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Influence of zinc oxide nanoparticles on the
carbon accumulation on silver exposed to carbon
dioxide hydrogenation reaction conditions¥
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The strong influence of surface adsorbates on the morphology of a catalyst is exemplified by studying a
silver surface with and without deposited zinc oxide nanoparticles upon exposure to reaction gases used
for carbon dioxide hydrogenation. Ambient pressure X-ray photoelectron spectroscopy and scanning tun-
neling microscopy measurements indicate accumulation of carbon deposits on the catalyst surface at
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200 °C. While oxygen-free carbon species observed on pure silver show a strong interaction and decorate
the atomic steps on the catalyst surface, this decoration is not observed for the oxygen-containing
species observed on the silver surface with additional zinc oxide nanoparticles. Annealing the sample to
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Introduction

The activity of heterogeneous catalysts is majorly defined by
their topmost atomic layers. Surface sites, such as step edges,
corner sites and kinks are known to be key elements for many
catalytic reactions.”” As the surface composition of a material
can strongly differ between reaction conditions and ex situ ana-
lysis, a key challenge is to investigate those catalytically-rele-
vant interfaces in situ, while exposed to the reactive
environment.’

While there are several short-lived species (reaction inter-
mediates) crucial for the understanding of a catalyst’s selecti-

“Center for Energy and Environmental Sciences, Paul Scherrer Institute,
Forschungsstrasse 111, 5232 Villigen, Switzerland.

E-mail: paul.leidinger@inano.au.dk

bInstitute for Chemical and Bioengineering, ETH Zurich, Vladimir-Prelog-Weg 1,

8093 Zurich, Switzerland

‘CNR - Istituto Officina dei Materiali (I0M), Trieste, Laboratorio TASC, Strada
Statale 14, km 163.5, 34149 Basovizza, Italy

dDipartimento di Fisica, Universita degli Studi di Milano, Via Celoria 16, 20133
Milan, Italy

Centro Interdisciplinare Materiali e Interfacce Nanostrutturati (CIMAINA),
Universita degli Studi di Milano, Via Celoria 16, 20133 Milan, Italy

tElectronic supplementary information (ESI) available. See DOI: https://doi.org/
10.1039/d4nr03766a

iPresent address: Interdisciplinary Nanoscience Center (iNANO), Aarhus
University, 8000 Aarhus C, Denmark.

§Present address: Scanning Probe Microscopy Laboratory, Department of
Physics and Materials Science, University of Luxembourg, Luxembourg City
L-1511, Luxembourg.

2608 | Nanoscale, 2025, 17, 2608-2615

temperatures above 350 °C removes the contaminants by hydrogenation to methane.

vity and activity,"™® there are often also passive deposits that
influence the catalytic activity of a material. These accumulat-
ing species can for example block active sites, deactivate and
poison the material over time,”® but also change the surface
structure of the catalytic material.”'® Catalyst regeneration
cycles often consist of annealing cycles in oxygen to burn con-
taminations,"* while for reducing reactions also the gasifica-
tion in hydrogen is applied."?

Previous studies have shown that silver-based catalysts
show a high selectivity towards methanol for the carbon
dioxide hydrogenation reaction (eqn (1))."* The reverse water—
gas-shift (RWGS) reaction (eqn (2)), a side reaction that yields
carbon monoxide (CO) and water, can be suppressed by care-
fully tuning the catalyst composition.

CO, + 3H, — H;COH + H,0 (1)

C02 + Hz — CO + Hzo (2)

Within this framework, a surface sensitive method like
X-ray photoelectron spectroscopy (XPS), carried out under
ambient pressure (AP) conditions (mbar pressure range),> may
provide important information not only about the formation
of reaction intermediates, but also about the activity loss due
to site deactivation through carbon accumulation/poisoning.
However, while the formation of methanol from carbon
dioxide hydrogenation is thermodynamically unfavourable in
the mbar range,"* the RWGS reaction does not similarly suffer
from a pressure gap and can be probed under conditions
(temperature and pressure) achievable by AP-XPS."®

