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Multi-principal elemental intermetallic nanoparticles
synthesized via a disorder-to-order transition
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Nanoscale multi-principal element intermetallics (MPEls) may provide a broad and tunable compositional space
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of active, high-surface area materials with potential applications such as catalysis and magnetics. However, MPEI
nanoparticles are challenging to fabricate because of the tendency of the particles to grow/agglomerate or
phase-separated during annealing. Here, we demonstrate a disorder-to-order phase transition approach that
enables the synthesis of ultrasmall (4 to 5 nm) and stable MPEI nanoparticles (up to eight elements). We apply just
5 min of Joule heating to promote the phase transition of the nanoparticles into L1, intermetallic structure, which
is then preserved by rapidly cooling. This disorder-to-order transition results in phase-stable nanoscale MPEls
with compositions (e.g., PtPdAuFeCoNiCuSn), which have not been previously attained by traditional synthetic methods.
This synthesis strategy offers a new paradigm for developing previously unexplored MPEI nanoparticles by access-
ing a nanoscale-size regime and novel compositions with potentially broad applications.

INTRODUCTION

Intermetallic compounds represent an important and unique family
of metals that feature long-range atomic ordering with well-defined
sublattices of the constituent metal or semimetal elements (I). Tra-
ditionally, bulk intermetallic materials or intermetallic precipitates
in other bulk matrices have been primarily used for their mechani-
cal properties (2, 3). However, nanoscale intermetallics, with their
large active surface area and unique surface properties, could prove
to be highly useful for various applications such as catalysis (4, 5),
magnetics (6), and superconductivity (7). To date, intermetallic nano-
particles have been limited to binary (8-15) or ternary (16, 17) com-
positions because of issues of particle growth/agglomeration and
phase separation in the multimetallic alloy. As a result, previously
demonstrated intermetallic nanoparticles have featured a narrow
compositional space that has prevented the potential of these mate-
rials from being fully realized.

Synthesizing multi-principal element intermetallic (MPEL; more
than three elements) nanoparticles requires fine control of the reac-
tion conditions, which has been difficult to achieve by traditional
synthesis methods (18) (e.g., furnace annealing) because of the slow
heating/cooling rates. Specifically, the long heating durations of
annealing-based techniques cause particle growth and agglomeration,
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preventing the synthesis of nanoscale MPEIs. An added complication
is the thermodynamic immiscibility of the constituent elements, which
results in phase separation (fig. S1) (14, 19). While phase separation can
be circumvented by recently developed kinetic trapping techniques (20),
the resulting multimetallic nanoparticles are disordered solid-
solution alloys [i.e., high-entropy alloys (HEAs)] (21) rather than
ordered MPEI nanoparticles. As MPEI nanoparticles are projected to
offer unique properties in catalysis (4, 5), there is a clear need for a
new synthetic approach that can achieve nanoscale MPEI materials.

In this work, we demonstrate the synthesis of nanoscale MPEIs
(4 to 5 nm) that contain up to eight different elements without par-
ticle growth or phase separation via a unique multi-elemental disorder-
to-order (HEA to MPEI) phase transition strategy (Fig. 1A).
Specifically, we first rapidly Joule-heated metal salt precursors on the
carbon substrate [x-ray diffraction (XRD) and scanning electron
microscopy characterization in fig. S2] at ~1100 K for 55 ms to pro-
duce disordered solid-solution HEA nanoparticles as the starting
material (22). We then use the precise heating control made possible
by this Joule-heating approach (in which the reaction temperature
is controlled by an electric current) to reheat the HEA nanoparticles
for just 5 min at ~1100 K to promote atomic rearrangement to a
more thermodynamically stable MPEI configuration (i.e., a disorder-
to-order transition), followed by rapid cooling to lock the final or-
dered structure in place. The resulting MPEI nanoparticles feature
an intermetallic structure that has two sublattices (A;B;) (fig. S3a).
Taking the octonary (PtosPdo 1Aug 1)(FepsCoo.1Nig1Cug1Sng1) Llg
MPEI that we synthesized as an example, high-angle annular dark-
field scanning transmission electron microscopy (HAADF-STEM;
Fig. 1B) showed that the noble metal atoms Pt, Pd, and Au randomly
distribute in sublattice A (bright layers), while the non-noble metal
atoms Fe, Co, Ni, Cu, and Sn randomly distribute in sublattice B
(dark layers), forming the intermetallic structure (fig. S3b).

