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ABSTRACT: One primary goal of self-assembly in nanoscale regime is to implement multifunctional binary nanoparticle superlat-

tices into practical use. In the last decade, considerable effort has been put into the fabrication of binary nanoparticle superlattices 

with controllable structure and stoichiometry. However, limited effort has been made in order to improve the stability of these bina-

ry nanoparticle superlattices, which is a prerequisite for their potential application. In this work, we demonstrate that the carbon 

deposition from specimen contamination can play an auxiliary role during the heat treatment of binary nanoparticle superlattices. 

With the in-situ carbon matrix formation, the thermal stability of CoAu13 binary nanoparticle superlattices is unambiguously en-

hanced.  

Wet chemistry synthetic methods now produce uniform na-

noparticles of precisely controlled sizes, crystallinities and 

shapes.
1-3

 These colloidal nanoparticles stabilized through 

steric interactions by a soft organic shell, provide a library of 

‘artificial atoms’ that can be assembled into two-dimensional 

(2D) and three-dimensional (3D) nanoparticle superlattices, 

and which can be viewed as new type of solids.
4,5

 The design 

of superlattices made of two different types of nanoparticles 

(AxBy), called binary nanoparticle superlattices, is becoming 

of particular importance because it provides a route to met-

amaterials with potentially new collective chemical or physi-

cal properties.
6-10

 Numerous studies have been dedicated to the 

control of the crystalline structure of binary nanoparticle su-

perlattices, composed of different types of nanomaterials 

(metals and/or semiconductors).
11-14

 However, limited effort 

has been made in order to improve the stability of these binary 

nanoparticle superlattices, which is a prerequisite for their 

potential application.
15-17

 It is well known that the melting 

point of metallic nanoparticles is remarkably reduced com-

pared to that of their bulk counterpart and decreases further as 

the nanoparticle diameter becomes smaller.
18

 The latter favors 

mass transfer between two nanoparticles in close contact de-

spite their surface steric coatings. Binary superlattices stabilize 

smaller and less stable nanoparticles “B” embedded in the 

interstice of the larger and more stable nanoparticles “A”. In 

other words, binary nanoparticle superlattices minimize the 

“B-B” contacts and consequently increase the stability of 

smaller nanoparticles. However, this effect does not take place 

for binary structures yielding “B-B” contacts, such as AB4, 

AB6, AB13 and quasicrystal structures. Improving the thermal 

stability of binary nanoparticle superlattices with “B-B” con-

tacts remains challenging, since they tend to fuse together 

during thermal annealing. 

By using aberration corrected High Angle Annular Dark-

Field Scanning Transmission Electron Microscopy (HAADF-

STEM), one is able to obtain atomic resolution images, in 

which the intensity depends on the atomic number of the ele-

ments present in the sample.
19

 Here, we demonstrate that the 

carbon deposition from specimen contamination can play an 

auxiliary role during the heat treatment of binary nanoparticle 

superlattices.  

Co and Au nanoparticles coated with oleic acid (C18) and 

dodecanethiol (C12) respectively, having low size distributions 

(<9%) were produced according to previous reports by using 

reverse micelles and hot-injection method, respectively (see 

Experimental Section in Supporting Information). Co and Au 

nanoparticles having a diameter of 7.2 and 3.7 nm respectively 

were used as large and small nanoparticles to achieve the ra-

tional co-crystallization (Figure S1, Supporting Information). 

5.8 × 10
-7 

M of as-prepared Co nanoparticles were dispersed in 

toluene. The relative nanoparticle concentration was kept con-

stant and equal to [Au]/[Co] = 10. A TEM image of the 

NaZn13-type (CoAu13) binary nanoparticle superlattice is pre-

sented in Figure 1a, oriented along a <100> axis. The corre-

sponding Fast Fourier Transform (FFT) pattern, shown as 

inset in Figure 1a, yields a square symmetry and confirms the 

cubic lattice of the structure.
20

 Note that both single compo-

nent Au nanoparticle assemblies and AlB2-type structures can 

be observed in some regions, which cannot be avoided during 

the formation of NaZn13-type binary nanoparticle superlattices 

with a large excess of small nanoparticles (Figure 1b and Fig-

ure S2, Supporting Information). From the HAADF-STEM 

image (Figure 1c), it is clear that nanoparticles are highly or-

dered with formation of CoAu13 superlattices.  The brighter 

and darker features in the image correspond to Au (Z = 79) 

and Co (Z = 29) nanoparticles respectively. The Au nanoparti-

cles are periodically ordered in a cubic framework whereas Co 



 

nanoparticles are located at the centers of the Au cubic frame-

work, creating a simple cubic lattice. To further verify these 

observations, Energy Dispersive X-ray spectroscopy in STEM 

mode (STEM-EDS) was performed at the area presented in 

Figure 1c. The resulting chemical maps are presented in Fig-

ure 1d-1f. The superposition of the two maps reveals a binary 

nanoparticle superlattice with NaZn13 type structure, which is 

in agreement with the structural model, shown in Figure 1i.  

