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1. Experimental details

Materials.

Platinum (II) acetylacetonate (Pt(acac)2, 97%), Copper (II) chloride dihydrate 

(CuCl2·2H2O) and glucose were purchased from Aladdin. Oleylamine 

(CH3(CH2)7CH=CH(CH2)7CH2NH2, OAm) was purchased from Acros Organics and 

oleic acid (CH3(CH2)7CH=CH(CH2)7COOH, OA) was obtained from Sinopharm 

Chemical Reagent Co., Ltd (Shanghai, China). Nafion solution (5 wt.%) was obtained 

from Sigma-Aldrich. Commercial Pt/C (20 wt.%) was purchased from Alfa Aesar. All 

the chemicals in this work were directly used without further purification.

Synthesis of Pt–Cu NFs and PtCu-X. 

In a typical synthesis, the Pt–Cu NFs were generated by simultaneously injecting 10 

mg Pt(acac)2, 50 mg CuCl2·2H2O and 60 mg glucose into a mixture of OA and OAm. 

A blue-green solution was obtained, which was subjected to 30 min of ultrasonic 

treatment and then stirred in the 180 ℃ oil bath for 240 min. After cooling to room 

temperature, the product was collected by centrifugation and successively washed with 

cyclohexane and ethanol several times, followed by vacuum drying for 6 h. To 

investigate the effect of reaction time, samples were synthesized at different reaction 

times (40, 70, 100, and 120 min) and are denoted as PtCu-X, where X represents the 

reaction time in minutes. 

Treatment of Pt–Cu NFs/C catalysts. 

Conductive carbon black (20 mg) was dispersed in ethanol (20 mL) and Pt–Cu NFs/-

X catalysts (2 mg) mentioned above were added simultaneously. After stirring at 

ambient conditions for 36 h, the black suspension was centrifuged. In order to remove 

the residual OAm and OA from the surface of the material, the centrifuged catalysts 

were dispersed in 30 mL of acetic acid solution and refluxed at 80 ℃ for 12 h. The final 

catalysts were washed three times with ethanol and then vacuum-dried at 60 ℃ for 8 h.

Preparation of the Pt–Cu NFs electrode. 

The mixture of 2.5 mg of Pt–Cu NFs/C catalysts, 20 μL of Nafion solution (5 wt.%) 

and 480 μL of ethanol was ultrasonicated for 1 h to obtain a uniformly dispersed ink 

solution. Then 10 µL of the catalyst inks were dropped onto glassy carbon electrode 
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(GCE) and dried in the air. To further remove the residual OAm and OA, the GCE was 

exposed to 254 nm of UV light for 10 h. The catalysts loading was determined to be 

0.25 mg cm−2.

Preparation of the Pt/C electrode. 

2.5 mg commercial Pt/C (20 wt.%), 20 μL Nafion solution and 480 μL ethanol were 

mixed and ultrasonicated for 1 h to obtain a uniformly dispersed ink solution. 

Subsequently, the suspension was dropped onto GCE and then dried in the air.

Materials Characterizations.

X-ray diffraction (XRD) results were carried out using a D8 Bruker diffractormeter 

with Cu Kα as radiation source. The morphology and three-dimensional structure of as-

prepared materials were observed using high-Resolution transmission electron 

microscopy (HRTEM) (JEM-2100F). The high-angle annular dark-field scanning 

electron microscope (HAADF-STEM) (Titan) was employed to collect microstructures 

and elemental mappings at atomic resolution of samples. Scanning electron microscope 

energy-dispersive X-ray spectroscopy (SEM-EDS) was performed on Hitachi SU8010 

at an accelerating voltage of 20 kV. X-ray photoelectron spectroscopy (XPS) with Al 

Kα excitation source (ESCALAB 250Xi) was conducted to obtain the valence 

information of the samples. The content of Cu in electrolytes was detected using 

inductively coupled plasma mass spectrometry (ICP-MS, Agilent 7800). The content 

of Pt loading was detected by inductively coupled plasma-optical emission 

spectrometry (ICP-OES, PerkinElmer Optima 8000). X-ray absorption fine structure 

(XAFS) spectroscopy was carried out using the Rapid XAFS 2M (Anhui Absorption 

Spectroscopy Analysis Instrument Co., Ltd.). Using Si (771) and Si (553) spherically 

bent crystal analyzer with a radius of curvature of 500 mm for Pt and Cu by transmission 

mode at 20 kV and 20 mA. The acquired XAFS spectra were processed and analyzed 

using the Demeter software package (version 0.9.26). 1

Electrochemical measurements.

