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Computational Methods

Density functional theory (DFT) calculations were performed using the generalized gradient
approximation (GGA) method with the revised Perdew—Burke—Ernzerhof (RPBE) functional to
describe electronic exchange and correlations.!> A projector augmented-wave method was used
to describe the core electrons.? Valence electrons were described by expanding the Kohn-Sham
wave functions in a plane-wave basis set,* with the cutoff of 400 eV. Convergence was defined
when all the forces were lower than 0.05 eV/A. Bader charge analysis was performed to analyze
the electron charges.® (3x3x1), (3x3x1), (3x3x1), (1x3x1), and (1x1x1) k-point meshes were
used to sample the Brillouin zone using the Monkhorst-Pack method,® respectively for PAO,(110),
SnO,(110), ZrO,(100), HfO,(111), and the thick supported ZrO,(100) systems. A dipole
correction was applied to the z-direction of each surface. Stricter criteria were tested for all of the
transition metal oxide (TMO) systems; no significant difference was found in the adsorption
configuration and binding energy. The bulk TMO structures were obtained from the
MaterialsProject database.” Bulk optimizations were performed for each TMO system before
their surfaces were cleaved. The optimized structures of the surfaces are shown in Figure S1. For
each system shown in Figure S1, the bottom half of the slab was constrained, while the topmost
layers were allowed to relax. For the supported ZrO,(100) systems considered for the thickness-
dependent study, the topmost three layers were allowed to relax, while the rest of the layers were
constrained. Single-point energy calculations with a hybrid functional (HSE06)® were performed
for both ZrO,(100) and ZrO,(100)/Au; no significant difference was found in the electron charge

information compared to the results from RPBE (Figure S9). Surface Pourbaix diagrams were



calculated using the method described by Ref.?, with pH=0. The binding energies were calculated

using the total energies of H, and H,O as the references:

EO* = Etot_ Ebare - EHZO + EH2 (1)

1
EHO i Etot - Ebare - EHZO + EEHZ 2)

3
EHOO»< = Etot - Ebare - 2EHZO + EEHZ (3)

where Eot is the total energy of the surface with adsorbate, Epare is the total energy of a bare

E E
surface, Hy0 is the total energy of a H,O molecule in vacuum, and ) is the total energy of a

H, molecule in vacuum.
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Figure S1. TMO and Au-supported TMO structures considered for the binding energy
calculations in Table 1. Red, pink, gold, grey, purple, green, and brown spheres represent O, H,

Au, Pd, Sn, Zr, and Hf, respectively. More information of the Au substrate are shown in Table

S3.
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Figure S2. Calculated surface Pourbaix diagrams for (a) PdO,(110), (b) SnO,(110), (c)

Z1r0,(100), and (d) HfO,(111). The pristine surfaces are shown in Figure S1.
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Figure S3. Calculated surface Pourbaix diagram for 4L ZrO,(100)/Au. The pristine surface
structure is shown in Figure 1b.



S .
Pure Oxide
4 R Pure Oxide
> | |—AE .
[)) HOO
A — 3 R _._EO* A\\‘
5 |-k,
E 2
LUl
(@)]
£ 1F Pure Oxide
©
=T
0 5L l\.\.
_1 N 1 N 1 N
0.0 0.1 0.2 0.3

1/Number of Layers

Figure S4. Calculated binding energies of ORR/OER adsorbate on larger ZrO,(100)/Au surfaces
with varying oxide thickness. These calculations are with the unit cell twice size of those in Figure

1. The horizontal lines represent the adsorbate binding energies calculated on pure ZrO,(100).
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Figure SS. Calculated electron charge of adsorbed O* at the metal-like TMO structures. Red,

pink, gold, grey, and purple spheres represent O, H, Au, Pd, and Sn, respectively.
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Figure S6. Calculated electron charges of ZrO,(100)/Au, O*/ZrO,(100)/Au, HO*/ZrO,(100)/Au,
HOO*/ZrO,(100)/Au, ZrO,(100), O*/ZrO,(100), HO*/ZrO,(100), and HOO*/ZrO,(100) by

Bader charge analysis. Red, gold, green, and pink spheres represent O, Au, Zr, and H, respectively.
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Figure S7. Calculated charge density differences of ZrO,(100)/Au with adsorbed ORR/OER
adsorbate. Red, pink, gold, and green spheres represent O, H, Au, and Zr, respectively. The yellow

and teal colors in the isosurfaces represent electron charge gain and loss, respectively. The charge

density difference was calculated by Ap=p1=P2= P3Py (where P1, P2, P3_and P4 represent
the charge densities of the whole system, the oxide layer, Au-support, and the adsorbate,

respectively).
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Figure S8. Calculated projected density of states of (a) ZrO,(100)/Au and (b) O*/ZrO,(100)/Au.

The black dashed line represents the Fermi level (Ey).
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Figure S9. Comparison between the RPBE and HSEO06 functionals on the calculated electron
charge information of ZrO,(100) and ZrO,(100)/Au. Red, gold, and green spheres represent O,

Au, and Zr, respectively.
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Table S1. Calculated ORR/OER adsorbate binding energies on ZrO,(100) and ZrO,(100)/Zr.

Catalyst Eno+ (eV) Eo+ (V) Enoo- (eV)
Zr0,(100) 1.42 4.58 4.62
Zr0,(100)/Au -0.22 2.27 3.40

AE -1.64 -2.31 -1.22
ZrO,(100)/Zr -0.78 1.05 2.79

AE -2.20 -3.55 -1.83
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Table S2. Calculated ORR/OER adsorbate binding energies on wide-bandgap TMOs with varying

thickness.
Catalyst Eno- (eV) Eo- (eV) Enoo+ (¢V)
20L ZrO,(100) 1.57 4.59 4.85
18L ZrO,(100) 1.39 4.54 4.64
16L ZrO,(100) 1.40 4.56 4.65
14L ZrO,(100) 1.41 4.57 4.65
12L ZrO,(100) 1.40 4.54 4.65
10L ZrO,(100) 1.42 4.53 4.64
8L ZrO,(100) 1.36 4.52 4.63
6L ZrO,(100) 1.42 4.58 4.62
4L ZrOy(100) 1.54 4.71 4.73
6L HfO,(111) 1.68 3.67 4.77
4L HfOy(111) 1.62 3.00 4.73
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Table S3. Distance of Au-M (where M is the nearest cation) in the Au-support along the x-, y-,

and z-directions.

Model x (A) y(A) z(A)
PdO,(110)/Au 3.18 3.59 3.59
Sn0,(110)/Au 4.86 3.78 3.78
Zr0,(100)/Au 3.64 5.28 3.46
HfO,(111)/Au 3.95 4.07 3.33
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