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The physicochemical properties of transition metal dichalcogenides (TMDs) are highly related to their
structures and usually stable in air. However, under certain conditions they could be transformed into
different structures due to oxidation. Considering this, various materials with fascinating structures have
been explored by oxidation strategies, which possess novel properties and great potential in various ap-
plications such as solar batteries, hydrogen evolution reaction (HER) catalysts, and field effect transistors
(FET). In this review, we systematically summarize the atomic structures of TMD oxidized variants and
the corresponding fabrication approaches. Utilizing various characterization methods, the chemical com-
ponents of TMD oxidized variants are illustrated. Furthermore, we expound the promising applications of
the oxidized variants. This review is expected to provide a new insight for preparing precise materials at
the atomic level through corresponding oxidation strategies.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

1. Introduction

Transition metal dichalcogenides with the chemical formula
MX, (M: transition metal element; X: chalcogen) are binary lay-
ered compounds with hexagonal lattice structure, where the atoms
are bound in the form of M-X bonds in the basal plane and the
MX, layer is combined with the adjacent layer by van der Waals
force [1-4]. Considering its excellent optical [5-7], electrical [8-
12], magnetic [13-16], mechanical [17,18] and thermal properties
[19-24], it is emerged as a splendid material utilized in energy
storage [25-27], catalysis [28-30], semiconductor [31-35], lubri-
cation [36,37] and other fields. For example, if we fabricate flex-
ible electrodes for hydrogen evolution reaction (HER) with transi-
tion metal dichalcogenides (TMDs), the mechanical stability of the
catalytic system can be enhanced due to the excellent mechani-
cal properties can make the catalyst resist the stress caused by the
stretching and rupture of bubbles in the high-current catalytic re-
action [38]. The TMDs exist widely in nature, and most of them
are air-stable [39-41]. However, considering the defects of primi-
tive TMDs, including inert basal plane and limited electronic trans-
mission efficiency, it is urgent to find effective regulating strategies
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of MX, to develop more potential applications. Fortunately, due to
the intrinsic relationship between specific physicochemical proper-
ties and atomic structures, the properties and application fields of
TMDs can be expanded by chemical modification.

Oxide modification is an effective method to transform the
physicochemical properties of TMDs. In this way, a large mate-
rial system can be formed, such as variants without changes of
intrinsic elements, variants with single oxygen atom doping, het-
erojunction, and dioxides with interlayered elementary substance.
It had been reported that various synthetic strategies, including
spontaneous oxidation [42-44], high temperature thermal anneal-
ing [45-49], H,0, etching [50-52], electrochemical oxidation [53-
56], oxygen plasma treatment [57-60], ultraviolet-ozone (UV-03)
treatment [61,62], and laser treatment [63-65], were used to treat
MX, to acquire special oxidized variants with precise atomic struc-
tures. For example, Huang et al. [66] prepared the atomic structure
of oxidized ReS, by UV-O3 treatment. In their research, except the
in-situ oxidation of S atoms, there exist exotic covalently-bonded
surface oxygen atoms which distort the atomic structure of single-
layer (1L) ReS, slightly. In this way, two of the four crystallograph-
ically distinct S atoms in the same unit cell having the bonding
lengths which are much is oxygen atop sulfur and the other is
substitutional oxygen on the sulfur vacancy (SV). Besides, Tan et
al. [67] reported that they fabricated MoS,_xOx nanosheets and
get the diverse oxygen incorporation extent of MoS,_xOx. Due to
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the enhancement of intrinsic conductivity and the acceleration of
the interfacial charge transfer after oxygen doping, the MoS,_xOx
demonstrated a remarkable degradation activity for antibiotics. The
MoS,_xOx would dramatically boost the degradation activity of
persistent contaminants in the co-catalyst Fenton system, which
provides a new method for higher environmental decontamination
performance. These studies above have proved that specific oxida-
tion products can be obtained on demand through certain oxida-
tion strategies. However, the recent researches are not sufficient
and needs to be summarized systematically.

In this review, we firstly summarize the atomic structures of
TMD oxidized variants. What is more, the mechanisms for cor-
responding fabrication approaches are provided. Since MoS, is a
typical kind of TMDs and its oxidation structure has been widely
studied in recent years, and TMDs often have similar physical and
chemical properties. Based on the researches of MoS,, the proper-
ties of other kinds of oxidation variants of TMDs will be described
afterwards. In the end, we provide the outlooks of future appli-
cations of the TMD oxidized variants. This review is expected to
establish the material system of the TMD oxidized variants, aim-
ing to provide insight into the design potential application of TMD
oxidized variants.

2. Oxidized variants without changes of intrinsic elements

As we all know, the oxidation process could change the atomic
structure of TMDs by forming or breaking chemical bonds. In some
cases, the oxidation process only changes the atomic structure,
such as forming thinner stacked layers and triangular pits, without
introducing new types of elements. The generation of these new
structures would bring some novel physicochemical properties and
have potential application values.

2.1. Stacked few-layer (bi/tri-layer) structure

Transition metal dichalcogenides has the structures featured by
stacking layers. Recently, various of preparation researches are re-
ported in order to obtain single or few layers of TMDs [68-71].
Among them, electrochemical oxidation exfoliation is an excellent
way which converts multiple layers of TMDs into single layers by
partially oxidizing TMDs in an electrochemical environment and
the oxidized parts dissolve into the solution.

Pan et al. [72] reported an electrochemical exfoliation method
for stacked few-layer (bi/tri-layer) MoS, driven by a lat-
eral inward electrochemical reaction (Fig. 1A). In this electro-
chemical reaction, water molecules go into interlayered space
through the formed two-dimension (2D) channel. Then, the bulk
MoS, could be electrochemically selectively oxidized and fi-
nally the remaining bi/tri-layer MoS, forms a stacked structure.
By this means, the interlayered MoS, reacts as the function:
MoS, + 8H,0 — Mo+ 4+ 250,42~ + 16H* + 18e~ with the high an-
odic potential applied to bulk MoS, in the solution of sulfate elec-
trolyte. The atomic structure is shown in Fig. 1B, the edge of MoS,
is etched selectively with the 2D channel created subsequently,
leaving a stacked structure in the form of uniform bi/tri-layer
MoS, layers, which made the remaining MoS, layers restacked to-
gether with a decreased thickness. This phenomenon results from
the oxidation of MoS, to Mo®* and the dissolution of oxidized
MoS, in the sulfate electrolyte. The scanning transmission elec-
tron microscope (STEM) image (Fig. 1C) proves the formation of
this structure: The most part of multilayer MoS, get to a decreased
thickness. Meanwhile, the bottom part remains the original thick-
ness due to the strong Coulomb interaction between substrate and
bottom MoS; which inhibits electrochemical reaction. The special
atomic structure distinguishes the electrochemical exfoliation from
traditional corrosion and etching methods.
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Fig. 1. (A) The schematic of the process driven by a lateral inward electrochemical
reaction and water molecules go into bulk phase through the formed 2D channel.
(B) The schematic of the thickness of the edge and the basal plane of MoS, after
exfoliation. (C) The magnified STEM image of the transition zone from bulk to edge.
(D) The polarization curves of MoS, after different CV cycles treatment (0, 200, and
300 cycles). The dash lines mark the overpotential at 10 and 20 mA/cm?. (E) The
corresponding Tafel slope plots. Reproduced with permission [72]. Copyright 2021,
John Wiley & Sons, Ltd.

