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MATERIALS SCIENCE

Size- and composition-controlled intermetallic
nanocrystals via amalgamation seeded growth

Jasper Clarysse, Annina Moser, Olesya Yarema, Vanessa Wood, Maksym Yarema*

Intermetallic nanocrystals are a large family of emerging materials with extensive applications in many fields. Yet,
a generalized synthetic method for intermetallic nanocrystals is lacking. Here, we report the development of a
colloidal synthesis method based on amalgamation of monometallic nanocrystal seeds with low-melting point
metals. We use this approach to achieve crystalline and compositionally uniform intermetallic nanocrystals of
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Au-Ga, Ag-Ga, Cu-Ga, Ni-Ga, Pd-Ga, Pd-In, and Pd-Zn compounds. We demonstrate both compositional tunability
across the phase spaces (e.g., AuGa,, AuGa, Au;Ga,, and Ga-doped Au), size tunability (e.g., 14.0-, 7.6-, and 3.8-nm
AuGay), and size uniformity (e.g., 5.4% size deviations). This approach makes it possible to systematically achieve
size- and composition-controlled intermetallic nanocrystals, opening up a multitude of possibilities for

these materials.

INTRODUCTION
Nanocrystals (NCs) of intermetallic compounds (IMCs; long-range
ordered alloys) are a vast realm of emerging materials. They offer
attractive characteristics originating from well-defined crystallinity,
synergistically combined properties of the incorporated metals, and
unique size- and surface-related physical and chemical phenomena
exhibited by NCs (1). Intermetallic NCs have recently acquired a
large amount of research interest because of their extensive applica-
tions in catalysis (2-5), electronics, e.g., thermoelectric devices and
memory technologies (6-8), superconductivity (9), energy storage
and conversion technologies (10-12), photonics (13), and life sci-
ences and medicine (14). Remarkable examples of tunable plas-
monics (13), high-density magnetization (15), and outstanding
catalytic selectivity (2, 16-18) illustrate the great potential for IMC
NCs. Nevertheless, a universal synthetic method toward IMC NCs
does not yet exist. This is, in part, due to challenges such as the
different reduction potentials between metals and metal oxophilicity.
Thermal annealing approaches deal with these challenges by stabi-
lizing precursors, for example, on supports (3, 19), in carbon-nitride
networks (20, 21), or in molten salts (22). In contrast, wet-chemical
colloidal synthesis procedures offer tremendous versatility with regard
to reagents, ligands, and reaction parameters, yielding dispersions
of NCs that are easy to handle and process (23), and are therefore
an attractive methodology to explore for the synthesis of IMC NCs.
Here, we report the development of a synthesis method to
achieve IMC NCs, based on controlled amalgamation of low—melting
point metals into monometallic seeds (Fig.1A). We recognize a
seeded growth approach as a promising route for incorporating
metals with differing reduction potentials in NCs during colloidal
synthesis (24-28). Amalgamation refers to the process of alloying a
metal with another low-melting point metal through interdissolution
and can be traced back for many millennia from the usage of dental
amalgams and the extraction of precious metals from ores (29).
Combining seed-assisted colloidal synthesis with controlled nano-
scale amalgamation gives access to a large family of monodisperse
IMC NCs (Fig. 1 and figs. S1 to S3). We highlight the generality of
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our amalgamation seeded growth synthesis in two ways. First, we
amalgamate different metal seeds (Au, Ag, Cu, Pd, and Ni) with Ga
to obtain high-quality IMC NCs. Second, we show that, in addition
to Ga, other low-melting point metals (In and Zn) can be used. We
demonstrate that both the size and size dispersion characteristics of
the initial metal NC seeds remain preserved upon amalgamation,
thus allowing the synthesis of size-uniform (as small as 5.4% size
deviations) and size-tunable intermetallic colloids. Simultaneously,
we can control the composition of bimetallic NCs simply by varying
the introduced amount of amalgamating metal precursor.

