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1. Computational Details and Benchmarking

All density functional theory (DFT) calculations were performed using the Quantum Espresso
software package.! The generalized gradient approximation (GGA) with the Perdew—Burke—
Ernzerhof (PBE) exchange—correlation functional was employed.? Ultrasoft GBRV pseu-
dopotentials were used with kinetic-energy and charge-density cutoffs of 35 Ry and 350 Ry,
respectively.® Dispersion interactions were included via the DFT-D3 correction developed by
Grimme and co-workers.* A (6 x 6) graphene supercell was used to investigate the effect of
curvature on adsorption, with a vacuum spacing of approximately 20 A along the surface nor-
mal to eliminate spurious periodic interactions. A I'-centered (2 x 2 x 1) Monkhorst—Pack
grid was used to sample the Brillouin zone.®

To ensure consistent rumpling amplitude and sinusoidal curvature profiles, a single hy-
drogen atom was placed near the crest (convex) region in all simulations. The hydrogen
atom was positioned away from the M—Ny center, as shown in Figure S2, for the four cur-
vature values studied. The purpose of this placement is to preserve the curvature pattern
across geometries, enabling energetic quantification at the convex sites, which are otherwise
unstable compared to concave regions. In the absence of this auxiliary H atom, the surface
undergoes significant structural relaxation, leading to inconsistent curvature magnitudes.
An alternative strategy would be to fix selected atoms to maintain curvature, but this would
restrict the relaxation to local minima. Including an H atom allows the structure to reach
the minima while maintaining the desired curvature profile.

The presence of this additional H atom does not introduce artificial effects on the local
geometry or electronic structure.® While it may cause minor quantitative shifts in adsorption
energies, it does not alter the qualitative curvature trends. This was confirmed by formation
energy calculations performed both with and without the additional H atom, which yielded

identical metal-dependent trends (Figure S1).



Adsorption (binding) energies of H and CO, were computed as

A-EH = EH* - Ebare - EHa (1)

AFEco, = Ecoy — Evare — Eco,, (2)

where Ey- and Ecoy correspond to the total energies of the adsorbed systems, and Eypare,
Ey, and Eqp, denote the total energies of the clean slab, gas-phase H atom, and isolated

CO4 molecule, respectively. Formation energies (Ey) were calculated as

E; = Egabinv — Egap — B (3)

bond
S

The bonding s-band center, £2°", is defined as

/ Y B D.(E)dE

Oon Emin
5? 4= Ep ) (4>
D,(E)dE
Emin

where D,(E) is the s-projected density of states (PDOS), and E;, denotes the lower in-
tegration limit, chosen sufficiently below the valence manifold (typically Eny, = —15 eV
with respect to the Fermi level). The denominator normalizes the PDOS weight below Ep,

while the numerator yields the first moment of the occupied s-state distribution. To ensure

bond

consistent referencing of e

across systems, this quantity is expressed relative to the 1s

band center of an isolated Hy molecule computed within the same simulation box:

Akt = b (M- H) — ebom(H-T), (5)

where e?ond(M —H) and €?"d(H—H) denote the bonding 1s levels associated with the surface-
bound H atom and the Hy molecule, respectively.

Similarly, the d-band center, ¢4, a widely used descriptor of metal reactivity and adsorp-



tion strength, is defined as

Emax
/ EDy(E)dE
Ed — Emglmax , (6)
/ Dy(E)dE

Emin

where D,4(E) is the d-projected density of states, and the integration range (Epin t0 Emax)
encompasses the full d-band manifold (typically —15 eV to 45 eV relative to Er). However,
no clear linear correlation between ¢4 and the adsorption energies of either H or CO5 is ob-
served, suggesting that curvature introduces additional geometric and orbital effects beyond

a simple electronic-structure descriptor.
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Figure S1: Comparison between formation energies (Ey) of curved surfaces at k = £0.12 A
with and without the auxiliary hydrogen atom used to stabilize the curvature amplitude and
width. Both cases exhibit consistent energetic trends across all metals, confirming that
the added hydrogen introduces no chemical artifacts and that the qualitative curvature
dependence remains unaffected.



Figure S2: Geometry of the M—-N, active sites showing the placement of the auxiliary hy-

drogen atom for the four curvature values studied.

The presence of

).

(side view

the additional hydrogen atom preserves the curvature periodicity and structural pattern,

Figure S3: Optimized geometries of H-adsorbed M—-Ny sites

enabling a consistent comparison of curvature effects on adsorption properties across metals.