Interestingly, in the process of electrochemical exfoliation,
adding some steps can make the product have more properties.
In the research of Yu et al. [73], during electrochemical exfoliation
of ReS,, they use large sized molecular intercalants to induce par-
allel mirror twin boundaries and atomic row dislocation. Through
the calculation via density function theory (DFT), they conclude
that ferromagnetism is detected due to the combined effects of lat-
tice strain and SVs in the mirror twin boundaries. Meanwhile, the
emergence of SVs also enhances the chemical activity of ReS, as
HER catalysts.

It is worth noting that electrochemical exfoliation is usually
a way to reduce the layer of transition metal chalcogenides. To
achieve the above experimental phenomenon, it is necessary to ac-
curately control the partial oxidation between TMD layers. Leong
et al. [74] reported that through electrochemical exfoliation with
bipolar electrodes, they successfully made WS, undergo a phase
transition from 2H to 1T, and reduced the multilayer WS, to fewer
layers. The electrocatalytic performances of WS, is also enhanced.
Compared with the phenomenon mentioned above, they realize
the complete oxidation of interlayered TMD without forming the
stacked structure.

According to the more moderate hydrogen adsorption energy
on the sites at edge, this stacked few-layer structure is consid-
ered to have an improved HER performance. The exfoliated stacked
MoS, is applied as catalyst for HER. The polarization curves (Fig.
1D) of the single MoS, nanosheet after different CV cycles treat-
ment are recorded in H,SO4 based on-chip MoS, device. As the
bulk MoS, electrochemically exfoliated to the stacked bi/tri-layered
structure, the overpotential decreases from 347 mV to 127mV at
10 mA/cm2. Meanwhile, the Tafel slope (Fig. 1E) decreases from
326 mV/dec to 199 mV/dec. Taking the charge injection from elec-
trode into account, the electrons in bulk MoS, transport in the ver-
tical direction through hopping. Ax~0.12eV gap for electron hop-
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Fig. 2. (A) An atomic mechanism showing the formation of triangular pits in MoS,
layers. A pit in MoS, could generally expose various types of edges, including ZZ-
Mo and ZZ-S,. Typical AFM images showing the formation of well oriented equilat-
eral triangular pits on 1L MoS, at various temperatures: (B) 325°C, (C) 345°C, (D)
355°C, and (E) 365°C. Raman spectra of n-layer MoS, sheets after oxidative etch-
ing at (F) 355°C and (G) 365°C. Reproduced with permission [77]. Copyright 2013,
Tsinghua University Press.

ping is formed by the large van der Waals gap. The potential gap
for interlayered electron transfer is reduced by the decreased thick-
ness of MoS,, which enhances HER performance. Furthermore, the
expanded edge sites which have few atomic layers inspire more
available active sites. Simultaneously, the reduced thickness en-
hances the hydrogen adsorption energy. Thus, the novel structure
of bi/tri-layer MoS, fabricated by electrochemical exfoliation with-
out introducing extra elements would have potential applications
in the field of HER.

2.2. TMDs with triangular pits

Some types of TMD oxide would volatilize easily at high tem-
perature [75,76]. In view of this, a special atomic structure of TMDs
with triangular pits could be formed through heating TMDs in the
absence of air intervention. The formation of such pits is due to
the anisotropic oxidation of the TMD edges.

Zhou et al. [77] reported the atomic structure of oxidative etch-
ing of MoS, layers by using a dry oxygen etching reaction where
the mechanically exfoliated MoS, samples are heated in the center
of a tubular furnace with precise modulation at the temperature
between 250°C and 385°C without the introduction of carrier or
reactive gas. As the figure of MoS, atomic structure shown in Fig.
2A, the triangular pits are initiated on MoS, layer at natural sur-
face defects of MoS,. The sizes of triangular pits are attributed to
the thickness of MoS, layers where the 1L MoS, has the small-
est pit sizes. As the heating temperature grows, the pits forming
due to the anisotropic oxidation of edges of MoS, and the Mo and
S atoms are transformed to MoO3; and SO, gas molecules respec-
tively, leaving the oxidized MoS, with special ratio of basal plane
sites to edge sites. Moreover, the typical atomic force microscope
(AFM) images of MoS, heated in various temperature (Figs. 2B-
E) clarified that the etching process increases with the surround-
ing temperature grows and the angles of triangular pits are close
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to 60°. When the surrounding temperature is at 325°C, almost no
etching is detected by AFM. However, at 345, 355 and 365°C, it
is easy to find the triangular pits in AFM images and the sides be-
come longer as the temperature grows. Notably, as the temperature
increases, the regular triangular pits distort which may attribute to
the harsh oxidative etching rate. Lv et al. [78] also fabricated the
MoS, flakes with triangular pits. They heated up the sample in the
chemical vapor deposition (CVD) furnace to 300°C in 10 min, and
the sample was etched for 5min. They also reported no produc-
tion of MoOy during the process. Furthermore, they proved that
similar oxidation process could be performed on other TMDs, such
as MoSe, and WS,.

The Raman spectra of MoS, sample heated at 355 (Fig. 2F) and
365 °C (Fig. 2G) illustrate that after heating the MoS, sample shows
the very similar signal with the pristine MoS,. Although the weak
Raman peak shows at ~820 cm~! by red arrows, considering its
appearance in the pristine sample, it could not indicate the exis-
tence of MoOs. In short, the TMDs with triangular pits have the
enhanced surface properties attributing to the changes of the ra-
tio of edge sites to basal plane sites, which could be utilized as
hydrodesulfurization (HDS) or HER catalysts.

3. Oxidized variants with single oxygen atom doping

The oxygen doping is a special kind of oxidation, which mainly
embodies in two specific forms of expression: One is the oxygen
incorporation of intrinsic SVs generated by artificial synthesis, for
example, CVD [79-81]. The other is the oxygen atom bound up
atop sulfur atoms, forming new S-O chemical bonds.

3.1. TMDs with oxygen incorporated into SVs

The oxygen incorporation of intrinsic SVs could be realized
by many methods, including spontaneous oxidation [82], oxygen
plasma treatment [83], electrochemical oxidation [84], etc. Al-
though the approaches vary from one to another, the fundamental
mechanism remains the same where the oxidation process should
be limited in avoid of the complete oxidation of TMDs into triox-
ide.

3.1.1. Fabricated by spontaneous oxidation

Petd et al. [85] fabricate 1L MoS,_xOx through spontaneous
oxidation, and the structure diagram is exhibited as Fig. 3A, and
atomic-resolution STM images which show the basal plane of a
mechanically exfoliated 1L MoS, after one month of exposure in
air are shown in Fig. 3B. The fresh 2D MoS, crystals prepared had
natural spot defect density ranging from 1 x 101" cm=2 to 1 x 1012
cm~2. After ambient exposure for 1 month, the spot defect density
increased to 3 x 10'2~2 x 103 cm~2. Considering that such abun-
dant area of MoS, basal plane distributes defects, it clearly pro-
vides evidence for the establishment of new defect sites in MoS,
under air conditions. Among the species present under ambient
conditions, O is predicted to be the most possible to saturate an
S vacancy. STM has been shown to be a slow O substitution re-
action. When an S atom is replaced by an O atom, it changes the
chemical activity of its neighbors, making them more susceptible
to being replaced by O atoms, so individual S atoms are replaced
by O atoms one by one, in a sort of chain reaction.

