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Abstract

Research on transition metal dichalcogenides (TMDs) has gained significant attention in
recent years, especially Group VI TMDs. The van der Waals gap, which lacks bonding
between layers, provides opportunities for homo- or hetero-structure engineering by
stacking in specific manners. Moreover, the multiple phases of TMDs represent various
distinct structures and unique properties. While the well-known 2H phase is
thermodynamically stable, the 1T’ phase of TMDs often exhibits remarkable and distinct
properties. However, many TMDs in the 1T’ phase are metastable, which limits their
practical applications and reliability. For example, 1T’-phase MoS2, one of the most
extensively studied TMDs, gradually transforms into the 2H phase over several months or
instantly when exposed to temperatures above 97 °C. This critical drawback has greatly
hindered the applications of 1T” TMDs, as it leads to performance degeneration and low
phase purity in synthesis process. In addition to the inherent disadvantage originating from
metastable 1T’ phase structure, the synthesis of phase-pure 1T’ TMDs remains a huge
challenge due to the low stability. Therefore, there is a pressing need for a technique to

prepare 1T’ TMDs with high phase purity and stabilize them.

This thesis introduces a simple, mass-production-capable method for directly synthesizing
phase-pure 1T TMDs with alkali metal chalcogenides intercalation. The
alkali-metal-chalcogenide-intercalated 1T TMDs have been directly grown at carefully
controlled temperature, employing a proposed self-intercalation method which involves a
strategy of utilizing the structure similarity between intercalated 1T” TMDs and alkali metal
molybdate. Experimental characterizations have confirmed that the as-synthesized 1T’
TMDs possessed nearly 100 % 1T’ phase purity and high crystal quality. This method only

requires cheap precursors and a simple tube furnace with few-hour process, making this

|
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technique available for mass production. Moreover, various TMDs with multiple kinds of
alkali metal chalcogenides intercalation have been successfully synthesized via this

self-intercalation method, confirming the versatility of this technique.

Notably, this is the first demonstration of stabilizing the 1T’ phase of TMDs through alkali
metal chalcogenide intercalation. This method provides stability against high temperature
(750 °C) and aging exposed to air for more than one year. The intercalated 1T MoS:2
represents stability against strong acid and usual solvents. Thanks to this stabilization and
advanced synthesis process, the synthesized MoS: is 1T’ phase pure, avoiding the phase
mixture issues common in other synthesis methods. The stabilization mechanism was
investigated through theoretical calculations. It has been found that K:S intercalation
reduces the formation energy of 1T’ MoS2, making it stable without altering the in-plane
structure. The calculation results indicate that the N-doping and bonding formation in

interlayer are two significant reasons for lowered formation energy.

The 1T” MoS: possess hydrogen evolution reaction (HER) electrocatalytically active sites at
edge sites and basal planes, while 2H phase only has active sites at edge. Enhancing
performance of 2H-MoS:z-based HER electrocatalysts typically requires doping or exposing
more edge sites. However, employing 1T’ MoS2 would inherently and significantly
increases the active sites density for HER electrocatalysis, making it promising candidate
for HER electrocatalytic application. The K2S-intercalated 1T° MoSz, prepared by proposed
self-intercalation method, exhibits excellent HER electrocatalytic performance, with a Tafel
slope of 39.3 mV/dec and an overpotential of -73 mV at 10 mA/cm?. It also demonstrates
exceptional HER long-term stability, maintaining performance at 50 mA/cm? for 1000 hours

and enduring 30000 cycles, outperforming many other TMD-based electrocatalysts.

Self-intercalation method demonstrated in this thesis has proven versatile, enabling the

synthesis of various 1T” TMDs and fostering the exploration of their novel properties and

|
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the development of new applications. By eliminating the major disadvantage of the 1T’
phase’s instability, this synthesis and stabilization method opens up new avenues for the use

of 1'T” TMDs in various advanced technologies.
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1.1 Background

The exfoliation of graphene has ignited curiosity in layered materials. Among these,
transition metal dichalcogenides (TMDs) form a large family of approximately 60
compounds with a layered structure, characterized by van der Waals gaps between layers,
akin to graphene.!"!® Although these materials have been studied in their bulk form for over
fifty years, particularly for their catalytic activity, lubricity, and superconductivity, it is only
in recent years that TMDs have been successfully exfoliated into few-layer forms or
synthesized with few-layer thicknesses. This breakthrough has unveiled a range of novel

properties and underscored their immense potential for various applications.

Among the members of TMDs, Group VI TMDs, such as MoSe2, MoS2, WSe2, and WS,
have garnered significant attention. These materials are relatively abundant in the Earth’s
crust and exhibit unique properties, including mechanical flexibility, electrostatic coupling,
high carrier mobility, gate tunability, and piezoelectricity. Typically, they are found in the
2H phase, which is stable in air at room temperature, making them more accessible for
research and applications. The thickness-dependent properties of Group VI TMDs have
drawn widespread interest in recent years. One notable discovery is the transition from an
indirect bandgap to a direct bandgap, observed through the emergence of a
photoluminescence (PL) peak when the material is reduced to monolayer thickness.!” This
finding opens up avenues for valley-based electronic and optoelectronic applications.
Additionally, the ability to tune the bandgap by adjusting thickness positions TMDs as
promising candidates for optical applications. Due to their unique optoelectronic properties,
TMDs hold great potential in electronics, optoelectronics, and valleytronics.!%!%:16-2027 Their
combination of chemical stability, mechanical flexibility, and a non-zero bandgap makes
them suitable for applications such as field-effect transistors (FETs) and flexible devices.
Furthermore, the Mo-terminated edges of 2H MoS: exhibit localized metallic states that are

catalytically active for the hydrogen evolution reaction (HER).?® This has fueled interest in

-
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TMD-based HER catalysts, which offer excellent performance and abundance compared to

the expensive and scarce Pt-based alternatives.

With the increase of interest in TMDs materials, the metastable phases of TMDs have
emerged and drawn more and more attention. For most typical Group VI TMDs, there are
various phases except for thermodynamically stable 2H phase with the trigonal-prismatic
coordination of transition metal atoms. 1T phase shows an octahedral coordination of the
transition metal atoms, while 1T, 1T, or 1T phases represent distorted octahedral
coordination. 1T, 1T, 1T”, and 1T can be broadly defined as 1T phase. Some reports
even did not strictly distinguish them. Although their structures and properties are similar in
some degree, it is not suitable to lump them together. It is worthy to note that the reports
about synthesis of 1T and 1T”” phases TMDs are very rare, and there are some theory
predictions suggest that these structures could exist. Most reports about metastable phases
of TMDs are 1T or 1T’ phase. The variation of transition metal coordination leads to
different d-orbital splitting, which greatly affects the band structure of TMDs and their
properties. 1T phases (including octahedral or distorted octahedral coordination) usually
features metallic or semi-metallic behaviors, while 2H phase often is semiconducting. The
various electronic behaviors (including metallic, semi-metallic, or semiconducting) are the
results of different transition metal atoms coordination. It is interesting that quite a lot of
TMDs family members represent several phases with distinct properties sparking

widespread interests to synthesize and study metastable phases which are rarely known.

The basal planes of 1T’ MoS: as well as edge sites have been found electrocatalytically
active, which significantly increases the active sites density, while 2H MoS: only shows
active sites at edge.?’*® This enables 1T’ MoS>, possessing excellent HER performance, a
promising potential to replace expensive and rare Pt-based -catalysts. Several 1T’
polymorphs have been identified and demonstrated over time. Among these, the 1T’ phases

of single-layer WSe2 and WTe2 have been reported as large-gap quantum spin Hall (QSH)

-
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insulators, making them highly suitable for spintronic device applications. Notably, WSe: is
operable even at ambient temperature, further enhancing its practicality. Their relatively
high chemical stability offers a distinct advantage over other currently known large-gap

3742 and two-dimensional In-Sb compounds, which can

QSH insulators, such as stanene
only be used in inert atmospheres*. Additionally, predictions suggest that breaking of
spontaneous symmetry in the undistorted metallic 1T phase could open a bandgap, leading
to unique 1T phase structure and the robust ferroelectricity.** This discovery could pave
the way for new functionalities in electronic and spintronic applications. The metastable 1T
and 1T’ phases exhibit higher electrical conductivity than their semiconducting 2H
counterparts, making them promising candidates for energy storage applications. As a result,
the combination of their improved conductivity and large surface area makes metallic
TMDs nanosheets promising materials for electrochemical double-layer capacitors
application.*>° The metastable 1T’ Group VI TMDs are also considered highly suitable for
biosensor applications, such as the indirect enzymatic detection of fenitrothion. The
biosensor, using these metastable TMDs as a conductive platform, demonstrated excellent
linearity across a wide concentration range and a very low detection limit.>! Additionally,
molecular detection based on surface-enhanced Raman scattering (SERS) has been
successfully developed using 1T> MoTez and WTe2.%? The metastable phases of TMDs also
show significant potential in electronic applications. For example, the high conductivity of
1T’ MoS: has been leveraged to construct 2H/1T’ homojunctions, which effectively reduce
contact resistance and lead to improved performance of field-effect transistors.>™
Moreover, there is prediction indicating that the 1T’ monolayer TMDs could exhibit
anisotropic transport characteristics, which is also confirmed in 1T’ MoS2 by experiments>°.
This anisotropic conductance makes 1T” MoS: an excellent candidate for synaptic devices
application. Interestingly, it has been found that the 1T” MoTe:> has a superconducting phase

transition at 8.2 K under the pressure as high as 11.8 GPa.%® This suggests that the metallic

or semi-metallic 1T phase TMDs are possibly potential superconductors. Beside the

-
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applications arise from the special properties of 1T phase, the reversible phase transition
between semiconducting 2H phase and conducting 1T phase has been explored for
non-volatile memory devices. Recently, a resistive random access memory (RRAM) device
based on few-layered MoTe2 and WxMoi—xTe2 with tunable high- or low-resistance states
controlled by applied electric field has been demonstrated.®! The applications of 1T and 1T’
phases of TMDs mentioned above provide just a brief overview, highlighting the significant
potential of these unique properties for both basic research and engineering. However, the
synthesis is a critical and essential step, as it is necessary to enable the detailed study and

exploration of the 1T and 1T’ phases of TMDs.

The synthesis of TMDs in 1T phases family (including 1T, 1T, 1T, 1T phase, which are
also generally named as 1T phases), especially Group VI TMDs, remains a huge challenge,
as 1T phases usually have higher system energy and are metastable. In contrast, the 2H
phase of Group VI TMDs is stable and has lowest system energy, this is also the reason why
most well-known and well-studied phase is 2H phase. The stable 2H phase TMDs even can
exist in Earth naturally, such as 2H MoS». The stable 2H phase also allows easier synthesis
compared with metastable 1T phases. Therefore, the first barrier to study of metastable 1T
phases TMDs is the high difficulty of synthesis. The most commonly used and historically
first strategy for preparing 1T’ phases is the conversion of the 2H phase. This is typically
accomplished by increasing the electron density through exposure to alkali metals.®> While
this approach has been widely used, the development of direct synthesis methods for 1T (or
1T’) phases remains in its early stages of exploration. To achieve the mass application of 1T’
TMDs, not only the synthesis, but also the low-cost efficient production is required. The
current preparation methods via conversion of 2H phase or direct synthesis still cannot
satisfy industrial production requirements. The critical drawbacks of current preparation

methodology are low phase purity and crystal quality, as well as low productivity.

-
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1.2 Significance of Study

1.2.1 Synthesis of 1T’ TMDs

TMDs have garnered considerable attention recently due to their unique layered structures
and exceptional physicochemical properties, akin to graphene. The TMD family includes a
diverse range of compounds, each capable of existing in multiple phases, each with distinct
characteristics.">”! Among these, the thermodynamically stable 2H phase of MoS: is the
most extensively studied. In contrast, other phases, which are generally higher in energy and
less stable, tend to transition gradually into the stable phase. This phase transformation
poses a significant challenge in the synthesis of high-purity, metastable-phase TMDs with
superior crystal quality.®®’>77 The 1T’ phase, among the metastable phases, has attracted
significant interest due to its unique electronic, optical, and electrochemical properties,
which differ from those of their stable-phase counterparts. These distinct characteristics
open up a wide range of potential applications, including superconductivity>®78#* device

contacts®, SERS>*70%3% " energy  storage®0+0>999 " electrochemical ~catalysis”®”’,

%106 To fully harness these promising

supercapacitors®, and synaptic transistors
applications, it is essential to synthesize metastable-phase TMDs with high phase purity and
achieve stabilization. Phase transitions in group VI TMDs from the stable 2H phase to the
IT or 1T’ phases have been achieved through methods such as chemical treatment!®’,

109 However, these approaches often result in

electrostatic gating!®, and mechanical strain
low phase purities up to around 80%, which can compromise performance. Additionally, the
conditions required for these methods are often too stringent for large-scale production.

1O gpd

Alternatively, direct synthesis of metastable-phase TMDs via colloidal reactions
solvothermal processes!'>!"® has also been investigated. Unfortunately, these techniques
also face challenges related to low phase purity and suboptimal crystal quality. A recently

reported approach involves the chemical oxidation of alkali atom-intercalated TMDs, which

-
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have a structure similar to the stable 2H phase'!*, to produce the 1T or 1T’ phases of group
VI TMDs. These alkali-intercalated TMDs are mainly synthesized by annealing A2MS4
compounds (where A = Na or K, and M = Mo or W) in hydrogen at 850 °C%!!°_ or by
reacting A2S, MS2, and M (where A = Li, Na, or K, and M = Mo, Nb, Ta, or Ti) at 800 °C'!®,
This method can achieve around 90% phase purity, but the resulting chemical processes
often introduce crystal defects. Additionally, 1T or 1T’ phase TMDs are not stable at room

temperature and tend to revert to the more stable 2H phase!!”-!!®

, which limits their
long-term performance. Stabilizing metastable-phase TMDs without altering their intrinsic
properties continues to be a significant challenge. One approach to stabilize the 1T’ phase
thermodynamically is through alkali atom intercalation. However, alkali atoms are highly
reactive and susceptible to oxidation in air, which can degrade the TMDs materials.’%!1%-12
To achieve high purity in the 1T’ phase, a high alkali metal atom intercalation ratio is
required, but this can lead to the reduction of TMDs and the formation of transition

metals.'?! As a result, synthesizing 1T> TMDs with both high phase purity and long-term

stability remains a persistent challenge.

In this thesis, a novel self-intercalation method has been developed to synthesize and
stabilize phase-pure 1T” MoS:2 with K»S intercalation. This approach results in a material
that is thermodynamically stable and inert to air, ethanol, and water. Characterization
techniques such as Raman spectroscopy and transmission electron microscopy (TEM) have
confirmed the high crystal quality of the 1T’ phase, while X-ray photoelectron spectroscopy
(XPS) has showed nearly 100% phase purity. Thermal analysis via thermogravimetric
analysis (TGA), differential scanning calorimetry (DSC), and annealing tests have
demonstrated exceptional thermal stability, with the material remaining stable up to 750 °C,
in contrast to the intrinsic 1T’ MoS:z, which transitions to the more stable 2H phase at just
97 °C!5. The method has been further extended to produce NaxS-intercalated 1T’ MoS2,
Li>S-intercalated 1T° MoS2, K2Se-intercalated 1T’ MoSe2, NaxSe-intercalated 1T’ MoSe2,

and KoTe-intercalated 1T’ MoTez, illustrating the versatility of this technique for
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synthesizing a range of 1T’ phase TMDs.

1.2.2 Stabilization of 1T’ TMDs

The properties of TMDs are strongly influenced by their crystalline structure. The most
well-known Group VI TMDs, such as MoSe, are typically thermodynamically stable in the
2H phase. Whereas, the 1T, 1T°, 1T”, and 1T polymorphs represent distinct structural
phases with unique properties, making them promising candidates for a wide range of
applications. Despite their potential, the formation energy of these phases is higher than that
of the 2H phase, which makes them metastable and prone to gradual transformation into the
2H phase. Additionally, they tend to convert to the stable 2H phase at relatively low
temperatures; for example, 1T” MoS:2 undergoes a phase transition to 2H above 97 °C. This
inherent metastability of the 1T’ phase has been partially addressed through doping and
strain engineering, but these methods often introduce defects and are not suitable for
large-scale production. In contrast, stabilization via intercalation engineering has gained
increasing attention, as it can reduce the system’s energy while preserving the intrinsic
in-plane 1T’ phase structure. A molten-metal-assisted intercalation method has been
proposed by Park et al.'?? to stabilize 1T> TMDs. While the intercalated 1T MoS2 remains
stable up to 350 °C, the synthesized samples exhibit low phase purity. Another approach
involves directly depositing lithium on 2H MoS2, followed by heating in hydrogen, which
has resulted in the formation of LiH-intercalated 1T> MoS2.!* This structure has
demonstrated three months of stability in air and five hours in water, but surface
degradation cannot be prevented. To unlock the full potential of 1T” TMDs, it is essential to

synthesize metastable-phase TMDs with high phase purity and achieve stabilization.

The stabilization of 1T” TMDs is highly sought after. The synthesis and characterization of

various 1T” TMDs with alkali metal chalcogenides as intercalants have been demonstrated,

-
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with particular emphasis on K>S-intercalated 1T° MoSz. The high crystal quality and phase
purity of these samples have been confirmed through characterization. The stability of 1T’
TMDs has garnered more attention due to its significant impact on the performance of
potential applications, as many 1T’ TMDs are inherently metastable. The stability of
KoS-intercalated 1T’ MoS: under various conditions, such as temperature, solvents,
thickness, and aging, has been tested. These synthesized K2S-intercalated 1T” MoS2 samples
demonstrate excellent stability when compared to those prepared in previous studies. The
as-synthesized KozS-intercalated 1T MoS:2 can withstand temperatures exceeding 750 °C
and remains stable in air, water, and ethanol, preserving its stability even after one year of
aging. The theoretical calculations have been performed using a KaS-intercalated 1T” MoS2
model. The results indicate that K2S intercalation reduces the formation energy by both
N-doping and forming bonds with the 1T’ MoS:z structure, thereby stabilizing the 1T’ phase.
The band diagram further shows that the KoS intercalation does not alter the metallic

behavior of 1T> MoSa.

1.2.3 Stabilized K:S-intercalated 1T’ MoS: Used as Hydrogen

Evolution Reaction Electrocatalyst

Hydrogen is considered one of the most promising clean energy sources for the future, with
the potential to replace fossil fuels, which are major contributors to carbon emissions and
environmental pollution. The HER is an essential manner for hydrogen production, and
developing low-cost, earth-abundant, and efficient HER electrocatalysts is essential.
Currently, Pt-based catalysts are widely used, but their reliance on expensive and scarce
platinum significantly limits their large-scale application. Recently, TMDs have garnered
significant attention in HER catalysis. For example, the edge sites of 2H MoS: flakes have

been found to be active in HER catalysis, prompting efforts to expose these edge sites as
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much as possible in the past. However, 2H MoS: is semiconducting, which limits electron

transport and results in low HER catalytic efficiency, compared with 1T’ phase.

