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1 Introduction

Mechanism and structure-activity relationship of
H, and CO, activation at the ZnO/Cu catalyst
interfacet

Xin Xin, @3° peng Gao @ *3° and Shenggang Li { *ab<d

Cu/ZnO/Al,O5 catalysts are the most well-known heterogeneous catalysts for the hydrogenation of CO
and CO; into methanol. Herein, density functional theory calculations were performed to investigate the
mechanism of H, activation and the effects of hydrogen spillover on CO, adsorption and activation at the
interfacial site of the ZnO/Cu model catalyst, which was simulated by loading ZnO ribbons of different sizes
on the Cu(111), Cu(100), and Cu(211) surfaces. The ZnO/Cu interface is found to facilitate the formation of
H adsorbates from the dissociation of H, molecules, which promotes the facile formation of oxygen
vacancy (Vo) sites in the ZnO component due to its reducibility and the hydrogen spillover effect. The
resulting interfacial structure of the ZnO/Cu model catalyst can contain perfect, hydroxylated, and oxygen-
vacancy-present ZnO sites, which may act as the adsorption and activation sites for CO,. Further
calculations show that molecular CO, adsorbed at the Vo site (CO3%_y,) can be efficiently activated by
direct dissociation or hydrogenation to the HCOO* species. In addition, the smaller ZnO structure and less
exposure of the Cu(211) facet facilitate hydrogen spillover and the formation of the interfacial Vo site. This
study provides important insights into the structure-activity relationship for the active sites of the ZnO/Cu
model catalyst and the mechanisms of CO, activation and hydrogenation.

chemicals. Cu/ZnO/Al,O; is the most widely studied catalyst
for CO, hydrogenation to methanol due to its low cost and

The use of fossil energy led to excessive emission of
greenhouse gases especially carbon dioxide (CO,), and the
resulting global warming effect is threatening the sustainable
development of mankind."™ In recent years, CO, capture,
utilization, and storage (CCUS) technologies have received
increasing attention because of their potential for mitigating
the severe consequences of excessive CO, emission and at the
same time producing necessary fuels and valuable
chemicals.””” CO, hydrogenation is an effective approach for
the synthesis of methanol,®*" which can be directly used as a
fuel or fuel additive, or indirectly used as a chemical
intermediate to further produce more advanced fuels and
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high activity, and the industrial Cu/ZnO/Al,O; catalyst has
been employed for over 50 years.">” However, CO,
conversion and methanol selectivity at low temperature and
pressure still have room for improvement,'®*® and the
tendency for the conventional Cu/ZnO/Al,O; -catalyst to
deactivate due to sintering also makes it necessary to further
improve its stability, by searching for better support
materials,"*" adding suitable promoters,*** and changing
the synthesis method,*>*® all of which can lead to enhanced
catalyst performance. In addition, the unique role of and
interaction between the Cu and ZnO components®”>° were
also examined to improve our understanding of the CO,
hydrogenation mechanism for the rather complex Cu/ZnO/
Al,O; catalyst system, but our understanding on its active site
and reaction mechanism remains very limited.

There remain debates on the nature of the active site of
the Cu/ZnO/Al,O; catalyst, although the Cu/ZnO interface or
the CuZn alloy has been generally recognized as the active
site for methanol synthesis.">?°> Despite intensive efforts,
it remains difficult for experimental methods alone to
provide a thorough understanding on the active site and
reaction mechanism of the Cu/ZnO/Al,O; catalyst for
methanol synthesis. For instance, X-ray photoelectron
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spectroscopic (XPS) experiments have difficulty in clarifying
the valence states of the Zn species due to its limited ability
to distinguish the 2p peaks of the different Zn species.****3”
In addition, introducing a reactive atmosphere can lead to
significant changes in the already complex structure of the
Cu/ZnO/Al,O; catalyst, which makes it greatly challenging to
elucidate the structure, properties, and reaction mechanism
of the catalyst active site.>*™*"

The metal-oxide interface has unique electronic properties
due to its strong interaction,”*™*> which has been proposed
by experimental studies to promote the CO, hydrogenation
reaction. Kattel et al. compared the activities of the oxide-on-
metal ZnO/Cu and bimetallic ZnCu catalysts for CO,
hydrogenation built from a single crystal model system,
which illustrated the pivotal role of ZnO on the Cu surface
and suggested the metal-oxide interface as the active site for
methanol synthesis.>* Wu et al. used the higher valent metal
oxide ZrO, to construct the ZrO,/Cu model catalyst, which
greatly enhanced the reactivity of the Cu catalyst and showed
excellent catalytic performance in methanol synthesis.*®
Recently, Liu et al. further proposed the interface of the
oxygen-deficient ZnO and Cu to favour methanol synthesis
from CO, hydrogenation through the HCOO pathway,** and
Zn0,;_,/Cu catalysts with abundant oxygen vacancies prepared
by Zhang et al. showed excellent methanol selectivity of above
90%."” These studies demonstrate the rational design of
reverse oxide/metal configurations as efficient CO,
hydrogenation catalysts and the importance of the oxygen
vacancy in the CO, hydrogenation reaction.

