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Abstract 

Metallic silver, copper, and Ag-Cu nanoparticles (NPs) have been produced by chemical reduction 

method. The obtained nanoparticles were characterized by powder X-ray diffraction (XRD) and 

transmission electron microscopy (TEM). A side-segregated configuration was observed for the 

one-pot synthesized Ag-Cu NPs, and the melting temperature depression of about 14 °C was found 

by differential scanning calorimetry (DSC). A comparison between the new experimental data, the 

literature data on Ag-Cu bimetallic NPs and the corresponding theoretical values obtained from the 

Ag-Cu nano-sized phase diagram was done, whereas the melting behaviour of Ag and Cu metal 

nanoparticles was discussed in the framework of the liquid layer model (LLM). 

 

1 Introduction 

Metallic and bimetallic nanoparticles (NPs) possess unique properties which can provide solutions 

to engineering problems that cannot be solved with conventional alloyed metals; for this reason they 

have been considered for a variety of applications. The chemistry of nanoalloys has been widely 

investigated to be employed in catalysis, photonics and electronic devices, among many others 

listed in.
1-5 Recently, the advances in the synthesis procedures and the main applications of metallic 
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nanoalloys have been reviewed.
6
 The main methods employed for the synthesis use microwave (i.e. 

microwave heating, microwave plasma treatment, microwave-assisted solvothermal technique), 

molecular/ion/atom beams (cluster formation via gas aggregation, via laser-assisted synthesis, laser 

ablation), chemical vapour deposition, electrochemical synthesis, thermal decompositions and 

chemical reduction.  

Among the processing routes mentioned above, the chemical reduction technique is one of the most 

suitable due to its simplicity and because it can assure the sample preparation on a multigram scale.
7
 

Furthermore, it has been found to be the most convenient for industrial manufacture; in fact it is a 

comparatively inexpensive and easy way to produce nanoparticles. 

It is well known that the large surface/volume ratio in small or nanosized particle systems has 

significant effects on their thermodynamic properties and phase relations, and NPs have the melting 

temperatures lower than their bulk counterparts. Pawlow
8
 in 1909 postulated that the melting point 

depression is due to the large influence of the surface energy on the energetics and structure of 

small particles. After fifty years, the experimental validation has been firstly done on thin films of 

Sn, Pb and Bi studied at various temperatures by electron diffraction method and reported by 

Takagi.
9
 Subsequently Buffat and Borel calculated the size of Au particles using the data obtained 

by a scanning electron diffraction technique and determined their melting temperature depression 

by observing the disappearance of electron diffraction patterns.
10

 By transmission electron 

microscope (TEM) Coombes
11

 determined the melting temperature depression of about 200 °C for 

Pb nanoparticles with a radius of 3 nm. More recently Zhang et al.
12

 observed a significant melting 

point depression for 0.1-10 nm thick discontinuous indium layers. The phenomenon of the melting 

point depression in nano-layered brazing fillers has been observed experimentally by Janczak-

Rusch et al.
13

 Similarly, the melting temperature depression of Sn-based nanoalloys synthesized via 

various techniques has also been regarded as a promising property for applications in electronics.
14-

16
 

Since the pioneer work of Pawlow
8
, different theoretical models describing the dependence of 

melting point on particle size have been assessed and during the years, these models have been 

further experimentally verified by many authors that studied the melting behaviour of various 

metallic nanoparticles and, using own experimental data, new models have also been 

developed.
10,17-20

 Recently, Barybin and Shapovalov
21

 reviewed the thermodynamic models 

available in literature related to the melting temperature depression of nanosized metal particles. 

The experimental validation of those semi empirical laws has been mainly done by using the 

corresponding experimental data on Sn, Bi, Au, Pb and In.
7, 9-12, 21.
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As far as the melting temperature depression of binary alloys is concerned, the CALPHAD 

(CALculation of PHAse Diagrams) approach
22

 has been extended to calculate nano-sized phase 

diagrams taking into account the effect of surface energy on the thermodynamic properties of small 

systems.
23

 In order to study the melting behaviour of pure metals and alloys at nano-scale, a model 

describing the melting temperature depression as a function of particle size was combined with the 

