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ABSTRACT: Electrodes in solid-state energy devices are subjected to a variety
of thermal treatments, from film processing to device operation at high
temperatures. All these treatments influence the chemical activity and stability of
the films, as the thermally induced chemical restructuring shapes the
microstructure and the morphology. Here, we investigate the correlation
between the oxygen reduction reaction (ORR) activity and thermal history in
complex transition metal oxides, in particular, La,¢Sry4,CoO;_s (LSC64) thin
films deposited by pulsed laser deposition. To this end, three ~200 nm thick
LSCé64 films with different processing and thermal histories were studied. A
variety of surface-sensitive elemental characterization techniques (ie., low-
energy ion scattering, X-ray photoelectron spectroscopy, and secondary ion
mass spectrometry) were employed to thoroughly investigate the cationic
distribution from the outermost surface to the film/substrate interface.
Moreover, electrochemical impedance spectroscopy was used to study the
activity and the stability of the films. Our investigations revealed that, despite the initial comparable ORR activity at 600 °C, the
degradation rates of the films differed by twofold in the long-term stability tests at 500 °C. Here, we emphasize the importance of
processing and thermal history in the elemental surface distribution, especially for the stability of LSC64 electrodes and propose that
they should be considered as among the main pillars in the design of active surfaces.
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1. INTRODUCTION thermally induced transformations occurring at the nanometer
scale and below must be taken into account as they can be
detrimental to the catalytic activity, including the segregation
of inactive phases toward the surfaces,* particle formation and
coarsening,5 phase transitions, and decomposition at high
temperatures.” The preparation technique,’ coating conditions
[substrate temperature (T psuate), background oxygen pressure
(r0,) etc.],” crystallization behavior,” and thermal history'® of
the samples have been shown to influence the electrochemical
activity but often remain unreported in the literature.

In terms of material choice, it is known that the amount of
Sr dopant in La;_,Sr,CoO;_5 (LSC) strongly alters the
electronic band structure,'' oxygen nonstoichiometry and
transport properties,12 concentration of segregated strontium

The demand for stable and high-power density power sources
has increased substantially over the last decade. As a result, the
search for new ion- and electron-conducting metal-oxide
materials, as well as innovative concepts and designs for energy
conversion and storage devices has accelerated." Notably,
considerable attention was given to thin-film deposition
techniques, such as pulsed laser deposition (PLD), as many
exciting properties including conductivity and ion exchange/
diffusion kinetics have been shown to be tuned by the defect
structure. Defect features such as lattice strain, structural
defects, space charge at the interface and local chemical
composition are all proposed to affect mass transport
significantly.”

At this point, it is important to highlight the importance of
the thermal history of the films, which comprises any heat Received: May 6, 2020
treatment from coating temperature to post thermal annealing. Accepted:  July 6, 2020
Besides, the requirement for operational temperatures exceed- Published: July 6, 2020
ing S00 °C in ceramic solid oxide cells (SOC) leads to highly
dynamic solid/solid and solid/gas interfaces because of both
compositional and microstructural changes.” Therefore,
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particles,'* and oxygen reduction reaction (ORR) kinetics.'*"®

Among the LSC-based thin-film family (0 < x < 0.8), the
optimal Sr content in terms of the highest electromc
conductivity and fast ORR kinetics was found at x = 0.4."
Earlier works on Lay ¢Sro4Co0;_5 (LSC64) thin films explored
the relationship between the ORR activity and stability as a
function of Typepue 0 Among the pioneers, Januschewsky et
al. studied the electrode resistance values and degradation
behavior of the LSC64 PLD films grown at various Ty pgrate
(e.g, 200—700 °C). 16 They reported an optimal T gate
regime between 340 and 510 °C and these films exhibited
better stability at 600 °C operation temperature. Evans et al’s
findings also confirmed that films grown at T e = 450 °C
provided relatively low area-specific resistance values (0.3 Q
cm? at 400 °C)."” Cai et al. reported similar results, showing
both the activity and stability of films grown at Tsubmate =450
°C being superior to those of T,pyae = 650 °C."”

Common ground in the works mentioned above' =% is that
the films were reported to have columnar microstructures.
Notably for the columnar microstructure, Kubicek et al
revealed ~3 orders of magnitude faster Sr diffusion along the
grain boundaries than within the grains of LSC64 thin films.*
Later, Rupp et al. showed that the Sr-rich surface layer could be
removed by ultrapure water.”' However, a new Sr-rich layer
formed again at temperatures >550 °C. The authors suggested
that the formation of the Sr-rich layer at high temperatures is
an equilibrium process in the LSC films. Recent works
investigated the correlation between surface composition, film
processing temperature, and postannealing and etching on
perovskite SrTiy¢sCo0o3503_5 SrTigesFegs505_s and Ruddles-
den—Popper Sr,TigesFeq3504.s thin films.>*>* The authors
observed higher values for the chemical surface exchange
coefficient for films grown below and up to the crystallization
temperature compared with the well-crystalline films grown at
high temperatures. Moreover, Cavallaro et al.”* studied the
oxygen ion transport dynamics in LaggSry,CoO;_5 (LSC82)
thin-films grown by PLD between T 0 = 200—750 °C. The
authors observed that low-temperature-grown films exhibited a
faster oxygen self-diffusion coefficient (D*) and surface-
exchange coefficient (k*) compared with films grown at high
temperatures. Electrochemical characterizations of these films
showed an increase in the surface resistance after postannealing
at 600 °C.

All previous studies point to the importance of thermal
history on the catalytic activity and stability. However, there
has been a lack of systematic and comparative research to
elucidate the main reasons behind it. Here, we investigated
three LSC64 films prepared by PLD with very different
thermal histories and thus different microstructures and
morphologies; a low-temperature-grown film, a postannealed
low-temperature-grown film, and last a high-temperature-
grown film. We monitored how the microstructure/morphol-
ogy, surface chemistry, local binding environment, and
oxidation states of the low-temperature-grown film evolved
with postannealing and how they were compared with the
high-temperature-grown one. In this study, various elemental
characterization techniques, that is, X-ray photoelectron
spectroscopy (XPS), low energy ion scattering (LEIS)
spectroscopy and secondary-ion mass spectrometry (SIMS)
provide complementary information regarding the chemical
restructuring of the films from the electrode/air to the
electrode/electrolyte interface. These results were coupled
with structural, microstructural, and electrochemical character-

ization techniques. Our results emphasize the importance of
thermal history and processing of the SOC electrode films on
the catalytic activity and stability and propose that they should
be considered as among the main pillars in the design of active
and stable surfaces.

2. EXPERIMENTAL SECTION

2.1. Thin Film Deposition. PLD targets were prepared from a
commercial Lay¢Sry4CoO;_s powder supplied by Praxair (99.9%
purity). The average powder stoichiometry was analyzed by
inductively coupled plasma—optical emission spectrometry (iCAP
6500 Thermo Scientific, USA), and the composition was found to be
Lag 59+001570.41+001C01.00£00103-5 in good agreement with the
nominal stoichiometry. Henceforth, this is referred to as
LaySrg4Co0;_5 or simply as LSC64. The LSC64 powder was
pressed as 30 mm diameter discs using a uniaxial press, followed by
consolidation in an isostatic press (350 MPa) and sintering at 1250
°C for 8 h in air.

