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Abstract  
 

Au – Cu nanoparticles are widely used as catalysts in different chemical reactions. Since knowing the phase diagram 

of nano-alloys is crucial for effective design of nano-catalysts, there have been many efforts to predict the size effect 

on the phase diagram of the Au – Cu system. However, reported results are inconsistent and sometimes contradictory. 

In this work, a CALPHAD type thermodynamic model was applied to recalculate the phase diagram of Au – Cu binary 

alloy nanoparticles at different sizes. The results show that decreasing particle size decreases liquidus and solidus 

temperatures as well as the congruent melting point. It was also found that by reduction of the particle size, the 

composition of the congruent alloy shifts towards the Au – rich side of the phase diagram.  
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1. Introduction 

Gold - Copper (Au-Cu) alloy nanoparticles have attracted 

considerable interest in nanoscience and nanotechnology, 

especially as catalysis. They are widely used in the oxidation 

of carbon monoxide [1], reduction of carbon dioxide [2],  

selective oxidation of alcohols [3], and other chemical 

reactions [4,5]. It has been shown that the catalytic efficiency 

of nanoparticles directly depends on their melting 

temperatures [6]. Therefore, to achieve optimum 

performance, the knowledge of nanoscale phase diagram of 

desired system is essential for tuning the properties and 

optimal design of nano-catalysts. Since the calorimetric 

measurements are very difficult to apply to nanoparticles, 

theoretical methods are generally used for predicting phase 

diagrams at nanoscales [7,8]. 

Due to its importance, there have been several attempts 

to calculate the size dependent phase diagram of Au – Cu 

nano-alloy in recent years. Using their thermodynamic 

model, Vallee et al. [9] calculated the phase diagram of 

spherical Au – Cu nanoparticles with 106 atoms (~ 30 nm in 

diameter). They showed that compared to the bulk, at 

nanoscales solidus and liquidus temperatures drop to lower 

temperatures. According to their results, the congruent 

melting point had a shift to the Au – rich side of the Au – Cu 

phase diagram when the particle size dropped to the 

nanoscale. Guisbiers et al. [10] adopted a nano-

thermodynamic model and calculated the phase diagram of 

different polyhedral Au – Cu nanoparticles at sizes of 4 and 

10 nm. Regardless of the geometry of the nanoparticles, 

similar to Vallee et al., their results demonstrated a decrease 

in solidus and liquidus temperatures by decreasing particle 

size. However, in contrast to the results reported by Vallee et 

al., calculations by Guisbiers et al. showed a considerable 

shift in the congruent melting point towards Cu – rich side of 

the phase diagram. Based on the size dependent cohesive 

energy model, Cui et al. [11] developed a nano-

thermodynamic model and investigated the effects of size, 

shape, and segregation on the phase diagram of polyhedral 

and spherical Au-Cu nanoparticles at sizes of 4 and 10 nm. 

For spherical nanoparticles with a diameter of 4 nm, they 

reported a decrease of 400, 340, and 340 K in melting 

temperature of Au, Cu, and congruent melting point, 

respectively. Besides, their results showed that by decreasing 

particle size the congruent melting point linearly shifted to 

the Au – rich corner of the phase diagram which contradicts 

the results of Guisbiers et al. Using a nano-thermodynamic 

model, Chernyshev [12] calculated the phase diagram of 

ultrasmall (d=2 nm, 4 nm, and 8 nm) spherical nanoparticles 

of Au–Cu alloy. He reported approximately 470, 400, and 

400 K decrease in melting temperatures of Au, Cu, and 

congruent alloy, respectively, for nanoparticles with 

diameter of d=4nm. Also, the calculated phase diagrams by 

Chernyshev [12] showed that the congruent melting point 

transfers to higher Au concentrations as the size of the 

particles decreases which is consistent with the results of Cui 

et al. [11]. However, the calculated melting temperatures of 

Au and Cu by Chernyshev [12] do not conform to the 

reported results by Cui et al. [11] Most recently, Muñoz and 

Rosales [13] studied the phase diagram of the Au-Cu 

nanoparticles with various polyhedral shapes by using a set 

of MD simulations. They found that there was a shift in the 

location of the congruent melting point towards high 

concentrations of Cu as the size of the system decreased, 

which conforms with the results reported by Guisbiers et al., 

nevertheless calculated melting temperatures of pure 

elements and congruent melting temperatures are different 

from those of calculated by Guisbiers et al. According to the 

literature, although many attempts have been made to 

calculate the size dependent phase diagram of the Au – Cu 

system, reported results are inconsistent and contradictory. 

