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Supplementary Figures and Tables 

 

Fig. S1 Atomic Force Microscope (AFM) thickness measurement of (a) 5 nm, (b) 10 nm, (c) 

28 nm. (d) Conductive atomic force microscopy (C-AFM) mapping image of 19 nm 

nanomembrane, inset figures show the enlarged views with different scale bars 
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Fig. S2 X-ray diffraction pattern of 19 nm Pt nanomembrane 

 

Fig. S3 Transmission electron microscope (TEM) analysis of 19 nm Pt nanomembranes. (a) 

The filtered IFFT image of Fig. 1g, showing a defect-free region. (b) Contour map of the normal 

strain ɛxy in Fig. 1g, inset is the distribution of the strain ɛxy component. (c) Contour map of the 
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normal strain ɛyy in Fig. 1g, inset is the distribution of the strain ɛyy component. (d) High-angle 

annular dark-field scanning transmission electron microscopy (HAADF-STEM) images from 

the [011] direction of a typical Pt nanocrystal (NC) with a FCC structure. (e) The filtered IFFT 

image of the region in Fig. S2d. (f) twin boundary. (g) Representative high-resolution STEM 

images of the Pt nanomembranes, the dashed line points out the grain boundaries. (h) The 

corresponding FFT images are obtained from the grains in Fig. S2g. (i) TEM image of Pt 

nanomembrane and corresponding elements maps of Pt, C, and O 

 

Fig. S4 TEM analysis of 5 nm Pt nanomembrane. (a) Low magnification of TEM image. (b) 

Enlarged TEM image, showing Pt nanoparticle and amorphous carbon. (c) The corresponding 

FFT images of (b). (d) HAADF-STEM image and corresponding elements maps of Pt, C and 

O 
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Fig. S5 TEM analysis of 10 nm Pt nanomembrane. (a) Low-magnification of TEM image, inset 

shows the corresponding SADP. (b) Radially integrated intensity of the diffraction patterns of 

the freestanding nanomembrane, in comparison with those of the single-phase FCC bulk Pt as 

indicated by the dash lines. (c) The high revolution TEM image of the 10 nm thick Pt 

nanomembrane. Insets are Fast Fourier transform (FFT) patterns of the amorphous (upper left) 

and crystalline (lower right) regions. (d, e) High resolution TEM images, showing the defects 

of vacancy in the orientation of [011] and [001] respectively. (f) Line scan of Intensity, showing 

the location of Pt vacancy. (g) Representative high-resolution TEM images of the Pt NC, the 

dashed line points out the grain boundaries. (h) The corresponding FFT images are obtained 

from the grains in Fig. S3g. (i) Lattice constant with the size of Pt nanocrystal (NC). (j) 

HAADF-STEM image and corresponding elements maps of Pt, C and O 
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Fig. S6 TEM analysis of 28 nm Pt nanomembrane. (a) Low-magnification of HAADF-STEM 

image, inset is the corresponding SADP. (b) High magnification HAADF-STEM image of the 

28 nm-thick freestanding Pt nanomembrane. (c) HAADF-STEM images from the [001] 

direction of a typical platinum NC with the FCC structure. (d) Radially integrated intensity of 

the diffraction patterns of the freestanding nanomembrane, in comparison with those of the 

single-phase FCC bulk Pt as indicated by the dash lines. (e) Lattice constant with the size of Pt 

NC. (f) Twin boundary. (g) HAADF-STEM images from the [011] direction of a typical Pt NC 

with a FCC structure. (h) The filtered IFFT image of the region in Fig. S4g, indicating misfit 

dislocation. (i) Representative high-resolution STEM images of the Pt NC, the dashed line 

points out the grain boundaries. (j) The corresponding FFT images are obtained from the grains 

in Fig. S4i. (k) HAADF-STEM image and corresponding elements maps of Pt, C and O 
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Fig. S7 X-ray photoelectron spectroscopy (XPS) narrow scanning with curve fitting based on 

the peaks of the constituent elements in the 19 nm Pt Nanomembrane. (a-c) were obtained at 0 

s etching, (d-f) were obtained at 20 s etching 

 

Fig. S8 X-ray photoelectron spectroscopy (XPS) narrow scanning with curve fitting based on 

the peaks of the constituent elements in the 28 nm Pt Nanomembrane. (a-c) were obtained at 0 

s etching, (d-f) were obtained at 20 s etching 
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Fig. S9 EXAFS fitting results of Pt foil and 19 nm Pt nanomembrane. (a)-(b), FT-EXAFS 

spectra in r-space and the corresponding least-squares fit for the first shell of Pt foil and 19 nm 

Pt nanomembrane. (c)-(d), EXAFS χ(k) signals in k-space and the corresponding least-squares 

fit for Pt foil and 19 nm Pt nanomembrane 
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Fig. S10 Chemical bonding and atomic packing analyses of a 28 nm thick Pt nanomembrane. 

