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ABSTRACT: Small gold nanoparticles supported on ZnO have been identified as highly active
and selective catalysts for the green synthesis of methanol from CO and H». Furthermore, they
can serve also a model system for the mechanistic understanding of methanol synthesis on the
industrial Cu/ZnO catalyst. The dynamic changes in the structure of Au/ZnO upon exposure to
methanol synthesis gas mixtures were studied using a combination of TAP reactor and near
edge X-ray absorption spectroscopy (XANES) measurements at the Zn Ly edge, both in
CO2/H2 and CO/H> gas mixtures. TAP measurements indicated that CO can create significant
amounts of O-vacancy defects in ZnO at 240°C, while CO. can re-oxidize a pre-reduced
catalyst or maintain this state in the presence of strongly reducing gases (CO and H»).
Furthermore, CO- present as reactant or resulting from the reactive removal of surface lattice
oxygen by interaction with CO can be deposited on the pre-reduced Au/ZnO surface as stable
adsorbed carbon containing species, e.g., as surface carbonates, which decompose at T > 250°C.
In situ XANES measurements at the Zn L edge revealed that ZnO is significantly reduced
during reaction, both in CO2/H2 and CO/H2 gas mixtures, but with the extent of the reduction
being more pronounced in CO/H> than in CO2/H>. These results will be critically discussed in
the light of previous findings on the role of ZnO reduction in the activity of methanol synthesis

catalysts.
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1. Introduction

Since the discovery of the high catalytic activity of oxide supported gold nanoparticle (NPSs)
catalysts [1,2], the number of reactions that can be catalyzed by them has increased steadily [3-
6]. Among other reactions, oxide supported Au nanoparticle catalysts showed a high activity
and selectivity for the hydrogenation of carbon oxides to useful chemicals such as methanol
[7,8]. One attractive application is the green synthesis of methanol (CO2 + 3H, — CH30 +
H-0), using CO2 emissions and Hz resulting from the electrolysis of water by electric energy
generated from renewable sources [9]. In particular ZnO supported Au NP catalysts showed a
high activity and selectivity for methanol formation [7,8], which is at least comparable to that
of commercial Cu/ZnO catalysts [10-12]. Furthermore, considering that ZnO seems to be a
necessary component of catalysts active for methanol synthesis such as Cu/ZnO, Pd/ZnO and
now also Au/ZnO, the latter catalysts are attractive also for model studies on the role of ZnO in
these catalysts because of their noble metal character, i.e., because of the much lower tendency

of Au NPs to be oxidized under reaction conditions compared to Cu/ZnO and also Pd/ZnO.

One aspect that had been discussed controversially for a long time is the question whether the
partial reduction of ZnO, via the formation of O vacancies (vacancy defects), plays an important
or even decisive role in the methanol formation reaction [13-30]. In earlier studies Nakamura
etal. had concluded that the formation of partially reduced ZnOx (x <1), involving the formation
and incorporation of Zn atoms on/in Cu particles, leads to an enhanced activity for methanol
formation [15,31]. Interestingly, a significant activity for methanol synthesis was reached also
when starting with CuZzn alloys or surface alloys (see, e.g., [16,32]). Behrens et al. indicated
that active sites consist of Cu step sites decorated by Zn atoms [24]. This conclusion is in good
agreement with findings by Kuld et al., who identified metallic Zn by X-ray photoelectron
spectroscopy and reported that the coverage of metallic Zn on the surface of the Cu/zZnO

catalyst is correlated with the activity for methanol synthesis [26,27]. Kattel et al., on the other



hand, concluded that the activity for methanol synthesis on a ZnCu alloy increases with the
slow surface oxidation under reaction conditions, so that Zn transforms into ZnO and allows

ZnCu to reach the activity of ZnO/Cu with the same Zn coverage.[28,30].

For Au/ZnO catalyst we demonstrated that exposure of fully oxidized Au/ZnO catalysts to the
reaction atmosphere, under realistic reaction conditions (240 °C, up to 50 bar), results in a
negative charging of the Au NPs during reaction, which we associated with the formation of O-
vacancy defects and transfer of charge to the Au NPs [33]. Although the concentration of O-
vacancy defects in CO/H2 gas mixtures is expected to be higher than in CO2/Ha, earlier findings
by Hartadi et al. showed that CO, remains the more active carbon source for methanol formation
compared to CO under those reaction conditions (240°C, 5 - 50 atm) [12]. Altogether these
studies refer to a pertinent role of the formation of reduced ZnO (ZnOx or Zn atoms) in the
methanol synthesis reaction. Nevertheless, a more detailed understanding of the role of Zn/ZnO,
in particular of the interaction of CO, with the partly reduced surface (i.e., O-defects or Zn
atoms), is still missing. Previous findings by Widmann et al. indicated that CO can remove
surface lattice oxygen at rather low temperature (120°C) from Au/ZnO, where part of the
resulting CO> can react further and remain as stable adsorbed species on the catalyst surface
[34]. Considering that CO2, a main reactant during methanol synthesis, can either adsorb
molecularly on Au/ZnO or react to stable adsorbed species on the catalyst surface or, on the
other hand, refill the O-vacancies by reaction to CO, a quantitative assessment of the relative
contributions from these three reaction pathways and of the resulting chemical state of the
catalyst surface is required for any kind of molecular scale mechanistic understanding of the

methanol formation reaction on this catalyst.

In the present contribution we employed a combination of temporal analysis of products (TAP)
reactor and X-ray absorption spectroscopy (XAS) measurements to gain further insight into this

reaction. TAP measurements were used to quantify the dynamic changes of the Au/ZnQO catalyst



surface in a methanol synthesis gas atmosphere upon alternating interaction with the oxidizing
and reducing components of reaction gas. In particular, we focus on the ability of CO> to re-
oxidize O-vacancy defects under methanol synthesis relevant conditions (in the presence of Hy,
CO and CO/Hz), and on the reverse process during interaction with CO. This involves the
evaluation of i) the amount of oxygen lattice vacancies, which are created in the support during
the interaction of CO with a fully oxidized Au/ZnO catalyst at 240°C, and of ii) the amount of
oxygen that can be deposited upon interaction of CO. with the pre-reduced Au/ZnO under
similar condition. Furthermore, we will iii) determine the amount of CO that was deposited on
the reduced ZnO support during CO titration from the difference between CO consumption and
CO; formation during CO pulsing in the first phase. In addition to these TAP reactor
measurements, we will examine the oxidation state of the ZnO support by following the changes
in the electronic structure at the Zn L, edge, which in contrast to our measurements at the O
K-edge reported previously [33] is a direct probe for the reduction of Zn?* ions during methanol
synthesis. These results shall be discussed and compared with our previous findings from near
ambient pressure X-ray photoelectron spectroscopy (NAP-XPS) and X-ray absorption at the O

K-edge as well as kinetic results [33].

