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Abstract: A frontier challenge in single-atom (SA) catalysis is the design of fully inorganic sites capable of emulating the
high reaction selectivity traditionally exclusive of organometallic counterparts in homogeneous catalysis. Modulating the
direct coordination environment in SA sites, via the exploitation of the oxide support’s surface chemistry, stands as a
powerful albeit underexplored strategy. We report that isolated Rh atoms stabilized on oxygen-defective SnO, uniquely
unite excellent TOF with essentially full selectivity in the gas-phase hydroformylation of ethylene, inhibiting the
thermodynamically favored olefin hydrogenation. Density Functional Theory calculations and surface characterization
suggest that substantial depletion of the catalyst surface in lattice oxygen, energetically facile on SnO,, is key to unlock a
high coordination pliability at the mononuclear Rh centers, leading to an exceptional performance which is on par with

\that of molecular catalysts in liquid media.

J

Introduction

The stabilization of isolated metal atoms, while controlling
their direct chemical environment, is central to the high
modulability, mechanistic specificity, and conversion selec-
tivity inherent to catalysis by enzymes and organometallic
complexes in solution. Achieving a similar active site design
with catalytic metals dispersed on thermally and chemically
stable oxide carriers has long stood as a major research goal.
In recent years, a surge of interest has focused on oxide-
supported single-atom catalysts (SACs).'*) SACs hold the
promise to integrate the monoatomicity and simplified site
architecture of organometallic catalysts with the technically
advantageous properties of solid catalysts, thus helping
bridge the classically dichotomic realms of homogeneous
and heterogeneous catalysis. Major research efforts have
concentrated on developing routes to stabilize isolated metal
centers on oxides,”® increasing the metal loading at which
atomic dispersion is feasible,” ! and assessing differences in
performance with metal aggregates.>™"!

Next to metal identity, the oxide support offers ample,
although hitherto less explored, possibilities for active site
engineering in SACs. Even in classical supported metal
catalysts bearing polyatomic metal ensembles (clusters or
nanoparticles), the oxide support is an essential design
variable. Through strong metal-support interactions,'®!”
electronic modifications or the provision of additional sites
at the metal-oxide interface,"*?"! supports can profoundly
impact catalytic performance. This is only accentuated in
SACs, wherein all metal atoms directly interface with the
oxide carrier, and the latter acts as an inorganic ligand,
providing anchoring sites®! and potentially adjusting the
electronic properties of the metal centers.”>*! Understand-
ing, as a first step towards exploiting, cooperative effects
exerted by oxide supports represents a powerful approach to
design all-inorganic SACs as solid replacements for their
molecular counterparts in processes conventionally pertain-
ing to homogeneous catalysis.

A major example is the hydroformylation (HF) of olefins
to aldehydes with syngas (H,/CO). SACs based on Rh
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have shown to be effective catalysts in liquid phase, reaching
turnover frequencies (TOF) comparable to those attained
with molecular catalysts in solution.>! Frequently, how-
ever, leaching of metal species into solution, which translates
into potential contributions from homogeneously catalyzed
pathways and net metal losses, remains a major concern.
Therefore, particularly for light (C,—C,) olefins, the develop-
ment of a gas-solid heterogeneous catalyzed HF process is
associated to several process design incentives. Next to
olefin valorization via oxo-functionalization, gas-phase HF is
also attractive as a reactive separation, alternative to
energy-intensive cryogenic distillation, to recover ethylene
from mixtures with low added-value alkanes, e.g. in ethane
cracker or refinery off-gases.”™! However, this process
faces important challenges, particularly attaining high hydro-
formylation selectivity by inhibition of the thermodynami-
cally favored hydrogenation path to ethane.

