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ABSTRACT: Dynamic structural changes of single atom catalysts (SACs) are key to many 

reactions that were reported to be catalyzed by supported single atoms. To understand these 

changes, systematic in-situ diffuse reflectance infrared spectroscopy (DRIFTS) and X-ray 

absorption spectroscopy (XAS) experiments were carried out under reducing (1% CO) and 

oxidizing (1% CO + 1% O2) reaction atmosphere at room temperature over CeO2 supported late 

transition metals (Ru, Rh, Pd, Ir and Pt) synthesized via two different methods (wet 

impregnation and precipitation) to take into account influence of surface properties. As a 

general trend, the CO vibrational frequencies downshifted under CO atmosphere which we 

assigned to formation of clusters. Upon changing the gas mixture to more oxidizing (1% CO + 

1% O2), single sites are retained as evidenced by the CO vibrational frequencies at higher 

wavenumbers. Among the investigated metals, Pt2+ and Pd2+ are more prone to cluster 

formation and Rh3+ and Ru4+ are found to be stable as single site following the order Rh > Ru 

> Ir > Pt > Pd. In combination with DFT calculations of the CO vibrational frequencies we are 

able to assign shifts to changes in oxidation state of the metals. These findings thus serve as a 

benchmark for ceria supported Pd, Pt, Ru, Ir, Rh SACs. 
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1. INTRODUCTION: A recent blooming area in the field of heterogeneous catalysis is to 1 

anchor isolated transition metal atoms over solid support and their application in various 2 

catalytic processes such as thermal, electrochemical and photochemical conversions.1-5 For 3 

some of the highly important industrial reactions that were shown to be catalyzed by supported 4 

nano-particles (NPs), recent investigations indicate that well-decorated atoms over solid support 5 

as the catalytically active centers could outperform NPs in these reactions.6 Moreover, the 6 

tunable charge and coordinating behavior of single atom catalysts (SACs) make them unique 7 

and similar to molecular catalysts. Hence through SACs, one can bridge the knowledge between 8 

homogenous and heterogeneous catalysis.7 In this context, it is attractive to understand CO 9 

insertion reactions since they play a vital role, both in homogeneous and heterogeneous 10 

catalysis. For example, Rh complexes can catalyze hydroformylation in the liquid phase, 11 

whereas Rh NPs are active for higher alcohol synthesis, with CO insertion being a common  12 

step in both processes.8 Recent work by various researchers showed that Rh SACs are also 13 

active for hydroformylation.9-10 Similarly, an Ir single atom catalyst was also shown to be 14 

effective for carbonylation of methanol to produce acetic acid,11 which is catalyzed by 15 

molecular Ir or Rh complexes on an industrial scale.12-14 Moreover, Pd is known to catalyze a 16 

series of carbonylation reactions in liquid phase.8, 15 This raises the following questions: (a) can 17 

we transfer the knowledge between molecular catalysis and heterogeneous catalysis via the 18 

carbonylation reaction as a common platform, (b) whether it is a metal single site that is 19 

catalytically active or whether the dynamic structural changes of SACs play an essential role 20 

under operating conditions as indicated by many researchers16-18 and (c) is there any trend in 21 

CO binding behavior that directly or indirectly depends on catalyst loading, method of 22 

preparation and surface area of the resulting catalysts with metals from different rows in the 23 

periodic table? Hence, herein we focus on an in-depth understanding of the dynamics of atoms 24 

with in-situ X-ray absorption spectroscopy (XAS)19 and diffuse reflectance infra-red fourier 25 
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transform (DRIFT) spectroscopy using a series of 4d (Ru, Rh and Pd) and 5d (Ir and Pt) 26 

elements under CO and CO + O2 reaction conditions. 27 

Ceria (CeO2) has been widely studied for its exceptional properties such as its oxygen storage 28 

capacity and ability to stabilize isolated atoms, clusters and nano-particles, making it ideal for 29 

many catalytic applications.20 It is a redox active support and the easy formation of defect sites 30 

over ceria can serve as binding locations for isolated noble metals.21-22 The low index surfaces 31 

along (111), (110) and (100) facets are thermodynamically stable with a terminating oxygen 32 

layer on top.23 The coordination number of both Ce and O is lower on the surface than in bulk. 33 

Besides, the (111) surface is easily reducible, so defect formation is favorable. Incorporating 34 

metals in isolated form can compensate the defect site formation by directly occupying those 35 

sites with strong covalent bonds to the CeO2 support.  36 

Late transition metal-based single atom catalysts have been shown to be active for many 37 

reactions where CO is present in the feedstock or product. For example, CO oxidation,1, 24 water 38 

gas shift,25 reverse water gas shift,26 hydroformylation,9-10 the carbonylation of methanol,11 etc. 39 

For CO oxidation reaction that was reported to be catalyzed by Pt single site over CeO2,
21 recent 40 

operando investigations have shown that Pt clusters are the true active species and the single 41 

sites act as spectator.16 A synergy between metallic and oxidized Pt sites is also possible during 42 

CO oxidation by Pt/CeO2 as observed by Meunier et al.27 This study complements the claims 43 

made by Koplent et al. where both short lived Ce3+ was found as active species during CO 44 

oxidation whereas long lived Ce3+ species present as inactive spectator.28 Recently Escobar-45 

Bedia et al. claimed Ru single sites to be highly active and regio-selective for hydroformylation 46 

of alpha olefin, which lack in-situ investigations.29 Often, it is unclear whether the single atom 47 

is the active species or whether it transforms to clusters or nano-particles under the reaction 48 

conditions due to dynamic structural changes.30 The CO insertion mechanism for a reaction 49 

such as hydroformylation is well known in molecular catalysis.31-32 Higher alcohol synthesis33 50 
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which also involves a CO hydrogenation step to a Rh-C bond occurs on Rh nano-particles, and 51 

details of the mechanism are more sparse.34 Chuang et al. proposed the presence of Rh+ as the 52 

key for CO insertion to produce higher alcohols.35 In another example, the carbonylation of 53 

methanol to produce acetic acid, the CO insertion step on a molecular Ir catalyst is quite 54 

different from that of a Rh catalyst and alters significantly the activity and stability of the 55 

catalyst.12 56 

In this work, we have synthesized atomically dispersed late transition metals (Ru, Rh, Pd, Ir 57 

and Pt) supported over ceria with precipitation and wet impregnation methods followed by 58 

calcination at 623 K and 1073 K in static air, respectively. The high temperature treatment is 59 

well known to generate single sites over ceria21 whereas precipitation is one of the most 60 

commonly practiced methods  in industry for the preparation of solid catalysts.36 Furthermore, 61 

the calcination temperature influences the surface area and formation of the defect sites over 62 

ceria which could directly correlate with the uniformity of distribution of isolated atoms over 63 

the support.17 Various spectroscopic techniques were used to investigate the local structure of 64 

the synthesized catalysts and in-situ DRIFTS and XAS were used to understand the dynamic 65 

structural changes. In addition, DFT calculations were used to identify the CO vibrational 66 

frequencies and we correlated these values to the corresponding Bader charge and CO binding 67 

energies of the SACs. 68 

2. EXPERIMENTAL SECTION 69 

2.1. Materials and Methods: 70 

Metal precursors Rh(NO3)3 ∙xH2O (Sigma Aldrich, 36% Rh basis), Ru(NO3)x(NO) (Alfa Aesar, 71 

