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Abstract: In the present work the effect of electric field
assisted treatments, i.e. flash sintering, on the physicochem-
ical properties and surface reactivity of SrTiO; nanoparticles is
investigated. The materials were prepared by a hydrothermal
approach and consolidated at high temperatures by conven-
tional and electric field assisted procedures. The exposure to
an electric field from 300 to 900V/cm allowed rapid
consolidation with progressive reduction of the grain growth
and the shrinkage of the specific surface area to 22% and
43%, respectively. XPS analyses evidenced increasing Sr
segregation at the surface if voltage was applied during the
treatment. The corresponding presence of Sr vacancies in the

perovskite lattice was demonstrated by ESR spectroscopy.
Both techniques pointed out the appearance of highly
oxidative O~ species in all ceramics. The materials reactivity
was investigated by methane oxidation, chosen as model
high temperature catalytic reaction. With respect to conven-
tionally treated SrTiO;, the surface area normalized reaction
rate significantly improved for the ceramics exposed to
electric field, until a maximum of three times for the material
treated at 900 V/cm. Such enhanced properties were ascribed
to the larger extent of Sr enrichment and in particular to the
correlated field-induced defect structure perturbation.

J

The preparation of functional materials using field-assisted
processes gained increasing attention from the scientific
community in the last years. With respect to conventional
methods, these strategies notably reduce the reaction time and
temperature and are therefore regarded as highly sustainable
and environmentally friendly.”” If microwave-assisted syntheses
covered a pivotal role in the last decades,”™ the use of electric
and magnetic fields recently emerged as novel strategy towards
synthesis and the processing of inorganic materials.”’ In
addition to the energy-saving character, these methods are very
appealing because of i) the possibility to synthesize materials
that cannot be prepared by conventional methods, ii) the
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design of materials with specific microstructure and textures”
and iii) control of defect formation®™ and mobility.”

The consolidation of ceramic materials is an important
technological requirement for many high temperature applica-
tions such as solid-oxide fuel cells, thermoelectrics and catalysis.
In this regards, the pioneering work of Cologna etal® on
electric-field assisted treatments (i.e. flash sintering) showed
that the application of a voltage and current to a ceramic
specimen during heating promoted stabilization and consolida-
tion at furnace temperatures far below the conventional ones
and within few seconds/minutes. The reason for such a rapid
process is principally ascribed to a local overheating of the
material via Joule effect.""'? Hence, it is evident that the electric
properties of the ceramics exert a remarkable role on the
treatment conditions. Insulating materials such as SrTiO;
consolidate at furnace temperatures as high as 1000°C!"
whereas highly conductive systems like Lay¢Sr,4,C0,,Fey50; well
below 100°C."

More importantly, the very intense local heating as a result
of the high electric power dissipation through the material has
a remarkable effect on the modification of microstructural
properties and defect formation.

Karakuscu et al.™ showed that the massive grain growth
usually observed in polycrystalline SrTiO; under conventional
treatment was arrested when the material was treated with the
assistance of electric field, and that a direct correlation between
applied voltage and grain size exists. Moreover, electric field-
treated materials experienced lattice expansion, which was
ascribed to the formation of Ruddlesden-Popper phases (SrO
(SrTiO,),) originating from structural recombination of defect-
induced distortions."™™ In a more recent publication Rhein-
heimer et al. showed that the application of an electric field on
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Figure 1. (a) X-ray diffraction patterns of the as prepared and high temperature treated SrTiO;. (b) Plots of the linear shrinkage against the furnace

temperature during the electric field assisted treatment.

SITiO; caused point defect redistribution, affecting the space
charge potential at the grain boundaries.”

Hence, along with this prominent manipulation of structural
and defect properties, the electric field-processed materials
should demonstrate substantial reactivity difference with
respect to conventional counterparts. However, to the best of
our knowledge these aspects are not addressed within the
existing literature. In the present publication, we show that
electric field-treated SrTiO; nanoparticles possess improved
catalytic activity with respect to conventional systems due to
their larger point defect concentration. SrTiO; was chosen
primarily because it is a model material with well-known defect
chemistry, rather than for its catalytic activity. As chemical
purity and morphology homogeneity were considered of
central importance, ceramic nanoparticles were prepared by
means of the hydrothermal method."® For the evaluation of the
material reactivity the total methane oxidation was employed
as typical high-temperature test reaction.