Various families of solid catalysts have been explored
for the gas-phase hydroformylation of ethylene. These
include solid-tethered Rh complexes,”! Rh clusters stabi-
lized in zeolites,™ and supported Rh-based bimetallics®”
and phosphide® nanoparticles. However, comparatively
lower selectivities to propanal than those within reach for
homogeneous catalysis have been systematically observed."
These limitations of all-solid catalysts brought the attention
onto supported ionic liquid phase (SILP) catalysts, wherein
a free molecular HF catalyst operates dissolved in a non-
volatile ionic liquid supported on a solid carrier.” Excellent
TOF (>100 h™') and enhanced selectivities (90-100 %) have
been demonstrated via the elegant SILP approach.*"!
Nevertheless, the technically demanding handling of the
supported liquid phase, sluggish intraparticle mass transport
and catalyst deactivation driven by accumulation of oxygen-
ate products in the liquid overlay remain as technical
challenges.[*"

Herein we report that monatomic Rh sites stabilized on
oxygen-defective SnO, are all-inorganic catalysts which
combine excellent TOF with full selectivity in the gas-phase
hydroformylation of ethylene, an exceptional -catalytic
performance which is on par with that of molecular catalysts
in liquid media.

Results and Discussion

Rhodium single-atom catalysts (SACs) have been synthe-
sized by the oxidative metal dispersion and atom trapping
route introduced by Datye and co-workers® on monoclinic
(m)-ZrO,, CeO, and SnO, oxides at a surface-specific metal
content of 1.0+0.1 Rh,nm™ (Table S1).>¥® The set of
MO, oxide support materials has been selected to share the
cation M valency while spanning a wide range of surface
oxygen vacancy formation energies [E(O,,.)] (Figure 1).

Oxygen vacancies have been proposed to play decisive
roles in the genesis of active catalytic centers in SACs.**#!
Therefore, E(O,,.) prospectively is an important screening
parameter to assess support modulation effects on single-
atom catalysts.
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Figure 1. Surface oxygen vacancies (O,,.) formation energies for
selected metal oxides.?”

X-ray diffraction did not detect Rh (oxide) crystallites in
the as-synthesized catalysts, indicating metal species which
lack long-range atomic order (Figure S1). Rhodium atom-
icity and coordination environment were assessed by X-ray
Absorption Spectroscopy (XAS). Figure 2a shows the radial
distribution for the Extended X-ray Absorption Fine
Structure (EXAFS) spectra. The corresponding spectral
Continuous Cauchy Wavelet Transforms (CCWT) are given
in Figure 2b. Modulus signals at radial distances of ca. 1.6 A,
corresponding to Rh—O coordination, dominate the spectra.
No signs for neither Rh—Rh coordination, expected at radial
distances of ca. 2.4 A, nor 2"-shell Rh—O—Rh (ca. 3 A) are
registered, in agreement with the absence of metal (oxide)
aggregates. For Rh;/SnO,, an additional broad scattering
contribution centered around 3.4 A, is ascribed to tin cations
at the 2™ coordination shell around isolated Rh atoms.*”
Density Functional Theory (DFT)-optimized models for
isolated Rh atoms isomorphically substituted on the topmost
oxide surface provided a physically sensible fit of the
experimental EXAFS spectra in all cases (see section 3 in
the Supporting Information). Moreover, consideration of
additional Rh—Rh or Rh—O—Rh scattering paths, as in metal
(oxide) aggregates, led to either poorer or directly physically
nonsensible descriptions of the experimental data. In agree-
ment with XAS results, Aberration Corrected High-Angle
Scanning-Transmission Electron Microscopy (AC-HAADF-
STEM) showed no evidence of metal aggregates on the
catalysts surface (Figure 2c). Through local Z-contrast
analysis on the micrographs,**! isolated Rh atoms within
columns of Zr atoms are discernible on ZrO,. For Rh,/CeO,
and Rh,/Sn0O,, the higher Z-contrast associated to Sn (Zg,=
50) and Ce (Zc.=58) atoms, compared to Rh (Zg,=45),
impedes direct visualization of single Rh atoms. On the
same high-Z supports, AC-HAADF-STEM proved ad-
equate to identify rhodium oxide aggregates which devel-
oped only on comparative catalysts with higher Rh contents
(Figure S2), supporting the absence of metal oxo-aggregates
on Rh;/CeO, and Rh,;/SnO,. Complementarily, these results
provide compelling support for the stabilization of single Rh
atoms on the three oxide supports.

