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Abstract

Chemically ordered intermetallic nanoparticles are promising candidates for energy-related
applications such as electrocatalysis. However, the synthesis of intermetallics generally requires
long annealing (several hours) to achieve the ordered structure, which causes nanoparticles
agglomeration and diminished performance, particularly for catalysis. Herein, we demonstrate a
new rapid, Joule heating approach that can synthesize highly ordered and well-dispersed
intermetallic nanoparticles. As a proof-of-concept, we synthesized fully ordered PdsPb
intermetallic nanoparticles that feature small size distribution (~6 nm). Computational analysis of
the L1, PdsPb material suggests that this rapid atomic ordering transformation can be attribute to
a vacancy-mediated diffusion mechanism. Moreover, the nanoparticles demonstrate excellent
electrocatalytic activity and exceptional stability for the oxygen reduction reaction (ORR),
retaining > 95% of the current density over 10 h of chronoamperometry test with negligible
structural and compositional changes. This study demonstrates a new strategy of providing a new

direction for intermetallic synthesis and catalyst discovery.



Introduction

Intermetallic compound features well-defined stoichiometry and structural long-range ordering,*
® which has made these materials of great interest for applications such as catalysis,> & magnetics,®
10 and optical.!* Currently, intermetallic nanoparticles are synthesized using a thermal annealing
approach in which heating over a sufficient time period enables an atomic ordering
transformation.'® 1* However, such long annealing processes induce particle sintering and lead to
aggregation and a non-uniform size distribution, which can reduce the material’s catalytic
activity.'* 1> To prevent coalescence during annealing, protective nanoparticle coatings have been
explored, such as silica, MgO, and FesOa shells.’® However, this approach requires an additional
step of removing the coating from the surface of the nanoparticles'® to expose the active sites for
catalysis, which increases the cost of production and the limits practical utility. Therefore, it is
critical to develop a more rapid and efficient strategy of synthesizing intermetallic nanoparticles
that can also avoid aggregation issues. Recently, Chen et al. proposed the universal, ultrafast, and
controllable high-temperature approach!’ to successfully realize a broad range of nanoparticle
materials (such as, IrNi8, NiO, etc) in the diverse applications in energy storage and conversion.
Ultrafast of the heating time can prevent aggregation problem, but it remains extremely
challenging to achieve the ordered intermetallic structure during limited heating due to the high
energy barriers for the atom exchange that must take place for atomic ordering.

Herein, we report a general method for the synthesis of intermetallic nanoparticles using a
rapid, high-temperature heating, which not only promotes atomic ordering but also creates small
and uniformly distributed particles (~6 nm). As a proof-of-concept, we synthesize PdsPb
intermetallic nanoparticles with a L1, structure, which we apply as an electrocatalyst for the

oxygen reduction reaction (ORR).%° By rapidly Joule heating to the temperature of 1600 K, (ramp



rates on the order of 10° K s), the materials decompose and then undergo an atomic ordering
transformation in 60 s, which is sufficiently brief to enable the formation of ultrafine PdsPb
intermetallic nanoparticles (Figure 1a (i)}’ as well as L1, atomic ordering (Figure 1b). Such Joule
heating at high-temperature creates numerous vacancies®! 2 in the in the initially disordered PdsPb
alloy nanoparticles, which enables the elemental material to more easily rearrange into the desired
ordered structure. X-ray photoelectron spectroscopy (XPS) in Figure S1 shows that the Pd 3d
spectrum of PdsPb has a slight shift to the lower binding energy compared to the ones in the
literature.?® The results may be attributed to the lower electron cloud density resulted by the Pd
vacancies. We confirm this mechanism using density functional theory (DFT), which shows the
Pd vacancy-mediated diffusion pathway has a lower activation energy (0.67 eV) compared to the
non-vacancy diffusion (i.e., ring diffusion, 3.96 eV), significantly promoting the ordering
processes in the L1, PdsPb nanocrystal. In contrast, traditional furnace annealing featuring slow
heating and long annealing time with the temperature of 1273 K results in average intermetallic
particle size of ~85 nm in Figure 1a (ii).

