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Liquid Processing of Bismuth−Silica Nanoparticle/Aluminum Matrix 
Nanocomposites for Heat Storage Applications
Binghua Ma, Walid Baaziz, Léo Mazerolles, Ovidiu Ersen, Bernard Sahut, Clément Sanchez, 
Stéphane Delalande,* and David Portehault*

Metal matrix nanocomposites encompassing low-melting point 
metal nano-inclusions are promising candidates for thermal 
regulation of devices at high temperature. They are usually 
processed by solid-state routes that provide access to a limited 
range of materials and are hardly compatible with complex shaping 
processes and with large-scale applications. Herein, we develop a 
liquid-phase processing technique to design aluminum matrix 
nanocomposites made of phase change nanoparticles, using 
bismuth nanoparticles as a proof-of-concept. The bismuth 
nanoparticles derived from colloidal chemistry are first encapsu-
lated in a silica shell and then dispersed by ultrasonication into molten aluminum. Using X-ray diffraction, electron microscopy, and 
X-ray photoelectron spectroscopy, we probe the evolution of the bismuth particles and of the inorganic shell. We demonstrate that 
the silica shell acts as a barrier against extensive coalescence of particles during the dispersion process, thus enabling a decrease and a 
widening of the phase change temperature range.
aluminum, composites, nanoparticles, core−shell, bismuth, heat storage, phase change

INTRODUCTION

Phase change materials (PCMs) display a promising range of
applications for thermal control of electronic devices1 and for
flame retardants2−4 by absorbing and releasing heat upon
melting and solidifying, respectively. Compared to air and
liquid cooling or to heat pipes, PCMs use less power and
require less complex thermal system design.5 Enhancing the
heat management efficiency of PCMs and their response time
requires a significant increase in their thermal conductivity.6

This aim can be reached by embedding phase change
inclusions within metal matrices that are much more thermally
conductive than common polymer matrices and also offer
higher mechanical strength.6 The development of composites
made of metallic PCM inclusions into metallic matrices would
provide access to temperature ranges that are not accessible to
organic PCMs,7 thus paving the way to other fields of
applications, such as the automotive field. Using PCM metal or
alloy nanoparticles and their related depression of melting
point versus bulk materials would offer an additional degree of
freedom by enabling to tune the phase change temperature
(PCT) not only with the composition but also with the particle
size.8 These metal matrix nanocomposites are, however,
limited by their fabrication. To ensure dispersion of the
inclusions, they are produced either by powder metallurgy9,10

or by chemical synthesis of the matrix,8 which are not adapted
to large-scale applications.9 Dispersion of PCM nanoscaled
inclusions into metal matrices by liquid metallurgy would offer

access to a wide range of materials with high versatility in the
choice of the materials and of the PCT. It would also enable
coupling with a variety of liquid-based shaping processes and
would deliver materials relevant at the industrial scale.
However, the targeted PCTs are usually below the melting
point of the metal matrix. Therefore, producing metal matrix
PCM nanocomposites by liquid metallurgy is a great challenge
as it means dispersing liquid metal droplets in another liquid
metal, at temperatures usually above 600 °C, while avoiding
coalescence of the PCM inclusions and/or alloying with the
matrix. Melt spinning has been proposed to quench the
coalescence of particles precipitated in the liquid phase by fast
cooling when the matrix is an amorphous alloy.11 The method
cannot be applied to bulk crystalline matrices. As a result, no
crystalline metal matrix PCM composite, containing either
nano- or micro-inclusions, has been reported from liquid
metallurgy processes.
To address this challenge and enable liquid processing of

metallic phase change nanocomposites, we propose to disperse
colloidal chemistry-derived metal PCM nanoparticles in a
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molten metal by using ultrasonication12 in the melt at high
temperatures (Figure 1, pathway A). To enhance the

dispersion and the stability over thermal cycling of the
nanoparticles (Figure 1, pathway B), we encapsulate them in
a silica shell prior to incorporation into the liquid metal.
During incorporation, the shell is expected to react in situ with
the metal matrix through the aluminothermal reduction.13 We
study herein the evolution of this shell, its impact on the
nanostructure of the nanocomposites and on their phase
change energy storage properties. We show that this procedure
provides sustainable phase change properties over thermal
cycling by maintaining the nanosize of the metal cores. We use
bismuth nanoparticles as proof-of-concept phase change
inclusions for their low-melting point and aluminum as a
light weight, high thermal conductivity matrix.

