
S1

Electronic Supplementary Information

Theoretical and Experimental Exploration on NiM(111) (M = Fe, Co, Cu, 

Zn) Bimetallic Catalysts for Water-Gas Shift Reaction

Pan Yin,a Hao Meng,a Lei Wang,a Yingjie Lai,a Yao Jie,a Jun Yu,a Wei Liu,a Xiaojie Zhao,a 

Tianyao Shen,a Xin Zhang,a Jingbin Han,a Yusen Yang,*a Hong Yan,*a and Min Weia

a State Key Laboratory of Chemical Resource Engineering, College of Chemistry, Beijing University 

of Chemical Technology, Beijing 100029, China

* Corresponding Authors:

yangyusen@mail.buct.edu.cn (Yusen Yang); yanhong@mail.buct.edu.cn (Hong Yan).

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

mailto:yanhong@mail.buct.edu.cn


S2

CONTENTS

Title Page

1. Computational models (Fig. S1-S4, Table S1-S8) S3

2. Reaction paths and mechanisms (Fig. S5) S8

3. Theoretical methods S10

4. Adsorption site test (Table S9, Fig. S6-S10) S13

5. The size and the average charge of adsorption sites (Table S10, Fig. S11-S13) S18

6. Adsorption of H2O and CO on Fe(110), Co(111), Cu(111) and Zn(001) surfaces 

(Fig. S14-S15, Table S11)
S21

7. WGSR elementary reaction step on NiCo(111) and NiCu(111) surfaces (Fig. 

S16-S17, Table S12)
S24

8. Microkinetic modeling analysis of WGS reaction (Table S13-S22, Fig. S18) S27

9. Experimental details (Fig. S19-S20) S37

10. References S39



S3

1. Computational models

In this work, before constructing the surface model, the lattice parameters of bulk Ni, bulk M (M 

= Fe, Co, Cu, Zn) and NiM bimetallic are calculated. Ni catalyst is constructed according to XRD data 

(XRD standard cards: Ni-PDF#04-0850, face-centered cubic (fcc), lattice parameters a = b = c = 3.52 

Å, α = β = γ = 90°). Fe catalyst is constructed according to XRD data (XRD standard cards: Fe-

PDF#34-0529, triclinic, lattice parameters a = b = c = 2.83 Å, α = β = γ = 90°). Co catalyst is 

constructed according to XRD data (XRD standard cards: Co-PDF#15-0806, fcc, lattice parameters a 

= b = c = 3.53 Å, α = β = γ = 90°). Cu catalyst is constructed according to XRD data (XRD standard 

cards: Cu-PDF#04-0836, fcc, lattice parameters a = b = c = 3.64 Å, α = β = γ = 90°). Zn catalyst is 

constructed according to XRD data (XRD standard cards: Zn-PDF#04-0831, triclinic, lattice 

parameters a = b = 4.03 Å, c = 5.19 Å, α = β = 90°, γ = 120°). NiM bimetallic catalysts are optimized 

by adding the second metal element (Fe, Co, Cu and Zn) in equal proportions to replace Ni atoms of 

Ni cell.S1,S2 The calculated lattice parameters of the NiM alloy are (1) NiFe: fcc, a = b = 3.57 Å, c = 

3.58 Å, α = β = γ = 90°; (2) NiCo: fcc, a = b = 3.48 Å, c = 3.60 Å, α = β = γ = 90°; (3) NiCu: fcc, a = 

b = 3.56 Å, c = 3.57 Å, α = β = γ = 90°; (4) NiZn: fcc, a = b = 3.88 Å, c = 3.22 Å, α = β = γ = 90°; 

respectively (Fig. S1). The Ni(111) and NiM(111) are cleaved from the optimized bulk Ni and NiM 

alloy (Fig. 1). For pure metal M surfaces, the most optimally exposed crystal surfaces are used for 

calculations (Fig. S2) Fe(110), Co(111), Cu(111), and Zn(001) surfaces are selected as reaction 

surface, since they have been reported to be favorable to expose.S3-S7 The surfaces are represented as 

p(2×2) supercell with three-layer slabs, separated by 15 Å of vacuum.
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Fig. S1. Structure details of bulk Ni, bulk Fe，bulk Co，bulk Cu，bulk Zn，bulk NiFe, bulk NiCo, 

bulk NiCu and bulk NiZn.

Fig. S2. The top view of the optimized structures of (a) Fe (110), (b) Co(111), (c) Cu(111) and (d) 

Zn(001) surfaces.

Table S1. Catalysts and their calculated properties
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Catalyst Atomic radius/ Å ΔR ΔEb/eV

Ni Ni: R0=1.49 0 

NiFe Fe: R1=1.56 0.047 19.99

NiCo Co: R2=1.52 0.020 21.47

NiCu Cu: R3=1.45 0.027 19.14

NiZn Zn: R4=1.42 0.047 4.83

In order to test the supercell size of the calculation models, the models of Ni(111): (1) supercell 

2×2; (2) supercell 3×3; (3) supercell 4×4, with H2O and CO absorbed, are optimized. The optimized 

structures are shown in Fig. S3. As shown, the adsorption energies of H2O or CO on three different 

supercells are close to each other. Thus, in order to make rational use of computing resources, the 

models with 2×2 supercell are employed in this work.

Fig. S3. The adsorption energies (Eads) of H2O and CO on 2×2, 3×3, 4×4 supercell of Ni(111) surfaces, 

respectively.

Table S2. A summary of the adsorption energy (Eads, in eV) of related species (H2O, H) for the WGS 

reaction on Ni(111) surface reported in the literature (Eads(H)=Etotal(H)− (Eslab + Eg(H atom))) 

Ni(111)-

Supercell
Method Eads(H2O) Eads(H) Reference

p(2×2) 

unit cell
GGA-PBE 0.40 2.87 In this work

p(2×2) GGA-PW91 −0.17 −2.83 Science 2014, 344, 504



S6

unit cell

p(2×2) 

unit cell
GGA-PBE −0.47 −2.77

J. Phys. Chem. C 2012, 

116, 20281

p(2×2) 

unit cell
GGA-PBE −0.19 −2.65 Surf. Sci. 2016, 644, 53

p(3×3) 

unit cell
GGA-PBE −0.27 −2.80

ChemCatChem 2015, 7, 

3928

p(3×3) 

unit cell
GGA-RPBE  −2.64

Appl. Catal. B-Environ. 

2020, 264, 118430

p(3×3) 

unit cell
GGA-PBE −0.16 −2.78

ChemPhysChem 2014, 15, 

2490

Table S3. Energies (E, in eV) of H species in the gas phase

Species Energy/eV

1/2H2(g) −3.38

H atom −1.11

Fig. S4 and Tables S4-S8 show the valence electrons of surface per atom on the Ni(111) and 

NiM(111) systems. The average valence electrons of Ni on the Ni(111), NiFe(111), NiCo(111), 

NiCu(111) and NiZn(111) surfaces are 10.00, 10.22, 10.10, 10.08 and 10.20, respectively.

Fig. S4 Top view of the Ni(111) and NiM (111) surfaces models.