This approach demonstrates a general strategy to synthesize
MPEI nanoparticles, not only providing a step toward octonary in-
termetallics but also enabling the synthesis of MPEIs at the nano-
scale with a previously unidentified compositional space in an
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Fig. 1. MPEIl nanoparticle synthetic process, product, and comparison with the literature. (A) Schematic of the disorder-to-order phase transition from a multi-
elemental disordered solid-solution (HEA) nanoparticle to an MPEI nanoparticle with an ordered L1, structure, enabled by Joule heating. (B) HAADF-STEM image of an
octonary (PtogPdo.1Aug,1)(FeosC0o.1Nig1Cug.1SN0.1) MPEI nanoparticle synthesized by our approach, in which the noble metal atoms of Pt, Pd, and Au randomly distribute
in sublattice A and the non-noble metal atoms of Fe, Co, Ni, Cu, and Sn randomly distribute in sublattice B, together forming the L1¢ intermetallic structure. (C) Compared
with prior literature reports (see fig. S4 and tables S1 and S2) (4-6, 12, 42-49), this work significantly extends the elemental space of intermetallics at the nanoscale.

unexplored size regime (Fig. 1C, fig. S4, and tables S1 and S2). We
anticipate that these findings can be extended to produce a combi-
natorial library of intermetallic nanomaterials that may feature
novel properties and applications, potentially inducing a new fron-
tier of intermetallic research and applications.

RESULTS

To synthesize the MPEI nanoparticles, we preloaded a carbon sub-
strate with desired metal salt precursor combinations/ratios and
Joule-heated (fig. S5) the materials with precise control of the tem-
perature and heating/cooling rates by tuning the power applied to
the substrate (fig. S6). The temperature profile and structural evolution
of nanoparticles over time are illustrated in Fig. 2A. We first syn-
thesize solid-solution (HEA) nanoparticles (22) by heating the metal
precursors for tens of milliseconds at ~1100 K. This is a critical step
for mixing the different elements without phase separation. A disorder-
to-order phase transition is then achieved by rapidly reheating the
materials to ~1100 K for an additional ~5 min—a limited amount of
time that is sufficient to complete the desired transition from the dis-
ordered HEA structure to the ordered, single-phase MPEI configuration
while simultaneously avoiding nanoparticle growth/agglomeration.
Last, the single-phase MPEI structure and small particle size (~5 nm)
is preserved by rapidly cooling the materials (~10* K/s).

To demonstrate the versatility of this synthesis, we fabricated binary,
quinary, and octonary intermetallic nanoparticles and characterized
them by atomic-resolution STEM and energy-dispersive x-ray spec-
troscopy (EDX). The PtFe binary and Pt(Fe, ;Co1Nig,;Cug,1) quinary
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intermetallic nanoparticles demonstrate small particle sizes and
narrow size distributions of 5.4 + 0.8 and 4.4 + 0.5 nm, respectively
(fig. S7). An HAADF-STEM image of a binary PtFe nanoparticle
shows alternating layers of Fe (darker atoms) and Pt columns
(brighter atoms) (Fig. 2B), which is typical of an L1, intermetallic
structure. We then confirmed the ordered L1 structure of the binary
PtFe sample from the interplanar spacings of 3.71, 2.73, and 2.20 A
in the STEM images, which correspond to the (001), (110), and
(111) facets of the ordered L1 structure along the [110] direction,
respectively (23).

Similarly, the quinary Pt(Fey7Cog1Nig 1Cuy 1) nanoparticles showed
alternating darker columns of Fe, Co, Ni, and Cu atoms and brighter
columns of Pt atoms (Fig. 2C). Atomic-resolution EDX mapping
indicates that the well-defined Pt atoms are in one sublattice, while
the Fe, Co, Ni, and Cu atoms are uniformly distributed in the other
sublattice, both with the L1, structure. According to the fitted ex-
tended x-ray absorption fine structure (EXAFS) (fig. S8 and table S3),
the coordination number of Fe-Pt (6) is much larger than that of
Fe-Cu (1.2), Cu-Fe (1.0), Co-Ni (2.0), and Ni-Co (2). These results are
in accordance with the L1, structure in which the Fe—Cu, Cu—TFe,
Co—Ni, and Ni—Co bonds in the quinary intermetallic are localized
and limited to two-dimensional layer bonding in the ordered struc-
ture, while the Fe-Pt bonding occurs in a three-dimensional structure
in the intermetallic. We also synthesized quinary MPEI nanoparti-
cles with different elemental ratios (fig. S9) and different interme-
tallic structure [e.g., the L1, phase of (PtggAugPdo.1)3(Fep9Coo.1);
fig. S10], showcasing the potential of this rapid/limited heating meth-
od to broaden the scope of possible intermetallic materials. Last, we
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Fig. 2. The synthesis and characterization of the binary, quinary, and octonary intermetallic nanoparticles. (A) The formation of the MPEI nanoparticles in the
Joule-heating process, with respect to the temperature evolution as a function of the heating time. (B) HAADF-STEM image of the ordered binary PtFe nanoparticle along
with its lattice structure. (C) A HAADF-STEM image of a quinary Pt(Feq 7C0o.1Nig.1Cuo 1) MPEI nanoparticle and the corresponding atomic-resolution EDX mapping (the EDX
analysis region is shown in the red square). The position of the Cu atoms was identified by finding the local maxima from the Cu EDX map after Gaussian filtering, which
was overlaid on the Pt-Fe EDX map (shown in red and green, respectively). (D) HAADF-STEM image of an octonary (PtggPdo1Aug 1)(FeqsC0o.1Nio.1Cug1SN0.1) MPEI

nanoparticle along with its lattice structure.

