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Understanding the mechanism of carbon dioxide (CO,) hydrogenation reaction (HR) to methanol is a
major goal as it is an attractive approach to mitigate CO, emissions by converting them into high-value-
added chemicals. Here, we conducted a comparative study on two different ZnO thicknesses grown on
Cu(111) as model catalysts. Based on X-ray Photoelectron Spectroscopy (XPS) investigations, we show
that the CO, HR proceeds via two primary paths depending on ZnO thickness: (i) it takes place through
a slow path involving bicarbonates, carbonates, and formates, on a thick ZnO film (6.8 monolayers (ML));
(ii) a different and a rapid path was seen for a thin ZnO film (0.9 ML) where the carboxyls were formed
readily at room temperature without the formate intermediate. The key effect in the thin ZnO film
(i) (0.9 ML ZnO coverage) involves the Zn—-Cu interface which provides activated H atoms. However,
both paths exhibit common intermediates as they merge into H,CO which is hydrogenated to CHzO.
Additionally, better thermal stability was evidenced for the ZnO thin film (0.9 ML) owing to the presence
of a Zn-Cu interface metallic alloy. We demonstrate from DFT computations that a Zn—-Cu interface
alloy is energetically favorable even in the presence of adsorbed oxygen atoms on Cu(11l). The ZnO
dewetting phenomenon observed above 550 K was mediated by the desorption of OH species, while
CO, adsorption was found to stabilize ZnO film even at high temperatures (above 550 K). From the mor-
phology point of view, the ZnO films exhibit two distinct structures as a function of the thickness. At low
Received 17th October 2023, coverage (0.9 ML), ZnO grows into well-ordered Moiré-like patterns with a periodicity of ~10 A corres-
Accepted 19th December 2023 ponding to a ZnO-(3 x 3)/Cu(111)-(4 x 4) structure. At high coverage (6.8 ML), the transition towards
DOI: 10.1039/d3ma00872j the ZnO wurtzite structure occurs with the formation of equilateral triangular features on the surface.
This study provides insights into the role of the morphology, especially metal-oxide thickness, and the
rsc.li/materials-advances interface in the CO, HR mechanism.

Introduction reaction (HR) to methanol (CH;OH) is the most attractive process
and the most studied reaction in heterogeneous catalysis.> The

There is now a rising urgency to deal with carbon dioxide synthesis of methanol occurs through the following hydrogenation

emissions, which have continued to increase steadily since the process:

industrial revolution to reach concerning levels as the global

average atmospheric concentration in 2019 was 409.8 ppm. CO, + 3H, — CH;OH + Hy, AHpegx = —49.5 kJ mol ™"
Promising strategies are, therefore, being implemented to 1)
establish sustainable processes that use CO, as raw material,*

instead of letting it end up as terminal waste of the utilization of The synthesis of methanol has grown tremendously within

carbon resources. Among these, the catalytic CO, hydrogenation the last few years.®™® It is an attractive approach to mitigate CO,
greenhouse gas by converting it into high-value-added
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industrial catalyst for CH;OH synthesis from the conversion of
syngas (CO, H,) consists of Cu/ZnO/Al,O; composites, where
Cu nanoparticles (NPs) are dispersed on a ZnO support
and stabilized by an Al,O; matrix; the reaction takes place at
elevated pressures (50-100 bar) and temperatures (200-
300 °C).>" However, the harsh thermodynamic conditions
required for achieving a good CH3;OH production yield make
this reaction energy-demanding and a costly process.>"’
Besides, the precise role of each component is still widely
debated despite the widespread use of these catalysts. None-
theless, the role of Cu, as claimed and has long been known for
high activity toward H, dissociation,'®'? is essential to provide
activated H atoms. These are crucial to the hydrogenation of
intermediate species along the overall reaction to form metha-
nol, such as bicarbonates (HCO; ), carbonates (CO,>"), for-
mate (HCOO™), carboxyl (OCOH), formyl (HCO), formaldehyde
(H,CO), methoxy (H3CO), which eventually transforms into
CH,;0H. Regarding CO,, previous computational studies have
revealed that Cu(111) is particularly inactive toward the dis-
sociation of CO, due to a high adsorption barrier, while Cu(110)
and Cu(100) are capable of activating this molecule.”® On the
other hand, ZnO is not a support material only; instead, it
ensures the dispersion of Cu nanoparticles (NPs) and contri-
butes to their stabilization against sintering during the reaction.
ZnO allows the adsorption of CO, and its activation in the form of
carbonates (CO3>~) or HCOO™.>® ZnO plays also a major role in
the stabilization of key intermediates.”

Concerning the reaction mechanism, which remains under
debate, several paths have been proposed for the (CO, HR) to
CH,;O0H reaction. The first follows the “‘formate path” in which
adsorbed CO, is hydrogenated to HCOO~,**** one of the most
important and regularly reported intermediate species in Cu-
based catalysts. Subsequently, among the elementary steps
proposed in previous studies, depending on experimental con-
ditions or the nature of the metal-oxide, the mechanism then
proceeds via the following sequence *CO, — *HCOO —
*H;CO™ — CH30H.*** Wang et al. demonstrated recently that
the last step of this sequence, i.e., the conversion of H;CO™ to
CH,;0H, is done by hydrolysis emphasizing the role of H,O in
CO,HR conversion,?* while the other ones proceed via hydro-
genation processes by capturing adsorbed H atoms. The second
proposed path proceeds via “reverse water gas shift” (rWGS)
followed by CO hydrogenation.?*?>°

CO, + Hy & CO + HyO, AHypsx =412k mol™'  (2)

Here, the interaction of CO, with a surface OH leads to the
formation of OCOH, another key intermediate in the CO,HR,
which is subsequently transformed into CO. One of the
sequences proposed herein is *CO, — *OCOH — *CO —
*HCO — *H,CO — *H;CO — CH;OH.> Despite these
advances, the correlation between the structural morphology
of the catalysts and the reaction pathway is not yet well
established. In particular, the effect of ZnO thickness, the role
of the copper-zinc interface interactions, and the synergistic
effects at the boundaries of ZnO-Cu in the formation of key
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intermediates in the CO,HR are still debated. Here, one of the
main limitations lies in the difficult access to the surface
composition and Cu-ZnO interfaces at the nanoscale.

Consequently, model catalysts consisting of ultrathin films
of ZnO grown on crystalline metallic surfaces, including
Cu(111), are suitable simple systems to investigate the surface
of the catalyst and monitor its evolution as a function of the
reaction conditions. Indeed, they constitute ideal systems to
identify molecular species occurring during the CO,HR and
their coordination as a function of morphology. The question
to be answered here is: do the two reaction paths discussed
above depend on the thickness of the metal oxide? In this
regard, the use of surface characterization tools, such as scan-
ning tunneling microscopy (STM)*® and X-ray photoelectron
spectroscopy (XPS),>°?® even if they are operated far from the
realistic thermodynamic conditions of the CO,HR, provides
valuable insights on the morphology and chemical surface
composition of the catalysts.

