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ABSTRACT

This final report for project FEO0096%®vers the period from0/01/2012 to 09/30/2015 and
covers research accomplishments on the effettcarbon dioxide on the surface composition
and structure of cathode materials for sokatde fuel cells (SOFCs), specifically 1.&rFg,Co;.

yO35 (LSCF). Epitaxially deposited thin films of LSCF on various single-crystal substrates have
revealed the selective segregation of strontionthe surface thereby resulting in a surface
enrichment of strontium. Theear surface compositional pitef in the films have been
measured using total x-ray fluorescence (TXRF), and show that the kinetics of strontium
segregation are higher at higher partialspuges of carbon dioxide. Once the strontium
segregates to the surface, itdsdo the formation of precipitaef SrO which convert to SrGO

in the presence of even modest concentratadnsarbon dioxide in the atmosphere. This has
important implications for the performance of BTy which is discussed in this report. These
experimental observations have als®en verified by Density Functional Theory calculations
(DFT) which predict the conddhs under which SrO and SrgQ@an occur in LSCF.
Furthermore, a few cathode compositions Whiave received attention in the literature as
alternatives to LSCF cathodes have beendistl in this work and shown to be
thermodynamically unstable under the operating conditions of the SOFCs.



EXECUTIVE SUMMARY

This final report for project FEOO096%®vers the period from0/01/2012 to 09/30/2015 and
covers research accomplishments on the affettcarbon dioxide on the surface composition
and structure of cathode materials for sokatle fuel cells (SOFCs), specifically 1.#5rFg,Co;.
yO35 (LSCF). Much of the detailed researclsults stemming from this work have been
presented in periodic quarterly technical repoiftaus, the purpose of this final technical report
is to provide a summary of thmost important results and its piications for the operation of
SOFCs.

In the first part of the report, we focus onpexments conducted at the NSLS light source at
Brookhaven National Laboratory. These experimergise conducted on high quality model thin
films of LSCF deposited on various single crystal substrates using pulsed laser deposition (PLD).
After annealing the films in cathodic atmosphefeinterest, the near surface compositional
profiles in the films were measured using totahy fluorescence (TXRR)Vhich revealed clear
evidence of strontium segregation to the LSilf surface. Further exploration of the film
surfaces using hard x-ray photoelectron spectroscopy (HAXPES) revealed evidence of Sr-O and
Sr-CQ; coordination in the near surface regiomrpisgly implying the formation of SrO and
SrCQ; phases. Separate studies of the surfacemraiithe films using atomic force microscopy
(AFM) also revealed the existence of secondsghprecipitates covering the surface. These
studies are also coupled with Density Functiorfaeory (DFT) calculations which confirm that

the formation of SrO and SrG@om LSCF can occur under certain conditions of temperature,
oxygen partial pressure, and carbon dioxide paptiessure. Coupled with these studies, DFT
studies have also been used to probe thesar$tructure of LSCF. Specifically, the oxygen
vacancy concentrations in the bulk and nearasarfegions of LSCF have been computed using
DFT.

In the second part of the report, we reportaathode materials which have recently been
proposed as alternates to LSCF due to their high performance. We show using an equilibration
technique known as the molten salt method, sh&gw of the proposed materials are unstable
under the operating conditions of the SOFCs.



PROJECT DETAILS
Task 1: Project Management, Planning and Reporting

Under this task, weekly meetings were held. During these meetings, we discussed the work
conducted in the preceding wedet future direction, and discussed manuscripts in progress.
Reports to DOE were submitted as required.

Task 2: Fabrication of micropatterned thin films and heter oepitaxial thin films

Due to the realignment of prioes at Pacific Northwest National h'a Environmental
Molecular Sciences (EMSL) lab, we decided tartde focus from the micropatterned thin film
samples and the ensuing tasks and instemdis our attention on surface spectroscopy
measurements, cathode stability, segregation effects. Thus, only heteroepitaxial thin films were
fabricated under this task. About 25 samples oCESvere fabricated on various single crystal
substrates. These thin film heteroepitaxial samplere used in a variety of other tasks.

Task 3: AC Impedance spectroscopy on patterned films

Since micropatterning services were unavailabl@rtein this task and task 4 were suspended
and reassigned to other tasks.

Task 4: Transport multiphysics modeling

See above.
Task 5: X-Ray spectroscopy

Total reflection x-ray fluorescence (TXRFand hard x-ray photoelectron spectroscopy
(HAXPES) are the principal tools used to characterize the films obtained in task 2. These studies
have clearly revealed the conditions andeek of strontium segregation and carbonate
formation.

Task 6: TEM, SEM, and AFM studies

Transmission electron microscopy (TEM), seg electron microscopy (SEM) and atomic
force microscopy (AFM) technigues have beeniagid to characterize heteroepitaxial films to
judge film quality and lattice match.

We describe the results obtained from taskan® @ in the attached manuscript. An abstract
describing the results is provided below follalvey a bulleted list of accomplishments.
Complete details can be found in the manuscript.

Effect of atmospheric CO, on surface segregation and phase formation in
L ap6Sr 0.4C0p2Feps03-0 thin films (Manuscript Attached)

Abstract: In this paper, we descrilibe effects of atmospheric GOn surface segregation and
phase formation in LaSry 4C0p sFey g0;-0 (LSCF-6428). (0 0 1)-oriented LSCF-6428 thin films



were deposited on lattice mhatd (1 1 0)-oriented NdGa@NGO) substrates by pulsed laser
deposition (PLD). Using the synchrotron tecjue of total reflection X-ray fluorescence
(TXRF), it was found that the kinetics of Sr-sudaegregation was enhanced when annealing at
800°C in a high-CO2partial pressure, as compared to a similar anneal indr€Oatmosphere,
with the oxygen partial pressure being constan both cases. Hard X-ray photo-electron
spectroscopy (HAXPES) measurements showed that the contribution of the surface carbonate to
surface oxide phases increased significafiotithe sample annealed in the high-@G@nosphere.
Atomic force microscopy (AFM) studies shed enhanced surface phase formation during the
high-CQ, partial pressure anneal. Density fuoofl theory (DFT) calculations provide a
thermodynamic basis for the enhanced kinetifssurface segregation in the presence of
atmospheric C@

K ey accomplishments described in the paper:

1) Measurement of extent of Sr-segregation in LSCF.

2) Obtaining evidence of surface precipitation of SrO and Sr&@OLSCF surfaces which
have implications for cathode performance.

3) Computational validation of experimentally observed Sr-segregation using DFT.

Task 7: Effect of CO2 Impurity

Several alternate cathode compositions wetalistl as part of this study to obtain high
performance cathodes. In particular, we studied the stability 4aCop sFey 2035 (BSCF),

Sr oFe sM0p 5065 (SFM) and LaeSr 0.4C0 o Feg035 (LSCF). The first two of these materials
BSCF and SFM have been proposed as high performance alternate cathode materials to LSCF.
Our studies have revealed that neither BSCFSfdM are stable under cathodic conditions in air,
whereas LSCF is stable. An abstract of theults is provided below followed by a list of
accomplishments. More details can be foundthe attached manuscript with a list of
implications for SOFC performance.

Thermodynamic stabilities of Ba 5Sr05C0 08 Fep 2035, St 2Fe1.5M 005065 and LageSr 04 CO
02F€803.5 using molten salt method (M anuscript Attached)

Abstract: Bay5So.sC00.8F€.2035 (BSCF), SgFersM0os0s5 (SFM) and Lao 6S1o.4C00.2F€.6035

(LSCF) are three, promising cathode materialsafiplication in low temperature SOFC systems.

In this work, their stability has been tested Quiebrating them in a eutectic molten salt mixture

of LIiCI-KCI in air. Both single-phase BSCF and SFM decomposed into their carbonate and
oxide precursors in air, but LSCF retained its single phase. This study suggests that BSCF and
SFM cathode materials are thermodynamicaliystable with respect to their carbonate
precursors in eutectic molten salts in air.

K ey accomplishments described in the paper:



1) BSCF and SFM two recent materials that h&ween suggested as high performance
SOFC cathode materials have been found to be unstable in the operating conditions of the
SOFCs and are thus deemed unsuitable from the standpoint of long term performance.

2) LSCF on the other hand remains stable under the same conditions.

Implicationsfor SOFC performance

The implications of these results for SOFCs amy ekear. These results clearly preclude the use

of BSCF and SFM as SOFC cathodes since deepmpose to the alkaline earth carbonates even

in air. Thus, even though BSCF and SFM may possess excellent oxygen surface exchange
kinetics, and are excellent MIECsheir instability with respect to decomposition into alkaline
earth carbonates makes them unsuitable for application as SOFC cathodes.

Task 8: Defect Modeling and Task 9: Quantum mechanical modeling of cathodes and
cathode - gasinterfaces

Under these tasks point defects in cathode nadgeinave been modeled using a combination of
classical thermodynamics. The concentrationghef point defects have been computed as a
function of temperature and oxygen partial pressamd their role in the stability of LSCF
towards reaction with carbon dioxide have begplaed using density functional theory (DFT).
The results are described in the abstract giublished manuscript below followed by key
accomplishments and implications for SOFC opena More details can be found in the
manuscript.

Predicting oxygen vacancy non-stoichiometric concentration in perovskites from first
principles (Manuscript Attached)

Abstract: Formation of oxygen vacancies by introohgcvarious mixed-valent cation dopants is
a common practice to improve the cathogerformance in solid oxide fuel cells. A

computational procedure is developed in thiwk to predict the equilibrium oxygen vacancy
non-stoichiometric concentrations at expemtally relevant temperatures and oxygen partial
pressures for both bulk andirface oxide phases. The caldidas are based on the first-

principles density functional theory and anstrained free-energy functional. Quantitative
agreements are found by direct comparisonght® thermogravimetry and solid electrolyte
coulometry measurements for the strontium-dofg@dhanum cobalt iron oxides at different

compositions. Our results indicate that the oxygewcancies are energetically stabilized at
surfaces for all temperatures and all oxygeniglapressures, while such surface stabilization
effects become stronger at higher terapges and lower oxygen partial pressures.

Key accomplishments described in the paper:



1) A computational methodology to compute #wapuilibrium oxygen vacancies in the bulk
and the surface regions has been developed.

Implications of surface chemistry measurements and computationsfor SOFC performance

The results of our x-ray spectroscopic measurements and our DFT computations in the present
project clearly demonstrate tkegregation of Sr to the LSCF surface and the formation of SrO
which subsequently transforms to SrC@ the presence of even trace amounts of @l@ays

present in ambient air. It is therefore possibiat pore surfaces of LSCF in service as SOFC
cathodes are always coated with a layer of SrC8b long as the stack is operated in air as the
oxidant, a small surface layer of Sr&i® not expected to be deleterious to cell operation.