In general, in a catalytic reaction over perovskite oxides
(ABO;) the material reactivity is determined both by the overlap
extent between the 3d orbitals of the B cation and the 2p of
the oxygen'” as well as by the surface activity of the material,
which can be affected by an enrichment of the A-type cation
through a segregation process at high temperature. Because of
the unoccupied e, orbitals Ti is a poor catalytic center for the
methane oxidation and therefore its reactivity is mostly
controlled by the surface properties. Recently, several reports
pointed out how specific modification of the surface morphol-
ogy and surface chemistry of SrTiO; engendered strong
alteration of its catalytic properties."®*?" Herein we show how
the exposure to electric fields enhances the amount of Sr
surface enrichment and this determines a progressive improve-
ment of the methane conversion. Even though the segregation
of Sr is usually indicated as one major factor for the perform-
ance loss of catalytic devices, in certain cases it was shown to
improve the material reactivity.'®?*? In particular, it has been
reported that Sr surface segregation has a beneficial effect
towards methane oxidation.”** Hence, aside from their
energy-saving character, field-assisted treatments can be con-
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sidered as a valuable tool to tune the surface chemistry of
ceramic materials and therefore to improve their catalytic
performance.

Results and Discussion

Strontium titanate nanoparticles were prepared via the hydro-
thermal approach. XRD analysis evidenced phase pure cubic
perovskite structure, with average crystal size of 50 nm (Fig-
ure 1, Table 1). In Figure 3a and Figure S1a the electron micro-

Table 1. Physicochemical parameters for the investigated SrTiO; systems:
Crystallite size (P); specific surface areas (Sgg); Sr/Ti ratio; ratio between
non-lattice Sr (Sry,) and total Sr amount (Sr;or) and surface concentration
of 0, /O~ obtained from XPS; surface area normalized activation energies
(E g‘") values retrieved from methane oxidation. *Obtained from TEM/EDX
spectroscopy.

Sample @ Seer Sr/Ti St/ 0,/ Ecat
[nm] m’g7] Stror o [kdmol ']
[%] [%]

cs >200 12.7 1.34/ 7 10.6 136.1
1.12*

FS_300 110 6.0 1.4 322 114 136.5

FS_600 80 94 1.45/ 39.8 6 131.7
1.17%

FS_900 70 1.9 1.55 39.1 10 120.0

AP 50 274 1.02* - - -

scopy showed nanocuboids of dimensions ranging between 50
and 100 nm and the associated energy dispersive X-ray (EDX)
spectroscopy analysis indicated stoichiometric amounts of Sr
and Ti.

The materials were therefore consolidated via high temper-
ature treatment (HTT) using conventional and electric field-
assisted process (Figure 2).

This trend is also corroborated by SEM analysis (Figure 3b-
e), which clearly evidenced the particle growth arrestment
during electric field-assisted treatment and the massive size of
the standardly treated ceramic.
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Figure 2. Schematic representation of the setup for the electric field assisted
treatments.

The porosity of the SrTiO; samples was investigated by
means of gas physisorption. Even though the materials present
the same density of 60%, the specific surface area strongly
decreased upon HTT. For the electric field treated samples this
shrinkage was moderate and indirectly proportional to the
magnitude of the applied field, in line with the material grain
evolution (Table 1). CS material however, exhibited a BET
surface area much higher than FS_300 material and comparable
to FS_900. A reason for this behavior is likely the different
temperature program, which might have induced a different
structural reorganization of the material. The high porosity of
the electric field treated materials was further evidenced by
TEM analysis taken from a section of the FS_600 pellet
(Figure 3f).

