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Abstract

The properties of MoS2 can be tuned or optimized through doping. In particular,

Ni doping has been shown to improve the performance of MoS2 for various applica-

tions, including catalysis and tribology. To enable investigation of Ni-doped MoS2

with reactive molecular dynamics simulations, we developed a new ReaxFF force field

to describe this material. The force field parameters were optimized to match a large

set of density-functional theory (DFT) calculations of 2H-MoS2 doped with Ni, at four

different sites (Mo-substituted, S-substituted, octahedral intercalation, and tetrahe-

dral intercalation), under uniaxial, biaxial, triaxial, and shear strain. The force field

was evaluated by comparing ReaxFF- and DFT-relaxed structural parameters, the

tetrahedral/octahedral energy difference in doped 2H, energies of doped 1H and 1T

monolayers, and doped 2H structures with vacancies. We demonstrated the applica-

tion of the force field with reactive simulations of sputtering deposition and annealing

of Ni-doped MoS2 films. Results show that the developed force field can successfully

model the phase transition of Ni-doped MoS2 from amorphous to crystalline. The newly

developed force field can be used in subsequent investigations to study the properties

and behavior of Ni-doped MoS2 using reactive molecular dynamics simulations.

Introduction

Molybdenum disulfide (MoS2) is a transition metal dichalcogenide with a layered structure

where each layer consists of molybdenum atoms sandwiched between sulfur atoms. Three

main applications of the material are in catalysis, opto-electronics, and tribology. The chem-

ically active edges of MoS2 nanoparticles have been used to catalyze various reactions, in-

cluding, hydrogen evolution,1 hydrotreatment of oil,2 and pollutant removal.3,4 In 2D form,

MoS2 is widely used as a catalyst for hydrogen evolution reactions5–7 and CO2 reduction.
8–11

In opto-electronics, single-layer MoS2 is a semiconductor with a direct band gap that can be

used to construct high efficiency transistors.12,13 MoS2 can be synthesized by chemical vapor
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deposition to form large-area monolayers for use as atomically thin optical and photovoltaic

devices.14 In tribology, the weak van der Waals forces between layers provide low shear re-

sistance, making MoS2 an effective low-friction solid lubricant or, in nanoparticle form, a

liquid lubricant additive.15–18

MoS2 can be doped to enhance its properties.15 Many different elements have been ex-

plored as possible MoS2 dopants, particularly transition metals.15,19,20 Dopants can provide

various benefits, including altering the band gap,21 catalytic reactivity,22 hardness,23 and

nanoscale friction.24 Here, we focus on Ni dopants, which have been shown to improve the

performance of MoS2 for various applications.2,25,26 DFT simulations have found four meta-

stable sites for a Ni dopant atom in the 2H-MoS2 crystallographic structure.27 Dopants can

replace an Mo or an S atom in the crystal structure, or they can be intercalated between

MoS2 layers, either between a sulfur site in one layer and a molybdenum site in the other

layer (tetrahedral with 4 Ni–S bonds), or between hexagonal holes in both layers (octahedral

with 6 Ni–S bonds).28

Studies have investigated the atomistic structure of Ni-doped MoS2 as well as its electronic

and tribological properties. In doped MoS2 nano-clusters, the Ni dopant was reported to

substitute Mo atoms at edge sites leading to truncation of the cluster morphology relative

to un-doped MoS2.
19 Conversely, Ni doping has also been found to enhance MoS2 crystal

size by increasing the mobility of edge planes during crystallization.29 It has been observed

that Ni doping can also transform the 2H-MoS2 structure to the metallic 1T phase.30,31

Studies have shown that Ni doping increases the number of active sites which, in turn,

improves the catalytic performance of MoS2 in reduction of graphene oxide,32 gas sens-

ing,20 and hydrogen evolution and production.25,33–35 Ni also increases the S-vacancy defect

density,36 resulting in better catalytic activity for hydrogen evolution reaction.37 Ni doping

changes the electronic properties of MoS2:
37–39 specifically, doping enhances the low electrical

conductivity of MoS2, making this material a promising candidate for electronic applications

such as batteries.40,41 In tribology, it has been shown that MoS2 films co-sputtered with Ni
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compare favorably to un-doped MoS2 in terms of friction, wear, and useful life of mechanical

parts.23,42–44 The improvement in the tribological performance of MoS2 is particularly no-

table at low temperatures, which makes Ni-doped MoS2 ideal as a solid lubricant for space

applications where performance at extreme conditions is critical.45,46

Ni-doped MoS2 has been studied using ab initio density functional theory (DFT) calcu-

lations. Such calculations have shown that the activity of edge sites is doubled47 and that

gas adsorption and sensing is enhanced48,49 by Ni. Other studies showed that Ni doping

improves the catalytic performance of MoS2 by decreasing the surface sulfur-metal bond-

ing energy,50 as well as weakening the S–H bond strength.51 Previous DFT-based studies

have provided details about structures, bonding, thermodynamics, vibrational properties,

elasticity, and interlayer binding in Ni-doped bulk 2H, bulk 3R, and monolayer 1H-MoS2 in

different phases.27,28 DFT studies have also examined the energies and structural changes

in frictional sliding of Ni-doped 2H and bilayer MoS2,
52 and the range of different recon-

structed phases accessible by Ni-doping of monolayer 1T-MoS2.
53 However, such calculations

are computationally demanding, limiting the time- and size-scales of model systems that can

be studied.

