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ABSTRACT

Due to weak interlayer interaction, layered materials have been employed to
accommodate various species of guests for energy storage and properties’ modulation.
Combined with riveting opto-electronic characteristics introduced by dimensions’
reducing, two-dimension semiconducting nanomaterials including nanosheets,
nanoflakes, nanoplates and nanodiscs have attracted attentions for research on optical
and electronic devices, electrical cell development and so on. For these topics, many
compounds from transition metal chalcogenides are candidates. TiS; has been
intensively tested for battery electrode material with acceptance of Li*. The dynamics
and optical properties of this guest-host couple has been investigated on 2D TiS>
nanodiscs in this thesis.

First an electrochemical platform was assembled for controllable lithium
intercalation and deintercalation. Those ion migration processes with the nanodiscs led
to observable and reversible optical change. The optical change resulting from ion
intercalation and electron reception was monitored in situ and analyzed as a beacon for
ion diffusion. To perform the goals of electrochemical control and live optical
measurement, the electrochemical platform was built in a cuvette. The lateral confined
2D TiS2 nanodiscs were deposited as a thin film on a transparent and conducting
substrate to be intercalated with lithium from the electrolyte. Appropriate electrode
voltages were applied to test the cyclic behavior of 2D TiS» with Li* intercalation and

deintercalation. The same voltage was applied using non-intercalant ions with a result
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of small portion of absorption change, which addressed that major contribution of the
optical change was from ion intercalation rather than surface electron acceptance.

Upon lithium intercalation and deintercalation, visible absorption was
weakened and recovered reversibly. The absorbance change fraction at the most drastic
wavelength was extracted and analyzed for dynamics examination. Besides reversible
optical switching in TiSz2 nanodiscs film, the responding time component was extracted
to be just a few seconds compared with several quarters and hours by similar thickness
of MoS; thin film in larger dimension. The absorption change fraction was tested and
fit through a simplified radial diffusion model to estimate an ‘effective’ diffusion
coefficient. The result shared the same order of diffusion coefficient of Li in TiSzthin

films and observation of Li in MoS; films.
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CHAPTERI
INTRODUCTION

To fulfill various needs of properties and functions, materials are being
developed in a growingly diversified trend. Altering the size of materials is an important
route of modifying and enhancing their properties. When one or more dimensions of
materials downsize to nanometer level, it is known as nanomaterials and they may
present unique optical, electronic or mechanical properties. These properties enrich
selections for particular characteristics. For example, semiconductor nanomaterials can
have intriguing properties compared with their bulk counterparts.® The energy levels of
semiconductor nanomaterials can be quantized due to the quantum confinement effect.*
Electron-hole pair, or exciton is created in semiconductor nanocrystals via excitation.
Quantization of energy levels caused by confinement of charge carriers (excitons), leads
to size dependent optical spectra and may activate new mechanisms for carriers’
relaxation.” These tunable opto-electronic properties can be applied in opto-electronic
devices, solar cell or detection in bio-systems.313

Besides size, shape and composition can also alter the properties of materials.® ®
Layered materials, like graphite, process strong intralayer interaction and much weaker
interlayer interaction. The structural difference of layered materials in intra- and
interlayer dimensions results in anisotropy of optical, thermal and mechanical
properties.* ® The composition of stacking layers can be conductors as graphite,

semiconductors as MoSy, insulators like BN or combination of heterogeneous layers'® 17,



Transitional metal chalcogenides are a wide type of layered materials that have
been extensively researched. Constructing with transitional metals and chalcogenides as
oxygen, sulfur, selenide and telluride, transitional metal chalcogenides in bulk are
usually semiconductors while varying numbers of layers can lead to electronic transition.
For instance, MoS; enjoys an indirect band gap of 1.23 eV in bulky crystal.’® When
reached monolayer, the indirect bandgap of MoS, undergoes a transition to a direct
bandgap of 1.90 eV %,

The weak van der Waals gap of layered material enables properties’ modification
by intercalation. This suggests that modification of layered materials can be achieved by
introducing various guests into the layered host structure. For layered transitional metal
chalcogenides, optical, thermal and mechanical properties can be altered with
introduction of atoms, ions, molecules and even layers. For example, the color of Bi.Ses
nanoribbon changed when high densities of copper atoms were introduced.?* As TiS;
was intercalated by selective organic molecules, the thermal conductivity of the
modified TiS; were reduced by two orders than the single layer and bulk TiS2 and might
find application in wearable electronics?> %,

TiS2 is a typical layered metal dichalcogenide. Each TiS> layer consists of an
extensive sandwiched S-Ti-S structure in 1T phase. It has a layer distance of 57 pm?3
that accommodates various kinds of guests???%. As a conducting material, the early
research and application of TiS; was as cathode for batteries.?” 28 TiS, was chosen due to

being the lightest and cheapest of all transition metal dichalcogenide. The earliest
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composition of rechargeable batteries with TiSz used Li metal as anode dated back to
1973.28 Even though it showed reversibility of the battery reaction?®, the setup was ruled
out for safety issues. In 1990s, TiS> was replaced by other cathode materials in
rechargeable batteries. Still, TiS is of interest in all-solid-state rechargeable batteries.
Ball-milled, nanosized-TiS, was used to build a high power battery. 2° Chemical
deposited, nanocrystalline TiS, was covered to encapsulate LiSz. This nanocomposite
showed high capacity as a cathode.*

Even though TiS2 is currently not widely used as a cathode material, the
extensive research shows advantage of lithiation of TiS: the process is reversible; the
TiS2 structure is stable in the 0<x<I range of LixTiS and free from phase transition.? 3!
This suggests that lithiation of TiS2 may be suitable for continuous tuning.

The Li-intercalated TiS; is reported to have less electrical resistance®? and more
transmittance in visible range®, which enables observation of lithiation in optical and
electrical change. The common lithiation methods include the use of lithium metal or n-
butyl lithium. Both agents require low oxygen and humidity environment with careful
operations. Even so, the lithiation with n-butyl lithium was reported to be violent and
shred TiS, layers.®* It can be very helpful to find a mild method to controllably
intercalate lithium ions into TiS.. Besides high power, nanosized TiS; is also expected to
show faster dynamics of lithiation with reduced lateral dimensions. Apart from
mechanically milling, solvent synthesis can also produce nanosized TiS2, which have

controlled and confined lateral sized and thickness.2®



In summary, the goal is to set up a platform, which can mildly intercalate Li into
TiS, nanodiscs and observe the in-situ optical change from intercalation. In this fashion,
the recorded dynamics of optical change can be used to test the ion transport inside TiS:
nanodiscs.

The thesis is organized as follows. Chapter Il is a brief summary of
necessary literatures. Chapter Il introduces the experimental procedure to build the
platform and measurement. Chapter IV is about the observation, analysis and discussion
of dynamics of the intercalation and deintercalation of lithium into layered two

dimensional TiS2 nanodiscs. Finally, Chapter V discusses future aspects of the study.



CHAPTER II

BRIEF DISCUSSION ABOUT RELEVANT LITERATURES
2.1  The major differences between TiSz and lithiated TiS2
2.1.1 Structural difference

Usually TiS takes 1T phase, which Ti centers are coordinated by S ligands
octahedrally.®® After lithium ions enters the van der Waals gap of TiS; layers, the phase
of lithiated TiS, remains. Although there is no phase transition with introduction of
lithium, the interlayer distance expands from 57 pm to about 62 pm to accommodate
foreign Li ions in bulk TiS2.2” The interlayer distance of TiS; corresponds to the 5 pm
increase to c-axis in crystal parameters. In a-axis, the parameter slightly increase from
34.1 pm to 34.6 pm.?® The lithiation of TiS, comes with injection of electrons to the
structure, reducing Ti** to Ti** (instead of the reducing from Li* to Li atom). The slight
increase of radii of Ti cations leads to minor expansion for a-axis.

