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ABSTRACT

As the demand for reliable energy storage increases, there is a need to improve current
battery technology. One method to do so is by replacing graphene, a 2-D material commonly
used in lithium-ion batteries (LIBs), with other emerging 2-D materials. This interest in 2-D
materials calls for synthesis of new compounds which can be reduced to their 2-D counterparts.
One such material, MoAlIB, is herein synthesized and investigated. Two new synthetic pathways
to Mo2AIB:>, a metastable phase between MoAIB and 2-D MoB, were developed and refined.
These pathways provide a more favorable route for continued aluminum removal toward 2-D
MoB, which has favorable electrical and mechanical properties for applications in batteries and

other energy storage devices.
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Chapter 1:

Introduction

1.1 Introduction

One of the most pressing issues of our society is that of climate change. While renewable
energy sources, such as wind and solar, offer a promising path to reducing global energy
consumption, these energy sources are not continuous. As a result, effective widescale grid
energy storage is integral to transitioning to renewable energy and slowing the devastating
impacts of climate change. Current grid-scale energy storage is dominated by pumped
hydroelectric, but batteries are recognized as a viable supporting option.! Batteries are also used
extensively for smaller scale applications of everyday life.? Therefore, batteries play a critical

role in our lives and the lives of future generations.

1.2 Batteries: Fundamentals and lithium-ion battery shortcomings

A battery is a type of galvanic cell undergoing a spontaneous redox reaction to produce
an electrical potential.® A battery consists of two electrodes: the anode is where oxidation occurs,
and the cathode is where reduction occurs. An electrolyte substance, which is composed of an
ionically conductive material, surrounds the anode and cathode and is used for ion transport
between the two electrodes (Figure 1).2 As the redox reaction occurs, charge, in the form of
electrons, is transferred, which results in an electrical potential, or voltage. Battery performance

can be quantified in a few ways. One key indicator of battery performance is the capacity (mAh),



which denotes the amount of electrical charge that can be gained during charging, stored during
the open-circuit state with no charging or discharging, and then released during discharge.*
Another important measure of battery performance is the electrical potential (AV) across

electrodes during charging and discharging or open circuit.*

—
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Figure 1. A simple battery structure with electron flow from cathode to anode causing an
electrical potential while ions are transported through the electrolyte.

Capacity in batteries can be increased by improving the surface-area to-mass ratios in
electrodes, and the electrical potential can be increased by adjusting the chemical composition of
electrodes.” Compared to previous options, such as lead-acid or Ni-Cd batteries, lithium-ion
batteries (LIBs) not only display higher capacities and electrical potentials, but also facilitate
reversible Li* ion interaction at both electrodes, which improves battery life.> However, LIBs
pose safety concerns due to their combustibility and impose a large carbon footprint during their
production. Because of these shortcomings, there is a need to engineer new technology to

improve LIBs to function at higher efficiency until an alternative is found.



1.3 Graphene and other 2-D materials

2-D materials are those which are only a few atoms thick.’ These ultra-thin materials
have high surface-area-to-mass ratios, which indicates a high capacity value and makes them
favorable materials for many energy storage applications.?® Graphite, a 3-D crystalline material
which was used in the first LIBs, has now been engineered down to a single 2-D layer,
graphene.” In addition to the characteristic high surface-area-to-mass ratio of 2-D materials,
graphene has high electrical conductivity, mechanical strength, and flexibility. As a result,
graphene has applications in multiple important areas of energy storage, such as batteries,
supercapacitors, solar fuel cells, and hydrogen generation devices.® Specific to batteries, LIB
anodes with 2-D graphene have been experimentally determined to have a high reversible
specific capacity of 1500 mAhg!.” Graphene’s desirable properties have led it to being used
extensively in LIB electrodes in the past decades. However, the favorable properties of graphene
in LIBs are highly dependent on achieving high-quality, 2-D nanosheets of graphene.® This calls
to the importance of the chemical synthesis of graphene toward creating more efficient energy
storage devices.

Cost and scalability are two large obstacles for graphene synthesis which must be
balanced with the quality of the synthesized material.® While complicated and expensive
synthesis methods, such as chemical vapor deposition® and photoexfoliation®, often yield high-
quality graphene, these methods lack the scalability that is needed to produce graphene in bulk.
Liquid-phase exfoliation is an alternative route toward graphene which uses sonication in
aqueous conditions to peel away the layers of graphite to reach 2-D graphene.’ This exfoliation

method is promising due to its low cost and easy scalability, but it often results in impure



graphene with less favorable material properties.’ Therefore, in addition to developing the
exfoliation methods on 3-D graphite, it is worth considering what other 2-D materials are
predicted to have favorable electrical and mechanical properties and how these materials can be

synthesized from their 3-D starting materials.

1.4 MAX phases and 2-D MXenes

Similarly to graphite being chemically manipulated down to a single 2-D layer of
graphene, a relatively new family of materials, MAX phases, can be engineered to single 2-D
layers called MXenes.'” MAX phases and MXenes have gained significant traction in the field of
2-D materials, largely because of the exciting properties of MXenes for electronic and energy
applications.!' MAX phases, the precursors to MXenes, consist of a M-element (an early
transition metal), an A-element (an interleaving metal, often aluminum), and a X-element
(carbon or nitrogen).'® Upon selectively etching away the A-element, and exfoliating, or
separating, the remaining MX layers, a 2-D MXene is reached. Selective etching, illustrated in
Figure 2, means engineering a reaction pathway to extract the A-element from the 3-D MAX
phase structure using topochemistry. This chemistry is possible because the bond strength
between the M-and-X-element is much higher than the A-element, meaning that these bonds will

remain intact while the A-element is etched.'?
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Figure 2. General MAX phase selective etching process to reach MXenes. Adapted with
permission from Chaudhari et al."’

