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We explored here the possibility to use CO desorption kinetics monitored by IR spectroscopy as a tool to characterize the mixing of Au and Pt atoms at the surface of supported nanoparticles. CO desorption of CO monitored at 50 °C showed that a bimetallic sample exhibited an intermediate behavior between those of monometallic Au and Pt samples, proving the alloyed nature of the nanoparticles. Our data also suggest that alumina-supported Au nanoparticles are active for Boudouard reaction (2 CO → C + CO 2 ) at 50 °C, in contrast to the Pt-based sample.

Introduction

Gold has often been associated with other metals to modify the structural properties or the catalytic activity of metal nanoparticles. For instance, an enhanced resistance against oxidation/sulfidation of Pt and Pd was reported over Pt-Au 1 and Pd-Au 2 nanoalloy catalysts. Synergistic effects were observed over Pd-Au and Cu-Au/TiO 2 catalysts used for glucose oxidation 3 . Alloying Pd with Au markedly modified CO adsorption on Pd 4 : high dilution of Pd resulted in the loss of bridged CO species adsorbed on Pd-Pd pairs at the benefit of linear Pd-CO species through single atom alloy (SAA) formation.

The thorough characterization of supported bimetallic nanoparticles to determine the extent of mixing of Au with another metal is difficult. Powder X-ray diffraction is not informative when the nanoparticles are smaller than about 3 nm or if the two metals are poorly miscible like Au and Pt. On the contrary, EXAFS can provide detailed averaged coordination numbers of Au to the other metals, although this requires access to synchrotron facilities. Advanced TEM analyses such as STEM-XEDS 5 can provide detailed local information on a few selected nanoparticles, but such limited sampling may not be statistically representative of the whole material.

The characterization by CO adsorption can give information about the structure of the surface of the nanoparticles and possibly the presence of alloyed phases, as mentioned above for the case of Au-Pd systems. Several groups studied CO adsorption over bimetallic Pt-Au catalyst 6,7,8 . IR spectral analysis of Au-Pt systems is complex, because of the significant overlap existing between the frequency ranges of bands observed on Au and Pt sites, which has been discussed in a recent review 9 .

Linearly adsorbed CO on reduced Pt species exhibit bands in the range 2100-1990 cm -1 depending on site coordination number and surface coverage 10,11 . Regarding reduced gold, bands in the range 2120-2080 cm -1 have typically been assigned to CO adsorbed at steps or defects on neutral Au nanoparticles 12 while those located within 2080-2000 cm -1 have been assigned to CO adsorbed on negatively charged Au clusters 13,14 . Some authors have proposed that COrestructured Au surface exhibited bands around 2070-2060 cm -1 15 , though others claimed that the observed restructuration could have actually arisen from Au contamination with Ni(CO) 4 16 .

Whatever the true origin(s) of Au-CO bands below 2080 cm -1 , these reports show that assigning IR band of CO(ads) in the case of Au-Pt samples is not straightforward. upon exposure at very low CO pressures (ca. 3 x 10 -10 torr) at room temperature 17 . The surface of bimetallic Au-Pt nanoparticles would typically be enriched in Au under vacuum conditions or an inert gas, due to the lower surface tension of Au (1145 mN/m) as compared to that of Pt (1763 mN/m). A complete Au shell around a Pt-rich core would be formed for Au concentrations greater than 50 wt.% 17 . Pt would then migrate and be trapped at the surface in the presence of CO, due to the thermodynamically favored formation of strong Pt-CO bonds.

The rate of desorption of CO might be a more practical way of assessing the surface composition of Au-Pt bimetallics, rather than the often-unequivocal wavenumbers of IR bands.

CO adsorption on Au, Pt and Au-Pt bimetallics supported on silica 7 and zirconia 6 has been investigated and CO desorption was also discussed, though very briefly. A fast desorption of the bands associated with Au (above 2100 cm -1 ) could be observed at room temperature, while those mostly and apparently associated with Pt (below 2100 cm -1 ) were stable. None of these groups could yet provide any clear evidence of the presence of alloyed nanoparticles, which would probably exhibit an intermediate behavior, since Au could possibly serve as a porthole for CO desorption after surface diffusing from Pt sites. The present contribution investigates CO desorption on monometallic Au, Pt and bimetallic NPs supported on alumina, which were also fully characterized by XRD and TEM-EDX.

