
Vol.:(0123456789)1 3

MRS Advances (2021) 6:303–306 

https://doi.org/10.1557/s43580-021-00007-2

ORIGINAL PAPER

Unveiling oxidation mechanism of bulk  ZrS2

Liqiu Yang1 · Subodh C. Tiwari1 · Seong Soon Jo2 · Sungwook Hong3 · Ankit Mishra1 · Aravind Krishnamoorthy1 · 

Rajiv K. Kalia1 · Aiichiro Nakano1 · R. Jaramillo2 · Priya Vashishta1

Received: 22 November 2020 / Accepted: 13 January 2021 / Published online: 2 February 2021 

© This is a U.S. government work and not under copyright protection in the U.S.; foreign copyright protection may apply 2021

Abstract 

Transition metal dichalcogenides have shown great potential for next-generation electronic and optoelectronic devices. 

However, native oxidation remains a major issue in achieving their long-term stability, especially for Zr-containing materi-

als such as  ZrS2. Here, we develop a first principles-informed reactive forcefield for Zr/O/S to study oxidation dynamics of 

 ZrS2. Simulation results reveal anisotropic oxidation rates between (210) and (001) surfaces. The oxidation rate is highly 

dependent on the initial adsorption of oxygen molecules on the surface. Simulation results also provide reaction mechanism 

for native oxide formation with atomistic details.
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Introduction

Transition metal dichalcogenides (TMDCs) are layered 

materials with promising electronic and optoelectronic 

applications such as field-effect transistors (FETs). Among 

TMDCs,  ZrS2 exhibits superior electrical properties [1]. 

However,  ZrS2 is known to oxidize under ambient condi-

tions [2]. Formation of the native oxide in TMDCs and their 

properties dictate device processing and their applicability. 

For example, oxidation of TMDCs results in a reduction of 

on-state current in FET [3] and changes in work function [4]. 

While the long-term stability of TMDCs has been studied 

in different environments to slow down their degradation 

[5], oxidation mechanisms of  ZrS2 remain less understood.

In this work, we performed first principles-informed reac-

tive molecular dynamics (RMD) simulations [6] to study 

atomistic oxidation processes in  ZrS2. We first developed 

new reactive forcefield (ReaxFF) parameters for Zr/O/S 

using multi-objective genetic algorithm (MOGA) [7–9]. 

The optimized forcefield is able to reproduce quantum-

mechanically computed charge values and bond-population 

dynamics. Using this forcefield, we performed RMD simu-

lations and compared the oxidation processes at (210) and 

(001) surfaces. We observed a higher oxidation rate at (210) 

surface compared to (001) surface. On both surfaces, the 

oxidation process was found to be diffusion controlled.

Methods

ReaxFF parameters were optimized in two steps. In the first 

stage, we optimized the atomic charges of Zr, O and S atoms. 

The ground truth for charge optimization consisted of Mul-

liken charges in 53 small clusters, which were computed 

using Q-Chem program [10].

To refine the forcefield to better reproduce the ground-

truth Zr–S and Zr–O bond-population dynamics in small 

quantum molecular dynamics (QMD) simulation of  ZrS2 

oxidation, RMD simulations were performed with the same 

schedule for the QMD. QMD simulation was performed 

using the Vienna Ab initio Simulation Package (VASP) [11], 

while RMD simulation was performed using the Large-scale 

Atomic/Molecular Massively Parallel Simulator (LAMMPS) 

package [12]. We simulated a  Zr48S96 slab immersed in 

72  O2 molecules in the canonical (or NVT) ensemble at 
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1,200 K for 11,155 fs. The numbers of Zr–S, Zr–O, S–S 

and S–O bonds were calculated as a function of time. The 

root mean-square deviations in the numbers of these bonds 

between QMD and RMD simulations were tabulated as a 

4-column list, for MOGA training of the ReaxFF parameters.

In the second stage of optimization, we trained Zr–S and 

Zr–O 2-body forcefield terms to correctly describe the bond 

breaking and bond formation during the oxidation reaction 

of  ZrS2. For MOGA training, we used the NSGAII algorithm 

[13] implemented in our EZFF forcefield training software 

[14]. The mutation probability was set to be 0.2, and the pop-

ulation size was 1,024. The evolution process consisted of 

four steps in each iteration (Fig. 1): (1) select parents which 

are fit for reproduction; (2) perform crossover and mutation 

on the selected parents to generate feasible solutions, i.e., 

offspring; (3) combine the original parents and the offspring, 

select the next population using fast non-dominated sorting; 

(4) truncate the population size to maintain a constant popu-

lation size. Out of the parent and offspring generations, we 

maintain the same population size to form the next parent 

population. Selection is based on rank, and if individuals 

with same rank are encountered, crowding distance is com-

pared. The criterion is to choose first by lower rank and then 

by higher crowding distance. The stopping rule here was a 

maximum number of 200 iterations or no improvement in 

fitness value for some fixed number of generations.

