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Supplementary Methods

Elemental compositions were analyzed with an Optima 7300 DV inductively coupled
plasma atomic emission spectrometer (ICP-AES).Powder X-ray diffraction (XRD)
patterns were recorded on a Philips X Pert PROS diffractometer using a nickel-filtered Cu
Ko (wavelength: 0.15418 nm) radiation source with the operation voltage and operation
current being 40 kV and 50 mA, respectively. Routine X-ray photoelectron spectroscopy
(XPS) measurements were performed on an ESCALAB 250 high performance electron
spectrometer using monochromatized Al Ka (hv =1486.7 eV) as the excitation source. The
likely charging of samples was corrected by setting the binding energy of the adventitious
carbon (C1s) to 284.8 eV. Scanning electron microscope (SEM) experiments were
performed on a JEOL JSM-6700 field emission scanning electron microscope.
Transmission electron microscopy (TEM), high resolution transmission electron
microscopy (HRTEM) and selected area electron diffraction (SAED) experiments were
performed on a JEM-2100F high resolution transmission electron microscope. BET
specific surface areas were acquired by using a Beckman Coulter SA3100 surface area
analyzer, and the sample was degassed at 423 K for 5 h in a N2 atmosphere before the
measurements.

Experiments of CO temperature-programmed reduction (CO-TPR),

temperature-programmed reaction spectra (TPRS) and temperature desorption spectra



(TDS) were conducted on a Micromeritics ChemiSorb 2750 connected with an online
HIDEN QIC-20 gas analysis system to detect the compositions of the effluent gas. In
CO-TPR experiments, 0.01 g Cu20 NCs were placed in a U-shaped tube and headed at the
rate of 5 K min™ in a 5% CO/Ar atmosphere with a flow rate of 40 mL min. In
CO+H20O-TPRS experiments, 0.1 g Cu NCs were acquired by the in-situ reduction of Cu20
NCs in a U-shaped tube and then heated to 548 K at the rate of 5 K min™* in a gas stream
consisting of 0.432% CO and water vapor at 278 K (water vapor: 0.8726 kPa) balanced
with Ar at a flow rate of 30 mL min! to yield the Pco:Przo ratio of 1:2 and kept for 0.5 h.
In TDS experiments, 0.1 g Cu NCs subjected to the catalytic activity evaluation in the
WGS reaction up to 548 K were placed a in U-shaped tube and heated in a high-pure Ar
stream at a flow rate of 30 mL min™ to 873 K at a rate of 5 K min™.

XPS experiments without exposure to air were carried out on an ESCALAB 250 high
performance electron spectrometer equipped with an high-pressure reactor using
monochromatized Al Ko (hv = 1486.7 ¢V) as the excitation source. The samples were
treated under desired conditions at ambient pressure in the high-pressure reactor and then
cooled to room temperature, pumped and transferred to the analysis chamber for the XPS
measurements without exposures to air. The Cu2O NCs were heated to 548 K at a rate of 1
K min™ and kept for 2 h in 5% CO/Ar (flow rate: 30 mL min) to acquire Cu NCs. The

condition of CO+H>0 reaction on Cu NCs employed in the XPS experiments was same as
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that employed in the CO+H,O-TPRS experiment. During the H,O activation experiments,
Cu NCs were heated to the desirable temperatures at a rate of 5 K min™ in the Ar stream
(flow rate: 30mL min) saturated with water vapor at 278 K and kept for 0.5 h. The Cu
NCs subjected to water activation at 523 K were heated to 473 K at a rate of 5 K mintina
0.432% CO/Ar stream at a flow of 30 mL min and kept for 0.5 h to the reactivity of
water-activated Cu NCs toward CO.

