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ABSTRACT

Any crystalline material inevitably contains interruptions in its crystal structure, which
are called defects. While sometimes detrimental to the material’s performance, these de-
fects drastically expand the space of properties accessible to the crystal, often introducing
variations in electronic, vibrational, and optical attributes. It follows that the control and
prediction of these defects can vastly extend the range of applications for materials in modern
devices. In this work, we use first-principles density functional theory (DFT) to simulate the
time evolution of these defects in several crystalline materials and suggest means by which
they can be controlled and manipulated. To this end, two classes of defect dynamics are
considered. The first is passive dynamics, in which the evolution of defects is probabilistic,
and its rate is dictated only by the environmental conditions in which the material exists.
For this, thermally induced defect creation and migration in various materials are modeled
by employing the nudged elastic band method to determine the energy barriers for these
processes, from which the Arrhenius equation is used to relate those barriers to rates of
occurrence. The second class is active defect dynamics, in which defects are intentionally
produced, guided, and precisely manipulated under properly tuned electron beam irradia-
tion. Here, we lay out how DFT can be combined with quantum electrodynamics to reveal
how phononic and electronic excitations affect the atomic displacement rates in response to
the incident beam electron collisions. In doing so, we provide theoretical support for the use
of the electron beam as a reliable high-precision instrument for atomic-scale defect engineer-
ing in various materials. We hope that such an understanding of defect dynamics can grant
materials engineers the ability to tune and control the properties of novel materials for the

purpose of targeted functionality.

xil



CHAPTER 1
INTRODUCTION

A crystal is a highly ordered solid whose atomic structure conforms to discrete trans-
lational symmetry operations in all directions in which it extends. In a crystal, there exist a
set of lattice vectors fa;g, such that any translation of the form R = j Njaj, where fn;g
are integers, leaves the system unchanged. We call the set of all translations R the Bravais
lattice. In this way, a crystal can be thought of as an array of identical periodic unit cells,
whose relative positions in the crystal lie on the Bravais lattice [1], [2].

Any interruption in this periodicity is called a defect. During the growth process or
post-synthesis, defects are bound to form in any crystal. These defects are both diverse and
consequential, as they can induce dramatic and often unexpected changes in the material’s
mechanical, optical, and electrical properties [1]-[4]. In this way, defects can vastly expand
the material’s potential for applications in cutting edge devices.

Here, we consider two dynamical defect-related processes: creation and migration.
Creation is the initial breaking of the crystal’s periodic symmetry by atomic dislocations
and/or adsorption of foreign atoms or molecules. Once formed, it is then possible for these
defects to move about the crystal. Such movement can be broken down into individual steps
called migrations, which occur when a defect migrates to an adjacent cell via translation by
a lattice vector. Understanding and manipulating defect creation and migration can allow
for a high degree of control over the material.

In this dissertation, we simulate two classes of defect dynamics and study their effects
on a variety of materials. The first is passive dynamics, in which defect creation and migra-
tion are thermally induced, so that their rates are temperature-dependent. Comprehending
these dynamics is critical for predicting how a material’s behavior depends on its environ-
ment. For example, for materials grown by chemical vapor deposition (CVD), in which the
deposition of precursor particles onto the substrate is random, the probability of forming a
particular structure is governed entirely by energetics [5]. In these cases, understanding the

thermodynamic and kinetic energies of the processes involved during growth can enable us

Portions of this chapter previously appeared as: A. Yoshimura, M. Lamparski, N. Kharche, and V.
Meunier, \First-principles simulation of local response in transition metal dichalcogenides under electron
irradiation,” Nanoscale, vol. 10, no. 5, pp. 2388-2397, Jan. 2018.



to make predictions about its final morphology. In chapter 2, we use this method to ex-
plain ReS,’s distinct propensity for vertical growth by CVD. Additionally, defect dynamics
are critical to understanding a material’s stability under a particular set of conditions. If
a material’s utility arises from a particular set of qualities, it is necessary to determine the
conditions in which these valuable qualities are stable. In light of this, the latter half of
chapter 2 uses this idea to elucidate two experimental results: (1) why VS, cathodes can
better maintain their capacity when coated by TiS,, and (2) why BaZrS;z is more resilient
to light-induced decomposition than MAPDI;.

