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Experimental Section

Chemicals and Materials: ethylene glycol (EG, AR), isopropyl alcohol (AR),
palladium(II) chloride (PdCl,, AR), chloroplatinic acid hexahydrate (H,PtClg-6H,0),
hydrochloric acid (HCI, 37%), acetic acid (99.7%), perchloric acid (HCIO,4, 70%),
ethanol (AR) and Poly(vinylpyrrolidone) (PVP, Mw~55000) were all purchased from
Sinopharm Chemical Reagent CO,.Ltd, China. Cupric acetate anhydrous (C4HgCuQs,,
AR, 98%) was obtained from MACKLIN. Pt/C (20 wt %) and Nafion (5 wt %) were
purchased from Sigma-Aldrich. We used all these chemicals as received without any
further treatments, and prepared all aqueous solutions were prepared using deionized

(DI) water with a resistivity of 18.2 M cm.

Preparation of Pd seeds: In the typical synthesis of Pd seeds, first, 44.3 mg PdCl,
was added into a 10 mL beaker with 87 pL concentrated hydrochloric acid, then
sonicated for 20 min until PdCI, was all dissolved. After that, the solution was mixed
with 5 mL ethylene glycol (EG) and sonicated for another 20 min to form Pd
precursor solution. In another beaker, 3 g PVP (Mw~55000) was dissolved in 200 ml
ethylene glycol (EG) and sonicated until the solution was transparent. Then 2 mL of
the transparent solution was pipetted into a flask and preheated at 160 °C in oil bath
for 20 min. After that, 1 mL of above Pd precursor solution was pipetted into the flask,
35 pL and concentrated hydrochloric acid was also injected into the flask. Finally, the

reaction was allowed to proceed for 3 hours.

Synthesis of Pd@Pt core-shell nanocrystals: First, the oil bath temperature was
raised to 180 °C and preheated for 20 min under vigorous stirring. Then, 2.5 mL
H,PtCls-6H,0 ethylene glycol solution (4mg/mL) was injected drop by drop into the
flask. The reaction was maintained at 180 °C for 3 h. Finally, the flask was quenched
in an ice-water bath. The products were collected by centrifugation and washed three

times with ethanol.

Synthesis of PA@PtCu core-shell nanocrystals: In another flask, the same amount

of Pd seeds were prepared by above method. Then, the oil bath temperature was
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raised to 180 °C and preheated for 20 min under vigorous stirring. 6.9 mg cupric
acetate anhydrous was dissolved in 1.25 mL H,PtCls-6H,0 ethylene glycol solution
(4mg/mL) and injected drop by drop into the flask. The reaction was maintained at
180 °C for 3 h. Finally, the flask was quenched in an ice-water bath. The products

were collected by centrifugation and washed three times with ethanol.

Preparation of Pd@Pt NPs/C and Pd@PtCu NPs/C catalysts: The synthesized
Pd@Pt or Pd@PtCu NPs and carbon black (Cabot, Vulcan XC-72) were mixed in 10
mL ethanol and sonicated for 3 h to deposit the NPs on the carbon, with the metal
loading kept at ~20 % at the same time. Then the products were collected by
centrifugation with ethanol for one time. The precipitate was redispersed in 10 mL
acetic acid and sonicated for 6 h at 60 °C to remove the surface organic matter. At last,
the as-prepared Pd@Pt NPs/C and Pd@PtCu NPs/C were washed with ethanol for five

times. The final products were dried in vacuum oven at 60 °C.

Details of theoretical calculations: Density Functional Theory (DFT) computations
were performed using the Cambridge Sequential Total Energy Package (CASTEP)
based on the plane-wave pseudopotential method. The geometrical structure based on
the (111) plane of pure Pd and the (111) plane of PtCu alloy were optimized using the
generalized gradient approximation (GGA) method. The electron exchange
correlation (EEC) interactions were treated using the Revised Perdew-Burke-
Ernzerhof (RPBE) functional. A plane-wave basis set cut-off energy of 400 eV was
applied, and a Monkhorst Pack k-point (MPK) grid of 3x3x1 for sampling the
Brillouin zone. The cell structures were optimized for force and energy convergence
threshold set at 10 ° eV and 0.03 eV A%, respectively. To avoid periodic interactions,
a vacuum space as large as 15.0 A was applied along the direction of the z-axis with a
self-consistence field of 2.0x10°® eV/atom. For the valence electrons and ionic core
interactions, the ultra-soft pseudopotential was applied. To mimic the sample catalyst
properties, the top two surface atomic layers were fully relaxed while the remaining
layers were constrained. The free energy (AGu+) for chemisorbed hydrogen was
computed as:
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AGH* = Etota| + Esurf - 1/2EH2 +AZPE - TAS

