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Supplementary Tables 

Supplementary Table 1. EXAFS fitting parameters at the Pt L3-edge for various 

samples (Ѕ0
2=0.85) 

 shell CN R(Å) σ2 ΔE0 R factor 

Pt foil Pt-Pt 12 2.760.01 0.0050 7.20.5 0.0031 

PtC60 

Pt-O 0.50.2 2.040.04 0.0059 

9.21.0 0.0067 

Pt-Pt 7.90.3 2.760.01 0.0058 

Pt NCs 

Pt-O 0.90.3 1.920.02 0.0019 

10.82.1 0.0145 
Pt-O1 0.90.4 2.170.03 0.0019 

Pt-Pt 8.10.6 2.770.01 0.0054 

CN: coordination numbers; R: bond distance; σ2: Debye-Waller factors; ΔE0: the inner 

potential correction. R factor: goodness of fit. Ѕ0
2 was set to 0.85, according to the 

experimental EXAFS fit of Pt foil reference by fixing CN as the known crystallographic 

value. 

The quantitative analysis results indicated the lower coordination number of Pt-Pt 

bonding in PtC60 than that of Pt NCs, which can be attributed to the less aggregation of 

Pt nanoclusters on C60 compared to that of Pt NCs.  
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Supplementary Table 2. The experiment data of exchange currents (mA cm–2) of 

PtC60, Pt/C, and Pt NCs from the LSV curves used for mass diffusion simulation   

 

  

Loading of 

samples 
0.4 mg cm–2 0.04 mg cm–2  0.004 mg cm–2  

PtC60 1.766 0.446 0.0368 

Pt/C 0.668 0.0783 0.00186 

Pt NCs 0.614 0.0313 0.00114 
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Supplementary Table 3. ECSA evaluated by the HUPD region of PtC60, Pt/C, Pt 

NCs, and Pt/CB in 0.1 M KOH 

Loading amounts 
0.4 mg cm–2 

(50μg on RDE) 

0.04 mg cm–2 

(5μg on RDE) 

0.004 mg cm–2  

(0.5μg on RDE) 

PtC60 5.08 cm2 0.45 cm2 0.039 cm2 

Pt/C 5.00 cm2 0.480 cm2 0.037 cm2 

Pt NCs 4.42 cm2 0.42 cm2 0.044 cm2 

Pt/CB 10.32 cm2 2.56 cm2 0.82 cm2 
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Supplementary Table 4. EIS Nyquist plots fitting data of PtC60, Pt/C, and Pt NCs 

using the equivalent electric circuit in Fig. 3f 

Catalysts PtC60 Pt/C Pt NCs 

RS (ohm) 0.81 0.9 0.9 

RCT (ohm) 4 96 102 

CPEDL (F s^(α-1) cm–2) 1.5E–3 9E–6 1.1E–5 

ADL 0.9 0.795 0.795 

RP (ohm) 41 73 140 

CPEP (F s^(α-1) cm–2) 5.5E–3 7.4E–5 5.5E–5 

AP 0.774 0.69 0.69 

In a typical measurement, two semicircles were observed for all three electrocatalysts. 

As suggested previously,1-3 the first semicircle at high frequencies reveals the electron 

transfer kinetics induced by the adsorption of surface H, which is associated to the 

charge transfer resistance (RCT) and the double layer capacitance (constant phase 

elements, CPEDL). The second semicircle at low frequencies region is a result of H 

coverage modulation by electrode-potential oscillations, corresponding to a 

pseudocapacitive behavior (adsorption resistance (RP) and pseudocapacitance (CPEP)). 

ADL and AP are the coefficients of CPEDL and CPEP, respectively. RS represents the 

solution resistance. 
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Supplementary Table 5. DFT (ΔE) and Gibbs free (ΔG) binding energies of H, H2O, 

and OH on various atop Pt sites on Pt/C60 (011) and Pt/graphene interface, on 

different positions on unsupported Pt NCs, and on Pt (111) surface. 

 H binding H2O adsorption OH binding 

Position Eads (eV) Gads (eV) Eads (eV) 
Gads 

(eV) 

Eads 

(eV) 

Gads 

(eV) 

1 –0.47 –0.40 –0.65 –0.22 0.34 0.76 

2 –0.29 –0.20 –0.60 –0.01 0.29 0.67 

3 –0.33 –0.24 –0.43 0.09 0.16 0.58 

4 –0.37 –0.31 –0.18 0.43 0.14 0.47 

5 –0.46 –0.39 –0.49 –0.08 0.29 0.69 

6 –0.47 –0.39 –1.02 –0.46 0.03 0.40 

7 –0.71 –0.62 –0.68 –0.10 0.24 0.57 

8 –0.44 –0.35 –0.57 0.02 0.12 0.52 

9 –0.27 –0.17 –0.53 0.05 0.10 0.50 

10 –0.48 –0.41 –0.69 –0.14 0.10 0.50 

11 –0.54 –0.47 –0.74 –0.16 –0.05 0.34 

12 –0.32 –0.25 –0.63 –0.09 0.16 0.57 

13 –0.45 –0.38 –0.74 –0.15 0.41 0.84 

14 –0.51 –0.42 –0.79 –0.22 0.37 0.75 

15 –0.49 –0.41 –0.54 0.01 0.55 0.93 

16 –0.54 –0.45 –0.07 0.31 0.30 0.65 

17 –0.66 –0.59 –0.63 –0.08 –0.30 0.12 

Pt/graphene 

Corner 

–0.58 

 

 

–0.45 

 

–0.30 

 

–0.04 

 

–0.01 

 

0.25 

 
Pt/graphene 

Edge 

–0.46 

 

–0.26 

 

–0.32 

 

0.38 

 

0.47 

 

0.74 

 
Unsupported 

Pt NCs Corner 
–0.54 –0.46 –0.63 –0.02 –0.13 0.27 

Unsupported 

Pt NCs Edge 
–0.36 –0.29 –0.50 0.36 0.33 0.73 

Unsupported 

Pt NCs 

Terrace 

–0.46 –0.43 –0.50 0.10 0.68 1.05 

Pt (111) -0.49 -0.29 -0.47 0.08 0.66 1.01 
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Supplementary Table 6. DFT (ΔE) and Gibbs free (ΔG) binding energies of H2O, 

OH, and H on bridge Pt sites on Pt/C60(011) interface, Pt/graphene on unsupported 

Pt NCs, and Pt (111) surface. 

 H2O adsorption H adsorption OH adsorption 

Binding Position 
Eads 

(eV) 
Gads (eV) 

Eads 

(eV) 
Gads (eV) 

Eads 

(eV) 
Gads (eV) 

1-2 –0.63 –0.08 –0.47 –0.27 0.04 0.42 

1-3 –0.63 –0.09 –0.42 –0.24 0.23 0.63 

2-4 –0.66 –0.11 –0.39 –0.24 0.93 1.40 

2-8 –0.65 –0.22 –0.55 –0.34 0.41 0.86 

2-9 –0.68 –0.10 –0.52 –0.32 0.32 0.77 

3-4 –0.67 –0.11 –0.41 –0.28 –0.19 0.16 

3-15 –1.02 –0.46 –0.47 –0.26 0.21 0.64 

4-5 –0.69 –0.14 –0.56 –0.40 –0.09 0.26 

5-6 –0.57 0.02 –0.66 –0.50 0.68 1.09 

5-8 –0.43 0.09 0.01 0.21 1.01 1.44 

6-7 –0.49 –0.08 –0.49 –0.31 –0.13 0.27 

7-8 –0.07 0.31 –0.86 –0.66 0.08 0.48 

8-9 –0.60 –0.01 –0.57 –0.36 0.02 0.42 

9-10 –0.79 –0.22 –0.62 –0.41 0.14 0.53 

11-12 –0.54 0.01 –0.65 –0.47 0.29 0.69 

13-14 –0.18 0.43 –0.73 –0.54 0.24 0.59 

13-16 –0.54 0.05 –0.52 –0.35 1.34 1.79 

14-17 –0.53 0.05 –0.20 –0.03 –0.24 0.18 

15-16 –0.53 0.00 –0.79 –0.59 –0.15 0.27 

16-17 –0.74 –0.16 –0.92 –0.73 –0.57 –0.15 

Pt/graphene 

Corner - Edge 
-0.36 0.19 -0.62 -0.42 0.93 1.40 

Unsupported Pt 

NCs Corner – 

Corner 

–0.63 –0.02 –0.64 –0.46 0.23 0.63 

Unsupported Pt 

NCs Corner -

Edge 

–0.50 0.36 –0.69 –0.46 0.05 0.46 

Unsupported Pt 

NCs Terrace-

Terrace 

–0.50 0.10 –0.49 –0.32 0.24 0.59 

Pt (111) Bridge 

Position 
-0.55 0.12 -0.47 -0.38 0.18 0.72 
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Supplementary Table 7. GR (U = 0 vs RHE) of the HER reaction steps for atop 

position on the Pt atoms on the interface of Pt/C60(011), Pt/graphene interface,  

unsupported Pt NCs, and Pt (111) surface. 

