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ABSTRACT

Metal nanoparticles of multi-principal element alloys (MPEA) with a single crystalline phase have been synthesized by flash
heating/cooling of nanosized metals encapsulated in micelle vesicles dispersed in an oil phase (e.g., cyclohexane). Flash heating
is realized by selective absorption of a microwave pulse in metals to rapidly heat metals into uniform melts. The oil phase barely
absorbs microwave and maintains the low temperature, which can rapidly quench the high-temperature metal melts to enable the
flash cooling process. The precursor ions of four metals, including Au, Pt, Pd, and Cu, can be simultaneously reduced by
hydrazine in the aqueous solution encapsulated in the micelle vesicles. The resulting metals efficiently absorb microwave energy
to locally reach a temperature high enough to melt themselves into a uniform mixture. The duration of microwave pulse is crucial
to ensure the reduced metals mix uniformly, while the temperature of oil phase is still low to rapidly quench the metals and freeze
the single-phase crystalline lattices in alloy nanoparticles. The microwave-enabled flash heating/cooling provides a new method
to synthesize single-phase MPEA nanoparticles of many metal combinations when the appropriate water-in-oil micelle systems
and the appropriate reduction reactions of metal precursors are available.
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1 Introduction

Multi-principal element alloy (MPEA) nanoparticles with pure
crystalline phase, comparing to their counterpart monometallic
nanoparticles, are attracting research interest in various disciplines
such as catalysis [1, 2]. For example, alloying one expensive metal
with the second, third, and even more metal elements not only
lowers the use of the most expensive metal, but also provides an
effective way to tune the electronic structures of the alloys from
the possible thousands of metal combinations [3, 4]. With respect
to heterogeneous catalysis, theoretical modeling and computations
have frequently predicted the enhancement of catalytic activity at
heterometallic sites [5,6], but the experimental attempts of
uniformly mixing multiple metal elements to form alloys with
single crystalline phases are still challenging [7-9]. The difficulty
mainly originates from the thermodynamic immiscibility of
different metal elements, which usually leads to phase segregation
in nanoparticles during synthesis. When the metal combinations
exhibit good miscibility across a wide range of concentration,
single-phase alloy nanoparticles have been readily synthesized
from different methods including colloidal chemical synthesis
[10-12]. In contrast, the metal combinations with low miscibility
tend to form phase-segregated nanoparticles such as core-shell
nanoparticles with cores and shells of different compositions and
multi-domain nanoparticles [13,14], which are
thermodynamically ~ stable than the single-phase alloy
nanoparticles with uniform distribution of individual elements.

Kinetics control over the formation of nanoparticles represents an
effective strategy to overcome the thermodynamic limitation,
enabling the synthesis of single-phase MPEA nanoparticles made
of immiscible elements. For example, Yao et al. reported a
carbothermal  shock  synthesis of single-phase =~ MPEA
nanoparticles, in which the corresponding solid-state metal salt
mixtures on carbon nanofiber supports were decomposed to
metals and melted into nanosized liquid droplets of metal
mixtures upon electrically thermal shock up to a temperature of
~ 2,000 K in the period of 55 ms (ie., rate of ~ 10° K/s) [15].
Despite the high tendency to coarsening into large droplets of the
melted metals, the inhomogeneity of surface chemistry of the
carbon nanofibers, ie., metal non-wettable carbon vs. metal-
affinitive surface-bound oxygen (O) residuals, forced the liquid
metals to shatter into nanosized droplets that strongly bonded to
the surface sites with O". The following ultrafast cooling at an
appropriate rate (~ 10° K/s) solidified individual liquid droplets to
form single-phase alloy nanoparticles. The high cooling rate plays
a crucial role in determining the crystalline phases of the resulting
nanoparticles. However, rapid heating and rapid cooling are
challenging to achieve in colloidal chemistry because temperature
control of reaction solutions in conventional reactors (e.g., glass
flask, autoclave, etc.) relies on heat diffusion between the entire
reactors and external heating source. Such globalized heating
strategy cannot support rapid temperature increase to the values
for melting metals while the solvents and reactors are still safe.
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Therefore, selective heating of metal components in liquid phase
becomes crucial to enabling the synthesis of single-phase MPEA
nanoparticles.

Both high-power pulsed laser [16, 17] and microwave radiation
[18,19] are capable of selectively heating metals dispersed in
appropriate solvents. In this work, high-power microwave
radiation is used as the external energy source for selectively
heating metal components including metal precursor ions in
reaction solutions because of its potential in scalable synthesis [20,
21]. Bulk metals with smooth surfaces usually reflect microwave
radiation, but the absorption of microwave radiation in metal
nanoparticles becomes significant because of their high surface
curvatures and large refractive indices, which strongly depend on
dimensions of the materials [22,23]. The efficient absorption of
microwave radiation in nanosized metals and metal precursor ions
will enable selective flash heating of the chemically produced
metals upon exposure to a high-power microwave pulse when
metal nanoparticles are synthesized in a solvent that is transparent
to the microwave. When the microwave power is strong enough
and the pulse duration is long enough, the produced metals melt
while the solvent still maintains a low temperature, creating a
significant temperature gradient between the melted metals and
the surrounding solvent. Once the microwave irradiation is turned
off, the melted metals (or liquid metals) are rapidly quenched by
dissipating heat to the solvent, forming single-phase MPEA
nanoparticles. Micelle vesicles in-situ formed from microemulsion
process are used as transient nanoreactors to physically confine
the liquid metals, generating nanosized metal solids. We recently
evaluated the microwave-enabled flash-heating and flash-cooling
strategy by synthesizing single-phase PtAu alloy nanoparticles
with arbitrary ratios of the two thermodynamically immiscible
elements using water-in-oil micelles as nanoreactor [24]. In this
work, the microwave-enabled flash-heating and flash-cooling
method is extended to synthesize single-phase MPEA
nanoparticles containing four elements of Au, Pt, Pd, and Cu (see
Fig. S1 in the Electronic Supplementary Material (ESM) for their
miscibility), shedding light on the promise in synthesizing single-
phase MPEA nanoparticles with complex compositions.