CALPHAD method and applied to the Bi-Pb
24

 and the Ag-Sn
25

 nano-sized systems. The Ag-Cu 

system has been considered suitable as a model because its binary phase diagram shows a simple 

eutectic reaction (L (39 at.% Cu)  ↔ (Ag) + (Cu)) that takes place at 780 °C.
26

 The aim of our 

investigation has been to synthesize naked Ag, Cu and bimetallic Ag-Cu nanoparticles by a low 

temperature chemical reduction method and to analyse their melting behaviour by using a sensitive 

differential scanning calorimeter (DSC) in order to correlate the particle size with its melting 

temperature. Based on the aforementioned combined approach, the new experimental results 

obtained have been analyzed in the framework of the CALPHAD method used to calculate the Ag-

Cu nano-sized phase diagram
27

 and subsequently compared to the corresponding literature data.
28

 

DSC data can be very useful for the validation of the theoretically predicted nano-sized phase 

diagrams as well as of the corresponding models describing the melting behaviour of bimetallic 

NPs. 

 

2 Experimental section 

2.1 Chemicals and synthesis 

The objective of our research was to synthesize both pure metallic Ag and Cu NPs and bimetallic 

Ag-Cu eutectic nanoalloys by a low temperature chemical reduction method in aqueous solution. 

Ag NPs were prepared by using Ag2SO4 (Alfa Aesar, 99,999 mass %; 0.05M or 0.01M) as a 

precursor and KBH4 (Alfa Aesar, 98 mass %; 0.05 M or 0.01 M) as a reducing agent. Cu 

nanoparticles were synthesized according to the procedure described in
29,30 

by using CuSO4·6H2O 

(Panreac, 99,993 mass %; 0.02 M), Polyethylene glycol (PEG6000, Alfa Aesar; in large excess as 

capping agent), L-(+)-ascorbic acid (Alfa Aesar 99+ %, 0.02 M as antioxidant agent) and NaBH4 or 

KBH4 (0.02M, as reducing agent). As for the Ag-Cu nanoparticles, the same precursors have been 

employed (Ag2SO4 and CuSO4·6H2O) in a ratio which allowed to achieve the eutectic Ag-39Cu (at 

%) composition using KBH4 as reducing agent and PEG6000 as capping agent. Bidistilled water 

was purged with argon prior to use. 

All synthesis were carried out under argon atmosphere in a five-neck round-bottom flask (1000 ml) 

equipped with a dropping funnel; the salt solutions were added dropwise to a solution containing 

borohydride and PEG6000 (except for Ag) which was vigorously stirred while maintained 
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approximately at 0 °C with an ice bath for around 30 minutes before the salt addition.  The reaction 

time after the end of the salt addition was optimized to be 20 min for Ag NPs and 60 min for Cu 

and Ag-Cu NPs. The resulting fine precipitate was filtered under argon and washed first with 

distilled water and then with acetone in order to remove the unreacted reagents. The recovered 

powders were dried under flowing argon for 12 h. All steps of the synthesis (reaction, washing and 

drying) were carried out in argon atmosphere and its flux was checked and controlled in order to 

repeat the synthesis in the same conditions. At the end of the synthesis, the dried powders were 

passivated by air oxygen. 

 

2.2 Characterization 

X-ray powder diffraction (XRD) and Transmission Electron Microscopy coupled with Energy 

Dispersive Spectroscopy (TEM/EDS) were used to determine the crystalline nature of the samples, 

the size and the composition of the particles. The XRD analysis was performed using a Philips 

X’Pert MPD machine (Philips, Almeno, The Netherlands) equipped with a copper target, excited to 

40 kV and 30 mA, and a solid state detector; the HR-TEM analysis was performed using a JEOL 

JEM 2200FS TEM, operating at 200 kV equipped with a field emission source, an OmegaVR 

energy filter, EDX, and HAADF detectors. The thermal behaviour of the samples has been 

investigated by a heat flux Differential Scanning Calorimetry (DSC) using a DSC111 SETARAM 

apparatus designed as a Calvet calorimeter. The calorimeter was calibrated by measuring the 

melting temperature of metallic In, Sn, Pb and Zn (99.999 mass % purity) and the temperature was 

obtained with an accuracy of ± 0.5 °C. The NPs were inserted in a sealed Ta crucible and then 

subjected to a thermal cycle from 25 to 800 °C and back at a heating/cooling rate of 5 °/min. 

