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ABSTRACT: Understanding and tuning the catalytic properties of metals atomically dispersed on oxides are major stepping-stones
towards a rational development of single-atom catalysts (SACs). Beyond individual showcase studies, the design and synthesis of
structurally regular series of SACs opens the door to systematic experimental investigations of performance as a function of metal
identity. Herein, a series of single-atom catalysts based on various 4d (Ru, Rh, Pd) and 5d (Ir, Pt) transition metals has been
synthesized on a common MgO carrier. Complementary experimental (X-ray absorption spectroscopy) and theoretical (Density
Functional Theory) studies reveal that, regardless of the metal identity, metal cations occupy preferably octahedral coordination MgO
lattice positions under step-edges, hence highly confined by the oxide support. Upon exposure to O,-lean CO oxidation conditions,
FTIR spectroscopy indicates the partial de-confinement of the monoatomic metal centers driven by CO at pre-catalysis temperatures,
followed by the development of surface carbonate species under steady-state conditions. These findings are supported by DFT
calculations, which show the driving force and final structure for the surface metal protrusion to be metal-dependent, but point to an
equivalent octahedral-coordinated M*" carbonate species as the resting state in all cases. Experimentally, apparent reaction activation
energies in the range of 96+19 kJ/mol are determined, with Pt leading to the lowest energy barrier. The results indicate that, for
monoatomic sites in SACs, differences in CO oxidation reactivity enforceable via metal selection are of lower magnitude than those
evidenced previously through the mechanistic involvement of adjacent redox centers on the oxide carrier, suggesting that tuning of
the oxide surface chemistry is as relevant as the selection of the supported metal.

INTRODUCTION SACs resemble features which are innate to metal centers in
most molecular complexes operating as catalysts in solution.
On the other hand, the solid nature and comparatively higher
thermal and mechanical stability of SACs are essential for the
technically uncomplicated catalyst handling, recovery and
regeneration inherent to heterogeneous catalysis.

Routes to disaggregate transition metal aggregates, i.e.
nanoparticles and clusters, have been traditionally exploited to
(re)disperse catalytically active metals on the surface of porous
carriers, e.g. to regenerate supported catalysts which had
undergone deactivation by metal sintering.!> More recently,

improvements in characterization methods, e.g. the advent of Over the last years, an ever-increasing number of studies
atomic-resolution aberration-corrected electron microscopy, address the catalytic performance of SACs in a large variety of
have provided conclusive evidence that, under certain reactions.!!"!>22 In certain instances, atomically dispersed
conditions, metals can be dispersed down to the atomic level, metals have been revealed to underline unique reactivities
i.e. as isolated atoms, on oxide supports.** As a result, there is previously ascribed to metal aggregates.* Beyond these
currently a blooming scientific interest in understanding, fine- valuable individual studies, and a limited number of head-to-
tuning and exploiting the catalytic properties of so-called head performance comparisons, this emerging research area
single-atom catalysts (SACs).*%-13 would benefit from efforts to establish broader performance

trends which would serve as a guideline for a more rational
catalyst development. Screening the catalytic features of a
series  of  structurally  uniform  materials, either
computationally>*?* or experimentally,’?” has proven
instrumental in the past to establish valuable reactivity trends
for various processes. Few recent studies have addressed
performance?®?° and stability’ trends in single-atom catalysts

Next to providing means for achieving a quantitative
exposure of catalytically active metals to interaction with
reactants, SACs hold the promise to successfully bridge the gap
between the realms of homogeneous and heterogeneous
catalysis by uniting technological advantages of the two
disciplines.'* On the one hand, the monoatomicity, (partial)

positive charge and possibly uniform structure of active sites on
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using first principles computational methods. Experimental
studies pose, however, the challenge of designing, synthesizing
and characterizing structurally regular series of catalysts at the
atomic dispersion level.

Herein we investigate the catalytic properties of a series of
4d (Ru, Rh, Pd) and 5d (Ir, Pt) transition metals atomically
dispersed on a common MgO carrier. MgO is a barely reducible
support®! with limited redox chemistry which is thus best suited
to address the intrinsic redox catalytic properties of the
supported metal atoms without support effects. Moreover, the
relatively low energy of formation of surface topological
defects, e.g. step-edges, on MgO provides a rough surface
topology which is expected to be favorable for the
establishment of ligand-type coordination and the stabilization
of supported single metal atoms. The series of SACs was
synthesized by oxidative dispersion of the corresponding metal
oxides —obtained upon thermal decomposition of
acetylacetonate precursors on a high-surface MgO carrier— at
high temperature (1073 K). Metal dispersion was assessed by
Scanning-Transmission Electron Microscopy (STEM), and the
structure of the metals centers in the as-synthesized materials
was studied by means of X-ray absorption spectroscopy (XAS),
assisted by modeling using Density Functional Theory (DFT)
calculations. The development of catalytically active sites was
investigated by means of in situ Infrared (IR) spectroscopy,
with input from DFT calculations.

Oxide-supported SACs have been studied as CO oxidation
catalysts. While some previous studies underscore their high
activity at low temperatures (<373 K),3?3 other works report
moderate performance and comparatively high reaction onset
temperatures.>343 With this backdrop, it becomes highly
relevant to elucidate whether these apparent discrepancies
might root on prominent metal-specific phenomena. Herein, the
series of structurally uniform MgO-supported SACs is
exploited to systematically assess the role of metal identity on
the CO oxidation catalytic performance.