© 2022 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH
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Figure 2. Structural analysis of Rh single-atom catalysts on different oxide support materials. a) Fourier Transform of the k>-weighted EXAFS
function (no phase correction) and b) Continuous Cauchy Wavelet Transforms of the EXAFS function for the series of as-synthesized Rh,/MO,
catalysts (M=Zr, Ce, Sn). For reference purposes, data for Rh,0; (dispersed on carbon) and a metallic Rh foil are also included on panel (a). The
spectra were collected at room temperature under He for the as-synthesized catalysts, i.e. following Rh incorporation on the oxide supports and
oxidative metal dispersion in air at 1073 K. c) Representative AC-HAADF-STEM images. Insets (top-right) show the Fast Fourier-Transform function
applied to determine the crystal d-spacings indicated on the micrographs, which correspond to the (2 0 2) plane in m-ZrO, (c.1), (2 2 0) in CeO,
(c.2) and (1 1 0) in SnO, (c.3), respectively. On panel (c.1) isolated Rh atoms have been marked by the dashed yellow circles included as a guide to
the eye. The corresponding 3D map of Z-contrast for the region marked on the micrograph is also given, wherein the arrows point to the atomic-

size high-Z-contrast objects ascribed to isolated Rh atoms.

For reference purposes, a Rh/SiO, material was also
synthesized by dispersing Rh on SiO,. For this catalyst, both
XAS and AC-HAADF-STEM results showed the formation
of polynuclear Rh, aggregates, even at a comparatively lower
surface-specific metal loading of 0.4 Rh,,nm™ (Figure S3). This
is ascribed to the —OH surface termination and poor
reducibility of silica, an oxide with a stronger covalent
character, which lacks effective sites for the trapping of Rh
atoms during oxidative dispersion treatments. X-ray Photo-
emission Spectroscopy (XPS) showed Rh3d core-level Binding
Energies (BE) consistent with oxidic species, i.e. Rh®" (5=3-
4),4 regardless of the identity of the oxide support (Fig-
ure S4). The stability of the isolated Rh atoms against
reductive agglomeration was studied by in situ temperature-
programmed reduction monitored by X-Ray Absorption Near-
Edge Structures spectroscopy (XANES-TPR). As shown in
Figure 3a, exposure to a flow of 20%H,/He at increasing
temperatures in the 298-773 K range led, in all cases, to a
progressive dampening of the white line alongside a down-shift
of the absorption edge energy (E,), both indicative of Rh
reduction. The observation of isosbestic points at 23.246 keV
and 23.263 keV in the temperature-resolved spectra collection
suggests a one-to-one transformation from a single oxidic Rh
species to Rh’. Further insights into the evolution of the
XANES spectra emerged from a least-squares linear combina-
tion analysis (LS-LCA) (see Figure S5 for details). As shown
in Figure 3b, the onset temperature for the reduction of Rh
species was the lowest for Rh,/SiO,, underscoring the limited
capacity of SiO, to stabilize monoatomic metal species. The
reduction kinetics for the series of SACs scaled in the order
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Rh,/CeO, > Rh,/ZrO, >Rh,/Sn0O,, indicative of an opposite
order for the stability of the single Rh atoms against reductive
agglomeration. Analysis of the EXAFS spectra following the
XANES-TPR experiment (Figure S6) consistently showed a
decline in the modulus intensity for Rh—O scattering contribu-
tions, accompanied by the emergence of Rh—Rh scattering
signals as a result of reductive metal agglomeration into
polynuclear Rh, ensembles. The extent of these spectral
modifications was the lowest for Rh,/SnO,, for which Rh—O
and Rh—O-Sn scattering contributions still dominated the
spectrum after the in situ reduction, reinforcing the notion that
the stabilization of isolated Rh centers is the strongest on
SnO,.

