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The dynamical nature of single-site catalysts under non-equilibrium conditions poses significant challenges in the
full characterization of their active sites. The “29” oxide is a thin CuyO film grown on Cu(111) which provides a
well-defined surface on which to study the structure and chemistry of atomically dispersed precious metals. A
combination of experimental and first-principles approaches is used to investigate the factors that influence the
mobility of metal adatoms and their clustering tendencies. Our work elucidates how a homogenous coordination

environment of neutral single-atoms can be obtained when its tendency to break oxide bonds within its vicinity is
low. We demonstrate that this in turn affects the chemical activity of atomically dispersed species on thin-film
oxides, as defects on the oxide would in fact allow such species to be more accessible to CO. We thus high-
light the importance of understanding the relationship between defects and atomically dispersed active sites
upon designing single-site catalysts.

1. Introduction

Precious metals are critical components in many heterogeneous
catalysts in the chemical industry, with applications ranging from en-
ergy production, chemical conversion, and automotive exhaust gas
treatment.[1,2] Their thermal stability under reaction conditions and
their high selectivity to specific reactions has made them indispensable
to the chemical industry.[3] However, given the scarcity of precious
metals in nature, their cost can be a significant factor in catalyst design.
Supported atomically dispersed precious metals offer a new approach to
catalyst design that minimizes the amount of precious metals required.
[4] Additionally, the metal-support interactions in single-site catalysts
are often unique with respect to their corresponding nanoparticle or
bulk metal catalysts, which can potentially provide high product selec-
tivity and atom efficiency.[5] The chemical and physical properties of
single-site catalysts are susceptible to their local environment, as the

support directly modulates their electronic structure and, consequently,
their stability and chemical activity.[6]

Noble metals can react with loosely bound oxygen in reducible ox-
ides to lower the activation barriers for various reactions.[4,7-10] They
often exhibit enhanced catalytic activity in their cationic form with
adjacent O ligands. Atomically dispersed catalysts may be the solution to
the 150 °C challenge posed by the U.S. DRIVE [11], as more and more
combinations of oxide-supported single-atom noble metals have been
shown to lower the light-off temperature for CO oxidation.[4,12-18]
Recent work has demonstrated that supporting noble metals on Cu-
based surfaces can potentially enhance chemical activities for various
reactions. For example, on bulk Cu,0(1 1 1), the presence of Pd{ enables
H to be easily activated and allows atomic H to form hydroxyls with the
surface, facilitating highly selective hydrogenation of terminal alkynes.
[19] Pt-doped Cu30 nanoparticles (NP) enhances CO oxidation activity
by providing stronger anchoring sites and reducing the activation
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barrier for the underlying mechanism.[10,20] Similarly, Rh/CusO NP
provide catalytically active sites for hydroformylation reactions.[21]

Identifying how noble metal single-site catalysts interact synergisti-
cally with the support is a multidimensional problem.[22,23] Transi-
tional interfaces are also essential to study because catalyst surfaces are
always exposed to fluctuating oxidation conditions and are often not in
equilibrium.[24] The study of active sites are often aided by DFT-based
calculations and surface science-based approaches involving single-facet
model surfaces.[8,25-27] Model surfaces are useful because they are
composed of regular lattice sites, facilitating detailed metal-support
interaction studies. While these models do not necessarily capture the
heterogeneous and multifaceted nature of a catalyst, the well-defined
coordination environments allow us to narrow our investigation to
one variable at a time, and its complexity can be increased
systematically.

In this contribution, we concentrate our efforts on the “29” copper
surface oxide, a well-defined epitaxial copper oxide thin film, to assist
our understanding of the underlying mechanisms and characteristics of
single-atoms on transitional, CuO(1 1 1)-like surfaces.[10,20,28] Owing
to the atomic thickness of the “29” oxide, the surface provides an
interface where the thin-film copper oxide covers a metallic Cu sub-
strate. This models a Cu surface that is partially oxidized or is at an early
stage of oxidation. It may also be relevant for strongly reduced CupO
catalysts. The role of interfaces within thin oxide films is also techno-
logically relevant for magnetic tunnel junctions, as well as dielectrics in
electronic devices.[29-32] Therefore, understanding how metal atoms
interact with thin-film oxide supports provides important fundamental
information of use in many related systems.

The “29” oxide unit cell is composed of a Cu(111) substrate sup-
porting an atomic layer of 60-Cu-O rings, with an O adatom in the
center of 5 of these rings.[28] Its surface rings structurally resemble the
O-Cu-O ridges on Cus0(111), a stable facet found under O5 rich con-
ditions.[10,21,33] It is well-ordered under ultrahigh vacuum (UHV)
conditions, before and after temperature programmed desorption (TPD)
experiments, allowing theorists to investigate atomic scale changes in
the active site structure using DFT-based models.[34,35] The DFT-based
models have been proven to be a useful platform for comparing the
Preferential Oxidation (PROX) barriers between undoped and Pt-doped
thin CuyO [10] and predicting the water-gas shift [36] and CO oxidation
[20] mechanisms.