In contrast, 1T MoS: exhibits significantly better HER catalytic performance due to its
metallic nature, with both in-plane and edge sites being active for catalysis. As a result,
issues related to edge site exposure or the need for doping to introduce additional active
sites are eliminated, which are tricky problems, and must be considered for 2H-MoS:2-based
electrocatalysts. However, it is important to note that synthesizing 1T” MoS2 with high
phase purity and stability remains a major challenge. The structure of 1T’ MoS: is
completely different from that of the 2H phase, which accounts for its superior HER
catalytic performance but also its low stability. 1T MoS: is metastable and has higher
system energy than the 2H phase, leading it to gradually transition to the 2H phase at room
temperature or rapidly at temperatures above 97 °C. This inherent instability complicates
the synthesis of 1T” MoS: and limits its reliability in applications. As a result, previous
reports of as-synthesized 1T” MoS: often showed low phase purity and poor long-term HER
stability. Nonetheless, 1T’ MoS2 has been recognized as an excellent, earth-abundant
electrocatalyst for HER due to its metallic nature, which facilitates electron transport, and
its high density of active catalytic sites. Theoretical calculations have demonstrated that
pure 1T° MoS: exhibits outstanding electrochemical HER performance.'** If the
stabilization of 1T’ MoS2 without changing in-plane structure and properties can be realized,

the HER performance and HER long-term stability will be significantly improved.

In this study, a self-intercalation method has been developed to synthesize pure 1T° MoS2
with K>S as the intercalant. The K2S intercalation effectively adjusts the system’s energy,
stabilizing the 1T” MoS:2 and addressing its intrinsic stability issues. As a result, the low
stability of 1T” MoS:z has been overcome, and the as-synthesized K2S-intercalated 1T’ MoS:2
demonstrates excellent HER long-term stability, making it a viable candidate for HER

electrocatalysis. Additionally, the 100% phase purity of the material enhances its HER
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performance compared to mixed-phase electrocatalysts. The sample exhibits exceptional
HER electrocatalytic performance, with a low onset potential of -73 mV at a current density
of 10 mA/cm? and a low Tafel slope of 39.3 mV/dec. Furthermore, its long-term HER
stability, over 30000 cycles and 1000 hours at a constant current density of 50 mA/cm?,

significantly outperforms other electrocatalysts.

1.3 Accomplished Milestones

1. First demonstration of self-intercalation method for the synthesis and stabilization of
intercalated 1T° TMDs
a) Nearly 100% 1T’ phase purity and high crystal quality
b) Mass production available

€) Versatility (successful synthesis of various TMDs with different alkali metal

chalcogenides intercalation)

2. First demonstration of stabilization of 1T’ phase by alkali metal chalcogenides

intercalation
a) Sustaining over 750 °C
b) Stability in air, water, solvents, and even strong acid
€) Maintaining stability after one-year aging
d) Demonstration of stabilization mechanism with theoretical calculations
3. Excellent hydrogen evolution reaction electrocatalyst of K2S-intercalated 1T’ MoS2

a) Exceptional HER performance (Low onset potential of -73 mV at a current density

of 10 mA/cm? and a low Tafel slope of 39.3 mV/dec)
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b) Superior long-term HER stability (over 30,000 cycles and 1,000 hours at a constant

current density of 50 mA/cm?)

1.4 Thesis Outline

Chapter 1 “Introduction”

The research background and the motivation are introduced. A summary of the

achievements accomplished in this thesis is also provided in the Chapter 1.

Chapter 2 “Fundamentals”

This chapter lays the foundation for understanding the synthesis, properties, stabilization,
and applications of 1T’ TMDs, while highlighting the current challenges and advancements

in the field.

Chapter 3 “Synthesis of Intercalated Phase-pure 1T’ Transition Metal Dichalcogenides

by Self-intercalation Method”

Chapter 3 demonstrates a novel self-intercalation method for synthesizing intercalated 1T’
TMDs. KoS-intercalated 1T° MoS: has been successfully synthesized using this technique,
achieving nearly 100% phase purity and excellent crystal quality, as confirmed by
characterization. The resulting material preserves the same in-plane structure as the intrinsic
1T” MoS2, with KaS intercalation within the van der Waals gap. This unique structure not
only preserves the original properties of 1T’ MoS2 but also stabilizes it by reducing
formation energy through intercalation. Significantly, the process utilizes low-cost reagents,

a simple tube furnace, and requires only a few hours of processing time, without additional
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post-treatment. These factors make the method highly scalable and suitable for industrial
and commercial applications. Furthermore, the technique is versatile to a range of TMDs. In
addition to KaS-intercalated 1T” MoSz, other intercalated materials, including Li>S- and
NazS-intercalated 1T’ MoS2, as well as K2Se-intercalated 1T’ MoSe2, NaxSe-intercalated 1T’
MoSe2, and K:Te-intercalated 1T’ MoTe2, have also been successfully synthesized,

highlighting the versatility of the method.

Chapter 4 “Stability and Stabilization Mechanism”

In chapter 4, the stability of 1T” MoS2 with KoS intercalation has been characterized and the
stabilization mechanism has been demonstrated with the help of theoretical calculations.
Notably, the stability of 1T> TMDs has gained increasing attention, as their reliability is
critical for the performance of potential applications, especially considering the inherent
metastability of many 1T’ TMDs. The characterization results confirm the high crystal
quality and phase purity of the synthesized material. The stability of KzS-intercalated 1T’
MoS: has been tested under various conditions, including temperature, solvent exposure,
thickness variations, and aging. The synthesized K:S-intercalated 1T’ MoS:2 exhibits
exceptional stability compared to previously reported samples. It demonstrates the ability to
withstand temperatures exceeding 750 °C and remain stable in air, water, and ethanol,
maintaining its integrity even after one year of aging. Additionally, theoretical calculations
have been performed using a K:S-intercalated 1T> MoS2 model. The results indicate that
K-S intercalation reduces the formation energy by N-doping and bonding with the 1T” MoS2,
thereby stabilizing the 1T’ phase. The band diagram analysis shows that K2S intercalation

does not alter the metallic nature of 1T’ MoSa.

Chapter S “Durable K:S-intercalated 1T° MoS: Electrocatalyst for Efficient Hydrogen

Evolution Reaction”
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In Chapter 5, KaS-intercalated 1T° MoS: has been directly grown on carbon cloth for
hydrogen evolution reaction (HER) electrocatalyst applications. The synthesis follows the
same self-intercalation method outlined in Chapter 3, offering a simple, low-cost, one-step
reaction process that is well-suited for large-scale production. The resulting samples
demonstrate exceptional HER electrocatalytic performance, with a low onset potential of
-73 mV at a current density of 10 mA/cm? and a Tafel slope of 39.3 mV/dec, comparable to
the best non-precious HER electrocatalysts, including TMDs, due to their high phase purity.
Notably, the KoS intercalation significantly enhances HER stability, with the material
sustaining 30000 cycles and 1000 hours at a constant current density of 50 mA/cm?,
outperforming other electrocatalysts. The remarkable HER performance and long-term
stability confirm that the 1T” MoS:, prepared by the proposed self-intercalation method,
retains its intrinsic catalytic activity due to the preservation of the in-plane structure of 1T’
MoS:2, while the intercalation substantially boosts system stability. This self-intercalation
method provides a promising approach for stabilizing the system while preserving its
inherent properties, representing an effective strategy for structural engineering in HER

catalysis.

Chapter 6 “Summary and Future Works”

This chapter offers a comprehensive overview of the self-intercalation method for the
synthesis and stabilization of 1T° TMDs, along with their application HER. It also outlines a
range of potential research opportunities that could arise from the proposed
self-intercalation technique. Furthermore, a detailed research plan, inspired by the findings
of this thesis, has been presented, laying the groundwork for future investigations and

advancements in this area.
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2.1 Introduction

The study of 1T’ TMDs materials starts from the synthesis. The first part of this thesis is the
synthesis of 1T” TMDs via proposed self-intercalation method, and the characterization.
Then, the stabilization mechanism by intercalation has been studied and verified in
experiments. Finally, the application of hydrogen evolution reaction (HER) electrocatalyst
based on K:S-intercalated 1T° MoS2 has been demonstrated. So, the outline of this thesis is
very clear - materials synthesis, characterization, and applications. To understand the study
shown in this thesis, it is necessary to give a full picture of this research topic. This chapter
demonstrates the TMDs structures of each polymorphs, their unique properties, and
promising applications arising from these properties. As the 1T TMDs synthesis is an
essential role of this study, the previous synthesis methods and their advantages and
drawbacks are summarized in this chapter. To evaluate the quality of sample prepared by
various synthesis methods, including structure and phase purity, several vital
characterization methods are commonly used which are demonstrated too. In addition to the
synthesis and characterization, the stabilization of 1T’ TMDs is another significant issue, as
intrinsically metastable 1T’ phase usually leads to difficulty and unreliability of applications.
This chapter gives a summary of current stabilization methods, especially the stabilization
by intercalation. The intercalation is a special feature of TMDs and other two-dimensional
(2D) materials, which also plays an important role in stabilization of 1T’ phase TMDs.
Therefore, the issues about stabilization and intercalation are put in a section to discuss in
detail. The last section of this chapter is about HER electrocatalyst. The high active sites
density and earth-abundance of 1T’ TMDs makes them promising candidates for HER
application. The background of HER and previous reports about TMDs-based HER
electrocatalysts are summarized too. In short, this chapter provides the basic knowledge

about 1T” TMDs and summarizes the current techniques and challenges.

————————————————————————
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2.2 Structure of Transition Metal Dichalcogenides

TMDs represent various structures and corresponding novel properties. Even with the same
composition, TMDs could be formed in several phases under different conditions. For
example, the typical MoS2 has 2H, 1T, and other phases. Although the TMDs present
various phases, the layered structure is kept. Within a layer, the transition metal atoms are
sandwiched by two layers of chalcogen atoms, forming a triatomic layered structure. The
discussion of various phases of TMDs typically starts from the well-known 2H phase.
However, the 2H phase is a general name. There are several phases with same in-plane
structure with trigonal-prismatic coordination but with different layers stacking manners,
resulting in 1H, 2Ha, 2Hc, and 3R. 1H phase is the monolayer form of TMDs with
trigonal-prismatic coordination. The AbA BaB and AcA Bc¢B stacking sequences lead to the
formation of the 2Ha and 2Hc. polytypes, respectively, as shown in Figure 2.1. In contrast,
the 3R phase consists of three layers with same orientation but shifting with respect to
others. The letters H or R represent the hexagonal or rhombohedral lattice system,
respectively, while the integer indicates the number of layers in a unit cell. For most Group
VI TMDs, the thermodynamically stable phase is 2Hc phase.'” So, the 2H phase usually
denotes 2H. phase for Group VI TMDs. Under the high pressure, semiconducting 2Hc phase
MoS: transforms to metallic 2Ha phase.!?® This is due to the overlap of valence and
conduction bands caused by a collapse in ¢ parameter under high pressure. 2Ha phase
usually is the stable phase in Group V TMDs, which is metastable for Group VI TMDs. The
structure of 2H phase can be understood as the second layer rotating around the ¢ axis by 60°
and stacking on first layer. The 3R phase Group VI TMDs is also semiconducting and
represents spin-valley coupled physics, which makes them promising for spin- and
valleytronic devices and nonlinear optical devices.'?” However, there are few reports about
the synthesis of 3R MoS2, among them mainly via chemical vapor transport method.'?%!%

In the triatomic layer, the atomic planes gliding could transform to 1H” and 1T phases. The

————————————————————————
ZONGLIANG GUO PAGE]| 17



Q Chapter 2 || Fundamentals
&

THE HONG KONG POLYTECHNIC UNIVERSITY

transverse displacement of the transition metal plane can result in a distorted 2H phase,
known as the 2H’ phase, which is regarded as a 60° rotational variant of the 2H structure.'*°
It was reported that the distorted 2H phase of MoTe2 was found under applied electric
field.*! However, this phase is unstable and is a transitional structural state between 2H. and

1T’ phases.

1H

Figure 2.1: Atomic structure of 1H, 2Ha, 2Hc, and 3R phase.”?

In addition to the trigonal-prismatic coordination represented in 1H, 2Ha, 2Hc, and 3R phase
triatomic layer, there is an octahedral coordination leading to 1T phase with the metal
centers of two layers in unit cell position above each other, as shown in Figure 2.2. However,
the system energy of 1T phase Group VI TMDs is usually higher than 2H phase with
trigonal-prismatic coordination, so it is not thermodynamically stable. The structure
distortions in 1T phase could result in clustering of transition metal atoms and
corresponding buckling of chalcogen planes, which leads to the formation of distorted 1T
phase. It has been found that there is zigzag chain formation (1T’), tetramerization (1T”),
and trimerization (1T”) of transition metal atoms in the basal plane, forming different
phases respectively. Among these distorted octahedral structures, the 1T’ phase represents
lowest formation energy, indicating by first-principles calculation results.'*! Recently, the

1T MoS:2 were obtained by deintercalation of KMoS: crystal. Bulk 1T”” MoS: presents

]
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semiconducting behavior with an indirect bandgap of 0.65 eV. The calculation results

1132, so the

suggested the energy difference between 1T’ and 1T’ phase is quite smal
synthesis of these phases is possible. It is interesting that the energy difference between 2H
and 1T’ phase MoTe: is much smaller than other Group VI TMDs. The bulk MoTe: is often

found in 2H phase, but it shows 1T’ phase over 900 °C.!33

Figure 2.2: The atomic structure of 1T phase of TMDs.”?

Recently, the highly pure 1T” Group VI TMDs were synthesized and characterized, and the
lattice structure was obtained by single crystal XRD characterization.”® The result indicates
the 1T’ Group VI TMDs, including MoSz2, MoSe2, WSz, and WSez, belong to monoclinic
crystal system and C2/m space group. It is worthy to note that the lattice axes definition of
2H and 1T’ phase is different. Take WS: as example as shown in Figure 2.3, the ¢ axis is the
direction perpendicular to the triatomic layer in 2H phase, while a axis goes through the
layers in 1T’ phase. This point is essential when studying the interlayer distance extension
by intercalation. In the past, the synthesis of pure crystal 1T” TMDs was difficult, the lattice
structure of 1T’ phase was not very clear and lacked sufficient crystallographic data. As a
result, some papers used the same crystal system to discuss the 2H and 1T’ phase which is

not suitable.

-
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Figure 2.3: Schematic illustration of structures of 2H-WS2 and 1T WS».”®

In addition to the intrinsic structures of TMDs, the van der Waals gap in interlayer without
bonding allows to restack them in specific sequences, enabling the creation of novel
heterostructures, which represent unique properties compared with inherent structure. The
stacking of TMDs leads to the break of inversion symmetry and tunes the optical, electronic

and spintronic properties.

The TMDs family not only consists of a large number of members, but also possesses
multiple phases with distinct structures and properties. The layered structure with van der
Waals gap also opens up the opportunity to stack TMDs in various manners to create many
special heterostructures. These special features of TMDs make them a promising platform

for research and engineering.

-
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2.3 Important Characterization Methods

The various phases of TMDs sometimes make characterization difficult, the 1T phase is
similar with 1T phases and was reported as 1T’ phase in some cases.””> To distinguish the
different phases of TMDs, some characterization methods have been commonly used. One
of them is Raman spectroscopy, offering an accurate and quick method to characterize the
polymorphs of TMDs. Raman spectroscopy measurement utilizes Raman scattering to
detect the vibrational modes of materials involving the inelastic scattering of photons. The
monochromatic light source and sensitive photo-detector are two important parts of Raman
spectroscopy equipment. The laser light is applied on the materials and interacts with
excitations such as molecular vibrations, phonons, and so on. The inelastic scattering causes
the energy shift of the photons which represents the characteristic vibrational modes of
materials. The 2H MoS: shows Ez,' and Aig Raman peaks, and the Ezg! peak is the
characteristic Raman peak of 2H phase. It was reported that the 1T phase of MoS:2
represented two Raman peaks, Eg (at 287 cm™) and Aig (at 408 cm™)!**, and the 1T°-MoS:
showed additional 1, J2, and J3 peaks, at around 156, 226, and 333 cm’!, respectively.!!> The
more Raman peaks shown by 1T’ phase indicate the lower symmetry compared with 2H
phase. It is interesting that the J1 mode usually presents highest intensity in Raman spectra
of 1T Group VI TMDs.!'?* And it is worthy to note that Raman signal of 1T’ phase is often
lower than 2H phase, with same layer thickness. For 1T° MoS:z, Jo Raman peak is related to
the defects which indicates the existence of defects in 1T°-MoS2 crystal usually caused by

liquid-phase synthesis method.>

————————————————————————
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Figure 2.4: XPS Mo 3d spectra of 1T°-MoS: (with 2H phase impurity) and 2H-MoS2.!!?

X-ray photoemission spectroscopy (XPS) is able to evaluate the phase purity of samples.
XPS is a surface-sensitive, quantitative analytical technique that probes the topmost 200
atoms (approximately 0.01 um or 10 nm) of a material’s surface. As a member of the
photoemission spectroscopy family, XPS gathers electron spectra by applying X-rays on a
material. The technique identifies the elements of a material via mechanism of photoelectric
effect—both those on its surface and within it—along with their chemical states. XPS also
provides detailed information about the material’s overall electronic structure and the
density of electronic states. One of its key advantages is that it not only reveals the elements
in a material, but also shows how these elements are bonded to one another. The synthesis
of metastable 1T phase TMDs remains a huge challenge, as the formation of 1T’ phase is
higher than 2H phase. As a result, the prepared 1T’-TMDs samples usually were a mixture
of 1T’ and 2H phase. To evaluate the phase purity of sample, the XPS characterization is a
common and reliable method. The binding energy of transition metal atoms and chalcogen
atoms in 1T’ phase is lower than those in 2H phase.!'> This energy difference is enough
large to be detected by XPS. By comparing the ratio of XPS peaks arisen from 1T’ and 2H
phase, it is able to obtain the information of phase purity of samples. Figure 2.4 gives the

XPS spectra of 1T°-MoS2 sample with 2H phase impurity and 2H-MoS2, in which the
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binding energy of 1T’ phase shifts to lower value than 2H phase and the phase purity can be

obtained.

The transmission electron microscopy (TEM) is a direct and essential structure
characterization method. During the TEM measurement, the electron beam is focused and
transmits the sample, with a thickness lower than 10 nm to obtain high-resolution TEM
image. The electron beam transmits the specimen and interacts with lattice structure of
material, then projecting on the screen with the structure information. The wavelength of
electron beam is much shorter than light, so the resolution of TEM is higher than optical
microscopy, typically 0.1-0.2 nm. The 1T’ phase presents distinct zigzag-transition-metal
chains which can be used to distinguish from other phases. However, the 1T and 2H phases,
both exhibiting three-fold symmetry in the basal plane, are nearly indistinguishable in
high-resolution TEM (HRTEM) images. Recent studies have shown that the intensity of
chalcogen columns in high-angle annular dark-field (HAADF) STEM images is different in
1T and 2H phase structure, therefore they are distinguishable via this technique, as shown in
Figure 2.5'3%. Because the chalcogen atoms in trigonal prismatic 2H structure stack along
the incident direction of electron beam during TEM measurement, resulting in
high-intensity spots in TEM image and formation of honeycomb shape pattern. However,
the chalcogen atoms in octahedral 1T structure creates much lower intensity compared with
transition metal atoms, which leads to a hexagonal pattern in HRTEM image. It is worthy to
note that the residual aberrations may lead to the quasi-atomic columns which are possible
to appear in Fourier-filtered images. By acquiring the selected area electron diffraction
(SAED) patterns along the [001] zone axis, the 2H and 3R phase can be distinguished by
comparing the intensity of (100) and (110) diffraction spots, which differs greatly in 3R

phase but are equal in 2H phase.
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Figure 2.5: Simulated HAADF STEM images of ideal (a) 2H and (b) 1T phases. The bright

spots correspond to Mo atoms. In the 2H phase, S atoms are visible as less bright spots. !>

2.4 Properties and Applications

The band structures of single-layer MoS2 with 1H, 1T, and 1T’ phase acquired by theory
calculations are represented in Figure 2.6.! The K-K transitions are closely associated with
the transition metal d-orbitals (Mo) which indicates a direct bandgap in 1H MoS2. The
transition metal d-orbitals contain 2 electrons, which are typically paired and fully occupied
in the lowest dz= state, owing to the hexagonal symmetry of the 1H-phase. As a result, the
semiconducting structure of the 1H-phase is stabilized by the electron configuration of the
transition metal d-orbitals.'*® If the 1H MoS: layer stacks to form 2H phase MoS>, the
bandgap presents a decrease with the increase of thickness along with the transition to
indirect bandgap. The direct bandgap of semiconducting monolayer MoS: makes it a
promising candidate for optoelectronic applications, such as photodetectors. The
semiconducting behavior of 1H or 2H MoS: also allows it to be available for field effect

transistor application, showing high carrier mobility and on/off ratio.
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Figure 2.6: Theoretically and experimentally determined band structures of (a) 1H, (b) 1T,

and (c) 1T -phase monolayer-MoS:.!