Experimental section.

Catalyst preparation.

The monometallic Au and Pt samples were prepared using a wet impregnation method 18 . The aqueous solutions of the precursors of Au (Chloroauric acid, HAuCl 4 .3H 2 O) or Pt (Platinic chloride hexahydrate, H 2 PtCl 6 .6H 2 O) both from Sigma Aldrich were added to a suspension of 1 g of γ-alumina support (from Saint Gobain, γ-Alumina (NORPRO), BET=208 m 2 /g) in 35 mL of distilled water, and the stirring for 45 min at room temperature. A freshly prepared solution of NaBH 4 in 10 mL distilled water was added dropwise, and the stirring was kept for 25 min. The NaBH 4 /metal ratio was 20 for Pt and 10 for Au. Finally, the suspension was filtered and washed several times with distilled water, and finally dried in an oven overnight at 90 °C. The bimetallic Pt-Au sample was prepared using a co-wet impregnation method, i.e. the impregnation of the two metals was performed simultaneously in a one-pot synthesis, similarly to the aforementioned procedure.

Supported gold nanoparticles may undergo sintering due to the exposure to light or moisture 19,20 . The samples were thus stored, preferably without reduction, in dry conditions and away from day light in a refrigerator at 5 °C. Any reduction was typically carried out just before characterization.

Catalyst characterization.

The elemental analysis analysis was performed by ICP-OES using an ACTIVA spectrophotometer from Horiba JOBIN YVON. TEM images were obtained using a JEOL 2010 microscope (resolution of 0.19 nm) operating at 200 kV. The particle diameters (d i ) were measured using Image J software. The surface weighted diameter was calculated as (d SW = ∑n i d i 3 / ∑n i d i 2 ). The dispersion was calculated depending on the d SW using the calculation methodology reported by Van Hardeveld and Hartog 21 considering a cuboctahedral model. The corresponding EDX analysis was performed on the same microscope on several particles using Link ISIS analyzer (from Oxford Instruments).

Powder X-ray diffraction (XRD) patterns of the samples were recorded using a diffractometer D8 advance A25 from Bruker equipped with a nickel filter, a copper tube ( = 1.54184 Å) and a multi-channel fast detector (LynxEye 192 channels an active length of 0.2947 nm). Diffractograms were collected at room temperature under air, over the range 4-70 ° with 0.02 ° step and 2 s per step.

The DRIFTS experiments were carried in a Praying Mantis DRIFTS reaction cell (from Harrick). The cell was placed in a collector assembly and fitted in a Nicolet 8700 FTIR spectrometer (from Thermo Fischer Scientific) equipped with a mercury cadmium telluride (MCT) detector cooled with liquid nitrogen. The gas flows were controlled by independent mass flow controllers (from Brooks). High-purity gases were purchased from Air Liquide (He and 5% CO/He) and Messer (H 2 ), and further purified using a liquid N 2 trap connected to the inlet gas line in the set-up. The catalysts were in situ reduced in a flow of 50 mL/min of 60% H 2 /He at 300 °C for 30 min. The system was heated from room temperature to 300 °C at a heating ramp of 10 °C/min. After the reduction treatment, H 2 was stopped, and the system was cooled down to 50°C in a He flow. The CO adsorption test was then carried out under a flow of 50 mL/min of 1% CO/He for 15 min. Finally, CO was stopped, and the CO desorption was monitored in a flow of 100 mL/min of He at 50 °C for 5 h.

The DRIFTS spectra were collected using the OMNIC software with a resolution of 4 cm - 1 and analyzed using OPUS software. The sample spectrum collected at 50 °C under He before CO adsorption was used as background. The DRIFTS spectra are reported as log (1/R), where R is the sample reflectance. This pseudo-absorbance gives a better linear representation of the band intensity against surface coverage than that given by the Kubelka-Munk function for strongly absorbing media such as those based on metals supported on oxides 22 . The contribution of gasphase CO was subtracted using a CO(g) spectrum collected at the reaction temperature over KBr, which enabled a perfect correction 23 .