While MXenes share the high surface-area-to-mass ratio common among 2-D materials
which indicates high electrical capacities, they also possess unique properties that separate them
from graphene and other 2-D materials. Based on the definition of MAX phases, there is
variability in each of the three elements that make up a MAX phase. As a result, there are a
plethora of possible MAX phases, each of which have a potential MXene counterpart with
different properties. In addition, MAX phases with the same elements can have different
stoichiometries (Figure 2), which can lead to additional differences in properties. As a result of
the tunability of elemental composition and stoichiometry in MXenes, across the family of
MXenes there is a large range of operating electric potentials.'® This range of potentials is

14,15

exciting for battery applications, allowing some MXenes to function as cathodes'""> while others

function as anodes.!®!”!® In addition to high capacity and wide structural variety, MXenes have



been shown to have cyclability and stability in batteries, making them a promising group of 2-D
materials for energy storage applications.'® In addition to electric properties for energy storage
applications, the wide compositional variety of possible MXenes allows for tunability of their
mechanical properties. MXenes have been reported to have the highest stiffness among 2-D
materials that are solution-processed.!® Furthermore, varying thicknesses of 2-D MXenes due to
stoichiometric differences of synthesizable MAX phases can lead to a high level of tunability in
the stiffness and flexural strength of MXenes.'*** With many different MAX phases and
accompanying differences in properties and reactivity, a wide range of synthesis and etching
reactions have been explored in hopes of continuing to create more 2-D MXenes with highly
favorable properties.

These desirable properties of MXenes can only be tested and confirmed once a MAX
phase has been engineered down to 2-D layers. Therefore, the starting point for any MXene is
the synthesis of the MAX phase. MAX phases can be made in a few different ways. MAX phase
synthesis using a hot press®! or spark-plasma sintering?® has shown to be effective, but the
apparatuses needed impose a high entry cost.?? More scalable and lower-cost methods have been
developed for MAX phase synthesis, with self-propagating high-temperature synthesis®* and
molten-salt synthesis?* methods leading the charge. A common theme among all synthetic
methods is using a high temperature (> 1000 °C) and achieving a pure 3-D MAX phase that can
be effectively manipulated in subsequent steps.

Once synthesized, MAX phases are commonly etched using strong fluoride-based
aqueous solutions such as hydrofluoric acid (HF), but these reactions can damage the MXene
product and hinder its electrochemical properties.”® Milder reagents like hydrochloric acid (HCI)

have successfully been used to etch MAX phases, with the product showing improved energy



storage and capacitance properties compared to HF-etched MXenes.>> A Lewis acid approach
has been shown to successfully etch the A-element through a less invasive reaction pathway.?® In
2020, this Lewis acid etching approach was performed on Ti3AlC: using ZnCl; as the Lewis acid
salt, which resulted in the highest reported discharge capacity of the Ti3C> MXene in a non-
aqueous Li-ion electrolyte to date with a specific capacity value of 205 mAhg™.?” These findings
highlight the significance of the selective etching method used on MAX phases and the
subsequent surface structure of the 2-D MXenes.

This surface structure plays a large role when further modifying the MXene structure by
intercalating MXenes to exfoliate, or separate, the 2-D layers and reach a single layer. In
common MAX phase reaction pathways, terminating groups from the etching reagent as well as
oxygen are on the surface of each layer of the 2-D MXene.?® These terminating groups increase
the bonding strength between the layers and makes them hard to separate, but intercalants such
as dimethyl sulfoxide (DMSO)?’ and tetrabutylammonium hydroxide (TBAOH)* allow for
successful intercalation and delamination to reach a single-layer material. When put under
galvanostatic charge-discharge cycling and at a cycling rate of 60 minutes, the specific capacity
of the DMSO-delaminated single-layer Ti3C> MXene in Li" ions was 410 mAhg™'.?° The high
electric capacity of single-layer Ti3C, makes it even more favorable as anodes in LIBs than was
computationally predicted.? Surface structure also has a large impact on the mechanical
properties of MXenes, and surface terminations have been reported as a method to tune
mechanical stiffness.!® Because of the exciting electric and mechanical properties of single-layer,
delaminated MXenes, there is ongoing work on delaminating different MXenes as well as other

2-D layered materials.



1.5 MAB phases and 2-D MBenes

As the research on MAX phases and MXenes continues, a sister family of materials has
emerged: MAB phases. The elemental breakdown of MAB phases matches MAX phases except
for the B-element, boron, which replaces the carbon or nitrogen in MAX phases. The A-element
in MAB phases can be selectively removed to reach 2-D MBenes, which are analogous to
MXenes for MAX phases.’!*? Multiple MBenes (Cr2B,, FexB2, Mn2Bz, Mo2Bs, and V2B>) have
been theoretically predicted to demonstrate high electrical conductivity and storage capacity, and
excellent stability.>* Similarly to MXenes and graphene, MBenes also possess favorable
mechanical properties. MBenes are reported to have ultra-high Youngs modulus which correlates
to high stiffness.’® MBenes also display tunability of mechanical properties and are predicted to
be used in 2-D magnets.*® These predictions demonstrate the appeal of MBenes in a wide range
of engineering applications. However, the focus has only shifted to MAB phases more recently
because of the success in MAX phase and MXene synthesis, calling for the continued expansion
of synthesized 2-D materials. Many predicted MAB phases and MBenes, however, have yet to
be synthesized.>> MAB phases cannot withstand the harsh etching methods typically used on
MAX phases, and will completely break down when reacted with HF.?” Therefore, there is
demand to engineer innovative reaction pathways to successfully synthesize and etch MAB
phases to explore their mostly untapped potential in energy storage applications.

