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Exploring the ternary interactions in Cu–ZnO–ZrO2

catalysts for efficient CO2 hydrogenation
to methanol
Yuhao Wang1,2, Shyam Kattel3, Wengui Gao1,2, Kongzhai Li1,4, Ping Liu3, Jingguang G. Chen3,5 & Hua Wang1,6

The synergistic interaction among different components in complex catalysts is one of the

crucial factors in determining catalytic performance. Here we report the interactions

among the three components in controlling the catalytic performance of Cu–ZnO–ZrO2

(CZZ) catalyst for CO2 hydrogenation to methanol. The in situ diffuse reflectance infrared

Fourier transform spectroscopy (DRIFTS) measurements under the activity test pressure

(3MPa) reveal that the CO2 hydrogenation to methanol on the CZZ catalysts follows

the formate pathway. Density functional theory (DFT) calculations agree with the in situ

DRIFTS measurements, showing that the ZnO–ZrO2 interfaces are the active sites for CO2

adsorption and conversion, while the presence of metallic Cu is also necessary to facilitate

H2 dissociation and to provide hydrogen resource. The combined experiment and DFT

results reveal that tuning the interaction between ZnO and ZrO2 can be considered as

another important factor for designing high performance catalysts for methanol generation

from CO2.
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M
ethanol is an important chemical and energy carrier.
The catalytic synthesis of methanol from CO2 (CO2+

3H2! CH3OH+H2O) has attracted considerable
attention, because it is not only a potential way to mitigate
CO2 emission but also an alternative process for methanol
synthesis in chemical industry1–5. Cu/ZnO-based catalysts (e.g.,
Cu–ZnO–Al2O3 and Cu–ZnO–ZrO2) are the most widely studied
for this process due to the high activity, high product selectivity,
and low cost2,3,6,7. As a promising support and promoter, ZrO2

shows weak hydrophilic character in comparison to Al2O3,
potentially inhibiting the poisoning effect of water on the active
sites during methanol synthesis8–10. The presence of ZrO2 could
also enhance the copper dispersion as well as the surface basicity,
which should strongly affect the CO2 adsorption and methanol
selectivity11,12. As a result, the Cu–ZnO–ZrO2 (CZZ) system has
gained an increasing interest for its outstanding activity1,8,9,11–17.

Despite great efforts, the reaction mechanism of CO2 hydro-
genation to methanol as well as the nature of the active sites
on CZZ catalysts are still under debate and are not comprehen-
sively understood due to the complexity of the ternary
system2,3,7,16,18,19. In order to simplify the issues, binary catalyst
models (e.g., Cu/ZnO and Cu/ZrO2) have been widely used
to discuss the reaction mechanism. A general conclusion is that
methanol synthesis over Cu-based catalysts is a structure-
sensitive reaction and the synergetic effect between Cu and
oxides is responsible for the enhanced activity3,5,10,20–27. The
Cu/ZnO synergy is proposed to create active sites for CO2 and
H2 conversion via a combination of defective Cu nanoparticles
with ZnO thin overlayer (including induced morphological
changes of Cu)22,24,28, junction effect at the Cu–ZnO interface
(including enhanced electron transfer and increased generation of
oxygen defects in the interface)3,5,29–31, or formation of a specific
Cu–Zn surface alloy (including migration of Zn atoms over
the Cu surface and incorporation of Zn atoms into the Cu step-
edge sites)7,19,21. The Cu/ZrO2 synergy is mainly attributed to
the formation of Cu–ZrO2 interfacial sites, which may promote
the adsorption of CO2

10,26, enhance the dissociation of H2 and
spillover of atomic hydrogen32,33, bind the key reaction inter-
mediates (*CO2, *CO, *HCO, and *H2CO) for further conver-
sion27, and increase the turnover frequency26.

The role of ZnO–ZrO2 interaction is an ongoing debate.
Recently, it was reported that the binary ZnO–ZrO2 oxide in the
solid solution state also shows activity for CO2 hydrogenation
to methanol34. The Zn-doped ZrO2 without the presence of
Cu could achieve high CO2 conversion (10%) and methanol
selectivity (86%) at high pressure (5MPa) and high temperature
(593 K). In comparison, CZZ catalysts with the presence of Cu
usually could obtain high methanol yield at moderate conditions
(3MPa and 493–513 K, see the comparison in Supplementary
Table 3). However, little is known about the atomic-level inter-
action among the three components in the Cu–ZnO–ZrO2

complex system, in particular under in situ reaction conditions.
Here, we report a mechanistic investigation of the ternary

interactions of Cu/ZnO/ZrO2 in CO2 adsorption and activation
for methanol synthesis by comparing the three-dimensional
ordered macroporous (3DOM) catalysts with different particle
size of ZnO. The 3DOM catalyst shows very high activity (18.2%
CO2 conversion and 80.2% methanol selectivity obtained at 493 K
and 3.0 MPa). The results from the in situ DRIFTS measurements
at an activity test pressure (3MPa) and DFT calculations indicate
that the synergy among Cu, ZnO, and ZrO2 is essential to pro-
mote the CO2 conversion and methanol selectivity. The presence
of Cu is necessary to allow the formation of active *H at
the Cu–ZnO or Cu–ZrO2 interface for the final formation of
methanol, while the ZnO–ZrO2 interface strongly enhances
the activation and transformation of CO2 by promoting the

hydrogenation of carbonate intermediate to more reactive species
(e.g., formate and methoxy).

Results
Structural characterization. 3DOM catalysts with different par-
ticle sizes of ZnO were prepared. The full details for all samples
are collected in the Supplementary Information (SI) including
the (HR) TEM images, size distributions of ZnO and ZrO2, XRD
patterns, and specific surface areas of different samples. The
average particle size of ZnO in the four 3DOM samples
changes from 15 to 36 nm, and the ZrO2 particles are much
smaller (3–4 nm) for all the samples (Supplementary Fig. 1). The
specific surface areas (Supplementary Table 1) for the 3DOM
samples are in the range of 32−35 m2/g.

The EDS and TEM analyses (Fig. 1b–d) suggest that Cu makes
up the 3DOM framework, and the ZnO particles are well
dispersed on the wall of the macropores. The HRTEM images
(Fig. 1e–g) show that t-ZrO2 nanoparticles (3.5 ± 1 nm, Supple-
mentary Fig. 1), with a fringe spacing of 0.295 nm corresponding
to the (011) plane, are highly dispersed on both the ZnO particles
and Cu framework. The structural diagrammatic sketch of
macroporous CZZ catalysts is shown in Fig. 1h. The XRD
patterns, shown in Supplementary Fig. 2, reveal that the
diffraction peak positions corresponding to Cu or ZrO2 are very
similar for all the four samples. However, the differences in
the peak widths of ZnO suggest changes of ZnO crystallite
size in different samples, supporting the observation by TEM
(see Supplementary Fig. 1).

Catalytic performance and reaction intermediates. Figure 2a
shows the CO2 conversion, MeOH selectivity/yield and TOF
value of methanol formation as a function of the ZnO particle
size. The detailed data on the physicochemical and catalytic
properties of different samples (e.g., diameter of Cu (dCu), specific
surface area of Cu (SCu) and turnover frequency (TOF) values)
are presented in Supplementary Tables 1, 2. As seen in Fig. 2a, the
3DOM catalyst with the smallest ZnO particles (M-CZZ(16)
sample) possesses very high CO2 conversion (18.2%), methanol
selectivity (80.2%) and methanol yield (297 gMeOH·KgCata−1 h−1).
To our knowledge, this catalyst is the most active for CO2

hydrogenation to methanol among the CZZ catalysts under
comparable conditions (Supplementary Table 3). It should be
highlighted that the catalytic activity of the catalysts strongly
relies on the ZnO particles. The CO2 conversion, methanol
selectivity and the TOF value decrease with increasing ZnO
particle size, suggesting that ZnO particles play a significant role
in determining the catalytic performance.

Figure 2b–d show the DRIFT spectra obtained during CO2

hydrogenation at 493 K and 3MPa over the M-CZZ(16) and M-
CZZ(36) catalysts. For the M-CZZ(16) sample (Fig. 2b), strong
bands at 1589, 1386, and 1362 cm−1 are observed, which are
assigned to the υas(OCO), δ(CH), and υs(OCO) modes of formate
species27, respectively. After the reaction proceeding for 10 min,
vibrational bands at 1056, 1031, and 1005 cm−1 corresponding to
the C–O stretch of methanol are observed, and bands at 2975,
2943, 2920, 2871, 2840, and 2818 cm−1, attributed to the C–H
stretch of methanol, are also detected35, indicating the formation
of methanol. The comparison of the in situ DRIFT spectra of
methanol and methoxy is shown in the SI (see the Supplementary
Fig. 4 and the related discussion). On the other hand, peaks at
2175 and 2115 cm−1, which are characteristic of gaseous CO, are
also observed, indicating the occurrence of the reverse water-gas
shift (RWGS) reaction. The weak and oscillating bands located in
the range of 1400–1800 cm−1 are attributed to water vapor, which
originates from the RWGS and methanol synthesis reactions36.
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Fig. 2 Catalytic performance and in situ DRIFT spectra of the CO2+H2 reaction over different catalysts. a CO2 conversion, MeOH selectivity, MeOH

yield and TOF values as a function of the ZnO particle sizes in different catalysts. b Evolution of the IR spectra over the M-CZZ(16) sample with time.

c DRIFT spectra over the M-CZZ(36) sample. d Peak areas of generated intermediate species and methanol during the experiments: areas normalized

to the values observed at the end of the transient. Reaction conditions for catalytic test: WHSV= 3 h−1, T= 493 K, CO2:H2= 1:3, P= 3.0MPa;

Reaction conditions for TOF calculation: WHSV= 10 h−1, T= 493 K, CO2:H2= 1:3, P= 3.0MPa; Reaction conditions for in situ DRIFT spectra: gas flow

rate= 40mL/min, T= 493 K, CO2:H2= 1:3, P= 3.0MPa. Formate species (2870, 1589, 1386, and 1362 cm−1) and methanol (2975, 2943, 2920, 2871,

2840, and 2818 cm−1) can be observed over the two samples, especially for the M-CZZ(16) catalyst
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In Fig. 2c, the corresponding bands observed over M-CZZ(16) are
also detected over the M-CZZ(36) sample, but the band
intensities of formate species and methanol are much weaker.
This indicates that the particle size of ZnO affects the formation
and evolution of intermediate species, and smaller ZnO particles
enhance the formation of formate and methanol.