The films were deposited using a Neocera PLD system (COMPex
205 F, Coherent) with a 248 nm KrF excimer laser with 25 ns pulse
duration. During the experiments, the laser fluence was 0.1 J in 0.1
cm? spot size, while the laser repetition rate was 10 Hz. The target to
substrate distance was set to S cm, while the target was rastered
during the deposition process. Prior to the deposition, the chamber
was evacuated to 6.6 X 107 mbar, and then the partial pressure of
oxygen gas during deposition was increased to 0.043 mbar. The
substrate temperature was varied between 100 and 750 °C for each
deposition. In the rest of the article, the films deposited at 100 °C are
referred to as low-temperature-grown or LT-grown, and those
deposited at 750 °C as high-temperature-grown, or simply as HT-
grown. The crystallization of LT-grown films was enhanced by
annealing at 600 °C for 4 h in ambient air postdeposition, and they
will be referred to as postannealed LT-grown films. As the density of
the films increased with deposition temperature, the number of pulses
was increased from 5000 (100 °C) to 5400 (750 °C) pulses to get
similar thicknesses in all films (~200 nm). After the deposition, the
oxygen partial pressure in the chamber was increased to 800 mbar to
oxidize the films in situ. Consequently, the temperature was reduced
at a 20 °C min™’ rate to room temperature (RT) before the removal
of the substrate. Single-side polished Si(001) substrates were used for
structural and microstructural characterizations. For electrochemical
characterization, polycrystalline 10% Gd-doped ceria (GDC) (Praxair,
99.9%) were used as substrates. The GDC substrates were polished
using silicon carbide papers (P320/P500/P800/P1200/P2400/
P4000) followed by subsequent diamond suspensions (9, 6, 3, 1, 1/
4 pm). Film thicknesses after PLD deposition were measured using a
Dektak 150 surface profiler.

2.2. Structural Characterization. Thin-film X-ray diffraction
(XRD) characterization was performed in a four circle XRD
Panalytical Empyrean diffractometer with Cu Ka radiation (line-
focus). The data were collected in the 6/26 geometry with a scan
range between 10 and 120° 26 and a 0.02° step width with a 1 s step
time. In situ XRD measurements were performed in a Panalytical
Empyrean diffractometer with Cu Ka radiation up to 750 °C using an
Anton Parr HTK1200N environmental heating chamber. The first
measurement was taken at RT, and following measurements were
taken between 400 and 750 °C at every 50 °C at a 10 °C min™"
heating rate for the films deposited on Si substrates. The data were
collected in the /26 geometry with a scan range between 20 and 55°,
a 0.03° step width and a 1 s step time. On GDC substrates, the
measurements were performed between 450 and 750 °C at every 25
°C at a ramp rate of 10 °C min™". After the sample was cooled to RT,
a final measurement was taken.

Raman spectroscopy was performed using a Renishaw Raman
system equipped with a confocal microscope and a 20-mW argon laser
(A =514 nm). 10% of the laser power and 10 s acquisition time were
used in the measurements, and two scans were averaged over 20 X 20
um? analysis area.

https://dx.doi.org/10.1021/acsami.0c08308
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Figure 1. Top-view (a,d,g) and cross-section view (b,e;h) SEM micrographs and corresponding AFM images (c,f,i) showing the topography of
LSC64 films deposited by the PLD on Si substrates: (a—c) LT-grown film, (d—f) postannealed LT-grown film, and (g—i) HT-grown film.

2.3. Microstructure and Morphology Characterization. The
microstructure of the films was studied by scanning electron
microscopy (SEM) using a Zeiss Auriga Cross microscope operating
at an accelerating voltage of 5 kV and ~7 mm working distance. The
films were coated with Cr to avoid surface charging. The surface
morphology of the films was examined using an Asylum MFP-3D
atomic force microscopy (AFM) instrument. AFM data were analyzed
using open-source software Gwyddion 2.53.° The micrographs were
taken on 1.0 X 1.0 ym? scan area using 512 X 512 px.

2.4. Electrochemical Characterization. The electrochemical
characterization of the films was performed using a Solartron 1260
frequency response analyzer over the temperature range of 400—600
°C, and in the frequency range of 13 MHz to 0.1 Hz at an amplitude
of 20 mV. All of the samples were measured at the open-circuit
potential (OCP). The samples were contacted with Au grids
(Goodfellow, 1500 wire/in.) and then sandwiched between AlO,
blocks with gas channels, which were pressed to ensure maximum
contact points. The impedance diagrams were fitted with electrical
equivalent circuits using ZView 2 software (3.5f, Scribner Associates).
The resistance multiplied with the geometric surface area of the
electrodes and divided by two (symmetrical on the electrolyte) gave
the area-specific polarization resistance.

2.5. Surface Characterization. The outermost atomic surface
and subsurface chemical compositions were measured with a Qtac100
LEIS spectroscopy instrument (IONTOF GmbH, Miinster, Ger-
many) operated with normal incidence He" (3 keV) and Ne* (5 keV)
as primary beam sources. The instrument is coupled with a secondary
ion beam sputtering source of 1 keV Ar" incident at 45° to normal
and provides information about the subsurface region. The LEIS
depth profile analysis was run by alternating the analysis Ne* beam
with the Ar* sputtering beam with a dwell time of 5 s. The primary
beam scanning area was set as 1000 X 1000 ym” and the rastered area
with the secondary ion beam was 1500 X 1500 ym® The rastered area
was later analyzed with an optical surface profilometer (Zygo,
NewView 9000). The analysis depth at an Ar" ion sputter density of
85 X 10*° atoms/cm”* was approximately 18 nm.

Cation depth profiles in the films were analyzed using time-of-flight
SIMS (ToF-SIMS) on a ToF-SIMSS machine (IONTOF GmbH,
Miinster, Germany) equipped with a bismuth liquid metal ion gun. A
25 keV Bi* primary ion beam was used to generate secondary ions in
the high current bunch mode and 10 keV argon cluster beam (Ar,")

was used for the depth profiling. Positive secondary ion species
originating from the film and the substrate were monitored. Analysis
area was 100 X 100 ym? and the sputtering area was 300 X 300 pum>
After the experiments, approximately 300 nm analysis depth crater
was measured by an optical surface profilometer.