In-situ Diffuse reflectance infrared Fourier transformed spectroscopy (DRIFTS)
experiments were carried out on a Nicolet 6700 FT-IR spectrometer equipped with an
in-situ low-temperature and high-vacuum DRIFTS reaction cell (Harrick Scientific
Products, INC) using an MCT/A detector in the series mode with 256 scans and at a
resolution of 4 cm™. 0.1 g Cu20 NCs were loaded on the sample stage of the reaction cell
and heated in 5% CO/Ar (flow rate: 30 mL min™) to 548 K at a rate of 1 K min™* and kept
for 2 h to acquire Cu NCs. During CO adsorption experiments, the Cu NCs were purged in
Ar at room temperature for 0.5 h, pumped to a pressure of 0.01 Pa and then cooled to 123 K,
and the spectra were taken as the background spectra. Then CO was admitted via a leak
valve into the reaction cell to reach a pressure of 400 Pa, and the DRIFTS spectra were
recorded after CO adsorption reached the steady state. During TDS experiments of used
Cu NCs catalysts, 0.1 g Cu NCs subjected to catalytic activity evaluation in the WGS

reaction were loaded on the sample stage of the reaction cell and purged in Ar at 303 K,
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and the spectra were taken as the background spectra. Then the Cu NCs were heated to 723
K in Ar (flow rate: 30 mL min?) at a heating rate of 5 K min™* and kept for 1 h, and then
cooled down to 303 K at which temperature the DRIFTS spectra were recorded.

Catalytic activity in the water-gas-shift (WGS) reaction was evaluated in a fixed-bed
flow reactor. The reactant gas consisted of 5% CO (flow rate: 30 mL min™) and water
vapor at 319 K (water vapor pressure: 10.094 kPa) balanced with Ar that yielded the
Pco:PH2o ratio of 1:2. 0.1 g Cu20 NCs diluted with 0.05 g Al.Oz were firstly in-situ
reduced by 5% CO/Ar (flow rate: 30mL min*) at 548 K for 2 h to acquire Cu NCs. The
acquired Cu NCs catalysts were heated to the desired reaction temperatures at a rate of 1
K min! and the steady-state compositions of the effluent gas were analyzed with an
on-line gas chromatography (FULI 9790I1) with a thermal conductivity detector attached
to a 5A zeolite column. The catalytic activity was calculated by the change in CO
concentration of the inlet and outlet gases. The catalytic activity of Cu,O NCs was
evaluated using the same procedure as Cu NCs but without the pretreatment of reduction.
The catalytic activity of ZnO/Cu NCs catalysts were evaluated using the same procedure as
Cu NCs employing 0.05 g ZnO/Cu.O NCs composites diluted with 0.1 g Al2O3
pre-reduced by 5% CO/Ar (flow rate: 30 mL min™) at 423 K for 1 h to acquire ZnO/Cu

NCs catalysts. The catalytic activity of commercial Cu/ZnO/Al>Os catalyst was evaluated



using the same procedure as Cu NCs employing 0.005 g Cu/ZnO/Al,O3 catalyst diluted
with 0.145 g Al,O3 carefully pre-activated in Ho.

DFT calculations were carried out by the Vienna ab-initio simulation package
(VASP)>® using the projector-augment wave (PAW) method.” The nonlocal exchange
correlation energy was performed via the generalized gradient approximation (GGA) and
PBE functional .#° A plane wave basis set with a 400 eV cut off kinetic energy and a 5>6x1
Monkhorst-Pack k-point grid to sample the surface Brillouin zone were performed to give
converged results. Slab model was used to simulate the Cu20/Cu(111) andCu.0/Cu(100)
structures with a vacuum layer of 15 A, built from the fcc-Cu bulk unit cell with an
optimized lattice parameter of 3.638A that agrees well with the experimental value of
3.615 A1% Cu(111) and Cu(100) surfaces respectively had the thickness of 3 and 4 atom
layers with a 2x4 periodic supercell. The Cu20 structure adopted the copper configurations
of Cu(111)/(100) substrates with a 2>2 periodic supercell and consisted of an Ogown-Cu-Ovyp
layer. According to previous results,'1 ring-like structures were adopted for Cu,O islands
on both Cu(100) and Cu(111) surfaces, which gives a zig-zag chain structure of Cu,O at
the Cu-Cu20 interface. Thus, to simulate the reaction at the interface between Cu and Cu.0O
domain but remain computational affordable to explore full reaction network, we use a
zig-zag chain structure representing the edge of Cu2O ring-like structures. Moreover, the

lattice constant of Cu20 ring-like structure was assumed same with Cu metal underneath



for simplicity. The top layer of Cu(111) , top two layers of Cu(100) substrates, the whole
Cu20-like layer, and the adsorbed species were allowed to relax until the force on each ion
was less than 0.02 eV A during the optimization processes.

