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ABSTRACT: The potential of oxide-supported rhodium single atom catalysts (SACs) for heterogeneous hydroformylation was 
investigated both theoretically and experimentally. Using high-level DLPNO-CCSD(T) calculations, both stability and catalytic 
activity were investigated for Rh single atoms on different oxide surfaces. Atomically dispersed, supported Rh-catalysts were 
synthesized on MgO and CeO2. While the CeO2-supported rhodium catalyst is found to be highly active, this is not the case for MgO, 
most likely due to increased confinement, as determined by EXAFS, that diminishes the reactivity of Rh complexes on MgO. This 
agrees well with our computational investigation, where we find that rhodium carbonyl hydride complexes on flat oxide surfaces such 
as CeO2(111) have catalytic activities comparable to those of molecular complexes. For a step edge on a MgO(301) surface, however, 
calculations show a significantly reduced catalytic activity. At the same time, calculations predict that stronger adsorption at the 
higher coordinated adsorption site leads to a more stable catalyst. Keeping the balance between stability and activity appears to be 
the main challenge for oxide supported Rh hydroformylation catalysts. In addition to the chemical bonding between rhodium complex 
and support, the confinement experienced by the active site plays an important role for the catalytic activity.

INTRODUCTION  
Hydroformylation is one of the most relevant industrial 

processes for the production of aldehydes from olefins and 
synthesis gas (H2, CO).1 Aldehydes are an important feedstock 
for alcohols, amines and carboxylic acids, in particular dialkyl 
phthalates as plasticisers.1 Rh-complexes employing phosphine 
and phosphite ligands are commonly used as homogeneous 
catalysts, both in academic and industrial applications. Cost-
intensive recycling and losses due to leaching2 of rhodium are 
the main drawback of this approach.  

There have been several approaches to anchor rhodium 
clusters,3 dimers4 or well-defined monoatomic rhodium 
complexes on the surface of oxides5, 6 or phosphine-
functionalized polymers.7, 8 Among these concepts, the 
synthesis of atomically dispersed, oxide-supported single atom 
catalysts (SACs) is also very promising.9 Ideally consisting of 
dispersed single metal atoms on a solid support, these materials 
feature isolated active sites and utilize the precious metal 
efficiently. They thus combine the advantages of homogeneous 
and heterogeneous catalysis, through well-defined reaction 
centers and efficient separation of the catalyst from the reaction 
medium.10 Within heterogeneous catalysis, this concept is best 

comparable to isolated active single sites in zeolite materials 
such as Cu-SSZ-13.11, 12 While literature provides hints that 
SACs are promising for hydroformylation,9, 13 their general 
potential has not been investigated in depth. 

The mechanism of the homogeneously catalyzed 
hydroformylation proposed by Heck and Breslow is widely 
accepted.14, 15 An adaptation for SACs with carbonyl ligands 
only is presented in Scheme 1. The actual number of carbonyl 
ligands is expected to depend on the support. The elementary 
steps comprise activation of the catalyst by dissociation of one 
ligand (1-›2), olefin coordination (2-›3), olefin insertion (3-
(TS1)-›4), CO coordination (4-›5), CO insertion (5-(TS2)-›6), 
oxidative addition of H2 (6-(TS3)-›8) and reductive elimination 
of the resulting aldehyde (8-(TS4)-›2) with four transition states 
(TS). Experimental and theoretical studies find the rate 
determining step of the homogeneous reaction to strongly 
depend on the reaction conditions, the olefin, the catalyst and 
potentially mass transfer limitations.16-18 According to Sparta et 
al. electron-withdrawing ligands lead to rate-determining 
hydrogenolysis whereas more electron-donating ligands shift 
the barriers towards rate-determining coordination-insertion of 
the olefin.18 Ligand effects are substantial and have been 
investigated experimentally and computationally19, 20 for mono-
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17 and bidentate21, 22 ligands.23 On the theoretical side, many 
facets of the homogeneous hydroformylation have been 
investigated.24 Gellrich et al. described the effect of assembled 
bidentate ligands.19 Scaling relations have been derived for the 
metals in groups 8, 9 and 10.25 Jacobs et al. investigated 
industrially relevant triphenylphosphine rhodium complexes 
using density functional theory (DFT).23 

