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ABSTRACT 

The stability of Ag-Pt systems: 13-atoms icosahedral cluster model (Ag13-nPtn) and 54-atoms 

(111) surface slab model (45Ag9Pt) have been systematically investigated by using Density 

Functional Theory within the generalized gradient approximation (DFT–GGA). Experimentally 

tested resistance of AgPt alloy nanoparticles supported on silica to decay upon temperature 

treatment (423 K – 573 K in N2 flow) have shown to correlate with theoretical results. The 

stability of the clusters as a function of AgPt composition decreases with increasing content of 

Pt. The general stability trend of the AgPt alloy was maintained, in theory and experiment, for 

the Ag/Pt molar ratio of 1.6 - 5.1. Two particularly stable Ag/Pt compositions were revealed: 

1.6 and 0.4. It was also found that surface location of platinum is responsible for stabilization 

of the Ag-Pt nanostructured alloy.  
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1. Introduction 

In materials science, the range of properties of metallic systems can be much extended by taking 

mixtures of elements to generate intermetallic compounds and alloys. Nanoalloys have become 

of particular interest mainly because they may display properties which are distinct from those 

of the pure clusters. Their chemical and physical properties may be tuned by varying the 

composition and atomic ordering as well as the size of the clusters [1,2]. In many cases, specific 

properties are enhanced upon alloying due to synergistic effect, which has led to widespread 

applications of alloys in optoelectronics [3,4], medicine and catalysis [2,5–8]. It is also worth 

noting that the properties of nanoalloys may be different from those of the ideal bulk because 

of the surface segregation and nanoscale effect [1,9,10]. The efficient development of bimetallic 

systems requires collaboration between theoretical modeling, experimental preparation and 

characterization techniques. It is still a challenge to obtain the atomic-scale structural and 

compositional information about nanoalloys at the experimental level. Furthermore, it is well-

known that the surface structure and atomic arrangement of experimentally prepared nanoalloys 

are influenced by many factors, e.g. the particle size, morphology and composition. This has 

become less problematic thanks to application of powerful theoretical methods [9,11,12]. 

From among all bimetallic systems, platinum- based nanoalloys (Pt-Cu[5,13–15], Pt-

Co[2,15,16], Pt-Fe[7,15,17], Pt-Ni[15], Pt-Pd[18,19], Pt-Rh[16], Pt-Au[16,20], Pt-Ru[21]) 

have been widely studied to reduce the amount of expensive Pt in technological applications. 

Although, numerous theoretical and experimental studies have been focused on the Ag–Pt 

nanosystem [9,22–29], still the controlled synthesis of AgPt alloy, the composition and 

structure dependence of its properties and stability need further exploration. Therefore, AgPt 

nanoalloy is an interesting system to investigate, especially considering the potential 



applications given the lower price of Ag and the limited resources of Pt. An additional 

inspiration for studying the stability of Ag-Pt bimetallic nanoparticles is motivated by the 

results obtained in our previous paper [30]. Indeed, it has been shown that bimetallic catalysts 

with Ag and Pt supported on silica (commercial and ordered mesoporous cellular foam - MCF) 

after calcination (the last step of preparation route) display Ag-Pt alloy-like particles. On the 

basis of these experimental results it has been postulated that the condition for alloy formation 

is the minimal Ag/Pt molar ratio equal to 2.5. On the majority of samples the alloy disappeared 

upon heating at 673 K for 2 hours in argon or hydrogen flow. Only bigger alloy particles 

remained after activation in inert gas. In the present study heating in N2 flow was applied, but 

at different temperatures (423 K, 473 K, 523 K and 573 K). For such a study amorphous silica 

or MCF were modified by silver and platinum species with Ag/Pt molar ratio in range 0.4 to 

5.1. The goal of this work was to find the optimal composition of Ag-Pt bimetallic nanoalloy 

which will display the highest stability according to DFT study and to check experimentally 

Ag-Pt alloy resistance to decay upon temperature treatment. 

