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We use in situ transmission electron microscopy to monitor in real-time the evaporation of gold, copper and bimetallic copper-gold nanoparticles at high temperature. Besides, we extend the Kelvin equation to two-component systems to predict the evaporation rates of spherical liquid mono-and bimetallic nanoparticles. By linking this macroscopic model to experimental TEM data, we determine the surface energies of pure gold, pure copper, Cu50Au50 and Cu25Au75 nanoparticles in the liquid state. Our model suggests that the surface energy varies linearly with the composition in liquid Cu-Au nanoalloy, i.e. it follows a Vegard's rule-like dependence. To get atomic-scale insights into the thermodynamic properties of Cu-Au alloys on the whole composition range, we perform Monte Carlo simulations employing N -body interatomic potentials. These simulations at microscopic level confirm the Vegard's rule-like behavior of the surface energy obtained from experiments combined with macroscopic modeling.

The surface energy of materials is a very important quantity for physics and chemistry since it drives a wide range of phenomena such as phase transition, crystal melting, evaporation and growth. For nanostructures, it is even more important as it controls not only their 3D morphology and their reactivity with respect to different environments, but it also plays an essential role in Ostwald ripening as well as in the growth rate of facets during nanoparticle (NP) coarsening. Thanks to the Wulff [1] and Wulff-Kaishew [2] relations giving the equilibrium shape of free and supported crystallites, respectively, surface energy ratios for low index facets of some metals were determined [3,4]. However, absolute surface energy determination is still rather difficult. For bulk and micron-size particles, several approaches were developed based on the temperature dependence of the 3D equilibrium shape, [5][6][7][8] on the detailed study of the 2D equilibrium morphology and its thermal fluctuations [9][10][11][12][13][14] or on a combination of the two previous approaches [15].

In the case of nanosized particles, Vermaak et al. showed that surface energy and the surface stress are equal for spherical NPs as long as their properties are similar to those of liquid droplets [16,17]. This approximation is also valid if the strain rates can be considered as quasi-static at high temperatures. Several studies discussed the values of surface stress and surface energies and the origin of the discrepancies when they are different [18][19][20][21][22]. Another approach, based on the Kelvin equation [23] that relates equilibrium vapor pressure to surface curvature, was developed by Blackman et al. and Sambles et al. [24][25][26]. It derives a thermodynamic model of the evaporation of spherical liquid droplets and solid particles maintained at constant temperature. From the nonlinear relation between the time of complete evaporation and particle size, the mean surface energies of solid silver, [25], liquid lead [25] and liquid and solid gold [26] were successfully measured. Again, in NPs verifying Kelvin effect, a close approach that studies the linear relationship between the evaporation temperature and the inverse of the particle size was used to estimate the surface energies of silver [27] and PbS [28].

An alternative for determining surface energies of nanostructures is the direct computer simulation by using ab initio calculations [29][30][31][32] or semi-empirical potentials [33,34]. In order to improve the accuracy of theoretical predictions, Medasani et al. have used both techniques to calculate the surface energy of pure NPs over a wide range of particle size [22]. However, the case of bimetallic NPs at given temperatures, which is much more complex, was not addressed.

In this letter, we extend Sambles approach [25] to determine experimentally the surface energies of monometallic copper and gold NPs as well as bimetallic Cu-Au NPs by monitoring their evaporation at high temperatures by transmission electron microscopy (TEM) imaging. Adjustment of experimental TEM data by a macroscopic model based on an extended Kelvin equation suggests that the surface energy varies linearly with particle composition in liquid Cu-Au nanoalloys. This Vegard's rule-like tendency is confirmed by simulations performed at atomic-scale on the whole composition range for Cu-Au NPs in the liquid state.