In summary, we had drawn the observation that the 1L MoS,
has the chance to be oxidized in the air. However, the ther-
modynamic and dynamical processes of MoS, oxidation are in
need of expounding. As illustrated in Fig. 3C, the surface S
atoms reacts with oxygen, yielding SO, and forming the SV in
the basal plane. The enthalpy was calculated by the formula
AE = E(reactants) — E(products) = —0.49 eV, which implied that the
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Fig. 3. (A) Schematic atomic structure of the MoS, Oy solid solution monolayer.
(B) Atomic-resolution STM images (5mV, 2 nA) of an exfoliated MoS, single layer
after 1 month. (C) The process of chalcogenide atom vacancy formation through
oxidation is characterized by a negative oxidation enthalpy (AE) for the defect-free
2D MoS, basal plane. (D) Kinetic energy barriers calculated by the NEB model for
2D MoS; crystals reveal substantially lower barriers for MoS, of ~1eV height that
can be overcome even at room temperature on a months-long timescale. (E) Lin-
ear sweep voltammogram curves and (F) corresponding Tafel plotsfor Au substrate,
MoS, single layer, MoS,_»Oy single layer (1 year old) and Pt substrate. Reproduced
with permission [85]. Copyright 2018, London: Nature Publishing Group.

enthalpy of the final state is lower than for the initial state, draw-
ing the conclusion that thermodynamically favorable for the S
atoms to be removed from the MoS, basal plane through oxida-
tion, namely, the oxidation of 1L MoS, in the air is thermodynam-
ically spontaneous. Nevertheless, resisted by the principle of kinet-
ics, the substitutional oxidation of MoS, faces obstacle. The results
of nudged elastic band model calculations (Fig. 3D) clarify that the
typical kinetic barrier height is ~1 eV for the reaction pathway pro-
posed. It is worth noting that along with the O substitution of the
S vacancies, the energy of the final state was ~4eV lower com-
pared with the initial state, which clarifies that as a next step, the
O substitution process is highly favorable.

In addition, in line with transition state theory, the dynamic ob-
stacle of ~1eV for the substitutional oxidation of MoS, are hope-
fully to be conquered in the room condition over a timescale of a
month. The polarization curves (Fig. 3E) and corresponding Tafel
plots (Fig. 3F) clarify that compared with the reduced pure 2D
MoS, phase, the 2D MoS,_x0Ox shows a dramatic increase in cat-
alytic HER activity, which attributes to the single O atom incorpo-
rating into the MoS, basal plane progressively.

Furthermore, we may doubt if the substitution site is single O
atom. As a matter of fact, taking O, O,, OH saturated S vacancies
into account, the only logical imagine, which was agreement with
the experimental imagines is the single O atom substitution sites,
which are also the thermodynamically most favorable case corre-
sponding to —3.9eV formation energy.

It is noteworthy that not all basal plane of TMDs can be spon-
taneously oxidized in air. The oxidation enthalpy of MoSe, basal
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Fig. 4. Scanning electron microscopy images of (A) fresh MoS,, and (B) aged MoS,
after 6 months without desiccant and (C) after 1 year without desiccant. All the
samples were stored in Class 100 cleanroom conditions. Photoluminescence spec-
tra of fresh and aged TMDs. PL intensity map (centered at the A exciton) of fresh
MoS; (D), and MoS, aged for 1 year under ambient conditions (E). The inset optical
images show the MoS, flakes from which the data were taken. Representative PL
spectra of the fresh and 1-year-aged MoS, (F). The 1L MoS, films were aged for 1
year under ambient conditions (i.e., room temperature and atmospheric pressure).
Reproduced with permission [87]. Copyright 2016, American Chemical Society.

plane to remove one Se atom by oxidation is AE=+0.75V, which
means that it is thermodynamically unfavorable and difficult to
spontaneously carry out the process of oxygen substitution of
SVs. However, the edge oxidation speed of MoSe, is much faster
than MoS,, which means we cannot underrate overall environ-
mental activity of MoSe,. Namely, the spontaneous oxidation of
MoSe, may still occur in different parts. Cucinotta et al. [86] re-
ported the spontaneous oxidation process of TiS,. In their research,
the edge of TiS, is oxidized by water molecules as the function:
TiS, +xH,0 — TiS,_x0x +xH,S. The open side of TiS, is more eas-
ily to be oxidized by water molecules. One of the H atoms is
exchanged from water to a neighbor S-up atom, forming a thiol
group, leaving a hydroxyl group adsorbed on Ti. In the next pro-
cess, the H atom in a hydroxyl group moves to the opposite thiol
group, forming the H,S. The final configuration can be character-
ized by an O atom adsorbed at the edge, replacing one S atom.
Actually, the spontaneous oxidation of TMDs could also be influ-
enced by defects and edges. At the initial stage of spontaneous ox-
idation, the process is relatively slow relating to the intact MoS,
basal plane. With the process of oxidation, dramatic defects are
formed on the basal plane and the edges of TMDs are broken,
which greatly speed up the subsequent oxidation process of TMDs.
In the research of Gao et al. [87], they study on the spontaneous
oxidation at the edges of MoS, and WS,, and the oxidation pro-
cess of the two is almost identical. Taking MoS, as the example
(Fig. 4A), fresh 1L MoS, synthesized using CVD had continuous
smooth surfaces and were intact under the scale of 10pum. After
stored for 6 months without desiccant (Fig. 4B), it basically kept
the original structure with little defects formed at the boundaries.
However, after being oxidized at room temperature with desiccant
for 1 year (Fig. 4C), the whole crystal was completely degraded and
the defects were spread throughout the crystal face. Moreover, at
the same time scale of the first six months and the second six
months, it is obviously observed that the cracking in the second
six months is more serious, which may indicate that when defects
occur, the neighboring S atoms will be more easily oxidized, so the
cracking speed will be faster.

Photoluminescence (PL) mapping and the optical image of a
typical freshly grown 1L MoS, is illustrated in Fig. 4D. Meanwhile,
Fig. 4E shows the PL mapping of a typical MoS, oxidized for 1
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year. The PL spectrum of MoS, (Fig. 4F) is dominated by neu-
tral A-exciton emission, along with B-exciton emission which re-
sults from the spin-orbital splitting of the valence band, ~0.15eV
away from the A peak. Obviously, compared with the preparation
time, the PL intensity on the whole crystal surface of 1L MoS, oxi-
dized for 1 year changes greatly, and PL quenching occurs in some
areas, which indicates that the surface of the sample has been
greatly damaged by oxidation. The PL intensity of MoS, oxidized
for one year is also reduced by 2.3 times (Fig. 4F) compared with
the preparation time, which means that the composition of MoS;
has changed dramatically after 1 year in the air, with most of the
S atoms being replaced by O atoms. The above study shows that
spontaneous oxidation in air can be very significant if the time is
long enough.