In the present paper, we have conducted a systematic study
on the effect of pure CO, and H, reactants and their mixture
(CO, + H,) on ZnO films grown on Cu(111) for two different
coverages (0.9 ML and 6.8 ML) as a function of annealing at
room temperature (RT) up to 650 K. XPS measurements were
conducted before and after exposures at 1 mbar to identify
various intermediate species occurring during different CO,HR
stages. In addition, we have conducted STM investigations to
examine the morphology of the ZnO film as a function of the
thickness and its evolution under (CO, + H,) reaction condi-
tions at 36 mbar. Multiple morphologies are seen as a function
of the thickness and annealing conditions throughout the
process. This distinctive approach has enabled us to specify
the conditions under which the two reaction paths take place
with varying ZnO thicknesses and to identify the driving force
for the ZnO dewetting phenomenon. In particular, we show that
the species formed at the start of the reaction, depending on
the ZnO thickness, are those that determine the reaction path
that follows. For the thick (6.8 ML) and the thin (0.9 ML) ZnO
films, the initial intermediate species formed, HCO;~ and
OCOH, are the ones responsible for the two proposed pathways,
the formate pathway and the carboxyl pathway, respectively.
Besides, we provide evidence for the formation of a Zn-Cu
interface alloy which plays two roles, (i) it promotes the
formation of OCOH as it supplies activated H atoms in the
case of 0.9 ML and (ii) it stabilizes the ZnO film. Based on DFT
computations, we show that the formation of this interface
alloy was energetically favorable even in the presence of
adsorbed O atoms on the Cu(111) surface.

Experimental and
computational methods
Material

The copper single crystal (111) (purity of 99.9999%, diameter of
8 mm, and thickness of 2 mm) was purchased from MaTeck
GmbH. It had one side polished with roughness of less than

© 2024 The Author(s). Published by the Royal Society of Chemistry
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0.01 pm and orientation accuracy of <1°. Zinc was used in the
form of pellets (purity 99.99%) as supplied by Goodfellow for
the growth of Zn.

Growth of ZnO on the Cu(111) surface

The Cu(111) surface was prepared by several cycles of argon ion
sputtering (15 pA) and annealing at 723 K in UHV. To prepare
well-ordered ZnO thin films on Cu(111), we used the metal
vapor deposition method. Zinc was then deposited onto the
clean Cu(111) surface by evaporation using an effusion cell
evaporator; this was performed under ambient O, atmosphere
at a pressure of 10”7 mbar of O, at room temperature. The zinc
oxide film was then further annealed under 10~® mbar of O, at
423 K for one hour. The method of ZnO growth based on Zn
deposition in O, ambient offers the advantage of preventing Zn
intermixing with Cu during the deposition step and stops
subsequent Zn diffusion toward the Cu bulk during oxidation
and annealing treatments.>

Scanning tunneling microscopy

The STM setup consists of two connected chambers: one is the
analysis chamber containing a microscope (a variable tempera-
ture XA microscope from Omicron NanoTechnology), and the
other is the preparation chamber equipped with a LEED and
standard sample preparation tools (for annealing and sputter-
ing). For the exposure to reactive gases, a mixture of CO, and H,
was introduced into the analysis chamber at room temperature
and left to thermalize for 2 hours before scanning. STM images
were acquired before gas exposure in the UHV conditions at
a base pressure of 10~ ! mbar and under in situ conditions of
(CO, + H,) at a base pressure of 30 to 40 mbar at room
temperature. The tungsten tip was cleaned by flash heating at
UHYV before use.

X-ray photoelectron spectroscopy

The XPS spectra were recorded on a SPECS spectrometer using
an Al ka monochromatized X-ray source (1486.71 eV) and
equipped with a PHOIBOS 150 electron analyzer. XPS ex situ
analysis of ZnO/Cu(111) samples is performed under UHV
conditions after exposition to reactive gases (CO,, H,). Several
ZnO/Cu(111) samples were investigated as a function of ZnO
thickness. For each film’s thickness, the samples were inde-
pendently exposed to pure CO, and H, gases, as well as to a
CO,:H, (1:3) mixture. The nominal ambient pressure for each
gas was 5 mbar at room temperature for an hour. Stepwise
annealing treatment was conducted from room temperature
(RT = 300 K) up to 650 K under each gas exposure. The
convolution of C 1s and O 1s was conducted using a home-
built procedure in the Igor software of Wavemetrics®. Gaussian
functions with a linear background were used. Similar proce-
dures and tools were used for Cu 3p and Zn 3p but with
Doniach Sunjic line shapes.

Computational details

We performed our simulations using density functional theory
(DFT) and the projector augmented wave method as described
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by the VASP (Vienna ab initio simulation package) code
[1,2].>*" The generalized gradient approximation (GGA) was
used as proposed by Perdew, Burke, and Ernzerhof (PBE)*” as
the exchange-correlation potential. The plane wave cutoff of
the corresponding basis expansion was set to 500 eV; owing
to the large size of the simulated systems (see below), the I’
point was used to sample the Brillouin zone for the relaxation
of the structures and was completed by single point calcula-
tions on the relaxed structures with a 4 x 4 x 1 k-points mesh to
obtain precise total energies. Convergence was reached when
the energy difference between the two electronic steps became
smaller than a threshold of 107° eV and the residual forces on
atoms were smaller than 1.0 x 1072 eV A™™,

Results and discussion

A. The XPS study of the (CO, + H,) hydrogenation reaction on
ZnO/Cu(111)

We have investigated the surface chemical composition as a
function of the ZnO ultrathin film thickness grown on Cu(111)
and of the annealing treatment from room temperature (RT) up
to 650 K. Two ZnO film thicknesses were investigated: 6.8 ML
and 0.9 ML (Fig. 1). First, exposures to pure CO, or H, were
conducted to probe the chemical effects of each reactive gas on
the surface. Afterward, we examined the (CO, + H,) gas mixture
exposure to probe the CO, hydrogenation reaction on these
surfaces.

A 1. Formation of chemical species on the surface of the
thick ZnO film. Chemical species formed on the surface as a
result of exposure to various reactants were determined from
the multipeak deconvolution of the XPS C 1s core level spectra
(Fig. 2). Indeed, several peaks at distinct binding energies (BE)
are observed in the C 1s photoelectron spectra. Here, the C 1s
spectra are decomposed into four main contributions that will
be described hereafter. The first, second, third, and fourth
come out at BE regions of ~284.4, ~285.4, ~286.6, and
~290.0 eV, respectively. The adsorption state of CO, and the
effect of H, and (CO, + H,) reaction products can be identified
owing to the initial state effect sensitivity of adsorbed chemical
components. Upon exposure at RT, regardless of the reactive
gas used, C 1s spectra exhibited a first contribution peak at BE
near 284.4 eV (284.4 eV: exposure to CO, + H,; 284.6 €V:
exposures to CO, or H,). It could be assigned to adsorbed
graphitic carbon (C,),***° sp® a background contamination in
the UHV chamber. This species is commonly reported to
originate from the decomposition of carbonaceous compounds

(a) 6.8 ML

(b) 0.9 ML

Fig. 1 Schematic illustration of the two ZnO/Cu(111) surfaces investigated
herein as a function of the ZnO thickness. (a) 6.8 ML, (b) 0.9 ML.
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Fig. 2 The XPS C 1s core level spectra of three similar ZnO ultrathin film
samples with a thickness of 6.8 ML grown on the Cu(111) surface as a
function of temperature and gas exposures. (a) Exposure to pure CO, at
5 mbar nominal pressure. (b) Exposure to pure H, at 5 mbar nominal
pressure. (c) Exposure to the gas mixture (CO,:H,) at 5 mbar nominal
pressure at a (1:3) ratio. Cg, stands for graphitic carbon.

