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Abstract 

Silver-gold core-shell nanocubes were prepared by adding a gold layer on the surface of silver 

nanocube seeds. The bimetallic nanocubes contained silver and gold in a molar ratio of 3 : 1 and 

were stabilized by poly(N-vinylpyrrolidon) (PVP). To elucidate their thermal behavior, silver 

nanocubes and silver-gold core-shell nanocubes (both 90 nm edge length) were studied in-situ by 

in-situ scanning electron microscopy (SEM), in-situ transmission electron microscopy (TEM), and 

in-situ X-ray powder diffraction (XRD) up to 800 °C. The nanocubes got rounded edges at 600 

°C. Above 700 °C, they started to sublime under the low-pressure conditions (10-5 to 10-3 Pa) of 

the in-situ experiments. Core-shell Ag@Au nanocubes showed a similar behavior, but diffusion 

of gold into the silver core was observed above 400 °C, leading to pore-filling and alloying with 

the silver core. After sublimation of silver, sintered gold remained. The sublimation was due to the 

enhanced vapor pressure of nanoscopic silver in comparison to microscopic silver or bulk silver 

as control experiments clearly showed. Notably, all structural changes occurred well below the 

melting temperatures of silver and gold, i.e. in the solid state. 
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Introduction 

Nanoparticles of noble metals like gold, silver, and platinum are of interest because they have 

different properties compared to their corresponding bulk material. They have special 

physicochemical properties due to their small size and high specific surface area which make them 

attractive in different areas like biomedicine, catalysis, optics, and electronics.1-5 In bimetallic 

nanoparticles, the properties of the individual components can be combined to realize new 

properties due to synergetic effects of the two metals that can be tuned by variation of composition 

and shape.6, 7 In heterogeneous catalysis, variation of particle composition, size and shape can 

enhance selectivity, efficiency, and stability for a given reaction. Faceted particles with well-

defined shape provide special sites for reactant adsorption and reaction intermediates which can 

enhance the catalytic activity.8-13 Catalytic reactions often occur at elevated temperatures which 

may change the properties of the nanoparticles. However, due to their high specific surface area, 

their thermal behavior is different from the corresponding bulk materials.14, 15 For instance, 

nanoparticles tend to melt or sublime at lower temperature compared to their corresponding bulk 

materials.16-18 From a thermodynamic point of view, the sublimation temperature of nanoparticles 

decreases with decreasing particle size according to the Kelvin equation.18  

To study their thermal behavior, in-situ TEM studies have been performed on metallic 

nanoparticles of different size and shape.19-21 Silver nanoparticles are particularly interesting 

because their sublimation temperature is low in comparison to other noble metals.22, 23 The 

sublimation of silver nanocubes has been studied with in-situ TEM by Ding et al.24 They found 

that the (110) surfaces exhibit greater stability compared to theoretical predictions24 As far as the 

temperature-induced effects on bimetallic nanoparticles are concerned, much less is known.  

Silver has a melting temperature of 962 °C, and gold has a melting temperature of 1064 °C. Both 

metals form mixed crystals. The alloy is called electrum.25 A separation of both metals on the 

nanoscale is possible by the preparation of bimetallic nanoparticles where one metal acts as core 

and the second as shell. At elevated temperature, the mobility of the metal atoms will increase, and 

alloying is expected. Here we report on a comprehensive study by complementary in-situ methods, 

i.e. X-ray powder diffraction (XRD), scanning electron microscopy (SEM), and transmission 

electron microscopy (TEM) to assess the stability and crystallinity of silver and silver-gold core-

shell nanocubes up to 1000 °C. 
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Materials and Methods 

Chemicals 

We used ethylene glycol (p.a.; Sigma-Aldrich), poly(N-vinylpyrrolidone) (PVP55, Mw = 55,000 g 

mol-1, Sigma-Aldrich), L(+)-ascorbic acid (p.a.; Carl Roth), silver nitrate (99%; Carl Roth), and 

silver powder (5-8 μm ≥99.9%; Sigma-Aldrich). An aqueous solution of tetrachloridoauric acid 

(HAuCl4) was prepared by dissolution of gold powder (99.96%; Alfa Aesar) in aqua regia. All 

glassware was cleaned with boiling aqua regia and then with boiling water prior to use. Ultrapure 

water (Purelab Ultra instrument; ELGA) was used as solvent for all experiments and glassware 

cleaning procedures unless otherwise stated. 