Due to the lack of sufficient experimental data, the results of 

the calculations have not been compared with the 

experimental results in any of the previous studies. So, it is 

impossible to judge the validity of the presented results. 
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Recently, Chu et al. [14] Experimentally measured the 

melting temperature of Au – Cu alloy nanoparticles with a 

composition of 50% and a particle size of 10 nm. They also 

used the CALPHAD (CALculation of PHAse Diagrams) 

method to calculate the phase diagram of Au – Cu 

nanoparticles. Experimental results showed that the 

temperatures of solidus and liquidous for the studied 

nanoparticles are 1028.6 K and 1041.3 K, respectively. 

However, in this study, the effect of size on the chemical 

composition of the congruent alloy has not been discussed. 

Also, their calculations were limited to nanoparticles bigger 

than 10 nanometers in diameter. 

CALPHAD (CALculation of PHAse Diagrams) method 

is a reliable and powerful technique for predicting phase 

diagram of bulk alloys which can be extended to nano-scale 

systems by adding the surface Gibbs free energy 

contributions to the total Gibbs energy of the system [8]. In 

conventional nano – CALPHAD models [8,14,15], the size 

dependency of the surface energies is neglected and replaced 

by the surface energies of the bulk materials. So, it is 

believed that conventional nano - CALPHAD models cannot 

be applied to nanoparticles generally smaller than 10 nm in 

diameter [16]. Recently Monji and Jabbareh [17], by 

considering the size dependent surface energies of the 

nanoparticles modified the conventional nano - CALPHAD 

models. This modified model can be applied to nanoparticles 

under critical size (d < 10 nm). The model has been used to 

calculate the phase diagram of Ag – Au [17] and Ag – Cu 

[17,18] nanoparticles with d < 10 nm and the achieved results 

have shown good agreements with the experiments. 

This work aims to reassess the phase diagram of Au– Cu 

nanoparticles to answer the question of how the congruent 

melting temperature and the concentration of the congruent 

alloy in the Au – Cu system are affected by reducing the 

particle size. Whereas previous research works have given 

completely opposite answers to this question. To this end, 

the previously developed model by the authors [17] was 

applied to Au–Cu nanoparticles with different sizes from 4 

nm to 40 nm in diameter. The effect of particle size on the 

phase diagram, congruent melting point, and congruent alloy 

composition are calculated theoretically and discussed in this 

work.  

 

2. Model 

Total Gibbs free energy of a nanoparticle system could 

be expressed as: 

 

Gnano=Gbulk+Gsurf          (1) 

 

where Gbulk and Gsurf are the Gibbs free energy of the bulk 

alloy and the surface contribution to the Gibbs free energy, 

respectively. The molar Gibbs free energy for two 

component alloys in their bulk state can be described as [8]: 

 

Gbulk=XAGA
o +XBGB

o +RT(XALnXA+XBLnXB)+ Gex, Bulk      (2) 

 

where R and T are the universal gas constant and absolute 

temperature, respectively. Xi (i=A or B) is the molar fraction 

and Gi
ois the standard Gibbs energy of component i. Gex, Bulk 

is the excess Gibbs energy of the bulk alloy. The excess 

Gibbs energy can be defined by the Redlich–Kister 

polynomials as [20]: 

 

Gex, Bulk=XAXB ∑ Lv(XA-XB)
v

        (v=0, 1, 2,…)       (3) 

where Lv is the interaction parameter and can be expressed 

as: 

 

Lv=av+bvT+cvTLnT+…         (4) 

 

where av, bv, and cv are empirical constants.  