TEM experiments were carried out using a JEOL JEM-ARM200F spherical aberration corrected electron microscope equipped with a cold field emission gun operated here at 80 kV and an ultra-fast OneView camera (Gatan) for TEM imaging. In situ heating was performed using a slightly modified version of the Atmosphere TEM environmental gas cell from Protochips Inc. with heating capabilities up to 1000 • C. Gold (Au), copper (Cu) and bimetallic Cu 50 Au 50 and Cu 25 Au 75 nanoparticles were synthesized by alternated pulsed laser deposition (PLD) technique in a high vacuum chamber at 10 -5 Pa. Details on the experimental procedure for particle synthesis are published elsewhere [35]. Here, the nominal thickness of metal deposited for all three specimens was fixed at 2 nm and the temperature of the SiN substrate was held at 450 • C in order to obtain spherical shaped NPs with diameter below 10 nm at high temperatures. The composition of the bimetallic alloyed NPs were determined from lattice fringe spacing measurements in HRTEM images of single NPs at room temperature prior to their heating and evaporation at high temperatures. NP deposition was carried out directly on the 50-nm thick electron transparent silicon nitride membrane of the small heating E-chip that composes the gas cell. To enhance image contrast during TEM imaging of NPs at high temperatures, the SiN membrane of the larger E-chip of the gas cell was removed. The evaporation of copper, gold, Cu 50 Au 50 and Cu 25 Au 75 nanoalloys in vacuum were studied at 725 • C, 800 • C, 700 • C and 750 • C respectively. The three samples were heated up from room temperature to these temperatures at a rate of 1 • C/s. During the heat ramps and the evaporation process, the electron beam was turned off except for TEM imaging at regular intervals. In this way, we minimised unwanted electron beam effects like local increases in the temperature of the irradiated areas [36] and/or structural modifications of the NPs that could adversely accelerate particle evaporation. In general, NPs size and shape evolve during the annealing as a consequence of Ostwald ripening and/or coalescence. The crystalline state evolves as well with the temperature from solid to liquid to gas (melting / evaporation) or directly from solid to gas (sublimation). It is well known that the melting temperature of small NPs decreases as the particle size decreases [37,38]. Here, we focus on the evaporation kinetics of NPs with radius φ < 3 nm which are all in the liquid state at high temperature (> 700 • C) as shown by their uniform image contrast and the absence of lattice fringes in their TEM images (see discussion in Sec. I of the Supplemental Material [START_REF]for additional TEM data, the generalization of Kelvin equation to a twocomponent sytem and derivation of the evaporation ki[END_REF]). We followed the variation of the NPs size as a function of time at a given temperature. For the three systems, there is a clear decrease of the particle radius with time as predicted by the Kelvin equation. [25]. When the NPs are imaged under continuous illumination, TEM observations show substantial particle sintering via dynamic diffusion and Ostwald ripening (see Fig. 2s of the Supplemental Material [START_REF]for additional TEM data, the generalization of Kelvin equation to a twocomponent sytem and derivation of the evaporation ki[END_REF]). These transformations are characteristic of electron beam-induced effects as they are observed even in the absence of any heating. Under intermittent electron illumination, particle mobility on the heated SiN support is suppressed which is a strong indication that the effect of the electron beam is largely minimized and that the evaporation of NPs observed experimentally is activated primarily by the thermal heating of the SiN support. Figures 1(a)-(d) compare the TEM images of a set of Cu NPs at 725 • C at different times over a 115.5 minutes period. These TEM images show that the NPs are completely evaporated over this period. The full followup of particle evaporation is shown in Fig. 3S of the Supplemental Material [START_REF]for additional TEM data, the generalization of Kelvin equation to a twocomponent sytem and derivation of the evaporation ki[END_REF]. The evaporation curves of a pure Au NP (•) and a pure Cu NP (•) is presented in Fig. 1(e). The uncertainties in the determination of particle radius were estimated by measuring the latter along two perpendicular directions in the TEM images. The evaporation time t of a monometallic liquid NP of radius r at a temperature T is given by (see Sec. IV and V of the Supplemental Material [START_REF]for additional TEM data, the generalization of Kelvin equation to a twocomponent sytem and derivation of the evaporation ki[END_REF]):

t(r) = B A E 0 B r -E 1 B r (1) 
with:

A = P ∞ ρ l M l 2πRT 1 2 ; B = 2γM l RT ρ l and E 0 (x) = exp(-x) x ; E 1(x) = ∞ x exp(-y) y dy
where γ is the surface energy of the metal, M l the molar mass of the liquid phase, ρ l its density, P ∞ the equilibrium vapor pressure over a flat surface of the liquid and R the ideal gas constant. By fitting the experimental data in Fig. 1(c) to the Kelvin model according to Eq. 1, we extract the surface energy for liquid gold and copper NPs. We obtain a mean surface energy of 0.93 ± 0.23 J.m -2 and 2.03 ± 0.16 J.m -2 . These surface energies are averaged over four Au and three Cu NPs respectively.

