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S1. Experimental Methods  

We study bulk crystals of ZrSxSe2-x alloys and MoS2. ZrSxSe2-x crystals spanning the full 

composition range from ZrSe2 (x = 0) to ZrS2 (x = 2) are obtained by chemical vapor transport 

synthesis in sealed quartz ampoules using high-purity sulfur and selenium powders mixed with 

zirconium lump pieces. Iodine was employed as a transport agent at a concentration of 5 

mg/cm3 to facilitate the growth of cm-scale flakes. The chalcogenide source molar 

stoichiometry is varied to control the alloy composition. The ZrSxSe2-x binary system is 

isomorphic and forms a full solid solution in the 1T structure (space group: P3"m1 #164).59 We 

study naturally-occurring MoS2 crystals (2H structure, space group: P6!/mmc #194) received 

from the Smithsonian Institution (catalog number NMNH B3306). In Fig. S1 we show 

photographs of several of the crystals studied. 

We use adhesive tape (3M, Scotch) to create newly-exposed and oxide-free surfaces by 

mechanical cleaving. We affix the freshly-cleaved crystals on the tape to a glass slide for 

inspection. We then use spectroscopic ellipsometry (SE) to monitor the native oxidation process 

as a function of time, from minutes to days. The entire process, from mechanical cleaving to SE 

measurements, is performed in typical laboratory ambient conditions: temperature ~ 20 ℃, 

and relative humidity ~ 50%. 
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Figure S1: (a) Photographs of select TMD bulk crystals used in this study; ruler gradation = 1 

mm. (b) Illustration of tape-time processing for oxidation rate measurements, shown for 1T-

ZrS2. SE measurements are performed on the newly-exposed basal plane as it oxidizes.  

 
We perform SE measurements on the (001) basal planes, which are perpendicular to the 

optic axis by using a UV-NIR Vase ellipsometer from J. A. Woollam in the photon energy range 

1.25 to 6.5 eV (wavelength range 992 to 190 nm). However, we only report results between 

1.25 and 5 eV, due to large depolarization outside of this range (Fig. S3). This ellipsometer uses 

an automatic rotating analyzer and an auto-retarder. We use focusing optics to generate a 

measurement spot approximately 300 𝜇𝑚 in diameter, and we perform all measurements on 

mirror-smooth surfaces. We carry out all measurements at a fixed angle-of-incidence of 70°. 

Transition metal dichalcogenides (TMDs) are highly anisotropic, but also have very large 

ordinary refractive indices - they are optically very dense for light propagating perpendicular to 

the basal plane. As a result, incident light is refracted strongly downward inside the crystals, 

and our SE measurements are sensitive only to the ordinary refractive index.5 Our samples are 
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opaque over the photon energy range used in this study, and therefore our data are not 

affected by scatter from the back surface, which would require special care in analysis.6 

We complement our SE experiments with X-ray photoelectron spectroscopy (XPS) 

measurements of an atmosphere-exposed MoS2 surface. A geological MoS2 crystal from SPI 

Supplies is mechanically cleaved and kept in a sample container. After a year in atmosphere, 

XPS spectra of the MoS2 surface are obtained using a monochromated Al Kα X-ray source 

(1486.7 eV) at 300 W and a Scienta Omicron R3000 analyzer at a pass energy of 50 eV. The 

ultra-high vacuum system for XPS characterization used in this work is described elsewhere.60 
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S2. Optical modelling – oxide and surface roughness 

SE measures the complex reflectance ratio ρ = "!
""
= tanΨ𝑒#$; 𝑟% and 𝑟& are the amplitude 

Fresnel reflection coefficients for p- and s-polarized light, respectively, and ρ is parameterized 

by the ellipsometry amplitude tanΨ and angle Δ. The effective dielectric constant is determined 

by calculating the complex dielectric constant (𝜀eff) by direct inversion of SE data, ρ and the 

angle of incidence (Φ): 𝜀eff = sin'(Φ) 51 + tan'(Φ) 8()*
(+*

9
'
:. 

Figure S2: Modeling and interpreting the SE data. (a) Schematic (not to scale) of the model 

used. (b) Complex refractive index of ZrO2 (top) and ZrSe2 (bottom). (c) Simulated 𝜀',--	for a 

ZrSe2/ZrO2 model with varying ZrO2 thickness (0, 0.5, 1, 2, 5, 10 nm). (Inset) Magnified view of 

the simulated 𝜀'eff of ZrSe2 with oxide thickness 0, 0.1 and 0.2 nm showing that the change in 

𝜀'eff is indistinguishable.  

