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ABSTRACT: The phase transformation from the TiS, to TiS on HS g HOg . o v

the surface of bulk 1T-TiS, crystals is achieved by thermal vacuum \ sH T| OH % ) " a ; K L ,.\
annealing. This is demonstrated by a combination of photo- &ag

emission spectroscopy, electron paramagnetic resonance spectros- f b_, WP Y WP v
copy, and Raman spectroscopy. The chemical interaction between

TiS, and surface-adsorbed H,O molecules is expected to assist this Q@ %’ \W’)(\S(g X%}
transformation. Especially, the transformation temperature is found ¢ \20 (B¢ Lof Lof il ol Lo w ot ot ot o o
to depend on the natural defects present in the TiS, crystals. Ti Lo

interstitial (Ti;) and S vacancy (S,) defects hinder TiS, to TiS “}\2&}%}3@ N %3}%’ )\g{ i kj‘%{ %/“%}%}%
transformation, whereas Ti-OH species facilitate the phase «f if C3F OF G O5F OF o oF O5F O OF o o
transformation. These results not only provide a valuable insight

into the water-assisted phase transformation modulated by defects but also highlight a potential strategy for designing an unusual
TiS,-TiS heterostructure through a combination of phase and defect engineering.

H INTRODUCTION cost, and earth abundance.'®'? Various defects, including Ti
interstitials (Ti;), S vacancies (S,), and oxidized Ti-O species,
as illustrated in Figure 1, and Ti Frenkel pair and Ti vacancies
(Ti,) are reported to alter its physical and chemical
properties.”” Despite the advanced intrinsic and defect-tunable
properties, the structural instability of the TiS, materials
degrades its application capabilities, such as poor long-term
cycle performance of TiS,-based metal-ion batteries. So far, the
introduction of Ti, or S, defects has significantly improved the
cycle performance of the TiS, electrode for potassium-ion
batteries,”"** implying that certain defects could improve the
structural stability.”® The rich natural defects and correspond-
ing tunable structural instability make TiS, an ideal platform to
investigate the effect of defects on structural evolution, which is
critical for promising heterostructure construction and its
practical device applications.

In this article, the surface phase transformation of TiS,
depending on its intrinsic defects was identified by the results
of photoemission spectroscopy (PES), electron paramagnetic
resonance (EPR) spectroscopy, and Raman spectroscopy. The
mechanism of this transformation was proposed by the joint
effects of thermal annealing and chemical TiS,-H,O inter-

Transition metal dichalcogenide (TMDC)-based heterostruc-
tures have broad application prospects in the field of
optoelectronics,' catalysis,” and energy storage and con-
version.” Moreover, novel physical phenomena, such as
nonlinear optics,* spin—orbit physics,” and valleytronics,® are
explored due to the breaking of symmetry at the interface of
heterostructures.” The structural phase modulation is one of
the efficient strategies for the fabrication of heterostructures to
control the physical properties and to realize new function-
alities." ™" Strainless and ohmic contacted heterostructures
have been built by the partial phase transformation, which
show enhanced performance by avoiding the lattice mismatch
and contact problem."'™"* For example, the thermal-driven
transformation from semiconducting 2H-MoTe, to one-
dimensional (1D) metallic MosTes leads to a 1D/2D
metal—semiconductor heterostructure with reduced contact
resistance,'> which improves the supercapacitor perform-
ance.'® In addition, it is found that defects, which exist
naturally in TMDCs, play an important role in the phase
transformation of TMDCs. Te vacancies in the 2H-MoTe,
crystals trigger the phase transformation from 2H-MoTe, to
metallic monoclinic 1T7'-MoTe,, which naturally fabricates an
ohmic heterophase homojunction with increased carrier
mobility.'” As a consequence, understanding the phase
transformation and effects of defects is of great significance
for phase and defect engineering of heterostructure devices.
Titanium sulfide (TiS,) exhibits great potential in energy
storage and conversion, owing to its high performance, low
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Figure 1. Schematic illustration of the surface TiS, to TiS transformation assisted by TiS,-H,O interaction. The left panel represents (i) the natural
defects of S,, Ti;, and Ti-O species in the as-grown 1T-TiS, crystals and (ii) surface-adsorbed H,O molecules, surface S-H, Ti-OH, and Ti-OH
groups resulting from the TiS,-H,O or Ti-H,O interaction. The right panel represents the thermal-driven formation of H,S molecules and under-
coordinated Ti-atoms (Ti,.) and subsequent TiS transformation resulting from Ti,. displacement to the octahedral sites in the van der Waals