After a brief description of the instrumental and methodic details (section 2), we will show in
section 3.1 electron microscopy results on the shape and size distribution of Au nanoparticles.
In section 3.2 we will present and discuss the results of the TAP reactor measurements, followed
by findings on the oxidation/reduction of ZnO obtained from the near edge X-ray absorption
measurements at the Zn L edge in CO/H2 and CO2/H> gas mixtures (section 3.3). At the end
we will discuss in section 3.4 the mechanistic implications of these findings, focusing on the
role and extent of ZnO reduction, both during exposure to methanol synthesis gas mixtures at
reaction relevant temperatures and under realistic high pressure conditions, and their relevance

for the understanding of the methanol synthesis reaction on the closely related Cu/ZnO catalyst.



Finally, we will briefly illustrate and discuss the potential of the combination of TAP reactor

measurements with in situ spectroscopy measurements at pressures in the mbar regime.

2. Experimental

2.1 Catalyst preparation and pre-treatment

A commercial Au/ZnO catalyst (1.0 wt.% Au loading, SA = 45 m?g™) purchased from STREM
Chemicals was used in all measurements. Prior to the titration experiments in the TAP reactor
the catalyst was pretreated in situ by heating up in a flow of 30 NmI min? Ar, then calcined in
10 % O2/Ar at 400°C for 1 h (denoted O400) at atmospheric pressure. Afterwards, the catalyst
was cooled down in a flow of Ar to the temperature where the TAP measurements were carried
out (240 to 400°C). The reactor was evacuated by closing off the flow gas from one side and
connecting to the UHV chamber at the other side, which decreases the pressure to a background

value of roughly 2.0 x 10® mbar.

2.2 Electron Microscopy measurements

The size and dispersion of Au nanoparticles were measured after the O400 pretreatment
described in the previous section. The catalyst was characterized by imaging under bright field
and dark field conditions (high-angle annular dark field scanning electron microscope:
HAADF-STEM), using a FEI Titan microscope operated at 300 keV. The particle size
distribution was obtained by evaluating the diameters of more than 600 nanoparticles, the Au
dispersion was calculated using the volume-area mean diameters (for further information about

calculations please see refs. [35,36].

2.3 Temporal Analysis of Products (TAP) measurements
The pulse experiments and titration of surface oxygen were carried out in a home-built TAP

reactor [37], which was based on the TAP-2 instrument developed by Gleaves et al. [38].



Different from the latter instrument, we employ piezoelectric pulse valves for generating stable
gas pulses of a typical size around 1.0 x 10 molecules / pulse (typical pulse length = 50 ms).
This size is above the limit of the Knudsen diffusion region (10%3 — 10* molecules per pulse)
[38], which, however, does not affect the results of the present titration experiments. For all
titration measurements, the gas pulses contained 25-50% Ar as an internal standard for the
evaluation of the pulse size and changes therein on an absolute scale [37,39,40]. By comparison
with the Ar signal, exact numbers of active molecules admitted in each pulse can be calculated.
Well-defined gas pulses are directed into a quartz-glass microreactor (22 cm long, 4.0 mm inner
diameter). In these experiments, the catalyst bed is positioned in the central part of the
microreactor and is fixed by two stainless steel sieves (Haver & Boecker OHG, transmission
25%). The catalyst (25 mg of Au/ZnO) is sandwiched by two layers of SiO; as outer zones
(total mass 150 mg; length of the catalyst bed ~9 mm). Note that the residence time of the gases
in the catalyst bed is mainly determined by the length of the catalyst bed. Prior to the pulse
experiments, the catalyst was calcined in situ in the reactor in the same way as described in
section 2.1. Gas pulses emerging from the outlet of the microreactor were analysed by a
quadrupole mass spectrometer (QMG 700, Pfeiffer) housed in the analysis chamber, which is
located directly behind the end of the microreactor (p < 2.0 x 108 mbar). Calibration
measurements with pulses of known number of molecules were performed routinely to
determine the sensitivity factor of the instrument, as described by Leppelt et al. [37]. This
allowed us to convert the mass spectrometric signal into numbers of molecules that are
consumed by the catalyst or emitted at the outlet of the reactor. Note that for calibration of the
CO; signal we also determined the amount of CO formation due to fragmentation at the
filament, which was considered in the evaluation of the CO pulse intensity, and this was found

to be verry stable with time.

2.4 Temperature programmed desorption (TPD) measurements



TPD measurements were carried out after different TAP titrations by heating the catalyst under
UHV conditions (2.0 x 10® mbar) from 240°C to 400°C (25°C min). The temperature was
held at 400°C for 5 min, and then the catalyst was cooled down to 240°C in 2.5 min. The

desorption of CO and CO- during the TPD measurements was followed by mass spectrometry.

2.5 Near edge X-ray absorption spectroscopy (XANES) measurements

Time resolved XANES measurements were carried out at the Zn Ly edge (1022 eV) to follow
changes in the oxidation state of the ZnO support during methanol synthesis. XANES spectra
were collected by analyzing the Auger electron yield (AEY). An amount of 30 mg of the pure
Au/ZnO powder was pelletized as self-standing discs, which was in turn mounted on a sapphire
in a specially designed reaction chamber, allowing for in situ pretreatment and XANES
measurements under continuous flow of reaction gases [41]. Sample heating was achieved by
an infrared laser, where the sample temperature was controlled using a thermocouple fixed to
the disc surface. The catalyst was first heated in Ar (0.3 mbar) to 400°C and pretreated in a
mixture of Oz/Ar (1:1) at a pressure of 0.3 mbar. Afterwards, the catalyst was cooled down to
240°C in the same gas mixture, followed by measurements in a mixture of CO2/H, (1:3) or
CO/H; (1:3) at a pressure of 0.3 mbar. The intensity of the XANES spectra was first normalized
by the photon flux, subsequently the entire spectra were normalized to the same intensity at
532.9 eV, where no extra features are present. All XANES spectra were evaluated via a standard

procedure described elsewhere [42], using the Athena software package [43,44].

