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Abstract 

The understanding of the structure and properties of g-Al2O3 supported platinum-tin catalysts 

in oxidizing conditions is of prominent importance for many catalytic reactions. By using 

density functional theory calculations and ab initio molecular dynamics simulations, we 

identify the adsorption sites of oxygen atoms on a Pt10Sn3/g-Al2O3(100) cluster model and 

analyze its reconstruction and electronic charge redistribution. A strengthening of O adsorption 

is found for the cluster with respect to the Pt3Sn(111) surface, due to the key role of Al-Pt 

interfacial sites at low coverage, the ductility and the metastability of the cluster. Moreover, the 

ab initio (𝑝!!, T) thermodynamic phase diagrams show only minor differences between the 

supported Pt10Sn3 and Pt13 clusters. Both clusters are much more oxidized than their 

homologous Pt and Pt3Sn(111) surfaces, and their oxygen contents may exceed 1 ML. This 

suggests a stronger size effect than an alloying effect for the oxidation of the metallic 

nanoparticles at small size. 
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Introduction 

Supported platinum-based (Pt-based) particles have a great potential at sub-nanometric size, 

mainly for catalytic applications. For instance, Pt clusters supported on g-alumina are well 

known to be active catalysts used in numerous applications such as naphtha reforming catalytic 

processes[1,2], light alkane dehydrogenation and cyclohexane dehydrogenation for hydrogen 

production[3,4]. g-alumina supported Pt catalysts are also widely used for the oxidation reactions 

of various molecules such as hydrocarbons (methane, propane,…)[5] as well as carbon 

monoxide (CO).[6,7] This type of catalytic material is also well-known to be efficient for O2 

reduction reaction (ORR)[8] which is of renewed interest nowadays within the context of 

hydrogen purification[9]. Nevertheless, one open question remains about the oxidation state of 

platinum in oxidizing conditions. In particular, it has been reported by in situ XAS experiment 

that such alumina supported Pt may become partially oxidized upon oxygen environment 

encountered in CO oxidation reaction,[10] while density functional theory (DFT) calculations 

also showed that the oxidizability of Pt is increased for small size clusters.[11,12] 

The performance of Pt-based catalysts can be improved by modifying their properties with a 

secondary metallic promoter.[13–17] These promoters may improve the activity, the selectivity, 

and the stability of the resulting Pt-based nanoalloy catalysts by either modifying the electronic 

properties (“electronic effect”) or diluting the main active metal (“geometric effect”)[18]. Tin 

(Sn) is a typical example that can increase the catalytic performance of Pt by forming Pt-Sn 

alloy. Sn doped Pt-based particles are widely used to improve the selectivity, stability and 

regeneration properties in many catalytic applications such as dehydrogenation of alkanes and 

catalytic reforming of naphtha[19-21]. The addition of Sn is especially observed to weaken 

propene adsorption[22] and to improve the selectivity of dehydrogenation of propane (DHP) on 



 

4 
 

Pt catalyst[15], or to avoid the coking.[16] Moreover, tin is a good choice to alloy with Pt for 

yielding higher catalytic activity as a cathodic electrocatalyst[23] for various applications such 

as oxidation reactions or oxygen reduction reaction (ORR)[14,24-28]. The redox active Sn ad-

atoms were found to highly promote the CO adlayer oxidation on Pt[27]. Theoretical studies 

showed that the catalytic performance of Pt can be enhanced in different catalytic reactions by 

forming Pt-Sn alloy[29-31].  Wang et al. studied the O2 reduction on the (111) facets of Pt and 

Pt3Sn surfaces by performing density functional theory (DFT) calculations in periodic boundary 

conditions. Their studies showed that at the same temperature, the reaction rate of ORR on the 

Pt3Sn(111) surface is faster than that on the pure Pt(111) surface. This was assigned to a 

decrease in the surface d-band center of Pt3Sn(111) in comparison to pure Pt(111), that leads to 

a corresponding decrease in the binding energies of ORR intermediates[30]. Regarding low 

dimensionality alloyed systems, the effects of cluster size and composition on the atomic 

structures, electronic and chemical bonding properties of PtnSnn (n = 1–10) and Pt3mSnm (m = 

1–5) were determined by combining genetic algorithms with DFT by Huang et al.[31]. Both 

charge transfer (from Sn to Pt) and dilution effect of Pt sites seem to act beneficially for 

improving the catalytic activity of Pt–Sn catalysts[31].  

