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Abstract

Energy storage is becoming a key challenge of tiiecRhtury as the global energy
system transitions awayrom the use of fossil fuels, which have been linked to
damaging climate change and increasing air pollution. Electrochemical energy
storage devices, such as batteries and supercapacitors, offer great potential to
enable the clean energy transition, bugquire significant improvements to their
performance characteristics such as energy density, power density and lifetime. The
design and study of new electrode materials is key to achieving these improvements.
MXenes are a new class of twiamensional trangion metal carbides and nitrides
which have shown early promise in the field of electrochemical energy storage.
Particularly interesting is the discovery of pseudocapacitive intercalation as their
charge storage mechanism, since this could enable higtepawd energy densities
with long cycling lifetimes into one device. However, the performance of MXene
electrodes greatly depends on the electrode architecture, with multilayered or
restacked MXenes showing unsatisfactory performances.

This thesis reportoon the development of pillaring techniques to increase the
interlayer spacing between MXene {0 and M@TIG) sheets creating porous
electrode architectures. This is shown to lead to large increases in the interlayer
spacings, with up to 6fbld increags in the specific surface areas, among the highest
reported for MXenes talate. The pillared MXenes are then tested in a variety of
systems for metaion capacitor applications, including organiéda and Naion and
agueous Znon systems. It was fountthat the pillared materials outperformed the
non-pillared materials in each system studied, with improvements in capacities, rate
capabilities, cycling stabilities and coulombic efficiencies. In addition, the pillaring
and electrochemical mechanisms araudied using a combination of microscopy,
spectroscopy and electrochemical techniques, providing important understanding to
assist with the further development of this field.
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Chapter One

Introduction



1.1 Scope and Motivation

Energy storage is gainimgcreasing attention worldwide as concerns grow about the
continuing use of fossil fuels, which have powered the industrialised world for over
150 years. In particular, greenhouse gas emissions produced by the use of these fuels
have been linked to causingevere shifts in the global climate systems, with
potentially catastrophic consequences. Other fossil fuel emissions, such as
particulate matter and nitrous oxides, have been linked with worsening and unsafe
air quality, which causes premature deaths oillions each year. Finally, the finite
nature of fossil fuels combined witim ever increasing global energy demand has led
to increasing worries about the security of supply, with the remaining reserves often
located in politically unstable countries abeing more technically challenging and
costly to extract than previous resources. This has led to a growing focus on
developing low carbon, noefossil fuel energy sources such as nuclear fission power
stations, and renewable technologies such as wind rsoid wave.

However, these alternative energy sources bring their own challenges, in particular
with regards to matching energy supply with demand. Nuclear power stations suffer
from long startup times, which means that they cannot be rapidly deployefilt@a
sudden increase in demand. Emerging renewable technologies, such as solar and
wind power, are widely known to be highly intermittent in nature, since the energy
generated depends on uncontrollable factors such as whether it is sunny or windy.
Therdore, there is an urgent need to develop energy storage technologies which
could facilitate the alignment of energy supply with demand. Such energy storage
technologies must be affordable, scalable and have the desired performance criteria
such as high effiency, power density, energy density and long lifetimes.
Electrochemical energy storage devices, such as batteries and supercapacitors, have
recently attracted significant interest as potential technologies to fulfil this
application. In addition, trangptation has so far proven to be a difficult sector to
decarbonise, and solar, wind or nuclear powered vehicles are not considered
practical. Recently, mainstream electric vehicles, powered fgnLbatteries, have
been commercialised, with major manufacers and economies setting targets for
further electrification of transport in the near future. This offers a way of removing
greenhouse gas and other emissions from the tailpipe of vehicles, which would have
significant effect on climate change and airadjity. However, the performance of
current generation supercapacitors and batteries, which is dictated by the electrode
materials used to make them, is not sufficient to meet the requirements that will be
demandedof them. In addition, Lion batteries inparticular also have associated
concerns surround the supply and manufacture of some of the materials used.
Therefore, there is an urgent need to develop safer, more abundant and higher



performing electrode materials in these devices, with a particulaugocon combining
high energy density (characteristic of a battery) with high power density and long
lifetime (characteristic of a supercapacitor) into one device (such as a -oatal
capacitor), which could meet the demanding requirements of these new
applcations.

This thesis investigates the development of pillaring processes to create porous and
stable architectures of the family of twdimensional (2D) layered materials known

as MXenes. These are a family of 2D transitional metal carbides and nitrides
discovered in 2011, which have shown early promise in the area of electrochemical
energy storage, but have limited performance when their layers stack closely
together, giving a noiporous material with low capacities and poor charging rates.
Therefore, prous MXenes (3&; and Mq@TIG) are investigated as potential
electrode materials for metabn capacitor applications (specifically lithium, sodium
and zinc systems) with the aim to improve the capacity, rate capability and cycling
lifetime of this promsing class of materials. As well as electrochemical
characterisation, the role of surface groups, which terminate the MXenes, on the
pillaring process is investigated. Furthermore, a series ofsitex structural
characterisation techniques are used to detene the charge storage mechanisms

of the pillared MXenes in the different electrolyte systems.

1.2 Structure of thesis

This thesis consists of seven main chapters. Chapter 1 (this chapter) introduces the
thesis, describing the motivation, scope and stame. Chapter 2 describes the
background to the thesis, introducing energy storage, MXenes and pillaring, including
a review on the current state of research in these areas. This chapter does not aim to
be a complete review of all works carried out undeese topics, but instead focuses

on key concepts and reports which are most relevant to understanding the contents
and context of this thesis. Chapter 3 is the materials and methods chapter, which
introduces the materials and methods uses to carry out Wark described in the
results chapter of this thesis. As well as explaining what experimental techniques and
methods were used, some basic background theory is also explored. The background
theory for each technique is presented only to the level needednterpret the
results reported in this thesis, and is not intended to be a thorough review of each
technique described. Chapters 4, 5 and 6 are results chapters, which describe the
bulk of the work carried out for this thesis. Chapter 4 reports on theetiggment

and application of an aminrassisted pillaring method to 3 MXene, which
successfully expanded the interlayer and created porog&.TThe pillared G was

then tested as a negative electrode in organic Na andriLsystems, and compared

to the nonpillared MXene to determine the effect on performance of the porous
structure. Chapter 5 applies this amiassisted pillaring method to the owlf-plane



ordered MXene MgriG, which consists of Monly outer metal layers. This allows
for the effect of the metal (M) element on the pillaring process to be studied. The
pillared MaTiG MXene was also studied as a negative electrode in Li andrNa
systems, with esitu XPS experiments being used to investigate a suspected
conversion reaction in theron system. Chapter 6 reports on the use of MXenes (in
particular T4G) in Zrion systems, with a focus on aqueous electrolytes. A series of
exsitu spectroscopic techniques were applied in addition to electrochemical
characterisation techniques to termine the charge storage mechanism in this
system. Chapter 7 summarises the results presented in this thesis, giving the main
conclusions and some recommendations for further work. The final chapter, Chapter
8, contains the bibliography for the works eefed to in this thesis.



Chapter Two

Background



2.1 Introduction

As mentioned in Chapter 1, this thesis investigates the development of pillaring
processes to create porous and stable architectures of the family otdimensional

(2D layered materials known as MXenes. These materials have shown early potential
in the area of electrochemical energy storage, but have limited performance when
their layers stack closely together, giving a #pmmous material. Therefore, this
thesis invegates methods to create porous MXeness(Ziand MaTiG) which are
investigated as potential electrode materials for metah capacitor applications
(specifically lithium, sodium and zinc systems) with the aim to improve the capacity,
rate capability ad cycling lifetime of this promising class of materials. Therefore, this
chapter introduces the main background and concepts for this thesis, including
electrochemical energy storage, MXenes and pillaring techniques, and concludes
with the aims and objedtes for the thesis.

2.2 Energy Storage

Energy storage is becoming more important now that at pirgwiouspoint in human
history. Over the last 150 years, industrial development has relied greatly on the use
of fossil fuels. However, there are multiplercerns about the continuing use of
fossil fuels, which have been linked to climate change, air pollution and geopolitical
tensions. In addition, as global energy use generally continues to rise, the non
renewable nature of fossil fuels has led to growfegrs about the finite nature of
remaining reserves, which also tend to be more challenging and costly to extract
than the resources already exploited.

This has led to the development and increasing deployment of alternative (such as
nuclear fission) andenewable energy sources suchamd, solar and tidal power
stations. However, an energy system dominated by these power sources needs
significant contributions from energy storage technologies to be able to provide a
stable grid system which can effictgnmatch supply and demardFor example,
typical nuclear fission power stations cannot rapidly change their power output,
regardless of demanflinstead it can take several days to start up one of these
power stations to full output. On the other handerrewable energy sources such as
wind and solar are highly intermittent in nature, generating energy whenever it is
windy or when the Sun is shining, not when it is neeti@king able to store the
generated energy for wheit is needed is crucial for the widespread development of
these clean fossil fuel free energy systems.

In addition to the drive to decarbonise the energy generation systems, there is
growing focus on developing alternative powertrains for the transport@eevhere

the use of fossil fuslcauses significant greenhouse gas emissions linked to climate
change, and is attributed to high air pollution, especially in city centres. For example,



in the UK, there are several areas with illegal levels of pollutsunth as NQ(nitrous
oxides), which predominantly arise from fossil fuel powered vehicles. Air pollution
has been linked to directly causing the deaths of over 40,000 people a year in the UK
alone? This has led to a significant push to electrify the transport sector, since this
would remove the emission of these pollutants from the exhaust of vehicles. Since
vehicles cannot currently be powered directly by Hossil fuel energy sources, this
trangtion is reliant on energy storage technologies, with batteries and fuel cells
(using hydrogen as the energy carrier) currently the most promising technologies for
this application.

There has also been a remarkable growth in portable electronics in #tefda
decades, such as mobile phones and laptops. This has been enabled by the
commercialisation and continuing development of lithiom batteries (LIBS),
without which the increasingly energy consuming electronic devices would not be
able tobe poweredto a similar scalé.

There are a variety of energy storage technologies under development for different
scales of energy storage and with different cost, power density and energy density
characteristics. These include pumped hydroelectric energy storage, thermal energy
storage, compressed air energy storage, chemical energy storage and
electrochemical energystorage! Of these, the electrochemical energy storage
technologies have potential applications in all three of the areas described above,
and therefore are the focus of significant research and devakm programs.

2.3 Electrochemicdiergy Sorage

There are two main technologies for electrochemical energy storage: batteries and
supercapacitors. These will both be discussed in detail and compared in the following
sections.

2.3.1 Batteries

There are many different types of battery chemistries, each with their own
properties and applications. These include leadid batteries, nicketadmium,
nicketmetal hydride, metalon (such as lithiuaion, sodiumion and zindon), metat
oxygen (such as lithimoxygen and zinoxygen), molten salt and redox flow
batteries. These technologies have different properties, with varying energy
densities, power densities and device lifetime (cycling stability). A plot of relative
energy densities (gravimetric and volumejrfor a selection of these technologies is
shown in Figure2.1.
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Figure 21. Comparison of the different battery technologies in terms of volumetric and
gravimetric energy density. Note that P in PLION stands for polymer. Reproduced from
Springer NatureNature, Tarascon et al2001,with persmissiorf.

Leadacid bateries are the oldest type of secondary (rechargeable) battery listed,
which stores charge via the reversible reactions between Pb (negative electrode),
PbQ (positive electrode) and #43Q (electrolyte), but suffer from the lowest energy
densities, makingthem both heavy and bulky. There are also safety concerns
associated with the corrosive sulphuric acid electrolyte. They have however been
reliably used in a number of applications for decades, including in’ cars.

Nicketcadmium batteries, which are based on the reversible oxidation of Cd and NiO
to Cd(OH) and Ni(OH) respectivey with a KOH electrolyte, have a higher energy
density than leaehcid batteries, but cadmium is a toxic element, and is therefore
being replaced in many countries. They are being replaced by mutal hydride
(NMH) batteries, which work in a similar wayased on the formation of a metal
hydride (such a Co hydride) rather than Cd(Hut have a slightly higher energy
density and contain only low toxicity elemeritThe biggest drawback form nickel
metal hydride batteries is that they are prone to séiécharge, and therefore must
not be left in a charged state for too long, otherwise they return a reduced capacity.
In industrial uses, when multiple celise stacked into a larger battery pack, the self
discharge leads to a variation in the state of charge that each cellTihisncan cause
cells to be ovedischarged, which can damage the lifetime of the télowever,
NMH batteries do have good lifetimes overall, and are low cost with relatively high
power densities for a battery. These characteristics have led to them being
developed for a variety of applications including consumer electronicbridiy
electric car® and power gridS. Research here focuses on minimising cost and



toxicity of materials used (Co is still used in commercial cells), while improving the
lifetime and power and energy densities. It is also desirable to eliminate problems
from seltdischarge. Another similar issue with these types of batteries is the
memory effect. This is where a battery is charged before it has finished a full
discharge cycle (this partial discharge will result in a smaller discharge capacity that
cycle), and subsequég shows a reduced capacity on further cycle®?

2.3.11 Lithiumion Batteries

Lithium+ion batteries (LIBs) have dominated the consumer electronics market since
being commercialised by Sony in 198They have high energy densities and good
power densities, which has made them widely used as lightweight batteries in a
variety of portable aplications from cameras and laptops to phones, and transport
applications such as batteslectric and batteryhybrid electric cars. Lithium is the
lightest and smallest metallic element which gives lithilom batteries these
desirable properties. More eently LIBs are being studied as possible batteries for
grid-scale energy storagé

LIBs work by the reversibietercalation (or insertion) of Lbetween the electrodes.
The positive electrode, e.g. a layered transition metal oxide such as 4.iCoO
LiNisMn13Ca,30, and LINICQALO;, is typically fabricated in the discharged state
containing Li. The negativeeetrode (normally graphite) is a material that can act as
a host for Li. Upon charging, lons are extracted from the positive electrode, move
through the organic electrolyte, and insert into the negative electrode (Figure 2.2).
During discharge this peess is reversed. Ideally this can be repeated many times,
giving a longife rechargeable battery. The electrode materials are therefore key to
the performance of the battery.
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Figure 22. Schematic representation of a rechargeable lithiion battery, showing the Li
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charging, and from the negative electrode to the positive electrode upon discharging.

Despite their commercial success, there are several problertislMBs. One is that
lithium is not an easily accessible element, with most reserves in politically sensitive
countries, making these batteries relatively expensive. Another is safety, with LIBs
having been implicated in a number of higlofile incidentsover the last few years.
Other limitations of LIBs include environmental and toxicity impacts of elements (e.g.
Co) in electrode materials, flammability and lithium plating of electrolytes, relatively
low power densities and low energy densities comparedame other technologies

and the complexity of stacks of cells for large scale energy stdrdgeddition, the
charging times are typically slow (multiple hours) compared to what is required for
many of the new more demanding application areas such as electric vehicles and
grid stabiliséion and storage (where charge times of minutes would be desirable).

There is a large volume of research currently being carried out on LIBs, with
electrolytes, electrode materials and the overall battery management system all
under investigation to impree performance. Recently, 2D nanomaterials have
shown excellent potential for electrode materials, with high rate capabilities
(improving power) and capacities, compared to bulk materials. However, stability
issues with these nanomaterials as electrode éh@o far limited their take up in
commercial system&!18

2.3.1.2Sodiumion Batteries

Sodiumion batteries (NIBs) are analogous to LIBs, with the only difference being that
Na' is the active ion, not LiThey are the subject of renewed interest in the last few
years, after researchers abandoned them in the 1@8® focus on the higher
performing LIBs. The resurgence of NIBs is due to the issues with LIBs outlined above,
with the cost and abundance of Na a clear advantage over Li. NIBs are expected to be

10



cheaper and safer with fewer toxicity and environmental issues théBs. NIBs do
have lower energy and power densities than LIBs, due to the larger ionic size and
electrochemical potential of Naompared to Li(Table 2.1).

Table 21. Comparison of sodium vs. lithium. Adapted from Slater &t al.

Lithium Sodium
Potential(V vs. SHE) -3.04 -2.70
lonic radii (A) 0.69 1.04
Mass (atomic units) 6.941 22.99
Price (E per ton| 3320 99
carbonates)

This makes them unlikely to replace LIBs in portable applications, but more
competitive in stationary applications, such as grid storage, where cost rather than
weight is the primary concern. However, they could find future uses as cheaper
alternatives to LIBs in transport applications, especially in-émergy vehicles.
Research here also focuses on similar challenges to LIBs, with electrode materials
again a major topic of research. Since cost is the main driver for NIBs development, it
is particdarly important to consider the cost of materials for NIBs, although the
highest capacity materials reported are based on more expensive 2D materials.

The best performing materials for NIBs currently reported exhilgher capacities
than currentcommercally used LIBs materials, showing thdiBs can achieve high
energy densitiesHowever,these materials have much lower capacities tlthose
reported for the leading LIB electrode materiatsequivalent stages of development
For example, Yan et al. reped a reduced graphene oxide/carbon nanotubes
spongenegative electrodewith a capacity of 436 mAh"gafter 100 cycles at a
current density of 50 mA*§% Hung et al. reported a large capacity of 241 mAh g
for a P2NaL$ MnogO, positive electrodewhen cycled between 1:8.5 V, with a
capaciy retention of 78% over 40 cyclésFor comparison, LiCeGnd LiFeP§)
typical commercial LIB positive electrode materials, have capacities of afet0id
and 170° mAh g' respectively, while graphite, the typical LIB negative electrode, has
a capacity of 372 mAH'¢?

2.3.13 Zineion batteries

Due to the disadvantages of the Li and Na based batteries described above, other
metalion batteries have been proposed, with someeaarch focusing on multivalent
ions, for example, AlZn and Mgion batteries. These systems have some very high
theoretical energy densities, since each ion can utilise two or three electrons.
However, these batteries are in very early stages of devedopinwith low capacities

and generally poor cycling stabilities report&d?
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Of these multivalent batteries, zisystems are gaining significant interest, in
particular for aqueous energy storage systefinc is relatively widspread in
nature, has a large theoretical capacitgver800mAhg™") and a low potential -(
0.76vs.standard hydrogen electrodSHE)§:® Importantly, this potential sits in the
stable voltage window for water, making zinc metal compatible with aqueous
electrolytes, unlike most elements under considévat for rechargeable energy
storage system&’ Aqueous electrolytes are of interest since they are inherently-non
flammable, which gives them significant safety advantages over systems based on
organic electrolytes. However, aqueous electrolytes have fegnily reduced
voltage windowssompared toorganic electrolytesjue to the hydrogen and oxygen
evolutionreactions™**?Thisgives a thermodynamically stable window of 1.23 V,
which limits considerably the energy density of agueous systmisnakes tle
need to find higrenergy densitelectrode materials an urgent priorifgr these
systems.

Zinc is already widely used in primary (rechargeable) batteries, but commercial
rechargeable systems have not yet been realised, partly due to a lack ¢rfodkec
materials that can reversibly store Zn ions. Another reason is
becausezincmetalforms dendrites (analogous to the Li metal electrodes in organic
electrolytes)when used withcertain electrolytes, making the systems Ron
rechargeablen the longterm. However, it is now known that in some neutral and
mildly acidic aqueous electrolyt¢gH 4to 6), such a4 M zinc sulphate (ZnS¥n
water, zinccanbe reversiblycycledfor long duration times withoulosing significant
capacity® This development @kes the investigation of electrode materials for zinc
ion systems significantly more feasible.

This is explained by theourbaix diagram for Zn metal in an aqueous system, which
shows how Zn behaves in different pH conditions (Figug® This reveals that only

in electrolytes in pH 8 or above is Zn able to reversibly plate without involvement of
OH sideproducts, which are known to irreversibly precipitate to ZnO, preventing Zn
metal from leing able to cycle multiple times in basic conditions. It should also be
noted that at pH valuebelow 4, Zn corrosionbecomes the dominant process, also
preventing stable cyclin®. Therefore,Zn metal is suitable to use as a reversible
electrode in aqueous systems so long as the pH at the electrode surface is in the
range of 47. Using mildly acidic electrolytes, such as those used in this thesis, in the
pH range 46 enables the Zn pH to remaimthe stable regime even if there are local
pH changes near the electrode during cyclingigure 2.3 also reveals that the
potential at which the &/ Zrf* reaction occurs is independent of pH in acidic
electrolytes as long as the local pH does not dimgow 8 whichshould albw its use

as a reference electrode halfcells as is common practice for Li and Na metal-in Li
and Naion halfcells.
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Figure 2.3. Pourbaix diagram for Zn metal in aqueous electrolytBeproduced with
permission from the RS€

The majority of electrode materials belong to the oxide family and are based on
manganese (Mfi/ Mn?)?® and vanadium (e.g.x/V*in \,0s)*’ redox couples, which
store charge based on intercalation mechanisms. Howevepitéebaving relatively
high capacities, typically between 1880 mAh g, manganese oxides tend to suffer
from poor cycling stability due to manganese dissolution in the electrfi&.
Vanadium oxides generally have better cycling stability, but lower voltages than
manganesebased ones. The capacities are typicaligund 170-300 mAh ¢.3%* In
addition, Prussian blue analogues have recentlynbsteidied as a new class of zinc
ion electrode, but have shown low capacities-@mAh @) despite reasonably high
operating voltages (greater than 1.2 % So far, none of these materials classes
have been able to meet the demands of a commercial -incenergy storage
system’ Therefore, there is amrgent need for widespread research into new?Zn
hosts with stable and reversible electrochemical performance. One difficulty has
been that the smaller Zn ion size (0.67 A) and 2+ charge give rise to poor diffusion
kinetics, which has limited the range @a¥ailable materials. In addition, the materials
need to contain multivalentedox centrego allow them to be redox active with Zn.
One group of materials which have received lots of attention in other ion systems
has been twodimensional (2D) materialsush as graphend® These are
considered promising electrode materials due to the potential for high surface areas,
large open structures between nanosheets, and high electrioatigctivity which

can result in hybrid capacitor mechanisms giving a combination of high energy
densities, high rates and long cycle life. However, there have only been limited
reports on the use of 2D materials in zioo systems so far, with the work atvery
early stage’’s®
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2.3.2 Supercapacitors

Supercapacitors are often described as a bridge between low power, high energy
density batteries and high power, low engrglensity capacitors (Figure 2.4
Conventional dielectric capacitors have very high power densities, but the
capacitance is typically measured in mifagads, which leads to tiny energy
densities. Consequently, they are typically only used in a fewcapiplns where a
small amount of energy is required to be delivered quickly. On the other hand,
supercapacitors can have capacitances measuring o¥01F, while maintaining
high power densities. They can be charged and discharged very rapidly (in séconds
required) and are stable for thousands of cycles giving them long life. Therefore, they
have complementary properties to typical batteries.
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Figure 24. Ragone plot comparing energy and power densities of supercapacitors to various
battery technologis. Reproduced fronBpringer Nature, Nature Material§imon et al.

2008,with permissior:*

The differences in the properties of supercapacitors and batteries arise from the
different charge storage mechanisms which occur in each deindatteries, energy

is stored in the bulk of the material, allowing higher energy density (none of the
active material is wasted) but leading to slower reaction kinetics, which limits the
power. In supercapacitors, energy is stored only on the surfabesh allows for fast
reactions kinetics (high power) but low energy density since atoms below the surface

cannot participate in storing energy.
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There are two main classes of supercapacitors: electric double layer (EDL)
supercapacitors and pseudocapacgoThe names are related to the charge storage
mechanism. Hybrid capacitors that make use of both mechanisms also exist.

2.3.2.1 Electric Double Layer Supercapacitors

In EDL supercapacitors, energy is stored through the formation of an electric double
layer at the interface between the electrode and the electrolyte. They form
whenever a charged solid is placed into a liquid. To counteract the charge that
accumulates on the surface of the solid, the ions in the liquid@eglhnise with ions
holding the oppsite charge on the surface accumulating in the liquid near the
interface. In supercapacitors, this occurs on both electrodes. When a supercapacitor
is charged, electrons migrate through an external circuit from the positive electrode
to the negative elegbde. This causes charge imbalance that is counteracted by
cations forming an EDL near the surface of the negative electrode and anions
congregating at the positive electrode. While simple models exist for describing the
behaviour of ions in EDLSs, e.g. idRbItz model, these are insufficient for the
complex behaviour in porous electrodes used in supercapacitors. This has led to the
development of more complex models for these systems, but to date, none provide
full understanding for the behaviour of ionssnpercapacitor§>

2.3.2.2Pseudocapacitors

In pseudocapacitors, charge is stored through fast highly reversible reactions on the
surface of the electrodes. This leads to higher energy densities than for EDL
capacitors (capacitance can be up to 100x higher), but the reactionscaase
volume changes and potentially cracking in the electrodes, in a similar way to what
occurs in batteries, which could reduce the lifetime of the cell. The power density is
often lower than for EDL capacitors, since charge storage processes are tlawer
electric double layer formation. There are a variety of mechanisms that are classed
as pseudocapacitive including redox reactions, intercalation and reversible doping
which is often seen in polymer electrode materials. Pseudocapacitive materials can
be classed as either intrinsic or extrinsic. In extrinsic capacitive materials, capacitance
is introduced to materials that do not usually show capacitive energy storage via
materials processing, for example, nanosiZihg.

The charge storage mechanism may be identified by a variety of characterisation
techniques such as cyclic voltammetry, galvanostatic cycling and impedance
spectroscopy. Oftena combination of techniques will be needed, since the
differences can be very subtf The mechanism of charge storage is dictated by the
properties of the electrode material and electrolyte used.
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2.3.2.3 Hybrid Metalion Gapacitors

Hybrid, or asymmetric, capacitors are a third class on supercapacitor devices. In
these devices two different electrode materials are used on the negative asitlyso
electrode. Typically this would be a carbon electrode with an alternative
pseudocapacitive electrode. These can give a higher energy density than typical
supercapacitors due to increasing the electrochemically active voltage farige.
addition, the combination of charge sege from EDL and pseudocapacitive
mechanisms allows for a greater capacitance (and therefore energy density) than
symmetric supercapacitors and faster charge storage (and therefore power densities)
than batteries or all redox pseudocapacitors. When adgbbattery electrode is
paired with a capacitive electrode (EDL or pseudocapacitive) in a battery electrolyte,
these hybrid asymmetric capacitors are called hybrid mietal capacitors. For
example, a graphite negative electrode paired with an activatatban positive
electrode using a LIRECDEC electrolyte is called a lithition (hybrid) capacitor.

These devices have large voltage windows due to the highly stable LIB electrolytes
(which can perform up to around 4.5 V in LIBs), relatively fast chisngs (less than

10 min) due to the EDL capacitive charge storage on the activated carbon positive
electrode and high energy densities (over 4 times that of EDL supercapacitors) as a
result of the high capacity graphite intercalation electrode. This tgpédevice has
already been commercialised by Taiyo Yuden,Liho claim their devices can
achieve up to 100,000 charglkscharge cycles and deliver 4 times the energy density
of EDL capacitors with a voltage of 3.8"VTherefore they are considered a
promising technology to bridgethe energypower gap between traditional
supercapacitors and batteries.

However, due to the differing charge storage mechanisms, these devices suffer from
kinetic and capacity mismatches between the two electrodes. Battery materials
cannot store charge sarapidly as EDL electrodes, and EDL electrodes store many
times less charge per weight than the battery electrodes, leading to significantly
thicker EDL electrodes compared to the battery side. This means that there is an
urgent need to develop materialhich can store charge in similar quantities as
typical battery materials and at similar rates to EDL electrodes. MXenes have shown
early promise in this technology area, therefore meatal capacitors is the
application chosen to develop the porous MXertewards in this thesis. As well the
LHon capacitors, N#&n and ZAon capacitors are also studied, due to the
advantages of using these elements in energy storage systems as outlined in the
battery section (Section 2.3.1).
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2.3.3Electrolytes
The enegy € stored in a supercapacitor is given by Equation 2.1:
E=05C% Equation 2.1

where Cis the capacitance andis the working voltage ahe cell. Therefore, while
high capacitance electrode materials are clearly important for the development of
supercapacitors with a high energy density, it is equally important to increase the
voltage that the cell can work at (since this contributeshe energy stored with a
power of two). The major route to improving this is the electrolyte, since it is
generally the decomposition voltage of the electrolyte that dictates the stable
voltage window for the cell. There are three main types of electrolfde
supercapacitors: agueous, organic and ionic liquids.

2.3.3.1Aqueous Electrolytes

There are a number of different aqueous electrolytes, with different conductivities
and ionic radii. This influences the capacitance, energy density and kinetics (power)
Typically, aqueous electrolytes are stable betweed.® V. This is because of
decomposition of water via electrolysis at higher cell voltages, which limits the
voltage window of aqueous electrolyt&$They are generally safer and cheapiean
organic electrolytes, with higher concentrations and smaller ionic radii which allows
for higher capacitance. The smaller ionic radii allows for access to smaller pores,
which may be inaccessible to organic electrolyte ions. Common aqueous electroly
saltsinclude, NaSg) MgSQ, NaCl, b5Q, KOHand ZnS@ which are dissolved in
water as the solvent (Figuz5a).
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Figure2.5. Example siés and solvets that make up typical a) aqueous b) organic and c) ionic
liquid electrolytes.
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Due to the watersplitting reactions severely limiting the useable voltage window in
agueous systems, there has also been research carried out on extending the voltage
window. This has included using different electrode materials to make asymmetric
capacitors and by studyg the effect of electrolyte concentration on the water
splitting reactions. For example, more concentrated electrolytes will have less free
water, since most molecules are in the solvation shells. Taken to extremes, this has
led to the development of waitr-in-salt electrolytes, where the number of water
molecules present in the electrolyte is less than the number of salt ions. This means
that there is almost no free water in the electrolyte, giving voltage windows up to 3
V, similar to many organic systeii However, these systems will have significant
extra mass and cost from such high salt loadings, which may limit their future use. In
addition, these are relatively early in their development, and not currently fully
understood. Therefore, the w& on aqueous electrolytes in this thesis focuses on
more traditional electrolytes, with concentrations less than 1 M.

2.3.3.20rganic electrolytes

Organic electrolytesise organic solvents rather than water as the solvent to dissolve
the salts(Figure 25b). Theyare more electrochemically stable than aqueous ones,
and therefore can be cycled in a wider voltage window, with up to 3.5 V achieVable.
This leads to organic supercapacitors generally having a higher energy density than
agueous ones, and explains why they are generally used commercially.
Disadvantages of organic electrolytes include lower ionic conductiatver power),
larger ionic radii (lower capacitance), flammability, safety and Toatlarge aspect

of the cost is the need to remove water from the electrolyte, otherwise water
electrolysis would occur. Common organic electrolyte solvents include acetqgnitrile
diethyl carbonate and propylene carbonate with tetraethylammonium
tetrafluoroborate, tetraethylplosphonium tetrafluoroborate,
triethylmethylammonium tetrafluoroborateand LiP§used as salt3® Toxicity can
also be an issue with organic electrolytes, for example in acetonitrile, which is a
common solvent?

2.3.3.3lonic liquid electrolytes

lonic liquids aresalts which ardiquid (or molten) at relatively low temperatures,
removing the need for a solvent to be used to dissolve a salt, as is the case in
aqueous and organic electrolytésigure 2.5). For energy storage applications, the
most suitable ionic liquids are molten in the temperature range from arow@dto

60 °C, which is a desirable temperature range for devicébey have very wide
voltage stability windowswith up to 6 V has heg reported, but have the largest
ionic radii, highest cost, and lowest conductivity (typically) of the three classes of
electrolyte®® Despite having the largeginic radii, the absence of any solvent means
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that the solvation shell (and therefore the total ion size) is better known. The high
voltages may enable high energy densities in future supercapacitors.

2.3.4. Mechanisms ofCharge ®rage

As mentioned prewusly, there are several different charge storage mechanisms
which can be exploited in electrochemical energy storage devices. These vary
depending on the choice of electrode materials and electrolyte, and have a
significant impact on the overall devicerf@mance characteristics. Consequently,
the charge storage mechanism should be considered and understood as well as
possible when designing new electrode materials. Therefore, the different charge
storage mechanisms, with example electrode materials, reow discussed in more
detail.

2.35 Battery Charge Storage Mechanisms

Battery materials store charge via faradaic charge transfer redox reaétibos.
example, in a lithiumion battery, Liions are reversibly gained and lost fraime
activeelectrode materiad, which also simultaneously gains or loses one electron per
Li" ion. These electrons travel round the external cirolietween the electrode
materials) where they either power the desired device (discharge) or are forced
across by an applied current (char§elVhen a current is neither being drawn nor
applied the electrons are stored with theLions in the electrode material.
Therefore, electrode materials must be able to: reversibly storéohs (they must
have available sites and have the ability to undergo redox reactions witbnisi at
suitable potentials), transfer Lions (be good Liconductors) and transfer elecins
(good electrical conductorsy. Since most Lisites in typical battey materials are
located within the bulk of the structure (not on or near the surface) tfiéolis must
undergo solid state diffusion through the electrode material to reach the active
site.*® This gives battery materials their slow charging times, which is problematic for
their development in metalon capacitors. There are several strategies that have
been proposed for improving the diffugiorates and therefore charging times for
these materials including nanosizing and nataicturing techniques®*?

Typically, the charge transfer reactions utilised in battery materials are accompanied
by phase changes (structural changes) in the material. These give rise to voltage
plateaus on the chargdischarge curves for these materials, which gives the battery
its characteristic nearly constant operating voltd§én turn, these voltage plateaus

give batteries higher energy densities than supercapacitors, since they typically lead
to higher energy densities. For example, a battery may operate near its maximum
voltage for its entire charge/ discharge, giving it ahhigyerage voltage. On the other
hand, a supercapacitor, which has a linear voltage profile, would have an average
voltage half that of its maximurff. Since energy density is the product of charge
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stored and voltage, the average operating voltage, and therefore location (voltage)
at which any plateau exists, has a large impact on the overall energy density of the
cell>>* It should be noted that the total cell voltage is the voltage of the positive
electrode minus that of the negative electrode. Therefore, it is desirable for a
positive electrode to have an operating \agdie as high as possible and for a negative
electrode to have an operatg voltage as low as possiplhilst being aware of
metal plating concerns around 0 V vs!/M, which can cause safety issues liet
metal, M, can form dendrite3

As well as giving rise to distinctive voltage plateaus, these phase transitions are often
a source of capacity fade upon regied cycling within battery celf.This can be as

a result of the phase transitions not being fully reversible, and need to accommodate
(at least) two crystal structures within an electrode. This may cause significant size
mismatches, causing mechanical failures in the electrode upon multiple &dlbs
explains why battery materials often have significantly reducediraydifetimes
compared to supercapacitor electrodes, which do not undergo such phase
transitions*°

There are four distinct classes of chargforage reactions found in battery materials:
intercalation, insertion, conversion and alloying reactions. Of these, intercalation,
conversion and alloying reactions have relevance to the materials studied in this
thesis, and so are discussed in moreaildbelow.

2.35.1 IntercalationReactions

Intercalation reactions are where the charge carrying ion, for exampla LLiiion
systems, enters the space between two layers of a layered material to undergo the
charge storage reaction. They can be thoughtis an insertion reaction, but where

the host material is layered (insertion materials typically have channels or tunnels
which do not arise from layered structures). This is the charge storage mechanism
utilised in common commercial -ldn battery mateials, where both the positive
electrode (e.g. LiM& where M is one of or a combination of transition metals such
as Co, Mn or Ni) and the negative electrode (graphite) are layered materials where
the Li ions enter/ leave between the layers (intercalatele-intercalate)>
Intercalation materials oftenan achieve high specific capacities and charging rates
as a result of 2D diffusion channels between each layer which allows for large
amounts of ions to be stored and easy diffusion through the 2D channels. Depending
on whether the intercalation products r@ solid solutions or new phases,
intercalation reactions can give voltage profiles with sloping profiles or plateaus.

The intercalation of layered materials by ions is typically associated with a volume
change as the layers separate, expanding the iayen space to accommodate the
intercalating ion. These volume changes can cause capacity fade over long term
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cycling>® Therefore, there is significant interest in developing zsirain materials
that do not show large volume changes upon intercalation. In addition, the amount
of charge that can be stored often limited by the available space for ions between
the layers.

The interlayer spacing is known to be highly important for intercalation electrodes. If
the interlayer spacing is too small, the charge carrying ion cannot enter between the
layers, whth prevents that material being a usable electrode. For example, it is well
known that N& cannot intercalate into graphite, which prevents its use inidta
batteries. If expanded graphite, with a larger interlayer spacing is used, then
reversible N& intercalation becomes possibfe. Hard carbons, which cannot
transform to graphite, have open structures that can allow relatively highoNa
capacities (between 28800 mAh {), which makes them the current staté-the-

art for Naion negative electrode¥ MXenes have been shown to store charge in
both Li and Naon systems via intercalation processes, which makes these results
significant for the further deelopment of MXene electrodes.

2.3.52 Conversion reactions

Conversion reactions are a group a of reactions which involve the formation of
entirely new products during cycling, with the charge carrying ion typically reacting
to reduce the active transitiometal and form a product with an anionic species such
as oxygen sulphur or fluorine. This is demonstrated by Reactiot{ 2.1.

Trd"X +nion" +ne* A Tm® + nionX Reaction 2.1

Here Tni’X is a transition metal oxide, sulphide or fluoride where the transition
metal has an oxidation state greater than 0, ‘ia® the charge carrying ion (e.g’)Li
and € is the electron consumed/ generated. Ideally, this would be a fully reversible
reaction to allow for multiple chargdischarge cycles. Typical materials which
undergo conversion reactions include transitional metal oxides such g&/MwoQO;

and FgO, and trarsition metal sulphides such as MdS» and Tis>’

For example, the lithiation of Mof§Zan undergo the following conversion reaction:
Mo®"0; + 6LT + 66 A Mo© +3LpO. Reaction 2.2

Conversion reactions are considered very promising for the development of the next
generation high capacity negative electrode materials since they provide very high
specifc capacities, potentially up t0,300 mAh g, which are much larger than what

is typically achieved by intercalation electrod&d-or example, each MaQinit can
accommodate six Liwhereas each C in graphite only stores 1/gilé. the lithiation
product is @Li, where each Liis stored within a €ring)>® However, ice the
reactions produce products which are completely different to the starting reactants,
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this mechanism is accompanied by large volume changes, with the products often
having volumes many times that of the starting materfdlThis leads to severe
particle and electrode cracking, which hinders the reversibility of these reactions and
causes significant capacity fade over multiple cycles.