However, if there is a significant leak of deted anode gas into the cathodic chamber either
through pin-holes in the electrolyte or througack diffusion (as is possible in some stack
designs), large amounts of surface Sg@@mation is assured and this could have a deleterious
effect on the combined surface adsorption,udifin and eventual electronation of oxygen,
especially at lower temperatures. In prior workpatterned LSCF electrodes, we found that the
ratio of the surface diffusion to bulk diffusiam LSCF decreased with decreasing temperature at
fixed oxygen partial pressure. This is anomalsuge the oxygen vacancy concentration is
expected to decrease with decreasing temperat a fixed oxygen partial pressure, thereby
favoring surface diffusion over bulk diffusion. A&te time we obtained these results, we were
unable to explain this anomalous observation. The present spectroscopy measurements,
combined with DFT computations provide a likeexplanation. At lower temperatures, the
formation of the Sr-rich surfagghases such as SrO and SgClikely inhibit surface diffusion,
thereby rendering bulk diffusion a relativelyore facile diffusion pathway. Thus, the
conventional expectation that bullffdsion pathways are always dominant in an MIEC such as
LSCF may not always be hold true, especiallewkarge concentrations of carbon dioxide enter
the cathodic gas stream leading to formation of Sr-rich surface phases.

While the short term impacts of Sr segregatphenomena are clear, longer term test data on
field-tested cells and stacks are required to nfiakbker inroads into understanding the impact of
Sr-segregation and the fornmat of surface phases.

Task 10: Fabrication and testing of single cellsand comparison to baseline data and Task
11: Polarization Loss Modeling

As seen from task 7, our alternate cathode materials turned out to be unstable. Thus effort under
these tasks were refocused on tasks 5, 6, 8, and 9. Future work will focus on finding stable high
performance cathode materials.



CONCLUSIONSAND SUMMARY

Our spectroscopy, TEM, and AFM results combined with our DFT defect modeling clearly show
the driving forces for Sr-segregation anck tbonditions under which strontium oxide and
strontium carbonate formation are expected to octuparticular our work clearly demonstrates
surface formation of SrCQunder SOFC operating conditionslowever, this surface formation

of SrCQ under normal operating conditions is natpected to be deleterious to SOFC
performance. By contrast, if large concentratiohgarbon dioxide leaked into the air chamber
significant formation of SrC®is expected which could hawe deleterious effect on SOFC
performance.

Our present study has also clearly demonstridtednstability of BSCF and SFM cathodes in air
and the stability of LSCF cathodes. Thus LSCFlikely to be the leading choice for SOFC

cathodes until other high performance cathodeglwhre also stable under SOFC operating
conditions are found.
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MILESTONE LOG

Milestone (Year 1) Completion Date Verification

1) Finalizing proces Completed SEM, TEM 0
conditions for deposition 12 months deposited films

of at least two heteroepitial

thin films of new c#éhode

materials on lattice mehed

substates beyond batine

LSM and LSCF

2)Finalizing process conditiof We have changed to por( SEM of porou
for deposition ofat lest two| electrodes for these experiments | electrode films.

new micropaterned

palycrystalline cathale Completed 12 months

materials and

corresponding electrocatats.

3) Screen materials usit DFT calculations of LSCF comple| Predictions compar
DFT and patterned inst [

P Completed at 33 months a%e\):/g?/er exp;?tg?:](;r
elec?trqde cells and rka ong cathode materiz
prdiminary  recommenation proposed turned out
for full cell fabrication and be unstable.
testing

4) Make and teshat least on
baseline (LSM

cahode) cell and one cellith
new materids set;
Demonstrate at least20%
performance improvement

Combined with milestone 6.

Milestone (Year 2)

Completion Date

Verification Method

5) Complete screening usi
DFT and patterne
electrode and make
final recommendations for ce
making

DFT calculations completed by
months

Predictions compar
against experiment
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6) Demonstrate 50¢
improvemenin
performance over baseli

and stability that shows 0.1
or less degradatio
in cell performance.

Not demonstrated due
thermodynamic instability
proposed alternate cathode mater

Verified that propose
alternate catho(
materials are unstat
under cathod
conditions.

7) Finalize cell making proce

conditions and
make recommendations
DOE

Not demonstrated due to instab
of proposed alternate cath
materials.

Verified that propose
alternate catho(
materials are unstat
under cathod
conditions.

8) Submit final report to DOE

Will be completed in the extens
year 3. Month 36. Milestone num
changed to #10

Submission of report
DOE

Milestone (Year 3)

Completion
Date

Verification Method

5) Complete screening usi
DFT and patterne
electrode and make
final recommendations for cg
making

DFT calculations completed by
months  Alternate materials n
demonstrated due to thermodyna
instability.

Predictions compar
against experimet
Alternate materials n
demonstrated due
thermodynamic
instability.

6) Demonstrate 50 ¢
improvement in performang
over baseline and stability th
shows 0.1% or less
degradation in
performance.

cell

Not demonstrated due to instab
of proposed alternate cath
materials.

Verified that propose
alternate catho(
materials are unstat
under cathod
conditions.
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7) Finalize cell making proce
conditions and

make recommendations

DOE

Not demonstrated due to instab
of proposed alternate cath
materials.

Verified that propose
alternate catho(
materials are unstat
under cathod
conditions.

8) Determine effect of carbg
dioixde on cathode surfa
chemistry.

Completed month 36. Surfe
segregation effects of Sr cled
demonstrated.

Through spectroscoy
techniques

9) Determine effect of cathoc
side carbon dioxide on cég
performance

Completed month 33.

Demonstrated thermodynatr
instability of alternate catho
materials in air. Demonstrai

stability of LSCF in air.

Molten salt experime
and xray diffraction.

10) Submit final report to DOE

Month 36

Submission of fing

report to DOE
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Effect of Atmospheric CO, on Surface Segregation and Phase Formation in
L30.6Sl'0.4C00.2Fe()_803_5 Thin Films

Yang Yu®, Heng Luo”, Deniz Cetin®, Xi Lin®", Karl Ludwig"®, Uday Pal" Srikanth Gopalan™®
and Soumendra Basu™"

*Division of Materials Science and Engineering, Boston University, Brookline, MA 02446, USA
®Department of Mechanical Engineering, Boston University, Boston, MA 02215, USA
‘Department of Physics, Boston University, Boston, MA 02215, USA

Abstract

The effects of atmospheric CO, on surface segregation and phase formation in
Lag 6Sr94Cop2Fep 3035 (LSCF-6428) were investigated. (001)-oriented LSCF-6428 thin films
were deposited on lattice matched (110)-oriented NdGaOs; (NGO) substrates by Pulsed Laser
Deposition (PLD). Using the synchrotron technique of Total Reflection X-ray Fluorescence
(TXRF), it was found that the kinetics of Sr surface segregation was enhanced when annealing at
800°C in a high CO; partial pressure, as compared to a similar anneal in a CO,-free atmosphere,
with the oxygen partial pressure being constant in both cases. HArd X-ray PhotoElectron
Spectroscopy (HAXPES) measurements showed that the contribution of the surface carbonate to
surface oxide phases increased significantly for the sample annealed in the high-CO, atmosphere.
Atomic Force Microscopy (AFM) studies showed enhanced surface phase formation during the
high-CO, partial pressure anneal. Density functional theory (DFT) calculations provide a
thermodynamic basis for the enhanced kinetics of surface segregation in the presence of

atmospheric CO,.

* Corresponding Author: Soumendra Basu, basu@bu.edu, 1-617-353-6728

Keywords: solid oxide fuel cells, cathode material, lanthanum strontium cobalt iron oxide, CO,
effect, Sr surface segregation, phase formation


http://ees.elsevier.com/apsusc/viewRCResults.aspx?pdf=1&docID=46678&rev=1&fileID=1345091&msid={5A436A5D-4895-4091-AE33-3674610B5F56}

1. Introduction

40% strontium doped lanthanum cobalt iron oxide, LageSro4Coo2Fe303.5 (LSCF-6428), is a
commonly used perovskite-type material for cathodes in solid oxide fuel cells (SOFCs). The
advantages of LSCF-6428 lie in its mixed ionic and electronic conductor (MIEC) behavior and
its excellent thermal expansion coefficient (TEC) match with the electrolyte, which is often yttria
stabilized zirconia (YSZ) and gadolinium doped ceria (GDC) [1]. In spite of these advantages,
when operated at working temperature of SOFCs (typically, >800°C), LSCF-6428 suffers from
long-term stability issues [2-5]. This has negative implications for long-term usage of these

cathode materials.

Strontium segregation to the surface of LSCF-6428 during annealing at elevated temperatures in
the form of strontium oxide (SrO) and strontium carbonate (SrCOs3) has been reported previously
[6, 7]. Oh et al. reported that the formation of Sr-rich precipitates was enhanced with increasing
temperature and oxygen partial pressure [6]. Davis et al. reported SrCO; formation on LSCF-
6428 thin films after annealing at 800°C in air, using hard x-ray photoelectron spectroscopy
(HAXPES) [7]. The formation of SrCO; was attributed to the presence of CO, in the atmosphere.
It was speculated that SrO is formed at the surface due to Sr surface segregation, leading to the
formation of SrO by reaction with atmospheric oxygen. Reaction of SrO with atmospheric CO,
leads to the formation of SrCOs. It is also possible that CO, will directly react with the enhanced
Sr concentration at the surface of LSCF-6428 in the presence of O, to form SrO and SrCOs. The
formation of these surface phases will be deleterious to the electrochemical performance of the
device not only because SrO and SrCOj are both electrical insulators, but also because formation
of these surface phases reduces the effective LSCF-6428 surface area for oxygen incorporation,
which is an important step in oxygen reduction reaction (ORR) process. The anode exhaust gas
in SOFCs undergoing an anode gas recycle process can contain as much as 30% CO; produced
by hydrocarbon fuels [8]. Any gas leakage from the anode side resulting from crack formation

in the seals, electrolyte or interconnects will risk exposing the cathode to this high CO,



concentration. For this reason, a 30% CO, gas phase concentration is chosen as the high-CO,

concentration in this study.

Different CO, partial pressures were applied for real-time TXRF studies at typical SOFC
working temperature 800°C, aiming to probe the kinetics of Sr segregation at the surface of
LSCF-6428 thin films. AFM studies were performed to examine morphological changes on the

surface and DFT calculations were used to explain the mechanism of the segregation.

