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This Perspective Letter discusses the characterization by infrared spectroscopy of CO adsorbed of isolated metal atoms, also referred to as single atom catalysts (SAC). The main difficulties encountered during the analysis are briefly discussed, e.g. band assignment, sample structural evolution, spectral corrections and signal enhancement. Theoretical investigations by DFT stressed the high number of surface structures that may be considered for the support (e.g., crystal termination, partial reduction or not) and isolated metal atom (e.g., adsorbed or substituted, oxidized or not), still making site identification a challenge. In addition, most DFT models do not incorporate surface hydroxyls, carbonates or other adsorbates that are present on real materials. Cases regarding Rh, Pd and Pt-based catalysts are presented in which IR has genuinely proven conclusive, in complement to other techniques, in terms of the nature of the metal phases present. Finally, recent contributions in which the exact nature of the phase present is still open or questionable are discussed, the aim of the present letter being to stimulate more constructive exchanges in the application of IR spectroscopy and the interpretation of spectra adsorbed species.

Introduction: some challenges in the application of IR spectroscopy.

The application of IR spectroscopy to probe the presence of isolated metal atoms (noted M iso , M 1 or also M-SAC, single atom catalysts) at the surface of catalytic materials through the adsorption of a probe molecule (most frequently CO) is challenging on three main accounts. The first difficulty is to propose unambiguous IR band assignments, the second one regards the stability and potential structural evolution of the metal species present depending on pretreatments and experimental conditions and the third problem is to ensure that the CO bonding strength is sufficient to allow a detectable surface coverage under the conditions of analysis. This is now exemplified using Pt-based studies.

1.a. IR band position of adsorbed CO is not unequivocal.

Assignments of adsorbed CO species based on their vibrational frequency are usually not unequivocal, as recently discussed in several papers [START_REF] Aleksandrov | Can the state of platinum species be unambiguously determined by the stretching frequency of an adsorbed CO probe molecule?[END_REF][START_REF] Derita | Catalyst Architecture for Stable Single Atom Dispersion Enables Site-Specific Spectroscopic and Reactivity Measurements of CO Adsorbed to Pt Atoms, Oxidized Pt Clusters, and Metallic Pt Clusters on TiO 2[END_REF][START_REF] Meunier | Unravelling Platinum-Zirconia Interfacial Sites Using CO Adsorption[END_REF] . The stretching frequency ν(CO) depends, for instance, on the nature (e.g. coordination number, oxidation state) of the Pt sites present, CO adsorption modes (e.g., linear = on-top =  1 ,  2 = bridged between two metal atoms or between one metal atom and one atom from the support [START_REF] Meunier | Unravelling Platinum-Zirconia Interfacial Sites Using CO Adsorption[END_REF] ) and lateral interactions between adsorbed CO (so called "dipole-dipole coupling"). Aleksandrov et al. [START_REF] Aleksandrov | Can the state of platinum species be unambiguously determined by the stretching frequency of an adsorbed CO probe molecule?[END_REF] reported a correlation chart of DFT-calculated wavenumbers of CO adsorbed on various Pt species (Figure 1). The DFT models used by these authors indicated that CO adsorbed on ceria-supported neutral Pt single atoms would absorb between ca. 2000 and 2040 cm - [START_REF] Aleksandrov | Can the state of platinum species be unambiguously determined by the stretching frequency of an adsorbed CO probe molecule?[END_REF] . This range corresponds also to neutral Pt atoms with low coordination numbers (i.e., 3 to 6) on clusters or nanoparticles, as proposed by Kappers and van der Maas [START_REF] Kappers | Correlation between CO frequency and Pt coordination number. A DRIFT study on supported Pt catalysts[END_REF] . Positively charged Pt single atoms would absorb at a higher wavenumber range: 2040-2070 cm -1 for Pt 2+ and 2090-2125 cm -1 for Pt 4+ , hence partly overlapping with CO adsorbed on neutral Pt atoms with high coordination numbers (i.e., 7 to 9) on nanoparticles. The possibility to form dicarbonyl Pt species further enlarges the IR absorption region. It is important to stress that the substitution of cation of the support with Pt species was not addressed in this paper by Aleksandrov et al., but those have been modeled in other studies (vide infra 5 , [START_REF] Resasco | Uniformity Is Key in Defining Structure-Function Relationships for Atomically Dispersed Metal Catalysts: The Case of Pt/CeO2[END_REF] ).

1.b. Isolated atom stability and structural evolution.

The structure formed by isolated metal species in catalysts may evolve with time and changing experimental conditions, notably leading to aggregation and cluster formation [START_REF] Maurer | Tracking the formation, fate and consequence for catalytic activity of Pt single sites on CeO2[END_REF][START_REF] Liu | Determination of the Evolution of Heterogeneous Single Metal Atoms and Nanoclusters under Reaction Conditions: Which Are the Working Catalytic Sites?[END_REF] . The presence of CO was shown to increase the mobility of Pt and Pd adatoms supported on Fe 3 O 4 (001) [START_REF] Bliem | Dual role of CO in the stability of subnano Pt clusters at the Fe3O4(001) surface[END_REF] , [START_REF] Parkinson | Carbon monoxide-induced adatom sintering in a Pd-Fe 3 O 4 model catalyst[END_REF] and alumina [START_REF] Dessal | Dynamics of single Pt atoms on alumina during CO oxidation monitored by operando X-ray and infrared spectroscopies[END_REF] leading to the formation of clusters. Pt iso atoms on alumina were also shown to lose adherence to the support when going from an atmosphere containing O 2 to one containing H 2 , leading to cluster formation [START_REF] Dessal | Atmosphere-Dependent Stability and Mobility of Catalytic Pt Single Atoms and Clusters on γ-Al 2 O 3[END_REF] . These minute, yet, important evolutions can easily evade the attention of researchers investigating catalytic materials.

As an example, Nie et al. reported on the synthesis and application of ceria-supported Pt-SAC used for CO oxidation [START_REF] Nie | Activation of surface lattice oxygen in single-atom Pt/CeO2 for low-temperature CO oxidation[END_REF], . The authors used DRIFTS of CO adsorption to characterize the state of Pt over a poorly active Pt/CeO 2 and the same sample activated by a hydrothermal treatment at 750°C (noted Pt/CeO 2 -S), which made the material far more active. The authors concluded that the in situ spectra were similar and solely related to the presence of isolated Pt 2+ SAC at ca. 2098 and 2096 cm -1 (positions later corrected 13 to 2103 and 2091 cm -1 , respectively, see Figure 2).

This claim was supported by their STEM and EXAFS analyses not showing any Pt nanoparticles. However, we proposed that the band shift from 2103 to 2091 cm -1 induced by the high temperature treatment suggested significant differences in the speciation of the Pt sites 14 . We also noted that the band of the Pt/CeO 2 -S was rather asymmetric and a shoulder on the low wavenumber side of the main band at 2091 cm -1 was present (Figure 2.B). The subtraction of the spectrum recorded under the CO + O 2 mixture minus that taken 15 min after stopping CO actually revealed that two main bands at 2100 and 2080 cm -1 had been removed (Figure 3). The corresponding band assignment will be discussed in details in section 4.2, but it is possible that the former was related to Pt 2+ SAC (as proposed by the authors) or actually oxidized PtOx clusters, while the latter was likely due to CO adsorbed on Pt n + clusters or nanoparticles, not spotted by the authors by STEM or formed in situ. Whatever the exact band assignment, these data re-emphasize that supported metal-based species may readily evolve with varying experimental conditions, as it has been discussed for many other systems [START_REF] Maurer | Tracking the formation, fate and consequence for catalytic activity of Pt single sites on CeO2[END_REF][START_REF] Liu | Determination of the Evolution of Heterogeneous Single Metal Atoms and Nanoclusters under Reaction Conditions: Which Are the Working Catalytic Sites?[END_REF][START_REF] Bliem | Dual role of CO in the stability of subnano Pt clusters at the Fe3O4(001) surface[END_REF][START_REF] Parkinson | Carbon monoxide-induced adatom sintering in a Pd-Fe 3 O 4 model catalyst[END_REF][START_REF] Dessal | Dynamics of single Pt atoms on alumina during CO oxidation monitored by operando X-ray and infrared spectroscopies[END_REF][START_REF] Dessal | Atmosphere-Dependent Stability and Mobility of Catalytic Pt Single Atoms and Clusters on γ-Al 2 O 3[END_REF] explaining many inconsistencies observed in the literature. This is also true for alloy-based systems [START_REF] Babucci | Atomically Dispersed Metals on Well-Defined Supports including Zeolites and Metal-Organic Frameworks: Structure, Bonding, Reactivity, and Catalysis[END_REF] , which are fluxional and are prone to surface segregation [START_REF] Elgayyar | Contributions and limitations of IR spectroscopy of CO adsorption to the characterization of bimetallic and nanoalloy catalysts[END_REF] upon CO or reactant adsorption (vide infra). IR spectra (and other measurements) should be carefully analyzed at several stages of the catalyst life, preferably under reaction conditions or at least after use. The damage potentially made to the sample by electron beams during TEM analyses and the limitations of EXAFS in discriminating isolated atoms and oxidized clusters have been discussed before [START_REF] Resasco | Uniformity Is Key in Defining Structure-Function Relationships for Atomically Dispersed Metal Catalysts: The Case of Pt/CeO2[END_REF][START_REF] Babucci | Atomically Dispersed Metals on Well-Defined Supports including Zeolites and Metal-Organic Frameworks: Structure, Bonding, Reactivity, and Catalysis[END_REF] and are not recalled here.

