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Abstract
Searching for active and cost-effective catalysts for oxygen electrocatalysis is essential

for the development of efficient clean electrochemical energy technologies. Perovskite oxides are
active for surface oxygen exchange at evaluated temperatures and they are used commonly
in solid oxide fuel cells (SOFC) or electrolyzers. However, the oxide surface chemistry at high
temperatures and near ambient oxygen pressure is poorly understood, which limits the design of
highly active catalysts. This work investigates heterostructured interfaces between (Lai.
Sr,)Co03.5s (where x = 0.2 and 0.4, LSC80-20;;3 and LSC60-40;113 respectively) and
(Lag 5S10.5)2C004+5 (LSCa14) enhanced ORR catalytic activity 1) via electrochemical impedance
spectroscopy, atomic force microscopy, scanning electron microscopy, scanning transmission
electron microscopy, and high resolution X-ray diffraction (HRXRD) and 2) using in situ
ambient pressure X-ray photoelectron spectroscopy (APXPS) and in situ HRXRD.

Here we show that the ORR of epitaxial LSC80-20,,; and LSC60-40,;; is dramatically
enhanced (~3-4 orders of magnitude above bulk LSC,;;) by surface decorations of LSC,,
(LSC,3214) With coverage in the range from ~0.1 to ~15 nm. Such high surface oxygen kinetics
(~1-10° cm-s™ at 550 °C) are among the most active SOFC cathode materials reported to date.
Although the mechanism for ORR enhancement is not yet fully understood, our results to date
show that the observed ORR enhancement can be attributed to highly active interfacial
LSC, s/LSC,,,regions, which were shown to be atomically sharp.

Using in situ HRXRD and APXPS we show that epitaxial LSC80-20113 thin films have
lower coverage of surface secondary phases and higher Strontium enrichment in the perovskite
structure, which is attributed to its markedly enhanced activity relative to LSC80-20,13 powder.
APXPS temperature cycling of epitaxial LSC80-20;;3 APXPS reveled upon heating to 520 °C
the initial Sr enrichment which is irreversible, however subsequent temperature cycling
demonstrates a small amount of reversible Sr enrichment. With applied potentials LSC80-
20113214 shows significant Sr enrichment greater then LSC80-2013, and the ability to stabilize
high concentrations of both lattice and surface Sr which we hypothesize is a very important
factor governing LSC80-20,;3/214 enhanced ORR activity.
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investigating  polycrystalline  materials and porous electrodes  (LagsSro4CoOs..,
(Lag 5Srg.5)2C004+,; note, it is known that Lag¢Sro4Co0O;. has higher ORR activity then
Lag §Sr92C00s.,). The conductance has been calculated using the expression: 1/4SRorgr. In
addition, we can compare the k values of both studies, as k% is comparable to the self-surface
exchange coefficient, k*, which can be determined from oxygen isotope exchange evaluated by
secondary ion mass spectroscopy (SIMS).*! Conducting O" exchange at 0.2 bar and 500 °C
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using Lag ¢Sr9.4C00;., / (Lag5Sr95)2C004+, films, Sase et al.'” reported a kK of approximately 810
6 ¢m s! confined to a region close to the interface of LageSrg4C003./LSC;14/gas phase. In this
work we show for example k%~ 2.5-10% cm s over the entire LSC;13 / LSCy14 electrode surface

A 550 PC AN 10% P(O2). weermrveeeeeeeereeeeeeeseseereseseses s s sees e eeseeeees e eeseseess s essseeeee s e s 70

Figure S3-5. Oxygen partial pressure dependency of a) volume specific capacitance (VSC) b)
oxygen nonstoichiometry &, results of the LSC,3-reference and the LSC1;3 films with about 0.1
nm, 0.8 nm, 5 nm, and 15 nm LSC; 4 surface coverages at 550 °C. The VSC of the thin films was
obtained from EIS data using the expression® VSC = [1/(deicctrode * thicknesseiectrode] (Rorr'"

"), where n and Q are fitting parameters.*> ... 71

Figure S3-6. Nyquist plot comparing thin film EIS of LSC5;4/GDC/YSZ(001) deposited by PLD
using similar conditions outlined in the Experimental Details (Sample Preparation section above)
to LSCy3-reference (~85 nm) at 550 °C in 100% p(O,). LSCy4 film thickness is ~15 nm, which
is comparable to the surface decoration thickness of the fully LSC,;4 covered electrodes. At this

testing condition &% LSC}y;-reference and LSC,y4-reference are both ~2.2-107 cm s™................. 72

Figure 4-1. (a) Optical images of a LSC60-40,,3(001)/GDC(001)/YSZ(001)/porous Pt sample
and the electrochemical testing configuration, b) schematics of LSC microelectrodes on
GDC/YSZ, (c) characteristic Nyquist plot of a 200 pm-microelectrode at 520 °C and varying
p(02), and (d) equivalent circuit (Ryr = YSZ electrolyte resistance, Ryr = electrode/electrolyte
interface resistance, Rorr = ORR resistance, CPE = constant phase element) used to extract ORR
KINETICS. ..ttt ettt e et e e e e e et e b et e as et ee st eeasateanseeseeseeessessensesnsanseneeenseetensenas 82

Figure 4-2. Normal XRD data of a) LSC60-40,;3 films of 25, 77 and 157 nm on
GDC(001)cubic/ YSZ (001)cupic substrate, b) LSC60-40,,3 reference and LSC,4-decorated ~85 nm
thick LSC60-40;;3 films. The (*) denotes a singular unknown artifact peak for the ~0.8 nm
LSCs14 surface decorated film .........cocieuiieiiiie it 85

Figure 4-3. AFM measurements of a) LSC60-40;;3 ~ 25 nm with RMS of 0.8 nm b) LSC60-
40,13 ~ 77 nm with RMS of 0.8 nm, ¢) LSC60-40;;3 ~ 88 nm with LSC;,4 ~0.1 nm with RMS of
1.1 nm, and d) LSC60-40;,3 ~ 88 nm with LSC;14 ~5 nm with RMS of 0.6 nm. AFM images are
shown with maximum height 0f 20 M ........cooiiriiieiinieiee e, 87

Figure 4-4. a) k¥ and b) kepem from LSC60-40,13 microelectrodes of 25, 77 and 157 nm calculated
from EIS spectra collected at 520 °C. Extrapolated bulk &~ (approximately equivalent to k%)
values obtained from previous data of ( ) Sase et al.,” (®) Berenov et al,'* (¥) De Souza et al.,*

(+) van der Haar et al.’! are plotted for comparison. Blue shaded regions are the range of &% and
kehem obtained from LSC80-20;3 film (film thicknesses of 20 nm to 130 nm)." .....o..ovevveevereenne 88
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Figure 4-5. a) Oxygen partial pressure dependency of the surface exchange coefficients, £* and
b) area specific resistances of the LSC60-40;; films with LSC;;4 surface coverage of ~0.1, ~0.8,
~5 and ~15 nm and the LSC60-40,3-reference at 550 °C. Extrapolated bulk k" (approximately
equivalent to k%)*® values obtained from previous studies of ( ) Sase et al.,’ (@) Berenov et al,'
(%) De Souza et al.*? are plotted for comparison. Blue shaded region are the range of k% values
obtained from LSC;j4-decorated LSC80-20;3 films (LSC,i4 decoration thicknesses of ~0.1 nm
10 ~15 IIM).> oot e 89

Figure 4-6. Oxygen partial pressure dependency of a) volume specific capacitance (VSC), b)
oxygen nonstoichiometry & of LSC60-40;;3 of 25, 77, and 157 nm at 520 °C. Blue shaded
regions are the range of ¥SC and & from LSC80-20;;3."> Values of bulk LSC60-40;15** > and
L.SC80-20;15°® were calculated by using a method reported by Kawada et al2 e, 91

Figure 4-7. Oxygen partial pressure dependency of a) volume specific capacitance (VSC), b)
average oxygen nonstoichiometry ¢ of LSC60-40;;3-reference and the ~82 nm LSC60-40;:;
films with ~0.1 nm, ~0.8 nm, ~5 nm, and ~15 nm LSC;,4 surface coverage at 550 °C. Blue
shaded regions are the range of VSC and 6 from LSC80-20;3 with LSC;14 decoration.’ Values of
bulk LSC6O-4011334’ 3¢ and LSC80-2011336 were calculated by using a method reported by
KAWAA €8 QL3 oottt ettt st a s seseneesenes 91

Figure S4-1. a) Off-normal X-ray diffraction patterns for the 77 nm LSC60-40;;3 film, GDC
(001) cubic and YSZ (001)cybic- The LSC60-40;13 {110}, reflections have a 45° offset with the

GDC and YSZ {220} cubic in the ¢-angle, b) schematic depicting the atomic structure alignment of
LSCO0-40113/GDIC Y SZ ettt e e e s ae et e e s aeetbe s st e e seasbe s e e s snbaeeesaaaaeeebbesssbnees 99

Figure S4-2. X-ray diffraction results from LSC60-40,13 (002),. reflection of 25, 77, and 157
nm. As film is getting thicker, the peak shift of LSC60-40,13 (002),. to the lower angle,
indicating relaxation of the tensile strain, is clearly observed. ..........ccccooviiiiviiiiinii 99

Figure S4-3. AFM images of a) LSC60-40;:3 ~ 157 nm, b) LSC60-40,;3 with 25 pulses LSC60-
40,3 surface decoration ~ 85 nm dense films, ¢) LSC60-40;;3 with ~0.8nm LSC,14 surface
decoration ~ 84 nm, and d) LSC60-40;;3 with ~15 nm LSC, 4 surface decoration ~ 97 nm (bright
spots we believe are small precipitate phases that formed during PLD, these features are not seen
on any other films and do not appear to influence EIS measurements). AFM images are shown
with maximum height of 20 NI ........ocociiiiiii e 100

Figure S4-4. 1LSC60-40,;3 Rur (YSZ electrolyte resistance) and Rmr (electrode/electrolyte
interface resistance) region in Nyquist plot at 520 °C in 1 to 1:10* atm p(02). wvveveeveerrerernns 101
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Figure S4-5. (a) Normal strain and (b) In-plane versus film thickness of LSC60-40;:3 (red
color). (¢) Normal strain, (d) In-plane strain dependency of &7 from LSC60-40;;; at various
OXYZEN PATLIA] PIESSUIES. ...c.veuieiiriiriertieieitneteettetetestte st esresste e e te s e s te e seteeesneeereessesnesaeessesssennenses 101

Figure S4-6. (a) Nyquist plots for LSC60-40;;3 films decorated with LSCj14, (b) is a
magnification at 550 °C and 1-107 atm PlO2) ittt et 102

Figure S4-7. Area specific capacitance of LSC LSC60-40,;3 and LSC80-20,,3 (blue shaded
region) measured at 520 °C under varying p(O,) from 1-10* to 1 atm as a function of film
thickness. The intercept gives the sum of interfacial capacitances.......c.c.ccvvvveeeeeeievieenveeenieennee. 102

Figure S4-8. Gama, y, of LSC LSC60-40,3 of 25, 77, and 157 nm measured at 520 °C under
varying p(02) from 1-10™ 10 1 BN .....ouvvveieieceeeeeeceececeeeee et essessenasesanes 103

Figure S4-9. (a) Normal strain, (b) In-plane strain dependency on y from LSC60-40,,; films of
different thicknesses (strains measured at room temperature) at various oxygen partial pressures.

Figure 5-1. In situ APXPS and in situ XRD experimental configurations. The epitaxial
LSC(001) film was supported by a single crystalline YSZ(001) substrate with a (001)-oriented
gadolinium-doped ceria (GDC) buffer layer. (a) In situ APXPS probes the elemental
compositions of the outermost “surface” (marked green in the zoom out) and the perovskite
“lattice” in the near surface region (marked in red in the zoom out) as a function of temperature
at near ambient pressure up to p(O,) of 1:107 atm. (b) In situ XRD detects the crystal structure
and strains of the LSC film materials as a function of temperature at a p(O;) of 1 atm.............. 109

Figure 5-2. Structural stability and strains of the LSC(001) thin film. (a) A full-range normal
scan in the 6-26 Bragg-Brentano geometry at 25 °C and 550 °C, showing no phase change upon
heating in p(O,) of 1 atm. The stared (*) peaks originated from the heater, and the peaks of the
LSC film, GDC buffer layer and YSZ substrate are indexed to the pc (ap. = 3.8 A), cubic (a; =
5.4 A) and cubic (a. = 5.1 A) structure, respectively. (b) A normal scan of the LSC(002),. peak
showing shifts towards lower angles in the 2-theta position with increasing temperature. (¢) The
in-plane strains, &,, (red) and the out-of-plane strains, & (black) of the LSC film as a function of
L1 0010153 2111 (SOOI 111

Figure 5-3. In situ APXPS spectra of the LSC film as a function of incident X-ray energy. This
collection of (a) O 1s and (b) Sr 3d at three different photon energies provides information from
the surface to varying depth into the LSC film at 370 °C in p(O,) of 1-10~ atm. The “lattice”
component for the perovskite structure in the near surface regions is shown in red while the
“surface” component for surface secondary phases on the film is shown in green. White circles
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are for the measured data, blue lines indicate the sum of fits, and grey dotted lines correspond to
the background. Note that the two oxygen peaks at the highest binding energy (BE ~ 538 eV and
539.5 eV) correspond to molecular O, in the gas phase.2 ............ccooovvrvrrerrerrionisnsesesseeecennene 114

Figure 5-4. In situ APXPS data of the LSC film and pellet with increasing temperature. (a) Film
St 3d (Ephoton = 390 V), (b) Film O 1s (Ephoton = 700 V), (c) pellet Sr 3d and (d) pellet O 1s at
220 °C, 370 °C (film only), and 520 °C in p(0,) of 1-10~ atm. The “lattice” component of the
perovskite structure in the near-surface region is shown in red while the “surface” component for
surface secondary phases (including both surface components) is shown in green. White circles
are for the measured data, blue lines indicate the sum of fits, and grey dotted lines correspond to
the background. The changes in the relative contributions of “lattice” and “surface” to the total
Sr 3d or the total O 1s cross-section-normalized intensity (lattice: red, surface: green) of (e) the
film and (f) the pellet with increasing temperature. *Normalized to the value, i.e. to p(O;) =1-10"
3 atm and T = 220 °C. The error bars were estimated based on a standard deviation of the raw
intensity of 10% (Supporting Information §5.5). ..........cccoooiiiiiii 116

Figure 5-5. “Lattice” Sr enrichment of the LSC(001) film in the near-surface region with
increasing temperature. The cross-section-normalized “lattice” intensity of Sr 3d or O 1s was
divided by the combined Sr and O “lattice” cross-section-normalized intensities as a function of
temperature at p(O,) of 1:10” atm for the film and pellet, which was referenced at the value
obtained at 220 °C. The error bars were estimated based on a standard deviation of the raw
intensity of 10 % (Supporting Information §5.5). ...........ccccoceiinininniiie 120

Figure 5-6 Schematic summarizing the experimental findings and relating them to the enhanced
catalytic activity of the LSC(001) film surface relative to LSC powder at 520 °C. With
increasing temperature, the pellet does not change significantly in the amount of surface phases
nor the Sr concentration of the pervoskite lattice in the near-surface region. In contrast, both
reduction in secondary phases and enrichment in the lattice Sr concentration are observed for the
LSC(001) film with increasing temperature at oxygen partial pressure approaching to SOFC
operation conditions, which might be responsible for its enhanced ORR activity relative to LSC
POTOUS €lECIIOAC. 2 ...t 121

Figure S5-1. Schematic of the in-plane crystallographic relationship between the LSC(001),
GDC(001)cubic, and YSZ(001)cubic: @ cube-on-cube alignment of YSZ and GDC and a 45°
rotation of GDC and LSC along the (001) axis. This rotational relationship has been determined
by off-normal phi-scans (HRXRD).! .......ccocoviivmreeiereeseoeesess e ssieseeeeessses s nsenses 134

Figure S5-2. Atomic force microscopy (AFM) image of the as-prepared LSC(001) thin film

surface revealing a surface roughness <0.5 nm. The maximum height of this image (dark colour
£0 WHIE) 1S 20 NIML. ..ttt ettt ettt e e st e st e s e e e re e e s b e e e nne e reeesreeesreeens 135
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Figure S5-3. In situ HRXRD data of the off-normal LSC(101), as a function of temperature in a
p(O2) of 1 atm. Here, we observe the peak shifts towards lower angle in the theta-2theta with
increasing temperature from 25 °C 10 550 °C....covouiiiiieirieieeeeeeeeeee et eaean 135

Figure S5-4. In situ HRXRD data of the unit cell volume of the epitaxial (001),.-LSC thin film
and the single crystalline (001)cuic-YSZ substrate as a function of temperature in a p(O,) of 1
atm. The “LSC measured” curve represents the a and c-lattice parameters directly measured from
the HRXRD, while the “LSC relaxed” curve uses Poisson’s ratio to extrapolate an unstrained
(relaxed) unit cell volume. As a reference, an extrapolated unit cell volume for LSC powder as a

function of temperature is provided utilizing a room temperature pseudo cubic lattice parameter
of ayc = 3.837 A* and thermal expansion coefficient of 16.5- 107 K™ .2 . __.....ccoooovvvoverrrenne. 136

Figure S5-5. Schematic detailing the “surface” and “lattice” of LSC. The term “surface”
(marked in green) includes secondary phases on the surface, such as oxides and hydroxides of
the cations La, Sr, and Co or other non-perovskite La,Sr,CoxOyH, phases, and the termination
layer of LSC. The term “lattice” is used for regular bonded atoms in the perovskite structure
(marked in red). The probed “lattice” is a surface near region of about 2 nm in depth. This
distinction between “surface” and “lattice” is based on the ability of XPS to separate between
these two components based on different binding energies (BE). .......ccceevveeeeeieecieeseecreesrienee. 137

Figure S5-6. In situ APXPS data of the C 1s region (Ephoton= 390 €V) as a function of oxygen
partial pressure and temperature. Increasing the oxygen partial pressure from UHV (~1-10" atm)
to 1-10 atm, the amount of carbon on the surface of (a) the LSC thin film and (b) the LSC
pellet are slightly reduced. By elevating the temperature from 25 °C to 220 °C at this pressure
(1-107 atm) both surfaces are nearly carbon free. The component at lowest binding energy (BE)
correlates to adventitious carbon (orange, 285.0 eV), the highest BE component is assigned to
carbonates (purple), the component at about 286 eV is assigned to C-O species (green), (white
circles: measured data, blue line: sum of fits, grey dotted line: background). ..........ccccceuenenee. 138

Figure S5-7. In situ APXPS data of the LSC film and pellet as a function of temperature. (a)
Film La 4d (Ephoton= 390 €V) and (b) Co 3p (Ephoton = 390 €V), (¢) pellet La 4d and (d) Co 3p at
220 °C, 370 °C (film only), and 520 °C in p(O,) = 1-10~ atm (white circles: measured data, grey
dotted line: background). It is interesting to note that a small feature at ~64.5 eV appeared for the
thin film and pellet at 370 °C and 220 °C, respectively, which disappeared upon further heating
to 520 °C. Understanding the physical origin of this feature requires further studies, which could
be related to a change in the oxidation state of cobalt and/or the (dis)appearance of a sodium
impurity (N2 25 at ~ 64.2 €V).>% ..ot 139
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Figure S5-8a-d. In situ APXPS data of the LSC thin film oxygen partial pressure dependency at
T =520 °C: (a) La 4d (Ephoton = 390 €V), (b) Sr 3d (Ephoton = 390 €V), (€) Co 3p (Ephoton = 390
eV), and (d) O 1s (Ephoton = 700 eV). For the Sr 3d and O 1s the “lattice” component of the
perovskite is shown in red, while the “surface” component (secondary phases on the surface and
LSC’s termination layer) is shown in green. (White circles: measured data, blue line for Ols:
sum of fits, grey dotted line: background). ..........cccovuiiiiiiniiiiiiii 140

Figures S5-8e-h. In situ APXPS data of the LSC pellet oxygen partial pressure dependency at 7'
=520 °C: (e) La 4d (Ephoton = 390 eV), (f) St 3d (E photon = 390 €V), (g) Co 3p (E photon = 390 eV),
and (h) O 1s (Epnoton = 700 €V). For the Sr 3d and O 1s, the “lattice” component of the perovskite
is shown in red, while the “surface” component (secondary phases on the surface and LSC’s
termination-layer) is shown in green. (White circles: measured data, blue line for Sr 3d: sum of
fits, grey dotted line: background). .........cccoueeeuiiiiniiiiiiini e 141

Figures S5-9. In situ APXPS data of the LSC film and pellet as a function of oxygen partial
pressure. Normalized* change in the Sr and O intensity (lattice: red, surface: green) with
decreasing p(O,) for (a) the film and (b) the pellet. The error bars have been estimated by
assuming a standard deviation of the raw intensity of 10 %. (* Normalization procedure: first, the
raw intensities of the Sr and O "lattice" (or “surface” component, respectively) are divided by the
photo-ionization cross sections of Sr or O, respectively. Second, the obtained values are
normalized by the initial value, i.e. divided by the obtained value at p(O2) = 1-107 atm and 7' =
520 PC). ettt ettt ettt et et b e e bbb ek b e b e b e b e s e b e reaae et enrenten 142

Figures S5-10a. Procedure to convert the raw data (shown on the left hand side) into the
normalized data (shown on the right hand side) for the LSC thin film. As shown in the equations,
first the raw intensities, /, are divided by the photo-ionization cross sections, o, of the respective
elements. Second, these cross-section-normalized intensity, /s, values are divided by the sum of
all depicted values in each graph at each temperature. Third, the obtained values, I, are
normalized to the first condition, i.e. to the value at 7'= 220 °C and p(O,) = 1-10 atm. This
procedure is utilized for the total elemental regions (La 4d—Co 3s, Sr 3d, Co 3p, O 1s, depicted in
the first line), for the Sr and O “lattice” component (second line), and for the Sr and O “surface”
component (third lNE).......coeevieveirintrieiiecn et 143

Figures S5-10b. Procedure to convert the raw data (shown on the left hand side) into the
normalized data (shown on the right hand side) for the LSC pellet, which is identical to the
procedure used for the film (Figures S5-10a). As shown in the equations, first the raw
intensities, I, are divided by the photo-ionization cross sections of the respective elements.
Second, these cross-section-normalized intensity values, /5, are divided by the sum of all depicted
values in each graph. Third, the obtained values are normalized, /n, to the first condition, i.e. to
the value at 7= 220 °C and p(O,) = 1107 atm. This procedure is utilized for the total elemental
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regions (La 4d—Co 3s, Sr 3d, Co 3p, O 1s, depicted in the first line), for the Sr and O “lattice”
component (second line), and for the Sr and O “surface” component (third line) ...................... 144

Figure S5-11. Normalized “lattice” Sr and O (red) with increasing temperature at p(O,) = 1-107>
atm for the epitaxial thin film (as shown in Figure 5-5) with corresponding predicted values by
the modified canonical Lankhorst model* (black). (* Data normalization procedure: first, the
raw intensities of the Sr and O "lattice" are divided by the photo-ionization cross sections of Sr
or O, respectively. Second, these cross-section-normalized intensity values for Sr or O "lattice”
are divided by the sum of these values (Sr + O "lattice”) at each p(O,) condition. Third, the
obtained values are normalized by the initial value, i.e. divided by the obtained value at p(O;) =
1-10~ atm and 7 = 220 °C. Model normalization procedure: the obtained values are normalized
by the initial value, i.e. divided by the obtained value at p(O,) = 1-107 atm and 7'= 220 °C)...145

Figure S5-12: Schematic showing the influence of the amount of Sr-rich secondary phases on
the LSC surface on the ORR activity. For a full coverage with an insulating Sr-rich surface phase
no ORR activity is expected.'’ A hypothetically secondary free LSC surface has a certain, higher
ORR activity. For partial coverages two cases are possible and have been reported in literature:
(I) a different ORR mechanism occurs for partial coverage leading to a higher ORR activity than
for a film without coverage,'® (II) the part of the surface covered with secondary phases is
blocked for oxygen exchange, while the particle-free surface contributes to the oxygen exchange
leading to an ORR activity between full and no coverage.* Depending on the present phase or
the specific mixture of phases (SrO/Sr(OH),/SrCOs/SrX,0) and potential solid state reactions
forming new phases (e.g. La,Sr),Co04'*"! both cases can occur in this system.'®'"** A possible
location of the pellet (grey) and the film (yellow) investigated in this study is marked: based on
previous ORR measurements we can exclude a full coverage, and XPS exhibited that both
samples have a certain amount of coverage. Compared to the pellet, the film showed lower
coverage and higher ORR activity. As reported previously,' a certain Sr-rich surface decoration
is more ORR active than the unmodified LSC film surface, therefore the film is not located at the
maximum Of the ORR-COVEIAZE CUIVE ......ccuiuiieiiriiiiecctece ettt eeseeeeens 146

Figure 6-1. In situ APXPS data of the LSC film as a function of temperature. (a) Sr 3d (Ephoton =
390 eV), (b) O 1s (Ephoton = 690 eV) spectra at 220 °C, 370 °C, 520 °, then decreased to 370 °C
and 220 °C at a p(0,) of 1-10” atm. The “lattice” component of the perovskite structure in the
near-surface region is shown in red while the “surface” component for the secondary phases
(including both surface components) is shown in green. White circles are for the measured data,
blue lines indicate the sum of fits, and grey dotted lines correspond to the background. Changes
in the relative contributions of “lattice” and “surface” to the total during: (c¢) first Sr 3d cycle and
(d) subsequent Sr 3d cycle (e) first O 1s, (f) subsequent Ols cross-section-normalized intensity
(lattice: red, surface green), (g) first “Lattice” Sr enrichment, and (h) subsequent “Lattice” Sr
enrichment of the LSC(001) film in the near-surface region (determined by the cross-section-
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normalized “lattice” intensity of Sr 3d or O 1s was divided by the combined Sr and O “lattice”
cross-section-normalized intensities) as a function of temperature and referenced to the initial
220 °C values, and 520 °C values for subsequent temperature Cycling .........ccocceervecenenecnencnn 153

Figure 6-2. In situ HRXRD (a) experimental configuration observes the crystal structure and
strain of the epitaxial LSC(001) film supported by a single crystalline YSZ(001) substrate with a
(001)-oriented gadolinium-doped ceria (GDC) buffer layer as a function of applied cathodic
potential at ~550 °C and p(O,) of 1 atm. (b) LSC(002) peaks shift toward lower angles in the
theta — 2 theta position with increasing applied potential, while (c) YSZ(002). peaks remain
fixed. (d) The relaxed (red) and measured (black) unit cell volume of the LSC film as a function
Of @pPlied POLENTIAL .....ceeviviuiiieieceeecci s 157

Figure 6-3. In situ APXPS (a) experimental configuration probes the elemental compositions as
a function of applied potential and (b) plot of the current density versus applied potential for
LSC113, LSC214, and LSC113/214 .................................................................................................... 159

Figure 6-4. In situ APXPS of LSCi13 (a) St 3d (Ephoton = 390 €V), (b) O 1s (Ephoton = 690 €V) and
LSCi13114 (€) St 3d (Ephoton = 390 €V), (d) O 15 (Ephoton = 690 €V) spectra as a function of applied
potential 0 V, -0.4 V, and -0.8 V at 520 °C and a p(O.) of 1-107 atm. The “lattice” component of
the perovskite structure in the near-surface region is shown in red while the “surface” component
for the secondary phases (including both surface components) is shown in green. White circles

are for the measured data, blue lines indicate the sum of fits, and grey dotted lines correspond to
the DACKZIOUNA .....eeeeiieieiieectcirc ettt 161

Figure 6-5. The changes in the relative contributions of “lattice” and “surface” to the total (a)
LSC113Sr 3d, (b) LSCi132148r 3d, (¢) LSCyy3 O 1s and (d) LSCii3214 O 1s cross-section-
normalized intensity (lattice: red, surface green). (e) LSCy3 “Lattice” Sr enrichment, (f)
LSC1135014 “Lattice” Sr enrichment, in the near-surface region (determined by the cross-section-
normalized “lattice” intensity of Sr 3d or O 1s was divided by the combined Sr and O “lattice”
cross-section-normalized intensities) as a function of applied potential and referenced to the
initial 0 V applied potential values, at 520 °C and p(O) of 1-102 atm oo, 162

Figure S6-1. A full-range normal scan in the § — 20 Bragg-Brentano geometry at 25 °C (black),
550 °C before (red) and after (blue) polarization showing no phase changes upon heating at
p(0,) of 1 atm. The starred (*) peaks originated from the heater, and the peaks of the LSCyi;
film, GDC buffer layer and YSZ substrate are indexed to the pc (ap ~ 3.8 A), cubic (a. ~ 5.4 A)
and cubic (dc ~5.1 A) StrUCTUre, T€SPECHIVELY ...vuvurerieeeeeritreecisie et sese e, 175

Figure S6-2a. In situ APXPS data of a LSCy3 film as a function of temperature. Sr 3d (Ephoton =
390 eV), O 1s (Epnoton = 690 eV), La 4d (Ephoton = 390 €V) and Co 3p (Ephoton = 390 €V) spectra at
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220 °C, 370 °C, 520 °C then decreased to 370 °C and 220 °C at a p(O5) of 1-10° atm. White
circles are for the measured data, blue lines indicate the sum of fits, and grey dotted lines
correspond to the backGroUnd...........ceueiuiiviviviviiee ettt e e e 176

Figure S6-2b. In situ APXPS data of another piece of LSC;3 film as a function of temperature.
St 3d (Ephoton = 390 V), O 1s (Ephoton = 690 €V), La 4d (Ephoton = 390 €V) and Co 3p (Ephoton =
390 eV) spectra at 520 °C decreased to 220 °C and subsequent temperature cycles at a p(O,) of
1-107 atm. The “lattice” component of the perovskite structure in the near-surface region is
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Chapter 1. Introduction

1.1 Motivation

The human race has developed a lifestyle surrounded and dependent upon energy
consuming devices. The energy demands of the world have only been increasing as our standard
of living improves. Two critical energy challenges that we face with the increasing energy
demands are the finite supply of fossil fuels' (Figure 1-1) and how inefficiently this limited
supply is consumed” (Figure 1-2a). As over 80% of our current energy is provided by fossil
fuels,” significant efforts need to be taken to more efficiently utilize and conserve one of our
most precious natural resources as a bridge to other more renewable energy sources such as
solar, wind, hydro, and biofuels. One of the proposed solutions to aid in improving the energy

conversion efficiencies of our fossil fuels are fuel cells.
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Figure 1-1. A graph provided by the Association for the Study of Peak Oil and Gas (ASPO)
depicting the production of various oils and gas natural resources in billions of barrels of oil

equivalent (Gboe) since the 1930’s and projected to 2050, suggesting a peak in production in the
2010 decade.'

Fuel cells are electrochemical devices capable of directly converting fuel into electricity,”
% and they are not limited by the conventional Carnot efficiency governing thermal-mechanical
conversion systems. The theoretical conversion efficiencies for a fuel cell operating on oxygen

and hydrogen are between >80% - 70% at 30 °C to 600 °C, respectively while the Carnot
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efficiency is <65% - 30% at 200 °C to 600 °C respectively (Figure 1-3).* This increase in
efficiency can aid in reducing the energy currently being wasted using conventional power
plants, which will in turn help bridge the growing energy demands using the same and ultimately
less fossil fuels (Figure 1-2b).”> Another benefit of high temperature fuel cells is that they can

easily accommodate biofuels, which are becoming more mainstream fuel sources.’’* Of

13, 14

particular interest are solid oxide fuel cells (SOFC), which has the highest, reported power

Bgd X ; i P 15-23
densities and are viable energy conversion systems for both small micro-scale devices

24,25

to
large power plant conversion systems.
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Figure 1-3. The thermodynamic efficiency limits of fuel cells and Carnot limited energy
conversion systems as a function of the operating temperature.*
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1.2 Solid Oxide Fuel Cell

Solid oxide fuel cells are high temperature electrochemical systems often operating at
temperatures above 800 °C.> Oxygen serves as the oxidant for a wide range of fuels, such as
hydrogen (H;), carbon monoxide (CO), and methane (CH4) being amongst the most common.**
26. 27 However, these fuel cells are also capable of accommodating a wide range of other
(hydro)carbon species, many of which can be derived from fossil or biofuels.>'> SOFCs are
comprised of three main parts, a cathode electrode oxygen reduction reaction (ORR) O, + 4¢ —
207", an oxygen ion conducting electrolyte, and an anode for fuel oxidation reaction (FOR),
Figure 1-4.>*?7 If hydrogen gas is used as the fuel, the resulting half-cell reaction is 2 H, +
20— 2 H,0 + 4e", thus completing the overall electrochemical reaction (2H, + O,— 2H,0)

and producing electricity (transfer of 4e” for every 2 H,O produced).
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Figure 1-4. Schematic of a fuel cell operating on oxygen at the cathode (in blue), and hydrogen
at the anode (in green) separated by the oxygen ion-conducting electrolyte (in orange).

Conventional SOFC materials include (La,Sr)MnOs;; (LSM) in a ABOj; perovskite
structure for the cathode, yttria-stabilized zirconia (YSZ) electrolyte, and a composite Ni-YSZ
anode.>*?’ Figure 1-5 demonstrates the area specific resistance (ASR) for a typical LSM / YSZ
/ Ni-YSZ fuel cell’’ where we observe that a significant amount of the fuel cells overall

resistance is attributed to the sluggish ORR activity of the LSM cathode. As the fuel cell
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operating temperature is increased the cathodic resistances decrease contributing to the reduction
in the overall fuel cell resistance, however the slow ORR still constitutes a vast majority of the
overall resistances (Figure 1-5).”7 Unfortunately, at these higher temperatures where the overall
resistances are lower, expensive materials to construct the fuel cell that are chemically and
mechanically stable in such harsh operating conditions are expensive and increase the overall
cost for this technology. By reducing the fuel cells operating temperatures, less expensive
materials such as steel become viable options;* additionally the theoretical fuel cell efficiencies
are improved (Figure 1-3).  However despite the increase in theoretical efficiencies,’
practically, the oxygen reaction kinetics becomes slower at the lower operating temperatures
causing the cathode resistances to increase exponentially (Figure 1-5).*7 Therefore, significant
efforts need to be taken to further understand the processes governing the oxygen reduction

reaction as well as enhance the cathodes ORR activity as temperatures are reduced.
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Figure 1-5. The area specific resistance (ASR) as a function of temperature for an LSM / YSZ /
Ni-YSZ SOFC operating on hydrogen and oxygen. Our desired goal is to reduce the ASR at
lower operating conditions.”’

