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Introduction:

The Supplementary Information (SI) is divided into eight sections. Section 1 summarizes
the corresponding references of the collected experimental area specific resistance (ASR)
and surface exchange coefficient (k*) data shown in Figure 1 and Figure 2 of the main
paper. Section 2 describes the calculation approach. Section 3 describes the effects of the
choice of U,y parameter and the magnetic ordering on the energetics. Section 4 discusses
the correlations between the surface O p-band center vs. oxygen reduction reaction
(ORR) relevant energies and compares the surface and bulk O p-band center correlations.
Section 5 compares our O p-band descriptor to the widely used d-band center descriptor.
Section 6 considers how oxygen nonstoichiometry could impact the O p-band position
and our descripor accuracy. Section 7 considers the use of the bulk vacancy formation
energy in-place of the O p-band as a descriptor. Finally, Section 8§ discusses issues of

perovskite stability and our descriptor approach.
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Section 1: References for the Collected Experimental ASR and £* Data in the Main

Paper

Table S1 summarizes the references of the collected experimental ASR'?” and k*”-'"

2128 data shown in Figure 1 and Figure 2 of the main paper.
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Table S1. Summary of the references for the experimental area specific resistances (ASR)
and surface exchange coefficients (k*) of perovskite type transition metal oxides at
T=1000 K and P(O;) = 0.2~1 bar shown in Figure 1 and Figure 2 in the main paper. Also
included are the electrolytes used in experiments and compositions used in the

simulations to approximate the true experimental compositions.

Simulated References of
System . References of Exp. ASR
Composition Exp. k*
0.01 Q-cm?, Ref.' (T=973K) on SDC*
Bay sSr95CoosFeo205.5 5 5 a”
By sS1.5C00.75Fe) 2505 0.035 Q-cm’, Ref? (T=973K) on GDC* Ref. 2 (T=973K)
(BSCF)
0.018 Q-cm?, Ref? (T=973K) on GDC*
0.10 Q-cm?, Ref.* (T=973K) on SDC*
) 5 (MT— *
Sty sStosCo0x 5 (SSC) Sty 58t sCo0s 0.07 Q-cm’, Ref.” (T=973K)on LSGM Ref. 22 (T=973K)
0.08 Q-cm?, Ref.® (Extrapolation to T=1000K
) on SDC*
0.1 Q-cm?, Ref.” (Extrapolation to T=1000
K) on GDC*
Pr;sBagsCo0s.5 7 1
ProsBaosCoOs 0.3 Q-cm?, Ref( Extrapolation to T=1000K) | R¢© ;e:"?ggggmn to
(PBCO) on SDC*
0.08 Q-cm?, Ref.’ (T=973K) on SDC*
0.3 Q-cm?, Ref.' ( Extrapolation to T=1000
K) on GDC* I
Gdo sBag<CoOns Ref. ' (T=959K)
GdgsBaysCo0; 0.1 Q-cm?, Ref."! ( Extrapolation to T=1000 Ref. 2 (extrapolation to
(GBCO) K) on GDC* T=1000K)
0.15 Q-cm?, Ref."? (T=1023 K) on SDC*
0.33 Q-cm?, Ref.”® (T=973K) on SDC* over
Lag¢St9.4Co0.2Fe0 5055 YSZ Ref. ** (T=1000K)
Lag 625510.375C00.25F€0.7503 2 14
(LSCF) 0.22 Q-cm”, Ref. " (T=973K) on GDC* Ref. 2 (T= 1073K)
0.24 Q-cm?, Ref." (T=999K) on GDC*
0.41 Q-cm?, Ref."* (T=973K) on GDC*
LagSr92C00s.5 om? 16 *
Lag:St05:Co0s 2.19 Q-cm?, Ref.'® (T=973K) on LSGM Ref.  (T=973K)
(LSO 0.58 Q-cm?, Ref.7 (T=973K) on GDC* 0.24
Q-cm?, Ref.'7 (T=973K) on SDC/SSZ*
LaCo00;(LCO) LaCo0; 3.24 Q-cm?, Ref."® (T=973K) on YSZ* Ref. 27 (I=973K)
405.5 Q-cm?, Ref.™* (T=973K) on YSZ*
Lao St ,MnOss 17 05.5 Q-cm®, Ref. ™ (T=973K) on YS
) 20 *
La.g5St0.1sMnOs 2 Lao.75S102sMnO; 38.1 Qremt, Ref. ™ (T=973K) on YSZ Ref. % (T=973K)
2.67 Q-cm?, Ref."” (T=973K) on GDC* 7.82
(LSM) 2 19 T *
Q-cm’, Ref.”” (T=973K) on YSZ
LaMnO;_; (LMO) LaMnO; 433.5 Q-cm?, Ref.? (T=973K) on YSZ* Ref. ** (T=973K)

