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Abstract: The active site of the industrial Cu/ZnO/Al2O3 catalyst used in CO2 hydrogenation to methanol has been
debated for decades. Grand challenges remain in the characterization of structure, composition, and chemical state, both
microscopically and spectroscopically, and complete theoretical calculations are limited when it comes to describing the
intrinsic activity of the catalyst over the diverse range of structures that emerge under realistic conditions. Here a series
of inverse model catalysts of ZnO on copper hydroxide were prepared where the size of ZnO was precisely tuned from
atomically dispersed species to nanoparticles using atomic layer deposition. ZnO decoration boosted methanol formation
to a rate of 877 gMeOHkgcat

� 1h� 1 with �80% selectivity at 493 K. High pressure in situ X-ray absorption spectroscopy
demonstrated that the atomically dispersed ZnO species are prone to aggregate at oxygen-deficient ZnO ensembles
instead of forming CuZn metal alloys. By modeling various potential active structures, density functional theory
calculations and microkinetic simulations revealed that ZnO/Cu interfaces with oxygen vacancies, rather than
stoichiometric interfaces, Cu and CuZn alloys were essential to catalytic activation.

Introduction

As the rapid increase in global energy demand, enormous
emission of carbon dioxide (CO2) from consumptions of
fossil energy resources (e.g. around 34 gigatonnes in 2020)
has become a serious worldwide concern for global climate
changes owing to the greenhouse effect.[1] Converting CO2

into valuable chemicals is one desired approach to alleviate
the dilemma.[2] Direct catalytic hydrogenation of CO2 to
methanol using green hydrogen originated from renewable
energy sources, so-called “liquid sunshine”,[1b,3] is particu-
larly promising, as methanol is not only a viable alternative

fuel but also a key feedstock in C1 chemistry to produce
value-added chemicals such as acetic acid, formaldehyde,
and olefins, so-called “methanol economy”.[4] Among vari-
ous catalysts developed so far,[5] the industrial Cu/ZnO/
Al2O3 catalyst, which has been utilized for more than
50 years for methanol synthesis, is still among the most
active ones, and has attracted the most attentions.[6]

Atomic-level understanding of the nature of active sites
and the reaction mechanism is of essential importance to
design an advanced catalyst with high methanol selectivity
and yield. Regarding the industrial Cu/ZnO/Al2O3 catalyst
in methanol synthesis, the Cu component is widely believed
to be metallic Cu0 during CO2 hydrogenation;

[6a,7] Al2O3 is
suggested to be a structural promoter to prevent Cu and
ZnO particles from sintering by physical spacing.[8] The Zn
species were found to synergize strongly with Cu and
promote the hydrogenation activity greatly.[9] However, the
nature of active sites regarding the active phase of Zn has
been heavily debated for decades, metallic Zn0 in the form
of CuZn alloys[6a,d,9b, 10] and oxidative Znδ+ species by
forming ZnO/Cu interfaces[11,12] have been both proposed.

The aforementioned grand challenges in identification of
the active phase of Zn could stem from i) very limited in
situ/operando characterization techniques available for the
Cu/ZnO/Al2O3 catalyst typically operated at above 473 K
and 5 MPa; ii) challenging electron microscopic character-
ization owing to the close atomic weights of Zn and Cu; and
iii) a fact which might have been neglected, that only a very
small fraction of Zn species is in close contact with Cu0 in
the complex Cu/ZnO/Al2O3 industrial catalyst (Scheme 1a),
which could further imped in situ/operando spectroscopic
characterization significantly. Moreover, there is also lack of
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complete theoretical calculations and microkinetic simula-
tions of all structure motifs observed to examine the reaction
network in detail including both the formate pathway and
the pathway of reverse water gas shift (RWGS) followed by
CO hydrogenation.[11c,13]

Compared to industrial Cu/ZnO/Al2O3 and Cu/ZnO
model catalysts (Scheme 1b), inverse ZnO/Cu model cata-
lysts (Cu-supported ZnO catalysts) have much higher
fraction of Zn species adjacent to Cu, which could be
beneficial for spectroscopic characterization (Scheme 1c).[14]

Particularly, fabrication of highly dispersed Zn species on
copper-based substrates could be highly desirable for
investigation of the structure evolution of Zn species under
reaction conditions.

