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ABSTRACT: Multielemental alloy (MEA) nanomaterials, such
as medium and high entropy alloys, display promising catalytic
performance in a range of chemical reactions due to their
multicomponent structural configurations. These complex
structural and chemical arrangements can be influenced by
several factors, such as mechanical stress, irradiation, and high
temperatures, which impact the performance of MEAs in
various applications. Here, we investigated the effect of high
temperatures on MEA nanoparticles composed of noble and
transition metals (quaternary PtPdFeCo) at the atomic scale
and found the material undergoes a series of phase transitions
between solid solution and intermetallic phases at elevated temperatures ranging from room temperature to 1073 K. In
contrast, the binary PtFe nanoalloy displays a one-way solid solution to intermetallic transition at these temperatures. Our
findings, rationalized by density functional theory (DFT) studies, demonstrate how the varied migration energies of elements
govern the solid solution to intermetallic transition and how differences in the bonding energies of elemental pairs influence
the Gibbs free energy change (ΔG), which dictates the intermetallic to solid-solution transition. Overall, this work provides
better guidance in the design, development, and usage of nano-MEAs for high-temperature-based applications.
KEYWORDS: multielemental alloy, thermal stability, phase evolution, solid solution, intermetallic structure

Multielemental alloys (MEAs), such as medium and high
entropy alloys, constitute a novel class of complex materials that
are formed by combining multiple elements into a solid-solution
structure, exhibiting remarkable properties across a wide
spectrum of applications.1−7 With efficient integration of
broad elemental combinations, including high value noble and
rare earth transition metals as primary constituents, nano-
structured MEAs have emerged as a new materials design
strategy8 for applications in energy storage/conversion and
catalysis,8−15 combining tunable compositional design,16−18

synergistic effects between neighboring elemental atoms,19 and
enhanced durability against harsh environments.20−22 However,
some conditions, such as strain23−25 and elevated temper-
atures,26 can promote the formation of secondary or
intermetallic phases from the original MEA solid-solution
structure.26−28 In particular, nano-MEAs combining noble and
transition metals can become more ordered, trending toward
intermetallic phases at high temperatures.29,30 This phase
transformation reduces the compositional randomness and
elemental synergy within the alloy, leading to variable
performance under working conditions.31,32 For example,
high-entropy intermetallic catalysts exhibit varied selectivity
for alkyne semihydrogenation compared to less-ordered

structures.33 Intermetallic nanocrystals also play large roles in
fuel-cell,34 alcohol oxidation,35 and other chemical reactions,36

while their disordered counterparts do not display strong
performance for these reactions.37 In contrast, the synergistic
effect of multiple elementals in solid solution alloys has been
shown to enable superior performance on enzymatic catalysis,38

ammonium chemistry,9,39 and hydrogen reactions.40 Therefore,
it is essential to understand these phase transitions to better
design, control, and utilize nano-MEAs under common catalytic
conditions.
However, our understanding of this phase transformation

process is fairly limited due to the complexity of the
multielemental mixing, featuring a combination of randomly
distributed elements and small localized features (e.g.,
distortions,41 short-range ordering,42,43 secondary phases,44,45
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etc.). Greater understanding of how temperature influences
noble-transition metal nano-MEAs at the atomic level, both
structurally and chemically, is needed to better control the
mechanism and driving forces behind any phase changes and
thus enable better design and utilization of these nanomaterials
for high-temperature pretreatment or advanced high-temper-
ature applications.
Herein, we explore the dynamic transformation of a noble-

transition-metal MEA at elevated temperature using a
combination of structural and elemental analyses with real-

time atomic-scale capabilities. For these studies, we synthesized
and investigated quaternary MEA nanoparticles (NPs)
composed of noble metal elements (Pt and Pd) in combination
with transitionmetals (Fe and Co), which are extensively used in
high-temperature catalytic applications.46−52 During in situ
heating, the evolution of the PtPdFeCo-MEA NPs was
systematically monitored for any structural and elemental
transformations using scanning transmission electron micros-
copy (STEM) with high angle annular dark field (HAADF)
imaging, as well as high-resolution energy dispersive X-ray

