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Abstract

The degradation of the surface chemistry on perovskite (ABO3) oxides is a critical issue for their
performance in energy conversion systems such as solid oxide fuel / electrolysis cells and in
splitting of H,O and CO, to produce fuels. This degradation is typically in the form of
segregation and phase separation of dopant cations from the A-site, driven by elastic and
electrostatic energy minimization and kinetic demixing. In this study, deposition of Ti at the
surface was found to hinder the dopant segregation and the corresponding electrochemical
degradation on a promising SOFC cathode material, LaygSry,CoOs3 (LSC). The surface of the
LSC films was modified by Ti (denoted as LSC-T) deposited from a chemical bath of TiCl4
solution. The LSC and LSC-T thin films were investigated by electrochemical impedance
spectroscopy, nano-probe Auger electron spectroscopy, and x-ray photoelectron spectroscopy
(XPS), upon annealing at 420-530 °C in air up to about 90 hours. The oxygen exchange
coefficient, k, on LSC-T cathodes was found to be up to 8 times higher than that on LSC
cathodes at 530 °C and retained its stability. Sr-rich insulating particles formed at the surface of
the annealed LSC and LSC-T films, but with significantly less coverage of such particles on the
LSC-T. From this result, it appears that modification of the LSC surface with Ti reduces the
segregation of the blocking Sr-rich particles at the surface, and a larger area on LSC surface

(with a higher Sr doping level in the lattice) is available for the oxygen reduction reaction. The
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stabilization of the LSC surface through Ti-deposition can open a new route for designing
surface modifications on perovskite oxide electrodes for high temperature electro- and thermo-

chemical applications.

Introduction

The surface chemical composition of functional oxides is an important factor that determines the
surface reaction kinetics and affects the performance in multiple applications, including solid

oxide fuel and electrolysis cells (SOFC, SOEC)'™", thermochemical splitting of H,O and CO,"%,

15-18 19-22

oxygen permeation membranes'> ', batteries'>'®, magnetic'***, and catalytic*> ** devices. For

SOFC and SOEC applications, cation composition on perovskite oxide surfaces governs the
reactivity and stability for oxygen reduction (ORR) and oxygen evolution (OER) reactions.'™ >
810.23-26 Thys, to achieve SOFCs and SOECs with high energy conversion efficiencies and long-
term durability, it is important to design surfaces that are highly reactive to these reactions and
have high stability. The mixed ionic and electronic conducting cobaltites, including La; xSrxCoOs3,
La;«SriCoiyFe,O3 and Ba;SrCoi,Fe,O3 perovskite oxides are state-of-the-art cathode
materials which have been intensely studied and optimized to enhance the oxygen transport
kinetics and surface exchange kinetics at intermediate temperatures.”’ >’ One of the most
promising materials is Lag ¢Sr94CoOs3, which has very low area specific resistance (ASR) of 0.01
Ohm-cm’ at 600 °C.>” However, recent work has shown that the surface of such perovskite
oxides is not stable, and undergoes segregation and phase separation of dopant oxides, typically
at temperatures above 400 °C.***? Similar chemical degradation of perovskite oxide surfaces was
observed also for other applications of these materials, such as in magnetism®~",
superconductors® or memristors*®"’. The consequence of such surface chemical degradation can
be severe; for example on Lag 6Srp4CoO5 film cathodes, the polarization resistance of the surface

9,29
°C,”” correlated

7,34, 38-40

was found to increase by up to 2 orders of magnitude within 50 hours at 550

with the segregation and separation of SrO-related insulating phases at the surface.

Several recent studies have attempted to prevent the surface segregation and electrochemical
degradation in SOFC cathodes.*'™ One of the proposed ways is the coating of Lag §S192C005”’

or Lao_6Sr0.4C00.2Fe0.gO341 electrodes with LaggSro,MnOs. It was also shown that coating of the
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Lag gSrp,CoOs surface with a 1-3 nm thick ZrO, layer helps to stabilize the surface and improve
electrochemical performance.”’ However the exact mechanisms on how these surface
modifications improve the cathode stability have not yet been made clear, making it difficult to

go beyond these empirical observations.

