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Abstract (150 words max)

Metal-support interactions, which are essential for the design of supported metal catalysts, used
e.g. for COy activation, are still only partially understood. In this study of gold-loaded In,Os
and CeO; catalysts during CO» hydrogenation using near ambient pressure XPS (NAP-XPS),
supported by NEXAFS, we demonstrate that the role of the noble metal strongly depends on
the choice of the support material. Temperature-dependent analyses of XP spectra under
reaction conditions reveal that gold is reduced on CeQO, enabling direct H> activation, but
oxidized on Iny03, leading to decreased activity of Au/InoO; compared to bare In2Os. At
elevated temperatures, the catalytic activity of the InoO3 catalysts strongly increases due to
facilitated CO2 and (In2Os3-based) H» activation while the catalytic activity of Au/CeO; is
limited by reoxidation by CO.. Our results underline the importance of operando studies for

understanding metal-support interactions to enable a rational support selection in the future.

In the context of the energy transition and to mitigate climate change, the use of CO> as a non-
fossil carbon source is an important option for the production of chemicals and fuels. It has
been shown that CO; activation is facilitated by heterogeneous catalysts based on reducible
oxides such as In,O3 and CeO; due to their excellent redox properties.'# As a result, lattice
oxygen can be provided for reactions in which oxygen is involved, such as CO oxidation,*! the
(reverse) water—gas shift reaction,* 1% and CO, hydrogenation to methanol.l':!1?| Regarding the
redox properties of CeO, and In,Os, cerium can easily switch its oxidation state between Ce**
and Ce*"° whereas the oxidation state of indium was observed to change between In** and
metallic In®.['*) In the context of catalysis, where these reducible oxides are often loaded with

metals (e.g. Pt, Au, Cu), another property of key importance is the metal-support interaction.!'+



16 The reason for this is that in many cases the metal particles on the oxide or their interface

7] which in turn is strongly influenced by the transfer of electrons

constitute the active site,
between the metal and the support. Furthermore, the metal can have an influence on the defect
formation energy.

In this study, we compare the mechanistic behavior of gold-loaded In»O3 and CeO-
catalysts during CO> hydrogenation to CO and water, that is, the reverse water—gas shift
reaction (rWGSR). Both catalysts have shown good rWGSR activity in past studies,” but a
direct comparison between the two metal oxides regarding the gold state and the different
influence of the support on the metal under reaction conditions has not been reported. Moreover,
despite its relevance for heterogeneous catalysis in general, the effect of the metal-support
interaction on the catalysis during CO2 hydrogenation (rWGSR) has not been clarified yet. In
this letter, we address this point based on gold catalysts, underlining its importance and
providing an impulse for its more detailed consideration in future studies.

In203 and CeO: were synthesized as described in our previous studies!”*! and loaded
with gold using the deposition—precipitation method.!"®! The gold loadings were validated by
ICP-OES (inductively coupled plasma optical emission spectrometry) as 1.03 wt% for
In20O3 and 1.05 wt% for CeO». The specific surface areas according to N> adsorption and the
BET model for the bare supports are 57 m?/g for CeO, and 39 m?/g for In,O3. The samples were
then studied in more detail using operando near ambient pressure X-ray photoelectron
spectroscopy (NAP-XPS), experimental details of which can be found in the Supporting
Information (SI). For the Au/ceria, operando near-edge X-ray absorption fine structure
(NEXAFS) measurements of the Ce L3-edge and the M4 s-edges were also conducted (see SI
for details). The samples were analyzed at 1 mbar total pressure of H> and CO», using flow rates
of 6.66 ml/min and 3.33 ml/min, respectively. Three different temperatures were successively

considered, that is, 200, 250, and 300 °C.



The catalytic activity during rWGSR was monitored by gas chromatography (for details
see SI).

Carbon monoxide and water were the only detected products. Neither sample is active
at 200 °C. At 250 °C Auw/In203 shows a CO; conversion of 0.026% and Au/CeO. a CO;
conversion of 0.045%, and at 300 °C the conversions are 0.128 and 0.094%, respectively. Thus,
at 250 °C, the ceria-based catalyst is slightly more active than Au/In»O3, whereas at 300 °C, the
latter shows a higher activity. For comparison, bare CeO; showed no activity, while In,Os is
active with COz conversions of 0.080% and 0.180% at 250 and 300 °C, respectively, which are
higher than those of the gold-loaded In2Os. The conversions appear to be low, but can be
rationalized by the low pressure of the operando setup. The latter also prevents the formation
of methanol during CO> hydrogenation. Summarizing the activity results, we can state that the
effect of the gold loading strongly depends on the choice of the support material.