The surface chemistry and electronic structure were characterized
using a Thermo Fisher Scientific K-Alpha” XPS system operating at 2
X 107° mbar base pressure at ambient temperature. The system
incorporates a 180° double focusing hemispherical analyzer with a
128-channel detector while the Al Ka X-ray source generates a 6 mA
emission current with a spot size of 400 ym”. Pass energies of 200, 20,
and 15 eV were used for the survey, core-level spectra, and valence
spectra, respectively. The spectra were taken at two emission angles, 0
and 70°, where the higher emission angles (70°) are more surface
sensitive. The quantitative analyses were performed using Avantage
software.”® A Shirley background was subtracted from the data, and
peaks were fitted using a convolution of Gaussian and Lorentzian peak
shapes. Sr 3d, La 3d, Co 2p, O 1s, and C 1s spectra were analyzed at
both emission angles. The spectra were normalized to the total
integrated intensity of the La 3d, spectra. The binding energies were
corrected to the C 1s peak position at 284.8 eV originating from
surface hydrocarbons. Prior to the experiments, the postannealed LT-
grown and the HT-grown samples were heat-treated under dry
oxygen gas flow at 250 °C for 30 min to remove the carbonaceous and
hydrogenous species adsorbed on the surface. As the LT-grown film
did not receive any heat-treatment previously, this procedure was
omitted in order not to alter the surface.

2.6. Oxygen lon Transport Kinetics. Oxygen self-diffusion and
oxygen surface exchange kinetics of the films were obtained by
isotopic labeling coupled with SIMS analysis. For '®0 isotope
labeling, the samples were placed in a quartz tube, which was
evacuated to <10~ mbar. The exchange temperature was 400 °C.
First, an exchange with 200 mbar of the '°O atmosphere (99.9999%,
80 natural abundance of 0.2%) was performed for 150 min to
eliminate any oxygen defect related to the PLD deposition and to
ensure the films reach thermodynamic equilibrium with the oxygen
gas at the exchange temperature. Then, the films were exchanged in
200 mbar of the *O enriched atmosphere (90%) for 15 min. Partial
pressure of 200 mbar was chosen to simulate the oxygen partial
pressure at atmospheric pressure. The annealing time was corrected
according to the real heating and cooling ramps using the Killoran

https://dx.doi.org/10.1021/acsami.0c08308
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Figure 2. (a) XRD diffractograms of the LT-grown, postannealed LT-grown and HT-grown films deposited on the Si substrate. Vertical lines
indicate the pseudocubic structure of LSC64 with a lattice parameter of 3.8741(3) A. The peak indicated by the square is the Si(002) forbidden
reflection. (b) Raman spectra of bare Si/SiO, (001), LSC64 pellet used as a PLD target and the films. The XRD plots are on a logarithmic scale,
and spectra are shifted vertically in both figures. The intensity of the bare Si/SiO, in (b) was zoomed in for clarity. The peak positions in (b) are

approximative.

method.”” After 15 min of exchange, the samples were quenched to
RT. Diffusion profiles were analyzed using ToF-SIMS. A 25 keV Bi*
primary ion beam was used to generate secondary ions in the burst
alignment mode (7 pulses) and 0.5 keV Cs* sputter beam was used
for the depth profiling. Negative secondary ion species originating
from the film (**O~, 107, LaO~, SrO~, CoO) as well as the substrate
(SiO7, SiO,”) were monitored. Several films and analysis areas (20 X
20, 50 X 50, 100 X 100, and 300 X 300 /unz) were investigated to
check the reproducibility of the measurements. This is particularly
important as the films might exhibit microstructural defects in the
forms of cracks or porosities. Notably, special attention was devoted
to the analysis of the HT-grown film as it exhibited cracks when
deposited on Si substrates due to large lattice mismatch. The
normalized '®O diffusion profiles were fitted using the plane-sheet
solution to the Fick’s second law of diffusion equation to calculate
oxygen self-diffusion coefficient (D*) and surface exchange coefficient
(k*) using MATLAB app TraceX.””

3. RESULTS

3.1. Structural and Microstructural Characterization.
The microstructure and the surface topography of the LSC64
films were investigated by SEM and AFM. Figure 1 shows the
SEM top-views and the cross-section views of the LT-grown,
postannealed LT-grown, and HT-grown films deposited on
oriented Si(001) substrates by PLD. From the SEM top-views
(Figure 1a,d,g), the LT-grown film seemed to be quite flawless,
dense and homogeneous, whereas the two other films had a
granular appearance. The formation of cracks was observed in
the HT-grown film (Figures 1g and S1c). They occurred after
deposition on cooling (15 °C min~" rate) and resulted from
the differences in thermal expansion coefficients (TEC)
between the film and the substrates (TEC; Si = 2.5 X 107°
K™,*” LSC64 = 20.5 X 107 K™',* and GDC = 14.4 X 107
K*"). The cracking in the postannealed film (Figures 1d and
Sla,b) was avoided as the heating and cooling rates were set to
2 and 3 °C min™, respectively.

SEM cross-section views (Figure 1b,e;h) indicated that all
films were similarly 200 + 20 nm thick. The grains reached
~30 =+ 10 nm size after postannealing of the LT-grown film at
600 °C for 4 h in ambient air, while an average grain size of
~60 + 10 nm was observed in the as-deposited HT-grown

film. The postannealed LT-grown film was observed to
crystallize with randomly oriented grains, as expected for a
homogeneous nucleation process. On the other hand, the HT-
grown film showed columnar-type growth on the Si substrate
in agreement with earlier PLD studies.*”” It is important to
note that the films deposited on the polycrystalline GDC
substrates for the electrochemical measurements followed
similar nucleation and grain growth as those on the Si
substrates (Figure S2).

Figure 1cf;i show the surface topography of the films
analyzed by AFM. The root mean square (rms) roughness of
the films was found to be 0.15 + 0.01 nm for the LT-grown
film, 3.24 + 0.1 nm for the postannealed film and 2.09 + 0.1
nm for the HT-grown film. Particularly, the postannealed LT-
grown film showed some protruding particles reaching up to
~30 nm from the surface (Figures S1 and S3). The HT-grown
film had a lower roughness than the postannealed LT-grown
film but also had a few particles reaching ~20 nm (Figure S3).

The crystallinity and crystal structure of the films grown on
Si substrates are shown in Figure 2a. The polycrystalline PLD
target XRD pattern can be assigned to a rhombohedral
perovskite phase (Figure S4). The diffractogram of the LT-
grown film only showed peaks corresponding to the substrate,
suggesting that the film might be amorphous or have an
extremely small crystallite size. After postannealing at 600 °C,
the diffraction pattern was composed of at least five additional
reflection lines, which matched well with a pseudocubic
structure of the material. All peaks were rather broad, which
could be attributed to a poorly crystallized or small grain size
film. The HT-grown film diffraction pattern showed only three
intense and narrow peaks corresponding to (001), (011), and
(002) reflections compared with the postannealed film. Their
intensity and low full width at half-maximum (fwhm) suggest a
well-crystallized material with a larger grain size, agreeing with
the SEM micrographs. Moreover, the texture along the (001)
direction was observed not only on an epitaxial Si(001)
substrate but also on the polycrystalline GDC substrate
(Figure SS). In contrast, the postannealed LT-grown film
was polycrystalline with no preferred orientation.
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emission angle. Main and satellite peak positions are indicated in each plot. (f) Showing valence band spectra. The spectra were normalized to the

sum of the intensity.