The Schaak Group has been intrigued by the unique properties and synthetic challenges
associated with MAB phases and has made multiple findings related to the MAB phase MoAIB.

In 2018, Alameda et. al. reported a method for topochemical deintercalation of aluminum from



MoAIB and observed an isolated 2-D MoB monolayer, which supported the feasibility of
synthesizing a MoB MBene.*® Additionally, topochemical reactions between MoAIB and ZnCl,
or NaOH have been used to successfully synthesize Mo,AlB», a metastable phase that is

predicted to be a more suitable MBene precursor than MoAIB.*4
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Figure 3. Crystal structures of MoAIB (left) and Mo2AIB; (right). Adapted from
Baumler et al.*

The difference between MoAIB and Mo2AlB, highlighted in Figure 3, is that Mo2AlB> has only
one layer of aluminum between each MoB layer, whereas MoAIB has two layers of aluminum.
With only one layer of aluminum, Mo>AIB; has intrinsic structure and properties that separate it
from MoAIB. Mo2AIB: possesses a slight shift in the MoB layers compared to MoAIB because
this intermediate phase stabilizes in a different structure. Additionally, Mo>AIB: displays
weakened bond strength between the aluminum layers and MoB layers compared to MoAIB.33-*8
Despite success in synthesizing materials like Mo2AlB», which are predicted to be precursors to
2-D MBenes, successful engineering of a 2-D MBene has been elusive thus far. To date, there
have only been two reported cases of successful removal of all aluminum in the system. Zhou et.

al. was one of the first to report a successful 2-D molybdenum-based MBene, or “boridene”, but

their etching method involves HF which appears to only work on a few select MAB phases
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((Mo0253Y153)2A1B; and (Mo23Sc1/3)2A1B2).3> Wang et. al. also report the complete removal of
aluminum from Ti2InB> using a dealloying strategy, but the high temperature of this etching
process prevented the yield of a 2-D material.>! Others have reported molybdenum-based 2-D
MBenes, but critical analysis of the reported data indicates they are often yielding MoAli«B or a
product that has experienced corrosive reactions instead of topochemical etching. Therefore, a
deeper understanding of the reaction mechanisms of MoAIB appears necessary to successfully

engineer its 2-D MBene counterpart.

1.6 The work of this thesis

Motivated by the promising applications of 2-D MBenes as electrode materials in
batteries, this thesis documents the work toward the synthesis of 2-D MoB, which is derived
from the MAB phase MoAIB. The research of this thesis involves the exploration of different
reaction pathways to anticipated 2-D MoB precursors, namely Mo,AlIB;, as well as different
etching methods towards the MoB MBene. This work provides novel insight into the sensitive
reaction mechanisms of MAB phases and their 2-D counterparts, the latter of which hold
significant potential for improving batteries and other energy-related devices because of their

desirable electrical and mechanical properties.
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Chapter 2:

Experimental Methods and Materials

2.1 Introduction

This chapter focuses on the experimental methods for multiple key reactions involving
the MAB phase MoAIB to better understand the reaction pathway toward the 2-D MBene.
Additionally, the chemicals and materials used for these reactions are listed in the first section.
Next described is the synthesis of MoAlB, the primary starting material for all subsequent
reactions towards the 2-D MoB. This synthetic approach was taken from Alameda et al.** After
MoAIB synthesis, two different methods for the synthesis of M02AIB; are presented, both of
which have not been previously reported on MoAIB and were developed in collaboration with
Kate Baumler and Raymond Schaak. Lastly, this chapter reports an etching reaction to remove
additional aluminum out of Mo>AIB>. This etching reaction is once again previously unreported

and developed in collaboration with Kate Baumler and Raymond Schaak.

2.2 Chemicals and Materials

Molybdenum boride powder (MoB, -325 mesh, 99% purity) was purchased from Alfa
Aesar. Aluminum chips (Al, 99.99% purity) about 1 mm thick and 12 mm in diameter were
purchased from NOAH Technologies and were cut into smaller chunks using bolt cutters to be
loaded into the ceramic boats. Zinc chloride powder (ZnCl12, > 97% purity), lithium chloride

powder (LiCl, > 99.0% purity), nickel chloride powder (NiCl12, 98% purity), and iodine flakes
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(I2, > 99.0% purity) were purchased from Sigma Aldrich. Sodium chloride powder (NaCl, GR
ACS) was purchased from EMD Millipore Corporation. Alumina crucibles and boats were

purchased from CoorsTek.