The adsorption energies of adsorbates (Eads) were calculated as

Eaas = Eaa/sub — Eaa — Esup
in which Eaassub IS the energy of the optimized adsorption system of adsorbate and substrate,
Ead is the energy of adsobate in the gas phase and Esu Is the energy of the clean substrate.
The reaction energies of elementary reactions (Er) were calculated as
By = ) (Fagsproaues = ) (Faas)reactants + Dgas prase
where ¥ (Eqas)prodaucts aNd X(Eqqs)reactants are the total energies of the adsorption
energies of the products and reactants at infinite separation. AEg4s ppase iS the
corresponding reaction energy in the gas phase. Therefore, negative values of Er mean
exothermic processes, and positive values of E; mean endothermic processes.

To search the transition states of elementary reactions, we combined the
climbing-image nudged elastic band (CI-NEB) method*®!® with the advanced force
reversed method’ and the convergence criteria for the transition state calculation was that
the force on each atom decreased to 0.05eV A, The transition states were verified by
vibrational analysis showing a single imaginary mode. Zero point energies and entropy

corrections were neglected in DFT calculations. The activation energies of elementary



reactions (Ea) and reaction energies of elementary reactions (Er) were taken with respect to
isolated reactants/products. Four typical elementary surface reactions were selected to
calculate the interaction energy between isolated species and co-adsorbed states. The

results are listed as the following:

Interaction Energy (eV)
Elementary Surface Reactions States
(111) (100)
Final State
H,00u + Ociao = OHe, ¥ OgypoM OH_, +O,,,H 0.47 0.41
u u
Final State
HCOOCuzo - COz, cizo T HCu C02 ot Hc 0.05 0.08
, Cu u
Initial State
H., +H,, — H,9) H +H 0 0
Cu Cu
Initial State
CO, + O ot = COOH CO +0 H 0.07 -0.02
Cu Cu20

It can be found that most of them have modest interaction energies (less than 0.09 eV),
and therefore can be neglected. The small interaction might come from the relative large
supercell (2x4) used in present work. Large interaction energies were observed for water
dissociation at CuO-Cu interfaces, being about 0.47 eV for Cu20-Cu(111) and 0.41 eV
for Cu20-Cu(100). This comes from the cost of hydrogen bond between dissociated

fragments at the co-adsorbed states.



Supplementary Notes

The absence of mass and heat transfer limitations under our catalytic reaction
conditions was proved by a Weisz-Prater analysis and a Mears analysis proposed by
Oyama et al.! as the following:
Supplementary Note 1. Mass transfer limitations: Internal diffusion, Weisz-Prater
Criterion®?

The absence of internal mass transfer limitations was evaluated using the
Weisz-Prater criterion, where if Cwp is lower than 1, the internal mass transfer effects can
be neglected:

1 2
—Ta PcR
Cwp = —22—<1

DeCys

—T4 ops » Observed reaction rate = 3.15x10° kmol kgear™ s (taking the maximum
CO rate observed in our investigations)

p., Solid density of catalyst = 6000 kg m™

R, Particle size = 3.75x10° m

Cas, Concentration of reactant A on the surface. As the maximum concentration (5
vol%) used considering all kinetic experiments is that of A = Carbon monoxide.
Considering 5 vol% CO, Cas= 2.04x10° kmol m™

Dapepoc

De, effective diffusion given by D, =



D45, Gas-phase diffusivity. For a mixture of CO-Ar was calculated® to be 5.61x10®
m? s, &,, Pellet porosity = 0.4; o, Constriction factor = 0.8; 7, Tortuosity = 3; D, =
5.98x10° m?s?

Cwe = [(3.15x10%)x6000x(3.75x10°)2)/[(5.98x10°)x(2.04x10%)] = 2.17x10?< 1

Therefore, this system does not suffer from internal mass transfer limitations.
Supplementary Note 2. Mass transfer limitations: External Diffusion, Mears Criterion?

The absence of external mass transfer limitations can be evaluated using the Mears

criterion:

—T4 ops » Observed reaction rate = 3.15x10° kmol kgear™ s (taking the maximum
CO rate observed in our investigations)

p,, Solid density of catalyst = 398.089 kg m™

R, Particle size = 3.75x10° m

n, reaction order = 1

Cap, Bulk of CO. If CO is 5 %, Cas= 2.04x10° kmol m™

k. mass transfer coefficient = 0.0174 m s

Cwm = [(3.15x10) x 398.089 x (3.75x107) x 1]/[(0.0174) x (2.04x10?)] = 1.32 x10*
<<1

Therefore, this system does not suffer from external mass transfer limitations.
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Supplementary Note 3. External (Interphase) heat transfer: Mears criterion?

