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1. Free energy calculation scheme for oxygen evolution reaction (OER.)

Thermodynamic potential for water oxidation, 2H,O — O2 + 4H" + 4e™, is  4.92 V at standard
conditions (T = 298.15 K, P = 1 bar, pH = 0). Nevertheless, a potential of 1.23 V is required in
order for this reaction to proceed at a measurable rate. For heterogeneous catalysts, this additional
potential is referred to as the overpotential 1. To setup the thermo chemistry of the OER, it is more
convenient to work at acidic conditions, where steps

H2O +* — OH* + H + & (S1)
OH* — O* + H" + ¢ (S2)
O* + HO — OOH* + H" + & (S3)
OOH* — Oz + H* +¢ (S4)

The Gibbs free energy change for steps I-1V can be expressed as,

AG| =AGoH — eU + AGH+ (pH) (S5)

AGi1 =AGo — AGoH — eU + AGn+ (pH) (S6)
AGIi=AGooH — AGo — eU + AGh+ (pH) (S7)
AGy =4.92 (eV) — AGoon — eU + AGu+ (pH) (S8)

Where U is the potential measured against normal hydrogen electrode (NHE) at standard
conditions (T =298.15 K, P =1 bar, pH = 0). The Nernst equation represents the free energy change
of the protons relative to the above-specified electrode at non-zero pH as AGn+ (pH) = -kT In(10)
x pH. The sum of AG; - v is fixed to the negative of experimental Gibbs free energy of formation
of two water molecules -2AGH20 =4% 1.23 = 4.92 eV to avoid calculating the Oz bond energy,
which is difficult to determine accurately within DFT [1]. The Gibbs free energies of eqs 5-8
depending on the adsorption energies of OH*, O*, and OOH. The Gibbs free energy differences
of these intermediates include zero-point energy (Z.P.E.) and entropy corrections accordingly, AG;i
= AE + AZPE —-TAS;and energy differences AE; considered relative to H.O and Hz (at U = 0 and
pH =0) as



AEoH = E (OH*) — E (*) — [E (H20) — 1/2 E (H2)]
AEo = E (O*) — E (*) — [E (H20) — E (H2)]
AEooH = E (OOH*) — E (*) — [2E (H20) — 3/2 E (H2)]

The theoretical overpotential is defined as:

n =max [AGi, AGu, AGii, AGw] /e — 1.23 [V]
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(S9)
(S10)
(S11)

(S12)

AG= AE + AZ.P.E. - TAS is calculated as follows: AE is reaction energy that we get from density
functional theory (DFT). AZ.P.E. and AS are the differences in zero-point energies and the change
in entropy, respectively, obtained from references [2, 3].

Table 1S: Differences in Zero-Point Energies, AZ.P.E, and the Change in Entropy AS.

H20 +* — OH* — O*+ H0 — O*+ H0 —
OH* + % H2 O*+% H> O* + % H2 O2+*+% H2
(AZ.P.E. - TAS) (AZ.P.E. - TAS)u (AZ.P.E. = TAS)i (AZ.P.E. - TAS)Iiv
+0.40 -0.30 +0.32 - 042
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2. Optimized geometries for OER. intermediates:

Flgure S1: Initial model of Ag- Au/TIOz models with least stablllty considered for OER
(©)
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calculations.

