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Fig. S1. Calculated formation energies (E;) as a function of vacancy coverage (8) / ML for oxygen vacancy

(Oy) and Zn-O dimer vacancies ((Zn-O)p;y) on the ZnO(lO—1 0) surface.
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Fig. S2. Calculated relationship between the formation energies (Ey) of different defect ZnO surfaces and

chemical potentials of oxygen (Auop).
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To obtain the chemical potentials of oxygen under certain conditions and evaluate the stabilities of the

different defect ZnO(lO—1 0) surfaces, one can also align the surface energetics with other types of reaction

gases. As an example, we can refer to the balanced reaction below:

CO, = CO + %0,#(S1)

For Equation S1, the balance constant can be expressed as:

1

Pco- (poz)E
K =——#(52)

p
pco2

where Pco, pOZ and pCOZ represent the balanced partial pressure of CO, O, and CO, molecules, respectively.

Therefore, the chemical potential of O, has an alternative expression:

Kp : pCOz ,
Po, ( Pco : Peo
Ap, = RTIn— = RTIn—————— = 2RT|InK  + In—— [#(S3)
2 0 6 P p
p p co
where the p? is the standard pressure (1 bar = 101.325 kPa). Notably, the K, can be also determined by:
K AG #(54)
=exp|-—
p= P ( RT)

where AG represents the Gibbs free energy change of the reaction. To determine the Gibbs free energies of the
reactants, Shomate equation can be used, for which the parameters (A, B, C, D, E) are obtained by NIST
Chemistry Book!:

E
Co(T)=A+Bt+Ct* +Dt* + —#(S5)
t

where CP (T) represents the thermal capacity of a substance under certain temperature. With Shomate equation,

the entropy, enthalpy, and Gibbs free energy can be obtained with:

T.
H°(T)=H"(298.15K) + f C, (T)dT#(S6)
298.15
r c;m
S°(T)=S°(298.15K)+f 7 dT#(S7)
298.15

G°(T)=H"(T)-TS" (T)#(S8)

In addition, the boundary line between Zny and (Zn-O)p;y phase follows the relationship of (pcox/pco)-T

Ap
solved under = 2= 0.44 eV (namely Apo_ 0.22 eV), and the boundary line between (Zn-O)p;y and Oy phase
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Ap
follows the relationship of (pcoy/pco)-T solved under O2= 230 eV (namely Apo_ -1.15 eV). The values of

Aug are determined by the two intersection points in Figure S2.
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Fig. S3. (a) Calculated partial density of states (pDOS) of Zn atoms on various defect ZnO(lO—1 0) surfaces. (b)

Calculated oxygen vacancy formation energy and spin charge density differences (left: side view, right: top
view) and pDOS of Oy surface, for which the excess electrons are localized at oxygen vacancy site. The form
of dsp hybrid orbitals for the excess electrons are illustrated. Sky blue and red spheres represent surface Zn
and surface O atoms, grey and yellow spheres represent subsurface Zn and subsurface O atoms, while dot lines
of red represent O vacancies, respectively. Red, green, yellow and sky blue lines represent O(p), Zn(s), Zn(p),

and Zn(d) DOS, respectively. These notations are used throughout the paper.
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Fig. S4. Calculated structures and density of states of the O-H species on various ZnO(lO—1 0) surfaces with

one H being adsorbed at O sites. (a, d, g) Calculated structures (top view) and adsorption energies of single H
adsorbed at O atoms of different ZnO(1OTO) surfaces ((a) pristine (d) (Zn-O)p;v (g) Oy). Green: H atoms. The
corresponding Bader charge values of the H atoms are also shown. (b, ¢, ¢, f, h, 1) Calculated partial density of
states (pDOS) of single H adsorbed at O of different ZnO systems ((b, ¢) pristine, (e, f) (Zn-O)p;y and (h, i) Oy
surfaces). Black and red lines represent H(1s) and O(2p) pDOS, respectively. The Fermi energy level (Ef) are
marked as blue dashed lines, and all DOS are aligned with respect to the Er. These notations are used

throughout the paper.
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Fig. S5. Calculated structures (top view) and adsorption energies of H, at different sites of pristine and various
defect ZnO(lOTO) surfaces. (a-c), (d-f) and (g-1) represent H, adsorbed on pristine ZnO(lOTO), (Zn-O)p;y and
Oy surfaces. (a), (d) and (g) represent the adsorption sites for heterolytic H, dissociation. (b), (e¢) and (h)
represent the double O adsorption sites for homolytic H, dissociation and 2 O-H species formation. (¢), (f) and