Making use of the X-ray photoelectron spectroscopy (Fig-
ure S2), major insights into the local variation of the surface

CHEMNANOMAT
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chemical composition depending on the HTT could be given.
The spectra of all the materials reveal higher surface content of
strontium than titanium (Table 1). A precise analysis of the Sr3d
spectra revealed that the contribution of the non-lattice Sr,
increases under exposure to electric field (Figure 4a, Figure S3,
Table 1). Although the amount of non-lattice Sr is also directly
related with the porosity of the material, we observed that for
the conventionally treated sample, that is the one with highest
surface area, this value is much lower than for the other
materials. Hence, we can conclude that the Sr enrichment
observed is an intrinsic consequence of the electric field
assisted treatment and is not related with the morphological
properties of the single ceramics. From the chemical point of
view, non-lattice Sr can be related to the formation on the
surface of Sr(OH),, SrCO,, under-coordinated Sr cations or a
combination of these three and gives an indication of the
extent of Sr surface segregation.

XPS results were also confirmed by TEM/EDX analyses
(Table 1, Figure S1b,c). Given the higher penetration depths of
EDX, these findings indicate that the electric field-induced Sr
segregation is not limited to few nanometers, but has a more
bulk character.

This enrichment phenomenon is usually encountered in
high temperature treated SrTiO;. Even if there are numerous
reactions, which could lead to Sr segregation, one possible

explanation is given by the material defect equilibrium™®=3" in
the Kréger-Vink notation (Eq.1):?
Sty +0, — Vi, + Vo™ 4 510 (1

During high temperature treatments (T >1000°C) Sr and O
ions leave their lattice positions (Sr,,, O, respectively) and Sr- (
V,) and O-vacancies (V,**) are formed. The formation of Ti-
vacancies does not take place as it requires much higher energy

because of the higher covalent character of the Ti—-O bond.?*3*

Figure 3. SEM images of (a) as prepared nanoparticles, (b) conventionally treated sample (CS), (c, d, €) samples treated under the exposure of 300, 600 and
900 V/cm, respectively; (f) TEM image of a lamella cut from sample FS_600 with a focused ion beam, showing the porous structure of the materials.

ChemNanoMat 2019, 5, 1-10 www.chemnanomat.org

These are not the final page numbers! 77

© 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


https://doi.org/10.1002/cnma.201900201

 Editorial Society

a) o FS_600
fit
——— lattice Sr
—— non-lattice Sr
e
S,
2
0
c
$]
=
s R

Binding energy [eV]

T T T
138 136 134 132 130 128

CHEMNANOMAT

o FS_600
fit
—— lattice O

——O0FI0°
—— OHIO,,

=2
N

Intensity [a. u.]

\E’i’@@@» 2]

EEN iR

T T T T
534 532 530 528 526

Binding energy [eV]

FS_900

9¥2.010

lg =1.999

* *

Intensity [a. u.]

d) e) ,
s aemenA s A Y )

g=1.999
lg= 1.974

3200 3300 3400 3500 3100 3200

Magnetic field [Gs]

3100

33I00
Magnetic field [Gs]

3300 3350

Magnetic field [Gs]

3400 3500 3250

Figure 4. (a) Sr3d spectrum of FS_600 evidencing the two components of lattice and non-lattice Sr; (b) O1s spectrum of FS_600 exhibiting the different
oxygen species at the surface. ESR spectra of SrTiO; powders at 130 K in vacuum (c) before and (d) after UV photoexcitation. (e) Spectral features of the most
relevant paramagnetic species obtained by subtracting the spectra of UV-irradiated samples from the spectra acquired before irradiation.

As a result of the mass conservation law, a separate phase of
SrO (ideally noted as one of manifold possibilities) is formed at
the grain surface and interface.”” In the case of the electric
field-treated materials, the origin of the extent of Sr enrichment
at the surface is not completely clear yet. It might originate
from the localized thermal gradient at the microstructural level.
As shown elsewhere, during electric field-assisted consolidation
of insulating materials local overheating® or even melting®” of
the grain boundaries occurs. Thus, such temperature gradients
in the grain might cause defect redistribution and contribute to
explain the larger Sr segregation. However, an interaction
between the elelctric field/current and the defect chemistry
cannot be ruled out. As a matter of fact, field-induced defect
perturbation has been often proposed as the pivotal mecha-
nism for field-assisted sintering of ceramics.183%"