2. Computational details 

2.1. Methodology 

The geometry optimization, the calculation of the total energy were performed using Perdew-

Burke-Ernzerhof form of the spin-polarized generalized gradient approximation (GGA-

PBE)[31][32] functional, implemented in the Vienna Ab Initio Simulation Package (VASP) 

[33][34]. The valence electrons are treated explicitly, and their interactions with the ionic cores 

are described by the projector augmented-wave method (PAW)[35], which allows the use of a 

low-energy cutoff equal to 400 eV for the plane-wave basis. To get the lowest energy of clusters 

each starting configuration was placed inside a large cubic box of 30 × 30 × 30 Å and ensured 

that image interaction between clusters of two nearest boxes is negligible. For the slab models, 

3 × 3 atoms were considered in one layer and similar six layers were taken in the Z-direction. 



For optimization of this slab, while atomic positions of top four layers were relaxed, atoms at 2 

bottom layer were kept fixed at bulk values. The molecules are at large enough distance from 

each other, in order to avoid intermolecular interactions. The sampling in the Brillouin zone 

was performed employing k-points at a distance of each other of 30 Å-1 in the reciprocal space. 

2.2. Description of models  

The aim of the theoretical study was to investigate the stability of two kinds of Ag-Pt systems: 

a. 13-atoms cluster model: Ag13, Pt13, Ag13-nPtn (Fig. 1A) 

b. 54-atoms (6-layers) (111) surface slab model: 45Ag9Pt, Ag(111), Pt(111) (Fig. 1B) 

Cluster models differ in the content of silver and platinum atoms and their positions. Slab 

models display constant composition (45 atoms of Ag and 9 atoms of Pt) and differ just in the 

location of Pt atoms. Studied slab models (Fig. 1B) consist of 6 layers in which the top four 

layers were allowed to relax, whereas the two bottom layers were fixed at their crystallographic 

bulk positions. To analyze the stability of Ag13-nPtn clusters and 45Ag9Pt slab models, the 

excess energy per atom (ΔEexc) was calculated [11]. The ΔEexc measure the stability of the 

studied systems with respect to the parent compounds. It is defined by the following equation: 

∆𝐸𝐸𝑒𝑒𝑒𝑒𝑒𝑒 =  
𝐸𝐸𝐴𝐴𝐴𝐴13−𝑛𝑛𝑃𝑃𝑃𝑃𝑛𝑛 − 𝑛𝑛13 𝐸𝐸𝑃𝑃𝑃𝑃13 − 13−𝑛𝑛13  𝐸𝐸𝐴𝐴𝐴𝐴13

13
 for the cluster model    (1) 

∆𝐸𝐸𝑒𝑒𝑒𝑒𝑒𝑒 =
𝐸𝐸45𝐴𝐴𝐴𝐴9𝑃𝑃𝑃𝑃 − 954 𝐸𝐸𝑃𝑃𝑃𝑃(111) − 45 

54  𝐸𝐸𝐴𝐴𝐴𝐴(111)

54
 for the slab model,    (2) 

with: 

∆𝐸𝐸𝑒𝑒𝑒𝑒𝑒𝑒 – the excess energy per atom, 

𝐸𝐸𝐴𝐴𝐴𝐴13−𝑛𝑛𝑃𝑃𝑃𝑃𝑛𝑛 , 𝐸𝐸45𝐴𝐴𝐴𝐴9𝑃𝑃𝑃𝑃 – total energy of the bimetallic model, 

𝐸𝐸𝑃𝑃𝑃𝑃13 , 𝐸𝐸𝑃𝑃𝑃𝑃(111)– total energy of  Pt13 or bulk Pt(111) model, 



𝐸𝐸𝐴𝐴𝐴𝐴13 , 𝐸𝐸𝐴𝐴𝐴𝐴(111)
 – total energy of Ag13 or bulk Ag(111)  model. 

For pure metals (Ag13, Pt13, bulk Ag(111), bulk Pt(111)) ΔEexc is set to be 0.00 eV. A negative 

value of excess energy indicates a tendency to form nanoalloys (the mixing is energetically 

favorable), and the lower the value of excess energy, the higher the stability of the structure 

[15]. Additionally, segregation energy was calculated for selected clusters and slab models. The 

segregation energy (Eseg) of Pt atoms in silver slab was defined by equation (3).  