Table S4. Electron number of the outermost Ni atoms based on Bard charge analysis on the Ni(111) 

surface  

Atom Electron number Atom Electron number Average

Ni1 10.01 Ni9 10.03

Ni2 10.02 Ni10 10.02
10.00
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Ni3 10.01 Ni11 10.02

Ni4 10.03 Ni12 10.01

Ni5 10.01 Ni13 9.97

Ni6 9.98 Ni14 10.03

Ni7 10.01 Ni15 9.98

Ni8 9.99 Ni16 10.01

Table S5. Electron number of the outermost Ni and Fe atoms based on Bard charge analysis on the 

NiFe(111) surface

Atom Electron number Averag

e 

Atom Electron number Averag

e

Ni1 10.22 Fe1 7.82

Ni2 10.22 Fe2 7.82

Ni3 10.22 Fe3 7.82

Ni4 10.22 Fe4 7.81

Ni5 10.23 Fe5 7.82

Ni6 10.22 Fe6 7.81

Ni7 10.22 Fe7 7.82

Ni8 10.21

10.22

Fe8 7.82

7.82

Table S6. Electron number of the outermost Ni and Co atoms based on Bard charge analysis on the 

NiCo(111) surface

Atom Electron number Averag

e 

Atom Electron number Averag

e

Ni1 10.09 Co1 8.95

Ni2 10.11 Co2 8.96

Ni3 10.10 Co3 8.95

Ni4 10.09 Co4 8.94

Ni5 10.11 Co5 8.95

Ni6 10.09 Co6 8.94

Ni7 10.11 Co7 8.95

Ni8 10.10

10.10

Co8 8.96

8.95
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Table S7. Electron number of the outermost Ni and Cu atoms based on Bard charge analysis on the 

NiCu(111) surface

Atom Electron number Averag

e 

Atom Electron number Averag

e

Ni1 10.07 Cu1 10.96

Ni2 10.08 Cu2 10.97

Ni3 10.07 Cu3 10.96

Ni4 10.08 Cu4 10.97

Ni5 10.08 Cu5 10.96

Ni6 10.07 Cu6 10.97

Ni7 10.08 Cu7 10.96

Ni8 10.07

10.08

Cu8 10.97

10.97

Table S8. Electron number of the outermost Ni and Zn atoms based on Bard charge analysis on the 

NiZn(111) surface

Atom Electron number Averag

e 

Atom Electron number Average

Ni1 10.18 Zn1 11.84

Ni2 10.19 Zn2 11.82

Ni3 10.20 Zn3 11.84

Ni4 10.21 Zn4 11.85

Ni5 10.20 Zn5 11.84

Ni6 10.21 Zn6 11.82

Ni7 10.20 Zn7 11.84

Ni8 10.21

10.20

Zn8 11.85

11.84

2. Reaction paths and mechanisms

There are three possible reaction pathsS8,S9 for WGS (Fig. S5). The reactants CO and H2O are 

adsorbed on the surfaces of the catalysts (R1 and R2), followed with the dissociation of H2O (R3 and 

R4). In the redox mechanism, CO2 is produced by the CO oxidization with O which is formed through 
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direct dissociation H2O (R5). In the carboxyl mechanism, CO is oxidized by OH to COOH which 

dissociates to CO2 directly (R6 and R7). In the formate mechanism, CO is oxidized by H to CHO and 

CHO is oxidized by O to HCOO which dissociates to CO2 directly (R8, R9 and R10). Two H* bind 

each other to form hydrogen (R11). All elementary steps involved in WGS are listed as below.

R1: CO + * ⇌ CO*

R2: H2O + * ⇌ H2O*

R3: H2O* + * ⇌ OH* + H*

R4: OH* + * ⇌ H* + O*

R5: CO* + O* ⇌ CO2* + *

R6: CO* + OH* ⇌ COOH* + *

R7: COOH* + * ⇌ H* + CO2*

R8: CO* + H* ⇌ CHO* + *

R9: CHO* + O* ⇌ HCOO**

R10: HCOO* + * ⇌ H* + CO2*

R11: 2H* ⇌ H2* + *

R12 to R16 are the possible reactions for CO bond breaking to C or CH intermediates, which 

are potential precursors of coke and methanation reactions and hinder the production of CO2 and H2.S10 

The key steps that mainly affect the carbon deposition process are R12, R13 and R14, since these steps 

are relatively easy to occur.15

R12：CO* + * ⇌ C* + O*

R13：CO* + CO* + * ⇌ C* + CO2**

R14：CHO* + * ⇌ CH* + O*
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R15:  COH*+ * ⇌ C*+OH*

R16:  C*+ H* ⇌ CH*+ *

* represents a surface site, X* represents adsorption state.

 

Fig. S5. Reaction paths of WGS reaction.

3. Theoretical methods

In this study, our calculations are based on spin-polarized density functional theory (DFT) within 

the exchange and correlation components of Perdew-Burke-Ernzerhof function (PBE) of the 

generalized gradient approximation (GGA) as implemented in the Vienna Ab Initio Simulation 

Package (VASP).S11-S14 The projector augmented wave (PAW) method with a plane wave basis set 

was employed to describe the interaction between ion cores and valence electrons.S15,S16 An energy 

cutoff of 500 eV was set for the expansion of the electronic eigenfunctions. The surfaces of bimetallic 

NiM catalysts were modeled as face-centered-cubic (fcc). All facets were modeled as slabs containing 
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three layers of 2×2 supercell. The bottom layer of the three-layered slab is fixed at corresponding bulk 

positions, the upper two layers were fully relaxed. For the Brillouin zone integration, we used a 

(5×5×1) Monkhorst-Pack mesh of k-points to determine the optimal geometries and total energies of 

the systems. Transition state (TS) searches are performed at the same theoretical level with the CI-

NEB method.S17,S18 The Bader charge and electron density difference are calculated to show the 

electron transfer between Ni and M elements on clean surfaces and electronic interactions between the 

NiM catalysts and adsorbates.

The adsorption energies (Eads) of the species are calculated by the electronic energy difference 

between the surface containing the adsorbates (Etotal) and the clean surface with the adsorbing molecule 

in gas phase (Eslab+Eg).

Eads=Etotal− (Eslab + Eg)                 (S1)

The energy barrier (Ea) is obtained from the electronic energy difference between the transition 

state (ETS) and its corresponding initial state (EIS), which defined as

Ea = ETS EIS                                  (S2)

Microkinetic modeling of WGS reaction over NiCo (111) and NiCu(111) surfaces are carried out 

to further study the coverages of the reactants (CO and H2O) as a function of temperature and the ratio 

of initial pressure of H2O(g) to CO(g) (pH2O/pCO).

R1 and R2 are adsorption reactions, the rate constants of the reactants (CO and H2O) are 

calculated asS19

/i
i ik s p A m k Tads 0 B2                   (S3)

Wherein sticking coefficient (s0) for H2O and CO are set as 0.75 and 0.84S20; kB is the Boltzmann 

constant, 1.381×10-23 J·K-1; the value of temperature (T) ranges from 423 K to 723 K; pi is the partial 
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pressure (in Pa) of H2O or CO, the total pressure is keeping as 100 kPa, five different ratios (1:1; 4:1; 

9:1; 14:1; 19:1) of pH2O/pCO are calculated; mi is molecular mass of species i (kg); the A is the area of 

adsorption site (m2), A of Ni is set as 4.88×1020 m2 and A of Co is set as 4.99×1020 m2.S21 

 The adsorption reactions of CO and H2O (R1 and R2) are assumed to be in equilibrium, the 

equilibrium constants were defined as followS22:

KexpEadsTS/ kBT]                  (S4)

Wherein Eads refers to the adsorption energy of CO or H2O, kB is the Boltzmann constant, T is the 

operating temperature, and ∆S is the entropy change from the gas phase at the operating temperature. 