This journal is © The Royal Society of Chemistry 2025
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In this work, we exemplarily show that such accumulating
species can have a strong effect on the surface morphology of
a catalyst. We analyze the impact of accumulating carbon-
based contaminations on model silver foils under carbon
dioxide hydrogenation conditions by AP-XPS and scanning
tunneling microscopy (STM). It is known from studies carried
out on complex catalysts for carbon dioxide hydrogenation,
such as Cu/ZnO/Al,O3, that the transition metal dissociatively
adsorbs hydrogen. Carbon dioxide is mostly adsorbed on the
ZnO/AlL,O; phase or its interface with copper.'*'® Based on
these observations, we add zinc oxide nanoparticles to a silver
substrate, increasing the complexity of the catalyst and getting
closer to the structure of industrially-used bifunctional cata-
lysts. The goal is to investigate the stability and evolution of
carbon contaminations in the presence of the oxide. The
results show that the silver surface structure is highly depen-
dent on the reaction conditions. Oxygen-free carbon species
tend to decorate and pin silver step edges, while oxygen-con-
taining carbon species, observed in the presence of zinc oxide
nanoparticles, show less interaction with the step edges and
do not accumulate on specific surface sites. These results shed
light on the mutual influence between the metal and the oxide
in carbon dioxide hydrogenation catalysts.

Experimental results
Silver foil

Polycrystalline silver foil was used as a model system to study
the carbon dioxide hydrogenation reaction, where silver is
active for the hydrogen dissociation.'”'® The silver foil was
exposed to a H, + CO, mixture (3 : 1 ratio) at a total pressure of
0.2 mbar while recording in situ photoemission spectra.
Fig. 1(a) shows the evolution of the C 1s signal over 120 min
with the substrate held at 250 °C after cooling it down from
350 °C (first spectrum in waterfall plot, lower spectrum in
Fig. 1b). The in situ C 1s spectrum acquired at 350 °C shows
no features, except for a signal centered at approx. 293 eV,
assigned to gas phase carbon dioxide. At 250 °C a signal at
284.5 eV appears which increases in intensity over time. A less
intense component at 285.9 eV also appears during the
exposure at 250 °C. During this time, the O 1s signal shows no
significant increase in intensity (see Fig. S1t). Fig. 1c shows
the C 1s signal evolution (both surface carbon species at 284.5
+ 285.9 eV) with time at different temperatures in monolayer
equivalents (see Table S1 and Fig. S27 for calculation details).
The initial carbon accumulation rate depends on the substrate
temperature, dropping from the maximum of roughly 8.0%y;,
min~' at 200 °C to 2.5%y;, min~' at 300 °C (Fig. S37). At
350 °C, the surface shows no more accumulation of carbon-
based species. A saturation of the accumulated carbon occurs
after 60-120 min of exposure depending on the temperature,
with a maximum observed coverage of roughly 1 ML.
Continuous red lines in the plot in Fig. 1c show the fits by an
asymptotic regression model. The carbon accumulation
in inert nitrogen gas and pure carbon dioxide (control
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Fig. 1 Evolution of the surface composition of a silver foil exposed to
carbon dioxide-hydrogenation conditions, measured by AP-XPS and
hydrogen temperature-programmed reaction (H,-TPR). (a) Evolution of
the C 1s signal (photon energy 437 eV) of a silver foil exposed to
0.2 mbar H, + CO, mixture at 250 °C for 120 min. (b) Individual C 1s
spectra acquired at 350 °C (bottom) show no C accumulation (averaged
spectra between 0—-30 min acquisition) and 250 °C (top) show signifi-
cant C accumulation (averaged spectra between 90-120 min acqui-
sition). This spectrum is fitted with 2 components at 284.5 eV (assigned
to C-C and C—-H species) and 285.9 eV (assigned to impurity-induced
accumulation). The carbon dioxide gas phase signal can be detected
around 293 eV. (c) Quantification of the accumulated surface carbon
species (284.5 + 285.9 eV) for different temperatures. The red lines rep-
resent fittings using an asymptotic regression model. (d) Mass spec-
trometry signal for mass 15 a.m.u. of a silver powder sample pre-
exposed to H, + CO, at 200 °C for 30 min and subsequently heated in 1
bar hydrogen up to 600 °C. Mass 15 a.m.u. is identified as a fragment of
CH,.

experiments) occurs to significantly lower extent (see Fig. S4
and S57).