The second class is active dynamics, in which the creation and migration of defects are
intentionally prompted and steered. As the ultimate goal of any materials engineer is the
ability to control the properties of a particular material, we propose that, under appropriate
conditions, electron beam irradiation can be an effective method for post-synthesis struc-
tural manipulation of crystalline materials. To this end, in chapter 3, we combine density
functional theory (DFT) [6], [7] with quantum electrodynamics (QED) to develop a method
to predict a material’s atomic-scale structural response to electron irradiation. With this,
chapter 4 then discusses how irradiation of transition metal dichalcogenides (TMDs) can
maximize chalcogen vacancy migration while minimizing the formation of new defects. This
can allow for localized structural manipulation of a TMD flake without the risk of gen-
erating unintended collateral damage. Lastly, the sub-angstrom precision of modern day
transmission electron microscopes (TEMs) can enable high-precision atomic-scale sculpting
of an irradiated material. Thus, in chapter 5, we show how to account for beam-induced
electronic excitations. These excitations can substantially reduce the binding energy of a
target atom to a material, so that a careful understanding of their rates is necessary for fine-
tuned control over single-atom dislocations. Such knowledge can pave the way for pinpoint
quantum dot engineering for quantum information, catalysis, and device miniaturization

applications.



CHAPTER 2
THERMALLY-INDUCED DEFECT DYNAMICS

Understanding the nature of thermally-induced defect dynamics is critical for pre-
dicting how a material’s behavior depends on its environment. These dynamical processes
are probabilistic, governed solely by the thermodynamic and kinetic energies involved. We
therefore begin this chapter by describing the basic mechanism for thermally induced defect

migration, which allows us to relate their energetics to rates of occurrence.

2.1 Energy barriers and the Arrhenius equation

Consider the energy landscape produced by the ground state energies of all possible
configurations of the atoms within a portion of a crystal. In this landscape, a metastable
structure corresponds to a local energy minimum in this configuration space. It follows that
any stable defect lies at a local minimum. Now, consider a pair of adjacent minima labelled
A and B separated by a ridge, as shown in figure 2.1. In order for the system to evolve from
A to B, it must possess enough energy to traverse the ridge. The minimum energy required
to do so is called the energy barrier.

Considering again figure 2.1, there are infinitely many paths that the system can take
to get from A to B. Of these, the path of “least-resistance” must cross the saddle point,
moving perpendicularly to all of the energy contour lines that run between the two minima.

In light of this, the nudged elastic band (NEB) method is designed to calculate this path [8].

Portions of this chapter previously appeared as: A. Yoshimura, M. Lamparski, N. Kharche, and V.
Meunier, \First-principles simulation of local response in transition metal dichalcogenides under electron
irradiation,” Nanoscale, vol. 10, no. 5, pp. 2388-2397, Jan. 2018.

Portions of this chapter previously appeared as: D. Ghoshal, A. Yoshimura, T. Gupta, A. House, S. Basu,
Y. Chen, T. Wang, Y. Yang,W. Shou, J. A. Hachtel, J. C. Idrobo, T. M. Lu, S. Basuray, V. Meunier, S. F.
Shi, and N. Koratkar, \Theoretical and experimental insight into the mechanism for spontaneous vertical
growth of ReS, nanosheets,” Adv. Funct. Mater., vol. 28, no. 30, pp. 1801286-1801297, May. 2018.

Portions of this chapter previously appeared as: L. Li, Z. Li, A. Yoshimura, C. Sun, T. Wang, Y. Chen,
Z. Chen, A. Littlejohn, Y. Xiang, P. Hundekar, S. F. Bartolucci, J. Shi, S. F. Shi, V. Meunier, G. C. Wang,
and N. Koratkar, \Vanadium disul de akes with nanolayered titanium disul de coating ascathode materials
in lithium-ion batteries,"” Nat. Commun., vol. 10, no. 1, pp. 1764-1773, Apr. 2019.