This work aims to enhance our understanding and develop highly active oxide cathode
materials for ORR at an intermediate temperature of less than 600 °C.23! The foundation for
these experiments are epitaxially grown Lag sSro2C003_5 (LSC80-204;3) thin films which have
previously been shown to have enhanced oxygen surface exchange activity greater then bulk

LSC80-20;13 at 520 °C.3? To further enhance epitaxial LSC80-20;,3’s activity, heterostructured
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interfaces between the perovskite LSC80-20,;3 and the A;BOs Ruddlesden-Popper
(LaosSro5)2C004s5 (LSCa14) were investigated using patterned micro-electrodes and
electrochemical impedance spectroscopy (EIS).”’ To probe the influence of strontium
substitution on the catalytic activity of an epitaxial LSC thin film and at the heterostructured
interface of LSC,y4, epitaxial base films with the Sr content of 40% (LSC60-40;;3) were grown
both bare and decorated with LSCz14.2® To explore the properties of bare LSC80-20;;3 and
LSC;14-decorated epitaxial L.SC80-20yy3 thin films, in situ high resolution X-ray Diffraction
(HRXRD) and ambient pressure X-ray photoelectron spectroscopy (APXPS) as a function of

temperature, oxygen partial ressure,’! and/or applied potentials.*
p Pp

1.3 Heterostructured Oxides

The reason for studying oxide interfaces is their potential to have very unique transport
properties.>>® Therefore, leveraging these properties to help improve catalytic activity and
obtain a deeper understanding for what role interfaces can play in kinetic reactions can be
invaluable.? **** Heterostructured interfaces have previously been applied to explore oxygen

*-42 (Figure 1-6) and shown a significant increase in the reactants reaction

reduction reactions
rates. Unfortunately, it is very challenging to investigate and isolate what about these interfaces
is unique, thus increasing the difficulty to systematically improve their performance. Some of
the factors that may contribute to enhanced performance for both conventional bulk materials or
heterostructured interfaces are lattice mismatch,”’ space charge effects,’® an increase in oxygen
vacancy concentration,” or a change in electronic structure.**  This work explores the

28, 29 .
829 and in situ

LSC113/L.SCz14 interfaces using electrochemical impedance spectroscopy (EIS)
ambient pressure XPS (APXPS) to gain additional insight into the properties that may be

responsible for the enhanced ORR activity.>
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Figure 1-6. Reproduction of Sase et al*? secondary ion mass spectroscopy (SIMS) images of Bo
intensity at the surface (above) and the cross-sectional images (below) of
La; 5Srg sCo04/Lag 6Srg4C003 on a CepoGdp 101 9ssubstrate after the diffusion annealing at 773 K
for 180 s in 0.2 bar '*0, gas. The bright line indicates the enhanced oxygen exchange at the
heterointerface of La; 5Srg sC0o04/Lag¢Srg4Co03.

1.4 In Situ Characterization

To truly capture the behavior epitaxial LSC80-20,;3 and LSC;;4-decorated LSC80-20;;3 and
understand what may be responsible for the enhanced reaction mechanisms observed, we need to
utilize tools that are capable of characterizing the reactions in situ. Moving beyond using EIS to

solely observe the enhanced ORR activity, this work will discuss the progress and insight gained
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from in situ high resolution XRD (HRXRD) and ambient pressure XPS (APXPS).*% 3 In situ
XRD will be utilized to understand how LSC80-20, ;3 crystal structure is influenced by increased
temperature and applied cathodic bias, while in situ APXPS provided the changes to various
LSC80-20113, LSCs14, and LSC,14-decorated LSC80-20;; films surface composition as a

function of temperature and applied cathodic biases.*

1.5 Technical Overview

Chapter 2. will provide a brief overview of the experimental procedures taken to synthesis and

28-31

study the various LSC thin films. Specific details for each study will be provided within

their respective Chapters 3-6.2%31

Chapter 3. is the foundation and inspiration for this thesis. This chapter will detail the unique
method for studying the ORR activity of the heterostructured interface between LSC80-20;;3 and
LSCyis. Ex situ XRD, atomic force microscopy (AFM), and scanning electron microscopy
(SEM) is used to fully characterize the various degrees of LSCjis-decoraged LSC80-201;3
ranging from a partial to complete coverage (~0.1 nm to 15 nm of LSC;4 decoration). Using
photolithography to turn the dense thin film into microelectrodes for electrochemical impedance
spectroscopy (EIS) a 3-orders of magnitude enhancement in ORR activity was observed on the
partially decorated films compared to bare LSC80-20;;3. Scanning transmission electron
microscopy (STEM) and conducting EIS on various sized microelectrodes we learn more about

the interface and what could be contributing to the enhanced ORR activity.”’

Chapter 4. is a continuation of Chapter 3,” attempting to learn more about what may be
responsible for the enhanced activity of epitaxial LSC80-20;;3 films compared to bulk and the
additional enhancements when decorated with LSC;14 by increasing the Sr substitution to 40%.
In bulk LSCyi3, it has been shown that an increased Sr concentration leads to enhanced ORR
activity. Therefore, this work continues the efforts to understand what role an increase in Sr
substitution can ORR activity and whether it can further enhance ORR activity when grown as
an epitaxial thin-film both bare and decorated with LSC,14. Using the aforementioned ex situ

characterization techniques and micropatterned electrodes for EIS its discovered that the increase
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in Sr within the epitaxial base film possessed significantly greater oxygen vacancy
concentrations than LSC80-20;3 epitaxial films, they had a lower vacancy concentration then
what has been previously reported for bulk LSC60-40,,3. Interestingly unlike bulk LSC80-20;3
and LSC60-40;,3, which show different ORR activity, the epitaxially grown LSC60-401;3 did not
lead to any clear increases in ORR activity for both the bare and LSCy14-decorated samples.”®
These results suggest that the properties of the film bulk may be less important then the surface
properties at high temperatures, pressures and under applied potentials, all of which lead well
into Chapters 5°' and 6°° which utilize in situ characterization to better understand how these

materials behave near operating conditions.

Chapter 5. as an initial starting point for in situ characterization it was important to try to
identify some of the key differences between LSC80-20,;3 as a bulk pellet and epitaxial thin
film. Previous work established epitaxial LSC80-20;;3 having enhanced ORR activity over bulk
pellet sample, in situ characterization is used to help understand why. To confirm the epitaxial
thin films phase stability and strain state as temperature is increased from 30 °C to 550 °C in
p(O2) of 1 atm, in situ HRXRD was conducted and reveled the LSC80-20;,3’s strain transitioning
between compression to tension at ~300 °C out-of-plane and tension to compression in-plane.
The surface elemental composition was probed using in situ APXPS was conducted on both
LSC80-20,13 epitaxial thin film and bulk pellet at temperatures between 30 °C and 520 °C in
p(02) of 1:107 atm. One of the most striking observations was the significant increase in Sr
enrichment within the epitaxial LSC80-20,;3 lattice structure and reduction in surface Sr-
(hydr)oxide phases while the bulk pellet remained unchanged, which may play a key role
governing the epitaxial thin films enhanced ORR activity.

Chapter 6. leveraging the insight gained from the previous study, they were applied to further
the understanding of bare and LSC;s-decorated LSC80-20,;3 under applied cathodic potentials.
In this study, in situ HRXRD of LSC80-20;,3 was conducted to understand the structure changes
that occur when under applied cathodic potentials (0 V to —0.8 V) at 550 °C and p(O,) of 1 atm.
Together with in situ APXPS of LSC80-20113, LSC»14 and LSC;4-decorated LSC80-20,;3 films
at various temperatures (220 °C to 520 °C) at a p(O,) of 110~ atm and under applied cathodic
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potentials (0 V to —0.8 V, —1.2 V for LSC80-2013) to understand how the surface elemental
composition changes. Interestingly one observes that the LSC80-20113014 film is capable of
stabilizing a much larger concentration of Sr enrichment within the lattice as well as an increase
in surface Sr species while possessing low concentrations of other surface (hydr)oxide species,

which combined may provide an explanation for the enhanced ORR activity.*
Chapter 7. will provide a brief discussion into the mechanism governing the oxygen reduction
reaction and the possible reason behind the activity enhancement of LSCi3214 compared to

LSCiis.

Chapter 8. will provide my conclusion and perspectives of heterostructured LSC;i3 and

LSC113/214 electrode materials, and in situ characterization.
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Chapter 2. Experimental Approach

2.1 Sample Preparation

For all ORR studies the primary thin-films investigated are LSC80-20;;3, LSC60-4013,
LSC;14, and LSCy4-decorated LSC;3 which were epitaxial grown using pulsed laser deposition
(PLD, as shown in Figure 2-1) on a single crystal yttria-stabilized zirconia (YSZ) (100) oriented

substrate with an interlayer of epitaxially grown gadolinium doped ceria (GDC)."™

LSC(001) ~10 - 200 nm
~4 - 6 nm

0.5 mm

-y ‘ﬂH}-r-T!‘Wl"

Figure 2-1. A photo of pulsed laser deposition (PLD) for the growth of an LSC thin film on YSZ

with an interlayer of GDC. Below is a cross-section schematic detailing approximate thicknesses
for each oxide layer."™
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2.2 Ex Situ Characterization

Benefits for these dense thin-film electrodes are the comprehensive characterization that
can be applied. The micro-patterning allows for easy tabulation for the electrodes surface area,
and perimeter using an optical microscope. The high resolution X-ray diffraction (XRD) can
help to confirm that the films are single phase and determine the orientation(s) of the films
(Figure 2-2a).":? Scanning electron microscopy (SEM) and atomic force microscopy (AFM)
can be utilized to evaluate the surface morphology and roughness of the films, respectively
(Figure 2-2b,¢)."? AFM can also be used to measure the height of the patterned electrodes."
Lastly, high resolution scanning transmission electron microscopy (STEM) can be utilized to
obtain atomic resolution information to help us understand what the films look like and the
atomic arrangement at the interface of the various oxide layers (Figure 2-2d).2 Applying all of
these characterization techniques to these model systems allows for detailed understanding of

electrodes initial condition.

'y
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Figure 2-2.Various types of data that can be collected from ex situ characterization, (a) X-ray
diffraction (XRD), (b) scanning electron microscopy (SEM), (¢) atomic force microscopy
(AFM), (d) scanning transmission electron microscopy (STEM)."?
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2.3 Oxygen Reduction Reaction Activity Measurements

Electrochemical impedance spectroscopy (EIS) is a common in sifu high temperature and
high pressure electrochemical technique that can provide great insight into how an electrode is
performing. This technique has been utilized for many cathodic ORR" > >'* studies. EIS
possesses the ability to evaluate how sensitive each electrode is to temperature, pressure and
when combined with reaction models can be utilized to elicit various reaction mechanisms.

For ORR studies utilizing an oxygen conducting electrolyte such as YSZ, both working
and counter electrodes can be placed within a single chamber and be exposed to the same oxygen
partial pressure. Since both working and counter electrodes are active catalysts for ORR and
oxygen evolution reaction (OER), oxygen can essentially be oscillated between the working
electrode and counter electrode, thus allowing both electrodes to be in the same oxygen
environment.

To prepare the samples for electrochemical impedance spectroscopy (EIS), traditional
photolithography techniques (as depicted in Figure 2-3) were utilized to create microelectrodes

ranging in size from ~25 pm to ~200 um (Figure 2-4).12

photo mask / develop resist

®
i oy g @ remove undeveloped resist @

acid etching

_—c ey ©
— o

Figure 2-3. LSC microelectrode photolithography process. 1,2,3-Deposit of all desired oxide

films, 4-coat with photoresist, 5-mask and UV light exposure, 6-chemical development to create

features in resist, 7-acid etch, creating features within oxide film, 8-rinse in solvent to remove
. o 12

resist.”
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Figure 2-4. Optical microscopy image of patterned LSC80-20,;3 film.

A schematic detailing electrochemical impedance spectroscopy (EIS) is shown in Figure
2-5 providing a representative Nyquist plot of the real and imaginary impedances accompanied
with an equivalent circuit utilized to analyze the collected data. Of particular interest is the large
low frequency semi-circle feature (blue) which corresponds to the oxygen reduction reaction.
EIS measurements were collected on a large variety of LSC,;3 and LSC;4-decorated LSC 3
samples under different oxygen partial pressures (1 atm to 1-107* atm) and microelectrode sizes
(~50 pm to ~200 pm in diameter). Specific EIS experimental details are provided within each

respective chapter.?
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Equivalent
Circuit

EIS

Nyquist Plot

ORR

Figure 2-5. (Left) cross-section schematic depicting EIS of a microelectrode LSC thin-film,
(middle) an equivalent circuit utilized to analyze the collected impedance spectra, (right)
schematic of a characteristic features in Nyquist plot of the real and imaginary impedances
collected during EIS. R = resistance, CPE = constant phase element (a non-ideal capacitor), ORR
= oxygen reduction reaction (blue), MF = middle frequency (red) which is believed to represent
resistance and capacitance associated to the interface between oxide layers, and Rysz = resistance
from the oxygen ion transport within the YSZ electrolyte.”?

2.4 In Situ HRXRD and APXPS

EIS is a powerful tool for providing insight into the reaction processes at the electrode
and to determine reaction rates. However, it is very challenging to obtain direct insight into how
the material is behaving structurally, elemental compositionally. In order to determine if/what
role the crystal structure or elemental composition may have in these reactions, it would be most

ideal to study these properties in situ.>*

In Situ HRXRD
A high resolution XRD instrument equipped with a high temperature and atmosphere

controlled sample holder with electrical leads was utilized to observe how the electrodes’ phase,
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orientation, lattice parameter, and film strain may change in constant p(0,) 1 atm at different
temperatures (30 °C to 600 °C)* and applied potentials (0 V to —0.8 V) at 550 °C. A schematic
of the sample configuration for this experiment is shown in Figure 2-6.> Since larger samples
can be utilized several wires can be connected to the sample, thus supporting a 3-electrode
configuration with the LSC80-20,,3 thin- film as the working electrode and porous Pt as the
counter and reference electrodes. The film was fabricated using similar conditions previously
discussed, however when sintering the Pt counter electrode on the bottom face of the YSZ
substrate, a small corner on the top face was also coated with Pt paste for the sintering of the Pt
reference electrode. Prior to LSC80-20;,3 PLD the Pt reference electrode was masked off to

prevent physical contact to the film growth.’

In Situ HRXRD Configuration:
3 electrode measurements

(measured)

. Porous Pt: Top
i Ref electrode View
B Side

lo} ¥sz View

Porous Pt:
Counter electrode vsz '
Porous Pt:
(10 mm x 10 mm) Ref electrode

Figure 2-6. Side and top view for in situ HRXRD 3-electrode (LSC80-20,;3-working, porous Pt-
counter and reference electrodes) sample for high temperature and applied potential studies.’

In Situ APXPS

With the advent of in sifu ambient pressure XPS surface information of these electrodes
can be investigated at near operating conditions. The primary samples investigated were
epitaxial thin-film of LSC80-20,;; and a fractured bulk LSC80-20,;; pellet for reference and
comparison. Primary temperature range for investigations include ~30 °C to ~520 °C at p(O,)
of 1-107 atm and a pressure range of 1107 atm to 1-10™° atm at ~520 °C. In addition, epitaxial
thin-film of LSC80-20,,3, LSC;;4, and LSC;;4-decorated LSC80-20,,3 films were investigated in
a p(0,) of 1107 atm as a function of temperature ranging from ~220 °C to ~520 °C and applied
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cathodic potentials 0 V to 0.8 V at 520 °C.’ These experiments were conducted at Lawrence
Berkeley National Laboratory’s (LBL) Advanced Light Source (ALS) synchrotron facility
beamlines 9.3.2 and 11.0.2. A schematic of the sample configuration for this experiment is
shown in Figure 2-7 and a picture of the sample inside the chamber at elevated temperatures is

shown in Figure 2-8.

In Situ APXPS Configuration:

2 electrode measurements

Counter electrode

Figure 2-7. Side and top view for in situ APXPS due to the limited electrical inputs these studies
can only facilitated a 2-electrode (LSC80-20;;3-working, porous Pt-counter) sample
configuration for high temperature and applied potential studies.’

Figure 2-8. A photograph of the LSC80-20;,3 sample within the irn situ APXPS chamber at high
temperatures and with applied potentials.3
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Chapter 3. Oxygen Reduction Kinetics
Enhancement on a Hetero-Structured Oxide

Surface for Solid Oxide Fuel Cells

Reproduced in part with permission from Ethan J. Crumlin, Eva Mutoro, Sung-Jin Ahn, Gerardo
Jose la O’, Donovan N. Leonard, Albina Borisevich, Michael D. Biegalski, Hans M. Christen,
Yang Shao-Horn, Oxygen Reduction Kinetics Enhancement on a Hetero-Structured Oxide
Surface for Solid Oxide Fuel Cells, Journal Physical Chemistry Letters, 2010, 1, 3149-3155,
Copyright 2010 American Chemical Society.

3.1 Introduction

The efficiency of solid oxide fuel cells (SOFCs) is limited primarily by the oxygen reduction
reaction (ORR) at the cathode, and there is a need to search for electrode materials with
enhanced ORR activity, particularly for SOFCs operated at intermediate temperatures. Mixed
electronic and ionic conductors, such as ABO, perovskites'” and A,BO, Ruddelson-Popper
materials,® are promising cathode materials due to their high oxygen ion diffusivity and surface
exchange properties. Recently, hetero-structured oxide interfaces have shown surprisingly high

transport or oxygen surface exchange properties.”’ In particular, Sase et al.” have reported
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enhanced ORR kinetics ~3 orders of magnitude confined to an interfacial region of ~20 pm in
width between La, ;Sr,,C00;., and (La,sSry5),Co0,,, films of ~1 ym in thickness relative to their
bulk values. Subsequently these authors demonstrated ~1 order of magnitude enhancement in
activity for the composite cathode screen-printed with these two oxide materials."* More
recently, we have reported that epitaxial La,gSr,,Co0O;. thin films grown on YSZ exhibit
enhanced ORR kinetics up to ~2 orders of magnitude relative to bulk."”

In this study, we examine if (La,sSr,s5),C00,,. (LSC,,,) surface decoration on epitaxial
La, S1,,C00;., (LSC,;;) thin films would lead to any further enhancement in ORR Kkinetics. We
here report that LSC,,,-surface decoration on the LSC,; thin films provides at least one
additional order of magnitude of enhancement in ORR kinetics, achieving ~3-4 orders of
magnitude enhancement over the entire electrode surface relative to bulk LSC,;5."® Using
geometrically well-defined thin film microelectrodes, particularly helpful to provide insights into
ORR mechanisms,'”? we show that the active regions responsible for the ORR enhancement are
the interfacial regions between LSC,,; and LSC,,,, which is good agreement with enhanced ORR

activity observed at the interface of La, Sr,,C00,./(La, sSr1,5),C00,...

3.2 Experimental Methods

Pt ink (#6082, BASF) counter electrodes were painted on one side of YSZ(001) single crystals
(9.5 mol% Y03, Princeton Scientific) with dimensions of 10 x 10 x 0.5 mm and sintered for 1
hours at 800 °C in air. PLD deposition of GDC (500 laser pulses, ~5 nm thickness), LSCi3
(15,000 pulses, (~85 nm; determined by AFM) and the surface coverages (either 25 pulses
LSC 13 (reference sample), 25 (~0.1 nm), 150 (~0.8 nm), 900 (~5 nm), or 2700 (~15 nm;
determined by TEM cross section) pulses of LSC,14) were performed using self-synthesized
stoichiometric targets under the following PLD conditions: KrF excimer laser, A =248 nm, 10
Hz pulse rate, ~50 mJ pulse energy, p(O2)pLD and cooling = 10 mTorr, growth temperatures: Tgpc =
450 °C, TiscusLsCas = 675 °C, feooling= 1 hour). Thin film high resolution XRD was performed in
normal and off-normal configuration with a four-circle diffractometer (Panalytical and Bruker
D8). Surface morphology was examined by optical microscopy (Carl Zeiss), AFM (Veeco), and
SEM (Carl Zeiss). Microelectrodes (diameters ~50, ~100, ~150, and ~200 pum, exact diameter
determined by optical microscopy) were prepared using photolithography. EIS measurements

(electrodes contacted by Pt-coated tungsten carbide probes) were carried out using a microprobe
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station (Karl Siiss) connected to a frequency response analyzer (Solartron 1260) and dielectric
interface (Solartron 1296). Data were collected between 1 MHz and 1 mHz using a voltage
amplitude of 10 mV under Ar / O, mixtures in the p(O5) range of 10 to 1 atm. The temperature
of 550 °C was measured on the sample surface and controlled with a heating stage (Linkam
TS1500). ZView software (Scribner Associates) was used to analyze the EIS data. STEM
(VG501UX or Nion UltraSTEM100) was utilized to examine thin film cross-sections and atomic
resolution interface of LSC;13/LSC,14. Additional experimental details can be found in the

Supporting Information.

3.3 Results and Discussion

Epitaxial thin films of LSC,,; of ~85 nm in thickness were prepared by pulsed laser deposition
(PLD) on yttria-stabilized zirconia (YSZ(001)) single crystals with gadolinium-doped ceria
(GDC) as the buffer layer (Figure 3-1a) using conditions similar to those reported previously.”
A surface decoration with LSC,,, having different thicknesses, from partial to full coverage (~0.1
nm, ~0.8 nm, ~5 nm, ~15 nm), was deposited subsequently on top of LSC,,;/GDC/YSZ(001)
while a reference sample with surface decoration of ~0.1 nm LSC,,; (LSC,;-reference) was
made for comparison. Scanning electron microscopy (SEM) and atomic force microscopy
(AFM) images showed that the LSC, ;-reference and LSC,,, surface decorated films were dense
having low surface roughness of ~1 nm (Figures 3-1b, S3-1). Electrochemical impedance
spectroscopy (EIS) measurements were used to probe ORR kinetics on geometrically well-
defined LSC,;; and LSC,,;/LSC,,, microelectrodes (Figure 3-1b) created by photolithography
and acid etching, where sintered porous Pt served as the counter electrode. EIS data were
analyzed using an equivalent circuit depicted in Figure 3-1c, from which the ORR resistance

(Rogrr) and surface oxygen exchange rate were obtained.
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Optical

CPE,
AN
I_...I_
R
d) '

Z

Figure 3-1. a) Schematic of an LSC,,,/LSC,,,/GDC/YSZ(001)/porous Pt sample and
electrochemical testing configuration (not drawn to scale, dimensions provided in the
Experimental Methods §3.2), b) optical image of a micro-patterned LSC,,;-reference sample
and magnified surface topography (SEM/AFM) with full height range of ~6 nm in the AFM
image, c) equivalent circuit (R, = YSZ electrolyte resistance, R, = electrode/electrolyte interface
resistance,” Rozz = ORR resistance, CPE = constant phase element) used to extract ORR
kinetics, and d) characteristic Nyquist plot schematic (color key: orange = Y SZ/bulk transport,
green = GDC/interface, blue = LSC/ORR).

Similar to our previous studies,"” normal X-ray diffraction (XRD) data (Figure 3-2a) clearly
show the presence of the (00/),. (/ is integer) or (000).,,. (/ is even) peaks of LSC,,;, GDC, and
YSZ, which indicates (001),LSC,,; // (001),,,;,,GDC // (001).,4;.Y SZ. The subscript “pc” denotes
the pseudocubic notation. With increasing LSC,,, coverage to ~5 nm and ~15 nm in thickness,
the (00))ragona Peaks (I is even) of LSC,,, become visible, corresponding to € iugona = 12.5 A,
comparable to published values.*>*® Off-normal phi-scan analysis of a similarly prepared sample

with a thicker (~45 nm) LSC,,, coverage (Figure 3-2b) allowed us to identify the in-plane
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crystallographic relationships between GDC and YSZ (a cube-on-cube alignment), LSC,,; and
GDC (a 45° rotation having [100],LSC,; // [110].,,;,,GDC // [110]..YSZ), and LSC,,; and
LSC,,, (no rotation having [100], LSC,;; // [100],yagonal-SCs14), shown in Figure 3-2¢ and
Figure S3-2. The relaxed lattice parameters of the LSC,,; films with and without LSC,,, surface
decoration in this study were found to be in the range of 3.84 -3.85 A, having in-plane tensile
strains and compressive strains in the direction normal to the film surface at room temperature
(Table S3-1), which are in reasonably good agreement with those reported previously."”” The
origin of these strains is not understood fully but might be a consequence of different thermal
expansion coefficients between YSZ (~11x10° °C" #’) and LSC films (~17x10° °C" for bulk®).

Experiments are ongoing to examine how these strains change upon heating to high

temperatures.
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Figure 3-2. X-Ray diffraction analysis: a) normal XRD of the LSC,;-reference and the LSC,,,-
covered LSC,; films; LSC,,; peaks are labeled in the pseudocubic (pc) notation,” GDC and YSZ
peaks were marked by open circles (o) and open triangles (V), respectively, b) off-normal XRD
of a similarly prepared sample with a thicker (~45 nm) LSC,,, coverage, ¢) schematic of the
crystallographic  rotational relationships among the LSC,,(001)pagona> LSC;15(001),,,
GDC(001) ., and YSZ(001)pic-
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EIS data of all samples used in this study were found to be very similar in shape, and typical
features in the Nyquist plots are shown in the schematic in Figure 3-1d. The predominant
semicircle (assigned to ORR impedance) was found to increase with decreasing p(O,).
Representative EIS data collected at 550 °C in 1% p(O,) are shown in Figures 3-3a, b. All films
with LSC,,, surface decoration were found to have markedly smaller real impedance relative to
the LSC,,; films reported previously' and the LSC,;-reference film of this study. The ORR area
specific resistance (ASRogrx = Rorr'AT€deears.) Was used to calculate the electrical surface
exchange coefficient, k% * * (Figure S3-3). As shown in Figures 3-3c, d, all the LSC,,,-
decorated films showed enhanced &% values compared to the LSC, ;-reference, electrodes with
low coverage demonstrating the highest surface exchange. It is interesting to note that the
surfaces with low coverage exhibit up to an order of magnitude higher conductance at high p(O,)
than that observed for a screen-printed electrode composed of porous LSC,,, on top of porous
La, ¢Sr,,C00,., reported previously'* (Figure S3-4). Assuming k% can be approximated as k*,’! it
is noted that the highest £* values of LSC, ,-decorated LSC,;; films (0.1 nm) obtained from this
study is 3-4 orders of magnitude higher than that of bulk LSC,,;'® at 1 atm, and is comparable to
those of the most active cathode materials such as thin film Ba, sSr, <Co,Fe,,Co,. [k* = ~1:10°
cm s at 500 °C and 0.5 bar of p(O,)’*] and bulk La,CoO, [k* = ~3-10° cm s at 500 °C and 0.2
bar of p(0,)”].
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Figure 3-3. Electrochemical impedance spectroscopy (EIS) results of microelectrodes (~200 pm)
for the LSC, ;-reference and the LSC,; films with ~0.1 nm, ~0.8 nm, ~5 nm, and ~15 nm LSC,,,
surface coverage at 550 °C; a) Nyquist plot at 1% p(O,), the inset and b) show a magnification;
c) oxygen partial pressure dependency of the surface exchange coefficients k* of LSC,,5/LSC,,,
films and bulk LSC extrapolated from the data reported by De Souza et al.'® (red 4), and d)
average k% values versus thicknesses of LSC,,, surface coverage. Error bars represent the
maximum and minimum from three independently measured electrodes.

To evaluate what is responsible for the observed ORR enhancement, we here discuss factors
that may influence the ORR kinetics. We note that there is no change in the oxygen vacancy
concentration of the entire film with increasing LSC,,, surface coverage. The oxygen
nonstoichiometry (8) was estimated from the volume specific capacitance (VSC) of EIS data

using a method published previously”™ ** (Figures S3-5a and S$3-5b), from which
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thermodynamic parameters of the thin film samples were extracted from VSC dependence on
p(0,) (Table S3-2). Therefore, the enhanced ORR activity of LSC,,-covered LSC,,; films
cannot result from increased oxygen vacancy in the bulk of the films. Moreover, the origin of
enhanced ORR activity of LSC,,,-covered LSC;; films is not apparent as the LSC,,,-reference
film composed of LSC,,,(~15 nm)/GDC/YSZ(001)/porous Pt has comparable activity to the
LSC, ;-reference film (Figure S3-6). These results suggest that the presence of LSC,,; and
LSC,,, interfaces on the surface of LSC,,,-covered LSC,,; films are critical to the observed ORR
enhancement.

To obtain further insights into the ORR kinetics of LSC,,,-covered LSC,; films, scanning
transmission electron microscopy (STEM) cross sections of three samples, LSC,;-reference, a
partially (~0.8 nm) and a fully (~15 nm) LSC,,, covered film were compared, from which active
regions for surface oxygen exchanges are proposed (Figure 3-4). Cross-sectional STEM imaging
(Figure 3-4a) demonstrated that the LSC, ;-reference film had no second-phase inclusions. By
the first approximation, the ORR kinetics on these films of ~85 nm in thickness are oxygen
surface exchange limited having the entire electrode surface ORR active (highlighted in red in
Figure 3-4a right panel) as the film thickness is much lower than the critical thickness estimated
from extrapolated bulk LSC,; values (using 7.; = Dy /kpy at 550 °C = 1 ym) 3 This is further
supported by the fact that the p(O,) dependency of k* (k? x p(O,)", having m = ~0.93) is similar
to those reported previously for bulk LSC,* particularly in the p(O,) range from 10* atm to 10
atm. Partial LSC,,, coverage on the LSC,; film led to the formation of nano-islands distributed
on top of the LSC,,;film, which is supported by the STEM cross-sectional imaging in Figure 3-
4b, showing uneven contrast at the film surface (compared with Figure 3-4a). Nano-islands
result in a large number of interfacial LSC,5;/LSC,,, boundaries on the film surface, which are
correlated with the highest ORR activity values observed for partial coverage of LSC,,, on the
LSC,; film. Increased k° values can decrease the critical thickness (z.;) assuming a constant
diffusion coefficient, D, which can lead to ORR impedance to be influenced by bulk diffusion in
addition to surface oxygen exchange. The much decreased p(O,) dependency of the partially
covered samples at high p(O,) (Figure 3-3c) may suggest that the surface oxygen exchange
kinetics of these thin films are so large that they are limited by bulk diffusion in the thin films,

where bulk diffusion coefficients typically have a weak dependence on p(O,).
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TEM Schematic active regions

No coverage
(reference)
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(~ 0.8 nm)

(~15nm)

Full coverage

Figure 3-4. Proposed ORR active regions (red) for a) LSC, ;-reference sample, b) partially
LSC,,,-covered samples, c) fully LSC,,-covered sample (STEM reveals ~15 nm LSGC,,
coverage).

With increasing LSC,,, coverage to ~15 nm, a fully dense surface layer of LSC,, was
developed, as shown in the cross-sectional STEM image in Figure 3-4¢, where the LSC, , layer
appears darker due to a lower physical density of the structure than LSC,,;.>*" This reduced the
triple phase boundary (LSC,,,/LSC,,,/gas phase), which is correlated with lower activity of fully
LSC,,,-covered films compared to the partially covered films. Even assuming that the edge of
the LSC,,, thin layer had ORR activity comparable to the boundaries of LSC,,, nano-islands on
the LSC,,; film, a large active area at the interface between LSC,,, and LSC,,; extending from
the microelectrode edge toward the microelectrode center would be needed to explain the ORR
enhancement of these films relative to the LSC,,; and LSC,,, reference samples (Figures 3-4c, 3-
5, 83-6). Evidence to support this hypothesis is provided by evaluating how the ASRgy changes

with the microelectrode diameter, d. As shown in Figure 3-5a, all partial LSC,,,-covered
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electrodes show no apparent ASR.; dependency on the electrode diameter, which indicates that
the enhanced ORR Kkinetics are comparable for all electrodes of different sizes. In contrast, the
ASR g Of the fully LSC,,,~covered film decreases (i.e. k* increases) with reducing electrode size,
approaching a similar value to partially covered electrodes. This result suggests that an
interfacial area extending from the microelectrode edge to the electrode center with a finite radial
distance, r, on the order of ~20 um (as depicted in Figure 3-5b) can contribute to enhance ORR
kinetics. By decreasing the electrode diameter from ~160 ym to ~35 ym, the area of the highly
active circular ring becomes greater than the remaining non-ORR-enhanced area near the
electrode center (Figure 3-5b), and finally the entire electrode is highly activated. This can

explain why the ASRqgy Of this sample approaches those of partially LSC,,-covered samples.
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Figure 3-5. a) ORR area specific resistance (ASRqgg) versus electrode diameter, d, at 550 °C in
1% p(0O,). b) Schematic of proposed enhanced active regions (red) for different electrode sizes
and different amounts of LSC,,, surface coverage, r = radial distance of active area.
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La/Sr —

Co —

octahedral

Figure 3-6. HAADF STEM micrograph of the LSC,5/LSC,,, interface for the ~15 nm LSC,,,
covered sample; the schematic shows the unit cell of both materials and the structure at the
interface (blue atoms = La/Sr, purple atoms = Co).

Our results indicate that interfacial LSC,,5/LSC,,, regions or LSC,,, thin layers of a few
nanometers in thickness on LSC,,; are responsible for the observed ORR enhancement. Atomic
resolution high angle annular dark field (HAADF) STEM imaging revealed that the LSC,,, layer
of ~15 nm grew epitaxially with (001) orientated LSC,,;, which is in good agreement with XRD
results in Figure 3-2. The interface is atomically sharp without any amorphous or disordered
interface regions, having atomic columns of the La/Sr layers of LSC,,, and LSC, ; clearly shown.
It is not clearly understood why interfacial LSC,5/LSC,,, boundaries or LSC,,, thin layers of a
few nanometer in thickness on LSC,,; exhibit enhanced ORR activity. We hypothesize that the

enhancement can be attributed to interfacial properties such as strain,” ' space charge effects Fan
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increase in oxygen vacancy concentration,” or a change in electronic structure.® Since La,CoO,
has a high ** which is comparable to the k* found for the partially covered LSC,,/LSC,,,
samples, the enhanced ORR activity could also be explained by the absence of Sr at the interface.
Further studies are needed to elucidate the mechanism of ORR Kkinetics enhancement of these

hetero-structured interfaces.