2.3 MoAIB bulk powder synthesis

The first step toward the synthesis of 2D MoB or its predicted metastable precursor,
Mo2AIB,, is the bulk synthesis of MoAIB powder.*® To synthesize MoAIB, Al chips were added
to MoB powder in a 2 mL crucible in 2 gram batches with a molar ratio of 1:1.3 MoB to AL*
Multiple of these crucibles were placed in a mullite tube furnace (Carbolite STF 15/180) under
argon flow and heated at 1400 °C for 10 hours before reducing the temperature to 900 °C at a

rate of 60 °C/hour, then quickly cooling to room temperature. The MoAIB product was then

crushed with a hammer and ground to a powder using an agate mortar and pestle.*’

2.4 Mo>AIB: Synthesis via Lewis acid salt reaction

MoAlB; was synthesized through a Lewis acid salt reaction involving MoAIB and
ZnClL.* To reach M0o,AlB2, MoAIB powder was heated with ten times excess ZnCl> based on
previous work involving Lewis acid salt reactions with MAX phases.?® Due to the low melting
point of ZnCl, (290 °C), it was not necessary to press or grind the reactants together before
heating.*! The MoAIB powder was placed in a porcelain boat with ten times excess ZnCl, added
on top, and the boat was put into a quartz single-zone tube furnace (Lindberg/Blue Mini-Mite)

under nitrogen gas flow. After a 30-minute purge period under nitrogen flow, the reactants were
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then heated to 550 °C for 170 hours with at least a 1-hour ramp up period.*’ The furnace was
then turned off and allowed to cool to room temperature. Following the reaction, the sample was
washed with water and centrifuged three times at 14500 RPM for 2 minutes to remove any
excess zinc chloride. The sample was then dried to a powder under forced air.

To help further understand the driving forces of the zinc chloride reaction towards
Mo,AlB,, reactions of three other metal chloride salts, NaCl, LiCl, and NiCl,, were conducted.
The reaction of these metal chloride salts, of general composition MClx, with MoAIB mirrored
that of the ZnCl: reaction. After adding ten times excess MClx to MoAIB powder in a porcelain
boat, this mixture was added to a quartz single-zone tube furnace (Lindberg/Blue Mini-Mite)
under nitrogen gas flow. The reaction was heated to 650 °C for 1 hour (or 36 hours in the case of
NaCl) following a 30-minute purge period. The furnace was then allowed to cool before the
sample was removed and washed with water. Further justification for the selection of metal

chloride salts can be found in Appendix A.

2.5 Mo2AIB: synthesis using iodine

Another pathway to Mo2AlB; is through a reaction with iodine. In this reaction, MoAIB
and 1.2 times the amount of I» needed to react all the aluminum to make All; was added to a
quartz ampule, and then flame sealed under vacuum. The latter step is necessary because
elemental iodine quickly volatizes in air which could inhibit the reaction under standard
conditions. The rest of the reaction follows the same steps of the ZnClz-based reaction. The
ampule was placed into a quartz single-zone tube furnace (Lindberg/Blue Mini-Mite) and put

under nitrogen flow for 30 minutes before heating to around 300 °C-800 °C (in 100 °C
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increments) for 16 hours. After the product was allowed to return to room temperature through a
rapid cool-down, the product was washed with ethanol and centrifuged three times at 14500

RPM for 2 minutes to remove any excess Io.

2.6 Etching

To attempt to further etch aluminum out of M02AIB:, the Mo2AIB: produced from
reacting MoAIB and iodine, detailed in the above section, was stirred in acid (HCI) and base
(NaOH). To accomplish this, the Mo2AlIB: product was split in half and placed in two vials. In
one vial, 10 mL of 10 weight-percent NaOH was added. 10 mL of 2 M HCI was added to the
other vial. The samples were then stirred overnight for 22 hours. Following this stir, the etched
samples were washed with water and centrifuged three times at 14500 RPM for 2 minutes before

being dried under forced air.

2.7 Characterization

To analyze the products of the reactions described above, multiple characterization tools
were used in the Materials Characterization Lab in the Millenium Science Complex at Penn State
University. Powder X-ray diffraction (XRD) was conducted on a Malvern Panalytical Empyrean
diffractometer using a copper K-alpha radiation source. Reference patterns for comparison to
XRD results were simulated using CrystalDiffract® software*? along with experimentally
determined crystallographic data for MoAIB* and Mo,AIB,.** Additionally, CrystalMaker®

software** was utilized to analyze the crystal structure of these MAB phase compounds.
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Although XRD was the primary characterization method used for the work of this thesis,
scanning electron microscopy (SEM) was also an important characterization method. SEM was
performed on an ESEM Q250, which had a tungsten source and was operated at 20 kV. For
higher resolution images, SEM images were obtained from a Verios G4 with a field emission
gun source. To prepare for SEM characterization, samples were pressed into pellets and mounted

on carbon tape or sprinkled directly onto the tape.
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Chapter 3:

Results and Discussion

3.1 Introduction

In this chapter, the results of the experiments described in Chapter 2 are presented and
critically analyzed. Much consideration is given to the synthesis of Mo2AlIB; through different
reaction pathways, because this metastable phase is predicted to have a more favorable etching
pathway towards the 2-D MBene.**** Additionally, the results of etching reactions on Mo>AlB
in hopes of removing further aluminum are discussed. These results provide further insight into
the mechanisms that drive the etching of MAB phases toward their elusive 2-D counterparts,

which possess promising characteristics for energy storage.’*°

3.2 Mo>AIB: from topochemical transformation of MoAIB using ZnCl> and other metal chloride
salts

As mentioned in Chapter 1.5, knowing that MAB phases cannot withstand the harsh
etching reactions employed on MAX phases using HF, other reaction pathways must be
explored. A published method to transform the MAX phases Ti3AlC; and Ti>AlC into their
MXene counterparts in a less destructive manner uses a Lewis acid salt reaction between the
MAX phases and ZnCl, with a stoichiometric ratio near 1:1 at 550 °C for 5 hours.?® Molten
ZnCl, has a strong Lewis acidity, meaning that the Zn** ion readily accepts electrons from the
aluminum and replaces the aluminum between the titanium-carbon layers. This redox reaction,

where Zn** reduces to Zn by accepting two electrons while Al loses electrons and oxidizes to
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AI**, is favorable because of its positive redox potential. Under excess zinc chloride, this redox

potential was reported to drive the reaction further by exfoliating the zinc to reach titanium-
carbide MXenes.?® Additionally, this topochemical process of etching MAX phases using a
Lewis acid salt reaction was generalized to other metal salts so long as the redox pairs were
favorable.?” Testing this Lewis acid salt approach on a MAB phase, MoAIB, key differences
were found in the reaction mechanism and product formed.

