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ABSTRACT: Metal—metal oxide interfaces comprise the most common type of “active sites” in -

heterogeneous catalysis. The activity of interface sites originates from geometry, namely, certain
matter??!!!

facets and their corresponding electronic structures, as well as charge transfer between the oxide

support and metal particles and the binding modes that stabilize reaction intermediates. In most . / \ Ziel:lael

instances, the metal is dispersed on an oxide support in the form of particles ranging from a few

nanometers to tens of nanometers in size. There are also inverse metal oxide/metal catalysts in

which the oxide is dispersed on the metal surface. Herein, we employ DFT calculations using

extended nanowire models representing metal particles as well as their inverse configuration. Through this, we address similarities

and differences between the two types of metal—metal oxide interfaces, especially regarding their electronic properties and

corresponding stabilization of important reaction intermediates. We use the well-studied Cu/ZnO catalyst and the corresponding

CO/CO, hydrogenation to CH;OH as an example.

Metal oxide

B INTRODUCTION shown experimentally that the thickness of oxide adlayers on
the metal substrate was demonstrated to strongly affect the
electronic structures of oxide adlayers in the oxide/metal
inverse catalysts.'”~>' Recently, there has been an uptick in

Applications for metal nanoparticles distributed on oxide
substrates range from petrochemical catalysis to energy
production to environmental remediation." There are several

ways in which the catalytic characteristics of these nanoscale efforts to prepare systems of this kind in forms suitable for
systems can be adjusted due to the structural complemty technical applications because of the recognition that well-
displayed by both nanoparticles and oxide phases.” Proper— defined inverse oxide/metal catalysts can have distinctive
ties of the interface between the metal particles and the oxide features. For instance, Rodriguez et al. developed inverse
support have been shown to have a strong Correlation with the catalysts and evaluated their irnpact on the Stability Of reaction
enhancement of reactivity in a number of different scenarios. intermediates.'” Preparing powder catalysts with an inverted
For example, researchers have examined how such tuning can configuration via unique synthesis techniques or by dispersing
increase catalytic reactivity for a variety of reactions important oxide nanoparticles and metal on a substrate is necessary for a
to both renewable and conventional energy productlon, such practical implementation of these inverse catalysts.'””* The
as CO oxidation,” methanol partial oxidation,® COZ hydro- use of inverse catalysts in industry and how the strong oxide-
genation to methanol,” formic acid decomposition,'” and the metal interactions (SOMIs) cause considerable perturbations
water gas shift reaction.ll Numerous studies over the years in the electronic structure of both reducible and nonreducible
have been aimed at enhancing our knowledge of the atomic- oxides have also been extensively discussed.”> Herein, we focus
level structure of metal-oxide interfaces, the electronic on methanol synthesis over Cu/ZnO catalysts as an example of
character of the metal atoms that are directly at these metal/metal oxide interactions. The activity of metal/metal
interfaces, and the energetics of bonding and thermodynamic oxide catalysts for CO, hydrogenation is influenced by the
stability of these interfaces. As an alternative to using a metal- composition of the oxide support, with ZnO being vividly
oxide catalyst, nanosized metal oxide supports, which provide a discussed as a promoter of utmost importance, boosting the

high density of defects and edge or corner surface sites, can
enhance the interactions with the metal.'> These findings have
led to the development of inverse metal oxide/metal catalysts,
also known as inverse catalysts, in which the metal oxide is
placed onto an unsupported or supported metal surface.'”~"*
Deposition of metal oxides on metal surfaces results in
materials with unique chemical and electronic properties, in
contrast to those of typical bulk metal oxide supports.'®"” In
the case of an inverted oxide/metal catalyst, a reactant can
attach to the oxide particle’s regular centers and defects, pure
metal centers, and the metal-oxide interface.'® It has been

