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Supplementary Figure 1. N2 adsorption-desorption isotherms of the S-C support.



Supplementary Figure 2. HAADF-STEM image of S-C and corresponding
elemental mapping. Scale bar, 10 nm. The images demonstrate that S is homogeneous
distributed over the carbon support.
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Supplementary Figure 3. High-resolution XPS-S2p spectra of the S-C support. The
two peaks located at 164.0 and 165.1 eV can be assigned to C-S bonds, while the peak
located at around 168.0 eV is belonging to S-Ox bonds.
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Supplementary Figure 4. C12p XPS spectra of PtSA/S-C and PtNC/S-C.
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Supplementary Figure 5. Temperature-programmed reduction curve of H2PtCls
on S-C.



Supplementary Figure 6. Low-magnification HAADF-STEM images of PtNC/S-C.



Supplementary Figure 7. HAADF-STEM image of PtNC/S-C and corresponding
elemental mapping. Scale bar, 5 nm.
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Supplementary Figure 8. Normalized XANES spectra at the Pt L3-edge of PtSA/S-
C, PINC/S-C, PtO2, PtS2, and Pt foil.
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Supplementary Figure 9. k space of k*-weighted Pt Li-edge of (a) PtO2, (b) Pt foil,
(c) PtS2, (d) PtSA/S-C and (e) PtNC/S-C.
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Supplementary Figure 10. The fit of Fourier transformed EXAFS spectra of Pt/S-
C, Pt foil, and PtS:. (a) PtSA/S-C. (b) PtNC/S-C. (c) Pt foil. (d) PtS:.
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Supplementary Figure 11. HAADF-STEM characterization of PtNC/BP2000-300
and PtNC/S-C-500. (a,b) HAADF-STEM images of PtNC/BP2000-300 prepared at
300 °C. Scale bar, 10 nm. (c) Particle size distribution of PtNC/BP2000-300. d,e)
HAADF-STEM images of PtNC/S-C-500 prepared at 500 °C. Scale bar, 10 nm. (f)
Particle size distribution of PtNC/S-C-500. These results indicates the similar particle
size of PtNC/BP2000-300 and PtNC/S-C-500.
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Supplementary Figure 12. Fourier transform of k*-weighted Pt Li-edge of PtNC/S-
C-500 and PtNC/BP2000-300.
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Supplementary Figure 13. Binding energy and structural configurations of Pt
cluster. (a) Binding energy of a series of Pt, cluster. The bind energy of cuboid-shape
Ptss and truncated octahedron Pt3g are marked with blue and red colors, respectively.
The binding energy of Pt, cluster is defined as Ey = E(system)/n, where n is the number
of Pt atom. (b) Cuboid-shape Pt3s cluster. (¢) Truncated octahedron Pt3g cluster with the
zone axis [011] perpendicular to the paper. The red and yellow lines mark the crystal
face (111) and (200) of Ptsg cluster, respectively.

The binding energy of a series of Pt clusters are showed in Supplementary Fig. 13a.
The results indicate that the most stable configuration of Ptsg cluster is Ptss cuboid
capped with two Pt atoms on the 3x4 plane (Supplementary Fig. 13b). The binding
energy of Ptsg with the shape of truncated octahedron (Supplementary Fig. 13c) is very
close to that of cuboid-shape Ptsg, which means the former is also energy favored. These
results are consistent with the Kumar’s analyses®. Additionally, the HAADF-STEM
image shows that the exposed crystal faces of PtNC/S-C prepared experimentally are
(111) and (200) (Fig. 2c), which is in good agreement with the atomic array and exposed
crystal plane of the proposed Ptsg structure. Overall, considering the computational and
experimental results, we chose the Ptss clusters with truncated octahedron shape in the
current simulation work.
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Supplementary Figure 14. Bader charge analysis results of a series of S-Graphene
supported Ptn cluster.



Supplementary Figure 15. Optimal model of Pti/S-Graphene and Pt3s/S-Graphene.
(a) Top view of Pt;/S-Graphene. (b) Side view of Pt|/S-Graphene. (c¢) Side view of
Pt3s/S-Graphene. (d) Top view of Pt3s/S-Graphene. (¢) Bottom view of Pt3g/S-Graphene.
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Supplementary Figure 16. (a) Electron affinity (EA, EA = E(Ptn) — E(Ptn)) and (b)
d-band center of a series of Ptn cluster.