Figure S2: OER optimized intermediates on bridging row oxygen vacant site at ‘Ag’ active
site: (a) Ag-OH* (b) Ag-O* (c) Ag-OOH*
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Figure S3: OER optimized intermediates on bridging oxygen vacant site (initial model) Ag/TiO2 ,
Ag active site (a) OH*-Ag, (b) O*- Ag (c) OOH*-Ag ; Ti active site (d) OH*-Ti, (e) O*- Ti (f)
OOH*-Ti ; Au/TiO2 , Au active site (g) OH*-Au, (h) O*- Au (i) OOH*- Au ; Ti active site (j)
OH*-Ti, (k) O*- Ti (I) OOH*-Ti.
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Figure S4: OER optimized intermediates on two bridging rows oxygen vacant sites (initial models)
AuU-Ag/TiOz , Ti active site (a) OH*- Ti, (b) O*- Ti (c) OOH*- Ti. Ag active site (d) OH*-Ag (e)
O*- Ag (f) OOH*-Ag ; Au active site (g) OH*-Au (h) O*- Au (i) OOH*-Au.
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Figure S5: OER optimized intermediates on two bridging oxygen rows Ag4/TiO, , Ag active site (a) OH*-
Ag, (b) O*- Ag (c) OOH*-Ag ; Ti active site (d) OH*-Ti, () O*- Ti (f) OOH*-Ti ; Au4/TiO , Au active
site (g) OH*-Au, (h) O*- Au (i) OOH*- Au ; Ti active site (j) OH*-Ti, (k) O*- Ti (I) OOH*-Ti.
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Figure S6: OER optimized intermediates on two bridging oxygen rows Au,-Ag2/TiO2 , Ag active
site (@) OH*-Ag, (b) O*- Ag (c) OOH*-Ag ; Au active site (d) OH*-Au, (e) O*- Au (f) OOH*-
Au ; Ti active site (g) OH*- Ti, (h) O*- Ti (i) OOH*- Ti.
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(b) © b

Figure S7: OER optimized intermediates of Ag./TiO2 placed on oxygen vacant site, Ag active site (a) OH*-
Ag, (b) O*- Ag (c) OOH*-Ag ; Ti active site (d) OH*-Ti, (e) O*- Ti (f) OOH*-Ti ; Aus/TiO; , Ti active
site (g) OH*- Ti, (h) O*- Ti (i) OOH*- Ti ; Au active site (j) OH*-Au, (k) O*- Au (I) OOH*-Au.
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3. Free Energy Diagram:
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Figure S8: Comparative free energy diagram (initial model) for Au/TiOzand Ag/TiOz0n
bridging oxygen vacant site.
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Figure S9: Comparative free energy diagram (cluster model) for Aus/TiO2and Ags/TiO2 on two
bridging oxygen rows.
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Band Structure for Aus/TiO2 and Aga/TiO2:

Here we have shown the band structures for Aus/TiO2and Ag4/TiOz structures when Au and Ag
four atoms are positioned on bridging oxygen vacant position. We found trap states in forbidden
gap for both structures. Wang et al., reported band structure calculations on Augatoms cluster on
rutile TiO2 structure. The author placed an Aug atom cluster on two bridging rows of TiOz surface

and found similar trap states in the forbidden gap [4].
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Figure S10: DOS results for four atoms cluster Aus/TiO2 on bridging row oxygen vacant site of
(a) Enlarged view of trap states which is majorly composed of Au(5d).
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Figure S11: DOS results for four atoms cluster Ag4/TiO2 on bridging row oxygen vacant site of
(a) Enlarged view of trap states which is majorly composed of Ag(4d).
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5. Relative free energies:

In table S2, the relative free energies for initial models shown in figure S3 are given. For the cluster
model placed on two bridging rows, shown in figure S5, the relative energies are given in table
S3, starting from * + 2H,0 (taken as zero energy) for OH* (AGown+), O* (AGo~), O* (AGooH*)
and the associated overpotentials for all systems.”*” represents rate-determining steps.

Table S2: Relative free energies for Initial Model Ag-TiO,, replacing bridging O atoms on
surface with Ag atom

Table S3: Relative free energies for ‘Cluster model’ Ags-TiO2 and Aus-TiO> cluster on two

System: Ag-TiOz, replacing bridging O atoms on surface with Ag atom
Intermediates AGon* AGo~ AGooH* O.P. R.D.S
Ti active site 0.10 0.84 3.57* 1.50 Vv OOH~*
Ag active site 0.70 3.14* 4.92 1.21V o*
System: System: Au-TiO., replacing bridging O atoms on surface with Ag atom
Ti active site 0.14 1.82 3.64* 045V OOH*
Au active site 1.68 4.01* 4.90 1.10V o*
bridging oxygen rows
System: Agas-TiOz, cluster on two bridging oxygen rows
Intermediates AGon* AGo~ AGooH* O.P. R.D.S
Ti active site 0.23 0.63 3.71* 1.85V OOH*
Ag active site 0.28 3.08* 3.97 1.57V o*
System: Aus-TiOz, cluster on two bridging oxygen rows
Ti active site 0.15 1.36 3.64* 1.05V o*
Au active site 0.75 2.90* 4.26 092V OOH*
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