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S1. Computational details
S1.1. DFT calculations

All spin-polarized, periodic DFT calculations were performed using the Vienna
Ab initio Simulation Package (VASP), version 6.1.2.5'7 The structures considered in
this work are all described with a 5x5 periodically repeated hexagonal supercell of 2H-
MoS: with the cell constants a = b = 15.910 A. This corresponds to optimized cell
constants of 3.182 A for the 1x1 unit cell of 2H-MoS. In the direction perpendicular
to the MoS: basal plane, the simulation cell is chosen to have a height of 20 A so the
periodically repeated monolayers are separated from each other.

The electronic structures of the considered systems are evaluated with the
generalized gradient approximation (GGA) exchange-correlation functional proposed
by Perdew, Burke, and Ernzerhof (PBE).5®’ The core electrons in the modeled
structures are treated with the projector augmented wave (PAW) method,%® while the
valence electrons are explicitly described using a plane-wave basis with a cutoff energy
of 520 eV. The Brillouin zone of the modeled structures is sampled with a 3x3x1,
I'-centered k-point grid. In addition, Gaussian smearing with a smearing width of
0.05 eV is used. The convergence criteria for the self-consistent field (SCF) calculation
of the electronic energies requires the change in the energy between two SCF iteration
steps to be less than 10 eV. Note that corrections to account for dispersive interactions
have been omitted here, as they are expected to have a negligible effect on the calculated
energetics.

During the geometry optimization, all atoms have been relaxed. However, the
stress tensor on the unit cell has been neglected. The force tolerance of any optimized
geometry is set to 0.02 eV/A for any atom. For optimizing the transition state (TS)
geometries, we have used two methods: the climbing-image nudged elastic band
method (CI-NEB)S!%!! and the Dimer method.5'%!* For a TS optimization from scratch,
we perform a CI-NEB calculation with eight images for pre-optimization and then
continue to optimize with the Dimer methods. However, for several cases, we have been
able to skip the CI-NEB step, as we could generate a sufficiently good initial guess
geometry for the Dimer calculation from an optimized TS geometry of a diffusion
process with a similar environment.

Numerical normal mode analyses within the harmonic approximation for all
optimized geometries have been performed. To reduce the computational costs, only
the contributions of the diffusing S-atom and the three nearest Mo-atoms to the Hessian
have been considered for the normal mode analysis. In addition, it has been checked
whether minimum geometries and transition states have exactly zero and one imaginary

frequency, respectively. This is, with a few exceptions discussed below, always the case.
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S1.2. Energetics

As mentioned in the main text, there are 256 distinct occupation patterns at the
eight nearest-neighbor sites. For each of the 256 discussed diffusion processes, we
obtained the energies for the the initial state (IS), in which the diffusing S-atom is on
the "I" site, and the final state (FS), with the diffusing atom is on the "F" site, see
Figure 1 of the main text. In most cases, there is only one TS along the diffusion
pathway, see Figure S1(a). However, some cases, particularly when site 5 is unoccupied,
feature two TSs along the diffusion pathway. To keep the kMC model simple, we have
assumed that these processes also only feature one diffusion barrier, with the
energetically higher-lying TS being the only TS of that diffusion process (see Figure
S1(b)). With that, every diffusion process from I to F features one diffusion barrier .,
defined as the energy difference between the TS and the IS, and a reaction energy £,

calculated as the energy difference between FS and IS.
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Figure S1. Schematic representation of the potential surface for a diffusion process with
(a) one transition state and (b) two transition states. IS, TS, and FS indicate the
diffusion processes' initial state, transition state(s), and final state. The barriers

considered for the diffusion steps are marked with E..