3. Results and discussion

3.1. Au particle size distribution, dispersion and perimeter size

The distribution and homogeneity of the Au nanoparticles (NPs) in the Au/ZnO catalyst were
examined after the oxidative pretreatment (O400) described in section 2.1. Figure 1a shows a

representative HAADF-STEM micrograph of the Au nanoparticles (bright spots) on the ZnO



particles (gray areas). Obviously, the dispersed gold particles are uniformly distributed on the
ZnO surface, showing spherical to hemispherical nanoparticle shapes and a rather

homogeneous spacing between neighboring nanoparticles. The average Au particle size and
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Figure 1: HAADF-STEM micrograph of the Au/ZnO catalyst after 0400 pretreatment (1 hin 10% O2/N-
at 400°C) (a) and the Au particle size distribution resulting from analysis of TEM and

HAADF-STEM images (b).
size distribution were obtained by evaluating more than 600 particles both from the bright-field
TEM and HAADF-STEM measurements (see Figure 1b). The size distribution of the Au NPs
turned out to be very narrow, ranging from 1 to 4.5 nm, with about 65% of the nanoparticles at

diameters between 2 and 3 nm. Based on this size distribution, the volume- area mean diameter



(dau) is 2.3 £ 0.2 nm, and the corresponding dispersion of the Au NPs is 44%. Based on these
data, using the density of gold (19.3 g cm™), the atomic diameter of Au atoms (2.84 A), and
finally assuming that the Au NPs are present as hemispheres, the total number of Au atoms at
the perimeter sites per gram gold was calculated as 1.98x10%° atoms gau™ (1.98x10* atoms gear
1y, which is equivalent to 0.0044x10% Au perimeter atoms cmes2. With a surface oxygen atom
density of 1.2x10% atoms cmcar2, this amount is equivalent to about 0.37 % of a monolayer (see
also refs. [34,37,39,45]). These values will be used as reference for assessing the amount of

removable surface oxygen (or refilled O-vacancies) in the coming sections.

3.2. Temporal Analysis of Products (TAP) measurements

3.2.1 Removable surface oxygen — Creation of oxygen surface vacancies

First, the pure undiluted Au/ZnO catalyst was fully oxidized by an 0400 pretreatment at
atmospheric pressure. After cooling down to 240°C and at the same time pumping down to
UHV conditions, the catalyst was exposed to a sequence of 300 pulses of O2/Ar (1:1) at 240°C
(At = 10 sec; pulse size ~ 10'® molecules) to reach stable reactor conditions for the subsequent
pulse sequences. Then the catalyst was exposed to a sequence of 200 *CO/Ar (1:1) pulses at

240 °C.

As had been shown earlier, interaction of CO with a fully oxidized Au/ZnO catalyst at 120°C
results in the formation of CO- [34]. Accordingly, we expect this also to happen for CO pulsing

at 240°C, leading to a partial reduction of the catalyst surface. The resulting signals of



10

0 20 40 60
6.0 e
a) 13CO output
T apf——m— —
S
—
C—G 3.0_
c
2
N
1.5+
0.0— “m: —
0.8-{b) **C0O, Formation 4
<
£
5 0.6- i
—
©
c
2 0.44
N
0.2+ _
16 13
C) o non-corrected **CO loss
- 1 o corrected **CO loss
= 12+ ¥C0, accumulation
%
—
>
<@
>
(&)
<@
o
=
I T T

0 50 | 1(|)O | léO | 200
Number of 13CO/Ar pulses

Figure 2 (a) Mass 29 of the 1*CO and (b) mass 45 of the 3CO; signals during the first 60 pulses
of a sequence of 200 3CO/Ar pulses (tpuise = 50 ms, At = 10 s) admitted to a Au/ZnO

(240°C, base pressure: 2.0 x 10 mbar). Prior to the titration, the catalyst was calcined

at 400°C in 10% O2/N: for 1 h and additionally exposed to 300 pulses of O2/Ar (1:1)

(full sequence see Figure S1, Supplementary Data). The red-dotted area indicates the

missing **CO pulse intensity, the dashed blue line marks the additional intensity of the
incoming CO pulses (see text). ¢) Accumulated amounts of **CO (o: without / < with
correction for oxygen surface segregation — see text) consumed by reaction with

removable oxygen, and the accumulated resulting **CO. (<) during the full pulse
sequence (200 pulses).
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a sequence of 3CO pulses are shown in Figure 2a, while the signals of 2*CO; pulses resulting
from the removal of surface oxygen are presented in Figure 2b. For better time resolution we

show only the first 60 out of 200 pulses (full sequences see Figure S1, Supplementary Data).

Obviously, there is a significant amount of 3CO missing at the beginning of the pulse sequence,
which is indicated by the dotted area in Fig. 2a. Between the first and about the tenth pulse, the
impinging *CO is completely consumed, while from pulse number 11 to pulse number 60 the
amount of *CO missing per pulse decreased gradually, until a constant intensity was reached
and the pulse size remained unchanged until the end of the pulse sequence (see also Figure S1,
Supplementary Data). The 1*CO; signal looks very different from the 2*CO signal in that it does
not resolve individual pulses, but only small regular spikes on a baseline. This is due to a distinct
broadening of the 1*CO; pulses, which results in a smear out of the signal due to the overlap of
the broadened pulses (see also the individual pulse shapes presented in Figure S2 in the
Supplementary Data). Such kind of broadening results from a rather slow desorption of the
13C0O, molecules compared to **CO, caused by a significantly stronger interaction of **CO with
the catalyst surface compared to the **CO introduced during the pulse measurements [34,46].
The broadening of the pulses results also in a much lower apparent pulse height (see Figure
S2). It should be noted that in the integration of the pulses the resulting increase in the pressure,
as indicated by the increase in the base line, was included. In parallel to the increase of the 1*CO
pulse signal, also the **CO- signal rises in a similar way, at least on a qualitative scale. It also
starts to increase at about pulse number 10, then passes through a maximum after about 20
pulses, and decays subsequently. Note that the increase in CO pulse height reflects a decrease
in CO conversion, while the increase in CO2 pulse intensity points to an increase in CO2
formation. This apparent contradiction will be discussed later. Interestingly, **CO, formation

does not decay to zero, even under conditions where the CO pulse height is constant. This is
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more clearly visible in the extended sequence in Figure S1, Supplementary Data. Possible

reasons for that will be discussed below.

