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Applications of transition-metal dichalcogenides (TMDs) are affected by defects and oxidation in air. In
this work, we clarify the relationship between oxidation dynamics and O, availability for highly defective
(and therefore reactive) surfaces of WS, crystals. Grazing incidence Ar* sputtering was used to induce a
significant concentration of S vacancies in the sample, rendering it highly susceptible to oxidative degra-
dation. In this paper we observe that oxidation occurs slowly under low O, pressures (<10~ mbar) due to
reduced O,-vacancy interactions. At higher O, pressures, the reaction progresses rapidly, as tracked by
changes in the oxidation state of W using XPS. The density functional theory calculations support the
experimentally observed changes in the oxidation state of W after sputtering and oxidation. They provide
the mechanisms of O, dissociation on S vacancy clusters, demonstrating that the reaction barrier
depends on the coordination of surface W atoms. These results can be useful for protecting samples
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1 Introduction

The outstanding physical and chemical properties of 2D tran-
sition metal dichalcogenides (TMDs) have attracted intense
interest in the last decade not least due to their potential appli-
cations as sensors, electrocatalysts for the hydrogen evolution
reaction (HER), as well as in microelectronics, as reviewed in
e.g.'” However, the oxygen reactivity and stability in air of
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from degradation in device applications.

TMD films are still not fully understood, hampering the
success of these applications.”®> TMD oxidation has been
shown to affect their electronic properties,®® induce p-type
doping, and affect optical characteristics.” It also leads to the
formation of islands on the surface'® and causes cracking of
the material, among other detrimental effects that limit poten-
tial applications. Unlike instantaneous damage observed in
monolayer black phosphorus,'’ oxidation of TMDs occurs
gradually over months."'® To protect TMDs from oxidation, hex-
agonal boron nitride (hBN) encapsulation is often employed.
This significantly enhances their properties,”*** highlighting
the challenges posed by even small exposure to the atmo-
sphere for device fabrication.

The reactivity of TMDs with oxygen gas has been studied in
several publications. Density functional theory (DFT) simu-
lations suggest that the reaction of O, with pristine TMD sur-
faces is highly improbable due to high reaction barriers.'®"”
However, the barrier for the reaction is significantly reduced
from 1.59 eV to 0.8 eV in MoS, when O, interacts with the
surface sulphur (S) vacancies.*'®'® Scanning Tunnelling
Microscopy (STM) experiments reveal a discrepancy with the
common assumption that S vacancies are the predominant
defects in TMDs; instead, atomic O substitution is observed
more frequently after atmospheric exposure.>® Despite these
advances, a full understanding of the role of S vacancies in the
mechanism of TMD oxidation is still lacking. Further progress
can be achieved via controlled creation of surface S vacancies
using Ar' sputtering or other methods. For example, in recent
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work, it was found that oxidation of WS, surface occurs more
rapidly after controlled Ar' sputtering when the defect concen-
tration (presumed S vacancies) exceeds 10%.' DFT calcu-
lations predicted a significantly lower barrier for molecular O,
dissociation on a S divacancy than on a monovacancy.*

In this paper, we further investigate the oxidation dynamics
of WS, surfaces with high defect densities induced by Ar" sput-
tering by systematically changing the oxygen pressure and
monitoring how controlled oxygen exposure affects surface oxi-
dation using in situ X-ray photoelectron spectroscopy (XPS).
Our findings show that, while oxidation remains minimal
when O, pressure is below 10~ mbar, it accelerates rapidly at
higher oxygen pressures. Our density functional theory (DFT)
calculations show that larger vacancy clusters significantly
lower the barrier for O, dissociation by reducing the effective
charge on W atoms in defect regions. Furthermore, we explore
the mechanisms of dissociation of O, in singlet and triplet
spin states and demonstrate how electron transfer from the
surface to the O, molecule facilitates dissociation and leads to
incorporation of O atoms at various lattice positions.

2 Methods

2.1 Sample preparation

A WS, bulk crystal purchased from HQgraphene was used for
all experiments. The upper layer of the surface was removed
in situ using tape under high vacuum conditions (10”7 mbar).
This ensured a clean and uncontaminated “pristine” surface
for exposure. A bulk sample ensures substrate effects such as,
charge transfer are limited during the experiment.
Subsequently, the sample remained strictly at 10™° mbar until
the O, exposure steps. The sample was then subjected to sput-
tering with an argon beam, utilising an ion energy of 3 keV
and an incident angle of 75° relative to the normal of the
sample plane. To confirm uniform sputtering and sample
homogeneity, W 4f core level XPS spectra were acquired at
various areas of the sample.

O, exposure was conducted in the load lock, excluding
other gases or atoms present in the laboratory atmosphere,
using a liquid nitrogen cold trap. This effectively eliminated
the effects of gases such as carbon dioxide, water vapour, and
nitrogen. The sample was exposed to O, at various intervals at
increasing pressures as described in Table 1 resulting in a
higher concentration of O, molecules per unit of surface area
of the sample with each exposure step. The final exposure step
was performed at laboratory ambient conditions, in the con-
ditions the sample was exposed to all gases. All measurements
and sample preparation steps were performed at room temp-
erature (300 K).

2.2 XPS

XPS data was acquired using an X-ray photo-electron spectro-
meter (PREVAC) with a 150 W monochromated Al Ka labora-
tory source, where the photon energy of the X-rays is 1486.6 €V,
with a beam spot size of ~100 pm and 10~° mbar vacuum. The
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Table 1 O, dosing amounts at each exposure step

Exposure step Total exposure (min) O, pressure (mbar)

1 2 5.00 x 107°
2 22 5.00 x 107°
3 42 5.00 x 107°
4 112 5.00 x 107°
5 232 5.00 x 107°
6 262 5.00 x 107*
7 292 5.00x 1074
8 322 1.00 x 1072
9 352 1.00 x 107"
10 382 1.00 x 10°
11 412 1.00 x 10°
12 442 Ambient

core level spectra were acquired with a pass energy of 100 eV
and a 0.1 eV step size, while the survey spectra were collected
with a pass energy of 200 eV and 0.5 eV step size. The photo-
electrons were collected at normal emission angle, the X-ray
incident angle at 60° to the surface normal. All spectra were
calibrated to the Au 4f core level of an in situ annealed gold
reference sample, where Au 4f,, = 84.0 eV.*?

