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Figure S1. TEM image (a) and size distribution (b) of the original Pd nanocubes. The distance

was measured along the red arrow of inset image.
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Figure S2. TEM image (a), size distribution (b), and element mapping (c, d) of the surface

alloyed Pd-Cu nanocubes.
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Figure S3. The XRD pattern of the surface alloyed Pd-Cu nanocubes.



Figure S4. HRTEM image of the surface alloyed Pd-Cu nanocubes.
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Figure S5. Size distribution of the Pd-Cu@Pt octahedral-like core-shell nanocrystals
measured from the TEM image. The distance was measured along the red arrow of inset

image.



Figure S6. Angle Analysis of single octahedral-like Pd-Cu@Pt nanocrystal prepared through

standard procedure.
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Figure S7. HRTEM image and the corresponding atomic model of a single octahedral-like Pd-

Cu@Pt nanocrystal oriented along the [011] direction.
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Figure $S8. HRTEM image of the Pd@Pt nanocubes.
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Figure S9. Elemental distribution by the EDX line scan analysis along the blue arrow in the

insert image.
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Figure S10. Energy-dispersive X-ray spectroscopy mapping of Pd, Cu, and Pt of octahedral-
like Pd-Cu@Pt nanocrystal prepared through standard procedure except for that the

reaction time is 3 hr.
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Figure S11. (a) High-resolution HAADF image of a surface region of PdCu@Pt nanocrystals. (b,
c) Elemental mapping images, where the yellow dashed line denotes a possible boundary

between the core and shell.
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Figure S12. TEM images of the (a) truncated Pd nanocubes and (b) Pd@Pt nanocatalysts with
the truncated Pd nanocubes as started seeds. The insert image of Figure b is corresponding
model for Pd@Pt nanocrystal oriented along the [001] direction, with blue representing Pd

while yellow Pt.
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Figure S13. HRTEM image of an individual octahedral-like Pd-Cu@Pt nanocrystal prepared

with the standard procedure except for that the reaction time was 3 hr.
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Figure S14. XRD patterns of Pd-Cu seeds with three different compositions.
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Figure $S15. HRTEM image of an individual Pd;5Cu,s@Pt nanocrystals.
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Figure S16. HRTEM image of an individual Pd-Cu@Pt nanocrystal prepared using the

standard procedure except that the reaction was 0.5 hr.
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Figure S17. Surface structure of a single cuboctahedral-like Pd-Cu@Pt nanocrystal prepared

through standard procedure except for that the reaction time is 1.5 hr.
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Figure S18. Histograms of Pt shell thicknesses of the Pd-Cu@Pt nanocrystals prepared at

different reaction times along the [100] direction: (a) 0.5 hr, (b) 1.5 hr, (c) 3 hr.
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Figure S19. Electrochemical ORR properties of the commercial Pt/C catalysts. (a) ORR
polarization curve for the catalysts at room temperature in O,-saturated 0.1 M aqueous
HCIO, solutions at a sweep rate of 10 mV s and rotation speed of 1600 rpm. (b) Cyclic
voltammetry curve of the catalysts recorded at room temperature in N,-purged 0.1 M

aqueous HCIO, solutions with a sweeping rate of 50 mV s,
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Figure. S20. CO-stripping curves of the Pd-Cu@Pt nanocatalysts that are obtained with
different reaction times, (a) 0.5 hr, (b) 1.5 hr, (c) 3 hr. The catalyst surface was first saturated
with CO by bubbling CO (99.9%) gas into the electrolyte (0.1 M aqueous HCIO, solution)
under open circuit potential for 25 min. The residual CO in the electrolyte was then removed

by purging with Ar for 15 min. The CO-stripping curves were recorded with a scanning rate of

50 mV s from 0.08 to 1.20 V (vs. RHE).
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Figure S21. The specific activities of the catalysts given as kinetic current density (j,) were
normalized to the electrochemically active surface areas (ECSA). The ECSAs were derived

from the charges responsible for the H,,4 desorption and CO desorption, respectively.
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Figure S22. The total mass activity of Pt and Pd at 0.9 V vs reversible hydrogen electrode

j k,mass (A mgl-;HPd)

