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1. Experimental section

1.1 Synthesis of pure Pt NPs and pure Au NPs. A typical synthetic procedure of pure Pt
NPs is as follows.! Firstly, an aqueous solution of ascorbic acid (0.5 M, 0.1 mL) was added
into an aqueous solution of K,PtCl, (5 mM, 1 mL) under stirring. Then, pure Pt NPs were
generated after the heating of 10 min at 70°C until the color changed to dark gray.

A typical synthetic procedure of 6 nm Au NPs is as follows.? Firstly, an aqueous solution
of HAuCl, (25 mM, 0.5 mL) was added into an aqueous solution of citrate (1 wt%, 2.5 mL)
under stirring. Then, the as-prepared premixture was rapidly added to the boiling water (47
mL) after the stirring of 13 minutes (light green). Eventually, 6 nm Au NPs were obtained after
the heating of 30 minutes.

The as-prepared Pt NPs and Au NPs were used in XPS measurements.

2. Characterization.

Transmission electron microscopy (TEM) images were obtained with a JEOL JEM 2100F
transmission electron microscope operating at an accelerating voltage of 200kV. High-angle
annular dark-field-scanning transmission electron microscopy (HAADF-STEM) and HAADF-
STEM energy dispersive X-ray spectroscopy (EDS) mapping images were performed by a
JEOL JEM 2100F electron microscope with a STEM unit. X-ray photoelectron spectroscopy
(XPS) measurements were carried out on an ESCALAB 250 spectrometer with Al Ko X-ray
radiation (1.4866 keV) for excitation. Inductively coupled plasma atomic emission
spectroscopy (ICP-AES, Agilent 725) was used to obtain the elemental composition of the

samples.
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3. Electrochemical measurements.

Electrochemical measurements for the HER were performed on a CHI 660D electrochemical
workstation with a conventional three-electrode system in 0.5 M H,SO, solution at room
temperature. A glassy carbon electrode (GCE, 0.07 cm?) and a graphite rod were used as the
working electrode and the counter electrode, respectively. An Ag/AgCl electrode was used as
the reference electrode. All the measured potentials were calibrated to the reversible hydrogen
electrode (RHE) by Erur) = E(agiaecn +0.214 V.

A typical preparation of the RDE modified by the USCS?" Ausg 4@Aug Pts; s-NP/C catalysts
was as follows. The catalysts ink was prepared by re-dispersing the as-prepared USCS?h
Ausg 4@Au, 1Pts7 s-NP/C powder (about 1 mg) into 1.15 ml of Milli-Q water, followed by the
ultrasonication of 30 min. Then, the well-dispersed catalysts ink (8 ul) was dropped onto the
clean surface of the bare RDE and dried naturally in air, followed by addition of the ethanol
solution of Nafion (4 ul, 0.2wt%) and drying in air. Similarly, the RDEs modified by the USCS°
Au@AuPt-NP/C catalysts and commercial Pt/C catalysts were prepared by the same
procedure. The loaded Pt for USCS?" Ausg4@Auy Pts; s-NP/C catalysts, USCS? Au@AuPt-
NP/C catalysts and commercial Pt/C catalysts on the GCEs was 4.80 ugp, cm2, 4.82 ugp, cm 2
and 7.83 ugp, cm 2 (determined by ICP-AES), respectively.

Cyclic voltammogram (CV) measurements were tested at a scan rate of 50 mV s™! by cycling
from —0.3 V to 0.1 V (vs. RHE) in the N,-saturated 0.5 M H,SO, solution. Linear sweep
voltammetry (LSV) curves were obtained at a scan rate of 5 mV s!. All the LSV curves were

calibrated by iR-correction. Electrochemical impedance spectroscopy (EIS) measurements

S3



were conducted in the frequency range from 100 kHz to 0.1 Hz at the amplitude of 5 mV under
the applied potential of —0.23 V (vs. RHE). The stability of USCS?" Ausg 4@Auy Pts; 5-NP/C
catalysts and commercial Pt/C catalysts were tested by the accelerated durability tests (ADTs)
from 0.11 to —0.05 (vs. RHE) at a scan rate of 100 mV s™! for 5000 cycles.