2.3 XPS data fitting

The core level peaks were fitted using CasaXPS with the GL
function for the line shape, incorporating a 70% Gaussian con-
tribution and a Shirley background. Constraints for the W 4f
peaks were set as follows: a 2.15 eV spin-orbit splitting, a
1:0.75 ratio of area of the W 4f,,, to W 4f;,, peaks, and a 5.69
eV splitting between the W 4f,, and W 5p;),, all based on
reference pristine spectra. Additionally, the full width at half
maximum (FWHM) of all W 4f peaks was assumed to be the
same. The S 2p peaks were fitted assuming a ratio of 1:0.5 of
S 2ps3, and S 2p,/, components, and the FWHM of both com-
ponents was set to be equal.

2.4 DFT calculations

All calculations were carried out using the CP2K code®® within
the Gaussian and plane wave (GPW) formalism** and the GGA
Perdew-Burke-Ernzerhof (PBE) functional.”> A symmetrically
extended 6 x 6 x 2 supercell containing 432 atoms was used
for the calculations of defect clusters with up to 3 vacancies.
For the 7-vacancy cluster, a 9 x 9 x 2 supercell containing 972
atoms was used to minimise strain. All calculations were per-
formed at the I" point. The symmetric supercell extensions fold
important k points into the I' point and allow us to account for
defect-induced lattice distortions.>® Cell parameters were fixed
in the defect calculations, with the lattice vectors a and c set to
3.15 A and 12.08 A in both the 9 x 9 x 2 and 6 x 6 x 2 super-
cells. The formation energies for the defects calculated with
both supercell sizes differ by less than 0.02 eV.

Periodic 3D boundary conditions with a vacuum gap of
30 A between slabs were used to ensure that there was no inter-
action between the slabs. We used the MOLOPT-DZVP-SR
basis set’” and GTH pseudopotentials*® optimised for PBE.
The van der Waals interaction was taken into account using a
DFT-D3 dispersion correction by Grimme et al.*®* The cutoff
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and relative cutoff used in all calculations were 600 and 60 Ry,
respectively. All effective charges are in units of |e| and calcu-
lated using Bader population analysis software by the
Henkelman group.’® Kohn-Sham (KS) one-electron energy
differences were used to estimate band gaps. Climbing image
nudged elastic band calculations (CI-NEB)*' with 7 replicas
were used to calculate the barriers for the dissociation of the
O, molecule and migration of the S vacancy. AIMD calcu-
lations were performed at 300 K with a time step of 2 fs in the
NVT ensemble using a CSVR thermostat.*”

3 Results
3.1 Characterisation of WS,

To establish a baseline measurement of the pristine surface of
WS,, the sample was cleaved in situ in the load lock at 1077
mbar, using Scotch tape, as depicted in Fig. 1 and detailed in
section 2. The cleaved sample was then transferred into the
UHV XPS system for measurements. Fig. 1 shows a schematic
of the overall sample treatment in this work and the resulting
W 4f spectral changes, these will be discussed in more detail
below. The survey spectra of the sample (Fig. S11) demonstrate
that the WS, surface is clean, with no detectable oxygen and
only trace amounts of carbon. The W 4f;,, peak is observed at
33.2 eV, which corresponds to W in the nominal +4 oxidation
state in WS,, as illustrated in Fig. 1. The peak exhibits a full
width at half maximum (FWHM) of 0.6 eV and a spin-orbit
splitting (SOS) of 2.15 eV, consistent with previously reported
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values.?®> The S 2ps,, peak is located at 162.9 eV, consistent
with S in TMD compounds. The FWHM of this peak is 0.7 eV,
with a SOS of the S 2ps, and S 2p,), levels being 1.2 eV in
agreement with the results of ref. 34.

After in situ exfoliation, the sample was exposed to labora-
tory atmosphere for 80 hours and subsequently re-measured.
XPS analysis of core levels revealed no discernible changes in
the chemical states of W and S (Fig. S2t), indicating relatively
high stability of the pristine surface with only a slight increase
in the relative signal intensity of C 1s and O 1s core levels post-
exposure from adsorption of contaminants on the surface.
However, defective WS, degrades relatively rapidly according to
ref. 8 and 35. In particular, Bussolotti et al>' have recently
demonstrated that samples with a defect density of 7% or
below exhibit minimal oxidation for several hours in a labora-
tory atmosphere. However, samples with a defect density
exceeding 20% undergo significant oxidation. Consequently,
in the presence of a high defect density, monitoring of the oxi-
dation of the sample becomes feasible due to pronounced
changes in the electronic structure. In this work, the sample
was sputtered until a 20% reduction of the S 2p core spectrum
area was observed, which allows us to systematically track
surface oxidation.

Sputtering results in four spectral changes: (i) a BE shift of
all levels; (ii) appearance of a shoulder in the W 4f core-level at
31.8 eV; (iii) a decrease in the area of the S 2p core-level; (iv)
and an increase of the FWHM of the W 4f and S 2p core levels.
These effects are illustrated in Fig. 2, which depicts the W 4f
and S 2p core level spectra before and after sputtering, as

# (/k{f{/ /u}/ VSV
%4 [ %4 Vv v [%4 v

vV Y

AN A

Oxygen exposure

pristine A0 W 4f]

4"5/2

sputtered

4f7/2

Intensity (Arb.)
Intensity (Arb.)

Exp.
—=—Background
— Fit Envelope

W 41 oxidised

W 4f]

Intensity (Arb.)