GR (U = 0 vs RHE) (eV) 

Binding Position Volmer Heyrovsky Tafel 
Chemical Water 

Dissociation 

1 –0.40 0.40 0.40 0.36 

2 –0.20 0.20 0.20 0.47 

3 –0.24 0.24 0.24 0.34 

4 –0.31 0.31 0.31 0.16 

5 –0.39 0.39 0.39 0.30 

6 –0.39 0.39 0.39 0.01 

7 –0.62 0.62 0.62 –0.05 

8 –0.35 0.35 0.35 0.17 

9 –0.17 0.17 0.17 0.33 

10 –0.41 0.41 0.41 0.09 

11 –0.47 0.47 0.47 –0.13 

12 –0.25 0.25 0.25 0.33 

13 –0.38 0.38 0.38 0.46 

14 –0.42 0.42 0.42 0.32 

15 –0.41 0.41 0.41 0.52 

16 –0.45 0.45 0.45 0.20 

17 –0.59 0.59 0.59 –0.46 

Pt/graphene Corner –0.45 0.45 0.45 –0.20 

Pt/graphene Edge –0.26 0.26 0.26 0.48 

Unsupported Pt NCs 

Corner 
–0.46 0.46 0.46 –0.19 

Unsupported Pt NCs Edge –0.30 0.30 0.30 0.44 

Unsupported Pt NCs 

Terrace 
–0.33 0.33 0.33 0.72 

Pt(111)  –0.29  0.29 0.29 0.72 
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Supplementary Table 8. GR (U = 0 vs RHE) of the HER reaction steps for bridge 

Pt sites on the interface of Pt/C60 (011), Pt/graphene,  as well as on unsupported Pt 

NCs, and Pt (111) surface. 

GR (U = 0 vs RHE) (eV) 

Binding Position Volmer Heyrovsky Tafel 

Chemical 

Water 

Dissociation 

1-2 –0.21 0.21 0.21 0.85 

1-3 –0.40 0.40 0.40 0.40 

2-4 –0.26 0.26 0.26 1.14 

2-8 –0.24 0.24 0.24 0.61 

2-9 –0.34 0.34 0.34 0.42 

3-4 –0.35 0.35 0.35 0.35 

3-15 –0.28 0.28 0.28 0.37 

4-5 –0.50 0.50 0.50 0.50 

5-6 –0.24 0.24 0.24 0.85 

5-8 –0.27 0.27 0.27 2.17 

6-7 –0.32 0.32 0.32 0.32 

7-8 –0.47 0.47 0.47 0.47 

8-9 –0.59 0.59 0.59 0.59 

9-10 –0.41 0.41 0.41 0.41 

11-12 –0.31 0.31 0.31 0.38 

13-14 –0.73 0.73 0.73 0.73 

13-16 –0.03 0.03 0.03 4.76 

14-17 –0.66 0.66 0.66 0.66 

15-16 –0.54 0.54 0.54 0.54 

16-17 –0.36 0.36 0.36 0.36 

Pt/graphene Corner - 

Edge 
-0.42 0.42 0.42 1.40 

Unsupported Pt NC 

Corner 
–0.46 0.46 0.46 0.46 

Unsupported Pt NC Edge –0.46 0.46 0.46 0.46 

Unsupported Pt NC 

Terrace 
–0.32 0.32 0.32 0.88 

Pt(111)  –0.25 0.25 0.25 0.74 
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Supplementary Table 9.  Activation Energy (EA) and reaction rate constant (k) at 

0 V vs RHE for the various forward alkaline HER reaction steps for atop sites on 

the Pt atoms on the interface of Pt/C60(011), Pt/graphene interface, various 

positions on unsupported Pt NCs, and Pt (111) surface. 

Binding Position Alkaline Volmer 
Alkaline 

Heyrovsky 
Tafel 

 
Chemical Water 

Dissociation 

 
EA  

(eV) 
k (s–1) 

EA  

(eV) 
k (s–1) 

EA 

(eV) 
k (s–1) 

EA 

(eV) 
k (s–1) 

1 0.30 4.50E+07 1.32 3.54E–10 0.60 3.82E+02 0.66 4.31E+01 

2 0.51 1.80E+04 1.11 8.85E–07 0.81 1.50E–01 0.77 5.70E–01 

3 0.47 6.77E+04 1.15 2.36E–07 0.77 5.70E–01 0.64 9.39E+01 

4 0.40 1.16E+06 1.22 1.38E–08 0.70 9.85E+00 0.46 1.21E+05 

5 0.32 2.51E+07 1.30 6.35E–10 0.62 2.13E+02 0.60 3.96E+02 

6 0.32 2.61E+07 1.30 6.11E–10 0.62 2.22E+02 0.31 3.42E+07 

7 0.09 2.27E+11 1.53 7.04E–14 0.39 1.92E+06 0.25 3.82E+08 

8 0.36 4.53E+06 1.26 3.52E–09 0.66 3.85E+01 0.47 6.75E+04 

9 0.54 5.19E+03 1.08 3.08E–06 0.84 4.00E–02 0.63 1.62E+02 

10 0.30 5.47E+07 1.32 2.92E–10 0.60 4.64E+02 0.39 1.64E+06 

11 0.24 5.65E+08 1.38 2.82E–11 0.54 4.80E+03 0.17 7.95E+09 

12 0.46 9.61E+04 1.16 1.66E–07 0.76 8.20E–01 0.63 1.56E+02 

13 0.33 1.99E+07 1.29 8.03E–10 0.63 1.69E+02 0.76 1.03E+00 

14 0.29 9.43E+07 1.33 1.69E–10 0.59 8.01E+02 0.63 1.68E+02 

15 0.30 5.47E+07 1.32 2.92E–10 0.60 4.64E+02 0.83 7.00E–02 

16 0.26 2.80E+08 1.36 5.69E–11 0.56 2.38E+03 0.50 2.02E+04 

17 0.12 5.16E+10 1.50 3.09E–13 0.42 4.38E+05 0 6.21E+12 

Pt/graphene 
Corner 

0.26 
 

1.05E+09 
 

1.36 
 

2.44E–10 
 

0.56 
 

1.55E+04 
 

0.10 
 

8.61E+11 
 

Pt/graphene 
Edge 

0.45 
 

6.52E+05 
 

1.17 
 

3.92E–07 
 

0.75 
 

8.30E+00 
 

0.78 
 

2.85E+00 
 

Unsupported Pt 

NC Corner 
0.25 2.96E+09 1.37 2.64E–10 0.55 2.51E+04 0.11 7.00E+11 

Unsupported Pt 

NC Edge 
0.42 3.14E+06 1.20 1.83E–07 0.72 2.66E+01 0.74 1.15E+01 

Unsupported Pt 

NC Terrace 
0.38 9.92E+06 1.24 2.57E–08 0.68 8.42E+01 1.02 1.20E–04 

Pt (111)  0.71 6.47E+00 0.91 2.47E-03 1.01 5.49E-05 0.30 8.24E-06 

  



14 

 

Supplementary Table 10. Activation Energy (EA) and reaction rate constant (k) at 

0 V vs RHE for the various forward alkaline HER reaction steps for bridge sites 

on the Pt atoms on the interfaces of Pt/C60(011), Pt/graphene as well as different 

bridge sites on unsupported Pt NC, and Pt (111) surface. 