The symbols represent total energy (Eota) OF the adsorbed system, energy of the pure
structure (Esurr), change in zero-point-energy (AEzpg), the temperature (T), and change
in entropy (AS), respectively. Here, the vibrational entropy of H in the adsorbed state
is approximately negligible such that ASy = [Spx —%2S(H2)] = [¥2S(H2], Where [42S 2]
denotes the entropy of hydrogen in the gas phase under standard conditions. The
standard [TSz] of Hy is given to be ~0.41 eV at 1 atm and 300 K."?

The representative models for the catalyst samples were built to simulate Pd (111),
PtCu alloy and the Pd@PtCu alloy system. Typically, the (111) facet of PtCu alloy
was modeled by the slab with layers of Pt-Cu bonding atoms, and the (111) facet of
Pd was adopted to generate the slab for the pure Pd clusters. To create the PAd@PtCu
core-shell system, a single layer of Pt-Cu alloy cluster was laid over the Pd surface
and optimized. To minimize lattice mismatch, an interface periodicity of 3x2 supercell
for Pd phase and 2x2 supercell for the PtCu were applied for creating the simulation

model of Pd@PtCu.

Material characterizations: The inductively coupled plasma-optical emission
spectra (ICP-OES), Prodigy 7 (LEEMANLABSINC, American) was used to measure
the metal contents. Powder X-ray diffraction (XRD) patterns were collected on a D8
Advance (Bruker AXS, Germany) X-ray diffractometer equipped with a Cu Ka
radiation source. The morphology and structure were characterized by transmission
electron microscopy (TEM, JEM-2100F, JEOL, Japan) and aberration-corrected
HRTEM (Titan G2 60-300 with image corrector, American). Energy dispersive
spectrometer (EDS) was used to test the composition and elemental distribution of the
samples. X-ray photoelectron spectroscopy (XPS) was performed on an
ESCALABMK Il X-ray photoelectron spectrometer to characterize the chemical

composition and valence state of elements the near surface layer.
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Electrochemical measurements: A three-electrode cell was used to perform the
electrochemical measurements on a CHI660E workstation (Chenhua Instruments,
Shanghai, China) at room temperature. The working electrode was a glassy-carbon
Rotating Disk Electrode (RDE) (area: 0.196 cm? for ORR and, area: 0.0707 cm?for
HER). A graphite rod was used as the counter electrode, a saturated calomel electrode
(SCE) was used as the reference electrode for the acidic electrochemical
measurements and a Ag/AgCl electrode as the reference electrode for the alkaline
electrochemical measurements, respectively. The catalyst ink was prepared by
ultrasonically mixing 3 mg catalysts with 680 pL of isopropyl alcohol, 300 uL of DI
water and 20 pL of 5 wt% Nafion solution for 30 min. A certain amount of the
catalyst ink was deposited on a glassy carbon electrode to make sure the loading
amount of Pt for all the catalysts was 15 pg/cm? for all ORR and HER tests. ORR
measurements were conducted in a 0.1 M HCIO, solution bubbled with oxygen
during the measurement. The scan and rotation rates for ORR measurement were 5
mV/s and 1600 rpm. The stability of the catalysts were measured by ADT in
O,-saturated 0.1 M HCIO,4 solutions at room temperature by applying the cyclic
potential sweeps from 0.6 to 1.0 V versus RHE at a sweep rate of 100 mV/s for 5000
cycles. For HER measurements, the polarization data were obtained at a scan rate of 5
mV/s in a 0.5 M H,SO;, solution for acidic medium HER measurements and a 0.1 M
KOH solution for alkaline medium HER measurements. The durability test were
measured by ADT at room temperature by applying the cyclic potential sweeps from
0.5 to -1.5 V versus RHE at a sweep rate of 100 mV/s for 10000 cycles. In all
measurements, the reference electrode was calibrated with respect to the reversible
hydrogen electrode (RHE) and all polarization curves were iR-corrected. The
calculation equation is E = U-iR, E is the potential after correction, U represents the
experimentally measured potential, i represents the current, and R is the solution
resistance. For comparison, commercial Pt/C was used as the baseline catalyst with
the Pt loading amount of 15 pg/cm® for ORR and HER. All electrochemical

