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Nanoparticles have an immense importance in various fields, such as medicine, catalysis and 

various technological applications. Nanoparticles exhibit a significant depression in melting 

point as their size goes below ca. 10 nm. However, nanoparticles are frequently used in high 

temperature applications such as catalysis where temperatures often exceed several 100 

degrees which makes in interesting to study not only the melting temperature depression, but 

also how the melting progresses through the particle. Using high resolution transmission 

electron microscopy, we have investigated the melting process of gold nanoparticles in the 

size range 2-20 nm Au nanoparticles combined with molecular dynamics studies. We confirm 

a linear dependence of the melting temperature on the inverse particle size and electron 

microscopy imaging reveals that the particles start melting at the surface and the liquid shell 

formed then rapidly expands to the particle core. 

 
1. Introduction 



  

2 
 

A fundamental understanding of the thermodynamic properties of nanoparticles is of special 

interest because of their importance in a broad range of applications, from industrial catalysis 

to medicine [1]. Nanomaterials exhibit properties differing from their bulk counterparts due to 

their reduced size. An interesting property, which can be largely affected by the material 

dimensions, is the melting temperature. Based on both experimental and theoretical studies, it 

has been well established that the melting temperature of nanoparticles depends on their size 

[2]. In particular, metal nanostructures typically exhibit a melting temperature depression with 

respect to their bulk counterparts [3]. Of additional interest is the actual melting mechanism, 

i.e. how the melting proceeds through the particle and can a molten skin be maintained on top 

of a solid core. 

Theoretical [4-9] computational [10-14] and experimental [15, 16] studies have been 

performed to elucidate the melting mechanism as well as the exact dependency of the melting 

temperature on the particle diameter. The reported melting temperature of free-standing metal 

nanoparticles is almost always linearly dependent on the inverse particle diameter (Tm ~ d-1), 

see e.g. the review by Nanda [2] or the perspective by Li et al. [7] Furthermore, Hendy 

suggested that the melting temperature of supported metal particles is the same as those of 

free spherical particles with the same surface curvature [17]. 

Several thermodynamic models were developed to describe the melting temperature of 

nanoparticles, such as the Pawlow model [18], the Rie model [19] and the model proposed by 

Reiss and Curzon [20]. [J. Nanopart. Res. 2017, 19: 263, J. Phys. Chem. C 2018, 122, 

15713−15722; J. Colloid Interf. Sci. 2001, 243, 388-390; J. Phys. Chem. C 2011, 115, 22796-

22803] However these models typically fail to predict the melting temperature of smaller 

nanoparticles (d < 5nm), due to the introduction of approximations in their derivation [4]. 

This study applies a combined experimental and computational approach to investigate the 

melting properties of Au nanoparticles as a function of particle size. Experimental approaches 

reported in the literature are typically based on averaging methods to determine the melting 
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point [4, 21].  For example, Buffat and Borel [21] measure the disappearance of diffraction 

rings from an ensemble of nanoparticles, and later determine the size distribution with 

electron microscopy. Here we instead measure the melting point of individual nanoparticles 

with known size using atomistic investigation methods. To establish a precise relation 

between melting temperature and particle size, gas-phase mass-selected nanoparticles [22] 

were soft-landed on a heatable Micro-Electro-Mechanical System (MEMS) [22]. The 

experiments are complemented with Molecular Dynamics (MD) simulations, investigating the 

melting of nanoparticles of different shapes and modeled with two different interatomic 

potentials. The melting temperatures of 2-20 nm Au nanoparticles are computed and the 

melting mechanism is characterized. Finally, the experimental and theoretical results are 

compared to a thermodynamic model suited for the melting mechanism found. 