Integration of the pulses allows us to determine the accumulated amounts of the missing 3CO
caused by reaction with surface oxygen, and the same can be done for the resulting 3CO;
intensity. The amount of missing 3CO is indicated by the red dotted area in Figure 2a. In
analogy to previous TAP studies [34,40] we assume that CO removal ceases in the later stages
of the CO pulse sequence and that the size of the incoming pulses is determined by the measured
pulse intensity in that stage. The accumulated amounts of missing **CO / resulting $3CO; are
plotted in Figure 2c, indicated by the lines marked by blue circles and red triangles, respectively.
For easier comparison with other results in the present work and findings reported previously
[34,40], the integrated results are given in terms of molecules per gram of gold, where the

conversion was calculated as described in the Experimental section.

Despite the initially much slower accumulated formation of **CO, compared to the amount of
13CO consumed, the resulting amounts become equivalent at the end of the sequence (200
pulses). Extrapolating these tendencies, *CO, formation would clearly exceed 3CO
consumption for longer pulse sequences (Figure 2c). One possible explanation for this
discrepancy would involve the desorption of CO. or the decomposition of carbon-containing
species, which had been present on the catalyst before the pulse sequence and which is induced
by interaction with **CO. Considering that the trend in Figures 2 and S1 would predict a further
increasing 3CO;, formation in combination with no **CO consumption, such kind of continuous

creation of *3CO, without **CO consumption seems to be highly unlikely.

Another possible explanation would involve a continuous consumption of CO also at later
stages of the pulse sequence, where the CO pulse height is approximately constant. This would
be in contrast to our usual assumption that in this range CO consumption is negligible. 1t would

mean that there is a continuous, constant supply of reactive oxygen to the surface, which is not
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or only very slowly depleted during this pulse sequence. Most likely, this can arise from oxygen
diffusion from the bulk under these conditions. This seems to be reasonable considering earlier
reports on the mobility of O-vacancies in ZnO [47], and also considering that in recent reaction
measurements we detected CO, formation during reaction in CO/H2 on a Au/ZnO catalyst at
240 °C over several hours. In our previous TAP measurements at 120°C, on the other hand, we
found no indication for such oxgen bulk diffusion effects, reflecting a considerable kinetic
barrier for this process [34]. If we allow oxygen bulk diffusion to take place, steady-state
conditions are reached when the supply of surface oxygen (by diffusion from the bulk) and
surface oxygen removal (by reaction with CO pulses) are equal. Once this is reached, the pulse
heights of CO (CO consumption) and CO2 (CO; formation) would stay constant with time, at
least, as long as the supply of oxygen from the bulk does not decay. Considering that under
steady-state conditions also the coverages of adsorbed CO> and of stable adsorbed CO: reaction
products are constant, the accumulation of consumed CO and of formed CO. should proceed
with identical rate, which means, that the lines reflecting this in Figure 2c (blue circles and red
triangles, respectively) should be parallel. This situation is reached if we assume that the
intensity of the incoming *CO pulses is slightly higher than that of the outgoing pulses in the
later stages of the pulse sequence (pulses 150 — 200), reaching up to about the blue dotted line
in Figure 2a. In that case, the accumulated **CO consumption is illustrated by the line marked
by the blue diamonds in Fig. 2c. This reflects an intensity increase of the incoming **CO pulses
by about 8% (blue dotted line Figure 2a), which is equivalent to a continuous consumption of
8% of the incoming CO per pulse by reaction with surface oxygen that has segregated to the

surface between two pulses under steady-state

The difference between the lines for accumulated CO consumption and CO> formation reflects
the amount of adsorbed CO> and stable adsorbed CO:> reaction products such as carbonates

deposited on the Au/ZnO catalyst. In this case, this amounts to 0.85x10% molecules CO:
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equivalent per cm? of catalyst surface area, or less than 1% of a monolayer. It should be noted
that the assumption of steady-state conditions in the later stages of the pulse sequence, at pulse
numbers >120, is insofar a lower limit as we cannot rule out that there is still accumulation of
stable adsorbed CO- reaction species, although we have no evidence for this. Higher CO>

formation than CO consumption is, however, highly unlikely.

These experiments also allow an estimate of the oxygen diffusion rate, or more precisely, its
arrival rate at the surface. Using a quasi steady-state value of 7.8x10%* consumed CO molecules
per pulse (8% of 0.98x10'® CO molecules per pulse), a surface area of 1.13x10* cm? for the
sample (25 mg catalyst) and a time interval of 10 s between pulses, we can calculate an arrival
rate of 7.0x10%° surface oxygen atoms per cm? of catalyst surface and per s. According to this
arrival rate, almost 20000 pulses would be needed to remove one monolayer of oxygen

(1.2x10% O-atoms per cm? of ZnO).

Because of the approximations used for deriving the contribution of oxygen bulk diffusion we
can only estimate the oxidation state of the catalyst surface under steady-state conditions, i.e.,
the number of lattice oxygen surface atoms missing on the surface of the catalyst at the end of
the sequence. In the absence of oxygen segregation to the surface this would be equal to the
amount of oxygen atoms removed from the surface by reaction with CO. For the present case,
we have to correct this by the amount of oxygen which has segregated to the surface during the
titration measurement, which is not directly accesssible. For doing this we employed a rough
estimate, which is based on the assumption that in the later stages of CO pulsing steady-state
conditions are reached (see complete pulse sequence, from pulse 120 to pulse 200, in Figure
S1, Supplementary Data), where the concentration of surface oxygen does not change any more
and where oxygen consumption at the surface is compensated by oxygen segregation to the
surface. Using a procedure which is described in detail in the Supplementary Data (with Figure

S3), we find an increase of the number of oxygen vacancies created on the surface under steady-
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state condition by 0.55x10?° molecules CO gau?, from 8.0x10%° to 8.6x10°° molecules CO gau
L after 200 pulses. With a surface area of 45 m? gea?, this latter value corresponds to ~1.9x10%
atoms per cm? catalyst, which is is equivalent to 0.013 monolayers (ML) of surface oxygen

considering the atom density of surface oxygen on ZnO of around 1.2x10° cm [34].

