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Methods  

Synthesis 

The nanoparticles were synthesized on a carbon substrate (carbon nanofiber, CNF) via Joule 

heating. The CNFs was fabricated by electrospinning polyacrylonitrile,1 which was carbonized at 

1273 K in argon for 6 h with a flow rate of 80 mL min-1. We then introduced more defects to the 

substrate by further activating the CNFs at 1023 K in CO2 flow for 6 h. The CNFs were then 

mounted on a glass slide with a gap by fixed on two copper foils using silver paste to gain good 

electrical contact. Copper foils were employed to connect the gap between the side of CNF and 

the external circuit and silver paste was applied to both end of the CNF film as electrodes to 

ensure contact with the copper foils. We then added PdCl2 and Pb(NO)3 precursors in 0.05 M 

ethanol solutions to the CNF substrate with a mixture loading of ~800 μL cm-2. Specifically, the 

PdCl2 and Pb(NO)3 solutions were 0.05 mol L-1. Then, the mixed PdCl2 and Pb(NO)3 solution 

400 L with the metal ion ratio of Pd :Pb =3:1 was directly loaded on the CNF with length of 1.0 

cm and width of 0.5 cm. The materials were then dried in an oven at 353 K and were used 

directly for the Joule heating.  

The thermal shock treatment was achieved by applying a rapid current within a short time to 

trigger samples in an argon-filled glovebox using Keithley 2425 Source Meter supply with 

adjustable current and duration. 60-s, 30-s, and 0.05-s electrical pulse durations were used to 

synthesize the bimetallic Pd3Pb ordered intermetallics reported in this work. The control sample 

Pd3Pb nanoparticles were prepared by traditional annealing, in which the precursor-loaded 

carbon substrate was heated at 1273 K for 3 h using a conventional tube furnace under Ar/H2 

flow at a ratio of 95:5. 
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Characterization 

The STEM images and EELS elemental mapping of the binary intermetallic nanoparticles 

were measured using a JEOL 2100F TEM operated at 200 kV. XRD was performed using a D8 

Advanced (Bruker AXS, WI, USA) with a scan rate of 3° min-1. During the Joule heating process, 

the emitted light from the sample was captured using a time-resolved pyrometer (Vision 

Research Phantom Miro M110 high-speed camera). The experimental parameters of the TGA 

experiment are shown in Table S1. Nitrogen is used as the purging gas. The flow rate of nitrogen, 

end temperature and heating rate is set in the software. Before loading the sample, the weight of 

the crucible is tared to zero. The sample is then loaded with its initial weight recorded. After the 

experiment, the furnace is cooled down naturally. 

 

Definition of the long-range order (LRO) parameter 

The LRO indicates the ordering degree, which we calculated according to the following Eq 

(1):2 

𝐿𝑅𝑂 =  
𝐼110 𝐼111⁄

𝐼110
∗ 𝐼111

∗⁄
× 100%     (1) 

in which I110 and I111 are the intensity of the superlattice (110) and foundational (111) diffraction 

peaks, respectively, and I* is the corresponding peak intensity of the fully ordered structure.  

 

Computational Method 

The first principles density functional theory (DFT)3, 4 calculations with a plane-wave basis 

set were performed using the Vienna ab initio simulation package (VASP).5, 6 Electronic 

exchange and correction were described by the generalized gradient approximation (GGA) of the 

Perdew, Burke and Ernzernhof (PBE)7 functionals. Projector augmented wave (PAW) 
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pseudopotential8, 9 was employed to describe the core electrons. In all calculations, the cutoff 

energy of the plane-wave basis set was chosen to be 500 eV. The Brillouin Zone was sampled 

using the Monkhorst 555 k-point grid for the 2×2×2 L12 Pd3Pb structure. The optimized 

atomic positions were obtained until the force fell below 0.02eV/ Å. The transition states of atom 

diffusion were located using the climbing image nudged elastic band (CI-NEB) method,10 in 

which the forces along and perpendicular to the reaction path were relaxed to less than 0.05 eV/ 

Å. The vacancy formation energy was calculated via the Eqs (2-3): 

𝐸𝑓
𝑃𝑏 = 𝐸𝑃𝑑3𝑛𝑃𝑏𝑛

− 𝐸𝑃𝑑3𝑛𝑃𝑏𝑛−1
− 𝐸𝑃𝑏    (2) 