In our recent work, we have shown that the key driving forces behind dopant segregation at
perovskite oxide surfaces are the elastic and electrostatic interactions of the dopant with the
surrounding lattice.”® The size mismatch between the dopant and host cations and the associated
elastic energy minimization push the larger or smaller dopants to free surfaces or interfaces.?"**
.95 On the other hand, oxygen vacancies and the net positive charge at the surface of perovskite
oxides™® drive the negatively charged dopants in the form of point defects, such as Sr;, or Ba,,
to the surface. Based on our understanding of these two key mechanisms, we propose that the
secondary phase segregation can be hindered by choosing suitable dopants. The total elastic

energy driver can be minimized by a dopant that is similar in size to the host, for example Ca on

the La site was shown to minimize the surface segregation on LaMnOjs cathode films.

To minimize the electrostatic driver to the surface, the excess positive charge of the surface must
be reduced. While the oxygen vacancies at the surface are important in determining the total
reactivity to ORR," they also contribute to attracting the aliovalent dopants, such as Sr;, or Ba;,
defects, to the surface. This paper targets to test the hypothesis that decreasing the reducibility of
the surface (thereby, reducing the concentrating of positively charged oxygen vacancies at the
surface) can decrease the amount of Sr segregation and formation of blocking SrO-related
phases. We modify the Lag,SrosCoOs (LSC) film surfaces with a small amount of Ti deposited

from a chemical bath at room temperaturef‘g'50

These films are denoted as LSC-T in this paper.
Indeed, the vacancy formation energy in Ti-oxides®' is significantly higher than in LSC.’> We
found that both the surface chemical stability and the electrochemical performance of the LSC-T
films were superior compared to the unmodified LSC films. We propose that Ti-modification of
the surface is one candidate for enabling better electrochemical performance and stability on
cobaltite based ORR or OER electrodes. We believe that the enhanced stability of the LSC-T

cathodes is due to the weakening of the electrostatic attraction of the Sr/, to the surface. Other
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surface compositions to modulate the surface electrostatic driving force to segregation are

currently being investigated systematically in our ongoing work.

Experiment

Dense LSC films were deposited onto substrates using pulsed laser deposition (PLD) method
with a KrF excimer laser of 248 nm wavelength. The Lag gSry,CoO; target was purchased from
MTI Corp., USA. The films were deposited at 650 °C under oxygen pressure of 10 mTorr on the
single crystalline Yrg,03Zr9.9,02(YSZ) substrates (MTI Corp., USA) with 20 nm Gd,Ce 30,
interlayer grown with the same conditions as LSC films. The LSC film thickness was around 40
nm. After the growth process, the films were cooled down to room temperature in 2 Torr oxygen.
To remove excess Sr and to deposit Ti at the surface of LSC thin films the samples were dipped

in to the 2 mM TiCly solution for 5-30 sec at room temperature. 49,33

For samples which were not
treated with Ti, the excess surface Sr-rich phase formed during the PLD process was removed by

dipping of the films into a 0.1 M HCI aqueous solution for 10 sec at room temperature.”

The Helios Nanolab 600 dual beam scanning electron microscope (SEM) operated at a beam
voltage of 15 keV and a current of 86 pA was used for imaging the surface morphology. A
Veeco/Digital Instrument Nanoscope IV was used to perform tapping mode atomic force

microscopy (AFM) for characterizing the surface morphology.

A Physical Electronics Model 700 scanning nanoprobe Auger electron spectroscopy (AES)
instrument was used to identify lateral heterogeneities in cation compositions with high spatial
resolution at the surface. Electron beam settings of 20 keV and 10 nA were used for both SEM
imaging and the Auger electron excitation. The La MNN, Sr LMM, and Co LMM Auger
emissions were measured for quantifying the surface cation composition of the LSC films. The
sampling depths of these Auger electrons are ~8.0 nm for Sr LMM, ~ 4.0 nm for La MNN, and
~4.5 nm for Co LMM. The sampling depths for both the Auger and x-ray photoelectrons are
estimated based on 3 times the inelastic mean free path (3xIMFP) of emitted electrons. However,
we note that the Auger electron and photoelectron spatial profiles are exponentially dependent on
the distance to the surface, so the data is always more sensitive to the near-surface region. It was

not possible to quantify Ti due to low Ti content and overlapping of the most intense Ti Auger
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emissions with secondary Auger emissions of Sr and La. The smoothing and differentiation of
the AES spectra collected were carried out using the Savitsky—Golay algorithm. Quantification
of the AES differential spectra is performed using peak-to-peak intensities of the tight-scans of
the noted emissions from the constituent cations. The AES sensitivity factors were obtained by

using the fractured surface of the LSC target as an internal standard of stoichiometry.