activity of the copper-based catalyst by an order of
magnitude.”* Overlayers of reduced ZnO (ZnOx) on top of
the Cu particles found in Cu/ZnO catalysts have been
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detected employing hi%h-resolution transmission electron
microscopy (HRTEM).”* The catalyst’s active phase thus
has ZnO on copper. The reducibility of ZnO is crucial for its
activity, and led to many hypotheses, from the presence of an
O-vacancy enabling the relatively straightforward step of CO,
adsorption,27_29 to metallic Zn being incorporated into the
copper surface.”” > Recently, several experimental reports
have demonstrated the applicability of ZnO/Cu as a catalyst
for CO and CO, hydrogenation to methanol.”*~** Interest-
ingly, the activity of the conventional Cu/ZnO system could
be mimicked by depositing ZnO on a Cu/MgO sample that is
otherwise having a rather detrimental activity compared to Cu/
ZnO, highlighting the role that ZnO on the surfaces of Cu
exhibits.””

While these studies highlight that interfacial interactions play
a crucial role in both the metal-oxide and their inverse
formulations, the origins of the various interactions at the
atomic scale are still mostly elusive. In this study, we use
density functional theory (DFT) calculations to investigate the
interface of Cu and ZnO in both, the common Cu/ZnO as
well as its inverse ZnO/Cu catalyst (see Figure 1). By doing so,
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Figure 1. Schematic depiction of two catalyst arrangements for the
CO/CO, hydrogenation processes. (A) Standard catalyst: a Cu
nanowire (Cu/ZnO) is situated atop the ZnO (10—10) surface. The
left panel illustrates the lateral perspective, whereas the right panel
presents the top view of the model. (B) Inverse catalyst: a ZnO
nanowire (ZnO/Cu) is positioned on a Cu (111) surface. The left
panel depicts the lateral perspective, while the right panel presents the
top view of the inverted configuration. Orange: Cu, gray: Zn, red: O.

we further shed light on the applicability of theoretical models
of these interfaces and how they can be used to explain
differences in binding energies for intermediates occurring in
the hydrogenation of CO and CO, to methanol.

B COMPUTATIONAL DETAILS

The Vienna ab initio simulation package (VASP in
conjunction with the atomic simulation environment (ASE)*
was used to carry out the density functional theory (DFT)
computations. The projector augmented wave method
(PAW),"** the Bayesian Error Estimation Functional with
van der Waals correlations (BEEF-vdW)* exchange-correla-

)40,41
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tion functional, and a plane-wave basis set with a cutoff energy
of 450 eV were employed. The choice of the BEEF-vdW
functional is motivated by its ability to accurately describe
surface processes associated with CO, hydrogenation to
methanol and CO, as well as its performance in terms of
adsorption energies and transition states on transition metal
surfaces.”” 0%

Similar to the models described by Zhao et al. for Au on
MgO,SO Whittaker et al. for Au on TiO,,”" and Studt et al. for
Cu on ZrO,,*> we modeled the interface between the ZnO
(10—10) facet and metallic copper as Cu/ZnO using periodic
slabs consisting of three-layer-thick 14 X 1 ZnO units in the x
and y direction. The copper nanoparticle is modeled by a
nanowire that is made up of three layers of Cu (100) aligned
facets, where the bottom and top layers have 3 X 2 atoms in
the x and y directions and the middle layer has 4 X 2 atoms.
Importantly, this model represents the Cu/ZnO interface while
being metallic, thus keeping the electronic structure of larger-
sized copper particles.””>* Surfaces on the top and bottom of
the copper nanowire show the Cu (100) orientation, while
those on the sides are terminated by the Cu (111) facet. The
middle Cu layer terminates at the Cu (211) facet. It follows
that the Cu (100) termination is parallel to the ZnO (10—10)
surface. The copper lattice is increased by 5.08% along the y-
axis to make room for the nanowire of copper on the ZnO (10-
10) surface. During geometry optimization, the lowest layer of
ZnO was held fixed at the bulk positions while the remaining
layers were allowed to relax. A 20 A vacuum was used to
separate the slabs in the z-direction. A Monkhorst—Pack k-
point5 grid of 2 X 8 X 1 was used to sample the Brillouin
zone.