γ-Al2O3 is a very widely used support in heterogeneous catalysis and in industrial processes 

because of its high surface area, versatile acid-basic properties and ability to disperse the 

metallic active phase[32]. In particular, Pt and Pt-Sn clusters with nanometric sizes could be 

dispersed at the surface of Al2O3 support[1,28,33]. Gorczyca et al. reported ab initio investigation 

of structural models for platinum-tin sub-nanometric clusters, containing in total thirteen metal 

atoms (PtxSn13-x with 0 ≤ x ≤ 13) deposited on the (100) γ-Al2O3 surface, in the case where tin 

is metallic (Sn0)[19]. Previous experimental works suggest that a lower amount of tin with 

respect to platinum is present in the reduced nano-alloy[1,21,34], therefore Gorczyca et al. studied 

especially the nanostructure of Pt10Sn3 on γ-Al2O3 and the effects of hydrogen adsorption on 
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the metallic cluster, so as to assess the evolution of the morphology of the cluster and of its 

electronic properties in a reducing environment. A strong ductility of the sub-nanometric 

cluster, enhanced by the presence of tin, explained its behavior as a function of the hydrogen 

coverage. To date, however, no theoretical work has addressed the interaction of platinum-tin 

clusters on alumina in oxidative conditions. As highlighted above, the behavior of such alloyed 

clusters in oxidative conditions is critical for the evolution of catalytic performances in presence 

of O2. Previous theoretical works revealed that the reactivity of O2 for Cu clusters is structure-

sensitive with thermodynamic stability and activation energies depending on cluster’s size and 

morphology.[35] However, to the best of our knowledge, the thermodynamic stability and the 

nanostructure evolution of PtSn alloyed cluster under various O2 partial pressures remain 

unknown.     

To address such a question, the present work reports on the dissociative adsorption of oxygen 

Pt10Sn3/γ-Al2O3 catalysts over a large range of coverage by performing density functional 

theory calculations and ab initio molecular dynamics (AIMD) simulations. The stability of the 

adsorbed phase and its coverage is predicted by atomistic thermodynamics for Pt10Sn3On/γ-

Al2O3 (100) as a function of O2 pressure and temperature. To elucidate the effect of alloying 

and size, the results are compared with results of oxygen adsorption on Pt13/γ-Al2O3, Pt(111)  

and Pt3Sn(111) extended surfaces. The paper is organized as follows: in the next section, we 

describe the computational methods used for our DFT calculations. In the results and discussion 

section, we first analyze the single atom oxygen adsorptions on Pt10Sn3/γ-Al2O3. We then 

analyze the evolution of structure, adsorption energy, Bader charge transfer and thermodynamic 

stability for higher oxygen coverage. 
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Results and discussion 

Adsorption of atomic oxygen at low coverage 

In this section, we first discuss the adsorption of a single oxygen atom on Pt10Sn3O/Al2O3. Due 

to the absence of symmetry, there exists a variety of possible adsorption sites for O on the 

Pt10Sn3 cluster. First, we simulated all typical adsorption sites for oxygen (top, bridge, and 

hollow sites) as initial guesses. Among all the simulated configurations, only the most stable 

ones are shown in Figure 1 and their adsorption energies are given in Table 1.  

 

Figure 1. Side views of the most stable structures for an atomic oxygen adsorption on Pt10Sn3/γ-

Al2O3 system in different positions: (a) top-Pt, (b) top-Sn, (c) Bridge (Pt-Pt), (d) Bimetallic 

Bridge (Pt-Sn), (e) Hollow (Pt-Pt-Pt), (f) Bimetallic Hollow (Pt-Sn-Pt), (g) Bimetallic Hollow 

(Sn-Pt-Sn), (h) interfacial (with alumina) Bimetallic Bridge (Al-Pt) and (i) interfacial -with 

alumina) Trimetallic Hollow (Al-Pt-Sn).  

 

(a) (b) (c)

(d) (e)

(g) (h) (i)

(f)
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The O adsorption energy on the top-Pt site (-182 kJ.mol-1) with a Pt-O bond length of 1.79 Å is 

twice stronger than that on the top-Sn site (-85 kJ.mol-1) with a Sn-O bond length of 1.87 Å. 

This result which does not follow the intuitive expectation based on electronegativity of Pt and 

Sn elements, highlights that the specific behavior of such nano-cluster driven in particular by 

the low coordination of Pt atoms. Also, the bimetallic hollow (Pt-Sn-Pt) site with an adsorption 

energy of -48 kJ.mol-1 site is the least stable structure which is in contrast with the Pt3Sn(111) 

surface as discussed below. However, the bimetallic bridge (Al-Pt) interfacial site is by far the 

most stable position with an adsorption energy of -390 kJ.mol-1. The same mode is favored on 

the Pt13/Al2O3 system[12]. In the most stable configuration, the Pt-O and Al-O bond lengths are 

1.89 and 1.83 Å, respectively. As illustrated for some configurations in Table 1, the O 

adsorption energies on Pt10Sn3/Al2O3 in all configurations are significantly less exothermic than 

those on Pt13/Al2O3[12]. The adsorption energy for the most stable configuration at interfacial 

site on Pt10Sn3/Al2O3 is more exothermic (ie. stronger adsorption) than those found on extended 

monometallic Pt(111),[36–38] and bimetallic Pt3Sn(111)[24,25] surfaces at 0.25 ML O coverage 

(for which we also provide a value compatible with previous works) (Table 1). The adsorption 

energy on alloyed Pt3Sn(111) surface is -209 kJ/mol at 0.25 ML O coverage in our study (Figure 