Structural changes of TiS> nanodiscs with average radii of 50 nm were also
conducted and measured.?® These TiS; synthesized via solution methods showed an mild
increment from 58.0 pm to 59.3 pm in c-axis (also the interlayer distance) and a-axis
barely changed during the lithiation.

The lack of phase change and small structural change during lithiation and
delithiation processes in TiS2 nanodiscs helps the Li ion migration in the crystal and

enables reversible intercalation and deintercalation.



2.1.2 Optical differences

The optical differences for TiS2 and lithiated TiSz are from the electronic filling
and carrier density change. The major visible absorption for TiS; is from the interband
excitation of electrons in p-orbital to various d-orbitals®® peaking around 2 eV. With
lithiation, the peak would shift to a higher-energy range and the intensity around 2 eV
would decrease.® This can be explained by Rigid Band Model, which supposed that the
excess electrons alter the orbital fillings other than the position (energy) of these
electronic bands.® Since Ti cations receive electrons with Li intercalation, the empty d-
orbitals in TiS is partially filled and this actually elevates the Fermi level, suppresses
the interband transition and may increase the indirect bandgap. In lower energy region (<
1 eV), the free-carrier absorption (plasmonic) appears in the intercalated TiS; spectra due

to extra electron density.>®
2.1.3 Electronic properties

With lithiation, the electron concentration increases from 1.4x10% cm in pure
TiS; to up to 2.2%x10% cm™ in LiTiSz (x=1).3" The increased electron concentration is
also clearly seen in the resistivity. The resistivity falls drastically with growing x in the
Li composition.®” LiTiS, shows a resistivity about two orders below than that in TiSz. So
with introduction of Li, TiS> may switch from a semi-conducting behavior to metallic

behavior upon enough Li introduction.



2.2 Determination of Li transport in TiS2

Since TiS was first investigated as a cathode material, characteristics like the Li*
diffusion coefficient between TiS; van der Waals gaps were determined to evaluate the
performance for potential battery application back in 1980s and 1990s. The major
methods can be categorized into two types: chemical diffusion coefficient and spin
lattice relaxation in LixTiS2.3 3° Chemical diffusion is required by analysis of
electrochemical data based on the lithiation process into pure TiS; via Li metal-TiS;
battery, while spin lattice relaxation is based on NMR investigation of Li* motion
frequency in crystal of already lithiated TiS>. The reported data of Li diffusion
coefficient (D) is summarized in Table 2.1 for more detailed classification of measuring

method.

Table 2.1 Summary of selective reported Li diffusion coefficient (D) values and

respective methods

Types Technique Forms of sample D (X10° cm?/s)
Chemical potentiostatic TiSz single crystal 10 (*9)
Chemical | chronoamperometry 3-10 pum TiS; grain 1.5(*)
Chemical Current-pulse TiS2 single crystal film (6 mm | A maximum of

size and 60 pum thickeness 6~100 (*?)
Chemical Current-pulse TiS; thin films 10* ~ 103 (%)
Chemical AC impedance TiS; powder 8.1 X103 (*4
NMR relaxation LiTiS; 1(%)




The reported data in Table 2.1 vary by several orders of magnitude. The
differences can be addressed by assumptions in different methods, differences in the
form of TiS; and experimental conditions.** In general, the higher D values are related
with the side reactions and non-Faraday reactions (for example, residual current) on the

electrodes. The excess Ti from sample preparation also leads to a varying range of D.%?
2.3 Optical observation of MoSz nanosheets upon ion intercalation

As another layered transition metal chalcogenide, MoS; is under extensive
research especially for 2D material®®. Even though the common coordination of the
metal center differs, MoS2 and TiS> have been both investigated for opto-electronic
devices, electrical energy storage and other similar potential applications. The reported
change, properties and mechanisms of intercalation in MoS; is helpful to understand

similar process in TiSo.

2.3.1 Control of optical properties in MoS2 nanosheets with ion intercalation

Similar to TiSp, lithiation of MoS: results in enhancement of optical transmission
and electrical conductivity led by filling of electrons and elevating of fermi level. The
photoluminescence (PL) of 2D MoS: nanoflakes was modulated via intercalation and
deintercalation of Li, Na and K.*’ The intensity of PL of MoS; nanoflakes was reduced
upon the intercalation due to Fermi level elevating and excitation suppression.

Deintercalation process was demonstrated to recover the PL intensity. The response time



of the PL intensity modulation and recover was around a couple of ten seconds given the
typical size of 50~100 nm and a majority of only a few monolayers.

Inspired by the modulation of optical properties with ion intercalation, a platform
was assembled for tuning optical and electronic properties with Li intercalation in
Mo0S2.#8 The ultrathin film of MoS,, with 20-35 nm thickness and 5~20 um size,
underwent electrochemical control of lithiation and delithiation. The increased
transmission and recovery duration was around 40 minutes. In contrast, the lithiation of

another appropriate-size MoS: film using n-butyl lithium took more than two hours.
2.3.2 Visualization of ion transport in MoS2

The structural change of layered material can be used to estimate transport rate of
ions. For bulk TiSz, the 10% interlayer distance expansion is larger enough to locate the
boundary of lithiation.** But small changes in TiS2 nanodiscs make it much harder to
observe the change and there is no report of local visualization in TiS; nanodiscs so far.

Unlike TiS2, MoS: does bear the generation of nucleation of a new phase under
lithiation. The origin 2H (each Mo ion is surrounded by six S ions in trigonal prismatic
arrangement) would transform to 1T (still six S ions, but in octahedral arrangement).
This phase transition results in obvious boundary between pure and lithiated MoSo,
allowing direct observation and estimation of ion transport in nanocrystals.

Bai et al. reported atomic visualization of electrochemical lithiation process of
MoS; nanosheets.”® It was observed that there was a clear boundary between two

compositions of MoS, under TEM. This observation inspired Gao et al.*® When the
9



electrochemical process of lithiation was captured over time, the boundary between two
phases spread. By calculating the enlargement of lithiated area within given time range,
the diffusion coefficient of lithiation of MoS> nanosheets was estimated. Gao reported
the diffusion rate of lithiation as 30-70 nm/s with data reported by Bai. The idea of
estimation via area change was also applied to the sodiation of MoS nanosheets. Gao
reported sodiation rate in MoSz as 3-7 nm/s, about one order slower than lithiation.
Aside from TEM, the full cycle intercalation and deintercalation of lithium ion in
MoS: is recently reported via optical microscopy. °* Though atomic details of lithiation
was revealed via electrochemical STM and AFM, the uncovered results were more about
the initial stage of lithiation yet a complete cycle.®® % A laser confocal microscope
combined with a differential interference contrast microscope (LCM-DIM) was
developed and can reach atomic resolution on metal electrodes. Upon lithiation, the
phase difference and absorption change leads to new domains captured by LCM-DIM. It

also shows the layer by layer intercalation via in-situ visualization.>
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CHAPTER 11

EXPERIMENTAL METHODS"
3.1  Synthesis of TiS2 nanodiscs

TiS, nanodiscs were synthesized by reported solution method.*® Briefly, the
synthesis was adding sulfur source (CS.) into the mixture of titanium source (TiCl4) and
oleyamine (also helps dispersion) at 300 <C. The size of TiS; nanodiscs was controlled
by the concentration of sulfur and titanium precursors. The chemical reaction is
described as below:

CS2 + RNH2 —»H2S + RNCS (R= CH(CH>)7CH=CH(CH>)s)
TiCls + 2H,S — TiS; + 4HCI
The method produces well defined colloidal nanodiscs. In this and next chapter, the

experiment steps apply to mainly r=80 nm and r=250 nm samples.
3.2  Fabrication of TiSz2filmon ITO
3.2.1 Photoinduced separation of TiS2 nanodiscs

The synthesized TiS2 nanodiscs were stacks of well-defined shape and size.
However, those stacks may aggregate and assemble. The assemblies of TiS; stacks lead

to uncertain thickness. For even distribution of TiS, stacks on substrate, TiS, colloidal

* Reprinted in part with permission from Ren, Jiageng, Camachi-Forero, Luis; Rossi,
Daniel; Park, Yerok; Balbuena, Perla; Son, Dong Hee. In situ optical measurement of the rapid
Li intercalation and deintercalation dynamics in colloidal 2D layered TiS2 nanodiscs. Nanoscale
2016, 8, 11248-11255. Copyright 2016 by the Royal Society of Chemistry.
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solution was photo-separated to single stacks (each stack of TiS> nanodiscs still contains
multiple TiS: layers) before film fabrication.

TiS; from section 3.1 were dispersed in deoxygenated chloroform with pulsed
laser at 800 nm for photoseparation.> Constant stirring was required during the whole
process. The basic mechanism to separate those 2D colloidal materials is utilizing the
anisotropy. The pulsed laser alters the transient charge distribution of TiS2 nanodiscs.
When the modification of charge distribution is sufficiently large to weaken the
interparticle forces between stacks, solvent molecules can take advantage of pulsed laser

and facilitate the solvation of each single nanodiscs stack.
3.2.2 Cleaning of the deposition substrate

ITO glass was used as the substrate for TiS. deposition due to its transparency
and conducting nature. The ITO glass was cut into slides of about 0.9 centimeters wide
and 3.8 centimeters long. ITO was coated on only one side of the slides, thus necessary
to mark the ITO side on the edges that would not influence following procedures and
measurements. The cut and marked slides were immersed in boiling acetone for five
minutes and later rinsed with methanol. Then these slides were sonicated in methanol for
five minutes. After sonication, the slides were dried with nitrogen gas, and got UV-
ozone cleaned for an hour. During the UV-ozone cleaning, the slides were placed with
the glass side, ITO side facing up, not in contact with the holder. The UV-ozone treated
slides were immediately used for TiS, deposition. Some of the slides were kept without

subsequent deposition, used as reference electrode for later optical measurement.
12



3.2.3 Deposition of TiS2 nanodiscs

Better dispersed TiSz nanodiscs solutions from 3.2.1 were soon used for TiS>
deposition after the photoexcitation separation steps. The concentration of TiS> solution
was adjusted based on the absorption, to 0.5~1.5 in 1 centimeter wide cuvette. This
concentration range was selected for better separation efficiency and consequent
deposition. It produced a nicely deposited, homogenous optical thin film on the surface.
Trials of higher concentration for deposition were made, resulting in films with higher
absorption, inhomogeneous look with stacked region.

The TiS: solution was sonicated briefly before the deposition. After sonication,
the UV-ozone treated slides were put in the solution with about 3 centimeters of the
slides immersed in solution and 0.8 centimeter blank for deposition. The blank part was
in contact with alligator clips for cell assembly later, so no need for TiS2 deposition. The
container with solution and slides was sealed and kept still and undisturbed for twelve
hours.

After twelve hours, the slides were rinsed with excessive deoxygenated
chloroform to remove loosely attached TiS,. Both faces of the slides were coated with
TiS,, and the deposition on the bare glass side was wiped with ethanol damped cotton
swabs. After visible deposition was removed, the side was wiped once more with ethanol
damped cotton swabs. The slides were rinse with excessive ethanol to remove
unexpected cotton contamination after each wipe. Then the slides were dried with

nitrogen flow and ready for cell assembly.
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Unused TiS: slides were kept in a clean and dry container. The container with
slides was purged with argon so the slides were kept under inert atmosphere. Fig. 3.1(a)
shows the AFM image of TiS film and the profile for one TiS2 nanodisc with an average
radii and height of 80 nm and 15 nm respectively. Fig 3.1(b) is the optical absorbance of
this film. The inset of Fig. 3.1(b) is the optical image of the TiS, coated part with respect

to the absorption of Fig. 3.1(b).
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Figure 3.1 (a) AFM images of TiS, nanodiscs deposited on ITO/glass. (b) Absorption

spectrum and photograph of the TiS2 nanodisc film.

3.3 Assembly of the cell

The cell was assembled as Fig 3.2 shows. The cell was set up in a rectangular
cuvette to facilitate the optical measurement. The TiS,-ITO/glass was working electrode,
with uncoated end in contact with the potential stat. A silver wire in electrolyte with
glass tube protection was pseudo-reference electrode. And the carbon cloth was as the

counter electrode. For easier connection, a platinum wire was connected to the carbon
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cloth and actually in contact with the potential stat. The carbon cloth was
electrochemically cleaned before in use to remove interfering carbon groups. The
electrolyte was usually 0.1 M LiCIlOg in acetonitrile unless specified in other electrolytes
or concentrations. The reference for the absorption measurement was a clean blank ITO-
glass slide without the deposition of TiSz in 0.1 M LiCIO4 or the same electrolyte
solution if specified, using the same type of rectangular cuvette. Both sample and
reference cuvettes were put on a cover and sealed immediately to inhibit evaporation of

volatile solvent.
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Figure 3.2 Setup for the optical measurement of electrochemical Li intercalation

dynamics in TiSz nanodiscs

The apparatus not shown on the Fig. 3.2 was a spacer occupies the lower part of
the cuvette. The slit for positioning TiS2/ITO electrode (or the reference ITO) and hole
for pseudo-reference were intentionally carved and aligned with the respective parts in

the cover. The spacer alone can take up the space, reduce the use of chemical and
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position the electrodes. The cooperation of spacer and the cover helped to mount and
secure the position of electrodes, especially the TiSy/ITO electrode, whose position
would be sensitive for absorption measurement.

The Ag wire pseudo reference was calibrated with results as Fig. 3.3. The
calibration cell was set up with glassy carbon working electrode, Pt wire as counter
electrode, and the to-be-calibrated Ag pseudo reference electrode. 110 M ferrocene in
0.1 M LiCIO4 acetonitrile solution was the electrolyte. Ferrocene works as the inner
reference to calibrate the Ag wire pseudo reference. The shape of curve and peak
positions of reduction and oxidation was stable over 14 cycles, which means the Ag wire
pseudo reference was stable and competent as a reference electrode.

x106
8
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1
0.6 0.4 0.2 0 -0.2 -04
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Figure 3.3 Calibration curve of Ag wire pseudo reference of 14 cycles

The reported potential of ferrocene (Fc*/Fc) over standard hydrogen electrode
(SHE) is 0.62 V*°. Deducted by 0.25 V, the average potential of reduction and oxidation

peak, the Ag pseudo reference was around 0.37 V over SHE.
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3.4  Optical measurement of TiSz under potential
3.4.1 Basic setup for a single spectrum measurement

The data were exacted from the absorption spectra. The sample was assembled as
description of section 3.3. The reference was based on cleaned 1TO/glass without
deposition of TiSz films. Then the blank ITO/glass was immersed in the same batch of
electrolyte solution of the sample also in 1 centimeter wide cuvette.

