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ABSTRACT

Two-dimensional materials offer a variety of exciting properties and their synthesis has
been tailored to many different materials. The 2D nanostructuring of metal borides is brand new
avenue for these hard, high melting point compounds. Nanosheets of metal phosphates, on the
other hand, have been synthesized previously due to their application in battery storage with
various degree of success. Chapter 11 describes the modification of LaBs using a top-down Mg?*
incorporation technique, its exfoliation into nanosheets and the comparison of the obtained
results to similar lithiation approaches. Chapters I11 and IV detail the same methodology applied
to CaBe and SrBe/BaBs, respectively, and explain the differences and similarities in the
chemistry of the three alkaline-earth metal borides. And finally, Chapter V illustrates the
solvothermal synthesis of LiCoPO4 nanosheets and the tuning of lateral dimensions of previously

synthesized LiMnPQO4 ones using ball-milling techniques.
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CHAPTER 1
INTRODUCTION AND LITERATURE REVIEW
Two-Dimensional Materials

The study of two-dimensional (2D) materials, which was popularized in large by
graphene, has extended to many different materials beyond it in the past decade. While initial
work focused heavily on the 2D allotrope of carbon after the ground breaking publication by
Novoselov and coworkers in 2004, materials such as h-BN,? metal oxides,® metal hydroxides,*
metal carbides,®> metal chalcogenides® and many others have been explored with the goal to

confine them in one dimension. Quickly, scientists discovered that exfoliation of these materials

Figure 1.1 Crystal structures of h-BN (A), MoS; (B), MgAI(OH)3(COz) (C) and BaTiOs (D)



in not only possible, but it resulted in a variety of new or improved electronic, optical and

chemical properties.

Classes of 2D Materials

In order to optimize the synthesis and integration of 2D materials, it is important to grasp
the broad range of structures they can possess. There’re three major classes of 2D materials
known to date — (1) layered van der Waals materials, (2) layered ionic materials and (3) non-

layered materials.

(1) Layered van der Waals materials have crystals consisting of ionically or covalently
bound atoms forming layers, which are held together by weak van der Waals forces in meV/atom
range perpendicular to the planar direction.” While graphene and h-BN remain the prime
example of this group, one versatile subgroup of this family is the layered metal dichalcogenides
(LMDC). They have a stoichiometry of MXz where M=Ti, Zr, Hf, V, Mo, W, Nb, Ta or Re and
X=S, Se or Te and their structure consists of hexagonally packed MXs octahedra (for d°, d® and
some d* metals) or trigonal prisms (d! and d2 metals).® Each layer consists of multiple polyhedra
sharing edges with the six closest units. With such a wide variety of compositions in this group
as well as their well-established polymorphism, the LMDCs have many interesting properties
stemming from their conversion to two-dimensional morphologies. They can display tunable
bandgap that transitions from indirect in the bulk to direct once converted to the 2D material,®
charge density waves!® and superconductivity.!! More recently, alloying to LMDCs two-
dimensional materials has aimed to produce synergistic effects. For example, Mo -x)WxSe2
monolayers show photoluminescent behavior different from the two binary compounds,*? while

Mo(SxSei—)2 exhibits an increase in HER activity over both MoS; and MoSe."



(2) Layered ionic compounds are a broad group of compounds with much stronger
inlayer bonding than the van der Waals materials described above. This category includes many
different compositions and structures — oxides, hydroxides, carbides, etc. Within the oxide group,
some common examples include (a) perovskite-like structures such as KCaNbsO10,' (b) cation-
exchanged oxides such as LiCoO2, which is a known battery material®™ and water-oxidation
catalyst,'® and (C) other complex metal oxides such as La,CuQ4, which is a superconducting
material.}” Moreover, some ternary ionic layered materials are shown to be structurally related to
different van der Waals materials though removal of the interlayer atom (ex. MXenes from MAX
structures).'® This relationship allows for a comparative study of the properties between the two

types of layered materials.

(3) Non-layered materials can be used to produce two-dimensional morphologies as well.
These compounds consist of strongly bonded atoms in all three dimensions and in order to
produce 2D structures, scientist must manage to break the thermodynamic equilibrium state and
control the kinetics artificially. Similarly to the layered ionic compounds, the non-layered
category contains a variety of materials. Metals such as Au, Pd and Ru constitute as significant
amount of non-layered materials that are grown as 2D nanostructures. Their versatile
applications in the sphere of catalysis has shown increasingly promising results. °-! Metal
chalcogenides have also some non-layered structures. One of their most studied representatives

are PbS, CdSe, SnSe and their alloys.??2°

Synthetic Approaches
2D materials can be synthesized through two types of approaches — top down or bottom

up (Figure 1.2). The two strategies differ in the processes used in the creation of nanostructures —



the top down method forms nanoproducts from the bulk materials, the bottom up approach

begins with the elements or molecular precursors to assemble the final nanomorphology.®

A\

®
® Q.: 2D Nanosheets

Molecular precursors

Figure 1.2 Top down vs bottom up synthetic approaches

(1) Top down approaches employ either physical- or chemical-based processes. The
former the typically uses mechanical force or ultrasonic wave, while the latter depends on a

chemical reaction to form the single- and several-layered two-dimensional morphologies.

Microchemical exfoliation using the scotch tape methods became popular with the exfoliation of

graphite into graphene!, but quickly became popular with van der Waals materials as

fundamental research on them was executed.?’” However, this approach was proven difficult to

scale up, so more productive methods were developed. Ultrasonic exfoliation, for example,

showed that appropriate solvents, that can prevent aggregation, can yield a well-dispersed,

uniform 2D material. In a study of the most effective solvents for liquid exfoliation of MoS; and

WS,, Coleman and coworkers demonstrated that n-vinylpyrrolidone was best for the former,

while DMSO was most suitable for the latter.28



While the previous two methods were appropriate for van der Waals materials, they
weren’t useful for layered ionic solids due to their inherently stronger bonding. Thus methods
like ion-exchange exfoliation were developed. The technique takes advantage of the presence of
an interlayer in the ionic layered materials, which is modified via an ion exchange; osmotic
swelling leading to a high degree of interlayer expansion and exfoliation in solution complete the
process.?® Researchers have demonstrated the practicality and versatility of the process in the
delamination of a wide range of oxides and hydroxides.* 3

(2) Bottom-up strategies combat the issue of creating nanostructures from non-layered
materials. They allow for precise control of morphology, crystallite size, facets and other

important features of the 2D structures created through them.

Wet chemical methods such as hydro/solvothermal synthesis utilize relatively low
temperatures (100-250 °C) and produce high yields.3!3® They are shown to be sensitive to
precursor concentration, solvents and surfactants, but are also scalable and usually low cost.®
Often times these techniques use a structure-directing reagents such as PVP, which was
successfully used to form ultrathin Rh nanosheets® and hexagonally shaped platelets of y-
Ga.03 3 Additionally, the help of templates is often used to synthesize materials confined in a
specific dimension. The template can be easily removed through adjusting the pH or increasing
temperature. Nonlayered materials such as a-Fe,03* or CulnS2* have been synthesized using a

using a CuO and CuSe template respectively.

Epitaxial growth techniques such as chemical vapor deposition (CVD) have been
employed to generate high-quality 2D materials. In CVD, a gaseous material reacts in either the
vapor phase or on the surface of a substrate. Many parameters such as temperature, carrier gas

flow rate, pressure and nature of the substrate can be varied to achieve a specific size,



morphology and orientation of the 2D structure. More significantly, the number of layers can be
precisely tuned.®’ This is especially important for metal chalcogenides, which have demonstrated
a band gap increase with the decrease in the number of layers.® Recently, the CVD method has
also been used to create 2D heterostructures with interesting properties related to the layer-to-

layer interaction of the different materials.

Topochemical synthesis is typically a reaction that introduces a guest species into a host
structure, resulting in a substantial structural changes of the host.*® This type of 2D material
synthesis can be applied to both layered and non-layered materials. For example, CaF-
nanosheets were converted topochemically into LaF3z-2xOx nanosheets during a reaction with a
lanthanum salts.** On the other hand, to produce 2D structures from nonlayered metal nitrides,
metal oxides can be reduced in ammonia. For example, 2D h-MoOs served as a precursor to form

MoN nanosheets with thickness of 0.7 nm and excellent metallic conductivity.*?
Applications

2D materials possess features such as symmetry and reduced dimensionality in one
direction leading to the manifestation of unique properties varying from their bulk counterparts.
Differences in band structure, presence of adatoms and defects can improve the materials
intrinsic properties. Electronic, optical and chemical behavior steers these 2D materials towards
improving a wide range of current technological devices. While application of these

nanostructures is vast, we highlight some important examples below.

Field emission transistors (FETs) and sensors can be fabricated for several different
semiconducting materials, most notably metal dichalcogenides® and black phosphorus.*® They

have an advantage over conventional silicon in possessing a built-in flexibility and together with



a suitable substrate, they can be used in flexible electronics.** Additionally, their sensing
capabilities have been shown to detect a range of molecules at and below the ppm level by

measuring changes in conductance.*>4

The bandgap of certain metal dichalcogenides falls in the optical and near-IR region.
When exfoliated, the MX> materials become too thin to incorporate in high efficiency
photovoltaics; photodetectors can be produced instead. Grossman and coworkers demonstrated
that a monolayer of MoS; can absorb up to 10% of incident light from the visible spectrum,
which is a significant improvement from the widely used Si.*” Moreover, the sensitivity of MoS;

nanosheets is ~ 10° A/W*8 and can be even improved five-fold when combined with graphene.*°

Battery and supercapacitor electrodes require electrically conductive materials with high
surface area in order to achieve high energy and power densities. Two-dimensional nanosheets
can provide that with ease. For example, graphene with its high surface-to-mass ratio, great
conductivity and mechanical strength has been used as the anode material for an advanced
compact energy storage.* Additionally, the doped version of the material is used in the cathodes

and different oxides and sulfides have shown promising capacitive properties as well 53

2D materials can also be used as topological insulators, i.e. materials that behave like
typical insulators but conduct electrons at their edges very efficiently. Such materials can be
incorporated in low-power electronic devices as well as spintronic devices, in which electron
spin is used to encode information. Some examples include Xenes such as bismuthene®* and

chalcogenides such as WTez.>®



Metal Hexaborides

The metal borides are a group of inorganic materials with a variety of stoichiometries and
properties. They are generally divided into two groups based on the stoichiometry between the
two elements in them — metal rich boride are ones with boron:metal (B:M) ratio of less than 2:1,
while boron rich borides have a B:M > 2:1 (Figure 1.3).% In the metal-rich group, some common
examples are MoB, which is used as an alternative to precious metal is catalysis,> ad Fe2B,
which is used in the production of steel.>® Boron-rich boride, on the other hand, include ultra-

high temperature ceramics like ZrB, and more exotic structures like Y Bes.

M,B (ex. Mn,B)

M,B (ex. Ni;B)

Metal Rich M,B (ex. Fe,B)

MB (ex. MoB)

Metal M,B, (ex. Cr;B,)

Borides MB, (ex. ZrB)
MBy (ex. LaB)

MB,, (ex.ZrB,,)
MB,, (ex. YB,,)

Boron Rich

Figure 1.3. Classification of metal borides



Structure, Synthesis and Properties

Metal hexaborides (MBs) belong to the boron-rich borides and have a B:M ratio of 6:1.
There are two main groups of hexaborides — the alkaline earth metal hexaborides (M=Ca, Sr or

Ba) and the rare earth metal hexaborides (M=Y, La, Ce, Pr, Nd, Sm, Eu or Gd). Metal

hexaborides have a cubic crystal structure with Pm3m symmetry. The metal is at the corners of
each unit cell coordinated by 24 boron atoms and each boron has a coordination of 5 and forms
octahedra (Figure 1.4). The boron atoms are covalently bonded forming an extensive framework
that is responsible for many of the unique physical and chemical properties of the hexaborides.*®
The boron lattice in inherently electron deficient as each boron distributes its 3 valence electrons
to 5 bonds. Thus, the metal is required to donate electrons to make a stable structure; the
hexaboride requires a metal cation with a charge of at least +2, which limits the hexaborides to
the two groups described above.®® Additionally, M-B bond is considered to be between ionic and

covalent in character, while M-M bond shown to be ionic.%!

— ¢ Boron

@ Metal

Figure 1.4. Crystal structure of metal hexaborides

The first hexaborides were synthesized by Moissan and Williams right before the turn of
the 20" century — they produced CaBs and SrBs by reducing metal borates with aluminum in an

arc furnace.® Since then many different synthetic approaches have been adopted to produce



10

hexaborides. Solid state reaction, for example, typically require high purity precursors and
elevated temperatures above 1000 °C with borothermal and carbothermal being amongst the
most widely used solid state methods.®*%* Melt electrolysis and flux approaches utilize a molten
salt bath, in which they dissolve the metal and boron precursors, to produce the hexaboride.
Often the flux methods have an advantage of producing high quality single crystal hexaborides
which can be up to several millimeters in length.®® And finally, combustion reactions can also be
used to synthesize hexaborides. In these reactions, the ignition of the precursor materials such as

metal oxides and boron oxide drive the formation of the desired compounds.5®

The hexaboride group possesses high melting points (typically above 2000 °C), excellent
oxidative and thermal stability and relatively good hardness.®” One of its most distinguishable
features, however, is the electronic conductivity of its members. Depending on the number of
electrons donated by the metal to the boron lattice, divalent hexaborides like CaBs and SrBg are
semiconductors and the trivalent ones like LaBg are metallic.>*° LaBs, which has also shown
some superconducting properties at temperatures below 1K,% is a well-established thermionic
electron emitter due to its low work function (2.6 eV) and low vapor pressure at high
temperature.5® These properties make it suitable to use in electron microscopes, electron-beam
welders and free electron lasers. The alkaline earth hexaborides and their alloys, on the other
hand, have a possible application as n-type thermoelectric materials with good Seebeck

coefficients.”®

An unusual phenomenon in MBs compounds is magnetism and an understanding its
fundamental reasoning behind its presence has constituted the majority of the literature work in
the area. For example, CeBs can display three distinct magnetic phases depending on the

temperature and the complexities of its magnetism is also shown to depend on the purity of the
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cerium compounds.”™ EuBs and CaBg have shown ferromagnetic properties attributed it to the
alignment of localized Eu 4f moments and the joint effect of boron vacancies and impurities

respectively.’? "

Nanostructuring

Much like other compounds in the literature, material scientists have nanostructured
metal hexaborides in an effort to improve their existing properties or explore the potential
formation of others. A range of boron sources could be used as starting materials, i.e.
borohydrides, boron halogenides, boranes, boron oxide, boric acid, etc. The products obtained

from these reactions have been 0D, 1D and some 3D nanomaterials.