All of HER measurements were performed on a CHI 760E electrochemical 

workstation (CH Instruments, Shanghai) employing a conventional three-electrode 

configuration (Ag/AgCl electrode as the reference electrode, graphite rod as the counter 
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electrode and GCE modified with Pt–Cu NFs, PtCu-X catalysts and Pt/C as working 

electrode) in 0.5 M H2SO4 electrolyte. The GCE should be polished with Al2O3 paste 

carefully and ultrasonic cleaning in deionized water for 5~10 s before each experiment. 

Electrochemical cyclic voltammetry detection was conducted between -0.1 V and -0.7 

V (vs. Ag/AgCl electrode) with a scan rate of 100 mV s−1 to activate electrode. The 

activity of the electrodes was evaluated by linear sweep voltammetry (LSV) curves with 

100% IR compensation. The potentials should be referenced to a reversible hydrogen 

electrode (RHE) as following:  𝐸𝑅𝐻𝐸 = 𝐸𝐴𝑔/𝐴𝑔𝐶𝑙 + 0.059𝑝𝐻 + 0.1989.

Electrochemical impedance spectroscopy (EIS) was measured from 0.1 Hz to 100 kHz. 

The HER durability of Pt–Cu NFs was carried out through comparing the LSV curve 

before and after 2000 CV. The chronoamperometry measurements was examined under 

a constant 100 mA cm−2 for 500 h to evaluate the stability.

The ECSA was calculated via the desorption region of underpotential deposition 

hydrogen (Hupd) in CV curve2:

𝐸𝐶𝑆𝐴 =
𝑄𝐻

0.21 (𝑚𝐶·𝑐𝑚 ‒ 2)·𝑚𝑃𝑡

where represents electron transfer quantity (the hydrogen desorption peak), 𝑄𝐻 

is the mass loading of noble metals on the working electrode,  is 𝑚𝑃𝑡 0.21 𝑚𝐶·𝑐𝑚 ‒ 2

the theoretical value of a one-electron transfer assuming on H atom per Pt surface atom. 

Specifically, the Pt loadings in Pt–Cu NFs were measured to be 15.65 wt.%.

The number of active sites (n) can be obtained:

𝑛 =
𝑄𝐻

2𝐹

where F is the Faraday constant (96485 C mol–1).

The turnover frequency (TOF) was calculated using the formula below:

𝑇𝑂𝐹 =
𝐼

2𝑛𝐹
where I represents for the current (A) during the linear sweep measurement, F is 

the Faraday constant (96485 C mol–1), and n is the number of active sites (mol).
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MEA measurements.

Prior to the fabrication of MEAs, the Nafion 115 membrane was treated with 5% 

H2O2, 0.5 M H2SO4, and deionized water at 80 ℃ for 2 h, respectively. The treated 

membrane was then preserved in deionized water for further use. Pt–Cu NFs (350 μgPt 

cm–2) and commercial Pt/C (500 μgPt cm–2) were applied as cathode catalysts and IrO2 

was used as anode catalyst. The anodic catalyst is commercial IrO2 with a loading of 

2.0 mg cm–2. The catalyst ink was prepared by sonicating the mixture of catalysts (Pt–

Cu NFs, Pt/C, and IrO2), 5 wt.% Nafion ionomer, deionized water and isopropanol. A 

self-made cell was used as the PEMWE device and Ti mesh was applied as anodic gas 

diffusion layers (GDLs), carbon paper as cathodic GDLs. Then a certain quality of ink 

was sprayed onto GDLs. All PEMWEs were operated at 65 ℃ and the reactant was 

deionized water circulated via the peristaltic pump (15 ml min–1). All the data of 

PEMWE were not iR corrected.

Density functional theory (DFT) calculations.

Quantum-Espresso package3 was used to simulate the structural and electronic 

properties of the interface. The generalized gradient approximation (GGA) with spin-

polarized Perdewn-Burke-Ernzerhof (PBE) scheme4 was employed for calculating the 

exchange and correlation function. The core electrons were represented by the PAW 

data-set from pslibrary (https://dalcorso.github.io/pslibrary/)5. After convergence 

testing, kinetic energy cutoff and charge density cutoff were set at 40 Ry and 200 Ry, 

respectively. The Fermi-surface effects were treated by the smearing technique of 

degauss, using a smearing parameter of 0.05 Ry. The model was constructed based on 

4-layers 4*4 Cu (111) slab. Within the top two layers of the slab, several Cu atoms were 

replaced with Pt atoms to simulate the isolated Pt sites according to the structural 

information derived from EXAFS measurements. During the structure optimization, the 

atoms of bottom two layers were frozen, while the atoms of top two layers and the 

adsorbate were allowed to relax until the forces vanished within 0.027 eV/Å.

