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ABSTRACT: In this work, we report a systematic study on temperature-dependent local
structural evolution, oxygen stoichiometry, and electrochemical properties of an oxygen-
deficient perovskite Sry,Y,3C00;_s (SYC30) for oxygen electrocatalysis. The obtained
results are then closely compared with its analogue Sr;,Y,;CoO;_s5 (SYC10) of different
crystal structures to establish structure—activity relationships. The comparison shows that
both SYC30 and SYC10 consist of alternate layers of oxygen-deficient Col-polyhedra and
oxygen-saturated Co2-octahedra with Col-polyhedra being responsible for V§* migration.
It is also found that the distribution and concentration of oxygen vacancies within the
Col-layer are, respectively, less symmetrical and lower in SYC30 than those in SYC10,
making the former unfavorable for oxygen transport. A molecular orbital energy analysis
reveals that the energy gap between Fermi level and O 2p level in the active Col-
polyhedra is larger in SYC30 than that in SYCI10, further suggesting that SYC10 is a
better oxide-ion conductor and thus a better electrocatalyst for oxygen reduction reaction,
which is unambiguously confirmed by the subsequent electrochemical measurements.
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1. INTRODUCTION

The oxygen-deficient SrCoQO;_s-based perovskites have been
extensively studied in the past for their extraordinary oxygen
reduction/evolution activities.'~” Recently, a new type of
ordered perovskite Sry,R,;CoO;_5; (SRC30, R = Y,*’
Ho'”'") has been proposed as an oxygen reduction reaction
(ORR) active material operated on Co**/Co*" redox couple
rather than the common Co**/Co>* as in La,_,Sr,CoO;_; with
high electronic and oxygen-ion conduction above 600 °C.
Goodenough et al. reported that the polarization resistance of
Sro,Yy3C00;_s (SYC30) in a solid oxide fuel cell (SOFC) is
0.11 Q cm? and the maximum power density reaches 927 mW
cm™ with a 300 ym thick Lay §Sro,Gag 53Mgy 170, 515-supported
single cell at 800 °C.” The performance of Sry,Hoy;CoO;_g
(SHC30) as a SOFC cathode is very close to that of SYC30 with
a polarization resistance of 0.14 Q cm? and power density of 756
mW cm™? under the same conditions.'' Resolved by
synchrotron X-ray diffraction (SXRD) and neutron diffraction
(ND),*'%"*~'* the room-temperature (RT) crystal structure of
SRC30 is shown in Figure la, consisting of alternate corner-
sharing layers of (Co10,/Co0105) and Co20 polyhedra with a
new type ordering of oxygen vacancies (V:*) and a larger
tetragonal unit cell, 2a X 2a X 4a [a: cell parameter of cubic
perovskite, space group (SG) I4/mmm, ¥139]. The four O4-sites
in the Col-layer can only be quarter-occupied because of their
close proximity.® The structures of SRC30 at high temperatures
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(HTs) have also been studied by in situ ND.”'® However, the
refined structures by these studies contain the O4-site with an
occupancy of ~0.4, which is physically impossible. In addition,
Y,0; was also found as a minor impurity in SYC30,*” but the
impact of this second phase on the parent composition has not
been discussed.”

Previously, we have reported a systematic study on temper-
ature-dependent crystal structure, oxygen stoichiometry, and
electrical/electrochemical properties of Sry,Y,,CoO;_s
(SYC10) as an active ORR catalyst by in situ ND and
electrochemical impedance spectroscopy (EIS)."”> The study
found that SYC10 as shown in Figure 1b also crystalizes into a
tetragonal structure at RT, but with a smaller unit cell a X a X 2a
and a different SG (P4/mmm, ¥123). Similar to SYC30, SYC10
contains corner-sharing polyhedra of oxygen-saturated Co2-
layer and oxygen-deficient Col-layer, alternatively stacked along
[001] direction. The difference, however, is that the polyhedra
in SYC30 are tilted, whereas those in SYC10 are not. This
structural difference is represented by the new atomic positions
of Sr/Y (Sr2/Y2, Sr3/Y3) and O (O4) appeared in SYC30.

The focus of the present work is to acquire the important
structural properties of SYC30 at HTs by in situ ND and
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Figure 1. Unit cell of the RT crystal structure of (a) SYC30 (SG 14/
mmm) and (b) SYC10 (SG P4/mmm).

Rietveld refinement, and present a deeper understanding of the
structure.'®'” The obtained structural information such as
crystal symmetry, local atomic positions, cobalt oxidation states,
and oxygen occupancies of SYC30 is then closely compared with
those of SYC10, from which those key structural differences
determining oxide-ion transport as well as ORR activity are
identified. The ORR polarization resistance and fuel cell
performance of SYC30 are finally characterized and compared
with SYC10, by which the structure—activity relationships are
established for the SYC-based materials.