Figure 1. Phase transformations in PtPdFeCo-MEA NPs at elevated temperatures. The PtPdFeCo alloy demonstrates phase transformations
from solid solution to intermetallic and back to solid solution again as the temperature increases from room temperature (RT) to 973 K and
subsequently 1073 K, as demonstrated by the atomic HAADF-STEM images and corresponding intensity line profiles (dashed regions) showing
the change in Z contrast at each stage of heating. Scale bar 1 nm.

Figure 2. Structural and chemical changes of PtPdFeCo NPs at elevated temperatures. HAADF-STEM, STEM-EDS mapping, and line scan
analysis of a PtPdFeCo-MEA NP at (a,b) room temperature, (c,d) after heating at 973 K for 30 min, and (e,f) further heating at 1073 K for 30
min (scale bar 1 nm). The corresponding EDS line scan profile analyses are along the direction (red arrow in HAADF images) perpendicular to
the (001)/(002) planes. The PtPdFeCo alloy features a solid solution alloy structure at room temperature that transforms into an intermetallic
phase of L10 (PtPd)(FeCo) after heating at 973 K for 30 min and then back to a solid-solution structure when further heated at 1073 K for 30
min.
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spectroscopy (EDS). Our findings reveal a disorder-to-order
phase transition that occurs within the PtPdFeCo NPs upon
heating to 973 K, which triggers the migration and ordering of
the elements, particularly Pt and Fe, leading to the formation of
an intermetallic L10 (PtPd)(FeCo) species. After further heating
to 1073 K, the quaternary intermetallic compound transforms
back to a disordered solid-solution phase, regaining the original
structure, as shown in Figure 1. For comparison, we also
synthesized a binary PtFe solid solution alloy and found it
displayed a straightforward transition to an intermetallic
structure at similar temperatures. Density functional theory
(DFT) calculations indicate that during the disorder-to-order
transition, the relatively lowmigration energies of Pt and Fe play
a critical role in driving the migration and ordering of the
elements into intermetallic sublattices. In contrast, the order-
to−disorder transition takes place only in the (PtPd)(FeCo)
intermetallic, primarily due to its lower change in bonding
energies (ΔE), facilitating easier bond reconstruction, which
reduces the Gibbs free energy change (ΔG) for the phase
transformation compared to PtFe, thus enabling phase transition
at a lower temperature. The high-temperature phase transitions
of this noble-transition-metal PtPdFeCo-MEA can help us to
better understand the driving forces taking place during phase
transition and how they may impact similar MEA nanomaterials,
which could provide better guidance for maintaining the
functionality of MEAs during high-temperature applications.

RESULTS AND DISCUSSION
We synthesized the quaternary PtPdFeCo NPs using a
nonequilibrium carbothermal shock method, which involves
fast temperature quenching during the high-temperature
synthesis to kinetically trap the solid solution structure at
room temperature.1 HAADF-STEM imaging indicated the NPs
were ∼20 nm in size, with the corresponding STEM-EDS maps
showing the Pt, Pd, Fe, and Co signals are well distributed
throughout the NPs, confirming the homogeneous elemental
mixing (Figure S1). We also analyzed the crystal structure of the
PtPdFeCo NPs at room temperature using atomic HAADF-

