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Computational details

Simulation parameters

The density functional theory (DFT) based simulation tool Vienna ab-initio simulation package
(VASP)1, is used here. 500 eV cutoff is used for wave functions. The bulk IrO, or RuO, unit cell
Brillouin zone is sampled with a 5x5x7 Monkhorst-Pack k-point mesh and that of the oxide
catalyst surface slab is 4x4x1. The catalyst surface model consists of four atomic (metal and
oxygen atoms) layer thick slab, which is periodic in x and y direction. The simulation cell
dimensions are 6.399 A x 6.451 A x 27.902 A for models with IrO, substrate and 6.271 A x
6.416 A x 27.831 A for models with RuO, substrate. Due to periodic boundary conditions, 16 A
of vacuum in the z-direction is considered to minimize spurious interlayer interactions. Due to
the finite electronic occupation at Fermi energy, a Gaussian smearing of 10 meV is used for the
electronic states in all calculations. Optimizations of atomic structures are performed until forces
of are less than 0.003 eV/A. For surfaces, all atoms in the top two atomic layer along with any
adsorbates are optimized. For bulk IrO, and RuO,, cell parameter optimization is also done.

The BEEF-vdW? exchange correlation functional with the vdW-DF2> nonlocal correlation energy
and potential is used here to properly represent adsorbate interactions*®. Van der Waals effects
are important for larger adsorbate molecules formed in CO, reduction®. When multiple
adsorption geometries are possible, different configurations are evaluated to identify the
energetically most favorable one; e.g. the CHO* intermediate, which prefers binding
simultaneously through the O and C atoms. For a bridge site between an Ir and a Ru atom, the
adsorbate O atom can bind to the Ru atom and C atom to the Ir atom or vice versa (figure SI1).

The adsorption geometry can be such that the Ru-Ir bond is perpendicular to the C-O bond of
the CHO* adsorbate. The free energy of the reactant and product molecules are calculated by
including zero point energy and finite temperature contributions to the free energy within the
guantum mechanical harmonic approximation, as described in previous computational studies
of CO2RR on oxide surfaces’. Specific parameters for molecular free energy calculations like
fugacity and adjustments for systematic DFT errors® used in this work have been listed in the
supporting information.



Thermodynamics of electrochemical CO2RR

To estimate the change in free energy under an applied potential for elementary proton transfer
steps, the reaction thermodynamic are calculated using the computational hydrogen electrode
(CHE) model®. CHE provides a simple linear model to evaluate the effect of applied potential on
the reaction free energy of an elementary electrochemical reaction step® at a certain applied
potential from the reaction free energy, calculated without explicitly including the potential or the
electrolyte system. The model links the reaction free energy of each reduction step involving
single proton transfer (AGgp) to the applied potential (U) by a simple linear relation

AGgtep(U) = AGgrep(U = 0) +eU

Where e is the elementary charge. If a reaction step involving a proton/electron transfer
increase the free energy by AGge, (U = 0) €V, on the reversible hydrogen electrode (RHE)
scale, applying —AGg.p/e V-RHE potential, will make the free energy change zero, equilibrating
the reaction step. The potential at which all elementary step of a reaction mechanism becomes
downhill in free energy (exergonic) is defined as the thermodynamic onset potential. Working
with the computational hydrogen electrode model and the RHE scale, large-scale analysis of
adsorbate and surfaces becomes manageable.

Adsorbate binding free energies can be used to calculate free energy changes without applied
potential AGg., (U = 0), with respect to the free energy of the reference molecules (CO,, H;0,
and H,). For example, OCHO* is a possible reaction intermediate formed after the first proton
transfer starting from CO.. The electronic energy of the catalyst surface is E, and that of the
surface with OCHO* is E,cyo+. The free energy correction term combining the zero point
energy, heat capacity and entropy for the OCHO* adsorbate is G52}, The binding free energy
of OCHO* is

AGocno* = Eocno* + Goerior — Ex — Geo, — 0.5 X Gy,

Gco, Gu,o @nd Gy, are the free energy of CO,, H,O and H, molecules, respectively. The free

energy correction term G527+ is calculated on RuO,(110) surface without spectators and

assumed constant irrespective of the spectator coverage or surface chemistry. Finite
temperature energy corrections for adsorbates are calculated from the vibrational modes of the
adsorbates within the quantum mechanical harmonic approximation. Calculated heat capacity
(C,), entropy as well as zero point energy (Ezpe) are incorporated in the correction term for
adsorbates:

GCOTT = EZPE + f deT - TS

The free energies of molecules are calculated within the ideal gas approximation. A previously
described method”"° has been followed. The specific calculation parameters and energies are
provided in the supporting information. Energies of molecular CO,, COOH* intermediate and
molecular H, are corrected by +0.3 eV, +0.15 eV and +0.1 eV, respectively, to correct for the
systematic DFT errors associated with these species®.

