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Hydrogenation of CO and CO 2 : contributions of IR operando studies
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The hydrogenation of CO and especially that of CO 2 will raise increasing interest as a means to manufacture base chemicals and fuels. This contribution discusses some of the aspects of CO and CO 2 hydrogenations that can be unravelled using in situ and operando FT-IR studies. This non-exhaustive mini-review gives a limited set of examples taken over Co-, Rh-, Ni-and Ru-based heterogeneous catalysts of the type of information that can be obtained through IR studies. It stresses the need to carry out quantitative IR studies, if relevant conclusions are to be drawn. Some limitations and pitfalls of diffuse reflectance spectroscopy are also discussed. The possibility to carry out quantitative DRIFTS studies is demonstrated on several examples. The potential of IR spectroscopy to unravel the properties of CO 2 trapping-methanation materials is briefly discussed.
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Importance of the catalytic conversion of CO and CO 2 and potential benefits from operando IR studies.

The hydrogenations of CO and CO 2 to a wide range of commodities (Figure 1) will become key elements of the chemical industries in the coming decades. A greater availability of H 2 obtained from renewable sources or derived from nuclear energy will lower the cost of the associated processes. The need to recycle CO 2 , formed from carbonaceous fuel burning and stored during peaks of energy demand, will require to adapt many processes and catalysts that had been primarily optimised for syngas (CO + H 2 ) conversion.

Figure 1. Main reaction products formed through the hydrogenation of carbon oxides depending on the nature of the metal (in red) used. CO and CO 2 are readily interconverted through the water-gas shift (WGS) reaction and its reverse reaction (RWGS). The main end-products are given (MTBE = methyl tert-butyl ether; TAME = tert-amyl methyl ether; MTO = methanol-to-olefins).

The hydrogenation of CO 2 to formic acid 1 , methanol 2,3,4,5 , methane 6 , 7 , 8 and liquid fuels through Fischer-Tropsch synthesis 9 , 10 , 11 has been discussed in details in many reviews and research papers. This short contribution will outline some of the advances that have been obtained through in situ and operando IR studies for some of these reactions.

Foremost, IR studies enable the identification of surface species, whether those are reaction intermediates or spectator species. 12,13,14,15,16 . This is because many vibrational modes associated with adsorbates bonds are highly IR sensitive and lead to sharp bands enabling detection at the nanomole levels using only milligrams of catalysts 17 .

The vibrational modes of solid catalysts are difficult to investigate by IR because the corresponding lattice vibrations exhibit intense broad absorption bands (typically located in the far-IR region) that often lead to full IR signal absorption. IR can yet lead to indirect information about the structure of the solid under reaction conditions, if an adsorbed intermediate exhibits bands that have site-dependent wavenumbers, as for instance CO adsorbed on metal atoms or cations 18,19,20 .

IR spectra analysis is yet not straightforward, as exemplified by recent misinterpretations involving CO or CO 2 reactions. For instance, the gas-phase rotovibrational spectrum of CO is often mistaken for bands of adsorbates 21,22 . The same mistake can be found in the case of water 23 , the presence of which on the catalyst surface may alter metal-CO spectra and lead to an apparent increase of CO surface coverage with increasing temperature 24,25 .

Not removing gas-phase spectrum of CO complexifies the analysis of the carbonyl band region, making more difficult spotting small but important spectral features. An example was discussed elsewhere 19,26 , regarding an overlooked band likely related to CO adsorbed on metallic Pt nanoparticles, close to a much larger band related to CO adsorbed on Pt single atoms. The presence of such small concentrations of metallic Pt nanoparticles should not be neglected in the case of CO oxidation, since the turnover frequency of Pt atoms in nanoparticles was reported to be 10 4 -fold higher than that of Pt single atoms 19,30 .