as a result of high-temperature treatments.*® The second con-
tribution corresponds to the peak that appears at BE of 285.4 eV
(£0.2 eV) depending on the temperature and the nature of the
reactive gas. It is the most prominent one from RT up to 550 K
for exposures to CO, + H, and pure H,, as well as throughout
the annealing treatments up to 650 K for exposure to pure CO,.
It was still present on the surface for exposures to H, and CO, +
H, above 550 K but with weaker intensity than the graphitic
carbon. This component is attributed to -C-O* single-bonded
species, namely methoxy groups (H;C-O*, noted CH;0%*), at
BE = 285.2 ¢V,*** % and to other species, H,C=O, noted
H,CO*, at BE = 285.6 eV (Fig. 2).>* The H,CO* species include
H,CO species, as key intermediates in the CO, HR to methanol.
The specific methoxy species, which arises exactly at 285.2 eV, was
only seen for (CO, + H,) exposure after annealing at 550 K. The
methoxy groups are proposed as active and ultimate intermediate
species in the CO, HR pathway towards CH;OH.”"*
However, the hydrogenation of CH;OH is hindered by an energy
barrier, E, = 1.49 €V, as calculated by DFT.*® Concerning the
formation of CH;0*, based on DFT calculations, Kattel et al.*°
and Wang et al.>" proposed similar reaction pathways, where
CH,;O0H was produced from the hydrogenation of *H,CO across
two transient states via CH3;O* species on a ZnO/Cu(111)
catalyst. H,CO was also proposed as a direct dehydrogenation
product in the methanol oxidation on the Pd(111) surface.*'
Below 550 K and for other exposures (pure CO, and H,), H,CO*
species dominated this second peak. In the case of pure CO,,
this component exhibited even an additional positive chemical
shift of 0.2 eV (285.8 eV) from RT to 450 K.

The third contribution, which is related to the C 1s spectra,
appeared at BE = 286.4 eV for all three exposures from RT up to
550 K (Fig. 2). For the sample exposed to pure CO,, it was
detected at RT at slightly higher BE (EB = 286.6 eV), and it was
present even after annealing at 650 K. It is attributed to
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adsorbed CO (C=O0 double-bond) or CO(H) (C-O single-bond)
species, (noted CO,), resulting from CO, dissociation,>”?%36:42:43
CO is also considered an important intermediate of the CO, HR to
CH3;0H on ZnO/Cu catalysts as it is expected to be the main
product along the rtWGS + CO hydrogenation pathway.>**° From
DFT calculations,>*"*° it has been proposed that CO acted as an
intermediate since it evolved across multiple hydrogenation steps
towards H,CO by reacting with surface *H or *OH species. In both
CO,HR mechanistic paths, the formate and rWGS, H,CO is a
common intermediate that eventually transforms into methoxy.

Interestingly, our XPS data show the presence of both H,CO
and CH;O  at BE = 285.6 eV and BE = 285.2 eV, respectively
(Fig. 2). In this mechanism, the formation of adsorbed CO
occurs due to an indirect process in which CO, is first activated
on ZnO or at the ZnO/Cu interface and converted to hydro-
carboxyl intermediate species (OCOH*). Subsequently, CO is
formed via the following activation process: OCOH* — *CO +
OH* CO can be also generated readily from the dissociation of
CO, without passing through the OCOH* intermediate. In this
case, CO, is first stabilized on the surface as slightly charged
CO3~ before it dissociates into CO* and O* surfaces species via
the following reaction:>”****

CO,g) = COSaay = CO* + O% (3)

In both processes, however, as CO was produced at RT, CO,
adsorption sites and the C—O bond activation are probably
assisted by chemical composition,*>™*” morphology,*®*”~*° and
electronic effects*"*° of the ZnO/Cu(111) surface. Regarding the
surface composition (Zn or O termination) and morphology, it
was proposed based on experimental investigations that the
adsorption of CO, on ZnO surfaces can occur through a
bidentate geometry involving the formation of two bonds with
one C and O atom of CO, bonding to one O and one Zn atoms
of the substrate, respectively. However, from theoretical calcu-
lations, a more stable configuration corresponding to a triden-
tate geometry was proposed, where the second O atom of CO,
was also covalently bonded to the ZnO surface.”® In both
configurations, the adsorbed CO, adopted a rather bent geo-
metry. Besides, the ZnO structure considered therein was uni-
form and similar to the bulk structure, where O and Zn atoms
were not located on the same surface plane. The CO, dissocia-
tion is energetically unfavorable for these configurations, espe-
cially on reduced ZnO, which is the case in ultrathin films.
Indeed, from the perspective of computational modeling, a
high energy barrier, E = 1.07 eV, was reported for the activation
of CO, on a ZnO/Cu system."”

Here, however, the formation of CO at RT is facilitated by
electronic effects associated with oxygen vacancies (Oy) on the
ZnO film, ZnO defects, and ZnO/Cu(111) interface sites. Given
the ultrathin film nature of our ZnO and strong ZnO-Cu
interactions at the interface, these effects are more severe.
Indeed, from the oxidation state point of view, as it will be
discussed hereafter from the Auger results (see also Fig. S1,
ESIT), the ZnO chemical state at the interface corresponds to
Zn°'0,, which provides interesting oxophilic Zn®" cations and

© 2024 The Author(s). Published by the Royal Society of Chemistry
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O, sites. Indeed, Zn®" cations are considered important adsorp-
tion sites for CO, activation.*>>> Moreover, regarding the
morphology of ZnO here, as it will be discussed below in the
STM section, Zn and O are coplanar. This geometry brings CO,
molecules close enough to the surface, facilitating the electron
transfer process. Therefore, the transfer of electron density
from confined electrons on oxygen vacancies of ZnO film to
adsorbed CO, leads to the occurrence of active cog(;d), via
charge transfer to the lowest unoccupied antibonding n*, 2b,
(2by, and 2bs,), and molecular orbitals of CO,. This process
causes the weakening of the C—O bond and the activated
COS(M) moieties would evolve into intermediate species that
act as precursors to CO species.