RESULTS

Amalgamation seeded growth synthesis

The amalgamation seeded growth synthesis is based on the con-
trolled amalgamation of metal seeds with low-melting point metals.
It involves the colloidal synthesis of monometallic NCs according
to a well-established protocol, followed by the injection of an
amalgamating metal and annealing (10 min, T > 260 °C; Fig.1A).
For amalgamation, metal amides and silylamides are preferred as
precursors because of their fast thermal decomposition via cleavage
of reactive metal-nitrogen bonds and their previous success in the
synthesis of NCs (30). Furthermore, high reaction temperatures
and the use of mildly reducing aprotic L-type ligands (e.g., oleyl-
amine) (31, 32) enable the synthesis of even very challenging bime-
tallic compositions in terms of difference in reactivity and reduction
potential between the incorporated metals (e.g., Au-Ga NCs; Fig. 1E).
The obtained intermetallic NCs are monodisperse (table S1) and
compositionally uniform, as is demonstrated with transmission elec-
tron microscopy (TEM) images and scanning TEM energy-dispersive
x-ray spectroscopy (STEM EDX) elemental maps (Fig.1, B to H).
Line scans of STEM EDX maps (Fig. 1, E and G) reveal homoge-
neous distributions of elements inside the IMC NCs. Moreover,
because of the used reaction temperatures, IMC NCs feature high
crystallinity, as is reflected in powder x-ray diffraction (XRD)
patterns and high-resolution TEM (HRTEM) images (fig. S3). For
Ni,Gas composition, NCs contain voids (fig. S4), originating from a
nanoscale Kirkendall effect (27, 33, 34). Last, a thin amorphous ox-
ide shell (1 to 2 nm) is created upon air exposure (fig. S5), rendering
the colloids stable under ambient conditions for many months.
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Fig. 1. Amalgamation seeded growth synthesis. (A) Schematic illustration of the amalgamation reaction, converting monometallic seeds into intermetallic NCs. As-
synthesized PdGa, PdIn, PdZn, AuGa,, Cu,Ga, Ni,Gas, and AgszGa IMC NCs are shown in TEM images (B to H) and STEM EDX mappings (B to E and G). Line profile scans for
AuGa; and Ni,Gaz NCs (E and G) highlight the compositional uniformity of the IMC NCs. a.u., arbitrary units.
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Fig. 2. Amalgamation mechanism. (A) XRD patterns measured from aliquots taken during the synthesis of AgzGa NCs reveal the gradual conversion of Ag seeds to the
intermetallic phase. Ga shows surface wetting and island growth behavior before intermetallic phase conversion as seen from a STEM EDX map of an aliquot taken after
10 s of reaction time (B) and as illustrated in amalgamation schematics (C). (D to F) Aliquots taken after 10's, 2 min, and 10 min of reaction time are shown in TEM and STEM

EDX images.
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Amalgamation mechanism

To gain insights into the amalgamation mechanism, we focus on
the synthesis of AgzGa NCs. We observe fast doping of Ag seeds by
Ga (t < 10 s), followed by a gradual conversion to the intermetallic
Ag;Ga phase (Fig. 2). We interpret that the Ga-amide precursor
undergoes thermolysis (Fig. 2, B and C), leading to the accumula-
tion of liquid Ga on the NC surface without epitaxial constraints
(35-37). Quick doping kinetics can be attributed to the fast thermolysis
of the Ga-amide precursor and the large diffusion coefficient of
liquid Ga (38), combined with the fact that Ga-doped Ag is a solid
solution within the face-centered cubic (fcc) Ag phase. By 2 min of
reaction time (Fig. 2E and fig. S6), Ga-doped Ag NCs are, in part,
transformed into hexagonal close-packed (hcp) AgzGa NCs and the
Ga islands on the NC surfaces have merged, forming a shell struc-
ture. The delay in conversion to the AgzGa phase (10-min aliquot;
Fig. 2F) can be partially attributed to diffusion kinetics and a misci-
bility gap (3 to 10 atomic %) between the fcc and hep phases (fig.
S7). Considering our synthesis of other IMC materials (Fig. 1), we
hypothesize that this mechanism, based on accumulation of amal-
gamating metal on the NC surface, fast diffusion of these low-melting
point metals (Ga, In, and Zn), and stepwise conversion to interme-
tallic phases, is generalizable.

