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Interaction of CO, with MnO,/Pd(111) Reverse Model

Catalytic Interfaces

Arca Anil,” Omer Faruk Sadak,™ Bartu Karakurt,™ Yusuf Kocak,” Igor Lyubinetsky,*® and

Emrah Ozensoy*™ "

Understanding the activation of CO, on the surface of the
heterogeneous catalysts comprised of metal/metal oxide inter-
faces is of critical importance since it is not only a prerequisite
for converting CO, to value-added chemicals but also often, a
rate-limiting step. In this context, our current work focuses on
the interaction of CO, with heterogeneous bi-component
model catalysts consisting of small MnO, clusters supported on
the Pd(111) single crystal surface. These metal oxide-on-metal
‘reverse’ model catalyst architectures were investigated via
temperature programmed desorption (TPD) and x-ray photo-

Introduction

Mitigating the negative impact of anthropogenic atmospheric
carbon emissions on climate change continues to increase its
importance. Hence, the conversion of carbon dioxide and fossil
fuel combustion products in the atmosphere to fuels or other
industrially useful value-added hydrocarbon compounds is an
attractive approach for CO, utilization."® Hydrogenation of CO,
is a challenging process due to the difficulties associated with
the activation of CO, a thermodynamically very stable
molecule.’™ Achieving energy-efficient CO, conversion to fuels
requires development of innovative catalytic approaches and
new catalysts. In particular, heterogeneous catalytic strategies
utilizing proper combinations of metal and metal oxide
components with complementary chemical properties often
facilitates the reaction pathways for CO, hydrogenation.”® The
combination of the acid-base sites of metal oxides with the
active metal sites is a commonly exploited catalytic strategy to
facilitate CO, reduction by hydrogen."*'¥ Bi-component cata-
lysts consisting of late-transition metal nanoparticles (e.g., Rh,
Cu, and Ni) on metal oxide supports (e.g., ZnO, SiO,, and ZrO,)
have been shown to be active in the reduction of CO, to fuels
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electron spectroscopy (XPS) techniques under ultra-high vac-
uum (UHV) conditions. Enhancement of CO, activation was
observed upon decreasing the size of MnO, nanoclusters by
lowering the preparation temperature of the catalyst down to
85 K. Neither pristine Pd(111) single crystal surface nor thick
(multilayer) MnO, overlayers on Pd(111) were not capable of
activating CO,, while CO, activation was detected at sub-
monolayer (~0.7 ML) MnO, coverages on Pd(111), in correlation
with the interfacial character of the active sites, involving both
MnO, and adjacent Pd atoms.

(e.g., methanol and methane) or other valuable chemical
feedstocks (e.g., formic acid)."*'? Although some understand-
ing of cause-and-effect relationships for these types of catalysts
have been advanced, in particular, for Cu/ZnQO,""™ sufficient
control over CO, reduction has not been achieved to obtain a
truly efficient catalytic process.

In order to design new catalytic architectures for CO,
activation, new types of metal/metal-oxide interfaces should be
explored, where the properties of both metal and the metal
oxide phases have to be optimized. Particularly, such optimiza-
tion efforts may involve the control of the size, shape, and
dispersion of the metal particles,”” along with adjustments of
chemical state, composition, and morphology of the oxide
domains.”"? |In the majority of the former heterogeneous
catalytic studies associated with the metal-oxide systems, the
catalyst of interest typically contains metal particles dispersed
on the oxide support. However, a relatively little attention has
so far been devoted to the so called ‘reverse’ model catalyst
systems, consisting of the oxide particles supported on an
atomically  well-defined planar single crystal metal
substrate.***! Similar to metal-on-oxide catalysts**?® the
activity and selectivity of oxide-on-metal catalysts could also be
affected by the size of the oxide particles, the interactions
between the oxide and the metal support, and the charge
transfer between them. Manganese oxide nanoparticles on a
palladium single crystal support can be considered as an
appropriate bi-component ‘reverse’ model catalyst. While Pd is
not known to promote CO, activation,” =" it can efficiently
activate H, via dissociation of molecular hydrogen.”'¥ On the
other hand, it has been recently reported that MnO,-based
catalysts could readily facilitate CO, hydrogenation to Cs,
hydrocarbons.”™ Note also that Mn is the third most abundant
transition metal and has much lower toxicity than many other
metals used in CO, hydrogenation.®® Among several stable
manganese oxide phases, manganese (ll) oxide (MnO) is

