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1. Selected STEM pictures of reduced catalysts 
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Figure S1. Selected STEM pictures of reduced catalysts: a) Pt/Al2O3In-Cl, b) PtIn/Al2O3-Cl, 
c) SnPt/Al2O3-Cl, d) SnPtIn(0.38)/Al2O3-Cl and e) SnPt/Al2O3In(0.38)Cl.  



S3 

2. Local platinum characterisation: Pt L3-edge XANES on reference 

platinum catalysts 

 
Fig. S2 shows a comparison of the XANES spectra at the Pt L3 edge of a reduced 

Pt/Al2O3-Cl catalyst with two reference samples: Pt metal foil (Pt0 oxidation state) and 

PtO2/Al2O3-Cl (Pt+4 oxidation state). When exciting the Pt L3 edge, empty 5d electronic states 

are probed and the intensity of the whiteline is a direct measure of the number of holes in the 

band.[i,ii,iii,iv,v,vi,vii]   
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Figure S2. XANES spectra at the Pt L3-edge of Pt metal, PtO2/Al2O3-Cl and reduced 
Pt/Al2O3-Cl. 

 

In the metallic state (Pt metal) the whiteline shows a maximum absorption intensity 

around 11566 eV which is not very intense and shifted in energy compared with the 

absorption intensity of Pt in the oxidic state, which is around 11568 eV (obtained for non 
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reduced PtO2/Al2O3-Cl reference). The Pt metal spectrum also shows two bands at 11580 and 

11595 eV immediately after the whiteline region, while the spectrum of the oxidic form 

shows a characteristic dip after the whiteline and a fine structure near 11580 and 11593 eV. 

These observations are in very good agreement with those of Alayon et al.viii. The reduced 

monometallic Pt/Al2O3-Cl catalyst exhibits a XANES spectrum almost identical to that of the 

Pt foil, with identical whiteline intensity. This indicates that most of Pt is reduced to the metal 

state at 500°C. Compared with the oxidic sample, the edge energy (E0) is shifted to lower 

energies, precisely to 11566.5 eV. Singh et al.[ix]
  reported an E0 value of 11565.6 eV for bare 

Pt particles. A 0.4 eV shift was observed upon hydrogen absorption and it was suggested that 

the Fermi level had been pushed up by 0.4 eV. The 11566.5 eV whiteline position value 

reported in this work for reduced Pt/Al2O3-Cl is thus a little higher (by 0.5 eV), probably 

because of differences in loadings and preparation methods (presence of Cl in our samples) or 

due to slight differences in monochromator calibration or vacuum levels in the analytical 

cells. The features at 11573 eV, 11581 eV and 11595 eV attributed in the literature to multiple 

scattering of the photoelectron against neighbouring Pt atoms71 are of very low intensity, 

indicating small platinum particles. This is consistent with STEM results showing average 

particle size of about 1.0 nm on this catalyst, which is in excellent agreement with reported 

results on reduced Pt/Al2O3-Cl with 0.9 nm particles.[viii]  
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3. DFT investigation of the structure of PtxSn13-x clusters in the gas phase: 

simulated annealing 
 

Mono- and bimetallic thirteen atoms clusters (PtxSn13-x, with x = 13, 7 and 0) were 

modelled by DFT calculations. Isolated PtxSn13-x clusters were optimized in a 20x20x20 Å3 

cubic cell, and the corresponding Brillouin-zone k-point mesh sampling was restricted to the 

gamma point. In the same spirit as our previous work on monometallic clusters,[x] a simulated 

annealing method was applied to find the most stable PtxSn13-x clusters by scanning a large 

structural configuration space. This simulated annealing method is based on first-principles 

NVT velocity scaled molecular dynamics followed by quenches at 0 K.[xi]  

The whole simulation time was at least 20 ps and the time for each step was set to 10 

fs. The simulation temperature was adjusted for each cluster composition. 400 K was found as 

the most appropriate to find stable structures, starting from an arbitrary geometry consisting in 

a Pt cuboctahedron or biplanar structure, in which 0, 6 or 13 atoms of Pt were substituted by 

Sn. 

Figure S3 depicts the evolution of the electronic potential energy for the Sn13 cluster 

during molecular dynamics runs performed at various temperatures, starting from a biplanar 

structure. More stable systems are found from the simulation performed at 400 K. 
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Figure S3. Evolution of the electronic potential energy of a Sn13 cluster as a function of the simulation 

time, for molecular dynamics run performed at various temperatures. 
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4. DFT investigation of the structure of PtxSn13-x clusters supported on the 

γ-Al2O3 (100) surface 
 

Clusters supported on γ-Al2O3 were modelled according to a method derived from 

ref.[xii], where the dehydrated (100) surface of gamma-alumina was shown to induce the 

stronger metal/support interaction for such cluster sizes. The γ-Al2O3(100) surface model is 

inherited from ref. [xiii;xiv] and is shown in Figure S4-a. Periodic slabs consist of four alumina 

layers separated by a vacuum thickness corresponding to more than two equivalent empty 

layers. Two alumina layers were fixed whereas the two other ones were relaxed.  

 

 
Figure S4. Top and side views and of typical unit cells modelled in the present work. (a)  γ-
Al2O3(100) slab. (b) γ-Al2O3(100) slab doped with four In atoms per unit cell. (c) Pt13/γ-Al2O3(100) 
doped with In. The black circle depicts the diameter of a 1 nm particle. 
 

The promotion of the γ-Al2O3(100) surface model by In3+ atoms was then studied by 

substitution of some Al3+ ions by In3+ species. The most stable substitution site is depicted in 

Figure S4-b. A dipolar correction following the axis perpendicular to the ionic surface was 

applied due to the introduction of In3+ ions on one side of the slab only.  