The catalytic performance of the set of Rh SACs was
assessed for the gas-phase hydroformylation of ethylene with
syngas under relevant operation conditions (H,:CO:C,H,
1:1:1 (vol), 423 K, 20 bar). Control tests with the neat oxide
supports showed ca. two orders of magnitude lower activity,
discarding any significant contribution to the hydroformylation
rates reported for Rh catalysts. All catalysts showed to be
active. Besides propanal, minor amounts of 1-propanol and 2-
methyl-2-pentenal products were detected as secondary selec-
tive hydrogenation and aldol condensation products, respec-
tively, along the HF conversion path. Ethane was produced
through the competitive olefin hydrogenation side-reaction.
Figure 4a summarizes the catalytic results. Rh;/CeO, and Rh,/
ZrO, showed initial TOF rates, per unit Rh atom, in the range
of 0.6-1.4 h™". Selectivity towards HF was similar, in the range
of 55-65mol %, and comparable to those reported in the
literature for different solid ethylene hydroformylation

© 2022 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH
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Figure 3. Support-dependent stability of mononuclear metal sites in Rh,/MO, catalysts studied by in situ temperature-programmed reduction
monitoredby X-Ray Absorption Near-Edge Structure spectroscopy (XANES H,-TPR). a) Temperature-resolved XANES spectra for the series of Rh,/
CeO,, Rh,/ZrO, and Rh,,Sn0O, single-atom catalysts and the Rh,/SiO, reference catalyst recorded in situ during the exposure of the catalysts to flow
of 20%H,/He at increasing temperatures in the range of 298-773 K with a heating rate of 5 Kmin™'. The corresponding spectra for Rh,0,
(dispersed on carbon) and Rh,/SiO, after reduction at 773 K, are also included as reference components for fully oxidic and fully reduced Rh
species, respectively (in the case of Rh,/SiO,, panel a, the spectrum for a metallic Rh foil is included instead). The insets show a close-up view
around the inflection point of the absorption edge to better perceive edge energy shifts as a function of the treatment temperature under flow of
20%H,/He. b) Evolution of the oxidic (starting) and metallic Rh contributions with temperature, as determined via a Least-squares Linear
Combination Analysis (LS-LCA). See Experimental methods and Figure S5 in the Supporting Information for further information on the fitting

procedure.
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Figure 4. Gas-phase hydroformylation of ethylene. a) Initial ethylene hydroformylation turnover frequency TOF and selectivity for single-atom
catalysts supported on the series of MO, supports (M=Zr, Ce, Sn). The performance of a reference Rh,/SiO, catalyst has also been included for
comparison. Reaction conditions: gas feed Ar:CO:H,:C,H, 1/5:1:1:1 (vol), T=423 K, P=20 bar. b) Comparison of the catalytic performance for
the Rh,/SnO, single-atom catalyst (this work) with the state-of-the-art, including homogeneous catalysts (organometallic complexes in solution),
organometallic complexes in supported ionic liquid-phase (SILP) catalysts and all-solid catalysts reported in the literature (see Table S2 in the

Supporting Information for further details).
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catalysts.””*) A comparatively higher HF rate (3.7h™") and
selectivity (68 %) were determined for the reference Rh,/SiO,,
which fall also in the range of previously observed perform-
ances for oxide-supported Rh catalysts. In stark contrast, Rh,/
SnO, showed a hydroformylation TOF of 225 h™!, i.e. more
than two orders of magnitude higher than for the CeO,- and
ZrO,-supported SAC analogues. More singularly, this out-
standing reaction rate was combined with a HF selectivity
>95 %. This selectivity increased further to >99 % at a milder
reaction temperature of 403 K, while retaining a hydroformyla-
tion TOF >100 h™". Notably lower HF rates were observed for
comparative Rh,/MO, (M=Zr, Ce, Sn) bearing Rh nano-
particles, illustrating the benefits of the maximum Rh site
exposure attained at single-atom dispersion (Figures S7 and
S8). As illustrated in Figure 4b, to our knowledge, the
performance of the Rh,/SnO, single-atom catalyst is unprece-
dented for all-solid catalysts and indeed comparable to those
offered by molecular organometallic catalysts operating in
liquid environments, either in solution or dissolved in the
liquid overlay on SILP catalysts.