2. Material and Methods

In this study, LSCF-6428 thin films were grown epitaxially on single crystal lattice matched
substrates to get a smooth surface/gas interface suited for grazing incident angle x-ray studies.
Epitaxial LSCF-6428 thin films were deposited on lattice matched 10x10x0.5 mm’ single crystal
(110) NdGaOs; (NGO, CrysTec) substrates by pulsed laser deposition (PLD) at the
Environmental Molecular Sciences Laboratory (EMSL) at Pacific Northwestern National
Laboratory (PNNL). The films were deposited using a LSCF 6428 target, at an oxygen partial
pressure of 10 mTorr, and with the substrate heated to 550°C. The heteroepitaxy of (001) LSCF-
6428 || (110) NGO was confirmed by x-ray diffraction (XRD) analysis (Figure la). Figure 1b
shows a cross-section of a focused ion beam (FIB) assisted cross-section of the thin film,

showing that the heteroepitaxial film was ~ 250 nm in thickness.

Real-time total reflection x-ray fluorescence (TXRF) measurements were carried out at the
X23A2 beamline at the National Synchrotron Light Source-I (NSLS-I) at Brookhaven National
Laboratory (BNL). TXRF is a non-destructive method to probe the surface composition of
materials. The technique does not require ultra-high vacuum, and thus allows in-situ high
temperature studies of samples exposed to different atmospheres. The X23A2 beamline is
equipped with a Vortex four-element detector with a resolution of approximately 220eV at 6keV
[9]. In these experiments, each of the four elements in LSCF was first ‘windowed’ by capturing
their corresponding fluorescence peaks summed by four single channel analyzers (SCA). The
data was then input into a multiple channel analyzer (MCA). The materials used to ‘window’

each element were a LaAlO; target for La, a SrTiOs target for Sr, a Co,0s sheet for Co, and a



Fe,O; sheet for Fe. The fluorescence lines used for window each element were Lo, for La, and

Ka,; for Sr, Fe, and Co.

Figure 2 shows the schematic of the TXRF setup. A specially designed stainless steel chamber
was used that allows incoming and outgoing x-ray beams as well as the fluorescence signals
from the sample to go through its Kapton window. The x-ray fluorescence signals are collected
using a fluorescence detector facing the Kapton window of the chamber. The chamber is capable
of heating a sample up to 1000°C with flowing gases. This chamber was fixed onto a Huber

goniometer that can tilt the sample relative to the beam during the experiments.

Before taking measurements, the chamber was first flushed with the desired gas composition
with a volume 15 times larger than the chamber volume to ensure that all residual gases in the
chamber are removed. The gas compositions for the two experiments were 30% CO; - 21% O, -
49% N, for the ‘high CO,’ concentration experiments and 21% O, - 79% N, for the ‘CO,-free’
experiments. In both cases, the oxygen partial pressure was 0.21 atm. After the environment
achieved desired gas phase composition, the sample was heated to 800°C in 40 minutes. The
chamber was then kept heated at 800°C for 9 hours. Scanning the incoming x-ray over a range of
incidence angles starting with a grazing angle and collecting the fluorescence signals for all the
elements carried out depth profiling of all the elements. Each such scan lasted for ~ 45 minutes.
At large incident angles, the x-ray beam penetrates deep into the sample and the detector gets
signals from the substrate as well as from the thin film. As the incident angle is reduced, the
depth from which the signal is collected reduces. Below a certain angle, known as the critical
angle 6., the x-ray beam is totally reflected and only the topmost ~10 nanometers of the thin film

fluoresces giving the surface composition of the film.

After the real-time TXRF measurements, the samples were cooled down to room temperature.
Atomic force microscopy studies were carried out on the post-annealed samples using a Bruker

Dimension 3000 AFM.

Hard x-ray photoelectron spectroscopy (HAXPES) measurements on the post-annealed TXRF
samples were carried out in Beamline X24A at the NSLS. Incident photon energy of 2140 eV
was used, and the energy was calibrated using the 3d binding energy of silver (Ag 3ds,=368.27

eV) measured from a silver foil. The strontium 3d peak is a doublet from spin orbit splitting into



3d;/, and 3dsj,. Curve fitting was carried out in the same manner as reported by van der Heide [4].
To distinguish between surface phases, Sr 3ds, peaks corresponding to 133.0 and 134.0 eV
energies, were attributed to surface strontium oxide (SrO) and surface strontium carbonate

(SrCO:;3), respectively [4].

3. Results

In the TXRF experiment, the incoming photon energy was set above the Sr K-edge. Figure 3
shows a typical raw data set of photon counts versus incident angle for Sr and La. The photon
intensity of the i" component, /;(y), is a function of the incident angle y, and is proportional to the

concentration of the i component in the material, N,(y):
N;(y) = I(y) [1]
Defining the proportionality constants for Sr and La as a and S, gives:

Ng=a-l 2]

NLa=/3'1La [3]

At any x-ray incident angle, the A-site Sr concentration, Rs./s-+14, can then be represented by

measured intensities /- and /;, as:

_ NSr _ ISr
i NSr + NLa ISr + C ) ILa , [4]
where C is a constant defined as:
c.B
o

[5]

The constant C can now be expressed in terms of the measured intensities, /s, and /z,, and

Rs/sr+1a) aS:



- 1 Sr (1- RSr/(Sr+La))
R I

Sr/(Sr+La)” La

C [6]

We know that for LSCF-6428, Rg/s-+14)= 0.4 in the bulk. With increasing incident angle of x-
ray beam the La and Sr signals asymptotically reach the bulk value (Figure 3) as the surface
contribution gets to be vanishingly small with increasing depth from which information is
collected. Using these bulk intensities, and the value of Rg,/s-+14 in the bulk, C can be calculated
using Eq. 6. Knowing C and the measured intensities, s, and /74, Rsy/s-+14) can then be plotted

for all angles using Eq. 4.

Processed data for the in-situ TXRF measurements for LSCF-6428 thin films at 800°C are
plotted as Rgys-+14) versus the incident angle of the x-ray beam. Figures 4a and 4b show the
results for the ‘high CO;’ and ‘CO,-free’ cases, respectively. The total high-temperature
exposure time in both experiments was ~ 9 hours. Since information on surface segregation is
present in the data collected at incident angles below the critical angle, data is presented only for

incident angles close to the 6..

Figure 5 shows the Sr 3d peaks measured by HAXPES, for an as-deposited sample, as well as
the post-annealed samples in CO,-free and high CO, atmospheres. The peaks have been fit to
three separate 3ds, and 3ds, doublets, corresponding to surface SrO, surface SrCOs and bulk
perovskite phases. The figure shows that while there is some surface phases form in the as-
deposited sample, the high temperature exposures clearly lead to enhanced surface phase
formation. The figure also shows that the surface carbonate to surface oxide contributions is

much more enhanced for the high-CO, case.

4. Discussion

The critical angle, 6., for LSCF-6428 at 800°C for an incident x-ray beam with energy of 16.3
keV is calculated to be 0.17 degrees. To understand surface segregation, it is best to start at the

dashed line in Figure 4 that marks the critical angle and look at the trends going towards lower



angles to the left. This gives the profile of Sr/(Sr+La) ratio going from the bulk towards the

surface of the thin film.

It is interesting to note in Figure 4 that the as-deposited film is actually Sr-poor (La-rich) at the
surface. However, in both cases, Sr segregation to the surface of the LSCF-6428 thin films
occurs on annealing, with the amount of Sr segregation increasing with annealing time at 800°C
(Figures 4a and 4b). In both cases, by the end of the anneal, the surface Sr enhancement exceeds
the bulk value of 0.4, in spite of the original as-deposited surface being Sr-poor. In the high-CO,
atmosphere, the Sr surface segregation appears to reach a stable value after 2 hours of annealing,
and does not change appreciably during the subsequent annealing time. In contrast, for the CO,-
free case, Sr continues to segregate to the surface even after 9 hours of annealing. This is a clear
indication that the kinetics of Sr surface segregation is enhanced in high-CO; case. It should be
mentioned that no changes were observed on the B-site cation sublattice and the ratio of Co to Fe

signals remain unchanged during annealing.

For the formation of surface SrCOs in the high CO, case, two possible mechanisms are proposed.
The first can be pictured as a two-step process. The first step is the formation of a surface SrO
phase by the reaction of enriched surface Sr with atmospheric oxygen (Eq. 7). This is followed

by the formation of a surface SrCOj3 phase by reaction of the SrO with atmospheric CO; (Eq. 8).
1
Sr +502(g) < SrO [7]

SrO+CO, < SrCO, [8]

At 800°C, the equilibrium CO, partial pressure for SrCO; formation (by Eq. 8) is 1.7x10~ atm
[7]. Since the high-CO; partial pressure of 0.3 atm is well above the equilibrium value, the
formation of SrCOj is thermodynamically favored. The formation of SrCOs3 removes the reactant,
SrO in the second step (Eq. 8), which is also the product in the first step (Eq. 7). By removing the

product, the kinetics of Sr surface segregation in step 1 is enhanced.

The second mechanism does not require an initial formation of SrO to form SrCOs, provided of
course that the gas-phase CO, partial pressure is high enough. In this case, the Sr in the lattice
reacts with gas phase O, and CO, to form SrCOs directly (Eq. 9).



1 1 1
La, 1551, ,5C0y ,5F€) 1505 5 + E02 + P CO, < Lay 551, 1,5C0, 55 F€, 750, 5 + 3 SrCo;, [9]

The composition of the LSCF is chosen to be different from LSCF-6428 to reduce the number of
unit cells required for the composition and hence reduce computation time for the density
functional theory (DFT) calculations. However, it is believed that the trends are still valid for the
LSCF-6428 case. The DFT calculations performed here pertain to calculating Gibbs free energy
changes for the overall reaction given in Equation 9 and are independent of the mechanistic
details of SrCO; formation. One could potentially conceive of separating the overall reaction
given in Equation 9 into two sub-steps, one involving the formation of SrO from
Lag 75S19.25C0¢25F€0 7503, and a second involving formation of SrCO3 from SrO through Equation
8. It is important to note while SrCOs; formation is observed, it is not possible in the set of
experiments reported in the present work to distinguish between direct formation of SrCO3 from
the perovskite and the formation of SrCOs from SrO originally ex-solved from the perovskite

phase through surface segregation and precipitation.