In a few diffusion processes involving two TSs, the TSs can be very close to the
intermediate state along the diffusion path. In such situations, we are sometimes unable
to identify the imaginary vibrational frequency associated with the TS. Instead, the
normal mode describing that reaction coordinate features a small real frequency below
100 cm™!. In these cases, we simply treat that small, real frequency as an imaginary
frequency and drop it during the calculation of the rate constant, as described in the

next section. In Table S1, diffusion processes affected by this issue are underlined.
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S1.3. Calculation of rate constants
To model the distribution and migration of the S-vacancies, we have first determined
the rate constant k within the framework of transition state theory>'* for each diffusion

process. This has been done with the Eyring equation:

k

= 7 (02) cup (2) )

Here, kg stands for the Boltzmann constant, h for the Planck constant, and T for the
absolute temperature. The partition functions of the TS and IS are abbreviated as qrs
and qis, respectively. E;, is the calculated diffusion barrier without zero-point energy
corrections. The total partition function q of any chemical system can be described as
the product of the contributions from the vibrational (qviv), rotational (grot), translational

(qrans), and electronic degrees of freedom (qelec):

d = Qvib9rotdtransYelec (Eq. S2)

Assuming that TS and IS feature sufficiently similar electronic structures, we can
assume that qetec,Ts and qelec,1s are equal. Similarly, quans, s and quans,is are also the same
since the mass of the considered systems does not change upon diffusion. Lastly, if we
further assume that all rotational degrees of freedom become vibrational degrees of

freedom on a crystal surface, we can simplify the partition function term in Eq S1 to:

ars _ Quibts (Eq. S3)

dis Avib,IS

with the vibrational contribution to the partition function being

exp(—hv;/2kgT)
1—exp(—hv;/kgT)

Quip = 17! (Eq. S4)

In the equation above, v; stands for the real vibrational frequencies of the system under

consideration.
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S1.4. Optimized molecular structures and energies

We should first introduce a shorthand notation to describe the occupation on the
nearest-neighbor sites and the corresponding diffusion processes. We will use a simple
string with "x" and "o" to represent whether a site is occupied by an S-atom or empty.
For example, a structure with sites 1, 4, 5, 6, and 8 featuring S-atoms and sites 2, 3, and
7 having a vacancy, as shown in Figure S2(a), would be abbreviated as
"1x20304x5x6x708x".

All optimized IS and TS structures reported in this work are collected in an
attached zip file. Due to symmetry, each FS is symmetrically equivalent to (at least)
one IS structure. Thus, the FS structures have not been explicitly optimized. For
example, the IS of the diffusion process with sites 1, 2, and 3 being empty
(1020304x5x6x7x8x), as shown in Figure S2(b), is equivalent to the FS of the diffusion
process with sites 6, 7, and 8 being empty (1x2x3x4x5x607080) as illustrated in Figure
S2(c). The same relation also applies to the FS of 1020304x5x6x7x8x and the IS of
1x2x3x4x5%x607080. In other words, the diffusion processes 1020304x5x6x7x8x and
1x2x3x4x5x607080 are the reverse processes of each other. As a reaction and its reverse
reaction proceed via the same TS, one only needs to optimize the TS for the diffusion
process 1020304x5x6x7x8x to obtain all relevant information for the TS of the
diffusion 1x2x3x4x5x607080. All calculated reaction energies and diffusion barriers

(in the forward direction) are listed in Table S1.
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Figure S2. (a) Schematic representation of the (IS of the) diffusion process with sites 2,
3, and 7 being empty, labeled as 1x20304x5x6x708x, (b) IS of the diffusion process
1020304x5x6x7x8x, (c) FS of diffusion process 1x2x3x4x5x607080. Reflecting the

structure in (b) at the blue dashed line yields the structure shown in (c) and vice versa.
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Table S1. The reaction energies (E;) and diffusion barriers (E.) for the 256 considered
unique diffusion processes in the forward direction. All values are given in eV.
Underlined processes are those processes for which we have not been able to identify

the imaginary vibrational frequency for the TS.