—AH.CROPRE| g
TR, |

—AH,, heat of reaction, -41.2 kJ mol™ (taking the maximum heat of WGS
reaction)

—7, , reaction rate, 3.15x10 mol kgear® s (taking the maximum CO rate
observed in our investigations)

Py, bulk density of catalyst bed, 398.089 kg m

R, catalyst particle radius, 3.75x10° m

E, activation energy, 32.4 kJ mol*

h,, heat transfer coefficient between gas and pellet, 0.747 ki m2 K s*

Ty, bulk gas temperature, 548 K

Rg, gas constant, 8.3145x10 kJ mol™* K™

[41.2 kJ mol™] x[3.15x10" mol kgear ! 1] %[398.089 kg m] x[3.75x10° m] x[32.4

kJ mol™]/ ([0.747 kI m? K 5] x[548 K]? %[8.3145 x<10° kI mol't K1) =3.37 x 10° <<

0.15
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Supplementary Figures

Supplementary Figure 1. The scale bars of (al, a2, b1 and b2) correspond to 1000 nm,
that of (a3, b3 and c1-c3) correspond to 500 nm, and that of (a4-c4) correspond to 1 nm.
(al-a4) Representative SEM, TEM, and HRTEM images of c-Cu20 NCs, (b1)
representative SEM image of as-synthesized PVP capped 0-Cu20-PVP NCs, (b2-b4)
representative SEM, TEM, and HRTEM images of capping-ligand-free 0-Cu>O NC,(c1)
representative SEM image of as-synthesized OA capped d-Cu20-OA NCs, and (c2-c4)
representative SEM, TEM, and HRTEM images of capping-ligand-free d-Cu>O NCs.
Lattice fringes of 0.30 and 0.43 nm respectively correspond to the spacing of Cu.O {110}
and {200} crystal planes (JCPDS card NO. 78-2076). The insets in Supplementary Figure

1 a3-c3 show the electron diffraction patterns. These results demonstrate that the
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morphologies of as-synthesized 0-Cu.O-PVP and d-Cu>0-OA NCs do not changed during
the controlled oxidation treatment to acquire capping-ligand-free 0-Cu.0 and d-Cu>O NCs,

respectively.
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Supplementary Figure 2. (a) XRD, (b) Cu 2p XPS, (c) Cu LMM AES, (d) C 1sand (e) N
1s XPS spectra of as-synthesized Cu2O NCs (black lines) and capping-ligand-free Cu.O
NCs (red lines). In the C 1s XPS spectra, the C 1s peaks at 285.9 and 288 eV respectively
corresponding to the C=0 group and the C-N group of the PVP molecules on 0-Cu,0-PVP
disappeared after the controlled oxidation treatment, and the C 1s peak at 284.8 eV
corresponding to the adventitious carbon species/C atoms in CHy groups of the PVP
molecules attenuated; and meanwhile, in the N 1s XPS spectra, the N 1s peak at 399.9 eV
corresponding to the C-N group of the PVP molecule disappeared. In the C 1s XPS spectra,
the C 1s peak at 284.8 eV belonging to the adventitious carbons species/C atoms in the CHx

groups of the OA molecule on d-Cu,O-OA greatly attenuated. XRD patterns and Cu 2p

XPS and LMM AES spectra exhibited the same features for as-synthesized Cu>O NCs and
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capping-ligand-free CuO NCs. These results demonstrate that the employing controlled
oxidation treatments successfully remove the PVP and OA capping ligands respectively on
as-synthesized 0-Cu.O-PVP and d-Cu20-OA while both the bulk and surface structures of

Cu20 NCs do not change, agreeing with our previous reports.
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Supplementary Figure 3. Size distributions of (al) c-Cu20, (a2) c-Cu, (b1) 0-Cu0, (b2)