The crystallization temperature of the LT-grown film on
both substrates was also studied using in situ XRD measure-
ments (Figure S6). The XRD patterns appeared at ~500 °C on
both substrates, but with a much lower intensity on the GDC
substrate. A new peak appeared at 43.7° at 700 °C and was
retained after cooling down. It could originate from the
formation of a new phase. For this reason, the electrochemical
characterization was limited to an interval of 400—600 °C.

The XRD technique suggested that the LT-grown film might
be either amorphous or composed of extremely small-sized
crystallites. However, it is not possible to extract further
detailed information from these patterns because of detection
limits and peak broadening. From the literature, it is well-
known that Raman spectroscopy is an efficient tool for the
study of structural disorder in materials from Raman shifts and
line shape evolution (broadening, intensity) of the Raman
modes.>® Therefore, to complement the XRD structural
analyses, we performed Raman spectroscopy measurements
at RT on the films as well as on the bare Si/SiO, substrate and
LSC64 pellet to obtain reference spectra (Figure 2b). The
substrate spectrum is composed of a sharp and very intense
Raman line at approximately 520 cm™' and many second-order
lines, with the more intense ones occurring at 302 and 945—
977 cm™". The Si signal of the substrate was subtracted from
the spectra of the three films after normalization of the high
intensity Si line in each spectrum to that in the bare Si
substrate spectrum. Although some remaining substrate peaks
were still observed, the Si subtraction made the peaks related
to the films, if any, more visible.

The first-order Raman spectrum of ABO; rare earth
perovskites, such as LaCoOj;, originates because of Jahn—
Teller (J—T) distortions,”™** as no Raman-active mode exists
for the ideal cubic perovskite structure. J—T distortions result
in a structural disorder in the oxygen sublattice and particularly
leads to differences in Co—O bond lengths in the CoOgq
octahedra,*®?” changing the crystal structure locally from
rhombohedral (R3c) to monoclinic (C2/c). Such dynamical
local site distortions may be associated with the intermediate
spin state of Co®*, which is strongly J—T active because of its
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partially filled e, orbitals. Besides, an increase of the Sr content
in doped La,_,Sr,CoO; led to a decrease in the intensity and
peak broadening,”® as similarly observed in La,_,Sr,MnO;.**
Therefore, line assignment becomes very difficult owing to the
variability in the number and positions of lines in the spectra.
The Raman spectrum of rhombohedral distorted perovskites
(space group, R3c) is expected to be composed of five active
modes (Alg + 4Eg). In the literature, very few papers deal with
Raman studies of LaCoO; and related La,_,Sr,CoO; perov-
skites; the following ones illustrate this variability. Ishikawa et
al. reported Raman modes of LaCoOj single crystals at 61
(Ep), 160 (E,), 425 (E,), 230 (Ay), 536, and 653 cm™! (two
broad peaks enhanced by J—T distortions), whereas only the
first three were observed in Lay,Sry;CoO; because of its
metallic state.”® In the Raman study of polycrystalline LaCoO,
samples (2—4 pm grain size), Orlovskaya et al. reported only
four Raman active modes at 162, 448, 557, and 673 cm™ . %
Raman lines for nanocrystalline LaCoO; (5.6 nm grain size)
and LaggSr;,Co0; (LSC82, 11.5 nm grain size) by Li et al.
were reported at 130, 305, 420, 570, 700, 810 cm ™" and at 305,
500, 630, 812, 910 cm™), respectively.39 In our study, the
spectrum of the LSC64 dense pellet showed Raman bands at
approximately 300, 420, 678, 795, and 918 cm™". Knowing that
these positions were rather approximate because of the
broadness and low intensity of the lines, we can consider a
good correspondence with the line positions of LSC82 in ref
39.

Regarding our films, the spectrum of the LT-grown film was
very similar to the bare Si/SiO, substrate without any line of
the LSC64 crystalline pellet; therefore, it suggests an
amorphous film. In contrast, the significant similarity between
the HT-grown film and the pellet spectra indicates that the film
is well-crystallized and has the rhombohedral structure of the
LSC64 pellet locally. The Si second-order lines were not
visible, probably because of a difference in the laser penetration
depth in the amorphous and crystalline films related to their
different transparencies (or absorption). In contrast, Si second-
order lines were still visible in the postannealed film as well as
an additional broad band at approximately 810 cm™, that is, at

https://dx.doi.org/10.1021/acsami.0c08308
ACS Appl. Mater. Interfaces 2020, 12, 34388—34401


http://pubs.acs.org/doi/suppl/10.1021/acsami.0c08308/suppl_file/am0c08308_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsami.0c08308?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c08308?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c08308?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c08308?fig=fig3&ref=pdf
www.acsami.org?ref=pdf
https://dx.doi.org/10.1021/acsami.0c08308?ref=pdf

ACS Applied Materials & Interfaces

www.acsami.org

Research Article

a position very close to the one at 795 cm™" in the spectrum of
the pellet sample. Therefore, this spectrum suggests that the
film is partly but not fully crystallized.

3.2. Oxidation State, Local Binding Environment, and
Chemical Quantification by XPS. The defect structure of
LSC64 has been well-documented in the literature.*
Substitution of La*" with a lower oxidation state cation such
as Sr** must be charge compensated with an equivalent
positive charge. This could be achieved with either the
oxidation of cobalt from Co®" to Co* (Cof,) and/or the
creation of oxygen vacancies (V). The reduction of Co®" to
Co*" may result in creating more oxygen vacancies to
compensate for the negative charge.

Some previous studies showed a correlation between the
increased concentration of oxygen vacancies (Vg') at the
surface and the Sr segregation. It is induced by the electrostatic
attraction of the oxygen vacancies with the negatively charged
A-site dopants (Sr{,) toward the surface and thus leading to a
faster deterioration of the electrodes.*"”** Therefore, XPS
analyses were performed to compare the chemical composition
and the chemical environments (or oxidation states) of
elements of interest in all the samples.

Figure 3 shows La 3d, Sr 3d, Co 2p, O 1s, and C 1s core-
level spectra measured at a 70° emission angle, as the spectra
collected at higher angles more reflect the surface chemistry.
The survey spectra (Figure S7) showed no surface
contamination. O 1s and C 1s spectra of the LT-grown film
showed different levels of adventitious carbon (284.8 eV) and
other weakly adsorbed surface species OH— and H,O (around
531 eV) (Figure 3d,e). This is because the film was measured
as-deposited without further cleaning procedure. O 1s core-
level peaks show two peaks at around 531 and 528.6 eV. The
peak at a higher binding energy of ~531 eV may be assigned to
weakly adsorbed species at the surface (OH™, H,0, C—0, C=
O etc.), while the peak at lower binding energy ~528.6 eV is
characteristic of metal—oxygen bonding in the crystal net-
work. ™

XPS analyses suggest that the LT-grown film had a slightly
different coordination and binding environment than the other
two films. On the other hand, different crystallization kinetics
in the postannealed LT-grown and HT-grown films induced
slight variations in the surface and defect chemistry. The major
difference between the two crystalline films was observed in
the Sr 3d and Co 2p core-level spectra, indicating a cause and
effect relation, that is, a change in the surface-bound Sr
concentration result in the change in the average Co-oxidation
state.'”