SACs have been used successfully26 for e.g. the selective 
activation of methane for direct conversion to methanol27 or CO 
oxidation.28 These catalysts have become accessible by 
preparation procedures ranging from atomic layer deposition 
(ALD),29 mass-selected soft-landing,30 and a variety of wet 
chemistry anchoring methods31, 32 to metal re-dispersion33 and 
pyrolysis synthesis.34 Characterization techniques range from 
microscopy (HAADF-STEM, AFM)9 to spectroscopy 
(DRIFTS)35 and X-ray absorption (EXAFS, XANES).26, 36 
Density functional theory (DFT) has also been used to gain a 
fundamental understanding of the properties of SACs. For 
instance, ceria oxide supports appear to inhibit sintering and 
Neitzel et al. found that M2+ species (M = Pt, Pd, Ni) possess 
higher adsorption energies on a [CeO2]40

 cluster than their 
corresponding cohesive energies in the bulk metals.37, 38 
Meanwhile, it has been shown that Rh39 and Pt40 single atoms 
on titanium oxide dynamically respond to reaction conditions. 
A computational framework involving DFT and kinetic Monte 
Carlo simulations to predict the stability of SACs against 
sintering was presented by Su et al.41 Trends in stability of 
supported single atom catalysis were also investigated by 
O’Connor et al.42 

In this work, we investigate the catalytic activity and stability 
of oxide-supported Rh SACs both computationally and 
experimentally. We will first study the stability of atomically 
dispersed Rh with respect to desorption on various surfaces 
using DFT and coupled cluster calculations. The catalytic 
activity is then investigated by computing reaction barriers for 
the mechanism shown in Scheme 1 for the most promising 
oxide supports. Last, various oxide-supported Rh-catalysts are 
prepared and characterized using XRD, HAADF-STEM and 
EXAFS. The activity of Rh deposited on various supports is 
tested in hydroformylation reactions and is then compared to 
results obtained from calculations.  

 

METHODS 

Density Functional Theory (DFT): All structures were 
optimized with the PBE43 density functional with the D3 
dispersion correction (zero damping) developed by Grimme44 

(PBE-D3) using VASP with the standard PAW and an energy 
cutoff of 400 eV (800 eV for optimization of lattice 
constants).45-47 Convergence criteria of 10−8 eV and 0.01 eV/Å 
were applied to SCF-cycles and geometry optimization. For 
CeO2, the DFT+U method using an U parameter of 5 eV for 
cerium 4f-electrons was employed.48-50 The Brillouin-zone was 
sampled using a Γ-centered k-point grid51 (3,3,1) and Gaussian 
smearing with a width of 0.1 eV. The top two layers and the 
adsorbates were relaxed in the optimization, while the bottom 
layers were kept frozen at their bulk positions. Slabs were 
separated by 16 Å of vacuum. Free energies corrections at 
363 K and a reference pressure of 10 bar were obtained with the 
rigid-rotator harmonic-oscillator approximation. The partial 
hessian matrix was computed using a central finite differences 
scheme including only the adsorbates. Transition states were 
located using the ARPESS algorithm and verified to have only 
one imaginary harmonic frequency corresponding to the 
transition vector of the reaction connecting the correct 
minima.52 Additional DFT53, 54 and ab initio calculations with 
Gaussian basis sets were carried out with Turbomole55-57 and 
ORCA58-62. Our computational investigation focuses on gas 
phase reactions and we do therefore not incorporate solvent 
effects. We have studied the effect of solvation in toluene for 
the molecular catalysts HRh(CO)4 and HRh(CO)3PMe3 and 
have found that the solvation contribution to individual steps is 
typically below 10 kJ/mol (see SI for details). Most 
importantly, solvent corrections are similar for the different 
catalysts, the comparison of trends obtained without solvation 
correction is thus a reasonable approximation. 

DLPNO-CCSD(T): The experimental gas phase reaction 
enthalpy Δ𝑟𝑟𝐻𝐻0 for the hydroformylation of ethene is not well 
reproduced by PBE-D3 (error of 49.4 kJ/mol, see Table S1). 
With an error of only 5 kJ/mol for the same reaction, DLPNO-
CCSD(T) is an accurate and efficient approximation to 
canonical CCSD(T). Hence, we correct the DFT barriers of the 
molecular catalysts and a cluster model of Rh1/MgO(100) with 
single point energy calculations using DLPNO-CCSD(T)63 and 
the def2-TZVPP basis set57 using the ORCA program.58, 59  

 
Figure 1. The periodic slab model with four metal oxide 
layers and the non-periodic cluster model with two layers. 
Bond distances between Rh and ligands are given in pm.  

The cluster model in Figure 1 with two oxide layers was 
obtained from the slab model with four layers. The reaction 
energy differences between the cluster and the slab model were 
used as a correction term in our hybrid high-level cluster:low-
level periodic approach (DLPNO-CCSD(T):PBE-D3) 
according to eq. 1 (see Figure S1 for a detailed analysis). 