An alternative simulation approach is molecular dynamics (MD) based on empirical mod-

els, or force fields, that describe the interactions between atoms. Several force fields have

been developed, or optimized, for MoS2. First, a Stillinger-Weber force field was developed

for MoS2 and used to calculate mechanical and thermal properties of single layer MoS2.
54,55

However, the force field could not capture the behavior of MoS2 at states far from equilib-

rium,56 and did not include parameters for interlayer interactions. A custom, interpretable

force field compatible with various non-reactive potential formalisms was developed for 2H-

MoS2
57 as well as for Cr-doped 2H-MoS2.

58 Despite accurate representation of energetic,

mechanical, and surface properties, these potentials do not model the formation and break-

ing of chemical bonds. A many-body Mo/S potential based on the Reactive Empirical Bond

Order (REBO) and Tersoff potentials was developed for MoS2.
59 The force field was able to
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reproduce expected lattice constants as well as mechanical properties of MoS2, but it was

unable to accurately model surface energy.

Several force fields within the ReaxFF formalism, that captures the formation and break-

ing of chemical bonds, have been parameterized for MoS2 as well.56,60–62 These force fields

have been used in simulations of crystallization,56,60–63 active edge sites,64 creation of vacan-

cies,56,65,66 distribution and dynamics of defects,67 mechanical properties of MoS2 monolayer

heterostructures,68–70 and tribological behavior of multi-layer MoS2.
71 However, to investi-

gate Ni-doped MoS2, force field parameters that include the interactions between Ni and

MoS2 are needed, which is a challenge as new interactions are introduced and the dopant’s

effect on the otherwise weak interlayer interactions must be described.

In this study, two new ReaxFF force fields were developed for Ni-doped MoS2. The force

field parameters were optimized by comparing ReaxFF energies to those obtained from a

large set of DFT calculations of the equation of state (energy vs. strain) of Ni-doped 2H-

MoS2 under uniaxial, biaxial, triaxial, and in-plane shear strain. DFT calculations were

performed with Ni dopants at each of four different sites: Mo-substituted, S-substituted,

octahedral, and tetrahedral intercalation. The resulting ReaxFF force field was evaluated

based on relaxed bond lengths and structural parameters in 2H, as well as calculations

of structures not in the training set such as doped 1H and 1T monolayers and doped 2H

with vacancies as well as sliding. Finally, we applied the new force field to model sputter

deposition and annealing of Ni-doped MoS2, pointing the way to future applications.

Methods

DFT Calculations

As in our previous work on thermodynamics and vibrational properties of Ni-doped MoS2,
27

the plane-wave density functional theory (DFT) code Quantum ESPRESSO72 was used

for quantum calculations. The Perdew-Burke-Ernzerhof73 (PBE) generalized gradient ap-
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proximation was used with Grimme-D274 van der Waals correction, and the electron-ion

interaction was described with optimized norm-conserving Vanderbilt pseudopotentials75

parametrized by Schlipf and Gygi.76 All DFT computations used a kinetic energy cutoff of

60 Ry. PBE + Grimme-D2 has been shown to accurately describe the lattice parameters,

elastic constants, and phonon frequencies of MoS2.
27 Ni-doped 2H MoS2 has been previously

computed not to be magnetic,28 so we used non-spin-polarized DFT.

The training set was composed of 2H-MoS2 in 2 × 2 × 1 supercells, where the third

direction is perpendicular to the basal plane of the layers. While there are effects of doping

concentration, as studied in detail in Guerrero et al. 27 , this size of supercell is sufficient to

capture the local interactions that the force field must describe. Pristine 2H-bulk structures

have six atoms per unit cell; a half-shifted Monkhorst-Pack k-grid of 4 × 4 × 4 was used.