(vdW) gap.
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Figure 2. Evolution of Ti 2p;/, and S 2p core-level spectra and corresponding fitting curves for (a, b) 1T-TiS,, (c, d) TiS, 4, (e, f) TigosTiS,, and
(g h) TiS,.,O, upon thermal annealing. The purple and green lines represent the Ti; and Ti-O signals, respectively. The lines filled with pink and
gray are related to the S, and TiS species, respectively. The intensities are normalized to the corresponding Ti** and S*~ intensity of pristine

samples.

action. The chemical reaction between the surface sulfur atoms
and the adsorbed water plays a dominant role with the
formation of H,S species, leading to a surface phase
transformation. This phase transformation then results in a
new surface phase of TiS and fabricates a TiS/TiS,
heterostructure spontaneously. Our findings can be extended
to other TMDCs and shed light on the large-scale preparation
of heterostructures and even Janus materials.

B EXPERIMENTAL METHODS

TiS, single crystals with various defects were synthesized by a
chemical vapor transport technique according to the method

3463

reported before.”* First, titanium (99.99%, Alfa Aesar) and
sulfur powder (99.8%, Alfa Aesar) with different molar ratios of
Ti:S = x:2 (x = 0.95, 1, and 1.1) were sealed in the quartz
tubes with the transport agent iodine (I,) under vacaum and
then heated up in a two-zone furnace for 144 h with different
hot zone temperatures (650 °C) and cold zone temperatures
(550 °C). Three batches of crystals named TiS, (Ti:S =
0.95:2), TigoeTiS, (Ti:S = 1.1:2), and TiS,, 0, (Ti:S = 1:2)
were collected at the end of tubes placed in the cold zone after
cooling down to room temperature. TiS,q, crystals were
synthesized with a molar ratio of Ti:S = 0.95:2 at higher
temperatures (hot zone temperature of 900 °C and cold zone

https://doi.org/10.1021/acs.jpcc.2c08140
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Figure 3. O 1s core-level spectra and corresponding fitting curves for (a) 1T-TiS,, (b) TiS;4y (c) TigesTiS, and (d) TiS, O, upon thermal
annealing. The green lines, blue lines, and purple lines represent the surface-adsorbed H,O molecules, Ti-O component, and Ti-OH groups,
respectively. Relative intensities of the H,0O, Ti-O and Ti-OH species normalized to Ti 2p;/, and their evolution as a function of the annealing
temperature for (e) 1T-TiS,, (f) TiS,07 (g) TioesTiSy and (h) TiS, O, samples.

temperature of 800 °C). All the collected samples were stored
in an Ar-protected glovebox before further characterization.

The structure of the as-synthesized samples was charac-
terized at room temperature by X-ray diffraction (XRD) with
Cu K, radiation by a diffractometer (Rigaku-TTR3). Four
studied crystals were cleaved in the atmosphere and transferred
to the ultrahigh vacuum chamber with a base pressure of 2 X
107 mbar for PES characterization. The PES setup is equipped
with a monochromatic Al K, (1486.6 e€V) X-ray source
together with a SPECS PHOIBOS 100 hemispherical electron
energy analyzer. Thermal vacuum annealing was performed in
the same PES chamber at selected temperatures for 30 min.
And the core-level spectroscopy of Ti 2p and S 2p was
performed in situ after cooling down to room temperature.
Finally, the annealed four crystals were collected and stored in
an Ar-protected glovebox.

The four annealed crystals were cut to pieces for EPR and
Raman characterization. EPR characterization was performed
by a Bruker EMXplus 10/12 device (equipped with an Oxford
ESR910 liquid helium cryostat) at 2 K. The Raman spectra
were performed at room temperature by using a French Horiba
J.Y. T64000 Raman spectrometer with a 532 nm laser. The
sport size of the laser is around 5 pm. The annealed crystals
were then cleaved for further Raman characterization.