40 35 30 40 35
Binding Energy (eV)

Binding Energy (eV)

T T T T

30 40 35 30
Binding Energy (eV)

Fig. 1 Overall process of sample treatment during this work with corresponding W 4f core level spectra. The graphic illustrates the treatment of the
sample. Initially, bulk WS is cleaved in situ. Subsequently, the sample undergoes Ar* sputtering to induce defects such as S vacancies (Vs), after
which the sample undergoes oxidation. The W 4f core level spectra are then measured and shown below for each sample treatment: pristine, sput-
tered, and oxidised WS,. Each W 4f core level corresponding to different W environments is fitted with a doublet for the 4f;,, and 4fs,, peaks for the
pristine WS, contribution, the shoulder arising from sputtering (WS,_,) and the oxide contribution (WOj3), as well as the 5p3,, peak.
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Fig. 2 Changes in core level spectra during various sample treatment stages. (a) The W 4f core level before and after sputtering showing the emer-
gence of a shoulder at a lower BE, broadening of the line shape (from 0.6 to 1 eV) and a 0.6 eV shift in BE. (b) The ratio of total area of the W 4f core

level before (P which stands for Pristine) and after sputtering (S which s

tands for Sputtered) and during the different O, exposures, relative to the

pristine sample peak area of WS,. The total area of W remains relatively constant around +0.05 (10%). (c) The S 2p core level before and after sputter-
ing showing the broadening of the line shape (from 0.7 to 1 eV) and a 0.6 eV shift in BE. (d) The ratio of total area of the S 2p core level before and

after sputtering and during the different O, exposures, relative to the pris

tine sample peak area of WS,. The area decreases by 0.2/0.25 (20/25%) and

then by a further 10% in the final preparation step. Plots of measured XPS core levels during different O, exposures. (e) W 4f (f) O 1s (g) S 2p and (h)

C 1s. All spectra have been normalised to the total relative area of W 4f.

shown in panels (a) and (c), respectively. A shift of 0.6 eV in BE
for all levels is the result of the shift in the Fermi level of the
sample, which all levels are measured relative to in XPS
spectra. The peaks corresponding to WS, shift to 32.6 eV and
162.3 eV for W 4f;, and S 2p;,, respectively. A shoulder that
appears in the W 4f core-level spectra at 31.8 eV signifies a
change in the W environment, such as the removal of S atoms.
We refer to the origin of this shoulder caused by sputtering as
a WS,_, species, because the exact nature of the surface is not
yet known.>" Peaks at lower binding energies are characteristic
of the element undergoing reduction, attributed to the
enhanced electron density surrounding the element and
alterations in the Coulomb interactions between the photoe-
mitted electron and ion core.

The summary of the total area of the core level spectra rela-
tive to the pristine spectrum is shown in Fig. 2(b) and (d) for
W 4f and S 2p, respectively. The first two points illustrate the
changes in pristine and sputtered samples. It can be seen that,
while the total area of the W peak remains relatively constant
(within +10% as shown in Fig. S3(a)f), the area of the S core
peak decreases by 20/25% after sputtering (Fig. S3(b)t). We
hypothesise that defects induced by sputtering are predomi-
nantly S vacancies. This is supported by the reduction in the S
2p area demonstrated in ref. 36. for sputtering under the same
conditions. This preferential sputtering of light elements,
which is more prominent at incident angles around 75°, is
also seen in other oxides, such as Ta,0s,>” whilst sputtering of

This journal is © The Royal Society of Chemistry 2025

3839 35 has

W metal at this angle has very low sputtering yields,
also been shown theoretically in TMDs.****
According to ref. 43 the S-vacancy concentration (C) on the

sample surface can be expressed as:

1A
T3A+4A

where A and A’ are the intensity of the W 4f peak of the stoi-
chiometric WS, and substoichiometric WS,_,, respectively,
and the pre-factor 1/3 reflects the atomic coordination around
the vacancy. Based on ref. 41, the S vacancies and the related
WS,_, phase is mainly located within the surface layer. In con-
trast, the W 4f signal of the WS, phase also includes signals
from the inner WS, layer due to the finite electron mean free
path of electron (~2 nm) at the investigated photoelectron
kinetic energy values (~1400 eV (ref. 44)). As such, this
equation provides a lower limit of the surface defect concen-
tration. Based on the measured XPS intensity in the W 4f
spectra of the sputtered sample a value of C > 8% is obtained.
Moreover, the W 4f and S 2p peaks in WS, also exhibit an
increase in FWHM to 1 eV, as determined by fitting. The final
line shape results from a combination of factors including
broadening due to core hole lifetime (Lorentzian contri-
bution), spectrometer broadening, charging effects, and geo-
metric effects (such as disorder due to phonons which is the
Gaussian contribution to the lineshape). The core hole lifetime
remains constant for a core level of an element in a specific

Nanoscale, 2025, 17,10082-10094 | 10085
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oxidation state, and the spectral broadening also remains con-
stant throughout the measurement. Charging effects that are
often observed alongside a shift in the BE of the core level
were not present in this work, therefore, this effect can also be
excluded. The observed broadening is probably caused by
changes in the local structure of the sample and suggests an
increase in the disorder in the surface structure, as has been
suggested in ref. 40. In particular, no discernible new peaks
emerge in the S 2p core level spectra, indicating no significant
alteration in the environment surrounding the S atoms.

In the next section we present the results of exposure of the
sample after sputtering to O, at various time intervals and
pressures using the approach described in detail in section 2.

3.2 Oxidation of sputtered WS,

Initially, no detectable chemical changes occur on the sample
surface. However, when the partial pressure of O, is increased to
more than 10~ mbar, the shoulder that was created by sputtering
begins to disappear in the W 4f core level, while a new shoulder
emerges at 35.8 eV (Fig. 2(e)). This higher BE peak suggests the
presence of a W-O bond,* indicating the formation of oxide on
the surface. The disappearance of the shoulder at 31.8 eV
suggests the passivation by exposure to oxygen of S defects
created by sputtering. In the final exposure step, the sample is
exposed to atmospheric conditions, resulting in nearly complete
oxidation. The sample was exposed to all gases, including water
vapour in atmosphere, during the final exposure step. This may
affect the oxidation process. The peak at 35.8 €V corresponds to
W 4f,,, in the +6 oxidation state in WO;.