The standard Quantum Espresso software package [10] was utilized to compute the ground state
energy. Ultrasoft pseudopotentials and generalized gradient approximation (GGA) for the
exchange-correlation functional with the on-site Hubbard repulsion U (GGA + U) [11]
corrections were used in this calculation. We applied Standard Coulomb repulsion parameter of
U = 5 eV and exchange parameter of J = 1 eV to the 3d orbitals of the B-site transition metals
including Fe and Co [12]. The energy cutoff was set to be 450 eV. The spin polarization effects
were fully applied in the simulation. Figure 6 shows a representative supercell with the periodic
boundary conditions applied along all the three x, y and z directions. The supercell was built for
Lag 75S10.25C0¢.25F€0 7503 containing a total of 40 atoms. Monkhorst-Pack k-point mesh was set to
be 2x2x2 in the first Brillouin zone for the total energy calculations [13]. The computed
equilibrium lattice constant of such a cubic perovskite oxide was 3.91 A, which is consistent
with the experimental value of 3.925 A for Lag ¢Sro.4Coo2FeosOs3 [14]. A large vacuum of 10 A is
used and the atoms on the bottom layer were fixed at their bulk geometry to mimic the surface

phase.

The crystal structure of SrCOs is orthorhombic [15]. The chemical potential for CO, calculated
was simply adopted from the NIST Webbook [16]. Since it is well known that the vibrational

8



entropy changes of solids in these types of heterogeneous catalytic reactions are much smaller
than the gas-phase entropy and the configurational entropy contributions, only the

configurational entropy was considered.

Four separate cases were calculated. Two oxygen vacancy concentrations in LSCF,
corresponding to 6 = 0 and 0.125, were considered, each exposed to two CO; partial pressures of
3.6x10™* atm (CO, partial pressure in atmospheric air) and 0.3 atm. In all cases, the free energy
change of Eq. 9 is presented in PO, versus T plots (Figure 7). The dashed lines in the figures are
the loci of AG = 0. To the left of the dashed line (blue area), AG < 0, implying there is a
thermodynamic driving force for SrCO; formation. To the right of the dashed line (red area), AG >
0, it implies that SrCO; formation is not stable. The results show that for both vacancy
concentrations, increasing CO; the partial pressure moves the dashed line move towards high
temperature values, thereby increasing the temperature range over which SrCO; formation is
stable. This again indicates CO; in the atmosphere provides additional thermodynamic driving
force for the forward reaction in Eq. 9, and thus enhances the kinetics of Sr surface segregation.
These two mechanisms both indicate enhanced kinetics and at this point it is not possible to

distinguish which is prevalent.

Interestingly, Figure 7 shows that increasing the oxygen vacancy concentration also moves the
dashed line to the right, thereby increasing the range of SrCOs stability. Although the exact
reason for this is not known, it is speculated that the introduction of vacancies destabilizes the
perovskite phase, making it easier to form surface phases. Of course, given that the simulated
composition is not identical to the actual composition, and that the near surface oxygen vacancy
concentration is not known; the DFT results should not be taken as quantitatively accurate.

Nevertheless, the results do explain the trends that are experimentally observed.

For the CO,-free case, the formation of some SrCOs surface phase (Figure 5b) is unexpected.
This can be possibly attributed to trace CO, in the gases. The purities of the gases used in the

experiments are: oxygen > 99.5%, nitrogen > 99.9995%, and carbon dioxide > 99.95%.

Interestingly, Figure 4 shows that the highest St/(Sr+La) ratio in the CO,-free case (above 0.5) is
higher than that in high-CO, case (below 0.5). Since after 9 hours of annealing, the Sr

segregation is still evolving for CO,-free case, while it seems to saturate for the high-CO,, a



relevant question is whether the saturation in high-CO; case is due to significant reduction in the

perovskite surface due to surface phase formation.

In order to address this issue, AFM analyses of the sample surfaces after annealing were carried
out. The AFM images are shown in Figures 8a and 8b. The figures shows that the surface
precipitates in 30% CO, case are significantly larger than those in the CO,-free case, resulting in
surface area coverage ratio of 61.3% versus 12.2%, respectively. This supports the conjecture
that in the high-CO; case, the surface is indeed highly covered by the newly formed surface
phases. These surface phases can act as a diffusion barrier, thereby reducing the effective area

for Sr surface segregation and reaching a steady state after 2 hours of annealing.

5. Conclusions

This study demonstrates that the presence of CO, in the atmosphere enhances the kinetics of
surface Sr segregation in LSCF-6428 thin films at 800°C. The results suggest that the formation
of SrCOj; increases segregation kinetics and allows Sr surface segregation to reach a steady state
significantly faster. It appears that this steady state is not due to the surface reaching

thermodynamic equilibrium, but due to blocking of the perovskite surface by the surface phases.
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Figure 1. (a) XRD and (b) FIB-SEM of (001) LSCF-6428 thin film on (110) NGO substrate.
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Figure 2. Schematic of a typical TXRF measurement showing fluorescence peaks corresponding
to the different elements in LSCF.
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of the critical angle.
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Figure 4. Real-time TXRF data for LSCF-6428 plotted as Sr/(Sr+La) ratio versus x-ray beam
incident angle. The plots are from data collected at (a) 800°C in 30% CO,, 21% O, and 49% N,
for 9 hours and 7 minutes and at (b) 800°C in 21% O, and 79% N, for 8 hours and 51 minutes.
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obtained by HAXPES measurements. The data is fit to a combination of a surface oxide (SrO), a
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Figure 6. Representative 2X2X2 supercell of Lag 75519 25C00.25Fe0 7503 used for the DFT
calculations.
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Figure 8. AFM 3-D images of the surface of post-annealed LSCF-6428 samples in a) high-CO,
environment and b) CO,-free environment.
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1. Introduction

Because of the unique combination of mixed ionic and electronic con-
ductances (MIEC)[1, 2, 3, 4], perovskite oxides have been widely used as
the cathode materials for solid oxide fuel cells (SOFC)[5]. Typical A-site
cations in these perovskite cathode materials contain rare and alkaline earth
elements such as La, Sr, Ca, and Ba, and typical B-site cations consist of
reducible transition metal elements such as Mn, Fe, Co, and Ni[6]. Over
the past two decades, extensive scientific research efforts have been focused
on optimizing the materials compositions in lanthanum strontium transition
metal oxides such as La;_,Sr,Co,Fe;_,O3_5 (LSCF) to improve the catalytic
performance in oxygen reduction reactions, chemical and mechanical stabil-
ities at high temperatures, and thermal expansion properties, as well as to
lower the materials and processing costs|7, 8].

It has been well recognized that the MIEC of these perovskite cathode
materials may be modified through controlling the oxygen non-stoichiometry
O3_5 concentration ¢ [9], which in turn is a complicated function of the
materials compositions, temperature 7', and oxygen partial pressure Fo,.
These non-stoichiometric anion vacancy defects were often introduced into
perovskites in the growth, annealing, and redox reaction processes. However,
if the resulting dopant and defect concentrations were not thermodynamically
favorable, metastable microstructures could undergo degradations[10] and
consequentially affect the overall device performance.

Experimentally, oxygen vacancy non-stoichiometric concentrations in LSCF
were measured through oxygen mass changes using the thermo-gravimetry
(TG)[9] and solid electrolyte coulometry (SECM) [11] techniques. Various
empirical defect models[9, 12, 13] were introduced to explain these measure-
ments, but all shared the following common problems. Firstly, all the cation
and anion defects were treated as classical particles existing only in their
pre-assigned integer valence states and only on the lattice sites such that the
quantum nature of electrons and holes was completely ignored. Secondly,
these defect models typically required three or four empirical fitting param-
eters in the forms of enthalpy, entropy, or equilibrium constants. But these
fitted thermodynamical functions did not have any explicit temperature and
pressure dependences. Thirdly, although the importance of surface defects
were often acknowledged in the perovskite oxide literatures[9, 13], these ex-
isting empirical defect models [9, 12, 13] did not consider any surface effects.
In this work, we present a first-principles density functional theory (DFT)



based free-energy approach to predict the oxygen vacancy non-stoichiometric
concentrations Oz_s for the well documented LSCF system. In this new ap-
proach, the cation and anion defects are allowed to displace away from well-
defined lattice sites, and their valence states are the natural consequence
of continuous wave function and charge distributions. With only one single
excess Gibbs free-energy parameter describing the non-ideal solution effects
which can be estimated from existing experimental measurements, we ex-
pect that the same numerical procedures descried in this work for LSCF can
also be applicable to other perovskite oxide materials. To the best of our
knowledge, our present approach is the only model that explicitly incorpo-
rate the essential surface effects on the oxygen vacancy non-stoichiometric
concentrations.

X0
A}
o | o | | o | o
IR IR
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Y Solute 2 Solute 1

(1NLaBO, (x23NSrBO; 26N S:BO, (@) (c)
Solvent Solute 1 Solute 2

Figure 1: (a) Schematic supercell ensemble, where the dark and light blue cells represent
the Sr and La unit cells, respectively. A red filled circle indicates that the corresponding
oxygen site is filled with an oxygen atom, and an empty red circle represents an oxygen
vacancy site. The chance of forming two oxygen vacancies in one single unit cell is ignored.
(b) Representative 2 x 2 x 2 supercell of Lag 755r0.25Co0g.25Fep 7503 used in our DFT
calculations. (c) Because the oxygen vacancy formation energy in a La unit cell is much
greater (> 1.2 eV) than that in a Sr unit cell, the LaBOg3, SrBO3, and SrBOs cells are
treated in our free-energy model as the Solvent, Solute 1, and Solute 2, respectively.



2. Computational details

Electronic-structure calculations based on the first-principles DE'T pro-
vides a generic and powerful tool for predicting many important thermody-
namic and kinetic properties of complex oxides[14, 15, 16, 17]. The ground
state energy calculations are performed using the standard Quantum Espresso
software package[18], which gives all the equilibrium crystal structures, atomic
geometries, vibrational entropies under the harmonic oscillator approxima-
tion, and electronic wave function and density distributions.

We used plane waves as the basis set with an energy cutoff of 450 eV,
ultrasoft pseudopotentials, and generalized gradient approximation (GGA)
for the exchange-correlation functional with the on-site Hubbard repulsion
U (GGA + U)[19] corrections. Standard Coulomb repulsion parameter U
= 5 eV and exchange parameter J = 1 eV are applied to the 3d orbitals of
the B-site transition metals including Fe and Co[14]. The spin polarization
effects are fully treated in all the calculations. A representative supercell
with the periodic boundary conditions applied along all the three z, y, and z
directions is given in Fig. 1(b) for Lag 755r0.25Cog.25Feg 7503 which contain a
total of 40 atoms. A corresponding 2 x 2 x 2 Monkhorst-Pack k-point mesh
in the first Brillouin zone was used for the total energy calculations.[20].
The equilibrium lattice constant of such a cubic perovskite oxide is 3.91 A
computed by DFT, consistent with the experimental value of 3.925 A for
Lag 919.4Cog 2 Feg sO3[21]. To mimic the surface phase, a large vacuum of 10
A is used and the atoms on the bottom layer are fixed at their bulk geometry.