In the absence of any available structures from X-ray diffraction, our starting configurations

are the relaxed pristine structures with Ni atoms substituted, or intercalated in the high-

symmetry tetrahedral or octahedral locations. The structures were relaxed toward zero

stress using Quantum ESPRESSO’s standard BFGS algorithm. The relaxation ended when

forces and stresses were below thresholds of 10−4 Ry/Bohr and 0.1 kbar, respectively. The

relaxed lattice parameters of the hexagonal primitive cell are a = b = 3.19 Å, c = 12.40

Å, α = β = 90◦, and γ = 120◦. The dopant sites were chosen because they are stable or

meta-stable;27 other sites such as intralayer interstitial or S–S bridge intercalation would

relax to other structures. The stable doped structures (Mo-substituted, S-substituted, and

intercalation at the tetrahedral and octahedral sites, shown in Figure 1) were taken from

Guerrero et al. 27 , constructed with one Ni atom in each 2× 2× 1 supercell, i.e., up to 12.5%

doping (which may be also considered alloying). For validation, defect calculations in 3×3×1

supercells used a 3×3×4 k-grid. The training set systems are shown in Figure 1. Due to lower

computational efficiency for systems with acute cell angles in the stand-alone ReaxFF code

and LAMMPS, the results were used to construct nearly orthorhombic (α = β = γ = 90◦)

cells with twice the number of atoms and twice the energy, which does not change any
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intensive properties. All DFT results compared to ReaxFF are in terms of this doubled cell,

for clarity.

Strained 2H-bulk structures were studied under six strain conditions: uniaxial x-strain,

uniaxial z-strain, biaxial xy-strain, triaxial strain, and xy-shear. Note that due to exact

symmetries in the pristine structure, and approximate symmetries in the doped structures,27

uniaxial y-strain would not provide further distinct information. For each strain direction,

seven points were sampled with strains ranging from -15% to 15% in intervals of 5%, consis-

tent with strain ranges in the initial MoS2 parameterization.56 Similarly, shear calculations

were performed for seven points with shearing angles (the angle between orthogonal a and

b lattice vectors between ∼ 72◦ and 108◦. In each case, the atomic forces were relaxed to

10−4 Ry/Bohr with fixed lattice vectors.

Figure 1: Side views of the training set structures, illustrating the four possible locations of
the Ni dopant in MoS2: (a) Mo-substituted, (b) S-substituted, (c) octahedral intercalation,
and (d) tetrahedral intercalation. (e) and (f) show top views of the octahedral and tetrahe-
dral intercalations, respectively. Sphere colors correspond to S (yellow), Mo (green), and Ni
(red).
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ReaxFF Force Field and Parameterization

ReaxFF is a reactive empirical force field based on bond order and atomic distances that

originally was developed for hydrocarbons.77 Over the years, many different parameter sets

have been developed for various chemical systems. ReaxFF accounts for the contributions

of various partial energy terms that enable ReaxFF to accurately model covalent and ionic

bonds as well as non-bonded interactions. The total energy in the force field is the sum of

the bond energy, over-coordination and under-coordination energy corrections, angle strain,

torsion energy, torsion conjugation, van der Waals, and Coulomb energies. A detailed ex-

planation of all terms can be found in the original ReaxFF article.77

We started from two different parameter sets that were previously developed for S/Mo

interactions, one reported in 201756 and the other reported in 2022.62 The 2017 potential

was developed specifically for single-layer MoS2, with a focus on its mechanical response

with and without vacancies, and included parameters to model interactions between MoS2

and oxygen. Then, the 2022 potential was developed by modifying the Mo/S parameters

in the 2017 potential to better capture crystallization of MoS2 in bilayer and bulk form.

We introduced Ni parameters for both the 2017 and the 2022 force fields. The Ni metal

parameter set employed in this work is the same as that of Ni/Mo force field.78 The Ni metal

force field, including Ni atom parameters (1-body parameters) and Ni-Ni interactions, was

originally developed for Ni-catalyzed hydrocarbon chemistry.79 The Ni parameter set was

trained against DFT data for the 2017 potential on the equations of states of various crystal

phases (fcc, bcc, diamond, A15 and sc), their cohesive energies, and the surface energies for

Ni(111) and Ni(100) surfaces. Since the newer study62 used bulk MoS2 DFT training data

and was demonstrated for crystallization of MoS2, which is closer to our goal of simulating

deposition, we report the results for the new potential based on the 2022 parameters in the

main text. However, comparisons of the training results with the DFT data for the potential

based on the 2017 force field (including Ni/S and Mo/Ni training results in Figs. S1-4 and

Table S1) as well as both potential files are available as Supporting Information.
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Our force field was trained against the DFT data by optimizing the parameters specifically

for Mo-S-Ni, S-Mo-Ni, and S-Ni-Mo valence angles. Other parameters, such as those for

Ni-S and Mo-Ni bonds, remained fixed to literature values. The bond angle parameters

were the equilibrium angle, first and second force constants, undercoordination parameter,

and energy/bond order. The process of parameterization included calculating the potential

energy of each structure (EReaxFF) which was then compared to the energy obtained from

DFT for the same structure (EDFT). A weighted error was calculated as:

Error =
∑
i

(
EReaxFF

i − EDFT
i

wi

)2

(1)

where wi is the weight associated with each data point on the energy plots. The weights were

chosen to prioritize minimizing the difference between the DFT and the ReaxFF energies for

near-equilibrium structures. The parameters were optimized by the single-parameter search

optimization technique80 in the stand-alone ReaxFF package. The energy difference between

each strained and equilibrated structure as obtained from ReaxFF and DFT was plotted as

a function of strain for each strain direction. The same was done for sheared structures

at each shearing angle. The parameterization process was repeated until the shapes of the

energy plots were as similar as possible between ReaxFF and DFT. This procedure has been

used previously to optimize ReaxFF parameters for various chemical systems.56,62,79,81–83

The accuracy of the developed force field was evaluated and it was then used for energy

minimization and dynamics simulations with the Large-scale Atomic/Molecular Massively

Parallel Simulator (LAMMPS) code.84
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Results and Discussion

Force Field Parameterization

The energies of all four structures under all five strain conditions were used in the training

of the ReaxFF force field. The results for uniaxial straining in the x- and z-directions of

the four Ni-doped MoS2 structures are shown in Figure 2 and Figure 3, respectively. The

equation of state energies given are those of the doubled cell, with respect to the energy

in each method of the unstrained structure. The structures used in ReaxFF result from a

relaxation with fixed cell parameters, starting from the DFT structures.

We can begin by examining the energy difference between unstrained octahedrally and

tetrahedrally intercalated structures. While Mo-substituted, S-substituted, and intercalated

structures have different stoichiometries and cannot be compared in energy without assump-

tions about the chemical potential,27 we can directly compare the energies of the two inter-

calated structures. In DFT, tetrahedral is lower than octahedral in energy by 38.8 kcal/mol

in these structures (0.841 eV per Ni atom).27 We find a very close level of agreement in

ReaxFF, which gives tetrahedral lower in energy by 41.0 kcal/mol. Note that in referring to

energies in kcal/mol in this work we will consistently mean energies per unit cell, which in

most cases is a 2 × 2 cell. This agreement is essential for the correct structures to appear

in MD simulations, and also demonstrates the ability of our ReaxFF parameterization to

describe accurately the energy difference between the 6-bonded octahedral and 4-bonded

tetrahedral environment.

The uniaxial ReaxFF energies are in reasonably good agreement with the DFT energies,

despite the large strains that were applied. Discrepancies are largest at large strain. Shapes

are similar, though for x strain and S-substituted, ReaxFF actually has a minimum shifted

to +5% strain (vs the DFT structure), and for z strain and Mo-substituted the minimum

is shifted to -5%. For x strain, Mo-substituted has a larger energy value in ReaxFF than

in DFT for all strains, whereas in the other cases, ReaxFF is higher for compressive strains
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and lower for tensile strains. For z strain, the ReaxFF energies are larger than in DFT in

general, showing an overestimation of the elastic modulus in the z direction. If we compare

the level of discrepancy between ReaxFF and DFT here to the results of uniaxial strain for

pristine MoS2 in the 2017 parametrization (Fig. S5 in Ref.56), we find the discrepancy is

similar for the intercalated structures but larger for substituted structures.

(a) Mo-substituted (b) S-substituted

(c) Octahedral (d) Tetrahedral

Figure 2: Equations of state calculated from DFT (red) and ReaxFF (black) for the Ni-
doped MoS2 structures strained uniaxially in the x-direction. The inset in (b) shows a top
view of the S-substituted structure with an arrow indicating the strain direction.

The results for biaxial and triaxial straining (where the specified strain value is ap-

plied to each axis) are shown in Figure 4 and 5, respectively, providing significantly better

11



(a) Mo-substituted (b) S-substituted

(c) Octahedral (d) Tetrahedral

Figure 3: Equations of state calculated from DFT (red) and ReaxFF (black) for the Ni-
doped MoS2 structures strained uniaxially in the z-direction. The inset in (b) shows a side
view of the S-substituted structure with an arrow indicating the strain direction.
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ReaxFF/DFT agreement than the uniaxial strain. We attribute the better agreement to

the fact that bond angles change less in biaxial or triaxial strain than in uniaxial strain,

so there is less dependence on the newly parametrized bond-angle terms in this work, and

more dependence on the established Mo/S parameters we have taken from the literature.

The energies as obtained from DFT calculations for the highest strains are ∼ 1000 kcal/mol

for biaxial strain and even higher (up to ∼ 1800 kcal/mol) in the case of triaxial strain.

Nevertheless, our force field is in good agreement with the DFT for the case of biaxial as

well as triaxial straining. The ReaxFF energies are consistent with DFT for both the near-

equilibrium structures and the far-from-equilibrium energies, and the energy minimum is

correctly at zero strain (unlike in Fig. 3(a)).
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(a) Mo-substituted (b) S-substituted

(c) Octahedral (d) Tetrahedral

Figure 4: Equations of state as obtained from DFT (red) and ReaxFF (black) for the Ni-
doped MoS2 structures strained biaxially for Mo-substituted, S-substituted, octahedral, and
tetrahedral positions. The inset in (b) shows a top view of the S-substituted structure with
two arrows indicating the strain directions.