(a−c) Narrow-scan X-ray photoelectron spectroscopy (XPS) spectra for (a) Pt 4f, (b) C 1s, and 

(c) O 1s with the etching time. (d) Relative atomic concentration of Pt, C, and O with depth, as 

obtained from the quantitative analysis of the XPS data. (e) X-ray absorption near edge structure 

(XANES) at Pt L3 edge. (f) FT-EXAFS region for the local structure of Pt and the corresponding 

least-squares fit for the first shell. (g) EXAFS χ(k) signals in k-space and the corresponding 

least-squares fit. (h) shows the wavelet transform for the k3-weighted EXAFS Pt K-edge signal 

of 28 nm Pt nanomembrane 
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Fig. S11 Morphology and composition of the freestanding Pt nanomembrane transferred to the 

carbon clothes. (a) Scanning Electron Microscopy (SEM) image of Pure carbon clothes without 

Pt nanomembrane. (b-e) SEM images of 5 nm, 10 nm, 19 nm and 28 nm Pt nanomembrane 

transferred to carbon clothes. (f) Line scan of carbon clothes with 19 nm nanomembrane. (g) 

Energy Dispersive Spectroscopy (EDS) mapping of carbon clothes with 19 nm nanomembrane 
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Fig. S12 Calibration of the saturated calomel electrode in 0.5 M H2SO4 with an H2 atmosphere 

 

Fig. S13 (a) Linear Sweep Voltammetry (LSV) curve of Pure carbon clothes. (b) 

Electrochemical Impedance Spectrum (EIS) results of Pt nanomembrane and Pt foil at constant 
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potential -0.01 V vs RHE. (c)-(e) Stability tests of 5 nm, 10 nm and 28 nm Pt nanomembrane 

at 10 mA/cm2 current density respectively, insets show LSV before and after stability tests. (f) 

Pt loading of our nanomembrane with different thicknesses measured by Inductively Coupled 

Plasma Optical Emission spectroscopy (ICP-OES). (g) Comparison of overpotential at 10 

mA/cm2 and Tafel slope with many other recently reported HER electrocatalysts, data from 

Table S2 

 

Fig. S14 Cyclic Voltammetry (CV) curves of (a) 5 nm, (b) 10 nm, (c) 19 nm, (d) 28 nm and 

(e) Pt foil at a scan rate of 50 mV/s 

 

Fig. S15 (a-c) SEM images of 19 nm Pt nanomembrane transferred to carbon clothes after 24 

hours 10 mA/cm2 stability. (d) Energy Dispersive Spectroscopy (EDS) mapping of carbon 

clothes with 19 nm nanomembrane after stability tests 
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Fig. S16 X-ray photoelectron spectroscopy (XPS) depth profile analysis of Pt nanomembrane 

after stability tests. Narrow-scan XPS spectra for (a-c) Pt 4f and (d-f) O 1s as a function of 

etching time 

 

 

Fig. S17 Carbon clothes after stability tests and ultrasonic oscillation, (a-d) SEM images (e) 

SEM-EDS mapping Pt, C and O 
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Fig. S18 Mechanical behavior of the freestanding Pt nanomembrane. (a) The experimental 

force−displacement curve of a 19 nm-thick Pt nanomembrane under AFM indentation in 

comparison with the FEA simulations. (b)and (c) AFM scanning images of the suspended Pt 

nanomembrane before and after indentation. (d) Comparison of Young’s modulus of Pt 

nanomembrane, Pt nanoparticle (NP) [S1] and bulk Pt [S2]. (e) Comparison of the yield strength 

and ductility of Pt nanomembrane with those of nanocrystalline (NC) and polycrystalline (PC) 

Pt films, bulk Pt and Pt nanowires (NWs) [S3–S11] 

http://springer.com/journal/40820


  Nano-Micro Letters   

S14/S22 

 

 

Fig. S19 Simulation of lattice distortion induced by substitutional defects and adsorption energy 

of distorted crystal. (a) Atomic configurations of Pt nanocrystalline with substitutional C atoms. 

The grain index is indicated by rainbow color coding where C atoms are colored by black. (b) 

Distribution of local shear strain which reflected by color coding. (c)-(d) Distribution of Shear 

Strain (c), Volumetric Strain (d) via Pt nanocrystalline with/without surface atoms, respectively. 