*SDC: Sm doped ceria; GDC: Gd doped ceria; LSGM: La sSro.GagsMgo.03.5; YSZ: Y doped zirconia; SSZ: Sc and Ce doped
zirconia.
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Section 2: Simulation Approach for Surfaces and the Disordered Bulk Phases

The energetics of surface reactions are calculated using asymmetric 8-layer (001)
surface slabs in periodic boundary conditions with 10 A vacuum between the two
surfaces. The bottom 2 layers of the slab are fixed to the bulk coordinates, while the
remaining atoms are internally relaxed in the supercell. The reaction energetics will
change if fewer layers are used, however we have found that the correlations of energies
with O-p band center are conserved when the reaction energetics (surface vacancy
formation/oxygen adsorption) are calculated with just 4-layers. Thus, for the trend
discussion we find it sufficient to perform the time-consuming calculations of the kinetic
barriers such as O, splitting, O,q hopping, and surface O vacancy migration using a 4-

layer slab.

In some materials (specifically, BagsSrysCog7s5Feo2503, SmgsSrysCoOs, and
Lag 625S10.375C0025F€7503) there are high-concentrations of disordered mixtures of
multiple cations on one or more sublattices. In addition, if off-stoichiometry is included
through the presence of oxygen vacancies (see Section 5), there is further disorder on the
oxygen sublattice. These disordered structures do not have uniquely specified atomic
configurations in a small unit cell first-principles calculation. These systems are therefore
modeled with the Special Quasi-random Structures (SQS) approach”, where the cations
are arranged within a finite unit cell (here a 2x2x2 perovskite cell) to be as random as
possible in terms of local correlations. Specifically, for the cation and anion sublattice
disordered phases O p-band center results based on 10 (Lag5S10.375C00.25F€0.7503), 12
(SmsSrpsC00,875), and 24 (BagsSrysCog7sFep25025) SQS’s within the 2x2x2

perovskite supercell are used. The same number of SQS are used for both the
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stoichiometric and non-stoichiometric (anion vacancy) cases, although the structures are
different. Note that SQS’s were not used in disordered solid solution phases with more
dilute alloying concentrations, e.g., Lag75Sro2sMnO;. This approximate treatment is
possible because at more dilute concentrations there are either few or just one
configuration accessible in our relatively small unit cells, and when there are multiple
configurations the configurational dependence of calculated values is typically quite low.
An effective O p-band center is determined by the weighted average of the SQS O p-band
centers, where the weighting is given by the Boltzmann factor for the energy of the SQS
evaluated at 1000 K. The range of the O p-band centers of the quasi-random structures is
generally represented with a horizontal bar in our figures, with the ends of the bar
corresponding to the extremes of the SQS results. The results for these partially ordered
SQS studies on stoichiometric systems are shown in Figures 1 and 2 in the main text, and
on non-stoichiometric systems (i.e., with oxygen vacancies based on experimental
values) in Figures S2 and S3 in this SI. The most stable SQS were also used to find the

vacancy formation energies used in Figures S4 and S5.
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Section 3: Effects of the U,y Parameter and Magnetic Ordering on the Reaction