The differences within the activities and distributions of Rh and Pt
atoms were used as a baseline comparison to understand what drives the
mobility and clustering of atoms on the “29” oxide. Scanning Tunneling
Microscopy (STM) images reveal that the Rh supported on the “29”
oxide are a mixture of clusters and single atoms at extremely low
loadings (~0.5% of a monolayer (ML)) while Pt atoms exist exclusively
as single atoms even up to a coverage of 2% of a monolayer (ML).[20]
Our DFT simulation work provides insight as to why the features of the
Pt and Rh species vary and determines that the non-uniformity of the
coordination environment of Rh species is highly driven by the higher
oxophilicity of Rh species causing more defects to form on the oxide. We
consequently found that oxophilicity plays an important role in allowing
Rh atoms to move across the surface more freely, allowing more meta-
stable states to be accessible at low temperatures. In contrast, the oxide
rings surrounding Pt single-atoms break at relatively higher energies. X-
ray photoelectron spectroscopy (XPS) reveals that the ability of Rh to
cause defects to the oxide in turn allows Rh to be more accessible to CO
in comparison to Pt. We thus highlight the importance of understanding
the relationship between defects and single-atom active sites upon
designing single-site catalysts.

2. Methods
2.1. Computational methods

All electronic structure calculations were conducted using density
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functional theory (DFT) implemented in the Vienna Ab initio Simulation
Package (VASP).[37,38] A plane wave basis was used, using the Pro-
jector Augmented Wave (PAW) potentials released in 2015 [39], to
model the one-electron orbital wavefunctions making up the electron
density.[40] The Cu 3p6, 3d'%and 4s', 0 2s% and 2p4, Rh 4d® and 5s', and
Pt 5d° and 6 s electrons are modeled as valence states. We also applied a
kinetic cutoff energy of 500 eV to the plane wave basis. Following the
structurally accurate “29” oxide model determined by Therrien et al.
[28], we have used the Perdew, Burke, and Ernzerhof (PBE) exchan-
ge—correlation functional within the generalized gradient approxima-
tion (GGA) level of theory.[41] All calculations were spin-polarized,
resulting in a total magnetic moment of 0. A Gaussian smearing method
with a width of 0.2 eV was applied to treat the Fermi level. All geometry
optimization calculations were conducted using the conjugate-gradient
algorithm, set to converge after differences in energy and force reach
10 eV and 1072 eV/A, respectively.

The “29” oxide model used in this study was benchmarked to
experimental STM in previous studies by Therrien et al.[28] The “29”
oxide consists of an atomic film of CuyO rings adsorbed on a 4-layer Cu
(111) slab, where oxygen adatoms rest in the center of 5 out of 6 rings.
Structurally, the ridges of the CuO rings resemble the surface rings of
Cuz0(111). The unit cell of the underlying Cu(111) substrate for the
“29” oxide is a \/ﬁR46.11°\ x 7R21.8A supercell of Cu(111), 29 times
larger than the original unit cell of Cu(111). The “29” oxide unit cell is
approximately 18 A by 19 A. During geometry optimizations, the bottom
two Cu layers were fixed in their positions while the top two layers as
well as the oxide layer were allowed to relax. “Charge sloshing” between
periodic unit cells in the z-direction was minimized by the addition of a
15 A vacuum layer.[42] An optimal k-point sampling of 1 x 2 x 1 using
the Monkhorst-Pack [43] grid was used to sample the Brillouin zone.
The schematic of the “29” oxide unit cell is shown in Fig. 1.

As the total DFT energy is arbitrary, we represented the potential
energy surface (PES) minima as relative energies to the most energeti-
cally favorable structure, which we refer to as the global minimum
(GM). The relative energy is calculated as Equation (1):

Eq = E— Egm (@)

where E is the total DFT energy and Egy is the most energetically
favorable structure.

Various calculations assessed the Pt and Rh adatom’s interaction
with the “29” oxide. The binding energy of the metal (M) adatom to the
“29” oxide is calculated through Equation (2):

Ebind = EM+290X - (E290x + EM,gas) (2)

where Epp290x iS the total energy of the metal adatom on the “29” oxide,
E90x is the total energy of the clean “29” oxide slab, and Ey g is the
energy of an isolated metal atom in the gas phase. Similarly, the CO
adsorption energy is presented in Equation (3):

Fig. 1. DFT-based model of the “29” oxide unit cell. The atoms are color-coded:
Salmon (Cll), Red (Ooxide): Gl‘ey (Cuoxide); and Black (Oadatom)-
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Eads = ECO+290X - (E290x + ECO,gas) (3)

where Eco . 290y iS the total energy of the CO-adsorbed surface, Exgoy is the
total energy without CO adsorbed and Eco g is the gas-phase energy of
an isolated CO molecule.

The Bader charge can be used as an indicator for the charge state of
the adatom.[44] The partial Bader charge is shown in Equation (4),
where a negative Bader charge correlates to a more negatively charged
adatom.