Diffusion Process E; E, Diffusion Process E; Ea
1x2x3x4x5x6x7x8x  0.00 2.31 1x2x3x4x506x7x80 -0.26  0.81
lo2x3x4x5x6x7x8x  -0.04  2.27 1x2x3x4x5x60708x  -0.17  2.36
1x203x4x5x6x7x8x  -0.06  2.32 1x2x3x4x5x607x80  0.06 2.37
1x2x304x5x6x7x8x  -0.03  2.29 1x2x3x4x5x6x7080  -0.11 2.34
1x2x3x405x6x7x8x  0.00 2.02 1020304x5x6x7x8x  0.38 2.70
1x2x3x4x506x7x8x  0.00 0.81 lo203x405x6x7x8x  0.39 2.21
1x2x3x4x5x607x8x  0.04  2.31 10203x4x506x7x8x  -0.02  0.89
1x2x3x4x5x6x708x  0.06  2.39 10203x4x5x607x8x  0.19 2.59
1x2x3x4x5x6x7x80  0.03 2.33 10203x4x5x6x708x  0.24 2.60
10203x4x5x6x7x8x  0.17 2.53 l10203x4x5x6x7x80  0.19 2.52
lo2x304x5x6x7x8x  -0.06  2.31 lo2x30405x6x7x8x  0.06 2.04
lo2x3x405x6x7x8x  0.20 2.00 lo2x304x506x7x8x  0.09 0.88
lo2x3x4x506x7x8x  -0.16  0.73 lo2x304x5x607x8x  -0.03  2.36
102x3x4x5x607x8x  0.00 2.36 lo2x304x5x6x708x  0.03 2.40
lo2x3x4x5x6x708x  0.04  2.34 lo2x304x5x6x7x80 -0.02  2.34
102x3x4x5x6x7x80  0.00 2.27 lo2x3x40506x7x8x  0.04 1.12
1x20304x5x6x7x8x  0.11 2.45 lo2x3x405x607x8x  0.00 1.95
1x203x405x6x7x8x  -0.09  2.00 lo2x3x405x6x708x  0.29 2.10
1x203x4x506x7x8x  -0.09  0.74 lo2x3x405x6x7x80  0.36 2.10
1x203x4x5x607x8x  -0.04  2.30 102x3x4x50607x8x  0.00 0.72
1x203x4x5x6x708x  0.00 2.40 lo2x3x4x506x708x  -0.06  0.71
1x203x4x5x6x7x80 -0.04 2.34 lo2x3x4x506x7x80 -0.39  0.76
1x2x30405x6x7x8x  -0.16  1.99 lo2x3x4x5x60708x  -0.19  2.40
1x2x304x506x7x8x  0.26 1.07 lo2x3x4x5x607x80  0.03 2.38
1x2x304x5x607x8x  0.00 2.26 lo2x3x4x5x6x7080 -0.10  2.27
1x2x304x5x6x708x  0.04 2.38 1x2030405x6x7x8x  -0.06  2.09
1x2x304x5x6x7x80  0.00 2.39 1x20304x506x7x8x  0.36 1.11
1x2x3x40506x7x8x  0.00 0.97 1x20304x5x607x8x  0.10 2.37
1x2x3x405x607x8x  -0.20  1.79 1x20304x5x6x708x  0.19 2.50
1x2x3x405x6x708x  0.09 2.09 1x20304x5x6x7x80  0.12 2.52
1x2x3x405x6x7x80  0.16  2.15 1x203x40506x7x8x  -0.11  0.88
1x2x3x4x50607x8x  0.16 0.89 1x203x405x607x8x  -0.29 1.81

