q, probably as a by-product of the hydrothermal reac-
tion.36,60–62 Furthermore, anatase TiO2 (JCPD card-no. 21-1271)
with its most intense reexes at 25.2� (101) and 48� (200) 2q
cannot be excluded, as they partially overlap with those of
strontium carbonate.

Aer hydrothermal treatment, a new band at 1630 cm�1 and
a broad band around 1100 cm�1 were detected using FT-IR (Fig. 2)
in the STO-LAVA-hy sample representing the bending vibration of
the hydroxyl group in H2O and a symmetric stretching of C–O in
(CO3)

2�, respectively.56 This analysis conrms the results obtained
by XRD where SrCO3 was detected.
Nanoscale Adv., 2022, 4, 182–189 | 185
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Fig. 5 (a) TEM micrograph of STO-LV-hy-HCl nanoparticles (over-
view), (b) TEM-derived particle size distribution of STO-LV-hy-HCl:
frequency-based nanoparticles size distribution (log normal (—) and
cumulative (----) distribution) with the geometric mean diameter mg(q0)
and the characteristic diameters d10, d50, and d90, (c) HR-TEM image,
(d) indexed FFTs from the corresponding selected area.
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SrTiO3 raw powder processed by laser vaporization,
hydrothermal maturation and acid etching (STO-LV-hy-HCl)

Finally, the STO-LAVA-hy powder was washed with 0.1 M HCl in
order to eliminate SrCO3.

Consequently, all reexes match well with the pattern of
cubic SrTiO3 (JCPD card-no. 35-0734) and no other diffraction
lines of any other phases can be detected, indicating that the
powder consist of pure strontium titanate. The narrow XRD
reexes in Fig. 1 indicate that the nanoparticles are well crys-
talline with a D(200) crystallite size of 20.3 nm according to
Scherrer's equation. Subsequent acid etching successfully
removed the carbonate, which according to FTIRmeasurements
(Fig. 2) of STO-LV-hy-HCl indicates single phase SrTiO3 and is
conrmed by the XRD results.
Fig. 6 Schematic illustration of the temperature and process step-depe

186 | Nanoscale Adv., 2022, 4, 182–189
TEM analysis (Fig. 5a) revealed that acid etching using 0.1 M
HCl affects neither the facet shape of the nanoparticles nor their
size. The average particle size d50 is 35.3 nm and the distribu-
tion width d90–d10 is 32.1 nm. Higher concentrations (1 M HCl)
and longer etching times (up to 60 min) lead to partial disso-
lution of the particles.

The geometric mean diameter on number basis mg(q0) is 36.9
� 0.4 nm (Fig. 5b). HR-TEM images (Fig. 5c) and FFT (Fig. 5d)
show that the crystalline structure has remained virtually
unchanged by the etching process.

Temperature and process step-dependent development of
SrTiO3 nanocubes

SrTiO3 is of particular interest for numerous applications such
as photocatalytic water splitting,16,20 as an electrode material for
thermoelectrics63 or as piezoceramics for sensors.64 For
example, Takata et al. recently demonstrated a model system of
an almost perfectly efficient catalyst by selectively depositing co-
catalysts onto the different crystal facets of single-crystalline
SrTiO3 particles with a size of 500 nm1. By further reducing
the particle size and thus increasing the specic surface area, it
should be possible to further increase the efficiency of such
particles. However, the possibility of producing high-quality
SrTiO3 of this particle size is still lacking. In the present work,
we have shown that single-phase faceted SrTiO3 nanoparticles
can be successfully prepared by laser vaporization, subsequent
hydrothermal maturation at 275 �C for 4 hours and etching in
0.1 M HCl. A comparison of the overall morphology of the
nanoparticles aer the respective process steps observed by
TEM is shown in Fig. S1.† Fig. 6 schematically illustrates the
process of nanoparticle formation. In the intense focus of the
CO2 laser, the raw material powder, which consists of SrTiO3

and small amounts of SrO, TiO2 and SrCO3 (Fig. 1 and 2), is
vaporized and transferred into a plasma. In the plasma, the ions
are present in the same ratio as in the startingmaterial, with the
addition of components of the process gas (in this case, air).
Thus, overall, the Sr : Ti : O ratio is about 1 : 1 : 3. In the process
gas stream, the plasma cools down rapidly until nanoscale
ndent development of SrTiO3 nanocubes.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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droplets of SrTiO3 composition are formed when the highest
vaporization temperature of the components under consideration
for condensation is reached (in this case > 3000 �C for SrTiO3).65 In
addition, the formation of liquid SrO and TiO2 droplets can occur
to a much lesser extent upon further cooling below the respective
condensation temperature of 3000 �C and 2972 �C.66,67 When the
temperatures fall below the corresponding melting temperatures,
SrO crystallizes at 2430 �C,66 SrTiO3 at 2080 �C (ref. 65) and TiO2 at
1843 �C.67 Even before this, however, SrO and TiO2 droplets can
coalesce and crystallize together as SrTiO3. At the same time,
carbon can be incorporated into the developing particles during
the condensation process or form SrCO3 at temperatures below
1200 �C (ref. 68) by heterogeneous nucleation on the crystalline
SrTiO3 particles. EDX analyses of TEM-samples could not be used
to detect the presence of carbonate because the copper grids were
covered with carbon lm. Nevertheless, it has been described that
electron beams can damage carbonate (especially calcite) or
oxides.69,70 Under an induced electric eld, cations, e.g. Ca in
CaCO3, can be separated from the (CO3)

2� clusters, forming cation-
rich and cation-poor regions or be decomposed into CaO. There-
fore, a similar effect cannot be excludedwith certainty in the case of
SrCO3. It is clear from the XRD and FTIR results (Fig. 1 and 2) that
SrCO3 is in amorphous form.