The temporal evolution of the principal surface species
(formate, methoxy, and methanol) on both samples during the
CO2 hydrogenation process are presented in Fig. 2d. The
concentration of formate increases sharply at the beginning of
the reaction, which is followed by a slight increase of methanol.
This indicates that the formation of formate is very fast, while
the generation of methanol needs an induction period. It should
be highlighted that the methoxy species, which is a common
intermediate observed by in situ IR under atmospheric or lower
pressures27,34, is almost absent over the present samples. To
identify the relationship between formate and methoxy species,
the in situ DRIFTS experiment under atmospheric pressure is also
performed, and the results are shown in Supplementary Fig. 5.

After the catalysts were pre-treated in flowing pure CO2 for
10 min at 493 K, transient response spectra were recorded with
switching H2 into the reactor chamber. As shown in Supplemen-
tary Figs. 5a and b, before the switching, only peaks at ca. 1522
and 1352 cm−1 related to monodentate (m-CO3

2−) and bidentate
(b-CO3

2−) carbonate species, as well as the peak at 1075 cm−1

assigned to carbonate ion (CO3
2−), are detected37,38. The bands

for formate species located at ca. 2972, 2878, 1588, 1384, and
1367 cm−1 appear as soon as H2 is introduced, while the peaks
attributed to carbonate species almost disappear. This indicates
that the carbonate could rapidly reacts with H to form formate.

It is also observed that the bands of formate slightly decrease in
intensity with time, and the C–H (2930 and 2821 cm−1) and C–O
(1145 and 1045 cm−1) stretching features27 attributed to the
methoxy gradually increase in intensity. This suggests that
methoxy should originate from the hydrogenation of formate
species. After the reaction proceeds for 10min, the bands related
to water vapor (see the insert in Supplementary Figs. 5a and 5b)
located in the range of 1400–1800 cm−1 are observed36, which is
likely produced from the hydrogenation of formate. The evolution
of surface species over catalysts during the onset of switching
feed gas from CO2 to H2 after CO2 adsorption is presented in
Supplementary Fig. 4c. It is clear that the intensity of methoxy
slightly increases with the decrease in the formate intensity,
evidencing the conversion of formate to methoxy. It is also noted
that no CO intermediate is detected during the DRIFTS
experiment under atmospheric pressure (see Supplementary
Fig. 5), which is inconsistent with the formation of CO in the
CO2 hydrogenation at 3.0 MPa (see Fig. 2). This reveals that
the reaction pressure also affects the production of CO from CO2.

To eliminate the effect of 3DOM structure on the adsorption
and catalytic activity, a series of conventional samples with
various particle size of ZnO but comparable Cu and ZrO2 particle
sizes were also prepared (which were labeled as nonporous
samples, N-CZZ). All the characterization, catalytic tests and
in situ DRIFT experiments, which were performed on the 3DOM
samples, were also performed on the N-CZZ catalysts. The results
are shown in Supplementary Figs. 6–9 and Supplementary
Tables 1 and 2. It is found that the catalytic performance and
the evolution of the intermediate species during the reaction
also strongly rely on the particle size of ZnO. This suggests that
the size effect of ZnO is a common phenomenon for the CZZ
catalyst system.

Comparison on Cu–ZnO, Cu–ZrO2, and ZnO–ZrO2 interac-
tions. As observed above, the ZnO particle size strongly affects
the CO2 adsorption, the formation of intermediate species and

the methanol generation over the CZZ catalysts. On the other
hand, the microstructures of Cu particles (e.g., Cu dispersion,
Cu specific surface area and Cu particle size) in all the samples
are similar (see Supplementary Table 1), and there is no direct
correlation between the TOF values or methanol yields and the
Cu surface area or Cu dispersion (see Supplementary Table 2).
This suggests that the determining factor for the catalytic per-
formance should be more complicated than the independent
Cu related species. The size effect of ZnO may be related to
the ZnO–ZrO2 interaction. To identify the roles of Cu–ZnO,
Cu–ZrO2, and ZnO–ZrO2 interactions in CO2 adsorption and
conversion, in situ DRIFT experiments were performed on all
the three binary samples with switching the feed gas from CO2

to H2. The crystallite sizes of different phases in the three samples
are controlled in a comparable range to ensure the comparability
(see Supplementary Fig. 10).

Figure 3a shows the transient evolution of the principal surface
species over the Cu–ZnO sample. In the CO2 atmosphere, the
carbonate species (1522, 1329, and 1045 cm−1) are observed.
After switching gas to H2, the carbonate species disappear and
very weak formate bands (1588, 1387, and 1365 cm−1) are
detected. Similar phenomena are also observed on the Cu–ZrO2

sample (Fig. 3b). This indicates that the conversion of carbonate
species to formate species is very difficult on these two binary
samples. In contrast, abundant formate species (2972, 2878, 1593,
1386, and 1362 cm−1) are formed after switching CO2 to H2 on
the ZnO–ZrO2 sample (Fig. 3c), concurrent with the decrease
of carbonate species (Fig. 3d). The in situ DRIFT experiments at
atmosphere or 3MPa in the CO2/H2 mixture also reveal that only
the ZnO–ZrO2 system shows relatively high intensity of formate
bands among the three samples (Supplementary Figs. 11, 12).
But it should be noted that no methanol is detected over
the ZnO–ZrO2 sample at the activity test condition without the
presence of Cu (see Supplementary Fig. 12c). These phenomena
suggest that the ZnO–ZrO2 interface should be the active sites
for CO2 adsorption to carbonate species and its subsequent
conversion to formate and the Cu species may contribute to the
further hydrogenation process.

To further study the effect of the ZnO–ZrO2 interaction on the
CO2 adsorption and formate formation, a series of ZnO–ZrO2

samples with different particle sizes of ZnO and similar particle
sizes (average sizes of 3–4 nm) of ZrO2 were prepared. The typical
TEM images of different samples are shown in Supplementary
Fig. 14. The average particle sizes for the three samples
(ZnO(15)–ZrO2, ZnO (21)–ZrO2, and ZnO(42)–ZrO2) are 15.1,
21.4, and 42.2 nm, respectively.

Figure 4a–c represent the in situ DRIFT spectra over the
samples when switching the feed gas from CO2 to H2. As shown
in Fig. 4a, only carbonate species (1540, 1408, and 1084 cm−1) are
observed over the ZnO(15)–ZrO2 sample in CO2. After switching
the feed gas from CO2 to H2, the formate bands (2972, 2878,
1590, 1386, and 1363 cm−1) appear immediately with the
decrease of carbonate, indicating the hydrogenation of carbonate
to formate. Figures 4b, c show similar trend over the ZnO
(21)–ZrO2 and ZnO(42)–ZrO2 samples. It is notable that the
formation of carbonate and its further conversion to formate
is inversely proportion to the ZnO particle size. Smaller ZnO
particles promote the adsorption of CO2 and its further
conversion to formate, which may be attributed to the more
abundance of the ZnO–ZrO2 interface.

In order to further understand the interaction between ZnO
and ZrO2, we have performed CO2-TPD experiments over
the ZnO(15)–ZrO2 sample, pure ZnO particles with different
average sizes (11, 19, and 37 nm) and pure ZrO2 with an average
particle size of 10 nm. As shown in Fig. 4d, the CO2 adsorption
capacity slightly decreases with increasing ZnO particle size.
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In comparison, the ZnO(15)–ZrO2 sample shows much higher
CO2 adsorption peak at low temperatures (373–473 K) than the
pure ZrO2 or ZnO regardless of the particle size, indicating
that the interaction between ZnO and ZrO2 strongly improves the
CO2 adsorption capacity.

Oxygen vacancy also plays a very important role in the
hydrogenation of CO or CO2 to methanol, which can adsorb and
activate reactive gases and stabilize the reaction intermediates,
elevating the catalytic activity21,22,24. Kurtz et al.39 found that the
oxygen vacancy in the ZnO/Al2O3 catalyst is the active site for
hydrogenation of CO to methanol. For Cu–ZnO catalysts in CO2

hydrogenation, it is proposed that the activity is correlated to
the number of oxygen defects between Cu and ZnO particles22.
In the case of Cu–ZrO2 catalysts, the oxygen vacancies created
by the evolution of ZrO2 phase also strongly affect the methanol
formation. According to the literatures40,41, catalysts with
monoclinic ZrO2 (m-ZrO2) are nearly an order of magnitude
more active for methanol synthesis from CO2 than catalysts with
the same Cu surface density deposited on tetragonal ZrO2

(t-ZrO2) due to the relatively higher concentration of oxygen
vacancies. The formation of oxygen vacancies resulting from
the ZnO–ZrO2 interaction is evidenced by comparing the XPS
spectra of ZnO/ZrO2 sample with that of pure ZnO or ZrO2 (see
Supplementary Fig. 17 and the related discussions). Such oxygen
vacancies can be the active sites for CO2 adsorption.

For CO2 hydrogenation to methanol over Cu-based catalysts,
formate pathway (featured by formate as the main intermediate)
and CO-Hydro pathway (featured by the CO intermediate
produced via RWGS) are considered as two major reaction
mechanisms5. The formate pathway is defined by the following

two conditions: (1) formate can be quickly generated and not
easily decomposed into CO and (2) formate should not be
excessively stable and can be hydrogenated to methoxy. In the
present work, it can be seen from Supplementary Figs. 5 and
9 that the carbonate is rapidly converted to formate in the
presence of H2 and no CO is detected in this process. Meanwhile,
the DRIFTS intensity of *CH3O increases along with the decrease
of the *HCOO signal. It is also found that the samples with more
detectable formate in the DRIFTS experiments show higher
activity for methanol formation (see Fig. 2), indicating that the
formate (instead of being a spectator) should be an important
intermediate for the formation of methanol. By contrast, no direct
correlation is found between the formation of CO and the yield of
methanol. These phenomena suggest that the CO2 hydrogenation
over the present CZZ catalysts follows the formate pathway.