Density functional theory (DFT) calculations can now
provide important physical insights, and thus can potentially
reduce the number of experimental trials.
computational studies suggest that methanol can be
synthesized from CO, hydrogenation through the HCOO
pathway, or via the reverse water gas shift (RWGS) reaction
followed by CO hydrogenation, known as the RWGS + CO-
hydro pathway.’**%>*® previous theoretical studies on the
Cu/ZnO/Al,O; catalyst for CO, hydrogenation to methanol
mainly focused on the nature of the active site, as well as the
morphology and metal coordination of the catalyst,">?*457>3
Catalyst models, including Cu-supported ZnO and ZnO-
supported Cu, have been employed to simulate the ZnO/Cu
interface, and the size and shape of the supported Cu cluster
and ZnO cluster or nanoribbons were examined by several
studies,?'?*4247:49:51755 gome recent theoretical investigations
examined the mechanism of CO, hydrogenation at the ZnO/
Cu interface, which is generally modelled by placing ZnO
clusters or nanoribbons on the Cu surface. Kattel et al.*' and
Liu et al** constructed such ZnO/Cu catalyst models using
different ZnO clusters or nanoribbons, and calculated the
reaction pathway of CO, hydrogenation to methanol through
the above two reaction pathways at the perfect or oxygen-
deficient ZnO/Cu interface, but only focused on the
interfacial site between the ZnO and the Cu(111) surface. It is
worth noting that in these reverse oxide-on-metal catalyst
models, the metal is modified by the reducible oxide, and

Previous

5440 | Catal Sci. Technol., 2024, 14, 5439-5449

View Article Online

Catalysis Science & Technology

there are metal, redox, and Brensted and Lewis acid sites,”®
so the reaction mechanism can be more complex than that
on the pure metal or pure oxide surface. To this end, DFT
calculations can greatly improve our understanding on the
properties of the active site of the Cu/ZnO/Al,O; catalyst as
well as the reaction mechanism for CO, hydrogenation
especially when combined with results from various
experimental characterization techniques.

In this work, extensive DFT calculations were performed
to reveal the mechanisms of H, and CO, activation at the
interface of the ZnO/Cu model catalyst during CO,
hydrogenation. Our results show that the ZnO/Cu interface
plays a vital role in H, dissociation, which provides H
adsorbates for CO, hydrogenation. Hydrogen spillover from
the Cu surface to the terminal O of the ZnO ribbons results
in Bronsted acid and redox sites at the ZnO/Cu interface. The
interfacial Vg site formed upon hydrogen spillover from Cu
to ZnO facilitates both the direct dissociation of CO, and the
formation of the HCOO intermediate by CO, hydrogenation.
The size of the ZnO ribbon and the exposed Cu crystal plane
have important effects on H, activation, which is relevant to
the formation of interfacial Vg sites. Our work thus provides
significant physical insights on the mechanisms of H, and
CO, activation at the ZnO/Cu interface, which are crucial
towards the rational design of more active Cu-based catalysts
for CO, hydrogenation to methanol.

2 Computational methods

All periodic DFT calculations were carried out with the
Vienna ab initio simulation package (VASP)’”*® using the
Perdew-Burke-Ernzerhof =~ (PBE)*®  exchange-correlation
functional and the projector-augmented wave (PAW)
potentials.®®®" An energy cutoff of 400 eV and a Gaussian
smearing width of 0.05 eV were used. The electronic energy
in the self-consistent field (SCF) iteration was set to 10™* eV,
and the forces on all unconstrained atoms were converged to
0.03 eV A™'. A vacuum space of 15 A was used to separate
adjacent slabs along the Z direction.

Recently, inverse ZnO/Cu catalyst models with ZnO
clusters or nanoribbons supported on the Cu slab surface
were constructed to simulate the ZnO/Cu surface'?*49°3
Considering the ZnO overlayer observed in experiments of
Cu/ZnO/ALO; catalysts,*>*>®* catalyst models with ZnO
ribbons are used in this work. The interface between Cu and
ZnO was modelled by placing a layer of (3 x 3) ZnO(0001)
ribbon on top of the three-layer (4 x 8) Cu(111) slab, the
three-layer (3 x 5) Cu(100) slab, or the five-layer (3 x 4)
Cu(211) slab. For comparison, interface models were also
built by loading the smaller one-layer (2 x 3) ZnO(0001)
ribbon on the above Cu surfaces. We use Wy(z) to represent
the six models, where x, y, and z refer to the number of ZnO
layers, the number of columns of ZnO ribbons, and the
Miller index of the Cu surface, respectively. For instance,
Fig. 1(a) shows the catalyst model denoted by Wj(111), where
one layer of the three columns of ZnO ribbons is supported

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 Top and side views of (a) perfect and (b) defective W3(111)
surfaces; comparison of (c) the calculated energy barriers (E,/eV); and
(d) BEP relationship for H, dissociation at the ZnO/Cu interface and
the Cu surface.

by the Cu(111) surface. Our calculations show that catalyst
models with three Cu layers can give results as accurate as
with five Cu layers including adsorption energies, reaction
energies, and energy barriers as shown in Fig. 4, 5 and S1.7
For the ZnO/Cu catalyst models containing ZnO ribbons
employed in this work, the mismatch along the extended
direction of the ZnO ribbons may result in some strain
between these two components, and the misfit can be
calculated using the following equation:

f _ Qcu slab ~ @znoO ribbon
Qcu slab

where ac, gap represents the lattice parameters of (4 x 8)
Cu(111), (3 x 5) Cu(100), (3 x 4) Cu(211) slabs along the
direction of the extended ZnO ribbons, and a@z,0 ribbon
represents the lattice parameter of ZnO(0001) along the
interface region. We find that the misfits between the ZnO
ribbon and Cu slab in the Wj(111), Wj(111), W3(100),
W5(100), W3(211), and Wj3(211) catalyst models are 5.25%,
5.25%, 10.71%, 10.71%, 5.25%, and 5.25%, respectively, so
only the misfits of the ZnO ribbon and Cu(100) slab are
relatively large, and the resulting catalyst models may be less
stable compared to the others. Thus, we focus our discussion
on the computational results for the reasonably stable
Wj3(111), W5(111), W3(211), and W3(211) catalyst models.