synthesized octonary (PtygPdg 1Aug 1)(FepsCoo1Nig 1Cug 1Sng,1) nano-
particles (fig. S11), which featured (001), (110), and (111) planes
with spacings of 3.73, 2.76, and 2.34 A, respectively, in the STEM
image (Fig. 2D), also forming an L1; intermetallic structure. Thus,
our process based on a disorder-to-order transition enables the syn-
thesis of nanoscale MPEIs with multiple elements (up to eight) as well
as different elemental ratios and various intermetallic structures.
In contrast, it is very difficult to synthesize nanoscale MPEIs
without phase separation via traditional annealing methods (24). As a
control, we prepared octonary Pty sPdg 1 AugFeqcCog1Nig.1Cug1Sng 1
nanoparticles by traditional annealing (24) (~1100 K, 3 hours) and
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found that they formed phase-separated heterostructures without
the desired atomic ordering according to STEM imaging (fig. S12)
and XRD (fig. S13). Phase separation occurs because the slow
heating/cooling rates of traditional annealing result in large particle
size and distribution (~76.2 + 4.2 nm; fig. S14) of the octonary
Pty gPdg 1Aug 1 FepsCog1Nig1Cug1Sng; nanoparticles, different from
the MPEI nanoparticles (~5 nm) synthesized by our method. Thus,
only in our approach do we avoid phase separation, which is made
possible by starting with HEA nanoparticles that already have the
constituent elements well mixed. The limited heating duration of
the technique also enables the disorder-to-order transition while
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preventing particle growth to successfully produce MPEI nano-
particles. In addition, the octonary composition that we determined
by inductively coupled plasma mass spectroscopy demonstrates a
slight difference from the molar ratio of the precursors (table S4),
likely due to the different vapor pressures of metals. To achieve pre-
cise compositional control, we can compensate for this slightly va-
porization loss by adjusting the initial precursor loading according
to the vapor pressure of different metals (table S4).

To further investigate the disorder-to-order phase transition
that enables MPEI formation, we synthesized an array of quinary
Pt(Fey7Cog.1Nig1Cug ) samples that were heated at ~1100 K for dif-
ferent amounts of time and performed XRD to characterize their
degree of ordering (Fig. 3A). According to our calculated virtual
XRD pattern, the diffraction peaks of (001) at 24.2° and (110) at 33.4°
are the superlattice peaks of the ideal L1, intermetallic structure of
Pt(Fep 7Cog 1Nip 1Cug1). On the basis of the intensities of these peaks,
we quantified the ordering degree of the different quinary samples
using the long-range ordering (LRO) parameter, which is de-
fined by (25)

Io/Iin

LRO = + % 100%

110 /i

where I1;9 and I1;; are the peak intensities of the superlattice (110)
and nonsuperlattice (111) diffraction peaks, respectively, and I* is
the corresponding peak intensity of the perfectly ordered L1, struc-
ture (LRO = 100%). We observed no superlattice diffraction peaks
for the sample made with only 0.05 s of Joule heating, suggesting
that the short heating time is incapable of inducing the disorder-to-
order phase transition for Pt;Fe;Co¢ 1Nig;Cug ;. As we increased
the heating time from 0.5 s to 5 min, the characteristic diffraction
peaks of L1, (001) and (110), gradually intensified. As a result, the
LRO increased from 10 (0.5 s) to 60% (1 min) and lastly, ~100% (5 min)
(fig. S15), demonstrating the disorder-to-order phase transition
process that completes after 5 min of heating. The Rietveld refine-
ment of the XRD results of the quinary Pt(Fej 7Cog ;1 Nig;Cug,;) MPEI
(fig. S16 and table S5) also reveals the formation of the fully ordered
L1, intermetallic structure of the sample heated for 5 min, in which
the Co, Ni, Cu, and Fe elements occupy one sublattice and Pt occu-
pies the other sublattice.

