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Introduction.

Multi-metallic formulations have raised a lot of interest in catalysis and electrochemistry because of the synergies that may be achieved by combining different elements [START_REF] Zafeiratos | [END_REF]2,3,4 . The possibility to dilute expensive noble metals into base metals, while maintaining acceptable or even improving catalytic properties, is also clearly valuable.

The catalytic activity in terms of reactant conversion rates and selectivity to various reaction pathways will directly depend on the surface composition and local geometric arrangements of atoms 5 . The bulk or surface composition or structure of nanoparticles will often be modified under reaction conditions 6,7 , making the use of in situ and operando methods a requirement to obtain meaningful structure-activity relationships.

In situ and operando IR spectroscopies applied to catalysis have been primarily used to determine the nature and reactivity of adsorbates present under reaction conditions 8,9,10,11,12 . 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 13 . In contrast, the vibrational bands of catalysts are difficult to investigate by IR because the corresponding lattice vibrations lead to very broad absorption bands typically located in the far-IR region.

IR can yet lead to indirect information about the structure of nanoparticles under reaction conditions if an adsorbed intermediate leads to a measurable signal. This can be the case for reactions involving strongly IR-sensitive molecules such as carbon oxides and unsaturated hydrocarbons. The examples dealt within the present review focus on the interpretation of IR spectra of CO adsorbed on various bimetallic catalysts. A particular interest is given to Au, Pt, Pd and Sn-containing bimetallics, as these elements commonly appear in catalytic formulations.
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IR spectra analysis is yet not straightforward, as exemplified by recent misinterpretations 14,15,16,17 . Even the case of monometallic samples is complex as carbonyl band position will depend on several parameters such as surface coverage, CO coordination mode, coordination number and the oxidation state of the metallic site. The case of monometallic Pt-based catalysts was recently reviewed in details and is therefore not recalled here 18,19 . The interpretation of spectra obtained over Au monometallic materials is examined in the first section and its impact on the interpretation of spectra obtained on some bimetallic materials will then be explored. This contribution discusses data obtained from transmission IR, diffuse reflectance FT-IR (DRIFTS) and reflection absorption IR (RAIRS) spectroscopies.

Monometallic Au-based catalysts.

Gold can lead to highly active CO oxidation catalysts at low temperatures 20 and has been used for many other reactions 21 . There have been numerous characterisations of CO adsorption on Au-based samples. Bands in the range 2120-2080 cm -1 have typically been assigned to CO adsorbed at steps or defects on metallic gold 22,23 , while those located within 2080-2000 cm -1 have been assigned to CO adsorbed on negatively charged Au clusters. 24,25,26,27 . Bands located at 2140-2120 and above 2140 cm -1 have been assigned to CO adsorbed on positively charged Au δ+ with low (δ < 1) and high (1 or 3) charges, respectively. 28,29,30,31 The assignment of Au-CO bands is in fact not straightforward, especially below 2080 cm -1 . Some of us reported on the growth of a band at 2070-1950 cm -1 derived from neutral Au° (2098 cm -1 ) and Au δ+ (2125 cm -1 ) species during an operando investigation of the watergas shift reaction over CeO2-supported Au catalysts (Figure 1.A) 29 . The two latter species were actually quantitatively interconverted into the former, as an isosbestic point was observed (red circle in Figure 1.A). It was suggested that the 2070-1950 cm -1 band could possibly be associated with negatively charged gold particles that was gradually building on CeO2-x oxygen vacancies.

Behm and co-workers had reported a similar interconversion of a band at 2110 cm -1 into one at 2060 cm -1 in the case of TiO2-supported Au 32 . These authors stressed that a CO pressure higher than 1 kPa was necessary for the interconversion to occur and that a spreading of the Au also took place, deduced from Au(4f)/Ti(2p) XPS signal ratios. The 2060 cm -1 band was not formed in the presence of O2 and was removed when O2 was introduced after CO.
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Behm et al. concluded that the 2060 cm -1 band was due to the formation of negatively charged Au clusters located at TiO2-x oxygen vacancies. Bianchi and co-workers have observed a similar interconversion over Au supported on alumina, which importantly is a non-reducible support. A band at 2095 cm -1 (Au°) was transformed into a broader one between 2070 cm -1 (Figure 1.B) 33 . The 2070 cm -1 band was assigned to an Au phase restructured by CO. The restructuring happened faster with increasing CO pressures. The heat of CO adsorption at zero coverage on the restructured 2070 cm -1 species (100 kJ mol -1 ) was significantly higher than that on the species at 2095 cm -1 (62 kJ mol -1 ), thereby providing the driving force for the restructuration.

