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DFT calculations: The DFT calculations were performed via Vienna ab initio simulation package 
(VASP)[1,2]. The ion-electron interaction was described with the projector-augmented plane-wave 
(PAW) method[3]. Exchange-correlation energy was expressed by Perdew-Burke-Ernzerhof (PBE) 
functional with the generalized gradient approximation (GGA)[4]. The 1,10-phenanthroline-Cu13/C60 
hetero-structured catalyst was modelled by constructing a cluster with 13 copper atoms connecting 
the1,10-phenanthroline on the C60 support. While the Cu13/C60 catalyst was built by constructing a 
cluster with 13 copper atoms on the C60 support. The 1,10-phenanthroline-Cu13/graphene sample 
was constructed by loading a cluster with 13 copper atoms connecting the 1,10-phenanthroline on 
the graphene support. To avoid the interlayer interaction, the vacuum layer of the samples was set 
to 15 Å. For geometry optimization, the cut-off energy was set to be 520 eV, and the Brillouin zone 
was sampled with the Gamma point. The systems were relaxed until the energy and force reached 
the convergence threshold of 10-5 eV and 0.02 eV/Å, respectively. We describe the van der Waals 
(vdW) interactions by utilizing the DFT-D3 method[5]. 

For the barriers of H2O dissociation to H and OH intermediates on p-Cu13/C60 and p-Cu13/Graphene, 
we did free energy calculation for each point along the NEB[6] reaction path using VASP, so that the 
geometry of the transition state could change adiabatically as a function of applied potential. The 
VTST package[7] with climbing image nudged elastic band (CI-NEB)[8] was used to obtain the reaction 
pathway and transition states.

Gibbs free energies for each gaseous and adsorbed species were calculated at 298.15 K, according to 
the expression:

    (1)G =  EDFT +  EZPE -  TS

where EDFT is the electronic energy calculated with VASP, EZPE is the zero-point energy, and TS is the 
entropy contribution. Standard ideal gas methods were employed to compute EZPE and TS from 
temperature, pressure, and the calculated vibrational energies. For adsorbates, all 3N degrees of 
freedom were treated as frustrated harmonic vibrations with negligible contributions from the 
catalysts’ surfaces. In the computational hydrogen electrode (CHE) model[9], each reaction step was 
treated as a simultaneous transfer of the proton-electron pair as a function of the applied potential. 
Thus, free energy changes relative to an initial state of gaseous CO2 free above an empty surface can 
be represented by:

ΔG∗COOH = G∗COOH − G∗ − GCO2 − G(H
+

 + e
−

)                        (2)

ΔG∗CO = G∗CO + GH2O − G∗ − GCO2 – 2 × G(H
+

 + e
−

)                   (3)

ΔG∗CHO = G∗CHO + GH2O − G∗ − GCO2 – 3 × G(H
+

 + e
−

)                 (4)

ΔG∗CH2O = G∗CHO + GH2O − G∗ − GCO2 – 4 × G(H
+

 + e
−

)                 (5)

ΔG∗CH3O = G∗CH3O + GH2O − G∗ − GCO2 – 5 × G(H
+

 + e
−

)                (6)



3

ΔG∗O = GO∗ + GCH4 + GH2O − G∗ − GCO2 – 6 ×G(H
+

 + e
−

)                (7)

ΔG∗OH = G∗OH + GCH4 + GH2O − G∗ − GCO2 – 7 × G(H
+

 + e
−

)             (8)

ΔG(∗ + CH4 + 2H2O) = GCH4 + 2 × GH2O − GCO2 – 8 × G(H
+

 + e
−

)             (9)