We calculated the electron affinity of a series of Pt clusters from Pt; to Pt
(Supplementary Fig. 16a). We found that the EA of Pt cluster increased slightly with
the cluster size, which means that the ability of the Pt cluster system to capture electrons
is enhanced. We further study the charge transfer by the density of state analyses for the
Pt; and Pt3s (Supplementary Fig. 17). The d-orbital of Pt; is distributed between -1 and
0.5 eV, while the d-orbital of Ptss clusters is clearly split with a wide distribution from
-6 to +0.5 eV. The d-band center is used here to evaluate the degree of displacement of
the d-orbit as the cluster size increases (Supplementary Fig. 16b). The d-band center of
the Pt single atom is shallow, and its spin-dn d-orbital in PDOS (Supplementary Fig.
17a) is even located at the Fermi level. These d-orbital electrons should be easily to
interact with the substrates. From Pt; to Pts, the d-band center decreases rapidly. The d-
band center of large Pt, cluster (n>6) is much more negative than that of Pt;, indicating
that the d-orbital of Pt, cluster moves to a deeper level relative to Pt;. The d-band center
shift may be associated to the charge transfer from substrate to Pt cluster. Therefore, it
can be concluded that the charge transfer between Pt and S-C is highly relevant to the
platinum particle size, which is induced by the change of electron affinity as well as the
shift of d-band center.
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Supplementary Fig. 17. Projected density of states (PDOS) of (a) Pti1, (b) Pt1/S-
Graphene, (c) Ptss and (d) Ptss/S-Graphene.
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Supplementary Figure 18. Nyquist plots of PtNC/S-C in 0.5 M H2SO4. The solution
resistances (Rs) are approximately 4.8 Q in 0.5 M H2SOs.
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Supplementary Figure 19. The HER polarization curves of PtNC/S-C were
carefully tested repeatedly for different batch samples. The polarization curve
presented in this work was the middle activity of these curves (without IR correct).
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Supplementary Figure 20. Nyquist plots of Pt/S-C and commercial Pt/C.
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Supplementary Figure 21. HER activity of PtNC/BP2000-300 and PtNC/S-C-500
(without IR correct). In this measurement, the solution resistance was greatly
reduced compared with the former samples, due to the use of luggin capillary.
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Supplementary Figure 22. (a,b) HAADF-STEM images of PtNC/S-C after ADT.
Scale bar, 5 nm (a); 20 nm (b). (c) Histogram of particle size distribution of PtNC/S-C
after ADT. The average particle size of PtNC/S-C after ADT is 1.60 nm, which is only
slight larger than that of pristine PtNC/S-C.



Supplementary Figure 23. HAADF-STEM image of PtNC/S-C after ADT and
corresponding elemental mapping. Scale bar, 20 nm.
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Supplementary Figure 24. Hydrogen absorption configuration and the corresponding
free energy AG of free-standing Ptss.
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Supplementary Figure 25. Hydrogen absorption configuration and the corresponding
free energy AG of Pt3g/S-Graphene (a-1) and Pt/S-Graphene (m,n).
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Supplementary Figure 26. Projected crystal orbital Hamilton populations (pCOHP)
averaged over all Pt-H bonds: (a) site2, (b) site5, (c) site6, and (d) site8. pCOHP of
spin-up and spin-dn are almost the same. The red arrow marks the change in peak
intensity of Pt3g/S-Graphene relative to freestanding Ptss.

We try to make further explanation about the G by using COHP**. The negative and
positive values of COHP represent the bonding interaction and anti-bond interaction
between atoms, respectively. The COHP analysis results for two adsorption sites with
negative 0G (site2 and site6) and two adsorption sites with positive 6G (site5 and site8)
are shown in Supplementary Figure 26. The bonding interactions in the Pt-H bonds are
mainly distributed in the range of -4 to -8eV. At site2 and site6, the peak intensity of
bonding interaction increases, meaning that the bonding interaction in the Pt-H bond is
enhanced, resulting in an increase adsorption strength of hydrogen at these sites.
However, at the site5 and site8 sites, the peak intensity of bonding interaction decreases,
which means that the bonding interaction in the Pt-H bond is weakened, resulting in
weakening of the adsorption strength of hydrogen at these adsorption sites and leading
to a positive 6G value.



Supplementary Tables

Supplementary Table 1. Fitting results of R space of PtSA/S-C, PtNC/S-C, and
reference samples.

Sample Shell N R (A) o? (107342 AEo (eV) | R factor
PtSA/S-C Pt-S 3.2+0.2 2.290+0.004 4.8+0.6 5.63+0.57 0.012
Pt-S 1.8+0.4 2.260+£0.016 10.1£3 .4 1.42+1.50
PINC/S-C 0.005
Pt-Pt 4.1+1.0 2.731+0.012 7.3£1.7 7.49+1.59
PtS, Pt-S 3.5+0.2 2.258+0.005 6.3+£0.6 2.22+0.60 0.007
Pt foil Pt-Pt 12 (fixed) 2.764+0.002 4.5+0.3 8.48+0.39 0.003




Supplementary Table 2. Fitting results of R space of PtNC/S-C-500 and
PtNC/BP2000-300, indicating that these two samples have close Pt-Pt coordination
numbers and thus particle size.