Metal-carbonyl band positions will depend on several parameters such as surface coverage, CO coordination mode, coordination number and oxidation state of the metallic site. In addition, the IR signal can be dominated by that of spectator species, often adsorbed on the support, that may have little or no role in the main reaction pathway. For instance, formates seen by IR were shown to be irrelevant to the main reaction pathway of the low-temperature water-gas shift (WGS) reaction over ceria-supported metal catalysts 14 .

In addition, adsorbates of a same type can exhibit very different reactivities on a given sample. This is exemplified by the case of formates used for the WGS reaction 27 or the Fischer-Tropsch synthesis (vide infra) 28,29 , for which two fractions of formates displayed rate constants of decomposition varying by more than an order of magnitude.

The difference of reactivity was ascribed to the vicinity of the support-bound formates to the interface with the metal. Another example is related to the case of CO oxidation at low temperatures, for which turnover frequencies (TOF) of CO adsorbed on Pt metallic nanoparticles were shown to be more than four orders of magnitude higher than those on Pt single atoms/cations 19,30 .

A schematic representation of a hypothetical working surface of an oxide-supported metal is given in Figure 2. This scheme emphasises the many sites that could be simultaneously present under reaction conditions, including reduced M° and oxidized MO x metal sites, as observed in several studies 10,31,32 . The interface between the metal and the support is of particular interest, since it may expose high activity sites or ensembles, especially when the support is more efficient than the metal to adsorb and activate one of the reactants. This point is particularly true for H 2 O and CO 2 , which are often best activated on the acid and basic sites of oxide supports rather than on the metal, the latter being more efficient in activating molecules such as CO, CH 4 and H 2 33,34 . Interfacial sites between Cu and ZnO have been proposed as the most active sites for methanol synthesis through formate hydrogenation in CO 2 -containing feeds 4,35,36 .

It is also important to stress that supports typically exhibit high specific surface areas and may store large amounts of unreactive adsorbates located far away from the metal/support interface. These remote adsorbates may not be accessible, for instance, to hydrogen species activated on the metal. This is particularly true for non-redox supports such as alumina, that does not allow any significant H-spillover in contrast to TiO 2 37 .

Significant amounts of products (such as methanol) may re-adsorb strongly at the surface of the support, complicating kinetic analysis based on isotopic transient methods 38 . These last two paragraphs stress that fact that the IR signal may be dominated by adsorbates that are irrelevant to the rate-determining step of the main reaction pathway.

The reactivity of adsorbates should be measured by inducing some kind of transient in the system, to discriminate potential intermediates from spectator species. Ideally, steady-state isotopic transient analyses (SSITKA 38 ) should be carried out, by replacing one of the reactants with a labelled compound (e.g. 12 CO with 13 CO, C 18 O 2 with C 16 O 2 ).

This method offers the advantage of keeping the chemical potential of each element identical in the reactor and prevent catalyst composition changes (e.g. reduction, oxidation, carburization). SSITKA methods maintain constant adsorbate surface coverages, though changes could yet be expected for H 2 -D 2 exchanges because of the significant kinetic isotope effects that may occur. SSITKA-types experiments coupled with IR spectroscopy have been reported for transmission IR 39,40 and DRIFTS 41,42 .

Chemical transient methods may also be employed, for instance by removing one the reactants 43 , although those may lead to catalyst compositional changes and surely to changes in surface coverages. In such case, the initial rates of decomposition of adsorbates should be used, to better reflect the rates prevailing at steady-state. The use of modulation-excitation spectroscopy, which consist in periodic alterations of the concentration of one reactant, allows maintaining coverages close to those existing at
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steady-state, while probing adsorbates reactivity 10 .

Finally, the selectivity of decomposition of each adsorbate should be estimated, yet this is almost unfeasible in most cases. It is indeed possible that, for instance, formate decomposition leads to CO, CO 2 or methanol depending on the proximity of a H 2activating centre. In the simple case of unpromoted MgO pre-covered with formate species, Tamaru and co-workers were able to determine the selectivity of decomposition by using an on-line gas-chromatograph connected to their IR cell 13 . This method is no longer useful when various formates or other species are also present at the surface. In this case, maximal decomposition rates are calculated by assuming total selectivity to the compound of interest.