The effect of the heating temperature and time on the LRO of the
quinary Pt(Feg7Cog1Nip;Cug ;) is shown in Fig. 3B, which demon-
strates that we can achieve ~100% LRO only by Joule heating at
~1100 K for ~5 min. This disorder-to-order transition process (0.5 s
to 5 min) is also consistent with our STEM imaging of the quinary
Pt(Fey7Co0.1Nig1Cug 1) MPEI nanoparticles synthesized at ~1100 K
for different heating durations (fig. S17), which shows that the dis-
ordered HEA nanoparticle structure converts to an MPEI structure
over the course of ~5-min heating.

We find that this disorder-to-order phase transition toward
single-phase MPEIs consisting of immiscible elements can only be
achieved at the nanoscale. For quinary Pt(Fe(7Cog ;Nig ;Cug ) nano-
particles, the fully ordered L1, structure (LRO = 100%) can be ob-
tained in particles of 4 to 5 nm. However, for larger particles, we
find that the LRO decreases with the particle size (Fig. 3C), irrespec-
tive of the particle synthesis method (slow cooling or longer heating
time; figs. S18 and S19). When the particle size increases to ~60 nm
or larger, the particle shows disordered or other phase-separated
heterostructures, as confirmed by STEM and EDX (Fig. 3D).
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We also conducted Monte Carlo (MC) simulations of different-
sized nanoparticles and tracked their LRO change as a function of
the MC steps (corresponding to the reaction time) at 1100 K to fur-
ther understand the transition at the nanoscale (Fig. 3E). The LROs
of particles of 3.1 and 4.6 nm in size increase with the MC steps, and
then both reach ~100% within 3 x 107 steps, meaning that both par-
ticles have completed the disorder-to-order phase transition at this
point of the simulation progress. However, for a particle that is 7.7 nm
in size, only a partial disorder-to-order transition (LRO = 40%) can
be achieved after 3 x 107 simulation steps. The largest particle that
we simulated at 10.8 nm shows an even lower LRO of 5% after the
same number of MC simulation steps. These findings (Fig. 3E) are
consistent with our experimental observations using XRD [Fig. 3A
(5 min) and figs. S18 and S19] and STEM (Fig. 3D), in which the
complete disorder-to-order phase transition is primarily achieved
and stabilized in ultrasmall nanoparticles (<5 nm).

We attribute the size effect on the disorder-to-order transition
to the difference in surface energy. MPEIs have a lower surface en-
ergy than HEAs, as MPEIs forms stronger atom-atom interactions
(26). Because of the large relative surface area of small nanoparti-
cles, we hypothesize that the difference in the surface energy be-
tween MPEI and HEA small nanoparticles (~5 nm) play a key role
in driving the disorder-to-order transition. It is also possible that
the larger particles (e.g., 10 to 20 nm) need to overcome a higher
energy barrier to complete the disorder-to-order transition (27).
For the particles substantially larger than 5 nm (e.g., 150 nm), such
alarge energy barrier could hinder the formation of fully or-
dered MPEIs.

The disorder-to-order transition is thermodynamically favored
to form phase-stable MPEI nanoparticles. We verified the lower en-
thalpy of the MPEI nanoparticles with a size of 4 to 5 nm by con-
ducting high-temperature oxide melt drop solution calorimetry (28)
on the quinary and octonary MPEIs and their corresponding disor-
dered HEA starting materials. According to the calorimetry mea-
surements (tables S6 and S7), the enthalpy change from the quinary
HEA to MPEI was —0.20 eV per Pt(Fe7Coq 1Nig;Cup ;) formula, and,
for the octonary HEA to MPEI, the enthalpy change was —0.32 eV
per (PtosPdg1Aug1)(FegsCoo.1Nig1Cug1Sng ) formula, indicating
that the ordered MPEIs are thermodynamically favored.