Energies

Due to the dependence on the implementation of the DFT+U approach and the
variation of the effective Hubbard U (U,p) between bulk and surface, the optimal choice
of Uy is hard to estimate for surface reactions. It is therefore important to determine if
key correlations identified in this work depend strongly on the choice of U, We have
evaluated the O p-band center (relative to the Fermi level) and bulk oxygen vacancy
formation energy (Ey..), (001) BO; surface E,,, and (001) BO, surface oxygen binding
energy (Eo.g) for our LaBO; (B = Mn, Fe, Co, Ni) systems for a wide range of Us (0~9
eV, as shown in Figure S1). We find these key energies for the ORR all scale linearly
with the bulk O p-band center except for insulating LaFeOs at higher U,gs, where the
materials has a significant band gap. It is noted that the experimental ground state A-type
antiferromagnetic (AFM) LaMnO; is also an insulator with a reported band gap of 1~2
eV>*32 while both our calculated FM and A-typer AFM LaMnOj; are metallic. This
metallic state occurs because the cubic supercell used to simulate the high temperature
structures in our calculations suppresses Jahn-Teller distortion and results in no gaps for
LaMnOs from U, = 0~6 eV (see Ref. 33 for more detailed discussions). The overall
results suggest the selection of an optimal U,y for the system will mainly cause a shift of
the reaction energies along the linear correlations (deviations at 0.1 eV scale may arise
from spin states and relaxation) when the material is metallic. The data for the insulating
LaFeO; systems clearly deviate from the linear trend established by the electron-
conducting perovskites. This suggests that the linear correlations between the ORR

energetics and the O p-band center descriptor are valid for electron-conducting
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perovskites but not for semiconducting or insulating oxide systems, where the existence
of band gaps causes additional energy penalty that does not correlate with the O p-band
center descriptor in the reaction energetics. Such distinction also corresponds to the
observation that the collective empirical correlation of oxygen surface exchange k* vs.
tracer diffusion coefficient D* among various perovskite oxides shows separation of

. 3435
groups for good and poor electronic conductors

. Furthermore, this result implies that
different mechanisms should be operative for electron-rich and electron poor materials®®.

The extension of our work to find a more general descriptor which includes insulating

oxides is underway.

At solid oxide fuel cell temperatures (~800-1300 K), LaMnOs, LaFeO;, LaCoO3 and
LaNiO; all become paramagnetic. While the true paramagnetic phase is difficult to
simulate in DFT calculations, in Figure S1 we compare reaction energetics using both
ground state AFM (A-type AFM (AAFM) for LaMnOs and G-type AFM (GAFM) for
LaFeO3) and ferromagnetic (FM) states to investigate the influence of magnetic states on
the linear correlation of the reaction energetics vs. O p-band center. It is found that for
the Jahn-Teller distortion suppressed (with no band gap) FM and AAFM LaMnO;
(square symbols in Figure S1), there is only slight shift in the reaction energetics vs. the
O p-band centers at the same U,y and all the data remain close to the linear correlation.
On the other hand, the FM and GAFM LaFeOs; (triangle symbols in Figure S1) both
deviate from the linear correlation, and the energetics vs. the O p-band center data
exhibits significant shift at the same U,y This suggests that the influence of magnetic
states on the reaction energetics vs. the O p-band center for metallic systems is small, but

could become significant for insulating systems (lead to significant change in the O p-
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band centers). Generally, for transition metal oxides, the AFM states tend to give larger
band gaps than the FM states, and FM states exhibits a more conducting character than
AFM states. Since good electronic conductivity is essential for SOFC cathode materials
and the use of AFM states for the perovskites could deviate from the electron-rich nature
under typical SOFC operating conditions, we therefore use the FM state to approximate

the metallic characteristics.
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Figure S1: The LaBOs bulk oxygen vacancy (a), BO, surface oxygen vacancy (b), and
BO; surface O above B site adsorption energies (c) as a function of the bulk O p-band
center, where the bulk O p-band center is calculated from the projected density of states
(DOS) of all the oxygen in the perfect bulk. Each point corresponds to different B metal
cations at different Uy values (Uey is labeled next to the data points), and the enlarged
points represent the results at the optimal U,y from Ref. 37 The fitted lines are only for
solid symbol data (metallic systems with no band gap), and the empty symbols represent

the insulating systems with band gaps.

11
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Section 4: Surface O p-band center vs. the ORR relevant energies

Figure S2 shows the LaBO; (001) BO, surface oxygen vacancy (part a) and BO,
surface O above B site adsorption energies (part b) as a function of the surface O p-band
center. The surface O p-band center is calculated from the projected DOS of oxygen in
the top two surface layers of a perfect stoichiometric slab (these include a BO, and LaO
layer). The results show that the surface O p-band center also correlates well with both
the surface oxygen vacancy formation and oxygen binding at B-site energies. Good
correlations of surface O-p band center with other calculated ORR relevant energies are
also shown in Table S2. These results suggest the surface O p-band, along with the bulk
O p-band, could also be an effective ORR activity descriptor. Nonetheless, by comparing
Figure S1 and Figure S2 (or results in Table S2, we see that the use of surface O p-band
center does not improve on the correlations with the ORR relavant energies as compared
to the bulk O p-band center results. This result supports the use the bulk O-p band center
as the ORR activity descriptor as it is easier to determine than the surface O p-band

center.

