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Computational details

We employ an adaptive genetic algorithm (AGA)' to explore the structures of Pt nanocluster (NCs) on MoS, GBs. AGA
combines the accuracy of first-principle calculations and fast structure exploration using auxiliary classical potentials in an
iterative way. In the classical GA part, we employ the embedded atom method (EAM)*® as an auxiliary force field, which
is implemented in Large-Scale Atomic/Molecular Massively Parallel Simulator (LAMMPS) code.® To get the initiating
force field, we initial the EAM force filed by fitting static first-principle results of 12 random structures. And we explore
the most energy favorable NPs by iterating it for 200 generations with a pool containing Np=144 structures. In each
generation, we choose Ny/4 structure pairs in the pool randomly as parents to generate N,/4 child structures by the mating
operator, and we remove duplicated structures to keep the diversity of the structure after optimizing. Duplicated structures
are judged by comparing their bond table. In the potential fitting part, 12 lowest-energy structure from classical GA is
calculated by DFT to get energies and forces. And then, force matching method,”® which is implemented in the POTFIT
code, is employed to adjust the EAM potential with DFT energies and forces. In the output part, after 20 Iterations, we
collect all the structures with DFT energy and optimize 20 lowest-energy structures at a first-principle stage after removing

duplicated structures.

The first-principle DFT calculations are carried out within the Perdew-Burke-Ehrenzhof (PBE)’ exchange-correlation

10, 11

functional and projector augmented wave (PAW) pseudopotentials as implemented in the Vienna Ab initio Simulation

Package (VASP) package. The GB substrate used to load Pt atoms and clusters is shown in Fig 1b in the main text. The
integration over the Brillouin zone is limited to the T point only, as we adopt a relatively large supercell. We used 10 A in
the direction perpendicular to the slabs in conjunction with the dipole correction to mitigate fictitious interaction between

periodic images.
The binding energy per atom is defined as,
1
Epp = a (EGB+Ptn — Epos, — nEPt)r (D

where Eyos,+py, 18 the energy of the Pt,/GB heterostructure in the optimum geometry, Egg is the energy of the GB

substrate, and Ep; is the energy of an isolated Pt atom with two unpaired electrons according to Hund's rules.

To gain further insight into the metal—metal vs. metal-slab stabilizing interactions, we partition the binding energy as

follows:
Epg = AEyos, + AEp, + AEys. (2
Here, the first term AEy g, (positive) is the MoS, deformation energy, defined as the energy penalty to deform MoS;

into the structure adopted in the bonding configuration. The second term AEp, (negative) measures the energy gain due to

the metal-metal bonds and is defined as



AEpe, =~ (Epe, —nEpt) 3)

where Ep;_is the energy of the metallic nanocluster in the frozen geometry adopted on the MoS; slab. As we did in our
previous study, for consistency Ep is computed with spin-averaged calculation while the monomer reference energy Ep,
is computed with spin polarization. Because of this convention, we can see in Table 1 that AEp, =0.1 eV even though there
is no metal—metal interaction. Using equations 1, 2, and 3, we can define the metal—substrate energy Eyg (negative), which
measures the interaction between the metal and the substrate. All energy terms in eq 2 are normalized with respect to the

number of Pt atoms in the cluster except AEy,s,, which is chosen to be independent of the metal cluster size. As shown in

Table S1 and Table S2, AEyg, is relatively small and thus this choice has a small effect on the results.

The Nudged Elastic Band (NEB) method,'* ' used to determine the minimum energy path between initial and final
configurations, was used to evaluate the value of energy barriers. The climbing image NEB (CI-NEB) method was applied
to a discretized path of 6-13 images. In the CI-.NEB,'* '° one image is set free from the spring force, maximizing its energy
and forcing itself to the exact saddle point. We calculated the reaction barrier as the difference between the saddle points
and initial configurations. All the atoms of intermediate NEB images are relaxed, while atomic structures of initial and final

configurations are permanently fixed in NEB calculations.

To investigate the electronic/geometric origin of the defect-induced growth mechanism, we performed comprehensive
bond analysis using the LOBSTER package'®. LOBSTER allows extracting precious bonding information from the plane-

wave electronic wavefunctions by mapping onto a local basis."”