© 2023 The Authors. ChemPhysChem published by Wiley-VCH GmbH
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commonly observed at low oxygen partial pressures.®” Because

of the large lattice mismatch (>10%) between the bulk crystal
structure of MnO and the Pd(111) substrate,*’ aggregation of
MnO clusters and discrete MnO nanoparticle formation are
expected rather than the growth of continuous MnO overlayers.
However, not much is known about CO, interaction on Mn
oxides.®®

An effective binding and activation of CO, on the catalyst
surface are the very initial steps of CO, conversion to fuels.
Hence, in the current article, we report our findings on *CO,
adsorption and activation on bi-component ‘reverse’ model
catalysts in oxide-on-metal configuration, consisting of small
MnO, clusters deposited on the Pd(111) support surface. Using
temperature programed desorption (TPD) and x-ray photo-
electron spectroscopy (XPS), we focus on the CO, uptake
characteristics, and the variation of different *CO, desorption
states as a function of i) MnO, overlayer coverage, ii) Mn
oxidation state, iii) the chemical nature/morphology of the
active sites on the model catalysts prepared at room temper-
ature (RT) vs. low temperature (85 K).

Results and Discussion

TPD profiles for the m/z=45 desorption channel shown in
Figure 1 were obtained by a gradual increase of '*CO, exposure
at 85K over a 1.5 monolayer (ML) MnO, overlayer grown on
Pd(111) at RT. As illustrated in Figure S1, 15 L *CO, adsorption
experiments at 85K for different MnO, overlayer coverages
within 0.7-6 ML display similar desorption features to the
corresponding high exposure *CO, data given in Figure 1. In
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Figure 1. m/z=45 TPD profiles upon increasing *CO, exposure over MnO,-
(1.5 ML)/Pd(111) surface prepared at room temperature.
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Figure 1, the principal desorption peak (a,) is detected at
~105 K, indicating a rather weak interaction between *CO, and
the surface corresponding to a physisorbed CO, state. A single
TPD peak is visible for *CO, exposures <0.3 L at 110 K, while
the formation of a low temperature shoulder at ~90K is
observed for higher exposures (>0.3L). Increasing the '*CO,
exposure above 0.3 L leads to the simultaneous growth of both
of these aforementioned features and the eventual saturation
of the a, state. Notably, the evolution of the a, peak closely
resembles that of *CO, desorption from the clean Pd(111)
surface, as can be seen in Figure S2. Hence, a, desorption peak
is predominantly associated with >CO, adsorption on the Pd
sites of the MnO,(1.5 ML)/Pd(111) surface. On the other hand,
the low temperature shoulder at ~90 K which partially overlaps
with the a, peak can be attributed to an extremely weakly
bound multilayer ®CO, adsorption state, whose desorption
temperature is lower than the lowest temperature attainable in
the currently used UHV setup (i.e., 85 K). Hence, this multilayer
desorption peak at T<85K cannot be fully monitored in the
current TPD plots. In comparison with the pristine Pd(111)
(Figure S2), the presence of ultra-thin MnO, overlayers grown at
RT (Figure 1) causes relatively minor but detectable modifica-
tions of the '3CO, TPD profiles. Figure 1 shows that on the
MnO,(1.5 ML)/Pd(111) surface, a shoulder feature (i.e., a;) starts
to appear on the high temperature tail of the a, desorption
peak at high *CO, exposures, along with an additional weak
feature (i.e., ;) at ~330 K. As the «, feature does not exist for
the pristine Pd(111) surface (Figure S2), development of the ¢,
peak on the MnO,(1.5 ML)/Pd(111) surface apparently indicates
the population of new MnO,-associated physisorbed *CO,
states with slightly higher adsorption energies as compared to
that of @,. On the other hand, high desorption temperature of
the 3, feature corresponds to a strong bonding between *CO,
and MnO, sites, and could be provisionally attributed to CO,
activation. In contrast to a physisorbed form of *CO, (with a
linear geometry) associated with a, and «, peaks, 3, peak could
be related to a chemisorbed form of '*CO, with a bent
conformation, which is stabilized by a partial negative charge
induced by electron capture (i.e, CO,®"). Note that, similar
CO,> species were also reported in former studies investigating
CO, adsorption on late-transition metals such as Cu(111)).'**"