Finally, the ReaxFF energies for sheared structures were compared with DFT. Figure 6

shows excellent agreement for near-equilibrium as well as far-from-equilibrium structures.

The minimum is correctly at 90◦ and the shape is close and correctly symmetrical. Mo-

substituted has an overestimated shear modulus whereas S-substituted is very close, and

octahedral and tetrahedral intercalation have an underestimated shear modulus.
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(a) Mo-substituted (b) S-substituted

(c) Octahedral (d) Tetrahedral

Figure 5: Equations of state as obtained from DFT (red) and ReaxFF (black) for the Ni-
doped MoS2 structures strained triaxially for Mo-substituted, S-substituted, octahedral, and
tetrahedral positions. The inset in (b) shows a perspective view of the S-substituted structure
with three arrows indicating the strain directions.
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(a) Mo-substituted (b) S-substituted

(c) Octahedral (d) Tetrahedral

Figure 6: ReaxFF (black) and DFT (red) energies obtained for Ni-doped MoS2 structures
sheared in the xy basal plane for (a) Mo-substituted, (b) S-substituted, (c) octahedral, and
(d) tetrahedral structures. The inset in (b) shows a top view of the basal plane of the S-
substituted structure with arrows indicating the shearing angle as calculated from the angle
between in-plane vectors a and b of the doubled cell.

Force Field Evaluation

Next we evaluated the force field’s ability to predict parameters that were not included in

the training. This evaluation was based on atom positions and distances obtained from

relaxation of the model structures using energy minimization with the conjugate gradient

algorithm with force and energy criteria of 10−6 kcal/mol-Å and 10−6 (unitless), respectively,
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and a simulation of periodic cell optimization with a target zero stress tensor. First, the

Ni–Mo and Ni–S atomic distances in all four structures were calculated. Results for Ni–Mo

and Ni–S bond lengths are shown in Table 1a and 1b, respectively.

Table 1: Atomic distances (below 3.6 Å) between Ni and its neighbors from DFT
and ReaxFF. Repeated distances are indicated with a multiplier.

Structure DFT (Å) ReaxFF (Å)

Mo-substituted 3.20 ×6 3.19 ×6
S-substituted 2.55 ×3 2.76 ×3
Octahedral 3.57 ×6 3.30/3.44/3.47–4.36/4.38/4.50
Tetrahedral 2.61 ×1 2.85 ×1

(a) Ni–Mo distances

Structure DFT (Å) ReaxFF (Å)

Mo-substituted 2.38 ×3 2.36 ×3
S-substituted 3.18 ×6 3.25 ×6
Octahedral 2.34 ×3, 2.38 ×3 2.24/2.24/2.37–2.83/3.04/3.09
Tetrahedral 2.17 ×3, 2.12 ×1 2.32 ×3, 2.27 ×1

(b) Ni–S distances

In most cases, the differences between ReaxFF and DFT bond lengths were within 0.1 Å,

indicating the force field can accurately capture bond lengths within the Ni-doped MoS2

structure. The same analysis for Mo–S bond lengths revealed that the difference between

the DFT and ReaxFF calculated values was less than 0.1 Å for most cases and less than

0.2 Å for some cases in the octahedral and tetrahedral intercalation structures. For the pris-

tine structure, the Mo–S bond length difference between DFT and ReaxFF calculated using

the original 2022 parameters was 0.04Å. Generally, for Ni-doped MoS2, ReaxFF predicted

a slightly larger interlayer separation resulting an increase in the bond distances. The local

symmetry around Ni, as shown by the multiplicity of the atomic distances, was correctly

preserved in every case except the octahedral intercalation. However, for octahedral inter-

calation, the larger separation of the two MoS2 layers in ReaxFF resulted in breaking of

the symmetry that was predicted by DFT calculations, and much larger deviations in bond
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lengths.

Next, the force field’s ability to reproduce Ni-doped MoS2 structures with correct lattice

parameters was tested. The parameters considered, illustrated in Figure 7, were the doubled

cell vectors, a and b, the average distance h between S planes in a single layer, and the

average interlayer separation d. The values for these parameters after structure relaxation

in DFT and in ReaxFF are shown in Table 2. The d parameter decreases with doping for all

structures in both ReaxFF and DFT, which is consistent with an experimentally measured

reduction in c-parameter.85 In most experiments, however, the atomistic structure of the Ni-

doped MoS2 is unknown, making precise comparisons between experiment and DFT unclear.

