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Abstract

The continuous production of LaCrOj3; particles (average edge size 639 nm, cube-shaped)
by continuous hydrothermal flow synthesis using supercritical water is reported for the first
time. By varying the reaction conditions, it was possible to suggest a reaction mechanism
for the formation of this perovskite material. Moreover, dual-phase oxygen transport
membranes were manufactured from the as-synthesized LaCrO; particles and
(Zr0O2)0.89(Y203)0.01(Sc203)0.10 (10Sc1YSZ), and oxygen permeation fluxes up to 5 x 108

mol cm™? s were measured on a 1-mm thick membrane.

Keywords: continuous flow synthesis; hydrothermal; supercritical water; perovskite;

lanthanum chromite; oxygen transport membrane
1. Introduction

LaCrO3; and based materials are known used as the electronic conducting phase in dual-
phase oxygen transport membranes (OTMs)."- In OTMs this class of materials is of
interest, because of its chemical stability towards gas impurities (e.g., CO2 and SO;) and

reducing atmospheres.’- OTMs are able to provide oxygen of high purity (>99 %) for a
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wide range of applications, such as biomass gasification, oxy-fired cement production and
oxy-fuel combustion.®- In dual-phase OTMs, composites of an electronic-conductive
material and an ionic-conductive material are used. Doped zirconia, for instance,

(Sc203)0.10(Y203)0.01(ZrO2)0.86 (10Sc1YSZ), is a very good ionic conductor.*°-

To implement LaCrOj; in the above-mentioned applications, a reliable, controllable and
preferably scalable synthesis method is desired to prepare LaCrOs-based oxide particles.
Moreover, reducing the size of particles to the submicron- or nano-meter regime will
facilitate sintering of LaCrO3;, which usually requires high temperatures (~1,600 °C for
LaCrOs; to get >90 % of the theoretical maximum density®- ). Similar to other lanthanide-
transition metal complex oxides, LaCrOs-based oxides can be prepared by conventional
high-temperature (typically >1,000 ‘C) solid-state reactions among stoichiometric amounts
of simple oxides/carbonates.”- Among the alternative synthesis approaches, the
hydrothermal route is appealing because particles can be obtained directly without any
post treatments. Moreover, hydrothermal synthesis is advantageous for controlling the
composition, phase and size distribution of particles and is environmentally benign as
water is used as the reaction medium. Hydrothermal synthesis of phase-pure LaCrO3;
particles has been reported in literatures, reaction taking place in a batch-type reactor at a
temperature higher than 700 °C under a pressure of 100 MPa.®- Later, it was brought to

914,

mild hydrothermal conditions in which lower temperatures (260 — 425 °C) and

autogenous pressures were used.

Continuous hydrothermal flow synthesis (CHFS)'*- is employed in this work. Here, a
continuous production of materials is achieved in a flow-type apparatus (CHFS reactor).
This type of reactors usually contains a mixer, where a constantly fed room-temperature

precursor flow is mixed with a flow of supercritical water (scH;O, Tc =2 374 °C, pc = 22.1
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MPa) and is thereby rapidly heated to the (near-) supercritical state. Since the properties
of water drastically change near the critical point, the solvent power of water and the
hydrothermal reaction rate vary significantly.16- A high degree of supersaturation is
generated in a very short time and nucleation almost starts instantaneously upon mixing.
Therefore, the scH,O provides an ideal reaction environment for hydrothermal synthesis
particularly of nanomaterials. The preparation of several nanomaterials by CHFS has been

17-19,

reported on a laboratory scale, including oxides, metals,?’- sulfides,?’- metal

24,25

organic frame works (MOFs),??- layered double hydroxides®*+ and minerals, and

the upscaling ability of CHFS to an industrial scale has been shown for several

compounds. 27

However, compared with the CHFS of simple oxides, there are rather
few reports on the one-step continuous synthesis of complex lanthanide-transition metal

oxides (Lan+1NiOsns+1 after post heat treatment,®+ La;,Sr,Mn03,%- and La,Cu0,>.).

