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1. The spark discharge generator (SDG) setup  

 

Figure S1. Schematic of the spark discharge generator (SDG) setup. 
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2. Size distribution measurements 

Excellent control of the nanoparticles’ size distribution can be obtained by deposition after size selection 

using a tandem DMA setup (Fig. S1). In Fig. S2, size distribution measurement on compacted CuAg 

filtered with an electrical mobility diameter of 30 nm is shown. Micrographs of ca. 1300 particles were 

acquired with a Hitachi SU8010 SEM; particle counting and equivalent circular diameter measurements 

were made with ImageJ. The equivalent circular diameter matches well with the electrical mobility 

diameter of the DMAs, and the distribution is narrow with a standard distribution of 1.35 nm as 

determined by a normal distribution fit. Figure S2. Size distribution measurement (blue histogram) and 

normal distribution fit (red curve) of 30 nm CuAg nanoparticles. 

Figure S2 – Size distribution of the compacted CuAg NPs filtered with an electrical mobility diameter of 30 nm. 

 

 

 

3. Evaporation of Ag and Cu 

In the compaction study (Fig. 1), we noted a second mobility diameter plateau that we attributed to Ag 

evaporation, as supported by detailed STEM-EDX mappings on 3 – 4 single nanoparticles and TEM-

EDX on 30 individual nanoparticles at each of the three investigated temperatures (750 °C, 850 °C, 950 

°C). Here, we have estimated the evaporation of Cu and Ag using the classical Knudsen equation for 

evaporation rate per unit area: 

𝐽𝑒𝑣
𝐴
=

𝑝𝑣

√2𝜋𝑀𝑘𝑇
     (SE1) 

Where 𝑝𝑣 is the vapor pressure of the pure element at temperature 𝑇, 𝑀 is the molecular weight of 

element and 𝑘 is the Boltzmann constant. Using vapor pressure data of Cu and Ag from Alcock et al. 

“Canadian Metallurgical Quarterly”, 23 (3), 309 – 313 (1984), we have plotted 𝐽𝑒𝑣/𝐴 for Cu and Ag in 

Fig. S3: 



 

Figure S3 – Evaporation rate per unit area for pure Cu (red line) and Ag (green line). 

This qualitative reasoning is in good agreement with the finding that Cu enriches in the particles due to 

Ag evaporation at temperatures > 900 °C. 

 

4. NMF of STEM-EDX maps 

We used non-negative matrix factorization (NMF) to segment the STEM-EDX maps to separate regions 

of overlapping phases and quantify the composition of these. The NMF reduces the dimensionality of 

the dataset to n=3 linear combinations of the original 2048 EDX channels. These new dimensions, 

shown in the right columns of figures S4 – S6, can be directly related to the composition of sample 

phases and have been used to quantify the composition of a Cu rich component and an Ag rich 

component. These phases’ spatial extent can be visualized as loading plots, left columns in figures S4 

– S6. 



 

Figure S4 – NMF of STEM-EDX map of Cu@Ag particle synthesized at 750 °C. Left column, from top to bottom: 

loading plots of a background component, Cu rich component and Ag rich component. Right column, from top to 

bottom: the respective principal components from the NMF.  

 

Figure S5 – NMF of STEM-EDX map of Cu@Ag particle synthesized at 850 °C. Left column, from top to bottom: 

loading plots of a background component, Cu rich component and Ag rich component. Right column, from top to 

bottom: the respective principal components from the NMF. 



 

Figure S6 – NMF of STEM-EDX map of Cu@Ag particle synthesized at 950 °C. Left column, from top to bottom: 

loading plots of a background component, Cu rich component and Ag rich component. Right column, from top to 

bottom: the respective principal components from the NMF. 

 

5. Ag shell thickness for spherical Cu@Ag core@shell nanoparticles 

Consider a spherical core@shell nanoparticle with a Cu core radius of 𝑟𝑐𝑜𝑟𝑒, a Ag shell thickness of 

𝑡𝑠ℎ𝑒𝑙𝑙 and a particle radius of 𝑟𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒. The volumes of the core and shell are given by 𝑉𝑐𝑜𝑟𝑒 =
4𝜋