In this work, we precisely fabricated ZnO with tunable
dispersions from isolated species or tiny aggregates to large
ensembles, and to large islands or continuous films on
Cu(OH)2 nanowires (NWs) using atomic layer deposition
(ALD) (see Figure 1a), a technique that relies on alternative
self-limiting molecular surface reactions.[14,15] In the CO2

hydrogenation reaction, the optimized inverse ZnO/Cu
catalyst exhibited an excellent space-time-yield (STY) of
methanol production of 877 gMeOHkg

� 1h� 1 along with a
selectivity of �80% at 493 K, up to 274 times higher than
the Cu itself, comparable to state-of-the-art Cu/ZnO/Al2O3

catalyst, manifesting the remarkable promotion by addition
of Zn. In situ X-ray absorption spectroscopy (XAS)
investigated the structural evolution of atomically dispersed
ZnO on Cu(OH)2 during CO2 hydrogenation under high
pressures and showed that the Zn species tended to form
oxygen-deficient ZnO aggregates, rather than CuZn alloys.
Density functional theory (DFT) and microkinetic simula-
tions further revealed that oxygen-vacant ZnO1� x/Cu inter-
faces have a much higher intrinsic activity for methanol
production than Cu alone, CuZn alloy and stoichiometric
oxygen fully terminated ZnO/Cu interfaces, where methanol
is formed preferentially via the formate pathway, rather
than the RWGS reaction followed by CO hydrogenation.

Results and Discussion

Catalyst Synthesis and Structure Characterization

Compared to CuO nanorods and Cu nanocrystals (Fig-
ure S1), Cu(OH)2 NWs with a high density of surface
hydroxyls for ALD nucleation, were selected as the starting
material to synthesize the inverse xZnO/Cu(OH)2 binary
catalysts (x denotes the number of ZnO ALD cycles,
Figure 1a, Figures S2, S3 and Tables S1, S2). High-resolution
transmission electron microscopy (HR-TEM) illustrated
that ZnO lattice fringes were barely presented in the 1ZnO/
Cu(OH)2 sample (Figure 1b), suggesting the ZnO species
after one cycle of ZnO ALD were highly dispersed. After
3ZnO ALD cycles, according to Fast Fourier Transforms
(FFTs) and Inverse FFTs (IFFTs) (Figure S2), large ZnO
ensembles with crystalline size up to 2–3 nm appeared with
lattice fringes of 0.245 and 0.264 nm, assigned to hexagonal
ZnO (10–11) and (0002) plane (JCPDS #36-1451), respec-
tively (Figure 1c). Further increasing the number of ALD
cycles to 12 resulted in the formation of a continuous ZnO
film, as confirmed by scanning transmission electron micro-
scopy-energy dispersive spectroscopy (STEM-EDS) map-
ping and cross line scan analysis (Figures 1d,e). Scanning
electron microscope (SEM) measurements showed that the
diameters of xZnO/Cu(OH)2 increased linearly from 11.9�
2.4 to 19.6�3.4 nm after 20 cycles of ZnO ALD, suggesting
an average growth rate of �1.9 Å per cycle (Figure S3),
demonstrating the precise control of ZnO species by ALD.

Raman spectroscopy measurements showed that com-
pared to bare Cu(OH)2 NWs with three characteristic peaks
of Cu� O vibrations at 288, 448, and 488 cm� 1 (Figure 1f),[16]

the spectrum of 1ZnO/Cu(OH)2 remained nearly intact,
implying the high dispersion of ZnO species, in a good
agreement with the HR-TEM (Figure 1b) and XRD results
(Figure S4). A new broad band centered at �580 cm� 1

appeared on 2ZnO/Cu(OH)2, which developed further as
increasing the number of ZnO ALD cycles. This band is
assigned to the E1(LO) mode of ZnO vibrations related with
lattice defects, indicating the formation of ZnO
ensembles.[17]