(RHE).
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Figure S23. Stability of octahedral-like Pd-Cu@Pt nanocatalyst in electrocatalytic ORR. (a)
ORR polarization curves of the catalyst before and after accelerated durability test. (b) CV

curves of the catalyst before and after accelerated durability test.
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Figure S24. TEM characterizations of the octahedral-like Pd-Cu@Pt nanocatalysts after
10,000 cycles of potential sweeps in the ORR. (a) low-magnification TEM image, (b) high-
magnification TEM image, (c) HRTEM image, (d) HAADF-STEM image, and (e-h) Energy-

dispersive X-ray spectroscopy mapping.
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Figure $25. Fuel cell performance tested with the standard procedure except for that the

backpressure was 120 KPa and the metal loadings was 0.5 mgp; cm™ for cathode.
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Figure $26. CA plots displaying the catalyst stability in FCs at 80 °C for Pd-Cu@Pt (red) and

commercial Pt/C (black), which was performed at the potential corresponding to the

maximum power output for 6000 s.
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Table S1. The contents of Pt, Pd and Cu in Pd-Cu@Pt catalysts which are prepared with

different times.

The weight Pd 54.8 51.2 47.9
percentage

(wt%) of metal Cu 19.8 18.6 17.3
calculated from

the ICP data Pt 25.4 30.2 34.8
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Table S2. Specific ECSAs of the different type of the Pd-Cu@Pt nanocatalysts. Derived from

the charges responsible for the H,,q and CO desorption respectively.

d Hupdt' 36.7 33.2 9.8
Specific ECSA  9€s0rPtion
(m? gpe'?)
=0 ; 38.3 34.2 295
desorption
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Table S3. Comparison of the oxygen reduction reaction (ORR) electrocatalytic performance
of Pt nanoshells with high-density steps with other materials with similar composition and
architecture for ORR at 0.9 V versus RHE in acidic electrolyte (0.1 M HCIO,4) published in

recent years.

Our catalyst 2.14 7.18 This work
PtPb/Pt 4.3 7.8 [1]
Porous PdCu@Pt 2.8 1.19 [2]
PdCu@PtCu 2.55 4.33 [3]
Pd@Pt-Ni 2.5 2.7 [4]
CoPt/Pt 2.26 8.26 [5]
PtFe@Pt 2.11 4.34 [6]
PtPb/PtNi 1.92 5.16 (7]
Pd;Co/Pt 1.56 0.80 (8]
Pd@Pt Concave Decahedra 1.60 1.66 [9]
AuNi@Pt 1.52 1.18 [10]
Pd@Pt Icosahedra 1.36 0.83 [11]
Pt-Based Icosahedral 1.28 3.50 [12]

Nanocages

Pt-Enriched Nanocage 1.12 2.48 [13]
Pd@Pt Octahedra 1.05 1.51 [14]
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Au@Pt

Pd@PtNi

Pt-based Octahedral

Nanocages

AuCu@Pt

PdCU5@Pt

PtBi@Pt

Pd@Pt Nanocube

PtNiz/Pt

0.94

0.79

0.75

0.57

0.45

0.36

0.34

0.29

1.09

0.45

1.98

1.04

0.33

1.49

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]
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Table S4. Specific ECSAs of the Pt/C catalyst and different type of the Pd-Cu@Pt

nanocatalysts.

specific 1st cycle 58 36.7 33.2 29.8
ECSA (m?
get'Y) After 10,000 28 26.1 27.9 27.6
cycles
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Table S5. ORR performances of the Pt/C catalyst and different types of the Pd-Cu@Pt

nanocatalysts.

Commercial Pt/C 0.13 0.22 0.068 0.24
Pd-Cu@Pt 0.5 hr 1.39 3.78 0.85 3.26
Pd-Cu@Pt 1.5 hr 1.71 5.15 1.33 4.76

Pd-Cu@Pt 3 hr 2.14 7.18 1.88 6.81
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Table S6. Full cell performances of the Pt/C catalyst and Pd-Cu@Pt nanocatalysts.

Open circuit
voltages (V)

0.24 0.29 0.45 0.36 0.46 0.56

The
maximum 8.1 14.5 49.3 19.7 54.7 86.1

power (mW
cm?)

The
correspondin 0.11 0.15 0.24 0.18 0.26 0.31
g voltages (V)
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