X-ray photoelectron spectroscopy (XPS) measurements have been performed in order to estimate
the surface cation composition using Perkin-Elmer PHI-5500 ESCA Spectrometer with
monochromated Al Ko (1486.65 eV) X-ray radiation under a base pressure of 10” Torr. Angle-
resolved XPS measurements were performed by changing of emission angle from 0° to 70°
relative to the surface normal. The probing depth (3XxIMFP) at 0° was 6 nm, 5 nm, 4 nm and 4
nm for Sr 3d, Ti 2p, La 3d, and Co 2p, respectively. Tilting the sample to the higher emission
angle, o, decreases the effective probing depth by sin(o). For example, tilting the sample to 70°
decreases the probing depth down to 2.0, 1.7, 1.4, and 1.4 nm for Sr 3d, Ti 2p, La 3d, and Co 2p,
respectively. The quantitative analysis of the Co 2p, La 3d, Sr 3d, and Ti 2p XPS spectra was

performed using Multipack 9.0 software.

Electrochemical impedance spectroscopy (EIS) measurements were performed on asymmetrical
cells with the LSC thin film electrodes grown on YSZ single crystal substrates. Dense platinum
current collectors in the form of a grid (which covers 75% of electrode surface with 25 um x 25
um openings) were deposited on the LSC thin films by means of photolithography and RF
sputtering. Porous Ag layer served as the counter electrode. Due to high electrical conductivity
of LSC,” % we do not expect a significant potential gradient across the LSC film from one Pt
grid to the next. Furthermore, the key point of our paper is the chemical segregation process and
its effect on the electrochemical performance. The stage of the experiments that involve surface
cation segregation is simply annealing at open circuit voltage, so no effect of electrochemical
potential is involved on the segregation itself in this work. Parstat 2273 potentiostat was used to
perform the EIS measurements in the frequency range of 100 kHz to 1 mHz with AC amplitude
of 5 mV and 0 V DC bias from 420 °C to 470 °C and to 520 °C in air. After measuring the EIS
response of each film at a given temperature in air for 32 hours, the dependence of the surface

exchange resistance on oxygen partial pressure was measured in the range of 1 atm to 10~ atm at
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the same temperature. Then, the temperature was increased up to the next level and the same

measurement sequence was repeated. ZView software was used for the data fitting and analysis.

Results and discussions
Surface morphology on the LSC films with chemical bath deposition of TiO,

We examined the effect of Ti treatment on the surface morphology of LSC films by imaging
these surfaces with SEM and AFM. The XPS measurements at 45° emission angle on the LSC-T
films treated with TiCly for 5, 10, 20 and 30 sec have Ti content of 2%, 6%, 10% and 13%,
respectively, quantified as Ti/(La+Sr+Co+Ti) in their as-prepared state. These samples are
denoted as LSC-T2, LSC-T6, LSC-T10, and LSC-T13. Even though surface roughness is
relatively small and consistent among the samples (Figure 1), it is comparable to the IMPF of the
Ti photo-electrons measured in this work. Therefore, one can expect an underestimation of the
actual Ti content compared to what it should be at the very top surface, especially for low takeoff
angle measurements. Thus, for quantification of Ti, we take the XPS results as “trends” and

“lower bounds” rather than actual quantities.