2. EXPERIMENTAL PROCEDURES

2.1. Sample Synthesis. The SYC30 was prepared by a solid-state
reaction method. Stoichiometry amounts of SrCO; (>99.9%, Aldrich),
Co30, (99.7%, Alfa Aesar), and Y,0; (99.9%, Alfa Aesar) were first
weighed, mixed, ball-milled in ethanol for 3 h, dried, and pelletized. To
make the phase as pure as possible, we adopted two calcination steps:
(1) 1000 °C for 12 h and (2) 1050 °C for another 12 h. Between each
calcination, the pellets were broken up and ball-milled for 3 h. The final
products were obtained by burying in the same powder and sintering at
1230 °C for 10 h.

2.2. Neutron Diffraction. In situ ND experiments were conducted
at VULCAN, the time-of-flight engineering diffractometer at the
Spallation Neutron Source in Oak Ridge National Laboratory.'®" ND
was performed from RT to 900 °C on pellet samples (17 mm in
diameter and 10 mm thick) to ensure strong diffraction intensity. A § X
10 X 5 mm® beam gauge volume was determined by the incident slits
and receiving collimators. Diffraction data were collected continuously
from each sample contained in a MgO crucible inside an air-ambient
furnace during heating and cooling. The heating rate was 10 °C min™"
below 300 °C and 5 °C min™" between 300 and 900 °C, whereas the
cooling rate was 10 °C min™" from 900 °C to ca. 150 °C. During
heating, the sample was held at RT for 1 h, 300 °C for 3 h, 500 °C for 2
h, 700 °C for 2 h, and 900 °C for 2 h. Only the last 1 h data (total
neutron counts of 4 X 10°) at each isothermal holding stage were used
for the Rietveld refinement. The refinement was conducted with GSAS
program/EXPGUI interface.”>*' A refinement was typically started
with trials and errors using the model-free Le Bail method.”* The
background was fitted with a shifted Chebyshev polynomial function.
The pseudo-Voigt function with Finger—Cox—Jephcoat correction was
used for peak profile asymmetry correction. The DIFA (one of the three
parameters defining the relationship between measured time-of-flight
and d-spacingzo), unit cell, background, and profile parameters
obtained from Le Bail fitting were used as the initial inputs in Rietveld

refinement and kept fixed at the first stage. Scaling factors, atomic
positions, isotropic thermal displacement parameters, and absorption
coefficients were then refined separately. Following that, all of the fixed
parameters were released and refined together. Oxygen occupancies
were the outcomes of the final several runs. The oxygen stoichiometries
were calculated from occupancies and site multiplicities. The
temperature-independent DIFA and absorption coefficients were
fixed at a same value for the measured temgerature range. All of the
structural models are drawn with Vesta 3.0.>

2.3. lodometric Titration. The initial oxygen stoichiometry (3 —
8) at RT was also determined by iodometric titration in addition to the
Rietveld refinement of ND data. A 30 mL diluted HCI solution (1 M)
was first purged with pure N, to eliminate the dissolved O, and Cl,. A
50 mg powder was then dissolved in the above solution under the
bubbling N,, after which 10 mL of 0.2 M KI solution was added to
reduce Co®*/* to Co®* and release elementary iodine shown in reaction
1. A 0.01 M Na,S,0; solution was then added dropwise to react with
elementary iodine produced via reaction 2. Several drops of saturated
starch solution were used to indicate the titration endpoint by a sudden
color change.

Co™* 4 nl” = Co™* + 312

(1)
L, +28,0,>” = 21" + 8,0,*~ ()

The concentration of the Na,S,0; solution was predetermined by
dissolving 25 mg of K,Cr,0; powder in a diluted HCI solution under
N,. A 10 mL of 0.2 M KI solution was then added into the solution,
where Cr,0,>” is expected to be fully reduced to Cr** by KI via reaction
3. The produced elementary iodine was titrated with Na,S,0; solution.
The concentration of Na,S,0; and the average Co-ion oxidation state
of the samples were then calculated based on the charge balance
between reactions 1—3. The oxygen stoichiometry can be then derived
based on the charge neutrality.

Cr,0,°” + 61" + 14H" = 2C** + 31, + 7H,0 (3)

2.4. Thermogravimetric Analysis. ANETZSCH STA 448 TGA/
differential scanning calorimetry (Germany) thermal analyzer was used
for thermogravimetric analysis (TGA). Approximately S0 mg powder
was placed in an alumina crucible under a flow of 60 mL min ™" air. The
sample was held first at a reference state of 70 °C for 2 h to remove the
absorbed H,O, followed by ramping the same temperature regime as
that used for in situ ND. From the weight change, the oxygen
stoichiometry as a function of temperature can then be mapped out
with the initial oxygen stoichiometry from iodine titration.

