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Abstract: The ability to coordinate multiple reactants at
the same active site is important for the wide-spread
applicability of single-atom catalysis. Model catalysts are
ideal to investigate the link between active site geometry
and reactant binding, because the structure of single-
crystal surfaces can be precisely determined, the adsor-
bates imaged by scanning tunneling microscopy (STM),
and direct comparisons made to density functional
theory. In this study, we follow the evolution of Rh;
adatoms and minority Rh, dimers on Fe;0,(001) during
exposure to CO using time-lapse STM at room temper-
ature. CO adsorption at Rh; sites results exclusively in
stable Rh;CO monocarbonyls, because the Rh atom
adapts its coordination to create a stable pseudo-square
planar environment. Rh;(CO), gem-dicarbonyl species
are also observed, but these form exclusively through
the breakup of Rh, dimers via an unstable Rh,(CO);
intermediate. Overall, our results illustrate how minority
species invisible to area-averaging spectra can play an
important role in catalytic systems, and show that the
decomposition of dimers or small clusters can be an
avenue to produce reactive, metastable configurations in

single-atom catalysis. )

Introduction

So-called “single-atom catalysts” (SACs) have attracted
much attention in recent years due to their reported catalytic
performance and high atomic utilization.'! However, signifi-
cant controversy remains regarding whether single atoms

are the primary catalytic active sites, even for simple
reactions like CO oxidation. Some argue that single atoms
are indeed the catalytic centers, and invoke a Mars—
van Krevelen mechanism.” In this scenario, the primary role
of the metal atom is to strongly bind the CO in close
proximity to the support to facilitate a reaction with lattice
oxygen. Other studies suggest that simultaneous coordina-
tion of CO and O, can occur at the same adatom site, but
this depends strongly on the metal and support in question,
and local coordination environment.”! Finally, other studies
suggest that single atoms are inert and/or unstable,” and
that larger clusters are responsible for the observed
activity.”!

In recent years, it has been suggested that SACs could
be used to heterogenize reactions typically performed by
mononuclear complexes in homogeneous catalysis. Alkene
hydroformylation has been demonstrated for Rh,; species on
various metal oxide supports,'” with activity and selectivity
for aldehydes rivalling that of the Rh; complexes used in
industry. Theoretical calculations suggest that the reaction
proceeds in much the same way as in the homogeneous
system,“’“"” via simultaneous coordination of CO, alkene,
and H at the same metal center. Assuming the analogy holds
true, attaching multiple ligands requires a Rh atom with a
low coordination on the oxide support, which is typically an
unstable situation.

Understanding how the local binding environment of a
metal atom affects adsorption is desirable, but difficult to
achieve for high-surface-area catalyst supports. Scanning
transmission electron microscopy (STEM) is typically used
to image such systems, but this technique is insensitive to
elements with low atomic mass. The oxygen atoms of the
support lattice are thus not imaged, and in any case, STEM
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produces a 2-dimensional representation of a 3-dimensional
object so local coordination information is difficult to
ascertain. Most SAC studies utilize extended X-ray absorp-
tion fine structure (EXAFS) to shed light on the metal
coordination, but this technique provides area-averaged
information (not necessarily that of the active site) and
conclusions are usually made by comparison to bulk
reference samples. The coordination will be different for a
surface adatom, and in a reactive environment the impact of
adsorbed molecules (e.g., water, hydroxyl groups, reactant
species) on EXAFS spectra is not clear. As such, the link
between experiment and theory is tenuous, and there is a
need to better understand how the local coordination
environment affects the adsorption of reactants in SAC.

In this paper, we study Rh species on a single crystal
Fe;0,4(001) support, where the support structure and active
site geometry is precisely known. Combining time-lapse
scanning tunneling microscopy (STM) and density functional
theory calculations (DFT), we follow the adsorption of CO
at room temperature and determine how molecules adsorb.
The data reveal that CO adsorption at Rh; species leads
exclusively to monocarbonyls, whose stability is enhanced
by an adaptation of the Rh coordination to the support.
Rh,(CO), dicarbonyls (named geminal or gem-dicarbonyls)
are also observed, but these form exclusively via the break-
up of Rh, dimers through an unstable Rh,(CO); intermedi-
ate. Our results reveal how Rh atoms adapt their environ-
ment in the presence of reactant molecules, and that
decomposition of metastable dimers and small clusters can
be a conduit to produce “single-atom” sites capable of
accommodating multiple ligands.