1.c. Surface coverage and IR band detection.

Low heat of adsorption or high reactivity may result in an important surface intermediate displaying a low steady-state surface coverage and thereby IR bands of low intensities. In addition, the presence of different adsorption sites will lead to multicomponent bands. Therefore, it is desirable to obtain well-resolved IR spectra with high signal-to-noise ratio free of support or gas-phase contributions.

The spectrum of gas-phase CO spans the range 2250-2050 cm -1 and may overlap with bands from adsorbates (as seen for instance in Figures 2 and3). This is particularly relevant to DRIFTS, because the optical pathlength in the cell dead-volume can be greater than 3 cm [START_REF] Paredes-Nunez | Spectrum baseline artefacts and correction of gas-phase species signal during diffuse reflectance FT-IR analyses of catalysts at variable temperatures[END_REF] .

Thus, CO(g) spectrum should be subtracted from in situ and operando spectrum to facilitate spectral analysis, yet it is surprising that it is not made in most cases. Sometimes researchers actually remove CO from the feed to reveal adsorbate bands leading to less relevant conditions (for CO-containing reaction) that may result in sample structural modifications in addition to rapid desorption of weakly adsorbed CO species. CO(g) correction can easily be done using a reference spectrum collected under identical reaction conditions over a matrix that does not adsorb CO, e.g. KBr or SiC [START_REF] Paredes-Nunez | Spectrum baseline artefacts and correction of gas-phase species signal during diffuse reflectance FT-IR analyses of catalysts at variable temperatures[END_REF] . It is crucial to use identical conditions because the shape of the rotovibrational spectrum of CO depends on temperature and usually DRIFTS cell will exhibit strong temperature gradients in the dead-volume comprised between the crucible holding the sample and the cell windows [START_REF] Li | Effective bulk and surface temperatures of the catalyst bed of FT-IR cells used for in situ and operando studies[END_REF] .

Some CO species on Pt iso appear to be very weakly bonded as shown by Christopher and coworkers on TiO 2 -based catalysts. TPD in Ar of CO pre-adsorbed at -140°C showed that CO had fully desorb from isolated Pt atoms already at 5°C [START_REF] Thang | Nature of stable single atom Pt catalysts dispersed on anatase TiO 2[END_REF] . This stresses that many studies may have missed such sites if the IR analysis was made at or above room temperature after removing CO.

Similarly, some adsorbed CO may readily react with any oxidizer present (e.g. O 2 , H 2 O, PtOx or a redox support) and may become totally exhausted if CO is removed from the IR cell. To this respect, CO adsorbed on CeO 2 -supported Pt nanoparticles was shown to be readily converted to CO 2 at room temperature by reacting with oxygen from ceria [START_REF] Kopelent | Catalytically Active and Spectator Ce 3+ in Ceria-Supported Metal Catalysts[END_REF] or PtOx species [START_REF] Meunier | Synergy between Metallic and Oxidized Pt Sites Unravelled during Room Temperature CO Oxidation on Pt/Ceria[END_REF] .

In conclusion, gas-phase CO should be left in the IR cell during analysis to allow weakly binding sites or highly reactive sites to be populated. The rotovibrational spectrum of CO(g), which is prominent in DRIFTS mode, should be subtracted as described elsewhere [START_REF] Paredes-Nunez | Spectrum baseline artefacts and correction of gas-phase species signal during diffuse reflectance FT-IR analyses of catalysts at variable temperatures[END_REF] , to reveal the fine structure of adsorbate bands. Low adsorption temperatures should be used to evidence weakly binding sites [START_REF] Thang | Nature of stable single atom Pt catalysts dispersed on anatase TiO 2[END_REF] and a temperature lower than that of the reaction light-off should preferably be used to evidence reaction intermediates.

Supported Rh: discriminating isolated atoms and clusters/nanoparticles.

Rh-based catalysts (and to a similar extent those based on Ru and Ir) provide an ideal case study for discriminating isolated atoms and clusters/nanoparticles by IR spectroscopy because isolated atoms often lead to the formation of gem-dicarbonyls Rh(CO) 2 that exhibit characteristic band doublets. The position (typically 2118-2083 cm -1 for the symmetric stretch and 2053-2010 cm -1 for the asymmetric stretch) and intensity ratio of the two carbonyl bands depend on the nature and charge of the metal atom and the angle between those. The symmetric band shifted from 2110 cm -1 to 2100 cm -1 when Rh iso oxidation state decreased from +3 to +1 during redox cycles involved in CO oxidation [START_REF] Hülsey | In Situ Spectroscopy-Guided Engineering of Rhodium Single-Atom Catalysts for CO Oxidation[END_REF] . Other examples have been compiled by Gates and co-workers in a recent review [START_REF] Babucci | Atomically Dispersed Metals on Well-Defined Supports including Zeolites and Metal-Organic Frameworks: Structure, Bonding, Reactivity, and Catalysis[END_REF] . The use of highly crystalline supports such as zeolites lead to uniform sites and sharp IR bands with full width at half maximum (FWHM) as low as 4 cm -1 .

In contrast, CO adsorbed on Rh, Ru or Ir clusters/nanoparticles (noted NP) lead to a single ontop band usually located between those of the single atom gem-dicarbonyl and, possibly, a weaker band associated with bridged M 2 CO species located at much lower wavenumbers (< 2000 cm -1 ). Typical DRIFTS spectra showing these various bands on Rh is given in Figure 4.a taken from work from Christopher and co-workers [START_REF] Matsubu | Isolated Metal Active Site Concentration and Stability Control Catalytic CO 2 Reduction Selectivity[END_REF] . 4.d), and was assigned to the fragmentation of a fraction of Rh NP into Rh iso [START_REF] Matsubu | Isolated Metal Active Site Concentration and Stability Control Catalytic CO 2 Reduction Selectivity[END_REF] , although the possibility of some Rh NP encapsulation by TiOx overlayer could have been also involved [START_REF] Matsubu | Adsorbate-mediated strong metal-support interactions in oxide-supported Rh catalysts[END_REF] [START_REF] Millet | Ni Single Atom Catalysts for CO 2 Activation[END_REF] . In this sense, such selectivity to partial hydrogenation products obtained on atomically dispersed species echoes that obtained over both intermetallic compounds and single atom alloys (SAA) in which the high hydrogenating activity of a metal is moderated by dilution with an inert or less active element, as discussed in the case of Pd (vide infra).

In-depth IR and theoretical calculations on the structure of single atom Rh on rutile TiO 2 (110) was reported by Tang et al. [START_REF] Tang | Rh Single Atoms on TiO 2 Dynamically Respond to Reaction Conditions by Adapting their Site[END_REF] . These calculations and IR of CO adsorption data showed that different Rh speciations (oxidation states, framework-substituted or supported), CO sorption states (none, mono or gem-dicarbonyl) and TiO 2 oxidation states should be considered depending on the oxygen and CO chemical potentials (Figure 5). In a first series of IR analyses, CO was adsorbed at -120 °C to limit any sample restructuration under CO [START_REF] Tang | Rh Single Atoms on TiO 2 Dynamically Respond to Reaction Conditions by Adapting their Site[END_REF] . A pre-treatment in highly oxidizing conditions favored the substitution of Rh IV in framework position (noted Rh 1 @TiO 2 ) on which CO adsorption cannot be detected even at -120 °C. A mildly reducing pre-treatment led to the formation of a monocarbonyl on Rh 1 substituted in a reduced TiO 2-x leading to a strong single band at 2094 cm -1 . More reducing conditions resulted in the formation of gem-dicarbonyls (bands at 2097 + 2031 cm -1 ) on Rh 1 supported on reduced TiO 2-2x . Finally, higher pre-reduction temperatures lead to the formation of Rh clusters leading to linear CO exhibiting a band at 2070 cm -1 . This work emphasizes that Rh iso species may sorb no, one or two CO species, hence sample pre-treatment and analysis conditions should be carefully considered.