Our second model of the inverse ZnO/Cu catalyst used a
Cu (111) surface as the support with a ZnO nanowire being
supported on it. We have designed a two-layer-thick model of a
ZnO nanowire, for which it has 1 X 7 ZnO units in the bottom
layer and 1 X 5 ZnO units in the upper layer in the x and y
directions. It is placed on top of the Cu (111) slab in such a
way that the lattice mismatch is only 2.09% in the y-direction.
We have taken a four-layer thick 2 X 10 large Cu slab with the
bottom two layers being kept fixed during the optimization
process. The k-point grid used is 8 X 2 X 1. Analyses of
vibrations were performed using the finite difference method in
the harmonic approximation with a resolution of 0.01 A. The
Gibbs free energies were calculated at a temperature of 500 K
and 1 bar pressure.

B RESULTS AND DISCUSSION

This article mainly investigates and compares the interfacial
interactions between a metal/metal oxide catalyst and its
inverse configuration with reaction intermediates. To enable a
meaningful and precise comparison, it is important to use
structurally and geometrically equivalent models to minimize
deviations that could confound the results. By selecting
analogous models, we can systematically investigate how the
orientation and placement of the metal and metal oxide
constituents affect their electronic properties and catalytic
activity. The following sections provide a comprehensive
rationale for our model selection and confirm their suitability
for a direct and understandable comparison.

Justification behind the Choice of Cu Nanowire on
ZnO. The rationale for choosing the Cu nanowire model
instead of Cu nanoparticles is that our ability to work with
larger model systems is limited by the size of the DFT

https://doi.org/10.1021/acs.jpcc.4c08821
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calculations that we use. This precludes efficient calculations of
supported copper clusters with more than 50 atoms. The result
would be models of copper particles in the nm or sub-nm zone,
similar to what has been seen for Au and Pt particles, where
quantum size effects are expected because the metallic s and p
states are still relatively localized, instead of forming a broad
sp-band S#5657

In the previous research, it has for example been shown that
metallic Cu clusters exhibiting a size of S5 atoms show a
localized sp-band, whereas a Cu-nanowire shows a broad sp-
band similar to what is shown by the Cu (111) infinite model
system.’> Computational nanowire models are therefore not
subject to quantum size effects due to their quasi-one-
dimensional periodicity. Hence, unlike subnanometer metal
clusters, these nanowires might potentially represent much
bigger Cu nanoparticles (with a diameter of 2 nm or more, as
observed in the experimental investigations).

The Cu-NW model’s capacity to represent essential surface
facets, particularly stepped facets vital for catalytic reactions, is
another notable advantage. Figure 1A distinctly depicts the Cu
nanowire situated on the ZnO (10—10) surface (denoted Cu/
ZnO). The side view (left) and top view (right) emphasize the
distinct surface facets shown on the nanowire, encompassing
the (100), (111), and (211) planes. The significance of these
facets lies in the fact that stepped facets with low-coordination
sites, like the (211) plane, situated near the interface region,
frequently demonstrate increased catalytic activity owing to
their capacity to stabilize reaction intermediates thus
potentially promoting important reaction pathways.”® By
choosing the Cu nanowire model, we can accurately capture
essential surface characteristics, especially at contact with the
oxide support, facilitating a more precise depiction of catalytic
processes at the metal—metal oxide interface.