0-Cu, (c1) d-Cu20 and (c2) d-Cu.
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Supplementary Figure 4. CO-TPR profiles of c-Cu20, 0-Cu20, and d-Cu20 NCs. It can

be seen that all Cu2O NCs can be reduced at 548 K.
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Supplementary Figure 5. XPS spectra measured without exposure to air with
peak-fitting results of (a) Cu 2p, (b) O 1s and (c) C 1s of various Cu NCs. The thin solid
line and thick solid lines correspond respectively to original data and peak-fitted spectra.
In the Cu 2p XPS spectra no Cu(ll) feature was observed. In the O 1s XPS spectra, three
components appear with the O 1s binding energy at 529.5, 530.3, and 531.8 eV that could
be respectively assigned to oxygen adatoms, Cu suboxide, and hydroxyl
groups/oxygenates species; in the C 1s XPS spectra, adventitious carbon, carbonate and
carboxylate species with the C 1s binding energy respectively at 284.8, 289 and 287.7 eV
are visible for all Cu NCs while minor formate species with the C 1s binding energy at

286.6 eV exists exclusively for o-Cu.
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Supplementary Figure 6. (a) In-situ DRIFTS spectra of Cu NCs acquired by the
reduction of corresponding Cu2.O NCs with the spectrum of corresponding Cu20 NCs as

the reference spectrum and (b) the enlarge image between 1200 and 1650 cm™.
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Supplementary Figure 7. (a) Catalytic performance of Cu NCs in the WGS reaction
evaluated for two cycles and (b) Catalytic performance of c-Cu NCs in the WGS reaction
evaluated with cycling reaction temperatures. The observed reproducibility demonstrated
the stability of Cu NCs in the WGS reaction up to 548 K. With the specific surface areas
of c-Cu (1.17 m?.g) and d-Cu NCs (3.33 m?-g) and the Cu atom densities of Cu (100)
(1.51167x10% Cu/m?) and (110) (1.06873x10%° Cu/m?) surfaces, the surface Cu
atom-specific reaction rates (molco s molsurf cu™) of Cu NCs were calculated from

corresponding reaction rates.
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Supplementary Figure 8. (a, b) Catalytic performance of commercial Cu/ZnO/Al203

catalyst in the WGS reaction and (c) the corresponding Arrhenius plot.
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Supplementary Figure 9. The scale bars of (a-c) correspond to 1000 nm. SEM images of
(a) c-Cu, (b) 0-Cu, and (c) d-Cu NCs after the activity evaluation in the WGS reaction up

to 548 K (Cu NCs mixed with Al,Os).
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Supplementary Figure 10. The scale bars of (c, d) correspond to 1000 nm. Catalytic

performance of (a) c-Cu NCs and (b) 0-Cu NCs in the WGS reaction up to 673 K

evaluated for two cycles; SEM images of (c) c-Cu and (d) o-Cu after the activity

evaluation in the WGS reaction up to 673 K (Cu NCs mixed with Al.O3). Both Cu NCs

are demonstrated not stable and undergo obvious morphological changes during the

activity evaluation.
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Supplementary Figure 11. Catalytic performance of (a) c-Cu20, (b) 0-Cu20 and (c)
d-Cu20 in the WGS reaction; (d) The Arrhenius plots of the steady-state WGS reaction
catalyzed by c-Cu20 (c-Cu20-2nd) and d-Cu20 (d-Cu20-3rd) NCs. Each catalyst was
evaluated for three cycles to confirm the steady-state activity. Both the steady-state
catalytic activity and apparent activation energy of c-Cu2O and d-Cu>O NCs are almost
identical to those of c-Cu and d-Cu NCs, respectively. The observed high CO conversion
of d-Cu20-1st at 523 K is due to the CO- produced by the reduction of d-Cu20 NCs by CO

(See Supplementary Figure 12).
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Supplementary Figure 12. XRD patterns of Cu.O NCs catalysts during the 1st cycle of
activity evaluation in the WGS reaction at selected temperature for 50 min (e Cu20O; o Cu;
Others: Al>Ogz). In-situ reduction of Cu20 NCs into Cu NCs during the WGS reaction is
demonstrated. c-Cu0 and 0-Cu20 NCs are fully reduced at temperatures not higher than

