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Figure S1 

 

 

 
 

Figure S1. Comparative XRD of NiO and Ni deposited CuO catalysts (a). Rietveld refined 

observed (Yobs), calculated (Ycalc), and difference (Yobs−Ycalc) XRD patterns of Cu0.9Ni0.1O (b), 

Cu0.95Ni0.05O (c) and CuO (d); “|” represents the Bragg position. 
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Figure S2 

 

 

 

 

Figure S2. The last CV cycle with their respective calculated surface excess values of CuO (a) 

Cu0.95Ni0.05O (b) and Cu0.9Ni0.1O (c), Continuous CV responses of NiO-deposited-CuO (d) and 

Ni metal-deposited-CuO (e) coated GCE at a scan rate of 40 mV s-1 in 0.5 M NaHCO3 

electrolyte solution.  
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Figure S3 

 

 

 
 

 

Figure S3. Effect of various CV scan rates from 10 to 150 mV s-1 on Cu0.9Ni0.1O (a), 

Cu0.95Ni0.05O (b) and CuO (c) coated GCE in 0.5 M NaHCO3 electrolyte solution. Corresponding 

peak current (ip) versus square root of scan rate (v1/2) plots of Cu0.9Ni0.1O (d), Cu0.95Ni0.05O (e) 

and CuO (f) 
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Figure S4 

 

 
 

 

Figure S4. Effect of CV potential windows on Cu0.9Ni0.1O (a), Cu0.95Ni0.05O (b) and CuO (c) 

coated GCE in various ranges from -0.4 to 0.4 V, -0.6 to 0.6 V, 0 to -0.8 V and 0 to 0.8 V at a 

scan rate of 40 mV s-1 in 0.5 M NaHCO3 electrolyte solution. 
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Figure S5 

 

 

 

 

Figure S5. CV response for the electroreduction of CO2 (saturated for 30 mins) on NiO (a) and 

NiO-deposited-CuO (b) and Ni-deposited-CuO (c) coated GCE at a scan rate of 20 mV s-1 in 0.5 

M NaHCO3 electrolyte solution. 
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Figure S6 

 

 

 

 

Figure S6. Continuous CV responses of Cu0.9Ni0.1O (a, b) and CuO (c, d) coated GCE in 0.5 M 

NaHCO3 electrolyte solution (a, c) and after 1000 sec chronoamperometric experiment at -0.8 V 

in CO2 saturated 0.5 M NaHCO3 electrolyte solution (b, d) at a scan rate of 40 mV s-1. 
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Figure S7 

 

 

 

 

 

Figure S7. Comparative XRD of bare FTO (a), Cu0.9Ni0.1O coated FTO before (b) and after 1000 

sec chronoamperometric CO2 electrocatalysis (c). 
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Figure S8 

 

 

 

Figure S8. Comparative high resolution XPS Cu(2p) and Ni(2p) spectra of Cu0.9Ni0.1O after 1000 

sec chronoamperometric CO2 electrocatalysis (a) and replicate XPS spectra of as-prepared 

Cu0.9Ni0.1O catalyst (b). 
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Figure S9 

 

 

 
 

 

Figure S9. CV of CuO and Cu0.9Ni0.1O post chronoamperometry at -0.8 V for 2 hours. Behavior 

depicts the formation of metallic copper. 
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Figure S10 

 

 

 

Figure S10. DRIFT spectra recorded in IR ranges (2400 to 3200 cm-1) on passing H2 (a) and 

CO2+H2 UHP gases (b) over KBr mixed Cu0.9Ni0.1O and CuO catalysts at different temperatures 

from 300 to 500oC. 
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Figure S11 

 

 
 

Figure S11. Structures of optimized bulk CuO in a (a), b (b), and c (c) directions, respectively. 

The blue and red spheres represent Cu, and O atoms, respectively. 

 

 

 

 

 

Figure S12 

 

 

 

Figure S12. Structures of optimized (111) surface of CuO slab in a (a), b (b), and c (c) directions, 

respectively. The blue and red spheres represent Cu and O atoms, respectively. 