Binding 
Position 

Volmer Heyrovsky Tafel 
Chemical Water 

Dissociation 

 
EA  

(eV) 
k (s-1) 

EA  

(eV) 
k (s-1) 

EA 

(eV) 
k (s-1) 

EA 

(eV) 
k (s-1) 

1-2 0.92 2.12E–03 0.70 7.54E+00 1.22 1.80E–08 1.15 2.34E–07 

1-3 0.31 3.56E+07 1.31 4.48E–10 0.61 3.03E+02 0.53 6.04E+03 

2-4 0.44 1.94E+05 1.18 8.24E–08 0.74 1.64E+00 1.44 3.04E–12 

2-8 0.46 8.89E+04 1.16 1.79E–07 0.76 7.55E–01 0.91 2.28E–03 

2-9 0.36 4.36E+06 1.26 3.66E–09 0.66 3.70E+01 0.72 4.01E+00 

3-4 0.36 5.09E+06 1.26 3.13E–09 0.66 4.32E+01 0.11 8.21E+10 

3-15 0.43 3.09E+05 1.19 5.17E–08 0.73 2.62E+00 0.67 3.41E+01 

4-5 0.21 1.62E+09 1.41 9.87E–12 0.51 1.37E+04 0.07 4.38E+11 

5-6 0.47 7.32E+04 1.15 2.18E–07 0.77 6.21E–01 1.15 2.25E–07 

5-8 0.44 2.18E+05 1.18 7.33E–08 0.74 1.85E+00 2.47 9.37E–30 

6-7 0.38 2.00E+06 1.24 7.98E–09 0.68 1.70E+01 0.25 4.13E+08 

7-8 0.24 5.43E+08 1.38 2.94E–11 0.54 4.61E+03 0.31 3.70E+07 

8-9 0.12 6.03E+10 1.50 2.64E–13 0.42 5.12E+05 0.13 4.08E+10 

9-10 0.30 6.39E+07 1.32 2.50E–10 0.60 5.43E+02 0.42 4.73E+05 

11-12 0.40 1.21E+06 1.22 1.32E–08 0.70 1.02E+01 0.68 1.98E+01 

13-14 0.00 1.70E+13 1.65 9.36E–16 0.27 1.45E+08 0.15 1.60E+10 

13-16 0.68 2.06E+01 0.94 7.73E–04 0.98 1.75E–04 5.06 1.75E–73 

14-17 0.05 9.20E+11 1.57 1.73E–14 0.35 7.81E+06 0.00 6.21E+12 

15-16 0.17 8.29E+09 1.45 1.92E–12 0.47 7.04E+04 0.03 2.08E+12 

16-17 0.35 8.44E+06 1.27 1.89E–09 0.65 7.17E+01 0.00 6.21E+12 

Pt/graphene 
Corner - Edge 

0.29 4.33E+13 1.33 1.92E-12 0.59 5.30E+03 1.51 1.07E-12 

Unsupported 
Pt Corner - 

Corner 
0.25 2.84E+09 1.37 2.75E–10 0.55 2.41E+04 0.12 4.56E+11 

Unsupported 
Pt Corner -

Edge 
0.25 2.09E+09 1.37 2.75E–10 0.55 1.77E+04 0.30 2.91E+08 

Unsupported  
Pt Terrace-

Terrace 
0.38 8.02E+06 1.24 3.18E–08 0.68 6.81E+01 1.18 2.97E–07 

Pt (111) 
Bridge 

Position 
0.59 6.06E+02 1.14 3.19E-07 0.92 1.82E-03 0.50 3.43E-09 
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Supplementary Table 11. The power and efficiency of the AEM electrolyser 

employing PtC60 and reference cathode catalysts operated at 1 A cm–2 

Cathode catalysts 
Power of AEM  

electrolyser (W cm–2) 
Efficiency (%) 

PtC60 1.87  79.1 

Pt/C 2.21 66.9 

Pt NCs 2.50 59.2 
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Supplementary Figures 

Supplementary Fig. 1. Structure of C60 bulk crystal measured by TEM and AFM 

 

Supplementary Fig. 1.  a-c) TEM images of the C60 bulk crystal, d) the FFT pattern 

derived from the selected area c’ in c), e) typical AFM image of C60 bulk crystal, f) 

depth profile of a cross-section corresponding to the line in the e). 
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Supplementary Fig. 2. XRD analysis of the PtC60, C60 crystal bulk, and Pt NCs 

 

Supplementary Fig. 2. XRD patterns of the PtC60, C60 bulk crystal, and Pt NCs. 

  



18 

 

Supplementary Fig. 3. Structure of PtC60 measured by AFM 

 

Supplementary Fig. 3. a) AFM image of PtC60, (b) depth profile of a cross-section 

corresponding to the line in the a) 
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Supplementary Fig. 4. Nanostructure of PtC60 measured by TEM  

 

Supplementary Fig. 4. a-b) TEM images of the stacked edges of PtC60, and c) 

corresponding fast Fourier transform (FFT) pattern derived for the selected area c’ in 

b), displaying the specific lattice plane of C60. d-e) TEM image of PtC60, and f) 

corresponding fast Fourier transform (FFT) pattern derived from the selected area f’ in 

e), displaying the specific lattice plane of C60. g) the size distribution histogram of Pt 

nanoclusters in PtC60.  
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Supplementary Fig. 5. Tyndall effect of PtC60  

 

Supplementary Fig. 5. a) optical photo of Pt NCs in ethanol, b) optical photo of the 

PtC60 in ethanol displaying typical Tyndall effect.  
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Supplementary Fig. 6.  Function groups on PtC60 analysed by FT-IR 

 

Supplementary Fig. 6. Fourier transform infrared (FT-IR) spectra of PtC60, C60 bulk 

crystal, C60 powder, and Pt NCs. 
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Supplementary Fig. 7. TEM images and size distribution of Pt nanoclusters in 

PtC60-32.5 wt% 

 

Supplementary Fig. 7. a-b) TEM images of PtC60-32.5 wt%, c) size distribution 

histogram of Pt nanoclusters in PtC60-32.5 wt%. 
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Supplementary Fig. 8. TEM images and size distribution of Pt nanoclusters in 

PtC60-47.5 wt% 

 

Supplementary Fig. 8. a-b) TEM images of PtC60-47.5 wt%, c) size distribution 

histogram of Pt nanoclusters in PtC60-47.5 wt%.  
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Supplementary Fig. 9. TEM images of PtC60 after calcination  

 

Supplementary Fig. 9. TEM images of PtC60 calcinated for 1 hour at a-b) 373 K, d-e) 

473 K, and g-h) 573 K, c, f, i) the corresponding size distribution histogram of Pt 

nanoclusters in PtC60.  
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Supplementary Fig. 10. TEM images of Pt/C before and after calcination 

 

Supplementary Fig. 10. TEM images of commercial Pt/C a) before calcination, and 

after calcination for 1 hour at c-d) 373 K, e-f) 473 K, and g-h) 573 K.  
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Supplementary Fig. 11. TEM images of Pt/CB before and after calcination 

 

Supplementary Fig. 11. TEM images of Pt/CB a) before calcination, and after 

calcination for 1 hour at b) 373 K, c) 473 K, and d) 573 K, inset image: the 

corresponding size distribution histogram of Pt nanoclusters on XC-72 carbon black. 
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Supplementary Fig. 12. TEM images of Pt NCs   

 

Supplementary Fig. 12. a) TEM image of Pt NCs, b) High-resolution TEM image of 

Pt NCs. 

  



28 

 

Supplementary Fig. 13. STEM image and HAADF image of PtC60 

Supplementary Fig. 13. a) STEM image of PtC60 and b) the corresponding HADDF 

of (a), c) FFT pattern of the selected area.  
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Supplementary Fig. 14. XPS survey spectra of PtC60, Pt NCs, and C60 bulk crystal 

 

Supplementary Fig. 14. XPS survey spectra of PtC60, Pt NCs, and C60 bulk crystal. 
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Supplementary Fig. 15.  XPS O 1s spectra of PtC60, Pt NCs and C60 precursor 

powder 

 

Supplementary Fig. 15.  O 1s of PtC60, Pt NCs and C60 precursor powder. 
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Supplementary Fig. 16. XPS of Pt 4f of Pt/CB and Pt/C 

 

Supplementary Fig. 16. High-resolution XPS of a) Pt 4f of Pt/CB and b) Pt 4f of Pt/C. 
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Supplementary Fig. 17. HER activity and HUPD of Pt/CB with various catalyst 

loading 

 

Supplementary Fig. 17. a) LSV curves and b) cyclic voltammetry curves of Pt/CB in 

N2-saturated 0.1 M KOH with a scan rate of 50 mV s–1. c) LSV curves of Pt/CB 

normalized by ECSA with different catalyst loadings. d) corresponding Tafel plots for 

data in a).  

