
Article https://doi.org/10.1038/s41467-024-54104-5

The role of surface substitution in the atomic
disorder-to-order phase transition in multi-
component core–shell structures

Wencong Zhang1,2, Fan Li1, Yi Li1,2, Anran Song1,2, Kun Yang1,2, Dongchang Wu3,
Wen Shang 1, Zhenpeng Yao 1,2,4 , Wenpei Gao 1,2,4 , Tao Deng 1 &
Jianbo Wu 1,2,4

Intermetallic phases with atomic ordering are highly active and stable in cat-
alysts. However, understanding the atomistic mechanisms of disorder-to-
order phase transition, particularly in multi-component systems, remains
challenging. Here, we investigate the atom diffusion and phase transition
within Pd@Pt-Co cubic nanoparticles during annealing, using in-situ electron
microscopy and ex-situ atomic resolution element analysis. We reveal that
initial outward diffusing Pd partially substitutes Pt, forming a (Pt, Pd)-Co
ternary system in the surface region, enabling the phase transition at a low
temperature of 400 °C, followed by shape-preserved inward propagation of
the ordered phase. At higher temperatures, excessive interdiffusion across the
interface changes the stoichiometric ratio, diminishing the atomic ordering,
leading to obvious change in morphology. Calculations indicate that the Pd-
substitute in (Pt, Pd)-Co system leads to a significantly lower phase transition
temperature compared to that of Pt-Co alloy and thus a lower activation
energy for atomic diffusion. These insights into atomistic behavior are crucial
for future design of multi-component systems.

Pt-based catalysts play a vital role in electrocatalysis, particularly, the
oxygen reduction reaction (ORR) in proton-exchange membrane fuel
cells (PEMFCs)1–5. However, the high cost and limited availability of Pt
greatly hinder the commercial application of fuel cells1,2,6. Alloying Pt
with othermetals to formbinary, ternary, and even high-entropy alloys
has been developed to obtain cost-effective Pt-based catalysts with
improved activity7–11. To further maximize the utilization of Pt, shape-
controlled core–shell nanoparticles (NPs), with non-Pt metals in the
core and Pt or Pt-based alloy on the shell, have been synthesized12–14.
Among the core–shell NPs, Pd has been identified as an ideal core due
to its negligible latticemismatchwith Pt (0.77%)12,13,15. Shape-controlled
Pd@Pt/Pt-based alloy NPs have demonstrated enhanced catalytic
activity in numerous studies12–15. However, corrosion of atoms in the

shell during the long-term durability test always leads to the loss of
designed morphology, composition distribution, and structure,
resulting in severe activity degradation13,16,17. In contrast, the inter-
metallic phase exhibits improved stability under harsh acidic envir-
onments compared to their alloy counterparts, which is ascribed to
their lower enthalpy and increased strength of the periodic heteroa-
tomic bonding18. Thus, forming an ordered structure at the surface of
core–shell NPs is anticipated to improve both catalytic activity and
stability. However, the reported disorder-to-order phase transition of
Pt-based alloys typically occurs at elevated temperatures, which often
leads to the loss of well-defined facets5,19–22. It is also observed that the
ordered phase in multi-component systems retains the crystal-
lographic structure of the binary counterparts23,24. For core–shell
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nanostructures, preserving the initial morphology and the core–shell
interface during annealing at high temperatures is challenging25,26,
because of the tendency of shape reconstruction and the diffusion of
elements in the core and shell26–28. Therefore, it is critical to initiate the
disorder-to-order phase transition at low annealing temperatures,
contributing to the preservation of surface and interface integrity29,30.

To elucidate the underlying mechanism of ordering conversion,
in-situ transmission electron microscopy (TEM) has been applied to
monitor the atomic motion in nanomaterials under reactive
environments22,31–33. We have revealed that the ordering process for
Pt3Co cubes annealed at 600–700 °C starts from the surface, and the
ordered nuclei grow inwards following a layer-by-layer process34. The
final structure and morphology of Pt3Co cubes are determined by the
competition between surface diffusion and phase transition during
annealing. In Pt–Fe nanoalloys, works show that the disorder-to-order
transition at 700 °C strongly depends on the alloy composition.
Pt85Fe15 adopts the “nucleationandgrowth”mechanismandhas anL12-
ordered core, while Pt65Fe35 follows the “interface” mechanism,
resulting in an L10 core35. However, most of the reported in-situ
disorder-to-order transitions have been conducted at high tempera-
tures and are limited to uniform binary alloy systems20,31,36. Under-
standing atomic diffusion during in-situ observations of multi-
component systems remains a challenge due to their structural and
compositional complexity. To clarify the atom behaviors in different
regions of the core–shellNPs, the concepts ofHüttig temperature (TH),
associated with surface-atom activation, and Tammann temperature
(TT), corresponding to the diffusion of interior atoms37,38, have been
introduced to explore the potential of low-temperature annealing
treatments. Both TH and TT are determined by the melting point and
strongly influenced by the size and composition of nanomaterials39,40.
By optimizing the design of nanomaterials, it is possible to trigger
atomic migration at a “lower temperature” threshold that surpasses
both the TH and TT. Direct observation of the atomic diffusion can
reveal its correlation with the disorder-to-order phase transition and
shape changes.