31.3% Ru), Pd(NO3)2 (Alfa Aesar, 99.8%), Pt(NO3)2 (ChemPUR), Ce(NO3)3∙6 H2O (Alfa 72 

Aesar, 99.5%), IrCl3 (Sigma Aldrich, 99.8%), Rh(acac)3 (Sigma Aldrich, 97%), Ru(acac)3 73 

(Sigma Aldrich, 97%), Pt(acac)2 (Alfa Aesar, 48% Pt), Pd(acac)2 (Sigma Aldrich 99%), 74 
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Ir(acac)3 (Alfa Aesar, 37.5%) were used as received. Potassium hydroxide (KOH) and ethanol 75 

were purchased from EMPLURA®. Gas mixtures such as 10% CO/Ar, 20% O2/Ar, 10% H2/Ar 76 

and pure Ar (99,999%) bottles were purchased from Air Liquide. 77 

2.2 Catalyst synthesis: The ceria support was prepared by calcining cerium nitrate hexahydrate 78 

precursor at 623 K (ramp rate 2 K/min) under static air for 5 h. The series of late transition 79 

metal (Ru, Rh, Pd, Ir and Pt) catalysts were synthesized over ceria support by wet impregnation 80 

(WI) and precipitation (PP) methods. For wet impregnation, acetylacetonate precursors of the 81 

metals were first dissolved in acetone and then dispersed over ceria. The solution was sonicated 82 

for 5 min and the solution was evaporated to dryness under vacuum (500-400 mbar) in a rotary 83 

evaporator over 3 hours. The impregnates were further dried in an oven overnight at 353 K in 84 

static air. The solids were ground, mixed with mortar and pestle, and finally calcined at 1073 K 85 

under static air. For catalysts synthesized via precipitation method, nitrate and chloride salts of 86 

Ce and noble metals were first dissolved in water and the pH value of the solution was increased 87 

to 10 by adding 1M KOH solution over a period of 3 hours under continuous stirring. At pH 88 

10, the solutions were further kept stirring for another 30 min to achieve a stable pH. The slurry 89 

was then transferred into a closed glass vessel and kept at 353 K for 12 h. The solid fractions 90 

were centrifuged and washed with distilled water (3 times) followed by ethanol (3 times). The 91 

solid was further dried at 353 K for 12 h and ground to fine powder with mortar and pestle. The 92 

solids were then calcined at 623 K under static air. 93 

2.3. Characterization of the catalysts: 94 

2.3.1. Powder X-ray diffraction (XRD): X-ray diffraction patterns of the powder catalysts were 95 

recorded on a PANalytical X'Pert Pro instrument using a Bragg-Brentano geometry with 96 

Cu−Kα radiation (1.54060 Å) and a Ni filter. The catalysts were placed on a Si wafer holder. 97 

The diffractograms were recorded from 20° to 80° (2θ) over a period of 8 hours (step size of 98 

0.017°, 0.53 s acquisition time, 5 scans) at room temperature. The obtained reflections were 99 
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compared to reference data sets available in the Joint Committee of Powder Diffraction 100 

Standards (JCPD) database. 101 

2.3.2. Aberration corrected high-angle annular dark-field scanning-transmission electron 102 

microscopy (HAADF-STEM): HAADF-STEM measurements were performed using a Cs-103 

probe corrected Themis 300 from Thermofischer Scientific operated at 300 kV. Finely ground 104 

powder samples were dry-cast on Cu grids (Quantifoil company) coated with a Lacey carbon 105 

film. The excess powder was removed with an air gun. Energy dispersive X-ray (EDX) mapping 106 

were carried out with Super-X EDX detector. 107 

2.3.3. X-ray absorption spectroscopy: X-ray absorption spectra were measured at the Ru K-108 

edge (22.117 keV), Rh K-edge (23.220 keV), Pd K-edge (24.350 keV), Ir L3-edge (11.215 keV), 109 

and Pt L3-edge (11.564 keV). A Si (311) double crystal monochromator (DCM) was used for 110 

Ru K-, Rh K- and Pd K-edges, and a Si (111) DCM was used for Ir L3- and Pt L3-edges to scan 111 

the incident energy. The Ru K-, Rh K- and Pd K-edge spectra were collected at P65 beamline 112 

at the Deutsches Elektronen-Synchrotron (DESY), Hamburg, Germany37 and Ir L3 and Pt L3-113 

edge spectra at BM23 beamline at the European Synchrotron Radiation Facility (ESRF), 114 

Grenoble, France and at the CATACT beamline of the Karlsruhe Light Source, Karlsruhe, 115 

Germany. The measurements were performed in transmission mode (reference samples were 116 

diluted with cellulose) or in fluorescence mode (in a quartz capillary micro reactor38 without 117 

any dilution). The XAS data reduction and fitting were carried out using the Demeter software 118 

package.39 Data treatment (alignment, normalization) has been performed using the Athena 119 

code (version 0.9.26). For fitting the experimental data, DFT optimized structures and models 120 

based on standard crystallographic data were used for all the metals. The k range up to 12 Å-1 121 

and R range between 1-3.5 Å were considered for the fits. 𝑆0
2 was derived from the 122 

corresponding metallic foil reference spectra to determine the coordination number. The 123 

EXAFS equation40 used for deriving the free parameters is given by 124 
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𝜒(𝑘) = 𝑆𝑜
2 ∑ 𝑁𝑖

𝑓𝑖(𝑘)

𝑘𝑅𝑖
2   ⅇ

− 
2𝑅𝑖

𝜆(𝑘)  ⅇ−2𝑘2𝜎𝑖
2

𝑠𝑖𝑛(2𝑘𝑅𝑖

𝑖

+  𝛿𝑖(𝑘))       125 

Where 𝑆𝑜
2 is the amplitude reduction factor, N is the degeneracy of the scattering path, f(k) is 126 

the scattering function, k is the wavenumber, R is the distance between absorber and scatterer, 127 

λ is the mean free path of the photoelectron, σ2 is the mean square radial displacement, also 128 

known as the Debye-Waller factor, δ is the phase shift of the couple absorber/scatterer and i 129 

represents a particular number of shell. R-factor that is frequently used while reporting quality 130 

of fit; represents goodness of the fit. 131 

For in-situ XAS measurements, the sieved catalyst fraction (100-200 μm) was filled in a quartz 132 

capillary micro reactor (2 mm outer diameter, 0.02 mm wall thickness). Gas mixtures (1% CO 133 

or 1% CO + 1% O2 balanced with Ar) were fed through the capillary with a flow of 30 mL/min. 134 