It is well-known that catalytic activity and/or selectivity of
metal oxide clusters may critically depend on their relative
particle size.***? Since MnO, cluster size on the Pd(111) support
could be controlled by the Mn deposition temperature, we
modified the currently investigated model catalyst structure by
forming MnO, at a distinctively lower temperature of 85K,
which ought to considerably decrease the size of clusters and
potentially enhance CO, activation. Importantly, the temper-
ature of 85K is low enough to eliminate the aggregation of
small clusters into larger ones via surface diffusion, as it is well
within the Zone1 of Sanders classification (defined by
T/T,,<0.1, T,, is the melting point of Mn and/or Mn0),“*® where
the surface diffusion is hindered and the growth is dominated
by the simple shadowing process (i.e., the angular directions of
the incident coating atoms are governed by the simple
geometric interaction due to the roughness of the growing
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surface). As a result, incoming atoms should largely reside in
their condensation positions, and at initial stages of growth,
majority of them should remain as clusters with sub-nanometer
diameters and, in the extreme case, may exist as monomers. As
deposition continues, the random sticking of atoms in upper
layers and resulting atomic stacking and shadowing effects
increase the surface roughness and yield a dense packing."*"!

Figure 2 presents typical m/z=45 TPD profiles for increasing
3CO, exposures over MnO,(1.5 ML)/Pd(111) surface prepared at
85 K. As a key difference in comparison with the adsorption
over MnO,(1.5 ML)/Pd(111) formed at RT (Figure 1), in Figure 2,
even at very low 'CO, exposures, a fairly intense 8, peak
gradually grows without the formation of any a, or a, states.
(As a side remark, note that the origin of the f3, peak shift from
~350 K to ~370 K with increasing >CO, exposure is currently
unclear). Figure 2 also indicates that while strongly bound f,
state is populated first, two distinct a; and a, TPD peaks
emerge simultaneously upon further *CO, exposure (>0.02 L).
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Figure 2. m/z=45 TPD profiles upon increasing *CO, exposure over MnO,
(1.5 ML)/Pd(111) surface prepared at 85 K. Inset shows the variation of the
relative integrated TPD signals of a,, a,, and 3, desorption states as a
function of '*CO, exposure.
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As mentioned earlier, relatively low desorption maxima of a;
(120K) and «a, (100 K), are consistent with the presence of
physisorption states. While a, peak is largely associated with
the first *CO, sub-monolayer weakly-bound on Pd(111),*¥ «,
peak possibly corresponds to a desorption from MnO, and/or
interfacial MnO,—Pd sites, where CO, is bonded only slightly
stronger than that of «, state. Inset of Figure2 shows
normalized m/z=45 desorption yields from different adsorption
states as a function of *CO, exposure. The f3, state which can
be associated with an activated *CO, species, virtually saturates
at € ~0.03 L. It is apparent that while the desorption intensities
of a, and (3, states, which are associated with MnO, clusters,
quickly saturate at relatively lower CO, exposures of ca. 0.03 L,
a, desorption state due to Pd(111) sites continue to grow in
intensity up to a '*CO, exposure of ca. 0.10 L.