In this study, we investigated Pd@Pt-Co cubic NPs (≈13 nm) to
study the phase transition at low temperatures and with a focus on the

atomic scale evolution of different phases in regions of nm in length
scale. Previous works show that the cubic NPs with an average size of
10–15 nm are well-suited for tracking structural evolution over time
using in-situ electron microscopy31,34,35. With the Pd@Pt-Co cubic NPs,
results show the outward diffusing Pd partially substitutes Pt atoms,
forming a ternary (Pd, Pt)-Co system in the shell region, where the
ordering transition occurs at significantly lower annealing tempera-
tures. This ordered structure progressively propagates along the sur-
face and extends into the NP core while preserving the surface
orientation. At higher annealing temperatures, the cubic morphology
and the pristine core–shell interface gradually disappear due to the
excessive atomic diffusion, which also results in the loss of stoichio-
metric atomic ratio of the ordered phase. This indicates there is a
critical temperature and time window in the annealing process for the
surface-ordered structure to formwhile retaining the specific facets of
the NPs. Additionally, theoretical calculation reveals that Pd-
substituted (Pt, Pd)-Co composition underlies a lower phase-
transition temperature (Tc) compared to binary Pt-Co alloy, which
allows the formation of an L12-ordered surface in the cubic core–shell
NPs. By correlating transition kinetics with chemical composition, we
unveil the details involved in ordering transition for ternary core–shell
NPs, providing insights into the rational design of Pt-based multi-
component electrocatalysts.

Results
Insights into the Pd@Pt-Co core–shell cubes at atomic scale
Pd@Pt-Co core–shell cubes were synthesized through a typical seed-
mediated approach, in which Pd cubic NPs with an average size of
10.2 ± 0.87 nm served as seeds for the conformal deposition of Pt and
Co atoms (Supplementary Fig. 1). Figure 1a presents the high-angle
annular dark-field scanning TEM (HAADF-STEM) image at low magni-
fication of obtained Pd@Pt-Co NPs, which exhibits a uniform size
distribution of 13.0 ± 1.02 nm and well-defined cubic morphology
(Supplementary Fig. 2). The aberration-corrected STEM (AC-STEM) of
an individual Pd@Pt-CoNP (Fig. 1b) shows a clear Z-contrast difference
between core and shell, originating from the different atomic numbers
of Pd, Pt, and Co. According to the energy dispersive X-ray

Fig. 1 | Structural and compositional analysis of pristine Pd@Pt-Co
core–shell cubes. a Low-magnification HAADF-STEM image showing the cubic
shape and good uniformity of the NPs. b Atomic resolution STEM image of an
individual NP showing the apparent core–shell structure. c Enlarged region of NP

marked by white dotted box in (b). d–f Atomic resolution EDS elemental mapping
of Pt (d), Co (e), and Pd (f) derived from the enlarged region selected by the white
dotted box in (b). g Line scanning profile taken along the white dotted box in (c).
Source data are provided as a Source Data file.
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spectroscopy (EDS) analysis (Supplementary Fig. 3), the observed
peaks of Pd, Pd, and Co prove the co-existence of the three elements.
To further study the elemental distribution, the EDSmapping of Pd, Pt,
and Co at an atomic resolution was conducted and presented
(Fig. 1d–f). The line scanning profiles (Fig. 1g) extracted from the
dotted box in Fig. 1c, further confirming the successful deposition of
the Pt-Co shell on the Pd core.

In-situ tracking the atom diffusion
To explore the possibility of disorder-to-order transition at low tem-
peratures for Pd@Pt-Co cubic NPs, the in-situ TEM technique was
applied to track the structural changes of selected NPs annealing at
400 °C under vacuum. Figure 2 presents the sequential STEM images
of thePd@Pt-Cocubesduring annealing, projected along the zone axis
of [001]. As shown in Fig. 2a, the core–shell NP exhibited well-exposed
(100) facets when the annealing process started (t =0min). An
enlarged view of the region marked by the white dotted box in the NP
is also displayed (Fig. 2b). In the fast Fourier transform (FFT) of the
magnified area, the absence of (100) and (110) reflection indicates the
disorderedphase (Fig. 2c). TheuniformZcontrast is comparable to the
simulated STEM image of the surface region with a disordered Pt3Co
phase (Fig. 2d). The disorder-to-order phase transition starts as the
sample is heated at 400 °C. After 12min of heating, a contrast from an
ordered phase is seen (Fig. 2e, f). The (110) superlattice spots in FFT
pattern of particle further indicate a Pt3Co L12 phase, which features
with one dark column and surrounding eight bright columns along
[001] direction in the simulated STEM image (Fig. 2g, h).