The rate constant of (kdes) of the desorption process (the reverse reaction of R1 and R2) is calculated 

according to the formula of kdes =
ikads /K.

For R3-R6, the pre-exponential factors for the forward (νfor) and reverse reaction step (νrev) are 

obtained by the vibrational frequencies of initial state and transition state, and the vibrational 

frequencies of final state and transition state, respectively.S22

/ 1IS TS
for 1 1

N N
i ji j

v v v

 
                         (S5)

/ 1FS TS
rev 1 1

N N
i ji j

v v v

 
                     (S6)

N represents the number of frequencies and depends on the degree of freedom of the molecule; vi 

and vj are the frequencies of species of the initial state and the transition state in a certain elementary 

step, respectively.

The free energies (G) are calculated by

G = Eelec+EZPE TS                         (S7)

wherein Eelec is the total electronic energy of the interface at 0 K; EZPE is the zero-point vibrational 

energy, only the vibration entropy (Svib) is taken into account.S23
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Entropy is obtained from the standard vibrational entropy ( vib
S ) byS24

 - /
/

/ - ln -
-

    


 B

B

B
vib 1

1
i

i

hc k Ti
hc k T

i

hc k TS R e
e





       (S8)

where R is gas molar constant; kB is the Boltzmann constant; h is the Planck constant; c is the light 

speed, and i  is the wavenumber. 

Then the rate constant (ki) of the elementary step i is calculated as 

k = νfor/rev exp (ΔG /RT)                      (S9)

wherein ΔG is the free energy of activation, ΔG = Ea + ΔZPE TΔS.

To investigate the reactivity on NiM surfaces, the d-band center, which has been widely used for 

predicting the reactivity trend on metal surfaces using DFT calculations is calculated.S25,S26 According 

to Nørskov’s study, the occupied d-band center d  is calculated by equationS25

( )d

( )d

E

E

E E E

E E









 


f

f

d
d                          (S10)

where ρd is the projected density of states (PDOS) of the d-band of surface atoms, and Ef is the 

Fermi level energy.

4. Adsorption site test

The possible adsorption sites of Ni (111) and NiM(111) surfaces are shown in Fig. S6. In general, 

there are three high-symmetry adsorption sites on Ni(111), i.e., top site above a surface atom, bridge 

site coordinated simultaneously to two adjacent surface atoms, and 3-fold hollow site formed by three 

adjacent atoms (Fig. S6a). Compared with the Ni(111) surface, the adsorption sites of the NiM(111) 

(M=Fe, Co, Cu, Zn) surface are more multifarious, including two types of top sites, three types of 

bridge sites, and two types of 3-fold sites (Fig. S6b-e). The two types of top sites are t-Ni and t-M 
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(M=Fe, Co, Cu, Zn), which are directly above Ni and M (M=Fe, Co, Cu, Zn) atoms. The bridge sites 

can be formed by two adjacent Ni atoms (b-Ni2), one Ni and one adjacent M atom (b-NiM), and two 

adjacent M atoms (b-M2). The 3-fold sites can be formed by two Ni atoms with one M atom (h-Ni2M) 

and one Ni atom with two M atoms (h-NiM2). All of these adsorption sites are taken into consideration 

in the adsorptions of species involved in WGS on the Ni(111) and NiM(111) surfaces.

Fig. S6. The schematic of the adsorption sites of (a) Ni (111), (b) NiFe(111), (c) NiCo(111), (d) 

NiCu(111), (e) NiZn(111) surfaces. The numbers (in e) are the valence electrons by Bader charge 

analyses. (Ni: blue; Fe: maroon; Co: green; Cu: light brown; Zn: grey; O: red; H: white; C: dark gray).

Table S9. Adsorption energies (Eads, in eV) and bond distance (d, in Å) between species and surface 

atoms involved in the WGS reaction on Ni(111) and NiM(111)

Species H2O CO OH H H2 CO2

site t-Ni h-Ni3 h-Ni3 h-Ni3 t-Ni b-Ni2

Eads 0.40 2.16 3.24 2.87 0.39 0.15Ni(111)

d 2.16 1.94/1.94/1.95 1.95/1.95/1.96 1.69/1.69/1.69 1.58 1.94/1.92

site t-Fe h-FeNi2 h-FeNi2 h-FeNi2 h-FeNi2 h-FeNi2

Eads 0.39 1.80 3.63 2.85 0.27 0.04NiFe(111)

d 2.20 2.03/2.08/1.94 2.02/2.01/2.05 1.71/1.79/1.79 1.65 2.30/1.97/2.27

site t-Co h-Ni2Co h-CoNi2 h-CoNi2 t-Co b-Co2

Eads 0.35 1.74 3.58 2.75 0.30 0.34NiCo(111)

d 2.21 1.99/2.03/1.90 1.99/1.99/2.00 1.71/1.75/1.75 1.62 2.24/2.01

site t-Ni b-Ni2 h-CuNi2 h-CuNi2 t-Ni t-Ni
NiCu(111)

Eads 0.32 1.95 3.19 2.68 0.36 0.05
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d 2.18 1.88/1.88 1.94/2.04/2.05 1.64/1.78/1.79 1.60 3.68

site t-Ni b-Ni2 h-Ni2Zn b-Ni2 t-Ni h-Ni2Zn

Eads 0.22 1.68 3.35 2.81 0.37 0.22NiZn(111)

d 2.24 1.91/1.91 2.02/2.03/2.06 1.67/1.67 1.59 1.93/2.03/2.20

In order to find the most stable structures of all the species involved in the mechanism (H2O, H2, 

OH, O, H, CO, CO2, COOH, CHO and HCOO) on NiFe(111), NiCo(111), NiCu(111) and NiZn(111) 

surfaces, several possible adsorption sites are tested. The most stable adsorption structures of H2O, 

OH, H, CO, CHO, CH and C are the t-Fe site, h-NiFe2 site, h-Ni2Fe site, h-NiFe2 site, h-NiFe2 site, h-

Ni2Fe site and h-Ni2Fe site on the NiFe(111) surface, respectively, as highlighted in red in Fig. S7.

Fig. S7 Summary of the possible adsorption structures of H2O, OH, H, CO, CHO, CH and C (including 

t-Fe, t-Ni, b-NiFe, b-Ni2, b-Fe2, h-Ni2Fe, h-NiFe2 sites) on NiFe (111) surface.

The most stable adsorption structures of H2O, OH, H, CO, O, C, CH, COOH, CHO and HCOO 
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are the t-Co site, h-NiCo2 site, h-NiCo2 site, h-Ni2Co site, h-NiCo2 site, h-NiCo2 site, h-Ni2Co site, b-

Co2 site, b-Co2 site and b-Co2 site on the NiCo(111) surface, respectively, as highlighted in red in Fig. 

S8.

Fig. S8 Summary of the possible adsorption structures of H2O, OH, H, CO, O, C, CH, COOH, CHO 

and HCOO sites (including t-Co, t-Ni, b-NiCo, b-Ni2, b-Co2, h-Ni2Co, h-NiCo 2 sites) on NiCo(111) 

surface.