Surface morphology of LSC-T2, T6 and T10 films is similar to that on LSC films treated only
with HCI (Figuresl a-c, e). As seen in the AFM images (Figures la-c), these surfaces do not
show any detectable Ti-induced morphological features. Thus, we hypothesize that the Ti is
deposited in the form of either a thin and smooth wetting layer of Ti-oxide, or very small
nanoparticles with sizes below the instrumental resolution of ~1 nm, or is dissolved into the
surface lattice layer of the LSC film. This observation is also in line with the measured root mean
square (RMS) roughness values which are almost the same for the LSC and the LSC-T2, LSC-
T6 and LSC-T10 films. Further increase in Ti content up to 13% leads to an increase in the film
RMS roughness. The increase of the film’s roughness is also accompanied by the visible
formation of the nanoparticles with diameter of 3-10 nm at the LSC-T13 surface. It is likely that
the particles observed on LSC-T13 are TiO,.
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Figure 1. Surface topography characterized by atomic force microscope on the (a) LSC, (b) LSC-T6, (c)
LSC-T10, and (d) LSC-T13. Secondary electron microscopy images of (e) LSC-T10 and (f) LSC-T13
films. The inset in (f) marked with solid lines shows the magnified image of the area marked with the

dashed lines.

Surface oxygen exchange kinetics over time

We compared the surface oxygen exchange coefficients, k?, on LSC and LSC-T thin films as a
function of time and temperature. We found that the stabilized k® values of LSC-T films are 2-8
times higher than that of LSC at 420-530 °C, respectively, with the best results for LSC-T10. A

typical impedance response of the cells with the LSC and LSC-T10 thin film electrodes, and the

57, 58

equivalent circuit used for modeling the EIS data is shown in Figure 1a. We obtained the

surface polarization resistance, Rg, values from the low frequency impedance response, and used

those values to calculate the surface oxygen exchange coefficient, k¢, as:*’

kd = kgT
4e2cyRs’
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where kg is the Boltzmann constant, T is the temperature, e is the electronic charge, and c, is the

total concentration of lattice oxygen determined according to data from the study of Mizusaki et

60
al.
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Figure 2. (a) Representative electrochemical impedance spectra of the cells with the LSC and LSC-T10
thin film electrodes at 530 °C in air, and an equivalent circuit used to fit the experimental data adopted
from ref 53. Solid lines were obtained by fitting the equivalent circuit parameters to the data. (b) The
oxygen surface exchange coefficient, k% over time at 420-530 °C, for LSC and LSC-T films with 2-13%

Ti at the surface. Solid lines in (b) are a guide to the eye.

The measured k? values as a function of time and annealing temperature are given in Figure 2b.
At the beginning, at 420 °C, all the samples have similar k? values. Within the first few hours of
annealing, the surface exchange kinetics degrades, and the k values decrease on all specimens.
The LSC electrodes degrade most severely, with almost one order of magnitude decrease of k*
within the first 30 hours at 420 °C. The stability of k? improves by increasing the Ti content from
2% to 10% on LSC-T films. The LSC-T10 cathodes were the most stable and showed the highest
kY, which were 2 and 8 times higher than that on LSC at 420 and 530 °C, respectively. Increasing
the Ti content from 10 to 13% degrades the stability of the LSC surface again. This loss in the
improvement of stability can be related to the formation of the small TiO; particles at the surface,
as was shown in Figures 1d, f. When the Ti content is in the range of 2-10%, the Ti-deposition
uniformly wets and affects the LSC surface, preventing the degradation of the LSC-T. With the
increase in Ti content, the TiO, at the surface is aggregated into nanoparticles (Figures 1d, f),

which may not provide complete surface coverage and cannot prevent surface degradation. We
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explain in the next section that the stability and improvement in the surface oxygen exchange

kinetics is correlated to the relatively better stability of the surface cation chemistry.

Surface chemistry of LSC and LSC-T films at high temperature

In order to evaluate the changes in the surface cation chemistry and phase composition upon
annealing at elevated temperatures, we performed combined SEM and AES analysis on the LSC
and LSC-T films. Sr-rich and Co-poor particles that were found at the surface of the films served
as LSC cathodes. For the LSC, LSC-T2, and LSC-T13 films which demonstrated the lowest k9,
we have found that the surfaces are largely covered with Sr-rich particles with sizes varying from
several tens up to several hundreds of nanometers. The LSC-T10 surface which demonstrated the
highest electrochemical performance and stability had significantly less particle coverage and

higher Sr content within the particle-free (non-segregated) areas of the surface.