Results and Discussion

The Fe;0,(001) support utilized in this work exhibits a
(v/2x+/2)R45° periodicity due to an ordered array of subsur-
face cation vacancies and interstitials.” STM images of the
as-prepared surface (Figure S1) exhibits rows of protrusions
attributable to the surface Fe atoms. These atoms are 5-fold
coordinated to lattice oxygen, as established previously.”
The oxygen atoms are not visible in STM images because
they have little density of states near the Fermi level, but
their positions are confirmed by quantitative low-energy
electron diffraction” and surface x-ray diffraction!® experi-
ments. Evaporation of 0.2 ML Rh onto the surface in
ultrahigh vacuum (UHV) at room temperature results in
bright protrusions located midway between the Fe rows
(indicated by yellow arrows in Figure 1a).”) These are Rh,
adatoms. The position within the unit cell is essentially
where the next tetrahedrally coordinated Fe cation would
reside if the bulk structure were continued outwards, which
is consistent with several other metals studied previously.**
1 Figure 1b shows the same sample area after adsorption of
17L CO at room temperature. The Rh, adatoms appear
elongated in STM following CO adsorption along the
direction of the surface Fe rows.

The remainder of Figure 1 shows computational results
for the CO/Rh,/Fe;0,(001) system. Figure lc shows the
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Figure 1. CO adsorption on 2-fold coordinated Rh,/Fe;0,(001). (a-b)
STM images of 0.2 ML Rh on Fe;O,(001) surface before (a) and after
(b) exposure to 17 L CO. The yellow arrows mark the Rh adatoms
located between the rows of surface Fe atoms. The red circle highlights
a Rh, gem-dicarbonyl. (c) Perspective view model of a Rh, adatom
(cyan) adsorbed on the Fe;0,(001)-(y/2x+/2)R45° surface. Surface Fe,
atoms are dark blue, tetrahedrally coordinated Fe,., atoms are lighter
and slate blue. Oxygen, carbon, and Rh, atoms are red, black, and
cyan, respectively. (d) CO adsorption induces a downward relaxation of
the Rh, which achieves a pseudo-square planar bonding environment
via a weak bond to a subsurface O atom. (e) Side view of the Rh,
monocarbonyl in (d). The orientation of the CO can flip between two
symmetrically equivalent positions due to the presence of two
equivalent O atoms in the subsurface layer (indicated by the black
dashed circles). (f~g) Rh gem-dicarbonyl with tetrahedral (f) and
square-planar (g) orientation of the CO molecules. E,q, is the average
adsorption energy per CO molecule.

optimal configuration of the Rh; adatom (cyan). It is located
in the high-symmetry position midway between the surface
iron rows (dark blue) and 2-fold coordinated to surface
oxygen atoms (red). It protrudes 0.72 A above the plane of
the surface Fe atoms, and has an adsorption energy of
—4.57 eV referenced to a gas-phase Rh atom. The Bader
charge of +0.71 e is consistent with a cationic charge state of

© 2024 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH

95U8017 SUOWIWOD 9A 181D 9|aealjdde sy Ag peussnob sfe ssjoile YO ‘8sn J0 Sa|n. Joj Akelq1 8UlUO A3|IA UO (SUONIPUOD-PUR-SLUB) WO AS | 1M Aleig U1 |UO//:SA1IY) SUORIPUOD PUe SIS | 841 89S " [202/60/2T] UO Aleid 1 aUljuO A8|IM ‘UsIM BISIBAIUN AQ L€/ TEZ0Z 91Ue/Z00T OT/I0p/Wod" A8 | 1M Aleud Ul |uoy/Sdiy Wouy pepeojumoq ‘9T ‘¥202 ‘SLLETEST