We suggest that 3, TPD peak observed in Figure 2 could be
linked to an activated CO, preferentially chemisorbed on MnO,
to form charged CO,°" (carboxylate-like) and/or CO,*
(carbonate) surface complexes, as reported elsewhere for
various metal/metal oxide catalysts.*>**=3 This argument is also
in line with the former infrared spectroscopic data obtained
upon chemisorption of CO, on the Co/MnO, catalyst, where
charged CO,> species have been identified.** Remarkably, one
of the prominent features in the CO, TPD profile of the on Co/
MnO, catalyst has been a desorption signal at 364 K,** whose
temperature is in close proximity to that of the j, peak
(~370K) in the current work (Figure 2). Furthermore, similar
CO, TPD peaks within 353-365 K have also been reported for
both Cu/ZnO and reduced LaCrO; catalysts,**” and the
corresponding infrared spectra have revealed both monoden-
tate and bidentate carbonates.**" Also note that for methanol
synthesis catalysts, a reaction mechanism has been suggested,
where the formation of a transient carbonate intermediate is
invoked as the key and perhaps the rate-limiting step.”'™
However, as the exact nature of the intermediate species
observed in this work is currently undetermined, additional
direct spectroscopic studies are necessary.

In order to comprehend the marked difference in CO,
activation for MnO, clusters formed on Pd(111) at room
temperature vs. low temperature, we examined the differences
in their Mn oxidation states. Figure 3a shows Mn 3p;, XPS
spectrum along with deconvoluted XPS signals corresponding
to various Mn oxidation states of MnO,(1.5 ML)/Pd(111) pre-
pared at RT. As has been discussed in one of our recent
reports,®¥ similar to Mn-containing compounds and surface
alloys, for ultra-thin (~1 ML) Mn films deposited on d-metal
surfaces such as Pd,** Mn 2p,, peak attributed to Mn° shifts to
a higher binding energy (~640 eV) in comparison with bulk Mn,
and also has an intense ‘shake-up’ satellite separated by
~5 eV Moreover, the main Mn° XPS peak exhibits an
additional ‘shoulder’ located below 640 eV.***” All these Mn°-
associated features could be seen in the XPS spectrum in
Figure 3a. On the other hand, the peak located at 642.4 eV,
along with a strong ‘shake-up’ satellite separated by ~6 eV, is
assigned to the Mn** species,®®*" whereas the peak located at
643.6 eV is attributed to the presence of Mn*" species.©>*%
Overall, the XPS data in Figure 3a show that while MnO, clusters

© 2023 The Authors. ChemPhysChem published by Wiley-VCH GmbH
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pared at (a) RT and (b) 85 K.

formed at RT are partially oxidized, they also have a consid-
erable metallic character (Mn°%:Mn?* %:Mn>* % =
61%:31%:8%). On the other hand, Mn 3p;,, XPS spectrum for
the MnO,(1.5 ML)/Pd(111) prepared at 85 K (Figure 3b) reveals a
somewhat more oxidic character, with a particular increase in
the XPS intensity of the Mn®*" state (Mn°%:Mn*" %:Mn*" % =
51%:33%:16%). In order to test the potential role of the
chemical state, we also additionally oxidized the MnO, clusters
on the MnO,(1.5 ML)/Pd(111) surface prepared at RT (by
exposing them to ~2x10° L of O, at RT). The relevant Mn 3p;,
XPS spectrum, shown in Figure S3, indicates a decrease in the
metallic character (to 56% Mn°). However, corresponding CO,
TPD results, presented in Figure S4, show no enhancement of
CO, activation. This observation indicates that rather than a
trivial dependence on the relative abundances of different Mn
oxidation states, CO, activation has a stronger dependence on
the MnO, coverage and MnO, particle size.

Finally, we investigated the coverage effect of MnO, clusters
on the carbon dioxide activation, at the 'CO, saturation
exposure. Figure 4 displays m/z=45 TPD profiles upon '*CO,
adsorption on the MnQ,(0-6.0 ML)/Pd(111) surfaces prepared at
85 K. Except for the a,-desorption state, all other desorption
states (a,, 3, and f3,) emerge at sub-monolayer MnO, coverages

ChemPhysChem 2023, e202200787 (4 of 7)
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Figure 4. m/z=45 TPD profiles upon saturation '>CO, exposure of MnO,/
Pd(111) for increasing MnO, coverages of MnO, formed on Pd(111) at 85 K.