RESULTS AND DISCUSSION
Synthesis and Characterization of Bi@SiO2 Nano-
structures. We have prepared bismuth nanoparticles accord-
ing to the colloidal synthesis proposed by Scheele et al.14

where bismuth acetate was reduced in oleylamine to form
bismuth nanoparticles with 1-dodecanethiol ligands. X-ray
diffraction (XRD) confirms (Figure S1) the formation of
bismuth, and transmission electron microscopy (TEM)
(Figure 2a) shows that the particles exhibit a narrow size
distribution centered at around 25 nm. In the second step, the
bismuth nanoparticles were coated with a silica shell by
adapting the Stöber method to ensure heterogeneous
nucleation at the surface of the particles.15,16 TEM indicates
a 7 nm thick shell with a contrast lower than the bismuth core
(Figure 2b). The silica shell actually embeds several particles,
forming aggregates with size up to 160 nm. The dispersion
state within the aggregates was quantified by the projected area
distribution (Figure 2c), which shows that the silica shells
embed from single to about 20 bismuth cores. Although
significant aggregation is observed, the dispersion state is
enhanced compared to previous methods using surfactants,17

instead of strongly bound thiol surface ligands.
To evaluate the efficiency of the silica shell in preventing

coalescence of the bismuth cores, we have heated the core−
shell nanostructures and sole bismuth nanoparticles above the
melting point of bulk Bi (271 °C). When heated at 320 °C, the
bare Bi particles undergo extensive coalescence and growth
(Figure S2). On the contrary, the general appearance of the
Bi@SiO2 nanostructures was preserved at 350 °C (Figure 2d),
and the size of the Bi cores only slightly increased for the cores

embedded in the same silica shell. Thus, the silica shell
preserves the separated Bi cores from coalescence.
To provide additional information on coalescence during

heating and cooling, in situ TEM experiments were carried out
on Bi@SiO2 nanostructures by heating to 350 °C at 10 °C
min−1. Scanning transmission electron microscopy−high-angle
annular dark-field imaging (STEM−HAADF) images (Figure
S3) show that the morphology of the nanoparticles was
retained during heating and cooling, with a contrast revealing
the clear edge of overlapped nanoparticles. The dependency of
the coalescence behavior versus the aggregation state inside the
silica shells has been further studied by in situ TEM (Figure
S4). Above the melting point of Bi cores at around 250 °C, Bi
cores embedded in the same silica shell and in contact with
each other coalesce irreversibly (Figure S4, orange rectangle),
while Bi cores initially separated with a silica layer from each
other remain dispersed upon heating and cooling. Although Bi
cores initially embedded together coalesce, they still remain
trapped inside the shell over the melting point, thus making
feasible the incorporation of Bi@SiO2 nanostructures into
molten aluminum.

Bi@SiO2−Al Nanocomposites. Nanocomposites made of
an aluminum matrix embedding Bi@SiO2 (Bi@SiO2−Al) were
synthesized by ultrasound-assisted liquid metallurgy. To ensure
the full incorporation of the nanoparticles into molten
aluminum, a pellet of Bi@SiO2 nanostructures (0.25 at %) in
aluminum was prepared by pressing Bi@SiO2 and aluminum
powders pre-dispersed into ethanol (see details in the
experimental method section). The pellet was then incorpo-
rated into molten aluminum at 740 °C by ultrasound treatment
in an induction furnace. The resulting samples showed metallic
aluminum appearance (Figure S5). The Bi/Al ratio was
evaluated by wavelength-dispersive X-ray fluorescence spec-
trometry (WDXRF) on the top and bottom of each sample
and on middle slice cuts of the monoliths. The constant ratio
of 0.3 at % in all pieces is consistent with the initial precursor
ratio, indicating that all the nanostructures were incorporated
and are homogeneously distributed into the whole volume of
the monoliths.
Scanning electron microscopy (SEM) imaging in the

