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MATERIALS AND METHODS

The high entropy alloy (HEA) nanoparticles have been prepared using cast cum cryo-milling 

process. In which, the Au, Ag, Pd, Pt and Cu (99.9 at. % pure, Alfa Aesar, USA) melted 

under argon environment to synthesize cast HEAs and afterwardcast HEA have been milled 

in cryomill for 6 hours. The detailed synthesis process can be found elsewhere.1 The 

cryomilled powder (HEA nanoparticles) has been characterizedin order tothe crystalline 

phase, size, chemical homogeneity, composition, and catalyst activity. The X-ray diffraction 

recorded using Panalytical empyrean (max=1.54056 A),and size of nanoparticles have been 

estimated using Transmission electron microscope (FEI, Technai G2, UT 20 operated at 200 
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kV). The surface composition has been estimated using X-ray photoelectron spectroscopy 

(PHI 5000 Versa Prob II, FEI Inc.).

Electrochemical studies were performed using the conventional three-electrode system 

usingCHI408C electrochemical workstation. All solutions were prepared using double-

distilled water.  The working electrode was made by mixing 100 mg of catalyst, 200 μL of 

5% Nafion solution (binder) and 300 μl of isopropanol. The resulting slurry was deposited on 

a glassy carbon electrode (GCE) with the geometric area of 0.071 cm2. Platinum 

wire/electrode was used as the counter electrode, and Ag/AgCl electrode was used as the 

reference electrode. 0.5 M K2SO4 (pH = 7) was used as the supporting electrolyte. The 

conversion of potential to reversible hydrogen electrode (RHE) was calculated using the 

following equation: E (RHE) = E (Ag/AgCl) + (0.196 + 0.059 pH). For CO2 electroreduction, 

the electrolyte was saturated with N2 or CO2 (purging for 30 minutes). An air-tight 

electrochemical cell was used for the gaseous product collection and analysis. For 

quantification of gaseous products, 1 mL syringe was used to transfer the evolved gases into a 

gas chromatograph (CIC Baroda). Haysep-A column was used for separation,and a Flame 

Ionization Detector (FID) is used for detection of carbonaceous products. Thermal 

Conductivity Detector (TCD) for H2 detection. Current and faradaic efficiencies were 

estimated using the following relationships:

(S1)CE% =  
𝑖𝐶𝑂2― 𝑖𝑏𝑙𝑎𝑛𝑘𝑖𝐶𝑂2

× 100

Here, iCO2 is the current measured in the CO2-saturated and iblank is the current obtained in N2 

saturated 0.5 M K2SO4 electrolyte.

(S2)FE% =
n × F × N

Q
× 100

Here, n is the number of electrons transferred in the faradaic process; F is Faraday constant; 

N is the amount of the generated product in this process; Q isthe total charge passed through 

the whole reaction.

The Vienna ab-initio simulation (VASP 5.4.1) package2 was utilized for performing all the 

first-principles calculations. The all-electron projector augmented wave (PAW) 

pseudopotentials were used for describing the interactions between electrons and 
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ions.Perdew-Burke-Ernzerhof (PBE) generalized gradient approximation (GGA) was used 

for approximating electronic exchange and correlation effects.3 An energy cut-off of 500 eV 

was used for selecting the planewaves. All the structures optimization was performed using a 

conjugate gradient scheme until the energies,and the components of forces reached 10-5 eV 

and 0.01 eV Å-1, respectively. A vacuum of 15 Å was added in the Z-direction to prevent 

interactions between the periodic images. Brilloiun zone was sampled by a 2x4x1 

Monkhorst-Pack grid for slab calculations. The (111) surfaces of Pt and Cu were generated 

from the respective optimized bulk structures using Virtual NanoLab version 2016.2. The 

method of special quasirandom structure (SQS) was utilized for approximating the 

AuAgPtPdCu HEA, as SQS represent the best periodic approximation to the true disordered 

state4. It was generated from 5x3x1 supercell of Pt (111) surface by using Alloy Theoretic 