For W3(111) and Wj(111), the Brillouin zone was sampled
with a Monkhorst-Pack k-point grid mesh of (3 x 1 x 1),
whereas for W3(100) and W3(100), it was sampled with that of
(2 x 1 x 1); in these calculations, the bottom two atomic
layers were fixed, whereas the top atomic layer and the
adsorbed species were relaxed. For W}(211) and Wj3(211), the
Brillouin zone was sampled with a Monkhorst-Pack k-point
grid mesh of (1 x 2 x 1), and the bottom three atomic layers
were fixed, whereas the top two atomic layers and the

This journal is © The Royal Society of Chemistry 2024
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adsorbed species were relaxed. The k-points for the different
ZnO/Cu catalyst models were generated using the VASPKIT
program with the recommended KPT-resolved value of 0.04
2 x /A%

The Hubbard U correction for the Zn atoms was
included in our DFT calculations to treat the on-site
Coulomb repulsion of their 3d electrons using an effective
U value of 4.7 eV (Uegr = U - J) based on the previous
work of Liu et al®* The climbing-image nudged elastic
band (CI-NEB) method®®®” and the improved dimer
method (IDM)*® were employed to locate the transition
states, which were further verified by vibrational analysis
showing one and only one imaginary mode. All structures
were built and visualized using Materials Visualizer from
Materials Studio.®’

The formation energy of a Vg site (AEgy, o,) with respect to
gas phase O, is defined as the reaction energy of the thermal
desorption of molecular O,:

1
AEf,VgO; = EVO-surface - Eperfect + EEOZ

In addition, the formation energy of a Vo site (AEgy, 11 1,0)

with respect to gas phase H,/H,0 is defined as:
1 1
AEf,v()?HZ/HZO = EVo-surface - Eperfect - EEHZ + EEHZO

where Ey_gurfaces Eperfecty Eo,, En, and Ey o denote the total

energies of the defective surface, perfect surface, and gas
phase O,, H, and H,0. The adsorption energy of an
adsorbate A on the ZnO/Cu slab surface S is defined as:

Eaaa = Etotal — (Eslab + EA)

H, dissociation at the interface Hydrogen spillover

0.5

—
>
)
<
>
3 00
S
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I'u 1
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% — W(100)
40 — W11

- wi21)
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Fig. 2 Potential energy profiles for H, dissociation at the interface and
the subsequent hydrogen spillover process with their energy barriers
(E,/eV) shown. The images display structures of the intermediates and
transition states on the perfect W3(111) surface. Brown: Cu, grayish
blue: Zn, red: O, white: H.
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where Eioal, Eslan, and E, are the total energies of the slab
with the adsorbate, the clean slab, and the adsorbate as a
free molecule, respectively.

3 Results and discussion

3.1 H, dissociation at the ZnO/Cu interface and the Cu
surface

We first compare the dissociative adsorption of H, at the
ZnO/Cu interface and the traditional Cu surface sites.”® As
shown in Fig. 1 and 2, unlike the homolytic dissociation of
H, on the Cu surface (TS-Hg,), the heterolytic dissociation of
H, at the perfect ZnO/Cu(*_P) interface (TS-Hjy,) leads to two
H adsorbates at the O and Cu sites, where one H atom
(H_o*) is adsorbed at the terminal O site of ZnO resulting in
a Bronsted acid site, and the other H atom (H_c,*) is
adsorbed on the Cu surface. For the perfect W3(111) surface,
the O-H, bond formed after H, dissociation has a length of
0.98 A, while the other H atom is adsorbed at the three-fold
hollow site surrounded by three Cu atoms. H, dissociation at
this interfacial site has a lower energy barrier (E,) of 0.26 eV
than that on the Cu surface of 0.47 eV. In its transition state,
the distance between H, and Hy is 0.91 A, similar to that on
the Cu surface of 0.92 A. H, dissociation on the Cu(100) and
Cu(110) surfaces was also investigated by Higham et al,”
whose energy barriers were calculated to be 0.54 and 0.42 eV;
these values are in good agreement with our results for the
homolytic dissociation of H, on the Cu surfaces. Besides, our
calculated energy barrier for the heterolytic dissociation of
H, at the ZnO/Cu interface is comparable to 0.17 eV for the
homolytic dissociation of H, at the Zn sites over the perfect

carb-CO,, E,4 = -0.29 eV In-CO,, E 4 = -0.08 eV

Vo-CO,, E,4s = 0.31 eV V,-CO,/Na,0, E, 4 = -0.04 eV

Fig. 3 Adsorption structures and adsorption energies (E,qs/eV) of (a)
carb-CO3, (b) In-CO% on the perfect Wi(111) surface, (c) Vo-CO3 on the
defective W3(111) surface, and (d) Vo-CO3 in the presence of the Na
promoter. Brown: Cu, greyish blue: Zn, red: O, dark grey: C, green: O
in CO, molecules, purple: Na.
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Fig. 4 Potential energy profiles for CO, hydrogenation to the HCOO*
intermediate at the interface of the (a) perfect and (b) defective W3(111)
surfaces. Structures of the transition states on the perfect and
defective Wi(111) surfaces are shown.

