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ABSTRACT: Single-atom catalysts have attracted a great deal of attention due to their distinct reactivity and potential for cost
savings. However, despite the wealth of literature in recent years, identifying the exact nature of the active sites and associated
reaction mechanisms remains challenging in many cases. Herein, we take a surface science approach to understand how Rh single
atoms and small clusters behave on the thin film “29” Cu,O grown on Cu(111). We find that in contrast to Pt, which is present
solely as single atoms on the “29” Cu,O surface, Rh atoms and clusters coexist and each enable low-temperature CO oxidation, but
via different pathways. Specifically, the single Rh atoms produce CO, at 444 K via a Mars van Krevelen mechanism whereas the Rh
clusters can also dissociate CO, as demonstrated via isotope labeling, and liberate CO, at 313 K. Density functional theory (DFT)
calculations quantify the energetics of these different pathways and demonstrate that only extended Rh is capable of CO dissociation.
Low-temperature scanning tunneling microscopy (STM) reveals that unlike Pt atoms on the same surface, which stay atomically
dispersed, the distribution of Rh structures is dependent on pretreatment conditions. DFT calculations reveal the greater tendency of
Rh atoms to cluster than Pt, and STM image simulations confirm the active sites. Ambient pressure X-ray photoelectron
spectroscopy studies on the same single crystal model systems demonstrate that 1% of a monolayer of Rh on the “29” Cu,O thin film
significantly accelerates its reduction by CO at 400 K, thus confirming the ultrahigh vacuum surface science findings. Together, these
results illustrate how well-defined single crystal experiments are useful in building structure—function relationships that elucidate the
reactivity of different ensemble sizes with a level of detail beyond what is possible with high surface area catalysis.

Bl INTRODUCTION
Supported single-atom catalysts (SACs) have become a

oxidation, NO reduction, and the WGS reaction without any

. 910,14
methanation.” ™

burgeoning area in catalysis research over the past decade.'
These systems combine the advantages of heterogeneous
catalysts in terms of robustness and ease of product separation
with the well-defined nature and high selectivity of
homogeneous catalysts. The cost savings associated with
dispersing the catalytic metal at the single atom limit is
important given the increasing price of the precious metals
used in many catalytic processes.”” " Previous studies have
demonstrated that both single atom sites and supported
nanoparticles can catalyze a variety of industrially relevant
reactions.’™ > Relevant to this work, it has been proposed that
isolated Rh sites can catalyze C—H bond activation, CO
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However, despite the wealth of literature on supported
catalysts, identifying the exact nature of the active site and the
reaction mechanism remains challenging. To probe these

questions in more detail, model single crystal systems are very
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useful in enabling the atomic scale structure of the active sites
to be probed and directly related to reaction chemistry."”~"*
Previous studies on a variety of supports have shown that
isolated sites behave differently than nanoparticles.'>'®"*
Furthermore, adsorbate-induced restructuring of the active
sites, as well as strong metal—support interactions, complicates
the picture. For example, Solymosi et al. found that adding CO
to Rh/AlL,O; leads to the dispersion of Rh particles; however,
when heated the Rh particles tend to agglomerate."” Other
researchers have also found CO to play a part in the sintering
or dispersion of Rh active sites throughout the catalytic
process.

The ability of both single atom Rh sites and Rh
nanoparticles to catalyze CO oxidation, coupled with the fact
that CO is known to affect the dispersion of the Rh, makes it
difficult to distinguish the exact role of these two types of
active sites. The dynamic nature of these types of systems has
been modeled by Rousseau et al. on Au/ceria as a model
catalyst for CO oxidation.'” The authors propose a mechanism
by which dynamically exposed Au atoms that strongly couple
with the ceria support were responsible for CO oxidation, after
which they could return to the Au nanoparticle where they
originated from.'” While detailed modeling can uncover such
potentially important catalytic phenomena, it is very difficult to
attain such a full understanding in experimental systems,
especially ones in which the active sites change dynamically in
response to the reactants.

In this study we employ a combined model catalyst and
theoretical approach to understand the reactivity of a range of
coverages of Rh on a well-defined thin film Cu,O support. This
so-called “29” Cu,O thin film grown on Cu(111) has been
used previously to model supported single-site catalysts and
has a unit cell consisting of six hexagonal —(O—Cu)— rings,
five of which contain an oxygen adatom. The “29” Cu,O unit
cell is 29 times larger than the underlying Cu(111) unit cell,
hence the term “29” Cu,O thin film.”">* The current work
focuses on the ability of low loadings of Rh on this Cu,O thin
film to oxidize CO. Surface sensitive techniques that include
scanning tunneling microscopy (STM), temperature-pro-
grammed desorption (TPD), and X-ray photoelectron spec-
troscopy (XPS) enable us to investigate the atomic-scale
structure and reactivity of this well-defined catalytic model
system and to decouple the reactivity of single Rh atoms and
clusters, which are present on the oxide thin film. Throughout
this paper, we compare the Rh on the “29” oxide results to
previously published data for Pt on the same oxide surface.”* In
that study, it was found that low coverages of Pt on the “29”
Cu,O oxide were present exclusively as single atoms that were
capable of converting ~33% of adsorbed CO to CO, at ~350
K with the remainder of the CO desorbing unreacted around
the same temperature. By comparing and contrasting the
behavior of Rh with Pt, we find several important differences
which are understood with theoretical modeling. Specifically,
we find that at all surface coverages studied, Rh is present on
the “29” Cu,O as both single atoms and clusters, both of which
are able to oxidize CO to CO, which evolves at two distinct
temperatures that are characteristic of the active site being
single Rh atoms or clusters. Using isotope labeling studies and
DFT modeling we elucidate the different reaction pathways on
Rh single atoms and clusters as well as compare and contrast
the CO oxidation mechanism with what is known for Pt on the
same support.