(1) OD nanomaterials of MBs are mostly nanoparticles. LaBs nanoparticles have been
synthesized by several different routes — flask reaction at 360 °C using NaBH4 as both boron
source and solvent,” a molten salt route with KCI/LiCl eutectic salt at 600 °C" or a ball-milling
of La salts with LiBH, followed by reaction in a stainless steel reactor.”® The size of
nanoparticles varied between 2-50 nm. Moreover, CeBes nanoparticles have also been produced
by mechanically induced methods. For that reaction CeO2-B>0O3-Mg ternary system was used as

a precursor and the size range of the particles was between 25-60 nm.”’

(2) 1D nanostructures have been largely created using CVD methods. The deposition
processes have been accomplished both with and without a metal catalyst. LaBs has been
synthesized in nanowire,”® nanotube’ and nanoobelisk® morphologies via both methods, while
PrBs nanorods®! and nanowires®? have been obtained via the catalyst-free route. From the
alkaline earth hexaborides, SrBe and CaBe nanowires have been produced using a low-pressure

CVD apparatus previously used to grown boron nanoribbons &84
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(3) There are fewer 3D nanostructures of the metal hexaborides reported in the literature.
One example is nanocubes of CeBs, PrBs and NdBe that have been produced via a solid state
reaction.® In this Mg-assisted co-reduction reaction, B2Os, a hydrated lanthanide chloride salt
and Mg powder were reacted in an autoclave at 500 °C to produce pure, highly crystalline

nanocubes with sizes ranging between 100 and 300 nm.
Research Approaches

Two-dimensional morphologies can give industrial adaptability to the hexaborides, since
they are solution-processable, tend to lay flat and can form uniform coatings. Previously,
complex techniques such pulsed laser deposition and arc plasma methods needed to be utilized to
form thin films of the hexaborides.® Such approaches, however, require a substrate and give
very little control over the thickness and uniformity of the layers. Synthetic approaches to

produce free-standing 2D hexaborides have only recently begun to emerge.

There are a few reasons behind the difficult 2D nanostructuring of MBs. On one hand,
bottom up approaches may not be feasible since borides form at very high temperatures. Top-
down methods, on the other hand, encounter issues in the challenging disassembly of the
strongly bonded M-B framework. Thus, methods like mechanical exfoliation and sonication
prove unfruitful and different strategies need to be employed. One top-down method, that has
been successfully used to exfoliate layered van der Waals materials, is Li* intercalation. During
this process, lithium ions are incorporated into a bulk material and then water in added to the
modified material. The reaction with the solvent is very vigorous and leads to the disassembly of
3D structure of the compound and the formation of nanosheets. This methodology has been
adapted successfully for MoS; and Bi>Tes.8”88 More importantly, it was tested with metal

borides as well — different borides were modified in either a solvated electron Li-NHs(l) solution
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or n-butyllithium solution and then reacted with water (aqueous exfoliation) or iodomethane
(non-aqueous exfoliation) to form the nanoproduct.®® The incorporation is hypothesized to occur
in one of three ways: an ion exchange with either the metal or the boron in the metal boride or
the metal ion can occupy the interstitial spaces (Figure 1.5). Additionally, once exfoliated the

nanosheets are theorized to form either along the (001) plane or (111) plane.

+ MO/M(OH), or MI,

Figure 1.5. Metal incorporation and exfoliation strategy for the modification of MBsg

Several important key discoveries were made during the studies of metal boride
modification with Li*. Firstly, while studying LaBs, it was found that the boride can produce
nanosheets with thickness of 1-4 nm and lateral dimensions of 0.5-1 um. 1B and *La solid state
NMR confirmed the presence of Li in the modified structure and showed a change in La
environment after lithiation. No change was recorded in the B environment. Secondly, using the
same conditions on CaBs produced much thicker platelets and nanosheets were formed only after
a 3-month long reaction with n-butyllithium. Powder x-ray diffraction (PXRD) of the modified
boride show the presence of additional peaks, which were matched to a LiBg compound. The
formation of this species during lithiation sheds some light on the chemistry occurring during the
modification of the boride. And finally, a reaction of SrBe with n-butyllithium at 80 °C yielded

an unexpected morphology — nanoparticles were produced during the reaction of the modified
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SrBes with water. A Li-B species was detected during these experiments as well, but PXRD and
selected area electron diffraction (SAED) confirmed it was Li>Bs instead. This lithium boride
species has a cubic crystal structure similar to that of the metal hexaborides used in these
reactions. The difference in structure lies in the position of the metal atoms — in borides like
SrBs, the metal is in the corner of each cubic until cell, while in the Li>Be case, the Li is
positioned in the interstitial sites. This result indicates that the Li* occupies these spaces as the
SrBs is modified. Overall, the results obtained from these three borides were the first steps to
produce free standing 2D nanomorphologies of the metal hexaborides and produced invaluable

information on their modification and chemistry.

In this work, we propose an alteration of the Li* incorporation method using Mg?* to

achieve the following research goals:
(1) Explore the chemical modification of MBg further.
(2) Expand on the exfoliation of metal hexaborides using Mg reagents.
(3) Determine differences and similarities between Mg and L.i reactions.
(4) Find optimal conditions that yield nanosheets using the magnesiation method.

In our exploration of the chemistry of metal borides, we chose Mg?* for several key
reasons. The Mg?* has a size similar to that of Li* (72 pm vs. 76 pm respectively) and is smaller
than the metal ions in the borides we are studying. By using an ion with such dimensions, we
hypothesize that size is not going to be an issue during the modification of the boride and the ion
will be more easily incorporated as opposed to a bulkier alternative. Next, the presence
magnesium can be detected by more easily available methods such as energy dispersive

spectroscopy (EDS), which makes their characterization significantly less difficult. Finally, we
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wanted to explore the effect of an ion from the same group as some of the metals in the borides.
For example, we theorized that using Mg?* might be able to reduce to total reaction time that is

required to produce CaBs nanosheets.

In Chapters 2, 3 and 4, we explore the modification of LaBe and the three alkaline earth
metal borides, i.e. CaBs, SrBs and BaBe. We use di-n-butylmagnesium as the Mg?* source and
we vary a range of parameters such as reaction time, temperature and bulk particle size in order
to discover their effect on the magnesiated and exfoliated products. Finally, we use both aqueous
and non-aqueous exfoliation techniques to compare the final nanomorphologies and expand on

the adaptability of this technique, particularly in light of certain borides’ instability in water.
Metal Phosphates

LiMPO4 (M=Fe, Mn, Co or Ni) or LMPs are olivine-structured lithium transition-metal
orthophosphates. They have attracted significant interest in the scientific community due to their
potential application as cathode materials in energy storage devices such as lithium ion batteries
(L1Bs) and supercapacitors. While so far only LiFePO4 has been successfully commercialized,®

much effort has been dedicated to researching and adapting the other three group members.33 %
Structure, Synthesis and Properties

LMPs have an orthorhombic crystal structure and belong to the Pnma space group. The
unit cell is composed of PO polyhedra with M?* on the corner-sharing octahedral positions and
Li* on the edge-sharing ones; the Li* and M?* octahedra run parallel to the ¢ axis and propagate
along the b axis (Figure 1.6).%2 Thus, PO4* tetrahedra constrain the Li*, which form 1D
conduction channels along the [010] direction. Stability is in one of the main advantages of

LMPs. Firstly, the strong covalent bonds in the phosphate polyanion stabilize the oxygen,
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making LMPs a stable and safe cathode material.®® Additionally, work on LiCoPO4 shows that
when the lithium ions are removed from the material during charging, the CoPO4 phase has the
same olivine structure as the LMP and relatively small lattice volume changes occur.®* So major

volume fluctuations during the charge-discharge process can be prevented.

Figure 1.6. Crystal structure of LIMPOg4

There’s been a variety synthetic approaches to produce LMPs. Their high energy density,
thermal stability and relatively law materials cost have made them an active target to be
produced on the nanoscale in order to optimize their application in energy storage devices. %
Particularly, nanostructuring where facet-controlled growth can be tuned has become the leading

trend in an effort to shorten Li* diffusion path lengths and improve battery performance.

(1) Solid state reactions used to produce LMPs typically require a Li salt such as Li.CO3
or LICH3COO, a metal source like M(CH3COO)2 or M304 and a phosphate source such as
(NHa4)2HPOs. They typically involve high temperatures (300-700 °C), multiple rounds grinding
and calcination to produce the final product, which often leads to agglomeration.®® For this

reason, often times growth inhibitors such as carbonates are added to the reaction in order to
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obtain the desired nanoparticles.®” While nanoparticles appear to be the predominant product of
solid state reactions, other morphologies such as nanorods have been grown through these

methods.%

(2) Sol-gel methods typically require longer reaction times but have the advantage of
creating products with high purity and homogeneity. During a sol-gel reaction, the starting
materials are first dissolved and then gradually a gel-like network forms, which is subsequently
calcined to form the final product.®® The precursors are often similar to those of the solid state
reactions described above and water is the most commonly used solvent. However, organic
solvents like ethanol can also be employed as well.1® The morphology can vary vastly
depending on the chelating agent: for example, LiMnPO4 had a spherical microparticle
morphology when made with tributyl phosphate as the chelator %! vs petal-like one when citric

acid is used in the same role.1%2

(3) Hydrothermal and solvothermal reactions offer the advantage of doing reactions at
lower temperature and controlling the size and morphology of the final product with precision.
These advantages make them a popular synthetic route to produce LMPs. Additionally, these
methods often produce pure, highly crystalline solids; this minimizes the chance of blocking the
1D channels, in which the Li* travels, by ensuring the minimization of defects and impurities.*?
In hydrothermal/solvothermal reactions, the solvent and the added surfactants play a crucial part
in the formation of the final products. Compounds like PVP, citric acid or ethylene glycol have
been used to synthesize LMPs and direct their growth. Spherical particles, hexagonal platelets,
nanocubes and nanorods are some of the example nanomorphologies produced through these

versatile methods.103-106
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Research approaches

Two-dimensional LMPs offer morphological and size advantages over other
nanostructures when it comes to their application in energy storage. They offer high contact area
with the electrolyte and fast lithium transport due to their constraint to two dimensions.
Particularly, nanosheets with exposed (010) facets are highly desirable to improve the Li
diffusion in and out of the material.%® Moreover, it is important to be able to produce nanosheets

using scalable methods in order to improve their industry processability.
To this end, out research goals are:
(1) Synthesize LiCoPO4 using a facile solvothermal method.

(2) Investigate the influence of reaction conditions and precursors on the nanosheet

morphology of LiCoPO4 and its crystal orientation.

(3) Explore the variation in lateral dimensions on LiMnPO4 nanosheets using dry and wet

ball-milling.

In Chapter 5, we explore two materials from the Co and Mn compounds of the LMP
group. First, we explore the synthesis of LiCoPO4 nanosheets using a facile solvothermal method
with a Cosz(POa)2-4H20 nanosheet precursor. Previously, nanosheets of this material have been
synthesized using hydrothermal/solvothermal methods with various amount of success. Issues
such as uniformity, size, thickness or crystal facets have been encountered.3* %1% Utilizing a
polyol as co-solvent to water aims to provide control over particle size, morphology and crystal
orientation.®” Furthermore, we study the variation of lateral dimensions of micron-sized
LiMnPO4 nanosheets. The 2D material, which was previously synthesized through a similar

solvothermal method,' has shown promising battery performance. However, we theorize that
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having control over the size of the nanosheets, while still maintaining their dimensionality, could
improve their electrochemical performance significantly.'°” Thus, we utilize dry and wet ball-

milling in order to control the lateral dimensions of the LiMnPO4 nanosheets.
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Abstract

Bulk lanthanum hexaboride is converted into nanosheets using a top-down approach. The
boride is modified using incorporation of Mg?* into the structure and characterized using powder
X-ray diffraction, scanning electron microscopy, energy dispersive spectroscopy, multinuclear
solid state nuclear magnetic resonance and Raman spectroscopy. MgxLaBs is reacted with
deionized water to dissemble the boron-metal framework and yield nanostructured material. The
product consists of nanosheets with lateral dimensions of approximately 200-500 nm. The
nanomaterial is characterized using powder X-ray diffraction and Raman spectroscopy.
Additionally, transmission electron microscopy and selected area electron diffraction are utilized
to study their morphology and confirm their composition. The characteristics of the final product
are studied as a function of reaction time, temperature and additional magnesiation. | compare
the results to a similar methodology involving Li*, revealing that the use of Mg?* could be

complementary to Li".
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Introduction

Metal hexaborides, a subset of the broader class of metal borides, display an array of
exciting electronic properties. These features can be attributed to the bonding of the hexaborides,
in which the metal atom is confined by a covalently bonded boron network. In such structures,
the metal can donate electrons to the electron deficient boron lattice, which makes divalent

hexaborides semiconductors and trivalent hexaborides metallic.1

Within the hexaboride subgroup, lanthanum hexaboride (LaBe) has been studied
comprehensively. Many years of scientific exploration have demonstrated that LaBe possesses
high melting point (~2210 °C) as well as excellent hardness, electrical conductivity, thermal and
chemical stability.>* Furthermore, its high current density (~ 29 A cm2), low work function and
good resistance to poisoning in vacuum make LaBe the ideal material for cathodes in many
industrial applications, such as electron microscopes, optical coatings, and electron beam

welders.*

Nanostructuring of LaBs has been explored previously: nanoparticles,” nanoobelisks,®
nanowires,® nanorods* have been reported. In part, the nanostructuring of LaBs aims to
drastically improve its industrial processability, particularly for the formation of uniform
coatings. In line with this application, a novel top-down chemical route was developed recently
in this group to convert bulk LaBs into nanosheets, achieving results beyond sonication and
mechanical cleavage.!! In this method, Li* is incorporated into LaBs to modify its structure using
either a solvated electron system (Li in liquid ammonia) or n-butyllithium. The lithiated LaBe

then reacts with H2O to exfoliate and generate LaBes nanosheets.
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In this chapter, | describe a variation of this technique using Mg?* in place of Li*. A
comparison between the two chemistries demonstrates the overall versality of the approach and

provides further information about the mechanism of ion incorporation.
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Experimental

Materials: Lanthanum hexaboride (powder, Office of Naval Research, USA), 1 M di-n-
butylmagnesium in heptane (Sigma-Aldrich), hexanes (98.5%, Fisher).