Zn-terminated ZnO(0001) surface.”” The energy barriers of H,
dissociation on all studied ZnO/Cu catalyst models are
compared in Fig. 1(c), and those at the interface are generally
much lower than those on the Cu surfaces. In addition, H,
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Fig. 5 Potential direct and indirect

energy profiles for
dissociations at the interface of the (a) perfect and (b) defective
W3(111) surfaces. Structures of the transition states on the perfect and
defective W3(111) surfaces are shown.
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dissociation at the interface is strongly exothermic, indicating
that it is favoured both thermodynamically and kinetically.
Further details in the calculated energy barriers and reaction
energies (E,) are given in Table S1.}

Fig. 1(d) further shows the Bell-Evans-Polanyi (BEP)”*>™”°
relationship between the energy barrier and the reaction
energy for H, dissociation at the perfect ZnO/Cu interface
and on the Cu surface. The BEP relationship for H,
dissociation on the Cu surface shows a reasonably good
linear fit with a coefficient of determination (COD) of R* =
0.89, which makes it possible to estimate the energy barrier
of H, dissociation from its reaction energy on the Cu surface.
However, the BEP relationship for H, dissociation at the
perfect ZnO/Cu interface is more complex than linear, as
indicated by the low COD of R® = 0.46 when a linear fit is
attempted even by including only four catalyst models and
excluding the perfect W3(211) interface, which is marked by
the blue dashed circle and is clearly an outlier. Thus,
although a roughly linear trend appears between the energy
barrier and the reaction energy of H, dissociation at the
interfacial sites of ZnO and different Cu crystal planes, the
linearity is not nearly as good as that on the Cu surface.

3.2 Hydrogen spillover mechanism

To study the mechanism and effect of hydrogen spillover on
oxygen vacancy formation, we then calculated the formation
energy of oxygen vacancies (AEgy, o) with respect to gas
phase O, at the interfaces of the different ZnO/Cu catalyst
models. For the perfect W3(111) interface model shown in
Fig. 1(a), we find that the O sites from the rightmost ZnO
ribbon are more likely to be hydrogenated to form oxygen
vacancies due to their lower oxygen vacancy formation
energies (with an average oxygen vacancy formation energy of
2.94 eV as listed in Table S21) than those from the other two
ZnO ribbons. For the other five catalyst models, the oxygen
vacancy formation energies of the O sites from the rightmost
ZnO ribbon are generally also lower, indicating the more
likely location of oxygen vacancy formation at the ZnO/Cu
interface. Thus, in our subsequent calculations, the defect
site at the ZnO/Cu interface is chosen to be located at the O
site from the rightmost ZnO ribbon.

Fig. 2 and Tables S1 and S31 show H, dissociation at the
ZnO/Cu interface and on the Cu surface, leading to two
hydrogen spillover mechanisms and oxygen vacancy
formation at the interface. After H, dissociation at the
interface, the H atom adsorbed on the Cu surface is further
transferred to the Brgnsted acid site (OH site) (TS-Hpy),
which is itself formed from H, dissociation. The energy
barrier of this step is between 0.79 and 0.94 eV, and an
adsorbed H,O molecule is formed after the hydrogen
spillover. Upon H,O desorption, an oxygen vacancy site is
formed leading to the defective ZnO/Cu surfaces (*_D).

In contrast, after H, dissociation on the Cu surface, an
additional hydrogen spillover step is required to first form
the aforementioned Bronsted acid site followed by the further

This journal is © The Royal Society of Chemistry 2024
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formation of the oxygen vacancy site by another hydrogen
spillover step. Over the perfect ZnO/Cu surfaces, after H,
dissociation on the Cu surface, both H atoms are adsorbed
on the hollow Cu sites. For the perfect W3(111) surface, the
first H adsorbate diffuses from the Cu surface to the terminal
O of ZnO to form a Brensted acid site (TS-Hgp;) with an
energy barrier of 0.74 eV and an exothermicity of —0.54 eV.
Then, the second H atom also spills over from the Cu surface
to the above Breonsted acid site to form an adsorbed H,O
molecule (TS-Hgp,), desorption of which results in an oxygen
vacancy and the defective surface as shown in Fig. 1(b).

As discussed in the previous section, H, tends to
dissociate at the ZnO/Cu interface. Nevertheless, the above-
mentioned two hydrogen spillover processes are both likely
to occur, so the ZnO/Cu interface can promote H,
dissociation to form a Brensted acid site, as well as the
formation of a Bregnsted acid site and an oxygen vacancy site
after hydrogen spillover. As shown in Table S2;f the
formation energies of an oxygen vacancy (AEgy, 1,m,0) With
respect to gas phase H,/H,O for the interfacial O atoms in
ZnO are mostly negative, ranging from -0.28 to -0.04 eV,
except for that in Wj(211) of 0.18 eV, indicating that the
formation of the interfacial Vo sites in these catalyst models
are usually thermodynamically favorable. Under the actual
reaction conditions, H,O molecules, which are also products
of CO, hydrogenation, are also present in the reaction
atmosphere, so we also consider the possible dissociation of
H,0 at the ZnO component to form Brgnsted acid sites. As
shown in Fig. S2 and Table S3,} H,O dissociation at the ZnO
component involves a rather low energy barrier of <0.30 eV,
leading to the formation of two hydroxyl groups (Zn-OH).
This indicates that H,O produced during CO, hydrogenation
may also promote the formation of Brensted acid sites, and
as the reaction proceeds, the ZnO component will likely
undergo continuous hydrogenation and redox reactions,
leading to dynamic structural changes.

3.3 CO, adsorption at the ZnO/Cu interface

CO, can potentially adsorb at the metal site or the oxygen
vacancy site on the ZnO/Cu model catalyst. For the perfect
and defective Wj(111) surfaces, CO, can adsorb at the
interfacial O site of ZnO on the perfect ZnO/Cu surface to
form the carbonate configuration (carb-CO%) as shown in
Fig. 3(a), or physisorb in a linear CO% configuration (In-CO%)
as shown in Fig. 3(b), or chemisorb at the interfacial oxygen
vacancy site on the defective W}(111) surface to form the bent
CO% configuration (Vo-CO%) as shown in Fig. 3(c). The
different CO, adsorption structures on the different ZnO/Cu
catalyst models are shown in Fig. S3 and S4.}