 Eseg. = [ EAgPt(Pt x-layer) –EAgPt(Pt 4th-layer)]/NPt      (3) 

where EAgPt(Pt x-layer) represents the total energy of the AgPt alloy system (the slab of 54 atoms) 

with Pt layer located in the upper x layers of Ag slab (x = 1, 2 or 3), and EAgPt(Pt 4th-layer) represents 

the total energy of the AgPt alloy system with the Pt located in the 4th Ag layer slab, which 

corresponds to the presence of Pt atoms in the “bulk” silver. For cluster model this energy is 

calculated as the difference between cluster with the central Pt (Pt in the bulk) and 

corresponding structure with Pt segregated to the surface.  

3. Experimental 

3.1. Preparation of catalysts 

Amorphous silica (Ultrasil) or mesoporous MCF were grafted with 3-

mercaptopropyltrimethoxysilane (MPTMS) (95%, Sigma-Aldrich) to functionalize its surface 

before modification with metals. To obtain bimetallic (Ag-Pt) catalysts the same procedure as 

in our previous work [36] was used (S1- SD). The Ag/Pt molar ratios: 0.4, 1.6, 2.5, 3.6 and 5.1 

Ag/Pt were applied. The total amount of metals did not exceed 3 wt. %. After metals loading, 

the samples were calcined in air at 773 K for 4 h. The actual approximate Ag/Pt molar ratio is 

indicated in the material symbol, e.g. 0.4AgPt/SiO2 means Ag/Pt molar ratio equal to 0.4. 

3.2. Test of stability upon temperature treatment 



The stability of AgPt alloy particles was tested by heating the prepared samples at different 

temperatures (423 K, 473 K, 523 K and 573 K) in N2 flow (40 mL/min) for 2 hours. Directly 

after cooling down the samples were analyzed with the use of UV-Vis spectroscopy and X-Ray 

Diffraction. 

X-Ray Diffraction. XRD measurements were carried out on a Bruker AXS D8Advance 

diffractometer with Cu Ka radiation (k = 0.154 nm), with a step size of 0.05⁰ in the wide-angle 

range 6⁰ – 60⁰.  

UV-Vis spectroscopy. UV–Vis spectra were recorded using a Varian-Cary 300 Scan UV–

Visible spectrophotometer. Powder samples, directly after heating and cooling down were 

placed in a cell equipped with a quartz window. The spectra were recorded in the range from 

800 to 190 nm. Spectralon was used as the reference material. 

4. Results and discussion 

4.1. Theoretical results  

4.1.1. The cluster model 

Literature data [37][38] suggest that a stable series of cluster catalysts should have the 

topological magic number structure (e.g., Pt13, Pt55, …) with high symmetry. The Pt13 has a 

well-known icosahedral atomic coordination as part of the stable cluster series. Therefore, the 

Pt13 cluster as the initial structure was chosen to construct the alloy cluster. Different metals 

Ag/Pt ratios in the range 0.1 to 12.0 were applied. 

Systematic study of 75 configurations of Ag13-nPtn alloy cluster was performed, (Fig. 

S1-SD). The most stable structures are presented in Fig. 2. Calculated total energies, excess 

energies and segregation energies per atom are collected in Table S1-SD. As presented in Fig. 

3. the formation of the alloy-like Ag13-nPtn nanoclusters is energetically favorable for almost all 

compositions as the excess energy is negative in most cases. The exceptions are clusters with 

Ag/Pt molar ratio in the low range (0.1 - 0.3) with Ag atom located at the center. Taking into 



account the most stable clusters from each group with the same composition, the excess energy 

ΔEexc decreases (indicating the increasing stability of alloy) by replacing Ag atoms by Pt atoms 

in the cluster, and it reaches a minimum at n = 5 (Ag/Pt molar ratio = 1.6). Then, the excess 

energy per atom increases (indicating a decrease in stability of the nanocluster) and reaches 0.0 

eV at n = 13 (Pt13). A similar tendency for Pt-containing bimetallic clusters has been reported 

in literature for PtnTM55−n (TM = Fe, Co, Ni, Cu, and Zn) [15] and PtnTM55−n (TM = Co, Rh, 