STEM (Figures 2a and S2a). The d spacings of the intersecting
planes were 1.90 and 2.24 Å, which matches the typical (002)
and (111) planes of the face centered cubic (FCC) metal
structure (e.g., FCC-Pt, JCPDS 01-1190), oriented at the [1−
10] zone axis, which was also confirmed from the corresponding
fast Fourier transform (FFT) analysis (Figure S2b). Addition-
ally, EDS line scan profiles perpendicular to the (002) plane
show all the elements are uniformly distributed (Figure 2b).
These results confirmed the successful synthesis of single-phase
FCC solid-solution PtPdFeCo-MEA NPs.
To investigate the evolution of the PtPdFeCoNPs in response

to elevated temperatures, we heated the NPs to 973 K and held
at this temperature for 30 min. After heating, HAADF-STEM
imaging revealed an ordered crystal structure within the particle,
as demonstrated by the alternating arrangement of bright and
dark atomic columns in the images (Figures 2c and S3a). As
HAADF imaging is based on atomic number (Z) contrast,53 the
results suggest an ordering of heavy and light atoms may have
taken place in this newly formed structure after heating. The d
spacings of the two intersecting planes (marked as yellow lines in
Figure 2c) in the newly formed structure were 3.80 and 2.22 Å,
which matches the distances of the (001) and (111) planes of a
typical binary noble-transition metal intermetallic phase
structure (e.g., intermetallic PtFe, JCPDS 26-1139). FFT
analysis also shows the existence of superlattice spots indicative
of (001) and (110) planes (Figure S3b), suggesting the
formation of an intermetallic compound. This hypothesis was
confirmed by the corresponding elemental maps (Figure 2c) and
the intensity line profiles (Figure 2d) perpendicular to the (001)
planes (red arrow direction shown in Figure 2c), where an
alternating arrangement of Pt−Pd rich and Fe−Co rich atomic
columns can be clearly distinguished, as highlighted by the red
and green dashed boxes in Figure 2d, respectively. Thus, we can
conclude that a quaternary (PtPd)(FeCo) intermetallic L10
structure was formed after the 973 K-30 min heat treatment.
Interestingly, when we further heated this quaternary

intermetallic compound at 1073 K for 30 min, we observed a
continuing phase transition phenomenon, in which the

Figure 3. (a) Atomic-STEM image and corresponding elemental maps of Pt, Pd, Fe, and Co after the 973 K-15 min heat treatment. (b−d) EDS
line profiles along the atomic columns on the (111) planes (yellow arrow) of the PtPdFeCo alloy at (b) RT, (c) after the 973 K-15 min, and (d)
973 K-30 min heat treatment. (scale bar 1 nm).
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intermetallic crystal structure transformed back to a solid
solution. As demonstrated by HAADF-STEM (Figure 2e), after
heating, we no longer observe periodic contrast in the atomic
columns, as evidenced by both the intensity line profile (Figure
2f) and the disappearance of the intermetallic superlattice spots
from the FFT analysis (Figure S4). Additionally, the EDS maps
and line scans indicate uniform distribution of the Pt, Pd, Fe and
Co elements (Figure 2e,f). X-ray diffraction (XRD) analysis
after similar heat treatments was conducted on the PtPdFeCo
samples as well (Figure S5), demonstrating good consistency
with the STEM observations. These results indicate that the
PtPdFeCo alloy displays a series of phase evolutions between
solid solution and intermetallic, which can be initiated at
elevated temperatures.
To better understand this phase transformation, we further

explored the transition between the solid solution and
intermetallic structures of the PtPdFeCo by heating the pristine
PtPdFeCo-MEA NPs at 973 K for just 15 min. HAADF-STEM
imaging of the resulting PtPdFeCo alloy shows the atomic
arrangement undergoes significant change (Figures 3a and S6).
In contrast to the closely packed solid-solution FCC phase at
room temperature (Figure 2a), which displayed a distance of
∼1.90 Å between the (002) planes, after heating at 973 K for 15
min, neighboring pairs of (002) planes contract to a distance of
∼1.61 Å, leaving an increased gap of ∼2.19 Å between each pair.
To elucidate the underlying elemental migrations that drive the
observed change in the crystal structure, we conducted atomic
STEM-EDS mapping of the sample (Figure 3a). From these
results, we observed a shift of neighboring Pt−Pt and Fe−Fe
atoms that take place along the (111) planes, resulting in the
formation of closely paired Pt or Fe atoms along with increased
gaps between these pairs, as indicated by the white circles and
arrows in the Pt and Fe maps. In contrast, the Pd and Co atoms