There have been sera different strategies attempted to overcome this capacity
fade, including alternative binders, composite electrodes and nanosizing/
nanostructuring. For example, combining conversion electrodes with conductive
carbon materials has been shown to help mane the low electrical conductivity of
the conversion material, while the carbon material may provide structural support to
the electrode®’ Nanostructuring can redwe the ion diffusion pathways, and make
the materials more structurally stable to the large volume changes, particularly if the
structure contains free space to accommodate the conversion product during

cycling®®®!

2.3.53 Alloying reactions

Alloying reactiondhave some silar featuresto conversion reactions, in that they
involve the formation of products with are very different to the starting materials,
have very high theoretical capacities and undergo huge volume expansions which
cause rapid capacity fade upon repeateycling> The products are alloys of the
starting material with the charge carrying ion. For example, Si undergoes an alloying
reaction with Li as shown in Reaction 2.3.

Si+ 4.4LH 4.4éA Silig Reaction 2.3

This reation gives Si a theoretical capacity3p780mAh g*, whichsimilar tometallic
Li itself®>®* However the volume expansion is ov800%, which severely limits the
capacity on multiple cycles. Other alloying electrodes include Sn, Gea&iCP, all
of which share similar characteristit®

As for conversion reactions, there has been significant research to try and overcome
the volume changes and subsequent capacity fade, which have mostly focused on
alternative binders, composite electrodes and nanosizing/ nanostructdfing.

As well as the idealised cases where only one of these mechanisms occurs,
electrodes can display mixtures of mechanisms (e.g. intercalation followed by
conversion) depending on the state of charge and electrode chemistry.

2.3.6 SupercapacitoMechanisms

Thereare two main mechanisms for capacitive charge storage, electric double layer

and pseudocapacitance. Pseudocapacitance can then be divided into redox
pseudocapacitance and intercalation pseudocapacitance. These mechanisms are
outlined in more detail in tls section.
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2.3.6.1 Electric double layer capacitance

Electric double layer capacitance (EDL) occurs when a charged electrode is placed
into an electrolyte. Charge builds up on the surface of the electrode, which is charge
balanced by the buildip of couner ions (of the opposite charge) from the
electrolyte at the electrodeelectrolyte interface. This is a strictly physical
mechanism, with no charge transfer or other chemical reaction occuffirithis

allows for electrodes to store charge very rapidly, limited only by the speed at which
counter ions can reach the electrode surface. This gives supercapacitors which utilise
this type of charge storage (usually based orhhégrface area carbons) very high
rates (charging times can be seconds) and long cycling lifetimes (up to 1,000,000
cycles)’’ However, energy densities are low, (typically an order of magnitude lower
than batteries) and they also suffer from high sdidcharge rates if not dikarged

soon after charging (as a results of ions not being chemically bonded to the
electrodes). Since no phase changes occur, this charge storage mechanism give very
linear voltage profiles, with no plateaus, which means that the device voltage varies
cortinually on cycling’

The amount of charge stored depends highly on the surface area available for charge
storage, i.e. how much of the electrode surface is exposed to the electrolyte. This
means that a large amount of research aiming to improve the performance of EDL
electrodematerials for supercapacitors focused on ways to increase the surface area
of the electrode material§® More recently, the importance of pore size has also
been highlighted, with it being demonstrated that the capacitance dgnificantly
increase when the pore size is close to that of the electrolyte ions being stored.

Specifically, it has been reported that pore sizes of less than 1 nm lead to an increase
in capacitanc&® This was put down to a desolvation effect, meaning that only the
electrolyte ion with no solvation shell is adsorbed onto the surface, which maximises
the ion concentration on the surfac@ However, some studies have been carried out
recently finding no increase in capacitance with -samometre pores? It should

also be noted that if pores are less than the ionic radii of the electrolyte (typically
about 0.5 nm) then these pores will not be utilised for charge stofadeis also
thought that it is beneficial to have some larger pores to act as fast ion transport
channels, which allows for fast rates since ions can quickly reach adsorption sites in
the material. It has also been reported thdtet optimal pore size depends upon the
operating voltage, with a higher voltage device benefitting from a larger pore’size.
More recently, it has also been shown that charge screening by the ions as they pack
inside the pores plays an important role in the increases in capacitance mn sub
nanometre pores. Overall it is accepted thais important to carefully control the

pore size and structure in potential electrode materials, and to match the material
structure to the electrolyte used. Largeot et al. claimed that even a 1 A mismatch
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between the ion and pore sizes led to a decreasecapacitancé€’ The ideal
electrode structure likely features a large number of small pores which allow for
efficient ion packig and high charge storage while also containing several large
pores which act as fast transport channels for the ions to allow for fast rate
performance.

It has also been discovered recently that the classical model for EDL capacitors
whereby counter ias are brought into pores to counter an applied charge is not
necessarily correct. NMR studies have demonstrated that ions (of both charges)
enter the pores even without chargiff§ This leads to three possible mechanisms for
charge storage. One is for further countenso(ions with the opposite charge to the
electrode) to enter the pore, as per the classical model which was called ceionter
adsorption. Another is for a elon (with the same charge as the electrode) to be
expelled from the pore, which was termed-mm expulsion. Finally, ion exchange
may occur, where a emn is expelled and a countéwn adsorbed into the pore.
While these studies have mainly focused on carbon electrodes, it has been shown
using insitu Raman Spectroscopy, that depending on the ebtdytie used, MXenes
also show different ion movements depending on the electrolyte UsSed.

It should be noted that EDL capacitance will occur for any charged electrode placed
in an electrolyte, therefore even traditional battery materials viea some
contribution from EDL capacitance. However, because the specific surface area of
these materials is typically very low, this contribution is generally negligible
compared to the total charge stored via the redox reactions.

2.3.6.2 Pseudocapacite charge storage mechanisms

Pseudocapacitive charge storage differs from EDL capacitance in that ions are not
just physically stored on the electrode surface, but undergo a charge transfer
(faradaic) reaction with the electrod®. This allows higher levelof charge to be
stored than ED capacitance (since ions are typically desolvated for redox reactions
and efficiently stored at active red®ites), and, since the ions are chemically bonded

to the electrode, gives significantly lower sdischarge rates. Unlike battery
mechanisms, these reactions occur without major phase changes, which avoids the
volume and structure changes that typicalpuse capacity fade, and generally occur

on or near the surface, which avoids the sdtdte diffusion which causes slow
charging time$® Ths gives pseudocapacitive materials energy and power densities
between that of EDL capacitance and battery mechanisms. Typically,
pseudocapacitive reactions are classed as surface redox reactions, such as is known
for transition metal oxides such as Ru&dd MoQ..

RuQ was the first material reported to show pseudocapacitance in 167This
comes from faradaic charge transfer reactions like those seen in batteriés ARu
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RU™), but showed capacitor behaviour on cyclic voltammogrérastangular). It has
many desirable properties as a supercapacitor electrode material including high
capacitance and high electrical conductivity. Studies on,Ra®e shown that the
pore structure of Ru@is very important, since the redox behaviour ocon at near

the surface, with capacitance values over 700'Bejng reported for nanostructured
hydrated Ru@’’ Hydration gives the material high proton conductivity, which
balances the Rii/ Ru** redox couple through Reaction 2.4.

RUQ(OH) +1H +1e°T  w dzl{OH)... Reaction 2.4

The main disadvantage of Rui® the very high cost, which makes it impractical for
use in commercial capacitors.

MnQO; is another heavily studied material thahows pseudocapacitive behaviour.
Like Ru@ it has shown high capacitance but has the advantage of being cheap and
abundant, giving it an economic advantage. However it has a dtaetrical
conductivity (16°S cnf* compared to 16S cnfi* for Ru@)’® which lowers the
capacitance by restricting charge storage to a very thin surface layer. Another issue is
that Mn** is known to disproportionate which reduces the stability and lifetime of
the electrode. High capacitance islp seen in thin films (over 1,000 E bas been
reported), but in thicker more practical samples, 250 Fig more typicaf® The
studieson MnQ, have shown two interesting trends related to electrode structure.
One is that crystalline materials showed higher capacitance than amorphous ones,
due to ion intercalation as an additional pseudocapacitance mechanism in these
materials’® The second is that capacitance was not strongly correlated to surface
area, as had widely been assumed. This indicates charge storage beneath the
surface, thought to be through shallow ion intercalatin/.,Os and TiQ also show
pseudocapacitance througbkhallow ion intercalation, with increased capacitance
seen for materials with larger gaps between the lay&rs.

Typically however, traditional redox pseudocapacitors utilise only the electrode
surface, or near surface, for charge storage, giving charge storage levels significantly
below that of battery mechanisms.

2.3.6.3 Intercalation pseudcapacitance

A promising solution to this problem is intercalation pseudocapacitance. This charge
storage mechanism relies on the intercalation of ions between layers with a
subsequent redox reaction, as discussed for battery mechanisms, but occursacross
wide voltage range without phase transitions giving a sloping voltage profile, as
observed for capacitor® Most importantly, these interalation reactions are not
diffusionlimited as is the case in typical battery materials, but by the electron
transfer at the electrode surfac®.This means that ions can be stored in the bulk of
the electrode, not restricted to the surface as for typical capacitive mechanisms, but
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with rapid ion diffuson the charging and discharge times are also agherefore,
intercalation pseudocapacitance provides the opportunity to combine the high
charge storage characteristics and low sh#ficharge of battery materials with ¢h

fast charging and long lifetimes of supapacitor mechanisms (Figure 28 This
suggests that devices based upon this charge storagenamesm may be able to
deliver high power and energy densities for 1,000s of chdigeharge cycles. Since
hybrid metation capacitors need to address the kinetic imbalance betweenER
mechanism on the carbon electrode and the battéype electrode®® materials
based on a pseudocapacitive intercalation charge storage mechanism seem to be
well suited for this device class. As was the case for EDL capacitance, the electrode
structure has a significant effect omteércalation pseudocapacitive materials,
especially when nanostructured, and needs to be well designed to achieve both high
charge storage and fast charging tinfés.

Traditional Intercalation
Battery j .
Supercapacitor pseudocapacitor

- €«—0 o )

Foeece s s o — o —
e —— — g Joe0 000 e e — ]

— g " e — <

Slow (de)intercalation Fast surface reactions Fast (de)intercalation

Bulk storage—=> High capacity Surface storage— Low capacity | Bulk storage—> High capacity

Diffusion-limited = Slow Rates Surface-limited = High Rates Surface-limited = High Rates

Phase changes = Poor lifetime No Phase changes = Long No Phase changes = Long

lifetime lifetime

Figure 26. Schematic representing the different class of retased charge storage
mechanisms displayed by electrochemical energyegfe materials.

Perhaps the most studied class of materials displaying this charge storage
mechanism are niobium oxides, which have been shown to undergo intercalation
pseudocapacitance in organicitn systems. In particular, orthorhombicNb,Os,
which is a layered material with large 2D idiifusion channels, has shown large
capacities (94145 mAh ) even at very high rates € A ¢).3° Although these
results were typically obtained from electrodes with low mass loadings, Sun et al.
showed that capacities of 145 mAH gould be achieved at 2 A'gven at a mass
loading of 11 rg cmi?, which is comparable to practical commercial c&lls.should

be noted that N,Os has relatively low electrical conductivity, which means it is often
combined with carbons such as graphene to achieve these high rate electrodes.
Apart from cost, a main drawback of g is that the capacities obtagd at low

rates are significantly less than graphite, with 185 mAh g typically reported®® In
addition, the capacity is stored above M¥. LV/Li, which limits the energy density of

a full cell. This is a similar problem to lithium titanate, an alternative high power
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(insertion) electrode, the use of which in litim-ion capacitors has been limited due

to the highpotential (1.55 Ws. L¥/Li) and low capacities (12675 mAh ¢), despite
good rate performance (e.g. 11B0 mAh @ at 10C, 6 min chargé&}.Therefore,
even niobium oxides do not sufficiently bridge the gap between high power and high
energy materials.

In real electrochemical systems, it can be common to observe complex charge
storage mechanisms whereby a combination of the above mechmnisccurs
simultaneously and each contribute to the total charge storage. This is particularly
the case for nanomaterials, where small particle sizes mean that the faradaic
contributions are particularly sensitive to electrode architecture as to whethey th

are diffusionlimited (batterylike) or surfacdimited (pseudocapacitivike)® In
addition, the inherently larger surface areas of nanomaterials compared to bulk
materials means that the contribution from EDL capacitance is no longer negligible as
it is for the bulk counterarts. If a material is nanosized below a certain threshold, it
has also been reported that typical phase transitions seen in battery materials (such
as LiCog) may be supressed, which further complicates the assigning of the charge
storage mechanisms of férent materials>® Surface functional groups, which can
make up a much higher proportion of theverall nanomaterial compared to bulk
materials, can also contribute to the charge storage processes, potentially with
different mechanisms to the underlying materfdl.Overall, this means that
understanding the charge storage mechanism of nanomaterials, including MXenes,
can be very complicated, arghould be carefully investigated to allow for the effect

of different electrode architectures to be understood as well as possible.

2.4 MXenes
2.4.1 Synthesis anBrecursors

a-SySa IINB | FlLYAfe 2F NBOBLTdt €F REAMIOR G5 NE
discovered by Naguib et al. in 20%%1and have since become increasingly studied as
materials with an interesting mix of properties, making them potentially suitable for

a large variety of applications, including electrochemical gpestorage. They are
ASYSNIffte RSNAGSR FTNRBY | LINByld aa! -¢ LKI
fr@8SNBR YFOSNALFfa (0KIG KIFIgS 0SSy &aidzRASR
was first used in 2000 and relates to the chemical composition @fctmpounds’

The M elements are early transition metals, namely: Sc, Ti, V, Cr, Zr, Nb,, MOMIf

and Ta. The A elements are from columnsl®3of the periodic table: Al, Si, P, S, Ga,

Ge, As, In, Sn, Tl and Pb (Cehug 12, has also been reported to act as an A
element). X elements are either C and / ofTHis is summarised in Figure 2.7
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Figure 27. Elements that make up MAX phases. The red squares represent-gheniénts;
the blue are the A elements; the blaiskX, or C and/or N. Adapté¢dpdated)from ref %,

As well as having different elemental combinations, the number of layers of the
elements can also vary following the ruM,.AX% where n= 1, 2, 3, 4 etc.
Compounds where n = 1, 2, and 3 have been successfully synthesised, while n= 4+
MAX phases have been predicted by computer simulations but not yet realised
experimentally?’ This gives a large number of possible MAX phases, with around 70
made experimentally. They have a common space group of P63/mmc, though the
unit cell parameters vary depending on the chieat composition and the number of
layers present’ The structure consists of near close packed eslygring MX
octahedrg separated by layers exclusively of A atoms. The differences in the unit
cells arise from the number of M layers between each two A layers. The unit cells for
n =1, 23 are shown in Figar2.8 There are many more possible compositions that
have not yet been synthesised. This number does not include solid solution or
ordered MAX phase combinations, whidarther widens the family of MAX
compounds.
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Figure 28. Crysta structures of the 211, 312, and 413 MAX phases. Reproduced ffbin
Film Solids, The MAX, phases: Materials science and tHilm processing 18511878,
2010,Eklund et al. with permissidinom Elsevief®

Several possible ways of synthesising MAX phases have been reported such as
sputtering to synthesise thin film% however by far the most common method is to

use a simple solid state reaction at high temperatures under an inert atmosphere.

For example, FAIG is normally made by mixing stoichiometrimaunts of Ti, Al and

C (as graphite) using a ball mill before reacting,4001,T nn 6/ dzy RSNJ | NH 2
1-4 h. Although reaction conditions vary slightly, this is a very common synthesis
method and how the vast majority of MAX phases are synthesised in the literature.

2.4.1.1 HFbased MXene synthesis

In 2011, it was reported thathe A layer could be selectively etched by immersion in
hydrofluoric acid (HF), without altering the M and X layers. This createtk@D
layered materials, which were dubbed MXenes by the authors. This was to signify the
close relation to the MAX phasesitivM and X relating to the same elements as in
GKS LI NByild LKI&aSaod ¢KS &adFFAE aSyS¢ 41 a
graphene, the most famous 2D material known which can be made down to
monolayers one atom thick and has a number of interesting potentially useful
properties. Therefore MXenes are part of the growing family of 2D materials which
includes graphene, transition metal dichalcogenides such as, Mo& W$, and
hexagonal boron nitride. The removal of the A layers means that the MXand
elements are no longer fully eardinated, therefore surface terminations have been
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shown to form namely O, OH and F. This gives a full formula for MXeneg.a@§ ¥
where M,1%, is derived from the parent MAX compound, and T is the surface
termination group present. This is a simplification however; in most real systems a
mixture of the possible T groups are present. The termination groups come from the
solution the etching was carried out in. Aqueous solutions of HF are used in the
synthesis which ithe source of the O and OH groups. F terminations originate from
the F ions from the etching solution. This pess is represented in Figure 2.9
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Figure 29. Schematic of the exfoliation process fofAIG. The termination groups have

been removed fosimplicity.

The 2D layers are of course not as thin as graphene, since even a monolayer of bare
MoX (the MXene with the smallest number of constituent layers), still contains three
layers of atoms, as well as termination groups. The etching reaction Mithis
thought to proceed according to the three reactions shown below.

TBAIG + 3 HFA Al + 3/12 B+ TG
TeG + 2HO0A TeG(OHy + B

TeG + 2 HFA TeGR+ b

Reaction 2.5
Reaction 2.6

Reaction 2.7

Reaction 2.5 explains the removal of the Al (the A) layer, giving the bare MXene,
TG. Reactions 2.6 and 2.7 show idealised reactions for the formation of OH and F
terminating groups, ignoring any mixing of different surface groups. These reactions
show the origin of the OH and F terminating groups. O has been shown to form by
oxidationof OH when the MXene has been left in air. Reaction 2.5 also shows that it
is the Fions which are the active species in removing the A layer. This synthesis
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SEM or TENFigure 2.1

Figure 210. SEM image for MXene stacked layers, showing the typical morphology for HF
etched MXenes (3@,). Reproduced from Naguib et al. with permissitom ACS*

The detailed synthesis of the first etching in HF to form an MXene involved adding
TG to 50 wt.% HF solution at room temperature for 2 h. The resulting suspension
was then washed severdlmes using deionized (DI) water and centrifuged to
separate the powders. Nanosheets were separated out by sonication in methanol,
giving flakes and scrolls similar to exfoliated graph®nEiltration can be used
instead of centrifugig to separate the solid from solution and washing with ethanol
is sometimes done in addition to DI watér.

Several parameters can bétexed in this synthesis: HF concentration, reaction time

and reaction temperature. Mashtalir et al. investigated the effect of reaction time

and temperature on the synthesis of;@ in 50 wt% and found that pure MXene

phases were obtained after 2 hoursi. pn e/ > odzi G221 23SNI
room temperature’”® They also found that having a smaller MAX particle size
decreased the time taken for a pure MXene phase to form. It is also possible to
remove some surface terminating groups using post synthetic treatnféntBor

example, both Mashtalir et &f and Wanget al® found that OH groups could be

removed by heating in inert atosphere (Ar)upto45p nn e/ ® LG gl &
GKIF G I o2 @egantorform, prestmiahly due to reactmbetween Ti and O

or OH terminating group The TiQ content increases all the way up tqHln n ¢/ X
where large amounts of rutile phase Fi@rm on the surface. A solid solution of

TiGOw 1, 0<x<1) from the reaction of 30, and TiQ was also seen. Apart from this,

the nanosheets were seen as thermally stable up,to A n * Rakhibet al. looked at

the effect of different annealing gases for this post synthesis treatment and found

that No/H, gave the lowest Ferminations and the highest C content overall, with the
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largest interlayer spacings (assumed to be due to the removal of more functional
groups)? This gave the best performance as a supercapacitor electrode.

Typically, highen MXenes require more concentrated HF, higher temperatures and
longer times, due to a greater stability of the MAX phase. Table 2.2 shows all of the
currently synhesised MXenes found in this review.
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Table 22. Currently synthesised MXenes, with the parent MAX phase andairesponding
reference Terminating functional groups have been neglected for simplicity.

MXene MAXphase Reference
TeG TRAIG o
TG TkSIG %
TiC TLAIC o
TaG TaAlG o
[Tio.s,Nby..C [Tio.s, Ny ]2 AIC o
[Vo.5,Ch 5]3G [Vo.5,Cio s]3AIG o
TECN TBLAICN o
V,C VLAIC %
VG VLAIG ¥
Nb,C Nb,AIC %
NG NDAIC >
Mo,TiG Mo, TiAIG 100
Mo, TG Mo, TRLAIG 100
M0,ScG M0,ScAIG 101
CwTIiG CrTIAIG 100
Mo,C Mo,GaC 102
[Nbo.s To.J4Gs [Nbo.s To.J4AIG o
[Nbo.5,Z16.214Cs [Nbo.5,Z10.24AIG o
Nb; 3G [NDbo 66, S®.33 2 AIG 104
ZrGs ZrALGs o
HEG Hf3(Al, SRGs 108
Mo, 3:C [M00.6656.332AIC 107
Mo, 3:C [M0g.66Y0.332AIC 108
Wi 3:C [Wo.6656.332AIC 109
W3 3:C [Wo.66Y0.332AIC 109
[MO0¢.66Y0.332C [M0o.66Y0.332AIC 108
TisNs TUAIN; 110
TN TLAIN Hi
VLN VLAIC 112
Mo,N Mo,GaC 12

To date, around 30 different MXenes have been successfully synthesised from a

variety of MAX phases. These have included n = 1, 2 and 3 MXenbi, Ta, Mo,

Cr, V, W, Y, Zr, Hf and Sc based M elements (all the M elements highlighted in the

MAX phase periodic table in Figure 2.7), and C, N and CN X elements. Precursors with
Al, Sl and Ga as A elements have been used so far.

Whilst the majority of MXenes have been synthesised from Al containing MAX
phases there are some notable exceptions. Mavas synthesised from M6aC

which is not strictly speaking a MAX phase compound, since two Ga layers separate
each MoC block, rather than on¥? This was done due to difficulty with
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synthesising Mo containing MXenes from MAX phaseiremains the only example
found ofan MXene wheréio is the only M elementThis route potentially opens up

the synthesis of other new MXenes, which are also comsdidifficult to make from

the MAX family. For example, M, and ZC are theoretically possible MXenes, but
neither have known equivalent Al containing MAX phasef>and HEG have also

been synthesised from neMAX compounds for the same reasdfi3°®Whilst the
precursors used for these three MXenes are not MAX phases, they have clear
similarities with MAX phases since they are layered materials with the same
chemistries as MAX phases, and the MXenes are synthesised by the selective etching
of layers. The synthesis of;Zf also introduces the use of Si as an A element, and the
potential benefits of soligolutions in the MAX phase, since the mixture of Si dnd A
elements in the A layer were shown to weaken thdAonding, allowing successful
etching’® There has also been a report ofGisynthesis using 33iG as the MAX
phase precursor, which opens up néh MAX phases for etchirig However, HO,

was added to the HF etching solution as an oxidant, which introduces an extra hazard
to the synthesis procedure.

Table 22 also includes the synthesis of solid solution and ordered MXenes where
multiple M elements are present. This opens up the possibility of creating very
carefully designed MXenes with hybrid properties as a result of combining two or
more M elements intoone material. There is also the possibility of incorporating
otherwise difficult elements such as Mo into ordered MXene compounds, such as
done by Anasori et al. with M3iG and Mo TiGs,*®and by solid solution MXenes as
done by Yang et al. with Zr into (\NZrv.2)4G:.** As previously mentioned, no Al
containing MAX phases based on Mo or Zr are known.

Ordering on the M layers when multiple M elements are used in the MAX phase can
give rise to ordered MXenewhen the ordering present in the MAX phase survives
the etching process. This gives rise to two-sldsses of MXenes:-plane ordered
MXenes, where the MAX phases were dubbhedAX, and oubf-plane ordered
MXenes, fromo-MAX phases. lplane ordered MXees are characterised by
ordering by the M elements within each M layer. Theand outof-plane ordered
MAX phases are illustied in Figure 2.11
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Figure 211. Schematic illustration of the concept of-iand outof-plane ordered MAX
phases.

For examfe, in [M66Y0.332C, the Mo and Y elements order as Md1o-Mo-Y-Mo-

Mo-Y across each M layer. Guftplane ordered MXenes also contain multiple M
elements, but each layer contains only one. For example, T which is studied in
Chapter 5, has only Mon the outer layers, while Ti only occupies the central M
layer® Thisarises as a result of the different preferred environment of the different
elements within the MAX phase structure. For example, Mo elements have been
shown to be unstable in a face centred cubic arrangement with the C atoms, which is
the case in MgG.'% Instead, Mo is more stable in a hexagonal environment.
Therefore, if Mo exists only on the surface M layers, it can achieve its preferred
environment and avoidhe face centred cubic arrangement with the C atoms. Ti,
which is stable in the face centred cubic sites, then occupies the central M layer to
stabilise the structure, giving rise to the eoft-plane ordered double transition metal
MAX phases and the cesponding MXene®23This allows the effect of different
surface M elements to be studied, since this is the only difference betweeiTikdo

and TiG, which are the two MXenes studied in thikesis.

If one of the M elements is more reactive than the other, then the M chemistry of
the MAX phase does not necessarily translate into the resulting MXene. However,
the ordering of the M element sites may still be retained in the MXene, resulting in
so-called divacancy MXenes. This was first reported for, MO after selective
etching from [M@ 656 .332AIC, where Sc acts a sacrificial M element and is removed
during the etching to leave vacancies where it was situaté&or example, each M
layer is ordered as M#o-VscMo-Mo-VscsMo where \4:indicates a vacancy on a Sc
site. This adds a further layer ofvdrsity to MXene chemistry and structure, and
gives MXenes witlower unit masses than the nemacancy containing counterparts,
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which may be useful for electrochemical energy storage applications. Sc and Y are
the only two sacrificial elements that havedn used to date.

Table 2.2 also shows that the chemistry of the parent MAX phase does not
necessarily dictate the chemistry of the final MXene if a suitable -et$ting
treatment is used. For example,,V and MeN have both been reported as
synthesisedrbm the carbide precursors ,XIC and MgGaC respectively. A nitration
LIN2OS&da ¢la GKSYy OFNNASR 2dzi 4G cnn e/ X
This gives further tools to synthesise MXenes which cannot easily be etched from
MAX phase$!?

The existing repas on MXene synthesis show that it appears to be more difficult to
synthesise materials with highen values, with harsher synthesis conditions
seemingly required. Table 2.3 shows the reported synthesis conditions for selected
MXenes listed in Table 2.R.can clearly be seen that for highewalues (and higher
atomic masses of the M element), higher HF concentration and temperatures and
longer reaction times are required.

AAAAA

Table23. wSI OliaAz2y O2yRAGAZ2YyaA

iKA&d KFra 08Sy GF{1Sy (G2 YSIYy up s/ ®
MXene Etchantand | Reaction time (h) Reference

concentration temperature

06/ 0
TG 50 wt% HF 25 2 g
Ti,C 10 wt% HF 25 10 o
TaGs 50 wt% HF 25 72 o1
[Tio.5,Nby 5] .C 50 wit% HF 25 28 o
TikCN 30 wt% HF 25 18 o
\V,C 50 wt% HF 25 8 %
VuG 40 wWt% HF 25 165 97
Nb,C 50 wt% HF 25 90 %
NbyGs 50 wt% HF 25 96 %
Mo,C 50 wt% HF 50 3 102
Mo,TiG 50 wt% HF 25 48 100
Mo, ThGCs 50 wt% HF 55 90 100
[Nbo.g Tb.24Gs 50 wt% HF 50 96 108

2.4.1.2 NonrHFEtching Methods

While using concentrated HF solutions gives good yields and can be applied to a
variety of MXenes, HF is a highly toxic chemical, the use of which requires careful
health and safety precautions. Therefore, some alten&tiMXene synthesis
methods have been developed.
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handling concentrated HF solutiof$.Instead, they dissolved a fluoride salt, LiF, into

a HCI solution (6 M) and used this to synthesis€,Tirom TgAIG following a

procedure that was otherwise very similan the HF etching process. While this

method avoids directly handling concentrated HF solutions, small amounts of HF still

form during etching, which means that this method still requires significant health

and safety precautions to be taken.

Therefore, oher methods have been developed to try and overcome the use of HF
containing solutions in MXene synthesis. Urbankowski et al. used a molten mixture
2F FEdz2NARS &alfdazx [ACE blFC YR Y@ KSI
from TuAINs.*® This was the first synthesis of a nitride MXene, but still relies on the
use of fluorides. A fluoridéree synthesis route was developed hyeL al., who used

a hydrothermal etching route where the ;AiG MAX phase was heated in an

I dzi 2 Of + @S (2 w1t Whilé thishis/fluordefreea thebcbnbitiods are
harsh, and the resulting MXenes, which will have very different surface chemistries
compared to traditional etching methods, have not been studied in detail so far.
Electrochemical etchg methods have also been investigated, withCTibeing
synthesised from FAIG in dilute HCE However, the MXene yields were small, with
large amounts of carbide derived carbon also formed. Yang et al. used a binary
electrolyte system, based on ammonium chloride and hydroxide, to synthes(Ge Ti
from TBAIG, with a five hour reaction time and reasonable yieltfsThe ammonium
cations also intercalated between the layers and aided the delamination, to give
around 90% double or single layer sheets in the recovered product. Very recently,
TisG and TiC were synthesised with Za@h a moltensalt method via BZnG and
TkZnC (Al was exchanged for Zn before the exfoliation stéhis gave mostly Cl
terminated MXenes with good yields.

2.4.1.3 HGF SXalt Bching

Despite the formation of a small amount of HF, this method is significantly less
hazardous than full HF etching, and allows for high yields of MXdaebe
synthesised reproducibiyn quantities up to 10 g, which is suitable for energy storage
research. Tarefore, this method was selected for use in this thesis, and is discussed
in more detail in this section, including comparisons withdttfhed MXenes.

In their initial paper, Ghidiu et al. investigated the impact of the etching time and
temperature with hese new reagents: They found that using 35 °C for 24 h rather
than 40 °C for 45 h gave product with persistent MAXhase peaksn the XRD
patterns (Figure 2.12 and higher Al content revealed by EDS.
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Figure 212. XRD patterns of samples produced by etching in LiF + HCI solution. The pink
trace is for multilayer FGT,, showing a sharpintense diffractionpeak (002) and higher

order (®I) peaks, corresponding to @lattice parameter of 28 A and high order in toe
direction. The blue trace is for the same sample after rolling into an approximatgiyn40

thick film; c-direction peaks e preserved, but the prominent (110) peak is no longer
observed, showing substantial reduction of order in #fm@sal directions. In both cases,
traces of THAIG are still present (red diamonds). The MXene (002) atiffon peak is at a
lower angle than hat typical of MXene produced by HF (green star), signifying an increased
interlayer spacing. Reproduced from Ghidiu et al. wagrmissionfrom Springer Nature,
Nature, 2014

These products did however have reliably high yields of delaminated flakes upon
sonication. When etched at higher temperatures the products had lower Al content
but did not always readily delaminate and disperse by sonication. Therefore the
reported conditions were taken to be optimal. Despite these conditions being
reported as optimal, subsequent reports of this synthesis route did not always use
these same contbns, even when carried out by the same group for the same
MXene. This may have been due to preferring ease of delamination over MAX phase
impurities or vice vers&® depending on if a longer or shorter time was used (or a
more concentated solution). A selection of repartof this HGLIF etching method

and the reaction condibns can be seen in Table 2.4.
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Table 24. Summary of selected MXene g$lgasis conditions used with HCALIF etching
solution.

MXene Etchant Temp | Time (h) | Reference
0ec/

TG 6 M HCI and LiF 40 45 114
TiC 6 M HCI and LiF 40 45 Ha
Nb,C 6 M HCI and LiF 40 45 114
TG 6 M HCI and LiF 35 45 121
ChTiG 6M HCI and LiF 55 42 100
TLAIG HCILIF 60 48 122
[Nbo.6,Z10.7]4Gs 12M HCl and LiF| 50 168 103
TG 9 M HCI and LiF 35 24 123
TG 6 M HCl and LiF 40 24 120
TG 6 M HCl and LiF 35 24 124
TG 9 M HCI and LiF 35 24 125
TiC 6 M HCl and LiF 50 48 126
Mo,C 12 M HCl and LiF| 35 16 days 127

2.4.1.4 Comparisons Between EtchingeMods

The MXene flakes obtained by HCI / LiF etching show several differences compared
to those from HF etuing. These were noticed in the original paper by Ghidiu et al.
and studied in more detail by Hope et al. who used solid state NMR, EDS and XRD to
directly compare EG samples synthesised via HF and HCI / LiF etching
respectively:?°

The first difference noted was the presence of intercalated water molecules (and
possibly othe cations) which was not the case for HF etched samples. This gave rise
to a more compact morphology in contrast to the HF etched samples with the open
Gl O@aINRIASE & G NHzO ()dZMB interdal@tdd IndiBalsoHcdusanl this
material to be easieto delaminate through sonication, and gave it mouldable clay
like properties. This allowed it to be rolled into freanding bindefless films, which

is potentially useful for electrochemical applications. Attempts to make hydrated
rollable films of HFtehed MXenes had been unsuccessful, suggesting that the water
molecules act as a lubricant, allowing the sliding of the layers over one andther.
The presence of sharper narrower peaks with a high intensity compared to HF
samples was also taken as evidence for water / cation intercalation, which keeps the
layers more ordered than the Hfiched versions.

39



Figure 213. SEM images of MXene samplei§:etched TiGT,, with accordionlike structure
(top). LiHCI etched TIGT,, with a more compact structurébottom). Reproduced from
Hope et al., which was published by the PCCP Owner Secfétie

NMR studies by Hope et al. confirmed many of the original obsenstiof
differences between the two etching techniques. The NMR results also showed that
the relative amounts of each type of surface termination were significantly affected
by the synthesis route used. In particular it was noticed that etching with HEllédLi

to a product were the surface chemistry was dominated by O terminations, while in
HF etched products F termination wasetimost common group (Figure 2)14This
provides a way of matching the surface chemistry of MXenes to match the desired
applicaton, since it is known that the surface terminations have a significant effect
on the MXene properties, which in turn affects application performance.
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Figure 214. Composition of the F&,Tx surface functional groups produced by etching of the
TBAIG in HF and L@HCI solutions, per J; formula unit, i.e. BEG(OH)RO,, as determined

by solidstate NMR. Reproduced from Hope et al., which was published by the PCCP Owner
Societies®
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Hope et al. also used EDS to look at the different elemental compositions of the
etched MXenes, including the effect of adding an acid washealeaning steps for

HCI / LiF synthesis. It was shown that acid washing (with 6 M HCI) in addition to the
standard washing with DI water removes A#fad LiF, and 3AlR impurities which

led to better estimates for unreacted MAphase impurities, as vleas giving
guidance for improving MXene purity. Their EDS analysis also showed that the HCI /
LiF etched products contained lower amounts of Al compared to HF etched samples
(Table 2.5). However due to the lack of Mpbéase peaks in the XRD for HF etched
samples, the authors assumed that this Al content was due toaildF LiF impurities,

not an unreacted MAxhase. No attempt was made to acid wash the HF samples. It
was also thought possible that acid washing may affect properties of the products.
Sincethe use of HCI acid washes had been shown to ssfally remove impurities

the MXenes synthesised in this thesis were all washed with HCI after etching.

Table 25. Summarized EDS values of various etching and washing procedures. Results are
normalised with respect to Ti content. Reproduced from Hope et al., which was published by
the PCCP Owner Societ{é%.

HF etching LIFHCI@ 4@&C
Normal washing| Normal washing| Acid washing
Ti 3.00 3.00 3.00
Al 0.40 0.25 0.10
C 2.80 2.12 1.76
@) 1.98 1.08 1.15
F 3.25 5.80 0.86
Cl - 0.16 0.18

It should be noted that the reaction equations listed for HF etching are also thought
to be validfor the HCI / LiF method. lens are still present for Reactions 2.5 and 2.7
(although much lower amounts of F termination noted in the NMR study suggests
that reaction2.7 occurs much less when LiF is thehR source). Water is still present

for Reactn 2.6. However, due to the presence of Li in the etching solutigAlR.i

can form as an etching product in addition to AlIEI terminations are also formed
analogously to F terminations, which can give MXenes prathadth HCILIF etching
larger interbyer spacing than the HF etched counterpaffsThis can lead to
significantly improved electrochemical performance.

Since the requirements for the etching process appears to be presencéotrnd
water, any acidic fluoride containing aqueous solution should be able to carry out the
reaction. The original HCI / LiF study reported that many differeabitaining salts
could be used in the production of MXenes, albeit with varying suc&eifically
they mentioned use of NaF, KF, CsF, tetrabutylammonium fluoride ang aSaF
fluoride containing salts, claiming that they had similar etching behaviSiiu et al.
investigated the use of LiF, NaF, KF angFNA HCI to synthesise,Ciand &G and
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found that all four salts could besed to synthesise high purityiXenesthough the
etching temperature and times varied slightly for each &lt.

2.4.1.5 Delamination

While the original paper in 2011 looked only at sonicatian deparate the
nanosheets, this results in low delamination yields unless certairLi#Cétching
conditions are used, where’lintercalates between nanosheets during etching and
aids the delamination process. Therefore, like with graphene, research éas b
carried out into how to best delaminate the powders into single (and few) layer
sheets. The most successful attempts at this have been via intercalation of organic
molecules such as dimethyl sulfoxide (DM€Oand amine$® followed by
sonication. Intercalation breaks the bonding forces between the shewtking
single layers muchasier to separate (Figure 2)15his is also known to be this case
for graphite to graphene exfoliation.