3.1.2. Fabricated by oxygen plasma treatment

Oxygen plasma treatment is explored as the approach to con-
trolling the band structure and thickness of the MoS, film, dur-
ing which the S-O bonds are formed and enhance the charac-
ter of MoS,. Considering that if not regulated properly, the oxy-
gen plasma treatment has the chance to oxidize MoS, to MoOs,
the low-intensity inductive coupled plasma (ICP) source should be
used to minimize the chemical reaction. Comparing with tradi-
tional method, the MoS, treated by oxygen plasma treatment owns
the advantage of smooth surface. Kim et al. [88] reported a pre-
cise process to prepare the 1L MoS, with O atom doping (namely
MoS,_xOx). The prepared few-layer MoS, films were transferred
onto the Si/SiO, substrate. Before plasma treatment, the MoS, was
cleaned through annealing at 250°C for 3 h at Ar/H,. Then, the pre-
cise regulation of MoS, layer was realized by generating an ICP dis-
charge utilizing O, gas and varying treating time, a gas flow rate
of 30 sccm, at a pressure of 200 mTorr, and a power of 21 W.

The mechanism of oxygen plasma treatment could be illus-
trated in Fig. 5A. The primitive MoS, was treated with the intervals
of 4s. With air exposure, the Mo-S bonds are etched first, which

produces abundant S vacancies. Afterwards, the O atoms replace
the S vacancies, in which condition the S-O bonds are formed. As
the AFM image shown in Fig. 5B, the thickness of 1L MoS, has the
1 nm decrease, which may result from the oxidation or the absorp-
tion of H,0 in the air.

As we all know, the O, plasma is highly reactive and MoOs,
which is difficult to remove with high melting point of about
800°C and insulative. The chemical reaction associated with the
formation of MoO3 is 2MoS; + 70, — 2MoOs + 4S0,. Therefore, it
is significant to determine the existence of MoOs. The X-ray pho-
toelectron spectroscopy (XPS) analysis (Figs. 5C-E) clarified that
compared with the primitive MoS,, the MoS, treated after plasma
treatment, only the Mo 3d peaks situated at 229.8 and 232.5eV re-
main. Without observing the peak at 236 eV, the presence of MoO3
could be excluded. Additionally, the peaks of 162.8 and 164.0eV
which are corresponded to S 2p;;, and 2pq;; and 529.8eV corre-
sponded to O 1s were observed, which provided the evidence of
S-O bond formation. Therefore, by oxygen plasma treatment with
restriction, the MoS,_xOx nanosheet could be fabricated without
the formation of MoO5; nonconductor.

Similarly, Wang et al. [89] fabricated WSe,_xOx by ultraviolet
ozone and low power O, plasma treatment. They reveal that the
oxygen plasma treatment on TMDs is an anisotropic process where
the topmost layer is oxidized almost completely while the WSe,
underneath are affected mildly. This phenomenon matches Fig. 5A
well, which proves that most TMDs have similar characteristics.

In addition, it is crucial to restrict MoOs; formation in oxy-
gen plasma treatment. Meng et al. [90] reported that after plasma
treatment, the PL lifetime of treated MoS, decreases from 494 ps
to 190 ps due to the transformation to MoOs3, which illustrates the
damage the MoO3 deals to the character of MoS,_xOx nanosheet.
Furthermore, the plasma power should be limited. As reported by
Lin et al. [60], when treated with strong power 100W, the band
gap of MoS, would be disordered, which is attributed to the amor-
phization of crystalline structure.
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tivation. (B) Cyclic voltammograms within the different range from +0.273V to
+1.473V vs. RHE. Reproduced with permission [91]. Copyright 2019, Elsevier. (C, D)
XPS spectra of MoS, on Toray paper recorded at different stages of its life. (1) As
prepared after sulfidation. (2a) After initial activity measurements of the HER (CVs
between +0.1 and 0.4V vs. NHE). (2b) Sample 2a after measurements of the HER
and subsequent oxidation/deactivation (CVs between +1.4V and 0.4V vs. NHE) and
removal from the electrolyte at 0.32V vs. NHE. (3) After measurements of the HER
and subsequent oxidation/deactivation (CVs between +1.4V and 0.4V vs. NHE) and
removal from the electrolyte at 0.4V vs. NHE. Reproduced with permission [92].
Copyright 2009, The Royal Society of Chemistry.

To figure out the operating mechanism of the MoS, field ef-
fect transistors (FETs), the band diagrams before and after oxygen
plasma treatment with a positive Vp and a negative V; are shown
in Figs. 5F and G. The primitive MoS, before plasma treatment
shows off-state at negative V;, which may result from the large
barrier height between drain and source electrodes disturbing the
electron flow. By contrast, the MoS, after plasma treatment did
not show off-state, proving that the highly n-doped state, which is
caused by oxygen atom doping, leading to the high field emission
current in spite of the negative V. The oxygen plasma treatment
could also improve the charge transport at contact interfaces. In
the research of Wang et al. [89], it is evident by a 100-1000 times
improvement in the p-type transport in WSe, FET, which means
TMDs oxidized by oxygen plasma treatment have promising appli-
cation prospects in FETSs.

3.1.3. Fabricated by electrochemical methods

Electrochemical oxidation is also a fast and simple way to
prepare MoS, with incorporation of oxygen. Usually, this process
should be carried on in acidic environment. Deng et al. [91] re-
ported that the MoS, is oxidized at the potentials above 0.65V.
The preparation process of oxidized MoS, they reported, which is
representative in electrochemical oxidation, is shown in Fig. 6A.
Firstly, the MoS, mesh (MM) was fabricated by the reaction of
cleaned Mo mesh and S powder under the condition of 550°C
for 20 min. Furthermore, the prepared MoS, should be calcined at
350°C with Ar with the intention to remove the excess S as possi-
ble. Finally, the MoS, mesh was implemented via cyclic voltamme-
try (CV) scans between +0.273V vs. RHE and +1.273V vs. RHE in
0.5mol/L H,SO4 electrolyte by electrochemical oxidation for sev-
eral cycles. In Fig. 6B, before the voltage increases to +0.873V vs.
RHE, the oxidation peaks of MoS, cannot be observed. As the ap-
plied voltage grows higher than +0.873V, the current density in-
creased with the cyclic voltammograms. In addition, the appeared
hysteresis loop of CV curves proves the irreversible reaction from
Mo*+ to Mo®*, implying the incorporation of oxygen into MoS,
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which forms MoS;_xOyx. In their research, the MoS, mesh with
oxygen incorporation enhances the character of HER catalysts.