Electrochemical measurements for the ORR were performed using a CHI 601E
electrochemical workstation in 0.1 M HCIO, solution at room temperature. A standard three-
electrode system was consisted of a saturated calomel electrode (SCE) as the reference
electrode, a platinum wire as the counter electrode, and a rotating disk electrode (RDE, 0.19625
cm?) as the working electrode. All the measured potentials were converted to the reversible
hydrogen electrode (RHE) by the Nernst equation (Eryg = Escg + 0.0591 x pH + 0.241). All
bare RDEs were carefully polished and washed before measurements.

The preparation of the GCEs modified by samples were prepared using the same method for
the HER measurements. However, the loaded Pt for USCS?' Ausg4@Aug Pts;5s-NP/C
catalysts, USCS® Au@AuPt-NP/C catalysts and commercial Pt/C catalysts was 16.2 ugp
cm2,16.4 ugp, cm 2 and 24.5 ugp, cm 2 (evaluated by ICP-AES), respectively.

Prior to the ORR measurement, high purity N, or O, was bubbled into the electrolyte (0.1 M
HCIO,) for 30 min.

CV curves were measured between 0 and 1.7 V (vs. RHE) at a scan rate of 100 mV s™! in
N,-saturated 0.1 M HCIO4, which were employed to estimate the atomic ratios of Pt and Au
on the surfaces by integrating the charge consumed for the reduction of Pt oxide (543 puC cm™2)

and the Au oxide (493 pC cm™2), respectively. In addition, the electrochemically active surface
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area (ECSA) values of these catalysts were calculated by integrating the charge obtained from
the hydrogen adsorption/desorption region (0 to 0.4 V vs. RHE) after double-layer correction,
assumed that 210 pC cm™2 is the charge consumed to oxidize a hydrogen monolayer on the Pt
surface.

LSV curves were recorded with a sweep rate of 10 mV s™! at various rotating speeds ranging
from 400 to 1600 rpm in the O,-saturated 0.1 M HCIO, solution. The ADTs were conducted
by cycling between 0.6 and 1.1 V (vs. RHE) at 100 mV s7! in the O,-saturated 0.1 M HCIO,
solution for 5000 cycles. Chronoamperometric (CA) measurements of commercial Pt/C
catalysts and USCS?" Ausg 4@Auy Pts75-NP/C catalysts were performed at 0.5 V (vs. RHE) in
the O,-saturated 0.1 M HCIOy, solution at a speed of 1600 rpm.

The electron transfer number during the ORR process was calculated by the following

Koutecky-Levich equation:

1 1 1 1 1

=t =t —F7
J Jx Ji Jk Bw'?

B = 0.62nFCyD*}3v /6

where J is the measured current density, Ji is the kinetic current density and Jiis the diffusion
limiting current density. @ is the angular velocity (@ = 27N N is the linear rotation speed), ™ is
the number of transferred electrons, F is the Faraday constant (96 485 C mol ™), Co is the oxygen
solubility (1.2x107® mol cm™3), Do is the diffusivity of oxygen in 0.1 M HCIO, solution

(1.9x107 cm? s71), and v is the kinetic viscosity of the electrolyte (0.01cm? s71).
The mass activity (MA) for HER was calculated by the following equation:

IS
MA=—
m
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where I is the current, S is the area of electrode for HER (0.07 cm?), m is the mass of Pt.

The turnover frequency (TOF) was obtained according to the following equation:

I
TOF = —
2Fn

where I is the current, F is the faraday constant (96485 C mol!), and n is the number of
moles of Pt.

MA for ORR is obtained according to the following equation:
JiS

MA=—
m

where /k is the kinetic current density, S is the area of electrode for ORR (0.19625 cm?), m
is the mass of Pt.