To gain insights into the effect of the accumulating species
on the morphology of the sample, STM measurements were
performed on a silver film evaporated on cleaved mica sub-
strate exposed to the H, + CO, reaction mixture (1 mbar, 3:1
ratio) at high-temperature conditions (60 min 350 °C + 5 min
375 °C, no C 1s accumulation observed by XPS) and low-temp-
erature conditions (60 min 200 °C, relevant C 1s accumulation
observed by XPS). Representative images of both samples are
shown in Fig. 2 and S6-S8.1 Upon high-temperature exposure,
the sample shows mostly flat regions without defined crystalli-
nity or atomic steps over ranges of up to 50 nm (Fig. S7aft).
Scarcely, very mobile terraces can be found, as shown in
Fig. S6.7 The sample exposed to the reaction mixture at 200 °C
(Fig. 2b and S8t) on the other hand shows a large number of
steps. Many of these atomic steps show a defined edge
together with a protrusion in height of up to 0.15 nm,
although also steps without these clear protrusions can be
found in a minority of the identified steps (see Fig. S8t). The
flat surface without edge protrusions can be re-established
after the subsequent annealing treatment, in the same way as
accumulated carbon species are removed upon the high-temp-
erature exposure, as observed by in situ AP-XPS (Fig. 1).

Nanoscale, 2025,17, 2608-2615 | 2609
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Fig. 2 STM images of the silver foil after exposure to CO, hydrogen-
ation gas mixtures. (a) Silver film (evaporated on Mica substrate) exposed
to 1 mbar H, + CO, atmosphere for 60 min at 350 °C and additional
5 min at 375 °C. The image shows slight protrusions of 1-2 A over the
image size of 30 nm, caused by the lack of crystallinity of the measured
sample. The height profile shown below is indicated with a blue dotted
line in the image. Further images in Fig. S6 and S7.1 (b) Silver foil
exposed to 1 mbar H, + CO, atmosphere for 60 min at 200 °C. The
image shows a strongly stepped surface. Protrusions of up to 0.15 nm at
the step edges indicate their decoration with a surface species. Further
images in Fig. S8.F

To understand the nature of the accumulating species and
its reactivity, hydrogen temperature-programmed reaction (H,-
TPR) was performed on a silver powder. The higher surface
area of the powder increases the signal of desorbed molecules,
making such an experiment possible. The powder was treated
in H, + CO, (3: 1 ratio, 1 bar, 200 °C) for 30 min to accumulate
carbon species and subsequently heated in 1 bar hydrogen up
to 600 °C while recording the gas stream using a mass spectro-
meter (MS). The MS trace shows the appearance and gradual
development of a signal for mass 15 a.m.u., starting at about
400 °C. This can be assigned to the CH; fragment of methane,
excluding oxygen-containing carbon molecules. Further mass
traces are shown in Fig. S9.f Besides 15 a.m.u., the only
signals detected are 16 a.m.u., which can be assigned to both
water and methane, 17 and 18 a.m.u, which are assigned to
water. Upon normalization to the fragmentation pattern of
water (Fig. S9ct), the 17 and 18 a.m.u. signals superimpose
well, whereas 16 a.m.u. has a larger area that further proves
the formation of methane.

Silver foil with zinc oxide nanoparticles

To analyze the influence of the presence of oxide on the
accumulation of contaminants and the surface morphology,
zinc oxide nanoparticles were deposited on the Ag/mica film.
The nanoparticle size shows a distribution centered at 5 nm
with a standard deviation of 3 nm, see Fig. S107 for a represen-
tative atomic force microscopy (AFM) image and statistical par-
ticle size analysis. As the pure silver film, the sample was
exposed to a 1 mbar H, + CO, mixture (3:1 ratio) at high-
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temperature (60 min at 350 °C + 5 min at 375 °C) and low-
temperature (60 min at 200 °C) conditions. Representative STM
images are shown in Fig. 3 and Fig. S11-S14. The images dis-
played in Fig. 3a and b show a large particle in the lower right
corner, attributed to zinc oxide. In both cases the silver sub-
strate is mainly flat and without a defined crystalline surface.
Few steps in the film can be detected, which appear fringed,
with no defined step line. In contrast to the sample without any
zinc oxide nanoparticles, no accumulation of surface species
(protrusions) at the step edges can be observed, and no
increased amount of step edges is found in the sample exposed
to the reactive mixture at 200 °C. Note that the inherent width
of the STM tip will broaden very confined surface features such
as the nanoparticles. Therefore, the measured apparent height
(2-4 nm) better indicates also the width of the zinc oxide nano-
particles, assuming a round shape.