In a second series of analyses, CO was adsorbed at 20 °C. Surprisingly, only the spectrum related to the gem-dicarbonyls was observed on the reduced samples, showing that the thermal energy at 20 °C was sufficient to enable sample reconstruction, notably by fragmenting Rh clusters. In contrast, the Rh IV substituted in framework position was unchanged and remained unable to adsorb CO.

In conclusion, Rh-based catalysts provide a relatively simple system in which CO bound on Rh iso can be discriminated by IR from those bound to Rh NP , though care should be taken in sample pre-treatment and analysis temperature that could result in changes in the Rh speciation.

Strongly bound Rh species substituted in cationic positions of the oxidic support may bind CO too weakly to be probe even at low temperatures (e.g. -120 °C).

Supported Pd: discriminating isolated atoms and clusters/nanoparticles.

Pd is a highly active hydrogenation catalyst and this metal can be diluted to limit the formation of pure Pd domains to improve the selectivity to partial hydrogenation products as, for instance, in acetylene semi-hydrogenation using Zn (formation of Pd-Zn intermetallics [START_REF] Meunier | Acetylene semi-hydrogenation over Pd-Zn/CeO 2 Relevance of CO adsorption and methanation as descriptors of selectivity[END_REF] ) or Cu (formation of Cu-based Pd SAA 28 ). Ag-based Pd SAA have also been used for the liquid phase selective hydrogenation of substituted alkynes 29 , [START_REF] Rassolov | Alumina-Supported Palladium-Silver Bimetallic Catalysts with Single-Atom Pd1 Sites in the Liquid-Phase Hydrogenation of Substituted Alkynes[END_REF] .

Increased isolation of Pd atoms is particularly simple to follow by IR spectroscopy of CO.

Plain Pd nanoparticles exhibits major bands below 2000 cm -1 related to CO bridging between two Pd atoms (Figure 6.A) [START_REF] Jbir | Individual heat of adsorption of adsorbed CO species on palladium and Pd-Sn nanoparticles supported on Al 2 O 3 by using temperatureprogrammed adsorption equilibrium methods[END_REF] . The formation of intermetallic phases with base metals such as Zn [START_REF] Meunier | Acetylene semi-hydrogenation over Pd-Zn/CeO 2 Relevance of CO adsorption and methanation as descriptors of selectivity[END_REF] or Sn 31 , which do not adsorb CO under typical IR analysis conditions, only reveal linearly bond CO located above 2000 cm -1 (Figure 6 Materials based on single atom alloys have raised a lot of interest as a means to tune the adsorption and catalytic properties of an active metal by diluting it into another metal with different properties [START_REF] Pei | Performance of Cu-Alloyed Pd Single-Atom Catalyst for Semihydrogenation of Acetylene under Simulated Front-End Conditions[END_REF][START_REF] Hannagan | Single-Atom Alloy Catalysis[END_REF] . Gates and co-workers have yet raised concern about the associated fluxionality of the materials, making sample characterization questionable when not carried out under true reaction conditions [START_REF] Babucci | Atomically Dispersed Metals on Well-Defined Supports including Zeolites and Metal-Organic Frameworks: Structure, Bonding, Reactivity, and Catalysis[END_REF] .

As a matter of fact, Guesmi and co-workers had reported on the facile surface segregation at room temperature (RT) of Pd atoms in Au-rich Au 95 Pd 5 nanoalloys supported on alumina upon adsorption of CO [START_REF] Zhu | Evidence of Pd segregation and stabilization at edges of AuPd nano-clusters in the presence of CO: A combined DFT and DRIFTS study[END_REF] . The DRIFTS spectrum measured over the NP of composition Au 95 Pd 5 initially showed only minor bands associated with linear Pd-CO and bridged Pd 2 -CO, yet those gradually grew in intensity, paralleled by a decrease of the intensity of the Au-CO band. This was associated with an enrichment of the surface with Pd atoms. The greater adsorption energy of CO on Pd (165 and 90 kJ mol -1 for the bridged and linear species, respectively) as compared to that on Au (62 kJ mol -1 ) explains the thermodynamically favored location of Pd at the surface in the presence CO [START_REF] Elgayyar | Contributions and limitations of IR spectroscopy of CO adsorption to the characterization of bimetallic and nanoalloy catalysts[END_REF][START_REF] Jbir | Individual heat of adsorption of adsorbed CO species on palladium and Pd-Sn nanoparticles supported on Al 2 O 3 by using temperatureprogrammed adsorption equilibrium methods[END_REF] . Similar CO-induced surface segregations have been reported for Ptbased alloys [START_REF] Park | Enhancement of Oxygen Reduction Reaction on PtAu Nanoparticles via CO Induced Surface Pt Enrichment[END_REF] and intermetallic compounds [START_REF] Elgayyar | Contributions and limitations of IR spectroscopy of CO adsorption to the characterization of bimetallic and nanoalloy catalysts[END_REF] .

Flaherty and co-workers investigated a series of silica-supported Au-Pd nanoalloys for the direct reduction of O 2 with H 2 to H 2 O 2 [START_REF] Ricciardulli | Effect of Pd Coordination and Isolation on the Catalytic Reduction of O2 to H2O2 over PdAu Bimetallic Nanoparticles[END_REF] . Samples with Au:Pd atomic ratios above ca. 40 exhibited a selectivity to H 2 O 2 greater than 80 %. Ex situ FTIR of adsorbed CO at 30 °C indicated that the selective catalysts only exposed monomeric Pd species at the surface, as no bridged CO (noted  2 -CO* Pd ) could be observed, in contrast to the case of the less selective formulations (Figure 7.A, solid lines). Bridged CO could yet be observed after a 1h-treatment under CO at 100 °C on the highly diluted samples Pd 1 Au 37 and Pd 1 Au 50 , but not for the most diluted Pd 1 Au 220 material in which Pd remained fully isolated (Figure 7.A, dashed lines). Flaherty and co-workers also carried out elegant IR experiments using [START_REF] Nie | Activation of surface lattice oxygen in single-atom Pt/CeO2 for low-temperature CO oxidation[END_REF] CO-13 CO mixtures over the various catalysts to determine the extent of dipole-dipole coupling between linearly adsorbed CO [START_REF] Ricciardulli | Effect of Pd Coordination and Isolation on the Catalytic Reduction of O2 to H2O2 over PdAu Bimetallic Nanoparticles[END_REF] . The most selective formulation Pd 1 Au 220 showed no increase of the stretching frequency of linearly adsorbed 13 CO on Pd sites (noted η 1 -13 CO* Pd ) as a function of coverage (Figure 7.B), indicating that the corresponding Pd sites were effectively isolated from each other.

Low, yet non-zero, slopes could be observed in the cases of the Pd 1 Au 50 and Pd 1 Au 37 samples, hinting to the presence of more vicinal Pd sites, in spite of the absence of any visible bridged species in the fresh state (Figure 7.A). Such sites could possibly relate to pairs of Pd atoms not leading to bridge sites (e.g. on steps or edges) or be next nearest neighbors. The latter option was proposed by the authors and appears indeed more likely than the former, since low coordination sites like edges and corners tend to be occupied by Au, which has a lower surface tension than Pd.

(A) (B)

A similar investigation using 13 CO- [START_REF] Nie | Activation of surface lattice oxygen in single-atom Pt/CeO2 for low-temperature CO oxidation[END_REF] CO mixtures was used by Sykes and co-workers to understand Rh-Rh interactions on SAA-Ru on Cu(111) [START_REF] Hannagan | Combining STM, RAIRS and TPD to Decipher the Dispersion and Interactions Between Active Sites in RhCu Single-Atom Alloys[END_REF] . The authors concluded that Rh iso were sufficiently close to each other to be able to interact through CO dipole-dipole coupling, these atoms being preferentially located at Cu(111) step edges.

The contributions and Flaherty's and Sykes's groups underline the difficulty in determining whether isolated metal atoms remain so or become direct neighbors (e.g., as pairs, strings or islands) when those become sufficiently close to interact via CO dipole-dipole coupling. It should be indeed recalled that even on pure Pd, a metal that preferentially forms bridged CO on terraces, linear CO species are plentiful on defect sites such as those found on few nm particles 37 .

This indicates the need to use more sophisticated methods to determine metal atom pairing than the mere occurrence of bridged CO on Pd-Pd pairs.

In many cases a catalytic metal should display a greater affinity for the reactant (or product) adsorption than the less active metal with which it is alloyed, thereby triggering surface enrichment of the former and potential loss of the desired isolation effect of the SAA. This may be facilitated further by attractive interactions between adsorbates (cf. CO islands on Pt surfaces). Conversely, the isolated metal may become totally excluded from the surface in cases the alloying element exhibits a stronger affinity for any of the reactants or products. Operando or post-reaction characterization of SAA materials will thus be required to fully understand the nature of the active phases.

Supported Pt: overview of the main agreements and discrepancies.