In the 1T-phase, the degeneracy of the electronic structure—caused by the tetragonal
symmetry—Ileads to partially occupied d-orbitals (specifically the lowest degenerate dxy,yz,x-
orbitals). This partial occupancy is responsible for the metallic character of the phase. Near
the I'-point, the Fermi level intersects both the Mo d-orbitals and the S p-orbitals, further
contributing to its metallic nature.'” Because the 1H phase TMDs are stabilized by the

electron configuration of the transition metal d-orbitals, N-doping caused by intercalation,

]
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doping, gating could change the electron configuration in d-orbitals, thus leading to the
transition to 1T phase. In addition to the N-doping, the applied strain was also found able to

cause phase transition.

The zigzag chains in the 1T’-phase of 2D TMDs causes the shift of transition metal
d-orbitals, below the chalcogen p-orbitals, which leads to a band inversion and inverted gap
at the T'-point, while there are two Dirac cones around the I'-point.!*® When spin—orbit
coupling is introduced, a fundamental gap (Eg) opens at the Dirac points. It is confirmed
that the inverted and fundamental gaps exist in experiments, among various 1T° TMDs with

different gap energy.

The unique properties of 2D transition metal dichalcogenides (TMDs) have made them a
focal point of research, especially in the fields of semiconducting and metallic phases. In the
semiconducting phase, TMDs exhibit desirable characteristics such as direct bandgap, high
charge carrier mobility, and excellent on/off current ratios, making them ideal candidates for
applications in transistors and optoelectronics. However, the discovery of metallic or
semi-metallic phases, such as the 1T and 1T’ configurations, has expanded the potential
applications of these materials. The metallic phases offer enhanced conductivity and the
ability to tap into new electronic functionalities, such as spin- and valleytronics. This has
led to increased interest in developing TMD-based heterostructures, which combine the
benefits of both semiconducting and metallic phases. These heterostructures could enable
novel devices that leverage both charge and spin degrees of freedom, providing a pathway
to advanced technologies in quantum computing, low-power electronics, and optoelectronic
devices. As the versatility of TMDs continues to grow, the challenge remains in harnessing
the properties of these materials across different phases and integrating them into practical,
scalable devices. While the development of TMD-based electronics is still in its early stages,
it holds significant promise for advancing beyond traditional field-effect transistors to create

innovative logic circuitry systems. Recent reports have highlighted the fabrication of
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ZONGLIANG GUO PAGE]| 26



Q Chapter 2 || Fundamentals
&

THE HONG KONG POLYTECHNIC UNIVERSITY

microdevices such as integrated transistors, logic inverters, and prototype microprocessors
based on various TMD materials.'3*'*! These early-stage demonstrations underscore the
potential of TMDs to revolutionize electronic devices, offering advantages in scalability,

energy efficiency, and performance.

Silicon photonics is promising technology to enhance the interconnects response speed and
reduce power consumption, while the conventional metal interconnects are limited by Joule
heating and parasitic capacitance. Some 2D materials have direct band gap, suitable for
light emission and detection, thus they have the potential to build optical to electrical
interconnects devices. Juan et al.'*? reported MoS: photodetectors integrated with SizN4
waveguide which can propagate the TE mode of incident light and make MoS2 layer’s
absorption of light easier, thus enhancing the photoresponsivity. Moreover, an isolation
layer of h-BN between MoS:2 and SizN4 was used to prevent the charge transfer to SizNa,
which could change the threshold voltage, to increase the response speed. In addition, a

graphene top gate with h-BN dielectric layer can adjust the working state of device.

Peyskens et al.'** also did a work in the similar field. They built a single photo emitter (SPE)
by transferring WSe2 flake on silicon nitride photonic integrated circuits (PICs). By
interfacing the 2D-SPE with an integrated dielectric cavity, single photon extraction
enhancement was achieved with the integration of SPEs with the guided mode of a SiN
waveguide. Besides, there is no requirement of additional processing of SPE host materials,
thus this method is more efficient and low-cost. Combining with the wafer-scale 2D
materials synthesis technology, it allows the fabrication of integrated circuits with

low-power-consumption and fast photo-electricity interconnects.

The integration of graphene and conventional silicon IC was reported by Stijn et al.'** To
overcome the problem of small detection bandwidth of conventional silicon-based image

sensor IC, graphene film was transferred on CMOS IC with readout circuit array and then
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patterned to form separate components compose the detectors array. This structure utilizes
the excellent broadband detection ability of graphene and well-developed silicon IC process

to build a broadband camera.

The artificial neural network (ANN) is an efficient structure for image sensing. Because the
data processing of input signals requires fast processing and low power consumption, this
structure can conduct the image sensing, data storage, and processing simultaneously. Lukas
et al.'* built an ANN based on WSe: film with external data processing circuit. The
ambipolar conduction behavior of WSe2 enables the tunability of photoresponsivity by
adjusting gate voltage with double gate structure. Moreover, the dark current of double-gate
WSe: photodetector does not change with the vibration of photoresponsivity and has a
linear photoresponsivity-gate voltage relationship, not like photonic mixing and metal—
semiconductor-metal detectors which are nonlinear relationship and have not fixed dark
current. Therefore, the WSe2 based ANN is suitable for machine learning to eliminate the

noise, and obtain clear and accurate output of image sensing.

In addition to above mentioned devices, some interesting inventions are also worthy of

notice. Kamarauskas et al.!#®

combined light energy harvest based on MoS2 with other
circuits to achieve self-powered system. The fabrication of array of plasmonic photodetector
using plasmon enhancement to increase the photoresponsivity was also reported.'*’ The
device showed a photoresponsivity of 9 A W! and a detectivity of 5 x 10! Jones when

applying 660 nm laser with an intensity of 0.5 mW cm™. Besides, the use of paper

substrates resulted in mechanically flexibility.

TMDs have served as hydrogen evolution reaction (HER) catalyst for a long time. It’s
known the edge sites of TMDs with layer structure are catalysis active, but the basic panels
of TMDs usually are inactive for HER. Unfortunately, the 2H phase group VI TMDs are

semiconductors and bare low electric conductance, leading to the poor carrier transport
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efficiency, thus not suitable for electrochemical hydrogen generation. Thanks to the
semimetal or metallic 1T/1T” phase group VI TMDs’ small resistance, these materials
possess superior HER performance with low cost due to the earth abundant element
composition. An electrochemically active electrode was developed, using a solvothermal
method to grow piezoelectric 1T MoSe2 nanosheets on carbon cloth. As the metallic 1T
MoSe2 was used to build the electrode, as a result, the large interlayer distance, improved
hydrophilicity, and increased conductivity significantly enhance the reduction of the Zn*"
diffusion barrier.”® The metallic or semi-metallic 1T group VI TMDs can also serve as
contact materials to reduce the contact resistance and greatly improve the field effect
transistors performance. It was reported that the 2H and 1T’ phase MoTe2 homojunction
was fabricated by phase transition via applying laser on materials. By using this technique,
the carrier mobility of the MoTe: transistor was increased by a factor of about 50, while the
on/off current ratio was kept as high as 10%.!*® The intrinsic hydrophilicity and improved
conductivity of 1T MoS2 were confirmed and made it a promising candidate as
supercapacitor electrode material.!** The supercapacitor based on 1T MoS:2 with excellent
electrochemical properties allows various cations intercalation into the interlayer of MoSa,

significantly enhancing the storage ability.

A novel topological field effect transistor with heterostructures of 1T TMDs and 2D
dielectric layers were proposed by Xiaofeng Qian et al., as shown in Figure 2.7, which can
turn on or off in extreme high speed compared with conventional transistor. This
demonstrated device can switch the states through topological phase transition induced by
external electric field. In contrast, the conventional field effect transistor utilizes the carrier
depletion to turn on/off, with inherently low speed.”> The first-principles calculations
indicated that the a branch of 1T’ phase TMDs are large-gap quantum spin hall insulators,
with an band inversion between p band of chalcogen atoms and d band of transition metal

atoms induced by structural distortion.
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electric field controlling topological phase transition

decoupled edge states

Figure 2.7: Schematic of the topological field effect transistor. '

The mass application of 2D materials requires the development of 2D-materials-based
integrated circuits fabrication technology, consist of two issue, namely synthesis and device
structure design. The current wafer-scale 2D materials synthesis technology is mainly based
on the use of single-crystalline substrate and epitaxial growth. The selection of specific
substrate for each kind of 2D materials makes this method not efficient and flexible. Further
study is still needed to develop a low-cost synthesis method. The integrated circuits based
on or combined with 2D materials can utilize the excellent physical and opto-electronic
properties of 2D materials to achieve an advanced function with the structure of
systematically connected numerous components. This can be achieved either by integration

with current well-developed silicon IC or by ingenious device structure design.

]
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2.5 1T° TMDs Preparation Methods

The study of 2D TMDs has been a popular topic in recent years, as they possess unique
physical and chemical properties and atomic-thin thickness, similar to graphene. Thanks to
TMDs’ novel properties, they show great potential in electronic, optoelectronic devices, as
well as catalysis. Many TMDs (such as MoS2, MoSe2, WSz, WSez, and so on) are polyphase
materials which generally present trigonal prismatic or octahedral phase, referring to the 1H
and 1T phase with Dsn and D34 symmetry, respectively. The distorted structures of 1T phase
result in 1T°, 1T or 1T phase, and 2H or 3R phases can be obtained by stacking of 1H
layers in different ways. Though not all the TMDs are polyphase materials, quite a large
proportion of TMDs have 1T and 1H phases, and usually one phase is thermally stable and
the other is metastable. More importantly, the different phases refer to different structures,
thus showing different properties. Molybdenum disulfide, the one of the most typical TMDs,
has stable semiconducting 2H phase and metastable metallic 1T’ phase. Semiconducting 2H
phase MoS: shows layer-dependent band gap which makes it suitable for electronic and
optoelectronic applications, while 1T’-MoS2 show good electrons transport ability, and
superconductivity at low temperature. In addition, magnetism and ferroelectricity are also
observed in 1T” MoS2. Owing to these special properties, MoS2 of 1T’ phase has promising
future in electronics, catalysis and batteries. Other TMDs also present similar phenomena

and other novel features.

The synthesis of thermally stable phase of 2D TMDs has been well studied and developed,
but the preparation of metastable phase TMDs is still a huge challenge. Take MoS: as an
example; there are many reports about the synthesis of 2H phase MoS: flakes and large-area
film by top-down or bottom-up methods. However, the preparation of wafer-scale 1T” MoS:2
film with high phase purity has not been achieved yet. Although there are reports of

preparing 1T MoS: flakes or powder by alkali atom intercalation, the low phase purity and
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low crystallinity remains problems. Actually, all the problems originate from the
metastability of 1T phase of MoS2, the energy barrier between the 2H phase and 1T’ phase
makes MoS: prefer to 2H phase structure. Though 1T” MoS:z does can exist in atmosphere at
room temperature for a period, annealing over 100 °C transforms 1T’ phase to 2H phase
completely and gradual transformation can be observed in few months. Not only does it
lead to the difficulty of phase purity improvement, it also makes the preparation of 1T’
MoS: tricky, as special processes are required to overcome the energy barrier. This section

will give a review of the preparation of 1T’ phase TMDs.

2.5.1 Preparation through Phase Transition

Generally, there are two means to obtain 1T’ phase TMDs, phase transition and direct
synthesis. The phase transition methods mostly involve phase transformation from 2H to
1T, as 2H phase TMDs, especially Group VI TMDs, usually are thermodynamically stable,
thus easy to be obtained. Although there are various methods involving the strategy of phase
transition, the fundamental mechanism behind these methods is that the energy barrier
between 2H and 1T phase can be lowered by electron transfer. The direct synthesis of 1T’

TMDs also usually involves the electron transfer mechanism.

Many phase transition methods involve the intercalation of alkali atoms, in some cases, the
vacancy, trap, stress in crystal would also cause phase transition. Because it can tune the
system energy and overcome the energy barrier between trigonal prismatic and octahedral
phase. The intercalation of alkali atoms in TMDs has been already studied in the last century.
This has been a popular topic as the transformed 1T’ phase TMDs usually are good catalysts

and show superconductivity at low temperature.

The chemical treatment method, one of the preparation techniques via phase transition, has

————————————————————————
ZONGLIANG GUO PAGE]| 32



Q Chapter 2 || Fundamentals
&

THE HONG KONG POLYTECHNIC UNIVERSITY

a long history, dating back to 60s in last century. By immersing TMDs powders into
n-butyllithium, t-butyllithium, or LiBH4, the lithium intercalation compounds of TMDs
were obtained. The later hydrolysis forms hydrogen gas in the interlayer and separates the
flakes of TMDs into single or few layers. It is accompanied by the transfer of electrons from
lithium to transition metal d-orbitals, which leads to the decrease of formation energy
difference between 1T’ and 2H phase, thus causing the phase transition from 2H to 1T’
phase. Typically, these methods require immersing TMDs into n-butyllithium solution for
few days at room temperature or elevated temperature (up to ~ 100 °C). It is interesting that
the necessary amount of intercalated lithium for phase transition is influenced by thickness.
With the increase of thickness, the required number of induced charges per volume reduces,
thus easier to transform to 1T’ phase. As a result, the thinner MoS: flakes need longer

process time and higher n-butyllithium solution concentration, as shown in Figure 2.8.'%
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Figure 2.8: Concentration and process time required for phase transition from 2H to 1T’

phase for different thickness.'"?

Although it’s reported that 2H WSe: flakes'*° or powder was transformed to 1T’ phase, the
ratio of 1T’ phase was not enough high. It is worth noticing that the conducting 1T” WSe: as
electrodes of field effect transistor greatly improves the performance. This method is simple

and easy, but it’s not effective when it comes to polycrystalline TMDs film. It’s proved that
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the n-butyllithium treatment cannot achieve the phase transition of polycrystalline MoS2
grown by sputtering of Mo and sulfurization. The grain boundaries in polycrystalline MoS2
may trap electrons transferred from n-butyllithium, thus preventing phase transition via
charge transfer mechanism. Despite this method is simple, the products suffer from small
flake size and low phase purity (typically 70%~80%). What’s worse, the metastable 1T’
phase TMDs transform back to 2H phase gradually, and this would be more serious when
the intercalated ions are removed and the nanoflakes restack again. The phase transition
from 1T phase to 2H phase also happens instantly at an elevated temperature, for example,

as low as ~100 °C for 1T> MoSz and ~200 °C for 1T’ WS2.”?

With the help of electrochemical intercalation of lithium, it is also able to prepare 1T’
TMDs, similar to the chemical treatment methods. During the electrochemical intercalation
process, the lithium metal foil and TMDs are employed as anode and cathode, respectively.
The lithium insertion was achieved under an applied external potential, which led to
uniform intercalation. Then the intercalated samples were sonicated in water to separate into

monolayer 1T -phase TMDs flakes with size up to 1 pm.'>!

It was reported that the 2H phase TMDs were transformed to 1T’ phase TMDs by annealing
the mixture of 2H phase TMDs and metal salts, such as K2CO3, K2C204 *« H20, KHCO3 and
so on, which is also available for 1T’ phase TMDs alloys synthesis.'*® AgsXS2 (with A = Li,
Na, K, Rb, or Cs, and X = Ti, or Nb) could be obtained by the reaction of XS: and alkali
halide with H2S gas environment at 800 - 1000 °C. However, if without H2S gas, in inert

gas instead, the alkali metal intercalated tantalum sulfide could be formed.'*?

Electrostatic gating is another phase transition method to obtain metastable phase TMDs. It
was reported that excess charge induced by external electric field can lead to the phase
transition of TMDs. However, for lighter TMDs monolayer (such as MoS2, WS2), a quite

large amount of charge should be transferred to trigger the phase transition, namely a large
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gate voltage, making it not feasible. However, it’s found that tuning the chemical
composition via alloying could greatly decrease the required gate voltages for MoTez phase

transition.®?

Based on the charge transfer mechanism, the most direct phase transition manner would be
electron irradiation. It was reported that the electron beam scanning on 2H-phase Re-doped
MoS: for a period could cause the build-up of negative charges, thus leading to phase
transition.!3® However, this method can only produce an extremely tiny domain of 1T’ phase

TMDs.

An interesting phase transition method is via applying mechanical strain to TMDs. MoTe2
experienced the 2H-to-1T’ phase transition after applying a tensile strain using AFM tip. As
MoTe: has smaller energy difference between 1T’ and 2H phase, it’s easier to be
transformed compared with other TMDs. Besides, there are microwave plasma treatment
and the supercritical CO: treatment to achieve phase transition. These methods are
controllable and versatile, enabling phase engineering in liquid phase.'”® However, the

conversion ratio by these methods usually is not high, varying from 70% to 90%.

2.5.2 Direct Synthesis Methods

The main disadvantage of phase transition method is the low phase purity, which forces
researchers to put forth a lot of effort to directly synthesize the metastable phase TMDs.
Using molecular beam epitaxy to grow 1T’ MoS2 on Au(111) substrate was reported, it’s
found that the gold substrate actually is an electron donator and promotes the formation of
1T structure. Similarly, by contacting with electron donor materials, charge transfer to
TMDs can also be achieved. It was reported that the 2H MoTez stacking with 2D electride

(such as Ca:N) caused a high density of electron doping, thus leading to 2H-to-1T’ phase

————————————————————————
ZONGLIANG GUO PAGE]| 35



Q Chapter 2 || Fundamentals
&

THE HONG KONG POLYTECHNIC UNIVERSITY

transition. However, the size of 1T’ phase domain was around 1 pm.'>

The reduction of KaMoS4 at elevated temperature in hydrogen is a method to synthesize 1T’
MoS:. Liu*® used KaMoSs as CVD precursor to directly synthesize 1T’ MoS: under
hydrogen/argon atmosphere. It was found that the ratio of hydrogen influences the ratio of
1T’ phase, higher the hydrogen proportion, higher purity of 1T’ phase. The typical synthesis
of KoMoSs is achieved by the reaction of KoMoOs4 with hydrogen sulfide at elevated
temperature for nearly a day.®’ In addition to this method, there is another K2MoS4
preparation technique involving a series of chemical reactions. The solution containing
ammonium heptamolybdate (HMA), (NH4)sM07024:4H20, and ammonium hydroxide was
reacted with high-purity H2S gas by bubbling for 60 min to prepare ATTM. The ATTM was
put into potassium hydroxide solution, followed by vacuum pumping, removing NH3s, and

precipitation, resulting in solid KaMoSa.