3.4 Conclusions

In summary, we show ORR activity enhancement up to ~1-3 orders of magnitude on the thin
film LSC,; surfaces with LSC,, surface decoration, and up to ~3-4 orders of magnitude with
respect to bulk LSC, ;. Our results indicate that interfacial LSC,,3/LSC,,, regions are responsible
for the observed ORR enhancement. The enhancement in ORR Kkinetics cannot be attributed to
changes in oxygen vacancy concentration of the entire film nor a disordered interfacial
LSC,,/LSC,,, structure, and future studies are needed to elucidate the origin of enhanced ORR
kinetics at interfacial LSC,;;/LSC,,, regions. This study illustrates the potential of utilizing
hetero-structured oxide surfaces/interfaces to develop highly active surface oxygen exchange
materials for applications in the field of solid-state electrochemistry such as solid-electrolyte-

based sensors, oxygen conducting membranes, and SOFC cathodes.

3.5 Supporting Information

Experimental Details:

Target Synthesis. La,Sr,,Co0;, (LSC,;;) was synthesized using solid state reaction from
stoichiometric mixtures of La,0;, SrCO,, Co,O, (Alfa Aesar, USA) calcined at 1,000 °C in air
for 12 hours. The (La,sSr,5),Co0,,. (LSC,,,) and Gd,,Ce,s0, (GDC) powders were synthesized
via the Pechini method. La(NO;);-6H,0, Sr(NO;),, Co(NO,),"6H,0, and separately Gd(NO,);,

and Ce(NOs); were dissolved into a de-ionized water, ethylene glycol, citric acid (Sigma-
Aldrich, USA) mixture to synthesize LSC,,, and GDC respectively. After esterification at 100
°C, the resin was charred at 400 °C and then calcined at 800 °C in air for 1 hour. The pulsed laser
deposition (PLD) targets with a 25 mm diameter were subsequently formed by uniaxial pressing

at 50 MPa. The LSC,,,, LSC, 5, and GDC targets were all sintered at 1350 °C in air for 20 hours.
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Sample Preparation. 9.5 mol% Y ,0;-stabilized ZrO, (Y SZ) single crystalline substrates with
(001) orientation, dimension 10 x 5 x 0.5 mm, and one-sided polished (surface roughness < 1
nm) (Princeton Scientific, USA) were used as electrolytes. Platinum ink (Pt, #6082, BASF,
USA) counter electrodes were painted on the un-polished side of the YSZ and sintered at 800 °C
in air for 1 hour. The oxide films were deposited by pulsed laser deposition (PLD) using a KrF
excimer laser with A = 248 nm, 10 Hz pulse rate, and ~50 mJ pulse energy under p(O,) of 10
mTorr with 500 pulses of GDC (~5 nm) at 450 °C, followed by 15,000 pulses of LSC,;; (~85
nm, determined by atomic force microscopy (AFM); the film thicknesses of the scanning
transmission electron microscopy (STEM) cross sections shown in Figure 4 do not represent
typical average values) at 675 °C. Reflection high-energy electron diffraction (RHEED) was
‘utilized to provide in-situ monitoring of GDC/LSC,,5/LSC,,, film growth. Immediately after
completing the LSC;; base film deposition a surface film was subsequently deposited; for the
LSC, ;-reference sample adding an additional 25 pulses LSC, 5, or LSC,,, surface coverages
consisting of 25 pulses (~0.1 nm, partial coverage), 150 pulses (~0.8 nm, partial coverage), 900
pulses (~5 nm, coverage information (partial or full) is not available), and 2700 pulses (~15 nm,
full coverage) pulses. LSC,,, decoration layer thickness is extrapolated from STEM micrograph
shown in Figure 4c of the thickest 2700 pulse LSC,,, coverage on LSC, ;. After completing the
final deposition, the samples are cooled to room temperature over the course of ~1 hour within

the PLD chamber at 10 mTorr.

Sample Characterization. Oxide phase purity and orientation of the thin film systems were
investigated via high resolution X-ray diffraction (XRD) using a four-circle diffractometer
(Panalytical, USA; and Bruker D8, Germany). Surface morphology was examined by optical
microscopy (Carl Zeiss, Germany), AFM (Veeco, USA), and scanning electron microscopy
(SEM, Carl Zeiss, Germany). Samples for STEM studies were prepared using either traditional
mechanical polishing followed by Ar ion milling or focused ion beam (FIB) lift-out. The
electron transparent thin film samples were examined using a VG501UX or Nion UltraSTEM100
scanning transmission electron microscope, both operated at 100 kV and equipped with Nion
aberration correctors. In high angle annular dark field (HAADF) imaging, an electron probe is
scanned across the sample, and the electrons scattered to high angles are collected at every point

to form an image. The resulting HAADF micrograph shows brighter contrast in regions where
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atomic columns contain heavier atoms and lighter contrast for atomic columns with smaller

atomic number (roughly proportional to Z?).*

Micropatterning. The LSC microelectrodes were fabricated by photolithography and the
following process: OCG positive photoresist (Arch Chemical Co, USA) was applied on the film
surface and patterned usihg a mask aligner (Karl Siiss, Germany, A =365 nm). The photoresist
was developed using Developer 934 1:1 (Arch Chemical Co., USA) developer, and the films
were subsequently etched in hydrochloric acid (HCI) to form circular microelectrodes (diameters
~50 pm, ~100 ym, ~150 pm, and ~200 ym, exact diameter determined by optical microscopy).
The photoresist was removed with acetone. AFM was then used to measure sample thickness for
each film after microelectrode patterning, resulting in LSC, ;-reference ~85 nm, LSC,,5/LSC,,,
(~ 0.1 nm) ~83 nm, LSC,/LSC,,, (~ 0.8 nm) ~86 nm, LSC,;/LSC,,, (~ 5 nm) ~93 nm,
LSC,,s/LSC,,, (~ 15nm) ~120 nm.

Electrochemical Characterization. Electrochemical impedance spectroscopy (EIS) was
collected using a microprobe station setup (Karl Siiss, Germany) connected to a frequency
response analyzer (Solatron 1260, USA) and a dielectric interface (Solartron 1296, USA). Pt-
coated tungsten carbide probes were utilized to contact the LSC electrodes and the porous Pt
counter electrode. Sample testing configuration is shown in Figure la. Temperature was
controlled at 550 °C with a heating stage (Linkam TS1500, UK) and measured with a second
thermocouple on the sample surface. EIS data were collected between 1 MHz to 1 mHz using a
voltage amplitude of 10 mV under Ar / O, mixtures in the range from Py, of 10 to 1 atm.
Figure 1c-d details the equivalent circuit and corresponding Nyquist plot for this experimental
system. ZView software (Scribner Associates, USA) was used to construct the equivalent circuit

and perform complex least-square-fitting to extract the fitting parameters to describe the system.
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Constrained Constrained ~ Relaxedflm |y piane strain @~ Normal strain

in-plane lattice  normal lattice ~ lattice (a-a) (c-2)

Electrode System parameter parameter parameter € = P L z
a (A c (A a (A

[LSC113/LSCz1s]  [LSC113/LSCots] [LSC115/LSCr14] [LSCi14] [LSCi13]
LSC,;-reference 3.853/n/a 3.831/n/a 3.840/n/a 0.33 % -0.22 %
LSCz15~0.1 nm 3.859 /n/a 3.845/n/a 3.850/n/a 0.21% -0.14 %
LSCz4~0.8 nm 3.873/n/a 3.841/n/a 3.853/n/a 0.50 % -0.33 %
LSCz5s~5.0 nm 3.869 /n/a 3.830/n/a 3.846/n/a 0.60 % -0.40 %
LSCya~ 15.0 nm 3.855/3.846 3.835/12.444 3.843 /3.811 0.32% -0.21%

Table S3-1. Constrained and relaxed lattice parameters of LSC films extracted from normal and
off-normal HRXRD data. The constrained normal and in-plane lattice parameters of the LSC,;;
and LSC,,, films were calculated from combining the inter-planar distances of the (002),. and
(011),, peaks and the (006),.yagona AN (103),¢ra00na PEAKS respectively.

For determining the relaxed film lattice parameter a (LSC,,;), we used the equation:

Ac -2v Aa

~ A

¢ 1-v a

Assuming d=¢ andv=025*

a(x) Ah(x) As(x)
(kI mol™) . (kJ mol™) ( mol™)
4o X¥=02 415 -146 -86.6
LSC pellet (Mizusaki et al.”)
x=04 289 -85.5 -69.4
LSC 1.5 pm thin film
. x=04 332 -124 -69.4

(Kawada et al.”)

LSC;5-reference x=02 1100 -113 -87
LSC;14~0.1 nm x=02 900 -118 -83
LSC;;4~0.8 nm x=02 1050 -115 -86

LSC;14~5nm x=02 1130 -118 -83
LSC;z14~15 nm x=02 1320 -111 -87

Table S3-2. Extracted standard partial molar enthalpy (in equilibrium with 1 atm of O,) of
oxygen Ah;(x), standard partial molar entropy of oxygen As;(x), and non-ideality factor a(x)
for LSC bulk,” polycrystalline® and LSC,; decorated thin films.
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Reference

Figure S3-1. Surface AFM (left) and SEM (right) images of the different electrodes; rms
roughness: 1.15 nm (reference), 0.75 nm (~0.1 nm coverage), 0.67 nm (~0.8 nm coverage), 0.76
nm (~5 nm coverage), 0.94 nm (~15 nm coverage).
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Figure S3-2. Schematic showing relationship between LSC); unit cell in pseudo cubic notation
(light blue) and LSC;,4 tetragonal unit cell (dark blue). The space group of LSCj;; in pseudo
cubic notation is Pm-3m (ap: = 3.8 A), of LSC14 is [4/mmm (Getragonal = 3.8 A, Cretragonal = 12.5

A).
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Figure S3-3. Fitting the EIS data to the equivalent circuit shown in Figure 3-1¢, Reiccrolyte-
(Relectrolytelelectrode interface /C P Eelectrolyterelectrode interface)-(RorrR/CPEoRR), We obtained values for Rorg;
and knowing the area of the microelectrode (Aeectrode = 0.25 T delcctmdez) we can determine the
ORR area specific resistance (ASRorr = Rorr * Aelectrode)- ASRoRrR values plotted versus log p(0O;)
for the LSC,3-reference and the LSC;;3 film with about 0.1 nm, 0.8 nm, 5 nm, and 15 nm
LSC;14 surface coverages at 550 °C are depicted in this Figure. In order to determine the

electrical surface exchange coefficient (k%) from the ASRorr values, we used this expression:>

k' = RT | 4F° RorrAelectrodeCo
where R is the universal gas constant (8.314 J mol™ K™), T'is the absolute temperature (823 °K),
F is the Faraday’s constant (96,500 C mol™), and c, is the lattice oxygen concentration in LSC.
In a first approximation, we estimated ¢, for LSCy;3 using:
Co=1(3-0)/ Vi
where Vmis the bulk molar volume of LSC;;3; at room temperature (33.66 cm’ mol'l, increasing
temperatures to 550 °C has a negligible effect on the molar volume). J values for the material at

the experimental conditions (p, 7) have been used from literature. **

The LSC,14 surface coverage might change the ¢, value of the system. For estimating this
influence we also calculated £* values for electrode systems composed only of LSC;;4. For pure
LSC>14 we could use this expression, with V5, of bulk LSC;;4 at room temperature (54.60 cm?

mol™)
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Co=(4+0)/ Vi
The influence of using the LSCz14 ¢, will increase the value of k% by approximately 20%. We
decides to use ¢, values of LSC;; for all samples as this is the largest ¢, value and will yield the

most conservative k7.
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Figure S3-4. Comparison of results of this study to work previously reported by Yashiro et al.'*

investigating polycrystalline materials and porous electrodes (Lag 6Srg 4CoOs..,

(Lag 5810 5)2C004+,; note, it is known that Lag S 4Co0O3., has higher ORR activity then

Lap §Sr2C003.,). The conductance has been calculated using the expression: 1/4SRogrr. In
addition, we can compare the & values of both studies, as k% is comparable to the self-surface
exchange coefficient, k*, which can be determined from oxygen isotope exchange evaluated by
secondary ion mass spectroscopy (SIMS).*' Conducting O exchange at 0.2 bar and 500 °C
using Lag 6Srp4C00;., / (Lag 5Sro.5),Co04+, films, Sase et al.’? reported a k of approximately 8-10°
Scm s confined to a region close to the interface of Lag ¢Sro4C003./LSCa14/gas phase. In this
work we show for example k% ~ 2.5:-10° cm s™! over the entire LSCi13 / LSCy14 electrode surface
at 550 °C in 10% p(O,).
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Figure S3-5. Oxygen partial pressure dependency of a) volume specific capacitance (V'SC) b)
oxygen nonstoichiometry 6, results of the LSC;3-reference and the LSCy;3 films with about 0.1
nm, 0.8 nm, 5 nm, and 15 nm LSC,y4 surface coverages at 550 °C. The VSC of the thin films was

obtained from EIS data using the expression® VSC = [1/(Aelcctrode * thicknesseieetrode] (Rorr"
M) where n and Q are fitting parameters.*’

Using a method reported by Kawada et al.** the VSC values of LSC bulk were calculated,
VSC = —(4F* IV, )dS du) = (4F* IV, )a(x)+3RT /83 -8)]"
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where a(x) is a factor that describes deviation from ideal solid solution. Oxygen

nonstoichiometry (8) was extracted using the expression:

5= 3/2—1/2,\/9—IZRT/[(4F2/VSC-Vm )-ax) |

which is substituted into

1/2RT1n p(0,) = [Ah;(x) - a(x)d |- T[As;(x) + RIn(3/(3 - 8)) |
Using this relationship to fit the experimentally determined VSC of the LSC,;3 decorated films at
different p(0O,), the é and thermodynamic parameters include the standard partial molar enthalpy
(in equilibrium with 1 atm of O,) of oxygen Ah,(x), a(x), and standard partial molar entropy of
oxygen As;(x) , at 550 °C are shown in Table S3-2. Estimates for bulk Lag gSry2C00Os., VSC and

S are extrapolated from Mizusaki et al.*? at 550 °C.

30 e
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Figure S3-6. Nyquist plot comparing thin film EIS of LSC,4/GDC/YSZ(001) deposited by PLD
using similar conditions outlined in the Experimental Details (Sample Preparation section above)
to LSC;3-reference (~85 nm) at 550 °C in 100% p(O3). LSCsi4 film thickness is ~15 nm, which
is comparable to the surface decoration thickness of the fully LSC;;4 covered electrodes. At this

testing condition k% LSC3-reference and LSC,4-reference are both ~2.2:107 em s\
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Chapter 4. Oxygen Electrocatalysis on Epitaxial
Lag ¢Sro.4C00;_5 Perovskite Thin Films for

Solid Oxide Fuel Cells

Reproduced in part with the permission from Ethan J. Crumlin, Sung-Jin Ahn, Dongkyu Lee,
Eva Mutoro, Michael D. Biegalski, Hans M. Christen, and Yang Shao-Horn, Oxygen
Electrocatalysis on Epitaxial LaysSrg+CoOs., Perovskite Thin Films Jfor Solid Oxide Fuel Cells,
Journal of Electrochemical Society, 2012 (Accepted), Copyright 2012 The Electrochemical
Society.

4.1 Introduction

The efficiency of solid oxide fuel cells (SOFCs) is limited primarily by the oxygen
reduction reaction (ORR) at the cathode, particularly for SOFCs operated at intermediate
temperatures. Therefore, there is a need to search for electrode materials with enhanced ORR
activity. Mixed electronic and ionic conductors such as ABO, perovskites'> and A,BO,
Ruddlesden-Popper materials,* are promising cathode materials due to their high oxygen ion
diffusivity and surface exchange properties. Hetero-structured oxide interfaces have shown
surprisingly high oxygen surface exchange properties.>"' Recently Sase et al.” have reported

enhanced ORR Kinetics of ~3 orders of magnitude at the interfaces between bulk La, Sr, ,Co0O,_,
(LSC60-40,,5) grains and secondary (La,Sr),CoO,. precipitates relative to bulk LSC60-40,,,,
having an estimated surface oxygen coefficient approaching 1-10° cm-s " at 500 °C. Subsequently
these authors show that ~1 order of magnitude enhancement in ORR activity can be obtained for
composite cathodes screen-printed with these two oxide materials.'' More recently, we have
reported that surface decoration of (La,sSt,5),C00,. (LSC,,,) particles epitaxially grown on the
(001)-oriented La,gSr,,Co0;, thin films, which are epitaxially grown on yttria-stabilized
zirconia (YSZ), can lead to marked enhancement in the surface oxygen exchange kinetics up to
three orders of magnitude relative to bulk,” approaching that of the LSC60-40,,/LSC,,,

interfaces of composite ceramics.’
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In this study, we investigate the surface oxygen exchange kinetics of (001)-oriented
LSC60-40,,; and LSCys-decorated LSC60-40;;3 thin films epitaxially grown on YSZ. First, as
(001)-oriented Lag §Srp2C003., (LSC80-20;;3) thin films have shown enhanced ORR Kkinetics by
one order of magnitude relative to bulk,'” we are interested in understanding if (001)-oriented
LSC60-40;13 thin films would also exhibit enhanced surface oxygen kinetics relative to bulk.
Polycrystalline LSC60-40;;3 thin films'? supported on a sintered GDC substrate show
comparable surface oxygen exchange coefficients to that of bulk LSC60-4013 pellet."
Considering previous studies'® have shown that X-ray-diffraction-amorphous LSC60-401;3 films
have enhanced ORR activity than crystalline films supported on YSZ(001), single-crystalline,
(001)-oriented LSC60-40y;3 films might have different surface oxygen kinetics from
polycrystalline LSC60-40;;3 thin films reported previously.13 Second, although previous work
qualitatively confirm the enhancement at the interfaces between polycrystalline LSC60-40,13 and
(La,Sr),Co04 thin films,® we aim to quantify the degree of enhancement in the surface oxygen
exchange kinetics associated with LSC,14 decoration on (001)-oriented LSC60-40113 films. In
this study, we report ORR activities for epitaxial (001)-oriented LSC60-4013 films comparable
to bulk LSC60-40,,5. In addition, surface LSC,14 decoration grown epitaxially on the (001)-
oriented LSC60-40,,5 thin films can provide activity enhancement up to 3 orders of magnitude
relative to bulk, and have surface oxygen exchange coefficients comparable to those found for

LSC,1s-decorated LSC80-20,3 reported previously.5

4.2 Experimental Methods

LSC60-40,,3 powders were synthesized by a solid-state reaction using a stoichiometric
mixture of La,0s, SrCOs, and Co304 (Alfa Aesar, USA) 1,000 °C in air for 12 hours. LSC;14 and
Gdy,Ceos02 (GDC) was prepared by the Pechini method using La(NOs);-6H20, Sr(NOs)s,
Co(NOs3),'6H,0, and Gd(NOs); and Ce(NOs)s, respectively. The precursors were dissolved in
de-ionized water with citric acid, and ethylene glycol (Sigma-Aldrich, USA) mixture. After
esterification at 100 °C, the resin was charred at 400 °C and then calcined at 1000 °C in air for 12
hours. Pulsed laser deposition (PLD) targets of LSC60-40,;3, LSCz14, GDC with a diameter of 25
mm were fabricated by uniaxial pressing at 50 MPa and sintering at 1,350 °C in air for 20 hours.

Single-crystal 9.5 mol% Y,0s-stabilized ZrO, (YSZ) substrates with the (001)-orientation

and a dimension of 10 x 10 x 0.5 mm (Princeton Scientific, USA, one sided polished) were used

80



for the substrate for film deposition and the electrolyte for activity measurements. Prior to film
deposition, platinum ink (Pt) (#6082, BASF, USA) counter electrodes were painted on the
unpolished side of the YSZ and sintered at 800 °C in air for 1 hour. The YSZ substrate was
affixed to the PLD substrate holder using a small amount of silver paint (Leitsilber 200, Ted
Pella, USA) for thermal contact. PLD was performed using the following parameters: KrF
excimer laser (A = 248 nm), 10 Hz pulse rate, ~50 mJ pulse energy, distance between target and
substrate ~5 cm, and p(O;) = 10 mTorr. To prevent the reactivity between YSZ and LSC60-40,;3,
500 pulses of GDC were deposited first at 450 °C (~ 5 nm thick estimated from scanning
transmission electron microscopy on similar samples as reported previously,” having ~0.01
nm/laser-pulse). This was followed by 5,000, 15,000, or 30,000 pulses of LSC60-40;;3 (~0.005
nm/laser-pulse) at 675 °C to produce films of different thicknesses, which was cooled to room
temperature within ~1 h in 10 mTorr p(O,). LSC;js-decorated LSC60-40,;3 films were fabricated
by adding 25, 150, 900, and 2700 pulses on the LSC60-40;;3 film of 15,000 pulses, which led to
surface LSC;14 decoration thickness of ~0.1 nm (partial coverage), ~0.8 nm, (partial coverage),
~5 nm (likely full coverage) and ~15 nm (full coverage), respectively, a linear thickness
extrapolation was based on previous work of LSCy4 decoration of LSC80-20;:3 films. '® A
reference film of LSC60-40;,; decorated with 25 pulses of LSC60-40;,3 was also fabricated for
comparison.

The phase purity of oxide powder samples for PLD targets were investigated via high
resolution X-ray diffraction (XRD) using a four-circle diffractometer (Panalytical, USA). Thin
film XRD was performed using a four-circle diffractometer (Bruker D8, Germany) in normal and
off-normal configurations. Film surface morphologies were examined by optical microscopy
(Carl Zeiss, Germany) and atomic force microscopy (AFM) (Veeco, USA).

Micrometer-scale, circular LSC60-40;;3 electrodes with and without LSC; 4-decoration
were fabricated by photolithography and the following process: OCG positive photoresist (Arch
Chemical Co, USA) was applied on the film surface and patterned using a mask aligner (Karl
Siiss, Germany, A =365 nm). The photoresist was developed using Developer 934 1:1 (Arch
Chemical Co., USA) developer, and the films were subsequently etched in hydrochloric acid
(HCI) to form circular microelectrodes (diameters of 25 um — 200 pm as determined by optical
microscopy, Figure 4-1a). The photoresist was removed with acetone. The microelectrode sizes

and morphological stability were examined by optical microscopy and AFM before and during
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electrochemical testing. AFM was then used to measure the LSC60-40;,; film thickness after
microelectrode patterning, which showed thicknesses of 22, 77 and 157 nm for 5,000, 15,000
and 30,000 pulses, respectively. LSC;j4-decorated LSC60-40,,3 films were found to have 88, 85,
88, and 97 nm for LSC;)4 coverage of ~0.1, ~0.8, ~5 and ~15 nm, respectively. The thickness of
the reference LSC60-40;3-covered LSC60-40;,3 was 85 nm.
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Figure 4-1. (a) Optical images of a LSC60-40,,3(001)/GDC(001)/YSZ(001)/porous Pt sample
and the electrochemical testing configuration, b) schematics of LSC microelectrodes on
GDC/YSZ, (c) characteristic Nyquist plot of a 200 pm-microelectrode at 520 °C and varying
p(0,), and (d) equivalent circuit (Ryr = YSZ electrolyte resistance, Rvr = electrode/electrolyte
interface resistance, Rorr = ORR resistance, CPE = constant phase element) used to extract ORR
kinetics.

Electrochemical impedance spectroscopy (EIS) measurements of microelectrodes of ~

200 um in diameter, which were contacted by Pt-coated tungsten carbide probes, were performed
using a microprobe station (Karl Siiss, Germany) connected to a frequency response analyzer
(Solartron 1260, USA) and dielectric interface (Solartron 1296, USA), as shown in Figure 4-1b.
The porous Pt counter electrode was placed on a conductive substrate and fixed with Ag paste
(Leitsilber 200, Ted Pella, USA). The temperature was controlled at 520 °C (for LSC60-40,,3
thin films) and 550 °C (for LSC60-40,,; thin films with LSC;;4 surface decoration) with heating
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stage (Linkam TS1500, UK) and calibrated using a second thermocouple contacting the thin film
surface. Data were collected between 1 MHz and 1 mHz using a voltage amplitude of 10 mV
under Ar / O, mixtures in the p(O;) range of 1:10* to 1 atm. ZView software (Scribner
Associates, USA) was used to analyze the EIS data. Multiple electrodes (at least three) of all
films were measured by EIS at each temperature and p(O;) to ensure that the EIS results were
reproducible and representative. The high-frenquency intercept corresponds to the oxygen ion
conduction resistance in YSZ and the mid-frequency feature is believed to result from the
interface between YSZ and GDC as reported previously.’

The film thicknesses of LSC60-40;;; films are considerably smaller than the critical
thickness, Zerit, of ~ 20 pm found for bulk LSC60-40;;3 at 518 °C and p(O,) = 0.23 bar.'* e is
defined as D*k*, where D* is the tracer oxygen diffusivity and k* the tracer surface exchange
coefficient,'” below which surface oxygen exchange limits the ORR kinetics. Therefore, the
ORR kinetics of these films were governed primarily by surface oxygen exchange kinetics. With
this understanding, the EIS data (Figure 4-1¢) were analyzed using a simplified equivalent
circuit shown in Figure 4-1d, from which the ORR resistance (Rorr) and oxygen surface
exchange coefficients were obtained as follows. The extracted low-frequency resistance values

(RLr= Rorr) were used to calculate the surface exchange coefficients k% by:> > '8

e RT (1)
4F’2 RORR Aelectrode cO

where R is the universal gas constant (8.314 J mol -K™), T'is the absolute temperature (783 K),
Fis the Faraday’s constant (96,500 C-mol_l), Aelectrode 1S the area of the microelectrode, and ¢y is

the lattice oxygen concentration in LSC.

4.3 Results and Discussion
Normal X-ray diffraction (XRD) data (Figure 4-2a) clearly show the presence of the
(00)),,, of LSC60-40,,; and the (00)).,. (! is even) peaks of GDC, and YSZ, which indicates

(001),,LLSC60-40, 5 // (001),,,;, GDC // (001),;, Y SZ. The subscript “pc” denotes the pseudocubic

cubic

notation, where the rhombohedral structure of LSC60-40,; bulk is approximated with an average

for all film thicknesses of a,. =~ 3.847 A (Table 4-1).>'? With LSC,,, coverage equal to or greater
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than ~5 nm in thickness, the (00/).e0n peaks (! is even) of LSC,,, become visible (Figure 4-
2b), which indicates (001),yag00al-SCa1q // (001),LSC60-40,,5 // (001).;GDC // (001 )eic Y SZ.

These peaks give rise to ¢ .= 12.5 A for LSC,,,, which is comparable to previously reported

tetragon
values.” * Off-normal phi-scan analysis shows that LSC60-40,,,{101} ., GDC{202} ;. and
YSZ{202}.,:. have strong peaks with 4-fold cubic symmetry (Figure S4-1a),”' which reveals the
in-plane crystallographic relationships between GDC and YSZ (a cube-on-cube alignment), and
LSC60-40,;, and GDC (a in-plane 45° rotation), having [100], LSC60-
40,,5//{110],,,,.GDC//[110].,,;,.YSZ (Figure S4-1b).*' These results are in agreement with our
previously published findings for LSC80-20,,; thin films.> > The in-plane crystallographic
relationship between LSC60-40,,; and LSC,,, was not independently measured but it is likely to
have [100],LSC60-40,,; // [100]agonal-SCy14 as shown previously for LSC,,, decoration on

(001)-oriented LSC80-20,,5.°
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Figure 4-2. Normal XRD data of a) LSC60-40;;; films of 25, 77 and 157 nm on
GDC(001)cubic/ YSZ (001)cubic substrate, b) LSC60-40,3 reference and LSC;4-decorated ~85 nm
thick LSC60-40,,5 films. The (*) denotes a singular unknown artifact peak for the ~0.8 nm

LSC,14 surface decorated film.

LSC60-40,;; films were found dilated in-plane and compressed in the direction normal to
the film surface at room temperature with good crystallinity (Table 4-1 and Figure $4-2°H. It is
interesting to note that the in-plane and normal strains decrease with increasing film thickness
from 25 to 157 nm. The origin of these strains might be a consequence of different thermal
expansion coefficients between YSZ (~11x10° °C")*? and LSC60-40,3 films (~15.8x10° °C”!

for bulk®®). Experiments are ongoing to examine how these strains change upon heating to high



temperatures. Of significance to note is that the LSC60-40,;3 films have slightly smaller relaxed
lattice parameters than bulk (3.855 A?) at room temperature. The relaxed lattice parameter, dpc,
can be estimated by assuming a Poisson ratio of 0.25% for LSC60-40,,3, which gives rise to dy =
3.847 A, 3.849 A and 3.845 A for the films of 25, 77 and 157 nm, respectively. Having different
relaxed unit cell volume from bulk materials is commonly noted for PLD films, which may result

12,23,25

from different oxygen nonstoichiometry and/or microstructure.'>® Unlike (001)-oriented

epitaxial LSC80-20,;3 films that have larger relaxed lattice parameter than bulk,> '* (001)-
oriented epitaxial LSC60-40;3 films were found to have smaller relaxed lattice parameters than

bulk, which is indicative of lower oxygen vacancies in the films.

Table 4-1. Constrained and relaxed lattice parameters of LSC60-40,;3 films extracted from
normal and off-normal XRD data from 100 mm?® samples. Constrained normal and in-plane
lattice parameters of LSC60-40,;; films were calculated from combining the inter-planar
distance of the (002),; and (101), peaks. For reference lattice parameter and strain values for
LSC80-20y;3 films is provided in Table $4-1.'>%!

In-plane strain Normal strain
Constrained Constrained Relaxed film
Materials in-plane normal lattice parameter™™ £, = (a - a) €, = (c ja)
a () ¢ P ‘ ¢
LSC60-40113.250m (PC) 3.870 3.831 3.847 0.60 % -0.40 %
LSC60-40113.770m (PC) 3.870 3.836 3.849 0.53 % -0.35%
LSC60-40113-1570m (PC) 3.860 3.834 3.845 0.41% -0.27 %

A Ac  -2v Aa
[a] @ was calculated from TC - =
¢ l-va

assuming @ = ¢ and v = 0.25 for LSC60-40,13.
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a) LsC60-40,, ~25 nm @ | b) LSC60-40,,, ~77 nm

C) LSC60-40,,,~88 nm @ | d) LSC60-40,,, ~88 nm
LSC,,,~0.1 nm LSC,,, ~5.0 nm

Figure 4-3. AFM measurements of a) LSC60-40;;3 ~ 25 nm with RMS of 0.8 nm b) LSC60-40113
~ 77 nm with RMS of 0.8 nm, ¢) LSC60-40,3 ~ 88 nm with LSC314 ~0.1 nm with RMS of 1.1 nm,
and d) LSC60-40;3 ~ 88 nm with LSCy14 ~5 nm with RMS of 0.6 nm. AFM images are shown
with maximum height of 20 nm.

AFM imaging revealed that the surface roughness of as-deposited LSC60-40;,; films
have low root-mean-squared (RMS) roughness less than ~1 nm (Figures 4-3 and $4-3"h. AFM
images of LSC60-40;3 of 25 nm, 77 nm, LSC;s-decorated 0.1 nm and 5.0 nm are shown in
Figure 4-3, and AFM images of remaining films are shown in Figure $4-3.2' With LSCas
coverage on LSC60-40,;3 films, there was no significant change in the surface roughness. The
surface roughness of these LSC60-40,;3 and LSCjis-decorated LSC60-40y3 films are
comparable to those of LSC80-20;,3 and LSCz14-decorated LSC80-20,3 films, r(tzspectively.5

87



£a) Lsc6040,, ' g b) Lsceo40,, " :
[ epitaxial films F epitaxial films o 3
107 | g zeom 1 10§ g 5 Qe - ? 1
3 nm — 3 77 nm
‘.f-. -8 g o 157 nm scso-40| ; "-m 5 : O 157 nm Q 1:_\5\ .
»n 10 buk 1 g 107 P 1
E otd O 3 \;,G"“ .. ]
CAp LSCBD 20, ~ __ & - LSC60-40,,, bulk]
"y 10 buk | E10°F ‘R - 1
10 < 7 g ’ . 58020 ;U\: L
10 { 107} g \SC%2 1
10."-\./ St St et Swet] ol S S S s
-4 -3 -2 -1 0 <& -3 -2 -1
log (p(O,) / atm) log (p(O,) / atm)

Figure 4-4. a) k% and b) kcpem from LSC60-40, 3 microelectrodes of 25, 77 and 157 nm calculated

from EIS spectra collected at 520 °C. Extrapolated bulk k™ (approximately equivalent to k%)%
values obtained from previous data of (®) Sase et al.,” (®) Berenov et al,'* (%) De Souza et al.,*

(4) van der Haar et al.*! are plotted for comparison. Blue shaded regions are the range of k% and
kehem Obtained from LSC80-20,3 film (film thicknesses of 20 nm to 130 nm).'?

EIS data of all LSC60-40,;3 thin films were found to be very similar in shape, and typical
features in the Nyquist plots are shown in the schematic in Figures 4-1c and S4-4.>' The
predominant semicircle (assigned to the impedance of surface oxygen exchange kinetics) was
found to increase with decreasing p(O,). The electrical surface exchange coefficient, k9, was
extracted from the real impedance while chemical surface exchange coefficient, kcpem, Which
describes the rate of surface oxygen exchange with chemical driving force, was estimated from
the semicircle peak frequency (Supplementary Information®'). The electrical surface exchange
(k%) and chemical surface exchange (kchem) coefficients of LSC60-40;,3 films of different
thicknesses at 520 °C are plotted as a function of oxygen partial pressure, p(O;) in Figures 4-4a
and 4-4b, respectively. All LSC60-40,3 films exhibited comparable &% and kcpem, which appeared
to be thickness independent. It is interesting to note that the strains in LSC60-40,,3 thin films
measured at room temperature do not appear to correlate with surface oxygen exchange
coefficients (Figure S4-5).2' Assuming &9 can be approximated as k*,*” these k% and keem values
of the LSC60-40y,3 thin films are comparable to those extrapolated for bulk LSC60-40,, 3,9’ 1 as
shown in Figure 4-4. It should be mentioned that the (001)-oriented epitaxial L.SC60-40, 5 films
in this study have comparable surface oxygen coefficients (~3x10"* cms™ at 0.1 atm) than those

from polycrystalline LSC60-40,;3 films extrapolated to 520 °C at p(O;) of 0.1 atm or lower.
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Figure 4-5. a) Oxygen partial pressure dependency of the surface exchange coefficients, &% and
b) area specific resistances of the LSC60-40;,3 films with LSC;4 surface coverage of ~0.1, ~0.8,
~5 and ~15 nm and the LSC60-40,,5-reference at 550 °C. Extrapolated bulk &~ (approximately
equivalent to k%% values obtained from previous studies of (*) Sase et al.,” (®) Berenov et al,'*
() De Souza et al.* are plotted for comparison. Blue shaded region are the range of k% values
obtained from LSC;s-decorated LSC80-20,;3 films (LSC;14 decoration thicknesses of ~0.1 nm
to ~15 nm).’