The presence of an Au-CO band at a wavenumber as low as 2060 cm -1 has been reported by Lee and Schwank on Au supported on SiO2, another non-reducible support 34 . We were able to observe the interconversion at 50°C of a band at 2113 cm -1 (Au°) into one located at 2076 cm -1 over an Au/SiO2 pre-reduced with H2 (Figure 2.A). Isosbestic points were observed in most cases (red circles in Figures 1.A,1.B and 2.A), signaling the quantitative interconversion of one species or site into the other one.

The carbonyl bands located between 2080-2060 cm -1 formed upon exposure to CO of Au supported on non-reducible supports such as alumina 33 and silica 34 are unlikely to be related to the formation of negatively charged Au species, since no oxygen vacancies can be created under the corresponding conditions on these supports. Therefore, another explanation has to be put forward to account for the evolution of the spectra and the origin of these low frequency bands. The propensity of Au surfaces to reconstruct has long been reported. Theoretical work has even proposed that the shape of the whole nanoparticle may vary upon CO adsorption 36 .

The tendency for steps on surfaces vicinal to Au(111) to exhibit a much higher kink density when exposed to CO than those on other metals has been stressed 37,[START_REF] Cadete Santos Aires | Proceedings of the International Conference on Physics at Surfaces and Interfaces[END_REF] . Piccolo et al. [START_REF] Piccolo | [END_REF] observed a roughening of the step edges near Au(111) terraces by scanning tunnel microscopy (STM) at room temperature and CO pressures as low as 1 torr. A plethora of rough islands was then noted at 100 torr. The corresponding reflection absorption IR spectroscopy (RAIRS) signal of adsorbed CO was too low to be observed on the initial surface at low CO pressures, related to the weak adsorption of CO on Au(111) terraces 40,41 . Yet, the reconstructed surface exhibited a clearly visible IR band at 2060 cm -1 . DFT calculations indicated that such wavenumber was consistent with on-top CO adsorption on kinks such as those found on Au(874) surfaces [START_REF] Piccolo | [END_REF] .

RAIRS experiments over Au(110) 22 and Au(332) 42 , which are stepped surfaces that do not exhibit kinks in the absence of reconstruction, revealed bands at 2115 and 2125-2110 cm - 1 , respectively. These bands can be primarily assigned to CO adsorbed on step edges rather terraces, since CO adsorption on the latter is much weaker. Nakamura et al. 43 43 . A band at 2117 cm -1 was initially observed, which was then gradually replaced at higher pressure (and incidentally time) with one at 2071 cm -1 . The authors concluded that the 2117 cm -1 was due to CO adsorbed on step edges, which is agreement with the above-discussion. Surprisingly, these authors proposed that the 2071 cm -1 was due to atop adsorption on terraces at 273 K.

This assignment is unlikely to be correct in view of (i) the negligible adsorption of CO on Au(111) terrace sites at this temperature 40,41,42 , (ii) recent surface science work 41 carried out at 30 K showed that the band of CO on Au(111) terrace was located at 2130 cm -1 and (iii) the simultaneous unexplained disappearance of the 2117 cm -1 steps. An alternative interpretation of the data of Nakamura et al. was that the Au(311) surface gradually restructured to a kinkrich surface (band at 2071 cm -1 ), leading to a disappearance of the regular step edges and the corresponding band at 2117 cm -1 .

In conclusions, Au terrace sites lead to bands at around 2130 cm -1 , but are not occupied above 70 K 41 . At room temperature, non-restructured edges and corners of nanoparticles lead to bands in the range 2115-2095 cm -1 (Figure 2.B) 22,28,33,42 . Yet, Au° surfaces readily evolve (within minutes) under CO exposure, already at low temperatures. The band in the region 2080-2060 cm -1 can be assigned to CO adsorbed on Au° at low coordination sites such as kinks and roughened edges 39 (Figure 2.B). Bands in this region can also potentially be assigned to atop CO on negatively charged Au δ-species, whenever Au is supported on a reducible oxide 24,28,32 . These conclusions stress the challenges existing in band assignment on Au-based materials, which will of course be even greater when bimetallics are considered.