As for the concrete phase transition process, we found the L12
phase preferentially nucleates at the surface. With the prolongation of
the annealing time, the as-formed ordered domains gradually coalesce
and grow toward the bulk (Fig. 2i–l). Together with the surface phase
evolution, we noted that the cubic morphology also exhibits delicate
change, but the core–shell structure is always stable and prominent.
According to the typical phase transition process, the ordered

structure is thermally stable at low temperatures, meaning that the
metastable A1 phase tends to transit to the intermetallic L12 phase
(Supplementary Fig. 6). Thus, the final realization of the low-
temperature phase transition tightly depends on the energy barrier
that atoms need to overcome to achieve the rearrangements. It is
reported that the nanocrystals with large surface-to-volume ratios
have lower disorder-to-order phase transition temperatures than the
bulk system, making ordering conversion at low temperatures
possible18,41,42. Furthermore, the vibrant surface atoms with low coor-
dination numbers also contribute to activating the atom rearrange-
ment at the nanoscale region34. Thus, both the size effect and sensitive
surface response work together, making the ordering process happen
at temperatures below Tc. However, previous studies found the
ordering transition of Pt-basedbinary system typically occurs at higher
temperatures than 600 °C5,43. In this case, further investigation needs
to be conducted to explain this unexpected nucleation at 400 °C
occurring in Pd@Pt-Co cubes.

To further elucidate the growth of ordered structure, a con-
tinuous in-situ heatingwas imposed on Pd@Pt-Co cubes, duringwhich
the surface/interface evolutions determined by atomic diffusion were
recorded. Specifically speaking, the surface/interface traces encom-
pass the outline of cubic NP, the interface between core and shell, and
the development of the ordered intermetallic phase. To establish a
proof-of-concept initial state, the Pd@Pt-Co cube annealed at 445 °C
was selected, building upon the nucleation of the ordered structure at
400 °C. In this case, the atom motions were accelerated by increasing
annealing temperatures, leading to a more discernible structural
transformation. STEM images acquired at a series of temperatures
indicate that, as the annealing temperature increases, the sharp corner
feature of the cubic morphology and the original core–shell interface
gradually fade away (Fig. 3a, d, g, j, m, p). Remarkably, the multi-
component Pd@Pt-Co core–shell NPs exhibit an accelerated rate of
shape transformation concerning Pt-Co binary cubes previously
reported, indicating the enhancedmobility of surface atomswithin the

Fig. 2 | Sequential HAADF-STEM images of the Pd@Pt-Co cubes annealed at
400 °C in vacuum. a–h STEM images, enlarged view of the region marked by
dashedwhite boxes (scalebar in (b, f) is 1 nm), corresponding FFTpattern (scale bar
in (c, g) is 5 nm−1), and simulatedHAADF-STEM images (scale bar in (d, h) is 1 nm) of
pristine Pd@Pt-Co NP (a–d) and Pd@Pt-Co NP annealed for 12min (e–h) (see

Supplementary Figs. 4, 5 for the details of multi-slice simulation process). The blue
and pink circles, and corresponding text refer to the diffraction features of dis-
ordered and ordered phases, respectively. i-l, Series of STEM images acquired at 2,
4, 8, and 10min, respectively.
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Pd@Pt-Co system34. Meanwhile, at temperatures approaching 470 °C,
distinguishing the core–shell interface becomes challenging due to
temperature-promoted atomic interdiffusion motions driven by
composition gradient within the core–shell NP.