 

Nanoparticle Synthesis 

Silver nanocubes (Ag nanocubes). A previously reported synthesis was modified.26-29 In a typical 

synthesis, 6 mL ethylene glycol was heated to 160 °C for 1 h under air access. Then, 30 μL of a 

0.1 M HCl solution was added to the heated solution. After 10 min, 3 mL of a solution of AgNO3 

(0.1 M) and 3 mL of a solution of PVP55 (0.1 M with respect to the monomer), both in ethylene 

glycol, were thoroughly mixed and then quickly added to the reaction solution. The reaction vessel 

was closed with a septum and stirred. Immediately after the addition, the solution gradually 

became transparent, then milky-white, then orange, and finally ochre/yellow/green. After 20 h 

stirring at 160 °C, the reaction was stopped by quenching to room temperature with an ice bath. 

The particles were isolated by centrifugation for 30 min at 14,200 rpm (22,190 g) and washed once 

with acetone and then twice with water. Finally, the nanocubes were redispersed in degassed water 

and stored under argon at 4 °C to prevent oxidation.30 

 

Silver-gold core-shell nanocubes (Ag@Au nanocubes). 0.6 mg silver nanocubes were dispersed 

as seeds in 45 mL water. 1.2 mL of 0.1 M ascorbic acid was added as a weakly reducing agent. 

Next, the pH was adjusted to 12 with 1 M NaOH. 40 mL HAuCl4 solution (0.06 mM) was added 

dropwise with a syringe pump at 0.15 mL min-1 under stirring. The reaction mixture was 

vigorously stirred for 1 h. The particles were collected by centrifugation (30 min at 22,190 g) and 

washed four times with water. The particles were redispersed in degassed water and stored at 4 °C 

under argon. 
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This ratio of silver to gold represents the optimum of a number of syntheses where the silver-gold 

ratio was systematically varied. Different ratios led to incomplete gold coating, galvanic 

dissolution of the silver nanoparticles, or inhomogeneous particle populations. 

 

Analytical Methods 

Ultraviolet-visible spectroscopy (UV-Vis) was carried out with a Varian Cary 300 instrument from 

280 to 800 nm with background correction (water). Hydrodynamic particle diameter, zeta 

potential, and polydispersity index (PDI) were determined by dynamic light scattering (DLS) with 

a Malvern Zetasizer Nano ZS ZEN 3600 instrument.  

Scanning electron microscopy (SEM) was performed with an Apreo S LoVac instrument 

(ThermoFisher Scientific). 10 μL of each dispersion was dropped onto a silicon wafer, dried at 

ambient temperature in air, and examined in high vacuum. Energy-dispersive X-ray spectroscopy 

(EDX; UltraDry EDS detector, ThermoFisher Scientific) was used for elemental analysis and to 

visualize the elemental distribution (mapping) of silver and gold in the core-shell nanoparticles. 

In-situ SEM studies were performed in the same instrument with a μ-heating sample holder 

(ThermoFisher Scientific). The sample was drop-cast on a silicon nitride MEMS chip and 

gradually heated to 1000 °C with a heating rate of 5 K min-1 under a pressure of 10-4 Pa. 

Transmission electron microscopy (TEM) was performed with a FEI Titan microscope, equipped 

with a Cs-probe corrector (CEOS Company), operating at 300 kV at 10-5 Pa.31 In-situ TEM was 

carried out with a TEM heating sample holder (Wildfire, DENS Solutions Company) and a 

nano-chip with carbon support. 