B METHODS

TPD. TPD experiments were performed in an ultrahigh
vacuum (UHV) chamber with a base pressure <1 x 107'°
mbar. This chamber has a Hiden Hal/3F 301 RC quadrupole
mass spectrometer, and the Cu(111) crystal could be
resistively heated to 750 K and cooled with liquid nitrogen
to 85 K. The crystal was cleaned thoroughly by repeated Ar*
sputtering and 750 K annealing cycles. The “29” Cu,O thin
film was formed by exposure to either 0, (USP grade;
Airgas) or 0O, (97% isotopic purity; Aldrich) for 3 min at a
pressure of 5 X 107° mbar while the sample was held at 550 +
20 K. The structure of the “29” oxide was confirmed via CO
TPD as described by Hensley et al.>> Rh deposition was
performed with the sample held at 85 K using a flux-monitored
Focus GmbH EFM3 electron beam evaporator. These Rh
coverages were calibrated with CO titration experiments of the
same Rh dose on the Cu(111) crystal from which CO desorbs
intact at low Rh coverage.”* Monolayer assignments are based
on the packing density of Cu(111) of 1.77 X 10" atoms/
cm?> All TPD experiments of CO (99.99%; Airgas) were
performed with a 1 K/s linear heating rate. Quantitative
analysis of TPD peaks included correction factors for the
quadrupole mass spectrometer sensitivity, as well as the
fragmentation pattern and ionization cross section of the
desorbing molecule of interest.

STM. The samples used in STM experiments were made in
a preparation chamber (base pressure <2 X 107'° mbar) using
the same conditions as outlined in the TPD experiments
except for the oxygen deposition which occurred at 650 K but
lead to the formation of the same “29” oxide. The prepared
samples were transferred under UHV to the STM chamber
(base pressure <1 X 107" mbar) containing a precooled S K
Omicron Nano Technology STM. CO was deposited on the
sample at 5 K using a line-of-sight high precision leak valve,
and the sample was annealed to various temperatures prior to
cooling back down to 5 K for imaging. The STM images were
obtained with etched W tips, and typical imaging conditions of
—0.5 V with respect to the sample and tunneling currents ~0.5
nA were used.

XPS. UHV and ambient pressure (AP-) XPS experiments
were performed at the In situ and Operando Soft X-ray
Spectroscopy (IOS, 23-ID-2) beamline at the National
Synchrotron Light Source II (NSLS-II), Brookhaven National
Laboratory. A description of the beamline and endstation can
be found elsewhere.”® The Cu(111) crystal was cleaned by
repeated cycles of Ar" sputtering and 850 K annealing until the
C and O contamination peaks were no longer detectable by
XPS. The “29” Cu,O film was prepared by exposing the sample
to S X 107° Torr of O, (Matheson, ultrahigh purity, 99.98%) at
a sample temperature of 650 K for 3 min. Rh was evaporated at
a sample temperature of 300 K using a SPECS EBE-4 electron
beam evaporator, and the evaporation rate was calibrated with
a quartz crystal microbalance. Exposures to CO (Matheson,
research purity, 99.999%) were done at either 300 or 400 K.
Rh 3d and C 1s core levels were measured with a photon
energy of 500 eV, and O 1s was measured with a photon
energy of 710 eV. The binding energy was calibrated to the
Fermi level measured at each photon energy.

Density Functional Theory. All theoretical simulations
were conducted using the Vienna Ab initio Software Package
(VASP).””?® To model the electronic orbitals, a planewave
basis set was used, where the Projector Augmented Wave
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(PAW) potentials released in 2015°” modeled the core orbitals
to be frozen.”® Based on the PAW potentials, the Cu 3p°, 3d"°
and 4s', O 2s* and 2p*, and Rh 4d® and Ss' electrons make up
the valence states. The planewave basis had a kinetic cutoff
energy of 500 eV with a Gaussian smearing of 0.2 eV at the
Fermi level.