The electron donating precursors, alkali intercalated TMDs, such as KMoS:z, can also be
employed to synthesize 1T TMDs. Firstly, to produce the precursor of KMoS2, K2MoO4
reacted with HzS, followed by reduction in hydrogen.!®® Or by the reaction of A2S, MS,
and M (A=Li, Na, K, M=Mo, Nb, Ta, Ti), AMS: can also be obtained. The next step was to
hydrate the intercalated alkali atoms to obtain Kx(H20)yMoS: and then treated samples with
an oxidizer. It is worth notice that the amount of intercalated alkali atoms and the strength
of oxidizer have essential influence on the products. With x around 0.3, 1T” MoS2 was
obtained by incomplete oxidation of Kx(H20)yMoSz. On the other hand, complete oxidation
resulted in 1T phase. It was found that the oxidation of Kx(H20)yMoS:2 with x lower than

0.3 led to 1T’ phase too.'>*

2.6 Intercalation, Self-intercalation, and Stabilization

Intercalation has been an interesting and popular topic of TMDs. There is van del Waals gap
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between TMDs layers without bonding. The in-plane structures of 1T’ phase TMDs and 2H
phase TMDs are completely different, however, both them are layered materials. These
special structures of TMDs make intercalation much easy. The intercalation has also been
used to exfoliate the TMDs to obtain monolayer or few-layer sheets recently. It was found
that the intercalation can lead to the phase transition. For example, the 2H-phase MoS2
transforms to 1T’ phase after Li intercalation.!> The phase transition from 2H to 1T’ can
also be achieved by other alkali metal intercalation; it is due to the n-doping caused by
intercalation. And it’s worthy to note that the alkali metal intercalation can stabilize the 1T’
phase which is intrinsically metastable, as the n-doping can lower the energy difference

between 1T’ phase and 2H phase.

Many 1T’ TMDs are metastable, especially Group VI TMDs, such as 1T* MoS2, 1T” MoSe:.
The distinct chemical and physical properties of 1T TMDs encourage researchers to look
for stabilization method to improve the reliability. To achieve the stabilization of 1T’ TMDs
without changing in-plane structure and properties, intercalation is a promising method.
Both 1T’ and 2H phase is layered structure with van der Waals gap between layers, though
the 1T” TMDs have totally different in-plane structure from 2H phase. The intercalation into
the van der Waals gap could change the formation energy of whole system without
modifying the in-plane 1T’ structure, thus providing a reliable method to achieve the
stabilization of 1T’ phase while keeping its intrinsic properties.'*> The intercalation methods
have attracted tremendous attention recently. The technical issues that usually concerns us
are stability, phase purity, defects, and productivity. However, the current intercalation
methods do not meet the expectation that the phase-pure stable 1T’ TMDs with high crystal
quality should be obtained. In this thesis, a self-intercalation method has been developed to
directly synthesize stable intercalated 1T” TMDs with extremely high phase purity and high

crystal quality. In this chapter, the previous intercalation methods are summarized.
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2.6.1 Intercalation methods

The van der Waals gap of TMDs make intercalation possible. The intercalation is mainly
utilized to tune the chemical and physical properties of TMDs, or purely a study method.
The engineering of intercalated super lattice structure is promising and provide
opportunities to create a large class of new combined materials with designed structure and
properties. Though this thesis focuses on the stabilization of 1T> TMDs via intercalation, it
is necessary to summarize the previous intercalation techniques, even not all intercalations

are intended to stabilize metastable phase of TMDs.

(a) Chemical Treatment

Chemical treatment has been a frequently used method to achieve intercalation. The
intercalation reagents are mainly alkali-metal-based chemicals. And lithium is most often
seen in these methods, as it is most chemically active among alkali metals, therefore the
electrons in lithium would be easier to be transferred to TMDs. The butyllithium, lithium
metal, and lithium borohydride are usually selected as intercalation reagents. Tan et al.
immersed 2H MoS: into butyllithium to obtain Li-intercalated Mo0S2.”® The reaction
between alkali metal and MoS: in liquid ammonia was reported to obtain Cso3MoS2,
Rbo3MoS2, Ko4MoS2, Nao3MoS2, and LioaMoS2.1® Papageorgopoulos et al. directly
deposited Li metal on MoS: to achieve intercalation reaction accompanied by a phase
transition from 2H to 1T.!*” Except for the direct deposition, dissolving lithium in liquid
ammonia and then immersing 2H TMDs in it for a period of time is another option.'>
Lithium borohydride was used by Zhang et al. to conduct scalable solid lithiation and

158

exfoliation of metal telluride nanosheets. Sodium naphthalenide, or other

alkali-metal-based chemicals are also suitable candidates for chemical treatment methods. !’

These chemical treatment methods use highly active chemicals and require inert gas
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environment, such as argon. The intercalated TMDs are also active, the exposure to air or
water could cause oxidation of both intercalant and transition metal and destroy the

intercalation structure.

The 1T’ phase purity and crystal defects are two main issues for intercalation. The maximal
1T’ phase percentage that chemical treatment can achieve is 70-80%. This phase purity is
still too low. For certain applications, the 1T’ phase is preferred over the 2H phase, making
the purity of the 1T’ phase critical to performance. For example, 1T’ phase TMDs have
much higher hydrogen evolution reaction (HER) catalysis activity than 2H phase. Therefore,
the HER performance highly depends on the 1T’ phase purity if not involving the issues of
doping or exposure of active edge sites. Because the reaction rate of chemical treatment is
affected by particle size. The intercalation is usually uneven. The milling process could help
the situation, but additional crystal defects are caused.’® The extension of chemical
treatment time can improve phase purity slightly, however, the usual treatment time is 1-3
days. This resort would greatly decrease the productivity, but with less improvement. It’s
worthy to note that the high amount of alkali metal intercalants could cause the reduction of
TMDs, leading to decomposition reaction.'?! Besides, the thinner TMDs sheets require
more n-doping amount per volume.'® The thickness of TMDs is difficult to keep same.
Moreover, for many applications, the intercalants should be removed after phase transition
to avoid oxidation. The metastable 1T’ phase spontaneously transforms to 2H phase. These

factors together lead to low phase purity for chemical treatment methods.

(b) Electrochemical Intercalation

Electrochemical intercalation is conducted in a two- or three-electrode cell with intercalant
metal as anode, TMDs material host as cathode, and electrolyte. This method requires

conductive host and ionic intercalant, thus limiting its applications. However, as the
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intercalation is controlled by external bias, this method has more reversibility and
controllability. Therefore, in suit characterization of optical and electric response of TMDs
during the intercalation process is available. Li et al. intercalated potassium ions into the
MoS: flake by applying external voltages.!® It was found that the potassium ions
intercalation is reversible, and the abrupt reduction of diffusion coefficient indicates the
unfavorable energy change within KxMoS: structure. Except for the inorganic intercalants,
charged organic molecules can also be intercalated into layer gap with the help of
electrochemical process. This enables the formation of organic/inorganic superlattices with
tunable chemical and physical properties. Wang et al. reported the electrochemical
intercalation of cetyl-trimethylammonium bromide (CTAB) into phosphorene with tunable
intercalation structure and properties.!> The CTAB can be periodically intercalated into
every one, two, or three phosphorene layers. The interaction between layers is weakened, as
the interlayer distance is increased by CTAB intercalation, therefore the band gap can be
tuned. Thanks to the passivation by organic molecules, the FET devices built based on
CTAB-intercalated phosphorene showed high on/off ratio, mobility, as well as excellent
stability. By controlling the system of organic intercalation, it is available to fabricate
various kinds of superlattice with combination of organic intercalants and TMDs, which

possess unique structures and represent distinct physical and chemical properties.

(¢) Growth Intercalation

The direct reaction between metals and TMDs at high temperatures is a common manner to
obtain a number of intercalated TMDs. For example, the mixture of Cu and NbS: was
heated and kept at 800 °C for few days, resulting in the product of Cuo.csNbS2. However,
this method cannot avoid the formation of unwanted by-product, such as CuS. The similar

reaction between Eu and NbS: also led to the ferromagnetic EuS formation.!* Besides,
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alkali metals were also used as intercalants. At 800 °C, the alkali metals reacted with
niobium and tantalum dichalcogenides and formed AxVSz, where A is alkali metal and V is
Nb or Ta, with x up to 0.7. The reaction using alkali carbonate'*® and alkali halide'>* were

also reported.

Melting of several elements in a stoichiometric manner is an intuitive way to synthesize
intercalation structure. In melt growth method, the intercalant element and precursors are
mixed and heated. The single-crystalline CuxBi2Ses is synthesized by melting the
stoichiometric mixtures of Cu, Bi, and Se.!®> Molecular beam epitaxy (MBE) was used to
grow Ta-intercalated TaS> film, with increased Ta flux.'®* The alkali atom intercalated
TMDs can also be formed by annealing of A2MSs (A=Na, K, M=Mo, W) in H26%!1° at
850 °C, or by the reaction of A2S, MS2, and M (A=Li, Na, K, M=Mo, Nb, Ta, Ti)!!® at
800 °C. These reactions at high temperature produce samples with higher crystal quality,
compared with chemical treatment methods. However, the synthesized intercalated TMDs
by these methods have a structure similar with 2H phase. To obtain 1T TMDs, these
intercalated TMDs need a post chemical reaction.!!'> This chemical reaction would cause
defects and lower the crystal quality, which is similar with the cases of chemical treatment

methods.

2.6.2 Intercalation and Stabilization

Intercalation can be used to transform the 2H phase TMDs to 1T’ phase. The 2H phase
TMDs are thermodynamically stable, and it is easy to be synthesized. However, many 1T’
phase TMDs are metastable, the direct synthesis of 1T” TMDs is difficult. So, to prepare 1T’
phase TMDs, it usually follows the way of phase transition from 2H phase to 1T’ phase. The

intercalation is a feasible solution to achieve phase transition, which is also an important 1T’
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phase TMDs preparation method. The intercalation lowers the energy difference between
1T’ phase and 2H phase, which is the reason for phase transition. As the system energy is
adjusted, the intercalation also stabilizes the 1T’ phase which 1is inherently

thermodynamically metastable.

(a) Mechanism of 1T’ Phase TMDs Preparation and Stabilization via Intercalation

N-doping, or also called charge transfer, caused by intercalation is the main reason of phase
transition. The n-doping can increase the electron count on transition metal d-orbitals, and
the transition barrier of 2H-to-1T’ phase transition can be lowered, as shown in Figure
2.9.1%0 The thermodynamically stable 2H phase TMDs are easier to be synthesized. The 1T’
phase TMDs could be obtained by phase transition from 2H phase to 1T’ phase. The phase
transition via intercalation has been an important preparation method for 1T° TMDs, such as
1T’ MoS2, 1T” MoSez. The intercalation is not only the 1T> TMDs preparation method but
also the stabilization method for 1T’ phase. If the intercalation structure is kept, the 1T’
phase would be stable with the n-doping induced by intercalation.'? It has been found that
removal of intercalants after phase transition leads to the gradual phase transition from 1T’
to 2H.** As the 1T’ phase of many TMDs are metastable, they transform to
thermodynamically stable 2H phase naturally. Therefore, the intercalation is a 1T” TMDs
preparation method as well as stabilization method. However, the current intercalation
methods must use chemically active intercalants, usually alkali metals, such as Li, Na, and
K. Because the active alkali metals are strong electron donors. These alkali metal
intercalated TMDs cannot expose to air or water, otherwise the oxidation of alkali metals is
unavoidable. And the intercalation structure would be damaged, and often followed by
oxidation of TMDs t00.!%> So, the intercalated TMDs can be only stored in inert gas

environment. It is an unacceptable limitation for quite a lot of applications of 1T” TMDs.
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For example, hydrogen evolution reaction (HER) requires 1T’ TMDs catalysts immersing in
strong acid or alkaline solution. Therefore, developing a more reliable stabilization method

is needed. The following section summarizes the current stabilization methods.
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Figure 2.9: Energy difference between 2H-phase MoS2 and 1T -phase MoS: as a function

of electron concentration within monolayer or bilayer.'®
(b) Stabilization Methods

Stabilization of metastable phase of TMDs is a huge challenge. There are few reports about
stabilization of 1T” TMDs. Because the low stability is originated by the atomic structure
itself. The modification of in-plane structure, such as inducing doping, would cause
additional defects and strain.'®® The phase transition and stabilization caused by inducing
defects was reported by Cai et al.!é” The phase transition of MoS: is localized, which is not
suitable for pure phase TMDs preparation. However, the intercalation engineering in van
der Waals gap of TMDs may be a better solution. There are some reports demonstrating the
stabilization of metastable phase TMDs, but the stabilization is still not good enough for
applications. Park et al. proposed a molten-metal-assisted intercalation approach to stabilize
IT TMDs.'?> The thermal stability of 1T MoS: has been improved to 350 °C, but the
synthesized sample was the mixture of 1T and 2H phase MoS.. Tan et al. reported that the

lithium metal was deposited on 2H MoS2 and then hydrogenated to form LiH-intercalated
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1T MoS2.'2 The LiH intercalant is more stable compared with Li intercalant, showing
3-moth stability in air and 5-hour stability in water. However, the lifetime is still short and
surface degeneration is unavoidable. The stabilization of 1T TMDs remains a huge
challenge, especially when it requires high stability with high phase purity and preservation

of inherent in-plane 17T’ phase structure and properties.

2.7 Summary

This chapter provides an overview of the structural properties of TMDs and their
polymorphs, highlighting the unique properties and promising applications that arise from
these characteristics. It concludes with a discussion on HER electrocatalysis, emphasizing
the potential of 1T” TMDs due to their high active site density and earth-abundant elements,
and summarizes other promising applications of TMDs. It also reviews previous synthesis
methods for 1T’ TMDs, outlining their limitations and drawbacks. Several key
characterization techniques are discussed to assess the quality of the synthesized samples in
terms of structure and phase purity. Next, the stabilization issue of 1T’ TMDs is discussed,
focusing on intercalation methods which could have a potential to achieve stabilization
without changing intrinsic 1T’ phase in-plane structure. In short, this chapter lays the
foundation for understanding the synthesis, properties, stabilization, and applications of 1T’

TMDs, while highlighting the current challenges and advancements in the field.
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Chapter 3

Synthesis of Intercalated Phase-pure 1T’ Transition

Metal Dichalcogenides by Self-intercalation Method
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3.1 Introduction

Transition metal dichalcogenides (TMDs) have recently garnered significant attention due
to their unique layered structures and exceptional physicochemical properties, similar to
those of graphene. The TMDs family comprises not just a collection of compounds; each
compound often has multiple phases with distinct properties."*> The most common and
well-studied phases, such as the thermodynamically stable 2H phase of MoS2, are at the
forefront of research. In contrast, other phases, which possess higher system energy, tend to
be unstable and gradually convert to the stable phase, presenting a substantial challenge in
the synthesis of high-purity, metastable phase TMDs with excellent crystal quality.”> Among
various metastable phases, the 1T’ phase has attracted considerable interest. Metastable
TMDs exhibit unique electronic, optical, and electrochemical characteristics compared to
their stable-phase counterparts, offering promising applications in superconductivity’®,
device contacts®, surface-enhanced Raman scattering (SERS)%, energy storage,

9697 supercapacitors®, and synaptic transistors”®*’. To unlock

electrochemical catalysis
these potential applications, it is crucial to produce metastable-phase TMDs with high phase
purity and achieve stabilization. Phase transitions in group VI TMDs from the stable 2H
phase to the 1T or 1T’ phase have been reported via methods of chemical treatment!®’,
electrostatic gating!%, and mechanical strain application'®”. However, the resulting low
phase purity (up to around 80%) leads to diminished performance, and these methods
impose stringent conditions that are unsuitable for large-scale production. In addition to
phase transition methods, direct synthesis of metastable phase TMDs via colloidal

reactions!!%!!

and solvothermal processes!!>!!3 has also been explored. Unfortunately, these
approaches also suffer from low phase purity and crystal quality. Recently the chemical
oxidation of alkali atom intercalated transition metal dichalcogenides (TMDs) with a

structure similar to the 2H phase''* was used to produce the 1T or 1T’ phase of group VI

TMDs. These alkali atom intercalated TMDs are primarily created by annealing A2MS4
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compounds (where A = Na or K, and M = Mo or W) in Hz at 850 °C%*!!5, or through the
reaction of A2S, MS2, and M (where A = Li, Na, or K, and M = Mo, Nb, Ta, or Ti) at
800 °C!6. This method can achieve approximately 90% phase purity; however, the
post-chemical treatment often leads to crystal defects. Additionally, the 1T or 1T’ phase
TMDs have a limited lifespan, even at room temperature, as they gradually convert to the
more stable 2H phase!!”»!!¥ which is accompanied by a decline in performance. Stabilizing
metastable-phase TMDs without altering their intrinsic properties presents a significant
challenge. Introducing alkali atom intercalation offers an alternative approach to achieve
thermodynamically stable 1T” phase TMDs. However, the chemically active alkali atoms
are not stable in air, leading to the oxidation of transition metals.’®!'*!20 Achieving high
purity in the 1T’ phase necessitates a high alkali atom intercalation ratio, which can result in
the reduction of TMDs and the formation of transition metal.!?! The synthesis of 1T TMDs

with both high phase purity and stabilization remains a significant challenge.

Here, a self-intercalation method has been developed to synthesize and stabilize phase-pure
1T’ MoS2 with K2S intercalation. The resulting material exhibits thermodynamic stability
and is inert to air, ethanol, and water. Raman spectroscopy and transmission electron
microscopy (TEM) have confirmed the high crystal quality of the 1T’ phase, while X-ray
photoelectron spectroscopy (XPS) has demonstrated nearly 100% phase purity.
Thermogravimetric analysis (TGA), differential scanning calorimetry (DSC), and annealing
tests have revealed thermal stability exceeding 750 °C, in contrast to intrinsic 1T MoSz,
which transforms to the 2H phase at 97 °C!''>. Additionally, it has been extended to produce
NaxS-intercalated 1T’ MoS»2, LizS-intercalated 1T’ MoS2, Kz2Se-intercalated 1T’ MoSez,
NaxSe-intercalated 1T° MoSe2, and K:Te-intercalated 1T MoTez, highlighting the

versatility of this approach for synthesizing various 1T’ phase TMDs.
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3.2 Characterization Equipment

The optical images were captured using a Leica DM2700 optical microscope. Scanning
electron microscope (SEM) images were acquired with a Tescan MAIA3 field emission
scanning electron microscope. Atomic force microscopy (AFM) images and height profiles
were obtained using an Asylum MFP-3D Infinity scanning probe microscope. Raman
spectra were recorded with a WITEC Confocal Raman spectroscopy, employing a 532 nm
laser excitation at 0.5 mW power. X-ray diffraction (XRD) patterns were measured using a
Rigaku SmartLab X-ray diffractometer equipped with a 9-kW rotating anode X-ray source,
a scintillation counter, and a 1D high-speed detector. XPS spectra were acquired with a
Thermo Fisher Scientific Nexsa instrument, featuring a monochromatic and focused 12 kV
aluminum Ko X-ray source. TEM images and energy-dispersive X-ray spectroscopy (EDS)
mapping were performed using a Thermo Fisher Spectra 300 scanning transmission electron
microscope. DSC curves were measured with a Mettler Toledo DSC, covering a
temperature range of -90 to 400 °C and heating/cooling rates from 0.1 to 300 °C/min. TGA
curves were obtained using a Mettler Toledo TGA/DSC3+ system, featuring a balance

sensitivity of 0.01 pg.