2 Experimental

In a typical synthesis of single-phase AuPtPdCu MPEA
nanoparticles, a stocked oil-phase suspension was prepared by
mixing 48 mL cyclohexane, 8 mL n-butanol, and 4 g
cetyltrimethylammonium bromide (CTAB) under ultrasonic
vibrations for 30 min until the two-phase system turned milky
white. The solution I containing metal precursors was obtained by
adding 20 pL of aqueous solution of each metal precursor (0.1 M)
into 2 mL stocked hexane/butanol/CTAB suspension. The metal
precursor chemicals were HAuCl,, Na,PtCl,, Na,PdCl,, and CuCl,
for producing Au, Pt, Pd, and Cu, respectively. A clear dispersion
was obtained after 15-min sonication, indicating the formation of
water-in-oil microemulsion micelle vesicles. The metal precursors
were enclosed in the micelle vesicles. The solution II containing
reducing agent was prepared in a same procedure except the
addition of 80-uL hydrazine hydrate (64% hydrazine). Hydrazine
was also enclosed in the micelle vesicles. The solution I containing
metal precursors was frozen into a wax-like solid in a freezer set at
-20 °C because the freezing point of cyclohexane was 6.5 °C.
When the solution IT was added to the frozen solution I, the liquid-
state solution II was above the solid-state solution I at room
temperature. The solution I and solution II were well separated to
prevent the reduction of metal precursors. The two-layer solution
in a microwave reaction tube was then placed in an Anton Paar
Monowave 300 microwave reactor equipped with a 2.45 GHz
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microwave generator of 850 W in power. Turning on the
microwave selectively heated the aqueous solution in the micelle
vesicles in both solution I and II, broken the micelle vesicles,
mixed solution I and II, formed new micelle vesicles containing
both metal precursors and hydrazine, and triggered reduction
reaction of metal precursors to produce metals. Note: The large
volume oil phase barely absorbed microwave energy to increase
temperature although the metals enclosed in the micelle vesicle
might be at very high temperature. During 10-s microwave
heating at the maximum power, the global temperature of the
solution (dominated by cyclohexane) was monitored with the
internal contactless infrared (IR) detector, showing the reading
change from ~ 0 to ~ 70 °C. Once the microwave was turned off,
strong airflow was applied to cool the solution quickly down to
room temperature, avoiding the possible spill caused by solvent
boiling. The metal nanoparticles were collected by centrifugation
followed by washing with ethanol and water three times. A more
detailed description of chemicals, synthesis, and characterizations
can be found in the ESM.

3 Results and discussion

When a high-power microwave pulse is applied to the two-layer
micelle solution, cyclohexane (oil phase) with loss tangent (tand)
of < 0.0001 is transparent to microwave and barely absorbs
microwave radiation. In contrast, the water phase containing
metal ions is encapsulated in the micelle vesicles quickly and
efficiently absorbs the microwave energy because of their high loss
tangents (i.e, 0.12 and 0.57 for water and n-butanol molecules,
respectively). The non-uniform heating, i.., selective heating of
the micelle-encapsulated water phase, leads to vigorous agitation
of the mixed solution. The solution agitation facilitates quick
fusion of the two types of micelles (ie., ones containing metal
precursors and ones containing hydrazine) and the formation of
new micelles containing both hydrazine and metal precursor ions,
triggering the rapid reduction of metal ions to produce metal
atoms. The metal atoms condense to nanosized solid particles or
liquid droplets, which possess free electrons to be resonant with
microwave to absorb microwave energy more efficiently [25, 26].
The conversion of microwave energy to heat in the nanosized
metals can locally maintain temperature high enough to keep the
nanosized metals in liquid or quasi-liquid state, enabling the
uniform mixing of all elements in each nanosized droplet. When
the microwave is turned off, the high temperature gradient
between the liquid metals and the surrounding cyclohexane
quenches the liquid metals, lowering their temperature rapidly to
solidify them into alloy nanoparticles while maintaining the
uniform element distribution same as in the liquid metals. The
rapid quenching kinetics, i.e., fast enough temperature decrease
rate, is crucial to freeze the uniform element distribution of the
liquid metals to form single-phase MPEA nanoparticles.