 
2. Results and Discussion 

Mass-selected gold nanoclusters were produced at the cluster source at DTU [23], described 

in the Section 4. They were produced to have an average particle diameter of 1.9 nm, 3.0 nm 

and 5.0 nm respectively. The advantage of using mass-selected clusters is that the statistical 

spread on the measured melting point will be very small and the same nanoparticle does not 

need to be followed at all temperatures. We measured the diameter of each individual particle 

of which we determined the melting temperature. In order to minimize handling, clusters were 

deposited directly onto a SiN substrate in the MEMS heating devices and inserted in a 

DENSsolutions Wildfire heating holder. The compact design of such a device minimizes 

thermal drift and allows for high spatial resolution imaging, even when changing the 

temperature. 

The samples were imaged in an FEI Titan E-Cell 80-300 ST transmission electron 

microscope equipped with an image corrector giving a resolution better than 1Å. For image 

acquisition, the microscope is equipped with a Gatan OneView camera, which allows one to 
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follow the particles in real time and correlate each frame to a temperature log to get the 

temperature at which a specific event occurred. A frame rate of 5 fps was used, which allows 

a good time resolution while still having sufficient contrast to see lattice fringes. The 

microscope was operated at 300 kV and image sequences were acquired at an electron flux 

density of approx. 4× 105 e-/nm2s. 

The experiments consisted of several temperature cycles. In each cycle, the temperature was 

first increased to 863 K over 2 minutes. The temperature was then gradually increased to 

888K in small increments in order to minimize the sample drift allowing for image acquisition 

with atomic resolution. When the nanoparticles were molten and the exact temperature 

logged, the sample was cooled to 573 K over 2 minutes and allowed to equilibrate for 

approximately 15 minutes. The cycle was then repeated. 

The state of the nanoparticles was determined by the presence or lack of crystalline lattice 

fringes in the micrographs. Whereas this may seem a crude method, it provides data of a local 

nature. By analyzing several particles of the same size, a lower limit of the melting point can 

be determined. Melting temperatures were determined as the lowest temperature where lattice 

fringes were no longer visible. At low temperatures, the lattice fringes were continuously 

observable and most particles had the dodecahedral shape typical of gold nanoparticles [24]. 

From roughly 100 K below the melting point, regions with lattice fringes shifted within the 

nanoparticle, but were almost continuously observed and most particles had an ill-defined 

surface layer not observed at low temperature. Above the melting point, lattice fringes were 

no longer observed. After the frame where lattice fringes were no longer observed, each 

nanoparticle in the dataset was observed for a period of about 1 minute to ensure that the 

particle was indeed molten. 

Whereas all nanoparticles are observed to be completely crystalline throughout their extent 

at room temperature, Figure 1 a and b, they develop amorphous surface regions 

approximately 100 K below the melting point. These are seen in Figure 1c and d as regions 
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without lattice fringes. As the temperature is increased and approaches the melting point, the 

thickness of the molten layer increases slightly.   

As the temperature reaches the melting point, the lattice fringes vanish and do not reappear, 

see Figure 2. This typically happens from frame to frame within the image sequence, i.e. in 

less than 0.2 s. 

 

Figure 1: Gold nanoparticles imaged at a) 296 K, b) 773 K, c) 873 K and d) 885 K 

respectively. An amorphous surface region is observed from 773 K and above. Most frames 

show the five-fold symmetry with (111)-type planes typical of gold nanoparticles exposed.  

 

Figure 2: Frames from a single image sequence showing the melting of a gold nanoparticle 

Images are acquired at 885 K. Initially, (111) lattice fringes are clearly visible along with the 

amorphous surface, a) and b). These fringes disappear from c) to d) separated by 0.2 s. 