exhibit less migration after the 973 K-15 min heat treatment
compared with Pt and Fe.
These elemental migrations drive the process of converting

from a solid solution to intermetallic structure, the full evolution
of which we explored in the EDS line profiles along the (111)
planes of the PtPdFeCo alloy at RT (Figure 3b), and after
heating at 973 K for 15 min (Figure 3c) and 30 min (Figure 3d).
In the RT solid-solution structure, the distances between
neighboring elements are uniformly spaced ∼2.32 Å apart along
the (111) planes (Figure 3b). After the 973 K-15 min treatment,
the distance between adjacent Fe atoms decreased to ∼1.58 Å
along the (111) planes, with an increased gap distance of ∼2.96
Å between the columns of atomic pairs, representing a change of
∼30% from the original distances (Figure 3c). Meanwhile, the
spacing between Pt atoms was measured to be ∼1.97 Å, with a
∼2.66 Å gap between the atomic pairs, representing a shift of
∼15% from their initial distances, which may be due to the
presence of all the elemental atoms in both solid solution and
intermetallic structures. As a result of these gradual changes, the
Pt and Pd signals align into one sublattice, while the Fe and Co
align into a separate sublattice, eventually resulting in a
(PtPd)(FeCo) intermetallic structure, as demonstrated in the
EDS line scan profile along the (111) plane for the 973 K-30min
treated sample (Figure 3d), in which the elements are ordered
into periodic Pt−Pd and Fe−Co sublattice sites, with a distance
of ∼4.64 Å between the intermetallic sublattice sites.
For comparison, we also prepared binary PtFe solid solution

alloy NPs (Figure S7), which have been shown to have a high-
temperature ordering transformation.54,55 These NPs were
treated under the same elevated temperatures (973 and 1073 K)
for structural and elemental analysis. As shown in Figure S8a,
HAADF-STEM imaging shows that the PtFe NPs feature an
FCC structure, with both Pt and Fe uniformly distributed across
the crystal, as confirmed by the STEM-EDS mapping. After

Figure 4. DFT-predicted vacancy migration energies in the (a) PtFe solid solution and (b) PtPdFeCo solid solution. (c) Averaged elemental
migration energy in the PtFe and PtPdFeCo solid solution systems. (d) The DFT-predicted Gibbs free energy change (ΔG) for the L10
intermetallic to solid solution transition in the PtFe and PtPdFeCo alloys. (e) The DFT calculated bonding energies of element pairs between
Pt, Pd, Fe, and Co. (f) The bonding energy change (ΔE) of the PtFe and PtPdFeCo system.
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heating at 973 K for 10 min, the solid solution structure quickly
converts to an ordered intermetallic phase, with the Pt and Fe
atoms alternatively occupying adjacent atomic columns, as
shown by the alternating arrangement of bright and dark dots in
the Z contrasted HAADF-STEM imaging (Figure S8b). Thus,
the binary PtFe undergoes a solid solution to intermetallic phase
transition more readily than the PtPdFeCo-MEA, likely due to
the inherent sluggish diffusion effect in MEAs that decreases the
overall atomic mobility in the system.56,57 Additionally, we
found the intermetallic PtFe structure was maintained after
prolonged heating at 1073 K for 55 min (Figure S8c), with no
subsequent phase transition observed.
We performed first-principles density functional theory

(DFT) calculations to gain further understanding of these
experimentally observed transitions. Specifically, we aimed to
explore the different elemental migration trends in the
quaternary PtPdFeCo alloy during the phase transitions, as
well as to understand why the PtPdFeCo alloy undergoes a series
of phase transformations, from solid solution to intermetallic
and back to solid solution, whereas the binary PtFe alloy exhibits
only a one-way transition from solid solution to intermetallic
structure under prolonged heating.
The crystal structures of the disordered and ordered PtFe and