The concentrations of silver and gold were determined by atomic absorption spectroscopy (AAS) 

with a Thermo Electron Corporation M-Series instrument. For the determination of silver, the 

silver content of the sample was dissolved in concentrated nitric acid, followed by dilution with 

water. For the determination of gold, the sample was dissolved in aqua regia and then diluted with 

water.  

X-ray powder diffraction (XRD) was performed with a Bruker D8 Advance instrument in Bragg-

Brentano geometry mode with Cu Kα radiation (λ = 1.54 Å; 40 kV, 40 mA) with a silicon single 

crystal sample holder to minimize background scattering. In-situ XRD was carried out on a 

Panalytical Empyrean instrument in Bragg-Brentano mode with Cu Kα radiation (40 kV, 40 mA), 

equipped with a high-temperature chamber HTK 16 (Anton Paar). For XRD, the batches of 7 to 
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10 syntheses were pooled and freeze-dried after previous quality control by DLS. The 

nanoparticles were mixed with microcrystalline LaB6 (SRM 660b from NIST, a = 4.15689 Å) as 

reference material. The sample was deposited on a tantalum holder and investigated in high 

vacuum (10-3 Pa) from 25 to 800 °C with a heating rate of 5 K min-1 between the steps. After 

reaching each temperature, the temperature was kept constant for one hour to record one X-ray 

powder diffractogram.  

 

Results and Discussion 

Monometallic silver nanocubes served as cores for the preparation of bimetallic silver-gold core-

shell nanocubes stabilized with poly(N-vinylpyrrolidone) (PVP). Silver nanoparticles have 

specific optical properties that can be assessed by UV-Vis spectroscopy. Figure 1 shows the major 

surface plasmon resonance (SPR) bands of the seeds, i.e. silver nanocubes, which are characteristic 

for their size and shape.32, 33 The two bands at 461 and 518 nm are attributed to the quadrupole and 

dipole resonance mode, respectively.34 The coating of the seeds with a gold shell led to a red-

shifted maximum around 680 nm that is characteristic for gold nanoparticles.35 The absence of the 

silver SPR band indicates the formation of a tight gold shell around the silver nanocubes.  

Dynamic light scattering showed that both types of nanocubes were well dispersed and 

monodisperse with a narrow size distribution as indicated by the low polydispersity index (PDI). 

Their zeta potential was negative (-40 mV for silver nanocubes and -25 mV for silver-gold core-

shell nanocubes) which indicates an electrosteric stabilization by PVP (Figure 1).  
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Figure 1. UV-Vis spectra (A) and dynamic light scattering results (B) of silver and silver-gold 

core-shell nanocubes. The particles are well dispersed in water. The replacement of the surface 

plasmon resonance of silver by that of gold indicates a tight gold layer around the silver core. 

 

Scanning electron microscopy confirmed the formation of silver nanocubes as seeds (Figure 2). 

Silver nanocubes had an average edge length of 85±7 nm, and the bimetallic silver-gold core-shell 

nanocubes had an average edge length of 96±10 nm, in good agreement with the DLS results. The 

edges of the silver nanocubes were round as theoretically predicted.36 The surface of the silver 

nanocubes was very smooth. After the deposition of gold on the surface of the silver nanocubes, 

the surface of the nanocubes became uneven due to the deposition of small gold nanoparticles 

which obviously did not form a smooth surface layer. However, UV-Vis spectroscopy (Figure 1) 

indicated that the gold shell was tight. 

 

 

Figure 2. SEM images of silver nanocubes (A) and silver-gold core-shell nanocubes (B). Note the 

rough surface of the bimetallic nanocubes due to the irregular deposition of gold on the smooth 

silver surface. 

 

Transmission electron microscopy (TEM) showed the silver nanocubes at higher magnification. 