𝐸𝐸final
ℎ𝑦𝑦𝑦𝑦. = 𝐸𝐸DLPNO−CCSD(T)

cluster model + 𝐸𝐸PBE−D3slab model − 𝐸𝐸PBE−D3cluster model          (1) 

 

Scheme 1. Heck and Breslow mechanism adapted for 
heterogeneous hydroformylation on supported SAC. 
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Similar procedures were employed by Ugliengo et al.64 and 
Sauer and coworkers.65 

Trends with DFT and DLPNO-CCSD(T): Besides the 
absolute values of reaction energies and barriers that determine 
the activity and selectivity of a catalyst, we are also focusing on 
how changing the catalyst would affect certain reaction steps, 
for example by lowering a certain barrier. Trends among 
catalysts can be studied through the differences in reaction 
energy (ΔΔ𝐸𝐸) for each intermediate and transition state for a 
catalyst with respect to a reference catalyst. The procedure is 
shown in Figure 2, using HRh(CO)4 as a reference catalyst 
(Figure 2a shows how ΔΔ𝐸𝐸 is derived). In Figure 2b, ΔΔ𝐸𝐸 
obtained for PBE-D3 is compared to differences calculated with 
the DLPNO-CCSD(T) approach in a parity plot. As can be seen 
from Figure 2, there is generally a good correlation between 
ΔΔ𝐸𝐸 for PBE-D3 and DLPNO-CCSD(T) with a mean absolute 
error (MAE) of only 5.4 kJ/mol. Calculations employing PBE-
D3 are hence able to predict differences in reactivity between 
different catalysts. Importantly, the trends between different 
catalysts are thus well described by DFT while absolute values 
require higher level methods. The fact that differences in the 
energetics between different materials are predicted well by 
PBE-D3 can be exploited to obtain accurate absolute values for 
barriers and reaction energies. If the energies are available at 
the DLPNO-CCSD(T) level of theory for a given catalyst, 
predictions for other catalysts can be made based on the energy 
difference computed with PBE-D3. This approach was applied 
for Rh1/MgO(301) and Rh1/CeO2(111) using Rh1/MgO(100) as 
a reference catalyst. In these cases, the energies were obtained 
as: 
𝐸𝐸predictedSAC = 𝐸𝐸DLPNO−CCSD(T)

ref. + 𝐸𝐸PBE−D3SAC − 𝐸𝐸PBE−D3ref.             (2) 
More technical details, energies and Cartesian coordinates are 
provided in the supporting information (SI). 

Catalyst preparation: CeO2 was synthesized by calcination 
of Ce(NO3)3⋅6H2O (Sigma-Aldrich, 99.99%) in air at 623 K for 
2 h. MgO was synthesized via a xerogel route.66 In a typical 
synthesis, 100 mL of a Mg(II) methoxide solution (7-8% in 
methanol, Sigma-Aldrich) were diluted in 1 L toluene 
(technical grade). Next, milli-Q water was added dropwise at 
RT and the suspension was stirred overnight to enable a 
complete hydrolysis of the alkoxide precursor. The resulting gel 
was collected by centrifugation, dried at 353 K and calcined 
under air flow in a fixed-bed reactor at 773 K for 5 h (heating 
rate: 2 K/min). For the synthesis of oxide-supported Rh 
catalysts, Rh(III)-acetylacetonate (Sigma-Aldrich, 97%) was 
dissolved in acetone and impregnated on the oxide support in a 
rotary evaporator (430 mbar, 313 K). The solid was further 
dried at 353 K in an oven overnight and ground into a powder. 
The resulting powder was calcined in an uncapped porcelain 
dish (50 mm diameter) at 1073 K under a stagnant air 
atmosphere for 10 h using a temperature ramp from RT of 
2 K/min. Finally, the catalyst was ground and sieved to retain 
particles in the 100-200 μm size range. The metal content was 
adjusted to achieve a pre-set surface-specific Rh content (after 
the high-temperature annealing treatment) of 1.0±0.2 Mat/nm2. 

 
Figure 2. Correlation of the PBE-D3 and the DLPNO-
CCSD(T) approach. – a) Definition of 𝚫𝚫𝚫𝚫𝑬𝑬 as differences in 
reaction energy between different catalysts from 
intermediate 2 to all other intermediates. The reaction to 
itself is not included. – b) Parity plot showing the 
correlation of 𝚫𝚫𝚫𝚫𝑬𝑬 for the two methods employed. 