Reaction of Lanthanum Hexaboride with Di-n-Butylmagnesium: In a typical
reaction, 0.204 g of LaBs powder (1 mmol) was added to a 30 mL glass vial together with a
12.7x3 mm Teflon stir bar. All of the following steps were completed inside an argon filled
glove box with levels of O, <5 ppm and H20 < 0.1 ppm. After transferring the vial to the
glovebox, 3—7 mmol of 1M di-n-butylmagnesium in heptane were added using a syringe. The
vial was capped with a Teflon lined cap and sealed with Parafilm® M. The reactants were stirred
in the glove box for durations ranging from 5 days to 4 weeks. For high temperature reactions,
the vial was put in an aluminum bead bath on a hotplate set at 80 °C. After the reaction was
finished, the magnesiated material was separated from the excess di-n-butylmagnesium using
vacuum filtration and washed thoroughly with hexane. The resulting product was scraped off
from the filter paper and left to finish drying overnight in a clean vial. Approximately 0.175 g of
purple powder was retrieved (85.8% yield).

Exfoliation of Lanthanum Hexaboride in Water: 0.125 g of the magnesiated material
was removed from the glovebox and dispersed in 20 mL DI H20 in a conical centrifuge tube.
The mixture was then centrifuged at 10,000 rpm for 30 minutes to separate the hexaboride from
the water and any soluble byproducts. After decanting the initial volume of water, another 20 mL
of DI water was added to the centrifuge tube and the dispersion was probe sonicated at 50
amplitude for 1 hour. Approximately 100-200 uL of the sonicated dispersion was used to study
the material by TEM/SAED. The remaining nanomaterial was dried in a vacuum oven overnight

at 40 °C, providing 0.0779 g of exfoliated material (62.3% yield).
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Remagnesiation of Lanthanum Hexaboride: The exfoliated LaBe powder was used for
a second magnesiation reaction. For this reaction, 0.05 g of exfoliated material and 5 mL of di-n-
butylmagnesium was used. The other conditions of a standard magnesiation reaction at 80 °C
remained unchanged. The experiment yielded 0.044 g of material (88% vyield).

Control Reaction of Lanthanum Hexaboride with Hexane: 0.204 g (1 mmol) of LaBs
was put in a 30 mL vial with a Teflon stir bar. In an Argon glovebox, 5 mL of hexane was added,
and the vial was capped. After sealing the vial with Parafilm® M, its contents were stirred at
room temperature for 4 weeks. Next, the mixture was filtered using vacuum filtration and
washed with hexane. The product was left to dry fully overnight in the glovebox.

Characterization: The composition of the bulk, magnesiated and exfoliated materials
was confirmed using a Bruker D8-Advance powder X-ray diffractometer (Co-Ka radiation,
1=1.7889 A) operated at 35 mA and 40 kV. The scans were executed over the 20 range of 5-70°
with a scanning rate of 0.2 sec per step. The morphology and elemental composition of the
magnesiated materials were examined using a FEI Teneo field emission gun scanning electron
microscope (FEG-SEM) equipped with an Oxford energy dispersive spectroscopy (EDS) system
operated at 5-20 keV. SEM sample preparation consisted of depositing the magnesiated powders
onto carbon sticky tape. The morphology of the exfoliated nanoproducts were characterized
using a FEI Tecnai 20 (200 kV) transmission electron microscope (TEM) in conjunction with
selected area electron diffraction (SAED) which was used to confirm the identity of the material.
TEM samples were drop cast onto Formvar grids and allowed to dry in ambient conditions.
Solid-state NMR data were collected with a Bruker Advance I11 400 spectrometer operating at 10
MHz. Raman spectra were collected using a Renishaw InVia Laser spectrometer with a diode

laser operating at 785 nm.
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Results and Discussion

The study of modification of lanthanum hexaboride started with lithiation reactions that
used n-butyllithium as the metal ion source. Thus, it is logical to utilize the magnesium
equivalent from the same organometallic group. Scientists have previously shown that di-n-
butylmagnesium was successfully used as the Mg?* source in a variety of solid hosts such as
chalcogenides and oxides.!? It is commercially available as a 1M solution, which makes is

relatively straightforward to work with, and the reactant stoichiometries could be easily varied.
Room Temperature Reactions

Bulk lanthanum hexaboride powder was treated with various amounts of 1M di-n-
butylmagnesium at room temperature and the stoichiometry of the hexaboride: magnesiation
reagent was varied from 1:3 to 1:7. This set of early experiments showed that, within the
specified range, the stoichiometry between the two reactants didn’t influence the morphology of
the isolated material and suggested the possibility that a much higher concentration of Mg?* is
required to affect exfoliation (e.g., more concentrated di-n-butylmagnesium or Mg?* solvated in
liquid ammonia). Thus, a 1:5 stoichiometric ratio was chosen to represent a typical reaction at
room temperature and was used in all subsequent reactions. Powder X-ray was performed on the
magnesiated and exfoliated materials to observe structural changes (Figure 2.1). Overall, both
the magnesiated and exfoliated material match the bulk boride and no additional peaks belonging
to other species were detected. It is important to note that a second set of peaks to the left (lower
20) of the peaks corresponding to LaBe are, in fact, an artifact of the diffractometer. This was
confirmed with an internal Si standard (Standard Reference Material 640b, National Bureau of

Standards). In this control experiment, PXRD on the Si standard showed no additional peaks.
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However, once the standard material was added to a LaBs sample, its pattern exhibited the

second set of peaks as well.
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Figure 2.1. PXRD of bulk, magnesiated and exfoliated LaB6 from a 14-day
reaction with 1:5 molar ratio of LaBe: di-n-butylmagnesium

SEM-EDS provided information about the morphology and composition of the
magnesiated product. A comparison of bulk (Figure 2.2 A) and magnesiated LaBs (Figure 2.2 B)
established that the crystal morphology and size (approximately 5-15 um) and overall smooth
texture was retained. Similar results were observed for lithiated LaBe using similar methodology
where no change in morphology was observed as well when the LaBs was modified with Li*.1
Additionally, elemental mapping provided compositional information for the magnesiated LaBg
(Fig. 2.2 C-F). La, B, O and Mg were present in the sample. EDS at varying accelerating voltage
determined that Mg is not only present on the surface of the samples, but deeper into the
hexaboride crystals, indicating that the metal was indeed incorporated into the sample. The
presence of oxygen is due the boride’s protective oxide coating®® and potentially the reaction of

the incorporated Mg in ambient conditions to form Mg oxides and hydroxides.
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Once the magnesiated sample was reacted with H»O, the products were observed by
TEM. The morphologies and brightfield contrast of the product particles (representative example
shown in Figure. 2.3) are consistent with platelets, not nanosheets. Therefore, we concluded that

different reaction parameters were needed to lead the reaction to completion.

Figure 2.2. SEM image of bulk (A) and magnesiated LaBs (B). EDS of magnesiated
LaBe showing lanthanum (C), boron (D), magnesium (E) and oxygen (F) mapping

Figure 2.3. TEM of exfoliated LaBe at room temperature
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Longer reaction times at room temperature were tested in an effort to produce nanosheets.
However, both 30-day as well as 90-day reactions did not lead to reaction completion or
improved exfoliation. In addition, MgO particles were observed by SEM-EDS in the sample
magnesiated for 3 months; as shown in Figure 2.4, the back-scattered SEM image indicates that
there are two types of compounds based on the differences in contrast, and elemental mapping
reveals areas with significant presence of La/B or Mg/O. This suggests that the di-n-
butylmagnesium likely has degraded over time to produce highly reactive MgH., which forms
MgO once exposed to air. The formation of a white precipitate at the end of the reaction (mixed
in with the dark purple LaBe) is consistent with this observation. These results indicated that long
reaction times are not the best option to achieve high levels of magnesiation in this system, and

thus different reaction parameters should be examined instead.

Figure 2.4. SEM of magnesiated LaBe at room temperature for 90 days (A) with corresponding
EDS (B-E)
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Reactions at 80 °C

To explore in the influence of temperature on reaction outcome, | performed a 5-day
reaction at 80 °C. The PXRD pattern of the reaction product was similar to that of the room
temperature experiment and didn’t reveal any new information. SEM-EDS data also appeared
similar, with Mg detected in the magnesiated LaBs. However, TEM imaging showed that the
exfoliated product consisted of thinner, more uniform sheets (Figure 2.5A). In fact, the thickness
of the sheets was appropriate for SAED to confirm their identity, and the pattern was indexed to
the (001) lattice plane of cubic LaBe (Figure 2.5B). This result suggested that increasing the

reaction temperature led to more complete magnesiation over an expedited time.

Figure 2.5. TEM of exfoliated LaBe from a 5-day reaction at elevated temperature (A)
with corresponding SAED pattern (B)

Additional characterization was performed to clarify the nature of the La and B chemical
environments and how they are impacted by Mg incorporation and subsequent extraction. First,
multinuclear solid-state NMR was performed on the magnesiated sample and compared to that of

bulk LaBs (Figure 2.6). For 1B NMR, the main isotopic peak shifts from 0.3 to 0.1 ppm which
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might be due to slight changes in the boron environment; however, because of the broadness of
these peaks and their spinning sidebands, the upfield movement could also be ascribed to
statistical error. In the case of 13*La NMR, on the other hand, the shift of the main peak is much
more prominent: bulk LaBs exhibits a sharp peak at —108 ppm whereas the peak for magnesiated
LaBs occurs at —115 ppm. Such a significant shift indicates that magnesiation causes a definite
change in the La environment, and furthermore, this change corroborates that Mg?* does, in fact,
become incorporated into the structure. These trends are consistent with those observed for
lithiated LaBe.** SSNMR of 2Mg was not performed on the samples as the nucleus is shown to
be challenging to study due to sensitivity and resolution problems yielding very broad peaks and

requiring high magnetic fields.*
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Figure 2.6. B and **°La solid state NMR of bulk and magnesiated LaBs
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Raman spectroscopy was used to further characterize changes in LaBe structure upon
magnesiation; prior work has demonstrated that strain and the introduction of other species into
the structure of various materials can lead to shifting of Raman active peaks.'>*’ In particular, a
study of LaBe nanocrystals demonstrated that defects within the hexaboride structure can have a
significant influence on their vibrational properties®®; specifically, Raman active peaks of LaBs
became red shifted as the boron content of the nanocrystals decreased. In our study of Mg?*
incorporation in LaBe, Raman spectroscopy was used to survey the chemically modified samples
and compare them to bulk. Figure 2.7 shows the Raman spectra of all three samples and Table
2.1 lists the peak positions. The peaks at 111.5 and 205.9 cm™, corresponding to the lanthanum
vibration within the boron cage (rattling mode) or its movement (T1y) respectively, did not
change. The peaks at 680.2 cm™ (boron bending vibration, T2g) and 1104.8 and 1255.3 cm™
(stretching vibrations, Eg and Aig), however, experience a shift as the sample is modified with
Mg?*, suggesting that the boron content is different in the magnesiated and exfoliated samples
compared to bulk LaBs. Although the variation in peak position is not as great as that reported
for LaBg nanocrystals (at most 5 cm™ for our materials vs 10 cm™ for the nanocrystals),'® another
important factor is the size of the LaBe crystals. In the study of nanocrystals, as the size of the
nanoparticles is varied, a shift in Raman active peaks is observed. As our experiments are

conducted with bulk powder with varying particle size, our results might be affected.

Table 2.1. Peak position of Raman active peaks for bulk, magnesiated and exfoliated LaBe

Sample Raman Shift (cm™)
bulk LaBs 1115 205.9 680.2 1104.8 1255.3
magnesiated LaBs 111.6 205.8 682.5 1108.3 1258.7
A (Raman Shift) 0.1 0.1 2.3 35 3.4
exfoliated LaBg 111.4 205.8 683.5 1110.2 1258.7
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To further maximize the extent and effects of LaBs magnesiation, | re-magnesiated an

exfoliated sample of LaBs at 80 °C for 5 days. PXRD of this product sample shows significant

peak broadening compared to the bulk LaBe (Figure 2.8). This phenomenon could be explained

by the incorporation of the Mg?* into the hexaboride lattice, which can introduce significant

distortion. Peak broadening was expected with the successful incorporation of sufficient Mg?*
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and was observed in LaBs lithiation experiments.!! The PXRD pattern of re-magnesiated and
exfoliated LaBe retains broadened peaks, whereas lithiated LaBs exhibits broadened peaks but
exfoliated LaBs does not (becoming sharp again). We conclude that the extent of structural
modification during magnesiation is significant enough to permanently alter the hexaboride

lattice.

Electron microscopy methods were applied to study the re-magnesiated and re-exfoliated
materials. SEM of the re-magnesiated LaBe revealed the presence of micron-sized hexaboride
crystals as well some nanomaterial, which was due to the fact that the material was already
magnesiated and exfoliated once prior this this experiment (Figure 2.9 A). Once the material
was exfoliated with DI H»O for a second time, TEM showed that the final morphology was 200-
500 nm sized nanosheets that appeared thin and uniform based on the contrast (Figure 2.9 B).
Their identity was confirmed by SAED where a polycrystalline diffraction pattern was observed
due to the stacking of multiple sheets. The diffraction rings were indexed to the (112) and (011)

crystal planes of LaBs.