Considering the thermal perturbations during in-situ observation,
inverse fast Fourier transform (IFFT) patterns were performed to better
visualize the growth behavior of the ordered structure based on the FFT-
filtered results (Fig. 3b, e, h, k, n, q). The pink-tinted regions in resulting
IFFT images correspondto thedistributionofordered structures (Fig. 3c,
f, i, l, o, r), revealing that the growth of intermetallic adopts coalescence
and inward extension manner in this case. The intermetallic phase pri-
marily dominates and nucleates at the surface region during the in-situ
annealing process, likely due to the limitation of chemical components.
Additionally, the growth of the ordered structure is accompanied by
multi-site nucleation, which differs from the “layer-by-layer”mode in the
Pt-Co system reported in ref. 34 We also observed the intensity fluc-
tuation in the FFT-filtered images, particularly the less ordered features
in Fig. 3n compared to Fig. 3k. In contrast to the clear atomic columns in

Fig. 3j, more lattice fringes are observed in Fig. 3m, which is likely due to
the rotation of NPs along the vertical direction during in-situ heating. To
verify the inward growth of the ordered structure and study the effect of
temperature on structural evolution, we performed additional ex-situ
experiments. Pd@Pt-Co NPs were annealed at 450 and 650 °C, respec-
tively. Consistent with in-situ observations, annealing at 450 °C resulted
in anextendedordered region (Supplementary Fig. 7).While theordered
region is rarely left upon annealing of the NPs at 650 °C, which may be
ascribed to the drastic component change within the whole NP caused
by the excessive interdiffusion (Supplementary Fig. 8). Inspired by this
specific evolution of atomic ordering in this multi-component, a further
composition analysis is needed clarify the effect of anisotropic Pd atom
diffusion.

According to our observation, we hypothesize that the ordering
mechanism of Pd@Pt-Co NPs during in-situ continuous heating
involves surface activated atoms-assisted nucleation of the inter-
metallic phase, followed by interdiffusion-facilitated inward propaga-
tion of the ordered structure, and the loss of ordered region due to
drastic atomdiffusion at elevated temperatures. However, to correlate
the ordering process with the composition redistribution only based
on the structure images captured by in-situ TEM is not possible. Given
the composition complexity of this ternary core–shell system, element
analysis is required to elucidate the composition change during the
ordering process. To address this, ex-situ annealing treatments were
performed to replicate the low-temperature ordering transition, fol-
lowed by atomic resolution element mapping of the annealed NPs.

Correlations between component and ordering conversion
Considering the drastic morphology and core–shell interface change at
above 400 °C, it can be referred that the annealing temperature plays a
more vital role in maintaining the desired facets compared to the
annealing duration, emphasizing the importance of rationally selecting
thermal treatment temperature. Therefore, the Pd@Pt-Co cubes were
annealed at 400 °C for 5min under vacuum to verify our hypothesis: the
diffusion-manipulated compositional change promotes the surface
ordering process occurring at low temperatures. TheAC-STEMof ex-situ
annealed Pd@Pt-Co is presented in Fig. 4a, revealing the formation of an
ordered structure on the surface of well-preserved cubic Pd@Pt-Co
core–shell NPs. The ordered structures occupy only a portion of the
surface of the NP, which aligns with our observation during in-situ
annealing, indicating that the formation of ordered structures pre-
dominantly initiates from the surface, albeit with random nucleation
sites. To further validate the presence of ordered structure, we enlarged
region #1 and constructed an atomic model based on the contrast
change within the highlighted laurel-green rectangle (Fig. 4b). The cor-
responding intensity profile of atomic columns taken along the marked
atomic layer reveals a periodic change of alternating intensity peaks
(Fig. 4c). Figure 4d–k present the detailed elemental mappings of
regions #2 and #3, respectively. Compared to the original elemental
distribution (Fig. 1), the Pd exhibits obvious segregation at the surface,
along with the inward diffusion of Pt and the ill-defined diffusion of Co.
The cyclic voltammetry (CV) tests were also conducted to validate the
surface compositional reconstruction. The annealed Pd@Pt-Co sample
exhibits a negative shift of hydrogen adsorption/absorption peak in
contrast to the original sample and commercial Pt/C (Supplementary
Fig. 9), confirming the surface compositional changes caused by the Pd
surface segregation44,45. Given the inherent similarity in the face-centered
cubic (FCC) structure of Pt and Pd, it could be hypothesized that the
outward diffusion of Pd tends to substitute for Pt atoms, contributing to
the formation of (Pt, Pd)-Co composition at the surface region. In sum-
mary, we believe that the generation of the L12 phase critically depends
on the redistribution of composition induced by Pd-diffusion within the
nanoscale region.