 
We use SE analysis software (Semilab) to perform model-based analysis of the SE data. We 

consider two competing sample models, presented in Fig. S3. Firstly, we use an optical model 

consisting of three layers - air, thin oxide layer, and semi-infinite bulk crystal - to estimate the 

oxide thickness. The SE analysis software includes a data library for wide range of materials, 

including optical data (𝑛, 𝜅) for ZrO2, but not for MoO3. Therefore, we use  (𝑛, 𝜅) data for MoO3 
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as found in the scientific literature.34 We fit the data by letting the oxide thickness vary in the 

model. 

Figure S3: Competing models used to analyze SE data. (a) Layered model used to estimate the 

native oxide thickness formed on the surface of a bulk crystal upon air exposure. (b) Layered 

model used to account for the effect of surface roughness on the bulk crystal data. 

Depolarization measurement on (c) MoS2 and (d) the select ZrSxSe2-x alloy (x = 0.8). 

 
In the limit of very thin oxide layers, an alternative model of a semi-infinite bulk crystal with a 

rough surface (Fig. S3b) also yields a satisfactory fit to the data. We analyze this model using 

the Bruggeman effective medium approximation to account for surface roughness. We use a 

diffusion phase model with two phases (air and crystal), setting them in equimolar composition 

(50:50). The Bruggeman model includes a polynomial, the order of which depends on the 

number of components. Therefore, we use the model to quadratic order. This alternate model 

is not effective for analyzing the SE data measured on Zr(S,Se)2 alloys, for which the oxide grows 
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quickly and to a substantial thickness. However, for MoS2 the data is equivalently well-fit by 

both models. This is reflected in the data presented in Fig. 3b, with oxide thickness below the 

experimental resolution. These same SE data are equivalently well modeled using the 

roughness model, with surface roughness of 2 Å, which is confirmed by atomic force 

microscopy. For the cleaved surfaces reported here, this is a minor distinction because there is 

no oxide growth and the surface is very smooth. The choice of model becomes more important 

for rougher samples or those with unknown overlayers, as can be the case for un-cleaved 

geological samples.5  

We also show depolarization data measured on MoS2 (Fig. S3c) and a representative ZrSxSe2-x 

alloy (x = 0.8) (Fig. S3d) in the photon energy range 1.25 - 6.5 eV (wavelength range 992 - 190 

nm). The depolarization is high (> 15%) in the energy range above 5 eV. Therefore, in the main 

text we report results only in the energy range 1.25 - 5 eV. 
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S3. Theory and simulation methods  

We perform reactive molecular dynamics (RMD) simulations based on the ReaxFF reactive 

force field to study the oxidation of ZrS2 and MoS2 slabs.40,61 A ReaxFF parameter set for 

Mo/O/S interactions in the MoS2 oxidation was taken from Hong et al.41 Another ReaxFF 

parameter set for Zr/O interactions was successfully developed by van Duin et al.42 We then 

merged these two parameter sets into a single force field. We further developed this force field 

for Zr/O/S interactions by comparing with quantum mechanical (QM) calculations. Our newly-

developed Mo/Zr/O/S force field can be found in the SI. The SI also includes the validation of 

the Mo/Zr/O/S force field against QM data sets and quantum molecular dynamics (QMD) 

simulations. We perform RMD simulations in the canonical (NVT) ensemble, where the 

temperature is controlled by a Nose-Hoover thermostat, with a temperature-damping constant 

of 100 fs.43,44 We numerically integrate the equations of motion with a time step of 1 fs. The 

lateral dimensions of the MoS2 simulation cell are 46.83 × 40.36 Å2, and the simulated system 

contains 4 monolayers of MoS2 stacked vertically. Similarly, the lateral dimensions of the ZrS2 

simulation cell are 53.52 × 46.35 Å2, and the simulation cell contains 4 monolayers of ZrS2. The 

two outer layers are exposed to O2 gas. We apply periodic boundary conditions in the lateral 

directions. Each simulation contains 768 metal atoms (Mo or Zr) and 1536 S atoms, to which we 

add 2000 O2 molecules. 
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S4. ReaxFF reactive force field development for the Zr/S interactions 

To describe the oxidation processes of ZrS2 and MoS2 slabs, we adapted multiple ReaxFF 

reactive force field parameters from previous work as follows: (1) Mo/S/O interactions from 

Hong et al.;32 and (2) Zr-O interactions from van Duin et al.42 We then merged the two 

parameter sets into a single force field file. We further expanded this force field to include 

Zr/O/S interactions. ReaxFF parameters are generally optimized against QM calculations. As 

such, we performed periodic density functional theory (DFT) calculations for bulk crystals of 

ZrS2 using the Projector Augmented Wave (PAW) method, implemented in the Vienna Ab initio 

Simulation Package.45,46 Valence electrons in ZrS2 systems were expanded in a plane wave basis 

set with a cutoff energy of 350 eV. We used the zero damping DFT-D3 method of Grimme et al. 

for ZrS2.47 All periodic DFT calculations were performed until convergence of the self-consistent 

energy to within 1x10-6 eV, and the ionic relaxation loop is broken with a stopping criterion of 

1x10-2 eV. 