Going beyond the total energy calculations directly from DFT, we need
to construct a free-energy functional to obtain the oxygen vacancy non-
stoichiometry concentration as a function of 7" and FPp,. As shown in Fig.
1(a), a macroscopic sample LSCF perovskite oxide may be represented as an
ensemble of N cubic perovskite unit cells. In each unit cell, there are one A
atomic site, one B atomic site, and three oxygen atomic sites. For a LSCF
sample with a Sr molar dopant fraction of z, there are x N Sr-containing
perovskite unit cells and (1 — z)N La-containing perovskite unit cells, cor-
responding to the dark blue and light blue unit cells shown in Fig. 1(a)
respectively.

Because it is highly energetically unfavorable to create oxygen vacancies in
the La-containing cells as compared to the Sr-containing cells and it is both
energetically and entropically unfavorable to create two oxygen vacancies
in one single Sr-containing cell, we can further divide the LSCF supercell



ensemble of Fig. 1(a) into three different categories, (1 —z)N LaBOs as the
Solvent, (x — 2J)N SrBOj as the Solute 1, and 26N SrBO, as the Solute 2.
Therefore, the oxygen vacancy formation can only occur between the Solute
1 and Solute 2, as shown in Fig. 1(c). Here the charge neutrality condition
is enforced between the Sr dopants and O vacancies as

[Srra] = 2[VE]. (1)

Following such an LSCF defect ensemble representation as shown in Fig.
1, we can express the overall reaction Gibbs free-energy

AG = AH — TAS 2)

as the sum of the reaction enthalpy

1
AH = HSolutel - HSoluteQ - §HO2 (3>
directly from DF'T and the reaction entropy
1 1
AS = ASsolid - §A5gas - (Asconﬁg + ASvib) - §ASOQ' (4>

As shown in Eq. (4), the latter consists of the configurational entropy and
vibrational entropy contributions of the solids, as well as the entropy con-
tribution of the gas-phase molecules. Assuming the ideal mixing of all the
different supercells in Fig. 1(a), we have

ASeonty = —kp[2610(26) + (x — 26)In(z — 20)]. (5)

Non-ideal free-energy contributions to both the enthalpy term of Eq. (3) and
the configurational entropy term of Eq. (5) can be obtained by comparing
to real experimental measurements, as to be discussed below.

At experimentally relevant temperatures and pressures, since the vibra-
tional entropy contribution AS, to both the thermodynamic[22, 23, 24] and
kinetic[25] properties in typical heterogeneous chemical reactions are much
smaller than the other two entropy terms, AS,y, will be neglected in this
work for simplicity. The gas-phase ASp, can be either computed from DFT
via the canonical transformation of phonons fed to the standard ideal gas,
rigid rotor, and harmonic oscillator partition functions[24] or simply adapted

from the NIST Webbook[26] as in this work. Their differences in ASp, at
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experimentally relevant temperatures are typically negligible[24]. Finally, by
combining Eqs. (2)-(5), we find an expression for AG as

1
AG = AH — TASnsiy + 5TAS0,. (6)

When the chemical reaction of Fig. 1(c) reaches thermal equilibrium, the
reaction equilibrium constant K.q becomes

olute AG
Keq — CLSl—tll = exp (_ﬁ> , (7)
ASolute2@04 2

where R is the universal gas constant and the corresponding activities can
be written as

QSolutel = 7YSolutel X (33 - 25)7 (8>
Solute2 = YSolute2 X (26), (9)
and P
_ 10
ap, = po ) (1())

where p° is the standard 1 atmosphere (atm) reference state.
Defining the activity coefficient ratio v, = Ysolute1 / Ysolute2, W€ can rewrite
the equilibrium constant equation as

=25 [ AG][Po,]* )
s TEPITRT | e
o [ AH | ASwus  ASo,] [ Po, :
—PITRT R MR || po |

Here the complicated activity coefficient ratio, which is related to the excess
Gibbs energy beyond the ideal solution model, will be estimated from the
experimentally measured § data as to be discussed below.

3. Results and discussion

The thermodynamic energetics computed by DFT were given as follows

J

H((S) = HLa1—erzCOyFe1—y03—5 + 5 O2 (12)

- HLa1_ermCoyFe1_yO3 (Bulk),



where the perfect bulk phase without vacancies was chosen to be the energy
reference. Fig. 2 shows the DFT vacancy formation energy for one particular
LSCF composition Lag 75519.25C0g 25Feq 7505_5. It is clear that the formation
of surface vacancy is much lower than that in the bulk phase. Such a direct
correlation between the vacancy formation and the free surface is consistent
with the experimental observed segregations near the LSCF surfaces[27].

3.0
OBulk Phase

2.5 I OSurface Phase

0 0.1 0.2 0.3 0.4 0.5 0.6

Figure 2: Vacancy formation energy of Lag.755r0.25C00.25Feq7503_5 as a function of the
vacancy concentration J is computed by DFT for both the bulk (red) and surface (blue)
phases. The perfect bulk phase is used as the common energy reference.

Inserting the DFT enthalpy results of Fig. 2 into Eq. (11), we can it-
eratively solve for the oxygen vacancy non-stoichiometric concentrations as
a function of Py, for both the bulk and surface phases, plotted in Fig. 3
as the solid and dashed lines respectively. Together shown in Fig. 3 are
the experimental TG (red circles)[9] and SECM (blue crosses) [11] data at
four different temperatures T = 873K, 973K, 1073K and 1173K. It is clear
that the experimental data are located inside of the shaded area between
the bulk phase limit and the surface phase limit, which indicates that the
experimental data is a combination of the bulk and surface phases and the
two samples from two different groups are likely to have slightly different
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Figure 3: Oxygen vacancy concentration § as a function of oxygen partial pressure Po, at
four different temperatures 7. The dashed and solid lines represent the calculated bulk
and surface phase limits by DFT, respectively. The experimental data, TG (red circles)
by Bishop et al.[9] and SECM (blue crosses) by Mantzavinos et al.[11], are located in
the shaded area between the computed surface and bulk phase limits. As the vacancy
concentration increases, the experimental data gradually approach from the surface limit
to the bulk limit. Note that due to the computational supercell limitation, LCSF with a
slightly different composition is used in the DFT calculations Lag 755rg.25Cog.25Fep.7503—_5
as compared to the experimental sample of Lag ¢Srg 4Cog 2Feg sO03—s (LSCF 6428).

bulk-to-surface ratios. It is important to note that since the vacancy forma-
tion energy at surfaces are much less than that in the bulk phase (Fig. 2).
Therefore, multiple-parameter fitting with no explicit surface dependences in
all existing empirical models may not necessarily have any physical mean-
ings. The essential role of surfaces on many thermodynamic properties of
these perovskite oxides has been well acknowledged in literatures|9].

At any fixed temperature among all the four temperatures shown in Fig.
(3), as P, decreases the oxygen vacancy concentration § not only increases as
expected, but also gradually switches from the bulk phase limit towards the
surface phase limit. This new feature was missing in all the previous empirical
models[9]. Physically, this trend implies that when Py, is high, there are only



a small quantity of vacancies in the entire system, and since vacancies prefer
the surface face (Fig. 2) they would prefer to be close to the surface phase.
On the other hand, when the Py, is low, more and more imperfect unit
cells appear in the system. Because the number of the imperfect unit cells
in the surface phase is limited, more and more imperfect unit cells will be
located toward the bulk phase such that the experimentally measured oxygen
vacancy concentration ¢ switches toward the bulk phase limit as shown in
Fig. 3. Overall, the DFT results show good agreement with the experimental
data within one single unknown physical parameter, the activity coefficient
ratio v, of Eq. (11), which indicates that the calculated DFT energetics
and the estimated reaction model are capable of describing the complicated
defect chemistry of LSCF.

Additionally, we can reformulate such a complicated activity coefficient
ratio of Eq. (11) into the excess Gibbs free energy formalism due to the
non-ideal mixing effects ignored in Fig. 1. Namely,

— ex AGnon—ideal — ex A]—-Inon—ideal ex AS’non—ideal
T = €XP —RT = €Xp —RT p —R

Indeed, plotting log(+,) versus 1/T in Fig. 4, we find such a linear relationship
is confirmed.

Therefore, combining Fig. (3), Fig. (4) and Eq. (11), it is clear that the
LSCF data from both the TG and SECM measurements are a combination
of vacancies from both the bulk phase and the surface phase. Moreover, we
can esimtate the surface phase fraction of the overall vacancy concentration
by defining

(13)

6 xperiment — 5
Surface Phase Fraction = —xperiment — 7B (14)

ds — 0B
The corresponding results as a function of Pp, are shown in Fig. 5 for two rep-
resentative temperatures. For both temperatures, the surface phase fraction
decreases when the oxygen partial pressure Po, decreases. Such a surface-to-
bulk transition occurs at different Pp, windows for different temperature. In
general, it occurs at lower partial pressure values if the temperature is lower
as shown in Fig. 5.

Combining the reformulated T-dependent activity coefficient ratio ob-
tained from Fig. 4 and Eq. (11), we can now predict the oxygen vacancy
non-stoichiometric concentration ¢ as a continuous function of 7" and Fo,.
The constant 6 contour plots are shown in Fig. 6, where the red, green,
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Figure 4: The unknown activity coefficient ratio 7, is reformulated into the Gibbs free
energy changes due to non-ideal mixing, as confirmed by the linear relationship between
log(7:) and 1/T.

and blue lines represent d= 0.15, 0.10, and 0.05, respectively. Only three
iso-value lines of the oxygen vacancy concentration are shown for both the
surface and bulk phases to avoid ambiguous overlaps. Using the predicted
0p and dg contours as the guidelines, we can give a reasonable estimation of
the equilibrium 0 for real experimental samples.

Using the same computational procedure discussed above, we can also
compute the oxygen nonstoichiometric concentrations for LSCF with differ-
ent materials compositions. Explicitly, Fig. 7 shows the direct comparison of
our computed LaggSrg2CogoFeqsO3_5 (LSCF8228) bulk and surface limits
with the SECM data measured by Mantzavinos[11].