backscattered electron mode (Figure 3a) highlights white

Figure 1. Scheme of the synthesis procedure for aluminum
nanocomposites embedding Bi nanoparticles and Bi@SiO2 core@
shell nanoparticles. Pathways A and B correspond to the ultrasound-
assisted incorporation of Bi and Bi@SiO2 nanoparticles, respectively.

Figure 2. (a) TEM image and size distribution of Bi nanoparticles.
(b) TEM image and (c) core projected area distribution of Bi@SiO2
nanostructures. (d) TEM image and size distribution of Bi@SiO2
nanostructures heated at 350 °C. The white squares are showing areas
where coalescence of the cores occurred within silica shells.
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areas corresponding to electron-rich bismuth, with a size up to
120 nm. The TEM images reveal 10 nm (Figure 3b,c) and 60
nm (Figure 3d) bismuth nanoparticles, well crystallized in the
Bi hexagonal structure according to high-resolution TEM
(HRTEM) (Figure 3c inset) and selected area electron
diffraction (SAED) (Figure 3d inset) performed on the larger
particles. HRTEM (Figure 3c) also highlights atomic planes of
the Al matrix and does not indicate any intermediary phase
between the matrix and the nanoparticles. Larger particles
around 120 nm were also observed by STEM−HAADF
(Figure S6). The size distributions evaluated by SEM and
TEM highlight two distinct populations, centered, respectively,

at ca. 60 and 8 nm. According to TEM, particles below 10 nm
were isotropic, while the shape of particles above 30 nm was
irregular. Therefore, SEM and TEM evidence a widening of
the size distribution from initial 25 nm Bi nanoparticles toward
both smaller and larger particles. This behavior is indicative of
Ostwald ripening during the incorporation process, a
phenomenon in which bismuth from the smaller particles
dissolve in the liquid medium and redeposit on larger particles.
This hypothesis is supported by the slight but significant
solubility of Bi in Al at 700 °C of about 1.5 wt %.18 Note that
sonication may also exacerbate Ostwald ripening, as already
described on polymer composites.19,20

Figure 3. SEM and TEM study of a Bi@SiO2−Al nanocomposite. (a) Backscattered electron imaging-mode SEM image, bright and dark areas
correspond to Bi and Al regions, respectively. (b−d) TEM images. Dark and light contrasts correspond to Bi and Al, respectively. Insets in (a,b)
show the corresponding size distributions. The inset in (d) shows the SAED pattern corresponding to image (d) and indexed along the structure of
bismuth.

Figure 4. (a) STEM−HAADF, (b) STEM images, and corresponding (c−f) STEM−EDS maps of Bi@SiO2−Al nanocomposites.
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An area containing a large coalesced bismuth object was
mapped by the STEM−energy-dispersive system (EDS)
(Figure 4a−f). Bi was surrounded by an O-rich area also
containing Al but exempt of Si (orange square, Figure 4a).
This area corresponds (orange square, Figure 5a,b) to an Al/