The surface contribution to the Gibbs energy for an 

isotropic spherical nanoparticle is defined as [15]: 

 

Gsurf=2CVABAB/r           (5) 

 

where AB is the surface energy of alloy nanoparticles, VAB is 

the molar volume and r is the particle radius. The effects of 

shape, surface strain, and uncertainty of the surface energy 

measurements are also introduced as C which is known as 

the correction factor. The value of C for the liquid phases and 

spherical solid particles is considered to be unity [21].  

Because the excess volume quantity is negligible in 

metallic binary alloys, the molar volume of the binary alloys, 

VAB could be defined as: 

 

VAB=XAVA+XBVB            (6) 

 

where Vi is the molar volume of the pure component i.  The 

surface energy of liquid alloys could be calculated using 

Butler’s equation [22]. In the case where the changes in 

shape and surface strain with the composition are negligible, 

Butler’s model is still applicable for the calculation of the 

surface energy of solid alloys [8]. The Butler’s equation for 

an A-B binary alloy is expressed as: 

 

𝐴𝐵=A+
RT

AA
ln (

XA
surf

XA
surf) +

1

AA
[GA

ex, surf(T, XB

surf
)-GA

ex, bulk(T, 

XB
bulk)]=B+

RT

AB
ln (

XB
surf

XB
Bulk) +

1

AB
[GB

Ex, surf(T, XB

surf
)-GB

Ex, Bulk
(T, 

XB
bulk)]             (7) 

 

where i is the surface energy of the element i. Ai , is the 

molar surface area of element i when a close-packed 

monolayer is assumed. Xi

 surf
 and Xi

 bulk are concentrations of 

component i, respectively, in the surface and bulk phases. 

Gi
ex, surf

 and Gi
ex, bulk

 also indicate the partial excess Gibbs 

energy of component i in surface and the bulk phases.  

The molar surface area of the component i could be 

calculated from Eq. (8) as follows: 

 

Ai=1.091 N0
1/3(Vi)

2/3
          (8) 

 

where N0 is Avogadro’s number. Gi
ex, surf

 could be expressed 

as [15]: 

 

Gi
ex, surf

(T, Xj

surf
)= Gi

ex, Bulk
(T, Xj

Bulk)        (9) 

 

where  resembles the ratio of the coordination number in 

the surface to that in the bulk. The values of  in the liquid 

and solid phases were estimated to be equal to 0.85 and 0.84, 

respectively [15].  

It should be mentioned that in conventional nano – 

CALPHAD models, the surface energy of the pure 

components, i, is replaced by the surface energy of the pure 

elements in the bulk state. In this model, however, we apply 

the size dependent surface energy adopted by Xiong et al. 

[23] to calculate the value of  as follows: 
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i=i
∞(1-1.45 hi d⁄ )        (10) 

 

where i
∞ is the temperature dependent surface energy of the 

element i at the bulk state, hi is the atomic diameter of 

element i, and d is the particle diameter.  

In the present study, the above model is used to calculate 

the phase diagram of spherical Au-Cu alloy nanoparticles 

and the outcomes are compared with available empirical and 

theoretical results. The information of thermodynamic and 

physical properties used in the present study are listed in 

Table 1. The values of the standard Gibbs energies, Gi
o,  are 

taken from the SGTE database for pure elements [24]. To 

calculate phase diagrams, above equations were 

implemented in a computer program which is written using 

Wolfram Mathematica software.  

 

Table 1. Thermodynamic and physical properties used in 

the calculation of Au–Cu nanoparticle phase diagram. L 

denotes liquid and S denotes solid phases. 
Variables Equations Ref. 

Surface 

energy (J/m2) 

σL

Au

∞
=1.33-1.4×10-4T [15] 

σS

Au

∞
=1.947-4.3×10-4T [15] 

σL

Cu

∞
=1.624-2.26×10-4T [25] 

σS

Cu

∞
=1.953-2.26×10-4T [25] 

Molar volume 

(m3/mol) 

VL

Au
=1.02582×10-5+7.797×10-10T [15] 

V
S

Au
=1.07109×10-5  [15] 

VL

Cu
=6.95×10-6+8.08×10-10T [25] 

V
S

Cu
=7.09×10-6 [25] 

Excess Gibbs 

energy 

(J/mol) 