X-ray absorption near-edge structure (XANES) spectra
of xZnO/Cu(OH)2 showed a similar shape and position of
absorption edges with that of ZnO reference, indicating a
+2 valence state (Figure 1g). In addition, we found that the
peak at 9679 eV, assigned to multiple scattering of Zn� Zn
shells according to ZnO reference,[18] were barely observed
in 1ZnO/Cu(OH)2, but gradually developed in intensity as
increase of ZnO ALD cycles. Meanwhile, Fourier trans-
forms (FTs) of the extended X-ray absorption fine structure
(EXAFS) also showed that along with the first Zn� O shell
at 1.56 Å, the secondary shell of Zn� O� Zn coordination at
2.88 Å was absent on 1ZnO/Cu(OH)2, but gradually
developed as increasing ZnO ALD cycles (Figure 1h and
Figure S5). The Zn� O coordination number (CN) was about
4.5 for all xZnO/Cu(OH)2 samples; the Zn� O� Zn CNs were
0, 2.1�0.6, 4.4�0.8, 4.6�0.8, 5.0�0.8 and 6.5�0.7 for 1-, 2-
, 3-, 6-, 12-, and 20ZnO/Cu(OH)2, respectively (Figures S6,
S7 and Table S3). These results clearly suggest the ZnO

Scheme 1. a) A model of the industrial Cu/ZnO/Al2O3 catalyst, which
consists of randomly packed Cu and ZnO nanocrystals and structural
promoters, eg. Al2O3. b) A model of supported Cu/ZnO model
catalysts. c) A model of ZnO/Cu inverse model catalysts. The fraction
of proximate Zn species in these three types of catalyst systems are
highlighted in green.
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species on Cu(OH)2 were tuned gradually from isolated
species or tiny aggregates to large ensembles, and to large
islands or continuous films, in a good agreement with the
HR-TEM, XRD and Raman.

Catalytic Performance

The catalytic performance of these xZnO/Cu(OH)2 catalysts
was evaluated in the CO2 hydrogenation reaction with a
H2 :CO2 ratio of 3 :1 at 493 K, and a pressure of 4.5 MPa.
Here we noticed that Cu(OH)2 was reduced to metallic Cu
crystals after reduction at 493 K before reaction (Figure S8).
The bare Cu(OH)2 sample showed a very low methanol
STY of 3.2 gMeOHkgcat

� 1h� 1, and a low methanol selectivity of
7.1% (Figure 2a,b and Tables S4). After one cycle of ZnO
ALD, the 1ZnO/Cu(OH)2 sample showed a methanol STY
of 654 gMeOHkgcat

� 1h� 1, about 204 times higher than that of

bare Cu(OH)2, along with a methanol selectivity of 81%,
strongly indicating the remarkable promotion of Zn in
methanol synthesis. As increasing the Zn content, the
methanol STY showed a volcano-like trend on the Zn
content with a maximum value as high as 877 gMeOHkg

� 1h� 1

on 3ZnO/Cu(OH)2, which is about 274 times higher than
that of bare Cu(OH)2; Calculation of STY based on the Cu
content exhibited a similar trend on the Zn content as well
(Figure S9). Therein the methanol selectivity was almost
constant at �80% at comparable CO2 conversion (Figure 2b
and Tables S4). We noted that the optimized 3ZnO/Cu-
(OH)2 catalyst was considerably better than the Cu� ZnO
binary catalysts synthesized by the co-precipitation method
with the same Zn content (Cu� ZnO� CP, methanol STY
669 gMeOHkgcat

� 1h� 1, and methanol selectivity 74%), and
even comparable to Cu/ZnO/Al2O3 ternary catalysts (meth-
anol STY 826 gMeOHkgcat

� 1h� 1, and methanol selectivity
77%). These results demonstrate the advantages of the

Figure 1. a) Illustration of synthesizing inverse xZnO/Cu(OH)2 catalysts using ALD by alternatively exposing to diethylzinc (DEZ) and water.
Representative high resolution TEM images of b) 1ZnO/Cu(OH)2, c) 3ZnO/Cu(OH)2 and d) 12ZnO/Cu(OH)2, respectively. The yellow areas in (c)
and (d) highlight the ZnO islands/films. e) A representative STEM image and the EDS elemental mapping images of 12ZnO/Cu(OH)2, where Cu
Kα1, Zn Kα1 and the constructed Cu+Zn signals were performed, followed by the corresponding line-scan analysis. f) Raman spectra of Cu(OH)2
and a variety of xZnO/Cu(OH)2 binary catalysts (x=1, 2, 3, 6, 12, 20). The Raman spectrum of ZnO is also shown for comparison. g) Normalized
XANES spectra of xZnO/Cu(OH)2 binary catalysts (x=1, 2, 3, 6, 12, 20) and references of ZnO and Zn foil at the Zn K edge and h) the
corresponding k3-weighted FT-EXAFS spectra in R-space.
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ALD method in precise control over the intimacy of Cu and
Zn species for activity promotion (Table S5).

