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S1. Methods and syntheses of materials

Materials. All chemicals were from commercial sources and were used without further purification.
The chemicals were purchased from Sinopharm Chemical Reagent Co. Ltd., China, including
hexachloroplatinic hexahydrate (H,PtCls-6H,0, 99%), copper chloride hexahydrate (CuCl,-6H,0,
99%), and sulfuric acid (H,SO4, 95%~98%). 2,2’-bithiophene (98%) was purchased from J&K
Scientific Ltd. Perchloric acid (HClO4,70—72%) was purchased from Sigma-Aldrich. Deionized
(DI) water (18.2 MQ/cm) used in all experiments was prepared by passing through an ultra-pure
purification system.

Synthesis of S-BP support and PtCu; catalysts. The S-doped Black Pearls 2000 (denoted as S-
BP) were prepared by the modified cobalt-assisted carbonization of molecular precursors with BP
as support, according to the previously reported method." 2 In a typical synthesis, 25 g of 2,2’-
bithiophene, 25 g of BP support and 12.5 g of Co(NOj;),:6H,O were first dispersed in
tetrahydrofuran solution. The solvent was then removed by oil bath dry under 80 °C with stirred
continuously. The obtained dried powder was subsequently carbonized under flowing N, for 2 hours
at 800 °C. Finally, the carbonized product was successively treated by 2 M H,SO, leaching for three
times to remove cobalt species and yield the S-BP supports.

The PtCu;/S-BP catalysts were prepared via a conventional impregnation process of aqueous
solution containing H,PtCls, CuCl, and S-BP support. In general, H,PtCls and CuCl, were mixed
with 100 mg S-BP support in a 100 mL round bottom flask containing 50 mL DI water. The total
metal content was controlled to be 20 wt% with Cu/Pt =3.5, (the Pt content was around 10 wt%).
After stirring overnight, the mixture was subjected to ultrasonic treatment for 1 h before drying by
using a rotary evaporator. Finally, the dried powder was then subjected to high-temperature H,-
reduction treatment in flowing 5 % Hy/Ar at 300-1100 °C for 2 hours before naturally cooling down
to room temperature. For comparison, the PtCu;/BP catalyst was synthesized by a similar process
with undoped BP as the support. The Pt contents in the final PtCu; catalysts were quantified by the
inductively coupled plasma atomic emission spectrometry (ICP-AES) measurements (Table S1).
Electrochemical measurements. For RDE test, the optimal catalysts are PtCus/S-BP-1100 and
PtCu;/BP-800. The reduction temperatures are 1100 and 800 °C corresponding to PtCu;/S-BP and
PtCu;/BP, respectively. Prior to the electrochemical test, all PtCuj; catalysts were treated with mild
air oxidation at 210 °C for 2 h before electrochemical measurements to fully expose the surface.
The catalyst ink was prepared by dispersing 5 mg of electrocatalysts in 2.5 mL of isopropanol
through ultrasonication, followed by addition of 30 mL of Nafion ionomer (Sigma-Aldrich, 5 wt
%). To prepare a uniform thin-film electrode, the catalyst ink was pipetted and drop casted on the
glassy carbon substrate. Catalyst loadings were set to 20.4 ugp, cm™2 for PtCus/S-BP, PtCus/BP
catalyst and Pt/C (Johnson Matthey Co., 20 wt %).

Electrochemical measurement was performed with a three-electrode electrochemical cell using CHI
760E electrochemical workstation (Shanghai Chenhua, China). A rotating disk glassy-carbon with
diameter of 5 mm (Pine Instruments) was used as working electrode. Hg/Hg,SO, and Pt foil was
used as the reference electrode and counter electrode. All potentials in this work are with respect to
the reversible hydrogen electrode (RHE). The Hg/Hg,SO, reference electrode was calibrated in pure
Hj-saturated 0.1 M HCIO,. Before measurements, the catalysts were scanning from +0.05 to +1.05
V (vs. RHE) until a stable cyclic voltammetry (CV) curve was collected. Linear sweep voltammetry
(LSV) was then measured from +0.05 to +1.05 V (vs. RHE) in O,-saturated 0.1 M HCIO,4 with scan
rate of 10 mV s~!. The capacitance current was obtained with the same LSV test in N,-saturated 0.1