Catalyst characterization: Nitrogen physisorption 
isotherms were recorded at 77 K using a Micromeritics 3Flex 
V4.04 instrument. Prior to the measurement, samples were 
dried at 423 K under vacuum for 5 h. Specific surface areas 
were derived using the BET method in the relative pressure 
(P/P0) regime of 0.05-0.30. Powder X-ray diffraction patterns 
were collected on a Stoe STADI P transmission diffractometer 
equipped with a primary Ge(111) monochromator (MoKα1) 
and a position-sensitive detector. Samples were filled into glass 
capillaries (Ø=0.5 mm). Data were collected in the 2θ range 
between 5° and 50° with a step width of 0.015° and a measuring 
time per step of 20 s. For each sample, 8 scans were collected 
and summed up. High-angle annular dark-field (HAADF) 
micrographs were acquired using a Hitachi HD-2700 dedicated 
Scanning Transmission Electron Microscope (STEM) with 
spherical aberration correction, equipped with a cold field-
emission gun and two EDAX Octane T Ultra W EDX detectors 
and operated at 200 kV. Powder samples were dry-cast on Cu 
grids coated with a lacey carbon film prior to observation. X-
Ray absorption spectra were recorded at the RhK edge 
(23.220 keV), at the CLÆSS beamline station (BL22) of the 
ALBA synchrotron light source, Barcelona (Spain). The beam 
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was monochromatized using a (311) double crystal 
monochromator and harmonic rejection was performed using 
Pt-coated silicon mirrors. Samples were mounted in a 
multipurpose gas-solid cell equipped with Kapton windows and 
measurements were performed at room temperature in a 
fluorescence mode using a fluorescence solid-state Silicon Drift 
detector. Reference metal oxide materials were ground and 
diluted in powder boron nitride and shaped into pellets 
(Ø = 31 mm) with optimized thickness and measured in 
transmission mode employing ion chambers filled with 
appropriate gases in order to adsorb 15% and 80% in the I0 and 
I1, respectively. At least 3 scans were acquired to ensure spectral 
reproducibility and good signal-to-noise ratio. The same cell 
was applied to study the Rh1/CeO2 catalyst during and after 
exposure to a syngas reaction atmosphere. The catalyst sample 
was exposed to a continuous syngas (H2/CO = 1) flow of 
50 mL/min at atmospheric pressure and the temperature was 
increased from RT to 373 K. XANES spectra were recorded in 
a temperature-resolved manner, in fluorescence mode, through 
the entire temperature range, while the EXAFS spectra were 
recorded, at room temperature, both prior and after the 
treatment to study changes in the coordination environment of 
the Rh sites. Data reduction and extraction of the χ(k) function 
has been performed using Athena code. EXAFS data analysis 
has been performed using Artemis (Demeter software 
package).67 

Catalyst testing: Catalytic tests were performed in a 
stainless steel autoclave reactor hosting a 20 mL PTFE liner. 
The powder solid catalyst (0.002 mmol, Rh basis), 5 mL of 
solvent, typically 1-octane (>99%, Sigma-Aldrich), and 
1 mmol of olefin substrate were added to the reactor. For 
experiments requiring time-resolved sampling from the reactor, 
the initial olefin concentration and solvent volume were 
increased to 5 mmol and 15 mL, respectively, maintaining an 
olefin:Rh molar ratio of 500:1. Next, a synthetic syngas mixture 
(CO:H2 = 1:1) was fed up to a total pressure of 10 bar at room 
temperature. The reactor was mounted on an aluminum heating 
block coupled to a stirring plate, the temperature ramped up to 
the reaction temperature (2 K/min) and the reaction performed 
under vigorous magnetic stirring. After preset reaction times, 
the liquid reaction medium was sampled through a capillary 
equipped with a porous frit (2 μm opening size). Reaction 
products were identified by gas chromatography in an ISQ 
chromatograph coupled to a Quadrupole Mass Spectrometer 
and a Q-Exactive GC Orbi trap (Thermo Scientific). The 
progress of the reaction was monitored using gas 
chromatography (GC) in a Shimadzu QP2010 Plus gas 
chromatograph, equipped with a ZB-1HT Inferno column 
(30 m, 0.25 mm ID, df 0.25 μm) and a Flame Ionization 
Detector (FID) using N2 as carrier gas and mesitylene as 
internal standard. Turnover frequency (TOF) values were 
determined from initial olefin hydroformylation rates 
(extrapolated to zero reaction time) and expressed on a total Rh 
atom basis. Hot filtration tests were performed in the same 
reactor, filtering the reaction liquor through a porous frit (2 μm 
opening size) under reaction conditions after a preset olefin 
conversion degree (<50%) had been achieved. This procedure 
was repeated twice to ensure full exclusion of catalyst fines, 
additional olefin substrate was added to the filtrate and another 
reaction batch was carried out without further addition of 
catalyst. 

 

RESULTS AND DISCUSSION  
Theoretical investigation of catalyst stability: Desorption 

of the active rhodium complex into the gas phase or leaching 
into solution is expected to be the main pathway for 
deactivation of SACs. To assess the stability of a catalyst, we 
have therefore calculated the formation free energy of the 
supported rhodium catalyst with respect to the most stable gas 
phase complex, HRh(CO)4, see Figure 3.  