1z o)

0.5 1/nm
-

Figure 2.9. SEM of re-magnesiated (A) and exfoliated (B) LaBe with corresponding SAED
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Control Reaction

The control reaction helped confirm that any nanosheet formation was due to the
intended chemistry, as opposed to mechanical exfoliation from agitation for prolonged times.
Bulk LaBe was stirred for 4 weeks in hexane and underwent the typical work-up involved in a
standard magnesiation reaction — vacuum filtration, wash with hexane, addition of DI water,
centrifugation, redispersion in DI water and probe sonication for 1 hour at 50 amplitude. PXRD
(Figure 2.10) confirmed that no change in structure occurred and TEM showed the presence of
uneven, thick crystals (Figure 2.11), likely due to the sonication-induced fragmentation. No

nanosheets were observed in the recovered material.
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Figure 2.10. PXRD of bulk LaBs and control reaction
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Figure 2.11 TEM of LaBe from control reaction
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Conclusion

Lanthanum hexaboride was magnesiated using di-n-butylmagnesium and the resulting
material was exfoliated using DI H2O. The effects of time, temperature and re-magnesiation
were investigated to study the modification of the boride species, compare it to known lithiation
techniques, and ultimately find the optimum conditions to produce nanosheets. We discovered
that Mg?* is incorporated into LaBg crystal structure at both room and elevated temperatures.
During the magnesiation process a change in La environment was demonstrated by solid state
NMR, but unlike with lithiation methods of LaBs where Li-B species was observed, no evidence
was found of the formation of Mg-B compounds of any kind. Our results also differ from what
was previously observed with SrBe, i.e., nanoparticles were formed instead of nanosheets and the

presence of Li,Bs was confirmed.®

The exfoliation of LaBs was more successful using material magnesiated at higher
temperature for shorter duration than material magnesiated for longer times at room temperature.
Ultimately, the re-magnesiation method produced the most uniform nanosheets. These results
suggest that we were successful in forming the desired nanosheet product but the use di-n-
butylmagnesium is somewhat limited due to its low concentration or other factors. It seems that
alternative magnesiation techniques should be developed to avoid the need for multiple

magnesiation cycles.

The successful magnesiation and exfoliation of LaBs opens a new chapter in the
chemistry involving direct modification of metal hexaborides. It constitutes additional proof that
the metal ion incorporation methodology can be expanded to multiple metal ion species. This can
be particularly useful as magnesium species are often easier to work with than lithium reagents,

which is an important consideration for commercial applications of this chemistry.
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Abstract

Calcium hexaboride bulk powder is modified with di-n-butylmagnesium and then
exfoliated with water or iodomethane to produce nanosheets. The effects of bulk particle size,
reaction time and reaction temperature are studied to determine their effect on both the
magnesiated and the exfoliated products. The presence of Mg as well as the morphology of the
modified hexaboride are examined via SEM-EDS, while PXRD is used to monitor for any
changes in the boride crystal structure. Once exfoliated, the nanoproducts are investigated by
TEM and STEM to determine their morphology. AFM is used to establish the thickness of the
nanosheets. We compare these results to those from Li* incorporation techniques and conclude
that using Mg?* as the incorporating ion produces the target nanomaterial much faster.
Additionally, we demonstrate results of the potential presence of a Mg-B species, which
indicates that the magnesiation and lithiation methodologies involve similar boride modification

chemistry.
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Introduction

Divalent alkaline-earth hexaborides, i.e. CaBs, SrBs and BaBs, are known for their high
melting points and hardness, low thermal expansion coefficient and overall superior chemical
stability.1? They also have been studied due to their electric and thermoemissive properties® and
more recently due to their ferromagnetism* and optical properties.> Because of these features, the
group Il hexaborides have found various potential applications in high temperature insulation®

and power generation,® as cathode matherials® and wear-resistant materials.’

CaBs is a semiconductor from the alkaline-earth hexaboride group that has been mostly
used as a deoxidant, neutron absorbent and wear-resistant material.>  As with other borides,
nanostructuring of CaBs has been achieved in various morphologies; for example, nanowires®
and nanoparticles® have been reported previously. Additionally, the first steps towards making
nanosheets of CaBg have been successfully executed using Li* incorporation techniques.'® The
reaction times of those experiments, however, span months to obtained the desired <10 nm
nanosheet morphology. Here we test a modification of the metal incorporation method to

increase the efficient production of CaBe nanosheets.

In this work, we use a two-step, top down methodology with a Mg?* incorporation
reaction followed by an exfoliation step. In using Mg?* instead of Li*, we hypothesize that
having a metal ion of the same group as the metal in the hexaboride potentially could aid its
incorporation and subsequently produce more nanosheets with shorter reaction times. In
addition, we aim to explore the influence of non-aqueous exfoliation techniques and how they
compare to the already established aqueous exfoliation protocol. Finally, we seek to gain further

understanding of the metal boride modification chemistry.
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Experimental

Materials: Calcium hexaboride (powder, Office of Naval Research, USA), 1 M di-n-
butylmagnesium in heptane (Sigma-Aldrich), iodomethane (purum, >99.0%, Sigma-Aldrich),
hexanes (98.5%, Fisher).

Reaction of Calcium Hexaboride with Di-n-Butylmagnesium: In a typical reaction,
0.210 g of CaBs (2 mmol) was added to a glass vial followed by a Teflon stir bar and the vial
was transferred to an argon filled glovebox with levels of O>< 5 ppm and H.O < 0.1 ppm. For
reactions in which ground boride was used, the CaBe was ground in an agate mortar and pestle
for 30 minutes before adding to the vial. Next, 5 mmol of 1 M di-n-butylmagnesium in heptane
was added to the vial using a syringe and the vial was capped with a Teflon lined cap and sealed
with Parafilm® M. The mixture was stirred in the glovebox for 1-4 weeks. For high temperature
reaction, the vial was put in an aluminum bead bath on a hotplate at 80 °C. After the reaction was
completed, the magnesiated CaBs was isolated from the excess magnesiation reagent via vacuum
filtration and washed thoroughly with hexane. The product was scraped from the filter paper and
left to finish drying overnight in a clean vial. 0.189 g of magnesiated material was retrieved
(90% vyield).

Exfoliation of Calcium Hexaboride in Water: For the aqueous exfoliation method,
0.09 g of magnesiated CaBes was removed from the glovebox and added to a conical centrifuge
tube. Next, 20 mL of DI water was transferred into the tube and the dispersion was centrifuged at
10,000 rpm for 30 minutes. Once the hexaboride was separated from the water and any soluble
byproducts, the solvent was decanted and another 20 mL of it were added. The mixture was

probe sonicated at 50 amplitude for 1 hour. Approximately 100-200 pL of the dispersion was
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used to examine the nanoproduct via TEM/SAED. The remaining hexaboride was dried under
vacuum overnight at 40 °C. 0.078 g of exfoliated material was recovered (87% yield).

Exfoliation of Calcium Hexaboride in lodomethane: To exfoliate CaBe in non-
aqueous conditions, 0.09 g of CaBe was transferred to a conical centrifuge tube. Next, 10 mL of
iodomethane was added and the tube was capped and sealed with Parafilm® M. The container
was then removed from the glovebox and centrifuged for 30 minutes at 10,000 rpm. The material
was brought back into the glovebox and the iodomethane was decanted. Next, 15 mL of hexane
was added to remove any leftover iodomethane. The tube was resealed and centrifuged under the
same conditions as the iodomethane mixture. The solid material was separated from the hexane
and the washing process was repeated 2 more times. After the final wash, another 15 mL of
hexane was poured into the centrifuge tube and after capping it and sealing it with Parafilm once
again, the CaBe was bath sonicated for 2 hours. Approximately 100-200 pL of the mixture was
used to examine the nanoproduct via TEM/SAED and the rest was left suspended in hexane in
the glovebox.

Control Reaction: In a control reaction, 0.210 g of CaBs (2 mmol) was added together
with a stir bar into a vial. Next, in an argon filled glovebox, 5 mL of hexane were transferred into
the vial and the vial was capped and sealed with Parafilm Parafilm® M. The reaction was left
stirring for 4 weeks, after which the hexaboride was separated from the hexane via vacuum
filtration and washed with excess hexane. The material was left in the glovebox to dry overnight.

Characterization: The composition of the bulk, magnesiated and exfoliated materials
was confirmed using a Bruker D8-Advance powder X-ray diffractometer (Co-Ka radiation,
1=1.7889 A) operated at 35 mA and 40 kV. The scans were performed with a scanning rate of

0.2 sec per step over the 20 range of 5—70°. The morphology and elemental composition of the



59

magnesiated materials were examined using a FEI Teneo field emission gun scanning electron
microscope (FEG-SEM) in conjunction with an Oxford energy dispersive spectroscopy (EDS)
system operated at 5-20 keV. SEM sample preparation consisted of depositing the magnesiated
powders onto carbon sticky tape. Scanning transmission electron microscopy (STEM) at 30kV
was performed on the same instrument to examine the morphology of the exfoliated
nanoproducts. Additional characterization was executed using a FEI Tecnai 20 (200 kV)
transmission electron microscope (TEM) equipped with selected area electron diffraction
(SAED) in order to confirm the identity of the nanomaterial. STEM/TEM samples were drop
cast onto Formvar grids and allowed to dry in ambient conditions for the samples exfoliated in
water and in inert conditions for samples exfoliated in iodomethane. To determine the thickness
of the nanosheets atomic force microscopy (AFM) on a Bruker Dimension Icon with ScanAsyst
in tapping mode was utilized and the AFM data was analyzed using Nanoscope Analysis
Software. AFM samples were prepared by dipping a clean Si wafer into a dilute dispersion of

nanosheets in water.
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Results and Discussion

In these experiments, CaBe was modified using di-n-butylmagnesium and then reacted
with DI H2O or iodomethane (aqueous vs. non-aqueous exfoliation respectively). First, a time
study between 1 and 4 weeks was conducted to determine the influence of reaction time on the
magnesiated and exfoliated products. Next, we explored reduction of bulk particle size in order
to increase surface area and ultimately achieve higher level of magnesiation and exfoliation.
Reactions at elevated temperature were examined with respect to total reaction times. Exfoliation
media were varied to explore the versatility of the method, particularly for potential application

to borides susceptible to oxidation in aqueous conditions.

Time Study

A time study documented the progress of the magnesiation/exfoliation reactions.
Magnesiation reaction time was varied between 1 and 4 weeks and PXRD, SEM-EDS and
STEM were performed to characterize the products of each step. All four magnesiation reactions
yielded CaBs with similar morphology to that of the bulk: crystals with lateral dimensions 10-50
pm and a smooth surface (Figure 3.1 A-D). Corresponding EDS showed the presence of Ca and
B as expected. Additionally, Mg was present evenly throughout the material and EDS at 20 kV
confirmed that its incorporation was successful. Oxygen, which is typically present in the bulk,
can be observed evenly on the surface of the hexaboride and in some concentrated areas,
suggesting the incorporated Mg might have started forming oxide/hydroxide species once

removed from the glovebox and exposed to atmospheric conditions.



Figure 3.1. SEM of 1 (A), 2 (B), 3 (C) and 4-week (D) reaction with corresponding Ca, B,
Mg and O elemental mapping

Powder XRD showed some interesting features. 1- to 3-week reactions yielded
diffraction patterns matching to that of bulk CaBe, but the 4-week reaction showed two
additional peaks at ~21 and 53 26 in magnesiated material and exfoliated products (using both
aqueous and non-aqueous conditions) (Figure 3.2). Previous work with the lithiation of CaBs
revealed the potential formation of LiBg, and the two peaks observed here have a similar
position.’® An equivalent “MgBg” compound is not known and other Mg-B species do not
appear to match the observed new peaks, but we propose that MgBg could form under these
conditions (albeit be unstable). Other common byproducts, such as MgO and Mg(OH)2, were

ruled out as potential matches.
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Figure 3.2. PXRD of bulk, magnesiated, exfoliated in H>O and in iodomethane CaBe
from a 4-week reaction. Asterisks denote the presence of additional species.

Once the magnesiated materials were exfoliated, TEM and STEM-EDS were performed
to observe their morphology and composition. The 1-week reaction showed some uneven
crystals with jagged edges, most likely due to the sonication process rather than successful
exfoliation (Figure. 3.3A). This result indicated that longer reaction times were required to
achieve the desired nanomorphology. As reaction time was increased, the nanoproduct appeared
to become thinner and more uniform based on the bright field contrast of the respective imaging
technique. Finally, at 4 weeks, nanoplatelets were observed in both the aqueous and non-aqueous
exfoliation media. Their elemental mapping showed the presences of both Ca and B, consistent
with calcium boride (Figure 3.3 B and C insets). With these results, we conclude that increasing
the reaction time had a significant effect on the final product that was much more noticeable than

in the magnesiation/exfoliation of LaBs (See Chapter 2). More importantly, the morphology
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appeared to be comparable to that produced using lithiation techniques, signaling that changing
the metal ion is a viable alternative in the modification of CaBs. Finally, both aqueous and non-
aqueous exfoliation media yielded similar nanoproducts, verifying that solvents other than water

could be used for the exfoliation step if needed.

A

1um

Figure 3.3. TEM of CaBe exfoliated in H20 from a 1-week reaction (A). STEM of CaBe from
a 4-week reaction exfoliated in H2O (B) and in CHal (C) with corresponding EDS (insets).

Reducing Bulk Particle Size

In an effort to increase the surface area of the CaBg crystals, mortar and pestle grinding
was utilized to decrease the bulk particles size. After grinding the bulk for 30 minutes, SEM was
performed to evaluate the size of the hexaboride particles. Before the grinding process, the
majority of the crystals had lateral dimensions 30-50 um with some smaller ones around 10 pum

(Figure 3.4 A). Following grinding, the majority of the crystals were 10-20 um (Figure 3.4 B),

with little change in overall morphology.
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Figure 3.4. SEM of bulk CaBs (A) and ground bulk CaBs
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After successfully reducing the bulk particle size, magnesiation reactions were performed
to evaluate its effect on the final nanoproduct. A 2-week reaction at room temperature was
compared to that of the same reaction without the grinding step. PXRD showed no observable
changes between bulk, magnesiated and exfoliated (similarly to the non-ground reaction). SEM-
EDS was performed to evaluate the magnesiated material. The crystals appeared to have retained
their morphology, and the layered nature of CaBe was visible at the fractured edges of most
particles (Figure 3.5 A). Further, elemental mapping showed the presence of all expected
elements: Ca, B, Mg and O (Figure 3.5 B-E). It’s interesting to note that while magnesium was
found evenly distributed onto the surface of crystals, there appear to be some more concentrated
areas at the edges as demonstrated by the darker yellow color on the left side of the Mg mapping
(Figure 3.5 D). This suggests that those are the areas where the magnesium ions get incorporated

to a higher extent which would aid the delamination process significantly.

Figure 3.5. SEM of magnesiated CaBs from 2-week reaction after bulk particle size
reduction (A) with corresponding elemental mapping (B-E)
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Aqueous exfoliation of this magnesiated product yielded uniform nanosheets with
straight edges and lateral dimensions of ~500-600 nm, as observed by TEM (Figure 3.6). Their
SAED showed the cubic diffraction pattern along the (001) plane with d-spacings indexed to
CaBe (Figure 3.6 A inset). Some nanoparticles, whose SAED was indexed to CaB6, were also
formed (Figure 3.6B), suggesting that the grinding step requires optimization. For example,
planetary ball milling could be used in future experiments because the applied force can be
better controlled and reproduced. These results contrasted with those from the 2-week reaction
performed without CaBs grinding; here much thicker nanomorphologies were observed,

confirming the need for particle size reduction.