For temperature programmed reduction experiments, the samples were heated to the required 135 

temperature with a gas blower (FMB Oxford GSB-1300 at ESRF and Leister LE mini at DESY). 136 

Online analysis of the gas mixtures was carried out qualitatively with a mass spectrometer 137 

(Pfeiffer Vacuum OmniStar GSD-320). 138 

2.3.4. XANES simulation: The theoretical XANES spectra at different edges were calculated 139 

by FEFF 9.6.4 code using multiple-scattering theory.41 DFT-optimized model structures were 140 

based on isolated metal atoms placed on 100, 110 and 111 facets of CeO2. The amplitude 141 

reduction factor, 𝑆0
2 was set to 1 and the core-hole was treated with random phase 142 

approximation. The radii for full multiple scattering (FMS) and self-consistent field (SCF) 143 

calculations were set as 5 Å. The details of DFT calculations are mentioned in the section 2.3.9. 144 

2.3.5. In-situ diffuse reflectance infra-red spectroscopy: In-situ DRIFTS investigations were 145 

carried out on a VERTEX 70 FTIR spectrometer (Bruker) equipped with an in-situ diffuse-146 

reflectance optics and a cell (Harrick Praying Mantis and High Temperature Cell) with a CaF2 147 
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window. A sieve fraction of 100-200 μm of the catalyst was used for the measurements. 148 

Catalysts were purged with He or Ar via mass flow controller and heated to 573 K for 1 hour 149 

to remove any impurity adsorbates. The spectra were collected in reflectance mode between 150 

1000-4000 cm-1 with a spectral resolution of 4 cm-1. The spectra are reported in logarithm 151 

log(1/R) or in Kubelka-Munk units by converting with the following formula 152 

𝐹(𝑅∞) =
(1 − 𝑅∞)2

2𝑅∞
 153 

where R∞ stands for reflectance of the sample (measured relative to the sample under Ar as a 154 

background scan). 155 

For the background spectra, 200 scans were collected and averaged under Ar flow and for the 156 

samples 150 scans were collected per measurement. The measurements were performed 157 

continuously over 1 hour. The gas mixture at the outlet of the in-situ cell was qualitatively 158 

analyzed by an online mass spectrometer (Pfeiffer Vacuum OmniStar GSD-320). 159 

2.3.5. In-situ reduction: All the catalysts prepared with the precipitation method followed by 160 

calcination at 623 K were reduced in-situ under 10% H2/Ar during a temperature ramp from 161 

298 K to 523 K with a ramp rate of 2 K min-1 and a dwell time of 30 min. For XAS 162 

measurements, the reduction was carried out in a quartz capillary reactor with a catalyst sieve 163 

fraction of 100-200 μm. X-ray absorption near edge structure (XANES) spectra were measured 164 

continuously during reduction of all the catalysts. Similarly, the in-situ reduction was carried 165 

out in the DRIFTS cell prior to the DRIFTS measurements. The samples were reduced first in-166 

situ at 523 K (ramp 2 K min-1) under 10% H2/Ar mixture and then pure Ar was flown for one 167 

hour before cooling down to room temperature.  168 

2.3.6. Raman spectroscopy: Raman spectra were measured using an inVia Reflex Raman 169 

Spectrometer system (Renishaw). The spectrometer is equipped with a HeNe Laser (wavelength 170 
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633 nm) and a Leica microscope. For all measurements, a 100× objective was used to illuminate 171 

the sample in the powder form. The laser intensity was set to 1% (0.043 mW at the sample). 172 

Spectra were recorded averaging three acquisitions with an acquisition time of 120 s each at 173 

different spots and taken in a range from 200 to 1000 cm-1. All spectra were averaged and 174 

baseline-corrected (Origin 2019, adjacent averaging method, smoothening window size 3 and 175 

threshold 0.05). 176 

2.3.7. Quantification of metal content: Quantitative analysis of the metal content of the 177 

catalysts was performed by ICP-OES measurements (Agilent 720/725-ES instrument). 30-178 

40 mg of the samples were digested in a mixture of sulfuric and nitric acid in a microwave 179 

digestion system at 453 K for 45 min.  180 

2.3.8. N2-physisorption: Nitrogen physisorption isotherms were recorded at 77 K using a 181 

Rubotherm BELSORP-mini II instrument. The specific surface areas were determined by the 182 

Brunauer–Emmett–Teller method. Catalysts were degassed at 423 K for 2 h under vacuum prior 183 

to the experiment.  184 

2.3.9. Computational details: Density functional theory (DFT) calculations were performed 185 

using the Vienna Ab Initio Simulation Package (VASP)42,43 in connection with the Atomic 186 

Simulation Environment (ASE).44 A plane-wave basis set with a cutoff energy of 450 eV, the 187 

projector augmented wave method (PAW)45,46 and the Bayesian Error Estimation Functional 188 

with van der Waals correlations (BEEF-vdW)47 were used. For better description of localized 189 

Ce 4f electrons, the GGA+U method48 was applied. As described in earlier work, we found a 190 

value of U = 5 eV to be reasonable when employing the BEEF-vdW functional.49 Four layers 191 

thick 2x2 large unit cells were used to represent CeO2 (111) and CeO2(110) infinite slab models 192 

and 4x2 large unit cells were used to represent the CeO2 (100) surface. All slabs were separated 193 

by more than 15 Å of vacuum in the z direction. We investigated all five transition metals M 194 

(Ru, Rh, Ir, Pt and Pd) single atoms catalysts with MOx being in the three formal oxidation 195 
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states M, MO and MO2. All atoms in the top two layers of the CeO2 (111), (110) and (100) 196 

surface as well as the MOx single atom clusters were allowed to relax during geometry 197 

optimizations. The Brillouin zones were sampled using a (4x4x1) Monkhorst-Pack k-point 198 

grid50 for CeO2(111) and (110) and a (3x6x1) k-point grid for CeO2(100). The convergence 199 

criterion for geometry optimizations was a maximum force of 0.01 eV/Å. Spin polarization was 200 

considered in all calculations.  201 

3. RESULTS 202 

3.1. Synthesis and characterization of atomically dispersed catalysts: Catalysts synthesized 203 

via wet impregnation and precipitation showed a typical metal content in the range of 0.6-0.9 204 

wt% as shown in the electronic supplementary information (ESI), figure S1 (b). The BET 205 

surface area analysis showed that wet impregnated catalysts calcined at 1073 K had a lower 206 

surface area (30-60 m2/g) whereas catalysts prepared via precipitation method followed by 207 

calcination at 623 K showed relatively high surface area (90-120 m2/g) as shown in figure S1 208 

(a). The lower surface area of the bare CeO2 (10 m2/g) calcined at 1073 K is due to the sintering 209 

of the ceria particles at high temperature. Upon addition of metal dopants, ceria gains extra 210 

stability against sintering as reported.16, 22 Importantly, the catalysts prepared via the 211 

precipitation method retain their surface area comparable to the bare CeO2 (101 m2/g) since the 212 

sintering of the CeO2 particles at low temperature (623 K) is less likely to occur. 213 