The change in free energy associated with an elementary reaction step gives the reaction free
energy change at 0 V vs RHE. For example, the free energy change for protonation of the
H,CO* intermediate to H;CO* at 0 V vs RHE is

AGHZCO*—>H3CO* = AGH3¢:0* - AGHzco*



The free energy change for protonation of H;CO* to methanol is related to the binding free
energy of H,CO* and reactant H, and product CH;OH.

1
AGy,co*~chson = Gengon — EGHZ — AGy,cor

The binding energy of CO* spectators has been reported here with respect to the CO molecule
rather than CO..

AGC()* = Eco* + Ggg’:r - E* - GCO

Ir/Ru character ratio

The surfaces are assigned a representative numerical value to indicate how much Ir/Ru-
character an adsorbate feels while attached to an active site. This serves as a surrogate
variable for mapping binding characteristics and catalytic properties to mixed oxide systems with
variable composition. To create a reference point for distribution function analysis, a hydrogen
atom is added to the bridge site of the bare oxide surface and geometry optimization is done for
the H* and top two atom layers. The partial radial distribution function (RDF) for Ir and Ru atoms
are computed up to 12 A from the H* adsorbate which is comparable to the thickness of the
simulation slab. Periodic boundary condition is used while estimating the RDF functions. The Ir
distribution curve is denoted Ir,4(r) and that of Ru atoms as Ru,q(r). Furthermore, a proxy
variable describing abundance of Ir and Ru atoms (Irin¢ex and Ruingex) Close to the adsorption site

is defined as
12
Ruindex = (12 - r)Rurdf(r)dr

0
12

Iringex = | (12 — )Irpge(0)dr
0
Using these indexes, a single unbiased parameter ranging from 0 to 1 is created

_ ITingex
II‘index + Ruindex

n

The B-value indicates how IrO, —like the character of the active site is expected to be. Pure
RuO, surface has B = 0 and pure IrO, have B = 1. Surfaces and their  values are listed in
Error! Reference source not found..

Table S1: Adsorbate/product cases examined at electron transfer step from Oe” to 8e".

1€ 2¢e 3e 4¢e
\ H,CO*+OH¥,
OHCO*, cgeflfg(i) H,COOH*, CHO*+H,0(l), | H,CO+ Hy0(l),
H*, HCOOH(aq) COH*+H,0(l) 0*+CH;0H(aq),
COOH* Ho(a) @ CHOH*+H,0()),
2189 C*+2H,0())
5¢e 6e 7€ 8¢e
HCO 2 00, | O CR(@a) PO, | oprscHy(agy+ H.O()
HoCOH™ HRO(), 1 CHOH™ HLO(), CHa*+2H,0() CHa(aq)+ 2H,0()
OH*+CH3OH(aq), | CHsOH(aq)+H.O(l),
CH*+2H,0()) CH,*+2H,0(1)




Figure S1: Adsorption geometry of adsorbates (a) HCOOH™* (b) HsCO* (c) OCHO™ (d) H,COOH* adsorbates on RuO-
(110) surface and (e)-(f) CHO* adsorbate in two different configuration on RuO, (110) surface with Ir atom
substitution close to bridge site
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Figure S2: free energy of reaction intermediates and products with reference to CO», H>and H-O at 0 V-RHE on all
10 surfaces models with no CO* coverage
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Figure S3: free energy of reaction intermediates and products with reference to CO,, H>and H-0 at 0 V-RHE on all
10 surfaces models with 25% CO* coverage
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Figure S4: free energy of reaction intermediates and products with reference to CO,, H»>and H-0 at 0 V-RHE on all
10 surfaces models with 50% CO* coverage



Table S2: Binding free energy difference of COOH* and OCHO* intermediates formed from CO,
activation. Lightest share means highest value and darkest is the lowest value (OCHO* more
stable).
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CO* spectator coverage OCHO* and COOH* binding free energy difference (eV)
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Figure S5: correlation of OH* binding free energy with (a) average d-band position of the two metal atoms closest to
the bridge site (b) average p-band position of oxygen atoms in the top layer of the catalyst surfaces. Labels indicate
the B value of the surface for which the data point.
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Figure S6: Modification in the band center for (a) Ru-d electrons (b) Ir d-electrons (c) O-p electrons, due to ligand
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Figure S7: Effects of ligand interaction and adsorbate-adsorbate interaction from spectating CO* moves patrtially CO*
covered mixed Ir-Ru oxide surfaces closer to the top of the volcano for oxide catal}/sts (a) methane (b) formic acid
evolution. Activity volcanos for different products obtained from our previous work".
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