To understand the nature of the active sites, temper-
ature-programmed desorption of H2 (H2-TPD) and N2O
titration were performed to measure the exposed Cu surface
area and integrated areas including both exposed Cu and
oxophilic Zn sites due to oxygen-deficient ZnO and or
metallic Zn.[10b,19] We found that the amount of sites
determined by N2O titration were all considerably larger
than those by H2-TPD over xZnO/Cu(OH)2 and Cu/ZnO/
Al2O3 catalysts (Table S6). Correlation of methanol STYs
with different kinds of sites revealed that methanol STYs
was approximately proportional to the amount of oxophilic
Zn sites as determined by the surface area difference
between N2O titration and H2-TPD, instead of others
(Figures 2c and S10), implying that the active sites are
directly related to oxophilic Zn species. Here we noticed
that xZnO/Cu(OH)2 model catalysts showed higher concen-
trations of oxophilic Zn sites than Cu� ZnO� CP and Cu/
ZnO/Al2O3 catalysts (Figure S11), endowing these ALD
inverse catalysts to exhibit a remarkable performance even
with much lower Zn contents. Kinetic studies further
showed that xZnO/Cu(OH)2 and commercial Cu/ZnO/Al2O3

catalyst had a rather similar apparent reaction energy of
�48 kJmol� 1, which are much lower than that of the bare
Cu(OH)2 (63.6 kJmol

� 1), clarifying the remarkable promo-
tion by Zn (Figure 2d and Figure S12). Similar apparent
reaction energies also suggest that the nature of active sites

in these ALD inverse catalysts are basically same with those
in commercial Cu/ZnO/Al2O3 catalyst.

Stability tests were also carried out on 1ZnO/Cu(OH)2,
3ZnO/Cu(OH)2 and Cu/ZnO/Al2O3 catalysts. We found
that the 1ZnO/Cu(OH)2 catalyst deactivated slowly during
the first 30 h, and then became rather stable at a methanol
STY of 400 gMeOHkg

� 1h� 1 (Figure S13), indicating the possi-
ble structure changes of atomically dispersed ZnO species
under reaction conditions. The 3ZnO/Cu(OH)2 catalyst with
the highest methanol STY, showed a relatively better
stability, reaching a methanol STY of 750 gMeOHkg

� 1h� 1 in
the stable regime, which is very close to the commercial Cu/
ZnO/Al2O3 ternary catalyst. XRD measurements of the
used ZnO/Cu(OH)2 catalysts showed that the underlying
Cu(OH)2 NWs were reduced to metallic Cu totally after the
initial 2 h of reaction, and the formed metallic Cu were
further aggregates during the reaction time of 50 h on
stream (Figure S14a, b). Meanwhile HR-TEM measure-
ments also revealed that the changes of the morphology of
NWs to copper nanocrystals, and in particularly, ZnO
nanoparticles with a size up to �3 nm were observed in the
used 1ZnO/Cu(OH)2 sample (Figure S14c–f).

In Situ XAFS Characterization of 1ZnO/Cu(OH)2

Since it is generally believed that metallic Cu is the active
phase of Cu component for methanol synthesis according to
extensive literature,[4d,7,20] here we mainly focused on the
structure evaluation of Zn-involved species under reaction
conditions using in situ XAFS characterization. As discussed
previously, the nature of active sites are basically same in all
xZnO/Cu(OH)2 catalysts. The 1ZnO/Cu(OH)2 catalyst
contained atomically dispersed ZnO species in the as-
prepared sample (Figure 1), and exhibited a reasonably high
methanol STY, thus providing an excellent platform for in
situ spectroscopic characterization of Zn species under
reaction conditions.

