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(p) LaCrO; — H* (q) LaMnO; — H* (r) LaFeO; (GAFM) — H* (s) LaCoO; — H* (q) LaNiO; — H*

52 2 2 2
=.L A I I I
gl 1 1 1
||2’0_ O-A O'A 0r

- - - _1 -
2t 2t 2t I—I/./. 2t
-3 : -3 : -3 : -3

0 0.5 1 0 05 1.0 §05 1 0

Figure S1. Top panel - perovskite (001) BO, (green squares, same below) and AO (red triangles, same below) HO* surface adsorption energy,
AE(HO%*), vs. surface coverage per (1x1) surface area for (a) LaCrO; (b) LaMnOj; (c) LaFeO; (G-type AFM), (d) LaCoOj; and (e) LaNiO;. Second
panel - perovskite (001) surface O* adsorption energy, AE(O%*), vs. surface coverage per (1x1) surface area for (f) LaCrO; (g) LaMnO; (h) LaFeO;
(G-type AFM), (i) LaCoO; and (j) LaNiOj;. Third panel - perovskite (001) surface HOO* adsorption energy, AE(HOO%*), vs. surface coverage per
(1x1) surface area for (k) LaCrO; (1) LaMnOj; (m) LaFeOs; (G-type AFM), (n) LaCoO; and (o) LaNiOs. Bottom panel - perovskite (001) surface H*
adsorption energy, AE(H*), vs. surface coverage per (1x1) surface area for (p) LaCrO; (q) LaMnOj; (r) LaFeO; (G-type AFM), (s) LaCoO; and (t)
LaNiO;. Note that some H* data is not included in the bottom panel as the low-coverage data already showed the H* was not stable on the surface
and would therefore play no role in the surface coverage effects.



~
o
N~

AG(HO*) x8 , eV/ap2
o -

[
-

-2

A
Navj

N

AG(0*)x0, eV/ap2

[
-

-2

(k)

-
T

o
T

LaCrO3

0.83V vs. RHE

0 0.2 0.5 0.8
Coverage, 0 (per
an2)

LaCrO3

1

0.83V vs. RHE

0 0.2 0.5 0.8
Coverage, 0 (per
an2)

1

1 r

-2

(2

1 r

-2

)

(c)
LaMnO3
1
0.83V vs. RHE
; ‘A-_—: 0
A -1
-2
0 0.2 0.5 08 1
Coverage, 0 (per
ap2)
(h)
LaMnO3
2
0.83V vs. RHE
1
0
-1
-2
0 0.2 0.5 08 1
Coverage, 0 (per
ap2)
(m)

LaFeO3

0.83V vs. RHE

0 0.2 0.5 08 1
Coverage, 0 (per
ap2)

LaFeO3

0.83V vs. RHE

0 0.2 0.5 08 1
Coverage, 0 (per
ap2)

(d)
LaCoO3
1
0.83V vs. RHE
0 A
At
-2
0 0.2 0.5 08 1
Coverage, 0 (per
ap2)
(@)
LaCoO3
2
0.83V vs. RHE
1 -
ol Fm
At
-2
0 0.2 0.5 08 1
Coverage, 0 (per
ap2)
(n)

1 r

-2

\)

1 r

-2

(0)

LaNiO3

0.83V vs. RHE

0 0.2 0.5 0.8
Coverage, 0 (per
ap2)

LaNiO3

0.83V vs. RHE

1

0 0.2 0.5 0.8
Coverage, 0 (per

ap2)

1



AG(HOO*)x8, eV/ap2

2

~
o
~

0.5

AG(H*)x0 , eV/ap

-1

LaCrO3

0.83V vs. RHE

0 0.2 0.5 0.8
Coverage, 0 (per
an2)

LaCrO3

1

0.83V vs. RHE

Coverage, 0 (per
ap2)

LaMnO3
2
1
0 -
At
0.83V vs. RHE
-2 . . .
0 0.2 05 0.8
Coverage, 0 (per
ap2)
(@
LaMnO3
0.5
A
o -
-0.5
0.83V vs. RHE

v

Coverage, 0 (per
ap2)

LaFeO3

0.83V vs. RHE

2
0 02 05 08 1
Coverage, 0 (per

ap2)
(r)
LaFeO3
0.5
A
0 -
0.5 [ \—/
0.83V vs. RHE

4

Coverage, 0 (per
ap2)

LaCoO3
2
1
0 -
A F
0.83V vs. RHE
.2 . .