EXPERIMENTAL

The series of M/MgO (M=Pt, Pd, Rh, Ru and Ir) catalysts
were synthesized by depositing preset amounts of the
corresponding metal acetylacetonate precursor onto a high-
surface MgO support material by wet impregnation. The dried

The catalytic performance of the single-atom catalysts was
evaluated for the oxidation of CO in stoichiometric O, excess.
Tests were carried out in a packed-bed glass reactor (ID 50 mm)
placed inside a vertically aligned oven. An amount of catalyst
(200-300 pm sieved fraction) corresponding to 1 pmol metal
was diluted with pure MgO (previously calcined at 1073 K) to
achieve an overall bed length of 10 mm. Prior to reaction, the
catalysts were pre-treated in flow of He (99.999, 30 mL min'")
at 423 K. After cooling down to RT, a gas flow of a synthetic
gas mixture (volumetric contents: 1%CO, 20%0O,, He balance)
was established at a total gas space velocity of 1800 mL p
mol(metal)! h'!. Then the bed temperature was increased to 623
K with a constant heating rate of 2 K min-! while determining
the outlet concentrations of CO and CO, online using a non-
dispersive IR ABB EL3020 gas analyzer.

The development of active sites and reaction mechanism
were investigated by means of DFT calculations and in situ

impregnate was then calcined at 1073 K in a muffle oven
(stagnant air atmosphere) for 10 hours to induce metal oxide
crystal disruption and dispersion. This re-dispersion
temperature was selected on the bases of the so-called atom-
trapping procedure developed by Datye and coworkers for Pt on
CCOZ.S_()

X-ray powder patterns were collected on a Stoe STADI P
transmission diffractometer equipped with a primary Ge (111)
monochromator and a position sensitive detector using MoKa,
radiation (A= 0.7093 A) after the samples were filled into glass
capillaries (¢ 0.5 mm). The dispersion and atomicity of metal
species was investigated by means of high-angle annular dark-
field scanning-transmission microscopy (HAADF-STEM) and
X-ray absorption spectroscopy (XAS). HAADF-STEM
experiments were performed using a C¢-probe corrected Hitachi
HD-2700  dedicated  Scanning-Transmission  Electron
microscope equipped with a cold field-emission gun and two
EDAX Octane T Ultra W EDX detectors and operated at 200
kV. Prior to observation, finely ground powder samples were
dry-cast on Cu grids coated with a holey carbon film. X-ray
absorption spectra were recorded at the Rh K-edge (23.220
keV), Ru K-edge (22.117 keV), Pd K-edge (24.350 keV), Ir Ls-
edge (11.215 keV), and Pt L;-edge (11.564 keV), respectively,
at the B18 beamline of the Diamond Light Source (UK), and
the CLAESS beamline (BL22) of the ALBA synchrotron light
source (Spain). Measurements were performed either in
transmission (after dilution of the sample with cellulose or
boron nitride) or in fluorescence modes. EXAFS data analysis
has been performed using the Demeter software package.3¢ Data
reduction and extraction of the yx (k) function has been
performed using the Athena code (version 0.9.26). The
experimental EXAFS spectra were analyzed starting from a
series of DFT-optimized structural cluster models using
FEFF6L via a data fitting analysis. A k-range up to 12 A-! with
a Rbkg value of 1 were considered in the data reduction process.
The following criteria for the free parameters were set to
determine whether each model provided a physically sensible
fit of the experimental data: (i) 0.6<Sy’><1.1, (ii) energy shift
| Eo | <11 (eV), (iii) change in bond distance | Ar| < 5% <R>
from the DFT-optimized model, and (iv) 0.001 < 62.

Fourier-Transform infrared (FTIR) spectroscopy. DFT
calculations were carried out with the PBE functional’” with
Grimme's D3 dispersion?® correction using the PAW method as
implemented in the VASP program package®-“® (see the
Supporting Information for full details, total energies and
structures). Free energies were computed using the rigid-rotator
and harmonic oscillator approximation at 573 K and a reference
pressure of 1 bar. Transition states were located using the
ARPESS method.*! Spectroscopic investigations were carried
out using CO as surface probe molecule. Self-supported
catalysts were mounted into a stainless steel cell featuring KRS-
5 windows. Samples were initially decarbonated. Catalyst
surface topologies were studied at 110 K via stepwise CO
dosing at increasing pressures in the sub-mbar range. In another
set of experiments, samples were exposed to CO oxidation
conditions in the cell, mimicking the reaction settings applied
ex situ to assess the catalytic performance of the M/MgO SACs.
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Spectra were in all cases recorded with a Bruker Vertex 70
spectrometer using a DTGS detector and acquiring at 4 cm™!
resolution. Further details on the experimental methods and the
DFT calculations are provided in the Supporting Information.

RESULTS AND DISCUSSION

Synthesis of single-atom catalysts. The as-synthesized
MgO support showed a B.E.T. specific surface area of 250 m?
g! and a rod-like primary nanocrystal morphology (Figure S1).
Annealing of the metal-free support at 1073 K led to a
significant particle growth into mostly cubic-shaped MgO
crystals accompanied by a drop in the surface area to 35 m? g”!,
indicating that the selected annealing temperature is sufficiently
high to promote significant surface mobility and reorganization
in MgO. On this support, two series of catalysts were
synthesized with low surface-specific metal contents of
0.1£0.06 and 0.7+0.1 M, nm?2, respectively (see Experimental
section). Following metal deposition, higher specific surface
areas were obtained after annealing (45-60 m? g!) indicating a
noticeable surface stabilization of the MgO by the supported
metals. X-ray diffraction analysis showed no diffractions
ascribable to metal species, suggesting the lack of long-range
order (Figure S2).