The most stable adsorption structures of H2O, OH, H, O, H2 ,CO, CO2, CHO, CH, and C are t-Ni 

site, h-NiCu2, h-NiCu2, h-NiCu2, t-Ni site, b-Ni2 site, t-Ni site, b-Ni2 site, h-NiCu2, and h-NiCu2 site 

on the NiCu (111) surface, respectively, as highlighted in red in Fig. S9.
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Fig. S9 Summary of the possible adsorption structures of H2O, H2, OH, O, H, CO, CO2, CHO, CH and 

C sites (including t-Cu, t-Ni, b-NiCu, b-Ni2, b-Cu2, h-Ni2Cu, h-NiCu2 sites) on NiCu(111) surfaces.

H2O, OH, H, CO, CHO, CH, C and CO2 are most stably bonded with the t-Ni site, h-Ni2Zn site, 

b-Ni2 site, b-Ni2 site, b-NiZn, h-Ni2Zn2, h-Ni2Zn on the NiZn (111) surface, respectively, as 

highlighted in red in Fig. S10.
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Fig. S10 Summary of the possible adsorption structures of H2O, OH, H, CO, CHO, CH, C, CO2 sites 

(including t-Zn, t-Ni, b-NiZn, b-Ni2, b-Zn2, h-Ni2Zn, h-NiZn2 sites) on NiZn(111) surface.

5. The size and the average charge of adsorption sites

The factors affecting the adsorption energy of species includes two types: the size factor (strain 

effect) and the electron factor (ligand effect). The size factor (r) is equal to the sum of the atomic radius 

that make up the site (t-Ni: r = RNi; t-M: r = RM; b-Ni2: r = 2RNi; b-NiM: r = RNi + RM; b-M2: r = 2RM; 

h-Ni3: r = 3RNi; h-Ni2M: r = 2RNi + RM; h-NiM2: r = RNi + 2RM, Table S10, Fig. S11). The calculation 

results of the sizes of adsorption sites of H2O*, CO*, H2* and CO2* are shown in Fig. S13. It can be 

obtained that the size of these sites (RFe > RNi; RCo > RNi) on the NiFe(111) and NiCo(111) surfaces are 

larger than that of pure Ni(111), which are expansive strain. While NiCu(111) and NiZn(111) surfaces 

are lower than that of pure Ni(111) (RCu < RNi; RZn < RNi), which are compressive strain.

While analyzing the electron factor, it can be found that the electron factor represents the effects 

of the atomic nuclei on the outer shell and the valence electrons, as well as the interactions between 

the outer and valence electrons and between the ions themselves, which is similar to the ligand effect. 
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Here note that the qM > qNi (qM < qNi) indicates negatively (positively) charged NiM surface compared 

pure Ni(111). The electron factor (λ) is equal to the average valence electron at the site (t-Ni: λ = qNi; 

t-M: λ = qM; b-Ni2: λ = (qNi + qNi)/2; b-NiM: λ= (qNi + qM)/2; b-M2: λ = (qM + qM)/2; h-Ni3: λ = (qNi 

+ qNi)/3; h-Ni2M: λ = (2qNi + qM)/3; h-NiM2: λ= (qNi + 2qM)/3, Table S10 and Fig. S12). The 

calculation results of the average charge of adsorption sites of H2O*, CO*, H2* and CO2* are shown 

in Fig. S13. It is found that the charge of these sites on the NiFe(111) and NiCo(111) surfaces (qFe < 

qNi; qCo < qNi) are lower than that of pure Ni(111) (≤ 10.0|e|), which are positively charged. And 

NiCu(111) and NiZn (111) surfaces (qCu > qNi; qZn > qNi) are higher than that of pure Ni(111) (≥ 10.0|e|), 

which are negatively charged.

Table S10. The size (r, in Å) and the average charge (λ, in |e|) of adsorption sites involved on Ni(111) 

and NiM(111) surfaces

Adsorption Site λ/|e| r/Å Adsorption Site λ/|e| r/Å

t-Ni 10 1.49 b-NiCu 10.53 2.94

t-Ni(Fe) 10.22 1.49 b-NiZn 11.02 2.91

t-Ni(Co) 10.1 1.49 b-Fe2 7.82 3.12

t-Ni(Cu) 10.08 1.49 b-Co2 8.95 3.04

t-Ni(Zn) 10.2 1.49 b-Cu2 10.97 2.90

t-Fe 7.82 1.56 b-Zn2 11.84 2.84

t-Co 8.95 1.52 h-Ni3 10 4.47

t-Cu 10.97 1.45 h-Ni2Fe 9.42 4.54

t-Zn 11.84 1.42 h-NiFe2 8.62 4.61
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b-Ni2 10 2.98 h-Ni2Co 9.72 4.50

b-Ni2(Fe) 10.22 2.98 h-NiCo2 9.34 4.53

b-Ni2(Co) 10.1 2.98 h-Ni2Cu 10.39 4.43

b-Ni2(Cu) 10.08 2.98 h-NiCu2 10.67 4.39

b-Ni2(Zn) 10.2 2.98 h-Ni2Zn 10.75 4.40

b-NiFe 9.02 3.05 h-NiZn2 11.29 4.33

b-NiCo 9.53 3.01

Fig. S11. The adsorption sites as a function of adsorption site size (r) on the Ni(111), NiFe(111), 

NiCo(111), NiCu(111) and NiZn(111) surfaces.
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Fig. S12. The adsorption sites as a function of average charge (λ) of adsorption site on the Ni(111), 

NiFe(111), NiCo(111), NiCu(111) and NiZn(111) surfaces.

Fig. S13. (a) The adsorption sites of H2O*, CO*, H2* and CO2* as a function of adsorption site size 

(r); and (b) average charge (λ) of adsorption site on the Ni(111), NiFe(111), NiCo(111), NiCu(111) 

and NiZn(111) surfaces; (c) The adsorption energies of H2O*, CO*, H2* and CO2* as a function of 

radius and average charge of adsorption site on the NiFe(111), NiCo(111), NiCu(111) and NiZn(111) 

surfaces. Here “a” and “b” refer to the influence factors of the size (strain) (r) and the charge (λ) on 

the adsorption energy (Eads), respectively.

6. Adsorption of H2O and CO on Fe(110), Co(111), Cu(111) and Zn(001) surfaces
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Fig. S14. The top view of the optimized structures of H2O and CO adsorption on (a) Fe(110), (b) 

Co(111), (c) Cu(111) and (d) Zn(001) surfaces, along with the adsorption energies (Eads). (Fe: maroon; 

Co: green; Cu: light brown; Zn: grey; O: red; H: white; C: dark gray).