Fast Fourier transformation (FFT) indicated the [001] orientation of the nanoparticle and their 

single-crystalline nature (Figure 3), in accordance with earlier studies.27 X-ray powder diffraction 
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showed the characteristic peaks of metallic silver (fcc) accompanied by a very strong texture in 

the [200] direction as the nanocubes lay on their (100) faces.27 Rietveld refinement gave a 

crystallite size of 90 nm, confirming the average cube edge length determined by electron 

microscopy, i.e. the silver nanocubes consisted of a single crystal.27  

 

Figure 3. X-ray powder diffractogram with Rietveld refinement of silver nanocubes (A) and TEM 

image of a silver nanocube (B) with corresponding FFT analysis (C). The nanocubes show a strong 

preferred orientation and are single crystalline. 

 

Figure 4 shows a TEM image of the surface of the silver-gold core-shell particles. The epitaxial 

on-growth of gold follows the Stranski-Krastanov mechanism, i.e. a layer-plus-island growth 

mode. The shell starts as a two-dimensional layer, but after reaching a critical thickness, 3D islands 

are formed.37 XRD provided crystallographic information on the gold shell. Rietveld refinement 

gave a crystallite size of the gold particles of about 3 nm, i.e. about 1/3 of the particle size (10 nm) 

as seen in TEM. A similar behavior for the particle and crystallite size was found earlier for 

pentagonal twinned silver nanospheres.38 The domain size of the silver core was about 70 nm, i.e. 

almost unchanged. The rough surface of the nanocubes strongly reduced the preferred orientation 

as the cubes did not lie flat on the (100) face. 
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Figure 4. X-ray powder diffractogram of silver-gold core-shell nanocubes with Rietveld 

refinement (A) and TEM image of the edge of a silver-gold core-shell nanocube, showing the 

surface-nucleated gold particles (B). The preferred orientation of the nanocubes in XRD is 

considerably decreased due to the deposition of approximately spherical gold particles. 

 

Energy-dispersive X-ray spectroscopy (EDX) was performed to analyze the local distribution of 

silver and gold in the bimetallic nanocubes and to determine the molar silver-to-gold ratio in the 

bimetallic nanocubes. EDX maps showed the core-shell nature of the bimetallic nanocubes, 

including the rough gold surface layer (Figure 5). The EDX results were validated by elemental 

analysis (AAS) and quantitative X-ray powder diffraction (Rietveld analysis), showing an 

excellent agreement of the three methods (Table 1). The molar ratio of silver to gold is about 3 : 

1, i.e. the particles have an overall stoichiometry of Ag3Au. 

 

Table 1. Elemental composition of silver-gold core-shell nanocubes as determined by three 

independent methods, showing an approximate overall composition of Ag3Au. 

 AAS EDX XRD 

Silver / mol% 77 ± 6 76 ± 4 72 ± 5 

Gold / mol% 23 ± 7 24 ± 2 28 ± 5 
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Figure 5. HAADF STEM and EDX map of a silver-gold core-shell nanocube and corresponding 

line scan (dashed yellow arrow) across the particle. The gold core is tight but becomes rougher 

towards the outside of the nanocube. 

 

To observe thermal changes, in-situ electron microscopy and in-situ X-ray powder diffraction were 

carried out with silver nanocubes and silver-gold core-shell nanocubes. Both experiments were 

carried out in vacuum (10-5 to 10-3 Pa). In-situ transmission electron microscopy on silver 

nanocubes showed that they maintained their shape up to 600 °C when their corners became 

increasingly rounded. It has been reported that silver nanoparticles start to sublime in vacuum at 

650 °C, depending on the pressure.24 At and above 700 °C, the nanocubes lost their cubic shape 

and (110) faces were progressively exposed at the corners, leading to truncated octahedra. At 

800 °C, the silver nanocubes had fully sublimed, leaving only pyrolysis products of the PVP and 

stretching marks on the carbon support of the sample holder (Figure 6). 
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Figure 6. Bright-field TEM images of silver nanocubes during an in-situ heating experiment up to 

800 °C. Above 700 °C, sublimation of silver started that was completed at 800° C (pressure 10-5 

Pa) (see Supplementary Information for a corresponding video). 