To further account for the effect of the Pd element on the for-
mation of the intermetallic phase, additional Pt3Co cubes synthesized

Fig. 3 | Dynamical evolution of an individual Pd@Pt-Co cube during in-situ
heating. a–r Sequential HAADF-STEM images (scale bar in (a, d, g, j,m, p) is 5 nm),
corresponding FFT patterns (scale bar in (b, e, h, k, n, q) is 5 nm−1), and inverse FFT
images (scale bar in (c, f, i, l, o, r) is 5 nm) derived from the superlattice spots
marked with pink circles in FFT images were acquired at 445 °C (a–c), 450 °C (d–f),
455 °C (g–i), 460 °C (j–l), 465 °C (m–o), and 470 °C (p–r), respectively. The blue
dashed lines mark the outline of the NP, and the orange lines mark the interface
between the core and shell. The blue and pink circles, and corresponding text refer
to the diffraction features of disordered and ordered phases, respectively. The pink
regions in IFFT images indicate the ordered structure, where the color scale ori-
ginates from the amount of ordered structure.
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using our group’s CO-assisted wet-chemical method have been
annealed at identical annealing conditions (Supplementary Figs. 10,
11)3,34. The AC-STEM images of Pt3Co cubes, both before and after
annealing, consistently exhibit a uniform contrast distribution, ver-
ifying their random alloy structure (Supplementary Figs. 12, 13).
Besides, FFT analysis was also performed to investigate the structural
discrepancy of surface and core regions. The absence of the (100) and
(110) planes in both FFT patterns further corroborates their random
solid solution structure (Supplementary Figs. 12, 13). Furthermore,
another Pd@Pt-Co NP was annealed at 400 °C for 5min to provide
additional evidence for the feasibility of this annealing regime (Sup-
plementary Fig. 14). The periodical change in Z-contrast observed at
the surface region indicates the formation of the intermetallic phase
under this condition. In addition, the presence of superlattice spots in
the FFT pattern of the surface region and the regular intensity profile
for the selected region serve together as compelling evidence of the
occurrence of ordering transition. Based on our comprehensive
observation, it is evident that the surface Pd-substitution plays a
pivotal role in promoting the nucleation and growth of the inter-
metallic phase in Pd@Pt-Co cubes. This finding emphasizes the sig-
nificance of Pd as a key contributing factor to the structural evolution
and ordered phase formation within the investigated nanomaterial
system.

Pd-substitution induces low-temperature phase transition
To gain deeper insights into the underlying mechanism driving the
experimentally observed substitution-induced disorder-to-order

transition, density functional theory (DFT) calculations were con-
ducted to theoretically predict the likelihood of low-temperature
phase transition in the (Pt, Pd)-Co system. Based on our experimental
findings, we constructed two primitive structures to model their ran-
dom and ordered structure, respectively (Fig. 5a). The reconstructed
atomic ratio of Pt and Co was determined by the line profiles derived
from EDS analysis (Supplementary Figs. 15, 16). Specifically, both the
(Pt, Pd)-Co and Pt-Co ordered systems adopt the L1₂ intermetallic
phase. The key difference is that in the (Pt, Pd)-Co ternary system, Pd
partially substitutes for Pt at the {0,1/2,1/2} atomic sites, whereas in the
Pt-Co system, only Pt occupies these sites. In both systems, Co atoms
occupy the (0,0,0) positions (Fig. 5a). Then using a widely reported
method to evaluate the critical temperature for phase transition46,47,
we found that theTc of (Pt, Pd)-Co is 362 °C lower than thatof the Pt-Co
system (Fig. 5b and Supplementary Table 1). Considering the Pt-Co
phase diagram, the Tc of Pt3Co is at approximately 747 °C48, whereas
the calculated Tc of (Pt, Pd)-Co is predicted to be 385 °C, aligning well
with the observed phase transition occurring at about 400 °C.
According to the correlation between the ordering kinetics and the
diffusivity, higher Tc correlates with lower atom diffusivity49,50. Thus,
the reduced Tc of the (Pt, Pd)-Co system suggests the decreased acti-
vation energy for atomic diffusion, thus a higher propensity for
ordering transition, which allows the formation of an ordered struc-
ture at lower annealing temperatures.

As shown in Fig. 5c, the results in our in-situ and ex-situ work can
be illustrated using the primary component systems Pd, Pt-Co, and (Pt,
Pd)-Co. Given the compositional complexity of this multi-component

Fig. 4 | Ex-situ structural and composition characterization of Pd@Pt-Co
annealing at 400 °C for 5min. a, AC-STEM image of an individual NP at the atomic
level.b, Enlarged image of region #1marked bywhite dotted box (scale bar in (b) is
0.5 nm). c, Atomic arrangements of the area selected by the laurel-green dashed
box, and corresponding intensity profile. d-g, Detailed composition analysis at