We also simulated this disorder-to-order phase transition
through MC modeling (29) of the atomic arrangement of the qui-
nary Pt(Feq7Cog 1Nip;Cug,) nanoparticle at 1100 K (Fig. 4A and
movie S1), which shows the atoms of the disordered HEA starting
material diffusing to form the ordered MPEI, similar to the transi-
tion process in other intermetallics (8, 26). During the transition,
the formation enthalpy (AHp) of the quinary MPEI decreases sub-
stantially (Fig. 4B), driven by the strong interaction via the spin-orbit
coupling and the hybridization between non-noble metal 34 and
noble 5d states. The decreased enthalpy leads to a lower Gibbs free
energy of the MPEI (G,) than that of the HEA (Gg4) sample (based
on the same quinary composition PtFej;Cog 1Nig;Cug;) at a wide
temperature range (~273 to 1500 K), according to MC modeling
(Fig. 4C). At temperatures below 1500 K (and above the decompo-
sition temperature of the metal salts; table S8), the low enthalpy of the
MPEIs dominates the Gibbs free energy and thus G, < Gg4. There-
fore, at the synthesis temperature (~1100 K), the disorder-to-order
transition is thermodynamically favored (AGq4 -, o = G, — G4 < 0),
and, at room temperature, the ordered MPEI is the thermodynami-
cally stable phase (Fig. 4C).
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Fig. 3. The disorder-to-order phase transition process of MPEls at the nanoscale. (A) Experimental XRD patterns of the quinary Pt(Feg7C00.1Nig1Cug.1) synthesized at
different heating times at a temperature of ~1100K and the virtual XRD pattern of the fully ordered quinary Pt(Feq7C0q 1Nig1Cug.1) MPEI computed by the virtual XRD
analysis method (40). The asterisk (*) represents the superlattice peaks of the intermetallic. a.u., arbitrary units. (B) The time and temperature dependence of the LRO
of the quinary Pt(Feg7Cog.1Nig1Cug.1). (C) The LRO as a function of the quinary MPEI particle size. The insets schematically show the microstructural evolution as a function
of the particle size. (D) HAADF-STEM images of nanoparticles of increasing size (~5, 20, and 150 nm), in which the smallest nanoparticle features an ordered structure,
while the larger particles become increasingly disordered, corresponding to the schematics in (C). EDX mapping of the 150-nm particle shows its phase-separated struc-

ture. (E) The simulated LROs of different-sized nanoparticles (3.1, 4.6, 7.7, and 10.8 nm) as a function of the MC simulation steps.
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Fig. 4. The thermodynamic stability of MPEI nanoparticles. (A) Simulated three-dimensional lattice images of the quinary Pt(Feg 7C0g.1Nig.1Cug.1) disorder-to-order
phase transition process at 1100 K, from LRO = 10% to ~100% with increased MC steps (which is correlated to the transition time). (B) The formation enthalpy (AHy) of the
quinary Pt(Feg7C0q.1Nig.1Cug1) nanoparticle as a function of the LRO. (C) The calculated Gibbs free energies of the quinary MPEI (LRO = 100%) and the disordered quinary
HEA (LRO = 0) (both with a composition of PtFeq;C0.1Nig.1Cuq 1) as a function of temperature. (D) Time-resolved HAADF-STEM images demonstrating the phase stability
of an isolated ordered quinary Pt(Feg 7C0q.1Nig.1Cug.1) nanoparticle as it is heated at ~1100 K over the course of 60 min.

Upon completing the disorder-to-order transition, we found that
the ultrasmall MPEI nanoparticles displayed excellent phase stabil-
ity, as evidenced by in situ heating a quinary Pt(Fey 7Cog 1Nig ;Cug 1)
MPEI nanoparticle and simultaneously monitoring its phase evolu-
tion by STEM (Fig. 4D). The quinary MPEI nanoparticle synthe-
sized by Joule heating displayed a fully ordered structure even after
13 min of additional heating at ~1100 K, as indicated by the (001)
diffraction spot in the fast Fourier transform (FT) image. We then
held the nanoparticle at ~1100 K for another 47 min and still did not
observe a phase change, indicating the thermal stability of the MPEI
nanoparticle. In contrast, the binary PtFe nanoparticles (~5 nm) at
~1100 K showed an ordered intermetallic structure (14 min) but
gradually transformed to a disordered alloy (60 min), indicating the
superior thermal stability of MPEIs compared to binary intermetal-
lics (fig. S20).

We can achieve MPEI nanoparticles on different carbon sub-
strates (e.g., carbonized wood, carbon nanofiber, carbon black,
and reduced graphene oxide) (fig. S21). To demonstrate the ap-
plication of the MPEI nanoparticles, we manufacture octonary
(Pto_gpdo.lAuO_l)(Fe()ﬁCOo.1Ni()_1Cll0~lsn0_1) MPEI nanoparticles on
Ketjenblack carbon support (fig. S22), which demonstrates the

Cui et al., Sci. Adv. 8, eabm4322 (2022) 28 January 2022

superiority of the MPEI nanoparticles as an electrocatalyst for etha-
nol oxidation reaction (EOR). EOR is the key reaction in direct al-
cohol fuel cells, which are considered one of the most promising
electric power sources (fig. S23). However, EOR requires efficient
catalysts with high surface area, tunable composition, and good sta-
bility, which could be fulfilled by nanoscale MPEI materials. MPEI
nanoparticles demonstrate improved EOR activity that is 8 and 12 times
higher than the binary PtFe intermetallic and commercial Pt/C
catalyst, respectively (fig. S24) (30-32). The octonary MPEI nano-
particles demonstrate excellent durability during long-term catalytic
operation (fig. S25). This could be attributed to the material’s
multi-elemental composition, ordered intermetallic structure, and
nanosize.