High surface area ZnO/Ag catalyst

The interplay between silver and zinc oxide was investigated
spectroscopically by AP-XPS using a high surface area ZnO/Ag
catalyst, used to simulate the silver foil decorated with zinc
oxide nanoparticles described above. The details of the syn-
thesis and characterization of this material can be found in a
different study.'® In situ AP-XPS measurements (Fig. 4a-c)
were performed by first exposing the catalyst at 450 °C to
1 mbar oxygen to achieve a carbon-free C 1s spectrum (first
spectrum in Fig. 4a waterfall plot). After this, the gas compo-
sition was switched to a 0.2 mbar H, + CO, atmosphere (3:1
ratio) at a temperature of 250 °C. The gas phase signal of
carbon dioxide (around 293 eV) immediately appears in the C

a) H,+ CO,, 1 mbar, 5 min, 375 °C b) H,+ CO,, 1 mbar, 60 min, 200 °C
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Fig. 3 STM images of the silver foil with zinc oxide nanoparticles (top)
and representative height profiles (bottom) after exposure to CO, hydro-
genation gas mixtures. (a) 1 mbar H, + CO, atmosphere at 350 °C for
60 min with an additional 5 min at 375 °C. A protrusion in the lower
right corner indicates a zinc oxide nanoparticle. Apart from this, the
surface shows no defined structure. Further images in Fig. S11.7 (b)
1 mbar H, + CO, atmosphere at 200 °C for 60 min. A zinc oxide nano-
particle is present in the lower right corner. The silver surface shows
two diffuse step edges, no edge decoration or other adsorbates can be
identified. Further images in Fig. S12—-S14.1

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 Elemental analysis of the ZnO/Ag high surface area catalyst
exposed to carbon dioxide hydrogenation conditions (H, + CO;) at
0.2 mbar and 250 °C. (a) AP-XPS C 1s spectra arranged in a waterfall-
plot to show the evolution of C species on ZnO/Ag at 250 °C in
0.2 mbar H, + CO, over 90 min. After switching from the clean surface
(450 °C, 0.2 mbar O,), a component at 289.7 eV immediately appears
and then reduces and vanishes almost completely over the course of
90 min. Simultaneously, a new peak at 285.5 eV develops. The com-
ponent at 284.5 eV is observed only very faintly. (b) Representative C 1s
spectra of the clean sample (bottom), directly after switching to reaction
conditions (middle) and after 90 min of exposure (top). (c) Temporal
evolution of the peak area of the species observed at 284.5 eV (purple),
285.5 eV (blue) and 289.7 eV (orange) during exposure to 0.2 mbar H, +
CO, at 250 °C.

1s spectrum, together with a second peak centered at 289.7 eV.
Within the first spectra (0-4 min), a carbon signal at lower
binding energy is not present, then a peak centered at 285.5
eV appears and its intensity increases over the 90 min of
measurement time. This peak is shifted by 1 eV compared to
the main species accumulating on the bare silver foil. Within
the same timespan, the photoemission signal at 289.7 eV
almost completely vanishes, as also displayed in the plot of
the relative C 1s signals in Fig. 4c. The O 1s spectrum under
reaction conditions is characterized by several overlapping
signal contributions from the zinc oxide material and surface
species.'®

Discussion

The C 1s peak appearing at a binding energy of 284.5 eV
(Fig. 1a) on the clean silver foil is assigned to oxygen-free
carbon species (C-C, C=C and C-H bonds),"**° which is also
confirmed by the lack of increase in the O 1s signal (Fig. S17).
Fig. 1c shows that the C 1s peak area converges to a “satur-
ation” value corresponding to approximately 1 monolayer. The
self-terminating accumulation indicates that specific surface
sites are required for the adsorption, which are occupied by
the accumulating species themselves over time. The tempera-
ture plays a role in this process and the highest accumulation
rate is found at 200 °C (Fig. S3f). Carbon contaminations
formed on the surface during the exposure to carbon dioxide
hydrogenation reaction conditions (C,H,) react with hydrogen