2.5. Polarization Resistance Measurement. The polarization
resistance of SYC30 as a cathode of the SOFC was evaluated with a
symmetrical cell consisting of SYC30/GDC20 (Gdy,Ce(30,_s, fuel
cell materials)/SYC30 from 600 to 800 °C during heating in a step of 50
°Canda Py, range of 0.01—0.5 atm by EIS. Cathode paste was obtained

by mixing SYC30 powder with V-006A (Heraeus) in a weight ratio of
1:3. The paste was then screen-printed on both sides of 500 gm GDC20
dense pellet, followed by firing at 1100 °C for 2 h. The effective
electrode area was 0.712 cm”. Silver paste and silver mesh were used as
current collectors. EIS data were collected with a 1470/1455B
Solartron electrochemical station in a frequency range of 0.01 Hz to
1 MHz and an ac amplitude of 10 mV. The EIS data were analyzed with
an equivalent circuit method by ZSimpWin_Demo software.

2.6. Fuel Cell Performance Evaluation. Anode-supported cells
with GDC10 (Gd,;Ceq0,_s, fuel cell materials) + NiO as the anode,
GDCIO as the electrolyte, and SYC30 as the cathode. To make the
anode support, NiO (J.T. Baker), GDC10, and carbon black (Fisher
Chemical) in a weight ratio of 6:4:2 were first ball-milled for 3 h with
ethanol, followed by drying, pelleting with S wt % PVB (polyvinyl
butyral, Sigma-Aldrich), and firing at 800 °C for 2 h. Thus, the obtained,
partially sintered pellets were used as anode substrates, on which a thin-
film GDCI10 electrolyte was deposited. The deposition of GDC10 thin
film was achieved by dip coating of a GDC10 suspension made in the
following steps: a 10 g GDC10 powder was first ball-milled in 28.5 g of
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Table 1. Unit Cell, Atomic Positions, Occupancies, Thermal Displacement Factors, and Reliable Factors Determined from

Rietveld Refinement of SYC30, SG I4/mmm, Z = 16

parameters RT 300 °C 500 °C 700 °C 900 °C
a(A) 7.6426(3) 7.6721(2) 7.6994(2) 7.7306(2) 7.7723(1)
c(A) 15.3092(9) 15.4115(7) 15.4750(6) 15.5437(6) 15.6238(5)
V (A%) 894.21(9) 907.13(3) 917.38(3) 928.93(4) 943.81(5)
Sr1/Y1 4e (0, 0, ~0.875)
z 0.8798(4) 0.8785(6) 0.8768(6) 0.8706(5) 0.8688(4)
100 X U, (A?) 2.3(1) 29(2) 3.5(2) 34(2) 3.8(1)
foe 0.7/0.3
Sr2/Y2 8g (0, 1/2, ~0.875)
z 0.8669(2) 0.8670(3) 0.8674(3) 0.8693(3) 0.8687(2)
100 X U, (A?) 1.08(7) 1.25(9) 1.8(1) 2.5(1) 2.48(6)
foee 0.7/0.3
Sr3/Y3 4e (0, 0, ~0.375)
z 0.3512(3) 0.3520(3) 0.3528(4) 0.3518(4) 0.3508(3)
100 X Uy, (A?) 1.1(1) 1.4(2) 1.5(2) 1.9(1) 2.5(1)
foe® 0.7/0.3
Col 8h (x = y; ~0.75, ~0.75, 0)
x 0.7470(6) 0.7474(7) 0.7472(8) 0.7497(7) 0.7535(7)
100 X U, (A%) 1.1(2) 1.2(2) 2.0(2) 2.6(3) 2.7(2)
fou 10
Co2 8f(1/4,3/4,1/4)
100 X Uy, (A?) 1.1(2) 1.6(2) 1.5(2) 1.8(2) 1.9(2)
fou 10
01 16n (0, ~0.25, ~0.25)
y 0.2443(3) 0.2443(4) 0.2446(4) 0.2570(S) 0.2567(5)
z 0.2397(2) 0.2393(3) 0.2394(3) 0.2384(3) 0.2381(2)
100 x Uy, (A?) 1.11(5) 1.10(8) 1.66(7) 2.0(1) 2.25(4)
Soce 0.989(5) 0.979(11) 0.992(12) 1.0¢ 1.0°
02 16m (x = y; ~0.25, ~0.25, ~0.125)

x 0.2866(3) 0.2878(3) 0.2880(3) 0.2902(3) 0.2908(2)
z 0.1173(2) 0.1168(3) 0.1166(3) 0.1167(3) 0.1161(2)
100 x Uy, (A?) 2.71(8) 2.9(1) 3.2(2) 3.6(2) 3.9(7)
Soce 0.997(8) 1.0° 0.958(17) 0.985(16) 0.950(6)

03 8i (0, ~0.75, 0)
y 0.7212(5) 0.7232(7) 0.7228(8) 0.7521(10) 0.7518(10)
100 X Uy, (A?) 1.4(1) 1.3(2) 1.5(2) 2.6(2) 3.1(1)
foce 0.966(9) 0.887(17) 0.874(18) 0.768(19) 0.764(8)