DISCUSSION

In summary, we report the first synthesis of MPEI nanoparticles with
up to eight constituent elements through a unique disorder-to-
order phase transition. This transition is achieved by starting with
disordered, solid-solution HEA nanoparticles that are Joule-heated for
a short period of time (~5 min) followed by rapid cooling (~10*K/s).
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The HEA starting materials synthesized through a rapid thermal
shock (tens of milliseconds heating) enables the mixing of the di-
verse elements, regardless of their thermodynamic miscibility. The
subsequent ~5 min of heating is then critical to achieve the disorder-
to-order transition that converts the HEA nanoparticles into MPEI
nanoparticles, which is driven by thermodynamic stability. In addi-
tion, the limited heating time and the ensuing rapid temperature
quenching prevent the MPEI nanoparticles from excessive growth
and agglomeration. This unique approach not only produces stable
MPEIs at the nanoscale but also can enable previously uniden-
tified MPEI compositions (e.g., PtPdAuFeCoNiCuSn) that have
never been achieved by traditional methods because of the inherent
immiscibility of the elements. This work opens the material space
of possible intermetallic nanomaterials, with potential in catalysis,
magnetics, superconductivity, and more.

MATERIALS AND METHODS

Precursor loading

The nanoparticles were synthesized by Joule heating on a carbon-
ized wood substrate. Basswood was purchased from Walnut Hollow
Company and cut into slices of 1.5 cm by 0.5 cm by 0.5 cm in size.
The wood slices were then treated at 533 K in air for 6 hours with a
heating rate of 5K min~" and then 1273 K in argon flow for another
6 hours to carbonize. The resulting wood substrate was further acti-
vated at 1023 K in the flow of CO, for 6 hours to introduce sur-
face defects.

We dissolved the precursors H,PtCls, PACl,, HAuCly, FeCls, CoCly,
NiCl,, CuCl,, and SnCl, (purchased from Sigma-Aldrich with a purity
of 299.9%) in ethanol (0.05 M). The precursor solutions (binary
PtFe, quinary PtFe(7Cog 1Nig 1Cug 1/Pt;Feg 25C00.25Nip.25Cug 25, and
octonary Pt gPdg 1 Aug 1 FeqsCog 1 Nig 1 Cug 1Sng ;) were mixed at stoi-
chiometric ratios and dropped onto the carbon substrate with a
micropipette at a loading of ~800 ul cm ™. The two ends of the carbon
substrate were suspended on glass slides and connected to two cop-
per electrodes with silver paste. The precursor-loaded carbon sub-
strates were then dried in a 353-K oven for 6 hours and used
directly for the Joule-heating method (33).

For comparison, carbonized wood prepared in the same manner
as described above was used as the substrate to synthesize binary
PtFe and octonary Pt sPdg 1A 1 Feg6Cog 1Nig1Cug 1Sng,; nanopar-
ticles by a traditional thermal reduction method (24) that involved
heating the precursor-loaded carbon substrates at ~1100 K for
3 hours in Ar/H, flow (95:5 ratio) in a tube furnace.

Joule-heating method

Direct electrical Joule heating of the precursor-loaded carbon sub-
strates was triggered in an argon-filled glove box by a Keithley 2425
Source Meter Supply with adjustable current and duration. Electrical
pulses with different duration times (0.05 and 0.5 s and 1 and 5 min)
were applied to the carbon substrate to generate the desired tem-
perature and heating time to synthesize the MPEIs.

Spectrum collection and fitting

During the Joule-heating process, the emitted light from the sam-
ple was captured by a time-resolved pyrometer (Vision Research
Phantom Miro M110 high-speed camera) (34). The captured emis-
sion spectrum was fitted to the blackbody radiation to obtain the
fitted parameters

Cui et al., Sci. Adv. 8, eabm4322 (2022) 28 January 2022

2
B, = (L,T)=32h 1
A e?\kBT_l

(1)

where kg is the Boltzmann constant, 4 is the Planck constant, c is the
speed of light, A is the wavelength, and 8 is a constant introduced
for the fitting.