High-resolution high-angle annular dark-field scanning transmission electron microscopy
(HAADF-STEM) image displays the periodic brightness contrast due to the different Z-contrast of
Pb (atomic number 82) and Pd (atomic number 46). As shown in Figure 1b, the HAADF-STEM
image of the L1, ordered PdsPb nanoparticle shows alternating layers of darker atom columns and
brighter atoms columns. Compared with previously reported intermetallic synthesis (Figure 1c),'*
15,20,24-27 the method described in this work is able to achieve an ordered structure in the 60 s by a
higher temperature of 1600 K, significantly improving the ordered structure (with 100% ordering
degree) in just 60 s, significantly improving the scalability of these unique materials. Furthermore,

the high ordering and small particle size is vital for the catalytic activity, as we demonstrate using



the PdsPb intermetallic nanoparticles for ORR. Therefore, this Joule heating technique opens up a

new pathway for the synthesis of intermetallic nanocatalysts for a range of applications.
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Figure 1. (a) Schematic demonstration of two strategies for the synthesis of ordered PdsPb
intermetallic nanoparticles from mixed Pd and Pb metal precursors: (i) the Joule heating method,
which heats the materials for just 60 s at 1600 K, resulting in L1>-ordered PdsPb nanoparticles with
an average size of ~6 nm; (ii) The traditional annealing method, which involves heating for 3 h at
1273 K, resulting in 60% ordered PdsPb nanoparticles with an average size of ~85 nm. (b) An
HAADF-STEM image of the resulting L1, ordered PdsPb nanoparticle produced by the rapid Joule
heating method. (c) Comparison of the heating temperature and time of various methods used to

synthesize PdsPb intermetallic nanoparticles.



As schematically shown in Figure la (i), to demonstrate the synthesis of intermetallic
nanoparticles, we loaded metal salt precursors (PdClz and Pb(NO)3, 25 wt%, Figure S2) onto a
carbon substrate (e. g. carbon nanofiber), to which we applied a voltage to enable Joule heating
that can precisely control both the heating temperature and time (Figure 2a). To investigate the
impact of the heating duration, we increased the temperature to 1600 K and held it for different
durations (0.05-s, 30-s, and 60-s), then characterized the resulting nanoparticles on the carbon
substrate using X-ray diffraction (XRD; Figure 2b). Based on the superlattice peaks (100) and (110)
of the ordered structure, we calculated the long-range order (LRO) parameter of the samples (see
definition details in Methods). An intermetallic material ideally have an LRO value of 100%,
indicating a full degree of atomic ordering. The XRD pattern of the PdsPb nanoparticles produced
by Joule heating for 0.05-s has no superlattice peaks, indicating a disordered structure (Figure 2b).
Clearly, a heating time of just 0.05-s is insufficient to achieve the necessary atomic diffusion and
rearrangement to form the ordered structure, instead leading to a kinetically trapped disordered
materials. When we extended the heating time to 30-s, the resulting XRD spectrum featured
noticeable superlattice peaks, which corresponds to a LRO value of 60%. These findings show that
within 30-s of high-temperature heating a disordered-ordered phase transition occurs. Finally,
when we increase the heating time increasing to 60-s, the superlattice peaks become much sharper,
corresponding to an LRO value of 100%. These results show that a temperature of 1600 K applied
for 60-s can complete the disordered-to-ordered phase transition to achieve fully ordered
intermetallic PdsPb nanoparticles (LRO = 100%).

We investigated the impact of the Joule heating time on the size and morphology of the PdsPb
nanoparticles using scanning electron microscopy (SEM) and transmission electron microscopy

(TEM) (Figure 2c-e). For all Joule-heating conditions (0.05-s, 30-s, and 60-s at 1600 K), the



resulting PdsPb nanoparticles displayed a uniform size distribution on the carbon substrate. The
average sizes of the Joule heated nanoparticles were 7.5+ 1.5 nm, 5.9+ 2.1 nm, and 6.5 + 1.0 nm
corresponding to the heating time 0.05-s, 30-s, and 60-s, demonstrating a relatively narrow size
distribution. In particular, the dispersion of the 60-s heated, ordered Pds:Pb nanoparticles on the
carbon substrate was uniform, with no obvious aggregation. The larger size for the 60-s (6.5 nm)
sample than the 30-s (5.9 nm) sample is likely due to the slight metal sintering within this short
duration. It could also be a statistical result of the size-range becoming more uniform. Our study
shows that 60-s Joule heating is the sufficient time to achieve intermetallic nanoparticles with high
long-range ordering and ultrafine size of ~6 nm in diameter (the blue shadow part in Figure 2f).
For comparison, we also synthesized PdsPb intermetallic nanoparticles using the traditional
furnace annealing method at 1273 K for 3 h. The resulting materials show a lower LRO of 60%
and much larger particle size of ~85 nm (insert of Figure 2f, Figure S3). Thus, the Joule heating
method is more effective for synthesizing highly ordered intermetallic nanoparticles with ultra-

small particle size.
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Figure 2. (a) Measurement of temperature change as a function of time during the Joule heating

process. (b) XRD patterns of the PdsPb nanoparticles synthesized by Joule heating at 1600 K for