04 8j (x,1/2,0)

x 0.4054(2) 0.4219(23) 0.4242(22) 0.424(4) 0.4273(30)
100 X U, (A%) 2.2(7) 2.0(9) 2.1(4) 2.2(6) 2.4(9)
foce 0.236(10) 0.225(17) 0.236(14) 0.152(14) 0.137(10)

04’ 8j (¥, 1/2,0)
x 0.326(5) 0.321(4) 0.3197(35) 0.3211(19)
100 X Uy, (A?) 2.2(5) 2.4(8) 2.4(4) 2.5(5)
foce 0.136(16) 0.150(13) 0.257(13) 0.269(10)

Reliability Factors
R, (%) 3.82 3.93 3.47 3.08 3.08
R, (%) 2.86 2.77 2.50 228 228
r 7.86 4.61 3.54 291 2.90

“Fixed.

ethanol solvent, 0.4 g of PVB binder, 0.3 g of triethanolamine (Alfa
Aesar) dispersant, 0.37 g of polyethylene glycol-600 (Alfa Aesar), and
0.37 g of dibutyl phthalate (Acros Organics) plasticizer for 24 h. A 200
uL suspension (corresponding to 40 ym thickness) was then dropped
on top of the anode substrate with a single-channel pipettor (100—1000
uL). The bilayer structure was then dried at RT for 2 h before sintering
at 1500 °C for 6 h. The cathodes and current collectors were finally
coated on top of the sintered electrolyte/anode in the same way as
symmetrical cells. The effective cathode surface area was 0.33 cm? For
fuel cell testing, a mixture of 3 vol % H,0/97 vol % H, was supplied to

the anode surface as a fuel at a flow rate of 100 mL min~!, whereas
cathode was exposed to static air. Current—voltage (IV) and current—
power (IP) curves were obtained from sweeping the voltage from open-
circuit voltage (OCV) to 0.3 V at a sweep rate of 20 mV/s. The
measurements were taken isothermally at 600 and 700 °C.

3. RESULTS AND DISCUSSION

3.1. Structural Features of SYC30. 3.1.1. RT Structure.
The initial RT structure model for the Rietveld refinement was
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taken as same as Figure la with SG I4/mmm.® The refinement
profile of ND patterns is presented in Figure S1 of the
Supporting Information with all structural parameters listed in
Table 1. For every O4-site, the structure is found to have four
adjacent equivalent positions. Only one of these four positions
are physically allowed to be occupied, thus leading to the
maximum O4-site occupancy of 0.25. Therefore, the O4-
occupancy of 0.37 reported in ref 9 is questionable. The value of
0.236 obtained in this work agrees well with 0.23 reported in ref
8 and is within a reasonable range from a structural perspective.
Because only one of the four adjacent O4 positions is occupied,
the polyhedra in the Col-layer should be represented by two
ColO; pentahedra and two ColQ, tetrahedra. Cation ordering
has also been reported from SXRD and electron diffraction for
close compositions to SYC30, where Y** is determined to have a
9-coordination at the Sr3-site.'”'* However, it is not possible to
determine the positions of Sr** and Y** with ND because of their
close scattering lengths (7.02 fm for Sr** and 7.75 fm for Y*).**
The much shorter Sr3—0O shown in Table S1 seems to suggest
that the Sr3-site preference for Y>* as Y>* has a smaller radius. A
small amount of CoO and Y,O; as second phases are also found
in SYC30 by the refinement.

3.1.2. HT Structures. The evolution of two-dimensional (2D)
and three-dimensional (3D) intensity contour plots of HTND
patterns from 300 to 900 °C is shown in Figure 2a,b,

(a) Temperature (°C)
200 400 600 800

(b) '
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Figure 2. 2D (a) and 3D (b) intensity contour plots of HTND during
heating and cooling.

respectively. Figure S2 in the Supporting Information shows
refinement profiles of HTND patterns, and Table 1 summarizes
the detailed structural parameters as a function of temperature.
Overall, the structural symmetry remained unchanged (SG I4/
mmm) throughout the temperature range (RT to 900 °C)
studied. The refinement of O4-site occupancy gives values
higher than ca. 0.35 for all of the HTND patterns. As mentioned
earlier, the short interatomic distance between adjacent O4 only
allows an O4-occupancy <0.25. The higher occupancies at
higher temperatures might imply additional nuclear density
distribution near the O4-site. To test this hypothesis, we split the
O4-site into two positions 04 (~0.375, 0.5, 0) and 04’ (~0.25,
0.5, 0) and obtained improved reliability factors (i.e., 3.08 vs
3.28 for R,,, % at 700 °C) (see Table 1). Figure 3 of Fourier
observed nuclear density map further shows that the nuclear

densities around O4-site spread over a larger area toward the
unit cell edges along a or b axis as temperature increases. The
temperature-induced shift in nuclear density of O4 with respect
to the original position at RT suggests that Col prefers a
coordination environment with oxygen closer to octahedra
Co10y. Furthermore, the progressive spread-out of 04 (or 04')
nuclear density with temperature shown in Figure 3 also signals
an increased oxygen mobility, which may play an important role
in oxygen-ion conduction.