Automated Toolkit (ATAT)5 code. These quasirandom structures are generated in ATAT 

through a Monte Carlo simulated annealing method using an objective function that perfectly 

matches the maximum number of correlation functions5. Such SQS can mimic the 

thermodynamic and electronic properties of actual structures to a reasonable extent, as has 

been exemplified in the earlier reports6, 7. At first, “corrdump” utility is utilized for generating 

clusters using some guess range of pairs or triplets employed in the cluster expansions. Then 

SQS structures are generated using “mcsqs” utility, where it tries to minimize the objective 

function. It may run indefinitely for larger structures such as ours, so the code is prematurely 

stopped. The file “bestcorr.out” contain the range of pairs of the cluster of the best SQSfound 

so far. This value of range of pair is used in running the “corrdump” utility again, and then 

“mcsqs” utility at last. Three such SQS structures were generated in our case using different 

range of pairs, and are shown in Fig. S3. DOS for the three configurations of HEA SQS are 

also shown in Fig. S4, where it is clear that there is not much difference in their electronic 

properties. The SQS structure shown in Fig. S3(a) is minimum in energy and was utilized for 

further calculations. To mimic the bulk behavior, the bottom two layers were frozen and only 

the topmost layer was allowed to relax, out of the total three layers in the Cu (111) and HEA 

slab.



S-4

Figure S1

Figure S1. Linear sweep voltammetric response of HEA in CO2 saturated 0.5 M NaHCO3 
electrolyte at 20 mV s-1 scan rate (a) and long-term stability for CO2 catalysis on HEA up to 5 
hrs in CO2 bubbling K2SO4 electrolyte solution (b). 

Figure S2

Figure S2. (a) Geometric structure of bulk Cu as seen along Z-direction. Geometric 
structures of Cu (111) surface (5x3x1 supercell), as seen along (b) Z- and (c)Y-directions.
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Figure S3

Figure S3. Optimized structures of SQS of AuAgPtPdCu HEA for (a) configuration-1, (b) 
configuration-2, and (c) configuration-3, along with the range of pairs and their relative 
energies. Atoms in the topmost layer have also been marked in (a), which is utilized for 
further calculations.

Figure S4
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Figure S4. DOS of all three configurations of SQS of AuAgPtPdCu HEA, shown in Figure 
S3. The Fermi level is shown by cyan-dashed lines.

The eight elementary steps involved in CO2RR are:

* + CO2 + H+ + e- → *COOH __ (S3)

*COOH + H+ + e- → *CO + H2O__ (S4)

*CO + H+ + e- → *CHO__ (S5)

*CHO + H+ + e- → *CH2O__ (S6)

*CH2O + H+ + e- → *CH3O__ (S7)

*CH3O + H+ + e- → *O + CH4__ (S8)

*O + H+ + e- → *OH__ (S9)

*OH + H+ + e- → * + H2O__ (S10)

Adsorption energies of the intermediates were calculated according to the given expressions:

__ (S11)∆Eads
COOH =  ECOOH ∗ ― E ∗ ―(ECO2

+ 1 2EH2
)

__ (S12)∆Eads
CO =  ECO ∗ ― E ∗ ―(ECO)

)   __ (S13)∆Eads
CHO =  ECHO ∗ ― E ∗ ―(ECO + 1 2EH2

)__ (S14)∆Eads
CH2O =  ECH2O ∗ ― E ∗ ―(ECO2

+ EH2

)__ (S15)∆Eads
CH3O =  ECH3O ∗ ― E ∗ ―(ECO2

+ 3 2EH2

__ (S16)∆Eads
O =  EO ∗ ― E ∗ ―(EH2O― EH2

)

__ (S17)∆Eads
OH =  EHO ∗ ― E ∗ ―(EH2O― 1 2EH2

)

* represents pristine catalyst surface, and intermediates with * superscript denotes the species 

being adsorbed on the catalyst surface.
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Figure S5

Figure S5. Free energy diagram of CO2RR on the pristine Cu (111) surface. Optimized 
structures of all the intermediates are shown in the inset.