 

In-situ X-ray powder diffraction (Figure 7) showed the characteristic peaks of elemental silver, 

together with peaks of the tantalum sample holder and the reference compound LaB6. With 

increasing temperature, the peaks shifted to lower 2θ values due to thermal expansion. Above 600 

°C, the intensity of the diffraction peaks gradually decreased due to sublimation of silver. 
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Figure 7. In-situ X-ray powder diffractograms of silver nanocubes mixed with LaB6 standard 

(labelled with *; split peaks due Cu Kα1,2 radiation) on a tantalum sample holder (labelled with 

▲). The silver (fcc) peaks (111), (200), (220), and (331) are indicated. The peak shift to lower 

diffraction angles is due to thermal expansion. Above 600 °C, the peak intensity started to decrease 

due to sublimation (pressure 10-3 Pa). Note that the mixing of the silver nanocubes with LaB6 

considerably suppressed the texture (less preferred orientation of the nanocubes). 

 

In-situ SEM experiments of silver-gold core-shell nanocubes (Figure 8) showed that above 400 °C, 

the nanocube surface became smoother and more uniform. Between 400 °C and 700 °C, gold 

diffused into the particle to form a nanoalloy. At 800 °C, silver had sublimed, and the remaining 

gold had formed a sintered shapeless particle. The EDX maps showed how the elements migrated 

with temperature and time, including alloy formation. Although the vapor pressure of solid gold 

is lower than that of solid silver, it has been noted that gold nanoparticles are more volatile than 

silver nanoparticles. This has been ascribed to surface melting in the case of gold which enhances 
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the vapor pressure.39 It is well conceivable that such effects also during the heating of silver-gold 

core-shell nanocubes, especially if local alloying occurs. However, a quantitative understanding 

of all these connected effects is a very difficult task as thermodynamics (vapor pressure, melting, 

alloy formation), kinetics (sublimation and evaporation), and diffusion both in the solid state and 

the gas phase all need to be considered. 

 

 

Figure 8. In-situ SEM images of silver-gold core-shell particles (top row), corresponding EDX 

maps (center row), and EDX line scans across one particle (bottom row). Above 400 °C, gold 

started to diffuse into the silver core. Above 600 °C, sublimation of silver started until only gold 

remained (see Supplementary Information for a corresponding video). 

 

In-situ TEM experiments (Figure 9) showed pores inside the silver cubes caused by partial 

dissolution. These are due to galvanic replacement during the gold coating which cannot always 

be fully avoided.40-42 Notably, they were absent in pure silver nanocubes (Figures 3 and 6). In-situ 

TEM (Figure 9) showed how they were filled between 400 and 500 °C by diffusion of gold into 

the silver core. As a result, the nanocubes were gradually converted from a core-shell structure to 

a nanoalloy. At 900 °C, the nanoparticles had lost their cubic shape and only gold remained after 

silver had sublimed (as confirmed by EDX). 
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Figure 9. Bright field in-situ TEM images of a silver-gold core-shell nanocube during heating. 

Note the presence of an internal pore in the nanocube formed by galvanic replacement during 

synthesis that was gradually filled with gold diffusing from the surface during the in-situ 

experiment above 400 °C (see Supplementary Information for a corresponding video). 

 

Figures 10 and 11 show in-situ X-ray powder diffraction data of the silver-gold core-shell 

nanocubes in vacuum. Up to 600 °C the (200) and (220) peaks shifted to lower 2θ values due to 

thermal expansion. However, above 650 °C these peaks returned to higher 2θ values, and their 

intensity started to decrease. This shift confirms the alloying of silver and gold above 650 °C 

accompanied by lattice contraction. Gold has a smaller lattice constant (4.0786 Å) than silver 