Justification behind the Choice of ZnO Nanowire on
Cu. In order to have a fair comparison between Cu/ZnO and
its inverse model, we created an analogous model where a ZnO
nanowire is placed on a Cu (111) surface, denoted as ZnO/Cu
(Figure 1B). This model allows us to probe the interaction of
ZnO and also to investigate to what extent reduced ZnO
(Zn®) alters the reaction mechanisms, while we will not
investigate the surface alloy formation of CuZn in this study.
This inverted catalyst reflects the geometry of the Cu nanowire
supported on a ZnO (10—10) surface, as depicted in Figure
1A. We therefore have two complementary models (Cu/ZnO
and ZnO/Cu) illustrating metal/metal oxide as well as inverse
metal oxide/metal interfaces.

CO, and CO Hydrogenation Reaction Intermediates.
Using these two model catalysts we employed DFT
calculations to compute the stability of all intermediates
occurring in the conversion of both CO, and CO to methanol,
the mechanistic details of which are well-established in the
literature.””” Intermediates in the CO, hydrogenation involve
formate (HCOO), formic acid (HCOOH), and hydroxy-
methylene (H,COOH). The latter is assumed to break the C—
O bond, thus yielding adsorbed formaldehyde (H,CO) and
hydroxyl (OH). Adsorbed H,CO is then hydrogenated to
methanol (CH;OH) through the methoxy (CH;0) inter-
mediate. Surface OH is subsequently eliminated in the form of
water. Note that H,CO and H;CO are intermediates in both
CO and CO, hydrogenation. Below, we discuss the
intermediates for both CO, and CO hydrogenation steps
and analyze their stability on both types of interfaces.

5862

Formate (HCOQ). Formate is a crucial reaction intermediate
in the hydrogenation of CO, to methanol, with numerous
theoretical and experimental investigations hinting at the
speciation and role of HCOO* on Cu surfaces.’”°’
Experimental data on HCOO* on Cu (111) indicate the
presence of a single bidentate species.62’63 For our calculations,
we considered three possible adsorption sites, namely, the
interface site (Figure 2A,D) between the nanowire and the
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Figure 2. Adsorption of formate (HCOO) on the Cu/ZnO and
ZnO/Cu configurations. Panels (A—C) illustrate the adsorption of
formate on the Cu nanowire supported by the ZnO (10—10) surface.
(A) Formate adsorbed at the interface site, (B) formate adsorbed at
the ZnO surface site adjacent to the interface, and (C) formate
adsorbed at the Cu surface site adjacent to the interface. Panels (D—
F) depict the inverse configuration, featuring a ZnO nanowire
positioned on the Cu (111) surface. (D) Formate adsorbed at the
interface site, (E) formate adsorbed at the ZnO surface site adjacent
to the interface, and (F) formate adsorbed at the Cu surface site
adjacent to the interface. In all instances, the formate species bonds in
a bidentate structure via both oxygen atoms.

support and the surface sites ZnO (Figure 2B,E) and Cu
(Figure 2C,F) near the interface. As from Figure 2, it is seen
that HCOO* binds through both oxygen atoms for both
models. The Cu/ZnO interface exhibits optimal HCOO*
adsorption (Figure 2A), with a binding energy of —1.44 eV
(Table 1). Contrarily, the adsorption of formate on the nearby
ZnO surface site (Figure 2B) is around —0.96 eV and that on
the nearby Cu surface site (Figure 2C) is around —1.32 eV. On
the other hand, the HCOO* at ZnO/Cu slightly favors the
ZnO surface site (Figure 2E) with a binding energy of —1.45
eV (see Table 1) over the interface site (Figure 2D) with a
binding energy of —1.19 eV and the nearby Cu surface site
(Figure 2F) with a binding energy of —0.80 eV.