0 02 05 08 1
Coverage, 8 (per

ap2)
(s)
LaCoO3
0.5
oy K.’._.
-0.5
0.83V vs. RHE

A

Coverage, 0 (per
ap2)

LaNiO3

A
1
o -
-1
0.83V vs. RHE
-2 . . .
0 0.2 05 08 1
Coverage, 0 (per
ap2)
®
LaNiO3
0.5

0 A=A

0.83V vs. RHE

E

Coverage, 0 (per
ap2)

Figure S2. Top panel - perovskite (001) BO, (green squares, same below) and AO (red triangles, same below) HO* surface adsorption free energy per (1x1)
surface area, i.e. surface adsorption free energy per adsorbate multiplied by surface coverage per (1x1) surface area, A_G(HO*)XG, vs. surface coverage per (1x1)
surface area (a,?, where a,, is the perovskite (001) surface plane lattice constant) at 0.83 V vs. RHE for (a) LaCrO; (b) LaMnOs (c) LaFeOs; (G-type AFM), (d)
LaCoO; and (e) LaNiOs. Second panel - perovskite (001) surface O* adsorption free energy per (1x1) surface area, AE(O*)XG, vs. surface coverage per (1x1)
surface area at 0.83 V vs. RHE for (f) LaCrO; (g) LaMnOs; (h) LaFeO; (G-type AFM), (i) LaCoOs and (j) LaNiOs. Third panel - perovskite (001) surface HOO*
adsorption free energy per (1x1) surface area, A_G(HOO*)XG, vs. surface coverage per (1x1) surface area at 0.83 V vs. RHE for (k) LaCrO; (1) LaMnO; (m)
LaFeOj; (G-type AFM), (n) LaCoOj; and (0) LaNiOs. Bottom panel - perovskite (001) surface H* adsorption free energy per (1x1) surface area, A_G(H*)XG, vs.

surface coverage per (1x1) surface area at 0.83 V vs. RHE for (p) LaCrO; (q) LaMnO; (r) LaFeO; (G-type AFM), (s) LaCoOs; and (t) LaNiOj3. Note that some H*
data is not included in the bottom panel as the low-coverage data already showed the H* was not stable on the surface and would therefore play no role in the

surface coverage effects.



(a) (b)
LaCrO3 LaMnO3
N
E— 0 0
>
@ -1
D
X
glz- 2t
=
O3 3T
1< 1.63V vs. RHE 1.63V vs. RHE
4 . . 4 . . .
0 02 05 08 1 0 02 05 08 1
Coverage, 0 (per ap2) Coverage, 0 (per
ap2)
® (8)
LaCrO3 LaMnO3
S0 0
8
3 ’
R
-2 2T
o
|(<D 3 3 r
1.63V vs. RHE 1.63V vs. RHE
4 . . . 4 . .
0 02 05 08 1 0 02 05 08 1

Coverage, 0 (per
ap2)

Coverage, 0 (per ap2)

(©)

0
-1
2
-3

-4

(h)

-1
-2
-3

-4

LaFeO3

1.63V vs. RHE

0 02 05 08 1

Coverage, 0 (per
ap2)

LaFeO3

1.63V vs. RHE

0 0.2 0.5 08 1
Coverage, 0 (per
ap2)

(d)
LaCoO3
0
-1
2 F
3 r
1.63V vs. RHE
4 . . .
0 0.2 0.5 08 1
Coverage, 0 (per
ap2)
(1)
LaCoO3
0
-1
2T
3 r
1.63V vs. RHE
-4 . .