 

LSV curves of Pt/CB normalized by geometry area demonstrate a similar HER 

performance as commercial Pt/C (Supplementary Fig. 15a), which is lower than that of 

the PtC60 (Supplementary Fig. 26). To investigate the intrinsic activity of Pt/CB, the 

ECSA was estimated via measuring the under potential deposited H (Supplementary 

Fig. 15b, the ECSA data can be viewed in Supplementary Table 3). The LSV curves of 
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Pt/CB normalized by ECSA (Supplementary Fig. 15c) display a much lower current 

density than PtC60, which further confirms the improved intrinsic activity of PtC60 

towards HER (Supplementary Fig. 31). Similarly to Pt/C and Pt NCs, Tafel slope of 

Pt/CB increases significantly with decreasing the catalyst loading, from 20.5 to 172.8 

mV dec
–1, such a high Tafel slope indicates that the HER is limited by Volmer/water 

dissociation step at low catalyst loading. Overall, based on the electrochemical 

performance and XPS analysis (Supplementary Fig. 14), it is reasonable to believe that 

Pt/CB behave similarly with the unsupported Pt NCs.  
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Supplementary Fig. 18. Schematic illustration of XPS/UPS measurement 

                          

 

Supplementary Fig. 18. Schematic illustration of the home-built XPS/UPS.  
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Supplementary Fig. 19. EXAFS spectra and fitting data for PtC60 and Pt NCs 

 

Supplementary Fig. 19. a, b) EXAFS spectra and fitting for a) PtC60 and b) Pt NCs at 

L3-edge. 
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Supplementary Fig. 20. Wavelet transform for the k3-weighted EXAFS spectra of 

Pt foil and PtO2 

 

Supplementary Fig. 20. Wavelet transform for the k3-weighted EXAFS spectra for a) 

Pt foil, and b) PtO2.  
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Supplementary Fig. 21. HER activity of PtC60 with various Pt loading in 1.0 M 

KOH 

 

Supplementary Fig. 21. LSV curves of PtC60 with various Pt contents in 1.0 M 

KOH.  
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Supplementary Fig. 22. Stability performance of PtC60 and reference samples 

 

Supplementary Fig. 22. Chronopotentiometry of PtC60, Pt/C, and Pt NCs catalysts on 

carbon paper in 1.0 M KOH at the current density of 10 mA cm–2.  
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Supplementary Fig. 23. TEM of PtC60 and size distribution of Pt nanoclusters 

post-test  

 

Supplementary Fig. 23. a,b) TEM images of PtC60 after 50 cycles of CV test, c) the 

FFT pattern derived from the selected area in a), d) Size distribution of Pt clusters  on 

C60 after 50 cycles of CV test. 
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Supplementary Fig. 24. Hydrophilicity of PtC60, C60 bulk crystal and Pt NCs 

 

Supplementary Fig. 24. Contact angle measurements of a) C60 bulk crystal, b) Pt NCs, 

and c) PtC60. 
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Supplementary Fig. 25. Tafel plot of PtC60 and reference samples  

 

Supplementary Fig. 25. Tafel plot of a) PtC60, b) Pt/C, and c) Pt NCs tested in 1.0 M 

KOH with a loading of 0.4 mg cm–2 normalized by the geometry area of the electrode.  
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Supplementary Fig. 26. Simulation of HER current-potential curves limited by the 

inefficient mass transportation 

 

Supplementary Fig. 26. Mass transportation effect: simulated polarization curves of 

PtC60, Pt/C, and Pt NCs with different loading amounts of a) 0.4 mg cm–2, b)0.04 cm–

2, and c) 0.004 mg cm–2 catalysts. d) ratio of i to iL with different catalyst loadings of 

PtC60, Pt/C, and Pt NCs at -0.3 V vs. RHE. 
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Supplementary Fig. 27. HER activity of PtC60 and reference samples with low-

catalyst loadings in 1.0 M KOH normalized by geometry area 

 

Supplementary Fig. 27. LSV curves of a) PtC60, b) Pt/C, c) Pt NCs normalized by 

geometry area of electrodes with different catalyst loadings in 1.0 M KOH. Error bars 

correspond to the standard deviation of three independent measurements. 
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Supplementary Fig. 28. HER activity of PtC60 and reference samples with various 

catalyst loadings in 1.0 M KOH normalized by Pt mass loading 

 

Supplementary Fig. 28. LSV curves normalized by Pt mass loading with different 

catalyst loadings of a) 0.4 mg cm–2, 0.04 cm–2, and c) 0.004 mg cm–2 in 1.0 M KOH. 

Error bars correspond to the standard deviation of three independent measurements. 

  



45 

 

Supplementary Fig. 29. HUPD (hydrogen underpotential deposition) of PtC60 and 

reference samples suggested by cyclic voltammetry curves 

 

Supplementary Fig. 29. Cyclic voltammetry curves of a) PtC60, b) Pt/C, and c) Pt NCs 

in N2-saturated 0.1 M KOH with a scan rate of 50 mV s–1. The calculated 

electrochemically active surface area (ECSA) can be found in Supplementary Table 2. 
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Supplementary Fig. 30. HER activity of PtC60 and reference samples with various 

catalyst loadings in 1.0 M KOH normalized by ECSA  

 

Supplementary Fig. 30. LSV curves normalized by ECSA with different catalyst 

loadings of a) 0.4 mg cm–2, b) 0.04 cm–2, and c) 0.004 mg cm–2 in 1.0 M KOH. Error 

bars correspond to the standard deviation of three independent measurements. 
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Supplementary Fig. 31. Tafel plot of PtC60 and reference samples with different 

catalyst loadings normalized by electrode geometry area in 1.0 M KOH 

 

Supplementary Fig. 31. Tafel plot of a) PtC60, b) Pt/C, and c) Pt NCs normalized by 

electrode geometry area with different catalyst loading in 1.0 M KOH. 

  



48 

 

Supplementary Fig. 32. HER activity of PtC60 and reference samples with various 

catalyst loading in 0.5 M H2SO4 normalized by geometry area  

 

Supplementary Fig. 32.  LSV curves normalized by geometry area of electrode with 

different catalyst loadings of a) 0.4 mg cm–2, b) 0.04 cm–2, and c) 0.004 mg cm–2 in 0.5 

M H2SO4.  
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Supplementary Fig. 33.  Nyquist plots of PtC60, Pt/C, and Pt NCs in 1.0 M KOH 

at −40 mV vs. RHE. 

 

Supplementary Fig. 33. Nyquist plots of PtC60, Pt/C, and Pt NCs in 1.0 M KOH at 

−40 mV vs. RHE, the dots represent the experimental data collected, while the solid 

lines correspond to the curve fitting. The fitting results are shown in Supplementary 

Table 4. 
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Supplementary Fig. 34. Correlation between MEAM and DFT binding energies. 

 

Supplementary Fig. 34. Correlation between MEAM and DFT binding energies for 

the 16 most stable structures of Pt/C60(011) calculated with MEAM interatomic 

potentials. 
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Supplementary Fig. 35. Bader charge on Pt atoms in Pt/C60 model 

 

Supplementary Fig. 35.  Bader charges on Pt atoms on the side of Pt particle that is in 

contact with the C60(011) surface.  Bader charges on Pt atoms in contact with the C60 

support are represented by circles, whereas charges on atoms not in contact with the 

C60(011) surface are represented by squares.  
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Supplementary Fig. 36. Calculated work functions of Pt NCs 

 

Supplementary Fig. 36. Calculated work functions of Pt nanoparticles as a function of 

their size.  
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Supplementary Fig. 37.  Density of states (DOS) per atom for the carbon atoms. 

 

Supplementary. Fig. 37 Maximum, minimum and average value of the density of 

states (DOS) per atom for a) the carbon atoms bonded to the Pt (C-Pt) on Pt/C60, b) 

carbon atoms not bonded to Pt on Pt/C60, c) carbon atoms bonded to the (C-Pt) on 

graphene, d) carbon atoms not bonded to Pt on Pt/graphene. 
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Supplementary Fig. 38. Pt NC adsorbed on C60(011) and Pt/graphene systems. 

 

Supplementary Fig. 38. a) The geometry of Pt nanoparticle adsorbed on C60(011) with 

the numerated Pt atoms forming the Pt/C60 interface. The fullerene molecules are not 

displayed for clarity. b) The geometry of Pt NC adsorbed on graphene surface.  
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Supplementary Fig. 39. Color Map to illustrate reaction rate constant on different 

atop Pt sites for Pt/C60 (011) for different forward alkaline HER reaction steps.  