Portions of this chapter have been submitted to T. Gupta, D. Ghoshal, A. Yoshimura, S. Basu, P.
K. Chow, A. S. Lakhnot, J. Pandey, J. M. Warrender, H. Efstathiadis, A. Soni, E. Osei-Agyemang, G.
Balasubramanian, S. Zhang, S. F. Shi, T. M. Lu, V. Meunier, and N. Koratkar, \An environmentally stable
and lead-free chalcogenide perovskite,” Adv. Funct. Mater., 2020.
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Figure 2.1: Hypothetical energy landscape in the space of atomic

configurations. The darkest blue and lightest orange regions
possess the lowest and highest energies respectively, while the
regions of intermediate energies are separated by constant-energy
contour lines. Configurations A and B both lie at local minima.
Black circles along the dashed line represent the images obtained
by interpolation of A and B, while the black circles on the solid line
represent the same images after the migration path is optimized.

In the NEB method, several intermediate structures, called images, are used to interpolate
the structures between the two minima. A sufficient number of these images can draw out a
smooth path between A and B, such as the one represented by the dashed line in figure 2.1.
These images are then virtually “connected” by springs of equal spring constant, so that
fictional attractive forces exist between corresponding atoms in each image with those of its
neighbors. From this, the path is optimized by allowing each image to relax in response to
Hellmann-Feynman force components perpendicular and spring force components parallel to
the current path [9], [10]. This optimization persists until forces on all atoms in all images
settle below a predefined cutoff, at which point, we can assume that the path is sufficiently
close to the path of least resistance.

On top of this, a small modification called a climbing image can be added in which

the highest energy image is driven to the saddle point during relaxation [11]. To carry this



out, the highest energy image is made immune to the spring forces, and instead, relaxes in
response to the inverted Hellmann-Feynman force component parallel to the path. Thus,
the climbing image NEB (CINEB) method produces an optimized path connecting A and
B, on which one image lies at the saddle point. Subtracting the energy of A from that of
that of the saddle point then gives us the energy barrier required to reconfigure the system
from A to B. If A and B are identical defects in adjacent cells, this gives us the barrier for
the migration of that defect.

We now need a way to relate a migration barrier to a rate. For this, we use the fact that
the thermal energy of a crystal manifests in the vibrations of its atoms. These vibrations can
be cast as combinations of vibrational modes, where each mode corresponds to a collective set
of atomic displacements from their pristine sites. The energies of these modes are quantized,
and we call their quanta phonons [1], [2]. The frequencies of these phonons for each mode in
a given material are often well-documented in the literature. Meanwhile, phonons in a given

material are distributed to each mode via the Boltzmann distribution [12]

P(E) /e EkeT, (2.1)

where E as the energy of (proportional to the number of phonons in) the mode,

With this, one more piece of information is needed estimate the rate of defect migration.
A given migration is initialized by a set of atomic displacements from their metastable sites.
Knowing this, we can find the vibrational modes whose displacements align with those that
initialize the migration. The frequency of that mode can then be thought of as the rate at
which the system attempts to overcome the barrier [13], [14]. Thus for a given barrier E and

phonon frequency , we can estimate the rate of migration using the Arrhenius equation [14]

R(E; )= e T, (2.2)

In the following sections, we use equation (2.2) to calculate the rates of defect migration
in order to explain three experimental results. In each case, the consideration of defect

migration helps to explain material properties that are geared towards a distinct application.



2.2 Vertical growth mechanism in ReS,

The discovery of graphene stimulated a wave of intrigue in layered van der Waals (vdW)
solids comprised of covalently bonded layers held together by weak interlayer vdW forces. A
prominent example are the transition metal dichalcogenides (TMDs) of the form MX,, where
M denotes a transition metal (e.g., Mo, W, or Re) and X denotes a chalcogen (e.g., S or Se).
The edge sites of a TMD flake often possess distinct properties from those on its surface.
For example, the edges sites in group-VI transition TMDs, including MoS,, have been shown
to effectively catalyze the hydrogen evolution reaction (HER), while the sites on its surface
have shown to be inert [15]. In light of this, vertical growth of TMDs, in which the planes
of the material grow perpendicular to the substrate surface, can allow for greater access to
the edge cites per subtrate area. With that said, vertical growth of TMDs including MoS,
and WS, can be a challenge, in that initiation of out-of-plane growth is highly contingent
on specific growth conditions, namely the substrate material and orientation. For example,
NbS, has been observed to grow vertically on SiO,, but switches its growth morphology
when the substrate is changed [16]. Meanwhile, vertical growth of MoS; and WS, has been
reported on certain substrates under special growth conditions [17] (involving fast supply of
CVD precursors). In stark contrast to these TMDs, it has been found by our experimental
collaborators that ReS, can grow vertically on any substrate. This vastly facilitates access
to its potentially active edge sites. We therefore wish to gain insight into the mechanism for
ReS,’s distinct propensity for vertical growth in the hopes that this knowledge can motivate
the search for other materials that can be readily grown vertically.