The absorption measurement ranges from UV-Vis range to near-IR range (400-
1600 nm) with halogen lamp as the light source. A CCD detector (QE 65 pro, ocean
optics) was used to acquire the UV-vis range (400-950 nm) while a home-built
spectrometer in dual beam configuration was used to measure the near-IR region (900-
1600 nm). The overlap helped correct and combine the spectrum.

Using the CCD detector, the reference data was measured and set before the
sample data. The spectrometer for near-IR compared the data from the reference and

sample simultaneously via two InGaAs detector.
3.4.2 Continuous measurement of optical spectra

The measurement was conducted based on continuous output of absorption
measurements. To acquire dynamic change of TiS2 under potential applying in visible
range, the data was set to be automatically exported in every 0.25 seconds, which also
set the time resolution of the experiment. The time resolution was chosen to discover

optical dynamics within seconds and average enough to reduce spectrometer fluctuation.
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The potential stat was responsible for electrical bias applying and current-time data
collecting. The time frame for the data export was preset to cover all stages. In a typical
cycle, there was a negative electrical bias stage (typically -1.1 V vs Ag pseudo-reference
electrode), a relative positive electrical bias stage (typically 0.3 V vs Ag pseudo-
reference electrode) and an optional no potential (open circuit) stage. For samples in
different sizes, the duration of the stages under electrical bias varied: usually 150 s for
r=80 nm sample and 300 s for r=250 nm sample. The I-V data on the working electrode,
TiS; film, was also collected.

The time resolution of near-IR region is more than a couple of seconds and not
nearly as good as the visible range. Therefore the spectra in near-IR region were usually
used for stable status like before and after intercalation and not for following dynamics
interpretation. For example, multiple spectra after intercalation were acquired and
compared, only the spectrum indicating stable status was used to represent “after
intercalation”. The time frame of the measurement was the same as visible range

measurement.
3.4.3 Blank test

The bare 1TO/glass was tested under given experimental voltages as mentioned
in 3.4.2. 1t can help confirm that the contribution of optical change by only ITO/glass
substrate under electrical bias is neglectable. As Fig. 3.4 shows, there was absence of

absorbance change under -1.1 V, 0.3V (both vs Ag pseudo reference) and open circuit
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range confirming that ITO does not contribute to absorbance change under experimental

voltage range.
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Figure 3.4 Absorption value of ITO/glass at 600 nm at -1.1 V and 0.3V vs Ag pseudo

reference electrode

3.5 Data analysis
3.5.1 AA(t)/A extraction

A contrast of TiS> film spectra before and after lithium intercalation is shown as
Fig. 3.5. The major differences are the decreasing absorption intensity around 600 nm
and the onset >1400 nm after lithium intercalation. Based on the time resolution of data
in these two regions, absorption at 600 nm was selected as the representative of the
optical change. For further data analysis, absorbance at 600 nm at difference time are
extracted and compared. To compare between films, the ratio of absorption decline,

AA/A, was used instead the value of absorption. In this way, the dynamics of optical
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change was set at the real-time fraction change of original film absorption at 600 nm,

AA(H)/A.
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Figure 3.5 Absorption spectra of the TiS> nanodisc film before and after Li

intercalation.

3.5.2 Bi-exponential fitting of AA(t)/A

Fitting and acquiring suitable parameters from AA(t)/A can help compare

behavior of film and dynamics of different sizes of TiS, nanodiscs. Through bi-

exponential model:

AA(L)
A

t t
)+A2exp<—T—>+c

T1 2

= A; exp (
time components of AA(t)/A were extracted. A sample of fitting via bi-exponential

model is shown as Fig. 3.6.
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Figure 3.6 Fitting of AA(t)/A with bi-exponential model for r=80 nm sample at (a) -

1.1V and (b) 0.3V.
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CHAPTER IV
IN-SITU OPTICAL MEASUREMENT OF THE RAPID LI INTERCALATION AND

DEINTERCALATION DYNAMICS IN COLLOIDAL 2D LAYERED TIS, NANODISCS”
4.1 Introduction

In the past years, progress in fabricating atomically thin 2-dimensional (2D)
transition metal dichalcogenide (TMC) materials with controllable thickness enabled the
observation of various unique optical and electronic properties tunable by controlling the
number of the layers. For instance, indirect to direct bandgap transitions are observed in
many semiconducting TMCs when the thickness reaches a single layer.!” >*® Nonlinear

optical properties, such as second harmonic generation,>” %

are also changed by varying
the thickness. These thickness-tunable optical properties of thin layered TMC materials
are obtained from the dependence of the interlayer electronic interaction or symmetry

with varying number of the layers.®"

62 Recently, several studies showed that
intercalation of metal ions, which has been utilized to tune the properties of various
layered or porous materials, can also be used to modify the optical and electronic

properties of the atomically thin layered TMC. For instance, the optical transmission

and electrical conductivity have been varied via Li intercalation in MoS; films

* Reprinted in part with permission from Ren, Jiageng, Camachi-Forero, Luis; Rossi,

Daniel; Park, Yerok; Balbuena, Perla; Son, Dong Hee. In situ optical measurement of the rapid
Li intercalation and deintercalation dynamics in colloidal 2D layered TiS2 nanodiscs. Nanoscale
2016, 8, 11248-11255. Copyright 2016 by the Royal Society of Chemistry
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demonstrating their potential to obtain dynamically controllable optical and electronic
properties.*® 63

Because the intercalation in the layered TMC involves highly anisotropic
diffusion confined to the interlayer van der Waals gaps, the lateral dimension is a key
factor determining the time scale of intercalation. Therefore, slow intercalation in large-
area TMC films, such as those fabricated from CVD taking minutes or longer depending
the area, can be an issue when the fast dynamic control of the properties is desired. In
this regard, chemically-synthesized colloidal layered TMC nanodiscs can be an ideal
platform to gain the rapid modulation of intercalation-induced material properties, since
their lateral size can be varied in the nanoscale providing much shorter distance for the
diffusion of the intercalants.*> ¢4

Here, we fabricated thin films of colloidal TiS; nanodiscs, composed of well-
separated nanodiscs deposited on ITO/glass surface, as the platform to investigate the
rapid dynamic control of the material properties of TMC via intercalation at nanoscale
lateral dimension. With these films, the dynamics of electrochemical Li intercalation and
deintercalation were measured via in-situ optical method taking advantage of the high
optical homogeneity of the fabricated film and the dependence of the interband optical
absorption of TiS> nanodiscs on Li intercalation. Unlike in chronoamperometry
commonly used to monitor the metal intercalation,* %> the optical probing can

circumvent the complications from spurious Faradaic or non-Faradaic processes that can

obscure the measurement of the intercalation/deintercalation dynamics. In this study, we
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could readily measure the electrochemical Li intercalation and deintercalation dynamics
occurring on second time scale in the films of TiS, nanodiscs of ~100 nm lateral
dimension. In addition, the change of the rate and reversibility of the
intercalation/deintercalation processes with the nanodisc size and during the multiple
intercalation/deintercalation cycles could be observed providing a unique opportunity to
study the dynamics of 2D intercalation and deintercalation in the layered TMC materials
with nanoscale lateral dimension. Information obtained from this study will also be
valuable for understanding the charging and discharging dynamics in batteries based on

nanoscale layered materials.
4.2  Results and discussion
4.2.1 General change of absorption in TiS2 nanodiscs by Li-intercalation