Sample Shell N R (A) 62 (103A%) | AE (eV) R factor
PINC/ Pt-S 329140388 | 2.274+£0.148 | 7.2+12 4.75+1.57 0.017
S-C-500 Pt-Pt | 131940949 | 2.956£0.010 | 7.2+1.2 1.41+18.1 0.017
PINC/ Pt-C | 4.566£0.672 | 2.037+0.031 | 026+1.5 | 7.62+2.11 0.007
BP2000-300 | pept | 1.657+0.912 | 2.833+0.014 | 1.59+3.8 | 15.47+5.97 0.007




Supplementary Table 3. Comparison the HER performance of our catalyst with that
of recently reported noble metal catalysts.

o | Comimtng v | g [
PtNC/S-C 2.55 (PY) 1 24 vg‘r‘f{
Pt-GT-1 1.4 (PY) 15 / 5
Mo, TiCaTx—Ptsa 12 (Pt) 30 30 6
Pt-Ni ASs 17 (Pt) 27.7 27 7
Pt SASs/AG 31.1(Pt) 12 29 8
Ru@C2N 81.8 (Ru) 13.5 30 9
Pt-MoS; 27 (PY) 53 40 10
RWGLC 40 (Ru) 35 46 1t
PtNGNs 1.6 (Pt) 38 29 12
Pt:Ni> NWs-S/C 15.3 (Pt) 28 / 13
Pt;Ni; NWs/C-air 15.3 (Pt) ~34 / 14
Pt@DNA-GC 15 (Pt) 26 30 15
Pt-MoS: 7.28 (PY) 38 25 16
RuP,@NPC 233 (Ru) 38 38 17
NiAuw/Au NPs 55.5 (Au) ~43 36 18
Pt,/MC 10 (Pt) 25 26 19
Pd/Cu-Pt nanorings 40.8 (Pd+Pt) ~22.8 25 20
400-SWNT/Pt 19.4 (Pt) 27 38 21
PtCoFe@CN 13.11 (Pt) 45 32 2
1*Co@NC-500 1.59 (Ir) 24 23 3
@CON 102.5 (Ir) 13.6 27 2
RhoP 19.6 (Rh) 14 31.7 2
PtRU@RFCS-6h 15.6 (Pt+Ru) 19.7 27.2 2
Pti/NPC 3.8 (Pt) 25 28 27
Ru@GnP 80.25 (Ru) 13 30 2
L-RP 99.2 (Ru) 19 37 2
Pti/NMC 10 (PY) 29 26 30




Supplementary Table 4. AG of Pt3s/S-Graphene, freestanding Pt3g and Ptzs-fix as well
as SG, SGgeo al’ld SGcharge.

AGle 0Gcharge/e
AG/eV AG/eV v oG /eV 0Ggeo/eV v
Pt3s/S- Geometrical
Absorptio Freestandin | Ptss- Geometric
. Graphen effect+charg Charge
n site e g Ptss fix e al effect
Sitel -0.51 -0.57 -0.55 0.06 0.02 0.04
Site2 -0.57 -0.53 -0.56 -0.04 -0.03 -0.01
Site3 -0.44 -0.52 -0.49 0.08 0.03 0.05
Site4 -0.59 -0.57 -0.55 -0.02 0.02 -0.04
Site5 -0.07 -0.53 -0.45 0.46 0.08 0.38
Site6 -0.58 -0.53 -0.53 -0.05 0.00 -0.05
Site7 -0.27 -0.28 -0.32 0.01 -0.04 0.05
Site8 -0.20 -0.57 -0.39 0.37 0.19 0.18
Site9 -0.22 -0.35 -0.23 0.14 0.12 0.01
Site10 -0.37 -0.31 -0.33 -0.05 -0.02 -0.03
Sitell -0.28 -0.27 -0.22 0.00 0.05 -0.06
Site12 -0.33 -0.27 -0.29 -0.06 -0.02 -0.04

The 3G 1is divided into two parts: 6G = 0Ggeo + 0Gcharge, Where 0Ggeo and 0Geharge
represent the influence of geometrical effect and charge transfer on the activity of
Pt3s/S-Graphene, respectively. 0Ggeo 1s defined as 0Ggeo = AG(Pt3s-fix)-AG(Ptsg), where
Ptsg-fix is Ptss cluster by removing the substrate in Pt3s/S-Graphene and fixing all Pt
atoms during structure relaxation. 0Gcharge 1s defined as 6Geharge = AG(Pt38/S-Graphene)-
AG(Ptss-fix). We tested 12 hydrogen adsorption sites (labeled as sitel to sitel2,
respectively) and calculated the G, 0Ggeo, and dGcharge (Fig 6¢ and Supplementary
Table 4). The 6Ggeo of site8 and site9 are as large as 0.19 and 0.12 eV, respectively,
which means that the geometric effect will also have an influence on the HER activity
of Pt3s/S-Graphene. However, it should be noted that the charge transfer would affect
the electronic structure of the system?®!, and then induce the structural deformation. The
structural deformation can in turn affect the charge transfer from the substrate to the Pt
cluster by affecting its electronic structure. Although it is challenging to completely rule
out the influence of geometric effect on the catalytic activity, it is safe to conclude that
the outstanding HER performance of Pt-NC/S—C at some hydrogen absorption sites

arise from the electron-enriched state of Pt, as a result of the size-dependent charge



transfer between Pt and the S—C support.
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