We performed non-periodic DFT calculations using the B3LYP hybrid functional, with 

dispersion correction from Grimme’s DFT-D3 method, implemented in the QChem software 

package.47–50 We treated all electrons from the S atom explicitly using the 6- 31+G** basis set. 

We used the Los Alamos effective core potential for the [Ar] core and 3d electrons in the 

heavier Zr atom, and we described the remaining valence electrons using the double zeta 

contraction of the optimized atomic basis set. We evaluated both possible spin states for these 

non-periodic calculations; results from the lowest-energy spin state were used for ReaxFF force 

field training. 
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In summary, our DFT calculations include: (1) ZrS2-1T bulk; (2) Zr-S single and double bonds; 

and (3) S-Zr-S angle distortion energies. Fig. S4 compares ReaxFF and DFT calculations. Overall, 

ReaxFF calculations are in a good agreement with DFT calculations. After developing and 

expanding our ReaxFF reactive force field, we simulated the oxidation of the MoS2 and ZrS2 

slabs at a molecular level. 

 
Figure S4: ReaxFF fits to DFT calculations. (a) Volume-energy equation of state for the ZrS2-1T 

phase; the volume ratio is defined to be the volume change normalized by the equilibrium 

(lowest energy) volume. (b) Zr-S single-bond dissociation energies. (c) Zr-S double-bond 

dissociation energies. (d) S-Zr-S angle distortion energies.  
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S5. O2 adsorption energy on MoS2 and ZrS2 surfaces by quantum-mechanical calculation 

To understand the favorable adsorption of O2 on the surface of ZrS2, we perform first-

principles constrained MD simulations. We calculated electronic states using the PAW method 

within the framework of DFT.45 For the exchange-correlation energy, we used the generalized 

gradient approximation (GGA) based on the PBE functional.51 We construct a simulation cell 

consisting of 3-layered Zr48S96 and Mo48S96 systems. To reproduce the adsorption process on 

the surface of MS2 (M = Zr, Mo), we constrain the interatomic distance between M and O atoms 

(rM−O) (Fig. S5a-b), and we gradually decrease rM−O during the simulations in steps of 0.3 Å. We 

use the QMD simulation results to calculate changes in the free energy (ΔF) of the metal-

oxygen bond by integrating a Lagrange multiplier λ(r) along the constrained distance r = rM−O:  

Δ𝐹(𝑟) = 	∫ 〈𝜆(𝑟.)〉𝑑𝑟."
"#

	 (S1) 

λ(r) is obtained by averaging over the last 1000 steps of the QMD simulation for each rM−O 

value. Further details of this procedure can be found in Misawa et al.52 Fig. S5c shows the 

calculated change in free energy for Zr-O and Mo-O bond. We observe that O2 adsorption on 

MoS2 surface is prevented by a large energy barrier. For ZrS2 the energy barrier is much smaller, 

and there is a local energy minimum between 2 – 2.5 Å, which we interpret as a metastable 

state for adsorbed O2. We observe a similar trend in ReaxFF simulations. 
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Figure S5: Simulation cells containing the (a) ZrS2, and (b) MoS2 surface with an O2 molecule. 

The interatomic distances are shown by dotted black lines. (c) Change in free energy as a 

function of distance for Zr-O (green line) and Mo-O (blue line). 
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S6. Validation of ZrS2 force field by quantum molecular dynamics simulation 

To validate the ReaxFF-based RMD simulation of ZrS2 oxidation, we perform first-principles 

QMD simulation within the framework of DFT.53–55 We used the GGA based on the PBE 

functional with PAW formalism for QMD simulation.45,51 The QMD simulation contains Zr48S96 

slab and 72 O2 molecules with similar setup as RMD as shown in Fig. S6a. We perform 

simulations up to 6 ps at a temperature of 1200 K. Fig. S6b shows the snapshot of the final 

configuration after 6 ps. 