Analysis of the spectra shown in Figure 3b provides
information on the amount and the nature of Sr segregated
toward the surface. The Sr 3d photoelectron spectrum consists
of a doublet with 3d;, at lower binding energies (131.6 & 0.2
eV) corresponding to the lattice-bound Sr and 3d;), at higher
binding energies (133.3 + 0.2 eV) corresponding to the
surface-bound Sr (see Figure S8 for peak fitting). Figure 4a
shows the Sr/A-site ratio analyzed at different emission angles
by XPS (0 and 70°). Analyses at both angles show that the
amount of lattice-bound Sr was lower than expected (0.4) for
all samples, and it decreased further near the surface. The
overall trend was more pronounced in the postannealed
sample. Figure 4b shows the Sr-surface sites to the sum of all Sr
sites (surface-bound and lattice-bound). The postannealed film
again showed higher values than the other two films,
suggesting higher amounts of strontium-based particles such
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Figure 4. (a) Ratio of Sr lattice to the A-site (sum of La and Sr-
lattice), and (b) ratio of Sr-surface sites to the sum of all Sr sites
(surface-bound and lattice-bound) deduced from XPS measurements
at two emission angles.

as carbonates; SrCO;, hydroxides; Sr(OH),, oxides; SrO at the
surface. Deposition temperature,'’ annealing temperature and
dwell time,'® strain in thin films** as well as the annealing
atmosphere and microstructure™*® were shown to influence
the Sr segregation behavior in similar perovskites.

Focusing on the Co 2p core-level (Figure 3c), it can be seen
that the spectra are split into two parts because of the spin—
orbit coupling: 2p, , and 2p;,,, where each one has a main and
satellite peaks. Although Co®* and Co*' peaks are indis-
tinguishable, the separation between the main peaks and the
satellite peaks are considered useful to survey the +2 and +3
oxidation states.'”*”** The higher binding energy satellite peak
(~789 eV) was attributed to the +3 oxidation state, while the
lower binding energy peak (~786 eV) was assigned to +2. The
LT-grown film showed mainly Co®" peak, while both the
postannealed and the HT-grown films showed a mixture of
+2/+3. Furthermore, the fwhm of the Co 2p;/, peak of the
HT-grown sample (3.1 eV) was larger than the others (2.89
and 2.22 €V for postannealed and LT-grown, respectively),
suggesting more Co>" in the HT-grown film.

Next, the valence band spectra are compared and shown in
Figure 3f. The peak near the Fermi level arises from the
hybridization of Co t,, and O 2p bands, and the peak intensity

. . . . . 49
provides information on the Co-oxidation states.” As
expected, the spectra are very different between the amorphous
and the crystalline films. Postannealed LT-grown and HT-
grown films show a metal-like Fermi edge (E;).”” The higher
intensity of the valence band edge indicates a higher amount of
Co>'. Therefore, the Co>" concentration goes in the order of
LT-grown > postannealed LT-grown > HT-grown film, similar
to the observations in Figure 3c. It is important to note that
previous reports observed the oxidation of Co®* to Co**
simultaneously with the segregated Sr-based species, and this
behavior was attributed to the degradation of the LSC64
surfaces.'”

Tables S1—S3 show the % atomic composition, peak binding
energies, and fwhm of the fits at two emission angles. In
general, the A-site elemental content was found to be higher
than the B-site for all films. Similar results were found both on
powder™ and thin-film LSC64'" samples. It is important to
note that these results are an integration over a thickness
defined by the energy of the photoelectrons and the angle of
incidence. Therefore, the difference of inelastic mean free path
of elements may have an influence on the sampling depths of
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Figure 5. (a) LEIS survey spectrum showing the outermost surface composition of the LSC64 films. The data were measured with 3 keV He"
primary beam. Depth profiling analyses were performed with S keV Ne* primary beam and 1 keV Ar* sputtering beam, corresponding to (b) LT-
grown, (c) post-annealed LT-grown, and (d) HT-grown films. The blue arrows indicate the depth of Sr-rich regions in the films.

photoelectrons depending on the kinetic energy. From the
Tables S1—S3, atomic percentage of all elements decrease
toward the surface, except for the surface-bound Sr and
surface-bound O related to the secondary phases and/or
adsorbates.

Considering La 3d/Sr 3d (sum of all Sr sites) peak ratios at
0° emission angle gave ~0.61:0.39, ~0.69:0.31 and ~0.63:0.37
for the LT-grown, postannealed LT-grown and HT-grown
samples, respectively. It suggests that close to stoichiometric
bulk values were obtained in the as-deposited LT- and HT-
grown films. On the other hand, postannealing seemed to
change the average La/Sr ratio, by increasing La and
decreasing Sr in the probed area. In the next section, this
behavior will be investigated by LEIS, which provides chemical
depth profiling with layer-by-layer atomic resolution.

3.3. Outermost Surface Composition and Chemical
Depth Profiling by LEIS. LEIS analysis was used to survey
the outermost elemental cation composition. However,
coupled with a sputter beam, it can also give depth profile
information. In previous literature reports, LEIS depth profiles
were normalized to the stoichiometry of the bulk, assuming the
cation concentration that has reached a plateau a few
nanometers below the surface to be representative of the
bulk concentrations.””>**! In this work, elemental quantifica-
tion has not been attempted because depth profiles may
display preferential sputtering for heavier elements such as
La.’” Therefore, depth profiles in this work provide qualitative
information and is used only to compare the surface chemical
evolution among the three films.

Figure 5 shows the LEIS surface survey spectra and depth
profiling of LT-grown, postannealed LT-grown, and the HT-
grown films, respectively. The background-corrected raw peak
area for La, Sr, and Co (fitted with a Gaussian profile) divided
to the total peak area is expected to provide a true variation of
the chemical restructuring among the three films. Moreover, as
the analysis area and the acquisition dose were kept constant
during the measurements for each sample, the analyses depth
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and the cation ratios could be comparable. The x-scale in the
depth profiles in Figure Sb—d show the sputtering Ar* ion
dose, in which, increased values give chemical composition
information from the subsurface. Horizontal lines with the
same color of each element were added as a guide to the eye,
and they indicate the approximate bulk composition, deduced
from the steady data points at high Ar* ion dose.