The “29” oxide surface was modeled using the structurally
accurate “29” oxide model published by Therrien et al’*'
Density Functional Theory calculations were performed within
the generalized gradient approximation (GGA) using the
Perdew, Burke, and Erzenhof (PBE) exchange-correlation
functional.’" All calculations involved here were spin-polarized,
although the resulting magnetic moment of the structures are
0. Structurally, the “29” oxide model consists of an atomic film
of Cu,O rings resting on top of a Cu(111) facet.”" Its unit cell
comprises 6 Cu,O rings with an O adatom within 5 of these
rings. The underlying Cu(111) substrate follows a periodicity
of its /I3 R46.1° X 7R21.8° supercell, approximately 29 times
larger than its p(1 X 1) unit cell. The “29” oxide unit cell has a
surface area of 18 X 19 A% During all geometry optimizations,
the two bottom layers of Cu(111) were fixed in their bulk
positions, while the top two Cu(111) layers and the rest of the
atoms were relaxed. To minimize “charge sloshing” between
periodic cells, a vacuum layer of 15 A height was set on top of
the slab.”> As determined by Therrien et al., an optimal k-point
sampling of 1 X 2 X 1 using the Monkhorst—Pack™ grid was
used to sample the Brillouin zone. The clean “29” oxide unit
cell is shown in Figure 1.

Figure 1. DFT model of the “29” oxide unit cell. The atoms are color
coded: Cu (pink), oxide-O (red), oxide-Cu (gray), adatom-O (black).

To model the active site of CO dissociation on Rh clusters, a
Rh(211) facet was used because the lower coordination sites
on the 211 facet provide a better model of the clusters that
exhibit more reactive undercoordinated sites than a typical 111
facet. Calculations here were not spin polarized. Supercells of
p(2 X 2) and p(2 X 3) were used to ensure that the adsorbed
CO is spatially isolated from its periodic image during the
simulation of its CO oxidation and analysis of its electronic
structure. To sample the Brillouin zone, Monkhorst—Pack k-
points grids of (1 X 2 X 1) and (1 X 1 X 1) were applied to the
p(2 X 2) and p(2 X 3) supercells, respectively. The same
vacuum slab thickness as the “29” oxide model was also applied
in both models. Both slabs consist of 6 atomic layers, where the
top 3 layers are relaxed and the bottom 3 layers are fixed.

All geometry optimization calculations were set to converge
after the energy and force criteria reach 107% eV and 1072 eV/
A respectively. The transition states were calculated using the
climbing nudged elastic band (CI-NEB)** method and was set
to converge after the total energy and interatomic force
differences reach 107> eV and 107> eV/A respectively. To
ensure that the highest energy is at the saddle point, a
vibrational states calculation ensuring the existence of only a
single imajginary mode along the reaction pathway was
conducted.”

The adsorption energy of CO on the two model surfaces
were calculated according to

E.4 = Ecosgab — Egab — Ecoy) (1)

where Eco/gabs Eqans and Eco(q) are the total energies of CO-
adsorbed surface, the clean surface, and CO in the gas phase,
respectively.

To investigate how much the CO electronic structure
changes by bonding with the surface, we calculated the ratio of
filled and unfilled states:

F [ p(E)dE

U ~ p(E) dE

Jeo?® @
where E is the energy level, p(E) is the density of electronic
states at a given energy, and Eg.,; is the Fermi energy. A
higher ratio correlates to a higher possibility that more
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Figure 2. TPD traces showing CO oxidation activity as a function of Rh coverage. Left panel shows TPD curves of CO, desorption from the Rh/
Cu,0 surface over a range of Rh coverages (0%, 0.5%, 0.75%, 0.9%, 1%, 1.8%, 4%, 9.5%, 12%, and 24% of a monolayer of Rh). Right panel shows

magnified CO, desorption traces from the lower Rh coverages.
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antibonding states within CO are filled by rehybridizing with
the surface states.

B RESULTS AND DISCUSSION

We began the study by testing the ability of the Rh on “29”
Cu,O model system to oxidize CO as a function of Rh
coverage on the surface as seen in Figure 2 and also image the
surface with STM as shown in Figure 3. Figure 2 shows a series

Figure 3. STM image showing 1% of a monolayer of Rh on the “29”
Cu,O surface after exposure to saturation CO and annealing to 200 K
to remove CO from the oxide surface. White arrows highlight the
atomically dispersed Rh sites, and the red arrows highlight Rh clusters.
Three unit cells of the “29” oxide are outlined in white. Scale bar is 5

nm.

of CO oxidation TPD data taken after saturation CO (10 L,
where 1 Langmuir = 1 X 107 Torr-s) was deposited onto a
range of Rh coverages on the “29” oxide. When no Rh is
present on the “29” oxide, all the CO desorbs below 200 K.**
However, Figure 2 shows that when low coverages of Rh are
deposited on the “29” oxide and exposed to saturation CO, we
observe two distinct CO, desorption features above 300 K and
no CO desorption, as seen in Figure 4A. This result is
significant in demonstrating that, unlike low coverages of Pt on

the “29” oxide which convert only 33% of the adsorbed CO to
CO,,”* at low Rh coverage every Rh site can facilitate the
oxidation of adsorbed CO to CO, as seen by the lack of CO
desorption in the TPD traces shown in Figure 4. Furthermore,
unlike low coverages of Pt, which exhibit only one CO,
desorption peak ~350 K, two CO, desorption peaks appear
at 313 and 444 K for Rh as seen in Figure 2. Below 2% Rh
coverage, the low and high temperature peak areas maintain a
roughly 1:1 ratio. Then, as the Rh coverage increases above
2%, the low temperature CO, desorption peak becomes the
dominant feature and the high temperature peak is just a small
shoulder on the low temperature CO, desorption peak as seen
in Figure 2.