In this work the synthesis of LaCrO3; particles by CHFS in scH,O is reported for the first
time, and a mechanism for the formation of the LaCrOj; particles is suggested. The
synthesized powders were used to manufacture a set of small planar OTMs. The powders
were sintered with 10Sc1YSZ powders at a temperature as low as 1400 °C, and the
resulting dense dual-phase membranes were characterized in terms of microstructure and

oxygen permeability.
2. Experimental
2.1 Materials

The 0.1 mol L™ (combined La*" and Cr¥* concentration) reactant solution was prepared by
dissolving as-bought La(NOs3)3*6H,O (0.05 mol L', Sigma Aldrich, = 99.0%) and

Cr(NO3)3*9H,0 (0.05 mol L, Sigma Aldrich, = 99.0%) in deionized H,O (DI H,O). KOH
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solutions of various concentrations (0.5, 1, 2, 4 and 6 mol L'1) were prepared by dissolving
the corresponding amounts of KOH pellets (Sigma Aldrich, = 85%) in DI H,O. Commercial
10Sc1YSZ powder ((Sc203)0.10(Y203)0.01(ZrO2)0.89, Daiichi Kigenso Kagaku Kogyo Co. Ldt.,
Japan) was used as the ionic-conductive material for preparing the dual-phase 10Sc1YSZ

—LaCrO3; OTMs.
2.2 Preparation of LaCrO; by CHFS

The in-house developed two-stage CHFS reactor was used to conduct the syntheses.
Details of the reactor can be found elsewhere.®'- - In a synthesis process, a flow of DI
H,O was heated and pressurized to the supercritical state by pumping it through a
preheater (4 kW). Meanwhile, flows of the reactant solution and the KOH solution were
separately pumped to the reactor and formed a pre-mixture flow at the room temperature
prior to being heated by the scH,O flow at the first mixing stage. The outflow then passed
through the second mixing stage and the re-heater (1.8 kW), and was rapidly cooled down
to the room temperature by a water-cooled tube-in-tube heat exchanger. The products flow
passed an in-line filter (Swagelok, 90-um pore size) and was then depressurized to the
atmospheric pressure by a backpressure regulator (Tescom, 26-1700 Series). The
synthesized particles were harvested as slurries at the outlet of the reactor. MILROYAL
metering pumps were used to feed all liquids to the reactor. The flow rates of pumps were
calibrated with DI H,O before synthesis and the total flow rate was 65 mL min™".
Thermocouples inserted into the reactor were used to monitor the temperatures of flows.
The pressure was controlled by the backpressure regulator at 28(+1) MPa throughout the
entire synthesis. A summary of the experimental conditions (particles LC1 — LC5) with
varying temperatures and pH values can be found (Table S1) in SlI. The current employed

|’31_

reactor is made of 316 stainless stee but an Inconel compartment will be applied in
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the future to ensure higher chemical resistance under the here applied syntheses

conditions.'>4-

2.3 Preparation of 10Sc1YSZ - LaCrO; OTMs

Symmetrical membranes based on a dual-phase composite consisting of 10Sc1YSZ as
the ionic conductor and LaCrO3; as the electronic conductor were prepared and tested by
oxygen permeation measurements. For the membranes, LaCrO3; from sample LC5 was
used because this was found to contain the purest LaCrO3; as will be described in detail
later. The commercial 10Sc1YSZ and the as-prepared LaCrO; (LC5) powders were
blended in a 65 — 35 vol. % ratio. A milling process using an agate mortar was applied to
mix the two powders homogeneously. Thereafter, 15 mm-diameter pellets were formed by
die-pressing at 1,000 kg load and then isostatically pressed at 65,000 kg load. The dense
membranes were obtained by sintering the green pellets at 1,400 °C for 6 h in air (heating
and cooling ramps were both 100 °C h™). The samples intended for the oxygen
permeation measurement were polished down to 1-mm thickness, and an ink made from
(Lao.80Sro.20)Mn0O3.5 — (Y203)0.08(ZrO2)0.02 (LSM — YSZ, 50 — 50 vol. %) was applied by
screen printing on both sides of the membranes to serve as oxygen redox catalyst. Prior to
the measurement, the samples were heated to 980 °C for 2 h in air in order to sinter mildly