This journal is © The Royal Society of Chemistry 2025
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and yield methane at high temperature (around 400 °C), as
shown by the TPR experiment in Fig. 1d. Because the accumu-
lation of carbon-species is much slower in nitrogen and pure
carbon dioxide (Fig. S4 and S5t), these cannot originate exclu-
sively from impurities in the reaction cell but are significantly
influenced by the gas phase. In particular, the addition of
hydrogen favours the accumulation of carbon; this is assumed
to be promoted by hydrodeoxygenation of oxygen-containing
species (adsorbed CO,), yielding unreactive, oxygen-free
carbon species accumulating on the surface. Hydrogenation of
C-O bonds®*! and the C-O bond breaking®® can already start
around 100 °C on specific catalysts, and might take place also
on silver at a very low reaction rate, covering the surface over
60-120 min. Fig. S1 shows that no hydroxyls accumulate on
the surface in parallel to carbon, while water desorption is
detected in the TPR experiment (Fig. S91). This suggests that
any oxygen splitting off from carbon dioxide reacts to form
water at a much higher reaction rate than the hydrodeoxygena-
tion, which then desorbs from the surface.

The STM images combine the spectroscopic information
with a microscopic characterization of the metal surface before
and after exposure to the reaction environment. While there
are studies where the silver deposition on mica substrate leads
to a highly ordered Ag(111) surface,*® the sample investigated
in this study rather suggests disordered silver. This is indi-
cated by the corrugations in the apparent step height in
Fig. 2a, smaller than 2.36 A, which corresponds to the atomic
step height of Ag(111), and a very faint low energy electron
diffraction (LEED) pattern of the surface (Fig. S15%). The step
edges observable on the clean silver surface exposed to high-
temperature conditions appear mobile (Fig. S6t), as already
reported for other silver surfaces.”**> Conversely, the sample
exposed to the H, + CO, mixture at 1 mbar and 200 °C (Fig. 2b
and S8%) shows flat terraces intersected by rather defined step
edges. The step edges appear oftentimes with a clear border
and decorated by protrusions, which can be reversibly
removed after repeating the high-temperature treatment.
Knowing that the carbon species observed by AP-XPS accumu-
lates over the course of 60-120 min at low temperatures and
shows the same temperature dependency, we tentatively assign
them to the protrusions observed by STM. Since the step edges
are coordinatively unsaturated sites on metal surfaces, they
can bind stronger to surface species compared to the pristine
metal surface. Depending on the relation between step edge
stability and particle adsorption strength, the step edge can be
denoted as “pinned”>®*” (fixation of mobile step edges at fixed
adsorbate) or “decorated”?®° (fixation of mobile adsorbates
at fixed step edges). For example, it was observed that
adsorbed oxygen (O,4) can pin silver step edges.*' For several
materials, it is observed that mobile carbon deposits accumu-
late along step edges.'®*” In the case of nickel, known for its
high activity towards methanation of carbon dioxide and thus
more intensely studied,*® disproportionation or dissociation of
carbon dioxide on the surface and especially on atomic nickel
steps can even lead to the formation of carbon nanotubes or
whiskers.*>*2* It is also demonstrated that atomic carbon at

Nanoscale, 2025, 17, 2608-2615 | 2611
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step edges is the active species for methane formation.>” These
literature works, combined with AP-XPS and STM data in this
study, indicate that the strong increase in the sharpness of
step edges is due to the pinning of adsorbed C,H, (hydro-)
carbon species. The presence of hydrogen in the accumulating
species can neither be detected by XPS nor STM, thus y in
CxH,, could also be zero.

A different situation is observed upon the deposition of
zinc oxide nanoparticles on the silver surface. For both high-
and low-temperature exposure, no step edges with the charac-
teristic protrusions or pinned step edges are observed (Fig. 3
and Fig. S11-S14%). Step edges imaged by STM rather resemble
those observed on unexposed, clean silver. If migration of zinc
atoms onto or into the silver surface takes place under these
conditions, such as observed on ZnO/Cu,*® could not be
resolved.