When reacted with MoAIB, instead of forming MoZnB or M02ZnB>, as would be the
case for the analogous MAX phase reaction, ZnCl, instead worked to etch away half of the
aluminum to reach metastable Mo,AIB.*’ Powder XRD patterns of this Mo,AIB: product and its

MoAIB precursor are shown in Figure 4.
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Figure 4. Powder XRD patterns of Mo:AlIB; (purple) synthesized by reacting MoAIB (blue)
with ZnCl; at 550°C for 170 hours. Reference patterns based on published crystallographic

data for MoAIB* and Mo:AIB;* and adjusted to account for preferred orientation
(Appendix B) are shown. Adapted from Baumler et al.*’

In Figure 4, the synthesized MoAIB matches the reference pattern® and displays

preferred orientation in the k-direction because of the high peak intensity in the 020 and 040
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peaks which are in the stacking direction of the crystal. The three numbers shown on top of each

peak represent their miller indices in 4kl crystallographic directions, which is analogous to xyz-
coordinates in a standard 3-dimensional plane. This preferred orientation is expected, and it
shows that the layers are stacked in an orderly manner on top of each other. Figure 4 also shows
the product of MoAIB and ZnCl,, which closely matches the reference pattern of Mo>AIB,* and
demonstrates shifting of the 020 peak to 15.3° 20, precisely where it is expected to be for
Mo2AlIB,.*° Stacking faults are also induced in the experimental Mo>AlB, pattern because of the
reaction’s topochemical nature. The swapping of peak intensity of the two peaks around 43° 20
is characteristic of such stacking faults (Appendix B). Small zinc oxide impurities are observed
in the experimental Mo2AlB2 XRD pattern, and these impurity peaks around 35° 26 and 37° 20
seem to most closely match the peaks of ZnO. Knowing that some oxygen is likely present
during the reaction despite attempts to maintain the reaction under nitrogen flow, the oxidation
of zinc is not surprising. Furthermore, the presence of ZnO indicates that the zinc is isolated from
Mo2AlB:, allowing it to oxidize. This result highlights a difference in the reaction mechanisms of
MAB phases and MAX phases. While the reaction of TixAlCx.1 and ZnCl: led to TixZnCx-1, the
analogous MAB phase reaction between MoAIB and ZnCl; instead produced Mo2AlB:.
Furthermore, the metal salt reaction on the MAX phase took 5 hours, while reacting the same
metal salt with MoAIB at the same temperature of 550° C took 170 hours. Many reactions
between zinc chloride and MoAIB were conducted at shorter time points, but it was consistently
observed that the low angle peak was not fully shifted to 15.3° 26, which indicated that the
reaction had not yet reached Mo2AlIB:. These differences in reaction and product for the MAB
phase MoAIB versus TixAlCx-1, a MAX phase, demonstrate the complex sensitivity of MAB

phases compared to MAX phases.
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To further investigate the driving forces in the zinc chloride reaction with MoAIB, an

experiment was designed to test the impact of melting point of four different metal chloride salts
and their redox potential with aluminum. This experiment also provided more insight into the
differences between MAX and MAB phases. It has been reported that Lewis acid salt method is
generally applicable to MAX phases if the redox potential between the metal salt and the A-
element of the MAX phase is positive (i.e. favorable).>” However, it is unknown whether Lewis
acid salt reactions with MAB phases possess the same dependence on redox potential. Powder
XRD patterns of the four selected metal chloride salts (Appendix A) along with reference

patterns for MoAIB and Mo,AIB: are shown in Figure 5.
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Figure 5. Powder XRD patterns of products of MoAIB and the four selected metal chloride
salts. Reference patterns for MoAIB* and Mo;AIB,*° are shown and experimental peaks
are matched to one of these two patterns. Adapted from Baumler et al.*’

While the best Mo,AlB» results from the zinc chloride reaction came from a reaction time

of 170 hours, in this experiment only short reaction times were necessary to assess whether there



20
was any indication of M02AlB; formation and compare relative reaction speeds. The reaction

with ZnClz, which represents a good redox pair with aluminum and has a low melting point,
shows clear signs of Mo2AIB: formation after 1 hour. The shift of the low angle peak toward
15.3° 20 to match the Mo2AlIB; reference pattern is especially indicative that aluminum is being
removed and the system is progressing towards Mo2AlB». The reaction with NiCl, shows lower
Mo2AlB; peak intensity compared to ZnClo, which means that this reaction is likely slower.
NiCl> makes up a favorable redox pair with aluminum and has a high melting point, so this
reaction progressing slower than ZnCl, while still showing signs of aluminum removal aligns
with expected results. Interestingly, the two selected metal salts which formed a bad redox pair
with aluminum, LiCl and NaCl, also showed preliminary signs of Mo2AlIB: formation. Note that
in the reaction with NaCl, which has the least favorable reactivity because of Na* forming an
unfavorable redox pair with aluminum and NaCl’s high melting point, there was no sign of
Mo,AlB; formation after 1 hour, so the reaction time was increased to 36 hours, at which time
early Mo2AlB; formation was visible. Although the low angle peak at 15.3° 20 which is
characteristic of Mo2AIB2 does not have notable intensity in either LiCl or NaCl, both reactions
display the onset of Mo2AIB: peaks around 30° 26 and 37° 26.