(e) Adsorption free energy versus the reaction coordinate of HER for a distorted crystal with 2 

vacancies, with the heterogeneous tensile strain ranging from 0 to 7%. (f) Adsorption free 

energy versus the reaction coordinate of HER for a distorted crystal with 3 vacancies, with the 

heterogeneous tensile strain of 0–7% 
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Fig. S20 Simulation of substitutional defects C or O, and adsorption free energy of a non-

distorted Pt nanocrystal 

 

Fig. S21 Diagram illustrating how cost per electrode area is calculated based on the price of 

raw materials 
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Table S1 EXAFS fitting parameters at the Pt L3-edge for Pt foil and Pt nanomembrane 

(Ѕ0
2=0.839) 

Sample Shell CNa R(Å)b σ2(Å2)c ΔE0(eV)d R factor 

Pt foil Pt-Pt 12* 2.762±0.001 0.0048±0.0001 7.4±0.4 0.0017 

19 nm Pt 

nanomembrane 

Pt-C/O 1.2±0.2 2.097±0.014 0.0092±0.0050 9.4±4.8 
0.0074 

Pt-Pt 9.8±0.3 2.772±0.002 0.0061±0.0009 9.5±0.8 

28 nm Pt 

nanomembrane 

Pt-C/O 0.8±0.2 2.101±0.023 0.0100±0.0026 4.1±2.6 
0.0032 

Pt-Pt 10.2±0.4 2.779±0.002 0.0052±0.0006 10.6±0.5 

aCN, coordination number; bR, the distance to the neighboring atom; cσ2, the Mean Square 

Relative Displacement (MSRD); dΔE0, inner potential correction; R factor indicates the 

goodness of the fit. S0
2 was fixed to 0.839, according to the experimental EXAFS fit of Pt foil 

by fixing CN as the known crystallographic value. * This value was fixed during EXAFS fitting, 

based on the known structure of Pt. Fitting range: 3.0 ≤ k (/Å) ≤ 13.8 and 1.0 ≤ R (Å) ≤ 3.0 (Pt 

foil); 3.0 ≤ k (/Å) ≤ 13.8 and 1.0 ≤ R (Å) ≤ 3.5 (19 nm Pt nanomembrane); 3.0 ≤ k (/Å) ≤ 13.8 

and 1.0 ≤ R (Å) ≤ 3.5 (28 nm Pt nanomembrane). A reasonable range of EXAFS fitting 

parameters: 0.700 < Ѕ0
2 < 1.000; CN > 0; σ2 > 0 Å2; |ΔE0| < 10 eV; R factor < 0.02. 

Table S2 The comparison of HER performance of Pt nanomembrane with recently reported 

electrocatalysts in acid media 

Catalysts 
Loading 

(μg/cm2) 

η10 

(mV) 

Tafel 

(mV/dec) 

Mass activity at 

50 mV (A/mg) 
Raw material References 

Pt-GT-1 1.4 18 N/A 21.43 H2PtCl6 [S12] 

Pd60Pt40 13 130 N/A 0.15 PtCl4 [S13] 

Pt@DNA without 

binder 
15 26 30 1.6 H2PtCl6 [S14] 

Pt@DNA with 

binder 
15 210 241 0.09 H2PtCl6 [S14] 

Pt/CoP 102 21 42.5 0.38 H2PtCl6 [S15] 

Pt-MoS2 27 51.5 40 0.34 K2PtCl4 [S16] 

Pt Sas/DG 1000 23 25 0.07 Pt net [S17] 

Pt–TiS2 1.69 70 40.6 5.33 K2PtCl4 [S18] 

ALD100Pt/N 6.1 44 29 10.1 MeCpPtMe3 [S19] 

ALD50Pt/N 1.61 38 29 2.12 MeCpPtMe3 [S19] 

Pt-ALD FTO 3.5 46.5 N/A 4 MeCpPtMe3 [S20] 

Pt1/graphene 1.74 55 42 4.77 MeCpPtMe3 [S21] 

Pt1/OLC 1.35 38 36 17.02 MeCpPtMe3 [S21] 

ALD Pt–WC 0.55 438 N/A N/A MeCpPtMe3 [S22] 

ALD Pt–WC 3.1 408 N/A N/A MeCpPtMe3 [S22] 

ALD Pt–WC 5.5 306 N/A N/A MeCpPtMe3 [S22] 

Pt@PCM 200 105 65.3 0.16 H2PtCl6 [S23] 

PyPOP-Pt@G 67 32 37 0.84 H2PtCl6 [S24] 

Pt1/MC 10 25 30 5.75 H2PtCl6 [S25] 

http://springer.com/journal/40820
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Pt-MoS2 18 150 96 0.09 H2PtCl6 [S26] 

Pt1/Fe-N-C 300 60 42 0.02 H2PtCl6 [S27] 

Pt Cs/MoO2 1.75 47 32.6 7.43 H2PtCl6 [S28] 

Pt3Ni3 NWS/C 15.3 31 N/A N/A Pt(C5H7O2)2 [S29] 

PdCuPt 41 22.8 25 3.0 K2PtCl4 [S30] 