Au-based bimetallic catalysts.

Au-Pt bimetallics

Au-Pt alloys have been investigated as catalysts for naphta reforming 44 and electrocatalysts 45,46 . The characterization of Pt-Au bimetallic nanoparticles (size ca. 4 nm) supported on silica by IR of CO adsorption at room temperature has been reported by Mott et al. (Figure 3) 47 . The monometallic Au/SiO2 exhibited a single band located at 2115 cm -1 , typical of CO adsorbed on edges of Au° nanoparticles 22,42 . No other band was observed,
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particularly between 2080-2060 cm -1 region (delimited by the red dotted box), indicating that Au° reconstruction did not occur over the duration of the experiment for this sample. The monometallic Pt/SiO2 exhibited a single band located at 2096 cm -1 , typical of CO adsorbed on Pt° nanoparticles 18,19 .

The bimetallic formulations exhibited markedly different IR spectra, particularly in the 96-65 Au at.% range (Figure 3, curve b-e). New large bands between 2080 and 2050 cm -1

were observed. The authors appeared to assign this band only to atop CO on Pt in an alloyed phase. This is partly sensible, since diluted Pt should lead to a lower CO wavenumber as compared to plain Pt because of reduced dipole coupling 48 . An electronic transfer from Au to Pt could also explain this shift, as proposed by Thomas and co-workers 49 .

However, Au has a significantly lower surface tension than Pt (i.e. 1333 and 2203 mJ m -2 , respectively 50) and should therefore preferentially occupy surface sites with low coordination numbers such as corners, equivalent to kinks on a stepped surface. Such sites were shown to exhibit bands in the 2080-2060 cm -1 range in the previous section. Surface reconstruction of Au-rich nanoparticles could potentially occur at a faster rate as compared to the case of plain Au. Therefore, it is possible that part of the signal in the 2080-2060 cm -1 region could be assigned to Au-CO species. Au72Pt28/SiO2, (e) Au65Pt35/SiO2, (f) Au56Pt44/SiO2, (g) Au43Pt57/SiO2, (h) Au35Pt65/SiO2 and (i) Pt/SiO2. (Adapted with permission from reference 47, © 2007 Elsevier B.V.).

A signal of Au-CO in the region 2080-2060 cm -1 would also explain the surprisingly low signal observed above 2100 cm -1 (typical of monometallic Au edges, Figure 3, spectrum a) for the samples still exhibiting high Au contents (Figure 3, spectra d-h). The lack of Au at the surface could yet be explained by surface segregation, CO preferentially pulling Pt towards the surface because of the stronger bond Pt-CO strength 49 , though this possibility was not discussed by the authors. Surface segregation effects induced by CO adsorption can possibly be observed with time resolved analysis (vide infra in the case of Au-Pd and Pt-Sn)

and were reported by Thomas and co-workers on Pt-Au materials 49 .

The desorption of CO from Au-Pt bimetallics supported on silica 51 and zirconia 52 has been investigated. A fast desorption of the bands associated with Au (above 2100 cm -1 ) could be observed at room temperature, while those associated with Pt (below 2100 cm -1 ) were stable. None of these groups could yet provide a clear evidence of the presence of alloyed nanoparticles, which would probably exhibit an intermediate behavior, since Au could serve as a porthole for CO desorption after surface diffusing from Pt sites.

In conclusion, the assignment of band in the region 2080-2050 cm -1 solely to Pt-CO species is not a priori warranted in the case of Au-Pt bimetallics and more attention should be given to surface segregation dynamics induced by the addition/removal of CO. To our view, no conclusive evidence for the formation of an alloyed phase has yet emerged solely on the basis of IR analyses of CO adsorption on Au-Pt bimetallics.

Au-Pd bimetallics

Au-Pd bimetallic systems are more active and selective than monometallic Pd catalysts in the direct synthesis of H2O2 and have therefore raised of lot of interest 53 . Guesmi and coworkers reported DRIFTS of CO adsorption on alumina-supported Au, Pd and Au-Pd nanoparticles between 2 and 3 nm in size (Figure 4.A) 54 . In contrast to the case of Pt, Pd usually lead to a large signal of carbonyl bands below 2000 cm -1 associated with bridged and multi-bonded CO (Figure 4.A, spectrum b) 55,56,57 . These bands are crucial to ascertain the presence of Pd at the surface of alloy particles in the case of Au-Pd bimetallics, like those at 1950 and 1927 cm -1 in spectrum c, since the other bands around 2077 cm -1 could in theory also be assigned to Au-CO species.
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Interestingly, the spectrum of the bimetallic sample evolved with time under CO (Figure 4.B). The intensity of the Au-CO band at 2109 cm -1 declined, while those at 2077, 1950 and 1927 cm -1 increased in concert. This observation indicates that the latter bands were associated in most part to Pd and that the surface was getting richer in Pd with time under CO.

