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Part II of this review continues to explore the
connection between Cu/ZnO-based catalysts
properties and methanol synthesis activity. This
work continues from Part I (1).
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1. Reaction Mechanism of CO,
Conversion into Methanol through
Formate Pathway

HCOO is the key intermediate for CO, hydrogenation
to methanol from syngas (hydrogen, CO, and
carbon monoxide) as the formate species is formed
from CO, and hydrogen (2-4). It was found that
formation of formate species takes place on the
ZnO/Cu(111) surface (5) and it is the most active
intermediate in this pathway as it has a low
energy barrier. The reverse reaction that forms the
formic acid intermediate is not stable, meaning it
decomposes back to formate and because of this,
strongly bound formate species occupy the surface

site. However, the strong binding of formate and
methoxide with the surface can poison the Cu/Zn0O
catalyst and as a result, the production of methanol
decreases over time (5). In general, the production
of methanol is hindered by H3CO hydrogenation to
methanol, although the accumulation of *HsCO
is not as much as that of formate. Furthermore,
Li et al. reported that the catalytically active copper
sites are mainly located in the interface between
metallic copper and the zinc oxide substrate, which
results in a synergetic interaction taking place
between copper and zinc oxide (5). In addition,
they found that hydrogenation of CO, on the
Cu/ZnO catalyst takes place on the Cu* sites with
the formation of the HCOO intermediate bridged on
two copper atoms (5). Furthermore, it was found
that two adsorbed hydrogen atoms attach to the
adsorbed formate to form dioxomethylene (H,COO)
species, then decompose into formaldehyde (H,CO)
and hydroxyl (OH). The H,CO species then reacts
with two hydrogen atoms to form methoxy (CH30)
species and methanol (see Figure 1 in Part I (1))
(2, 5-7).

On the other hand, Yang et al. concluded that
the presences of low-coordinated active sites on
copper nanoparticles leads to enhanced catalytic
activity of CO, hydrogenation to methanol (8).
Therefore, the highly active and selective catalysts
for CO, to methanol conversion via the formate
pathway should contain Cu and Cu® sites, which
lower the energy barriers for H,COO and HCOO.
Grabow and Mavrikakis, in 2011, reported that
the activation barriers for the hydrogenation of
HCOO species to HCOOH is about —0.20 eV, which
is lower than the activation barrier for HCOO to
H,COO, which is —0.90 eV (5, 9). In addition, they
observed that HCOOH was the major product due
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to the hydrogenation of the HCOO intermediate.
The HCOOH was then hydrogenated to H,COOH
species and then to H,COO in a mechanism known
as the revised HCOO (r-HCOO) mechanism (8). In
addition to this, Grabow and Mavrikakis reported
that the dissociation of CHs0, to formaldehyde is
desirable over the H,COO dissociation. Therefore,
they concluded that r-HCOO is more likely to take
place on Cu(111) (9).

Within the formate pathway for CO, conversion to
methanol, the reversed (r-HCOQO) mechanism has
emerged as a potential contender for the dominant
reaction pathway. Here, formate (HCOO*) acts as
a key intermediate. Behrens et al. investigated
the role of zinc doping on Cu(211) surfaces using
theoretical calculations (10). Their findings highlight
the importance of zinc doping in promoting the
r-HCOO mechanism. Zinc doping enhances the
stability of surface oxygen-bound intermediates,
such as CH30*, which are crucial steps in the
r-HCOO pathway. This translates to lower energy
barriers, making the overall conversion of CO, to
methanol more efficient. Behrens et al. further
observed that stepped zinc-free and zinc-doped
sites exhibit increased activity for methanol
formation through the r-HCOO mechanism. Based
on their findings, Behrens et al. concluded that
the r-HCOO mechanism might be more favourable
compared to the traditional HCOO mechanism for
methanol production.

Understanding the bonding configuration of
formate on the copper surface is crucial for
elucidating the reaction mechanism. Several studies
have explored the bonding modes of formate on
copper surfaces using various techniques. Density

functional theory (DFT) calculations offer valuable
insights into these configurations. Chutia et al.
(11) investigated different formate adsorption
models on copper surfaces using DFT calculations.
Their calculations revealed that after relaxation,
initially proposed monodentate and bidentate
configurations with one or two oxygen atoms
bonded to the same copper atom, respectively,
transformed into bidentate configurations with both
oxygen atoms bonded to separate copper atoms
on the surface (12). This bidentate configuration
exhibited a significantly lower adsorption energy
compared to other models, suggesting a more stable
bonding arrangement. This indicates a stronger
interaction and potentially higher stability for this
specific bidentate configuration. Additionally, they
determined that the bidentate formate molecule
adopts a near-perpendicular geometry (~88°)
relative to the copper surface (11).

Further to this, the geometrical and electronic
structure of the formate species on the Cu(110),
Cu(111) and Cu(100) crystallographic planes was
studied using different exchange and correlation
functionals such as PW91, PBE, PBE-D2 and
PBEsol. Atodiresei et al. (13) and Hu et al. (14)
also reported the geometrical and electronic
properties of the formate species on Cu(110). They
found a bridge configuration along the (110) plane,
with oxygen atoms on top of the copper atoms. In
addition, it was found that formate species adopted
a perpendicular position on the Cu(110) surface
(15). Additionally, they found that, generally, the
Cu(110) surface shows high stability within this
bridge configuration on the Cu(110) surface (13).
This was obvious with the deposition of terephthalate
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monolayer (terephthalic acid) on Cu(110), where
no significant effect of the terephthalate monolayer
on the geometry of the copper surface atoms was
observed, with only a small outward relaxation of
the copper atoms on the first layer (13, 14, 16).
This happened because copper atoms exhibit high
coverage adsorption (13, 14, 16). In addition,
they showed that the hydrogen atoms are shared
between the carboxylate group of the neighbouring
molecules to form Van der Waals crystalline
solids (16).