L.SC,,4 surface decoration on LSC60-40,3 films led to markedly smaller real impedance
and much greater surface oxygen exchange kinetics relative to LSC60-40;,3 and the LSC60-
40;13-covered reference film (Figure S4-6).21 At p(O3) of 1-10* and 1-10? atm, LSCy4-
decoration increased k% up to ~2 orders of magnitude relative to the reference LSC60-40;;3 film,
having low coverage of 0.1 and 0.8 nm exhibiting the highest £? values, as shown in Figure 4-5a.
At p(O,) greater than 10? atm, the enhancement with surface coverage was ~1 order of
magnitude. At these high p(O2) conditions, the very high £ values (~1 10 cm's™ or higher) can
decrease the critical thickness assuming a constant diffusion coefficient, and thus lead to ORR
impedance to be influenced by bulk oxygen ion diffusion in addition to surface oxygen
exchange. The much decreased p(O,) dependency of k% for LSC4-decorated LSC60-40,3 films
with low coverage at these high p(O;) further supports that ORR kinetics are limited also by bulk
oxygen ion diffusion in the films of ~90 nm as typically oxygen ion diffusion is inversely
proportional to p(Oz).14 Therefore, EIS measurements in the low p(O,) range from 1-107 to 1-10°
2 atm better reflect the enhancement in the surface exchange kinetics associated with LSCj14-
decoration. The &% values of LSC,i4-decorated LSC60-40;,3 films (0.1 nm) obtained from this
study is ~2-3 orders of magnitude higher than that of bulk LSC60-40;13.> '* Interestingly, the
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LSC,s-decorated LSC60-40,;; films have comparable surface exchange coefficients to that
estimated for the interfaces between bulk Lag¢Sry4Co00;.s (LSC60-40;,3) grains and secondary
(La,Sr)2Co0y precipitates relative at 500 °C and 0.2 atm.” Such high surface oxygen kinetics is
comparable to those of the most active cathode materials such as thin-film
Bay 5St0 5C00 sFe02C0055 [k* = ~1-10° cmrs™ at 500 °C and 0.5 bar of p(0,)**] and bulk
La,CoO4 [k* =~3-10° cms™ at 500 °C and 0.2 bar of (02)*]. Moreover, the ORR area specific
resistance (Rorr'Aredelectrode) Of these LSCy14-decorated LSC60-40,13 films (Figure 4-5b) at 550
°C and are smaller than 1 Qcm? at 0.1 atm and greater, which are among the lowest reported to
date.”

The p(0O,) dependency of k (k « P;) can be indicative of the rate-limiting step of ORR.*’
The p(O,) dependency of k7 for the LSC60-40;13 films of different thicknesses was found

comparable, having mysym = 0.72, M770m = 0.69, and ms7am = 0.76. Similar values were found for
kchem: Mosom = 0.80, 777 ym = 0.78, and mis7am = 0.85. The obtained dependencies for &% are in
good agreement with those reported for bulk Lay 3Sro7CoO3., and Lao,5Sr0_5C003.,,.32 Interestingly,
the p(O,) dependencies of k% for the LSC,4-decorated LSC60-401;3 films in the range from 1-10°
410 110 atm, having mo inm = 0.42, Mg gnm = 0.60, msonm = 0.61, and m5.00m = 0.53, are lower
than the LSC60-40;;3 films and reference sample (m.r = 0.90). It should also be mentioned that
these p(0;) dependencies are lower than that of LSC;i4-decorated LSC80-20113 (m ~ 0.90)
reported previously.” Following the work of Adler et al,? such p(0O,) dependencies suggest that
the ORR rate-limiting step for LSC60-40,; is dissociative adsorption (m between 0.43 and 0.92).

The &% and kcper values of (001)-oriented epitaxial LSC60-40;;3 films in this study are
comparable to those of (001)-oriented epitaxial LSC80-20;;3 thin films reported previously™ '?
(the range of max. and min. k* and kchem values shaded in blue in Figure 4-4), where LSC60-
40,13 have activities toward the upper end of the activity spread of LSC80-20;3 films. This is in
contrast to the fact that bulk LSC60-40,,5” * has surface exchange coefficients significantly
higher than L.SC80-20113.>*3* The enhancement associated with LSC»14 decoration for LSC60-
4013 is similar to that reported for LSC80-20,,; coated with LSCm,5 -12 where LSC,14-decorated
LSC60-40,;3 and LSC80-20,3 surface have very comparable surface oxygen exchange kinetics

(having similar k7 and kchem values in Figure 4-5a).
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Figure 4-6. Oxygen partial pressure dependency of a) volume specific capacitance (VSC), b)
oxygen nonstoichiometry  of LSC60-40,,3 of 25, 77, and 157 nm at 520 °C. Blue shaded
regions are the range of VSC and J from LSC80-20;,3."2 Values of bulk LSC60-40;,5** % and
LSC80-20,,3°® were calculated by using a method reported by Kawada et al.**

0
10" — . : — 10 : : : : .
a) LEss(t;igz)a.:%d f:,or;:‘ 5 b) Estimated from
13 u : [
by Mizusaki et al. Al LSC60-40,,, bulk
_m 10 by Mizusaki et al. ‘!
= ] 3
K 103 i [ i ]
10} 2
T ; \ b 107 3
y Cru - g 5
L ~ A 'Hlfn ) s e S - LSC80-20,, iy .
b M4
8 10%k N Estimated from 107F ~ Y Crumiin e 5, ]
> s \ésﬁ?z".;:i’;; o S
LSC,,~0. al. 4| © 2~ 0.1 nm
gLSC,,. ~03 om y\ ] 10 F aisc,.-08nm Estimated fron™ ~,
LSC,.~5 E vLsC,.~5 ]
gLsc,.. =28 N ~ 1 [ gl.sc,‘.— A8 ik LSC80-20,,, bulk . 1
101 L ) : : a 1 0.5 N 1 by,Mizusaki,et al. .
4 3 2 A 0 4 3 2 A 0
log (p(O,) / atm) log (p(O,) / atm)

Figure 4-7. Oxygen partial pressure dependency of a) volume specific capacitance (VSC), b)
average oxygen nonstoichiometry J of LSC60-40;3-reference and the ~82 nm LSC60-40,;3
films with ~0.1 nm, ~0.8 nm, ~5 nm, and ~15 nm LSC;;4 surface coverage at 550 °C. Blue
shaded regions are the range of V'SC and ¢ from LSC80-20,;3 with LSC;14 decoration.” Values of

bulk LSC60-40,,5°* *® and LSC80-20,;3°° were calculated by using a method reported by
134

Kawada et al.

We further show that LSC,;4 decoration does not greatly influence the oxygen
nonstoichiometry (&) in the LSC60-40,,; films, which strongly depends on the La/Sr ratio in the
perovskite structure. The oxygen nonstoichiometry (&) in the LSC60-40,3 films at 520 °C was

estimated using volume-specific capacitance (VSC). VSCs, indicative of changes in the oxygen
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nonstoichiometry induced by changes in the electrical potential, were extracted from EIS data
(Supporting Information).?' LSC60-40,,3 films of different thicknesses at 520 °C had comparable
VSCs (Figure 4-6a), which were smaller those of bulk LSC60-40;;3 extrapolated from
thermodynamic parameters.”> We can exclude the contribution of the interfacial capacitance3 ®to
the VSCs of LSC60-40;,3 films as plotting the area specific capacitance (4SC) obtained from
EIS data as a function of film thickness in Figure S4-7 yields zero intercept in ASC.
Correspondingly, oxygen nonstiochiometry, 8, of the LSC60-40;;3 films, which was calculated
from the thermodynamic parameters (Table $4-2)*! of oxygen vacancy formation in the films
based on the p(0,) dependency of VSC, was slightly smaller than that estimated for LSC60-40;3
bulk,’” and was similar to that of polycrystalline LSC60-40,,; films reported by Kawada et al.®
The lower oxygen nonstoichiometry of LSC60-40,;; films at 520 °C is consistent with smaller
relaxed unit cells of LSC60-40;,; films than bulk LSC60-40,;3 at room temperature (Table 1).
The (001)-oriented epitaxial LSC60-40;;;3 films of this study had higher oxygen
nonstiochiometry than similarly prepared LSC80-201; films but the strong influence of the La/Sr
ratio albeit its influence on the oxygen nonstiochiometry was found much smaller for thin films
than bulk powder samples. As expected, LSCy4 surface decoration does not appear to influence
the oxygen nonstiochiometry of LSC60-40;,3 films, where LSC,s-decorated LSC60-401;3 films
had similar oxygen nonstoichiometry and VSCs (Figure 4-7a) to those without decoration.

The thermodynamic enhancement factor (scaling factor between kchem and &%, and can be

3840 was determined from kehem/A® (Figure

related to the density of states near the Fermi Level)
$4-8).2! The thermodynamic enhancement factors of these LSC60-4013 films are much higher
than that for bulk LSC60-40;; reported previously,”’ indicating that it is more difficult to
incorporate oxygen ions into the perovskite structure of the films. Similar observations have been
made for polycrystalline LSC60-40,;3 films*> and nanocrystalline LSC50-5013 films.*'
Interestingly, the thermodynamic enhancement factor appears to increase with the magnitude of
in-plane and normal strains of LSC60-40,;3 films measured at room temperature (Figure $4-9).2!
Increased thermodynamic enhancement factor can be related to decreased density of states near
the Fermi Level of LSC t'11ms,38'40 which requires further studies. This is in contrast to the lack of
measurable influence of strains in the LSC60-40;;3 films at room temperature on the surface

exchange kinetics (Figures 4-4 and S4-5%"). Moreover, the decoration of LSC;y4 on the surface
of LSC60-404,3 films® ¥ (similar to LSC80-20,13 films® ), which greatly enhances the surface
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exchange kinetics, does not appear to considerably change the thermodynamic non-ideality
factor (Table S4-2),”! which is in agreement with the hypothesis that LSC;4 decoration does not
significantly alter the thermodynamics of the entire film.

LSC60-40;3 films showed comparable surface oxygen exchange kinetics and oxygen
nonstoichiometry to LSC60-40,;3 bulk, as shown in Figures 4-6b and 4-7b. This is in contrast to

previous findings of LSC80-20;,; films,> 2

which showed much enhanced surface oxygen
exchange kinetics (k%) coupled with higher oxygen nonstoichiometry than LSC80-20,;; bulk
(blue shaded regions). Interestingly, LSC60-40;;3 and LSC80-20;;; films can have very
comparable surface oxygen exchange coefficients (Figures 4-4a and 4-4b) but they have
considerably dissimilar oxygen stoichiometry.’>*” These observations suggest that oxygen
nonstoichiometry in the films might not control the surface oxygen exchange kinetics, unlike the
¢g filling of surface transition metal ions that govern the ORR and OER activities on perovskites
in basic solutions over several orders of magnitude.*>** This hypothesis does not preclude the
possibility that a certain amount of oxygen nonstoichiometry is necessary for high surface
oxygen exchange kinetics, and further increase in d might not lead to activity enhancement. It

should be cautioned, however, that oxygen nonstoichiometry shown in Figures 4-6b and 4-7b

represents the bulk film values, which can be considerably different from that on the surface.

4.4 Conclusions

We show that the surface oxygen exchange kinetics and oxygen nonstoichiometry of
(001)-oriented LSC60-40;;3 films grown epitaxially on YSZ are comparable to those of LSC60-
40,3 bulk.”*'* This is in contrast to (001)-oriented LSC80-20,,5 films with enhanced activities
and oxygen nonstoichiometry relative to LSC80-20;3 bulk’> *? reported previously.'? In addition,
(001)-oriented epitaxial LSC60-40,;3 films have similar surface oxygen exchange coefficient to
polycrystalline LSC60-40,3 films'® reported previously. LSC,4 surface decoration on the (001)-
oriented LSC60-40;13 films leads to ORR activity enhancement up to ~3 orders of magnitude
with respect to bulk LSC60-40,;3. The enhancement associated with LSC,14 decoration for
LSC60-40,;3 is similar to that reported for LSC80-20;13-covered LSCy14,” '? where LSCy4-
decorated LSC60-40;;3 and LSC80-20;;; surfaces have very comparable surface oxygen
exchange kinetics. Moreover, these LSC;4-decorated LSC60-401; films (Figure 4-5b) have the

area specific resistance approaching ~0.45 Qem® at 1 atm and 550 °C, which are among the
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lowest reported to date.’® While the enhancement in ORR kinetics cannot be attributed to
changes in the oxygen vacancy concentration of the entire films and film strains measured at
room temperature, it is proposed that interfacial LSC;13/LSCz14 regions are responsible for the
observed ORR enhancement. Future studies are needed to elucidate the origin of enhanced ORR
kinetics at interfacial LSCy13/LSCa14 regions. This study illustrates the potential of utilizing
hetero-structured oxide surfaces/interfaces to develop highly active surface oxygen exchange
materials for applications in the field of solid-state electrochemistry such as micro SOFC

cathodes, solid-electrolyte-based sensors, and oxygen conducting membranes.

4.5 Supporting Information

Experimental Details

Film Characterization

Thin film X-ray diffraction was performed using a four-circle diffractometer (Bruker D8,
Karlsruhe, Germany). Measurements were performed in normal and off-normal configurations.
As-deposited LSC60-40113 (002),c and (004),. films were found dilated in-plane and compressed
in the direction normal to the film surface at room temperature, which is clearly shown in the
high-resolution X-ray diffraction scans in Figure S4-2. The constrained in-plane lattice
parameter of LSC60-40;;;3 determined from the off-normal (011)pc peak position and the
constrained lattice parameter of LSC normal to the film surface determined from the (002), peak
positions are listed in Table 4-1. The LSC60-4013 films are clearly under tensile in-plane strain,
and the corresponding relaxed pc lattice parameter, dp., can be estimated by assuming a Poisson
ratio, v, of 0.25 for LSC60-40;3,2 yielding dp. = 3.847 A, 3.849 A and 3.845 A for the films of
25, 77, and 157 nm thickness, respectively. Subscript “pc” denotes the pseudocubic notation, in
which the rhombohedral structure of LSC6O-4011344 is approximated. The in-plane and normal

strains are summarized in Table 4-1.

Electrochemical Impedance Spectroscopy
EIS experiments were completed under varying Ar to O, mixtures between p(O2) of
1-10* atm and 1 atm. ZView software (Scribner Associates, USA) was used to construct the

equivalent circuit and perform complex least squares fitting. The EIS data were fitted using a
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standard resistor (Ry) for HF and resistors (R;) in parallel with a constant phase elements (CPE;)
for MF and LF (Ryp-(Rye/CPEwg)-(R#/CPELr)). The CPE impedance can be written as Z =

1/Q(jw)" where is the angular frequency, Q is the non-ideal “capacitance”, and » is the non-

ideality factor of CPE. The fitted values of # for semi-circle CPE,r were found to range from ~
0.96 to 1.0 over the entire p(O;) range examined.

In this study, the ORR kinetics of epitaxial bare and LSCyy4 surface decorated LSC60-
40113 thin films was examined using EIS measurements conducted on patterned epitaxial LSC
microelectrodes fabricated by photolithography and acid etching. EIS data from the LSC
microelectrodes were collected using a microprobe station setup, where platinum (Pt) coated
tungsten micro-needles were used to contact the LSC working electrode and a porous Pt counter
electrode on the bottom side of the YSZ substrate. EIS data collected from the epitaxial LSC60-
40113 films of 25, 77 and 157 nm at 520 °C (Figures 4-1c and S4-4) and LSC,14 decorated
LSC60-40113 show similar features, and three distinctive features were noted, which are labeled
as high-frequency (HF), middle-frequency (MF) and low-frequency (LF). The HF feature was
found unchanged with p(O,), and its magnitude and activation energy (~1.15 eV) were
comparable to those of oxygen ion conduction in YSZ reported previously.” The MF feature,
which was found to have a p(0O,) independent was attributed to interfacial transport of oxygen
ions between the LSC film and the GDC layer as previously observed on LagsSrgsCoO;.s
/18YSZ.%

The LF feature changed significantly with p(O,), with its real impedance decreasing with
increasing p(O,) from 1-10™ atm to 1 atm. This confirms that the ORR kinetics on the LSC thin
film electrodes is limited by surface oxygen exchange.*’ Electrical and chemical surface oxygen
exchange coefficients were calculated from the LF real and imaginary impedance as a function
of p(Oy), respectively. The electrical surface exchange coefficient (k%), which is comparable to

* 7 . . .
k¥ was determined using the expression, 8%
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k? = RTI4F?R ;A orodcCo 1)

where R is the universal gas constant (8.314 J mol ™! K™), T'is the absolute temperature, F
is the Faraday’s constant (96,500 C mol'l), R, ris the LF real resistance, Aeiecrrode 1S the area of the
microelectrode and ¢, is the lattice oxygen concentration in LSC where

Co = (3-8)/Vpm, )

V,, is the molar volume of LSC at room temperature, where increasing temperatures to
520 °C or 550 °C has a negligible effect on the molar volume). It should be noted that bulk LSC
molar volume of 32.82 ¢cm® mol™ was used in the calculation of £* and oxygen nonstoichiometry
as the influence of larger molar volumes of the thin films on k* and is less than 3%. In addition,
the chemical surface exchange coefficient (kcsen) Was determined using the expression of 64

k

chem

=l/T 3)

where [ is the film thickness, and 7 is the reciprocal of the angular peak frequency of the LF
semicircle.
VSC, indicative of changes in the oxygen nonstoichiometry induced by changes in the

electrical potential, can be obtained from EIS data via the expression

VSC = —(4F* 1V, )(dd/du,) = (4F IV, )la(x) + 3RT/8(3 - )]

-1
2

C)
where a(x) is a factor that describes deviation from ideal solid solution, specifically how the
enthalpy of oxygen in LSC changes with 8. The a(x) value of LSC powder was obtained from of
the work of Mizusaki et al.’” while & values were extrapolated to 520 °C and 550 °C using the
thermodynamic parameters reported in the same study.

Recently, the oxygen tracer surface exchange coefficient, k* of LageSro4CoOs-s,
measured in the temperature range of 406—680 °C and the oxygen partial pressure range 0.044—
1.019 bar, has been reported.14 The chemical surface exchange coefficient (kcrem) Was determined

using the expression of

k* = kchem /)/50
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where y was obtained from thermogravimetric measurements at 700 °C and assumed to be

constant within the temperature range 525-700 °C.

Strain Effect

Figure S4-5 shows strain as a function of film thickness for LSC60-40;;3 and LSC80-
20113. LSC80-20113 films did not reveal a straightforward dependency of k and strain values.
Decreasing the film thickness of LSC60-40;;3 from 157 nm to 25 nm, the amount of strain in the
films became slightly larger as shown in Figure S4-5 and Table 4-1. Again, there is no clear
correlation between strain and & values for LSC60-40,,; films.

The observed results suggest that there is no direct correlation between strain and surface
exchange coefficient, or the conducted experiments do not allow a statement for one of the
following reasons: (i) change in strain of the films is too small or sensitivity of used techniques
(XRD, EIS) is not sufficient, (ii) the surface, which affects k% predominately, has a different
strain state than the bulk film (values determined by XRD reflect an average strain value for the
bulk film; in reality the strain may differ in film regions close to the interface LSC/GDC and
regions closer to the LSC surface; any surface reconstruction will also affect the surface strain),

(iii) information on how these strains change at the EIS testing temperature may be necessary.

Table S4-1. Constrained and relaxed lattice parameters of LSC80-20;;3 films extracted from
normal and off-normal XRD data from 100 mm® samples. Constrained normal and in-plane
lattice parameters of LSC80-20;;3 films were calculated from combining the inter-planar
distance of the (002),. and (101),c peaks."

Constrained Constrained Relaxed film In-pIan:_sgain Normal _s-tr&ain
Materials in-plane normal lattice parameter®™ €, = = ta=

a (A) c A a@)
LSC80-20113 200m (pC)12 3.890 3.829 3.853 0.95% -0.63 %
LSC80-20113.450m (pc)12 3.915 3.825 3.861 1.40 % -0.93 %
LSCB0-20115.100m (pC)? 3862 3.843 3.851 0.30 % -0.20 %
[a] & was calculated from 2¢- =242 assuming z=¢ and v=0.25 for LSC80-20y,3.

¢ l-v a
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Table S4-2. Calculated thermodynamic non-ideality factor, a(x), for LSC bulk and
polycrystalline and epitaxial thin-film. Detailed procedure to obtain parameters is explained in
the experimental section and Kawada et al.”

La5Sr:CoOs surface decoration (kjagz )
LSC60-40,,; 1.5 pm thin film
(Kawada et al.)” N4 332
LSC60-401]3 pellet
(Mizusaki ez al.)’? N4 289
LSC60-40,13250m (001) epi-film _
(in this work) N4 533~ 665
LSC60-40| 13770m (001) epl-ﬂlm -
(in this work) N4 364 ~450
LSC60-401|3]57m (001) Cpl'ﬁlm NA 349 ~ 421
(in this work)
LSC60-40,5 (001) epi-film
(in this work) LSC60-40,13 ~ 0.1 nm 398
LSC60-40,;; (001) epi-film _
(il‘l thiS WOl’k) LSC:N 0.1 nm 405
LSC60-40,5 (001) epi-film ~
(in thiS WOl‘k) LSC;N 0.8 nm 388
LSC80-20,;; pellet NA 418
(Mizusaki et al. )*’ NA 289
LSC80-20,13.20nm (001) epi-film _
(previously reported)' N4 2,700 ~ 3,400
LSC80-2013.45,m (001) epi-film NA 1000 ~ 1.500
(previously reported)'? ’ ’
LSC80-20413130mm (001) epi-film » 400~ 1700
(previously reported)'” ’ ?
LSC80-20,;5 (001) epi-film 5
(previously reporte e LSC80-20113 ~ 0.1 nm 1100
LSC80-20,; (001) epi-film N
(previously reported)’ LSCo1s~ 0.1 nm 900
LSC80-2011; (001) epi-film ~
(previously reported)’ LSC14~ 0.8 nm 1050
LSC80-20,,3 (001) epi-film
(previously reported)’ L8Co1s~ 35 nm 1130
LSC80-20,,5 (001) epi-film LSCaps ~ 15 nm 1320

(previously reported)’
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Figure S4-1. a) Off-normal X-ray diffraction patterns for the 77 nm LSC60-40,,3 film, GDC
(001) cubic and YSZ (001)cubic. The LSC60-40113 {110}, reflections have a 45° offset with the

GDC and YSZ {220} i in the ¢-angle, b) schematic depicting the atomic structure alignment
of LSC60-40,,3/GDC/YSZ.

LSC60-40,,,-157 nm
LSC60-40,,.-77 nm

Log Intensity (a.u.)

L i L A i A A

46 47 48
0-26(°)
Figure S4-2. X-ray diffraction results from LSC60-40,3 (002),. reflection of 25, 77, and
157 nm. As film is getting thicker, the peak shift of LSC60-40;3 (002), to the lower
angle, indicating relaxation of the tensile strain, is clearly observed.
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a) LSC60-40,,, ~157 nm} | b) LsC60-40,,, ~85 nm
LSC60-40,,, ~0.1 nm

C) LSC60-40,,, ~84 nm [ | d) LSC60-40,,, ~97 nm
LSC,,, ~15 nm

LSC,,, ~0.8 nm

Figure S4-3. AFM images of a) LSC60-40;;3 ~ 157 nm, b) LSC60-40;,3 with 25 pulses LSC60-
40,3 surface decoration ~ 85 nm dense films, ¢) LSC60-40;;3 with ~0.8nm LSCj;4 surface
decoration ~ 84 nm, and d) LSC60-40;,3 with ~15 nm LSC,,4 surface decoration ~ 97 nm (bright
spots we believe are small precipitate phases that formed during PLD, these features are not seen on
any other films and do not appear to influence EIS measurements). AFM images are shown with
maximum height of 20 nm.
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Figure S4-4. LSC60-401;3 Ruyr (YSZ electrolyte resistance) and Ry (electrode/electrolyte
interface resistance) region in Nyquist plot at 520 °C in 1 to 1-10™* atm p(O2).
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Figure S4-5. (a) Normal strain and (b) In-plane versus film thickness of LSC60-40,,; (red
color). (¢) Normal strain, (d) In-plane strain dependency of &7 from LSC60-40,,3 at various
oxygen partial pressures.
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Figure S4-6. (a) Nyquist plots for LSC60-40;;3 films decorated with LSCyu, (b) is a
magnification at 550 °C and 1:107 atm p(O»).
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Figure S4-7. Area specific capacitance of LSC LSC60-40;;3 and LSC80-20,13 (blue shaded
region) measured at 520 °C under varying p(O;) from 1-10* to 1 atm as a function of film
thickness. The intercept gives the sum of interfacial capacitances.
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Figure S4-8. Gama, y, of LSC LSC60-40,;3 of 25, 77, and 157 nm measured at 520
°C under varying p(O,) from 1:10™ to 1 atm.
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Figure S4-9. (a) Normal strain, (b) In-plane strain dependency on y from LSC60-40;,; films of
different thicknesses (strains measured at room temperature) at various oxygen partial pressures.
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Chapter 5. Surface Strontium Enrichment on
Highly Active Perovskites for Oxygen
Electrocatalysis in Solid Oxide Fuel Cells

Look into the synchrotron-based ambient pressure X-ray photoelectron spectroscopy (APXPS) chamber where a highly active
oxygen reduction catalyst, LaysSr;;Co0Os.5 (LSC), is investigated in situ as function of the temperature.

Reproduced in part with permission from Ethan J. Crumlin, Eva Mutoro, Zhi Liu, Michael E.
Grass, Michael D. Biegalski, Yue-Lin Lee, Dane Morgan, Hans M. Christen, Hendrik Bluhm, and
Yang Shao-Horn, Surface Strontium Enrichment on Highly Active Perovskites for Oxygen
Electrocatalysis in Solid Oxide Fuel Cells, Energy & Environmental Science, 2012, 1, 6081-
6088, Copyright 2012 The Royal Society of Chemistry.

5.1 Introduction

Transition-metal perovskite oxides are used commonly to promote the kinetics of oxygen
electrocatalysis in electrolytic and fuel cells,'” which can potentially enable the development of
cost-effective energy storage and conversion technologies to allow the use of renewable energy

on demand. Lack of fundamental understanding in the oxygen electrocatalysis mechanism on the
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molecular level limits the development of highly active oxide catalysts to enhance device
efficiency. Recent studies® ® have shown that understanding the surface chemistry and electronic
structure of single-crystal catalyst surfaces can lead to the discovery of remarkably active
surfaces for oxygen electrocatalysis, such as the Pt;Ni(111) surface with Pt segregation on the
topmost layer exhibiting an oxygen reduction activity one order of magnitude higher than
Pt(111). Tuning perovskite surfaces is also shown to greatly influence the activity for oxygen
electrocatalysis (O, + 4e” < 20%) at high temperatures.!>2 In particular, up to three orders of
magnitude in activity enhancement can be achieved by decorating the (001) surface of

1,13

Lag 3Srp2,C00;_, (LSC, a mixed electronic and ionic conductor) ™~ with epitaxially grown small

particles of (La0,5Sro,5)2C004i,.6’ 1 However, little is known about the oxide surface chemistry
that governs oxygen electrocatalysis near ambient oxygen partial pressures at elevated
temperatures. Ex situ surface analysis tools'* " fail to capture surface compositions governing
the electrocatalytic activity as the catalyst surface composition may change as a function of
temperature and oxygen partial pressure. Conventional in situ compositional surface

16, 17

characterization techniques such as X-ray photoelectron spectroscopy (XPS) operate at low

pressures, which may provide information considerably different from those under ambient

oxygen pressure at elevated temperatures relevant to practical device operation.:2

172 -
31721 can provide

Recent progress in the development of in situ characterization techniques
novel fundamental understanding of oxygen reduction and evolution reactions near ambient
pressures. In particular, in situ synchrotron-based ambient pressure, X-ray photoelectron
spectroscopy (APXPS),2 has revealed electrochemically active oxidation/reduction regions of a
ceria electrode in a single chamber solid oxide electrochemical cell.!® In this article, we employ
APXPS (Figure 5-1a) to examine how the surface chemistry of a single-crystal LSC(001) film
grown on yttria-stabilized zirconia (YSZ) single crystal substrate and an LSC pellet change as a
function of temperature. Of particular interest is to understand why epitaxial LSC(001) thin films
can show markedly enhanced activities for oxygen electrocatalysis (O, + 4¢~ <> 2 O™) relative to
LSC powder.*2 Differences in the surface chemistry changes of the LSC(001) film and LSC

pellet are compared and used to develop hypotheses, which can explain the enhanced activity of
the film.
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(a)

(b)
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In situ APXPS In situ HRXR

Figure 5-1. In situ APXPS and in situ XRD experimental configurations. The epitaxial
LSC(001) film was supported by a single crystalline YSZ(001) substrate with a (001)-oriented
gadolinium-doped ceria (GDC) buffer layer. (a) In situ APXPS probes the elemental
compositions of the outermost “surface” (marked green in the zoom out) and the perovskite
“lattice” in the near surface region (marked in red in the zoom out) as a function of temperature
at near ambient pressure up to p(O,) of 1-107 atm. (b) In situ XRD detects the crystal structure
and strains of the LSC film materials as a function of temperature at a p(O,) of 1 atm.

5.2 Experimental Methods

Material Synthesis

10-12 an Lag §Sro,Co0s.,

Using pulsed laser deposition (PLD) and conditions reported previously,
(LSC) thin film of ~85 nm in thickness was grown epitaxially on a 10 x 5 x 0.5 mm single
crystalline yttria-stabilized zirconia (Princeton Scientific) with the (001) orientation having an
epitaxial buffer layer of gadolinium-doped ceria (GDC) of ~5 nm in thickness. The other surface
of YSZ was coated with a porous Pt counter electrode (Pt ink, #6082, BASF), which was
sintered at 800 °C in air for 1 hour before PLD deposition (using an identical parameters as

1-12 5 KrF excimer laser with a wave length, A, of 248 nm, a pulse

reported previously:
frequency,f, of 10 Hz, and a pulse energy, E, of ~50 mJ (measured close to the substrate surface)
under an oxygen partial pressure, p(O;), of 50 mTorr with 500 pulses of GDC at a substrate
temperature of ~450 °C, followed by 15,000 pulses of LSC at ~550 °C. The synthesis details of
the investigated polycrystalline LSC pellet, and the LSC and GDC PLD targets can be found in

Supporting Information §5.5. The LSC(001) surface was found to have roughness less than
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~0.5 nm from atomic force microscopy in Figure S5-2. The single;crystalline nature of the LSC
film was determined by normal and off-normal XRD measurements (Supporting Information
§5.5) and confirmed by high-resolution scanning transmission electron microscopy (HRSTEM)
of cross-sectioned, similarly prepared samples.'" The LSC(001)/GDC(001)/YSZ(001)/Pt sample
was then divided into two pieces of ~ 5 x 5 x 0.5 mm using a diamond knife for in situ HRXRD

and in situ APXPS characterization.

In situ High-resolution X-ray Diffraction (HRXRD)

In situ HRXRD was conducted on a four-circle diffractometer (Panalytical) in a p(O;) = 1 atm
and a controlled temperature stage (DHS 900, Anton Paar). Silver paste was used to adhere the
thin film sample to the heating plate. The heating rate was ~10 °C/min and the temperature was
hold for 20 minutes at each temperature (25 °C, 150 °C, 250 °C, 350 °C, 450 °C, and 550 °C)
before XRD data were collected. Sample realignment was conducted after at each temperature to
maximize the XRD intensities. A full range theta-2theta normal scan (6-26 = 10° - 120 °, 0.04
°/step, 2 s/step) was collected first. Subsequently, theta-2theta normal scans of LSC(002),. (0.01
°/step, 3 s/step) and YSZ(004)cuwic (0.005 °/step, 1 s/step) were collected. Lastly, off-normal
scans of LSC(101), (0.02 °/step, 5 s/step) and YSZ(202)cubic (0.004 °/step, 1 s/step) peaks were
obtained. As the thermocouple for this experiment was placed inside the heating stage, a small

difference between set and actual temperatures on the sample surface cannot be ruled out.
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Figure 5-2. Structural stability and strains of the LSC(001) thin film. (a) A full-range normal
scan in the 6-26 Bragg-Brentano geometry at 25 °C and 550 °C, showing no phase change upon
heating in p(O;) of 1 atm. The stared (*) peaks originated from the heater, and the peaks of the
LSC film, GDC buffer layer and YSZ substrate are indexed to the pc (ap = 3.8 A), cubic (a. =
5.4 A) and cubic (a. = 5.1 A) structure, respectively. (b) A normal scan of the LSC(002)p. peak
showing shifts towards lower angles in the 2-theta position with increasing temperature. (c¢) The

in-plane strains, £,, (red) and the out-of-plane strains, &, (black) of the LSC film as a function of
temperature.

In situ Ambient Pressure X-ray Photoelectron Spectroscopy (APXPS) Characterization

Near ambient pressure and high temperature XPS data of the LSC(001) film and the LSC pellet
were collected at the Beamlines 9.3.2% and 11.0.22! at Lawrence Berkeley National Laboratory’s
(LBNL) Advanced Light Source (ALS). The pellet and thin film samples were separately
investigated and placed directly onto a ceramic heater, which was held in place by spring loaded
Au-Pd coated tungsten tips.2 A thermocouple was mounted directly onto the sample surface for
surface temperature measurements. A piece of Au foil was placed on top for a part of the sample
for BE calibration. All BEs were referenced to the Au 4f at 84.0 eV. The spectra were collected
in the following sequence (collection time about 2 h per sequence): low resolution survey (BE =
10 eV - 595 eV), high resolution O 1s and Au 4f at a photon energy of 700 eV, and C 1s, La 4d,
Sr 3d, Co 3p and Au 4f, at a photon energy of 390 eV. These spectra were collected at the
following conditions: p(0;) = 6.6:10~° atm at T = 25 °C, p(02) = 1-102 atm at T = 25 °C, p(02) =
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1-107 atm at T = 220 °C, p(O,) = 1:107 atm at T = 370 °C, p(Oz) = 1-107 atm at T = 520 °C.
The heating rate was about 10 °C/min and the temperature was held constant for 20 min before
beginning to collect data at each temperature. The following cross sections were used? to

calculate cross-section-normalized intensities: 2.619 Mbarn for Sr 3d a 390 eV and 0.2819

Mbarn for O 1s at 700 eV.