DFT calculations have quantified the various energy gains of various nanoalloy configurations associated with pulling Pd to the surface due to the stronger bonding between CO and Pd in comparison to that of Au and CO 58 . A similar surface segregation of Pd was observed over alumina-supported Au-Pd particles (size between 2 and 6 nm) by combined X-ray absorption and DRIFTS spectroscopies during CO oxidation 59 . The authors proposed that no Au remained at the nanoparticle surface after cooling the catalyst back to room temperature, based on the absence of the 2110 cm -1 band typical of Au-CO. The latter statement should yet be taken with caution, as the previous section showed that restructured Au can lead to bands in the 2080-2060 cm -1 region (actually similar to that of Pd) instead of that around 2110 cm -1 . In addition, Au atoms on terrace sites would not adsorb CO at room temperature 41 .

Titania-supported Au-Pd and Au-Rh nanoparticles were investigated by Piccolo and coworkers 60 . Again, the authors suggested the absence of Au at the surface of a reduced Au-Rh sample based on the absence of a band at 2100 cm -1 . This somewhat surprising conclusion
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was explained by a CO-induced surface segregation, which overcame the effect of the higher surface tension of Rh (2325 mJ m -2 ) 50 in comparison to that of Au (1333 mJ m -2 ). The same caution as noted above applies here, since restructured Au does not lead to Au-CO bands above 2080 cm -1 and thus the absence of bands above 2080 cm -1 cannot be taken as a proof of the absence of Au at the surface. The same observation can be made again for the DRIFTS data reported on SiO2-supported Au-Pd by Mou and co-workers 61 .

In conclusion, the assignment of band in the region 2080-2050 cm -1 solely to Pd-CO species is not a priori warranted in the case of Au-Pd bimetallics, similarly to the case of Au-Pt sample. Yet, surface segregation dynamics induced by the addition/removal of CO and the presence of strong bands below 2000 cm -1 on Pd can provide clear and direct evidence of the presence of alloyed phases, as convincingly reported by Guesmi and co-workers 54 .

Au-Ag bimetallics

Some of us recently reported an operando DRIFTS investigation of CO oxidation over

Au-Ag embedded on silicalite-1 (a zeotype with MFI structure) 27 . The formation of an alloyed phase was conclusively demonstrated from (i) the strongly shifted bands of Ag δ+ -CO in the case of the alloy (ca. 2160 cm -1 ) as compared to the case of the plain Ag sample (2189 + 2172 cm -1 ) and (ii) the reduction by half of the Au δ+ -CO signal at 2134 cm -1 , while Au loading and particle size remained the same, due to the preferential presence of Ag on low coordination surface sites (Figure 5.A). Ag is in fact one of the few catalytic metals that presents a surface tension lower than that of Au (1086 mJ m -2 for Ag against 1333 mJ m -2 for Au) 50 and is thus expected to be preferentially segregated at the surface of the nanoparticles on low coordination sites such as edges and corners (Figure 5.B). 
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Sn-and Zn-based bimetallic catalysts.

This section discusses bimetallics based on Sn and Zn. These two metals commonly form intermetallic compounds (i.e. ordered alloys) with catalytic metals and present the particular feature of not adsorbing CO under standard conditions 62 . The latter aspect facilitates markedly spectral analysis, since no direct contribution is expected from Sn and Zn.

4.1. Pd-Sn bimetallics.

CO adsorption on Pd was noted above (Figure 4) as usually exhibiting strong bands below 2000 cm -1 due to the presence of bridged and multi-bonded carbonyls. Another example of spectrum obtained over an alumina-supported Pd sample is shown in Figure 6.A, in which linearly adsorbed (atop) CO is located at ca. 2090 cm -1 and two bridged species are present at 1987 and 1954 cm -1 . A bimetallic Pd-Sn sample prepared with the same wt.% of Sn and Pd exhibited only the linear species at ca. 2075 cm -1 (Figure 6.B). This observation indicates that there was no Pd-Pd pairs available at the surface of the bimetallic sample and therefore the IR analysis proved the formation of an intermetallic compound, at least superficially.