The O1s signal was deconvoluted taking into account four
different oxygen species (Figure 4b, Figure S4): the lattice oxy-
gen (0® at ~529.2 eV), highly oxidative oxygen species (O/
0,%” at ~530.5 eV), hydroxyl groups or adsorbed oxygen (OH/O,
at ~531.5 eV) and adsorbed water (H,0 at ~532.9 eV).®® Several
reports in the literature correlate the oxidative O7/0,% centers
to the presence of surface oxygen and strontium vacancies, and
therefore strongly related to the defect species listed in

ChemNanoMat 2019, 5, 1-10 www.chemnanomat.org

Eq. 1559 However, we found that the amount of oxidative
oxygen is slightly higher for the system treated at 300 V/cm,
but generally does not vary much depending by the type of
material (Table 1).

Considering the paramagnetic character of the O~ centers,
further investigations were performed by means of electronic
spin resonance spectroscopy (Figure 4c—e). All the samples
display a complex spectrum constituted by two main resonance
lines, which have been assigned to different defect centers
(Figure 4c). In detail, the sharp signal at g=2.010 may be
associated to oxygen-related species, i.e. O~ anions.*'™*¥ The
other superimposed signal at g=1.999 is on contrast not easy
to assign. According to Kutty T.R.N et al.*? the formation of O~
centers can be correlated with the presence of strontium
vacancies located in the proximity of the subsurface region.
Based on this consideration, they attributed the resonance at
g=1.999 to singly ionized strontium vacancies (V,), which are
generally stabilized via HTT. However, the origin of this signal is
still controversial. In an attempt to provide a fair attribution of
the overlapping signals at g ~2 occurring in SrTiO; materials,
their behavior under UV photoexcitation has been studied. For
all the samples, the spectra show a remarkable increase of the
intensity of the signal at g=2.010, while that at g=1.999 seems

4 © 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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almost unaffected by the UV irradiation (Figure 4d). The trend is
highlighted in Figure 4e, which illustrates the spectral features
of the most relevant paramagnetic species in SrTiO; obtained
by subtracting the spectra of UV-irradiated samples from those
acquired before irradiation.

These results suggest that the sharp signal at g=2.010 can
be effectively associated to O~ acceptor centers located close to
the valence band and probably connected to the presence of Sr
vacancies generated during the HTT. The associated disruption
of the chemical bonds with 0?", perturb the filled valence band
of SrTiO; made up of 2p oxygen orbitals. The intensity of O~
species either before or after photoexcitation appears higher in
FS_300 compared to the other materials. Such results are
complementary and in very good agreement with the XPS
measurements.

Finally, other minor features can be detected, especially in
the 300 V/cm treated material. Besides a weak signal at g=
1.974 attributable to Ti** species (or, more descriptively, Ti**
—Vo—Ti**, i.e. an electron captured at the oxygen vacancy in
the perovskite structure which is delocalized between two Ti**
cations), the presence of small Mn*>" defects (signals labeled
with *) is noticed with g-value and hyperfine constant of 2.0036
and 85 G, respectively. These impurities usually detectable in
even in pure SrTiO; systems derive from manganese substitu-
tion for titanium ions™ and could explain the higher concen-
tration of O~ species in FS_300.

Insights into the transport behavior of the defect species in
the HTT materials were obtained by EIS measurements. In the
intermediate temperature regime (400-700°C) and under
oxidizing conditions the conductivity of SrTiO; is determined by
two principal charge carriers: electron holes and oxygen
vacancies.”** Electrons and strontium vacancies under these
conditions are of negligible amount and not sufficiently mobile,
respectively. As the mobility of the ionic species is much lower
than that of holes, the conductivity is predominantly electronic.
For the conventionally treated material a linear variation of the
conductivity as function of the oxygen partial pressure with
slope of 0.25 is observed (Figure 5)."*' Lower conductivities
associated with a reduction of the curve slope are registered for
the field assisted-treatments. This phenomenon is ascribed to
the particle size reduction of the materials, as already
observed.*”*? From the Arrhenius plot of the conductivity, the
activation energy for charge migration values was determined
to be approx. 1eV for all consolidated materials (Figure S5),
independent of the oxygen partial pressure applied and in line
with literature values."®