In situ XAFS investigation of the 1ZnO/Cu(OH)2
catalyst under CO2 hydrogenation reaction conditions was
carried at the Zn K edge under a pressure of 0.8 MPa (a
highest pressure we can reach so far). Both in situ XANES
spectra and FTs of EXAFS showed that the ZnO species
remained atomically dispersed at below 393 K (Figure 3a,b
and Figure S15). Increasing the reaction temperature to
433 K, isolated ZnO species appeared to aggregate to small
ensembles as indicated by the appearance of the new
Zn� O� Zn multiple scattering peak at 9679 eV in the
XANES spectrum, and the Zn� O� Zn coordination peak at
2.88 Å in the EXAFS curve in the real (R) space. Further
increase the reaction temperature to 493 K, ZnO aggrega-
tions became more pronounced. Meanwhile, we noticed that
the shape and the position of absorption edges of the
XANES curve resembled that of ZnO reference well. These
results suggest that Zn remained at the +2 valence state at
the reaction temperature of 493 K. To further track the
changes in the XANES spectra of 1ZnO/Cu(OH)2 as
increasing temperature, the first derivatives of the XANES
spectra were shown in Figure 3c. We observed that the

Figure 2. Catalytic performance of xZnO/Cu(OH)2 (x=1, 2, 3, 6, 12 and
20), co-precipitated Cu� ZnO and commercial Cu/ZnO/Al2O3 catalysts
in CO2 hydrogenation. a) Initial methanol STYs as a function of Zn
contents and b) methanol selectivity as a function of CO2 conversion at
493 K. c) The correlations between methanol STYs to the amount of
oxophilic Zn sites, as determined by the surface area difference
between N2O titration and H2-TPD. Reaction conditions: Catalyst,
50 mg; temperature, 493 K; pressure, 4.5 MPa; WHSV,
37600 mLg� 1 h� 1. d) The apparent activation energies of Cu(OH)2,
xZnO/Cu(OH)2 and Cu/ZnO/Al2O3 catalysts in CO2 hydrogenation.
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absorption edge at 9663 eV (1s–4p transition) went through
a small shift toward low energy as increasing reaction
temperature. Additionally, a weak pre-edge peak at 9659 eV
assigned to defect-induced local interferences according to
literature,[21] also appeared. Therefore, these results might
indicate the presence of considerable amount of oxygen
vacancies in ZnO under reaction conditions. Indeed, XPS
measurements confirmed the presence of oxygen vacancies
in the ZnO of 1ZnO/Cu(OH)2 catalyst after reaction gas
treatment (Figure S16).

We also investigated the structure evolution of ZnO
species during reduction in 10% H2 in He using in situ
XAFS at the Zn K edge. Interestingly, we observed very

similar structural changes, the Zn species remained atomi-
cally dispersed under 393 K, and started aggregating at
above 433 K (Figure 3d–f), which might be induced by the
Cu(OH)2 dehydration (Figure S17). While no further aggre-
gations were found at 493 K. The above structure evolution
of Zn species in the conditions of either CO2 hydrogenation
or H2 reduction is described in Figure 3g.

Least-squares EXAFS curve-fittings showed that the
Zn� O coordination number remained nearly constant at 4.3
regardless of temperatures and conditions (Table S7, Figur-
es S18, S19). While the Zn� O� Zn coordination was 0, 0,
3.5�0.5 and 7.0�0.8 after exposing the 1ZnO/Cu(OH)2 to
the reaction gases at RT, 393, 433, and 493 K, respectively.

Figure 3. In situ XAFS investigation of the 1ZnO/Cu(OH)2 inverse catalyst under the conditions of CO2 hydrogenation reaction and H2 reduction at
the Zn K edge. a) Normalized XANES spectra and b) FTs of EXAFS spectra of 1ZnO/Cu(OH)2 during CO2 hydrogenation under a pressure of
0.8 MPa at different temperatures. The spectra of ZnO and Zn foil references are also shown for comparison. c) First derivative of the Zn K edge
spectra of the 1ZnO/Cu(OH)2 inverse catalyst during CO2 hydrogenation at different temperatures. d) Normalized XANES spectra and e) FTs of
EXAFS spectra of 1ZnO/Cu(OH)2 during H2 reduction at difference temperatures and a pressure of 0.1 MPa. f) First derivative of the Zn K edge
spectra of the 1ZnO/Cu(OH)2 inverse catalyst during H2 reduction at different temperatures. g) Schematic illustration of structure evolution of
isolated ZnO to small aggregates as increasing temperature during either CO2 hydrogenation reaction or H2 reduction. The balls in white, light
yellow, light blue, purple and brown represent ZnO, oxygen-defective ZnO1� x, Cu(OH)2, partially reduced Cu(OH)2, and metallic Cu, respectively.
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Considerable increase of Zn� O� Zn coordination clearly
manifests the formation of ZnO nanoparticles during
reactions at 493 K and a pressure of 0.8 MPa. However, no
feature of Zn� Cu or Zn� Zn coordination peaks was
observed, thus the formation of the metallic Zn and CuZn
alloy was excluded under our conditions. These results are
in line with the previous report, where Zn0 was not found at
a reduction temperature below 510 K in XAFS
measurements.[7,22] We varied the pressure, while no obvious
features were found related to the formation of metallic Zn
(Figures S20, S21). Given the remarkable activity promotion
by Zn in Figure 2, our results clearly suggest that Cu� ZnO
interfaces can be the catalytic active sites in CO2 hydro-
genation to methanol as discussed below.