The onset temperature of the thermal effect on heating was selected as the temperature of the 

occurring transformation. Indeed, only the effects observed on heating are significant for the 

thermal behaviour of the nanoparticles because the cooling effects are related to the solidification of 

the bulk material, as commented later in Section 3. 

In order to check the status of the samples after the DSC analysis, a Scanning Electron Microscope 

(SEM, Zeiss EVO 40) was employed by using a backscattered electron detector (BSE) to reveal the 

compositional contrast between the different phases and a Secondary Electron Detector (SE) to 

evaluate their morphology. Quantitative Electron-Probe Microanalysis (EPMA) data were collected 

at 20 kV on a Link system Ltd. Instrument equipped with an Energy Dispersive Spectroscopy 

(EDS) detector. A counting time of 100 s and a ZAF correction program were adopted. Certified 

pure elements were used as reference standards, while cobalt was adopted for calibration purposes. 
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The software package Inca Energy (Oxford Instruments, Analytical Ltd., Bucks, U.K.) was 

employed to process X-ray spectra.  

 

2.3 The Ag-Cu nano-sized system: CALPHAD method and LLM thermodynamic model  

The aforementioned thermodynamic models that describe the melting behaviour of metal 

nanoparticles are relatively simple nonlinear equations that involve the quantities such as the 

thermodynamic functions on the mixing or formation, bulk melting temperature, pressure, particle 

size, molar volume or density, interfacial tensions between the solid-liquid, liquid-vapour and solid-

vapour of a system.
21

 Some of the models contain adjustable parameters that were calculated from 

available experimental data by means of the best fit, providing a good agreement between 

theoretical and experimental curves for the systems investigated.
17-19,21

 The models cited in the 

literature
21

 and their experimental validation on pure metal nanoparticles indicate that the melting 

temperature depression and particle size are inversely proportional. In the present work the melting 

behaviour of Ag and Cu NPs  has been predicted by the liquid layer model (LLM).
31

 The melting 

temperature depression is given by 
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where NPs

m

bulk

mm TTrT −=∆ )( , mH∆ is the molar heat of fusion, sv and lv  are the molar volume of 

the solid and liquid, respectively. sσ , sσ  and slσ  are the interfacial energies of the solid-gas, 

liquid-gas and solid-liquid, respectively, and l  is the critical thickness of the liquid layer.  

Taking into account the effect of surface energy on the total Gibbs free energy of small systems, 

Tanaka and Hara
23

 extended the CALPHAD method
22

 to calculate phase diagrams of simple binary 

nanosized systems, characterised by lens type or eutectic phase diagrams. It has also been shown 

that the method is appropriate for binary nanosized systems with the lowest particle size limit of 4-5 

nm.
23,24

 

 

3 Results and discussion 

Four samples of Ag NPs (Ag01, Ag02, Ag03 and Ag04) were prepared and characterized by XRD 

and TEM/EDS and then subjected to a thermal cycle from 25 to 800 °C with the DSC at a scanning 

rate of 5 °/min. After the DSC analysis, the state of the samples was checked by SEM/EDS and 

XRD analysis. The XRD patterns of the anhydrous as-prepared Ag particles showed the presence of 

only the cubic Ag (cF4–Cu) phase whereas the TEM investigation pointed out the great tendency of 
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the NPs to agglomerate and confirmed the absence of oxides. The average dimension of the 

particles was calculated to be around 15÷20 nm by using the Scherrer formula
32

 and evaluated from 

the TEM images. The synthesis procedure is quite reproducible. See Fig. 1 for a comparison of the 

XRD patterns of the Ag NPs samples (sample #Ag01 Vs. sample #Ag02) and Fig. 2 for the TEM 

image of sample #Ag02. The TEM image displays that agglomeration takes place as a result of 

nanoparticle interaction giving the grey contrast; no impurities were detected by EDS analysis. 

Some samples were subjected to DSC analysis in order to check their behaviour during the heating 

and their morphology after this treatment. The DSC heating curve shows a fluctuation in the 

temperature range 600-750 °C which can be ascribed to the coalescence process (Fig. 3a, sample 

#Ag02) and the SEM image confirmed the growth of the particles (Fig. 3b, sample #Ag02). The 

melting point has not been detected due to the operational limit of the instrument (around 800 °C). 