Pt-based formulations represent a major fraction of the work dealing with single atoms catalysts and IR spectroscopy of CO adsorption is routinely used to investigate the nature of the Pt species present. Discrepancies have been observed regarding band assignment and the nature of the active phase, in particular for CO oxidation on CeO 2 14,[START_REF] Resasco | Atomically Dispersed Pt-group Catalysts: Reactivity, Uniformity, Structural Evolution, and Paths to Increased Functionality[END_REF][START_REF] Lu | Unraveling the Intermediate Reaction Complexes and Critical Role of Support-Derived Oxygen Atoms in CO Oxidation on Single-Atom Pt/CeO2[END_REF] , and those are briefly addressed in the following sections.

Band assignment of CO on Pt is far from simple, as discussed in the introduction section, because of the numerous factors affecting band position and their equivocality, in addition to sample structural evolution with varying experimental conditions. The safest assignment of bands regards those above 2120 cm -1 that relate to mono and multicarbonyls adsorbed on Pt n+ (n = 1, 2 or 3) single cations as found in exchanged position in zeolites [START_REF] Aleksandrov | Can the state of platinum species be unambiguously determined by the stretching frequency of an adsorbed CO probe molecule?[END_REF][START_REF] Chakarova | Effect of preparation technique on the properties of platinum in NaY zeolite: A study by FTIR spectroscopy of adsorbed CO[END_REF][START_REF] Chakarova | Polycarbonyl species in Pt/H-ZSM-5: FTIR spectroscopic study of (CO)-C-12-(CO)-C-13 co-adsorption[END_REF] .

Several theoretical studies have modelled the value of the CO stretching band and heat of energy of adsorption on Pt species exchanged in framework positions or adsorbed on oxidic supports such as titania [START_REF] Thang | Nature of stable single atom Pt catalysts dispersed on anatase TiO 2[END_REF][START_REF] Derita | Structural evolution of atomically dispersed Pt catalysts dictates reactivity[END_REF] and ceria [START_REF] Aleksandrov | Can the state of platinum species be unambiguously determined by the stretching frequency of an adsorbed CO probe molecule?[END_REF][START_REF] Maurer | Tracking the formation, fate and consequence for catalytic activity of Pt single sites on CeO2[END_REF][START_REF] Wang | Surpassing the single-atom catalytic activity limit through paired Pt-O-Pt ensemble built from isolated Pt 1 atoms[END_REF] . These calculations report important trends and provide invaluable tools in suggesting candidate structures that can be compared to experimental observations.

However, several difficulties arise here for the modelling, such as knowing what are the oxide crystal terminal planes exposed at the surface of real catalysts and their level of crystallinity. An additional difficulty for TiO 2 is that several polymorphs could be considered. Surface and bulk hydroxyls, carbonates and many other surface species may be present under reaction conditions and may modify the structure and reaction energetics. Real catalysts usually present a distribution of cluster and nanoparticle sizes and shapes. The presence of metal species reduced, oxidized or even structures simultaneously exhibiting both oxidized and reduced metal species (possibly metastable) could also be considered, as proposed in several reports regarding Pt 2,21,44,45 and Pd [START_REF] Karinshak | In situ Activation of Bimetallic Pd-Pt Methane Oxidation Catalysts[END_REF] .

4.1.

Supported Pt: assignment of CO adsorbed on Pt iso /TiO 2 .

The use of ultra-diluted Pt sample (i.e. less than one Pt per support 5 nm-particle) and IR band width considerations have enabled to clarify the case of TiO 2 (anatase)-supported Pt iso .

Christopher and co-workers [START_REF] Derita | Catalyst Architecture for Stable Single Atom Dispersion Enables Site-Specific Spectroscopic and Reactivity Measurements of CO Adsorbed to Pt Atoms, Oxidized Pt Clusters, and Metallic Pt Clusters on TiO 2[END_REF][START_REF] Thang | Nature of stable single atom Pt catalysts dispersed on anatase TiO 2[END_REF] demonstrated that Pt single atoms could be present as Pt 2+ species associated with a narrow IR band (i.e. FWHM between 6 and 11 cm -1 ) located at 2112 DFT modelling suggested that the Pt iso sites corresponded to an adsorbed (not substituted) (Pt 2+ O 2 ) ads unit linked to the surface via oxo bridges on the terraces of the TiO 2 (1 0 1) surface, which fitted best the CO stretching frequency and heat of adsorption observed.

This work is important on two aspects. First, it shows that very narrow band widths can be obtained even on non-zeolitic samples. Note that larger band widths could yet possibly be obtained if more than one site binding Pt iso with similar energetics would be present on different surface terminations. Second, it shows that CO adsorbed on oxidized Pt clusters displays bands in the same spectral region as that of Pt iso , i.e. above 2100 cm -1 . Yet, band width and adsorption energy were much larger for the oxidized clusters enabling a facile discrimination in the present case.

Further work on a similar low loading material (i.e. 0.025 wt.% Pt/TiO 2 -anatase) showed that the speciation of Pt iso could be modified by varying sample pre-treatment. A sample oxidized at 300 °C showed a narrow band at 2135 cm -1 and the corresponding carbonyl was so weakly bound that full desorption was complete at -50 °C during temperature programmed desorption (TPD) studies (Figure 9.a and b). Sample reduction at 250 °C led to the Pt iso species aforedescribed (Figure 8.a) that exhibits a narrow band at 2112 cm -1 and that had fully desorbed by RT (Figure 9.a and b). The position of both bands at 2135 and 2112 cm -1 remained constant upon desorption, supporting the assignment of those to isolated Pt iso species (since no lateral dipoledipole interactions was evidenced), also supported by EXAFS and STEM analyses. The species at 2135 cm -1 was ascribed to Pt substituting Ti framework positions at the oxide surface and was noted Pt Ti6c that exhibited a +4 oxidation state. The species at 2112 cm -1 was ascribed to the (PtO 2 ) ads afore-mentioned, adsorbed at the surface via oxo bridges and presenting +2 oxidation state. These two sites are depicted in Figure 9.d.

Sample reduction at 450 °C led to a couple of broader bands at 2077 cm -1 and 2050 cm -1 that had desorbed by 100 °C (Figure 9.a and b). Importantly, the changes were reversible, these species yielded back Pt Ti6c and (PtO 2 ) ads upon oxidation. This observation, along EXAFS and STEM data, supported the assignment of these two bands to Pt iso adsorbed at two different surface sites (terrace and step) of the support (Figure 9.d). The oxidation state of these species would be +1 formally. (Note that the possibility that the low frequency band could possibly be due to Pt-H stretching vibrations was not considered, which could be verified by reducing/exchanging with D 2 ).

Sykes and co-worker [START_REF] Therrien | An atomic-scale view of single-site Pt catalysis for low-temperature CO oxidation[END_REF] reported a band at 2028 cm -1 (FWHM = 10 cm -1 ) for single Pt atoms with neutral charge deposited at the surface of Cu 2 O films, in line with the assignments discussed above. Pt iso could reach a neutral state in this case as the Cu 2 O was sufficiently thin (single layer)

to allow charge transfer between Pt iso and the underlying Cu(111) metallic support.

These data collected on the anatase-polymorph of TiO 2 reveal the many forms that Pt iso can take on a given support depending on pre-treatment. The adsorbed (PtOH) ads-step and (PtOH) ads- terrace were more active for CO oxidation than the Pt Ti6c and (PtO 2 ) ads over the range of conditions investigated (Figure 9.c). Note that the (PtOH) ads species appeared to be labile and would be expected to agglomerate at higher Pt loadings that would be associated with formulation exhibiting more than one Pt atom per 5 nm-particle of TiO 2 . Qiao and co-workers reported that the position for a Pt iso obtained after a calcination temperature of 350 °C over a poorly crystalline TiO 2 (containing polymorph B alongside anatase) was 2096 cm -1 (FWHM = 7 cm -1 ) [START_REF] Han | Strong Metal-Support Interactions between Pt Single Atoms and TiO 2[END_REF] . This value is significantly lower than that reported by Christopher and co-workers (i.e. 2135 cm -1 ) [START_REF] Derita | Structural evolution of atomically dispersed Pt catalysts dictates reactivity[END_REF] after a similar oxidation treatment. This difference in wavenumber observed after calcination indicates the presence of Pt iso with difference structures, suggesting that the texture of the support (e.g. crystalline phase, termination planes, hydroxylation degree) is not innocent and should be characterized in more details.

The Pt iso band shifted down to 2080 cm -1 upon reduction in H 2 up to 500 °C and became broader (FWHM ca. 17 cm -1 ), suggesting the presence of at least two different Pt iso sites, similarly to the case reported by Christopher and co-workers [START_REF] Derita | Structural evolution of atomically dispersed Pt catalysts dictates reactivity[END_REF] . Qiao and co-workers had used much larger Pt loadings (i.e. 0.77 wt.%) that also led to the presence of Pt NP , which were buried in the support after reduction due to strong metal-support interactions.