3.3 Synthesis and Characterization of K;S-intercalated 1T° MoS:

3.3.1 Synthesis Process

A three-zone furnace equipped with a one-meter-long quartz tube was employed for the
direct synthesis of 1T’ MoSz, as illustrated in Figure 3.1. To ensure accurate synthesis, it is
essential to use a completely clean quartz tube with no residual substances, particularly

sulfur, which may remain from prior use. A new and clean quartz tube was utilized for each
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synthesis in this work. Sulfur powder (10 g) was loaded into an alumina boat, on the
upstream end of the tube (heating zone 1). The sulfur acted as excess reagent and covered
the bottom of cuboid alumina boat (bottom area: 910 mm?) throughout the synthesis process,
ensuring uniform supply of sulfur by evaporation. KxMoO4 powder (60 mg) was positioned
in the downstream end of the tube (heating zone 3), evenly distributed on a sapphire
substrate (area: 2 X 2 cm?) on top of an alumina boat, while the middle heating zone 2 was
left empty. Before starting the synthesis, the tube was evacuated to remove air and then
purged with argon until atmospheric pressure was restored. During the process, argon gas
was flowed at 35 sccm, with hydrogen added at 15 sccm, maintaining atmospheric pressure.
Zones 2 and 3 were then heated to 750 °C at a rate of 15 °C min™!, while zone 1 was kept at
room temperature. Once zones 2 and 3 reached 750 °C, zone 1 was heated to 135 °C at
30 °C min™!, ensuring controlled sulfur vaporization. This step prevented premature sulfur
release and undesired reactions at temperatures below the growth threshold. If a quartz tube
is reused, it must be thoroughly cleaned to avoid residual sulfur vaporizing during heating,
which could lead to undesirable low-temperature reactions. The temperatures in zones 2 and
3 were maintained at 750 °C for 4 hours, while zone 1 was held at 135 °C. Afterward, the
furnace cooled down naturally to room temperature. The sample was retrieved after

complete cooling, yielding K>S-intercalated 1T’ MoS2 without requiring any post-treatment.

heating zone 1 heating zone 2 heating zone 3

sul er

Figure 3.1: Schematic of KzS-intercalated 1T’ MoS:z synthesis setup.
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3.3.2 Characterization Results

As shown in Figure 3.2a and 3.2b, the as-synthesized KoS-intercalated 1T° MoS2 powder
consists of numerous stacked trapezoidal flakes, with individual flakes reaching sizes over
100 pum. This morphology differs significantly from the typical triangular flakes of 2H
MoS:. The powder also exhibits a distinct metallic luster, as shown in the inset of Figure
3.2a. The as-synthesized sample exhibits a unique Raman spectrum (Figure 3.3a) that
differs from that of 2H MoSz. The characteristic J1 and J3 peaks of the 1T’ phase are clearly
distinguishable, confirming the presence of high-quality 1T’ phase MoS2. Notably, the

defect-related Raman peak Jo?7:115:168.169

, which is commonly observed in samples prepared
using solution-phase intercalation methods, is absent, indicating the lack of typical defects.
In addition to the characteristic 1T’ peaks, three additional Raman peaks (labeled A, B, and
C) associated with the intercalation are observed. For comparison, n-butyllithium treatment,
a common method for preparing 1T> MoS:!, was applied to transform 2H-phase MoS: into
the 1T’ phase. Briefly, 2H-phase MoS: flakes were grown on SiO2/Si substrates by chemical
vapor deposition (CVD) using MoOs and sulfur powders as precursors. These flakes were
then immersed in a 2 M n-butyllithium solution in cyclohexane for 200 hours in an
argon-filled glove box. The treated samples were thoroughly washed with cyclohexane and
dried. The Raman spectrum of the n-butyllithium-treated sample (Figure 3.3a) shows
significantly weaker peaks compared to those of the Kz2S-intercalated 1T’ MoS: prepared in

this work, indicating inferior crystal quality. This suggests the demonstrated

self-intercalation method is better than commonly used chemical treatment methods.
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Figure 3.2: Characterization of K>S-intercalated 1T° MoS:. (a) Optical and (b) SEM images
of KzS-intercalated 1T° MoS2 powder, respectively. Inset of (a), Photo of K2S-intercalated

1T’ MoS2 powder on the sapphire substrate.

XRD was employed to analyze the structure of the sample. As shown in Figure 3.3b, the
as-synthesized KoS-intercalated 1T’ MoS: exhibits an increased interlayer distance, d(o0)
(0.9064 nm), compared to intrinsic 1T’ MoSz (0.5876 nm) and 2H MoS: (0.6148 nm). The
intercalation also extends the lattice constant a, from 1.2835 nm to 1.9797 nm. This
structural change is illustrated in the lattice schematic in Figure 3.4, which highlights the
expansion of both the interlayer distance and the lattice constant a due to intercalation.
Notably, the structure of 1T’ phase is greatly different from usual 2H phase. Recently, the
specific lattice parameters of 1T’ MoS2 were measured using single-crystal XRD.” 1T’
phase belongs to monoclinic crystal system and C2/m space group. As illustrated in Figure
3.4, only a-axis goes through the MoS: layers. Therefore, the extension of interlayer
distance directly leads to the increase of lattice constant a, consistent with the XRD data.
The well-defined XRD peaks with lattice planes parallel to the basal plane of MoS: indicate
a preference for two-dimensional (2D) growth, where the structure extends along the basal
plane. This growth tendency is also evident in the flake-like morphology shown in Figure

3.2a and 3.2b.

]
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Figure 3.3: (a) Raman spectra of K:S-intercalated 1T’ MoS2 powder and 1T’ MoS:2
obtained by n-butyllithium treatment. XRD results of (b) as-synthesized and (c) fully stirred

K>S-intercalated 1T’ MoS:2 powder, respectively.

To further examine the lattice structure, the K>S-intercalated 1T’ MoS2 powder was scraped
off the substrate, spread, and filled into an XRD powder sample holder for testing. The
resulting XRD pattern (Figure 3.3c) displays more peaks compared to the previous XRD
result (Figure 3.2f), due to the random orientation of MoS: flakes during the last mentioned
XRD sample preparation. The expanded lattice constant a significantly shifts the positions
of the XRD peaks relative to intrinsic 1T MoSz. To confirm the structural changes, a lattice

model was constructed (Figure 3.4) to simulate the XRD spectrum, assuming the same basal

ZONGLIANG GUO PAGE| 52



?Qb Chapter 3 || Synthesis of Intercalated Phase-pure 1T” TMDs by Self-intercalation Method

THE HONG KONG POLYTECHNIC UNIVERSITY

plane structure as 1T’ MoS2 but with an extended a. As shown in Figure 3.3c, the
experimental XRD data aligns closely with the simulated spectrum, strongly supporting the
conclusion that the as-synthesized sample retains the in-plane structure of intrinsic 1T’

MoS: while exhibiting an increased interlayer distance due to intercalation.

Figure 3.4: Lattice model of K:S-intercalated 1T’ MoS:. Lattice constant a, b, c¢ is along the

direction of x, y, z axis, respectively.

The phase purity of 1T> TMDs samples have been commonly evaluated using XPS.!:78:168.169

As shown in Figure 3.5a, the Mo 3d XPS spectrum reveals that the Mo 3ds2 and Mo 3d3»2
peaks exhibit lower binding energies (228.00 eV and 231.17 eV, respectively) compared to
those of 2H MoSz. These binding energies align closely with previously reported values for
1T> MoS2.'%® The fitting results indicate only one set of Mo 3d peaks, with the fitting curve
matching the experimental data perfectly, confirming the high phase purity of the prepared
sample. Additional XPS tests (Figure 3.6) further validate this finding, showing consistent
results with only one set of Mo 3d peaks in each spectrum. These results confirm that the
sample's phase purity is nearly 100%, as determined by the precision of XPS analysis. The
presence of potassium is evidenced by the K 2p XPS peaks (Figure 3.5b), with binding
energies of 295.0 eV (K 2pi2) and 292.2 eV (K 2p312), corresponding to univalent potassium
ions (K*). The sulfur XPS spectrum reveals two distinct chemical environments, represented

by two sets of fitting curves. As shown in Figure 3.5c, the larger sulfur contribution matches

-
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the binding energy of S in 1T” MoS2, and a 1:2 atomic ratio of Mo to S is derived by
quantifying this sulfur component. The remaining sulfur exhibits a higher binding energy
(162.37 eV, S2p32), suggesting bonding with potassium atoms. This component yields a 2:1
atomic ratio of K to S. Consequently, the chemical formula is determined to be (K2S)xMoS2,
with x=0.18. Raman spectroscopy and XRD results confirm that the in-plane structure of
the material remains consistent with intrinsic 1T’ MoSz. This suggests that KaS is located in
the interlayer spaces, indicating its intercalation within the layered 1T’ MoS: structure.
Further evidence supporting this conclusion is provided by subsequent TEM

characterization.

TEM characterization was performed to examine the lattice structure of the samples, with
the results presented in Figure 3.7. The distinct feature of the 1T’ phase superstructure,
namely the Mo zigzag chains, is clearly visible in the high-resolution TEM (HRTEM)
image (highlighted in Figure 3.7c). A schematic of the in-plane lattice structure of 1T° MoS2
(Figure 3.9) also depicts these Mo zigzag chains. The selected area electron diffraction
(SAED) pattern (Figure 3.7d) and the fast Fourier transform (FFT) pattern (inset of Figure
3.7¢) confirm the distorted octahedral coordination characteristic of the 1T” MoSa. Figure
3.8 show EDS mapping, which provides evidence of the presence of Mo, S, and K. The

detected K originates from the intercalation of “K.S.”
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Figure 3.5: Experimental and fitted XPS (a) Mo 3d and S 2s, (b) K 2p, and (¢) S 2p spectra

of KxS-intercalated 1T° MoS:2 powder, respectively.
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Figure 3.6: Another three XPS results of KS-intercalted 1T’ MoS: in random sampling.
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Figure 3.7: TEM characterization of KoS-intercalated 1T’ MoSz. (a) TEM and (b) HRTEM
images of KoS-intercalated 1T’ MoSaz, respectively. (¢) Fast Fourier transform (FFT) filtered
images of (b). Inset of (c), FFT pattern of (b). (d) SAED pattern of K:S-intercalated 1T’

MoSa.

Cross-sectional TEM was employed to further investigate the intercalation, with results
shown in Figures 3.10. Details of the sample preparation process are provided below. First,
the KoS-intercalated 1T° MoS2 was ultrasonically dispersed in ethanol and subsequently
drop-dried onto a silicon substrate. A selected flake of KoS-intercalated 1T’ MoS2 was
identified, and its location was determined. A carbon protection layer was then deposited
onto the surface of the sample. Next, focused ion beam-scanning electron microscopy

(FIB-SEM, FEI Scios) was used to prepare the cross-sectional TEM sample. The two longer

-
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sides of the sample were cut first, followed by rotating the sample to cut the bottom and one
shorter side. Finally, the cross-sectional TEM sample was lifted using a manipulator and
securely welded onto a holder. As shown in Figure 3.10, the interlayer distance is extended
to 0.893 nm, closely matching the doo) spacing of 0.9064 nm measured by XRD. EDS
mapping under high-angle annular dark-field scanning TEM (HAADF-STEM), presented in
Figure 3.11, reveals the distribution of Mo, S, and K. The mapping confirms that K layers
are located between MoS: layers. These findings corroborate that the synthesized sample
possesses the in-plane lattice structure of 1T” MoSz, with “K2S” intercalated between the
layers. The cross-sectional TEM image and its brightness profile (Figure 3.10a, b) show an
extended van der Waals gap of 0.893 nm. This observation aligns with the XRD spectrum in
Figure 3.3b, which also indicates an interlayer distance extension. Furthermore, the

intercalation of K2S increases the a-axis lattice parameter from 1.2835 nm to 1.9797 nm due

to the increase of interlayer distance.

Figure 3.8: (a) Dark-field STEM image of K:S-intercalated 1T’ MoSz. (b-d) Elemental

mapping images of Mo, S, and K, respectively, acquired from pink rectangular box in a.
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Figure 3.9: In-plane lattice structure of 1T’ MoS: showing distinct Mo zigzag chains.
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Figure 3.10: (a) High-resolution cross-sectional TEM image. (b) Brightness profile along

the white line in a.
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Figure 3.11: HAADF-STEM image and EDS mapping of Mo, S, and K.

An additional SAED pattern of KzS-intercalated 1T’ MoS2, prepared in this study, is
presented in Figure 3.12. The pattern reveals a single set of diffraction spots, corresponding
to the distorted octahedral coordination of the 1T° MoS: structure, which differs from the
hexagonal pattern characteristic of the 2H phase. This observation confirms that, at least in
the tested region, the sample is a single crystal of 1T’ MoS.. If the sample were a mixture of
1T’ and 2H phases, overlapping diffraction patterns would be observed. Thus, this result

provides another evidence that the sample is nearly 100% pure 1T’ phase.

10 1/nm

Figure 3.12: An additional SAED test result of K2S-intercalated 1T° MoSz. (a) TEM image
of a piece of K:S-intercalated 1T° MoS: flake. (b) SAED pattern acquired from red circle

area shown in a.

3.4 Synthesis and Characterization of NazS, Li>S-intercalated 1T’

MoS>

3.4.1 Synthesis Process

(a) Synthesis of Na,S, Li>S-intercalated 1T’ MoS; powder
I E E—E—E———
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A three-zone furnace equipped with a one-meter-long quartz tube was employed for the
direct synthesis of 1T° MoSz, as illustrated in Figure 3.1, which is same as the equipment for
KoS-intercalated 1T” MoS2 synthesis. To ensure accurate synthesis, it is essential to use a
completely clean quartz tube with no residual substances, particularly sulfur, which may
remain from prior use. A new and clean quartz tube was utilized for each synthesis in this
work. Sulfur powder (10 g) was loaded into an alumina boat, on the upstream end of the
tube (heating zone 1). The sulfur acted as excess reagent and covered the bottom of cuboid
alumina boat (bottom area: 910 mm?) throughout the synthesis process, ensuring uniform
supply of sulfur by evaporation. Nax2MoO4 or Li2MoOs powder (60 mg) was positioned in
the downstream end of the tube (heating zone 3), evenly distributed on a sapphire substrate
(area: 2 X 2 cm?) on top of an alumina boat, while the middle heating zone 2 was left empty.
Before starting the synthesis, the tube was evacuated to remove air and then purged with
argon until atmospheric pressure was restored. During the process, argon gas was flowed at
35 scem, with hydrogen added at 15 sccm, maintaining atmospheric pressure. Zones 2 and 3
were then heated with a rate of 15 °C min™! to 650 °C for NazS-intercalated 1T> MoS:
synthesis or 700 °C for Li2S-intercalated 1T’ MoS: synthesis, while zone 1 was kept at
room temperature. Once zones 2 and 3 reached 650 °C (NaxS-intercalated 1T° MoS2
synthesis) or 700 °C (LizS-intercalated 1T’ MoS2 synthesis), zone 1 was heated to 135 °C at
30 °C min!, ensuring controlled sulfur vaporization. This step prevented premature sulfur
release and undesired reactions at temperatures below the growth threshold. If a quartz tube
is reused, it must be thoroughly cleaned to avoid residual sulfur vaporizing during heating,
which could lead to undesirable low-temperature reactions. The temperatures in zones 2 and
3 were maintained at 650 °C (NazS-intercalated 1T’ MoS: synthesis) or 700 °C
(LizS-intercalated 1T’ MoS2 synthesis) for 4 hours, while zone 1 was held at 135 °C.
Afterward, the furnace cooled down naturally to room temperature. The sample was

retrieved after complete cooling, yielding Na>S-intercalated 1T” MoS:2 (or Li2S-intercalated

————————————————————————
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1T” MoS2) without requiring any post-treatment.

(b) Sputtering Deposition of NaMoOs Film and Na;S-intercalated 1T’ MoS:

Nanosheets Synthesis

Na:MoOs film was grown on a sapphire substrate by sputtering deposition (sputtering target:
NaxMoOs, 50 W, 600 s, 20 sccm Ar/10 sccm O2). Then the Na2MoOs film replaced the
Na:MoOs4 powder and the other process steps were same as the above-described
NazS-intercalated 1T” MoS2 powder synthesis. After that, the Na2S-intercalated 1T” MoS2

nanosheets on sapphire substrate were obtained.

3.4.2 Characterization Results

(a) Na,S, Li>S-intercalated 1T’ MoS; powder

The NaxS-intercalated 1T’ MoS: exhibits the same Raman spectrum as the KoS-intercalated
IT” MoS2, as shown in Figure 3.13, confirming its 1T’ phase purity. Similarly, the
LizS-intercalated 1T’ MoS: displays a comparable Raman spectrum (Figure 3.14); however,
the appearance of the E2g Raman peak, associated with the 2H MoS: phase, is observed.
This is likely due to the high reactivity of lithium compared to sodium and potassium,
which may cause it to react with air when the sample is exposed, partially transforming it to
the 2H phase. Despite this, the Na>S-intercalated 1T” MoSz, like the KaS-intercalated 1T’
MoS:, demonstrates excellent crystal quality and phase purity. Further details on the TEM

and XPS results are discussed below.
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Figure 3.13: Raman spectrum of NaxS-intercalated MoSa.
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Figure 3.14: Raman spectrum of Li2S-intercalated MoSa.

TEM characterization has been performed to examine the lattice structure of
NazS-intercalated 1T” MoSz, as shown in Figure 3.15a-c. The distinct superstructural feature
of the 1T’ phase, namely the Mo zigzag chains, is clearly visible in the high-resolution TEM
image (Figure 3.15¢). The SAED pattern (inset in Figure 3.15b) confirms the distorted
octahedral coordination characteristic of the 1T’ MoS: structure. As shown in Figure
3.15d-g, EDS mapping provides evidence of the presence of Mo and S, as well as Na, which
originates from the intercalation of “Na»S”. These results further confirm that the

synthesized sample possesses the 1T’ phase MoS: structure.
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Figure 3.15: TEM characterization of NaxS-intercalated 1T MoS.. (a) TEM and (b)

HRTEM images of NaxS-intercalated 1T° MoSa, respectively. Inset in b: SAED pattern of
NazS-intercalated 1T° MoSz. (c) FFT filtered images of b. (d) Dark-field STEM image of
NazS-intercalated 1T” MoSz. Elemental mapping images of (e) Mo, (f) S, and (g) Na,

respectively, acquired from rectangular dot box in d.

The Mo 3d XPS spectrum (Figure 3.16a) reveals that the Mo 3ds2 and Mo 3ds.2 peaks have
lower binding energies compared to those of 2H MoS2, closely matching the binding
energies of intrinsic 1T” MoS2.!%® The fitting results show only one set of Mo 3d XPS peaks,
with the fitting curve perfectly aligning with the experimental data, confirming that the
NazS-intercalated 1T° MoS:z is nearly 100% phase pure. Similar to the K2S-intercalated 1T’
MoSz, the S 2p XPS spectrum (Figure 3.16b) displays two sets of peaks: one corresponding
to 1T’ MoS2 and the other to the intercalated NaxS. The presence of Na is further confirmed

by the Na 1s XPS spectrum (Figure 3.16¢).

-
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Figure 3.16: XPS spectra of NaxS-intercalated 1T” MoSz. Experimental and fitted XPS (a)

Mo 3d and S 2s, (b) S 2p, and (c) Na 1s spectra of NazxS-intercalated 1T’ MoSz, respectively.
(b) NasS-intercalated 1T° MoS; Nanosheets

Figure 3.17a displays an optical image of NaxS-intercalated 1T° MoS:2 nanosheets, which
have a strip-like morphology. According to the AFM height profile in Figure 3.17b, the
thinnest strip has a thickness of approximately 12.43 nm. Figure 3.17c is the Raman
spectrum of NazS-intercalated 1T” MoS:2 nanosheets. The characteristic Raman peaks of Ji
and J3 are represented with the absence of the defect-related Raman peak J,77:!15168,169,
which is usually seen in samples prepared via solution-phase intercalation methods. Three

additional Raman peaks (labeled A, B, and C) associated with the intercalation are

observed.
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Figure 3.17: (a) Optical image of NazS-intercalated 1T” MoS2 nanosheets. (b) AFM image
of NaxS-intercalated 1T’ MoS2 nanosheets and height profile along white dot line. (c)

Raman spectra of NaxS-intercalated 1T’ MoS2 nanosheets.