Results and discussion

The measured metal loadings of the monometallic samples and that of the bimetallic material are shown in Table 1. The Pt loading was chosen to be larger than that of Au on the bimetallic sample to favor the presence of Pt at the surface on bimetallic NPs, if any. a Mean crystallite size estimated using Scherrer equation.

b Surface-weighted mean diameter (200 nanoparticles counted).

c Metal dispersion is estimated using a cubo-octahedral model and a calculation method described in reference 21 .

The XRD patterns collected over the three samples showed peaks related to Au or Pt phases and the alumina support (Figure 1A). The signal related to alumina was subtracted to better evidence the peaks associated with the metals and a zoom in the range corresponding to the (111) diffraction peaks of Au and Pt is shown in Figure 1B. The peaks were quite broad and the size of the crystallite domains of the monometallic samples were 7.5 nm for Pt and 3.2 nm for Au Figure 2 shows TEM images and the corresponding particles size distributions of the monometallic Pt and Au samples. The distribution of sizes was highest between 2 and 3 nm for both samples, but the Pt-based material exhibited much larger NPs, some of which were agglomerated in larger bunches (Figure 2 B). The corresponding surface-weighted diameters d SW were 3.9 nm for Au and 7.1 nm for Pt, values that were coherent with those determined from the XRD analysis (Table 1).

Figure 3 shows a representative TEM image and the corresponding particles size distributions of the bimetallic Pt-Au material. The sample displayed a rather narrow particle size distribution (up to 6 nm) with a d SW of 3.4 nm, similar to that of the monometallic Au sample (Table 1). The EDX analysis collected over several particles of the bimetallic sample showed the presence of both metals in most particles analyzed (Figure 4). The average Au/Pt atomic ratio determined by the EDX analysis (i.e. 0.13) over this limited set of data was similar to that obtained by the global ICP analysis (i.e. 0.14). In conclusion, the XRD and TEM-EDX data show that the metals are well-dispersed over the alumina support and that most NPs of the bimetallic sample contained both Au and Pt. Steady-state DRIFTS spectra were obtained after 15 min under a flow of 1% CO/He over the three materials (Figure 5). Only the wavenumber range below 2200 cm -1 exhibited bands. No hydroxyl groups characterized by bands over 3000-3800 cm -1 were formed upon CO introduction, stressing that the concentration of water in the feed was negligible. No bands related to C-H stretching bands could be observed around 3000 cm -1 , showing that the level of hydrocarbon contaminants was also negligible. It can be assumed that the optical path length was the same for the three materials, since the same support and low metal loadings were used (Table 1). Significant differences were observed between the monometallic Au material and the two Pt-containing samples. A single sharp band located at 2106 cm -1 typical of CO adsorbed linearly on low coordination metallic gold sites (referred to as Au L-CO) was observed on Au/alumina (Figure 5, inset) 4,12,24,25,26 . In contrast, much larger and broader bands band assigned to linearly adsorbed CO on metallic Pt sites (referred to as Pt L-CO) 27 were observed between 2100 and 1950 cm -1 for both the monometallic Pt and the bimetallic Au-Pt samples. Bridged CO species (referred to as Pt B-CO) 27 between 1950 and 1700 cm -1 were also observed for the Pt-containing materials. These observations are consistent with the stronger affinity of CO for Pt ( ads H 0 ca. -150 to -180 kJ mol -1 ), leading to all Pt surface atoms being covered at 50 °C, while only a minor fraction of sites would be in the case of Au ( ads H 0 ca. -80 to -60 kJ mol -1 ) 9,28 .

Interestingly, the signal measured over the bimetallic sample, which can be mostly assigned to CO adsorbed on Pt atoms, was significantly lower than that measured over the Pt/alumina, in spite of a higher Pt loading and higher metal dispersion. It shows that the minor fraction of Au present decreased CO adsorption on Pt, most likely due to the preferential presence of Au at the surface of the bimetallic NPs, as discussed in the introduction. The band of linear CO of the bimetallic sample did not exhibit the low frequency part between 2000-1950 cm - 1 observed in the case of the monometallic Pt band, suggesting that the sites occupied by Au on the NPs surface were those with lowest coordination numbers. This is expected because Au, which exhibits a much lower surface tension than Pt, will preferentially occupy defective positions.