5.3 Results and Discussions
Structural stability of epitaxial LSC(001) thin film with increasing temperature

In situ high-resolution X-ray diffraction (HRXRD) (Figure 5-1b) was first conducted to show
that epitaxial LSC(001) thin films were structurally stable upon heating to 550 °C in an oxygen
partial pressure of 1 atm. LSC thin films of ~85 nm were grown using pulsed laser deposition
(PLD) on a (001)cubic-oriented YSZ single crystal (0.5 mm thick) with a ~5 nm epitaxial (001)cubic
layer of gadolinium-doped ceria (GDC) as a buffer layer. Normal and off-normal HRXRD
analysis indicated LSC(001),c//GDC(001 )cupic/ /YSZ(001)cubic and
[110]pcLSC//[110]cubicGDC//[110]cupic YSZ (Supporting Information §5.5 and Figure S5-1)
similar to previous work,'2 where the subscript “pc” denotes the pseudocubic notation. The low
surface roughness and epitaxial nature of the LSC(001) film was further confirmed by atomic
force microscopy (Figure S5-2), and a high-resolution transmission electron microscopy cross-
section of a similarly prepared LSC film.2 Upon heating to 550 °C, only peak shifts towards low
diffraction angles were noted for the spectra of LSC(001),c//GDC(001)cubic//YSZ(001)cubic, as
shown in Figures 5-2a, b and Figure S5-3. Moreover, the high crystallinity of the LSC film was
maintained to 550 °C, as indicated by a nearly constant full width at half maximum of (200),.

and (101), peaks of ~0.25 °.

The LSC(001) film was found to have a larger relaxed unit cell volume than LSC powder from
room temperature to 550 °C (Table S5-1 and Figure $5-4).%> % This difference may suggest that
the LSC film has a larger oxygen vacancy nonstoichiometry (8) than LSC powder, which is
supported by previous EIS analyses.!2 In addition, in-plane (&) and out-of-plane (&) strains of

the epitaxial LSC thin film were found to be temperature dependent (Figure 5-2¢ and
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Supporting Information §5.5), which could be attributed to the difference in the thermal
expansion coefficients between the LSC film (14.9-10° K™') and the YSZ substrate (8.8:107°
K™).2 In-plane strains changed from tensile to compressive, while the out-of-plane strains varied
from compressive to tensile upon heating. It should be mentioned that the strains of the LSC film
relevant to O, electrocatalysis measurements'> * at ~520 °C were ~0.23 % in-plane
compressive and ~0.16 % out-of-plane tensile, which differed considerably from those measured

at room temperature (in-plane ~0.30 % and out-of-plane ~ —0.20 %).

Ambient pressure XPS spectra of LSC film with different photon energies

Ambient pressure XPS spectra of the LSC(001) film taken with different incident photon
energies at ~370 °C in an oxygen pressure of 110~ atm allowed us to separate perovskite
“lattice” and “surface” components for Sr 3d (Figure 5-3a) and O 1s (Figure 5-3b). The Sr 3d
peak was found to exhibit three unique features, which could be fitted by two sets of Sr 3ds, and
3ds, doublets with an energy separation of ~1.8 eV and a branching ratio of 1.5.3% 3! With
increasing photon energy, the intensities of the low-energy set of Sr 3d (3ds, at ~132.3 eV and
3d;; at ~133.7 eV) were found to increase in comparison to those of the high-energy set (Figure
5-3a). As the inelastic mean free path (IMFP) of photoelectrons in an XPS measurement
becomes larger’? with increasing kinetic energy (e.g. IMFP of ~7.5 A at 300 eV to ~19.1 A at
1140 eV, Supporting Information §5.5), the contribution from the perovskite lattice to the Sr
3d and O 1s excitation should increase'® and the contribution from surface species should
decrease with increasing incident photon energy. Therefore, the low-energy component can be
assigned to the near-surface region of the perovskite lattice, which is referred to as the “lattice”
component, and the high-energy (~133.0 eV - 134.0 eV) peak set can be associated with the
perovskite surface termination and surface secondary phases, which is referred to as the
“surface” component in this study (Figure S5-5). Such assignments are also consistent with
previous work.2! Details of XPS fitting parameters, peak positions, and assigned components can
be found in Table S5-2. As carbonaceous species were removed from the LSC surface upon
heating to 220 °C (Figure S5-6) in agreement with previous work,?* the “surface” component
may include Sr*" in the perovskite termination layer, Sr(OH),-like (~133.2 eV),22 and/or SrO-like

(~133.0 eV)2! secondary phases, which may also include La and Co cations. Similar “lattice” and
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“surface” components to those of Sr 3d were found in the O 1s spectra (Figure 5-3b). The low-
energy component (~528.9 eV) can be assigned to the “lattice” oxygen component. The

intermediate- (~530.1 eV) and high-energy (~531.8 eV) components can be related to the

31,3435

perovskite lattice termination layer (529.8 - 531.0 eV) and surface secondary phases such

as metal (hydr)oxides (530.6 - 531.6 eV),**** % respectively.

>

Information Depth

138 1% 1% 132 540 538 536 534 532 530 528 526

BE (eV) BE (eV)
Figure 5-3. In situ APXPS spectra of the LSC film as a function of incident X-ray energy. This
collection of (a) O 1s and (b) Sr 3d at three different photon energies provides information from
the surface to varying depth into the LSC film at 370 °C in p(O) of 1-107 atm. The “lattice”
component for the perovskite structure in the near surface regions is shown in red while the
“surface” component for surface secondary phases on the film is shown in green. White circles
are for the measured data, blue lines indicate the sum of fits, and grey dotted lines correspond to
the background. Note that the two oxygen peaks at the highest binding energy (BE ~ 538 eV and
539.5 eV) correspond to molecular O, in the gas phase.?’

Ambient pressure XPS spectra of LSC film and pellet with increasing temperature

In situ APXPS data of the LSC(001) film showed that the “lattice” components of Sr 3d (Figure
5-4a) and O 1s (Figure 5-4b) became more pronounced than the “surface” component with

increasing temperature from 220 °C to 520 °C in an oxygen pressure of 11107 atm. It is
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interesting to note that the high-energy “surface” oxygen component was reduced significantly
with increasing temperature and disappeared at 520 °C, while the intermediate-energy “surface”
oxygen component was increased slightly relative to the “lattice” component upon heating. The
changes in the Sr 3d and O 1s spectra observed for the LSC(001) film surface with increasing
temperature are striking when considering no significant change was noted for those of a
polycrystalline LSC pellet (Figures 5-4¢,d), which could be fitted with comparable “lattice” and
“surface” components to those used for the LSC(001) film. It should be mentioned that surface
carbonate phases could be excluded from the LSC film and pellet due to absence of a C 1s peak
at temperatures greater than 220 °C (Figure S5-6). The implication of this observation for
practical solid oxide fuel cell (SOFC) operation is that surface carbonates such as Lay(CO3)s,
SrCOs, and CoCOs are absent from the surface of porous cathodes based on LSC powder and

films.

Unlike Sr 3d and O 1s, no significant change was found in the spectra of La 4d and Co 3p for the
film (Figures S5-7a,b) nor the bulk pellet (Figures S5-7¢,d) with increasing temperature. Due to
the complexity of La 4d (which consists of La 4ds; at ~101.9 eVE3¥and La 4dz, at 104.7 eV
with an energy separation of ~2.8 ¢V), their complex satellite structure,?**® and an overlap with
the Co 3s peak (~103 eV),g we could not distinguish “surface” and “lattice” components. It was
also challenging to separate “lattice” and “surface” components for Co 3p due to a very large
peak width. The inability to separate “lattice” and “surface” components for La 4d and Co 3p

limits us from identifying the exact compositions of these components on the LSC surface.
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Figure 5-4. In situ APXPS data of the LSC film and pellet with increasing temperature. (a) Film
St 3d (Ephoton = 390 eV), (b) Film O 1s (Ephoton = 700 €V), (¢) pellet Sr 3d and (d) pellet O 1s at
220 °C, 370 °C (film only), and 520 °C in p(O,) of 1107 atm. The “lattice” component of the
perovskite structure in the near-surface region is shown in red while the “surface component for
surface secondary phases (including both surface components) is shown in green. White circles
are for the measured data, blue lines indicate the sum of fits, and grey dotted lines correspond to
the background. The changes in the relative contributions of “lattice” and “surface” to the total
Sr 3d or the total O 1s cross-section-normalized intensity (lattice: red, surface: green) of (e) the
film and (f) the pellet with increasing temperature. *Normalized to the value, i.e. to p(O;) = 1-10
3 atm and 7 = 220 °C. The error bars were estimated based on a standard deviation of the raw
intensity of 10% (Supporting Information §5.5).
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Surface chemistry changes of the LSC film and pellet with increasing temperature

Pronounced increases in the intensity of the “lattice” components of Sr 3d and O 1s relative to
those of the “surface” components for the LSC(001) thin film with increasing temperature
(Figures 5-4a,b) can be explained by the following two changes in the film surface chemistry.
First, reduction of surface secondary phases on the film surface can allow the collection of higher
XPS signals of the “lattice” components of the pervoskite structure. Second, Sr can become
enriched in the perovskite structure (or the “lattice” component) in the near-surface region. XPS
evidence that demonstrates the occurrence of both surface chemistry changes is discussed in

detail below.

Reduction of surface secondary phases on the LSC(001) film with increasing temperature. The
contribution of the “surface” Sr component to the combined “lattice” and “surface” Sr intensities,
which was normalized by the Sr photoionized cross-section, was reduced by 50 % from 220 °C
to 520 °C while the “lattice” Sr contribution was increased by 280 % (Figure 5-4e). In addition,
the contribution of the “surface” O component was reduced by 50 % in the same temperature
range while the “lattice” O contribution was increased by 200 % (Figure 5-4e). These
observations indicate that the amount of surface secondary phases on the film surface was
reduced upon heating to 520 °C at oxygen partial pressure of 1-10” atm. On the other hand,
decreasing the oxygen pressure from 1-107 to 1-107 atm at 520 °C was found to bring out more
secondary Sr-based phases on the film surface as indicated by the increase in the Sr “surface”
intensities and the reduction in the Sr “lattice” intensities (Figures S5-8a-d and S5-9a). This
observation suggests that making PLD films in oxygen partial pressure lower than ambient at
elevated temperatures can produce surfaces with higher amount of secondary Sr-containing
phases. This hypothesis is supported by the facts that (i) with increasing temperature at oxygen
partial pressure 1-10 atm, no significant changes were noted for the relative “surface” and
“lattice” intensities of Sr and O for the LSC pellet, which was sintered in air at 800 °C (Figure
5-4f); and (ii) decreasing oxygen partial pressure led to a small increase in the amount of surface
secondary phases for the LSC pellet (Figures S5-8e-h and S5-9b). Considering these
observations, it is proposed here that surface Sr-containing secondary phases are not stable with

respect to the LSC perovskite epitaxial film at 1-10 atm. They can become incorporated

117



(“dissolved”) into the perovskite structure of the film with increasing temperature to 520 °C at an
oxygen partial pressure of 1:107% atm, and can precipitate and grow on the film surface at 520 °C

with decreasing oxygen partial pressure.

The amount of surface secondary phases was smaller for the film than for the pellet at 520 °C in
an oxygen partial pressure of 1-107 atm, as shown in Figures 5-4e,f. This is further supported by
the fact that the intensity ratio of Sr “lattice” to “surface” component for the LSC(001) film
(~5.6) was much larger than that for the LSC pellet (~1.1). As the pellet has many different
perovskite surface terminations, which can have different relative stabilities with respect to
surface secondary phases as reported previously for SrRﬁO3 surfaces,?! the overall LSC pellet
surface might yield a higher amount of secondary phases than the LSC(001) surface. Further
APXPS studies are needed to provide insights into how different surface terminations can
influence the perovskite stability relative to surface secondary phases. The reduced amount of
secondary phases on the film can play a critical role in enhanced electrocatalysis as discussed

below.

“Lattice” Sr enrichment in the near-surface region of the LSC(001) film with increasing
temperature. Sr enrichment in the “lattice” component with increasing temperature was revealed
by normalizing the “lattice” Sr concentration to combined “lattice” concentrations of Sr 3d and O
1s. The “lattice” Sr and O concentrations were estimated by dividing the “lattice” Sr and O
intensities by the Sr and O photo-ionization cross-sections, respectively. The “lattice”
concentration of Sr 3d was increased by ~180 % from 220 °C to 520 °C (Figure 5-5), indicative
of Sr enrichment in the perovskite structure in the near-surface region. On the other hand, the
“lattice” concentration of O 1s was reduced by ~7 % over the same temperature range (Figure 5-
5). Considering experimental uncertainty based on a standard deviation of 10 % for raw XPS
intensities, the standard deviation for the “lattice” concentration in Fig. 5 can be estimated to be
~24.5 % (Supporting Information §5.5), which indicates that the enrichment of “lattice” O
vacancies in the near-surface region cannot be detected by XPS with certainty. Sr enrichment in
the perovskite structure towards the LSC film surface is further substantiated by the facts that (i)
no substantial changes were noted for the concentrations of Sr 3d, O 1s, La 4d and Co 3p based

on combined intensities of the “lattice” and “surface” components for the LSC thin film and (ii)
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no systematic changes were noted for the ““surface” concentrations of Sr 3d and O1s (Figure S5-
10a). Such Sr enrichment in the LSC lattice towards the film surface is fundamentally different

31.42-4% Which is often described

from the appearance of secondary Sr-rich phases on the surface,
as “surface Sr segregation”. While previous studies*** have shown surface Sr segregation on
single-crystalline lanthanum strontium manganite thin films by XPS and total reflection X-ray
fluorescence, this is the first report of Sr enrichment in the perovskite lattice towards the surface

revealed in situ at high temperatures and near-ambient pressures.

The LSC pellet did not show Sr enrichment in the “lattice” component of Sr 3d with increasing
temperature (Figures 5-5 and S5-10b). First, as different surfaces of the LSC pellet may be
enriching or depleting in Sr and O, the overall LSC pellet surface may yield in no surface Sr and
O enrichment with increasing temperature. Second, epitaxial LSC thin films with higher
concentration of oxygen vacancies™? might enable larger Sr enrichment than LSC powder. Third,
as in-plane and out-of-plane strains found in the LSC(001) film increase with increasing
temperature from ~220 °C (Figure 5-2), which differs from the nominally strain-free LSC pellet
bulk, the influence of increasing strains in the film on the Sr and oxygen vacancy enrichment in
the LSC(001) film in the same temperature range cannot be excluded, especially considering
recent findings®* *° suggesting that strains can alter the oxygen vacancy energetics and vacancy
concentrations in LSC and LagsSrgsCo0Os_s. Further APXPS studies are needed to provide
insights into how different surface terminations and strains can influence “lattice” Sr enrichment

in the near-surface region.
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Figure 5-5. “Lattice” Sr enrichment of the LSC(001) film in the near-surface region with
increasing temperature. The cross-section-normalized “lattice” intensity of Sr 3d or O 1s was
divided by the combined Sr and O “lattice” cross-section-normalized intensities as a function of
temperature at p(O,) of 1-107 atm for the film and pellet, which was referenced at the value
obtained at 220 °C. The error bars were estimated based on a standard deviation of the raw
intensity of 10 % (Supporting Information §5.5).

We propose that the observed Sr enrichment in the perovskite lattice towards the LSC(001) film
surface with increasing temperature (Figure 5-5) can be attributed to the coupling of Sr-oxygen-
vacancy interaction and surface enrichment tendencies of Sr and oxygen vacancies in the LSC
perovskite structure. Intuitively, this hypothesis involves the following. If we assume that the
film perovskite surface has a lower energy of vacancy formation than the film bulk (an effect
predicted previously by ab initio studies),”’ raising temperature will create more vacancies at the
perovskite surface than the bulk. Due to the opposite formal charges (Kréger-Vink-notation) of
the oxygen vacancy (2+) and the Sr (1-, substituted for La’" on the A-site of the perovskite), the
presence of increased vacancy content will drive Sr in the perovskite structure toward the
surface. This effect would lead to both reduction in O content and Sr enrichment at the
perovskite surface with reduced oxygen chemical potential associated with increasing
temperature. This hypothesis is supported by the fact that the observed Sr perovskite surface
enrichment for the LSC(001) film with increasing temperature (Figure 5-5) was reproduced by
applying a modified canonical Lankhorst model*® to the LSC defect thermodynamics (Figure
S5-11). In this analysis, we used the thermodynamic parameters of similarly prepared LSC(001)

films reported previously.u The influence of the surface was described by a surface oxygen
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vacancy segregation energy (the reduction in the oxygen vacancy formation energy from the film
to the surface), Sr segregation energy, and density-of-states-based interaction term, where the
surface oxygen vacancy segregation energy was 1.28 eV (close to the ~2 eV predicted from
previous ab initio calculations of LaCoQs).*l The details of this analysis are given in the

Supporting Information §5.5.

220°C 520 °C

[sr]f. lattice < [S r]f. lattice

T=220°C

T=1520"°C

secondary phases

ORR
activity
enhancement

Figure 5-6 Schematic summarizing the experimental findings and relating them to the enhanced
catalytic activity of the LSC(001) film surface relative to LSC powder at 520 °C. With
increasing temperature, the pellet does not change significantly in the amount of surface phases
nor the Sr concentration of the pervoskite lattice in the near-surface region. In contrast, both
reduction in secondary phases and enrichment in the lattice Sr concentration are observed for the
LSC(001) film with increasing temperature at oxygen partial pressure approaching to SOFC
operation conditions, which might be responsible for its enhanced ORR activity relative to LSC
porous electrode. '

5.4 Conclusions

This work reveals that the LSC(001) film surface is quite different from the average surface of
the LSC pellet in aspects critical to oxygen electrocatalysis at elevated temperatures and near
ambient oxygen pressures. Upon heating to 520 °C at moderate oxygen partial pressure (1107
atm) the film surface develops 1) a lower coverage of surface secondary phases than the pellet

surface and 2) Sr enrichment in the perovskite structure in the near-surface region while the
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pellet surface has no detectable “lattice” Sr enrichment, as shown in Figure 5-6. These changes
between film and pellet surfaces can explain the enhanced activity of the LSC(001) film for
oxygen electrocatalysis relative to LSC powder!®!2 at temperatures and oxygen partial pressures
approaching to SOFC operating conditions. The presence of secondary surface phases can

10. 11 at low coverage but reduce the activity at high

promote the oxygen surface exchange rate
coverage'® (Figure S5-12). In addition, Sr enrichment in the perovskite structure in the near-
surface region can increase the activity as it is well known that increasing Sr in bulk La;-
SrxCo0s_, perovskite materials leads to higher ORR activity.i It is proposed that the enhanced
activity for O, electrocatalysisg found on the LSC(001) films relative to porous LSC electrodes
can be attributed, at least in part, to the ability to reduce the coverage of surface secondary
phases and produce Sr-enriched perovskite surface sites at elevated temperatures (Figure 5-6).
This work highlights that understanding and tuning the surface chemistry of perovskites at
temperatures and oxygen partial pressure conditions relevant to device operation is critical to

identify parameters that govern the activity, and develop highly active catalysts for O,

electrocatalysis at elevated temperatures.

5.5 Supporting Information

Synthesis of the pulsed laser deposition (PLD) target. 10-12 1 a4 8S10.2C003.5 (LSC) powder for the
PLD target was synthesized using solid state reaction from stoichiometric mixtures of La,Os3,
SrCO3, Co304 (Alfa Aeser, USA) and calcined at 1,000 °C in air for 12 hours. The Gdy2Ceo80;-s
(GDC) powder was synthesized via Pechini method using Gd(NO3); and Ce(NOs)3, which were
dissolved in a mixture of ethylene glycol and citric acid (Sigma-Aldrich, USA) in de-ionized
water. After esterification at ~100 °C, the resin was charred at 400 °C and then calcined at 800
°C in air for 1 hour. Phase purity was confirmed using X-ray powder diffraction (XRD)
(Panalytical). Subsequently PLD targets of 25 mm in diameter were formed by uniaxial pressing

at ~50 MPa and sintered at 1350 °C in air for 20 hours.

Synthesis of the pellet sample for in situ APXPS. The LagsSro2C00s.; (LSC) pellet for in situ
APXPS was synthesised via the Pechini method using La(NO3)3:6H,O, Sr(NOs;),,
Co(NO3),:6H,0 (Alfa Aesar) which were dissolved into a mixture of de-ionized water, ethylene

glycol, and citric acid (Sigma-Aldrich, USA), followed by esterification at 100 °C, charring the
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resin at 400 °C and a final calcinations step at 800 °C in air for 1 hour. Phase purity was
confirmed using powder XRD (Rigaku). Then, a pellet (25 mm diameter) was prepared by
uniaxial pressing at ~50 MPa and sintered at 800 °C in air for 20 hours. Prior to introducing the
pellet sample into the APXPS chamber, the pellet was cleaved and the freshly prepared surface

was investigated.

Epitaxial thin film synthesis. (001)-oriented single crystals of 9.5% mol Y,O;-stabilized ZrO,
(YSZ), one-side polished (surface roughness < 1 nm) and with the dimensions of 10 mm x 5 mm
x 0.5 mm (Princeton Scientific, USA) were used as electrolyte and substrates for the pulsed laser
deposition (PLD). The gadolinium-doped ceria (GDC) electrolytic protection layer (for avoiding
reaction of YSZ with LSC at high temperature) and the LSC thin films were deposited by PLD
using a KrF excimer laser with a wave length, A, of 248 nm, a pulse frequency,/, of 10 Hz, and a
pulse energy, E, of ~ 50 mJ (measured close to the substrate surface) under and oxygen partial
pressure, p(0;), of 50 mTorr with 500 pulses of GDC (~5 nm, estimated using scanning
transmission electron microscopy) at a substrate temperature of ~450 °C, followed by 15,000
pulses of LSC (~85 nm, estimated using atomic force microscopy (AFM, Vecco, USA)) at ~550
°C. Reflection high-energy electron diffraction was utilized to provide in situ monitoring of the

epitaxial growth of the oxide films.

Sample Roughness. AFM was used to visualise the surface morphology of the film after PLD
preparation (Figure S5-2) and to determine the RMS surface roughness of < 0.5 nm.

Experimental details of in situ HRXRD. In situ high resolution XRD was conducted on a four-
circle diffractometer (Panalytical) equipped with a controlled temperature stage (DHS 900,
Anton Paar) in an oxygen partial pressure, p(O;), of 1 atm (flux ~2 sccm). Silver paste was used
to adhere the thin film sample with the YSZ single crystal to the heating plate. Starting at 25 °C,
a heating rate of ~10 °C/min was chosen and after increasing the temperature (temperature steps:
25 °C, 150 °C, 250 °C, 350 °C, 450 °C, and 550 °C) the temperature was always held constant
for 20 minutes to reach thermal equilibrium before XRD data were collected. Sample
realignment was conducted after each temperature step to optimize the intensity of the YSZ(004)

and YSZ(202) peaks for all normal and off-normal scans, respectively. This procedure included
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the correction of slight de-adjustments due to the thermal expansion of the sample (height offset
and angles). After alignment of the YSZ(004), a full range (6-260 = 10° - 120°) theta-2theta
normal scan (0.04 °/step, 2 s/step) was collected first. Subsequently, theta-2theta normal scans of
LSC(002) (0.01 °/step, 3 s/step) and YSZ(004) (0.005 °/step, 1 s/step) were collected. Lastly
upon alignment of the YSZ(202) peak, the off-normal scans of LSC(101) (0.02 °/step, 5 s/step)
and YSZ(202) (0.004 °/step, 1 s/step) peaks were obtained. The collection time for the entire
sequence was ~4 hours at each temperature. As the thermocouple for this experiment was placed
inside the heating stage, a small difference between measured and actual temperatures on the

sample surface cannot be ruled out.

Relaxed lattice parameter determination by in situ HRXRD. The Relaxed lattice parameter a is

derived from the following equation (where a is the pseudocubic lattice parameter for the film in

12,49 (C ‘é) 2 (a - a)

c 1-v a

(a-a)

A

, assuming a=¢ and v=0.25.* The in-plane

(c-¢)

and the out-of-plane strain by: ¢, = ~——=, assuming a=c¢.

an unstrained state),

strain is given by: ¢,, =

Q
9

Temperature induced peak shift in in situ HRXRD: Based on Bragg’s Law, a shift towards
smaller 2 8-values with increasing temperature is expected for materials having a positive thermal
expansion coefficients, such as LSC, GDC, and YSZ (with increasing temperature the spacing

between the planes increases (d, _,... <d,__,..)andthus6, .. >0, . ).

Unit cell volume calculation using in situ HRXRD data. The temperature dependence of the LSC
and YSZ unit cell volume are shown in Figure S5-4. Based on the Y-doping concentration of the
used ZrO, single crystals (YSZ) their crystal structure is cubic (lattice parameter a = b = ¢), and
thus the lattice parameter, g, can directly be determined from the YSZ (202) reflection. Once a is
known, the unit cell volume of YSZ can be calculated as a’. LSC is pseudo cubic, where the c-
axis lattice parameter can be determined from the LSC (002) reflection, and assuming a- and b-
axis lattice parameters are equivalent, they can be determined from the geometrical relationship
between the ¢ axis and the LSC (101) reflection. Once ¢ and a = b are determined, the unit cell

volume can be obtained by c-a*.
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The volumetric thermal expansion coefficients (TEC) of the LSC(001) thin film (14.9-10° K™)
and of the YSZ substrate (8.8:10° K™') found in this study were in agreement with those reported
in literature (16.5-10° K™' for bulk LSC? and 8.5 - 10.8-10° K! for YSZ?"). Using systematic
shifts of LSC (00/),c and YSZ (00 )eyvic (/ = 1, 2, 4 and I’ = 2, 4) with increasing temperature
(Figure 5-2b), the out-of-plane lattice parameter of LSC and the cubic YSZ substrate were
found, respectively. Considering that off-normal XRD data of LSC(101),. (Figure S5-3) allowed
the determination of in-plane lattice parameters (assuming a = b), the LSC unit cell volume and
the volumetric thermal expansion were obtained (Figure S5-4). It is worth mentioning that the
in-plane (8.6:10° K™) and out-of-plane (27.1-10° K™') TECs of the LSC thin film are
considerably different from those of polycrystalline LSC bulk reported in literature,”® which may
be attributed to the presence of strains in the LSC films induced by its mechanical constrain to

the YSZ substrate in comparison to nominally strain-free LSC powder.?

Experimental details of in situ APXPS. Ambient pressure and high temperature XPS data of the
LSC(001) film and the LSC pellet were collected at the Beamlines 9.3.2 and 11.0.2 at Lawrence
Berkeley National Laboratory’s (LBNL) Advanced Light Source (ALS). The pellet and thin film
samples were separately investigated and placed directly onto a ceramic heater, which was held
in place by spring loaded Au-Pd coated tungsten tips.”® The pellet was cleaved before mounting
on the sample holder to investigate a freshly prepared surface. No other pre-cleaning (e.g.
sputtering the surface) was carried out. A thermocouple was placed directly onto the sample
surface for accurate surface temperature measurements. A piece of Au foil was placed on top of
part of the sample for binding energy calibration. All binding energies are referenced to the Au
4f at 84.0 eV. The spectra were collected in the following sequence (collection time about 2 h
per sequence): low resolution survey (BE = —10 - 595 eV), high resolution O 1s and Au 4f at a
photon energy of 700 eV, and C 1s, La 4d, Sr 3d, Co 3p and Au 4f, at a photon energy of 390
eV. These spectra were collected at the following conditions: p(O-) = 6.6:107 atm at 7= 25 °C,
p(0) = 1-107 atm at T=25 °C, p(0,) = 1-107 atm at T =220 °C, p(O,) = 1-10 atm at 7' = 370
°C, p(0,) = 1:107 atm at 7= 520 °C, p(0,) = 1-107° atm at T'= 520 °C, p(O,) = 1-10~ atm at T =
520 °C. The heating rate was about 10 °C/min and the temperature was held constant for 20 min

before beginning to collect data at each temperature. Due to a problem with the beamline

125



intensity while studying the LSC pellet at p(O;) = 1:107 atm at 7 = 370 °C the data was not

included.

In situ APXPS: calibration of the binding energy (BE) of the spectra. The BE for the spectra
collected at room temperature was calibrated to the C 1s photoemission peak of adventitious
hydrocarbons at 285.0 eV. A piece of gold foil was placed on part of the sample surface to assist
BE calibration (Au 4f 7/2 = 84.0 €V) when carbon was removed from the surface at elevated

temperatures.

In situ APXPS: Determination of the Inelastic-Mean-Free-Path (IMFP). The IMFP was
calculated using the NIST Standard Reference Database 71 "NIST Electron Inelastic-Mean-Free-
Path Database" version 1.2. The software program provides the ability to predict the IMFP for
inorganic compounds supplying the stoichiometric composition of La (0.8), Sr (0.2), Co (1), O
(3), the number of valence electrons per molecule (assumed to be 24), the density (6.931 g/em’)
and a band gap energy (for which we are assuming 0 eV as LSC is metallic like at high
temperatures; additionally when assuming a band gap of an insulator 5 eV, the IMFP increases
by ~0.03 nm). For incident photon beam energies ranging from 300 eV to 1140 eV the IMFP

was estimated to be ~0.75 nm to 1.91 nm, respectively.

Curve fitting of in situ APXPS spectra. Analysis of the photoemission lines was done after
subtracting a Shirley-type background using a combined Gaussian-Lorentzian line shape, and
except for Sr 3d and Co 3p symmetric line shape were used for fitting. Additional constraints for
fitting the Sr 3d spectra include the Sr 3ds/; and 3ds/, doublet with an energy separation of 1.8 eV
and a branching ratio of 1.5. The integrated areas (Casa XPS) for each component were then
utilized for the analysis. The BE, full-width-half-maximum (FWHM), and integrated area for
each component is provided in Table S1. Details about Co 3s peak intensity fitting: The
intensity of the Co 3s peak which is overlapping with the La 4d region, is only a fraction of the
overall intensity in this region and has been considered by taking the atomic subshell

photoionization cross-sections® for Co 3s and La 4d into account (Intensityc, 35 ~ 0.1 x

Intensityy a 4q)-
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In situ APXPS normalization procedure. Governed by the ideal gas law (pV = nRT with p =
pressure, V= volume, n = molar number of molecules, R = ideal gas constant, 7 = temperature),
the amount of gas molecules within the chamber is coupled to both temperature and gas pressure.
Therefore as the temperature is elevated, the number of gas molecules needs to be decreased in
order to maintain a constant pressure within the APXPS chamber. The reduction in the number
of gas molecules will inherently increase the intensity of the X-ray beam and the ejected
photoelectrons from the sample surface. In order to remove this artificial intensity increase, a
normalization procedure shown in Figure S$5-10 is utilized. The integrated intensity of the entire
elemental region (or the components, respectively) is extracted from the fitting (value shown in
Table S5-2 and S5-3). To demonstrate the normalization procedure, the raw intensity values for
the LSC thin film are plotted versus temperature on the left side of Figure S5-10. The integrated
intensity areas for each element are divided by the sum of the integrated areas of all elements at
the given condition. After obtaining this ratio at each condition, the final normalization step
divides the ratio by its respective normalized value at 7= 220 °C and p(O,) = 1x10~ atm or 7' =
520 °C and p(0,) = 1:107 atm for the temperature and pressure dependant data, respectively.
This procedure yields the normalized intensity values shown on the right side of Figure S5-10

(which is the same data shown in Figure 5-5).

In situ APXPS error analysis: The error bars (A Iy) of the normalized area intensities, /y, shown
in Figures 5-4, 5-5, S5-9, S5-10, and S5-11 were estimated by assuming a standard deviation,
SD, of 10% for the intensities of as-collected XPS data and fitted components. No error was
considered for the XPS photoionization cross-sections, o. This estimation results in an error of
about 14 % for the changes of the individual component of Sr or O relative to that component at
220 °C (Figures 5-4 and S5-9), and an error of about 25 % for the changes in the Sr
concentration relative to the combined Sr and O in the perovskite structure (Figures 5-5, S5-10,
S§-11), as shown below.

Al = \/(SDSMO)Z +(SDSN,,O@220DC)2 ~+14.1%

S

+(SDy )" +(SD)" +(SD, , gammrc) +(Pyammrc) *+(Dogmrc) = £24:5%

0@220° C )

AIN = J(SDSrorO)
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Thermodynamic Model For Surface Segregation/Enrichment in (La,Sr)Co0Q3.s (LSC). This model
is an extension of the bulk defect model first developed by Lankhorst to describe LSC.* Here, -
we describe the basic bulk (or equivalently, an epitaxial film model) as well as its extension to
model surface segregation/enrichment. Finally, we briefly discuss how we obtain the model

parameters.

Bulk LSC defect model. The chemical potential of oxygen in the LSC bulk is defined ash 4530

o (bulkt) - i (butk) = Voo (Bulk) - T s, (bulh) |- |1, (butkt) - T+ 53, (bulk )

= |4, butk - 7, (k) |- Tls,, (Buth) - 5, (bulk) ].......1)

where T is temperature, /4, and s, are the partial molar enthalpy and entropy of O, respectively,
and /z;ands; are reference state values for these quantities. Following Lankhorst,*”® the partial
molar enthalpy, #4,(bulk)- b; (bulk) , and the partial molar entropy of oxygen,
s, (bulk) - s; (bulk), in the LSC bulk can be defined as the following

. ) D gbulk _ ybulk
h, (bulk) — h,(bulk) = Ah, (bulk) -2 (———y ... (1.a)
8 (€)

s, (bulk) - s, (bulk) = k,- 1n(?5”g¢) + A} (bulk) ........ (1.b)

= Ybulk

Where 4, is the Boltzmann constant, §*/“is the bulk oxygen vacancy content in the perovskite

lattice (per 3 oxygen sites), x;‘”‘ is the bulk Sr concentration, and g, ,(¢)is the density of states

at the Fermi level of the bulk.