12
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Figure S2: The LaBOs (001) BO, surface oxygen vacancy (a), and BO, surface O above
B site adsorption energies (b) as a function of the surface O p-band center. The surface O
p-band center is calculated from the projected DOS of oxygen in the top two surface
layers of a perfect stoichiometric slab. Each point corresponds to different B metal
cations at different Uy values (Ugs is labeled next to the data points), and the enlarged
points represent the results at the optimal U,y from Ref. 37, The fitted lines are only for
solid symbol data (metallic systems with no band gap), and the empty symbols represent
the insulating systems with band gaps. Notice that the surface effect accompanied with
electron/hole doping (e.g. reduction on the LaO surface and oxidation on the BO;
surfaces) can alter the electronic structure, so an insulating bulk with a band gap could
have metallic BO, surfaces. This surface metallization occurs for FM LaFeOs at U= 3,

4 and 6 eV and G-type AFM LaFeOsat U= 3 eV.

14



Electronic Supplementary Material (ESI) for Energy & Environmental Science
This journal is © The Royal Society of Chemistry 2011

Section 5. Correlations of ORR Reaction Energies with the O p-Band Center vs. the

d-Band Center

Table S2 summarizes the correlations of all our calculated LaBO3; (B=Mn, Fe, Co,
and Ni) ORR relevant energetics vs. the O p-band and transition metal d-band centers of
both bulk and surfaces, including surface oxygen binding, hopping, bulk and surface
vacancy formation, and O, dissociation energies. Generally, both the bulk and surface O
p-band centers correlate remarkable well with the interaction energetics, with mean value
errors from the linear relations on the scale of 100 meV. At first sight, the Oprigge
interaction does not correlate with the O p-band center (R*~0.50). However, unavoidable
DFT errors are more pronounced for calculations at sites that are weakly interacting (as
Obrigge). Thus these sites show worse linear correlations (smaller R’ values) than the
stronger interacting sites (e.g. O at B,...). The R values for the d-band center
correlations are significantly lower than for the O p-band center, suggesting the d-band

center is a poor descriptor for the ORR energy data.

Interestingly, slopes of oxidation reactions (e.g. surface oxygen adsorption) are
positive, while those of reduction reactions (e.g. oxygen vacancy formation) are negative,
consistent with electrons moving from and to the O p-band, respectively. Furthermore,
the slopes of the linear correlations for reaction energetics are close the theoretical
amount of charge transfer in the reactions, and the slopes of kinetic barriers vs. the O p-
band centers may correspond to the amount of charge transferred to the saddle point
intermediates. For example, the slopes of the O binding at B-site (surface oxygen
vacancy formation energy) vs. O p-band center are 1.40 (-1.96) for the bulk and 1.74 (-

2.34) for the surface, close to the value of 2 expected for transferring 2 electrons to the

15
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bound oxygen (releasing 2 electron by forming a surface oxygen vacancy). No such

physical correlation seems to exist for the slopes of the fits to the d-band center.

Overall, the summarized results in Table S2 suggest the calculated ORR reaction
energetics are better described by the calculated O p-band center than the d-band center

for the electron-rich perovskite systems.

16
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Table S2. A summary table of the linear correlations between ORR proxy energies and
the calculated LaBOj; bulk and surface O p-band center (bold fonts) and the d band center
(in parentheses). Ideal electron transfer coefficients listed in the last column are based on
number of electrons transferred in the reaction equations. Results for the bulk simulation

values are in bold.

