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Controlled assembly of nanoscale objects into superstructures is of tremendous interests. Many approaches
have been developed to fabricate organic-nanoparticle superstructures. However, effective fabrication of
inorganic-nanoparticle superstructures (such as nanoparticles linked by metals) remains a difficult
challenge. Here we show a novel, general method to assemble metals and nanoparticles rationally into
nanocomposite superstructures. Novel metal-nanoparticle superstructures are achieved by self-assembly of
liquid metals and nanoparticles in immiscible liquids driven by reduction of free energy. Superstructures
with various architectures, such as metal-core/nanoparticle-shell, nanocomposite-core/nanoparticle-shell,
network of metal-linked core/shell nanostructures, and network of metal-linked nanoparticles, were
successfully fabricated by simply tuning the volume ratio between nanoparticles and liquid metals. Our
approach provides a simple, general way for fabrication of numerous metal-nanoparticle superstructures
and enables a rational design of these novel superstructures with desired architectures for exciting
applications.

A
ssembly of nano-scale objects into superstructures is an area of tremendous interests1–7. After decades of
intense investigations, many approaches have been developed to fabricate various superstructures. Most of
them are organic-nanoparticle superstructures, nanoparticles connected by organic materials, e.g. organic

molecules, polymers, DNA8–11. The organic-nanoparticle superstructures exhibit unique properties and find broad
applications. The parallel counterpart, inorganic-nanoparticle superstructures, nanoparticles connected by inor-
ganic materials could also be significant for a wide range of applications, such as catalysts12–15, thermoelectric
materials16, battery electrodes17,18, magnetic materials12,19–22, fuel cells15, solar cells13,23,24, additives (for propellants,
explosives, and pyrotechnic)25,26, master nanocomposite27, and structural components28–31. At present, only limited
inorganic nanocomposite superstructures were synthesized through wet colloidal chemical deposition of pre-
cursor components and sequential chemical reduction into desired components12,13,15,20,21,23,24,32. The geometry of
the superstructure highly depends on the organic media33–36. Expensive organometallics are widely used as the
precursor13,23,24,32 for the creation of superstructures (e.g. nanoparticles linked by pure metal constituents). The
chemical reduction process usually generates a large amount of effluents during the reaction process, demanding
extensive post-processing37,38. However, the self-assembly of most metals with nanoparticles into superstructures
with controlled architectures remains an unresolved challenge, mainly due to the intrinsic properties of metals.
Unlike aqueous or organic liquids, metals/alloys normally have high melting temperatures and greatly diminish
the effect of electrostatic interactions, making nanoparticle dispersion and assembly in liquid metals an extremely
difficult task.

Here we developed a novel methodology for self-assembly of metals (pure or alloyed) and nanoparticles into
various metal-nanoparticle superstructures. The rapid assembly of liquid metals and nanoparticles is driven by
the minimization of free energy in immiscible liquids, such as molten salts made of environmentally benign
sodium chloride and potassium chloride. Superstructures of metal-core/nanoparticle-shell, nanocomposite-core/
nanoparticle-shell, network of metal-linked core/shell nanostructures, and network of metal-linked nanoparticles
were fabricated by simply tuning the volume ratio between nanoparticles and liquid metal. The approach reported
here provides a versatile method of fabrication of numerous metal-nanoparticle superstructures and enables the
rational design of metal-nanoparticle superstructures with desired architectures.

Results
Self-assembly of aluminum and TiCN nanoparticles into superstructures with various architectures in a molten
salt made of eutectic of NaCl and KCl was used to demonstrate effectiveness of the novel approach. The stability of
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the three phases is discussed in Supplementary Information. To
assemble aluminum and TiCN nanoparticles into superstructures,
the aluminum was heated above its melting point with TiCN nano-
particles in eutectic NaCl and KCl. Ultrasonic processing was used to
disperse nanoparticles and molten aluminum in the molten salt uni-
formly. After ultrasonic processing, the liquid was cooled down to
room temperature. Al-TiCN superstructures were obtained after
solidification. The architecture of the superstructure obtained
depends on the volume ratio between the nanoparticles to the Al,
x. Detailed experimental procedure is described in Methods.

For the samples produced with a volume ratio, x, equal to 0.05,
a representative scanning electron microscope (SEM) image
(Figure 1a) suggests that the TiCN nanoparticles encapsulate the
Al droplet. As further shown in Figure 1b, the scanning/transmission
electron microscope (S/TEM) images of the cross section of the
superstructures, revealed by focused ion beam (FIB), indicate that
most nanoparticles stay on the surface of the Al spheres, forming
metal-core/nanoparticle-shell superstructures.