A large transient band at ca. 2190 cm -1 was present upon adsorption of CO on the oxidised sample that was not mentioned by the authors (Figure S5 in reference 48). This band could possibly be due to Pt 3+ dicarbonyls species [START_REF] Chakarova | Effect of preparation technique on the properties of platinum in NaY zeolite: A study by FTIR spectroscopy of adsorbed CO[END_REF] that eventually got reduced by CO to form other Pt species. Unfortunately, it is difficult to provide a more detailed analysis because the bands of gas-phase CO were not subtracted from the DRIFTS spectrum. Other DRIFTS spectra were recorded after removing CO from the cell at room temperature, possibly making impossible the observation of weakly bound CO species that would readily desorb.

Globally, the published data on Pt iso present on TiO 2 are consistent and the differences observed during CO adsorption may be related to different support textures, sample preparation and analysis conditions, all of which may affect the structure(s) of the Pt iso formed and the surface coverage of CO.

Supported Pt: assignment of CO adsorbed on Pt iso /CeO 2 .

Ceria is frequently used as support and displays an additional difficulty as compared to other supports, as it exhibits a band around 2140-2120 cm -1 due to an electronic transition associated with Ce III centers that is often mistaken for CO adsorbed on positively charged metals. This point can be easily be checked by comparing spectra obtained using [START_REF] Nie | Activation of surface lattice oxygen in single-atom Pt/CeO2 for low-temperature CO oxidation[END_REF] CO and 13 CO, as recently shown by Hess and co-workers who evidenced ceria-supported Au iso by this technique [START_REF] Schilling | Identification of single-atom active sites in CO oxidation over oxide-supported Au catalysts[END_REF] .

The case of ceria-supported Pt iso is complex and conflicting conclusions regarding the nature of Pt iso and that of the most catalytically active phase, notably for CO oxidation, were reported.

These discrepancies may have arisen from two main sources, that can be exemplified in a recent paper by Grunwaldt and co-workers [START_REF] Maurer | Tracking the formation, fate and consequence for catalytic activity of Pt single sites on CeO2[END_REF] .

First, the structure of the Pt iso /CeO 2 markedly depends on the synthesis method, in particular the calcination temperature. Significant differences in terms of CO adsorption were found between a sample calcined at 600 °C and one calcined (in the presence of steam) at 800 °C.

These authors proposed that a temperature higher than 600 °C was required to restructure CeO 2 surface and obtain fully dispersed Pt iso at four-fold hollow sites, either as Pt 2+ substitutes on ceria {110} or Pt 2+ adsorbates on ceria {211}, with perfect square-planar geometry involving Pt-O-Ce bonds [START_REF] Maurer | Tracking the formation, fate and consequence for catalytic activity of Pt single sites on CeO2[END_REF] .

The sample calcined at 600 °C was able to adsorb CO already at -160 °C under 0.01 mBar of CO, yielding an asymmetric broad band around 2096 cm -1 . This band was assigned to highly dispersed and oxidised Pt species on the support surface, possibly oxidised Pt x O 1.5x clusters that strongly bind CO, as reported by Christopher and co-workers on ceria 6 and titania [START_REF] Derita | Catalyst Architecture for Stable Single Atom Dispersion Enables Site-Specific Spectroscopic and Reactivity Measurements of CO Adsorbed to Pt Atoms, Oxidized Pt Clusters, and Metallic Pt Clusters on TiO 2[END_REF] .

In contrast, no Pt-related band could be detected on the 800 °C-calcined sample when exposed to CO at -160 °C. Previous surface science work noted that CO adsorption on dispersed Pt cation was too weak to be observed at -160 °C [START_REF] Tsud | urfa e ite on Pt-CeO2 mixed oxide ata t robed b CO ad or tion: a n rotron radiation photoelectron spectroscopy study[END_REF] . Interestingly, a symmetric band at 2090 cm -1

(FWHM = 20 cm -1 ) could be observed when both temperature and CO pressure were raised to RT and 20 mBar of CO, respectively (Figure 10.A). Grunwaldt and co-workers proposed that the higher temperature and CO pressure used enabled to overcome the activation barrier needed to distort the Pt iso site and allow CO adsorption under these conditions. This observation is consistent with earlier suggestion by Vayssilov and co-workers stating that unreactive Pt 2+ in square-planar positions needed to be displaced by CO to form either stable Pt°i so -CO or Pt iso O-CO complexes [START_REF] Aleksandrov | Can the state of platinum species be unambiguously determined by the stretching frequency of an adsorbed CO probe molecule?[END_REF] . treatments. The reductions were conducted in H 2 . (Adapted with permission from reference 6, © 2020 American Chemical Society) Karim and co-workers 39 assigned a symmetric band at 2096 cm -1 (FWHM ca. 25 cm -1 ) observed on Pt/CeO 2 prepared by an atom-trapping method involving an 800° C-calcination to CO on Pt iso . Yet, the DRIFTS spectra were only shown at 150 °C or after CO exposure, thus any CO adsorbed on Pt NP would be expected to have a low steady-state surface concentration or have vanished after reacting with ceria, respectively.

The formation at RT under CO of a band at 2090 cm -1 , similar to that of Grunwaldt and coworkers [START_REF] Maurer | Tracking the formation, fate and consequence for catalytic activity of Pt single sites on CeO2[END_REF] , assigned to Pt iso /CeO 2 was observed by Frenkel and co-workers 51 using a different synthetic method and calcination temperature of only 500 °C. A band asymmetry and the presence of some Pt NP absorbing between 2090 and 1975 cm -1 cannot yet be excluded, but here again, providing a more detailed analysis is difficult because the bands of gas-phase CO were not subtracted from the DRIFTS spectrum. In fact, spectra collected after CO exposure showed a minor band at 2045 cm -1 , suggesting the presence of a small concentration of Pt NP . The actual band of CO on Pt NP could have been larger in the presence of CO, because Pt NP /CeO 2 are active for CO oxidation at RT (and also Pt NP on other supports [START_REF] Ding | Identification of active sites in CO oxidation and water-gas shift over supported Pt catalysts[END_REF] ), also in the absence of O 2 by reacting Pt NP -CO with O from ceria [START_REF] Kopelent | Catalytically Active and Spectator Ce 3+ in Ceria-Supported Metal Catalysts[END_REF] . These Pt NP could be present due to the use of an insufficient calcination temperature during synthesis.

The narrow width and symmetric shape of the bands at ca. 2096-2090 cm -1 reported in some of the work described above [START_REF] Maurer | Tracking the formation, fate and consequence for catalytic activity of Pt single sites on CeO2[END_REF][START_REF] Lu | Unraveling the Intermediate Reaction Complexes and Critical Role of Support-Derived Oxygen Atoms in CO Oxidation on Single-Atom Pt/CeO2[END_REF] support the assignment of the afore-mentioned bands to CO adsorbed on Pt iso species.

However, these interpretations are at odds with those reported by Christopher and co-workers [START_REF] Resasco | Uniformity Is Key in Defining Structure-Function Relationships for Atomically Dispersed Metal Catalysts: The Case of Pt/CeO2[END_REF] . These authors prepared a 1% Pt/CeO 2 by wet impregnation followed by a calcination at 450 °C and observed after CO adsorption at RT a similar band at ca. 2095 cm -1 (FWHM = 25 cm -1 ) with yet a significant shoulder on the low frequency side (Figure 10.B, purple spectrum). The main band at 2095 cm -1 was assigned to CO adsorbed on PtOx clusters and the shoulder around 2050 cm -1 to Pt metallic clusters, possibly formed from the reduction of some PtOx clusters upon CO introduction. These authors noted the presence of both Pt iso and PtOx clusters (< 0.5 nm) by TEM analyses, stressing the difficulty to visualize the oxidised clusters (in comparison to metallic clusters) due to a poor contrast over the support.

Christopher and co-workers also investigated samples with far lower Pt loadings to minimize the formation of PtOx clusters and favour the formation of only Pt iso . Interestingly, no CO adsorption at RT could be observed on a 450 °C-calcined 0.05 wt.% Pt iso /CeO 2 (Figure 10.C) [START_REF] Resasco | Uniformity Is Key in Defining Structure-Function Relationships for Atomically Dispersed Metal Catalysts: The Case of Pt/CeO2[END_REF] .

The sample had to be reduced in H 2 above 450 °C to observe any CO adsorption, the spectrum obtained indicating that most Pt atoms had then agglomerated to form metallic clusters and nanoparticles under these harsh reducing conditions (Figure 10.C, pink spectrum of sample reduced at 600 °C).