Composition control

The amalgamation seeded growth method offers easy and quantita-
tive control over the resulting NC compositions. The amount of
amalgamating metal precursor determines the stoichiometry of the
resulting IMC NCs, as highlighted for the Au-Ga system (Fig. 3). In
case of Au-Ga, small amounts of introduced Ga-amide result in fcc
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Fig. 3. Composition control. (A) Ratio between the constituent metals of IMC NCs
in relation to the amount of introduced amalgamation metal precursor, as shown
for the Au-Ga system. (B to D) As-synthesized AuGa, Au;Ga,, and Ga-doped Au NCs
are shown in TEM images.
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Ga-doped Au NCs, while proportionally larger quantities of Ga pre-
cursor lead to the conversion of Au seeds to various intermetallic
phases including hexagonal Au;Ga,, orthorhombic AuGa, and
cubic AuGa,. All IMC NCs are characterized by high phase purity
(figs. S3D, S8, and S9) and narrow size distributions (Figs. 1E and
3, B to D, and table S1). In analogy to fcc Ga-doped Au NCs, plas-
monic fcc Ga-doped Ag and fcc Ga-doped Cu NCs are prepared by
decreasing the amount of Ga precursor proportionally (fig. S10 and
S11). By selecting an amount of Ga precursor in between amounts
yielding single-phase IMC NCs, we obtain a quantitative mixture of
two phases (Fig. 3A and figs. S12 to S14). STEM EDX maps show
that in these mixed phase samples, the two intermetallic phases
occur on different particles rather than within the same particle.
This observation further supports the proposed amalgamation mecha-
nism of stepwise conversion to Ga-enriched IMC NCs, because
each individual NC is compositionally uniform (fig. S13) and the
amount of amalgamating metal disposed on the seeds solely deter-
mines the final phase composition (Fig. 3A).

Size control

Furthermore, amalgamation seeded growth enables excellent con-
trol over the size and size uniformity of IMC NCs. We highlight this
for a size series of AuGa, NCs obtained via amalgamation of Au
seeds of various sizes (Fig. 4, A to G, and fig. S15). We predict the
diameter of IMC NCs from an expected volume expansion upon
alloying, calculated from the diameter of the metal seeds and the ratio
of the seed metal and intermetallic phase densities according to Eq. 3.
We find a good agreement with the obtained sizes for all IMC NCs
(Fig. 4A and fig. S16). In addition, we demonstrate the preservation of
size uniformity upon amalgamation by comparing the size distribu-
tions of IMC NCs (AgzGa, Cu,Ga, NipGas, AuGa,, and PdGa) and the
initial seeds (Fig. 4H). Thus, highly monodisperse IMC NCs can be
obtained when metal seeds with narrow size distributions are used in
the synthesis (e.g., 5.4% for Ni,Gas NCs; Fig. 4H).

DISCUSSION

We have developed the amalgamation seeded growth as a generaliz-
able synthetic approach to achieve monodisperse intermetallic NCs
(IMC NCs) with size and composition control. The synthesis is
predictive and quantitative: The amount of amalgamating metal
defines the stoichiometry and phase purity of the resulting IMC
NCs, and the size and size distribution of the seed NCs determine
their diameter and size uniformity. Other seeded growth routes for
bimetallic NCs include epitaxial seeded growth (35) and galvanic
exchange reactions (39, 40). Specific bimetallic compositions have
been reported for both routes, e.g., coinage metal alloys (41) and
Sn-based alloys (42). In comparison, amalgamation seeded growth
synthesis emerges as a versatile and atom-economic method for
highly uniform IMC NCs, because it is not limited by epitaxial
constraints or relying on the occurrence of redox reactivity between
template seeds and a second metal.

In conclusion, we demonstrate the synthesis of crystalline and
compositionally uniform intermetallic colloids of various composi-
tions through amalgamation of different metal seeds (Au, Ag, Cu,
Pd, and Ni) with low-melting point metals (Ga, In, and Zn) and
obtain stable dispersions under ambient conditions, which are easy
to handle and process. Considering the large family of low-melting
point metals (fig. S17) and the ever increasing number of reports on
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Fig. 4. Size control. Experimentally obtained and calculated diameters of AuGa, NCs, as prepared from various sizes of initial Au seeds (A) and corresponding TEM imag-
es (B to G). The shaded area in (A) illustrates the increase of NC size upon amalgamation reaction (note a good agreement between predicted and measured size of AuGa,
NCs). (H) A comparison between size distribution histograms of initial seeds (Ag, Cu, Ni, Au, and Pd) and corresponding IMC NCs (Ag3Ga, Cu,Ga, Ni,Gas, AuGa,, and PdGa)
reveals the preservation of size dispersion characteristics (polydispersity percentages are given next to histograms) upon amalgamation.

monometallic and alloy NCs, we envision that amalgamation seeded
growth can be used to achieve nanocrystals of numerous other IMCs
of interest for the many applications considered for these materials.

MATERIALS AND METHODS

Experimental design

The Amalgamation seeded growth method involves the reaction
between monometallic seed NCs (Au, Ag, Cu, Pd, or Ni) and am-
ides of a second, low-melting point metal (Ga, In, or Zn). We
report complete synthesis descriptions for many bimetallic NCs
(e.g., Pd-containing compositions below and other bimetallic NCs
in the Supplementary Materials), reveal the mechanism of reaction,
and provide details for comprehensive structural and optical char-
acterization of obtained IMC NCs.