Figure 1(a) shows a typical transmission electron microscopy
(TEM) image of the AuPtPdCu MPEA nanoparticles synthesized
from a reaction with a 10 s microwave pulse. The molar ratio of
the metal precursors, i.e., HAuCl,, Na,PdCl,, Na,PtCl,, and CuClL,
is 1:1:1:1. The nanoparticles exhibit an average size of 6.1 nm with
a standard deviation of 1.2 nm (Fig. 1(b)). The granular
nanoparticles exhibit narrow size distribution. The nanoparticles
are not well separated or somehow connected with neighboring
ones (Figs. S2(a) and S2(b) in the ESM), which can be ascribed to
that the quenching kinetics might be not fast enough to
completely shatter liquid metals and solidify them into well-
separated nanoparticles on the inner walls of the micelle vesicles.
Ultrasonication of the as-synthesized nanoparticles in water
cannot disperse them into freestanding individual ones, indicating
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Figure1 Characterization of the synthesized single-phase AuPtPdCu MPEA nanoparticles. (a) TEM image of the nanoparticles dispersed on a TEM grid. (b) Particle
size distribution statistics according to the dimensions measured from the TEM image. (c) HR-TEM image of a cluster of nanoparticles connected by thin bottlenecks,
which are indicated by the red arrow. (d) HE-XRD pattern of the nanoparticles. The sticks coded with different colors refer to the standard XRD patterns of pure metal
powders. The wavelength of X-ray was 0.2115 A (corresponding to photon energy of 58.621 keV).

the physical connections between neighboring nanoparticles. High-
resolution TEM (HR-TEM) image of a cluster of nanoparticles
shows the existence of thin bottlenecks that fuse the adjacent
nanoparticles (Fig. 1(c)). The two adjacent nanoparticles linked by
one bottleneck exhibit different crystalline orientations, indicating
that the nanoparticles are formed independently during the rapid
temperature quenching. When the liquid metals shatter and
solidify into nanoparticles, the residual liquid metals between
neighboring nanoparticles solidify to form the bottlenecks. Energy-
dispersive X-ray spectroscopy (EDX) of ensembled nanoparticles
in a scanning electron microscopy (SEM) sample shows the
presence of all four metal elements (i.e., Au, Pt, Pd, and Cu) in the
synthesized nanoparticles (Figs. S2(c) and S2(d) in the ESM). The
semi-quantitative analysis of fitting the EDX peaks gives the
atomic percentage of each element in the nanoparticles, ie., 25%,
17%, 23%, and 35% for Au, Pt, Pd, and Cu, respectively (see Table
S2 in the ESM). Accurate elemental analysis of the nanoparticle
dispersion using inductively coupled plasma optical emission
spectroscopy (ICP-OES) determines the atomic percentage of each
element as 29%, 15%, 28%, and 28% for Au, Pt, Pd, and Cu,
respectively (or a formula of AugyyPty;sPdjsCuygas). The
compositions determined by these two measurements agree well
except that Cu weighs more in the EDX analysis, indicating that
EDX analysis can be used to quickly estimate the compositions of
synthesized nanoparticles with reasonable accuracy. It is worth
noting that Pt in the synthesized nanoparticles exhibits a lower
concentration compared with the concentration of the
corresponding precursor (Na,PtCl,) in the reaction solution. Such
a deviation might originate from the self-decomposition of the
stocked Na,PtCl, solution, which leads to the formation of
precipitates and lowers the actual concentration of PtCl ions in
the solution. The other three elements, i.e., Au, Pd, and Cu, exhibit
1:1:1 atomic ratio in the nanoparticles, consistent with the molar
ratio of their corresponding precursors in the reaction solution.
High-energy X-ray diffraction (HE-XRD) pattern of the
nanoparticles exhibits peaks corresponding to only one set of face-
centered cubic (fcc) lattice, indicating the single crystalline phase
of the synthesized MPEA nanoparticles (Fig. 1(d)). The absence of
peak splitting confirms the exclusion of phase segregation during
rapid quenching the liquid metals. The peaks located at 5.409°,
6.204°, and 8.839° correspond to (111), (200), and (220)

reflections, respectively. According to Bragg’s equation, the
interplanar distances (d) between (111), (200), and (220)
crystalline planes are 2.242, 1.954, and 1.371 A, respectively
(Tables S3 and S4 in the ESM). The (111) peak of the single-phase
AuPtPdCu MPEA nanoparticles falls between the peaks of the
pure Au metal with the largest unit cell (5.147°, JCPDF #04-0784)
and the pure Cu metal with the smallest unit cell (5.806°, JCPDF
#04-0836). It is close to that of pure Pt metal (5.352°, JCPDF #04-
0802) and pure Pd metal (5.398°, JCPDEF #46-1043).

Elemental distribution of four metal elements in individual
nanoparticles has been characterized with high-angle annular dark-
field scanning TEM (HAADF-STEM) coupled with EDX
mapping (Fig.2). All four elements are present in each
nanoparticle (Figs. 2(b)-2(e)). The spatial distributions of all
elements overlap very well, confirming the homogeneous mixing
of all four elements in the single-phase MPEA nanoparticles
(Fig. 2(f)). The enlarged HAADF-STEM/EDX maps (Fig. S3 in the
ESM) of the bottlenecks between neighboring nanoparticles show
higher concentration of Pd in the bottlenecks than nanoparticles,
as evidenced by the bluer color of the bottlenecks than the
nanoparticles (Fig. 3(a)). The enrichment of Pd in the bottlenecks
implies that the different Pd concentrations in the bottlenecks and
adjacent nanoparticles do not generate significant difference in
lattice constant to break the (unnecessary) connection of
neighboring MPEA nanoparticles. The (111) interplanar distance
of pure Pd metal is 2.246 A, which is almost the same as that of
the MPEA nanoparticles (ie., 2242 A). The lattice matching
between the bottlenecks and neighboring MPEA nanoparticles
represents the thermodynamic driving force to bridge MPEA
nanoparticles with the bottlenecks because the temperature
quenching kinetics is not rapid enough to completely shatter
liquid metals into well-separated nanoparticles. The HR-TEM
image of a Pd-enriched bottleneck shows that its lattice
continuously extends from the lattices of neighboring MPEA
nanoparticles (Fig. 3(b)). Because of the thin thickness, the lattice
of the bottleneck distorts with nonparallel (111) lattice fringes in a
radial angle range of ~ 12°. The existence of lattice distortion and
high-entropy metal mixing in the synthesized nanoparticles may
induce peak broadening in the HE-XRD pattern. According to
Scherrer’s equation, the uniform nanoparticles with size of 6.1 nm
should exhibit (111) XRD peak with a full width at half maximum
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Figure2 (a) HAADF-STEM image and ((b)-(e)) elemental EDX mappings of (b) Au, (c) Pt, (d) Pd, and (e) Cu of the synthesized single-phase AuPtPdCu
nanoparticles. (f) Overlaid images of the elemental EDX mapping are shown in ((b)-(e)). The scale bar in (a) also is applies to ((b)-(f)).