 

Supplementary Fig. 39. Reaction rate constants for various alkaline HER forward 

reaction steps on Pt sites on the interface of Pt/C60 (011). The fullerene molecules are 

not displayed for clarity.  
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Supplementary Fig. 40. Gibbs free energy profile for H diffusion 

 

Supplementary Fig. 40. Gibbs free energy profile for H diffusion between 2 bridge 

positions on unsupported Pt NC. 
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Supplementary Fig. 41. Simulated LSV for 17 Pt surface interfacial sites on Pt/C60 

(011), 16 Pt surface interfacial sites on Pt/graphene, and unsupported Pt NCs 

 

Supplementary Fig. 41. Simulated LSV for the 17 interfacial Pt-sites at the Pt/C60 (011) 

interface, 16 interfacial Pt-sites at the Pt/graphene interface, and all Pt-sites on 

unsupported Pt NCs normalized per number of Pt atoms. 
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Supplementary Fig. 42.  Photograph of the AEM electrolyser 

 

Supplementary Fig. 42. a) Photo of the assembled AEM electrolyser, b) photo of the 

disassembled AEM electrolyser (cathode).  
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Supplementary Fig. 43. Fitting procedure of UPS spectra during Pt deposition on 

C60 film  

 

Supplementary Fig. 43 a) UPS spectra and b) high-resolution UPS spectra during Pt 

deposition on C60 film 
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Supplementary Notes 

Supplementary Note 1. Effect of hydrophilicity on catalytic stability 

We observed that PtC60 exhibits improved hydrophilicity compared with the Pt NCs. 

Specifically, the contact angles of the C60 bulk crystal, Pt NCs and PtC60 were 

determined to be 112°, 58° and 24°, respectively, as shown in Supplementary Fig. 24a-

b. As a result, we believe the enhanced hydrophilicity of PtC60, which inhibits the 

formation of large H2 bubbles, can prevent the physical structural damage of the catalyst 

layer caused by bubble formation,4–6 and further contribute to its long-term stability for 

HER. 
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Supplementary Note 2. Mass diffusion effect 

Sluggish mass transport on electrode surface is an important issue to consider during 

investigations of the intrinsic activity of Pt-based catalysts toward HER. Even under 

RDE experiment, the H2 evolution is so fast and the measured current can be easily 

limited by mass transport of H2 away from the electrode.7,8 The model of Hansen et al. 

displays that the intrinsic activity of Pt under acidic medium on RDE system has no 

effect on the catalytic performance. The frequently reported Tafel slope of 30 mV/dec 

for HER is just the apparent Tafel slope of the diffusion controlled overpotential. Thus, 

mass-transport limitations prevent a genuine comparison of intrinsic activities. In this 

work, we adapted the strategy of decreasing the catalyst loading to mitigate the 

influence of mass-transport effects in evaluation of catalysts.  

Due to the fast evolution of H2 molecules under the high current density (e.g., i > 2 mA 

cm–2),7,9 the H2 gas oversaturation could cause HER kinetics primarily limited by the 

inefficient mass transportation, especially with under slow scan rate. This process is 

called Nernstian reaction, and limited current follow the Levich equation as in Eq. 1:7 

𝑖𝑙 = 0.62𝑛 𝐹 𝐴 𝑎𝐷2/3𝜐−1/6 𝑐0 𝜔1/2                                             [1] 

The electrode polarization curves follow the Nernstian reaction in Eq. 2:8 

𝑖

𝑖0
= (1 −

𝑖

𝑖𝑙
) 𝑒−𝛼𝑓𝜂 − (1 −

𝑖

𝑖𝑙
) 𝑒(1−𝛼)𝑓𝜂                                             [2] 

where il is the mass transport limiting current, D is the diffusivity of hydrogen in the 

electrolyte, n is the electron transfer number in HER (n = 2), A is the area of the 

electrode (0.1256 cm–2), a is the diffusion coefficients, hypothesize to equal a =0.01, D 

(3.03*105 cm2 sec–1) is the diffusion coefficient of H2, υ (0.998×10–2 cm 2·s–1) is the 

kinematic viscosity of the aqueous electrolyte, c0 (12.13 ml/L ≈ 0.5415 mM) is the 

solubility of H2 in the aqueous electrolyte under room temperature, ω (1600 rpm) is the 

electrode rotation rate, α (0.5) is transfer coefficient. f=F/RT, F is Faraday constant, R 

is universal gas constant, and T (298 K) is reaction temperature. 
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Based on the above model, the il is calculated to be 0.0316 A. The i0 is estimated from 

polarization curves as indicated in Supplementary Table 2. As shown in Supplementary 

Fig. 26a, the facile electrode kinetic of PtC60 is limited by the diffusion of produced H2 

when a typical catalyst loading was used. Due to the Nernstian limitation, the intrinsic 

kinetics plays a minor role under these catalyst loadings with large exchange currents 

for all the samples, in which i/il at –0.3 V vs. RHE is –0.95, –0.88, and –0.87 for PtC60, 

Pt/C, and Pt NCs (Supplementary Fig. 26d), respectively. As a result, all polarization 

curves stack together showing a small discrepancy of the HER activity. However, the 

interval of the corresponding polarization curves increases along with the decrease in 

catalyst loading (Supplementary Fig.26b-c). At the loading of 0.004 mg cm–2, the i/il of 

PtC60 at –0.3 V vs. RHE is 0.3, which is ~15 times of Pt/C, and ~24 times of Pt NCs 

(Supplementary Fig. 26d). In this case, the slower overall HER production rate at low 

catalyst loading mitigates the influence of mass-transfer effect of H2, so that profound 

differences in HER kinetics can be observed among these Pt catalysts with different 

intrinsic activities. Thus, it is more appropriate to investigate the intrinsic activity of 

PtC60 and the reference samples using low-catalyst loadings.  

 

 

 

 

 

 

 

 

Supplementary Note 3. Design and optimization of the calculated catalyst model 

The model employed in the theoretical calculations was designed based on the 
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experimental observations. In our models, unsupported platinum NCs and Pt NCs on 

C60 support are represented by a truncated octahedron with an fcc structure composed 

of 140 metal atoms with a size of ~1.4 nm, which resembles experimentally observed 

clusters (Supplementary Fig. 4). In turn, the substrate is represented by the √8𝑥√8 

supercell of (011) surface of a C60 nanosheet with the fcc structure, constructed based 

on the experimental lattice parameter of a = 14.14 Å for fullerene crystals.10 Such 

supercell had 24.5 × 24.5 Å lateral dimensions and 13 Å slab thickness (2 C60 layers) 

resulting in >9 Å  separation between periodically repeated Pt particles. In turn, the 

vacuum in the direction perpendicular to the fullerene (011) surface amounted to 12 Å. 

The realistic model of Pt/C60(011) catalysts with high thermodynamic stability was 

created by identifying the lowest energy structure among a multitude of tentative 

structures of Pt/C60(001) interfaces. We generated such structures via a systematic 

l×n×m grid scan, where we displaced the particle by 𝑟𝑖 = 𝑖 ∗
𝑎

𝑙
, 𝑖 ∈ [0, 𝑙)  along the 

funnel of C60(011) surface and rotated it by 𝜙𝑗 = 𝑗 ∗
2𝜋

𝑛
, 𝑗 ∈ [0, 𝑛)  and 𝜃𝑘 = 𝑘 ∗

2𝜋

𝑚
, 𝑘 ∈ [0, 𝑚)  degrees around the axes passing through its centre of mass and 

perpendicular or parallel to the surface. In the present study, we examined 5×5×5, 

7×7×7, 9×9×9, and 11×11×11 grids. Increasing the grid size decreased the energy of 

the lowest energy obtained isomer by less than 0.04 eV. These initial geometries were 

relaxed by employing the Modified Embedded Atom Method (MEAM) potential 

developed by Byeong-Joo Lee et al,11 which is implemented in the Large-scale 

Atomic/Molecular Massively Parallel Simulator (LAMMPS) package.12 The 

calculations were performed keeping the surface fixed to keep the lattice parameters 

and avoid the distortion of the slab. The threshold parameters for geometry optimization 

in LAMMPS calculations were 1 × 10−8𝑒𝑉 for the energy and 1 × 10−8𝑒𝑉/Å for the 

forces. The graphene surface has been modelled by a 10 × 10  graphene supercell, 

constructed based on experimental lattice parameter of a = 2.46 Å. Such a supercell has 