M HCIO,. The rotating speed of working electrode was controlled at 1600 r.p.m. in the LSV tests.
The electrochemically active surface area (ECSA) was tested with the CO stripping, which was
carried by first bubbling high-purity CO into 0.1 M HCIlO, electrolyte and retaining potential at
+0.05 V (vs. RHE) for 10 min, followed by bubbling pure N; into the electrolyte for 5 min. Then
the voltammetry curve was collected by scanning from +0.05 to +1.05 V (vs. RHE) with a scanning
rate of 50 mV s~!. The accelerated degradation test (ADT) was scanned from 0.6 to 0.95 V in N,-
saturated solution of 0.1 M HCIO,. The Koutecky—Levich (K—L) plots were obtained at various

rotating speeds. The electron transfers number (n) can be calculated from the K—L equation:
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where j is the apparent current density, /K and /L are the kinetic and limiting current densities, w is
the angular velocity of the disk, » is the electron transfer number, A4 is the area of the electrode

(0:196 cm?), F is the Faraday constant (96485 C mol™" ), Cj is the bulk concentration of O, (1.26 x
1076 mol cm™), Dy is the diffusion coefficient of O, in electrolytes (1.93 x 107> cm? s7!), and V' is
the kinematic viscosity of the 0.1 M HCIO,4 (1.01 x 1072 ¢cm? s71).3

Hydrogen peroxide yields and the electron transfer number (n) can be calculated through the
following equations:
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where /; and I, are the disk and ring currents, respectively. The current collection efficiency for the
Pt ring is N = 0.37. The ring potential is kept at a potential of 1.2 V/RHE.

Characterizations. High-angle annular dark-field (HAADF) images were collected on FEI Talos
F200X operated at 200 kV. Energy-dispersive x-ray spectroscopy (EDS) mappings and line scans
were obtained on FEI Talos F200X, equipped with a Super XEDS system (four systematically
arranged windowless silicon drift detectors) at 200 kV. N, adsorption was carried with a
Quantachrome ASiQ gas sorption analyzer, and the data were collected at liquid nitrogen
temperature (77 K). Temperature-programmed reduction (TPR) of all catalysts were performed by
using a Quantachrome ASiQ gas sorption analyzer equipped with TCD to measure the consumption
of hydrogen. The temperature was set at a ramp rate of 10 °C min!, and the reducing gas of 10 vol%
H, balanced Ar was set at a flow rate of 50 ml min'!. The pore size distribution (PSD) plot was
recorded from the adsorption branch of the isotherm based on the quenched solid density functional
theory (QSDFT) model. Powder X-ray diffraction (PXRD) patterns were obtained on a Philips
X’pert Pro Super diffractometer with a Cu Ka line (A = 1.5418 A) radiation source, with the
operation voltage and operation current being 40 kV and 50 mA, respectively. The content of metal
elements in the catalysts was measured by ICP-OES (Optiman 7300 DV, PerkinElmer). X-ray
photoelectron spectroscopy (XPS) measurements were carried out on an ESCALAB MKII
instrument equipped with an Mg Ka source (hv = 1253.6 eV), operating at 150 W and a spot size of
400 mm. For the narrow scans, an analyzer pass energy of 30 eV was applied. The X-ray absorption



spectroscopy (XAS) spectra at the Pt L-edge and Cu K-edge were obtained on the IW1B beamline
of Beijing Synchrotron Radiation Facility (BSRF) operated at 2.5 GeV and 250 Ma.



S2. Supporting figures
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Fig. S1. Schematic illustration of the formation process for S-BP support and PtCu;/S-BP.



Fig. S2. (a-b) The picture of gram-scale S-BP support (a) and PtCus/S-BP catalyst (b).
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Fig. S3. Characterization of the S-BP support. (a) Synchoron radiation photoelectron spectroscopy
and (b) Nitrogen sorption isotherms, (c) pore size distributions and (d) PXRD pattern of S-BP and

BP support. No apparently XRD pattern change was observed after S doping.
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Fig. S4. XRD and Rietveld refinement patterns for PtCus/S-BP. The tested XRD patterns are

shown as black circles. The difference and the background profiles are shown as yellow and green

curves, respectively.



o

Region 2

Cu/Pt=2.3/1

Region 1

Intensity (a.u.)