At this point it is necessary to evaluate whether the drastic
changes in the physicochemical properties of the materials
exposed to the electric field have influence on their functional
properties. With this respect, we investigated the full oxidation
of methane as high temperature model catalytic test. In
Figure 6a the light-off curves of the methane oxidation over the
consolidated materials are shown. At 800°C conventionally
treated SrTiO; shows a conversion of 20% whereas for electric
field-treated systems the performances progressively increase
proportionally with the applied field, up to 33% for SrTiO,
exposed to 900 V/cm. The gradual increase in catalytic activity

ChemNanoMat 2019, 5, 1-10 www.chemnanomat.org
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Figure 5. Logarithmic plot of the specific conductivity against the oxygen
partial pressure. A slope of 0.25 is obtained for SrTiO; single crystal.

depending on the applied field can be caused by the difference
of the total specific surface area, because the reactivity per
gram of sample is highly proportional to the specific surface
area of the sample (Figure S6). In order to obtain a clear
understanding of the catalytic activity, the data need to be
normalized by the total specific surface area as this parameter
changes significantly with respect to the treatment adopted.

From the surface-area-normalized reaction rates at 700°C in
Figure 6 < xfigré <b, it is clear that the exposure to high electric
fields increases the catalytic activity by a maximum of 3 times
with respect to the conventionally treated material. Further
evidence of the beneficial effect of the electric field is given by
the constant decrease of the activation energy of the methane
oxidation (Table 1 and Figure S6) by incremental voltage. The E,
values were calculated from Arrhenius type plots (1,000/T vs.
reaction rate) and obtained below 10% conversion of methane.

Interestingly, the catalytic properties were maintained or
even improved after 6 months ageing for all the materials
treated under influence of the electric field (Figure S7). This
indicates an excellent catalytic stability, likely caused by a
permanent perturbation of the defect structure by the field
exposure.

As XPS analysis showed, also Sr segregation increased with
the exposure to the electric field. In principle it is counter-
intuitive to assess that Sr surface enrichment promotes the
catalytic reaction, because carbonates, oxide or hydroxide
species act as a blocking layer hindering the oxygen exchange
kinetics and the access of the gas molecules to the catalytic
centers.®™" However, it has been shown often that Sr
segregation improves the catalytic performances in
perovskites.'#?2%352>4 polo-Garzon et al. showed that Sr-enrich-
ment on SrTiO; increased the oxidation of 2-propanol to
acetone.”® This phenomenon was ascribed to the larger basic
character of Sr-terminated surfaces, which improved the
dehydrogenation capability of the material. Similar reports on
the methane oxidation over surface modified SrTiO; pointed
out that the surface concentration of Sr at the top layers is

5 © 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 6. (a) Light-off curves obtained from the methane oxidation experiments. (b) Reaction rates at 700 °C normalized by the BET surface area. (c) Light-off
curves and Arrhenius plots of the reaction rate (d) of FS_600 and FS_900 samples before (grey) and after (blue) hot water treatment. Sr3d (e) and O1s (f) XPS
spectra of SrTiO; exposed at 900 V/cm before (FS_900) and after (FS_900 H,0) hot water treatment.

proportional to the rate of methane combustion.”** La,,.
Sr,MnO,"* and LagSr,,Co,sFe,,0;5 57 exhibited significant Sr
enrichment and the formation of novel compositions at the
surface, when exposed to an electric field at high temperatures.
These works showed that these surface phases are activated,
possessed improved surface exchange kinetics and therefore an
enhanced electrocatalytic performance.” As proposed by Li
et al,”? in the first stage of Sr segregation, when no dense SrO
layer has formed yet, the cationic enrichment leads to the
formation of oxygen vacancies and to a change of the
electronic structure, resulting in a reactivity improvement of the

ChemNanoMat 2019, 5, 1-10 www.chemnanomat.org
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material. If strontium ions in SrTiO; migrate towards the surface
forming different phases, it is evident that the corresponding
vacancies are left behind (see ESR analysis above) and the
perovskite lattice can be considered as A-site deficient. A-site
deficiency promotes the oxygen exchange kinetics and there-
fore has beneficial effect for the catalytic properties of
perovskite oxides.”*™” In particular, improved catalytic activity
has been recently shown when highly oxidative oxygen (0,*/
O7) is present in A-site deficient perovskites, as a result of
surface oxygen vacancies.®® In another work,"*? the presence of

© 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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such hole centers close to the surface was found to be
stabilized by Sr vacancies, because they act as acceptor species.