Pitfalls arising from IR operando studies involving carbon oxides

Diffuse reflectance FT-IR spectroscopy (DRIFTS) is widely used as a means to investigate catalytic reactions, because this method allows the direct use of powders and flowing the feed through the catalyst bed. One major drawback is yet the large dead-volume present above the catalyst bed (Figure 3A), leading to a significant path, up to several centimeters, in the gasphase 24,44 . Gas-phase CO 2 and even CO will then give observable IR signals, the absorption of CO 2 being typically too intense to be corrected, in contrast to that of CO. The correction of the signal of gas-phase CO is not yet straightforward. Figure 3B shows gas-phase roto-vibrational spectra of CO collected over SiC in a cell whose reaction bed was heated at different temperatures. It can be clearly seen that the spectra widen at higher temperatures, due to an increased occupancy of rotational states with higher energies.

The temperature profile over the optical path in the gas-phase is complex because of the large temperature gradient that may exist between the (cool) IR windows and the catalyst bed, which will also be affected by the thermal conductivity of the gas used. This underlines the need to record reference IR spectra of the compounds for subtraction purposes under identical conditions over an inert solid, thus allowing perfect correction of the gas-phase contribution (Figure 3C).

It should be stressed that removing gas-phase CO to record the spectra of only adsorb species is not a satisfactory method to cancel gas-phase contributions, even at low temperatures. Weakly adsorbed CO, for instance on metallic copper, could readily desorb, while strongly bound species could be dissociated or react with redox oxides present, as observed with ceria-based catalysts near 45 or at room temperature 46 , 47 .

An insidious pitfall of using feeds containing CO is the potential presence of the (highly toxic 48 , 49 ) volatile compound Ni(CO) 4 , which may result in catalyst and cell contaminations.

An example can be found in a study dealing with CO reactivity over mixed oxides of ceria and zirconia 50 , in which the authors did not realize that their feed was contaminated with Ni(CO) 4 , as evidenced by the presence of a band near 2055 cm -1 typical of this compound 51 (Figure 4). This contaminant eventually led to the deposition of Ni nanoparticles over ceria, explaining the band at 2007 cm -1 , assigned to CO adsorbed on metallic Ni nanoparticles. Hot traps (at ca. 250 °C) filled with wire wool or a Cu-based catalyst can be used to remove iron and nickel carbonyls from a contaminated gas stream, as these compounds will readily decompose into CO and metal particles under these conditions.

Ni(CO) 4 can also be formed in situ, for instance inside a spectroscopic cell whose steel had been corroded by NOx, as reported elsewhere 52 . The formation of Ni(CO) 4 was actually only observed if the cell had been brought above 300 °C under H 2 , so that the oxidized nickel present could be reduced to the metallic state, and then exposed to CO at low temperature, to favor multiple CO adsorption on Ni° and Ni(CO) 4 formation. The presence of O 2 also prevented the contamination, likely due to the passivation of metallic nickel through oxidation. The corrosion of Ni° by CO can occur at temperatures as low as 85 K 51 and is likely to be a problem more common than thought, as suggested in a recent paper 53 .

IR studies of CO and CO 2 hydrogenation to methanol

The established methanol manufacturing process was developed by ICI in the 1960s and is based on Cu/Zn/Al 2 O 3 catalysts exposed to CO/CO 2 /H 2 mixtures and was briefly discussed by

Golunski and Burch in a recent review 4 . While CO is the main carbon oxide component of the feed, it has been established that the primary carbon-containing reactant was CO 2 . One of the roles of CO is to prevent over-oxidation of the copper surface. The activity is roughly proportional to the surface area of metallic copper, but highly-active sites have been proposed Wavenumber (cm -1 )
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to form in the presence of the ZnO support (e.g. Cu 0 -Zn 0 alloyed phases 54 , Zn-modified lattice-strained Cu 0 phases 55 , Cu 0 -ZnO interface sites 56 , 57 ).