G(H
+

 + e
−

) = 1/2 GH2 − eU                                       (10)

where * is the surface of the catalysts, U is the applied overpotential, and e is the elementary charge. 
In this study, U = 0 V vs. RHE.
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Fig. S1. (a) FTIR spectra of 1,10-phenanthroline and Cu-1,10-phenanthroline complex. (b) Cu 2p XPS 

spectrum of Cu-1,10-phenanthroline complex.
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Fig. S2. TEM image of C60.
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Fig. S3. Particle size distribution of copper clusters in p-Cu/C60.
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Fig. S4. (a) TEM image of p-Cu/CB. (b) Particle size distribution of copper clusters in p-Cu/CB.
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Fig. S5. (a) TEM image of Cu/C60. (b) Particle size distribution of copper clusters in Cu/C60.
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Fig. S6. PXRD spectra of p-Cu/C60, p-Cu/CB and Cu/C60.
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Fig. S7. Raman spectra of p-Cu/C60 and C60.
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Fig. S8. XPS full survey spectra of p-Cu/C60 (a), p-Cu/CB (b) and Cu/C60 (c).
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Fig. S9. Wavelet Transform results of p-Cu/C60 and Cu foil.
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Fig. S10. EXAFS fitting result of p-Cu/C60 at k space.
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Fig. S11. Schematic of a gas-diffusion flow cell.
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Fig. S12. LSV curves of p-Cu/C60 under Ar and CO2.
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Fig. S13. GC profiles during CO2 reduction electrolysis at 250 mA cm-2 using p-Cu/C60.
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Fig. S14. (a) 1H NMR spectrum after CO2 reduction electrolysis at 350 mA cm-2 using p-Cu/C60. (b) 
Faradaic efficiency of the liquid products.
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Fig. S15. The ratio of CH4 Faradaic efficiency to C2+ Faradaic efficiency on p-Cu/C60, p-Cu/CB and 
Cu/C60 at 350 mA cm-2.



19

Fig. S16. Tafel plots of p-Cu/C60, p-Cu/CB and Cu/C60.
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Fig. S17. (a) LSV curves of p-Cu/G and p-Cu/CNT. (b, c) Faradaic efficiency of p-Cu/G (b) and p-Cu/CNT 
(c).
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Fig. S18. Aberration-corrected HAADF-STEM image of p-Cu/C60 after stability test.
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Fig. S19. Raman spectra of p-Cu/C60 before and after stability test.
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Fig. S20. (a) N 1s and (b) Cu 2p XPS spectra of p-Cu/C60 before and after stability test.
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Fig. S21. (a) LSV curve (b) Faradaic efficiency of p-Cu/C60 in acidic electrolyte (0.05M H₂SO₄ + 1M KCl).
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Fig. S22. (a) LSV curve (b) H2 Faradaic efficiency of C60.
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Fig. S23. (a) LSV curves of the catalysts with different precursor ratios. (b-d) Faradaic efficiency of p-
Cu/C60-1:1 (b), p-Cu/C60-1:2.5 (c) and p-Cu/C60-1:10 (d).
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Fig. S24. Schematic of in situ ATR-IR experiments.
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Fig. S25. The water consumption calculated from water peak area in the in situ ATR-IR spectra of p-
Cu/C60 and p-Cu/CB.
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Fig. S26. Theoretical calculation structure models of 1,10-phenanthroline-Cu13/C60 (a), 1,10-
phenanthroline-Cu13/graphene (b) and Cu13/C60 (c).
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Fig. S27. Side views of the charge density difference between the Cu13 cluster and the 
C60/graphene/1,10-phenanthroline on Cu13/C60 (a), 1,10-phenanthroline-Cu13/C60 (b), and 1,10-
phenanthroline-Cu13/graphene (c). The isosurface level is set to 0.005 e/Å3. Yellow and blue areas 
represent the accumulation and depletion of electron, respectively.
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Fig. S28. The calculated Bader charge on the Cu active site of Cu13/C60 (a), and 1,10-phenanthroline-
Cu13/C60 (b).
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Fig. S29. The calculated partial density of states of the Cu d states for 1,10-phenanthroline-Cu13/C60 
and Cu13/C60. The blue lines refer to the d band centers of Cu atoms. The Fermi-level energy was set 
to zero.
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Tab. S1. Structural parameters of EXAFS fitting for p-Cu/C60.

a: bond distance; b: coordination number; c: Debye-waller factors; d: the inner potential correction. 
The data ranges are presented as 2.7 ≤ k ≤ 11 Å-1, 1 ≤ R ≤ 2.8 Å. Error bounds that characterize the 
structural parameters obtained by EXAFS spectroscopy were estimated as CN ± 20%: σ2 ± 20%: R ± 
0.03 Å
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Tab. S2. Summary of some recently reported CO2-to-CH4 conversion electrocatalysts.