Figure3 (a) Overlaid EDX mapping images of Au, Pt, Pd, and Cu of
connected nanoparticles, highlighting the non-uniform composition in the
bottlenecks (indicated by arrows) and nanoparticles (indicated by the dashed
circles). The bluer color (coded for Pd) of the bottlenecks indicates higher
concentration of Pd in the bottlenecks than in the nanoparticles. (b) HR-TEM
image of two nanoparticles connected with a thinner bottleneck that exhibits a
minor angular lattice distortion.

(fwhm) of 0.188°. The fwhm of (111) peak measured from the
synthesized AuPtPdCu MPEA nanoparticles is 0.31°, confirming
the peak broadening effect (Table S3 in the ESM).

The successful synthesis of single-phase AuPtPdCu MPEA
nanoparticles confirms the ability of the microwave-enabled flash-
heating/flash-cooling in homogeneously mixing the immiscible
elements. This synthesis protocol is also feasible to synthesize
single-phase MPEA nanoparticles made of ternary element
combinations (i.e, AuPtPd, AuPtCu, AuPdCu, and PtPdCu).
TEM images of these ternary MPEA nanoparticles show the
morphology similar to that of the quaternary AuPtPdCu MPEA
nanoparticles (Figs. S4-S7 in the ESM, frames (a) and (b)). The
average sizes of the ternary MPEA nanoparticles are 7.1 + 1.9, 6.5
+ 13,72+ 1.9, and 59 * 1.1 nm for AuPtPd, AuPtCu, AuPdCu,
and PtPdCu nanoparticles, respectively (Figs. S4-S7 in the ESM,
frames (c)). The EDX spectrum of each sample confirms the
existence of the corresponding three metal elements (Figs. S4-S7
in the ESM, frames (d); Table S5-S8 in the ESM). The chemical
formulae of these ternary MPEA nanoparticles, determined with
ICP-OES measurement, are calculated as AuysePtyPdysp,
AugsPlo16Clgzp,  AUgsPdo3Cugz,  and  PloyPdyssCuys,
respectively.

The HE-XRD patterns of the ternary MPEA nanoparticles are
consistent with the fcc lattices of one group of well-defined (111),
(200), and (220) peaks regardless of the compositions (Fig. S8,
Tables S3 and $4 in the ESM). The positions of XRD peaks (or the
interplanar distance) shift with the variation of the average size of

the metal atoms in the alloy nanoparticles. For example, the (111)
peak shifts from 5.297° for the AuPtPd nanoparticles (without the
smallest Cu atoms) to 5.543° for the PtPdCu nanoparticles
(without the largest Au atoms) (blue curve versus cyan curve,
Fig. 4(a)). According to the empirical Vegard’s law, the lattice
constant (or a specific interplanar distance) of an alloy is
determined from the linear combination of the lattice constant (or
a specific interplanar distance) of each pure element weighted by
its atomic fraction

a = Xpa, +Xxgag+---+x,0,

where x is the atom fraction, a is the lattice constant or a specific
interplanar distance, and the subscripts represent the elements.
The (111) interplanar distances (d,,;) of pure Au, Pt, Pd, and Cu
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Figure4 (a) HE-XRD patterns of the synthesized single-phase MPEA
nanoparticles made of Aty oPty;5Pdg2sCugas Atlg3Pdy31Clyz, AtlgsoPlyCligse
Aug3PtyPdys, and Pty,)Pdy,sCuqs,, scaled to show the (110) and (200)
diffraction peaks only. (b) The interplanar distance along [111] direction, ie.,
dyy;, determined from the HE-XRD patterns (y-axis) is consistent with d,,
calculated from the composition of nanoparticles according to Vegard’s law (x-
axis).
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metals are 2.355, 2.265, 2.246, and 2.088 A, respectively. The
values of d);; calculated for the synthesized single-phase MPEA
nanoparticles are 2237, 2.236, 2249, 2.291, and 2.199 A for
AUy 0Pt 15Pdg25Cug28 Al Pdos1Cllgzy, APty 16CUgss  Allgsg
Pty,0Pdy4, and Pty, Pd,sCuys,, respectively. The calculated d;;
agrees well with the d,;; determined from the HE-XRD patterns
(Fig. 4(b)), again confirming the uniform mixing of all elements in
the synthesized MPEA nanoparticles. Since Au and Cu exhibit the
largest and smallest atom size, respectively, in this group of
coinage metals (ie, Au, Pt, Pd, and Cu), dj;, of the MPEA
nanoparticles are mainly determined by the atom ratio of Au:Cu.
For instance, the MPEA nanoparticles without either Au or Cu,
ie., Pty 0Pdy4sCuyg s, and AugsePty,Pd 4, exhibit dy; of 2.192 and
2294 A, representing ~ 5% difference in lattice constant.
Controlling the composition of single-phase MPEA nanoparticles
is effective to tune lattice constant to influence their properties
such as catalysis [27].