B RESULTS AND DISCUSSION

The stoichiometric 1T-TiS, and other three defective crystals
of TiS,g; TigeTiS,; and TiS, O, containing S, Ti, and
oxidized Ti-O species, respectively, were synthesized and the
high crystallinity of the synthesized samples was identified by
XRD, as shown in Figure S1 (see the Supporting Information).
The positions of diffraction peaks remain almost constant for
the stoichiometric TiS, and other three defective crystals,
implying that the defects have less influence on the long-range
order. To identify the defects and examine the evolution of
chemical composition and binding environment upon thermal
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vacuum annealing conditions, the PES measurements were
performed. Figure 2a,b shows a series of Ti 2p;/, and S 2p
core-level spectra for a stoichiometric 1T-TiS, crystal. The
corresponding fitting curves are also displayed with the
parameters summarized in Table S1 (see the Supporting
Information). The single Ti 2p;,, peak at ~456.2 eV and single
S 2p doublet with S 2p;,, peak at ~160.8 eV are ascribed to
regular Ti*" and S*~ ions, respectively, which both agree well
with our previous PES results.”® Upon annealing, the binding
energies (BEs) of Ti*' and S*” associated peaks and their
intensity ratio (Ti**/S*”) remain almost constant. The spectral
profile remains unchanged upon 200 °C annealing. After 300
°C annealing, the new features (filled with gray color)
corresponding to a lower BE Ti 2p;;, component (~455.4
eV) and a higher BE S 2p;/, component (~161.2 eV) appear,
indicating a charge redistribution between Ti- and S-atoms.
The relative intensities of new components gradually increase
upon further increasing annealing temperature. These new
features are attributed to the TiS species. (i) The Ti:S ratio is
close to 1:1. (ii) The possibility of the Ti,S; species with a Ti:S
ratio close to 1 can be ruled out because the BEs of Ti 2p;,,
and S 2p features for Ti,S; are both lower than those for
TiS,.”° (iii) The reported TiS; species are also excluded
because the BE difference of 1.4 eV between two features
associated with S, pairs and the isolated S*~ atoms”” is larger
than 0.4 eV extracted from the S 2p spectra in this study.

For TiS;o, crystals with S, defects, the S,-associated Ti**
components give rise to a new feature with an ~1.3 eV lower
BE in the Ti 2p;), spectra [cf. Figure 2c], but no new features
in the S 2p spectra [cf. Figure 2d].** A Ti:S ratio of 1:1.97, as
shown in the formula, is determined from the intensity of Ti
2p3, and S 2p;,, normalized with respect to average matrix
relative sensitivity factors.”” A nominal S, content of 0.03 is
confirmed by the intensity ratio of Ti**/Ti** (cf. Table S2,
Supporting Information).
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For the Ti(TiS, crystals containing Ti; defects, the Ti 2p;,,
and S 2p spectra display lower BE Ti; shoulders located at
~455.2 eV [cf. Figure 2e] and ~160.6 eV [cf. Figure 2f],
respectively.'””> A nominal Tj; content of 0.06 is yielded from
the intensity ratio of Ti/Ti* (cf. Table S3, Supporting
Information).”” In addition, Ti-O/Ti-OH species resulting
from a slight oxidation give rise to a higher BE peak at ~459.0
eV in the Ti 2py, spectra.’””' This high BE component
becomes apparent in the Ti 2p;/, spectra for the TiS, O,
crystals containing abundance of Ti-O/Ti-OH species, as
shown in Figure 2g. TigTiS, and TiS, O, crystals contain
both Ti; and oxidized Ti-O/Ti-OH species. Ti; defects are
found to be dominant in TiyoTiS, crystals, whereas oxidized
Ti-O/Ti-OH species dominate in TiS,_,O, crystals, as revealed
by the Ti 2p;,, core-level spectra.

Upon annealing, the TiS species are also investigated in the
above-mentioned three defective samples at different annealing
temperatures, and the relative intensities show an increasing
trend upon higher annealing temperatures. The temperatures
at which the TiS species are detectable are 400 °C for TiS, o,
[cf. Figure 2c,d] and 350 °C for TigsTiS, [cf. Figure 2e/f],
which are higher than 300 °C for TiS,. In contrast, the TiS
species are detectable in the as-cleaved TiS,_ O, sample before
annealing treatment, as shown in Figure 2gh.

It is thus found that the presence of both S, and Tj; defects
hinders TiS, to TiS transformation, as revealed by higher phase
transformation temperatures. However, the abundance of Ti-
O(H) species facilitates the transformation by reducing the
corresponding temperature even down to room temperature.

The O 1s core-level spectra can provide important
information on the TiS, to TiS transformation. Figure 3a—d
shows the O 1s core-level spectra and corresponding fitting
curves for four studied samples. The peak parameters are listed
in Table SS. Figure 3a displays the O 1s core-level spectra for a
1T-TiS, crystal. The dominant peak centered at ~532.8 eV
and a shoulder at ~530.4 eV extracted from fitting curves are
attributed to physisorbed H,O molecules on the TiS, surface
and the Ti-O species, respectively, which agree well with
literature reports.”””*°