O = Ouotal — Oneutral (C))

where Q. is the total Bader charge implemented using Henkel-
man’s algorithm [45] and Qe is the number of valence electrons
specified by the PAW potential.[39]

Upon the movement of an adatom across the “29” oxide, the oxide
rings within its vicinity can be affected through repulsive and attractive
interactions. A measure of the oxide distortion energy provides insights
into the extent of structural changes toward the oxide with respect to the
ground state of a clean “29” oxide surface. The distortion energy is
quantified by Equation (5), using the same logic as Refs [46-48]:

_ listr relaxed
Edm - ESQOX - E290x (5)

where EJs" is obtained through a static calculation of the clean “29”
oxide system that the adatom has distorted, and E53>! is the original
ground-state of the system before the adatom distorted it.

The minimum energy pathway and transition state calculations
involved during the migration of an adatom across the “29” oxide were
computed using a combination of Climbing Image Nudged Elastic Band
(CINEB) [49,50] and Dimer [51] methods. The CINEB algorithm was
used to determine the energy pathway between each initial and final
state pair and their corresponding transition state structure. The quick-
min algorithm [52] was implemented to handle force optimizations
along the pathway with maximum finite difference step sizes of 0.05 A.
As some transition states predicted by the CINEB method indicated the
presence of multiple imaginary vibrational modes, the Dimer method
was additionally carried out to further optimize or validate the search.
Using a combination of the two methods, all transition state structures
were verified to possess only one imaginary vibrational mode. During
the vibrational mode analyses, all Cu(111) atoms were held fixed, so
only the modes of the “29” oxide layer and the metal adatom were
analyzed.

To compare the favorability of dimer formation for Pt and Rh ada-
toms, we have simulated three hypothetical scenarios (Dimer_A, SA_AB,
and Dimer_B, where SA_AB is short for “single-atoms” on Site A and Site
B). The reaction energies of the three dimer configurations (Dimer_A,
SA_AB, and Dimer_B) with respect to isolated single-atom configurations
(Site A and Site B) were calculated. We categorized the dimer formation
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energies for the Dimer_A and Dimer_B configurations as AE,,;;_; and the
configuration SA_AB as AE,, as shown in Fig. 2. The equations for
AE, and AE,,;_; are shown in Equation (6) and (7).

AEsepa = Lclean_290x +ESA,AB - (ESileA + ESileB) (6)
AEpair,i = Eclean_290x T EDimer,i - 2E‘Sile. ) i= A7 B (7)

where E jean_200x iS energy of the clean “29” oxide without the adatom,
Epimer_i i the energy of the dimer configuration, Eg;._; is the energy of
single-atom configuration and subscript i is the site number A or B.

Scanning Tunneling Microscopy (STM) images were simulated by
running an additional set of static calculations aimed to process the
partial charge densities of the optimized structure in p4vasp. The bias
voltage applied to the surface is implemented by evaluating only the
corresponding range of bands within the system. In these simulations,
the number of grid points in the Fast Fourier Transform grid is doubled
with respect to the default value set in VASP for higher accuracy.

2.2. Experimental methods

For the STM experiments the Cu(111) crystal was sputtered with Ar
ions and annealed to 750 K in a preparation chamber with a base
pressure of 2 x 101% mbar. The “29” oxide was grown by exposing the
Cu(111) crystal, held at 650 K + 20 K and 5 x 10® mbar O, for 3 min.
Then, the sample was transferred in UHV to the STM chamber (Omicron
Nanotechnology) with a base pressure of 1 x 10! mbar and into the
STM stage which was held at 80 K or 5 K for imaging. Afterwards, the
sample was transferred to the adjacent preparation chamber for Rh or Pt
deposition and brought back to STM to cool back down to 5 K and
imaged at this temperature. Deposition of Pt and Rh on the 29-oxide
surface was performed at a sample temperature ~ 200 K using a Focus
GmbH EFM3 electron beam evaporator. The as-prepared surfaces were
exposed to CO to prevent CO uptake from the background during the
experiment. During these processes the samples were under UHV at all
times and the order and timing of operations were the same. One
monolayer is defined according to the packing density of Cu(111) which
is 1.77 x 10'® atoms/cm?. Etched W tips were used to acquire the im-
ages and biases were reported with respect to the sample.

X-ray photoelectron spectroscopy (XPS) experiments were per-
formed at the In situ and Operando Soft X-ray Spectroscopy (I10S/23-ID-
2) beamline at the National Synchrotron Light Source II, Brookhaven
National Laboratory. Details about the beamline and endstation have
been described elsewhere. The Cu(111) crystal was cleaned with cycles
of Ar' sputtering and annealing to 850 K until C and O were no longer
detected by XPS. The “29” oxide was prepared using the same method as
the STM experiment. Rh and Pt were deposited on the oxide at a sample
temperature of 300 K using a SPECS EBE-4 electron beam evaporator,
with the evaporation rate calibrated using a quartz crystal microbalance.

. - el
: e
. -9 "
Yo

Fig. 2. Each dimer configurations linked to their initial states. The atoms are color coded: Salmon (Cu), Red (O), Grey (Cu), Black (O), Yellow (adatom).
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C 1s, Rh 3d, and Pt 4f spectra were acquired at photon energies of 460
eV, 500 eV, and 250 eV, respectively. The binding energy was calibrated
using the Fermi level measured at each photon energy.