Upon analyzing the XRD patterns of the four metal chloride salts, it does not appear that
the redox chemistry between aluminum and the metal salt drives this reaction toward Mo,AlB>
as it did for the MAX phase analog. Thus, other potential driving forces should be considered.
Chlorine, although present in all the metal chloride salt reactions, does not provide a favorable
redox pair with aluminum in this reaction. Chlorine and aluminum don’t form a favorable redox
pair because, in the general ionic reaction between MClx and MoAIB, the MCly turns into M**

and CI". Although Cl> would be a favorable redox pair, the only known form of chlorine in this
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reaction, CI', is not favorable (Table A2). Therefore, it is unlikely that the presence of chlorine is

providing the necessary driving force for this reaction. For MAX phases, it has been reported
that the aluminum within the MAX phase structure can oxidize to form AICI3 during etching
processes involving HC1?® and HF?®. Because AICI; is soluble in the solvents used to wash the
resulting samples, its presence is rarely observed. Therefore, it is likely that some of the Al in
MoAIB oxidizes due to water’s presence in the system from the metal salts hydrating. The Al
subsequently bonds with the CI of the metal chlorides to form AlCl; similarly to the MAX phase
reactions, and the AICI; dissolves in water while the sample is being washed. The observed
inhibition of redox chemistry as a driving force for MoAIB with metal chloride salts provides

further insight into the intricate differences between MAB and MAX phase synthesis.

3.3 Mo2AIB: from reaction with I

After Mo2AlIB; was successfully synthesized through a topochemical transformation of
MoAIB using ZnCla, the engineering of alternative synthesis routes was considered. Not only are
alternative reaction pathways towards Mo,AlB> valuable from a synthetic perspective, but they
also provide the possibility of a slightly altered form of Mo>AIB; which may contain different
properties or reactivities. When exploring other possible reactants, one group of chemicals stood
out: the halide elements. Fluorine and chlorine have been used effectively as etchants on MAX

phases?>-?8

and chlorine has also proven effective as a reactant with MoAIB, although to a
different level than with MAX phases.*’ Nonetheless, the halide’s redox favorability with

aluminum makes them a promising option to etch aluminum out of MoAIB and other MAB

phases. This understanding warrants the exploration of other halide group elements, namely
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bromine and iodine, as reactants. While bromine is of synthetic interest, its high toxicity makes it

a non-ideal reactant. As a result, iodine, which has a favorable redox potential when grouped
with aluminum, was selected to react with MoAlIB in the hopes of forming Mo2AlIB: and
providing an alternative to the MoAIB and ZnCl: reaction. A powder XRD pattern of the
resulting product is shown in Figure 6, along with the Mo2AIB: via ZnCl, experimental pattern

used in Figure 4 for and reference patterns for MoAIB* and Mo,AlB>*° for comparison.

MoAILB +1,,500°C, 16 h

MoAIB + ZnCl,, 550 °C, 156 h
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Figure 6. Powder XRD patterns of Mo:AlIB; from reaction of MoAIB with ZnCl; and L.
Reference patterns for MoAIB* and MoAIB;* are shown.

The XRD results for the reaction between MoAIB and iodine in Figure 6 clearly show
that Mo2AlB; is being formed. The peaks in the stacking direction (0k0, where k is any integer)
align very well with the Mo>AIB; reference pattern and the sample also displays the intensity
swap of the two peaks around 43° 26, which indicates similar stacking faults to those observed in
the in the zinc chloride reaction. However, the Mo,AlIB; via I, displays multiple differences

compared to its zinc-chloride-etched counterpart. The most notable difference in the XRD
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patterns is the broadness of all peaks in the stacking direction for the iodine reaction pathway,

which indicates that there is less order between the layers of Mo2AlIB,. This disorder could
indicate a lower stability Mo2AlB> compared to the Mo2AlB; from ZnClz, making it more
suitable for further aluminum etching. The peaks in the stacking direction for the Mo2AIB> via I
also display a considerable increase in peak intensity. Because high peak intensity generally
indicates preferred orientation, this result appears contradictory to the broadness of the stacking
direction peaks. Alternatively, the simultaneous peak intensity and broadness could signify order
within the 2-D layers and disorder between them, meaning that this form of Mo2AlIB: is closer to
being a 2-D MBene than any previous results. Although further characterization is needed to
fully understand the significance of the stacking direction peak intensity and broadness in the
iodine version of M02AlIBg, it is currently clear that reacting MoAIB with I results in an altered
form of Mo,AIB,. The reaction between MoAIB and 1> is also different from MoAIB and ZnCl,,
with the most significant difference being the large reduction in reaction time, which makes
Mo2AlB: via I much more time-efficient to synthesize.

To better understand this new form of Mo2AlIB; and the forces that drive its synthesis, a

temperature series was conducted (Figure 7).
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Figure 7. Powder XRD temperature series patterns of the products of I, reactions with
MoAIB from 300 °C — 800 °C for 16 hours. Reference patterns for MoAIB* and Mo:AIB,*
are included.

