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1. Materials and Computational Method.
1.1. Chemicals.

Palladium(II) acetylacetonate (Pd(acac),, 99%), lead(Il) acetylacetonate (Pb(acac),, technical
grade), chloroplatinic(IV) acid (H,PtCls-xH,0, 99.9%), n-butylamine (98%), potassium
hydroxide (KOH, 99.99%) were all purchased from Sigma Aldrich. Commercial Pt/C (20 wt%)
was purchased from Alfa Aesar. Oleylamine (OAm, 80%-90%) was purchased from Aladdin.
Ethanol, cyclohexane and chloroform were purchased from Sinopharm Chemical Reagent. All
the chemicals and materials were used as received. All aqueous solutions were prepared using

ultrapure water with a resistivity of 18.2 MQ-cm.

1.2. Computational Method.
All the density functional theory (DFT) calculations were performed by using Vienna Ab-initio
Simulation Package[1,2] (VASP) under the Projected Augmented Wave[3] (PAW) method.
The revised Perdew-Burke-Ernzerhof (RPBE) functional was used to describe the exchange
and correlation effects, since it has proved to provide useful trend in computing adsorption
energies.[4-6] In all the calculations, the cut-off energy was set to be 500 eV. The (100) surface
was simulated to represent the catalytic interface. The Monkhorst-Pack grid [7] were set to be
3x3x1 and 6x6x1 for computing the adsorption energy and d-band centre, respectively. A 15
A vacuum layer was applied in z-direction of the slab models, preventing the slabs from vertical
interactions.

The oxygen adsorption energy (AEp) was defined as:

AEo=Egap+0~ Esiap —Eo

where E,;+0 1s the energy of slab model with an adsorbed oxygen atom, E;,, is the energy
2



of the clean slab, and Ej, is the energy of an oxygen atom referenced as (H,O—H,). Under this

definition, a smaller value of 4E indicates a stronger adsorption.



2. Supporting Figures and Tables.
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Fig. S1. (a) TEM images and (b) corresponding size distribution of the Pd;Pb@Pt;Pb

nanocubes.
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Fig. S2. XRD pattern of the Pd;Pb@Pt;Pb nanocubes.
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Fig. S3. High-magnified EDX mapping image of the surface of the Pd;Pb@Pt;Pb nanocubes.
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Fig. S4. (a,b) Aberration-corrected HAADF-STEM images of the Pd;Pb@Pt;Pb nanocubes

and (c,d) corresponding line profiles of intensity of atoms along the directions marked in (b).
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Fig. SS. (a) TEM image, (b) aberration-corrected HAADF-STEM image, (c) EDX mapping

image and (d) line-scan profiles of the Pd;Pb@Pt4Pb nanocubes.
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Fig. S6. (a) TEM image and (b) corresponding size distribution of the Pd;Pb@PtsPbnanocubes.
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Fig. S7. XRD pattern of the Pd;Pb@Pt4Pb nanocubes.
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Fig. S8. (a) TEM image, (b) HRTEM image, (c) EDX mapping image and (d) XRD pattern of

the Pt;Pb nanoparticles.
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Fig. S9. TEM images of the Pd;Pb/Pt;Pb prepared using the standard procedure at different
reaction times: (a) 3, (b) 5, (¢) 10, and (d) 20 min.
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Fig. S10. XRD patterns of the Pd;Pb@Pt;Pb prepared using the standard procedure at different
reaction times: (a) 3, (b) 5, (¢) 10, and (d) 20 min.

13



100

90 -
80 -
70

—e—Pb

—— Pt

60 -
50 -
40 -
30 -

element content

20 -
10

0 5 10 15 20 25 30 35 40 45 50 55 60

t/ min

Fig. S11. Change in mol % of Pt, Pd and Pb during the reaction for the synthesis of the

Pd;Pb@Pt;Pb nanocubes.
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Fig. S12. Strain distribution determined by GPA. (a) Mapping image of &, distribution of
Figure 2a. (b) Mapping image of ¢, distribution of Figure 13a
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Fig. S13. Strain distribution of the Pd;Pb@Pt;Pb nanocubes determined by GPA. (a)
Aberration-corrected HAADF-STEM image of a Pd;Pb@Pt4Pb nanocube. (b) Mapping image

of &, distribution of (a). (c) and (d) Line profiles of &, along directions marked in (a).
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Fig. S14. (a, d) Pt 4f, (b, e) Pd 3d and (c, f) Pb 4f XPS spectra of the Pd;Pb@Pt;Pb and

Pd;Pb@Pt,Pb nanocubes, respectively.
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Fig. S15. CO stripping curves of three catalysts recorded in 0.1 M KOH solution at a sweep

rate of 50 mV/s: (a) Pd;Pb@Pt;Pb nanocubes, (b) Pd;Pb@Pt;Pb nanocubes, and (¢) Pt/C. (d)

A comparison of ECSAs of these three catalysts.
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Fig. S16. (a) Area-specific (i, mA/cm?) and (b) mass (i,, A/mgp) ORR activities for
Pd;Pb@Pt;Pb nanocubes, Pd;Pb@Pt4Pb nanocubes and Pt/C reference catalysts.