PtPdFeCo were constructed through DFT (Figure S9). We
calculated the d spacings of (002) and (111) in the PtPdFeCo
solid solution to be 1.88 and 2.19 Å, respectively. Similarly, the
calculated interplanar spacings for the (001) and (111) planes in
L10 PtPdFeCo were 3.76 and 2.19 Å, respectively (see DFT
Methods in the Supporting Information), which well matches
the experimental STEM analysis. As we observed experimen-
tally, the thermo-equilibrium at 973 K for both alloys favors the
formation of L10 intermetallic phases, though the process occurs
faster for the PtFe sample (10 min heating vs 30 min heating for
PtPdFeCo), suggesting that kinetics plays a dominant role over
thermodynamics in this disorder-to-order transition process. As
atomic migration is believed to occur through the vacancy-
exchange mechanism,54 we calculated the vacancy formation
and migration energies of the metal elements through vacancy-
assisted diffusion in the PtPdFeCo and PtFe solid solutions
using the nudged elastic band (NEB) method.58 The predicted
vacancy formation energies of Pt (1.75 ± 0.25 eV and 1.72 ±
0.13 eV) and Fe (1.39± 0.12 eV and 1.49± 0.11 eV) in the PtFe
and PtPdFeCo alloys, respectively, are similar, with average
energies of 1.55 eV for PtFe and 1.57 eV for PtPdFeCo (Figure
S10), suggesting that the vacancy concentrations in these alloys
should be comparable. Thus, vacancy formation energy is
unlikely to be the main factor influencing the transformation
from solid solution to intermetallic in these alloys.
Therefore, we next calculated the migration energy for each

metal atom along three different diffusion pathways considering
the varied local chemical environments. In the PtFe solid
solution, the predicted migration energies were 1.19 ± 0.04 eV
for Pt and 0.85 ± 0.03 eV for Fe toward adjacent vacancies
(Figure 4a). For the PtPdFeCo solid solution, the migration
energies of each atom for moving to an adjacent vacancy were
predicted to be 1.23 ± 0.15 eV for Pt, 0.88 ± 0.23 eV for Fe, 1.33
± 0.08 eV for Pd, and 1.41 ± 0.05 eV for Co (Figure 4b).
Although the migration energies of Pt and Fe are similar in both
systems, the average migration energy in the PtPdFeCo solid
solution was 1.21 eV, which is 0.19 eV higher than that in the
PtFe solid solution (1.02 eV) (Figure 4c). Thus, themetal atoms
should diffuse more slowly in the PtPdFeCo solid solution
compared to PtFe. This result agrees well with our experiments,

in which the PtPdFeCo solid solution required heating at 973 K
for 30 min and the PtFe solid solution for just 10 min to
transition from a disordered solid solution to an ordered
intermetallic phase. Meanwhile, the DFT results also indicate
that the migration energy barrier is lowest for the Fe atoms,
followed by Pt, suggesting that Fe and Pt migrate faster than
other elements in the PtPdFeCo solid solution, thereby enabling
their formation of the two intermetallic sublattice sites more
rapidly.
In contrast, the higher migration energies of the Pd and Co

atoms make it relatively more difficult for them to diffuse within
the system, resulting in slower ordering of Pd and Co into the
intermetallic sublattices. These predictions are consistent with
our experimental observations that Pt and Fe moved more
significantly than Pd and Co from the EDS line profile analysis
(Figure 3c). We also hypothesize the material specifically forms
(PtPd) and (FeCo) intermetallic sublattices due to the atomic
radii of the atoms, as the atom size difference could potentially
trigger the phase reconstruction,59−61 in which Pt and Pd are
more similar (1.40 and 1.39 Å), while the size of Fe and Co are
closer (1.29 and 1.25 Å) (Table S1).
After further heating to 1073 K, the binary PtFe alloy remains

intermetallic, while the quaternary (PtPd)(FeCo) intermetallic
transitions back to a solid solution structure. Thus, we explored
the thermodynamic driving forces of this intermetallic to solid
solution transition.62 Figure 4d shows the calculated free energy
change (ΔG) for the order-to−disorder transition in the
PtPdFeCo and PtFe alloys as a function of temperature

=G H T S (1)

in which ΔH is the enthalpy change and ΔS is the
configurational entropy change from the ordered structure to
disordered solid solution, and T is the temperature.