For the samples produced with x 5 0.25, a representative TEM
image (Figure 1d) showed that TiCN nanoparticles fully cover the Al/
molten salt interface. More interestingly, SEM images of the cross
section, revealed by FIB, of the superstructures suggest that nano-
particles are well distributed inside the metal core, as shown in
Figure 1e. This novel type of nano-structured superstructure mor-
phology can be termed as nanocomposite-core/nanoparticle-shell

superstructure. The nanostructured superstructures produced with
x 5 0.75 and 1.0 (Figure 1f) possess a similar microstructure as that
of the ones produced with x 5 0.25, but with more nanoparticles
staying inside the metal cores.

When x was further increased to 1.3, 1.5, and 2, nanoparticles were
covered and bridged by Al films, forming a network of metal-linked
core/shell nanostructures, as shown in Figure 2a. It is believed that
nanoparticles and tiny Al droplets are initially dispersed inside the
molten salt by the ultrasonic processing. The tiny Al droplets attach
and spread on the surface of nanoparticles or nanoparticle clusters,
forming a thin metal film (2–5 nm) (Figure 2b) on the nanoparticle
surface. The Al liquid meniscus, or neck, between two nanoparticles
causes an attractive capillary force39,40, holding the nanoparticles
together to form a three dimensional network.

When the volume ratio is further increased, the volume of Al is
inadequate to fully cover the nanoparticle surfaces, leaving only the
Al meniscus between nanoparticles to form a network of metal-
linked nanoparticles, termed as pendular agglomeration. Figure 2d,
Figure 2e, and Figure 2f display the representative microstructures of
the samples with x 5 10 and 20 (i.e. 4v% TiCN with 0.4v% and 0.2v%
Al respectively in the molten salt). It clearly illustrates that nanopar-
ticles are linked by nanoscale Al meniscus to form a porous network
of metal-linked nanoparticles.

Discussion
Theoretical analysis was conducted to understand the experimental
results. We define the interfacial energies of liquid Al/molten salt,

Figure 1 | Nanocomposite superstructures produced with x , 1:

(a) Representative SEM images of samples with x 5 0.05: the nanoparticles

coated Al particle; (b) S/TEM images of the cross section of nanocomposite

superstructures with x 5 0.05. Most of the nanoparticles were on the

surface and only a few inside the Al matrix; (c) Schematic of a Al-core/

nanoparticle-shell superstructure; (d) TEM images of samples with

x 5 0.25: nanoparticles covered Al surface; (e) SEM image of the cross

sections of samples with x 5 0.25: nanoparticles covered Al sphere surface

and distributed inside; (f) a S/TEM image of the cross-section of samples

with x 5 1: similar structure as x50.25, but higher concentration of

nanoparticles inside the matrix; (g) schematic of a nanocomposite-core/

nanoparticle-shell superstructure.

Figure 2 | Nanocomposites superstructures when x . 1: (a) SEM images

of networks of a metal-linked core/shell nanostructure with x 5 1.5;

(b) TEM images of networks of a metal-linked core/shell nanostructure

with x 5 1.5, nanoparticles are covered and linked by Al thin film

(Diffraction pattern of thin film was identified as AlOOH since Al thin film

was exposed to the air. And AlOOH is parallel to (010) plane, only

reflections from h0l planes were recognized.); (c) schematic of networks of

metal-linked core/shell nanostructures; (d) SEM images of networks of

metal-linked nanoparticles with x 5 10 ; (e) and (f) TEM images of the Al

meniscus between nanoparticles for x 5 20 sample (nanoparticle outline

marked by dash line in f, EDX (Energy Dispersive X-Ray Analysis) of

powders in f are in Figure S5 in the Supplementary Information);

(g) schematic of networks of metal-linked nanoparticles.
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molten salt/nanoparticle, and liquid Al/nanoparticles as sAS, sSN,
sAN respectively. At equilibrium, Young’s equation dictates the rela-
tionships between the interfacial energies and wetting angle, as
defined shown in Figure 3a,

sANzsAS cos h~sSN ð1Þ

When the volume ratio is smaller than 1, the volume of Al droplets
is larger than the volume of the nanoparticles. Thus, the configura-
tion of the system is dictated by the interface between Al droplets and
molten salt. Nanoparticles, as the third phase, could appear in the
system in three possible states: nanoparticle inside the salt (defined as
S1 as shown in Figure 3b), nanoparticle at the salt/Al interface
(defined as S2 as shown in Figure 3c), and nanoparticle inside Al
(defined as S3 as shown in Figure 3d). From open literatures, the
value of sAS was estimated to be in a range from 0.72 to 0.78 N/m41

around the temperature of 700uC. However, for liquid aluminum
and TiCN, there is no data or any direct methods for measuring
sAS and sSN

42 from open literatures. Fortunately the data is not
needed to conclude that S2 state is the most favorable state.