In order to investigate the origin of this CO oxidation
reactivity, we imaged low coverages of Rh on the “29” Cu,0
surface with § K STM. Unlike Pt on the “29” oxide surface
which forms exclusively single atom active sites,”” when low
loadings of Rh are deposited on the “29” oxide surface, we
observed a variety of surface species including single atoms and
various sizes of clusters as highlighted by the white and red
arrows respectively in the STM image shown in Figure 3. This
image was taken after a Cu(111) sample was covered with the
“29” oxide and 1% of a monolayer of Rh was deposited on the
surface. The sample was then saturated with CO and annealed
to 200 K, to ensure the CO had desorbed off the oxide layer,
and then imaged at S K.

This STM result provides evidence for the existence of both
atomically dispersed Rh sites and small clusters on the “29”
oxide surface at low Rh coverages and is consistent with the
appearance of two CO, peaks in Figure 2. We therefore
postulate that the higher temperature CO, peak originates
from CO oxidation at the atomically dispersed Rh sites and the
lower temperature peak from Rh clusters. The fact that higher
Rh loadings on the “29” oxide led to a larger low-temperature
CO, peak is consistent with this hypothesis given that higher
Rh coverages will lead to the formation of more clusters.

Figure 4 shows that at Rh coverages greater than 2% we
begin to observe that not all of the CO bound to Rh sites is
oxidized to CO,. Specifically, the appearance of a CO
desorption peak in the 317—373 K region becomes prominent
at Rh coverages greater than 5% of a monolayer, related to Rh
clusters being present at the higher coverages which have less
access to surface oxygen for the CO oxidation step, and the
CO remains trapped on the Rh cluster until it can desorb as
CO at higher temperatures. In order to investigate the CO
oxidation mechanism and demonstrate that the oxygen is

A

373K
2€-9 ton|

483K

.5% Rh

2.5% Rh
1% Rh

CO Desorption Rate (m/z 28)

e
300 400 500
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Figure 4. (A) TPD traces for CO desorption from various coverages (0%, 0.25%, 0.5%, 0.75%, 1%, 1.8%, 2.5%, 3.5%, 4%, 5%, 6.5%, 12%) of Rh on
the “29” oxide. (B) Isotope labeling experiment in which the “29” oxide surface was made with '*0, and CO and CO, with a range of m/z ratios
corresponding to the different isotopes are observed desorbing after the adsorption of C'¢O.
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supplied from the “29” oxide itself, we performed isotopic
labeling studies as shown in Figure 4B. In these experiments,
the “29” oxide was grown using '*O,, Rh was deposited in the
usual manner, and the evolving CO and CO, were measured in
the TPD experiment at a variety of m/z ratios that correspond
to the differently labeled molecules. The TPD traces in Figure
4B show that with 1% of a monolayer of Rh on the *O-labeled
“29” oxide, CO, is seen desorbing with different m/z ratios.
The main CO, product is observed at m/z = 46 corresponding
to C'*0™0 which is formed through the Mars—van Krevelen
mechanism,” occurs when a C'*O molecule adsorbs to a Rh
site, extracts an oxygen atom from the '*O-labeled “29” oxide
surface, and desorbs as C'°0'0. This same mechanism was
responsible for all the CO, production from CO oxidation on
atomically dispersed Pt on the “29” oxide surface.”” We will
address the other two CO, isotopes observed later in the
paper.

To understand why higher CO conversion and higher CO,
desorption temperatures were observed on the Rh “29” oxide
system as compared to the Pt “29” oxide system, we calculated
the reaction barriers involved in the oxidation of CO adsorbed
on atomically dispersed Rh sites within our DFT-based model.
As shown in Figure S1, we first compared the reaction energies
of CO combining with all possible “29” oxide O atoms
surrounding the Rh site. There are two representative positions
of oxide-O, the up-positions (up-O) and the down-positions
(down-O). Generally, the CO oxidation reaction energies with
a down-O are either slightly endothermic or slightly
exothermic (—0.16—0.13 eV). In contrast, the corresponding
energies with an up-O are more endothermic (0.48—0.59 eV).
We then selected the lowest reaction energies from the two
cases, and the energetic barriers involved in the reaction were
calculated and shown in Figure 5. Here, our energies are
zeroed at the clean atomically dispersed Rh site with CO in the
gas phase. Upon the adsorption of CO, the energy of the
system changes by —1.78 eV. We can see that not only the
bonding with down-O is thermodynamically more favorable
upon CO adsorption but also the activation barrier of its rate
limiting step is 0.86 eV (E,_ ), which is 0.47 eV lower than the

rate-limiting step of oxidation with up-O (E, ), making it the
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minimum energy pathway (MEP). For both cases, the rate-
limiting step consists of the formation of CO, adsorbed on the
single Rh atom site. While the oxidation of CO involves only
one elementary step (step 6—7 for down-O, and step 2—3 for
up-O), our DFT simulations found many intermediate ground
states where the oxide ring and the Rh-CO entity reposition
themselves to the most favorable configurations first.