The resting state of the Rh species during and following
exposure to ethylene HF reaction conditions at 423 K was
studied by operando X-ray absorption spectroscopy and in situ
Fourier-Transform infrared spectroscopy (FTIR). Due to
safety limitations, reaction experiments in the spectroscopic
cells were performed at a total pressure of 8 bar. Control tests
showed that effectively identical performance (TOF, selectiv-
ity) trends among the series of SACs held at this comparatively
lower pressure (Figure S9). EXAFS spectra recorded after
reaction in situ were consistent with isolated Rh centers
(Figure S10). For Rh,/ZrO, and more clearly for Rh,/CeO,,
next to the predominant Rh—O scattering, a very incipient
contribution potentially attributable to Rh—Rh scattering could
be discerned. Thus, the formation of a small fraction of Rh
nanoclusters cannot be completely ruled out, in accordance
with the poorest stability exhibited by Rh;/CeO, against Rh
agglomeration under reducing conditions. Moreover, no Rh
aggregates could be detected with AC-HAADF-STEM follow-
ing the reaction (Figure S11). Therefore, single-atom sites are
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largely preserved during exposure to ethylene HF conditions
at 423 K.

The nature of the surface-exposed Rh sites was studied
with FTIR using CO as a surface probe molecule, following
in situ exposure to ethylene HF conditions. A temperature
of 133 K was selected to avoid oxidative disruption phenom-
ena, which CO is known to promote on small Rh clusters at
higher temperatures,* ensuring the preservation of Rh
speciation set after exposure to reaction conditions. As
shown in Figure 5, sharp bands emerged in the range of
2100-2300 cm ™', which developed with increasing CO cover-
age. These bands are associated to the v(C—O) stretching
vibration of CO adsorbed on coordinatively unsaturated
(cus) Zr, Ce and Sn Lewis sites, and surface OH groups,
exposed on the surface of the oxide supports.®” Moreover,
in all cases, doublets were observed already from the
incipient CO doses, peaking at 2013/2088 cm ™' for Rh,/ZrO,,
2009/2082 cm™" for Rhy/CeO, and 2017/2085 cm™" for Rh/
SnO,, respectively. Their doublet nature and insensitivity to
CO coverage enables to unambiguously assign these signals
to the antisymmetric and symmetric v(C-O) stretching,
respectively, in Rh geminal dicarbonyl species.”!! Notice-
ably, the latter bands appear less defined in the case of Rh,/
SnO,, suggesting a lower abundance on the catalyst surface.
The detection of dicarbonyls as the dominant Rh species,
alongside the absence of distinct contributions from neither
linear (atop) nor bridged-bonded CO on Rh aggregates,
indicate the predominance of atomically dispersed Rh in all
cases. Collectively, XAS, STEM and FTIR results furnish
evidence for the persistence of mononuclear Rh species
under ethylene hydroformylation conditions at 423 K,
regardless of the identity of the oxide support.

The screening of reaction temperatures in the range of
423-473 K revealed a generalized progressive decrease in
the selectivity to hydroformylation with increasing temper-
ature (Figure S12b). Based on the HF rates determined in
this temperature range, apparent activation energies (E,,,)
of 76 and 50 kI mol ™' were obtained for ethylene HF on Rh,/
ZrO, and Rh,/CeQO,, respectively (Figure S13). Higher

2145 C) 2139
Rh,/ZrO, | Rh/SnO,
1100 2150
2085
1.3 mbar CO H 9.3 mbar CO
] 2156
0 mbar CO 0 mbar CO
2088

2200 2300 1900 2000 2100 2200 2300
Wavenumber (cm™)