3.5 Synthesis and Characterization of Na>Se, K>Se-intercalated

1T’ MoSe2

3.5.1 Synthesis Process

It is highly similar to the synthesis of NaxS-intercalated and KzS-intercalated 1T” MoS:2
described above. The sulfur powder is replaced with selenium powder, and the heating

temperature is 230 °C.

]
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3.5.2 Characterization Results

The Raman spectrum of the as-synthesized K:Se-intercalated MoSe: is shown in Figure
3.18. It exhibits Ji, Jo, J3, and Ez¢' Raman peaks, consistent with those of intrinsic 1T’
MoSe:!'%170 Additionally, Raman peaks A and B, attributed to intercalation, are observed.
The inset in Figure 3.18 displays an optical image of KaSe-intercalated MoSe: flakes on a

sapphire substrate, with the size of around 50 pm.

Intensity (a.u.)

100 150 200 250 300
Raman shift (cm™)
Figure 3.18: Raman spectrum of KozSe-intercalated MoSe2. Inset: optical image of

K2Se-intercalated MoSes:.

Figure 3.19 presents the Raman spectrum of NaxSe-intercalated MoSe2, with peak positions
resembling those of K2Se-intercalated MoSez. Similarly, Raman peaks A and B arise from
intercalation, while the remaining peaks correspond closely to those of intrinsic 1T’
MoSe2!®*170, The inset of Figure 3.19 shows an optical image of Na:Se-intercalated MoSe2

flakes, highlighting their morphology.

-
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Figure 3.19: Raman spectrum of NaSe-intercalated MoSe2. Inset: optical image of

NazSe-intercalated MoSes.

TEM analysis was performed to characterize the structure of K2Se-intercalated 1T° MoSe..
The HRTEM image in Figure 3.20b, c reveals the characteristic 1T’ MoSe: structure. The
SAED pattern shown in the inset of Figure 3.20b indicates the 1T’ MoSe: structure.
Elemental mapping was conducted in dark-field STEM mode, with the results shown in
Figure 3.20d-g. The distributions of Mo, Se, and K elements align with the dark-field

STEM image of the flake, indicating uniform element distribution.

100 nm

200 nm 100 nm 100 nm

Figure 3.20: TEM characterization of K:Se-intercalated 1T° MoSe2. (a) TEM and (b)
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HRTEM images of KaSe-intercalated 1T” MoSe2, respectively. Inset in b: SAED pattern of
K>Se-intercalated 1T” MoSez. (¢) FFT filtered images of b. (d) Dark-field STEM image of
K>Se-intercalated 1T° MoSez2. Elemental mapping images of (e¢) Mo, (f) Se, and (g) K,

respectively, acquired from rectangular dot box in d.

3.6 Synthesis and Characterization of K:Te-intercalated 1T’

MoTe;

3.6.1 Synthesis Process

It is almost the same as the synthesis of Ka2S-intercalated 1T” MoS2 demonstrated in Section
3.3.1. Sulfur powder was replaced with tellurium powder, of which the heating temperature

is 500 °C.

3.6.2 Characterization Results

The Raman spectrum of the as-synthesized K>Te-intercalated MoTe: is shown in Figure
3.21. It features Ay and By Raman peaks, identical to those of intrinsic 1T’ MoTe2!'"".
Additionally, Raman peak A is observed, which originates from intercalation. The inset in

Figure 3.21 displays an optical image of KaTe-intercalated MoTez flakes on a sapphire

substrate.
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Figure 3.21: Raman spectrum of K:Te-intercalated MoTez. Inset: optical image of

K>Te-intercalated MoTex.

TEM analysis was conducted to investigate the lattice structure of KoTe-intercalated 1T’
MoTez, as presented in Figure 3.22a-c. The FFT filtered image of HRTEM is shown in
Figure 3.22c, which distinctly reveals the superstructure characteristic of the 1T’ MoTez.
The SAED pattern (inset in Figure 3.22b) further confirms the distorted octahedral
coordination typical of the 1T” MoTe: structure. Figure 3.22d-g show EDS mapping results,
providing evidence of the presence of Mo and Te elements, along with K, which originates
from the intercalation of “KaTe.” These findings confirm that the synthesized sample

possesses the 1T’ phase MoTe: structure.
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Figure 3.22: TEM characterization of KoTe-intercalated 1T MoTe2. (a) TEM and (b)

HRTEM images of KaoTe-intercalated 1T” MoTez, respectively. Inset in b: SAED pattern of
K:Te-intercalated 1T” MoTe:. (c) FFT filtered images of b. (d) Dark-field STEM image of
K:Te-intercalated 1T” MoTe:. Elemental mapping images of (e¢) Mo, (f) Te, and (g) K,

respectively, acquired from rectangular dot box in d.

3.7 Self-intercalation Method

This chapter demonstrates a self-intercalation method to obtain intercalated 1T” TMDs with
high phase purity, high crystal quality, and high productivity. Utilizing the structure
similarity between alkali metal molybdates and intercalated 1T’ TMDs to achieve

self-intercalation has been firstly proposed by this thesis.

In Section 3.3, the Ko>S-intercalated 1T MoS2 was successfully synthesized by
self-intercalation method. Self-intercalation means the intercalation is done spontaneously.
The intercalated 1T’ structure itself is thermodynamically stable. The intercalated 1T’
TMDs are directly synthesized rather than built by forcing intercalants to insert into layer

gap. Self-intercalation could avoid crystal defects formation during intercalation. As
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discussed in Chapter 2, the defects formation is unavoidable during the insertion of
intercalants using n-butyllithium treatment method, alkali metal deposition method, or
electrochemical intercalation method. Moreover, these methods are localized, which leads
to uneven intercalation and low phase purity. During the synthesis via proposed
self-intercalation method, there is no solution-phase intercalation. The products are directly
grown without any post treatments, so the typical defects caused by solution-phase

intercalation methods do not appear, thus leading to phase purity and high crystal quality.

The selection of intercalant is also an important issue. The current intercalation methods
usually use alkali metals as intercalants. However, the alkali metals, such as Li, Na, K, are
very active. They react with oxygen, water, ethanol and many others. The active intercalants
would definitely cause additional stability problems besides the stability of 1T’ phase itself.
The self-intercalation method demonstrated by this thesis can achieve A>C intercalation
(A=Li, Na, K; C=S, Se, Te), which are much more stable than alkali metals. The stability of

whole system would be greatly increased, and it makes applications more reliable.

To achieve the self-intercalation, the crystal similarity is utilized. The intercalated 1T’
TMDs, such as 1T” MoSz, 1T’ MoSe2, belong to monoclinic crystal system and C2/m space
group. Interestingly, potassium molybdate (K:MoOs), sodium molybdate (Na:MoOs),
lithium molybdate (Li2Mo0Os4) also belong to the same crystal system and space group.
Figure 3.23a shows the structure of potassium molybdate, and the schematic of
self-intercalation and synthesis, the atomic model of K2S-intercalated 1T” MoS: is given in
Figure 3.23b. There are layer-like distributions of molybdenum atoms and potassium atoms
in potassium molybdate, corresponding to layered 1T’ MoS2. Because the source of
intercalated potassium element is potassium molybdate itself, this self-intercalation method
can achieve uniform intercalation stoichiometrically and spatially within interlayer. It is
worthy to note that density functional theory (DFT) calculation results (Chapter 4) indicate

K>S intercalation lowers the formation energy of 1T’ MoSz, which makes metastable 1T’
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phase thermodynamically stable and allows 1T> MoS: synthesis at high temperatures.

self-intercalation  ®

and sulfurization

Figure 3.23: (a) Schematic of self-intercalation and synthesis. (b) Atomic model of

K2S-intercalated 1T’ MoSa.

It is found that self-intercalation of K>S only happens at around 750 °C, and
low-temperature reactions lead to phase impurity and 2H phase formation. So, the sulfur
supply is carefully controlled to make the reaction only happen at 750 °C, avoiding any
low-temperature reaction. Additionally, our attempts to prepare K2S-intercalated 1T” MoS2
at reduced temperatures were unsuccessful, suggesting that KoS requires sufficient energy to

effectively position itself between the layers of 1T” MoSz. The temperature is the key factor

in the self-intercalation process.

950 °C; 850 °C 750 °C
650 °C 550 °C

Intensity (a.u.)

M v
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Figure 3.24: Raman spectra of samples with growth temperature from 550 °C to 950 °C.
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To investigate the influence of reaction temperature on phase structure, the samples were
grown at 550 °C, 650 °C, 750 °C, 850 °C, and 950 °C, while keeping other parameters same.
The Raman spectra of the products are given in Figure 3.24. The sample with growth
temperature of 750 °C has strongest 1T’ phase characteristic Raman peak, Ji. With the
decrease in growth temperature, J1 peak disappear and the 2H phase characteristic Raman
peak can be observed at 550 °C. The low-temperature reaction cannot provide K2S enough
energy to intercalate into the layered MoS:, thus leading to 2H phase formation. With the
increase in growth temperature, the intensity of J1 Raman peak drops and the product is the
mixture of 1T’ and 2H phase MoS:z at 950 °C. The potassium sulfide melts at 840 °C, and the
intercalated K2S would have similar property with potassium sulfide. The temperature above
850 °C could release K2S from interlayer of MoS2 by melting or vaporization, which would
destroy the intercalation structure and cause formation of 2H phase, thus lowering phase
purity. Overall, 750 °C is most suitable for KoS-intercalated 1T’ MoS2 growth. This result
suggests that the temperature is the critical point of self-intercalation method, which requires

a temperature control to avoid phase impurity.

The influence of K2S intercalation on metallic conduction behavior of 1T’ MoS: is another
issue worthy attention. It has been found that the intercalation of K>S does not change the
metallic conduction behavior of intrinsic 1T’ MoS2. The experimental details are shown

below.

A piece of KaS intercalated 1T” MoS: flake was transferred on gold electrodes which were
fabricated on Si02/Si substrate by conventional photolithography process. The Figure 3.25a
shows its optical image. The output characteristic curve and transfer characteristic curve
were measured by a semiconductor analyzer (Keysight B1500A) with a probe station
(LakeShore). As shown in Figure 3.25b, the linear output characteristic curve suggests there
is Ohmic contact between gold electrodes and K-S intercalated 1T’ MoSz2. The transfer

characteristic curve (Figure 3.25c¢) shows no gate-controlled drain current, which also
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confirms the K>S intercalated 1T’ MoS: is metallic, same as the intrinsic 1T’ MoSa.

a b 04 ¢

S

5 50 100 40 20 20 40

0 0 0
V, (mV) v, (V)

Figure 3.25: (a) Optical image of K»S intercalated 1T’ MoS: transferred on gold electrodes.
(b) Output characteristic curve of K2S intercalated 1T’ MoSa. (¢) Transfer characteristic

curve of KoS intercalated 1T’ MoSa.

3.8 Summary

A self-intercalation method for synthesizing intercalated 1T’ TMDs has been demonstrated.
Using this method, Ko>S-intercalated 1T MoS2 was successfully synthesized.
Characterization results confirm that the material is nearly 100% pure 1T’ phase, with high
crystal quality. The as-synthesized sample retains the same in-plane structure as intrinsic 1T’
MoS:z, with KaS acting as an intercalant in the interlayer gap. This unique structure not only
preserves the original in-plane structure of 1T” MoS:2 but also stabilizes the entire system
through intercalation. Importantly, this method employs inexpensive reagents, a simple tube
furnace, and a short processing time of just a few hours, with no need for post-treatment. As
a result, it is suitable for large-scale production, which is crucial for industrial and
commercial applications. Moreover, this method is adaptable to various TMDs. In addition
to KoS-intercalated 1T’ MoS2, 1T’ MoS» intercalated with Li>S and Na>S have also been
synthesized, along with KzSe-intercalated 1T’ MoSe2, Na2Se-intercalated 1T” MoSe2, and
K:Te-intercalated 1T’ MoTe2, showcasing the versatility of the method. This proposed

synthesis method would allow an easier access to the study and applications of 1T’ phase
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TMDs.
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Chapter 4

Stability and Stabilization Mechanism
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4.1 Introduction

The properties of transition metal dichalcogenides (TMDs) depends on the crystalline
structure. The most well-known Group VI TMDs, such as MoS2, mostly are
thermodynamically stable in 2H phase. The polymorphs of 1T, 1T°, 1T”, or 1T phases
represent distinct structures and unique properties which make them promising candidates
for various applications. However, the formation energy of these phases is higher than 2H
phase, therefore they are metastable and tend to transition to 2H phase gradually. Moreover,
they transform to stable 2H phase at a relatively low temperature, for example, the 1T’
MoS: experiences a phase transition to 2H phase over 100 °C. The low stability is an
intrinsic drawback of 1T’ phase, which was attempted to solve by doping or applying
strain.'®!2 Unfortunately, these methods would cause defects and not suitable for mass
production. The stabilization by intercalation engineering has drawn more and more
attention, as it has potential to lower system energy while retaining intrinsic in-plane 1T’
phase structure. A molten-metal-assisted intercalation method was proposed by Park et al. to
stabilize 1T> TMDs.'?? Although the intercalated 1T MoS2 can sustain 350 °C, the
synthesized samples showed a low phase purity. It is reported that the lithium was directly
deposited on 2H MoS:2 and the subsequent heating in hydrogen lead to formation of
LiH-intercalated 1T’ MoS2.!?® This intercalated structure represented 3-moth stability in air
and S-hour stability in water, the outcome fell short of expectation and the surface
degradation could not be avoided. To fully explore and harness their potential, it is crucial to

synthesize metastable-phase TMDs with high phase purity and stabilization.

The stabilization of 1T’ TMDs is highly desired. In chapter 3, the synthesis and
characterization of various 1T TMDs with alkali metal chalcogenides intercalant are
demonstrated, and the typical K>S-intercalated 1T’ MoS: has been especially characterized

and studied. The high crystal quality and phase purity have been confirmed by
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characterization results. Importantly, the issue about stability of 1T° TMDs acquires more
attention due to the reliability greatly influences the applications performance, considering
that many 1T’ TMDs are intrinsically metastable. In this chapter, the stability of
KoS-intercalated 1T° MoS2 under different conditions were tested, including temperature,
solvents, thickness, or aging. The synthesized K:S-intercalated 1T’ MoS: represents
excellent stability compared with the samples prepared by the previous work. The
as-synthesized KoaS-intercalated 1T° MoS2 can endure temperatures above 750 °C and
remains stable in air, water, and ethanol, maintaining its stability even after one year of
aging. The theory calculation was conducted with KzS-intercalated 1T° MoS2 model. The
results show KoS intercalation decrease the formation energy by N-doping and forming

bonding with 1T” MoSa2, thus stabilizing the 1T’ phase.

4.2 Stability

4.2.1 Temperature

The as-synthesized KzS-intercalated 1T’ MoS:z exhibits remarkable stability in this study.
The prepared sample demonstrates resistance to high temperatures. A differential scanning
calorimetry (DSC) test, conducted within a temperature range of 50 °C to 380 °C, confirms
that the Ko>S-intercalated 1T° MoS: retains its phase, as shown in Figure 4.1a. Furthermore,
the Thermogravimetric analysis (TGA) curve (Figure 4.1a) indicates that there is no weight
loss. In contrast, the intrinsic 1T’ MoS: undergoes a phase transition to the 2H phase at a

relatively low temperature of 97 °C'">.

To further assess thermal stability, the as-synthesized KoS-intercalated 1T° MoS: was
annealed at 750 °C immediately after synthesis and then characterized using Raman

spectroscopy and X-ray photoelectron spectroscopy (XPS). The Raman spectrum (Figure
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4.1b) shows no significant changes compared to the as-synthesized sample. The XPS
spectra of Mo 3d and S 2s (Figure 4.1c) confirm that the sample retains its nearly 100% 1T’
phase purity even after annealing at 750 °C. These results demonstrate that KoS

intercalation significantly enhances stability against high temperatures.
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Figure 4.1: Thermal stability of KzS-intercalated 1T” MoSz. (a) TGA and DSC curves of
K>S-intercalated 1T” MoS: powder. (b) Raman spectra of as-synthesized K:S-intercalated
1T’ MoS:2 before and after annealed at 750 °C, and 2H MoS:. (¢) Experimental and fitted
XPS Mo 3d and S 2s spectra of KaS-intercalated 1T’ MoS2 powder after annealing at
750 °C.

4.2.2 Solvents and aging in air

The KaS-intercalated 1T° MoS: also demonstrates stability against solvents. The samples

were thoroughly washed with deionized water and ethanol, with no significant changes
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observed in the Raman spectra (Figure 4.2). Scanning electron microscope (SEM) images
and energy-dispersive X-ray spectroscopy (EDS) mapping (Figure 4.3) reveals the presence
of potassium after washing, suggesting that the intercalated K2S is not easily dissolved by
water or ethanol. For comparison, the Raman spectrum of commercial 2H MoS: powder is
included in Figure 4.2, where the Ezg peak characteristic of the 2H phase is marked. To
evaluate aging stability, the as-synthesized samples were exposed to air at room temperature
for one year, and no signs of degradation were observed, as shown by the Raman spectrum
in Figure 4.2. These samples exhibit exceptional stability compared to 1T” MoS: prepared

59,78,115,172

by other methods , which makes them promising materials for various practical

applications.

I
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Figure 4.2: Raman spectra of as-synthesized KzS-intercalated 1T° MoS2, K2S-intercalated
1T’ MoS: washed with ethanol, washed with DI water, exposed to air for one year, and 2H

MoSa.
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Figure 4.3: SEM images and EDS mapping results of as-synthesized KaS-intercalated 1T’

MoS:z and K>S-intercalated 1T’ MoS2 after washed with DI water and ethanol.

4.2.3 Thickness

Interestingly, the intercalation of Ka2S can stabilize the 1T’ MoS2, which piqued our interest
in exploring the relationship between flake thickness and stability. A thicker flake contains
more intercalated K2S, while a monolayer MoS: lacks sufficient space for intercalation. The
synthesized KoS-intercalated 1T° MoS:2 was exfoliated using tape, and the thickness was
measured by Atomic force microscopy (AFM). It was observed by optical microscopy that
thinner flakes tended to be more transparent. Two flakes, with thicknesses of 10 nm and 34
nm, were selected for further analysis. Their optical images are shown in Figure 4.4 and
Figure 4.6, respectively. The corresponding Raman spectra of these flakes are presented in

Figure 4.5a and Figure 4.7a, both of which retained the 1T’ phase after tape exfoliation.

The flakes were then placed on a 100 °C hotplate in air for 30 minutes, and their Raman

spectra were measured again, as shown in Figure 4.5b and Figure 4.7b. The 10-nm-thick

————————————————————————
ZONGLIANG GUO PAGE]| 81



qu Chapter 4 || Stability and Stabilization Mechanism

THE HONG KONG POLYTECHNIC UNIVERSITY

flake exhibited a phase transition, showing a mixture of the 1T’ and 2H phases (indicated by
the appearance of the E2g Raman peak), while the 34-nm-thick flake showed no noticeable
change in its Raman spectrum, retaining its 1T’ phase. These results suggest that the
intercalation-induced stabilization against high temperatures requires the flakes to be at
least 10 nm thick. It is also noted that the thinnest flakes obtained by this synthesis method

were 12.43 nm, as shown in Figure 3.17b.