Since nucleation, condensation, coagulation and solidica-
tion occur in less than 1 ms due to the rapid quenching from
plasma to room temperature, growth by coagulation is pre-
vented.41,71 Consequently, only nanoscale particles with diame-
ters well below 100 nm are found (Fig. 3b). However, the
particles are not single crystalline but consist of several crystal
domains, as can be deduced from the discrepancy between
particle size (d50 ¼ 23.7 nm) and domain size (D(200) ¼ 12 nm).
Furthermore, it was described45 that some oxides (e.g. SiO2,
Al2O3) in combination with alkaline-earth metals act as glass
formers (vitricator) when the corresponding melt is quenched.
Since no glass former is present in our system, we assume that
STO-LV nanoparticles are completely crystalline (Fig. 3d).

As long as crystal growth proceeds under equilibrium
conditions, the crystal habit is determined by the symmetry of
the corresponding crystal system. However, since the process of
particle formation during LAVA proceeds under non-
equilibrium conditions,41 the particles do not exhibit a faceted
shape, but remain in the shape of the liquid droplets because
the mobility of the atomic components is signicantly reduced
and the minimization of the surface energy of the crystallite is
hindered. This leads to the formation of a less ordered struc-
ture, as can be seen from the FT-IR spectra (Fig. 2) by splitting
the band associated with the TiO6 octahedra.

Basically, it has been described that the catalytic properties
of SrTiO3 are inuenced by its crystallinity, specic surface area,
particle size and crystallinity.2 In particular, well-formed crystal
facets seem to be of crucial importance for the efficiency of
photocatalytic water splitting.1,2,19 Static pressure is an alterna-
tive to thermo-chemical processes to adjust the crystal structure
and physical properties of materials.72–75 Therefore, the STO-LV
powder was hydrothermally treated at 275 �C and 38 bar for 4 h
(Fig. 4). During this post-treatment, the SrTiO3 crystals mature
i.e. domains cluster together and faceted single crystals are
© 2022 The Author(s). Published by the Royal Society of Chemistry
formed (Fig. 4a), as shown by the increase in crystallite size
D(200) from 12 nm to 20.5 nm according to Scherrer's equation.
HR-TEM analyses conrm that lattice planes are pronounced
throughout the particle (Fig. 4c), indicating a well-developed
crystalline structure of SrTiO3. The development of a more
ordered structure can also be concluded from FT-IR measure-
ments (Fig. 2) due to the reversible splitting of the vibration
associated with the structural unit TiO6, which is around 800–
400 cm�1. Structural changes of the nanoparticles could be
attributed to Ostwald ripening, a process of crystal growth that
occurs at the expense of smaller particles dissolving as they are
less energetically stable and thus contributing to the growth of
larger crystallites.76–78 This hypothesis is supported by looking at
particle and crystallite sizes.

Aer LAVA processing, the d10 particle size and D(200) crys-
tallite size are 9.6 nm and 12 nm, respectively, and increase to
20.2 nm and 20 nm aer hydrothermal ripening. Furthermore,
the geometry of the particles inuences the evaluation of the
particle size from the TEM images. The cubes are oen twisted,
which increases the average value from the two measurement
lines and thus the determined particle size. However, the
hydrothermal treatment leads to the formation of crystalline
SrCO3 (Fig. 1), which was already present in amorphous form in
the STO-LV powders between the SrTiO3 domains or as a shell of
the particles (Fig. 2). Subsequent etching in 0.1 M HCl dissolves
the SrCO3 without affecting the SrTiO3 phase, as conrmed by
XRD analysis (Fig. 1). This nally results in single-phase, faceted
SrTiO3 nanoparticles (Fig. 5), whose suitability for photo-
catalytic water splitting but also in thermoelectric or piezocer-
amic components will be investigated in future work.

Conclusions

Single-phase SrTiO3 nanocubes with high crystallinity were
successfully prepared by LAVA processing of a coarse strontium
titanate powder followed by a hydrothermal maturation and
acid etching. The nanoparticles formed by laser induced gas-
phase condensation are spherically shaped with a narrow size
distribution and are merely soly agglomerated by weak van der
Waals forces. The resulting nanopowder and the raw starting
powder are of the same chemical composition. The formation of
faceted SrTiO3 nanoparticles was achieved by a subsequent
hydrothermal treatment at 275 �C for 4 hours. Subsequent
etching in 0.1 M HCl removed SrCO3 impurities and resulted in
a single-phase composition of the faceted particles. Owing to
the faceted morphology, large specic surface area, single phase
composition and high crystallinity, the SrTiO3 nanoparticles are
expected to provide signicant improvements in a variety of
applications, but especially for highly efficient hydrogen
production by water splitting. In future work, they will be the
basis for reducing the band gap by in situ doping as well as for
applying co-catalysts for photocatalytic water splitting.
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