To describe the evaporation of bimetallic Cu-Au NPs, we extend Sambles et al. [25] approach to spherical liquid bimetallic A-B particle under the following hypotheses. We assume that the composition of the liquid phase does not vary during the evaporation process. As a result, the compositions of liquid and vapor phases are always similar and equal to the initial composition of the liquid NP. Moreover, the bimetallic metal vapor in equilibrium with the liquid NP is considered as a mixture of ideal gases A and B. Finally, we consider that the bimetallic liquid phase behaves like an ideal liquid mixture with the partial pressure of each component following Raoult's law. As we will see later, the hypothese of an ideal liquid mixture is validated by atomic scale modeling. Under these conditions, the Kelvin equation of a bimetallic A-B alloy is given by (see Sec. V of the Supplemental Material [START_REF]for additional TEM data, the generalization of Kelvin equation to a twocomponent sytem and derivation of the evaporation ki[END_REF]):

P r P ∞ = exp 2γ(αM A + M B ) (α + 1)RT ρ A,B r (2) 
where P ∞ is the total vapor pressure of the twocomponent gas system in equilibrium with a semi-infinite bimetallic A-B planar surface and P r , that of the gas in equilibrium with the curved surface of a spherical bimetallic liquid droplet of radius r at temperature T . α = n A /n B is the molar ratio, M A and M B are the molecular weights of the two metals and ρ A,B is the liquid density of the mixed compound. From the extended Kelvin equation, the evaporation time t of a bimetallic alloyed NP with radius r is also defined through Eq.( 1) but with (see Sec. V of the Supplemental Material [START_REF]for additional TEM data, the generalization of Kelvin equation to a twocomponent sytem and derivation of the evaporation ki[END_REF]):

A = P ∞ (1 + α) α ρ A M A 2πRT 1 2 + 1 ρ B M b 2πRT 1 2
(3)

B = 2γ(αM A + M B ) RT (1 + α)ρ A,B (4) 
Figure 2 shows the evaporation curves at 700 • C of five Cu 50 Au 50 NPs with initial radii less than 3 nm. Adjustment of experimental evaporation curves of seven bimetallic NPs by the model based on the extended Kelvin equation gives a mean surface energy for liquid Cu 50 Au 50 nanoalloy equal to 1.530 ± 0.076 J.m -2 . This value is nearly the average between the experimentallydetermined surface energies of liquid copper and liquid gold. For Cu 25 Au 75 NPs, a mean surface energy of 1.230 ± 0.047 J/m 2 is obtained by analyzing six NPs with radii below 3 nm (Sec. VI of the Supplemental Material [START_REF]for additional TEM data, the generalization of Kelvin equation to a twocomponent sytem and derivation of the evaporation ki[END_REF] for the corresponding evaporation curves). Thus, determination of the absolute values of the surface energy of the monometallic and bimetallic NPs suggests that the surface energy for Cu-Au nanoalloy follows a Vegard's rule-like behavior. The exact shape of the NPs are not known as TEM images only give their two-dimensional projection perpendicular to the substrate. However, the NPs are most probably greater than a hemisphere such that the experimentally-measured radii projected in the plane of the substrate are equal to their radius of curvature which appears in the Kelvin equation. Indeed, Au, Cu and Cu-Au NPs are loosely bound to the SiN support due to the hydrophobic nature of the latter. This hydrophobicity increases when the SiN film upon heating as residual moisture are taken off. As metal adhesion is reduced, the contact angles of Au, Cu and Cu-Au NPs are expected to be close to 180 • above 700 • C. On Si 3 N 4 film, Cu shows low wettability with a contact angle of about 130 • above 1000 • C [54]. When the truncation is greater or equal to a hemisphere as in our experiments, the average change in the rate of evaporation is of the order of 6 % with are within the uncertainties of the surface energies determined by our model.

To get insight at atomic-scale and investigate the thermodynamic properties of Cu-Au alloys, we perform Monte Carlo (MC) simulations in the canonical ensemble (with fixed concentrations). This approach, unlike others found in the literature [55][56][57], enables thermodynamic study over a broad-spectrum of temperatures (0 < T < 2000 K) on the whole composition range at the atomic scale. In this context, we develop a specific N -body interatomic potential derived from the second moment approximation of the tight-binding scheme(TB-SMA) [42,43,58] perfectly adapted to deal with large systems (∼1000-10000 atoms) similar to those observed experimentally. The accuracy of TB-SMA models depends critically on the validity of the database to which the parameters of the potentials are fitted. Here, we sum- marize only the crucial points of the TB-SMA potential and refer the reader to Sec. VII of the Supplemental Material [START_REF]for additional TEM data, the generalization of Kelvin equation to a twocomponent sytem and derivation of the evaporation ki[END_REF] for more details. For pure elements, they are obtained by fitting on several bulk physical quantities (lattice parameters, cohesive energies and elastic constants). Note that fitting the TB-SMA parameters to experimental cohesive energies leads to an underestimation (∼ a factor 2) of the surface energies since it is well known that such potentials are not always adapted to describe physical properties from bulk to surface [59]. Nevertheless, these deviations do not prevent us to describe qualitatively structural properties of Cu-Au nanoalloys as we will see in the following. Improving the accuracy usually implies increasing the number of parameters, which can blur the physical transparency of the model [60][61][62]. Besides, we can notice that the Au surface energy calculated is lower than the one of Cu, in agreement with DFT calculations, which is in favor of the Au surface segregation, as already discussed in [55]. For the Cu-Au system, the potential has been fitted both to DFT calculations [63] and to the experimental bulk phase diagram [47], in particular to experimental order/disorder transition temperatures. This TB-SMA potential is then implemented in a MC code to relax the structures at finite temperatures [START_REF] Frenkel | Understanding Molecular Simulation[END_REF] (see Sec. VIII of the Supplemental Material [START_REF]for additional TEM data, the generalization of Kelvin equation to a twocomponent sytem and derivation of the evaporation ki[END_REF]).