O-rich rod-like region with non-uniform contrast, which
highlights crystal defects. The interplanar distances measured
by HRTEM are consistent with Al2O3 (100) planes. Therefore,
bismuth is surrounded by alumina.
The Si map (Figure 4f) confirms that silicon was no longer

around Bi particles and segregated into Bi-free areas (Figures 4
and 5a green square, 5d violet square). The low overlap
between Si-rich and O-rich regions (Figure 4f,e) indicates the
formation of low oxidation state silicon species. We observed
two types of regions in Si-rich area: an amorphous-like (Figure
5a green square and 5c) region and a crystalline region
(Figures 5d violet square and 5e). HRTEM analysis and the
corresponding FFT of the crystalline part (Figure 5e) are fully
consistent with the structure of sillimanite Al2SiO5. We discuss
below the origin of these different components, which are
indicative of the reaction mechanisms occurring during
incorporation of the nanoparticles into the aluminum melt.
The presence of alumina, low oxidation state silicon species,

and the aluminosilicate sillimanite is consistent with
aluminothermic reduction of the silica shell of the Bi@SiO2
nanostructures, yielding aluminosilicates as reaction inter-
mediates.13 In order to further confirm this reaction pathway,
the redox processes involving the aluminum matrix and the
silica shell were probed on a slice cut piece of nanocomposites
analyzed by X-ray photoelectron spectroscopy (XPS) in the Si
2p (Figure 6a) and Si 2s (Figure 6b) regions. The spectrum of
pure aluminum was also recorded as a reference. The Al

plasmonic peak overlaps with the Si 2p binding energy regions
between 99 and 102 eV (Figure 6a), but the Si 2s area enables
to decipher the Al plasmon peak at 147.4 eV from the Si 2s
signal at about 150−155 eV (Figure 6b). For the Bi@SiO2−Al
composite, the most intense peak at 155.1 eV accounts for the
Si−O bonds of SiO2.

21 An additional contribution between
150 and 154 eV is not observed for pure aluminum and is
ascribed to other silicon species at lower binding energy than
that for SiO2, which is consistent with low oxidation state Si
species and/or an aluminosilicate.13 According to XPS and
STEM−EDS (Figures 4a,b and 5), we assign the amorphous
areas to low oxidation state silicon. Because oxidation of low
oxidation state Si species could occur upon exposure to air
during transfer of the sample to the XPS chamber, the pristine
samples could exhibit a higher portion of reduced silicon than
indicated by XPS analysis.
The reduction of SiO2 particles (about 30 μm) by molten

aluminum has been studied by Deqing and Ziyuan.13 In the
Al−SiO2 system, the reduction of silica by aluminum is
thermodynamically favorable (reaction 1 below). Once
alumina is formed, it can react with remaining silica and
then form mullite or other aluminosilicates (reaction 2),
evolving finally toward alumina and silicon (reaction 3).

+ → +4Al 3SiO 2Al O 3Si2 2 3 (1)

+ →3Al O 2SiO Al Si O2 3 2 6 2 13 (2)

+ → +8Al 3Al Si O 13Al O 6Si6 2 13 2 3 (3)

Deqing and Ziyuan13 also observed the formation of a 5 μm
thick shell of alumina surrounding unreacted ∼20 μm silica
particles after 30 min of reaction at 700 with 5 °C min−1

heating rate, while silicon had migrated within the aluminum
matrix and formed rod-like Si inclusions. In our study, the silica
component is present in the silica shell with a thickness of 7
nm, 3 orders of magnitude lower than previously studied,13

which supports the reduction of silica to a larger extent at a
similar temperature. Nonetheless, aluminothermic reduction is
not complete as we observe, besides amorphous low oxidation
state silicon, an intermediate Si(IV)-containing aluminosilicate.
This behavior can be attributed to short reaction times, as our
experiments rely on induction heating at a rate of 350 °C
min−1 and reaction time of 10 min. We have observed the
formation of sillimanite (Al2SiO5) as the intermediate phase.
Generally, sillimanite forms above 776 °C,22 corresponding to
40 °C over our synthesis temperature. This high-temperature
phase may be induced by intense local heating provided by
ultrasound treatment.23

Overall, we propose the following reaction mechanism: Bi
nanoparticles were partially coalesced inside the silica shell
during the heating ramp. The pristine silica shell was reduced
by aluminum that is concomitantly oxidized and reacts with