As described in,
28,30,33

 due to a strong tendency of copper to oxidation, the synthesis of Cu NPs has 

been much more difficult with respect to that of Ag NPs. Indeed, Cu NPs obtained were surrounded 

by a layer of copper oxide and the average dimension ranging within 10÷15 nm, by using the 

Scherrer formula
32

 and the elaboration of the TEM images. 

Table 1 summarizes the Ag-Cu NPs samples synthesized near to the eutectic composition (~39 at % 

Cu) by reducing an aqueous solution of Ag2SO4 and CuSO4·6H2O with KBH4 and PEG6000. The 

XRD patterns of the as-prepared specimens show the presence of Ag (cF4–Cu), Cu (cF4–Cu) and 

Cu2O (cP6–Cu2O) as displayed in Fig. 4 for sample #AgCu08. The dominant peaks at 2θ  ~ 38°, 

44°, 64°, 78° are assigned to the cubic metallic Ag (see Miller index assigned to the peaks) and next 

to the Ag peak at 2θ  ~ 43° there is the only visible peak which identify the presence of Cu; a faint 

peak at 2θ  ~ 37° (not clearly visible in the figure) revealed the presence of Cu2O. The average NPs 

dimension of 10÷15 nm was calculated by using the Scherrer formula. TEM images show that 

particles were agglomerated; nevertheless, the particles size distribution seems to be centred on 15 

nm. Aside of the main particles population a second population of ~2 nm NPs is also visible (see 

Fig. 5, sample #AgCu08). Based on the aforementioned data analysis of the NPs samples there is 

the size distribution around 10-15 nm for the main population and NPs of that size have been 

considered as representative, also taking into account that, a whole quantity of 20-30 mg NPs 

prepared for the present study, have been used to perform DSC measurements. 

Different arrangements of the two elements in bimetallic nanoclusters have been described in 

literature, namely: core-shell, sub-cluster segregated (Janus), mixed, three shells, as reported in.
1,34

 

Usually when small nanoclusters have a very favorable surface/volume ratio the core-shell structure 

is expected to be formed, where the core of a metal A is covered by thin shell (possibly a 

monolayer) of a metal B.
35,36

 The core-shell structure has been experimentally observed for the Bi-
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Sn eutectic nanoalloy and was reported by the present authors.
7
 In the case of Ag-Cu nanoparticles, 

copper cores covered by silver shells can be expected.
37

 Nevertheless, the EDX mapping showed 

that Ag and Cu adopted a “side-segregated” configuration with Cu nanoparticles linked on Ag and a 

consistent amount of oxygen was observed on Cu particle surface (see Fig. 6, sample #AgCu09). 

These observations are in agreement with the experimental results obtained by EFTEM for the 

chemical configuration of Ag-Cu bimetallic NPs synthesized by a physical route.
38

 The influence of 

Cu2O on the NPs configuration was also highlighted. 

After characterization, the synthesized Ag-Cu NPs were inserted in a sealed Ta crucible and 

analyzed by DSC at a heating and cooling rate of 5 °/min. The onset temperatures measured for the 

Ag-Cu NPs are listed in Table 1 and a good reproducibility can be observed. We should underline 

that, after the DSC analysis, solidified samples cannot be considered anymore NPs but bulk 

materials. A typical heating/cooling curve obtained is displayed in Fig. 7 (sample #AgCu05). The 

endothermic peak registered on heating having an onset point at T = 766 °C can be ascribed to the 

eutectic reaction L ↔ (Ag) + (Cu); this indicates the melting point depression of about 14 °C. The 

exothermic peak at 775 °C, visible on cooling is related to the solidification of the Ag-Cu bulk alloy 

with a slight undercooling. The undercooling effect occurring in bulk materials is well known and it 

is described in.
39

 

We often observed a fluctuation in the signal before the melting process that could be related to the 

coalescence process; see by analogy the DSC curve of Ag NPs in Fig. 3a. It has been considered 

noteworthy to compare the behaviour to thermal treatment of the “side-segregated” NPs obtained by 

“one-pot synthesis” with that of a “mechanical mixture” of Ag NPs and Cu NPs (surrounded by an 

oxide layer).
30

 To this end, a DSC measurement was performed under the same experimental 

conditions on Ag and Cu NPs “mixed” in an Ag/Cu ratio corresponding to the eutectic composition. 