Fig. 3.5 shows the absorption spectra change for TiS, film of r=250 nm sample
deposited on ITO/glass under -1.1 V (vs. Ag pseudo reference), ranging from 400 nm to
1600 nm. As mentioned in Chapter I1l, an obvious decrease of the intensity was noted
for the interband absorption, centered at 600 nm upon the intercalation of lithium ion.
The reaction on TiSz film is TiS, + x Li+ +x e- — LixTiS2. The change in the interband
absorption spectrum by metal intercalation has been observed in several layered
materials such as MoS;* and Bi>Ses® As explained in Chapter |1, the optical absorption
decrease is due to the increase of the optical bandgap. The filling of the conduction band

with electrons, or the collapse of the bandgap from the overlap of the bandgap, results in
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the optical bandgap.®* ® In the case of Li-intercalated TiS,, electronic structure
calculations suggested that the observed reduction of interband absorption originated
from the overlap of conduction and valance band near the Fermi level.*® This could also
leads to the enhancement of metallic behavior of TiS,.* In addition, the absorption
at >1400 nm increased upon Li intercalation, which is considered to be due to the higher
free carrier density and giving rise to the plasmon resonance.®® This suggests that the
possibility of utilizing colloidal TiS2 nanodiscs is not only for optical transmissions but
also plasmonic effects.

As the brief discussion in section 3.5.1, the fraction change of peak intensity of
interband absorption near 600 nm, AA(t)/A, was recorded to examine the dynamics of Li
intercalation and deintercalation.

To optimize and control the condition for Li* ion intercalation, a few parameters
were conducted. After basic parameters were controlled, like the size of the 1TO/glass
slides or absorbance of the TiS; film, the potential dependence of Li* ion intercalation
was tested. The results of potential dependence between -0.5 V and -1.3 V (unless
otherwise specified, the potential was in comparison with Ag wire pseudo reference) on
r=250 nm sample were shown in Fig. 4.1. The general trend indicated that AA(t)/A
increased from -0.5V to -1.1 V saturated starting from -1.1 V. Hence -1.1 V was chosen
since it showed the saturation of the modulation amplitude of AA(t)/A. More negative

potential may increase the possibility of unwanted change like fastening the
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deconstruction of the TiS or reduction of some chemical agent. Likewise +0.3 V was

chosen for the deintercalation potential, also considering the dynamics of deintercalation.
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Figure 4.1 Dependence of AA(t)/A on the electrode potential measured in TiS;
nanodiscs at r=250 nm

4.2.2 Dynamics of intercalation and deintercalation of r=80 nm and r=250 nm

TiS2 nanodiscs

First the dynamics of intercalation and deintercalation of samples of two different
radii were discussed. Fig. 4.2(a,b) show the AA(t)/A over multiple cycles during
alternating potential of -1.1 V and 0.3 V of samples of average radii of 80 nm and 250
nm respectively. Fig. 4.2 (d,e) are the magnified view of the first few seconds of certain
applied voltages of both nanodiscs, featuring the most drastic stage of AA(t)/A. At the
onset of -1.1 V, there was a rapid decrease of AA(t)/A initially and following plateau
afterwards. As the potential switches to -0.3 V, AA(t)/A recovered with the
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deintercalation of Li. Samples of both radii exhibit qualitatively similar behavior of

AA(Y)/A, while the dynamics was faster in the smaller sample as clearly seen in Fig.

4.2(d.e).
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Figure 4.2 (a,b) AA(t)/A during the multiple cycles of potential step alternating between
-1.1 V and 0.3 V in TiS2 nanodiscs of r=80 nm (a) and r=250 nm (b). (d,e) Magnified
view of AA(t)/A in one intercalation (blue) and deintercalation (red) cycle for TiS>
nanodiscs with r=80 nm (d) and r=250 nm (e). (g,h) Time component (z1) for the
intercalation and deintercalation process at each cycle for TiS2 nanodiscs with r=80 nm
(9) and r=250 nm (h). (c,f) AA(t)/A obtained with 0.1 M TBAP as the non-intercalating
electrolyte in TiS2 nanodiscs with r=80 nm.
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The possible contribution of the surface adsorption of the electrolytes to AA(t)/A
was tested using tetrabutylammonium perchlorate (TBAP, 0.1 M) as the non-
intercalating electrolyte in the absence of LiClO4. The modulation amplitude of AA(t)/A
by TBAP is less than 10% of what was observed under Li" intercalation and the dynamic
response was much faster consistent with the surface process, as shown in Fig. 4.2 (f).
Since the effect of the adsorption of electrolyte was minor, it was not taken into
consideration of the analysis of AA(t)/A throughout the study.

A small decrease of the modulation amplitude and downward shift of AA(t)/A
can be seen, with repeated intercalation/deintercalation cycle. This may reflect the
change in chemical equilibrium at a given reference electrode potential. It may also refer
to small irreversibility in the host structure that may introduce systematic changes in the
absorption intensity. While the amplitude is an interesting issue deserving an additional
study, the dynamics of intercalation and deintercalation is the primary focus in this
chapter.

It is worth comparing AA(t)/A from the optical measurement and the amount of
charge transferred measured via amperometry during the intercalation and
deintercalation processes, which illustrates the advantage of the optical measurement.
Fig. 4.3 compares AA(t)/A and the amount of the transferred charge (Q(t)-LiClO4) in the
presence of 0.1 M LiClO4 during Li deintercalation step. The amount of charge
transferred in the presence 0.1 M TBAP used as non-intercalating electrolyte (Q(t)-
TBAP) is also shown. The dynamics reflected in Q(t)-LiCIO4 and Q(t)-TBAP are similar
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and much slower than that of AA(t)/A. It is also notable that the magnitude of Q(t)-
TBAP is significant despite the absence of the intercalation, indicating the susceptibility
of the electrochemical probe to the potential interference from non-intercalating

processes obscuring the interpretation of the intercalation and deintercalation dynamics.
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Figure 4.3 Comparison of AA(t)/A and charge flow (Q(t)-LiClO4) for the deintercalation
in TiS2 nanodiscs with r=250 nm. Charge flow measured with 0.1 M TBAP (Q(t)-
TBAP) is added for comparison.

For a more quantitative comparison of the dynamics of intercalation and
deintercalation in the nanodiscs of different radius and also at different stages of the

multiple potential cycle, AA(t)/A was fit to a biexponential function.

Here, a simple phenomenological model is used to extract and compare the
timescales of the intercalation and deintercalation in TiS2 nanodisc films. The fitting
results are summarized in Table 4.1. Since the fast component carries the majority

(typically 80-90%) of the amplitude in both the decay and recovery of AA(t)/A and its
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time constant (z1) is well separated from that of the slow component (z2), 72 will be the
focus for the comparison of the dynamics. Fig. 4.2(g, h) compare 71 of AA(t)/A for both
the intercalation and deintercalation processes in the two TiS; nanodisc films during
each intercalation/deintercalation cycle, which are on the order of seconds and decrease
with the radius of the nanodiscs. The timescale of the intercalation in TiS2 nanodiscs is
similar to a couple of seconds with similar lateral dimension*’, and more than an order of
magnitude shorter than minutes or longer required for the intercalation in other related
TMD sheets with larger lateral dimensions (e.g., 5-20 um)*® . The data in Fig. 4.2 clearly
show the advantage of the reduced lateral dimension of the nanodiscs in obtaining a

rapid dynamic control of the material properties via 2-dimensional intercalation.