Theoretical Insight of the Nature of Active Sites

To reveal the origin of the above remarkable promotion by
Zn species, comprehensive DFT calculations and micro-
kinetic simulations were carried out. Here Cu(111) surface,

CuZn (211) alloy surfaces, stoichiometric ZnO/Cu(111)
interfaces and partially reduced oxygen-vacant ZnO1� x/Cu-
(111) interfaces, were used to model various potential active
sites (Figure 4). Given the experimental observation of
layered graphic ZnO structure (Figure S22),[12a,23] one
graphic layer of ZnO was constructed on Cu(111) to
simulate the metal-oxide interface, where ZnO/Cu(111)
interface represents the stoichiometric oxygen fully termi-
nated edge along the perimeter of the ZnO islands. To
reveal whether the oxygen-deficient ZnO as observed by in
situ XAFS (Figure 3c), N2O titration and H2-TPD (Fig-
ure 2c) plays a certain role or not, oxygen-vacant ZnO1� x/Cu
interface by removing one third interfacial oxygen was also
calculated. For the reaction network, methanol can be
produced via either the formate pathway, or the pathway of
RWGS followed by CO hydrogenation. Both pathways were
examined for the four structure motifs considered, which are
essential for identification of the active sites and correspond-
ing mechanism.

We start from Cu(111), and the optimized potential
energy surfaces (PES) for formate pathway is shown in

Figure 4. Reaction energy profiles of CO2 hydrogenation on a) Cu(111), b) CuZn(211), c) ZnO/Cu(111) and d) ZnO1� x/Cu(111) in the favorable
formate pathway, where the top views of transition states (TS) configurations and corresponding barriers are indicated. The brown, red, gray, black
and white balls represent Cu, O, Zn, C and H atoms, respectively. The energy reference zero corresponds to the energy of H2 and CO2 in gas phase.
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Figure 4a, Figure S23 and Table S8. The dissociated H*
atom (*denotes surface species hereafter) first attacks the C
atom of the adsorbed CO2* to form HCOO* with an
exothermic reaction energy of 0.51 eV and a barrier of
0.75 eV. In the followings, H* attacks the O atom of
HCOO* to form HCOOH* with an endothermic energy of
0.51 eV and a considerable barrier of 1.04 eV, then attacks
the C atom to form H2COOH*. Next, the formed
H2COOH* decomposes to H2CO* and OH*, which remains
endothermic by 0.39 eV with a barrier of 0.77 eV. Sequential
addition of H* to CH2O* forms CH3O* and then the second
H* addition to form CH3OH* by overcoming a barrier of
1.25 eV. Meanwhile, reaction of OH* with H* on Cu(111) is
also kinetic demanding with a barrier of 1.32 eV. In the
pathway of RWGS followed by CO hydrogenation, addition
of H* to CO2* to form COOH* has a considerably high
barrier of 1.71 eV and an endothermic energy of 0.35 eV
(Figure S24 and Table S9), thus would have no contribution
to the methanol formation. Preference of the formate
pathway on Cu surfaces found here are in line with
literature.[24]

On CuZn(211) alloy surface, H* atom binding
(� 0.05 eV) is rather weak (Figure 4b and Table S10). In the
formate pathway, the H* addition to HCOOH* to form
H2COOH* is highly endothermic by 0.75 eV with a barrier
of 1.2 eV (Figures 4b and Figure S25). Whereas for the
RWGS pathway, hydrogenation of CO2* to COOH* has a
considerable barrier of 1.28 eV as well (Figure S24). The
dominance of the formate pathway on CuZn(211) are also
in line with the works by Studt et al.[25]