Fig. S15. The values of d-band center of Fe(110), Co(111), Cu(111), Zn(001) surfaces
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Table S11. Total Energies (E) and total Energies with entropy effect correction (Eentropy) of the reaction 

intermediates on NiFe(111), NiCo(111), NiCu (111) and NiZn(111) surfaces

CO*⇌ C* + O* E/eV Eentropy/eV
CO* 329.77 329.79
TS 326.71 

C*+O* 329.11 329.14
CHO*⇌CH*+ O* E/eV Eentropy/eV

CHO* 332.60 332.63
TS 331.16 

NiFe(111) CH*+O* 333.25 333.26
CO*+CO*⇌CO2*+ C* E/eV Eentropy/eV

CO*+CO* 346.12 346.13
TS 340.02 340.03

CO2*+ C* 344.42 344.44
H2O* + *⇌ OH* + H* E/eV Eentropy/eV

H2O* 327.91 327.93
TS 326.70 326.72

OH* + H* 328.58 328.60
CO*⇌ C* + O* E/eV Eentropy/eV

CO* 299.26 299.28
TS 296.42 296.44

C* + O* 298.11 298.15
CHO*→CH* + O* E/eV Eentropy/eV

CHO* 301.99 302.02
TS 300.33 300.35

NiCo(001) CH* +O* 302.57 302.60
CO*+CO*⇌CO2*+ C* E/eV Eentropy/eV

CO*+CO* 315.71 315.73
TS 311.45 311.47

CO2*+ C* 315.78 315.79
H2O* ⇌ OH*+H* E/eV Eentropy/eV

H2O* 297.32 297.34
TS 296.72 296.74

OH*+H* 297.65 297.67
CO*⇌ C* + O* E/eV Eentropy/eV

CO* 219.92 219.94
TS 216.67 216.69

C* + O* 217.96 217.98
CHO*⇌CH*+ O* E/eV Eentropy/eV

CHO* 222.55 222.58
TS 220.70 220.72

CH*+ O* 222.47 222.49
NiCu(111) CO*+CO*⇌CO2*+ O* E/eV Eentropy/eV
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CO*+CO* 236.52 236.54
TS 232.10 232.12

CO2*+ O* 235.26 235.28
H2O* ⇌ OH*+H* E/eV Eentropy/eV

H2O* 217.75 217.77
TS  216.74

OH*+H* 217.50 217.52
CO*⇌ C* + O* E/eV Eentropy/eV

CO* 176.25 176.27
TS 173.17 173.19

C* + O* 173.98 174.01
CHO*⇌CH*+ O* E/eV Eentropy/eV

CHO* 178.79 178.81
TS 177.27 177.29

NiZn(111) CH*+ O* 178.53 178.55
CO*+CO*⇌CO2*+ O* E/eV Eentropy/eV

CO*+CO* 192.47 192.49
TS 188.44 188.46

CO2*+ O* 189.74 189.76
H2O* ⇌ OH*+H* E/eV Eentropy/eV

H2O* 174.23 174.25
TS 172.98 173.00

OH*+H* 174.64 174.66

7. WGSR elementary reaction step on NiCo(111) and NiCu(111) surfaces

7.1. Adsorption structures and adsorption energies
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Fig. S16. Adsorption structures and adsorption energies of H2O, H2, OH, O, H, CO, CO2, COOH, CHO 

and HCOO on NiCo(111) (a) and NiCu(111) (b) surfaces.

7.2 Structures of reactants, transition states and products
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Fig. S17. Initial state(IS), the corresponding transition state(TS) and final state(FS) structures and 

energies barrier(Ea) of WGSR element steps on the NiCo(111) (a) and NiCu(111) (b) surfaces.

Table S12. The Total Energies (E), total Energies with entropy effect correction (Eentropy) of the 

reaction intermediates on the NiCo(111) and NiCu(111) surfaces

NiCo(111) NiCu(111)
H2O* + *⇌ OH* + H* E/eV Eentropy/eV E/eV Eentropy/eV

H2O* 297.32 297.34 217.75 217.77
TS3  296.40 216.72 216.74

OH*+H* 297.65 297.67 217.50 217.52
OH*⇌O*+ H* E/eV Eentropy/eV E/eV Eentropy/eV

OH* 293.92 293.94 213.99 214.01
TS4  292.79 212.26 212.28

O*+H* 294.05 294.07 213.59 214.61
CO* + O*→CO2* E/eV Eentropy/eV E/eV Eentropy/eV

CO*+ O* 306.53 306.55 226.79 226.81
TS5 305.46 305.48 225.46 225.48

CO2* 305.60 305.62 226.12 226.14
CO* + OH*⇌COOH* E/eV Eentropy/eV E/eV Eentropy/eV
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CO* + OH* 310.27 310.29 230.34 230.36
TS6 309.08 309.10 229.21 229.23

COOH* 309.44 309.46 229.94 229.96
COOH*→CO2* + H* E/eV Eentropy/eV E/eV Eentropy/eV

COOH* 309.44 309.46 230.01 230.03
TS7 308.87 308.89 229.16 229.18

CO2* + H* 309.26 309.28 229.93 229.95
CO* + H*⇌CHO* E/eV Eentropy/eV E/eV Eentropy/eV

CO* + H* 303.09 303.11 223.87 223.89
TS8 301.82 301.84 222.47 222.49

CHO* 301.99 302.01 222.55 222.57
CHO* + O*⇌HCOO* E/eV Eentropy/eV E/eV Eentropy/eV

CHO* + O* 309.20 309.22 229.37 229.39
TS9 307.96 307.98 228.71 228.73

HCOO* 309.86 309.88 230.28 230.30
HCOO* →CO2 *+H* E/eV Eentropy/eV E/eV Eentropy/eV

HCOO* 309.86 309.88 229.72 229.74
TS10 308.59 308.61 229.23 229.25

CO2 *+H* 309.26 309.28 229.75 229.77
H* + H*→H2* E/eV Eentropy/eV E/eV Eentropy/eV

H*+ H* 290.52 290.54 210.74 210.76
TS11 289.77 289.79 210.19 210.21
H2* 289.92 289.94 210.33 210.35

8. Microkinetic modeling analysis of WGS reaction

On the basis of DFT calculated results, a microkinetic modeling of WGS reaction over NiCo(111) 

and NiCu(111) surfaces are carried out. The Table S13 and S14 list the elementary steps of WGS 

reaction over NiCo (111) and NiCu(111) surface. ki is the rate constant (in s−1), p is the pressure (in 

Pa), θ represents the coverage of the adsorbed species (in ML), θ* represents the coverage of vacancies 

site. ri is the rate of the elementary reaction step i (in s1·site−1). Since the adsorption of CO2 and H2 is 

very weak (Fig. 2), we assume that the product is immediately desorbed at the same time as the product 

is formed, so the step involving product formation (R5, R7, R10, R11) is a one-way reaction. Based 

on the reactions (1)-(11) rate equations as below, the equilibrium coverages(θ) of all species are solved 
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by Fortran program, as listed in the Table S21-S22.