 

 

  



S13 
 

 

Figure S13 

 

 

 

Figure S13. Structures of optimized (111) surface of Cu0.9375Ni0.0625O slab in a (a), b (b), and c 

(c) directions, respectively. The blue, red, and grey spheres represent Cu, O, and Ni atoms, 

respectively. 

 

 

The adsorption energies of 7 intermediates involved in the CO2 electro-reduction are calculated 

according to the following expressions: 

 

𝐸𝑎𝑑𝑠
𝐷𝐹𝑇(COOH) = E(CO2*) – [E* + E(CO2) + 0.5E(H2)]                      (S1) 

 

𝐸𝑎𝑑𝑠
𝐷𝐹𝑇(CO) = E(CO*) – [E* + E(CO)]                                                 (S2) 

 

𝐸𝑎𝑑𝑠
𝐷𝐹𝑇(CHO) = E(CHO*) – [E* + E(CO) + 0.5E(H2)]                        (S3) 

 

𝐸𝑎𝑑𝑠
𝐷𝐹𝑇 (CH2O) = E(CH2O*) – [E* + E(CO) + E(H2)]                          (S4) 

 

𝐸𝑎𝑑𝑠
𝐷𝐹𝑇 (CH3O) = E(CH3O*) – [E* + E(CO) + 1.5E(H2)]                     (S5) 

 

𝐸𝑎𝑑𝑠
𝐷𝐹𝑇 (O) = E(O*) – [E* + 0.5E(O2)]                                                  (S6) 

 

𝐸𝑎𝑑𝑠
𝐷𝐹𝑇 (OH) = E(O*) – [E* + E(H2O) –0.5E(H2)]                                (S7) 
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Figure S14 

 
 

 

Figure S14. Completely optimized structures of CO2 (a), COOH (b), CO (c), CHO (d), CH2O 

(d), CH3O (e), O (shown by black arrow) (f), and OH (d) intermediates on (111) surface of CuO. 

The blue, red, brown, and light pink spheres represent Cu, O, C, and H atoms, respectively. 
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Figure S15 

 

Figure S15. Completely optimized structures of CO2 (a), COOH (b), CO (c), CHO (d), CH2O 

(d), CH3O (e), O (f), and OH (d) intermediates on (111) surface of Cu0.9375Ni0.0625O. The blue, 

red, grey, brown, and light pink spheres represent Cu, O, Ni, C, and H atoms, respectively. 
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Figure S16 

 

 
 

 

Figure S16. Free energy diagram for electroreduction of CO2 to CH4 on (111) surface of CuO. 
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Table S1.  Rietveld refined structural parameters for CuO, Cu0.95Ni0.05O and Cu0.90Ni0.10O 

compounds. 

 

Compounds CuO Cu0.95Ni0.05O Cu0.90Ni0.10O 

Crystal System Monoclinic Monoclinic Monoclinic 

Space group C 1 2/c 1  (No. 15) C 1 2/c 1  (No. 15) C 1 2/c 1  (No. 15) 

Lattice Parameters (Å)    

a 4.687(7) 4.682(8) 4.683(7) 

b 3.431(4) 3.429(5) 3.429(9) 

c 5.136(7) 5.131(9) 5.132(8) 

Cell volume (Å3) 81.52(2) 81.30(3) 81.33(4) 

 (°) 99.36(4) 99.28(7) 99.27(5) 

RFactors    

RBragg 2.52 6.22 8.05 

RF 2.55 6.82 8.01 

 

 

 

Table S2. Comparative electrocatalytic performance of the catalyst: Current values are taken 

from CVs towards for CO2 electroreduction reaction. BET surface area is used for normalization. 