G
L

Au,Cu

Ex,Bulk
=XAuXCu[(-28230+3 T)]   

+XAuXCu[(3200 + 2 𝑇)(𝑋𝐴𝑢 − 𝑋𝐶𝑢)] 

+XAuXCu[(3900 − 5𝑇)(𝑋𝐴𝑢 − 𝑋𝐶𝑢)2] 

[26] 

G
S

Au,Cu

Ex,Bulk
=XAuXCu[(-28000+7.8.8 T-10 T ln T)] 

+XAuXCu[(6000)(XAu-XCu)] 

[26] 

Atomic 

diameter (nm) 

hAu=0.27 [27] 

hCu=0.27 [27] 

 
3. Results and discussion  

Figure 1 shows the calculated surface energy of the liquid 

and solid Au – Cu nanoparticles with d=10 nm and d=4 nm 

as a function of Au composition. Calculated surface energy 

at the bulk state (d=∞) is also plotted for comparison. As 

shown in figure 1 in all cases, surface energy decreases 

nonlinearly along with increasing Au concentration. 

According to Table 1, the gold surface energy is smaller than 

copper's for both liquid and solid states. So, it is reasonable 

that increasing Au content reduces the surface energy of the 

system. the non–linear dependency of surface energy to Au 

concentration also indicates that Au tends to segregate on the 

surface. These findings agree well with the results reported 

in Ref. [28]. The results also represent that decreasing the 

particle size decreases the surface energy of the nanoparticle 

which is in accordance with the previous reports on the 

surface energy of alloy nanoparticles [28,29]. The variation 

of surface energy between the bulk and the nanoparticles 

leads to the difference in calculated values of the surface 

contribution of the Gibbs free energy. However, in some 

previous thermodynamic models for calculation of Au – Cu 

nano–phase diagrams [10] the differences between the bulk 

and the nanoparticles surface energy were ignored. 

 
Figure 1. Calculated surface energy of Au – Cu 

nanoparticles with different diameters in comparison 

with the bulk surface energy. (a) Liquid phase at T=1400 

K. (b) Solid phase at T=800 K. 

 

Figure 2 shows the calculated surface contribution of the 

Gibbs free energy, Gsurf, for the liquid and solid Au – Cu 

nanoparticles in different sizes. Calculations were performed 

with (solid lines) and without (dashed lines) considering size 

effect on the surface energy of the nanoparticles. It could be 

found from Figure 2 that decreasing particle size increases 

the surface contribution of the Gibbs free energy. This is 

consistent with experimental observations of melting 

temperature depression of alloy nanoparticles with size 

reduction [27, 28].   

It is also revealed that by considering the size effect on 

the surface energy, calculated values of Gsurf become smaller 

than those of calculated with the surface energy of the bulk 

state. Although this issue is not a considerable concern for 

large nanoparticles, the differences between calculated 

values of Gsurf, with and without considering size effect on 

surface energy, become significant by decreasing the particle 

size. It should be noted that the decrease in melting 

temperature of nanoparticles is directly dependent to the 
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increase of the surface contribution of the Gibbs energy. 

Therefore, it can be concluded that ignoring the size effect 

on surface energy leads to smaller calculated melting 

temperatures. According to Figure 2, it is clear that the 

particle size decrement leads to noticeable difference in 

calculated melting temperatures (solidus and liquidus 

temperatures) between conventional and modified nano – 

CALPHAD models.  

 

 

 
Figure 2. Calculated surface contribution of the Gibbs 

free energy for nanoparticles with d= 4, 6, 10 and 40 nm. 

Solid lines denote the calculations with considering size 

effect on the surface energy, and dashed lines indicates 

calculations with the surface energy of the bulk. (a) 

Liquid phase at T=1400 K. (b) Solid phase at T=800 K. 

(Figure is in color in the on-line version of the paper). 

 

 

Calculated phase diagram of Au–Cu nanoparticles with 

d=20 nm, d=10 nm, and d=4 nm together with the bulk Au–

Cu phase diagram are presented in Figure 3. The solidus 

temperatures calculated by Cui et al. [11] and Chernyshev 

[12] for some specific compositions are also given for 

comparison. In addition, experimental solidus temperature 

[14] for Au-50%Cu nanoparticles with a diameter of 10 nm 

is also plotted on the figure 3. 