High-resolution, bright-field TEM showed the surface of
the MgO support in the as-synthesized catalysts to be highly
stepped (Figure 1). To further assess metal dispersion the
materials were studied with Spherical Aberration-corrected
High-Angle Annular Dark-Field Scanning-Transmission
Electron Microscopy (Cs-HAADF-STEM). Figure 1 shows
also representative STEM micrographs for catalysts based on
all the studied metals. In all cases, isolated metal atoms could
be observed, uniformly dispersed on the MgO support, owing
to the significantly higher Z contrast of the former. As expected,
higher local metal densities were observed for materials
synthesized with a metal content of 0.7 M, nm2, compared to
materials prepared with a ca. 7-fold lower overall metal content.
However, no metal agglomerates could be identified in either
case, clearly indicating the prevalence of isolated metal atoms
at these contents. In contrast, the concomitant presence of
atomically dispersed species with metal oxide clusters was
confirmed for materials synthesized with higher metal contents,
i.e. >1.5 M, nm? for PdA/MgO and Ru/MgO catalysts and >2.5
M, nm-2 for the remaining metals (Figure S3), indicating that at
these higher metal contents, those binding sites involved in the
stabilization of isolated metal cations on MgO become saturated
and the metal loaded in surplus segregates into agglomerates.

Structural model for isolated metal centers. Complementing
the direct, albeit local STEM observation, the atomicity and
local coordination environment of the supported metals was
studied with X-ray absorption spectroscopy. Figure 2 shows the
corresponding EXAFS spectra for the series of catalysts with
0.7 M, nm? metal content, along with those for the
corresponding bulk metal and oxide reference materials.
Irrespective of the identity of the supported metal, the spectra
showed no evidences for M-M or M-O-M coordination,
compatible with the absence of metallic or oxide agglomerates
on the MgO surface. In order to further extract structural
information from the EXAFS spectra, a series of structural
models for the isolated metal atoms at various coordination
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positions on MgO were developed and structurally optimized
using DFT calculations. The models comprise a large variety of
binding sites, both at flat (001) and stepped (301) MgO surfaces
(a full description of the structural models is given in the
Supporting Information). The different site motifs can be
organized as a function of the 1%-shell (M-0) and 2"-shell (M-
0-Mg) coordination numbers (CNs) for the metal atom, which
jointly might be regarded as a measure of its degree of
confinement by the MgO support. Figure 3 shows the series of
models scrutinized for Ru/MgO and Pt/MgO catalysts,
organized on a 2D map of degree of confinement. Similar maps
for catalysts based on Rh, Pd and Ir are provided in the
Supporting Information (Figures S4-S6). The simulated
structural motifs span from low-confinement positions, e.g. at
flat terraces or kinks, to high-confinement positions, e.g. lattice
positions underneath MgO step-edges or sub-surface
octahedrally coordinated M*" cations stabilized by a
neighbouring Mg vacancy, to full coordination for sub-surface
M?* cations isomorphically substituting Mg?* centers in the
MgO lattice (corresponding to 1%- and 2"-shell CNs of 6 and
12, respectively).

The DFT-optimized structures were rescaled to match the
experimental lattice constant of MgO and taken as models to fit
the experimental EXAFS spectra, considering the two first
coordination shells around the metal atoms (see experimental
section for details on the fitting criteria and Tables S1 to S15 in
the Supporting Information for the full fitting results). As
shown in Figure 3, and the corresponding Figures S4-S6 in the
SI, structural models corresponding to relatively high-
confinement of the metal center (1% and 2"-shell CNs >4 and
>10, respectively) were those which provided a reasonable fit
of the experimental spectra for all metals studied. These results
are in contrast to previous reports on single-atom catalysts
synthesized via the adsorption of monometallic complexes on
oxides,'>* or impregnation of soluble precursors at lower
surface contents followed by lower-temperature thermal
treatments, which reported comparatively lower average
coordination numbers for the isolated metal atoms. It is hence
inferred that the high-temperature oxidative redispersion
synthesis route applied herein, which promotes significant
atomic mobility also for the oxide carrier, results in the
supported metal atoms occupying lower-energy, higher-
coordination positions.

Whereas the presence of (a fraction of) metal atoms in far
subsurface positions cannot be excluded, the fact that the
materials show catalytic activity already from very low metal
contents, i.e. 0.1 M, nm? (vide infra) suggests strongly that
metal sites occupy near-surface coordination positions in the as-
synthesized materials, hence more accessible to reactants. With
the only exception of Rh, for which the best fitting model
corresponded to a structure with slightly higher coordination
confinement, a site model which considers the isolated metal
atom to sit under a MgO step-edge, with an incomplete
octahedral coordination shell, describes the experimental
EXAFS spectra well. This structural model was compatible also
with the EXAFS spectra recorded for the series of catalysts with
an even lower metal content of 0.1 M, nm?2, as demonstrated
by the direct comparison of the EXAFS data (Figure S7) and
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the fitting results included in the supporting Table S16,
respectively.

Experimental study of catalytic activity. The catalytic
properties of the series of M/MgO SACs were evaluated in the
oxidation of CO under excess O, in an isothermal plug-flow
reactor. In order to ensure a higher structural homogeneity of
the single-atom sites, and to reduce the chances for high local
activity and thus temperature microgradients within the catalyst
bed, the series of catalysts incorporating the lowest loading of
0.1 M, nm? was selected for the reactivity study.