40% Pt/C 640 63 32 0.013 N/A [S26] 

Pt/C 56.8 25.5 N/A N/A N/A [S12] 

Pt/C 33 52.5 31 0.27 N/A [S19] 

Pt/C 27 53 30 0.32 N/A [S16] 

Pt/C 80 14 32 N/A N/A [S31] 

Pt/C 67.8 35 31.2 0.28 N/A [S28] 

Pt/C 53 32 34.1 0.37 N/A [S32] 

Pt/C without 

binder 
20 41 33 0.72 N/A [S14] 

Pt/C with binder 20 56 60 0.4 N/A [S14] 

Pt/C 20% 95.2 29 35 0.27 N/A [S21] 

Pt/C 5% 25.9 50 40 0.38 N/A [S21] 

Pt/C 59.4 15 21 N/A N/A [S33] 

Pt/C 36.1 30 31 0.83 N/A [S17] 

Pt/C 41.5 25 28 1.325 N/A [S30] 

MoN1.2 400 269 79 N/A N/A [S34] 

WN1.5 400 348 82 N/A N/A [S34] 

Mo0.7W0.3N1.2 400 129 59 N/A N/A [S34] 

MoSe1.8 390 216 292 N/A N/A [S35] 

MoSe2.0 390 192 59 N/A N/A [S35] 

MoSe2.2 390 160 52 N/A N/A [S35] 

MoSe2.3 390 131 46 N/A N/A [S35] 

MoSe2.4 390 180 57 N/A N/A [S35] 

ReSe2 390 140 62 N/A N/A [S36] 

MnReSe2 390 140 62 N/A N/A [S36] 

FeReSe2 390 115 59 N/A N/A [S36] 

CoReSe2 390 100 56 N/A N/A [S36] 

NiReSe2 390 80 54 N/A N/A [S36] 

CuReSe2 390 130 58 N/A N/A [S36] 

Pt foil 321750 47.5 34.5 5.7E-5 Pure Pt This work 

5 nm Pt 

nanomembrane 
5.22 29 36.7 4.43 Pure Pt This work 

10 nm Pt 

nanomembrane 
9.6 26.5 29.2 2.67 Pure Pt This work 

19 nm Pt 

nanomembrane 
18.6 27.5 29.7 1.38 Pure Pt This work 
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Table S3 Summary of the TOF values and current densities at the overpotential of 100 mV 

between Our Pt nanomembrane and many other Pt-based catalysts in 0.5 M H2SO4 

Catalysts Current density at 100 mV (mA/cm2) TOF 100mV(s-1) References 

PtGa 500 17.1 [S37] 

Pt-Ru/CNT 265 25.1 [S38] 

Pt1 SAC-VNGNMA 88 4.0 [S39] 

Pt1/OLC 56.5 40.8 [S21] 

Pt-SAs/WS2 54 131.7 [S40] 

Pt2W/WO3/RGO 44 2 [S41] 

Pt1/NMHCS 40 4.5 [S42] 

PtRu@RFCS-6h 32 4.0 [S43] 

Pt-SAs/MoS2 24 47.3 [S44] 

Pt@PCM 11 3.2 [S23] 

5 nm Pt nanomembrane 74.7 145.7 This Work 

10 nm Pt nanomembrane 83.8 90.2 This Work 

19 nm Pt nanomembrane 89.7 48.3 This Work 

Table S4 Price of raw materials for noble catalysts 

Raw material Price per mass ($/g) Molecular Weight Pt Price per mass ($/µg) References 

H2PtCl6 270.71 409.81 0.13 [S45] 

PtCl4 178.00 336.89 0.10 [S46] 

MeCpPtMe3 475.76 319.30 0.29 [S47] 

K2PtCl4 137.30 415.00 0.06 [S48] 

Pt(C5H7O2)2 229.40 393.29 0.11 [S49] 

Pt/C 20% 152.00 195.00 7.60E-04 [S50] 

Bulk Pt 33.86 195.00 3.39E-05 [S51] 

Table S5 Price of raw material for non-noble catalysts 

Raw material Price per gram ($/g) References 

Molybdenum (VI) oxide 2.87 [S52] 

Tungsten (VI) oxide 15.48 [S53] 

Potassium molybdate 0.94 [S54] 

Ammonium perrhenate 22.68 [S55] 

Selenium 9.59 [S56] 

Dibenzyl diselenide, 95%, Thermo Scientific Chemicals 21.50 [S57] 

Manganese (III) acetylacetonate 2.32 [S58] 

Iron (III) acetylacetonate 0.11 [S59] 

Cobalt (II) acetylacetonate 1.85 [S60] 

Nickel (II) acetylacetonate 9.20 [S61] 

Copper (II) acetylacetonate 4.70 [S62] 
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