In terms of the geometry of the adsorbed formate
species, it was experimentally found that the
formate is adsorbed on the copper surface via
dehydrogenation (generally on a clean surface of
copper) at elevated temperatures of 573-723 K
(13). In addition, the formate species can be
adsorbed via the release of water from the formic
acid on an oxygen-pre-covered copper surface
(13, 17). For high (two molecules in (2 x 2) unit
cell) and low formate coverage (one molecule in
(2 x 2) unit cell) on a Cu(110) surface, it was found
that the most stable structure for high coverage is
that in which both of the molecules are sitting in a
bridge position, where the oxygen atom is bonded
with one copper atom (13, 17). On the other hand,
it was found that most stable configuration for low
coverage is that with a bridge position with each
oxygen atom bonded to a single copper atom on
the [110] plane (13). However, it was found that
the Cu-0 bond lengths are the same in all formate
configurations (13, 16). In addition, the bond
length of the oxygen atoms of the carboxylate
group is the same even with the presence of
oxygen adsorption in the first layer, but not the
adsorption energy, which differs with any additional
oxygen adsorption (15). Generally, attractive
intermolecular interaction takes place between the
adsorbed molecules of formate with high energy
barriers against any additional presence of formate
molecules on the formate-covered Cu(110) surface
(15, 16). It was reported by Poulston et al. that the
formate-adsorbed structure has higher mobility
and become more oriented when the repulsive
intermolecular interaction in the [001] direction
is overcome, either with an oxygen-pre-covered
Cu(110) surface or by increasing the formate
coverage, as was shown via scanning electron
microscopy (STM) (17). Furthermore, it was found
that Cu(111) had the longest O-Cu bond length
as compared to the Cu(110) and Cu(110) surfaces
(11, 14).

To understand the unique relationship between
the formate and formic acid, it is essential to

investigate the geometrical and electronic structure
of formic acid, particularly the investigation of the
energy barriers for the abstraction of protons from
both the trans- and cis-forms of the formic acid
with a hydrogen atom adsorbed on the Cu(110),
Cu(111) and Cu(100) surfaces. It was found
that the trans-form (E,4 = -—0.193 eV) of the
formic acid is more stable than its cis-form
(Eag = —0.094 eV) (11). The stability of the trans-
formic acid is attributed to its favourable molecular
geometry and electronic structure, which minimise
energy and promote stability (11). The adsorption
of formic acid on copper surfaces is predominantly
physical adsorption, characterised by weak van
der Waals forces. Physical adsorption implies a low
enthalpy of adsorption, indicating that formic acid can
dissociate easily on copper surfaces. This is because
the interaction between formic acid and the copper
surface does not significantly alter the electronic
orbital patterns, allowing for easy dissociation (11).
The weak van der Waals forces involved in physical
adsorption facilitate the reversible adsorption and
desorption of formic acid on copper surfaces. This
dynamic process allows formic acid to interact
with the copper surface without undergoing
strong chemical bonding, enabling its conversion
to formate or other intermediates involved in
methanol synthesis (11). This unique relationship
between formate and formic acid stems from the
stability of the trans-formic acid, the low enthalpy
of adsorption and the involvement of weak van der
Waals forces. These factors facilitate the reversible
adsorption and dissociation of formic acid on copper
surfaces, enabling its participation in the methanol
synthesis pathway.

Low-index copper has higher planar density of
atoms but lower surface energy and because of this,
it was found that the formate adsorption energy of
Cu(110) planes has the highest adsorption energy
(14) compared to Cu(100) and Cu(111), which is
similar to experimental observations (14, 18, 19).
This means that greater hydrogenation of CO,
into methanol requires a large inter-surface
cluster area in order to have a higher number
of adsorption surface intermolecular reactions
(14, 20). It was observed experimentally, using
in situ X-ray photoelectron spectroscopy (XPS),
that the methanol fully adsorbs over the Cu(110)
surface at 300 K without any reaction and when
dioxomethylene (H,COO) species are formed, they
then decompose into formaldehyde and hydroxyl
at low temperatures (18, 21). As seen from our
discussion above, the adsorption of formate on
copper surfaces has been extensively investigated
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via infrared (IR) spectroscopy and inelastic neutron
scattering (INS) spectroscopy, but much less so
on zinc oxide surfaces, especially via INS, even
though there are some studies on the interaction
of methanol on zinc oxide (22). Jin and Wang
provide a comprehensive investigation of methanol
adsorption on three distinct zinc oxide surfaces:
Zn0(1010), 0-ZnO(0001) and Zn-ZnO(0001)
(23). They found that on the nonpolar Zn0O(1010)
surface, methanol exhibits partial dissociation,
forming an ordered adlayer with coexisting
methanol, methoxy and hydroxyl species.
Molecular desorption of methanol dominates at
elevated temperatures, while a minor fraction
decomposes at defect sites to yield formaldehyde,
hydrogen and carbon monoxide (22). Methanol
adsorption on the polar 0-Zn0O(0001) surface leads
to dissociative adsorption, producing methoxy
and hydroxyl species. These methoxy species
further decompose to formaldehyde, hydrogen and
carbon monoxide upon annealing (23). The polar
Zn-Zn0O(0001) surface exhibits a unique
adsorption behaviour, where methanol dissociation
at step edges generates methoxy and hydroxyl
species. These acid-base pairs at step edges
exhibit remarkable catalytic activity and selectivity
for methanol oxidation to formate and dihydrogen
at 520 K. The reacted formate subsequently
decomposes to carbon monoxide, CO, and water
at higher temperatures (23).