As can be seen in Fig. 8, the “mechanical mixture” of Ag + Cu NPs has a very similar thermal 

behaviour in comparison with the one–pot synthesized Ag-Cu NPs samples. The melting point 

depression is lower (10 °C), but still present (Tonset = 770 °C on heating), and the crystallization 

exothermic peak has the same onset temperature (775 °C) which corresponds to the solidification of 

the eutectic bulk alloy with a slight undercooling.  

However, the relatively low melting point depression observed for the NPs, may be ascribed either 

to the lowering of the eutectic temperature of Ag-Cu nanosized system with respect to the bulk 

alloy (L ↔ (Ag) + (Cu), T = 780 °C) or to the presence of Cu2O formed during the processing 

route. The combined effects of the two phenomena may be also possible, as it has been observed in 

the case of Cu nanoparticles.
28,33

 After DSC, the SEM/EPMA and XRD analyses showed for both 
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the Ag-Cu NPs samples and for the “mechanical mixture” of “Ag + Cu” NPs the typical binary 

eutectic morphology (Fig. 9a and 9b) peculiar for the bulk material.  

Until now thermal data on the melting temperature depression experimentally obtained on naked 

Ag-Cu NPs have never been published. The only experimental data on the melting temperature 

depression of the Ag-Cu eutectic nanoalloy, synthesized “in carbon shells”, are those reported by 

Huang et al.
28

 For nanosized eutectic alloy with a particle size of 10 nm those authors observed a 

decrease of 75 °C with respect to the melting temperature of its bulk counterpart (Te=780 °C).
26

 The 

melting temperature depression of the eutectic Ag-Cu nanoalloy obtained in the present work 

differs up to 60 °C from the data reported in
28

 due to different processing routes of nanoparticles 

synthesis. The nanosized Ag-Cu phase diagram has been firstly calculated by Hajra and Acharya.
40

 

These authors studied the melting temperature depression of the Ag-Cu for nanoparticles of 1 and 5 

nm and reported the predicted melting temperatures only for nanoparticles of 1 nm. Keeping in 

mind that the CALPHAD approach has been successfully applied to calculate the phase diagrams of 

binary nanosized systems with the lower limit of particle size about 4-5 nm,
23,24,41

 the theoretical 

results
40

 were not considered here. Garzel et al.
27

 have assessed the nanosized Ag-Cu phase diagram 

and for the eutectic Ag-Cu nanoalloy the melting temperature depression of 10-180 °C was found. 

Taking into account the melting temperature depression of the Ag-Cu eutectic nanoalloy calculated 

by the CALPHAD method
27

 and combining those results with the LLM model (Eq.(1)), its melting 

behaviour was predicted for bimetallic NPs ranging between 10 and 35 nm. The experimental 

results obtained in the present work, the literature data
28

 and the LLM-curve describing melting of 

eutectic Ag-Cu NPs are shown in Fig. 10. The new experimental data obtained in the present work 

and the corresponding values calculated by the CALPHAD method
27

 differ up to 20 %. The 

relationship ∝∆ mT 1−r  is available for both, metal and bimetallic nanoparticles.
17,24

 A linear 

dependence of the melting temperature depression observed in the case of Ag-Cu eutectic bimetallic 

nanoparticles (Fig. 11), substantiates the melting curve predicted by the CALPHAD method 

combined with the LLM model.
27,31

 In order to analyze the melting behaviour of the Ag-Cu 

nanosized system, the melting temperature depression of Ag and Cu metal nanoparticles, calculated 

by the LLM together with corresponding literature data
28,42-44

 are also shown (Fig. 10). 