AP-XPS measurements on the high surface area ZnO/Ag
sample (Fig. 4) show a peak centered at 289.7 eV, which can be
assigned to zinc carbonate.*”*® The species appears immedi-
ately after the first contact with gas phase carbon dioxide and
decreases in intensity during exposure to reaction conditions.
In the opposing trend, a species creating the signal at 285.5 eV
builds up over 90 min of exposure. The position of the peak is
shifted by 1 eV compared to the main C 1s peak component
observed on clean silver, suggesting a reduced electron density
on carbon. Considering the availability of C, O and H elements
from the educt gases, we assign this species to oxygen-contain-
ing carbon species adsorbed on the silver surface (C,H,0;).
Felter et al. assign an adsorbed methoxy species on silver to a
signal at 285.0 €V,* Zugic et al. assign a signal at 285.7 eV to
C-O species on Ag/Au.*

The ZnO/Ag system shows the transient formation of car-
bonates (Fig. 4) and should be active towards the RWGS reac-
tion (producing carbon monoxide and water) even at 1 mbar
total pressure according to thermodynamics. We assign these
carbonates to form on the zinc oxide, they can then be
reduced by adsorbed hydrogen at the interface between silver
and zinc oxide. This leads to the generation of an oxygen
source, which on silver influences the chemical composition
of surface adsorbates and, hereby, also the silver surface struc-
ture. A similar effect has been observed for platinum on
alumina, where the oxygen spillover from the platinum allows
coke burning on the alumina substrate,*’ and even the effect
of an oxygen-providing catalyst over 50 pm separated from the
soot has been observed.*>

In the absence of zinc oxide, this chemisorption and reac-
tion of carbon dioxide will probably only take place on surface
defects with coordinatively unsaturated sites. After this chemi-
sorption, adsorbed hydrogen on the silver can fully hydrodeox-
ygenate the adsorbed species.

Conclusions

This study, combining the investigation of different model
systems, shows that the surface of a working catalyst depends
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on the applied temperature, the gas environment, the presence
of co-catalysts, and the reaction time. In situ XPS reveals the
accumulation of oxygen-free (hydro-)carbon species C,H, on
the surface of silver upon exposure to a reactive environment
(CO, + H,, 1:3 ratio, 200 °C). STM images acquired upon
exposure to the same reaction environment show protrusions
on the silver step edges, which are tentatively assigned to these
carbonaceous species. Adsorption of species on metal step
edges can poison these often catalytically active sites and sig-
nificantly influence the materials’ macroscopic activity. While
the accumulation shows the highest rate at 200 °C, it suddenly
drops to zero at 350 °C, also removing all present carbon
adsorbates and lifting the pinning of step edges.

The deposition of zinc oxide nanoparticles, thus the cre-
ation of catalytically active metal/oxide interfaces, favours the
formation of oxygenated carbon species, C,H,O,. This chemi-
cal change of the surface adsorbate strongly influences the
appearance of the silver surface, as no step edge pinning is
observed. The influence of zinc oxide on the surface structure
of silver proves the synergy between metal and oxide in bifunc-
tional catalytic materials. This synergy is not limited to reac-
tion intermediates but influences the presence of all adsor-
bates. For catalytic reactions where the oxidic phase is not
required for the reaction mechanism itself, it could still
increase the catalyst lifetime by enhancing the intrinsic regen-
eration of the metal.

Concerning the development of low-temperature carbon
dioxide hydrogenation catalysts, our results show that not only
the general activity of the catalyst towards the desired reaction
is important, but also the material regeneration to counteract
poisoning of active sites. In this study, the silver-based catalyst
is only regenerating above 350 °C in the reaction environment.
The potential presence of such a sudden temperature-depen-
dent transition in surface morphology should be considered
for catalyst design and the choice of operational conditions.

Methods

AP-XPS experiments were performed at the In Situ
Spectroscopy (ISS) beamline of the Swiss Light Source (SLS)
synchrotron facility.> Polycrystalline silver foil (Thermo
Fisher, 99.998%) was pretreated by plasma cleaning cycles in
oxidative (O, + Ar) and reducing (H, + He) plasma. After inser-
tion into the measurement chamber, the sample was heated in
the reaction mixture (0.2 mbar H, (Linde, purity 5.0) + CO,
(Linde, purity 4.5) 3:1 mixture) to 350-450 °C to remove any
remaining impurities. From this reference condition, the
sample temperature was lowered to the respective measurement
temperatures in less than 1 min. Spectra were acquired at 437
eV (C 1s), 520 eV (Ag 3d) and 684 eV (O 1s) photon energies, to
probe core level peaks at the same kinetic energy of 150 eV
(same information depth). Linearly polarized light was used
throughout the experiments. The spectra were referenced to the
Ag 3d signal acquired at equal photon energy (Fig. S161). The
photon flux was determined by measurement of the current on
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a photodiode inserted in the beam path. Photoelectrons were
detected using a differentially pumped Scienta R4000 HiPP-2
electron energy analyzer coupled to an MCP/CCD camera. An
IR-laser (976 nm wavelength) was focused on the sample holder
from the back to heat the sample.