Density functional theory studies. DFT calculations were per-
formed to understand the catalytic behavior of the ZrO2/ZnO
interface during CO2 conversion to CH3OH. Herein, the ZrO2/
ZnO interface is modeled by depositing a small ZrO2 cluster
on the ZnO(11�20) surface (for details see computational
method section in the SI). The surface O atoms in our model
were saturated with H atoms to account for the possible H spil-
lover from Cu to oxide nanoparticles due to facile H2 dissociation
on Cu, as predicted by DFT calculations and observed in our
experiments.

Figure 5a and Supplementary Fig. 25 show the reaction
intermediates that are involved in CO2 hydrogenation, and the
structure of the intermediates with different views can be found
in Supplementary Fig. 26. The binding energy (−2.32 eV) for CO2
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flow rate of 40mL/min under atmosphere pressure. d Peak areas of generated intermediate species during the experiments: areas normalized to the values

observed at the end of the transient. Only the ZnO–ZrO2 sample shows obvious formation of formate species (2972, 2878, 1593, 1386, and 1362 cm−1)

from carbonate species when the feed gas was switched from CO2 to H2
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adsorption on ZrO2–ZnO(11�20) is much stronger than that for
ZnO–Cu(111) (−0.13 eV), ZrO2–Cu(111) (−1.18 eV), ZrO2

cluster on ZnO(11�20) (−1.95 eV), and ZnO(11�20) (−1.94 eV),
indicating that the activation and transformation of CO2 prefer
to occur at the ZrO2/ZnO interface.

Previously, the role of ZnO for CO2 hydrogenation has been
debated and previous studies have suggested that ZnO acts as an
active phase for CO2/CO hydrogenation to CH3OH42,43. The
CO2! CH3OH conversion on ZnO(11�20) is further investigated
using DFT. The results suggest that the initial hydrogenation
of CO2 on ZnO(11�20) likely proceeds via the formation of the
*HOCO intermediate since *HOCO formation (ΔE=−0.16 eV
and Ea= 0.15 eV) is kinetically more favorable than *HCOO
formation (ΔE=−1.42 eV and Ea= 0.32 eV). The *HOCO
dissociation produces a key reaction intermediate, *CO, along
the RWGS+ CO-Hydro pathway for CH3OH synthesis27,44.
However, in consideration of the entropic contribution, *CO
may not be stable on the ZnO(11�20) surface under reaction
conditions with a BE of −1.33 eV, preferring desorption rather
than its further hydrogenation. Thus, CO is predicted to be the
product of CO2 hydrogenation on ZnO(11�20), which agrees well
with the corresponding experimental observation of CO but
not CH3OH as a product of CO2 hydrogenation on ZnO(11�20)
(see Supplementary Figs. 18, 19).

The DFT optimized geometries at the ZrO2/ZnO interface were
then used to calculate the reaction energy (ΔE) and activation
energy (Ea) of each elementary step involved in CO2 hydrogena-
tion to CH3OH via the formate pathway, which was identified as
an active intermediate by in situ DRIFTS for the CZZ catalysts.

Figure 5b shows the energy profile for the formation of
CH3OH from CO2 and H2 along the formate pathway. The
initial step in CO2 hydrogenation, i.e., the formation of
the *HCOO intermediate is exothermic with ΔE of −0.52 eV
and Ea of 0.78 eV. Further hydrogenations of *HCOO leads
to the formations of *H2COO (ΔE=−1.27 eV; Ea= 0.66 eV)
and *H2COOH (ΔE= 0.37 eV; Ea= 0.52 eV). Compared with
*HCOO hydrogenation to *H2COO, the *H assisted dissociation
to HCO (*HCOO+ *H → *HCO+ *OH, ΔE=−0.44 eV; Ea=
1.45 eV) and subsequently to *CO (*HCO+ *! *CO+ *H, ΔE
= 1.51 eV; Ea= 1.63 eV) is kinetically more difficult at the ZnO/
ZrO2 interface. Thus, it suggests that the formation of *CO from
*HCOO is highly unlikely, in agreement with the experimental
results (Supplementary Figs. 5 and 9). The ZnO–ZrO2 interface
facilities not only the activation of *HCOO, the rate-limiting step
for CO2 hydrogenation at the ZnO–Cu interface3 via lowering the
barrier from 0.85 to 0.66 eV, but also the formation of *H2COOH,
a highly activated step via lowering the barrier from 0.90 to
0.52!eV. This agrees well with the in situ DRIFTS results
(Supplementary Fig. 5), showing a fast conversion of *HCOO to
*H3CO over the CZZ catalyst. *H2COOH is the precursor for
C–O bond breaking as in the case of Cu/ZnO, however, the
corresponding barrier (ΔE=−1.37 eV; Ea= 0.03 eV) is much
lower on ZnO–ZrO2 than on Cu/ZnO (Ea= 0.49 eV)3. The
hydrogenation of dissociated *H2CO results in the formation
of *H3CO (ΔE=−0.68 eV; Ea= 0.67 eV) and eventually the
production of *CH3OH (ΔE= 0.59 eV; Ea= 0.67 eV). Similar
promotion is also observed when compared to Cu/ZrO2,
which shows more difficult activations of *HCOO to *HCOOH
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(∆E= 0.70 eV, Ea= 0.80 eV) and *H2COOH dissociation to
*H2CO and *OH (∆E= 0.67 eV, Ea= 1.32 eV) than ZnO–ZrO2

27.
For the reaction pathway at the ZnO–ZrO2 interface, the

dissociated *OH is removed from the surface by the formation
of H2O, which is an endothermic process (ΔE= 0.56 eV) and
has to overcome the highest barrier of 0.96 eV along the
pathway. In contrast, it is a facile step at the ZnO–Cu interface
(∆E=−0.43 eV; Ea= 0.22 eV)3. Therefore, the potential synergy
between the interfaces of ZnO–ZrO2 and ZnO–Cu might also
play an important role in promoting the removal of surface *OH
to regenerate the active sites. According to the DFT calculated
energy barriers, the formation of ZnO–ZrO2 interface is able to
promote the *HCOO activations, which have been identified to
control the reaction rates at the Cu/ZnO and Cu/ZrO2 interfaces
during CO2 hydrogenation; yet the removal of *OH from the
surface to produce gas phase H2O can be problematic at lower
temperatures. Nevertheless, the barrier is <1 eV and is expected
to be partially overcome at T= 493 K to maintain sufficient
amount of active sites for hydrogenation of CO2 to CH3OH.

The Cu component was not specifically considered in the
present DFT calculations. At the ZnO–ZrO2 interface, the H2

dissociative adsorption is an endothermic process (ΔE= 0.47 eV),
which is less favorable than that at the -Cu/oxide interface (ΔE=
−0.33 eV)3. On Cu(111), H2 dissociation is thermodynamically
and kinetically (ΔE=−0.39 eV; Ea= 0.53 eV) more favorable
than that on the ZnO–ZrO2 and Cu/oxide interfaces. Therefore,
the presence of Cu is necessary to allow the facile formation of
*H at the Cu/oxide interface under reaction conditions, which

facilitates the subsequent hydrogenation processes by providing
the surface *H species. This is consistent with the high pressure
in situ DRIFTS (see Fig. 2 and Supplementary Fig. 12) results
that CH3OH is detected over the CZZ sample but not over the
ZnO–ZrO2 sample.

Discussion
For the Cu/ZnO system, the Cu–ZnO interface or the Cu–Zn
surface alloy are considered as the active sites for CO2 hydro-
genation to methanol3,5–7,24,28,29. In the case of Cu/ZrO2, the
Cu–ZrO2 interface play a very important role for methanol
formation10,26,27,33. In both the binary catalysts, the catalytic
activity is determined by the Cu–ZnO or Cu–ZrO2 interaction
that is closely related to the physicochemical features (e.g., Cu
particle size and surface area of Cu) of Cu spices. As shown in
the comparison of the catalytic activity of Cu/ZnO, Cu–ZrO2,
and Cu–ZnO–ZrO2 in Supplementary Fig. 13, the Cu–ZnO–ZrO2

ternary catalyst exhibits much higher methanol yield than either
Cu–ZnO or Cu–ZrO2 even though it shows a lower surface area
of Cu (SCu) than the Cu/ZnO catalyst, suggesting that the
ZnO–ZrO2 interaction should also play an important role in
the Cu–ZnO–ZrO2 catalyst for CO2 hydrogenation. Combining
the results of XPS (Supplementary Fig. 17) and CO2-TPD
(Fig. 4d), it can be concluded that the ZnO–ZrO2 interaction
promotes the formation of oxygen vacancies, which should be
the active sites for CO2 adsorption. The in situ DRIFTS (Fig. 3
and Supplementary Fig. 12) experiments reveal that the
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ZnO–ZrO2 interface is crucial for the transformation of carbonate
to formate during CO2 hydrogenation. However, no surface
methoxy, which is a crucial intermediate species for methanol
synthesis, is detected on the ZnO–ZrO2 catalyst (see Fig. 4a–c),
while it is abundant on the Cu–ZnO–ZrO2 catalysts (see Sup-
plementary Figs. 5 and 9). These results indicate that the presence
of Cu is necessary for the formate hydrogenation to methoxy in
methanol synthesis from CO2+H2. It is reasonable to propose
that, in the Cu–ZnO–ZrO2 system, the ZnO–ZrO2 interaction
contributes to the adsorption of CO2 and binds the formate
intermediate, and the interaction of Cu with the ZnO–ZrO2

support is responsible for the dissociative adsorption of hydrogen
and the subsequent hydrogenation of carbonaceous intermediate
species (e.g., formate and methoxy) to methanol. Supplementary
Fig. 27 shows an illustration to emphasize on the role of Cu, ZnO,
and ZrO2 in the ternary interaction and a full discussion is
also provided.