MXene Intercalated Delaminated

MXene

Sheet ~ Intercalant

Figure 215. Schematic of the intercalation and delamination of an MXene.

For example, Mashtalir et al. first reportel@lamination of MXenes, (&, TsCN and
TiNbC) by intercalation of a range of organic molecules including thiophene, ethanol,
acetone, tetrahydrofuran, formaldehyde, chloroform, toluene, hexane, DMF, DMSO
and urea. They found that only urea and DMSOpprty intercalated (with a
significant increase in the-parameter) and DMSO intercalated compounds were
easily separated by sonication in waté?. The delaminated flakes also exhibited
enhanced stface areas, with ITN achieving 98 g compared to around 20 fig™
which is typical for MXenes.

It has been reported that other than the MXenes listeds@i TkCN and TiNbC),
DMSO was not an effective delamination agent. However amines have aam sh
promise® for example with NBC, meaning that it should be possible to delaminate
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a range of different MXerge In addition, a range of bases (e.gsHENOH) have

been shown to be effective for MXene delamination, and also provides promise for a
large scale routé®* Overall, however DMSO is still the most commonly used
intercalant for TG delamination™®**'**'* To keg the synthesis and processing of

the MXenes used in this thesis as simple as possible, delamination steps were not
attempted for this work, since pillared materials should contain well separated
sheets in the final product. However, the finding that ansinean successfully
intercalate into MXenes is significant for the development of the araisgsted
pillaring method reported in this thesis.

Overall, this section has shown that there are a variety of MXenes that can be
synthesised from layered precurseraterials, which are predominately MAX phases,
via selective etching processes. Different MXene chemistries, structures and surface
chemistries can be developed by choice of precursor material and synthesis process.
TG is the most studied MXene to datand so was chosen as the model MXene to
be investigated in this thesis. The enftplane double ordered MXene MbiG was

also chosen for study, since this allows for the effect of the surface M element to be
studied by comparing to X&. In addition, beh MXenes are composed of affordable
and abundant elements, which is important when considering energy storage
applications. The etching method chosen for this thesis isLHC&tching, since this
avoids the handling of concentrated HF solutions and wesady widely used in
literature. In addition, etching with HCIF leads to a higher concentration of O
based termination groups than the HF etched counterparts, which is advantageous
for electrochemical energy storage applications, as is discussed megteection.

2.4.2 MXenes aBlectrochemicalEnergy Sorage Materials

The bulk of research carried out on MXenes as electrochemical energy storage
materials has focused on met@min batteries/ capacitor systems. Both experimental
and theoretical studiehave shown that MXenes can intercalate a large number of
cations, including tj Na, K, Mgf* and Af*. All of these are potential metadn
battery chemistries®® The reversible intercalation of ndithium ions is significant,
since there are few materials known to act as intercalation hosts for these systems.
This is due to the larger ion size of ad K systems, and the high charge densify o
multivalent ions such as Mgand Af*, which prevents standard materials for LIBs
such as graphite being used in such systems.
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2.4.2.1 Nonstructured MXenes
2.4.2.1.1 Theoretical studies

Several early theoretical studies were carried out to gasngint into the potential of
MXenes in different metabn systems, and to guide the research to the most
promising MXene elements and surface chemistries. Er et al. used DFT to investigate
the intercalation of Li, Na, K, and Ca ions i@ Ff’ Theyfound fast kinetics, but
noticed that Na, K and Ca showed decreased adsorption energies as coverage
increased (unlike Li) due to the large effective ionic radii. Their calculated capacities
in fact followed ionic radii very closely, with highest capafotyLi and lovest for K
(Figure 2.1k
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Figure 216. Capacity and ionic radius for adsorption on both sides. Reprinted with
permission from Er et alACS Appl. Mater. Interfage2014, 6, 14, 111781179’ Copyright
(2014) American Chemical Satgi

Eames et al. studied the intercalation of a variety of ions Ma, K, and Md") into
selection of MGbased compounds (M = Sc, Ti, V, Cr, Zr, Nb, Mo, Hf, Ta) with F, H, O,
and OH terminating groups® They found that Lior Mg* provide higher
gravimetric capacities than Nar K’ (all other factas being equal), again due to the

ion size. The capacity and voltage were both affected by the surface groups and the
M element. O terminations gave the highest capacity (followed by bare) with the
light M elements Sc, Ti, V, and Cr giving the highestimgedric capacities. The
theoretical capacities of Mg based systems were highenethan that of Li (Figure
2.17), due to thetwo electron redox activity of Mg compared to L'i Double layer
intercalation was also found to be possible for these mater@stributing to high
capacities. Overall the materials with light transition metals and O or no terminations
look promising for further work as negative electrodes for Li and Mg batteries
especially.
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Figure 217. Cell voltage and theoretical gravimetdapacity for intercalation of two ions of
Li", Nd, K, or Md* per formula unit into MCE. The dashed box indicates an approximate
window of desired negative electrode voltages (1D V) and capacities (>400 m4h).
Reproduced from Eames et al. JmAChem. Soc., 2014, 136, 46, 162B276,
https://pubs.acs.org/doi/10.1021/ja508154e with permission'® Further permissions
related to the material reproduced should be directed to the ACS.

Yuet al. used DFT to study in detail the intercalatioiMaf* into TLC** They found
that Mg? intercalation is favourable with the stable compoundVigC forming. This
is analogous to LiGormation in graphite for LIBs. The theoretical capacity based on
this intercalation compound was high (48%Ah g' compared to around 375 mAh'g
for graphite in LIBs) with results suggesting intercalatiotwof layers of Mg may be
possible (BMg,C), which could offer even higher capacities. The rate of Mgs
fast due to the low energy of intercalation and the maatrcell voltage was low
(0.10V). These results suggestdiwould be a promising negative electrode material
for a high performing Mdon battery. The same paper also studied”Aitercalation
and found that it showed similar behaviour to Kigbut with higher intercalation
energies and with only one layer of Al intercalation likely.

Xie et al. used DFT and some experimental testing to studlykavig?*, C&", and

APF* intercalation into MC (M = Nb, Ti and V) andsGi with F, O and OH
terminations. Ayain, bare and @erminations were found to be best (although this
time bare was claimed to have a higher capacity), and Al and Mg are expected to
have stable multlayer adsorption, increasing their theoretical capacitiesCQi was
reported to have thehighest capacity for each ion battery type, with 288, 264, 570,
487, and 552 mAh‘gfor Na, K, Mg, Ca, and Al respectively. This gives a similar set of
results to the previasly discussed papers. Na ancidd batteries were then built

with TgG as the ngative electrode. While high first cycle capacities were observed,
subsequent cycles were much lower, possibly due to the ftionaof a solid
electrode interplase (SEIL) kion shows greater capacity fade than-ia&, probably

due to the larger ion size naing greater electrode deformation. The results of this
paper follow similar lines to the others previously discussed, but confirm the
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reversible intercalation of nofithium ions into MXenes for reversible battery
applications experimentally. They alsootentially confirm the multilayer ion
intercalation of Naand K (first cycle capacities correspond to 2.79"NR96 K per
TGTy), though sidereactions with the electrolyte also likely contribute to these
large first cycle capacities.

2.4.2.1.2 lHon Sy/stems

After the early computational screening studies impliedt MXenes have potential

as Liion negative electrodedurther work was carried out experimentally to probe
the charge storage mechanisms and to benchmark the performance of multilayered
MXenes. Lion systems have been extensively studied as an application for MXenes,
with the initial screening studies suggesting the potential for large capacities from
titanium and molybdenurbased MXenes. This section discusses some of the early
work onTi and Mebased MXenes for 4on systems, with a focus on multilayered
MXenes and the charge storage mechanisms involved.

The first report on the applications of MXenes in 2012 focused on the application of
TiC in an organic ion systen:*® Here it was shown that & had a reasonable
reversible capacity of about 160 mAH,@lbeit with a large capacity loss on the first
cycle, (40%) which was attributed to SEI formatiol L trapping. At a 10C rate (6
min charge), 60 mAh 'gwas retained, demonstrating promising high rate
performance. The CV curves showed peaks similar to lithiateg Widch led the
authors to propose that thecO terminations were involved in thetHiation
reactions. A follow up report was published by Come et al., who studied the
mechanism using ieitu XRD and CV kinetic studiésThe XRD data showed the
shift of the (002) diffraction peak to lower angles on lithiation, corresponding to the
expansion of the interlayer spacing. On charging, this ardg partially reversed,
suggesting some “Lirapping. No major phase changes were observed, suggesting
that the lithiation was purely an intercalation process, with no conversion reactions
occurring. Kinetic analysis showed that the current was almosiredyn surface
limited, suggesting pseudocapacitive intercalation was the mechanism here, which
explains the promising rate performance and matches the sloping load curve.

The lithiation mechanism was studied in more detail using a combination of
simulatons and experiments by Xie et®8They found thatOH terminations could

not give the experimentally realised capacities, QG terminated TG could, which
supported earlier expectations thaO were actively involved in the charge storage
process. Interestingly, they showed that the lithiation product, which many previous
reports had taken to be TG, was in fact LG, with the adsorption of a second

Li layer on top of the lithiated F. In-situ x-ray absorption near edge spectroscopy
(XANEpanalysis was carried out, and found that the oxidation state of Ti deedeas
upon lithiation, consistent with the Ti being reduced upon lithiation. After charging,
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the oxidation state increased again, but not completely back to its initial state,
suggesting that some Li may be retained (or another irreversible reduction process
occurs) which contributes to the first cycle capacity loss. At low potentials (less than
around 0.5 V vs. 1iLi), the oxidation sate of Ti was actually constant. This was
assigned to the formation of the second adsorption layer on top 4fk, which

does na directly impact on the Ti oxidation state. They found that their simulations
supported this interpretation, and actually suggested that two more layers of Li may
be stably adsorbed on to this second layer. This would lead to a capacity over 600
mAh g' if achieved experimentally, and is more adsorption layers than had been
reported for Naion systems. Therefore, up togLkGTx may be possible as a
lithiation product, however this has not yet been confirmed experimentally. Their
results show thatbetween 30.5 V Li intercalation occurs with a corresponding
reduction in the Ti oxidation state, and between 0.5 and 0.01 V adsorption layers
form on top of this lithiated product. In other words, the mechanism for lithiation of
TG can be summarisedy Reactions 2.8 and 2.9, wharnes 36.

3-0.5 V: HGO, + 2LT + 26 A TeGOslb Reaction 2.8
0.50.01 V: BGO:Lb + nLi + ne A TeGOsLb+n Reacton 2.9

Chen et al. used a combination of-gitu XRD and CV analysis to study the effect of
the structure on the lithiation of multilayered 30.'* They observed two redox
couples in their CV analysis, which they matched to two different interlayer spacings
using exsitu XRD, which revealed a split in the (002) diffraction peak. This led them
to propose that when the interlayer spacing net even, with wide and narrow
interlayer slits present, a sequential lithiation occurs whereby the wider slits are
lithiated first, followed by the narrow slit. On delithiation, the narrow slits are
vacated first, followed by the wider slits. After pirgtercalating with NI to increase

the interlayer spacing, only one redox peak was seen, and no split in tbikuexRD

was observed, which supports the assignment of the redox ‘tintdrcalation into
different sized interlayers (Figure 2.18his workcould also provide an explanation

for why CV curves for MXenes in these systems seem to vary between papers, which
has been observed when carrying out this review; the precise stacking structure of
the MXene flakes may vary between reports.
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Figure 218. CV curves demonstrating the effect of increasing the interlayer spacing on the
shape of the voltammogram forsG in a Liion haltcell. Reproduced with permission from
Chen et al.J. Phys. Chem, €019, 123, 2, 10992109. Copyright 2019 American Cheal
Society**?

Kinetic analysis showed that a mixture of surfdiogited (capacitive) and diffusien
limited (batterylike) processes ctributed to the charge storage, with the
intercalation processes which give rise to the redox peaks have a higher proportion
of diffusion limitations. The capacities reported were around 170 mAtatglow

rates for the NH intercalated MXene compared taround 100 mAh § for the
multilayered MXene. At high rates (10C), both showed similar capacities, which was
explained by only capacitive processes contributing to capacity at these rates. In
other words, the increase in initial interlayer spacing (frér@ to 12.3 A) was not
sufficient to allow for the more diffusichmited intercalation to occur. Using sub
micron MXene flakes offered some improvement to this at high rates, owing to a
smaller diffusion distance for intercalation.

Several papers have wgtied the effect of surface chemistry on the Li storage
properties. Xie et al. used a mixture of DFT (including £, T§CG) and experiments
(TEG) to study the effect of O, OH and water cont€fiD terminations were found

to lead to the highest Li capacities, OH and water were unfavourable, but could be
removed upon vacuumraealing (673 and 773 K for 40 h and confirmedhksitu X-

ray adsorption spectroscopy (XAS)).

Chen et al. also used DFT to investigat€ T¥C, and NEC, focusing on the effect of
the effect of F surface group$® They found F groups should stabilise the lithiated
structures and enhance the conductivity, however O and OH terminations were not
considered.

F terminations were studied experimentally by Sun et al. and found to be beneficial
to the electode performance, who achieved capacities close the theoretical
maximums for BGF, and suggested maximising F terminations would maximise
performance’** They also looked at the effect of delamination with DMSO and found
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that this also led to increased capacity vs. thainintercalated samples
(124mAhg" ! vs. 107mAhg"* at a 1C rate).

Cheng et al. used different heat treatments to change the surface;Gf (hieating to
nnn e/ dzy FaSdvigdnNg atiesphered? This removed some OH and F
surface groups, as well as causing a small amount gft@iform, showing that they
oxidised the MXene. The initial coulombic efficiencies were shown to increase after
treatment from 58% td54%, suggesting that theOH and¢F groups are involved in
irreversible reactions with Licontributing to that high initial capacity loss.

Overall, it can be seen that titanivbased MXenes such ag@ihave promise for
high rate Ldon storage, buthat multilayered flakes do not give capacities close to
the theoretical capacities.

Molybdenumbased MXenes

Anasori et al. discovered that cof-plane ordered double MXenes could be a way of
incorporating otherwise difficult elements into the M site tife MXenes They
demonstrated that MeTiGT displayed very diff@nt electrochemical behaviour to
the purely Ti equivalent, suggesting that the electrochemistry was dominated by the
Mo on the surface instead.

Mo, TiG has been studied for lithiurron battery applications, with the performance
showing several promisingdtures which make it worthy for further investigation.

For example, the first cycle capacity loss was only 14%, which is much lower than for
other MXenes, which is promising for full cells. In addition, 85% of the total capacity
was obtained below 1 V, vich would lead to higher energy densities in a full cell.
Unlike the fairly linear voltage profile observed for other MXenes, the load curve for
Mo,TiG displayed a plateau below 0.6 V, suggesting a phase change and charge
storage mechanism clearly diffareto other MXenes. Therefore, the lithiation of
Mo,TiG is a twastage mechanism. In the first stage, at an average voltage of around
1.6 V, Liis intercalated on to the MXene surface, forming M&GO,Lb in a similar
mechanism to the 3G MXene (Reaain 210). Computational studies suggested
that this plateau was as a result of a conversion reaction between the lithiate®@Mo
surface groups and the Li as shown by Reactibh. 2.

Mo,TiGO; + 2LT + 26 A Mo,TiGO,Lb Reaction 210
Mo,TiGO,Lb + 2LT + 26 A Mo,TiG + 2130 Reaction 211

In the second stage, the lithiated MXene reacts further to forg® Livhich gives a
large boost to capacity. Thheoretical capacity of the intercalated MXene is just 150
mAh g', whereas when the conversion reaction is included this increases to 356 mAh
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g*. If more than one layer of Li can intercalate, the theoretical capacity could

increase further, but these fesibility of this was not investigated°

The proposed conversion aetion is similar to the lithiation mechanism of Mo
oxides, where it is known to be accompanied by large volume changes which cause
significant capacity fad¥. This ould explain the relatively high fade seen in the
initial Mo, TiG study, where 8% of the capacity was lost over just 25 cycles. If this
could be stabilised, then this would significantly enhance the potential of this
material.

Mo,C has also been studiedutbin less detail. However, it is known to have ¥do
surface groups too, and the CV curves showed very similar shapes f6iQMo
suggesting that a conversion reaction may also occur Héréhe capacities were
high, with 560 mAky* reported after 70 cycles at 0.4 A'g250 mAh g after 1,000
cycles at 5 A§and 76 mAh ¢ after 1,000 cycles at 10 A'gHowever, the
electrodes tested were fred i I YRAY 3 St SOGNRRS& 2yfé& o >Y
of 0.9 mg crif, which wil give higher capagit especially at fast rates, than tfier
electrodes such as thosested using doctor blades. As was observed fop T8,
the initial coulombic efficiency, at 76%, was higher than for titanhased MXenes,
and over 66% of the capa&giwas below 0.5 V, which suggests that molybdenum
based MXenes have some advantages over titadiased MXenes for dion
applications and are worth further investigation. No reports of molybdesased
MXenes in nodithium-ion systems (e.g. Na, Mg) haveen found tedate.

2.4.2.1.3 Naon Systems

As for Liion systems, Ndon has been a relatively heavily studied system for MXenes,
although there has been a large focus on titanibased MXenes. With the
exception of one report on ) (as a positive elgode), all work found on MXenes in
Naion systems focuses on titaniubased MXenes, L, and T;C.

The first experimental report of MXenes in organicibia systems was by Wang et
al., who used DFT and STEM (scanning Ineasson electron microscopy) to
investigate the structure of Na intercalateds@i'*> A double Neatomic layer was
found within the T{GX interlayer towards the end of the first discharge cycle, giving
experimental evidence to multilayer intercalation. However, the majority of the
layers shown had only one Niayer present. The two Ndayers were around 0.23
nm apart. Insitu XRD duringhe first cycle showed a reversible shift in the (002),
(004), and (006) peaks to lower angles, suggesting reversible expansion upon
intercalation, which a sodiated product of Ng&il,. Electron energy loss
spectroscopy (EELS) showed subtle changes iititepectra, suggesting that Ti was
reduced during intercalation. They tested(Ginanosheets as a negative electrode to

investigate the capacities and other predictions about electrode performance
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(stability, rate) and found the rate performance was gdgatbund 60 mAh §at 400
mA ¢%). At 25 mA g, initial capacities were around 150 mAH, dout this quickly
decreased to around 100 mAH gver the first 1015 cycles, but stabilised after this
initial decrease. Coulombic efficiency was close to 106&s ghe 20 initial cycles
during whichit steadily increased.

Multilayered TiC was studied in detail including its charge storage mechafifsm.
They found initial discharge capacities of 330 mAhkyt only 230 mAh §(which is
similar to the reported theoretical capacities) was recovered on the subsequent
chage, giving an initial coulombic efficiency of around 60%. After around 10 cycles,
the capacity stabilised at around 175 mAh, ground 75% higher than had been
reported for T4G. The mechanism was then carefully studied usingiekXRD, TEM,
and EDSIt was found that Nadid not spontaneously intercalate into the MXene, as
had been reported for aqueous MNmased electrolytes, but did intercalate when
current was applied. EDS gave the sodiated product aggT¥&@T, similar to Wang et
al}*® This was accompanied by a shift to lower angles by the (002) diffnapéak,
showing an increase in interlayer spacing. This spacing then became fixed, and did
not change even after desodiation.-Bxu TEM confirmed these XRD results. This
suggested that after the initial expansion, due to intercalation ofibia and posibly
solvent molecules, the electrode experienced no further volume change during
cycling. This is in slight contrast to Wang et al., whosatinXRD showed reversible
(002) shifts, which are potentially missed bysix analysi*> The rate capability of

this material was also promising, with around 110 mAheained at 1 A g, though

a low mass loadipof 1 mg crif was used.

Yu looked at the sodium storage capacity, mobility, and volume change during
intercalation in HG using DFTY” They found high capacity and mobility, with only
very smallvolume changes (which should lead to a more stable electrode). They
found that the slightly enlarged interlayer spacing caused by some Na intercalation
allowed for easy formation of multilayer adsorption, offering significantly increased
capacities. This agtial in-situ pillaring was investigated and confirmed usfrija

solid state NMR by Kajiyama et'# They also found that the solvent molecules also
intercalate between the layers and help keep the interlayer distance slightly
enlarged. This led to minimal changes in the interlayer spacinqglwycling as
shown by their essitu XRD data, confirming the work of Yu et al., and similarn@ Ti

The multilayered MXene showed initial reversible capacities of around 130 thAh g
but this quickly decreased across the firstl® cycles to around 10MAh g'. After

this initial relatively rapid fade, the material stabilised and the rate of fade was
substantially reduced. Esitu NMR showed that desolvated Neas found in the
intercalated material, confirming an intercalation redox reaction. Interegji, ex

situ XANES on the Ti found no change in the oxidation state of Ti during cycling, but
ex-situ XPS did detect clear changes in the oxidation state of oxygen. This suggests
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that the redox reaction occurs on the surface O groups rather than the thein
MXene, but is in slight contrast to Wang et al., whose EELS results report very subtle
changes in the Ti oxidation stat& They also confirmed the formation of a stable SEI
layer using essitu NMR, which showed a consistent Na environment throughout
cycling. CV analysis revealed that the charge storage was predominantly surface
controlled, indicating psgdocapacitive intercalation mechanisms.

Luo et al. also reported that the Ti 2p XPS spectras@5 i6 unchanged in a Nan
system, but did not study the O 1s to confiany redox activit here*® Instead they
partially oxidised the MXene surface using NaOH, forming @des, which then
stored Nd via Ti redox reactions. The NaOH treatment also increases the initial
coulombic efficiency from around 4086 60%.

Overall MXenes have been predicted to have high capacities with multilayer Na
intercalation possible, fast rates and good stabilities. Experimental studies on
multilayeredmaterialsappear to confirm these expectations. Light transition metals
and bare or O terminated MXenes are predicted to give the best results, a@d Ti
groups appear to be redox active in the charge storage mechanism, which can be
best described as intercalation pseudocapacitance dominated. A stable SEI is thought
to form afterthe first cycle, but contributes to low initial coulombic efficiencies (less
than 60%). Therefore MXenes seem to be a good candidate for further development
as negative electrodes for Nan systems, although much more work is required in
this field, incliding on determining the charge storage mechanism in detail.

2.4.2.1.4 Multivalention S/stems

Multivalention systems such as ¥fgZrf* and Af* are attracting substantial interest
since they are based on elements which are cheaper, more abundant anchére
widely distributed than [j but offer higher energy densities than Nand K systems
since each ion can contribute two or more electrons for redox processes. However,
these systems suffer from a lack of host electrode materials which can reyersib
store the small, highly charged ions at satisfactory rates. Initial theoretical studies
predicted that MXenes could be promising materials in this area, which led to some
experimental work being carried out to further develop MXenes for these
applications. These are discussed briefly in this section, sine®rZisystems are
studied in Chapter 6 of this thesis.

Only one report has been found on MXenes iniofdl systems, with AC being used as

a positive electrodé>® The capacity was arodn170 mAh g on the second cycle,
with 112 mAh ¢ and a coulombic efficiency of 90% being reported by 20 cycles. Ex
situ XRD showed no shift in the (002) diffraction peak after the first discharge and
charge, suggesting that the interlayer distance ramedi constant during cycling. The
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CV curve showed clear redox peaks, suggesting the charge storage was faradaic in
nature.

Initial attempts to investigate the Mgn capacity of EG MXene in an organic
system concluded that the capacity was negligiblstdad, Byeon et al. useds;Ti

and MaC MXenes as positive electrodes in a hybrid Li/ Mg battery, where the
negative electrode was Mg metal and the MXene reversibly intercalated While

the performance was good (100 mAH gt a rate of 0.C), this system does not
utilise Mdf* storage in the MXne positive electrode.

Xu et al. used a cationic surfactant, CTAB, to intercalaté @ween TiG layers,
increasing the interlayer distance and lowering the?Mjffusion barrier. This led to
reversible M§" intercalation, giving capacities of arotii00 mAh g, demonstrating

that TgG can be made to store M§ions!®? Zhao et al. used a sacrificial PMMA
template combined with préntercalating Mg" (using MgG), to achieve high
capacities up to 200 mAh'gthough after 60 cycles at 1C rate (one hour charge) less
than 50 mAh g was retained (compared to 140 mAH gt 1C initially)}:>® This was
attributed to possible conversion reactis after Mg" intercalation forming MgO,
which has poor reversibility. No major phase changes were observed in the MXene
after cycling. However, the precise reaction mechanism requires further investigation
to be determined. Without prentercalation, theMg capacity was negligible, though
increased slightly over multiple cycles.

Liu et al. recently used &G, carbon nanosphere sandwich electrode as a-iblg
positive electrode, Wich had a surface area of 104 g™*.*** This resulted in large
capacities, up to 200 mAh'gt 10 mA @ and 120 mAh §at 200 mA g. Exsitu XRD
revealed a reversible shift ithe (002) diffraction peak, corresponding to the
expansion and shrinkage of the MXene as Mg intercalates anthteiealates
between the layers. Interestingly, CV analysis revealed that the current was almost
entirely surfacdimited, not diffusionlimited, suggesting that the charge storage in
the porous electrode was highly capacitive in nature. Like Zhao et al., they proposed
that MgO could form by reaction of the Migions with the THO surface groups, but

no evidence of this was given in their XRD ¢ats.

No reports have been found on the use of MXenes fdf ifrtercalation. However,
Yang et al. have recently reported the use affas a positive electrode (charging
from OCV) against a Zn metal negative electrode in 1 M ZmS@ Znion
capacitor>> Here the MXene stored charge via EDL capacitance by acting as sulphate
hosts, while the negative electrode stored charge through the reversible
electrodeposition of Zf on the Zn metal surface. This demonstrates the flexibility of
MXenes as potential electrode materials. A similar mechanism was exploited by
Wang et al., who used 3G-rGO aerogels as the positive electrode in aidtn
capacitor, where the MXenedaed in the charge storage via EDapacitance based
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on SQ” adsorption, giing a capacity of around 35 mAR.° This is similar to
charge storage with carbebased positive electrodes in this system, although
oxygen functional groups often give a mixture of EDL and pseudocapacitance.
Carbons (including &eated carbons and carbon nanotubes) have been reported to
have capacities in the range of 225 mAh ¢.**’

Overall, tle results from this section on multivalent systems suggest that MXenes
could have promise as Zon electrodes since they can reversibility store charge in
several multivalent systems, with the performance ofFin Mgion systems, which

are also divaler) particularly encouraging. The exact charge storage mechanism in
each system is not well understood so far, but appears to vary depending on the
system being studied. Electrode structure can be seen to play an important role for
MXene electrode performare, with the porous 3G, structure reported by Liu et al.
showing excellent performance for Mgn storage. In is worth noting that with the
exception of the Z#ion system, all the reports discussed above have been in water
free organic systems, since weatis detrimental to Al and Mg metal electrodes.

2.4.2.1.5 AqueouslEctrolytes

As previously mentioned (Section 2.313, aqueous electrolytes are considered safer
than organic electrolytes due to being inherently Aiteammable and (depending on
the pH aml specific salt used) netoxic. In addition, high ionic conductivities are
often reported in aqueous electrolytes, resulting in superior rate performance.
Therefore there is ignificant interest in developindnigh energy aqueous energy
storage systems. Mfes are stable in aqueous electrolytes, and have shown
promising performance in certain systems. Fofi@nsystems, aqueous electrolytes
are the most studied to date, consequently, an aqueous system (0.1 M;Yn@&®
chosen to be studied in Chapter 6n& MXenes had not previously been reported
for Zrf" intercalation, a short review on the charge storage mechanisms in other
agueous systems is carried out, since this could aid the understanding of the Zn
system.

In acidic electrolytes, hie behaviour for charge storage is consistent with
pseudocapacitance (redox) mechanisms. Lukatskaya et al. ussdu in-ray
adsorption spectroscopy and-rdy absorption near edge structure spectroscopy
(XANES) to follow the oxidation state of Ti igClduring cyclig in HSQ.*** They
found a clear change in Ti oxidatistate corresponding to an average change of
HPoo (2 H Dn operdThaB)bdver a0F V Winddw ThE gave capacitance
values similar to the experimentally measured ones. This shows the origin of
capacitance is §@ is from redox processes dhe Ti, when in an acidic electrolyte.
Simulations by Zhan et al. support this conclusion, but also find evidence of EDL
capacitance occurring alongside the redox mechanism, with the balance between the
two being voltage dependartt®
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Hu et al. used Hsitu Raman spectroscopy to study the charge storagehaeism of

TG as the positive and negative electrode inS@, MgSQ and (NH),SQ.” It
revealed that thecO terminal groups react directly with"h HSQ, confirming this

as the charge storage mechanism whegCJis used as the negative electrode i
acidic media. When used as the positive electrode, the charge storage mechanism is
given only by EDL capacitance based og $@sorption. In MgS©and (NH),SQ

the charge storage was only given by EDL capacitance, regardless of whether the
MXene was sed as the positive or negative electrode, which the authors attributed,

at least in part, to the smaller ion size of (#0"), allowing it to access deep redox
centres. In addition, the ion migration mechanisms also differed, with ion exchange
dominatingin the HSQ negative electrode. In all other cases counter ion adsorption
dominated.

Lin et al. also studied the mechanism of the same materials (also HF etched) using a
mixture of XRD and electrochemical characterisation (impedance spectroscopy and
gavanostatic measurement$y® They used a KOH electrtdy finding charge storage
through the intercalation of K without phase changes. They also found that the high
electrical conductivity and layered structure of the MXene allowed ion intercalation
even at high mass loadings.

Levi et al. used electrocheaal quartzcrystal admittance and #situ electronic
conductance measurements to investigate the mechanism of charging in MXenes
(TG, 50% HF etchind§® They looked at aariety of cations intercalated between

the layers, noting that the rates are superior to batteries, and give higher energy
RSyaAdasSa GKFy (GeLAOlItte asSSy F2NJ OF LI OA{
ion capacitor applications. They found theationic insertion is accompanied by
significant deformation of the MXene particles, but that it occurs so rapidly so as to
resemble 2D ion adsorption at soliduid interfaces. This explains this intermediate
behaviour, and makes these materials part&ubromising for metaion capacitors.
They also noted that the process is helped by the presence of interlayer water
molecules, which is known to occur with H@F etching.

Li et al. studied 3G in LbSQ and NaSQ for aqueous capacitor application®: CV
analysis showed rectangular voltammograms, with very broad peaks that were only a
slight deviation from a rectangle. Kinetic analysis showed that the current was almost
entirely capaitive, suggesting that the charge storage could be a mixture of
pseudocapacitive and EDL capacitive mechanisms, though the oxidation states were
not studied.

This shows that in aqueous electrolytes, charge storage has significant contributions
from faradac charge transfer reactions, including intercalation pseudocapacitive
charge storage, but this strongly depends on the electrolyte used. Apart from initial
expansions resulting from electrolyte penetration between the MXene layers, no
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phase changes are perted, which supports capacitivgpe charge storage. The
surface chemistry is found to play an important role for electrolytes where charge
storage is faradaic such as34@, since the TO groups are reported to actively bind
with cations such as HTHs helps explain the superior performance of H{H
etched compared to HF etcheds@4, since the former contains a higher proportion
of active THO groups. Multivalent redox reactions were not found for MgShere

the Md™ ions (which like Z# are divalent) appeared to only be stored via EDL
capacitance.

2.4.2.1.6 Intercalation Hybrid Metaion Supercapacitors

There have been some reports of papers on testing promising-raighMXene
materials in fullcell metation capacitor systems, a selection which are briefly
discussed in this section to demonstrate that MXenes show promise in full oetal
capacitor cells.

Several reports have been found using MXene electrodes-ionleapacitors (LIC).
Come et al. tested a (HF etched)CTactivated carborasymmetric cell between-1

3.5 V with a 1M LiRkn ethylene carbonate (EC) and dimethyl carbonate (DMC) 1:1
electrolyte. They found good capacity retention during 1,000 cycles at high rates up
to 10C (6 min discharge time), showing the potential of thiseke for high rate LIC
applications. The MXene showed a capacity of 65 nfAatglOC, with a maximum
energy density of 30 Wkg™ at 930 Wkg™* showing the hybrid properties of a LIC.

Byeon et al. investigated HF etched,NR-CNT(carbon nanotube)ompostes as
electrodes in LICY? Three configurations were studied, a symmetric cell, and two
asymmetric cells with graphite and LiFeR® the other electrodes respectively. The
symmetric cell had the highest volumetric energysigy (5&70 Wh dn?) across a 3

V window. Capacities up to 43 mAhgvere achieved (per weight of the two
electrodes, 86 mAh fper electrode was the average capacitfhe CNTs were
added the MXene in DI water and mixed via sonication. The electrolgte WM
LiPkin a 1:1 mixture of ethylene carbonate (EC) and diethyl carbonate (DEC).

Sodiumion capacitors (NIC) are considered to be cheaper alternatives to LIC, but
offering similar properties of high power and energy densities.

TiC has been studied ds Yy S3AF GA GBS St SO0 NRIPHI /BHEANI b L/ 3
electrolyte by Wang et df® It was synthesised by HF etching and combined with a

carbon conductive agent and a binder for the electrode material. They achieved
capacities over 100 mAHdor the full cell, with little capacity loss after thé' tycle
forat2aGlt 2F wmnn O& OriveéStigabed BIF diched ¥ Ag/aSpasiiveS G | €
electrode for a NIC. They tested the capacitance of the material in a half cell and then
contrasted a full cell with a hard carbon negative electrddelhis showed

reasonable performance with 100 B gt 0.2 mV3 for the half cell and a capacity 50
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mAh g* with a maximum voltage of 3.5 V for the full cell. Clear sodiation peaks were
seen on thecyclic voltammograms, but disappeared at rates above 2 Vs
suggesting the redox process is unable to occur due to a diffusion limitation at these
higher rates.

Overall MXenes show much early promise in electrochemical energy storage
systems, though fiher work is required to improve the understanding and
performance of these materials in electrochemical energy storage systems.

2.4.2.2 Porous MXeneléctrodes

This section focuses on selected reports of porous MXenes with altered structures,
and theiruse in organic Liand Naion systems and as well some aqueous systems,
with a focus on materials with the highest surface areas and / or electrochemical
performance reported.

Amineassisted delamination was studied on A&8bby Mashtalir et df* They found

that due to restacking of the delaminated layers, the capacities were actually lower
than the multilayered maerial. The addition of CNTs (10 .%) as interlayer
separates however increased the capacities to around 430 nfAhwdich was
recorded after 300 cycles. It should be noted that the capacity increased over these
300 cycles, thought to be because the sture was being opened up, which
suggests that the spacer did not fully expand the structure initially. The
electrochemical behaviour of these materials was more capaditteethan battery

like, and therefore the materials were also tested as capacit@s av carbon
electrode, giving capacitance of 165 ¥ and 325 F cfi. This performance was
better than TiG, studied by the same group.

Carbon nanotubes (CNTs) and reduced graphene oxide m&@)been common

additives to create porous MXene structures, which have been found to inhibit
restacking of they  y2aKSSia FyR AYyONBIFaS O2yRdzOGA
reported that addition of the CNTs increased the surface area (23 to %0, m
measured using NBET)®® The resulting MXene was found to have improved
capacitance with good stability upon addition of CNTs compared to the bare MXene

in an electrolyte of 1 M EMITFSI solution in acetonitrile. The large EMI cation was

found to intercalate but with diffusiofimited kinetics®®

Zhao et alstudied a variety of carbon additives in delaminategCIiThey looked at
different types of CNTs and rGO in slightly different configuratidhsy found that

all additives increased the interlayer spacing, while all but one increased the
conductivity but only three showed increased volumetric capacitance. The highest
capacitance was for a rGO composite. M MgSQ aqueous electrolyte was used.
Song et al. created 50,-rGO aerogels with surface areas up to 260gth*®* The rGO
content was 30%, and pure rGO had a BET surface area of 286 mhich shows
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that it would have a significant contribution to the total aerogel surface area. Ma et
al. created delaminated ¥i,-rGO composites with surface areas up to 73gh*°°

When tested as a {ion negative electrode it had a discharge capacitaround 300

mAh ¢ at 50 mA ¢, and 175 mAh§at 1 A ¢, almost twice as high as the non
porous MXene. The CV curves showed no sharp redox peaks, with kinetic analysis
showing around half the current was due to surfdieited processes.

Zhu et al.used a heat treatment technique (500°C for 4 h in vacuum) to grow TiO
nanoparticles on 3G (HF etched}® It was noticed that a small amount of graphite
also formed in this process, which increased electrical conductivity. They ysdTN
to measure the surface area, seeing an increase from 8 to%2 upon growing the
TiG, nanoparticles. They used a 6 M KOHceldyte and obtained capacitances 1.5
times that of nonporous T4G. Hu et al. studied 3@ with a Nifoam and found an
increase in BET surface area of 32gthvs. 0.5 mig™ for the bare MXene and a high
gravimetric capacitance of 499 F i 1 M HSQ, one of the highest for an MXene
electrode’®” The Nifoam was found to be electrochemically inactive with strictly
structural benefits. However, Noams are not currently considered a scalable
method to make porous MXenes, and the surface ardsained were still relatively

low.

Ren et al. used a chemical etching technique to create a poreQs flamework,
which was then combined with CNTs to give a very high performing LIB negative
electrode’®® The BET surface area was improved from 19.6 to 93.§'mas high as
delaminated MXenes, with the porous nature preventing the restacking found in the
delaminated samples. The pore sizes were shown to-Benth, reduced form 10s of

nm for the pristine MXene. It was also found that this technique reduces the aumb

of F terminations and increases the OH and O terminations, which is thought to be
beneficial for battery performance. The composites were then tested as negative
electrodes for LIBs, a high rate capacity of 330 mAhag 10C. However, this
technique okarly damages the MXene nanosheets.