To gain insight into the observed reactivity behavior, we used NAP-XPS under reaction
conditions. First, the gold state will be examined in more detail based on the Au4f
photoemission of the two samples at different temperatures under reaction conditions, as shown
in Figure 1. It is apparent that the Au 4f signal of the CeO, sample is located at lower binding
energy than that of the InoO; sample (see also SI). This behavior indicates that gold behaves
differently on the two different oxide supports and is more oxidized on InoO3. Moreover, when
considering the different temperatures, it can be seen that for the In,O3-based sample the Au 4f
signal shifts to higher binding energies with increasing temperature, while the Au/CeO; sample
shows the opposite behavior. Thus, gold on In203 is oxidized with increasing temperature, while
it is reduced on CeOy, evidencing a clear difference in the behavior of gold on the two support

materials, which may be associated with different metal-support interactions.
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Figure 1: Au 4f photoemission of A) gold-loaded In;O3; and B) gold-loaded CeO> during
rWGSR. Operando spectra were recorded at a total pressure of 1 mbar, composed of H»

(6.66 ml/min) and CO5 (3.33 ml/min), at 200 °C (black), 250 °C (red), and 300 °C (blue).

Next, the spectra of the In 3d and Ce 3d regions of the gold-loaded In2O3; and CeO:
samples will be considered (see Figure 2). As expected for In,O3, based on the In 3ds, binding
energy (BE), indium is present in the oxidation state In** at 200 °C and no significant change
takes place with the onset of the reaction at higher temperatures. Thus, we can conclude that
the oxidation state of indium at the surface does not change significantly. To support this
finding, the In MNN region was measured (see Figure S1), which did not show any changes in
oxidation state either, as neither a significant shift in the binding energy nor a change in the
band shape was observed.!'”) In contrast, in the case of CeO,, Ce*" is already present on the
surface from the beginning, besides Ce*" (see Figure 2B), and it increases in concentration with
increasing temperature, indicating the formation of oxygen defects. This increase in Ce*"
concentration also correlates with the catalytic activity. For cerium, we could perform
additional NEXAFS measurements, where the total electron yield (TEY) was detected, giving
rise to a slightly higher penetration depth compared to the XPS measurements. Based on the
Ce L3 edge and the Ce M4 s edges (see Figures S2 and S3), an increase of the Ce*" fraction is
observed, strongly suggesting that the sub-surface is also participating in the reaction.*! Thus,

comparison of the behavior of CeO; and In2O; reveals that the CeOz support is significantly
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involved in the reaction, while InoO3 does not undergo any changes in oxidation state. To gain

further mechanistic insight, the surface oxygen dynamics was analyzed as a function of

temperature.
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Figure 2: A) In 3d photoemission of gold-loaded In2O3 and B) Ce 3d photoemission of gold-
loaded CeO: during rWGSR. Operando spectra were recorded at a total pressure of 1 mbar,
composed of Hz (6.66 ml/min) and CO; (3.33 ml/min), at 200 °C (black), 250 °C (red), and
300 °C (blue). The Ce** contributions are indicated by the black arrows.

Figure 3 depicts the O 1s spectra of Au/Inz20s (see Figure 3A) and Au/CeO: (see Figure
3B). It can readily be seen that the O 1s signals of the two oxides are characterized by a different
spectral profile and temperature-dependent behavior. In fact, the O 1s feature is much broader
for CeO; than for In,O3, with at least four distinct contributions for CeO». In contrast, for In,Os3,
the overall changes are less pronounced, and with increasing temperature mainly a decrease of
the width and the asymmetry of the band is observed, suggesting that all contributions decrease,
except that from lattice oxygen.[*!*2] According to the literature on In,Os, the signal at 529.9 eV
originates from lattice oxygen, while defective indium oxide gives rise to a signal at around
531 eV. The component at around 532 eV has been attributed to surface hydroxides®* with a
possible contribution from carbonates.?! Figure 3A shows both the hydroxide-/carbonate-

and defect-related signals decrease with increasing temperature. This behavior is consistent



with UV/Vis results from our earlier study, which showed that, starting at about 220 °C, the
surface was increasingly oxidized by CO> under reaction conditions as the temperature was
increased.®!