3
𝑟𝑐𝑜𝑟𝑒
3  

and 𝑉𝑠ℎ𝑒𝑙𝑙 =
4𝜋

3
(𝑟𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒
3 − 𝑟𝑐𝑜𝑟𝑒

3 ) respectively. Hence, we have 

𝑛𝐶𝑢 =
𝑉𝑐𝑜𝑟𝑒

𝑉𝑀𝐶𝑢
=

4𝜋

3
𝑟𝑐𝑜𝑟𝑒
3

𝑉𝑀𝐶𝑢
 (SE2) 

moles of Cu, where 𝑉𝑀𝐶𝑢  is the molar volume of Cu, and 

𝑛𝐴𝑔 =
𝑉𝑠ℎ𝑒𝑙𝑙

𝑉𝑀𝐴𝑔
=

4𝜋

3
(𝑟𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒
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3 )

𝑉𝑀𝐴𝑔
 (SE3) 

moles of Ag, where 𝑉𝑀𝐴𝑔  is the molar volume of Ag. The Ag atomic concentration can be written 

with equations SE1 and SE2 as  

𝑐𝐴𝑔 =
𝑛𝐴𝑔

𝑛𝐶𝑢+𝑛𝐴𝑔
=
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3 −𝑟𝑐𝑜𝑟𝑒
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𝑉𝑀𝐴𝑔

 (SE4) 

Which can be solved for 𝑟𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒 as 



𝑟𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒 = 𝑟𝑐𝑜𝑟𝑒√
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 (SE5) 

Noting that 𝑟𝑐𝑜𝑟𝑒 = 𝑟𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒 − 𝑡𝑠ℎ𝑒𝑙𝑙, we can rearrange equation (SE4) to  

𝑡𝑠ℎ𝑒𝑙𝑙 = 𝑟𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒
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6. Supporting MD simulations  

MD simulation at a lower cooling rate 

To investigate the cooling rate’s effect on the final mixing state of Cu-Ag nanoparticle, we conducted 

MD simulations at a much lower cooling rate of 0.0008 K/ps (corresponding to 1 s for cooling). Note 

that the total number of atoms here is set to fewer due to the computation time.  

Even at this slow cooling rate, the bimetallic system contains some of the Ag atoms in the core, and 

they are not uniformly mixed with Cu atoms (Figure S7).  

 

Figure S7.  A Cu-Ag nanoparticle formed from a Cu(Red) with a diameter of 1.6 nm and an Ag(Green) with a 

diameter of 2 nm by heating up to 850 °C and cooling back to 300 K at a cooling rate of 0.0008 K/ps.   

 

 

 

 

 



A well segregated core-shell structure  

We carried out an additional MD simulation for equally sized Cu and Ag nanoparticles at a temperature 

of 790 C, shown in Figure S8. At this temperature, Ag melts, but Cu does not. Thus, Ag atoms diffuse 

to the solid Cu nanoparticle’s surface, resulting in a core-shell structure without Ag atoms in the core 

region.   

 

Figure S8. A Cu-Ag nanoparticle formed from equally sized Cu and Ag nanoparticles heating up to 790 °C and 

cooling back to 300 K. At this temperature, only Ag melts and Ag atoms diffuse to the surface of solid Cu resulting 

in overall core@shell morphology.  

 

 

Overestimation of melting point in MD simulations 

When simulations on larger particles are performed (6 nm and 10 nm in diameter), the melting 

temperatures are higher than that of the 4 nm ones, and thus the Janus structures form at higher 

temperatures. Fig S9 shows Janus-like particles formed at different sintering temperatures: Smaller 

particles form Janus-like structures at lower temperatures.  

 

Figure S9.  Janus-like structures observed in MD simulations for different Cu-Ag particle sizes. (a) For a 

bimetallic particle formed from Cu (3.7 nm) and Ag (3.6 nm) crystals, a Janus-like particle is formed when the 

system is heated to 750 °C. (b) For a bimetallic particle formed from Cu (6nm) and Ag (6 nm) crystals, a Janus-

like particle is formed when the system is heated to 830 °C. (c) For a bimetallic particle formed from Cu (10 nm) 

and Ag (10 nm) crystals, a Janus-like particle is formed when the system is heated to 930 °C. 



 

MD simulations for larger particles  

We performed additional MD simulations for larger particles, and the results are shown in Fig S10. 

Here, 10 nm in diameter Cu and Ag are heated up to 930 C and 1085 C, and cooled to room 

temperature. When the system is heated up to only 930 C, a Janus-like particle is formed and when it 

is heated to 1085 C, a core@shell-like structure is formed. The trend is the same as the one for the 

smaller particles except for the temperatures’ exact value. It appears that regardless of the particle size, 

Janus-like particles form at lower temperatures, and core@shell particles form at higher temperatures. 

Figure S10. MD simulation results for 10 nm in diameter Cu and Ag. (a) A Janus-like structure is formed at 930 

C. (b) A Core@shell-like structure is formed at 1085 C.  