1x2x3x4x506x708x 0.09 0.82 1x203x405x6x708x 0.00 2.08
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Diffusion Process E; E, Diffusion Process E; Ea
1x203x405x6x7x80  0.06 2.12 lo203x4x506x708x  0.07 0.87
1x203x4x50607x8x  0.06 0.77 lo203x4x506x7x80  -0.26  0.93
1x203x4x506x708x  0.00 0.71 lo203x4x5x60708x  0.00 2.56
1x203x4x506x7x80 -0.35  0.76 lo203x4x5x607x80  0.19 2.61
1x203x4x5x60708x  -0.24  2.35 lo203x4x5x6x7080  0.08 2.50
1x203x4x5x607x80 -0.03  2.37 lo2x3040506x7x8x  0.12 0.99
1x203x4x5x6x7080 -0.19  2.31 lo2x30405x607x8x  -0.14  1.98
1x2x3040506x7x8x  0.11 1.08 lo2x30405x6x708x  0.15 2.15
1x2x30405x607x8x  -0.36  1.75 lo2x30405x6x7x80  0.20 2.16
1x2x30405x6x708x  -0.06  2.06 lo2x304x50607x8x  0.23 0.96
1x2x30405x6x7x80  0.00 2.17 lo2x304x506x708x  0.20 0.89
1x2x304x50607x8x  0.39 1.15 lo2x304x506x7x80 -0.14  0.93
1x2x304x506x708x  0.35 1.11 lo2x304x5x60708x  -0.19  2.42
1x2x304x506x7x80  0.00 0.97 lo2x304x5x607x80  0.00 2.49
1x2x304x5x60708x -0.19  2.33 lo2x304x5x6x7080 -0.10  2.37
1x2x304x5x607x80  0.02 2.36 102x3x4050607x8x  0.00 0.92
1x2x304x5x6x7080 -0.12  2.40 lo2x3x40506x708x  0.15 1.00
1x2x3x4050607x8x  -0.04  1.08 lo2x3x40506x7x80  -0.06 1.00
1x2x3x40506x708x  0.11 0.98 lo2x3x405x60708x  -0.18  2.00
1x2x3x40506x7x80 -0.11  0.97 lo2x3x405x607x80  0.14 2.12
1x2x3x405x60708x  -0.39  1.82 lo2x3x405x6x7080  0.28 2.16
1x2x3x405x607x80 -0.06  1.98 lo2x3x4x5060708x  -0.13  0.73
1x2x3x405x6x7080  0.06  2.15 lo2x3x4x50607x80 -0.23  0.72
1x2x3x4x5060708x  0.02 0.91 lo2x3x4x506x7080 -0.47 0.72
1x2x3x4x50607x80 -0.09  0.78 lo2x3x4x5x607080 -0.36  2.33
1x2x3x4x506x7080 -0.36  0.76 1x203040506x7x8x  0.19 1.10
1x2x3x4x5x607080 -0.38  2.32 1x2030405x607x8x  -0.28  1.88
102030405x6x7x8x  0.41 2.34 1x2030405x6x708x  0.04 2.11
1020304x506x7x8x  0.43 1.16 1x2030405x6x7x80  0.07 2.15
1020304x5x607x8x 036  2.69 1x20304x50607x8x  0.47 1.19
1020304x5x6x708x  0.46  2.74 1x20304x506x708x  0.45 1.17
1020304x5x6x7x80  0.38 2.75 1x20304x506x7x80  0.09 1.00
10203x40506x7x8x  0.18 1.16 1x20304x5x60708x  -0.08  2.42
10203x405x607x8x  0.18 2.18 1x20304x5x607x80  0.10 2.47
10203x405x6x708x  0.48 2.32 1x20304x5x6x7080  0.00 2.46
10203x405x6x7x80  0.52 2.32 1x203x4050607x8x  -0.15  0.85
10203x4x50607x8x  0.13 0.86 1x203x40506x708x  0.00 0.87
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Diffusion Process E; E, Diffusion Process E; E,
1x203x40506x7x80 -0.23  0.93 lo203x405x607x80  0.31 2.34
1x203x405x60708x  -0.48  1.84 lo203x405x6x7080  0.46 2.36
1x203x405x607x80 -0.15  2.00 lo203x4x5060708x  0.00 0.85
1x203x405x6x7080 -0.04  2.07 lo203x4x50607x80 -0.12  0.88
1x203x4x5060708x  -0.07  0.79 lo203x4x506x7080 -0.34  0.88
1x203x4x50607x80 -0.20  0.69 lo203x4x5x607080 -0.19  2.53
1x203x4x506x7080 -0.45 0.71 lo2x304050607x8x  0.08 0.94
1x203x4x5x607080 -0.46  2.28 lo2x3040506x708x  0.24 1.07
1x2x304050607x8x  0.06 1.06 lo2x3040506x7x80  0.02 1.02