The crystal orbital overlap population (COOP) reveals the bonding and antibonding interaction to the electronic
structure by identifying positive and negative orbital overlaps.'® Integrated COOP (iCOOP) with all occupied energy levels
supply a clear bonding and antibonding definition for chemical bonds. Further crystal-orbital Hamiltonian population
(COHP)" method also provide valuable information as a bond strength indicator in energy contribution by integrating
COHP up to Fermi level (thus integrated COHP or iCOHP).?” The COHP can be taken as the bond-weight density of states,
and the COHP value of bonding and antibonding contributions are positive and negative, respectively. Integration over all

occupied levels that is iCOHP, roughly provides bond contributions to band-structure energy.



Table S1. Total Binding Energies Egg for Pt, cluster. Decomposition of Egg into AEy.s,, AEp; and AEys as defined in eq 2 is
also listed. All energies are normalized by the number of Pt atoms except AEys, (see text). Average bond lengths lare

computed with a threshold of 3 A.

Configuration Egg AEys, Pt-S

t-MOg -----
t-MOz -----

1
}_
~N

h-1,-t-Mos 2.30 -1.23 -3.98 2.67 2.49

1.43 -1.29 -3.47 2.73 2.45 2.63
h-1-t-Mo, 1.51 -1.32 -3.41 2.72 2.53 2.64

Pt;
h-1-t-Mo,-S; -4.02 3.97 -1.60 -3.74 2.73 2.37 2.71
h-1;-t-(Mo,), -4.00 2.43 -2.36 -2.66 2.73 2.49 2.67
h-1;-t-(Mo)3 -4.99 3.90 -1.66 -3.63 2.68 2.50 2.71



Table S2. Total Binding Energies Egg for Pt, cluster on 5|7 grain boundary. Decomposition of Egg into AEys,,AEp and
AEys as defined in eq 2 is also listed. All energies are normalized by the number of Pt atoms except AEy,gs, (see text).

Average bond lengths [ are computed with a threshold of 3 A.

configuration Egg AEys, AEp; AEys Pt-Mo Pt-S Pt-Pt
-4.11 5.80 -2.11 -3.44 2.70 2.50 2.59
-4.09 1.85 -2.67 -1.79 2.75 241 2.68
-4.10 2.35 -2.85 -1.65 2.75 2.43 2.71
-4.13 2.72 -2.98 -1.53 2.81 2.36 2.61
-4.12 2.36 -3.05 -1.37 2.76 242 2.64
-4.18 2.66 -3.30 -1.17 2.81 2.45 2.70
-4.18 0.68 -3.37 -0.87 2.75 2.29 2.68
-4.19 2.85 -3.43 -1.02 2.82 2.48 2.66
-4.23 0.87 -3.52 -0.79 291 2.30 2.70
-4.30 0.88 -3.56 -0.81 2.89 2.30 2.68
-4.31 1.92 -3.57 -0.85 2.69 2.31 2.71

-4.44 1.22 -3.85 -0.65 3.00 2.26 2.71




Table S3. Total Binding Energies AEge for Pt, cluster on 4|6 and 5|8|5 grain boundary. Decomposition of AEg; into

AEpos,,AEpy, and AEys as defined in eq 2 is also listed. Average bond lengths [ are computed with a threshold of 3 A.

-4.75 0.91 0.1 -5.75 2.64 242 -
-6.99 0.79 0.1 -7.88 2.52 >3

Interaction between Pt nanoclusters and MoS: grain boundary

In the dimer configuration, we notice an increase in the binding energy. In the Pt, configuration with one Pt atom at
Mos site decreases the binding energy per atom of Pt; h-1, by 0.51 eV. Pt atom on t-Mo; is not bonded with the Mo atom
strongly. It also decreases the bonding between the hollow site Pt atom and the substrate, thus weakening the metal-substrate
interactions. We can see that metal substrate interaction energy AEws increases from -5.84 eV to -3.98 eV. These significant
changes indicate that metal-substrate interaction has been affected negatively with the second Pt atom. This sudden AEwms
jump is also noticed with Pts of -3.44 eV to -1.79 eV when the 2D configurations changes to 3D configurations indicating

metal-substrate interaction became weaker.