S5) which is in good agreement with previous work (-204 kJ/mol).[39] This adsorption which 

occurs on a bimetallic hollow (Pt-Sn-Pt) site of the Pt3Sn(111) surface is more exothermic than 

the adsorption occurring on the homologous site of Pt10Sn3/Al2O3 (-48 kJ/mol) but less 

exothermic than the most stable interfacial (Al-Pt-Sn) site on Pt10Sn3/Al2O3.  
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System Adsorption mode Figure Eads 
Pt10Sn3O1/Al2O3 

this work 
 
 
 
 
 
 
 
 
 

Pt13O1/Al2O3 [12]    
 
 
 
 
 

Pt(111)-(2x2) this work 

Pt (111)-(2x2) [36,37] 
Pt (111)-(2√3×2√3) [38] 

 
Pt3Sn (111)-(2√3×4) this work 

Pt3Sn (111)-(2×2) [39] 
Pt3Sn (111)-(2×2) [24]    

Pt3Sn (111) )-(√3×√3)R30˚ 
[24]                                                                                                                                                                                                                                                                                                                                                          

Top-Pt 
Top-Sn 

Bridge (Pt-Pt) 
Bimetallic Bridge (Pt-Sn) 

Hollow (Pt-Pt-Pt) 
Bimetallic Hollow (Pt-Sn-Pt) 
Bimetallic Hollow (Sn-Pt-Sn) 

Bimetallic Bridge (Al-Pt) 
Trimetallic Hollow (Al-Pt-Sn) 

 
Top-Pt 

Bridge (Pt-Pt) 
Hollow (Pt-Pt-Pt) 

Bimetallic bridge (Al-Pt) 
Bimetallic hollow (Al-2Pt) 

 
0.25 ML 
0.25 ML 
1/12 ML 

 
0.25 ML 
0.25 ML 
0.25 ML 
0.25 ML 

Fig. 1 (a) 
Fig. 1 (b) 
Fig. 1 (c) 
Fig. 1 (d) 
Fig. 1 (e) 
Fig. 1 (f) 
Fig. 1 (g) 
Fig. 1 (h) 
Fig. 1 (i) 

 
 
 
 
 
 
 

Fig. S4 

-182 
-85 
-203 
-250 
-209 
-48 
-250 
-393 
-274 

 
-376 
-351 
-367 
-452 
-514 

 
-244 

-233 and -199 
-236 

 
-209 
-204 
-216 
-199 

 

Table. 1 Adsorption energy (Eads, in kJ/mol) per O2 at low oxygen coverage for the most stable 

structures. The related structures are presented in Figure 1. The reported adsorption energies in 

Ref [24] are per atomic oxygen, therefore they are multiplied by two in this work.   

 

Oxygen adsorption at higher coverages 

To identify stable configurations of higher oxygen coverages on Pt10Sn3/Al2O3, AIMD 

simulations were used systematically from Pt10Sn3O2 to Pt10Sn3O30 (Figure S2), as explained 

before. The structures of the most stable Pt10Sn3On/γ-Al2O3 systems are displayed in Figure S3. 

To make a parallel analysis with infinite surface, for each oxygen coverage, the monolayer is 

defined as the number of oxygen atoms normalized by 13, the total number of metallic atoms 

in the ductile cluster. Therefore, the 26 atomic oxygen coverage (Pt10Sn3O26) is considered as a 

2 ML structure. On Pt10Sn3O2, the two adsorbed oxygen atoms are linked at the interface of the 
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cluster and the alumina support through bimetallic bridge (Pt-Al) and trimetallic hollow (Al-

Pt-Sn) configurations. From n > 4, the cluster is gradually reconstructed with the uplift of the 

platinum-tin cluster. This reconstruction induced by oxygen insertion between metallic atoms 

results in a cluster’s volume expansion. For n = 4, in addition to the interfacial oxygen atoms, 

the bridge (Pt-Pt) and bimetallic bridge (Pt-Sn) adsorption modes are also occupied by O atoms 

on the cluster, while for n > 6 in addition to the interfacial oxygen atoms, the bridge (Pt-Pt, Pt-

Sn and Sn-Sn) and bimetallic hollow sites are favored. From n = 4 to n = 10, oxygen atoms are 

adsorbed only on the outer layer of metallic cluster whereas for higher O coverages (n > 10) 

they penetrate the center of cluster. For the structures at very high coverages (n = 22, 24 and 

26), one short O-O bond (between 1.37 and 1.41 Å) is formed between two Pt atoms on the 

outer layer of the cluster. For n = 28, in addition to this outer layer O-O bond, a second O-O 

bond (1.33 Å) is located in the center of metallic cluster (bridging two Pt atoms), while a third 

one (1.34 Å) is formed at the interface between one Pt and one Al, for n=30. Finally, for the 

structure of highest oxygen coverage (n = 30) additional oxygen atoms are adsorbed in the top-

Sn mode (Figure S3). 

The energetic feature of the most stable Pt10Sn3On/γ-Al2O3 systems found is shown in Figure 2. 