We then turn to the ZnO/Cu(111) interfaces where the
stoichiometric ZnO edge fully terminated by oxygen was
studied first, although theoretical calculations on such inter-
face was rarely mentioned. Compared to the weak dissocia-
tive H binding on Cu(111) (� 0.18 eV), H dissociative
adsorption to the edge oxygen is significantly enhanced to
� 0.75 eV (Table S10). Too strong binding of H*, downshifts
dramatically the overall PES and makes subsequent hydro-
genation via the formate pathway endothermic and kineti-
cally limited (Figures 4c and S26). Specifically, the H* attack
the C atom of HCOO* to form H2COO* is endothermic by
0.99 eV along with a barrier of 1.90 eV. Such strong binding
also prevents the addition of H* to O of CO2, which makes
the RWGS pathway unlikely. Such high barrier and
unfavorable reaction energetics suggests that the ZnO/
Cu(111) interface with full oxygen termination and/or the
hydroxylated ZnO/Cu(111) interface are inactive for the
methanol formation.

In contrast, our calculations show that the oxygen-vacant
ZnO1� x/Cu(111) interfaces is highly active for methanol
synthesis via the formate pathway. In this case, the exposed
Zn cation binds CO2 considerably stronger than H* (� 0.56
vs 0.16 eV) (Table S10 and Figure S28), and H* atom would
bind the Cu sites nearby with a binding energy of � 0.22 eV.
Bader charges analysis also showed that CO2* at ZnO1� x/
Cu(111) has a considerably larger Bader charge of � 1.06 je j
than that of H* � 0.30 je j . This agrees with the literature
excellently, where CO2 was found to preferentially bind to
the Zn sites at the ZnO/Cu interfaces.[11c,26] We note that the

oxygen fully terminated ZnO/Cu interface studied above
doesn’t bind CO2, and CO2 adsorbs at the Cu sites nearby
with a weaker adsorption energy of � 0.19 eV. These
together downshifts the overall PES in an optimum position,
as indicated in Figure 4d. This H* atom is very active for
subsequent hydrogenation to CO2* to form HCOO*,
H2COO* and H2COOH*, with favorable reaction energies
of � 0.46, � 0.24 and 0.25 eV and modest barriers of 0.69,
0.40 and 0.81 eV (Figure S27). Decomposition of H2COOH*
to CH2O* and OH* is endothermic by 0.54 eV and a
relatively high barrier of 1.04 eV. Here decomposed CH2O*
and OH* are located at the ZnO1� x/Cu(111) interface and
the Cu sites nearby, respectively. Next, sequential H*
additions to CH2O* to form CH3O* and CH3OH* also
exhibit relatively low barriers of only 0.42 and 0.92 eV,
compared to 1.25 eV for the final hydrogenation to form
methanol on Cu(111). OH* formed at Cu(111) reacts with
H* on Cu(111) to form water. As shown in Figure 4d for the
ZnO1� x/Cu(111) interfaces, the overall PES is energetically
more favorable than that of ZnO/Cu(111), and high catalytic
activity is expected. For the RWGS pathway, corresponding
reactivity is kinetically less favorable, where H* addition to
CO2* to form COOH* and the subsequent C� O bond
cleavage to form CO* and OH* have considerable barrier of
0.97 and 1.23 eV, respectively (Figure S24). These are al-
ready much higher than the first two steps in direct hydro-
genation studied above, indicating a lower overall activity
than the formate path, which is confirmed below by explicit
kinetics simulation.

To quantify the intrinsic activity on the four structural
motifs constructed, we conducted microkinetic simulations
under the conditions of CO2 :H2=1 :3 at a pressure of
4.5 MPa in the temperature range of 400–670 K, according
to the experimental conditions. Here all reaction pathways
including CO2 hydrogenation to methanol via formate path-
way, or RWGS followed by CO hydrogenation were
simultaneously included in the kinetic calculations. In line
with above PES, the kinetics calculations show that the
formate pathway is orders of magnitude more active than
the RWGS followed by CO hydrogenation, regardless the
various structural motifs considered (Figure S29). Moreover,
the activity for the methanol formation on oxygen-vacant
ZnO1� x/Cu(111) interface is much more active than Cu(111),
CuZn(211) alloy and ZnO/Cu(111) interface in the entire
temperature range considered (Figure 5a). CuZn(211) alloy
becomes more active than Cu(111) only at high temper-
atures above 590 K. The ZnO/Cu(111) interface has the
poorest and negligible activity. In addition, the formation
rate of methanol over oxygen-vacant ZnO1� x/Cu(111) inter-
face increases as increasing the reaction temperature (Fig-
ure S29). Moreover, the formation rate on ZnO1� x/Cu(111)
was exclusively higher than that of Cu(111), in good agree-
ment with the trend behavior found in measurements.
Partially reduced ZnO1� x/Cu(111) interface could be the
catalytic active sites in methanol synthesis, accounting for
the remarkable Zn promotion on Cu in Figure 2. This is
consistent well with the experimental results of in situ XAFS
(Figure 3c) and XPS (Figure S16) where a considerable
oxygen deficiencies were observed on the 1ZnO/Cu(OH)2
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catalyst under reaction conditions. Comparing to the
previous calculations on small ZnOx clusters,