High-temperature oxide melt drop solution calorimetry
High-temperature oxide melt drop solution calorimetry measure-
ments were conducted using a Tian-Calvet twin microcalorimeter,
Setaram AlexSys-1000 (28). Pt(Fey7Coo.1Nig ;Cug, 1) nanoparticles
supported on carbon black samples were pressed into ~1 mg of pel-
lets using a hand die. The pellets were then added into a molten
sodium molybdate (3NaO-4Mo0s3) solvent within a platinum crucible
at 700°C. O, gas was continuously flushed through the calorimetric
chamber at 95 ml min™" to maintain a constant gas environment
over the solvent. The complete dissolution of the quinary samples
can be reached in the molten 3NaO-4MoOj solvent, allowing effective
determination of the enthalpy of the drop solution (AHg;s), which is
directly measured by the calorimeter. AHy, consists of the heat con-
tent of the sample at 700°C, the enthalpy of the oxidation reactions,
and the enthalpy of the dissolution of the sample in the solvent.
After removing the enthalpy of oxidation of the carbon black sub-
strate from AHyg,, we obtained the corrected enthalpies of the drop
solution (AHyg;') that are only associated with the quinary HEA and
MPEI samples. These corrections were done on the basis of the cor-
responding thermochemical reactions described in table S6. Instrument
calibration procedures and in-depth descriptions of the calorimet-
ric methodologies can be found in previous reports (35).

Structural characterization

Part of the HAADF-STEM images were acquired with a Hitachi
HD2700C-dedicated scanning transmission electron microscope
with a probe Cs corrector. STEM-EDX elemental mapping were ob-
tained with an FEI Talos F200X. Both microscopes were operated at
an accelerating voltage of 200 kV. A DENSsolutions Wildfire holder
was used for the in situ STEM heating experiment. We pretreated
the precursors (~1100 K for 0.2 s) to remove the harmful chlorine gas
produced during the metal precursor decomposition process,
which could damage the microscope combined atomic-resolution
STEM and EDX results were acquired on a JEOL NeoARM scanning
transmission electron microscope operated at 80 kV and equipped
with dual silicon drift detectors. The STEM image was simultaneously
acquired with EDX mapping (after wiener filtering). XRD was per-
formed using a D8 ADVANCE (Bruker AXS, WI, USA) with a scan
rate of 0.5° min~'. EXAFS analysis was performed using the CLS@APS
[Sector 20-bending magnet (BM)] beamline at the Advanced Photon
Source (operating at 7.0 GeV) at Argonne National Laboratory. Co,
Cu, Fe, and Ni K-edge and Pt L;-edge data were collected from solid
samples placed on Kapton tape and measured in fluorescence mode
simultaneously with a foil reference for each element. The EXAFS
data were transformed and normalized into k- and R-space using the
Athena program following conventional procedures. A k weighting
of 2 was used to obtain all FT-EXAFS spectra. The k-range used
for each element was as follows: 2.2 to 10.7 A™ for Co, 3.3 to 13.2 A™" for
Cu,3.5t010.6 A™ for Fe, 2.3t0 10.5 A™" for Ni,and 3.0 to 12.9 A™" for
Pt. The R-range used for each element was as follows: 1.2 to 3.5 A
for Co, 1.0t0 3.3 A for Cu, 1.0 to 3.2 A for Fe, 1.0 to 3.3 A for Ni, and
1.0 to 3.3 A for Pt. Self-consistent multiple-scattering calculations
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were performed using the FEFF6 program to obtain the scattering
amplitudes and phase shift functions used to fit various scattering
paths with the Artemis program. In the fitting of all samples, the E,
values were correlated together to minimize the number of inde-
pendent values, allowing reliable fitting results to be obtained.
In addition, the Debye-Waller factor values for the metal-metal
paths in Co, Cu, and Ni were correlated together. For Fe, all the
Debye-Waller factor values were correlated together.

Computational analysis

MC modeling

Quinary Pt(Fej 7Coo.1Nio.1Cug 1) nanoparticles with different par-
ticle sizes were investigated by canonical ensemble MC simula-
tions based on the Metropolis algorithm and combined binary Pt-M
(M = Fe, Co, Ni, and Cu) potentials (36-38). The lattice models of
Pt(Fey7Cog 1Nig 1Cuq 1) were established with truncated octahedral
shapes that had different diameters of 3.1, 4.6, 7.1, and 10.8 nm, cor-
responding to 1289, 4033, 29881, and 46929 atoms, respectively. In
each MC step, two atoms were randomly selected and interchanged
with a probability according to the Metropolis algorithm (39).

MC modeling was performed at 1100 K. Each configuration
generated at every 50,000 MC steps was analyzed by virtual XRD.
The LRO were calculated on the basis of the intensity ratio of the
calculated superlattice peak (110) and nonsuperlattice peak (111). The
entropy of each configuration was calculated on the basis of Eq. 2