The IR-based technique (so-called Adsorption Equilibrium IR, AEIR) was used to determine the heat of adsorption at low coverages of the various CO species observed. The linear CO displayed an adsorption heat of around 90 kJ mol -1 both in the Pd and Pd-Sn
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samples. These values are much lower than that of bridged species measured over the Pd sample, which was higher than 165 kJ mol -1 . Overall, the modifications induced by Sn were found to be essentially geometric and not electronic. Pd-Zn bimetallics are highly active and selective for the selective hydrogenation of acetylene into ethylene 57,63 . The Pd-Zn bimetallics discussed here were prepared by reducing Pd and Zn nitrates impregnated over CeO2 57 . The effect of Zn over Pd in terms of CO adsorption was found to be rather similar to that of Sn described in the previous section. The bridged species (and hence Pd-Pd pairs) were completely eliminated in the case of Zncontaining formulations as compared to the corresponding Zn-free material (Figure 7.A). The heat of adsorption of the linear CO at low coverage determined by the AEIR method was ca.

115 kJ mol -1 over Pd-Zn/CeO2 (Figure 7.B), somewhat higher than that measured over the Pd-Sn sample (90 kJ mol -1 ), suggesting a more significant electronic effect of Zn, besides the obvious geometric effect.

It must be noted that the absence of Pd-Pd pairs was not sufficient to achieve the highest selectivity. The samples reduced at 673 K and 773 K both showed no evidence of bridged CO, but the former was significantly less selective than the latter 57 . The linear CO signal was actually different, with maxima at 2054 and 2039 cm -1 in the case of the lowest and highest reduction temperatures, respectively (Figure 7.A). This shift and difference in band shape probably corresponded to differences in the nature of the terminal crystallographic planes exposed by the Pd-Zn nanoparticles, which may be of crucial importance to selectivity. (Adapted with permission from reference 57, © Elsevier B.V. 2018).

Co-Sn bimetallics.

Cobalt-based catalysts typically produce linear alkanes and short alkenes during CO hydrogenation with H2 (Fischer-Tropsch synthesis) 64,65,66 . The IR spectra obtained under reaction conditions are quite complex (Figure 8.A). The CO(ads) IR signal between 2100 and 1950 cm -1 can be decomposed into several bands that can be assigned to various linear CO, mostly relating to (111) and (100) planes (Figure 8.A and B) 64,67,68,69,70,71,72 . A broader band is also observed at ca. 1850 cm -1 , typical of multi-bonded CO (noted Hollow-CO). The latter band appeared to correlate with the sample activity during an investigation of catalyst resistance to chlorine 70 . Co and Sn form various intermetallic compounds (Co3Sn2, CoSn, CoSn2), but in view of the lower surface tension of Sn (675 mJ m -2 ) as compared to that of cobalt (2550 mJ m -2 ), this element is expected to segregate at the surface at low loadings. Small proportions of Sn was added to alumina-supported cobalt (molar ratios Sn:Co = 1:120 up to 1:30) and appeared to selectively titrate the Hollow-CO sites associated with multi-bonded CO (Figure 9.A) 11 .

Methane and propene were the main reaction products under these reaction conditions (atmospheric pressure). Interestingly, the rates of methane and propene formation appeared to be proportional to the fraction of Hollow-CO (Figure 9.B). This observation suggested that these Hollow-CO were potential reaction intermediates in the formation of hydrocarbons. A full quantitative analysis of adsorbate concentration was carried out to estimate specific decomposition rates of the Hollow-CO and relate it to product formation rates. The
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15/24 specific rates of decomposition of these Hollow-CO appeared to be about twice as high as the rates of production of methane, the main product formed (Figure 10). These Hollow-CO were thus proposed as being part of the main reaction pathway into hydrocarbon formation, taking into account that methane selectivity is usually around 40-50% under these conditions 11 . In contrast, the linear CO(ads) species were shown to be unimportant for the reaction. Catalysts based on bimetallic Pt-Sn have been investigated for many reactions such as the selective hydrogenation of unsaturated compounds 74,75 , the dehydrogenation of light alkanes to alkenes 76,77 and the low temperature oxidation of CO without 78 or with an excess of H2 (preferential oxidation of CO, PROX) 7,79 .