Both the in situ DRIFTS experiments (Figs. 3 and 4) and DFT
calculations (Fig. 5) suggest that CO2 adsorption and conversion
to surface species (e.g., formate) and methanol strongly rely on
the ZnO/ZrO2 interaction, which promotes the *HCOO activa-
tions, the rate-limiting step at the Cu/ZnO interface. Such pro-
moting effect can be further enhanced by reducing the particle
size of ZnO (Fig. 2 and Supplementary Fig. 8). The DFT results
suggest that the presence of Cu at the ZnO–ZrO2 interface is
necessary to provide *H and allows the conversion of the car-
bonate species to formate, methoxy and eventually methanol,
as observed by in situ DRIFT under the activity test condition
(Fig. 2) or during the switching from CO2 to H2 (Supplementary
Fig. 5). Overall, the combination of in situ characterization and
DFT calculations enables the identification of active sites and
reaction intermediates for the CZZ catalyst during CO2 hydro-
genation and highlights the importance of the strong interplay
among Cu, ZnO, and ZrO2 in promoting the CO2 conversion and
methanol selectivity.

In summary, by designing different Cu–ZnO–ZrO2 (CZZ)
catalysts and performing in situ experiments and DFT calci-
nations, we identified the different functions of the ZnO–ZrO2

interface and Cu species in the catalytic CO2 hydrogenation to
methanol. The obtained catalysts show very high activity
(18.2% of conversion and 80.2% of selectivity obtained at 493 K
and 3.0 MPa) for methanol generation. The formate pathway is
identified for the CO2 hydrogeneration process over the CZZ
catalysts. ZnO–ZrO2 binary oxides show much higher ability
for CO2 adsorption and the hydrogenation of carbonate species
to reactive intermediates (formate and methoxy) than the
Cu–ZnO or Cu–ZrO2 systems. DFT calculations show that the
ZnO/ZrO2 interface is the active site for CO2 adsorption and
conversion, in particular for *HCOO activation, which is the
rate-limiting step at the Cu/ZnO interface during CO2 hydro-
genation. The presence of Cu0 is also necessary to allow the
formation of *H under reaction conditions, while tuning the
interaction between ZnO and ZrO2 can affect the formation
and evolution of the surface species, therefore controlling the
catalytic performance. The findings proposed in this work
would enrich the knowledge in understanding the fundamental
features of the CZZ ternary CO2 hydrogenation catalysts and
be helpful for designing complex catalysts with multiple
active components.

Methods
3DOM catalyst preparation. 3DOM catalysts were prepared by a colloidal crystal
template method. First, uniform monodisperse poly methyl methacrylate (PMMA)
spheres were synthesized as template via an emulsifier-free emulsion polymeriza-
tion route45. After that, the required amounts of Cu(NO3)2·3H2O, Zn(NO3)2·6H2O,
and Zr(NO3)4·5H2O were dissolved in 20 mL of deionized water to form a

transparent solution (5 mol/L, Cu/Zn/Zr molar ratio= 5:2:3), and then 10 g of
citric acid (C6H8O7·H2O) was added into the solution and dissolved at 333 K under
stirring for 1 h. Then, 10 mL of ethylene glycol (EG) was added into the solution
under stirring for 10 min. Subsequently, the dried PMMA templates were soaked in
the precursor solutions for 6 h. After being filtered, the precursors were dried at
333 K for 12 h. Finally, the precursors were calcined at 723 K for 6 h with a ramp
rate of 1, 2, 4, and 8 K/min under air, respectively. The obtained samples ware
labeled as M-CZZ(16), M-CZZ(19), M-CZZ(24), and M-CZZ(36).

Cu–ZnO (molar ratio of Cu/Zn= 5:2), Cu–ZrO2 (molar ratio of Cu/Zr= 7:3),
and ZnO–ZrO2 (molar ratio of Zn/Zr= 7:3) samples were prepared by a co-
precipitation method. The required amounts of Cu(NO3)2·3H2O, Zn(NO3)2·6H2O,
and/or Zr(NO3)4·5H2O were dissolved in 20 mL of deionized water to form a
transparent solution (5 mol/L). Then, the transparent solution and NH3·H2O
(2.5 wt.%) was added dropwise into 200 mL of deionized water, simultaneously,
controlling the pH at ~6.5. After aging for 1 h, the precursor was filtered and
washed with deionized water. The precursors was then dried at 333 K for 12 h and
further calcined at 723 K for 3 h with a ramp rate of 2 K/min.

The ZnO–ZrO2 (molar ratio of Zn/Zr= 7:3) catalysts with different particle size
of ZnO were also prepared by a co-precipitation method using different
precipitating agent. The catalyst precipitated with sodium carbonate and calcined
at 673 K for 6 h with a ramp rate of 1 K/min under air was labeled as ZnO
(15)–ZrO2. The catalyst precipitated with sodium carbonate and calcined at 723 K
for 6 h with a ramp rate of 1 K/min under air was labeled as ZnO(21)–ZrO2.
The catalyst precipitated with NH3·H2O (2.5 wt.%) and calcined at 723 K for 6 h
with a ramp rate of 2 K/min under air was labeled as ZnO(42)–ZrO2.

Preparation of the nonporous samples. Conventional catalysts were prepared by
a co-precipitation method. The required amounts of Cu(NO3)2·3H2O, Zn
(NO3)2·6H2O, and Zr(NO3)4·5H2O were dissolved in 20 mL of deionized water to
form a transparent solution (5 mol/L, Cu/Zn/Zr molar ratio= 5:2:3). Then, the
transparent solution and NH3·H2O (2.5 wt.%) was added dropwise into 200 mL of
deionized water, simultaneously, controlling the the pH at ~6.5. After aging for 1 h,
the precursor was filtered and washed with deionized water. The precursors was
then dried at 333 K for 12 h and further calcined at 723 K for 3 h with a ramp rate
of 2 and 5 K/min, and the obtained samples are labeled as N-CZZ(25) and N-CZZ
(31), respectively. When the precipitating agent was changed from sodium car-
bonate (0.5 mol/L) to NH3·H2O (2.5 wt.%) and calcining the precursor at 723 K for
3 h with a ramp rate of 5 K/min, the obtained sample was labeled as N-CZZ(43).

Characterization. The specific surface area of the catalysts was calculated
according to the BET method using the N2 adsorption isotherm at 77 K obtained
on a Quantachrome Autosorb-iQ instrument. The crystal phases of the prepared
catalysts were identified using a powder X-ray diffractometer (Rigaku D/max-R)
with Cu Ka radiation (λ= 0.15406 nm). The X-ray tube was operated at 40 kV and
40 mA. The XRD patterns were recorded for 2θ values ranging from 20° to 80° at
a scanning rate of 2°/min. The morphology of the catalysts was observed by the
scanning electron microscopy (SEM) and transmission electron microscopy (TEM)
technology. The SEM measurement was performed on a Nova NanoSEM 450
instrument using an accelerating voltage of 2000 V–30 kV. The SEM samples were
dusted on an adhesive conductive carbon belt attached to a copper disk and coated
with 2–3 nm Pt prior to the measurement. For TEM characterization, a Tecnai
G2 TF30 S-Twin microscope was used operating at 300 kV. The specimens were
crushed into powder and immersed in a small volume of ethanol. After sonicating
the mixture for 10 min, a droplet of the suspension was allowed to dry on a holey
carbon/Formvar-coated copper TEM grid.

XPS dates were obtained with a PHI 5000 Versaprobe II system equipped with a
monochromatic Al-Ka X-ray source. The reduced samples were placed on stainless
steel sample-holders were transferred to the XPS pre-chamber under inert
atmosphere and stayed there for 12 h in a vacuum atmosphere. The spectra were
recorded after purging the samples at ambient temperature under vacuum (residual
pressure < 10−7 Pa). The C 1s signal at 284.8 eV was used as an internal standard
for calibration of the XPS signals.

H2 temperature-programmed reduction (H2-TPR) was performed on a
ChemBET Pulsar & TPR/TPD apparatus (Quantachrome Instruments) with a
thermal conductivity detector (TCD). Prior to each experiment, the sample (50 mg)
was pre-treated in flowing pure He (30 mL/min) at 573 K for 1 h and cooled to
room temperature (RT). Thereafter, the temperature was increased at a rate of
10 K/min to 673 K in flowing 10% H2/Ar (30 mL/min). The metallic copper surface
area (SCu) was measured using N2O decomposition method. The catalyst (50 mg)
was first reduced with 10% H2/Ar (30 mL/min) at 573 K for 1 h followed by
purging with He (30 mL/min) for 30 min and cooling to 333 K. Then, a flow of 10%
N2O/He (30 mL/min) gas was fed into the reactor for 1 h. TPR measurement was
subsequently performed under a 10% H2/Ar flow (30 mL/min) to 573 K with a
ramp rate of 10 K/min. The copper surface area was calculated on base of Eq. (1)
by assuming that the copper crystallites are spherical.

SCu m2=gcat
� �

¼ 200 Mol H2ð Þ ´ SFð Þ´ NAð Þ½ �= SDCuð Þ ð1Þ

DCuð%Þ ¼ ½the amount of exposed copper�=½the total amount of copper atoms�

ð2Þ
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Where Mol H2 is the amount of H2 consumed during the TPR step per unit
mass of the catalyst (mol H2/gcat), SF is the stoichiometric factor (2.0), NA is
Avogadro’s number (6.022 × 1023 atoms/mol) and SDCu is the copper surface
density (1.47 × 1019 atoms/m2).

TOFCu ¼
PCH3OH

´MCu

3600 ´ 1000 ´ D ´ 0:01ð Þ ´XCu
ð3Þ

Where PCH3OH
, MCu, D, XCu are CH3OH productivity (expressed in mol h−1 kg−1),

the copper molecular weight, the copper dispersion (expressed in %), the average
mass fraction of Cu in fresh catalyst, respectively.

CO temperature-programmed reduction (CO-TPR) was performed on a the
CATLAB catalyst characterization system (Hiden Analytical Co., England). Prior
to each experiment, the sample (50 mg) was pre-treated in flowing pure He
(30 mL/min) at 573 K for 1 h and then cooled to RT. Thereafter, the temperature
was increased at a rate of 10 K/min to 973 K in flowing 10% CO/Ar (30 mL/min).
The gas was analyzed by an online mass spectrometer (MS).