(1) = k1pCO/pƟθ*k-1θCO*k5θCO*θO*k6θOH*θCO*k-6θCOOH*θ*k8θH*θCO*k-8θHCO*θ*d
d

CO*

t


=r1r5r6r8

(2) = k2pH2O(g)/pƟθ*k-2θH2O*k3θH2O*θ*k-3θOH*θH*= r2r3
d

d
2H O*

t


(3) = k3θH2O*θ*k-3θOH*θH*k4θOH*θ*k-4θH*θO*k6θOH*θCO*k-6θCOOH*θ*= r3r4r6
d

d
OH*

t


(4) = k3θH2O*θ*k-3θOH*θH*k4θOH*θ*k-4θH*θO*k7θCOOH*θ*k8θH*θCO*k-8θCHO*θ* d
d

H*

t


k10θHCOO*θ*k11θH*θH*=r3+r4+r7r8+r10r11

(5) = k4θOH*θ*k-4θH*θO*k5θCO*θO* k9θCHO*θO*k-9θHCOO*θ*=r4r5r9
d

d
O*

t


(6) = k6θOH*θCO*k-6θCOOH*θ*k7θCOOH*θ*=r6r7
d

d
COOH*

t


(7) = k8θH*θCO*k-8θCHO*θ*k9θCHO*θO*k-9θHCOO*θ*=r8r9
d

d
CHO*

t


(8)  = k9θCHO*θO*k-9θHCOO*θ*k10θHCOO*θ*=r9r10
d

d
HCOO*

t


(9) = k5θCO*θO*+k7θCOOH*θ*+ k10θHCOO*θ*= r5r7r10
d

d
2CO *

t


(10) = k11θH*θH*=r11
d

d
2H *

t


(11) = k1pCO/pƟθ*k-1θCO* k2pH2O(g)/pƟθ*k-2θH2O*k3θH2O*θ*k-3θOH*θH*k4θOH*θ*k-4θH*θO*+ d
d

*

t


k5θCO*θO*+k6θOH*θCO*k-6θCOOH*θ*k7θCOOH*θ*+k8θH*θCO*k-8θCHO*θ*+k9θCHO*θO*k-9θHCOO*θ* 

k10θHCOO*θ*+k11θH*θH*=r1r2r3r4+r5+r6r7+r8+r9r10+r11

Table S13. Rate equations and the calculated pre-exponential factors (ν, in s−1) of each elementary 

step of WGS reaction over NiCo(111) surface

reaction steps rate equations νfor/s1 νrev/s1

R1 CO + * ⇌ CO * r1=k1pCO/pƟθ*k-1θCO*  
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R2 H2O(g) + * ⇌ H2O* r2=k2pH2O(g)/pƟθ*k-2θH2O*  

R3 H2O* + * ⇌ OH* + H* r3=k3θH2O*θ*k-3θOH*θH* 7.67×1012 2.30×1014

R4 OH* + *⇌ H* + O* r4=k4θOH*θ* k-4θH*θO* 1.02×1012 1.90×1014

R5 CO*+ O* → CO2* + * r5=k5θCO*θO* 1.44×1013 2.35×1012

R6 CO* +OH*⇌ COOH*+* r6=k6θOH*θCO*k-6θCOOH*θ* 2.96×1014 1.15×1015

R7 COOH* + *→H*+ CO2* r7=k7θCOOH*θ* 1.42×1015 1.84×1014

R8 CO* + H* ⇌ CHO* + * r8=k8θH*θCO*  k-8θHCO*θ* 3.62×1012 1.64 ×1013

R9 CHO*+O* ↔ HCOO*+ * r9=k9θHCO*θO*k-9θHCOO*θ* 5.42×1013 1.05×1014

R10 HCOO*+ *→H* + CO2* r10=k10θHCOO*θ* 1.30×1014 8.78×1012

R11 2H* → H2* + * r11=k11θH*θH* 4.63×1015 3.90×1014

Table S14. Rate equations and the calculated pre-exponential factors (ν, in s−1) of each elementary 

step of WGS reaction over NiCu(111) surface

reaction steps rate equations νfor/s-1 νrev/s-1

R1 CO + * ⇌ CO * r1=k1pCO/pƟθ*k-1θCO*  

R2 H2O(g) + * ⇌ H2O* r2=k2pH2O(g)/pƟθ*k-2θH2O*  

R3 H2O* + * ⇌ OH* + H* r3=k3θH2O*θ*k-3θOH*θH* 2.31×1012 5.60×1013

R4 OH* + *⇌ H* + O* r4=k4θOH*θ* k-4θH*θO* 3.83×1013 7.64×1013

R5 CO*+ O* → CO2* + * r5=k5θCO*θO* 1.77×1013 8.87×1012

R6 CO* +OH*⇌ COOH*+* r6=k6θOH*θCO*k-6θCOOH*θ* 2.65×1013 6.48×1013

R7 COOH* + *→H*+ CO2* r7=k7θCOOH*θ* 1.42×1014 2.64×1013

R8 CO* + H* ⇌ CHO* + * r8=k8θH*θCO*  k-8θHCO*θ* 1.46×1013 5.82 ×1013
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R9 CHO*+O* ↔ HCOO*+ * r9=k9θHCO*θO*k-9θHCOO*θ* 6.04×1012 1.49×1013

R10 HCOO*+ *→H* + CO2* r10=k10θHCOO*θ* 8.46×1012 3.10×1013

R11 2H* → H2* + * r11=k11θH*θH* 8.96×1014 1.10×1014

For the microkinetic modeling, the equilibrium constants (K) are calculated only for the first two 

steps of WGS reaction (CO and H2O adsorption, R1, R2). In this work, for the adsorption equilibrium 

constant (Eq. S4 KexpEadsTS/ kBT]), the standard entropy (S) of CO and H2O (g) gas referred 

from NIST Chemistry Web Book which include the translational, rotational and vibrational entropy 

(Table S15). For solid, the translational and rotational entropies are significantly smaller than the 

vibration entropy, they can be neglected and are not included in calculation of entropy. Therefore, 

entropy of adsorbed species is obtained from the standard vibrational entropy ( vib
S ) in Eq.S8, 

 - /
/

/ - ln -
-

    


 B

B

B
vib 1

1
i

i

hc k Ti
hc k T

i

hc k TS R e
e





.

Table S15. The entropy (S) data of CO and H2O(g) from NIST Chemistry Web Book at 298.15 K

Gas State Gas State/eV

SNIST/kJ·mol-1·K-1 TSNIST/eV

CO 197.66 0.60

H2O 188.83 0.57

Table S16. Initial coverage of CO, H2O and vacancies

CO* H2O* *

0 0 1
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Table S17. Equilibrium constant (K) of CO adsorption and H2O adsorption steps on the NiCo(111) 

surface

K CO + * ↔ CO * H2O(g) + * ↔ H2O*

423.15 5.07×1020 1.31×104

473.15 3.29×1018 4.82×103

523.15 5.58×1016 2.14×103

573.15 1.93×1015 1.10×103

623.15 1.14×1014 6.26×102

673.15 1.03×1013 3.88×102

723.15 1.30×1012 2.57×102

Table S18. Equilibrium constant (K) of CO adsorption and H2O adsorption steps on the NiCu(111) 

surface

K CO + * ↔ CO * H2O(g) + * ↔ H2O*

423.15 1.57×1023 7.41×103

473.15 5.53×1020 2.89×103

523.15 5.75×1018 1.35×103

573.15 1.33×1017 7.20×102

623.15 5.60×1015 4.24×102

673.15 3.79×1014 2.71×102

723.15 3.72×1013 1.84×102
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Table S19. Reaction rate constant (k, in s−1) of the elementary reaction step on NiCo(111) under 