 

Figure 3. Procedure to obtain adsorption free energies at 
363 K and 10 bar. – a) Free energy as a function of the 
number of carbonyl ligands n(CO). – b) Adsorption free 
energies for different SACs. 

Importantly, we considered that the most stable complex on 
the supports always contains less carbonyl ligands, as illustrated 
in Figure 3a and shown in eq. 3. 

Δ𝐺𝐺ads = min
n1

�𝐺𝐺HRh(CO)𝑛𝑛1
SAC � − min

n2
�𝐺𝐺HRh(CO)𝑛𝑛2

gas �                  (3) 

All Rh-complexes were adsorbed on top of the surfaces or at 
edges, where Rh is typically coordinated to one or two oxygen 
atoms. Exchange of Rh into cation positions in the surface or 
subsurface was not studied. The most stable rhodium complex 
on the investigated supports, HRh(CO)2, contains two carbonyl 
ligands. Typically, complexes with three carbonyl ligands are 
almost equally stable on flat surfaces with low geometric 
confinement (i.e. a low coordination number of Rh-O), whereas 
more open surfaces that allow for polydentate binding 
significantly destabilize structures with more than two carbonyl 
ligands. This is the case for surfaces containing steps, such as 
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MgO(301) and CeO2(211) and CeO2(221), while flat surfaces 
such as MgO(100) and CeO2(111) facilitate the adsorption of a 
third carbonyl ligand. The different number of carbonyl ligands 
between the most stable complexes on different supports and in 
the gas phase leads to a strong dependence of the stability on 
temperature and CO-pressure (see the SI for a detailed analysis 
as a function of temperature, Figures S2 and S3). By far the 
highest adsorption free energy was found for the step of 
MgO(301) with over –127 kJ/mol. This is more than three times 
the adsorption energy on flat MgO(100). MgO(301) is followed 
by the two ZnO surfaces with adsorption free energies of –
87 kJ/mol and –77 kJ/mol. The comparatively high stability of 
rhodium SACs on ZnO is in line with experiments showing 
single atom Rh1/ZnO-nanowires to be active and recyclable 
hydroformylation catalysts.9 According to the observed trends 
in Figure 3b, some flat CeO2 facets show low adsorption free 
energies, and Rh-complexes supported on those surfaces are 
therefore more likely to be deactivated through desorption, or 
are expected to adsorb at more stable corrugated sites. 

Theoretical investigation of the catalytic activity: For 
simplicity, we will study ethene as the substrate. We have, 
however, confirmed that trends in the reactivity are essentially 

the same for ethene and styrene employing HRh(CO)4 and 
HRh(CO)3PMe3  (see the SI). The hydroformylation of ethene 
to propanal is exothermic and the experimental reaction 
enthalpy at T = 298.15 K is well reproduced computationally 
(see method section and Table S1). 
C2H4 + CO + H2 -› C2H5CHO   Δ𝑟𝑟𝐻𝐻exp298.15 𝐾𝐾= -127.9 kJ/mol68, 69 

We will study MgO(100), MgO(301) and CeO2(111) as oxide 
supports. Additionally, HRh(CO)4 and HRh(CO)3PMe3 were 
included in the investigation as a comparison with molecular 
complex catalysts. The resting states for the catalytic cycles 
were identified based on the stability study: One CO ligand was 
removed from the molecular rhodium carbonyl complex 
HRh(CO)4 when adsorbed on the flat surfaces MgO(100) and 
CeO2(111) leading to the structures in Scheme 1. Two CO 
ligands were removed from the HRh(CO)4 when adsorbed at the 
step of MgO(301). The mechanism at the step of MgO(301) is 
equivalent to Scheme 1 but with one CO ligand less for every 
intermediate. The free energy profiles for the homogenous 
catalysts HRh(CO)4 and HRh(CO)3PMe3 compared to 
Rh1/MgO(100) calculated at the DLPNO-CCSD(T) level of 
theory are shown in Figure 4a. Figure 4b shows the reaction 
energy profile for Rh1/MgO(100)