0.05-s, 30-s, and 60-s, which featured disordered, 60% ordered, and 100% fully ordered structures,
respectively. The superlattice peaks of (100) and (110) are marked by the black diamonds. The
right plot shows an enlarged view of the spectra between 20° and 35°. The insets demonstrate the
corresponding ordered (top) and disordered (bottom) structures of the PdsPb lattice. (c-e) SEM
and TEM images as well as the size distribution of the PdsPb nanoparticles synthesized by Joule
heating at 1600 K for (c) 0.05s, (d) 30 s, and (e) 60s. (f) LRO parameter and diameter of the PdsPb
nanoparticles synthesized by Joule heating for different durations (the blue shaded region part) and
traditional annealing for 3 h (grey cycle part). The brown data points correspond to the LRO value
(left axis) and the black data points indicate the sample diameter (right axis). The inset is an SEM
image and the corresponding size distribution of the PdsPb nanoparticles synthesized by the

traditional annealing method (1273 K for 3 h).



HAADF-STEM images of the PdsPb nanoparticles synthesized by 60-s Joule heating (Figure
3a-c) show the ordered structure of Pd and Pb atoms in an individual nanoparticle. The lattice
fringes at 4.03 A, 2.32 A, and 2.86 A are assigned to the (100), (111), and (110) planes of the cubic
intermetallic phase of PdsPb. The presence of the superlattice reflection pattern (110) also confirms
the formation of the L1,-ordered PdsPb intermetallic structure (inset of Figure 3c). Figure 3d shows
a schematic of the ordered PdsPb intermetallic lattice cell structure along the [001] direction.
Additionally, energy-dispersive spectroscopy (EDS) mapping shows the Pd and Pb are uniformly
distributed within the PdsPb nanoparticles (Figure 3e).

Vacancy diffusion and ring diffusion are two possible mechanisms that could explain the
transition of the PdsPb nanoparticles from a disordered solid solution to an ordered crystal (Figure
S4).28 In the vacancy diffusion pathway, the vacancy swaps its position with an adjacent atom, as
shown in Figure S4a. In contrast, atoms change their positions in a simultaneous direction in the
ring diffusion (Figure S4b-c). Rapid Joule heating to high temperature can increase the
concentration of vacancies in order for the nanoparticles to reach thermal equilibrium.?? Therefore,
in our process, we hypothesize the vacancy diffusion mechanism dominates the structural ordering
process of the L1> PdsPb nanoparticles.

To test this hypothesis, we performed first-principles density functional theory (DFT)
simulation to better understand how vacancies affect the diffusion energetics of the metal atoms
during the Joule-heating-induced atomic ordering. In Figure 3f, we constructed a partially
disordered PdsPb model containing two pairs of Pd and Pb atoms, which we used to calculate the
vacancy diffusion paths toward the formation of the L1, PdsPb structure. Specifically, we assumed
the activation energy for the diffusion path involved a pre-existing Pd vacancy and Pb vacancy, as

shown in Figure 3f and Figure S5, respectively. For comparison, we also simulated the ring
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diffusion process (i.e., diffusion without a vacancy in the partially disordered PdsPb structure;
Figure 3f(1)-(2) and Figure S5), in which the two pairs of Pb and Pd atoms swap their position.
For this path, we calculated the activation energy to be 3.96 eV, which is insurmountable at 1600
K.2% In contrast, we found the ordering process of the partially disordered PdsPb structure featuring
Pd vacancies (red dots in structure (3)) can overcome the two surmountable energy barriers (0.60
eV and 0.67 eV) via the vacancy diffusion path (Figure 3f(3)-(5)), in which Pb or Pd atoms swap
their position with an adjacent vacancy in a step-by-step manner.

