
S1

1 Supplementary Information

2 Bio-inspired heterogeneous Fe4S4 single-cluster catalyst for 

3 enhanced electrochemical CO2 reduction to CH4

4 Hengyue Xua, Daqin Guanc and Lan Maa,b,*

5 aInstitute of Biopharmaceutical and Health Engineering, Tsinghua Shenzhen International Graduate 

6 School, Tsinghua University, Shenzhen 518055, China.

7 bInstitute of Biomedical Health Technology and Engineering, Shenzhen Bay Laboratory, Shenzhen 

8 518055, China.

9 cDepartment of Building and Real Estate, The Hong Kong Polytechnic University, Hung Hom, 

10 Kowloon 999077, Hong Kong, China.  

11 Corresponding authors: 

12 Lan Ma, Email: malan@sz.tsinghua.edu.cn

13 ORCID iD: https://orcid.org/0000-0002-6610-5871

14

15

16

17

18

19

20

21

Electronic Supplementary Material (ESI) for Nanoscale.
This journal is © The Royal Society of Chemistry 2022

mailto:malan@sz.tsinghua.edu.cn
https://orcid.org/0000-0002-6610-5871


S2

22 Binding energy

23 The adsorption energy  for the Fe4S4 cluster onto the substrate is calculated by the 𝐸 𝑎𝑑𝑠

24 following equation: 

25
𝐸 𝑎𝑑𝑠 = 𝐸 ∗ 𝐹𝑒4𝑆4

‒ 𝐸 𝑠𝑢𝑏 ‒ 𝐸𝐹𝑒4𝑆4
##(𝑆1)

26 where  and  are the total energies of the substrate with and without the 
𝐸 ∗ 𝐹𝑒4𝑆4 𝐸 𝑠𝑢𝑏

27 adsorbed Fe4S4 cluster, respectively.  is the total energy of the isolated Fe4S4 
𝐸𝐹𝑒4𝑆4

28 cluster. In addition, for the rigor of the calculation, we considered the three most 

29 common surfaces of nickel1-5 Ni (100), Ni (111) and Ni (110). We calculated the 

30 adsorption energies of Fe4S4 cluster on Ni (100), Ni (111) and Ni (110) (Figure S1). 

31 The calculation results show that the adsorption energy of Fe4S4 cluster on these three 

32 most common surfaces of nickel is -8.05 eV on Ni (100), -7.02 eV on Ni (111) and -

33 5.72 eV on Ni (110), indicating that the Fe4S4 cluster tend to adsorb on Ni (100) to form 

34 the most stable supported catalysts.
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35

36 Figure S1. The adsorption energy of Fe4S4 cluster on Ni (100), Ni (111) and Ni 

37 (110).

38 The adsorption energy  for the CO2 molecule onto the substrate is calculated 𝐸 𝑎𝑑𝑠

39 by the following equation: 

40
𝐸 𝑎𝑑𝑠 = 𝐸 ∗ 𝐶𝑂2

‒ 𝐸 𝑠𝑢𝑏 ‒ 𝐸𝐶𝑂2
##(𝑆2)

41 where  and  are the total energies of the substrate with and without the 
𝐸 ∗ 𝐶𝑂2 𝐸 𝑠𝑢𝑏

42 adsorbed CO2 molecule, respectively.  is the total energy of the isolated CO2 
𝐸𝐶𝑂2

43 molecule. In addition, for the rigor of the calculation, we considered different CO2 

44 adsorption patterns. As shown in Figure S2a, the structural model of Figure S2a 

45 changed the molecular structure Figure S2b after geometric optimization. Further 

46 optimization transformed into Figure S2c structural model. Therefore, CO2 molecules 

47 thermodynamically preferentially form the adsorption pattern as shown in Figure S2c.

48
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49

50 Figure S2. Different CO2 adsorption patterns on Ni100-Fe4S4.

51

52 Orbital properties and chemical adsorption capability

53 In order to further explore the catalysis origins of Ni100-Fe4S4 triggered by orbital 

54 properties from a standpoint of electronic structure, we calculated the density of states 

55 and d-band centers of different orbitals for Ni100-Fe4S4, where the d-band center 

56 information can be extracted as follows:6, 7

57

𝜀𝑑 =
+ ∞

∫
‒ ∞

𝜌𝑑(𝜀)𝜀𝑑𝜀
+ ∞

∫
‒ ∞

𝜌𝑑(𝜀)𝑑𝜀#(𝑆3)

58 where  is the center position of the d band,  is the density of state of the d orbital, 𝜀𝑑 𝜌𝑑

59 and  is the energy width of the d orbital. It has been well acknowledged that the d-band 𝜀

60 center closer to the Fermi level for a catalyst is often regarded to show higher chemical 

61 adsorption capability3,4. 