CO2 temperature-programmed desorption (CO2-TPD) was performed on a
ChemBET Pulsar & TPR/TPD apparatus (Quantachrome Instruments) equipped
with a TCD. Prior to each experiment, the sample (50 mg) was pre-treated in
flowing pure He (30 mL/min) at 573 K for 1 h and then cooled to RT. Thereafter,
the temperature was increased at a rate of 10 K/min to 573 K in flowing 10% H2/Ar
(30 mL/min) and holding at 573 K for 30 min. Thereafter, the pre-treated sample
was exposed to CO2 (30 mL/min) and He (30 mL/min) at RT for 30 min,
respectively. After that, the temperature was increased at a rate of 10 K/min to
873 K in flowing He (30 mL/min).

In situ DRIFTS measurements were performed on an FTIR spectrometer
(vertex 70, Bruker, Germany) equipped with a liquid nitrogen N2 cooled
mercury–cadmium–telluride (MCT) detector. The scans were collected from
4000 to 600 cm−1 at a resolution of 4 cm−1. The catalyst powders were placed in a
high-pressure (0–10MPa) DRIFTS cell (HC-900, Pike Technologies) equipped
with ZnSe windows. To remove the possible residual surface species prior to
testing, each sample was heated at 573 K for 2 h in a 40 mL/min flow of He. Then,
the sample was cooled to 323 K and switching feed to 10% H2/He mixture at a flow
rate of 40 mL/min while increasing the temperature to 573 K for 1 h. After that, the
sample was flushed with He (40 mL/min) for 1 h and cooled to 493 K prior to
sample testing. The background subtractions were executed over different samples
for testing in a 40 mL/min He under different reaction condition (atmospheric
pressure or 3MPa). After that, the reaction gases were switched into the reaction
chamber, the evolutions of functional groups on samples surfaces were recorded
by FTIR spectrometer.

Activity test. The activity test for CO2 hydrogenation to methanol were performed
in a high-pressure fixed-bed flow stainless steel reactor. One gram of catalyst was
diluted with quartz sand (both in 20–40 mesh), and then packed into the stainless
steel tubular reactor. Prior to the catalytic measurements, the catalyst was reduced
in a stream of 10% H2/N2 at 573 K for 6 h under atmospheric pressure. Then,
the temperature was cooled to 323 K, and the reductive gas was replaced by the
reaction gas (24.4% CO2 and 75.6% H2). The reaction was performed with a
pressure of 3.0 MPa, reaction gases flow rate is 100 mL/min, and the temperature at
493 K. Each reaction was conducted under these conditions for 16 h. The reactants
and products flowing out in the reactors were passed through the gas/liquid
separator connected to a heat exchanger (273 K) and then analyzed by an online
gas chromatographer (GC, Agilent Technologies 6890A) equipped with a TCD and
a flame ionization detector (FID). The CO2 conversion and CH3OH selectivity
were obtained from the GC data.

Computational methods. Spin polarized density functional theory (DFT)46,47

calculations were performed using the Vienna Ab-Initio Simulation Package
(VASP) code.48,49 Projector augmented wave (PAW)50 potentials were used to
describe the core electrons with the generalized gradient approximation (GGA)
using PW91 functionals51. The Kohn–Sham one-electron wave functions were
expanded by using a plane wave basis set with a kinetic energy cutoff of 400 eV.

The lattice parameters of bulk ZnO was calculated using a 12 × 12 × 8
Monkhorst52 pack meshes. Our calculated lattice parameters of a= b= 3.194 Å
and c/a= 1.608 Å are similar to the previously calculated values of a= b= 3.159
and c/a= 1.608 using DFT53. The ZnO(110) surface was modeled using a six layer
3 × 3 surface slab. The ZrO2/ZnO interface was modeled by depositing a small
ZrO2 cluster on ZnO(110) surface. Surface O atoms on ZrO2 cluster and ZnO(110)
surface were hydroxylated to take into account of the H-spillover under the H2-rich
conditions used for CO2 hydrogenation. The electronic structure of Zn in ZnO was
treated in the DFT+U54 formalism with a U value of 7.5 eV53. The Brillouin zone
of the ZnO(110) surface was sampled using the Γ-point. A 18 Å thick vacuum was
added along the direction perpendicular to the surface in the initial slab model to
avoid the artificial interactions between the slab and its periodic images. During
geometry optimization, the atoms in the bottom three layers were fixed while
all other atoms were allowed to relax until Hellman–Feynman force on each ion
was smaller than 0.02 eV/Å. The binding energy (BE) of an adsorbate was
calculated as follows:

BE ¼ E slabþ adsorbateð Þ � E slabð Þ � E adsorbateð Þ

where E(slab+ adsorbate), E(slab), and E(adsorbate) are the total energies of the
slab with adsorbate, clean slab, and adsorbate species in the gas phase, respectively.

The transition state of a chemical reaction was located using the climbing image
nudged elastic band (CI-NEB) method implemented in VASP55. The activation
energy (Ea) of a chemical reaction is defined as the energy difference between
the initial and transition states while the reaction energy (ΔE) is defined as the
energy difference between the initial and final states.

Data availability
All data are available from the authors on reasonable request.

Received: 6 November 2018 Accepted: 14 February 2019

References
1. Álvarez, A. et al. Challengesin the greener production of formates/formicacid,

methanol, and DME by heterogeneously catalyzed CO2 hydrogenation
processes. Chem. Rev. 117, 9804 (2017).

2. Graciani, J. et al. Highly active copper-ceria and copper-ceria-titania catalysts
for methanol synthesis from CO2. Science 345, 546–550 (2014).

3. Kattel, S., Ramírez, P. J., Chen, J. G., Rodriguez, J. A. & Liu, P. Active sites
for CO2 hydrogenation to methanol on Cu/ZnO catalysts. Science 357,
1296–1299 (2017).

4. Bernskoetter, W. H. & Hazari, N. Reversible hydrogenation of carbon dioxide
to formic acid and methanol: Lewis acid enhancement of base metal catalysts.
Acc. Chem. Res. 50, 1049–1058 (2017).

5. Kattel, S., Liu, P. & Chen, J. G. Tuning selectivity of CO2 hydrogenation
reactions at the metal/oxide interface. J. Am. Chem. Soc. 139, 9739 (2017).

6. Berg, R. V. D. et al. Structure sensitivity of Cu and CuZn catalysts relevant
to industrial methanol synthesis. Nat. Commun. 7, 13057 (2016).

7. Behrens, M. et al. The active site of methanol synthesis over Cu/ZnO/Al2O3

industrial catalysts. Science 336, 893 (2012).
8. Arena, F. et al. Synthesis, characterization and activity pattern of Cu–ZnO/

ZrO2 catalysts in the hydrogenation of carbon dioxide to methanol.
J. Catal. 249, 185–194 (2007).

9. Guo, X., Mao, D., Lu, G., Wang, S. & Wu, G. Glycine-nitrate combustion
synthesis of CuO-ZnO-ZrO2 catalysts for methanol synthesis from CO2

hydrogenation. J. Catal. 271, 178–185 (2010).
10. Arena, F. et al. Solid-state interactions, adsorption sites and functionality of

Cu-ZnO/ZrO2 catalysts in the CO2 hydrogenation to CH3OH. Appl. Catal. A
350, 16–23 (2008).

11. Gao, P. et al. Influence of Zr on the performance of Cu/Zn/Al/Zr catalysts via
hydrotalcite-like precursors for CO2 hydrogenation to methanol. J. Catal. 298,
51–60 (2013).

12. Bonura, G., Cordaro, M., Cannilla, C., Arena, F. & Frusteri, F. The changing
nature of the active site of Cu-Zn-Zr catalysts for the CO2 hydrogenation
reaction to methanol. Appl. Catal. B 152-153, 152–161 (2014).

13. Phongamwong, T. et al. CO2 hydrogenation to methanol over CuO-ZnO-
ZrO2-SiO2 catalysts: Effects of SiO2 contents. Chem. Eng. J. 316, 692–703
(2017).

14. Witoon, T. et al. Tuning of catalytic CO2 hydrogenation by changing
composition of CuO-ZnO-ZrO2 catalysts. Energ. Convers. & Manag. 118,
21–31 (2016).

15. Frei, E., Schaadt, A., Ludwig, T., Hillebrecht, H. & Krossing, I. The influence
of the precipitation/ageing temperature on a Cu/ZnO/ZrO2 catalyst for
methanol synthesis from H2 and CO2. Chemcatchem 6, 1721–1730 (2014).

16. Li, L., Mao, D., Yu, J. & Guo, X. Highly selective hydrogenation of CO2 to
methanol over CuO-ZnO-ZrO2 catalysts prepared by a surfactant-assisted
co-precipitation method. J. Power Sources 279, 394–404 (2015).

17. Dong, X. et al. CO2 hydrogenation to methanol over Cu/ZnO/ZrO2

catalysts prepared by precipitation-reduction method. Appl. Catal. B 191,
8–17 (2016).

18. Wang, W., Wang, S., Ma, X. & Gong, J. Recent advances in catalytic
hydrogenation of carbon dioxide. Chem. Soc. Rev. 40, 3703 (2011).

19. Kuld, S. et al. Quantifying the promotion of Cu catalysts by ZnO for
methanol synthesis. Science 352, 969 (2016).

20. Arena, F. et al. Effects of oxide carriers on surface functionality and process
performance of the Cu-ZnO system in the synthesis of methanol via CO2

hydrogenation. J. Catal. 300, 141–151 (2013).
21. Grunwaldt, J. D., Molenbroek, A. M., Topsøe, N. Y., Topsøe, H. & Clausen,

B. S. In Situ Investigations of Structural Changes in Cu/ZnO Catalysts.
J. Catal. 194, 452–460 (2000).

22. Valant, A. L. et al. The Cu-ZnO synergy in methanol synthesis from CO2,
Part 1: origin of active site explained by experimental studies and a sphere

NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-019-09072-6 ARTICLE

NATURE COMMUNICATIONS |         (2019) 10:1166 | https://doi.org/10.1038/s41467-019-09072-6 | www.nature.com/naturecommunications 9

www.nature.com/naturecommunications
www.nature.com/naturecommunications


contact quantification model on Cu+ZnO mechanical mixtures. J. Catal. 324,
41–49 (2015).