300 nm

Figure 3.6. TEM of exfoliated CaBs from 2-week reaction after bulk particle size
reduction showing nanosheets (A) and nanoparticles (B)
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Longer reaction times of one and three months also were evaluated with ground CaBes.
While studying the 1-month reaction, we determined that the PXRD patterns of both
magnesiated and aqueous exfoliated products fit the expected CaBe pattern, and similarly to the
reaction with un-ground hexaboride, the patterns displayed the 2 extra peaks at ~21 and 53 26.
This result confirms that this new species forms only during experiments with reaction times > 1
month. Once the material was exfoliated, nanosheets of similar morphology to the 2-week
reaction were observed, indicating that reaction times longer than 2 weeks don’t necessarily
yield much improved results. AFM of the nanoproduct showed that the sheets were ~15 nm in
thickness, which corresponds to approximately 35 monolayers of CaBs plus surface hydration

layers (Figure 3.7).
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Figure 3.7. AFM image of exfoliated CaBs with the corresponding height profile

The longest magnesiation reaction allowed CaBs to stir with di-n-butylmagnesium for 3
months. The purpose of this experiment was to maximize the peak intensities of the new,
unknown species so it could be identified. Regrettably, the magnesiated product was extremely
unstable and caught on fire once exposed to ambient conditions, rendering it difficult to
characterize. It is likely that the pyrophoric nature of the magnesiated material was due a

significant amount of MgH2, which was observed as white particles mixed in with the grey-
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colored boride. PXRD of the magnesiated material under inert conditions was attempted to avoid
exposing the magnesiated product to air. The modified CaBs was deposited onto a welled glass
slide and covered with Kapton tape and PXRD was re-attempted. However, the overall pattern
was much noisier due to the amorphous nature of the tape covering the hexaboride; this made the
data unreliable, especially in light of the low intensity of the peaks corresponding to the
unknown species. Advanced characterization of these materials, such as synchrotron diffraction,

might prove useful to obtain better data.

High Temperature Reactions at 80 °C

Reactions at elevated temperatures were performed with the aim to decrease the overall
reaction time. Ground bulk was used for these reactions in order to achieve optimal results, and it
was determined that a 14-day reaction at 80 °C yielded the best nanoproduct. The PXRD patterns
of the magnesiated and aqueous exfoliated products matched to those of bulk CaBs, similar to the
room temperature reactions, and no additional peaks were detected. Additionally, SEM-EDS of
the magnesiated product confirmed the presence of Mg in the sample as well as the preservation

of the original morphology of the crystals.

Once exfoliated in water, TEM-SAED was performed to evaluate the nanoproduct. The
microscopy images showed two types of morphologies. First, uniform rectangular nanosheets
were observed (Figure 3.8 A) that appeared thinner (based on contrast) than previously
synthesized products using Mg?* incorporation. When compared with lithiation techniques, the
reaction time of the ion incorporation reaction step is significantly decreased for Mg?* (14 days)
than for Li* (3 months). These results support our hypothesis that using a metal ion from the
same group as that of the metal in the boride should lead to improved ion incorporation and

consequently greater nanosheet formation. The second morphology observed was small
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nanoparticles on the sheets (Figure 3.8 B). Their polycrystalline diffraction pattern was indexed
to MgO, which indicates that exposure to elevated temperature leads to the decomposition of di-
n-butylmagnesium to MgH2, which in turn forms MgO once exposed to aqueous conditions.

Thus reactions longer than 2 weeks at elevated temperatures will be most likely ineffective.

o
(oo™

(1772 1/nm

100 nm

Figure 3.8. TEM images with corresponding SAED (inset) of exfoliated CaBe
nanosheets (A) and MgO nanoparticles (B) from a 14-day reaction at 80 °C

Control Reactions

Control reactions with hexane were executed with both ground and as-received bulk
CaBs to verify that any nanosheet formation resulted from our methodology. Both control
reactions produced products with PXRD patterns matching the bulk. Once the CaBg was probe
sonicated, the final morphology was evaluated and compared to that of the magnesiation-
exfoliation reactions. TEM of the product derived from as-received bulk (Figure 3.9 A) and
STEM of the product derived from ground bulk (Figure 3.9 B) both showed thick, uneven

crystals, indicating that no exfoliation occurred due to the stirring and handling processes alone.
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This piece of data validates that nanosheet products are due to the ion incorporation/exfoliation

chemistry.

A B

1 um

3 pm |

Figure 3.9. TEM image of a control reaction with unground CaBe and STEM
of a control reaction with ground CaBs
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Conclusion

Calcium hexaboride was magnesiated successfully using di-n-butylmagnesium, and the
presence of magnesium was confirmed using elemental mapping. There’s some preliminary
evidence that Mg is likely to incorporate at the edges of the crystals, which makes it possible for
incorporation to occur more rapidly and the exfoliation to happen more easily. Additionally,
reaction times > 4 weeks yielded products whose PXRD patterns showed the presence of an
additional species. This new compound can be hypothesized to be a Mg-B species based on
previous work with lithiation techniques, but additional characterization needs to be conducted to

confirm its identity.

Nanosheets with a variety of thicknesses were obtained depending on the reaction
conditions used. We determined several key factors for getting the optimal results. Firstly, it was
important to obtain use bulk material with particle size, so the bulk CaBs was ground using a
mortar and pestle. A technique like planetary ball milling could be utilized in future experiments
in order to achieve a more uniform reduction of the bulk particle size and avoid the formation of
boride nanoparticles. Next, increasing the magnesiation time led to progressively improved
results. However, reaction time longer than 4 weeks proved ineffective. Finally, elevated

temperature produced optimum results, leading to the isolation of thin, uniform CaBs nanosheets.

The successful magnesiation and exfoliation of CaBe is a significant improvement in the
formation of CaBs nanosheets because lithiation methods require long reaction times. It also
verifies the versatility of the ion incorporation method by application to an alkaline-earth metal
hexaboride and the successful demonstration of non-aqueous media for exfoliation. Finally, it

provides new evidence for the potential formation of previously unknown Mg-B species in situ.



71

References
1. Amin, S. S,; Li, S.-y.; Roth, J. R.; Xu, T. T., Single crystalline alkaline-earth metal
hexaboride one-dimensional (1D) nanostructures: synthesis and characterization. Chemistry of

Materials 2009, 21 (4), 763-770.
2. Matkovich, V. I., Boron and Refractory Borides. Springer, Berlin, Heidelberg: 1977.

3. Muranaka, S.; Kawai, S., Crystal growth of alkaline earth hexaborides. Journal of Crystal
Growth 1974, 26, 165-168.

4, Ott, H. R.; LGavilano, J.; Ambrosini, B.; Vonlanthen, P.; Felder, E.; Degiorgi, L.; Young,
D. P.; Fisk, Z.; Zyslerc, R., Unusual magnetism of hexaborides. 200, 281, 423-427.

5. Bao, L.; Qi, X.; Tana; Chao, L.; Tegus, O., Synthesis, and magnetic and optical
properties of nanocrystalline alkaline-earth hexaborides. CrystEngComm 2016, 18 (7), 1223-
1229.

6. Takeda, M.; Terui, M.; Takahashi, N.; Ueda, N., Improvement of thermoelectric
properties of alkaline-earth hexaborides. Journal of Solid State Chemistry 2006, 179 (9), 2823-
2826.

7. Yin, H.; Tang, D.; Mao, X.; Xiao, W.; Wang, D., Electrolytic Calcium Hexaboride for
High Capacity Anode of Aqueous Primary Batteries. Journal of Materials Chemistry A 2015, 3
(29), 15184-15189.

8. Xu, J.; Zhao, Y.; Zou, C.; Ding, Q., Self-catalyst growth of single-crystalline CaBs
nanostructures. Journal of Solid State Chemistry 2007, 180 (9), 2577-2580.

9. Bao, K.; Lin, L.; Chang, H.; Zhang, S., Low-temperature synthesis of calcium hexaboride
nanoparticles via magnesiothermic reduction in molten salt. Journal of the Ceramic Society of

Japan 2017, 125 (12), 866-871.



10. Ramachandran, R. Nanostructured Metal borides and Metal Fluorides. University of

Georgia, Athens, Georgia, 2017.

72



CHAPTER 4

MAGNESIATION AND EXFOLIATION OF STRONTIUM AND BARIUM

HEXABORIDE

Milkovska, M. and Salguero, T.T. To be submitted to Chemistry of Materials

73



74

Abstract

Strontium and barium hexaboride, SrBe and BaBs, are modified using di-n-
butylmagnesium and exfoliated in DI H2O. The magnesiated products are characterized and the
presence of Mg is confirmed using EDS. No morphological changes were observed in either
modified boride, contrasting previous data obtained from lithiation methods. PXRD is utilized to
track any structural changes as the borides were magnesiated and exfoliated. SrBs doesn’t show
any indication of the presence of additional species, while BaBe provides some evidence of the
potential formation of a Mg-B, which was previously observed in CaBe experiments. Reactions
of both modified borides with water lead to the successful delamination of the materials and the

generation of two-dimensional nanoplatelets with lateral dimensions between 0.2-1 pm.
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Introduction

Strontium and barium hexaborides (SrBs and BaBs) belong to a subgroup of the metal
hexaborides named the alkaline earth hexaborides. Throughout the years, many synthetic
approaches have been discovered to synthesize these materials including a variety solid state
methods,*® vapor deposition techniques*® and combustion synthesis.® Their unique properties
have been studied in the bulk and more recently their alloying”® and nanostructuring® ° have

risen to the forefront on their investigation.

Nanostructuring of SrBs and BaBe has been focused primarily on bottom-up approaches
yielding nanoparticles!®!! and nanowires.> ® Top-down methodologies, however, haven’t been
studied extensively mainly due to the difficult disassembly the strongly bonded metal-boron
framework. One such study utilizes the incorporation of a small metal ion (Li*) into the bulk
SrBg followed by a reaction with water to yield uniform nanoparticles.*? The same approach has
also been utilized to form nanosheets of a rare earth hexaborides (LaBs, CeBs and SmBg) 23 Thus,
we aim to apply this methodology with some modifications to explore the chemistry of BaBe and

SrBs.

In this chapter, we use Mg?* for the metal ion incorporation step. Previously, we have
successfully magnesiated and exfoliated another alkaline earth boride, CaBs (see Chapter 3).
CaBe modification was recorded to proceed similarly in both lithiation and magnesiation
approaches and while the reactions yielded nanosheets in both cases, the magnesiation route
provided much shorter reaction times to do so. Thus, our objective is to provide an analogous
comparison with SrBe, particularly in light of the unusual nanoproduct that it forms upon
lithiation. Additionally, we provide a further comparison with the modification of the last boride

from the alkaline earth boride group, i.e. BaBs.
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Experimental

Materials: Strontium hexaboride (powder, Office of Naval Research, USA), barium
hexaboride (powder, Office of Naval Research, USA), 1 M di-n-butylmagnesium in heptane

(Sigma-Aldrich), hexanes (98.5%, Fisher).

Reaction of SrBes with Di-n-Butylmagnesium: In a typical magnesiation experiment,
0.152 g (1 mmol) of bulk SrBe powder was deposited into a glass vial together with a Teflon stir
bar. Next, the vial was transferred to an argon-filled glovebox with levels of O> < 5 ppm and H.O
< 0.1 ppm. Inside the box, 5 mL of 1M di-n-butylmagnesium was added to the vial via a syringe
and the vial was capped and sealed with Parafilm® M. The reaction was stirred for 5-30 days at
room temperature. For elevated temperature reactions, the vial with the boride/ magnesiation
reagent mixture was put in an aluminum bead bath for even heating and a hot plate set at 80 °C
was utilized. After the reaction was finished, the magnesiated boride was separated from the rest
of the mixture using vacuum filtration. The product was then extensively washed with hexane
and allowed to dry in a clean vial overnight. 0.134 g of magnesiated hexaboride was recovered

(88% yield).

Exfoliation of SrBsin Water: For the exfoliation step, 0.080 g of magnesiated SrBe was
removed from the glovebox and added to a centrifuge tube. Next, 20 mL of DI H20 were added
and the mixture was centrifuged at 10,000 rpm for 30 min. The solvent and soluble byproducts
were decanted and another 20 mL of DI H.O were added to the centrifuge tube containing the
boride. The dispersion was then probe sonicated at 50 amplitude for 1 hour. Approximately 100-
200 pl of the mixture were used to examine the material via TEM/SAED. The remaining
nanoproduct was dried in a vacuum overnight at 40 °C. 0.061 g of exfoliated product was

retrieved (76% vyield).
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Reaction of BaBs with Di-n-Butylmagnesium: A total of 0.202 g (1 mmol) of BaBs
powder was used for the reaction with di-n-butylmagnesium. The magnesiation reactions were
executed in the same manner as the reactions with SrBe, except that the bulk was ground for 15
minutes using an agate mortar and pestle prior to the addition of the magnesiation reagent. The

reaction produced 0.182 g of product (90% yield).

Exfoliation of BaBs in Water: The reactions of magnesiated BaBe with DI H2O were
executed similarly to those with the strontium equivalent. 0.100 g of modified BaBe was used for

the exfoliation step and 0.083 g was retrieved (83% yield).