The global temperature of solution (dominated by the oil-phase
cyclohexane) and pressure above the solution during the
nanoparticle synthesis can be monitored in real time using the
build-in contactless IR thermometer and pressure gauge. The real-
time change of both temperature and pressure has been recorded
from a typical synthesis of MPEA AuPtPdCu nanoparticles, and
the results are presented in Fig. 5(a). Once the microwave pulse is
turned on, microwave radiation is mainly absorbed by the water
phase containing metal precursors and reduced metals
encapsulated in the micelle vesicles, resulting in rapid temperature
increase locally. In the 10-s course of microwave pulse, the global
temperature increases from ~ 0 to ~ 70 °C. The temperature
continues increasing to ~ 80 °C after the microwave is turned off,
confirming that the water phase and metals are locally heated to
higher temperatures. The post-microwave temperature increase
lasting ~ 5 s indicates that the metal phase is very hot and
possesses significant amount of heat. In contrast, a controlling
experiment is conducted with the oil-phase only (ie., the
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Figure5 (a) Time-dependent variation of global temperature of the synthesis
solution measured with the internal IR thermometer (solid red dots) and
pressure above the solution (solid blue diamonds) under a 10-s microwave
pulse. The data recorded for a solution without micelles (ie., absence of water,
metal precursors, and hydrazine) are presented as reference (hollow symbols).
(b) The HE-XRD pattern and TEM image (inset) of alloy nanoparticles
containing Au, Pt, Pd, and Cu synthesized with a 3-s microwave pulse.
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cyclohexane/CTAB/1-butanol mixture without metal precursors
and hydrazine in micelle vesicles). A 10-s microwave heating
increases the temperature from ~ 0 only to ~ 30 °C, and the
temperature stops increasing immediately after turning off the
microwave. The comparison clearly shows that the metal
precursors and metals formed from the reduction reaction
represent the hot spots in the synthesis solution to efficiently
absorb the microwave radiation and rapidly increase their
temperatures locally. The rapid local heating is essential to
promote the fast reduction of metal precursors and melt the
reduced metals to a liquid or quasi-liquid state.

Heating the oil-phase only with the microwave pulse does not
build up any pressure in the reactor, which contrasts with the time-
dependent pressure variation for the synthesis solution containing
metal precursors and hydrazine. According to the change of
pressure, the entire synthesis of MPEA nanoparticles can be
divided into three characteristic stages. As shown in Fig. 5(a), the
pressure increases rapidly in the initial 4 s (Stage i). The frozen
solution I containing metal precursors mixes with the solution II
containing hydrazine to trigger the vigorous reaction between the
metal jons and hydrazine, resulting in the formation of nanosized
metals (possibly in solid, or liquid, or quasi-liquid state) and N..
Although the reduction of metal ions almost completes at Stage i,
continuous microwave radiation can further reduce the unreacted
metal ions (e.g., Cu** ions with the least oxidizing power) to release
N,. The already formed nanosized metals efficiently absorb
microwave energy to rapidly increase their temperature and
facilitate melting the metals. The large temperature gradient
between the melted metals and the surrounding oil phase
promotes heat transfer to increase the temperature of cyclohexane
at Stage ii (ie, 410 s), increasing the vapor pressure of
cyclohexane. Both the continuous release of N, and elevation of
vapor pressure of cyclohexane further increase the pressure at
Stage ii although the slope is not as steep as that at Stage i. Once
the microwave is turned off, the pressure starts to drop (Stage iii).

