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Fig. S1. Diffusion pathway and corresponding potential energy profile of single Cu atom on the
Ce0,(111) surface.

Fig. S2. DFT-optimized structures of several Cu, clusters (n = 1-8, 14) on Ce0;(111) and their
correspondent adsorption energies.

Fig. S3. Relaxation process of Cug on Ce0,(111) using DFT.
Fig. S4. Structural extension of Cu clusters (Cu; to Cuys) on CeO,(111).
Fig. S5. The spillover of ceria subsurface O (in green) into surface vacancies.

Fig. S6. The average radial distribution function (RDF, g(r)) of O atoms around the eight Cu atoms on
CeO; in AIMD.

Fig. S7. Projected Density of states (pDOS) analysis of Cu single atom (a) and it anchored on perfect
site (b) and oxygen vacancy (c) of the Ce0,(111) surface.

Fig. S8. Intermediates of WGS over Cuy4/Ce0,(111) with two O spillover (Cul4-a) via L-H (Langmuir-
Hinshelwood) mechanism.

Fig. S9. Intermediates of WGS over Cuy,/Ce0,(111) with two oxygen vacancies (VO) via L-H
mechanism.

Fig. S10. Intermediates of WGS over Cu,/Ce0,(111) with two O spillover (Cul4-a) via MvK (Mars-
van Krevelen) mechanism.

Fig. S11. Simulated IR spectra of (deuterated) water or produced OH after water dissociation on
supported Cuy, and at the interfacial oxygen vacancy of Cug/Ce0,(111), respectively.

Fig. S12. Removal of spilled-over O and the peripherical O atoms of Cu;4/Ce0,(111).
Fig. $13. CO oxidation by the spilled-over O and peripherical O atoms of Cu4/Ce0,(111).

Fig. S14. The DFT-determined pathway of the dissociated H supported to form H,0 together with the
removal of O from the Cu site.

Fig. S15. The Arrhenius plots of the rate of WGS reaction and the competitive H,0 formation from the
dissociated H supported on Cuy4/Ce0,(111) via LH mechanism.

Table S1. Bader charges of Cu atoms in Cu/Ce0,(111) models.

Table S2. Energies data of WGS by the selected models of Cu/CeOs.
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Supplementary Computational Details

Structure Optimization by GA-DFT. GA-DFT calculations have been conducted to find the
global minimum structures of CeO,(111)-supported Cug and Cuy4; NCs at the level of PBE
functional. The first step for GA run is to generate the initial population (12 random starting
candidates used here) randomly. All the starting candidates should be reasonable with the bond
distances in the region of 2 A ~ 3A avoiding redundant calculations. Then, DFT calculations have
been performed to calculate the energy of each structure. During the GA-DFT calculations, the
relative energies and sorted distance matrices are used to judge whether the two candidates have
the same structures. The calculated energies of the structures are used in the assigning of the fitness
and the structures with lower energy have higher possibility to be maintained in the population.

The fitness function of ith candidate (Fi) can be calculated as below! :
Fi=Y[1~tanh (2p;~ 1)] \iq £i = (Ei = Epyin)/ Eppay = Eopin) 0
Enax and E;, 1s the maximum and minimum energy of any structure in the population.

After assigning the fitness, we generate new population by crossover, as introduced by Deaven and
Ho,?> and mutation operations which are the most important and key operators in GA. For
crossover operation, we first choose two random cutting planes (m1 and m2) and position it in the
common center of father structure C1 and structure C2, respectively. By generating new structure,
we select all atoms from C1 which are to the left of the plane m1 and all atoms from the structure
C2 which are to the right of the plane m2. If the total number of new structures (N,) is larger than
N, we remove the N,-N atoms which are farthest away of the new structure. However, if N, <N,
we randomly chose N-Nn atoms from C2 which were not previously included. The generated new
structure should have reasonable bond distances and be different with other structures in the

population.

For the mutation operation in GA, the rattle and twist operation are considered. Firstly, 40% atoms
in transition metal clusters are allowed to move a random distance in a random direction with the
perturbations between -0.6 A and 0.6 A. Then, the adsorbed cluster can be rotated a random angle
ranging from 1° — 180° with respect to the surface normal. After the mutation operation, we have
to confirm the new generated structures are reasonable with suitable bonds distances. The random

number is generated by Mersenne Twister random number generator.
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The above steps are cycled to optimize and generate more and more populations. More than 500

structures have been calculated and no new structure are obtained after 100 cycles.