Characterization: The composition of the bulk, magnesiated and exfoliated materials
was confirmed using a Bruker D8-Advance powder X-ray diffractometer (Co-Ka radiation,
1=1.7889 A) operated at 35 mA/40 kV and with a scanning rate of 0.2 sec per step over the 26
range of 5—70°. A FEI Teneo field emission gun scanning electron microscope (FEG-SEM) in
conjunction with an Oxford energy dispersive spectroscopy (EDS) system operated at 5-10 keV
was used to determine the morphology and elemental composition of the magnesiated material.
SEM sample preparation consisted of depositing the magnesiated powders onto carbon sticky
tape. The same instrument operated at 30 kV was utilized to perform scanning transmission
electron microscopy (STEM) in order to study the morphology of the exfoliated products.
Further characterization was done using a FEI Tecnai 20 (200 kV) transmission electron
microscope (TEM) equipped with selected area electron diffraction (SAED), which was used to
confirm the identity of the nanomaterial. STEM/TEM samples were drop cast onto Formvar

grids and allowed to dry in air.
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Results and Discussion

Reactions of SrBe with di-n-butylmagnesium were performed at room temperature and 80
°C. The magnesiated and exfoliated materials at different reactions times were compared to
determine the optimal conditions for the formation of nanosheets. Results were also evaluated
against those obtained by lithiation techniques. BaBe underwent similar experiment to provide an

additional set of comparison.
Reactions of SrBe with Di-n-Butylmagnesium at Room Temperature

Strontium hexaboride was magnesiated for different amounts of time between 5 and 30
days. The PXRD patterns from these reactions remained similar as the reaction time was varied.
It was observed that magnesiated and exfoliated products both match the bulk pattern well
(Figure 4.1). One difference that was observed was that a slight peak broadening in the pattern of

the magnesiated boride which transformed into a peak on the left of the main boride peak (lower
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Figure 4.1. PXRD of bulk, magnesiated and exfoliated SrBs from a 14-day
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20). This difference was determined to be an artifact of the diffractometer and can be disregarded
(See Chapter 2 for details). Additionally, a change in the relative peak intensity was seen in the
exfoliated product and the peaks ~ 24.5 and 50.5 26 were significantly more intense that the rest
of the peaks. The two peaks correspond to the (h00) set of crystal planes and their increased
intensity was due to the fact that the exfoliated samples were drop-casted onto a glass slide and
then dried in order to examine them, which allowed the crystals to express one set of crystal
planes as the water evaporated. When the samples were dried under vacuum to produce a

nanopowder and then underwent PXRD, the relative intensity of all peaks was retained.

The morphology of the magnesiated products was examined via SEM/EDS and compared
to the bulk boride. The bulk crystals consisted of particles that are ~10-30 um in size and were
composed of multiple platelets (Figure 4.2 A). Once magnesiated, the boride retained its original
morphology and the only a slight rounding of the edges was observed which was most likely due

to the stirring process (Figure 4.2 B). The elemental mapping showed the presence of the

Figure 4.2. SEM images of bulk (A) and magnesiated (B) SrBs with corresponding Sr (C),
B (D), Mg (E) and O (F) elemental mapping



expected elements (Sr, B and O) as well as Mg which indicated that the magnesiation was

successful (Figure 4.2 C-F).

Once characterized, the magnesiated materials from the varying reaction times were
reacted with DI H2O to produce the final product. While shorter reaction times didn’t lead to
successful delamination and the formation of desired nanomorphology, around 14 days
nanoplatelets began to form (Figure. 4.3). The observed platelets were 200-500 nm in lateral
dimensions and appeared to be uniform in thickness suggesting they were formed due to the
exfoliation process, not the prolonged stirring. Increasing the reaction time up to 4 weeks
demonstrated similar results and thus it was concluded that additional modification of our

methodology needed to be done in order to achieve thinner, more sheet-like final product.

Figure 4.3. TEM of a typical SrBe nanoplatelet from a 14-day reaction

Reactions of SrBe with Di-n-Butylmagnesium at 80 °C

80

Elevated temperature reaction at 80 °C were performed in order to observe the influence

of temperature on the final product. Previously, lithiation techniques at an elevated temperature

produced three unique findings — (1) modified SrBe showed a drastic change in morphology

compared to the bulk, (2) nanoparticles were formed instead of nanosheets during the reaction
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with water and (3) the reaction proceeded through the formation of a Li2Bs species whose
structure is similar to that of the hexaborides.*? While a direct Mg-B equivalent has yet to be
discovered as of the writing of this work, there’s been some evidence of the existence of a MgBs
structure instead.** Thus, it’s essential to draw a comparison between the two modification

techniques in order to understand their chemistry better.

Strontium hexaboride was magnesiated at 80 °C with reaction times between 5 days and
3 weeks and then exfoliated in water. Throughout the reaction time study, no structural changes
or formation of additional species was observed via PXRD. As the Li-B species was observed as
early as 11 days during lithiation of SrBs, our results indicate that if any Mg-B species was
formed, it was either in too small of amounts that it couldn’t be detected with our techniques or it
is unstable in air similarly to Li»Bs. Additional characterization is required to confirm its
presence. An example of a typical PXRD pattern for elevated temperature reactions is given in

Figure 4.4.

—— magnesiated
bulk

exfoliated in HZO |

Intensity (a.u.)
—
S —
S—
e —
——

SrB6

ICDD 00-028-1210 |

L L LA I NN NN N RNNLE RN EENLEN IR B
10 15 20 25 30 35 40 45 50 55 60 65 70

20
Figure 4.4. PXRD of bulk, magnesiated and exfoliated SrBs from a 5-day reaction at 80 °C
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The morphology of the bulk SrBs was retained after magnesiation at high temperature
similarly to the room temperature reactions. This contrasts vastly with the lithiated boride which
shows significantly different modified morphology from the bulk*?. Such lack of morphological
changes paired with the PXRD data presented above suggest that perhaps the magnesiation
process occurs differently than that of the lithiation equivalent. This conclusion is also supported
by the morphology of the exfoliated product. TEM images of the material after reaction with
water shows the presence of plate-like SrBs similarly to the room temperature reactions (Figure
4.5 A). Its respective SAED and matched d-spacings confirm its structure with certainty.
Additionally, it’s worth noting that while the magnesiation-exfoliation methodology can be
applied to SrBe successfully, our work shows that CaBe produces much more uniform final
product than SrBe with much shorter reaction times (see Chapter 3). Finally, some MgO was also
formed during these reactions which suggests that di-n-butylmagnesium is decomposing to
MgH: due to the elevated temperature, which in turn converts to MgO in aqueous conditions.
This phenomenon was also observed in the CaBs reactions at 80 °C, where MgO nanoparticles

were formed on the smooth surface of the hexaboride. In the strontium boride case, the MgO

"e; y: y ; »’E.:v .’,. -.'v:f‘ 4 ' ;“ 4' Z ‘!-' . ]
Figure 4.5. TEM of exfoliated SrBe from a 3-week reaction at elevated temperature
(A) and MgO from the same reaction (B) with respective SAED (insets)
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grows similarly to the flaky structure of the SrBs bulk, which is possibly why we observe a MgO
with almost sheet-like morphology as opposed to nanoparticles (Figure 4.5 B). The respective
SAED (inset) reveals the presence of both polycrystalline diffraction pattern of the magnesium
biproduct and the cubic single crystalline pattern of the hexaboride. Thus, we concluded that
prolonged reactions at elevated temperatures are inefficient to produce thinner, more uniform

nanosheets and additional adjustments to the methodology might be needed to achieve that.
Reactions of BaBg with Di-n-Butylmagnesium at Room Temperature

Before proceeding with the magnesiation reaction, BaBe bulk required 15 minutes of
grinding with a mortar and pestle as the bulk boride crystals were enveloped in platelets of an
additional species. While we couldn’t eliminate the extra material completely (Figure 4.6), the
grinding process allowed us to simply remove it from the surface of the boride in order to allow
the boride to be in direct contact with the magnesiation reagent during the subsequent reactions.
The additional material was determined to be BaB2O4 based on EDS and SAED data, which is a

known transition phase of the synthesis of BaBs.'

“ar P ¢ - v v \ P

Figure 4.6. SEM of BaBs bulk before (A) and after (B) grinding

After grinding, the hexaboride was magnesiated at room temperature with reaction times
between 1-4 weeks. PXRD patterns of BaBe magnesiated and exfoliated in H.O for almost all

reactions matched the bulk well and not structural changes were observed. When the reaction



84

time reached 4 weeks, a less intense peak around ~22 20 was observed (Figure 4.7). While such
peak wasn’t observed in the month-long magnesiation of SrBs, a similar peak was seen
previously with CaBe under the same reaction conditions and was hypothesized to be from a Mg-
B species (see Chapter 3). This piece of data indicates that both BaBs and CaBs magnesiation
reactions possibly proceed though the formation of the same intermediates, which can only be

observed at reaction times > 4 weeks.
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Figure 4.7. PXRD of BaBg bulk, magnesiated and exfoliated in
H>O from a 4-week reaction. Asterisk denotes an additional species

The magnesiated BaBs was characterized via SEM-EDS. Similarly to SrBs and CaBs, the
barium equivalent didn’t undergo any morphological changes during the magnesiation process.
The crystals’ surface remained smooth and some of the layers of the material began showing at
the edges (Figure 4.8 A). EDS mapping was executed to confirm the elemental composition of
the modified material. Barium, boron and oxygen were present as expected; magnesium was also

detected uniformly on the crystals indicating that the metal ion incorporation has proceeded
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successfully. Some Mg- and O-rich areas were detected indicating some formation of MgO has

already occurred most likely due to exposure to the ambient conditions outside of the glovebox.

Figure 4.8. SEM image of magnesiated BaBe (A) with corresponding Ba (B), B (C),
Mg (D) and O (E) mapping

When exfoliated in DI water, BaBe produced platelets with dimension of 0.5-1 um. The
product appeared to be uniform, but thick based on the bright field contrast in the 1-to-2-week
reactions (Figure 4.9 A). In experiments with reaction times > 2 weeks, thinner platelets began
forming (Figure 4.9 B) and their composition was confirmed with elemental mapping (Figure 4.9
C-D). Additional characterization with SAED confirmed that the observed morphology was
indeed the hexaboride by indexing its crystal planes to cubic BaBs. While reaction with longer
times were not performed, it can be inferred based on previous work with other hexaborides that

longer reaction times will be ineffective.

Al : B

Figure 4.9. STEM image of exfoliated BaBs from a 1-week reaction(A) and a 4-week
reaction (B) with corresponding Ba (C) and B (D) mapping
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Reactions of BaBe with Di-n-Butylmagnesium at 80 °C

Preliminary reactions of BaBe with di-n-butylmagnesium at 80 °C were performed. For
these reactions, PXRD confirmed that, similarly to SrBe, no observable structural changes have
occurred due to the magnesiation at high temperature. Unlike the strontium equivalent, however,
the exfoliated barium hexaboride didn’t appear to benefit from the elevated temperature and the
final product appeared to be more like the thicker platelets from the 1-week reaction at room
temperature rather than the 2-to-4-week reactions (Figure 4.10). There are several possible
explanations for what we observed. Firstly, as previously noted the magnesiation reagent
degrades at above room temperature, so it’s possible that over time the di-n-butylmagnesium
(despite the proper storage) begins to slowly degrade before it is even added to the boride. This
will make the magnesiation reagent much less effective especially when exposed to elevated
temperatures. Secondly, the bulk powder contained some additional material mixed in with the
BaBs. While we attempted to mitigate its influence on the magnesiation process by grinding the
bulk powder, we cannot say with certainty that its effect on the reaction progression was

completely eradicated. Thus its presence could have either prevented the Mg ions to reach the
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Figure 4.10. STEM image of exfoliated BaBe from a 1-week reaction at 80 °C
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surface of the boride or the material itself could have been magnesiated to some extent, which
would decrease the amount of Mg?* available to be incorporated into the boride and lead to less
than satisfactory results. And lastly, it was observed that the magnesiation/reaction with water
methodology seems to achieve delamination will all three alkaline earth borides explored in this
work, but there seems to be a trend when doing down the period. We’ve observed greatest results
with the CaBe and the final nanoproduct of the following two borides appear to be a bit less
satisfactory in SrBe and even less so in BaBe. Such trend could be potentially attributed to the
size of the Mg?* — at 72 pm, it is much closer in size to the Ca ion (100 pm), than Sr ion (118
pm) or Ba ion (135 pm). Whatever position the Mg ions may occupy as they get incorporated,
having a metal in the boride with similar features and chemistry can potentially ease the
incorporation leading to improved final results. Additional experiments at high temperature may

be required to provide additional evidence of this trend.
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Conclusion

Strontium and barium hexaboride were successfully magnesiated and exfoliated in water.
During the SrBe experiments, it was determined that the magnesiation and exfoliation proceed
differently than previously explored lithiation approaches. Firstly, no evidence was found of the
formation of Mg-B species equivalent of the Li2Bs seen in high temperature lithiation reactions.
Additionally, the final product of both room temperature and 80 °C reactions had a two-
dimensional morphology rather than the previously seen nanoparticles. Finally, though the
magnesiation via di-n-butylmagnesium provided adequate results in the form of uniform SrBs
platelets, reagents with higher Mg concentration might need to be explored to achieve the

optimal nanosheet morphology.

Barium hexaboride also demonstrated some promising results. It was discovered that
increasing the reaction time could lead to nanoplatelet formation, similar to the strontium
equivalent, but increasing the temperature didn’t prove as effective. In addition, PXRD of longer
reaction times provided evidence of the potential formation of the Mg-B species also found in
CaBs magnesiation reactions. Thus, it can be hypothesized that the chemical route for the
modification of BaBes resembles that of the CaBs, but the final product is much more similar to
that of the Sr counterpart. Obtaining a pure BaBe bulk powder will be of great importance for

future experiments in order to avoid interference during magnesiation.

The experimental results of the reactions with SrBe and BaBs established that even
though the two compounds belong to the same group, their chemistry is not always identical.
Having the comparison between the two as well as the comparison with lithiation reactions has

broadened our understanding of the underlying processes that can occur during these



experiments. Thus, this approach can be now expanded to the rest of the vastly broad boride

group making them much more industrially adaptable and easy to work with.
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Abstract

LiCoPO4 nanosheets are synthesized using a Coz(PO4)2-4H20 nanosheet precursor in a
H2O/DEG or H20/EG mixture. The effects of time, solvent ratio, Li sources and reaction
temperature are explored during the solvothermal synthesis to determine the best experimental
parameters. Uniform nanosheets with lateral dimension of 5-10 um are successfully synthesized
at 250 °C, and we demonstrate that the reaction conditions play a crucial role in both the
morphology and composition of the final products. Additionally, we demonstrate the use of
planetary ball-milling as a tool to reduce lateral dimension of LiMnPO4 nanosheets without the
loss of dimensionality. Ball-milling in a liquid medium has shown the most promising results
compared to dry ball-milling and H2O provides the best reduction of size without the formation

of nanoparticles.
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Introduction

LiMPO4 (M= Mn, Fe, Co, Ni) materials are olivine-structured orthophosphates that have
been studied as an alternatives of oxides for battery cathodes.! Their popularity has increased due
to their high energy density, thermal stability, and low raw materials cost.>* While one of them,
LiFePOs, has been commercially adapted, considerable effort has been focused on overcoming

the drawbacks of these materials to apply them to their full potential.