𝐸𝑓
𝑃𝑑 = 𝐸𝑃𝑑3𝑛𝑃𝑏𝑛

− 𝐸𝑃𝑑3𝑛−2𝑃𝑏𝑛
− 𝐸𝑃𝑑    (3) 

in which 𝐸𝑓
𝑃𝑏  and 𝐸𝑓

𝑃𝑑  represent the vacancy formation energy of the Pb and Pd vacancies, 

𝐸𝑃𝑑3𝑛𝑃𝑏𝑛
 is the total energy of the Pd3Pb structure, 𝐸𝑃𝑑3𝑛𝑃𝑏𝑛−1

 and 𝐸𝑃𝑑3𝑛−2𝑃𝑏𝑛
are the energies of 

Pd3Pb with a Pb or Pd vacancies, and EPb and EPd refer to the energy of a single metal atom 

derived from a Pb3Pd crystal with face-centered cubic lattice structure.  

 

Catalytic ORR testing 

The ORR reaction was conducted on a glassy carbon electrode (GCE) (5 mm diameter) rotating 

disc electrode (RDE) using the electrochemical workstation (VMP3/Z bio-logic system) via a 

typical three-electrode configuration. 4 mg of the electrocatalyst sample was dispersed in 0.7 ml 

of isopropanol and 0.3 deionized water and 15 μL 5% Nafion solution by ultrasonication for 30 

min to form a homogeneous catalyst ink. The catalyst ink was then dropped onto the RDE (0.196 

cm2) at a loading of 0.25 mg cm−2 disk and dried at room temperature. We used an Ag/AgCl 

reference electrode and a platinum wire counter electrode in 1 M KOH under a stream of purified 

nitrogen or oxygen gas in the cell. The rotation speed of the RDE was 800, 1200, 1600, 2000, 
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and 2400 rpm for the ORR polarization curve measurements. All potentials reported in this paper 

are relative to the reversible hydrogen electrode. The electrochemical ADT was performed in O2-

saturated 1 M KOH solution by applying cyclic potential sweeps between 0.6 and 1 V with 20 

mV s-1 for 3000 cycles. All electrochemical experiments were performed at room temperature. 

All potentials were compensated by 85 % iR to correct Ohmic drop of the solution. The potential 

vs Ag/AgCl was converted to reversible hydrogen electrode (RHE) calculating by the following 

Eq. (4): 

E vs RHE = E vs Ag/AgCl + E0 Ag/AgCl vs RHE + 0.059 pH   (4) 

where E0 Ag/AgCl vs RHE is 0.1976 V at 25 °C. 

The overpotential  = E vs RHE -1.23 

 

The kinetic current (jk) can be calculated using the Koutecky-Levich Eqs. (5-6)  

1

𝑗
=

1

𝑗k
+

1

𝑗d
=

1

𝑗𝑘
+

1

B1/2     (5) 

𝐵 = 0.2nF(𝐷0
2/3)−1/6𝐶0     (6) 

in which j is the measured current, jd is the diffusion limited current, n is the number of electrons 

transferred, F is Faraday’s constant (F = 96 485 C mol−1), D0 is the diffusion coefficient of O2 in 

1 M KOH (D0 = 1.9 × 10−5 cm2 s−1), ν is the kinematic viscosity of the electrolyte (ν = 0.01 cm2 

s−1), ω is the angular frequency of rotation, and C0 is the concentration of molecular oxygen in 1 

M KOH solution (C0 = 1.2 × 10−6 mol cm−3). 

The cyclic voltammetry was carried out to assess electrochemical double-layer capacitance (Cdl) 

at no faradic processes six times at six different scan rates (1, 5, 10, 20, and 30 mV s−1). The 

obtained current densities at the selected potential have the linear relationship with the scan rates 
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and the slopes of fitting curves was the Cdl. We applied the specific capacitance of 0.04 mF cm−2 

here to calculate the ECSA. According to the Eq. (7):11 

𝐸𝐶𝑆𝐴 =  
𝐶𝑑𝑙

40𝐹 𝑐𝑚2⁄
 𝑐𝑚𝐸𝐶𝑆𝐴

2       (7) 
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Figure S1. XPS of 60-s heated ordered Pd3Pb intermetallic, (a) Pd 3d3/2 and Pd 3d5/2, (b) Pb 4f5/2 

and 4d7/2. The value of vertical red dash-dot line across the X Axes denote the corresponding 

peak position in the reference12.  
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Figure S2. Thermogravimetric Analysis (TGA) of the fully ordered Pd3Pb nanoparticles 