Figure 5. HRTEM study of the areas highlighted in Figure 4a,b by
white, green, and violet squares. (a) HRTEM image acquired in the
white rectangle in Figure 4a,b. (b,c) Fast Fourier transforms (FFTs)
corresponding to the orange and green squares in (a) and in Figure
4a,b. The FFT in (b) for the Al/O-rich area is indexed along the
structure of α-Al2O3. The FFT in (c) for the Si-rich area shows an
amorphous region. (d) HRTEM image shown in the blue rectangle in
Figure 4a,b. (e) FFT of the violet area in (d), indexed along the
structure of Al2SiO5.

Figure 6. XPS analysis of Bi@SiO2−Al nanocomposites (red) and
pure Al (black) at the (a) Si 2p and (b) Si 2s areas.
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remaining silica to form an aluminosilicate intermediate.
During ultrasound-assisted heating for the nanocomposite
preparation, the silica shell separates from the Bi core, leading
to a leaching of Bi droplets which then undergo Ostwald
ripening and develop into two populations.
Bi−Al Nanocomposites. To probe the impact of the silica

shell on the dispersion of Bi nano-objects, we have
incorporated Bi nanoparticles without silica into molten
aluminum, as described above for Bi@SiO2−Al composites.
The as-obtained Bi−Al composite exhibits also an evolution of
Bi objects into two populations (Figure 7), one around one
micrometer and another one around 5−30 nm. Bismuth then
underwent Ostwald ripening, as with the silica shell, but the
population of large objects showed significantly larger size,
losing the nanoscale, when no silica was used. Therefore,
although the silica shell in Bi@SiO2−Al composites underwent
chemical reaction and local mobilization, it acted efficiently
against coalescence of the cores during incorporation into
molten aluminum. Thus, the Bi@SiO2−Al nanocomposite
exhibited a wide size distribution at the nanoscale.
Thermal Properties of Bismuth and Bi@SiO2 Nano-

particles. Differential scanning calorimetry (DSC) was
performed for both precursor Bi, Bi@SiO2 nanoparticles, and
the corresponding nanocomposites. Figure 8a,b displays the

thermal behavior at the third heating−cooling cycle for pristine
Bi@SiO2 and Bi nanoparticles, respectively. Bi@SiO2 particles
exhibit an endothermic peak at ∼242 °C, which is in
agreement with the depression of the melting point (271 °C
for bulk Bi) with particle size decrease.8 The melting point
measured herein for 25 nm silica-coated Bi nanoparticles is in
accordance with the results obtained for Bi-carbon nano-
composites.24 Bi@SiO2 nanoparticles exhibit reversible thermal
properties over four cycles (Figure 8a). On the contrary, the
bare bismuth nanoparticles (Figure 8b) display three sharp
endothermic peaks at ∼263 and 271 °C, the latter
corresponding to bulk Bi melting. The first two endothermic
peaks are attributed to the melting temperature depression
with the particle size.8 The appearance of the peaks at higher
temperature indicate that the nanoparticles coalesced, and
large particles up to bulk were formed. Therefore, the silica
shell was necessary to maintaining the nanoscale and the
melting point depression of Bi nanostructures. These results
are consistent with TEM observations after heating (Figure
S2).