Indeed, a fourth contribution in the C 1s spectra can be seen
at high binding energies of around 290 eV (Fig. 2). These are
highly oxidized carbon species corresponding to first inter-
mediates and resulting from coi(;d) moieties. Depending on
the temperature and the nature of the reaction treatment, we
identified three contributions at BEs of 289.4 eV, 290.0 eV, and
290.4 eV that we attribute to *HCOO and *OCOH,>°28:35:49:53
*C0;>7,*82%19 and bicarbonates (HCO;~),>*° respectively. The
presence of the *HCOO contribution, which is considered as
the rate-limiting step at the ZnO-Cu interface during the CO,
hydrogenation to methanol,>**° is relevant here regarding the
CO,HR on our ZnO/Cu(111) sample. It can be generated directly
on the ZnO/Cu(111) surface owing to the presence of activated
adsorbed CO, and H atoms via the following hydrogenation
process:

CO3aq) + *H + (1 — d)e” —» HCOO™ (4)

Direct formation of HCOO, considering a Langmuir-Hin-
shelwood mechanism, resulting from adsorbed CO, and *H
surface interactions, has been proposed by Pathak et al. based
on DFT calculations.>® While the values of BEs reported in the
literature for CO,q, CO;*~, CH;0™ *, were in general slightly or
not sensitive to the chemical surface composition (zZn0,>”»*%4
7r0,,** Ce0,,”® Cu,0,**® Cu,*3%> pt?>°7) 'and the BE value
of *HCOO™ were clearly sensitive. For example, the BEs
of *HCOO™ reported on ZnO surfaces are found around
~289 eV,2835495358 which are consistent with our BE at
289.4 eV; they are ~2 eV higher than that reported on Zr0O,**
or Cu and Cu,0/Cu(111) surfaces (at ~287 €V).>¢%*3 From
the XPS spectra in Fig. 2, we have found the *HCOO ™ contribu-
tion mainly happens after annealing at 450K, which points to
the existence of an activation barrier for this hydrogenation
process and another reaction path. Effectively, from DFT cal-
culation by Kattel,*® the HCOO™~ formation was produced from
adsorbed CO, and H via a transient state and an activation
barrier of E, ~1.1 eV. Besides, HCOO™ can be produced from
the hydrogenation of CO;>~ as we observed a clear loss of this
contribution above 450 K, which was in favor of the formate in
the case of (CO, + H,) exposure (Fig. 2c). In the case of exposure
to pure CO,, an additional barrier may apply as this transition
was seen partially at 550 K, and the proportion of CO;*~
remained significant at this temperature (Fig. 2a). Here, the
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transformation of CO;>~ into HCOO™ is also a hydrogenation
reaction that can take place via the following process:

CO;>” + *H + *H — HCOO™ + OH™ (5)

This process reflects the role of CO;>~ as a key intermediate
in the CO,HR on the ZnO/Cu(111) surface. The presence of
OH™ on the surface was indeed evidenced from the O 1s core
level spectra where its contribution appeared at Eg = 531.8 eV
(not shown here). Interestingly, in the exposure to pure H,
(Fig. 2b), the CO;*> did not transform into HCOO~ and
remained the main contribution even after annealing at
550 K. Thus, the occurrence of a competitive and more favor-
able reaction for H, transformation must be considered. In this
case, the envisioned process is the reaction leading to OH™
formation (H, + *O-Zn + *O-Zn — 20H™ + 2Zn>" + 2e7). This
sequence is the favored mechanism under exposure to pure H,.
As a result, it generates OH™ moieties accumulation on the ZnO
surface, blocking the active sites for HCOO™~ formation through
the reaction (5). This process will be discussed in relation to the
morphology evolution as a function of temperature, exposure,
and ZnO thickness.

Regarding the carbonates themselves, here COS(ad) on ZnO
can lead to the formation of CO;>~ readily at RT via reaction (6):

COSad) + COyg) + (2 — d)e” — COz* +COuy  (6)

This contribution was indeed found starting at RT after
exposure to various gases at Eg = 290.0 eV (Fig. 2). Carbonates
are known to form readily at RT even at UHV from CO,
adsorption on metal-oxide surfaces, such as Zn0.***' The
formation of CO;>~ according to the reaction (6) relies on the
availability of COS@d) on the surface. For example, Deng et al
found a substantial growth of CO;> concomitant with the
depletion of adsorbed CO, when Zn was deposited on the Cu
surface.’”

The HCO;™ contribution appears readily at RT and EB =
290.4 eV. It is only seen for the ZnO thick film and only for the
exposure to pure CO, (Fig. 2a). Here, the fourth contribution in
the C 1s spectra is dominated by HCO; ", for pure CO, exposure
up to 450 K (Fig. 2a), and CO;>~, for both pure H, and (CO, +
H,) mixture exposures, from RT up to 450 K (Fig. 2b and 2c).
HCO;™ are ubiquitous species that form at RT on hydroxylated
metal-oxide surfaces in the presence of adsorbed CO,.5°%* As
the reaction to form HCO;™ involves surface O-H groups, it
is the H,O dissociation on ZnO that provides hydroxyl species
in the absence of H,. Indeed, the presence of OH species on the
ZnO surface (OH-ZnO) can be confirmed from the O 1s XPS
spectra where a component at BE = 531.8 eV can be seen (not
shown here). This is consistent with a value reported on the
ZnO/Pt(111) system.*® Thus, a mechanism involving adsorbed
and activated CO, in interaction with surface O-H groups can
be envisioned in the formation of bicarbonates (eqn (7)).

COg@d) + H_O(;,urﬂ g HCO;[ad] + de” (7)

This mechanism is in line with the model proposed by
Baltrusaitis et al. based on quantum chemical calculations,
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where an intermolecular proton-transfer reaction process was
examined.® They found that bicarbonate species occur through
a nucleophilic attack of adsorbed CO, by surface O-H groups
followed by rearrangement on the surface.

A clear evolution of HCO;~ toward CO5>~ was seen with the
annealing treatment under CO, (Fig. 2a). The formation of
CO;>” species from HCO;  may take place through this pro-
cess, such that the released H atom bonds to ZnO to form Zn-
OH:

HCO;  — CO;* +H' (8)

Studies clearly show the formation of bicarbonates at low
temperatures on various metal-oxides, which evolve toward
CO;*" or other intermediates upon annealing, such as at
373 K.%® Our results are in line with those reported by Kéck
et al. that HCO;~ species formed upon CO, adsorption on ZrO,
and Y,0; vanish upon annealing at 473 K.®® Indeed, in our
study, we observe a sharp decrease of the HCO;~ component
above 450 K in favor of CO;>~ species that dominate the C 1s
spectra at 550 K (Fig. 2a).

A 2. Comparative study regarding chemical species for-
mation as a function of the ZnO thickness. To investigate the
chemical-surface-dependence of the (CO,, H,) activations and
the formation of CO,HR intermediates, we compared two ZnO
thicknesses on Cu(111), 6.8 ML and 0.9 ML, under (CO, + H,)
exposure and as a function of a step-wise annealing at RT up to
650 K (Fig. 3). Fig. 3a and b show C 1s spectra recorded on 6.8
ML and 0.9 ML thick ZnO films on Cu(111), respectively. Fig. 3a
is the same as in Fig. 2c (6.8 ML) and is duplicated here to ease
the comparison with the ZnO thin film (0.9 ML) in Fig. 3b.
Indeed, regarding carbonaceous species discussed in detail in
the previous section, several differences were found while
comparing the two samples. The two components (HCOz;™
and CO;*>7) seen in the 6.8 ML sample at 290.4 eV and
290.0 eV, respectively, are no longer visible in the 0.9 ML
sample (Fig. 3b). The absence of HCO;  and CO,;>~ with
decreased ZnO surface is a strong indication that these two
species bind preferentially to ZnO. Here, ZnO surface geometry
and its electronic properties (Zn oxidation state and O vacan-
cies) control the formation of these two species. As discussed in
detail in section A 1, the formation of both species relies on
coi(;d) from the activation of CO,, where Zn and two oxygen
atoms are involved. In this regard, the ZnO surface of the 6.8
ML and 0.9 ML exhibit different properties, both structural and
electronic, as we will discuss below in the Auger and STM
results. As the Cu(111) surface of the 0.9 ML sample is not
fully covered with ZnO, the formation of these species on the
ZnO-Cu interface and CuOyx surface can be excluded.