Figure 4 shows the CO conversion light-off curves as a
function of the reaction temperature for experiments performed
at a constant metal-specific gas space velocity of 1800 mL
umol(metal) ! h'!. The Ts, parameter (temperature for 50% CO
conversion under the applied reaction settings) was in the range
of 551-647 K. These values are significantly higher than those
reported earlier for catalysts based on dimers, sub-nm
nanoclusters*4> or nanoparticles**’ of these metals deposited
on oxide carriers, indicating that, generally, metallic species of
higher nuclearity are more suitable for low-temperature CO
oxidation applications. Light-off curves could be reproduced in
consecutive reaction experiments following the first full run,
attesting to the stability of the active sites on exposure to high
reaction temperatures and CO conversion levels (Figure S8).

Light-off temperatures depend on the experimental
conditions and, for reactions involving the development of the
active centers in situ, under operating conditions (vide infira), it
additionally depends on the kinetics and efficiency of these
processes. The activation energy, determined after catalysis
onset, offers a more reliable means to establish comparisons in
terms of intrinsic activity. Analysis of the catalytic data via an
Arrhenius formalism (Figure 4) showed the apparent activation
energy (E,,,) for the reaction to vary in the range of 77 kJ mol-
I for Pt;/MgO to 115 kJ mol' for Ru;/MgO catalysts.
Intermediate E,,, values of 90, 98 and 112 kJ mol! were
determined for Rh;/MgO, Ir;/MgO and Pd,/MgO catalysts,
respectively. These E,,, values are comparable to those reported
previously for individual oxide-supported single-atom catalysts
based on Rh or Pt.3*3548 Lower overall reaction energy barriers
have been found in cases where the isolated metal atoms
cooperate with redox-active centers developed on the oxide
support in their direct vicinity.?%3248 Therefore our experimental
results illustrate the expected limited involvement of the MgO
support —which displays a high energy of formation of surface
oxygen vacancies (>8:10> kJ mol)*- in CO oxidation
catalysis, as required to assess the intrinsic catalytic
performance of the isolated metal centers.

Density Functional Theory investigation of active site
structure and reaction mechanism. Insights into the structure
of'the active centers and the reaction mechanism on the M/MgO
SACs were obtained by DFT calculations. The MgO(301)
surface has been used as a computational model because it
provides an extended 001-facet as well as a step-edge. For the
substitution of transition metal atoms into Mg-positions, we
have used the bulk chemical potential of MgO and the chemical
potential of O, in the gas phase as a reference.

In the absence of CO and under oxidizing conditions, i.e.
conditions representative of the as-synthesized catalysts prior to
their exposure to reaction settings, the most stable state is
generally one where the transition metal atoms displace Mg in
surface or subsurface lattice positions. Substitution into the
subsurface leads to octahedral coordination and for Pd and Pt,
this is found to be favorable only in the oxidation state +4,
where a d° electron configuration is reached. In agreement with
these computational prediction, core-electron binding energies
compatible with an oxidation state +4 were experimentally
ascertained by X-ray Photoelectron Spectroscopy (XPS) for the
series of M/MgO SACs (Figure S9). Relative to the bulk metals,
these species are stable over a wide temperature range (see
Figure CM4, Computational Methods section in the Supporting
Information).

According to our DFT results, in the absence of carbon
oxide adsorbates, the energetically most stable state for the
isolated metal atoms on the MgO(301)-surface is in all cases the
isomorphic substitution of the metal cation into the surface
below the MgO step-edge, with an additional oxygen atom
coordinated to the transition metal and the Mg atom at the step.
Remarkably, when CO is introduced as a ligand, the most stable
state is in all cases a transition metal atom in a Mg-position in
the step-edge with a coordinated CO-ligand (Section 2 in the
Supporting Information). Under these conditions, for Pd and Pt
the most stable oxidation state is +2, and the adsorption
geometry is a Pd/Pt atom in the Mg position with an additionally
adsorbed CO. The coordination number is formally five, but the
surface visibly distorts towards a square planar coordination
geometry, as expected for a d®-configuration (see section 2 in
the SI). In this distortion, the transition metal atom moves away
from the surface so that the distance to the underlying oxygen
atom (2.7 A) is significantly increased with respect to the other
Pt-O distances (2.1 A). For Rh, Ir, and Ru, the most stable state
is still in oxidation state +4, with an additional oxygen atom
coordinated to the transition metal atom in the same step-edge
position as for Pd and Pt. Metal-specific phase diagrams were
computed as a function of the CO and O, chemical potentials
(for details see section 2 in the Supporting Information). These
calculations predict that the formation of metal carbonyl
complexes, in less confined positions at the MgO step-edges,
becomes favorable under conditions representative for the
catalytic tests (Pco=1 mbar, Py,=200 mbar, T=573 K) for all
metals.

Overall, DFT calculations on the active site structure are in
good agreement with our experimental observations. Transition
metal atoms are predicted to be most stable in high-confinement
octahedrally-coordinated lattice positions, likely associated to
step-edges on the MgO surface. This motif is in fair agreement
with the experimental EXAFS results (vide supra), and it can
thus be considered to reliably represent a structurally uniform
metal site for the entire series of catalysts in their as-synthesized
condition, i.e. prior to exposure to reaction conditions.
Calculations suggest, however, the possibility for a
restructuring of this single-atom centers under catalysis-
relevant operation conditions.