The results show that decreasing the particle size leads to 

decrements in solidus and liquidus temperatures. This 

observation is consistent with the previously reported data 

where the size effect on nano-alloys phase diagram was 

studied [33]. However, the solidus temperatures calculated 

in this work are greater than those reported by Cui et al. [11] 

and Chernyshev [12]. This is reasonable because, as 

mentioned earlier in the introduction, the effect of size on 

surface energy is not considered in previous works, so these 

models are expected to predict smaller melting temperatures. 

In addition, the calculated solidus temperature for 

nanoparticles with a diameter of 10 nm is greater than those 

achieved from experiments [14]. When comparing the 

experimental results with those achieved from computations, 

it should be noted that the experimental results are actually 

related to a set of nanoparticles with a size distribution of 7 

to 14 nanometers [14], so, a difference in results between 

experimental data and those of modeling is expected. In 

addition, it should be brought to attention that the 

CALPHAD method is a semi-empirical technique, and the 

use of appropriate experimental data is essential to be able to 

optimize the model parameters and computational accuracy. 

The use of appropriate experimental data to determine the 

surface energy functions of solid and liquid phases as well as 

the molar volume functions is also a determining factor in 

accuracy of calculations. However, the experimental data of 

theses parameters are rarely available in case of nano-alloys. 

 According to the phase diagrams calculated for 20, 10, 

and 4 nm nanoparticles, as the particle size reduces the 

temperature drop becomes greater.  

 

 

 
Figure 3. Calculated phase diagram of spherical Au – Cu 

nanoparticles with different particle sizes in comparison 

with the phase diagram of corresponding bulk alloy. 

Symbols denote calculated (Cui et al.[11] and 

Chernyshev [12]) or experimental (Chu et al.[14]) 

solidus temperatures from the literature). (Figure is in 

color in the on-line version of the paper).  

 

 

The results also reveal that by decreasing the particle size 

the coexistence solid - liquid region at the Cu – rich side of 
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the phase diagram gets enlarged, while at the Au – rich side 

of the Cu-Au phase diagram the coexistence region 

contracts. This is due to the asymmetry of the surface 

contribution of the Gibbs free energy with changes in 

composition. As shown in Figure 2, at a certain particle size, 

increasing the Au concentration increases the surface Gibbs 

free energy. As a result, the relative position of the Gibbs free 

energies of the solid and liquid phases changes in 

comparison to the bulk. Therefore, changes in coexistence 

regions are expected. These findings are in contradiction 

with those reported in the literature. Cui et al. and 

Chernyshev predicted that decreasing the particle size 

slightly reduced the coexistence region size in the Cu – rich 

side of the phase diagram while considerable contraction of 

the coexistence region at the Au side were observed. 

Guisbiers et al. [10] reported that decreasing the particle 

diameter expanded the coexistence region at the Au – rich 

side of the phase diagram and contracted the coexistence 

region at the Cu – rich side which is completely in contrast 

to our findings.  

It could be understood from figure 3 that the congruent 

melting point drops by decreasing the particle size and 

extends to the Au – rich side of the phase diagram. These 

findings are in agreement with the results reported by Cui et 

al. [11] and Chernyshev [12]. In contrast, Muñoz and Rosales 

[13] and Guisbiers et al. [10] predicted a shift in the 

congruent melting point towards high concentrations of Cu. 

Muñoz and Rosales and Guisbiers et al. also reported that for 

nanoparticles with d = 4 nm, the melting temperature of 

copper is lower than that of gold unlike the bulk state, which 

contradicts our findings and the results reported by Cui et al. 

and Chernyshev. 