Sr enrichment was evidenced for all the investigated films,
including the LT-grown film, at the outermost-surface layer
(Figures Sa and S9). At the same time, La and Co seemed to
be depleted at the surface (Figure Sa) and a few atomic layers
below the surface (Figure Sb—d). Similar behavior was
observed with other Sr-containing perovskites.'"” A pronounced
difference between the films was observed in the near-surface,
as shown in the depth profiles. Notably, a region with highly
depleted Sr and increased La concentration appeared a few
nanometers below the surface of the postannealed LT-grown
film. As a reminder, a similarly high ~La/Sr ratio was found in
the postannealed LT-grown film by XPS. It is important to
note that coupled with a sputter beam LEIS probed a volume
much deeper than XPS. Ar" sputter dose at 85 X 10'° atoms/
cm® as in Figure Sb—d corresponds to ~18 nm below the
surface, whereas, XPS probes typically ~5—10 nm. Moreover,
chemical concentrations are averaged over the whole analysis
volume in XPS. Thus, LEIS depth profiles show that, at a
similar depth probed by XPS, the ~La/Sr ratio already reached
stoichiometry in LT- and HT-grown films, while it remained
still high in the postannealed LT-grown film. Therefore, LEIS
successfully demonstrated the layer-by-layer evolution of
chemical concentrations in all films until the bulk concen-
tration has been reached.

The evolution of chemical concentration is particularly
interesting considering the microstructural differences between
the postannealed LT-grown and the HT-grown films. The
postannealed film showed a higher density of grains (~30 nm)
at the surface compared with the HT-grown film (~60 nm).
Notably in the postannealed LT-grown film, the segregation
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appeared to enhance in the vicinity of the surface (where Sr
became deficient). On the other hand, the HT-grown film
showed a three-times thicker Sr-rich subsurface region
(indicated with the blue arrows in Figure Sb—d). As the
HT-grown film possesses a vertically ordered columnar
microstructure, Sr could segregate increasingly and homoge-
neously to the surface through the grain boundaries.”’

It is important to note that the chemical composition in the
analyzed depth cannot be compared directly between the three
films. For instance, an average of 18 nm depth in the LT-grown
film (rms: 0.15 + 0.01 nm) corresponds to an analysis area,
which is uniform and flat below the surface, whereas the
analysis depth of the postannealed LT-grown (3.24 + 0.1 nm)
and HT-grown film (2.09 = 0.1 nm) follows the rough and
granular surface.

In summary, XPS is known to be free of matrix effects and
provide quantification, oxidation states, and information about
the binding environment. However, the depth information
remains limited to a few nanometers below the surface.
Although XPS can also be coupled with a sputter gun to give
depth information, LEIS is capable of providing chemical
resolution at the atomic scale. Besides, LEIS is sensitive to the
first atomic layer. In Section 3.6, the SIMS technique will be
used to investigate the elemental distribution in the long-term
annealed samples used in electrochemical measurements.

3.4. Oxygen Self-Diffusion and Surface Exchange
Kinetics by IEDP—SIMS. The oxygen self-diffusion coeflicient
(D*) and surface exchange coefficient (k*) of a material is
used as a measure of catalytic activity. Figure 6 shows the D*
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Figure 6. D* and k* values measured for ~200 nm thick LSC64 films
that have been isotopically exchanged in an '*0, enriched atmosphere
under the same conditions (T = 400 °C, anneal time = 15 min). The
reference value was from a dense ceramic pellet sintered at 1200 °C.>

and k* values of the films deposited at various T (refer to
Figure S11 for the fits). The isotopic exchange temperature
was performed at 400 °C (15 min and at 200 mbar), as
previous work reported enhanced D* and k* coefficients for
low—temgerature operation on LSC82 films grown at low
Tobstater . The values for a dense LSC64 polycrystalline
ceramic pellet similarly exchanged at 400 °C for 15 min and at
230 mbar O,,) were added for comparison.”” It is important to
consider the error from such short isotopic exchange time and
low temperature. Because of slow equilibration time, it is
difficult to extract the accurate D* and k* coefficients.
Moreover, there might be another error source from the
microstructural defects in the forms of cracks or porosities. It is
also important to note that a preanneal of 150 min was
performed at 400 °C prior to the exchange experiments. This is
a relatively low-temperature treatment and a short time,
therefore a substantial change in the surface composition or
the morphology of the films is not expected. At the moment,
the extent of each error source is not known, but an error bar

of 20% has been included in Figure 6. Additionally, we
performed several screening tests on the samples, and values
from two locations with similar analysis conditions were
reported in Table S4. The small standard deviation of the two
measurement points for each sample indicate the composi-
tional homogeneity of the films. On an interesting note, the
isotopic fraction diffusion profile of the postannealed LT-
grown film bears traces of higher surface contamination
compared with the other two films (Figure S11b).

The D* and k* coeflicients of the highly crystalline HT-
grown film represented the closest match to those of a dense
pellet sample. However, the LT-grown film showed an order of
magnitude decrease in both values. After postannealing the
LT-grown film, the k* appeared to increase, but D* did not
improve. This might be due to the differences in the
microstructures and crystallinity, as discussed in the Section
3.1.

This study provides evidence that thermal history and
processing affect not only the microstructure and surface
chemical concentration but also the oxygen transport kinetics.
These results reflect that LSC64 films grown at low Ty grate
(e.g, <500 °C) do not seem to provide an advantage for low-
temperature SOC operation over films grown at high T pgate
(>600 °C).

3.5. Electrochemical Characterization by Electro-
chemical Impedance Spectroscopy. In this section, the
ORR activity and the stability of the films are assessed by
electrochemical impedance spectroscopy (EIS) on symmetrical
cells with the GDC electrolyte. It is noteworthy to mention
that during the symmetrical cell preparation, one side of the
HT-grown film underwent an additional high-temperature heat
treatment during the preparation of the symmetrical cells,
undoubtedly affecting the thermal history. However, the crystal
structure and grain size of the sample remained similar on each
side. Nevertheless, a change in the degradation mechanism,
that is, on the activation energy and degradation rate, is not
expected because both sides of the sample were prepared at the
same temperature, but one side of the cell remained at this
temperature for a slightly longer period. Figure 7 shows the
Nyquist and Bode plots of LT-grown and HT-grown films
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Figure 7. Nyquist and Bode plots of (a,b) LT-grown and (c,d) HT-
grown films measured from 400 to 600 °C in OCP and ambient air. A
dwell time of 1 h was set between the measurements.
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measured on heating between 400 and 600 °C. The LT-grown
film crystallizes in situ during the measurements; therefore, it
becomes the postannealed film after reaching 600 °C.

Looking at the Nyquist plots between 400 and 500 °C
(Figure 7a,c), much higher resistance values can be observed
for the LT-grown film. The Bode plots demonstrated that the
maximum frequency in the low-frequency arc of the LT-grown
film was not obtained between 400 and 500 °C (Figure 7b).
This was the case only at 400 °C for the HT-grown film
(Figure 7d). The inset in Figure 7a shows that the spectrum
was not in equilibrium at 550 °C, possibly because of the
ongoing crystallization, but similar resistance values began to
appear for both films. For these reasons, the impedance spectra
of the LT-grown film were not fitted below 600 °C on the first
heating cycle.