Although most metal precursor ions can be reduced at Stage i,
the extended microwave heating at Stage ii is crucial to ensuring
the complete reduction of Cu* and the uniform mixing of all
metals in a liquid or quasi-liquid state. When a synthesis reaction
is terminated at Stage i, for example, at 3 s, the HE-XRD pattern of
the resultant nanoparticles exhibits asymmetric diffraction peaks
(Fig. 5(b)), indicating the co-existence of two types of fcc lattices.
The major set of XRD peaks locate at 5.219° 5.956° 8.534°, and
10.009°, corresponding to the fcc lattice with dy;; of 2.32 A, A
secondary set of XRD peaks center at 5.34°, 6.17°, 8.74° and 10.25°,
referring to the fcc lattice with a smaller d;;; of 2.27 A. The co-
existence of two types of fcc crystalline phases might be ascribe to
two possible reasons. First, the temperature of metals formed from
the reduction of metal precursors at 3 s is not high enough to melt
the metals to uniformly mix all elements. Second, the temperature
gradient from the metals to surrounding cyclohexane is not large
enough to rapidly freeze the high entropy state of melted metals
but allows phase segregation. The nanoparticles formed with 3-s
microwave pulse are well separated on the TEM grid (inset,
Fig.5(b)) and different from the geometry of the single-phase
AuPtPdCu MPEA nanoparticles formed with 10-s microwave
pulse (Fig. 1(a)), which possess bottlenecks connecting individual
nanoparticles. The difference in geometries of the nanoparticles
synthesized with microwave pulse of different durations indicates
that the first reason could be more likely responsible for the
observed two crystalline phases in the nanoparticles formed with
shorter microwave pulse. In addition, the values of d,;; of the
nanoparticles formed with 3-s microwave pulse are larger than
that of the single-phase AuPtPdCu MPEA nanoparticles,
indicating the lack of small Cu atoms in the nanoparticles shown
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in Fig. 5(b). EDX analysis of the nanoparticles gives the atomic
percentages of 25%, 15%, 33%, and 27% for Au, Pt, Pd, and Cu,
respectively. The EDX analysis shows a lower Cu percentage
(27%) compared to that (35%) in the nanoparticles synthesized
from the 10-s microwave reaction. (Note: The concentrations of
each elements in the synthesized nanoparticles determined from
EDX analysis are not as accurate as ICP-OES measurement
because of the intrinsic inaccuracy of the quantitative analysis
model. The comparison of the atomic percentages between two
samples using the same EDX analysis procedure is still valid to tell
the difference between the samples.) The difference of the Cu
percentage in the nanoparticles synthesized from the microwave
reaction of different times indicates that a short reaction time (3 s)
cannot completely reduce the copper salt. Therefore, it is
important to extend microwave heating to Stage ii to ensure the
complete reduction of Cu* and to melt the metals into uniform
metal mixture. When the microwave is turned off at Stage iii, the
uniform metal melts are rapidly quenched by surrounding
cyclohexane to solidify into single-phase MPEA nanoparticles.
The volume shrinking during the solidification process shatters
the metal melts into smaller nanoparticles. The incomplete
separation of individual nanoparticles might be owing to that the
temperature gradient cannot induce rapid enough quenching of
the metal melts and/or that the interaction between the metals and
the inner wall of micelle vesicles is too strong to prevent volume
shrinking of the metals.

In summary, single-phase MPEA nanoparticles made of
quaternary and ternary metal elements have been successfully
synthesized by the method relying on microwave-enabled flash
heating/flash cooling of nanosized metals in micelle vesicles
dispersed in microwave-transparent cyclohexane (oil phase). The
microscopic characterizations including HR-TEM imaging and
EDX mapping confirm the uniform distribution of all elements
and pure fec lattice in individual nanoparticles. A long enough
duration of microwave pulse is crucial to ensure that the metals
formed from reduction of metal precursor ions can be melted to
mix all elements homogeneously, facilitating the formation of
single crystalline phase during the rapid temperature quenching.
The synthesis protocol reported in this work is ready to synthesize
single-phase MPEA nanoparticles of other compositions when
appropriate metal precursors, reductants, micelle surfactants, and
power and duration of microwave pulse are optimized. The future
study of the alloy structure and structure-related physical and
chemical properties of single-phase MPEA nanoparticles with
various of compositions will generate a large pool for selecting
high mechanical perforamce alloys [28] as well as high-
performance catalysts towards various of reactions [29].
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Experiment Section

Chemicals. Cyclohexane (CeHi2, 99%, Alfa Aesar), n-butanol (C4H;00, 99.5%, Acros Organics), cetyltrimethylammonium
bromide (CTAB, 98%, Chem Impex), hydrazine hydrate (NoH4H >0, 64%, Acros Organics), tetrachloroauric(IIl) acid
trihydrate (HAuCls-3H,0, 99.9%, Alfa Aesar), sodium tetrachloroplatinate(Il) hydrate (Na,PtClsxH,O, 99.95%, metal base
42.4%, Alfa Aesar), sodium tetrachloropalladate (II) hydrate (Na,PdClsxH,O, 99.95%, metal base 30%, Alfa Aesar), and
copper chloride dihydrate (CuCl, 2H>0, 99%, Acros Organics) were used as received without further purification.

Synthesis of single-phase MPEA nanoparticles. In a typical synthesis of single-phase AuPtPdCu MPEA colloidal
nanoparticles, a stocked oil phase suspension was prepared by mixing 48 mL cyclohexane (with freezing point of ~6.5 °C), 8
mL n-butanol, and 4 g CTAB with the assistance of ultrasonication for 30 min until the liquid mixture was emulsified to a
milky white emulsion. To an Anton Paar G10 microwave reactor tube was sequentially added 20 pL of 0.1 M HAuCls aqueous
solution, 20 pL of 0.1 M Na,PtCls aqueous solution, 20 puL of 0.1 M Na,PdCls aqueous solution, 20 pL of 0.1 M CuCl
aqueous solution, and 2 mL of the stocked hexane/butanol/CTAB emulsion. The mixture was then sonicated for 15 min and
it turned to a clear and orange solution. Such change in appearance was ascribed to the formation of water-in-oil
microemulsion micelle vesicles encapsulating the aqueous solution of metal precursors. This solution was denoted as solution
I. A same procedure was used to prepare a solution containing reducing agent that can reduce metal precursors to synthesize
metal nanoparticles. Mixing 2 mL of the stocked hexane/butanol/CTAB emulsion with 80 pL hydrazine hydrate (64%
hydrazine) followed by ultrasonication for 15 min led to the formation of water-in-oil microemulsion micelle vesicles
encapsulating hydrazine. This solution was denoted as solution II. The reaction tube with solution I was placed in a freezer
that set to —20 °C to freeze solution I into a wax-like solid, while solution II was stored at the room temperature. Carefully
adding the (liquid) solution II to the (solid) solution I resulted in two layers of well-separated water-in-oil microemulsion
solution, preventing the direct contact and reaction between metal precursors and hydrazine. The reaction tube was sealed by
a cap with a silicone septum and was then placed in the Anton Paar Monowave 300 microwave reactor. The microwave reactor
is equipped with a microwave generator at 2.45 GHz (corresponding to a wavelength of 12.25 ¢cm) and with a maximum
power of 850W. The microwave reactor was programmed to deliver a 10-s microwave pulse to the reaction solution at the
maximum power (850W). The internal contactless IR thermometer and pressure gauge were used to monitor the global
temperature of the reaction solution and gaseous pressure above the reaction solution, respectively. In a typical synthesis, the
temperature increased from 0 °C to ~70 °C. Once the microwave was turned off, pressurized air flow was used to promote
rapid quenching of the reaction solution. The solution turned to black after reaction, indicating the formation of metal
nanoparticles. Centrifuging the solution settled the nanoparticles to the bottom of the centrifuge tube. Washing the settled
nanoparticles with ethanol and water three times to remove excess freestanding CTAB. The nanoparticles were then
redispersed in ethanol for characterizations. Single-phase MPEA nanoparticles of ternary metal elements were synthesized by
following the same procedure except the quantity of metal precursors, which are listed in Table S1.
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Table S1 Composition of reaction solutions for synthesizing single-phase MPEA nanoparticles