Figure 4.4: Optical image of 10-nm-thick KaS-intercalated 1T” MoS: flake obtained by tape
exfoliation and height profile along white dot line measured by AFM. Inset: the zoom-in

image of KaS-intercalated 1T° MoS: flake.
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Figure 4.5: Raman spectra of 10-nm-thick K:S-intercalated 1T’ MoS: flake obtained by

tape exfoliation. (a) Before 100 °C annealing. (b) After 100 °C annealing.
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Figure 4.6: Optical image of 34-nm-thick KaS-intercalated 1T” MoS: flake obtained by tape
exfoliation and height profile along white dot line measured by AFM. Inset: the zoom-in

image of KaoS-intercalated 1T° MoS: flake.
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Figure 4.7: Raman spectra of 34-nm-thick K»S-intercalated 1T” MoS: flake obtained by

tape exfoliation. (a) Before 100 °C annealing. (b) After 100 °C annealing.

The thinner flakes require higher N-doping concentration to achieve stabilization. To
stabilize them, higher concentration of intercalated K>S is required. Decrease of the reaction
time can reduce the vaporization of KaS during the synthesis, thus increasing the ratio of

K>S.
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4.3 Theoretical calculation

To investigate the influence of KaS intercalation further, we conducted the calculation in the
framework of the Density functional theory (DFT). The models of K>S-intercalated
1T’- and 2H-MoS:2 were constructed to evaluate the influence of K2S intercalation on the

stability of MoS2 with different phases.

DFT calculations were performed using the Vienna Ab initio Simulation Package
(VASP) with projector augmented wave (PAW) pseudopotentials.!”!’* The
Perdew—Burke—Ernzerhof (PBE) functional'’> was employed to approximate the
exchange-correlation interaction, utilizing a plane-wave basis set with an energy
cutoff of 450 eV. Van der Waals interactions were accounted using the Grimme-D3
scheme.!”® The Fermi-level smearing width was set to 0.05 eV for both geometry
optimization and electronic structure calculations. The Brillouin zone was sampled
with 5x5x5 and 4x16x8 Monkhorst-Pack k-point grids for K>S cubic bulk and
1T’-MoS2 bulk phases, respectively. Spin polarization was incorporated into all
calculations, and model structures were optimized until force components were

reduced below 0.05 eV/A. The lattice constant of K2S cubic bulk and 1T’-MoS2 were

calculated to be 7.39 A and a = 12.39 A, b =320 A, c = 5.76 A, B = 114.7°,

78,177

respectively, aligning well with reference data.
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Figure 4.8: The K:S-intercalated MoS2 models. (a) 1T -(K2S)x=022Mo0S2 and (b)

2H-(K2S)x=0.17M0S2 models.

To examine the structural stability of KaS-intercalated MoS:2, two intercalation
models were considered: KzS-intercalated 1T°- and 2H-MoS:. These models were
constructed using supercells containing two layers each of MoS2 and K>S, arranged
sequentially, with 132 and 168 atoms in the respective supercells. The Brillouin zone
was sampled using 2x3x2 and 2x2x1 Monkhorst-Pack k-point grids for
K2S-intercalated 1T°- and 2H-MoSa2, respectively. Experimental results reveal that
the interlayer distance of synthesized K:S-intercalated MoS:2 extends from 5.88 A
(intrinsic 1T°-MoS2) to 9.06 A, an increase of about 3.2 A. In comparison,
K-intercalated MoS: exhibits a similar interlayer distance increase of about 2 A.!%!
Given that the K-K distance in the K>S cubic bulk is approximately 3.7 A, we
hypothesize that the K:S intercalation layer forms an approximate monolayer
structure between MoS: layers, similar to the K intercalation layer in K-intercalated
MoS:z. Previous theoretical studies have predicted K2S to be stable as a 1T monolayer

structure.!'’®

Considering this, models of KozS-intercalated 1T’-MoS2 and
K>S-intercalated 2H-MoS2 were constructed, denoted as 1T’-(K2S):—0.22MoS2 and
2H-(K2S)x=0.17M0S2, respectively, with the chemical percentage of KoaS
approximating the experimental observation (x=0.18). These models are shown in
Figure 4.8. In these models, K>S formed a 1T monolayer intercalated between two
layers of MoS2, creating a sandwich-like structure. Upon structural relaxation, the
K>S intercalation layer relaxed to a nearly flat monolayer in 1T’°-(K2S)x=0.22Mo0S2,
with the interlayer distance of MoS:2 reaching 8.10 A, closely matching the

experimental value of 9.06 A. In contrast, the 2H-(K2S)x=0.17M0S2 model exhibited an

interlayer distance of 11.4 A, deviating from the experimental observation.
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Table 4.1: Average bond length of Mo-Mo and Mo-S of MoS: before and after K>S
intercalation acquired by theoretical calculation.

3.17 2.79 2.81

Mo-Mo 3.16

Mo-S 2.40 2.41 2.43 2.44

The average bond lengths of Mo-Mo and Mo-S in MoS: after K2S intercalation were
also determined, as shown in Table 4.1. The results indicate that K2S intercalation
has minimal impact on the in-plane structure of both 2H and 1T’ MoS2, as the
average bond lengths of Mo-Mo and Mo-S remain nearly unchanged. This is
consistent with experimental findings, where TEM and XRD data suggest that the

in-plane structure of 1T” MoS2 is preserved after intercalation.

The formation energy of KzS-intercalated MoS:2 systems were then calculated using

the expression:

Ef(x) = EX_(Kzs)xMOSZ - EX—MoSZ - xEKzs

where Ex_(k,s).mos, represents the total energy of the KoaS-intercalated MoSa
system in phase X (1T’ or 2H), Ex_pmes, 1s the total energy of MoS:2 in the same
phase, and E,s is the total energy of the K2S cubic bulk. The formation energies of
KoS-intercalated 1T’°- and 2H-MoS> models were -0.077 eV/atom and 0.076 eV/atom,
respectively, indicating that the KaS-intercalated 1T’-MoS: is more energetically

stable.
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Figure 4.9: [Isosurface plots of charge density differences for the
1T’-(K2S)x=022Mo0S2 models. The isosurface densities for the charge accumulation
region (red color) and depletion region (bule color) are 0.15 e/Bohr® and 0.01 e/Bohr?,

respectively.

This increased stability of 1T’ phase over the 2H phase is attributed primarily to the
interlayer confinement effect of K2S intercalation and enhanced N-doping effect in
the MoS2. To investigate the interlayer confinement effect, we have analyzed the
average bond lengths of K-S within K>S layer (intralayer) and between K>S and
MoS: layers (interlayer). For 1T’ phase, the average intralayer K-S bond length was
about 3.42 A, and interlayer K-S bond length was about 3.26 A. For 2H phase, the
intralayer K-S bond length averaged to about 3.08 A, while the interlayer K-S bond
length was about 3.34 A. The shorter interlayer K-S bond length in the 1T’ phase
implies stronger interlayer interactions, enhancing the confinement effect of KaS

intercalation within the 1T’-MoS: structure.

-
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Figure 4.10: Energy difference between the pristine 1T°- and 2H-MoS2 models as a

function of increasing electron doping concentration.

To investigate charge transfer in the K2S-intercalated MoS2, we have conducted the
bader charge analysis and summarized the results in Table 4.2 and Table 4.3. The
analysis revealed that charge transfer occurs primarily from the S atoms of K2S layer
to the S atoms in the MoS: layer, with a significantly larger magnitude for the 1T’
phase (-1.04 electrons per S atom) compared to the 2H phase (-0.46 electrons per S
atom). Charge density difference plots further confirmed enhanced N-doping in the
1T’-MoSz, as show in Figure 4.9. To investigate the influence of charge transfer on
structural stability, we have performed electron doping calculations on pristine 1T’-
and 2H-MoSz, as shown in Figure 4.10. The results indicated that increasing electron
doping concentration favored the stability of the 1T’ phase over the 2H phase,
affirming that enhanced N-doping effect in the KoaS-intercalated 1T’- MoS2

contributes significantly to its stability.
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Table 4.2: Bader charge analysis of the KaS-intercalated 1T” MoS2 model.

KsS-intercalated 1T° MoS2 4.327 6.967 8.179 6.467

K>S (cubic-bulk) //8.246 7.508
MoS: (1T’-bulk) 4.324 6.838 //

delta e 0.003 0.129 -0.067 -1.041

Table 4.3: Bader charge analysis of the KzS-intercalated 2H MoS2 model.

Ka2S-intercalated 2H MoS2  4.255 6.919 8.195 7.052

KaS (cubic-bulk) //8.246 7.508
MoS2 (2H-bulk) 4308 6.846 //

delta e -0.053 0.073 -0.051 -0.456

According to the above results, a conclusion can be drawn that the chemical environment of
intercalated KoS is different from the potassium sulfide. There are bonds between intercalated
K2S and 1T’ MoS2. According to the theoretical calculation, the Bader charge analysis

reveals the charge transfer from K2S to MoS2 (N-doping effect), and the K atoms in K2S bond

-
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with S atoms in MoSz. The N-doping effect and interlayer confinement effect together

stabilize the whole system, including intercalated K2S and MoSa.

The band diagram of KaS-intercalated 1T°MoS:z is shown in Figure 4.11, which indicates

1t’s still metallic.

K5S intercalated 1T' MoS;
0.50

=y
025~/\/__/\.

W e e

-0.50

E (eV)

K space

Figure 4.11: The band diagrams of K2S-intercalated 1T’ MoS2

4.4 Summary

In summary, a scalable method involving self-intercalation has been developed to
synthesize phase-pure KaS-intercalated 1T’ MoS2. This method is well-suited for mass
production, as it employs inexpensive reactants and equipment, and requires only a single
step and a few hours for completion. Additionally, the process is versatile and can be
applied to various TMDs. In addition to KzS-intercalated 1T’ MoSz, Li2S-intercalated and
NazS-intercalated 1T” MoS2 have also been successfully synthesized using this method.
Furthermore, Koa2Se-intercalated 1T’ MoSe2, NaxSe-intercalated 1T MoSe2, and
K:Te-intercalated 1T’ MoTez have been successfully prepared, demonstrating the method’s

adaptability. This work opens up a new approach for synthesizing phase-pure 1T TMDs

————————————————————————
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and stabilizing them via intercalation without altering their in-plane structure. It paves the

way for more accessible exploration of the novel properties of metastable-phase TMDs and

the development of their promising applications across various fields.
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Chapter 5

Durable K>S-intercalated 1T’ MoS: Electrocatalyst

for Efficient Hydrogen Evolution Reaction
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5.1 Introduction

Hydrogen is one of the most important clean energy in the future, as it could potentially
replace fossil fuel that causes large-scale carbon emission and environment pollution. The
hydrogen evolution reaction (HER) is a significant way to produce hydrogen, for which it is
necessary to develop a low-cost, earth-abundant, and efficient HER electrocatalyst. Current
commonly used Pt-based catalysts require expensive and rare platinum, greatly hindering its
massive applications.!” In recent years, the TMDs materials have drawn tremendous
attention in the area of HER catalysis. The edge sites of 2H MoS: flakes are found active in
HER catalysis.” However, the basal plane of 2H MoS:2 has been found inert for HER

catalysis. So, there is quite much effort focusing on exposing edge sites as much as

96,180 181

possible , or inducing active sites by doping °'. However, 2H MoS: is semiconducting,

blocking the electron transport, thus leading to low HER catalysis efficiency.

Fortunately, the 1T” MoS:2 possess much better HER catalysis performance because it is
metallic and both in-plane and edge sites are active in catalysis.?’ Therefore, there is no
need to consider the issues about edge site exposing or introduction of additional active sites
by doping. It is worthy to note that the synthesis of 1T° MoS2 with phase purity and
stabilization remains a huge challenge.”” The structure of 1T> MoS: is totally different from
2H phase, which is the origin of its excellent HER catalysis performance and also the origin
of its low stability. The 1T’ MoS: is metastable and has higher system energy than 2H phase,
which transforms to 2H phase gradually at room temperature or instantly over 100 °C.'"°
This feature makes 1T’ MoS: difficult to be synthesized and unreliable in applications. And
this is the reason why as-synthesized 1T MoS: had low phase purity and bad HER
long-term stability in previous reports. Nevertheless, the 1T’ MoS: has been considered as
an excellent earth-abundant electrocatalyst for hydrogen evolution reaction (HER), as it’s

metallic, which helps transport of electrons, and has high density of catalysis active
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sites.”182183 And theory calculation'** proves pure 1T’ MoS: possesses advanced

electrochemical HER performance.

Here, 1T’ MoS: with intercalant of K>S has been grown on carbon cloth by
self-intercalation method for HER catalysis. The intercalation of K>S adjusts the system
energy and stabilizes the 1T” MoSz. Therefore, the critical drawback of intrinsic 1T” MoSa2,
low stability, has been overcome. The as-synthesized K2S-intercalated 1T” MoS: represents
excellent HER long-term stability, making it feasible in HER electrocatalyst application.
Moreover, the 100% phase purity enhances HER performance compared with mixed-phase
electrocatalysts. As a result, the sample shows excellent HER electrocatalyst performance
with a low onset potential of -73 mV at the current density of 10 mA/cm? and low Tafel
slope of 39.3 mV/dec. And the HER long-term stability (30000 cycles and 1000 hours with

constant current density of 50 mA/cm?) is much better than counterparts.

5.2 KoS-intercalated 1T° MoS: HER Catalysts Preparation and

Setup

To perform the HER test, the KoS-intercalated 1T’ MoS2 was directly grown on carbon cloth.
First, the carbon cloth was placed on a 130 °C hotplate, and a few drops of ethanol were
added to soak it. Next, 10 drops of a saturated K2MoOs solution were applied to the carbon
cloth, one drop at a time, over the course of one minute. The carbon cloth was then left on
the hotplate for 20 minutes to dry, allowing the solid K2MoOs to uniformly adhere to the
fabric. The subsequent process followed the same procedure as the synthesis of
K2S-intercalated 1T° MoS2 demonstrated in Chapter 3, but with the K2MoOa4/carbon cloth

replacing the KxMoO4 powder.

A three-zone furnace with a one-meter-long quartz tube was used for the synthesis of
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K>S-intercalated 1T’ MoSz2/carbon cloth for HER catalysis, as shown in Figure 5.1. To
ensure precise synthesis, it was crucial to use a completely clean quartz tube, free of any
residual substances, particularly sulfur, which could affect the reaction. For each synthesis,
a new, clean quartz tube was employed. Sulfur powder (10 g) was placed in an alumina boat
at the upstream end of the tube (heating zone 1). The sulfur served as an excess reagent and
covered the bottom of the alumina boat (bottom area: 910 mm?) throughout the synthesis,

providing a consistent supply of sulfur via evaporation.

heating zone 1 heating zone 2 heating zone 3

-

. KZMoﬁ%on cloth
sulfur powder on sapphire

Figure 5.1: Schematic of KzS-intercalated 1T’ MoSz/carbon cloth synthesis setup.

The KaMoOs/carbon cloth was placed in the downstream end of the tube (heating zone 3),
atop another alumina boat, while the middle zone (zone 2) was left empty. Before beginning
the synthesis, the quartz tube was evacuated to remove air, then purged with argon to restore
atmospheric pressure. During the process, argon gas was introduced at a flow rate of 35
sccem, with hydrogen added at 15 scem, and the left process was conducted at atmospheric
pressure. Zones 2 and 3 were heated to 750 °C at a rate of 15 °C/min, while zone 1
remained at room temperature. Once zones 2 and 3 reached 750 °C, zone 1 was gradually
heated to 135 °C at 30 °C/min to ensure controlled sulfur vaporization. This step prevented

premature sulfur release and avoided unwanted reactions at temperatures below the growth

threshold.

If a quartz tube is reused, it must be thoroughly cleaned to prevent any residual sulfur from

vaporizing during heating, which could lead to undesirable low-temperature reactions. The
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temperatures in zones 2 and 3 were maintained at 750 °C for 4 hours, while zone 1
remained at 135 °C. After the synthesis, the furnace was allowed to cool naturally to room
temperature. Once cooled, the sample was collected, yielding the K:S-intercalated 1T’
MoS:z/carbon cloth without any need for post-treatment. The final loading mass was 22.7

mg/cm?.

For the HER measurements, an electrochemical setup using an H-type cell was employed,
carefully designed to prevent contamination from the reference and counter electrodes, as
shown in Figure 5.2. The electrochemical configuration consisted of a 0.5 M H2SO4
electrolyte, with the KaS-intercalated 1T’ MoSz/carbon cloth as the working electrode, a
saturated Ag/AgCl reference electrode, and a graphite counter electrode. The Ag/AgCl
reference electrode was converted to the reversible hydrogen electrode (RHE) scale by
calibration in a H»-saturated electrolyte against a Pt electrode. Graphite was selected for the
counter electrode instead of platinum to prevent potential platinum deposition on the
working electrode.!®* The graphite counter electrode was placed in one chamber of the
H-type cell, which was separated from the other chamber by a Nafion membrane. The
working electrode and reference electrode were positioned in the opposite chamber. To
prevent contamination, a double bridge setup with Vycor glass junctions was used to
position the reference electrode.'® For comparison, the electrochemical HER performance
of commercially available Pt/C was also tested. In this case, Pt/C was drop-dried onto a

glassy carbon electrode and covered with a Nafion film, following the standard procedure.
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Figure 5.2: Photo of the electrochemical setup.

Figure 5.3a shows a photo of the blank carbon cloth and the carbon cloth with
K>S-intercalated 1T” MoS2 grown on it, referred to as KaS-intercalated 1T” MoS2/CC for
simplicity in this article. The size of KaS-intercalated 1T MoS2/CC is scalable, with the
only limitation being the diameter of furnace tube. The carbon cloth can be easily cut into
any shape, and KaS-intercalated 1T° MoS2/CC with any wanted shape can be obtained.
Figure 5.3a shows two square pieces of samples with size of 1.5 cm and 2 cm. The
scalability and versatility of this method make it feasible for various applications. As
depicted in the Scanning electron microscope (SEM) images (Figure 5.3b), the intercalated
1T MoS: flakes are standing on the carbon cloth fibers, which are fully covered. The
zoom-in SEM image, shown in Figure 5.3c, represents the 1T° MoS: flakes with random

orientations and the size of over 50 um.

]
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Figure 5.3: (a) Photo of blank carbon cloth and carbon cloth with K»S-intercalated 1T’
MoS:2 grown on. (b) SEM image of K»S-intercalated 1T” MoS2 grown on carbon cloth. (c)
Zoom-in SEM image of KzS-intercalated 1T’ MoS: flakes grown on carbon cloth. (d)

Raman spectrum of K2S-intercalated 1T° MoS2 grown on carbon cloth.

The Raman spectrum of sample is shown in Figure 5.3d, representing the characteristic 1T’
MoS: peaks without the Ezg peak characteristic of the 2H phase. This confirms that the
sample prepared by self-intercalation method is 1T -phase pure. The distinct Ji and J2 peak
characteristic of 1T” MoS:z in Raman spectrum indicate the high crystal quality, without the

presence of defect-related J2 peak. Peak A, B, and C are related to intercalation.
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5.3 HER Performance
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Figure 5.4: (a) The polarization curves (iR corrected) of K2S-intercalated 1T MoS2 HER
electrocatalyst before and after 30000 cycles, and commercial Pt/C HER electrocatalyst. (b)
The corresponding Tafel slopes of KaS-intercalated 1T” MoS2 and commercial Pt/C HER
electrocatalysts derived from a. (c) Overpotential vs. time curve of KoS-intercalated 1T’
MoS: HER electrocatalyst with constant current density of 50 mA/cm?. (d) Nyquist plot of

K2S-intercalated 1T” MoS: electrocatalyst.