PtxSn13-x clusters were adsorbed and relaxed. Figures S4-c and d depict the examples 

of the Pt13 and the Pt7Sn6 clusters respectively. 
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We found that the most stable PtxSn13-x / γ-Al2O3 system does not necessarily inherit 

from the gas phase morphology. In particular, stabilization of the system is reached by 

flattening of Pt13 into a biplanar structure. For the supported Pt7Sn6 system, we also found a 

Pt7Sn6 structure more stable than the gas phase cluster. Among numerous simulated Pt7Sn6 / 

γ-Al2O3 structures (including the deposition of the gas phase cluster), the best one was 

obtained from the previous Pt13 / γ-Al2O3  system where six Pt atoms were substituted by tin 

atoms.  

 A 1 nm diameter sphere is also depicted. Taking into account metallic radii of Pt and 

Sn atoms (1.39 and 1.63 Å to be added to the diameter of the simulated particle), it can be 

concluded that PtxSn13-x can be considered as appropriate estimations of 1 nm particles. 
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5. Assignment of Mössbauer spectroscopy spectra 

The following classification of Sn species was used in the paper.[xv]  

 

1)  Three types of SnIV oxides with isomer shifts δ (mm.s-1) close to that of bulk SnO2, 

that is 0.1<δ<0.4. These oxides are however distinguishable by their quadrupole splitting 

value ∆ (mm.s-1). The first oxide, labelled hereafter "SnO2 0" corresponds to small, rather 

isolated, molecule like Sn particles which are not embedded in a surrounding matrix, but 

rather correspond to an octahedral SnO6 cluster on the outermost sphere of a particle. Due to 

weak interaction with surrounding atoms, the Sn-O bonds are free of strain and relax to form a 

perfect octahedron, as reflected by the zero quadrupole splitting. The second oxide labelled 

"SnO2 1" with 0.4<δ<0.8 mm.s-1 forms a SnO2-like lattice with Sn-O-Sn bridges, while the 

third with 0.8<δ<1.5 mm.s-1(labelled SnIV 2) corresponds to a bimetallic lattice with Sn-O-Al 

or Sn-O-Pt bridges (eventually Sn-O-In), which is reflected in its relatively higher quadrupole 

splitting.  

 

 2)  Three types of SnII oxides with characteristic δ and ∆ values. The first oxide 

labelled "SnII 1" with ∆ close to 1.3 mm.s-1 and 2.55<δ<2.65 mm.s-1 signifies an SnO-like 

structure. The second, labelled "SnII 2a" with 2.80<δ<3.50 mm.s-1 and ∆>2.0 mm.s-1, signifies 

a SnII oxide with Sn in contact with another metal such as Pt or Al (eventually In). The last 

oxide labelled "SnII 2b" with 3.10<δ<4.00 mm.s-1 and 0.9<∆<1.7 mm.s-1 is interpreted as a 

SnII oxide with Sn-O-Sn bridges.  

 

3) Three categories of Sn0 discriminated by their isomer shift and quadrupole splitting. 

The first type is Sn0 present in PtSnx alloys with zero quadrupole splitting ∆ and an isomer 
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shift δ which has been shown to linearly depend on (x).[xvi] Their isomer shifts could be thus 

used as a measure of the Pt:Sn atomic ratio. In this way, a phase with 1.4<δ<1.7 mm.s-1 

signifies a Pt-rich PtSnx alloy, a 1.8<δ<2.0 mm.s-1 stands for almost equal Pt and Sn 

proportions and a 2.3<δ<2.5 mm.s-1 indicates a Sn-rich PtSnx alloy. The second category is a 

Sn phase present in Pt-Sn intermetallic particles with 1.25<δ<2.15 mm.s-1 and a non-zero 

quadrupole splitting. This phase is attributed to an oxo-metallic PtxSn(O) species, with 

oxygen atoms creating a certain asymmetry in Sn environment, thus justifying the non-zero ∆ 

value [vi]. The third type is non-alloyed Sn0, presenting a majority of Sn-Sn bonds, with 

2.20<δ<2.50 mm.s-1 and a ∆>0.6 mm.s-1. This phase was thus assigned to a solid solution 

where Sn is in contact with Al and Pt atoms that initially catalyzed its reduction into the 

metallic state.  

Margitfalvi et al [xvii,xviii,xix] described two types of Pt-Sn alloys, the first lying in the 

1.20-1.56 mm.s-1 isomer shift range and the second in the 2.23-2.35 mm.s-1 isomer shift range. 

The former was assigned to Sn dissolved in Pt (Sn < 6 at.%) and/or to Pt3Sn. The latter, with 

higher isomer shifts, was attributed to Sn rich Pt2Sn3 and PtSn4 phases. Charlton et al. [vii] 

reported a study on the dependence of the isomer shift of PtSn alloys on their Sn atomic 

content. It was found that the Sn isomer shift in these alloys could be linearly traced as a 

function of Sn atomic concentration in the alloy, and that there was a gradual decrease of δ 

values of Sn solid solutions in Pt relative to the Pt3Sn alloy (as a function of Sn atomic 

concentration). We tend therefore to consider the intermetallic phases observed below δ = 

1.20 mm.s-1 (with ∆>0) equally as substitutional alloys, in which Sn atoms are also anchored 

to O or even Cl atoms, which creates non-zero quadrupole splitting values. The decrease of 

the quadrupole splitting of the observed PtxSn(O) phase is therefore indicative of the impact 

of the In-alumina interactions on the structure of the later formed Pt-Sn nano-clusters. 
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