 

 

Figure 1. (a) TEM image of NaZn13-type CoAu13 binary nanopar-

ticle superlattices. The FFT of the structure is given as an inset; (b) 

TEM image of the crystal boundary of single-component Au su-

perlattices and NaZn13-type CoAu13 binary nanoparticle superlat-

tices; (c) HAADF-STEM image of the CoAu13 binary nanoparti-

cle superlattice; (d-f) STEM-EDS elemental maps acquired from 

the region indicated by the red square in (c), where the distribu-

tion of the elements in the structure can be observed; (g-i) the 

corresponding crystal models. 

 

The as-formed CoAu13 sample was subjected to thermal an-

nealing at 200
o
C for 5 min inside the TEM column, by using 

an in-situ heating holder.  Three regions were investigated in-

situ in STEM: Zones A, B corresponding to electron beam 

non-irradiated (A) and irradiated (B) CoAu13 binary nanoparti-

cle superlattices and zone C, corresponding to electron beam 

non-irradiated single component Au nanoparticle superlattice. 

   Zone A (without irradiation): The CoAu13 binary nanoparti-

cle superlattice can no longer be observed. The smaller 3.7-nm 

Au nanoparticles fuse into larger Au nanoparticles, whereas 

the 7.2-nm Co nanoparticles are stable against coalescence 

(Figure 2a and 2b).  From the STEM-EDS analysis it can be 

concluded that the Co nanoparticles maintain their initial or-

dering into a simple cubic sub-lattice within the superlattice. 

The size of the Au nanoparticles evolved from 3.7 nm to 9.8 

nm (see Figure S3, Supporting Information). Hence, in CoAu13 

binary nanoparticle superlattices, large Co nanoparticles form 

a simple cubic unit cell, which is filled with 13 Au nanoparti-

cles, yielding an icosahedral nanoparticle cluster (Figure 2c). 

The HAADF-STEM images (Figure 3a) show that the fused 

Au particles are faceted. According to the theoretical predic-

tion,
21

 the 3.7-nm Au nanoparticles partially fused, forming in 

this way ad-atoms at the nanoparticles surfaces. A partial or 

total fusion of the Au nanoparticles takes place with the ap-

pearance of either inhomogeneous or highly homogeneous 

contrast. The presence of twinning in the Au nanoparticles 

after fusion (Figure 3b), reveals their polycrystallinity. Hence, 

by heating at 200 
o
C for 5 min, the structure of binary superlat-

tices transits from NaZn13-type CoAu13 to CsCl-type CoAu 

with Co and Au nanoparticles sizes of 7.2 and 9.8 nm, respec-

tively. 

 
 

 

Figure 2. (a) HAADF-STEM image of non-irradiated CoAu13 

binary nanoparticle superlattices, heat treated in-situ in the TEM 

column at 200oC for 5 min; (b) magnified image of the region 

indicated by the red square in (a); (c) Schematic illustration of the 

structural transition from NaZn13 to CsCl type binary nanoparticle 

superlattices; (d),(e) aggregation of the single component Au su-

perlattices within the same sample. 

 

Zone B (“in situ” e-beam irradiation): The influence of elec-

tron beam irradiation prior to in-situ thermal annealing on the 

stability of CoAu13 binary superlattices was studied. The expo-

sure time of the STEM observation is about 60s. The data re-

markably differ from those observed without pre-irradiation 

treatment (Zone A). Figure 4a shows a brighter area within the 

square box, indicating that the deposition of carbonaceous 

materials on the surface of superlattices takes place after the 

electron beam irradiation. The carbon species on the sample 

surface are considered to be the main reason leading to the 

carbon layer deposition. As already mentioned, the nanoparti-

cles used for growing binary superlattices are coated with long 

carbon chain surfactant (oleic acid and dodecanethiol). Upon 

high-energy electron beam irradiation, these organic mole-

cules can be damaged and subjected to carbonization process. 



 

After in-situ thermal annealing at 200
o
C for 5 min, the nano-

particles are still well ordered (Figure 4b), which is further 

confirmed by the corresponding FFT pattern (Figure 4c). The 

Au nanoparticles within the binary nanoparticle superlattice 

are well retained without any coalescence. 

Zone C:  As mentioned before, after deposited on TEM grid 

the mixture colloidal solution of Co and Au nanocrystals, the 

larger domain shows formation of NaZn13-type superlattices 

whereas some regions show formation of 3.7-nm Au nano-

crystals single component superlattices. Figures 1c and 2d-2e 

show the superlattices before and after e-beam irradiation re-

spectively. The latter unambiguously reveals the occurrence of 

severe aggregations with formation of continuous wormlike 

structures.  