Since the wetting angle is not available, a quantitative analysis
cannot be conducted. However, a reasonable qualitative analysis is
still possible. TiCN, which consists of TiC and TiN, is a metallic
ceramic, which will fundamentally tend to wet metals (metallic
bond) more than the salt (ionic bond). Moreover, TiC and TiN
wet Al melts well (wetting angle of TiC and TiN by Al melt is 0u43

and 86u44 respectively). It is reasonable to assume that TiCN would
have a wetting angle of less than 90u with molten Al inside the salt45.

Recalling the definition of Gibbs free energy, G:

G~EzpV{TS~UzsAzpV{TS ð2Þ

Where E, P, V, T, S, U, s, A are internal energy, pressure, volume,
temperature, entropy, internal energy of all molecules in the bulk
state, interfacial energy and interface area of the entire system,
respectively. With a constant pressure, volume, temperature, and
entropy and internal energy of all molecules in the bulk state, the
Gibbs free energy of the three states are:

GS1~UzpV{TSz4pR2sASz4pr2sSN ð3Þ

GS2~UzpV{TSz4pR2sAS{pr2(1z cos2 h)sASz

2pr2sANz2pr2sSN

ð4Þ

GS3~UzpV{TSz4pR2sASz4pr2sAN ð5Þ

When h , 90u, which means that the Al liquid wets TiCN nano-
particles better than the molten salt, the free energy differences
between the three states are46

(GS1{GS2)~pr2(1z cos h)2sASw(GS3{GS2)

~pr2(1{ cos h)2sAS§0

Thus S2 will be the most favorable state. It is expected that most
nanoparticles would prefer to assemble at the molten salt/Al droplet
interfaces. When the concentration of nanoparticles is low, almost all
nanoparticles would assemble at the interface to reduce the free
energy of the system, forming a nanoparticle coating on the Al drop-
lets, which is schematically shown in Figure 1c and clearly validated
by experimental results.

Moreover, as x increases, nanoparticles will envelop the interfacial
area, and the S2 state would not be available for the additional nano-
particles. The nanoparticles are forced to migrate inside the Al drop-
lets to secure the S3 state as a compromise, leading to form a metal
matrix nanocomposite core inside the nanoparticle coating, as
schematically shown in Figure 1g.

When x . 1.0, the volume of the nanoparticles is larger than that
of the molten Al droplets in the immiscible molten salt liquid. Under
this condition the surface coating and the interior volume of the Al
droplets would not be able to contain all nanoparticles. Therefore, the
interface between the nanoparticle and the molten salt take the prim-
ary role to determine the configuration of the system. Al droplets, as
the third phase, could be positioned in this system with two possible
states: Al droplets inside the molten salt (defined as S4 in Figure 3),
and Al droplets at the nanoparticle/salt interface (defined as S5 in
Figure 3). S4 is almost identical to the S1 state. The only difference is
that the roles of Al droplets and nanoparticles are reversed. This is
also the case with S5 and S2 states. Analogously, S5 is the energy
favorable state. Molten Al droplets will tend to move onto the inter-
face between the nanoparticles and the molten salt, then spread as Al
thin films to cover the surfaces of the nanoparticles. The Al film will
also naturally merge with neighbors, forming Al meniscus, to further
minimize the free energy in the system, as shown in Figure 3f and
Figure 3g. Depending on the content of the Al phase, Al meniscus
with different sizes forms around the contact point between two
nanoparticles, and the capillary forces resulting from the interfacial
tension of the meniscus hold the nanoparticles together, forming
networks of metal-linked core/shell nanostructures. The size and
microstructure of the final networks are sensitive to the contents of
nanoparticles and the Al phase. As x increases, the superstructure
morphology will gradually change from networks of metal-linked
core/shell nanostructures, to networks of metal-linked nanoparticles
(S6 state in Figure 3g), shown in Figure 2c and Figure 2g.