A pair of bands at 1650 cm -1 and 1430 cm -1 was noted only in the case of the Au/alumina and corresponding to adsorbed hydrogenocarbonates 29 . These bands were not due to any contamination by CO 2 of the gas feed as those were not observed in the cases of the Pt-containing samples. These observations could be repeated in additional experiments carried out on all the samples. This shows that CO 2 was formed in situ over the monometallic gold material, possibly through the water-gas shift reaction (WGS, CO + H 2 O → H 2 + CO 2 ) due to water traces or through the dissociation of CO via Boudouard reaction (2 CO → C + CO 2 ). We favor the latter route, because of the dryness of our feed and the fact that CO dissociation on Au(110) was already observed at room temperature 12,[START_REF] Santos Aires | Proc. Int. Conf. Phys. Surfaces Interfaces[END_REF] .

The desorption of CO from the surface of the NPs was then monitored by DRIFTS at the same temperature of 50 °C under a stream of He. The Au L-CO observed over the monometallic Au sample had essentially vanished only 2 min after removing CO from the feed (Figure 6A).

This observation is consistent with the reported low heats of adsorption of CO on Au, i.e.  ads H 0 ca. -80 to -60 kJ mol -19, 28 . In contrast, the bands of the adsorbed carbonates (likely located on the support) showed a slight decrease in intensity over the same period.

10 Figure 6: DRIFTS spectra recorded over Au/alumina after 2 and 3 min following the removal of CO from the feed. Feed: He, 100 mL/min, 50 °C. The spectrum noted 0 min was recorded just before removing CO.

The case of the monometallic Pt sample was more complex. The B-CO bands rapidly lost about 20 % intensity within 10 minutes and then decreased more slowly, resulting in a loss of about 40 % intensity after 5 h (Figure 7). The slowing down of the B-CO desorption rate is likely related to the increased adsorption strength with lower surface coverage, as B-CO adsorption heats were shown to vary from -45 kJ mol -1 at full coverage to -94 kJ mol -1 at zero coverage [START_REF] Bourane | [END_REF]32 .

In parallel, the shape of the L-CO band was modified, by losing intensity between 2090-2050 cm -1 and gaining intensity between 2040 and 1950 cm -1 (Figure 7A). This red-shift of the L-CO actually resulted in a slight increase in the band area over the first few minutes after stopping CO, which then remained stable for 5 h (Figure 7B). The origin of this moderate L-CO intensity increase is unclear, it could correspond to an increase of L-CO surface coverage (through conversion of some B-CO into L-CO), a reconstruction of the surface or a difference of molar absorption coefficient. In any case, these data show that Pt L-CO were strongly held at the surface of the Pt NPs, showing no desorption for up to 5 h. The evolution of the carbonyl signal on the bimetallic Au-Pt sample (Figure 8) following CO removal from the feed was quite different from that observed on the monometallic Pt (Figure 7). L-CO (2068 cm -1 ) and B-CO (1836 cm -1 ) species, mostly adsorbed on Pt sites, exhibited first a rapid decay over the first 20 min, followed by a slower gradual decrease (Figure 8). After 4 h, the decay of both L-CO and B-CO signals appeared to accelerate and B-CO species were essentially no longer visible after 5 h (Figure 8B). The L-CO signal had decreased by about 50 % after 5h (Figure 8B), which is a marked difference from the monometallic Pt sample that showed no desorption over the same period (Figure 7B).

The initial fast L-CO decay was likely related to CO desorbing from Au-rich NPs. A minor fraction of pure Au NPs was also present initially, as indicated by the band at 2106 cm -1 (Figure 8A). Two models can be put forward to explain the faster desorption from Pt-CO in the case of the bimetallic sample. First, CO strongly adsorbed on Pt sites could surface-migrate towards an adjacent Au site, from which facile desorption would occur (Scheme 1A). Second, direct desorption from Pt sites could also possibly occur if neighbouring Au atoms would exert a sufficient electronic effect on Pt to decrease the Pt-CO bond strength (Scheme 1B). The first and second models relate to geometric and electronic effects, respectively. The slower decay observed between 1 and 4 h would then be due to desorption from NPs less rich in Au. The final section between 4 and 5 h showing an acceleration of desorption could possibly be relating to a restructuring of the surface of the NPs. Surface Pt liberated from CO would become less thermodynamically favoured at the surface and exchange with Au atoms, which display a lower surface tension (Scheme 1C). Such surface segregation effects in the addition/removal of CO would be similar to those reported by Tenney et al. for Au-Pt surfaces 17 .