and promptly disappear at higher MnO, coverages (>3 ML).
The minor 5, desorption signal located at 280K can be
tentatively assigned to an intermediate species with an
adsorption energy lower than that of the [, state. The
normalized integrated '>CO, TPD intensities due to the different
desorption states as a function of MnO, coverage are shown in
Figure 5. Apparently, all desorption processes exhibit a max-
imum at relatively low MnO, coverages (<2 ML), whereas the
highest degree of '>CO, activation (indicated by the max-
imization of the integrated intensity of the [, state) appears at
a sub-monolayer MnO, coverage of 0.8 ML. Importantly, at
higher MnO, coverages (>2.5 ML), all desorption peaks asso-
ciated with MnO, sites (3, 8, and a,) disappear entirely. This
MnO, coverage corresponds to the complete covering of Pd
sites, as evidenced by the ceasing of the dissociative adsorption
of D, at Oyno>2.5 ML, as shown in Figure S5. (The dissociative
adsorption of molecular hydrogen and its isotopes is well-
documented on the Pd(111) surface, but does not occur on Mn
and its oxides).®** |t should be mentioned that the surface
completely covered by MnO, (at ®,0,=>3 ML, Figure 4) exhibits

© 2023 The Authors. ChemPhysChem published by Wiley-VCH GmbH
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T
2
> In summary, our study demonstrates how the reactivity of
= oxide-on-metal interface can be fine-tuned by modifying the
g' structure of the oxide component to generate the active sites
n necessary for the activation of CO,, while alteration of the Mn
o oxidation states in the MnO, does not have a significant effect
on the catalytic activity. Using temperature programed desorp-
b tion and x-ray photoelectron spectroscopy techniques, we

MnOy Coverage (ML)

Figure 5. Normalized integrated *CO, TPD intensities from different desorp-
tion states as a function of MnO, coverage for MnO,(0-6.0 ML)/Pd(111)
surfaces prepared at 85 K. Note that o, curve is multiplied by '/; for clarity.

a a, feature with a desorption maximum located at the same
temperature (~100K) as for clean Pd(111). This observation
indicates that two separate '*CO, physisorption processes at
both Pd and MnO; sites, with similar adsorption energies, may
contribute to the a, desorption channel.

An important observation of the hindering of 'CO,
activation upon blocking of Pd sites likely points out to a
necessary involvement of both MnO, and adjacent Pd species.
Apparently, these adsorption sites have an interfacial character
(e.g., involving interface plane edges of the MnO, nanoclusters),
taking advantage of the synergy between the oxide particles
and metal support”™® This also well correlates with our
observation of the maximum '*CO, activation at a relatively low
MnO, coverage (< 1 ML). While the exact nature of these active
sites remains unclear, it presumably involves a strong bonding
interaction between the MnO, nanoclusters and the Pd
support.®>*” This is also in line with the B.E. shift of the Pd 3d
XPS peaks towards higher values, starting from the very initial
stages of Mn deposition at both RT and 85 K (Figures S6a and
S6b, respectively), indicating enhanced Pd—Mn bonding, as
reported by Sandell et al. for Mn on Pd(100).%*® Furthermore,
these authors also found that at RT, Mn atoms were extensively
incorporated to the subsurface layers of the Pd substrate, while
such a phenomenon was absent at a lower temperature of
90 K*® Diffusion of Mn atoms to the Pd subsurface can
attenuate the number of Mn surface atoms and decrease the
available number of Pd—Mn interfacial adsorption sites on the
catalyst surface leading to diminished CO, activation at RT.
Another factor that can strongly influence the chemical
interaction between CO, and the oxide/metal interface is the
size of the MnO, nanoparticles.®®* Since '*CO, activation is not
limited solely to MnO,/Pd(111) system formed at 85K (minor
activation was observed for RT as well, as discussed earlier), the
necessity to utilize a low temperature for model catalyst
preparation might be due to the increase in the number of

ChemPhysChem 2023, 202200787 (5 of 7)

examined the adsorption and activation of *CO, on heteroge-
neous bi-component model catalyst, consisting of small MnO,
clusters supported on the Pd(111) surface. Upon decreasing the
size of the MnO, nanoclusters by lowering the preparation
temperature of the catalyst down to 85K, a significant
enhancement of 'CO, activation was observed. Such an
activation phenomenon likely takes place via the formation of
relatively strongly bound intermediates with a prominent role
of the interfacial sites, involving both MnO, and adjacent Pd
atoms. The interfacial character of the active sites well correlates
with the observation of maximum "*CO, activation at less than a
monolayer of MnO, coverage, while complete wetting of the
Pd(111) surface with MnO, blocks the metal sites and inhibits
3CO, activation.