The specific activity (SA) for HER and ORR is obtained according to the following equation:

- MA x 100
~ ECSA

where MA is the mass activity, ECSA is the electrochemically active surface area.
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Figure S1. CV curves normalized by the intensity of the reduction peak of Pt oxide of USCS®
Au@AuPt-NP/C catalysts (a) in the presence of different concentrations of FeCl; solution with
a pH of 1.5 etching for 1 h: 9 mM (b), 33 mM (c), and 64 mM (d). Note that to avoid the
hydrolysis of Fe(III), the pH value of the whole solution was selected as 1.5.
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It is reasonable that the etching rate is increased with the concentration of Fe(Ill) ions. To
limit the etching time within 1 ~3 h, the proper concentration of Fe(III) ions has to be selected.
The total etching time was determined by the variation in the intensity of reduction peaks of
Au oxide (around 1.1 V vs. RHE). When the concentration of Fe(IIl) ions is 64 mM, the
reduction peak of Au oxide (around 1.1 V vs. RHE) is completely disappeared. Thus, the proper
concentration of Fe(III) ions should be equal or below 33 mM.
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Figure S2. CV curves normalized by the intensity of the reduction peak of Pt oxide of USCS®
Au@AuPt-NP/C catalysts (a) in the presence of FeCl; solution (9 mM) with a pH of 1.5 etching
for different times: 1 h (b) and 18 h (c).
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When the concentration of Fe(III) ions is 9 mM and the etching time is 1 h, there is hardly
any change in the CV curves (red curve in Fig. S2). Moreover, there is only a slight change in
the CV curve even the etching time is elongated to 18 h (green curve in Fig. S2). The results
indicate the etching rate is too slow when the concentration of FeCl; solution is 9 mM. Thus,
the proper concentration of Fe(III) ions is selected as 33 mM.
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Figure S3. CV curve of USCS? Au@AuPt-NP/C catalysts as a sample for the determination
of the surface atomic ratio of Pt and Au.
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The surface atomic ratio of Pt and Au of USCS® Au@AuPt-NP/C catalysts can be
calculated as follows:

Spe
mp, = x100 (1)
SPt + SAu
SA
m,, = X100 (2)
A SPt + SAu
Qpe(€)
Pt= (3)
543(uCcm™°)
QAu(C)
Sp=———y @
493(uCcm™°)
b
f idE(mAV)
a
= 5
Cpe v(mV/s) ®)
j.idE(mAV)
Cc
= 6
Cau v(mV/s) ©
where "rt and ™4u represent the surface atomic ratio of Pt and Au, and Spt and Sau are the

surface areas covered by Pt and Au oxides, respectively. Moreover, the charge associated to
the reduction of oxide species of Pt and Au are 543 pC cm2 and 493 pC cm? respectively.

Furthermore, 97t and %4 are the calculated charge of the surface areas covered by Pt and Au
oxides, respectively.
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Figure S4. (A) CV curves normalized by the intensity of the reduction peak of Pt oxide and
(B) LSV curves of USCS™ Au@AuPt-NP/C catalysts (a to d) obtained by etching of USCS
Au@AuPt-NP/C catalysts in the FeCl; solution (33 mM, pH = 1.5) under different times:
USCS° Au@AuPt-NP/C catalysts (a, black curve, 0 h), USCS'™ Au@AuPt-NP/C catalysts (b,
red curve, 1 h), USCS? Au@AuPt-NP/C catalysts (¢, green curve, 2 h), and USCS3h
Au@AuPt-NP/C catalysts (d, blue curve, 3 h). (C) Histogram of their corresponding E;/,
values. The CV curve, LSV curve and E;/, value of commercial Pt/C catalysts (e) were also
shown for better comparison.