Bader charge analysis of the Zn and Cu species involved in
HCOO binding (Table S1) shows that a slightly reduced Zn
species at the interface of ZnO/Cu (Figure 2D,E) provides a
suitable adsorption site for HCOO adsorption. Interestingly,
we observe that the binding energy difference of HCOO* at
the most favorable adsorption locations for both models
(Figure 2A,E) is essentially negligible (approximately 0.01 eV)
and that the overall charge transfer is almost the same (Table
S2). This is particularly noteworthy, as it indicates that the
performance of the interface region for either the catalyst or
inverse catalyst exhibits no marked differences with respect to
the HCOO* intermediate.

https://doi.org/10.1021/acs.jpcc.4c08821
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Table 1. Binding Energies of the Intermediates at the Most
Favorable Adsorption Site for the Hydrogenation of CO/
CO, to Methanol of Both Models”

binding energy (eV): binding energy (eV):

intermediates Cu/ZnO ZnO/Cu
Co* —0.68 —0.44
HCOO* —1.44 —1.45
H,COO* —0.96 —0.60
HCOOH* -1.17 —1.01
H,COOH* —0.89 —0.84
HCO* —0.44 —0.30
HCO*_Ohygtice -1.23 —1.59
H,CO* -1.13 -0.98
H,CO*_Ohyttice —1.48 -1.13
OH* -1.37 —1.45
H,CO* —1.81 —-1.70
H* —-0.03 —-0.05

“The geometries are given in Figures 2A,E and 4 and Figures S1-S7
(see SI).

For each intermediate studied, as for HCOO, all three
possible adsorption sites, the interface and the surface ZnO
and Cu near the interface, were considered. However, since
most of the intermediates spontaneously move to their most
stable configuration during geometry optimization, we present
only the most favorable structures in the following text.

Dioxymethylene vs Formic Acid (H,COO vs HCOOH,).
Formate is the most stable intermediate in methanol synthesis
on Cu, and its subsequent hydrogenation to methoxy (CH;0)
is commonly considered the step that dictates the reaction rate.
Nonetheless, the creation of CH;0 from HCOO* necessitates
the formation of two C—H bonds and the cleavage of one C—
O bond. The simultaneous occurrence of these three bond
formations and breaking events is improbable, leading one to
anticipate a sequential mechanism via less stable surface
intermediates. The stepwise hydrogenation process can be
initiated at either the C or the O atom of the HCOO* species,
resulting in the formation of dioxymethylene (H,COO, as
shown in Figure S1A,B) or formic acid (HCOOH, as depicted
in Figure S1C,D), respectively. Similar to the case for
HCOO*, H,COO* binds to the surface with both the O
atoms. The most stable binding mode for H,COO on both
nanowires (Cu/ZnO and ZnO/Cu) is at the interface (see SI,
Figure S1(A) and (B)), with binding energy of —0.96 eV and
—0.60 €V respectively (see Table 1). Our calculations revealed
that compared to the H,COO¥* intermediate, HCOOH¥* is the
more stable entity. For both models Cu/ZnO and ZnO/Cu,
HCOOH?* binds favorably at the interface region with binding
energies of —1.17 eV (Cu/Zn0O) and —1.01 eV (ZnO/Cu),
(see Table 1). Notably, the observed discrepancy in binding
energies for both models is rather small.

Hydroxymethoxy (H,COOH). The generation of the
H2COOH intermediate from HCOOH during the CO,
hydrogenation to methanol constitutes the next step in the
overall reaction process.”” Figure S2 illustrates the binding of
the H,COOH¥* intermediate on both models. H,COOH*
binds with both of its oxygen centers to the Cu surface. It is
seen that for both models H,COOH* prefers to bind at the
interface sites and the corresponding binding energies are
—0.89 and —0.84 eV for Cu/ZnO and ZnO/Cu models,
respectively (Figure S2A,B). Despite the small differences in
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binding energies, the most stable positions of H,COOH* are
analogous in both models.

Formaldehyde (H,CO*). During the CO, hydrogenation
process, the H,COOH intermediate dissociates into form-
aldehyde (H,CO) and hydroxy (OH) species. H,CO* prefers
to bind on the ZnO site near the interface region for both
models. The binding energies are —1.13 and —0.98 eV for Cu/
ZnO and ZnO/Cu models, respectively (see Table 1). We also
tested the possibility of an oxygen-assisted conformation
(H,CO* Olattice) and found that for both models this is
energetically more favorable (—1.48 eV for Cu/ZnO and
—1.13 eV for ZnO/Cu) (see Table 1) compared to the
H,CO*, confirming the importance of considering O-assisted
intermediates. Figure S3 shows the binding positions of
H,CO* over both the models using normal (Figure S3A,B) as
well as O-assisted conformation (Figure S3C,D).