To better understand, we analyzed the interaction energy between Pt atoms AEPt and Pt-substrate interaction energy
AEwms. With the increasing cluster size, the value for AEp, is decreasing, and for AEws is increasing. The low value of AEp,
indicates strong Pt-Pt interactions caused by the more considerable Pt cohesive energy, and because of this energy, Pt atoms
take the 3D configurations. This also affects the higher binding energy. Thus, one cannot say whether Pt-Pt interaction or
Pt-S interaction dictates the binding energy in these relatively large clusters (5<n<20). We would rather say for large clusters
that Pt-Pt and Pt-S interaction dominates the binding energy while in small clusters with n < 5, this is caused by Pt-Mo

atoms interaction.

The interaction of Pt atoms with substrate atoms deforms the MoS; substrate. We introduce AEmos2 defined as the
substrate's deformation energy difference in the binding configuration with respect to the original substrate. Unlike the case
of the pristine surface where AEwmos2 is negligible small < 0.6 eV for clusters with n < 20, we find that this energy is larger
for the GB case indicating the cluster significantly distorts the MoS, substrate. For instance, in the second stable
configuration of Pt;, one S atom of GB interchanges its position with hollow site Pt atom, which incurs a 2.06 eV
deformation energy of the substrate. In monomer at h-1, configuration, the bond between all atoms in the 7 fold ring have
been highly affected: Mos-S; length increased by 0.23A, Mos-Mos increased by 0.16A from free standing GB. This can also
be judged for the 2D structures (Pt,<Pts), where AEwos: is relatively higher than for the 3D structures, which indicates that
with larger clusters, the metal-substrate interaction is getting weaker and thus, deformation of the substrate is also getting

negligible.



GB's unique effect is by far has proven to be very different from the pristine surface, but it has a limit. We noticed the
hollow site being unoccupied at Pt;o, and also, the bond length and bond coordination changed their pattern around that size.
However, another interesting fact is that Pt atoms were distributed around 7-fold ring rather than 5-fold ring till Pt;o, and
the lower layer Pt atoms are not bonded with any substrate atoms from the pristine surface. Only after Pt11 the NCs atoms
have been spotted to have a bond with the pristine surface atoms. After Pti», bonding nature tells, the clusters can not
distinguish between the GB and the pristine sites. And Ptis, Ptoo clusters Pt atoms are bonded with 5 fold ring's atoms too.
This indicates our 5|7 GB's unique effect of developing stable configuration is diminished at larger clusters. The binding
energy difference for Pti» and Pti3 between GB to the pristine surface is 0.1 eV, and for larger structures, Ptis and Pty, this
difference gets even lower(0.05 eV). Therefore, for small clusters, we can expect much more resistance to the GB's sintering
effect, and because of a large number of bonds and higher bond strength, GB should exhibit higher creep resistance than

any GB without NC.

Examining the charge decomposition, we find that Pt NCs can accept more charge from MoS; GB than from pristine
MoS,. For example, for the monomer case, h-_| , accept 0.43 electron due to directly bonded to Mo pair while t-Mo
configuration on pristine MoS2 donates electrons to the substrate. As the NCs grow, there is less charge transfer from MoS,
to Pt. For Pt; and Pt;, NCs accept 0.37 and 0.27 electrons from GB, respectively. On the pristine MoS,, as the NCs grow,

there is more charge transfer from MoS; to the metallic NCs. For charge analysis above, we expect ultra-small metallic NCs

with higher catalyst activity on GBs than pristine MoS..
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Fig. S1 Total energy as a function of time from ab initio molecular dynamics of simulation at 300 K for most stable
configuration of Pt;, Pts and Pt;». Corresponding atomic geometries after molecular dynamics simulation for three ps are

shown in the insets.
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Fig. S2 Grain boundary models with 5|8|5 and 6/4 core are shown in (a) and (b), respectively.
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