Figure 3 shows two nanoparticles of the desired size, and one with twice the volume. The 

latter is formed when two particles coalesce into one or during particle formation in the gas 

aggregation source (see Supporting Information). The upper row shows the images of the 

three particles, recorded at 888 K.  The middle row is the Fast Fourier Transform (FFT) of the 
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upper right particle, in (d) the lattice spots show a clear decahedral symmetry, consistent with 

a particle of decahedral shape, as is often seen for medium-sized nanoparticles [25]. In (e), the 

Bragg peaks are almost gone, and in (f) only rings are seen, consistent with an amorphous or 

liquid structure. The lower row shows the FFT of the lower left particle with twice the 

volume.  It is slightly off-axis, so lattice fringes are only seen in one direction resulting in two 

spots in the FFT. These spots remain stable at 888K, indicating that the melting temperature 

of this larger particle is higher. 
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Figure 3: Sequence of images recorded at 888 K, a)-c) along with FFTs of the upper right 

particle, d)-f) and lower left particle g)-h). The 5 nm particle in the upper right part of the 

image shows several sets of (111) fringes up until frame e). After this frame, no fringes are 

observed for this particle. The larger particle in the lower left of the image, exposes (220) 

lattice fringes throughout the sequence. 

 

To investigate the effect of the electron beam on the measured melting temperature, we 

determined the melting temperature of particles which have similar size, at different electron 

beam intensities (between 2·105 and 8·105 e-/nm2). The results are summarized in Figure 6.  

No substantial effect of the beam was observed for particles with d ≤ 2 nm, i.e. the melting 

temperature did not change when increasing the electron beam intensity, as shown in Figure 

S1. 

The particle shape has a significant influence on the melting temperature, as it affects the 

surface energy. Roling et al. have shown how the binding energy of surface atoms of the 

nanoparticle depends on their coordination number [26]. The ratio of atoms in lower-

coordinated sites (edges and vertexes) increases with inverse particle diameter and this results 

in a gradual decrease in surface energy [27]. This in turn directly affects the melting 

temperature. Although a few thermodynamic models have been proposed, no consensus on 

the exact functional of the melting temperature on the particle geometry and chemical 

compositions has been established so far. That is, the exact functional form remains elusive.  

The TEM experiments were complemented with molecular dynamics simulations of the 

melting of gold nanoparticles with different sizes, as described in the Section 4. Two different 

interatomic potentials for gold were used, the effective medium theory (EMT) [28] and the 

embedded atom method (EAM) [29]. Both potentials belong to the same family of many-

body potentials, and have long been used to describe metallic systems. As the potentials are 
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fitted to low-temperature properties such as elastic constants, binding energies and surface 

energies, they cannot be expected to reproduce the melting temperature perfectly but will 

display the correct trends. In the experiments, the particle shapes can deviate from a perfect 

Wulff-construction, for instance because the number of atoms does not match the number 

needed for a perfect Wulff-construction. To account for at least two different nanoparticle 

shapes in the molecular dynamics simulations, we also investigated round particles. 

In Figure 4, the melting process of a 2.97 nm gold nanoparticle containing 807 atoms in a 

Wulff-constructed shape is shown. The particle is heated gradually, resulting in the increase 

of the instantaneous temperature (calculated from the average kinetic energy) and the 

cohesive energy of the particle, respectively, as shown in Figure 4a. Before and after the 

melting region, the cohesive energy increases linearly with the temperature. The slope of this 

linear increase is the heat capacity (  and has a value of approx. , which 

is consistent with what is expected for a solid above the Debye temperature 

( ). In the melting region, the instantaneous temperature of the particle 

decreases slightly, see points P1 to P3 in Figure 4a. The fact that the temperature decreases 

between P1 and P3, giving a negative heat capacity, is due to finite size effects, in particular 

the curvature of the solid-liquid interface [14, 30]. We fitted the melting curve (blue 

continuous line) with a second order fit function (black dashed line) around the melting 

region, as shown in Figure 4a, and we defined the maximum of this fit function (P1) as the 

melting temperature, as the particles are already completely molten at P3. With this method, 

we have a mathematical and systematically applicable way to determine the melting 

temperature. For this 3.0 nm gold particle, we obtain a melting temperature of 763 K. The 

procedure to determine the melting temperature was also applied to the other particle sizes 

and shapes. In all cases, we define the particle diameter from the number of atoms via d = 
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2·rWS·N1/3, where rWS is the Wiegner-Seitz radius of bulk gold, and N is the number of atoms. 