 
Figure 4. Activity of supported single atom catalysts (SACs) and molecular catalysts in hydroformylation in gas phase at 
363 K and 10 bar (details in Figure S4). – a) Comparison of the supported SAC Rh1/MgO(100) to the two molecular catalysts 
HRh(CO)4 and HRh(CO)3PMe3. – b) Comparison of SACs supported on different metal oxides predicted using differences 
computed at the PBE-D3 level of theory. 
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in comparison to that of Rh1/MgO(301) and Rh1/CeO2(111) 
using differences  between catalysts at the DFT level. A 
justification of this approach is presented in Figure 2b of the 
method section. Comparing Rh1/MgO(100) to molecular 
catalysts shows that they have fairly similar reaction barriers 
with the main difference being the high stability of intermediate 
7 and 8. This can be attributed to an attractive interaction 
between the carbonyl oxygen of the propionyl rest and the 
support. This interaction, however, was not observed for other 
intermediates on Rh1/MgO(100). An isomer 7iso with the 
surface in axial position is destabilized but energetically more 
similar to the molecular catalysts. Interaction of the surface with 
the carbonyl oxygen of the propionyl rest is also an explanation 
for the lower free energies of steps 6, 7, 8 and TS4 of the other 
SACs, particularly the highly confined Rh1/MgO(301). At 
363 K and a reference pressure of 10 bar, the highest effective 
barriers for HRh(CO)4 and Rh1/MgO(100) were found for those 
involving TS4, i.e. the hydrogenolysis elementary step. With 
82 kJ/mol the effective barrier on MgO(100) was found to be 
similar to the barrier of HRh(CO)4 with 78 kJ/mol. For 
HRh(CO)3PMe3, Rh1/CeO2(111) and Rh1/MgO(301) the 
highest effective barriers were predicted for the barrier of TS2 
with 72, 81 and 123 kJ/mol, respectively. We note that both 
olefin insertion and hydrogenolysis have been proposed as rate-
determining steps, depending on substrate, catalyst and 
conditions. Sparta et al. have found that electron donating 
ligands shift the rate-determining step to olefin insertion.18 With 
the notable exception of MgO(301), the highest activation 
barriers do not differ significantly for the investigated catalysts. 

Our computational investigation thus shows that Rh SACs 
can have high catalytic activities comparable to those of 
molecular catalysts. However, Rh1/MgO(301), the catalyst that 
is clearly most stable, is also by far the least active. We attribute 
both the increased stability and the reduced activity to the high 
confinement that leads to strong interaction between Rh and the 
support but limits the flexibility required for catalysis. While a 
systematic investigation of catalytic reactivity with scaling 
relations has been introduced for homogeneous catalysis and 
hydroformylation,70 a corresponding analysis that also accounts 
for the stability would be highly desirable for SACs, but needs 
more data than available in the present study.  

Experimental investigation of CeO2 and MgO-supported 
Rh SACs for styrene hydroformylation: Catalysts displaying 
oxide-supported isolated Rh1 centers were synthesized by 
oxidative re-dispersion, i.e. exploiting the high surface mobility 
of RhOx species at high temperatures under oxidative 
atmospheres.71 On the basis of the DFT results, CeO2 and MgO 
were selected as support materials. The metal content was 
adjusted to achieve a surface-specific Rh content of ca. 1.0 
Rhat nm-2 on either support. X-ray diffraction showed no signs 
of crystalline Rh species after annealing (Figure S18) High-
Angle Annular Dark-Field Scanning-Transmission Electron 
Microscopy (HAADF-STEM) was applied to study metal 
dispersion at the nanoscale (Figure 5a,b). On CeO2, no crystal 
lattices other than that of the cubic (Fm-3m) CeO2 support could 
be detected, suggesting the absence of Rh oxide crystallites. 
However, the high Z-contrast contribution from the support 
precluded direct discernment of Rh atoms. On MgO, on the 
contrary, the low Z-contrast contribution from the lighter carrier 
enabled the direct visualization of evenly distributed and 
isolated Rh atoms. No multinuclear Rh species such as metal 
clusters or nanoparticles could be observed.  