As a first step, we focus on liquid NPs to investigate their structural properties (physical and chemical states) by using canonical MC simulations at different temperatures. A typical example is presented in Fig. 3 where the starting configuration is a cuboctahedron containing 2507 atoms and has size of 4 nm comparable to those studied experimentally. Interestingly, a visual inspection shows no segregation effect in the liquid state. This is confirmed in a more quantitative way with the analysis of the density profiles along the radius of the NPs depicted in Fig. 3 and whatever the concentration and the size of the NPs (see Sec. VIII in the Supplemental Material [START_REF]for additional TEM data, the generalization of Kelvin equation to a twocomponent sytem and derivation of the evaporation ki[END_REF]). The calculation of the surface energy with the composition is therefore relevant since a disordered alloy is formed at the surface of the NP. Actually, the same phenomena can be observed for a slab (see Figure 7S(a) in Supplemental Material [START_REF]for additional TEM data, the generalization of Kelvin equation to a twocomponent sytem and derivation of the evaporation ki[END_REF]). As a result, a slab will be considered in the following since the definition of γ for alloys is straightforward in this case. Indeed, surfaces can be created by dividing an infinite crystal into two parts. The energy needed to cut the bonds and bring the two resulting parts to infinity determines the surface energy :

γ = E slab -E bulk 2S , (5) 
where S is the surface area. E slab and E bulk represent the total energies of the slab and the bulk containing both N atoms at different concentrations, respectively. Here, we use Monte Carlo simulations to calculate these quantities at temperatures where the system is liquid. In the present calculations, the surface energy converges properly for large enough slabs. More precisely, we consider a slab size equal to 36.14 × 36.51 × 36.90 Å3 containing 2520 atoms. As shown in Fig. 4 where two temperatures are considered, surface energies vary linearly with the composition of the alloy following the theoretical Vegard's rule-like behavior. Unexpectedly, this is not the case for E slab and E bulk (see Figure 7S(b) in Suppplementary Material [START_REF]for additional TEM data, the generalization of Kelvin equation to a twocomponent sytem and derivation of the evaporation ki[END_REF]). Moreover, by taking into account the factor 2 discussed previously, experimental and theoretical data are in very good agreement. Therefore, it can be concluded that our model based on the Kelvin equation is robust to determine the surface energy of an alloy for all concentrations and not only for the equiatomic composition. In summary, by combining in situ TEM observations of the thermally-activated evaporation of Au, Cu and Cu 50 Au 50 NPs and an extended Kelvin equation for twocomponent systems, we have determined the surface energy of these metals in the liquid phase. Our results show that the surface energy of liquid bimetallic Cu-Au nanoalloys follows a Vegard's rule-like dependence. This dependence was confirmed by Monte Carlo simulations using an optimized tight binding TB-SMA potential that described very well the thermodynamic properties of the Cu-Au nanoalloy. This work constitutes a major step in the determination of surface energy of alloyed nanoparticles experimentally which is still a challenge.
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 1 FIG. 1. (a)-(d) In situ TEM monitoring of the evaporation of a set of Cu NPs at 725 • C (e) Evaporation curves of a Au NP at 800 • C and a Cu NP (indicated by a white arrow in (a)-(d)) at 725 • C. Circles correspond to the experimental data adjusted by the evaporation of single-component system obtained from Kelvin equation (full line). Values of the surface energy extracted from the fitting of experimental data are given in insert.
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 2 FIG. 2. Evaporation curves of liquid Cu0.5Au0.5 NPs at 700 • C. Experimental data (circles) are modeled by the extended Kelvin equation for two-component system (full line).

  FIG. 3. Properties of Cu50Au50 NPs calculated for MC runs at (a) 300 K and (b) 1500 K. (left) Equilibrium configurations (right) Density and composition profiles along the radius of the NP (orange: Au, blue: Cu).
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 24 FIG. 4. Variation of the surface energy of Au1-xCux systems in the liquid state as a function of the Cu composition. The full black line is a linear fit of experimental data.