Meanwhile, the electrochemical oxidation of MoS, also exists
in HER process. Bonde et al. [92] reported the change of MoS,
composition (Figs. 6C and D). Through XPS spectra, compared with
the primitive MoS, (No. 1), the MoS, tested for the HER (No. 2a)
sweeping between +0.45 and —0.1V vs. NHE only appears a peak
of S042-, which is attributed to the H,SO, condition. When the
sweeping section enlarges which is between —0.4V and +1.4V vs.
NHE (No. 2b), a significance reduction of the Mo 3d, Mo 3p, S 2s
and S 2p peaks was observed. Nevertheless, the evidence which
proves the existence of MoO3; was not detected. Considering the
sample 2b was pulled out of solution at —0.32V vs. NHE, which
may lead to the dissolution of MoOs, the sample 3 was pulled out
at +0.4V vs. NHE. This time, the peaks corresponding to MoO3 ap-
pear. The result conforms the theory mentioned above. In their re-
search, the reaction was between two extreme conditions shown
as equations as follows, which could be changed as the voltage and
concentration of reactant:

MoS; + 11H,0 — MoO3 + 2503~ + 22H* + 18¢~ 1)

MoS; + 3H,0 — MoOj; + S5~ + 6H" + 4e~ (2)

Thus, the HER catalyst contained with primitive MoS, may face
the problem of oxidation. Fortunately, the pre-treatment of electro-
chemical oxidation of MoS, into MoS,_xOx could handle this and
enhance the catalytic performance, which avoid this dilemma. The
research of Bonde et al. [92] also remind us that the electrochem-
ical oxidation of MoS, should be carried out under restricted con-
dition in avoid of the complete oxidation into MoOs.

In summary, the TMD with O atom doping structure could be
fabricated by various oxidation strategies. Notably, whatever the
oxidation strategy is, it is significant to avoid the transformation
of MoS,_x0x into MoOs. The formation of S-O bonds in MoS,_xOx
greatly enhance the chemical performance and this atomic struc-
ture could be widely used in applications of HER and FETs.

3.2. TMDs with oxygen bound up atop sulfur atoms

In some special circumstances, the O atom could absorb on top
of sulfur, forming a unique atomic structure. It has been reported
that the presence of ultraviolet light is indispensable to form this
unique S-O bond [93,94]. This oxidation strategy could preserve
the primitive MoS, structural and electronic properties as the for-
mation of new S-O bonds.

Ultraviolet-ozone treatment provides a brand-new method to
fabricate a special structure of oxidized MoS,. Similar to other
methods, the UV-O3 treatment, as a way of strong oxidation, could
transform MoS, into MoOs, reported by Jung et al. [95]. In their
research, the 1L MoS, are treated by UV-O3 for 5min at the irra-
diance of 58 mW/cm?. As illustrated in Figs. 7A and B, after 5-min
UV-03 treatment, both the exfoliated flakes and CVD thin films of
MoS, become transparent. As discussed above, this indicates that
despite of the number of SVs, the MoS, could be oxidized to the
transparent MoO3; which conforms to the previous reports. The op-
tical absorbance of MoS, thin films (Fig. 7C) clarifies that when the
absorbance peaks of the primitive MoS, appears which attributes
to excitonic transitions (A and B), the MoS, thin films treated by
5-min UV-O3 exposure do not exhibit any peaks throughout the
same range of the wavelength. Since light yellow-green MoS, thin
films are transparent to visible light after 5min UV-O5 treatment,
it is expected that the band gap of the original 1L MoS, (~1.88eV)
becomes wider after UV-O5 treatment. This is consistent with the
wide band gap of MoOs. UV-Os-treated transparent MoS, indicates
the formation of MoO5 via 5-min UV-Oj3 treatment.
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Fig. 7. Mechanically exfoliated flakes and CVD thin films of MoS, monolayers (A)
before and (B) after 5-min UV-O3 treatment (dotted region indicates monolayer).
(C) Optical absorbance of CVD thin films before and after 5-min UV-0O; treatment.
Reproduced with permission [95]. Copyright 2019, Springer. (D) X-ray photoelectron
spectra corresponding to the S 2p and Mo 3d (E) (5 x 5) supercell of MoS, showing
the most energetically stable adsorption sites for oxygen: Oxygen on top of sulfur
(Oa4s) and substitutional oxygen on the SV (Os). Reproduced with permission [96].
Copyright 2014, American Institute of Physics.

Notably, Azcatl et al. [96] reported that they found a non-
destructive method to treat MoS, with UV-O3 exposure without
breaking Mo-S bonds, namely without the formation of MoO3. The
XPS spectra of MoS, treated in their research is given in Fig. 7D.
Compared with the initial as-exfoliated MoS,, the additional dou-
blet peaks of the S 2p spectrum at 164.8 eV indicates the oxidation
of sulfur. The increase of binding energy position of S 2p feature
proves the sulfur is not the state of S2~ in MoS,. However, the po-
sition is lower than that of S** reported previously. Considering
the XPS spectra also illustrates that no formation of Mo-Mo and
Mo-O bonds are detected, the oxidation of sulfur could be deduced
as the formation of S-O bonds without the break of Mo-S bonds.
The DFT modeling (Fig. 7E) clarifies that there are two different ab-
sorption sites of oxygen adatom: Oxygen atop sulfur and the sub-
stitution of SVs, which has the formation energies of —0.81 and
—1.88 eV, respectively. The DFT result certifies that the formation
of S-O bonds is energetically favorable which could occur with-
out Mo-S scission. The result is in conformity with the states of
Mo and S observed in XPS spectra. The MoS, has special structural
characteristics different from other oxidized variants. The unique
S-0 bonds may arise some potential applications including atomic
layer deposition [97] as reported. Huang et al. [66] also oxidized
ReS, and ReSe, with UV light and got the O atom bound up atop S
atom. Furthermore, they found that the formation of this structure
is reversible. When the ReS, or ReSe, bound up atop O atom is
exposure in laser, the oxidized ReS, or ReSe, could be transformed
into the pristine ones. When studying on the transport properties
of FET devices fabricated by ReS,, they found that after UV treat-
ment the on-state channel current drops by 1-2 orders of magni-
tude on average compared with the pristine ones. Considering that
the reaction process is reversible, this property could be used to
realize the switch of FETs under certain conditions.

4. Oxidized variants in the form of heterojunction

Obviously, the oxidation process of TMDs could be partially and
locally, which forms the TMD-TMO (where TMO refers to transition
metal oxides) heterojunction. Considering the heterojunction struc-
ture enhances the quantum effect and electron mobility of TMDs,
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Fig. 8. (A) Laser-induced thinning conditions mostly result in nanoparticle forma-
tion (blue circles) on the MoS, surface, however different conditions impact sur-
face chemistry. (1) Low-power laser and the presence of atmospheric oxygen retains
the MoS, chemical structure. (2) High-power laser and the presence of atmospheric
oxygen results in molybdenum oxidation. (3) High-power laser in the presence of
vacuum also retains MoS, chemical structure. i-XPS measurements on native and
laser-treated MoS, nanosheets treated in ambient conditions. (B) Optical image of
the area containing native and laser-treated nanosheets. (C) Processed image at-
tributed to Sgyge 25 signal. (D) Processed image attributed to Moy 3d signal. (E)
Composite map of masks associated with processed images of Moo (green), Ssufide
(red), and SiO, (blue) signals. Yellow, teal, and pink reflect an overlap in masks,
while black reflects an absence in masks. (F) i-XPS spectra from the raw images
based on pixels from the ROIs defined in the composite map. The Mo 3d and S 2s
regions (left) and the O 1s region (right). Reproduced with permission [104]. Copy-
right 2018, American Chemical Society.

it is valuable to be prepared to apply in the fields such as field
effect transistors [98,99], solar cells [100] and catalysts [101-103].

4.1. The bi-compound heterojunction

The bi-compound heterojunction is prepared with precise ox-
idation strategies and usually has the special shape. The unique
shape of heterojunction may increase the active sites which im-
proves the performance of products.