At equilibrium between the oxygen gas phase and the LSC solid phase, the chemical potential of
the oxygen gas phase is equal to the oxygen chemical potential of the LSC bulk, which yields

1 . .
(o, (gs) = s (58)) = tho () = iy (k)

VA VA 4
; ‘In(2,) —;-As;’f (gas)

=
. 20 %% - 44 S, .
= A (bulk) - 2- (F———2—) = 7| #, - In( ) + Ay (solid) | .....(2)
G (€) 3- 6@%
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By moving the last term on the left hand side to the right hand side and combining both the solid

. . g A vib
and gas phase vibrational entropy terms into a new term As,(As, = AsY (solid) - Asy (ga5) ),
we obtain
e . 20 %% — x4 0 .
(P, ) = A (bulk) - 2- (25— 25y 7| £, - In(—2% ) 4 As | ....3)
’ & o (€ = O s

Oxygen vacancy surface segregation. To model the oxygen surface segregation we write an

equivalent to Eqn. (3) for the LSC surface as follows:

1 . . . .
= ko, (ga5) = o, (ga5)) = po(surf) = polsurf) = [hp(surf) = hofsurf) |- T, (surf) = sp(surf)]

k. T T vi o 255"'f - x”r”f 6su vi .
= —”2—- ln(POZ) —5 . Asobz(gas) = Ah,(surf) -2- (W) - T(kh- ln(ﬁ) + Asob(solld)
. 287 — x5 S, .| kT
= Aho(surf) -2 (g—mrf(gjs_) - T(kb : ln( 3_ 6'1# ) + Aso) = _;— ln(P02) ..... (4)

surf

Where 5°is the surface oxygen vacancy content in the perovskite lattice, xg"” is the surface Sr

concentration, g, (€)is the density of states at the Fermi level of the surface. The driving force

for the O vacancy surface segregation can be obtained by subtracting Eqn.(3) from Eqn.(4), and

the following equation describes the O vacancy surface segregation:

- o 28 . — xiuf 28, _ ylbulk
KT In(2 Ovae, Ot _ SAEYS, -2 (M y o SO Ty (s)
6bulk 3- 6:mf - g:urf (E) 8buik (8)
Where AE;* . = Ahy(surf) - Ahy(bulk) . Note that it is the value of

AE>® = Ah; (surf) - Ah;(bulk) that will drive the surface segregation. Also, for clarity, note

O _vac

that the a(x) term in Lankhorst’ is equal to 4/ Lo (€).

Sr surface segregation/enrichment. The chemical potential of Sr in the LSC bulk can be written

as
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bulk

u, (bulk) — pg, (bulk) = Aug, (bulk) = Ahg, (bulk) + i (bulk) + k, T+ In( al Sx ) e (6)

1_ Sr

(nglk =20,,4)

where h2“(bulk) =
8pue (€)

. Similarly, for the chemical potential of Sr at the LSC

surface can be written as

surf

U = AR (surf) + B surf) +k, T In(—3=—) ...(7)

1--'xSr

(x.;,:rf - 2(Ssuif )

8oy (€)

where h;’f"ide“’(su;f )= . Note here we assume the difference of the vibrational

contribution in the Sr chemical potential between the LSC bulk and surfaces very small so that
the vibrational contribution can be neglected in the Sr segregation reaction. The driving force for
the Sr surface segregation can be obtained by subtracting Eqn.(6) from Eqn.(7), and the

following equation describes the Sr surface segregation

bulk surf _ yesuf bulk
X,  1-x 28,4y — X 20, — X,

kT In(—=3— ——57) = AES —( - ) (8)
’ 1 - xgrlk xSr : gsurf (8) gbulk (8)

where AE® = Ahg, (surf) — Ahg, (bulk)

Obtaining model parameters. Combining Eqn.(5) and Eqn.(8), one can solve for the surface

oxygen vacancy,d,, , and surface Sr concentration, x”as a function of parameters of AEJ®,
AEGE, 8 (€) s &our (), x2* and 68,,,for a given T and p(O,). The model parameters of the LSC

bulk****° and epitaxial films® have been reported in the literature and are used in our model, and

we assumed g, (€) = g,,(e). This leaves two undetermined variables, AE;*,, and AEG*

O _vac
which are used to fit with the experimental data for the epitaxial LSC thin film (Figure S5-11).

Our fit to the data yielded the fitted values: AE;*  =-1.28 ¢V, and AE*=0.35¢V.

0 _vac
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Table S5-1. Constrained and relaxed lattice parameters of the LSC film extracted from normal
and off-normal HRXRD data as temperature was increased from 25 °C to 550 °C.

' Constraineld Constrained. Relaxed film In-plane strain Out-of—plane
in-plane lattice  out-of-plane lattice lattice (a-2) strain R

Temperature parameter parameter €, ="=x (c -¢ )

A A par?meter @ a £, = B
aA

25°C 3.871 3.852 3.860 0.30 % -0.20 %
250°C 3.878 3.875 3.876 0.06 % -0.04 %
350 °C 3.882 3.886 3.884 -0.06 % 0.04 %
450 °C 3.886 3.897 3.892 -0.17 % 0.12 %
550 °C 3.889 3.907 3.900 -0.29 % 0.19 %

Table S5-2. Detailed photon energy depth resolved XPS peak positions and information on the
fitting parameters.

Photon Energy Name LSC Film
BE (eV) FWHM (eV) Area
300 eV Sr 3d 5/2 - Surface 133.7 1.6 19373.7
Sr 3d 3/2 - Surface 135.5 1.5 12915.8
Sr 3d 5/2 - Lattice 1323 1.4 32743
Sr 3d 3/2 - Lattice 134.1 14 2180.6
480 eV Sr 3d 5/2 - Surface 133.8 1.5 32394.5
Sr 3d 372 - Surface 135.6 1.6 21596.3
Sr 3d 5/2 - Lattice 1323 1.5 12000.0
Sr 3d 3/2 - Lattice 134.1 1.6 7991.9
740 eV Sr 3d 5/2 - Surface 134.0 1.6 123152
Sr 3d 3/2 - Surface 135.8 1.5 8210.2
Sr 3d 5/2 - Lattice 1323 14 5500.0
Sr 3d 3/2 - Lattice 134.1 1.5 3662.9
700 eV O 1s - Surface 531.8 1.8 251244
O 1s - Surface (M-0) 530.2 13 11491.0
O 1s - Lattice 528.9 13 13168.3
880 eV O 1s - Surface 531.8 1.8 13400.8
O 1s - Surface (M-0) 530.2 1.3 7763.4
O 1s - Lattice 528.9 12 11069.6
1140 eV O 1s - Surface 531.9 1.8 2951.0
O Is - Surface (M-0O) 530.2 14 1786.6
O s - Lattice 529.0 1.4 3839.2
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Table S5-3. Detailed XPS peak positions and information on the fitting parameters.

Name LSC Pellet LSC Film
BE (eV) FWHM (eV) Area BE (eV) FWHM (eV) Area
T=220 °C, p(0;) = 1-10° atm O 1s - Surface 531.6 1.8 415.7 531.5 1.7 1699.1
O Is - Surface (M-O) 530.3 1.8 50.3 530.2 14 120.3
O Is - Lattice 528.6 1.5 145.5 528.6 1.5 1165.2
C Is - Carbonates, O-C=0 2894 2.0 159 289.1 2.0 39.0
Cls-C-O 2872 2.0 139 286.8 2.0 245
C 1s - Adventitious 285.0 1.8 12.9 284.9 1.7 85
Ladd - - 205.3 - - 2999.4
Co 3s 102.9 2.5 25.0 102.9 22 140.0
Sr 3d 5/2 - Surface 133.6 1.7 539.9 133.6 1.7 1763.5
Sr 3d 3/2 - Surface 1354 1.8 360.0 1354 1.7 1175.7
Sr 3d 5/2 - Lattice 132.3 1.3 211.0 1319 1.3 569.9
Sr 3d 3/2 - Lattice 134.1 1.5 140.5 133.7 1.4 379.5
Co 3p - - 90.5 - - 553.1
Na2s - - 11.5 - - 12.3
T=370°C, p(0,) = 1-10° atm O 1s - Surface NA NA NA 531.7 1.8 1758.3
O 1s - Surface (M-O) NA NA NA 530.2 1.4 205.3
O 1s - Lattice NA NA NA 528.7 1.5 1542.6
C 1s - Carbonates, O-C=0O NA NA NA 288.6 2.0 18.6
Cls-C-O NA NA NA 286.8 2.0 27.7
C 1s - Adventitious NA NA NA 284.9 1.8 17.6
La4d NA NA NA - - 3474.1
Co 3s NA NA NA 102.9 2.5 175.0
Sr 3d 5/2 - Surface NA NA NA 133.6 1.9 1621.2
Sr 3d 3/2 - Surface NA NA NA 1354 1.9 1080.8
Sr 3d 5/2 - Lattice NA NA NA 132.4 1.5 994.8
Sr 3d 3/2 - Lattice NA NA NA 1342 1.5 662.6
Co 3p NA NA NA - - 631.7
Na 2s NA NA NA - - 78.0
T=520 °C, p(0,) = 1:10° atm O Is - Surface 531.8 22 5393 531.7 1.0 58.7
O 1s - Surface (M-0) 530.2 1.4 143.1 530.1 1.5 706.0
O 1s - Lattice 528.9 1.7 335.8 528.8 1.5 2305.9
C 1s - Carbonates, O-C=0O 289.5 2.0 33.0 288.8 1.0 2.8
Cl1s-C-O 287.2 2.0 223 286.7 2.0 27.8
C 1s - Adventitious 285.3 2.0 10.7 2849 2.0 355
La4d - - 336.4 - - 3453.1
Co 3s 102.9 2.5 27.0 102.9 2.5 147.0
Sr 3d 5/2 - Surface 133.8 1.8 1080.4 133.5 13 1085.5
Sr 3d 3/2 - Surface 135.6 1.9 720.3 1353 1.4 723.7
Sr 3d 5/2 - Lattice 132.6 1.3 470.1 1324 1.5 2230.8
Sr 3d 3/2 - Lattice 1344 1.4 313.1 1342 1.4 1485.7
Co 3p - - 112.7 - - 569.7
Na2s - - 1.7 - - 18.1
T=520°C, p(0,) =1:10° atm O 1s - Surface 531.8 22 875.2 5314 1.9 481.1
O 1s - Surface (M-O) 530.3 14 285.9 530.2 1.4 1311.7
O 1s - Lattice 528.8 1.7 646.2 528.8 1.6 5045.0
C 1s - Carbonates, O-C=0 289.4 2.0 60.6 288.9 2.0 146.2
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T="520°C, p(02) = 1-107 atm

Cls-C-O

C 1s - Adventitious
La4d

Co 3s

Sr 3d 5/2 - Surface
Sr 3d 3/2 - Surface
Sr 3d 5/2 - Lattice
Sr 3d 3/2 - Lattice
Co 3p

Na 2s

O 1s - Surface

O 1s - Surface (M-O)
O 1s - Lattice

C 1s - Carbonates, O-C=0

Cl1s-C-O

C 1s - Adventitious
Lad4d

Co 3s

Sr 3d 5/2 - Surface
Sr 3d 3/2 - Surface
Sr 3d 5/2 - Lattice
Sr 3d 3/2 - Lattice
Co 3p

Na 2s

287.2
285.3

102.9
133.6
135.4
132.6
134.4

531.9
530.4
528.9
289.5
287.2
285.3

102.9
133.7
135.4
1345
132.7

20
1.8

2.5
1.8
1.9
1.2
1.1

22
1.4
1.7
2.0
2.0
1.7

2.5
1.8
1.9
1.1
13

50.7
20.1
483.6
47.0
1936.2
1290.8
617.5
411.3
185.3
29
733.6
303.4
721.6
65.9
53.6
19.9
520.9
50.0
1915.3
1276.9
3772
566.3
198.3
3.0

286.8
284.8

102.9
133.6
135.3
132.6
1344

531.4
530.2
528.8
288.9
286.8
2849

102.9
133.4
135.1
1325
1343

2.0
2.0

25
1.7
1.8
1.5
1.4

1.8
1.3
1.6
2.0
2.0
2.0

25
1.7
1.8
1.5
1.4

166.8
97.2
7037.2
290.0
4719.3
3146.2
3009.2
2004.2
1141.0
25.0
346.9
1199.0
5310.1
1713
190.4
100.5
6923.9
300.0
5252.1
35014
31441
2093.9
1183.2
30.6
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0 = 3.837 A
a,,=3.860 A

LSC(001),.

8y = 5.421 A
4,,=5414 A
(5414 A//2=3.828 A)

GDC(001),

@,ingie ey = 5147 A
- (5147 A1J/2=3.639 A)

YSZ(001).

Figure S5-1. Schematic of the in-plane crystallographic relationship between the LSC(001),,
GDC(001)cupic, and YSZ(001)cubic: @ cube-on-cube alignment of YSZ and GDC and a 45°
rotation of GDC and LSC along the (001) axis. This rotational relationship has been determined
by off-normal phi-scans (HRXRD).'
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Figure S5-2. Atomic force microscopy (AFM) image of the as-prepared LSC(001) thin film
surface revealing a surface roughness <0.5 nm. The maximum height of this image (dark colour
to white) is 20 nm.

1

. " 1
32.0 325 33.0
6-26 (°)
Figure S5-3. In situ HRXRD data of the off-normal LSC(101),. as a function of temperature in a

p(0,) of 1 atm. Here, we observe the peak shifts towards lower angle in the theta-2theta with
increasing temperature from 25 °C to 550 °C.
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Figure S5-4. /n situ HRXRD data of the unit cell volume of the epitaxial (001),.-LSC thin film
and the single crystalline (001)cubic-YSZ substrate as a function of temperature in a p(O,) of 1
atm. The “LSC measured” curve represents the a and c-lattice parameters directly measured from
the HRXRD, while the “LSC relaxed” curve uses Poisson’s ratio to extrapolate an unstrained
(relaxed) unit cell volume. As a reference, an extrapolated unit cell volume for LSC powder as a
function of temperature is provided utilizing a room temperature pseudo cubic lattice parameter
of apc = 3.837 A* and thermal expansion coefficient of 16.5:107° K™%
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“surface”

secondary termination
SrO.H phases layer
X
LaoH, OO _
7 . LaSrCo0OH, iy p . L~ —_

Figure S5-5. Schematic detailing the “surface” and “lattice” of LSC. The term “surface”
(marked in green) includes secondary phases on the surface, such as oxides and hydroxides of
the cations La, Sr, and Co or other non-perovskite La,Sr,CosOyH, phases, and the termination
layer of LSC. The term “lattice” is used for regular bonded atoms in the perovskite structure
(marked in red). The probed “lattice” is a surface near region of about 2 nm in depth. This
distinction between “surface” and “lattice” is based on the ability of XPS to separate between

these two components based on different binding energies (BE).
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Figure S5-6. In situ APXPS data of the C 1s region (Epnoion= 390 €V) as a function of oxygen
partial pressure and temperature. Increasing the oxygen partial pressure from UHV (~1-10"° atm)
to 1-107 atm, the amount of carbon on the surface of (a) the LSC thin film and (b) the LSC
pellet are slightly reduced. By elevating the temperature from 25 °C to 220 °C at this pressure
(1 -107 atm) both surfaces are nearly carbon free. The component at lowest binding energy (BE)
correlates to adventitious carbon (orange, 285.0 eV), the highest BE component is assigned to
carbonates (purple), the component at about 286 eV is assigned to C-O species (green), (white

=1-10° atm
[} 2 1 . ]
290 288 286
BE (eV)

circles: measured data, blue line: sum of fits, grey dotted line: background).
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La 4d Film
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Figure S5-7. In situ APXPS data of the LSC film and pellet as a function of temperature. (a)
Film La 4d (Ephoton= 390 €V) and (b) Co 3p (Ephoton= 390 €V), (¢) pellet La 4d and (d) Co 3p at
220 °C, 370 °C (film only), and 520 °C in p(O;) = 110~ atm (white circles: measured data, grey
dotted line: background). It is interesting to note that a small feature at ~64.5 eV appeared for the
thin film and pellet at 370 °C and 220 °C, respectively, which disappeared upon further heating
to 520 °C. Understanding the physical origin of this feature requires further studies, which could

be related to a change in the oxidation state of cobalt and/or the (dis)appearance of a sodium
impurity (Na 2s at ~ 64.2 eV). %
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Figure S5-8a-d. In situ APXPS data of the LSC thin film oxygen partial pressure dependency at
T =520 °C: (a) La 4d (Ephoton = 390 €V), (b) Sr 3d (Ephoton = 390 V), (¢) Co 3p (Ephoton = 390
eV), and (d) O 1s (Ephoton = 700 eV). For the Sr 3d and O 1s the “lattice” component of the
perovskite is shown in red, while the “surface” component (secondary phases on the surface and
LSC’s termination layer) is shown in green. (White circles: measured data, blue line for Ols:

62

60 58

BE (eV)

sum of fits, grey dotted line: background).
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Figures S5-8e-h. /n situ APXPS data of the LSC pellet oxygen partial pressure dependency at 7'
=520 °C: (e) La 4d (Ephoton = 390 eV), () St 3d (E photon = 390 €V), (g) Co 3p (£ photon = 390 €V),
and (h) O 1s (Ephoton = 700 V). For the Sr 3d and O s, the “lattice” component of the perovskite
is shown in red, while the “surface” component (secondary phases on the surface and LSC’s
termination layer) is shown in green. (White circles: measured data, blue line for Sr 3d: sum of
fits, grey dotted line: background).
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contributions in Sr 3d and O 1s
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Figures S5-9. In situ APXPS data of the LSC film and pellet as a function of oxygen partial
pressure. Normalized* change in the Sr and O intensity (lattice: red, surface: green) with
decreasing p(O,) for (a) the film and (b) the pellet. The error bars have been estimated by
assuming a standard deviation of the raw intensity of 10 %. (* Normalization procedure: first, the
raw intensities of the Sr and O "lattice" (or “surface” component, respectively) are divided by the
photo-ionization cross sections of Sr or O, respectively. Second, the obtained values are
normalized by the initial value, i.e. divided by the obtained value at p(O,) = 1-10~ atm and 7 =
520 °C).
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Figures S5-10a. Procedure to convert the raw data (shown on the left hand side) into the
normalized data (shown on the right hand side) for the LSC thin film. As shown in the equations,
first the raw intensities, /, are divided by the photo-ionization cross sections, o, of the respective
elements. Second, these cross-section-normalized intensity, /;, values are divided by the sum of
all depicted values in each graph at each temperature. Third, the obtained values, v, are
normalized to the first condition, i.e. to the value at 7=220 °C and p(O,) = 1-10~ atm. This
procedure is utilized for the total elemental regions (La 4d—Co 3s, Sr 3d, Co 3p, O 1s, depicted in
the first line), for the Sr and O “lattice” component (second line), and for the Sr and O “surface”

component (third line).
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Figures SS-10b. Procedure to convert the raw data (shown on the left hand side) into the
normalized data (shown on the right hand side) for the LSC pellet, which is identical to the
procedure used for the film (Figures S5-10a). As shown in the equations, first the raw
intensities, /, are divided by the photo-ionization cross sections of the respective elements.
Second, these cross-section-normalized intensity values, /5, are divided by the sum of all depicted
values in each graph. Third, the obtained values are normalized, /n,, to the first condition, i.e. to
the value at 7= 220 °C and p(0,) = 1-107 atm. This procedure is utilized for the total elemental
regions (La 4d—Co 3s, Sr 3d, Co 3p, O 1s, depicted in the first line), for the Sr and O “lattice”
component (second line), and for the Sr and O “surface” component (third line).
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Figure S5-11. Normalized “lattice” Sr and O (red) with increasing temperature at p(O;) = 1-1073
atm for the epitaxial thin film (as shown in Figure 5-5) with corresponding predicted values by
the modified canonical Lankhorst model*® (black). (* Data normalization procedure: first, the
raw intensities of the Sr and O "lattice" are divided by the photo-ionization cross sections of Sr
or O, respectively. Second, these cross-section-normalized intensity values for Sr or O "lattice"
are divided by the sum of these values (Sr + O "lattice™) at each p(O;) condition. Third, the
obtained values are normalized by the initial value, i.e. divided by the obtained value at p(O;) =

1:107 atm and 7 = 220 °C. Model normalization procedure: the obtained values are normalized
by the initial value, i.e. divided by the obtained value at p(O,) = 1107 atm and 7'= 220 °C).
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Figure S5-12: Schematic showing the influence of the amount of Sr-rich secondary phases on
the LSC surface on the ORR activity. For a full coverage with an insulating Sr-rich surface phase
no ORR activity is expected.'” A hypothetically secondary free LSC surface has a certain, higher
ORR activity. For partial coverages two cases are possible and have been reported in literature:
(I) a different ORR mechanism occurs for partial coverage leading to a higher ORR activity than
for a film without coverage,'® (II) the part of the surface covered with secondary phases is
blocked for oxygen exchange, while the particle-free surface contributes to the oxygen exchange
leading to an ORR activity between full and no coverage.** Depending on the present phase or
the specific mixture of phases (SrO/Sr(OH),/SrCO;/SrX,0) and potential solid state reactions
forming new phases (e.g. La,Sr),Co0,'"!" both cases can occur in this system.'”'"** A possible
location of the pellet (grey) and the film (yellow) investigated in this study is marked: based on
previous ORR measurements we can exclude a full coverage, and XPS exhibited that both
samples have a certain amount of coverage. Compared to the pellet, the film showed lower
coverage and higher ORR activity. As reported previously,'® a certain Sr-rich surface decoration
is more ORR active than the unmodified LSC film surface, therefore the film is not located at the
maximum of the ORR-coverage curve.
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Chapter 6. In situ Ambient Pressure XPS and
High Resolution XRD of Epitaxial LSC

Peroskites Near Operating Conditions

Under Applied Potentials

Reproduced in part with permission from Ethan J. Crumlin, Eva Mutoro, Zhi Liu, Michael D.
Biegalski, Wesley T. Hong, Hans M. Christen, Hendrik Bluhm, and Yang Shao-Horn, In situ
Ambient Pressure XPS and High Resolution XRD of Epitaxial LSC Perovskites Near Operating
Conditions Under Applied Potentials, (In Preparation).

6.1 Introduction

Mixed electronic and ionic conductors such as perovskites (ABO3—;)' and Ruddlesden-Popper
(A;BO,4)* materials are promising cathode materials for solid oxide fuel/electrolyzer cells
(SOFC/SOEC), oxygen separation membranes, and sensors due to their electronic/ionic
conductivities and catalytic activities.'"* Recently, heterostructured oxide interfaces have
demonstrated enhanced transport and oxygen surface exchange (O, + 4e <> 20°") properties.> !
In particular, the oxygen reduction reaction (ORR) on LaggSry,Co05;-s (LSCy3) surfaces
decorated with Sr(hydr)oxide® or (LagsStos)CoO4s(LSCa14)° particles has shown increased
oxygen surface exchange coefficients up to one and three orders of magnitude, respectively.
Improving our understanding of the mechanism(s) governing ORR on these highly active oxides
will greatly contribute to future catalyst design and development. Employing in situ surface and
bulk analysis tools such as X-ray photoelectron spectroscopy (XPS) and X-ray diffraction (XRD)
can greatly contribute to this understanding. XRD does not require high-vacuum conditions and
extensive in situ investigations have been conducted to probe the material’s phase composition,

transitions, and expansions as a function of temperature and pressures.'*'® In a 4% H, reducing
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environment, LSC;3 has been shown to induce oxygen vacancy ordering at 325 °C and
decomposition to La,03, SrO and Co metal at 550 °C, all of which revert back to LSCyy; upon
exposure to oxygen at high tempe:ratures.15 In addition, previous work revel epitaxial LSCi3
under 1 atm oxygen to have an enlarged unit cell volume whose strain transitions from tensile to
compression along the a-axis (in the same plane as the substrate) and compression to tension
along the c-axis (normal to the substrate) as temperature is increased from 25 °C to 550 °C.'
Synchrotron-based XPS provides high intensities to support in situ measurements via scanning
photoelectron microscopy (SPEM) or temperature-programmed XPS investigating reaction
mechanisms or surface elemental changes when exposed to very low pressures of gasses (<10°
atm), and varying temperature or applied bias.>!"?° The Advanced Light Source (ALS) possesses
a synchrotron high-intensity X-ray source coupled with a differentially pumped electrostatic lens
system that is capable of conducting in situ ambient pressure ( < 10?2 atm) X-ray photoelectron

162123 and applied electrochemical potentials.”***

spectroscopy (APXPS) at elevated temperatures
Previous results have shown that the high catalytic activity of epitaxial LSC;; thin films relative
to bulk pellet of LSCy;3 may be induced by the thin film’s enrichment of Sr within the near-
surface lattice region upon increasing to 520 °C." In this work, we will discuss three main
studies: (i) the reversibility of Sr enrichment within the near-surface lattice region of epitaxial
LSC;3 thin films that are thermally cycled between 220 °C — 520 °C using in situ APXPS; (ii)
structural and phase changes of epitaxial LSC;3 thin film upon electrochemical polarization
using in situ high-resolution X-ray diffraction (HRXRD); (iii) comparison of the atomic
compositional changes that occur for electrochemically polarized LSC13, LSCa14, and LSCyi4-
decorated LSCi3 (LSCyi31214) thin films using in situ APXPS. These investigations will help

develop an understanding for the governing properties responsible for the significantly higher

oxygen catalytic activities observed in epitaxial LSCi1314 thin films relative to LSCy13.
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Figure 6-1. In situ APXPS data of the LSC film as a function of temperature. (a) Sr 3d (Ephoton =
390 eV), (b) O 1s (Ephoton = 690 €V) spectra at 220 °C, 370 °C, 520 °, then decreased to 370 °C
and 220 °C at a p(O,) of 1-107 atm. The “lattice” component of the perovskite structure in the
near-surface region is shown in red while the “surface” component for the secondary phases
(including both surface components) is shown in green. White circles are for the measured data,
blue lines indicate the sum of fits, and grey dotted lines correspond to the background. Changes
in the relative contributions of “lattice” and “surface” to the total during: (¢) first Sr 3d cycle and
(d) subsequent Sr 3d cycle (e) first O Is, (f) subsequent Ols cross-section-normalized intensity
(lattice: red, surface green), (g) first “Lattice” Sr enrichment, and (h) subsequent “Lattice” Sr
enrichment of the LSC(001) film in the near-surface region (determined by the cross-section-
normalized “lattice” intensity of Sr 3d or O 1s was divided by the combined Sr and O “lattice”
cross-section-normalized intensities) as a function of temperature and referenced to the initial

220 °C values, and 520 °C values for subsequent temperature cycling.

6.2 Results and Discusion

Using in situ HRXRD, no new phases were observed as an epitaxial LSC;;3 thin film was
heated from 25 °C to 550 °C in a p(O;) of 1 atm. This result confirms the film’s stability at
elevated temperatures (Figure S6-1), and corroborates results previously reported.16 In situ

APXPS was utilized to understand how the film’s surface elemental composition changes during
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a single and multiple temperature cycling between 220 °C (the temperature in which carbon
species are no longer detected on the sample surface'®) and 520 °C in p(0O,) of 1-107atm. XPS
of La 4d, Sr 3d, Co 3p, and O 1s (Figure S6-2) reveal the La, Sr, Co, O concentrations remained
constant for the LSCyy; films during the first and subsequent temperature cycling’s (Figure S6-
3). Evaluating the LSCy;3 spectra in detail, La 4d and Co 3p peak shapes did not appear to be
influenced by temperature cycling, while Sr 3d and O 1s showed the most amount of variance in
peak shape features (Figure 6-1a, 6-1b, S6-2). Because the La 4d (La 4ds;, and 4d;,; doublet at
~101.2 eV and 103.9 eV, respectively, with an energy separation of ~2.8 ¢V)**? consists of a
complex satellite structure and overlaps with the Co 3s peak (~102.8 ¢V),?® and the Co 3p has a
very large peak width, we could not separate these spectra into detailed component features.'®
Figure 6-1a and b show Sr 3d and O 1s spectra during a single temperature cycle between 220
°C and 520 °C in p(O;) of 1-10”atm, which have been fitted with components representing the
previously reported “lattice” (near-surface region of the perovskite lattice) and “surface”
(associated with surface secondary phases and perovskite surface termination) species'®.
Additional details are provided in the Supporting Information. The Sr 3d spectrum was found
to exhibit a large central peak with shoulder features on either side at 220 °C. By increasing
temperature to 520 °C, the spectrum shape transformed to a single broad plateau and separated
into two defined peak features when cooled to 220 °C (Figure 6-1a). During subsequent
temperature cycles, the Sr 3d spectrum systematically changed between the broad plateau at 520
°C and the two defined peaks at 220 °C (Figure S6-2b). All temperature cycled Sr 3d spectra
could be fitted by two sets of Sr 3ds, and 3ds, doublets with an energy separation of ~1.8 eV
and a branching ratio of 1.5.%*° The binding energy (BE) for the low-energy set of Sr 3ds/, at ~
132.4 €V and Sr 3d3; at ~ 134.2 eV is the Sr “lattice” component, while the high-energy set of Sr
3dsp at ~133.5eV and Sr 3d3 at ~135.3 eV is referred to as the Sr “surface” component (where
Sr-based secondary phases include SrO-like at ~133.0 eV? and Sr(OH),-like at ~133.2 eV
The O 1s spectrum showed no clear trend in spectral shape change of the two main features,
which exist throughout both single and multiple temperature cycling, which can be fit with three
symmetric components (Figure 6-1b, S6-2b). The low-energy component BE of ~528.6 €V can
be assigned to the O “lattice” within the perovskite phase. The intermediate- and high-energy
components (at BE~529.8 eV and 532.5 eV, respectively) correlate to the perovskite lattice

termination layer (529.8 — 531.0 eV)?2®3! and surface secondary phases such as metal
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(hydr)oxides (530.6 — 531.6 eV),?83%32 respectively, both of which will be referred to as O
“surface” components.

As temperature increased from 220 °C to 520 °C, there was a significant reduction in the
relative contribution of the Sr “surface” component, giving rise to a relative increase in the Sr
“lattice” contribution (Figure 6-1c¢), which follows the same trend as previously reported.'®
Interestingly upon cooling, the relative “lattice” contribution continued to increase slightly. This
finding may suggest that higher temperatures may irreversibly induce and/or stabilize slightly
larger quantities of Sr “surface” phases. The O 1s spectra revealed minimal changes occurred in
the relative contributions between oxygen “surface” and “lattice” species as the sample was
thermally cycled (Figure 6-1¢). This O 1s observation contrasts with our previously reported
observations, in which a large decrease in oxygen “surface” components resulted from an
increase in temperature.'® This may be a result of the variations in the surface composition
between samples, as well as instrumental variations that are imposed by using different
endstations and sample holders at ALS (allowing for variations in temperature/thermocouple
placement). In Figure 6-1g, as temperature was increased from 220 °C to 520 °C, the Sr and O
“lattice” were increased by ~100% and decreased ~20%, respectively. This is indicative of
“lattice” Sr and “lattice” oxygen vacancy enrichment (a coupling attributed to the Sr-oxygen
vacancy interaction)'® in the near-surface perovskite region, reaffirming a trend previously
reported.'® Interestingly, as the sample was cooled to 220 °C, “lattice” Sr slightly increased
(Figure 6-1g). This observation suggests that upon heating a significant amount of Sr enriches
the near-surface “lattice” region, and upon cooling Sr further enriches the near-surface “lattice”
region.

To determine if the Sr “lattice” enrichment is reversible upon cooling from 520 °C to 220 °C,
a pristine LSCy; thin film (another piece from the same sample that was thermally cycled once)
was thermally cycled multiple times between 520 °C and 220 °C. Interestingly, we continued to
see a systematic variation in the relative Sr “surface” to “lattice” contributions and Sr “lattice™
enrichment as the temperature was thermally cycled between 520 °C and 220 °C (Figure 6-1d,
h); congruently O showed minimal variation in the relative “surface” to “lattice” contributions
(Figure 6-1f). Due to the Sr-oxygen vacancy coupling, the observed reduction in the “lattice”
oxygen follows the increase in “lattice” Sr which simultaneously increases the “lattice” oxygen

vacancies in the near-surface region (Figure 6-1h).'® Despite the initial, large, irreversible Sr
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“lattice” enrichment upon heating to 520 °C, there was a certain amount of Sr that underwent a
reversible change as the sample’s temperature was further cycled between 520 °C and 220 °C.
Based on this behavior, we hypothesize that “surface” Sr phases can be stabilized at 520 °C,
while at lower temperatures (220 °C) these “surface” phases are reincorporated into the LSCj;3
perovskite lattice.

In situ HRXRD was used to understand how the LSC;i3 phase is influenced by cathodic
potentials from 0 V to -0.8 V in increments of -0.2 V (Figure 6-2a). Normal and off-normal
HRXRD analysis indicated LSC113(001),c//GDC(001 )cupic// Y SC(001)cybic and
(110)pcLSC113//(110)cubicGDC//(110)cupicYSZ  (Supplementary Information §6.4) similar to
previous work,'®** where the subscript “pc” denotes the pseudocubic notation. As the applied
cathodic potential is increased we observe the LSC;;3(002),. and (101),. peaks shifting to lower
diffraction angles (Fig 6-2b and S6-4), while the YSZ(002) is unaffected, Figure 6-2¢. The
high crystallinity of the LSC,; film was maintained at 550 °C across all applied potentials, as
indicated by a nearly constant full width at half maximum of LSC,;3(002) and LSC;13(101) peaks
of ~0.25°. After all cathodic potentials were applied, a full range theta-2theta scan was collected
without an applied bias revealing no evidence for LSC;3 decomposition into secondary phases
(Figure S6-1), and the respective high-resolution scans of the LSC;3(002) and (101) peaks
return to approximately their initial starting values before polarization (Figure 6-2b, S6-4).
Using the LSC;;3(002) and (101) reflections, the unit cell volume can be determined (Figure 6-
2d). As the potential is increased from 0 V to -0.4 V the unit cell volume slowly increases by

~0.2%, then begins to sharply increase its volume by over 4.5% when applying -0.8 V bias.
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Figure 6-2. /n situ HRXRD (a) experimental configuration observes the crystal structure and
strain of the epitaxial LSC(001) film supported by a single crystalline YSZ(001) substrate with a
(001)-oriented gadolinium-doped ceria (GDC) buffer layer as a function of applied cathodic
potential at ~550 °C and p(O,) of 1 atm. (b) LSC(002) peaks shift toward lower angles in the
theta — 2 theta position with increasing applied potential, while (c) YSZ(002). peaks remain
fixed. (d) The relaxed (red) and measured (black) unit cell volume of the LSC film as a function

of applied potential.
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When an electrochemical potential is applied to the LSC;i3 thin film, thermodynamic
electrochemical equilibrium needs to be maintained. Using the Nernst equation, we can express
the maximum induced chemical potential in the form of an effective p(0O;). This allows us to
relate the observed electrochemical expansion to previously reported chemical expansions™*
(where a chemical expansion is defined by the change in unit cell volume as a function of
oxygen non-stoichiometry, d). As the applied potential increases, the effective p(O,) increases.
Consequently, LSCy;; will adjust its non-stoichiometry (for cathodic potentials, J will increase)
to accommodate the new electrochemical equilibrium.*>*® During the low applied potentials (0
V to -0.4 V) the initial increase in volume can be related to a chemical expansion similar to those
previously reported for bulk LSC;;3 as a function of 0.3* However, this interpretation does not
explain the significant divergence that occurs with larger applied potentials (-0.4 V to -0.8 V).
Therefore another mechanism needs to be invoked to explain LSCy3’s significant expansion.
We hypothesize that as the applied potential is increased beyond -0.4 V, LSCy3 begins to
transform from a perovskite phase to an oxygen vacancy-ordered perovskite (and potentially a
brownmillerite phase) at -0.8 V. This phase transition has previously been reported for various
LSC13 perovskite compositions at higher temperatures and reducing gas environments.'*'>** To
the authors’ knowledge, this is the first experimental indication for LSC,3’s reversible phase
transformation induced by electrochemical polarization. This observation brings forth the
concern for physical damage to an SOFC if bulk LSC,;3 electrodes were capable of similar phase
transformation under operating conditions and potentials.’’ Due to limited sample and
instrument availability, we were unable to conduct similar experiments for the LSC,4 and
LSCi13/214 samples. However, we hypothesize that the LSCi13214 sample will show behavior
similar to the results presented in this work as the base films are identical, and that the LSCsi4
will remain within its Ruddelson-Popper phase until it decomposes to simple oxide phases®®*

and is no longer ionically and/or electronically conductive, which did not occur in our preceding

experiments.g’9
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Figure 6-3. In situ APXPS (a) experimental configuration probes the elemental compositions as
a function of applied potential and (b) plot of the current density versus applied potential for
LSCi13, LSCz14, and LSCry31214.