62

63 Electrostatic potential 

64 The surface properties are critical in the catalysis performance, due to the chemical 

65 reactions often occur on the catalyst surface. In order to study Influence on catalyst 
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66 surface before and after CO2 adsorption, we calculated the surface electrostatic potential 

67 of the Ni100-Fe4S4 and Ni100-Fe4S4-*CO2, which can be defined as follows:8, 9

68

𝑉𝐸(𝑟) = ∑
𝐴

𝑍𝐴

|𝑅𝐴 ‒ 𝑟|
‒ ∫𝜌(𝑟')𝑑𝑟

|𝑟' ‒ 𝑟|
##(𝑆4)

69 where the  is the molecular electrostatic potential, which is an acknowledged factor 𝑉𝐸(𝑟)

70 for the analysis of intermolecular interactions.  is the charge of the A atom located at 𝑍𝐴

71  position and  represents the charge density at position.𝑅𝐴 𝜌(𝑟') 𝑟'

72

73 Work function

74 The work function can well evaluate the electron transport of materials, which can be 

75 defined as follows:10, 11

76 Φ = 𝐸𝑣𝑎𝑐 ‒ 𝐸𝐹##(𝑆5)

77 where  is the work function,  is the electrostatic potential at the vacuum level, and Φ 𝐸𝑣𝑎𝑐

78  is the electrostatic potential at the Fermi level. In general, a lower work function 𝐸𝐹

79 indicates that electrons are more likely to escape from the surface of the material and 

80 indicates their easier electron transport capability.12, 13

81

82 Charge density difference

83 The charge density difference for Ni100-Fe4S4 (∆𝜌) and Ni100-Fe4S4-*CO2 (∆𝜌*) are 

84 calculated by the following equations:14, 15

85
∆𝜌 = 𝜌𝑁𝑖100 ‒ 𝐹𝑒4𝑆4

‒ 𝜌 𝑁𝑖100 ‒ 𝜌𝐹𝑒4𝑆4
##(𝑆6)

86
∆𝜌 ∗ = 𝜌𝑁𝑖100 ‒ 𝐹𝑒4𝑆4 ‒∗ 𝐶𝑂2

‒ 𝜌𝑁𝑖100 ‒ 𝐹𝑒4𝑆4
‒ 𝜌𝐶𝑂2

##(𝑆7)
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87 Where ,  and ,  are the charge 
𝜌𝑁𝑖100 ‒ 𝐹𝑒4𝑆4

𝜌𝑁𝑖100 ‒ 𝐹𝑒4𝑆4 ‒∗ 𝐶𝑂2 𝜌 𝑁𝑖100
𝜌𝑁𝑖100 ‒ 𝐹𝑒4𝑆4

88 density of the substrate with and without the adsorbed Fe4S4 cluster/CO2 molecule, 

89 respectively. ,  are the charge density of the adsorbed cluster/molecule.
𝜌𝐹𝑒4𝑆4

𝜌𝐶𝑂2

90

91 Bader charge analysis

92 The Bader charge16 analysis for Ni100-Fe4S4-*CO2 are calculated in Table S1.

93

94 Reaction free energy change

95 The ΔG (reaction free energy change) for each elementary step is calculated according 

96 to the CHE model (computational hydrogen electrode model)17, 18 proposed by Nørskov 

97 et al. by the following equation:19-21

98 Δ𝐺 = Δ𝐸 + Δ𝐸𝑍𝐸𝑃 ‒ 𝑇Δ𝑆 + 𝑒𝑈 + Δ𝐺𝑝𝐻##(𝑆8)

99 where  is the reaction energy obtained from DFT calculations.  and  are Δ𝐸 Δ𝐸𝑍𝐸𝑃 𝑇Δ𝑆

100 the zeropoint energy and entropy contributions to the reaction free energy change , Δ𝐺

101 respectively, which are obtained from the calculations of vibrational frequency. T is the 