Table 1. Sr/(La+Sr) and (Sr+La)/Co ratios on particles and on particle-free regions on the LSC and LSC-
T film cathodes after electrochemical testing at up to 530 °C. The values given in table are averages of
several AES measurements at different points. The + ranges represent the composition variations among
different measurement points. The Sr/(La+Sr) and (Sr+La)/Co ratios are 0.204£0.02 and 1.09+0.09
respectively, on all the as-prepared samples before annealing and electrochemical testing up to 530 °C.
Because of spatial resolution limits of the surface chemical analysis by the nanoprobe AES, the Sr/(La+Sr)

and (Sr+La)/Co ratios on the particles should be taken as lower bounds.

Sample Sr/(Sr+La) Sr/(Sr+La) (Sr+La)/Co (Sr+La)/Co
(particle-free zone) (particle) (particle-free zone) (particle)
LSC 0.19+0.02 0.51+0.04 1.19+40.10 2.1+0.5
LSC-T2 0.16£0.03 0.46%0.06 1.30+0.11 2.5+0.9
LSC-T6 0.23+0.02 0.66£0.04 1.11+0.07 2.6x0.5
LSC-T10 0.25+0.04 0.55+0.04 1.04+0.12 2.3+x0.5
LSC-T13 0.16+0.04 0.43+0.06 1.53+0.11 2.8+0.9
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Figure 3. Scanning electron microscopy images of the surface morphology of (a) LSC, (b) LSC-T2, (c)
LSC-T6, (d) LSC-T10, and (¢) LSC-T13 film cathodes after electrochemical testing up to 530 °C. Points
1 and 2 on each image indicate the particles and particle-free zones of the surface, respectively, where the

chemical composition was probed by auger electron spectroscopy as summarized in Table 1.

Figure 3 shows the SEM images of the surface morphology on LSC and LSC-T films after
annealing up to 530 °C in air. These are the same specimens whose surface exchange kinetics
were measured by electrochemical impedance spectroscopy, as shown in Figure 2. The average
Sr/(Sr+La) and (Sr+La)/Co ratios deduced from the AES analysis on particles and on particle-
free regions at the LSC and LSC-T surfaces are summarized in Table 1. While the as-deposited
films (Figure 1) had a homogeneous surface morphology and chemistry, the annealed LSC and
LSC-T film surfaces show the presence of Sr-rich and Co-poor particles (Figure 3). The
segregated particle size varies from few tens up to several hundreds of nm. The Co content was
lower and the Sr content was higher within particle-free zones compared to that on the as-
fabricated LSC films or the particle-free zones of the annealed films, with the (Sr+La)/Co ratio in
the particles measured as 2-3. Because of the difficulty of focusing the AES analysis volume due
to sample drift and vibrations, the Sr/(La+Sr) and (Sr+La)/Co ratios on the particles reported in

Table 1 should be taken as lower bounds to what the actual ratios should be on the particles. The

10
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LSC, LSC-T2, and LSC-T13 films which demonstrated the lowest k? (Figure 2) are largely
covered with such Sr-rich particles (Figure 3a, b, €). The LSC-T10 film, which has the fastest
surface oxygen exchange kinetics (Figure 2), had the most stable surface chemistry with the
lowest coverage of the Sr-rich particles (Figure 3d). This film also has a higher Sr fraction within
the particle-free areas of the surface, indicating that a higher Sr fraction may remain within the
LSC lattice. By combining the results shown in Figures 2 and 3 and in Table 1, we conclude that
the phase separated Sr-rich particles block the surface and increase its resistance toward ORR.
This chemical and electrochemical stability at the surface of LSC is enhanced significantly by

providing a small amount of Ti to the surface.

Mechanism behind the degradation of surface oxygen Kinetics upon surface segregation

An evident effect of the segregated particles, as seen in Figure 3, is the blockage of the LSC
surface by an insulating Sr-rich phase that is inactive to ORR. In addition, formation of such Sr-
rich particles decreases the Sr doping level within the LSC films. We expect that such a decrease
of the Sr doping level within the near surface region of LSC reduces the availability of oxygen
vacancies within LSC and slows down the ORR kinetics. To test this degradation mechanism, we

performed measurements of k% as a function of pO,.