The average adsorption energy increases from -393 kJ/mol (for Pt10Sn3O) to -145 kJ/mol (for 

Pt10Sn3O30) in a quasi-monotonous way as a function of O coverage due to several effects 

induced by the different nature of sites involved in the interaction with O (interfacial, Pt, Sn) 

and to the repulsion between adsorbates particularly at high coverage. The exothermicity of O 

adsorption first decreases from -393 kJ/mol (for n = 1) to -286 kJ/mol (for n = 4) and then 

reaches a plateau from Pt10Sn3O6 (-290 kJ/mol) to Pt10Sn3O14 (-272 kJ/mol) and finally 

increases further by coadsorbing more O atoms. In general, the O adsorption energy on 

supported Pt10Sn3	cluster is weaker (by almost 25%) than that on supported Pt13 cluster [12] 

(Figure 2). In comparison with the Pt3Sn (111) surface,[24] the supported Pt10Sn3	cluster exhibits 
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stronger adsorption energy which shows a huge capacity of stabilizing oxygen atoms on it. This 

is due to the intrinsic metastability of such small size clusters with respect to infinite surface, 

and also to the capacity of these small clusters to adapt their shape upon adsorption, as a 

consequence of their ductility, as previously shown for H adsorption on Pt[40,41] and PtSn 

clusters[19]. Notably, starting from n = 10, the structure of the support is locally affected, with 

the migration of a surface Al atom to a neighboring AlIV position close to the surface. 

Figure 2.  Average adsorption energy (kJ mol-1) plotted against oxygen coverage (ML) on 

Pt10Sn3/Al2O3. The calculated adsorption energies of oxygen on Pt (111), Pt3Sn (111) and 

Pt13/Al2O3 are also presented from previous works: +Sangnier et al.[12] and #Dupont et al.[24] The 

reported adsorption energies taken from Ref [24] which were expressed per atomic oxygen, are 

therefore multiplied by a factor two to be compared with other values.   
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Structural and electronic properties 

To investigate the impact of the metal/support interaction on the related bond lengths, the 

averaged Pt-Al, Pt-O, Pt-Pt, Pt-Sn and Sn-O bond lengths are plotted against oxygen coverage 

in Figure 3. The Pt-Al bond length slightly increases from 2.70 Å for the uncovered cluster to 

2.90 Å for the highest oxygen coverage, in line with the uplift of the cluster. The Pt-Pt bond 

length in the cluster increases for increasing O coverages from 2.85 Å for n = 0 to 3.45 Å for n 

= 30, exceeding the Pt-Pt bond length in the PtO2 bulk phase. This is due to the intercalation of 

oxygen in Pt-Pt bonds. The Pt-O bond length for n = 16 and 18 is close to Pt-O bond length of 

bulk PtO. The Pt-Sn bond length for lower O coverages is close to its bond length in the Pt3Sn 

bulk structure (~2.80 Å), while it dramatically increases to 3.45 Å for n = 16 and then slightly 

decreases to 3.20 Å for the highest oxygen coverage which results from the formation of a Sn-

oxide entities leading to a segregation of Sn and Pt in their respective oxide entities. The Pt-O 

bond length is very weakly sensitive to O coverage increase (between 2.10 Å and 2.00 Å), quite 

close to Pt-O bond length in bulk PtO and PtO2.  

The Sn-O bond length first decreases from 2.30 Å for n = 2 to 2.10 Å for n = 10 and then reaches 

a plateau from n = 12 to n = 20 and then decreases again by adsorbing more O atoms to reach 

1.90 Å for the highest coverage. The Sn-O bond length for n = 2, 12, 14, 16, 18 and 20 is quite 

close to Sn-O bond length of bulk SnO while it reaches the Sn-O bond length of bulk SnO2 for 

n between 4 and 10 but also for n > 26. Hence, although the number Sn atoms is more than 3 

times lower than the number of Pt atoms in the cluster, Sn and O atoms interact with each other 

whatever the coverage of O atoms. To a certain extent, this trend can be qualitatively compared 

with the stronger affinity of Ag atoms with O in Ag9Pt2 cluster supported on a-alumina during 

CO oxidation reaction.[17] The averaged Sn-Sn distance non-monotonically decreases from 3.67 

Å for the uncovered cluster to 3.32 Å for the highest oxygen coverage (Figure 3) which shows 

Sn atoms slightly segregated in Sn-oxide entities by increasing number of O atoms. 
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Interestingly, a similar shortening of the Sn-Sn bond length is observed between when moving 

from SnO and to SnO2 bulk phases. The presence of sufficient O atoms to induce the formation 

monomeric or dimeric entities as can be found in SnO or SnO2 materials. For instance, for n = 

10, a diamond Sn2O2 unit is formed, while for n≥14, the Pt10Sn3On4 cluster reveals the formation 

of the Sn-O-Sn-O ring caping it (Figure S3). 