This way, different particles shapes are directly comparable. 

 

Figure 4: Detailed analysis of the melting process of a Wulff-constructed Au nanoparticle (d = 

3.0 nm, N = 807 atoms), simulated with an interatomic potential based on the effective 

medium theory (EMT) [28]. a The instantaneous temperature is plotted against the cohesive 

energy of the nanoparticle (continuous blue curve). In the melting region, the curve is fitted 

via a second order fit function (dotted black curve). b Polyhedral template matching (PTM) 

was used to determine the local atomic coordination at T = 0 K and at three different points in 

the melting region (P1 to P3), which are specified by the grey bars in a. 

 

To understand the melting mechanism in more detail, we investigated the arrangement of 

the atoms in the nanoparticle during the melting process. This can be done with polyhedral 

template matching (PTM), which is a powerful tool to analyze the atomic coordination 

environment of the atoms also at elevated temperatures [31]. In Figure 4b, cross-sections of a 

Wulff-shaped Au nanoparticle at different stages during the melting process are shown. At T 

= 0 K, the nanoparticle exhibits a perfect Wulff-construction shape and all atoms show a 

perfect FCC crystalline atomic environment, except the surface atoms which are missing 

some neighbors. At P1, the sub-surface atoms of the nanoparticle lose their perfect FCC 
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crystalline atomic environment and we can observe stacking faults and parts with a complete 

loss of crystallinity. This indicates that the particle starts melting at the surface under 

formation of a liquid shell, which is observed in the TEM images as well (Figure 1). At P2, 

the surface melting proceeds further towards the core of the particle showing the growth of 

the liquid shell. At P3, the particle is completely molten with a complete loss of crystallinity 

in the atomic arrangement of the nanoparticle. The findings agree well with molecular 

dynamics simulations of Cu and Ag nanoparticles reported in the literature [10, 14]. 

 

We determined the melting temperature of gold nanoparticles of different sizes 

experimentally and computationally. In the latter case, the melting temperatures were 

determined for both Wulff-constructed and round shaped Au nanoparticles with diameters in 

the range of 2-20 nm, using the two different interatomic potentials. The resulting melting 

temperatures are summarized in Figure 5a.  

 

Figure 5: a) Simulated melting temperatures of Au nanoparticles in dependence of the inverse 

particle diameter (1/d) for each shape (Wulff-construction = WC and round = R) and each 

interatomic potential. Melting temperatures predicted by the liquid nucleation and growth 



  

11 
 

(LNG) model with parameters taken from Nanda [2], which reproduces the experimental bulk 

melting temperature of 1338 K [32] at d  0. b) Experimentally determined melting points of 

Au nanoparticles, together with the LNG model. 

In all cases, we observe an approximately linear dependence of the melting temperature on 

the inverse particle diameter 1/d. The melting temperatures agree well with those reported in 

the literature [33, 34]. We find that the EAM potential gives melting temperatures roughly 

200 K higher than the EMT potential. The difference in melting temperature of the two 

potentials is, may be related to the fact that the EMT potential shows a larger underestimation 

of the surface energy with respect to experiments than the EAM potential, compare refs. [28] 

and [29]. We furthermore observe that the Wulff-constructed particles exhibit significantly 

higher melting temperatures than the round particles, although this difference is smaller than 

the difference caused by the potentials. The differences in the melting temperature can be 

explained by the difference in the cohesive energy of the nanoparticles, which is smaller for 

round shapes than for Wulff-constructions with the same number of atoms. Empirically, a 

correlation of the melting temperature (Tm) and the cohesive energy (Ecoh) of bulk materials 

according to Tm = (0.032/kB)·Ecoh was found [35], i.e. a smaller cohesive energy results in a 

lower melting temperature.  