4. Summary and conclusions

A first-principles DE'T based computational approach is developed in this
work to predict the oxygen vacancy non-stoichiometric concentrations for
LSCF as a function of temperature and partial pressure of oxygen. Good
agreement with the experimental data are found over the entire relevant
temperature and pressure ranges. Our prediction indicates that the oxy-
gen vacancy non-stoichiometric concentrations in real materials samples have
contributions from both the surface phase and the bulk phase. The surface
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Figure 5: Normalized surface phase fraction versus the oxygen partial pressure Po, for two
representative temperatures. For both temperatures, the surface phase fraction decreases
as Po, decreases. This fast bulk-to-surface crossover occurs at lower partial pressures for

lower temperatures.

contributions are stronger at lower temperatures and at higher oxygen partial
pressures. The fast surface-to-bulk phase transition occurs at lower partial

pressure windows for lower temperatures.
The work is supported by DOE-SECA under Grant DEFC2612FE0009656
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Abstract

The electronic and chemical properties of heteroepitaxial thin films of lanthsimantium cobalt ferrite
have been studied using soft x-ray photoelectron spectroscopy. Specificaliffetiieof annealing the
films at low temperatures in low partial pressures of oxygen and argon hasbestigated. We find
that atmospheric surface carbon contamination of the films can be removed withrenimealigon, but
are incorporated in the surface with oxygen annealing. Irrespectite gis used, an insulating phase
transition occurs near 300°C due to strontium segregation at the surface. The davielops more
insulating character if annealed with oxygen. Different species are profobedresponsible for the

discrepancy in insulating character.



|. Introduction

In the continued efforts to improve energy resource utilization for the tfiestteentury, few
technologies hold as much promise as solid oxide fuel cells (SGFCBErovskite-based fuel cell
devices can reliably generate electrical power from a wide vatiety fossil fuels, using existing
infrastructure and with high energy density in a small volume. Criticle operation of a SOFC is the
cathode material, which produces oxygen ions and transports them into the electrode. chitledd,
surface and interface modification is one of the primary contridiftéosthe operational degradation of
an operating fuel cell. Understanding the processes at the cathode is cripigtrttial improvements
and elucidating the factors limiting the life of these devices.

Many high-temperature fuel cells use lanthanum-doped strontium manganite (LSM@e€atho
the reaction kinetics of which are limited to the triple-phase bouridadyercoming the limitations
imposed by the triple-phase boundary would allow for higher energy densities ameheifis. Mixed
ion-electron conductors can transport oxygen ions using more of their surface dreat sgilying on the
electrode interfaces. One of the most promising mixed ion-electron conductors undear popul
investigation for use as a cathode is lanthanum strontium cobalt ferrigS{.4£ 00 2Fe.¢0s, abbreviated
LSCF). LSCF offers high electron and ion conductivity, as well as good compatibith other
standard SOFC construction materfal$his combination of features may be useful in engineering low-
temperature fuel cells with the performance necessary for more widespread application.

Since the surface structure and composition of real cathodes determine many of the performance
attributes of fuel cells, investigations into cathode surface evolution givmbla insight towards
improvement. Soft x-ray spectroscopy can provide element-specific chemical envirenfoenéation
for shallow sampling depths precisely the region at play during operation. Previous x-ray studies hav
observed strontium segregation at the surface of LSCF films during opera¢ionarature annealing in
air® Similar effects have been observed in other strontium-based perovskite cathode nHafdrals.
segregation of strontium and its oxides/carbonates at the surface has beéert’slootletrease the sites
available for oxygen catalysis as well as retarding electron transport to theesuhereby negatively
affecting the cell’s long-term efficiency. It has also been shown that rapidly quenching the temperature of
cathode films can preserve surface configuration changes, which allows for post-ampostioperation
measuremerf However, exposure to atmospheric contaminants may interfere with surface-sensitive
techniques, and surface treatment (e.g. degassing and cleaning) is n€desszogiventional soft x-ray
measurements.To that end, a study of the low-temperature surface evolution is of interesttioe f

surface studies that may require pristine films.



We report here the use of soft x-ray photoemission spectroscopy to deténmiegolving
chemical states on the surface of an LSCF film. Using very low®+ad0) partial pressuresye
demonstrate that existing surface carbon can be removed from the surface via ammeating.i This
technique produces a clean, defect-free fildsing similar pressures of oxygen during anneal cycles has
drastically different results, incorporating surface carbon and bringing on ixeaiglatrong insulating

surface phase transition.

1. Methods

Pulsed laser deposition was used to grow epitaxial films of LSCF-6428 on NdGlaslrates. The films
were deposited using a LSCF target, at an oxygen partial pressure of 10 withothe substrate
temperature at 550°C. Films of approximately 250nm thickness were produced.

Soft x-ray spectroscopy measurements were perfoatigad soft x-ray undulator beamline X1B
at the National Synchrotron Light Source, Brookhaven National Laboratory. Ultrasagyum (<18
torr) was maintained in the experimental chamber during data acquisition. Xigemission
spectroscopy (XPS) was performed using a hemispherical analyzer and monochrondgatxneiys at
250 and 900 eV. The total resolution of gbespectrais approximately 0.4 eV full-width at half-
maximum (FWHM)at the Sr 8 edge, and 0.7 eV FWHMt the oxygen and carbdf-edges. Binding
energies were calibrated with reference to theode levels of clean gold foil in electrical contact with the
sample. In order to probe the surface chemistry of these materials, the safexragyed are primarily
surface-sensitive, and by varying the relative angle between the film sarfidc¢he photoelectron
spectrometer, it is possible to tune the depth sensitivity for photoelectranospepy. This has been
used here to differentiate between surface and bulk chemical species.

After sonication in acetone, samples were mounted on tantalum foil, with thgrilmded by
tantalum strips. Samples were radiatively heated through the selhsirsg a bare tungsten filament.
The power supplied to the filament was monitored using a constant voltage/currert sapply.
Temperatures reached on the sample surface were calibrated with a K-type thermoaoupgtctrwith
the surface.

Precautions were taken to ensure that chromium contamination, originating fromtype K-
thermocouple alloy, did not affect the films. The calibration was completed after XPS datakeer for
all anneals, in order to avoid the thermocouple (TC) affecting the suifdlbéde chromium poisoning is
a well-known vulnerability of LSCH*>18 it is worth noting that no chromium features were observed in
XPS survey scans taken after the TC-contact calibrations. This suggests thatrahwoisaning is not a

concern at the temperatures used here, which is in reasonable agreement with thermodynamic calculations



performed® for other perovskites. Contact thermocouple temperature measurement méizdub iot
this regime without negative consequence.

High-purity oxygen and argon were selectively dosed through a constant pressur€l@&lve
torr) with continuous pumping in the chamber, creating a steady supply of freslargas the sample
surface. Oxygen was chosen for its role in the operational environment of SOFCs, and argen tio
provide contrast as an inert gas at the same partial pressures. For each anneaisaygland heating
were combined for a period of time resulting in 50 Langmuir of total exposure sahty@es were then
guenched via abrupt power cutoff to the filament, and allowed to cool to temperature in their
respective annealing gases. The preparation chamber was then evacuated, and tbeetllimtm a
measurement chamber maintained at’16rr.

[1l1. Carbon 1s

Once a film has been exposed to air, it is subject to a number of contamadgtinigents. For
the present system the most notable contaminant is carbon in the form of atmospheridioaidgn
carbonates will tend to forthon surface strontium and its oxides. Since the experimental chamber is
maintained under ultra-high vacuutdHV), surface carbon carried in by the film can become a prime
source of carbonate formation in addition to unavoidable carbon species already préseohamber
An excess of surface carbon and its derivatives could potentially modify theesgHamistry in ways
unrepresentative of the operating conditions we seek to mimic; it is tremeéothwhile to monitor the
evolution of signal from carbon as the experiment proceeds.

The extent of carbon contamination on the surface can be directly studied throughemeasur
of the carbon 4 core level. The relative height of the € XPS peak near 285 eV compared to the
strontium P peaks near 268V and 278 eV gives a good indication of how much carbon is adsorbed on
the surface, since no carbon should be included in the bulk LSCF film. Figure 1 Sleocecséd-level

scans in the region of G Ifor successive anneals in oxygen and argon-atd®.

A. Argon Atmosphere Annealing

Figure 1(a) shows the photoemission spectra taken after each annealing temperatuesaf®r ann
in an argon partial pressure. The spectra show thepédk at binding energy of 284e& (with dotted
line as a guide to the eye), as well as the strontjudo8blet at 268.4 eV and 278.7 eV. ltis clear that as

the annealing temperature increases, the intensity of tlsgp€ak reduces in intensity. This suggests that



the contaminant carbon desorbs from the surface as the temperature is increaseghifieastiyi above
150°C. Above 200C, contaminant carbon on the surface is below our detection limit.

Above 245°C, an additional species develops on the sample surface, present as a deublet-lik
structure at 294-296 eV. After ruling out other contaminant elements, wefyidais structure with
chemically shifted carbon. This suggests the formation of new species as a reatiibofre-adsorption
on the surface. The lack of strontium carbonate features (see section V)sstigglesairbon is bonding
to other elements present in the sample; in the current data set, the precisg éovidonment of the re-
adsorbed carbon species cannot be fully determined.

In summary, annealing LSCF in low partial pressure argon provides a rowecé&wbon-free
surface, up to a certain temperature. The formation of carbonate species bimmtaarbon cannot be
avoided over 245C at these pressures in argon.

B. Oxygen Atmosphere Annealing

From Fig. 1(b) it can be seen that with increasing annealing temperature in oxy@eis ther
prominent reduction in the intensity of the €gdeak, but not to the degree shown during argon anneals.
In a pure oxygen atmosphere, a small fraction of surface carbon continues to persist throughout the anneal
cycles. This is in addition to the re-adsorbed carbonate doublet, similar ¢dbbsleaved in argon anneals,
which forms at higher temperatures for oxygen anneals (€@60

Even at very low partial pressures, an ambient oxygen atmosphere inhibits thelremov
contaminant carbon from pristine LSCF film surfaces. For future surface stodiesdquire clean LSCF,

this result is of great practical use.

V. Oxygen 1s

A. Argon Atmosphere Annealing
Since the operative function of a SOFC cathode is to reduce oxygen and move it into an

electrolyte, observing the evolution of surface oxygen states is of grintarest in this investigation.
Oxygen vacancies can be inferred and quantified f&ds core level fitting!”® Figure 2 shows the
results obtained for the argon-annealed film. Figure 2(a) displays 1sesg&ctrum for each successive
anneal, where the temperature is increased frof@28 290°C. It is apparent that the G 4pectra show
prominent changes with increase in anneal temperaWeperfornmed multi-peak fitting on the spectra,

the results of which are shown in the right side panel. Figures 2(lgndcjd) respectively illustrate

representative fitat room temperature, and at annealing temperatures df220d 278°C.