Whatever the true effect of Au on Pt, the decay of the DRIFTS signal of the L-CO species observed over the three materials show that desorption of CO from Pt atoms in the bimetallic 

Conclusions

Al 2 O 3 -supported Pt-Au nanoparticles around 3 nm in diameter were prepared and the formation of bimetallic nanoparticles could be evidenced by TEM-EDX. The nature of the IR spectra could not directly reveal the alloyed state of the surface. In contrast, the kinetics of desorption of CO monitored at 50 °C showed that the bimetallic sample exhibited an intermediate behavior between that of the monometallic Au and Pt samples, proving the alloyed nature of the nanoparticles. It is not yet clear whether the faster desorption from Pt was due to an electronic effect weakening the Pt-CO bond or to the migration of CO from Pt to the adjacent Au on which faster CO desorption occurs. This work stresses the benefit of using CO desorption kinetics as a means to characterize Au-Pt nanoalloys.
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Figure 1 :

 1 Figure 1: (A) X-ray diffraction patterns of the alumina-supported monometallic and bimetallic materials samples and the alumina support. (B) Zoom in on the XRD patterns of the monometallic and bimetallic materials. The pattern of the alumina support was subtracted. The dotted lines are associated with the diffracting planes as reported in the JCPDF files for Au (01-071-4616) and Pt (00-001-1311).

Figure 2 :

 2 Figure 2: TEM images and particle size distributions of the alumina-supported (A) Au, and (B) Pt.

Figure 3 :

 3 Figure 3: TEM image and the corresponding particle size distribution of the alumina-supported bimetallic Pt-Au material.

Figure 4 :

 4 Figure 4: EDX analysis over several particles of the alumina-supported bimetallic Pt-Au sample.

Figure 5 :

 5 Figure 5: DRIFTS spectra recorded at 50 °C over the reduced Pt, Au and Pt-Au supported on alumina after exposure to CO for 15 min. Feed: 1% CO/He, 50 mL/min. The inset is a zoom in on the low frequency region. The spectrum collected under He before CO introduction was used as background.

Figure 7 :

 7 Figure 7: (A) DRIFTS spectra recorded over Pt/alumina after various times following the removal of CO from the feed. The spectrum noted 0 min was recorded just before removing CO and (B) corresponding evolution of the relative areas of the L-CO and B-CO DRIFTS bands. Feed: He, 100 mL/min, 50 °C.

Figure 8 :

 8 Figure 8: DRIFTS spectra recorded over the Au-Pt/alumina after various times following the removal of CO from the feed. Feed: He, 100 mL/min, 50 °C. The spectrum noted 0 min were recorded just before removing CO.

  between that of the monometallic samples (Figure9). It is therefore concluded that CO desorption kinetics can be used as a tool to investigate the alloyed state of Au-Pt bimetallics.

Figure 9 :

 9 Figure 9: Evolution of the relative areas of the L-CO DRIFTS bands following the removal of CO from the feed. Feed: He, 100 mL/min, 50 °C.

  

Table 1 : Properties of the Al 2 O 3 -supported Au, Pt and Pt-Au samples. Sample Metal loading (wt.%) Au/Pt atomic ratio XRD particle size a (nm) TEM particle size b (nm) Metal Dispersion c (%)

 1 

		Pt	Au				
	Pt	1.3	----	0	7.5 ± 1	7.3 ± 1	20
	Au	----	2.13	----	3.2 ± 1	3.9 ± 1	35
	Pt-Au	2.1	0.3	0.14	5.6 ± 1	3.4 ± 1	38

Acknowledgements: TE acknowledges funding from the ANR project DECOMPNOx (ANR-18-CE07-0002-01). RA acknowledges funding from the University of Lyon.