Gradual exposure leads to the formation of a thin O, and
carbon layer on the surface of the sample, which was absent
immediately after sputtering, as observed in the O 1s and C 1s
core level spectra (Fig. 2(f) and (h), respectively). The emer-
gence of surface oxide is accompanied by a significant increase
in the O 1s intensity. The peak is asymmetric, which confirms
the presence of at least two different O environments. There is
a change in relative peak intensity during exposure, with most
of the increase in intensity of the area coming from the lower
BE feature of the peak. This will be discussed further below.
Meanwhile, during the oxidation process, the S 2p core level
remains unchanged (Fig. 2(g)).

At all values of O, pressure, the line shape of the C 1s core
level remains unchanged. While O 1s exhibits a significant
increase in the second (lower BE) peak at 530.8 eV. The emer-
gence of this second peak in the O 1s core level coincides with
the appearance of a shoulder in the W 4f core level at higher
BE. This suggests that, in addition to the physisorbed O, the
presence of which we attribute to the peak at 532.3 eV, O,
becomes chemically integrated into the WS, lattice. This inte-
gration further implies the formation of W-O bonds*® and the
subsequent development of a surface oxide layer. Physisorbed
species can be attributed to hydroxide/water from the walls of
the UHV chamber and physisorbed 0,."”*® The changes for
subsequent exposure steps in the individual W 4f core level are
illustrated in Fig. 3.
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The W 4f core levels and some of the corresponding fits for
all exposures are shown in Fig. 3(a) (for all fits of the W 4f see
Fig. S47). Initially, the introduction of O, induces minor
changes in the W spectra (exposure steps 1 to 7). The ratio of
the sputtered peak area (W 4f;, in WS,_,) to the total W 4f
area (of the doublet) remains relatively constant (between 0.25
and 0.21) until the eighth step of oxidation. This makes it chal-
lenging to discern if there is an overall change in intensity, as
summarised in Fig. 3(b). By the 8™ exposure step (pressure of
0, above 1072 mbar), a noticeable decrease in the WS,_,
shoulder is observed. This suggests that W atoms, which have
been reduced by sputtering, are reacting with O, as their oxi-
dation state increases (S vacancies are being passivated). An
oxide layer begins to form and this oxide layer is fitted with
another doublet, as described in section 2. The W 5p;3, for the
oxide peak is omitted due to its low or ‘negligible’ intensity.
Subsequently, after the 8™ exposure step, the WS,_, peak ratio
decreases significantly, and the oxide peak ratio becomes sig-
nificant. By dosing steps 10 and 11, the oxide peak area sur-
passes the WS,_, peak area. After the final exposure, the
WS,_, peak area is nearly zero, and the oxide peak has a con-
siderable intensity, indicating the oxidation of most of the
reduced W atoms on the surface.

The smaller oxide peak area in the final exposure step, com-
pared to the WS, _, peak pre-oxidation, indicates the possibility
of incomplete conversion of W to the +6 oxidation state. This
can occur as a result of the formation of a tungsten oxysulfide
species with W in the +4 oxidation state, consistent with pre-
vious findings.*® The peak for this species is difficult to fit due
to the overlap with WS, peak and therefore, was omitted in
our fitting. The corresponding residual plots for the fits are
shown in Fig. S4.f Furthermore, this is accompanied by the
rise of the peak at lower BE, 530.8 eV, attributed to lattice O in
WO;.>*° The corresponding fitting of the O 1s core level can
be seen in Fig. S5.1 The rapid increase of the peak at low BE
with respect to the peak at high BE is observed, suggesting
that the concentration of physisorbed O, levels off at higher O,
doses (as the surface becomes saturated), and the increase in
the area of the O 1s core level is mostly due to the formation of
surface oxide. We cannot completely exclude the presence of
an oxide layer before the 8™ exposure step, but if it is present,
it is below the detection limit of our experiment.

A summary of all changes at the core level during oxidation
is illustrated in Fig. 4. The disappearance of the WS,_, peak
(Fig. 4(a)) is modelled with two linear fits between exposure
steps 0 and 7 (grey line — segment 1) and between 8 and 12
(pink line — segment 2). This approach is justified because the
decrease in segment 1 is notably smaller compared to segment
2. The decrease rates obtained from the fit gradient are —0.003
and —0.02 for segments 1 and 2, respectively. This indicates
that the decrease in the WS,_, shoulder is an order of magni-
tude faster at O, pressures of 1072 mbar and above. In
segment 1, the data has a scatter of +0.01 due to measurement
and fitting uncertainties. Segment 1 exhibits significantly
higher scatter, as evidenced by the R* value of 0.47 for the
linear fit presented in the caption of the figure. Therefore,

This journal is © The Royal Society of Chemistry 2025
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within the error of the experiment, the oxidation of defective
WS, below these O, pressures is insignificant. The S 2p core
level remains unchanged, with intensity fluctuations ranging
from 0.38 to 0.46 (Fig. 4(b)) and error bar overlap. A linear fit
yields a gradient of —0.002 and an R> value of 0.09, indicating
a weak correlation between the area of the core level and the
amount of O, to which the sample is exposed. Changes in the
area of O 1s (Fig. 4(c)) increase with the same rate as the
decrease in WS,_, when the surface oxide is formed, whilst the
C 1s increases rapidly and levels off after the 4™ exposure step
(Fig. 4(d)) suggesting no/low lattice incorporation of C.