3. Results and discussion
3.1. Comparison of Pt and Rh atom distribution using STM

Fig. 3A-C shows representative STM images of the clean “29” oxide,
0.5 % ML Pt on the “29” oxide, and 0.5% ML Rh on the “29” oxide,
respectively, after deposition at ~ 200 K and cooling to 5 K for imaging.
Before describing the appearance of the Pt and Rh deposited surfaces it is
important to quantify any defects intrinsic to the “29” oxide surface so
that they are not misassigned as adatoms. The protrusions seen in the

Clean 29 Oxide
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STM image in panel A are the small number of defects intrinsic to the 29
oxide. [35] Previous studies termed these defects “dim” and “bright”
defects. [35] The dim defects occur due to a missing O atom, whereas
bright defects result from an additional Cu atom. The overall defect
density of the clean “29” oxide was ~0.02% ML. [28] The STM image in
Fig. 3A has four bright (labeled 2-5) and one (labeled 1) dim defect.
By visual inspection, these dim and bright spots look noticeably
distinct from the features seen in images B and C. Specifically, for the
STM image in Fig. 3B, the protrusions are uniformly sized, consistent
with single Pt atoms. This atomic dispersion of Pt on the “29” CuzO
oxide was confirmed in previous work using STM and surface IR studies.
[20] On the other hand, the protrusions seen in Fig. 3C have various
sizes indicating that Rh exists as a mixture of single atoms and clusters
on the “29” Cuy0 oxide surface. A statistical analysis of the STM images

Pt on the 29 Oxide Rh on the 29 Oxide
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Fig. 3. (A) High-resolution STM image of defects commonly found on the clean “29” oxide. Number 1 shows a “dim” defect associated with an O vacancy and
numbers 2-5 show “bright” defects associated with the presence of a Cu adatom.[35] The defect density of the as-prepared “29” oxide is very low, with a defect
coverage of ~0.02% ML with respect to Cu(111). [28] Panels B and C are 5 K high-resolution STM images of 0.5% ML Pt on the “29” oxide and 0.5% ML Rh on the
“29” oxide, respectively. Panels D-F are apparent height measurements of the features in the STM images A-C. G-I are footprint area measurements of the features in

the STM images shown in panels A-C, respectively.



N. Ulumuddin et al.

in Fig. 3A-C is shown in the panels below the STM images. It is clear from
the apparent height of the 0.02% ML defects intrinsic to the “29” oxide
(panel D) that they are different from the features observed after Pt and
Rh deposition on the oxide (panels E and F). The Pt atoms have a uni-
form height of ~ 100 pm versus both types of defects which have an
apparent height of ~ 20 pm.

Contrary to Pt, deposition of the same amount of Rh (0.5% ML) yields
a wide distribution of particle sizes with apparent heights in the range
40-180 pm as seen in panel F, providing evidence for Rh existing as a
mixture of single atoms and clusters. Other particles in panel F were
found either equal or smaller, yet still distinct from the defects intrinsic
to the “29” oxide. These conclusions are further supported by the
measurements of the area or “footprint” of the defects/atoms/clusters
seen in panels G-I. As we will later show, protrusions with small “foot-
print” areas but relatively high apparent heights may be assigned to a
variation of Rh single-atom species, as they can position themselves
underneath or above the oxide layer even at low temperatures, causing
protrusions of single-site Rh to be more variable in height and area.
Again, the isolated Pt atoms all have the same area size, whereas the Rh
single-atoms and clusters show a range of area sizes. These STM ex-
periments and their statistical analysis provide evidence that the same
coverage (0.5% ML) of Pt and Rh on the “29” oxide leads to very
different structures. While Pt exists on the surface as only single atoms,
Rh exists as a mixture of small clusters and single atoms.

3.2. Non-Uniformity of Single-Atom sites on the “29” oxide

In order to investigate the heterogeneity of the Rh species in com-
parison to Pt, the potential energy surface of an adatom on the “29”
oxide was investigated within our DFT-based model by plotting the
relative energy distribution of 31 single-atom adsorption sites (PES
minima) on the “29” oxide listed in Figs. S1 and S2. While many
adsorption sites are structurally identical between Rh and Pt, we found
that they can be energetically different. In other words, sites which may
be accessible to Rh atoms may not be accessible to Pt atoms, and vice
versa. We have categorized the PES minima into 3 categories, the
“Center” sites, “Under-oxide” sites, and the “Over-oxide” sites (Fig. 4).
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The occurrence of each category is then presented on the relative energy
distribution graph shown in Fig. 4. The PES minima are grouped within
intervals of 0.15 eV, between relative energies of 0 and 3 eV, with
respect to the lowest-energy adsorption site, the global minimum (GM).
Occupation of sites within the center of the oxide ring will be referred to
as Center sites. Under-oxide sites occur underneath the ridges of the
oxide ring, potentially causing strain within the oxide rings by pushing it
upward and away from the Cu(111) substrate. Lastly, Over-oxide sites
typically consist of an adatom directly coordinated on top of the oxide
ring, lacking direct contact with the Cu(111) substrate. Given that all
the model parameters are kept constant throughout our simulations, the
total DFT energy of a structure can be an indication of the structure’s
favorability. Lower energy correlates to a more stable coordination
environment.