We can gain many insights from comparing the energetics of
CO oxidation on Rh single atoms to CO oxidation on Pt single
atoms on the same “29” oxide surface as calculated
previously.”* First, the activation barrier on Rh within the
MEP (Figure SA) is ~0.36 eV higher than that for Pt on the
“29” oxide.”” This is in support of our observation that the CO
oxidation peak associated with Rh single atoms (444 K) is at a
higher temperature than the peak associated with CO
oxidation on Pt single atoms (350 K).”> We have also
previously observed that only 33% of CO adsorbed to isolated
Pt atoms was oxidized on the Pt-deposited “29” oxide while
100% of the CO reacted on the low coverage Rh-deposited
systems. Our DFT calculations indicate that the adsorption of
CO on a Rh single atom is exothermic at —1.78 V. Although
the activation barrier to oxidation is high at 0.86 eV, as shown
in Figure SA, the Rh—CO bond is strong enough (0.90 V) to
hinder CO desorption. We also note that step 6—7 in Figure
SA is highly exothermic. The energetic landscape is slightly
different in the case of Pt. First, the adsorption of CO on the Pt
single atom is —1.27 eV, which is ~0.5 eV weaker than its
adsorption on Rh.”* Second, the reaction energy to convert
CO to CO, is thermodynamically nearly isoenergetic.
Therefore, the desorption of CO from atomically dispersed
Pt is comparably easier than its desorption from atomically
dispersed Rh, resulting in the lower conversion rate being
observed experimentally on the Pt system.

Unlike Pt on the “29” oxide which forms C'°0'O
exclusively, C'®0, is also observed desorbing from the Rh-
doped “29” oxide. To form C'®0,, CO bond scission must
occur so that the C atom of the as-deposited C'°O can separate
from the '°O and bind to two 'O atoms from the oxide
surface. Consistent with this postulate, small amounts of C*°O,
are also seen desorbing from the sample as seen in Figure 4B.
Specifically, for C*°O, to form, the deposited C'O must pick

https://doi.org/10.1021/acs.jpcc.2c02699
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up an '°O from the surface. However, because the “29” oxide
in these experiments was made with 0, the only '°O present
must originate from dissociation of the C'°O deposited on the
surface, thus providing further evidence for CO dissociation on
the Rh-covered “29” oxide that was not observed for the case
of Pt. Furthermore, the product ratio for the different types of
CO, desorbing from the Rh-covered “29” oxide
(C'%0'%0:C'"®0,:C'0,) was 12:5:1 after accounting for
background CO scrambling on the chamber walls. This is
consistent with the major pathway involving the Mars—van
Krevelen mechanism in which the deposited C'®O reacts with
surface %0 to form C'0'®0 and a minor pathway involving
CO dissociation.

CO dissociation is known to be a surface structure sensitive
reaction, as its reaction rate strongly depends on the catalyst
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particle size and its surface geometry.’® The known active sites
for CO dissociation on Rh have been discussed in the
literature,”* ™’ and DFT studies have determined that the
lowest activation barrier is facilitated at B sites of Rh(211)
facets. We performed calculations within our DFT-based
model to compare results on Rh(211) to the energy cost for
dissociating CO on atomically dispersed Rh atoms (Rh,) when
deposited on the “29” oxide in the presence of an oxygen
vacancy. Specifically, on single atom Rh sites we hypothesize
that the presence of an oxygen vacancy would be necessary for
the CO dissociation process to occur. As shown in Figure 6,
the dissociated O from CO,q can arrive at two representative
O,yiqe pOsitions on the “29” oxide, namely down-O and up-O.
These positions correspond to the direction of the —(Cu—
O)— zigzag structure. We found that the energetic cost to
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Figure 8. STM images and particle area and apparent height histograms of Rh on the “29” oxide after various annealing steps and CO deposition.
(A) 1% of a monolayer of Rh on the “29” oxide imaged at S K, (B) same sample after CO exposure and 200 K anneal to remove CO from the
oxide, (C) 250 K anneal, and (D) after a 440 K anneal. All scale bars are S nm. The red arrows show atomically dispersed Rh, and the green arrows
show Rh clusters.

dissociate CO on Rh, is highly endothermic, with a reaction calculations just described indicate that the barrier to CO
energy of 3.05 eV (up-O) or 3.46 eV (down-O). In contrast, dissociation on atomically dispersed Rh is prohibitively high,
the energy barrier for CO dissociation at the Bj site of providing evidence for transport of CO between the different
Rh(211) is only 1.42 eV, comparable to the value calculated by active sites. Specifically, CO can dissociate on Rh clusters,
Filot et al.>® Our results indicate that it is highly likely that Rh recombine, and form CO,, whereas the single Rh atoms cannot
clusters on the “29” oxide provide the necessary sites for CO dissociate CO. Therefore, C'®O that has been isotope-
dissociation that leads to the scrambling observed in the CO, scrambled at Rh clusters can mix with CO at the Rh single-
product, whereas the single atom Rh; sites do not dissociate atom sites, by either diffusion of CO or the Rh itself, and
CO due to the high barrier. become further oxidized to C'80,, consistent with our
In order to compare how CO binds to an atomically observation of doubly labeled C'*O, evolving from both Rh
dispersed Rh; on the “29” oxide and at the By site of a Rh(211) site types.
facet, we compared the projected density of states (PDOS) of Rh Mobilization on the Oxide Support. To visualize