The reaction of O, with sputtering-induced S vacancy
defects (as described in section 3.1) leads to a reduction in the
area of the WS,_, peak in the W 4f core level, accompanied by
a concurrent increase in both the oxide peak of W 4f and the O
1s peak at O, pressures of 107> mbar and higher. Previous
studies have shown that the barrier for O, dissociation at S
vacancy dimers is significantly reduced,”" suggesting that oxi-
dation is more likely to occur at vacancy clusters (where N = 2
or more). We expect that vacancy clusters of various sizes will
be present on the surface post-sputtering.

This journal is © The Royal Society of Chemistry 2025

We note that vacancy clusters and pits have been shown to
form in MoS, as a result of Ar" sputtering in ref. 51-54. In the
following, we use DFT to demonstrate how the effective charge
on W varies with the vacancy cluster size, linking this to
changes in the oxidation states (and therefore the core level
shifts observed in our spectra). Variations in effective charges
have previously been directly linked with changes in oxidation
states.’>>” Furthermore, we show that the barrier for O, dis-
sociation in vacancy clusters reduces as the cluster size
increases and consider the effect of the triplet to singlet tran-
sition during the O, dissociation.

3.3 Electronic properties of the WS, surface and its inter-
action with O,

3.3.1 Properties of vacancy clusters. The structures and pro-
perties of various S vacancy clusters at the WS, surface, ranging
from single to seven S vacancies were calculated. They include
dimers and trimers (in line, angled, and triangular arrange-
ments), as well as larger clusters shown in Fig. 5(a). In this work
we assume the creation of predominantly S vacancies, although
we cannot exclude the formation of W vacancies. However, due to
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changes in the two regions. The fit parameters are as follows: Segment
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-0.002 and R? of 0.09. (c) O 1s fitted between the 0 and 7%, and 8" and
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fit parameters are as follows: Segment 1 (0-7, grey line) Gradient: 0.004,
R%: 0.65, and Segment 2 (8-12, pink line): Gradient: 0.02, R% 0.90. (d) C
1s — fitted with an exponential function y = a-exp(—bx) + ¢, where a =
—0.03, b = 0.49, c = 0.03. The gradients describe the rate at which each
peak increases (relative to W) with each exposure step. High R? values
are indicative of smaller deviations of the data from the linear fits.

differences in the sputtering yield and therefore the increased
likelihood of ejecting S atoms during sputtering, as discussed
above, our DFT calculations mainly consider S vacancy clusters.
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Using DFT and Bader charge analysis, we determined the
effective charges of W atoms embedded into different S
vacancy clusters. The change in the effective charge of the W
atoms is proportional to the number of missing bonds and the
size of the vacancy cluster. These charges are 1.04, 0.93, 0.73|
e| when 1, 2 and 3 S vacancies surround a W atom, respectively
(Fig. 5(b)). The effective charge on W in the middle of the 7v
cluster decreases further to 0.65|e|, suggesting that the W
atoms inside the clusters may exhibit increased reactivity.

The observed reduction in the oxidation state leads to a
negative shift of the core level and can contribute to shoulder
formation observed at 31.8 eV in the W 4f spectra. Larger
vacancy clusters result in more empty in-gap states (Fig. S67).
Consequently, electrons from the valence band are more likely
to be excited into the vacancy-induced empty states, which
could explain the 0.6 eV shift in the binding energy (BE)
observed post-sputtering. The shift in XPS spectra is attributed
to a change in the Fermi-level position of WS,.

However, cluster formation is not accompanied by an
energy gain. The energy change per vacancy is calculated as

Epina/N = (%:Elf\,) ngomplex, where Ef is the formation

that of the

complex. For 2 S vacancies (2V), 3 S vacancies (line - L3V -,
V-shaped - V3V -, and triangle - T3V - configurations), and
the 7 S vacancy complex (7V), we obtain Ey,;,q values of —0.01,
0.00, —0.02, —0.12, and —0.24 eV, respectively, as shown in
Table S1.7 The cell parameters used for the calculations can be
found in section 2.4. Negative values indicate that binding is
unfavourable. For clusters with more than three S vacancies,
other cluster shapes are possible, which may have varying
Eping values. However, we expect that the thermodynamic stabi-
lity of the clusters will not play a significant role in our con-
clusions because Ar' sputtering results in the formation of
clusters of varying and random configurations, which are un-
likely to rearrange, as explained below.

. . f
energy for the N isolated vacancies and E pyiex

T3V V3V v
. ,,/‘
“ 2 S
oW
KN
5;}‘ ’,\:’};‘\x)}} @ S vacancy

1.04 1.04 1.04 093 104 1.04 0385 1.04
1.04 0% .04 114 013104104 0.65 065 1,04
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Fig. 5 S vacancy complexes calculated in this work and their in text notation. (a) Models of calculated vacancies and (b) corresponding effective
charges (Qetr) on surrounding W atoms. The charge on S atoms remains relatively unchanged upon vacancy creation. This corresponds to the
additional shoulder at low BE in the W core level spectra, while the S environment remains unaffected. For the pristine structure, the reference W
Qetr is 1.24. Images have been cropped for clarity and do not represent the whole system used in calculations. Up to 3 S vacancies have been calcu-

lated using a 6 X 6 x 2 supercell and 9 x 9 x 2 supercell for V7 cluster.
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3.3.2 Sulphur vacancy rearrangement. To better under-
stand the surface morphology and vacancy distribution after
sputtering, we investigated the barriers of S vacancy migration.
The various processes considered are illustrated in Fig. 6(a),
with their corresponding barriers shown in Fig. 6(b). Most
vacancies are expected to reside in the upper S-plane of the top
layer due to the high incidence angle used during sputtering.*’
However, if any vacancies form in the lower S-plane of the top
layer, their diffusion into the upper layer has low probability
under experimental conditions (300 K) due to the high barrier
of 4.93 eV. The diffusion of single vacancies across the surface,
as well as dimer rearrangement processes, have barriers of
3.01 eV and 2.54 eV, respectively, and will also proceed slowly.