Thermal Properties of Nanocomposites Encompass-
ing Phase Change Bismuth Inclusions. The DSC curves
for the Bi@SiO2−Al composites (Figure 8c,d) also show
endothermic peaks during heating and an exothermic broad
peak during cooling, indicating solidification of undercooled
bismuth. The high-temperature region of the DSC curves
(Figure 8c) shows that the melting behavior significantly
differs from those of the initial particles described above. The
Bi@SiO2−Al nanocomposite exhibits two endothermic peaks:
a broad melting peak at 263 °C with the onset temperature at
251 °C, corresponding to nanoparticles melting, and a low
intensity sharper peak at 271 °C, corresponding to bulk
bismuth. The shift of these peaks to higher temperatures
compared to unreacted Bi@SiO2 nanoparticles confirms that
the nanoparticles coalesced during the incorporation of the
particles into the melt, but a significant fraction still shows
melting point depression, indicating that nanoscale objects
have been maintained. This is consistent with the remaining
single Bi nanoparticles or aggregates of only few Bi cores
within the initial nanocomposite, as described above (Figures 3
and S6). The enthalpy ratio for the peaks at 263 and at 271 °C
is 9:1, indicating that around 90% of Bi element are still
nanoscaled, with the assumption that the melting latent heat of
nanoscale Bi is close to the value for bulk Bi. Because the
melting latent heat decreases with the particle size,8 one can
assume that the molar fraction of bismuth at the nanoscale is
above 90%. The heat absorption ability evaluated by the
enthalpy of the melting process was 0.38 J g−1, close to the
expected value based on the chemical composition at 0.47 J g−1

using the melting latent heat of bulk Bi. DSC over 15

Figure 7. (a) SEM image and corresponding size distribution and (b) TEM image of a Bi−Al nanocomposite.

Figure 8. DSC analysis of (a) Bi@SiO2 during the third heating−
cooling cycle and of (b) Bi nanoparticles (green). (c, d) DSC analysis
of a Bi@SiO2−Al nanocomposite with (c) zoomed-in area at 250−
290 °C during heating for the 1st and 15th cycles (orange). The DSC
analysis of a reference Bi−Al sample is also shown for the first heating
ramp in (c) (black).
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consecutive heating−cooling cycles between 20 and 300 °C
showed the cycling ability of the Bi core after melting as the
DSC curves and the latent heat remained unchanged during
cycling. The silicon species are considered stable after cycling
as the aluminosilicate phases are stable,25 and no reaction is
expected between Al and Bi26 on the one side and Al and Si27

on the other side. Besides, thermal cycling is performed at
temperatures much lower than the preparation temperature in
molten aluminum, so that any structural changes are unlikely.
The heat absorption ability of the as-prepared Bi@SiO2−Al

nanocomposite is low compared to Bi@Al2O3−Al prepared by
powder metallurgy28 because we used a low Bi content
material as a proof-of-concept. The heat storage capacity may
be improved by increasing the amount of inclusion particles
within the matrix. We did not detect by DSC the phase change
of small nanoparticles around 8 nm expected from TEM
observations, which occurred at around 240 °C in an Ag
matrix.8 This could be explained by the decreased enthalpy
with the particle size14,29 or the low volume fraction of
nanoparticles smaller than 10 nm. DSC further confirms the
efficient role of the silica shell to limit the coalescence of Bi
nanoparticles since the Bi−Al nanocomposite showed three
endothermic peaks at 262, 269, and 271 °C overlapped
together and shifted to higher temperature compared to the
Bi@SiO2−Al nanocomposite, which implies the consecutive
coalescence of nanoparticles into bulk objects during cycling.
Compared to a Bi−Al composite prepared by powder

metallurgy10 at the same heating rate and with micron and
nano-sized bismuth inclusions, the distribution of melting
temperatures for Bi@SiO2−Al prepared by our liquid metal-
lurgy process is broader and shifted to lower temperatures.
This demonstrates a decreased Bi particle size achieved
through nanoparticle encapsulation. The small initial nano-
particle size, the protective silica shell, the ultrasound
treatment inducing disruption of Bi droplets, and the rapid
thermal treatments by induction heating are keys to achieve
small inclusion nanoparticles with a wide phase transition
temperature range, which can be a considerable advantage to
ensure progressive heat absorption over a wide temperature
range.