102 temperature, and 298.15 K is used in this system. ΔS is the entropy change. The 

103 vibrational frequencies of molecules in the gas phase are calculated in Table S3 with 

104 considering GGA correct22. Table S4 present E(DFT) (calculated with considering solvent 

105 effect), EZPE, TS (at 298.15 K) and G of the free molecules and the adsorbed species 

106 along the almost all possible main and side reaction pathways for the Ni100-Fe4S4 

107 catalyst. U and e are the the electrode potential applied and the number of electrons 

108 transferred, respectively.  is the free energy correction of pH, which is calculated Δ𝐺𝑝𝐻
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109 as follows equation:6

110 Δ𝐺𝑝𝐻 = 𝑘𝐵𝑇 × 𝑙𝑛10 × 𝑝𝐻##(𝑆9)

111 where  is the Boltzmann constant. In this study, we assume that the system in acidic 𝑘𝐵

112 medium (pH = 0). The value of limiting potential ( ) is determined by the potential 𝑈𝑙𝑖𝑚

113 determining step (PDS) with the most positive  ( ), which is calculated as Δ𝐺 Δ𝐺𝑚𝑎𝑥

114 follows equation:

115 𝑈𝑙𝑖𝑚 = Δ𝐺𝑚𝑎𝑥/𝑒##(𝑆10)

116
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Elementary steps in CO2RR, HER and H2SER

Figure S3. All considered pathways in the search process for the minimum energy.

All the hydrogenation reactions (R1~R40) considered in the search process for the 

minimum energy reaction pathways of the CO2 reduction reactions (see Figure S3) can 

be written as:

*  +  CO2(g) +  H +  +  e -  → OCHO * #(𝑅1)

*  +  CO2(g) +  H +  +  e -  → COOH * #(𝑅2)

OCHO *  +  H +  +  e -  → OCH2O * #(𝑅3)

OCHO *  +  H +  +  e -  → OCHOH * #(𝑅4)

OCH2O *  +  H +  +  e -  → OCH2OH * #(𝑅5)

OCHOH *  +  H +  +  e -  → OCH2OH * #(𝑅6)

OCHOH *  +  H +  +  e -  → CHO *  +  H2O(l)#(𝑅7)

OCH2OH *  +  H +  +  e -  → CH2O *  +  H2O(l)#(𝑅8)

OCH2OH *  +  H +  +  e -  → CH2O(g) +  *  +  H2O(l)#(𝑅9)
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OCH2OH *  +  H +  +  e -  → CH3OH(l) +  O * #(𝑅10)

COOH *  +  H +  +  e -  → CO *  +  H2O(l)#(𝑅11)

COOH *  +  H +  +  e -  → CO(g) +  *  +  H2O(l)#(𝑅12)

CO *  +  H +  +  e -  → COH * #(𝑅13)

CO *  +  H +  +  e -  → CHO * #(𝑅14)

COH *  +  H +  +  e -  → C *  +  H2O(l)#(𝑅15)

COH *  +  H +  +  e -  → CHOH * #(𝑅16)

C *  +  H +  +  e -  → CH * #(𝑅17)

CH *  +  H +  +  e -  → CH2 * #(𝑅18)

CH2 *  +  H +  +  e -  → CH3 * #(𝑅19)

CH3 *  +  H +  +  e -  → CH4 * #(𝑅20)

CH3 *  +  H +  +  e -  → CH4(g) +  * #(𝑅21)

CHO *  +  H +  +  e -  → CHOH * #(𝑅22)

CHO *  +  H +  +  e -  → CH2O * #(𝑅23)

CHO *  +  H +  +  e -  → CH2O(g) +  * #(𝑅24)

CHOH *  +  H +  +  e -  → CH *  +  H2O(l)#(𝑅25)

CHOH *  +  H +  +  e -  → CH2OH * #(𝑅26)

CH2O *  +  H +  +  e -  → CH3O * #(𝑅27)

CH2O *  +  H +  +  e -  → CH2OH * #(𝑅28)

CH3O *  +  H +  +  e -  → CH4(g) +  O * #(𝑅29)

CH3O *  +  H +  +  e -  → CH3OH * #(𝑅30)

CH3O *  +  H +  +  e -  → CH3OH(l) +  *  #(𝑅31)
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CH2OH *  +  H +  +  e -  → CH3OH * #(𝑅32)