24.6 Å × 24.6 Å lateral dimensions, resulting in > 9 Å  separation between periodically 

repeated Pt particles. Subsequently, the vacuum perpendicular to the graphene surface 
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amounted to 12 Å . In turn, the structure of Pt nanoparticles on graphene surface was 

chosen to be similar to the most energetically stable structure of Pd nanoparticles 

supported on graphene obtained in previous studies.    
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Supplementary Note 4. DFT optimization of Pt/C60 structures 

16 most stable systems calculated with MEAM were relaxed by means of electronic 

structure calculations using Vienna Ab-initio Simulation Package (VASP),13,14 with the 

generalized gradient approximation (GGA) PBE functional.15 The VASP calculations 

were performed employing only the gamma point in the reciprocal space. The 

interactions between core and valence electrons were described with the projector 

augmented wave (PAW) approach using a plane-wave basis set with the cut-off energy 

of 400 eV. The dispersion interaction between the atoms is also considered by means of 

the D3 method developed by Grimme.16 The Methfessel-Paxton smearing method with 

the smearing width of 0.1 eV was employed to set the partial occupancies for each 

orbital. The threshold for the SCF calculation is 1 × 10−5𝑒𝑉  for the changes in the 

energy, while the geometric relaxations of all the atoms were terminated once the norms 

of the forces acting on all atoms were smaller than  2 × 10−2𝑒𝑉/Å.  

Supplementary Fig. 34 shows the correlation between the binding energies of Pt onto 

C60 surface calculated with DFT and MEAM, where the binding energies are: 

𝐸𝑏(𝑃𝑡140 𝐶60(011)⁄ ) = 𝐸(𝑃𝑡140 𝐶60(011)⁄ ) − 𝐸(𝑃𝑡140) − 𝐸(𝐶60(011))            [3] 

Here 𝐸(𝑃𝑡140 𝐶60(011)⁄ ) is the total DFT energy of the Pt NCs adsorbed on the slab 

and 𝐸(𝑃𝑡140) , 𝐸(𝐶60(011)) are the total DFT energies of the Pt NCs and pristine slab, 

respectively. With this definition, the negative adsorption energy values correspond to 

the exothermic binding. The most energetically stable structure of Pt/C60 interface was 

calculated to be the same according to both VASP and LAMPPS calculations. Since we 

performed VASP calculations for all MEAM structures within 2 eV from the structure 

with the lowest energy, we expect the obtained model of Pt/C60 to be close to the true 

constrained global minimum for Pt nanocrystallites supported by C60. The identified 

low energy structure will be used in further studies of the binding energies and reactivity 

of Pt/C60 system.   
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Supplementary Note 5. Analysis of the electron transfer through the Pt/C60(011) 

interface 

To qualitatively characterize the electron density at the Pt|C60(011) interface, we 

calculated the polarization of the electron density Δ𝜌  via charge density difference 

method. Namely, Supplementary Fig. 4b in the main text displays the isosurfaces of the 

difference between the electron densities of the lowest-energy optimized Pt/C60(011) 

model and the electron densities of separated Pt particle and C60(011) calculated in a 

single-point fashion using atomic positions from the optimized Pt/C60(011) complex. 

To quantify the perturbation in the electron density, we integrated it over (x,y) planes 

parallel to the C60 surface (Supplementary Fig. 4b in the main text):9 

∆𝜆(𝑧) = ∬ 𝜌𝑑𝑖𝑓𝑓𝑑𝑥𝑑𝑦                                                    [4]

𝑐𝑒𝑙𝑙

 

In turn, the dipole moment of Pt/C60 was calculated by integrating the function 𝑧∆𝜆(𝑧) 

and multiplying it by the negative electron charge qe across the cell: 

∆𝜇𝑁 = 𝑞𝑒 ∫ 𝑧∆𝜆(𝑧)𝑑𝑧                                                    [5] 

The Pt atoms bonded to the C atoms in C60(011) have a positive charge indicating, that 

it is an electron donor. The Pt atoms not bonded to C atoms in C60(011) mostly donate 

electrons to the support, although some of them also obtain negative charges 

(Supplementary Fig. 35).  
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Supplementary Note 6. The work function of the considered Pt/C60 model 

The calculated work function for the Pt NCs is 5.25 eV, which is smaller than 5.64 and 

5.62 eV obtained for the Pt(111) and Pt(100) surfaces, respectively, but larger than the 

work functions of smaller NCs, 4.90 eV for Pt38 and 5.12 eV for Pt79 (as can be seen in 

Supplementary Fig. 36). In turn, the calculated work function for the C60(011) surface 

is 5.50 eV, which is the same as observed in our experimental results. These results 

suggest a significant driving force for the electron transfer from the Pt NCs to the 

fullerene surface once the interface is formed. Nevertheless, a more detailed analysis of 

the electron density at the Pt|C60(011) interface described earlier in the manuscript 

reveals that the dipole moment on the interface points towards the fullerene surface, 

which increases the work function of the entire system to 6.00 eV. Similarly, high work 

function of Pt/C60 nanocomposite was also observed in our experiments. 

The work function for the Pt NCs in contact with the graphene surface is 5.15 eV and 

the Bader charge analysis for the 12 carbon atoms bonded to Pt atoms shows a charge 

of 0.15 e- from the Pt nanoparticle to the graphene surface. Much lower value of the 

work function and Bader charges in Pt/graphene system corroborates much stronger 

electronic interactions of Pt particles with C60 support than graphene support.  
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Supplementary Note 7. Molecular adsorption 

The alkaline HER mechanism involves H2O, OH, and H species, whose binding 

energies to the catalyst govern the HER reaction rate. The adsorption of H2O is 

preferred on atop positions while adsorption of H and OH is possible on both atop and 

bridge adsorption sites, both of which are calculated for the sake of comprehensiveness. 

The adsorption of H2O on Pt is strengthened in the presence of fullerene support as 

some Pt atoms on Pt/C60 interface exhibit more exothermic H2O binding. The Gibbs 

free adsorption energies of these 3 species are also calculated for the Pt sites on 

Pt/graphene interface and unsupported Pt NCs, and compared with those of the Pt-sites 

on Pt/C60.  

The Gibbs free energies of adsorbed species are calculated considering the vibrational 

modes of the species adsorbed by utilizing the harmonic oscillator model. The Gibbs 

free energy of the gas phase species is calculated by the ideal gas model which considers 

the vibrational frequencies, the symmetry number, the rotation of the system, and the 

temperature and pressure of the reaction conditions. The thermodynamic analysis is 

performed for room temperature (298.15 K) while the pressure is set to 1 bar for H2 gas 

and 0.03534 bar for H2O, which corresponds to the saturated vapor pressure at 298.15 

K. Note that the Gibbs energies of water molecules in the vapor phase and liquid phase 

are equal at this vapor pressure. The Gibbs free energies of adsorption for the different 

species are calculated using the Eq. 6 to 10 shown below: 

                                             𝐺𝑒𝑓𝑓(𝐻) = 0.5 × 𝐺(𝐻2)                                                         [6] 

   𝐺𝑒𝑓𝑓(𝑂𝐻) = 𝐺(𝐻2𝑂) −  0.5 × 𝐺(𝐻2)                                [7] 

H2O adsorption : 

𝐺𝑎𝑑𝑠(𝐻2𝑂/𝑃𝑡𝑥) = 𝐺(𝐻2𝑂/𝑃𝑡𝑥) − 𝐺(𝑃𝑡𝑥) − 𝐺(𝐻2𝑂)                   [8]               

H adsorption : 

𝐺𝑎𝑑𝑠(𝐻/𝑃𝑡𝑥) = 𝐺(𝐻/𝑃𝑡𝑥) − 𝐺(𝑃𝑡𝑥) −
1

2
𝐺(𝐻2)                   [9]            
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OH adsorption : 

𝐺𝑎𝑑𝑠(𝑂𝐻/𝑃𝑡𝑥) = 𝐺(𝑂𝐻/𝑃𝑡𝑥) − 𝐺(𝑃𝑡𝑥) − 𝐺𝑒𝑓𝑓(𝑂𝐻)       [10]            