The free energy of H atom adsorbed on different sites is defined as:

ΔGH* = ΔEH - ΔEZPE + TΔS

where ΔEH is the adsorption energy of H atom based on DFT calculation, ΔEZPE and 
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ΔS are the differences of zero-point energy and entropy between adsorption structure 

and gas phase H2. ΔEH is defined as:

ΔEH = Etot- Esub- 1/2EH2

Where Etot is the total energy of hydrogen adsorbed system, Esub and EH2 is the energy 

of substrate and H2 molecule.
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2. Supporting figures and tables

Figure S1. TEM images of products synthesized under the identical conditions for 
preparation of Pt–Cu NFs except different volume ratio of OAm/OA. (a, b) 9 mL/1 mL. 
(c, d) 8 mL/2 mL. (e,f) 7 mL/3 mL. (g, h) 5 mL/5 mL.

Figure S2. TEM images of products synthesized under the identical conditions for 
preparation of Pt–Cu NFs except different reaction temperature. (a, b) 110 ℃ (c, d) 160 
℃.
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Figure S3. (a-b) TEM images of products synthesized under the identical conditions 
for preparation of Pt–Cu NFs with potassium hexachloroplatinate (K2PtCl6) as Pt 
source.

Figure S4. (a-b) TEM images of products synthesized under the identical conditions 
for preparation of Pt–Cu NFs except with 8 mg of Pt(acac)2.
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Figure S5. TEM images of products synthesized under the identical conditions for 
preparation of Pt–Cu NFs except different Cu sources. (a) Cu(NO3)2·6H2O. (b) 
Cu(acac)2. (c) CuSO4·5H2O. (d) Cu(CH3COO)2·H2O.

Figure S6. SEM-EDS images of intermediates obtained after the reaction proceeding 
for (a) 40 min, (b) 70 min, (c) 100 min, (d) 120 min, (e) 240 min.
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Figure S7. (a) Atomic ratio changes of Pt and Cu in different intermediates, as 
determined by SEM-EDS. (b) XRD patterns and (c) enlarged XRD patterns of these 
intermediates.

Figure S8. XPS survey spectrum of Pt–Cu NFs.

Figure S9. The HRTEM images of Pt–Cu NFs rotating along the X (up) and Y (down) 
axes.
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Figure S10. (a) HRTEM image of a Pt–Cu NFs taken out from a sample prepared, (b, 
c) FFT patterns of the Pt–Cu NFs corresponding to different regions shown in (a).

Figure S11. Cu LMM XPS in-depth analyses of Pt–Cu NFs with different sputtering 
time.

Figure S12. High-resolution O 1s spectrum of Pt–Cu NFs.
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Figure S13. (a) EXAFS fitting curve of Pt–Cu NFs (Pt) at R-space. (b) FT-EXAFS 
fitting curve of Pt–Cu NFs (Pt) at k-space.

Figure S14. (a) EXAFS fitting curve of Pt–Cu NFs (Cu) at R-space. (b) FT-EXAFS 
fitting curve of Pt–Cu NFs (Cu) at k-space.

Figure S15. (a) Survey XPS spectra. (b) High-resolution XPS spectra of O 1s for PtCu 
alloy catalysts.
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Figure S16. XRD patterns of (a) Cu2O and (b) CuO. LSV curves of (c) Cu2O and (d) 
CuO.

Figure S17. CV curves of Pt–Cu NFs and Pt/C.



14

Figure S18. Comparison of ECSA values and number of active sites for Pt–Cu NFs and 
Pt/C.

Figure S19. ECSA-normalized HER polarization curves of Pt–Cu NFs and Pt/C.

Figure S20. LSV curves normalized to loading of Pt.
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Figure S21. The polarization curves of the Pt–Cu NFs before and after 2,000 
continuous cycles.

Figure S22. The i-t curves of (a) PtCu-100 and (b) Pt–Cu NFs.

Figure S23. (a) The i-t curve of Pt–Cu NFs. (b) Dissolution of Cu during the stability 
tests. 
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Figure S24. Multi-current chronoamperometry of Pt–Cu NFs from 10 to 50 mA cm−2 
at current ramps of 10 mA cm−2 pre step.

Figure S25. (a) Polarization curves of Pt/C under the temperature range of 293.15-
333.15 K. (b) Tafel plots of Pt–Cu NFs under the temperature range of 293.15-333.15 
K. (c) Tafel plots of Pt/C under the temperature range of 293.15-333.15 K.