For the perfect W3(111) surface without an oxygen vacancy
site at the interface, CO, can combine with a terminal O
atom of ZnO to form the carb-CO%, where the C-O bond
lengths in the adsorbed CO, are elongated to 1.27 and 1.29 A
with the formation of a new C-O bond of 1.37 A. During the
adsorption, the original Zn-O bond is broken, and this Zn

Catal. Sci. Technol., 2024, 14, 5439-5449 | 5443
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atom binds one O atom in the adsorbed CO,, while the other
O atom in CO, binds the surface Cu atom. CO, can also
physisorb in the In-CO% at the perfect ZnO/Cu interface,
which undergoes little changes from the free CO, molecule.
For the defective W3(111) surface with an oxygen vacancy site
at the interface, CO, can chemisorb in the V5-CO%, which
undergoes significant deformation compared to the free CO,
molecule, resulting in two C-O bonds of 1.26 and 1.33 A and
an 0-C-O bond angle of 120.5°. In the V5-CO3%, the oxygen
vacancy is essentially occupied by one O atom in CO,, while
the other O and the C atoms bind different surface Cu
atoms.

As shown in Tables 1 and S4,f after CO, adsorption in the
carb-CO% on the perfect Wj(111) surface, the Bader charges
of the Cu and Zn atoms bound to the adsorbate increase by
0.17 and 0.11 |e|, respectively, while the Bader charges of the
O atoms in the adsorbate decrease by 0.09 |e|. Furthermore,
after CO, adsorption in the Vo-CO% on the defective W3(111)
surface, the Bader charges of the two Cu atoms around the
adsorbate increase by 0.22 and 0.13 |e|, whereas the Bader
charges of the two Zn atoms around the adsorbate also
increase by 0.29 and 0.23 |e|.

In addition, as shown in Table S5,f the negative charge on
ZnO over the defective surface is significantly lower than that
over the perfect surface, so the presence of the oxygen
vacancy sites greatly reduces the number of electrons
transferred from Cu to ZnO. We note that an opposite
direction of charge transfer was predicted by Heenemann
et al. for the ZnO-supported Cu nanoparticle models.”® When
CO, is adsorbed on both the perfect and defective surfaces,
CO, acquires some electrons, and that in the Vo-CO% obtains
about one electron, which is significantly more than that in
the carb-CO% of 0.17 electrons on average. For example, after
CO, adsorption on the defective Wj(111) surface, the CO,
adsorbate obtains 0.99 |e|, and the Bader charges of the
other adsorbed CO, are shown in Table S5.f This suggests
that the presence of the oxygen vacancy site can significantly
promote electron transfer from the defective surface to the
CO, adsorbate. Thus, the Vo-CO3 may be more likely
hydrogenated to the HCOO intermediate, because it carries
more negative charge and is partially reduced upon the
formation of the oxygen vacancy.”””®

Table 1 Calculated Bader charges and corresponding changes for the
Cu, Zn and O atoms around the adsorbate before and after CO,
adsorption on the perfect surface (*_P) and defective surface (*_D). Q2
and Q4 represent the positive charges of Cu, Zn atoms and the negative
charges of O atoms around the adsorbed CO, molecule, Q1 and Q3
represent the corresponding charges of these atoms before CO,
adsorption

Wj(111) surface  Q/|e| Cu Zn o

* p Q1 (*_P) 0.00 1.08 -1.08
Q2 (carb-CO%_P) 0.17 1.19 -1.17
AQ1(=Q2-Q1) 0.17 0.11 -0.09

* D Q3 (*_D) -0.03/-0.05 0.83/0.80 —
Q4 (Vo-CO3.D)  0.19/0.08 1.12/1.03 —
AQ2 (Q4-Q3)  0.22/0.13 0.29/0.23 —
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It is worth noting that although the Vo-CO% obtains more
electrons than the carb-CO%, the adsorption energy of the
Vo-CO% is significantly less negative than that of the
carb-CO%. As shown in Table S6,f the adsorption energy of
the carb-CO% on the perfect Wj3(111) surface is —0.29 eV,
which is much more negative than that of Vo-CO% on the
defective W3(111) surface of 0.31 eV. Reichenbach et al. also
reported a similar observation that adsorption of the
activated CO, molecule on the ZnO cluster models with
different oxidation states for Zn is relatively unstable with
CO, adsorption energies of 0.28-0.66 ¢V.** We conjecture that
introducing the Na,O promoter may further enhance the
adsorption of the V5-CO3%, and as shown in Fig. 3(d), our
calculations show that adding Na,O can indeed change its
adsorption energy from 0.31 to -0.04 eV, thus leading to
stronger adsorption. Besides, although the carbonate
adsorption structures are much stable at the ZnO/Cu
interface compared to the Vo-CO%, recent computational
works suggest that the carbonate species, which is easy to
form and stable, will block the active sites of the ZnO
surface;”>”® the role of the carbonate will be further
discussed in the next section.

In summary, the CO, adsorbates in both the carb-CO%
and the Vp-CO% appear to be activated considering the
decrease in the C-O-C angle and the increase of the C-O
bond length, compared with that in the In-CO%. However,
the absence or presence of the oxygen vacancy at the ZnO/Cu
interface shows a distinct effect on the stability of the
carb-CO% and the Vo-CO%, in which the activated carb-CO% is
more stable than the activated Vo-CO% at the ZnO/Cu
interface. Although the carb-CO% is thermodynamically more
stable and the Vp-CO% has an endothermic adsorption
energy, the oxygen vacancy site promotes the charge transfer
in the latter leading to the accumulation of more electrons
on the CO, adsorbate, which may facilitate its further
conversion.

3.4 HCOO formation at the ZnO/Cu interface

It is generally believed that CO, can be hydrogenated to
methanol via the formate (HCOO) pathway,””**"%3 where H
can either come from direct H, dissociation or from the
Brgnsted acid site resulting from hydrogen spillover as
discussed in the earlier section. We thus examined CO,
adsorption at the ZnO/Cu interface, and its further
hydrogenation to the HCOO intermediate.