1x2x3040506x708x  0.23 1.15 lo2x30405x60708x  -0.31  2.04
1x2x3040506x7x80  0.00 0.93 lo2x30405x607x80  0.00 2.11
1x2x30405x60708x  -0.52 1.79 lo2x30405x6x7080  0.15 2.16
1x2x30405x607x80 -0.20  1.96 lo2x304x5060708x  0.12 1.00
1x2x30405x6x7080 -0.07  2.08 lo2x304x50607x80  0.00 0.85
1x2x304x5060708x  0.26 1.19 lo2x304x506x7080 -0.20  0.89
1x2x304x50607x80  0.14 1.07 lo2x304x5x607080 -0.35 2.41
1x2x304x506x7080 -0.09  0.91 lo2x3x405060708x  -0.14  0.92
1x2x304x5x607080 -0.38  2.37 lo2x3x4050607x80  -0.08  0.87
1x2x3x405060708x  -0.18  0.97 lo2x3x40506x7080 -0.12  0.98
1x2x3x4050607x80 -0.12  0.86 lo2x3x405x607080 -0.20  2.07
1x2x3x40506x7080 -0.19  0.91 lo2x3x4x50607080 -0.24  0.98
1x2x3x405x607080  -0.41 1.93 1x20304050607x8x  0.12 1.10
1x2x3x4x50607080 -0.43  0.73 1x203040506x708x  0.30 1.16
10203040506x7x8x  0.43 1.25 1x203040506x7x80  0.06 1.01
102030405x607x8x  0.20 2.27 1x2030405x60708x  -0.46 1.90
102030405x6x708x  0.51 2.44 1x2030405x607x80 -0.15  2.01
102030405x6x7x80  0.53 2.49 1x2030405x6x7080  0.00 2.06
1020304x50607x8x  0.24 1.22 1x20304x5060708x  0.34 1.22
1020304x506x708x  0.53 1.18 1x20304x50607x80  0.20 1.09
1020304x506x7x80  0.18 1.16 1x20304x506x7080  0.00 0.93
1020304x5x60708x  0.19 2.72 1x20304x5x607080 -0.30  2.38
1020304x5x607x80  0.35 2.76 1x203x405060708x  -0.28  0.87
1020304x5x6x7080  0.30 2.68 1x203x4050607x80  -0.24  0.83
10203x4050607x8x  0.14 1.06 1x203x40506x7080 -0.30  0.86
10203x40506x708x  0.28 1.15 1x203x405x607080  -0.51 1.93
10203x40506x7x80  0.08 1.16 1x203x4x50607080 -0.53  0.65
1o0203x405x60708x  0.00 2.23 1x2x30405060708x  -0.08 1.08
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Diffusion Process E; E, Diffusion Process E; Ea
1x2x304050607x80 -0.02  0.99 lo20304x50607080  0.00 1.05
1x2x3040506x7080 -0.06  0.95 lo203x4050607080  -0.24 1.03
1x2x30405x607080  -0.53 1.95 lo2x304050607080 -0.27  0.87
1x2x304x50607080 -0.18  0.98 1x20304050607080 -0.27  0.90
1x2x3x4050607080 -0.43  0.82 lo20304050607080  0.00 1.07
1020304050607x8x  0.37 1.21
10203040506x708x  0.54 1.32
10203040506x7x80  0.31 1.22
lo2030405x60708x  0.03 2.34
102030405x607x80  0.31 2.37
102030405x6x7080  0.48 2.38
1020304x5060708x  0.42 1.26
1020304x50607x80  0.28 1.15
1020304x506x7080  0.12 1.16
lo20304x5x607080  0.00 2.67
10203x405060708x  0.00 1.06
lo203x4050607x80  0.05 1.05
10203x40506x7080  0.02 1.13
lo203x405x607080 -0.03  2.31
lo203x4x50607080 -0.42  0.84
lo2x30405060708x  -0.05 1.00
lo2x304050607x80  0.00 0.92
lo2x3040506x7080 -0.02  0.98
lo2x30405x607080 -0.31  2.06
lo2x304x50607080 -0.28  0.86
lo2x3x4050607080 -0.37  0.84
1x2030405060708x  -0.02 1.12
1x20304050607x80  0.02 1.00
1x203040506x7080  0.00 0.94
1x2030405x607080  -0.48 1.89
1x20304x50607080  -0.12 1.04
1x203x4050607080  -0.54  0.78
1x2x304050607080  -0.31 0.91
102030405060708x  0.24 1.27
l1o20304050607x80  0.27 1.15
lo203040506x7080  0.27 1.17
lo2030405x607080  0.00 2.28