the printed LSM — YSZ layers.
2.4 Characterization

Particles were separated from slurries using a centrifuge, then cleaned with DI H,O and
dried at ambient conditions. Powder XRD patterns were obtained by using a Bruker Robot
D8 diffractometer (Cu Ka 0.154 nm, 10 — 120° in stepsize 0.01°). Patterns were refined in

the Rietveld method using the FullProf software suite.>?- Raman spectra of particles were
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recorded using a Renishaw inVia Reflex confocal Raman microscope. A 532-nm laser and
50X microscope objective were employed. The presented spectrum was averaged and
background-corrected. For the TEM characterization, particles were re-dispersed in
ethanol and dripped onto a holey carbon film/Au grid. Bright field TEM (BF-TEM) imaging
and selected area electron diffraction (SAED) were conducted by using a JEOL 3000F
microscope (300 kV). Dark-field scanning transmission electron microscopy (DF-STEM)
was carried out using the JEOL 3000F equipped with a STEM unit and a high angle
annular dark field (HAADF) detector. The nominal probe size was 0.5 nm and the camera
length was 12 cm. For compositional analysis, energy dispersive X-ray spectroscopy
(EDS) was carried out using the equipped Oxford Instruments EDS detector and was
processed by the INCA EDS analysis software (Oxford instruments). For the SEM
characterization, particles dispersed on carbon tapes were brought to a Zeiss Merlin (10
kV). A high-efficiency secondary electron (HE-SE2) detector was used to record

microscopy images. The size of particles was measured by the ImagedJ software.

The sintered 10Sc1YSZ — LaCrOs pellet was cut, embedded in epoxy, polished and
carbon coated for SEM (the Zeiss Merlin, 5 kV) investigations of the cross section. The
HE-SE2 detector and ES-BSE (energy-selective backscattered electron) detector were
used to record images simultaneously at each selected area. A membrane prior to the test
was cut and polished for SEM investigations of the cross section by using a Hitachi
Tabletop TM3000 (15 kV). The software ThreshAlyzer was used for image segmentation
and statistic quantification of density. Membrane dimensions and LaCrO3 grain sizes were

measured by the ImageJ software.

2.5 Oxygen permeation measurements
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Oxygen permeation measurements were conducted in an Oxygen Membrane Rig built at
DTU Energy described elsewhere.®*- The sample was placed in-between two alumina
tubes in the center of a height-adjustable tube furnace. Thermocouples were inserted into
the tubes and were in contact with the sample in order to monitor the temperature. Before
the test, the sample was sealed to the tubes by tape-cast sodium aluminosilicate (NAS,**-
Naz;O 17.8 mol %, Al,O3 9.4 mol % and SiO2 72.8 mol%) glass gaskets with an inner
diameter of 9 mm and a glass transition temperature of 515 °C.>*- The side walls of the
sample were also coated with the NAS paste to ensure that no oxygen entered from the
sweep gas compartment outside of the tubes. The sample was heated to 940 °C in air and
afterwards cooled to 750 °C to ensure a gas-tight seal. A gas chromatograph was
connected to the outlet of the permeate side to quantify the oxygen leak into the permeate
stream. Air was fed to the feed side with a constant flowrate of 100 mLy min™', while N, as
a carrier gas was fed to the inlet of the permeate side with various flowrates from 20 mLy
min” to 150 mLy min”. The gas flow was controlled and monitored by a mass flow

controller (Brooks).
3. Results and Discussion
3.1 Continuous hydrothermal flow synthesis of LaCrO;

In the XRD pattern (Fig. 1a) of LC1, the diffraction peaks match well to those of the
reference pattern of La(OH); (ICSD PDF 01-075-1900, hexagonal structure). Fig. 1b
presents a BF-TEM image of particles in LC1. Nanowires with a uniform diameter of
around 22 nm and a length ranging from nanometers to submicronmeters were observed.
The high-resolution TEM image (Fig. 1¢) shows that the nanowires were well crystallized.