2100

Figure 5. Resting state of surface Rh species in Rh;/MO, single-atom catalysts. Fourier-Transform transmission infrared spectra recorded after
stepwise CO dosage on a) Rh,/CeO,, b) Rh,/ZrO, and c) Rh,/SnO, SACs at 133 K following in situ exposure to ethylene hydroformylation reaction
conditions (CO:H,:C,H,=1:1:1 vol, T=423 K, P=8 bar). On the y-axis, absorbance has been normalized per unit mass of rhodium.
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values in the range of 88-95 kJmol ' were determined for
ethylene hydrogenation (Figure S14). These reaction bar-
riers are accordant with those found previously for alter-
native solid Rh catalysts.”? Consistent values were also
determined for Rh,/SiO, under identical conditions. For
these catalysts, restoring a milder reaction temperature of
443 K, after operation at 473 K, i.e. the highest reaction
temperature in the range inspected, evidenced a permanent
activity loss of 18-63 % (Figure S12a). However, the original
selectivity pattern at 423 K could be substantially restored,
within +4 % (Figure S15). These findings suggest that active
centers enduring the higher reaction temperature largely
preserve their intrinsic behavior.

Once again, Rh,/SnO, departed markedly from the
above general trend. Increments in reaction temperature
above 423 K led to a progressive deactivation, so conspic-
uous that it eventually inverted the slope in the correspond-
ing Arrhenius plot, obscuring the assessment of a true E,,,
(Figure S13). Moreover, restoring a reaction temperature of
443 K, after operation at 473 K, failed to recover the original
product pattern, and an obvious drop was observed in the
selectivity to the HF path from 91 % to 53 %. These findings
prompted us to analyze the deactivation behavior of this
catalyst in greater detail. At a milder reaction temperature
of 383K, Rh/SnO, showed an initial transient period,
characterized by a rising activity, likely as a result of the in
situ genesis of HF sites (Figure S16). This activation was
followed by a significant stability for at least 85 h on-stream,
remarkably alongside >97 % selectivity to propanal, which
renders Rh;/SnO, an exceptional catalyst for the gas-phase
hydroformylation of ethylene. At higher reaction temper-
atures, particularly at >423 K, a fast activity decline
occurred from the onset of the reaction (Figure S16). These
results underscore that the exceptionally selective HF sites
stabilized on Rh,/SnO, are more susceptible to irreversible
deactivation at high operation temperatures.

To gain further molecular-level insights into the remark-
able performance exhibited by Rh,;/SnO,, DFT calculations
were performed at the PBE-D3 level of theory.F** Calcu-
lations were performed with the projector augmented wave
(PAW) method™ using VASP in version 5.4.1 and a cutoff
of 400 eV for the expansion of the bands in plane waves. All
calculations were performed with closed-shell occupation,
since test calculations did not indicate spin-polarization.
Gibbs free energies were obtained using the harmonic
approximation based on a numerical partial Hessian, which
includes the Rh atom and all adsorbates including the two
closest lattice oxygens, which also act as ligands for the Rh-
complex. Full details on the computational methodology are
provided in the Supporting Information. Cartesian atomic
coordinates and computed frequencies are provided in the
Supporting Information document Computational Struc-
tures.

To model the tin oxide support, we considered the most
stable SnO,(110) facet. Different levels of reduction of this
surface were studied computationally, varying the density of
oxygen vacancies™ and including surface reconstructions
which require the diffusion of Sn out of its lattice
positions.” The standard reaction enthalpy for tin (IV)
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oxide reduction according to SnO,+2CO—Sn+2CO, is
AH°=11.67 kImol™'. Under the notably reducing ethylene
HF reaction conditions studied herein, i.e. T=423 K, Pco=
6.2 bar and very low CO, partial pressures, the equilibrium
is far on the side of elemental Sn. However, since the
formation of Sn’ is not observed experimentally, we
conclude that SnO, reduction is hindered kinetically. We,
therefore, have considered only partial reduction extents for
the SnO,(110) surface, through the formation of oxygen
vacancies, without further reconstruction. Complete removal
of all surface oxygen atoms, as also considered in previous
work,*” is thermodynamically viable under the HF con-
ditions. However, while we found free energy barriers of up
to 104 kJmol™! for the removal of bridging oxygen atoms, by
reaction with CO, a higher barrier of 154 kJmol ' needs to
be surmounted for further reduction through abstraction of
in-plane oxygen atoms, which should not be accessible under
the reaction conditions considered (7=423 K). We have
therefore studied ethylene HF at site models based on a
Sn0O,(110) surface, following depletion of all bridging oxy-
gen atoms, i.e. 1/3 of the total surface oxygen.