The co-adsorption of formate species with
hydrogen atoms on copper surfaces plays a crucial
role in the methanol synthesis pathway, particularly
on the low-index planes of Cu(110), Cu(100)
and Cu(111). This co-adsorption facilitates the
hydrogenation of formate to methanol. Studies
have shown that hydrogen atoms preferentially co-
adsorb on specific sites on these copper surfaces.
On Cu(111), hydrogen atoms tend to co-adsorb
on the threefold face-centred cubic sites, while on
Cu(100), they favour the fourfold hexagonal close
packed sites. However, on Cu(110), hydrogen
atoms are most stable on the short bridge sites
(11). The stability of hydrogen atoms on these
specific sites is attributed to favourable interactions
with the surrounding copper atoms, minimising
the overall energy of the system. The application
of different exchange-correlation functionals, such
as PW91, PBE, PBEsol and PBE-D2, has confirmed
that the Cu—Ha4sorbeq bONd distances are similar on
all low-index copper surfaces (11). The formate
pathway is considered the most suitable route
for CO, hydrogenation to methanol compared
to the reverse water-gas shift (RWGS)+CO-

hydrogenation pathway. This is because the
formate pathway avoids the formation of strongly
bound carbon monoxide intermediates, which can
hinder the overall reaction progress. The weakness
of carbon monoxide binding and the hindered
hydrogenation to HCO species on copper surfaces
make the RWGS+CO-Hydrogenation pathway less
favourable (24). In contrast, the formate pathway
proceeds through more energetically favourable
intermediates, leading to efficient methanol
synthesis. In summary, the co-adsorption of
formate and hydrogen atoms on specific sites of
copper surfaces facilitates the formate pathway
for methanol synthesis. The stability of these co-
adsorbed species and the avoidance of strongly
bound carbon monoxide intermediates make
the formate pathway more efficient than the
RWGS+CO-hydrogenation pathway (11, 24).

2. Electronic Properties of Cu/ZnO
Catalyst

Zinc oxide is a compound of zinc and oxygen that
exists in a number of different crystalline forms. The
electronic structure of zinc oxide is characterised
by a valence band consisting of oxygen 2p
orbitals and a conduction band consisting of zinc
4s and 4p orbitals. Zinc oxide exhibits interesting
electronic properties including a direct bandgap of
3.3 eV, which is relatively large compared to other
semiconductors. The valence band of zinc oxide
is relatively flat, which gives it a high electron
mobility and makes it a good conductor. The
electronic properties of zinc oxide contribute to its
catalytic activity. The wide bandgap of zinc oxide
allows it to readily accept electrons, which makes
it an effective reducing agent. The high electron
mobility of zinc oxide also allows it to readily
transport electrons to the surface, where they can
participate in catalytic reactions. zinc oxide has
an electron mobility higher than >100 cm? V! s7?
(25) and an excitation binding energy of 60 meV
(26). These properties arise from the impurity-
free crystal structure of zinc oxide crystals, which
have few dislocations. Table I shows the obtained
theoretical and experimental values of volume-
per-formula units for zinc oxide in wurtzite, zinc
blende and rocksalt structures.

The reaction conditions for CO, hydrogenation
to methanol typically involve moderate pressures.
However, some studies have explored the effects of
high pressure on the properties of bulk zinc oxide.
Jaffe et al. investigated the electronic properties
of zinc oxide under high pressure and observed
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Table I The Theoretical and Experimental Results of Volume-Per-Formula Units for zinc oxide in

Wurtzite, Zinc Blende and Rocksalt Structures (27-31)

Structure type Experimental results

Theoretical results

Ref. (29) Ref. (30) Ref. (31)
Ref. (27) Ref. (28)
LDA GGA HF
Wurtzite, V,(A?) 23.81 23.79 23.6 23.83 24.57
Rocksalt, V,(A?) 19.60 19.48 19.08 20.50 19.79
Zinc blende, V,(A?) - - 22.91 23.84 24.55

structural phase transformations to rocksalt
and caesium chloride structures at a pressure of
9 GPa, accompanied by a 17% reduction in unit
cell volume. This transformation is attributed to
the soft elastic behaviour of zinc oxide and the
increased ionicity of bonds under high pressure,
favouring coulombic interactions over covalent
bonding (31). At a much higher pressure of
260 GPa, zinc oxide undergoes another phase
transition from the rocksalt structure to a cubic
caesium chloride structure, with a 5% reduction
in unit cell volume. This further emphasises the
role of pressure in inducing structural changes
in zinc oxide (27). The findings of Zaoui and
Sekkal corroborate this pressure-induced phase
transformation behaviour (32). They observed
that the variation of bond ionicity decreases under
high pressure, leading to stronger covalency and
a rearrangement of atoms, ultimately resulting in
phase transitions (32). These findings highlight the
pressure-induced structural flexibility of zinc oxide.
However, the pressures used in these studies are
significantly higher than those employed in CO,
hydrogenation reactions (tens of megapascals).
Therefore, the direct applicability of these high-
pressure phase transitions to reaction conditions
needs careful consideration. Furthermore, Nause
and Nemeth reported that the electron mobility
of bulk zinc oxide grown via the pressurised
melt method is approximately 298 cm? V! s7!
at 77 K, which is in reasonable agreement with
Monte Carlo calculations that yielded an electron
mobility of 74 cm? V! s! (33). However, the high
electron mobility in the bulk zinc oxide might not
directly translate to a significant impact on the
catalytic performance of Cu/ZnO catalysts for CO,
conversion. In these catalysts, the key reaction
zones are located at the interface between copper
and zinc oxide nanoparticles.