On a comparable Au/ZnO catalyst (Au loading 1 wt.%, 50 m? geart), but at lower temperature
(120°C), Widmann et al. determined a much lower amount of reversibly removable surface
lattice oxygen of 0.9x10%° molecules gau™ (0.18x10 atoms per cm? or ~0.0015 ML), roughly
one order of magnitude less than the amount removed at 240°C [34]. Such kind of increase of
the amount of removable oxygen with temperature closely resembles our previous findings for
AU/TiO,, where the amount of removable surface lattice oxygen increased from 1.7 to 4.8x10%
atoms gau* (from 0.008 to 0.0225 ML, with SA= 56 m?g? and Au loading = 2.6 %) when
raising the temperature from 80 to 240°C [45,48]. This increase was explained by a temperature
induced increase of the (surface) mobility of surface lattice oxygen, which allowed not only to
remove surface lattice oxygen species directly at the perimeter of the Au nanoparticles
(‘perimeter sites’), but also of neighboring surface lattice oxygen species that by surface
diffusion could move to the perimeter sites during the pulse sequence [40,48]. We assume a
similar mechanism to be applicable also for the Au/ZnO catalysts at 240°C, enabling in this
case also oxygen bulk diffusion. It is important to note that the above value refers to the oxygen
reversibly stored and removed during pulsing, and does not include the oxygen species
deposited during calcination at atmospheric pressures and elevated temperatures [49]. Also,
similar experiments performed on ure ZnO did not show any oxygen removal under these

conditions.

3.2.2 Re-oxidation of the pre-reduced Au/ZnOx catalyst: Replenishment of O-vacancies

by reaction with CO2
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To study the ability of CO; to replenish the O-defects created by 200 pulses of 3CO, the pre-
reduced Au/ZnO was exposed to a sequence of 1000 pulses of 2CO,/Ar (2:1). Because of the
significantly lower oxidizing power of CO2 in comparison with Oz, which we had experienced
for Au/CeO> [46], we used a much larger number of CO. pulses to ensure a measurable amount

of re-oxidation.
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Figure 3 Pulse signals of (a) mass 29 (**CO) and (b) mass 45 (**CO;) during a sequence of *CO/Ar
pulses (touse = 50 ms; At= 10 s) on a Au/ZnO catalyst after O400 pretreatment, followed by
reduction by 200 pulses *CO/Ar (1:1) and re-oxidation with 1000 pulses of 2)CO,/Ar (2:1) at
240°C. The figure shows the first 50 out of 200 *CO pulses for better resolution of the pulse

shape (see Figure S4, Supplementary Data, for the full sequence).

To assess the extent of O-deposition by CO> (‘re-oxidation’), we titrated the deposited oxygen
with additional 200 pulses of > CO/Ar. Figure 3a shows the first 50 pulses of the resulting pulse

sequence recorded at the outlet of the reactor. In this case, only the first two *CO pulses are
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almost completely missing, equivalent to complete consumption. Subsequently, the pulse size
increased rapidly and reached a stable signal after around 20 pulses. This reflects already a
much lower consumption of **CO during titration and hence a much lower amount of reactive
surface oxygen deposited by reaction with CO, compared with the measurement performed

after the O400 pretreatment plus 300 pulses O2 (see Figure 2a).

Furthermore, the CO> signals do not show any distinct structure, but remain at a constant level,
which is much lower, less than half, than in the previous experiment. Although details are not
known, post-exposure of the pre-reduced Au/ZnO catalyst to CO, seems to hinder the supply
of bulk oxygen to the surface. In Figure 4 we illustrate the accumulated consumption of $3CO
after the re-oxidation of the pre-reduced Au/ZnO and the amount of resulting *CO; that was
formed during this pulse sequence. Because of the much lower contribution from oxygen bulk
diffusion compared to the experiment in Figure 2, as indicated by the absolute level of
continuous CO> formation, and because of the small change in the number of (original) surface
oxygen atoms removed in that experiment, we did not perform a similar correction as in that
previous case, but used the final **CO pulse size, in the last 20 pulses, as reference level for the

CO pulse size.

Also in this experiment the accumulated amount of *CO; increases steadily with increasing
number of pulses. The accumulated missing *3CO reaches 80 % of the total amount after 50
pulses, followed by a further slow increase, until it becomes about unchanged after another 100
pulses. Compared with the situation after 0400, the amount of missing **CO due to oxidation
of surface oxygen is roughly eight times lower (using the uncorrected value in 2d as reference),

and for CO, formation this difference is even higher (decrease by about a
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Figure 4: Accumulation of the amount of 3CO (¢) consumed (‘removable oxygen’) and the resulting
13CO, () generated during surface titration with 200 pulses of **CO/Ar. Prior to the *CO
titration the 0400 pre-treated catalyst was reduced with 200 pulses of *CO/Ar (1:1) and re-
oxidized with 1000 pulses of 2CO./Ar (2:1).

factor of 16). Interestingly, in this case the amount of consumed CO after 200 pulses is more

than two times higher than the amount of resulting *CO5, and the difference would be even

higher when correcting for contributions from oxygen bulk diffusion. In contrast, after O400
the two values were approximately identical (neglecting corrections for oxygen diffusion). On
an absolute scale, however, this difference is much less than after O400 treatment, indicating
that after re-oxidation by CO2 much fewer stable adsorbed C-containing species are created

than after O400 treatment.

For comparison, we performed a similar experiment after re-oxidation with O2/Ar pulses (0400
— 200 pulses *CO — 300 pulses O2 — 200 pulses CO). Applying a similar evaluation as
described in the Supplementary Data for the data in Figure 2, we estimate a removal of 8.1 x
10% O surface atoms per gay that were initially present on the surface, which is very close to
the amount obtained on the fully oxidized sample directly after O400 treatment plus 300 pulses

O> (see Figure 2). It should also be mentioned that an essentially identical value was obtained
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also in the first CO pulse sequence, directly after O400 treatment. This indicates that the
exposure to 300 pulses of O directly after O400 treatment (Figure 2) does not change the

oxidation state of the Au/ZnO surface measurably.

The discrepancy between 3CO titration of the 0400 pretreated catalyst (column 1 in Figure 6,
Figure 2) and **CO titration of the CO- re-oxidized catalyst (column 3 in Figure 6, Figures 3
and 4) must be related to the interaction of the (reduced) catalyst with COz in the second
experiment (Figures 3 and 4). We assume that the accessibility of reactive surface oxygen
species or the supply of these oxygen species by bulk diffusion to the surface are hindered by
the presence of stable adsorbed species, which had been formed by reaction of CO> with the
catalyst surface in the preceding CO- pulse sequence. Such effects were reproducibly observed

in this work, at least on a qualitative scale.