(synthesized at 1600 K for 60 s) indicates a 25 wt% Pd3Pb loading on the carbon support. 
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Figure S3. XRD patterns of the Pd3Pb nanoparticles synthesized by the traditional furnace 

annealing method (1273 K under Ar/H2 flow at a ratio of 95:5 for 3 h). The evident superlattice 

peaks of (100) and (110), marked as the red diamond indicate the formation of the L12 

intermetallic phase.   
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Figure S4. (a) The proposed vacancy diffusion mechanism schematic. (b-c) Ring diffusion 

mechanism schematic (without vacancy diffusion) with a sequential, systematic, and coupled 

movement. (b) Ring rotation 1, atom A takes position B, atom B takes position of atom C and 

atom C takes position of atom D. (c) Ring rotation 2, atom A takes position B, atom B takes 

position of atom C, atom C takes position of atom D, atom D takes position of atom E, atom E 

takes position of atom F. The ring diffusion mechanism involves the rotation of atoms in the 

form of a ring in clockwise or anticlockwise direction. It is a sequential, systematic, and coupled 

movement. For example, in Figure S4a, atom A takes position B, atom B takes position of atom 

C and atom C takes position of atom D by a coupled movement. The same goes true for the ring 

diffusion in Figure S4b. 
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Figure S5. The DFT calculation results for the ordering process of Pd3Pb via the Pb vacancy 

diffusion path (blue) and ring diffusion path (red). The insets are the DFT optimized Pd3Pb 

atomic structures involved in the ordering process. The blue, grey, and red balls represent the Pd 

atoms, Pb atoms, and vacancy, respectively.   
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Figure S6. ORR polarization curves of the 60-s heated materials at different rotation rates from 

800 to 2400 rpm. 
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Figure S7. The ORR current density as a function of the scan rate of 60-s heated nanoparticles 

and 0.05-s heated nanoparticles, which were used to calculate the ECSA value.  
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Figure S8. Bar graph showing mass and specific activities for ORR.  
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Figure S9. High resolution XPS spectra of 60-s heated ordered and 0.05-s heated disordered 

Pd3Pb nanoparticles in the regions (a) Pd 3d and (b) Pb 4f and 4d. We conducted XPS to verify 

the strong hetero-atomic Pd-Pb bond (Figure S9a), where we observed a shift (1.1 eV) of the Pd 

3d spectra in the ordered Pd3Pd to the lower binding energy with respect to the disordered Pd3Pb. 

On the other hand, the Pb 4f and 4d peaks in the ordered Pd3Pb show a 0.9 eV shift to the higher 

binding energy. These results implies a stronger interaction between Pd and Pb than that in the 

homo-atomic Pd3Pd alloy.   
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Figure S10. The ORR performance of the 0.05-s heated sample (disordered). (a) The ORR 

polarization curves of the 0.05-s heated nanoparticles, measured at different rotation rates. (b) 

The corresponding K-L plots of (a). (c) ORR polarization curves of the 0.05-s heated 

nanoparticles, showing the first cycle and after 3000 cycles with a rotation rate of 1600 rpm. (d) 

SEM image of the 0.05-s heated nanoparticles after 3000 potential cycles with a rotation rate of 

1600 rpm. The white dash cycles show the aggregation of the nanoparticles after 3000 cycles. 
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Figure S11. (a) ORR polarization curves of the tradionally annealed Pd3Pb nanaoparticles, 

showing the first cycle and after 3000 cycles of stability testing. (b) SEM image of disordered 

0.05-s heated nanoparticles after 3000 cycles stability testing. The SEM image show the 

evidently aggregation of the nanoparticles.  
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Table S1 Test conditions of Thermogravimetric analysis study. 

Heating rate 10 C/min 

Purging gas Nitrogen 

Gas purging rate 100 mL/min 

Initial temperature of the sample Room temperature 

Final temperature of the sample 800 C 
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