Solution I Solution II
MPEA HAUCL  NawPtCli  NaPdCl,  cucl, ~ CUPhase hydrazine oil phase
Sample JuL fuL L /L emulsion L emulsion
/mL /mL
AuPtPdCu 20 20 20 20 2 80 2
AuPdCu 20 0 20 20 2 60 2
AuPtCu 20 20 0 20 2 60 2
AuPtPd 20 20 20 0 2 60 2
PtPdCu 0 20 20 20 2 60 2

Concentration of each stock aqueous solution of metal precursor was 0.1 M. The concentration of hydrazine was 68%.

Characterization. The synthesized MPEA nanoparticles were examined with high-energy x-ray diffraction (HE-XRD),
which was carried out at high energy beamline 11-ID-C at Advanced Photon Source (APS), Argonne National Laboratory
(ANL). The wavelength of x-ray was 0.2115 A, corresponding to photon energy of 58.621 keV. The nanoparticle powders
were sandwiched and sealed with Kapton® tape and measured at the high energy beamline. The scattering signals were
collected by an imaging plate detector with a resolution of 2048%2048 pixels. The sample-to-detector distance (994.7 mm)
was calibrated by fitting the HE-XRD pattern of a standard CeO, sample. The recorded 2D scattering patterns were reduced
to 1D XRD curves using Fit2D software along with the background subtraction and intensity normalization. A JEOL1400
transmission electron microscope was used to characterize morphology, size, and size distribution of the synthesized
nanoparticles. Elemental analysis of ensembled nanoparticles on a silicon substrate was conducted with energy-dispersive x-
ray spectroscopy (EDX) using the X-MaxN 50 spectrometer (Oxford instruments) coupled with a FEI QUANTA 450 scanning
electron microscope (SEM). The SEM-EDX data was analyzed using the instrument build-in AZtec® software with factory
standards. High-resolution TEM and high-angle annular dark-field scanning TEM (HAADF-STEM) images and EDX
elemental mapping were performed using an FEI Talos microscope operated at 200kV, which is located at the Center for
Nanoscale Materials, ANL.
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Figure S1 Phase diagrams of binary metal alloys of Au, Pt, Pd, and Cu, showing the thermodynamic miscibility of these
metals as a function of compositions and temperatures. (a) The phase diagram of Au-Pt exhibits a large miscibility gap (i.e.,
immiscibility) at room temperature, indicating the difficulties of forming single phase AuPt alloy. (b-f) Other metal
combinations are generally miscible for a broad range of compositions but tend to form meta-stable intermetallic phases at
room temperature. Data obtained from ASM Alloy Phase Diagram Database™.
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Figure S2 (a) Low-magnification and (b) high-magnification TEM images of the synthesized single-phase AuPtPdCu MPEA
nanoparticles dispersed on a TEM grid. (c) Large field-of-view SEM image of the nanoparticles on a silicon substrate and (d)
EDX spectrum recorded from the nanoparticles highlighted in the squared in (c). The red curve is the fitted baseline.

Table S2 Analysis of the EDX spectrum of the single-phase AuPtPdCu MPEA nanoparticles

Energy Center Height Area fwhm Intensity .
El t At % *
emet line /keV /counts /count-keV /keV correction*® omic%
Cu L series 0.930 177 18.6 0.0688 0.72 35
Pd L series 2.838 69 5.6 0.0501 0.88 23
Pt M series 2.048 0.91 17
Au M series 2.120 261 39.2 0.1405 0.90 25
*Calculated by the instrument build-in AZtec® quantitative analysis with factory standards.
Table S3 Analysis of HE-XRD peaks
260 Grain 26 Grain 260 Grain
fwh fwh fwh
(111) v&;om size (200) Vjom size (220) vx;om size
/° /nm /° /nm /° /nm
AuPtPdCu 5.409 0.3104 3.7 6.204 0.5809 2.0 8.839 0.4277 2.7
AuPdCu 5.420 0.2685 4.2 6.227 0.5563 2.1 8.861 0.3941 2.9
AuPtCu 5.408 0.3505 3.3 6.193 0.4951 2.3 8.828 0.5045 2.3
AuPtPd 5.297 0.2309 4.9 6.104 0.3080 3.7 8.648 0.2877 4.0
PtPdCu 5.543 0.4275 2.7 6.294 0.4402 2.6 9.029 0.5903 1.9
fwhm = full width at half maximum; grain sizes were calculated using Scherrer’s equation.
Table S4 Interplanar distance along <111>, <200>, <220> and <311> crystalline directions
MPEA
. din/A droo /A drolA dsi /A daoo/din dholdin dsni/dn
nanoparticles
AuPtPdCu 2.242 1.954 1.371 1.172 0.8715 0.6115 0.5227
AuPdCu 2.237 1.944 1.369 1.169 0.8690 0.6120 0.5226
AuPtCu 2.246 1.958 1.376 1.175 0.8718 0.6126 0.5232
AuPtPd 2.294 1.990 1.406 1.198 0.8675 0.6129 0.5222
PtPdCu 2.192 1.920 1.342 1.144 0.8759 0.6122 0.5219