Aslisted in Table S1 and plotted in Figure S3, all of the Co—O
bond lengths increase with temperature except for Col—03,
where a decrease is observed above 500 °C. A possible reason for
the decrease is the progressive “migration” of O4 (O4') toward
cell edges, which alters the positions of the neighboring Col or
03 and thus shortening the Col1—03 bond length. Those two
C02—02 bonds are shorter than the four Co2—01 bonds in ab
plane of Co2Q4 octahedra. This tetragonal distortion is likely the
result of an intermediate-spin (IS) state of Co®* at the Co2-site
induced by a strong repulsion between Co d_? electron and O 2p
electron.”'¥*°

3.1.3. Oxygen Vacancy (V3*) Distribution and Transport
Pathway. To understand the distribution of oxygen vacancies
over O-site and their transport pathways, we plot oxygen
occupancy as a function of temperature and create a structural
view along b-axis of the Co—O layer in Figure 4. As is seen from
Figure 4a, the O-sites at Co2-ion, that is, O1 and O2, are almost
fully occupied from RT to 900 °C. This suggests the Vg°
transport along c-axis is completely blocked because no charge
carriers are available in the entire O1—Co02—Ol-plane (see
Figure 4b). Most of the V2* populates on Col-polyhedra
containing O4/04'- and O3-sites. Such a V;°-distribution
pattern infers a likely 2D diffusion pathway for oxygen between
03 and 04/04’ in the ab plane, which is consistent with the
findings in SHC30'* and Sry§Y02C00;_5° The delocalization
of 04 to O4' facilitates V3 -transport in this 2D pathway as the
03—04' distance is shorter than 03—04 (3.15 A vs 3.81 A at
700 °C, for example). On the contrary, a molecular dynamics
(MD) study on Sry,5Y,,5C00;_s using a structure model, in
which O1, 02, and O3 are fixed at a fully occupied state and O4’
is ignored, shows that the exchange between O3 and O4 is very
limited even at HTs.”” Instead, the MD model suggests that 02
is increasingly distorted along [111] direction toward the
neighboring O4-site with increasing temperatures and sub-
stantial exchange between O2 and O4 may take place. Figure S4
indeed shows an increasing deviation from the ideal 180° of
Co1—02—-Co2 angle with temperature, which brings O2 closer
to O4 with a shortened bond length between O2 and O4, for
example, 03—04 (3.81 A) > 03—04' (3.15A) > 02—03 (2.90
A)>03-03(2.71A) > 02—04 (2.64 A) > 02—04' (2.44 A)
at 700 °C. In addition, because O2-site is slightly oxygen
deficient as shown in Figure 4a, the second possible V3°*
transport pathway in the ab plane is 02—04/04'—02. The

w7 W . e w5 w7
RT o3 300 °C 500 °C
> @ o ¢ © ® ¢ o |,
| [ ] [ ]
L 3 J L BN J
‘ 0 ° °
) o ¢ o 5) e &
L - ;® 7N

Max

Figure 3. Fourier observed nuclear density map for the (001) plane at an iso-surface level of 5% maximum.
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Figure 4. (a) Occupancies of various oxygen sites and (b) unit cell containing only Co-ions and oxygen-ions along the b-axis.
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Figure S. (a) Oxygen stoichiometry and (b) Co-ion oxidation states determined from both ND and TGA. The initial RT value is taken from iodine
titration for TGA-oxygen stoichiometry curve. The dashed lines in (a,b) are taken from ref 15.

delocalization of O4 to O4’ also supports this V3* migration
pathway.

3.1.4. Oxygen Stoichiometry and Co-lon Oxidation States.
The original TGA curve of SYC30 is shown in Figure SS. The (3
— &) values and oxidation states of Co-ions obtained from both
TGA and ND refinement are shown in Figure 5 as a function of
temperature. The actual values of (3 — &) and Co-ion oxidation
states at different temperatures are listed in Table 2 for both

Table 2. Co-Ion Oxidation State and Oxygen Stoichiometry
(in Parenthesis) at Different Temperatures”

TGA in situ ND
T (°C) SYC30 SYC10 SYC30 SYC10
RT +2.96 (2.63) +3.06 (2.58) +2.88 (2.59) +2.98 (2.54)
300 +2.98 (2.64) +3.12 (2.61) +2.90 (2.60) +3.08 (2.59)
500 +2.96 (2.63) +3.04 (2.57) +2.86 (2.58) +3.00 (2.55)
700 +2.94 (2.62) +2.94 (2.52) +2.84 (2.57) +2.82 (2.46)
900 +2.88 (2.59) +2.86 (2.48) +2.78 (2.54) +2.62 (2.36)

“Values for SYC10 are taken from ref 185.