The measured interplanar spacing (3.1 A) is consistent with the distance of the (101)
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planes of a hexagonal La(OH); crystal. Besides the La(OH)s nanowires, additional
nanosized particulates with an irregular morphology can be found in Fig. 1b as
agglomerates around the nanowires. The high-resolution TEM image of these irregular-
shaped particles (Fig. 1d) does not show any periodic crystallographic features, indicating
that these particles were amorphous and therefore did not create any diffraction peaks in
the XRD pattern. EDS analysis suggested that the irregular-shaped particles were
amorphous Cr compounds. Characterizations on LC2 particles showed similar results (Fig.
81, Table S2 in Sl). In conclusion, LaCrO3; was not formed under synthesis conditions
used for LC1 or LC2. Instead, composites of well crystallized La(OH); and amorphous Cr

compounds were obtained.

El Experimental

Ref. La(OH)s
space group: P63/m
PDF 01-075-1900

Intensity/(arb. units)

L “‘ul Jll 1n L.ll.l‘lhl

10 20 30 40 S0 60 70 80
2Thetaldeg

Figure 1. (a) XRD pattern and (b) BF-TEM image of LC1 particles; HR-TEM images of the nanowire (c) and
of the irregular-shaped particles (d) observed in (b).

In principle, the presence of soluble and reactive hydrated complexes of both lanthanide
cations Ln** and transition metal cations Me** in aqueous solutions is necessary to initiate
the formation of LnMeO3>°. through the hydrothermal route. Aqueous La** would be
readily subject to hydration after being mixed with a strong alkaline solution (KOH in this
case), forming La(OH)s. La(OH)s has a nearly negligible solubility similar to other

lanthanide trihydroxides®- and is very stable at an ambient temperature.®®- However, the
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solubility of La(OH)s; increases with increasing the temperature. In addition, La(OH); will
dehydrate to LaOOH. LaOOH is more reactive and is more dissoloved in water as a result
of the reduced shielding of La®*" from the aqueous Iigands.35- Previous research®’ - using
high-temperature XRD showed that La(OH); is stable below 420 °C while LaOOH is
present at temperatures in-between 380 — 580 °C. It is therefore reasonable to assume
that by mixing the nitrates solution and KOH solution in the tee-junction before the first
mixer, La(OH); was formed instantly in the precursor, which further crystallized in the form
of nanowires when heated by the scH,O (at the first mixer) due to the anisotropic crystal
growth governed by its inherent crystal structure.®®- In comparison, Cr,03 is known for its
amphoteric behavior. The solubility of Cr(OH)3 is pronouncedly enhanced at increased pH
values, and can be increased by i) using an alkali solution of a higher concentration, and ii)

increasing the temperature.®53°-

It is known that in a typical hydrothermal process, the
crystallization of an oxide usually follows a ‘dissolution-precipitation’ mechanism.''- The
presence of amorphous Cr compounds possibly indicates that the solubility of Cr-hydrated
complexes was rather low at the applied synthesis conditions of LC1 and LC2. In
summary, due to the absence of i) LaOOH (depending on the reaction temperature) and/or

i) soluble Cr-hydrated complexes, i.e. [Cr(OH)s in alkaline aqueous solutions®-

(depending on the concentration of KOH), LaCrO3; was not formed.

In comparison, LaCrO; was obtained in the LC5 particles (Fig. 2). Rietveld refinement
(Fig. 2a) of the diffraction pattern showed that only LaCrO3 was present in LC5. Shown in
the SEM image (Fig. 2b) and the BF-TEM image (Fig. 2c¢), the LaCrO3 particles displayed
a cube-like morphology. Measuring the edge size of 10 particles gave an average value of
639 + 47 nm. Fig. 2d presents an exemplary SAED pattern of a LaCrO3 particle, in which

all diffraction dots are assigned to specific planes of an orthorhombic LaCrO3 crystal along
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the zone axis [011], indicating that particles were single crystals. The phase purity of the
LC5 particles was further analyzed by Raman spectroscopy (Fig. 2e). All indexed Raman
peaks below 600 cm™ were assigned to modes of LaCrOs; of a Pnma orthorhombic

structure.**#2.

The DF-STEM image (Fig. 2f) of a LaCrOg particle also reveals a cube-like
shape. STEM-EDS maps of La and Cr are presented in Fig. 2g and 2h respectively. The
similar distribution of the two elements in the particle suggests a homogeneous elemental

composition.