It can be seen in the C 1s spectra in Fig. 3, another major
difference between the two samples is the appearance of a new
component at RT at BE = 288.7 eV in the 0.9 ML ZnO thin film
(Fig. 3b). This component, which was not seen in the 6.8 ML
sample at RT (Fig. 3a), is attributed to the C 1s in carboxyl
species (OCOH). Some studies have suggested that this compo-
nent may overlap with HCOO™, such as in ZrO,-based samples
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ratio. Cg, stands for graphitic carbon.

at 287.7 eV.>* However, on ZnO surfaces there is a clear
chemical core-level-shift of ~0.6 eV between the two species
(OCOH and HCOO), with the formate being at higher binding
energy.?® Similarly, carboxylate species, formed on CeO, nano-
particles supported on Cu(111), were reported at 288.5 eV, while
HCOO™ species were assigned to the C 1s peak at 289.2 eV.>®
The formation of OCOH, which was proposed as a key inter-
mediate in CO,HR via the rWGS path,**?° only on the 0.9 ML
sample is an indication that it is dependent on the ZnO
thickness. More specifically, the interfaces, ZnO-Cu and Zn-
Cu, which are exposed for this thickness, must be considered.
Hence, we propose a Zn-Cu interface-related mechanism for
the formation of OCOH involving adsorbed H atoms (eqn (9)):

CO, + *H — OCOH (9)

Here, activated H atoms were supplied by Cu atoms at the
interface edge forming a Cu-Zn-O-H* group, following an
rWGS process.?” Hence, the stabilization of OCOH always takes
place through the adsorption of O—C=—0 via *H-O-Zn-Cu
according to the r'WGS mechanism.>> OCOH species would
evolve eventually toward CO and OH species OCOH* — *CO +
OH* in the 0.9 ML sample. The CO will then be hydrogenated to
other reaction intermediates as will be discussed hereafter.
Above 550 K, the BE of the OCOH shifts by +0.5 eV to 289.2 eV.
The shift can be attributed to a change in the chemical bonding
environment and electronic evolution due to a change in the
morphology of the ZnO film at this temperature. It is also
possible to envision that part of the OCOH may transform to

© 2024 The Author(s). Published by the Royal Society of Chemistry
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formate at higher temperatures as this binding energy is close
to that of the HCOO™.

Species that are common to both samples (6.8 ML and
0.9 ML) are seen in the C 1s spectra in Fig. 3 at 285.2 eV,
285.6 eV, and 286.6 eV. As discussed in detail above, they are
attributed to H,CO, CH3;0 ™, and CO, respectively. The presence
of these components on both surfaces indicates that, although
two different paths for the CO, HR can be envisaged here as a
function of the two ZnO thicknesses, they represent intermedi-
ate species that are common to both reaction paths. CO was
also seen in both samples, however, its role as an intermediate
varies in these two paths depending on the ZnO thickness. In
the thin film (0.9 ML), CO adsorbed molecules were produced
following the conversion of OCOH as discussed above, as true
intermediate species in the second reaction path. Regarding
the thick film (6.8 ML), CO,q was produced as a secondary
product following the formation of CO;>” at RT from CO, (see
eqn (6) above).

We monitored the evolution of all the intermediates seen in
both ZnO thicknesses (6.8 ML and 0.9 ML) as a function of the
temperature and gas exposures as shown in Fig. 4. In Fig. 4a,
each plot shows the evolution of the sum of all contributions
appearing at high binding energy (288.7-290.4 eV) of the C 1s
for various exposures and as a function of the thickness. This
sum, where ZCyighox, coOrresponds to the contributions of
highly oxidized carbon species, includes OCOH, HCOO™,
CO;*>7, and HCO; . The sum does not necessarily contain all
the contributions at each temperature since some components
may appear or disappear to the detriment or in favor of another
as a function of the temperature. In Fig. 4b, each plot shows the
evolution as a function of the temperature of adsorbed CO,
CO,q, for various exposures and the 6.8 ML and 0.9 ML ZnO
thicknesses. For the exposure to the gas mixture (CO, + H,), we
compared the two ZnO thicknesses, 6.8 ML and 0.9 ML, with
respect to the evolution of EChjgh.ox and CO,q. For 6.8 ML, we
also examined the effect of exposures to individual pure gases,
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Fig. 4 Evolution of the normalized integrated XPS intensity ratios as a
function of gas exposure, temperature, and ZnO thickness on Cu(111) of:
(a) the XPS peak corresponding to the S(HCOO~, OCOH, COs%7) and (b)
the peak of CO,q. The integrated intensities of the XPS peaks were
obtained by fitting the C 1s spectra as shown in Fig. 2 and 3. The ratios
were calculated with respect to the reference sample of the graphitic
carbon (C=C). The ratios were normalized to 1 at RT before gas exposure
to offset the initial adsorbed species due to residual carbon species.
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CO, and H,. This procedure allowed us to identify intermedi-
ates that form owing to a specific gas (CO, or H,) and highlight
the effect of hydrogenation when the mixture (CO, + H,) is
present.

The variations in the intermediates in Fig. 4 can be decom-
posed into three regions: (I) corresponds to the initial stage at
RT before the annealing. It illustrates the formation of various
intermediates readily at RT just after the gas exposure. (II)
shows the variations within the [RT-550 K] temperature range.
This region corresponds to the evolution of intermediates on a
rather stable morphology of ZnO ultrathin film. (III) covers the
temperature range of >550 K where ZnO dewetting occurs. In
Fig. 4a, the exposure to CO, alone produced a strong increase in
the ZCuighox contribution at RT in the case of the 6.8 ML
thickness. This increase is due to the formation of HCO;
species. The formation of this intermediate indicates that the
initial adsorption and activation of CO, occurs readily at RT in
the form of HCO; . For the same thickness and in the presence
of H,, under (CO, + H,), the ZCign-ox, Wwhich contains only the
CO;>" component, decreased strongly with respect to that for
exposure to CO, alone. Indeed, the XCpjghox contribution
under (CO, + H,) amounts to only 30% of that under CO,. This
evolution underlines a dehydrogenation process that generates
CO3>" species, from HCO;™ via the reaction (8). However, we
observe an opposite trend regarding the evolution of the COyq
component as shown in Fig. 4b. At RT, the CO,q contribution is
59% higher under (CO, + H,) than under CO, alone. Thus, the
dehydrogenation under (CO, + H,) has generated not only
CO;*™ but also CO. Interestingly, while the CO,q decreased
rapidly under (CO, + H,), when increasing the temperature to
>375 K, it continued increasing under CO, alone for the thick
ZnO films (6.8 ML). Hence, CO can be considered as an
intermediate that continued to evolve toward other intermedi-
ates, especially HCOO™~ and methoxy species, while it can be
considered as a byproduct that accumulates on the surface
when H, is not present (Fig. 4b). In the region (II), the ZCigh-ox,
which was dominated by CO;>, initiated its transition towards
HCOO™ intermediates, which was concomitant with the
decrease in CO,q for the 6.8 ML sample. The transformation
of CO;*~ to HCOO ™~ was completed at 550 K. The stabilization
of CO;>~ can be related to oxygen vacancy defects on the ZnO
film.?” At this location, oxophilic Zn®+ sites are present, which
belong to oxygen-deficient Zn°'O, areas.** The presence of
surface defects generates an open surface structure with fewer
repulsions for CO;>~ adsorption/stabilization.*

In region (III), both ZChjgh-ox and CO,q contributions gra-
dually decreased above 450 K up to 550 K, a temperature at
which they rapidly dropped. This decrease may be attributed to
further hydrogenation of the XChjgn.ox to other species that did
not stay on the surface and reached the gas phase.