From Figure 7, it is first observed that within the entire temperature range of 300-800 °C,
the reaction between MoAIB and I, shows considerable progress towards Mo,AlIB;. It is also
apparent that as the temperature increases from 300-600 °C, a purer form of Mo2AlIB: is
achieved. This improved structure of Mo2AIB: is indicated by the low angle peak shifting closer
and closer to the 15.3° 26 of the Mo2AIB; reference pattern and improved alignment at most
other higher angle peaks. Starting at 700 °C, the two peaks around 43° 20 revert to the relative
peak intensity of the Mo2AlIB: reference pattern, thus indicating potential loss of stacking faults.
Suppression of the stacking direction likely indicates a loss of order, which could be favorable
for aluminum removal or could signify degradation. At 800 °C, degradation of the system is very

likely because of the presence of new peaks, namely at 25° 20, which indicates new side
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products forming. While a certain level of degradation of M02AlB> may be necessary to fully

remove all aluminum, in this case it appears likely that the degradation is significantly affecting
the MoB layers which would result in a damaged and unsignificant product even if the remaining
aluminum could be etched. Therefore, the most suitable temperature for the reaction between

MoAIB and I is thought to be between 500-600 °C.

3.4 Etching aluminum from Mo>AIB:

For MAX phases and MAB phases alike, the selective etching of aluminum is a crucial
step to reach 2-D MXenes or MBenes. This step removes the layers of aluminum and weakens
the overall crystal structure so that the layers can be exfoliated into 2-D sheets.? However, as
discussed in Chapter 1.5, MAB phases cannot withstand the harsh etching reactions, typically
involving HF, which MAX phases are subjected to.>” Instead, milder etching reactions, which are
still capable of removing aluminum, must be explored. Some such reactions have been used
successfully on MAX phases. In Chapter 1.4, a Lewis-acid elemental replacement method?® and

an etching reaction using HCI*

were reported to successfully remove aluminum in MAX phases.
The Lewis-acid approach was shown to behave differently with the MAB phases compared to
MAX phases in Chapter 3.2, with zinc chloride removing only half of the aluminum of MoAIB
and resulting in Mo2AIB». Although a valuable finding, this means that the Lewis-acid elemental
approach is unlikely to fully remove the aluminum from MAB phases. Therefore, HCI was
selected as an etching agent on Mo2AlB». For etching reactions, Mo2AlIB: is the preferred

starting material over MoAIB because half of the aluminum has already been removed and the

remaining bonds to aluminum are weaker.>>** Aluminum is expected to react with HCI to form
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AICI3, the same side product formed in the zinc chloride reactions. Recognizing aluminum’s

amphoteric nature, meaning that it can act as an acid or a base, NaOH, a strong base, was
selected as a potential etchant in addition to HCI.

Figure 8 shows the products formed from stirring Mo2AlB; in HCI and NaOH,
respectively, at room temperature. Although there are not major changes in the two patterns
where etching is anticipated compared to the starting Mo2AlB> sample, there are subtle

differences which could indicate some degree of etching.
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Figure 8. Powder XRD patterns of the products of Mo0:AIB: stirring in HCI and NaOH.
The pattern of the starting Mo,AlIB; sample and the reference pattern for Mo,AlIB,* are
included.

There is little to no peak shifting among the acid and base stirred patterns, but there is noticeable
suppression of the peaks in the stacking direction, which are labeled on the Mo,AlIB; reference
pattern. These peaks are more suppressed in the NaOH-etched pattern than the HCl-etched

pattern. Although it is hard to know what this peak suppression means, peak intensity is often
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associated with order in a crystalline structure, so the lack thereof could indicate a loss of order

because of aluminum removal. Previous reactions with MoAIB have never been pushed beyond
the metastable well that Mo2AlIB; lies in, meaning that even a small amount of additional
aluminum removal from an Mo,AlIB; starting material is a new and exciting discovery. It is also
noteworthy that both etching reactions proceeded at room temperature. While the previously
reported reactions with MoAIB using zinc chloride and iodine only reacted with the aluminum at
high temperatures, here we observe reactions that can occur at room temperature. One possible
reason for this difference is that both HCI and NaOH dissociate in water, which means that the
free ions are readily available to react with aluminum instead of needing a redox reaction to free
them.

To assess the quality of the samples and analyze differences between the two etchants,

further characterization was done on the etched Mo>AlIB; samples using SEM (Figure 9).

Figure 9. (a) SEM image of etched Mo:AlB; from stirring Mo2AlB; in 2M HCI. (b) SEM
image of etched Mo:AIB; from stirring Mo:AlB; in 10 weight-percent NaOH.

From Figure 9b, it is apparent that the NaOH-etched sample shows signs of surface degradation.
This can be seen by the wavy patterns forming on the top and sides of the crystal. Gaps between

MoB layers are still visible, but the high degree of surface degradation indicates that NaOH is
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reacting with more than just aluminum and lowering the quality of the remaining molybdenum

boride sheets. Because some aluminum is still expected to be in the sample based on XRD,
trying to remove further aluminum using NaOH is likely to further destroy the sample.
Alternatively, the sample that was stirred in HCI appears relatively pristine. There still appears to
be some degradation on the edges of the molybdenum boride layers, but the gaps between these
layers are much more pronounced and consistent. Therefore, it appears that while both NaOH

and HCI effectively remove aluminum from Mo2AlIB2, HCI does so in a less destructive manner.
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Chapter 4:

Conclusion

Batteries, and specifically LIBs, are used in almost every aspect of day-to-day life.> The
need for more renewable energy, such as solar and wind power, makes batteries even more
important, as batteries are seen as a viable option for grid-scale energy storage.! However,
current LIBs and other batteries come with many shortcomings such as combustibility and
dependence on a finite supply of natural materials.” Batteries may be the future, but there is a
need to improve batteries to ensure that future is a bright one. Most LIBs currently use graphene
as an electrode material.® Graphene is part of a family of materials that are called 2-D, meaning
that they have been reduced to single layers from their 3-D structured precursors.” However,
graphene is not the only 2-D material that could be employed in LIBs, and it may not even be the
best. Enter MAX phases and MAB phases, two closely related families of 3-D materials that
have gained significant attention because of their 2-D counterparts, MXenes and MBenes. Many
different MXenes have already been synthesized, and their electric properties are exceptional.
MBenes, however, have only come into the light because of MAX phase and MXene synthetic
success, and much less success has been achieved on this family of 2-D materials. However,
their theoretically predicted properties are just as promising as MXenes, if not more.