CONCLUSIONS
We have developed an ultrasound-assisted liquid metallurgy
process to phase change metal matrix nanocomposites, by
encapsulating pre-made metal nanoparticles within a silica
shell. This shell acts as a barrier against extensive coalescence
of the metal cores, which are molten during the incorporation
process. This process relies on preliminary synthesis of
nanoparticles, which ensures the suitability of the method for
the very wide range of metal and alloy nanomaterials accessible
by rich colloid chemistry. Hence, we believe that the process
opens the way to a wide diversity of lightweight aluminum-
based phase change materials that could be shaped according
to liquid metal processing. Therefore, various fields of
application can be targeted, including thermal regulation in
automobiles. We also expect the mechanical properties of the
resulting nanocomposites to be influenced by phase change
inclusions. This point will be addressed in the future.

EXPERIMENTAL METHODS
Materials. Bismuth acetate (99.99%), oleylamine (technical grade,
70%), 1-dodenanethiol (98%), tetraethyl orthosilicate (TEOS,
99.99%), ammonia aqueous solution (28−30%), and aluminum

powder (99.99%, 320 mesh) were all purchased from Sigma-Aldrich.
Aluminum beads (99.9%, around 3 mm diameter) were obtained
from Alfa Aesar. The reagents were used as received.

Synthesis of Bismuth Nanoparticles and Silica-Coated
Bismuth Nanoparticles. Bismuth nanoparticles were prepared by
colloidal synthesis in a mixture of organic solvents based on a previous
published protocol.14 Bismuth acetate (1 mmol) was mixed with 1-
dodecanethiol (11.1 mL) and heated to 45 °C for 45 min under
vacuum. The reaction flask was purged with N2 and heated to 60 °C.
Oleylamine (22.2 mL) at room temperature was quickly added under
stirring, and the reaction mixture was further heated for 24 h. Finally,
Bi nanoparticles were washed two times by ethanol/chloroform (20/1
vol/vol) and re-dispersed in ethanol. The silica-coated bismuth
nanoparticles were prepared according to the Stöber method as
follows:15 TEOS was dissolved in absolute ethanol at a concentration
of 0.38 M. 10 μL of TEOS solution and 100 μL of ammonia 30% were
subsequently added to the 1 mL of alcoholic bismuth suspension [Bi]
= 6 × 10−4 M under vigorous stirring. The mixture was heated at 40
°C for 3 h followed by washing by two cycles of centrifugation-
redispersion in ethanol. The final powder was dried in a vacuum oven
at 40 °C for 16 h. In order to evaluate the thermal stability, 20 mg of
Bi@SiO2 nanoparticles was annealed in a Naberthem chamber
furnace under air condition for 1 h dwell time with a heating rate of
10 °C min−1.

Synthesis of Bi−Al and Bi@SiO2 Nanocomposites. Bi−Al
nanocomposites were prepared by ultrasound-assisted casting of a
mixture composed of nanoparticles and aluminum in an induction
oven. Briefly, 2 g of aluminum powders and alcoholic bismuth
suspension were mixed by sonication at the boiling point for 1 h to
get a ratio of 0.3 at % between Bi and Al. Then, the mixture was dried
in a vacuum oven at 40 °C for 1 h, followed by pressing into a 13 mm
pellet under 8 tons for 2 min. Subsequently, the pellet and 0.4 g of
pure Al beads were heated into an alumina crucible using an induction
oven (CEIA, power cube 90 series 200) at 740 °C under an argon
atmosphere. After dwelling for 1 min, an ultrasound power of 80
Watts (QSonica, Q500A-220, USA) was applied through a sonication
horn (niobium tip with 4 mm diameter) to disperse the nanoparticles
for 5 min. The final composite was obtained by cooling the melt in
the crucible. It was then cut with a diamond wire saw for further
analyses.

X-ray Diffraction. XRD was performed with a D8 Bruker
diffractometer operating at the Cu Kα radiation in the Bragg
Brentano configuration. The ICSD reference 64709 was used for the
indexation of bismuth nanoparticles.