However, on the 0.9 ML ZnO surface, only a small increase
in the ZCyjgn-ox Was seen, which corresponded to the formation
of OCOH species. The formation of OCOH species instead of
HCO;~, CO5>7, or HCOO™ can be explained by the chemical
composition of the 0.9 ML of the ZnO that differs from that of
the 6.8 ML. In particular, the 0.9 ML ZnO film exhibits a highly
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defective structure with a lower concentration of O atoms due
to the presence of oxygen vacancies; above all, there is the
formation of the Zn-Cu alloy interface at the expense of the
ZnO. Thus, the formation of HCO;~ or CO;> species that
require at least one O atom per molecule from the surface is
hindered. Indeed, Auger Zn L;M,5M,; spectra acquired on both
surfaces exhibit features that are substantially different (see
Fig. S1, ESIT). The Zn LMM spectrum acquired on the 0.9 ML
exhibits two contributions at kinetic energies (Ex), Ex = 992.0 eV
and Ex = 988.3 eV. The former corresponds to a metallic
oxidation state Zn° and the latter to Zn>* (ZnO) contribution.
The Zn° component, having a metallic character, is attributed
to Zn atoms at the Zn-Cu alloy phase at the interface. At 6.8 ML
ZnO thickness, the Zn LMM spectrum is dominated by the Zn**
component at Ex = 988.3 eV which reflects the formation of a
ZnO structure. As this component coexists with the Zn° state, it
is indicative of the stability of the Zn-Cu metallic interface (Fig.
S1, ESIt). Regarding the lack of HCOO™ on the thin ZnO film
(0.9 ML) and their strong presence on the thick ZnO film, Nie
et al. have also recently shown that large thicknesses exhibit
superior activities toward the formation of HCOO™ owing to the
presence of active centers for CO, activation.”® In Fig. 4b, we
noticed a gradual increase of the CO,q component up 450 K,
which is concomitant with the decrease in the OCOH species.
This is attributed to the transformation of OCOH to CO.
A possible mechanism for this evolution to take place is via
this hydrogenation process, where an H atom adsorbed on the
Cu-Zn interface is abstracted: OCOH + *H — CO + H,O. The
specific occurrence of this reaction only on the thin film
(0.9 ML), can be related to favorable stability of the alloyed
Cu-Zn interface in the presence of CO. Recently, Amann et al.
showed that CO tends to promote the formation of metallic Zn
that was alloyed with the Cu near the surface, providing high-
density alloyed Cu-Zn sites.>

A 3. Thermal stability of ZnO as a function of gas exposure
and the ZnO thickness. The trends observed above must be
confronted with the evolution of the ZnO morphology as a
function of the annealing at room temperature up to 650 K.
Fig. 5 shows the evolution of the ZnO for two coverages (0.9 ML
and 6.8 ML) as a function of the temperature and various
reactive gases (see also Fig. S2 and S3, ESIt). The evolution of
the ZnO film was monitored from the Zn 3p XPS signal (see Fig.
S2 and S3, ESIt). Indeed, the convolution of the XPS core-level
spectra of the Zn 3p-Cu 3p binding energy area gives integrated
intensities of Zn;, and Cugsp, (Izn, and Ic,). Thus, the evolution
of the In/(Izy + Icy) ratio as a function of the temperature and
reactants (CO,, H,, and CO, + H,) allows us to track the ZnO
film stability. Therefore, first, relative stability of the I,,/(I, +
Ic,) ratio was observed up to 550 K indicating that the ZnO film
was still present on the surface. Thus, clear changes observed
previously (see for example Fig. 4) are primarily driven by the
reaction that causes the formation of reaction intermediates
irrespective of the morphology of ZnO.

Above 550 K, a decrease in the Zn XPS signal was detected
as a result of the ZnO film dewetting. This effect was more
severe for the 6.8 ML coverage and in the presence of H, (Fig. 5).
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Fig. 5 Evolution of the normalized XPS intensity ratios Izn/(Izn + Icy) as a
function of gas exposures, temperature, and ZnO thickness on Cu(111).
The XPS intensities were obtained from the integrated peak of Zn 3p and
Cu 3p after fitting as shown in Fig. S2 and S3 (ESI). The ratio is normalized
to the intensity value obtained in the UHV just before gas dosing at RT.
Three areas, (1), (1), and () are indicated to illustrate different evolutions of
the ZnO morphologies as a function of the temperature. (I) corresponds to
just before and after exposure to various reactive gases at room tempera-
ture; (ll) refers to the temperature interval [RT-550 K] where the ZnO films
remain on the surface before dewetting; and (lll) (above 550 K) corre-
sponds to the severe dewetting of the ZnO films.

Here, the adsorption of H, and its subsequent dissociation led
to the formation of OH moieties by abstracting O atoms from
the ZnO surface. Therefore, the ZnO dewetting takes place
through a dehydroxylation process, leading to lattice break-up.

However, under pure CO, exposure, the ZnO film is still
present on the surface even at 650 K. This relative stability is
induced by the adsorption of CO, on the ZnO surface and its
subsequent transformation into various chemical intermedi-
ates as discussed in the previous section. Unlike H,, the
adsorption of CO, does not disrupt the ZnO lattice. This ZnO
stability under pure CO, exposure is consistent with the recent
findings by Amann et al. who showed that under CO,-rich
conditions, ZnO stability is energetically favored.*

Similar stability was observed for the ZnO film at 0.9 ML
coverage, even in the presence of H, (Fig. 5). Indeed, ZnO is still
present at 550 K. This stability can be readily explained, first by
the particular electronic structure of the oxygen-deficient
Zn’*0, occurring on this ultrathin layer of ZnO. Hence,
O reaction sites are less available, making the formation of
OH groups, a driving mechanism for the ZnO dewetting, less
favorable. Second, another effect that promotes the thermal
stability of ZnO film originates from the formation of the
Zn-Cu interface alloy.

We have examined the possibility of forming an interface
alloy using DFT computations. The Cu(111) surface was simu-
lated by a slab composed of 5 layers of Cu with a cell of 8 A x
8 A x 28 A to avoid interactions between periodically repeated
images, where a Zn atom was introduced at different initial

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 (a) and (b) two possible geometries of Zn and O adsorptions and
coordination as obtained from DFT simulations (one ZnO). (c) Adsorption
geometry and coordination of a ZnO dimer as obtained from DFT simula-
tions. Atom colors: Cu (brown), Zn (purple), and O (red).

positions: in the middle of the Cu slab (replacing a Cu atom), at
the surface of the Cu slab (replacing a Cu atom), or as an
adatom over the slab. The oxygen atom was put over the Cu slab
as an adatom. The different possible geometries were subse-
quently relaxed, and their total energies were compared. It was
found that the Zn atom energetically prefers the third configu-
ration (adatom position). Considering different positions of the
oxygen atom on the surface, it was found that the situation
where Zn and O form a bond (see Fig. 6a) or the situation where
Zn and O were separated on the surface (see Fig. 6b) compete
energetically, which confirms the possible formation of the Zn-
Cu interface alloy in agreement with the Auger experiments
(Fig. S1, ESI). Therefore, the favorable formation of this inter-
face alloy promotes the stability of the ultrathin ZnO film in
direct coordination with the surface via Zn-Cu bonds.