In the final configuration, we observe the oxidation of surface layers very similar to RMD 

simulation in the main text. Due to Zr-O bond formation, Zr atoms in the top layer are pushed 

into the underlying van der Waals (vdW) gap, or out of the top surface. This distortion destroys 

the layered crystal structure of ZrS2, creating a disordered region. A disordered region can be 

observed between first and second layers in Fig. S6b. Similar disordered region were observed 

in RMD simulation as shown in Fig. 5d in the main text, thus validating the presence of new 

channel for oxygen diffusion in disordered region. 

Figure S6: Initial and final configurations of QMD simulation to study ZrS2 oxidation. (a) Initial 

system with 48 Zr (green), 96 S (yellow) and 144 O (red) atoms. (b) Final configuration after 6 

ps.  
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S7. ZrS2 oxidation at 1500 K 

We perform RMD simulation to study the oxidation of ZrS2 at higher temperature (1500 K), to 

further accelerate the oxidation process. The initial simulation setup is maintained the same as 

for the 800 K simulation presented in the main text. In Fig. S7a we show the final configuration 

after 2.5 ns at 1500 K; Fig. S7b is a close-up view of the same configuration. In Fig. S7a, we 

observe the formation of disordered region, which is similar to the simulation at 800 K. In Fig. 

S7b, we also observe the formation of SO2 molecules, which are not observed at 800 K due to 

the slow formation rate. 

 
Figure S7: (a) Snapshot of RMD simulation to study ZrS2 oxidation at 1500 K after 2.5 ns. (b) 

Close-up view of disordered region. The formed SO2 molecules are highlighted by blue dotted 

circles. 

 
To further validate the adsorption and reactivity of O2 on ZrS2 surface, we compare 

intermediate structures formed on the surface layer of ZrS2 slab at an earlier stage of ReaxFF 
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RMD and first-principles QMD simulations. In Fig. S8a-b we show close-up views of the top 

surface layer simulated by QMD and RMD, respectively. In both simulations we observe the 

formation of 2-coordinated bridging oxygen and 3-coordinated oxygen atoms. 

 
Figure S8: Comparison of oxygen intermediates formed in QMD (a) and RMD (b) simulations. 

Blue and black boxes highlight 3-coordinated oxygen and 2-coordinated bridge oxygen, 

respectively. 
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S8. Kinetic models for oxide growth  

There are two widely-used kinetic models for oxide growth: the Deal-Grove linear-parabolic 

model, and Fick’s diffusion model.56–58 The Deal-Grove model considers three phenomena, with 

corresponding rates: arrival of oxidizing molecules  on the surface, diffusion through the 

forming oxide layer, and reaction at the interface of the oxide and underlying, unoxidized 

material. Of these, the arrival of oxidizing molecules is not a rate-determining step in ambient 

conditions, and this rate can be safely ignored. The rate law relating oxide thickness (𝑑) and 

time (𝑡) is  

𝑡 − 𝑡/ =
0
1
(𝑑 − 𝑑/) +

(
0
(𝑑' − 𝑑/'). 

𝑡/ = initial time, A and B are linear and parabolic growth rates, 𝑑/ = oxide thickness at 𝑡/. 

Since we start from an oxide free surface (i.e. for 𝑡/ = 0, 𝑑/ = 0), the equation simplifies to 

𝑡 =
𝐵
𝐴 𝑑 +

1
𝐵 𝑑

'	

𝑡/𝑑 =
𝐵
𝐴 +

1
𝐵 𝑑 

This linear-parabolic model predicts that a plot of 𝑡/𝑑 vs. 𝑑 will be a straight line with a 

positive intercept, as we present in Fig. S9a. In Fig. S9b we plot in this way the data for ZrSxSe2-x 

compositions x = 0 and x = 2. We see that the linear-parabolic model does not apply to either of 

these data sets. 

We also evaluate the Fick’s diffusion model, which predicts the oxide growth in time as 𝑑 =

√2𝐷𝑡, where 𝐷 = diffusion coefficient. This model can be thought of as a simplification of the 

linear-parabolic model, wherein the reaction at the interface is not a rate-determining step. In 

this model, the oxygen diffusion through the forming oxide is usually taken to be the rate-
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determining step. We present the model of diffusion-limited growth in Fig S9c, showing a 

straight line on a plot of 𝑑 vs. √𝑡. In Fig. S9d we plot in this way our data for several 

compositions, and we see that the data does not conform to Fick’s model. The data for x =0, 0.3 

(not shown here),1.14, and 2 may be consistent with two growth regimes with different 

diffusion rates: for short (long) times, 𝐷 is large (small), and oxide grows faster (slower). We 

speculate this could results from growth rate determined initially by in-diffusion of oxygen, and 

at later times by the formation and out-diffusion of SO2. However, this behavior is not seen 

clearly in the thickness-time data for all samples.  