Au) [16] systems. The most stable nanoclusters were characterized by the silver to platinum 

molar ratio of 0.4 – 2.4 (4-9 Pt atoms in Ag13-nPtn clusters). It was also noticed that the central 

site is preferably occupied by Pt atom in the energetically favorable Ag13-nPtn nanoparticles, 

regardless of the Ag/Pt molar ratio (Fig. 2.). It indicates that the Pt atom in the central site is 

responsible for strong stabilization of icosahedral structures. This is due to the strong cohesive 

energy of Pt (5.84 eV) compared to Ag (2.95 eV) as well as the lower surface energy of Ag 

compared to Pt. A similar bulk segregation phenomenon, with the Pt atoms at the cluster core 

has been observed for Pt-Pd nanoclusters [39]. In the Fig. 4., the evolution of surface 

segregation energy of Pt in AgPt clusters (from the central position to the surface) with the 

increasing Ag/Pt molar ratio has been plotted. Interestingly, the segregation of Pt is found to 

depends on Pt loading. For clusters with Ag/Pt molar ratio lower than 0.4 and higher than 2.0, 

the location of Pt on the surface is found to be highly unfavourable. Such alloy clusters display 

lower stability than clusters with Ag/Pt molar ratio in the range of 1.6 -  0.4 with preferable 

surface location of platinum. This conclusion is in line with the experimental results, showed 

in the later section.  

As presented in Fig. 5, the Ag-Pt distances (2.80Å, 2.77Å) in the bimetallic cluster are 

shorter in comparison with the Ag-Ag ones (2.92Å; 2.78Å) in the silver cluster and longer in 

comparison with Pt-Pt (2.75Å; 2.62Å) in the platinum cluster, located at the similar positions. 



This indicates that the icosahedron structure is slightly distorted. Thus, different interactions 

between monometallic and bimetallic clusters with different reagents can be expected. 

4.1.2. The slab model  

The slab models considered are shown in Fig. 6. The (111) surface of Pt and Ag are 

thermodynamically the most stable so they were used as references. The goal was to determine 

the effect of platinum location on the stability of bimetallic AgPt in slab models. Six slab models 

were studied, with different Pt atom positions: (a) platinum on the top, (b) Pt in the 2nd layer, 

(c) Pt in the 3rd layer, (d) Pt in the 4th layer (e) Pt atoms agglomerates (f) bimetallic surface. As 

seen in Table S2-SD, the values of all calculated excess energies are close to 0 eV/atom, i.e 

within the precision of the calculation level. Thus, only general tendency of changes, not the 

actual values of excess energies can be considered. From the energy segregation of a layer of 

Pt in Ag structure and the effect of order (Table S2-SD) it can be seen the segregation tendency. 

Surface location of Ag atoms is energetically favored (45Ag9Pt_3rd and 45Ag9Pt_4th models) 

which is in agreement with the Monte Carlo studies performed on Ag-Pt system [9]. The data 

presented indicate the limitation in construction of AgPt alloy structures, such as their size. The 

slab models which describe the surface of bigger bimetallic particles are much less stable than 

the cluster models describing particles with sizes less than 10 nm. These differences are caused 

by limited miscibility between Ag and Pt in bulk materials. Narrowing or complete 

disappearance of miscibility gaps for nanostructured platinum alloys is fundamentally 

interesting, and potentially very useful for controlling the properties that cannot be achieved 

through bulk alloys [10][40][41]. When the particle size is reduced to nanoscale, often the 

change in phase behavior is observed and the phase diagram based on bulk bimetallic systems 

cannot be simply applied for nanoalloys [1][10][40]. 

4.2. Experimental results 



Fundamental characterization of catalysts calcined at 773 K in air has been presented in our 

previous paper[30]. After calcination, Ag and Pt are mainly in the form of Ag-Pt alloy 

nanoparticles. On the basis of TEM images particle size distribution was estimated and particles 

in the range of 4-6 nm were found to dominate. It means that the Ag13-nPtn cluster model is 

better equivalent of the actual AgPt alloy particles in prepared catalysts than semi-infinite 

surface presented by slab models. In Fig. 7 Ag/Pt molar ratios are shown corresponding to real 

values studied in the experimental part. 