Prior to cathodic polarization, the behavior of La 4d, Sr 3d, Co 3p, and O 1s within a pristine
LSCi13, LSCa14, and LSCyi3214 samplesﬁ’g"(”33 were observed as a function of temperature
(Figures S6-5 to S6-7). The LSCy 4 thin film showed stable La, Sr, Co, O concentrations with
increased temperature (Figure S6-5b, S6-6b), similar to the LSC;3 thin film (Figure S6-5a, S6-
6a show comparable trends to the previously discussed LSC,;3 films shown in Figure 6-1 and
Figure S6-2). Interestingly, the LSCji3214 thin film showed a significant increase in total Sr
concentration upon reaching 520 °C (Figure S6-5¢, S6-6¢). The La 4d and Co 3p spectral shapes
for LSCyy; (similar to the aforementioned results), LSC;14, and LSCy;3/214 did not appear to be
influenced by increasing temperature from 220 °C to 520 °C in p(O,) of 1:10” atm, while Sr 3d
and O 1s showed the most striking changes (Figure S6-5). The Sr 3d and O 1s spectra of these
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different LSC films were fit to the same “surface” and “lattice” components with similar BE’s
previously discussed (Table S6-2). At 220 °C, LSC,;4 Sr 3d spectra had a large central peak that
was surrounded by a larger shoulder to the left and a smaller shoulder on the right, corresponding
to a large fraction of Sr “surface” to “lattice” species. Upon heating to 520 °C, the features
became less pronounced, forming a main peak with a small shoulder to the right, indicative of a
more uniform quantity of Sr “surface” and “lattice” species. The LSCy14 O 1s spectrum had two
main peaks, with the largest contribution coming from the highest BE O “surface” peak (~531.9
eV) at 220 °C. Upon increasing the temperature to 520 °C, O 1s “surface” and “lattice”
components became more comparable in area (Figure S6-5b). The LSC1;3,14 Sr 3d spectrum at
220 °C (which had similar features to the LSC;3 Sr 3d spectrum, however with more definition)
consisted of a main central peak surrounded by a tail feature to the left and a more defined peak
to the right, corresponding to a larger contribution of Sr “lattice” species. Upon heating to 520
°C, all the features merged into one main peak, representative of a more equal distribution of
“surface” and “lattice” species. The O 1s spectrum consisted of two main features comprised of
similar amounts of high-BE “surface” and “lattice” species at 220 °C, and upon heating to 520
°C the highest BE “surface” component was reduced relative to the “lattice” component (Figure
S6-5¢). Comparing the LSC;;3, LSCy14, and LSCyy3214 films® relative “surface” to “lattice”
contributions (Figure S6-7), we see that LSCi3214 Sr “lattice” contribution significantly
decreased upon increasing temperature from 220 °C to 370 °C, and recovered to ~80% of its
original contribution at 520 °C, with the oxygen “lattice” contribution following similar changes,
however with smaller variation (Figure S6-7¢). This is the exact opposite trend of bare LSC 3
(Figure S6-7a). Conversely, the relative contribution of LSC;14 Sr and O “lattice” species
significantly increased over 80% and 100% respectively upon heating to 520 °C (Figure S6-7b).
When considering the enrichment of both Sr and O within the “lattice” and “surface,” LSCs14
showed no significant change with temperature, while LSCy;3/214 showed an enrichment of both
“surface” and “lattice” Sr (Figures S6-7b-c¢). This enrichment of Sr at both the “lattice” and
“surface” may play a key role in the enhanced surface exchange coefficients previously

reported.’
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Figure 6-4. In situ APXPS of LSCy3 (a) Sr 3d (Ephoton = 390 eV), (b) O 1s (Ephoton = 690 V) and
LSCi132214 () St 3d (Ephoton = 390 €V), (d) O 1s (Ephoton = 690 €V) spectra as a function of applied
potential 0 V, -0.4 V, and -0.8 V at 520 °C and a p(O,) of 1 107 atm. The “lattice” component of
the perovskite structure in the near-surface region is shown in red while the “surface” component
for the secondary phases (including both surface components) is shown in green. White circles
are for the measured data, blue lines indicate the sum of fits, and grey dotted lines correspond to
the background.

After reaching 520 °C, the LSCy;3, LSCz14, and LSCy31214 thin films were investigated using in
situ APXPS (Figure 6-3a) to understand the surface compositional changes as a function of
applied potential, which exhibited a characteristic Butler-Volmer-like behavior in the current —
voltage profile shown in Figure 6-3b. LSC,3114 has a higher oxygen reduction reaction (ORR)
activity than both LSC;3 and LSCsy4, which both reflect similar activity trends to identically-
prepared films previously reported.®

Considering the La 4d, Sr 3d, Co 3p, and O Is spectra for LSCyi3, LSCa14, and LSCi13/214
(Figure 6-4, S6-8) we observe stable overall elemental concentrations throughout all applied
potentials at 520 °C in a p(O5) of 1-10” atm for all three LSC films (Figure $6-9), and La 4d and
Co 3p spectral shapes do not appear to be influenced by the applied potentials (Figure S6-8). As
previously discussed, Sr 3d and O 1s spectra (Figure 6-4, S6-8) for the three different LSC films
were the most influenced by the applied potentials, and were fitted to the same “surface” and
“lattice” components and similar BE’s previously discussed and provided in Table S6-2. The Sr

3d spectra for LSCy3, LSCa1s, and LSC;3214 showed similar peak shapes and slight changes as
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the applied bias was increased, however no new features appeared. The O 1s spectra underwent
the most visible changes with applied potential. As the applied cathode potential was increased,
we observed that the highest oxygen “surface” BE species (at BE ~ 532 eV) vanished for both
LSCiy3 and LSCyi31214 thin films, while the same “surface” oxygen component for the LSCi4
film appeared to be minimally influenced by the applied potentials.

Normalized* Sr

Nommalized* O

“Lattice” Sr or “Lattice” O
“Lattice” Sr + “Lattice” O

5 &

0:0 -0:1 -0:2 -0:4 -0:5 4:8 -1?2 D:D -0:1 -0:2 -D:l -ofl
Applied Potential (V) Applied Potential (V)
Figure 6-5. The changes in the relative contributions of “lattice” and “surface” to the total (a)

LSC113SI' 3d, (b) LSC|13/214SI' 3d, (C) LSC]|3 O 1s and (d) LSCii13214 O 1s cross-section-
normalized intensity (lattice: red, surface green). (e) LSC;; “Lattice” Sr enrichment, (f)
LSCi13214 “Lattice” Sr enrichment, in the near-surface region (determined by the cross-section-
normalized “lattice” intensity of Sr 3d or O 1s was divided by the combined Sr and O “lattice”
cross-section-normalized intensities) as a function of applied potential and referenced to the
initial 0 V applied potential values, at 520 °C and p(O,) of 1-10” atm.

Taking into account the relationship between relative Sr and O “surface” and “lattice”
contributions, LSC;14 showed very little influence with applied potentials (Figure S6-10a, b),
while LSC,3 and LSCy13214 showed significant changes (Figure 6-5). Initially, the LSC;;; Sr
“surface” contribution increased relative to the “lattice” component, however as the applied

potential increased from -0.4 V to -1.2 V the trends reversed with Sr “lattice” becoming the
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larger contribution of total Sr composition (Figure 6-5a). The O 1s spectrum showed a
significant reduction in the “surface” oxygen species with the increase in applied potential
(Figure 6-5¢). This reduction is similar to what has been observed in previously reported results
as temperature was increased;'® this may suggest that there was an electrochemical short on the
previous sample which helped facilitate the reduction in surface phases once the temperature
reached 520 °C. Interestingly, Figure 6-5e¢ shows that under applied cathodic potentials, Sr
“lattice” species withdrew back into the bulk of the electrode, and slowly increased as potentials
increased from -0.4 V to -1.2 V. A possible explanation for this observation is that the near-
surface “lattice” region is saturated with Sr and oxygen vacancies, preventing further
accumulation. Therefore, as the cathodic potential is applied, vacancies can only be increased
within the bulk of the LSC electrode. The increase of LSCyi3’s unit cell volume, which can be

directly correlated to the oxygen nonstoichiometry'®~*

(Figure 6-1), provides direct evidence for
the increase in oxygen vacancies within the bulk of the film as a function of applied cathodic
potentials. As additional vacancies are formed within the bulk LSC electrode, the driving force
governing the near-surface “lattice” Sr enrichment is reduced, thereby facilitating Sr’s
incorporation back into the bulk of the electrode away from the surface. As the applied potential
was increased beyond -0.4, the Sr “lattice” contribution and enrichment reversed directions,
which may be explained by the onset of oxygen vacancy ordering.

LSCii3n14 increased its relative Sr and O “lattice” contribution as the applied bias was
increased (Figure 6-5b,d). This is the opposite behavior observed for Sr in LSCy 3, while LSCa14
showed minimal influence (Figure S6-10). Consequently, this appears to create an increased
enrichment in “lattice” Sr with applied potentials, which again deviates from bare LSCi;3
(Figure 6-5e¢,f). Therefore, if we hypothesize that the base film of the LSC;13214 follows the
same structural behavior as bare LSCyi3, the phase change from perovskite to oxygen vacancy-
ordered and brownmillerite phases does not appear to induce the same surface elemental

composition behavior when LSCy;; is decorated with LSC;14. The observed increase in “lattice™

Sr may explain the enhanced current densities of LSCy13114.
6.3 Conclusions

In summary, we have shown that the surface composition of epitaxial LSCy;3 thin films have a

small amount of reversible Sr surface enrichment and dilution under temperature cycling,
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preceded by a significant irreversible Sr enrichment in the near-surface perovskite region upon
the initial temperature increase from 220 °C to 520 °C at a p(O,) of 1-10” atm. In addition, we
observe for the first time that LSCy;3 undergoes a reversible phase transition from a perovskite
structure to vacancy-ordered/brownmillerite phase upon cathodic electrochemical polarization at
550 °C at a p(O) of 1 atm. Furthermore, using in situ APXPS to directly compare the surface
composition of LSCy3, LSC;14, and LSCyy314 films as a function of temperature and applied
potential, we observe Sr concentration increases on the surface and within the near-surface
perovskite region of the LSCi3p14 film, while bare LSC;3 shows the opposite effect under
applied potentials and LSC,4 is essentially uninfluenced. We believe the heterostructued
interface between LSC;js-decorated LSCi;; plays a significant role in enriching Sr near the
surface®’, resulting in the enhanced current exchange density and previously reported surface
exchange coefficients.'® This work highlights the importance of in sifu characterization and,
more importantly, furthers our understanding of the role surface modification of perovskites has
on surface composition, providing insight into the parameters governing activity which will be

used for the development of highly active catalysts.

6.4 Supporting Information

6.4.1 Experimental Methods

Synthesis of the pulsed laser deposition (PLD) target.®*'®* LaysSr2C00;-5 (LSC) powder for
the PLD target was synthesized using a solid-state reaction from stoichiometric mixtures of
La;03, SrCOs, Co304 (Alfa Aeser, USA) and calcined at 1,000 °C in air for 12 hours. The
(Lag.5S19.5)2C004zs (LSCp14) and Gdp2Ce 50,5 (GDC) powder was synthesized via Pechini
method using La(NO3)3-6H,0, Sr(NOs);, Co(NO;),"6H,O, and separately Gd(NO;); and
Ce(NOs3)3, which were dissolved in a mixture of ethylene glycol and citric acid (Sigma-Aldrich,
USA) in de-ionized water. After esterification at ~100 °C, the resin was charred at 400 °C and
then calcined at 800 °C in air for 1 hour. Phase purity was confirmed using X-ray powder
diffraction (XRD) (Panalytical). Subsequently PLD targets of 25 mm in diameter were formed
by uniaxial pressing at ~50 MPa. The LSC;4, LSCy;3, and GDC targets were all sintered at 1350

°C in air for 20 hours.
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Epitaxial thin film synthesis. (001)-oriented single crystals of 9.5% mol Y,Os-stabilized ZrO;
(YSZ), one-side polished (surface roughness < 1 nm) and with the dimensions of 10 mm x 5 mm
x 0.5 mm and 10 mm x 10 mm x 0.5 mm (Princeton Scientific, USA), were used as electrolyte
and substrates for the pulsed laser deposition (PLD). Platinum ink (Pt, #6082, BASF, USA)
counter electrodes were painted on the unpolished side of the YSZ and sintered in air at 800 °C
for 1 hour. For the in situ high resolution XRD (HRXRD) with polarization, a reference
electrode was included on the sample: a small corner of the polished side was roughened with a
diamond file and Pt ink was applied and sintered in air at 800 °C for 1 hour, then masked to
avoid contact with the LSC1y3 during deposition. The gadolinium-doped ceria (GDC) electrolytic
protection layer (for avoiding reaction of YSZ with LSC at high temperature) and the LSC3
thin films were deposited by PLD using a KrF excimer laser with a wavelength of 248 nm, a
pulse frequency of 10 Hz, and a pulse energy of ~ 50 mJ (measured close to the substrate
surface) under an oxygen partial pressure, p(O,), of 50 mTorr with 500 pulses of GDC (~5 nm,
estimated using scanning transmission electron microscopy) at a substrate temperature of ~450
°C, followed by 15,000 pulses of LSCy;3 (~85 nm, estimated using atomic force microscopy
(AFM, Vecco, USA)) at ~550 °C. Immediately after completing the LSC,;3 deposition on one of
the samples, a thin surface-decoration film of 150 pulses LSC;14 was deposited (~0.8 nm,
estimated from STEM micrograph previous reported®). The pure LSCy4 film consisted of
10,000 laser pulses (~50 nm). After completing the depositions of each sample, the samples
were cooled to room temperature over the course of ~ 1 hour within the PLD chamber at 50
mTorr. Reflection high-energy electron diffraction was utilized to provide in situ monitoring of

the epitaxial growth of the oxide films.

Experimental details of in situ HRXRD. In situ HRXRD was conducted on a four-circle
diffractometer (Panalytical) equipped with a controlled temperature stage (DHS 900, Anton
Paar) in an oxygen partial pressure, p(0;), of 1 atm (flux ~2 sccm). Silver paste was used to
adhere the 10 mm x 10 mm x 0.5 mm LSC;13/GDC/YSZ/Pt sample to the heating plate. Starting
at 25 °C, a heating rate of ~10 °C/min was chosen, increasing the temperature to 550 °C where
electrochemical potentials would be applied (applied potential steps: 0 V, =0.2 V, 0.4 V, =0.6
V, and —0.8 V). For each temperature and applied potential, the system was always held constant

for 20 minutes to reach thermal and electrochemical equilibrium before XRD data was collected.
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The current flowed from the LSCyi3 film (working electrode) to the sintered Pt electrode
(counter) on the opposite side of the YSZ substrate, and the voltage was measured between the
LSCi13 (working electrode) and the small sintered Pt electrode (reference) on the same side of
the LSC,,; film. Electrical contacts were lightly silver pasted to all electrodes and connected toa
power supply. Sample realignment was conducted after each temperature and applied potential
step to optimize the intensity of the YSZ(004) and YSZ(202) peaks for all normal and off-normal
scans, respectively. This procedure included the correction of slight de-adjustments due to the
thermal or electrochemical expansion of the sample (height offset and angles). After alignment
of the YSZ(004), a full range (6—260 = 10° - 120°) theta—2theta normal scan (0.04 °/step, 2 s/step)
was collected first. Subsequently, theta—2theta normal scans of LSC(002) (0.01 °/step, 3 s/step)
and YSZ(004) (0.005 °/step, 1 s/step) were collected. Lastly upon alignmént of the YSZ(202)
peak, the off-normal scans of LSC(101) (0.02 °/step, 5 s/step) and YSZ(202) (0.004 °/step, 1
s/step) peaks were obtained. Extracted peak positions are provided in Table S6-1. The collection
time for the entire sequence was ~4 hours at each temperature and applied potential. As the
thermocouple for this experiment was placed inside the heating stage, a small difference between
measured and actual temperatures on the sample surface cannot be ruled out.

Unit cell volume calculation using in situ HRXRD data. The temperature dependence of the LSC
unit cell volume is shown in Figure 6-2. LSC,;3 is pseudocubic, where the c-axis lattice
parameter can be determined from the LSC (002) reflection. Assuming a- and b-axis lattice
parameters are equivalent, they can be determined from the geometrical relationship between the
¢ axis and the LSC (101) reflection. Once ¢ and a = b are determined, the unit cell volume can be

obtained by c-a’.

Relaxed lattice parameter determination by in situ HRXRD. The Relaxed lattice parameter a is

derived from the following equation (where a is the pseudocubic lattice parameter for the film in

. c-¢) 2vla-a . A A
an unstrained state), ¢ ( ~ ) =7 ( - ), assuming a =¢ and v = 0.25.'°
-v a

Experimental details of in situ APXPS. Ambient pressure and high temperature XPS data of the
LSCi13, LSCy14 and LSCyj31214 films were collected at the beamline 11.0.2 at Lawrence Berkeley
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National Laboratory’s (LBNL) Advanced Light Source (ALS). The thin film samples were
separately investigated and placed directly onto a ceramic heater, which was held in place by
spring-loaded Au-Pd coated tungsten tips.®> No other pre-cleaning (e.g. sputtering the surface)
was carried out. A thermocouple was placed directly onto the sample surface for accurate surface
temperature measurements. A piece of Au foil was placed on top of part of the sample for
attempted use as binding energy reference. Due to charging effects, all binding energies are
instead referenced to the La 4d peak at 101.2 eV.® The spectra were collected in the following
sequence (collection time about 2 h per sequence): low resolution survey (BE = —10 - 595 €V),
high resolution O 1s and Au 4f at a photon energy of 690 eV, and C 1s, La 4d, Sr 3d, Co 3p and
Au 4f, at a photon energy of 390 eV. These spectra were collected at p(O;) = 1-107 atm with the
following conditions:

LSCiy3 sample 1 (V=0V): T=220°C, T'=370°C, T=520°C, T=370 °C, and 7= 220 °C.

LSCyy3 sample 2 (V=0 V): T; =520 °C, T> =220 °C, T3 =520 °C, T, = 220 °C, T5 = 520 °C,
Ts=220°C, T,=520 °C, and Ts= 220 °C (7%, where x represents the sequential
ordering of the temperature step).

LSCii3sample 3: V=0V atT=220°C,V=0V atT=370°C, V=0V atT=520°C, V'=-0.1
VatT=520°C,V=-02VatT=520°C,V=-04VatT=520°C,V=-06VatT=
520°C, V=-0.8VatT=520°C,and V'=-1.2 Vat T =520 °C.

LSCyis sample: V=0V atT=220°C, V=0V atT=370°C, V=0V atT=520°C,V=-01V
at 7=520°C,V=-02VatT=520°C,V=-04VatT=520°C,and V'=-08 VatT=
520 °C.

LSCi1314 sample: V=0V at T=220°C, V=0V atT=370°C, V=0V at T =520 °C,
V=-0.1VatT=520°C,V=-02VatT=520°C,V=-04VatT=520°C,and V' =-
0.8 Vat 7=520 °C.

The heating rate was about 10 °C/min and the temperature and applied potential was held

constant for 20 min before beginning to collect data at each experimental condition.
In situ APXPS: calibration of the binding energy (BE) of the spectra. The BE for the spectra

collected at room temperature were calibrated to the C 1s photoemission peak of adventitious

hydrocarbons at 285.0 €V. A piece of gold foil was placed on part of the sample surface to assist
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BE calibration (Au 4f;, = 84.0 eV) when carbon was removed from the surface at elevated
temperatures. However the Au 4f;, did not work with applied potential due to differential
charging. Therefore, we utilized the following procedure: the spectra without applied potential
for each temperature were aligned to Au 4f7, (BE = 84.0 eV) and the binding energy position of
the La 4d peak (the feature which showed the least change at various conditions) was determined
(La 4d: BE ~101.2 eV). All subsequent spectra at the same temperature and oxygen partial
pressure (with applied potential biases) were aligned to this La 4d peak. As the obtained binding
energy values are in good agreement with reported literature values, this alignment procedure

seems reasonable for these particular samples and similar to previously reported work.'®

Curve fitting of in situ APXPS spectra. Analysis of the photoemission lines was done after
subtracting a Shirley-type background using a symmetric combined Gaussian-Lorentzian line
shape for fitting. Additional constraints for fitting the Sr 3d spectra include the Sr 3ds, and 3ds/,
doublet with an energy separation of 1.8 eV and a branching ratio of 1.5. The integrated areas
(Casa XPS) for each component were then utilized for the analysis. The BE, full-width-half-
maximum (FWHM), and integrated area for each component is provided in Table S6-2. Details
about Co 3s peak intensity fitting: The intensity of the Co 3s peak, which overlaps with the La 4d
region, is only a fraction of the overall intensity in this region and has been considered by taking
the atomic subshell photoionization cross-sections® for Co 3s and La 4d into account (Intensityc,

35 ~ 0.1 x Intensityy a 44).

In situ APXPS normalization procedure. The integrated intensity of the entire elemental region
(or the components) is extracted from the fitting (value shown in Table S6-2 and S6-3). To
demonstrate the normalization procedure, the raw intensity values divided by the photoionization
cross-sections for the LSC thin films are plotted versus the change in condition on the top of
Figure S6-3, S6-5, and S6-9. The photoionization cross-section normalized areas for each
element are divided by the sum of the integrated photoionization cross-section normalized areas
of all elements at the given condition, shown in the middle of Figure S6-3, S6-5, and S6-9.
After obtaining this ratio at each condition, the final normalization step divides the previously

obtained concentrations by its respective normalized value at 7= 220 °C and p(O,) = 1x10 atm

or T =520 °C and p(O,;) = 1-10™ atm (with 0 V applied bias). This procedure yields the
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normalized intensity values shown on the bottom of Figure S6-3, S6-5, and S6-9. This
processes is also used to generate the Sr and O component analyzed data presented in Figure 6-

1, 6-5, S6-6, and S6-10.

In situ APXPS error analysis. The error bars (A Iy) of the normalized area intensities, I, shown
in Figure 6-1, 6-5, S6-3, S6-5, S6-6, S6-9 and S6-10 were estimated by assuming a standard
deviation, SD, of 10% for the intensities of as-collected XPS data and fitted components. No
error was considered for the XPS photoionization cross-sections, ¢. This estimation results in an
error of about 14 % for the changes of the individual component of Sr or O relative to the initial
component (Figure 6-1c to 6-1f, 6-5a to 6-5d, S6-6(top) and S6-10a-b), and an error of about
25 % for the changes in the Sr concentration relative to the combined Sr and O in the lattice

(Figure 6-1g to 6-1h, 6-5e to 6-5f, S6-6(bottom), S6-10c¢).

Table S6-1: Measured lattice parameters of the LSC film extracted from normal and off-normal
HRXRD data as polarization is increased from 0 V to —0.8 V at 550 °C in a p(O,) of 1 atm.

Constrained
Applied |Constrained in- out-of-plane Relf‘:tfiflm l\gﬁisgzld Relaxed unit % x100 ﬂ x100
potential plane lattice lattice ter @ : v cell volume ™o "o
%) parameter a (A) parameter ¢ pararrAe era vo uglf ™ Ve (A% (%) (%)
iy A) (&%

0 3.9157 3.8759 3.8998 58.825 59.309 0.00 0.00
-0.2 3.9159 3.8763 3.9001  58.840 59.323 0.03 0.02
-0.4 3.9249 3.8754 3.9051 58.948 59.553 0.21 0.41
—-0.6 3.9514 3.8788 3.9224 59.448 60.345 1.06 1.75
—0.8 4.0845 3.8816 4.0033 61.541 64.160 4.62 8.18
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Table S6-2a: LSC,;3 single temperature cycle detailed XPS peak positions and information on
the fitting parameters.

Condition Name BE (eV) FWHM (eV) Area
LSCi13, T = 220 °C, increase O 1s - Surface 531.3 1.7 814.2
O 1s - Surface (M-0) 529.8 1.3 140.0
O 1s - Lattice 528.6 1.3 788.6
Sr 3d 3/2 - Surface 135.3 1.9 2057.7
Sr 3d 5/2 - Surface 133.5 1.9 3086.5
Sr 3d 3/2 - Lattice 133.8 1.5 696.0
Sr 3d 5/2 - Lattice 132.0 1.5 1045.0
La 4d - - 7362.6
Co 3p - - 1579.3
LSC,,3, T = 370 °C, increase 0 1s - Surface 531.5 1.7 1076.4
O 1s - Surface (M-O) 529.8 1.0 113.4
O 1s - Lattice 528.6 1.4 769.8
Sr 3d 3/2 - Surface 135.2 1.8 957.4
Sr 3d 5/2 - Surface 133.4 1.8 1436.1
Sr 3d 3/2 - Lattice 134.2 1.6 1063.3
Sr 3d 5/2 - Lattice 132.4 1.6 1596.5
La 4d - - 6505.9
Co 3p - - 1353.0
LSCy,3, T =520 °C O 1s - Surface 531.6 1.7 918.6
O 1s - Surface (M-0) 529.8 1.5 248.7
O 1s - Lattice 528.6 1.4 765.1
Sr 3d 3/2 - Surface 135.6 2.0 1496.8
Sr 3d 5/2 - Surface 133.8 2.0 2245.2
Sr 3d 3/2 - Lattice 134.4 1.6 1688.7
Sr 3d 5/2 - Lattice 132.6 1.6 2535.7
La 4d - - 6910.6
Co 3p - - 1384.1
LSCi13, T = 370 °C, decrease O 1s - Surface 531.5 1.6 518.8
O 1s - Surface (M-0) 529.8 1.5 286.0
O 1s - Lattice 528.6 1.3 658.6
Sr 3d 3/2 - Surface 135.6 2.0 1140.9
Sr 3d 5/2 - Surface 133.8 2.0 1711.3
Sr 3d 3/2 - Lattice 134.5 1.6 1524.4
Sr 3d 5/2 - Lattice 132.7 1.6 2288.9
La 4d - - 5461.0
Co 3p - - 1179.7
LSC,;3, T = 220 °C, decrease O 1s - Surface 531.4 1.7 679.9
O 1s - Surface (M-0) 529.8 1.1 168.3
O 1s - Lattice 528.7 1.3 668.5
Sr 3d 3/2 - Surface 135.6 1.9 1026.1
Sr 3d 5/2 - Surface 133.8 1.9 1539.1
Sr 3d 3/2 - Lattice 134.5 1.5 1525.3
Sr 3d 5/2 - Lattice 132.7 1.5 2290.2
La 4d - - 5616.1
Co 3p - - 1222.5
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Table S6-2b: LSC,3 multiple temperature cycled detailed XPS peak positions and information
on the fitting parameters.

Condition Name BE (eV) FWHM (eV) Area
LSCy13, T = 520 °C 0 1s - Surface 531.6 1.9 1767.7
O 1s - Surface (M-0) 529.8 1.0 141.0
0 1s - Lattice 528.6 1.4 1018.8
Sr 3d 3/2 - Surface 135.5 1.8 1272.5
Sr 3d 5/2 - Surface 133.7 1.8 1908.7
Sr 3d 3/2 - Lattice 134.5 1.6 2471.2
Sr 3d 5/2 - Lattice 132.7 1.6 3710.5
La 4d - - 8780.2
Co 3p - - 2092.6
LSCyy3, T = 220 °C, 1% - 2™ cycle 0 1s - Surface 531.5 1.7 1253.7
0 1s - Surface (M-0) 529.8 1.0 122.1
0 1s - Lattice 528.7 1.2 707.5
Sr 3d 3/2 - Surface 135.5 1.8 951.9
Sr 3d 5/2 - Surface 133.7 1.8 1427.9
Sr 3d 3/2 - Lattice 134.5 1.5 2577.0
Sr 3d 5/2 - Lattice 132.7 1.5 3869.4
La 4d - - 6218.2
Co 3p - - 1239.8
LSCy13, T = 520 °C, 2" cycle 0 1s - Surface 531.6 1.8 1722.1
O 1s - Surface (M-0) 529.8 1.1 176.6
0O 1s - Lattice 528.7 1.4 1179.8
Sr 3d 3/2 - Surface 135.5 1.8 1482.8
Sr 3d 5/2 - Surface 133.7 1.8 2224.3
Sr 3d 3/2 - Lattice 134.5 1.6 3218.4
Sr 3d 5/2 - Lattice 132.7 1.6 4832.4
La 4d - - 9256.8
Co 3p - - 1976.9
LSCy13, T = 220 °C, 2™ - 3™ cycle O 1s - Surface 531.5 1.7 1329.5
O 1s - Surface (M-O) 529.8 1.0 132.3
0O 1s - Lattice 528.7 1.3 869.9
Sr 3d 3/2 - Surface 135.5 1.8 833.7
Sr 3d 5/2 - Surface 133.7 1.8 1250.5
Sr 3d 3/2 - Lattice 134.5 1.5 2809.4
Sr 3d 5/2 - Lattice 132.7 1.5 4218.3
La 4d - - 6210.8
Co 3p - - 1402.4
LSCy13, T = 520 °C, 3" cycle 0 1s - Surface 531.7 1.7 1416.8
0 1s - Surface (M-0) 529.8 1.3 278.4
O 1s - Lattice 528.7 1.3 1047.4
Sr 3d 3/2 - Surface 135.4 1.8 1701.5
Sr 3d 5/2 - Surface 133.6 1.8 2552.2
Sr 3d 3/2 - Lattice 134.5 1.6 3122.1
Sr 3d 5/2 - Lattice 132.7 1.6 4687.8
La 4d - - 9789.0
Co 3p - - 2087.4
LSC113, T = 220 °C, 3™ - 4* cycle 0 1s - Surface 531.5 1.6 1235.3
0 1s - Surface (M-0) 529.8 1.0 140.9
O 1s - Lattice 528.7 1.3 790.5
Sr 3d 3/2 - Surface 135.6 1.8 629.8
Sr 3d 5/2 - Surface 133.8 1.8 944.7
Sr 3d 3/2 - Lattice 134.5 1.5 2847.0
Sr 3d 5/2 - Lattice 132.7 1.5 4274.8
La 4d - - 5958.0
Co 3p - - 1284.8
LSC,13, T = 520 °C, 4" cycle 0 1s - Surface 531.7 1.8 1531.9
O 1s - Surface (M-0) 529.8 1.0 220.3
O 1s - Lattice 528.7 1.4 1221.5
Sr 3d 3/2 - Surface 135.4 1.9 1910.4
Sr 3d 5/2 - Surface 133.6 1.9 2865.7
Sr 3d 3/2 - Lattice 134.5 1.6 3212.4
Sr 3d 5/2 - Lattice 132.7 1.6 4823.4
La 4d - - 9336.0
Co 3p - - 2029.0
LSC,13, T = 220 °C, 4'" cycle 0 1s - Surface 531.5 1.6 965.1
O 1s - Surface (M-0O) 529.8 1.2 242.2
O 1s - Lattice 528.7 1.2 976.0
Sr 3d 3/2 - Surface 135.5 1.8 799.1
Sr 3d 5/2 - Surface 133.7 1.8 1198.6
Sr 3d 3/2 - Lattice 134.5 1.5 3060.4
Sr 3d 5/2 - Lattice 132.7 1.5 4595.2
La 4d - - 6414.6
Co 3p - - 1249.5
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Table S6-2¢: LSC, 3 increase in temperature and under applied potential detailed XPS peak
positions and information on the fitting parameters.