Having established a reasonable structure for the single-
atom active sites, we next investigated the CO oxidation
mechanism for the cases of Pt/MgO and Pd/MgO SACs.
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Experimentally, these metals showed reaction apparent
activation energies in the low and high range-ends, respectively.
The results for Pt are compiled in Figure 5. We have started the
investigation from the most stable surface Pt!! carbonyl complex
under reaction conditions (labeled la in Figure 5). Adsorption
of a second CO molecule as a sixth ligand is not favorable, as
expected for the d®-configuration. The first necessary step is the
activation of O,, which eventually leads to the formation of free
CO; and an adsorbed oxygen-ligand. The formed complex (1d)
is very reactive and readily reacts with either CO or CO,. The
reaction with a second CO molecule is barrier-less and leads to
the formation of a stable carbonyl (le), which, after a small
barrier for oxidation, forms a second, adsorbed CO, (1f). The
reaction with a CO, molecule leads to the formation of a
transition metal carbonate (2a). Both reactions are expected to
be fast, although carbonate-formation requires a small energetic
barrier. It is not possible to predict the rate constants for CO vs.
CO,-adsorption with much certainty. However, formation of
carbonate is clearly expected to happen at some point. Since the
carbonate complex is very stable, we also studied pathways for
its decomposition. The most favorable mechanism that we have
found for a forward reaction consists of the reaction of the
carbonate with a second CO molecule resulting in a k?-C,0-
bound ligand that is maybe easiest described as a CO,-dimer
(2¢). This structure can indeed decompose into two CO,
molecules with a moderate barrier. Overall, a similar free
energy diagram was also obtained in the case of a Pd-based
SAC (Figure S10). Based on these findings, we expect that the
identified surface metal carbonate is the resting state of the
active site under operation.

Figure 5 shows a free energy diagram computed for Pt. The
competitive adsorption of CO and CO, on complex 1d and the
fact that there are two free energy barriers of about 170 kJ mol!
makes an estimate of the reaction rate and preferred reaction
pathway somewhat difficult to address. Importantly, these free
energy barriers do not correspond to the apparent activation
energies determined from the Arrhenius plot. For a direct
comparison, we have derived apparent activation energies from
the free energy diagram in Figure 5 based on a rate determining
step analysis for these two highest barriers (see section 2 in the
SI for the corresponding Arrhenius plots). An E,,, = 83 kJ mol
!is found assuming TS(1b-1c) to be rate limiting, whereas E,,
= 101 kJ mol'! under the assumption of TS(2a-2b) being rate-
determining. The experimentally derived value (77 kJ mol!) is
closer to the first of these simulated values. Comparatively
similar reaction energy barriers were obtained for a Pd;/MgO
catalyst (Figure S10). Additionally, a Mars-van-Krevelen
mechanism has been proposed for CO-oxidation on SACs, also
for barely reducible supports such as Al,0;.°° We have studied
the possibility of a Mars-van-Krevelen mechanism for the
situation of a subsurface Pt atom in oxidation state +4 in the
second layer of a MgO(001) surface. A free energy barrier of
186 kJ mol"! has been found for the oxidation of CO to CO, by
reducing Pt from oxidation state +4 to +2 and creating an
oxygen vacancy (Figure S11). The barrier is therefore slightly
higher than that for the oxidation pathway on the metal active
site model at the MgO step-edge.

Overall, apparent activation energies determined
experimentally and computationally are comparable.

Journal of the American Chemical Society

Deviations are — in addition to the limited accuracy of DFT —
likely due to the complicated kinetics of the mechanism shown
in Figure 5. The branching of the mechanism into two pathways
complicates the kinetics, especially since the relative rates for
this branching, corresponding to the competitive adsorption of
CO, or CO, are difficult to compute accurately. An additional
uncertainty of our analysis is introduced by description of the
0O,-molecule that is known to be problematic with DFT at the
GGA level of theory.’'=? It should be noted that the MgO(301)
step is only one conceivable model for a highly confined surface
site and other sites with similar confinement are also
possible.?>30:53 Nevertheless, given our analysis of apparent
activation energies and the computed pathway shown in Figure
5, we conclude that the described model of a transition metal
atom substituted into a Mg-position at a MgO step-edge is a
realistic active site model of the SACs investigated.

In situ and operando spectroscopy investigation. The
structure and dynamics of the metal centers during exposure to
catalysis was assessed by means of X-ray absorption near-edge
structure (XANES) and Fourier-Transform infrared (FTIR)
spectroscopies.

In situ XANES experiments confirmed that the absorption
edge energy determined for the as-synthesized catalysts
remained essentially unmodified on exposure to catalysis in all
cases, proving that all metals remain in an oxidized state under
catalysis conditions and hence ruling out their reductive
agglomeration into metallic clusters under the applied O,-lean
reaction settings (Figures S12-S16 in the Supporting
Information).

The surface topology of selected M/MgO catalysts in their
as-synthesized state was studied with FTIR, using CO as
surface probe at 110 K. This analysis revealed two major bands
in the vco region, peaking at ca. 2155-60 cm™! and 2143-47 cm’!,
respectively, alongside a minor additional contribution at ca.
2035-40 cm! (Figure 6a, and Figure S17). These band positions
correspond to a Pco~1 mbar, as band shifts of up to 4 cm! were
observed as a function of the CO partial pressure in the sub-
mbar range, likely as a result of the establishment of dipolar
coupling effects between neighboring CO molecules as the
adsorbate surface coverage increased. These three bands were
also observed for the plain MgO support (Figure S18) and hence
correspond to a catalyst surface which resembles by and large
that of magnesium oxide. The dominant band at 2155-60 cm’!
has been unambiguously ascribed to CO linearly adsorbed on
regular (Mg?*s,) terrace Lewis sites, while the bands at 2143-47
cm™ and 2035-40 cm™! have been associated to CO adsorbed in
a tilted configuration at step-edge sites (Mg?*s/ Mg?*,.) on the
basis of experiments on MgO single crystals and thin films as
well as DFT calculations.>**® While the spectra for M/MgO
catalysts and the metal-free MgO support are resemblant, slight
shifts in the peaking frequencies at a given Pco, as well as a
noticeable higher relative intensity of low-frequency
contributions for the metal catalysts suggest that the atomically
dispersed metals add to the stabilization of a higher density of
step-edge surface defects on the MgO carrier and modify to a
certain extent the Lewis acid (electronic) character of the
coordinatively unsaturated (cus) surface Mg?" centers.
However, no bands which could be unequivocally ascribed to
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M-CO carbonyl species could be observed, which suggests the
limited accessibility of the M?% cations to CO in the as-
synthesized catalysts, in line with the high degree of surface
confinement predicted by DFT and experimentally ascertained
by EXAFS.