Upon annealing, the BEs of both H,O and Ti-O features
keep constant, whereas their intensities vary obviously. H,O
feature is negligible after annealing at 500 °C, which is lower
than the synthesis temperature of crystals. This implies that the
physisorbed H,0 molecules on the crystal surface are most
likely due to atmosphere exposure. An additional feature lying
between H,O and Ti-O components develops at ~531.8 eV
after 200 °C annealing and preserves upon further annealing.
This feature is attributed to newly formed Ti-OH species
associated with the chemical interaction between TiS, and
H,0.%” The Ti-OH species have been also found at the H,0/
TiO, interface and give rise to a component lying between
features associated with physisorbed H,O and TiO,.”*”*

All three H,O, Ti-O, and Ti-OH components are also
detected for three defective samples with almost constant BE,
as shown in Figure 3b—d. The Ti-OH peak is detected even at
room temperature for Ti;osTiS, and TiS, O, crystals,
implying that the dissociation of surface-adsorbed H,O
molecules into H and OH species and subsequent formation
of Ti-OH species occur at room temperature for Tij (TiS, and
TiS, O, crystals. This indicates that Ti; and Ti-O species can
provide sufficient electron to O-atoms to release H,””*" which
is essential to water splitting. In contrast, TiS, and TiS, o, are
not good candidates for water splitting at room temperature.
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Figure 3e shows the relative intensities of H,O, Ti-O, and
Ti-OH components referred to the intensity of Ti 2p;/, and
their evolution as a function of the annealing temperature,
which provide a valuable insight on the TiS, to TiS
transformation. The intensity of the H,O peak decreases
rapidly due to desorption of H,0 molecules and dissociation of
H,O into H and OH species resulting from the TiS,-H,O
chemical interaction. The H-atom is expected to bond to
surface S-atoms forming S-H groups and the OH species are
bonded with surface Ti-atoms and/or Tj; forming Ti-OH and/
or Ti;-OH groups (cf. Figure 1). In addition, the H, molecules
are formed resulting from the breaking of TiO-H and/or S-H
bonds, leading to the formation of Ti-O s.peciesf”’42 The
newly formed Ti-OH and Ti-O species explain the increase of
Ti-OH and Ti-O components until 300 °C annealing. After
then, the intensities of both Ti-OH and Ti-O components
decrease, implying the further dissociation of Ti-O bonds and
TiO-H species into O and H, which facilitates H,O evolution
and desorption.

For TiS,q, crystals, the H,O intensity decreases almost
linearly upon annealing [cf. Figure 3f]. The intensities for Ti-O
components increase slightly upon annealing. The temperature
at which the intensity for the Ti-OH/Ti-OH species decreases
(denoted as T'r;.op) is found to be 400 °C. The evolution of all
three components for Tij o4 TiS,, as shown in Figure 3g, follows
almost the same trends as that for TiS, with T'r oy occurring
at 350 °C, and after 500 °C annealing, the Tig;)-OH
component disappears completely. The intensities of all three
components for TiS, O, decrease upon annealing [cf. Figure
3h]. The occurrence of Tr; oy at room temperature indicates
that H,O molecules have reacted with TiS, O, even before
annealing.

It is worth noting that Ty oy [guided by dashed lines in
Figure 3e—h] are in line with the TiS, to TiS transformation
temperatures extracted from Ti 2p;;, and S 2p core-level
spectra.

To rule out the generation of chalcogenide vacancies during
thermal annealing, which may contribute to phase trans-
formation,”> EPR measurements were conducted at 2 K and
are shown in Figure 4. The presence of Ti** resulting from
electron trapping in S, for TiS, ¢, yields a characteristic EPR
spectrum with g = 2.03,"* which is consistent with the PES
results. After 500 °C annealing, the Ti**-associated signal
disappears. No EPR signals are detectable for left three as-
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Figure 4. EPR spectra obtained at 2 K for four as-grown crystals and
four crystals after S00 °C thermal vacuum annealing.
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Figure S. Raman spectra obtained using a 532 nm laser collected at room temperature for (a) 1T-TiS,, (b) TiS, ¢, (c) TieeTiS,, and (d) TiS,. O,
and the corresponding fitting curves. All the Raman spectra are normalized to maximum intensity for clarity.

grown crystals and crystals after thermal annealing, ruling out
the presence of either S, or Ti,. This indicates that the
generation of S, and Ti, is not likely for TiS, crystals upon
vacuum annealing, which is against to previous reports.”"”>