Numerous IR studies have been reported on the Cu-catalyzed hydrogenation of CO 58,59 and CO 2 39 ,60,61,62,63 to methanol, with formates often proposed as a main reaction intermediate.

Yet, very few of these studies involved the quantitative comparison of formate decomposition rate to that of methanol formation. The work of Mims and co-workers should be highlighted, as these authors investigated the reactivity of formate species over a Cu/SiO 2 catalyst using operando IR and isotopic exchange techniques 39 . It was concluded, in their case, that formate mostly decomposed back into the reagents CO 2 and H 2 and that the rate of conversion to methanol was sufficient to propose that formates were the main reaction intermediate. Yet, the formate concentrations used were estimated from earlier studies.

A major difficulty in the development of IR quantitative analyses is the quantification of adsorbate concentration. This is even more so in the case of DRIFTS, because the optical pathlength inside the sample is not directly known, in contrast to transmission IR mode, for which the optical pathlength is the wafer thickness. These hurdles faced by DRIFTS can yet be overcome through various means, for instance by adding an internal standard to the sample, for instance a few weight percents of CaCO 3 64 or BaSO 4 65 . Structural bands of the solid can also be used to quantify or normalize the optical pathlength, such as overtones found in the 2100-1800 cm -1 region in the case of silica and zeolites 66,67 .

The availability of formate salts and the relative stability of adsorbed formates on most oxide surfaces enable drawing calibrations curves (Figure 5). Experimental details identical to those reported in reference 41.

Formates exhibits several bands in the carboxylate stretching (Figure 5A) and C-H stretching (Figure 5C) regions, which may be used depending on the presence of overlapping contribution from other adsorbates. The calibration standards were measured twice, showing a satisfactory reproducibility of bed packing (Figure 5B). The calibration standards led to spectra very similar to those of the adsorbates formed under reaction conditions (Figure 5C), enabling the determination of the actual adsorbate concentrations under reaction conditions (Figure 5D).

The role of formates in the hydrogenation of CO 2 has been the subject of a controversy over ZrO 2 -supported Cu. Two distinct pathways have been proposed (Figure 6). Larmier et al. 68 proposed a formate-based route, in which a ZrO 2 -bound formate located at the interface with Cu nanoparticles is hydrogenated by H 2 activated on Cu to methoxy, still on the support.
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In contrast, Kattel et al. 62 proposed a formate-free pathway, starting with the reverse WGS (RWGS) and the formation of a CO-OH hydroxycarbonyl intermediate. It must be emphasized that in neither of these studies were the rates of formate decomposition compared to that of methanol formation. It was also recently shown that two different ZrO 2 -bound formates could be observed on Cu/ZrO 2 , one of these formates exhibiting a 65-fold higher rate constant of decomposition 69 . A quantitative analysis of the rate of formate decomposition was carried out by Lorito et al., while investigating CO/H 2 reaction over alumina-supported cobalt 29 , using the formate calibration curves described in figure 5. The reactivity of formates was determined by inducing a chemical transient. Interestingly, two types of reactivity (Figure 7A) were observed for formates, despite the fact that both species exhibited identical DRIFTS spectra.

These facts were rationalized by proposing that these alumina-bound formates differed by their proximity to alumina-metal interface. The decomposition rate of the faster species was found to be sufficient to account for the methanol observed, while that of the slower species was negligible (Figure 7B).

RWGS + HO-CO pathway

Formate pathway Formate Methoxy
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These data are yet not sufficient to prove that the fast formates were the main reaction intermediates in the formation of methanol, since the product specifically formed from the decomposition of these fast formates could not be concomitantly measured (i.e. other products were also formed simultaneously from decomposition on other metal and oxide sites). These fast formates can in theory decompose into CO, CO 2 or methanol, and this will particularly depend on the availability of hydrogen. 