Fig. 4 shows that the energy distribution of the Rh adsorption sites
for single atoms are clustered at relatively lower energies than Pt, an
indication that more sites are accessible to the Rh single-atom especially
at low temperature. We display a sample of the Center, Under-oxide and
Over-oxide sites in Fig. 4. Center sites and Under-oxide sites generally lie
below the mean relative DFT energy, which indicates that chemisorption
with the Cu(111) surface provides stability to the adatom. Contact with
Cu(111) makes the “29” oxide support distinct to bulk Cuy0 surfaces.
For instance, there are eight Rh adsorption sites within the 0-0.15 eV
DFT energy range while only four sites for Pt. Fig. S4 further highlights
that, as compared to Rh, the relative depth of the global minimum (GM)
for single-atom Pt is lower with respect to other Pt adsorption minima.
This implies that the preference to occupy the GM state is more acute for
Pt single-atoms, justifying why we would expect higher non-uniformity
of Rh single-atom species observed on the “29” oxide.

Since single site Rh can theoretically occupy Center, Under-oxide
and Over-oxide sites even with low energies, the protrusions induced
by the presence of single site Rh can be nonuniform. Fig. 5 displays
samples of simulated STM of the sites that are within the 0-0.15 eV
range for the isolated Rh atom with all its simulation parameters iden-
tical. The brighter areas are associated to elements that are higher in
elevation from the Cu(111) surface. The position of the single-site Rh
are annotated by a green circle of each simulated STM. Fig. 5a and b
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Fig. 4. Relative energy distribution of the potential energy minima of 31 adsorption sites of (a) Rh; and (b) Pt; on the “29” oxide.
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Fig. 5. Samples of simulated STM of Center (purple), Over-oxide (light green),
and Under-oxide (light blue) isolated Rh; positions on the “29” oxide within the
0-0.15 eV range of Fig. 4A. The green circle in the simulated STM denote the
position of the single-site Rh within that unit cell. The STM simulations were
run with bias voltages of 0.5 V/A. Every image was generated in p4vasp.

display the protrusions of Rh; occupying a Center site. The single-site Rh
that occupies an empty Cu,O ring (Site A) has a relatively wider but
dimmer bright area as compared to the single-site Rh which occupies an
Oadatom-containing CuyO ring (Site B). This is because the Rh single-atom
is at the same level of the oxide layer, and thus the collective brightness
of the Cu-O-Cu ridges and Rh; spread over a wider area. On Site B, the
presence of the Rh single-atom displaces the Oagatom, Which causes a
Cu-O-Curidge to protrude outward, causing the bright spot to be mainly
associated to this protrusion. Similarly, Fig. 5c and d exhibit different
footprint areas associated to the presence of Rh single atoms when the
Rh is underneath or at the same level of the Cu,O rings. Our simulations
show that the bright spots induced by the presence of single-site Rh are
in fact produced by a lifted or protruded adjacent Cu-O-Cu ridge.
Consequently, the presence of single-site Rh can be manifested as a
variety of “footprints” on an STM image. Our simulations agree with the
experimental observations that the footprints of Rh species are
nonuniform even for its single atoms.

3.3. Driving factors to atom mobility

The manner in which the adatom interacts with the “29” oxide plays
a significant role in adatom mobility. To elucidate the driving factors to
adatom mobility, we have simulated a migration pathway starting from
Site A to Site B. The energy difference for this process is relatively more
exothermic for Rh, at —0.18 eV, relative to Pt at 0.45 eV. These numbers
reflect how Pt much prefers to stay in Site A while Rh has little prefer-
ence to be on either site. In comparison to migration through hopping
above the oxide, the migration pathway by diffusing underneath the
CuOx rings is less energetically costly as the adatom can maintain co-
ordination with Cu(111) (see Supplemental Information for calculation
details). The migration pathway is divided into 2, where the first half is

Applied Surface Science 628 (2023) 157145

displayed in Fig. 6 and the second half is displayed in Fig. 7.

The rate-limiting step for the migration of the adatom between Sites
A and B have energy barriers of 0.68 eV and 0.45 eV for Pt and Rh,
respectively. This rate-limiting step occurs in the first elementary step
shown in Fig. 6, as the adatom passes underneath the oxide, pushing the
ring outward. The structural distortion of the oxide is reflected by its
increase in the distortion energy, as seen by the purple line in Fig. 6b.
While the induced oxide distortion is energetically and structurally
comparable between the two cases, the rate-limiting activation barriers
of this process differ by 0.23 eV, with the Pt adatom overcoming a higher
barrier. The correlation between oxide distortion energy and the
elementary steps’ activation barriers indicates that the adatom’s ability
to distort the oxide with low energy costs allows the adatom to migrate
more easily. We also found more barrierless elementary steps for the
migration of a Rh single atom (Fig. 6a and 7a) than for a Pt single atom,
which is further support that its PES is shallower than that of a Pt single
atom. We argue that the relatively stronger binding to Cu(111) (shown
in Table 1) of a Pt single atom constrains Pt to deeper adsorption wells
and therefore make them less mobile.