One main pathway to improve their processability and performance is nanostructuring.
LiCoPO4 has been synthesized in variety of nanostructures using solid state,>’ hydrothermal/
solvothermal®2? and sol-gel methods.***2 While most commonly nanoparticles are the final
product, some nanosheets have been synthesized and shown promising battery performance.? In
the hydrothermal/solvothermal category, often a mixture of H.O with an organic solvent or a
surfactant are used to direct the growth into the different morphologies.®® For 2D materials that

particularly important as specific exposed facets are important for speedy Li diffusion.314

Anisotropic LIMnPQO4 nanosheets have been previously synthesized in a HO:DEG
mixture.® These nanosheets display the (200) crystal plane as opposed to the ideal (020) one, but
their promising battery performance has gained an interest to study them from a Li* diffusion
standpoint. As shown with multiple nanomaterials, the dimensions of the nanostructures has a
profound effect on their battery capabilities, so optimizing the lateral dimensions of these
micron-sized LiMnPQO4 nanosheets, while retaining their 2D nature, offer the possibility of

improving their performance significantly.

In this chapter, we report a facile solvothermal synthesis of LiCoPO4 nanosheets using a

C03(P0O4)2-4H,0 template using H2O:DEG and H20O:EG mixtures at 250 °C. We also study the
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use of planetary ball-milling of LiMnPO4 synthesized using the methodology described above.
We attempt to reduce the nanosheets’ lateral dimension using mechanical force with the aim of

improving battery performance.
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Experimental

Materials: CoCl.-6H20 (Acros Organics, 98%), HsPO4 (Sigma-Aldrich, 85 wt % in
water), NaOH (Sigma-Aldrich, >97%, pellets), LiH2PO4 (Sigma-Aldrich, 99%), diethylene
glycol (Sigma Aldrich, 99%), ethylene glycol (Sigma Aldrich > 99%), Mn(CH3COQ),-4H,0

(Sigma-Aldrich >99%), (NH4)2HPO4 (Sigma-Aldrich, >98%).

Preparation of Co3(POa4)2:4H20 Nanosheets: In a 500 mL round-bottom flask, 1.000 g
(4.20 mmol) of CoCl2-6H20 was dissolved in 150 mL of DI H20. Then 0.405 mL (6.15 mmol)
of 15.2 M H3PO4 was added and the mixture was stirred under reflux for 30 min. Next, 60.3 mL
(12.06 mmol) of 0.2 M NaOH was added dropwise, and the reflux process was continued for 17
h. After the reaction was finished, the mixture was allowed to cool to room temperature, and the
violet precipitate was isolated by centrifugation at 10,000 rpm for 30 min. The product was
washed with 30 mL of DI H2O 3x and dried under vacuum overnight at 40 °C. After drying,

0.508 g of violet colored powder was recovered (83% yield).

Preparation of LiCoPO4 Nanosheets: 0.050 g (0.11 mmol) of Co3(POa4)2-4H.0
nanosheets were stirred for 15 minutes with 5 mL of DI H>O and 25 mL of diethylene glycol
(DEG). Next, 0.409 mL (0.409 mmol) of 1 M LiH2PO4 was added and the mixture was stirred
for additional 30 minutes. The mixture was then transferred to a 42 mL Teflon-lined stainless-
steel autoclave and reacted at 250 °C for 17 hours. After letting the reaction cool to room
temperature naturally, the fuchsia-colored product was separated from the H.O/DEG mixture
using centrifugation at 10,000 rpm for 30 min. The product was washed 3 times with 30 mL of
ethanol and 3x with 30 mL of DI H20. The nanosheets were kept in solution for characterization.

Reactions with ethylene glycol (EG) were prepared in the same manner.
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Preparation of Mn3(POa4)2-3H20 Nanosheets: In a beaker, 1.000 g (4.08 mmol) of
Mn(CH3COO),-4H20 was dissolved in 15 mL of DI H;O. In a different beaker, 0.358 g of
(NH4)2HPO4 was dissolved in 15 mL of water and the solution was added to beaker containing
the Mn solution. The mixture was stirred for 30 minutes and the white precipitate was isolated
via centrifugation at 10,000 rpm for 15 min. The nanosheets were washed wit 30 mL of DI water

and were kept in solution for further use.

Preparation of LiMnPO4 Nanosheets: To prepare LiMnPOys, an already established
synthetic approach was used.'® 5.0 mL (0.122 mmol) of a 0.010 mg/mL of Mn3(POa), *3H,0
nanosheets were added to 25 mL of DEG. The mixture was stirred for 15 minutes and 0.369 mL
(0.369 mmol) of 1M LiH.PO4was added. After stirring for 30 minutes, the dispersion was
transferred to a 42 mL Teflon-line stainless-steel autoclave and reacted at 250 °C for 6 hours.
The autoclave was allowed to cool down to room temperature and the white precipitate was
separated from the liquid component via centrifugation at 10,000 rpm for 30 minutes. The
product was washed with 30 mL of ethanol 3 times, followed by 30 mL of DI water 3 times. The
nanosheets were dried under vacuum overnight at 40 °C to produce 0.041g of white powder (71

% yield).

Ball-Milling of LiIMnPO4 Nanosheets: For dry ball-milling, 0.040g of LiMnPO4 was
added to a SiN ball-milling vessel and 8 SiN balls. The material was ball-milled for 30 minutes
at 100-400 rpm in a Fritsch Planetary Miller. The nanosheets were removed from the vessel and
balls with 15 mL of ethanol. The dispersion was bath sonicated for 15 minutes and then

characterized.
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For wet ball-milling, the equivalent amount of the nanosheets were added to the milling
vessel together with the 8 balls and 0.1-0.5 mL of ethanol or DI H20. The subsequent steps were

identical to the dry ball-milling procedure.

Characterization: The composition of the metal phosphates was examined using a
Bruker D8-Advance powder X-ray diffractometer (PXRD) with Co-Ka radiation (A= 1.7889 A)
operated at 35 mA/40 kV and with a scanning rate of 0.1 sec per step over the 26 range of 5-70°.
Samples were prepared as either powder mounts or drop cast onto a glass slide and dried. The
morphologies of the nanoproducts were inspected with a FEI Teneo field emission gun scanning
electron microscope (FEG-SEM) in either SEM (5-10 kV) and STEM mode (30 kV). Energy
dispersive spectroscopy (EDS) was performed via an Oxford system on the same instrument to
confirm elemental composition of the observed morphologies. SEM samples were either drop
casted on a Si wafer or pressed into a pellet, while STEM samples were drop casted on either
formvar or lacey carbon grids and both type of samples were allowed to air dry before
characterization. Additionally, a transmission electron microscope (TEM) equipped with selected
area electron diffraction (SAED) was used, the FEI Tecnai 20 (200 kV). High resolution TEM
(HRTEM) was performed at Georgia Tech on a FEI G2 Tecnai F30 operated at 300 kV.

TEM/HRTEM samples were prepared in the same manner as STEM samples described above.
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Results and Discussion

LiCoPO4 nanosheets were synthesized from a Co3(PO4)2-4H>0 precursor in H,O:DEG
and H20:EG mixtures. Various reaction times, solvent ratios, temperatures and Li sources were
explored to find the optimal conditions for nanosheet formation. Additionally, LIMnPO4
nanosheets were ball-milled with and without solvent with the goal of decreasing their lateral
dimensions while retain their 2D morphology, for the purpose achieving better battery

performance.
Synthesis of Co3(PO4)2:4H20 Nanosheets

The cobalt phosphate nanosheet precursor was synthesized by a method utilized
previously in the formation of hureaulite, i.e. Mns(PO4)2(PO3OH)2-4H,0.° In the adapted
synthesis, CoCl, «6H>0 was used as the cobalt source and concentrated H3zPO4 as the phosphate
source, NaOH was added to the solution to decrease the pH and allow the cobalt phosphate to
precipitate out of it. The mixture was allowed to reflux for 18 hours. After washing the violet
precipitate, its PXRD pattern was matched to a cobalt phosphate hydrate, Co3(POa)2-4H20
(ICDD# 00-034-0844) (black pattern in Figure 5.1). Additionally, the same reaction was
attempted at room temperature and 60 °C, but both reactions yielded the pink-colored
octahydrate instead (pink and green patterns in Figure 5.1) indicating that temperature is
essential to produce the desired compound. Although the cobalt phosphate tetrahydrate is not as
widely studied as the octahydrate derivative, it was prepared previously by suspending cobalt (1)
hydrogen phosphate hydrates in DI water at 80-96 °C for 1 day.!’” Not much information was
available about the exact structure until recently when Manyala and coworkers used a

hydrothermal method to synthesize it. 18 Their published PXRD pattern resembles ours closely,
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Figure 5.1. PXRD patterns of Co precursor nanosheets synthesized at different temperatures

but the two patterns are not identical, which implies that the two materials might have some

structural differences. Additional characterization is required to determine them with certainty.

The morphologies and elemental compositions of our cobalt phosphates were evaluated
by SEM-EDS and STEM. The reflux product was determined to be uniformly composed of

rectangular nanosheets with lateral dimensions between 1-5 um (Figure 5.2 A-B). The Co:P

ratio was determined by EDS to be on average 1.47:1, corroborating the previously hypothesized
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Figure 5.2. SEM (A) and STEM (B) images of Cos(POa4)2-4H,0 nanosheets and SEM image
of Cos(PO4)2-8H20 (C)
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elemental composition of Cos(POs)2-4H20. Furthermore, the octahydrates obtained from the
room temperature and 60 °C reactions had a flower-like morphology composed of multiple

petals with pointed corners (Figure 5.2 C).

Synthesis of LiCoPOswith DEG

Lithium cobalt phosphate was synthesized using stoichiometric amounts of
Co03(P0Oa)2-4H20 nanosheets and lithium salts in a Ho.O/DEG mixture. Several parameters of the
reaction were varied in order to obtain a uniform nanosheet product. Firstly, reaction time was
altered in the reaction of the cobalt phosphate nanosheets with LiH2PO4 in 5:25 H2O:DEG
solvent mixture at 250 °C. Notably, reactions at 180 °C were attempted but yielded only starting
material, so all future reactions were executed at 250 °C. Reaction times of 3, 5 and 17 hours
were tested, and PXRD was used to characterize the products. As shown in Figure 5.3, at 3

hours, LICoPOys already begins forming, but some of the starting material is still present.
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Figure 5.3. PXRD patterns for time study of the formation of LiCoPO4
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Increasing the time to 5 hours eliminates any precursor, but also leads to the formation of
monoclinic Coz(POa)2. Allowing the reaction to proceed for 17 hours shows similar results to the
5-hour reaction, suggesting that perhaps not enough lithium is available to form more LiCoPOQOy;
instead, the remaining Co nanosheet precursor forms a different cobalt phosphate compound

under the solvothermal conditions.

SEM and STEM were used in conjunction to evaluate the morphology of each reaction.
At 3 hours, large thin sheets are seen growing out of the Coz(PO4)2-4H20 precursor material and
a significant amount of the tetrahydrate nanosheets is still present (Figure 5.4 A). At 5 hours, the
5-20 pm sheets were becoming the predominant morphology (Figure 5.4B) and at 17 hours both
large sheets and some thicker, 3-D crystals were observed (Figure 5.4 C). SAED of the
nanosheets was indexed and compared to the simulated single crystal diffraction pattern

verifying the identity of the nanosheets as LiCoPOg4 (Figure 5.4 E-F). It was also determined that

A0
>

W R
e ;

Figure 5.4. SEM image of a 3-hour reaction (A) and STEM images of a 5-hour (B) and 17-
hour (C) reaction. HRTEM of a nanosheet from a 17-hour reaction (D) with the respective
SAED (E) and simulated single crystal diffraction pattern (F)
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the sheet grow along the (200) plane, which is also confirmed by the relative intensity of the

(200) peak in the PXRD pattern.

Next, the importance of the ratio of H.O:DEG in the reaction was evaluated in the
reaction between Co3(POa4)2-4H20 and LiH2PO4. The volumetric ratio between the solvents was
varied from 100% H20O to 100% DEG and the final product was characterized with PXRD
(Figure 5.5). In the H,O and DEG only-containing reactions, various Co-containing compounds
were formed: C0304, H2C03(PO4)2(OH)2, Co7H4(PO4)s and Coz(PO4)2 were found. Once DEG is
added, in the 15:15 mL reaction, CoHPO4 was formed as well as some LiCoPO4 and LiCoO:..
Increasing the DEG amount further to 25 and 29 mL leads to the formation of primarily LiCoPO4
with a small amount of Co3(PQOa4)2. The only observable difference between the patterns of the

two reactions was in the relative intensity of the peaks. It was shown that in the reaction with
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Figure 5.5. PXRD of H,O:DEG solvent study
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1:29 ratio of HO:DEG most of the peaks vary in intensity, while in the 5:25 displays an
orientation effect common in 2D materials, which causes one or more peaks to be much more
intense than the others. This suggest that although they are similar in composition, the
morphology obtained from the two reactions is different. This was confirmed by SEM (Figure
5.6). The large 2D sheets seen in the 5:25 reaction were not present in the 1:29 reaction. Instead,
smaller 3D crystal that were ~1 pum in size were observed (Figure 5.6). Polyols, such as DEG,
can adsorb preferentially to certain crystal facets of the material during the crystal formation
resulting in growth along specific crystal planes. Thus, it is not unlikely that having a higher
volume of DEG present leads to adsorption to other crystal planes as well and the hindrance of
the formation of large sheets. Such results indicate that the ratio between the solvents is of

crucial importance in order to achieve the desired morphology.
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Figure 5.6. SEM images of 5:25 (A) and 1:29 (B) H20:DEG reaction
The solvothermal reaction was attempted with various different Li salts as well to
evaluate if the method could be applied with carrying reagents. To this end, LiCl, LiNO3z and
LisPO4 were substituted as the lithium source in a reaction with 5:25 mL H20:DEG. The first
two salts were added as 1M aqueous solution as previously done with LiH2POa, while the LisPO4
was added as a powder since it’s insoluble in H20. The LiNOs reaction didn’t yield any