CH2OH *  +  H +  +  e -  → CH3OH(l) +  *  #(𝑅33)

CH2OH *  +  H +  +  e -  → CH2 *  +  H2O(l)#(𝑅34)

O *  +  H +  +  e -  → OH * #(𝑅35)

OH *  +  H +  +  e -  → H2O(l) +  *  #(𝑅36)

The hydrogenation reactions (R37~R38) for HER can be written as:

*  +  H +  +  e -  → H * #(𝑅37)

H *  +  H +  +  e -  → H2(g) +  *  #(𝑅38)

Hydrogen sulfide evolution reactions (R39~R40) for H2SER can be written as:

Fe4S4 *  +  H +  +  e -  → Fe4S3SH * #(𝑅39)

Fe4S3SH *  +  H +  +  e -  → Fe4S3 *  +  H2S(g)#(𝑅40)

Therefore, when U = 0 V and pH = 0,  for each elementary step (R1-R40) can be Δ𝐺

rewritten as:

Δ𝐺𝑅1 = Δ𝐺OCHO * ‒
1
2

Δ𝐺H2 ‒ Δ𝐺 * ‒ Δ𝐺CO2(g)##(𝑅𝑆1)

Δ𝐺𝑅2 = Δ𝐺COOH * ‒
1
2

Δ𝐺H2 ‒ Δ𝐺 * ‒ Δ𝐺CO2(g)##(𝑅𝑆2)

Δ𝐺𝑅3 = Δ𝐺OCH2O * ‒
1
2

Δ𝐺H2 ‒ Δ𝐺OCHO * ##(𝑅𝑆3)

Δ𝐺𝑅4 = Δ𝐺OCHOH * ‒
1
2

Δ𝐺H2 ‒ Δ𝐺OCHO * ##(𝑅𝑆4)

Δ𝐺𝑅5 = Δ𝐺OCH2OH * ‒
1
2

Δ𝐺H2 ‒ Δ𝐺OCH2O * ##(𝑅𝑆5)

Δ𝐺𝑅6 = Δ𝐺OCH2OH * ‒
1
2

Δ𝐺H2 ‒ Δ𝐺OCHOH * ##(𝑅𝑆6)
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Δ𝐺𝑅7 = Δ𝐺CHO * + Δ𝐺H2O(l) ‒
1
2

Δ𝐺H2 ‒ Δ𝐺OCHOH * ##(𝑅𝑆7)

Δ𝐺𝑅8 = Δ𝐺CH2O * + Δ𝐺H2O(l) ‒
1
2

Δ𝐺H2 ‒ Δ𝐺OCH2OH * ##(𝑅𝑆8)

Δ𝐺𝑅9 = Δ𝐺CH2O(g) + Δ𝐺 * + Δ𝐺H2O(l) ‒
1
2

Δ𝐺H2 ‒ Δ𝐺OCH2OH * ##(𝑅𝑆9)

Δ𝐺𝑅10 = Δ𝐺CH3OH(l) + Δ𝐺O * ‒
1
2

Δ𝐺H2 ‒ Δ𝐺OCH2OH * ##(𝑅𝑆10)

Δ𝐺𝑅11 = Δ𝐺CO * + Δ𝐺H2O(l) ‒
1
2

Δ𝐺H2 ‒ Δ𝐺COOH * ##(𝑅𝑆11)

Δ𝐺𝑅12 = Δ𝐺CO(g) + Δ𝐺 * + Δ𝐺H2O(l) ‒
1
2

Δ𝐺H2 ‒ Δ𝐺COOH * ##(𝑅𝑆12)

Δ𝐺𝑅13 = Δ𝐺COH * ‒
1
2

Δ𝐺H2 ‒ Δ𝐺CO * ##(𝑅𝑆13)

Δ𝐺𝑅14 = Δ𝐺CHO * ‒
1
2

Δ𝐺H2 ‒ Δ𝐺CO * ##(𝑅𝑆14)

Δ𝐺𝑅15 = Δ𝐺C * + Δ𝐺H2O(l) ‒
1
2

Δ𝐺H2 ‒ Δ𝐺COH * ##(𝑅𝑆15)

Δ𝐺𝑅16 = Δ𝐺CHOH * ‒
1
2

Δ𝐺H2 ‒ Δ𝐺COH * ##(𝑅𝑆16)