The powder XRD patterns showed that the support is highly crystalline after calcination. No 214 

reflection from metal crystalline phases (2 Theta~400) of Ru, Rh, Pd, Ir and Pt, irrespective of 215 

the preparation method were observed confirming that the metals are highly dispersed over the 216 

support and lack of long range order as shown in figure S2-S6. The aberration-corrected (Cs) 217 

high angle annular dark field (HAADF) scanning transmission electron microscope (STEM) 218 

images and the corresponding elemental mapping of the catalysts prepared via precipitation 219 

(figure 1) showed that all the metals are in highly dispersed state. In the case of Pt/CeO2 and 220 
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Ir/CeO2, the z-contrast difference is sufficiently large to observe the single atoms as shown in 221 

figure 1 (a) and (b). However, in the case of Ru, Rh and Pd, it is challenging to identify single 222 

atoms as shown in figure 1 (c)-(e). Energy dispersive X-ray (EDX) mapping confirms the 223 

presence of all these metals uniformly over ceria support as shown in figure S7-S11. The Raman 224 

spectra showed the presence of metal-oxygen-cerium vibrational modes in all the catalysts 225 

prepared via precipitation method more distinctly than the one prepared via impregnation 226 

method as shown in figure S12-S16. This indicates that most of these noble metals in catalysts 227 

prepared via the precipitation method are uniformly doped in the ceria lattice. In case of Rh and 228 

Ir supported over CeO2 catalysts showed more O-vacancies (600 cm-1) in comparison to Ru, Pd 229 

and Pt. This can be attributed to the mis-match of the valence state of Rh and Ir atoms when 230 

they are incorporated in the CeO2 lattice. The CeO2 supported Pt, Rh and Ru catalysts prepared 231 

via impregnation method and calcined at 1073 K are reported earlier.22 232 

 233 

Figure 1. Aberration corrected HAADF-STEM images of Pt, Ir, Rh, Ru and Pd dispersed over 234 

CeO2 via precipitation method (calcined at 623 K). Dotted circles represents the single atom of 235 
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Pt and Ir. The corresponding EDX mapping are shown in figure S7-S11 of the ESI. Scale bar 236 

in all the images are 5 nm.  237 

X-ray absorption spectroscopy is indispensable51 in identifying the local geometry of the 238 

supported metals prepared by the two different methods. Analysis of the Fourier transformed 239 

(FT) extended X-ray absorption fine structure (EXAFS) spectra of all the metals showed 240 

presence of M-O as the first shell around 1.5 Å (phase uncorrected) and a minor feature around 241 

3 Å. To derive the coordination numbers and to fit the scattering features in the first and second 242 

shells, reference crystallographic data were taken. The experimental data and the fits are shown 243 

in figure 2. The free parameters derived from the corresponding fits are listed in table S1. It is 244 

evident that the second feature are contributions from the M-O-Ce scattering and not from the 245 

presence of any bulk oxide of the corresponding metals, which is along the line of the results 246 

obtained from the Raman spectroscopy. We further carried out simulation of XANES spectra 247 

using FEFF 9.6.4  code on DFT-optimized model structures of all the metals over 100, 110 and 248 

111 facets of CeO2 as shown in figure S17-S31. These results show that the 4-fold coordinated 249 

isolated metals over the 100 facet resemble closely the experimental spectra. Maurer et al. 250 

reported that adsorbed Pt2+ shows better stability compared to PtO2 (gas phase) over the CeO2 251 

(100) facet when calcined at 1073 K.16 Moreover, above 773 K restructuring of CeO2 is highly 252 

likely.  253 
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 254 

Figure 2. FT k3-weighted EXAFS spectra (navy, open circle) and fit (pink, solid line) of all 255 

metals supported over CeO2 synthesized via precipitation (PP) and wetness impregnation (WI). 256 

Both magnitude (top) and imaginary (bottom) components are shown. Fitting parameters are 257 

shown in table S1 of the ESI. 258 

3.2. Theoretical XANES spectra and DFT calculated phase diagram: Theoretical XANES 259 

spectra of the DFT optimized structures showed that the spectra of the isolated species of these 260 

metals closely resemble the metal over 100 facet of CeO2 compared to 110 and 111 facets 261 

(figure 3). The phase diagrams (bottom, figure 3) of the isolated metals over CeO2 (100) further 262 

suggest that all metals are in their highest formal charge state (M1O2) with the exception of Pd. 263 

For Pd we found a charge of 2+ (Pd1O). The DFT-calculated phase diagrams over CeO2 (111) 264 

are shown in figure S32. From the comparisons of the phase diagrams, it is evident that the as 265 

synthesized isolated metals distributed over the CeO2 (100) surface are more stable than the 266 

CeO2 (111) surface alone. Moreover, the stability of the single sites increases with formal 267 

oxidation states at lower temperature range (0-400 K). At higher temperature (400-800 K) 268 

entropic effects favor formation of lower oxidation states. Among the five metals, RuO2/CeO2 269 

(100) showed the highest stability whereas Pd and Pt are least stable.  270 



15 
 

 271 

Figure 3. Theoretical XANES spectra (left) obtained from DFT optimized model structures of 272 

Ru, Rh, Pd, Ir and Pt and corresponding phase diagrams (right) over the CeO2 (100) facet. The 273 

M, MO and MO2 represent isolated metal atoms over CeO2 with different formal oxidation 274 
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states. Theoretical XANES spectra of all metals of the DFT-optimized model structures as well 275 

as the phase diagrams are shown in figures S17-S32. The ΔG value correspond to 1 bar of O2. 276 

3.3. In-situ XAS and DRIFTS experiments: In-situ spectroscopic studies were carried out 277 

under CO and CO + O2 reaction conditions with continuous gas flows to understand CO binding 278 

to the catalysts synthesized by wet impregnation and precipitation methods. DRIFTS 279 

spectroscopy has been a valuable tool in identifying charged states and coordinating 280 

environment of supported isolated metal with probe molecules like CO.52-54 The late transition 281 

metals under consideration here (Ru, Rh, Pd, Ir and Pt) are well known to bind CO. In fact, 282 

these metals are the most studied for CO oxidation, which is extremely important for exhaust 283 

gas aftertreatment.55-60 Additionally, these metals are less abundant and to use each and every 284 

atom efficiently is crucial. Hence, narrowing down to atomically dispersed species of these 285 

metals opens up new possibilities such as CO insertion mechanism which is currently 286 

established in molecular catalysis. Since CO is a strong reductant it is quite evident that the 287 

local structure of the isolated sites may also change upon its exposure. To understand the 288 

dynamics, we carried out a series of in-situ XAS and DRIFTS in reducing (1% CO) and 289 

oxidizing (1% CO + 1% O2) environment at room temperature over a time period of one hour. 290 

