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Figure S1. (a) TEM image (scale bar: 50 nm) and (b) size distribution of the Pd cubic core.

The average edge lengths of 17.8+1.6 nm was derived from about two hundred particles.
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Figure S2. (a-¢) EDX line scan analysis of an individual (a) Pd@Pt-Rus 3, (b) Pd@Pt-Rus,

(¢) Pd@Pt;-Ru nanocrystal along the red arrow.
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Figure S3. XPS spectra for the (a) survey scan, (b) Pd 3d, (¢) Pt 4f, and (d) Ru 3p of different

nanocrystals.



Figure S4. TEM images of Pd@Pt-Rus ;. core-shell nanocrystals synthesized by using the

standard protocol, except for (a) using lower reaction temperature (120 °C), (b) using a faster-
injecting rate (50 mL-h!), and (c¢) the absence of KBr in the reaction solution. All scale bars

are 20 nm.



Figure S5. (a) TEM image of Pd@Pt nanocrystals (scale bar: 20 nm), (b) High-resolution TEM
(HRTEM) image of an individual Pd@Pt nanocrystal (scale bar: 5 nm), (¢) HRTEM image
taken from the shell of nanocrystal in (b) (scale bar: 2 nm), and (d) STEM image and EDX
elemental mapping of Pd@Pt nanocubes (scale bar: 20 nm), confirming the Pd@Pt core-shell

nanocrystals.
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Figure S6. Steady-state kinetic assays of catalysts with different Pt/Ru molar ratios for the
oxidation of TMB in the presence of H,O,. (a-h) and (i-p) indicated kinetic assays towards
TMB and H,0O, as a substrate, in which H,O, and TMB concentrations were fixed at 2.0 M and
0.8 mM, respectively. Typical Michaelis—Menten curves for: (a, i) Pd@Pt NPs; (b, j) Pd@Pt;-
Ru NPs; (¢, k) Pd@Pt-Ru NPs; (d, 1) Pd@Pt-Ru; NPs. The Double-reciprocal plots for (e-h)
and (m-p) were generated from (a-d) and (i-1), respectively. Error bar represents the standard

deviations of three independent assays.
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Figure S7. The K., toward H,O, for core-shell nanocrystals with different Pt/Ru ratios.
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Figure S8. The histograms comparing K., toward (a) TMB and (b) H,O, of Pd@Pt-Ru; 5.

cubes relative to initial Pd cubes and Pd@Pt cubes. *Data obtained from Ref S2.



Figure S9. HAADF-STEM images of the Pd@Pt-Ru, core-shell nanocubes with different

numbers of Pt-Ru bimetallic overlayers, where n = 1.4, 2.2, and 4.6 for samples in (a-c),

respectively (scale bars: 10 nm).
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Figure S10. Steady-state kinetic assays of Pd@Pt-Ru, (n: the number of Pt-Ru alloy atomic
overlayer). Error bar indicated the standard deviation of three independent measurements. (a-
¢) and (d-f) showed the double-reciprocal plots towards TMB and H,0,, respectively, for (a,

d) Pd@Pt-Ru1 4L, (b, e) Pd@Pt-Ruz.ZL; (C, f) Pd@Pt-RLM.GL.
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Figure S11. The effects of environmental conditions such as (a) buffer pH and (b) reaction

temperature on the catalytic activity of Pd@Pt-Ru; 5. catalysts.
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Figure S12. The detection of hydroxyl radical (*OH) generated from Pd@Pt-Ru; 31 and Pd@Pt

catalysts using TA as a probe.
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Figure S13. The optimized H,O, adsorption and dissociation configurations on Pt and Ru

surfaces, respectively.
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Figure S14. The adsorption configurations of H,O, over (a) Pt site and (b) Ru site of Pd@Pt-

Ru system. Values below each model represent the corresponding adsorption energy for the
H,0, molecule, where the most stable model is shown in bold. Additionally, a similar

adsorption configuration of H,O, on the Ru atom is observed in Ref S21.
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Figure S15. Energy profiles for H,O, decomposition over the surface of Pd@Pt-Ru and Pt-Ru

structures. The values represent the difference between two structures for each reaction step.
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Supporting Tables

Table S1. The molar ratio of PGMs (%) and the average number of atomic layers in shells for

different nanocrystals determined by ICP-MS data.

Molar ratio of

Mass ratio of

Average number of

Samples
Pd/Pt/Ru (%) Pd/Pt/Ru (%) atomic layers in shells
Pd@Pt 81.1/18.9 70.1/29.9 3.4
Pd@Pt;-Ru 79.8:15.1:5.1 71.0/24.6/4.4 3.6
Pd@Pt-Ru 82.5:9.4:8.1 76.6/16.1/7.3 33
Pd@Pt-Ru; 79.5:5.8:14.7 76.1/10.3/13.6 3.5




Table S2. Comparison of the kinetic parameters of different nanocrystals towards TMB and
H,0,. [E] represents the particle concentration of catalysts, K, is the Michaelis constant, Vi,

is maximal reaction velocity, K., represents the catalytic constant that equals Vi, /[E].