The first investigation of the electronic structure
of Cu/Zn0O was conducted by Herman et al. in 1979
using XPS-Auger (34). They found from X-ray
fluorescence analysis that the copper in zinc oxide

shows two morphological crystalline phases of
copper(II) oxide on zinc oxide, in which hexagonal
structures of copper(Il) oxide are present on
the zinc oxide phase, which has network of six-
fold rotation (34). They further observed that the
adsorption edge of zinc oxide is located at 373 nm.
Additionally, they found that d-hump energy shows
that copper’s electronic properties are independent
of the presence of zinc oxide (34). Furthermore,
they found that the d-hump energy in Cu/ZnO
catalysts is low as compared to free copper,
suggesting electron transfer from copper to the
Cu/ZnO system (34). This electron transfer could
potentially influence copper’s catalytic activity.
Moreover, they observed two planes: (i) the basal
plane (~40-70% Cu/Zn0O); (ii) the prism plane
(~2-30% Cu/Zn0) and both had high surface area
as well as high selectivity (34).

In terms of the Cu/zZnO catalyst function, the
zinc oxide activates the hydrogen atom through
heteropolar splitting, which leads to the formation
of OH and ZnH groups on the zinc oxide surface
(35). The bulk structure of zinc oxide is responsible
for the poor chemisorption Cu/ZnO catalyst activity
towards carbon monoxide (34, 35). However, this
occurs due to the empty d-orbital of zinc 3d orbitals
for back-donation (34). Moreover, the copper 3d
orbitals electron configuration is responsible for
the carbon monoxide binding by copper in the
Cu/ZnO0 catalystdueto the size of unscreened copper
3d orbitals for back-bonding into the n orbitals of
carbon monoxide (34). In terms of the electronic
band structure of Cu/ZnO, Beltran et al. calculated
the band structure using the Hartree-Fock theory
and DFT with the B3LYP hybrid exchange and
correlation functional (36). They found that even
though the two band structures of zinc oxide are
topologically similar, they differed with respect to
the direct band gaps of 12.0 eV and 3.20 eV based
on the HF and B3LYP levels, respectively. They
concluded that the B3LYP exchange and correlation
functional gave a more accurate zinc oxide band
structure, which was close to the experimental
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data obtained by Wander and Harrison. In addition,
using density of states, they reported that the zinc
3d orbitals are completely filled and localised at
narrow bands of —4.0 eV, while the zinc 4d orbitals
are empty (36). On the other hand, they found
that oxygen 2p orbitals are occupied, with a broad
band between —4 eV and 0 eV (36). Studies on the
adsorption of copper atoms on zinc oxide have been
also reported; for example, Beltran et al. simulated
the adsorption of copper atoms on zinc and oxygen
ions on the zinc oxide surface. They estimated
the binding energy at the HF level and they found
that the adsorption energies of each model were
253.5 k] mol~t and 254.8 kJ mol~!, respectively.

3. Bulk Structure of Cu/ZnO Catalyst

The hexagonal wurtzite zinc oxide structure is used
in Cu/Zn0O catalysts because it is more stable than
its rocksalt and zinc blend structures. The wurtzite
zinc oxide belongs to the P63mc space group, which
consists of two merging hexagonal close-packing
planes of zinc cations and oxygen anions along the
c-axis (32). It has been reported that there is a
linear dependence of methanol production rate on
copper surface area, which means that the turnover
frequency (TOF) is constant and independent of
the composition without any influence of structural
parameters on catalytic activity (37). Further to
this, the TOF, as a function of zinc content, affects
the methanol synthesis activity like the copper
surface area (37, 38).

Looking more closely on the morphology of
Cu/ZnO catalysts, transmission electron microscopy
(TEM) characterisation shows that lattice defects in
the copper lattice arise from planar defects, strain,
twinning and fault defects which are clearly related
to the activity of the catalyst (39). In addition,
Kasatkin et al. reported that no correlation was
observed between copper particle size as measured
with TEM and catalytic activity, but it was obvious
that the most active sites had the largest surface
area and the least active had the smallest (39).
In addition, they found that large copper particles
contains more defects than the small particles (39).
This was confirmed via kinetic Monte Carlo (kMC)
simulation, which showed that the surface defects of
Cu(111)/Zn0O promote the highest catalytic activity for
the hydrogenation of CO, to methanol as compared to
the other copper/metal-oxide alloys (40). In general,
zinc oxide can adsorb hydrogen at room temperature
via two adsorption processes. In the first type, the
hydrogen molecule may heterolytically dissociate to
form two reactive species on the zinc oxide surface,