XRD patterns (Fig. 8) of calcined samples with Ag/Pt ratio equal to 2.5, 3.6, 5.1 show 

reflections at 2θ ≈ 31.8⁰, 32.9⁰, 33.9⁰ from silver oxide planes [42]; 2θ ≈ 39.8⁰, 46.2⁰ from 

metallic Pt0 [43][44]; and 2θ ≈ 37.9⁰, 41.0⁰, 46.7⁰ from Ag-Pt alloy particles [30]. For the 

sample with the highest amount of Pt (Ag/Pt = 0.4) there are only reflections from metallic 

platinum, however it does not exclude the presence of very small alloy particles (below the 

limits of X-Ray Diffraction detection). The reflections from alloy are not observed neither in 

the XRD pattern of the sample with Ag/Pt = 1.6, although the metallic platinum and silver oxide 

are well distinguished. Types of active species in calcined samples were also estimated from 

UV-Vis spectra (Fig. 9). According to literature a surface plasmon resonance band of spherical 

metallic silver nanoparticles appears at 400 nm [45], whereas the band at 267 nm can be 

assigned to metallic platinum [46] or cationic silver species [47]. Blue shift of UV-Vis band 

coming from metallic silver from 400 nm to lower wavelengths (300 – 400 nm range) is caused 

by the formation of alloy Ag-Pt structure. The band at a lower than 400 nm wavelength 

originates from d-d electron transfer in alloy Ag-Pt particles [30][48]. Thus, the presence of 

AgPt alloy particles in all calcined samples is confirmed by UV-Vis spectra shown in Fig. 9. 

XRD patterns of samples heated at 423 K under N2 flow permit differentiating between the 

stability of alloy particles in the studied samples. Reflections from alloy disappear for 

5.1AgPt/SiO2, whereas in the other samples they remain (Fig. 8.). For the samples with higher 



amount of Pt (lower Ag/Pt molar ratio) analogous changes (disappearance of alloy reflections) 

but at higher temperatures: 473 K for 3.6AgPt/SiO2 and 523 K for 2.5AgPt/SiO2 are observed. 

On the basis of XRD patterns it is not possible to conclude about stability of AgPt alloy in 

samples: 0.4AgPt/SiO2 and 1.6AgPt/MCF because the peaks from alloy were not visible in the 

parent, calcined materials. Therefore, the stability of alloy for these samples was studied by 

UV-Vis spectroscopy. In the UV-Vis spectra of both samples (Ag/Pt = 0.4 and 1.6) after heating 

at 473 K and 523 K, a low-intense broad band with a maximum between 300 – 500 nm is still 

visible, indicating the presence of alloy particles. Additional study of the 1.6AgPt/MCF sample 

heated at a higher temperature (573 K) showed that the UV-Vis band assigned to Ag-Pt alloy 

is still present in the spectrum. Slight separation of bands indicates just partial alloy 

decompsition. The experimental results are in agreement with the theoretical calculations 

performed for Ag13-nPtn cluster model, the stability of AgPt alloy nanoparticles strongly depends 

on the metals content. The stability of the nanoalloy increases in the following sequence: 5.1 < 

3.6 < 2.5 < 1.6 of Ag/Pt molar ratio. Thus, the conclusion from our previous work, which says 

that the necessary condition for the formation of AgPt nanoalloy is the presence of high excess 

of silver in relation to Pt, should be verified on the basis of the results presented here. The AgPt 

alloy nanoparticles can be formed in a broad range of Ag/Pt molar ratios, but the composition 

and size of the alloy particles strongly determines the temperature stability of the alloy structure. 