The evolution of different species over time in the DRIFTS spectra is shown in figures 4 and 5. 291 

The corresponding in-situ XANES and EXAFS spectra collected before and after (1 hour) 292 

exposure to the reaction mixtures are represented in figures S33-S37. From the DRIFTS spectra 293 

of the catalysts prepared via precipitation it is noticeable that under CO environment the 294 

atomically dispersed metals form a series of species at low wavenumbers. After the gas mixture 295 

is changed to CO + O2, new species were formed. In order to predict the origin of these CO 296 

vibrational frequencies over these metals, DFT calculations served as a comparison and are 297 

shown on the right hand side of figure 4.  298 
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3.3.1. Catalysts synthesized via precipitation (PP): (A) Ru/CeO2: The DRIFTS spectra in 299 

Figure 4 (a) and (b) showed a structural change of the Ru/CeO2 catalyst when exposed to 1% 300 

CO and 1% (CO + O2) gas mixtures. The CO vibrational frequencies at 1982 cm-1 (which 301 

developed over time) and at 2053 cm-1 (blue-shifted from 2042 cm-1) can be assigned to 302 

symmetric and asymmetric vibrations of CO bound to ruthenium atom as also observed in the 303 

literature.61 DFT calculation of the CO vibrational frequency also showed two peaks at 1971 304 

cm-1 and 2049 cm-1 that could be assigned to the geminal dicarbonyl species as shown in figure 305 

4 (c). The observed CO vibrational frequency at 2120 cm-1 can be assigned to a Ru single site 306 

over CeO2 as the DFT calculated value indicated a CO vibration around 2106 cm-1. Li et al. 307 

suggested that this peak can originate from multiple CO adsorbed over a positively charged Ru 308 

site.62 When the gas composition is changed from CO to CO+O2, the ratio of these peaks 309 

changes. The intensity of the peak at 2120 cm-1 substantially increases compared to the CO only 310 

atmosphere. The peaks at the lower wavenumbers (1920-1950 cm-1) is not observed anymore. 311 

This infers that the composition of the gas mixture plays a significant role in maintaining a 312 

particular state (charge and coordination) of the Ru single sites. The CO vibrational frequency 313 

at 2173 cm-1 is attributed to weakly bound CO over the CeO2 support63-65 or gas phase CO as 314 

this peak disappears after flushing with Ar. We could confirm this by measuring the CO 315 

adsorption over bare CeO2 as discussed below. In-situ XAS spectra at the Ru K-edge also show 316 

that the intensity of the white line decreases under reducing atmosphere (figure S33) meaning 317 

Ru is getting reduced. In contrast, under CO + O2 environment, there is hardly any change in 318 

the white line intensity as shown in figure S33 (a) and (b). The XANES region of the as-319 

synthesized catalyst also shows a pre-edge peak66 which confirms the presence of non-320 

centrosymmetric Ru in 4 or 5-fold coordination. Upon exposure to CO or CO + O2, the pre-321 

edge peak disappears due to the change in the local environment of the Ru isolated site. EXAFS 322 

spectra before and after the exposure of gas mixtures show changes in the Ru-O first shell which 323 

is slightly shifted to the right. Additionally, a new feature appeared between 2.2-2.3 Å which is 324 
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due to the Ru-Ru scattering as shown in figure S33 (e) and (f), confirming that the local 325 

environment around the Ru sites has changed due to cluster formation. 326 

(B) Rh/CeO2: Upon exposure to CO, the Rh catalyst showed mainly two CO vibrational peaks 327 

at 2000-2020 cm-1 and 2070-2090 cm-1 as shown in figure 4 (d). These peaks correspond to the 328 

asymmetric and symmetric stretching vibrational frequencies of linearly adsorbed geminal 329 

dicarbonyls over a Rh single site, respectively.67-69 These results are corroborated by the DFT 330 

calculations shown in figure 4 (f). When CO + O2 gas mixtures were introduced a new shoulder 331 

feature appeared around 2114 cm-1 (figure 4 (e)) which can be ascribed to CO adsorbed on 4-332 

fold coordinated Rh as RhO2 according to the DFT investigation (2109 cm-1 in figure 4 (f)). 333 

Hülsey et al. assigned this peak to CO adsorbed over Rh3+ species.58 DFT calculations showed 334 

that this peak also matches with CO adsorbed over bulk RhO2. However, the XANES and 335 

EXAFS spectra at room temperature did not show any significant change in the edge and the 336 

white line features or presence of any Rh-O-Rh scattering as shown in figure S34 (a), (b), (e) 337 

and (f). This means that with a constant supply of oxygen, Rh isolated sites maintain a certain 338 

charge and coordination state and are highly stable under these environments, making Rh SACs 339 

suitable for studies like CO insertion and CO hydrogenation reactions. 340 

(C) Pd/CeO2: The supported Pd isolated sites showed a drastic change when exposed to CO as 341 

indicated by the CO vibrational frequencies at low wavenumbers in the range of 1950-2070 cm-342 

1 shown in figure 4 (g). We assign the peak at 2061 cm-1 to CO linearly bound over Pd surfaces 343 

and at 1985 cm-1 to bridged CO as assigned by DFT calculations. Jbir et al. assigned the peak 344 

below 2000 cm-1 to bridged CO and between 2050-2080 cm-1 to CO linearly adsorbed over Pd 345 

clusters.70 When the gas mixture was switched from CO to CO + O2, a new series of peaks 346 

appeared in the range of 2100-2150 cm-1 (figure 4 (h)) that can be assigned to CO vibrational 347 

frequencies associated with CO bonded over isolated Pd sites as shown in figure 4 (i). DFT 348 

calculations suggest that the CO vibrational frequencies at 2105 and 2136 cm-1 are associated 349 
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with Pd single sites over CeO2. Muravev et al. also observed a similar CO vibrational peak with 350 

Pd catalysts prepared via flame spray pyrolysis.59 The Pd K-edge XANES spectra showed a 351 

decrease in white line intensity upon exposure to CO (figure S34 (a) and (b)) confirming that 352 

Pd is reduced. The EXAFS spectra also showed a clear indication of the presence of Pd-Pd 353 

scattering for the sample exposed to CO (figure S34 (e)). Presence of a small fraction of Pd 354 

clusters for CO + O2 atmosphere cannot be neglected as the EXAFS spectra demonstrate a weak 355 

Pd-Pd scattering feature in figure S34 (f).  356 

 357 
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 358 

 359 

Figure 4. DRIFTS spectra (left and middle column) of CO adsorption at room temperature over 360 

catalysts prepared by precipitation method (calcined at 623 K) and DFT calculated CO 361 

vibrational frequencies together with the optimized structures (right column). The DRIFTS 362 
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spectra were collected with a flow of 1% CO and 1% CO + 1% O2 over 1 hour. (a)-(c) Ru/CeO2, 363 