Xie et al. used CTAB grafted CNTs to act as spacers between delamin@ted Ti
nanosheets, which gave high BET surface areas up to f85'M° As a Naon
negative electode it returned a second cycle capacity of around 150 miAhwith a

first cycle coulombic efficiency of just 35%, likely as a result of the large proportion of
exposed surface area. Over 100 cycles at 20 thihe capacity increased slightly to

175 mAhg™ as the structure was further opened up (4.5 times the bare MXene). The
coulombic efficiency increased over 60 cycles at around 99%. No clear redox peaks
could be seen on the CV curves, analysis of which showed the current was mostly
surfacecontrolled. Zhao et al. used Li, Na and K hydroxides to crumpl& Ti
nanosheets giving porous, and slightly oxidised structures, with BET surface areas up
to 71 nf g1.°As a Ndon negative electrode, the &DH material focused on in their
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paper showed a reversible capacity of 150 mAhafjer 10 cycles, with 175 mAh'g
being achieved after the second cycle. Bao et al. used a fidrgr®gg technique to
make aerogels out of delaminateds@, which had a BEsurface area of 293 g%,

the largest found in this revieW? This showed increased capauitefor capacitive
water desalination, which was attributed to the larger surface area and open
structure.

This section showed thathere is a clea need for the development of new
procedures to create porous and stable MXene structures, which have already been
shown to have superior electrochemical performance compared to the multilayered
counterparts. Delaminating nanosheets is not sufficient, esittte sheets restack,
giving lower surface area and poorer performance than multilayered MXenes.
Increasing the surface area and creating porous structures can effectively prevent
restacking, giving superior capacities, rate capabilities and cycling iteabiio
multilayered MXenes. This is often with an increased capacitive contribution shown
by the loss of redox peaks on CV curves and by kinetic analysis. However, many of
the strategies developed are complicated, use dilute solutions which would hinder
scaleup, destroy the MXene structure or still give relatively low surface areas.
Therefore, alternative procedures, such as pillaring should be developed.

2.5 Pillaring

Pillaring is a technique that has been developed over the last few decades to create
porous structures out of layered materials, typically layered clays. It involves the
insertion of a foreign species, typically an ion or molecule, in the interlayer between
sheets. These species cause an increase in the interlayer distance, and, if they are
stable in the structure, maintain the increased interlayer spacing for use in
applications. In other words, they hold apart two layers in the material, acting as
pillars, analogously toilars in buildings (Figure 2.19This leads to the creation of

new or enlarged pores, which can be tuned by choice of pillar and pillaring
conditions, and is typically accompanied by a significant increase in surface area. This
generally leads to increased performance for a variety of applications such as
catalysis andensors, where a higher surface area increases the number of active
sites available to reactants, and the regular pore structure improves the transport
properties of reaction species to and from the active st@s/*Whilst the electrical
conductivity of typical pillared clays is too low for their use as electrodes in
electrochemical energy storage systems, thieuctural characteristics of pillared
clays match closely with the desirable characteristics of high rate electrode materials.
In addition, MXenes themselves are often described as conductive clays, and have
similar surface chemistries to typical layergdys (oxyand hydroxylbased groups),
which suggests that the pillaring techniques developed for layered clays have
promise for creating porous MXene structures with increased surface areas and
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controlled pore sizes. This would be expected to lead tprawved electrochemical
performance for the pillared MXenes due to increased access to the charge storage
sites, and creation of large regular channels for fast ion transport.

-_

Pillar

Pillaring

|

Figure 219. Schematic representation of the pillaring process, showing tisertiron of
pillars which separate the layers of a material creating new pores.

2.5.1 Pillars

A variety of species have been used as pillars in the creation of porous clays, though
they can be classified into three main groups: oxides, ionic surfactadtsnahecular
surfactants.

2.5.1.1 Oxide pillars

Oxide pillars are typically synthesised by the intercalation of either an ionic or
molecular (organometallic) precursor followed by a calcination or hydrothermal step
to convert the precursor into the stablxide.

lonic precursors can be either single ion species dissolved in a solvent, such as the
result of dissolving salts in solvents, or cdige ions, which can consist of multiple
metal atoms and can have high charges. For example, th#" Kleggin ionis a
commonly used pillar which consists of oxy and hydroxy linkers between 12
octahedral Al sites and a central tetrahedral site. This gives pore diameters dictated
by the size of the ion cage (e.g. around 1 nm in the case ;6f'&l These are
substantially higher than the sizes of single ion pillars, where the size will only be
expanded by intercalation of the ion and / or solvent molesuyland any aggregation

of the ions during heat treatment steps. Therefore, the majority of work on pillared
clays which utilised ionic precursors for oxide pillars used cage ions as the pillar
precursor. The chemistry of these cage ions is typically basaahd Al, Fe, Ga, V
and Zr, with multielement cages also knowt¥ This class of pillar is generally limited

by the need for multiple wdsng cycles, which require large amounts of water, and
by low concentrations often being usétf

The use of molecular (organometallic) poesors has also been widely studied, with
Si, Ti and Nb oxide pillars being reported. These pillaring techniques rely on the
intercalation of the molecular precursor, followed by a hydrolysis reaction, which
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then converted to a crystalline oxide duringalcination step. As for the cagmased
pillars, multielement pillars can also be created, for exampidiShixed pillars using
tetraethylorthosilicate (TEOS) and titanium isopropoxide. The size of the pillar is
limited by the increase in the interlayeesulting from the intercalation of the
molecule precursor and any solvent molecules. High surface areas carhisved

For example Gallo et al. used niobium pentachloride to create apilNred
montmorillonite with a BET surface area up to 252gh*"

2.5.1.2 lonicurfactants

lonic surfactants are attractive as pillars because they typically have long carbon
backbones and molecule lengths betweet3 2m, which gives very large interlayer
spacings up to the molecule length depending on the angle the surfactant is
intercalated at. These interlayer distances are much larger than what can be
achieved using oxide precursors, and can be tuned by the choice of surfactant and
the angle of intercalation, which also gives a larger pore range than can be tuned by
the typical «ide precursors/> Cationic  surfactants, such as
cetyltrimethylammaiium bromide (CTAB-igure 2.2)) are generally used, since the
surface of oxy and hydroxyl terminated clays tends to be slightly negatively charged,
which allows the intercalation of the cationic surfactant via electrostatic attraction
and ion exchangef(the clay already contains other ions in the interlayer, which is
often the case}’® This makes procedures using these types of pillars relatively
simple compared to oxide based ones, but does not provide the functionality that
non-carbon pillars often bring.

Dodecylamine

N S N N\ e NH, (DDA)

/\\//\\/\//\\/\\//\\/\\//\J‘V CTAB

‘ Br

Figure2.20. lllustration showing the chemical structure @fmolecular surfactant (top, DDA)
and ionic surfactant (bottom, CTAB), which are both used in this thesis.

2.5.1.3 Molecular 8rfactants

Molecular surfactants, typically long chain amirfEgure 2.2Q)are also used in the
same way that ionic surfactasitare, and offer very similar advantages and
disadvantages. The mechanism for intercalation is different however, since amines
are not charged, electrostatic attraction is not strong enough. Instead, amines are
thought to hydrogerbond to certain surfacergups such as OH groups, which then
hold the pillars in place. Amines are also known to form bilayers, unlike cationic
surfactants, which can give pore sizes twice that of the molecule chain length.
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Consequently, interlayer distances over 3 nm are knowmckvis even larger than
what cationic surfactants typically achiet/g.

2.5.1.4 Cepillars

The different advantages and disadvantages of the above types of pillars led to the
development of cepillaring strategies. Here the long chain surfactant pillars (cationic
surfactants and amines) are used aspitars to expand the interlayer and act as
templates for an oxide precursor. This can be done either by intercalating the
surfactant in a separate pspillaring step followed by the oxide precursor
intercalation or by adding the surfactant and oxide precursor simultaneously in a
single step. The use of qullaring techniques allows for the advantages of the
different classes of pillars to be combinedhet pillared material should have the
functional advantages provided by the oxide and the larger, and more tuneable,
interlayer spacing afforded by the surfactant (which in turn can lead to higher
loading of the functional oxidédY® For example, Park et al. used an amine
(dodecylamine, DDA) assisted pillaring method to intercalate TEOS between the
layers of a titanosilicate. This created a porous silica pillared titanosilicate with a
large gallery heighof around 3 nm (espacing around (4 nhand a surface area as
high as 618 f g-'®'"" The DDA and TEOS-intercalated in a 1 h room
temperature step, which was followed by a short hydrolysis step and calcination
step. Since titanosilicates have@iand TOH surface groups, which is the same as
titanium-based MXenes, this work &specially significant for pillaring MXenes, and
this method was applied to pillaring MXenes in this thesis.

2.5.2 Pillaring of 2D Miterials

Since 2D materials are inherently layered in nature, there has been some interest in
applying the pillaring methal which were developed for layered clays to 2D
materials, such as graphene. The motivation for this research has been the tendency
of 2D nanosheets to restack, which limits their performamnc@pplications where
access to the nanosheet surface is key terfprmance such as catalysis, gas
separations and storage, water purification and electrochemical energy storage. This
Ad a | NBadzZ G 2F GKS&S LXK AOIFGA2ya NBIjc
surface for reactions or binding. If these sitge not accessible then the reactions or
binding cannot go ahead. As well as performance in applicattbesfundamental
properties of 2D materials are often dependant on the number of layers that are
stacked together. For example, the optical and eleelr properties of single layer
graphene are different (often superior) to muléiyer graphene or graphite. For
electrochemical energy storage applications, it is generally considered desirable to
have relatively large interlayer spacings to allow fghhamounts of charge storage
with the maximum number of accessible ion storage sites, fast ion transport for high
rate charging and stable interlayers to give long term cycling stability. All of these
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characteristics could be achieved by pillaring. In @oldli unlike some methods to
create porous 2D materials such as creating holes in the nanosheets, pillaring keeps
the nanosheets intact, preserving the underlying material.

Graphene has been the most studied 2D material, and the majority of work carried
out on pillared graphene has utilised diaminoalkanes{SH),NH,, wheren=2, 6,

10 etc.). Kim et al. had the earliest report found on this method, and found that the
pillaring agent chain length and the annealing temperature affected the interlayer
distance, which could be tuned to the nearest 0.1 nm up to 1*ffn.

This work has been followed up by several other studies, which have used this
approach to study the effect of the small pore size (fmd) on ion sieving and
performance insupercapacitors. For example, Yuan et al. demonstrated biphenyl
based pillars could increase the surface area of rGO from 11 to 249" mith an
average pore size of 1 nt’ This led to the pillared rGO having a capacitance over
twice that of the pristine rGO at all rates studied in 6 M KOH, which demonstrates
the use of pillaring to improve the electrochemical performance of 2D materials.
Banda et al. varied the concentration of diamine pillars in the rGO and found that
reducing the concentration could improve the high rate performance of the
electrode in an organic electrolyte, since the pillars themselves hindered ion
transport at high rates®® However, their optimally pillared material had capacitance
around twice that of the nospillared rGO, which shows that piliag is a viable
strategy to improve electrochemical performance when the pillar concentration is
not too high.

Hantel et al. used electrochemical pillaring to increase the spacing between rGO
sheets, which were then tested as supercapacitor electrde$he emergance of
these pillars caused an increase in the interlayer spacing from around 4 A to around
13-14 A, shown by isitu XRD, which was maintained throughout future eyl It

was suggested that the pillars form during the first cycle are from reactions between
the solvent and the O and OH groups on the rGO.

Paek et al. created a TiQillared Mo$ material*®? The interlayer distance was 1.03
nm, whike theLangmuir specific surface area of the Fjlared Mo$ (186 nfg

) was much larger than that of the restacked M@®2 nf g*). This showed that the
TiQ, nanopatrticles successfully prevent the restacking of the Ma&hosheets,
creating a stable @rous structure.

2.5.3Pillared MXenes

Since MXenes and clays have several common characteristics such as similar surface
chemistries and ability to intercalate and exchange cations, it is apparent that the
pillaring techniques developed for clays alsovéngpromise for creating porous
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MXenes. Some groups have reported studies which looked at pillared MXenes; these
studies are reviewed in this section.

Shen et al. used tetramethylammonium hydroxide (TMAOH) to delaminate the
MXene nanosheets and intercalal®MA’ between the layers in a primtercalation

step (72 h)® Hexadecylamine hydrochloride (HEXCI) and dddeupe
hydrochloride (DDACI) were then used for-@xchange reactions to intercalate HEX
and DDA between the layers via electrostatic attraction (24 h). A heat treatment
step was thenusedtocatby A &S GKS Ay OGdSNOFEtI GSR OF GA2y:
to partial oxidation of the MXene surface. The interlayer spacing increased up to 2.83
nm, suggesting formation of tilted bilayers. The carpifared TiG was then tested

for 1 M H,SQ supercagcitors and showed capacitance of 365Fag 1 A ¢, five
times that of the norpillared MXene. This shows that pillaring can be effective at
improving performance even in aqueous electrolytes with small ion sizes.

Zhang et al. created @O-TiC hybrigd and tested them as negative electrodes for a
LIB® The CwO particles were introduced by mixi@u(CHCOO)HO and
TpCT powders in Ndimethylformamide (DMF) followed by solvothermal heating at
150°C for 1Ch. The weight ratio of GO and T CTLin the composites was
25:100.Neither the interlayer spacing nor surface areas were reported, but from
SEM images itauld be seen that the GO particles attached itbetween MXene
layers, as well as on the surface which suggests that this material was partially
pillared. The electrochemical performance showed improved stability and high rate
capacities while impedance agtroscopy confirmed that the 4ion diffusion in the
electrode was faster for the hybrid than for the bare materials. A discharge capacity
of 143mAhg™ was obtained at a discharge current density ok g™, much higher
than the pristine MXene.

Lin et al.studied carbon nanofibers (CNFs) as conductive bridges between MXene
particles, also proposing that they could fill some of the interlayer spaceefine
acting as pillar$®* The CNFs were grown-&itu by CVD using a ®ased catalyst.
While the BET surface area was modest (20 gf), the CNF samples showed
additional small pores, 26 nm in size, which were not found in the pristine
samples. SEM imag also showed that CNFs covered the outside of the MXene
particles but were also found between MXene layers. Impedance spectroscopy
showed reduced impedance for charge transfer in the CNF containing samples. It was
also found that performance depended @NF content, and that too muatould
damage the properties isisupposed to improve (surface area, conductivity). As a LIB
electrode, capacities of 320 mA K gvere achieved, almost 3 times higher than the
pristine MXene.

Zhang et al. used an ethanol: water solution to intercalate TEOS betwe@n Ti
followed by a magnesiothermieduction to SiSIQ-TsG composites. A direct
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pyrolysis of the poly(methyl mbacrylate) (PMMA) polymer on the surface of Si
nanoparticles using urea as nitrogen source was then used to dope with N and create
a carbon support. The final material had a slightly increased interlayer spacing (3 A)
and a large increase in BET surfamaaup to 224 mg* (from 37 nf g*) compared

to bare TiG.’®®> The silicon corent was up to 81 wt.%, which suggests that a large
contribution to the surface area is likely from theSSQ formation rather than the
MXene, which made up as little as 10 wt.% of the composite. In addition, SEM images
showed the MXene flakes were covdr particles, showing that a large amount of

the SiSiQ is external to the interlayer. The composite material had a reversible
discharge capacity up ta800 mAh g even after 200 cycles, based on the mass of Si

in each electrode, as judged by XPS itesét a 10C rate, 400 mAH gvas retained.

The specific capacities they report are higher than any othet Taontaining
electrode found, but are slightly enhanced by only counting the Si mass, with a low
mass loading of 1 mg ¢m Exsitu XRD showed aignificant shift in the (002)
diffraction peak at low voltages, showing that the MXene expanded upon lithiation of
Si, but only by about 10%, compared to 300% for pure Si. The load curves and CV
plots matched well with previous Si reports, showing timatealitythis material was

a Si electrode, rather than an MXene one. Nevertheless, the performance was
impressive, and shows the potential forNBKene based electrodes.

Some other reports also looked at3;@#Si composites, but merely mixed Si
nanopartcles and the MXene using ultrasonication. These materials had significantly
worse electrochemical performance with capacities of 188 mAlafter 200 cycles

at 0.2 A  and 250 mAh Gafter 200 cycles at 0.1 Aldeing reported by Kong et al.
and Li etal. respectively®®*®’ This shows that simple mixing does not lead to as
enhanced performance compared to method which increase the interlayer of the
MXene. All these reports were really studying the performance of Si rather than the
MXene, which wassed as a conductive and flexible structural support.

Luo et al. used a polymer, PVP, and*$m pillar TiC; and tested it as a negative
electrode for a LIB®*® XRD showed an increase in the interlayer spacing up8h Sn
loading, to 1.276 nm (from 0.95 nm), showind Svas successfully inserted between
the layers. No sdiace area measurements were reported, but SEM images showed
particles on and in between the MXene laydfisgh reversible capaas (around 650
mAh g') were reported, with good capacity retention over 200 cycles.

In 2017, Luo et al. used a CTad3istedpre-pillaring step to increase the interlayer
spacing of FG up to 2.7 nm, followed by the intercalation Smusing SnGI*° Both

steps took 24 h. The interlayer spacing could be tuned by the CTAB intercalation
temperature, time and concentration, as well as by the use of different cationic
surfactants with different chain lengths. It was found that CTAB typically intercalated
atanangle ¥ o ne ® 2 KS yiongaparitbiSeRctradda, khik matefiak showed
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very high performance with 765 mAgchieved at a rate of 1200 mA gnd 500 mAh

g’ retained after 250 cycles at 1 A.gThe capacity of this material was boosted by
the use of ¢éectrochemically active Sn, with is known to undergo alloy reactions with
Li. The volume change which usually accompanies this alloying reaction appeared to
be overcome by the small Sn particle size and the MXene host which could act as a
buffer. CV analys showed that the charge storage was almost entirely surface
limited (capacitive) in nature, which may have allowed the high capacities at fast
rates.

A similar method was reported by Luo et al. in 2018, whefé\8as used with CTAB
assisted pillaringd create an electrode material for Nan systent*° The interlayer
spacings where the same as reported in their previous work. The pillared material
retained 98.9% of its capacity over 500 cygclesdich the authors attributed to
allowing reversible Na plating on the MXene surface. The voltage window was 0.00
0.3 V to induce Na plating/ stripping and the load curves very different to typical
TG load curves in N#on systems (in a 0.63 V window. The areal, rather than
gravimetric capacities were given, making it difficult to directly compare to other
studies.

A CTARssisted method has also been utilised for sulphur pillaring by Luo et al. in
2019°* Here CTAB was pirtercalated before sulphur was added via sublimation
F2f{t26SR o0& | KSIFG GNBI G§B8Donds. Thal iGdday 2 np s
spacings were similar to what was previously reported for CTAB intercalation. The
pillared material was tested in a Nan system and showed high capaegup to 550

mAh g' at 0.1 A @ and 100 mAh §at a very high rate of 15 A'gXPS showed the
surface was covered with -0 and HS groups. The capacities were greatly boosted
by the sulphur content (12.2 wt.%), which can undergo conversion reactions with Na.
Sulphur decorated 3@ also showed an improved performance compared to bare
TG, as reprted by Sun et al., who used pato preintercalate Naand support S

on the MXené? The Naion storage capacity was 200 mAH, gwice that of the

bare MXene, but less then reported by Luo et al. fpillared TiG,, which shows the
importance of increasing the interlayer spagiand surface area to maximise the
MXene performance.

Xie et al. delaminated i, nanosheets and introduced S to preventsiacking using

a dilute solution of 0.5 mgmi2¥ a-SyS FyR | nnn e/ KSI
argon’®® This gave a materialith a BET surface area of 84 gi* and a reversible

capacity as a Nin electrode of 186 mAh™g with an initial coulombic efficiency of

30%. They also reported that without the S content, the delaminated sheets
restacked to give a lower capacity thanetimultiiayered MXene, showing the
importance of keeping the sheets separated. The electrodes had a low mass loading

of 1 mg cn.
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Luo et al. used a technique they described as cation pillaring to improve the
performance of BG in a Naion system™*® They used a Li, Na or K hydroxide to
intercalate the metaion, removegF groups in the alkali solution and partially oxidise

the surface to create T¥Dwhich was detected by XRD and XPS. A heat treatment at

npn 2N tnn e/ 61+ & | dF@dupdaadSsBmelH2groids. MigedS Y 2
Al YLX S GNBIFGSR 6A0GK blhl YR KSFE{G GNBIGSF
with capacities of 175 mAh”g(170% of the bar material). The sample just
intercalated with Na did not show any improvement in performance, and the
interlayer spacings were only slightly increased compare to the bare material, which
suggests that the improvement may have been a result of the changeiMXene

surface chemistry, rather than any pillar effect. The initial coulombic efficiency of this
material was 63%, whereas the materials with other m&ak intercalated were all

below 50%, which suggests that the Na-prercalation and changes ithe surface

chemistry were responsible for a significant reduction in the irreversible reactions on

the first cycle.

Only one report has been found for this review on pillaring itanium based
MXenes. Wang et al. used KOH to-prercalate K ions etween C layers, which
were then exchanged for Co ions to createftared \,C. This material only had a
slightly increased interlayer spacing compared to the -pdlared material, but
showed a significantly enhanced capacity of around 1,000 miAkcgmpared to
around 650 mAh gfor bare \{C). This capacity was boosted by redox activity of the
Co as well as the slight increase in interlayer spacingitEXXRD showed that the
interlayer spacing varied slightly with charge and discharge due to the
electrochemical activity of Co, which expanded the interlayer upon lithiation,
allowing further Li to be intercalated between the layers. Despite the slight volume
change, the cycling stability was high, with almost no capacity loss over 15,000 cycles
at 8 Ag™.

The results from this review show that pillaring is a promising method to increase the
interlayer spacing to create porous MXenes, which in turn often show improved
electrochemical performance across different metad and electrolyte systems. In
addition, the chemistry of the pillars can be varied, which expands the chemistries
available for MXendased materials. Cationic surfactaassisted pillaring methods
have been widely studied, as has the intercalation of mita$. However, the use of
amine-assisted pillaring methods such as those developed for titanosilicates, has not
been studied to date. The use ofsitu electrochemical pillarsvhere pillars can be
intercalated within the electrochemical cefluch as those studied by Hantel et al. f
graphene supercapacitor® have also not been studied for MXenes. Cheaper
pillaring elements such as silibased pillars, have also been scarcely reported,
despite the vey high abundance of silica dearth. Finally, whilst titaniunbased
MXenes have been well studied, there are not reports on molybdehased ones.
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Therefore, these are the areas studied further in this thesis, with a focus on pillaring
techniquesbased arand the cationic surfactant CTAB and apdtaring technique
using amine (dodecylamine, DDA) and TEOS are studied for MXenes.

2.6 Aims and objectives

As previously discussed, there is an urgent need for the development of new energy
storage technologieso enable the global energy system to transition away from
fossil fuel based energy sources to cleaner renewdblged energy sources.
Electrochemical energy storage technologies, such as batteries and supercapacitors,
are uniquely placed with potential gfications in renewable energy grid storage and
decarbonising the transport sector. However, current generations of devices suffer
from limitations including a tradeff between high energy densities (batteries) or
high power densities and long lifetimeugsercapacitors), which is a result of the way

the active materials in these devices store charge. Intercalation pseudocapacitance in
nanomaterials has been suggested as a way of overcoming this -df&de
performance, potentially enabling devices withghienergy densities, high power
densities and low lifetime all in one device. In addition, there are concerns about the
sustainability of certm elements (such as Cand Li) currently used in -lan
batteries, which are the current leading technology fleese applications. Therefore,

ion systems beyond Li, such as Na and Zn are beginning to be explored, and the use
of abundant elements in new electrode materials is becoming increasingly
important.

Two-dimensional nanomaterials have been shown to be psing candidates for
pseudocapacitive intercalation electrode materials. Among these, MXenes, a family
of two-dimensional transition metal carbides and nitrides, have recently emerged as
materials with high potential for electrochemical energy storage appbns.
However, their performance depends on the electrode architecture, with
multilayered and delaminated MXenes not showing sufficient performance
characteristics. This has led to an increasing research focus on developing porous
MXenes with increasedon accessibility and stability towards loteym cycling.
However, many of the methods developed to date have significant drawbacks such
as destroying the MXene surface, use of low concentration dispersions and low final
surface areas. Therefore, despifgreviously reported porous MXenes, including
pillared MXenes, showing significantly enhanced energy storage performance
compared to multilayered MXenes, there is still a need to develop new pillaring
methods to create MXenes with higher surface areas, dasgontrol interlayer
distances using abundant elements. In addition, the majority of work so far on
porous MXenes has focused oRGj with porous structures of other MXenes rarely
being reported, despite some promising electrochemical performances thase
materials.
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Therefore, the aim of this thesis is:

To create stable porous MXene structures using pillaring techniques previously
developed for clayf orderto improve the electrochemical performance of MXene
electrodes in a variety of electrochetail energy storage systems.

To meet this aim, the following objectives have been set:

1 Develop pillaring methods to create porous and stable MXene structures
using earth abundant elements.

1 Understand the pillaring processes; mechanisms and interplay betwee
MXene surface chemistry, interlayer spacings and the pillaring reagents.

1 Test these porous MXenes as electrodes for metialcapacitor applications,
aimingto see increased performance in terms of increased capacity, stability
and rate performance.

1 Understand the effect of pillaring on the electrochemical performance
(changes in chemistry, structure, mechanisms).

1 Compare between different MXene chemistries, both in terms of the pillaring
process and the electrochemical performance.

1 Demonstrate MXene @acity in divalent zingon systems, investigate the
charge storage mechanism, and stubg effect of pillaring.
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Chapter Three

Materials and Methods
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3.1 Introduction and Materials

This chapter introduces and outlines the materials and méd¢hoesed to carry out the
research reported in this thesis. This includes the synthesis methods used to make
the MAX phase precursors, the MXenes and the pillaring techniques used. In
addition, the characterisation techniques used to determine the structarsl
chemical composition of the synthesised materials such-esy xdiffraction (XRD),
Raman spectroscopy, scanning and transmission electron microscopy (SEM and
TEM), energy dispersiveray spectroscopy (EDS)}ray photoelectron spectroscopy
(XPS), nuear magnetic resonance spectroscopy (NMR), BET analysis, thermal
gravimetric analysis (TGA) and infrared (IR) spectroscopy. Finally, the electrochemical
characterisation tests which were used to access and understand the electrochemical
performance in dfierent electrolyte systems, such as galvanostatic chaligeharge
testing (GCD) and cyclic voltammetry (CV), are described.

The following materials were obtained and used without further purification
titanium powder {325 mesh, 99% purity, Alfa Aesardyrainium powder {100+325
mesh, 99.5% purity, Alfa Aesar), titanium carbide powd825 mesh, 98% purity,
Sigma Aldrich) TBAIG powder (>85% purity, Carbon Ukraine Ltd.), molybdenum
powder €325 mesh, 98% purity, Sigma Aldriceddium fluoride (99% pity, Alfa
Aesar) lithium fluoride (98% purity, Alfa Aesafydrochloric acid (37.wt.% Sigma
Aldrich), tetraethylortho silicate (TEOS, 98% purity, Alfa Aesadpdécylamine
(DDA, 97% purity, Alfa Aesar),-oatylamine (>98% purity, TCI Chemicals),
hexadecyltrimethylammonium bromide (CTAB, Sigma Aldrich, >99% purity),
octylamine (>98% purity, TClI Chemicals), Tetradecyltrimethylammonium bromide
(TTAB, TCI Chemicals, >98% purity), sodium hydroxide (97% purity, pellets, Sigma
Aldrich), Nmethyl-2-pyrrolidone (NMP, 99.5% purity, Alfa Aesar), PVDF (99.0%
purity, Alfa Aesar), Super P carbon black (99% purity, Alfa Aesar); (98P% Alfa
Aesar), diethyl carbonate (DEC) and ethylene carbonate({ECyv/w%, 99% purity
Gotion), 1M LiPEk in 1:1 wt DEC:EC (Sigm&drich), zinc sulphate heptahydrate
(>99%, Sigma Aldrichacetonitrile (A®, anhydrous 99.8% Alfa Aesgrduminium

foil (Tob New Energyropper foil (Tob New Energyjnc foil (Tob New Energghd
titanium foil (Tob New Energy, 100 uiyhere deionisd (DI) water was used, it was
obtained from & Elga Purelab Fladeioniser, ModePF3XXXXM1vith a resiswity of

My ®H am®
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3.2 Methods
3.2.1 Materials synthesis
3.2.1.1 T4{G MXenes

TBAIG MAX phase powder was synthesised based on the reports outlined in the
background chapter (Section 2.4.1), Al and TiC powders were mixed in a pestle
and mortar in al:1.2:1.9 molar ratio. The mixture was then heated in a tube furnace
under argon at B50 °C for 2 h, with a heating rate of 5 °C Tnifihe resulting lightly
sintered block was then crushed with a pestle and mortar and ground to give a fine
grey powder.This is used in Chapter 4 in this thesis. For Chapter 6, commercial
TBAIG acquired from Carbon Ukrairigd. was used.

To obtain theTgG MXene, the fluoride salHHCl etching method first reported by
Ghidiu et al. was adapted? since this is significantly less hazardous than handling
concentrated HF solutions, and gives a product witbreased¢O terminations.
These are thought to be beneficial to electrochemical energy storage applications, as
described in Section 2.4.2 of ChapterFar the etching3 g of the asynthesised
TBAIG were sieved through a400 mesh sieve (pore size 38 pm) and added over

10 min to a 6 M HCI solution with prissolved NaF (7.5:1 F to Al ratio). This mixture
was heated to 40 °C and left to etch for 48 h with magnetic stimsiggthe setup
shown in Figure 3.The acidic fluoride solution was themcuum filtered through
borosilicate glass microfiber filter paper (pore sizeud®, ColeParmer) to collect the
black solid, which was dried overnight at 60 °C. NaF was chosen as the etching salt
due to its significantly higher abundance and lower costictviis more in keeping

with the aims of Naand Znrion systemsresearch than using LiF, which still requires
the use of expensive lithium resources.

Spill Box

Magnetic
|_—~ Stirrer
Bar

Hot Plate

Figure3.1. Schematic representation of the etching agt for MXene synthesis.

In Chapter 4, a study wazarried out to investigate the effect of different surface
terminations on the pillaring procedurePrevious reports have shown how the
surface groups of 3@ can be changed by different chemical treatment, with alkali
treatments leading to a higher proption of -O terminal groups compared to aeid
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treated ones:**!**Therefore, two different washes were used to give two MXenes
with different surface groups.

To obtain the MXene with a greater number-@f terminations, denote TgG-O, the

dried T$G powder was immersed in 1 M NaOH at room temperature for 4 h. The
powder was then recovered by vacuum filtration and washed with DI water. The
resulting black powder was dried overnight at 60 °C. For the MXene with the higher
number of OH surface groups, denoted@GiOH, the NaOH treatefllXene(TgG-O)

was further treated by placing itn 1 M HCI at room temperature for 4 h. This was
filtered, washed and dried in the same way agZFO. These materials were used in
Chapter 4.

3.2.1.2 Mo TiG MXene

The M@TIAIG MAX phase is not commercially available, and so was synthesised
following literature methods®**® Elemental powders of Mo, Ti, Al and C in a
2:1:1.22molarrak 2 6 SNBE AASOSR KOOBes] Kist hixediga >Y &A
pestle and mortar, and then mixed in a p&ary mixer for 1 h hour with zirconia

balls. The recovered powder was heated for 4 hadan e/ dzy RSNJ | NH2)
heating and cooling rate gf & /™. THé gAlcined material (light grey) was then
gentlyground in a pestle and mortar to give a fine powder.

To avoid the handling of HF, the synthesis of,MG was attempted using the LiF

HCI method which has been successfully used for the ititatbased MXenes.

Typically, 3 g of M@iAIG was slowly added to 30 ml of 9 M HCI with 3 g of LiF pre
RA&&2ft SR ¢KS YAEGdz2NB 4 & Aitbrlthis 8iRkacidi@e cn ¢
solution was diluted with DI water and centrifuged to recovee fowder. This was

then redispersed in a fresh etching solution, using the same guantities as used in the

first etching stageAfter four more daysof etching, the solid was collected via
centrifuging,and washed with water over repeated centrifuging cgclatil the pH

was around 6 (measured with pH paper). The reasons for thisstage etching

procedure are discussed in more detail in the results in Chapter 5.

3.2.2 Pillaring Experiments
3.2.2.1 Amineassisted Hlaring

Chapters 4 and 5 investigate thise of an aminassisted pillaring method based on
the work described in Section 2.5 of Chapter 2 to develop wilied
titanosilicates. This method was chosen for a number of reasons:

91 Silica is cheap and highly abundant, and the hydrolysis of TRgD& 3.2)is
well studied.
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The pillaring steps are fast (much less than 24 h) and carried out at room
temperature.

The surface areas and interlayer distances achieved for pillared clay using this
method are amongst the highest, and can be tuned by the different
amines and calcination conditions.

The surface chemistry of titanosilicates is very similar to titaRnased
MXenes.

Amines have already been shown to intercalate into MXenes.

Lo +H,0 Lo 5
\,O.gi.o\/ \,O.éi.OH + H0~§i.0\/
6\| -CH;CH,OH 61
TEOS
_ - -H,0
| .
P siJ
0\ /ol i I‘o oLo
+Si7 \Si7 \Si\0 b —— N0 NGO
| ! 5 6\I 6\I
\
~Si Si7
/
| |
sio,

Figure3.2. Diagram illustrating the TEOS hydrolysis reaction\pathto form the Si©
pillars.

A schematic outlining the pillaringethod is shown in Figure 3.3

SiO,-Pillared MXene

s o —

MXene L \‘Ey TEOS/ Amine intercalated MXene
LTy, ————
< | " v-érw | Ev.“sr"v |-
— :
< 105 Amine § ﬁ“’k‘*i”ﬁ j;ﬁmj e

4 h, room temp.

Hydrolysis, DI water
16 h, room temp.

Ar (g), 5 h,
Pore

el

\,°L~§(,>i~°\/ TEOS j :
NH, Amine 61 0 30

Si0,/ Amine
Pillared
MXene

Figure 33. Schematic illustrating the amirassisted pillaring method.
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3.2.2.2Pillaring of TiG

For the pillaring experiments, 0.5 g of the NaOH or-tréaked MXene were added

to a solution of dodecylamine (DDA) dissolved in TEOS in a MXene:DDA:TEOS molar
ratio of 1:610:1520 under argon. This was stirred in a sealed glass vial under argon
at room temperature for 4 h. The black powder was then recovdmgdvacuum
filtration, dried on the filter paper under vacuum before beingdispersed in DI
water (25 ml) overnight at room temperature (18 h). The intercalated profigure

3.4) was then recovered by vacuum filtration and dried overnight at 60 °€seTh
samples were then calcined at either 300, 400 or 500 °C for 2 h under argon with a
heating rate of 5 °C mih Argon was used for the heat treatment steps instead of air
(which would be expected to give more complete removal of the carbon template) to
minimise the oxidation of the MXene.

T
o I-II-O O/
L H
050 NH
o}
1 OO
(
\,O.é)i.O\/ LO
6j \/O.éi.o\/
“ L
RN
o \’0"§i'°\/
\,O.é..o\/ S
3 N
\l NH \,O.sg.ov
H 1
of O o

Figure 3.4. Schemait illustraion of the arrangerent of the capillars in theintercalated
materials.

For the pillaring using octylamine as theqbar, the same procedure was followed,
using a molar ratio of MX®: OA: TEOS of 1:10:2®o0r the experiment using only
TEOS for intercalation, the same procedure as described for the DDA assisted
method was used, with a MXen€EOS molar ratio of 1:20 used.

3.2.2.3Pillaring ofMo,TIiG

For the pllaring of M@TIG, the procedure was the same as used for the(di
MXene. A molar ratio of 1:10:20 of MXene: DDA: TEOS was stirred for 4 h at room
temperature under argon. The intercalated material was recovered by vacuum
filtration and dried under vacuum on the filter papemder argon). This was then-re
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dispersed in DI water for 16 h at room temperature, before being recovered again by
@l OdzdzY FAEGNI GA2yd ¢KS NBEO2OSNBR YI 0SNAI
d0SL) dzy RSNJ I NH2Y ¢l a (K8 APEHNNA KB #idzy I N

min™.

3.2.2.4CTAB Haring

In Chapter 6, which focuses on MXenes in-iincsystems, CTAB pillaring methods
were also studied for 3@, in addition to the amineassisted pillaring method. {situ

and exsitu methods werecompared. CTAB pillaring had previously been shown to
be effective for MXene pillaring, due to the positive charge of the cation;, @ich
easily intercalates, as discussed in Section 2.5.3 of Chapter 2.

3.2.2.5 Exsitu CTAB Haring

For CTAintercalaion, 200 mg of EC, was dispersed in a solution of DI water (30 ml)

and CTAB (100 mg). The dispersion was stirred for 24 h at 40 °C. The pillared MXene
was then recovered by vacuum filtration and dried at 60 °C overnight. This was based
on the work of Lo et al. who studied CT/ntercalation in detaif*°

3.2.2.6 Insitu CTAB iRaring

For the insitu pillaring, 0.1 wt.% of CTAB was added to the 0.1 M ZealgCtrolyte
used in the coin cell tests, to intercalatdf &£ during cycling within the cell. The
purpose of this study was to investigate the feasibility of @ilfaring within the cell
(in-situ), avoiding the need for the extra time consuming steps used in traditional ex
situ methods. Further details on thdeetrochemical characterisation are provided in
Section3.2.3.11

3.2.3 Characterisation
3.2.3.1 Xray Powder Diffraction

X-ray powder diffraction (XRD), is a widely used technique to study the crystal
structure of solid crystalline materials. It utilistge waveparticle duality of Xays,
which diffract when passing through slits which match the size of the wavelength,
which is approximately 1 A; the length of a typical chemical bond. While the majority
of xrays are simply reflected randomly (scatterda) the electron of atoms in the
crystak, at certain orientations the scatteredrays interact with each constructively,
resulting an increased signal at these orientations, which corresponds to diffracting
x-rays. This is represented by the Bragg equatEquation 3.1).