It should be noted that these barriers are higher than pre-
viously reported for monolayer MoS,, consistent with previous
work.’® The difference arises because the bond dissociation
energy (BDE) of WS, is higher than that of MoS, by around 1
eV, with a W-S and Mo-S BDE of 4.94°° and 3.94% eV, respect-
ively, as measured by resonance two-photon spectroscopy. The
migration barriers for S vacancies on the WS, surface are rela-
tively high, because strong W-S bonds must be broken in
order for S atoms to migrate from one site to another. The
interlayer diffusion barrier (process 1 in Fig. 6(a)) is nearly
4.93 eV, which can be attributed to the bond breaking without
any compensatory bond formation in the transition state.
Therefore, it is unlikely that the vacancies will migrate across
the surface at room temperature within the timescale relevant
to our experiments. Furthermore, there is no thermodynamic
drive for vacancy clustering, as described above.

However, at high O, pressure, rapid oxidation of the sput-
tered samples is observed experimentally, suggesting that Ar"
sputtering creates reaction sites. Previous research has demon-
strated that O, dissociates with a relatively low barrier upon
direct collision with the S vacancy dimer.*' Below, we investi-
gate this trend further by studying reaction of O, molecule
with an S vacancy dimer, trimer and then heptamer.

3.3.3 O, molecule reaction with S vacancy dimer and
trimer. On the pristine surface, O, physisorbs in a triplet state,
with a binding energy of 0.14 eV. This is similar to previously
reported values for TMDs'®®'"®® which are all broadly within
0.05-0.23 eV. An ab initio molecular dynamics (AIMD) simu-
lation of the surface with O, molecules shows that at 300 K
these molecules readily desorb and diffuse around the surface

View Article Online
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(Video S17). The dissociation barrier of O, on a pristine WS,
surface has been calculated at 1.76 eV (ref. 4) and at a single S
vacancy at 0.86 eV.'” We find that the dissociation of O, is
affected by the spin state of O, molecule and the effective
charge on W in the S vacancy clusters shown in Fig. 5(b). For
example, the dissociation barriers are 0.17 and 0.29 eV for a 2V
in a singlet and a triplet spin state, respectively. However, the
probability that the O, molecule will encounter 2V at the
correct geometry for the dissociation to occur is low and
should result in a low cross section of this reaction. As O,
molecules easily diffuse around the surface, it is more likely
that dissociation will occur at larger vacancy clusters.

Next, we consider the mechanism of O, dissociation on a
L3V cluster shown in Fig. 5(a). This reaction also does not
occur spontaneously. The O, adsorption energy on L3V is 0.15
eV. The geometry of O, during adsorption is the same in the
singlet and triplet states, with O, adsorbing at an 15° angle to
the surface plane (nearly parallel), angled toward the vacancy
cluster, which is similar to previously reported ones (see ref.
64). Because of weak physisorption, the molecule is not
‘anchored’ to the surface and likely moves around, occasion-
ally desorbing. The triplet spin state is the most stable adsorp-
tion configuration of O,, with an energy 0.34 eV lower than
that of the most stable singlet state, which is typical for O,
molecular physisorption. We note that the singlet-triplet split-
ting is underestimated in our calculations by 0.6 eV with
respect to the experimentally reported values.®® In the triplet
state, the Highest Occupied Molecular Orbital (HOMO) of the
WS, surface and the Lowest Unoccupied Molecular Orbital
(LUMO) of O, in the f spin state are 0.46 eV apart. This adsorp-
tion is characterised by the interaction of the W d states and O
p state as reported for metallic surfaces.®® In the singlet state,
the HOMO-LUMO splitting is reduced to 0.12 eV, as seen in
the projected density of states (pDOS) in Fig. 7(a).

The energy barriers for O, dissociation on L3V in the
singlet and triplet spin states are 0.19 eV and 0.33 eV, respect-
ively (Fig. 7(b)). The final dissociated configuration is by 0.85
eV more stable in the singlet than in the triplet state. The
lower barrier in the singlet state is expected because the occu-
pied surface states are closer to the unoccupied LUMO of O,
(m* orbital), facilitating dissociation, driven by electron transfer
from the surface to the molecule, similar to the Ag(110)
surface.®”®® A lower dissociation barrier has also been
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Fig. 6 S vacancy diffusion barriers on the WS, surface. (a) Diffusion trajectories in which a S atoms migrates from the position represented by the
green ball to the position represented by the yellow ball, the S vacancy sites are represented by the dotted circle and (b) corresponding barriers for

various processes.
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Fig. 7 The process of O, dissociation in singlet and triplet states. (a)
Comparison of the electronic structures of physisorbed O, on the
surface in triplet and singlet spin states. The HOMO (surface states) to
LUMO (n* oxygen orbital) gap is 0.46 eV for the triplet state and 0.12 eV
for the singlet state. (b) Changes in the dissociation barrier for O, into
the lattice for both spin states, with a lower barrier observed for dis-
sociation of singlet O, into singlet O incorporated into the lattice. All
energies are referenced relative to triplet O, physisorbed on the surface.

reported on the Ni(111) surface for the singlet spin state.®
The reaction is highly exothermic with the energy of the most
stable final geometry, where both O atoms are embedded in
the L3V and bonded to W in the lattice, being by 8.62 eV lower
than when O, is in the gas phase. This large energy gain can
be understood if one takes into account that the O atom incor-
poration energy into S vacancy is 4.42 eV. Similar barriers and
reaction energies of O, with S divacancies have been predicted
in MoS,."” The large amount of energy released will dissipate
into generating phonons, electron-hole pairs (see also discus-
sion in ref. 66) as well as diffusion and desorption of atoms
and molecules, particularly SO,."”