Figure S9: Evaluation of rate models for modelling the native oxide growth kinetics of ZrSxSe2-x 

alloys. Top (a-b): Deal-Grove, linear-parabolic model. Bottom (c-d): Fick’s diffusion model. (a) 

The linear-parabolic model predicts a straight line when plotting 𝑡/𝑑 vs. 𝑑. (b) Plots of 𝑡/𝑑 vs. 𝑑 

for compositions x = 0 and x = 2. These plots show that oxide growth does not follow the linear-
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parabolic rate model. (c) Fick’s diffusion model predicts a straight line when plotting 𝑑 vs. √𝑡. 

(d) Plots of 𝑑 vs. √𝑡 for compositions x = 0, 0.6, 1.14, and 2. None of the data is well-modeled 

by a single diffusion rate. 

 
The non-applicability of either model to our data may be expected from the differences 

between oxidizing an element (such as Si) and oxidizing a compound (such as ZrS2), and from 

the RMD simulation results. For TMDs such as ZrS2, the growth of a native oxide is accompanied 

by sulfur loss, such as sublimation of SO2, which process adds complexity that is not captured by 

simple models. At short times, the growth of an intermediate oxy-sulfide layer may indeed be 

limited by the in-diffusion of oxygen, which moves by the Zr-O bond-switching mechanism 

described above. However, at later times (e.g. by t = 1.5 ns in the simulation at 1500 K) the 

rate-limiting process is the formation and out-diffusion of SO2. This is a complicated reaction-

diffusion process involving many stages of bond breaking and reformation. 
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S9. Grain boundary oxidation in ZrS2 

Figure S10: RMD simulations of ZrS2 oxidation in the presence of a grain boundary (GB). (a-b) 

Snapshots of the simulation at time t = 0 and 1.5 ns, respectively; the atoms are pictured as in 

Fig. 6. (c) Snapshot at t =1.5 ns of oxidation of ZrS2 without a grain boundary, as presented in 

Fig. 6, presented here for comparison. (d-e) Time dependence of the number of Zr-O and S-O 

bounds for ZrS2 oxidation with (blue) and without (red) a grain boundary.  

 
The grain boundary includes metal-terminated edges, which are known to accelerate 

oxidation compared to chalcogen-terminated edges.21 In Fig. S10b-c we compare the simulation 

results after 1.5 ns of oxidation for the models with and without a grain boundary. Near the 

grain boundary, the layered crystal structure has largely been eliminated by aggressive 

oxidation after 1.5 ns. Farther from the grain boundary, and in the model without a grain 
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boundary, there is substantial oxygen content after 1.5 ns, but the layered crystal structure 

remains intact. The oxidation rates of the models with and without grain boundaries can be 

quantitatively compared by counting Zr-O and S-O bonds, as shown in Figs. S10d-e. The initial, 

steep rise in the Zr-O and S-O bond counts is similar in both cases. This corresponds to 

adsorption, as discussed above. The subsequent, slower rise in the Zr-O and S-O bond counts is 

faster in the presence of a grain boundary. This can be understood as a result of fast oxygen 

transport along the grain boundary. As a result, oxygen is present at the “entrance” to vdW 

gaps in higher concentration than the case without the grain boundary. Therefore, the total 

concentration of oxygen within the vdW gaps, and concurrent rise in Zr-O and S-O bond counts, 

is faster with the grain boundary present. 
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S10. Surface morphology 

SE requires flat and reflective surfaces. We here present surface morphology measurements 

on oxidized crystals, to confirm that the surfaces remain flat and uniform after the oxide 

formation. In Figs. S11-S12 we present atomic form microscopy (AFM) and scanning electron 

microscopy (SEM) data measured on ZrSxSe2-x and MoS2 crystals that were held in ambient 

conditions for over ten months. The results show that the surfaces remain smooth and uniform, 

and therefore appropriate for spectroscopic ellipsometry analysis as we perform in this work. 

 
Figure S11: Tapping-mode AFM images of ZrSxSe2-x and MoS2 crystals showing smooth and 

uniform surfaces, without island formation. The root mean square roughness of the ZrS0.8Se1.2 

surface in panel (d) is 0.35 nm; the shown profile is taken along the white dotted line. 
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Figure S12: SEM images of surface morphology of ZrSxSe2-x and MoS2 crystals kept in ambient 

conditions for over ten months after exfoliation. The surfaces are flat and homogenous. (f) 

corresponds to the dotted region in (h). 
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