A2 B C

-
|
[z =2
4]
R o
|||
oo
[=]
w

J/imA cm”
o

0
=

>

A

‘ IS
DA\

0.74

W
(=3
o
o
@

04 08 12 16 02 04 06 08 10
E/V vs.RHE E/V vs.RHE

S10



Figure S5. Low magnification TEM images of USCS? Au@AuPt-NP/C catalysts in the
presence of FeCls solution (33 mM) with a pH of 1.5 etching for different times: 1 h (a) and 3
h (b).
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Figure S6. Digital photograph (A) of the corresponding supernatants by the washing treatment
and HAADF-STEM-EDS mapping images (B) of USCS?" Ausg 4@Auy Pts; s-NP/C catalysts.

The content of elemental Fe in the USCS?" Ausg 4@Auy,Pts7 5-NP/C catalysts can be greatly
decreased by the washing treatment, which is demonstrated by the variation in the color of the
corresponding supernatants (Fig. S6A). As expected, the content of elemental Fe in the USCS?"
Ausg s@Auy | Pts7 s-NP/C catalysts can be negligible after three cycles of treatments based on
the EDS results (Fig. S6B) because only about 3.2 % of elemental Fe in the USCS?!
Ausg s@Auy | Pts7 s-NP/C catalysts was detected, in compared with those (47.2% and 49.6%) of
Au and Pt. The results are also in good agreement with ICP-AES results (42.7% of Au, 55.5%
of Pt and 1.8% of Fe).
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Figure S7. XPS spectra of Pt 4f signals (A) and the Au 4f signals (B) of USCS? Au@AuPt-
NP/C catalysts.
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Figure S8. CO stripping voltammograms of commercial Pt/C catalysts (A), USCS? Au@AuPt-
NP/C catalysts (B) and USCS?" Ausg4@Auy Pts;5-NP/C catalysts (C). The first and second
cycles are displayed as the red lines and black lines, respectively.
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Figure S9. TOF curves (A) and histograms (B) of the corresponding TOF values at the
overpotential of 0.03 V (vs RHE) of commercial Pt/C catalysts (a), USCS? Au@AuPt-NP/C
catalysts (b) and USCS?" Ausg 4@Aug 1 Pts; 5-NP/C catalysts (c).
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Figure S10. TEM images of USCS?' Ausg4@Auy Pts;5-NP/C catalysts (a, b and c¢) and
commercial Pt/C catalysts (d, e and f) before (a and d) and after the ADT of 10k cycles towards

HER (b and e) and ORR (c and f).
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Fig. S11 CV curves of USCS?" Ausg4@Auy Pts75-NP/C catalysts before (black solid curve)
and after the ADT of 5k (red dashed curve) and 10k (green dashed curve) cycles towards HER.
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Figure S12. LSV curves of commercial Pt/C catalysts (A), USCS? Au@AuPt-NP/C catalysts
(B) and USCS?" Ausg4@Auy Pts;5-NP/C catalysts (C) towards ORR tested at a rotation rate
ranging from 400 to 1600 rpm.
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Figure S13. Chronoamperometric (CA) curves of commercial Pt/C catalysts (black line) and
USCS?! Ausg4@Auy Pts;5-NP/C catalysts (green line) at 0.5 V (vs. RHE) measured in O,-
saturated 0.1 M HCIO,4 with a rotation speed of 1600 rpm.
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Figure S14. CV curves of USCS?" Ausg4@Auy Pts;5-NP/C catalysts before (black solid
curve) and after the ADT of 5k (red dashed curve) and 10k (green dashed curve) cycles towards
ORR.
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Table S1. Summarized data of atomic ratios (at.%) of Au and Pt obtained by CV curves, Pt-
to-Au atomic ratios and reduction peak positions of Pt oxide of USCS™ Au@AuPt-NP/C
catalysts (a to d) obtained by etching of USCS Au@AuPt-NP/C catalysts in the FeCl; solution
(33 mM, pH = 1.5) under different times: USCS? Au@AuPt-NP/C catalysts (a, 0 h), USCS!"
Au@AuPt-NP/C catalysts (b, 1 h), USCS? Au@AuPt-NP/C catalysts (c, 2 h), and USCS3"
Au@AuPt-NP/C catalysts (d, 3 h). The corresponding data of commercial Pt/C catalysts (e)
were also shown for comparison.