Pt and Sn are fully miscible and form numerous intermetallic compounds. Sn does not bind CO under standard conditions. In a recent combined DRIFTS -DFT study 80 , a gradual decay of the linear Pt-CO wavenumber from plain Pt (2075 cm -1 ), through a Sn-poor Pt-Sn (2054 cm -1 ) and to a Sn-rich Pt-Sn (2039 cm -1 ) were reported. The heat of CO adsorption also decreased in the same order 80,81 , explaining the improved resistance of Pt-Sn electrodes against CO poisoning as compared to plain Pt 82 . The heat of adsorption of CO over plain Pt 81 was about 185 kJ mol -1 , while that over a Sn-rich alloy 80 was only 85 kJ mol -1 .

The difference of affinity for CO between Sn and Pt explained the gradual increase of the Pt-CO band around 2030 cm -1 corresponding to the gradual Pt-enrichment at the surface of the nanoparticles in a Sn-rich sample following the introduction of CO (Figure 11.A) 80 .

DFT calculations confirmed the relevance of this surface segregation, as the segregation (Adapted from reference 80).

A different type of segregation was observed in the presence of CO at lower temperature. A phase segregation occurred in which metallic Pt-Sn nanoparticles were converted into Pt + SnOx following CO dissociation 83 . This phase segregation was apparent through the gradual shift of the carbonyl band from 2046 cm -1 (corresponding to a Pt-Sn alloy) to higher wavenumber towards plain Pt phases (> 2060 cm -1 ) following H2 removal (Figure 12.A). This phenomenon could be reversed upon heating the sample in a CO + H2 Somorjai and co-workers have long ago evidenced CO dissociation and the related carbon deposition on Pt steps at room temperature 84 and also on Pt(100) at 498 K 85 . Thus, observing CO dissociation over Pt-Sn nanoparticles is not totally unexpected. The formation of graphitic carbon deposits derived from CO dissociation over the Pt-Sn nanoalloys was confirmed by an in situ XPS analysis 83 . One driving force of the process was the formation of a stable SnOx phase. Thermodynamic calculations (realised on bulk phases) showed that the reaction between CO and Sn to give graphitic carbon + SnO was as favourable as the wellknown Boudouard reaction (i.e. 2 CO ⇒ C + CO2) (Figure 13). The formation of graphitic carbon + SnO2 was even more favourable. In the case of CO oxidation with O2, Sn oxidation and the formation of metallic Pt intimately mixed with SnOx domains has been observed whether H2 is present 7 or not 78 . The segregation of Pt from the Pt-Sn alloy was clearly observed by operando DRIFTS at 225°C
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The band shifted to higher wavenumbers typical of plain Pt (2067 cm -1 ) as soon as O2 was introduced. The higher activity over the Sn-containing catalysts was therefore not due to the presence of an alloyed Pt-Sn phase, but instead to the intimate dispersion of Pt into a SnOx matrix that participated into the oxidation of CO by supplying O to CO adsorbed on Pt (Figure 14.B). This was reflected in a lower reaction order in O2 (i.e. + 0.2) over the Pt-SnOx sample, as compared to an order of +1 for the plain Pt. over cobalt-based samples with the formation of surface carbides leading to bands in the 2060-2050 cm -1 region, instead of 2030-1990 cm -1 measured over metallic surface 68,69 . Cobalt is highly active for CO dissociation and is thus commonly used for CO hydrogenation in Fischer-Tropsch reactions.

CO dissociation at room temperature has even been reported on elements less known for their CO hydrogenation abilities, e.g. Pt steps 84 and, even more surprisingly, on Au(110) surfaces [START_REF] Cadete Santos Aires | Proceedings of the International Conference on Physics at Surfaces and Interfaces[END_REF] . Marie and co-workers 87 also reported that CO was able to oxidize Ag nanoparticles at room temperature, with the concomitant formation of elemental carbon through Boudouard reaction. These observations stress that the occurrence of CO reactivity as observed on our Pt-Sn (Figure 12) 81,83 is more common than usually thought and probably was overlooked in many instances.

A strategy to limit or avoid carbon deposition is to carry out the adsorption of CO in the presence of H2, though the level of CO conversion (e.g. to CH4) should thus be checked as to not modify significantly the partial pressure of CO used 81,57 . The same "cleaning" effect of H2 was observed in the case of the Pt-Sn materials, where hydrogen helped removing adsorbed O that would otherwise oxidize Sn and lead to phase segregation (Figure 12) 83 .