  

Figure 3. Averaged Pt-Al, Pt-O Pt-Pt, Pt-Sn, Sn-O and Sn-Sn bonds length (Å) as a function of 

the number of adsorbed oxygen atoms. The maximal bond lengths were set to 3.0 Å for Pt−Al, 

2.5 Å for Pt-O, 3.8 Å for Pt-Pt, 3.8 Å for Pt-Sn and 2.5 Å for Sn-O. Dotted red, dotted dark 

green, dash dotted light blue and dash dotted purple lines correspond to the Pt-O, Pt-Pt, Sn-O 

and Pt-Sn bond lengths in PtO2 and SnO2 bulk phases, respectively. Dotted light green, dotted 

red, dash dotted dark blue line correspond to the Pt-Pt, Pt-O and Sn-O bond lengths in PtO and 

SnO bulk phases, respectively. 
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Figure 4 illustrates the evolution of the interaction energy between the alumina support and the 

oxidized Pt10Sn3 clusters and the Bader charge transfer (from the alumina surface to the 

Pt10Sn3Ox cluster). These results show that the interaction energy between the oxidized 

platinum-tin cluster and the alumina support globally strengthens as the oxygen coverage 

increases. This trend is similar to the one observed for Pt13 cluster supported on alumina (100) 

surface[12] although it is much more pronounced in the present case. This may be due to a 

stronger electrostatic metal-oxygen (from the support) interaction as Sn is more positively 

charged than Pt (see Figure 5). By contrast, this trend is opposite to the one reported upon 

hydrogen coverage increase[19]. Similarly, the Bader charge transfer from the alumina surface 

to the Pt10Sn3Ox cluster enhances with increasing O coverage. The irregular point at n = 26 can 

be explained by the existence of a O=O bond involving one O atom from the support, that is 

strongly oxidized with respect to other oxygen atoms from the alumina surface. The charge 

density difference (Figure 4 b-e) shows that two large peaks of electron depletion are present at 

the interface between the cluster and alumina increases, whereas charge accumulation is more 

predominant in the cluster (far above the interface) and is enhanced with increasing O coverage.  

 

Figure 4. (a) Evolution of the interaction energy between the alumina support and the oxidized 

platinum-tin clusters and the Bader charge transfer from alumina surface to Pt10Sn3On cluster). 

(e)(a) (b)

(c)

(d)

Δρ
(e

)

n = 1
n = 16
n  = 30
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(b) Charge density difference Δρ = ρ (Pt10Sn3On/g-Al2O3) – ρ ( g-Al2O3) – ρ (Pt10Sn3On) for n= 

1 (b), n = 16 (c) and n = 30 (d). Δρ is illustrated by iso-surfaces bounding regions of electron 

accumulation at +0.007 e/Å3 (yellow) and electron depletion at -0.007 e/Å3 (cyan). (e) planar-

averaged charge density difference ⟨Δρ(z)⟩ for x =1, 16 and 30. The dashed black line shows 

the position of the topmost Al2O3 surface layer, the dashed red, blue and green lines indicate 

the position of the topmost metallic atom in the cluster for structures with 1, 16 and 30 O atoms, 

respectively. Positive Δρ(z) means that the cluster has gained some electrons. Color code as in 

Figure 1. 

To highlight more clearly the impact of oxygen coverage on charge transfer, the Bader partial 

charges were computed for each atom in the Pt10Sn3Ox/Al2O3 systems (Figure 5). The charge 

of oxygen atoms in the metallic cluster slightly increases (between −1 and −0.6 e) as the O 

coverage increases. The charge of platinum increases almost linearly with coverage, starting 

from -0.25 e for the uncovered cluster to a 1.3 electron-depleted platinum for Pt10Sn3O30 cluster, 

quite close to a kind of bulk PtO2 charge. A similar trend was found for the Pt13On cluster on 

alumina[12]. Interestingly for n=10 (O/Pt=1), the partial charge of Pt is very close to the one of 

Pt in PtO bulk. The charge of Sn atoms first increases from 0.75 e for uncovered cluster to 1.3 

e for n =10 and then reaches a plateau between n=10 and n =20, quite close to the Sn charge in 

bulk SnO, and then increases by adsorbing more O atoms approaching to the bulk SnO2 charge 

(2.51 e). For the uncovered cluster, a Sn to Pt electron transfer occurs as already discussed in 

reference[19]. Then, Sn atoms are always more positively charged that Pt, but the difference 

decreases while increasing the oxygen coverage above n=10. This illustrates the gradual 

oxidation of both metals, but mainly Pt is oxidized for n > 10. The total charge of the cluster 

(not shown) gradually increases with the oxygen coverage, but more smoothly than the charge 

of the individual elements, from -0.50 within oxygen, to 0.2 at n = 30.  
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Figure 5. Average Bader charge (in electron) per Pt (red), cluster O (green), surface O 

(orange), Sn (blue) and Al (purple) atoms as a function of the number of adsorbed oxygen 

atoms. Dotted lines correspond to the average Bader charge of O, Pt and Sn atoms in the bulk 

phase of PtO2, PtO, SnO2 and SnO structures. 