-11-1

" -
2 N
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Figure 2. (a) Rietveld refinement of the powder XRD of the LC5 particles; the observed pattern (red circles),
the calculated pattern (black line), difference profiles between the observed and the calculated pattern
(bottom green line) and the Bragg reflection positions (blue vertical bars) of an orthorhombic LaCrO; crystal;
(b) SEM image of the LC5 particles; (¢) BF-TEM image of a LaCrO; particle; (d) SAED of a LaCrO; particle;
(e) Raman spectrum of the LC5 particles; (f) DF-STEM image of a LaCrO; particle and STEM-EDS element

mapping of the particle, X-ray photons of La La (g) and Cr Ka (h) are presented.

LaCrO; was found as the main phase in the LC3 and LC4 particles, while secondary
phases including crystallized La(OH); and amorphous Cr compounds were found as well

(Fig. S5 in SlI). Suggested by the results, it is likely that LaOOH was formed during the
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syntheses of LC3, LC4 and LC5, due to the increased reaction temperature (325 —
410 °C), which is in the range (380 — 580 °C)*’- in which LaOOH should be present. For
comparison, the reaction temperature in the synthesis of LC1 and LC2 was 285 — 385 °C.
Moreover, the dehydration rate of La(OH); to LaOOH is also largely dependent on the
temperature. An estimation of the dehydration rate**- (see details in SI) shows that the
rate in the syntheses of LC3, LC4 and LCS5 was nearly two times the rate in the LC1 and
LC2 cases. Given the short mean residence time**: (34 — 40 s) (see details in SI) of the
CHFS process, a fast conversion from La(OH); to LaOOH is important for the yield of
LaCrOs. As described in detail above, the KOH concentration affects the concentration of
the soluble [Cr(OH)4]". Therefore, one can expect that for LC3 and LC4 synthesized with
KOH solutions of lower concentrations than in LC5 (2 mol L™ and 4 mol L™ respectively),
the Cr* was possibly not fully converted. Some LaOOH was therefore left unreacted,
since the molar ratio of La to Cr was 1 : 1 in the precursor. After the reaction, when the
temperature decreased, the LaOOH was converted to La(OH)s, while the undissolved Cr
compounds formed an amorphous phase (no ‘dissolution — precipitation’ process''- ). On
the other hand, the use of a KOH solution of 6 mol L™ (n[OH7] / n[Me®*"] = 60) as used for
LC5 enabled the formation of [Cr(OH)4]” which reacted with the LaOOH to form LaCrO;

particles. The formation mechanism of LaCrO3; was accordingly proposed (Fig. 3).
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Forming precursor; ambient temperature CHFS: mixing with scH,0; reheating

La(OH), nanowires

Cr compounds
(amorphous, irregular-shaped)
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La(OH); =—— LaOOH
(deficient)Cr(OH),

LaCrO; cubes

O oty high T, medium pH [\
fue o La(og .
Cr(OH), 0 CrOH),. ™= Laogy, =
" gh pyy " A
La, Cr nitrates (aq) KOH (aq) Precursor (colloid) As-synthesized particles

Figure 3. Mechanism suggested for the formation of LaCrOs,.

3.210Sc1YSZ - LaCrO; dual-phase oxygen transport membranes

Dual-phase oxygen transport membranes consisting of a stable ionic conductor and a
stable electronic conductor can be an alternative to single-phase membranes composed of
mixed-ionic-electronic conductive materials, and are capable of providing a high oxygen

flux while being chemically stable.