SYC30 and SYC10 for comparison purpose. There are a few
trends observed: (1) a slow oxygen uptake is observed from RT
to ca. 300 °C, consistent with the previous results on Nb-doped
SrCo0,_s7*" The (3 — &) decreases at higher temperature
because of the break of metal—oxygen bonds and the release of
oxygen gas into the surrounding atmosphere. (2) (3 — §)
determined by TGA is consistent with the reported values of
2.62° or 2.63” and systematically higher than those from ND,
which has also been observed in other studies;*”*° (3) SYC30
has a higher (3 — §), meaning less oxygen vacancies than SYC10,
whereas the average Co-ion oxidation state of SYC10 is higher at
<700 °C, but becoming very close to those of SYC30 at >700 °C.
To understand the above trending, the bond valence sums
(BVS) were calculated to evaluate the valence state of Co-ions in

their local coordination environment and the results are listed in
Table 3 for both SYC30 and SYC10 for comparison purpose.

Table 3. BVS of Co-Ions

ions RT 300 °C 500 °C 700°C 900 °C
Col  SYC30 2.50 (Co104), 2.80 2.79 2.71 2.68
2.75 (ColOy)
SYC10 3.00 291 2.87 2.76 2.71
Co2  SYC30 3.04 2.94 2.88 2.80 2.70
SYC10 3.82 3.75 3.62 3.57 3.37

Because of the positional proximity of O4 in SYC30, we consider
the Co—O coordination at RT in either tetrahedra Co10, with
two O2 and two O3 or pentahedron ColOj with two O2, two
03, and one O4. At higher temperatures, Col is more likely to
coordinate in ColOg with half O4, half O4’, two O2, and two
O3 because of its closer physical proximity and low occupancies.
These BVS results confirm that Co®*/3" has a preference at both
Col- and Co2-sites. As for SYC10, a mixed oxidation state of
Co?*/3* on the Col-site and Co®*/* on the Co2-site is apparent
as indicated by their BVS values.

3.1.5. Thermal Expansion. The lattice parameters of SYC30
and SYCI10 versus temperature are shown in Figure S6a, where
the former is expectedly smaller than the latter because of
smaller Y** radius than Sr**. The thermal expansion along the c-
axis of SYC30 and SYC10 shown in Figure S6b is almost linear,
whereas that along g-axis is nonlinear with a greater expansion at
higher temperatures when additional oxygen loss leads to
additional chemical expansion. The linear thermal expansion
coefficients (a) for SCY30 along a- and c-axes are 15.5 and 22.9
x 107 K™! (RT to 500 °C), and 23.8 and 24.3 x 107 K*

(500—900 °C), respectively. The average a from 500 to 900 °C

2, + a,

calculated by Z%T% js 24.0 X 107 K™'; these values are lower

dmnﬂmnﬁSmﬁhﬂboyﬁﬁaéxIO%KTHnﬂm—%m°Cy5
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shown in Figure S6b and other doped SrCoO;_; such as
SrCoygNby,05_5 (31.2 X 107 K~ in 500—-900 °C).**

3.2. Structure Versus ORR Activity. For mixed ionic and
electronic conductors (MIECs) such as SYC series, the ORR
activity is determined by the rate of surface oxygen exchange and
bulk diffusion, both of which are closely related to the
concentration and mobility of oxygen vacancies, the mobile
defect in SYC-based MIECs.”' ™ The theoretical first-
principles calculations show that the energy gap between O 2p
center and Fermi energy is a key descriptor for ORR activity of a
perovskite oxide.”*”** When an oxygen-ion moves to its
adjacent position, the O 2p center at the original position is
decreased with respect to the metal 3d band, accompanied by an
increase in Fermi energy. The motional enthalpy for such a
migration is related to the number of electrons interchanged
between the Fermi level and O 2p band level. The crystal
structure is the decisive factor for the above energetics. Below,
we focus on comparing the structural difference between SYC10
and SYC30 and its implications on the oxide-ion transport.

3.2.1. Structural Differences between SYC10 and SYC30. As
indicated in Figure 1, both SYC10 and SYC30 have corner-
sharing polyhedra in an arrangement such that oxygen-saturated
Co2-polyhedra and oxygen-deficient Col-polyhedra are alter-
natively stacked along [001] direction. However, the polyhedra
in SYC10 do not tilt, whereas those in SYC30 are tilted around
a- and b-axes (a*a*c’), as shown in Figure S7.