[E] Km Vmax Kcat
Catalyst Substance Refs
M) M) M ™) (s
6.1x1012 TMB 2.4x104  8.2x107  1.4x10° This
Pd@Pt
6.1x1012 H,0, 3.4x10°  1.0x10°  1.7x10°  work
2.2x10712 TMB 3.5x10%  9.6x107  4.4x10° This
Pd@Pt;-Ru
4.4x10712 H,0, 1.4x10°  2.5x10°  5.6x10°  work
2.6x10°12 TMB 4.5x10%  3.1x10°¢  1.2x10° This
Pd@Pt-Ru
2.6x10°12 H,0, 58101 2.0x10¢  7.6x10°  work
2.1x10712 TMB 6.3x10%  2.0x10°¢  9.5x103 This
Pd@Pt-Ru;
2.1x10°12 H,0, 3.2x10°0 5.5x107  2.7x10°  work
2.5%1011 TMB 43x104  1.0x107  4.0x10°
HRP S1

2.5x10-!" H,0, 3.7x10%  8.7x10%  3.5x10°




Table S3. Comparison of the kinetic parameters of Pd@Pt-Ru, (n: the number of Pt-Ru alloy
atomic overlayers) nanocubes towards TMB and H,0,. [E] represents the particle
concentration of catalysts, K, is the Michaelis constant, V.« is maximal reaction velocity, K,

represents the catalytic constant that equals V. /[E].

[E] Km Vmax Kcat
Catalyst Substance
M) M) M) (s
TMB 4.2x104 1.2x10¢ 4.6x10°
Pd@Pt-Ru, 41 2.6x10712
H,0, 4.0x10"! 8.9x1077 3.4x10°
T™B 4.9x10+ 2.0x106 7.7x10°
Pd@Pt-RuZ_ZL 2.6x1012
H,0, 4.3x10"! 1.4x10-6 5.4x10°
TMB 4.5x104 3.1x10¢ 1.2x108
Pd@Pt-Ru; 5. 2.6x1012
H,0, 5.8x10°! 2.0x10¢ 7.6x10°
T™B 8.0x10 1.8x10-6 8.6x10°

Pd@Pt-Ruy ¢ 2.1x10°12
H,0, 24x10"  6.8x107  3.2x10°




Table S4. Comparison of the kinetic parameters of different catalysts towards TMB and H,0,.

[E] represents the particle concentration of catalysts, K, is the Michaelis constant, V.« is

maximal reaction velocity, K., represents the catalytic constant that equals Vi, /[E].

Size [E] Km Vmax Kcat
Catalyst Substance Refs
(nm) M) ™M MshH (s
2.5x101! T™MB 4.3x10* 1.0x107 4.0x10°
HRP - S1
2.5x101! H,0, 3.7x103 8.7x10% 3.5x103
Fe;0, 300 1.1x10-12 TMB 9.8x10° 3.4x10® 3.0x10*
S1
particles (diameter) 1.1x1012 H,0, 1.5x10"  9.8x10%  8.6x10*
Pd 18 1.4x10712 T™MB 5.4x10° 9.7x10® 6.9x10*
S2
cubes (edge length)  1.4x10°12 H,0, 7.0x100  6.5x10% 4.6x10*
Pd-Ir 19.2 3.4x104 TMB 1.3x10* 6.5x10® 1.9x10°
S2
cubes (edge length)  3.4x10714 H,0, 3.4x101  5.1x10°® 1.5x10°
Graphene 1 1.2x10°2 T™MB 2.4x10°  3.5x10% 2.9x10!
S3
oxide sheets (thickness) 1.2x10°2 H,0, 4.0x103 3.9x10® 3.3x10!
Co;0, 20 3.4x1010 TMB 3.7x10° 6.3x10% 1.8x10?
S4
cubes (edge length)  3.4x10710 H,0, 1.4x100  1.2x107 3.5x10?
PtsPds,-Fe;04 ~12 3.9x10°b T™MB 7.9x10° 9.4x10% 2.4x10!
S5
particles (diameter) 3.9x10°b H,0, - - -
Prussian blue- ~10 3.1x10-10 TMB 3.1x10*  1.1x10°¢ 3.4x103
S6
Fe,O;particles  (diameter) 3.1x10-10 H,0, 3.2x101  1.2x10° 3.8x103
Pd@Pt ~40 1.9x1012 TMB 8.7x10°  6.2x10%  3.1x10* S7
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2 Estimated from the mass concentration (40 pg/mL) and the hypothesis that each catalyst is an ideal

layered structure with a particle size of 100x1 nm (diameter % thickness).

b Converted from the particle concentration (3.5x10'? particles in 1.5 mL of reaction solution).

¢ Estimated from the final concentration (0.44 pg/mL) and the hypothesis that each catalyst is an ideal

spherical structure with a size of 3.53 nm (diameter).

d Estimated from the final concentration (0.5 mg/mL) and the hypothesis that each catalyst is an ideal

spherical structure with a size of 3.0 nm (diameter).

¢ Estimated from the final concentration (8 pg/mL) and the hypothesis that each catalyst is an ideal

spherical structure with a size of 2.5 nm (diameter).

f Estimated from the final concentration (3.9 pg/mL) and the hypothesis that each catalyst is an ideal

octahedral structure with a size of 21 nm (edge length).
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