In the literature, different thermodynemic models for the melting mechanisms of 

nanoparticles were proposed [2]. Amongst these are the homogeneous melting model, the 

liquid skin melting model, and the liquid nucleation and growth model. According to the 

homogeneous melting model, the particle melts homogeneously, i.e. at the same time at the 

surface and in the interior of the nanoparticle. The liquid skin melting model states that a 

liquid skin is formed at the particle surface, followed by a homogeneous melting of the rest of 

the particle. The liquid nucleation and growth (LNG) predicts the formation of a liquid skin 

which expands towards the center of the particle until the particle is completely molten. The 
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atomic coordination analysis shown in Figure 4b clearly indicates the formation and growth of 

a liquid skin, which corresponds to the LNG model. A quantitative representation of the 

model is given in eqn. (1) [2]. 

   

(Error! 
Bookmark not 
defined.Error! 
Bookmark not 
defined.1) 

 

Here, V is the volume of the particle, ∆Hf is the bulk heat of fusion, γsv and γlv are surface 

energies of solid-vapor and liquid-vapor interfaces, respectively, ρsv and ρlv are the densities 

of solid and liquid, respectively. d is the particle diameter. We can now compare the 

prediction of the LNG with our results. For this, eqn. (1) is also plotted in Figure 5 a) and b). 

We used the parameters  and the bulk melting temperatures  from Nanda et al. 

[36] The LNG model predicts a steeper slope than the simulations, but the range of 

temperatures fit the simulated values. This is in agreement with MD simulations performed by 

Lewis et al. [34]. 

The melting temperatures of the gold nanoparticles based on the TEM images are shown in 

Figure 5b. We find a good agreement between the experimentally determined melting 

temperatures and those obtained via the molecular dynamics simulations. Despite significant 

scatter due mainly to the analysis technique, the experimentally determined melting 

temperatures roughly follow a linear dependence on the inverse particle diameter and are in 

the region predicted by the LNG model. The spread of the experimental data and the fact that 

most of the data point lay below the LNG line may be related to the fact that the melting 

temperature is defined as the lowest temperature at which lattice fringes are absent. Due to the 

dynamical behavior of the particles, this should result in a lower limit for the true melting 

temperature. Duan et al. [37] found a linear dependence of the melting temperature on the 

inverse particle diameter for round nanoparticles with a diameter larger than 10 nm. For 
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smaller particles, they found a more severe decrease in the melting temperature, which might 

be related to sintering as the heat produced via sintering may lead to an underestimation of the 

effective heat needed to melt the particles.  

 
3. Conclusion 

In conclusion, the dependence of the melting temperatures of gold nanoparticles on the 

particle diameter was investigated via molecular dynamics simulations and high-resolution 

transmission electron microscopy imaging while heating the mass-selected gold nanoparticles. 

In the computations, two different particle shapes (Wulff-constructions and round particles) 

were investigated in the size range of 2-20 nm. The melting of each particle was performed 

with the EMT and the EAM interatomic potential, respectively. We find that the choice of the 

potential has a larger effect on the simulated melting temperature than the particle shape, 

although the latter also significantly alters the melting temperature. The experimental melting 

temperatures lay between the melting temperatures predicted by the EAM and those predicted 

by the EMT potential. Thus, despite the significant scatter in the experimental results, all in 

all we observe a good agreement between computations and experiments. In all cases we find 

a linear dependence of the melting temperature on the inverse particle diameter. With the help 

of polyhedral template matching and atomistic TEM imaging, we furthermore establish that 

the melting proceeds from the surface to the center of the particles, corresponding the liquid 

nucleation and growth model. 