Unlike many previously reported 1T” TMD-based electrocatalysts, which are covered by
Nafion film, the KoS-intercalated 1T° MoS2/CC can be directly immersed in 0.5 M H2SO4
electrolyte during the HER test, demonstrating stability in strong acid. The electrochemical
HER performance of commercially available Pt/C was also tested for comparison. The

polarization curves (iR-corrected) for both KaS-intercalated 1T° MoS:2 and Pt/C are shown
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in Figure 5.4a. The KoS-intercalated 1T° MoS: exhibits a low onset potential of -73 mV at a
current density of 10 mA/cm?, with a corresponding Tafel slope of 39.3 mV/dec, as shown
in Figure 5.4b. Importantly, the KozS-intercalated 1T’ MoS2 demonstrates excellent
long-term stability. Even after 30000 cyclic voltammetry (CV) cycles (overpotential range:
-0.25~0.2 V vs. RHE), the polarization curve remains nearly unchanged (Figure 5.4a). The
SEM image of the sample after 30000 cycles (Figure 5.5) shows that the K>S-intercalated
1T’ MoS: flakes still stand on the carbon cloth with no significant morphological change.
Raman spectroscopy (Figure 5.6) further confirms that the 1T’ phase is maintained after the

long-term stability test.

Figure 5.5: SEM image of KzS-intercalated 1T° MoS2/CC after 30000 cycles, used as HER

electrocatalyst.

-
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Figure 5.6: Raman spectrum of KzS-intercalated 1T” MoS2/CC after 30000 cycles, used as

HER electrocatalyst.

To thoroughly evaluate the long-term stability, chronopotentiometric analysis was also
conducted. In the same electrochemical configuration, the KaS-intercalated 1T MoS2 was
used as the HER electrocatalyst for 1000 hours at a constant current density of 50 mA/cm?.
The overpotential was continuously recorded, and the overpotential vs. time curve (Figure
5.4c) shows minimal fluctuation during this 1000-hour period. The observed zigzag
fluctuations are due to the accumulation and release of hydrogen bubbles on the
K2S-intercalated 1T° MoS: surface, which momentarily block contact with the electrolyte.
No signs of degradation were observed during the 1,000-hour stability test. Figure 5.4d
presents the Nyquist plot of the KaS-intercalated 1T’ MoS: electrocatalyst, with a frequency
range from 1 Hz to 10° Hz. The curve shows a semicircular shape in the high-frequency
region, corresponding to the kinetic control, while the right linear region at low frequency is
dominated by mass transfer control. The charge transfer resistance (Rect) is as low as 1.8 Q,

which is attributed to the highly HER-active metallic 1T’ MoSa.
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Figure 5.7: Comparison with best TMDs-based HER electrocatalysts in three perspectives
(Tafel slope, overpotential, and stability). The details of all compared cases shown,

including phase purity, electrode type, literature source, are listed in Table 5.1.

These results confirm that K»S-intercalated 1T” MoS: exhibits excellent electrochemical
HER performance (onset potential of -73 mV at 10 mA/cm? and a Tafel slope of 39.3
mV/dec), comparable to the best TMD-based and non-precious HER electrocatalysts.
Notably, its exceptional stability—both over 1,000 hours at 50 mA/cm? and 30000 CV
cycles—sets it apart from other electrocatalysts. A comparison of reported electrocatalysts
for HER is provided in Table 5.1 and 5.2. Figure 5.7 compares the K»S-intercalated 1T’
MoS: with the best TMD-based HER electrocatalysts, evaluating three critical factors: Tafel
slope, overpotential, and stability. This figure shows the name of material and synthesis

method of each case. The previously reported TMD-based HER electrocatalysts usually
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could not achieve both high HER efficiency and good stability at the same time. However,
the comparison highlights that the K2S-intercalated 1T° MoS:2 synthesized in this study
exhibits exceptional HER performance, including stability and HER catalyst efficiency,

which is the result of introduction of advanced self-intercalation synthesis method.

The excellent HER performance of the K>S-intercalated 1T° MoS: is primarily attributed to
its high phase purity. The two-dimensional 1T” MoS: flakes have catalytic active sites both
at the edges and on the plane, while two-dimensional 2H MoS: flakes only have active sites
at the edges.!”* The metallic 1T’ phase also enhances electron transport, whereas the
semiconducting 2H MoS: impedes it. As a result, the phase-pure 1T” MoS:2 synthesized in
this work demonstrates a low onset potential and a low Tafel slope. Furthermore, the K2S
intercalation provides stability, preventing the phase transition from 1T’ to 2H, a major
limitation of pure 1T’ MoS2, which tends to degrade during HER. This intervention
effectively overcomes the inherent low stability of the 1T’ phase, leading to superb

long-term stability in HER performance.

Table 5.1: The best TMDs-based HER electrocatalysts via phase engineering.

phase Tafel | overpotential
preparation
materials purity | electrode | slope | n (mV)at 10 | stability | Ref.
method
(%) (mV/dec) | mA/cm?
1T MoS, n-butyllithium glassy
70 53 173 no data
nanodots treatment carbon
96
1T MoSSe n-butyllithium glassy 10000
67 40 140
nanodots treatment carbon cycles
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ZONGLIANG GUO PAGE| 103




qu Chapter 5 || Durable K:S-intercalated 1T' MoS: Electrocatalyst for Efficient Hydrogen Evolution Reaction

THE HONG KONG POLYTECHNIC UNIVERSITY

1000
mirror
Li cycles;
polished
1T MoS; electrochemical 53.7 44 175 20 186
glassy
intercalation mA/cm?
carbon
for5h
10000
n-butyllithium glass cycles;
ITWS; 76 55 Ca. 240 182
treatment carbon =-03V
for 120 h
Lithium
intercalation glassy
1T’ MoS, 80 40 Ca. 200 no data 187
using lithium carbon
borohydrate
1T/2H MoS; n-butyllithium
70 Au pad 50 Ca. 210 no data 188
flake treatment
1T’ WSe; colloidal phase not carbon
150 300 no data 1o
nanoflowers synthesis specified paper
highly
reduction of oriented 1000
1T’ MoS; flakes 90 51 205 59
K>MoS4 in H pyrolytic cycles
graphite
ZONGLIANG GUO PAGE| 104




qu Chapter 5 || Durable K:S-intercalated 1T' MoS: Electrocatalyst for Efficient Hydrogen Evolution Reaction

THE HONG KONG POLYTECHNIC UNIVERSITY

10000
cycles;
1T MoS, electrochemical carbon
92-97 44 92 200 189
quantum dots | Li intercalation fiber paper
mA/cm?
for 80 h
10
2M WSe; colloidal not glassy
71 104 mA/cm? m
nanosheets reaction specified carbon
for 120 h
1T MoS, with 30
Bi ions not glassy
single-layer 40 137 mA/cm? 190
absorption specified carbon
hollow structure for 36 h
1T MoSe>—
hot-injection 20
VSe,—NbSe» glassy
colloidal 60 55 80 mA/cm? 7
ternary alloy carbon
reaction for 120 h
nanosheets
1T MoS, hydrothermal carbon 1000
80.5 44 165 12
nanoflowers synthesis paper cycles
aqueous
ITWS, ) glassy 20000
electrochemical 70 40 170 191
nanohelices carbon cycles
activation
1T P-doped solvothermal 82.88 carbon 73.73 125 190 mV e
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WS, method fiber paper for 10 h;
nanosphere combined with 1000
chemical vapor cycles
deposition
K:MoOQy, S, 30000
and H, reaction cycles;
K,S-intercalated | with restricted carbon 50 This
100 39.3 73
1T’ MoS; reaction cloth mA/cm? | work
temperature at for 1000
750 °C hours
Table 5.2: Representative non-precious HER electrocatalysts.
Tafel overpotential
materials electrode slope n (mV)at 10 stability Ref.
(mV/dec) mA/cm?
CoP nanowire arrays carbon cloth 51 67 5000 cycles 192
FeP nanowire array Ti plate 38 57 90 mA/cm? for 15 h 193
FeosCoo 5P nanowire carbon cloth 30 37 100 mA/cm? for 100 h | 4
se-MoS; sheet arrays carbon paper 56 104 10 mA/cm? for 24 h 180
. . 0
perpendicularly oriented graphlte 61 159 150 mV for 100 min 195
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MoSe»/graphene

nanosheets

CoS; micro- and

graphite 51.6 145 10 mA/cm? for 40 h 196
nanostructures
molybdenum
Ti foil 50 64 1000 cycles 197
phosphosulfide film
NigoFeo1PS; nanosheets | glassy carbon 73 72 no data 198
cobalt encapsulated by
N, B codoped ultrathin | glassy carbon 63.7 96 200 mV for 10 h 199
carbon cages
NiFe layered double
nickel foam 62.3 59 1.7V for 100 h 200
hydroxide nanosheets
Mott-Schottky
heterojunction of
semi-conductive MoS, carbon cloth 64.4 99.3 185.8 mV for 50 h 201
nanoparticles/metallic
CoS; nanotubes
carbon-supported MoSx
glassy carbon 50.03 184 1000 cycles 202
nanocomposites
glassy carbon 47.9 21 10 mA/cm? for 80 h 203

Fe/Mg-Nu/nitrogen-dope
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d porous carbon
iron-incorporated
Ni foam 71 17 200 mA/cm? for 200 h | 2%
molybdenum oxide
cobalt phosphide
carbon paper 106.54 97 50 mA/cm? for 24 h 205
heterojunctions
NiMo/Ni;P 5000 cycles; 500
Ni foam 29.45 15 206
heterojunction mA/cm? for 20 h
30000 cycles; 50
K,S-intercalated 1T’ This
carbon cloth 393 73 mA/cm? for 1000
MoS, work
hours
5.4 Summary

In summary, KzS-intercalated 1T’ MoS2 was directly grown on carbon cloth for HER
application. The synthesis process follows the same principle of self-intercalation method
demonstrated in Chapter 3. It is an easy low-cost one-step reaction method, suitable for
mass-production. The samples possess excellent HER electrocatalyst performance with a
low onset potential of -73 mV at the current density of 10 mA/cm? and low Tafel slope of
39.3 mV/dec, comparable with the best non-precious HER electrocatalysts including TMDs,
due to the extreme high phase purity. Importantly, the KaS intercalation brings much better
HER stability (30000 cycles and 1000 hours with constant current density of 50 mA/cm?)
compared with its counterparts. The excellent HER performance and long-term HER

stability confirm that the 1T’ MoS:z prepared by proposed self-intercalation method retains
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high HER catalysis activity, originating from intrinsic 1T’ MoS2 in-plane structure, and the
intercalation significantly improves the catalysis stability. The proposed self-intercalation
method paves the way to stabilize the system while retaining the intrinsic properties, which

would be a promising structure engineering methodology.
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Research about transition metal dichalcogenides (TMDs) is a very hot research topic.
Compared with the well-studied thermodynamically stable 2H phase, the 1T’ phase usually
possesses novel properties. And the phase purity has a profound influence on practical
application performance and properties such as conductivity. However, many TMDs of 1T’
phase are metastable, which makes their applications unfeasible and unreliable. For
example, the 1T’-phase MoS:, one of the most typical TMDs, transforms to the 2H phase
gradually over a short time or instantly over 97 °C and loss the favorable properties of 1T’

phase.

This thesis demonstrates a mass-production-available method to stabilize the 1T” MoS2 by
K>S intercalation and study the mechanism. The KaS-intercalated 1T’ MoS: has been
directly synthesized in one step and shows stability against high temperature (750 °C) and
aging exposed to air for more than one year. The characterization and theory calculation
results prove that the KoS locates between the 1T’ MoS: layers and make metastable 1T’
phase become very stable. The K:S intercalation doesn’t change 1T’ MoS: in-plane
structure and properties. It has been found that intercalated K2S lowers the formation energy
of 1T’ phase and stabilizes the whole system. Phase purity has been achieved due to novel
stabilization and synthesis process, while improving phase purity was a tricky problem in
the past. In this thesis, it has been proved this method is versatile for various 1T TMDs
(such as MoSe2, MoTe2) and has achieved the intercalation of K2S, KoSe, KoTe, NaxS,
NazSe, and LizS, as well as stabilization. This method eliminates the most significant
disadvantage of metastable 1T’ TMDs and enables fundamental research of pure phase 2D
materials and practical applications. The fabricated K:S-intercalated 1T° MoS2 nanoflakes
has been used as hydrogen evolution reaction (HER) electrocatalyst, representing
overwhelming HER long-term stability compared with other TMDs electrocatalysts. This
study will also benefit other research fields including superconductivity, devices contact,

surface-enhanced Raman scattering, energy storage, supercapacitor, synaptic transistors etc.
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6.1 Summary

6.1.1 Self-intercalation Method

A self-intercalation method for synthesizing intercalated 1T> TMDs has been demonstrated.
By utilizing the structure similarity between intercalated 1T’ phase structure and alkali
metal molybdate, the direct synthesis of alkali-metal-chalcogenide-intercalated 1T TMDs
has been successfully achieved with controlled heating process. Using this approach,
K2S-intercalated 1T° MoS2 was synthesized with nearly 100% phase purity and high crystal
quality. Characterization results confirm that the material maintains the same in-plane
structure as intrinsic 1T’ MoS2, with K2S acting as an intercalant within the interlayer gap.
This unique structure not only preserves the original properties of 1T° MoS:z but also
enhances the system’s stability through intercalation. Importantly, the method utilizes
inexpensive reagents, a simple tube furnace, and requires only a few hours of processing
time, with no need for post-treatment. These features make it suitable for large-scale
production, which is crucial for industrial and commercial applications. Moreover, the
method is highly adaptable and can be applied to various TMDs. In addition to
KoS-intercalated 1T° MoS2, Li2S- and NaxS-intercalated 1T’ MoS: have also been
synthesized, along with KzSe-intercalated 1T’ MoSe2, NaxSe-intercalated 1T° MoSe2, and

K:Te-intercalated 1T’ MoTe2, demonstrating the versatility of the technique.

6.1.2 Stabilization by Self-intercalation

The TMDs intercalated by alkali metal chalcogenides has been synthesized via proposed
self-intercalation method. The stability was evaluated, showing thermal stability over

750 °C and inert in air, water, ethanol, and even strong acid. It retains 1T’ phase structure
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after one-year aging test in air. The prepared intercalated 1T° TMDs represent excellent
stability compared with the inherent 1T TMDs, due to the stabilization by intercalation.
The stabilization mechanism through alkali metal chalcogenides intercalation was
demonstrated based on the theoretical calculations. It indicates that the intercalation leads to
N-doping and bonding formation which lower the system energy, and thus stabilizing the
whole system. Besides, the alkali metal chalcogenides are much less chemically active than

alkali metals, which avoids oxidation of samples in air or other non-inert environments.

6.1.3 Durable K:S-intercalated 1T’ MoS: Electrocatalyst for

Efficient Hydrogen Evolution Reaction

The KoS-intercalated 1T’ MoS:2 nanoflakes were grown on carbon cloth following the
proposed self-intercalation method which employed a simple, low-cost, one-step reaction
that is well-suited for mass production. The K:S-intercalated 1T’ MoSz/carbon cloth was
used as hydrogen evolution reaction catalyst directly in 0.5 M H2SOs4 electrolyte,
representing stability against strong acid. The resulting samples exhibit excellent hydrogen
evolution reaction (HER) electrocatalytic performance, with a low onset potential of -73
mV at a current density of 10 mA/cm? and a low Tafel slope of 39.3 mV/dec, comparable to
the best non-precious HER electrocatalysts, including other TMDs, due to their extremely
high phase purity. Importantly, K2S intercalation enhances the HER long-term stability, with
the material maintaining performance over 30000 cycles and 1000 hours at a constant
current density of 50 mA/cm?, outperforming its counterparts. The remarkable HER
performance and long-term stability confirm that the 1T’ MoS: synthesized via the proposed
self-intercalation method retains the high HER catalytic activity inherent to the intrinsic 1T’

MoS: in-plane structure, while the intercalation significantly improves its catalytic stability.
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This method not only stabilizes the system but also preserves its intrinsic properties,

presenting a promising approach for structure engineering in catalysis.

6.2 Future Works

The successful synthesis of 1T° TMDs by self-intercalation method confirms that the
synthesis precursor could be molybdate which can be grown in the form of thin film by
sputtering deposition method. This method does not rely on the transition from 2H phase
TMDs, which is the main route of current synthesis techniques. So, this proposed method
provides a flexible manner to grow 1T’ TMDs film on various kinds of surfaces. Therefore,
it would be convenient to fabricate devices based on 1T’ TMDs, while it highly depended
on the exfoliation and transfer of 1T” TMDs in the past. In the future, with the combination
of sputtering deposition and chemical vapor deposition method, the electronic devices with
complex structures, such as heterojunctions, will be built to achieve advanced functions. By
employing the anisotropic transport properties of 1T’ phase originating from the low
structure symmetry, synaptic devices, available for neural computation, will be constructed

with the help of proposed combined deposition method, and tested.

In addition to synaptic devices, a topological field-effect (TFET) transistor based on van der
Waals heterostructures of 1T TMDs and two-dimensional dielectric layers is also possible
to fabricate based on the 1T° TMDs thin film deposition technique developed by this thesis.
It was found that a structural distortion leads to an intrinsic band inversion between the
chalcogenide p-bands and the metal d-bands.'*® Furthermore, spin-orbit coupling opens a
gap which can be tuned by applying a vertical electric field or strain. This tunability of the
gap enables the manipulation of electronic properties, making it possible to control the

material’s behavior for various applications. Unlike traditional field-effect transistors that
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rely on carrier depletion to control the current, the TFET is predicted to rapidly switch off
by an electric field-induced topological phase transition.'*® In this configuration, the
transition between topologically distinct phases—mediated by the applied -electric
field—controls the flow of current, offering faster switching speeds and potentially lower
power consumption. The combination of the 1T’ TMDs, which exhibits intrinsic metallic or
semi-metallic behavior, and the 2D dielectric layers enables precise control over the
topological phase, leading to a new class of high-performance, low-power transistors. This
approach opens up exciting possibilities for the development of advanced electronic

devices.

The electrocatalytically active 1T TMDs also possesses a promising potential in Li-S
battery application. Li—S batteries are based on conversion reactions that address the
limitations of insertion-oxide cathodes and graphite anodes found in lithium-ion batteries
(LIBs), enabling higher energy densities.??’2!! These batteries consist of sulfur cathodes and
lithium-metal anodes. However, sulfur is electrically insulating, necessitating its
incorporation onto a conducting host, typically made of porous carbon, to facilitate efficient
charge transfer. It is reported that the Li-S batteries utilizing metallic 1T-phase molybdenum
disulfide as conducting cathodes for hosting sulfur represented high performance, due to the
improving the adsorption of lithium polysulfides, enhancing Li* transport, accelerating
electrochemical reaction kinetics, and providing superior electrocatalytic activity for
polysulfide conversion.?!? This inspires us that the metallic
alkali-metal-chalcogenide-intercalated 1T’ TMDs also have possibility to improve the Li-S
batteries by acting as conducting cathodes for hosting sulfur, as the in-plane structure and
properties are retained after intercalation. Moreover, the intercalation of alkali metal
chalcogenides enables superior stability compared with Li-intercalated 1T MoS2, which

could greatly improve the battery cycling stability, an essential parameter for batteries.
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