Catalysts  Au(at.%) Pt(at.%) Pt-to-Au Reduction peak positions
atomic ratio  of Pt oxide [V]

a 14.6% 85.4% 5.8 0.520
b 9.3% 90.7% 9.8 0.493
C 6.7% 93.3% 14.0 0.488
d 9.2% 90.8% 9.9 0.494
e 0 100% - 0.64
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Table S2. Summarized data of the total and surface compositions of USCS? Au@AuPt-NP/C
catalysts and USCS?! Ausg 4@Auy Pts; s-NP/C catalysts obtained by ICP-AES and CV curves.

Total content (at. %) Surface content (at. %)

Catalysts
Au Pt Au Pt mpy, mMmp
USCS® Au@AuPt-NP/C catalysts 477 523 93 523 15.1 84.9
2h -
USCS Alzs d@Aus Pls7 s-NPIC ) 575 41 575 6.7 933
catalysts
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Table S3. Summarized data of atomic ratios (at.%) of Au and Pt obtained by EDS, Pt-to-Au
atomic ratios and average particle size of USCS™ Au@AuPt-NP/C catalysts (a to d) obtained
by etching of USCS Au@AuPt-NP/C catalysts in the FeCl; solution (33 mM, pH = 1.5) under
different times: USCS® Au@AuPt-NP/C catalysts (a, 0 h), USCS'™ Au@AuPt-NP/C catalysts
(b, 1 h), USCS?" Au@AuPt-NP/C catalysts (c, 2 h), and USCS3" Au@AuPt-NP/C catalysts (d,

3 h).
Samples Mean particle size ~ Au (at.%) Pt (at.%) Pt-to-Au (at. %)
[nm] by EDS by EDS by EDS
a 2.3+0.5 57.1 42.9 0.75
b 2.2+0.7 54.4 45.6 0.84
C 2.2+0.5 48.8 51.2 1.05
d 2.1+0.9 53.4 46.6 0.87
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Table S4. Summarized binding energies (BEs) of Pt 4f signals of USCS?" Ausg 4@Auy Pts7 5-
NP/C catalysts and pure Pt NPs.

Samples Pt 4f;, peak Pt 41, peak APt 417, peak
[eV] [eV] [eV]

USCS?" Ausg4@Auy Pts;5-NP/C 75.78 72.42 +0.82

catalysts

Pure Pt NPs 74.96 71.6 0
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Table S5. Summarized binding energies (BEs) of Au 4f signals of USCS?" Ausg 4@Auy Pts; 5-
NP/C catalysts and pure Au NPs.

Samples Au 415, peak Au 415, peak AAu 417, peak
[eV] [eV] [eV]

USCS?" Ausg4@Auy Pts;5-NP/C 87.46 83.79 -0.29

catalysts

Pure Au NPs 87.75 84.08 0
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Table S6. Summarized binding energies (BEs) of Au 4f and Pt 4f signals of USCS? Au@AuPt-
NP/C catalysts, pure Au NPs and pure Pt NPs.

Samples Au Pt
Au 4f5/2 Au AAu Pt 4f5/2 Pt APt
peak 4f7/2 4f7/2 peak 4f7/2 4f7/2
[eV] peak peak [eV] peak peak
[eV] [eV] [eV] [eV]
USCS? 87.55 83.88 —-0.2 76.18 72.82 +1.22
Au@AuPt-NP/C
catalysts
Pure Au NPs 87.75 84.08 0 - - -
Pure Pt NPs - - - 74.96 71.6 0
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Table S7. Summarized data of the content of Pt(0) and Pt(II) of USCS?" Ausg4@Auy Pts; s-
NP/C catalysts, USCS® Au@AuPt-NP/C catalysts and pure Pt NPs.