[11c,26] here we
investigated the extended ZnO stripes which is more
appropriate and relevant to experiments (Figure S22). We
considered both stoichiometric ZnO/Cu and oxygen-vacant
ZnO1� x/Cu interfaces and provided the first evidence that
the former one is not active, and the active interface
structure is related to the latter one, agreeing perfectly with
the approximately linear correlation between methanol
STYs and the amount of oxophilic Zn sites (Figure 2c).

Furthermore, the DRC analysis as a function of temper-
ature is performed to understand the importance of the
elementary steps to activity. It can be found that on Cu(111)
(Figure 5b), the activity is mostly limited by HCOOH*
hydrogenation, and followed by water formation. Low rate
for the HCOOH* hydrogenation comes in a large extent
from the HCOOH* formation that is endothermic by
0.51 eV. On CuZn(211) surfaces (Figure 5c), the HCOOH*
hydrogenation as the rate-determining step was even
strengthened. On ZnO/Cu(111) (Figure S30), the undisputed
rate-determining step is HCOO* hydrogenation with a huge
barrier of 1.9 eV, due to the strong binding of H atom at the
ZnO/Cu(111) interface. On ZnO1� x/Cu(111) (Figure 5d),
hydrogenation to CO2 becomes facile for the optimum
binding of H atom and improved adsorption of CO2 at the
ZnO1� x/Cu(111) interface, and the water formation on the
Cu domain turns out to be the rate-determining step.

Above theoretical calculations implies that the partially
reduced ZnO1� x/Cu(111) interfaces with exposed Zn cation
is the most active site and CO2 hydrogenation proceeds
preferentially via the formate pathways. These theoretical
results are further supported by in situ DRIFTS measure-
ments (Figure S31), where the formation of formate species
at 1587 and 1340 cm� 1, assigned to the asymmetric and
symmetric O� C� O stretching vibrations, were observed
along with the methoxy group at 1050 cm� 1 during exposure
of 1ZnO/Cu(OH)2 to CO2/H2 mixture gas.[27] Moreover,
switching the gas to H2, the intensities of all these features
decreased.

Conclusion

In summary, we have successfully synthesized a series of
inverse model catalysts of ZnO/Cu(OH)2 with the size of
ZnO precisely tuned from atomically dispersed species to
nanoparticles using ALD. In the CO2 hydrogenation reac-
tion, we demonstrated that the ZnO decoration prompted
the methanol STY up to 274 times higher than the copper
itself by largely improving both activity and selectivity.
High-pressure in situ XAFS revealed that under reaction
conditions, atomically dispersed ZnO species tended to
aggregate to oxygen-deficient ZnO ensembles, instead of
forming CuZn alloy. DFT calculations and microkinetic
simulations further revealed that oxygen-vacant ZnO1� x/
Cu(111) interfaces show a much higher activity than Cu-
(111), CuZn(211) alloys and stoichiometric ZnO/Cu(111)
interfaces, where the reaction proceeds preferentially via the
formate pathway owing to the optimum binding to H atom
and improved adsorption of CO2. Comparing to recent
experimental observation of transformation of CuZn alloy
to zinc oxide under reaction conditions and previous
theoretical calculations on small ZnOx clusters, these results
provided the first evidence that oxygen-vacant ZnO1� x/Cu
interface, rather than stoichiometric ZnO/Cu, is essential for
remarkable activity promotion. Finally, we might speculate
that development of a strategy to optimize ZnO/Cu inter-
faces while maintaining the partial reduction of ZnO at low
temperatures could be highly desirable for enhancing
methanol production.
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