ΔSwas calculated to beRln(2) for both alloy systems (R is the
gas constant, Supporting Information Note SI). Meanwhile, ΔH
of this transition was calculated to be 0.058 eV for PtPdFeCo
and 0.095 eV for PtFe (Supporting Information Note SII).
Therefore, at 1073 K, ΔG for the ordered-to-disordered
transition in the PtFePdCo alloy is slightly negative (−0.006
eV/atom), indicating a spontaneous transition toward solid
solution would occur, whereas ΔG for the ordered-to-
disordered transition in PtFe is significantly more positive
(0.031 eV/atom), suggesting less favorability for this transition
(Figure S11 and Note SIII). Furthermore, we also performed
Monte Carlo (MC) simulations to study the phase transitions of
the PtPdFeCo system at elevated temperatures, which show
good agreement with our experiments and DFT predictions
(Supporting Information Note SVI).
Given that ΔS is the same for both systems, the difference in

ΔG is due to enthalpy alone, with ΔHPtFe 0.037 eV/atom higher
than ΔHPtPdFeCo. Generally, the difference in atomic radii and
bonding energy are believed to be the two primary factors
determining the enthalpy change from an intermetallic to a solid
solution phase in an alloy.63−65 As the phase transitions are
mainly a bond reconstruction process, we therefore first
performed DFT calculations in terms of the bonding energies
of the binary elemental pairs to explore the underlying
mechanisms for the difference in ΔH of these two alloys.
Based on the calculated bonding energies of the bonded
elemental pairs (Figure 4e), and the nearest elemental
coordination of all elements in the PtFe and PtPdFeCo systems
(Figure S12), the bonding energy change (ΔE) for the transition
from intermetallic to solid solution is estimated to be ∼0.052

ACS Nano www.acsnano.org Article

https://doi.org/10.1021/acsnano.5c02343
ACS Nano 2025, 19, 13457−13465

13461

https://pubs.acs.org/doi/suppl/10.1021/acsnano.5c02343/suppl_file/nn5c02343_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.5c02343/suppl_file/nn5c02343_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.5c02343/suppl_file/nn5c02343_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.5c02343/suppl_file/nn5c02343_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.5c02343/suppl_file/nn5c02343_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.5c02343/suppl_file/nn5c02343_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.5c02343/suppl_file/nn5c02343_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.5c02343/suppl_file/nn5c02343_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.5c02343/suppl_file/nn5c02343_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.5c02343/suppl_file/nn5c02343_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.5c02343/suppl_file/nn5c02343_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.5c02343/suppl_file/nn5c02343_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.5c02343/suppl_file/nn5c02343_si_001.pdf
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.5c02343?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


eV/atom for PtFe, and ∼0.020 eV/atom for PtFePdCo (Figures
4f and Note SIV), resulting in an energy difference of ∼0.032
eV/atom, close to the ΔH difference of 0.037 eV/atom in these
two systems. We also take into account the atomic radii
difference of all the elements, which appear to have a limited
effect on the enthalpy change of the systems during phase
transition (Supporting Information Note SV). Thus, we believe
it is the bonding energies of the binary bond pairs that play a
significant role in determining the differences in ΔH between
the PtFe and PtPdFeCo systems, which ultimately governs their
phase structures. Overall, our DFT studies unveiled the full
spectrum of the two-phase transitions, suggesting that the initial
transition from solid solution to intermetallic relies heavily on
the migration energies of the elements, while the later
intermetallic back to solid solution transition depends more
on the bonding energies of all constituents in the alloys. With
this information, we also estimated the change in bonding
energy for the transition from intermetallic to solid solution
phases in PtNi, PtPdFeNi, and PdAuFeCo (Supporting
Information Note SVIII).