the C p-states as well as the interacting Rh d-band for both
models as shown in Figure 7A and B. Unsurprisingly, the d-
states of the atomically dispersed Rh have more discrete peaks
than the d-band of the Rh(211) surface. This is due to the Rh
having less of a metallic character when atomically dispersed
on the “29” oxide. Despite the stark difference in CO
adsorption energies (Figure 7C), the rehybridized C p-states
of the two systems qualitatively look indistinguishable from
each other. A more quantitative analysis is shown in Figure 7E,
where the stronger adsorption on Rh(211) is reflected by a
higher ratio between the filled and unfilled C p states. The
Rh(211) surface rehybridizes CO so strongly that more CO
antibonding states are filled, weakening the C—O bond. This

how the Rh sites and the oxide support evolve throughout the
CO oxidation reaction, 1% of a monolayer of Rh was deposited
on the “29” oxide sample and imaged at 5 K before depositing
CO and annealing it to progressively higher temperatures (200,
250, and 440 K) in order to examine the atomic scale structure
of the surface before and after each CO, desorption peak seen
in the TPDs in Figures 2 and 4.

Figure 8A shows a S K STM image of 1% of a monolayer of
Rh deposited on a pristine “29” oxide surface. This image
demonstrates that a mix of Rh single atoms and clusters (as
indicated by the red and green arrows, respectively) is present
on the surface. A series of images of the surface were taken

high interaction strength was not found when CO bonds to the after the different pretreatments indicated, histogram p}ots of
atomically dispersed Rh on the “29” oxide. As a result, the the area the Rh ensembles occupy, and the apparent height of

internal C—O bond length when adsorbed on the Rh(211) the Rh ensembles are given in Figure. 8. From the Rh ensemble
surface is longer than when it binds to the atomically dispersed area histogram, we see that, as deposited, a large number of the

Rh on the “29” oxide by 0.0S A, as shown by Figure 7D. Rh species occupy an area 0—0.25 nm* and an apparent height
Interestingly, Figure 4B reveals that C'%0,, which derives ~50 pm, consistent with the presence of atomically dispersed
from CO that has dissociated and recombined with two “29” Rh sites before exposure to CO. The assignment of these
oxide '®O atoms, is evolved from both Rh clusters and Rh smallest features in the STM images to single atoms is verified
single atoms at ~320 K and ~450 K respectively. While at first by the identical apparent height and area of these sites as
inspection this would infer that both Rh clusters and Rh atoms highlighted by the red arrows. Furthermore, unlike Pt on the
dissociate CO to the same degree, our DFT-based model “29” oxide which only exists as single atoms, we also observe a
11097 https://doi.org/10.1021/acs.jpcc.2c02699
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variety of Rh cluster sizes with areas ranging from 0.5 to 3.25
nm’.
After exposing this sample to saturation 10 L of CO, we
annealed the surface to 200 K to desorb the CO from the “29”
oxide layer, and the sample was imaged again at 5 K as shown
in Figure 8B. The first noticeable difference between the
sample before and after CO exposure is that after CO
exposure, there are much fewer Rh species in the size range 0—
0.25 nm? attributed to atomically dispersed sites and more of
the Rh being present as clusters. Consistent with this we also
see an increase in the apparent height of the sites to ~100 pm.
The sample was then annealed to 250 K, at which temperature
the CO should have been oxidized on the Rh clusters. This is
because the leading edge of the low temperature CO,
desorption peak extends below 250 K, so annealing to 250 K
is enough to oxidize the CO on the clusters. After this 250 K
anneal, defects in the oxide layer appear in the STM images
consistent with the predominant Mars—van Krevelen oxidation
pathway in which O atoms are removed from the pristine “29”
oxide surface leaving O vacancies that appear as depressions.””
The cluster size distribution histogram for the sample after the
250 K anneal shows that after the low temperature CO,
desorption peak, there are more clusters in the 0—0.25 nm?
range attributed to dispersion of some of the clusters back into
single sites with apparent heights of ~50 pm as seen in the
histogram. The prevalence of atomically dispersed sites at this
stage of the reaction also corroborates our claim that the high
temperature CO, peak in our TPD traces stems from CO,
desorption from Rh atoms. Upon heating the sample further to
440 K as seen in Figure 8D, we see a dramatic reduction in the
number of Rh clusters visible on/under the surface and those
that remain measure between 0 and 0.75 nm?” This provides
further evidence of the redispersion of Rh clusters to
atomically dispersed sites, and it also indicates that after this
440 K anneal, the majority of the Rh atoms reside beneath the
“29” oxide where they are not visible in the STM images. This
movement of surface-bound atoms under the oxide at hi§her
temperature was also observed for Pt on the “29” oxide.”
Within our DFT-based model, we have simulated two
hypothetical scenarios of the aggregation of Pt and Rh into
dimers on the “29” oxide, where two dopant metals isolated in
two oxide rings combine to form a dimer as shown in Figure 9.
Figure 9 provides validation that the formation of Rh dimers is
energetically more favorable than the formation of Pt dimers.
We also see that the oxide rings around the Rh adatoms more
easily break and locally reconstruct. This effect was not