(4.0862 Å),43 but the lattice constants are so close that their diffraction peaks cannot be easily 

separated.44 Above 650 °C, the peak intensity decreased due to silver sublimation. Unlike smaller 

alloyed AuAg nanoparticles (8 nm), the nanocubes did not undergo a structural relaxation due to 

recrystallization between 150 and 250 °C, pointing to well-separated phases of silver and gold in 

the core-shell nanoparticles.41 
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Figure 10. In-situ X-ray powder diffractograms of silver-gold core-shell nanocubes mixed with 

LaB6 (labelled with *; split peaks due to Cu Kα1,2 radiation)) on a tantalum sample holder (labelled 

with ▲). Miller indices of Ag and Au fcc phases are given in parentheses. The initial shift due to 

thermal expansion is reversed above 650 °C by gradual alloying of gold with silver. 



 

 16

 

Figure 11. Enlargement of in-situ X-ray powder diffractograms from Figure 10, showing the (111) 

and (200) peaks of silver and gold. 

 

Silver has a comparatively high vapor pressure compared to other noble metals (Ru, Rh, Pd, Os, 

Ir, Pt, and Au).45 If silver nanoparticles are heated in vacuum, they undergo sublimation at even 

lower temperature compared to the bulk material due to their higher specific surface area and free 

enthalpy.24, 46 Notably, the sublimation temperature of the nanoparticles deviates not only from the 

bulk material but also from microparticles: Nanoparticles begin to sublime at lower temperature.23, 

47 As confirmation we studied silver powder consisting of microparticles by in-situ X-ray powder 

diffraction (Figure 12). As the temperature increased, the silver peaks shifted due to thermal 

expansion. In contrast to silver nanocubes, the intensity of the peaks of the microparticles did not 

change with temperature, i.e. there was no sublimation of microparticles. 
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Figure 12. SEM image of silver microparticle powder (left). In-situ X-ray powder diffractometry 

of silver microparticle powder (right). Miller indices of the Ag fcc phase are indicated in 

parentheses. Silver microparticles show only the regular thermal shift and no indication for 

sublimation up to 800 °C. 

 

Figure 13 shows the temperature dependence of the lattice parameter a of all investigated samples. 

Silver nanocubes and silver micropowder behaved as expected, matching very well with silver 

nanospheres (35 nm).41 The silver-gold core-shell nanocubes initially had the same lattice 

parameter as the silver nanocubes but then showed a continuous deviation to lower lattice 

parameters indicating the diffusion of gold from the surface and the alloying with the silver core. 

Around 700 °C, a sudden drop of the lattice parameters of silver-gold core-shell nanocubes 

indicates that silver had sublimed and only gold had remained. The subsequent values closely 

matched those of pure gold nanoparticles (8 nm) which did not sublime under these conditions.41 
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Figure 13. Temperature-dependent lattice parameter a of silver nanospheres (35 nm),41 silver 

nanocubes, silver microparticles, silver-gold core-shell nanocubes, and gold nanospheres (8 nm).41 

The gradual alloying of gold into the silver leads to a continuous deviation for silver-gold core-

shell nanocubes until at about 700 °C, silver sublimates and only gold remains. 

 

Conclusions 

In-situ electron microscopy and X-ray powder diffraction experiments showed that when silver 

nanocubes or gold-coated silver nanocubes are heated in vacuum, they maintain their shape and 

size up to 600 °C. Above 700 °C, silver starts to sublime in vacuum. In silver-gold core shell 

nanocubes, alloyed nanoparticles are formed above 400 °C due to diffusion of gold into the silver 

core as shown by EDX and XRD. Silver has a high vapor pressure, higher than that of gold and 

the other noble metals. However, the results clearly show that the sublimation of silver occurs only 

when nanoparticles are exposed to temperatures higher than 600 °C under vacuum. There is no 

indication for the presence of liquid phases, in accordance with the phase diagram, i.e. all observed 

processes occurred in the solid state. Overall, there is a remarkable degree of mobility of the 

constituting metal atoms in these core-shell nanoparticles. 
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