We note that O, dissociation on V3V (see Fig. 5(a)) is
similar to that of L3V (and 2V) with a barrier of 0.13 and 0.30
eV in singlet and triplet states, respectively. The dissociation
on T3V in singlet and triplet spin states is spontaneous with
no barrier. We relate this to a much lower effective charge on
the exposed W in this cluster, as can be seen in Fig. 5(b). This
shows that the exposure of W atoms and their electron popu-
lation can be important factors for O, dissociation.

To attain a deeper insight into the O, dissociation mecha-
nism, in Fig. 8, we analyse the properties of each replica from
the NEB calculation of O, dissociation on L3V in both singlet
and triplet spin states. Fig. 8(a) shows the energy of the system
as a function of the distance between the O, molecule and the
surface, defined as the distance from the centre of mass of the

10090 | Nanoscale, 2025, 17, 10082-10094
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O, to the plane of W atoms in the upper layer. Initially, the O,
molecule is physisorbed above the vacancy at a distance of
3.83 A and 3.70 A from the W atoms in the singlet and triplet
states, respectively. The length of the bond of O, is 1.23 A in
both spin states, as shown in Fig. 8(b).

In the triplet state, when the O, molecule reaches 1.98 A
from the W plane within the vacancy cluster (dotted line in
Fig. 8(a)), 0.71]|e| of charge is transferred, as seen in Fig. 8(c)
(dotted line). This transfer elongates the O, bond to 1.43 A
consistent with the O,~ species, which typically has a bond
length of 1.32 A when chemisorbed on a Pt(111) surface.”’
Previous studies suggest that metal oxidation processes
proceed through an O, intermediate.”®”"

In the dissociated configuration, where O atoms become
embedded in the lattice, a total of 2|e| are transferred to O
atoms. Once fully dissociated, the bond distance of the W-O
bond is 2.08 A. After dissociation, the O atoms are separated
by about 3.1 A.

This suggests the following reaction mechanism: the O,
molecule, in the triplet state, randomly encounters a vacancy
cluster. As the molecule approaches the surface, at 1.98 A elec-
tron transfer from the surface to the O, molecule begins,
forming a bond between the molecule and the W atoms. The
occupation of the anti-bonding orbital n* weakens the O-O
bond, increasing its length to 1.43 A. The bond then weakens
further, leading to dissociation and occupation of the S sites
driven by the exothermic nature of the reaction.

The low barrier for the O, dissociation on 3V clusters
implies that increasing the number and size of vacancy clus-
ters, as well as the O, pressure, will enhance the probability of
oxidation, consistent with experimental observations of higher
oxide formation rates at increased oxygen pressure. However,
the high mobility of O, on surface terraces suggests that bigger
vacancy clusters could provide more efficient dissociation sites
because of the larger number of exposed W atoms with lower
effective charges. In the following, we consider an example of
an S heptavacancy (7V) cluster exposing 7 W atoms.

3.3.4 O, molecule reaction with S vacancy heptamer. To
explore the various configurations of O atoms inside 7V we
used a 9 x 9 x 2 supercell. These clusters can adopt numerous
configurations, but evaluating their relative stabilities is
beyond the scope of this work and we used a symmetric con-
figuration shown in Fig. 5(a). As can be seen in Fig. 5(b), the
effective charges of the exposed W atoms are further reduced
with respect to the L3V and the perfect lattice. We observe that
there is spontaneous dissociation in some configurations of
0, when it approaches the cluster about 3.66 A away from the
W atom plane (in the z direction). At least one O atom must
interact with the high electron density W atoms of the vacancy
cluster for dissociation to occur spontaneously during the geo-
metry optimisation. As in the case of smaller clusters, the dis-
sociation is accompanied by the electron transfer from the
WS, layer.

When O, reacts with the vacancy clusters, during the
process of the charge transfer from the W atoms, O atoms pas-
sivate in-gap states (Fig. S7(a)f). This increases the effective

This journal is © The Royal Society of Chemistry 2025
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charge of W atoms (Fig. S7(b)7), lowering their electron density
compared to the pristine structure (1.37|e| for one O substi-
tution, up to 1.66|e| for 7 O substitutions, versus 1.24|e| in the
pristine case). This change, driven by O’s higher electro-
negativity, aligns with the appearance of the oxide peak at 35.8
eV during oxidation.

Fig. 9(a) illustrates the possible configurations of oxygen
atoms after O, dissociation within the cluster. We consider
only configurations where the O atoms are adjacent to each
other, with a maximum separation of 3.1 A (which is approxi-
mately the distance between two lattice positions of S), corres-
ponding to their equilibrium distance for incorporation into
the lattice during O, dissociation. The positions analysed
include lattice sites (filled red circles), interstitial positions
(dotted empty circles), and one configuration in which an
oxygen atom occupies a position inside the cluster while
another sits atop a S atom (green circle). Positions marked
with red crosses were excluded, as oxygen atoms in these posi-
tions either caused significant displacement in the surround-
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ing lattice due to proximity to S atoms or migrated into the
more stable position atop S (green circle). Although we cannot
entirely rule out such processes in experiments, they are likely
less favourable.

Fig. 9(b) summarises the relative energies of the various
oxygen positions compared to the most stable configuration at
the position 5 in the centre of the cluster in connection with
other lattice positions (1, 2, 4, 6, 9, 10). Lattice sites are inher-
ently more stable as a result of reduced steric hindrance. The
next most stable configurations involve O atoms occupying
outer lattice positions (e.g., O1 & O2 in positions 1 & 2), which
are 0.2 eV higher in energy due to the proximity of both oxygen
atoms to S atoms in the lattice. Configurations where one
oxygen atom occupies a lattice site and the other occupies an
interstitial site (e.g., positions 1 & 3) are 2.3 eV higher in
energy. When both oxygen atoms occupy interstitial sites (e.g.,
positions 3 & 7), the configuration is 2.4 eV higher. Finally, if
O, interacts with the edge of the vacancy cluster, it can dis-
sociate into a lattice position and one site atop S (e.g., posi-

b)
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Fig. 9 Configurations of O atoms in a 7 S vacancy cluster. Oxygen positions are shown in relation to lattice sites (filled red circles), interstitial sites
(dotted empty circles), and positions on top of S atoms (green circle). Red crosses mark excluded positions due to significant lattice distortion or
steric hindrance. Symmetrically equivalent configurations are denoted by an equals sign.
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tions 9 & 10), with this configuration having an energy of 4.6
eV higher, corresponding to a single substitution of the S
vacancy. We note that, despite the difference of 4.6 eV between
the relative stabilities of the oxygen atoms dissociated in the
cluster, all configurations are more stable than molecular O,
physisorbed on the surface.