For the CeO» sample, the highest energy O 1s contribution is located at about 533.5 eV,
which is typical of adsorbed H20.1>*] The two features at around 531.7 and 530.6 eV have been
assigned to hydroxide groups and defective ceria (lattice oxygen bound to Ce*"), respectively.
The signal at 529.5 eV originates from lattice oxygen bound to Ce*".[>#*] It can be seen that
the hydroxide signal remains approximately the same when the temperature is raised to 250 °C,
whereas at 300 °C, the hydroxide signal clearly declines. On the other hand, the 530.6 eV
feature first increases but then remains about the same at 300 °C, indicating that the number of
oxygen defects significantly increases above 250 °C, which is consistent with the Ce 3d
photoemission (see Figure 2B) but contrary to the behavior observed for In,Os. In addition, it
is worth mentioning that for both oxides the signal at 533.5 eV, indicating water formation, is
detected only at higher temperatures and is consistent with the activity measurements using gas
chromatography (GC). Please note that in the case of In2O3, the 533.5 eV signal becomes visible

only at 300 °C, which can be attributed either to the lower conversion of InoO3 at 250 °C or to

the fact that more water is formed at 300 °C, because of the higher activity.
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Figure 3: O 1s photoemission of A) gold-loaded InoO3 and B) gold-loaded CeO; during
rWGSR. Operando spectra were recorded at a total pressure of 1 mbar, composed of H:
(6.66 ml/min) and CO: (3.33 ml/min), at 200 °C, 250 °C and 300 °C. The Ols signal from the
defect-free oxide is shown in red, near defects in green, that of hydroxides in blue and that of

adsorbed water in purple.

To explore whether adsorbates such as formates or carbonates are also involved, we
analyzed the C 1s spectra (see Figure S4). For both oxides, a carbonate-related signal at
289.3 eV was detected, which disappears with increasing temperature. These carbonates are
presumably present on the powders from the beginning, originating from atmospheric CO,. The
observed desorption behavior makes their involvement in the reaction unlikely. Furthermore,

the center of the C 1s signal seems to show a red-shift with increasing temperature, but this is



related to the desorption of carbon-containing adsorbates instead of a change in the ubiquitous
carbon signal.

In summary, in this operando NAP-XPS study, we explored the interaction between
gold and the supporting oxide and how this affects the reactivity behavior, including the role of
the gold and cerium oxidation states. Our results show that the gold is more positively charged
on In,03, which prevents adsorption/activation of Ha. In contrast, such a H» activation has been
demonstrated for Au/CeQO; in one of our previous studies using transient IR spectroscopy and
density functional theory (DFT) calculations.[”] Thus, we propose that gold plays no essential
role in Hz activation on In2O3, and that Hy is rather activated by the oxide. This is also reflected
in the activity of the gold-loaded In2O3, which has a slightly lower activity than without gold.
The more positive Au charge on In2O3 may be explained by the fact that InoO; activates more
COg; at higher temperatures and thus becomes more oxidized, thereby increasing the availability
of lattice oxygen for oxidizing the gold. This is not the case for CeO2, which transforms into a
more reduced state with increasing temperature.

The oxidation of indium oxide by CO2 has been demonstrated in previous studies, using,
for example, temperature-dependent operando UV/Vis spectroscopy,® which is a more bulk-
sensitive method than XPS. Comparing this study to our earlier findings reveals that the surface
is also involved in the oxidation process, since operando NAP-XPS detects a decrease in the
number of oxygen defects with increasing temperature. Indium itself is not subject to any
surface reduction within the sensitivity of XPS, because this would be indicated by a change of
the In MNN signal profile and a shift in the In 3d position.

Thus, based on the available data, we propose that reduction of the Au/In2O3 catalyst by
H: is activated by In20s that is largely unaffected by the presence of Au. On the other hand, the
surface hardly reacts with CO- at still moderate conditions. Only with increasing temperature,
can CO; finally be activated, leading to surface reoxidation. Compared to the Au/CeO; catalyst,

the reaction proceeds much more slowly at 250 °C, because on the Au/CeO: surface H is
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activated by gold even at moderate conditions and, as a consequence, the surface is reduced.
However, while H» activation is facilitated by Au, the reoxidation by CO proceeds much more
slowly, thus limiting the catalytic activity at 300 °C, as evidenced by the increase in surface
reduction with increasing temperature.

In this study, we provide direct experimental evidence that the influence of the noble
metal on the reactivity behavior is strongly dependent on the support. As shown for supported
Au catalysts during CO; activation, the use of InoO3 and CeO> as reducible oxide supports leads
to a completely different behavior of the loaded gold. This ranges from direct H> activation on
CeO2 to a deactivation on In2O3, which is probably linked to the blocking of active sites, leading
to a decreased activity of Au/In,O3 compared to bare InoO3. Our results highlight the importance
of operando studies for understanding metal-support interactions and their relevance for the

reactivity behavior of loaded oxide catalysts, enabling a rational support selection in the future.
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