The difference between the DFT- and ReaxFF-calculated parameters was less than 0.1 Å for

most doped structures, as well as the pristine MoS2 case which is shown for reference and

relies only on the pre-existing Mo-S potential. This is consistent with the equation of state

findings, since the optimized values of a and c = 2h + 2d are the minima of the uniaxial x

and z curves. The most notable discrepancy is for d in the octahedral case, where ReaxFF

overestimates by ∼ 0.4 Å.
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Figure 7: Structural parameters for Ni-doped MoS2 illustrated for Mo-substituted configura-
tion: cell vectors a and b, average distance h between S planes in a single layer, and average
interlayer separation d.

Table 2: Comparison of structural parameters as obtained from DFT and
ReaxFF for bulk Ni-doped MoS2

Structure
a (Å) b (Å) d (Å) h (Å)

DFT ReaxFF DFT ReaxFF DFT ReaxFF DFT ReaxFF
Pristine 6.38 6.40 11.04 11.10 3.08 3.03 3.12 3.21
Mo-substituted 6.40 6.40 11.08 11.08 3.07 3.00 3.07 3.16
S-substituted 6.35 6.47 11.00 11.21 2.87 2.77 3.15 3.30
Octahedral 6.38 6.45 11.06 11.20 2.66 3.03 3.12 3.17
Tetrahedral 6.39 6.43 11.07 11.16 2.88 2.95 3.06 3.14

The accuracy of the developed force field was also tested in distinguishing the relative

energies of Ni-doped 1H and 1T monolayer structures. We used 2×2, 3×3, and 4×4 in-plane

supercells of the three-atom unit cell of 1H and 1T, where each supercell contained one Ni

atom; these structures were then doubled to create orthogonal unit cells with two Ni atoms

per cell. The different doping sites28,53 were: adatoms at the hollow position (three-fold
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hollow space between top S atoms), Mo atop (on top of Mo), or S atop (on top of S); Mo-

substituted, or S-substituted. The pristine structures were also included for reference, which

had been studied in the 2017 work.56 Note that neither 1H or 1T structures nor adatoms

were in our training data. Snapshots of representative structures (S atop) of different sizes

(doping concentrations) are shown in Figure 8. The energy differences between 1H and 1T

polytypes were compared between ReaxFF and DFT in Figure 8, using DFT results from

Karkee et al. 28 and Karkee and Strubbe 53 . Results show that the force field can capture the

energies corresponding to Ni dopants and adatoms with a small underestimation, as in the

pristine case.56

Figure 8: Energy difference between 1H and 1T polytypes for each structure of Ni-doped
(or pristine) MoS2. Results show energy differences of the right scale for ReaxFF, but with
less variation, leading to underestimation by ReaxFF for some doping locations. Change in
the concentration from high to low is illustrated with open, half-filled, and solid symbols for
2× 2, 3× 3, and 4× 4 supercells, respectively. Snapshots (right) show 2× 2, 3× 3, and 4× 4
supercells of S atop site of 1H-MoS2 (different size supercells correspond to different doping
concentrations).

Given the prevalence of vacancies in real MoS2
86 samples, and studies of vacancies with

the 2017 ReaxFF potential,56 we tested our reactive force field on defective bulk 2H structures
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that combine Mo or S vacancies and Ni dopants. In each case, the vacancy was located at

the nearest Mo or S site to the Ni dopant. Structures based on a 3 × 3 × 1 supercell

were constructed and underwent variable-cell relaxation in DFT, and then the DFT-relaxed

structure was converted to a nearly orthorhombic doubled cell, imported to ReaxFF and

relaxed using the developed force field. The goal to have an agreement between DFT and

ReaxFF required that the final (i.e., after relaxation) atomic positions of Ni-doped MoS2

atoms be the same (i.e., no structural changes during ReaxFF relaxation). A summary of

atomic rearrangements during each relaxation is shown in Table 3.

Table 3: Summary of atomic rearrangements of 2H-MoS2 with a Ni dopant and
a vacancy, both at variable locations. In intercalations and S-substituted with
a vacancy, Ni moves into the vacancy. All rearrangements predicted by DFT
remain in ReaxFF.

Ni initial site Vacancy initial site Ni relaxed site Vacancy relaxed site

Mo Mo Mo Mo
Mo S Mo S
S Mo Mo S
S S S S

Octahedral Mo Mo -
Octahedral S S -
Tetrahedral Mo Mo -
Tetrahedral S S -

Table 3 shows that, according to DFT, for the intercalated structures, Ni moved to the

vacancy position, essentially converting an intercalated structure to a substituted structure

(Mo-substituted for Ni filling an Mo vacancy and S-substituted for Ni filling an S vacancy).

An example is shown in Fig. 9. This observation is consistent with the findings in Guerrero

et al. 27 that the formation energy for tetrahedral intercalation in a 3 × 3 × 1 supercell is

0.401 eV, greater than the energy for filling an Mo vacancy with Ni (-2.575 eV), and for

filling an S vacancy (0.194 eV). The formation energy for octahedral intercalation is 0.9 eV

higher, making the migration to a vacancy yet more exothermic. Since relaxation led to
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the migrations, evidently these migrations have no barrier. We additionally observe that

S-substituted Ni adjacent to an Mo vacancy moves to the Mo site, leaving behind an S

vacancy. The ReaxFF relaxed structures preserved the same rearrangements as in DFT for

all combinations of dopant and vacancy positions.