Δ𝐺𝑅17 = Δ𝐺CH * ‒
1
2

Δ𝐺H2 ‒ Δ𝐺C * ##(𝑅𝑆17)

Δ𝐺𝑅18 = Δ𝐺CH2 * ‒
1
2

Δ𝐺H2 ‒ Δ𝐺CH * ##(𝑅𝑆18)

Δ𝐺𝑅19 = Δ𝐺CH3 * ‒
1
2

Δ𝐺H2 ‒ Δ𝐺CH2 * ##(𝑅𝑆19)

Δ𝐺𝑅20 = Δ𝐺CH4 * ‒
1
2

Δ𝐺H2 ‒ Δ𝐺CH3 * ##(𝑅𝑆20)

Δ𝐺𝑅21 = Δ𝐺CH4(g) + Δ𝐺 * ‒
1
2

Δ𝐺H2 ‒ Δ𝐺CH3 * ##(𝑅𝑆21)
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Δ𝐺𝑅22 = Δ𝐺CHOH * ‒
1
2

Δ𝐺H2 ‒ Δ𝐺CHO * ##(𝑅𝑆22)

Δ𝐺𝑅23 = Δ𝐺CH2O * ‒
1
2

Δ𝐺H2 ‒ Δ𝐺CHO * ##(𝑅𝑆23)

Δ𝐺𝑅24 = Δ𝐺CH2O(g) + Δ𝐺 * ‒
1
2

Δ𝐺H2 ‒ Δ𝐺CHO * ##(𝑅𝑆24)

Δ𝐺𝑅25 = Δ𝐺CH * + Δ𝐺H2O(l) ‒
1
2

Δ𝐺H2 ‒ Δ𝐺CHOH * ##(𝑅𝑆25)

Δ𝐺𝑅26 = Δ𝐺CH2OH * ‒
1
2

Δ𝐺H2 ‒ Δ𝐺CHOH * ##(𝑅𝑆26)

Δ𝐺𝑅27 = Δ𝐺CH3O * ‒
1
2

Δ𝐺H2 ‒ Δ𝐺CH2O * ##(𝑅𝑆27)

Δ𝐺𝑅28 = Δ𝐺CH2OH * ‒
1
2

Δ𝐺H2 ‒ Δ𝐺CH2O * ##(𝑅𝑆28)

Δ𝐺𝑅29 = Δ𝐺CH4(g) + Δ𝐺O * ‒
1
2

Δ𝐺H2 ‒ Δ𝐺CH3O * ##(𝑅𝑆29)

Δ𝐺𝑅30 = Δ𝐺CH3OH * ‒
1
2

Δ𝐺H2 ‒ Δ𝐺CH3O * ##(𝑅𝑆30)

Δ𝐺𝑅31 = Δ𝐺CH3OH(l) + Δ𝐺 * ‒
1
2

Δ𝐺H2 ‒ Δ𝐺CH3O * ##(𝑅𝑆31)

Δ𝐺𝑅32 = Δ𝐺CH3OH * ‒
1
2

Δ𝐺H2 ‒ Δ𝐺CH2OH * ##(𝑅𝑆32)

Δ𝐺𝑅33 = Δ𝐺CH3OH(l) + Δ𝐺 * ‒
1
2

Δ𝐺H2 ‒ Δ𝐺CH2OH * ##(𝑅𝑆33)

Δ𝐺𝑅34 = Δ𝐺CH2 * + Δ𝐺H2O(l) ‒
1
2

Δ𝐺H2 ‒ Δ𝐺CH2OH * ##(𝑅𝑆34)

Δ𝐺𝑅35 = Δ𝐺OH * ‒
1
2

Δ𝐺H2 ‒ Δ𝐺O * ##(𝑅𝑆35)

Δ𝐺𝑅36 = Δ𝐺H2O(l) + Δ𝐺 * ‒
1
2

Δ𝐺H2 ‒ Δ𝐺OH * ##(𝑅𝑆36)
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Δ𝐺𝑅37 = Δ𝐺H * ‒
1
2

Δ𝐺H2 ‒ Δ𝐺 * ##(𝑅𝑆37)

Δ𝐺𝑅38 = Δ𝐺H2(g) + Δ𝐺 * ‒
1
2

Δ𝐺H2 ‒ Δ𝐺 * ##(𝑅𝑆38)