 
Figure 5. Representative Cs-HAADF-STEM micrographs 
for (a) Rh1/CeO2, and (b) Rh1/MgO catalysts. c) FT of the 
k3-weighted EXAFS spectra (phase uncorrected) for 
Rh1/CeO2 and Rh1/MgO catalysts alongside the spectra for 
bulk oxide and metal foil references. Scatter traces 
correspond to experimental data (closed symbols: modulus 
component; open symbols: imaginary component). Full 
lines correspond to the fits of the experimental data to the 
scattering paths derived from the DFT-optimized single-
atom structural models included as insets. Color code in the 
models: Ce (green), Mg (orange), O (red), Rh (gray). 
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As a complement to the local microscopy observations, 
extended X-ray absorption fine structure (EXAFS) 
spectroscopy was applied to gain insight into the atomicity and 
local coordination environment of Rh in the catalysts. The 
corresponding EXAFS spectra for the oxide-supported 
catalysts, alongside those for reference Rh2O3 and Rh(0) 
reference materials also shown in Figure 5c. One and two 
scattering contributions with similar amplitude were observed 
within radial distances in the range of 0 to 3 Å for Rh1/CeO2 and 
Rh1/MgO, respectively. In both cases, the 1st-shell contribution 
corresponds to Rh-O scattering. Analysis of both the modulus 
as well as the imaginary components of the Fourier transformed 
experimental EXAFS spectra showed no contributions 
compatible with first-shell Rh-Rh or second-shell Rh-O-Rh 
scattering paths in metallic or oxide clusters, indicative for the 
presence of mononuclear Rh species in the catalysts regardless 
of the nature of the support. The experimental spectra could be 
fitted to scattering paths derived from DFT-optimized 
structures for isolated Rh atoms coordinated to MgO and CeO2 
supports, respectively (Figure 5c). This analysis revealed a 
higher Rh-O coordination number (CN) in Rh1/MgO compared 
to the those in the Rh1/CeO2 counterpart. The best fit was 
obtained with structural models displaying 1st-shell CNRh-O of 5 
and 4 for Rh1/MgO and Rh1/CeO2, respectively (Table S2). 
Altogether, these characterization results provide solid 
evidence for the atomic dispersion of Rh on both oxide 
supports. However, they also hint at differences in the degree of 
confinement experienced by the Rh1 centers as a function of the 
nature of the oxide carrier, with Rh atoms likely occupying 
positions of higher confinement (higher coordination) on MgO 
associated to surface step-edges (Figure S23).  

The catalytic performance of Rh1/CeO2 and Rh1/MgO SACs 
was assessed in the hydroformylation of various olefin 
substrates in the liquid phase. Styrene was selected as the first 
substrate, as the competing olefin double-bond isomerization 
reaction is not feasible in this case, thus simplifying the product 
scope. As summarized in Table 1, Rh1/CeO2 showed to be a 
rather active catalyst, reaching 96% styrene conversion after 
12 h at 363 K. The metal-normalized TOF achieved with this 
SAC was comparable to that exhibited by a HRh(PPh3)3CO 
molecular catalyst under identical reaction settings. Moreover, 
Rh1/CeO2 showed an over fivefold higher TOF alongside a 
higher selectivity to aldehyde products than a reference Rh/C 
solid catalyst. Undesired olefin hydrogenation was notably 
suppressed on the CeO2-supported monoatomic Rh1 centers. On 
the contrary, the selectivity to ethylbenzene side-product 
reached 7%, even at a lower styrene conversion level of 85%, 
on the carbon-supported Rh nanoparticles. In stark contrast to 
the CeO2-supported SAC, Rh1/MgO showed essentially no 
catalytic activity under these reaction conditions.  

Furthermore, Rh1/CeO2 was also effective to convert other 
olefins (Table 1). However, particularly in the case of aliphatic 
substrates, double-bond migration activity competed with 
hydroformylation, lowering the selectivity to aldehyde products 
to <60% at olefin conversion levels ≥80% (Table 1). 
Experiments with Rh1/CeO2 at various reaction temperatures in 
the range of 333-363 K showed an apparent activation energy 
(Ea) for styrene hydroformylation of 56 kJ/mol (Figure 6 and 
Figure S19) and revealed that the regioselectivity of the reaction 
depended conspicuously on the reaction temperature (Figure 
S20). This is in line with previous observations with molecular 
catalysts in solution which showed increasing linear-to-
branched ratios with increasing reaction temperature in the 

hydroformylation of styrene.72 With Rh1/CeO2 as catalyst, 
linear-to-branched ratios remained <1 in the entire temperature 
range screened. While the reaction regioselectivity is known to 
be a function of various experimental settings, this selectivity 
pattern is aligned with those observed for molecular Rh 
catalysts stabilized by ligands imposing comparatively lower 
steric effects.73 The results thus suggest that active Rh 
monoatomic complexes on oxide surfaces are subjected to low 
sterical hindrance. 
Table 1: Experimental conversion, TOF and selectivity for 
different catalytic systems. Reaction conditions:  molar 
ratio of rhodium to substrate of 1:500, p = 10 bar, 
H2:CO = 1:1.  

 

Catalyst Substrate 
Xa 
(%) 

T 
(K) 

TOFd 
(h-1) 

Selectivity (%)e 

1 (1a+1b) 2 3 Other 

Rh1/CeO2 styrene 42 333 25 98 (31+67)  - 2 - 

Rh1/CeO2 styrene 63 343 48 98 (36+62) - 2 - 

Rh1/CeO2 styrene 93 353 88 97 (45+52) - 3 - 

Rh1/CeO2 styrene 96 363 130 97 (51+46) - 2 1 

Rh1/CeO2 1-octene 91 363 n.d.f 40 18 42 - 

Rh1/CeO2 1-hexene 80 363 n.d. 26 29 45 - 

Rh1/CeO2 
allyl- 

benzene 92 363 n.d. 96 4 - - 

Rh1/MgO styrene <1 363 <9∙10-5 - - - - 

Rh/Cb styrene 85 363 24 85 (47+38) - 8 7 

HRh(PPh3)3(CO)c styrene 98 363 117 98 (52+46) - - 2 
a Olefin conversion after 12 h.  b 5 wt% Rh, Sigma-Aldrich. c Benzene was employed as 
solvent. d Turnover frequency, defined as the number of molecules of olefin substrate 
converted per total Rh atom and hour, as derived from initial reaction rates (see SI). 
e Determined after 12 h. f n.d.: not determined. 