The high resistance values of the LT-grown film at low-
temperature operations (e.g, <S00 °C) are in line with the
isotope exchange measurements at 400 °C, meaning the LT-
grown film does not provide an improvement for low-
temperature SOC operation. However, after crystallization at
600 °C, the total resistance of the LT-grown film becomes
comparable to that of the HT-grown film (Figure S12).
Nevertheless, the Nyquist plot as shown in Figure S12 also
points to a substantial difference among the contributing
resistive components in these films.

Previous studies showed enhancements in the ORR kinetics
at 600 °C for other LT-grown LSC64 films."®'®"” However,
we would like to point out that the films in those reports were
deposited on epitaxial YSZ(001) substrates and under 10-times
higher oxygen partial pressures (i.e, 0.4 mbar) than our work,
suggesting a significant effect of processing on oxygen
reduction and incorporation.

Next, temperature-cycling behavior was monitored between
400 and 600 °C (Figure 8a,b). The Arrhenius plots only show
the values measured between 500 and 600 °C because below
this temperature, the circuit model did not yield good fitting.
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Figure 8. Arrhenius plots showing the degradation behavior of R, and
R; on heating and cooling (10 cycles) between 500 and 600 °C; (a)
LT-grown film (became the postannealed LT-grown film after the first
heating cycle), (b) HT-grown film. (c) Stability of R; at 500 °C
during 10 consecutive heating and cooling cycles (between 400 and
600 °C), (d) stability of R, at a fixed temperature (500 °C for ~100
h). The orange signs refer to the postannealed LT-grown film, and
green to the HT-grown film.

At least two resistive contributions are visible in the impedance
plots. The resistance at the high-frequency arc (10* to 10' Hz)
was attributed to the interfacial charge transfer resistance
(denoted as R;) and the low-frequency arc (10" to 107" Hz) to
the surface resistance of the electrodes (denoted as R,) (Figure
S13).

Concerning R;, the LT-grown film gave higher but stable
values compared to the HT-grown film. On the other hand, the
HT-grown film degraded at a much faster rate at 600 °C and
exceeded the values measured for the LT-grown film. On the
other hand, R initially gave similar values for both films, but
the HT-grown film again degraded at a faster rate than the LT-
grown film at all temperatures. Figure 8c focuses on the R
values at 500 °C in Figure 8ab during the 10 heating and
cooling cycles. In the beginning, both films showed similar
catalytic activity, but the HT-grown film began to degrade at a
much faster rate. Higher R; values were observed on cooling
for both films, but again it was more pronounced on the HT-
grown film.

Figure 8d shows the R values for the symmetrical LT- and
HT-grown films at 500 °C at OCP for ~100 h. After reaching
500 °C, impedance plots were collected after a 1 h dwell
period. The LT-grown film crystallized in situ during the
measurements (Figure S14). The degradation rate of the R
component of the HT-grown film (~2.40%/h) was found to
be ~2 times greater than the LT-grown film (1.12%/h).
Taking into account all results from Figure 8, the LT-grown
film appears to be more advantageous for its stability for long-
term operation either on heating—cooling cycles or at a fixed
operating temperature.

3.6. Chemical Depth Profiling by SIMS and LEIS after
Long-Term Annealing at 500 °C. After long-term stability
tests at 500 °C, we aimed to investigate the compositional
changes at the solid/solid and solid/air interfaces. To this end,
the SIMS instrument was used to monitor the positive
secondary ions species originating from both the films and the
substrate (GDC). The SIMS technique was chosen because of
its good lateral resolution and fast analysis time. Also,
investigations at the LSC64/GDC interfaces were found to
be challenging because of the charge accumulation at the
interface. This problem was eliminated using argon cluster
sputter beam (Ar,") as it was shown to be effective in
compensating for the charge accumulation at the interface of
oxide thin films and insulating substrates.>* In addition, LEIS
was used on long-term annealed films grown on Si substrates
to monitor the outermost surface to near-surface composi-
tional changes.

Figure 9ab shows the SIMS depth profiles, where the
normalized intensity (secondary cation signal divided by the
total counts) is plotted against the sputter ion dose density.
Particularly, the differential Sr* profiles are quite different. As
seen in Figure 9a, an obtrusive trend was observed for the
distribution of Sr, which extends to the whole thickness of the
film. The HT-grown film as in Figure 9b shows a more uniform
Sr* distribution except for the near-surface region, where a
prominently higher SrO" signal is also visible.

Additionally, a cation interdiffusion layer (indicated with
black dotted lines) can be observed for both samples at the
interface. This layer was slightly thicker in the postannealed
LT-grown film compared with the HT-grown film. Moreover,
Sr* signal seemed to increase and make a longer tail at the
electrode/electrolyte interface. These phenomena might help
to explain the higher interfacial charge transfer resistance
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Figure 9. SIMS analyses of (a) postannealed LT-grown and (b) HT-
grown films analyzed in the EIS during stability tests at 500 °C for
100 h. LEIS chemical depth profiling of (c) postannealed LT-grown
and (d) HT-grown films grown on Si substrates, annealed similarly at
500 °C for 100 h. Horizontal lines in the LEIS spectra indicate the
bulk stoichiometry values.

observed in the electrochemical characterizations of the
postannealed LT-grown film.

To further investigate the surface region after long-term
annealing, LEIS was used. Figure 9c,d shows the chemical
distribution at the near-surface region (~2—3 nm) (refer to
Figure S10 for an analysis crater similar to those of Figure $).
First of all, the outermost surface of the postannealed LT-
grown film was entirely covered with a monolayer of Sr-based
species, which is commonly observed after annealing.>’
However, just below this monolayer, Co concentration
substantially increased and reached its bulk stoichiometry.
This is probably related to the clustering of Sr precipitates into
protruding particles, whereby the remaining surface could
expose Co cations.

On the other hand, the HT-grown film showed a mixed La-
and Sr-based monolayer termination. Below the outermost
surface layer, Sr remained in excess, while Co remained
deficient. Herein, we would like to draw attention to a recent
study on a similar HT-grown LSC64 film.*° The study
observed the new growth of La containing SrO species at
operation temperatures above 400 °C using an in situ near-
ambient pressure XPS. Most interestingly, the new species
preferentially grew on the electrochemically active Co sites.
This is in agreement with our observations by LEIS analyses
before and after annealing at 500 °C for 100 h.

The gradual disappearance of Co at the surface/subsurface
with annealing might influence the ORR kinetics. Recent
works based on first-principle calculations revealed that B-site
termination (i.e, CoO~) provided faster O, dissociation than
Sr-rich termination in (LaSr)BOj, perovskites (B: Co, Mn,
etc.).””*® Moreover, real-time impedance monitoring showed
that Co decoration on SrO-coated deactivated LSC64 surfaces
could still improve the catalytic activity.”” Our recent work on
CoFeO, (B-site) precipitation in the A-site deficient
(Lag7Stg3)0.95C00,FesO0; (LSCF) showed that nanoscale B-
site oxides decorated the surfaces of LSCF, and thus lead to
increased catalytic activity for ORR.”