(d)-(f) Rh/CeO2, (g)-(i) Pd/CeO2, (j)-(l) Ir/CeO2, (m)-(o) Pt/CeO2 and (p)-(r) CeO2. For pure 364 

metal, the DFT-calculated CO adsorption frequencies over 111 and 211 facets are shown for a 365 

coverage of 0.5 monolayer. The color bar in the figure represents spectra collected over 1 hour. 366 

(D) Ir/CeO2: Ir samples upon exposure to CO showed two distinct CO vibrational bands at 2041 367 

and 1954 cm-1 (figure 4 (j)) which can be attributed to symmetric and asymmetric CO 368 

vibrational modes of Ir(CO)2 according to literature.71-72 Over the time two other CO vibrational 369 

frequencies could be observed at 1992 and 2060 cm-1. DFT calculations, however suggest that 370 

dicarbonyl vibrations over Ir single sites are at 2006 and 2079 cm-1 and that a monocarbonyl 371 

vibration is at 2063 cm-1 as shown in figure 4 (i).  According to DFT calculations, the CO 372 

adsorbed over pure Iridium shows CO vibrational frequencies at 2075 cm-1 and 1916 cm-1 which 373 

are assigned to linear and bridged carbonyl. After switching the gas mixture to CO + O2, no 374 

peak related to a CO vibrational frequency over Iridium was observed. This means the Ir sites 375 

in the presence of O2 are somehow blocked and CO cannot reach these sites or the binding 376 

interaction of CO is too weak. The XANES and EXAFS spectra at the Ir L3-edge did not show 377 

any detectable changes in the oxidation state and local structures of Ir before and after purging 378 

with the CO and CO + O2 gas mixture as shown in figure S36 (a), (b), (e), and (f) respectively.  379 

(E) Pt1/CeO2: The Pt samples on exposure to CO showed a series of peaks in the range of 1900-380 

2090 cm-1 that can be assigned primarily to CO vibrational frequencies related to linearly 381 

bonded CO over Pt clusters as shown in figure 4 (m). When changing the gas mixture from CO 382 

to CO + O2 (figure 4 (n)), a major peak at 2099 cm-1 appears that can be assigned to CO bounded 383 

to a Pt isolated site on the CeO2 (111), (110) or (100) facet. Kottwitz et al. have recently 384 

elucidated the local structure of atomically dispersed Pt over CeO2 and assigned the CO 385 

vibrational frequency at 2090 cm-1 to CO adsorbed atop Ptδ+ or Pt0.73 A similar observation was 386 

also made by Aleksandrov et al.,74 Maurer et al.,16 and  Lu et al.75 concluding that the CO 387 
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vibrational frequency at 2095 cm-1 is from single site Pt species. A separate study by Resasco 388 

et al. claimed that the CO vibrational frequency between 2090-2100 cm-1 could be assigned 389 

only to CO adsorbed over a small PtOx cluster.17 The authors claims are based on experiments 390 

performed over low loaded Pt (0.05 wt%) catalyst that did not show any CO adsorption. Only 391 

at a Pt loading of 1 wt% they observed a pronounced CO vibrational frequency at 2096 cm-1. 392 

However, for a low loading of 0.05 wt% it cannot be neglected that Pt can occupy sub-surface 393 

positions as indicated by very high coordination numbers (0.2 wt% Pt/CeO2).
22 Moreover, in 394 

this article,22 the authors reported that for a loading of 0.2 wt% Rh, there was no CO vibrational 395 

band observed at low temperature confirming the fact that with such a low coverage Rh sites 396 

are inaccessible to CO. One can thus speculate that Pt can show a similar behavior. The other 397 

question is whether it is a special type of isolated Pt that can form only upon calcination at high 398 

temperature (above 873 K). However, we do observe a similar peak with the catalysts prepared 399 

via the precipitation method (calcined at 623 K). Our DFT calculations suggest that indeed a 4-400 

fold coordinated Pt single site bearing highly positive charge over CeO2 shows a CO vibrational 401 

peak around 2119-2125 cm-1 as shown in figure 4 (o). In contrast, Pt single site over CeO2 402 

bearing low positive charge might appear between 2080-2095 cm-1. This poses the question on 403 

whether this could be due to the formation of small PtOx clusters. The in-situ EXAFS spectra 404 

at the Pt L3-edge, however, did not show any presence of PtO2 species (Pt-O-Pt scattering, figure 405 

S37) before and after purging with the CO or CO+O2 gas mixtures. DFT calculations also 406 

suggest that CO linearly bounded to pure Pt (111) surfaces appears at 2096 cm-1. We conclude 407 

that Pt/CeO2 presents a very complex system requiring further investigations. The CO band at 408 

2038 cm-1 might be related to impurities as reported by Meunier et al.76 To consider the 409 

influence of the Pt coverage on the CO adsorption, we prepared various coverages (1, 10 and 410 

20 atom %) of Pt over CeO2 via the precipitation method. The DRIFTS spectra recorded during 411 

one hour exposure of the catalyst to the CO+O2 mixture are shown in figure S38 (a)-(c). The 412 

XANES and EXFAS spectra of the as-synthesized catalysts are also shown in figure S38 (d)-413 
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(e). The decrease in the white line intensity upon increase in Pt coverage and presence of Pt-Pt 414 

scattering suggests that at higher coverages formation of Pt clusters occurs. Nevertheless, the 415 

CO absorption frequency shifts to higher wavenumbers (2099 cm-1) only at the low coverage 416 

suggesting that at low coverage most Pt atoms are present as positively charged single sites. 417 

The XANES spectra at the Pt L3-edge did not show any significant changes along the white line 418 

due to the low sensitivity towards such small changes as shown in figure S37 (a) and (b). A 419 

more sensitive technique in this case will be high energy resolution fluorescence detected 420 

(HERFD) X-ray absorption near edge spectra (XANES) which was also recently reported by 421 

our group.16  422 

(F) CeO2: The CeO2 support prepared via precipitation showed CO vibrational frequencies at 423 

2181, 2157 and 2126 cm-1 (figure 4(p) and (q)). These could be weakly bound CO over the 424 

support as also reported by Christopher and co-workers17 and these peaks immediately 425 

disappear upon flushing with Ar. Mudiyanselage et al. assigned the peak at 2162 cm-1 to CO 426 

adsorbed over Ce3+.77 Binet et al. claimed that the CO absorption frequency in the range of 427 

2151-2168 cm-1 is due to CO adsorbed on Ce4+ cations with different unsaturated 428 

coordination.78 Our DFT investigations found that CO adsorbed over CeO2 does indeed have 429 

prominent peaks at 2173, 2152 and 2132 cm-1 over reduced CeO2 (111), CeO2 (111) and CeO2 430 

(211) respectively as shown in figure 4 (r). A prominent peak at lower wavenumbers 2036 cm-431 

1 could be assigned to impurities as also reported in the literature on an Au/SiO2 catalyst.76, 79-432 