atomic scales of region#2 (scale bar in (d, e, f, g) is 0.5 nm), includingHAADF-STEM
images (d), EDS elemental maps of Pd (e), Pt (f), and Co (g). h-k, Detailed com-
position analysis at atomic scales of region #3 (scale bar in (h, i, j, k) is 0.5 nm),
including HAADF-STEM images (h), EDS elementalmaps of Pd (i), Pt (j), and Co (k).
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system, we qualitatively label the TT, TH, and Tc in these components.
To ensure the outward diffusion of interior Pd atoms, the Ta should
exceed the TT of Pd. It should also surpass the TH of Pt-Co, so that the
surface Pt-Co atoms are mobile under this condition. Additionally,
considering the thermodynamics of ordering conversion, the Gibbs
free energy difference between disordered phase and ordered phase
becomes negative at temperatures below Tc, providing the thermo-
dynamical driving force for the disorder-to-order transition to occur.
In this case, the mobile surface atoms, together with the outward dif-
fusing Pd atoms, promote the substitution of Pt with Pd atoms and the
formation of a (Pt, Pd)-Co system, with significantly lower Tc than that
of the Pt-Co system. This surface composition change promotes the
subsequent ordering process, as depicted in the models for the
structural evolution of NPs annealed at Ta. Furthermore, combined

with the in-situ observation, a critical time window also could be pre-
dicated, during which the accumulated atomic diffusion is sufficient to
promote surface ordering conversion without being so intense as to
compromise the desired structure and ordered features. Therefore,
atomic migration in a multi-component system plays a pivotal role in
modifying the local chemical environment and structure that deter-
mines the disorder-to-order phase transition kinetics.

To conclude, we provided a comprehensive understanding of the
ordering process in Pd@Pt-Co cubes at low temperatures by com-
bining the detailed in-situ observation and elaborate ex-situ analysis.
The atomic diffusion underlying this unexpected low-temperature
phase transition mainly consists of two stages: 1) The outward migra-
tion and substitution of Pd, in conjunction with surface active atoms,
trigger the nucleation of intermetallic by forming (Pt, Pd)-Co system

Fig. 5 | The underlying mechanism of low-temperature phase transition.
a, Primitive models of random and ordered structures for Pt-Co and (Pt, Pd)-Co sys-
tems.b, Calculated temperature for the phase transition process of (Pt, Pd)-Co and Pt-
Co system. Pt-Co phase diagram reproduced with permission from ref. 48. Copyright
2004 American Physical Society. c, Schematic illustration of the temperature

dependence on the component, and models for the evolution of Pd@Pt-Co cubes
annealing at the given annealing temperature (Ta). The pink lines represent theTc; The
orange line indicates the Ta; The green lines correspond to the TT; The blue lines
denote theTH.Thesolid-colored lineshighlight the temperature thresholds relevant to
theexperimental results in this study. Thedotted-colored lines serveas the references.
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with a lower Tc; 2) Themoderate interdiffusion of atoms promotes the
coalescence and propagation of ordered structures within the NPs.
The crucial role of Pd substitution in promoting the disorder-to-order
transition is further verified by the DFT calculations, revealing that the
formed (Pt, Pd)-Co ternary system exhibits a significant reduction of Tc
by approximately 362 °C, compared to the Pt-Co system. Further
observations at higher annealing temperatures reveal that the exces-
sive interdiffusion across the interface would lead to the loss of atomic
features due to the disruption of stoichiometric ratio, along with the
obvious deformation. These findings highlight the significant role of
substituted atoms in facilitating the phase transition process at low
temperatures. Moreover, they offer insights into the regulation of
elemental diffusion behavior, presenting possibilities for controlling
the formation of intermetallic phases in complex structures, such as
multi-component shape-controlled core–shell NPs.

Methods
Chemicals and Materials
Sodium tetrachloropalladate (II) (Na2PdCl4, 98%), ascorbic acid (AA, ≥
99.0%), potassium chloride (KCl, ≥ 99.5%), poly(vinylpyrrolidone) (PVP,
Mw≈ 55,000gmol-1), potassium bromide (KBr, ≥ 99.0%), chloroplatinic
acid hexahydrate (H2PtCl6⋅6H2O, Pt ≥ 37.5%), 2,4-pentanedione cobalt
(2:1) (Co(acac)2, 97%), n-butylamine (≥ 98%), and Nafion (0.5wt.%) were
bought from Sigma-Aldrich. Oleylamine (OAm, 80–90%), oleic acid (OA,
99.7%), and glucose (≥ 99.5%) were purchased from Aladdin. Toluene (≥
99.5%), ethanol (≥ 99.7%), acetone (≥ 99.5%), chloroform (≥ 99.0%), and
formaldehyde (HCHO, 37–40 vol.%) were bought from Sinopharm Che-
mical Reagent Co., Ltd. Carbon black (C, Vulcan® XC-72R, 20wt.%) was
purchased fromCabot. Deionizedwater (DIwater) usedwas 18.2MΩ cm.
All chemicals and materials were used as received.

