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1. On the structures of Pt clusters

Nano and subnano Pt clusters have been extensively studied for their relevance to catalysis (e.g.

16181 However, the (most stable) structure of small Pt clusters is

interaction with molecules)!
generally highly controversial due to the complexity of the potential energy surface of transition
metal clusters. A famous example is Ptss cluster, which was suggested be a magic cluster with
I, symmetry, the same as Lennard-Jones particles. However, Apra et al.l'*! found that Ptss might
be amorphous like since the Iy structure is much less stable. Li et al.** shows that in fact, 55

atom clusters of many transition metals is less stable than its neighboring 54 or 56 clusters.

In this work, we aim to identify a well-defined structure as a starting point for studying HER
and thus we have searched for the magic number size of (sub)nano Pt particles based on the
SSW-DFT global structure search. Since the structure of many of these small Pt clusters have
been analyzed in the previous work!?'*?!, one purpose here is also to confirm the magic number
size reported. Indeed, we found that the global minimum (GM) of Ptss is a Oy structure (Fig.
S1b) and it is the magic number of ~ 1 nm with higher relative stability compared to the
neighboring clusters. To make this clearer, we also show the GM structures of Pty (N= 41~46),
nearby the magic cluster Pts4, in Fig. S1a. The GM structure of Pts,, Pt43 and the second lowest
minima of Pty and Ptss are similar with the On Ptss, which can be generated by adding or
removing the apex Pt atoms from Pt44. For Pts1, Ptys and Ptss, the low symmetry structures turn
out to be more stable and become the GM structure (they are not magic numbers).

For the other sizes investigated (as shown in Fig. S1), we found that the magic number size
appears at Ptis, Ptis, Pt, Pty;, Pt3s, being in general consistent with those suggested
previously?!, although the exact GM structure from this work can be different. This is mainly
due to additional new structure being identified using SSW-DFT global search, which turns out
to be more stable than the previously reported GM. For example, the GM structure identified
by our SSW-DFT global search of Ptss is a newly found D3, triangular prism, which contains 3
core atoms and 33 surface atoms. This structure is 1.51 eV more stable than the previously
reported 4x9 (four layers and nine atoms per layer) cuboid structure!*'’,

Here we discuss briefly on the magic cluster size of the small Pt clusters (which is not the focus
in this work and will be followed up in our future work). For example, Kumer and Kawazoe!*"!
reported that the cube isomer with simple cubic packing has the lowest energy for Ptys~Ptss and
the fcc packing Oy structures becomes more stable for the larger clusters. According to our
results, the GM of the magic cluster of Pty is indeed the same simple cubic structure, but such
cube structures are only stable in a small range (from Ptys to Ptyg). For all Pty clusters (N =
12~46) studied in this work, only 5 cluster sizes (N = 14, 40, 42, 43, 44) are identified to have
the the fcc-packing GM structure. For many non-magic size clusters, the GM structure is in fact
amorphous like, similar to Ptss mentioned above. A nice example is Pt3s, a low symmetry (Ci)
structure is identified to be GM, which is 1.92 eV and 1.75 eV more stable than the cube C,,

structure and truncated octahedron Oy structure (the most stable structure of LJ cluster).

It might also be mentioned that the GM structures of Pt clusters below Pt,, have no core atoms

with all Pt atoms being on the surface. The core-shell structure starts from Pt»3, where one core
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atom is present. The number of core atoms then increases gradually: there are six core atoms at
Pt44 octahedron.

Magic number size in Pty clusters (N=12 to 46) from SSW-DFT search
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Fig. S1 (a) Low lying isomers of Ptx (N=41~46) clusters. For one particular size N, Na is the
GM and Nb is the second lowest minimum. The energy relative to the GM and the symmetry
are listed in the brackets. Deep blue: Shell Pt atoms; Grey: core Pt atoms. (b) The relative
energies of Pty (N=12~46) clusters calculated with two different DFT functionals, PBE and
PWO91. According to the fitted relation between E and N, we arrive at Eg =2.13431 — 5.61731
N'?+1.58801 N** —0.162408 N for PBE, and Eo= 1.93275-5.39152 N ' + 1.50598 N*° —
0.152585 N for PW91. Two DFT functionals yield basically the same conclusion for the
magic number size for these Pt clusters.
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2. The stability of the subsurface H atoms in Pt cluster
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Fig. S2 Three different structures with one subsurface H in the O Ptss cluster and the
corresponding adsorption free energy (AGaq) of the subsuface H (in brackets). Deep blue: Shell
Pt atoms; Grey: core Pt atoms, White: H atoms.

During the SSW-DFT global search of PtssHy clusters, we found that the minima contains the
subsurface H atoms are generally not stable and will not be retained during the GCMC evolution.
No subsurface H atoms are present for the GM of PtyHy, including PtssHgo. This is an very
interesting phenomena, indicating the subsurface H is not stable in Pt nanoparticles, which
renders a long-term stability of Pt nanoparticle. To provide better understanding into this issue,
we have compared the adsorption free energy (AGaq) of one subsuface H in the Oy Ptys cluster.
The H at three different subsurface sites are considered. As shown in Fig. S2, the value of AGaq
with respect to the gas phase H» (standard state) are all positive for three situations. At the most
stable tetrahedral subsurface site (Fig. S2 C),AG.q is already +0.68 eV. This result supports the
fact that the Pt-Pt interaction is much stronger than the Pt-H interaction, and since the presence
of subsurface H must weaken the Pt-Pt interaction, the H does not prefer the subsurface
positions in Pt cluster. On the other hand, AGaq for the first H on the surface of Ptus cluster is -
0.37 eV (at an edge site). Comparing AG.q of H on the surface and at the subsurface, the energy
difference is more than 1 eV, which suggests that thermodynamically it is not possible for the
diffusion of H atoms into Pt cluster.
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3. HER on {111} facets of PtssHs,

Fig. S3. The optimized structures for the transition state of H-H coupling on {111} facets of
PtssHgo (site F1, shown in Figure 3a). The color scheme as those described in Figure 2 and
Figure 3.
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4. The XYZ coordinates for the GM of Pty; and PtssHgo
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