Conclusions.

The use of IR spectroscopy of CO adsorption to investigate the surface of bimetallics or alloys is challenging and not conclusive in many instances. Firstly, this results from the complexity of the spectra exhibited by individual metals that depends on many structural parameters. Secondly, CO adsorption often results in structural modification of the surface composition of nanoalloys via reconstruction (as in the case of monometallic surfaces) or surface segregation when one metal displays a higher affinity for CO. The dynamics of these modifications may actually be used to ascertain the presence (or absence) of alloyed surfaces.

The addition of catalytically inactive elements such as Sn and Zn can be used to improve selectivity (via a dilution geometrical effect) of otherwise highly active but unselective metals, as in the case of Pd used for acetylene hydrogenation. Conveniently, these inactive elements (e.g. Sn and Zn) do not chemisorb CO under standards conditions and can be used to poison selectively surface sites and facilitate the understanding of surface structure and reactivity. Sn added to cobalt nanoparticles was shown to specifically poison the surface active sites associated with the hydrogenation of multi-bonded CO into hydrocarbons.

CO was also shown to dissociate on Pt-Sn surfaces, albeit at a slow rate over timescale of minutes around room temperature. CO dissociation has also been reported for Pt, Ag and

Figure 1 :

 1 Figure 1: (A) DRIFTS spectra collected over Au/CeO2 at 150°C during the water-gas shift reaction over a period of 20 h. Feed: (2% CO, 2% CO2, 8.1% H2 and 7.5% H2O). The red circle indicates an isosbestic point (adapted with permission from reference 29, © 2010 Elsevier B.V.). (B) IR spectra collected over 1% Au/Al2O3 at room temperature under (a) 0.8% CO/He and (b-f) in 10% CO/He after 20, 80, 150, 230, and 450 s. The red circle indicates an isosbestic point (Adapted with permission from reference 33: Roze et al., J. Phys. Chem. C 113 (2009) 1037 © American Chemical Society).

Figure 2 :

 2 Figure 2: (A) DRIFTS spectra collected over 3 % Au/SiO2 at 50°C after 2, 8, 60 and 120 min under 1% CO in He (unpublished results). The red circle indicates an isosbestic point. (B) Proposed assignment of carbonyl bands over Au° nanoparticles before and after CO-induced reconstruction (adapted with permission from reference 35, Chen et al., AIP ADVANCES 1, 032105 (2011), © F. Chen, Z.Y. Li, R.L. Johnston).

Figure 3 :

 3 Figure 3: Comparison of IR spectra of CO adsorption on SiO2-supported Au-Pt nanoparticles of different at.% compositions: (a) Au/SiO2, (b) Au96Pt4/SiO2, (c) Au82Pt18/SiO2, (d)

Figure 4 :

 4 Figure 4: (A) DRIFT spectra recorded over (a) Au/Al2O3, (b) Pd/Al2O3 and (c) Au95Pd5/Al2O3 after 2 min under 1% CO/He. (B) DRIFT spectra recorded over Au95Pd5/Al2O3 at different times under CO/He (first spectra after 2 min under CO/He (black line), last spectra after 90 min (green line). The red circle indicates an isosbestic point. (Adapted with permission from reference 54, © 2013 Elsevier B.V.).

Figure 5 :

 5 Figure 5: (A) Operando DRIFTS spectra collected over (top) Au, (middle) Au-Ag and (bottom) Ag embedded in silicalite-1. Feed: 2.8% CO+8% O2 in He. T=100 °C. (B) Typical 4 nm cubo-octahedral Au-Ag nanoparticles with ca. half the surface corner and egde sites being occupied by Ag atoms (in grey). Au (in yellow) preferentially occupies terrace sites. (Adapted with permission from reference 27, © Elsevier B.V. 2019).

Figure 6 :

 6 Figure 6: (A). Typical IR spectra after adsorption of 1% CO/He at 300 K on 2% Pd/Al2O3 after different pretreatments (see references 56 for details)(B) Same on 2% Pd+2% Sn/Al2O3. (Adapted with permission from reference 56: Jbir et al., ACS Catal. 6 (2016) 2545 © American Chemical Society)
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 13247 Figure 7: (A) Operando DRIFTS spectra recorded at 330 K over the Pd/CeO2 and Pd-Zn/CeO2 reduced at 673 K and 773 K. Feed: 2.5% CO +50% H2 in He. (B) Linear CO coverage between 623 K and 330 K over the Pd-Zn/CeO2 reduced at 673 K and the corresponding fit to a modified Temkin adsorption model using adsorption enthalpies at zero and full coverages of -115 and -68 kJ mol -1 , respectively. Feed: 2.5% CO + 50% H2 in He.