experiments were performed at room temperature.
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Figure S1. TEM of Pd nanocrystals as seeds: (a) low magnification, (b) high

magnification.
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Figure S2. (a) Low and (b) high magnification TEM images of as prepared Pd@Pt
core-shell nanoparticles. (¢) HAADF-STEM image of Pd@Pt core-shell nanoparticles.
(d) Pd and (e) Pt signal of EDX mapping. (f) EDS line scans of Pd and Pt along the

arrowed line in (c) recorded from a Pd@Pt core-shell nanoparticle.
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Figure S3. Particle size distribution of Pd@PtCu dodecahedral particles.
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Figure S4. EDS of Pd@PtCu core-shell nanoparticles.
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Figure S5. XPS spectra of the PAd@PtCu core-shell nanoparticles: (a) survey, (b) Pt 4f,
(c) Pd 3d and (d) Cu 2p.
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Figure S6. (a) HER polarization curves of PA@PtCu/C, Pd@Pt/C, Pd/C and Pt/C by
LSV with a scan rate of 5 mV/s in 0.1 M KOH at room temperature. (b) Durability of
Pd@PtCu/C versus Pt/C catalyst (inset figure). The polarization curves were recorded
before and after 10000 CV sweeps between +0.05 and -0.15 V in 0.1 M KOH at room

temperature with a scan rate of 5 mV/s.
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Figure S7. TEM images of PAd@PtCu/C catalyst before (a) and after (b with inset of
HETEM image) 5000 cycles by ADT, and Pt/C catalyst before (c) and after (d) 5000
cycles by ADT.
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Figure S8. HER durability of Pd@Pt/C. The polarization curves were recorded before
and after 10000 CV sweeps between +0.05 and -0.15 V in 0.5 M H,SO,4 at room

temperature with a scan rate of 5 mV/s.
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Table S1 Comparison of HER performance in acid and alkaline media for

Pd@PtCu/C with other HER electrocatalysts.

Electrolytes/  Overpotential@j Tafel slope Catalyst Ref.
Catalysts (pH) (MV@mAcm?) (mVdec?)  loading
(mg cm™)
Pd@PtCu/C 0.5 M H,S0O4 19@10 26.2 0.15 This work
0.1 M KOH 60@10 -
Pd/Pt(poly) 0.1 M NaOH ~110@10 53 - 3
Pd-Mn304 0.5M KOH 115@10 - - 4
0.5 M H,SO, 14@10 42
CoPd@NC 0.5 M H,S04 80@10 31 0.285 5
C3N4/Pd 0.5 M H,S0O, 339@10 116 1.056 6
Ni@Ni(OH),/Pd/r 1 M KOH 76@10 70 0.25 7
GO
Pd-C3N,4 0.5 M H,S04 55@10 35 0.043 8
N-Doped CNTs 0.5 M H,S0O, 300@60 - 0.7 9
supported Pd
Au-Pd-MWCCE 0.1 M HCI 300@3 136 - 10
Au-Pd/CFP 0.5 M H,SO, ~90@10 47 0.5 11
Pd/HOPG 0.5 M H,SO, ~150@10 118.3 - 12
Pd 0.5 M H,SO, 108@100 34 0.14 13
cube/PEI-rGO50:1
PdTe NMs/rGO 1 M KOH 97@10 - 0.28 14
PY/WC 0.1 M HCIO4 ~200@10 40 0.3 15
Pt@NHPCP 0.1 M HCIO4 57@10 27 0.002 16
ALD50Pt/NGNs 0.5 M H,S0O, 50@16 29 0.077 17
hcp Pt—Ni 0.1 M KOH 65@10 78 0.061 18
Pt/CFs 0.5 M H,S0O4 ~220@100 53.6 - 19
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