Exposure to reaction conditions brought about a significant
catalyst surface reconstruction. This is illustrated in Figure 6b
for Ru/MgO. Under flow of the CO oxidation gas mixture, none
of those bands corresponding to Mg?*-CO carbonyls —detected
at 110K— could be observed at T>298 K due to the desorption
of CO from these Lewis centers already at sub-ambient
temperatures. However, further increasing the temperature to
373 K led to the emergence of two new bands at 2198 and 2215
cm’!, respectively. These bands appear in the spectral region for
the CO stretching in (poly)carbonyls of transition metals in high
oxidation states.’” In this case (Figure 6b), band frequencies are
in fair agreement with the vco vibrations registered at 2190-
2216 cm! for Ru(CO)*" cationic carbonyl complexes®® and can
thus be tentatively assigned to CO linearly bound to Ru®"
centers. The bands likely reflect the development of new
surface sites via the protrusion of metal centers on the catalyst
surface. This is in agreement with the DFT calculations, which
suggest CO as a driving force for an energetically favored
extraction of the metal cations from the initial high-confinement
positions to a lower coordination state on the surface of the
MgO. On further increasing the temperature, both bands
vanished completely before the temperature of incipient
catalysis (473 K), suggesting that the associated surface
carbonyl species do not persist during reaction.

At the reaction temperature selected for the operando FTIR
study —corresponding to the Tsy determined in the catalysis tests
in each case— no bands were detected in the vco region for any
catalyst, suggesting that under steady reaction conditions the
concentration of molecularly adsorbed CO is negligible.
Instead, bands developed in the 1200-1800 cm! region, which
can be ascribed to the vcgo vibrations of surface carbonate
species that form and accumulate on the catalyst surface in the
course of the reaction as a result of charge transfer from the
Lewis basic O anions on the MgO surface and readsorbed CO,
product.>*%* Two major species might be discerned in this
spectral region based on the co-evolution of doublet bands. A
first intense doublet peaking at 1308 and 1648 cm!, and a
second doublet characterized by signals at 1364 and 1579 cm™!.
The split bands can be assigned to the Vcoo s and the vVeoos
stretching vibrations of surface carbonate species. The
magnitude of the band splitting (Av3= Vcoos- Veooas) 1S known
to depend on the configuration of the coordination of the
carbonate species to the surface cation/s as well as the
polarizing power of the latter Lewis center/s, which in turn
determines the negative partial charge on the surface oxygen
ligands.>*-% For the two sets of bands under discussion Avs takes
values of 340 cm! and 215 cm!, respectively. The former has
been previously observed for bidentate carbonates on MgO.* In
the case of the latter doublet, the magnitude of the band splitting
(<300 cm') does not allow ruling out a monodentate
configuration unequivocally. Nevertheless, monodentate
carbonates on MgO have been shown to typically have Av;<150
cm! 3962 Therefore, it stands to reason to assign this doublet to
bidentate carbonate species bound to surface cations of lower

Lewis acidity. Remarkably, both species showed notably
different reactivity towards oxygen upon removal of CO from
the gas atmosphere at the reaction temperature. While the first
set of bands remained essentially unaltered, the second doublet
underwent a noticeable decrease in intensity during an O,
treatment following reaction (Figure 6¢). Hence, whilst the
stability of the former points to a steady surface coverage as
spectators, the dynamic character of the latter at the reaction
temperature suggests that they might be involved in catalysis.

The surface restructuring upon exposure to catalysis led to
permanent changes of the catalyst surface topology. This was
plainly revealed by CO-FTIR, at cryogenic conditions (110 K),
after catalyst exposure to reaction conditions in the IR cell
(Figure 6d). In all cases, a new band peaking at ca. 2175 cm!
emerged first at low CO doses, underwent a red-shift to 2171-
2166 cm! on increasing the CO surface coverage, and
dominated the spectra in the v¢o region over those bands in the
2130-2160 cm! range which were already detected on the
surface of the catalyst prior to catalysis. Previous surface
science studies have identified the band at 2175 cm'!
particularly in highly defective MgO thin films and ascribed it
to CO bonded to highly coordinatively unsaturated Mg?* sites,
i.e. of marked Lewis acidic character. Remarkably, a post-
catalysis O, treatment at the reaction temperature eliminated
completely this feature and restored a low-temperature CO-
FTIR spectrum which resembles very closely that for the
pristine catalyst (Figure 6¢). This result suggests that the surface
defects associated with the new post-reaction spectroscopic
feature might be stabilized by labile carbonate species, and can
thus be healed upon oxidative desorption/decomposition of the
latter. The creation of this specific type of surface defect sites
during catalysis was observed regardless of the nature of the
supported metal (Figure 6a and 6f, and Figure S17), as well as
for the metal-free MgO support (Figure S18), indicating that
their emergence is associated with the occurrence of catalysis
rather than with the presence of supported metal species.