0 02 0.5 0.8
Coverage, 0 (per
ap2)

1

(e)

LaNiO3
0
-1
2t
3 F
1.63V vs. RHE
4 . . .

0 0.2 0.5 08 1
Coverage, 0 (per

ap2)
Q)
LaNiO3
0
1 r HXHS
2
3 r
1.63V vs. RHE
-4 . .

0 0.2 0.5 08 1
Coverage, 0 (per
ap2)



(k) ) (m) (n) (0)
~ LaCrO3 LaMnO3 LaFeO3 LaCoO3 LaNiO3
§o 0 0 0 0
S !:Eﬁ
()
-1 At N At A f
D
X
o -2 2 r 27 2 7 27
(@)
I
@3 3 3 3 3
| < 1.63V vs. RHE 1.63V vs. RHE 1.63V vs. RHE 1.63V vs. RHE 1.63V vs. RHE
4 . . 4 . X . 4 . . . 4 . . . 4 . . .
0 02 0.5 0.8 1 0 0.2 0.5 08 1 0 0.2 0.5 08 1 0 02 0.5 08 1 0 0.2 0.5 08 1
Coverage, 0 (per ap2) Coverage, 0 (per Coverage, 0 (per Coverage, 0 (per Coverage, 0 (per
ap2) ap2) ap2) ap2)
P C)) (r) (s) ()
§ LaCrO3 LaMnO3 LaFeO3 LaCoO3 LaNiO3
@ 15 1.5 1.5 1.5 1.5
cph 1.63V vs. RHE 1.63V vs. RHE 1.63V vs. RHE 1.63V vs. RHE 1.63V vs. RHE
é 17 17 17 1 1
5 A
J 05 05 F A 05 A 05 | A——/ 05 |
pof or or or ol 4
-0.5 -0.5 -0.5 -0.5 -0.5

Coverage, 0 (per
an2)

Coverage, 0 (per
ap2)

Coverage, 0 (per
ap2)

Coverage, 0 (per
ap2)

Coverage, 0 (per
ap2)

Figure S3. Top panel - perovskite (001) BO, (green squares, same below) and AO (red triangles, same below) HO* surface adsorption free energy per (1x1)

surface area, i.e. surface adsorption free energy per adsorbate multiplied by surface coverage per (1x1) surface area, AG(HO*)x0, vs. surface coverage per (1x1)
surface area (a,?, where a,, is the perovskite (001) surface plane lattice constant) at 1.63 V vs. RHE for (a) LaCrO; (b) LaMnO; (¢) LaFeOs (G-type AFM), (d)

LaCoOj; and (e) LaNiOs. Second panel — perovskite (001) surface O* adsorption free energy per (1x1) surface area, AG(O*)x0, vs. surface coverage per (1x1)

surface area at 1.63 V vs. RHE for (f) LaCrO; (g) LaMnOs; (h) LaFeO; (G-type AFM), (i) LaCoOs and (j) LaNiOs. Third panel - perovskite (001) surface HOO*
adsorption free energy per (1x1) surface area, A_G(HOO*)XG, vs. surface coverage per (1x1) surface area at 1.63 V vs. RHE for (k) LaCrO; (1) LaMnO; (m)
LaFeOj; (G-type AFM), (n) LaCoOj; and (o) LaNiO3. Bottom panel - perovskite (001) surface H* adsorption free energy per (1x1) surface area, A_G(H*)XG, Vs.
surface coverage per (1x1) surface area at 1.63 V vs. RHE for (p) LaCrO; (q) LaMnO; (r) LaFeO; (G-type AFM), (s) LaCoOs and (t) LaNiO;. The free energy of
H* adsorption at 1.63 V vs. RHE was found to be all positive for the (001) AO surfaces of the investigated perovskites and therefore, the AE(H*)XG for the H*
adsorption on the (001) AO surfaces is neglected in plots (p)~(t). Note that some H* data is not included in the bottom panel as the low-coverage data already
showed the H* was not stable on the surface and would therefore play no role in the surface coverage effects.
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Figure S4. (a) LaNiO; ideal (001) AO slab top surface layer oxygen project density of states (b) LaNiO; ideal (001) AO slab third layer oxygen project density of
states (c) LaCoOs; ideal (001) AO slab top surface layer oxygen project density of states and (d) LaCoO; ideal (001) AO slab third layer oxygen project density of
states. The reference energy is aligned at the Fermi energy level. Schematics of the (001) AO slab layers are provided with dashed squares to show the indicated
oxygens. The oxygen p, states, which strongly hybridize with transition metal 3d states, are shown by the deep-color lines, while the oxygen p, + p, states, which
are less hybridized with the transition metal 3d states , are shown by the light-color lines. Arrows in the projected density of state plots represent transition metal