Moreover, we found the activation energies through the Pb vacancy diffusion path features
three activation energy barriers, the highest of which is 1.04 eV, as shown in Figure S5, higher
than Pd vacancy diffusion (0.67 eV) but much lower than the ring diffusion (3.96 eV). These
results suggest vacancy diffusion is more energetically feasible for the atomic ordering of the
PdsPb intermetallic structure, whereas the ring diffusion mechanism is negligible due to its
unsurmountable energy barrier even under the high temperature conditions used. Furthermore, we
calculated the formation energy of the Pb vacancy in PdsPb to be 2.07 eV, whereas the Pd vacancy
exhibited a much lower formation energy of 0.76 eV, likely owing to its smaller atomic radius of
Pd (140 pm < 180 pm of Pb) that results in smaller lattice distortion. Via this vacancy-mediated
process, the high-concentration of vacancies generated due to the rapid heating should significantly
accelerate the atom diffusion process in the crystalline state, reducing the atomic ordering

transformation timescale.
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Figure 3. (a—¢c) HAADF-STEM images of a fully ordered PdsPb nanoparticle ordered structure (a)
and lattice structure (b and c¢) synthesized by 60 s heating at 1600 K (the light atoms are Pd and
the darker atoms are Pb). (d) Schematic of the ordered PdsPb intermetallic lattice cell structure
along the [001] direction. (e) HAADF-STEM image of a PdsPb nanoparticle and the corresponding
elemental mapping of Pd, Pb, and C, indicating the uniform distribution of the Pd and Pb elements.
(F) The DFT calculation results for the atomic ordering of PdsPb via the Pd vacancy diffusion (blue
lines) and ring diffusion pathways (red lines). The insets are the DFT-optimized PdsPb atomic
structures involved in the rearrangement process. In the atomic models, the blue and grey balls

represent Pd and Pb atoms, respectively. The red balls denotes the Pd vacancy.

12



Given the ultrasmall size and fully ordered intermetallic structure, the 60-s heated PdsPb
nanoparticles may be an excellent nanocatalyst for ORR. Figure 4a presents the ORR polarization
curves of the 60-s heated PdsPb nanoparticles in 1 M KOH solution saturated with oxygen,
measured using a rotating disk electrode (RDE) at room temperature. The less ordered 0.05-s and
30-s heated samples are also shown for comparison. The fully ordered 60-s heated PdsPb exhibits
a more positive half-wave potential (E12, 0.90 V, vs. a reversible hydrogen electrode) than the
0.05-s heating (0.84 V), and 30-s heating (0.87 V) heated materials. Compared with the 0.05-s
heating sample, the Ey» of the 60-s heated material shows a significant 60 mV shift to more
positive potentials, indicating better activity of the fully ordered intermetallic catalyst (Figure 4a).
We also evaluated the performance of the catalysts (0.05-s heated, 30-s heated, and 60-s heated)
by the kinetic current (jk) versus the electrode potential. As shown in Figure 4b, the Tafel slope of
the 60-s heated sample (22 mV dec™) is lower than that of 30-s heated (28 mV dec), and 0.05-s
heated (34 mV dec™) PdsPb nanoparticles, indicating the superior ORR Kinetics and activity of the
60-s heated catalyst.%® The higher activity of the intermetallic prepared by Joule heating can be
attributed to the vacancies in the intermetallic nanoparticles. The vacancies can play an important
role in modifying the electronic structure and the properties of nanoparticles by introducing
additional energy levels. These factors could lead to the enhanced catalytic activity when used as
a catalyst. The bar plot in Figure 4c summarizes the favorable ORR activity of the 60-s heated
nanocatalyst, in which the Ei» and Tafel slopes outperform the less ordered heated PdsPb
nanoparticles in addition to significantly exceeding that of the large PdsPb particles synthesized
by traditional furnace annealing.

As the heated PdsPb samples are approximately the same size, but feature different degrees

of atomic ordering, we attribute the superior performance of the 60-s heated sample to its fully
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ordered intermetallic structure. Figure S6 presents the rotation rate-dependent ORR polarization
curves of the 60-s heated catalyst, which reflects first-order reaction kinetics relative to the
dissolved oxygen concentration during the ORR process.3" %2, To determine the efficiency of the
ORR reaction, we calculated the average electron transfer number (n) of the 60-s heated
nanocatalyst within the potential range of 0.50-0.65 V from the slope of the Koutecky-Levich (K-
L) plots (Figure 4d). We found n equals 3.967, indicating a nearly 4-electron reduction process of
oxygen to water, which is critical for high efficiency in ORR. To investigate the electrochemically
active surface area (ECSA), we measured the capacitance of the 60-s and 0.05-s heating
nanoparticles. According to the current density at different scan rates (from 1 mV s to 50 mV s
1) of the 60-s heated nanoparticles, the calculated double layer capacitance (Ca, Figure S7) was
66.0 mF cm2, which is larger than that of the disordered 0.05-s heated nanoparticles (44.7 mF cm’
2). Based on the results of Cq), the ECSA of the 60-s heated nanoparticles (78.2 m? g'1) exceeded
that of the 0.05-s heated nanoparticles (43.1 m? g%), which we attribute to the material’s well-
defined ordered structure, producing abundant active sites for the electrocatalytic process. The
mass and specific activities of the most active catalyst (Figure S8), 60-s heated PdsPb, are 0.59
mA mgreg* and 1.53 mA cm?, respectively, which are 2.7 and 1.2 times higher than those of the