Δ𝐺𝑅39 = Δ𝐺Fe4S3SH * ‒
1
2

Δ𝐺H2 ‒ Δ𝐺Fe4S4 * ##(𝑅𝑆39)

Δ𝐺𝑅40 = Δ𝐺Fe4S3 * + Δ𝐺H2S(g) ‒
1
2

Δ𝐺H2 ‒ Δ𝐺Fe4S3SH * ##(𝑅𝑆40)

Geometric details in all considered CO2RR pathways

The geometry structures in all considered CO2RR pathways are showed in Fig S3. The 

considered possible side reactions are showed in Fig S4. 
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Figure S4. Geometric details in all considered CO2RR pathways.
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Figure S5. Geometric details in considered possible side reactions.

Table S1 Schematic diagram of the Bader charge analysis for Ni100-Fe4S4-*CO2.

Element X Y Z Bader charge
1 C 9.957 5.602 11.721 2.205007
2 O 9.285 5.892 12.787 -1.761347
3 O 10.988 4.721 11.812 -1.620229
4 S 5.233 7.156 11.654 -0.950697
5 S 3.075 5.325 14.21 -0.956829
6 S 5.198 3.289 11.638 -0.935287
7 S 6.784 5.06 14.509 -0.969068
8 Fe 4.903 4.025 13.739 0.915205
9 Fe 7.367 5.438 12.282 1.005192
10 Fe 5.086 6.371 13.759 0.894831
11 Fe 3.379 5.226 11.99 0.745751
12 Ni 0 0 6.739 0.130232
13 Ni 13.905 10.418 10.254 -0.037866
14 Ni 1.739 1.739 6.739 0.038407
15 Ni 1.726 1.722 10.243 -0.040476
16 Ni 0 1.739 5 -0.046871
17 Ni 0.001 1.736 8.507 0.060786
18 Ni 1.739 0 5 -0.055866
19 Ni 1.729 10.429 8.501 0.053899
20 Ni 3.478 0 6.739 0.131261
21 Ni 3.429 0.001 10.238 -0.044892
22 Ni 5.216 1.739 6.739 0.064513
23 Ni 5.222 1.615 10.305 0.135841
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24 Ni 3.478 1.739 5 -0.062992
25 Ni 3.48 1.732 8.505 0.005502
26 Ni 5.216 0 5 -0.162944
27 Ni 5.22 0.002 8.502 -0.002634
28 Ni 6.955 0 6.739 0.137204
29 Ni 7.015 0.001 10.24 -0.01434
30 Ni 8.694 1.739 6.739 0.042819
31 Ni 8.698 1.734 10.248 -0.065877
32 Ni 6.955 1.739 5 -0.071608
33 Ni 6.955 1.745 8.519 0.036928
34 Ni 8.694 0 5 0.01099
35 Ni 8.71 0.003 8.503 0.058206
36 Ni 10.433 0 6.739 0.139561
37 Ni 10.44 0.001 10.254 -0.054062
38 Ni 12.171 1.739 6.739 0.077094
39 Ni 12.196 1.719 10.244 -0.033656
40 Ni 10.433 1.739 5 -0.115443
41 Ni 10.438 1.763 8.532 0.008241
42 Ni 12.171 0 5 -0.075836
43 Ni 12.166 10.427 8.512 0.07122
44 Ni 0 3.478 6.739 0.109293
45 Ni 0.032 3.465 10.244 -0.00927
46 Ni 1.739 5.216 6.739 0.080059
47 Ni 1.729 5.22 10.267 -0.072016
48 Ni 0 5.216 5 -0.155052
49 Ni 13.889 5.218 8.52 -0.009824
50 Ni 1.739 3.478 5 0.002789
51 Ni 1.749 3.481 8.513 -0.013389
52 Ni 3.478 3.478 6.739 0.041597
53 Ni 3.434 3.438 10.305 0.083448
54 Ni 5.216 5.216 6.739 0.0651
55 Ni 5.242 5.216 10.326 0.126554
56 Ni 3.478 5.216 5 -0.145545
57 Ni 3.484 5.217 8.519 0.028398
58 Ni 5.216 3.478 5 -0.115078
59 Ni 5.223 3.478 8.497 0.100682
60 Ni 6.955 3.478 6.739 0.00125
61 Ni 7.011 3.487 10.388 0.071652
62 Ni 8.694 5.216 6.739 0.07646
63 Ni 8.702 5.218 10.221 0.026905
64 Ni 6.955 5.216 5 -0.045407
65 Ni 6.949 5.211 8.505 0.021651
66 Ni 8.694 3.478 5 -0.009463