The charge state of the adatom during its migration steps was tracked
by performing a Bader charge analysis (Fig. 6b) to investigate whether
the adatom exchanges electrons with the surrounding oxide. Although a
more negative partial Bader charge was observed on the Pt adatom,
previous works have determined that the isolated Pt [20] and Rh [53]
adatoms are neutral. It is well-established that while the Bader charge
directly correlates with the oxidation state, it is not enough to calculate
the actual oxidation state without correlating these results with an
experiment.[44] Since the charge state of the adatom is unchanged
during the rate-limiting step, single-atom mobility is not driven by
charge transfer.

The second half of the migration pathway is displayed in Fig. 7. In
this phase, the single-atom switches coordination from the Cu,O ring to
the Oadatom. The barriers associated to this half are relatively lower for
both the Rh and Pt single-atoms (Fig. 7a) because the oxide ring is
allowed to relax after breaking its connection with the reactive metal
adatom. Concurrently, we also see a drop in the oxide distortion energy
as each adatom coordinates with Oagatom and breaks its bonds with the
Cuy,O ring (Fig. 7b). This is coherent with our argument that the energy
cost to distort the oxide is the determining factor to atom mobility. Loss
of adatom charge was in turn observed, with a Bader charge loss of ~
0.35 e, reflecting charge transfer from the reactive single-atom to the
Oadatom (Fig. 7¢). Upon arriving on Site B, the adatom finally coordinates
solely with the O,datom (Images 11 and 10 in Fig. 7c). Our results imply
that the oxophilic character of the Pt and Rh adatoms aid in lowering the
diffusion energy, as the bond formation with one oxygen to the next
helped the adatom migrate with low barriers. Table 1 displays a com-
parison of Pt and Rh binding to the Cu(1 11) surface in the presence and
in the absence of the oxide. The last column displays the energy differ-
ence caused by the presence of the oxide. From this data, we can see that
the adsorption of Pt is more strongly governed by its bonding with Cu as
compared to Rh.

To summarize thus far, our DFT simulations validate what was
observed experimentally and provide insights as to what causes the
coordination of single atoms to be more variable when adsorbed on a
surface oxide such as the “29” oxide. Bonding with surface oxygen
(either Ogxide OF Oadatom) Weakens binding to Cu and allows the adatom
to be mobile. Rh adatoms easily form new bonds with the surface oxide,
allowing more variety of metastable states to take place. This contri-
bution of metal oxophilicity toward adatom mobility is unlike what is
normally observed for single atoms on bulk oxide surfaces, where oxo-
philicity typically correlates to higher stability of its single atoms. Since
the oxide layer on the “29” oxide is adsorbed on metallic Cu, the factors
which drive atom mobility can be significantly different than on bulk
oxides.

To ensure that Rh is indeed more oxophilic than Pt even in its bulk
metallic state, a comparison of cohesive energies is presented in Table 2.



N. Ulumuddin et al. Applied Surface Science 628 (2023) 157145

(@) 3 12 fE,=045eV >
206} 2 2
w w
T o} 5 3
o3| ! Rh €03
0.2 0.2
byz 15[ 2 18F
A [ a 3. ()
b1zg15} 34 540 5 b23F15¢ 440 &
G 12 2 =g G 12 =4
£ b o4 {028 c i 2 {02¢g
Lo} o Lo9} 1 o
%oo. {0475 %oo. 1045
% 03} .-0.68 §O3-.""’.‘I""%--063
o 0 o 9

Fig. 6. (a) The energy pathway of adatom hopping from image 1 to image 5 in (c) for Rh (a.1, c.1) and Pt (a.2,c.2) adatoms. Color-coded in green are the transition
states, where their activation energies are specified in a subset. (b) The progression of oxide-layer distortion energy (purple) and partial Bader charge (red) during
adatom diffusion from image 1 to image 5 (Rh: b.1, Pt: b.2) The atoms are color coded: Salmon (Cu), Red (O), Grey (Cu), Black (O), Green (Rh), Yellow (Pt).

(@) 3 12 [Eq=0.24eVE,=042¢eV 12t s ]

ad B 09 [ E,=0.05eV and 09t a

1 06l ¢ 10 806} 4 6 9
v 03 8 0 03
2 3 . s g 31l . 10
s 0 9 1 8 0 E=016eV
« 03 [Rh % @03 | Pt £-033ev E-0.11eV

(b) 35 & s " 318 o

b B8Ot - 1° ¢ b2zis| 456 {10 ¢
gi2p 850 7 9 ]028 g 12} g
Yoot 5 8 o, .o.zg
g oot R LR | & o5l {0435
Lo03} 11 3 5 .. ®
7] 4060 £ 03 4
a o w U3 F 4060

) 3,

Fig. 7. (a) The energy pathway of adatom hopping from image 5 to image 11 in (c) for Rh (a.1, c.1) and Pt (a.2,c.2) adatoms. Color-coded in green is the transition
states, where their activation energies are labeled in a subset. (b) The progression of oxide-layer distortion energy (purple) and partial Bader charge (red) during
adatom diffusion from image 5 to image 11 (Rh: b.1, Pt: b.2) The atoms are color-coded: Salmon (Cu), Red (0), Grey (Cu), Black (O), Green (Rh), Yellow (Pt).



N. Ulumuddin et al.

Table 1
Comparison of Pt and Rh adatom binding energy to the Cu(111) and the “29”
Oxide (on Site 25) with the binding energy difference on the fourth column.