Micro-kinetic Modeling. The calculated activation energies are applied to compute the forward
and backward rate constants for WGS reactions. For surface reactions, the rate constants for the

forward and backward elementary reaction were determined by the Eyring equation®:

Ea
p BT O™ r (2),

h 0O
where £ is the reaction rate constant in s°'; &, T, /& and E, are the Boltzmann constant, temperature,
Planck’s constant and the activation barrier, respectively. O™ and Q refer the partition functions

of the transition and ground states, respectively. As an approximation, the pre-factor ,_&7 0" is
h Q

set to 1013 s°! for all the elementary surface reactions.

For non-activated molecular adsorption, the rate of adsorption is determined by the rate of surface
impingement of gas-phase molecules. The flux of incident molecules is given by Hertz-Knudsen
equation’:

o (3).

N 2mmk,T

Therefore, the molecular adsorption rate constant can be written as:

E P4 S (4)7

k ——
o N 27xmk,T

where P is the partial pressure of the adsorbate in the gas phase, 4’ is the surface area of the

adsorption site, m is the mass of the adsorbate, and S is the sticking coefficient.

For the desorption process, it is assumed that there are three rotational degrees of freedom and two

translational degrees of freedom in the transition state. Accordingly, the rate of desorption is given

by

b - kb_? AQrk) 55
h ot

rot

(),

where ¢ and 6 are the symmetry number and the characteristic temperature for rotation of gaseous
molecules, respectively. Eq is the desorption energy of gaseous molecules.
The approach to microkinetic simulations has been presented in detail elsewhere.®” Differential

equations for all the surface reaction intermediates were constructed using the rate constants and
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the set of elementary reaction steps. For each of the M components in the kinetic network, a single
differential equation is obtained in the form as below:

= i(kjvijlﬂ[ckv‘/j (6),
= e
in this equation, k; is the elementary reaction rate constant (see Equation 2), ,,is the stoichiometric
coefficient of component i in elementary reaction step k and ¢y is the concentration of component
k on the catalytic surface.

The WGS reaction rate is calculated by the in-house developed MKMCXX program.®® Steady-
state coverages were calculated by integrating the ordinary differential equations in time until the
changes in the surface coverages were very small. Because chemical systems typically give rise to
stiff sets of ordinary deferential equations (ODEs), we have used the backward differentiation
formula method for the time integration.” The rates of the individual elementary reaction steps can
be obtained based on the calculated steady-state surface coverages. In our simulations, the gas
phase contained a mixture of CO and O; in 2:1 molar ratio at a total pressure of 1 atm.

The elementary reaction steps that contribute to the rate control over the overall reaction can be
determined by degree of rate control (DRC) concept introduced by Campbell et al.>!' For

elementary step i, the degree of rate control Xgc;can be defined as

¥ _k,[@r] _[8lnr] %)
RCi — | A7 = ?
r\ok ), o \omk)

where ki, K; and r are the rate constants, the equilibrium constant for step 7 and the reaction rate,

respectively.

Hubbard terms in DFT+U approach. In this work, the DFT calculations were done by VASP
package, and the typical Hubbard parameter of Ce 4f electrons (U= 4.5 eV) was used, which was
calculated self-consistently by Fabris et al.!>!3 and agrees well with the report by Castleton et al.'4.
Yet, due to the high computational cost, the AIMD simulations in VASP package were quite slow.
Hence, the CP2k package was used to do the AIMD simulations because of its faster speed. In
VASP package, the pure plane waves are used as the basis set to solve the Kohn-Sham equations,
but in CP2k, essentially the Gaussian type basis sets are used (although those Gaussian orbitals

should also be expanded to plane waves in CP2k calculations). Due to the differences, the Hubbard
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parameter in VASP cannot be directly applied to CP2k. Several tests were done. We found by using
the Gaussians and auxiliary plane waves (GPW) double zeta Gaussian basis set in CP2k, when no
Hubbard term of Ce 4f electrons (Uess = 0 €V) was applied, the work function of our system was
around similar to that calculated by VASP. More importantly, by this setting, the O spillover energy
of monolayered Cug on CeO,(111) in CP2k is exothermic by around 1 eV, which well agrees with
that value in VASP shown in Fig. 2a. These tests could in some sense ensure our calculations at

the same footage.