Samples Pt(0) Pt(1I)
USCSzh AU38.4@AU4.1Pt57.5- 79.07 20.93
NP/C catalysts

USCS?  Au@AuPt-NP/C 74.66 25.34
catalysts

Pure Pt NPs 58.37 41.63
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Table S8. Summarized data of CO stripping voltammograms of commercial Pt/C catalysts,
USCS® Au@AuPt-NP/C catalysts and USCS?" Ausg 4@Auy Pts7 s-NP/C catalysts.

Catalysts CO stripping peak Onset potential [V]
potential [V]
Commercial Pt/C catalysts 0.864 0.776
USCS? Au@AuPt-NP/C catalysts 0.982 0.899
USCS?! Ausg 4@Auy 1Pts7s-NP/C catalysts  0.948 0.873
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Table S9. Comparison in HER activity in acidic electrolyte of our sample with that of other
catalysts reported in literature.

Overpotential Anyo vs. Pt/C Tafel slo
Catalysts 0mA e’ [m@V] [IEV] [mV dec  Reb
USCS?h
Ausg s@Auy | Ptsy s- 13 18 11 This work
NP/C
Pt SA-PNPM 35 negative 31 3
PtCuw/WO;@CF 41 -10 45.9 4
Pty.47-Ru/Acet 28 negative 33.3 5
Pt(110-NizN 33 -6 44.9 6
Pt/MOF-O 28 15 24.4 7
Au@Aulr, 29 -3 15.6 8
Pt-V,CT, 27 -9.5 36.5 9
Mo,C@NC@Pt 27 -5 28 10
O-Pt on Au NDs 18 0 31 11
Pt/CNTs-ECR 34 9 26 12
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Table S10. Summarized data of the total and surface compositions of USCS?"
Ausg 4@Auy 1Pts; 5-NP/C catalysts before and after the ADT of Sk and 10k cycles towards HER,
which were obtained by results of ICP-AES and CV curves.

Total content (at. %) Surface content (at. %)

Catalysts

Au Pt Au Pt mp, Mp
USCS?" Ausg s@Auy 1 Pts; s-NP/C catalysts  42.5 57.5 4.1 57,5 6.7 933
After 5000 cycles 42.5 57.5 4.1 575 6.7 933
After 10000 cycles 429 57.1 45 571 69 93.1
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Table S11. Comparison in ORR activity in acidic electrolyte of our sample with that of other
catalysts reported in literature.

Mass activity

Catalysts [Arf\;/]s. PuC at 0.8 v/0.9 V Ref.
[A-mgp']

EIS)/CCS% A @A Plsrs 50 0.88/0.276 This work
PtsNi3¢/CNFs 30 - 13
p-o-PdFe@Pt 30 -/0.36 14
Ptyp/Mo,C 10 -/0.224 15
Pty -HCNSs - 0.318/0.135 16
Pt/ACMWCNT 20 0.721/0.223 17
TKK Pt;Co/C - -/0.23 18
Pt-Ni@PtD/G 8 - 19
Pt/Vulcan - -/0.18 20
Pt; ¢ um/Se/C - -/0.29 21
Pty 7Nig5/C 14 -/0.283 22
Pt NCs(1.4 nm)/OMC 16 0.423/0.198 23
Pt;1C0s9 LNFs ; 0.128(@0.75 V) 24
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Table S12. Summarized data of the total and surface compositions of USCS?"
Ausg 4@Auy 1Pts; 5-NP/C catalysts before and after the ADT of 5k and 10k cycles towards
ORR, which were obtained by results of ICP-AES and CV curves.

Total content (at. %) Surface content (at. %)

Catalysts

Au Pt Au Pt mp, Mp
USCS? Ausg 4@Auy Pts; s-NP/C catalysts  42.5 57.5 41 575 6.7 933
After 5000 cycles 43.2 56.8 48 568 7.8 922
After 10000 cycles 43.5 56.5 3.7 565 6.2 93.8
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