As shown in Table S7,;f in the absence of an oxygen
vacancy site at the ZnO/Cu interface, hydrogenation of the
carb-CO3% to the HCOO intermediate needs to overcome a
very high energy barrier of >2.00 eV, and the energy barrier
for the hydrogenation of the In-CO% by H* from the Brensted
acid site to the HCOO intermediate remains substantial at
1.42-1.62 eV, whereas the energy barrier of the hydrogenation
of the In-CO% by H* adsorbed on the Zn site is the lowest at
only 0.24-0.34 eV. At the perfect W3(111) interface, the
detailed reaction pathway for the hydrogenation of the

This journal is © The Royal Society of Chemistry 2024
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carb-CO% and In-CO% adsorbates to form the HCOO¥* is
shown in Fig. 4(a). The carb-CO% can react with the H*
adsorbed at the hollow Cu site with a very high energy barrier
of 2.02 eV and an exothermicity of —0.53 eV, where the
dissociated O atom binds the Zn site, confirming the
inactivity of the carbonate at the ZnO/Cu interface for
methanol synthesis, similar to that on the ZnO surface.”>”’
The In-CO% can react with the H* adsorbed at the O site with
a substantial energy barrier of 1.62 eV and an endothermicity
of 0.26 eV. The same reaction step of CO, hydrogenation to
HCOO* through H atoms in the Brensted acid site was
calculated by Liu et al. to have a lower energy barrier of 1.15
eV,** which is likely due to the adsorption of the reactant
CO, molecule at the Cu sites near the interface, different
from the physisorbed CO, in our work. Furthermore, the
In-CO% can also react with the H* adsorbed at the Zn site to
form the HCOO* with a very low energy barrier of 0.26 eV
and an exothermicity of -1.05 eV. The significant difference
in the reaction barrier and reaction energy for the
hydrogenation of the In-CO% by the H_o* and H_y,* can be
attributed to the different affinity of the H* adsorbate to the
O and Zn sites. This can be inferred from the rather close
effective energy barriers (E,c¢) for the hydrogenation of the
In-CO3% to the HCOO* in these two pathways, which are 0.94
and 0.88 eV involving the H_o* and H_z,*, respectively.

In the presence of an oxygen vacancy site at the interface,
hydrogenation of the Vo-CO3% to form the HCOO* only needs
to overcome a very low energy barrier of 0.18-0.30 eV,
indicating that CO, can be easily converted into the HCOO*
intermediate at the oxygen vacancy site. The detailed energy
barriers and reaction energies are listed in Table S7,f and for
the defective W3(111) surface, the detailed reaction pathway
for the hydrogenation of the Vo-CO% adsorbed at the
interface to form the HCOO* is shown in Fig. 4(b). The
Vo-CO% can react with the H* adsorbed at the hollow Cu site
to form the HCOO* with a very low energy barrier of only
0.18 eV and an exothermicity of —-0.84 eV, where the C-H
distance shrinks from 2.54 A in the initial state to 1.66 A in
the transition state, and the resulting C-O bond lengths in
the HCOO* are 1.25 and 1.29 A. Over other catalyst models
such as Cu supported ZnO clusters, similar energy barriers of
no more than 0.30 eV were predicted for hydrogenation to
HCOO* of the bent CO, adsorbates with one O atom
adsorbed at the Zn site,>"*" comparable with that on the ZnO
surface of 0.11 eV,””® while hydrogenation to HCOO* of the
linear CO, adsorbates with one O atom adsorbed at the Zn
sites needs to overcome a slightly higher energy barrier*® of
about 0.60 eV. Thus, these catalytically active sites all exhibit
higher activity for HCOO* formation than the Cu surface.”"*

3.5 CO, dissociation at the ZnO/Cu interface

Methanol may also form from hydrogenation of the CO
intermediate, which is produced from the reverse water gas
shift (RWGS) reaction. CO can form either by the direct
dissociation of the adsorbed CO% to CO* and O%, or by the
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indirect dissociation pathway via the carboxylic acid (COOH*)
intermediate, which can further dissociate into CO* and
OH*. We examined the direct dissociation and the COOH*
pathways from the different CO, adsorption structures, and
the detailed energy barriers and reaction energies are listed
in Tables S8 and S9.f In the absence of an oxygen vacancy on
the surface, the In-CO3% can be directly hydrogenated to the
COOH*, while the carb-CO% must be first hydrogenated into
the bicarbonate (CO3zH*) intermediate prior to its further
conversion to the COOH*. On the other hand, in the
presence of an oxygen vacancy on the surface, the Vo-CO%
can be converted into CO by both the direct and indirect
pathways.

For the perfect Wj(111) surface, the detailed reaction
pathways for the hydrogenation of the carb-CO% and In-CO%
to form the COOH* are shown in Fig. 5(a). The O in the
carb-CO3% can be first hydrogenated with the H* adsorbed on
the Cu site to form the CO;H* species with a relatively low
energy barrier of 0.54 eV and an exothermicity of —0.27 eV.
However, breaking the C-O bond in the CO;H* to form the
COOH* must overcome a very high energy barrier of 1.82 eV,
indicating that converting the carb-O3 to CO* by
hydrogenation is difficult. Similarly, our calculations show
that it also seems difficult for hydrogenation of the In-CO%
by an H atom adsorbed at the Zn site to form the COOH* to
occur due to the rather high energy barrier of 1.42 eV.
Therefore, in the absence of an oxygen vacancy on the
surface, the adsorbed CO, molecule can only be converted
into CO by the indirect pathway, which is expected to be slow
due to the high energy barrier, and similar conclusions can
be drawn for the indirect dissociation of CO, at the ZnO/Cu
interface for the other studied catalyst models. This suggests
that the perfect ZnO/Cu interface is rather inactive for the
conversion of CO, into either the HCOO or COOH
intermediate, so the absence of oxygen vacancy sites may lead
to low CO, activity.