Future development of a truly efficient catalyst for CO,
conversion into different, value-added products will require a
comprehensive atomistic knowledge of the adsorption and
activation mechanisms involved. Initiation of the activation is
the first critical step. The hydrogenation of the intermediates on
the MnO,/Pd(111) model system will be the subject of our
forthcoming studies.

Experimental Section

The experiments were conducted in a custom-made ultra-high
vacuum (UHV) chamber with a base pressure of 7x 107" Torr that
has been described in detail previously.” The Pd(111) single crystal
(MaTeck GmbH, 10 mm diameterx 1 mm thick disk, 99.999 % purity)
was cleaned by several cycles of Ar" (Ar(g), Linde GmbH, Purity
99.999%) sputtering (LK technologies, NGI3000, 1.5 kVx 15 mA)
followed by annealing at 1000 K. Pd(111) surface cleanness was
verified by both XPS (Riber non-monochromatized Al Ko x-ray
excitation, 300 W, Riber EA150 electron energy analyzer) and TPD,
where in the latter case CO/CO, (due to surface contamination) was
monitored upon O, (O,(g) LindeGmbH, Purity 99.999 %) adsorption
on the clean Pd(111) surface.®" The model catalytic system was
prepared in situ by evaporating ultra-thin Mn overlayers from a Mn
metal source (Mn foil casted, T mmx5 mm in dimensions, MaTeck
GmbH, >99.9% purity) on the clean Pd(111) surface either at 85 K
or at RT. In both cases, XPS has revealed the presence of metallic
(Mn°% and several oxidic (Mn** and Mn*) states. The partial
oxidation of Mn is tentatively attributed to the reaction of Mn with
water/hydroxide species generated due to the background pressure
spike occurring during the Mn deposition. The coverage of the
MnOy (Oynoy) Overlayers on Pd(111) substrate was calibrated using
XPS. This is accomplished by monitoring the break point in the

© 2023 The Authors. ChemPhysChem published by Wiley-VCH GmbH
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linear dependence of Pd 3d intensity as a function of the Mn
deposition time at RT.*¥ As shown in Figure Sé6c, such an analysis
revealed a ‘quasi’ Stranski-Krastanov cluster growth mode at RT.F*l
In contrast, corresponding data for the Mn deposition at 85K
closely fits an exponential, break-free decay, as expected for self-
affine growth,**” (and therefore, the calibration for 85 K utilized
that of RT). In the TPD measurements, a quadrupole mass
spectrometer (QMS, Ametek Dycor Dymaxion DM200) with an
apertured shield and a proportional-integral-derivative (PID) con-
trolled sample heater (Heatwave, model 101303) were employed.
TPD experiments were carried out using a heating rate of 1K/s, a
70 eV QMS electron ionization energy, and a 30 ms dwell time for
each desorption channel. After each TPD experiment, model
catalyst surface was cleaned via Ar* sputtering and a fresh model
catalyst surface was prepared due to the thermally induced
sintering and chemical modification of the small MnO, clusters
during the TPD runs. *CO, (Cambridge Isotopes, purity 99.8%) or
D, (Cambridge Isotopes, purity 99.9%) were admitted into the
chamber via a dedicated tube doser. The exposures, €, are
presented in Langmuir units (1 L=10"°Torr-s), while taking into
account an enhancement factor (~7) of the doser in comparison
with an isotropic dosing by chamber backfilling.

Supporting Information Summary

Supporting Information presents '*CO, and D, TPD profiles and
Pd 3d XPS spectra for different MnO, overlayer coverages, *CO,
TPD from the clean Pd(111) surface, whereas additional
references are cited within the Supporting Information.”*
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Smaller is better: Decreasing the size

of the MnO, nanoclusters on Pd(111)
surface leads to a significant
enhancement of CO, activation.
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