Electron Microscopy. The cut pieces of the samples were
observed with SEM (Hitachi SU-70 microscope) equipped with an
Oxford X-Max 50 mm2 EDS detector. For preparation, the samples
were mounted in polyfast resin (Struers), followed by a series of
polishing steps through 1000, 2400, and 4800 grit papers (Buchler)
and then with 3 and 1 μm diamond suspensions. For the observation
of nanoparticles in TEM, the nanoparticles were dispersed in ethanol,
and then, a drop was evaporated on a carbon-coated copper grid. For
the composites, TEM thin films were prepared by a parallelepiped
rectangle of 3 × 3 × 0.5 mm cut in the middle of the sample.
Polishing was then performed with a diamond disk to get a 200 μm
thick sample. The thickness of the center of the slab was further
reduced to 50 μm using a precision dimpling instrument (model 515,
South Bay Technology). Ion milling was performed for the final
thinning. TEM images were recorded on a Tecnai spirit G2
microscope operating at 120 kV. The STEM images and STEM−
EDX mapping were recorded with a JEM 2100Plus UHR microscope
and a Tecnai F20 that were both operating at 200 kV. The size
distribution of precursor nanoparticles was determined by counting
150−200 nanoparticles from TEM images. The size distribution of
nanoparticles in the final nanocomposites was determined by
counting 70−120 particles, from SEM images and TEM images,
respectively. The ICDD 00380471 was used for the indexation of
AlSi2O5.

Chemical Analysis by Wavelength-Dispersive X-ray Fluo-
rescence Spectrometry. WDXRF spectroscopy was performed on



the cut pieces of the samples with a Bruker S8 Tiger spectrometer
equipped with a Rh tube.
Differential Scanning Calorimetry. DSC analysis was per-

formed in a TA Q20 DSC instrument. Around 10 mg of nanoparticles
was sealed in an aluminum crucible. In the case of nanocomposites,
top, middle, and bottom slices of the samples (around 40 mg) were
analyzed separately to assess the homogeneity of the cast samples. To
study the phase transition, the samples were heated to 320 °C and
then cooled to 20 °C with a slope of 10 °C min−1 followed by 3 min
of stabilization at 20 °C between each cycle. For each sample, at least
three cycles were performed.
In Situ TEM. The experiments were carried out using a JEOL JEM-

2100F microscope operated at 200 kV equipped with a spherical
aberration probe corrector (Cs from CEOS), high-resolution
objective lens pole piece, and an UltraScan 1000 CCD array detector
(GATAN). For in situ observations, a Protochips Atmosphere system
was used. The samples were suspended between two micro-electro-
mechanical system-based closed cells made up of transparent SiNx
(for observation) and SiC (for heating). The in situ observations were
carried out at a pressure of 1 atm under Ar at a flow rate of 0.1 mL
min−1. The system was previously purged during few hours with the
argon environment to ensure the proper cleaning of the gas lines and
the sample holder.
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Figure S1. Powder XRD pattern of Bi nanoparticles. 

 

 

Figure S2. TEM image of bare Bi nanoparticles heated to 320 °C after DSC cycling. 
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Figure S3. In situ STEM-HAADF and corresponding bright field STEM images of Bi@SiO2 
nanostructures during heating from 100 to 350 °C (left column) and cooling down (right 
column) under 760 Torr of argon at 10 °C min-1. 
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 Figure S4. TEM images of Bi@SiO2 nanostructures during heating from 100 to 350 °C (first 
row) and cooling (second row) under 760 Torr of argon at 10 °C min-1. The samples was 
preheated at 100 °C for 2h. The orange rectangle shows two Bi cores embedded in the same 
silica shell and coalescing irreversibly. The green rectangle shows Bi cores that remain 
separated after cooling. 

 

 

Figure S5. Optical image of Bi@SiO2-Al sample. 
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Figure S6. STEM-HAADF image of a Bi@SiO2-Al nanocomposite, at 0.25 at. % of bismuth 
particles. 
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