RZ

Mean absolute
error (eV)

O p-band center

Slope (per O)

O p-band center

Ideal electron

Property O p-band center
transfer per O
(d band center) (d band center) (d band center)
Bulk Surf. Bulk Surf. Bulk Surf.
BO, Surface O 0.92 0.90 0.23 0.24 1.40 1.74 )
Binding at B (0.38) (0.50) (0.58) (0.48) (-0.63)  (-0.75)
BO, Surface O, 0.74 0.76 0.06 0.07 0.20 0.25 0.5°
Binding at B (0.44) (0.60) (0.08) 0.07)  (-0.11)  (-0.13) '
BO, Surface O 0.51 0.51 0.12 0.12 -0.32 -0.39 o
Binding at Bridge (0.07) (0.11) 0.21) (0.20) (0.08) (0.11)
LaO Surface O 0.91 0.91 0.29 0.32 2.02 2.33 )
adsorption (0.40) (0.23) (0.81) (0.90) (-0.80) (-0.69)
0.90 0.27 -1.78
Vacancy Bulk -- -- -- -2
(0.48) (0.67) (0.86)
0.90 0.88 0.25 0.36 -1.96 -2.34
Vacancy Surface -2
(0.25) (0.33) (0.87) (0.81) (0.72) (0.84)
0.65 0.62 0.17 0.15 -0.40 -0.72
O B-B hop -
(0.19) (0.30) (0.18) (0.19) (0.15) (0.19)
0.90 0.77 0.15 0.23 0.90 1.33
0O, Split ~1¢
(0.20) (0.43) (0.41) (0.36) (-0.43) (-0.43)
0O, Split 0.53 0.60 0.21 0.24 0.43 0.62 L
(w/vacancy) (0.43) (0.33) (0.27) (0.29) (-0.20) (-0.28)

* superoxide like species

® peroxide like species (an adsorbed O bonded to surface layer O and tilted toward surface B)

¢ transition state between the O, binding at B and splitted O binding at B on the BO, surface

4 transition state between the O binding at Bridge and the O binding at B on the BO, surface

17
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Section 6: Oxygen Nonstoichiometry and Descriptor Accuracy

For the O p-band center vs. ASR and k* relations shown in Figure 1 and Figure 2 of
the main text, we have used the bulk O p-band center calculated for the stoichiometric,
undefected bulk material. However, under typical SOFC conditions many of the SOFC
materials will have large concentrations of point defects and be off-stoichiometric. It is
important to demonstrate that when more realistic stoichiometries are used in the
calculations that the O p-band center is still a good descriptor for the area specific

resistance (ASR) and the oxygen surface exchange coefficient (k*).

3846 anion

In order to incorporate experimental oxygen nonstoichiometry information
or cation vacancies are created in the simulated perovskite supercells to yield
compositions close to those obtained under SOFC conditions (we chose the ambient air
condition at 7=1000 K in this work). The specific compositions from experiment and
those used in the calculations are given in detail in Table S3. We generally used 2x2x2
perovskite supercells as in Ref. ** in the simulations except a 2x2x4 perovskite supercell
is used for overstoichiometric LaMnO3.5, where one A-site and one B-site cation vacancy
are created with the largest possible separation in the 2x2x4 supercell to reduce their
repulsive defect interaction. Due to the use of finite size supercells the smallest change in
composition possible for the cation doping concentration and oxygen nonstoichiometry in
our simulations are 1/8 and 1/24, respectively (1/16 and 1/48 for the 2x2x4 supercell).

For PrBaCo0,0s:5 and GdBaCo,0s,5, the A-site ordered double perovskite phase23 is used

in the calculations.

18
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Table S3. Experimental nonstoichiometry of perovskite type transition metal oxides at

T=1000 K and P(O;) =0.2 atm and corresponding simulated compositions.

System Simulated Composition Exp. é

Bay 5Sr9.5C00.8Fe0203.5 | Bag.sSro.5C00.75F€0.2502.5 0.26~0.68
(BSCF) (T=973 K, P(O5)= 0.1 atm)***°

Smy 5SrgsCo05.5 Smy 5819 5C00, 375 Assume o close to that of
LagsSrgsCo0O55 at T=1000 K and

(55€) P(0,)=0.2 atm*'
PrysBag5sC005.5 Pry5Bag5C00, 75 0.27

(PBCO) (T=1073 K, P(0,)= 0.2 atm)**
GdysBaysCo0s.5 GdysBagsC00; 625 0.35

(GBCO) (T=973 K, P(O,)= 0.2 atm™)
Lag ¢S10.4C00.2Fe0803.5 | Lag.25510.375C00.25F€0.7503 <0.03