Hydroxy (OH). In the stepwise hydrogenation process
during CO, conversion, the hydroxy (OH) intermediate
forms. Figure S4 illustrates the binding of OH* on both
models. The binding energies are —1.37 and —1.45 eV,
respectively, for Cu/ZnO and ZnO/Cu. As the direct
interfacial site is not accessible due to limited space, it is
seen that for Cu/ZnO, OH* prefers to bind at the stepped
facet site (211) of Cu nanowire (see Figure S4A), whereas for
ZnO/Cu, OH* binds at the interface site (see Figure S4B).

Methoxy (CH3;0%). The last intermediate for stepwise
hydrogenation from CO, to CH;0H is CH,0%.°*% While
the methoxy intermediate adsorbs strongly on both models, we
find that the binding energy difference between the two models
is only ~0.11 eV (—1.81 eV Cu/ZnO vs —1.70 eV ZnO/Cu)
(see Table 1 and Figure SS). From Figure SSA, it is seen that
the methoxy intermediate binds to the (211) facet of the Cu/
ZnO model, with the oxygen atom directly engaging with the
Cu surface. Conversely, Figure SS illustrates the binding of the
methoxy intermediate to the ZnO/Cu model with the contact
also facilitated by the oxygen atom. Despite the structural
differences between methoxy binding to Cu/ZnO and ZnO/
Cu, both models exhibit similar binding energies.

Free Energy Diagram for CO, Hydrogenation. Figure 3
illustrates the free energy diagram of the hydrogenation of CO,

Cu/ZnO
ZnO/Cu

|

H,Coon*

O

_Q_ +OH*+H*

HCO¢ ||-||"‘

"J‘ G*+OH*+H*

"_]‘ Q*+OH*

CO(gr+3H,(2)
HCOO*
HCOO*+H*

HCOOH*

H,CO* (&,
H,CO* C

H,COH(g)+H,Cie)

Reaction coordinate

Figure 3. Calculated free energy diagram for CO, hydrogenation to
methanol (temperature = 500 K and pressure = 1 bar) over Cu/ZnO
(orange) and ZnO/Cu (gray) models.

to methanol using Cu/ZnO and ZnO/Cu. Interestingly, our
results indicate that both models have fairly similar
thermodynamics regarding the reaction mechanism with
differences being less than 0.08 eV. The generation and
stabilization of critical intermediates, including HCOO¥,
H,COOH*, and H3;CO¥*, occur with negligible differences

https://doi.org/10.1021/acs.jpcc.4c08821
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https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.4c08821/suppl_file/jp4c08821_si_002.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.4c08821/suppl_file/jp4c08821_si_002.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.4c08821/suppl_file/jp4c08821_si_002.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.4c08821/suppl_file/jp4c08821_si_002.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.4c08821/suppl_file/jp4c08821_si_002.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.4c08821/suppl_file/jp4c08821_si_002.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.4c08821/suppl_file/jp4c08821_si_002.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.4c08821/suppl_file/jp4c08821_si_002.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.4c08821/suppl_file/jp4c08821_si_002.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.4c08821/suppl_file/jp4c08821_si_002.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.4c08821/suppl_file/jp4c08821_si_002.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.4c08821/suppl_file/jp4c08821_si_002.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.4c08821/suppl_file/jp4c08821_si_002.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.4c08821/suppl_file/jp4c08821_si_002.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.4c08821/suppl_file/jp4c08821_si_002.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.4c08821/suppl_file/jp4c08821_si_002.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.4c08821/suppl_file/jp4c08821_si_002.pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.4c08821?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.4c08821?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.4c08821?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.4c08821?fig=fig3&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.4c08821?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry C pubs.acs.org/JPCC Article
between the two models. This indicates that the energetics of 2 -