A recent study by Zabilskiy et al.®* reported that in copper-
zinc industrial catalysts supported on zeolite-faujasite, a Zn-Cu
alloy was not observed and was not a prerequisite for these
catalysts to be active for CO, hydrogenation, despite high
pressure of the reactants and temperature conditions used for
this reaction. Thus, the preparation method of the ZnO/Cu
catalysts must be considered for the possible formation of a
Zn—Cu interface alloy, such as in the present system where an
epitaxial growth process was conducted at UHV.

B. STM study of the morphology of the as-prepared
ZnO/Cu(111) and under (CO, + H,) hydrogenation reaction

We examined the structure of ZnO films grown on the as-
prepared Cu(111) surface in the UHV and under in situ condi-
tions and (CO, + H,) reactive ambient atmosphere. Before the
growth of ZnO, we used STM to examine the pristine Cu(111)
surface. The STM images showed the presence of large terraces
with an atomic step height of ~1.9 A (see Fig. S4a, ESI). The
high-resolution STM images confirmed the expected inter-
atomic distance of dcy_c, = 2.52 A (Fig. S4b, ESIT). This study
provides complementary information with respect to the above
XPS results and hence will help better understand the
morphology-reactivity relationship of the ZnO/Cu(111) model
catalysts.

The STM image in Fig. 7 shows a typical morphology of the
ZnoO film (~0.9 ML) formed on the Cu(111) surface. It consists
of a long-range ordering into hexagonal superlattices. Given the
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Fig. 7 (a) STM image of the as-prepared ZnO ultrathin film on Cu(111) at
0.9 ML coverage. (b) Profiles of two areas as indicated. The profiles (i) and
(ii) are acquired on top of the Moiré periodic protrusions and across the
(A)-(B)-(C) areas, respectively. The dashed areas, also indicated by arrows,
are uncovered surface areas (A). The top right insert image is a 3D display
of the Moiré pattern noted C. The bottom left insert displays a Fast Fourier
Transform (FFT) that confirms the hexagonal Moiré structure of the ZnO
film at this coverage.

large periodic distance (~10 A) between the protrusions along
the line profile (the dashed line, “i”” in Fig. 7b), this structure
suggests a Moiré-like pattern with a periodicity of ~10 A.
Considering a lattice constant in the surface of the ZnO films,
Aznosurt = 3.3 A that is strained by ~2% with respect to the in-
plane lattice parameter of Zn0(0001) bulk (aznosure = 3.25 A)®®
and given the lattice constant of Cu(111) (ag, = 3.61 A), the
Moiré pattern can be readily attributed to a structure coinci-
dence, where 3 unit cells of ZnO(0001) coincide with 4 unit cells
of Cu(111). Indeed, the periodicity of 10 A corresponds well to

the following values: 3 x 3.30 =9.9 =4 x 3.61 x g =2.55x%

4 =10.2A. Therefore, the observed ZnO film here can be
described as a ZnO-(3 x 3)/Cu(111)-(4 x 4) structure. While
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several values ranging from 4.8 to 13.5 A have been reported for
the Moiré pattern periodicities observed for ZnO films on
Cu(111),%%**%® our periodicity fits better with ~10 A value as
reported previously by Zhao et al. for their ZnO structures on
Cu(111).%° The variation in values reported in the literature may
be attributed to different oxidation and annealing conditions.
Various Moiré periodicities were also measured for ZnO grown
on other surfaces, ~17 for ZnO-(5 x 5)/Pt(111)-(6 x 6),>°” 16 A
for ZnO-(5 x 5)/Pd(111)-(6 x 6),°® ~23 A for ZnO-(7 x 7)/
Au(111)-(8 x 8),°° and ZnO-(7 x 7)/Ag(111)-(8 x 8),°> and
~15 A for ZnO-(5 x 5)/Ag(111)-(3,/3 x 3,/3)R30°.° These,
however, may be readily explained by the lattice mismatch
between ZnO and the different monocrystalline metallic surface
supports. In these well-ordered ZnO structures (Fig. 7), Zn
cations and O anions are coplanar and arranged in 2D planar
sheets, similar to the hexagonal BN structure.

While the surface is dominantly covered by the Moiré
structure, exhibiting uniform flat domains noted B, some other
higher protrusion domains that also display a Moiré pattern,
noted C, can be seen in Fig. 7. In addition, featureless areas,
noted A, are also present and are assigned to a bare Cu(111)
surface. The difference between the apparent heights of B and
C domains amounts to kg = ~3 A; it is larger than that of B
and A (hp_s = ~ 1.8 A) and the interlayer height of Cu(111) (hc, =
2.09 A) (see dashed line profile “ii” in Fig. 7). Therefore, B and
C domains correspond to the 1st and 2nd layer of the ZnO film,
respectively. These values are in line with those reported by
others on ZnO films regardless of the support used.>***®® 1t is
noteworthy that the bilayer ZnO areas (C) exhibit an apparent
height (~3 A) that is much lower than that of the wurtzite ZnO
(c = 5.309 A).**® Similarly, the 1st ZnO layer (B) exhibits an
apparent height that is significantly lower than the value of c/2
in the wurtzite ZnO. These small values are indications of
strong interactions between the thin ZnO film and Cu(111)
surface. The electronic effect, associated for example with
O-vacancies, may impact the tunneling transmission matrix,
and hence, the apparent heights can be excluded in these
conditions as these different values were confirmed by AFM
measurements.®® However, the particular electronic structure
of this thin ZnO film is in line with the above XPS discussion.
These values are expected to relax towards those expected for
the wurtzite ZnO when the film thickness is increased
to >5 ML.

The step edges between areas B and A areas are decorated by
disordered protrusions as indicated by arrows in Fig. 7 with an
apparent height of 2.0 A. These interface boundaries are
reactive sites and, therefore, partially explain the differences
seen for the (CO,, H,) interaction with the surface, between the
thick and thin ZnO films discussed in the XPS part. In parti-
cular, the presence of bare Cu atoms alongside these interfaces
is consistent with the formation of OCOH intermediates as
discussed in for XPS analyses of the 0.9 ML.