Where 𝐺(𝐻2𝑂/𝑃𝑡𝑥), 𝐺(𝐻/𝑃𝑡𝑥), 𝐺(𝑂𝐻/𝑃𝑡𝑥)   are the total Gibbs free energy of the 

H2O, H and OH adsorbed to the catalyst (𝑃𝑡140 𝐶60(011)⁄ , Pt/graphene or unsupported 

Pt), respectively, 𝐺(𝑃𝑡𝑥) = 𝐸(𝑃𝑡𝑥) is the total DFT energy of the catalyst model and 

𝐺(𝐻2𝑂), 𝐺(𝐻2)  are the total Gibbs free energies of a water and hydrogen molecules, 

respectively. The Gibbs free effective energies of the H and OH adsorbate species are 

defined in Eq. 6 and 7, respectively. The Gibbs free energy of adsorption of the 

intermediate species at different Pt active sites are tabulated in Supplementary Table 5 

and 6 for atop and bridge positions, respectively. 
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Supplementary Note 8. Reaction mechanism 

The alkaline HER mechanism and the way to simulate its rate-limiting step are being 

controversially discussed with Volmer-Heyrovsky or Volmer-Tafel considered as the 

most likely mechanisms.17 In addition, we also considered thermal or the chemical 

dissociation of water since it is related to the catalyst activity in water splitting. The 

Volmer step involves the breaking of the bonds in the water molecule to form one 

adsorbed H and one free OH− species with an electron transfer involved. The adsorbed 

H species then participate in the subsequent Heyrovsky step for H2 formation. The 

thermal water dissociation step is defined as the step to break water into adsorbed H 

and adsorbed OH species with no electron transfer.18 It is necessary to define this step 

for the micro-kinetic modelling, as the model takes into consideration of the OH 

coverage, which has non-negligible effects on the binding properties of the catalyst. 

However, the rate of thermal water splitting is negligible compared to Pt-based HER, 

thus, we believe the Volmer step should be the dominant step for HER in our system. 

Note that we evaluated the reaction energies of Tafel and chemical water dissociation 

steps from binding energies of H and OH on two separated 𝑃𝑡140 𝐶60⁄  models, that is, 

the co-adsorption effects were not considered. The acidic Volmer and acidic Heyrovsky 

steps were included in the microkinetic analysis to confirm the model’s ability to 

correctly describe the transition between acidic and alkaline HER mechanisms.19 The 

reaction energies of R1, R2, R3 ,R4 and R6 include the applied electrode potential U in 

the equation as shown in Eq. 11, 12, 13, 14 and 16. The different possible reaction 

mechanisms and pertinent reaction steps are proposed below from R1 to R7.  

R1 Acidic Volmer: 𝐻3𝑂+ + 𝑃𝑡𝑥 + 𝑒− → 𝐻/𝑃𝑡𝑥 + 𝐻2𝑂 

Δ𝐺𝑅1(𝑈) = 𝐺(𝐻 𝑃𝑡𝑥⁄ ) + 𝐺(𝐻2𝑂) − 𝐺(𝐻3𝑂+) − 𝐺(𝑃𝑡𝑥) + |𝑞𝑒|𝑈   [11] 

R2 Acidic Heyrovsky: 𝐻3𝑂+ + 𝐻/𝑃𝑡𝑥 + 𝑒− → 𝐻2 + 𝐻2𝑂 + 𝑃𝑡𝑥 

Δ𝐺𝑅2(𝑈) = 𝐺(𝑃𝑡𝑥) + 𝐺(𝐻2) + 𝐺(𝐻2𝑂) − 𝐺(𝐻3𝑂+) − 𝐺(𝐻 𝑃𝑡𝑥⁄ ) + |𝑞𝑒|𝑈  [12] 
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R3 Alkaline Volmer: 𝐻2𝑂 + 𝑃𝑡𝑥 + 𝑒− → 𝐻/𝑃𝑡𝑥 + 𝑂𝐻− 

Δ𝐺𝑅3(𝑈) = 𝐺(𝐻/𝑃𝑡𝑥) + 𝐺𝑒𝑓𝑓(𝑂𝐻) − 𝐺(𝐻2𝑂) − 𝐺(𝑃𝑡𝑥) + |𝑞𝑒|𝑈     [13] 

R4 Alkaline Heyrovsky: 𝐻2𝑂 + 𝐻/𝑃𝑡𝑥 + 𝑒− → 𝐻2 + 𝑂𝐻− + 𝑃𝑡𝑥 

Δ𝐺𝑅4(𝑈) = 𝐺(𝑃𝑡𝑥) + 𝐺𝑒𝑓𝑓(𝑂𝐻) + 𝐺(𝐻2) − 𝐺(𝐻2𝑂) − 𝐺(𝐻 𝑃𝑡𝑥⁄ ) + |𝑞𝑒|𝑈     [14] 

R5 Alkaline Tafel: (𝐻 + 𝐻)/𝑃𝑡𝑥 → 𝐻2 + 𝑃𝑡𝑥 

Δ𝐺𝑅5 = 2 × 𝐺(𝑃𝑡𝑥) + 𝐺(𝐻2) − 2 × 𝐺(𝐻 𝑃𝑡𝑥⁄ )                                   [15]   

R6 OH adsorption: 𝑂𝐻− + 𝑃𝑡𝑥 → 𝑂𝐻 𝑃𝑡𝑥⁄ + 𝑒− 

Δ𝐺𝑅6(𝑈) = 𝐺(𝑂𝐻 𝑃𝑡𝑥⁄ ) − 𝐺𝑒𝑓𝑓(𝑂𝐻) − 𝐺(𝑃𝑡𝑥)  − |𝑞𝑒|𝑈                           [16] 

R7 Chemical water dissociation: 𝐻2𝑂 + 𝑃𝑡𝑥 → (𝐻 + 𝑂𝐻) 𝑃𝑡𝑥⁄  

Δ𝐺𝑅7 = 𝐺(𝐻/𝑃𝑡𝑥) + 𝐺(𝑂𝐻/𝑃𝑡𝑥) − 𝐺(𝐻2𝑂) − 2 × 𝐺(𝑃𝑡𝑥)        [17] 

Here we assume that H3O
+ species are in equilibrium with H+ species under acidic 

conditions  

𝐻3𝑂+ ↔ 𝐻+ + 𝐻2𝑂 ;  𝐺(𝐻3𝑂+) = 𝐺(𝐻+) + 𝐺(𝐻2𝑂) 

The activation energies Δ𝐺𝑎
°  for R1, R2, R3, R4, R5, R6, and R7 under pH = 14 were 

estimated for Pt(111) in Ref. 19 to amount to 0.04 eV, 0.20 eV, 0.42 eV, 1.20 eV, 0.72 

eV, and 1.02 eV, respectively. We used these values to estimate the activation energies 

of R1-R7 on various sites of Pt/C60(011) as 

ΔGa = Δ𝐺𝑎
° + Δ𝐺𝑟[𝑃𝑡𝑥] − Δ𝐺𝑟[𝑃𝑡(111)]                               [18] 

Where Δ𝐺𝑟[𝑃𝑡𝑥] and Δ𝐺𝑟[𝑃𝑡(111)] are the reaction Gibbs energies of the steps under 

consideration calculated in this work on Pt/C60(011) or nanocomposite or unsupported 

Pt and Pt(111) surface, respectively. The reaction rate constants for every step were 

calculated as  

Rate Constant of Ri:  𝑘𝑖 =
𝑘Β𝑇

ℎ
𝑒

(
−Δ𝐺𝑎𝑖

𝑘Β𝑇
)
                             [19] 

where Δ𝐺𝑎𝑖
  is the extrapolated activation energy of the reaction step, 𝑘𝐵   is the 

Boltzmann constant, 𝑇 is the temperature, and ℎ is the Planck’s constant. 

The ∆𝐺  values for acidic and alkaline Volmer, Heyrovsky, Tafel and thermal water 
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dissociation steps are tabulated in Supplementary Table 7-8 for atop and bridge 

positions respectively. The activation energies differ significantly across the different 

interface Pt atoms in the supported Pt/C60 generating the sites with exponentially high 

and exponentially low activities in various reaction steps as explained in the 

microkinetic analysis below.  