Overall, the FTIR results indicate that the supported metals
are not accessible to CO on the pristine catalysts. The active
centers develop under the reactive atmosphere at pre-catalysis
temperatures (373-473 K). Their formation likely involves a
CO-mediated de-confinement of the isolated metal centers and
it leads to a significant and permanent surface reconstruction
characterized by the stabilization of highly unsaturated Mg?*
Lewis centers on the MgO surface. Under steady reaction
conditions, no M-CO carbonyl species are detected by IR,
which is suggestive of the fact that the activated metal centers
remain blocked by other adsorbates, likely carbonate species.
On the one hand, this experimental evidence is in accord with
the mechanistic proposal put forth on the basis of DFT
calculations, that the resting state of the active sites corresponds
to a surface metal center binding a carbonate species. On the
other hand, it precludes a direct proof for the surface exposure
of the metal centers on the catalyst surface using CO as
spectroscopy reporter under catalysis conditions. Nevertheless,
evidence for this could be gained indirectly. Indeed, following
exposure to reaction conditions, the removal of O, from the gas
phase, thus hampering further complete catalytic cycles,
enabled CO to compete for the metal centers and translated into
the reductive agglomeration of the metal species into small
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metallic clusters (Figure S19). XPS results after in situ
treatment in 1%CO/(He+N,) at the reaction temperature
indicate that the extent of reduction induced by this treatment is
metal-dependent. In the case of Ru>90% contribution from Ru?
(BE Ru;y5,=280.0 ¢V) is observed after the treatment, while in
the case of Pt/MgO, the contribution of metallic Pt® amounted
to 34% (BE Pty;7,=70.8 eV) while the remaining metal showed
a BE Pty7,=73.3 eV, compatible with Pt(II). This metal
reduction and clustering led to a change in the CO oxidation
reactivity, e.g. lowering Ts, for Ru/MgO and Pt/MgO catalysts
by 47 K and 59 K, respectively, evidencing that metallic
clusters contribute higher CO oxidation reactivities compared
to single-atom sites on MgO (Figure S20). Such reductive metal
agglomeration was found not to reverse under O,-lean CO
oxidation conditions, as revealed by the observation of a steady
reactivity for consecutive light-off experiments (Figure S20)
and the persistence of metal clusters on the MgO surface
(Figure S21). Overall, our results illustrate that the metal centers
become exposed onto the catalyst surface following a pre-
reaction activation, and underline the importance of considering
atomic-level fluxionality —in response to the chemical
environment— to understand the structure and performance of
single-atom catalysts.

CONCLUSIONS

Oxidative redispersion at high temperature (1073 K) enables the
synthesis of atomically dispersed catalysts based on various 4d
and 5d transition metals on a common MgO support at surface
specific metal contents <0.7 M, nm. Analysis of the preferred
coordination environment for the supported metal atoms via
complementary experimental (EXAFS) and theoretical (DFT)
studies reveals that M*" cations occupy preferentially high-
confinement octahedral coordination lattice positions
associated to MgO surface step-edges regardless of the metal
identity. This renders a series of structurally regular and
atomically dispersed catalysts which enables a systematic
evaluation of metal-specific performance in single-atom
catalysis experimentally. DFT calculations predict a
restructuring of the monoatomic metal centers upon exposure to
CO oxidation conditions. While the magnitude of the driving
force for this site restructuring is found to be metal dependent,
it favors the protrusion of the metal atoms to lower confinement
surface positions, leading to metal carbonyl complexes at MgO
step-edges, for the entire series of metals studied. Despite the
generality of this phenomenon, its redox implications and the
structure of the preferred surface carbonyl is found to depend
on the metal identity. In the case of group 10 metals (Pd and Pt)
the process favors metal reduction to a +2 oxidation state,
whereas for group 8-9 metals (Ru, Rh and Ir) the metal
oxidation state remains +4. First principles analyses of the CO
oxidation mechanism for Pt;/MgO and Pd;/MgO catalysts point
to a metal carbonate complex at a MgO step-edge as the resting
state of the monoatomic sites under reaction conditions. Both
the CO-driven surface protrusion of the metal centers and their
binding to carbonate adsorbates in their catalytic resting state
are supported by experimental FTIR spectroscopy results,
which bear out the absence of metal carbonyl species on the
catalyst surface under operando conditions. For all metals
studied, a M*" surface carbonate complex, with octahedral
coordination at MgO step-edges, is predicted to be the most
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stable metal species under CO oxidation conditions, suggesting
an analogous active site structure under catalysis settings
regardless of the metal identity. Experimental apparent
activation energies are in the range of 9619 kJ/mol for the
entire series of metals, with Pt leading to the lowest overall
energy barrier. Light-off temperatures and reaction energy
barriers are significantly higher than those typical of metal
aggregates of higher nuclearity, underscoring that isolated
metal centers on non-reducible oxide carriers are generally not
ideal catalysts for low-temperature CO oxidation. Moreover,
the results indicate that, for these monoatomic sites, differences
in CO oxidation reactivity as a function of the metal identity are
smaller compared to those which have proved enforceable via
the mechanistic engagement of adjacent redox centers on the
oxide carrier, emphasizing the importance of adjusting the
oxide surface chemistry, in addition to metal selection, for the
development of single-atom oxidation catalysts.
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Figure 1: Bright-field STEM (a-b) and HAADF-STEM (c-h) micrographs for M/MgO atomically dispersed catalysts (M=Ru, Rh, Pd, Ir, Pt) synthesized with
surface-specific metal contents of 0.1 and 0.7 M,, nm™, as indicated on the micrographs.
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45 Figure 2: X-ray absorption spectroscopy characterization of atomically dispersed M/MgO catalysts. a-¢) k3-weighted EXAFS spectra in R-space for the series

of M/MgO catalysts synthesized with a metal content of 0.7+0.1 M, nm?2.The corresponding spectra for bulk oxides and metal foils reference materials are
46 also included in the plot. Scatter traces correspond to experimental data (closed symbols: real components; open symbols: imaginary components). Full lines
47 correspond to the fits of the experimental data to the structural model corresponding to single metal atoms sitting under a MgO step-edge for Ru, Pd, Pt and
48 Ir (structure iv in panel f). For Rh/MgO, the best-fitting single-atom site model corresponds to a structure with slightly higher metal coordination numbers