For the multi-peak fitting applied hera Shirley background is first subtracted from the spectrum
anda Voigt line shape is used for each component. The §péctra from pristine sample can be fitted
with two components at binding energies of 528.5 eV and 531.5 eV. Varggi¢htation of the film
surface relative to the XPS spectrometer allows for selective depth prdiiingwhich it can be shown
that the component at low binding energy originates from the bulk and the higheglinthponent is
from surface layers. The two components will be respectively denoted as bulk faiceé somponents
for further discussion. At higher annealing temperatures a further componentsagpeahe fitting of
the spectra requires three components as shown in Figs. 2(b) and (c). The angle-depasieamest
show that this species is uniformly distributed in the surface and the Rifice it only arises during
heating, and increases nearly linearly with temperature, it is likely the result of oxygas ¢eieancies)
resulting from heating in an inert atmosphere.

To extract the evolution of each component of theOcdre level spectra as the annealing
temperature is increased, it is useful to examine the fractional aredadiradiarea/total area) of each
component during the experiment; these results are plotted in Rigp 8 ~ 150°C each curve in Fig. 3
shows a plateau, indicating that the area of each component remains unchanged evereasésincr
annealing temperature, and suggesting that the relative concentrations of oxygendspéogesame.
Above this temperature the component corresponding to vacancies increases almost Viitlearly
temperature, showing the increase of defects in the material with imgyéasiperature. Above 15C
there is a sharp rise in the area of the bulk component, which is accompanied by a shatefalea of
surface component. Between P&Dand 173C there is an inversion of the surface:bulk character. ratio
This can be correlated with observations at the strontidradgie (see section V), suggesting that the
oxygen vacancies created through heating cause changes 8r-@hdonding environment. Above
175°C the area of the surface component increases approximately linearly aotl sh¢ component
linearly decreasesJudging by these trends, the vacancies are forming at the expense of oxygen in the
bulk. The surface oxygen, after a certain temperature has been reaalred, teeiits initial state and

concentration.

B. Oxygen Atmosphere Annealing

The O Ecore levels are similarly followed during oxygen anneé&lgjure 4(a) shows the Gs tore-
level spectra for successive anneals in oxygen. In contrast to annealing integurgnges to the & 1
spectra are sudden and drastic for anneals in oxygen, as evidenced by the acconmaltiypegk fit.
The representative fitting curves are shown in Figs. 4(b), (c) and (d) which reslyestiow spectra for
pristine films, and films annealed at temperatures of°€28nd 278C. As in the case of annealing in

argon, the spectra can be fitted with 3 components: one bulk, one surface, andhattlointly develops



upon heating in oxygen. It is important to note th& third species, induced by heating in a partial
oxygen atmosphere, is not the same as the vacancy environment observed with ardgenitzamsss at
an altogether different binding energy. The fractional area of each compengmbvin against the
annealing temperature in Fig. 5.

Comparing Figs. 3 andibcan be seen that the there are prominent differences between the areas of
different O 5 components depending on the annealing gas used. In oxygen (Fig. 5), as the temperature i
increased, the area of the third species increases linearly and roughlyesaslnawe 150C. This
corresponds to the behavior one would expect of oxygen defect environments at lowppessaies;
defects are formed in the surface and bulk, but eventually reach equilibriumheitteglenishment
provided by the ambient oxygen.

Thus the formation of vacancies is inhibited in the presence of oxygen aemigaraturesyhich is
quite unlike the behavior during annealing in argon. Above°COthe bulk component decreases with
temperature, which is accompanied by a corresponding increase in the surface component. The
increasing surface-like character of the film may be a result of camborporation (discussed above),
the kinetics of which are clearly more favorable for a partial oxygen atmesphed carbonate
formation, which still takes place at higher temperatufés: difference in “third” environment between
inert gas (argon) and oxygen anneals can be accounted for by the incorporationcef cantfan; the
environment indicative of an oxygen vacancy is altered by the persistent presence of carbon.

The stabilization of oxygen vacancies by low oxygen partial pressure waslyepredicted
theoretically by Lucet al'® Our results in both cases support that work, albeit at much lower pressures

than discussed in Ref. 19.

V. Strontium
Strontium precipitation in its oxide and carbonate forms is widely acéeéptétb be one of the

driving influences behind operational degradation of LSCF cathodes. Studéeshwmwvn conclusively
that strontium precipitates are energetically favorable in thass fithen they are held in air (or other
atmosphere-pressure gases) at high temperatures (> 600 °C) for long periods of time.

Figure 6 shows a typical Sd&ore level. The @level is a doublet, with two peaks spaced 1.8eV
apart due to the spin-orbit splitii» and 2k, state$? Good agreement with the data is achieved by
fitting this structure toa pair of Gaussian doublets and a linear backgrouma.this fit, the energy
separation and relative intensities of the doublet are fixed, and only the reltgiveity between the two
doublets and their energy separation is allowed to vary. Varying the eetatentationof the film’s

surface with respect to the spectrometer allows for relative depth pr¢akngpove), and in doing so the



lower binding energy doublet can be associated with the bulk, and the higher lgindigg doublet is
determined to originatat the surface.

Fitting the peaks to identify the surface and bulk phases allows for the obseofati@nges in
the strontium concentration after anneal cycling. Figure 7 shows the fractionadfatea bulk and
surface components, plotted against the temperatuvehich the sample was annealed. At grazing
incidence, these measurements are more surface sensitive; this is in good agredmie fitted
intensities for the bulk and surface components. Clear changes are visible throughout the heating process,
as well as stark differences in the surface evolution between argon and oxygen anneals.

The integrated doublet areas are plotted as fractions of the &aabfathe it in Fig. 7. Notably,
the first points for the normal incidence behavior do not match, but they daangyincidence. This
suggests that the surfaces for the respective samples are the same, but there is someiditfer drutie

The above results can be explained by the specific geometry of the data acquisition ciiémber.
XPS collection aperture is 45° offset from the incoming x-rays. Rotating theesamoases the surface
sensitivity due to the geometry of primary photoelectrons leaving the samplesiltaBeously the
sampling area visible to the XPS aperture inaehsg a factor of 1/co$8]. At grazing incidence for the
data presented here, the sampling area is larger by over 30%. Local inhomogenaigiddnmsiurface
due to atmospheric contamination will therefore be more apparent at hormal incidecedghsilarger
sampling area for grazing incidence will tend to average them out. Tdusrdas for the difference in
initial conditions present at normal incidence.

Certainly, prior to any heating at low pressure, the films can be expected tslighthg different
surface contamination levels, in spite of identical cleaning and handling befergomsnto UHV. After
the film is gently annealed at 100 °C, but before surface carbon is strofeghedf the normal incidence
bulk and surface areas are nearly the same. This supports the hypothesis thdifféoeates in
adsorbed atmospheric gases cause the initial difference.

Turning to the oxygen anneals (displayed by the solid lines in Fig. 7)vdrth noting that there
are several distinct regions of change. For heatiri@0 °C, any visible change is likely due to the
degassing of the film (visible in the carbon spectra presented above). Past the teenpenahich
carbon concentration begins to decrease at the surface, there is a clear tremeaséiin the surface
strontium concentration.

The argon anneal fractional areas (dotted lines) behave quite differ&gtween the first and
second heatings the bulk and surface phases behave in the opposite thay oxygen-annealed
counterparts. This is the interval during which the majority of carbon contaominatseen to leave the

surface. Past the second anneal, the argon-annealed surface goes through an abruptditestigs



and begins to develop towards the trend observed during the oxygen anneal. Notably, above 200 °C,
argon annealing can return the strontium surface concentration close to its original camfigurat

Eventually, near 300°C, both types of annealed surfaces end up with nearly the same
surface:bulk concentrations. Clearly not all of the carbon has been evaftoatetthe surface on the
oxygen-anneald sample, as shown in the carbon core levels. Additionally, the oxygen-annealed sample
goes through a phase transition to relatively strong insulating behavior (see Sdgtiahidh is not
visible in the argon-annealed sample. Both samples, notably, see an increalse@phase strontium
concentration.

No contributions from SrC@are seen in the strontium core levels. If carbonates form on the
surface at these temperatures, they skdublel visible as an additional doublet in the strontium spectra
The absence of such a feature suggests that strontium does not form its carbosetat ghase

temperatures and pressures.

VI. Insulating Surface Phase

For both annealing gasemployed in this study, we find that the films undergo a phase transition
that promotes an insulating character at the surface neafC0QThis insulating transition can be
observed in time-resolved XPS scans, whereby the charging of the insulating siefatops with time
and leads to large shifts in the apparent binding energies of core-levetdealtis observed that argon-
annealed films enter‘dess insulating state, even when annealed to higher temperatures.

Core level electrons from a conducting sample should have the same measured kinetic energy
over time, assuming that the incident photon energy is constant and the originairgwimnment does
not change. If the surface of a sample is gradually accumulating charge, theedkieegy é a core level
peak will shift in proportion to the total charge on the surface. Sinceclsdegave the surface, an
overall positive charge will evolve in the sample, which in turn resules net decrease in the kinetic
energy of electrons emanating from the surface. Ultimately, this leads to easman the observed
binding energy of core levels for samples that are not good conductors.

Figure 8 shows select time-resolved measurements of thiec®relevel for both samples. Fig.
8(a) showghe time-integrated intensity for a sample that does not exhibit chargiigg.8(b) shows a
scan from a sample annealed in oxygen to 246 °C. Time proceeds from top to bottomachith
horizontal scan taking approximately 30 seconds. In the first color map, the horibomdaddg energy)
position doesn’t change appreciably with time. In Fig. 8(c), the binding energy of the peak clearly
changsover time. This figure shows the same sample as in Fig. 8(b), but annealed@ig&ixygen.

The discrepancy in the location on the horizontal scales is due to the fatheghs¢cond scan was



acquired after the sample had already been exposed to the x-ray flux for soméeditiig to a
substantial accumulation in charge before the second measurement took place.

In contrast, Figs. 8(d) and (e) show the &p8aks of a sample annealed in argon at even higher
temperatures. Above the point where the oxygen-annealed sample develops a surfaog istsidathat
severely hampers the XPS measurements, the argon-annealed sample has no such tfansitjber
temperatures the argon anneal appears to produce some insulating character, but naht dbeesity
that annealing in oxygen does. Below 300 °C, argon annealing mostly preserves thergpobacicter
of the surface. Below 260 °C, the conducting character is entirely preserved.

VIIl. Conclusions

It has been shown that low temperature, low partial pressure treatment of U8EEdil be used
to study oxygen environment evolution and strontium segregation at the surfacseofilths. Carbon
contamination from atmospheric exposure can be selectively eliminated by annealamg argon
atmosphere or may be incorporated into the films using an anneal in oxygen. Carbonaiatwhsire
not observed, suggesting that temperatures in this regime are too low to provek®rgeescale
formation. Oxygen vacancies are observed to plateau in number when the anneal takes|pace i
oxygen partial pressure, but increase linearly with temperature when argon ig\nsedling in argon at
temperatures of 200-24% produces a clean, carbon-free surface with an added environment of surface

and bulk oxygen vacancies.