IR studies of CO and CO 2 hydrogenation to hydrocarbons.

Cobalt is highly active for CO dissociation and is thus commonly used for CO hydrogenation in Fischer-Tropsch reactions. Cobalt-based catalysts typically produce linear alkanes and short alkenes during CO hydrogenation with H 2 70,71,72 . The IR spectrum in the carbonyl region obtained under reaction conditions is complex, but can be roughly decomposed in a set of two species: linear (above ca. 1950 cm -1 ) and multi-bonded CO(ads) (below ca. 1950 cm -1 ) (Figure 8.A). The linear CO(ads) IR signal between 2100 and 1950 cm - 1 relates to various linear carbonyls, mostly present on (111) and (100) planes) 70,73,74,75,76 . The multi-bonded CO (also noted Hollow-CO) below 1950 cm -1 relates to CO adsorbed at defective sites such as steps.

Methanol Fast formates

Slow formates

Fast formates Slow formates (A) (B)

The reactivity of the carbonyls present at the surface of a 15 wt.% Co/alumina and the corresponded Sn-modified samples (Figure 8A) was investigated using a combination of operando DRIFTS and transient methods (both chemical and isotopic transients) 15 . The rates of formation of methane and propene, the main hydrocarbons formed under these conditions, was shown to be proportional to the fraction of Hollow-CO (Figure 8B). Hollow-CO was proposed as a main reaction intermediate, while linear CO was unreactive, either desorbing as CO or migrating onto the hollow sites to be hydrogenated. The rate of CO methanation (in H 2 ) was in fact found to be significantly higher than that of CO desorption (in He). The rate of Hollow-CO hydrogenation was found to be about twice that of methane formation (Figure 8C) and since methane selectivity is typically around 50 % at atmospheric pressure, it was concluded that Hollow-CO was part of the main reaction pathway to hydrocarbons. The hydrogenation of CO and CO 2 mixtures was investigated over a similar 15 wt.

Co/Siralox 77 . High selectivity to CH 4 are usually observed with CO 2 -rich feed (Figure 9A) and hypothesized to arise from a lower surface coverage of CO, which in turn would lead to a higher surface coverage of hydrogen favoring methane formation 78,79 . This hypothesis was confirmed through an operando DRIFTS study that showed that the IR spectra obtained in the presence of CO 2 corresponded to the same metallic state of the surface, but with lower carbonyl coverages. This was demonstrated by noting that the CO(ads) band positions versus 9B and9C). These results suggests that cobalt should be modified to bind CO more strongly, if the selectivity to CH 4 is to be kept low when feeding CO 2 . Christopher and co-workers investigated the hydrogenation of CO 2 by DRIFTS over Rh-based catalyst at atmospheric pressure 80 . The DRIFTS spectra were particularly informative about the Rh speciation because CO adsorbed on Rh nanoparticles (Rh NP ) gave rise to two bands of linear CO and bridge CO, while Rh single atoms (Rh iso ) led to a typical gem-dicarbonyl doublet (Figure 10A). The authors could derive quantitative DRIFTS information over a series of catalysts (Figure 10B) that enabled the determination of the fraction of Rh in nanoparticles and as single atoms (Figure 10C). These data indicated that Rh single atoms were responsible for the formation of CO through the reverse WGS reaction, while Rh nanoparticles carried out the more demanding full hydrogenation of CO 2 to CH 4 (Figure 10D). CO 2 capture and utilization (CCU) will play a prominent role in the restructuring of the energy sector and the fight against global warming. CO 2 would be trapped within large industrial units (e.g., power plants, boilers, cement manufacture) and could be reprocessed onsite or remotely. Practical utilizations of this stored CO 2 include its hydrogenation using renewable H 2 to produce methane, which represents a pillar of the power-to-gas technology 82 .