This discrepancy in the assignment of the 2096-2090 cm -1 as Pt iso [START_REF] Maurer | Tracking the formation, fate and consequence for catalytic activity of Pt single sites on CeO2[END_REF][START_REF] Lu | Unraveling the Intermediate Reaction Complexes and Critical Role of Support-Derived Oxygen Atoms in CO Oxidation on Single-Atom Pt/CeO2[END_REF][START_REF] Kottwitz | Local structure and electronic state of atomically dispersed Pt supported on nanosized CeO2[END_REF] or PtOx 6 clusters is currently difficult to resolve. Christopher and co-workers clearly showed that a Pt iso was present on low loading samples, but that those were very unreactive (no CO adsorption at RT) and needed to be reduced at 600 °C to be detached from their stable initial location (Figure 10.C). Is the band at 2096-2090 cm -1 associated with another Pt iso located on a different site, possibly formed only after high temperature calcination (> 750 °C) or is it PtOx clusters strongly bonding CO? More work is yet needed to resolve this issue.

It should also be noted that the DRIFTS spectra at 2096-2090 cm -1 showing a symmetric band with no shoulder (Figure 10.A) [START_REF] Maurer | Tracking the formation, fate and consequence for catalytic activity of Pt single sites on CeO2[END_REF][START_REF] Lu | Unraveling the Intermediate Reaction Complexes and Critical Role of Support-Derived Oxygen Atoms in CO Oxidation on Single-Atom Pt/CeO2[END_REF] were reported in Kubelka-Munk units, while those with shoulder (Figure 10.B) used (pseudo-) absorbance units. DRIFTS spectra of adsorbed species should actually be typically reported in (pseudo-) absorbance units as explained elsewhere [START_REF] Sirita | Quantitative analysis of adsorbate concentrations by diffuse reflectance FT-IR[END_REF] .

The pseudo-absorbance = log(1/R) gives a better linear representation of adsorbate band intensities against surface coverage than the Kulbelka -Munk transform, which also tend to under-represent smaller bands. Comparisons using same IR units should thus be done. Sample exchanges between the various groups involved would also be useful.

The second source of discrepancy between groups come from the evolving nature of the Pt iso sites and its effect on activity. Grunwaldt and co-worker showed that Pt 2+ iso , sole species initially present, were poorly active for CO oxidation and the onset of activity was actually related to the gradual reduction and agglomeration of Pt 2+ iso to few atom-clusters Pt n + that were the most active phase.

This observation relates to the discussion reported in Section 1.b, in which published spectra of presumed Pt iso /CeO 2 (band at 2103 cm -1 , Figure 2 and reference 12) were re-analysed and shown to display a new band at 2080 cm -1 (Figure 3 and reference 14) after a steaming treatment at 750 °C that led to higher CO oxidation activity. The new band at 2080 cm -1 was present at 180 °C under a CO + O 2 mixture. This wavenumber corresponds to that of CO adsorbed on isolated (PtOH) ads as observed on TiO 2 (Figure 9), but in view of the strong bonding of this species to the surface, this is unlikely ((PtOH) ads are fully desorbed by 100 °C).

The clear asymmetry of the bands (Figure 2.B and 3), that would be more obvious had the signal of CO(g) been removed, suggest that these bands were related in part to Pt clusters or nanoparticles, part of which were oxidised, since the spectra were collected above the reaction light-off temperature (ca. 130 °C [START_REF] Nie | Activation of surface lattice oxygen in single-atom Pt/CeO2 for low-temperature CO oxidation[END_REF] ). Actually, it would have been useful to show the spectra recorded below light-off temperature, since the coverage of the true active site would have been greater. Resasco and Christopher 38 also stressed the ambiguity of IR (and EXAFS) data related to Pt iso and small oxidised clusters. Therefore, the conclusions made by Datye and co-workers [START_REF] Nie | Activation of surface lattice oxygen in single-atom Pt/CeO2 for low-temperature CO oxidation[END_REF] that the observed activity improvement obtained after treatment at 750 °C was not due to the formation of Pt NP is questionable.

The poor activity of Pt iso in comparison to Pt NP was re-emphasized by Datye and co-workers for CO oxidation on Pt/CeO 2 39, [START_REF] Kunwar | Stabilizing high metal loadings of thermally stable platinum single atoms on an industrial catalyst support[END_REF] . The TOF at 60 °C reported to the number of surface Pt atoms of a catalysts based on Pt NP /CeO 2 was ca 2.6 x 10 4 higher than that of Pt iso /CeO 2 (see Table S1 in reference 39, entries 1 and 4) [START_REF] Lu | Unraveling the Intermediate Reaction Complexes and Critical Role of Support-Derived Oxygen Atoms in CO Oxidation on Single-Atom Pt/CeO2[END_REF] . This important quantitative comparison stresses that trace amounts of NP on a catalyst could overwhelm the CO oxidation activity of the most abundant, but barely active, Pt iso .

This observation reinforces the message that assigning catalytic activity to a given phase should only be made if a sample is clearly uniform, as discussed by Christopher and co-workers [START_REF] Resasco | Uniformity Is Key in Defining Structure-Function Relationships for Atomically Dispersed Metal Catalysts: The Case of Pt/CeO2[END_REF] , also implying that uniformity evaluation is most meaningfully performed under in situ or operando conditions, as catalyst structure evolve under reaction conditions, as recalled by many authors [START_REF] Maurer | Tracking the formation, fate and consequence for catalytic activity of Pt single sites on CeO2[END_REF][START_REF] Liu | Determination of the Evolution of Heterogeneous Single Metal Atoms and Nanoclusters under Reaction Conditions: Which Are the Working Catalytic Sites?[END_REF][START_REF] Resasco | Atomically Dispersed Pt-group Catalysts: Reactivity, Uniformity, Structural Evolution, and Paths to Increased Functionality[END_REF] . Corma and co-workers actually reported for several reactions that isolated metal atoms rapidly evolved into metal clusters and NP, which were the active phase [START_REF] Liu | Determination of the Evolution of Heterogeneous Single Metal Atoms and Nanoclusters under Reaction Conditions: Which Are the Working Catalytic Sites?[END_REF] .

To finish this section on Pt/CeO 2 , yet another form of catalyst structure has been proposed for this system. Shen and co-workers proposed that a highly active phase of oxidised 1 nm-Pt clusters (e.g. Pt 8 O 14 ) was responsible for the oxidation of CO at low temperatures, without direct involvement of O from ceria [START_REF] Wang | Surpassing the single-atom catalytic activity limit through paired Pt-O-Pt ensemble built from isolated Pt 1 atoms[END_REF] . This highly active phase was prepared from Pt iso present on the same sample. XPS and EXAFS data characterised these oxidised Pt units and showed no metallic

Pt, yet the corresponding measures were not carried out under a CO-containing feed and are thus less relevant than the DRIFTS analysis that was carried out in the presence of CO and O 2 .

The in situ DRIFTS analysis (for which the bands of CO(g) were unfortunately not removed) revealed a very broad band for the active sample noted Pt-O-Pt/CeO 2 -a, with two main bands at 2107 and 2081 cm -1 that were assigned to CO adsorbed on these PtOx clusters, supported by DFT calculations (Figure 11). The authors).

While not rejecting per se the proposed assignments, alternative assignments can be proposed, especially since the activation procedure involved a mild reduction in H 2 at 200 °C. The observed spectrum could clearly corresponds to a combination of CO adsorbed on PtOx clusters (as discussed by Christopher and co-workers [START_REF] Derita | Catalyst Architecture for Stable Single Atom Dispersion Enables Site-Specific Spectroscopic and Reactivity Measurements of CO Adsorbed to Pt Atoms, Oxidized Pt Clusters, and Metallic Pt Clusters on TiO 2[END_REF][START_REF] Thang | Nature of stable single atom Pt catalysts dispersed on anatase TiO 2[END_REF] ) and metallic Pt clusters or Pt NP . Note that CO adsorbed on Pt NP /CeO 2 are already reactive at room temperature [START_REF] Kopelent | Catalytically Active and Spectator Ce 3+ in Ceria-Supported Metal Catalysts[END_REF][START_REF] Meunier | Synergy between Metallic and Oxidized Pt Sites Unravelled during Room Temperature CO Oxidation on Pt/Ceria[END_REF] and the observed band intensity below 2100 cm -1 could correspond to already mostly depleted Pt NP ° sites at the temperature used of 110 °C (i.e.

the surface coverage on Pt NP ° would be much lower than 1). It would have been thus useful to show a DRIFTS spectrum closer to room temperature. After light off, Pt would also typically be in an oxidized state due to the excess of O 2 present, as also observed on non-redox supports [START_REF] E Alayon | On Highly Active Partially Oxidized Platinum in Carbon Monoxide Oxidation over Supported Platinum Catalysts[END_REF] .

analysis may not directly relate to the DRIFTS data, as TEM was made on a sample that was probably exposed to air before analysis (it is also not clear whether the samples were even reduced after synthesis and calcination at 300 °C), while that used for the DRIFTS analysis and catalytic tests were reduced in situ at 200 °C.