Table 4.1 Fitting parameter of AA(t)/A with biexponential function. The amplitudes

(Azand Ay) are the fractional amplitudes.

For TiS, with r=80 nm

Cycle Intercalation (-1.1V) Deintercalation (0.3V)

No. A1 71 (S) A 72(S) Aq 71 (S) Az 72(S)
1 0.87 1.9 0.13 20 0.85 1.0 0.15 5.6
2 0.94 2.0 0.06 132 0.92 1.4 0.08 8.9
3 0.96 1.8 0.04 39 0.93 1.2 0.07 11
4 0.96 2.0 0.04 59 0.92 1.2 0.08 11
5 0.94 2.0 0.06 42 0.91 1.3 0.09 10
6 0.92 2.1 0.08 26 0.91 1.3 0.09 16
7 0.91 2.5 0.09 30 0.92 1.7 0.08 22
8 0.89 2.5 0.11 26 0.89 1.7 0.11 28
9 0.87 2.8 0.13 29 0.89 2.1 0.11 28
10 0.85 2.8 0.15 33 0.89 2.4 0.11 32
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Table 4.1 continued
For TiS, with r=250 nm

Cycle Intercalation (-1.1V) Deintercalation (0.3V)

No. A1 71 (S) Az 72(S) Aq 71(S) Az 72(S)
1 0.75 3.8 0.25 | 1.2x10? 0.84 2.4 0.16 50
2 0.88 4.1 0.12 64 0.81 2.3 0.19 43
3 0.89 4.7 0.11 36 0.81 2.8 0.19 46
4 0.86 5.2 0.14 37 0.80 3.0 0.20 44
5 0.84 5.7 0.16 51 0.78 3.1 0.22 43
6 0.79 6.7 0.21 50 0.78 3.7 0.22 46
7 0.78 7.4 0.22 52 0.81 5.1 0.19 48
8 0.76 8.6 0.24 53 0.78 4.9 0.22 48
9 0.71 8.9 0.29 52 0.76 5.6 0.24 47
10 0.68 9.6 0.32 55 0.75 6.2 0.25 50

In fact, the intercalation of Li in colloidal TiS2 nanodiscs is a complex process
involving not only the diffusion of Li ions within the nanodiscs but also the transport of
Li ions at the interface of the nanodiscs and electrolyte solution. The rate of Li diffusion
in the interlayer space of TiS2 depends on the structural details of the nanodiscs, such as
the interlayer distance, defect density, and the amount of intercalated Li according to the
earlier experimental® and computational®’ studies on bulk crystal. The rate of interfacial
transport of Li should depend on the structure of TiS, nanodiscs at the edges, solvent
molecules and even the geometry of the nanodiscs on the surface of the substrate.
Therefore, the time scales of the intercalation and deintercalation in TiS2 nanodiscs
observed here will not be a simple function of the diffusion coefficient and the radius of

the nanodiscs. Nevertheless, we attempted to estimate the ‘effective’ diffusion
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coefficient (D) of Li in TiS2 nanodisc films using a continuum radial diffusion model
assuming that the diffusion of Li within the TiS> lattice is the rate-limiting process and
AA(t)/A is linear to the amount of intercalated Li. To further simplify the analysis, a
single diffusion coefficient (D) independent of Li concentration was used. In the radial
diffusion model, the time-dependent average concentration of Li normalized to its
terminal concentration in a cylinder of radius r, C(t,r), is expressed as follows, where an
are the roots of Bessel function Jo.%®

cit,r)=1 514 Danzt
,T) = anexp 2

n

The values of D were determined by fitting the normalized |[AA(t)/A| to C(t,r) as
shown in Fig. 4.4. |AA(t)/A| fits well to C(t,r) despite the limitation of the highly
simplified model in describing the complex process. For the intercalation in r=80 nm
nanodiscs with 71=2 s during the early cycles, the best fitting diffusion coefficient is
D=4x10"? cm?/s. (See experimental section in this chapter for details.) For r=250 nm
nanodiscs, the same analysis gives D=1x10"! cm?/s for the intercalation with 71=4 s.
The values of D obtained above are much smaller than the diffusion coefficient of Li
measured in bulk single crystalline TiS, measured via chronoamperometry (D=10°-10%
cm?/s) in a battery platform*%42, while they are similar to the upper range of D observed
in microcrystalline TiS; layers (D=10"1-10" cm?s) affected by the inter-domain
diffusion.*®* However, considering the possible difference in the lattice parameters and

the defect density between the colloidal nanodiscs and single crystalline bulk as well as
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the increasing role of the transport of Li at the interface of the nanodiscs with decreasing
size and electrolyte solution on the surface of a substrate, the observed difference in D is
not surprising. Since the absorbance change is due to electron injection as mentioned, the
optical change is sensitive to Faraday reaction with electron flows. Comparing with
other electrochemical determination methods in Chapter Il, the measuring of absorbance
rules out non-Faraday reaction, which can contribute to increase the diffusion constant.
Interestingly, the values of D for TiS, nanodiscs from this study are more
consistent with recently reported phase boundary propagation speed of 30-70 nm/s in
MoS; nanosheets during Li intercalation,*® *® extracted from the analysis of TEM images.
The root mean square displacement (v/4Dt) from 2-dimensional diffusion is 63 nm for
D=1x10" cm?/s and t=1s, which is of the same order of magnitude as the reported

phase boundary propagation speed in MoS; under Li intercalation®°.

o |AA(tYA|
— C(t,r)

|AA(t)/A| or C(t,r) (noramlized)

Time(s)

Figure 4.4 Fitting of |AA(t)/A| to the normalized average Li concentration in a cylinder
of radius r at time t, C(t,r), from continuum radial diffusion model for the intercalation
in TiS, nanodiscs with r=80 nm. The best fitting diffusion coefficient (D) is 4x 1012

cm?/s.
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A few interesting trends are observed in rivalues compiled in Fig. 4.2 (g, h).
Firstly, 71 is smaller for deintercalation than intercalation, suggesting the lower overall
kinetic barrier for the deintercalation process. The shorter t1 for the deintercalation may
be in part due to the larger interlayer distance after the completion of Li intercalation,
which would lower the barrier for Li diffusion within the lattice during the early phase of
the deintercalation.®” Secondly, both the intercalation and deintercalation become
progressively slower as the intercalation/deintercalation cycle repeats. This can be
interpreted as the result of the partially irreversible structural change creating defects
during the repeated intercalation and deintercalation cycles, which increases the barrier
for the Li diffusion. In fact, structural disorder or damage in various layered and non-
layered materials used for Li battery created by the repeated charging and discharging
has been previously reported,®® which may also occur in colloidal TiS; nanodiscs.

In order to further examine the effect of repeated intercalation/deintercalation
cycles on the kinetic barrier and the reversibility of the intercalation and deintercalation,
AA(t)/A was measured with a modified scheme of the potential steps applied to the
working electrode. Instead of using a simple potential switching between -1.1 V and 0.3
V, an open-circuit period was inserted after each -1.1 V. During the open-circuit periods,
the removal of the thermodynamic driving force that kept Li ions within the host lattice
results in the slower and partial deintercalation of Li. This is also the reason why a

separate ex-situ quantification of the intercalated Li is difficult as mentioned earlier.
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Figure 4.5 AA(t)/A at the absorption peak from the TiS2 nanodisc films of (a) r=80 nm
and (b) r=250 nm under the modified electrode potential scheme. Open-circuit (0.c.)
period was added between after -1.1 V. The electrode potential scheme is shown on top

of each panel.