CONCLUSIONS
In this work, we demonstrate the phase transformations of
“disorder-to-order-to-disorder” in quaternary MEA-PtPdFeCo
NPs at elevated temperatures through atomic scale crystal
structure and elemental distribution analyses. In contrast, the
binary PtFe alloy features a simple one-way disorder-to-order
transition upon heating. Through atomically precise character-
ization, we uncovered the relationship between the changing
phase structures with the specific elemental arrangements taking
place. DFT studies also provide insights from both kinetic and
thermodynamic perspectives to elucidate the phase transitions
in the quaternary PtPdFeCo and binary PtFe systems at elevated
temperatures. Specifically, the initial solid solution to L10
intermetallic transition in both alloys is governed by the
migration energies of the metal elements. The higher average
migration energy in the quaternary PtPdFeCo system leads to a
slower disorder-to-order transition compared to the binary PtFe.
However, in the subsequent transformation from L10 inter-
metallic back to solid solution, the lower bonding energies of the
quaternary intermetallic lead to a smaller ΔH than in the binary
intermetallic, resulting in a disorder-to-order transition at 1073
K. This crystal structure and chemical analysis along with
theoretical studies provide a comprehensive understanding of
the thermal transformations of this noble-metal-based MEA at
the atomic scale, distinguishing between the evolution of the
atomic structure and the behavior of individual elements, which
could shed light on the design and optimization of MEA
catalysts based on composition and phase structure. Future
comprehensive studies on the thermal evolution of complex
MEA systems, such as high entropy alloys, are worth conducting
with well-designed heating and cooling cycles, enabling deeper
insights into both the structural and chemical phase changes.
Our findings also suggest that when utilizing MEA NPs in high-
temperature applications (e.g., thermal catalysis), there may be
an intermetallic zone that could cause performance variation
during operation. These results can help provide valuable
guidance for the design, synthesis, and utilization of MEAs in
advanced high-temperature applications.

METHODS
Materials Preparation.Chloroplatinic acid hexahydrate (H2PtCl6·

xH2O), palladium chloride (PdCl2), iron(III) chloride hexahydrate

(FeCl3·6H2O), and Cobalt(II) chloride hexahydrate (CoCl2·6H2O),
were purchased from Sigma-Aldrich. The metal salts were solubilized in
ethanol to form solutions with ametallic ion concentration of 0.05mol/
L. The solutions of H2PtCl6·xH2O, PdCl2, FeCl3·6H2O, and CoCl2·
6H2O were mixed in equimolar proportions to synthesize the
quaternary PtPdFeCo sample, while equimolar H2PtCl6·xH2O and
FeCl3·6H2O were mixed to synthesize the binary PtFe sample (see
Supporting Information for more details).
STEM Analysis. STEM studies were performed on a JEOL

NEOARM operated at 200 kV. The HAADF-STEM images were
acquired with a 28 mrad convergence semi-angle. STEM-EDS maps
were acquired through JEOL double dry SD 100 GV detectors with a
probe current of 120 pA. In situ heating studies were conducted using a
Protochips Fusion holder inside the microscope.
Theoretical Calculations. The first-principles calculations were

performed using the Vienna ab initio simulation package (VASP) with
projector augmented wave (PAW) pseudopotentials. The generalized
gradient approximation (GGA) with the Perdew−Burke−Ernzerhof
(PBE) exchange−correlation functional was used to evaluate the
exchange−correlation energy. In all calculations, the total energy of the
system was converged within 10−6 eV. AMonkhorst−Pack k-point grid
of 4× 4× 2 was used. All the structures were fully relaxed until the force
acting on each atom was lower than 0.01 eV/Å. The transition states of
vacancy migration were located using the nudged elastic band (NEB)
method, in which the forces perpendicular to the path were relaxed to
less than 0.05 eV/Å. Each NEB calculation included five intermediate
images, and migration energy was calculated as the energy difference
between the transition state and the initial state.
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