In this study, planar dual-phase membranes were made from as-synthesized LaCrO3;
particles (LC5, phase-pure) and 10Sc1YSZ. 10Sc1YSZ was chosen as the ionic
conductive phase in the membranes, because of its known good ionic conductivity and

chemical stability.”-
3.2.1 Microstructure of dual-phase 10Sc1YSZ — LaCrO; membranes

The microstructure of the sintered 10Sc1YSZ — LaCrO3z membrane is shown in Fig. 4. In
general, the composite material was dense, and only closed porosity could be observed
(Fig. 4a). A statistic quantification of seven SEM images gave an average relative density
of 88 vol. %. It is worth mentioning that this is a rather high density for sintering LaCrOs-

based materials, indicating that the synthesized LaCrO; particles displayed a good
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sinterability.45- Distinguishable by the contrast, the distribution of LaCrO3 (light grey) and
10Sc1YSZ (dark grey) is presented in Fig. 4b. Both phases were evenly distributed
assuring possible conduction paths for electrons and oxygen ions, which is important for
an application as oxygen transport membrane. The average grain size of LaCrO3; was 922
+ 125 nm, indicating that LaCrO3; grew during the sintering process (for reference, the size

of as-synthesized LaCrOj; particles was 639 + 47 nm).

AL T Ly - 4

? ' IO i % -
W = “.
_ g .

‘ . l 5, -

Figure 4. Microstructure of the sintered 10Sc1YSZ — LaCrO; membranes, presented by HE-SE2 (a) and ES-

BSE (b); a LaCrOj grain is highlighted by red dashed lines.

3.2.2 Oxygen permeability
Oxygen permeation measurements were carried out on a 1 mm thick self-standing
10Sc1YSZ — LaCrO3; (65 — 35 vol. %) membrane. Fig. 5 presents the microstructure of the

polished cross section of the symmetrical membrane with catalyst layers for oxygen

permeation measurement. The screen-printed LSM — YSZ (50 — 50 vol. %) layers after
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heat treatment at 980 °C were 13 — 14 um thick, and were well attached to the 10Sc1YSZ

— LaCrO; (65 — 35 vol. %, 960 um).

B Y

Figure 5. SE2 micrographs of the cross section of the sample for oxygen permeation measurement test.

Fig. 6a presents the oxygen permeation flux across the membrane as a function of the
natural logarithm of the ratio between the oxygen partial pressures in the feed and
permeate side gases (equivalent to the driving force). Shown by the solid lines, the
experimentally measured flux across the membrane scaled proportionally with the driving
force, proving that no gas leak occurred during the oxygen permeation measurement.
Moreover, as the temperature increased, the flux increased for all oxygen partial pressure
ratios. Among all measurement conditions, the highest flux corresponded to 5 x 10 mol

cm? s or 0.066 mLy cm? s™ (air/Ny, 900 °C).

In the case of dense self-supported membranes, the dominating rate-limiting process that
governs the oxygen flux can either be the diffusion of oxygen ions or electrons within the
bulk of membranes or the kinetics of oxygen redox reactions at the surfaces of
membranes. Here, the oxygen flux scaled in proportion to the driving force across the
membrane, indicating that the main limiting factor of the oxygen permeation is the bulk
diffusion. The diffusion-limited oxygen flux can be calculated by the Wagner Equation.

The calculation of the expected oxygen permeation flux was performed for the membrane,
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taking account of the volume fractions and bulk conductivities of 10Sc1YSZ and LaCrO3
obtained from references.**®- Details of calculations can be found in SI. Results are
presented in Fig. 6a by the hollow symbols and dashed lines. At all temperatures, the
calculated values of the oxygen flux lie above the experimental values (Joz.cal / Jo2exp =
1.3 — 2.4), suggesting that other factors also affected the measured oxygen flux. One of
them can be the tortuosity factor 1 that is the partial ‘blocking’ of electron/ion paths in the
membrane resulting in more tortuous paths for electrons/ions (i.e., a larger effective
thickness of the membrane).33- By integrating a tortuosity factor t (1.3 — 2.4) into the

calculations, the corrected expected oxygen flux would approach the measured flux.