Results

To assess the accuracy of the optimized forcefield on repro-

ducing atomic charges, we compared the ReaxFF charges 

with the density functional theory (DFT) charges computed 

by Q-Chem. Figure 2 shows small differences between the 

two calculations, which confirms that the charge values 

obtained by optimized forcefield are consistent with DFT 

charges.

In MOGA training to improve bond-population dynamics, 

we considered three genetic-algorithm variants: NSGAIII, 

epsNSGAII and NSGAII. Figure 3 compares time evolu-

tion of the numbers of Zr–S and Zr–O bonds between QMD 

(blue) and RMD (red) simulations, both before and after 

the corresponding genetic-algorithm refinement of ReaxFF 

parameters. After the parameter tuning, Fig. 3b–d, f–h exhib-

its much better agreement between QMD and RMD simula-

tions compared with those before the training in Fig. 3a, e. 

Thus, RMD simulations with the refined ReaxFF parameters 

provide quantitatively correct bond-population dynamics 

consistent with the ground-truth QMD. We decided to use 

NSGAII because it showed best accuracy. After 130 itera-

tions, we stopped the training process because error did 

not decrease further. From Fig. 3, we see that the forcefield 

trained by NSGAII algorithm is accurate enough to be used 

in RMD simulations to study the oxidation of  ZrS2.

Using the refined ReaxFF parameters, we performed 

RMD simulations in order to compare the oxidation pro-

cesses of  ZrS2 slabs on (210) and (001) surfaces. Periodic 

boundary conditions have been applied to both systems. To 

accelerate the oxidation process within accessible simulation 

time, the oxygen partial pressure was set to be 1.26 kbar 

and reaction temperature to be 1200 K. Figure 4a shows the 

initial simulation setups for both simulations. Each system 

consisted of a six-layer  ZrS2 slab with (210) or (001) sur-

face, which was immersed in  O2 atmosphere.

Figure 4b shows snapshots of both (210) and (001) simu-

lations at different times, t = 0.02, 0.2, 0.3 and 0.4 ns. At 

0.02 ns, the oxide grows much faster in the right slab sur-

face in (210) simulation, where zirconium atoms are directly 

exposed to  O2 atmosphere. The anisotropic rate of oxidation 

is thus highly dependent on the initial adsorption. Detailed 

analysis reveals that the subsequent oxidation pathway in 

both directions involves adsorption of oxygen on  ZrS2 sur-

face, followed by amorphization and oxygen transport into 

Fig. 1  Workflow for MOGA training of ReaxFF parameters to 

improve bond-population dynamics

Fig. 2  Comparison of DFT charges (black color) and ReaxFF charges 

(red color) for selected clusters. Green, yellow and red spheres repre-

sent Zr, S and O atoms, respectively
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bulk, leading to a continuous oxidation. Detailed oxidation 

mechanisms are explained elsewhere [15].

As a closer look into the oxidation mechanism, Fig. 5 

shows time evolution of the oxide depth at different surfaces. 

The general growth trend is similar for the right and left 

(210) surfaces, which oxidize much faster than both top and 

bottom (001) surfaces. As discussed before, the zirconium 

atoms are directly exposed to  O2 atmosphere on the right 

(210) surface, which are easier to be oxidized. According to 

Li et al. [16], the adsorption energy of  O2 on (210) edges are 

generally more negative than the pristine (001) surface for 

TMDCs, though they considered Zr edge with S coverage of 

Fig. 3  Comparison of force-

fields optimized by different 

MOGA variants. Time evolu-

tion of Zr–S and Zr–O bonds 

is plotted for QMD (blue) and 

RMD (red) with forcefields 

optimized by b, f NSGAIII, c, 

g epsNSGAII and d, h NSGAII 

algorithms, along with initial 

forcefield (a, e)