In the presence of an oxygen vacancy at the interface, our
calculations using the different catalyst models show that
CO, dissociation to form CO easily occurs. For the defective
W3(111) surface, Fig. 5(b) shows the detailed potential energy
diagrams for the direct dissociation of the adsorbed V-CO%
at the interface and for its hydrogenation to form the COOH*
intermediate. As indicated by the red line in this figure, the
Vo-CO% can directly dissociate at the oxygen vacancy site to
yield CO* and O* occupying the oxygen vacancy site with a
very low energy barrier of 0.25 eV and an exothermicity of
-0.23 eV. In this reaction, one O atom in the Vo-CO% binds
two Zn atoms in the ZnO ribbon, and the C-O distance in the
transition state is 1.74 A. The resulting CO molecule is
adsorbed at the Cu site with C-Cu and C-O bond lengths of
1.85 and 1.16 A, respectively. There is a lack of theoretical
investigation on direct dissociation of CO,, especially on the
inverse ZnO/Cu catalyst models. Our results show that the Vg
sites at the interface favor this process with an energy barrier
of 0.25 eV, which is much lower than those of about 0.60-
0.79 eV on the CuZzn alloy.’"*® In addition, the Vo-CO% can
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also be hydrogenated by the H* adsorbed at the Zn site to
form the COOH* with an exothermicity of —0.39 eV, and its
energy barrier of 0.63 eV is significantly higher than that to
the HCOO* of 0.18 eV likely due to the oxophilicity of the Zn
site. Thus, based on the above analysis, oxygen vacancy
formation is not only conducive to CO, hydrogenation to
form the HCOO* intermediate, but can also promote the
direct dissociation of CO, to form CO, which is crucial for
the subsequent CO hydrogenation reaction pathway.
Furthermore, our calculations show that the presence of
oxygen vacancies in ZnO is mostly to increase CO, reactivity,
whereas its effect on the product selectivity may be rather
limited.

3.6 Effects of the ZnO size and Cu crystal plane on H,
activation

In our simulations, we considered catalyst models with
different sizes of ZnO ribbons loaded on the Cu surface,
including ZnO ribbons of three and two columns with all Zn
atoms exposed. For ZnO ribbons of different sizes loaded on
the Cu(111) surface, namely, the Wj(111) and Wj(111)
surfaces, we further compared the energy barriers of H,
dissociation, hydrogen spillover, CO, hydrogenation, and
dissociation. As shown in Fig. 6(a), ZnO size is shown to
mainly influence H, dissociation and hydrogen spillover
during CO, hydrogenation. When decreasing the ZnO size,
the energy barrier of H, dissociation at the ZnO/Cu interface
slightly decreases from 0.26 to 0.18 eV, but that on the Cu
surface slightly increases, indicating that a better exposure of
the Zn atoms may benefit H, dissociation at the ZnO/Cu
interface. In addition, for oxygen vacancy formation, the
energy barrier of the first hydrogen spillover step decreases
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Fig. 6 (a) Comparison of the energy barriers of H, dissociation at the
interface, Cu surface, and two hydrogen spillover processes on the
W1(111) and W5(111) surfaces. (b) Comparison of energy barriers of the
two hydrogen spillover processes at the interface of ZnO and different
Cu crystal planes.
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from 0.74 to 0.50 eV, while that of the second hydrogen
spillover step to form an H,O molecule also slightly
decreases. Thus, reducing the ZnO size is also conducive to
the occurrence of hydrogen spillover.

Using model catalysts with well-defined structures, such
as specific metal surfaces,"”>*"*"% may simplify the
mechanistic investigation of complex catalysts. We thus also
inspected the influence of the Cu crystal plane at the ZnO/Cu
interface on the CO, hydrogenation reaction. As shown in
Fig. 6(b), we find that at the interface between the Cu(211)
facet and ZnO, the energy barrier of the first hydrogen
spillover step is significantly higher, while that of the second
hydrogen spillover step is slightly lower than those for the
other studied Cu crystal facets. This indicates that to some
extent, interfaces formed on the Cu(211) facet is less
favourable for spillover of the H adsorbates formed by H,
dissociation on the Cu surface, leading to less efficient
formation of the Brensted acid site (OH site).