€ _ ¢Qi Q¢ — Equation 3.1

Herenis the order of the scatteredXJ & 0 LJI2aAGA GBS AYyGS3ISNDLI <
incident xray, d is the distame between two planes of atoms which theray is
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This is illustrated by Figure 3.During a typical -ray diffraction experiment, the
wavelength of the incident-kays ¢ fixed by using a monochromatigay sourcenis

typically one since the proportion ofrays which undergo multiple scattering events

Ada OSNB 26 YR GKS y3atS 2F RAFTFNIOGAZ2Y.
the source and detector. Themfe, the distanced, between different planes of

atoms can be calculated. This allows the structure of the solid being probed to be
determined by using the distance between each plane of atoms to build up the
overall crystal structure which contains allet planes of atoms detected in the
diffraction pattern. Diffraction patterns are typically plots of intensity of detected x

NIFe&a F3IrAyad Fy3atsS o6Fa w' 03dvales BetwedSl 1 & O
planes.
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Figure 35. Schematic illustridon of diffraction according to the Bragg equan. The dashed
lines and arrows repient two inphase Xays whichare scattered by two different places
of atoms. They interact constructiwekto give a diffraction signal when the incidentays
KIF @S I hichulfis3te 8ragh equation.

To identify the planes of atomdiKl) nomenclature is used, which relat¢he atomic
planes to the unit celbf the crystal. A unit cell is the smallest repeating unit needed
to build up the total crystal structure. Theecell axis labels are used, b, andc,
which relate to theh, k and | planes introduced above. These planes intersect the
unit cell, with the point of intersection given by the integer value assignéddl kar |,
which corresponds to the number of tirmghe plane intersects the unit cell in tlag

b or c axis, respectively. The unit cell fog@i with the intersections highlighted by
the (002) plane (i.eh = 0,k =0 andl = 2) is given in Figure 3.3 as an example. This
means that the plane whichygs rise to the (002) diffraction peak does not cross the
a or b axis (there is no intersection, henbeand k = 0), but thec-axis is intersected
twice (thereforel = 2). As can be seen by Figur8, 3he unit cell of &G, consists of
three (partial) THG, layers, as a result of the different stacking of atoms within each
TG block. This means that the intgdane distanced, for the (002) reflection
corresponds to the interlayer spacing between eaclzlayer.
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Figure 36. Diagram showing the undell of TiG and demonstrating the use of the (002)
plane to calculate the interlayer spacing and gallery height.

This allows the interlayer distance between MXene sheets to be calculated by solving

the Bragg equation for the (002) peak, which has beeédely reported in the

literature to be highly useful to study the intercalation and pillaring of MXenes, as

was shown in Section 2.5.3. Consequently, this method is used in this thesis to follow
changes in the interlayer distance of the MXenes duringraaiation and pillaring
processes, and during electrochemical cycling bgiexXRD experiments. A shift to
f26SN) H® gt dzSa O2NNBalLRyRa G2 'y AYyONEB
suggest successful intercalation of species between the layers, Waighexpanded

to accommodate that species.

LY FRRAGAZ2Y (2 GKS t20F0A2y 2F (GKS RATFTTNI
also contain information on the crystallinity of the material (from the peak width)

and the atomic arrangement in the plarff'om the peak intensity). A sharper peak
corresponds to a material with a higher degree of crystallinity than a broader peak,

which signifies a more disordered material. This is because a disordered material will

have a wider range af-values for eachlpne, since the distance between each plane

varies throughout the sample. A perfectly ordered crystal would have justdene

value for each set of atomic planes, therefore the peak would in theory be infinitely

sharp. Amorphous materials have such a la@®ge ofd-values for each plane that

LIS 1a FNBE @OSNE ONBIFIR 60FYy 6S 20SN) ps H' ¢
the background. Therefore powder XRD is only suitable for crystalline solids.

Powder XRD has a number of advantages including esisgshple preparation, data

collection and analysis, which makes it widely used for structure determination. In

addition, it is a bulk technique, which means that the structure of the entire sample
can be characterised, not just the sample near the surface.
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In this thesis, powder XRD was used to identify the phases of synthesised material by
comparing the collected patterns with those reported in the literature and for
monitoring the interlayer spacing after intercalation and pillaring experiments, and

during electrochemical cycling by -stu XRD experiments. alples were
characteised in a Smartlab diffractometer (Rigaku, Tokyo, Japdrd A y3 / dz YN
radiation as the ;NJ & & 2 dzNJ S opérating lin refledtipm modledwith Bragg

Brentano geometry to inveggate the crystal structureln other words, the sample

was flat and stationary during measurements, and theayx source and detector

GSNBE Y20SR G2 200FlAy GKS RSAANBR NIy3aS 27
ranges found in the literature, the ©°  NJ y'@be 2dA pK | a2 BOwas NI (S
used, apart from for the study of the amiaessisted pillared materials where the
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af 265N 401 y '"MNasilised 2F ndps YAY

Prior toXRD characterisation,|@amples were dried in asven for 18 h at 80C. The
black powders were then ground and placed on a silica sample holder and pressed
flat with a glass slidd-or exsitu studies (Chapter 6), cells were disassembleithet
desired stateof-charge, the electrode was extracted and placed immediately, while
wet, on a flat stage for diffraction analysis. This was to ensure that the material had
not dried out, which gives an environment closer to that in the cycling cell.

3.2.3.2 Raman Spectroscopy

Raman spectroscopy also provides information on the structure of materials, and,
like XRD, is used for structure identification. It is a vibrational spectroscopy technique
which uses energy changes in inelastically scattered phsatostudy bonds in solids,
liquids and gases. Visible light (radiation) of a fixed wavelength (and therefore
energy) is focused through a microscope onto the sample. This excites the vibrational
modes of the atoms in the material (called phonons in ad¥oWhich move, via so
called virtual states, to a state of higher energhsorbingsome of the energy of the
radiation (for Stokes Raman scatteridd) This changes the energy (wavelength) of
the photons by the amount of energy absorbed by the transition. This change in
energy is called a Raman shift. The difference in gnbsgween the ground state

and excited state (which corresponds to a peak in a Raman spectrum) is different for
each vibrational mode for each material, which allows for the vibrations and the
material to be identified by analysis of a Raman spectruns #lso possible for a
scattered photon to gain energy from transitions in the vibrational modes -(anti
Stokes scattering), though this signal is often weaker than the Stokes scattered
signal, so is rarely used. Scattered photons which do not undergo amgeha
energy (elastic scattered photons) are calleglBgh scattered photons. These make

up the bulk of the scattered photons, but are filtered out within the spectrometer to
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allow the detection of the photons which underwent a Raman shift. The Raman
process is illustrated in Figure 3.7

_________________________________________ ~ Virtual
A Vibrational
Al Al I States
Vibrational
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v v Energy States
Rayleigh Stokes Anti-Stokes
Scattering Raman Raman
Scattering Scattering

Figure 37. Schematic illustrating the Raman Effect in terms of the changes in energy levels
which occur when visible light scatters from a material.

A Raman spectrum consists of the Raman shift plotted onxddedsand the intensity

(of detected photons) on thg-axis. The Raman shift is plotted relative to the energy

of the incident photons, in units of wavenumbers, tnwhich is the number of
waves per cm. Therefore a larger wavenumber corresponds to a smalletemgth,

and a larger energy change in the Raman scattered photon. As for XRD, the width of
the Raman peaks can give information about the degree of crystallinity of the
material, with sharper peaks suggesting a more crystalline matéfialnlike XRD,
Raman spectroscopy is a more localised technique, with the laser usea &igtih
source usually focussed to a spot size microns in size. This means that the Raman
spectrum will consist of only information from that spot, rather than the entire
sample.

As well as phase identification, for@ MXene Raman spectroscopy has bemed

to study the surface groups. Hu et al. discovered that the location of the peaks (the
magnitude of the Raman shift) was highly sensitive to the surface groups terminating
the MXene'®’ In particular, the FO andT-OH peaks can easily be distinguished.
Figure 3.5 illustrates the vibrational modes predicted to occur fg@, Terminated

with ¢OH andcO groups respectively, with the modes most useful for experimental
Raman studies highlightéd’'** The labelsE, and A;y shown in Figure 3.8escribe

the nature of the vibrational modeE corresponds to a doubly degenerate mode,

to a singly degenerate mode agdshows that the wavefunction used to describe the
mode is even (gerade), i.e.&han inversion through the centre of symmetry gives
the same result as before the inversibfi.It should be noted thatF terminations
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tend to result in peaks which overlap closely with peaks figldiH andcO groups,

and therefore are not studied using Raman spectroscopy in this work. FeFi®o

only MoO surface groups have been assigned in the literature to date, with
vibrations from the Mo and C planes also being identified. This is discussed more in
Chapter 5.
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Figure 38. lllustration of the vibrational modes predicted to occur fogGFiterminated with
¢OH andcO groups respectively, with the modes most useful for experimental Raman
studies highlighted (blue rectanglef)dapted from Hu et al. with permissidH.

Therefore Raman spectroscopy is used in this thesis for confirming the MXene phase

after synthesis and studying changes in the surface chemRagnan spectroscopy

was carried out on a Horiba Lab Raman Spectrom@teriba, Minamiku Kyoto,

Japan) with an EMooled Synapse camera. For taking spectra, a 100x, 0.90 NA
microscope objective was used. The dried powder was sandwiched between two

glass microscope slides which were pressed together to give flat MXenelgmrtic

One of these slides was then discarded, with the other slide placed flat under the
RA2RS fF&aSNJ 6poH YYZI Hnn >20 F2NJ YSFadaNBY

For exsitu studies (Chapter 6), the electrode was extracted from the cell at the
desired stateof-charge, washed fivarhes with DI water (the electrolyte solvent) to
NBY2@S y& ada2NFI OS alrtda FNRY GKS St SOUONEP
on a glass microscopy slide under the microscope.

3.2.3.3 Infrared (IR) Spectroscopy

Like Raman Spectroscopy, IR Spectpyg is an optical vibrational technique. It is
complementary to Raman spectroscopy, in that modes which are inactive to Raman
spectroscopy tend to be active for IR spectroscopy. Therefore, slightly different
bonding information can be determined by IR sfvescopy. Instead of visible light,
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infrared light is used as the incident radiation. This causes excitations in vibrational
states for certain bonds in a material, which show up as peaks in an IR spectrum. To
be IR active, a vibrational mode must undeggohange in the dipole moment (seen

by a change is symmetry) of the mode upon the excitation. It is widely used for
detecting GH bonds in organic materials, andGibonds, as present in silitgpe
materials also show up clearly. Therefore it is usedhis thesis to confirm the
presence of the amine and TEOS in the intercalated and pillag€dnTaterials.

3.2.3.4 Scanning Electron Microscopy (SEM)

Scanning electron microscopy uses an electron beam to collect images, analogously
to visible light beam&eing used in optical microscopes, which is focused through a
series of lenses into the sample. It is used as an alternative to optical microscopes to
study features below 200 nm, which is the typical resolution limit of optical
microscopes. The microscepesolution is given by Equation 3.2.

8

Equation 3.2
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probing beamn is the refractive index of the mediu between the sample and the
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magnifying lens?® Therefore, it can be seen that by changing the wavelength of the
probing beam, the resolution can greatly increase. Optical microscopes use visible

light as the probing beanwhich has a wavelength greater than 390 AfhOn the

other hand, electrons have significantly shorter wavelengths, for example, 0.0123 nm

in a 10 kV bearm™ This allows electron microscopes to have significantly improved
resolutions compared to optical microscopes, and SEM can reach resolutions below 1

nm, though 320 nm is more typicaf?® This is the main motivation for using electron
microscopy instead of optical microscopes; the huge improvement in resolution
allows features on the order of a few nm to be visualised, which is crucial for the

study of nanomaterials such as MXenes.

One disadvantage of electron microscopes is that thegimg has to be carried out
under vacuum, unlike optical microscopes. In addition, the material being imaged
must be electrically conductive, to allow the electron beam to interact with the
electron beam without becoming trapped, which leads to sample d¢hgrgnd a loss

of resolution. The electrons must be able to enter the sample, interact with it, and
leave the sample to reach the detector to achieve good resolution in the final image.

When the electron beam interacts with the sample there are a numbetifterent
processes which can give rise to multiple types of electrons and types of matter
being generated, each of which can provide different information about the sample.
A selection of these which are relevant toglihesis are shown in Figure 3Fr SEM
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imaging, backscattered electrons were detected and used to create the SEM images
shown in this thesis. Backscattered electrons are electrons from the incident beam
which have penetrated, interacted with, and left the sample at the same side as the
incident beam enters them. These are then collected by a detector the signals from
which are converted into the images. If the vacuum is not sufficient, then the
backscattered electrons could be further scattered or altered by particles in the
atmosphere which would mean that the image collected on the detector would not
only include information from the sample, resulting in a loss of resolution. This is why
SEM is carried out under high vacuum conditions.

Incident
Electron
Beam
Backscattered
Electrons
X-rays
Sample

Transmitted
Electrons

Figure 39. Schematic representation of somethie effects of the interaction of the focused
electron beam with the sample.

In this thesis, SEMas used to study the morphology of the MXene patrticles after
synthesis and intercalation and pillaring experiments. SEMoaased outin a JEOL
JSM7800HJEOL, Tokyo, Japan), using an accelerating voltage of 10 kV and a working
distance of 10 mmThedried powder samples were dry cast ontocanductive
carbon tape support, which was placed on to a copper stub for analysis.

3.2.3.5 Transmission Electron Mascopy (TEM)

Like SEM, TEM is a high resolution microscopy technique which uses electron beams
to collect images. In this case, however, instead of the detector being placed on the
same side of the sample to the incident electron beam, it is placed omwppesite

site, behind the sample. This allows for transmitted electrons, which have travelled
all the way through the sample (Figure 3.6), to be detec¢tédhis means that there

is an extra requirement for samples to be imaged by TEM techniques, in addition to
the requirements for SEM imaging. Tlsample must be electrically conductive
enough and thin enough to allow for the electrons to pass through the sample so
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that they can reach the detector. This can lead to some extra sample preparation
steps to make the sample thienoughso that the electras can pass through. The
resulting image is a 2D projection of the area of the sample that the electrons passed
through. Scanning TEM (STEM) is a variation of TEM where the electrons are focused
into a beam, as in SEM, but only the transmitted electroresdetected. Imaging in
high-angle annular dark field (HAABSJEM modgives high resolution images with

up to atomic resolution, where the sample is observed as pale features on a black
background, which gives the images high contrast, making featuremerets
observe. In addition, this technique is sensitive to the atomic mass, Z, of the
elements in the sample, which can allow for the identification of individual atoms in

the image®®

In this thesis, STEM was used to image the interlayer distances of thades

intercalated and pillared 3@, as a complementary technique to the XRD analysis.

The higher resolution of the TEM allowed for this ®imaged, which could not be

achieved in the SEM. FofBM characterisation each specimen was crushed using a

mortar and pestle, dispersed in methanol and digst onto holey carbon gride

ensure single thin flakes were isolated, which would allow fer ¢lectrons to pass

through the sample They were then loaded into an FEI Tecnai TF3GT{eEmNo

Fisher Scientific, Hillsboro, US) and imagetiAADFSTEM mode. The microscope

glra 2LISNFGSR G0 onn 13 6A0GK | 0SFY OdzZNNB

3.2.3.6 Energy Dispersiverdy Spectroscopy (EDS)

EDS can be used alongside either SEM or TEM techniques to provide information on
the elemental composition of the sample being imaged. Figure 3.6 showed that x
rays can be generated by the electron beaman electron microscope when it
interacts with a sample. Theserays are detected and analysed for EDS. The
electron beam excites atoms in the sample, which can lead to the ejection of
electrons from the inside shells of the atom (eng= 1,Kshell, he orbitals closest to

the nucleus). This leaves a vacancy in this shell, which can then be filled by an
electron in an outer (and higher energy) shell, (eng=2, L shell), which has now
moved into a lower energy state (Figure 3)10Following the requement of
thermodynamics for the conservation of mass and energy, the energy difference
between the two shells that the electron has moved between is emitted as radiation.
This radiation has a wavelength (energy) which places it in tfay part of the
electromagnetic spectrum. The exact energy of theayx depends on the difference

in energy between the two shells the electron which emitted it transitioned
between, which is unique to each element. This allows thesayx to act as a
fingerprint which carbe used to identify each element present in the sanf3ferhe
exceptions are H and He, which have no occupied higher energy electron shells, and
Li and Be, which have too few electrons to generate sufficieays for detectiorf™
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Since each-ray corresponds directly to a single tratimn event, EDS can be used to
quantify the elements in the sampf@* In addition, since the electron beam can be
finely controlled for imaging, EDS maps can be build up over a chosen area, showing
variation in the elemental composition of a sample.

Ejected
> @ Electron

X-ray

Figure 310. Scheméic diagram of the generation of anray for EDS analysis.

However, care should be taken when using EDS quantitatively with powdered
samples, since rough surfaces present in powders can cause shadows or changes in x
ray interactions which can lead to iceurate result$> In addition, the escape depth

of electrons for EDS is typically in the range of a few microns, so it is a relatively
surface sensitive technique which may not give an accurate representation of the
elemental composition of the entire sample. Neverthales is a useful technique to
identify and semguantify elements present in samples, even when in powdered
form.

SEMEDSwasperformedin a XMax50 (Oxford Instruments, Abingdon, UK) using an
accelerating voltage of 10 kV and a working distance of 1Q winchwasused to

study the elemental compositiorzor exsitu EDS studies (Chapter 6), the electrodes

were extracted from the cell at the desired statécharge, washed five times with

DI water (the electrolyte solvent) to remove any surface salts ftobenelectrolyte,

RNASR 2@0SNYAIKG G cne/ o0ST2NB oSAy3a Faal
of Cu instead of Al stubs was to ensure that any Al signal originated from the sample,

not the stub, since this is an important measure of MXene pulMgps on flat

looking flake surfaces were taken to reduce the error in the measurements.
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3.2.3.7 Xray Photoelectron Spectroscopy (XPS)

XPS is also a technigue used to analyse the elemental composition of a sample. In
XPS, an incidentray ejects an kectron from an atom (Figure 3.13% The ejected
electron is then detected by the spectrometerhich measures the kinetic energy of

the electron. The kinetic energy then allows the binding energy to be calculated by
Equation 3.3.

600 Dz LO - Equation3.3

Here BEis the binding energy between the ejected electron and the nuclbuss

the energy of the xay photon,KEA & (G KS {({AySGAO SySNHe& 27
workfunction correction for the sample being analy<&t Therefore the binding
energy of the ejected electron can be determined, since the energy of -tlag is

fixed and known.The binding energy depends on the element the electron was
ejected from, the orbital the electron was ejected from and the chemical
environment the atom it was ejected from was?H.Therefore, it can be used to
identify elements present in a sample, the oxidation state of the element and its
chemical environment. This makes XPS very useful fatretdhemical materials,
where the oxidation state of elements plays an important role in electrochemistry.
Exsitu XPS can be used on electrodes at various states of charge to investigate how
the oxidation state of elements changes with cycling, which sgiiaportant
information on the charge storage mechanisms of materials.

Ejected
>@® Electron

AV

Incident
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Figure 311. Schematiadiagram showing the ejection of a photoelectron by arax which
can then be analysed by XPS.

Photoelectrons ejected by XPS have a very shallow escape wépth the sample,

often between 0.24 nm depending on th&Eof the electron and the energy of the
x-ray beam. This means that it is a very surface sensitive technique, and does not
detect the bulk of the sampl&? This also means that care should be taken when
preparing samples for XPS, in particular to minimise any surface contamination which
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would cover the sample signals. XPS is carried out under vacuum, since particles
between the sample and the detector could interact with the electron photoelectron
and change the KE, which would also lead to inaccurate results.

XPS is used in this thesisitentify the elements present within samples, and the
oxidation states of potentially electrochemically active elements before cycling and
at varying stages of charge {situ analysis) to understand the charge storage
mechanisms occurringKPS was perfared on a Thermo Fisher Scientific NEXSA
spectrometer.Samples were analysed usingn&ro-focused monochromatic Alsay
source(19.2 W) over an area of approximately 100 micrddata were recorded at
pass energies of 150 eV for survey scans and 40 e\fgioresolution scan with 1 eV
and 0.1 eV stegizes respectively{Charge neutralisation of the sample was achieved
using a combination of both low energy electrons and argon iongeffmve any
surface contaminants, cluster cleaning was performed wike¥ energy at 0.5 x 0.5
mm area for 60sFor exsitu studies, e electrodes were extracted from the cell at
the desired state of charge, washéde times withthe electrolyte solvento remove
surface salts, dried at room temperature under vacuum, andkpd under argon
before testing.For electrodes which had been cycled in organic electrolytes, the
above electrode extraction and washing was carried out in an argon filled glovebox
(0, < 0.1 ppm, KD < 0.1 ppm) to try and prevent elements reacting aftarliag, and

a polypropylene membrane separator (Celgard) was used instead of a microfiber
glass separator to minimise surface contamination from fibres. For electrodes cycled
in aqueous electrolytes, only after washing and drying were the samples traedferr
to a glovebox, since water could not be allowed to contaminate the glovebox. A
hydrophilic surfactantoated polypropylene membrane (Celgard) was used as the
separator in this case.

3.2.3.8 Nuclear Magnetic Resonance (NMR) Spectroscopy

NMR is a technige that, like XPS, gives information on the chemical environment of
atoms, which can allow the structure to be determined. To run an NMR experiment,
the sample (which contains a magnetic moment) is placed in a magnetic field in a
rotor. A radio frequency yse is applied, which aligns the nuclear spins of the nuclei
being investigated with the magnetic field. Once the pulse has stopped, the spins
relax back to their original state, which results in a free induction decay signal being
detected in the radio requency signal. This relaxation results in different time
constants (of relaxation) depending on the chemical environment of the nuclei being
studied, which is contained in the radio signal, and converted to a chemical shift
(relative to a standard referee), to give an NMR spectruiff The frequency of the
applied radio signal in the magnetic field is specific to the nuclei for each element.
Therefore different &ments can be identified and studied using different
frequencies (Larmor frequencies) in NMR experiments.
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In an NMR spectrum, peaks are observed relative to a standard (chemical shift). The
magnitude of the chemical shift provides information on the cleahenvironment

of those nuclei, and can act as fingerprint for known environments and compounds.
The intensity of the peaks is directly proportional the number of nuclei in that
environment. Therefore the area under each peak can be compared to determine
the relative population of nuclei in each environment. Peak width contains
information on the degree of freedom of the nuclear spins in the sample, since the
orientation of the spin with respect to the magnetic field affects the relaxation time.
Liquids,where nuclei are constantly tumbling, have very sharp peaks since the
tumbling motions occur on a much faster timescale than the NMR measurement,
which means that a sgle average spin is all that is observed. This makes it relatively
easy to identify andeparate out individual chemical environments in liquid NMR. In
solids, nuclei are highly restricted, and have strong interactions with each other,
since strong covalent bonds keep the atoms in place. This means that there is a
variety of orientations of gns which can be detected in the NMR experiment, even
for the same chemical environmefit This can easily lead to very broad peaks which
are either undetectable or merge, making it difficult to identify specific
environments. Disorder in a solid can also lead to peak broadening, since this will
lead to a range of slightly different chemical environments for a given atomic site.

To overcome the broad nature ofdéhpeaks in solidgtate NMR, magianglespinning

is used. Here, the sample is rotated at an anglé&4i74°relative to the applied
magnetic field, which removes the effects of the nuclei being restricted in movement
and some of the interactions between igabouring nuclef®® This can give much
sharper peaks and allow different chemical environments to be detected. The use of
very high rotation speeds can also heduluce peak width, and is commonly used in
solid-state NMR experiments.

In Chapter 4, solidtate NMR studiesvere carried out to investigate the changes in
TG upon intercalation and pillaringH, *°F, °C, and®*Sisolid-state NMR spectra
were obtined at 16.4 T on a Bruker Advance 700 MHz spectrometer (Bruker Biospin
Corporation, Massachussetts, US#grating atLarmor frequencies of 700.1, 658.8,
176.0, and 139.0 MHz, respectiveBowdered samples were packed into 2.5 mm
MAS rotors, and rotateét a MAS rate of 30 kHz for most of the experimeritse
exact details used for NMR data collection are shown in Table 3.1.
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Table 31. Experimental parameters used for MAS salidte NMR experiments.

1 19, 13 29¢:
MAS H F C Si
Recycle| Number | Recycle| Number | Recycle| Number | Recycle| Number
Sample rate
| kHz delay /| of delay /| of delay /| of delay /| of
S transients | s transients | s transients | s transients
TikG-O 30 15 80 120 96 10 6352 NA NA
TkG-OH | 29 15 160 120 96 10 14720 NA NA
;?CZ'OH 30 15 48 120 96 10 6400 60 1424
TkG-OH
Si400 30 15 80 120 96 10 6464 60 1440
Reference L-Alanine (NH; B o L-Alanine CH; B, | Kaolinite (Bige -91.2
materials 8.5 ppm) PTFE (Biso-122 ppm) 20.5 ppm) ppm)

3.2.3.9Gas Sorption

Gas adsorption experiments have becortte standard method for calculating
specific surface areas of materials. A gas, typically nitrogen, is allowed to enter the
experimental chamber in controlled quantities to be adsorbed onto the surface of
the solid, until equilibrium is reached (i.e. nare gas can be adsorbed, and surface
coverage is complete). This is carried out at a constant temperature, 77 K, flosiN
above its boiling point, to give a sorption isotherm. The amount of gas adsorbed in a
monolayer is then calculated, and converteal & specific surface area using the
BrunauerEmmet-Teller (BET) formula by using the amount of gas adsorbed at
multiple pressure point&®*?% This allows for the comparison of the degree of
porosity across different materials. Pore size distributions (PSD) can then be
estimated with a variety of methods based on the adsorption isotherm. One
common method isron-local density functinal theory (NLDFTyvhichisa common
method for nanoscaleesolution pore size distributions The NLDFT method
calculates the sorption isotherm usirgclassical fluid density functional thecand

ideal pore geometries (e.g.,oMdsorption in the sl{pore model at 77 K). The PSD
result can be obtained by solving an adsorption integral equ&tibn

Gas sorption isotherms were measured on a Miceoitics ASAP 2020Plus gas
sorption analyse2020 (Micromeritics Instrument Corporation, Georgia, USs\W)g

high purity nitrogen gas at 77 K. BET surface areas were calculated over a relative
pressure range of 0.08.15 P/B. The BET method was used totelenine the
specific surface area of the materiaRore size distributions were calculated using
the NI-DFT method using a slit pore model.
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3.2.3.10 Thermogravimetric Analysis (TGA)

TGA is a technique which monitors the mass change of a samplesdsedted. This

can be done in different atmospheres,,(Mir etc), and at different rates to monitor
the thermal stability of materials in different environments. In addition, differential
scanningcalorimetry (DSC) can be coupled with TGA to track plamsmges during

the temperature changes, which can add extra information on the changes occurring
during heating.

In this thesis, TGA was used to investigate the thermal stability of MXenes, and to
estimate the quantity of CTAB intercalated intgGJin Chapter 6. TGAvas done in a

STA 449 F3 Jupiter (Netzsch, Selb, Germany) to look at the effect of heat treatments
on the intercalated and pillared sample. Small amounts of the dried MXene (20 to 30
mg) were placed into alumina crucibles which were thercg@thdirectly into the
heated chamber of the TGA. Samples were then heated at a rate of 1 “Grorin

25 °C to 700 °C under air or nitrogen.

3.2.3.11 Electrochemical Characterisation

To test the effect of the pillaring process on the electrochemimsthavour, the
pillared and urpillared materials weredsted in haklcell configuratios in CR2032

coin cells. The coin cells consisted of two outer cases, the MXene (working)
electrode, a separator (Whatman micro glass fibre paper) wetted with the
electrolyte, the counter and reference electrode and a metal spacer and spring,
which are used to ensure good contact throughout the (fEijure 3.12These were
sealed using a coin cell crimper (Tob New Energy), which ensured good sealing of the
cells at a consisté pressure. Coin cells for testing MXenes in organic electrolytes
were assembled and sealed in an argon filled glovéeand HO levels < 0.1 ppm)

while cells using aqueous electrolytes were assembled in the open atmosphere.

Outer  guring Spacer Separator MXene Outer
“er Spring Spacer Separator MXene  Oute

Figure 3.12 Photo of oin cell parts used in this thesis for the electrocheah
characterisation.Note that a metal foil would also be added between the spacer and
separator as the counter and reference electrode.

To prepare the working electrodes, slurries were made byngixhe MXene with
carbon black (super P, company) as adumtive additive and PVDF adiader in a
75:15:10 weight ratio respectively. These were added to Nafid left to stir for 24 h
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at room temperature. The slurry was then manually casted onto thdamil
OdzNNBy i 02ttt SOU2NJ dzaAy3d + R200G62NJ ot RS
electrodes were then cut. The active mass was around 3 nigfomall electrodes
studied. Four differentnetalion systems were testedrganic Lion, organid\aion,
organic Zron and aqueous Zion. The electrolytes and current collectors used in
each system are shown in Table 3.2.

Table 32. Components used in test cells for different electrochemical systems.

System Counter / Referencg Electrolyte Current
Electrode Collector
Organic Ldon Li metal disks 1 M LPK in EC/DE( Cu
(1:1 weight ratio)
Organic Naon | Na metal disks 1 M NaPEF in|Al
EC/DEC (1:1 weig
ratio)
Organic ZrAon | Zn metal disks 1 MZn(TFSI)n AQN | Ti
Aqueous ZAon | Zn metal disks 0.1 M ZnSQ@ in DI| Ti
water

3.2.3.12 Galvaastatic chargedischarge (GCD)e$ting

GCD testing is used to study the electrochemical performance of a potential
electrochemical energy storage material. A constant current is applied to the cell,
and the change iwvoltage is recorded along with the charge stored by the material.
This can then be plotted with the voltage on tlyeaxis and charge (as specific
capacity) on thex-axis, to give a load curve. In an electrochemically active material,
the voltage will chage as charge is stored, and will either increase or decrease until
it reaches a cubff voltage set by the user. The current will then reverse, and the
voltage will change in the opposite direction as the charge storage process is
reversed, until a secondut-off limit is reached. This is the end of one charge
discharge cycle. This process can then be repeated for as many cycles as the user
desires. In addition, the rate of cycling can be investigated by changing the
magnitude of the applied current.

Therdore, GCD testing can quantify several key parameters which determine the
promise of potential electrochemical energy storage materials. The total amount of
charge stored (capacity) can be determined by the amount of current which has
passed by the end @ach charge or discharge. This is usually normalised by mass of
the active material to allow for fair comparison between different experiments (mAh
gh); in this thesis all capacities are normalised to the mass of the MXene material,
including any pillarig species and residues, in the electrode. The demngn stability

and electrode degradation can be determined by comparing the capacity across
multiple cycles, and the rate capability (how the electrode responds to fast charging
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or discharging times) carelinvestigated by changing the current and recording how
the capacity changes. Coulombic efficiency can also be determined from the GCD
testing. This is calculated by dividing the charge capacity by the discharge capacity,
and reveals the extent of any @versible or sideeactions occurring within the cell.

If a coulombic efficiency is less than 100%, then some charge carrying ions are being
consumed or trapped via an irreversible process. This means that those ions are n
longer available to reversiblgtore charge, leading to lower capacities on the
subsequent charge and following cycles. The initial coulombic efficiency (for the first
cycle) is often very low for MXenes, partly due to SEI formation and partly due to
irreversible sideeactions. This cdd cause issues in a full cell, where the positive
electrode is often the ion source, and so would need to be oversized to counter the
ion loss, which reduces the overall energy density of the cell. If the coulombic
efficiency is greater than 100%, thendereactions are occurring, potentially
between the electrode and electrolyte, which are providing extra irreversible
capacity, as is as undesirable as low coulombic efficiency.

In addition, the voltage profile in the load curve provides key informationtiee
mechanism of charge storage and identifies whether a material should be considered
as a positive electrode or a negative electrode. To be classed as a negative electrode,
the average voltage of the material should be as low as possible (but abowecthé

plating potential for the ion system being studied), typically below 1.5 V for organic Li
and Naion systems. For positive electrodes, the average voltage should be as high as
possible, typically well above 3 V for organicdnd Naion systems. Foaqueous
systems, the voltage window is typically limited by the electrolysis of water, to
around 1.23 V. As seen in the Background chapter (Chapter 2), MXenes have voltages
which best suit applications as negative electrode materials.

The shape of theoltage profile contains information on the mechanism of charge
storage. If the slope of the profile is linear, then the chast@rage mechanism does

not involve any phase changes in the active material. Instead the original phase is
maintained through cyllng, suggesting that a solid solution or surface charge storage
mechanism is present. On the other hand, if a plateau is observed on the load curve,
then the charge storage in that region involves two phases, with the initial phase
being changed into a me product phase. Typically, battery materials display
significant plateaus in their voltage profiles, which give batteries their relatively
constant working voltages and contribute to higher energy densities than
supercapacitors. A linear profile is typigaseen in capacitive materials, where the
lack of phase changes allows for improved cycling stability since there is no (or
minimal) lattice mismatch in the electrode. If a profile contains no clear plateaus but
is not truly linear, than there is likely mixed charge storage mechanism involving
multiple processes occurring. The different load curve types are shown in FidGre 3.
as examples.

92



: 2-phase : 1-phase
| Battery- : Capacitor-like
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Figure 313. Load curve diagram illustrating the two main types of load curve features
observed for electrocheinal energy storage materials.

Thegalvanostatichargedischarge tests were carried out on a Neware battery cycler
(Neware battery system, China) at a current density of 20 thik the voltage range

of 0.01:3 V for 100 cycles:or rate capability tesishe cells were cycled & current
densityof 20mA g' for 1 cycle to stabilise the cell befofive cycles at each current
density of 20, 50, 200, 500 andd@0 mA & were runbeforereturningto 20 mA ¢

3.2.3.13 Cyclic Voltammetry (CV)

Cyclic vommmetry (CV) is a technique which can also study the electrochemical
reactions of an energy storage material. In cyclic voltammetry experiments, the
voltage is varied at a constant scan rate between two-aftitvoltages, and the
current produced is measude A CV plot consists of the currentplotted on they-

axis against voltagey, on the x-axis. As the voltage is decreased, the potential
becomes more reductive (cathodic sweep) and as the voltage is increased the
potential becomes more oxidative (anadsweepY°® CV can give inforation on the
number, reversibility, kinetics and voltage of electrochemical reactions. For
electrochemical energy storage systems, there are two main shapes of CV curves:
rectangular, with no clear peaks and significant current across the voltage window
and those with clear, sharp redox peaks with limited current away from those peaks.
These correspond to capacitiike and batterylike charge storage mechanisms
respectively. Pseudocapacitive materials display features from both types of
mechanism, with ginificant current generated across the voltage window and broad
redox peaks which should have minimum voltage separation between the cathodic
and anodic scans, corresponding to the fast charge transfer kinetics. Bhikiery
materials with slower kineticihan pseudocapacitive materials display larger
separation between the peaks on the cathodic and anodic s€8rhe different
shapes of CV curves and the corresponding charge storage mechanism are shown
alongsde the GCD curves in Figure 3.14
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Figure 314. a 0 I T 0 X) Sehematfe Tyclid Yoltakimograms and (c, f, i) corresponding
galvanostatic discharge curves for various kinds of ensigyge materials. A
pseudocapacitive material will generally have the electrochemical characteristics of one, or a
combination, of thefollowing categories: (b) surface redox materials (e.g., MnMeutral,

agueous media), (d) intercalatigpe materials (e.g., lithium insertion in b in organic
electrolytes), or (e) intercalatiotype materials showing broad but electrochemically
reversible redox peaks (e.g.z&iin acidic, aqueous electrolytes). Electrochemical responses

in (ogi) correspond to battesf A 1S YFGSNAFfadé WSLINAYGISR 640K
2018, 12, 3, 20820832*° Copyright 2018 American Chemical Society.

In addition to analysinghe shape of the CV curves (and GCD curve), the kinetics of
the charge storage mechanism can be studied by varying the scan rate of the CV
experiment and analysing the variation of the current response. It is known that the
charge storage of capacitive am@dpacitivelike mechanisms is surfac®ntrolled.
Therefore, the currenscan rate relationship is linear, as shown by Equatiorf'8.4.

Q 0LOO Equation 3.4

Herei is the current responsey is the scan rateCis the capacitance and is the
surface area of the electrode. For battdige processes, chargsorage is diffusion
limited and the currentscan rate relationship varies with the square root of the scan
rate, as shown by Equation 5.

QN £060T 0T | EXMYYTC T Q0 Equation 3.5

Here, in addition to the variables for capacitive storages the number of electrons
involved in the redox reactionF is the Faraday constantC is the suface
concentration of the materialD is the diffusion ceefficient," is the charge transfer
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co-efficient, Ris the molar gas constar,is the temperature and 6 dsia function
which represents the normalised current. Therefore, the dependence ototon
scan rate can be written as a power law (Equation ¥%3'°

Q »U Equation 3.6

Here a and b are adjustable parameters. The value lmfcan vary between the
surfacelimited case l§ = 1), which indicates that the current is completely surface
controlled and therefore fully capacitiveEDL or ideal pseudo capacitors), or the
diffusionlimited case lf = 0.5), where the current is completely diffusitimited as is

the case for typical battery materials. Valuestobetween these two end points
signify a mixed chargstorage mechanism withoth surfacelimited (capacitive) and
diffusionlimited (batterylike) processes contributing to the overall charge storage. If
the b-value is closer to 1 then the current is predominantly capacitive in nature, and
vice versa. Therefore, calculating thevalue allows for the proportion of the
diffusionlimited and surfacdimited contribution to the total charge storage to be
determined. Typically, this is done by taking logs of the current and scan rate, a plot
of which should give a linear fit with aaglient of b. Whilst typically just peak
currents are used, this can be done at different voltages within the window, to give a
more detailed analysis of how the mechanism changes with voltage, which can be
particularly useful for pseudocapacitive matesialsuch as MXenes. Thisvalue
analysis is used in this thesis to analyse the charge storage mechanisms in the
MXenes, including after pillaring.