(1) represent the double Zn adsorption sites for homolytic H, dissociation and 2 Zn-H species formation.
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(d) (e)
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E, =0.45 eV E,=1.52 eV E,=1.43eV
Fig. S6. Calculated transition state (TS) structures (top view) and energy barriers of H, dissociation on different
ZnO(lOTO) surfaces. The calculated Bader charge values are also shown. (a-c), (d-f) and (g-i) represent the
transition states of heterolytic H, dissociation on the pristine, (Zn-O)p;y and Oy surfaces. (a), (d) and (g)
represent the adsorption sites for heterolytic H, dissociation. (b), (¢) and (h) represent homolytic H,
dissociation, forming 2 O-H species. (c), (f) and (i) represent the double Zn adsorption sites for homolytic H,
dissociation and 2 Zn-H species formation. The spin iso-surfaces (yellow) are plotted at a value of 0.05 e/A3,

and the corresponding Bader charge values of the H atoms are also shown.
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Fig. S7. Calculated infrared (IR) spectrum of (a) pristine ZnO(IOTO) and (b) ZnO(lO—1 0)-(Zn-O)p,y surfaces

containing dissociated H,. The voy and vz, represent the stretching vibrations of the O-H and Zn-H bonds,

respectively.
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Fig. S8. Calculated structures (top view) and DOS of heterolytic H, dissociation on different ZnO(lOTO)
surfaces. (a) pristine, (d) (Zn-O)p;y, and (g) Oy surfaces. The corresponding Bader charge values of the H
atoms are also shown. (b, e, h) Calculated partial density of states of O and H species in these ZnO systems
((b) clean, (e) (Zn-O)p;v and (h) Oy surfaces/subsurface). (c, f, i) Calculated density of states of heterolytic H,
dissociation on different ZnO(lOTO) surfaces. ((c) pristine, (f) (Zn-O)p;v and (i) Oy surfaces). Ex are marked

as blue dashed lines, and all DOS are aligned with respect to the Er.
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Fig. S9. Calculated TS structures (top view) of the of heterolytic H, dissociation on different ZnO(lOTO)

surfaces. (a) pristine, (c) (Zn-O)p;y and (e) Oy surfaces. The corresponding Bader charge values of the H atoms

are also shown. (b, d, f) Calculated partial density of states (pDOS) of O and H in these ZnO systems ((b)

pristine, (d) (Zn-O)p;y and (f) Oy surfaces). Black and red lines represent H(1s) and O(2p) pDOS, respectively.

Er are marked as blue dashed lines, and all DOS are aligned with respect to the Ef.
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E,4(CO,, H) = 1.71 eV

Fig. S10. Calculated structures (left: side view, right: top view) and adsorption energies of one H co-adsorbed
with CO, on different ZnO(lOTO) surfaces. (a) pristine, (b) (Zn-O)p;y and (¢) Oy surfaces. Pink and black balls

represent Oco, and C atoms, respectively. This notation is used throughout the paper.
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E.s(H,) = 0.00 eV

Fig. S11. Calculated structures (left: side view, right: top view) and adsorption energy of H, with adsorbed

CO; on different ZnO(lOTO) surfaces. (a) pristine, (b) (Zn-O)p;y and (¢) Oy surfaces.
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Fig. S12. (a) Calculated energy profile of direct CO, dissociation on the pristine and defect ZnO(lO—1 0) surface. (b-
g) Calculated structures (left: side view, right: top view) and adsorption energies of CO, adsorption (b, d, f) and

dissociation products (c, e, g) on (b, ¢) pristine, (d, e) (Zn-O)p;yv and (f, g) Oy surfaces.
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HCOO Pathway COOH Pathway
H*—-C* H—-C* H*— O

E,=1.43eV E,=1.40eV
Fig. S13. Calculated TS structures (top view) and energy barriers of CO, hydrogenation on different ZnO(
10T0) surfaces. (a-d) pristine, (e-h) (Zn-O)p;y and (i-1) Oy surfaces. Route of HCOO is divided into different
attribute of active H (i.e., H* ((a), (e) and (i)) and H- ((b), (f) and (j)) species), so as the route of COOH (i.e.,