The values were determined from the peaks of HE-XRD patterns.
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Figure S3 (a) HAADF-STEM image and (b-e) elemental EDX mappings of (b) Au, (c) Pt, (d) Pd, and (e) Cu of the bottlenecks
(highlighted by pink arrow) between neighboring nanoparticles (highlighted by dashed pink circles). (f) Overlaid images of
the elemental EDX mapping shown in (b-e). The scale bar in (a) also applies to (b-f).
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Figure S4 (a, b) TEM image of the synthesized single-phase AuPdCu MPEA nanoparticles dispersed on a TEM grid. (c)
Particle size distribution histogram derived from statistic evaluation of the dimensions measured from the TEM image. (d)
EDX spectrum of the nanoparticles dispersed on a silicon substrate. The red curve is the fitted baseline.

Table S5 Analysis of the EDX spectrum of the single-phase AuPdCu MPEA nanoparticles

Energy Center Height Area fwhm  Intensity c o) %
Element line /keV  /counts /count-keV ~ /keV  correction* Atomic%s
Cu L series  0.930 190 12.7 0.0617 0.71 42.1
Pd L series  2.838 96 7.7 0.0437 0.88 27.9
Pt M series  2.048 0.88 0.1
Au  Mseries 2120 2% X & 29.9

*Calculated by the instrument build-in AZtec® quantitative analysis with factory standards.
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Figure S5 (a, b) TEM image of the synthesized single-phase AuPtCu MPEA nanoparticles dispersed on a TEM grid. (c)
Particle size distribution histogram derived from statistic evaluation of the dimensions measured from the TEM image. (d)
EDX spectrum of the nanoparticles dispersed on a silicon substrate. The red curve is the fitted baseline.

Table S6 Analysis of the EDX spectrum of the single-phase AuPtCu MPEA nanoparticles

Energy Center Height Area fwhm  Intensity <o) %
Element line /keV  /counts /count-keV /keV correction* Atomic%s
Cu L series  0.930 176 16.0 0.0690 0.78 42.6
Pd L series  2.838 0 0 - 0.86 0.2
Pt M series  2.048 0.93 22.5
) 315 48.5 0.1341
Au M series  2.120 0.91 34.8

*Calculated by the instrument build-in AZtec® quantitative analysis with factory standards.
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Figure S6 (a, b) TEM image of the synthesized single-phase AuPtPd MPEA nanoparticles dispersed on a TEM grid. (c)
Particle size distribution histogram derived from statistic evaluation of the dimensions measured from the TEM image. (d)
EDX spectrum of the nanoparticles dispersed on a silicon substrate. The red curve is the fitted baseline.
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Table S7 Analysis of the EDX spectrum of the single-phase AuPtPd MPEA nanoparticles

Ener Center Height Area fwhm  Intensity .0/ %
Element line & /keV  /counts /count-keV /keV  correction* Atomic%s
Cu L series  0.930 0 0 - 0.68 0.0
Pd L series  2.838 36 3.1 0.0352 0.89 41.3
Pt M series  2.048 0.96 23.4
74 10.3 0.1129
Au M series  2.120 0.94 353

*Calculated by the instrument build-in AZtec® quantitative analysis with factory standards.
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Figure S7 TEM image of the synthesized single-phase PtPdCu MPEA nanoparticles dispersed on a TEM grid: (a) zoom out,
(b) zoom in. (c) Particle size distribution statistics according to the dimensions measured from the TEM image (d) EDX
spectrum of the nanoparticles dispersed on a silicon substrate, the red curve is the fitted baseline.

Table S8 Analysis of the EDX spectrum of the single-phase PtPdCu MPEA nanoparticles

Ener Center Height Area fwhm  Intensity <o) %
Element lineg Y /keV  /counts /count-keV ~ /keV  correction* Atomic%s
Cu L series  0.930 148 11.8 0.0766 0.71 47.6
Pd L series  2.838 73 6.3 0.0661 0.90 31.1
Pt M series  2.048 0.85 213
120 13.8 0.0924
Au M series  2.120 0.84 0.0

*Calculated by the instrument build-in AZtec® quantitative analysis with factory standards
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Figure S8 Full range HE-XRD patterns of the synthesized single-phase MPEA nanoparticles made of Aug 29Pto.15Pdo.2sCuo.2s,

Auo37Pdo31Cu032, Auo.50Pto.16Cu0.34, A 3sPto.20Pdo 42, and Pto.20Pdo.4sCuo 32.
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