different temperatures

423K 473K 523K 573K 623K 673K 723K

k1 7.14×107 6.75×107 6.42×107 6.13×107 5.88×107 5.66×107 5.46×107

k-1 1.41×10-13 2.05×10-11 1.15×10-9 3.18×10-8 5.14×10-7 5.48×10-6 4.20×10-5

k2 2.41×108 2.28×108 2.17×108 2.07×108 1.98×108 1.91×108 1.84×108

k-2 1.83×104 4.72×104 1.01×105 1.89×105 3.17×105 4.92×105 7.17×105

k3 8.86×100 1.27×102 1.12×103 6.76×103 3.10×104 1.14×105 3.53×105

k-3 1.06×10-1 1.35×10-1 1.70×10-1 2.14×10-1 2.68×10-1 3.35×10-1 4.19×10-1

k4 9.60×101 1.92×103 2.19×104 1.63×105 8.87×105 3.77×106 1.32×107

k-4 1.36×100 1.76×100 2.26×100 2.89×100 3.66×100 4.62×100 5.82×100

k5 8.21×100 1.79×102 2.15×103 1.68×104 9.43×104 4.09×105 1.45×106

k6 2.47×101 7.54×102 1.20×104 1.18×105 8.03×105 4.12×106 1.69×107

k-6 1.26×1013 2.03×1013 3.27×1013 5.23×1013 8.35×1013 1.33×1014 2.11×1014

k7 2.47×1012 7.41×1012 1.82×1013 3.85×1013 7.27×1013 1.25×1014 2.01×1014

k8 2.73×10-6 1.86×10-4 5.58×10-3 9.17×10-2 9.54×10-1 6.97×100 3.85×101

k-8 7.94×109 7.40×109 6.85×109 6.32×109 5.81×109 5.32×109 4.86×109

k9 1.90×10-1 7.36×100 1.41×102 1.62×103 1.25×104 7.14×104 3.20×105

k-9 3.99×10-8 5.10×10-8 6.54×10-8 8.39×10-8 1.08×10-7 1.37×10-7 1.75×10-7

k10 3.80×101 1.22×102 2.03×103 2.09×104 1.48×105 7.83×105 3.30×106

k11 5.20×109 4.22×1010 2.26×1011 8.93×1011 2.81×1012 7.39×1012 1.70×1013
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Table S20. Reaction rate constant (k, in s−1) of the elementary reaction step on NiCu(111) under 

different temperatures

423K 473K 523K 573K 623K 673K 723K

k1 4.72×107 4.47×107 4.25×107 4.06×107 3.89×107 3.74×107 3.61×107

k-1 3.01×10-16 8.07×10-14 7.39×10-12 3.06×10-10 6.94×10-9 9.88×10-8 9.72×10-7

k2 1.18×108 1.11×108 1.06×108 1.01×108 9.70×108 9.34×107 9.00×107

k-2 1.59×104 3.85×104 7.85×104 1.40×105 2.29×105 3.45×105 4.90×105

k3 1.62×10-1 2.91×100 2.99×101 2.04×102 1.02×103 4.02×103 1.31×104

k-3 2.32×105 2.64×105 2.92×105 3.17×105 3.37×105 3.52×105 3.63×105

k4 9.08×10-6 8.04×103 3.04×10-2 6.12×10-1 7.67×100 6.63×101 4.27×102

k-4 3.21×10-1 3.66×10-1 4.13×10-1 4.65×10-1 5.21×10-1 5.81×10-1 6.48×10-1

k5 7.58×10-3 3.30×10-1 6.99×100 8.68×101 7.19×102 4.35×103 2.05×104

k6 1.10×101 2.74×102 3.69×103 3.17×104 1.93×105 8.97×105 3.38×106

k-6 9.76×106 1.43×107 2.10×107 3.06×107 4.47×107 6.50×107 9.45×107

k7 7.02×106 4.41×107 1.97×108 6.82×108 1.95×109 4.78×109 1.04×1010

k8 2.09×10-4 1.37×10-2 4.01×10-1 6.45×100 6.62×101 4.79×102 2.63×103

k-8 1.12×1013 1.39×1013 1.72×1013 2.13×1013 2.63×1013 3.24×1013 4.01×1013

k9 5.26×104 3.53×105 1.64×106 5.84×106 1.70×107 4.20×107 9.18×107

k-9 2.13×10-5 2.24×10-5 2.39×10-5 2.54×10-5 2.71×10-5 2.89×10-5 3.08×10-5

k10 1.06×108 3.88×108 1.11×109 2.65×109 5.51×109 1.03×1010 1.76×1010

k11 8.75×1010 3.58×1011 1.10×1012 2.75×1012 5.89×1012 1.12×1013 1.93×1013
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Table S21. Equilibrium coverages (θ, ML) of all species when pH2O/pCO=4 under different 

temperatures on the NiCo(111) surface

423 K 473 K 523 K 573 K 623 K 673 K 723 K

θCO* 6.91×10-2 6.93×10-2 6.98×10-2 7.05×10-2 7.10×10-2 7.11×10-2 7.11×10-2

2H O* 9.31×10-1 9.31×10-1 9.30×10-1 9.29×10-1 9.28×10-1 9.26×10-1 9.21×10-1

θOH* 2.00×10-8 3.05×10-7 2.75×10-6 1.46×10-5 3.80×10-5 5.77×10-5 7.01×10-5

θH* 2.00×10-8 3.05×10-7 2.75×10-6 1.46×10-5 3.80×10-5 5.77×10-5 7.01×10-5

θO* 3.10×10-15 1.01×10-12 1.13×10-10 5.76×10-9 1.59×10-7 2.69×10-6 3.05×10-5

θCOOH* 3.61×10-14 8.13×10-12 2.39×10-10 1.41×10-9 7.65×10-9 4.83×10-8 2.07×10-7

θCHO* 5.47×10-21 4.05×10-18 6.95×10-16 3.10×10-14 3.79×10-13 2.20×10-12 9.12×10-12

θHCOO* 2.33×10-42 1.55×10-35 3.66×10-30 5.18×10-26 6.68×10-23 2.07×10-20 2.79×10-18

θCO2* 2.27×10-15 2.34×10-12 5.04×10-10 2.43×10-8 4.52×10-7 5.25×10-6 4.45×10-5

θH2* 3.05×10-12 4.14×10-9 1.18×10-6 7.43×10-5 8.26×10-4 2.98×10-3 7.07×10-3

θ* 2.22×10-16 2.80×10-12 2.77×10-10 1.34×10-8 2.25×10-7 2.57×10-6 4.52×10-6
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Table S22. Equilibrium coverages (θ, ML) of all species when pH2O/pCO = 4 under different 

temperatures on the NiCu(111) surface

423 K 473 K 523 K 573 K 623 K 673 K 723 K

θCO* 9.14×10-2 9.18×10-2 9.24×10-2 9.35×10-2 9.50×10-2 9.69×10-2 9.88×10-2

2H O* 9.09×10-1 9.08×10-1 9.08×10-1 9.06×10-1 9.05×10-1 9.03×10-1 9.00×10-1

θOH* 7.16×10-10 1.37×10-8 1.50×10-7 1.09×10-6 5.84×10-6 2.41×10-5 7.98×10-5

θH* 7.16×10-10 1.37×10-8 1.46×10-7 9.49×10-7 3.51×10-6 7.62×10-6 1.20×10-5

θO* 2.10×10-23 3.77×10-20 1.65×10-17 2.58×10-15 1.84×10-13 7.15×10-12 1.69×10-10

θCOOH* 3.34×10-16 1.58×10-13 2.30×10-11 1.36×10-9 3.69×10-8 5.00×10-7 4.62×10-6

θCHO* 2.38×10-22 8.92×10-20 9.46×10-18 3.88×10-16 6.85×10-14 7.52×10-14 1.15×10-11