 

Catalyst Current (mA) Current density (mA cm-2)  

CuO 0.10 0.063 

Cu0.95Ni0.05O 0.18 0.360 

Cu0.9Ni0.1O 0.29 0.400 

Ni/CuO 0.06 0.012 

NiO/CuO 0.13 0.026 
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Table S3. Comparative electrocatalytic performance of Cu0.90Ni0.10O catalyst with other copper 

based electrocatalysts 

 

S.No Electrocatalyst Electrolyte 
Applied 

potentials 
Products (FE%) Total 

1 Polycrystalline Cu1 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 nanoparticles2 0.1 M KClO4 -1.1 VRHE CH4 (1), C2H4 (36), CO (34) 72.0% 

3 Cu nano particles3 0.1 M NaHCO3 -1.25  VRHE CH4 (80%); H2 (13%) 
93.0% 

4 Cu nanoflower4 0.1 M KHCO3 -1.6  VRHE 
CH4 (5); C2H4 (10); H2 (29); 

HCOOH (49) 
94.0% 

5 Au3Cu5 0.1 M KHCO3 -0.73  VRHE CO (64.7), HCOOH (3.1) 67.8% 

6 CuIn6 0.1 M KHCO3 -0.6  VRHE CO (38), HCOOH (34) 72.0% 

7 Oxide derived Cu7 0.5 M NaHCO3 -0.5 VRHE CO (40), HCOOH (33) 73.0% 

8 
Oxide derived Cu 

foam8 
0.5 M NaHCO3 -1.0 VRHE 

CO (5), HCOOH (5), C2H4 

(20); C2H6 (25) 
55.0% 

9 Cu/SnO2
9 0.5 M KHCO3 -0.7 VRHE CO (93) 93.0% 

10 Cu2O10 0.5 M KHCO3 -1.82 VAg/AgCl 
CO (6), CH4 (1), C2H4 (26), 

HCOOH (8) 
41.0% 

11 Cu2O11 0.1 M KHCO3 -1.1 VRHE 
CO (3), CH4 (4), C2H4 (33), 

C2H6 (9), HCOOH (22) 
71.0% 

12 CuO nanoparticles12 0.2 M KHCO3 -1.7 VSCE 
C2H5OH (15.5), n-propanol 

(3.6) 

19.1% 

0.2 M KI C2H5OH (36.1), n-propanol 

(3) 

39.1% 

13 Cu0.9Ni0.1O 0.5 M NaHCO3 -0.8 VAg/AgCl 

(-0.2 VRHE) 

CO (<1), CH4 (29.4), C2H4 

(12.9), H2 (25.4) 

83.0% 

C2H5OH (15.3) 

RHE-reversible hydrogen electrode; SCE-standard calomel electrode; Ag/AgCl-Silver/Silver chloride electrode 
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Table S4. DFT energies (EDFT), corrections to free energy (ZPE – TS)13, and free energies of 

adsorption (G) of isolated adsorbates which are used as reference for calculating reaction free 

energies 
 

Species EDFT(eV) ZPE– TS13(eV) G (eV) 

CO2 -22.95 -0.34 -23.29 

CO -14.77 -0.53 -15.30 

H2O -14.22 -0.07 -14.29 

H2 -6.77 -0.15 -6.92 

O2 -9.86 -0.19 -10.05 

 

 

 

Table S5. DFT adsorption energies (𝐸𝑎𝑑𝑠
𝐷𝐹𝑇), corrections to free energy (ZPE – TS), and free 

energies of adsorption (G*) of intermediates on (111) surface of CuO 

 

Intermediates 𝑬𝒂𝒅𝒔
𝑫𝑭𝑻(eV) ZPE – TS(eV) G* (eV) 

*COOH 0.35 0.31 1.07 

*CO -1.85 -0.03 -1.35 

*CHO -3.35 0.38 -2.36 

*CH2O -2.34 0.46 -1.20 

*CH3O -2.82 0.92 -1.15 

*O -0.83 0.02 -0.72 

*OH -0.99 0.31 -0.69 
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Table S6. DFT adsorption energies (𝐸𝑎𝑑𝑠
𝐷𝐹𝑇), corrections to free energy (ZPE – TS), and free 

energies of intermediates (G*) on (111) surface of Cu0.9375Ni0.0625O 

 

Intermediates 𝑬𝒂𝒅𝒔
𝑫𝑭𝑻(eV)   ZPE – TS(eV)  G* (eV) 

*COOH -1.06 0.45 -0.20 

*CO -0.85 0.06 -0.26 

*CHO -3.12 0.36 -2.15 

*CH2O -2.64 0.63 -1.33 

*CH3O -2.77 0.93 -1.09 

*O -0.63 0.02 -0.52 

*OH -0.71 0.30 -0.42 
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