. c . Cu/ZnO
CO, hydrogenation are similar for Cu supported on ZnO and ZnO/Cu

for ZnO being dispersed on copper surfaces. We note that this
is very much in line with experiments comparing Cu/ZnO with
Zn0O-doped Cu/MgO catalysts for CO, hydrogenation, which
both exhibit similar overall activity but also behavior in terms

of activity when evaluated as a function of CO, in the synthesis
66
gas.

Carbon Monoxide (CO*). We systematically studied the
binding of CO* on both models. From Figure S6, it can be
seen that CO* prefers to bind on the copper sites for both
models. In the Cu/ZnO model (Figure S6A), binding occurs
at the Cu (211) edge with a binding energy of —0.68 eV and in
the ZnO/Cu model (Figure S6B); binding also occurs at the
Cu surface site with a binding energy of —0.44 eV. The
differences in binding energies can be attributed to the fact that
for Cu/ZnO, there exists a Cu (211) site, whereas for ZnO/
Cu, the available site is the Cu (111) facet.

Formyl (HCO*). Formyl binds strongly to the interfaces on
both Cu/ZnO and ZnO/Cu. In the case of Cu/ZnO, it binds
on the (211) facet of Cu with (Figure 4A) a binding energy of

(A) Cu/Zn0 |(B) ZnO/Cu

D
L w
- L |
( r\\}'t )"‘
CRDOC0)

ZnO/Cu

> 4

©) CwzZnO |(D)

Figure 4. HCO* adsorption on the (A) Cu/ZnO and (B) ZnO/Cu
models. Bottom panels show the HCO* adsorption through O-
assisted mode on (C) Cu/ZnO and (D) ZnO/Cu models.

—0.44 eV (see Table 1). For ZnO/Cu, the binding energy is
—0.31 eV. Also, it is found that HCO* prefers to bind to the
ZnO/Cu site in a bridging mode, with oxygen binding to ZnO
and carbon binding to Cu (Figure 4B). One interesting
observation is that the formyl intermediate can bind to an
oxygen atom of ZnO thus forming a formate-like species with
one of the oxygens being within the ZnO lattice (denoted
HCO* Opyice) as also proposed by Jensen et al. albeit for
MgO as the support.”” These configurations are significantly
more stable compared to the HCO* intermediate (Figure
4C,D), with adsorption energies of —1.23 and —1.67 eV for
Cu/ZnO and ZnO/Cu, respectively. This shows that the
oxygen-assisted pathway leading to the formation of a stable
intermediate can play a pivotal role.

Free Energy Diagram for CO Hydrogenation. The free
energy diagram in Figure S illustrates the CO hydrogenation
process for both the Cu/ZnO and ZnO/Cu model at 500 K
temperature and 1 bar pressure. The reaction mechanism is
illustrated by depicting the changes in Gibbs free energy as
carbon monoxide undergoes hydrogenation and transitions
through various intermediates (CO*, HCO*, H,CO¥*, and
H,CO*), leading to methanol formation. Both models display
analogous free energy profiles but also exhibit differences. CO
adsorption onto the catalyst surface is energetically uphill for
both models at 500 K.
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Figure 5. Calculated free energy diagram for hydrogenation of CO to
methanol (temperature = S00 K, pressure = 1 bar) based on Cu/ZnO
(orange) and ZnO/Cu (gray) models. Dotted lines represent less
stable, nonoxygen-assisted HCO* and H,CO* species.