 

4. Experimental Section 

Nanoparticle synthesis and characterization 

Pt and Au nanoparticles were mass selected and deposited using a gas aggregation magnetron 

sputtering cluster source equipped with a lateral time of flight mass filter (Nano-Beam 2011, 

Birmingham Instruments Ltd., United Kingdom) [22, 38, 39] which has a base pressure in the 
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low 10-10 mbar range and a mass resolution of m/∆m ≥ 20. The metallic gold target is 

sputtered by argon plasma and the sputtered species aggregate into nanoparticles of different 

sizes in a liquid nitrogen cooled aggregation zone [38]. To facilitate the heat transfer between 

the chamber walls and the metal particles in the aggregation zone, helium gas is supplied. 

After undergoing supersonic expansion, the particles are focused into the mass filter, which 

separates the particles based on their mass to charge ratio [39]. Vast majority of the negative 

particles carry a single charge (an extra e-), but some particles carry double this charge. If the 

double charged particles have double the mass as well, they pass through the filter together 

with the single mass-single charge particles, as their mass to charge ratio is the same, causing 

a small number of double mass particles to appear on the sample surface (Figure 3). The mass 

filter is connected to an OMICRON Multiscan Lab XP system with a base pressure in the low 

10-11 mbar range for deposition. The particles were deposited on Wildfire Nano-Chip XT 

MEMS SiNx TEM windows (DENSsolutions, Netherlands) with a kinetic energy of 45 eV. 

These nanochips provide fast and accurate (within a few K) temperature control between RT 

and around 1600 K. The samples were investigated in a FEI Titan E-Cell 80-300 ST TEM 

equipped with a post objective lens spherical aberration corrector. The masses of the 

nanoparticles were chosen to fit the Wulff-constructed Au particles, as predicted by the 

molecular dynamics simulations. We made sure that no reaction of the Au particles with the 

substrate occurred by comparing the inter-planar distances of the nanoparticles with those of 

bulk gold which showed that the nanoparticles are pure gold particles also at higher 

temperatures. In Figure 6, the effect of varying beam intensities on the melting temperature 

of the nanoparticles is shown. The expected correlation between electron beam intensity and 

melting point is lower than the observed scatter for each size group with fixed beam intensity. 

The effect of the beam intensity is still under investigation. 
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Figure 6: Experimentally determined melting temperatures at different electron beam 
intensities. 

 

Computational details 

Molecular dynamics (MD) simulations were performed using the Atomic Simulation 

Environment (ASE) [40]. The EMT potential [28] was implemented in the ASAP package, 

and the EAM potential for gold [29] was imported into ASAP from the Open Knowledgebase 

of Interatomic Models (OpenKIM) [41] model number MO_468407568810_002. Gold 

nanoparticles of different shapes were created: Wulff-constructions and round nanoparticles. 

The round particles were simply cut out of the bulk fcc structure. Surface energies of the fcc 

metals were taken from a DFT study reported in the literature [42] in order to create the 

Wulff-constructions. We considered (111), (100) and (110) surfaces. The particles were 

heated to the desired temperature using Langevin dynamics [43]. A friction parameter of γ = 

1.3·10-18 kg/s was used. Time steps to integrate the equations of motion were set to 5 fs and 

the dynamics were run for 10 ns or more. To analyse the atomic arrangement of the particles, 

polyhedral template matching (PTM) was applied [31] with a cut-off for the scale-invariant 

Root-Mean-Square Deviation of RMSDmax = 0.2. 
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Least square regression has been used to fit the melting curves. The melting region has been 

fitted with a second order fit function (f(x)=ax2+bx+c). Cohesive energies are calculated as 

defined as ECOH (NP)=E(NP)/N-E(Atom), where ECOH (NP) is the cohesive energy of the 

nanoparticle, E(NP) is the total energy of the nanoparticle, N is the number of atoms in the 

nanoparticle and E(Atom) is the total energy of the respective metal atom in vacuum.  
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The depression of the melting point of nanoparticles compared to the bulk value is studied 
using transmission electron microscopy in combination with molecular dynamics simulations. 
The melting point is a crucial parameter for the optimized use of this category of materials. 
Understanding this fundamental property helps tailoring e.g. catalytic materials with superior 
performance. 
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