Laser-induced oxidation reaction is a directional, fast process
with low activation energy and high selectivity. Considering the
laser treatment could oxidize the TMDs locally and precisely which
forms a straight channel, it is a useful method to prepare hetero-
junction of TMDs. Depending on this, Alrasheed et al. [104] inves-
tigated the theory of laser treating MoS, nanosheets. As shown in
Fig. 8A, they treated the MoS, nanosheets on SiO, substrate with a
532-nm laser. Considering low laser power and ambient condition,
the MoS, could not be oxidized lacking in energy, which gives rise
to the amorphous MoS, etching and deposition upon the surface
of the flakes. By contrast, when rising the laser power, the oxidized
MoS, nanoparticles and nanosheets are able to be formed. Further-
more, as the removal of air, the nanosheet oxidation could not be
observed. According to this mechanism, the oxidation of MoS, in-
duced by laser could be influenced with circumstances including
the laser power and the air condition. During i-XPS measurements,
the optical images of native and laser treated MoS, are illustrated
in Fig. 8B. When investigating the S 2s region at around 227eV,
the sulfur content of the native flakes remains which means the
surface content is still MoS, (Fig. 8C). In the contrast, the region
of treated flake grows dark, indicating the transformation of na-
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tive MoS,. When investigating the Mo 3d signal at 235 eV (Fig. 8D),
only the treated flake is present, which proves the existence of ox-
idized MoS; (MoOy). The masks of the Sgyfge, MOox, and SiO, im-
ages with intention to identify regions of interest (ROIs) with min-
imal overlap resulting from masks were created from the Sgyfge,
Mogx, and SiO, images to identify regions of the laser-treated and
the native MoS, with the SiO, substrate is shown to extract spec-
tra from the unprocessed images (Fig. 8E).

Spectra for the Mo 3d, S 2s, and O 1s regions which connect
with pixels from each mask are offered in Fig. 8F. The native MoS,
shows the typical Mo 3d and S 2s peaks at 229.8eV and 227.0eV
respectively which is consistent with the literature value of MoS,.
Nevertheless, sulfur is nearly undetectable with slightly increases
in signal intensity which is concluded in the satellite peaks for
the shifted Mo 3d peak in the laser-treated MoS, flakes, suggest-
ing that the characteristics of sulfide are completely removed. It
is worth noting that the spectral features widen at half-width, in-
dicating the presence of a distribution of oxide (Mo*t to Mo®t)
species within the spectral envelope. However, in view of the bind-
ing energy of MoO, is close to that of MoS, and MoOjs is usu-
ally found at locations where the binding energy is 0.5eV to 1.0eV
higher, it is possible that an intermediate oxide component, such
as Mo, 05, has been shown to be present near the observed fitting
peak location.

Besides, adjusting the treating position of the laser, hetero-
junction with TMO in the middle of the TMD plane. Wang et al.
[105] reported a novel type of lateral TMD-TMO heterostructure.
In their research, the metallic NbS, as the “canvas” was etched
by the laser heating. Due to the existence of oxygen in air, the
3R-NbS, with layered structure was oxidized to orthorhombic T-
Nb,Os5 locally, creating a patterned NbS,-Nb,05-NbS, heterostruc-
ture which has strong electrical signals in a two-terminal sensor
resulting from its perfect interface contacts.

Thermal Annealing is a relatively simple form of oxidation mod-
ulation. Wu et al. [106] fabricated 1L MoS, mesh by thinning
the mechanically exfoliated multilayer MoS, nanosheets on SiO,/Si
substrates through thermal annealing in air. By means of this
method, the above layers of MoS, nanosheets were etched, leav-
ing only the bottom layer of MoS, with the existence of MoO;
on the 1L MoS,. As illustrated in Figs. 9A-H, the optical images
of exfoliated MoS, before and after annealing at different tem-
perature ranging from 260°C to 400°C for 1h clarified that when
annealing at relative low temperature (at 260 and 300°C), the
MoS, nanosheets remained their primitive shape. As the temper-
ature grows higher, multilayer MoS, nanosheets begin to get thin-
ner (at 330°C), and decomposed (at 400°C) ultimately. Consid-
ering the general accepted fact that MoS, would oxidize com-
pletely to MoOs, in their research, they chose 330°C as the an-
nealing temperature avoiding the complete decomposition of MoS,
nanosheets.

It is worth noting that this preparation process is similar to the
research of Zhou et al. [77] mentioned above. However, the reac-
tion product is different. The reason of this phenomenon is that
Zhou et al. carries out the heating process without the introduction
of carrier or reactive gas, while Wu et al. prepares the chemical
product in air which introduces abundant air. Another report from
Yao et al. [107] expounds the mechanism of the heating progress.
Due to the presence of oxygen, heating the MoS, sample in the
air causes MoOs sites to appear on the surface. Due to the hy-
drophilicity of these MoOj sites, water molecules in the air are ad-
sorbed to the surface of the sample, which further promotes the
oxidation process. The same operation in a dry environment can
prevent the adsorption of water molecules, making MoO; more
volatile, so the degradation of MoS, in air is significantly slowed
down. This report provides a reasonable excuse for the difference
of the two researches mentioned above. By virtue of this, we con-
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Fig. 9. Optical images of mechanically exfoliated MoS, nanosheets before (A-D) and
after (E-H) thermal annealing in air for 1h at 260°C (E), 300°C (F), 330°C (G) and
400°C (H). AFM height (I) and phase (J) images of MoS, nanosheet after thermal
annealing for 10h. AFM height (K) and phase (L) images of the MoS, nanosheet
after thermal annealing for 15h. (M) XPS spectrum of thermally annealed MoS,
nanosheet. Reproduced with permission [106]. Copyright 2013, John Wiley & Sons,
Ltd.

clude that the introduction of oxygen and water molecules could
lead to the oxidation of MoS, into MoO3 through the heating pro-
cess.

Taking the double-layer (2L) MoS, into account, after anneal-
ing for 10h, the 2L MoS, nanosheet was thinned to 1L. The AFM
height and phase images (Figs. 91 and ]) implied that the MoS,
nanosheet annealed after 10h has a smooth surface. It was worth
noting that upon the relative smooth surface there existed small
triangular pits with less than 200 nm size. Considering this, it was
easy to suppose that if lengthening the annealing time, the pits
may grow larger, in which case a MoS, mesh would form. As
expected, when extending the annealing time to 15h, the AFM
height and phase images (Figs. 9K and L) showed the formation of
MoS, mesh due to high density triangular pits resulting from the
anisotropic etching. Notably, compared with MoS, nanosheet (Figs.
9K and L), the fabricated MoS, mesh owned a rougher surface,
which arose from the more formation of MoOs. As characterized by
XPS (Fig. 9M), Mo 3d peaks at 232.2eV and 235eV, corresponding
to Mob+, and Mo 3d peaks at 229.5eV and 232.5eV, correspond-
ing to Mo*t. Unifying with the practical situation, the Mo®%* are
Mo*+ were contributed by MoO3; and MoS, respectively. This re-
sult provided the evidence of the formation of MoOs. In this way,
the formation of triangular pits could be attributed to the evapora-
tion of MoOs. This research opened up a novel way to make MoS,
mesh with MoO5 doping.