GDCh
~~

+1, and typical for metal atoms on Fe;0,(001).) Figure 1d
shows the configuration obtained after adsorption of a single
CO molecule. The CO coordinates to the Rh atom, which
sinks down towards the surface and forms a weak bond to a
subsurface O atom (bond length=2.27 A). This creates a
pseudo-square planar environment for the Rh atom, which
again exhibits a Bader charge of +0.71 e. This is consistent
with the 41 oxidation state expected for square-planar d®
complexes. Since the subsurface O is not directly beneath
the Rh site, the CO is tilted away from the surface normal.
Because there are two symmetrically equivalent subsurface
oxygen atoms, there are two symmetrically equivalent
configurations, as shown in the side view of Figure le. The
two configurations lead to the CO flipping (a movie
illustrating this flipping motion is included as Movie S1).
The barrier to flip between the configurations is determined
computationally to be ~0.1eV, which means that the
flipping will be rapid at room temperature. The STM
measurement is slow in comparison, and the elongated
protrusion imaged in Figure 1b is thus a superposition of the
two states.

An alternative explanation for the elongated protrusions
observed on Figure 1b could be the adsorption of 2 CO
molecules oriented along the Fe row direction as the
calculated model in Figure 1f. However, this gem-dicarbonyl
geometry creates a tetrahedral coordination for the Rh
atom, which is highly unfavorable (—1.46¢eV per CO)
compared to a square planar configuration formed by
adsorbing two CO molecules oriented perpendicular to the
Fe row direction as shown in Figure 1g (—2.21 eV per CO).
The Bader charge (40.69 e) of the Rh atom is again
consistent with an oxidation state of +1, which would be
expected for a Rh atom in a square planar d* complex. Thus,
the extent of the charge transfer between adatom and
support is governed by the coordination environment of the
Rh atom. A similar conclusion was reached in a recent STM
study of the Ir/Fe;0,(001) system.""! A full comparison of
Bader charges and magnetic moments of the different Rh;
configurations is given in Table S1. The strong adsorption
energy of the gem-dicarbonyl suggests it should be stable at
room temperature. The red circle in Figure 1b shows an
example of a protrusion with the expected appearance of
such a Rh gem-dicarbonyl i.e., two bright lobes located
above two opposite Fe rows. We observed similar features
in our recent STM study of the Ir/Fe;O,(001) system, and
assigned them as gem-dicarbonyl species.'! However, the
coverage was always less than 10% of the Ir-related
features. This behavior is replicated here for Rh: The
coverage of Rh;(CO), species saturates at ~5% of Rh
species at 0.14 ML coverage after an exposure to CO at
room temperature.

To study how the observed Rh; gem-dicarbonyls form,
we imaged the Rh/Fe;0,(001) sample by STM during
exposure to CO at 10~ mbar (Supplementary Movie S2).
Over the course of the movie all the Rh, species adsorbed a
CO molecule, and took on the appearance of the Rh;CO
shown in Figure 1b (yellow arrows). Direct conversion from
Rh,CO to Rh,(CO), was never observed. In what follows,
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we will demonstrate that Rh;(CO), species form via the CO-
induced break-up of Rh, species.

First, we will introduce the bare Rh, dimers, which form
spontaneously during Rh deposition. Figures 2(a-b) show
two selected frames from an STM movie of a 0.2 ML Rh/
Fe;0,(001) acquired in UHV at room temperature. The
cyan arrows indicate slightly larger oval shaped features that
we have previously identified as Rh, dimers on the basis
that they split into two Rh; atoms when scanned at high bias
(>3 V) with the STM.” In STM movie frames shown in
Figure 2, the dimers exhibit a characteristic motion about
the high-symmetry position usually occupied by an adatom.
The white dashed lines shown in Figure 2(a,b) pass through
Rh, adatoms (indicated by yellow arrows), which are located
at the high-symmetry position and immobile during the
course of the movie. The three Rh, dimers flip such that one
Rh atom remains on the white dashed line, with the second
offset to either side. This behavior is explained by the
minimum-energy configuration determined by our DFT
calculations, which show that the Rh, dimer has one atom in
an adatom-like configuration at the high symmetry position
of the (1/2x,/2)R45° unit cell (pink arrow in Figure 2c),
while the second Rh atom is displaced (blue arrow in