A common occurrence in DRIFTS work involving CO is to mistake the two P-and R-branches of the gas-phase rotovibrational spectrum of CO(g) (whose two maxima are located around 2176 (R-branch) and 2114 (P-branch) cm -1 , varying with temperature) to bands related to adsorbed CO(ads). For instance, a band at 2116 cm -1 was assigned to CO adsorbed on Pt iso on ceria [START_REF] Jiang | Stabilizing Platinum Atoms on CeO 2 Oxygen Vacancies by Metal-support Interaction Induced Interface Distortion: Mechanism and Application[END_REF] , while it was clearly due to the P-branch of CO(g). Ironically, the band at 2169 cm -1 was correctly assigned to CO(g) R-branch (though it was referred to in somewhat antagonistic terms as "gaseous carbon monoxide adsorbed over the surface of catalysts"). In the same work, a band at ca. 2060 cm -1 (not mentioned by the authors, see figure 1.d, blue spectrum of Pt 1 -CeO 2 100) could be seen, suggesting the presence of Pt NP on the sample that was the most active for methanol conversion. This observation raises serious doubts about many conclusions proposed by the authors about the catalytic relevance of Pt iso exposed on different ceria facets [START_REF] Jiang | Stabilizing Platinum Atoms on CeO 2 Oxygen Vacancies by Metal-support Interaction Induced Interface Distortion: Mechanism and Application[END_REF] .

The same mistake assigning CO(g) branches to adsorbed CO species can be found in another contribution dealing with Ir iso /WO 3 [START_REF] Jiang | Single Ir Atoms Anchored on Ordered Mesoporous WO3 Are Highly Efficient for the Selective Catalytic Reduction of NO with CO under Oxygen-rich Conditions[END_REF] . The P-branch band (located at ca. 2107 cm -1 ) was wrongly assigned to CO adsorbed on Ir°, while the R-branch (located at ca. 2173 cm -1 ) was wrongly assigned to CO linearly bonded to Ir δ+ sites.

Methane direct conversion was investigated over Rh/ZrO 2 and shown to produce ethane in the presence of O 2 at an exceptionally low temperature of 260 °C [START_REF] Kwon | Selective Activation of Methane on Single-Atom Catalyst of Rhodium Dispersed on Zirconia for Direct Conversion[END_REF] . EXAFS and CO-DRIFTS data indicated that two catalysts with different Rh loadings were both highly dispersed, one of which containing mostly Rh clusters while the other one exhibited mostly Rh iso . The potential fragmentation of Rh clusters during CO exposure was yet not discussed, as it could have modified the material speciation. Also, performing similar characterization after the catalytic test would have been useful.

Conclusions and recommendations

The studies discussed here showed that the identification of Rh iso and Pd iso species by IR of CO adsorption has met some success (see Section 2 and 3). In many cases, Rh iso forms gemdicarbonyls species exhibiting characteristic doublet spectra that can be easily discriminated from the spectra obtained on Rh NP . Pd NP forms CO bridged species that give intense IR bands, the absence of which has supported the formation of catalysts only containing Pd iso . Special cases in which these common rules are falling short have yet been discussed.

The case of Pt is more complex, but several convincing studies have been reported showing the many different structures that can be obtained for Pt iso , e.g. on TiO 2 (see Section 4.1). The muchinvestigated Pt/CeO 2 has proven more controversial and important discrepancies remain as to the assignment of commonly observed IR bands and the stability of Pt iso species (see Section 4.2).

An agreement has yet emerged on the nature of the most active phase for low-temperature CO oxidation. Quantitative TOFs comparisons between ceria-supported Pt iso and Pt NP revealed that the latter can be four order of magnitude more active than the former for CO oxidation.

This observation implies that a minority of Pt NP , possibly not detectable by IR, could account for the whole catalytic activity of sample mostly containing Pt iso . This observation reinforces the message that assigning catalytic activity to a given phase should only be made if a sample is clearly uniform, as discussed by Christopher and co-workers [START_REF] Resasco | Uniformity Is Key in Defining Structure-Function Relationships for Atomically Dispersed Metal Catalysts: The Case of Pt/CeO2[END_REF] , also implying that uniformity evaluation is most meaningfully performed under in situ or operando conditions, as catalyst structure evolve under reaction conditions, as recalled by many authors [START_REF] Maurer | Tracking the formation, fate and consequence for catalytic activity of Pt single sites on CeO2[END_REF][START_REF] Liu | Determination of the Evolution of Heterogeneous Single Metal Atoms and Nanoclusters under Reaction Conditions: Which Are the Working Catalytic Sites?[END_REF][START_REF] Resasco | Atomically Dispersed Pt-group Catalysts: Reactivity, Uniformity, Structural Evolution, and Paths to Increased Functionality[END_REF] . Corma and coworkers actually reported for several reactions that isolated metal atoms rapidly evolved into metal clusters and NP, which were the active phase [START_REF] Liu | Determination of the Evolution of Heterogeneous Single Metal Atoms and Nanoclusters under Reaction Conditions: Which Are the Working Catalytic Sites?[END_REF] .

IR analyses are relatively inexpensive and simple to carry out to investigate catalytic materials, also in the in situ or operando mode. Adequate spectral analyses are yet far more demanding and suitable procedures should be followed to obtain meaningful results. Catalysts should preferably be monitored under reaction conditions whenever possible, or under conditions that limit possible structural changes during the IR analysis. This may imply the use of low temperatures to freeze sample structure and avoid possible reaction with the molecular probe (typically CO, with which both metal agglomeration and cluster fragmentation can be observed, in addition to metal changing oxidation states). The use of low temperature and IR-TPD analyses may also favor the observation of weakly binding sites the corresponding binding energies, as nicely exemplified by the work of Christopher and co-workers [START_REF] Derita | Structural evolution of atomically dispersed Pt catalysts dictates reactivity[END_REF] . Analysis ranges including temperatures lower and higher than that of the reaction light-off should be used to discriminate reactive and spectator species.

DRIFTS has become the main analysis technique for in situ and operando investigations of catalysts, but it is not exempt of pitfalls [START_REF] Meunier | Pitfalls and benefits of in situ and operando diffuse reflectance FT-IR spectroscopy (DRIFTS) applied to catalytic reactions[END_REF] . DRIFTS usually present a large optical path length in the cell dead-volume that led to a large signal due to gas-phase CO, which can be easily subtracted to reveal the fine nature of the bands of surface species [START_REF] Paredes-Nunez | Spectrum baseline artefacts and correction of gas-phase species signal during diffuse reflectance FT-IR analyses of catalysts at variable temperatures[END_REF] . The pseudo-absorbance log(1/R) should preferably be used as it gives a better linear representation of adsorbate band intensities against surface coverage than the Kulbelka -Munk transform, which also tend to under-represent smaller bands that may reveal important minority sites [START_REF] Sirita | Quantitative analysis of adsorbate concentrations by diffuse reflectance FT-IR[END_REF] . Some DRIFTS cells also included large metal areas that may get corroded with time and lead to volatile Ni(CO) 4 formation and unexpected in situ sample contamination, as the present author regrettably experienced recently 63 .

While some IR interpretation and the related material structures are truly challenging, some basic errors frequently found in the published literature raise awkward questions for authors, reviewers and editors about current publishing practices. This is particularly problematic since it has become more and more difficult to get Letters to the Editors considered (some journals actually do not allow such items anymore). Our quest for quality should push all scientists to retract or amend (e.g. using Pubpeer) our own errors once those emerge, as the present author did 63 .
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Notes

Figure 1 :

 1 Figure 1: Region of calculated wavenumber of the stretching vibration of on-top CO adsorbed on various Pt species. The bottom five entries correspond to single Pt atoms or cations. (Adapted from reference 1 with permission, © 2016 Royal Society of Chemistry).

Figure 2 :

 2 Figure 2: In situ DRIFTS spectra under (in black) 1% CO + 10% O 2 at 180°C of (A) Pt/CeO 2 and (B) the same sample steamed at 750 °C for 9 h. The spectra in red were recorded at the same temperature 15 min after stopping CO. (Adapted from reference 12, with permission from AAAS).

Figure 3 :

 3 Figure 3: Difference DRIFTS spectrum between the spectrum collected over the most active Pt/CeO 2 -S under 1% CO + 10% O 2 at 180°C (black spectrum in figure 2.B) and that recorded at the same temperature 15 min after stopping CO (red spectrum in figure 2.B). This spectrum was computed by the present author based on the data published in reference 12.

Figure 4 .

 4 b shows that the IR band associated with Rh NP (at ca. 2068 cm -1 ) became more prominent with increasing Rh loading. The authors could calculate the actual proportions of Rh iso and Rh NP surface sites based on molar IR absorption coefficient estimates (Figure 4.c).