The double-logarithmic plots of the k? vs pO, for the LSC and LSC-T10 cathodes are given in
the Figure 4. At 420 °C, the slope of the log-log plots for the LSC and the LSC-T10 cathodes are
0.38 and 0.43, respectively. These values are close to the previously reported slopes of k? vs pO,
as 0.37-0.43 on LSC.®" % The overall reaction order of around 0.4 can be predicted from the
contribution of individual reaction components.®’ According to mass action laws, a slope of 0.4
arises when the ORR rate limiting step depends on the availability of both the adsorbed oxygen
species and of oxygen vacancies. If the rate determining step is governed only by availability of
the adsorbed oxygen, the slope of k? vs pO, of 0.5 is expected. At the same time the oxygen
vacancy concentration in LSC depends on pO, with a power of around -0.1.°° By combining
contributions from both the adsorbed oxygen species and the oxygen vacancy availability as

reaction components, the overall reaction order of 0.4 can be deduced.

11
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Figure 4. The oxygen exchange coefficient, k%, as a function of oxygen partial pressure, pO,, for (a) LSC
and (b) LSC-T10 cathodes at temperatures increasing from 420 °C to 530 °C. Before each pO, dependent

measurement, the samples were kept at corresponding temperatures for 32 h in air as shown in Figure 2.

In the case of LSC in Figure 4, we think that the change of the slope from 0.38 to 0.20 after
annealing at higher temperatures is due to the increased effect of the oxygen vacancy availability
as the rate limiting step. Indeed, previous studies on LSC showed that the power in the
dependence of oxygen vacancy concentration on pO, becomes stronger with decreasing Sr
fraction in LSC: from -0.06 for Lag 3Sre,C00s to -0.50 for LaCo03.®° Thus, with the lowering of
the Sr content within the LSC lattice upon Sr-rich particle separation (Figure 3 and Table 1), the
ORR rate limiting step, and consequently, k9, depends more significantly on the oxygen vacancy
availability. This effectively decreases the power in the dependence of k? on pO, while slowing

down the ORR kinetics at high oxygen partial pressure.

12
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Ti distribution in LSC films

Figure 5 shows the Ti content as a function of probing depth (photoelectron emission angle) for
LSC-T10 in their as-fabricated conditions (described in Methods). It can be seen that even after
annealing during 32 h, the Ti tends to stay mostly at the film surface. However, there is some
decrease in the Ti content at the very surface layer. The possible reason can be the dissolution of
Ti into LSC lattice or the screening of Ti photoelectrons by the segregated particles at low angles
of emission. More work is needed to uncover the exact structure that Ti sits into at the LSC
surface.

20

m LSC-T10; as-fabricated
e LSC-T10; annealed at 530 °C
16

T T

20 40 60 80 100
Emission angle, °

Figure 5. Ti content quantified from the angle-resolved x-ray photoelectron spectroscopy measurements
for the LSC-T10 in the as-prepared condition and after annealing at 530 °C in air for 32 h. Increasing the
emission angle represents deeper probing depth from the surface. Error bars reflect 10% error generally

associated with XPS measurements.

Conclusion

We have shown that the chemical and electrochemical stability of the LSC surface can be
improved by modifying the surface with Ti. Two different forms of surface modification were
observed. When Ti content is below 10%, the deposited Ti stays in the form of a wetting layer,
either dissolved into LSC, or in the form of a thin conformal TiO, layer. Higher Ti concentration
leads to formation of dispersed TiO, nanoparticles at the surface. We found that the Ti surface

content up to 10% (quantified by XPS) on LSC improved the surface oxygen exchange kinetics

13
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up to 8 times by hindering the detrimental segregation of Sr-rich phases at 530 °C in air. The Sr-
rich phase segregation slows the oxygen exchange kinetics, both by blocking the LSC surface
with insulating particles and by decreasing the Sr-doping level and the oxygen vacancy
availability within the LSC lattice. We believe that the presence of a small amount of Ti that
dissolves into the LSC lattice at the surface decreases the oxygen vacancy concentration, and this
effect decreases the electrostatic attraction of the negatively charged Sr;, from bulk towards the
LSC surface. As a result, the cation chemistry on LSC-T10 is more stable and gives rise to faster
oxygen exchange kinetics. Ti-modification of the surface is proposed as one candidate for
enabling better chemical stability and reaction kinetics on cobaltite based catalyst and
electrocatalyst materials. In our ongoing work, we are investigating other surface compositions
to systematically modulate the surface electrostatic driving force to segregation of the dopant

cations.
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