To gain insight into the thermodynamically favorable out-of-plane growth mechanism,
we examine the evolution of ReS; growth with time as shown in figure 2.2. A close investi-
gation of figure 2.2 elucidates many features that differentiate the vertical growth in ReS;
from that of other TMDs. First, vertical growth of ReS; is initiated from a layer of flat ReS,
and not directly from the substrate. At earlier phases of growth, flat ReS, grows on top of
the substrate without any significant vertical growth. Images of the typical flat (hexagonal
shaped) ReS; at an incipient phase of growth are shown in figure 2.2a. The higher mag-
nification scanning electron microscopy (SEM) image provided in figure 2.2b shows vertical
ReS; nuclei originating from the surface of the flat ReS, sheets. Interestingly, the nucle-
ation points for the vertical ReS; lie in the close proximity of the center of the flat ReS,

flakes. Gradually vertical ReS, growth from the center of the hexagons is seen to develop



Figure 2.2: Growth evolution of ReS, on a Si substrate at a temperature of
650 C. Scanning electron microscopy images of (a) hexagonal flat
ReS;, (b) nucleation of vertical growth in the region near the center

of the flat ReS; sheets, and (c) vertical ReS; on top of flat ReS,.
(d) High-magnification image of densely packed vertical ReS,. The

growth time is provided in the upper right corner of each panel.

Reprinted from the attributed publication of Ghoshal et al. [18].

transforming into a dense ReS; forest at the completion of growth as shown in figure 2.2¢,d.

To understand the underlying mechanism for nucleation of vertical ReS,, we employed
first-principles DFT calculations. Prior to analyzing ReS,, we first considered the commonly
studied group-VI TMDs, including MoS, and WS,, which assume a trigonal prismatic geom-
etry, forming a honeycomb lattice. On these hexagonal surfaces, there exist only two adsorp-
tion sites onto which a transition metal atom can bind, as indicated in the supplementary
figure B.1. Binding at either site leaves the MoS, or WS, lattice relatively undisturbed, as
no bonds are broken, and no atoms are displaced. By contrast, the ReS, lattice is Peierls
distorted [19], so that adjacent Re atoms are alternatingly pinched together and pulled apart.
It follows that the less-symmetric ReS; has many additional distinct binding sites (Aj, Aj,



Table 2.1: Re binding energies at the five sites shown in figure 2.3a. Note that
the B-site has the highest binding energy and is therefore the most
energetically favorable site for adsorbed Re.

site  binding energy (eV)

B 4.79
Ay 3.08
A, 2.94
As 4.11
Ay 4.48

A3, A4 and B) onto which a Re atom can bind, as indicated in figure 2.3. Of special interest
is site-B, at which the adsorbed Re atom can bind metallically to three Re atoms already
present in the lattice. These three Re-Re bonds are more stable than the three S-Re bonds
that would hold an S atom to site-B. Thus, the adsorbed Re atom has the effect of displacing
the S atom, leaving an under-coordinated S which then protrudes from the lattice, as shown
in figure 2.3b. The outcome of this process is to break the 2-dimensional (2D) symmetry of
the material. The under-coordinated S atom is reactive and can thus easily bind to free Re
and S atoms, initiating growth in the direction perpendicular to the ReS, surface as shown
in figures 2.3d and e.
We calculated the free energy of Re adsorbed to each site using [20]

X hy; < ht;

F=E — + kgT 1 —
Gs T+ 5 + K exp KT

(2.3)

where Egs is the ground state energy, Kg is the Boltzmann constant, h is the reduced Planck
constant, and the summations include the vibrational angular frequencies !; of both the

adsorbed Re and the displaced S. The binding energy at each site was then calculated using

I:bind = I:tot I:bare I:ad (2-4)

where Faq, Fpare, and Fyot are the free energies of the free Re atom, pristine ReS, monolayer,
and adsorbed system respectively. The resulting binding energies shown in table 2.1 indicate
that site-B is the most energetically favorable site for adsorbed Re.