"
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Figure 9. Reaction energy to aggregate Rh (A) and Pt (B) dimers on
Site 15 (left) and Site 25 (right). The gold spheres represent Pt atoms
while the color scheme for the other spheres is the same as that in
Figure S.

observed in the case of Pt dimers, even though the initial
structure of these simulations was identical. Given that the
metal adatom is not constrained within the oxide lattice, the
migration pathway in which the adatom can maximize its
coordination environment will involve moving it underneath
the oxide, distorting the oxide layer during this process. The
higher oxophilicity of Rh allows the bond breaking and bond
forming with oxide-O to energetically compensate each other,
thus facilitating higher mobility of Rh atoms across the cell as
compared to Pt. This process is shown schematically in Figure
10. The relatively stronger interaction with O is also exhibited
by the way oxide-O coordinates with the Rh dimer upon
reconstruction (Figure 9).

To provide evidence that Rh atoms that have moved
beneath the oxide layer and alloyed with the underling
Cu(111) cannot be detected under STM, we have simulated
nine hypothetical scenarios displayed in Figure 11. As shown in
Figure 11A, the presence of atomically dispersed Rh induces a
large bright area the size of the oxide ring. A one-to-one
comparison of the simulated STM within our DFT-based
model indicates that the brightest spots in the region are
induced by electrons tunneling to the elevated up-O species
that are within the same vicinity as the Rh located in the
middle of the six-membered ring. When Rh is alloyed into the
first or second layer of Cu(111), as shown in Figure 11B and
C, the atomically dispersed Rh can no longer be detected. This
is because the presence of the Rh alloy does not induce any
local corrugation on the surface and is thus of the same height
as the rest of the surface Cu atoms.

Charge State of Rh Active Sites and Surface Chemical
State in CO. In order to determine the charge state of Rh on
the oxide film we performed XPS. Figure 12A shows a
comparison of the Rh 3d;,, XPS peak of 1% Rh deposited on
the “29” oxide film (blue) with that of 1% of a monolayer of
Rh deposited on clean Cu(111) (red) as a reference for neutral
Rh. The peaks overlap with each other almost perfectly at a
binding energy (BE) of ~307 eV, consistent with the literature
value for pure metallic Rh(111).*”*' Rh 3ds,, components for
various oxidized Rh species should appear between 307.8 and
310 eV."””~* The absence of any higher BE component (and
in fact, the peak for Rh on the “29” oxide is very slightly
narrower on the higher BE side than the one for Rh in
Cu(111)) means that the Rh atoms on the “29” oxide are in a
neutral charge state despite the presence of an oxide thin film,
which tends to result in a cationic active site on a typical
supported single atom catalyst. The fact that the “29” oxide
layer is so thin that the Rh atoms are in contact with the
underlying Cu(111) layer explains this result.

We then exposed the “29” oxide with and without Rh to 2 X
107* Torr of CO at 400 K and monitored the oxide O 1s peak
using AP-XPS to evaluate the effect of Rh in the CO oxidation
reaction on the rate of reduction of the oxide film. The “29”
oxide O 1s peak area is plotted as a function of CO exposure
time in Figure 12B. The reduction of the pristine “29” oxide
proceeded relatively slowly and was completed after 210 min
(black squares). The addition of 1% of a monolayer of Rh
significantly accelerated the oxide reduction with completion
observed after <70 min (blue circles), thus confirming the
ability of Rh to catalyze the CO oxidation reaction. The C 1s
spectra of the surface before and after reduction are shown in
Figure 12C. The XPS spectrum of the as-deposited 1% Rh/
Cu,O surface shows the absence of adsorbed CO (spectrum
(i)). Upon the initial exposure of the surface to 1 X 10™* Torr
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Figure 10. Schematic of how atom migration on the “29” oxide involves distortion of the oxide layer to maintain maximal coordination with the
surface. For the adatom to move, it needs to break a bond with a surface O and form a bond with another surface O. Dotted lines, straight lines, and
arrows denote weak interactions, strong interactions, and structural distortion directions, respectively. The spheres are color-coded: black (O-
adatom), red (O-oxide), gray (Cu-oxide), blue (metal adatom). The atoms forming the Cu(111) surface beneath the oxide layer are omitted for

clarity.