3.7 Discussion

At present, our theoretical understanding on the ZnO/Cu
interface for CO, hydrogenation to methanol remains
lacking, and based on previous experimental and theoretical
studies, we constructed a series of catalyst models with ZnO
ribbons of different sizes loaded on different Cu crystal
planes and examined the influence of the ZnO/Cu interfacial
structure on the CO, hydrogenation reaction. Previously,
Kattel et al. compared the activities of the ZnCu and ZnO/Cu
model catalysts for methanol synthesis from CO,
hydrogenation, and their DFT calculations on the ZnCu(211)
and ZnO/Cu(111) surfaces identified the formate pathway
and the RWGS + CO-hydro pathway for methanol synthesis
from CO,.*" In this work, besides the Cu(111) facet, we also
examined interfaces formed between ZnO ribbons and the
slightly less stable Cu(211) and Cu(100) facets.*® In addition,
their studies suggest that O* formed by CO3% dissociation
accumulates at the Zn sites on the ZnCu(211) surface, and
hydrogenation of the resulting ZnO is hindered due to the
relatively high energy barrier of 1.21 eV. Our calculations
show that hydrogenation of the terminal O at the ZnO/
Cu(211) interface to form the Zn-OH species also incurs a
relatively high energy barrier of 1.08 eV, which is significantly
higher than our other studied catalyst models. This suggests
that the Cu(211) facet is less favourable for spillover of the H
adsorbate at the ZnO/Cu interface. Furthermore, our results
show more favourable CO, hydrogenation to the HCOO* than
that to the COOH¥*, consistent with the theoretical studies of
Kattel et al.*" and Xiong et al.°" using ZnO cluster models of
the ZnO/Cu(111), ZnO/Cu(110), and ZnO/Cu(100) surfaces.
Recent experimental studies showed that the reverse
ZnO/Cu model catalyst prepared by atomic layer
deposition  exhibits excellent performance for CO,
hydrogenation to methanol, which is much higher than
that using the Cu catalyst itself.** In situ X-ray absorption
spectroscopy (XAS) further showed that the Zn species in
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the highly active catalyst are present as oxygen-deficient
ZnO aggregates. To elucidate the promotional effect of the
Zn species on the Cu-based -catalysts, theoretical
calculations were performed to show that the oxygen-
deficient ZnO,_,/Cu(111) interface has high activity for
methanol formation from CO, hydrogenation through the
formate pathway, while indirect CO, dissociation incurs a
relatively high energy barrier. In addition to the above-
mentioned indirect CO, dissociation pathway, we also
considered direct CO, dissociation at the defective ZnO/Cu

interface. Our calculations show that the direct
dissociation of the Vo-CO3 has the same low energy
barrier as its hydrogenation to form the HCOO*

intermediate. Thus, the defective ZnO/Cu interface can be
expected to have rather similar reactivity to the ZnCu(211)
surface for the competition between the direct dissociation
and hydrogenation of CO,.*"*® HCOO*, the key reaction
intermediate ~ for  methanol synthesis from  CO,
hydrogenation, can also be easily formed at the ZnO/Cu
interface. With the accumulation of CO in the gas phase,
it may undergo further hydrogenation to give methanol.
However, previous isotope-labelling studies show that
methanol is formed from the hydrogenation of CO, rather
than CO,**%% whereas CO is regarded as a mere
reducing agent. As Shi et al reported,”® under different
H,, CO, CO, pressure conditions, structures of the ZnO/
Cu catalyst undergo dynamic changes, and CO can even
reduce the Zn species. Furthermore, the HCO* species,
which is involved in the CO hydrogenation route, are
demonstrated as an unstable adsorbate, as the
hydrogenation of HCO* wusually incurs a higher energy
barrier than the reverse reaction of CO* hydrogenation to
HCO*. Many of the aforementioned studies reached the
conclusion that the HCO* species should quickly
dissociate to CO* and H* using quite different ZnO/Cu
catalyst models, including the ZnO/Cu interface, ZnCu
alloy, and pure Cu surfaces,'>*$4980:81.90°92 Begides, Liu
et al. reported that CO, hydrogenation to methanol at the
stoichiometric ZnO/Cu(111) interface through the H
adatom strongly adsorbed at the edge oxygen site
encounters rather high energy barriers. Although we find
hydrogenation of the In-CO,* to the HCOO* by the
weakly adsorbed H_z,* to incur a very low energy barrier,
the effective energy barrier for CO, hydrogenation by the
H_,,* is still quite high. Furthermore, our study shows
that CO, can also adsorb on the perfect ZnO/Cu surface
to form a carbonate species, although hydrogenation of
this carbonate configuration is rather difficult, suggesting
that the carbonate species is likely just a spectator.

Conclusions

In this study, we performed a systematic study on the effect
of the interfacial structure of the ZnO/Cu catalysts for
methanol synthesis from CO, hydrogenation using the
reverse oxide-metal catalyst models with different sizes of
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ZnO ribbons loaded on different Cu crystal planes. The
interfacial oxygen vacancy (Vo) sites on the ZnO/Cu model
catalysts, formed by H, dissociation and subsequent
hydrogen spillover at the ZnO/Cu interface, were found to be
the effective active site for CO, activation and hydrogenation.
Our main observations are the following:

(1) The formation of interfacial Vo, sites from H,
dissociation and hydrogen spillover is investigated. Our
results show that H, molecules tend to dissociate at the ZnO/
Cu interface with lower energy barriers instead of the Cu
surface, and hydrogen spillover from Cu surfaces to the
terminal O atoms of the ZnO occurs with moderate energy
barriers to form Vg sites. These processes are kinetically
favorable on most of the catalyst models with different sizes
of ZnO ribbons and Cu crystal planes, consistent with the
experimental observation of the promotion of methanol
production by oxygen-deficient ZnO at the interface.

(2) Studies on the further conversion of the CO,
adsorbates at the ZnO/Cu interface, including the
hydrogenation, indirect, and direct dissociation, indicate that
the interfacial Vo site accelerates the hydrogenation of the
Vo-CO% through the HCOO* pathway as well as the direct
dissociation of CO,, whereas the carbonate adsorption
structure may act as a spectator. Thus, the ZnO/Cu interface
containing Vg sites promotes the formation of the HCOO*
intermediates and CO, similar to the CuZn alloy in previous
studies.

(3) Catalyst models with smaller ZnO ribbons are more
conducive to the formation of the interfacial V, active site
due to the lower reaction barrier of interfacial H, dissociation
and hydrogen spillover from the Cu surface to the ZnO
ribbon. However, the presence of the Cu(211) facet disfavours
the first hydrogen spillover step during the formation of the
Brgnsted acid site, which may result in a lower coverage of
the interfacial Vg, site.

Our work reveals the mechanism of oxygen vacancy
formation at the ZnO/Cu interface, and demonstrates the
promotion of CO, activation and reaction at the ZnO/Cu
interface, thus providing significant insights into the crucial
role of ZnO/Cu interface sites in the CO, hydrogenation
reaction.
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