Temperature programmed desorption (TPD) measurements were used to examine the build-up
of stable adsorbed surface species on the catalyst surface during CO titration or during re-
oxidation by CO> pulses. Figure 5 shows TPD spectra recorded between 240°C and 400°C,
once (red line) after re-oxidation of the Au/ZnO catalyst by CO2 (0400, 200 pulses CO/Ar,
1000 pulses CO2/Ar (2:1), as described in Figure 3), and once (black line) after the same
sequences plus an additional sequence of 200 *3CO 200 pulses (1:1), as described in Figures 3

and 4.

The TPD measurement was started three minutes after the end of respective pulse sequence at
240 °C, by raising the reactor temperature to 400 °C (25 °C / min). CO; started to desorb at
around 260°C and the desorption rate increased with increasing temperature, until reaching a
maximum at around 320°C. With further increasing temperature, from 320°C to 400°C, CO:
desorption decreased. At 400°C a smaller peak appeared and disappeared quickly. This may be
due to the stopping of the temperature ramp or alternatively, different types of carbon

containing species. Subsequently, CO> desorption decayed approximately exponentially while
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holding the sample at 400°C. Finally, when initiating the cool down to 240°C, a steeper
exponential decay occurred, until the CO> desorption rate was essentially at zero. The CO signal
(recorded during the same experiment) shows a temperature dependent desorption behavior
which is very similar to that of CO> (Figure 5b), with the amount of CO desorption being much
smaller than that of CO, roughly by a factor of five. This ratio is close to the fragmentation
probability of CO. reported for our mass spectrometer. In combination, these observations
strongly suggest that the detection of CO results from CO: fragmentation in the mass

spectrometer, rather than being a side product of the decomposition of stable adsorbed species.

2.0+ a) CO,-desorpton ~— CO-titratiqn X
| —— CO,-reoxidation 400

350

300

< O
< 1250 ¢
2 o
200 | :
E 2.0+ b) CO-desorption N 5
Q.
o p— 400 E
S / \ )
O 15- / \ - P
J \
/ "\ - 350
/ \
1.0+ /./ \\‘ r
/ . 1300
/ \
0.5+ /./ NF
/ \| 250

0.0 : :
0 200 400 600 800 10

L |
00 1200

Time /s

Figure 5: Desorption spectra of CO2 (a) and CO (b) from Au/ZnO (240 °C — 400 °C — 240 °C; 25°C
min?) after 0400, reduction by 200 pulses of CO/Ar (1:1) and re-oxidation by 1000 pulses of
COJ/Ar (2:1) (red) and after the same procedure, followed by reduction by 200 pulses of
CO/Ar (1:1) (black).
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Desorption of CO; in the temperature range between 250°C and 400°C, which is largely below
the temperature the catalyst experienced during O400 pretreatment, indicates that the re-
oxidation by CO: pulses leads to the formation of significant amounts of stable adsorbed
species, which under these conditions apparently decompose to CO. This result agrees fully
with the conclusion derived from the TAP multi-pulse measurements, which showed that a
significant fraction of the CO. formed during CO pulses remained as stable adsorbates on the
surface. Furthermore, it is consistent with previous findings from IR spectroscopy and TAP
reactor studies, which also indicated that interaction of CO2 with Au/ZnO catalysts results in
the formation of stable adsorbed species [33,34,50], which in the absence of H> are likely to be

carbonates, while in the presence of H surface formates will be formed [11].

The TPD spectra recorded on the sample which after re-oxidation by CO. pulsing was exposed
to 200 3CO pulses are essentially identical to those obtained after CO, re-oxidation, indicating
that it is mainly the latter step which causes deposition of stable adsorbed C-containing species,

rather than the CO titration step.

3.2.3 Impact of the reaction atmosphere on the oxidizing power of CO:2

To examine the impact of different reaction gases on the oxidizing potential of CO; and its
ability to replenish O-vacancy defects, we exposed the pre-reduced Au/ZnOx catalyst (pre-
reduced by 200 pulses of **CO) to different gas mixtures containing 2CO;, including *?C0O2/0,
12C0O,/H2, and 2CO,/CO. Before each experiment, the catalyst was freshly calcined (0400) and
pre-reduced. Afterwards, the amount of deposited oxygen was determined by CO pulsing, as
described in the previous section. The resulting amounts of re-oxidation, by re-deposition of

surface oxygen, are compiled in Figure 6.

The first three columns illustrate the situation directly after O400 pretreatment (1), after

reduction by CO pulses and re-oxidation by 300 pulses of O2/Ar (1:1) (2) and after re-oxidation
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by 1000 pulses of CO2/Ar (2:1) (3), respectively, which were already presented and discussed
in the preceding sections. They showed essentially complete oxidation (0400 — column 1) or
re-oxidation (300 pulses O2/Ar (1:1) — column 2), while for CO2/Ar pulsing the amount is

significantly less, close to /s, despite the much higher number of pulses.

Going to the gas mixtures, we start with re-oxidation of Au/ZnO by 1000 pulses of CO2/O2/Ar
(2:1:1). Interestingly, this results in a significantly lower 3CO consumption during the
subsequent titration compared to re-oxidation by O2/Ar, despite of the much higher number of
pulses used here. Even when considering the lower content of O> per pulse (25% instead of
50%), the total amount of O pulsed to the sample is higher in experiment (4) than in experiment

(2). Hence, the re-oxidation potential of this gas mixture is lower than that of O..
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Figure 6: Active surface oxygen (OSC) content and resulting **CO. formation as obtained by titration
by 200 pulses of *CO/Ar (1:1) directly after 0400 treatment (1) (data Figure 2)and (2-6) after
re-oxidation of a pre-reduced Au/ZnO catalyst (200 pulses of CO/Ar (1:1)) in different
reaction atmospheres at 240 °C: (2) re-oxidation with 300 O2/Ar (1:1) pulses, (3) re-oxidation
with 1000 CO2/O2/Ar (2:1:1) pulses, (4) re-oxidation with 1000 CO2/Ar (2:1) pulses (data
Figures 3 and 4), (5) re-oxidation with 1000 CO»/H2/Ar (2:1:1) pulses and (6) re-oxidation
with 200 CO./H,/CO/Ar (2:2:1:2) pulses. The data in columns 1 and 2 were corrected for O-

diffusion effects (see text and Supplementary Data, Figure S3).
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Although CO; can re-oxidize the reduced catalyst sites (see last section), it significantly lowers
the oxidizing potential of O». As already discussed before, with Figure 5, this is probably due
to the build-up of stable carbon containing species [34], which in this case may hinder the

activation of O on the reduced sites and thus the replenishment of O-vacancy defects-

To simulate more realistic reaction conditions for the methanol synthesis from CO. and Hy, the
oxidizing power of CO> was examined in the presence of H>and CO/H: in the gas pulses. Here,
we want to note that due to the limited oxidizing power of CO», we could not use the CO2/H>
(1:3) typical for realistic methanol synthesis. In both cases the deposition of active surface
oxygen species was negligible. Most simply, this can be explained by assuming that the
deposition of surface oxygen by reaction of CO> with surface oxygen vacancies is at least
compensated by the reverse process, by the formation of surface vacancies upon reaction with
H> and/or CO. After these experiments we observed H>O desorption in subsequent TPD
measurements similar to that in Figure 5, indicative of OH formation on the surface during

COz2/H: pulsing.