(see Supporting Information). f) Selected DFT-optimized structural models for a single Pt atom on MgO, representative of those screened to fit the
49 experimental EXAFS spectra: i) In-terrace at a flat MgO(001) surface, and ii) pre-step-edge, iii) at-step-edge and iv) under-step-edge at a stepped MgO(301)
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Figure 3: 2D plots showing various DFT-derived structural models for MgO-supported a) ruthenium and b) platinum single-atoms as a function of the 1%-
shell M-O and 2"-shell M-O-Mg coordination numbers for the metal atom. The background shade is a qualitative contour plot for the degree of confinement
of the supported metal atom by the MgO support. The dashed line encloses site models which have been found to be compatible with the experimental EXAFS
spectra for atomically dispersed catalysts with a 0.7 M, nm metal content. Color code in model structures: orange (Mg), red (O), gray (supported metal). The
labels included on the plots next to each structural model indicate the corresponding 1%- and 2"-shell coordination numbers for the central metal atom. Similar
maps for Ri/MgO, Pd/MgO and Ir/MgO are given as Supporting Figures S4, S5 and S6, respectively, in the Supporting Information.
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Figure 4: a) Evolution of CO conversion with the reaction temperature and b) Arrhenius plot derived from the pseudo-zero order kinetic rate constants and
catalytic data at Xco<10% for the series of atomically dispersed M/MgO catalysts with a 0.1 M, nm™ metal content. Uncertainties in the E,,, values were
derived from the analysis of two consecutive light-off experiments. Reaction conditions: P= 1 bar, gas feed composition (1%CO, 20%0,, He balance), 1800
mL pmol(metal)! h'', M=Ru, Rh, Pd, Ir or Pt.
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Figure 5: Mechanism investigated with DFT-calculations for Pt. a) Scheme for CO-oxidation mechanism starting from the metal carbonyl. b) Free energy
diagram computed for Pt at 573 K and 1 bar reference pressure for the mechanisms shown in a) using the same labels. The two highest barriers are indicated
and the values given in kJ/mol. Additionally, apparent activation energies as derived from these barriers and the rate-determining step (RDS) approximation
are provided (see section 2 in the Supporting Information for the corresponding Arrhenius plots). Insets depict the atomic structures of important intermediates
and transition states (color code: Mg: gray, lattice-O: brown, O: red, C: black, Pt: blue).

16

ACS Paragon Plus Environment



Page 17 of 18 Journal of the American Chemical Society

oNOYTULT D WN =

Ru,/MgQ, vico) region, T=110 K Ru,/MgQ, vico) region, T=373-473 K Ru,/MgO, vicoo) region, T=553 K
(As-synthesized catalyst) (Under CO/0/N; reaction gas flow) (Increasing Po, following in situ CO oxid. catalysis)
P b C) --1308
a) (mggﬂ ) 0.05

0.02 2160 1.0

2198
2215

0.01
—_— I T S e S —
2200 2175 2150 2125 2100 2075 2250 2225 2200 2175 2150 2125 2100 1800 1700 1600 1500 1400 1300 1200
Wavenumber (cm-1) Wavenumber (cm-1) Wavenumber (cm-1)
Ru,/MgO0, v(co) region, T=110 K
Ru,/MgQ, vico) region, T=110 K (Following in situ CO oxidation catalysis + Pt,/MgO0, v(co) region, T=110K
(Following in situ CO oxidation catalysis) treatment under 20%0,/He at 553 K) (Following in situ CO oxidation catalysis)
d Peo e Peo f Pco
) EmbLar) ) (mbar) ) |OO] (mbar)
0.01 1.0 0.01 10 10
2171 2150 - 2166
0.01
p————— T - T T T 1 I S T
2200 2175 2150 2125 2100 2075 2200 2175 2150 2125 2100 2075 2200 2175 2150 2125 2100 2075
Wavenumber (cm-1) Wavenumber (cm-T1) Wavenumber (cm™)

Figure 6: In situ and operando CO-FTIR spectroscopy. a) Spectra in the vco region after increasing CO dosages on the surface of the as-synthesized Ru,/MgO
catalyst at 110 K. b) Temperature-resolved spectra in the v region for Ru;/MgO exposed to flow of the reaction CO/O,/N, mixture at increasing temperatures
in the 373-473 K range. ¢) Spectra in the vcoo region for Ru;/MgO after exposure to CO oxidation reaction conditions (553 K), followed by cell evacuation
and isothermal treatment under increasing O, partial pressures at the reaction temperature. d) Spectra in the vco region after stepwise increasing CO dosages
at 110 K on the surface of Ru;/MgO after exposure to CO oxidation reaction conditions (553 K). e) Spectra in the vco region after increasing CO dosages on
the surface of Ru;/MgO at 110 K after exposure to CO oxidation reaction conditions (553 K) followed by a treatment under 20%0O,/N, at the reaction
temperature. f) Spectra in the vco region after stepwise increasing CO dosages at 110 K on the surface of Pt;/MgO after exposure to CO oxidation reaction
conditions (553 K). Data corresponds in all cases to single-atom catalysts with a metal loading of 0.7 M, nm-2.
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