473 K while d-Cu20 NCs are partially reduced at 523 K and fully reduced at 548 K.
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Supplementary Figure 13. The scale bars of (a-c) correspond to 1000 nm.
Representative SEM images of (a) c-Cu.0, (b) 0-Cu.0 and (c) d-Cu20 NCs after the WGS
reaction, respectively corresponding to the formation of c-Cu, 0-Cu and d-Cu NCs by the

in-situ reduction.
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Supplementary Figure 14. Cu LMM AES spectra of Cu20 NCs and Cu NCs mixed with
Al>03 after the catalytic activity evaluations in the WGS reaction up to 548 K. It can be
seen that they are very similar, demonstrating that the Cu.O NCs undergo the in-situ
morphology-preserved reduction into the corresponding Cu NCs. It is noteworthy that the
spectra were measured with the catalysts taken out from the reactor and exposed to air, thus
the Cu(1)/Cu(0) ratios on the used Cu NCs surfaces are higher than those measured without

exposure to air (Supplementary Figure 15) due to the occurrence of the surface oxidation.
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Supplementary Figure 15. (a) Cu 2p XPS, (b) Cu LMM AES, and (c) O 1s XPS spectra
of Cu NCs before (black lines) and after (red lines) after WGS reaction at 548 K measured
without exposure to air. After the WGS reaction, no Cu(ll) feature appears, and the
metallic Cu component increases at the expense of the Cu(l) component on used c-Cu and
d-Cu due to the transformation of the suboxide species (O 1s B.E. at 530.3 eV) respectively
into the oxygen adatoms (O 1s B.E. at 529.5 eV) and the hydroxyl groups/oxygenates
species (O 1s B.E. at 531.8 eV) while the Cu LMM AES spectra and O 1s XPS spectra of

0-Cu seldom change.
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Supplementary Figure 16. (a) Cu 2p and (b) C 1s XPS spectra of Cu NCs (black lines),
Cu NCs activated by H>O at 423 K (red lines), Cu NCs activated by H,O at 523 K (blue
lines) and Cu NCs activated by H>O at 523 K and then exposed to CO at 473 K (brown

lines) measured without exposure to air.
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Supplementary Figure 17. Ol1s XPS spectra with peak-fitting results of (a) Cu NCs
activated by H>O at 423 K, (b) Cu NCs activated by H20 at 523 K, (c) Cu NCs activated by

H20 at 523 K and then exposed to CO at 473 K, and (d) Cu NCs evaluated in the WGS

reaction at 548 K measured without exposure to air.
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Supplementary Table 1. The integrated peak areas of different O 1s components on Cu

NCs subjected to different treatments acquired from the peak-fitting spectra of O 1s XPS

spectra measured without exposure to air.

O 1s Binding Energy (eV)

c-Cu 0-Cu d-Cu
520.5 | 530.3 | 531.8 | 5205 | 530.3 | 531.8 | 529.5 | 530.3 | 531.8
Cu 146 | 202 | 069 | 1.78 | 076 | 1.32 | 0.78 | 1.74 | 0.83
O activationat | 5 1g | 021 | 142 | 115 | 090 | 121 | 232 | 053 | 141
423K
O activationat | » 03 | 244 | 0.92 | 148 | 247 | 068 | 205 | 2.41 | 0.78
523 K
H20 activation at
>28 K followed by | 17 1 167 | 0.98 | 1.39 | 246 | 0.70 | 2.05 | 2.40 | 0.83
CO reaction at 473
K
Wesreactionat |y g3 | 077 | 1.14 | 204 | 044 | 119 | 081 | 151 | 1.8

548 K
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(a)Cu 0-Cu(111)

H,O0-Cu CO-Cu OH-Cu HCOO-Cu
—-O39eV E,.=-0.74 eV =-2.79eV E,.=-2.44¢eV

COOH Cu CO,-Cu OH-Cu,0 HCOO-Cu,0
.=-148eV E, =-0.08eV E, =-0.36eV E,, =-2.42eV

COOH Cu,0 CO0,-Cu,0
=-155eV E,. =-0.11eV

(b) Cu,0-Cu(100)

ads

H,0-Cu " CO-Cu OH-Cu " HCOO-Cu
E,.=-070eV E, =-0.82eV E, =-297eV E,, =-2.80eV

COOH-Cu CO,-Cu OH-Cu,0 HCOO-Cu,0
E,.=-1.83eV E,. =-0.05eV E, =-043eV E,, =-2.69¢eV