CV measurements were conducted usinglgnm potentiostat (lvium Technologies
BV, The Netherlands) with acan rateof 0.2 mV & forfivecycles, followed
by further cyclesat 0.5, 2 and 5 mV ssweep ratesn the voltage range of 0.63V.

3.2.3.14 Summary

Overall, this chapter described the synthesis methods used to make the MAX phase
precursors, the multdlyered MXenes and the pillared MXenes. In addition, the
structural and chemical characterisation techniques used in this thesis were outlined.
XRD is used to identify the MAX and MXene phases and to study the effect of
pillaring and electrochemical cyclimay the interlayer spacing. Raman, IR, NMR and
x-ray photoelectron spectroscopies are used to investigate the surface groups and
pillaring species present in the MXenes before and after pillaring, and can also
provide information on bonding changes afterycing. Electron microscopy
techniques, such as SEM and TEM are used to study the morphology of the MXene
materials, and can be matched with chemical information when combined with EDS.
This can help to confirm material purity and the presence of pillaglaghents within

the samples. Gas adsorption experiments using the BET method can determine the
specific surface area of a material, which would show if the pillaring methods had
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successfully created porous MXenes. TGA experiments allow the thermaltystabili
the MXene before and after intercalation to be studied, which can help determine
appropriate calcination conditions for the pillaring process. Electrochemical
characterisation techniques, such as GCD testing and CV, usirgellsathllow the
electrochemical performance of the MXene materials to be assessed, and provide
important mechanistic information on the charge storage processes.

To determine whether or not a material is storing charge in a batli&ey or
capacitivelike way is becoming incremgly important in the development of
materials for electrochemical energy storage, particularly where energy storage is
concerned. As mentioned previously, MXenes typically display mixed mechanisms
with both capacitive and batterike features. These oabe identified by analysing

the load curves obtained by GCD testing and by detailed kinewal(le) analysis
using CV. To complement these techniquessiéx studies such as XRD, XPS and
Raman spectroscopy are used to identify any new phaseseflydike) or changes in
bonding valence states (batterlike or pseudocapacitive) as a result of
electrochemical reactions, which would also help to classify the charge storage
mechanism.
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Chapter Four
SiQ-Pillared TiG
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4.1 Introduction

As disassed in the background chapter (Chapter 2), a common difficulty with the
practical application of MXenes is creating stable architectures which maintain the
properties and performance of the 2D nanosheets without layers restaékinghe
surface areas of MXenes-20 nt g1)*°1#2%5re significantly smaller than those of
other 2D materials (30@,000 nf g* have been reported for graphene / gragne
oxide materials)****“which is a key property for high performance in a variety of
applications such as energy storage, catalysis and gas capture and storage, as
discussed in the introduction chapter. Even when fully déteted, the reported
surface areas are no greater than 98 ¢i.** In addition, delaminated nanosheets
restack over time, leading to reduced performance e.g. in a lithinmbattery°

Therefore, porous and stable MXene structures need to be developed.

To date,a number ofdifferent strategies have been reported, including the use of
nanocarbon spacers.'*deliberate oxidation of théiXenesurface?*? or insertin

of metal ions'**?*>2®while these methods all increased the interlayer spacing of
the MXenematerial, they have severdrawbacksijncluding partial destruction of

the MXenestructure, and poor control over the final interlayer distances. As
discussd in Section 2.4.2.2, the surface areas of porous MXenes typically do not
exceed 100 rhg, and only one case has been found of a surface area over 260 m

! which was obtained by freezirying?*’

This chapter focuses on the developmentaopillaring method adapted from clay
engineering, where it had been used to produce materials with surface areas as high
as of 618 g™, which were investigated as heterogeneaatalysts The focus was

on pillaring methods previously demonstrated onatitosilicates, since these have
titanium layers covered with OH functional group$and thus are very similar to the
surface chemistry of Fiased MXenes. This led to the development of@-illared

TG material, which was synthesised using amines (dodecylamifi@DA and
octylamine - OA) as ceillars with the organometallic
precursortetraethylorthosilicate (TEOS). Silica is comprised of the two most
odzy RFyid St SYSy wst*®and thérédse ndtsNikieKderdand Gor
affordable and sustainable materials. The amines intercalated at thee dame as
TEOS, removing the need for a fpidlaring step. In addition, the amines also act as
catalysts to the hydrolysis of TEOS, speeding up the reaction. The intercalation and
hydrolysis are carried out at room temperature, with a calcination stepleyed to

give further control over the interlayespacing over a range of 0-8562 nm andto
remove the amine template.

The intercalation mechanism was studied to understand the pillaring process, using
acid (HCI) and alkali (NaOH) treatments to carrysodetailed study on the effect of
surface chemistry on the pillaring process and used this understanding to show the
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functional groups can be tailored to optimise the pillaring process (illustrated in
Figure 4.1).

The resulting pillared MXenes were thegsted as negative electrodes in organic-Na
ion and Lion systems since large interlayer spacings in the pillared material should
allow for improved cycling stability and rate performance, overcoming some of the
drawbacks of this technology.

It was foundthat the amineassisted silica pillaring method successfully created
porous MXenes, with surface areas being amongst the highest reported (up to 235
m? gb). The intercalation and pillaring mechanism was investigated using XRD, SEM,
TEM, EDS, Raman spestopy,’H, *C,'*F and®°Si solidstate NMR to determine

the structure of the pillared product and the role of the MXene surface groups. The
electrochemical performance was then investigated by GCD testing in Na-gmd Li
systems and compared to the ngmilared material. Rate capability tests were
carried out at currents up to 1 A'do investigate how pillaring affects the high rate
performance. It was shown that the pillared MXenes had superior capacities, cycling
stabilities, coulombic efficienciesnd rate capabilities in both systems. CV analysis
was also used to study the kinetics of the systems and to identify the redox reactions
occurring. BEssitu XPS was used to investigate the electrochemical activity of the SiO
pillars in the N&on system.

4.2 Resuls and Dscussion
4.2.1Controlling the MXene Surfacen@mistry

The TJAIG MAX phase was synthesised and etched to give thmade MXene

using a modified version of the HCI and fluoride-balted method first reported by
Ghidiuet al'** Samples were treated with M NaOH or HCI and are referred to as
TG-0O and T4G-OHrespectively, due to the presence -@ or-OH functional groups
associated with these samples. The treated MXenes were then mixed with DDA and
TEOS to intercalate Si between the(Jilayers; these materials are referred to as
TG-O-Si and B-OHSI. Finally, the intercalated materials were calcined under
argon at 300, 400 or 500 °C which is shown by appending the calcination
temperature onto the above sample names (Figdre).
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Figure 4.1 Schematic illustrating the pillaring process.

Figure 4.2 shows the successful synthesis of theATG MAX phase, with the
diffraction peaks matching those previously reporféd. The TiG was then
successfully etched from the sievedAIG, with the TiG Xray diffraction (XRD)
patterns showing only typical MXene reflections. In particular, the (002) diffraction
peak'®has shifted to lower angles, corresponding to the enlarged interlayer spacing
in the MXene compared to the MAX phaseisTis accompanied by the loss of the
typical TAIG diffraction peaks™® Scanning electromicroscopy (SEM) shows the
open layered morphology which is typical of MXenes (Figue) #**Both the HCI
and NaOH treatments maintain the MXene crystal structure but the (002) diffraction
peak for OFfunctionalised MXene (3@;-OH) has shifted to a lower angle relative to
TG-O (Figured.2a). This indicates that the acid treatment uéis in a small increase

in interlayer spacing, possibly due to theagangement of hydrogetvonded water
between the layers (see NMR resultsSaction 4.2.2.8
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Figure4.2. a) XRD patterns of the as madeAlG, TiG after NaOH treatment (3G,-O) and
after HCI treatment (3C,-OH). (002) diffraction peak was indexed according to Ré¢wmg™*°
b) SEM micrograph of the -asade TiG.

In addition, Energy dispersive spectroscopy (EDS, FfByeshows no Al content,
confirming complete etching. The EDS results also show that the majority of surface
groups areO based terminations, with thlevels of F (9%) and Cl (3%) being low.

Figure 4.3 EDS spectra of the &fched TJG, confirming the selective removal of the Al
layer.

Raman spectroscopy has previously been used to studgk FOH and -O
terminations, which are not easily distimghed using other techniques, as described
in Section3.2.3.2%?° Figure4.4 shows the results from Raman spectroscopy for the
samples with the NaOH §(G-O) and HCI treatments ¢T-OH), and for the pillared
(TeG-OHSI) and calcined samples;(GtOHSHO00). A table listing the peak analysis
and assignments can be found in the appendix (Table A.1)
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Figure 4.4.Raman spectra of the alkali (blackgGHO) and acid (red, §»-OH) treated
MXene, and the acitreated intercalated (blue, 3&-OHSi) and calcined at 40 (green,
TkG-SH00) pillared MXene, with columns highlighting the key peaks correspondingdo Ti
(grey) and FOH (orange) functional groups.

The NaOH treated sample {@#O) shows a digictive peak at 207 cfh
corresponding to TO terminations, with a shoulder sloping to 300 tmesulting
from TtO-Na groups, which have previously been reported to form after NaOH
treatments?*  Following HCI treatment (-OH), the FO peak (207 ci)
sharpens, with no shoulder visible. In d@ilth, a new peak appears at around 270
cm* resulting from TOH vibrations, i.e. protonated-0 groups.’ This demonstrates
how the surface chemistry of 3t can be controlled by changing the pH of(i
solvents, which is further supp@d by NMR resultsSection 4.2.28 The other
peaks present up to,000 cn' are known to be formed by the overlap of-Xi
vibrations (where X is any of the known termination groups) and are therefore not
useful here for the study of the surface chemjsif’ ThecF terminations are studied
using NMR and discussed in a later section. The broad peak at arobif@ dni'
shows that there is a small amount of amorphous carbon present in the treated
MXenes, suggestimglight overetching of TJAIG.

4.2.2DDATEOQOS Pillaring
4.2.2.1 Synthesis and characterisation

Both the TiG-OH and the §G-O samples were treated using the same intercalation
process to compare the effect of surface chemistry on the pillaring prddeseted
TG-OHSI and the EG-O-Si respectively). 0.5 g3;G were added to a DDAEOS
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solution in a 1:10:20molar ratio under argon and stirred for 4 h at room
temperature. The solid product was then recovered by vacuum filtration, dried under
vacuumand dispersed in DI water (100 ml) for 16 h for hydrolysis. Vacuum filtration

was then used again to recover the product WOK 6+ & RNASR 4G con
Figure4.5 shows the XRD results from the acid and atkesited samples after the

pillaring experiments. The 30,-O-Si sample shows no sign of an increase in
interlayer spacing, with no MXene diffraction peaks visibted that the small peaks

at 2.1 and 32 in TgG-O-Si are from the sample holder). This suggests that the
pillaring was unsuccessful for the MXene functionalised g@hgroups.

—— Ti,C,-OH-Si b) ——Ti,C,-0-Si
—— Si sample holder —— 8i sample holder
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Figure 4.5.Low angle XRD of the a) acid (blugGIOHSI) and b) alka(black, TiG-O-Si)
treated MXenes after the intercalation experiments. The sample holder (grey) is also shown
for reference. The asterisks highlight peaks corresponding to the glass sample holder.

In contrast, the HCI treated material {Ti-OHSi) slows a clear and relatively sharp
peak at 2.2 2°, which corresponds to an expandetispacing of 4.2 nm. This
diffraction peak is much more intense than the small peak seen in the sample holder
diffractogram and the alkali treated sample, confirming that it corresponds to the
(002) diffraction peak fromthe MXene. It has previously been reported that the
thickness of a singles0 sheet is 0.95 nm® which gives a gallery height of 3.25 nm

for the pillared MXene, around 10 times that of the starting MXene; ar dem of
successful pillaring. This is larger than any interlayer distance found in the literature
review for an MXene and is also one of the largest for any 2D material, which are
rarely above 2 nn{’®189222228 STEM analysis (Figudes) also confirms the large
increase in interlayer spacing, from an average of around 1 nm to 2.7 nm (Bigure
b-c). This is sligly lower than the spacing calculated by XRD, perhaps due to
electron beam induced specimen damage or the movement / partial removal of the
intercalated molecules within the TEM vacuum. Differences may also result from the
sampling volumes between the twmethods¢ XRD is a bulk method, whereas the
STEM measurements are very localised. The STEM measurements were manually
carried out on 70 interlayer spacings for each sample and suggest that the standard
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deviation of interlayer distances increases with pillg, suggesting that the pillars
have some variation in size or concentration across the sample. This is also
supported by pore sizdistributionresults which are discusséater in this section.

M Ti;C,-OH
B Ti;C,-OH-Si

2.0 3.0
d-spacing (nm)

Figure 4.6.Microscopy studies of the intercalated MXena) SEM micrograph of the
intercalated MXene (I&,-OHSi) b) STEM cross sectional image of atomic planeg®{Okt

Si, with exampled-spacings labelled. ¢) Graph showing the results of the (002) interlayer
distances measured using STEM.

EDS resultéFigure 4.7a) confirm that this increase in interlayer spacing is correlated
with the presence of Si in the sample (3.1 wt.%), and SEM shows no sign, of SiO
particles external to the MXene (Figure 4.7b). This suggests the successful
intercalation of TEOSto the interlayer of BG-OH (after acid treatment). The
presence of Si is further confirmed by NMR spectroscopy (Section 4.2.2.3).
Additionally, three new Raman peaks appear betweerf0@1,700 cm'
corresponding to the presence of DDA and TEOS hydrgbysducts (Figure 4.4).
There is an increase in carbon content in the EDS, from 28.2 wt.% (Figure 4.3) to 33
wt.% (Figure 4.9a) and which is also seen in the NMR results (Section 4.2.2.3). (Note
that although C content measurements with EDS will consaime C content from

the carbon tape used to secure the sample, the measurements were done on thick
particles dmn >Y0 (2 YAYAYAaS (GKAA O2y dNRAOdziA
intercalated material were seen across multiple particles). Taken togetheset
results confirm the successful-aatercalation of DDA and TEOS into the acid treated

TG
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Figure 4.7 SEMEDS analysis ofG-OHSi.a) EDS spectra of s0-OHSi, confirming the
presence of Siin the materig8.1 wt.%)b) SEM micrograph smple.

IR spectroscopy also supports these findings (Fig¥ with peaks at 816 and
2,849 cm' corresponding to @ vibrations from the intercalated DDA. The small
peak at 1050 cm' is from SiO vibrations, suggesting that the intercalated Ssti
bound to oxygen atoms. The peaks a8% and, 2089, 2117 and 1996 cm' are
found in all samples studied and are therefore assigned as MXene vibrations.
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Figure 4.8IR spectroscopy results ok@FOHSi recorded between 568,000 cni.

When 135G is dispersed in just TEOS at room temperature for 4 h and recovered by
vacuum filtration before being dried at 60 °C for 16 h (following the same procedure
used for the aminassisted pillaring but without adding DDA), there is no sign of
intercalation (Figure4.9). The SEM image in Figyt®a shows the formation of S;O
particles on the MXene outer surface confirming while the EDS (Fgeing¢ shows
some Si content in the sample (1.4 wt.%), this Si is not in the interlayer. This is further
confirmedby XRD which shows that the (002) diffraction peak has shifted from 6.5
H' (U2 ydpe H' I O2NNBALRYRAY3a (2 || RSONBI .
spacing. This confirms that the TEOS does not intercalate without assistance from
DDA, and suggests that instead previously intercalated water molecules (which are
shownby NMR to be present in3l}) are lost from between the nanosheets.
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Figure 4.9. Analysis of TG-OH dispersed in TEOS at room temperature for 4 h and
recovered by vacuum filtration before being dried at 60 °C. a) SEM image, b) EDS spectrum
and e¢d) Xm® plot of TiG-OH after dispersing in just TEOS. d) Expanded view of the (002)

diffraction peak, highlighted by the dashed blue box in c).

After calcination, the (002) diffraction peak broadens and shifts to higher angles,
suggesting a shrinkage of tleterlayer spacings (Figure 4.10). This, combined with
the TGA analysis which shows a continuous loss of mass during increasing
temperatures (Figure 4.11), implies that this method can be used to create materials
with a range in interlayer spacings. ByOSC, the (002) diffraction peak is no longer
visible, suggesting a loss of the ordered pillared structure. This is likely to be due to
the continual removal of the DDA template as the temperature increases.
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Figure 4.10XRD results showing the shifttme (002) diffraction peak when calcined at 300,
nnn FYR pnn e/ @

TGA results of the intercalatedsTi (Figure 4.11) support the loss of the carbon

template, with a constant mass loss through this temperature range. Between 25

YR wHnn ¢/ 3 udl WBNBss vkhich is like®y Nd- bR due to some water

content inthe sample (the material was ndried directly before placing in the TGA).

The small increase in mass between 200 n 6/ &aK2g¢ga GKIFIG az2ys$s

atmosphere used (N has been taken ugpy the sample, either as part of a

decomposition reaction of the DDA, or via partial oxidation from appr@sent in

the gas stream (99.99% purity, Was used, but this could still contain traces of O).
SG6SSYy Hpn YR ppn e/ massk@msponding to larouddi S| R &

o> 2F (KS &l YL SQa Ylaad ¢KAA O2NNBaLRy

template and its decomposition products from the material. The overall mass of

template in the sample could be higher than 30%, if the proces$irigao mass gain

is also occurring simultaneously at these temperatures. The DSC curve shows

large peaksat 240 and 310 °C corresponding to transitions in the DDA which were

not present in the nofintercalated sample, further confirming th&DAIs present in

the material.
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Figure4.11. TGA and DSC plot from the heating gGFOHSi to 600 °C under,N

In addition, EDS results for the sample calcined at°@(Figure 4.12a) show that the
carbon content is decreased after calcinatid®2.1 wt.% afr calcination compared

to 33.0 wt.% before calcinationyvhich also has the effect of increasing the relative Si
content in the sample (up to 6.3 wt.%). There is uncertainty in the C content
measured in the EDS, since the MXene was deposited on carbems$ag conductive
support for measurement. To minimise the contribution to the readings from the
carbon tape, measurements were taken on flat sides of thick particles. The
decomposition and removal of the amine is also confirmed by the broadening and
decrease in intensity of peaks between 1,10(Y00 cnt in the Raman spectrum
(Section 4.2.1) and the loss oHvibrations in the IR spectrum (Figure 4.12b). The IR
spectrum also showed that the -8i vibration had sharpene@nd increased in
intensity comparedo the pre-calcination material.

- Map Sum Spectrum

Wt% o
T 50.1 02
o 28.7 0.2
C
Si
F
Cl

L LI I B LI
1500 1000 500

Figure4.12. a) EDS of i,-OHSH00. b) IR spectroscopy results o§CGG-HOHSH400 after
calcination under argon. The peaks corresponding to tievibrations are no longer visible,

supporting the breakdown of the DD
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TEMEDS maps (Figure 4.13) confirm the nanoscale layered nature of Ti and Si in the
calcined sample (F-OHSH400) is retained after the heat treatment, with
alternating bands of Ti and Si clearly visible. This matches features seen on EDS maps
previously reported for MXene pillaring, offering further support for the Si based
pillaringX***® Importantly, this rules out the Si content occimg as a result of the
formation of large isolated particles. In addition, STEM measurements of the
interlayer distances gives an averagispacing of 1.6 nm, which matches well with

the XRD results.

b M Ti,C,-OH
W Ti;C,-Si-400
20 M Ti;C,-OH-Si

Relative Frequency (%)

1.0 2.0 3.0 4.0
d-spacing (nm)

Figure 4.13TEM and EDS studies of the pillareddviX post calcination (IF0,-OHSi400). a)
STEM cross sectional image of atomic planes @f-DiHSi400, with an example-spacing
labelled, b)Histogramshowing the results of the (002) interlayer distances measured using
STEM, ¢) TEM image ofGiOHSHO00, d) overlayed TEADS maps of the Ti and Si content
in the area highlighted in c), e) EDS map of Ti content f) EDS map of Si content.

Neither XRD (Figuré¢.14) nor RamanSection 4.2.1, Figure 4.4esults show peaks
relating to TiQ content, showng that the MXene was not oxidised during
calcination. TiQanatase and rutile have strordjffraction peaks at 25 and 87 H
respectively, neither of which are present in this X&IXiO, also has known strong
vibrations at 150 cm which are also not present iSection 4.2.1Figure4.42%
Therefore, calcination at 400C (T4G-OHSHO00) was taken as the optimum
temperature due to retaining the ordered structure while removing maximum
template and used for further characterisation.
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Figure 4.14XRD plotof TG-OHSin nn &l YLX S 6SG46SSy n FyR pns
To study the effect of the pillaring process on the surface area and porosity of the
MXene in more detail, Nadsorptiondesorption expeiments were carried out. BET
analysis done on the nitrogen isotherms (Figdt#5) shows that the nopillared

alkali and acid treated MXenes had very low surface areas of 15 and ¢'m
respectively. The lower surface area for the acid treated MXene eoedpto the

alkali treated one (despite the XRD Section 4.2.1showing that the acid treated
MXene has a larger interlayer spacing) is likely to be due thgadsing procedure
carried out before the gas sorption experiments were carried out, whichhaile
removed most, if not all, of the interlayer water present in the samples. The alkali
treated material will have retained the Naations which intercalated from the NaOH

(as shown by the Raman resul&gction 4.2.}, which led to this material having
slightly enlarged interlayer spacing, and therefore surface area. These surface areas
are typical for multistacked MXenes, and match those previously reporftédifter

the intercalation experiments, there is a large increase in the surface area, from 4 m
g’ after acid treatment to 235 fg’, which is almasa 60fold increase. This is
comparable to, and in many cases larger than, that of many pillared gragteses
materials, which have typically reported specific surface areas between 130 and 330
m? g, and pillared Mo$ (186 nf ¢?)179180.182226.228Tha ayerage pore width
determined from NorA_ocal Density Functional Theory (NL DFT) also increased from
0.82 nm to 3 nm after intercalatior(Figure4.16), which further confirms the high
interlayer spacings seen in the XRD aB§TThis is higher than any surface area for
an MXene using an intercalatidrased pillaring method found in the literature
review and proves the creation of a new porous material. The only comparable
surface area for MXene based materials was 293gth which was achieved by
engineering a 3D structundafreezedrying and is compared belot*
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Figure 4.15.Adsorption isotherms from Nadsorptiondesorption experiments. The BET
surface area is also given in each panel. #-0, b) TiG-OH, c) THG-OHSI, and d) 1G-
OHSH00.

The adsorption isotherms (Type IV according to the IUPAC classification guide,
suggesting a mesoporous materfahmatch those found in Nadsorption studies of
freezedried MXenes, with a small, but significant, hysteresis observed above 0.5
P/R, partial pressures’* These results confirm successful pillaring, with a
subsequent substantial increase in the surface area and interlayer pore sizes. Unlike
the report on freezedried MXenes, there was only minimal formation of larger
mesopores above 10 nm in diameter, sagtng that the increase in surface area is
mostly due to the expansion of the interlayer of multistackedCli by the
incorporation of pillars, and not the delamination ands&cking of nanosheets. This
methodology also leads to a much more uniformeaize than those obtained in the
freezedried MXene, as can be observed in Figdi¥. Potentially, 3D structuring
methods could be combined with the amhuassisted pillaring approach, and could
create even larger surface area MXene materials, with hibiaally ordered
architectures.
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BET surface area measurements on the calcined sample show a deoreasgface
area from 235 g™ in the pre-calcination material to 141 frg™* (Figure4.15), with

an average pore width of around 4 nm, with a wider pore size distribution than the

one observed before calcination. The increase in average pore distmbusio
consistent with the XRD results (Section 4.2)2.Wwhere the (002) diffraction peak

broadens after calcination, suggesting a wider range of interlayer distances. The XRD

results do not cover the region that would detect a 4 nm palesgacing ~5 nm
hey OS H‘ §f wM®PpcOX

around 1.75 nnd-spacing, consistent with TEM, which suggests the 4 nm pores may
be caused by restacking of the sheets rather than interlayer spacings. Importantly

az

OFyy2i &idRe

KA a

the surfae area of the calcined 3G,-OHS+400 material is still ~30 times larger than
the initial MXene confirming that postalcination the MXene maintains its porosity
and consists of wellefined pores between the I, nanosheets and the Sj@illars.

The owerall decrease in surface area after calcination is likely to be due to the
removal of the DDA template, which props the structure up above the level the Si
pillars can hold, but it is still substantially increased compared to the initial MXene.

This confims that the posicalcination MXene maintains its porosity and creates a
structure with welldefined pores between the i, nanosheets and the Si@illars.

It is worth noting that the adsorption measurements were carried out 10 months
after the pillaring experiments, confirming that the pillars can prevent the

nanosheets restacking longerm.
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Overall these results show the importance of the calcination step in creating a well
ordered strongly bonded pillared MXene with a controllable and -defined pae
size.

4.2.2.2 Effect ofSarting Material Ratios

Figure4.17 shows that the starting ratios of;T-OH, DDA and TEOS has a significant
effect on the pillaring process. Here the same intercalation procedure was followed
for each sample, only varying thatio of the starting materials. When the molar
ratio of DDA was lowered to 1:2:20 {JzDDA:TEOS), the XRD shows a broad peak
with low intensity between 2 and 3 degrees. However, the intensity was very low,
suggesting that the material was very disore@y and that a weltefined porous
material was not obtained.

a) b) c)
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Figure 4.17XRD analysis of the effect of the starting ratios for pilla@)grEOS intercalated
into TeG-OH with different starting ratios of the reactants used. b and ¢) The same sample
after calcination, with expansion in c).

In contrast, when the used ratios fors;Ti: DDA: TEOS were 1:6:15, 1:6:20 and
1:10:20, a clear peak at 2.1 degrees was obtained, suggesting successful intercalation
and an ordered pillared material. These resuhighlight the importance of the
interaction between the DDA, TEOS and th#TiWhen insufficient DDA is used,
there is not enoughamine to bring the TEOS into the interlayer space to form
uniform pillars. There appears to be little difference betwedéwe three successful
NFGA2&a |0 GKS AYyOUSNOIFflFGA2Yy &adr3aSeo |1 26S¢
1:10:20 still had a clear XRD peak showing the retention of an ordered layered
structure, as shown in Figusel7c. This is explained by insufficient DidAaid the
intercalation of the TEOS into the interlayer in the 1:6:20 sample, but enough DDA to
prop open the structure itself, until it is subsequently removed in the calcination
step. In addition, it is also necessary to have enough TEOS in the statimgvhen

the DDA:TEQOS ratio is too high, there is also insufficient TEOS brought in between the
layers, as seen in the case of the 1:6:15. Here the DDA still intercalates, giving a large
interlayer spacing initially, but this then collapses after caltton when the DDA is
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removed and there is also too little Si content to prop the layers up. These results
confirm that starting ratio of 1:10:20 was optimum out of those studied.

4.2.2 3Intercalation Mechanism

The results presented so far indicate ththe surface chemistry of the MXene has a
significant influence on the pillaring process. The ddted MXene (EG-OH)
successfully intercalates DDA and TEOS, unlike the-tafiatkd material (TG-O),
which strongly suggests thaDH surface groupare actively involved in the pillaring
process. Furthermore, Raman spectroscofgdtion 4.2.}, shows that the TOH
peak (270 cml) has broadened to between 220 énand 300 crit and lowered
significantly in intensity in both the intercalated {TOHSi) and calcined GG,-OH
SH400) materials(FWHM increased from 23 to 48 and 45 tmespectively) In
addition, there is no change in the vibrations linked teOTi(205 crit) upon
intercalation, supporting theO functional groups being inactive.

Solidstate nuclear magnetic resonance (NMR) was used to gain further information
on the surface functional groups and pillaring species present in the MXene samples
(Figure4.18). Hope et alhad previously used sohlstate NMR to study the surface
groups of TG, as was discussed in Sectir.1.4 and is used to identify the surface
groups here”®° There are three main H environments expected for the protons in the
MXene samples (TOH, HO, and amine). Th&H spectra for the four samples are
different (Figure 8a), indicating differences in surface species, water content, and H
bonding. The'H spectrum for EG-O is dominated by a peak at 4.2 ppm, which can
be assigned to water present in the sample. A similar peak is observed in the
calcinedpillared sample (3C-OHSi400), but is absent in théH spectra for FG-

OH and EC-OHSi. ThétH spectrum for FG-OH has broad peaks at 13 and 7 ppm,
the former can be assigned to-®H*°and is not observed in th#H spectra for the
pillared materials, supporting the Raman resulBe¢tion 4.2.1 The broad peaks
around 79 ppm in the samples may correspond toOHR and/or water, with
different Hbonding to those discussed above. This suggests that OH surface
functional groups are actively involved in the pillaring process. The absence of a peak
corresponding to FTOH in the alkalireated sample (EG,-O)is consistent with the
Raman spectraSection 4.21). There are additional peaks betweef2(ppm, which

are as yet unidentified in the literatut®’ and are not considered further here. In
addition, the TiG-OHSi sample shows sharp peaks between 1 and 2 ppm
corresponding to the DDA, further confirming that this is present in the sample.
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Figure 4.18Solidstate NMR spectrél6.4 T, 280 kHz2Magic Angle Spinning (MASJ TkG-

O, TiG-OH, TiG-OHSi and EG-OHSH400. a)'H MAS NMR spectra, where the inset shows
the DDA peaks at full intensity, BF MAS NMR spectra &C MAS NMR spectra, where the
inset in TiIG-OHY is a magnification of the MXene C peak, an®8))MAS NMR spectra of
the Si containing samples.

After calcination, a peak corresponding to interlayer water appears at 4.7 ppm,
which was not present in JG,-OHSi (precalcination). This implies thedsorption of
water from the atmosphere occurs between the calcination and the measurement,
(the time between calcination and the NMR measurements was around 3 months),
since the calcination was done under an argon atmosphere, and the high
temperatures woull not be compatible with additional water accumulating between
the sheets during the calcination process. Both the-pired postcalcination samples
were stored in the same conditions for the same time, which suggests that the DDA
repels any atmospheric ier encountered during this time. It is possible, due to the
hydrophobic nature of the DDA, that during the pillaring process, the DDA repels
water molecules as it intercalates between the layers, and any remaining water
molecules react with the TEOS torrfo the SiQ hydrolysis product. Once the
hydrolysis reaction is complete, no further water enters the interlayer due to
repulsion by the DDA. The use of hydrophobic intercalants to keep the interlayer free
of water could be important for applications whemgater would be harmful to
performance. In addition, it could be a useful way of preventing the oxidation of
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MXenes over time, since water has been shown to be a key contributor to the
oxidation of TiG.?* It is also possible that thiH NMR signal from the amine, which
has very high intensity, is mideg the signal corresponding to the interlayer water.
Importantly, the postcalcination material (3CG-OHS400) shows that water can +e
enter the interlayer after the amine has decomposed, suggesting that the MXene
surface has been returned to its airigl hydrophilic state. Tht#H NMR results for the
calcined sample also show that the DDA has completely decomposed during the heat
treatment, since the peaks relating to the DDA are no longer present.

The'®F NMR spectra (Figurel8b) show a main peak o&ed around-275 ppm for
most of the samples, but shifted for the;T3-OH sample, which is assigned db
terminations. here were challenges in spinning the;GpOH sample, indicating
some difference in behaviour of this sample. Generally, the simstildir for the other
samplessuggests that theF surface groups are inactive with respect to the pillaring
process, further emphasising the importance-0MH groups and surface chemistry in
general for the intercalating and pillaring of MXenes. This algmests that the
amount of Si intercalated may be tuneable by carefully controlling the amoungs of
F,-O and-OH groups. This means that this pillaring method could be used to study
the effect of pillar concentration on ion diffusion, and subsequent pability of
devices, as has been done in amine pillared grapH&He®The*F NMR results also
show the presence of F containing impurities, likely to be from the etching process,
as have been reported in other studi&8:?** These impurities are likely to be very
low in quantity, since they do not show up in the XRD data (Figil2emnd4.14).

The *C NMR spectra (Figurel8c) shows the C layer in the MXene with a broad
peak at 400 ppm present in all reples, which is consistent with the results from
Hope et al ** The spectnim for the intercalated sample further confirms the
presence of DDA in that sample with peaks betweefb@(ppm, matching the other
results which indicate this (note that the spectrum for tH€ NMR for the T6-OH

Si sample appears noisy due to the higtensity of the DDA signals). After
calcination, these peaks are no longer present, which shows that the DDA has
completely decomposed, in agreement with thé NMR results. However,peak at
around 125 ppm can be distinguished from the background -20(0 ppm). This
corresponds to the amorphous graphitic C as observed in the Rafsmti¢n 4.2.1,
Figure 44) and EDSSEction 4.2.2.1Figure4.12), and is the remains of the DDA
template that had not been removed during the calcination stips possil# that
this carbon content could help improve the electrical conductivity of the pillared
MXene, which is particularly important for high rate electrochemical
applications?®42%

The?°Si NMR spectra (Figudel8d) show that there are tetrahedral Si environments

(SiQ) in the samples, with a broad peak betwedi®0 and-120 ppm?** confirming
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the successful DDéatalysed hydrolysis of TEOS to silica, revealing&Si@he final
pillar. There is no noticeable shift resulting from the calcination stepgestgng that
this does not alter the Si environment.

Overall, these results suggest the intercalation mechanism relies directly on-the Ti
OH termination groups. TheOH groups hydrogebond to the NH groups of the
amine (DDA), which intercalates betwetdre MXene layers with the TEOS solvent,
thus allowing the pillaring of the MXene with-l&ised pillars. Neither theF orcO

are active towards the intercalation and hydrolysis process, which is accompanied by
the removal of water molecules from the intagler. Upon calcination, the
hydrocarbon templates are decomposed and largely removed from the pillared
MXene, giving a highly conductive and stable porous material.

Other amines also assist the intercalation of TEOS ig@, Bs shown by the XRD of
TEG-OH intercalated with octylamine and TEOS in Figut8, which followed the
same procedure as DBassisted pillaring. The (002G diffraction peak shiftgo
pdps H I O2 NdNSBatihg2of R\ nynJandiaZgalléry height of 0.55 nm
respectivelyThis gives a different interlayer spacing to using dodecylamine, showing
the potential for this technique to give a range of pore sizes. The spacing achieved
here is larger than those achieved by cationic surfactant pillaring of molecules of the
same chai size*®® This shows that the orientation of the molecules in the interlayer
is very different, with cationic surfactants thought to lay at an angle of around 30
degreest®® whereas these amines are clearly more vertically aligned. In fact, DDA in
clay pillaring is thought to form bilayers in the interlayer, giving gallery heigttgoof
times that of the chain length’®?**This is important for future work on the pillaring

of MXenes, since ghows that consideration of the chain size of the pillar alone is
not enough, as the interactions between the pillaring molecules and MXene surface
groups must be well understood for controlled pillaring.

—— Ti,C,-OH-Oct-Si|
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Figure4.19. XRD of FG-OH intercalated with ctylamine and TEOS.
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4.2.3Electrochemical performance
4.2.3.1 Sodiursion system

To investigate the effect of the pillaring process on the electrochemical performance,
the pillared and nospillared materials were tested against Na as counter and
referenceelectrode in the voltage range of 0.3 V for 100 cycles at 20 mA.g
Figure4.20 (a-b) shows the load curves for the ngilared and pillared MXene
respectively. The pillared material shows a higher capacity on the second cycle (155
mAh g' compared t0132 mAh g for the nonpillared material) and significantly
better cycling stability. By the 18@ycle, the pillared material showed a capacity 1.7
times that of the nompillared material (131 compared to 76 mAH fpr the pillared

and nonpillared mderial respectively). Between the #0and 100" cycles, the
pillared MXene retains 98.5% of its capacity, whereas thenade MXene only
retains 89%. This highlights the potential for the pillared MXene as a long life
electrode for Naon batteries and cofirms that pillaring is an effective approach to
improve the cycling stability. This is particlyaimportant for Naion batteries,
where the large Naion has made it difficult to identify electrode materials that can
accommodate repeated cycling withbaignificant fading. In addition, the potential
low cost of Naon batteries has led to grid storage being considered a likely
application, which would require very long life batteries to be viable. The pillared
material also shows better coulombic eféiaocy than the nofpillared MXene (after

the first cycle). It takes only 14 cycles fgCHOHS#H400 to reach efficiencies greater
than 99%, whereas the asade MXene takes over 40 cycles.
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Figure 4.20 Galvanostatic data from hatfell tests against Nanetal at 20 mA @ in the
voltage range 0.0B Vusing 1 M NaRFn DEC:EC (1:1 wt. ratio) as the electraleLoad
curves for selected cycles for a)(3iOH and b) TG-OHSH00, c¢) Coulombic efficiency and
discharge capacities of the pillared amoin-pillared samples over 100 cycles.

Both materials showed a significantly increased capacity on the first discharge
compared to subsequent cycles, which is likely due to SEI -@ebtittolyte
interphase) formation and irreversible reactions with theXene functional
groups**® This is furthe supported by the CV data (Figut®1), which shows several
peaks corresponding to irreversible processes on the first cycle. This is discussed in
more detail below. It is important to note that the pillared material reaches a stable
capacity from the 2 cycle onwards, whereas the nnillared one takes around five
cycles to stop seeing rapid decreases between cycles (HqR0).

The significantly higher initial capacity in the pillared MXene may be due to the
irreversible reactions of Na or the etealyte with the MXene surface groups, since
more of the MXene surface will be accessible to the Na and electrolyte immediately.
That the pillared EG reached stable cycling after just one cycle is consistent with
the structure being already expanded,dafully wetted with the electrolyte on the
first cycle. On the other hand, fresh surface of the imifared MXene could be
getting exposed to the electrolyte due to expansion of the structure during the first
few cycles. This large initial irreversiblepaaity led to a low initial coulombic
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efficiency for the pillared material compared to the npillared one (57% to 70%
respectively). Importantly, 460% initial coulombic efficiencies are typical fof(Ji

and Li and Na systems, so the pillared matergalstill amongst the highest
reported?*’ The improved coulombic efficiency over subsequent cycles in the
pillared MXene is likely to be due to the enlarged interlayer spacing allowing for
improved ion transport in and out of the structure, thus avoiding the trapping 6f Na
which is seen in multilayer MXenes.