3d-oxygen p, bonding (up-arrow) and anit-bonding (down-arrow) states.
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Figure S5: Scaling relations for the binding energies of reactive intermediates of ORR and OER on (a) LaCrO; and
(b) LaMnOs; surfaces. Binding energies > 0 mean energy is gained in binding to the surface. Binding energies are for
*OOH *(blue diamonds), *O (green triangles) and *OH (red squares) on y-axis, as a function of binding energy of
*OH on the x-axis. (a) Binding energies of reactive intermediates of ORR and OER (*O, *OH, *OOH) for LaCrO;
as a function of the *OH binding energy at 0V (RHE). Data points for HSE06 (blue squares) are referred from Wang
et al.[1]. OH and OOH binding energies approximately scale as AE(*OOH)=AE(*OH)+3.52eV. Shaded region
denotes the set of different binding energies for a range of surfaces of (001)-BO, terminated LaCrO;. (b) Binding
energies of reactive intermediates of ORR and OER (*O, *OH, *OOH) for LaMnO; as a function of the *OH
binding energy at 0V (RHE). Data points for HSE06 are referred from Wang et al.[1]. OH and OOH binding
energies approximately scale as AE(*OOH)= AE(*OH)+3.40 eV. Blue and red shaded regions denote the set of
different binding energies for a range of surfaces of (011)-O-terminated and (001)-BO; terminated LaMnO;.
Binding energies are given for bare and covered surfaces.
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Figure S6. The calculated AE(HO*) vs the sub-surface layer O 2p band center relative to the Fermi level (the second
slab layer beneath the surface termination) of LaCoO3-FM (green symbols) and LaNiOs;-FM (blue symbols) (001)
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LaNiOs;-FM O-2p band centers taken from Ref.[2]. The figure demonstrates the opposite surface band bending
between the (001) AO and BO, surfaces with respect to the bulk leads to the distinct surface AE(HO*) adsorption
energies.
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Figure S7: A comparison of the HO* adsorption energy (eV/HO*) vs. SHE simulated at the low coverage limit
(0.25ML) between the bare (in blue) and stable H* covered (in red) for LaMnO;, LaFeO; (GAFM), LaCoOs3, and
LaNiOj; (001) BO, surfaces as well as LaNiO; (001) AO surfaces (labeled as LaNiO; (AO)). The H* covered
surfaces were predicted to be the stable (001) BO, surfaces at applied potential of 0.83 V vs. RHE for LaMnO; (0.5
ML H¥*), LaFeO; (GAFM) (0.5 ML H*), LaCoO; (0.5 ML H*), LaNiO; (IML H*) while the LaNiO; (001) AO
surfaces was shown to be stable with 0.25 ML H* (see Table 2, Figure S2, and Figure 3).
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Figure S8. GGA+U bulk stability calculations for LaNiOj; relative to the reactions of forming Ruddelsden-Popper
phase La,{Ni,O3,+1 (with NiO and O,). Our results suggest the instability of LaNiO; under the ORR conditions
(shaded area) to form the Ruddelsden-Popper phase.
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