COOH-Cu,0  CO,-Cu,0
E.,=-180eV E,,=-0.03eV

Supplementary Figure 18. The structures and the adsorption energies (Eads) of
adsorption species involved in WGS reaction at their favorable sites on (a) Cu2O-Cu(111)
and (b) Cu20-Cu(100). Labeling of atomic spheres: Cu(111)/(100) substrate in blue, Cu

in Cu20 in orange, O inred, C in grey, H in white.
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Supplementary Figure 19. Calculated energy diagram of water adsorption and
decomposition on (a) Cu(111), (b) Cu20-Cu(111), (c) Cu(100) and (d) Cu20-Cu(100)

surfaces with optimized structures of involved key surface species and transition states.
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Supplementary Table 2. The reaction energy (Er) and reaction barrier (Ea) of H20

adsorption and dissociation on Cu(111), Cu(100), Cu20-Cu(111), and Cu20-Cu(100).

Cu,0-Cu(111)

Cu20-Cu(100)

Elementary Reactions
EaleV ErleV EaleV ErleV
H20(g) + Cucuz2o-cu — H20cy -0.39 -0.70
H20cu + Ocuz0 — OHcu + Ocuz0H 0.58 0.36 0.40 0.33
Ocuzo0H — Ocuzo + Hcu 0.98 0.27 1.09 0.43
Cu(111) Cu(100)
EaleV EeV EaleV EeV
H20 + Cucuy — H20cu -0.34 -0.37
H20cu — OHcy + Heu 1.36 0.20 1.23 0.10
OHcy — Ocuy + Heu 1.70 0.60 1.68 0.50
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a 17 cu,0-cu(111)

-1.52

o J H,0(9) CO,(g)+0, CO,(g)+H., CO,(9)

2 +C0(g) TS-1 TS:2 TS-3 +H;+OHCU +6MHC i
H,Oq, CO,+OH,, CO+H,, CO,c,0*+0, CO,(g)
+Co,, +0H  +OHg,  +OHo+H,, T4 TS5 +H,(g)

Supplementary Figure 20. Calculated energy diagram of the WGS reaction at the
Cu20O-Cu interfaces of (a) Cu(111) and (b) Cu(100) surfaces via the redox mechanism

with optimized structures of involved key surface species and transition states.
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Supplementary Table 3. The reaction energy (Er) and reaction barrier (Ea) of elementary
surface reactions of the WGS reaction catalyzed at the Cu2O-Cu interfaces of Cu(111)

and Cu(100) surfaces via the redox mechanism.

Cux0-Cu(111) Cu20-Cu(100)
Elementary Reactions
Ea/eV Er/eV EaleV | ErleV
CO(g) + Cucuzo-cu — COcu 0.74 -0.82
H20(g) + Cucuz2o-cu — H20cy -0.39 -0.70
H20cu + Ocuz0 — OHcy + OcuzoH 0.58 0.36 0.40 0.33
OcuzoH — Ocuzo + Heu 0.98 0.27 1.09 0.43
COcu + Ocu20 — CO2, cuz0 + Oy 0.33 -0.76 0.56 -0.51
OHcy + Oy — Ocuzo0H 0.29 -0.06 0.38 0.05
OcuzoH — Ocuzo + Heu 0.98 0.27 1.09 0.43
Hcu + Heu — H2(9) 0.90 0.16 0.85 0
CO2, cuz0 — CO2(Q) 0.11 0.03
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Supplementary Figure 21. Calculated energy diagram of the WGS reaction at the
Cu20O-Cu interfaces of (a) Cu(111) and (b) Cu(100) surfaces via the associative
mechanism initiated by the reaction of COcu and OcuzoH to produce COOHcuz20 with

optimized structures of involved key surface species and transition states.
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Supplementary Table 4. The reaction energy (Er) and reaction barrier (Ea) of elementary
surface reactions of the WGS reaction catalyzed at the Cu2O-Cu interfaces of Cu(111)
and Cu(100) surfaces via the associative mechanism initiated by the reaction of COcy and

Ocu20H to produce COOHcuyzo.