The heterojunction with oxidation variants of TMDs could be
used in some fields. For example, Almora et al. [108] reported that
when heterojunction with oxidation variants like V,05 and MoOs3
are made into solar cells, they have larger power conversion ef-
ficiency than before. And V,0s5, due to its unique characteristics,
is observed that flat solar cell architectures allow a significant in-
crease in passivation of the heterojunction interface. The improve-
ment has been supported by the exploration of the judge of mi-
nority carrier lifetimes and the depletion layer features. The more
thorough understanding of heterojunction with TMD oxidized vari-
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Fig. 10. (A) The schematic of exfoliation mechanism of MoO3/MoS,. Reproduced with permission [111]. Copyright 2014, John Wiley & Sons, Ltd. (B) Schematic illustration
of MoS, exfoliation and hybrid thin film preparation by centrifugation-coating. (C) Mo 3d spectra of MoS, oxidized by H,0, (10%) for 15min to light and to darkness.
(D) Ilustration of the hybrid MoO3;:MoS, synthetic process, and the chemicals structure of MoO3;, MoS, and MoO,S,. Reproduced with permission [112]. Copyright 2022,

Multidisciplinary Digital Publishing Institute.

ants could result in dramatic improvements for novel solar cells.
As a matter of fact, the types of heterojunctions of TMD oxidized
variants are myriad, and the structures and the combination of dif-
ferent compounds may produce different properties. Thus, there is
still a long way to go to research on the fabrication of heterojunc-
tions of TMD oxidized variants to explore more different types of
applications.

4.2. The multi-compound heterojunction

In many cases, different oxides may be produced on the same
TMD basal surface due to different oxidation sites and degrees
[109,110]. Thus, some unique chemical properties may arise due to
the wide variety of compounds. The reaction with H,0, reagent
is a typical method which produces a certain amount of MoSxOy
in addition to MoOs. There are also some special oxidized variants
reported in few other reports, which confirm the multi-compound
heterojunction with more oxidized variants could emerge.

As the reagent with strong oxidizing property, H,O, is capa-
ble to transform MoS, into MoOjs. In light of this, to take H,0,
etching into multiple dimension application, we should add some
limiting conditions in the process of reaction to decrease the oxi-
dation rate in case of the MoS, decomposing to MoO3; completely.
As clarified in Fig. 10A, the mechanism of reaction of MoS,, pro-
posed by Yun et al. [111], could be described as follows: Firstly,
due to the more highly active suspended bonds distributing at the

edge of bulk MoS,. As the process of oxidation, the interlayer dis-
tance of MoS, is expanded, which gives rise to the penetration of
H,0, into the expanded interlayer of MoS,. Then, the interlayer of
MoS, is partly oxidized to MoO5;. Meanwhile, the interlayer force
gets weaker. Therefore, finally through ultrasound treatment, the
atomically thin MoS,;/Mo0O3; nanosheets can be prepared. The reac-
tion allowed the equation:

MoS, + 9H,0, — MoO3 + 7H,0 + 2H,S04 (3)

Lamkaouane et al. [112] reported that the oxidation rate of
MoS, could be restricted under darkness condition. However, in
most instances, there exists more than one kind of MoS, oxides.
Lamkaouane et al. proposed a simple method to realize the theory.
As illustrated in Fig. 10B, they exfoliated MoS, by liquid-phase ex-
foliation method in distilled water. Then, after a chain of centrifu-
gation and stirring operation, they added H,0, to the MoS, disper-
sion with a volume ratio of 3:1 at ambient temperature. After full
of reaction, they transferred the MoO3/MoS, to another centrifuge
tube and obtained the MoO3/MoS, thin film through another cen-
trifugation process. As a matter of fact, they prove the existence of
Mo0OySy in the MoOs thin film.

As the XPS spectra shown in Fig. 10C, when using H,0, with
the concentration of 10%, after 15min of oxidation at room condi-
tions, the Mo 3d spectrum corresponds to two doublets: One sit-
uated at 232.9eV and 236.0eV results from the Mo 3ds, and Mo
3d3), of MoOs. The other one situated at 231.7 eV and 234.8 eV cor-
responds to MoO,Sy. It is obvious that no evidence shows the ex-
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istence of MoS,. According to the results, the MoS, is completely
oxidized to MoOs. In order to slow down the reaction, they tried
to put the samples in the dark during the reaction. This time, af-
ter the same reaction time, the doublet situated at 229.0eV and
233.0eV appears, which proves the existence of primitive MoS,.
Fig. 10D illustrates the atomic structure of oxidized MoS,. Due
to the partial and different degrees of oxidation, the MoO,Sy and
MoO3 could be detected in the MoS; nanoflakes. In summary,
H,0, owns the ability to oxidized MoS, to MoO3; completely. With
this method, H,0, etching could be a straight way to prepare pure
Mo0s. Meanwhile, to obtain the MoOxSy—Mo0O3;—MoS, heterojunc-
tion, the light condition and the concentration of H,O, should be
restricted.

In addition, in some reports, the researches gave the different
reaction equations. For instance, Li et al. [113] gave the equation:

MoS; + 9H,0; — Mo0O3;~ + 250%™ + 6H* + 6H,0 (4)

However, Dong et al. [114] found that MoS, reacts with H,0,
under certain conditions through their own research:

MoS; + 9H,0; — Mo03" + 250%™ + 2H* + 8H,0 (5)

It can be seen that the specific reaction mechanism of MoS,
and H,0, is very complex, but one consensus could be drawn that
the reaction of H,0, and MoS, is violent, where a method to slow
down the reaction must be taken.

In conclusion, the heterojunction structures could increase the
recombination rate of electrons and holes and enlarge the width
of the quantum well of the TMD atomic structure, which may
enhance the luminous efficiency and electronic properties. As re-
ported, the TMD heterostructures could be used in light-emitting
diodes [115], photodetectors [116], solar cells [117], etc. Further-
more, considering the diversity of the heterojunction structures,
endless application prospects are waiting to be explored.

5. Oxidized variants with uncommon structures

In addition to the various oxidative variant structures men-
tioned above, there are some more uncommon atomic structures.
For example, TiSe, oxidizes in air, forming a special TiO, structure
with Se atoms sandwiched between layers.

Sun et al. [118] reported a novel oxidation structure of metal-
lic transition metal diselenides (Fig. 11A). In their research, the
whole oxidation process was revealed as a layer-by-layer mode.
Firstly, the topmost layer of TiSe, be oxidized spontaneously to
TiSe,_xOy in air condition, which has the similar atomic structure
with MoS,_x0x mentioned above. However, the TiSe,_xOy is unsta-
ble in air. The further oxidation starts from the defects and edges
which have high chemical activities. Then, the metastable Se-O-Ti
bonds are broken gradually, in which circumstance selenium in-
vades into the van der Waals gaps and accumulates into larger
bulks which expand the interlayer distance and thus increase the
overall height of the oxidized flakes. The enlarged gaps increase
the contact area of O, and the multilayer flakes which attributes to
the complete oxidation of the whole basal plane from top to bot-
tom in the layer-by-layer formation. Finally, the TiSe, is oxidized
to amorphous TiO, with Se nanoparticles inserted in the adjacent
layers.