3.3 XANES measurements at the Zn Lin edge:

For comparison with the results of the TAP measurements we used in situ X-ray absorption
spectroscopy to examine the impact of the CO present in the reaction atmosphere on the
oxidation / reduction of ZnO, by following changes in the Zn Ly, near edge signal during the
exposure of the Au/ZnO catalysts to CO/H2 and CO/H» gas mixtures, respectively. Before the
XANES measurements, the catalysts were calcined in 0.3 mbar O2/Ar at 400°C for 1 h (see
Experimental Section). All measurements were performed under a continuous flow of reaction

gases at 0.3 mbar.

Figure 7a shows a sequence of spectra recorded at 240°C in O/Ar (1:1) after calcination (see

above) and during exposure to a continuous flow of a CO2/H; (1:3) reaction gas mixture at the



24

same temperature. The features A-C in of the Zn Ly edge are characteristic for the excitation
of Zn 2p electrons into unoccupied Zn states (Zn 4s and 4d states or 4s-4d hybrid states) [51,52],
considering the Zn 3d®° electronic configuration of the Zn?* state. Therefore, a decreasing
intensity in these states indicates a reduction of the Zn?* ions to less positively charged Zn

species, possibly to Zn°. Main result of this sequence is that the intensity of these
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Figure 7 (a) Normalized (see experimental section) XANES spectra of the Zn L, near edge regime
recorded on the Au/ZnO catalyst at 240°C in O2/Ar (1:1) after heating for 1 h in O./Ar (1:1)
at 400°C at 0.3 mbar (spectrum 1) and after different times in a continuous flow of a CO2/H.
(2:3) reaction gas mixture at 240 °C / 0.3 mbar (spectra 2 - 5). (b) Relative, integrated Zn Ly
intensity Iy, obtained by integration of the peaks between 1020 and 1031.5 eV, as a function
of reaction time (In = lo/lt x 100; lo: spectrum 1, Ii: spectra 2 5). Based on the noise level in

the spectra, we estimated an uncertainty of about £5% in the integrated peak area
features and of the whole spectra decreases during exposure to the CO2/H> (1:3) gas mixture

compared to the situation after calcination in 0.3 mbar of O /Ar (1:1). This indicates a
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measurable decrease in the number of unoccupied states during reaction, hence reduction of
ZnO to ZnOx or Zn. For more quantitative information we integrated the area between 1020
and 131.4 eV for all spectra. Using the peak area of spectrum 1 recorded in O2/Ar (1:1) at 240°C
for comparison with the other spectra recorded during reaction (spectra 2-6), the relative
integrated intensity In was found to decrease by 7% after 13 min exposure to CO2/H; (1:3) and

by about 12% (in total) after 160 min (see Figure 7Db).

Similar measurements were carried out after calcination and during subsequent exposure to a
CO/H; (1:3) gas mixture, where re-oxidation of the support by CO- is absent. Figure 8a shows
a much more pronounced intensity decay of the features A-C after introducing the CO/H. gas
mixture. The previously well-defined maxima A-C appearing in the first spectrum vanished

almost completely, indicative of a stronger reduction under these conditions. The integrated

intensity of the A-C region during reaction is about 20 % lower than after the oxidative
pretreatment (Figure 8b). According to these data, ZnO is almost two times more reduced
during methanol synthesis from CO/H> than during reaction in CO2/H.. Note that this value
refers to the present, idealized pressure conditions, and will presumably be different at realistic

reaction pressure. Nevertheless, the overall trend is expected to be maintained.

The present results fit very well to the findings of previous NAP-XPS and XANES
measurements at the O K-edge, where we found that the number of O-vacancies increases
mainly during the first 30 - 60 min during reaction in CO2/H>, and that this correlates well with
changes in activity.[33]. Furthermore, we found the creation of oxygen vacancies to be much
more pronounced during reaction in CO/H; than in CO2/H,. Considering that the signal at the
Zn Ly edge directly probes the oxidation state of the Zn atoms [51,53-55], the above data

underline that the formation of O-vacancies goes along with the formation of more
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Figure 8 (a) Normalized (see experimental section) XANES spectra of the Zn Ly near edge regime
recorded on the Au/ZnO catalyst at 240°C in O2/Ar (1:1) after heating in O2/Ar (1:1) at 400°C
for 1h (spectrum 1) and after different times in a continuous flow of a CO/H; (1:3) reaction
gas mixture (spectra 2 - 6), all at 240 °C / 0.3 mbar. (b) Relative integrated Zn L, intensity
In, Obtained by integration of the peaks between 1020 and 1031.5 eV, as a function of

reaction time (In = lo/ly x 100; lo: spectrum 1, Ii: spectra 2-6).
reduced Zn species, either within ZnO1.x , with a formal oxidation state of Zn'*, or as metallic

Zn® species. The latter two cases cannot be distinguished from the present data.

3.4 Mechanistic implications

The present study performed under low pressure conditions, in the mbar range, showed that
exposure of the fully oxidized Au/ZnO catalyst to a CO2/H.> (1:3) reaction mixture at
temperatures typical for methanol synthesis (240°C) leads to a measurable reduction of the

catalyst, or more specifically of the ZnO support, by formation of oxygen vacancies. This agrees
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perfectly with results of previous XANES measurements at the O K-edge [33]. For exposure to
a CO/H2 (1:3) mixture under otherwise similar conditions, this effect is much more pronounced.
On the other hand, starting with a pre-reduced catalyst, produced by exposure to CO pulses at
similar temperatures, exposure to a CO2/H> (1:1) gas mixture pulses leads to no measurable re-
oxidation of the catalyst, as evidenced by TAP reactor measurements. In combination, these
findings indicate that the composition of the reaction gas atmosphere has a distinct influence
on the chemical composition and oxidation state of the catalyst even at pressures, which are far

below those required for measurable reaction rates.