Synthesis of Pd cubes
The Pd cubic seeds with an average size of 10 nm were synthesized
based on ref. 13. In a typical synthesis, 105mg of PVP, 300mg of KBr,
and 60mg of AA were first dissolved in the 8.0mL deionized water
using a 20-mL glass vial. Then, the mixture was preheated at 80 °C for
8min. Subsequently, 3mL of deionized water containing 57mg of
Na2PdCl4 was quickly added to the above solution. The reaction was
then kept at 80 °C under magnetic stirring for another 3 h. The Pd
seeds were collected by centrifugation and washed with ethanol and
acetone three times. Finally, the obtained Pd seeds were dispersed in
8mL of ethanol for further use.

Phase transfer of Pd cubes
According to the previous work, 3mL of toluene and 5mL of OAm
were mixed with the 8mL of ethanol containing Pd cubic seeds13.
Subsequently, themixturewaskept overnight at 80 °Cundermagnetic
stirring. Finally, the product was obtained by centrifugation and
washed with chloroform and ethanol three times, then re-dispersed
into 11mL of OAm for the next step.

Synthesis of Pd@Pt-Co cubes
In a typical synthesis, a 1.5mLOAm solution containing 10 nmPd cubic
seeds and20mgglucosewas added in3.5mLOAm.Firstly, themixture
was preheated at 200 °C for 5min. Next, 2.5mL Co(acac)2 with a
concentration of 0.001mol L−1 and 2.5mL H2PtCl6 ⋅ 6H2O with a con-
centration of 0.003mol L−1 were slowly injected into the reaction
solution via syringe pump at the rate of 0.5mL h−1. After finishing the
injection, themixturewas kept at 200 °C for an extra 30min. Then, the
reaction solution was cooled to RT. The final product was washed 3
times with chloroform and ethanal, then re-dispersed in chloroform.

Synthesis of Pt3Co cubes
The Pt3Co cubes were synthesized by a gas-assisted method. In the
standard procedure, 20mg of Pt(acac)2, 4.4mg of Co(acac)2, 9mL of

OAm, and 1mL of OA were mixed in a 25mL three-necked flask34. The
Schlenk line was used to control the gas flow during the synthesis.
Firstly, the air in the flask was removed by switching the argon and
vacuumpump.After that, theflask containing the reactionmixturewas
placed in an oil bath and preheated at 130 °C for 5min under argon
flow. Then, the gas was changed to carbon monoxide (CO), and the
flow rate was set at 190mLmin−1. The mixture under CO flow was
transferred to another oil bath and kept at 210 °C for another 40min.
For further use, the reaction mixture was centrifugated and washed
with ethanol and chloroform three times.

Preparation of carbon-supported catalyst
The obtained Pd@Pt-Co and Pt3Co NPs were mixed with carbon black
(Vulcan XC 72 R) with a mass ratio of 1:4 (metal: carbon)13. Firstly, a
certain amount of carbon support was sonicated in chloroform for 1 h,
followed by the addition of metal catalysts and another 30min of
ultrasonic treatment. The carbon-support products were obtained by
centrifugating and drying under Argon flow. Subsequently, the cata-
lysts were re-dispersed in n-butylamine and stirred for 3 days to clean
the surface of the catalyst. By centrifugated andwashedwithmethanol
at 5,000× g for 5min, the catalysts were isolated from the mixture.
Finally, the carbon-supported catalysts were dried through a freeze
dryer under a vacuum to obtain a loose structure.

Ex-situ thermal treatment of catalysts
The carbon-support catalysts were placed in a quartz boat and loaded
in a tube furnace. The furnace was connected to a pressure indicator
and a vacuum pump. The quartz boat containing the catalyst sample
waspulled to the center of the furnacewhen the temperature achieved
400 °C and kept at this site for 5min. After completing the annealing
treatment, the quartz boat was quickly dragged to the other end of the
furnace for rapid cooling.

Electrochemical test
The electrochemical test was carried out using a typical three-
electrode cell on the CHI760E station. The Pt filament was utilized as
the counter electrode, the reversible hydrogen electrode (RHE) was
employed as the reference electrode, and the glassy-carbon (GC)
rotating disk electrodewith an area of 0.196 cm2 served as the working
electrode. To prepare the catalyst ink, 5mg of catalysts were mixed
with 1mL isopropanol, 4mL DI water, and 25μL Nafion. The resulting
solution was carefully dropped onto the surface of the GC electrode.
CV curves were obtained by scanning in the range of 0.05 to 1.0 V (vs.
RHE) in an Ar-saturated 0.1M HClO4 solution at a rate of 50mV s−1.