Unfortunately, there is not sufficient empirical data in the 

literature on the phase diagram of Au –Cu alloy 

nanoparticles. Hence, to investigate the validity of our results 

the calculated melting temperature of pure Au and Cu have 

been compared to the experimental [27,30,31] and MD 

simulation results [36] reported by others. Figure 4 (a) shows 

the calculated melting temperature of Au nanoparticles in 

this work in comparison with experimental data reported by 

Buffat and Borel [34]. Calculated melting temperatures by 

Vallee et al. [9], Cui et al. [11], and Chernyshev [12] are also 

plotted for comparison. As can be seen, calculated melting 

temperatures in this work are in good agreement with the 

experimental data. Especially in case of very small 

nanoparticles (e.g., d=4 nm) our results show better 

agreements with experiments than the outcomes of Vallee et 

al., Cui et al., and Chernyshev. In Figure 4 (b), the calculated 

melting temperature of Cu nanoparticles has been compared 

with experimental data reported by Huang et al. [31] and Cui 

et al. [35] and MD simulation results performed by Delogu 

[36]. It is readily apparent that calculated melting 

temperatures of Cu in this work show excellent agreement 

with experimental and MD simulation results. It is also clear 

that the predicted melting temperatures by Cui et al. and 

Chernyshev are very smaller than either the experimental or 

calculated temperatures in this work. It is also found from 

figures 3(a) and 3(b) that at any given particle diameter, the 

melting temperature of Cu nanoparticles is higher than that 

of their Au counterpart. Thus, in calculations of Muñoz and 

Rosales [13] and Guisbiers et al. [10] where the melting 

temperature of Cu nanoparticles were predicted to be lower 

than the melting temperature of their Au counterparts by size 

decrement, cannot be confirmed. 

 

 
Figure 4. Calculated melting temperature of (a) Au and 

(b) Cu nanoparticles in this work together with 

calculated temperatures by Vallee et al. [9], Cui et al. 

[11], and Chernyshev [12] as well as some experimental 

data [27,30,31] and MD simulation results [36]. Solid 

lines indicate fitting curves for experimental data. 

(Figure is in color in the on-line version of the paper). 

 

It is well known that the melting temperature of a 

nanoparticle can be derived by Eq.(11) [37]:  

 

Tm,NP=Tm,b(1-/d)       (11) 

 

where Tm,NP and Tm,b are the nanoparticle and bulk melting 

temperatures, respectively, d is the particle diameter and β is 

material constant. Eq. (11) can be applied to other transition 

temperatures as well [38]. We applied this model to predict 

the congruent melting temperature in Au – Cu system. To 

this end, Eq. (11) fitted to the experimental data on melting 

temperatures of Au and Cu (solid lines in Figures 3(a) and 

3(b)) and the material constant, β, were derived as 0.9 nm 

and 0.42 nm for Au and Cu, respectively. Then, we estimated 

β for binary alloy system as βAu – Cu =XAu βAu + XCu βCu where 

Xi is the mole fraction of i component. Since at congruent 

melting temperature of the bulk alloy XAuXCu0.5, the value 
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of βAu – Cu is calculated as 0.66 nm. According to the 

calculated phase diagram of the bulk alloy, the congruent 

melting temperature is 1190 K; Therefore, size dependent 

congruent melting temperature of Au–Cu alloy can be 

estimated from Eq. (12): 

 

Tcong,NP=1190(1-0.66/d)       (12) 

 

 
Figure 5. Calculated congruent melting point (a) and 

congruent alloy composition (b) as a function of particle 

diameter in comparison with previous calculations 

(Vallee et al. [9], Cui et al. [11], and Chernyshev [12]). 

(Figure is in color in the on-line version of the paper). 

 

Figure 5(a) shows the congruent melting temperature of 

Au – Cu nanoparticles calculated from Eq (12) (solid line) 

together with calculated results of the thermodynamic model 

and those reported by Vallee et al., Cui et al. and 

Chernyshev. Depression of the congruent melting 

temperature by decreasing the particle size is evident. Also, 

calculated values of Tcong from Eq. (12) and the 

thermodynamic model in this work are in good agreement. It 

should be noted out that it is assumed that the composition 

of the congruent alloy is constant for all particle diameters in 

the development of Eq. (12).  This assumption leads to a size 

independent material constant, β. However, calculated 

results in this work (Figure. 4(b)) and those reported in the 

literature [10–13] show that the congruent alloy composition 

is size dependent. So, a discrepancy between the achieved 

results by the analytical model (Eq. (12)) and those 

calculated by using the CALPHAD approach is expected. It 

is also noteworthy that by increasing the particle size, this 

difference becomes negligible. 