The following hydrogenation of CO* to HCO* exhibits a
minor free energy change for both models, with the ZnO/Cu
model presenting marginally smaller binding energies (dashed
lines). On the other hand, the more stable conformation, the
oxygen-assisted HCO* O, intermediate (solid line), shows
a slightly larger difference between the two models. The
HCO*_Ojpyice intermediate exhibits substantial stabilization in
both models, attaining a minimum in free energy, indicating
that this step is extremely advantageous and potentially a
crucial intermediate in CO hydrogenation. The subsequent
hydrogenation of HCO* to H,CO* and ultimately to H;CO*
occurs with minimal free energy changes, suggesting that the
transition among these intermediates is rather seamless for
both models. The free energy diagram indicates that both
models exhibit similar efficacy for CO hydrogenation, with the
exception of the most stable HCO* Oy intermediate.

Vibrational Frequencies of the Intermediates. The
computation of vibrational frequencies for CO, and CO
hydrogenation intermediates is essential for comprehending
catalytic mechanisms on the molecular scale. In addition,
especially important is a comparison of characteristic vibra-
tional modes of formate species, particularly in the C—H and
C—O stretching regions, which can be directly probed using
experimental techniques such as infrared (IR) or Raman
spectroscopy. Here, we provide calculated frequencies for
HCOO*, HCO*_Oyyicer and for HCO* species in Table 2
and for all intermediates in Table S3.

From Table 2, it can be seen that the vibration of the C—H
stretching mode 2750—2800 cm ™" in normal HCO* species is
shifted to 2900—3000 cm™ for the HCO* O,y similar to
HCOO#*. On the other hand, the asymmetric O—C—-0O
stretching mode shows some differences between

Table 2. Simulated Vibrational Frequencies of the HCOO*
(Figure 2A,E), HCO* Oy (Figure 4C,D), and HCO*
(Figure 4A,B) Intermediates for Both Models

0-C-0(Cu) 0—-C-0(Cu)

vibrational mode C-H asymmetric symmetric
HCOO* Cu/ZnO 2973 1525 1324
HCO* Ojee Cu/ 2995 1545 1242

ZnO
HCO* Cu/ZnO 2756 1479 Nan
HCOO* ZnO/Cu 2966 1577 1322
HCO* OpZnO/ 2913 1589 1227

Cu
HCO* ZnO/Cu 2808 1469 Nan
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HCO* Oyyie and HCOO* species, but the symmetric O—
C—O stretching is clearly different.

B CONCLUSIONS

This study systematically investigates and compares the
catalytic activity of metal-oxide interfaces in Cu/ZnO and its
inverse counterpart, ZnO/Cu. We investigated intermediates
in the reaction pathway for methanol production by
concentrating on the hydrogenation reactions of both CO,
and CO. Our comprehensive DFT-based computational
investigation yielded significant insights into the binding
energies and reaction energetics at the interface regions for
both models. We investigated the essential function of oxygen-
assisted routes in stabilizing intermediates, specifically
HCO_O* and H,CO_O%*, and established that binding of
intermediates to lattice oxygen of the ZnO component
markedly improved the stability of these intermediates for
both Cu/ZnO and ZnO/Cu. Due to the different stability of
the oxygen atoms involved in Cu/ZnO and ZnO/Cu, there are
distinct differences in the binding of the reaction intermediates,
with the latter being stronger presumable due to the more
active nature of lattice oxygen.

We believe that the principles of metal/metal oxide and
metal oxide/metal interfaces are more generally applicable for
oxide-supported and/or promoted transition metal catalysts
and could aid in-depth understanding of surface geometries,
electronic properties, and dynamic structural variations under
reaction conditions. The observed influence of lattice oxygen-
assisted routes on the stability of intermediates indicates that
oxygen defects or the modification interface between the metal
and metal oxide could lead to improved catalytic performance.
‘While we have not investigated reaction-free energy barriers in
the present study, it remains to be seen whether these will
follow Brensted—Evans—Polanyi relationships, thus scaling
with the thermodynamics of the present study, or whether
there are more intricate effects at the metal—metal oxide
interface.
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