Materials characterization
Transmission electron microscopy (TEM) images and energy dis-
persive X-ray (EDX) spectra were taken on the JEOL JEM-2100F oper-
ated at 200 kV. High-angle annular dark-field scanning TEM (HAADF-
STEM) and EDXmapping analyseswereperformedon the Talos F200X
G2 operated at 200 kV. The aberration-corrected STEM(AC-TEM)
images were taken on the JEM-ARM300F microscope equipped with
dual spherical aberration correctors at an accelerating voltage
of 300 kV.

In-situ STEM characterization
The Pd@Pt-Co NPs dispersed in chloroform were dropped onto the
Fusion Thermal E-chips. The E-chipwas thenmounted onto the Fusion
heating holder (Protochips). The in-situ holder was inserted into the
JEM-ARM 300F equipped with dual spherical aberration correctors,
operating at an accelerating voltage of 300 kV. The Fusion holder
allowed for precise temperature control during specimen annealing. In
one experiment, the specimen was heated from room temperature to
400 °C rapidly and held at 400 °C for further observations (see Suppl.
Movie 1). It is noted that the electron beam was blanked during the
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temperature ramp and stabilization to minimize its effect on the spe-
cimen. The initiation of video recording was set as t =0 s. For the
second observation, the sample was heated from 445 to 470 °C at a
ramping rate of 2.5 °C min−1 (see Suppl. Movie 2).

QSTEM image simulation
The simulated HAADF-STEM images of core–shell NPs with random
surface and L12 ordered surface along [001] zone axis are presented in
Fig. 2d, h, respectively. Themulti-slice simulation for the core–shell NPs
was conducted using a voltage of 300kV, a convergence angle of
19.3mrad, and inner- and outer collection angles of 70 and 200mrad by
QSTEM software. In the simulated HAADF-STEM images, the contrast
variation reflects the atomic arrangements, which can be attributed to
the different Z values of elements comprising the Pd@Pt-Co NPs. To
provide further insights into the simulation process, Supplementary
Figs. 4, 5 show the simulated image sequences for Pd@Pt-Co and in-situ
annealed Pd@Pt-Co, respectively, with different slice thicknesses.

First-principles calculations
We performed all calculations using the Vienna ab-initio Simulation
Package (VASP).We treated exchange-correlationwith theGeneralized
Gradient Approximation (GGA), as parameterized by Perdew, Burke,
and Ernzerhof (PBE), using the potentials supplied by VASP with the
projected augmented wave (PAW) method. To simulate the ordered
phases of Pt3Co and (Pt, Pd)3Co, cluster expansion searching was
conducted by the Alloy Theoretic Automated Toolkit (ATAT) package
with the most stable substituted forms obtained. To model the dis-
ordered phases, the Special Quasi-random Structures (SQS) method
wasusedwith 32 site cubic supercells with Pt/Pdoccupying the 24 sites
in a 1:1 ratio. The SQS was generated using a Monte Carlo algorithm as
implemented in the ATAT package with the pair and triplet correlation
functions of the SQS constrained to be identical to those of the sta-
tistically random compound. The Brillouin zone was sampled by
12 × 12 × 12 and 7 × 7 × 7 Gamma centered mesh for the ordered and
disordered cells, respectively, after a convergence test. Electronic
ground states were converged to within 1 × 10−8eV atom−1, and forces
were converged to less than 0.02 eVÅ−1.

Calculation details of phase transition temperature change ΔTc

Toestimate the energetic influenceof the Pdelemental substitution on
the phase transition between ordered and disordered phases, the
resulting change of the phase transition temperature ΔTc can be
computed. As shown in equation (1),ΔTc is calculated through dividing
the enthalpy difference between random and ordered phases by the
ideal configurational entropy following refs. 46,47:

ΔTc �
ESQSðPt3CoÞ � EL12 ðPt3CoÞ

ΔSidealðPt3CoÞ
� ESQSððPt, PdÞ3CoÞ � EL12 ððPt, PdÞ3CoÞ

ΔSidealððPt, PdÞ3CoÞ
ð1Þ

ESQS and EL12 are the enthalpies of random and ordered phases,
respectively. The ΔSideal is the ideal configurational entropy, which can
be calculated according to the following formula:

ΔSideal = � RΣXmlnXm ð2Þ

The R is the ideal gas constant, 8.63 × 10−5 eV K−1 atom−1. The Xm is
the concentration of elements in the system. It is worth mentioning
that the obtained ideal configurational entropy also needs to be nor-
malized per atom to match the formation energy values, which are
represented by ESQS

form and EL12
form, respectively. Specifically speaking, the

(Pt, Pd)3-Co system exhibits a notable entropy gain and decreased free
energy gap against the Pt-Co system, thus leading to a lowered phase
transition temperature. The specific calculated values are listed in
Supplementary Table 1.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The data that support the findings of this study are available from the
corresponding authors upon request. Source data are provided with
this paper.
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