Here it is interesting to note that similar conclusions of a significant change in the catalyst
oxidation state, both of the support and of the Au nanoparticles, were derived recently from
operando DRIFTS measurements at pressures between 5 and 50 bar, and that these changes
could be correlated with the activity [33]. Together with other data this means that the
composition of the reaction gas mixture does not only affect the reaction by higher or lower
coverages of adsorbed species relevant for the reaction, but also by its tendency to reduce the
catalyst support, which in turn was found to modify the charge state of the Au nanoparticles
[33] and this way also the activity of the catalyst. These dynamic modifications of the catalysts
occur already at pressures far below realistic reaction conditions, though most likely to a
different extent on a quantitative scale. In combination, these results provide also a justification
of ‘model studies’ on realistic catalyst materials at reduced pressure condition, since they can
sensitively identify trends in the catalyst (surface) oxidation state which occur already under

these conditions.

A second finding of these model studies, both from XANES and TAP results, is the observation
that under reaction conditions oxygen is quite mobile in ZnO, allowing also partial reduction
of the (surface near) bulk regions under reaction condition. This is in contrast to, e.g., Au/TiOx,

where oxygen mobility seems to be limited to the surface at similar temperatures [48]. On the
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other hand, in a recent TAP reactor study on Au/ZnO we found oxygen bulk mobility to be

negligible at temperatures around 120°C [34].

Third, this work clearly confirmed previous proposals that stable surface carbonates and
possibly other stable adsorbed species are generated upon either exposure to CO2 or upon
reactive CO> formation. This process is highly efficient, as indicated by the sizeable
discrepancy between CO consumption and gaseous CO> formation in the CO pulse sequences.
Furthermore, the formation of these surface carbonates and related species effectively hinders
the reactivity of surface oxygen species or replenishment of surface lattice oxygen vacancies.
We can only speculate in the moment whether this is due to site blocking effects at the surface

or due to other effects.

These observations in combination indicate that under reaction conditions the Au/ZnQO catalyst
will be partly reduced, with (surface) ZnO neither being fully oxidized nor fully reduced, and
that the exact oxidation state will depend on the reaction gas mixture. This finding agrees
perfectly with an older proposal by Frost, who had suggested already in the eighties that there
is i) a close correlation between the composition of the reaction gas atmosphere and the build-
up of a Schottky junction at the interface between reducible oxide and metal nanoparticles, due
to partial reduction of the catalyst support, and that ii) this affects the methanol formation

activity of catalysts based on such oxides [56].

It is interesting to compare these findings and conclusions with the present debate on the active
site on Cu/ZnO catalysts, where a number of studies and authors underline the importance of
the formation of metallic Zn species, which are supposed to (surface) alloy with the Cu
particles/grains [15-17,24,26,27,29], while another group claimed that oxidic ZnO species are
the key to highly reactive Cu/ZnO catalysts [28,30,57]. This latter claim was based on their
observation that i) Cu/ZnO is very stable even in a reducing reaction atmosphere and a Cu-Zn

alloy is not formed during the reaction, and that ii) a CuZn surface alloy gained in activity upon
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oxidation of the Zn surface species in a reaction CO2/H mixture. Our present results for
Au/ZnO would be consistent with either of these results, in the sense that the active catalyst is
neither fully oxidized nor in a fully (surface) reduced state, but rather in a partly reduced state,
in a dynamic equilibrium, where the extent of the reduction depends on the reduction power of
the gas mixture under reaction condition. As stated before, we cannot unambiguously derive
from our data whether the reduction of ZnO ends at O vacancy formation (ZnOx formation) or
whether it can proceed to the formation of metallic Zn° species, but also cannot exclude that.
The existence of Zn° species seems to be possible only in contact with the Au nanoparticles,
I.e., via adsorption on or (surface) alloy formation with them. But definitely, ZnO by formation

of O vacancies is an essential part of methanol synthesis at Au//ZnQ catalysts.

Finally, the present study clearly demonstrates the potential of combining TAP reactor
measurements with reduced pressure spectroscopy measurements such as near-ambient-
pressure XPS (NAP-XPS) or XANES measurements at low energy edges. TAP reactor
measurements allow adsorption and reaction studies using similar amounts of molecules as
accessible in continuous flow experiments at pressures in the mbar range, considering that
exposure to individual pulses with 10** — 10% molecules corresponds to continuous flow

measurements over about 1 s — 1 min at 1 mbar and 1 ml min..

4 Conclusions

Employing a combination of TAP reactor measurements and XANES measurements at the Zn
Lin edge, we have shown that exposure of a Au/ZnO catalyst to a reaction gas mixture for
methanol synthesis or its components leads to dynamic modifications of the oxidation state of
the catalyst, which depend sensitively on the interactions of reactants and reaction products on
the one hand and the catalyst surface on the other hand. At pressures in the mbar range and at

a typical temperature for methanol synthesis of 240°C, CO or H: can partially reduce ZnO by
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creating O-vacancy defects at the ZnO surface and possibly even cause formation of Zn°
species. Interaction with CO> can replenish the O vacancy defects. These reactions with the
catalyst support are supposed to take place at the interface perimeter sites with the Au
nanoparticles; oxygen is, however, sufficiently mobile on / in ZnO under these conditions to
allow surface and bulk mobility and thus to reach significantly higher numbers of missing O
lattice atoms than possible only at the perimeter sites. Second, CO. which is either present as
reactant or, in the present experiments, may result from reaction of CO with surface oxygen
(formation of O-vacancies), interacts with the surface in three different ways, i) by reversible
adsorption, ii) by reaction with the catalyst surface to form stable adsorbed species (surface
formates, carbonates), which decompose at temperatures > 250°C, and iii) by re-oxidation of
surface oxygen vacancies. The contributions from the individual pathways depend sensitively
on the chemical state of the surface. In particular reaction with surface lattice oxygen and
replenishment of surface oxygen vacancies were found to be strongly hindered by the presence
of stable carbon-containing species formed by interaction with CO2. These trends were found
to be in excellent agreement with findings at realistic reaction pressures, and correlate also with

trends in the methanol synthesis rates.

Overall, the results demonstrate that the surface composition and oxidation state of the Au/ZnO
catalysts and their surface chemistry are sensitively modified already at pressures far below the
range required for measureable methanol formation rates, underlining also the valuable insights

that can be gained from studies under model conditions, here in the mbar range.
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