The high surface area ZnO/Ag catalyst was synthesized by
co-precipitation. Ag(NO;) and Zn(NO3), x 6 H,O were dissolved
in water, acidified to pH 5 and dropwise added to an aqueous
solution of Na,CO; + HNO; at pH 8.5 at 65 °C. Aqueous
Na,COj; solution (1 M) was added in parallel to maintain a pH
value of 8.5, leading to the precipitation of the metal carbon-
ates. The precipitate was filtered and washed thoroughly with
water, then dried for 60 min at 75 °C. Calcination in air was
performed by a heating ramp of 120 min to 350 °C followed by
5 h at constant temperature and a subsequent cooling to room
temperature. XRD spectra show separate phases for Ag
(domains >60 nm) and ZnO (domains =22 nm) and are dis-
played in Fig. S17.f ICP measurements show a 1:1 atomic
ratio for Ag:Zn, BET measurements indicate a surface area of
21 m® g~' (Fig. S181). Further characterization of the ZnO/Ag
catalyst can be found in a separate publication.™

Scanning tunneling microscopy (STM) and low energy elec-
tron diffraction (LEED) measurements were performed at
room temperature in a vacuum chamber with a base pressure
of 2 x 107° mbar. STM images were acquired using an
Omicron variable-temperature (VI-)STM operated by R9Plus
electronics (RHK Technology). Exposure to reactive conditions
was performed inside the vacuum system in an enclosed high-
pressure cell with a base pressure of 3 x 1077 mbar. Acquired
images were analyzed using the Gwyddion software* (version
2.64). Measurement conditions are summarized in Table S2.}

The silver substrates used for STM measurements were thin
films (200 nm) magnetron-sputtered on mica substrates using
an intermediate 5 nm chromium adhesion layer. The films
were annealed to 350 °C in 1 x 10~° mbar O, for 70 min fol-
lowed by the same temperature treatment in ultra-high
vacuum overnight. Zinc oxide nanoparticles were deposited on
the silver thin films in high vacuum environment using a
pulsed microplasma cluster source described in detail in ref.
45. The size and distribution of the nanoparticles was deter-
mined by atomic force microscopy (AFM), details shown in
Fig. S10.7

The samples annealed in the vacuum chamber for STM
measurements were exposed to 1 mbar H, + CO, (3:1)
mixture. The samples annealed at 200 °C were first annealed
to 375 °C for 5 min (heating rate 2 °C s™') to receive a clean
surface, before lowering the temperature to 200 °C and
keeping it for 60 min. The samples annealed to high tempera-
ture were heated to 350 °C for 60 min and after this, the temp-
erature was increased to 375 °C for a further 5 min, before
cooling the sample to room temperature.

Hydrogen temperature-programmed reaction (H,-TPR) was
done by using a silver powder to increase the sample surface
area. The powder was synthesized by titration of Ag(NO;) with
Na,CO;, followed by drying at 110 °C overnight. The sample
cleanliness was checked by XPS (Fig. S19t). 100 mg Ag powder
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were loaded in a quartz tube reactor degassed at 900 °C,
heated in He gas to 250 °C, then exposed to H, for 10 min
before switching to CO, gas. After 5 min, the sample was
heated to 400 °C (10 °C min~"), and kept for 5 min at 400 °C.
It is known from AP-XPS that these conditions lead to very
clean silver surfaces. Then the temperature was lowered to
200 °C, the reaction mixture (3:1 H, + **CO,) was introduced
and kept for 30 min. After this exposure, the temperature was
lowered to 50 °C, CO, was switched off and a temperature
ramp (20 °C min~") to 600 °C was performed in a flow of pure
hydrogen while measuring the released gases with a mass
spectrometer (Pfeiffer Omnistar).
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