traditionally heated PdsPb.
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saturated 1 M KOH solution (rotation rate 1600 rpm). (b) Tafel curves derived from (a). (c) Bar
plots of the Ei» and Tafel slope values of the different heated PdsPb nanoparticles. (d) The
Koutechy-Levich (K-L) plots at different electrode potentials (0.50 V, 0.55 V, 0.60 V, and 0.65 V)

for 60-s heated sample.
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We measured the electrochemical stability of the 60-s heated PdsPb intermetallic catalyst
using an accelerated durability test (ADT) conducted by cycling the potential between 0.6 and 1.0
V at 50 mV st at room temperature. As shown in Figure 5a, the 60-s heated catalyst demonstrates
a slightly improved E1> value after 3000 cycles of ADT (from 0.90 V to 0.91 V, and undergoes
negligible decay in the diffusion-limiting current. The slight improved E1/2 value is likely a result
of a higher amount of active sites on the surface of the ordered Pd3Pb intermetallic nanoparticles
due to the migration of vacancies from bulk to the surface during testing. Moreover,
chronoamperometry measurements at 0.70 V of the fully ordered 60-s heated PdsPb sample
showed the catalyst retained up to 95% of its original current (Figure 5b). Electrochemical
impedance spectroscopy (EIS) of the materials also displays negligible change before and after the
long-term stability chronoamperometry test (Figure 5c). The ordered structure and the overall
morphology of the 60-s heated catalyst were also maintained after chronoamperometry stability
testing, as evidenced by the post-mortem XRD and SEM characterization (Figure 5d). The superior
stability of the 60-s heating catalyst is mainly due to the stronger hetero-atomic Pd-Pb bond in
PdsPb intermetallic than the randomly mixed PdsPb alloy (see detailed XPS analysis in Figure S9).
In contrast, under the same conditions, the disordered 0.05-s heated sample showed inferior
performance with lower E1» and higher Tafel slope values for ORR compared with the 60-s heated
(Figure S10a).

Based on the slope of the K-L plots, the average electron transfer number (n) of the 0.05-s
heated catalyst within the potential range of 0.50-0.65 V was 3.422 (Figure S10a), which is less
than that of the 60-s heated sample (n = 3.967), indicating a lower efficiency for ORR. Additionally,
after a 3000 cycle stability test, the disordered 0.05-s heated material also suffered from severe

performance decay (Figure S10b) and particle aggregation (Figure S10c). Furthermore, the
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traditionally annealed PdsPb nanoparticles show a dramatic decrease in activity (Figure S11a) and
obvious aggregation and deterioration (Figure S11b) after the durability tests compared with the

60-s heated intermetallic rapidly synthesized by our approach.
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Figure 5. (a) The first and after 3000 cycles accelerated cyclic voltammetry (CV) of the 60-s
heated nanocatalyst in ORR conducted at 50 mV s. (b) Chronoamperometry of the 60-s heated
nanocatalysts at 0.7 V in Oz-saturated 1 M KOH in terms of the percentage of the retained current
as a function of the operation time. (c) EIS of the 60-s heated nanocatalyst before and after 3000
accelerated CV cycles conducted at 50 mV s™. (d) XRD pattern of the 60-s heated nanocatalyst
after 3000 accelerated CV cycles. The inset is an SEM image of the 60-s heated nanocatalysts after

the stability test (3000 cycles).
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Conclusion

In summary, we have demonstrated a new technique (within 60 s) for the synthesis of ordered
intermetallic nanoparticles via rapid Joule-heating. This high-temperature synthesis creates
sufficient atomic vacancies that promote structural ordering into L1 PdsPb nanocrystals.
Additionally, the short heating time prevents particle aggregation, enabling ultra-small
nanoparticle size and a narrow size distribution (~6 nm). Computational analysis suggests the
diffusion mechanism during the structural ordering process involves vacancies, which feature the
lower activation energy for atomic diffusion compared to ring diffusion. Electrochemical
experiments also show the fully ordered PdsPb nanoparticles exhibit excellent electrocatalytic
activity and superior stability for ORR, demonstrating only 5% of its original current degradation
and negligible structural and compositional changes over 10 h of chronoamperometry. This study
presents an effective approach to enable the synthesis of intermetallics with small particle size for

catalysis applications.
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