 

Figure 3. (a) High-magnification HAADF-STEM image of the 

Au nanoparticles within the CsCl-type binary nanoparticle super-

lattices; (b) high resolution HAADF-STEM image of the Au par-

ticle indicated by the red circle in (a). A twin defect is also pre-

sent, revealing the polycrystallinity of the formed particles after 

fusion. 

 

Figure 4. (a) Overview HAADF-STEM image of the CoAu13 

structure after heat treatment at 200oC for 5 min, where electron 

beam irradiated and non-irradiated regions are indicated with 

yellow and green squares respectively; (b) magnified image of the 

irradiated region in (a) with the FFT pattern shown as inset; (c) 

magnified image of the non-irradiated region in (a) with the FFT 

pattern shown as inset. 

By comparing the results observed in Zones A and C, it can be 

concluded that Co arrays play the role of “scaffold”, favoring 

the appearance of a new crystalline binary superlattice. Hence, 

the Co atoms at the nanoparticles surfaces can easily be oxi-

dized into cobalt oxide, CoO.
22

 This property enhances the 

nanoparticles stability against sintering.
23

 As a result, Au na-

noparticles within the binary nanoparticle superlattices sinter 

upon heat treatment, whereas Co nanoparticles remain stable. 

The un-sintered Co nanoparticle arrays serve as scaffold con-

fining the sintering event of Au nanoparticles. Since the melt-

ing point of Au nanoparticles decreases with their size, ad-

atoms freely diffusing in the “scaffold” appear. This favors the 

formation of either polycrystalline or coalesced nanoparticles 

as observed in Figure 3.  Hence a new CsCl-type of binary 

crystal structure arises after heat treatment. This CsCl struc-

ture adopts a primitive cubic lattice with a two-atom basis. 

The Cl (Au) atoms are located at the vertices of a cubic unit 

cell, while the Cs (Co) atoms lie in the center of the cube (Fig-

ure 2c).  Note that structural transformation from CaB6- to 

CsCl-type binary structures has been recently observed in 

Fe2O3/PbSe binary systems, where the fusion of six PbSe na-

noparticles into one larger particle takes place.
17

 The electron 

beam irradiation area is rather limited. So on a same TEM grid 

it is possible to observe region irradiated (Zone B) or not 

(Zone A). Hence, on the same image, a larger Au nanoparticle 

originated from the 13 small Au nanoparticles can be observed 

in square arrays, corresponding to a CsCl-type CoAu binary 

structure as described above (Figure 4b and 4c). After being 

embedded within a carbon layer, CoAu13 binary nanoparticle 

superlattices show remarkable thermal stability against struc-

ture transformation from NaZn13 to CsCl.  

 

Figure 5. (a) Binary nanoparticle superlattices subjected to in-situ 

heat treatment at 200oC for 30 min; (b) and (c) are the correspond-

ing FFT patterns from the upper and lower structures in (a); In (a), 

a clear crystal boundary can be found, indicated by the dashed red 

line. 

This unexpected thermal stability was confirmed by extend-

ing the thermal treatment at 200 
o
C for 30 min. Figure 5 shows 

the HAADF-STEM image of the area after thermal treatment 

at 200
o
C for 30 min, and clearly exhibits the superlattice grain 

boundary. NaZn13-type CoAu13 and CsCl-type CoAu binary 

structure are abruptly separated without transition area. Both 

CoAu13 and CoAu binary structures are highly stable after 

annealing. The thermal stability of CoAu binary structure can 

be attributed to the intrinsic crystal structure, where less-stable 

Au-Au contacts are not accessible and Au nanoparticles are 

isolated by the neighboring stable Co nanoparticles.  

In summary, NaZn13-type CoAu13 binary nanoparticle su-

perlattices have been produced. The thermal stability of those 

superlattices has been studied in-situ by STEM (Scheme S1, 

Supporting Information). Phase transformation from NaZn13-

type CoAu13 to CsCl-type CoAu binary structure takes place 

through confined fusion of Au nanocrystals within a simple 

cubic Co nanoparticle array. Furthermore, unexpected high 

thermal stability of CoAu13 binary nanoparticle superlattices 

was observed, after being embedded in a carbon matrix. This 

is achieved by in-situ electron beam irradiation. The carbon 

source of this carbon matrix mainly originates from the coat-



 

ing agent on the nanocrystals, and thus may produce a homo-

geneous carbon matrix. These findings may provide important 

insight into the application of binary nanoparticle superlattic-

es. 

Supporting Information. Experimental section, Figures S1-S3 

and Scheme S1.This material is available free of charge via the 

Internet at http://pubs.acs.org.  
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