To study the electrochemical performance in more aikt cyclic voltammetry
experiments were conducted. Figude21 shows the cyclic voltammograms at a scan
rate of 0.2 mV $ in the voltage range of 0.63 V vs. N& Na. The nospillared
MXene shows cleasodiationpeaks at 2.1 and 0.3 V on the first cyohth a small

peak at 0.8 V. These have previously been assigned foirtiercalation, SEI
formation and irreversible reactions between the MXene, Biad/or the electrolyte

and do not appear on subsequent cycles. For the pillared M>X&atkationpeaks ae
observed at 0.8 and 0.3 V, also corresponding to irreversible reactions and SEI
formation. No peak is present above 2 V. Over cyctgs the nonpillared MXene
displays clear redox peaks at 2.4 / 2.6 V (which has shifted from 2.1 V ofl ¢igeld)

and 0.6 / 0.65 V (sodiation / desodiation). These have previously been assigned as
Na (de)intercalation peaks, and equivalent peaks fof intercalation are also
reported **®%*® There is a noticeable decrease in current across these cycles belo
0.6 V, which matches the loss of capacity seen in the load curves (Bi@deFor

the pillared MXene, no redox peaks are seen above 2 V.
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Figure 4.21Cyclic voltammograms at 0.4BLV vs. Na metalsing 1 M NaRFfn DEC:EC (1:1
wt. ratio) as the eletrolyte at a scan rate of 0.2 mV* $or the a) non-pillared andb) pillared
MXene.

In a report on the mechanism of3G in lithium-ion batteries, Cheng et al. showed
that increasing the interlayer spacing of the MXene with, ldldo caused the loss of
the equivalent high voltage peak, which they linked to intercalation in narrow
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interlayer sites®® This suggests that the loss of this peak is directly due to the
enlarged interlagr spacing present the pillared material. The lack of high voltage
redox peaks contributes to the majority of current being below 1 V in the pillared
material, which lowers the average potential of this electrode compared to the non
pillared material. A lver voltage is ideal for negative electrodes when used in a full
cell since this maximises the overall cell energy density. This change is also reflected
in the load curves (Figure4.20 a-b) where the pillared MXene has a greater
proportion of the capaciyt occurring under 1 V compared to the npilared MXene
(which shows a more linear relationship between capacity and current, suggesting a
more capacitivdike behaviour). The CV results also support the improved stability
and capacity of the pillared MXe (Figure4.20), with less fade over cycles42and
higher currents than the nopillared material showed.

Further CV experiments were run at increasing rates frorrl50n2V & to study the
kinetics in both systems (Figure 4.22). For the-plared matrial the previously
sharp redox peaks shift and broaden, giving a fairly rectangular (capacitive) shape at
5 mV &, suggesting poor kinetics of the intercalation at high rates. However, the low
voltage peak was still clearly visible. The pillared maltdweaps its shape well at all
rates but sees a shift in the 0.6 V peak to 1.5 V by 5 ™{ghown by the arrow in
Figure 4.22b).
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Figure 4.22CV analysis at different scan rata3.CV plots for J&,-OH at scan rates of 0.2,
0.5, 2 and 5 mV'sn the voltage window 0.0B V vs. N& Na. b) CV plots for J0,-OHSi400

at scan rates of 0.2, 0.5, 2 and 5 nmi\between 0.013 V vs. Na metal. The arrow highlights
the shift in the cathodic peak from 0.6 V to 1.5 V as the cycle rate incread@d.ogy bt
showingb-values for c) TG-OH and d) TC-OHSi400 calculated from the peak currents
from the CV plots in a) and b).

As described in Section 3.2.3.13, ttedationship between the currenti)(and scan
rate (v) is given by Equation 4.1:

Q OO Equation 4.1

wherea andb are fitting parameter$®® Importantly, ab-value of 0.5 corresponds to

a diffusionlimited batterylike charge storage process and-&alue of 1 indicates a
capacitive, surfaceontrolled process. A plot of lag(@against log) givesa straight

line with a slope ob. Following this analysis, the nqilared material shows &-

value of 0.83 on the sodiation and 0.89 on desodiation (Figure 4.22). The pillared
MXene had-values of 0.67 (sodiation) and 0.71 (desodiation). This showsfdha
both materials charge storage occurs via a combination of mechanisms with
contributions from both diffusiodimited and surfacdimited processes. The pillared
material shows significantly more current from battdilge processes than the nen
pillared material, possibly due to increased exposure of redox active sites which
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explains the higher capacity seen in this material. Rate capability testing (Figure 4.23)
shows that the pillared MXene maintains a superior capacity at all rates tested
(current densities of 20, 50, 200, 500, 1,000 mA).gFor example, the iltared
material shows capacities of 96 mAh at 200 mA § and 64 mAh g at 500 mA d.

In comparison, the nopillared MXene has capacities of just 67 mAha200 mAh

gt and 49 mA § at 500 mA &. This suggests that the faradic processes are fast,
likely owing to easy ion transport within the pillared structure. This implies that the
SiQ pillars are not impeding the diffusion of Nimns within the electrode structure.
Importantly, the capacity recovers to 144 mAH ghen the rate is returned to 20 mA

g*, showing that the structure is not damaged by the high cycling rates.
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Figure 4223. Rate capability tests for the pillared and npilared MXene at ratesf®0, 50,
200, 500 and 1,000 mA'gFive cycles are shown for each rate (one additional initial cycle at
20 mA ¢ was conducted to ensure SEI formation).

It is possible that the increase in diffusion limited charge storage and change in the
CV profilesn the pillared material could be due to redox activity from the,SE)Q

has not been reported previously to be active to'lan storage, with the literature
review only finding reports on Si and g{@hich contain metallic Si) electrodes for
Naion gorage. This could open up $i@ very cheap and sustainable material, as a
potential electrode material for N#&n batteries, although the capacities are
expected to be lower than for Based materials in {idon systems and other alloying
materials suclas Sn, S, and P for iMa systems.

To further investigate the role of the silica pillars in the samplesiexSi 2p XPS was
carried out at OCV, after discharge to 0.01 V and after charge to 3 V (Bi@dre

with peak fitting data available in the appdix, Table AR It can be seen that in
each case just one component was required to fit each peak, suggesting just one
environment was present in each sample. Significantly, there is no noticeable shift
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between the sample at OCV and at 0.01 V (peakbfiih samples is 102.3 eV),
suggesting that the Si is not reduced during sodiation. In addition, no peaks
corresponding to metallic Svere detected, whiclwould be an expected product if
sodiation of Si@occurs in the same way as lithiatié#**? It should be noted that

the peaks are slightly shétl to lower binding energies than walilbe expected for

SiQ, which potentially could be as a result of Si interacting with electrolyte in the
samples if this was not fully removed during drying. Upon charging to 3 V, the Si 2p
shifts slightly to 103.8 eV, whichtise typical binding energyfor O 1s inSiQ.>*° An
alternative explanation could be that the discharge products of any sodiatisitiacd

could be unstable, and relaxed during the time between the cycling and XPS
measurement. Si 2p XPS peaks for Si in sodium silicates can vary in the range of 103
101 eV2*?* which would match the OCV and 0.01 V samples here, however, silica
would not react spontaneously with Na just by being placed in the electrolyte.
Further work would be required to fully investigate any sodiation of silica, but no
evidence of such a reaon has been found here, which suggests that the increase in
capacity is only due to the increase in interlayer spacing.
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Figure 4.24 Exsitu XPS Si 2p spectra fosgGHOHSH00 at OCV, after discharge to 0.01 V
and charging to 3 V. The green lin@sais the peak fit in each case.

To investigate the effect of the calcination step on the electrochemical performance,
half-cell tests were also carried out on the intercalated material;fOHSi, with no
calcination treatment. The electrodes were cyclad 20 mA g for 100 cygles
between 0.033V against NaNa'. The results are shown in Figu4e5. The load
curves show a similar profile to that seen for the fatiared and calcined samples,
suggesting similar processes in the electrochemical behavithere is however a
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slight plateau at just over 0.01 V on the discharge on cycles 2 and 10, which is not
seen in the other two samples, and is not as distinguishable in tfeasd 108"
cycles. An equivalent feature is not seen on the charging cyciggesting this is an
irreversible process. The first cycle discharge capacity is higher than either the non
pillared or the calcined samples at 282 mAh(this compares to 252 mAh'dor the
calcined material and 176 mAR gor the nonpillared materid). This is explained by

this sample having the largest surface area and interlayer spacing, which allows the
electrolyte to access a large amount of the surface of the electrode. However, only
58 mAh { is recovered upon the subsequent charge, givingudambic efficiency of

21%. This is much lower that was achieved for the calcined (57%) anrpillzoad

(70%) materials. This shows that the majority of the first discharge capacity is
irreversible, which could result from the formation of an SEI layeraolarger
electrode surface. In addition, the interlayer of this electrode still contains a large
amount DDA template, which could block the removal of Méen the cell is
charged. The coulombic efficiency of the electrode does increase, over subsequent
cycles, but is still low, reaching only 81% after 10 cycles and even after 100 cycles is
still only 98%. This suggests the packed interlayer is constantly trappingpméa
leading to a much lower coulombic efficiency than the other two materials acress th
100 cycles.
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Figure 4.25Galvanostatic chargdischarge tests for the necalcined pillared MXene, ;0-
OHSi. The electrodes were cycled at 20 nAay 100 cyles between 0.0BV against N&/
Na. a) Load curves for the' 12" 1d", 50" and 1®@" cycles. b) Discharge capacity and
coulombic efficiency over 100 cycles.

Both the load curves and the cycling stability data show that the-cadained
pillared material suffered from severe capacity fade over the 100 cycles. Despite the
first cycle cpacity being the highest of the three samples, the second cycle has a
capacity of just 102 mAh'gwhich is lower than the other two samples (155 mAh g

for the calcined material and 132 mAR ¢pr the nonpillared MXene). This rapid
fade continued uporfurther cycling, so that by thecycle a discharge capacity of
only 72 mAh g was returned, lower than the other two materials showed after 100
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cycles (the calcined MXene had a discharge capacity of 131 fhAhdythe non
pillared material had a capity of 76 mAh g after 100 cycles). By the 18@ycle,
the noncalcined MXene had a discharge capacity of only 22 mAhwdich
corresponds to a capacity retention between tH¥ and 100" cycles of just 21%.

The low capacity and large fade for thenptalcined intercalated material can be due

to a few factors. Firstly, the DDA is soluble in the organic electrolyte used in the cell,
which can easily lead to the removal of the amine from the interlayer, and in the
process, this could wash out the Sifllars, which seem to be smaller than the
interlayer achieved via the amine (this is implied in the shrinking interlayer upon
calcination and DDA removal in the XRD data, Figuir®). This would lead to a
collapse of the structure and subsequent restagkof the TG nanosheet layers,
blocking the active sites for Natorage. Secondly, the low coulombic efficiency
shows that many of the Nare being trapped in the material, either by reacting with
the DDA, being blocked by the DDA, or trapped by tHiygsing structure. These are
then not available for further charge storage. Finally, since the DDA template is
inactive electrochemically, and makes up at least 45 wt.% of the sample according to
the TGA data (Figur#ell), the specific capacity will bewered by accounting for the
dead weight of the amine in the electrode.

These results highlight the importance of the calcination step in creating a pillared
material with open pores for easy ion diffusion and charge storage and which is
stable in the ceél environment. In particular, these results demonstrate that an
electrode with the largest interlayer spacing and surface area will not necessarily
show improved electrochemical performance.

Overall, these results show that correctly pillaredCIMXene § well suited to Na
ion battery applications where low cost, long life and high power are essential.

4.2.3.2LHon §ystem

Since the Sigpillared TiC, sample showed promising performance for the-ida
system, it was also tested for the-ibn system usg Li metal as the reference and
counter electrode, Cu as the current collector for the MXene and; inFEC:DEC (1:1
wt. ratio) as the electrolyte. Galvanostatic chaigjecharge testing was carried out
at 20 mA g in a voltage window of 0.03 V vs. '/ Li, and the results are shown in
Figure4.26. The shapes of the load curves for the fllared and pillared MXenes
on discharge are similar, with predominantly lingaofiles between 3 and around
0.3 V. Between 0.03 and 0.01 V there is a slighttyex profile feature, showing a
different process is occurring at voltages below 0.3 V comparetideet above. As
discussed in Chapter @ection2.4.2.1.2, it is thought that the lithiation of 3G
occurs via a twetage process. The first stage i tintercalation of Libetween the
TG sheets to form LTEGT,, while the second stage consists of adsorption on
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top of the intercalated Li ker. This would explain the twstage mechanism
observed on the load curves here. The first dischargelalispg a very different
shape, with a short plateau around 0.7 V in both samples. This is likely to be a result
of the formation of an SEI layer, as well as possible irreversible reactions between Li
and the MXene surface group, as has previously been tegoihe charge profiles

are also fairly linear, but with a small platebke feature around 1.5 V, which could
correspond to the dentercalation of Li. This feature is much more prominent in the
load curves for the pillared 3G; than the nonpillared naterial, where it is barely
distinguishable, but does seem to feature a slight deviation from linearity at.1.5 V

The first discharge capacity of the pillared MXene (536 niAtisgmuch larger than

the nonvpillared material (289 mAhY). However in botttases, as was observed for
the Naion system, and has been reported several times previously, there is a large
irreversible capacity loss on the first cycle. This leads to initial coulombic efficiencies
of 58% for pillared 3C-S+400 and only 43% for mepillared TiG,. As was discussed

in Chapter 2 (Section 2.4.2.1.2, 58% is among the highest initial coulombic
efficiencies reported for 3&; in an organic Lion system, and is likely to be a result

of surface groups-QH) having already reacted duritige pillaring process, which
reduces the irreversible reactions with".Lin addition, the larger interlayer spacings
should provide for clear open delithiation pathways, preventing Li trapping. The
second cycle discharge capacities are still significdenttyer for the pillared MXene
(314 mAh @) compared to the nompillared material (142 mAh™, which is greater

than a 2.2fold increase. This increase in capacity is likely to be a result of the larger
interlayer spacing giving greater ion accessipili the redox sites on the MXene
surface. Since a greater number of layers of Li ions (up to four) have been shown to
be stable on G compared to Na (up to two), the increase in capacity is much
greater than was observed for the Nan system, which darates with lower ion
coverage and therefore has no further gains from the large interlayer spacing
present.
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Figure 4.26.Galvanostatic data from hatfell tests against Li metal at 20 mA i the
voltage range 0.08 V using 1 M LiRn EC:DEC (1ut. ratio) as the electrolyte. a) Load
curves for selected cycles for a)GiOH and b) TG-OHSH00, c) mulombic efficiency and
discharge capacities of the pillared and raltared samples over 100 cycles.

The superior capacity and coulombic ei#fncy of the Si@pillared MXene is
maintained acrossll cycles. By thel0d" cycle pillared TiG, shows a discharge
capacity of 28 mAh ¢', compared t0101 mAh g' for the nonpillared TiG. This
corresponds to a capacity retention 08% and72% regectively, showing that the
SiQ pillars succeed in creatingheelectrode materialwith increased stability The
majority of the capacity fade occurs over the first 15 cycldth capacity retentions

of 96% and 91% respectively between the™&nd 108" cycles. It should be noted
that the capacity for the Si@pillared TiG; increases slightly between the 8@and

40™ cycles. It has previously been reported that Si@n undergo activation over
early cycles when used as a negative electrode faorLbdteries, as a result of
formation of metallic Si, which could be occurring here and helping to maintain
stable capacities. However, no extra features are distinguishable on the load curves
to support this.

To investigate the high rate performance of thélgged MXene, which is essential for
LHon capacitor applications, rate capability tests were carried out with five cycles at
each rate of 20, 50, 200, 500,000 and 20 mA Y (Figure2.27). At all rates the
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pillared MXene shows superior performance quared to the norpillared material,

with discharge capacities of 307, 260, 206, 173, 147 and 285 rilAat ghe
respective rate compared to 113, 104, 82, 55, 35 and 109 respectively for the non
pillared TiG. Significantly, the relative performance of tpédlared MXene is larger

at higher rates than lower ones. A{0DO mA @ (which corresponded to an 8 min
charge), the capacity of the pillared material is over 4.2 times that of thepiltared

one, compared to just 2.7 times at 20 mA. gThis shows #t the high rate
performance particularly benefits from the pillaring process, and suggests that the
increase in the interlayer spacing creates channels which allows for faginLi
diffusion in and out of the structure. This also demonstrates that thiargi do not
impede theion transport, which can occuf the concentration of pillars is too
high!° The capacities of the pillared material at 1 Aage comparable to high rate
lithium negative electrodes such as lithium titanate and niobium oxides (discussed in
Section2.3.1in the baclground chapte), while at low rates the capacity is much
greater than even the theoretical capacities of the oxides (less than 200 M)Ah g
suggesting that this material is competitive as a high powepriibattery or
capacitor electrode.
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Figure 2.27Rate capability tests for the pillared and npitlared MXene at rates of 20, 50,
200, 500 and 1,000 mA'gFive cycles are shown for each rate (one additional initial cycle at
20 mA ¢ was conducted to ensure SEI formation).

To further test the high @ performance of the Sigpillared TiG,, it was cycled at a

rate of 1 A g for 500 further cycles after the rate capability test (Figdr28. The

first cycle upon returning to 1 A'gesultedin a discharge capacity of 151 mAh, g

with the 500" cyde showing a capacity of 107 mAR,gwhich corresponds to a
capacity retention of 71% over 500 cycles, showing that the structure was fairly
stable at high rates. The average coulombic efficiency across these cycles was greater
than 99.9%, showing effiai Li transport within the pillared structure.
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Figure 4.28.Galvanostatic chargdischarge data for Sipillared TiG in a Liion halfcell
tested for 500 cycles at a rate of 1 Aig a voltage window of 0.03 V vs. [ Li.

These results show thdahe amineassisted pillaring method is an effective way of
improving the performance of F; MXene in a Lion system as well as the Nan
system, especially at high rates.

To study the electrochemical reactions and kinetics of the system in morel,detai
cyclic voltammetry experiments were carried out on the pillared MXene (Figure
4.29), using the same scan rates as were used for théoNaystem. Figurd.2%
shows the cyclic voltammograms for the first five cycles at a scan rate of 0.2.mV s
The frst lithiation sweep shows a slightly different shape to the following cycles, with
an extra peak at 0.6 V. This is as a result of the irreversible relations including SEI
formation as was observed for the Man system, and as has previously been
reported. The following cycles are all very similar in shape, showing stable cycling
performance which matches the GCD results. The overall shape of the CV curves is
fairly rectangular, with broad peaks at around 1.5 V on the lithiation and delithiation
sweeps, with matches well with the short plateaus seen on the charging voltage
profile. Tresebroad peaks look like they actually consist of two broad peaks each,
centred on around 1.2 and 1.7 V on both the charge and discharge sweeps. This
suggests predominantlyseudocapacitive behaviour, which is also implied by there
being minimal offset between the peaks at lithiation and delithiation. The shape of
this curve also closely matches with the shape reported by Cheng®twahen they

had used Nk to expand the interlayer distance which removed sharper redox peaks
that they assigned to narrow interlayer sites. This implies that the pillaring has
successfully removed the narrow charge sipe sites, as would be expected. It also
shows that the electrochemical reactions are very similar to those observed by
Cheng et a) which suggests minimal contribution from the Spdlars.

As the scan rate increases, the peaks shift, and the peakatgpaon lithiation and
delithiation increases to around 500 mV, suggesting that the intercalation is not
purely pseudocapacitive. The two contributions to the main broad peaks are now
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more easily distinguished, especially on lithiation (FigZb). Toinvestigate the
charge storage mechanism in more detditvalue analysis was carried out at
selected voltages. At all voltages tested, the charge storage has significant
contributions from both diffusiodimited (batterylike) and surfacdimited
(capacitve-like) processes, since tlievalues are between 0.5 and 1. At low voltages,
(below 0.5 V) the charge storage is predominantly diffudilmited, which could be

as a result of batterjike redox processes occurring. Since this peak lines up with
voltages which have been reported to corresponds to midiier alsorption of Li, it

is also possible that the diffusion limitation is a result of high lithium content
between the layers impeding further Li diffusion. This implies the performance could
be further improved by increasing the interlayer spacing even more. At voltages
above 0.5 V, (with the exception of at 1 V on the delithiation sweep) btlialues
corresponding to redox peaks are at 0.85 or above, suggesting that the peaks
correspond to processesdt are predominantly capacitive in nature. The significant
proportion of capacitive contributions to the charge storage explains the impressive
rate performance observed in this material.
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Figure 4.29.CV data from FC-Si400 in the L-ion system.Cels were run in a voltage
window of 0.013 V vs. [ Li using 1 M LiRFn EC:DEC (1:1 wt. ratio) as the electrolyte. a)
First five cycles at a scan rate of 0.2 rifVie numbers and arrows highlight reaction peaks.
b) Cyclic voltammograms when cycledimtreasing rates of 0.2, 0.5, 2 and 5 mVirs a
voltage window of 0.08B V vs. Li Li. Two cycles were carried out at each rate, with the
second cycle being used for analysis. The numbers show seleutddes for reaction peaks.
c¢) Calculatedb-values at selead voltages for the data in b).
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4.3 Conclusions
In conclusion, the successful pillaring o/ with earth-abundantsilicabasedpillars

through an amineassisted synthesis procedure has been demonstrated. To the best
2F GKS | dzii K 2thNis thel fiys2 répbrS dt SilsMXenecomposites. In
addition, this was achieved withoat prepillaring step, in contrast to previous
reports of surfactarassisted pillaring in MXenes (which were discussed in Section
2.5.3. It was shown that the choe of amine cepillar andcalcination temperature
could be used to control the interlayer spacing fror@ nm to 3.2 nm, the latter of
which is larger than a Hold increaseover the initial distance. This represertse
largest interlayer spacing reped to date for anyMXene, and one of the largest
reported for any twedimensional material The pillaring also led to a substantial
increase in BET surface areas (around 60 times larger than thpiltemed material),
with the intercalated MXene showing surface area of 235 g®, which is the
highest surface area obtained for an MXene using an intercaki@ed method.
The detailed characterisation of the surface chemistry revealed the pillaring
mechanism and provided insight into the interactions ‘beén

the MXenesurfacetermination groupsthe amine cepillar and theTEOS silica
precursor, showing that theO termination groups were inactive in the pillaring
process, while the¢OH groups formed a hydrogdronding interaction with the
amine groups, Babling the ceintercalation of TEOS and large increases in interlayer
spacingsThis understanding can guide the optimisation of the surface chenittry
the reported pillaringmethod. This methodology also provides a guide tfar
development and undetanding of futuretechniques for the intercalation and
pillaring ofMXenes and more widely on 2Dhaterials.

The pillaredMIXenewas testedelectrochemically as the negative electrode for a Na
ion battery systemand demonstrated superior capacity, ratepadility and stability
compared with the norpillared version. This is likely to result from the more open
structure, with the pillargpreventing the restacking of theViXenesheets. Crucially,
for sodiumion batteries, the material was extremely stablemards the reversible
(de)intercalation of the large Naon, retaining 98.5% capacity between the™4énd
100" cycles Further work is required to fully understand tieéfect of the pillars on
the electrochemicaperformance, which is discussed@mapte 7. In a Liilon system,
the pillared MXene also outperformed the nqillared material, with capacities over
4.2 times those of the nopillared material at high rates of 1 g\ (8 min charge),
which suggests that the pillared material could be worthyuother development for
high rate Lion applications. CV analysis showed that the charge storage had
significant contributions from capacitive surfacentrolled processes, which explains
the good rate performance.

132



Chapter Five

SiQ-Pillared Mo TiG for Li and Naon
systems
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5.1 Introduction

In this chapter the aminassisted pillaring method developed for thgGiMXene is
applied to the out-of-plane ordered double transition metal Mbased MXene
Mo,TiG. This MXene is analogous to the;GiMXene studied in the previous
chapter, with the oter M layers comprisedf Mo atoms rather than Ti, which is only
found in the central M layer.

This is as a result of the different preferred environment of the different elements
within the MAX phase siicture. Mo elements have been shown to be unstable in a
face centred cubic arrangement with the C atomdioh is the case in MsG.'®
Instead Mo is more stable in a hexagonal environment. Therefdr&]o exists only

on the surface M layers, it can achieve its preferred environment and avoid the face
centred cubic arragement with the C atoms. Ti, which is perfectly stable in the face
centred cubic sites, then occupies the central M layer to stabilise the structure, giving
rise to the ordered double transition metal MAX phases dne corresponding
Mxen$.100'113

This type of MXene was dirpredicted to be stable b&nasori et al.who used DFT to
screen a variety of possible chemistries to discover stable matéffaifiey found

that over 20different ordered double transition metal MXenes were predicted to be
stable, using M lements of Ti, V, Nb, Ta, Cr or Mo. In all cases C was the X element.
They then synthesised MoIG, Mo, TG and CsTiG. Of these, MgTliG is the most
studied though there are only a few reports on this MXéfiz?**2*® The ordered
nature of this MXene offers the opportunity to study the effect of changing the
surface M elements on the properties and applications of MXenes, since this surface
M layer is the only difference between MG and TiG. The M@G is unstable and

has not ben synthesised, and therefore cannot be used for this comparison. The
synthesis ofM0,C MXene has also beaeported in the literature but from a
M0,GaC precursof?’?*® The high cost of gallium meant that synthesis this
MXene was not studied here.

Mo, TiG has been studied for lithiurron battery applications in both its multilayered

and delaminated form, with delaminated MBIG showing a capacity of up to 260
mAh ¢, retaining 92% after 25 cyclé¥. The performance had several promising
features which make it worthy for furthenvestigation. For example, the first cycle
capacity loss was only 14%hich ismuch lower than for other MXenespakingit
promising for full cells. In addition, 85% of the total capacity was obtained below 1 V,
which would lead to higher energy densgien a full cell. Unlike the fairly linear
voltage profile observed for other MXenes, the load curve for, M@ displayed a
plateau below 0.6 V, suggesting a phase change and charge storage mechanism
clearly different to other MXenes. Computational stusl®iggested that this plateau
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was as a result of a conversion reaction between the lithiatedQ/surface groups
and the Li as shown eactiorns.1.

Mo,TiGO,Lb + 2Li" + 26 A Mo,TiG +2LbO Reaction 5L

Therefore the lithiation of M@ TIiG is atwo-stage mechanism. In the first stage, Li is
intercalated on to the MXene surface, in a similar mechanism to @ WiXene. In

the second stage, the lithiated MXene reacts further to forgdLivhich givealarge
boost to capacity. The theoretical capacity of the intercalated MXene is just 150 mAh
g', whereas when the conversion reaction is included this increases to 356 tAh g
If more than one layer of Li can intercalate, the theoretical capacity coalgase
further.

The proposed conversion reaction is similar to the lithiation mechanism of Mo
oxides, where it is known to be accompaniey large volume changes whichuse
significant capacity fad¥. This could explain the relatively high fade seen in the
initial Mo, TiG study, where 8% of the capacity was lost over just 25 cycles.

There have been no reports to date on ways to improve the electrode architecture of
Mo,TiG for electrochemical applications, despite the clear promise for this material.
Therefore, this chapter tests the pillared MoG MXene materials as electrodes for

Li and Naon systems, and compares this to the-pilared material.The pillared
material is characterised by XRD, Raman spectroscopy;EEEV XPS and BET to
investigate the effect of the pillaring process on this different MXd&m&ddition, ex

situ XPS on the-on system was carried out, which supported the formation gDLi
upon discharge which disappeared upon subsequent charging. This would seem to
support the previously proposed mechanism which had not been experimentally
probed until now.

5.2 Resultsand Discussion
5.2.1MAX Phase and MXeng/Sthesis

The Mo@TIAIG MAX phase isiot commercially available, and so was synthesised
following literature methods®**® Elemental powders of Mo, Ti, Al and C in a
HYMYM®HYH Y2f I NI NFGA2 ¢ S-808mesh) fBsOriided ik NB dz3 K
pestle and mortar, and then mixed in a pi&ary mixer for 1 h hour with zirconia

balls. The recovered powder was heated fonat 1c nn 6/ dzy RSNJ I NH2y
KSFEiAYy3a | yR 02 2 t'ATYidcaldikkdingterl Rlighp grey)/wasYitHery

gently ground in a pestle and mortar to give a fine powder. XRD results show a
diffraction pattern which matches previous reports, shogviie successful synthesis

of Mo, TIAIG (Figure5.1) 1%
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Figure 51. XRD patteraof Mo,TIAIG MAX phase (bottom) and M®iG MXene (top). a) XRD
patterns obtained for this thesis. b) Previously reported XRD patterns reproduced from
Anasori et al https://pubs.acs.org/doi/10.1021/acsnano.5b03594ith permission-*°
Further permissions related to the material reproduced should be directed to the ACS.

To avoid the handling of HF, the synthesis o, M@ was attempted using the LiF

HCI method which has been successfully used far titaniumbased MXenes.
Typically, 3 g of M@iAIG were slowly added to 30 ml of 9 M HCI with 3 g of LiF pre
RAaaz2t SR® ¢KS YAEUGdZNBE ¢Fa KSHFGSR G2 cn
powder was recovered by centrifuging cycles, with DI water added after each cycle
until the pH was around 6. The sal@pvas then analysed by XRD, which showed that
significant amounts of unetched MAX phase remained in the sample. Therefore, the
partially etched sample was #@ispersed in a fresh etching solution using the same
volumes and concentrations used previougiter four more days etching, the solid

was collected via centrifuging, using the same protocol as described above. This time,
XRD analysis showed minimal MAX phase colitent f § K2 dzZ3 K | &Yl f f L
clearly corresponds to the (002) diffraction peak of Mié&lG showing that some

MAX phase remains. In addition, there are a large number of peaks between 35 and
npw’ BKAOK 02 dxAR phide defleinds, a¥ WHiak other impurities.
Nevetheless, this XRD pattern matches well with those previously reported for
Mo,TiG, and shows that the MdiG MXene was successfully etched using the
described method® Most significantly, the (002) diffraction peak has clearly shifted

G2 + £26SNJ Iy3ftS oO0FNRdzyR 16 H'0 BKAOK Aa
This matches the behaviour typically seen when etching MAX phases to make
MXenes, and is a clear sighsuccessful etching.

Interestingly, leaving the MAX phase to etch fune consecutive days with no
replenishing on the etching solution does not provide a well etched material, even
when 12 M HCIl is used with 6 g of LiF (the total amount used whesdlwion is
replenished).Only when a two stage etching process was used was a well etched
material recovered. The long etching times mean that this etching method is unlikely
to be used for large scale MBG synthesis, but provides an option for laludtes
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where users would rather avoid the use of HF solutions. The significantly longer
etching times needed when using the H@# method compared to the HF method
(48 h atp p ) is & much larger difference than that seen for théodsed MXenes,

but matdhes differences reported for the M@ synthesis, (where HCLIF etching was
reported to take 1 week}?’ A washing step where the powder was dispersed in 1 M
HCI for 3 h at room temperature was used to remove any salt impuriésslting

from the etching step. A NaOH washing step was also tried, but this caused the
dissolution of the majority of the powder in just half an hour, with a small amount of
pale material remaining, showing that the MoG material is not stable in alka
conditions, in contrast to I@G.

In addition to the XRD analysis, SEM and EDS studies were also carried out to further
confirm the formation of M@TiG MXene. SEM micrographs show that the etched

material has a layered morphology typical of an MXewa®d some opening up

between the layers is also visible (Figure 5.2). Thedlalppear to be in the range of

I-Mmn >YZ FKAOK A& AaAYAELFNI G2 GKFGNRY 230§ KSN
EDS analysis shows that the MXdike flakes contain no Al, demonstrating
successful etching of the MAX phase (Figure 5.3).

Figure 5.2SEM micrographs of aynthesised MgriG flakes.

Figure 5.3 showan example EDS spectrum which demonstrates that like @ Ti
MXene, M@TiG is also terminated witilgO and / or-OH groups (9.3 wt.%) argF
groups (1.5 wt.%). This is similar to what is observed forLHCétched titanium
based MXenes, where-Rased stface groups make up a much higher proportion of
the termination groups than theF groups. Unlike 3, etched using HCI mixtures,
no Cl content was detected in the EDS, suggesting thanc@hyerminations are
present in very low amounts. Overall, the &Bnalysis suggests that the MXene has a
formula of Mo, TiGO, 7d.25, Which shows that only one in eight terminations &fe
groups. Oxygeiased groups account for seven in eight, which will dominate the
surface properties of the MXenénasoriet al. ako found via EDS analysis that by far
the majority of the surface groups in MGG were ¢O based terminations when HF
etching was used”®
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Figure 5.3.EDS analysis of -atched MgTiG. a) EDS spectrum of area highlighted in b),
which is the corresponding SEM image.

The thermal stability of the MXene was investigatethgsTGA analysis since tlss

directly relevant to the pillaring process, and the thermal stability o5 M@ had not

yet been reported in the literature. Mass change data was collected between 25 and
Tan s/ Ay | ANE 6 A (K THe reguislate sho\itn Figirelis3. 12 T ™
canclearlyb&a SSy GKIF G GKS Yl aa OKIFIy3aSa @OSNE A
point there is a rapid increase in mass. Between-850n1 ¢/ 2 H ®p th¢ed A a
alYLX So .Si6SSy nnn YR cnn e/ GKS Yl aa
aSSa Iy AYONBIFrasS 2F wop Y3Iad . SGis6SSy cnn |
the mass gain, with 15 mg extra added to the mass. These results suggest that above
opn s/ GKS a-S8SyS dzyRSNBH2Sa 2EARFGA2Y Ay |
likely resulting in the formation of Mo and Ti oxides. Unlike for thbabied MXenes,

no mass loss associated with the loss of oxidised carbon as G&en, which could

be due to the ability of Mo to obtain higher oxidation states than Ti through further
oxidation. Ti is fully oxidised as titanium dioxide, whereas Mo can form ;MoO
LYRSSRY o6& T1nn /3% GKS YIaa OKFy3aS 63 Ay
material isstill being oxidised. To fully characterise the thermal stability of TM®,

XRD studies at different temperatures combined with mass spectrometry or IR
spectroscopy on the TGA exhaust would be interesting to show the phase changes

and behaviour of thewgface groups, but is beyond the scope of this study. For the
purpose of this study, the TGA results show that the material is unstable in
GSYLISNI §dzNBa SEOSSRAY3I opn e/ 3 &2 GKS O f
onnn e/ 0 RSaONKah&pier wasydoné KnSer adiod & Ao theCT

MXene.

111 -
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Figure5.4. TGA plot of mass loss (mg) against temperature.

5.2.2 Pillaring of M@TiG

Having characterised the @&ynthesised MgliG MXene, the application of the
previously discussed amirsssised pillaring method was then investigated. The
procedure was the same as used for theCIMXene. A molar ratio of 1:10:20 of

MXene: DDA: TEOS was stirred for 4 h at room temperature under argon. The
intercalated material was recovered by vacuum filtoatiand dried under vacuum on

the filter paper (under argon). This was thendigpersed in DI water for 16 h at

room temperature, before being recovered again by vacuum filtration. The
NEO2OSNBR YIFIGSNAIE 461 &4 RNASR Iriargoonwase/ T2
GKSY OFNNASR 2dzi G nnn e/ *¥F2NJp K dzaAy3

XRD was carried out on the material for signs of intercalation (Figure 5.5). There is a

Of SFNJ aKAFTOU Ay (GUKS aLXAG 6nnu0 RATFTFNI OO .
intercalated TG, MXene, showing clear evidence of successful intercalation. This
gives a similad-spacing of around 4 nm, corresponding to a gallery height of around
3 nm, very similar to intercalatedsG® LYy I RRAGAZ2Y G2 GKS LISI |
aYFrff RAFTFNIOGAZ2Y LISF] 4 n ddpspacingof A8 | f & z
nm. This could be due to (002) diffraction from layeratthave differently aligned

DDA TEOS between the layers (which would give a gallery height 4f.9.8m),or it

O02dA R 68 GKS onnno RATTNI OG ApRlafed MISTIG] & KA T
Since thed-spacing is about half that of the (002) diffraction peak, it fits well with it
0SAYy3a aaAadySR a (GKS o6nnno0 NBag hoSPli, A 2y & |
dzyt A1S GKS o6nnuH0 RAFFNIOGAZY LISF]1 I FGSNJ
diffraction peak after intercalation and delamination with DMSO has previously been
reported, which further supports this assignment.
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Figure 55. Low angt XRD diffraction pattern of the intercalated, M@G-Si, and calcined,
Mo, TiG-St400 samples. The dashed grey line highlights the location of the (002) diffraction
peak in the nompillared MXene.

After calcination, the (002) diffraction peak shiftsto KA IKSNJ | y3fS (G2 n
5.6), matching the effect of calcination seen for the calcing@;Thaterial (Section

4.2.1). Thed-spacing is around 2 nm, which gives a gallery height of around 1 nm,
slightly larger than the corresponding height of tbalcined Si@pillared TiG. The

shift suggests that the DDA template is successfully removed, and shows that the
layered structure of the MXene is retained after intercalation and calcination at 400

6/ X & 61 a0 K impliesitttat themiNdassiated pillaring method is
unaffected by the change in the surface M layer in the MXene, and is directly
applicable to Mebased MXenes. This implies that this pillaring method may in fact

be able to be applied to any MXene, so long@s$1 surface grups are present.

Mo,TiC ,-Si-400 |

Intensity / a.u.