Figure 2. Structure and behavior of Rh dimers on Fe;0,(001). (a-b)
Two frames of a STM movie show the Rh, dimer flipping between two
symmetrically equivalent configurations between the surface Fe rows.
The yellow arrows each indicate an immobile 2-fold coordinated Rh;
atom, which is used as a reference. The Rh, dimers are marked by cyan
arrows. The dashed white lines indicate the same position in the two
frames of the STM movie. (c—d) Side view of the Rh, dimer. The lower
atom (pink arrow) of the Rh, dimer is 2-fold coordinated to surface
oxygen in the high-symmetry position of the unit cell, and we thus refer
to it as “adatom-like”. The higher Rh atom (blue arrow) is displaced
along the direction of the surface Fe rows, and we refer to it as
“displaced”. The side view structural models illustrate the two
symmetrically equivalent configurations that cause the flipping seen in
STM at room temperature (pink and blue arrows).
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Figure 2c) along the direction of the Fe rows with a Rh—Rh
distance of 2.54 A. The displaced Rh atom is physically
higher than the adatom-like Rh atom due to the presence of
tetrahedral Fe below its site. The Rh dimer is more stable
than two isolated Rh adatoms by 0.19eV. The flipping
motion observed in the STM movies occurs because there
are two symmetrically equivalent positions for the dimer
(Figure 2c,d). CI-NEB calculations suggest the barrier to
switch between these two states is ~0.90 eV, consistent with
the slow motion of the dimer observed in the room temper-
ature STM movie. An animation showing the DFT-deter-
mined minimum-energy pathway is included as Movie S3.
Other possible Rh, dimer configurations were also inves-
tigated and found to be less stable. These are shown in
Figure S2.

Figure 3 shows three frames selected from an STM
movie (Movie S2) acquired from a sample with 0.2 ML Rh
deposited on Fe;04(001), and a total exposure of 17 L CO.
At this coverage, approximately 12 % of the Rh is contained
within dimers. In the initial state (Figure 3a) two Rh, dimers
are highlighted by dashed cyan circles. In Figure 3b, both
Rh, exhibit a similar appearance with an increased apparent
height of ~100 pm following the adsorption of CO. At the
end of the movie, both Rh, dimers are replaced by one
Rh;CO and one feature identified as Rh;(CO), in Figure 1.
It is important to note that an STM tip effect is excluded in
our work because the same features are detected after CO
adsorption in areas where time-lapse STM was not per-
formed (see Figure S3).

To understand how the breakup of the Rh, dimers
occurs, we performed DFT calculations. A systematic
approach was employed to determine the lowest-energy
configuration for 1 CO, 2 CO and 3 CO molecules adsorbed
at the Rh, dimer. For one CO molecule, the CO can be
adsorbed at either of the two Rh atoms. In the most
favorable configuration (see Figure 3d), the CO is adsorbed
at the displaced Rh, with an adsorption energy of —2.42 eV.
The displaced Rh atom tilts slightly towards one side along
the Fe,, row, but the Rh—Rh bond length remains 2.48 A,
which is even shorter than the bare Rh dimer. Moving the
CO molecule to the adatom-like Rh atom costs 0.35¢V.
Further details and alternative configurations are shown in
Figure S4.

In principle, the addition of a second CO molecule can
occur in three ways. Either both CO molecules are hosted at
one of the Rh atoms, or one is adsorbed at each. The CO
adsorption energies on each configuration determined by
DFT calculations are shown in Figure S5. The most favor-
able configuration has the Rh atoms straddling the high-
symmetry site, bound to two surface O atoms on opposite
rows (Figures 3e and S5a), and has a Rh—Rh bond length of
2.49 A. In this state, it is possible for the Rh,(CO), to adsorb
a third CO molecule in the bridge adsorption site between
the two Rh atoms (Figure 3f and Figure S6a). This results in
an elongation of the Rh—Rh bond length to 2.72 A, but this
in itself does not directly induce the split. In what follows,
we describe the proposed splitting process on the basis of
Figure 4 and Movie S4.
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Figure 3. CO-induced breakup of the Rh, dimers. (a—c) Three selected
frames from Movie S2 that illustrate the sequential adsorption of CO
on two Rh, species (a, dashed cyan circle). In total, 17 L CO was
introduced into the UHV chamber during the course of the experiment.
(b) Both highlighted Rh, species adsorb CO and form Rh,(CO),
species. (c) A short time later, the Rh,(CO); split to form a Rh,CO
(yellow arrow) and a Rh;(CO), gem-dicarbonyl (red arrow) in two
adjacent unit cells. (d-f) Minimum-energy configuration for 1, 2 and 3
CO molecules adsorbed at the Rh, as determined by DFT. The Rh—Rh
bond length increases with the addition of each CO molecules until
Rh,(CO)s, where the Rh—Rh distance is 2.72 A. (g) The adsorption of 3
CO molecules will finally induce the dimer breakup to a Rh,CO and a
Rh, (CO), as indicated in (c). E,q is the average adsorption energy per
CO molecule.