Cu/Pt=5.8/1

00 05 10 15 20 25 30 35 40
keV

Fig. S5. (a) HAADF images and (b) EDS analysis of read region and blue region in a, showing that

large particles were Cu-rich PtCu; IMC and small particles were PtCu alloy with a stoichiometric

Cu/Pt ratio < 3.
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Fig. S6. XPS survey spectra of the PtCu;/S-BP catalyst at different temperatures (500 °C,800

°C,1100°C).
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Fig. S7. H,-TPR profiles of PtCu;/BP samples. Although Cu complexes are very difficult to reduce
over BP carbon support and require temperatures of 518°C, alloying Pt-Cu enabled us to observe
hydrogen spillover—assisted reduction of Cu cations by Pt at a temperature of 355°C. No reduction

peaks were observed over 400 °C for the Pt-Cu/BP sample, which confirmed the complete reduction

of Pt/Cu species.
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Fig. S8. Tafel curves of PtCus/S-BP, PtCus/BP and commercial Pt/C catalyst in 0.1 M HCIO,4

solution.
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Fig. S9. (a-b) HAADF, (c) EDS-line scan and (d) EDS-mapping of PtCu;/S-BP-1100 catalysts of

electrochemistry test, showing PtCu;@Pt core-shell structure.
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Fig. S10. (a-b) ORR polarization curve (a) and K—L plots (b) at different potentials for the PtCus/S-

BP catalyst at various revolutions per minute (rpm). (c-d) Calculated selectivity (c) and electron

transfer number (d) of the samples towards H,O, at various potentials.
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Fig. S11. RDE LSV, CV, and CO stripping curves of (a-c) PtCus/S-BP, (d-f) PtCus/BP and (g-i)

commercial Pt/C catalyst after ADT tests.



S3. Supporting tables

Table S1. ICP analysis results of the PtCu; IMC catalyst.

Samples Cu (wt%) Pt (wt%) Cu/Pt

PtCus/S-BP-1100 7.10 8.76 3.14

PtCus/BP-800 10.4 9.7 3.22




Table S2. XPS analysis results of the S-BP support.

Samples C (wt%) S (wt%) N wt%) O (wt%) Co (wt%) C/S

S-BP 86.0 8.6 0.9 39 0.6 26.6




Table S3. XPS analysis results of the PtCu;/S-BP catalyst.

Samples C(wt%) S wt%) Pt(wt%) O Wt%) Cu (wWt%)
PtCus/S-BP-500 79.89 4.4 5.74 343 6.54
PtCus/S-BP-800 83.19 2.62 5.07 2.77 6.34

PtCus/S-BP-1100 89.92 0.83 3.67 1.73 3.84




Table S4. Summary of ORR performance of the Pt-Cu alloy catalysts.

MA SA
Sample Reference
(A mgp") (mA cmp?)
1 PtCus/S-BP 3.16 4.42 Our work
2 O-PtCuNF/C 2.47 4.69 4
3 PtCuy/C-CO 2.41 2.62 >
4 P{Cu-600 1.92 137 6
5 Int-PtCuN/KB 1.15 1.18 7
6 PdCu B,@Pt-Cu/C 2.55 433 8
7 PtCus/C 2.57 2.82 ?
8 PtCusy/S-C 42 3.8 1
9 PtCu nanoframes 0.82 1.24 10
10 PtCu nanotubes 0.1 0.23 1
11 hollow PtCu NPs 0.42 1.28 12
12 dealloyed PtCus NPs 0.41 0.87 13
13 PtCu alloy octahedral 0.28 0.5 14
nanoframes

14 PtCu;@PWOX/C 3.94 33 15
15 PtCus/rGO 0.68 0.65 16
16 Dealloy;il_((;(;re—Shell 0.54 / 17
17 PtCuCo@Co-N-C 1.14 / 18
18 Pt-Cu-Co NPs 0.48 / 19
19 Pt-Cu-Mn NPs 0.466 127 20
20 PtCONiCu/tGO 0.79 / 16
71 Pt,CuWy 5 Ternary 075 1.43 21

alloy




Table S5. Summary of ORR performance of the PtCus/S-BP, PtCus/BP and commercial Pt/C

catalysts before and after ADT tests.

CO-stripping MA SA

Catalysts

(m? gpc') (A mgp") (mA cmp?)

PtCus/S-BP 71.58 3.16 4.42
10K 73.03 2.79 3.81
20K 72.39 2.55 3.52
30K 70.42 2.28 3.24
PtCuy/BP 39.44 0.62 1.57
10K 37.43 0.60 1.60
20K 35.67 0.52 1.44
30K 332 0.40 1.22
Commercial Pt/C 74.18 0.28 0.38
10K 64.7 0.26 0.41
20K 56.1 0.15 0.27

30K 49.9 0.12 0.24
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