80 In the DRIFTS spectra measured over an inert CaF2 reference two very weak CO vibrational 433 

frequencies at 2172 and 2116 cm-1 were observed as shown in figure S39 (b). Our DFT 434 

calculations of CO vibrational frequency of Ni(CO)4 adsorbed over CeO2 (111) facet reveals 435 

that the most intense IR peak at 2035.1 cm-1 (figure S39(c)). A more detailed experimental 436 

investigation is currently underway.  437 
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3.3.2. Catalysts synthesized via wet impregnation method: The DRIFTS spectra of the catalysts 438 

prepared via the wet impregnation method showed a similar behavior under oxidizing and 439 

reducing environments to those prepared via precipitation. The Ru/CeO2 catalyst showed 440 

multiple bands as shown in figure 5 (a) and (b) at both high and low wavenumbers under 441 

reducing environment which means that CO induces significant structural changes in the Ru 442 

catalyst. Upon exposure to the CO + O2 gas mixture the ratio of the peaks changes confirming 443 

that the presence of oxygen considerably influences the local environment of Ru species. The 444 

CO vibrational band at 2012 cm-1, which was not observed in the catalyst prepared via the 445 

precipitation method can be assigned to CO adsorbed over isolated Ru as also suggested by 446 

DFT calculations (figure 4(c)). The CO vibrational frequency around 2181 cm-1 can be assigned 447 

to weakly bound CO on CeO2 or gas-phase CO as it was also observed for the CeO2 support 448 

alone as shown in figure 5 (k) and (l). In the case of Rh/CeO2, under the CO + O2 environment, 449 

the 4-fold coordinated Rh single site is observed (corresponding to a CO vibrational band at 450 

2107 cm-1, (figure 5 (c) and (d)) which disappears under reducing condition (only 1% CO). For 451 

Pd/CeO2, the Pd isolated site remains in the isolated form under oxidizing atmosphere (CO + 452 

O2), whereas under reducing environment (CO) it immediately forms clusters and/or particles 453 

(figure 5 (e) and (f)). The CO vibrational frequency at 1958 cm-1 corresponds to CO bound to 454 

Pd (111 or 211) surfaces in a bridged fashion.81 The Pt/CeO2 catalyst showed multiple CO bands 455 

in the range between 1950-2090 cm-1 mainly corresponding to CO adsorbed over Pt clusters in 456 

reducing atmosphere (figure 5 (i) and (j)). Upon introducing CO + O2 gas mixture to to the 457 

catalyst, a dominant peak around 2099 cm-1 is observed, corresponding to CO linearly adsorbed 458 

over the isolated Pt site. For the Ir/CeO2 catalyst under CO atmosphere, the CO vibrational 459 

frequency at 2070 cm-1 (figure 5 (g)) can be assigned to IrO isolated species over the CeO2 460 

(111) facet and the peak at 2001 cm-1 corresponds to multiple CO adsorbed over the Ir (111) 461 

facet. A peak at 1906 cm-1 is a bridged CO bonded to Ir clusters. Upon exposure to CO+O2, a 462 

new set of peaks appears in the range of 2035-2050 cm-1 (figure 5 (h)) which can be assigned 463 
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to IrO isolated species over the CeO2 (100) as found by DFT calculations. The XANES and 464 

EXAFS spectra (figure S33-S37) of these catalysts before and after exposure to the reaction 465 

mixture correlate with the changes found by the CO-DRIFTS studies. It is traditional that the 466 

CO-DRIFTS spectra are usually represented in the Kubelka-Munk (K-M) units rather than 467 

absorbance (logarithmic) units. However, it has been discussed in the literature76 that weak 468 

bands cannot be properly represented in K-M units. The differences can be seen by comparing 469 

the spectra in logarithmic scale (figure 4 and 5) and in K-M units (figure S41 and S42). 470 
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 471 

Figure 5. DRIFTS spectra of CO adsorption at room temperature over catalysts prepared by 472 

impregnation method (calcined at 1073K). The spectra were collected with a flow of 1% CO 473 

and 1% CO +1% O2) over 1 hour. (a) and (b) Ru/CeO2, (c) and (d) Rh/CeO2, (e) and (f) Pd/CeO2, 474 

(g) and (h) Ir/CeO2, (i) and (j) Pt/CeO2. The color bar in the figure represents spectra collected 475 

over 1 hour. 476 
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From the comparison of the DRIFTS spectra of the catalysts synthesized via two different 477 

methods, it is evident that irrespective of the preparation method, the SACs showed common 478 

features in the presence of CO and CO + O2 except for Ir/CeO2. The method of preparation 479 

strongly influences the local structure of Iridium atoms and hence CO adsorption over the Ir 480 

single atoms. Pd/CeO2 and Pt/CeO2 upon exposure to CO immediately formed clusters whereas 481 

Rh and Ru SACs are stable under the CO environment over a period of 1 hour. The XANES 482 

spectra measured before and after continuous exposure of the gas mixture showed that there are 483 

changes along the white line features in case of Ru and Pd. However, in case of Pt and Ir these 484 

changes are minor, a more sensitive technique is thus required to follow those changes. 485 

3.3.3. Behavior of in-situ reduced catalysts: All catalysts were reduced in-situ with 10% 486 

H2/Ar mixture during heating from room temperature to 523 K. The XANES spectra of the 487 

temperature-programmed reduction of all catalysts and the corresponding CO DRIFTS spectra 488 

are shown in figures S42-S46. In all cases, from the XANES spectra it is evident that there are 489 

different degrees of reduction observed for the metals and this reduction should be sufficient to 490 

induce cluster and/or particle formation. The more stable the single sites (Ru, Rh and Ir) 491 

supported over CeO2 are, the more difficult it is to reduce them. The DRIFTS spectra of all 492 

catalysts showed CO vibrational bands at lower wavenumbers that could be assigned to bridged 493 

or linearly bounded CO over metal clusters or nano-particles. In the case of Ru/CeO2, the CO 494 

vibrational frequency at 1967 cm-1 is due to CO adsorbed over Ru clusters.82 It is also clear 495 

from the XANES in figure S38 (a) that at 523 K Ru has not been fully reduced as the white line 496 

intensity differs from that of Ru foil. For Rh/CeO2, the CO vibrational frequency at 2057 cm-1 497 

could be assigned to CO bound linearly to surface Rh atoms in Rh nano-particles.83 DFT 498 

calculation suggests a peak around 2020 cm-1 for the pure Rh metal which is also observed 499 

experimentally as shown in figure S39. The Pd/CeO2 catalyst shows a CO vibrational band 500 

between 2000-2060 cm-1 which can be assigned to CO bound to Pd clusters as discussed in the 501 



28 
 

previous sections (figure S40 (a)). For Ir/CeO2, the CO vibrational frequency at 2039 cm-1 502 