 

4 Concluding remarks 

The thermodynamics of solid-liquid phase equilibria in the Ag-Cu nanosized system has been 

studied and the experimental verification of the melting temperature depression of Ag-Cu eutectic 

nanoparticles (< 50 nm) was obtained by using a sensitive differential scanning calorimeter. Cu, Ag 

and Ag-Cu anhydrous nanosized particles were successfully synthesized by cost-effective chemical 
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reduction method. Composition and morphology of the nanoalloys were characterized by XRD, 

TEM and DSC analyses. The results obtained make it possible to perform an experimental 

validation of semi empirical models related to the melting temperature depression of bimetallic 

nanoalloy particles. In this work a melting point depression in the range of 10-14°C was observed 

both for the one-pot synthesized Ag-Cu NPs and for a “Ag + Cu mechanical mixture” of NPs, 

which are comparable to the corresponding results calculated by the CALPHAD method.  
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Table 1 Summary of the prepared samples: mean size dimension and DSC thermal effects. The 

onset temperature of the thermal effect on heating corresponds to the occurring 

transformation (melting temperature of the NPs); the cooling effects are related to the 

solidification of the bulk material (see text). 

 

Batch # Mean size dimension [nm] Onset DSC signal 

Heating/Cooling [°C] 

AgCu01 10-15 n.m 

AgCu02 Aborted 

AgCu03 10-15 n.m 

AgCu04 10-15 n.m 

AgCu05 10-15 766 / 775 

AgCu06 Aborted 

AgCu07 10-15 768 / 775 

AgCu08 10-15 768 / 770 

AgCu09 10-15 766 / 775 

AgCu10 10-15 766 / 770 

AgCu11 10-15 766 / 775 

AgCu12 Aborted 

AgCu13 10-15 766 / 773 

AgCu14 10-15 766 / 774 

AgCu15 10-15 766 / 773 

AgCu16 10-15 764 / 775 

AgCu17 Aborted 

 

n.m = not measured 

 

 

 

 

 

 

 

 

 

 

 

 

Page 12 of 25Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t



Figure captions 

 

Fig. 1 XRD pattern of the as–prepared Ag NPs sample #Ag01 (solid line) Vs. sample #Ag02 (dotted 

line). The diffraction peaks belongs to the cubic cF4–Cu phase (Miller Index are also 

inserted). 

 

Fig. 2 TEM image of the as–prepared Ag NPs sample #Ag02 (see text). 

 

Fig. 3 DSC curve on heating (Fig. 3a) the Ag NPs sample #Ag02 and SEM/SE aspect of the same 

sample after DSC analysis (Fig. 3b). 

 

Fig. 4 XRD pattern of the as–prepared Ag–Cu NPs sample #AgCu08. The peaks of the cubic (cF4-

Cu) Ag phase are indicated by the asterisk and the Miller index are reported; the open circle 

indicates the only visible peak of the cubic (cF4-Cu) Cu phase. 

 

Fig. 5 TEM (left side) and HRTEM (right side) images of the Ag–Cu NPs sample #AgCu08.  

 

Fig. 6 TEM/EDX mapping of the Ag–Cu NPs sample #AgCu09 (silver = blue; copper = red-orange; 

oxygen = green). 

 

Fig. 7 DSC curve heating (solid line)/cooling (dotted line) for NPs sample #AgCu05 registered at 5 

°/min. The onset point on heating (766 °C) and on cooling (775 °C) are indicated.  

 

Fig. 8 DSC curve heating (solid line)/cooling (dotted line) for the “mixed” Ag and Cu NPs at the 

eutectic Ag/Cu ratio. The onset point on heating (770 °C) and on cooling (775 °C) are 

indicated. 

 

Fig. 9  Comparison between the SEM/BSE image of sample #AgCu05 (Fig. 9a) and the “mixed” 

Ag and Cu NPs (Fig. 9b) after the DSC analysis. The eutectic mixture (Ag)+(Cu) has been 

obtained in both cases. 

 

Fig. 10 The melting temperature dependence of  the Ag-Cu eutectic nanoalloy and elemental Ag 

and Cu, as a function of nanoparticle size calculated by the CALPHAD method and/or the 
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LLM model (Eq.(1)). For a comparison, the experimental data on Ag-Cu bimetallic NPs: 

(�) present work; (*
28

);  Ag  (�
42

 , �
43

 , �
44

) and Cu (�
28

 ) metal NPs are also shown.  

 

Fig. 11  A linear dependence of the melting temperature vs. inverse particle radius for the Ag-Cu 

eutectic nanoalloys together with calculated points (∆). For a comparison, the experimental 

data on Ag-Cu bimetallic NPs: (�) present work; (*
28

) are also shown.   
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