Figure 8 :

 8 Figure 8: (A) Decomposition of CO(ads) IR signal (black line) on the basis of three Gaussian curves (dotted lines) assigned to linear (atop) carbonyls (noted L1-CO and L2-CO) and bridged or multi-bonded carbonyls (noted Hollow-CO) on a 14% Co/alumina. The sum of the three Gaussian curves is represented in red. (B) Schematic representation of a ca. 4.6 nm cobalt fcc particle indicating possible adsorption sites for the various CO(ads). Atoms located on low index plans such as (111) and (100) could be associated with L1-CO and L2-CO, respectively. Atoms located at the perimeter of steps could be associated with the (bridged or multi-coordinated) species Hollow-CO(ads). (Scheme adapted with permission from references 70 and 73 © Elsevier B.V. 2014 and 2015 and courtesy of Dr. P. van Helden).

Figure 9 .

 9 Figure 9. (A) Operando DRIFTS spectra collected at 220 °C after 22h on stream on aluminasupported cobalt and cobalt-tin catalysts. The molar fraction of Hollow-CO with respect to all CO(ads) is given inside brackets. Feed: 30 % CO + 60 % H2 in Ar. (B) Methane (circles) and propene (triangles) production as a function of the proportion of Hollow-CO over the alumina-supported cobalt (red symbols) and the three Sn-modified samples: Sn/Co=1:120 (black), Sn/Co=1:60 (blue), and Sn/Co=1:30 (green). (Adapted with permission from reference 11 © John Wiley and Sons 2018).

Figure 10 :

 10 Figure 10: Rates of formation of methane and propene, and rate of decomposition of Hollow-CO after 22 h at 220°C over Al2O3-supported cobalt and three Sn-modified samples. Feed: 30% CO + 60% H2 in He, P=1 atm. (Adapted with permission from reference 11 © John Wiley and Sons 2018).
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 24 for Pt in a Sn(100) surface was dramatically lowered in the presence of CO (Figure11.B).

Figure 11 :

 11 Figure 11: (A) Evolution of the Pt-CO DRIFTS signal on a Sn-rich Pt-Sn/alumina at 420 °C with time following the introduction of CO in a H2 feed. Feed: 2 % CO in H2. (B) Segregation energies in the absence (full lines) and presence (dashed lines) of CO for Pt in Sn(100).

Figure 12 :

 12 Figure 12: (A) In situ DRIFTS spectra collected under 2% CO/He at 498 K over Pt-Sn/alumina at 2 (light green), 5 (red), 10 (green), 23 (orange), 42 (purple) and 67 min (blue).The black spectrum is the steady-state spectrum collected under 2% CO + 10% H2 in He just before removing H2 from the feed. (B) In situ DRIFTS spectra collected under 2 %CO + 10% H2 in He over Pt-Sn/alumina during a temperature program from 323 up to 573 K using a ramp of 10 K min -1 . Spectra are reported every 25 K. The sample was initially reduced at 673 K under H2, before being fully segregated under the full stream at 323 K for 2 h. (Adapted with permission from reference 83 © Elsevier B.V. 2018).

Figure 13 :

 13 Figure 13: Gibbs energy of reaction associated with the oxidation of bulk Pt and bulk Sn by CO and the concomitant formation of carbon. The curves were calculated for a partial pressure of CO of 2 kPa. (Adapted with permission from reference 83 © Elsevier B.V. 2018).

Figure 14 : 5 .

 145 Figure 14: (A) In situ DRIFTS spectra recorded at 225°C at various times under 1% CO + 2% O2 + 80% H2 in Ar over Pt-Sn/Al2O3 pre-reduced at 400°C. The red spectrum was collected just before the addition of O2. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of the article). (B) Schematic representation of the conversion of Pt-Sn into a segregated phase of Pt and SnOx upon introduction of oxygen to the CO/H2 mixture. (Adapted with permission from reference 7 © Elsevier B.V. 2015).