To occupy site-B, an incident Re atom must first bind to one of the four Ay sites (figure

2.3a) where the subscript X = 1, 2, 3, or 4. Due to thermal vibrations, the Re atom then



Figure 2.3:
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(a) Structural model showing five distinct sites for Re adsorption
onto the pristine ReS, surface. The presence of the adsorbed Re
atom does not displace any S atoms when bound to sites labeled Ay
circled in green. However, Re atoms that bind to site-B circled in
red can bind to three Re atoms in the lattice, dislocating an S atom
in the process. (b,c) In-plane views of Re atoms binding to sites B
and A, respectively, as labeled in (a). The Re binding in (b) pushes
an S atom out of the ReS; plane. The structures that grow
vertically out of adjacent B-sites can combine to form a vertical
ReS; sheet: (d) a cross section of adjacent vertical sheets and (e) a
single vertical sheet attached to the horizontal sheet along a row of
adjacent B-sites.
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Figure 2.4: (a) Energy profiles for Re migrations from the sites Ax to B
marked in Figure 2.3a. For a given energy profile, the energy
barrier (i.e., activation energy) is the largest increase in energy
between any two points on the profile. (b) Energy landscape of an
adsorbed Re atom on the ReS; surface, indicating that site-B is the
most energetically favorable site for adsorbed Re.

displaces a nearby S atom and migrates into the thermodynamically favorable site-B. We
then use equation (2.2) to determine the rates of Re migration from Ay to B, for which we
set the prefactor = 1=2 = 6:45 10% Hz, the frequency of the most active vibrational
mode in monolayer ReS; [21]. Meanwhile, the barrier energies were calculated for each
migration using the CINEB method. Figure 2.4a shows the calculated energy profiles along
each migration path, while figure 2.4b shows the energy landscape over which the migrating
Re atom traverses. For a given profile, the activation energy is calculated by measuring
the largest increase in energy between any two points along the profile. The results for all
four migrations are listed in table 2.2, which also contains the corresponding migration rates
predicted by the Arrhenius equation for the CVD growth temperature of 650 C. As the
observed nucleation process takes several minutes to transpire, these rates indicate that the
migration of Re from B to Ay is essentially instantaneous once the Re has landed on Ay.
The activation energies for the reverse migrations (i.e. from B to Ay) are also shown in table
2.2. For all four A sites, the B to Ay (reverse) activation energy is larger than that of Ay to
B (forward). Finally, the last column in table 2.2 shows the ratio of the forward rates to the
reverse rates. These ratios convey that the vast majority of Re atoms that bind to Ay, A,, or

Az will occupy the nearest site-B after some time. Meanwhile, although the binding energy
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Table 2.2: Activation energies calculated using the climbing image nudged
elastic band method [11]. The corresponding rates are calculated
using the Arrhenius equation at the CVD growth temperature of
approximately 650 C.

Site Activation energy (eV) Re migration rates (Hz) Occupation ratio (B:Ay)
Ay to B B to Ay Ay to B B to Ay

Ay 0.73 1.60 6:51 108 1:47 10 4:42  10*

A, 0.80 1.84 7:35  10° 733 1:00 10°

As 0.58 1.06 475 10°  1:20 107 395

A, 1.14 1.25 4:48 10 1:13 106 4:00

at A4 is very close to that of B, table 2.2 affirms that about 80% of atoms adsorbed at A4
will eventually occupy B. Thus, in our growth conditions, we predict most of the adsorbed
Re will occupy the B-sites at any given time.