19



1.2+ .
Pd,Pb@Pt,Pb
Pd,Pb@Pt,Pb .
Pt,Pb
Pt/C

1.02

Mass activitypg,

Fig. S17. Mass activities (normalized by the mass of PGM, i,,, A/mgpgm) of the Pd;Pb@Pt;Pb
nanocubes, Pd;Pb@Pt,Pb nanocubes, Pt;Pb nanoparticles and commecial Pt/C catalysts for

ORR.
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Fig. S18. (a) CO stripping curves, (b) mass (i,,, A/mgp) and area-specific (i, mA/cm?)
activities, and (¢) ORR polarization curves before and after 10000 cycles between 0.6 and 1.0

V at a scan rate of 100 mV/ s versus RHE of the Pt;Pb/C catalysts.
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Fig. S19. ORR polarization curves of (a) Pd;Pb@Pt,Pb nanocubes/C and (b) commercial Pt/C

catalysts before and after 10000 cycles between 0.6 and 1.0 V at a scan rate of 100 mV/ s versus

RHE.
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Fig. S20. TEM and HAADF-STEM-EDX mapping characterizations of (a-c) Pd;Pb@Pt;Pb
nanocubes/C and (d-f) Pd;Pb@Pt4Pb nanocubes/C before and after 10000 cycles ADT test.
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Fig. S21. HAADF-STEM images of (a,b) two Pd;Pb@Pt;Pb/C samples after ADT.
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Fig. S22. TEM image of the commercial Pt/C catalyst after 10000 cycles ADT test.
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Fig. $23. DFT models of (a) Pt(100), (b) Pd;sPb@Pt;Pb(100), and (c) )Pd;Pb@Pt,Pb(100).
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Fig. S24. DFT calculations. The PDOS of (a) Pd;Pb@Pt,Pb and (d) Pt slab. The electron
localization function analysis of surface in (b) Pd;Pb@PtsPb slab and (e) Pt slab. The
differential charge distributions for (c) Pd;Pb@Pt4Pb slab and (f) Pt slab.
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Table S1. ICP-AES data of Pd;Pb@Pt;Pb and Pd;Pb@Pt,Pb nanocubes.

Atomic ratio of Atomic ratio of Atomic ratio of

Samples Pd % Pt % Pb % Pt/Pb
Pd;Pb@Pt;Pb  63.7 9.6 26.7 3.1
Pd;Pb@Pt,Pb  62.0 12.1 259 4.1
Pt;Pb / 74.3 25.7 2.9

* Pt/Pb is defined as the atomic ratio of Pt and Pb after subtracting the amount of Pb in the
Pd;Pb cores with a Pd/Pb atomic ratio of 2.7:1.
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Table S2. Summarized XPS data of Pd;Pb@Pt;Pb, Pd;Pb@Pt,Pb, Pt bulk, Pb bulk and Pd
bulk.

Samples Pt'4f;, Pt'4fs, Pb'4f,, Pb? 4f,, Pd’3ds, Pd’3d;, Pt/Pb

11:;131:)1?@ 70.74 eV 74.07eV  136.77e¢V 141.63eV 33533¢V 340.59¢eV 0.76

3

11:;131::)@ 70.85eV  74.18eV 136.78eV 141.64eV 33527e¢V 340.53eV 1.05
4

Pb bulk / / 136.90eV  141.76 eV / / /

Pd bulk / / / / 335.1eV 340.36 eV /

Ptbulk 71.20eV 74.53¢eV / / / / /
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Table S3. Comparison of ORR performance of Pd;Pb@Pt;Pb in this work with state of art
electrocatalysts in the literatures.

i i
Samples (A /mgpt) (mA/cm?) Ref.
Pd;Pb@Pt;Pb 4.69 6.69 This work
Pt37Cus¢Au; porous film 0.871 1.85 8
Pt—Pd binary superlattices ~2.1 ~1.9 9
Pd,Pt,g alloy / 1.249 10

0.38 1.06
H-Pt/CaMnO; (0.85V) (0.85V) 11
CuPt-NC 0.32 0.47 12
NiPt TONPs 0.44 0.51 13
Pt-coated Pd nanocubes / 0.708 14
Pt@Fe-N/R3DG / 2.22 15
13% PtPANT 0.333 1.48 16
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Table S4. Summarized E,40, Esiab, Eo, and AEq for three kinds of surfaces including fcc-
structured Pd;Pb@Pt,Pb(100), Pd;Pb@Pt;Pb(100), and Pt(100) obtained by DFT calculations.

Esa
Samples 12b*0 " b (€V) Eo (eV) AEq (eV)

(eV)
Pt(100) 417.19 -411.39 -7.16 1.36
Pd;Pb@Pt,

-416.40 -410. 7.1 1.
Pb(100) 416.40 -410.62 7.16 38
Pd;Pb@Pt;

41429 -408. 7.1 14
Pb(100) 41429 -408.58 7.16 5

Table S5. Summarized position of d-band center for three kinds of surfaces including fcc-
structured Pd;Pb@Pt,Pb(100), Pd;Pb@Pt;Pb(100), and Pt(100) obtained by DFT calculations.

Samples E-Ex (eV)
Pt(100) -1.909
Pd;Pb@Pt,Pb(100) -2.051
Pd;Pb@Pt;Pb(100) -2.077
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