LiCoPO4 and instead showed only starting material. The other two salts formed the desired
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Figure 5.7. PXRD of Li salts study reactions

material, while also forming a significant amount of side product such as Coz(POa4). and LisP207
(Figure 5.7). Though LiCoPO4 was formed according to PXRD, SEM imaging determined that
the morphologies were not the desired thin nanosheets and instead an assortment of thicker
platelets, rods and 3D crystals. This suggests that the choice of Li source and more importantly
the present anion impacts the formation of the final product, which has been previously observed

with the LiMnPO4 nanosheet synthesis in H,O:DEG mixture.'®

Synthesis of LiCoPO4with EG

Once the LiCoPO4 nanosheets were successfully synthesized in H.O:DEG, we attempted
to expand the methodology to a similar solvent, i.e. ethylene glycol (EG). Reaction conditions

were kept identical to the DEG reactions; temperature was kept at 250 °C, reaction time at 17
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hours and stoichiometric ratio between the reactants remained unchanged. We varied the
H>O:EG ratio and characterized the products. First, PXRD revealed the products formed (Figure
5.8). As with DEG, 15:15 mL H20:EG reaction produced only small amount of LiCoPO4 and
another species was the predominant product, H4COs 5(PO3)4(OH)s. Once the EG concentration
was increased to 5:25 and 1:29, LiCoPO4 became the main product. The most intense peak
observed in the PXRD pattern, however, was the one corresponding to (020) crystal plane. This
was different from the DEG reaction where the nanosheets grew along the (200) plane
suggesting that using different solvents lead to perhaps different crystal growth mechanism.
SAED needs to be done to confirm that the observed sheets are growing along the (020) plane
and not (200) one as previously seen. If that is the case, synthesis of LiCoPO4 using EG might be
particularly important as growing sheets along (OkO) crystal planes are desirable for fast lithium

diffusion in battery materials.? 1°
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Figure 5.8. PXRD of H20:EG solvent study
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The products were also examined by STEM to study their morphology. In the 5:25
H>O:EG reaction, two distinct two-dimensional morphologies were observed: relatively thin
sheets with multiple holes in them were seen and much thicker, belt-like sheets (Figure 5.9 A and
B respectively). Both were 20-30 um in lateral dimensions and had Co:P ratio of 1:1 as
determined by EDS suggesting they were both LiCoPOas. In the 1:29 H>O:EG reaction, similar
porous sheets were present (Figure 5.9 C), but some uniformly thin sheets were observed as well
(Figure 5.9 D). The latter 2D morphology appear to crystalize in flower-like bundles and
resemble the thickness and uniformity of the nanosheets obtained from the 5:25 H,O:DEG

reactions.

5 um

Figure 5.9. STEM images of product from a 5:25 H,O:EG reaction (A and B)
and 1:29 H>O:EG reaction (C and D)

Ball-milling of LiIMnPO4

LiMnPO4 nanosheets were previously synthesized and a methodology was established for

achieving optimal results.’® Their battery performance was also evaluated and while promising, it
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was hypothesized that their large lateral dimensions may influence their performance as seen
with other battery materials as well.?° Thus, reduction of lateral dimensions was attempted using
planetary ball-milling at different milling speeds with or without a liquid medium with the aim to

decrease size but retain 2D morphology.

First, LIMnPO4 nanosheets were ball-milled without any additives at 100 and 200 rpm for
30 minutes. Pristine LiIMnPO4 nanosheets had dimensions of 5-10 pm as demonstrated by TEM
imaging (Figure 5.10 A). Once ball-milled, the nanosheets reduced in lateral dimension
significantly — 2D morphologies with sizes of 200-500 nm were observed in both 100 and 200
rpm experiments (Figure 5.10 B and C). However, the formation of LiMnPO4 nanoparticles was
also observed suggesting that the dry ball-milling method might be too harsh to preserve the 2D
morphology completely. Alternatively, the addition of a liquid medium to the ball-milling was

employed to rectify this issue as it is expected to be gentler.

' . b 200 nm 200 nm
) i i [ [
' ¢ : Rt =
Figure 5.10. TEM images of LiMnPO4 nanosheets — pristine (A), ball-milled at 100 rpm (B)
and 200 rpm (C)

First, ethanol (EtOH) was added to the ball-milling vessel together with the LiMnPO4
powder. Amounts between 0.1 and 0.5 mL were used and the ball-milled products were
characterized. At 0.1 mL of EtOH, smaller nanosheets with sizes similar to the dry ball-milling

were observed at both 100 and 200 rpm (Figure 5.11 A and B). However, small nanoparticles



109

were seen as well prompting us to increase the added volume. At 0.25 mL of EtOH, ball-milling
was done at speeds between 100-400 rpm. While at lower rotating speeds, the sheets didn’t
decrease in size significantly (Figure 5.11 C and D), but at 300 and 400 rpm smaller sheets were
observed (Figure 5.11 E and F). Regrettably, nanoparticles were still forming indicating that
higher rpm with that volume of ethanol weren’t the ideal parameters. Finally, the EtOH amount
was increased to 0.5 mL and only the higher rotating speeds were tested since the lower ones
yielded no significant change in size with the smaller EtOH volume. At 300 and 400 rpm, some
of the nanosheets had decreased in lateral dimension, but a significant amount of them remained

large meaning that amount of EtOH was most likely too large. Throughout the set of experiments

100 rpm 200 rpm 300 rpm 400 rpm

0.1 mL

0.25 mL

0.5mL

Figure 5.11. TEM images of LiMnPO4 nanosheets — (1) 0.1 mL EtOH at
100 (A) and 200 rpm (B), (2) 0.25 mL of EtOH at 100 (C), 200 (D), 300 (E)
and 400 rpm (F) and (3) 0.5 mL EtOH at 300 (G) and 400 rpm (H)
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with ethanol, we determined that lower volume of ball-milling liquid media delivered the most

promising results despite the formation of nanoparticles during the process.

Considering the results obtained so far, we decided to test a different medium to improve
the final results. We theorized that when using ethanol, especially at lower volumes, some
evaporation could have occurred once the liquid was deposited into the milling vessel due to its
high evaporation rate. Thus, DI H20 replaced ethanol as our milling medium. LiMnPO4
nanosheets were milled with 0.1, 0.175 or 0.25 mL of water. Overall, it appeared that
nanoparticles were formed a lot less when using water instead of EtOH as shown in the TEM
images in Figure 5.12. For example, when using 0.1 mL of H20 we didn’t observe any

nanoparticles until 300 rpm, while the same volume of EtOH produced them as early as 100 rpm.

100 rpm 200 rpm 300 rpm 400 rpm

0.175 mL

_A

0.25 mL

500 nm

Figure 5.12. TEM images of LiMnPO4 nanosheets — (1) 0.1 mL H20 at 100
(A), 200 (B), 300 (C) and 400 rpm (D), (2) 0.175 mL of H20 at 100 (E) and
200 rpm (F), and (3) 0.25 mL H20 at 100 (G), 200 (H), 300 (1) and 400 rpm (J)
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Higher volumes of water produced sheets with mixed sizes; some sheets were ~500-700 nm in
lateral dimensions, while others seemed more similar to the pristine LiMnPOa4. From this study,
we concluded that the best conditions, when using water as a milling medium, is lower volume at

speed of 200 to 300 rpm.
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Conclusion

LiCoPOQO4 nanosheets were successfully synthesized from a Co3(POa4)2-4H20 nanosheet
precursor by solvothermal reaction at 250 °C. The most consistent results were achieved in a
mixture of 5:25 mL of H,O:DEG where nanosheets with lateral dimensions of 5-20 pum were
synthesized. It was discovered that the ratio between the solvents was a crucial parameter that
yielded a variety of other cobalt-containing compounds when varied from the ideal 5:25 ratio.
Additionally, the lithium salt was varied and while the synthesized product in some cases was
LiCoPOa, the morphology was more 3D than the desired 2D. So LiH.PO4 proved to be the ideal
lithium source for our reactions. Two-dimension morphologies of LiCoPQO4 also were
synthesized in H2O:EG mixtures. The products from these reactions were thinner, porous sheets
as well as thicker, uniform ones. Based on PXRD patterns, the sheets grow along the (020)
crystal plane, which differs from the ones produced in DEG, where they grew along the (200)
instead. These results suggest that the composition of the final product is the same and the
solvent plays a major role in determining morphology and orientation. Whereas morphology
control has been demonstrated before with various polyol solvents, our results with DEG are
somewhat unusual because it has been shown that both DEG and EG solvents produce LiCoPQOa4

with exposed (020) facets in binary systems.*

Our work on the synthesis of 2D LiCoPO4 has shown some extremely promising results,
and this project has excellent potential. One of the biggest challenges is to fully characterize the
cobalt precursor as the information in the literature about it is minimal and in a way
contradicting. Thus, determining the exact structure of the starting material might reveal

information about the growth mechanism of the LiCoPO4 nanosheets. Additionally, considering
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the promising results obtained with EG and DEG, more polyol solvents could be used to discover

the ideal reaction parameters.

Our work also achieved minimization of the lateral dimensions of LiMnPO4 nanosheets
via milling techniques while still maintaining their 2D morphology. Wet milling experiments
showed some very promising results that were much improved compared to the dry milling.
Although many different solvents could be used, water seems like the logical choice because it
does not react with the nanosheet material, is easy to work with, and produces consistent results.
Additional avenues worth exploring are the amount of material put in the vessel, the number of

milling balls, and the total milling time.

The two-dimensional nanostructuring of LiMPO4 materials has come far in the past
decade, but much remains unexplored. The successful production of uniform, thin nanosheets
with certain exposed facets has been in the forefront of their study. Our simple synthetic
approach with the use of nanosheet precursor at moderate temperatures and the ability to control
the lateral dimensions of the final products has been a leap forward in making LiMnPO4 and
LiCoPO4 adaptable for the ever-evolving battery industry, similarly to the commercially

available LiFePOa.
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CHAPTER 6
CONCLUSIONS AND FUTURE WORK
Conclusions and Future Work

In Chapter I1, 1 demonstrated the successful incorporation of Mg?* in LaBsand the
boride’s exfoliation into nanosheets after a reaction with water. The modified structure was
examined by EDS and the presence of magnesium was confirmed. Change is La environment
was verified by SSNMR, while change in B one was suggested by Raman Spectroscopy. This
method produced LaBes nanosheets, but lithiation methods remain the optimal approach to obtain

thin and uniform 2D nanomorphologies.

In Chapters 111 and 1V, | explored the same methodology with the alkaline earth metal
hexaborides. The Mg?* incorporation approach produced some interesting results. Similarly to
the lithiation of CaBs, the magnesiation route produced a modified structure with the addition of
another species. The extra compound, which was also observed in BaBe reactions, was
hypothesized to be a Mg-B species. To verify that, additional characterization is need,
particularly one that could be executed in inert conditions such as synchrotron diffraction. The
CaBe nanosheets produced during these experiments were obtained with shortened times for the
modification step compared to previous Li* experiments.! These results support our hypothesis
that using a metal ion from the same group as the metal in the boride can provide better
incorporation and subsequent exfoliation. Moreover, the promising results from preliminary

reaction with SrBs and BaBe were an indication that the magnesiation approach can be applied to
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multiple species. Interestingly, the nanomorphologies obtained from the exfoliation of
magnesiated strontium hexaboride varied significantly from those of the lithiated one.? While
nanoparticles were the primary product of the reaction of LixSr1.xBs with water, nanosheets were
formed after the same reaction the Mg intermediate. This suggests that the pathway of formation

of the modified structure differs somewhat between the two cases.

The work on the modification of metal hexaborides with Mg?* is only in its introductory
stages. One of the main questions that remain is what will happen if the magnesium ions are
present in excess; one of the ways to do that is through a solvated electron system. In a such a
reaction, elemental magnesium will be dissolved in liquid ammonia® and the stoichiometry
between the metal ion and the boride can be precisely tuned. Reactions of LaBs in Li/NHz)
system have achieved the best exfoliated 2D nanoproduct.! Furthermore, our work with calcium
hexaboride showed that the size of the bulk crystals play a role in the degree of successful
incorporation of the metal ion. Thus, an important part of study of the chemistry of the boride
will be exploring different bulk powders to ensure that the modification method can be applied
regardless of the source from which the boride was obtained. Finally, it is crucial to expand this

work with other metal borides that are not part of the hexaboride group.

While a significant part of this work is devoted to understanding the chemistry of the
modification of the metal borides, the industrial implications of our work are without a doubt
extraordinary. The electronic, optical and chemical properties of the hexaboride nanosheets need
to be studied and compared to the bulk. Moreover, 2D nanomorphologies of the hexaborides can
drastically improve their processability completely eliminating the use of complex, high
temperature methods. The ability of the nanosheets to remain suspended in solvents and form

uniform coatings can expand where the hexaborides are being used in industry. Their application
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as electron emitters, detectors, superconductors and thermoelectric materials can be further
expanded by their 2D nanostructuring.*® The expansion of our methodology to other borides can
also steer the boride group further towards more exotic applications as high energy materials in

rocket engines.’

Chapter V explored nanostructuring of lithium metal phosphates (LMPs). | demonstrated
the formation of LiCoPO4 nanosheets via a facile solvothermal method. During their synthesis,
we discovered the most favorable conditions for their successful formation and dependence of
their exposed crystal facets on the polyol used. Additionally, | studied the reduction of nanosheet
lateral dimensions of previously synthesize LiMnPO4 by planetary ball-milling. Dry and wet
ball-milling was studied and it was determined that wet ball-milling reduces the formation of size
morphologies. Water displayed better capabilities as a ball-milling medium than ethanol. The
next steps in this work will be to characterize the battery performance of both of these nanosheet
types and compare them to other 2D nanostructures. It is important to evaluate the dependence of
their electrochemical performance on their lateral dimensions in order to determine their
potential to be commercialized as another member of the lithium metal phosphate group, i.e.
LiFePOas. As two-dimensional energy storage materials have shown incredible promise in the
formation of cathodes with their high surface area and high rate capabilities,® the synthesized

LMP nanosheets have great potential that can surpass their oxide counterparts.

The development of new methods to produce nanosheets of different materials remains
one of the top goals of the material science community. In this work, | demonstrate two different
methods to produce nanosheets — a top down Mg?* incorporation method to produce metal

hexaboride nanosheets and a bottom up solvothermal approach to produce LiCoPO4 ones. While
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vastly different, both methods yield favorable results. More importantly, they aim to motivate the

pursuit of scientific enhancement and progress.
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