On the stoichiometric SnO,(110) surface, two inequiva-
lent sites could be identified for substitution of Sn by Rh, i.e.
the coordinatively unsaturated (cus) site (site I), which
remains five-fold coordinated and the initially six-fold
coordinated site II. The latter was found to be more stable
under dry oxidative conditions (Section 2 in the Supporting
Information), and hence expected to be favored at the high-
temperature oxidative dispersion conditions applied to
synthesize the Rh;/SnO, SAC. Following the loss of bridging
surface O, this Rh site turns four-fold coordinated and
provides two free coordination sites. Consistently, EXAFS
revealed a decrease in the Rh—O average coordination
number (CN) from 5.1 to 4.1, following in situ exposure to
ethylene HF conditions at 423 K (Figure S17). Hence, the
experimental data are coherent with the O-depletion at the
Rh coordination sphere in the proposed site model, which
we therefore chose for our mechanistic investigations.

As shown in Figure 6, CO binds strongly to the two
vacant sites on the Rh center, with adsorption energies of
—231 and —98 kImol™', respectively, forming the stable
dicarbonyl complex a. Although Rh is now again coordi-
nated by six ligands (two CO molecules and four lattice O),
the complex can react by detaching from the lattice O at the
second oxide layer, remaining coordinated only to two
oxygens on the topmost oxide layer. This provides an
energetically facile route to a Rh center with an unusually
high coordination flexibility.

Hydroformylation by molecular Rh complexes in homoge-
neous catalysis generally occurs via monohydrides.” For Rh
SACs, a mechanism starting by Rh dicarbonyls reacting with
H, to dihydride species has also been proposed.” However,
we found this mechanism not to be favorable on the herein
considered model. Instead, H, dissociation at the Rh/oxide
interface was favored, with a barrier of 109 kJmol~'. This led
to a monohydride complex (1), of similar stability as the initial
dicarbonyl complex, with the second H adatom being trans-
ferred to the SnO,(110) support. For the Rh hydride
dicarbonyl 1, DFT predicted antisymmetric and symmetric
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C-O stretching frequencies of 2018 and 2066 cm™', respec-
tively, in fair agreement with the experimental values (Fig-
ure 5¢). The resulting site structure can then react following a
typical Heck-Breslow mechanism, i.e. after CO desorption and
ethylene adsorption, insertion of ethylene into the Rh—H bond
gives an ethyl group. Following adsorption of an additional
CO molecule and migratory insertion, dissociation of H, and
subsequent reductive elimination deliver the final propanal
product. The highest barrier is observed for the insertion of
ethylene into the Rh—H bond, TS(3-4), with a AG of
89 kJmol™"' relative to structure 1, compatible with the
experimentally observed high activity. We also studied the
alternative hydrogenation reaction path to ethane (see Sec-
tion 2 in the Supporting Information). The hydrogenation path
diverges from that for hydroformylation at intermediate 4.
However, the free energy barrier for hydrogenation
(105 kJmol ™) is much higher than that for the reaction with
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CO (57kJmol™), in agreement with the high selectivity
towards HF observed experimentally.