4. CONCLUSIONS 

DFT calculations were performed to study the stability of Ag-Pt 13-atom icosahedral clusters 

and of slabs. For all Ag13-nPtn clusters, the formation of icosahedron configurations with Pt atom 

at the center is energetically favorable. The stability behavior of the theoretical AgPt cluster 

models is in agreement with experiment. The stability of the clusters as a function of Ag/Pt 

composition decreases with increasing content of Pt. The general stability trend was maintained 

for the Ag/Pt molar ratio of 0.4 - 5.1. Two particularly stable compositions were revealed as 



those with Ag/Pt ratios of 1.6 and 0.4. According to the results 45Ag9Pt slab models, which 

corresponds to bulk alloys, are much less. The reason for that is the miscibility gap between 

bulk silver and platinum. Thus, Ag-Pt alloy can be formed in a broad range of Ag/Pt ratio, but 

its stability depends on the metals content and size of the bimetallic particles. The knowledge 

about the dimension and composition of the most temperature stable Ag-Pt alloys is of a great 

interest for users in many disciplines.  

Supporting Information  

S1 - Synthesis procedure 

Figure S1. - Studied configurations of the bimetallic Ag13-nPtn (n=1-12) nanoclusters. 

Table S1. - The calculated total energies, excess energies per atom and segregation energies for 

Ag13-nPtn cluster models.  

Table S2. - The calculated total energies, excess energies per atom and segregation energies for 

45Ag9Pt slab models.  
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FIGURES CAPTIONS 

Figure 1. Studied models: 13-atoms Ag13-nPtn cluster (A) and 54-atoms 45Ag9Pt slab (B) 

Figure 2. The most stable structures of Ag13-nPtn clusters (n=1-12); Ag – orange, Pt- green. 

Figure 3. Calculated ΔEexc (eV/atom) Ag13-nPtn as a function of the composition (number of Pt 

atoms and Ag/Pt molar ratio). The continuous line connects the excess energies with the lowest 

energy configurations. 

Figure 4. Relationship between Ag/Pt molar ratio and calculated segregation energy (eV/atom) 

of platinum in cluster models. 

Figure 5. The comparison of Ag-Pt, Ag-Ag and Pt-Pt bond lengths in monometallic and 

bimetallic clusters; Ag – orange, Pt- green.  

Figure 6. Studied 6-layers (111) surface slab models: 45Ag9Pt (Ag/Pt = 5.0), Ag (111), Pt(111); 

Ag – orange, Pt- green. 

Figure 7. Relationship between temperature stability of AgPt alloy and its composition - 

theoretical and experimental results. 

Figure 8. XRD patterns of bimetallic Ag-Pt samples: calcined and after heating in N2 flow at 

423 K, 473 K, 523 K and 573 K (40 mL/min) for 2 hours. 

Figure 9. UV-Vis spectra of bimetallic Ag-Pt samples: fresh and after heating in N2 flow at 423 

K, 473 K, 523 K, 573 K (40 mL/min) for 2 hours. 

 

 

 



 

  

 

Figure 1. Studied models: 13-atoms Ag13-nPtn cluster (A) and 54-atoms 45Ag9Pt slab (B). All 

bonds between the atoms are not shown for reasons of clarity. 
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Figure 2. The most stable structures of Ag13-nPtn clusters (n=1-12); Ag – orange, Pt- green. 

All bonds between the atoms are not shown for reasons of clarity. 
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Figure 3. Calculated ΔEexc (eV/atom) Ag13-nPtn as a function of the composition (number of 

Pt atoms and Ag/Pt molar ratio). The continuous line connects the excess energies with the 

lowest energy configurations. 
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Figure 4. Relationship between Ag/Pt molar ratio and calculated segregation energy 

(eV/atom) of platinum in cluster models. 
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Figure 6. 6-layers (111) surface slab models: 45Ag9Pt (Ag/Pt = 5.0), Ag (111), Pt(111), Ag 

– orange, Pt- green. All bonds between the atoms are not shown for reasons of clarity. 
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Figure 7. Relationship between temperature stability of AgPt alloy and its composition - 

theoretical and experimental results. 
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Figure 8. XRD patterns of bimetallic Ag-Pt samples: calcined samples and after heating at 

423 K, 473 K, 523 K and 573 K in N2 flow (40 mL/min) for 2 hours. 
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Figure 9. UV-Vis spectra of bimetallic Ag-Pt samples: calcined samples and after 

heating at 423 K, 473 K, 523 K and 573 K in N2 flow (40 mL/min) for 2 hours. 
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