In situ XAS experiments on exposure of the Rh1/CeO2 

catalyst to syngas up to a reaction temperature of 373 K showed 
no evidence for metal reduction and/or agglomeration. The 
average Rh-O coordination number decreased by ca. 20%, 
suggesting a partial cleavage of Rh-O bonds between the 
monoatomic Rh centers and the CeO2 support which is believed 
to create the hydroformylation active sites (Figure S19). 
Moreover, under the applied hydroformylation reaction 
conditions, hot filtration tests showed negligible further olefin 
conversion (<2%) after the solid catalyst had been removed 
from the reaction medium by filtering the reaction liquors 
through a porous frit (5 μm), two consecutive times, under 
working conditions. This result strongly indicates that the oxide 
supported monoatomic Rh species were responsible for the 
observed catalytic activity. Also, the marked dependence of the 
catalytic activity on the nature of the SAC oxide support 
suggests the heterogeneous nature of the catalysis. 
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Figure 6. Experimental results for the hydroformylation of 
styrene using Rh1/CeO2 SAC. a) Styrene conversion over 
time at different temperatures. b) Arrhenius plot for the 
determination of apparent activation energy. Reaction 
conditions: Rh:olefin = 1:500, [olefin] = 0.33 mmol/mL, 
p = 10 bar, H2:CO = 1:1. Time-resolved olefin conversion 
data for molecular HRh(PPh3)3(CO) and solid Rh/C 
benchmark catalysts is given in Figure S22 (SI). 

SUMMARY AND CONCLUSIONS 
Oxide-supported Rh SACs for hydroformylation catalysts 

were investigated using DLPNO-CCSD(T):DFT calculations. 
The thermodynamic stability of supported carbonyl hydride 
complexes (HRh(CO)2, i.e. HRh(CO)3) is often limited by 
desorption into the gas phase or solution. The driving force for 
deactivation depends on temperature and CO pressure since the 
most stable complex in the gas phase, HRh(CO)4, contains more 
carbonyl ligands than the most stable adsorbed species. At 
operating conditions, a step edge on MgO(301) provides the 
most stable coordination site that we considered, with an 
adsorption free energy of -127 kJ/mol, while most other oxide 
surfaces provide a stabilization of only -40 to -80 kJ/mol. Our 
computational investigation of the gas-phase hydroformylation 
of ethene shows that some SACs, Rh1/MgO(100) and 
Rh1/CeO2(111), show a high catalytic activity that is 
comparable to those of molecular catalysts, with the highest 
activation barriers well below 100 kJ/mol in the order of 
magnitude of the experimental findings. The most stable SAC, 
Rh1/MgO(301), however, is predicted to be significantly less 
active, which we attribute to the increased confinement, i.e. 
higher coordination with the oxide matrix, that provides 
stabilization but limits the reactivity. CeO2- and MgO-
supported Rh catalysts were synthesized and shown to consist 
of atomically dispersed Rh species. On MgO, EXAFS hints at 
Rh atoms in higher coordination environments, i.e. higher 
degrees of confinement, more similar to the simulations for 
Rh1/MgO(301) than in Rh1/MgO(100). This assignment is 
supported by the fact that the MgO-supported Rh SAC is found 
to be barely active for the liquid-phase hydroformylation of 
styrene. On the contrary, Rh1/CeO2 is highly active for olefin 
hydroformylation, showing a performance comparable to a 
HRh(PPh3)3CO molecular catalyst, while being stable towards 
Rh leaching in solution under the applied reaction conditions. 
Our combined experimental and theoretical study has thus 
shown that oxide supported single-atom rhodium catalysts can 
show olefin hydroformylation activities comparable to those of 
molecular rhodium complexes in solution. Our calculations 
show that desorption of the catalytic rhodium carbonyl hydride 
complexes must be considered as a potential deactivation 
pathway, since adsorption can be relatively weak. While 

calculations predict that higher degrees of metal oxide surface 
confinement can lead to higher stability, both experiment and 
calculations indicate that an oxide support that leads to a stable 
and active rhodium catalyst needs to strike a good balance 
between confinement for stabilization and sufficient flexibility 
for the catalytic reaction to proceed.  
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