In order to identify whether the improved catalytic proper-
ties were determined by the higher basicity of the Sr-enriched
surface or by the presence of oxygen defects originated by the
modified point defect structure of field-exposed ceramics, we
performed additional catalysis experiments after decrease of
the surface Sr excess by treatments with water at 80°C for 3 h.

From the light off curves of the water treated FS_600 and
FS_900 materials in Figure 6¢ a significant enhancement of the
methane conversion is detected, along with a slight increase of
the activation energy of the reaction (Figure 6d). XPS analyses
of the Sr3d (Figure 6e, Table S1) confirmed the decrease of the
surface Sr-segregation, as noted by the lower contribution of
the non-lattice species. Therefore, the reason of the improved
performance of the materials cannot be mainly ascribed to the
basicity of the SrTiO; surface, but other effects need to be taken
into account. Surface analysis of the oxygen species (Figure 6f,
Table S1) pointed out that the contribution of the hydroxyl
groups and oxidative oxygen increased after treatment with hot
water.

In particular, O,> /O~ species cover an important role in the
oxidation mechanism of methane, because they readily react
with it to form methoxide, which accelerates the dissociative
adsorption and methane dehydrogenation.”®*? Therefore, we
can conclude that the presence of such hole centers on the
surface, likely stabilized by the defective structure of field-
treated materials, can be ascribed as major responsible for the
catalytic conversion of methane over SrTiO;

Conclusion

In the present work we investigated the effect of electric fields
during high temperature treatment on the physicochemical and
catalytic properties of SrTiO; nanoparticles. We observed that
the exposure at high electric fields from 300 to 900 V/cm
progressively arrested the grain growth and the porosity
shrinkage along with a consequent drop of the electrical
conductivity. With respect to the materials composition, XPS
analyses pointed out the presence of highly oxidative oxygen
species 0,”/0~ in all the systems, whereas an increasing
segregation of Sr at the surface arose if voltage was applied
during the treatement. ESR spectroscopy confirmed the appear-
ance of the paramagnetic oxygen species along with the one of
Sr vacancies in the perovskite lattice. The materials reactivity
was probed by methane oxidation, used as catalytic test
reaction. With respect to conventionally treated SrTiO; the
catalytic activity constantly improved for the ceramics exposed
to the electric field, until a maximum of three times in the
material treated at 900 V/cm. The reason for such enhanced
properties was ascribed to the larger extent of Sr segregation
and particularly to the correlated modification of the surface
oxygen defects. Therefore, although the specific mechanism is
not yet completely elucidated, it is concluded that electric field
assisted treatments affect the catalytic reactivity of the oxide
surface and that the structural and defect properties modified

ChemNanoMat 2019, 5, 1-10 www.chemnanomat.org
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by the electric field play a role. Through the precise tuning of
the surface chemistry properties, this approach offers promising
perspectives to design functional ceramics with tailored cata-
lytic properties.

Experimental Section

Chemicals

Strontium acetate hemihydrate (98%, Sr(OOCCH3),-0.5H,0) and
titanium (IV) isopropoxide (97 + %, Ti[OCH(CH,),l,) were purchased
from Alfa Aesar. Ethanol (99.9%, C,H¢O) was purchased from VWR
Chemicals. Glacial acetic acid (C,HsO,) was purchased from Fisher
Chemicals. Sodium hydroxide (98.5%, NaOH) was purchased from
Acros Organics. All chemicals were used as received without further
purification.

Preparation of SrTiO; Nanoparticles

SrTiO; nanocuboids were prepared via a modified hydrothermal
synthesis route adapted from ref.”? In a typical synthesis
10.0 mmol of titanium (IV) isopropoxide were dissolved in 30.0 mL
ethanol. A second solution containing 10.0 mmol of strontium
acetate hemihydrate dissolved in 20.0 mL glacial acetic acid was
slowly added to the first solution. The resulting sol was stirred for
1 h at room temperature.