Another major structural difference is the oxygen distribution
in the oxygen-deficient layer [Col layer, (001) plane]. Figure 6a

(a)? ?\900 f ?&oo
=200 =0O-2-0=

_ 385A % 3.914 %

5 ) 5 5

© :
o o =00 3O
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°‘b“’°°- ©—
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Figure 6. (a) Oxygen-deficient layer of SYC10 and (b) oxygen-deficient
layer of SYC30 at RT and 700 °C viewed along c-axis.

shows that oxygens are symmetrically distributed around Col in
SYC10, whereas Figure 6b shows asymmetrically distributed
oxygen atoms around Col in SYC30 as indicated by the large
deviation from 90° of O3—Co1—03 angle and O4 being closer
to a central area. At a higher temperature, for example, 700 °C,
the oxygen arrangement in SYC30 becomes close to that of
SYC10 because more nuclear densities gradually shift from O4
to O4', whereas the 03—Co1—03 angle is decreased to near 90°
by thermally activated atomic movements.

As aforementioned, V3° is mostly populated around Col,
which is coordinated with O3 in SYC10 but with O3, 04, and
04’ in SYC30. It is evident that the more symmetrically
arranged O3 would provide SYC10 with a much easier V3*

migration pathway in the Col-(001) plane. In contrast, Vg®
transport along c-axis in SYC30 is fully blocked because the O1
site in the neighboring Co2-(001) plane is fully occupied even at
900 °C, which is compared to oxygen occupancy of 0.9 from RT
to 900 °C in SYC10." The presence of V3* at the Ol site in
SYC10 allows for oxide-ion conduction not only in Co1-(001)
plane but also in the direction along c-axis through a path of 03—
02—-01-03. On the other hand, more V;* are present in
SYCI10 than that in SYC30 according to TGA and HTND data.
Hence, a higher oxide-ion conduction in SYC10 than SYC30 is
expected.

3.2.2. Energy for Oxygen Migration. The above structural
analysis reveals that oxygen migration in SYC10 and SYC30
mainly occurs within Col-polyhedra. The similar BVS values of
Col-ions in Table 3 between SYC10 and SYC30 suggest that
their oxidation states are close to 2+/3+. On the other hand,
Figure S8 shows that the average Col—O bond length in SYC30
is smaller than that of SYC10, suggesting a stronger interaction
between Co 3d and O 2p orbitals in SYC30.

With the knowledge of Col oxidation state and Col—O bond
length, a qualitative molecular orbital energy diagram (without
considering octahedral distortions for simplicity) of Co106 in
SYC10 and ColOS in SYC30 is illustrated in Figure 7. The
Co10;in SYC30 is viewed as octahedra with one missing ligand
on the top. The possible spin states of Co>" are high spin (egt%g)
or IS (estég).9 Co®" is known to be very stable in its high-spin
state (e;ty,), which is also illustrated in Figure 8.79%% The
energy changes for forming ¢ and 7 bonds are greater for SYC30
because of the stronger interactions, resulting in a higher Fermi
level relative to the O 2p band center than that of SYC10. Hence,
the oxygen migration energies are expected to be higher for
SYC30, which implies that the energy barrier for oxygen
migration is higher in SYC30 than that in SYC10.

3.3. Secondary Phase Issue. The refinement of in situ ND
patterns suggests Y,0; and CoO as two possible second phases
in SYC30. The SG of Y,0j is Fm3m,"" whereas it is C2/m and
Fm3m below and above 305 K, respectively, for CoO.** Table 4
lists the compositions of these phases obtained from Rietveld
refinement of ND data, with the detailed structural parameters
for Y,0;and CoO listed in Table S2. The refined composition of
SYC30 is temperature-dependent, but very close to the nominal
one, for example, Sry;Y;,,C040405_5 (500 °C),
81.7Y0.28C00,9503_5 (700 °C), and Sry;Y(,3C00;_5 (900 °C).
The deficiencies in Y and Co indicate that Y,0; and CoO
precipitating out as a second phase. The less deficiency at higher
temperatures suggests that the solubility of Y,0; and CoO in
SYC30 becomes higher at higher temperatures. It is interesting
to note that the amount of CoO peaks at 300 °C coincides with
the maximum oxygen content observed from the TGA curve
shown in Figure S5. It seems that the oxygen content in SYC30 is
closely related to the precipitation—dissolution of CoO as
temperature changes. In addition, Figure 8a suggests that the
precipitation—dissolution process of CoO is reversible because
the CoO(220) peak at 300 °C is reproducible during the heating
and cooling cycle. The precipitation of Y,0; and CoO from
SYC30 has also been observed by scanning electron microscopy
(BSE mode), as shown in Figure 8b. The energy-dispersive
spectrometry analysis indicates that the bright and dark phases
are Y,0; and CoO, respectively.

3.4. Electrochemical Performance. To establish the
structure—activity relationships, electrochemical measurements
were carried out to evaluate the ORR activity of SYC30 and
compared with SYC10.
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Figure 8. (a) In situ ND patterns over a selected range of d-spacing at 300 °C during a heating and cooling cycle; (b) BSE image of SYC30. The inset

shows the EDAX spectra of three areas of interest.