AIMD Simulation Temperature. In the manuscript, the AIMD simulation was done at 773K
(500°C). That is the typical temperature of the calcination during the preparation of Cu/CeO,
catalyst in experiments. (For example, the Cu/CeO, catalysts were calcinated at 400°C in [15];
300—450°Cin [16]; 500°C in [17]; 650°C in [18]) Although the low-T WGS catalysts typically work
below 600K, the AIMD simulation at the calcination temperature could reveal the state of the as-
prepared catalyst, which can then be used to catalyze the low-T WGS reaction.

In our system, as shown in Fig. 2, the O spillovers in Cug/CeO, and Cu;4/CeO, are both quite
exothermic with the barriers of 0.53 eV and 0.69 eV, respectively. Applying the Arrhenius equation

Ea

(r = Ae RT, simply estimate the pre-exponential factor A at the scale of 10!2s!), these O spillover
barriers correspond to the estimated rates of 3.50x108 s*! and 3.17x107 s! respectively at 773 K.
Even at room temperature (300 K), they still have the rate of 1.25x103 s"! and 2.56 s’! respectively.

These reaction rates, together with their exothermic reaction energies, suggest the O spillover could

also take place at the temperatures of low-T WGS reactions.

S6



1.0

! 034 c>05
0.8 - \o/
04
S 01 02 03
2 0.6 4
>
2
[+
&5 0.4
[+
=
= 04 05 06
@ 0.2+ o]
V4 06
/%2
0.04 © o
01 07
diffusion of Cu atom on 0902(1 1) 07

Fig. S1. Diffusion pathway and corresponding potential energy profile of single Cu atom on the
CeOy(111) surface. Color code: red, O; pink, Cu; white, Ce.

The pathway was determined by CI-NEB method. Cu atom prefers to be bound to three surface

lattice O atoms, and the adsorption energy is -2.90 eV. The required energy barrier of Cu atom

diffusion on CeO,(111) is 0.89 eV. According to Arrhenius equation h , the Cu
diffusion rate constant is estimated to be 2.5x107 s'! at the typical reaction temperature of 773 K in
experiment, which indicates single Cu atoms are extremely unstable and make for sintering via

ripening to form large clusters or particles on CeO,(111) under typical synthesis temperatures of
Cu/CeO; catalysts.
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Fig. S2. DFT-optimized structures of several Cu, clusters (n = 1-8, 14) on CeO,(111) and their

correspondent adsorption energies. Color code: red, O; pink, Cu; white, Ce; blue, spilled O.
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Fig. S3. Relaxation process of Cug on CeO,(111) using DFT. The initial configuration is organized
by adding one Cu atom to the planar Cus/CeO,(111) and then optimized using DFT. Finally, one
lattice O atom (blue ball) was spontaneously spilled over on the planar Cug/CeOy(111). Colour
code: red, O; pink, Cu; white, Ce; blue, spilled O.

double
extension

Cu;-a Cu,,a
Fig. S4. Structural extension of Cu clusters (Cu; to Cuy4) on CeO,(111). Double extension of the
monolayered Cu cluster with O spillover in Cuy-a can produce the initial configuration of the
monolayered Cuy4-a which indeed contains two Cu; template shown in green dashed circles. After
construction, the configurations have been further optimized, and their stabilities are also

confirmed by global search.
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Fig. SS. The spillover of ceria subsurface O (in green) into surface vacancies.
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Fig. S6. The average radial distribution function (RDF, g(r)) of O atoms around the eight Cu
atoms on CeO, in AIMD. The curve is averaged by the eight curves of each Cu atom.
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Fig. S7. Projected Density of states (pDOS) analysis of Cu single atom (a) and it anchored on

perfect site (b) and oxygen vacancy (c) of the CeO,(111) surface.