Figure S26. Arrhenius plots of Pt–Cu NFs and Pt/C.
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Figure S27. Bode phase plots of the in-situ EIS for (a) Pt–Cu NFs and (b) Pt/C.

Figure S28. Nyquist curves of Pt/C at various potentials.

Figure S29. CV profiles of Pt/C with the scan rate from 100 to 700 mV s–1.
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Figure S30. In-situ Raman spectra of Pt–Cu NFs recorded in 0.5 M H2SO4 from OCP 
to −0.3 V (vs. RHE).

Figure S31. SEM-EDS of Pt–Cu NFs after the HER.

Figure S32. The side-view of the model structure before and after Pt doping.
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Table S1. EDS and XPS results of the Pt and Cu contents for the as-prepared catalysts.

Catalysts
Overall Pt/Cu 

atomic ratio (EDS)

Surface Pt/Cu

atomic ratio (XPS)

PtCu-40 19.50/80.50 19.40/80.60

PtCu-70 22.60/77.40 21.13/78.87

PtCu-100 25.90/74.10 23.72/76.28

PtCu-120 26.60/73.40 25.05/74.95

Pt–Cu NFs 29.30/70.70 29.82/70.18

Table S2. EXAFS fitting parameters of Pt–Cu NFs at Pt L3-edge and Cu for various 
samples. (S0

2=1)

Sample Shell CN R (Å) σ2(Å2) ΔE0 (eV)
R 

factor

Pt foil Pt-Pt 12.0* 2.76 0.0037 6.7 0.0067

Cu foil Cu-Cu 12.0* 2.54 0.0087 3.9 0.0012

Pt-Cu 8.3 2.61 0.0084 4.4 0.0244
Pt–Cu NFs

Cu-Cu 1.8 2.55 0.0087 9.9 0.0248

CN is the coordination number; R is interatomic distance (the bond length between 
central atoms and surrounding coordination atoms); σ2 is Debye-Waller factor (a 
measure of thermal and static disorder in absorber-scatterer distances); ΔE0 is edge-
energy shift (the difference between the zero kinetic energy value of the sample and 
that of the theoretical model); R factor is used to value the goodness of the fitting.

Table S3. Summary of charge-transfer resistances (Rct) of the PtCu-40, -70, -100, -120, 
Pt–Cu NFs and commercial Pt/C.

Catalysts Rct (Ω)

PtCu-40 164.8

PtCu-70 44.7

PtCu-100 32.3

PtCu-120 34.1

Pt–Cu NFs 7.2

Pt/C 15.7



20

Table S4. Comparisons of catalytic performance of the Pt–Cu NFs catalyst in this 
work and the representative Pt-based catalysts reported in the literatures.

Electrocatalysts Overpotential (mV) Tafel slope (mV dec-1) References

Pt–Cu NFs 10.4 33.3 This work

Pt SA/m-WO3-x 47 45 6

Pt1@Fe-N-C 60 42 7

S-M-5Pt 62 78 8

EG-Pt/CoP 21 42.5 9

Pt1/NMHCS 40 56 10

Pd@Ru(111) THs 48 51 11

PtS2/Ti2C 55 60 12

Ag@Pt 49 64.1 13

PtCu/WO3@CF 41 45.9 14

F-SnO2@Pt 42 34 15

Pt@Ni2-rGO 37 43 16

Pt1/OLC 38 36 17

Table S5. EIS simulation fitting results of Pt–Cu NFs.

η (mV) Rs (Ω) CPE-T CPE-P R1 (Ω) R2(Ω) Cφ (F)

0 6.26 0.0005 1.07 4.43 3841 0.0064

-5 6.23 0.0004 1.09 3.56 1481 0.0067

-10 6.19 0.0005 1.06 3.36 1022 0.0078

-15 6.16 0.0009 0.99 3.62 719 0.0099

-20 6.20 0.0022 0.92 4.64 494 0.0157

-25 6.20 0.0079 0.72 4.75 333 0.034
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Table S6. EIS simulation fitting results of Pt/C.

η (mV) Rs (Ω) CPE-T CPE-P R1 (Ω) R2(Ω) Cφ (F)

0 6.52 0.0004 0.96 18.99 17793 0.0028

-5 6.45 0.0004 0.96 12.31 14687 0.0036

-10 6.39 0.0005 0.91 11.55 5296 0.0050

-15 6.34 0.0007 0.87 10.10 4273 0.0069

-20 6.22 0.0011 0.79 8.97 1004 0.0107

-25 5.98 0.0037 0.62 9.13 421 0.0211
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