S17

67 Ni 8.683 3.475 8.518 -0.01693
68 Ni 10.433 3.478 6.739 0.074054
69 Ni 10.431 3.433 10.339 0.235229
70 Ni 12.171 5.216 6.739 0.06266
71 Ni 12.238 5.235 10.342 0.250798
72 Ni 10.433 5.216 5 -0.116771
73 Ni 10.449 5.209 8.497 0.053081
74 Ni 12.171 3.478 5 -0.11328
75 Ni 12.177 3.481 8.526 0.027265
76 Ni 0 6.955 6.739 0.110035
77 Ni 0.019 6.968 10.249 -0.062765
78 Ni 1.739 8.694 6.739 0.038694
79 Ni 1.732 8.7 10.246 -0.043766
80 Ni 0 8.694 5 0.00242
81 Ni 13.905 8.69 8.511 0.034635
82 Ni 1.739 6.955 5 -0.029478
83 Ni 1.749 6.953 8.517 -0.004564
84 Ni 3.478 6.955 6.739 0.068824
85 Ni 3.452 6.994 10.305 0.079008
86 Ni 5.216 8.694 6.739 0.033721
87 Ni 5.222 8.822 10.303 0.130827
88 Ni 3.478 8.694 5 -0.07615
89 Ni 3.481 8.701 8.504 0.004754
90 Ni 5.216 6.955 5 -0.117854
91 Ni 5.221 6.955 8.492 0.046326
92 Ni 6.955 6.955 6.739 0.002149
93 Ni 6.993 6.975 10.322 0.065644
94 Ni 8.694 8.694 6.739 0.037869
95 Ni 8.709 8.7 10.244 -0.035629
96 Ni 6.955 8.694 5 -0.070451
97 Ni 6.954 8.699 8.509 0.027246
98 Ni 8.694 6.955 5 0.014765
99 Ni 8.682 6.96 8.505 0.001446
100 Ni 10.433 6.955 6.739 0.073779
101 Ni 10.401 6.937 10.311 0.125944
102 Ni 12.171 8.694 6.739 0.072245
103 Ni 12.158 8.68 10.253 -0.06149
104 Ni 10.433 8.694 5 -0.116041
105 Ni 10.434 8.683 8.516 0.02795
106 Ni 12.171 6.955 5 -0.062878
107 Ni 12.168 6.95 8.521 0.075423
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Table S2 Theoretical Limiting Potentials ( , V vs. RHE) and Experimental Onset 𝑈𝑙𝑖𝑚

Potentials ( , V vs. RHE) of Various CO2RR Catalysts for electrochemical CO2 𝑈𝑜𝑛𝑠𝑒𝑡

reduction to CH4.

Theory 𝑈𝑙𝑖𝑚 Ref. Experiments 𝑈𝑜𝑛𝑠𝑒𝑡 Ref.

Ni100-Fe4S4 –0.13 This work Cu(I)-based NNU-33 −0.50 (2021)23

Os–N4–C SACs –0.41 (2022)24 Graphene quantum dots −0.48 (2017)25

Rh@P↑-In2Se3 −0.26 (2021)6 Bimetallic Cu−Pd −0.40 (2016)26

Co@Cu −0.87 (2019)27 Ni5Ga3 −0.50 (2016)28

Mo2C (100) −0.56 (2016)29 Mo2C −0.55 (2016)29

LiFeAs −0.55 (2016)30 Cu2O-derived Cu −0.65 (2014)31

WC (0001) −1.00 (2015)32 Cu foil −0.75 (2012)33
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117 Table S3 Total energy (E(DFT)), Zero-pint energy correction (EZPE), entropy contribution (TS, T=298.15 K), Thermal 

118 correction to U(T), Thermal correction to H(T), Entropy S, Thermal correction to G(T), GGA correct, and the Gibbs free energy 

119 (G) of molecules.