The assembly of nanoparticles with liquid Al in molten salt was
capable of producing metallic nanocomposite superstructures with
four different morphologies. These could be of significance for broad
technical applications. Al-core/nanoparticle-shell superstructures
can be used to improve combustion properties and storage capability
of Al powders, which are widely used as fuel additives to propellants,
explosives, and pyrotechnic. In this work, molten salt were intro-
duced to free the oxide film of Al powder and coat nanoparticles on
the surfaces of Al powders, providing a scalable and low cost route for
production of surface coated Al powders47,48. Nanocomposite-core/
nanoparticle-shell superstructures can be utilized as novel feedstock
materials for sintering high performance metallic nanocomposites.
They could also be utilized as master nanocomposites to be incorpo-
rated into various molten metals to fabricate diluted metallic nano-
composites. Three dimensional network superstructures, in the
forms of capillary and pendular agglomeration of nanoparticles, have
great potential in catalytic industries13,14, electrode industries18,49,50

and possibly structural applications. Catalytic core/shell nanoparti-
cles with rare metal elements as the shell were traditionally fabricated
through laborious chemical approaches. The technology developed

Figure 3 | Energy state analysis. (a) Schematic of wetting angle at

equilibrium state; (b) a nanoparticle in molten salt phase (state S1); c) a

nanoparticle at the molten salt/Al interface (state S2); (d) a nanoparticle

inside the Al phase (state S3); (e) Al forms a droplet in the molten salt phase

(state S4); (f) Al spreads on the nanoparticle surfaces (state S5); (g) Al

forms meniscus between nanoparticles (state S6). (Nanoparticles in a, e, f, g

are enlarged to show details clearly).
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in this study paves an efficient way for a scalable production of these
novel nanostructured superstructures for widespread applications.

In summary, metal-nanoparticle superstructures with various
architectures were fabricated by self-assembly of liquid metal and
nanoparticles in molten salt made of environmentally benign
eutectic sodium chloride and potassium chloride. The various archi-
tectures of the metal-nanoparticle superstructures, from metal-core/
nanoparticle-shell, nanocomposite-core/nanoparticle-shell, net-
works of metal-linked core/shell nanostructures to networks of
metal-linked nanoparticles, can be created by simply tuning the
volume ratio between nanoparticles and liquid metal. The underling
mechanism of the self-assembly of these metal-nanoparticle super-
structures is unraveled by the analysis of the Gibbs free energy. This
work provides a general way for self-assembly of metal and nano-
particles into various superstructures, and enables a rational design
of metal-nanoparticle superstructures with desired architectures.

Methods
Figure S2 in the Supplementary Information illustrates a schematic of the experi-
mental setup, which consists of a resistance heating furnace, a gas protection system
and an ultrasonic processing system. An alumina crucible with an outer diameter of
40 mm and a height of 95 mm was used for melting Al and the molten salt. In order to
avoid oxidation of the liquid Al, the molten liquid was protected with argon gas at a
constant flow rate through two gas nozzles. The ultrasonic processing system consists
of an ultrasonic probe, a booster, and a transducer. A niobium ultrasonic probe with a
diameter of 12.7 mm and a length of 92 mm was attached to the booster (Sonicator
3000, Misonix Inc.), which was mounted in the transducer working under a frequency
of 20 kHz and a maximum 600 W power output.

TiCN nanoparticles (with an average diameter of 80 nm, from Sigma-Aldrich, see
Appendix A) were mixed with 34.6 g KCl, 27.1 g NaCl and 3.6 g Al powder ( with an
average size of 44 mm, from Fisher Scientific, 99.0%) before the mixture was melted in
the alumina crucible at 1000K under the protective argon gas. The tip of the niobium
ultrasonic probe was inserted about 6 mm in depth into the melt. An ultrasonic
vibration with a peak-to-peak amplitude of 60 mm was generated from the trans-
ducer. The melt was ultrasonically processed for 15 minutes to disperse nanoparticles
and produce molten Al/molten salt emulsions. After the ultrasonic processing, the
ultrasonic probe was lifted out of the melt. Then the crucible was taken out of the
furnace to cool down in air. A spectrum of volume ratios, x, was tested, including 0,
0.05, 0.25, 0.75, 1.0, 1.2, 1.3, 1.5, 2, 10 and 20.

For microstructural characterizations, samples of about 10 g were cut from the
solidified ingots. These small samples were then dissolved in 200 ml distilled water.
The water solution of NaCl/KCl salt was then filtered through a filter paper with a
mesh size of 0.7 mm to obtain powders. This process was repeated twice with another
200 ml water and 100 ml alcohol respectively. Finally the micro powders were dried
in air. Field Emission Scanning Electron Microscopy (FESEM, LEO 1530, Carl Zeiss
SMT), Focus Ion Beam (FIB, Carl Zeiss SMT), and Scanning/Transmission Electron
Microscopy (S/TEM) were used for a detailed analysis of the surface coating and
morphology for the powders. Specimen were prepared by mixing the powders with
epoxy and sliced into thin pieces. FIB was also used to cut the powders open to reveal
interior microstructures. The S/TEM analysis was conducted using a Titan-80-200
(FEI) microscope with an accelerating voltage of 200 kV. The size distribution of the
powders was analyzed by use of a Mastersizer 2000E (Malvern Instruments Ltd).
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