™M = _R[Z;l ang\ilﬁcln(ff)]/Zi:l ax )

where $™ is the the configurational entropy of the MPEL, f7 is the
fraction of element species i randomly distributed on the x sublat-
tice in the quinary Pt(Fey7Cog1Nig1Cug 1), N is the total number of
element species i, and ay is the number of sites on the x sublattice.
For the (Pt, Pd, Au)(Fe, Co, Ni, Cu, Sn) structure, there are two sub-
lattices, x and y; the number of sublattice sites are a, = 1and a, = 1.
The enthalpy of the quinary Pt(Feg7Co¢.1Nig;Cuy ;) was calcu-
lated by Eq. 3
Eo - ZﬁlfiEiH = Ey- Z]I:’;ﬂfMEM (3)
in which Ej is the formation energy of the quinary Pt(Feg 7Cog 1Nig 1 Cuy 1),
and fys and E) are the fraction and energy of the transition metal el-
ement species M (Pt, Fe, Co, Ni, and Cu). Nj is the total number of
transition metal element species M. Ep;_ys is the formation energy of
bimetallic Pt-M. A total of 1000 configurations were collected to ob-
tain the averaged values of the formation energy, entropy, and LRO.

Configurational entropy disordered alloys
The configurational entropy of disordered alloys (HEA) can be cal-
culated according to Eq. 4 (14)

—RIZY, fFIn(f)

SDIS —

(4)
where P is the configurational entropy of the disordered alloy, R
is the gas constant, f; is the molar fraction of the element species i,
and N is the total number of element species.

Virtual XRD analysis
XRD line profiles were created by virtually rotating the Ewald sphere
around the origin of reciprocal space to all possible orientations,
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mimicking powder diffraction conditions (40). Typically, the XRD
patterns were performed on the basis of the virtual diffraction
analysis, using a wavelength of 1.542 A (Cu Ko as the virtual radiation
source) at a temperature of ~1100 K.

Electrochemical measurements for EOR
Electrode preparation
Catalyst inks were prepared by dispersing ~10 mg of catalyst [oc-
tonary (Pto.gpdo_1All0'1)(F60_6C00_1Ni0.1cu0_1SHO_1) MPEI nanoparti—
cles with a loading of 29 weight % (wt %) on carbon black and
binary PtFe intermetallic nanoparticles with a loading of 28.7 wt %
on carbon black] in 2 ml of a 1:1 mixture of isopropyl alcohol (ACS
Reagent) and deionized water. Nafion ionomer (5 wt %) was added
to act as a binder. The mixtures were sonicated for 1 hour to ensure
complete dispersion of the catalyst in solution. The inks were then
drop-casted onto carbon paper (Sigracet 39 BB, Fuel Cell Store) un-
til the desired loading was reached. Electrodes were dried overnight
at 70°C in air to ensure that all the solvent was evaporated. Com-
mercial Pt/C catalyst was purchased from Sigma-Aldrich.
Cyclic voltammetry experiments
Tests were performed in an H-type cell using a FAA-3-50 mem-
brane as a divider. A solution of 1 M KOH (pellets, 99.98% metal
basis, Thermo Fisher Scientific) and 1 M ethanol (200 proof, Decon
Labs, Thermo Fisher Scientific) was used as the electrolyte for the
experiments. To remove any metal ions from the solution, a chelat-
ing agent (Chelex 100 sodium form, Sigma-Aldrich) was added to
the solution and stirred overnight. Electrochemical experiments were
performed using a Pt wire counter electrode and a Hg/HgO refer-
ence electrode (Koslow Scientific). Electrochemical measurements
were done using an Autolab PGSTAT204 (Metrohm). Cyclic vol-
tammetry (CV) was performed by sweeping from 0.2 to 1.2 V [ver-
sus reversible hydrogen electrode (RHE)] for 250 scans at a scan rate
of 50 mV s™'. After the initial 250 scans, the electrolyte was replaced
with fresh solution, and an additional 50 scans were run. Electrolyte
was degassed with argon (99.999%, Keen Gas), and the headspace was
kept under argon atmosphere for the duration of the experiments.
Electrochemical surface area measurements were done using a
Cu underpotential deposition procedure (32). Electrodes were first
cleaned in a solution of 0.5 M H,SO4 by scanning from 0 to 1 V
versus RHE at 250 mV s for multiple scans, using a Ag/AgCl ref-
erence electrode (Pine Research) and a Pt wire counter electrode.
Baseline CV's were then collected by scanning from 0 to 1 V (versus
RHE) at 25 mV s™". Cu underpotential deposition was performed in a
solution of 0.5 M H,SO4 and 5 mM CuSOQy. Electrodes were held at a
constant potential of 0.3 V (versus RHE) for 300 s to ensure complete
coverage of the active sites on the catalysts and then were swept from that
potential to 1 V (versus RHE) at 25 mV s L. The charges associated
with copper stripping were obtained by using the charge associated
with any oxide growth subtracting the charge obtained use the same
conditions in 0.5 M H,SO,. The electrochemical surface area was
determined using the value of 410 pC cm 2 (41).

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abm4322
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