(figure S41 (b)) can be assigned to CO adsorbed over reduced Ir.84 The other CO vibrational 503 

band at 1978 cm-1 can be assigned to CO adsorbed over the Ir(110) surface as indicated by DFT 504 

calculations. For the Pt/CeO2 catalyst, the CO vibrational frequency between 2000-2095 cm-1 505 

can be assigned to CO adsorbed on Pt clusters or nano-particles as also reported in literature85 506 

and found by our DFT calculations and experiments (figure S42 (b)).  507 

3.3.4. Trends in CO binding energy versus Bader charge on the metal: The CO binding 508 

energies over different supported single atoms are calculated by DFT. Plots of Bader charges, 509 

CO absorption frequency and CO binding energies of single atoms supported over CeO2 (100) 510 

and CeO2 (111) is shown in the figure 6. These values are also listed in table S2 of the supporting 511 

information. The corresponding CO adsorption frequencies are given next to the Bader charge. 512 

In general a trend has been observed for the supported isolated metals; with increase in Bader 513 

charge the CO binding energy decreases and CO adsorption frequencies increase irrespective 514 

of the CeO2 facet. A deviation to this trend is observed in case of Ru/CeO2 (111) where the CO 515 

binding energy is nearly zero. This might be related to the strong interaction of Ru with the 516 

CeO2 support as it is also difficult to reduce as observed in the temperature programmed 517 

XANES spectra at the Ru K-edge (figure S42 (a)). Bulk metals exhibit the highest Bader charge 518 

and their CO adsorption frequency is the lowest. At the same time for bulk metal oxides it is 519 

the opposite, they exhibit the lowest Bader charge with the highest CO adsorption frequency. 520 

The CO binding energy and the adsorption frequencies can change with coverage of CO over 521 

the pure metal surface as shown in figure S47.  A plot of CO vibrational frequency (cm-1) as a 522 

function of a Bader charge (difference of a Bader charge of a metal in a bulk state and supported 523 

on CeO2 surface) for all the single atom at different formal oxidation states is shown in figure 524 

S48. 525 
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 526 

Figure 6. The Bader charge (green square), CO binding energy (red sphere) and the value of 527 

CO absorption frequency (cm-1) on single atom supported over CeO2 (100) on the left and CeO2 528 

(111) on the right together with the bulk metal and metal oxides. The Bader charge of the pure 529 

metals was considered as the highest. M, MO and MO2 over CeO2 represents supported single 530 

atoms. 531 
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4. DICSCUSSIONS  532 

In order to investigate the stability of two series of differently synthesized SACs containing 533 

noble metals (Ru, Rh, Pd, Ir and Pt) at room temperature, we have performed a series of in-situ 534 

DRIFTS and XAS experiments under reducing and oxidizing atmospheres. Both DRIFTS and 535 

XAS are complementary to each other and we have noticed that in the case of 5d metals (Ir, Pt), 536 

changes in the standard XANES regions were not so obvious while DRIFTS showed clear 537 

changes in CO vibrational frequencies. The reason for this is that XAS is a bulk technique and 538 

small changes might get averaged out; in particular when the single atom sites are very 539 

heterogeneous in nature. For all SACs we have observed that CO induces structural changes 540 

already at room temperature such that small metal clusters are formed. For the 4d transition 541 

metals, Ru and Rh single atoms are less prone to undergo agglomeration whereas Pd and Pt 542 

immediately forms clusters especially when the system has been prepared by wet impregnation. 543 

When the gas mixture was changed from CO to CO + O2, all SACs are in oxidized form and 544 

the CO vibrational frequencies were shifted to higher wavenumbers as CO is strongly bound to 545 

the single atom due to the lack of π back donation from the metal to CO; less availability of 546 

electron in the anti-bonding orbital of CO. This trend is observed for all SACs irrespective of 547 

the method of synthesis. This highlights the dynamic nature of SACs and shows how different 548 

species can evolve over time depending on the reaction condition. The CO induced structural 549 

changes can also influence CO adsorption over the SACs and the charge transfer between the 550 

support and the single atom can change as shown by Hulva et al.86 Therefore it is necessary to 551 

study CO adsorption over time to identify the evolving species. 552 

CO insertion is highly important reaction and can only be investigated in detail through SACs 553 

(for solid catalysts) as they closely resemble molecular catalysts. Based on our current study, 554 

we further envision to investigate these system with in-situ/operando DRIFT and XAS 555 
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spectroscopy in the future. A schematic diagram of stability of various single atom supported 556 

over CeO2 and future possibilities for catalyst design is shown in scheme 1. 557 

 558 

Scheme 1. A schematic of the stability of single atoms supported over CeO2 with their oxidation 559 

state and application for potential reaction is shown. 560 

SACs, a frequently investigated topic in the last decade, various routes have been reported to 561 

synthesize them even in large scales. From characterization point of view, high resolution TEM, 562 

XAS, low temperature CO FTIR are standard techniques that are used to prove the nuclearity. 563 

However, more complementary techniques such as Raman spectroscopy and DFT assisted 564 

simulation are necessary since most of the techniques have certain limitations.87   Moreover, we 565 

propose the use of in-situ DRIFT spectroscopy as important tool in comparison to conventional 566 

XAS to identify such active centers. In the context of those SACs often being used under CO 567 

(O2/H2) conditions (e.g. Pd and Pt for CO oxidation, Rh for hydroformylation), our study serves 568 

as an important benchmark to identify the dynamics of these SACs for these reactions under in-569 

situ conditions, in particular the correlation of vibrational shifts with the charge state of the SAC 570 

will give important insight into the local surface structure, thus helping to establish structure-571 

activity relationships in future studies. 572 

5. CONCLUSIONS 573 
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In conclusion, we have demonstrated the systematic synthesis of SACs of late 5 transition 574 

metals (Ru, Rh, Pd, Ir and Pt) via two different preparation methods and characterized the as-575 

synthesized catalysts with N2-physisorption, Cs-STEM, XRD, Raman, XAS and DRIFT 576 

spectroscopy. DFT calculations helped to identify the single sites and the calculated phase 577 

diagram showed the preferred locations of the SACs with different formal charges over CeO2 578 

(100) and (111) surfaces in a temperature range upto 800 K. Among the various metals, Ru and 579 

Rh single atoms showed higher stability over CeO2 and we observed in the temperature-580 

programmed reduction XANES experiments. Moreover, a trend of Bader charge versus the CO 581 

binding energy of the supported atoms is observed which showed that CO binding strength 582 

increases with decrease in Bader charge of the isolated metal. The calculated XANES spectra 583 

showed that the isolated metals bind more strongly to the CeO2 (100) surface compared to CeO2 584 

(111). In-situ DRIFT and XANES/EXAFS spectroscopy have been successfully applied and 585 

tracked the evolution of the isolated metal center over time. Herein we showed that, being a 586 

surface sensitive method, DRIFT spectroscopy is an elegant method to probe and follow the 587 

structural evolution of SACs. DFT calculations further assisted identifying the various modes 588 

of CO adsorption. We believe that this study will serve as a benchmark for the identification 589 

and correlation of SACs using CO adsorption as probe reaction.  590 
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