The critical first step in the splitting process is the
adoption of a metastable Rh,(CO); configuration 0.17 eV
above the ground state. Here, one CO molecule is adsorbed
at an adatom-like Rh and the other two reside at a displaced
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Figure 4. Proposed mechanism for Rh,(CO); splitting derived from DFT calculations. Configurations A and H represent the initial and final states
of the splitting process, respectively, and are identical to the ground state structures depicted in Figure 3f and Figure 3g. Configurations B—G
represent the intermediate steps along the reaction coordinate in the energy plot. The critical step (B) is the formation of a metastable Rh,(CO);
configuration, in which the bridge CO molecule moves to occupy one of the Rh atoms. This induces a change in the Rh positions, and an
elongation of the Rh—Rh distance to 3.10 A. The remainder of the pathway involves the diffusion steps required for the Rh; (CO), to move and
occupy an adatom-like site in a neighboring unit cell. The long diffusion process was split into multiple smaller CI-NEB calculations, each
comprising three intermediate configurations. Surface Fe,, atoms are dark blue, Fe,, atoms are lighter and slate blue, as indicated by the two
arrows in (a). Oxygen, carbon, and Rh atoms are red, black, and cyan, respectively.

Rh atom (configuration B in Figure 4). The Rh—Rh distance
in this configuration is 3.10 A, which is too long to be
considered a bond. This suggests that the adsorption of 3
CO molecules will rapidly induce the breakup of the Rh, at
room temperature, as observed in experiment. Configura-
tions C to H show that the Rh;CO remains in place after the
initial split, consistent with the immobility of these species in
the room-temperature STM movies. The Rh,(CO), species
moves away along the [110] direction, aided by the close
proximity of lattice oxygen atoms in this direction, ulti-
mately arriving at another adatom-like 2-fold coordinated
adsorption site in the neighboring unit cell, 11.8A away.
Configurations E and G are the local minima along this
path. These structures are somewhat similar to the config-
uration B, where the Rh,(CO), binds to two oxygen atoms
above a subsurface Fe,, atom. Configuration C represents
the highest saddle point, which costs 0.85 eV. Finally. The
most favorable configuration in configuration H has the
Rh,(CO) and Rh;(CO), adsorbed in adatom-like sites in
neighboring unit cells. In this final state, 0.66 eV is gained
with respect to the initial Rh,(CO); configuration shown in
configuration A.

On the basis of these calculations, we conclude that
Rh,(CO); is the unstable intermediate that precedes the
dimer splitting observed in STM. Finally, while the STM
data shown in Figure 3 are representative, we note that not
all Rh, dimers split to a monocarbonyl and a gem-
dicarbonyl. In some instances, the post-breakup situation is
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different (see Figure S3). For example, it is also possible to
form a Rh,(CO), and a Rh atom incorporated in the surface
layer, which displaces a surface Fe into a subsurface vacancy.
We consider it likely that this process occurs when the dimer
is in close proximity to Fe;O,(001) surface defects.

The experimental and theoretical results described here
align with the view that the behaviour of “single-atom”
catalysts can be understood by analogy to coordination
complexes. In this view, the metal-support bonds are
ligands, and coordination vacancies are required in order to
bind reactants. The as-deposited Rh atom is 2-fold coordi-
nated to lattice oxygen atoms on Fe;0,(001), which can be
seen as a linear configuration, or as a square planar Rh
complex with two coordination vacancies. The Bader charge
of +0.71 e suggests a +1 charge state, which is typical for
square planar Rh(I) complexes.'"” The presence of two
coordination vacancies is an unstable situation, and one
would expect this atom to be highly reactive for the
adsorption of molecules from the gas phase such as CO.