4 Discussion and conclusions

We used grazing incident Ar' sputtering to accelerate oxidation
of WS, layers. Our findings reveal that defects induced by sput-
tering serve as highly reactive sites for oxidation and the reac-
tion progresses rapidly under moderate O, pressures (>10~*
mbar). This behaviour marks a departure from previous
studies, which primarily focused on pristine or less damaged
samples where oxidation occurs gradually over extended
periods. Here, we demonstrate that high defect densities sig-
nificantly alter oxidation kinetics and that the oxidation
process can be slowed at O, pressures lower than 10™* mbar.
We note that this threshold is not a universal constant and can
vary depending on factors such as the density of S vacancies,
surface roughness, sample temperature, and experimental con-
ditions. While further work is needed to explore variability
across different samples and setups, this threshold highlights
the critical role of oxygen availability in defect-driven
oxidation.

XPS measurements revealed that post-sputtering the W 4f
core levels exhibited a 0.6 eV shift, reflecting a shift in the
Fermi level due to overlapping defect states and changes in the
surface morphology or changes in electronic structure as a
result of adsorbate removal. The presence of a shoulder at 31.8
eV in the W 4f spectra is consistent with the formation of
reduced W atoms, indicative of S removal. A 20-25% reduction
in the S 2p peak area after sputtering, indicates the formation
of a high density of S vacancies. Our investigation suggests
that the sputtered surface is likely to possess S vacancy clusters
of different sizes. Upon O, exposure, this shoulder decreased
significantly, while a peak at 35.8 eV, associated with W in the
+6 oxidation state (WO;), emerged. This transformation was
more pronounced at O, pressures greater than 10™> mbar,
where nearly complete surface oxidation was observed, with
the WS,_, peak area decreasing by approximately 0.02 normal-
ised area units per exposure step as opposed to 0.003 in the
low O, pressure regime.

Valerius et al. have shown that sputtering with Xe" ions at a
grazing incidence angle (same as in this work) primarily
removes top S atoms, causing reversible disorder.’® This is
consistent with the broadening of the W 4f and S 2p core level
peaks observed in our study, indicating surface disorder. Prior
studies have shown the preferential removal of S atoms during
sputtering in TMDs due to their lower atomic weight,”>”* as
well as the low sputtering yield of W metal at a 75° incident
angle of Ar" ions.*®*° The Fermi level shift after sputtering can
occur as a result of many overlapping defect states from large S
vacancy clusters.”* In this work we assume that the vacancies
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generated under these sputtering conditions are primarily
located in the uppermost layer of the sample. However, we
cannot entirely rule out the presence of vacancies in deeper
layers. Consequently, we also assumed that any subsequent
oxidation primarily occurs in the top layer. Further investi-
gation is required to determine the precise surface morphology
post-sputtering.

We used DFT calculations to show that S vacancies will not
migrate on the surface under the experimental conditions due
to the migration barriers exceeding 2 eV. This suggests that
vacancy clusters form either as a result of sputtering or etching
of the defective surface by oxygen. Reactions of O, molecules
with S vacancy clusters are highly exothermic and have small
or no reaction barriers. However, the kinetics of the reactions
of O, molecule with these clusters is complex due to several
factors. Our ab initio molecular dynamics simulations demon-
strate that molecules are highly mobile on the surface and
easily desorb at room temperature due to weak interaction.
Therefore, cross-sections for reactions with vacancy dimers
and trimers, which require overcoming a barrier, can be small.
We demonstrate that the reaction barrier depends on the
coordination of surface W atoms manifested in their effective
charges - W atoms surrounded by three and more S vacancies
have lower charges and are more chemically active. The O, dis-
sociation on such sites proceeds without a barrier.

Another important factor is the change of the spin state of
the O, molecule from triplet to singlet during the reaction.
Although the O, incorporation into the WS, surface is
accompanied by electron transfer from the surface, the reac-
tion can be non-adiabatic, as discussed in previous studies.®®
This process requires a separate and more detailed study. Yet
another factor which affects the kinetics is the fact that the
reaction is highly exothermic and is accompanied by dissipa-
tion of about 8.6 eV. Modelling the mechanism of this dissipa-
tion is beyond the scope of this work. Apart from creating heat
and electron-hole pairs, it may involve desorption of atoms
and molecules, such as SO,,"” which can propagate further the
formation of larger vacancy clusters. As the dissociation
barrier is affected by the effective charge of W atoms, this
suggests that the mechanism in this work can also be extended
to highly defective WS, monolayer. However, due to changes in
the positions of the VBM and CBM between bulk and mono-
layer WS,,”® the relative position of the O, LUMO can influence
the barrier of dissociation. Therefore, further exploration of
this topic would be valuable.

In conclusion, this study provides new insights into the oxi-
dation mechanisms of WS, in high defect density regimes. We
show that the rate of oxidation is directly linked to the pressure
of O, and likely the presence of exposed W atoms with low
effective charges on the surface. These findings extend the
understanding of WS, oxidation beyond the low-defect systems
typically studied, offering new perspectives on how defect
engineering and O, availability can be used to control oxi-
dation. Future work should focus on exploring the effects of
additional environmental factors, such as temperature and
humidity, on the oxidation behaviour of defective WS,, as well

This journal is © The Royal Society of Chemistry 2025
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as strategies for passivating vacancy clusters to improve
material stability.
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