 

Thermodynamic diagrams 

We first compare the reference cases of Pt(111) and Pt3Sn(111) surfaces (Figure S4 and 6 a, 

respectively). Due to similar energetics of O atoms on Pt(111) and on Pt3Sn(111) as highlighted 

in Figure 2, these diagrams are dominated by 0.00, 0.25 and 0.50 ML. At high temperature and 

low pressure, it is thermodynamically not favorable for oxygen atoms to remain adsorbed on 

the Pt3Sn(111) and Pt(111) surfaces. By increasing pressure and decreasing temperature, two 

main domains are stabilized with 0.25 ML and 0.5 ML coverage on both surfaces. On 

Pt3Sn(111), at 10-6 bar, the 0.25 ML O ad-atom phase is stable over the interval of temperature 

of ~625 K and ~750 K, while 0.5 ML is stabilized for T < ~625 K. By contrast, the 0.5 ML 

domain vanishes for T > ~375 K on Pt(111) (Figure S4). As a consequence, the 0.50 ML domain 
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is wider on Pt3Sn(111) due to the higher adsorption energies of O atoms for this coverage on 

Pt3Sn(111) than on Pt(111) (Figure 2). Two very thin domains of stability are also observed on 

the Pt3Sn(111) diagram at 0.06 ML and 0.38 ML.  

 

 

Figure 6. a) Thermodynamic phase diagram depicting the most stable oxygen coverage as a 

function of temperature (K) and the O2 partial pressure (bar) for a) Pt3Sn (111) and b) 

Pt10Sn3/Al2O3 (100). The structures of the systems exhibiting a significant stability domain are 

also depicted with top views for a) and side views for b). Color code for the atomic structures 

is the same as in Figure 1. 

 

The (𝑝!!, T) phase diagram for Pt10Sn3On/Al2O3 (100) within the pressure range from 1 ×10-16 

to 1 ×10 bar and the temperature range 0 to 1000 K is shown in Figure 6 b. The equivalent 

thermodynamic phase diagram for the most stable oxygen coverage on Pt13/Al2O3 (100) from 

the previous published data by Sangnier et al. [12] is recalled in Figure S6. As for Pt13/Al2O3 

(100) system, the phase diagram of the supported Pt10Sn3 cluster shows a large diversity of 

stable O contents, revealing a smoother transition from zero coverage to 1.85 ML. This diversity 
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was not observed for the ideal Pt(111) and Pt3Sn (111) surfaces (Figure S4 and 6b) which 

reflects that the clusters exhibit more numerous types of sites subject to many reconstructions. 

Indeed, the clusters are ductile enough to accommodate many O-contents upon reconstruction 

contrasting with the more rigid surfaces. This ductility of clusters was highlighted by our 

structural analysis showing large expansion of the mean Pt-Pt (~0.5 Å) and Pt-Sn (~0.6 Å) bond 

lengths inside the cluster as a function of O coverage. This massive structural expansion is not 

possible on the surface, even though Sn buckling is observed at high oxygen coverage on the 

later (above 0.32 ML). Moreover, as discussed in a previous study,[42] the binding energy of Ptn 

clusters decrease as a function of n, which reflects the higher metastability of such small size’s 

cluster with respect to larger ones represented by ideal surface. Hence, the intrinsic reactivity 

of the cluster is expected to be higher and its affinity for O atoms to be greater, which is 

consistent also with earlier DFT study on gas phase Pt cluster.[11]  

The system at zero oxygen coverage is stable at very low pressure (< 10-12 bar) for temperature 

greater than 800 K for Pt10Sn3/Al2O3(100) and 900 K for Pt13/Al2O3(100), contrasting with 

Pt(111) and Pt3Sn (111) surfaces, where 0 ML appears already above ~525-550 K. Hence, 

contrary to the cases of Pt(111) and Pt3Sn(111) surfaces, both supported Pt10Sn3 and Pt13 

clusters are thus oxidized (0.08 ML) as soon as a very weak oxygen partial pressure (above 10-

12 bar) is applied on the medium (in the absence of reducing agent). As explained before, the 

stabilization of the first and second O atom added to the system is induced by the presence of 

the interface between the alumina surface and the cluster itself. At this early oxidation stage, 

such a phenomenon is thus not induced by the ductility of the cluster (the corresponding clusters 

exhibit rather similar structures for 0, 1 or 2 oxygen atoms) but rather by the greater reactivity 

of interfacial sites. This trend is enhanced in the case of ultra-dispersed sub-nanometric clusters 

such as Pt10Sn3 and Pt13 with large proportion of interfacial atoms, whereas it is expected to be 

less predominant for larger metallic particles even supported on alumina. Interestingly, the role 
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of such interfacial O-atoms for CO oxidation has been addressed in the case of Pt cluster 

supported on reducible oxide.[7] Here, due to the low reducibility character of alumina, O atoms 

coming from the gas phase O2 dissociation are stabilized at the Pt/alumina interface. 

Sn-doping supported Pt cluster slightly shifts the desorption frontiers to lower temperatures and 

lower O partial pressures except for the transitions from n=14 to 8 oxygen atoms, corresponding 

to the adsorption energy plateau observed in Figure 2, for coverages between 0.62 and 1.08. 

This slight stabilizing effect of the Pt10Sn3On=8-14 structures might be induced by the presence 

of sufficient O atoms to induce the formation of monomeric or dimeric entities as can be found 

in SnO or SnO2 materials. For instance, the Pt10Sn3On=8-14 cluster reveals the formation of the 

Sn-O-Sn-O ring capping the Pt cluster. As a consequence, for reaction conditions of 300-1000 

K and 10-6-1 bar, the two systems are crossing very similar domains of oxygen coverages: 

Pt10Sn3On/Al2O3 is occupied by 2-20 oxygen atoms, while Pt13/Al2O3 is covered by 4-20 atoms. 