θHCOO* 2.92×10-47 1.32×10-40 2.91×10-35 6.57×10-31 2.14×10-27 1.65×10-24 1.69×10-21

θCO2* 1.32×10-19 5.00×10-16 4.15×10-13 1.07×10-10 1.08×10-8 4.31×10-7 7.24×10-6

θH2* 2.08×10-14 3.07×10-11 1.08×10-8 1.15×10-6 3.41×10-5 3.09×10-4 1.33×10-3

θ* 4.38×10-6 1.32×10-5 3.26×10-5 6.90×10-5 1.22×10-4 1.45×10-4 7.70×10-4

On the basis of DFT calculated results, a microkinetic modeling of WGS reaction over NiCo 

(111) and NiCu(111) surfaces are carried out. Initial coverage of CO, H2O and vacancies are set as 0, 

0 and 1 ML (Table S16). The range from 423K to 723K are chosen to be calculated, which is consistent 

with the temperature range of the WGS reaction catalysts. In Fig. S18a-b, on both NiCo(111) and 

NiCu(111) surfaces, under the same temperature, the equilibrium coverages of CO (θCO*) gradually 

decrease, θH2O* gradually increase with the rise of pH2O/pCO till pH2O/pCO = 4. When ither θCO* or θH2O* 

keeps nearly a constant. In fact, experimentally, the pH2O/pCO ratio is often less than 4,5,7 which is in 

line with the above analysis. At pH2O/pCO=4, as the operating temperature increases, all the vacancies 
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of NiCo (111) and NiCu(111) surfaces are nearly occupied by reactive species (θH2O*), θ* remains 

close to 0, θCO* remain close to 0.06ML and 0.09 ML on the NiCo (111) and NiCu(111) surfaces, 

respectively, which are helpful to avoid CO depositing and catalyst poisoning. In summary, this 

indicates that NiCo (111) and NiCu(111) are favorable for avoiding CO deposition. And the pressure 

ratio pH2O/pCO ≤ 4 is found to be the favorable operating condition for WGS reaction on NiCo(111) 

and NiCu(111) surfaces. In Fig. S18c, the reaction rate on the NiCo (111) increase from 7.82 to 1.34 

s−1·site−1, the reaction rate on the NiCu (111) increase from 14.79 to 0.50 s−1·site−1 with the increase 

in temperature (from 423 to 723 K), which suggests that the reaction activity improves with the 

temperature. The comparison clearly shows that at the same temperature, the reaction rate on NiCo 

(111) is larger than NiCu (111) surface. These indicate the higher catalytic activity of NiCo (111), 

followed by NiCu (111) surface.

Fig. S18. (a) CO coverages (θCO*), (b) H2O coverages (θH2O*) as a function of pH2O/pCO and 

temperature; (c) The WGS reaction rate (s−1·site−1) from calculated studies when pH2O/pCO = 4:1 on 

NiCo (111) and NiCu(111) surfaces.
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9. Experimental details

9.1. Materials

Ni(NO3)2·6H2O, Co(NO3)2·6H2O, Cu(NO3)2·3H2O, Fe(NO3)3·9H2O, Al(NO3)3·9H2O, 

Zn(NO3)2·6H2O and urea are bought from Sigma Aldrich and are used without further purification. 

Quartz sand (SiO2, 40-60 mesh) is purchased from Tianjin Guangfu Fine Chemical Research Institute, 

and wash is performed using concentrated HCl before used. Deionized (DI) water with resistivity 18.2 

MΩ·cm is used in all experimental processes.

9.2. Synthesis of NiAl-LDH and NiMAl-LDH (M=Cu, Co, Fe Zn) precursors

The Ni2Al1-LDHs precursors are prepared by a facile urea decomposition method. Typically, 

Ni(NO3)2·6H2O (0.08 M), Al(NO3)3·9H2O (0.04 M) and urea (0.5 M) are dissolved in 500 mL 

deionized water. The mixed solution is stirred at room temperature for 3 h, followed by aging in a 

sealed Teflon autoclave at 110 °C for 12 h. The resulting precipitate is separated, followed by washed 

with DI water thoroughly and dried for 12 h at 60 °C. Ni1Co1Al1-LDHs, Ni1Cu1Al1-LDHs, Ni1Fe1Al1-

LDHs and Ni1Zn1Al1 LDHs were synthesized based on a similar method described above in addition 

to replacing a portion of the Ni(NO3)2·6H2O with other metal nitrate.

9.3. Synthesis of supported Ni and NiM-bimetallic alloys catalysts

The above LDH precursors are reduced in a H2/N2 (1/9, v/v) stream at various temperatures (500 

°C) for 6 h (heating rate: 2 °C min–1). This reduction process leads to the structural transformation 

from LDH precursors to monometallic Ni or NiM-bimetallic alloys catalysts. Finally, the as-obtained 
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product is cooled to room temperature in a N2 stream.

9.4. Catalytic evaluations

The catalytic performances of as-synthesis samples toward the WGS reaction are carried out in a 

fix-bed reactor with a stainless-steel tube of interior diameter is 10 mm at atmospheric pressure. Prior 

to the catalytic reaction, 300 mg LDH with 40-60 mesh mixed equal volume of quartz is pretreated in 

H2 atmosphere (20.0 volume % H2/N2 mixture, 50 ml min–1, 500 °C, 2 h). For the catalytic performance 

tests, the water is injected into the reaction system by using a syringe pump at a rate of 0.02–1 mL min 

and mixed with CO (6.25 ml/min) and He gas (70 ml min–1) within 210-330 °C. The stability 

evaluation was performed under the same reaction conditions. The products are analysed online by 

using a gas chromatograph (Shimadzu, GC-17A) with TCD detectors equipped with TDX-01 column. 

CO conversion (X) and product yield are calculated as followed.

            (S11)
𝑋𝐶𝑂 =

𝐹𝐶𝑂,  𝑖𝑛 ‒ 𝐹𝐶𝑂,𝑜𝑢𝑡

𝐹𝐶𝑂,  𝑖𝑛
× 100%

                   (S12)
𝑆𝐶𝑖

=
𝐹𝐶𝑖,  𝑜𝑢𝑡

𝐹𝐶𝑂,  𝑖𝑛
× 100%

FCO,in/out is the molar flow rate of ethanol at the inlet/outlet of the reactor, respectively.  denotes 
𝐹𝐶𝑖

the molar flow rate of C-containing product (CO2 and CH4) at the reactor outlet, respectively.

9.5. Characterization

Powder X-ray diffraction (XRD) is carried out on a Rigaku XRD-6000 diffractometer with Cu 

Ka radiation (λ = 0.15418 nm). The Zeiss Supra 55 scanning electron microscope (SEM) is applied to 

analyze the morphology of the samples. Transmission electron microscopy (TEM) images are 



S39

collected by using a JEOL JEM-2010 high-resolution transmission electron microscope. X-ray 

photoelectron spectroscopy (XPS) analysis is carried out on an AXIS SUPRA X-ray photoelectron 

spectrometer (pressure: 2×10–9 Torr) using an Al Kα X-ray source.

Fig. S19. Raman spectrum collected in air on the surface of used NiCu alloy.

Fig. S20. Thermogravimetric (TG) analysis results of used (a) Ni, (b) NiFe, (c) NiCo, (d) NiCu and 

(d) NiZn samples after 25 h long time test.
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