(LSCF) (T=973K, P(O,)= 0.2 atm™)
Lag gSrg,C00s3.5 Lag 7551 25C005 <0.01

(LSC) (T=973 K, P(0,)= 0.2 atm*")
LaCo03.5 LaCoO; <0.01 (7=973 K, P(O,)= 0.1 atm)*!
(LCO)

Lag gSrgo,MnOs_s Lag 75 St 25MnO; -0.03

(LSM) (T=973 K, P(O,)= 0.2 atm™®)
LaMnOs_s Lag.9375Mng 937503 -0.15 (due to cation vacancies)
(LMO) (LaMnO3 5) (T=973 K, P(0,)= 0.2 atm*®)

19
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Figures S3 and S4 show the experimentally measured ASR and k*, respectively,
plotted against the calculated bulk O p-band center values for the off-stoichiometric
structures given in Table S3. It can be seen that not only do the correlations identified in
the stoichiometric data (Figures 1 and 2 in the main text) persist, but the linear
correlations are actually more accurate. Furthermore, the separation of the LSM family
Figure S3, due to its different ORR mechanism, is even more pronounced than in Figure
1 of the main text. It is reasonable to expect that, if a descriptor is truly capturing the
essential physics in a process, then the accuracy of the descriptor will be improved when
the descriptor value is determined from systems which more accurately reflect those used
in obtaining the experimental data. Such an effect is exactly what is seen here, where an
improved correlation between the experimental data and our descriptor is observed when
more accurate structures are used. Therefore, this result further supports that the O p-
band descriptor is capturing essential physics of the system. These results also suggest
that, when possible, use of the correct stoichiometry is preferable. However, obtaining
the stoichiometry from experiment requires the system to be made and characterized, and

therefore may not be practical when exploring many new materials.
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Figure S3: Experimental area specific resistances at ~1000K (experimental data the same
as in Figure 1 of the main paper) vs. the calculated bulk O p-band center. The systems
and compositions used in the calculations are given in Table S2. Concentrated disordered
systems yield a range of calculated O p-band center values that are represented with

horizontal lines. The method of treating these systems is given in Section S2.
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Figure S4: Experimental surface exchange coefficients £* (experimental data the same as
in Figure 2 of the main paper) vs. the calculated bulk O p-band center. The systems and
compositions used in the calculations are given in Table S2. Concentrated disordered
systems yield a range of calculated O p-band center values which are represented with

horizontal lines. The method of treating these systems is given in Section S2.
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Section 7: The Bulk Vacancy Formation Energy as an Alternative Descriptor

The O p-band correlates with many other first-principles and experimental properties.
Since correlation is approximately transitive (if A correlates with B, and B correlates with
C, then A correlates with C), then any parameter that correlates with the O p-band could
be used as a descriptor in its place. That said, the correlation between key properties
(e.g., ASR and £*) and some parameters might be worse (or potentially better) than with
O p-band center. Some parameters may be advantageous to consider in place of O p-
band center as a descriptor, either because they are easier to determine from calculation
or experiment or because they are more intuitive to think about. Here we explicitly
consider the bulk oxygen vacancy formation energies (Epux vac) as a descriptor as it is
often known from experiment and widely considered in intuitive and quantitative models

of the ORR.

Figures S5 and S6 show the experimentally measured ASR and k*, respectively,
plotted against the calculated bulk oxygen vacancy formation energy (Epuik vac)- Ebutk vac 18
determined by finding the most stable vacancy site of the most stable nonstoichiometric
perovskites among the sampled structures (see Table S3 for stoichiometries used). For the
perovskites with dilute defects/doping (LSM, LMO, LCO, and LSC) and for the ordered
phase with a specified configuration (PBCO and GBCO), we explored all the symmetry
distinct oxygen sites in the simulated supercell to determine the most stable Ep yqc. For
disordered perovskites with high defect/doping concentration such as LSCF, SSC, and
BSCF, we took the most stable SQS structure among our sampled 2x2x2 perovskite

supercell configurations and determined the most stable Ep o Within this one SQS
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structure. The experimental ASRs and k*s are the same as in Figure 1 and Figure 2 of the

main paper. The Ep,x v are calculated from the relation:

1
Ebulk_vac = I:Edqfécted_bulk - Ebulk + E(EOZ + Ah02 correction):| ...... (1)

Where Epuik, Edefecied puits Eo2, and AP correciion are the calculated total energies of a
perovskite bulk with the simulated composition shown in Table S3, the simulated off-
stoichiometric perovskite bulk with an oxygen vacancy (at the most stable vacancy site),
an O; molecule, and the energy correction of O, (0.33 eV/O, for PW9I soft oxygen
pseudopotential as reported in Ref. **) respectively. For compounds represented with
SQS’s (see Section 2) the most stable SQS explored was used to determine the vacacy
formation energy. Notice that the calculation of Ejefecred pu needs to explore different
defect-dopant configurations to find the most stable site for oxygen vacancy formation.
Different defect-dopant configurations can have Epi vac vary by 1~2 eV. For example,
our calculations show that the ordered double perovskite PrBaCo,0s:5 has the Epu vac of
oxygen in the Pr plane ~1.5 eV more stable than that of the Ba plane. As more
catalytically active perovskite oxides (e.g. Bag sSrosCoosFeo 2035, SmgsSrosCo0Os.s, etc)
tend to have higher dopant and oxygen vacancy concentration, the determination of
Epuik vae Will generally be much more computational demanding than using the bulk O p-
band center as the ORR descriptor. Figures S5 and S6 show correlations similar in
quality to those seen in Figures 1 and 2 of the main text with the O p-band center
descriptor. These results demonstrate that Ep, v 1S also a good descriptor for the ORR

in these SOFC cathode systems.
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Figure S5: The experimental ASR (experimental data the same as in Figure 1 of the main
paper) as a function of the Epu ye. The systems and compositions used in the
calculations are given in Table S3. Epuu vacs are calculated based on the most stable

oxygen site in the simulated bulk according to the method described in Section S6.
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Figure S6: The experimental surface exchange coefficient k* (experimental data the same

as in Figure 2 of the main paper) as a function of the Epui vae. The systems and

compositions used in the calculations are given in Table S3. Ep vacs are calculated based

on the most stable oxygen site in the simulated bulk according to the method described in

Section S6.
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Section 8: Material Stability

Figure S7 shows the ORR activity (assumed to be equal to 1/ASR) as a function of
the O p-band center, which suggests that all the perovskite systems typically considered
for SOFC cathodes reside on the upward sloping side of the expected volcano plot and
that weaker oxygen binding (higher O p-band values) may yield improved SOFC
catalytic materials. However, as the binding of the materials becomes weaker, they also
become less stable, which limits their practical use as SOFC cathodes. For example, the
predicted ORR activity of LaNiOs; based on the calculated bulk O p-band center
(represented with an empty circle in Figure S7) is close to that of BSCF, but in practice
LaNiOj is not stable under SOFC conditions as it decomposes to the Ruddlesden-Popper
phase Lan+NiOs3,+1 and NiO)47'48. This stability trend suggests that the optimization of
SOFC catalysts with the O p-band descriptor needs to take into account the oxide stability
at SOFC conditions. Stability screening can be performed by including an additional
material stability descriptor to search for the best possible compromise between activity
and stability, perhaps using the Pareto-optimal plot as suggested in Ref. **. As stability is
likely correlated with the ability to form vacancies, which is turn correlates with the O p-
band center, the O p-band center may also provide a good descriptor for stability.

However, additional work is needed in this area to assess a robust descriptor for stability.

27



Electronic Supplementary Material (ESI) for Energy & Environmental Science
This journal is © The Royal Society of Chemistry 2011

3
< |
{ activity; T stability 2
]
$3.PBCO 1

8.LSM
¢ 9.LMO

-3.4 -3 -26 -2.2 -1.8 -14 -1
O 2p band center (eV)

Log (1/ASR) (Q1-cm™)

T activity; ¥ stability
|

Figure S7: The ORR activity (represented as 1/ASR) at T=1000K and P(O,) = 0.2 bar as
a function of the O p-band center. Experimental data labeled 1-9 are the same as in
Figure 1 of the main paper and the empty circle represents the predicted ORR activity of
LaNiO;. The extended dashed line is hypothesized based on the volcano plot typically
seen for catalyst activity as a function of a descriptor correlated with binding energies.
The shaded area suggests the region where material stability is potentially too low for

SOFC applications.
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