Prompted by these DFT predictions, we further inves-
tigated O-depletion on SnO,, under reaction conditions,
experimentally. Changes in near-surface oxygen speciation
were assessed by analyzing the Ols core level in the
corresponding XP spectra (Figure S18a). Two different O
species could be discerned, with BE of 529.8 and 531.5¢eV,
associated to O*" in [SnOg] octahedra in the regular SnO,
lattice, and to oxygen in non-stoichiometric local environ-
ments, i.e. in the vicinity of oxygen defects (Vy", Vo', or
Vo), respectively.®!! The relative abundance of the two O
species may be used as an indirect proxy for the density of O,
on Rh/SnO,. The O,, density increased significantly on
exposure of the catalyst to ethylene HF conditions at
increasing temperatures up to 423 K. Further increments in
temperature resulted in no additional spectral modifications,
suggesting an asymptotic approach to a maximum oxygen
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depletion, e.g. as a result of kinetic hindrance. Remarkably,
this evolution was paralleled by that of the HF deactivation
rate constant, which surged steeply on increasing the reaction
temperature up to 423 K, above which it also topped out and
became less temperature-dependent (Figure S18b). Moreover,
in situ Raman spectroscopy provided consistent results, and
further identified bridging O,,. as those surface defects
prevailing at the reaction temperatures for optimal hydro-
formylation performance, in agreement with DFT predictions
(Figure S19). It is therefore inferred that, while a substantial
surface O removal is important to develop the exceptional Rh
active centers on SnQ,, excessive surface oxide reduction is
detrimental and suppresses HF activity.

The deactivation undergone by Rh,/SnO, at higher reac-
tion temperatures is not associated to Rh reductive agglomer-
ation. Indeed, contributions from Rh’ remained limited at
reaction temperatures even up to 503 K, as confirmed by in
situ XPS (Figure S20), whilst Rh aggregates could not be
detected by AC-HAADF-STEM (Figure S21). As a topmost
surface-sensitive method, in situ CO-FTIR provided further
insight into surface reduction phenomena. Exposure of Rh,/
SnO, to a mild reaction temperature of 383 K, at which the
catalyst is particularly selective and stable (Figure S16), led to
the observation of an intense and well-defined band doublet,
at 2021 and 2090 cm™, for RhH(CO), species (Figure S22).
Increasing the reaction temperature to which Rh;/SnO, had
been exposed, prior to CO-FTIR probing, led to the gradual
decline of these bands into a noisy and ill-defined spectral
background, to become undetectable after reaction at 503 K.
Even the IR band at ca. 2140 cm ™' vanished almost completely,
indicating a very limited availability of Sn®" Lewis centers on
the surface. Collectively, these observations substantiate an
excessive reduction of the SnO, surface, i.e. removal of lattice
O, at reaction temperatures higher than ca. 423 K, which is
clearly detrimental for HF catalysis. Interestingly, deactivation
is reversible. Activity is restored to a substantial extent,
alongside essentially full selectivity to propanal, upon the
replenishment of surface O by in situ exposure to air at 383 K
(Figure S23). Hence, our results emphasize the remarkable
stability of monoatomic Rh centers on Rh,;/SnO,. Moreover,
they signify the importance of modulating the density of
surface oxygen vacancies to achieve a high coordination
pliability at the Rh centers, while preventing an excessive
metallic character of the catalyst surface, to attain the excep-
tional ethylene hydroformylation performance.

Conclusion

Engineering the energetics of surface oxygen vacancy
formation on oxide supports is a powerful strategy towards
the rational modulation of Single-Atom Catalysts (SACs).
The stabilization of mononuclear Rh sites on SnO, leads to
a SAC with exceptional performance for the gas-phase
hydroformylation of ethylene. At a reaction temperature of
403K, excellent TOF (>100h"') is harmonized with
unprecedented selectivity (99 %). Surface spectroscopic
characterization and DFT calculations reveal that an ener-
getically facile and substantial depletion of the SnO, surface
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in oxygen is key to develop Rh sites with high coordination
flexibility and excellent hydroformylation activity. However,
excessive oxide surface reduction, at higher operation
temperatures, is detrimental for catalysis. The Rh;/SnO,
SAC attains performance indicators commensurate to those
thus far exclusive of molecular organometallic catalysts in
liquid reaction media, hence contributing to realize the
potential of single-atom catalysis to bridge the domains of
homogeneous and heterogeneous catalysis.
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