i.e., Zn-H and Zn-0-H, in a rapid and reversible
manner (41). The second type of hydrogen adsorption
is reversible, forming two bridged O-H-O and
Zn—-H-Zn species. In addition to the above adsorption
processes, there can be a third type of adsorption,
which was reported by Chang and Kokes (42). In
the third type of hydrogen adsorption, a reversible
process on zinc oxide may occur at low temperatures
(77 K) and contain perturbed, non-dissociated
hydrogen molecules (41-43). The studies by
Tsyganenko et al. (44) as well as Hussain and
Sheppard (43) successfully identified some of the
stretching and bending modes of adsorbed hydrogen,
providing valuable insights into the adsorption
behaviour and surface interactions of hydrogen on
Cu/Zn0 catalysts. However, not all vibrational modes
were detected, suggesting that further improvements
in experimental techniques or theoretical modelling
may be needed to fully characterise the vibrational
spectrum of adsorbed hydrogen.

The bulk structure of Cu/ZnO catalysts plays
a crucial role in their activity. While traditional
characterisation techniques provide valuable
information, INS offers unique insights due to its
sensitivity to hydrogen and oxygen vibrations within
the lattice (44, 41-43). Studies by Howard et al.
(41) and Zhang et al. (45) employed INS to identify
bending modes of Zn-O-H species. However,
limitations in spectrometer sensitivity prevented
observation of Zn-H or O-H stretching modes.
Howard et al. further investigated the adsorption of
hydrogen on zinc oxide using incoherent INS. They
observed an intense broad band at 1346 cm™! for
zinc oxide in the INS spectrum, which was the same
as the intensity of the band in the INS spectrum for
the adsorption of hydrogen on zinc oxide (Kadox 25).
This mean that hydrogen shows strong dissociative
adsorption on zinc oxide and carbonate impurities
within the lattice in bulk zinc oxide provides the
only way to raise that band (41, 42). Gogate et al.
(46) proposed that oxygen vacancies within zinc
oxide facilitate hydrogen atom spillover towards the
Cu-ZnO interface. This spilled hydrogen can then
participate in CO, hydrogenation to form formate
species. These findings highlight the importance of
bulk zinc oxide properties in influencing interfacial
reactions on Cu/ZnO catalysts. Galvan et al. (47)
studied the relationship between copper content,
catalyst activity and activation energy for the RWGS
reaction (see Figure 1). They observed a trend of
lower activity per catalyst mass (higher activation
energy) with increasing copper content. This
suggests that the presence of copper promotes the
RWGS reaction at the Cu-ZnO interface.
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4. Influence of Cu/ZnO Catalyst
Microstructure on Methanol
Synthesis Activity

The microstructure of Cu/ZnO catalysts plays a
crucial role in determining their catalytic activity
for methanol synthesis from CO, and hydrogen.
Several key microstructural features influence the
adsorption, activation and conversion of reactants,
ultimately affecting methanol production rates and
selectivity (46, 48). The surface area of copper
particles is a critical factor governing the availability
of active sites for reactant adsorption and activation.
A larger copper surface area provides more sites
for CO, and hydrogen to interact with the catalyst,
increasing the probability of reaction events and
promoting methanol formation (13, 49-51). The
morphology of zinc oxide particles can influence the
dispersion of copper particles and the accessibility
of active sites. Zinc oxide, with a high surface
area and a porous structure, can provide a better
support for copper particles, promoting uniform
dispersion and maximising the exposure of active
sites to reactants (50, 52-54). The size of copper
particles affects the distribution of active sites
and the diffusion of reactants and intermediates.
Smaller copper particles generally exhibit higher
catalytic activity due to their larger surface-to-
volume ratio, providing more active sites per
unit mass of catalyst. However, excessively small
particles can hinder diffusion and limit the overall
reaction rate (55-57). The microstructural strain in
both copper and zinc oxide particles can affect their
electronic properties and modify the adsorption
strength of reactants. Moderate strain can optimise
the d-band centre of copper, enhancing its ability
to bind and activate CO, (58-60). Strain in zinc
oxide can create defect sites that act as additional
active sites and facilitate electron transfer. It was
found that the main source of micro-strain is the
fraction of the minority phase of zinc oxide that
is dissolved in the bulk copper structure (58, 59).
In addition, Glnter et al. found that the residual
oxygen in the copper matrix from the incomplete
reduction of copper in zinc oxide is another origin
of micro-strain in the Cu/ZnO microstructure
(52). Furthermore, the variation in interfacial
lattice strain that is caused by epitaxial bonding
between copper and zinc oxide is another origin of
micro-strain (61). The micro-strain in Cu/Zn0O is
responsible for the strong carbon monoxide band
shift seen via Fourier transform infrared (FTIR) that
indicates the formation of a zinc-copper surface
alloy via the movement of zinc oxide moieties

into reduced copper micro-crystallites (38, 51).
However, it was found that the formation of a zinc-
copper alloy phase shows high activity in increasing
the methanol production (52, 62).

Understanding the influence of zinc oxide crystal
facets in Cu/ZnO catalysts is important because
these faces directly interact with copper species
at the interface, which significantly impacts the
activity of CO, hydrogenation to methanol (58-60).
This is primarily due to the interaction between
the copper species and the zinc oxide support.
zinc oxide promotes the dispersion of copper
nanoparticles on the catalyst surface. Additionally,
zinc oxide acts as a reservoir for hydrogen and
facilitates its spillover to the copper sites, where
CO, hydrogenation occurs (58, 59). This spillover
of hydrogen is crucial for the reaction. Studies by
Lei et al. suggest that the specific crystallographic
faces of zinc oxide in contact with copper can
influence catalytic activity (60). They found that
the (002) face of zinc oxide exhibits the highest
activity for CO, hydrogenation to methanol. This
is attributed to the (002) face having the highest
polarity and containing the greatest concentration
of oxygen vacancies. These oxygen vacancies
are believed to play a role in the adsorption and
activation of CO, molecules.