Cu20-Cu(111) | Cu20-Cu(100)
Ea/ev Er/eV Ea/ev Er/ev

Elementary Reactions

CO(g) + Cucu2o-cu = COcuy -0.74 -0.82

H20(g) + Cucuzo-cu — H20cu -0.39 -0.70

H2Ocy + Ocu20 — OHcy + Ocu2oH | 0.58 0.36 0.40 0.33

COcuy + OcuzoH — COOHcuw20 045 | 0.18 | 0.83 | 0.20

COOHcu20 — CO2,cu20 + HeutOyv | 0.81 | -0.66 | 0.96 | -0.29

OHcy + Ov — OcuzoH 0.29 | -0.06 | 0.38 | 0.05
Ocuz20H — Ocuzo + Heu 098 | 0.27 | 1.09 | 043
Hcu + Heu — H2(Q) 0.90 | 0.16 | 0.85 0

CO2, cuz0 — CO2(Q) 0.11 0.03

CO2, cuzo + Hcu — HCOOcu20 081 | -0.66 | 0.49 | -0.46

HCOOcu20 — CO2, cu20 + Heu 1.47 0.66 0.95 0.46
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Supplementary Figure 22. Calculated energy diagram of the WGS reaction at the
Cu20O-Cu interfaces of (a) Cu(111) and (b) Cu(100) surfaces via the associative
mechanism initiated by the reaction of COcy and OHcy to produce COOHcy with

optimized structures of involved key surface species and transition states.
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Supplementary Table 5. The reaction energy (Er) and reaction barrier (Ea) of elementary
surface reactions of the WGS reaction catalyzed at the Cu2O-Cu interfaces of Cu(111)
and Cu(100) surfaces via the associative mechanism initiated by the reaction of COcy and

OHcy to produce COOHcy.

Cu20-Cu(111) | Cu20-Cu(100)
Ea/ev Er/ev Ea/ev E: eV

Elementary Reactions

CO(g) + Cucu2o-cu — COcy -0.74 -0.82

H20(g) + Cucu2o-cu — H20cy -0.39 -0.70

H2Ocy + Ocu20 — OHcy + Ocu20H 0.58 0.36 0.40 0.33

COcu + OHcy — COOHcy 0.75 | 033 | 051 | 0.20

Ocu20H — Ocuz0 + Heu 0.98 | 0.27 1.09 0.43

COOHcy + Ocuyzo — CO2,cu+ OcuizoH | 0.01 | -1.09 | 0.18 | -0.67

OcuzoH — Ocuzo + Heu 098 | 027 | 1.09 | 043
Hcu + Heu — H2(Q) 0.90 0.16 0.85 0

CO2,cu — CO2(9) 0.08 0.05

CO2, cu + Hcu — HCOOcy 0.75 | -051 | 0.53 | -0.74

HCOOcy — COz cu + Heuy 126 | 051 | 127 | 0.74
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Supplementary Figure 23.Calculated energy diagram of the reaction of adsorbed CO>
and H to form the formate species at the Cu.O-Cu interfaces of (al, b1) Cu(111) and (a2,

b2) Cu(100) surfaces with optimized structures of the transition state.
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Supplementary Figure 24. (a) XRD patterns, (b) Cu LMM and (c) Zn LMM AES

spectra of ZnO/Cu.O-NC and ZnO/Cu-NC catalysts.
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Supplementary Figure 25. ZnO/o-Cu catalyst. The scale bars of (a, b) correspond to
1000 nm, that of (c) correspond to 500 nm, and that of (d) correspond to 2 nm.
Representative SEM images of (a) 1%wt-ZnO/0-Cuz0, representative SEM (b), TEM (c)
and HRTEM (d) images of 1.67%wt-ZnO/o-Cu catalysts, () CO conversions of
1.67%wt-ZnO/o-Cu catalyst in the WGS reaction as a function of reaction temperature and
(f) Arrhenius plot of 1.67%wt-ZnO/o-Cu in the WGS reaction. The data of 0-Cu NCs are
included for comparisons. The lattice fringes of 2.08 and 2.81 A respectively correspond to
the spacing of Cu {200} (JCPDS card NO. 89-2838) and hexagonal ZnO{100}(JCPDS

card NO 89-1397) crystal planes.
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Supplementary Figure 26. Catalytic performance of ZnO/c-Cu catalyst in the WGS
reaction evaluated with cycling reaction temperatures. The observed reproducibility

demonstrated the stability of ZnO/c-Cu catalyst in the WGS reaction up to 548 K.
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