Sequential processes of CO 2 trapping and methanation based on solid traps and catalysts have been recently proposed 83,84,85 . Bifunctional materials exhibiting both storage and catalytic functions were used for isothermal sequential trapping and methanation of CO 2 , based on alumina-supported metals (i.e. Ru, Pt, Ni) promoted by earth-alkali 83,86 and alkali 84,85 . The main bottleneck observed was the slow kinetics of the methanation step, requiring twice the time of the trapping step 84,86 . The nature of the rate determining step (e.g. metal reduction, CO 2 release, CO 2 dissociation, CO hydrogenation, H 2 activation) is yet unknown.

The use of operando spectroscopy will be valuable to determine the trapping and methanation properties of solid trap-catalysts. A recent example is given in Figure 11Left, in which various surface species can be observed upon exposure to various feeds 87 . In particular, the presence of various (hydrogeno)carbonates, likely located on the support, and carbonyls, on metallic Ru, can be observed. Time-resolved analyses can be carried out to determine the reactivity of the corresponding species and unravel kinetically slow steps with a view at improving the sample. It should be stressed that the reactivity of carbonates may strongly depend on the nature of the feed used and that of the support, as shown in the case of Pt/CeO 2 , for which ceria-bound carbonates were highly stable under reducing conditions 88 .

One caution has yet to be raised concerning the use of DRIFTS for this type of storage-type work, as only the top layer of the catalyst bed (less than 200 microns 89 ) is typically measured. This means that it may not be possible to relate reactor effluent to the observed DRIFTS signal.

Figure 2 .

 2 Figure 2. Schematic representation of adsorbates covering the surface of the various domains that could be present on a typical oxide-supported metal used for CO 2 -H 2 reactions. Adsorbates X and Y could be, for instance, carbonyls and formates, respectively. The red solid arrows relate to the rates of adsorbate decomposition into by-products, while the green solid arrows relate to those of decomposition into the desired product. The main reaction intermediate would be that (here, arbitrarily, species Y at the metal/support interface) whose decomposition rate to the product closely matches that of conversion of the reagents into the product (green dashed arrow).

Figure 3 .

 3 Figure 3. (A) Schematic representation of a DRIFTS cell showing the large pathlength in the dead volume above the catalyst bed. (B) In situ DRIFTS spectra recorded over SiC at 50, 250 and 400 °C in the presence of 30% CO + 60% H 2 + 10% Ar at atmospheric pressure. The spectra obtained over SiC at the corresponding temperatures under pure Ar were used as background to calculate the pseudo-absorbance. The spectrum intensities were normalized to better compare the corresponding widths. (C) In situ DRIFTS spectra recorded over 14 wt.%Co/alumina at 220 °C (blue) in the presence of 30% CO + 60% H 2 + 10% at atmospheric pressure Ar at steadystate, (red) same, but corrected for the signal of gas-phase CO using a spectrum collected over SiC under

Figure 4 .

 4 Figure 4. In situ DRIFTS spectra recorded over ceria under CO (bands at 2172 and 2117 cm -1 ) showing the presence of Ni(CO) 4 (band at 2055 cm -1 ) in the presence of 1 kPa CO (Adapted from reference 22 with permission, © 2019 Elsevier B.V.)
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 10215 Figure 5. (A) DRIFTS spectra of alumina dry-impregnated with various concentrations of sodium formates and dried at 100 °C. Each sample was measured twice to ascertain the reproducibility of DRIFTS sampling. T = 100 °C. (B) Corresponding calibration curve for which the formate band area was integrated over the range 1411-1307 cm -1 . (Adapted from reference 29 with permission, © 2015 Elsevier B.V.) (C) Typical DRIFTS spectra in the C-H stretching region of (black) ceria impregnated with sodium formate and (red) in situ spectrum recorded under WGS reaction conditions (D) (black dots) calibration plot relating the area of the formate CH stretching DRIFT band over 2880-2800 cm -1 to the nominal formate loading on CeO 2 impregnated with sodium formate and (red dots) derived formate concentrations observed under reaction conditions at various temperature.