Subsequently, the solvents were evaporated under continuous
stirring at 75°C. The obtained solid was ground to a colorless
powder. 0.7 g of the powder was placed into a 10 ml Teflon-liner
and a 2 M NaOH solution was added up to 80% of the liner’s total
volume. The Teflon-lined stainless steel autoclave was placed in an
oven under autogeneous pressure for 24 h at 170°C and then
allowed to cool down. The SrTiO; precipitate was washed
thoroughly with deionized water and dried at 80 °C overnight.

High Temperature Treatments

Cylindrical pellets with a diameter of 8 mm and a thickness of
roughly 3 mm were prepared by uniaxial pressing at 350 MPa. The
two flat sides of the green components were painted using a
carbon-based conductive cement (Plano GmbH) and then subjected
to flash consolidation. The process was carried out in a modified
dilatometer (Linseis L75) using a heating rate of 20°C min~". The
samples were placed between two platinum disks connected to a
DC power supply (Glassman EW 5kV, 120 mA) and a multimeter
(Keithley 2100). Current, voltage, the furnace temperature and the
displacement of the dilatometric piston were recorded at 1 Hz. The
field-assisted sintering experiments were carried out using electric
fields of 300 V/cm, 600 V/cm and 900 V/cm and a current limit of
2.5 mA/mm?; upon reaching the current limit, the current was held
at 2.5 mA/mm? for 30 s, then the power supply and the dilatometer
furnace were switched off. Conventionally sintered (CS) bodies
were also manufactured following two different firing schedules: (i)
the same cycle of the flash process (20°C/min) up to the flash
temperature, (ii) from room temperature to 900°C at 5°C /min,
from 900°C to 1050°C at 0.5°C/min, dwelling at 1050 °C for 4 h.

The bulk density (o) of the samples was measured geometrically.
The relative density of the samples was obtained using a value of
5.12 g/cm? for fully dense SrTiOs.

Samples were labelled as follows: as prepared SrTiO; (AP); conven-
tionally treated SrTiO; (CS); SrTiO; treated with the assistance of
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electric field (FS_x), where x=300, 600 or 900, depending by the
magnitude of the field.

Impedance Spectroscopy

Impedance measurements were performed using a Novocontrol
Alpha A impedance analyzer connected to a NorECs Probostat®
sample chamber. A Novocontrol-HT controller connected to a type
S thermocouple mounted next to the sample was employed for
temperature control. Frequencies in the range of 1072 Hz to 10" Hz
were employed with an amplitude of 100 mV,,, for all measure-
ments. Novocontrol WinFIT was used for data evaluation and
equivalent circuit fitting. An equivalent circuit consisting of three
RQ elements usually ascribed to grain boundary, bulk and electrode
interface contributions was employed to fit the experimental data.
The total resistivity was obtained from the resistances correspond-
ing to the two high frequency arcs in the Nyquist plot. Due to the
porous structure of the samples and the insufficient difference in
time constants no further analysis regarding grain boundary and
bulk contributions was carried out. The oxygen partial pressure was
set by mixing Ar 5.0 with air using MKS MF-1 mass flow controllers.
Partial pressures were monitored using a NorECs miniature oxygen
sensor electrode with a sealed internal metal/metal oxide reference
and a Rigol DM-3058 multimeter.

A constant gas flow of 19 sccm was employed for all measurements
with the gas supply tube ending in close proximity to the sample.
All samples were equilibrated for 13 hours at 600 °C and the desired
partial pressure. Each temperature was held for 3 hours before a
measurement was performed.

Electron Microscopy

Scanning electron microscopy (SEM) images were obtained on a
LEO1550 with a spatial resolution of ~1 nm. The powder was fixed
on a standard carbon conductive tab and was investigated without
further conductive coating.

Transmission electron microscopy (TEM) measurements were
carried out on a JEOL JEM 2200 FS at 200 kV equipped with two
CEOS Cs correctors (CETCOR, CESCOR), a Gatan 4 K UltraScan 1000
camera and a HAADF (high angle annular dark field) detector. The
sample was crushed into a fine powder, which was suspended in
toluene by sonication and dropped on a carbon coated 400 mesh
TEM grid. The excess of solvent was removed with a filter paper
and by drying the grid under air.