This thesis focuses on engineering different reaction pathways on the MAB phase
MoAIB toward the 2-D MoB MBene. While most attempted pathways resulted in the metastable
phase, Mo>AIB», instead of a 2-D MBene, etching reactions on Mo,AlIB; using HCI showed
signs of further aluminum removal by XRD analysis. This additional aluminum etching past

Mo2AlB: indicates that a multi-step topochemical reaction, wherein high-quality Mo2AlIB: is first
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synthesized and then further etched, could be a promising pathway towards the MoB MBene. In
addition, the two topochemical reactions using ZnCl, and 1> to form Mo2AIB: provide insight
into a relatively new field of materials and illuminate the differences between MAX phases and
MAB phases. Understanding these differences will be crucial for the synthesis of other MAB
phases as well as successful engineering of pathways toward 2-D MBenes. To further understand
the unique synthetic properties of MoAIB and other MAB phases, future work will likely involve
experimenting with different synthetic approaches to reach Mo>AIB: and different etching
methods. Although the next steps focus on the synthetic side of the MoB MBene, if this 2-D
material can be synthesized, there will be much research applied toward examining its
mechanical and electrical properties and analyzing its use as an electrode material for the

batteries of the future.
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Appendix A:

Justification for Metal Chloride Salt Selection

To study the impact of melting point and electrochemical potential (i.e. favorability) on
the zinc chloride reaction toward Mo>AIB», three metal chloride salts were selected. First, using
a standard redox potential table, metal chloride salts which had a negative potential when reacted
with aluminum (unfavorable) and which had a positive potential (favorable) were identified and
grouped. Next, with a reaction temperature defined at 650 °C, a metal chloride salt with a
melting point greater than the reaction temperature and another metal chloride salt with a melting
point below the reaction temperature was selected from both the favorable and unfavorable
groups of reactants.

Table Al. Summary of selected metal chloride salts based on melting point** and
reactivity, which is determined by redox potential, E(V).

Reactivity with aluminum
Melting Point (MP)
Favorable (E(V) > 0) Unfavorable (E(V) < 0)
NiCl NaCl
MP > 650 °C
(MP: 1000 °C, E: 2.48 V) (MP: 800 °C, E: -6.47 V)
ZnCl LiCl
MP <650 °C
(MP: 290 °C, E: 1.04 V) (MP: 605 °C, E: -7.49 V)

ZnCl, was used as the favorable metal chloride salt with a melting point below the reaction

temperature. The other three selected metal chloride salts were NiCl,, LiCl, and NaCl. Table 1
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provides a summary of the four selected metal chloride salts with respect to melting point and

reactivity.

Table A2. Calculations for Redox Potentials of Selected Metals and Chlorine with

Aluminum.
i Overall
R
ed(;xl Cn(i?flfnwnh Redox Reaction and Potentials (V) Redox
. Potential (V)
Lithium (L (Li*(aq) + & — Li(s))3 3(-3.05) \
1thium ( 1) AI(S) R A13+(aq) 4 36 166 -7.49
Sodium (N (Na'(aq) + e — Na(s))3 3(-2.71)
odum (N2 Al(s) = AF'(aq) + 3¢ 166 6.47
—— (Zn**(aq) +2¢" — Zn(s))3 3(-0.76) o
nc ( n) (AI(S) N A13+(aq) + 36-)2 2(166) .
Nickel (Ni (Ni*"(aq) + 2¢” — Ni(s))3 3(-0.28) y
1CKEC ( 1) (AI(S)—7A13+(aq)+3e-)2 2(166) . 8
Chlorine (Cl (2CI(g) — Cla(aq) +2¢)3 3(-1.36) .
orine ( ) (AI(S) N A13+(aq) + 36-)2 2(166) - 7
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Appendix B:

Simulating Preferred Orientation on Reference Patterns for MoAIB and Mo:AlB;
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Figure B1. Powder XRD patterns of Mo:AlB: (purple) synthesized by reacting MoAIB
(blue) with ZnCl; at 550°C for 170 hours. Reference patterns based on published
crystallographic data for MoAIB* and Mo,AIB,*. Modeled patterns display preferred
orientation in 0k0 for MoAIB and 021 for Mo;AlB,. Adapted from Baumler et al.*’

Figure B1 highlights the adjustments to the original reference patterns for MoAIB* and
Mo2AIB,* to account for preferred orientation. The resulting simulated patterns appear in Figure
4. Modeling the MoAIB reference pattern with preferred orientation in the 040 direction was a

clear choice due to the high peak intensity of the 020 and 040 peaks in the experimental MoAIB.
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Modeling preferred orientation in the 021 direction for Mo2AlBg, although a less clear choice,
was effective in displaying suppression in the 200 direction without affecting the 00/ direction.
This adjustment provides a simulated pattern with swapped peak intensity for the two peaks

around 43° 20, which matches the stacking faults in the observed experimental pattern.
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