(a) Before (b) After

Figure 9: Relaxation of a dopant/vacancy structure as calculated by DFT: (a) tetrahedrally
intercalated Ni adjacent to an S vacancy; (b) Ni has moved into the S site, forming S-
substituted MoS2.

Lastly, we evaluated the potential in terms of its ability to model interlayer sliding. Here,

we rigidly displaced layers in the x- or y-directions, then relaxed in the z-direction, as in

Guerrero and Strubbe 52 . However, as shown in Figs. S10-15, the sliding energies from

ReaxFF did not match those from DFT, except for the Mo-substituted case sliding in the

x-direction. In many cases, sliding leads to a reduction in energy in ReaxFF, i.e. an incorrect

lowest-energy stacking is predicted vs. DFT. Even the original potentials could not capture

sliding energies accurately (Figs. S12 and S15), since neither the original nor the doped

potential was trained for sliding.

Simulations of Deposition and Annealing

To demonstrate the applicability of the newly developed force field, the process of sputter

deposition and annealing to grow Ni-doped MoS2 films87 was simulated. The simulations
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were performed using LAMMPS in the NVT ensemble with the Langevin thermostat, a

damping parameter of 10.0 fs, and a time step of 0.1 fs. The simulation box was 2.5 ×

2.4×10.0 nm in the x-, y-, and z-directions, respectively, with periodic boundary conditions

in the x- and y-directions. The boundary condition in the z-direction was fixed to mimic

deposition in this direction. The initial configuration was a substrate consisting of bilayer

2H-MoS2, with the bottommost layer held fixed during the simulation.

Atoms were deposited from 7.0 nm above the substrate surface, and a reflective virtual

wall (which reflects downward only) was placed parallel to the surface at a distance of 4.8 nm

to ensure deposited atoms remain near the substrate. The deposition process followed a

simulation protocol used previously for SiO2 thin film formation.88 While the timescales

accessible in atomistic simulations are much shorter than in real experiments, this kind of

simulation has been found to be useful in generating realistic atomistic structures. First,

energy minimization was performed to obtain the relaxed atomic positions, followed by

thermal equilibration for 50 ps at room temperature. Next, Mo, S, and Ni atoms were

continuously deposited onto the MoS2 substrate at a 1:2 Mo to S ratio with Ni atoms

replacing Mo atoms at 7% by weight, expected to promote Ni substitution for Mo.23 The

deposition rates for Mo and Ni were one atom every 40 fs with a deposition energy of

230 kcal/mol; for S atoms the deposition rate was one atoms every 20 fs with a deposition

energy of 1.5 kcal/mol. Under typical experimental conditions, an inert gas such as argon

is used to modulate the incident kinetics of the deposited Mo, S, and Ni radicals. Following

previous simulations of Si-O deposition,89 a lower deposition energy was used to slow the

sulfur atoms such that they act not only as radicals but as kinetic energy modulators, without

the need to explicitly model argon. The total number of deposited S, Mo, and Ni atoms

after 50 ps was 1000, 405, and 95, respectively. At the end of the deposition process, the

system was equilibrated at 300 K for 50 ps.

The second stage was annealing the deposited Ni-doped MoS2 film, following a simulation

process similar to that used previously for the crystallization of un-doped MoS2.
62 At this
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stage, the constraints on the lowermost atoms were removed and the simulation cell height

was set to the height of the reflective wall at 4.8 nm with the boundary condition in the

z-direction changed to periodic to model bulk material. The annealing process was carried

out by heating the model at the end of the deposition stage to 5000 K over 50 ps at a ramping

rate of 100 K/ps. The structure was equilibrated at high temperature for 50 ps. Then, the

structure was cooled to 2000 K at a rate of 30 K/ps followed by equilibration for 300 ps to

trigger nucleation. Finally, the model was cooled to 300 K over 170 ps (10 K/ps).
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Figure 10: Side-view snapshots (top) and radial distribution function (bottom) of the model
system, (I) before deposition, (II) at the end of the deposition, and (III) at the end of the
annealing stage. A clear transition from amorphous to crystalline is observed (II) → (III).
Spheres represent S (yellow), Mo (green), and Ni (red) atoms. The black lines in the top
snapshots correspond to the periodic boundaries of the cell during the annealing stage.
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Snapshots of the model system before deposition, after deposition, and after annealing

are shown in the top panel of Figure 10(I), (II), and (III), respectively. Visually, the model

system appears amorphous at the end of deposition, consistent with experimental obser-

vations for magnetron-sputtered MoS2,
87,90 but then is mostly crystalline after annealing,

as observed after annealing in experiments.87,90 Note that the middle region of the material

(Figure 10(III)) does not appear crystalline from this view, but is in fact crystalline at an an-

gle relative to the perspective shown here. An alternate angle from which the crystallinity of

the entire model is visible is shown in Fig. S16. The crystallization process can be quantified

using radial distribution functions (RDFs) of S–S, S–Mo, and Mo–Mo atom distances at the

end of each stage of the simulation. The RDF of the initial crystal substrate after equilibra-

tion, shown in Figure 10(bottom panel (I)), exhibits clear peaks indicative of a perfect crystal.