Compared with the Pt3Sn(111) surface, the supported Pt10Sn3 system reaches much higher O 

coverage in similar conditions, illustrating a strong size effect enhancing the interaction of 

oxygen with small alloyed clusters. In addition to lower coordination numbers of Pt and Sn 

atoms in the cluster, this trend is due to the very strong deformation ability of the cluster, 

stronger than that of the surface. This ductility of the cluster is associated to its significant 

metastability with respect to big alloyed metallic particles represented by ideal surface in the 

present study. From a more fundamental aspect, it would be interesting in a future study to 

compare the behavior of alumina supported Pt10Sn3 clusters with the case of gas phase Pt10Sn3 

clusters in order to finely disentangle the role of the support and the size effect per se.    
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Conclusion 

By using periodic DFT calculations and AIMD simulations, we investigated oxygen adsorption 

on γ-Al2O3 supported Pt10Sn3 cluster and systematically compared them with pure Pt13 cluster, 

Pt3Sn(111) and Pt(111) surfaces. According to DFT calculations, the interfacial alumina/Pt sites 

are the preferred sites for the adsorption of the first two O atoms on the supported Pt10Sn3 

cluster. This interfacial effect occurring on both alloyed Pt10Sn3 and pure Pt13 clusters is the first 

one enhancing the oxidation level of supported cluster with respect to large metallic (alloyed or 

non-alloyed) particles represented by the Pt3Sn(111) and Pt(111) surfaces. 

In addition, we showed that the morphology of metallic cluster drastically changes for more 

than one O2 molecule dissociated on the cluster. The oxygen adsorption energies on supported 

Pt10Sn3 are thus significantly stronger from that obtained for the Pt3Sn(111) flat surface, which 

indicates a huge capacity of stabilizing oxygen atoms on it, as a consequence of the size of the 

cluster at the origin its significant ductility and intrinsic metastability. This ductility effect was 

carefully characterized by the analysis of Pt-Pt, Pt-Sn, Pt-O and Sn-O bond lengths evolution 

as well as Bader charge redistribution inside the whole system as a function of O coverages. 

Nevertheless, although the adsorption energies on Pt10Sn3/γ-Al2O3 system are weaker (by 25-

30%) than those on Pt13/γ-Al2O3 system, the temperature-pressure phase diagram obtained from 

ab initio thermodynamic data revealed only minor qualitative differences between pure Pt13 

cluster and Pt10Sn3. This counter-intuitive trend results from the very strong interactions of O 

atoms with both clusters which are thus covered by O atoms also at high T and low P. For 

Pt3Sn(111) and Pt(111) surfaces, the thermodynamic diagrams depend also weakly on the 

presence of Sn, but their oxidation level is significantly weaker due to reduced adsorption 

energies (by up to ~50%) with respect to clusters. As a consequence, the main effect driving 

oxidation is the size effect and not the alloying effect.    
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This work opens the door to a better understanding of the reactivity of alloyed sub-nanometric 

clusters in oxidative conditions, that are widespread in heterogeneous catalysis. 

 

Computational details 

DFT calculations with periodic boundary conditions were performed by using the Vienna Ab 

initio Simulation Package (VASP)[43] with the generalized gradient approximation 

Perdew−Burke−Ernzerhof exchange correlation functional[44]. A kinetic cut-off energy of 400 

eV was used for the expansion of the plane waves, while core electrons were described with the 

projected augmented wave method (PAW).[45] The total electronic energy convergence criterion 

was set to 10-6 eV and all geometries were optimized until forces on atoms allowed to relax 

were lower than 0.02 eV/Å. A Gaussian smearing with σ = 0.02 eV was used for the supported 

Pt10Sn3Ox clusters. The charge transfer was estimated via the Bader charge analysis[46] at the 

same level of theory. 

The model of the Pt10Sn3 cluster supported on the γ-Al2O3(100) dehydrated surface was 

described previously in detail[19] (Figure S1). It was built on the basis of the γ-Al2O3(100) 

surface model by Digne et al.[47], that is dehydrated in a large range of relevant operating 

conditions (concerning temperature and water partial pressure). The dimensions of the cells are 

16.71×16.79×25.80 Å3 in which the thickness of γ -Al2O3 slab is 7.2 Å along z-axis and each 

periodically equivalent slab is separated by a sufficient vacuum space of 15 Å.  For all 

calculations, a dipolar correction was added to the total electronic energy in the direction 

perpendicular to the slabs. Sampling of the Brillouin zones was performed by using the 

Monkhorst-Pack[48] approach at the Γ point for the study of these systems. In all geometry 

optimizations and ab initio molecular dynamics simulations, the two topmost alumina layers 

were fully relaxed, as well as all atoms in the cluster, whereas the two alumina bottom layers 

were frozen (Figure S1). 
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For PtSn clusters covered by several oxygen atoms, the average coadsorption energy per O2 

molecule is defined using the following equation related to the simultaneous dissociative 

adsorptions of several dioxygen molecules (equation (1)):  