Our STM and DFT data clearly show that a single CO
molecule binds strongly (—2.57 eV), but it also causes the
Rh atom to relax towards the support and create a pseudo-
square planar environment utilizing a subsurface lattice O
atom. This observation contrasts to prior work where CO
was seen to destabilize Pt and Pd atoms on Fe;0,(001),"”
but is explained by the oxophilicity of Rh, the presence of
the subsurface O atoms in suitable locations, and the
energetic gain that comes from completing the square planar
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environment for the Rh. The rigidity of the surrounding
lattice prevents the Rh atom moving even further down, and
the subsurface O atom in question is already 4-fold
coordinated to Fe. The resulting Rh—O bond (calculated
bond length of 2.27 A) is thus weak, and the system is able
to flip between two symmetrically equivalent configurations
at room temperature, as shown in Figure le and Movie S1.
Imaging of the superposition of these states explains the
elongated protrusion observed in STM. No further change
to the Rh,;CO species was observed in any of our experi-
ments, even though our DFT calculations suggest that
binding a second CO molecule to create the gem-dicarbonyl
should gain an additional —1.84 eV (Figure 1d and 1 g). We
note that spectroscopic identification of the Rh;CO by CO
infrared reflection absorption spectroscopy (IRAS) would
be desirable, but is currently precluded by the poor
sensitivity of IRAS on a Fe;O, sample and the low density
of Rh atoms on the surface.

Direct adsorption of a second CO molecule at the Rh,
monocarbonyl is most likely prevented by steric hindrance.
The ground state Rh;CO configuration has the Rh atom
essentially in the surface plane, with a CO molecule
protruding, which makes it difficult for a second CO
molecule to approach close enough to form a chemical
bond. Consequently, formation of a Rh gem-dicarbonyl
likely requires thermal excitation of the system into a
metastable transition state in which it could accept a second
CO molecule. Our DFT calculations find that the config-
uration shown in Figure S7b, which is essentially the Rh
gem-dicarbonyl shown in Figure 1g with one missing CO
molecule, is a local minimum located ~0.5 eV higher in
energy than the ground state. With this energy difference,
the Rh;CO spends a negligible fraction of time (<107®) in
the metastable state at room temperature, and it is very
unlikely to occur exactly when a CO molecule approaches.
If the CO pressure were to be increased by many orders of
magnitude, as it is in the CO titration experiments typically
performed to characterize powder-based SAC samples, the
probability to form dicarbonyls directly at the 2-fold
coordinated Rh,; site would be greatly enhanced. Once
formed, the dicarbonyl would be stable due to the favour-
able thermodynamics, and measurable by IR spectroscopy.
We have also considered another case where surface iron
atoms are replaced by the Rh atoms, resulting in 5-fold
coordinated Rh sites.”™ As shown in Figure S8, the
adsorption energy of CO on 5-fold coordinated Rh is
—1.99 eV, which is significantly weaker than at the 2-fold
coordinated Rbh site. Dicarbonyl formation is not favourable
at the 5-fold coordinated Rh atom: DFT -calculations
initiated in such a geometry always resulted in the second
CO molecule moving to occupy a neighbouring surface Fe
atom. This is straightforward to understand, because a
monocarbonyl at the 5-fold Rh site produces a Rh atom
with a complete octahedral coordination, which is common
in coordination complexes. A dicarbonyl would see the Rh
atom have seven ligands, which is not favourable. As such,
we conclude that the dicarbonyl species commonly observed
in CO titration experiments are not due to single atoms
residing in highly coordinated substitutional sites.
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The data shown in Figure 3 clearly demonstrate that if a
Rh,(CO), species is formed, then it is stable at room
temperature. The main reason the Rh, is able to form the
dicarbonyl is because it can adsorb 3 CO molecules, which
causes the split. When two molecules are adsorbed, our
DFT calculations show that multiple configurations are
accessible (Figure S5), but the one featuring a single CO at
each Rh atom (Figure 3e) is the most favourable. This
allows a third CO to adsorb in a bridge coordination, which
weakens the Rh—Rh bond. Thereafter, the Rh,(CO); can
take a second configuration in which the third CO binds to
one of the Rh atoms forming a Rh,(CO),. This splits off and
diffuses to a nearby stable site, as shown in Movie S4 and
Figure 4. This line of reasoning is supported by the fact that
the Rh;CO usually resides at the former position of the Rh,,
while the Rh;(CO), is located 11.8 A along the direction of
the Fe rows, occupying an equivalent adsorption site in the
neighbouring unit cell (compare Figures3a and 3c). The
presence of the bridge adsorption site on Rh,(CO), is crucial
for the breakup of the dimers because it increases the
capacity of CO molecules that can be adsorbed to a number
higher than one per Rh atom. We note that the presence of
CO adsorbed in a bridge site is also a distinctive character-
istic used in infrared spectroscopy to differentiate single-
atom catalysts from particle catalysts.""