Figure 6 .

 6 Figure 6. Reaction pathways proposed on Cu/ZrO 2 . (Adapted with permission from reference 62, Kattel, et al. J. Am. Chem. Soc. 138 (2016) 12440-12450, © 2016 American Chemical Society and from reference 68, Larmier et al., Angew Chem. Int. Ed. Angew. Chem. Int. Ed. 2017, 56, 2318-2323 © 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim).

Figure 7 .

 7 Figure 7. (A) Variation of the logarithm of the normalized intensity of the formate DRIFTS band as a function of time following the removal of CO from the CO/H 2 /Ar feed at 220 °C and (B) Rates of formation (at steadystate at 220 °C under 30% CO + 60% H 2 at atmospheric pressure) of methanol and the initial rates of decomposition (following CO removal from the feed) of fast and slow formates. Experimental details identical to those given in reference 29.

Figure 21 Figure 8 .

 218 Figure 8D give a schematic representation of CO hydrogenation over a 15 wt. Co/alumina, as discussed in references 15 and 29. Multi-bonded CO are the main reaction intermediates in the formation of hydrocarbons, while linear CO are merely stored species.Formates on the alumina in the vicinity of the cobalt particles are potentially the main intermediate in the formation of the small concentration of methanol observed, while formates far from the interface are spectators.

Figure 9 .

 9 Figure 9. (A) Selectivity to CH 4 versus the relative CO surface coverage over supported non-promoted cobalt (+) and Pt-promoted cobalt (x) supported on Siralox under various CO and CO 2 -containing feed at atmospheric pressure. See original reference for details. (B) Evolution of the carbonyl DRIFTS band under H 2 at 210 °C following the removal of CO after steady-state under the CO-H 2 feed. The green spectrum was collected at steady-state under CO 2 +H 2 . (C) Positions of the main carbonyl DRIFTS band versus the band total area measured at 210 °C under various CO and CO 2 -containing feed. The blue thick lines are the data corresponding the band decomposition following CO removal as shown in Figure 9B. (D) Schematic representation of the state of the surface under reaction conditions. The CO surface coverage under CO-H 2 is very high, limiting methanation. In contrast, CO surface coverage is much lower under CO 2 -H 2 , leading to increased selectivity to methane. The structure of the surface remains intact for all CO-CO 2 -H 2 mixtures. (Adapted from reference 77 with permission, © 2022 Elsevier B.V.)

Figure 10 .

 10 Figure 10. (A) Typical DRIFTS spectrum obtained over a 4 wt.% Rh/TiO 2 after saturation with 10 kPa CO at 27 °C, showing the doublet associated with the gem-dicarbonyl adsorbed on Rh iso single atoms, a band of linearly adsorbed CO on Rh nanoparticles and a band of CO bridging two Rh atoms. (B) DRIFTS spectrum obtained under identical conditions as in (a) over a series of TiO 2 -supported catalysts with Rh content varying from 0.5 up to 6 wt.%. (C) Site fraction (%) of Rh iso and Rh in nanoparticles (see original reference for details). (D) Schematic representation of the active sites over TiO 2 -supported Rh: Rh NP carries out CO 2 methanation while Rh iso is active for the RWGS. (Adapted with permission from reference 80, Matsubu et al.. J. Am. Chem. Soc. 137 (2015) 3076-3084 © American Chemical Society)
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Conclusions.

IR spectroscopy can bring both qualitative and quantitative insights into the structure and operating mode of materials used for adsorption and catalysis. This is even true for diffuse reflectance FT-IR spectroscopy (DRIFTS), although it is less straightforward than for transmission IR. The need for the quantitative analyses of adsorbate concentrations and reactivity was stressed and was exemplified in various reactions involving CO and CO 2 .