Metal Cu(111),ev “29” oxide, eV A Binding Energy, eV
Pt —4.37 —5.03 0.66
Rh -3.85 -4.71 0.86

Table 2

Comparison of MO, dissociation temperature and CugM cohesive energy (M =
Rh,Pt).

Metal Dissociation Temperature, °C (atmospheric Cohesive Energy of
M) conditions)[54] CusM, eV
MO2; - M + Oy
Rh 1050 —4.00
Pt 650 —4.12

The decomposition temperature of their MO, oxides (M = Rh, Pt) is a
descriptor for their oxophilicity and the DFT-calculated cohesive energy
of CugM bulk alloy crystals (see SI for calculation details) is an indicator
of Cu-M strength. The higher oxophilic character of Rh is reflected by the
higher decomposition temperature of RhO,.[54] The cohesive energy of
cubic CugRh and CugsPt crystals differ by 0.12 eV/atom, with CusPt
exhibiting stronger cohesion. The difference in cohesive energy is in
support of why the binding of Pt on clean Cu(111) is stronger than that
of Rh by 0.52 eV, previously shown Table 1.

3.4. Driving factors to dimer formation

One needs to consider the cohesive strength between like-adatoms in
the context of cluster formation as they are driven by a combination of
atom mobility and sufficient cohesive strength between the adatoms. In
the literature example of Pd on Fe;Os, several Pd atoms needed to be
within close vicinity to form a cluster [55] and the interaction between
two Pd adatoms was not strong enough to create a dimer at room tem-
perature under UHV.[55] Here, we have considered the formation of the
smallest cluster possible, a dimer. The aggregation of two adatoms and
their formation energies with respect to an isolated adatom is displayed
in Fig. 8.

Sites A and B were again used as representative sites for the
adsorption on the empty ring and the ring containing an Oadatom,
respectively. Interestingly, forming the SA_AB configuration, where the
oxide physically separates two isolated adatoms, has no greater favor-
ability than the isolation of two adatoms that are separated by the unit
cell. Their interaction energies are much more considerable within the
Dimer_A and Dimer_B configurations. Our calculations demonstrate that
the formation energies of configurations Dimer_A and Dimer_B are both
more endothermic for Pt. The higher favorability of forming Rh dimers
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can be partly explained by the higher cohesion energies between Rh
atoms, relative to that between Pt atoms, as reflected by their bulk
cohesive energies in Table 3. The calculation details to calculating
cohesive energy of bulk metals is entailed in the SI.

An interesting effect of the higher oxophilicity of Rh is again dis-
played during the formation of dimers. Due to strong interactions with
the oxide, the CuyO layer is more flexible in the presence of Rh. As the Rh
dimers coalesce, the oxide ring around it distorts and forms O-Rh bonds.
This contrasts with how the oxide stays intact around Pt dimers, without
the formation of new bonds, accommodating more strain. We infer that
the higher flexibility of the oxide around Rh atoms is the main reason
why various Rh clusters form under conditions where Pt single-atoms
can be exclusively isolated. The binding energy comparison for every
representative site is listed in Table 3, showing that the energetic
minima of Rh dimers are consistently lower than Pt dimers.

3.5. Effect of CO toward atom mobility

The potential effects of CO toward the distributions of Pt and Rh
species on the “29” oxide was investigated. The CO-induced mobility of
Rh species on the “29” oxide was highlighted by Schilling et al.[53],
where Rh atoms can mobilize such that single atoms can split from
clusters, forming isolated single atom species. Atom mobility and
changes in surface composition are often enhanced upon the adsorption
of gas-phase species.[16,55-57] The same representative sites were
selected, namely Site A and Site B, to compare the binding strengths of
the metal adatom to the surface upon the adsorption of CO.

In Fig. 9a, the CO-induced bond lengthening between a metal ada-
tom to the “29” oxide surface is displayed. Unsurprisingly, the adsorp-
tion of CO lengthens and weakens the metal adatom’s binding to the
surface.[58] However, interestingly, the Rh adatom (green) is lifted off
the surface higher than Pt on both sites (Fig. 9a). This is in support of the
CO-induced mobility of Rh atoms observed by Schilling et al. [53] Fig. 9b
indicates that CO would bind to Site A in equal strength to Site B on the
Rh-adsorbed surface, assuming Rh is isolated as single atoms. This
means that in the presence of CO, Rh single-atoms are energetically
indistinguishable on Sites A and B despite being coordinatively different.
This is not the case for the Pt adatom. We hypothesize that, in com-
parison to the Pt-deposited surface, more Rh sites are energetically

Table 3

Comparison of the cohesive energy within bulk Rh and Pt fcc crystals.
Properties Rh Pt
Bulk Cohesion Energy, eV —6.28 —5.85
Binding Energy of Each Atom within Dimer_B, eV/atom —4.65 —4.57
Binding Energy of Each Atom within SA_AB, eV/atom —4.75 —4.92
Binding Energy of Each Atom within Dimer_A, eV/atom —5.24 —4.66

Fig. 8. Formation energies to aggregate Rh (A) and Pt (B) adatoms on Site 15 (left) and Site 25 (right) relative to an isolated atom within the “29” oxide unit cell. The
atoms are color-coded: Salmon (Cu), Red (O), Grey (Cu), Black (O), Green (Rh), Yellow (Pt).
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indistinguishable even in the presence of CO.