Fig. 4.5 shows the AA(t)/A obtained with the new electrode potential scheme for
both TiS2 nanodisc films. The top part of each panel shows the potential scheme applied
to the working electrode. The recovery rate of AA(t)/A during the open-circuit period
becomes slower as the potential cycle repeats in both nanodiscs, consistent with the
increase of 71 as shown in Fig. 4.2 (g, h). The reversibility of the intercalation and
deintercalation, on the other hand, is lower in the larger nanodiscs. The recovery of
AA(t)/A during the open-circuit period stops after three cycles for r=250 nm while it
continues for r=80 nm. This is also consistent with the faster increase of 71 with the cycle

number for r=250 nm in Fig. 4.2(h), indicating more rapid increase of the barrier for the
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intercalation and deintercalation processes. The dependence of the reversibility on the
dimension of the nanodiscs has an important implication in the application of
electrochemical intercalation for the dynamic control of the material properties in
nanoscale layered materials. The higher irreversibility resulting in more ‘non-volatile’
behavior will be less desirable for the continuous tuning of the material properties, while

it can be more advantageous for the applications requiring a switching behavior.

4.2.3 Calculation of dielectric constant in LixTiS2
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Figure 4.6 (a,b) 2x2x2 supercell of bulk TiS; (a) and LiTiS2 (b). (c) Li intercalation
energy in LixTiSz is given by (ELiXTisz — (Epis, + nELi)) /n, where E; tis,, Etis,, and
Ey; are the calculated energies of lithiated TiSz, non-lithiated TiS2 and one Li metal atom,

respectively. n is the number of lithium. Inset shows Lio2sTiS> and colored squares

represent O sites where Li can be placed when x=0.5
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Figure 4.7 LixTiS2 model. (a) top view of 2x2x2 supercell LixTiS; bulk; Li cannot be
seen because they are in the same plane as Ti atoms. b) All different configurations for

LixTiS.. Gray, yellow, and pink spheres represent Ti, S, and Li atoms, respectively.

The validity of the optical measurement of the intercalation and deintercalation
dynamics from AA(t)/A of the interband transition requires the continuous, preferably a
linear function, of the amount of Li intercalated in TiS2 nanodiscs. Here a computational
approach is employed to evaluate the existence of such correlation. The optical
absorption spectra of LixTiS2> was calculated using a 2x2x2 LixTiSz bulk supercell as
shown in Fig. 4.6 (a, b). The geometry of LixTiS2 was first optimized at five different
concentrations of lithium in the range of 0<x<1. Three configurations were considered at
x=0.50 and one at all other concentrations (Fig. 4.7). Li intercalation induced the

expansion of the lattice along the vertical axis (about 8% of ¢ for x=1) more substantially
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than along the a-axis (<1% of a). These structural results are in good agreement with

previous experimental and theoretical results.”
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Figure 4.8 Complex dielectric function parallel (¢;) and perpendicular (¢,) to the c-axis
of TiS2. Real and imaginary part of the dielectric function, (a, b) & and (c, d) &,
respectively, as a function of x in LixTiS2. Arrows indicate the change of intensity at the

main peaks as the concentration of lithium increases.

The imaginary part of the refractive index (k) representing the optical absorption

intensity was computed from the calculated complex dielectric functions &; + ie,(Fig.
4.8), using the equation k2 = %(,/sf + &2 — 81) and the results are reported in Fig. 4.9

(@) and Fig. 4.10. For LixTiSy, the component of k perpendicular to c-axis (k) is

dominant over the parallel component (k) in the energy range of 0.5-2.5 eV. In addition,
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we used k, to find a correlation with x in LixTiS2 because the absorption measured in
the film of Li intercalated TiS; nanodiscs, lying flat on the substrate, is only contributed

by the in-plane (i.e., perpendicular to c-axis) interband absorption.*
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Figure 4.9 (a) Perpendicular component of the imaginary part of refractive
index (k) as a function of x in LixTiS2. Arrow indicates change of intensity at the main
peak as the concentration of lithium increases. (b) Relative change of intensity of the

main peak with respect to the non-lithiated case.

In Fig. 4.9(a), the peak centered at ~1.9 eV corresponds to the experimentally
observed absorption peak at ~600 nm (2.06 eV) in Fig. 3.5. The intensity of this peak
diminishes with increasing x, consistent with the experimental observation made in the
present and earlier study.® Fig. 4.9(b) illustrates the relative change of the peak intensity
of k, with respect to the non-lithiated case (A k,/k,) as a function of x in LixTiS,
which shows a nearly linear decrease with increasing x. This result indicates that the

measurement of the fractional change in the interband absorption intensity, AA(t)/A, can

39



be a reliable method to optically probe the dynamics of Li intercalation and

deintercalation.
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Figure 4.10 Parallel (out-of-plane) component of the imaginary part of refractive index
(ky) as a function of x in LixTiSz. Arrow indicates change of intensity at the main peak as

the concentration of lithium increases.

4.3 Conclusions

In conclusion, we investigated the rapid dynamics of electrochemical Li
intercalation and deintercalation in the layered TMD materials with nanoscale lateral
dimension using the films fabricated with size-controlled colloidal TiS2 nanodiscs. In-
situ optical spectroscopic method, detecting the changes in interband absorption intensity
modified by Li intercalation, could conveniently probe the dynamics of intercalation and

deintercalation varying with the size of the nanodiscs and also during the multiple
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intercalation/deintercalation cycles affected by the partially irreversible changes in the
host structure. The methodology for the measurement of the dynamics and the
experimental results from this study will be valuable not only in obtaining the dynamic
modulation of material properties but also for battery applications where understanding
intercalation and deintercalation processes in nanoscale materials may allow better

electrode designs utilizing the layered TMD materials with nanoscale lateral dimension.
4.4  Experimental methods
4.4.1 AA(t)/A dependence of electrode potential

The potential dependence experiment was conducted on a TiS; film fabricated
with r=250 nm nanodiscs. The electrochemical cell was assembled as description in
section 3.3. Five cycles of intercalation and deintercalation trials were applied in a
sequence of -0.5 V, 0.3V; -0.7V, 0.3V; -09 V, 0.3V; -1.1 V, 0.3 V,; -1.3 V, 0.3 V over
Ag pseudo reference. Each segment of individual electrode potential was applied for five

minutes. The results are shown before as Fig. 4.1.
4.4.2 Estimation of ‘effictive’ diffusion coefficient of Li in TiS2 nanodiscs

The normalized experimental data of |AA(t)/A| was fit with the following

expression of C(t,r):
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C(t,r) represents average concentration of Li normalized to its terminal concentration in
a cylinder of radius r under 2-dimensional radial diffusion condition.5®

For this fitting, the following 12 leading terms for a, were used in the summation,
which are the solutions of the Bessel function of the first kind Jo(x):
2.405, 5.520, 8.654, 11.1975, 14.9309, 18.0711, 21.2116, 24.3525, 27.4935,

30.6346, 33.7758, 36.9171
4.4.3 DFT calculations

Spin polarized calculations were performed using the Vienna ab Initio
Simulation Package (VASP),’*"® with the projector-augmented wave (PAW)
pseudopotentials™® "™ to describe the electron-ion interactions. The Perdew-Burke-
Ernzerhof generalized gradient approximations (GGA-PBE)’® was employed as the
exchange-correlation functional. The energy cut-off for the plane-wave basis was set to
500 eV. The partial occupancies were described with a 0.02 eV Gaussian smearing. The
geometry optimizations and energy calculations were performed with a 4x4x2
Monkhorst-Pack’” k-point grid, whereas a 8x8x4 k-point mesh was employed to
calculate the absorption spectrum of bulk LixTiS,. During the geometry optimization,
the van der Waals interactions between TiS, layers were described using the zero-
damping DFT-D3 method of Grimme.”® The convergence criteria for electronic self-
consistent iteration and ionic relaxation were set to 10° and 10° eV, respectively.