With increasing ZnO film thickness, we observed a smooth-
ening of the ZnO surface with the formation of equilateral
triangular shape-like arrangements (Fig. 8). The evolution of
the morphology corresponds to the transition into the wurtzite
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Fig. 8 (a) STM image of the as-prepared ZnO ultrathin film on Cu(111) at
6.8 ML coverage. (b) Is a 3D display of a ZnO single equilateral triangle.
(c) Gives a line profile including three separate triangles noted (i).

structure of ZnO. With an increase in the ZnO thickness, the
size of the triangles increased from 20 nm up to 100 nm in side
values. These structures are typical of a ZnO(0001)-Zn termi-
nated surface and result from a charge compensation
mechanism.>® As this electrostatically driven process occurs
in a way that the surface carries the same charge as the bulk
atoms, the step-edges of the triangles are two-fold coordinated
O anions (Zn are three-fold coordinated inside the triangles).
Therefore, the presence of these low-coordinated O anions can
provide active sites for H stabilization, which may promote the
formation of O-H groups. This reactivity is amplified by the
electronic effect occurring in the ZnO ultrathin film. This
reactivity is in line with the above XPS discussion regarding
the instability of the ZnO thick film (6.8 ML) in the presence of
H,. Indeed, considering the geometric model reported by
Dulub et al.,*® we can consider the equation for the surface
Zn/O atoms ratio to be:

Rznio = (n — 1)/(n + 1) (10)
where n is the number of the O anions at the edge of the ZnO
triangle. Thus, the R, ratio will increase from 0.95 to 0.98 to
0.99 for the triangles with side values of 12 nm, 50 nm, and
200 nm, respectively, and when considering an interatomic
distance do_o of ~3 A within the ZnO triangles.

We have investigated the effect of (CO, + H,) exposure on the
structural morphology of ZnO films. We conducted in situ STM
investigations under 36 mbar of (CO, + H,) mixture at room
temperature on sub-monolayer ZnO domains on Cu(111)
[Fig. 9]. First, before exposure, the surface exhibited isolated
ZnO domains covering 25.4% of the surface (Fig. 9a). The
uncovered surface areas exhibited well-ordered rows extending
along the step edges (as indicated by dashed lines in Fig. 9a.
See also Fig. S5a, ESIT). These features are characteristics of a
copper surface oxide (Cu,O) having the “29”-structure adlayer
(V13R46.1° x 7R21.8°).”77% The formation of this structure
resulted from the adsorption of O, on Cu(111) and annealing at
423 K performed during the growth of ZnO films. Another
copper oxide structure could also be present in the uncovered
areas, that is, the ‘“44-structure” which corresponds to
(13R46.1° x 7R21.8°) (Fig. S5b, ESIY). It is noteworthy that

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 STM images of sub-monolayer ZnO domains grown on Cu(111).
(a) As-prepared in the UHV conditions. (b) /n situ under (CO, + O,) ambient
atmosphere at 36 mbar at room temperature. The dashed lines in (a)
indicate well-ordered rows of the “29" adlayer structure of the Cu,O as
discussed in the text.

under the O, and annealing conditions used to grow ZnO here,
no areas corresponding to the clean Cu(111) were observed.

The in situ scanning of the surface under 30 mbar of (CO, +
H,) at room temperature allowed us to monitor the morphology
evolution of ZnO domains (Fig. 9b). Indeed, we observed drastic
modifications in the morphology of ZnO domains and the bare
Cu surface. This is displayed by the strong splintering of the
initial ZnO domains in small islands scattered on the surface.
This phenomenon can be beneficial for the CO,HR reaction
because it generates a significant number of interfacial ZnO-Cu
sites. In addition, while the uncovered areas were smooth
before the exposure, they had become severely rough. This
strong evolution is only due to the reactive gases (CO, + H,)
because no heating was provided yet. The observed behavior
reflects the highly reactive character of the ZnO ultrathin films.
This structural evolution is consistent with XPS analysis where
intermediate species were detected readily upon exposure to
CO, and H, at room temperatures.

Conclusions

We have investigated the effect of exposure of pure CO, and H,
exposure and their mixture (CO, + H,) on a ZnO ultrathin film
supported on a Cu(111) surface as a function of annealing at
room temperature up to 650 K. Herein, we examined two
different thicknesses, thin (0.9 ML) and thick (6.8 ML) ZnO
coverages on Cu(111) to establish a correlation between the
ZnO thickness and the preferred CO, hydrogenation reaction
pathway. We have also determined the effect of the ZnO-Cu
interface.

Irrespective of the ZnO thickness, we found that both
surfaces were active toward CO,HR. However, the major differ-
ence between the two surfaces was related to the nature of the
chemical intermediates formed at the first stage of the reaction
after exposure to (CO, + H,) at room temperature. Indeed, while
HCO;™ were the first reaction intermediate species formed on
the thick ZnO film (6.8 ML), only OCOH species were formed
readily on the thin ZnO film (0.9 ML) at room temperature.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Therefore, we show that the CO, hydrogenation proceeds via
two main paths depending on the film thickness. (i) It takes
place through a slow path involving HCO;~ — CO;*” —
HCOO™ on a thick ZnO film (6.8 ML). (ii) A different and rapid
path was observed for the thin ZnO film (0.9 ML), where the
OCOH intermediates were formed readily at room temperature
without passing through the HCOO intermediate. We propose
that for this thin film (0.9 ML), it is the Zn-Cu interface that
promotes the OCOH formation as it provides activated H atoms
via Cu-Zn-O-H*. Therefore, the synergistic effect at the Zn-Cu
interface is limited to the thin ZnO film. However, both paths
exhibit common intermediates as they merge into H,CO which
was eventually hydrogenated to CH3;0. CO is also another
common element, which is possibly a secondary intermediate
as it decreased sharply above 400 K, possibly in favor of HCOO™
in the case of the thick film.

Concerning the stability of the ZnO films, dewetting phe-
nomena were seen above 550 K, especially in the presence of
H,. The exposure to pure CO, was found to limit this effect and
have a stabilizing effect. The mechanism of driving dewetting
was linked to OH desorption, a process that removes O atoms
from the ZnO lattice. The relative stability was, however, seen
for the thin ZnO film owing to the formation of a Zn—Cu alloy at
the interface. From DFT computations, we found that this
interface alloy was energetically favorable even in the presence
of adsorbed O atoms on the Cu(111) surface. These were
consistent with the Auger experiments that showed the
presence of a metal-like Zn component.

Regarding the morphology of ZnO films, we identified two
structures as a function of the thickness, using STM investiga-
tions. At low thickness (0.9 ML), the ZnO film, which does not
cover the entire Cu surface, exhibits a long-range ordering into
hexagonal superlattices corresponding to a Moiré structure
with a periodicity of ~10 A. This ZnO configuration corre-
sponds to a ZnO-(3 x 3)/Cu(111)-(4 x 4) structure. The uncov-
ered Cu(111) areas exhibits well-ordered rows that are a
characteristic of copper surface oxide (Cu,0O) having the “29”-
structure adlayer (/13R46.1° x 7R21.8°). At high coverage (6.8
ML), a smoothening of the ZnO surface together with the
formation of equilateral triangular shape-like features were
observed. These structures are typical of a ZnO(0001)-Zn sur-
face and result from a charge compensation mechanism.

From in situ STM imaging of a sub-monolayer ZnO film, the
exposure to 36 mbar of (CO, + H,) mixture at room temperature
induced a strong break-up of the initial ZnO domains into
small islands scattered on the surface.

This study will thus contribute to reaching a precise under-
standing of the CO, hydrogenation reaction mechanism
and hence help to design better nanocatalysts by taking into
consideration the important role of ZnO thickness and
morphology.
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