2. Projected Density of States (PDOS) Analysis for H

Adsorption

Figures S4-S6 illustrate curvature-dependent shifts in the metal d-band and hydrogen 1s

states for M—Ny single-atom catalysts upon hydrogen adsorption.
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Figure S4: Violin plot showing the distribution of d-band centers (g4) relative to the Fermi
energy of each specific system for M—Ny sites (excluding Cd and Au) under H adsorption.

3. Projected Density of States (PDOS) Analysis for CO,

Adsorption

Figures S7-S8 illustrate curvature-dependent shifts in the metal d-band for M-Ny single-

atom catalysts upon CO, adsorption.
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Figure S5: Curvature-resolved d-projected density of states (PDOS) of M in M—Ny sites for
H adsorption, plotted as a function of energy relative to the Fermi level (£ — Er). Each
curve corresponds to a specific curvature, color-coded from blue (concave) to red (convex);
color codes are consistent with Figure S4.
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Figure S6: Curvature-resolved hydrogen ls-projected density of states (PDOS) for all
M-Ny—H systems. PDOSs are color-coded according to curvature (see Figure S7). The
progressive upward shift of the 1s manifold under negative curvature indicates enhanced
covalency in the M—H bond.
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Figure S7: Violin plot showing the distribution of d-band centers (g4) relative to the Fermi
energy of each specific system for M—Ny sites (excluding Cd and Au) under CO5 adsorption.
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Figure S8: Curvature-resolved d-projected density of states (PDOS) of M in M—Ny sites for
COs adsorption, plotted as a function of energy relative to the Fermi level (F — Er). Each
curve corresponds to a specific curvature, color-coded from blue (concave) to red (convex),
consistent with Figure S7.
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4. Steric Repulsion Analysis

Approach 1
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Figure S9: Quantification of steric interactions at the convex site upon H adsorption. Two
concave layers are included to quantify the interaction, and AAFE denotes the net repulsion
associated with the adsorbed H atom. For reference, the M-H bond distance is 1.5-1.9 A.

11



Approach 2 @

=+
H Ac=+ve

I Ac=-ve

Aa=- =
Aa=-ve  Aa=+ve a=ye_,  Aarive
-t O o
- QO - & ol
&3, R - T
Ac=0 Ac=+ve

-

Y
Concave (negative curvature)

Aa=-ve

- =

T R,

Ac=0

Aa=-ve Aa=+ve

—— e ———

o
_ O _ 3
R O
g
O,

Aa=+ve

e
S

Y

Convex (positive curvature)

(@) sc, concave (negative curvature)
1 onet

- E(c)Aa=0 -* E(a),Ac=02
o E(a),Ac=-0.2 - E(a),Ac=04
- E(a),Ac=0

0.0p

Energy (eV)

04 02 00 02 04
H displacement: Aa or Ac (A)

© Fe, concave (negative curvature)
Lagios

-7+ - E(c),Aa=0 -e E(a),Ac=02
; o+ E(a)Ac=-02 - E(a)Ac=04
) - E(a),Ac=0
-
>_gl
=
(3]

C
LLI -
-op =
-0.4

02 00 02z 04
H displacement: Aa or Ac (A)

(e) Cu, concave (negative curvature)
-1.693e4

= E(c)Aa=0 - E(a)Ac=02
’>"—3.5 o E(a),Ac=-02 -o E(a),Ac=04
S - E(a),Ac=0

L

> L

Z-4.0

<2

[

c

W -4.5¢

04 02 00 02 04
H displacement: Aa or Ac (A)

Figure S10: Potential energy surface (PES) plots for displacing the adsorbed H atom on
the transition-metal (TM) site along the crystallographic a and ¢ directions. Panels (a) and
(b) correspond to TM = Sc with H adsorbed on the concave and convex faces, respectively.
Panels (c) and (d) correspond to TM = Fe with H adsorbed on the concave and convex
faces, respectively. Panels (e) and (f) correspond to TM = Cu with H adsorbed on the
concave and convex faces, respectively. Here, Aa and Ac denote the displacements along
the a and ¢ directions, and F(Aa) and E(Ac) are the corresponding energy profiles. The
notation E(Ac)|aq=n denotes the energy as a function of displacement along ¢ at a fixed

displacement Aa = n.
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