The atomic-scale insights obtained here rely on the
combination of STM and DFT calculations. Considering the
low surface concentrations of the Rh, dimer and Rh,(CO),
dicarbonyl species involved, it is evident that this is not a
suitable system for area-averaged spectroscopic techniques.
It is important to recognize, however, that it is the precisely
defined single crystal support and UHV environment that
facilitate the direct comparison between experiment and
theory. DFT calculations based on periodic boundary
conditions are the computational analogue to single crystal-
based studies, and the ability to adsorb molecules individu-
ally (in the absence of undefined contaminants) cannot be
replicated in ambient-pressure experiments. The final bene-
fit, which we exploit here, is the ability to follow adsorption
events atom by atom in time-lapse movies in a reactive
environment. Studying the dynamic evolution of the system
using STEM is extremely challenging as it is difficult to
continuously maintain atomic resolution, and long-time
exposure to high energy electrons can significantly affect the
system under study."™ This was highlighted in a recent study
by Yan etal." who demonstrated that Pt, dimers could
split into two isolated Pt, single atoms by the electron beam
during STEM measurements. It could be difficult to
distinguish this from an adsorbate performing a similar role,
as observed in the present work. In any case, our study
demonstrates that atomically resolved STM is an ideal
technique to study the stability and structural evolution of
single-atom catalysts. It is also possible to visualize reaction
mechanisms, as recently demonstrated by Guo et al., who
reported an in situ visualization of ethylene polymerization
on a carburized iron model catalyst and were able to image
almost the entire sequence of the growth processes.!"”’

Finally, we compare our results to those obtained for
other metal atoms on Fe;O4(001), and to the SAC literature
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in general. We have previously shown that CO adsorption
leads to the sintering of the Pt;/Fe;0,(001) and Pd,/Fe;O4
(001) systems, which we attributed to the fact that these
metals interact more strongly with CO than the metal
oxide.["! Interestingly, the CO-induced sintering of Pt led to
Pt,(CO), species that were extremely stable, and only broke
apart once the system was heated to 550 K and CO began to
react with the Fe;O4,(001) support. The results for Rh
described here are more in line with the Ir/Fe;O4(001)
system,'"!! where a similar pseudo-square planar monocar-
bonyl structure was proposed. A limited number of Ir,(CO),
gem-dicarbonyls were also observed in ref. [11] and it seems
likely that the same dimer splitting mechanism was respon-
sible. The breakup of small clusters by water exposure is
also the basis for the “atom trapping” approach to forming
stable SACs.*'® Moreover, it represents a way to recover
the active state of the catalyst after thermal sintering, in a
process termed “redispersion” in the SAC literature.!"!
Interestingly, the detachment of carbonyl species from
larger clusters has even been predicted to occur for metals
with weak affinity to CO, such as Au.” Together, this all
highlights the danger of assigning active species on the basis
of as-prepared or post-mortem catalysts, the importance of
further developing in situ and operando methods to study
catalyst structure, and the important role that minority
species invisible to area-averaging spectroscopies can play in
single-atom catalysis.

Conclusions

A combination of STM movies and DFT calculations were
used to study CO adsorption on Rh; and Rh, species on
Fe;0,(001). CO adsorption at Rh,; species results in stable
Rh,CO monocarbonyls with a pseudo-square planar Rh
coordination similar to that found in Rh(I) complexes.
Square planar Rh,(CO), gem-dicarbonyls are also observed,
but these come about exclusively through the CO-induced
breakup of Rh, minority species. Our results clearly show
that the adsorption of reactants can have a strong influence
on the structure of the system, and that CO exposure can be
used to redisperse small clusters that form during reactions.
Opverall, this work provides new insights into the rational
design of superior SAC through the synthesis of dimer
catalysts.
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