The Raman mapping images of TiSe, (Figs. 11B-D) as the time
grows show the gradual oxidation process of TiSe,. It is notably
that the blue region becomes larger until it takes part of the whole
basal plane, which indicates that the Raman active materials shift-
ing from TiSe, to Se. Besides, the auger electron spectroscopy (AES)
is utilized to characterize the elemental spatial distribution in the
oxidized TiSe, flake (Figs. 11E-G). As the images illustrated, the
Ti and O elements are homogeneously distributed in the oxidized
TiSe, flakes, which indicates that the TiSe, is oxidized into TiO,.
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Fig. 11. (A) Schematics of the oxidation process of 2D TiSe,. Evolution of TiSe, thin
flakes in the progress of oxidation under ambient condition. Raman mapping im-
ages of (B) as-made TiSe, flake, (C) partially oxidized TiSe, flake after exposure to
air for 5 days and (D) completely oxidized TiSe, flake after exposure to air for 10
days, respectively. Insets: corresponding optical images of TiSe, flakes. Scale bars:
1um. AES mapping images of (E) O, (F) Ti and (G) Se elements on the heavily ox-
idized TiSe; flakes. Scale bars: 2 um. XPS spectra for binding energies of (H) O 1s,
(I) Ti 2p and (]J) Se 3d on the surface of partially oxidized sample, respectively. (K)
Typical Raman spectra of as-made, partially oxidized and completely oxidized TiSe,
flakes (from top to bottom), respectively. Reproduced with permission [118]. Copy-
right 2017, John Wiley and Sons.

Meanwhile, the amount of Se detected by AES is very low in the
oxidized TiSe, flakes, clarifying that Se is stored deeper than the
AES detection depth. To further confirm the elementary composi-
tion, the XPS spectra of the oxidized TiSe, is shown in Figs. 11H-].
The most prominent peak of O 1s locates at ~530-531eV, which
indicates the presence of Se-O-Ti bonds, besides the dominant O
1s peak caused by adsorption (~532eV). Another small peak at
~529.9eV is consistent with the O 1s binding energy of TiO,. The
doublet of Ti 2p at ~457.0eV and ~463.6eV also proves the exis-
tence of Se-O-Ti bonds in addition to those arisen by the prim-
itive TiSe, and TiO,. Furthermore, for Se 3d spectra, the peaks
at ~54.8eV and ~55.8eV attribute to amorphous selenium and
trigonal selenium, respectively, indicating the formation of Se el-
ementary substance. Obviously, in the fully oxidized products, all
Ti atoms exists in form of TiO, due to no signals of TiSe, and the
intermediate are detected by XPS. The Raman spectra of partially
oxidized and completely oxidized TiSe, (Fig. 11K) also shows that
two new peaks appear at ~233 and ~253 cm~! after oxidation,
which belong to trigonal selenium and amorphous selenium re-
spectively, and gradually replace the original peaks of TiSe,. This
also indicates that one of the oxidation products is selenium.

6. Applications of TMD oxidized variants

The TMDs have been widely used in different fields due to
their tunable bandgaps and high catalytic activities. If the oxida-
tion strategies mentioned are well utilized, the TMDs can be ap-
propriately modified to enhance activities of basal plane and elec-
tronic transmission efficiency, thereby expanding the applications
of TMDs. The typical applications of TMD oxidized variants are
shown in Fig. 12.

(1) HER catalysts. Recently, the DFT calculation has proved that
due to its proper hydrogen adsorption/desorption strength and
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HER catalysts

Photo
detectors

Fig. 12. The prospective applications of TMD oxidized variants summarized as ex-
amples.

good electrochemical stability [119-121], MoS, could be a promis-
ing HER catalyst if oxidation strategies are utilized to modify its
low conductivity and increase active sites [122-126].

(2) FETs. With the improvement of device requirements, the
sizes of transistors are becoming thinner. The silicon transistor has
gradually failed to meet the requirement due to its physical limit.
Meanwhile, TMDs are about to become promising candidate ma-
terials for the next generation of electronic devices due to their
ultra-thin bodies and suitable bandgaps [127-129]. The excellent
properties of TMDs are owing to their atomic nature and absence
of dangling bonds. However, some doping strategies such as ion
injection cannot be utilized in TMDs because they damage the
atomic thin structure and the quality of devices [130]. Fortunately,
oxygen plasma treatment can solve this problem because it allows
the TMD to form a gapless band with removed S atoms [89,60],
which reduces the contact resistance and provide a route for fu-
ture device application.

(3) Solar cells. The TMD monolayers are potential materials
to absorb sunlight and can be used to fabricate ultrathin pho-
tovoltaic devices due to their semiconductor properties. The re-
searches have demonstrated that 1nm thick active layers fabri-
cated by TMD monolayers can obtain ~1% power conversion effi-
ciency, which is about 1-3 orders of magnitude higher power den-
sity than the existing ultrathin solar cells [131,132]. When oxida-
tion strategies are used to modify TMDs, the power conversion ef-
ficiency is better than before [108,117], which may arouse further
studies on this field.

(4) Photodetectors. The vertical stacking of TMDs which forms
van der Waals heterostructures has potential optoelectronic prop-
erties. This structure could realize efficient electron-hole sep-
aration and be applied in the fabrication of photodetectors
[116,133,134]. Through modulation strategies, the low absorption
capacity of TMD may be conquered and used in the detection of
polarized light [135-137].

7. Conclusion and outlooks

As promising atomic structures, the oxidized variants have
drawn extensive attention in recent years. Nowadays, plenty of re-
searches have been carried out to comprehend the physicochemi-
cal properties of the structures and the fabrication methods. In the
previous sections, we summarize the typical oxidation structures,
including variants without changes of intrinsic elements, variants
with single oxygen atom doping, heterojunction, and dioxides with

1
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interlayered elementary substance. By virtue of these results, the
solid foundation of the further researches would be conducted and
the wide application fields of TMD oxidized variants would be ex-
plored, such as HER catalysts, FETs and solar batteries. Although
dramatic progress has been made, there still exist some obstacles
and challenges worthy of further exploration.

(1) Although current studies have shown that precise TMD ox-
idation variants can be obtained through some specific ways, the
preparation methods of some oxidation variants have strict re-
quirements on reactants and reaction conditions. In these reac-
tions, subtle changes in environmental conditions such as light
and temperature may have an enormous impact on the oxidation
products. Therefore, more stable and efficient preparation methods
need to be explored in future research.

(2) In recent years, relevant researches have obtained many
valuable oxidation variants through previous experience. It is still
doubtful whether the structural types of oxidation variants can be
expanded. The key to solving this problem lies in theoretical cal-
culation. In the future research, we need to establish the relation-
ship between the intrinsic properties and properties of materials
at the atomic scale through theoretical calculations, and strive to
efficiently find new materials with practical application value.

(3) At present, many kinds of TMD oxidation variants have been
explored, but most of the researches on the specific properties of
these oxidation variants still stay in the laboratory stage, and it is
still unclear whether it can also be effective when it is applied to
real life. In addition, there is still a long way to go from laboratory
synthesis of oxidized variant materials to large-scale production,
and more efforts are needed to promote the specific application of
TMDs based oxidized variant materials.
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