Figure 4 :

 4 Figure 4: (a) Typical DRIFTS spectrum obtained over a 4 wt.% Rh/TiO 2 after saturation with CO at 27 °C, showing the doublet associated with the gem-dicarbonyl adsorbed on Rh iso single

Figure 5 :

 5 Figure 5: Structure and stability of Rh single atom in the presence of CO. (a) Surface stability diagram for Rh single atom on TiO 2 (110) as a function of CO and O chemical potentials. Colors indicate the different number of CO molecules adsorbed on Rh 1 TiO 2 , where orange, green, and purple represent no CO, one CO, and two CO, respectively. The temperature in right axis corresponds to the Δμ(CO) in left axis with 0.1 atom CO. (b) Local environment of Rh 1 /TiO 2 in the presence of CO. (c) 3D and (d) 2D representations of the charge density difference between 2CO/Rh 1 /TiO 2 and Rh 1 /TiO 2 , show the donation an back-donation electron transfer (Adapted from reference 26, Copyright 2019 to the authors).

  .B). The absence of bridged CO between Pd pairs is a strong indication that most Pd atoms are isolated from each other. Yet, one cannot exclude the presence of few-atom Pd-only clusters or adjacent Pd atoms on alloy NP defects (such as adatoms or edges) that could possibly only exhibit linearly adsorbed CO.

Figure 6 :

 6 Figure 6: (A) Typical IR spectra after adsorption of 1% CO/He at 27 °C on 2% Pd/Al 2 O 3 after different pretreatments (B) Same on 2% Pd+ 2% Sn/Al 2 O 3 . The formation of intermetallic phases Pd-Sn lead to the disappearance of all Pd 2 (CO) bridged species due to Pd atoms isolation by Sn (Adapted from reference 31, Copyright 2015 American Chemical Society).

Figure 7 :

 7 Figure 7: (A) Infrared spectra of various Au-Pd catalysts saturated under 0.02 kPa of CO at 30 °C (solid line) in a fresh state and (dashed line) after annealing for 1 h under1 kPa CO at 100 °C. (B) Vibrational frequency for the ν(CO) mode of η 1 -13 CO* Pd as a function of the fractional coverage of 13 CO* in 12 CO-13 CO mixtures on the samples at 30 °C. Dashed lines indicate linear fits to data. (Adapted with permission from reference 35, © 2021 American Chemical Society).

cm - 1

 1 at very low Pt loadings (e.g. 0.025 and 0.05 wt.%) (Figure 8.a). Along with STEM imaging, the narrow band width and the lack of band shift during desorption (Figure 8.a) supported the assignment proposed. In contrast, much broader carbonyl bands were observed when a 1% Pt loading was used. The 1% Pt sample pre-reduced in 10% H 2 at 250 °C exhibited bands between 2090-2000 cm -1 that were assigned to CO adsorbed on metallic clusters (Figure 8.b). IR bands were located over the 2050-2140 cm -1 range when the sample was pre-oxidised, assigned to CO adsorbed on oxidised sub-nanometer Pt clusters (Figure 8.c). The single atom Pt led to a low CO adsorption energy of about 84-87 kJ/mol. The metallic Pt clusters led to adsorption energies of ca. 116-193 kJ/mol, while the oxidised clusters bonded even more strongly CO at 107-210 kJ/mol.

Figure 8 :

 8 Figure 8: CO TPD-IR spectra from Pt iso , Pt NPmetal and Pt NPox catalysts. (a) CO TPD-IR spectra taken from a reduced 0.025% Pt iso /TiO 2 catalyst after CO saturation at -140 °C and Ar flush. (b) CO TPD-IR spectra following room temperature adsorption to saturation coverage and flushing in He on a pre-reduced 1 wt% Pt/TiO 2 catalyst. (c) CO TPD-IR spectra during an identical TPD experiment on a pre-oxidized 1 wt% Pt/TiO 2 catalyst. (Adapted with permission from reference 19, © 2018 Elsevier B.V.).

Figure 9 :

 9 Figure 9: (a) FTIR spectra of CO adsorbed at saturation coverage and -140 °C to Pt iso /TiO 2 following pretreatment via in situ oxidation (300 °C in 760 torr O 2 ), mild reduction (250 °C in 760 torr H 2 ) and harsh reduction (450 °C in 760 torr H 2 ). (b) Corresponding band intensities during TPD. (c) Corresponding reaction rates for CO oxidation (d) Schematic representation of the Pt iso species: Pt Ti6c corresponds to the 2135 cm -1 band, (PtO 2 ) ads to that at 2112 cm -1 and the two (PtOH)ads to those at 2077 and 2050 cm -1 (Adapted with permission from reference 42, © 2019 Springer Nature).

Figure 10 :

 10 Figure 10: (A) DRIFTS spectrum in He after exposure to 20 mBar CO at RT on 0.94 wt.% Pt iso /CeO 2 calcined at 800 °C (Adapted with permission from reference 5, © 2020 Springer Nature). (B) CO DRIFTS spectra for various weight loadings of 450°C-calcined Pt/CeO 2 at room temperature following in situ oxidation at 300 °C in O 2 for 1 h. (Adapted with permission from reference 6, © 2020 American Chemical Society). (C) DRIFTS spectra in Ar after exposure to 100 mBar of CO at RT on 0.05 wt.% Pt iso /CeO 2 (calcined at 450 °C) following various pre-

Figure 11 :

 11 Figure 11: In situ DRIFTS at 110 °C under the CO oxidation conditions for the Pt iso /CeO 2 -a and Pt-O-Pt/CeO 2 -a catalysts. DFT-predicted CO adsorption modes are shown inset for Pt iso /CeO 2-x and Pt 8 O 13 /CeO 2 . Color legend of atoms: Ce = beige; Pt = blue; C = gray; O (in CeO 2 and Pt 8 O 13 ) = red; O (in CO) = green (Adapted with permission from reference 43, © 2019
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It is interesting to note that we recently reported on the use of 1 nm-Pt NP supported on CeO 2 for the oxidation of CO at RT and concluded that the most active form of catalyst was based on a synergy between metallic and oxidic Pt sites [START_REF] Meunier | Synergy between Metallic and Oxidized Pt Sites Unravelled during Room Temperature CO Oxidation on Pt/Ceria[END_REF] . The reactivity of CO adsorbed on metallic Pt sites (characterized by linear and bridged CO at 2055 and 1822 cm -1 , respectively) was found to match CO 2 production, while reaction kinetics supported the involvement of oxidized Pt. It was thus proposed that oxygen could be supplied by PtOx when present, in addition to ceria.

Clearly, the structure and activity of ceria-supported platinum systems still leave many questions unanswered and concerted efforts between synthetic/catalytic chemists, spectroscopists and modelers will be required to fully unravel the nature of this amazing material.

Miscellaneous IR-based work and potential flaws.

This section briefly lists a series of recent contributions that included IR studies and in which the present author suggests potential flaws or further work that would further enrich the debate.

Alumina-supported Pt/CeO 2 materials were prepared and used for a series of reactions [START_REF] Jeong | Controlling the Oxidation State of Pt Single Atoms for Maximizing Catalytic Activity[END_REF] . The authors claimed that the initial cationic Pt iso could be reduced to lower oxidation states by reductions with H 2 , keeping atomic dispersion and becoming far more active. Two main concerns can be raised regarding the DRIFTS work. First, the samples were mixed with KBr, which is not chemically inert for DRIFTS analyses, as shown by Bianchi and co-workers [START_REF] Couble | Quantitative Analysis of Infrared Spectra of Adsorbed Species Using Transmission and Diffuse Reflectance Modes: Case Study: Heats of Adsorption of CO on TiO 2 and CuO/Al 2 O 3[END_REF] . SiC, quartz or diamond powders should preferably be used as diluents. Second, the CO DRIFTS spectra were recording after CO adsorption in vacuum, making impossible to evidence any weakly bound CO species and reactive Pt NP -CO on ceria. Therefore, the corresponding DRIFTS data cannot be taken as proof of sample uniformity and the improved activity observed after H 2reduction could have possibly arisen from the formation of traces amounts of Pt clusters or NP, as discussed in the previous section. The Pt NP -CO observed by the authors after reduction at 600 °C could be strongly adsorbed and unreactive CO on Pt NP poorly interacting with ceria or directly supported on the alumina.

Ir iso were prepared on indium oxide and used for CO 2 hydrogenation to ethanol [START_REF] Ye | Highly Selective H drogenation of CO2 to Et ano via e igned Bifun tiona Ir1-In2O3 ing e-Atom Catalyst[END_REF] . The DRIFTS spectra are shown in 3D perspective plots that are actually difficult to evaluate. The authors assign a band at 2076 cm -1 to Ir iso citing two references (references 28-29 in reference 58) that, on the contrary, indicate that such band should be assigned to Ir NP . Also, the TEM