Table 4. Phase Compositions (wt %) from RT to 900 °C

phase RT 300 °C 500 °C 700 °C 900 °C
SYC30 95.5 942 95.9 98.1 98.7
Y,0, 1.8 17 1.6 13 13
CoO 2.7 4.1 25 0.6 0

3.4.1. Determination of Rate-Limiting Steps for ORR. The
Py, dependence of the area-specific polarization resistance (R,,)
of SYC30 was measured from 600 to 800 °C, aiming to

understand the oxygen reduction kinetics. R, typically follows
the power law with Py, for an ORR*

Ry € (Bo,)™" ©)

The value of m indicates the rate-limiting step:

(1) m=1, O,(g) = O,,40 oxygen molecule adsorbs on the
cathode surface.

(2) m = 05, O,,4 = 20,4, adsorbed oxygen species
dissociates into oxygen atoms.

(3) m = 025, O + 2¢’ + Vo* — O}, oxygen atoms are
reduced by electrons and vacancies to become lattice
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Figure 9. (a) P, -dependence of polarization resistance and (b) polarization resistance at Py, = 0.2 atm.
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oxygen, which is also known as the charge-transfer
process.
2- 2~ . .
(4) m=0, Oelectrode - Oelectrolyte , OXygen ion migrates from
cathode into electrolyte.

The typical Nyquist plots obtained under different P at 650

°C are shown in Figure S9. The plots consist of a high-frequency
semicircle (R,pgn) and a low-frequency semicircle (R, o),
except for >700 °C where no R,,,,, can be observed. A plot of log
R, versus log Pg, is shown in Figure 9a, where the m values for

R, jow from 600 to 700 °C are close to 0.5, suggesting oxygen
dissociation as the rate-limiting step (step-2). For Ry, pigh, the m
values are close to 0.25 from 600 to 800 °C, suggesting that the
charge-transfer process (step-3) is rate-limiting. A comparison
of Ry pigh and R, in Figure 9b indicates that R, of SYC30 is
dominated by R, };;,, which suggests that the ORR kinetics is
rate-limited by the charge-transfer process. For SYC10, a
different kinetics was observed, in which the ORR kinetics is
primarily limited by charge-transfer process at 600—650 °C and
oxide-ion migration from cathode to electrolyte at 700—800
°C."® The total R, at 0.2 atm is also compared in Figure 9b,
where SYC10 shows a much lower R; than SYC30. This
experimental observation supports the ORR-activity prediction
discussed in Section 3.2 based on structural and transport
pathway analysis.

3.4.2. Fuel Cell Performance. The fuel cell performance with
SYC30 as the cathode was evaluated in an anode-supported
single cell Ni-GDC/GDC/SYC30. Figure 10 shows the

41.6
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600 °C SYC10 -

- 700°csycsol 1 g =
700 °C SYC10
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Figure 10. Voltage and power density dependence on current density of
anode-supported single cell with SYC30 or SYC10 as a cathode at 600
and 700 °C.

current—voltage and current—power characteristics at 600 and
700 °C. The OCVs are 0.84 (600 °C) and 0.76 V (700 °C),
respectively, typical for ceria-based cells.** The cell exhibits a
maximum power density of 0.914 and 0.314 W cm™ at 700 and
600 °C, respectively. On the other hand, the same single cell
configuration with the SYC10 cathode shows a much better
performance with a peak power density of 1.495 and 0.408 W
cm™ at 700 and 600 °C, respectively. Again, this experimental
result supports the ORR-activity prediction discussed in Section
3.2 based on structural and transport analysis.

4. CONCLUSIONS

The crystal structure of SYC30 determined by in situ ND
contains alternate, tilted polyhedra of oxygen-deficient Col-
layer and oxygen-saturated Co2-layer in a new ordered
perovskite lattice with a large unit cell (2a X 2a X 44) and 14/

mmm SG. It is revealed that Co** and Co®" prefer occupying
Col-site and Co2-site, respectively; V5° is mostly populated
within Col-polyhedra coordinating with O4/04’, O3, and O2.
In contrast, Co2-polyhedra (octahedra) contain fully occupied
O1 and O2 from RT to 900 °C. The way how V;* is distributed
in SYC30 infers a 2D diffusion pathway in ab plane around Col.
Fourier observed nuclear density map further suggests that the
nuclear density of O4-site expands with temperature in the ab
plane; such a gradual delocalization of O4 implies an increased
oxygen mobility. In comparison, SYC10 has a more symmetrical
structure and V3° distribution, and higher V3* concentration.
Molecular orbital energy analysis indicates that SYC30 has a
higher Fermi level relative to O 2p energy level in the active Co1l-
polyhedra and thus a higher motional enthalpy for Vg*
migration. The electrochemical measurements indeed confirm
that SYC30 has a higher polarization resistance and worse SOFC
performance than SYC10. Overall, this study illustrates how the
structural parameters affect the activity of a mixed oxide-ion and
electron conductors in electrochemical cells.
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