Figure S6

Figure S6. d-band center(EdBC) of all the atoms present on the topmost surface of 
AuAgPtPdCu HEA slab with respect to the Fermi level (EF).
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Figure S7

Figure S7. Partial density of states (PDOS) of O atom of *OCH3 (red curve) adsorbate 
compared with that of (a) Cu96 (blue curve) on the Cu (111) surface and (b) Pd11 (blue curve) 
on the HEA surface. Both the metal atoms chosen are the catalytic sites on the two systems.

Figure S8

Figure S8. Partial density of states (PDOS) of O atom of *O (red curve) adsorbate compared 
with that of (a) Cu88, Cu96, and Cu108 (blue curve) on the Cu (111) surface and (b) Cu7 (blue 
curve), Cu12 (grey curve), and Pd11 (violet curve) on the HEA surface. All the metal atoms 
chosen are catalytic sites on the two systems.
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Figure S9

Figure S9. Free energy diagram of CO2RR on Cu-7 active site of the HEA surface. 
Optimized structures of all the intermediates are shown in the inset.

Figure S10

Figure S10. Free energy diagram for CO evolution on Pd-11 active site of the HEA surface. 
Optimized structures of all the intermediates are shown in the inset.
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Figure S11

Figure S11. Free energy diagram for H2 evolution on Pd-11 active site of the HEA surface. 
Optimized structures of all the intermediates are shown in the inset.



S-11

Table S1. Comparative catalytic activities of HEA with other reported nanocatalysts.

S.No Electrocatalyst Electrolyte
Applied 

potentials
Products (FE%) Total

1 Polycrystalline Cu8 0.1 M 
KHCO3

-1.05 VRHE

CH4 (24.4); C2H4 (26.0); CO 
(1.1); H2(23.0); C2H5OH 
(9.8); HCOOH (2.1)

91.2%

2 Cu mesocrystals9 0.1 M 
KHCO3

-0.99 VRHE

CH4 (1.47); C2H4 (27.2); CO 
(0.55); H2 (66.5); HCOOH 
(4.3)

100.1%

3 Cu nanoparticles10 0.1 M 
KClO4

-1.1 VRHE CH4 (1);C2H4 (36); CO (34), 72.0%

4 Cu nano particles11 0.1 M 
NaHCO3

-1.25 VRHE CH4 (80%); H2 (13%) 93.0%

5 Cu nanowires12 0.1 M 
KHCO3

-0.795 VRHE

CO (2.4); C2H4 (7.2);
C2H6 (8.6);H2 (56%); 
HCOOH (9.6); CH3CH2OH 
(10.8)

94.6%

6 Cu nanoflower13 0.1 M 
KHCO3

-1.6 VRHE
CH4 (5); C2H4 (10); H2 (29); 
HCOOH (49)

94.0%

7 Cu nano (10 nm) 14 0.1 M 
KHCO3

-1.1 VRHE
CH4 (10); C2H4 (4); CO (22); 
H2 (64)

100.0%

8 Ag nano (5 nm) 15 0.5 M 
KHCO3

-0.75 VRHE CO (79.2) 79.20%

9 Au nano (3.2 nm) 16 0.1 M 
KHCO3

-1.2 VRHE CO (20); H2 (80) 100.0%

10 Pd nano (3.7 nm)17 0.1 M 
KHCO3

-0.89 VRHE CO (91.2) 91.2%

11 AuAgCuPdPt
0.5 M 

K2SO4

-0.9 VAg/AgCl

(-0.3VRHE)
CH4 (38.2); C2H4 (29.5);CO 

(4.9);H2 (27.5)
100.1%
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