H" ((c), (g) and (k)) and H- ((d), (h) and (1)) species).
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HCOO Pathway COOH Pathway

AE =1.92 eV AE =0.01eV AE =1.02 eV AE =0.05eV
Fig. S14. Calculated HCOO/COOH structures (top view) and corresponding reaction energy (AE) of CO,
hydrogenation on different ZnO(lOTO) surfaces. (a-d) pristine, (e-h) (ZnO)p;y and (i-1) Oy surfaces. Route of

HCOO is divided according to the different kinds of active H (i.e., H" and H- species), so as the route of COOH.
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Fig. S15. Calculated energy profiles of CO, hydrogenation on three different ZnO(lOTO) surfaces. Black,

cyan, blue and red lines represent routes with final products of HCOO + H-, COOH + H-, COOH + H* and

HCOO + H* species, respectively.
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Fig. S16. Calculated energy profile of the HCOO-to-methanol pathway (following the co-adsorption of

*HCOO and *H species) of CO, hydrogenation on the ZnO(lOTO)-(Zn-O)DiV surface.
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*H,CO + *H* + *H-

*H3co + *H+ + *H.
Fig. S17. Calculated structures (top view) of key intermediates during CO, hydrogenation in the HCOO-to-
methanol pathway (starting from the co-adsorption of *HCOO and *H* species) on the ZnO(lOTO)-(Zn-O)DiV

surface.
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Fig. S18. Calculated energy profile of the COOH-to-methanol pathway (following the co-adsorption of

*COOH and *H species) of CO, hydrogenation on the ZnO(lOTO)-(Zn-O)D,-V surface.
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(h)

*H,CO + *H* + *H-

*H3CO + *H* + *H-

Fig. S19. Calculated structures (top view) of key intermediates during CO, hydrogenation in the COOH-to-
methanol pathway (starting from the co-adsorption of *COOH and *H* species) on the ZnO(lOTO)-(Zn-O)DiV

surface.
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Fig. S20. DFPT calculated IR spectrum of HCOO species adsorbed on pristine ZnO(lOTO) surface.
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To validate the calculation methods, especially for the charges of atoms, we have systematically tested a
series of charge models on different defect ZnO(lOTO) surfaces, i.e., Bader charge model>, Charge Model 5
(CMS5) and Hirschfield charge model®!!. The calculated results are shown in Table S1. Code of the density
derived electrostatic and chemical (DDEC) method and corresponding manual were obtained at:
https://github.com/berquist/chargemol. Bader charge v1.04, was obtained at:
https://theory.cm.utexas.edu/henkelman/code/bader/.

Table S1. Calculated net charge value of single adsorbed H and heterolytically dissociated H, on pristine and
different defect ZnO( 1OTO) surfaces with Bader, CM5 and Hirschfield charge models.

Bader / |e| CMS5 /e Hirschfield / |e|
o H* 0.62 0.49 0.33
Pristine
He -0.16 -0.02 -0.03
Single . H* 0.63 0.46 0.29
DiV
H H- -0.40 -0.08 -0.09
0 H* 0.66 0.48 0.32
v H -0.42 -0.06 -0.08
o H* 0.66 0.47 0.31
Pristine
q H- -0.40 -0.16 -0.17
: _ H* 0.69 0.48 0.33
Heterolytic Div
) o H -0.38 -0.06 -0.08
Dissociation
o H* 0.75 0.46 0.30
v H -0.42 -0.09 -0.10

Table S2. Calculated Bader charges of heterolytically dissociated H, and accumulated Bader charges of
corresponding ZnO layers of pristine and various defects ZnO(lOTO) surfaces. The surface Zn-O layer is

denoted as Layer 1, the middle Zn-O layer is denoted as Layer 2, and the bottom Zn-O layer is denoted as

Layer 3.
System Clean surface / || s(uzrr;;cogl;i;; Surfi\;/ ¥
2 adsorbed H 0.26 0.30 0.34
Layer 1 -0.13 -0.58 -0.57
Layer 2 -0.09 0.25 -0.45
Layer 3 -0.05 0.02 -0.59
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