The rate constants of various alkaline steps were calculated at 0 V vs RHE for the 

forward reaction to compare how the reaction rates differ across different Pt sites on the 

interface of Pt/C60 as compared to unsupported Pt NCs and Pt nanoparticles supported 

on graphene. There are 7 corner Pt atoms, 6 edge Pt atoms, and 4 terrace Pt atoms 

bonded to fullerene molecules in Pt/C60, whereas the interface of Pt nanoparticles with 

graphene contains 4 corner atoms and 8 edge atoms. For consistency, the current density 

calculated on Pt/C60, Pt/graphene and unsupported Pt nanoparticles is normalized to the 

same amount of surface sites. The forward reaction rate constants shed light on the 

enhancement of the alkaline HER rates in the presence of the C60 support. Specifically, 

the Volmer step is enhanced by 94 and 90 times, the Heyrovsky step by 21 and 15 times, 

the Tafel step by 94 and 90 times, and the thermal water dissociation by 9 and 8 times 

for the 17 interfacial Pt-sites on Pt/C60 as compared to the unsupported Pt NCs and the 

interfacial Pt-sites on Pt/graphene (Supplementary Table 9), respectively. The bridge Pt 

positions also exhibit much higher reaction rate constants for all reaction steps 

(Supplementary Table 10). Supplementary Fig. 39 shows a huge diversity of the 

reaction rates on various sites on the Pt|C60 interface leading to the overall enhancement 

of HER activity of Pt/C60 catalysts compared to unsupported Pt particles and Pt 

nanoparticle on graphene support.  

The microkinetic model for the systems was calculated using the rate constant (k) of 

each reaction calculated as follows: 

𝑟1 = 𝑘1+𝐶𝐻3𝑂+ 𝜃∗ − 𝑘1−𝐶𝐻2𝑂 𝜃𝐻          [20] 
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𝑟2 = 𝑘2+𝐶𝐻3𝑂+ 𝜃𝐻 − 𝑘2−𝐶𝐻2𝑂𝑃𝐻2 𝜃∗    [21] 

𝑟3 = 𝑘3+𝐶𝐻2𝑂 𝜃∗ − 𝑘3−𝐶𝑂𝐻− 𝜃𝐻            [22] 

𝑟4 = 𝑘4+𝐶𝐻2𝑂 𝜃𝐻 − 𝑘4−𝐶𝑂𝐻−𝑃𝐻2 𝜃∗      [23] 

𝑟5 = 𝑘5+𝜃𝐻
2 − 𝑘5−𝑃𝐻2𝜃∗

2                          [24]                     

𝑟6 = 𝑘6+𝐶𝑂𝐻 𝜃∗ − 𝑘6− 𝜃𝑂𝐻                       [25] 

𝑟7 = 𝑘7+𝐶𝐻2𝑂𝜃∗
2 − 𝑘7−𝜃𝑂𝐻𝜃𝐻                 [26] 

 

The 𝑟𝑖, 𝑘𝑖+, and  𝑘𝑖− represent the reaction rate, forward rate constants, and reverse rate 

constants for the different reactions of R1 to R7 respectively. The 𝐶𝐻3𝑂+, 𝐶𝐻2𝑂 , and 𝐶𝑂𝐻 

represent the concentrations of H+ ions, H2O, and OH ions respectively.  The  𝜃∗, 𝜃𝐻, 

and 𝜃𝑂𝐻  represent the free active sites and active sites with an H and OH adsorbed 

respectively, the total number of sites can be normalized: 

𝜃∗ + 𝜃𝐻 + 𝜃𝑂𝐻 = 1                     [27] 

 The number of free active sites and active sites with an H and OH adsorbed is constant 

in the steady state, which leads to the following equations: 

𝑑𝜃∗

𝑑𝑡
= 𝑟1  −  𝑟2  +  𝑟3  −  𝑟4  −  2𝑟5  +  𝑟6 + 2𝑟7 = 0      [28] 

𝑑𝜃𝐻

𝑑𝑡
= 𝑟1  −  𝑟2  +  𝑟3  − 𝑟4  −  2𝑟5  + 𝑟7 = 0                 [29] 

𝑑𝜃𝑂𝐻

𝑑𝑡
= 𝑟6  + 𝑟7 = 0                                                              [30] 

The system of differential equations is solved with the introduction of initial parameters 

such as the concentrations of H3O
+, OH-, and H2O together with the pressure of H2 gas 

and the applied potential, which is varied from 0 to -0.40 V vs RHE to achieve the 

current density of 10 mA/cm2 for unsupported Pt NCs. The Δ𝐺𝑎 and Δ𝐺𝑅 are adjusted 

accordingly in the presence of applied potential as shown in Supplementary Fig. 3 of 

Ref.14. The symmetry factor, β is assumed to be 0.5 with a symmetrical energy barrier 

which is an assumption commonly utilized in electrochemistry theoretical studies. The 

local electrode current passing through each site can be calculated from the rates of 
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steps 1, 2, 3, 4 and 6. The electron transfer rate is converted to current density for one 

Pt site. The reaction rates of r2, r4, and r5 are summed up to calculate the rate of H2 

production. Based on these equations, we calculated the rate of H2 production and 

current density as a function of the electrode potential (V vs RHE) for pH = 14 used in 

the experiments (Supplementary Fig. 4 in the main text). The microkinetic analysis 

shows that there is a significant enhancement of around 22 times in the current density 

for interface sites on supported Pt/C60 (011) as compared to unsupported Pt NCs for 

electrode potential up to –0.40 V. There is a smaller enhancement of around 8 times in 

the current density for Pt sites on Pt/graphene as compared to unsupported Pt NCs for 

electrode potential up to -0.40 V. 

It is important to note that Pt atoms that are not in contact with the fullerene molecules 

will also contribute to the HER activity of Pt/C60 catalysts. If we consider all 96 Pt 

atoms on the surface of the Pt/C60(011) model in microkinetic analysis, the 

overpotential required to achieve the current density of 10 mA cm−2 increases to −0.3 

V, which is 0.09 V lower than the overpotential for unsupported Pt particle 

(Supplementary Fig. 41). Such change in overpotential results in ~5 times higher 

current density on Pt/C60(011) model compared to unsupported Pt particle at –0.3 V vs 

RHE electrode potential. Similar results are observed when all the surface Pt sites are 

considered on Pt/graphene, yielding 0.08 V higher overpotential compared to the 

activity of the averaged Pt sites of Pt/C60(011) at the current density of 10 mA cm−2. 

Note that the proposed HER mechanisms imply that H atoms are the only important 

intermediate species adsorbed on the catalyst surface in the alkaline HER reaction. The 

diffusion barriers for H atoms between different sites on Pt nanoparticles were 

calculated to be up to 0.22 eV on nanoparticles edges (Supplementary Fig. 40), whereas 

previous studies suggest even lower barriers for H diffusion on extended Pt surfaces.20 

Thus, the rate of H diffusion on Pt nanoparticles greatly exceeds the rate of HER, which 
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implies that adsorbed H atoms can easily migrate between the surface sites during the 

reaction. For example, H atoms could migrate from the sites that are highly active in 

Volmer step to the sites that are highly active in Tafel or Heyrovsky steps, which would 

enhance the effect of the diverse binding properties on Pt/C60 interfaces on the HER 

rate.  

Supplementary Note 9. Efficiency of AEM electrolyser: 

TOFhydrogen of AEM electrolyser at 1A cm–2: 

TOFhydrogen = 1 A cm–2 s/QH2 = 6.241018/2 s–1 cm–2 

= 3.121018 s–1 cm–2 

 

Caloric power of producted hydrogen fuel and the AEM electrolyser at 1A cm–2: 

Phydrogen = LHVH2(TOFhydrogen/NA)=286 kJ mol–1  (3.121018 s–1/6.02e23) cm–2  

=1.48 W cm–2 

PAEM = I  Eworking voltage 

 

Energy efficiency of the AEM electrolyser at 1A cm–2: 

E = Phydrogen/PAEM 

Energy efficiency based on PtC60 cathode catalysts at 1 A cm–2 = Phydrogen/PAEM-PtC60  

= 1.48 W/ 2.01 W = 74.0% 

Energy efficiency based on Pt/C cathode catalysts at 1 A cm–2 = Phydrogen/PAEM-Pt/C  

= 1.48 W/ 2.18 W = 67.8% 

Energy efficiency based on Pt NCs cathode catalysts at 1 A cm–2 = Phydrogen/PAEM-PtC60  

= 1.48 W/ 2.58 W = 57.3% 
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TOFhydrogen is turnover frequency of hydrogen molecule, Phydrogen is caloric power of 

synthesized H2 of AEM, PAEM is power of AEM, LHVH2 is lower heating value of 

hydrogen of 286 kJ mol–1.  
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