For neutral free Cu atom, there is an asymmetric occupied peak corresponding to the Cu 4s state.
For Cu” in Cu,/CeO,(111), there are extremely weak symmetric peaks above Fermi level and in
turn one Ce3* is formed, while for Cu- in Cu;/Vo/CeO,(111), those are below Fermi level. The
adsorption of Cu atoms on oxygen vacancy can cause electron transfer from Ce3" into Cu atoms

and resultingly the oxidation state of Cu atoms is decreased.
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HO*+H*+CO* H*+COOH* H,*+CO,*

Fig. S8. Intermediates of WGS over Cu;4/CeO,(111) with two O spillover (Cul4-a) via L-H
(Langmuir-Hinshelwood) mechanism.

HO*+H*+CO* TS2 H*+COOH* H,*+CO,*
Fig. S9. Intermediates of WGS over Cu;4/CeO,(111) with two oxygen vacancies (VO) via L-H

mechanism.
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Fig. S10. Intermediates of WGS over Cu;4/CeO,(111) with two O spillover (Cul4-a) via MvK

(Mars-van Krevelen) mechanism.
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Fig. S11. Simulated IR spectra of (deuterated) water or produced OH after water dissociation on
supported Cu,4 and at the interfacial oxygen vacancy of Cug/CeO,(111), respectively. The scaling
factor is 1.0099, which is selected referring to the stretching vibrational mode of CO in gas phase
(theoretical 2122 cm! vs. experimental 2143 cm™).

The OD species adsorbed on Cu atoms in Cu;4/CeO,(111) has an IR band at 2694 cm!, while on
Ce3* (oxygen vacancy at the interface) the IR band position is blue-shifted to 2726 cm!. Recently,
Shen and co-workers observed IR band of OD species adsorbed on copper-ceria catalysts at 2693
cm!, and therefore, we suggested that the experimental observed OD species is adsorbed on copper

atom not Ce3" cations. It further supported that WGS reactions take place via LH mechanism, not
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AE = 2.87 eV

Fig. S12. Removal of spilled-over O and the peripherical O atoms of Cu;4/CeO,(111).

Fig. S13. CO oxidation by the spilled-over O and peripherical O atoms of Cu;4/CeO,(111).
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Fig. S14. The DFT-determined pathway of the dissociated H supported to form H,O together with
the removal of O from the Cu site.
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Fig. S15. The Arrhenius plots of the rate of WGS reaction and the competitive H,O formation from
the dissociated H supported on Cu;4/CeO,(111) via LH mechanism.
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Table S1. Bader charges of Cu atoms in Cu/CeO,(111) models.

Species Bader charge of Cu (+¢) number of Ce3*
Cu,0 (Cu") 0.54 -
CuO (Cu?) 1.00 -

Cu,/CeO; (Cul-a) 0.54 1
Cu,/CeO; (Cu2-a) 0.44, 0.41 2
Cu;/CeO; (Cu3-a) 0.18,0.19, 0.15 1
Cuy/CeO; (Cu4d-a) 0.25, 0.25,0.27, 0.10 2
Cus/CeO; (Cu5-a) | 0.10-0.20 (2 atoms), 0.20-0.25 (2 atoms), 3
0.44
Cug/CeO, (Cub-a) | 0.10-0.20 (3 atoms), 0.20-0.25 (1 atoms), 4
0.49 (2 atoms)
Cu;/Ce0; (Cu7-a) | 0.10-0.20 (2 atoms), 0.20-0.25 (3 atoms), 5
0.49 (2 atoms)
Cug/CeO, (Cu8-a) | 0.10-0.20 (2 atoms), 0.20-0.25 (2 atoms), 6
0.45 (4 atoms)
Cuy4/CeO, 0.10-0.20 (4 atoms), 0.20-0.25 (6 atoms), 10

(Cul4-a) 0.45-0.50 (4 atoms)

Cu4-2Vo/Ce0, -0.11 (2 atoms), 0.10-0.20 (11 atoms), 9
0.20-0.25 (1 atom)
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Table S2. Energies data of WGS by the selected models of Cu/CeO,.

supports M E.qs E, AE E.qs E, AE AE
(H,0) | (TS1) | (HO*+H*) | (CO) | (TS2) | (COOH*) | (CO,+H,)

Cuyy LH -0.95 | 0.03 -0.36 -1.09 | 0.46 0.06 1.66

Cuys- LH -0.53 | 0.41 -0.86 -1.06 | 0.85 0.27 1.50

2Vo

Cuyy MvK | -096 | 0.85 -0.63 -1.11 | 0.80 0.65 1.37
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