23. Bu, L. et al. Biaxially strained PtPb/Pt core/shell nanoplate boosts oxygen
reduction catalysis. Science 354, 1410 (2016).

24. Vesborg, P. C. K. et al. Transient behavior of Cu/ZnO-based methanol
synthesis catalysts. J. Catal. 262, 65–72 (2009).

25. Meunier, F. C. Mixing copper nanoparticles and ZnO nanocrystals: a route
towards understanding the hydrogenation of CO2 to methanol? Angew.
Chem. Int. Ed. 50, 4053–4054 (2011).

26. Ro, I. et al. The role of the Cu-ZrO2 interfacial sites for ethanol conversion to
ethyl acetate and methanol synthesis from CO2 and H2. ACS Catal. 6,
7040–7050 (2016).

27. Kattel, S., Yan, B. H., Yang, Y. X., Chen, J. G. G. & Liu, P. Optimizing binding
energies of key intermediates for CO2 hydrogenation to methanol over oxide-
supported copper. J. Am. Chem. Soc. 138, 12440–12450 (2016).

28. Lunkenbein, T., Schumann, J., Behrens, M. & Willinger, M. G. Formation
of a ZnO overlayer in industrial Cu/ZnO/Al2O3 catalysts induced by strong
metal-support interaction. Angew. Chem. Int. Ed. 54, 4544–4548 (2015).

29. Liao, F. et al. Electronic modulation of a copper/zinc oxide catalyst by a
heterojunction for selective hydrogenation of carbon dioxide to methanol.
Angew. Chem. Int. Ed. 51, 5832–5836 (2012).

30. Liao, F. et al. Morphology-dependent interactions of ZnO with Cu
nanoparticles at the materials’ interface in selective hydrogenation of CO2

to CH3OH. Angew. Chem. Int. Ed. 123, 2210–2213 (2015).
31. Galván, C. Á. et al. Reverse water-gas shift reaction at the Cu/ZnO interface:

influence of the Cu/Zn ratio on structure-activity correlations. Appl. Catal. B
195, 104–111 (2016).

32. Wang, Y. H. et al. Structure–activity relationships of Cu-ZrO2 catalysts for
CO2 hydrogenation to methanol: interaction effects and reaction mechanism.
RSC Adv. 7, 8709–8717 (2017).

33. Fisher, I. A., Bell, A. T., Fisher, I. A. & Bell, A. T. In situ infrared study of
methanol synthesis from H2/CO over Cu/SiO2 and Cu/ZrO2/SiO2. J. Catal.
172, 222–237 (1998).

34. Wang, J. et al. A highly selective and stable ZnO-ZrO2 solid solution catalyst
for CO2 hydrogenation to methanol. Sci. Adv. 3, e1701290 (2017).

35. Yang, R., Zhang, Y., Iwama, Y. & Tsubaki, N. Mechanistic study of a new low-
temperature methanol synthesis on Cu/MgO catalysts. Appl. Catal. A 288,
126–133 (2005).

36. Qi, S., Liu, C. W., Wei, P., Zhu, Q. M. & Deng, J. F. In situ IR studies on the
mechanism of methanol synthesis over an ultrafine Cu/ZnO/Al2O3 catalyst.
Appl. Catal. A 171, 301–308 (1998).

37. Sato, A. G. et al. Effect of the ZrO2 phase on the structure and behavior of
supported Cu catalysts for ethanol conversion. J. Catal. 307, 1–17
(2013).

38. Du, H., Williams, C. T., Ebner, A. D. & Ritter, J. A. In situ FTIR spectroscopic
analysis of carbonate transformations during adsorption and desorption of
CO2 in K-promoted HTlc. Chem. Mater. 22, 3519–3526 (2010).

39. Kurtz, M. et al. Active sites on oxide surfaces: ZnO-catalyzed synthesis of
methanol from CO and H2. Angew. Chem. Int. Ed. 44, 2790–2794 (2005).

40. Rhodes, M. D. & Bell, A. T. The effects of zirconia morphology on methanol
synthesis from CO and H2 over Cu/ZrO2 catalysts: Part I. Steady-state studies.
J. Catal. 233, 198–209 (2005).

41. Rhodes, M. D., Pokrovski, K. A. & Bell, A. T. The effects of zirconia
morphology on methanol synthesis from CO and H2 over Cu/ZrO2 catalysts:
Part II. Transient-response infrared studies. J. Catal. 233, 210–220 (2005).

42. Kurtz, M. et al. Active sites on oxide surfaces: ZnO-catalyzed synthesis of
methanol from CO and H2. Angew. Chem. Int. Ed. 44, 2790–2794 (2005).

43. French, S. A. et al. From CO2 to methanol by hybrid QM/MM embedding.
Angew. Chem. Int. Ed. 40, 4437–4440 (2001).

44. Yang, Y. X., White, M. G. & Liu, P. Theoretical study of methanol synthesis
from CO2 hydrogenation on metal-doped Cu(111) surfaces. J. Phys. Chem. C.
116, 248–256 (2012).

45. Xie, S. H. et al. Au/3DOM Co3O4: highly active nanocatalysts for the oxidation
of carbon monoxide and toluene. Nanoscale 5, 11207–11219 (2013).

46. Hohenberg, P. & Kohn, W. Inhomogeneous electron gas. Phys. Rev. B 136,
B864–B871 (1964).

47. Kohn, W. & Sham, L. J. Self-consistent equations including exchange and
correlation effects. Phys. Rev. 140, A1133–A1138 (1965).

48. Kresse, G. & Furthmüller, J. Efficiency of ab-initio total energy calculations for
metals and semiconductors using a plane-wave basis set. Comp. Mater. Sci. 6,
15–50 (1996).

49. Kresse, G. & Furthmuller, J. Efficient iterative schemes for ab initio total-
energy calculations using a plane-wave basis set. Phys. Rev. B 54, 11169–11186
(1996).

50. Blochl, P. E. Projector augmented-wave method. Phys. Rev. B 50, 17953–17979
(1994).

51. Perdew, J. P. & Wang, Y. Accurate and simple analytic representation of
the electron-gas correlation-energy. Phys. Rev. B 45, 13244–13249 (1992).

52. Monkhorst, H. J. & Pack, J. D. Special points for Brillouin-zone integrations.
Phys. Rev. B 13, 5188–5192 (1976).

53. Tang, Q. L. & Luo, Q. H. Adsorption of CO2 at ZnO: a surface structure
effect from DFT+U calculations. J. Phys. Chem. C. 117, 22954–22966 (2013).

54. Dudarev, S. L., Botton, G. A., Savrasov, S. Y., Humphreys, C. J. & Sutton, A. P.
Electron-energy-loss spectra and the structural stability of nickel oxide: an
LSDA+U study. Phys. Rev. B 57, 1505–1509 (1998).

55. Henkelman, G., Uberuaga, B. P. & Jonsson, H. A climbing image nudged
elastic band method for finding saddle points and minimum energy paths.
J. Chem. Phys. 113, 9901–9904 (2000).

Acknowledgements
We thank Xiaodong Wang, Jian Lin, and Chuande Huang for helpful discussions.
This work was partly supported by the National Natural Science Foundation of China
(Nos. 51774159, 51304099, and 51404122), the National Key Technologies R & D
Program of China (2011BAC01B03), the Candidate Talents Training Fund of Yunnan
Province (Nos. 2014HB006), and the Qinglan Project of Kunming University of Science
and Technology. Work performed at Brookhaven National Laboratory (BNL) was
sponsored by the United States Department of Energy (U.S. DOE), Office of Science,
under Contract No. DE-SC0012704. We also thank the Center for Functional
Nanomaterials, a user facility at BNL that is supported by the U.S. DOE Office under
Contract No. DE-AC02-05CH11231.

Author contributions
Y.W. and W.G. performed the catalyst preparation, catalytic tests, and high-pressure
in situ DRIFTS measurement. K.L. designed the catalysts and contributed to the
characterizations. S.K. and P.L. conducted the DFT calculations and wrote part of the
paper (calculation). H.W., J.G.C., and K.L. designed the study, analyzed the data, and
co-wrote the paper. All the authors discussed the results.

Additional information
Supplementary Information accompanies this paper at https://doi.org/10.1038/s41467-
019-09072-6.

Competing interests: The authors declare no competing interests.

Reprints and permission information is available online at http://npg.nature.com/
reprintsandpermissions/

Journal peer review information: Nature Communications thanks Xinwen Guo, and
other anonymous reviewer(s) for their contribution to the peer review of this work. Peer
reviewer reports are available.

Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2019

ARTICLE NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-019-09072-6

10 NATURE COMMUNICATIONS |         (2019) 10:1166 | https://doi.org/10.1038/s41467-019-09072-6 | www.nature.com/naturecommunications

https://doi.org/10.1038/s41467-019-09072-6
https://doi.org/10.1038/s41467-019-09072-6
http://npg.nature.com/reprintsandpermissions/
http://npg.nature.com/reprintsandpermissions/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications

	ㄷ㔠〠潢樊㰼 䌠嬰⸰〰〠〮〰〰‰⸰〰そਯ䘠《⽔楴汥⣾Ｑ㜶‰⁯扪਼㰠⽃⁛〮〰〰‰⸰〰〠〮〰〰崊⽆‰ਯ呩瑬攨﻿ㄷ㜠〠潢樊㰼 䌠嬰⸰〰〠〮〰〰‰⸰〰そਯ䘠《⽔楴汥⣾Ｑ㜸‰⁯扪਼㰠⽃⁛〮〰〰‰⸰〰〠〮〰〰崊⽆‰ਯ呩瑬攨﻿ㄷ㤠〠潢樊㰼 䌠嬰⸰〰〠〮〰〰‰⸰〰そਯ䘠《⽔楴汥⣾Ｑ㠰‰⁯扪਼㰠⽃⁛〮〰〰‰⸰〰〠〮〰〰崊⽆‰ਯ呩瑬攨﻿ㄸㄠ〠潢樊㰼 䌠嬰⸰〰〠〮〰〰‰⸰〰そਯ䘠《⽔楴汥⣾Ｑ㠲‰⁯扪਼㰠⽃⁛〮〰〰‰⸰〰〠〮〰〰崊⽆‰ਯ呩瑬攨﻿ㄸ㌠〠潢樊㰼 䌠嬰⸰〰〠〮〰〰‰⸰〰そਯ䘠《⽔楴汥⣾Ｑ㠴‰⁯扪਼㰠⽃⁛〮〰〰‰⸰〰〠〮〰〰崊⽆‰ਯ呩瑬攨﻿ㄸ㔠〠潢樊㰼 䌠嬰⸰〰〠〮〰〰‰⸰〰そਯ䘠《⽔楴汥⣾Ｑ㠶‰⁯扪਼㰠⽃⁛〮〰〰‰⸰〰〠〮〰〰崊⽆‰ਯ呩瑬攨﻿ㄸ㜠〠潢樊㰼 䌠嬰⸰〰〠〮〰〰‰⸰〰そਯ䘠《⽔楴汥⣾Ｑ㠸‰⁯扪਼㰠⽃⁛〮〰〰‰⸰〰〠〮〰〰崊⽆‰ਯ呩瑬攨﻿ㄸ㤠〠潢樊㰼 䌠嬰⸰〰〠〮〰〰‰⸰〰そਯ䘠《⽔楴汥⣾Ｑ㤰‰⁯扪਼㰠⽃⁛〮〰〰‰⸰〰〠〮〰〰崊⽆‰ਯ呩瑬攨﻿ㄹㄠ〠潢樊㰼 䌠嬰⸰〰〠〮〰〰‰⸰〰そਯ䘠《⽔楴汥⣾Ｑ㤲‰⁯扪਼㰠⽃⁛〮〰〰‰⸰〰〠〮〰〰崊⽆‰ਯ呩瑬攨﻿ㄹ㌠〠潢樊㰼⽆楬瑥爯䙬慴敄散潤攊⽆畮捴楯湔祰攠《⽄潭慩湛《ㅝਯ剡湧敛《ㅝਯ䉩瑳健牓慭灬攠㠊⽓楺敛㈵㙝⽌敮杴栠ㄲ㸾獴牥慭੸鱣怘��Ċ敮摳瑲敡洊敮摯扪਱㤴‰⁯扪਼㰯䙩汴敲⽆污瑥䑥捯摥ਯ䙵湣瑩潮呹灥‰ਯ䑯浡楮嬰਱崊⽒慮来嬭ㄊㅝਯ䉩瑳健牓慭灬攠㠊⽄散潤敛ⴱ਱⸰〷㠷崊⽓楺敛㈵㙝⽌敮杴栠ㄲ㸾獴牥慭੸鲫꼟�ㅿĊ敮摳瑲敡洊敮摯扪਱㤵‰⁯扪਼㰯丠㐯䱥湧瑨‱ㄹ㔰㠾㹳瑲敡洊�틔䡄䴠ɀ�灲瑲䍍奋䱡戠ߛ���+�慣獰������������������팭䡄䴠迓酾俱ꄥ�����������������䄲䈰�Ĉ�닃䄲䈱�Ĉ�닃䄲䈲�Ĉ�닃䈲䄰�돌�韤䈲䄱�돌�韤䈲䄲�돌�韤捰牴�䮰�o摥獣�䰠�d条浴�䲄�萰歔剃�킴�Ȍ睴灴�틀��浦琱��Ѓ଀�������������������ȃЅ؇ࠉ਋఍ฏထሓᐕᘗ᠙ᨛᰝḟ‡∣␥☧⠩⨫Ⱝⸯ〱㈳㐵㘷㠹㨻㰽㸿䁁䉃䑅䙇䡉䩋䱍乏偑剓呕噗塙婛嵞彠慢捤敦杨楪歬浮潰煲獴當睸祺筼絾羀膂莄薆螈覊讌趎辐醒鎔閖鞘馚鮜鶞龠ꆢꎤꖦꞨꦪꮬ궮꾰놲뎴떶랸릺뮼붾뿀쇂쏄없쟈짊쯌췎쿐퇒폔헖ퟘ���狀ﯼ﷾＀Ă̄Ԇ܈ऊଌഎ༐ᄒጔᔖ᜘ᤚᬜᴞἠ™⌤┦✨⤪⬬⴮⼰ㄲ㌴㔶㜸㤺㬼㴾㽀䅂䍄䕆䝈䥊䭌䵎佐兒協啖坘奚孝幟恡扣摥晧桩橫汭湯灱牳瑵癷硹穻籽繿肁芃蒅蚇袉誋貍躏邑銓钕隗颙骛鲝麟ꂡꊣ꒥ꚧꢩꪫ겭꺯낱늳뒵뚷뢹못벽뺿상싃쓅웇죉쫋쳍컏탑틓퓕훗���﫻ﳽ﻿�ȃЅ؇ࠉ਋఍ฏထሓᐕᘗ᠙ᨛᰝḟ‡∣␥☧⠩⨫Ⱝⸯ〱㈳㐵㘷㠹㨻㰽㸿䁁䉃䑅䙇䡉䩋䱍乏偑剓呕噗塙婛嵞彠慢捤敦杨楪歬浮潰煲獴當睸祺筼絾羀膂莄薆螈覊讌趎辐醒鎔閖鞘馚鮜鶞龠ꆢꎤꖦꞨꦪꮬ궮꾰놲뎴떶랸릺뮼붾뿀쇂쏄없쟈짊쯌췎쿐퇒폔헖ퟘ���狀ﯼ﷾＀Ă̄Ԇ܈ऊଌഎ༐ᄒጔᔖ᜘ᤚᬜᴞἠ™⌤┦✨⤪⬬⴮⼰ㄲ㌴㔶㜸㤺㬼㴾㽀䅂䍄䕆䝈䥊䭌䵎佐兒協啖坘奚孝幟恡扣摥晧桩橫汭湯灱牳瑵癷硹穻籽繿肁芃蒅蚇袉誋貍躏邑銓钕隗颙骛鲝麟ꂡꊣ꒥ꚧꢩꪫ겭꺯낱늳뒵뚷뢹못벽뺿상싃쓅웇죉쫋쳍컏탑틓퓕훗���﫻ﳽ﻿ﾀ胯肀�胍肀몀肧肀銀聻肀掀聉肁Ⲁ臽羈蟝羆쭿蚹羅ꕿ薑羄穿葢羃䢀茬肂ﭾ郫纎�續띾誤纉轿衹羇慿虈羅Ɀ菺継韙綕졽鎶纑ꉾ辎纍硾譡纉䝿蜬羄ꋧ粠흼鷆続둽鞡綕赽鉷綐恾赇纉⭿蛶粬꧕粦쑼ꊲ粟齼鮋粘白鑟綐䙾谫纇럤箳푻꿂箫논ꚞ粢詼鹵継幽鑆綎⭾裳篃뻒箹셻뒯箯鵻ꦉ粤瑼鹞綘䕽鄫纊컡篈텻쎿箽깻랛箱衻ꩳ粣嵼鱅綔⭽诰篙틐篌빻욭箿驻뢇箱牻ꡝ粠䕼阬綌篛콻햾篎걻욚箾蝻뙲箭粣䕼頬綍绤虾햅组葾늄纟荿貃罶荿徂聆芀⮁胲薆藓蒅슃蒱莄麃莋芃疂荞芃䚁舫膂軡莍톃证莊꾂覝芈誂蝴膆庁蕅膄⪀菮蒖�铐芓뾂醮芏鮁躈膌玁詝膈䒁蘪肄ꃝ芝캂鮽膘