3.6. Comparison of CO adsorption on Pt and Rh using XPS

XPS was used to probe the adsorption of CO on 1% Pt and Rh
deposited on the “29” Cuy0. Fig. 10a shows the C 1s spectra measured
after the surfaces were exposed to 1 x 10" Torr of CO for 30 s at 300 K.
Two peaks arising from adsorbed CO can be observed on Rh deposited
on the “29” oxide (upper spectrum). We previously assigned the peak at
286.2 eV to CO adsorbed on single Rh sites and the one at 285.6 eV to CO
adsorbed on Rh clusters [53] based on comparison with CO adsorption
on atop and threefold hollow sites of Rh(111), respectively.[59] The
observation of CO adsorption on Rh single atoms and clusters supports
the STM and DFT results. The shift in the Rh 3ds,, binding energy (BE) to
higher energy, shown in Fig. 10b, confirms the presence of adsorbed CO
on Rh sites. In contrast, CO adsorption was not observed on Pt deposited
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on the “29” oxide (Fig. 10a, lower spectrum). Fig. 10c shows that the Pt
4f;,o spectra before and after CO exposure are identical with no
observed BE shift due to adsorbed CO, which indicates that the Pt atoms
are blocked from binding CO, likely by the oxide layer. This is similar to
the case of the oxidation of Pt/Cu(111) SAA surface reported previ-
ously, where the formation of a complete oxide layer prevents the
adsorption of CO on Pt.[60]

The observation of CO adsorption on Rh but not on Pt can be
explained by the structural distortions of the “29” oxide layer caused by
the oxophilic nature of Rh, as predicted by DFT calculations. Rh atoms
likely introduce more defects to the oxide layer, thus allowing Rh atoms
to sit in open areas of the distorted oxide, and therefore they are
available to bind CO. On the other hand, at a deposition temperature of
300 K, higher than the 200 K used for the STM experiment, deposited Pt
atoms likely diffused under the oxide layer without breaking Cu-O
bonds and distorting the oxide, thus leaving the oxide layer intact, which
then prevents CO adsorption on Pt. The diffusion of Pt under the “29”
oxide at an elevated temperature was previously reported [20] and the
tendency of Pt to form an alloy with the underlying metallic Cu is also
consistent with the DFT result that shows the stronger cohesive energy
between Pt and Cu.

4. Conclusions

Transitional interfaces are essential to study, given that catalyst
surfaces are often exposed to fluctuating oxidation conditions and are
often not in equilibrium.[24] The study of single atoms on the “29”
copper oxide model system provides interesting insights toward a
transitional Cu-based surface where a thin layer of CupO(111)-like
oxide adsorbs on Cu(111). Precious metal single atoms are stabilized on
the “29” oxide surface as metal adatoms rather than cationic ions inte-
grated within the CuyO lattice, which makes the metal-support inter-
action on this model distinct from other bulk oxides.[20,53] In this
work, we have identified the driving factors to atom mobility and
clustering to understand the contrasting images of Rh and Pt atom dis-
tributions and accessibility to CO on the “29” oxide.

Comparing the binding, migration, and dimer formation of Pt and Rh
adatoms facilitates an understanding of what enables Pt to remain iso-
lated under the same conditions where Rh clusters and single atom
mixtures were identified. We found that the PES of Pt and Rh adatoms
are comparatively different. More sites are accessible to a Rh single-
atom at low temperatures. Our simulations show that Rh can stabilize
on a higher diversity of coordinatively distinct environments, occupying
both the empty Cu,O ring and the Ougatom-0ccupied CuyO ring. Within
the same energy range, Pt can only favorably occupy the empty CuyO
ring, which reinforce the experimental observation that the coordina-
tion environment of Pt is relatively more homogeneous than Rh. The
oxophilicity of the metal adatom plays a major role in enabling adatom
migration across the “29” oxide. The higher oxophilicity of Rh facilitates
low energy barriers to form new bonds with the oxide rings as the Rh
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moves along the path. We also found that the adsorption of Pt is more
strongly governed by its bonding with Cu. This further makes it more
difficult for Pt to cause defects on the oxide and migrate as compared to
Rh.

We found that the difference in character between the Pt and Rh
species directly affect their ability to bind to CO at the very low coverage
of 1% ML. As Pt single-atoms do not interact with the oxide layer strong
enough, defects seldom form on the “29” oxide, blocking its access to CO
adsorbates. As Rh atoms are relatively more mobile and interact more
strongly with the oxide layer, they retain better access to the CO ad-
sorbates. We infer that the higher oxophilic character of Rh atoms is
proportional to its ability to form defects on the “29” oxide, influencing
its chemical activity with other adsorbates. Our work thus shows that
the stabilizing factors of single-atoms on bulk oxides (i.e. strong in-
teractions with surface O) can in fact become driving factors for mobility
on transitional surfaces. Additionally, we highlight that the connection
between defect formation and the single-atom sites can give funda-
mental insights about their accessibility and thus the nature of the active
sites.
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