To confirm the TiS, to TiS transformation and its spatial
distribution (surface vs bulk), the Raman spectra were
performed and are shown in Figure 5. As shown in the
Raman spectra for 1T-TiS,, the out-of-plane A;; mode and
corresponding shoulder Sh(Alg) and in-plane E; mode and
corresponding shoulder Sh(Eg) are extracted to be of ~332,
~380, ~230, and ~205 cm™', respectively, which are
consistent with the literature.”> After 500 °C annealing, two
additional peaks (labeled by #1 and #2) corresponding to the
vibrational modes of TiS at ~275 and ~348 cm™' become
evident,” confirming the TiS, to TiS transformation. The
surface of annealed samples is then cleaved with Scotch tape.
The #1 and #2 peaks vanish, while the vibrational peaks for
TiS, restore. Similar behaviors, including the emergence/
enhancement of TiS-associated #1 and #2 peaks after
annealing and disappearance/suppression after cleaving, are
observed for TiS;¢; TigoeTiS, and TiS, O, samples,
suggesting that the TiS, to TiS transformation is surface
limited. The intensities of #1 and #2 peaks are found to be
much more intense for annealed TiS, and TijsTiS, crystals.
This is due to the inhomogeneous surface spatial distribution
of the newly formed TiS phase. This is supported by the
Raman spectra acquired from different spatial positions on the
500 °C annealed TiS, crystal (cf. Figure S2). This
inhomogeneity may be explained by the insufficient H,O
exposure. A sufficient amount of H,O exposure in vacuum may
lead to complete surface TiS, to TiS transformation initially,
which deserves a further investigation.

As illustrated in Figure 1, the stripping of terminal S-atoms
associated with the formation of H,S molecules and the
subsequent displacement of Ti,. to underlying octahedral sites
in the vdW gap between vertically stacked TiS, trilayers is one
possible scenario leading to the surface TiS, to TiS
transformation. The formation of H,S molecules resulting
from the interaction between the H-atoms from Ti-OH groups
and S-H species has been predicted theoretically*® but not
observed experimentally. This strategy can also explain the role
that defects play in determining the TiS, to TiS transformation
temperature. S, and Ti; defects hinder the formation of the H,S
molecules because the energy of the intermediate state with Ti-
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OH at S,sites and Ti-OH at Ti;-sites (cf. Figure 1) is even
lower than that of the H,O adsorbed state, as predicted
theoretically.*® That is, the system with Ti-OH at S,-sites and
Ti-OH groups is much stable, preventing the subsequent
formation of H,S. As a consequence, the annealing temper-
atures required for the TiS, to TiS transformation are higher
than that found in 1T-TiS,. As for the oxidation sample, the
abundance of Ti-OH groups facilitates the formation of H,S
and thus the TiS, to TiS transformation. The TiS features are
found on all four samples after 400 °C annealing, which means
that the surface TiS, to TiS phase transition at higher
annealing temperatures is defect insensitive because surface
defects are most passivated at a temperature above 400 °C.

The surface-limited phase transformation may serve as an
effective method toward the construction of high-quality
heterostructures for device applications, overcoming the
obstacles raised by the transfer process and the surface
contamination.”” In addition, this H,O-assisted stripping
process will enable the formation of a Janus TMDC monolayer
with unique functionalities due to the breaking of the mirror
asymmetry,” once chalcogen atoms can be restored. The
adsorbed H,O molecules on the surface of TMDCs as a result
of air exposure may have a significant influence on their
structural evolution, which could provide an alternative
explanation for the modulation of chemical and physical
properties in these materials. H,S molecules, which are highly
poisonous to the human body, may be released when MS, (M
transition metal) materials interact with water, such as
electrochemical water splitting. Thus, special attention should
be paid on the potential health risk against large amounts of
exposure.

B CONCLUSIONS

In summary, a thermally driven surface phase transformation
from TiS, to TiS assisted by H,O was observed by using a
combination of PES, EPR spectroscopy, and Raman spectros-
copy. The stripping of terminal S-atoms associated with the
formation of H,S molecules due to the chemical interaction
between TiS, and surface-adsorbed H,O molecules and the
subsequent Ti, displacement are responsible for this trans-
formation. The defects of S,, Ti, and Ti-O species affect the
phase transformation temperature by altering the TiS,-H,0
chemical interaction at the surface of bulk TiS, crystals. S, and
Ti; defects stabilize the Ti-OH at S-sties and Ti;-OH group,
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respectively, and prevent the formation of H,S molecules,
leading to higher phase transformation temperatures. In
contrast, the abundance of Ti-OH species on TiS, O,
facilitates the phase transformation, leading to a room
temperature phase transformation. Our findings not only
provide a new perspective toward the construction of high-
quality heterostructures by overcoming the obstacles raised by
the transfer process and the surface contamination but also
offer a H,O-assisted etching strategy to synthesize the Janus
TMDC materials.
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