 

 

Corresponding to the chemical equation given in equation (2): 

𝑃𝑡"#𝑆𝑛$/𝐴𝑙%𝑂$ +
&
%
𝑂% 	= 		 𝑃𝑡"#𝑆𝑛$𝑂&/𝐴𝑙%𝑂$                   (2) 

where n is the number of oxygen atoms adsorbed per cell on Pt10Sn3/γ-Al2O3 system and 

𝐸'("#)&$!%/+,!!$ 	and 𝐸'("#)&$/+,!!$ 	are the total electronic energies of the system considered 

with or without adsorbed oxygen, respectively. The energy of O2 (𝐸!!) was calculated by 

placing a O2 molecule into an asymmetric 15 × 16 × 17 Å3 box and by performing spin polarized 

calculations.  

For n > 1, the most stable structure for each O coverage was determined first by optimizing 

different adsorption geometries (static calculations), and second by equilibrating these 

optimized structures with velocity-scaled AIMD at 600 K, with a time-step of 5 fs over 1200 

steps. The AIMD tool was thus used in an explorative mode to sample the configurational space. 

For some oxygen coverages (n=4, 14, and 24), the AIMD trajectories were extended up to 2000 

steps. As illustrated in Figure S2, competitive structures were extracted from the AIMD 

simulations at the lowest potential energy and quenched at 0 K by performing standard 

geometry optimizations with the same parameters as previously detailed. We used the most 

stable quenched geometries obtained after AIMD simulations to predict the thermodynamic 

diagram as detailed in Ref.[12] Such an approach combining velocity-scaled MD, quenching 

followed by thermodynamic calculations in the harmonic approximation has been found to be 

efficient and robust in the case of platinum and platinum-tin clusters supported on alumina, 

with a variety of adsorbates[4,12,19,40,49].  

𝐸𝑎𝑑𝑠 = 	 %
&
0𝐸𝑃𝑡10𝑆𝑛3!%/𝐴𝑙2𝑂3 − 𝐸𝑃𝑡10𝑆𝑛3/𝐴𝑙2𝑂3 −

&
%
	𝐸𝑂21                    (1) 
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The interaction energy between the support and the platinum-tin cluster was calculated using 

equation (3):  

𝐸-&(./01(-2& =	𝐸'("#)&$!%/34+,!!$ − 𝐸'("#)&$!!%
∗ − 𝐸34+,!!$

∗        (3) 

 

where and 𝐸'("#)&$!%/34+,!!$ is the total electronic energy of supported systems from geometry 

optimization calculations and 	𝐸'("#)&$!%
∗ and 𝐸34+,!!$

∗ 	are the total electronic energies with 

single point calculations	for the separate cluster and support systems at the geometry of the 

supported system. This energy refers to chemical bonding in absence of deformation energies 

of separate partners. 

The Pt(111) and Pt3Sn (111) surfaces were modeled with p(2 × 2) and p(2√3×4) supercells and 

periodic slabs consisting of five atomic layers, respectively, where the three bottom metallic 

planes were frozen and the two top layers were fully relaxed. Gamma-centered 6 × 6 × 1 and 4 

× 4 × 1 k-point grids were chosen for the Pt(111) and Pt3Sn(111) surfaces, respectively. The 

optimized lattice parameters and corresponding k-point grids for Pt, Pt3Sn PtO, PtO2, SnO and 

SnO2 bulk structures are presented in Table S1. 

To build the (𝑝!!, T) phase diagram, the adsorption entropies and enthalpies are obtained by 

using DFT optimized structures and corresponding harmonic frequency calculations. The 

harmonic vibrational analysis was performed on the most stable structure obtained for each 

coverage with a displacement of ±0.01 Å in each direction for all relaxed atoms in the cell. The 

Hessian matrix was then calculated by the finite-difference method and diagonalized to predict 

harmonic normal modes and associated vibrations. For the condensed phases, 3N-3 real 

vibrational frequencies were considered to evaluate the thermal and entropy contributions.  Free 

energy calculations for each system are detailed in the Supporting Information S5. To build the 

thermodynamic diagrams, we used the oxygen-adsorption free energy DGadsorption which is given 
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in Equation 4. The coverage domains represented on the various thermodynamic diagrams 

correspond to the lowest free energy values obtained at (𝑝!! , 𝑇) according to: 

D𝐺0672/8(-2&8𝑝!! , 𝑇, 𝜃!!: = 	𝐺'("#)&$!%8𝑇, 𝜃!!: − 𝐺'("#)&$(𝑇) −
𝑛
2 𝐺!!(𝑝!! , 𝑇)					(4) 
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Structural and electronic properties of a Pt10Sn3/g-Al2O3(100) cluster model in oxidizing 

conditions are modelled by DFT and ab initio molecular dynamics. O2 dissociation leads to 

strongly reconstructed clusters, exhibiting higher oxophilicity that Pt3Sn(111), assigned to Al-

Pt interfacial sites at low coverage, and to the ductility and metastability of the cluster. 
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