Figure Captions

Figure 1: XPS spectra showing Gand Sr3p core levels after successive annealsdf torr partial
pressure of (a) argon and (b) oxygen. Surface carbon appears in both near 285eV; a dotted line is
provided as a guide to the eye.

Figure2: Oxygenlsspectra (a) for argon-annealed films. Typical multi-peak fits are shown in (b-d).
Fits were performed using Voigt peaks with a Shirley background.

Figure 3: Olscore level multi-peak Voigt fit fractional areas, argon-annealed film.

Figure4: Olscore levels (a), oxygen annealed film. Multi-peak fits (b-d) performed using same

technique as Fig.2.

Figure5: Olscore level multi-peak Voigt fit fractional areas, oxygen-annealed film.

Figure 6: Typical strontium3d core level for LSCF-6428. Best fit for two Gaussian doublets with linear
background plotted against data. Inset shows the determination of surface v. bulk states by angular
surface sensitivity increase; as the surface angle with respect to the spectraredses the

measurement is more surface sensitive.

Figure 8: Fractional areas of the surface/bulk strontium phases over successive heating cyles, at (

normal and (b) grazing incidence. Grazing incidence is more surface-sensitive.

Figure 9: Time-resolved scans of &t core levels. Time per scan is approximately 45 seconds. From top
to bottom: (a) A plot showing integrated intensity over time for a well-conducting sampfetifig-

resolved scan of a film annealed in& 246°C, in which time proceeds down the y-axis.(c) A time-
resolved scan clearly showing charge buildup over time aftan@ealing at 260°C. (d),(e) Two more

scans, of argon-annealed films annealed to over 278°C, showing little charge buildup.
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Thermodynamic Stabilities of Bao.sSro.5C00.sFe0.203-5, Sr2Fe1.5Mo00.506.5 and
Lao.6Sro.4Coo.2Fe0.803.5 Using Molten Salt Method
Deniz Cetin?, Keping Hua?, Zhangzhengrong Feng?, and Srikanth Gopalan®?

!Division of Materials Science and Engineering, Boston University, 15 Saint Mary’s
Street, Brookline 0244 , USA
’Department of Mechanical Engineering, Boston University, 110 Cummington Mall,
Boston 02215, USA

We have tested Bao.sSro.sCoo. Feo.203-5 (BSCF), SraFe1.5sMoo.s0 s (SFM) and
Lao. Sro.4Coo.2Feo. Os-5 (LSCF) are three, promising cathode materials for
application in low temperature SOFC systems. In this work, their stability
has been tested by equilibrating them in a eutectic molten salt mixture of
LiCI-KCl in air. Both single-phase BSCF and SFM decomposed into their
carbonate and oxide precursors in air, but LSCF retained its single phase.
This study suggests that BSCF and SFM cathode materials are
thermodynamically unstable with respect to their carbonate precursors
in eutectic molten salts in air.

Introduction

Bao.sSro.sCoo. Feo.203-5 (BSCF), SraFe1sMoosO -5 (SFM) and Lao. Sro.4Coo.2Feo. Oz
(LSCF) are promising cathode materials for solid oxide fuel cell (SOFC) systems operating
at intermediate temperatures ( 00°C - 00°C, (1-5)), due to their high electronic and
ionic conductivity and facile oxygen exchange kinetics. Yet, recent studies ( -9) have
suggested that BSCF and SFM may be thermodynamically unstable in the presence of
carbon dioxide. Moreover, recent studies (10,11) show that LSCF exhibits cation surface
segregation, which raises concerns about the bulk stability of the material. In this paper,
we show that indeed BSCF and SFM are thermodynamically unstable with respect to
their constituent oxide and carbonate precursors using a molten salt technique. By
contrast, molten salt studies proves that LSCF is thermodynamically stable material with
respect to its oxide and carbonate precursors in air.

Compared to transport in solid state, transport in molten salts is higher by many
orders of magnitude. For instance, bulk diffusivity of Fe in LaFeOs at 1200°C is of the
magnitude of 101> m?/s (12), whereas in molten salts typical cation-anion diffusivities
are about 10° m?/s range (13). Therefore, kinetics of chemical reactions in molten salts
are also expected to be much faster even at low temperatures, than solid state
reactions at high temperatures. In that sense, decomposition reactions should also be
rapid to allow the determination of the thermodynamic stability of cathode materials at
low temperatures.

The molten salt method has been sporadically used for the low temperature
synthesis of a large number of perovskite and other types of ternary oxide materials (14-
22). Due to the low synthesis temperature afforded by the molten salt method, control
of particle size and morphology has been (1 -23) made possible. Besides perovskites,
synthesis of materials like BaFe1,019 and SrFe12019 (23), NiZn-ferrite (24), and PbNb,O
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(25) has been demonstrated. Additionally, this method has been used to study phase
stability and phase equilibria of materials (1 , 2 -2 ). For instance, Gopalan and Virkar
(2 ) showed the thermodynamic instability of BaCeOs and SrCeOs in both NaOH-KOH
and LiCI-KCl eutectics in the temperature range of 390-550 C both in air and in
essentially CO,-free air. SrCeOs was reported to decompose into SrCOs and CeO; (in air)
and into SrO and CeO; (upon removal of CO; from air). Decomposition products of
BaCeOs were BaCOs and CeO; in both presence and absence of CO,. Moreover, Naidu
and Virkar (27) used the LiCI-KCl eutectic to determine the phase diagram of TiO2-SnO;
down to 400°C, which might be too slow to study through solid state annealing method
due to about 10 orders of magnitude difference in cation andanion diffusivities in solid
state diffusion versus diffusion through the molten salt.

As stated by Meng and Virkar, there are two requirements for testing the
stability of materials in molten salt: 1) the initial precursors and the final product should
not react with the molten salt system —selection of inert molten salt system is
important; 2) all dissolved components should have uniform and low solubility in the
molten salt. The expected route for the process includes dissolution and diffusion of
constituents in molten salt, reaction of the constituents with dissolved gases and ionic
phases in molten salt, and precipitation of the final compounds out of the molten phase
upon exceeding the solubility limit (2 ).

The main objective of this paper is to investigate the thermodynamic stability of
the BSCF and SFM under molten salt conditions. Eutectic mixture of LiCI-KCl is utilized in
this study. The thermodynamic stabilities of BSCF and SFM are tested by adding single-
phase cathode powders synthesized by high temperature calcination, into the molten
salt media and analyzing the resulting products by X-ray diffraction (XRD).

Experimental

The single-phase BSCF, LSCF and SFM were prepared by solid state synthesis in
air. Their constituent precursors (namely; BaCOs, SrCOs, Co304, Fe;0s for BSCF and
SrCOs, Fe;03, MoOs for SFM) were mixed in stoichiometric ratios in ethanol and ball-
milled for 24 hours in zirconia ball media. After evaporating the ethanol, the mixed
precursors were calcined in air at 1150°C for 4 hours for BSCF and SFM, at 1200°C for 4
hours for LSCF. Single phase formation was confirmed by X-ray diffraction.

The molten salt mixtures were prepared by using a eutectic composition of KCI
(41 mol ) —LiCl (59 mol ) at Teu= 355°C. The salt to ceramic powder ratio was held at
5:1 by weight and the powders were added into the salts, once melting had occurred.
The temperature of the set up was maintained at least 40°C higher than the eutectic
melting temperature of the salts. The mixture was occasionally stirred and the mixture
was maintained at temperature for about 5h. After cooling the set-up and freezing the
salt, the salt-powder mixtures were washed multiple times with distilled water to
dissolve the salt away. After completely drying the residue in a drying oven at 70°C, X-
ray diffraction patterns were obtained using Cu-Ko radiation.

Results



The X-ray diffraction patterns before and after the molten salt experiment of
BSCF is presented in Figure 1. Figure 1a shows single phase cubic BSCF obtained by solid
state reaction at 1150°C. Figure 1b shows the products of reaction in the molten salt
medium, namely, a solid solution of barium carbonate and strontium carbonate that can
be fitted to an orthorhombic structure. The presence of alkaline earth carbonates is very
clear in the resulting XRD pattern after exposure to molten salts. The other phases
present as can be seen in Fig. 1b have been indexed to hexagonal-CoO and cubic-Fe,0s,
however since they can form structures with multiple ionic charge states present, it is
possible that other transition metal oxide structures including spinels have formed in
the product. Nonetheless, it is clear that the XRD pattern after molten salt exposure
indicates that BSCF has decomposed into alkaline earth carbonates and transition metal
oxides.

Figure 2 shows the XRD pattern of single phase cubic SFM synthesized by solid
state reaction and after its exposure to molten salt. The resulting powder after
equilibration in the molten salt clearly shows the orthorhombic strontium carbonate
peaks.

XRD patterns of LSCF before and after molten salt exposure are shown in Figure
3. The peaks of the perovskite LSCF have been indexed as cubic phase before the molten
salt experiment. No degradation or phase change of LSCF has been observed upon its
exposure to molten salt environment.

Discussion

Decomposition of the single phase BSCF and SFM powders into their constituent
carbonates and oxides indicates the thermodynamic instability of these cathode
powders with respect to their constituent carbonates and oxides in the molten salt
environment. Instability of these cathode materials at temperatures as low as 400°C,
the operating temperature for these experiments, suggest that these materials are not
suitable for long-term application in fuel cell stacks. Unforeseen shut downs during stack
operations may cause the cathode material to decompose and therefore destroy the
cathode microstructure. Specifically, the materials are not stable against carbonate
formation even in the trace amounts of carbon dioxide (400 ppm) present in ambient
air. High carbon dioxide concentrations in the air stream, possibly due to leaks from the
anode side, might cause degradation of the cathode material, which is detrimental to
the SOFC operation in long terms.

On the other hand, LSCF remained single phase upon exposure to molten salt
media, which suggests the thermodynamic stability of LSCF as a bulk cathode material in
air. Even though previous studies indicate Sr cation segregation on the LSCF surfaces,
through this molten salt work we suggest that LSCF is a stable bulk material.

Conclusion
BSCF and SFM are unstable in air in molten salt conditions with respect to their
constituent precursors. This study suggest unsuitability of these cathode materials for
SOFC applications. By contrast, LSCF remains stable in air.
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List of Figures
Figure 1. The XRD pattern of a) BSCF after solid state synthesis (top) and b) after molten
salt experiment (bottom).
Figure 2. The XRD pattern of a) SFM after solid state synthesis (top) and b) after molten
salt experiment (bottom).
Figure 3. The XRD pattern of a) LSCF after solid state synthesis (top) and b) after molten
salt experiment (bottom).
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