겁隚膓螁酲肎肌䒀褪肅꧜膦첁ꎼ膠ꮀ鶙肚蚀陱肓宀轄肋⪀蟩芴�肬몀ꢩ肤鞀ꂅ羜灿顚羓䍿贪羈뿘膺즀뚹肱ꢀ겖羧葿ꉯ羝婿靃羐⩿触臊힁쓈肿란몦羴长꺃羨湿ꅙ羛䍿錪羊퓖臎욀좶翂ꕿ뮔羵艿깮约奾鹃纕⩾诤臝햀ퟆ胐땿쪥翃鍿뮁纳浾꩙纡䉾霪續緙譽쪊綺襽ꪈ綘蝾薆繱虿宅罃蒀⦃胦讄힊蓉覃릈莨螂鞇芄蚂炅艚蒂䎃舩芁賖見있誸袉ꞇ袖蚇莅虯蒆妄蕂莄⦂菢誔풉鋆袑뚇辦蚎钅貂薋溄襙莈䊂蘩芄鷒袛쒇颴蚖ꒆ钓薒膄遭莍境譁芈⦁藟覦톈ꏃ螡뎆麣薛銄颀莕沃鉗芎䆂訩膆�냏螭솆ꦱ薦ꆄꊐ蒞羃驫芖垂鉁膍⦀補袻캇뚿蚲낅꺠蒩较ꕽ莠檂魖芕䂁輩肉�蟀뺅뮮薶龄놎莫綂ꙩ芟喁饀肒⦀諙裏쮆즽藄궄뺞蒸趃뉼芫榁ꑕ膜䂀鐩羋�蟒벅청蓆鶃뾌莸箂녨膨喁ꁀ肖⥿賛鍻춒粿遼낏粡赼邌絾詾殉繖蝿䂆缧蒀�醂뺏芯躂龌膏讁綊腪袁喇脿薁➄臘醊쪐覼躈궍螞貇越虼覅榈蕕蚄㾅茧莃횑鋉辐뮎辬貍鶋貌誋箉詨螈咆蜿蒅➃蓕邚잏颺趖ꮌ钛讒讉遺袎枇豔蚊㺄蜧莅펐ꏆ躡뢍麩讛骊馊視禇鑧蚐厅贾蒊➂蛒辭쒎ꪷ貦ꢋꎙ誠覈鱸螙暆镒薑㺃谧芇킏럃躳떌꾧讫颉ꞈ袢瞇鹥蚙劄鐽莎⢁裏迁속벴貸ꖊ뎖覮螈ꥶ蚤撅鹑蒘㶃鄨膊춏쫀跅뎌삤誺閉떆袯疆ꥣ薢冄鬽芓⢁諍迓뾍춲賈ꎊ슔覻薇땵蚮掅ꙑ莞㶂锨肋춛篁饻뒗箥镻鞓粇酼瞏絤赾冊縼衿⚅背骁뾘膲隁꒔膕銀蚐聵躁掌腐誁㲈脦薁쪙袾鞈놕螣钆钒薅邅疎董貄傊茼螃⚅苉馐벗躯閍ꆓ貓醋蒏詴趉抋蝏覆㮇蔦蒄잘颻隖꺔钠銒銐醃辏玍赡讋侉褻蚇⚄藆鞠릖麭钜龒馑邗芎镲貒悊轎袌㮆褦蒆얗ꦸ閧ꮓ꒞醡辏鶀躚熌靠誓予逻薋⚃蟃鞳랕꾪鎬鲑ꢎ辤羍ꁰ讜徉額螓㮅踦莈슗붶閸ꦓ뒛醰趏ꭾ趦澋ꅞ覜䶇阺薐⚂见韅뒕솨鎼骑람辱纍걮讦庉ꁌ螙㪄鈦芊삗춳闈ꞓ쎙醽讏락趱溋ꭝ覣䲇鰺蒔⚂诀ꍺ뎡窧鹻骜箌饻綖籮鑽嶑経蹾㦊缤螀뺢育ꂀꚝ肘鮀讘聼隀涓聝邀䮍脹誁⒇膽ꊇ놟螥鶆鞚薊颅粕葭鎄邃䮍茹誃⒆芼ꆎ낟趣鲌隚讉鞊箕襬銈辇䮌蘸覅⒆蒻ꂖ꾞钢鲓閙醈鞏窔蹫銌宏詊貉㢉蜤薅릠麭麜ꆛ骔馗螖镹钓檑酚躎䪋謸袉▅蚸龦겝꒠鮡鎘麆際碔顪醕媎鉉讎㢈謥薇랟꾫鶬龛ꦒ颥薖ꅷ鎞榑驙躖䦋鈸融▄袵龸ꦝ뒝鮰醘겄閨皓ꍨ邟墍驈誕㞇輥蒉뒟삨鶼鲛랐颳莕깵鎩析ꍘ趝䢊霷螑▃誳鿈ꞝ쎛骾辘릂閴璒깦邨垍ꅈ誚㞆鈥莊늬窦ꥺ骦窎ꍻ膠筳鱼料籖镽䞑縵赿⊉膰ꮀꖨ肙ꕿ趢羀齿玜罥馀嚕聆醀㖌脣袂낪蚤ꢆ颥薌ꊄ羟葲鮄撘荖钃䚐茵貃⎈莯ꪍꎧ貗ꒋ计詿麉犛衤颇喔虆邅㖌萣螄꺩钢ꚓ鞤醋ꆐ纞蹱骍掗譕鎊䖏蠵讆⎇薬ꦜꆦ骖ꎘ誠陽鶓炚鉣鞐咓赅辋㖋蠣螆ꮨꎠꚡ閣麉ꂜ粝饯骖抖鑔銑䖎踵誊⎆螪ꢬ龥ꦓꎥ螟ꉻ鲟溙鱡隘厒鑄躐㒊谤蚈ꦨ뒝ꖰ銢겆龩窜ꕭ馡悖鱒銘䒎錴誎⒅袨ꢼ鲥랑ꊳ薟꽹鲪涙ꕠ閡劑魃趖㒉逤薉Ꞩ쎜ꖾ邢몄龵碜끬颪徕ꕑ醟䎍頴覑⒄誤땻馱箏굻莪筷꙼殢籞鹽備繁长㊐耡誁ꎴ肘놀躭羂꥿瞥罪ꆀ庝聐馀䆔脲辁↊芢뒆颰薍겅芩葶ꖄ檡荝鶃傘荁钃㊏茡覃ꆳ貗꾋責誁ꢉ皤衩ꂇ嶜蝏领䆓蔲躄⊉蒠늓隯醌ꮐ肧蹵꒍榠貜譏鞉䂓蠲躆⊈薠늚閮颋ꮖ肧鑴ꎒ梟醛轎鞌䂒訲趈⊈蚟놡钮龊ꪜ羦驴ꎗ梟镛鮓亖遀銍㊍訢螆麱ꦓ꺦親ꍾꚠ玢鵧麚定靍隓䂑輱貋⊇螝놰銭궈ꪩ綦꙲ꊢ暞鹚骚䶖阿醒ㆌ财螈鲱랒궳螪끼ꚫ熢ꝥ麣妚鹍閙㾑鐱貏⎆覛놾醭몇ꦶ粥녰ꊬ斞ꝙ馢䲕鰿邖ㆋ連蚉难箍멻莶筸논溭籢꡽垣絊鹾㲘缮銀₌膖뺀貹肃떀碱聭검抧聖ꊀ䪝耼颁⾒脠讂閽蚌릅芴葸낄涫葢ꞃ嚢草鶃㲗茯醃₋莕벌许讁뒊瞯襬ꮈ憦蝖ꆇ䦜蘼鞅⺑萠誄钼銋랑膳轷꾎沪赡ꚋ喡詉鲉㲖蜯邆₊薓뮘誷鞀늕皮鍬ꪑ憥違ꂎ䦛谼隊⾐蠡覆鎻龉뚝育魵꺘殩陠꒔喠鉈骏㮕谯辉↉蚒몦覶ꍿ늡疭鹪ꦛ徤顔龕䢚鈻閎⾏謡袇醺궈뚪纱ꝴ궣檨ꁟ꒜咟饈骕㮔鄯躌ↈ袑몴螵끾놬玬ꡩꢤ庣ꁓ麜䞙頻钓⾎踢螈邺릆떵綱녳겭梨꥞ꎤ厞齇馚㮔锯趏⊇見일苂籹뵼澸絥덽宮結꡾䒢缸鲀ⲕ耞趁识膂솁碼聯란斲聚궀傧腄ꆁ㢛脬钂ᾍ芊얆臀虸뮅溷葤놄媬葏ꞃ䒡茸鮃Ⲕ茟貃諄貁삋碻詮뚉撱衚겇侦蝄ꂆ㢚蔬鎅ᾌ蒊쒒膿遷몏溵蹤낌媫譏ꖊ䒟褸馇ⲓ蘟讅觃颀뺖瞹鑭떒撰酙ꪏ侥赃龋㢙褬銇₋蚉슞肾鱷릙涴靣꾕妪鍏꒑䎞踷颌ⲑ褠誆裂ꑿ붢皸齬뎜掮饙ꦗ交鑃麑㞘踬醊₉螈슫羽꡶뢤河ꅢ꺞墩魎ꎗ䎝鐷鞐Ⲑ谠覈蟁녾벭疸ꥫ뎦抭ꉘꢞ亣驃鶖㞗鈬邍ↈ袇솶纼뉴랮殲ꩡ궦垨ꅍꊝ䎜頷隓ⲏ踡袈苍繹졾烃繧빾嶸織뉾䪬缿Ꚁ㒟耩鞁ẏ芁춃秈艰쎂枽腝뢁咲腊겁㾥舴麂⦖舞躃臌蝸잇濂虦벅嶷蕓놄䦫萿ꒄ㒝萩隃ẍ莁쮍磆譯솊暼襝뚈厰衉ꪇ㾤蘴鶆⦕蔞趄臊鉸양激车뮎嶶豓낋䦪訿ꎉ㒜蠩閆Ẍ薁쪘磅陯뾔暺鉝떑厯轉ꦍ㾢謴鮉⪔蜟貆胉鵷쒛澿饦릗뒕厮鉉ꢐ㾢踴鮋⪓褟讆胈ꍷ쎡溾鹥릛뒘厮陉ꢓ㾡逴骍⪓訟誇胈ꥷ쎦溾ꍥ뢠뎜劭饉Ꞗ㾠錴骏⪒謠誇翇깷슫溽ꝥ뢤宲ꁒ겜䦦餿ꂕ㒙鄪銌₉衿잳盂꽭붫撷ꝛ늣劬齉ꚛ㾟阴馒⪑贠覈篦絻홽糅絼둾粡繽赾絷繾恿罇罿⭿胴粃菕粂쑼芲綂齽芌綂百艟纁䙾脫羁询箊퍻观粈끼螞粇詽虵綅幽葅纃⭾苰窔鋑窑쁻辯箍鱻貉粋瑼襝綈䕾蘪纃鷟禛콺馾窖굺钛箒衻遳粍綋䑽蠪纅꟝碤쵹ꆽ禞걺鮚窘蝻镲箒粏䑽訪綆닛碮챸ꮻ禧꩹ꎘ禟虺魱算孻鉄粍⩽蟩瞽�碴멸납碫靹Ꚅ窡灺鱚箖䍼逪綉죘矃쥸뺸碹꡸뎖禭荹ꡯ窡婻驃粒⩼諦矓흷췇矇띸솦碻镹뒂禭湺ꙙ窞䍻锪粋�矖읷쾶矉ꕸ슔確艹덮禪奺ꅃ算⩼質荺�竍艺붂箬腻骁粇腽犁綁繄腿⦀翨膁�膁뮁膪膁颀膆肁熀腛肁䎀脩肁觘肈즀袹肇ꦀ蚗肅薀蕰肄媀葃肃⦀若肑횀郈羏롿趧羌陿讃羉潿衚羇䉿蔩羃鯕羙왿鞶纕꙾銕纑艾轮羌奿詂羇⥿藡纤퍾ꋅ纟땾鲤纚鍾鞁纔浾酘纎䅿訩羆꿑纫썽ꢳ綤ꍽꆒ綝聽马纕坾酁續