The Arrhenius-type plots of the oxygen flux of the membrane versus the temperature are
shown in Fig. 6b. The apparent activation energy E, nux for the oxygen permeation of the
membrane was derived at different driving forces, with an average value of 12.6 kJ mol™.
LaCrO; displays a thermally activated behavior of the electrical conductivity with an
activation energy Eg, electric Of 16.0 kJ mol™" (298 — 1473 K, in air),*®+ while the temperature-
dependent ionic conductivity of 10Sc1YSZ is characterized by an activation energy Ea, ionic
of 62.7 kJ mol” (973 — 1273 K, in air).** Ea nux is closer to Ea eectic than to Ea ionic,
suggesting that the oxygen flux of the membrane is limited by the electric conductivity of
LaCrOs. Given that doping LaCrOs oxide significantly increases the conductivity,*®- further

improvements of the oxygen permeability of the membrane can be expected.
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Figure 6. (a) Oxygen permeation flux Jo, across a 1 mm-thick 10Sc1YSZ — LaCrO; (65 — 35 vol. %)
membrane as a function of the driving force, i.e. log of the ratio between oxygen partial pressures in the feed
(pozf, 0.21 atm) and permeate (po,") side gases. The air flowrate at the feed side was constant at 100 mLy
min'1, while N, of various flowrates (20, 30, 50, 75, 100 and 150 mLy min'1) was fed to the inlet of the
permeate side. The solid symbols describe the experimental (Exp.) values while the corresponding hollow
symbols describe the calculated (Cal.) values. (b) Arrhenius plot of the oxygen permeation flux measured

under air. The lines describe the best linear fit to the experimental data.

4. Conclusion

In summary, LaCrO3; sub-micron particles (cube-shaped, 639 nm in edge size) were
prepared by continuous hydrothermal flow synthesis (CHFS) in supercritical water. A
continuous production of phase-pure LaCrOj; particles was achieved for the first time, at
410 °C and 28 MPa with a reaction time as short as 34 s. The as-synthesized LaCrO3
particles were further used to prepare 10Sc1YSZ — LaCrO3; dual-phase oxygen transport
membranes with ~90 vol. % density after sintering at 1400 °C. Oxygen permeation fluxes
of up to 5 x 10 mol cm™ s™ were obtained with a 1-mm thick membrane tested in air/N, at
900 °C. Given that CHFS is relatively easy to be up-scaled, a rapid, large-scale production

of fine LaCrO3 particles can be achieved by CHFS. Moreover, using doped LaCrOs;
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(prepared by CHFS) with a higher electrical conductivity compared to the undoped

material applied here is expected to improve the performance.
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Figure 1. (@) XRD pattern and (b) BF-TEM image of LC1 particles; HR-TEM images of the nanowire (c) and of
the irregular-shaped particles (d) observed in (b).
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23 Figure 2. (a) Rietveld refinement of the powder XRD of the LC5 particles; the observed pattern (red circles),
the calculated pattern (black line), difference profiles between the observed and the calculated pattern
(bottom green line) and the Bragg reflection positions (blue vertical bars) of an orthorhombic LaCrO3

25 crystal; (b) SEM image of the LC5 particles; (c) BF-TEM image of a LaCrO3 particle; (d) SAED of a LaCrO3
26 particle; (e) Raman spectrum of the LC5 particles; (f) DF-STEM image of a LaCrO3 particle and STEM-EDS
27 element mapping of the particle, X-ray photons of La La (g) and Cr Ka (h) are presented.
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Figure 3. Mechanism suggested for the formation of LaCrO3.
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45 Figure 4. Microstructure of the sintered 10Sc1YSZ - LaCrO3 membranes, presented by HE-SE2 (a) and ES-
46 BSE (b); a LaCrO3 grain is highlighted by red dashed lines.
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Figure 5. SE2 micrographs of the cross section of the sample for oxygen permeation measurement test.
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Figure 6. (@) Oxygen permeation flux JO2 across a 1 mm-thick 10Sc1YSZ - LaCrO3 (65 - 35 vol. %)
membrane as a function of the driving force, i.e. log of the ratio between oxygen partial pressures in the
feed (pO2f, 0.21 atm) and permeate (pO2p) side gases. The air flowrate at the feed side was constant at

100 mLN min-1, while N2 of various flowrates (20, 30, 50, 75, 100 and 150 mLN min-1) was fed to the inlet
of the permeate side. The solid symbols describe the experimental (Exp.) values while the corresponding
hollow symbols describe the calculated (Cal.) values. (b) Arrhenius plot of the oxygen permeation flux
measured under air. The lines describe the best linear fit to the experimental data.
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