Condition Name BE (eV) FWHM (eV) Area
LSCy13, T=220°C, V=0V O 1s - Surface 531.3 1.7 665.1
O 1s - Surface (M-0) 529.8 1.5 212.7
0O 1s - Lattice 528.6 1.2 952.5
Sr 3d 3/2 - Surface 135.3 1.9 1441.6
Sr 3d 5/2 - Surface 133.5 1.9 2162.5
Sr 3d 3/2 - Lattice 134.0 1.6 1147.4
Sr 3d 5/2 - Lattice 132.2 1.6 1722.8
La 4d - - 7629.6
Co 3p - - 1518.1
LSC13, T=370°C, V=0V O 1s - Surface 531.6 1.8 766.5
O 1s - Surface (M-0) 529.8 1.2 164.7
O 1s - Lattice 528.7 1.3 860.5
Sr 3d 3/2 - Surface 135.2 1.7 1310.4
Sr 3d 5/2 - Surface 133.4 1.7 1965.5
Sr 3d 3/2 - Lattice 134.2 1.6 1795.1
Sr 3d 5/2 - Lattice 132.4 1.6 2695.4
La 4d - - 9511.9
Co 3p - - 1906.9
LSCy33, T=520°C, v=0V O 1s - Surface 531.5 1.8 1845.6
O 1s - Surface (M-0) 529.8 1.1 213.3
O 1s - Lattice 528.6 1.4 1354.0
Sr 3d 3/2 - Surface 135.6 1.9 2586.1
Sr 3d 5/2 - Surface 133.8 1.9 3879.1
Sr 3d 3/2 - Lattice 134.5 1.6 2847.5
Sr 3d 5/2 - Lattice 132.7 1.6 4275.5
La 4d - - 9944.1
Co 3p - - 1764.2
LSC,;3, T=520°C, V= -0.1V O 1s - Surface 531.5 1.8 721.6
O 1s - Surface (M-0) 529.8 1.5 641.9
O 1s - Lattice 528.7 1.4 1404.0
Sr 3d 3/2 - Surface 135.4 1.9 3310.8
Sr 3d 5/2 - Surface 133.6 1.9 4966.2
Sr 3d 3/2 - Lattice 134.2 1.5 2344.6
Sr 3d 5/2 - Lattice 132.4 1.5 3520.5
La 4d - - 8017.1
Co 3p - - 1515.7
LSC;13, T=520°C, V= -0.2V | O 1s - Surface 531.4 2.0 632.6
O 1s - Surface (M-0) 529.8 1.3 572.3
O 1s - Lattice 528.8 1.4 1415.0
Sr 3d 3/2 - Surface 135.4 2.0 3095.7
Sr 3d 5/2 - Surface 133.6 2.0 4643.5
Sr 3d 3/2 - Lattice 134.2 1.5 2440.8
Sr 3d 5/2 - Lattice 132.4 1.5 3664.9
La 4d - - 8994.7
Co 3p - - 1661.8
LSCi13, T=520°C, Vv=-04V O 1s - Surface 531.5 1.9 475.3
O 1s - Surface (M-0) 529.8 1.5 738.3
O 1s - Lattice 528.8 1.4 1523.5
Sr 3d 3/2 - Surface 135.4 1.9 2551.0
Sr 3d 5/2 - Surface 133.6 1.9 3826.5
Sr 3d 3/2 - Lattice 134.2 1.5 2610.7
Sr 3d 5/2 - Lattice 132.4 1.5 3919.9
La 4d - - 8393.7
Co 3p - - 1495.3
LSCy13, T=520°C, V= ~-0.6V O 1s - Surface 531.5 1.6 269.8
O 1s - Surface (M-0) 529.8 1.5 777.7
O 1s - Lattice 528.8 1.4 1488.0
Sr 3d 3/2 - Surface 135.4 1.8 2321.6
Sr 3d 5/2 - Surface 133.6 1.8 3482.4
Sr 3d 3/2 - Lattice 134.2 1.5 2705.1
Sr 3d 5/2 - Lattice 132.4 1.5 4061.8
La 4d - - 8216.2
Co 3p - - 1416.0
LSCy;3, T=520°C, Vv=-0.8V O 1s - Surface 531.4 1.9 276.1
O 1s - Surface (M-0) 529.8 1.5 797.2
O 1s - Lattice 528.8 1.4 1482.8
Sr 3d 3/2 - Surface 135.4 1.8 2391.3
Sr 3d 5/2 - Surface 133.6 1.8 3587.0
Sr 3d 3/2 - Lattice 134.2 1.5 2848.6
Sr 3d 5/2 - Lattice 132.4 1.5 4277.1
La 4d - - 8495.4
Co 3p - - 1468.3
LSCy13, T=520°C, V= ~-1.2V O 1s - Surface 531.4 1.8 232.6
O 1s - Surface (M-0) 529.8 1.5 909.3
O 1s - Lattice 528.8 1.4 1579.0
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Sr 3d 3/2 - Surface 135.4 1.8 2632.1
Sr 3d 5/2 - Surface 133.6 1.8 3948.1
Sr 3d 3/2 - Lattice 134.2 1.5 3107.6
Sr 3d 5/2 - Lattice 132.4 1.5 4666.0
La 4d - - 9512.0
Co 3p - - 1605.2

Table S6-2d: LSC,14 increase in temperature and under applied potential detailed XPS peak
positions and information on the fitting parameters.

Condition Name BE (eV) FWHM (eV) Area
LSCj14, T=220°C, V=0V 0 1s - Surface 531.3 1.6 1070.3
O 1s - Surface (M-0) 530.0 1.5 115.7
O 1s - Lattice 528.6 1.2 262.6
Sr 3d 3/2 - Surface 135.3 1.6 3378.5
Sr 3d 5/2 - Surface 133.5 1.6 5067.7
Sr 3d 3/2 - Lattice 133.8 1.6 801.1
Sr 3d 5/2 - Lattice 132.0 1.6 1202.8
La 4d - - 3460.0
Co 3p - - 612.8
LSCj14, T=370°C, V=0V O 1s - Surface 531.9 1.7 1021.4
0O 1s - Surface (M-0) 529.8 1.5 125.3
O 1s - Lattice 528.7 1.4 661.8
Sr 3d 3/2 - Surface 135.7 2.0 3746.9
Sr 3d 5/2 - Surface 133.9 2.0 5620.4
Sr 3d 3/2 - Lattice 134.2 1.6 1728.0
Sr 3d 5/2 - Lattice 132.4 1.6 2594.6
La 4d - - 4412.2
Co 3p - - 834.8
LSC24, T=520°C, V=0V 0 1s - Surface 532.0 1.8 1251.4
0 1s - Surface (M-0) 529.8 1.5 202.7
O 1s - Lattice 528.8 1.4 885.2
Sr 3d 3/2 - Surface 135.8 2.0 5138.0
Sr 3d 5/2 - Surface 134.0 2.0 7707.0
Sr 3d 3/2 - Lattice 134.3 1.6 2838.1
Sr 3d 5/2 - Lattice 132.5 1.6 4261.4
La 4d - - 6296.0
Co 3p - - 1199.6
LSCy14, T=520°C, V=-0.1V O 1s - Surface 532.0 1.8 887.1
O 1s - Surface (M-0) 529.8 1.5 268.0
O 1s - Lattice 528.7 1.4 796.6
Sr 3d 3/2 - Surface 135.6 2.0 4772.8
Sr 3d 5/2 - Surface 133.8 2.0 7159.2
Sr 3d 3/2 - Lattice 134.4 1.6 2753.0
Sr 3d 5/2 - Lattice 132.6 1.6 4133.6
La 4d - - 5610.3
Co 3p - - 1131.0
LSCa4, T = 520°C, V= -0.2V | O 1s - Surface 532.0 1.9 735.8
O 1s - Surface (M-O) 529.8 1.5 327.5
O 1s - Lattice 528.7 1.4 962.2
Sr 3d 3/2 - Surface 135.5 2.0 5151.9
Sr 3d 5/2 - Surface 133.7 2.0 7727.8
Sr 3d 3/2 - Lattice 134.4 1.6 3130.3
Sr 3d 5/2 - Lattice 132.6 1.6 4700.1
La 4d - - 5664.1
Co 3p - - 1140.9
LSCy4, T=520°C, V=-04V O 1s - Surface 531.9 1.9 829.2
O 1s - Surface (M-0) 529.8 1.5 309.8
O 1s - Lattice 528.7 1.4 942.5
Sr 3d 3/2 - Surface 135.8 2.0 5672.7
Sr 3d 5/2 - Surface 134.0 2.0 8509.1
Sr 3d 3/2 - Lattice 134.4 1.6 3181.6
Sr 3d 5/2 - Lattice 132.6 1.6 4777.2
La 4d - - 6470.9
Co 3p - - 1126.4
LSC14, T=520°C, V= -0.8V | O 1s - Surface 532.0 1.8 1460.8
0 1s - Surface (M-0O) 529.8 1.5 396.2
O 1s - Lattice 528.8 1.4 1064.4
Sr 3d 3/2 - Surface 135.8 2.0 5487.8
Sr 3d 5/2 - Surface 134.0 2.0 8231.7
Sr 3d 3/2 - Lattice 134.4 1.6 2804.5
Sr 3d 5/2 - Lattice 132.6 1.6 4210.9
La 4d - - 5883.9
Co 3p - - 1125.8
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Table S6-2e: LSC)3214 increase in temperature and under applied potential detailed XPS peak
positions and information on the fitting parameters.

Condition Name BE (eV) FWHM (eV) Area

LSCi13/214, T=220°C, V=0V O 1s - Surface 531.2 1.6 774.8
O 1s - Surface (M-0) 529.8 1.5 214.4

O 1s - Lattice 528.4 1.2 789.7

Sr 3d 3/2 - Surface 135.2 2.0 1023.7

Sr 3d 5/2 - Surface 133.4 2.0 1535.6

Sr 3d 3/2 - Lattice 133.7 1.3 817.1

Sr 3d 5/2 - Lattice 131.9 1.3 1226.9

La 4d - - 6130.9

Co 3p - - 977.2

LSCi113/214, T=370°C, V=0V O 1s - Surface 531.4 1.7 1607.8
. O 1s - Surface (M-0) 529.8 1.0 182.3

O 1s - Lattice 528.6 1.3 1313.0

Sr 3d 3/2 - Surface 135.5 2.0 2648.4

Sr 3d 5/2 - Surface 133.7 2.0 3972.6

Sr 3d 3/2 - Lattice 133.7 1.3 873.0

Sr 3d 5/2 - Lattice 131.9 1.3 1310.8

La 4d - - 10025.7

Co 3p - - 1742.9

LSC113/214, T=520°C, V=0V O 1s - Surface 531.6 1.8 939.4
O 1s - Surface (M-0) 529.8 1.4 380.6

O 1s - Lattice 528.7 1.4 1202.4

Sr 3d 3/2 - Surface 135.5 2.0 3031.5

Sr 3d 5/2 - Surface 133.7 2.0 4547.3

Sr 3d 3/2 - Lattice 134.4 1.6 1665.0

Sr 3d 5/2 - Lattice 132.6 1.6 2500.0

La 4d - - 7061.7

Co 3p - - 986.6

LSCy13/214, T=520°C, V=-0.1V O 1s - Surface 531.6 1.9 661.8
O 1s - Surface (M-0) 529.8 1.5 801.2

O 1s - Lattice 528.8 1.4 1877.4

Sr 3d 3/2 - Surface 135.2 1.9 4243.5

Sr 3d 5/2 - Surface 133.4 1.9 6365.3

Sr 3d 3/2 - Lattice 134.3 1.5 2539.5

Sr 3d 5/2 - Lattice 132.5 1.5 3813.1

La 4d - - 11699.3

Co 3p - - 1989.6

LSCi13/214, T=520°C, V=-0.2V O 1s - Surface 531.6 2.0 519.4
O 1s - Surface (M-0) 529.8 1.5 870.3

O 1s - Lattice 528.8 1.4 1824.0

Sr 3d 3/2 - Surface 135.3 1.8 3681.9

Sr 3d 5/2 - Surface 133.5 1.8 5522.8

Sr 3d 3/2 - Lattice 134.4 1.5 3220.7

Sr 3d 5/2 - Lattice 132.6 1.5 4836.0

La 4d - - 11650.0

Co 3p - - 1902.6

LSC113/214, T =520 °C, V=-0.4V | O 1s - Surface 531.5 2.0 373.8
O 1s - Surface (M-0) 529.8 1.5 928.3

O 1s - Lattice 528.8 1.5 1793.6

Sr 3d 3/2 - Surface 135.3 1.8 3702.6

Sr 3d 5/2 - Surface 133.5 1.8 5554.0

Sr 3d 3/2 - Lattice 134.4 1.5 3116.9

Sr 3d 5/2 - Lattice 132.6 1.5 4680.0

La 4d - - 11503.4

Co 3p - - 1746.6

LSCy13/214, T=520°C, V=-0.8V 0O 1s - Surface 531.4 2.0 371.9
O 1s - Surface (M-0) 529.8 1.5 948.4

O 1s - Lattice 528.8 1.5 1755.1

Sr 3d 3/2 - Surface 135.2 1.8 4093.1

Sr 3d 5/2 - Surface 133.4 1.8 6139.6

Sr 3d 3/2 - Lattice 134.3 1.5 2759.2

Sr 3d 5/2 - Lattice 132.5 1.5 4143.0

La 4d - - 12035.1

Co 3p - - 1776.5
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LSC(002),,

LSC(001),.

GDC(002),
LSC(004),.

550 °C, 0V, p(0,) = 1 atm
« after polarization

550 °C, 0V, p(0;) = 1 atm

Intensity (a.u.)

L A

th;ta-z theta (°8)°
Figure S6-1. A full-range normal scan in the # — 26 Bragg-Brentano geometry at 25 °C (black),
550 °C before (red) and after (blue) polarization showing no phase changes upon heating at
p(0y) of 1 atm. The starred (*) peaks originated from the heater, and the peaks of the LSCy3
film, GDC buffer layer and YSZ substrate are indexed to the pc (ap ~ 3.8 A), cubic (a. ~ 5.4 A)
and cubic (a. ~5.1 A) structure, respectively.
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138 * 136 134 132 ‘ 130 534 * 532 530 528 526 110- 108 106 104 102 100 98 68 66 64 62 60 5‘8 ‘56
BE (eV) BE (eV) BE (eV) BE (eV)
Figure S6-2a. In situ APXPS data of a LSCy; film as a function of temperature. Sr 3d (Ephoton =

390 eV), O 1s (Ephoton = 690 €V), La 4d (Epnoton = 390 €V) and Co 3p (Ephoton = 390 eV) spectra at
220 °C, 370 °C, 520 °C then decreased to 370 °C and 220 °C at a p(O5) of 1:107 atm. White
circles are for the measured data, blue lines indicate the sum of fits, and grey dotted lines
correspond to the background.
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138 136 134 132 130 53 532 530 528 526 110 108 106 104 102 100 98 68 66 64 62 60

BE (eV) BE (eV) BE (eV) BE (eV)
Figure S6-2b. In situ APXPS data of another piece of LSCy;3 film as a function of temperature.

St 3d (Ephoton = 390 €V), O 1s (Epnoton = 690 €V), La 4d (Ephoton = 390 €V) and Co 3p (Epnoton =
390 eV) spectra at 520 °C decreased to 220 °C and subsequent temperature cycles at a p(O,) of
1107 atm. The “lattice” component of the perovskite structure in the near-surface region is
shown in red while the “surface” component for the secondary phases (including both surface
components) is shown in green. White circles are for the measured data, blue lines indicate the
sum of fits, and grey dotted lines correspond to the background.
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Figure S6-3. The changes in the LSC,; film as a function of a) one temperature cycle (from
spectra shown in Figure S2a), and b) another LSC;;; film as a function of subsequent
temperature cycling (from spectra shown in Figure S2b). (top) Is the raw area intensities for La
4d, Sr 3d, Co 3p, and O 1s divided by their respective photo-ionization cross sections; (middle)
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Figure S6-4. In situ HRXRD data of the off-normal LSC(101)pc as a function of applied

potential at 550 °C in a p(O;) of 1 atm. Here, we observe the peak shifts towards lower angle in

the theta — 2theta with increasing applied potentials up to —0.8 V and recovers to near similar
position once the potential is removed.
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138 136 134 132 130 534 532 530 528 526 110 108 106 104 102 100 98 68 66 64 62 60 58 56

BE (eV) BE (eV) BE (eV) BE (eV)

Figure S6-5a. In situ APXPS data of another piece of LSC,;; film as a function of temperature
before electrochemical polarization (Figure S6-8a). Sr 3d (Ephoton = 390 €V), O 1s (Ephoton = 690
eV), La 4d (Ephoton = 390 €V) and Co 3p (Epnoton = 390 €V) spectra at 220 °C, 370 °C, and 520 °C
at a p(O,) of 1:107 atm. The “lattice” component of the perovskite structure in the near-surface
region is shown in red while the “surface” component for the secondary phases (including both
surface components) is shown in green. White circles are for the measured data, blue lines
indicate the sum of fits, and grey dotted lines correspond to the background.
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138 ' 136 ‘ 134 132 130 534 - 532 530 528 526 110 108 106 104 102 100 98 “. 66 64 62 ; * 5.' .5.
BE (eV) BE (eV) BE (eV) BE (eV)
Figure S6-5b. In situ APXPS data of a LSCyi4 film as a function of temperature before

electrochemical polarization (Figure S6-8b). Sr 3d (Ephoton = 390 €V), O 1s (Ephoton = 690 €V),
La 4d (Ephoton = 390 €V) and Co 3p (Ephowon = 390 €V) spectra at 220 °C, 370 °C, and 520 °C at a
p(0y) of 1107 atm. The “lattice” component of the perovskite structure in the near-surface
region is shown in red while the “surface” component for the secondary phases (including both
surface components) is shown in green. White circles are for the measured data, blue lines
indicate the sum of fits, and grey dotted lines correspond to the background.
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Figure S6-5c. In situ APXPS data of a LSCj3n14 film as a function of temperature before

electrochemical polarization (Figure S6-8¢). Sr 3d (Ephoton = 390 €V), O 15 (Ephoton = 690 €V), La
4d (Ephoton = 390 €V) and Co 3p (Ephoton = 390 eV) spectra at 220 °C, 370 °C, and 520 °C at a
p(0,) of 1:107 atm. The “lattice” component of the perovskite structure in the near-surface
region is shown in red while the “surface” component for the secondary phases (including both
surface components) is shown in green. White circles are for the measured data, blue lines
indicate the sum of fits, and grey dotted lines correspond to the background.
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Figure S6-6. The changes in the a) LSCy13 b) LSCz14 and ¢) LSC1|3;214 films as a function of
temperature before electrochemical polarization (from spectra shown in Figure S6-5), (top) is
the raw area intensities for La 4d, Sr 3d, Co 3p, and O 1s divided by their respective photo-
ionization cross sections; (middle) the cross-section normalized intensity values are divided by
the sum of all elemental values at each temperature, creating an effective concentration;
(bottom) the concentration values for each element are normalized to the first condition, at 220

°C and p(0,) 1-10~ atm.
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Figure S6-7. (top) The changes in the relative contributions of “lattice” and “surface” to the total
Sr 3d and O 1s, cross-section-normalized intensity (lattice: red, surface green), (bottom)
“Lattice” (and “Surface”) Sr and O enrichment, of the changes in the a) LSC;;3 b) LSC;4 and ¢)
LSCi13214 films as a function of temperature before electrochemical polarization (from spectra
shown in Figure S6-5), film in the near-surface region (determined by the cross-section-
normalized “lattice” (or “surface”) intensity of Sr 3d or O 1s was divided by the combined Sr
and O “lattice” (or “surface”) cross-section-normalized intensities) as a function of temperature
and referenced to the initial 220 °C values.
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Figure S6-8a. In situ APXPS data of a LSCy;3 film as a function of applied potential after

reaching 520 °C (Figure S6-5a). Sr 3d (Ephoton = 390 €V), O 15 (Ephoton = 690 €V), La 4d (Ephoton
=390 eV) and Co 3p (Ephoton = 390 €V) spectra at applied potentials of 0 V, -0.1 V, -0.2V, -0.4
V, =0.8 V, and —1.2 V at a p(O;) of 1-107° atm. The “lattice” component of the perovskite
structure in the near-surface region is shown in red while the “surface” component for the
secondary phases (including both surface components) is shown in green. White circles are for
the measured data, blue lines indicate the sum of fits, and grey dotted lines correspond to the
background.

185



et

-

M i B TP SR PR SN

13l. 136 - 134. 132 -130534 5.32 530 528 526 110 108 106 104 102 1W-ﬂ“ 66 64 62 60 5.8 56
BE (eV) BE (eV) BE (eV) BE (eV)

Figure S6-8b. /n situ APXPS data of a LSC;j4 film as a function of applied potential after
reaching 520 °C (Figure S6-5b). Sr 3d (Epnoton = 390 €V), O 15 (Ephoton = 690 €V), La 4d (Ephoton
=390 eV) and Co 3p (Epnoton = 390 €V) spectra at applied potentials of 0 V, -0.1 V, 0.2 V, -0.4
V, and —0.8 V at a p(O,) of 1-10~ atm. The “lattice” component of the perovskite structure in
the near-surface region is shown in red while the “surface” component for the secondary phases
(including both surface components) is shown in green. White circles are for the measured data,
blue lines indicate the sum of fits, and grey dotted lines correspond to the background.
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Figure S6-8c. In situ APXPS data of a LSCj13214 film as a function of applied potential after

reaching 520 °C (Figure S6-5¢). Sr 3d (Ephoton = 390 €V), O 1s (Epnoton = 690 €V), La 4d (Ephoton
=390 eV) and Co 3p (Ephoton = 390 €V) spectra at applied potentials of 0 V, —0.1 V,-0.2 V, 0.4
V, and —0.8 V at a p(O,) of 1:107 atm. The “lattice” component of the perovskite structure in
the near-surface region is shown in red while the “surface” component for the secondary phases
(including both surface components) is shown in green. White circles are for the measured data,
blue lines indicate the sum of fits, and grey dotted lines correspond to the background.
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Figure S6-9. The changes in the a) LSCy;3 b) LSC;14 and ¢) LSCi13214 films as a function of
applied potential (from spectra shown in Figure S6-8), (top) is the raw area intensities for La 4d,
Sr 3d, Co 3p, and O 1s divided by their respective photo-ionization cross sections; (middle) the
cross-section normalized intensity values are divided by the sum of all elemental values at each
temperature, creating an effective concentration; (bottom) the concentration values for each
element are normalized to the first condition, at 520 °C and p(0,) 1-10~ atm.
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Chapter 7. Discussion into Possible Mechanism

Governing Oxygen Reduction Enhancement

7.1 Discussion

Currently there is no clear indication what property is truly responsible for LSCy;3/214’s enhanced
activity with respect to LSC;;3 and LSCy4, however this section will provide some hypothetical
discussions evaluating possible mechanisms governing the enhanced activity. The previous
sections have shown that all of the bare and decorated LSC films appear to be dissociation
adsorption limited from the surface exchange coefficients p(O,) dependence.'* Looking for a
property to differentiate the activity, it is reasonable to consider the activation energy (E,). A
change in activation energy of the oxygen surface exchange could be responsible for the
significant changes in activity. To evaluate the activation energy, one must consider the
Arrhenius relationship below, where R, is the initial resistance, R, is the universal gas constant,

and T is the temperature.

—-E,
R = R,exp T
g

From this equation for E, to make a unique contribution in revealing a property within the
mechanism, R, at a given temperature for LSCy;3 and LSCyj3/214 should theoretically be the
same, thus allowing a different E, to be the root cause for the activity to diverge with changes in
temperature. When considering E,’s for a wide range of mixed ionic and electronic conducting
oxide materials over a wide temperature range,” Figure 7-1 clearly shows that activity ranges
over 2 — 3 orders of magnitude between 600 — 750 °C, while there are very little changes in the
activation energy 1.3 — 1.8 eV Additionally, there are no clear systematic trends relating £, and
activity.® Therefore it is not clear that activation energy can be a clear and unique property

governing the reaction mechanisms across a wide range of cathode oxide materials.
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Figure 7-1. Reproduction of Baumann et al., temperature dependence of the surface resistance
R; for six different compositions. Each one of the graphs is based on the average absolute R;
value determined at 750 °C as well as the average activation energy of this quantity obtained

from temperature dependent measurements between 600 °C and 750 °C on at least two samples

per composition.3

A more detailed hypothesis for connecting activation energy to activity is proposed by Jung et
al,4 where they observed a close correlation between E, and E. — E; (band gap, where E.is the
edge of conduction band and Eyis the Fermi level) on SrTi;..Fe,Os.5 (STF, where x represents the
fraction of Fe and & the oxygen nonstoichiometry) as shown in Figure 7-2.* This is an interesting
concept, however it requires that the material possesses an energy bang gap at operating
conditions. Scanning tunneling spectroscopy of LSC;3, both strained compressively and tensile,
at elevated temperatures above 300 °C appeared to be semi-metallic and did not reveal a band
gap which was only observed at lower temperatures Figure 7-3.>Additionally, from valence band

data collected on our LSC 3, LSCy14, and LSC; 3214 thin films at 520 °C and p(O3) of 107 atm,
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we do not observe any shifting in the Fermi edge away from 0 eV; thus confirming metallic like
properties (Figure 7-4). However, this does suggest that an important property responsible
enhanced reaction mechanism may lie within the electronic structure of the material. To probe
this concept further, Lee et al® hypothesize the O p-band center position may be responsible for
the enhanced activity.° Using DFT calculations they show a strong correlation between oxygen
reduction reaction activity and the O p-band center position for a wide range of oxide materials,
as shown in Figure 7-5.° This is an interesting theory, however we are unable to experimentally
observe the O 2p band, and need to rely on DFT simulations which are currently being pursued
for the materials discussed in this work. Initially we can look at the collected valence band data
(Figure 7-4) and its challenging to see any clear differences between LSC;3 and LSCiy3/214
confirming the challenges to obtain experimental validation for this hypothesis, but it is one we

should continue to consider.
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Figure 7-2. Reproduction of Lee et al..° (a) calculated E.-E, (left axis and activation energy of
Rsrr (or k) measured by EIS (right axis) as a function of Fe composition at 600 °C in air. (b)
Activation energy of Rsrr (or k) as a function of p(O,) at 600 °C for STF35, 80, and 100. The
corresponding E.-Ey values (dashed lines) are also included for comparison.
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Figure 7-3. Reproduction of Cai et al.,” energy gap measured by scanning tunneling
spectroscopy for tensile strained LSC/SrTiO; (STO) and compressively strained LSC/LaAlO;
(LAO) surface as a function of temperature from room temperature (rt) to 450 °C and back to rt.
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Figure 7-4. Valence band spectra for LSC3, LSCa14, LSCi13214 epitaxial thin films at 520 °C,

p(0,) 1:107 atm.
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Figure 7-5. Reproduction of Lee et al.,’ Experimental surface exchange coefficients (k*s)
measured under p(0;) = 0.2~1.0 bar at T ~ 1000 K vs. the calculated bulk O p-band center of
perovskites: 1.Bag sSrg sCog 75Fe0 2503 (BSCF), 2.Smyg 581 sCo03 (SSC), 3. PrBaCo,0¢ (PBCO),
4.GdBaC0205 (GBCO), 5.La0_625Sr0_375C00,25Fe0_7503 (LSCF), 6.La0.75Sr0_25C003 (LSC),
7.LaCoQ; (LCO), 8. Lag 7551r92sMnO; (LSM), and 9.LaMnO3; (LMO). Values with vertical errors
bars are the average of multiple data values with an error bar equal to the standard deviation in
the mean. The range of the calculated O p-band centers for different SQS for the disordered
BSCF, SSC, and LSCF structures are represented with horizontal bars, and the data points are
calculated using Boltzmann factor weighted averages at 1000 K of the SQS energies.

Taking a slightly different approach to attempt to explain the origins for the enhanced activity, I
will deconstruct the surface exchange coefficients (k% shown below) properties to isolate the key

parameters responsible.

kyT

9 =
4 4e?Rc,

(with kp: Boltzmann constant, e: electron charge, 7: absolute temperature, R: area specific

resistance, ¢,: total concentration of lattice oxygen).
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= 1
©2nfC

Where R can be related to f: frequency and C: specific capacitance defined below

4F?]

3R,T
Vn (“’f G- 6))

L=

Where F: Faraday constant, L: thickness of electrode, V,,: molar volume of electrode, a:
thermodynamic non-ideality factor, J: oxygen nonstoichiometry, R,: universal gas constant, and

T: absolute temperature.

Combining C into R, we obtain (note, that highlighted in Red are the variables that are not

constants or fixed based on geometric constraints).

V (a + i )
m x _
R = 6(3 8)

2nf(4F2L)

Using initial values for our LSC;;3 material as listed below, we can then evaluate the R as a
function of the variables that can be changed to determine the most sensitive parameters and
which may be most likely responsible for the enhanced activity of LSCj35214.

L=8510"cm

T=823K

V, =33.66 cm® mol

ay=10% T mol™

0=0.008

f~0.04 Hz

From this deconstruction shown in Figure 7-6 we see how the area specific resistance changes as
a function of V,, ay, d, f. We see that even in the extreme values of V,, ay, and J we can only
modify the area specific resistance within an order of magnitude. Combining changes in several

of these parameters at once will magnify the improvements, however the parameter that can
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provide clearest enhancement across many orders of magnitude is the frequency. In fact, if we
consider LSCy;3 and LSC;;3214 there were no clear differences in both ay, and J from our EIS
measurements’?; and most likely small if any changes to ¥, are possible between these films.
However, there was a 2 — 3 order of magnitude difference in the EIS peak frequency for the
surface oxygen exchange. Therefore, the changes that are occurring do not seem to be dependent
upon these other bulk properties, but within one that can modify the exchange rate frequency.
This brings us back to properties within the electronic structure governing the oxygen bonding
energy, cobalt’s valence state, or the oxides surface geometry that can govern the reactions turn

over frequency which future studies will continue to investigate.
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Figure 7-6. Area specific resistance versus a) f b) V,,, ¢) d, and d) a, for LSC113 with L = 8.5

10 cm, 7= 823 K, V,, = 33.66 cm® mol™, a, = 10° I mol™, 6 = 0.008, /= 0.04 Hz.
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Chapter 8. Conclusions and Perspectives

8.1 Conclusions

The primary focus of the work presented in this thesis was to develop and improve our
understanding of enhanced ORR active materials for SOFC. Bare epitaxial LSC80-20,,; and
LSC,,,-decorated LSC80-20,,; films were the foundation of this work, demonstrating ORR
activity enhancement up to ~1-3 orders of magnitude on the LSC80-20, 5, heterostructured thin
films.! By probing microelectrodes of differént diameters, it became possible to isolate and
confirm** that the interfacial LSC80-20,,,,, regions are responsible for the observed ORR
enhancement, and that the oxygen vacancy concentration of the entire film and a disordered
interfacial LSC, 55, structure are not attributed to the observed changes.'

In an attempt to further enhance ORR activity, Sr substitution was increased to 40%, thus
creating epitaxial LSC60-40;;3 films. Interestingly, epitaxial LSC60-40y;3 thin films ORR
activity was similar to both bulk LSC60-40,;3 and epitaxial LSC80-20y;3 films previously
studied.” > ® When LSC60-40;,; is decorated with LSC, 4 the enhancement is similar to that
reported for LSC;i4-decorated LSC80-20113," ¢ and posses very comparable surface oxygen
exchange kinetics. Moreover, these LSC;14-decorated LSC60-40;,; films have the area specific
resistance approaching ~0.45 Qcm” at 1 atm and 550 °C," ¢ which are among the lowest reported
to date.” This work can exclude the enhancement in ORR kinetics from being attributed to
changes in the oxygen vacancy concentration of the entire films and film strains measured at
room temperature, and support that continued attention be placed on the interfacial LSCi13/214
regions which are believed to be responsible for the observed ORR enhancement."

In situ characterizations are the forefront of our field providing unprecedented
information into how a material changes at or near operating conditions. This work utilized in
situ HRXRD and APXPS to enhance our understanding of how epitaxial LSC80-20; 3 thin films
and bulk pellets structural and surface composition change at elevated temperatures and near
ambient partial pressures. This work revealed that at 520 °C and a p(O,) of 1-107 atm the film
surface reduces its coverage of surface secondary phases and Sr increases within the near-surface

perovskite region (“lattice”) while the pellet surface has no appreciable change in surface
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secondary phaes or “lattice” Sr enrichment. These differences between film and pellet surfaces
can explain the enhanced activity of the epitaxial LSC80-20;,; film for oxygen electrocatalysis
relative to LSC80-20,,3 powder" >* where the Sr enrichment in the perovskite structure in the
near-surface region can increase the activity as it is well known that increasing Sr in bulk La;-
31xCo03_5 perovskite materials leads to higher ORR activity.9

The final study made in this thesis probes epitaxial LSC80-20,,; thin films upon
thermally cycling (from 220 °C to 520 °C at a p(O,) of 1-10” atm) and observe a small amount
of reversible Sr surface enrichment and dilution under temperature cycling, preceded by a
significant irreversible Sr enrichment in the “lattice” upon the initial temperature increase.
Furthermore, using in situ APXPS to directly compare the surface composition of LSC80-20,,5,
LSC,,,, and LSC80-20, 5,4 films as a function of temperature and applied potential, we observe
Sr concentration increases on the surface and within the “lattice” of the LSC80-20,,3,,4 film,
while bare LSC80-20,,; shows the opposite effect under applied potentials and LSGC,,, is
essentially uninfluenced. We believe the heterostructured interface between LSC,,,-decorated
LSC80-20,,, plays a significant role in enriching Sr near the surface,' resulting in the enhanced
current exchange density'' and previously reported surface exchange coefficients.' In addition,
we observe for the first time that LSC80-20,,; undergoes a reversible phase transition from a
perovskite structure to vacancy-ordered/brownmillerite phase upon cathodic electrochemical
polarization at 550 °C at a p(O,) of 1 atm. This work highlights the importance of in situ
characterization and, more importantly, furthers our understanding of the role surface
modification of perovskites has on surface composition, providing insight into the parameters

governing activity which will be used for the development of highly active catalysts.

8.2 Recommendations for Future Work.

[ must admit, as proud as I am of this work, these studies only add several more pieces of insight
into an ever growing puzzle for high temperature solid oxide fuel cells with enhanced electrodes
and understanding the mechanism governing their properties. Therefore I would like to offer
some thoughts and suggestions for future work to continue efforts towards solving this puzzle,

include:
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-The working mechanism driving the 3-order of magnitude enhancement in ORR activity for
LSCii3214 still remains elusive. Additional modeling, such as those conducted by Morgan et
al.,'”’ and experimentation probing the interface properties responsible for the enhanced activity
need to be continued. Once this interface mechanism is completely understood, one could utilize
the discovered working principles to create new heterostructures with even more enhanced

activity.

-Since it is very challenging to directly resolve the phenomena responsible for the enhanced
behavior at the heterostructured interfaces, I would also recommend continuing indirect pursuits
by changing the oxide material that is decorating LSC;3, such as other ABO3 (LaMnO;, LakeOs,
etc) and A,BO; (LapNiOy, PrNiOs, etc). One can even envision utilizing completely different
elements and oxide structures, however due to the vast amount of potential combinations one
must be diligent and develop a sound hypothesis before proceeding otherwise will be
overwhelmed with costly and time consuming combinatory studies. Because of the vast quantity
of options available this does bring forth great opportunities for computational methods to
provide significant impact in this field of research, by quickly screening a wide range of
heterostructured interfaces, to unravel the governing mechanisms, which can then be

experimentally validated.

-Regarding in situ characterization of LSCi;3 and or LSCiy3/214 materials, it would be of great
interest to gain more information about the cobalt ions valance state from the Co 2p spectra. The
studies presented in this work, were unable to probe the Co 2p spectra due to insufficient photon-
flux at the high kinetic energies required to probe Co 2p spectra during these experiments. With
the repairs/upgrades to ALS and the implementation of APXPS at other beamlines around the
world one will be able to observe Co 2p spectra as a function of temperature, oxygen partial
pressure, and applied potentials, which could be very beneficial in unraveling the working

mechanism governing the observed enhanced activities.
-This work has demonstrated that oxide surface elemental composition can be very different

from the bulk pellets and may change under various operating conditions invalidating the

assumption that the surface of an oxide resembles the bulk unless experimentally proven.
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Therefore, many more materials should be characterized using in situ techniques to understand

what the true surface properties are and how they may vary from their bulk properties.

-Lastly, as I am a large proponent for in situ characterization, I would like to see this technique
applied to many more chemical and electrochemical systems. I believe the findings from these
techniques will become increasingly more important as they are more widely adopted and

available for researchers around the world.
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