Energy dispersive X-ray (EDX) mapping was implemented on
several analysis points on the particle and average atomic ratios
were calculated for each cation in the perovskite oxides. Analyses
were repeated at least on three positions for each sample and less
than 1.0 at.% disparity was observed for surveyed cations at each
point.

Gas Physisorption

Nitrogen physisorption isotherms were obtained at 77.4 K using a
Quadrasorb SI-MP by Quantachrome. Outgassing was performed
with a Masterprep Degasser (Quantachrome Corp.) at 120°C for
12 h. Specific surface areas were determined with the Brunauer-
Emmett-Teller (BET) method® at relative pressures p/p0=
0.07—0.3. The occupation area of nitrogen was assumed to be
16.2 A
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X-ray Photoelectron Spectroscopy (XPS)

X-ray photoelectron spectroscopy was performed using a Sigma
probe (Thermo Scientific, USA) under ultrahigh vacuum environ-
ment with a 400 um-diameter beam of monochromatic X-ray
source, Al Ko (hv=1486.6 eV) radiation. High-resolution XPS scans
of oxygen 1s and strontium 3d were carried out to obtain detailed
information on these species.

Electron Paramagnetic Resonance (ESR)

The Electron Spin Resonance (ESR) investigation on SrTiO; (STO)
samples was performed by using a Bruker EMX spectrometer
operating at the X-band frequency and equipped with an Oxford
cryostat working in the temperature range of 4-298 K. The nano-
crystals were charged in quartz glass tubes connected both to a
high-vacuum pumping system. Spectra were recorded under in
vacuo conditions (10> mbar) at 130 K, before and after 30 min of
UV irradiation (UV 150 W Xe lamp, Oriel with the output radiation
focused on the samples in the cavity by an optical fiber) in vacuo at
the same temperature.

Catalysis Tests

The catalytic tests were conducted at atmospheric pressure with a
fixed-bed flow quartz reactor having an internal diameter of 4 mm.
Quartz wool was initially loaded in the middle of the reactor. Then,
100 mg of the catalyst mixed with 200 mg of quartz sand were
loaded between 100 mg of quartz sand layers on each end. The
temperature of the catalyst was measured using a K-type
thermocouple which was in contact with the catalytic bed (Fig-
ure S8 and Figure S9). To investigate the effect of hot water
treatment on catalytic activity of methane oxidation, we put FS-STO
samples into 15 mL of D.l. water which is maintained at 80°C, and
stirred samples at 500 rpm for 3 hours. The feed of methane
oxidation (composed of 2 vol% CH,, 4 vol% O, in Ar balance) was
flowed into the reaction. The total flow rate was adjusted for
methane oxidation to 50 mLmin~' corresponding to weight hourly
space velocity (WHSV) of 30,000 mLg 'h™". The reactant and
product gases were monitored using a quadrupole mass spectrom-
eter (Pfeiffer Vacuum GSD320) in real time. The light-off curve was
measured with a ramping rate at 3°Cmin~', after activating the
catalysts in the reaction atmosphere up to 800°C. The CH,
conversion ratio (%) were defined as 100x(mol CH, j,-mol CH, ,..) /
mol CH, ;.. The apparent activation energy value was calculated
from Arrhenius type plots (1,000/T vs. reaction rate) and obtained
below 10% conversion of methane. The conversion ratio of CH, was
detected by the m/z=15 peak instead of the m/z=16 peak (the
major peak of methane) to avoid the interference caused by the
fragmented carbon monoxide (0.9%), water (1.1%), carbon dioxide
(8.5%) and oxygen (11%). All the tests were conducted with mass
concentration determination (MCD) mode.
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Strontium titanate nanoparticles
prepared by hydrothermal synthesis
were exposed to conventional and
electric field assisted consolidation
under air. Application of an electric
field reduced grain growth and
resulted in an enhanced segregation
of strontium to the surface. The mod-
ification of the surface chemistry of
the materials engendered significant
improvement of the catalytic full
oxidation of methane with respect to
the conventionally treated counter-
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