S9



S2. Further results and illustrations

Figure S3. The surface models on the right show the probability of finding an S-vacancy
on each site after (a) an isolated S-vacancy and (b) a 2S-vacancy on MoS;, as shown on
the left side, has been exposed to a temperature of 600 K for the indicated time. The
probabilities of finding a vacancy on each site are calculated based on the results of 60

simulation runs.
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Figure S4. The diffusion processes of 2S-vacancies. The arrows in red/blue in the MoS;
models mark all possible diffusion processes, with the arrow's direction indicating the
S-atom's movement. The wider arrows are the dominating, low barrier diffusion
processes. As exemplarily shown for the case at the bottom, these diffusion processes
correspond to a situation where the not moving vacancy is on site 5, which leads to a
low diffusion barrier. The diffusion processes marked by the broad arrows yield the
surface structures as indicated by the reaction arrows of the same color. It can be seen
that the 2S-vacancy only moves within a confined space consisting of three neighboring

sites.
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Figure S5. The surface models on the right show the probability of finding an S-vacancy
on each site after the 3S-vacancies on the left have been exposed to 300 K for 50 h. The
probabilities of finding a vacancy on each site are calculated based on the results of 60
simulation runs. It could be shown that both initial structures lead to the same
distribution of vacancy sites after 50 h at 300 K.
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Figure S6. The conversion of the different types of 3S-vacancies into each other that
play a role in the equilibrium between hcp-type (left), v-shaped (second from left and
right), and linear 3S-vacancies (second from right). The hcp-type 3S-vacancies can
rapidly convert into v-shaped 3S-vacancies, which in return can quickly change into a
linear 3S-vacancy, and vice versa. Note that the fce-type 3S-vacancy is not a part of this
equilibrium at room temperature as any reaction from or to it is hindered by a high
diffusion barrier.
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Figure S7. The surface models on the right show the probability of finding an S-vacancy
on each site after the various initial arrangements of 4S-vacancies on the left side have
been exposed to a temperature of 300 K for 50 h. The probabilities of finding a vacancy
on each site are calculated based on the results of 60 simulation runs.
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Figure S8. The left side of (a) shows a 5S-vacancy that can be understood as two fcc-
type and one hep-type 3S-vacancies. The right side illustrates the probability of finding
an S-vacancy on each site after exposing the structure on the left to 300 K for 50 hours.
(b) shows the different arrangements of the 5S-vacancy after 50 hours, which lead to
the probability distribution shown in (a). (¢) and (d) show the corresponding
information for a 5S-vacancy that can be understood as one fcc-type and two hep-type
3S-vacancies. The probabilities of finding a vacancy on each site are calculated based
on the results of 60 simulation runs.
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Figure S9. The surface models on the right show the probability of finding an S-vacancy
on each site after the various initial arrangements of 3S-vacancies on MoS; on the left
side have been exposed to a temperature of 600 K for 1 s. The probabilities of finding
a vacancy on each site are calculated based on the results of 60 simulation runs. The
probability distributions for (b)-(d) are similar, while the result for fcc-type 3S-vacancy
shown in (a) differs visibly. Thus, the simulation time for (a) has been extended to 10 s
to see whether it will resemble the other systems after a longer equilibration time. Note
that the values over the reaction arrows denote the time interval between the shown
probability distributions.
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Figure S10. The surface models on the right show the probability of finding an
S-vacancy on each site after the various initial arrangements of 4S-vacancies on the left
side have been exposed to a temperature of 600 K for 1 s. The probabilities of finding

a vacancy on each site are calculated based on the results of 60 simulation runs.
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Figure S11. (a) MoS; surface with a rhombic nS-vacancy (6% vacancy ratio) and the
simulated structure after exposing it to a temperature of 300 K for 50 hours. (b) shows
the ratio of S-vacancies with m neighboring S-vacancy sites as a function of time,
averaged over 32 simulations under identical conditions. The backgrounds of the graphs

in a lighter color mark the standard deviation.
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Figure S12. (a) MoS; surface with a triangular nS-vacancy (6% vacancy ratio) and the
simulated structure after exposing it to a temperature of 300 K for 50 hours. (b) shows
the ratio of S-vacancies with m neighboring S-vacancy sites as a function of time,
averaged over 32 simulations under identical conditions. The backgrounds of the graphs
in a lighter color mark the standard deviation.
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Figure S13. (a) MoS: surface with a "hollow" triangular nS-vacancy (10% vacancy ratio)
and the simulated structure after exposing it to a temperature of 300 K for 50 hours. (b)
shows the ratio of S-vacancies with m neighboring S-vacancy sites as a function of time,
averaged over 32 simulations under identical conditions. The backgrounds of the graphs

in a lighter color mark the standard deviation.
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