At the end of the deposition, Figure 10(bottom panel (II)) shows broad close-distance peaks

and only weak further-distance (second neighbor) peaks, indicating an amorphous structure.

Then, the RDF after annealing, shown in Figure 10(bottom panel (III)), has the regular

peaks again, only slightly broadened from the before-deposition peaks, confirming that the

material is in fact crystalline.

Visual analysis of the simulation after annealing suggested that most of the Ni atoms

positioned themselves at Mo sites, resulting in a Mo-substituted Ni-doped MoS2 structure.

To confirm this, the distribution of Ni–S and Ni–Mo distances at the end of annealing are

shown in Figure 11(b). The heights of the first Ni–S (red) peaks after annealing are at

similar distances to those observed in Figure 11(a) for the Mo–S (red) peak. We can con-

clude that Ni atoms are bonded to S more than to Mo, consistent with the Mo-substituted

Ni-doped MoS2 structure. Previous DFT calculations have shown that, under S-rich condi-

tions, Mo-substituted is the most favorable doping location for Ni.27 Visual analysis of the

post-annealing simulations also indicated that the Ni atoms were not randomly distributed

throughout the crystal, but rather formed few-atom clusters. This observation is consistent

with phase separation predicted for Mo substitution according to convex hull analysis of DFT
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calculations.27 Similar behavior has been previously observed for gold atoms co-sputtered

with MoS2,
91 which is further support for the physical realism of these simulations and the

new force field.

Figure 11: Radial distribution functions for (a) 2H MoS2 substrate before deposition and
(b) system after annealing. Similar peak locations for Ni–S and Mo–S, and for Ni–Mo and
Mo–Mo, indicate occupation of Mo sites by Ni after annealing.

Conclusion

Two new ReaxFF force fields were developed for Ni-doped MoS2. The force fields were de-

veloped by adding the parameters for Ni-Mo-S, Ni-S-Mo, and S-Ni-Mo angles to a previously

optimized force field for MoS2,
56,62 and tuning those parameters to match DFT-calculated

energies. The parameterization was based on strained DFT calculations of Mo-substituted,

S-substituted, octahedral, and tetrahedral intercalation structures of the Ni dopant. Both

force fields showed accurate and reliable results with the force field that was based on the
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2022 parameters performing slightly better. Hence, the results from the 2022 parameters

were shown in the main text. However, since the two original parameter sets were optimized

for different MoS2 models, i.e., single-layer versus bulk, the 2017 parameters’ equation of

state results were included in Figs. S5-S9. The final force field developed based on the

2022 potential was able to accurately predict the energy difference between tetrahedral and

octahedral intercalation, lengths of Mo–Ni and S–Ni bonds, lattice constants, S–S distance,

and interlayer separation. Furthermore, the developed force field agreed with DFT on the

relaxed geometries of Ni-doped MoS2 structures with vacancies. We note that the force

field was not trained for interlayer sliding,52 and our initial testing indicates that it was not

able to accurately capture sliding behavior for most dopant configurations; improvement of

the force field to capture sliding energies could be considered in future work. To perform

simulations relevant to catalysis with Ni-doped MoS2, a next step would be to incorporate

interactions with other elements like H. In addition, including torsion terms and training of

the bond angle parameters that were taken from the literature might improve the accuracy

of the force field. However, the force field is robust for modeling the crystal structures of

Ni-doped MoS2 and their elastic behavior, as well as the phase transition between amor-

phous and crystalline, and also the underlying mechanisms of doping. The ReaxFF force

fields developed in this work will enable future simulation-based studies of the fundamental

mechanisms by which Ni dopants affect MoS2.

Supporting Information Available

Comparisons of the Ni/S and Mo/Ni force fields with DFT training data, comparison between

ReaxFF and DFT equations of state with the force field developed based on the 2017 ReaxFF

MoS2 parameters,56 sliding potentials for doped and pristine MoS2 with 2017 and 2022

parameters, and alternate snapshot of the post-annealing doped material (PDF); relaxed

structures from DFT (.POSCAR) and ReaxFF (.XYZ) and their minimized energies; and

28



ReaxFF parameter files (.txt) developed based on the 201756 and 202262 MoS2 parameters.
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