Rh-adatom

vy)

Rh-first-layer

Rh-second-layer

Figure 11. Simulated STM images of Rh; species as (A) an adatom,
(B) a single-atom alloy in the first Cu(111) atomic layer, and (C) an
alloyed atom in the second Cu(111) atomic layer, on three
representative sites: within the empty ring, within a ring occupied
by an O,4,iomy and underneath the oxide ring. The color scheme for
the spheres is the same as that in Figure S. All images were simulated
using a bias voltage of +1.5 V.

of CO at 300 K for 30 s, followed by pump down to UHV to
probe the Rh sites, the peak for adsorbed CO appears, notably
with two distinct components (spectrum (ii)). The main
component at 286.2 eV is consistent with the BE for CO
adsorbed on Rh(111) with the CO molecules bound atop the

Rh atoms,*”*"*® suggesting that this peak comes from CO

adsorbed on single Rh sites. The second, smaller component at
285.6 eV can be assigned to CO on Rh clusters since the BE is
reasonably similar to the 285.4 eV BE of CO on threefold
hollow sites of Rh(111).*%*"4

Upon heating to 400 K in 2 X 10™* Torr of CO to initiate
the reduction process (spectrum (iii)), the lower BE
component disappears, indicating that only atomically
dispersed Rh species are detectable on the surface. This is
consistent with the STM images showing the predominance of
atomically dispersed Rh at 440 K, except the constant exposure
to CO during the AP-XPS experiment likely prevented the
migration of Rh atoms to below the oxide. After the reduction
was complete and the sample cooled down to 300 K (spectrum
(iv)), the single CO peak remains, and interestingly there is the
growth of a broad peak at 283—285 eV. While it can be
difficult to deconvolute various peaks that can contribute to
this BE region, we can assign the higher BE side at ~284.2 eV
to graphitic C and the lower BE component at ~283.3 eV to
carbidic C. These C species are known products of CO
dissociation,*” ™" thus confirming that CO dissociation
occurred on the Rh/Cu,O surface. As a comparison, the C
1s spectrum of the reduced pristine “29” oxide surface
(spectrum (vi)) does not show a significant growth of any
graphitic or carbidic C species under the same pressure and
temperature conditions, although the exposure time to CO was
three times longer than for the Rh/Cu,O surface. This result
demonstrates that the graphitic and carbidic C species could
not have originated from any impurities in the CO gas or
contamination desorbing from the chamber walls or from X-
ray induced dissociation of CO, and instead must have come
from dissociation of CO on the Rh cluster sites.

B CONCLUSIONS

We describe a well-defined model system consisting of Rh
dispersed on the thin film “29” copper oxide grown on
Cu(111). This model system enabled us to probe the CO
oxidation reaction mechanism at the molecular scale via highly
surface sensitive techniques; TPD, STM, and XPS. We
discovered that Rh can catalyze the CO oxidation reaction
on this reducible “29” copper oxide support, with CO, evolving
from atomically dispersed Rh sites at a higher temperature than
from Rh clusters. There are two pathways for this reaction as
determined through TPD studies on an isotopically labeled
oxide layer and confirmed with DFT. The first pathway
involves the Mars—van Krevelen mechanism where a CO
molecule adsorbs to an atomically dispersed Rh site and then
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Figure 12. (A) Rh 3ds/, XPS peak of 1% Rh deposited on Cu(111) (red) and 1% Rh deposited on the “29” oxide (blue). (B) Oxide O 1s peak area
plotted as a function of exposure time to 2 X 10™* Torr of CO at 400 K for the pristine “29” Cu,O (black squares) and 1% Rh/Cu,O (blue circles).
(C) C 1s XPS spectra of (i) as-deposited 1% of a monolayer of Rh on the “29” Cu,O structure, (ii) after exposure to 1 X 107* Torr of CO for 30 s
at 300 K followed by pump down to UHV, (iii) at the first stage of reduction in 2 X 107* Torr of CO at 400 K, (iv) after the reduction in CO was
complete and the sample was cooled down to 300 K. The C Ls spectra of the pristine “29” Cu,O before (iv) and after (v) reduction in 2 X 107*

Torr of CO at 400 K for 210 min are shown as a comparison.

extracts an O atom from the “29” oxide layer. The second
pathway involves CO dissociation on a Rh cluster followed by
oxidation of the resulting C atom by surface oxygen atoms as
confirmed by isotope labeling. An overview schematic
comparing the dynamics and species of the Rh-deposited
surface with the Pt-deposited surface”” is shown in Figure 13.
STM imaging revealed that once the reaction has completed,

Figure 13. Overview schematic of CO oxidation on Rh vs Pt on the
“29” thin film oxide including dynamical motion of the adatoms. (A)
Rh-deposited “29” oxide contains both Rh atoms which catalyze CO
oxidation via a Mars van Krevelen (MvK) mechanism and Rh clusters
which can dissociate CO before oxidation. (B) Pt-deposited “29”
oxide which contains only Pt atoms which are active for CO
oxidation, but less so than Rh. Circles denote single atoms while
larger ovals denote clusters of various sizes. Solid line arrows indicate
a reaction step while dashed line arrows highlight adatom movement.
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the Rh atoms move to sites under the oxide layer. Our results
also demonstrate that the Rh on the “29” oxide exists in a
neutral charge state, unlike most other supported single-atom
catalysts. We bridge the pressure gap with ambient pressure
studies on the same single crystal model systems and
demonstrate that 1% of a monolayer of Rh on the “29”
Cu,O thin film significantly accelerates its reduction by CO at
400 K, thus confirming the ultrahigh vacuum surface science
data. Together these results highlight the complexity of a
chemical reaction occurring on a surface with a variety of
ensembles that are often hard to differentiate between in high
surface area catalysts studies and demonstrate how such well-
defined single crystal experiments can deconvolute the
different reaction pathways occurring on the different active
sites.
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