Hydrogen activation plays a crucial role in CO,
conversion to methanol on Cu/ZnO catalysts via the
hydrogen spillover mechanism. This mechanism
involves physisorption and chemisorption of
hydrogen in which hydrogen molecules first weakly
adsorb (physisorb) onto the copper surface.
Subsequently, they dissociate into hydrogen atoms,
which become strongly bound (chemisorbed) to
the copper surface through chemical bonds. Due to
the close proximity of copper and zinc oxide in the
catalyst structure, chemisorbed hydrogen atoms
can migrate from the copper surface to the zinc oxide
surface through a process called spillover. Once on
the zinc oxide surface, the spilled-over hydrogen
atoms react with adsorbed CO, to form formate
species, which are key intermediates in methanol
production. There are many factors influencing
hydrogen spillover such as, metal-oxide interface
which is the region that facilitates hydrogen
diffusion between copper and zinc oxide. Another
factor is metal loading where higher copper loading
generally increases active site density, leading to
more hydrogen atoms available for spillover and
potentially enhancing catalyst activity. However,
excessive copper loading can lead to detrimental
effects like sintering and deactivation. Moreover,
higher temperatures enhance hydrogen atom
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mobility, potentially promoting spillover. However,
excessively high temperatures can negatively
impact catalyst performance (63-65).

Building upon the established high activity of
Cu/ZnO0 catalysts for methanol synthesis compared
to other systems (66-72), researchers have
explored how tailoring the microstructure of these
catalysts can further enhance their performance.
Burch et al. found experimentally that the
Cu/ZnO catalyst had the highest activity and
efficiency compared to copper-support catalysts
including gallium oxide, zirconia and alumina (70).
Generally, the activity of the Cu/ZnO catalyst
can be enhanced through the modification of the
catalyst structure, using different family classes
of additives or supports that promote the activity
of the active centres (38, 60, 70). In addition, it
was concluded by Glnter et al. that a high copper
surface area is required to activate the Cu/ZnO
catalyst. This was observed from the high TOF
of methanol synthesis through Cu/ZnO, with a
positive correlation with micro-strain within copper
crystallites (52). Moreover, Glinter et al. observed
that the expansion of the copper lattice increases
the TOF of methanol through Cu/ZnO (52). In
addition, the copper surface area promotes the
synergistic interaction between copper and zinc
oxide and because of this, the surface area of
copper is a factor affecting the activity of Cu/ZnO
catalysts (38, 61, 73).

In both the RWGS and formate pathways,
additional phases play critical roles in enhancing
the activity of the catalysts. For example, Schottky
defects occurs in Cu-ZnO interfaces due to the
oppositely charged ions of Cu~ and Cu* that
leave their lattices and create vacancies in the
stoichiometric unit to maintain the overall charge
of the interface. This leads to Schottky barriers
at the Cu-ZnO interface that contributes to the
activity of the catalyst. These formed Schottky
barriers at the interface are promoted by electron
transfer from the conduction band of zinc oxide into
the copper, as revealed through XPS (55, 74, 75).
It is worth mentioning that Liao et al. found that
the interaction between copper nanoparticles
and zinc oxide polar plates is significantly
larger compared to copper nanoparticles and
zinc oxide rods because they exhibit a higher
number of polar faces and additionally, they
found that that the Cu/ZnO plate system shows
a higher selectivity for methanol compared to the
Cu/Zn0O rod systems, which means they emitted
less carbon monoxide (74). Furthermore, the
oxygen vacancies that form at the surface of zinc

oxide crystals are also active sites that contribute
to selectivity for CO, conversion into methanol
(47). This strong electronic interaction between
the copper and zinc oxide was demonstrated by
various studies, such as temperature programmed
reduction which shows that the reducibility of
some oxygen atoms from zinc oxide increases
with the presence of copper (74, 55). Numerous
studies have consistently demonstrated that the
generation of byproduct water during the RWGS
reaction has a detrimental impact on the activity of
Cu/ZnO catalysts (74, 55). This adverse effect
stems from the adsorption of water molecules
onto the catalyst surface, which effectively blocks
the active sites responsible for CO, activation
and methanol synthesis. The presence of these
adsorbed water molecules hinders the access of
reactants to the active sites, thereby reducing
the overall reaction rate and methanol production
(48, 75-77).

5. Multiscale Modelling of Active Sites
on the CO, Conversion to Methanol
over Cu/ZnO-Based Catalyst

Recently, the kMC was employed in order into
discriminate the active sites and mechanisms of
the catalyst Cu/ZnO. In particular, meso-scale kMC
simulation has been coupled with first principles
calculations of DFT in order to find the catalytic
surface coverage changes for the hydrogenation of
CO, into methanol through a Cu/Zn0O/Al,O5 catalyst.
The kMC simulation output can help to identify the
key intermediates from the statistical simulation
of each reaction step at specific, defined reaction
conditions. Pavlisi¢ et al. employed kMC simulation
with the same industrial operating conditions of
methanol synthesis, with a temperature of 500 K
and a pressure of 40 bar (78). They found that
the richest surface species intermediates are active
site of H, HCOO and CHsO intermediates. This
means that those species have a prohibitively high
activation energy and it proves that methanol is
produced on the formate pathway through HCOO,
H,CO, H,COOH and H,CO (78).