P /bar T /K E(DFT) /eV EZPE /eV TS /eV U(T) /eV H(T) /eV S eV/K GT /eV GGA /eV G /eV

CH2O 1 298.15 -21.848498 0.696103 0.676149 0.774352 0.800044 0.002268 0.123894 0.1 -21.6246

CH3OH 0.017 298.15 -30.007051 1.352811 0.843485 1.444626 1.470318 0.002478 0.626833 0 -29.38022

CH4 1 298.15 -24.062115 1.181772 0.57582 1.260042 1.285734 0.001931 0.709914 0 -23.3522

CO 1 298.15 -14.422715 0.130368 0.61089 0.194608 0.2203 0.002049 -0.390591 0.1 -14.71331

CO2 1 298.15 -22.281004 0.303653 0.662841 0.376113 0.401805 0.002223 -0.261036 0.2 -22.34204

H2 1 298.15 -6.9889204 0.270267 0.402182 0.334497 0.360188 0.001349 -0.041993 0 -7.030913

H2O 0.035 298.15 -14.148595 0.567182 0.670673 0.644347 0.670039 0.001961 -0.000634 0 -14.14923

H2S 1 298.15 -11.243708 0.404405 0.187439 0.478913 0.478913 0.000629 0.291474 0 -10.95223

120

121
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122 Table S4 Zero-pint energy correction (EZPE), entropy contribution (TS, T=298.15 K), 

123 total energy (E(DFT)), and the Gibbs free energy (G) of molecules and adsorbates along 

124 the reaction pathway on Ni100-Fe4S4, where * represents the adsorption site.

E(DFT) /eV EZPE /eV TS /eV G /eV

Ni100-Fe4S4 -531.2418589 0 0 -531.241859

Ni100-Fe4S4-*CO2 -554.0869436 0.28196 0.152794 -553.957778

Ni100- Fe4S4-*COOH -557.83592 0.604326 0.150747 -557.382341

Ni100- Fe4S4-*OCHO -557.78531 0.620231 0.183812 -557.348891

Ni100- Fe4S4-*OCH2O -561.414249 0.933775 0.142283 -560.6228

Ni100- Fe4S4-*OCHOH -561.30432 0.930738 0.183587 -560.557169

Ni100- Fe4S4-*OCH2OH -565.21582 1.234317 0.192827 -564.17433

Ni100- Fe4S4-*CO -547.06465 0.175395 0.110282 -546.999537

Ni100- Fe4S4-*COH -550.24517 0.480576 0.119301 -549.883895

Ni100- Fe4S4-*CHO -550.73843 0.461147 0.105057 -550.38234

Ni100- Fe4S4-*C -539.9700911 0.087461 0.030558 -539.913188

Ni100- Fe4S4-*CH -542.9182097 0.347095 0.084878 -542.655993

Ni100- Fe4S4-*CH2 -547.374572 0.638045 0.034211 -546.770738

Ni100- Fe4S4-*CH3 -551.1642125 0.901583 0.110837 -550.373467

Ni100- Fe4S4-*CH4 -555.5431035 1.204381 0.208394 -554.5471

Ni100- Fe4S4-*CHOH -553.9445131 0.781616 0.134173 -553.29707

Ni100- Fe4S4-*CH2O -554.36187 0.715889 0.141246 -553.787227

Ni100- Fe4S4-*CH2OH -557.6455409 1.048206 0.095517 -556.692852

Ni100- Fe4S4-*CH3O -558.1354279 1.094161 0.180811 -557.222078

Ni100- Fe4S4-*CH3OH -561.8956823 1.41473 0.188581 -560.669533

Ni100- Fe4S4-*O -537.8752535 0.083164 0.035992 -537.828081

Ni100- Fe4S4-*OH -542.1744387 0.358436 0.082675 -541.898678

Ni100- Fe4S4-*H (S) -534.19866 0.190534 0.031308 -534.039434

Ni100- Fe4S4-*H (Fe) -534.11191 0.164842 0.023719 -533.970787
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Ni100- Fe4S4-*H (Fe-Ni) -535.04014 0.159223 0.027 -534.907917

Ni100- Fe4S4-*H(Ni) -534.66971 0.112549 0.049543 -534.606704

Ni100-Fe4S3-*SH -534.19866 0.228944 0.122264 -534.09198

Ni100-Fe4S3 -524.7112329 0 0 -524.7112329

125 Data availability 

126 All relevant data are available from the corresponding authors on request.
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