Fig. 4  a Initial system setups of 

 ZrS2 slabs with (210) and (001) 

surfaces. Green, yellow and red 

spheres represent Zr, S and O 

atoms, respectively. b Snapshots 

of oxidization process in both 

(210) and (001) simulations 

at times, t = 0.02, 0.2, 0.3 and 

0.4 ns
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50%. Since Zr edge coordinated with less sulfur atoms have 

more negative adsorption energy and hence more energy 

is released by oxidation reaction, (210) surface is oxidized 

much faster, where the zirconium atoms on the right (210) 

surface are coordinated with 3 sulfur atoms. On (001) sur-

face, the oxide grows very slow before 0.2 ns. A sudden 

increase in the oxide depth at 0.2 ns in the top (001) sur-

face is caused by the formation of a disordered  ZrS2 region 

between  ZrS2 layers, and extensive oxidation assisted by the 

O transport therein, as shown in Fig. 4b. Both top and bot-

tom (001) surfaces show a similar oxidation trend later from 

0.3 to 0.4 ns. While a similar fast oxide growth period is 

observed for (001) and (210) surfaces, the oxidation rate is 

slightly faster on (210) surface in that period. This is likely a 

geometric effect. As can be seen in Fig. 4a, spacing between 

 ZrS2 layers provide channels for oxygen to diffuse in the 

(210) case, which facilitates faster oxidation.

Summary

In summary, we have optimized reactive forcefield param-

eters for Zr/O/S using MOGA. Using the optimized force-

field, we have performed RMD simulations to study oxida-

tion of  ZrS2. We found faster oxidation dynamics on (210) 

surface than on (001) surface. The calculated oxide growth 

dynamics indicates a diffusion-controlled oxidation mecha-

nism on both surfaces.

Acknowledgements This work was supported as part of the Computa-

tional Materials Sciences Program funded by the U.S. Department of 

Energy, Office of Science, Basic Energy Sciences, under Award Num-

ber DE-SC0014607. Computations were performed at the Argonne 

Leadership Computing facility under the DOE INCITE and Aurora 

Early Science programs and at the Center for Advanced Research 

Computing of the University of Southern California. The work at MIT 

was supported by an Office of Naval Research MURI through Grant 

#N00014-17-1-2661.

Data Availability Data will be available from the corresponding author 

on reasonable request.

Compliance with Ethical Standards 

Conflict of interest The authors declare that they have no known com-

peting financial interests or personal relationships that could have ap-

peared to influence the work reported in this paper.

Open Access This article is licensed under a Creative Commons Attri-

bution 4.0 International License, which permits use, sharing, adapta-

tion, distribution and reproduction in any medium or format, as long 

as you give appropriate credit to the original author(s) and the source, 

provide a link to the Creative Commons licence, and indicate if changes 

were made. The images or other third party material in this article are 

included in the article’s Creative Commons licence, unless indicated 

otherwise in a credit line to the material. If material is not included in 

the article’s Creative Commons licence and your intended use is not 

permitted by statutory regulation or exceeds the permitted use, you will 

need to obtain permission directly from the copyright holder. To view a 

copy of this licence, visit http://creat iveco mmons .org/licen ses/by/4.0/.

References

 1. G. Fiori et al., Nat. Nanotechnol. 9, 768 (2014)

 2. M. Zhang et al., J Am. Chem. Soc. 137, 7051 (2015)

 3. H. Qiu et al., Appl. Phy. Lett. 100, 123104 (2012)

 4. R. Addou et al., ACS Nano 9, 9124 (2015)

 5. C. Su et al., Proc. Natl. Acad. Sci. 116, 20844 (2019)

 6. T.P. Senftle et al., npj Comput. Mater. 2, 15011 (2016)

 7. A. Jaramillo-Botero, S. Naserifar, W.A. Goddard, J. Chem. The-

ory. Comput. 10, 1426 (2014)

 8. J.P. Larentzos et al., J. Chem. Theory Comput. 11, 381 (2015)

 9. A. Mishra et al., npj Computat. Mater. 4, 42 (2018)

 10. Y. Shao et al., Mol. Phys. 113, 184 (2015)

 11. G. Kresse, J. Furthmüller, Phys. Rev. B 54, 11169 (1996)

 12. S. Plimpton, J. Comput. Phys. 117, 1 (1995)

 13. K. Deb et al., IEEE Trans. Evol. Comput. 6, 182 (2002)

 14. A. Krishnamoorthy et al., Comput. Phys. Commun. 254, 107337 

(2020)

 15. S.S. Jo et al., Nano Lett. 20, 8592 (2020)

 16. Q. Li et al., Phys. Chem. Chem. Phys. 21, 17010 (2019)

Fig. 5  Oxide depth as a function of time on different surfaces: the 

right and left (210) surfaces (black) as well as top and bottom (001) 

surfaces (red)

http://creativecommons.org/licenses/by/4.0/

	Unveiling oxidation mechanism of bulk ZrS2
	Abstract 
	Introduction
	Methods
	Results
	Summary
	Acknowledgements 
	References