Looking more closely at the surface chemical
kinetics through kMC simulations, Yang et al.
investigated the formate and RWGS+CO-
hydrogenation pathways through copper catalysts
with different doping (gold, platinum and gold-
rhodium) through kMC to identify the best choice
of reaction pathway for methanol production
with each doping (79). They found that with and
without doping with all of the studied elements,
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the formate pathway dominates the reaction and
they also found that doping strongly increases
the overall methanol production. In addition, they
found that the RWGS pathway is faster than the
formate pathway in accelerating the conversion of
carbon monoxide into methanol through copper-
based catalysts. This supports our approach to the
role of the copper in stabilise the surface-adsorbed
particles such as HCO and carbon monoxide and
the importance of doping in accelerating the
conversion of CO, into methanol.

Considering the role of the zinc oxide surface
in methanol synthesis, an accelerated ab initio
molecular dynamics (AIMD) approach has also
been developed by Kiss et al. to investigate the
free energy landscape of the reaction pathway of
carbon monoxide conversion into methanol. They
found, from the obtained free energy landscape
simulations, that formaldehyde H,CO species
(formate pathway) during hydrogenation have two
different charge states, which are F° and F~ defect
sites where the F~ is created via the desorption
of hydrogen from oxygen atoms in the vicinity
of oxygen defect sites (80). This observation
means that the decomposition of dioxomethylene
(H,COO) into formaldehydes depends on the
reduction state of formaldehyde (81). Another
approach was conducted by Hegemann et al., who
employed the ab initio method to investigate the
adsorption of copper on polar ZnO (0001) and
Zn0O(0001) in order to investigate the active sites of
Cu/ZnO/Al,O5 (49). They found that charger
transfer occurs from copper to zinc at the short
binding surface, which was weak charge transfer.
However, the long surface distance Cu-ZnO
interaction is dominated by polarisation as the
copper atom is polarised by the zinc oxide, which
therefore increases the dipole moment of the
system. However, the critical finding is that they
proved that copper is able to stabilise the polar zinc
oxide surfaces via a charge transfer mechanism.
However, they indicated that the copper bonds
to the zinc oxide surfaces are weaker than the
hydrogen and hydroxyl bonds (49, 82, 83). This
means that copper atoms induced the formation of
oxygen vacancies in zinc oxide, which proves that
the zinc oxide acts as the active site and therefore
a storage for hydrogen atoms, while the methanol
formation take place on the copper particles
(49, 84).

In terms of the complex interfacial on Cu/ZnO
catalysts with a promoter, Yang et al. employed
kKMC simulation in order to investigate the
Cu(111)/ZnO and pure copper model systems

during the CO, hydrogenation into methanol (8).
They identified HCOO as the spectator of the
reaction and the key active intermediate in the
copper catalyst system. In addition, they found
that the addition of zinc oxide or zinc to Cu/ZnO
increases the stabilisation of HCOOH intermediate
species during the hydrogenation of CO, through
the activation of HCOO (24). It is obvious from the
reported kMC simulation results that the higher
loading of copper causes a higher dispersion
of copper, leading to higher activity of the
Cu/ZnO0 catalyst. This means that the larger metallic
exposed copper surface with the promoter zinc
oxide will directly increase the activity of the active
phase on the catalyst. In addition, they concluded
that the large dispersion of zinc sites on the copper
surface leads to higher methanol production (85).
This simulation supported the findings of Kattel
et al., who found that the deposition of small
particles of copper on the surface of clean zinc
oxide will causes higher activity in the system
for methanol synthesis because the small copper
particle have a higher concentration of the edge of
atoms (24). Furthermore, microkinetic modelling
indicates that copper is the active phase which
promotes zinc oxide, causing synergy interfacial
interactions that promote methanol production
(86-89).

One of the early investigations of the geometry
of active sites was conducted by French et al., who
used the hybrid quantum mechanics/molecular
mechanics (QM/MM) approach to define the
chemisorption of methanol intermediate species on
the polar ZnO(001). They found that the formation
of anionic adsorbates occurs on the oxygen
interstitial surface site. This atomistic model of the
active site has the ability to trap the electron so
that adsorption takes place and can accommodate
(0'7) oxygen anions (90). In addition, they found
that this site is able to trap an electron; therefore,
adsorption can occur by forming a surface anionic
species and transfer of an electron to the neutral
active site occurs with the adsorption of neutral
adsorbates. From the above discussion, it is obvious
that the experimental result is consistent with the
computational simulation result, which shows that
Cu/Zn0 catalysts with copper and zinc oxide form
highly active sites that lead to extremely high
methanol selectivity.