Lastly, to ensure that thermal vibrations would not significantly hinder the migration
processes, we simulated the migration from A4 to B at 650 C using DFT-based molecular
dynamics (MD). This was achieved by setting the atoms’ initial velocities in the direction
tangential to the first set of displacements along the calculated NEB path. Each atom was
given the same initial kinetic energy of 3=2kg T, where the T = 933 K is the temperature. The
resulting dynamics are shown in movie S1 provided in the supporting information of Ghoshal
et al.’s work [18]. While the Re atom in the movie does not migrate completely to site-B, the
resulting motion still immediately displaces the S atom in the direction perpendicular to the
ReS, plane, and therefore produces a nucleation site for vertical growth. The MD simulation
demonstrates that the S displacement during the A4 to B migration is certainly possible at
933 K. As this migration has the largest energy barrier of the paths we considered, this
suggests that any Re that binds to an A site can eventually migrate to site-B and displace
a S atom in the process.

We recognize that the CVD deposition process is complex and it is unlikely that only
one type of precursor will land on the flat ReS,. However, even in the presence of other
precursors (i.e., mixed precursors), the presence of even small proportions of Re ad-atoms
can ensure nucleation of out-of-plane growth. If Re binds in large enough density to adjacent
B-sites, the neighboring growing structures can connect, forming a vertical morphology as

demonstrated in figures 2.3d and e. Therefore the under-coordinated S atom that protrudes
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out from the ReS, plane in conjunction with an out-of-plane Re-Re metal bond acts as the
nucleation “seed” for vertical-ReS, growth. It should be noted that protrusion of S is only
observed at the B-sites and not at any of the A-sites as indicated in figures 2.3b and c. Since
such B-sites are absent in other group-VI TMDs (see supplementary figure B.1), such as
MoS, and WS,, this growth mechanism is unique to ReS,.

As can be seen in Fig. 2.2b, vertical ReS, growth on a flat ReS, flake is highly
anisotropic, as its growth in the initial stages is concentrated at the center of the flake. This
observation is consistent with our growth model. We expect that Re atoms that initially land
on the flake’s surface will take a random walk via migration between adjacent adsorption
sites. If the flake is small, this random walk will more than likely lead the Re atom to
the flake’s edge, where binding to the substrate is more thermodynamically favorable. We
therefore do not see any vertical morphology at the early stages of ReS, growth, as shown in
supplementary figure B.2, since any S that gets displaced from a B-site on top of the flake
will quickly diffuse to the flake’s edge. However, as the radius of the flake grows, so too does
the expected time for the Re atom to remain on the flake. This extended time on the flake
allows for more opportunities for two B-sites to meet, from which point out-of-plane growth
is initiated. This explains why the vertical ReS; sheets are not nucleated at the initial stages
of growth and only develop later on as the flat ReS, flakes grow larger in size (see figure 2.2)
and vertical growth becomes kinetically favored. This also explains why the seed points for
nucleating the vertical ReS, are located in close proximity to the center of the flat ReS, flake.
It should be noted that if the nucleation of vertical ReS, was simply due to concentration of
defects near the center of the flat flakes, then the nucleation of the vertical ReS, from the
defect centers should have originated at a much earlier stage in the growth process, which is
not the case as shown in supplementary figure B.2.

In summary, we have unraveled the mechanism that underpins the thermodynamically
favorable out-of-plane vertical growth mode of ReS, nanosheets. We show that this sponta-
neous vertical growth in ReS; is very different from the out-of-plane growth of conventional
TMDs. While out-of-plane growth in conventional TMDs is attributed to curling of the
growth plane, merging of flat domains, or lattice mismatch with the substrate, we show
using DFT and time-resolved SEM images that the spontaneous vertical growth in ReS; is
triggered by out-of-plane Re-Re bonds that cause under-coordinated S atoms to protrude out

from the ReS, basal plane. We also use DFT and binding energy calculations to explain the
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anisotropy in the out-of-plane growth wherein maximal vertical growth occurs at the center
of the predeposited flat ReS, flake and is almost nonexistent along the flake edges. The
DFT model was validated by our collaborators, who carried out atomic-resolution STEM
imaging of the junction between the horizontal (flat) and vertical ReS; sheets. The growth
model developed in this work could apply to a broad class of material systems with distorted
1T’ phase, wherein an out-of-plane metal-metal bond causes an under-coordinated chalco-
gen atom to be displaced, triggering vertical growth from the surface of the flat flake. To
study this, we considered TcS, which shares a similar distorted 1T’ phase as ReS,. DFT
calculations indicate that Tc adsorption at the B-site is stable in TcS;, as can be seen by
the protruding S atom in supplementary figure B.3. Future research directions should in-
clude in-depth DFT calculations in conjunction with atomic resolution imaging to further

investigate such 2D material systems that exhibit low structural symmetry.