Synthesis of PdGa, PdIn, and PdZn NCs

Pd seeds (4.3 = 0.5 nm) were synthesized according to a previously
reported procedure (43). A yellow-colored Pd-precursor solution
was prepared by dissolving 50 mg (0.164 mmol) of Pd(acac), in 5 ml
of oleylamine and 0.5 ml of trioctylphosphine inside the glovebox.
The Pd-precursor solution was then transferred to an evacuated
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three-neck flask. Next, the solution was brought to a temperature of
250°C for 30 min under N, flow, during which the synthesis solu-
tion turned into a gray-colored dispersion of Pd seeds. The synthesis
solution of Pd seeds was then cooled down to room temperature,
evacuated for 10 min to remove volatile by-products resulting from
the seed synthesis, and brought back to 260°C under N, flow. This
was followed by the swift injection of an amalgamating metal pre-
cursor solution, prepared by dissolving either 300 mg (0.74 mmol)
of Gay(NMe,)s or 300 mg (0.50 mmol) of In[N(SiMes),]5 in squalane
(3 ml) or by measuring 0.1 ml (0.25 mmol) of Zn[N(SiMe3),],. The
synthesis was brought to a temperature of 280°C for 10 min, and the
reaction was subsequently terminated by cooling down to room
temperature. To purify the synthesis solution, NCs were precipitated
with 50 ml of ethanol, followed by centrifugation for 5 min at
6000 rpm. The NCs were subsequently redispersed in hexane (5 ml)
and oleic acid (0.5 ml), and this precipitation/redispersion cycle was
repeated two more times. Last, the resulting NCs were dispersed in
hexane (5 ml) and stored under ambient conditions.

Electron microscopy measurements
TEM images were captured with a Hitachi HT7700 microscope
operating at 100 kV. High-angle annular dark-field scanning TEM
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(STEM) images, STEM EDX elemental maps, and HRTEM images
were collected with an FEI Talos microscope operating at 200 kV.
Aberration-corrected HRSTEM images were taken with a Hitachi
HD2700 microscope operating at 200 kV. To prepare the NC mono-
layers, diluted colloidal dispersions of NCs in hexane were drop-cast
onto a carbon grid. Size distribution analysis was performed by
counting the diameters of 300 NCs in the acquired TEM images using
Image] software, neglecting oxide shells. Size deviations were ob-
tained from Eq 1, using a Gaussian fit of the obtained size histograms

_ fwh
= Tm (1)

s
where fwhm is the full width at half maximum of the Gaussian fit.

Powder XRD measurements

Powder XRD patterns were measured on the Rigaku SmartLab 9 kW
System, equipped with a rotating Cu anode and a two-dimensional
solid-state detector (HyPix-3000 SL). Colloidal solutions were drop-
casted on a high-hkl cut Si substrate and measured in parallel beam
geometry (a step size of 0.05° and a scanning speed of 0.7°/min were
used). Rietveld refinements were performed using FullProf Suite
software. Crystallite sizes were calculated from the Scherrer equa-
tion (44), Eq. 2, using a Gaussian fit of three diffraction peaks per
collected XRD pattern and providing an average crystallite size value

_ K\
= BcosO 2)

where 71 is the mean size of the crystalline domains, K is a dimen-
sionless shape factor with a chosen value of 0.9, A is the x-ray wave-
length (0.15406 nm), B is the line broadening at full width at half
maximum of the Gaussian fit after subtracting the instrumental line
broadening, and 8 is the Bragg angle.

UV-Vis extinction measurements

Ultraviolet-visible (UV-Vis) extinction spectra were acquired with
an Agilent Cary 5000 spectrophotometer. NC dispersions in hexane
were put in a quartz cuvette and referenced with a blank solvent.

Size expansion calculations
The size expansion of metal seeds upon alloying into intermetallic

NCs was calculated from Eq. 3
dyy—2—
p2xwi

where d, is the diameter of the resulting intermetallic NCs, d; is the
diameter of the metal seeds, p; is the density of intermetallic phase,
p1 is the density of seed metal, and w; is the mass fraction of the seed
metal in the IMC. This formula is derived from the mass of the
seeds, which is the mass of the IMC NCs factorized with the weight
fraction of the seed metal in the intermetallic phase.

dz = (3)

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/31/eabg1934/DC1
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