Variations of congruent alloy composition with respect 

to the particle diameter are shown in Figure 5(b). As can be 

seen, decreasing the particle size increases the Au content of 

the congruent alloy composition which is consistent with the 

results reported by Cui et al. and Chernyshev. However, in 

contrast to Cui et al., our results show  non – linear 

dependency of congruent alloy composition to the particle 

size.  

 

4. Conclusion 

Size dependent phase diagram of Au – Cu nano-alloy was 

recalculated based on a CALPHAD type thermodynamic 

model. The results showed that decreasing the particle size 

leads to a drop in solidus, liquidus, and congruent melting 

temperatures. It was also found that by decreasing the 

particle size the coexistence solid – liquid phase region 

contracts at the Au – rich side of the phase diagram while it 

was expanded at the Cu – rich side of the phase diagram. The 

results cleared that by reducing the particle size the 

composition of congruent alloy extends to the Au – rich side 

of the phase diagram. In comparison with previous 

calculations, calculated results in this work showed better 

agreements with experiments. The results can be used as a 

guideline for the design of Au – Cu bimetallic nano-catalysts. 

 

Nomenclature 

 

𝐴𝑖  (𝑖 = 𝐴, 𝐵)    : molar surface area of pure elements 

(m2/mol) 

𝑎𝑣 , 𝑏𝑣 , 𝑐𝑣               : empirical constants (J/mol) 

𝐶                           : correction factor 

𝑑                           : particle diameter (m) 

𝐺𝑛𝑎𝑛𝑜                    : total Gibbs free energy at nanoscale 

(J/mol) 

𝐺𝑏𝑢𝑙𝑘                      : Gibbs free energy of bulk state (J/mol) 

𝐺𝑠𝑢𝑟𝑓                     : surface contribution to the Gibbs free 

energy (J/mol) 

𝐺𝑖
0 (𝑖 = 𝐴, 𝐵)       : standard Gibbs energy of pure elements 

(J/mol) 

𝐺𝑒𝑥,𝐵𝑢𝑙𝑘                  : excess Gibbs energy of bulk state 

(J/mol) 

𝐺𝑖
𝑒𝑥,𝑠𝑢𝑟𝑓(𝑖 = 𝐴, 𝐵) : excess Gibbs energy of pure elements in 

surface (J/mol) 

𝐺𝑖
𝑒𝑥,𝑏𝑢𝑙𝑘(𝑖 = 𝐴, 𝐵) : excess Gibbs energy of pure elements in 

bulk phase (J/mol) 

ℎ𝑖  (𝑖 = 𝐴, 𝐵)         : atomic diameter (m) 

𝐿𝑣                          : interaction parameter (J/mol) 

𝑁0                          : Avogadro’s number 

𝑅                            : universal gas constant (J/mol.K) 

𝑟                             : particle radius (m) 

𝑇                            : absolute temperature (K) 

𝑉𝑖  (𝑖 = 𝐴, 𝐵)            : molar volume of pure elements (m3/mol) 

𝑉𝐴𝐵                         : molar volume of nanoparticles (m3/mol) 

𝑋𝑖 (𝑖 = 𝐴, 𝐵)         : molar fraction of pure elements  

𝑋𝑖
  𝑠𝑢𝑟𝑓(𝑖 = 𝐴, 𝐵)   : molar fraction of pure elements in 

surface 
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𝑋𝑖
 𝑏𝑢𝑙𝑘(𝑖 = 𝐴, 𝐵)   : molar fraction of pure elements in bulk 

phase 

𝛼                            : ratio of the coordination number in the 

surface to that in the bulk 

𝜎𝐴𝐵                         : surface energy of nanoparticles (J/m2) 

𝜎𝑖  (𝑖 = 𝐴, 𝐵)          : size dependent surface energy of pure 

elements (J/m2) 

𝜎𝑖
∞                          : surface energy of pure elements at the 

bulk state (J/m2) 
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