2.3 TiS, protective coating on VS, cathodes

Most of the commonly used group-VI TMDs such as MoS; and WS, are semiconductors
with low electrical conductivity [22], limiting their utility as battery materials. Deployment
of such TMDs as electrodes is only possible when they are mixed with highly conductive
carbon-based materials. However, this greatly reduces the active material loading and limits
the high-rate capability of the electrode. In contrast, VS, is a conducting TMD material [23]
that exhibits metallic behavior as shown by the band structure plots in supplementary figure
B.4. Therefore, VSy-based electrodes could in principle be deployed in lithium (Li)-ion
batteries without requiring a high content of conductive carbon additives or conductive
binders, which are inactive materials. In spite of this promise, the realization of VS,-based
electrodes [24]-[28] in Li-ion batteries has been limited by its poor stability, which leads to
low cycle life. In the literature, volume expansion leading to pulverization [24] is cited as
a reason for poor stability of VS, in Li-ion batteries. To buffer the volume expansion, VS,
is mixed with mechanically resilient carbon materials (e.g., graphene) to create a composite
electrode that offers improved stability [24].

Here, in collaboration with experimentalists, we demonstrate that VS, flakes can be
stabilized in the electrochemical environment of a Li-ion battery by simply coating them
with a few nm thick layer of titanium disulfide (TiS;). In our approach, densely packed

VS, flakes with high crystallinity are grown directly on the surface of a carbon nanotube
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current collector substrate by CVD. Then a conformal TiS, coating is deposited on the VS,
platelets by atomic layer deposition (ALD). Electrochemical testing as well as in situ opti-
cal as well as ex situ SEM observation reveal a pronounced stability enhancement for the
TiS,-coated VS, as compared to bare VS,. First-principles DF'T calculations indicate that
VS, undergoes large Peierls distortion during lithiation/delithiation, as shown by compar-
ing figures 2.5a and c. In contrast, the TiS, lattice shown in figures 2.5b and d remains
relatively undisturbed. Consequently, the TiS; coating provides an electrochemically and
mechanically stable support that “buttresses” the VS, platelets and prevents the underlying
VS, sheets from delaminating and peeling off the surface. To our knowledge, the role of
Peierls distortion (during lithiation/delithiation) in promoting the failure of VS, electrodes
has not been identified in the past, and thus constitutes a key contribution of this work.
The resultant VS,-TiS; structures are remarkably resilient and offer a striking enhancement
in stability over the baseline VS, electrode in Li-ion batteries. In fact, the performance of
the TiS, protective coating is superior to ALD deposited layers of metal oxides (e.g. Al,Os3,
710y, TiO;) [29], fluorides (e.g. AlF3) [30], and nitrides (e.g. TiN) [31] that have been
used to passivate different electrode surfaces. Deposition of such condensed and electrically
insulating films induces low Li-ion diffusivity and electron transport, and thus suppresses
initial capacity and rate capability [32]. In fact, such capacity quelling effects have been
reported even for extremely thin (few angstroms thick) ALD deposited coatings. The TiS;
coating on the other hand does not suppress the specific capacity or the rate capability of
VS,. This we presume is because TiS; is also a TMD material and is compatible with VS,.
Moreover, TiS; is conductive and shares a similar electronic structure (see supplementary
figure B.4) as VS;, which allows the high-rate capability performance of VS; to be retained
despite being sandwiched by TiS, layers.

DFT calculations were carried out to obtain a fundamental understanding of lithi-
ation/delithiation in and out of the vdW gaps in bulk VS, and VS,-TiS;. For this, the
out-of-plane lattice constants were chosen so that they minimized the free energy of bulk
Li, VS, and bulk Li, TiS,. The dynamics of an individual Li-ion can be described as a series
of migrations between adjacent transition metal sites belonging to the same MS, (M =V
or Ti) layer. Each of these migrations requires that at least one adjacent Li site is vacant.
It therefore follows that the migration of a Li-ion is also the migration of a vacancy in the

opposite direction. To model these migrations, we remove a Li-ion from a fully intercalated