Although techniques such as HSE06 and GW commonly yield electronic properties
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closer to experimental values, relative variations of those properties using DFT-GGA are

in good agreement as well.”® &

Table 4.2 Optimized lattice parameters (a, b, and c¢) for different ratios and
configurations of Li-intercalated in TiS (LixTiSz) in the supercell 2x2x2. a, and cy stand

for the equivalent lattice parameters per unit cell.

Supercell Ave. per unit cell”

” a(A) b (A) c (A) au (A) cu (A)
0.00 6.792 6.792 11.411 3.396 5.705
0.25 6.777 6.784 11.783 3.390 5.892

0.50-(1) 6.792 6.792 11.827 3.396 5.914

0.50-(2) 6.766 6.786 12.183 3.388 6.092

0.50-(3) 6.779 6.787 12.135 3.392 6.068

0.75 6.791 6.798 12.188 3.397 6.094

1.00 6.806 6.806 12.221 3.403 6.110

*ay=@th)/4; cu=cl2
A unit cell of TiS, bulk with P3m1 space group was used as initial configuration
and then fully optimized. Optimized lattice parameters (a=3.389 A and ¢=5.717 A) were
found in excellent agreement with previously reported theoretical and experimental
results.8% 82 The lattice parameters are summarized in Table 4.2. Regarding the lithium
intercalation, three interstitial sites are available in the van der Waals gap of TiS> per

unit cell; two tetragonal (T) and one octahedral (Oh). However, it has been reported that
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lithium in LixTiS2 occupy the Oh sites preferentially, larger intercalation energy, for
0<x<1 following a reversible reaction without phase transition.828* Therefore, we
considered only this region and assumed that Li occupies only the Oh sites.
Subsequently, a 2x2x2 supercell was built to allow several values of x between 0 and 1
to exist. Thus, different concentrations (x=0, 0.25, 0.50, 0.75, and 1; equivalent to 0, 2, 4,
6, or 8 Li per supercell) were used to examine the change of intensity on the optical
absorption spectrum of LixTiSz. The frequency dependent dielectric function, e(w) =
& (w) +ie,(w), was calculated using the independent-particle approximation as
implemented within VASP.® 240 bands were used for these calculations. Due to
symmetry, we can identify two independent components g, = &,, and €, = (& +

£yy)/2 that are parallel and perpendicular to the c-axis, respectively.
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CHAPTER V
FUTURE ASPECTS

In the previous chapter, the dynamics of rapid lithium intercalation and
deintercalation of 2D layered colloidal TiS2 nanodiscs by in-situ optical measurement
has been investigated. Using electrochemical device, the reversible optical absorption
change was observed upon the immigration of lithium ions. And by monitoring real-time
absorption change, the dynamics of ion diffusion was discussed.

To obtain stable and comparable data, the absorption change was mostly focused
on very selective electrode potential conditions. Given the theoretical discussion and
applied electrical bias dependence, the TiS>-Li system has the potential for continuous
adjustment of optical properties under modifying voltage control. The more delicate
optical properties modulation of this system can be conducted and benefit the research of
opto-electronics. Apart from investigated visible range, the enhancing absorption in
near-IR range (>1400 nm) was clearly seen in TiS,-Li system. This opens up the
possibility of harvesting or inhibiting longer wavelength with plasmons.

The dynamics of intercalation and deintercalation of Li lead to swift performance
of optical alteration through lateral dimension limited TiS> compared with larger TiS;
and other layered transitional metal chalcogenide. The improved responding rate can be
the key of designing and upgrading electrical components. The production of nanodiscs
is currently incomparable with the manufacturing of graphene or MoS> films in
nanometer thickness. Once the synthesis of nanodiscs is more mature and economically
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available, it won’t be far away from testing and utilizing nanodiscs in battery related
application.

Due to low voltage output of lithium or lithium ion battery, TiS> is not the
mainstream of cathode materials in current daily use.®® But the convenient kinetics of Li-
TiS, has been adapted for hybrid battery research with other anode material. For
example, rechargeable Mg batteries are under research and development for its high
volumetric capacity, low-cost and air stability,®” while larger size and polarizability of
Mg?* is the hurdle to overcome for better ion diffusion. Since Li ion diffusion is favored
in cathode material like TiSz, Li* was used as the carrier in Mg-TiS; battery and this
hybrid Mg?*/Li* battery performed with long cycle life and high rate capability.®® The
existence of Li" also facilitates the intercalation of other guest species in TiS».

The electrochemical cell setup for Li-TiS2 system is not limited to the only ion-
host combination. The cell is based on reduction in the working electrode and
rearrangement of double layer in the counter electrode. Thus the intercalation ion and
receiving host dual can apply to more selections for in situ observation. In addition, the
in situ monitoring property is not limited to optical change. This undoubtedly expands

the application of the platform.
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APPENDIX

The intercalation trial of Na* into TiS2 nanodiscs was conducted. The setup of
cell was similar in Section 3.4.2 with Li, switching the electrolyte solution from 0.1 M
LiClO4 to 0.1 M NaClOg in acetonitrile. The electrode potential scheme and AA(t)/A for
five cycles at 600 nm of r=250 nm sample are shown in the upper and lower panel in Fig.
A.1. The electrode potential applying pattern was composed of -1.1 V, open circuit and
0.3 V of five minutes each, with respect to intercalation, behavior without intercalation
driving force and deintercalation. The AA(t)/A showed a similar trend in the first cycle
of intercalation attempt as Li, while AA(t)/A was smaller and slower in dynamics as the

sequence went. It suggests the irreversibility in optical modulation with the setup in

3.4.2.
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Figure Al Data of Na® intercalation and deintercalation trial using the same setup as

Li* of r=250 nm TiS; nanodiscs. The electrode potential apply during the five cycles is
indicated in upper panel and AA(t)/A is shown in the lower panel.
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Beside r=80 nm and r=250 nm mentioned in Chapter Ill and V, r=30 nm TiS>
nanodiscs were also tested. The applying pattern, AA(t)/A and extracted 71 in
intercalation of five cycles are shown in Fig. A.2. The setup of the cell was similar to
section 3.4.2, but with r= 30 nm TiS> deposited on the ITO/glass. In each cycle the
potential applying was arrange with five minutes of -1.1 V, 0.5 minutes of open circuit
and 9.5 minutes of 0.3 V over the Ag pseudo reference. The data of AA(t)/A shows a
large relative error, majorly due the low absorption of pre-intercalated TiS> film as well
as lower absorption decrease upon intercalation. The decrease stability compared with
larger TiS2 mentioned may also contribute. It was tested that r=30 nm had a faster rate of
oxidation and degradation, monitored by the absorption of nanodiscs film over time. The
larger fluctuation of AA(t)/A leads to the greater uncertainty and error in time
component fitting. Nonetheless, the 7; of the intercalation segment is reported and similar

to the r=80 nm data.
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Figure A2 (a) The scheme of electrode potential applying and respective AA(t)/A with
r= 30 nm TiSz nanodiscs in 0.1 M LiClOa. (b) the value of z1 from only the intercalation
part.
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