Aside from the observed deactivation of the surfaces by A-
site cation termination, thin layers of A-site oxide terminations
must have sufficient ionic and electronic conductivity at the

operating conditions of SOFCs.”” On this matter, detailed
density functional theory studies on SrO-terminated SrTiO;
(STO) and Fe-substituted STO have revealed that SrO-
terminated surfaces can actively participate in the molecular
oxygen dissociation.’”®* This was possible by creating
electron-rich surface sites through oxygen vacancies with iron
substitution in STO. In line with these results, our
investigations confirm that the elemental distribution at the
subsurface must be among the defining factors for the catalytic
activity and stability of the electrodes.

4. DISCUSSIONS

Our motivation in this paper was to establish the factors that
were influenced by the thermal history and processing of thin
films. The sketch in Figure 10 takes into account the

Stoichiometric Co  Sy-rich particles

Sr-deficient
layer «—£

Sr-rich
layer

Figure 10. Surface restructuring of (a) postannealed LT-grown and
(b) HT-grown films after long-term annealing at 500 °C.

differences in the microstructures, morphologies, and the
grain sizes of postannealed LT-grown and HT-grown films and
depicts the surface restructuring after long-term annealing.

A high density of grains resulting from two times smaller
grain size on the surface of the postannealed LT-grown film
has led to increased amounts of Sr precipitates. It appears that
the Sr segregated locally from a few nanometers below the
surface into the protruding particles at the surface. Local Sr
segregation into clusters of Sr precipitates created a Sr-
deficient region of several nanometers thick below the surface.
At the same time, Co was exposed on the remaining surface
and reached its bulk stoichiometry. In the HT-grown film,
because of vertically aligned grains and grain boundaries, Sr
could segregate from much deeper regions.”® According to the
LEIS analyses, the HT-grown film did not show a substantial
Sr-deficiency in the subsurface as observed in the postannealed
LT-grown film. Instead, the columnar microstructure facilitates
the formation of a homogeneously covered Sr-rich layer on the
surface.

Microstructural differences might also explain the behavior
observed for the oxygen ion transport kinetics measured at 400
°C. The randomly oriented granular microstructure of the
postannealed film could be impeding the direct diffusion of
oxygen ions, whereas, oriented columnar microstructure along
the diffusion path could be facilitating the oxygen diffusion in
the HT-grown film. At higher temperatures, the surface
elemental rearrangement helps to enhance the catalytic activity
and the stability of the postannealed LT-grown film.

In relation to our observations, several reports have
suggested that microstructure, grain size, and grain orientation
might be responsible for the different Sr segregation behavior.
Notably, Téllez et al. observed faster Sr segregation on LSC64
ceramic samples with a decrease of grain size after annealing
for 1 h at 600 °C in dry oxygen.”” Pigkin et al. showed that
LSC64 ceramic sample with {001} grain orientation had more
than 3 times higher area coverage than other orientations;
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{101} and {111}.°* As a reminder, our HT-grown LSC64 thin
film showed a pronounced texture along the (001) direction.
Therefore, apart from the obvious differences in the micro-
structure and grain size, the grain orientation may also be
among the factors affecting the elemental distribution on the
surface, in turn, the long-term stability of the films.

Previously, a few reports have investigated the effect of grain
orientation on ion exchange and diffusion kinetics, but no
universal conclusion was reached. For instance, Fearn et al.
found no differences in D* and k* values in perovskite
Lag ¢Sry,MnO, pellets.65 On the other hand, Burriel et al.
showed a fourfold difference in the D* among the anisotropic
PrBaCo,0Qs, 5 polycrystalline grains.”® In La,NiO,, 4 thin films,
~2-orders of magnitude increase was observed alon_/g the (ab-
plane) compared with (c-axis) orientated ones.”” On the
contrary; later studies reé)orted similar k* values regardless of
the grain orientation.®*®” It was suggested that the k* was
largely affected by the thermal history of the sample, the
presence of impurities and surface rearrangement processes.
Therefore, all these factors override any effect of grain
orientation. This observation was also confirmed by a recent
study, which investigated LSCF thin films deposited on GDC-
buffered YSZ single crystal substrates having (100) and (111)
orientations.”’ The films grown on (111) GDC/YSZ showed
initially higher k* compared to those grown on (100) GDC/
YSZ. However, the former exhibited a higher degradation rate
due to faster Sr segregation at the surface.

Finally, we have shown how the chemical reconstruction at
the solid/solid and solid/air interfaces was affected by the
thermal history and processing of thin films using a multitude
of elemental characterization techniques (XPS, LEIS, SIMS).
Although none of these techniques could perform point
analysis because of detection limitations, we were able to
propose a chemical restructuring scheme by combining all
results from elemental characterisations while considering the
microstructural and morphological features and the electro-
chemical performance of the films.

5. CONCLUSIONS

In this study, the influence of thermal history on the
microstructure, elemental distribution from the air/solid to
solid/solid interfaces, and consequently on the catalytic activity
and stability of thin films were studied. Three La; 4Sry,CoO;_s
(LSC64) thin films deposited by PLD were systematically
examined. The film grown at Type = 100 °C (LT-grown)
showed a quite flat and homogeneous morphology. After
postannealing at 600 °C in ambient air, a disordered grain
growth (~30 nm) and the formation of protruding particles
were observed, whereas the film grown at Ty = 750 °C
(HT-grown) showed a textured columnar grain growth with
~60 nm grain size. The oxygen transport parameters of the
LT-grown film were found to be up to an order of magnitude
lower than the HT-grown film at 400 °C, suggesting that the
HT-grown LSC64 films were more advantageous for low-
temperature SOC operation. After postannealing at 600 °C,
the ORR activity of the LT-grown film became comparable to
the HT-grown one. Moreover, it showed a twotimes lower
degradation rate in comparison to the HT-grown film. Both
XPS and LEIS indicated a Sr-deficient region below the surface
for the postannealed film. As the protruding particles were
observed after the thermal treatments, it is believed that they
might be linked with the localized and preferentially segregated
Srrich particles. On the other hand, the HT-grown film

showed a homogeneously distributed Sr-rich region compared
with the postannealed LT-grown film. The columnar micro-
structure of the HT-grown film possibly facilitates the Sr
diffusion through the grain boundaries toward the surface and
thereby homogeneously covering the surface with a Sr-rich
phase. This is believed to be the reason for its higher
degradation rate at long-term tests. In the LT-grown film,
although the films became Sr-terminated after long-term
annealing, surface restructuring enabled catalytically active
cobalt to reach stoichiometry immediately below the outer-
most-surface layer. This study shows that thermally induced
chemical restructuring is particularly important for the stability
of LSC64 electrodes.
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