6. Modifications of Cu/ZnO Catalyst

The intricate relationship between surface
structure and catalytic performance drives the
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development of enhanced Cu/ZnO catalysts for
CO, hydrogenation to methanol. By modifying
copper active sites, researchers aim to increase
the dispersion of the active phase, promoting
interactions between the catalyst and CO, and
boosting CO, conversion (60, 91). A pioneering
approach involves incorporating zirconia, a
tetravalent metal oxide with weak hydrophilicity,
into the catalyst structure. Zirconia enhances
copper stability and dispersion, maximising the
availability of active sites for CO, adsorption and
activation (53, 92). Furthermore, doping Cu/ZnO
with zirconia elevates the catalyst’s basicity (93),
favouring CO, adsorption and enhancing selectivity
towards methanol formation (94). Microstructure
imaging reveals the formation of oxygen vacancies
during CO, reduction, further substantiating the
role of zirconia in promoting high copper dispersion
and catalytic activity (71, 95). According to the
reaction network proposed by Arena et al., the
remarkable promotion effect of zirconia stems
from the Cu-zZnO interface (see Figure 1 in Part I
(1)). Here, the reduction of Zr3* ions facilitate the
binding of crucial reaction intermediates, such as
formaldehyde and aldehyde (94). Additionally,
Cu® sites, stabilised by interactions with zinc
oxide and zirconia surface sites, play a pivotal
role in the formation and hydrogenation of these
intermediates (94, 96). In essence, incorporating
zirconia into Cu/ZnO catalysts enhances catalytic
performance by increasing copper dispersion,
promoting CO, adsorption and stabilising active
Cu® sites. These modifications lead to improved CO,
conversion and methanol selectivity, establishing
Cu/Zn0/ZrO, catalysts as promising candidates
for efficient methanol synthesis from CO,
hydrogenation (94).

Another example of a mesoporous material that is
used as modifier of Cu/ZnO is gallium oxide, which
can easily generate Cu-ZnO nanoparticles due to
the existence of Ga3* within the Cu/ZnO catalyst
that can moderate the thermal reduction of zinc
oxide. In addition, it was found that the increases
in Zn® species with copper particles at the interface
can enhance the performance of CO, hydrogenation
into methanol by increasing the adsorption
strength of surface intermediates (93). Similarly,
the formation of staggered gap heterojunctions
can increase the adsorption strength of surface
intermediates, leading to faster hydrogenation CO,
into methanol, like the electronic heterojunction
between the gallium spin (ZnGa,04) with gallium
oxide (10, 97, 98). Furthermore, Li et al. found
that the formation of hydrotalcite precursors during

the synthesis of hydroxycarbonate precursors
improves the copper dispersion and the formation
of Cu-ZnO sites on Cu/Zn0O/Ga,053 (50, 99).

Recent studies have found that carbonaceous
material can also improve the performance of
Cu/Zn0O catalysts in terms of adsorption strength
and surface availability for formate by using them
as a modifier/support, such as carbon copper-
zinc/graphene aerogel catalysts (100), multiwalled
carbon nanotubes (MWCNTs) (101) and copper-
zinc-polymeric materials (BTC) (93, 102). The
mixing of those surface sites can improve the
adsorption/activation of hydrogen and CO, in
Cu/ZnO-based catalysts due to the formation of
highly active formate intermediates through CO,
adsorption. In terms of MWCNTSs, it was found that
the presence of nanotubes as spacers between
copper and zinc oxide particles can improve
copper dispersion and for CO,, that leads to higher
selectivity into methanol. This occurs because of
the synergy effect of Cu-ZnO with CNTs due to the
presence of Zn* at the stepped copper surface as
both particles of Cu/ZnO are supported on wells
(101). Moreover, graphene oxide aerogel was
commonly used as a supporter for Cu/ZnO catalysts
for methanol as it provides a high surface area
for CO, hydrogenation. Furthermore, bimetallic
CuZn-BTC can also be employed as supporter to
generate multi-interfacial sites of Cu-ZnO and
prevent the accumulation of copper and zinc oxide
nanoparticles, which enhances the performance of
CO, hydrogenation into methanol.

Angelo et al. conducted a comprehensive
investigation into the influence of modifying
Cu/Zn0O-based catalysts with zirconia, ceria and
alumina on CO, conversion and methanol synthesis
under conditions of 553 K and 5 MPa pressure (88).
Their findings revealed that zirconia emerged as
the most effective modifier for enhancing both CO,
conversion and methanol productivity compared
to alumina and ceria (76, 79, 88). In terms of
CO, conversion, Cu/Zn0O/ZrO2 again exhibits the
highest CO, conversion with 23.2%, followed by
Cu/Zn0/Al203 (19.5%) and Cu/Zn0O/Ce02(12.8%).
In terms of methanol productivity, zirconia-modified
catalysts demonstrated superior performance,
achieving a remarkable methanol productivity of
331 gmeon KGeata * h™! at 553 K (88). This finding
aligns with the results reported by Arena et al.,
who observed that Cu/Zn0O/ZrO, catalysts
exhibited the highest methanol productivity of
65 Omeon K9eata ! h™! at 473 K and 1.0 MPa (94).
Furthermore, Bonura et al. proposed a novel
preparation method for Cu/Zn0O/ZrO, catalysts,
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leading to an enhanced methanol productivity of
305 gmeon KGeata~ h™* at 513 K and 1 MPa pressure
(95). This enhancement is attributed to the weak
hydrophilicity of zirconia compared to alumina
and ceria, which promotes copper dispersion and
catalyst stability by hindering water absorption
(79). Collectively, these studies underscore the
effectiveness of zirconia as a modifier for Cu/ZnO-
based catalysts in promoting CO, conversion and
methanol synthesis. The superior performance
of zirconia-modified catalysts stems from their
enhanced copper dispersion and improved catalyst
stability, making them promising candidates
for efficient methanol production from CO,
hydrogenation.

This work continues in Part III (103).
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