4 5 6 7 8 9 10
20/ Degrees

Figure 56. Low angle XRD pattern showing the (002) diffraction peak in the pillargd@i®o
FFGSNI OFt OAYFGA2Y G nnn e/ ® b2 20KSNJ LISF{1a I
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SEM and EDS analysis was then carried out to further study th&iGonaterial
intercalated with DDA and TEOS (Figure 5.7). The SEM image (Figure 5.7a) shows that
the flakes retain the layered nmphology on the micron scale after the intercalation,
and there is no sign of Si@lakes forming outside the interlayer as was observed
when the alkali treatment was used onsd3. However, the nature of the layers does
look slightly different compared tthe pre-intercalated MXene. In fact, the images
look similar to what is seen when MXenes are delaminated, and then restack. When
centrifuging the asnade MaTIiG samples, it was noticed that some material stayed

in suspension even after 30 min at 13,0q0n; especially after a short sonication
step, which implies the delamination of MGG into few-layered nanosheets. This is
much easier delamination then was achieved for thgGIMXene. Therefore, it is
possible that the M@riG delaminates during thentercalation process (where the
interlayer is significantly enlarged) as a result of the stirring motion combined with
the expanded interlayer, which can be expected to weaken the interlayer bonding.
Upon vacuum filtration, these sheets then restack slighseparated by the SO
pillars.

EDS mapping was then carried out to investigate the elemental composition of the
flakes, and the distribution of the Si content throughout the flakes. A typical
spectrum and map are shown in Figure 5.7. The carbon coritas noticeably
increased from 13.2 wt.% in the -azade material to 34.4 wt.% in the intercalated
material (note that this is not reliable for an absolute measurement due to the
sample being prepared on a carbon tape), which implies the intercalatidmreddDA.
Additionally, there is now significant Si content, with 3.1 wt.% being detected, which
confirms the increase in interlayer spacing is correlated with the introduction of Si
into the sample, implying successful gi@ercalation and pillaring. Theris also an
increase in oxygen content (9.3 to 10.7 wt.%, despite the large increase in C content),
which further supports the SiOntercalation. Figure 5.7 ¢ and d show an SEM image
of the top of a flake, and the corresponding EDS map respectivelysitigs that

the Si is evenly dispersed throughout the sample, as would be expected for a pillared
material. There is no sign of Sigarticles on the surface of the MXene flake, or from
the Si EDS map, suggesting that the Si content is coming from it &i.
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Figure 57. SEMEDS studies of the Si intercalated MVid; MXene. a) SEM micrograph
showing the layers on the side of a typical intercalated flake. b) EDS spectrum of intercalated
Mo, TiG flake. c) The corresponding SEM image for the EDS spettrln) and the map in d).

The analysis was carried out over the entire area in the image. d) EDS map showing the
distribution of the Si content in the M®iG material intercalated with DDA and TEOS.

I FGSNI OFt OAY Il GA2Y |G nnnigure 5.8) sagwRiBaiiher NH 2 y 3
layered morphology is still retained, which supports the XRD results (Figure 5.6). The
flakes still look slightly different to the pigillared material, which could be due to

the proposed delamination of the nanosheets during rotdation. A higher
magnification micrograph (Figure 5.8b) shows what appear to be separated
nanosheets stacked on top of each other, which make up the larger flakes. The
morphology of the calcined material looks very similar to the intercalated material,
showing that the flakes are not damaged by the calcination step. Importantlye the

is no sign of SiXxrystals on the surface of the flakes, suggesting that the Si content
observed in the SEMDS analysis (Figures 5.7 and 5.9) is in between the layérs, no
on the surface of the MXene.
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Figure 58. SEM micrographs of the Si@illared MgTiGa - Sy S F FGSNJ OF ft OA Yl
for 5 h under argon.

SEMEDS mapping was then carried out to study the Si content in the calcined
sample (Figure 5.9). It can Been that the Si content (around 3.2 wt.%) is uniformly
distributed across the flake, suggesting that the calcination process has not resulted
in large Si@particles agglomerating. There does appear to be a slight increase in the
concentration of the Siantent where the layers are most open (Figure 5.9c¢), while

the Ti signal is slightly weaker in this region. This would suppostf@i@ing in the
interlayer spacing of the MXene, as suggested by the XRD results (Figure 5.6) and as
seen for the pillared 3G MXene in the Chapter 4.
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Figure 59. SEMEDS studies of the Sipillared MoTiGa - Sy S | FGSNJ OF t OAy | (7

for 5 h under argon. a) SEM micrograph showing the layers on the side of a typical calcined
flake, with the dashed red box highlighgi the area used for mapping. b) EDS spectrum of
the calcined MgTliG flake. c) The corresponding EDS map for the Si content. d) The
corresponding EDS map for the Ti content.

Raman spectroscopy was then used to study the bonding in nbwepillared
(Mo.TiG,), intercalated pillared (MgTiG-S) and calcined pillared (M®iG-Si400)
MXene material§Figure 5.10). Peaks can be observed at around 170, 240, 310, 450,
650 and 775 cmin all samples, and do not appear to shift or change significantly as
a resut of the pillaring process. These peaks closely match previous reports on the
Raman spectra of M3iG, giving further evidence to the successful synthesis of
Mo,TiG.2*?* It has been reported that the peak around 170 tnesults from the

Eg vibration of both Mo and Ti atoms igO terminated MeTiG.?*® The peak at
around 240 crit corresponds directly to théEg vibration of the O atom$?® This
supports the EDS results which suggested thesg@nce of MeO in this MXene. The
peaks at 310, 450 and 650 and 750 cane all thought to mostly originate from the
vibrations of C atoms in the MXeA&?*' It should be noted that there are some
differences in assignment in the literature, with Chen et al. assigning the 450 cm
peak to C vibrations, while Kim et al. assign it to O surfacer@xioitis 24624
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In addition to the above peaks, the intercalated pillared material also shotwa ex
peaks between 1,000 and 1,700 ¢mwhich are much more intense than the MXene
peaks. These broad peaks correspond to DDA vibrations, and match the peaks seen
in the intercalated &G, Raman spectra in the previous chapter, suggesting that DDA
has beensuccessfully intercalated. These peaks are significantly reduced in the
calcined material with only very small broad peaks at 1,170, 1,300 and 1,660 cm
distinguishable, which shows that the majority of the carbon template has been
removed after calcinatin as was the case for the;@i MXene. However, a small
amount of graphitic carbon remains in the structure.

Mo,TiC,-DDA-Si-400

‘Mo, TiC,-DDA-Si
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Figure 510. Raman spectroscopy of the ngillared (MaTiG, red), intercalated pillared
(Mo,TiG-Si, green) and calcined pillared (MaG-Si400, blue) MXene materials.

To further investigate the structure of the synthesised Vi€ and the effect of the
pillaring process on the MXene, XPS was used to study the Mo, Ti and O states in the
asmade and pillared MXene, while Si was also studigdarmpillared material.

Figure 5.11 shows the Mo 3d XPS for the-polared and pillared MgriG. There are

three main peaks visible in both samples centred at 229.8, 233.0 and 236.0 eV for
Mo,TiG and 229.7, 232.9 and 236.1 eV for MG-St400. These @aks are in good
agreement with a previous report on MBIG Mo 3d XP$® It is known that the

large peaksat around 229.8 and 233.0 eV correspond to the 3d 5/2 and 3d 3/2
electrons for the expected MXene Mo environment (@ which indicates that
Mo*" is the dominant oxidation state. This further confirms the successful synthesis
of Mo;TiG, and the preservadn of the MXene structure after pillaring and
calcination. The small peak at 236.0 eV corresponds to surface Mo oxide, Blo

3/2 electrons) showing that like titanimibased MXenes, Ma@iG also undergoes
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some slight surface oxidation either in theching process or when exposed to
ambient conditions. The M&, 3d 5/2 electrons contribute to the peak centred
around 233.0, with an expected binding energy of 232.7 eV. The presence of a small
amount of these surface oxides has also been reported prelyjoiss Mo TiG,
where HF etching was usé¥. The surface oxide peaks do not appear to grow after
pillaring and calcination, suggesting that the Ar atmosphere used in the tube furnace
was sufficient to avoid extra MXeneidation.
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Figure 511. Mo 3d XPS spectra for a) npillared Mg Ti@, and b) Sigpillared MoTiG
after calcination at 400C, MaTiG-Si400.

The XPS spectra for Ti 3d (Figure 5.12) show a similar pattern, with peaks
corresponding to both TC groupsand TiO oxide groups visible. Both the non
pillared and pillared MXenes have similar peaks at 456.1, 458.8, 461.8 and 465.0 eV
for Mo,TiG and 456.0, 459.2, 461.8 and 464.7 eV for,MG-St400. These peaks

also match those previously reported, whichosled that the peaks at around 456

eV and 461.8 eV correspond to MXeneCTbonds while the peaks around 459 and
465 eV relate to TO surface oxide$” These surface oxides likely form from the
MAX phase synthesis not being completely phase pure (so not all Ti atorbslave

the surface) or from oveetching of the MXenePeak assignments and fitting data

for Figures 5.11 and 5.12 can be found in the Appendix in Tablé6A3
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Figure 512. Ti 2p XPS spectra for a) npitlared Mg TiQ2, and b) Si@pillared MgTiG after
calcination at 400 °C, MoiG-S+400.

XPS results for the O 1s scans are shown in FlgaB This time there are some
clear differences between the nepillared and pillared Mgl'iG. The norpillared
Mo,TiG MXene looks similar to the previous reported results and shows a very
broad asymmetric peak which is comprised of a variety of coraptnas a result of
multiple oxygen containing species being present in the saffplé. component
centred aound 530.5 eV corresponds to the formation of Mo and Ti oxides, which
supports the Mo 3d and Ti 2p spectra. At 531 eV is a component corresponding to
Mo-O groups, while a peak around 532 eV reveals the presence eDIMo
termination groups. At 534 eV thens a small component which corresponds to
surfacebound HO molecules. After pillaring and calcination, there is a significant
new broad peak centred around 533.2 eV, which is a result of oxygen in silica; the
pillar. In addition, there is a substantiaéctease in the component relating t®OH
surface groups. Before pillaring tlt®H: O ratio is approximately 2:1, but decreases
significantly to 1:1 after pillaring. This shows their direct involvement in the pillaring
process, as was observed fogGipillaring in the previous chapter. Finally the Si 2p
XPS spectrum for M®iG-St400 shows a broad peak at 103.9 eV, which is consistent
with SiQ being the pilla*°
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Figure 513. XPS analysis of a) O 1s spectrum ofpidlared Mg TiGb) O 1s spectrum of the
pillared MXene M@liG-Si400 and c) SXp spectrum of the pillared MXene MIOG-Si400.
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5.2.3 Electrochemical Testing

Having confirmed that Md'iG had successfully been pillared with ithe material
was then tested as an electrode material in lithium and sodium-¢e&ll§ to
determine itspromise for Liand Naion battery applications. Its performance was
compared to the urpillared MaTIiG MXene.

5.2.3.1Lithium-ion System

Figure 5.14 shows the performance of the Aatlared and pillared Mgl'iG MXene

in Liion half cells at a currentahsity of 20 mA gin a voltage window of 0.03 V vs.

Li"/ Li. The load curve for the nepillared MaTiG looks very different to the load
curve of TG, with a linear part between 3 and 0.6 V, indicting capacitive type
behaviour in this region, and lang sloping plateau between 0.6 and 0.01 V, which
suggests a type of phase transition in this region, and a balilezycharge storage
mechanism. This matches the load curves previously reported foif i@ain Liion
battery systems, showing that¢hHCILIF etching method does ni#ad to significant
changes to the electrochemical behavidfit.The load curve on the first discharge
shows slightly different features, with short plateaus at 1.7 V and 0.7 V in addition to
the two main features previously outlined. These short plateaus do not appear on
the subsequent dischaegnor on the following discharge cycles. This suggests that
they arise from irreversible processes which are likely to result from irreversible
reactions with the MXene suréa groups and SEI formation, lzess been reported for
other MXene<>! The charge profiles show a short plateau between 1 and 1.5 V, with
linear @pacitivelike profiles outside this region.

The f' cycle discharge capacity is 344 mAh kigher than the 311 and 268 mAH g
previously reported (which used rates of 25 and 100 rifArespectively)-224¢ Of

this, 219 mAh g was recovered on subsequent charge, which compares to 269 and
134 mAh ¢ in other reports. This shows that there is a significant capacity loss on
the first cycle,with an initial coulombic efficiency of 63%. This is higher than the
majority of MXenes (480%) and sits in between the two reports so far on,MG

in Lkion systems (50% and 86%3}*°The variation in reported initial capacities and
coulombic efficiencies could be due to differing surface groups or the accessibility of
the electrode surface due to differences in electrode architecturd, ibwyet to be
studied. The electrolytes were the same in all cases. The coulombic efficiency
increases to 90% on the second cycle, argtésiter than99% after the 2% cycle. As

for previous work on low rates, there is significant capacity fade upolingyavith

125 mAh @ being retained after 100 cycles (56% compared to the second discharge
capacity). Chen et al. reported only 52 mAhhbging retained after 100 cycles, while
Anasoriet al. only ran a limited number of cycles (25) at low rat83*Overall, the

use of the HCLIF etching method gives an MXene with comparable performance to
previous works which use concentrated HF sohsio
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Anasoriet al. explained the low voltage plateau (<0.6 V) present in the load curves
being the result of a conversion reaction between ¥dogroups on lithiated

Mo, TiGO (formed by Li intercalation between 3 and 0.6 V) and further Li to give
LLO X L,O is known to be a poor electrical conductor, and it is possibi its
formation (which in transition metal oxide electrodes is often accompanied by a
large volume change) is the main cause of the capacity fade seen in these electrodes.
A pillared structure with large open pores could lead to improved cyclabilityisf th
material by providing free space for the reversible formation eDLas well as
improved access to the active sites for theituns.

The load curves for the SiQillared MXene are shown in Figure 5.14b. There are
similar features to the nospillared material, with a sloping low voltage plateau
below 0.6 V on the discharge profile, and a short plateau (albeit longer than in the
non-pillared material) in the charge profile. On the first discharge profile, the short
plateau at around 1.7 V which was pent in the norpillared material is no longer
visible which shows that this unidentified process (potentially trapping of Li ions
with surface groups) is no longer occurring. Further work is needed to identify this
process. The short plateau at around’ 0/ is still present, and slightly elongated,
implying that it is linked to the exposure of the electrode surface, and could be due
to SEI formation or another trapping process of Li ions.

The first cycle capacities are 473 and 314 mAhog the discharg and charge
respectively, which are larger for than the npillared material etched using HOF

and HF etched MAIG reported elsewhere, including the delaminated MXef&?**

This gives an initial coulombic efficiency of 66%, a slight increase compared to the
non-pillared material. The second cycle coulombic efficiency is 94% and reaches
around 99% after 18 cycles, which is also an imgment on the norpillared
MXene. Around 80% capacity is retained between tA&(216 mAh g) and 100"

(250 mAh @) cycles, compared to 54% for the-msde MaTiG. This shows that the
pillaring process has improved the capacity of ,WiG, which is likly as a result of
improved access for the Li ions to the electrode. In addition, the presence of the
pillars seems to be successfully preventing nanosheets from restacking, and provides
adequate space for the reversible formation ofQ., which results inmproved
cycling stability. This can be seen by the plateau in the load curves for the pillared
MXene clearly being more stable during cycling. Anasori et al. predicted that the
theoretical capacity of MgTiG in a Liion system is 356 mAh’g® which the 2¢
discharge capacity of 316 mAH & very close to (89% of theoretical capacity),
especially when it is considered that the pillared /Mi& contains Si@and amine
derived carbon which are included in the active mass for the specific capacity. The
theoretical calculation assumed only one layer dfwas intercéated, which would
seem to be the case here despite the large interlayer spacing of the pillared MXene,
since the discharge capacities are not larger than the theoretical values.
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It should be noted that SiChas been investigated as an electrode matefal Li
storage itself, and has been shown to have significant capacity when
nanosized*?*2?*23s is in the case here. Therefore, is it poigsthat some of the
gains in capacity could be as a result of alloying reactions involving the pillars, rather
than just improved ion access to the MXene surface. However, the load curves for
the pillared and nospillared materials have the same featurashich suggests that
there is not significant contribution here from the $iQhe MaTiG and TiG load
curves reported in the previous chapter also look very different, suggesting that the
MXenes are the active material. In addition, Sélectrodes sffer from very low
initial coulombic efficiencies (typically around-20%)>** which seems incompatible
with the improvement in coulombic efficiency reported here.
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Figure 514. Galvanostatic chargdischarge testing of M@iG samples in Lion half &lls. g
Load curves for selected cycles of Wi&. b) Load curves for selected cycles of ViG-St
400 c) Ree capability testing at 20, 50, 200, 500, 1,000 niXay 5 cycles at each rate for
the pillared (blue) and nopillared (red) samples. (One initial cycle at 20 mAwgas
conducted to ensure SEI formation, which is not shown). d) Cycling stability addta
coulombic efficiencies across 100 cycles for the pillared (blue) and 94 cycles {pitlaced
(red) samples.

Rate capability tests were then carried out at increasing rates of 20, 50, 200, 500, and
1,000 mAh g to compare the high rate performana® the materials (Figure 5.14c).
The pillared material shows improved performance at all rates, delivering discharge
capacities of 312, 281, 229, 182 and 143 mAhegpectively. When the current was
returned to 20 mA @, the capacity recovered to 292 Ag®, showing that the
electrode was not severely damaged by the high rates used. In comparison, the non
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pillared MaTiG material delivered capacities of 205, 162, 108, 79 and 59 niAdt g
the respective rates, with 172 mAH gecovered at 20 mAY

Since the pillared electrode showed significant capacity at high rates, its cycling
stability at high rates was then tested by continuous cycling at I Aftgr the rate
capability test, which corresponded to a charging time of about 8 min. Five
stabilisation cycles were given to allow the electrode to adjust to the new current,
before cycling for 500 charggischarge cycles. After 500 cycles at I Aigretained

a capacity of 108 mAh'ga capacity retention of 80% compared to tHéclcle (135
mAhg?), as shown in Figure 5.15. The average coulombic efficiency over these cycles
was 99.9%, indicating highly reversible charge storage at this rate. This shows that
after an initial stabilisation phase when beginning high rate cycling, the pillared
Mo, TiG, material is a very stable electrode which makes it very suitable for high rate
and longlife batteries. It is also worth noting that these results were obtained with a
mass loading of 3.2 mg & higher than many reports on high rate electrode
materiak. For example, M@ MXene had an exceptional high rate performance of
250 mAh ¢' at a rate of 5 A g, but the mass loading was only 0.9 mgTim this
case’®’ These results suggest it would be a promising material to devédop
lithium-ion capacitors, since it shows superior high rate capacities to graphite and a
lower voltage with comparable capacities to lithium titanate.
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Figure 515. Discharge capacity and coulombic efficiency obM@-St400 for 500 cycles at a
rate of 1 A ¢ in a voltage window of 0.03 V vs. ['f Li.

Cyclic voltammetry was then used to investigate the reactions and kinetics of the
system in more detail. Figure 5.16 shows the cyclic voltammograms for five cycles
collected at a scan rate of 0.2 n8/ between 0.033 V vs. [ Li. On the first
discharge cycle, there are redox peaks at 1.7 V, 0.7 V, 0.8 V and a large broad peak
between 0.60.01 V. This matches the plateaus observed on the first discharge on
seen in the load curves in Figure 5.14 e first charging sweep, there is a small
broad peak at around 0-Q.4 V, which shows that there is some reversibility for the
process occurring below 0.6 V on the discharge. There is a further broad redox peak
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at around 1.3 V, which matches the shotaggau seen on the load curve and could
be the reversal of the 0.8 V discharge process. A redox peak %tid &so visible on
the first charge, with very little offset compared to the corresponding discharge
peak, suggsting that the 1.7 V processreversible.

On the 295" cycles, the discharge peak at 0.7 V is no longer visible, confirming that
this results from an irreversible process which contributes to the initial capacity loss
on the first cycle. In addition, the peak at 1V7is much lower inintensity in the
subsequent cycles, which also links this to a partially irreversible process. The other
features of the first cycle CV plots are still present in further cycles, showing good
reversibility, although the peak between 60601 V sees a siditant decrease in
current, which matches the capacity loss observed in the galvanostatic charge
discharge testing. As discussed previously, this is likely to be from a combination of
SEI formation, Lirapping, and poor reversibility of A0 formation.

The CV plots show that current is produced across the entire voltage range studied,
suggesting a capacitive contribution to the charge storage, with the area between

0.6-3 V being fairly rectangular in shape. In addition, it can clearly be seen that the
majority of the discharge current occurs below 0.6 V, which matches well with the

load curves in Figure 5.14.
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Figure 516. Cyclic Voltammograms for the a) npillared and b) pillared Md@iG MXene
materials. In both cases scan rates of 0.2 MWere usd in a voltage window of 0.63 V
vs. LV Li. The first five cycles are shown.

For the pillared Mgl'iG MXene, the shape of CV curves look very similar to the non
pillared material. The first discharge cycle has a small irreversible peak at 1.6 V,
whichis significantly reduced compared to the npitlared MXene, and matches the
corresponding plateau on the load curves. This partially explains the improved
coulombic efficiency in the pillared material; this irreversible process is significantly
reduced dter pillaring, which suggests the process could be linked to the trapping of
Li" ions. A second irreversible peak can be seen at 0.7 V, and there is a large peak
between 0.50.01 V which is significantly reduced in intensity on the following cycles,
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matching what was seen for the nepillared material. On the chargirgycles, there

is a broad peak at 1.3 V, which is more distinctive than the corresponding peak in the
non-pillared MXene. This matches what was observed in the load curves, and
suggests that e reversibility of this process was improved by pillaring. The
corresponding discharge peak can be distinguished at 0.8 V on cyBlelsu? was
obscured by the irreversible 0.6 V peak on the first discharge. Cyd&ear@ very
stable, and even the 0:8.01 V discharge peak shows very little fade, which matches
the improved capacity retention observed in the galvanostatic chdigeharge
testing. In contrast to the nopillared material, there is no noticeable peak at
around 1.7 V after the first dischge sweep, suggesting that this process no longer
occurs in the pillared MXene. This could be analogous to the loss of high voltage
redox peaks seen in the pillarecs@i experiments, but further work isieeded to
identify the origin of the redox peaks heréAnasori et al. proposed that the
intercalation of Li into MgTiG should occur mostly around 1.6 V vs/ Li, so the

loss of this peak is likely to be the result of a change in the intercalation process as a
result of the increase in interlayer spacjngossibly relating to differences in the
solvation/ desolvation of Li iort§°

Overall these CV redox peaks match well with the galvanostatic charge discharge
testing, with the pillared material showing improved reversibility which explains its
superior cycling stability. However, further work is required to identify $pecific
processes leading to each redox peak. Finally, the fact that the CV plots for the
pillared and norpillared material show very similar features suggest that the
electrochemistry is the same in both cases; i.e. the majority of the current comes
from the M@ TiG MXene, rather from the Siillars being redox active. In addition,
both CV curves match the previous report by Anasori et alMisTiG; in a lithium

ion system® and the Si@pillared TiG; in Chapter 4 looked very different, which
further supports the MXene being the redox active component. However, the
majority of current from a Si{electrode would be expected to occur below 1 V, and
the low voltage peak in the M®iG CV plots does change slightly after pillaring
(becomes sharper with less contribution at higher voltages), so a small SiO
contribution cannot be completely ruled out.

To investigate the kinetics of the system in more detail, the cells were then cycled at
increasing scan rates of 0.5, 2 and 5 M\(Rgure 5.17). The pillared material shows
similar shaped CV plots at all rates, suggesteasonably fast kinetics of the system,
though there are small changes as the rate increases. The discharge peak at around
0.8 V broadens and becomes more prominent at higher rates, although there is
almost no shift (around 50 mV) in the peak positidine broad discharge peak
between 0.60.01 V sharpens as the rate increases, with a lower contribution of
current at the higher voltage side of the peak. On the charging sweeps, the 0.1 V
peak shifts the higher voltages (around 0.5 V at a scan rate of 5 )nVWhoving it
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considerably closer to the 1.2 V peak. The rectangular part of the plot at voltages
above 2 V seems to distort, with a possible broad peak now distinguishable centred
around 1.5 V at 5 mV's
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Figure 517. Cyclic voltammograms for the apn-pillared and b) pillared Md@iG MXene
materials. In both cases increasing scan rates of 0.2, 0.5, 2 and 5" m¥fe used in a
voltage window of 0.0B V vs. [ Li.

The CV plots for the pillared MBiG MXene show more significant changes at leigh
scan rates, with the overall shape of the plot becoming much more rectangular at 5
mV s, indicative of an increased contribution of capacitive processes to the charge
storage. This could explain the improved rate capability (Figure 5.14c) of thegbilla
MXene compared to asiade MaTiG MXene. The pillared material has an increased
interlayer spacing and specific surface area, which allows for fastembLinigration

and therefore increased capacitive charge storage compared to thepiilamned

MXen& GKAOK R2SayQid KI@S (GKAa&a KA3IK NIFGS

(discharge) and 1.3 V (charge) are however still present at 5malteough they are
significantly broader than at lower scan rates. The sharper peak betweed.@L5V

is also #ll clearly present. This shows that these peaks originate from fast redox
processes, which further explains the high rate performance, and shows that, as for
the nonwpillared material, there is a mixture of mechanisms contributing to the
charge storage.

As has been previously discussed, plotting the log of the current against the log of
the scan rate gives a straight line with a gradientooMWhenb = 0.5, the current
derives solely from batterike diffusion limited faradic processes, whereds\zalue

of 1 indicates a purely surface controlled capacitive reaction (either
pseudocapacitance or EDL capacitance). A value in between these end points
indicates to a charge storage mechanism which is a mix of difflisnoied and
surfacelimited processes. Wen this analysis is carried out at different voltages, the
relative contribution of these processes can be studied across the voltage window on
the charge and discharge sweeps.
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Figure 5.18 shows plots of thevalues against the voltage for the pillaradd non
pillared MaTiG. In both cases there is significant variation in thealue across the
voltage range covered. For the npillared MXene, the current at 3 V at the start of

the lithiation (discharge) sweep givesbavalue of 0.84, which suggests mixed
charge storage mechanism is contributions from both diffudionted (batterylike)

and surfacecontrolled (capacitive) processes, but with the majority of the current
originating from capacitivdike processes at this voltage. At 2 V, tbhealue
decreases to 0.62, showing that at this voltage a diffudiioited batterylike
process occurs, which matches with the small broad redox peak at 1.8 V (Figure
5.16). At 1 V theb-value increases again to 0.88, showing capacitive processes
contribute mosty to the current again, which matches the CV shape at this voltage.
At 0.5 and 0.01 V the-values decrease to 0.64 and 0.68 showing the batliéey
diffusion limited processes dominate at these voltages, which corresponds to the
large peak observed irhé CV plot below 0.6 V (likely to result from a conversion
reaction to form LJO). On the delithiation (charging) sweep, twalues increase to

0.80 and 0.82, showing that the reverse of theOLformation is mostly surfaee
controlled, with less diffusio limitation compared to the k® formation. Theb-
values at 2 and 3 V closely match those on the lithiation sweep (0.61 and 0.84
respectively), corresponding to the reverse of the discharge processes. These values
also match the shape of the CV plots watihedox peak at 1.9 V and no peak at 3 V.

For the Si@pillared MaTiG MXene the initiab-value at 3 V is 0.86, slightly larger
than the nonpillared material (0.84). At 2 V the pillared MXene showsvalue of

0.83, which is significantly larger théme nonpillared material (0.62), showing that

the current here a predominantly from surfacentrolled processes. This matches

the CV plots, since the small 1.8 V redox peak present in thepilaned MXene is

not observed for the pillared material. At\4, theb-value is 0.83, similar to the nen
pillared material (0.88), suggesting similar processes occur here. As was seen for the
non-pillared material, theb-values at 0.5 and 0.01 V decrease to 0.74 and 0.56
respectively, which matches the large redeeag at 0.50.01 V on the CV plot. The
value of 0.56 shows the vast majority of the current here originates from balilexy
processes, which suggests that pillaring aids the conversion reaction, which explains
the increased capacity shown by this materi@h the charging sweeps, tlhevalues

at 0.5 and 1 V remain low (0.65 for both voltages), which are on the edge of the very
broad CV peak which centres on 1.5 V (Figure 5.16). This likely corresponds to the
reverse of the LO conversion reaction, and s theb-values are much lower than

for the nonpillared material at these voltages, implies that the reversibility of this
reaction has significantly increased, causing the increased contribution from battery
like diffusionlimited processes. At 2 and 3 tfie b-values (0.83 and 0.86) are
identical to the discharge values, showing a return to mostly capacitive processes, as
implied by the CV curves.
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Figure 518. Plot of b-values against voltage vs./Lii. a) NorPillared M@TiG b) Pillared
Mo,TiG.

Ex-situ XPS analysis was then carried out to investigate the proposed mechanism of
reversible O formation in M@TiG, which had not been experimentally studied so
far. Mo;TiG-St400 electrodes were extracted from cells which were at OCV,
discharged to @1 V and charged to 3 V, washed with DMC and dried under vacuum
in the antechamber of the argon filled glovebox before sealing the vial and posting
for measurements. The O 1s results are shown in Figure WHife data on the peak
fittings can be foundn the appendix, Table A.At OCV there is just one broad peak
visible, which is centred on 532 eV. Deconvolution reveals that there are two main
components to this peak at 531.7 eV (assigned as organic carbonate oxygen) and
530.6 eV (which matches the Mox environment found in the powdered samples in
Figure 5.13). This implies that electrolyte remains in the material, since oxygen in an
organic environment such as the carbondiased electrolyte solvents used here is
known to give a broad peak centering 632 e\?>> and SEI formation would not be
expected without applying current. There is little change in these two peaks upon
charging and discharging, with the shifts varying less than 0.2 eV for both
environments at all statesf-charge. However, the spectrum for the electrode
discharged to 0.01 V shows a new peak at 528.6 eV, which matches well,®ifA’Li
Upon charging to 3 V, this peak disappears, confirming thé isiindeed reversibly
formed and removed upon lithiation @tharging) and delithiationclarging)
respectively.

156



° ) : g :trionate b) "l.h‘“
i Lﬂfé"e ;ﬂ \q“ ocv
_— M iy M‘VA‘?!A‘\{A'RVA

Intensity / a.u.

AN 3V

i CA s A AARA

534 532 530 528 106 104 102 100 98 96
Binding Energy / eV Binding Energy / eV

Figure 519. Exsitu XPS of Sipillared Mg TiG. a) Exsitu O 1s XPS of MEG-Si400 at OCV
(top), after discharge to 0.01 V (middle) and after charging to 3 V (bottom).-&JUERi 2p
XPS of MgTiG-Si at OCV (top), after discharging to 0.01 V (middle) and aftegicty to 3 V
(bottom).

XPS results for Si 2p are shown in Figure,5ui® peak fitting data in Table A.8 in
the appendix It can be seen that the Si peak has shifted from 103.9 eV in the
synthesised pillared MXene to 100.9 eV in the OCV electroderedsen for this
shift is unclear, since Si@oes not spontaneously react with Li ions, and was for
many years thought to be inactive foribn battery application$*>**!Potentially, it
could result from interactions between the Si pillars and the organic electrolyte,
which the O 1s spectra suggest rangin the sample. A similar binding energy was
also observed for the pillared s, material in the Naon system in Chapter 4.
Interestingly, there is no shift in the Si 2p peak for the electrode discharged to 0.01 V,
suggesting that the S not contibuting to the charge stored here. In addition, no
peaks relating to metallic Si (99.5 eV) g6Lalloys46.0cdh T ® oareDhsérved. This

is significant because the expected lithiated mechanism of Bithased on the
Reactions 5.5.4 245242

ALT + 4¢ + SiIQM D 6 Reaction 5.2
ALT + A€ + 2SiQM S + Si Reaction 5.3
Si+xli+ x€T  [Sh Reaction 5.4
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Reactions 5.2 and 5.3 are considered irreversible, giving ék@trodes low initial
coulombic efficiencies, and form metallic Si which then asttha lithiation host via

the formation of LiSi. Reaction 5.2 could give an alternative explanation for the
formation of LiO other than reaction with the M® groups. However, since neither

Si nor LESi is detected in the XPS, these are unlikely to leel#i© source here. In
addition, Reaction 5.2 is expected to be irreversible, s0 Ishould remain in the
structure upon charging, which is not the case here. Recently, alternative reactions
have been proposed, as shown in Reactions 5.5 ant'.6.

ALV + 4€ + 5SiQT  H Bbls + Si Reaction 5.5
ALV + 4 + 3SiIQT  HBI® + Si Reaction 5.6

These reactions have recently been proposed as alternative reversibiatitn
pathways via the formation of lithium silicates as Li is inserted into thesRi@ture,

and give an alternative mechanism for charge storage ia\8itBout the formation

of LiSi alloys. However, these reactions also result in the formatiomeggllic Si,
which has not been detected in the XPS results presented in Figure 5.19. Therefore it
seems unlikely that the SjQpillars are contributing significantly to the charge
storage of the pillared MXene, although further characterisation such astun
XANES and / or NMR could provide more insight into the charge storage mechanism.
These would overcome some of the limitations ofsetxi XPS such as the available
time for charge/ discharge products to relax between cycling and measurement and
the suface nature of XPS, which may be affecting the results presented here.
Nevertheless, due to the limited shift in the Si 2p peak after discharge and charge
and the lack of Si or,Si species being present, no evidence has been found so far to
support eletrochemical activity from the Sypillars. If the Si@pillars are in fact
active, the currently accepted irreversibility of Reaction 5.2Qformation) would

not appear to stand here. Therefore, MGG is the likely source of the A0
detected, suppding the previously reported mechanism for this MXene.

Overall the analysis shown in this section suggests that the effect of pillaring-is two
fold. Firstly, it allows increased contribution to the capacity from th® lconversion
reaction (likely due tdncreased access to the MXene surface for thddns), and
improves its reversibility (due to free spaceQ.ito form and be held in without
damaging the overall structure). Secondly, at voltages where the conversion reaction
does not occur, the contriltion of capacitive current is greater for the pillared than
non-pillared MXene, which can be explained by a reduction in the diffusion limitation
arising from the increased interlayer spacing. These results help explain the
increased capacity, rate capéty and cycling stability of the pillared MBG
compared to the norpillared material.
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5.2.3.2 Sodiurrion System

Following the promising performance of the MaG MXene in a Lion system the
non-pillared and pillared materials were then tested as-ibia electrodes to
investigate their behaviour in this system, which has not previously been reported.

Figure 5.20 shows the load curves and cycling stability results from galvanostatic
testing in a Ndon halfcell at a rate of 20 mA'gn a voltage windw of 0.013 V vs.

Na'/ Na. In both cases the load curves show very similar shapes, although the
pillared material has a smoother load curve. There is little capacity between 3 and
0.8 V, and the voltage decreases rapidly across this range. Between 0B0dny

the load curves enter a different region, with the majority of the capacity occurring
here. The load curve for the pillared material is slightly smoother than the non
pillared MXene, which shows more abrupt changes in gradient as the voltage drops.
However neither material shows significant plateaus (apart from on the first
discharge cycle, where a sloping plateau between 0.8 to 0.5 V can be observed,
which likely relates to SEI formation). This suggests that the charge storage
mechanism is more cagitive based than for the {gon system, at least without
major phase changes. Whilst the majority of the discharge capacity for both systems
occurs at low voltages, the-tystem shows distinctive plateau features on both
charge (1.2 V) and discharged0.01 V) which are not present in the i system,
suggesting different charge storage mechanisms.

The pillared MXene shows significantly improved performance compared to the as
etched MaTiG, with a second cycle discharge capacity of 109 niAbognpared to

74 mAh ¢ for the nonpillared material. By the 8bcycle, the norpillared MXene
had retained a capacity of just 48 mAHh 5% capacity retention) compared to 82
mAh ¢ for the pillared MXene (75% capacity retention). Both materials showed
significant capacity loss between thé'and 2 cycles, with the pillared MdiIG
demonstrating a T cycle discharge capacity of 205 mAh and the nonpillared
Mo,TiG giving a ¥ cycle capacity of 151 mAh'gThese capacities are significantly
lower than the capacities obtained for the -ion system, and the 3@-based
materials in the same N@n system reported in the previous chapter. However,
both materials do reversibly store Néons in a voltage window suitable for the
negative electrode of dlaion battery.
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Figure 520. Galvanostatic chargdischarge testing of M@ iG samples in Ndon half cells at
20 mA ¢ in a voltage window of 0.03 V vs. N4 Na. a) Load curves for selected cycles of
Mo,TiG. b) Load curves for selected cycles of JViG-Si400. ¢) Cycling stability data and
coulombic efficiencies across 80 cycles for the pillared (blue) angbilared (red) samples.

The pillared MgTiG showed an initial coulombic efficiency of 49%, slightly higher
than the nonpillared material 41%). In both cases this is significantly lower than the
values for the Lion system. The coulombic efficiency then rapidly increased for the
pillared material reaching 96% on th& dycle (compared to 89% for the nqillared
MXene) and achieving 99% dhe 23¢ cycle. In contrast, the highest coulombic
efficiency for the norpillared MaTiG was 98%. The superior coulombic efficiency of
the pillared material compared to the nepillared MXene is further confirmed by
the average coulombic efficienciestbeen the 2 and 83" cycle of 99% and 95%
respectively. This suggests that the pillaring has aided in preventing the trapping of
Na' between intercalation and déntercalation.

Rate capabiltyests were then carried out at increasing rates of 20, 50, 500 and
1,000 mAh g (Figure 5.21). The pillared material shows superior perfcormance at all
rates tested, with discharge capacities of 103, 88, 66, 52 and 40 thAgspectively,
compared to capacities of 70, 42, 29, 23 and 18 mAHmaddition, wien the rate
returns to 20 mA g the capacity recovers to 95 mAH gshowing that the structure

is not damaged by the high rate cycling. For comparison, thepiltared MXene
only recovers to 50 mAh“gon the change to 20 mA™g This shows that as fdhe
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other pillared MXene results in this thesis, the pillars do not hinder the ion transport,
which is in fact enhanced due to the enlarged interlayer spacing. Interestingly, the
capacity for the Sigpillared MaTiG at 1 A ¢ (40 mAh &) is higher tharthe one

that was obtained for the Sipillared TG, material in the previous chapter (30
mAh g'), which could be due to a lower concentration of Silars in the sample

(3.2 wt.% compared to 6.3 wt.% occording to the EDS results), resulting in less
blocking from the pillars. Alternatively, this could be as a result of the diffusion
barriers of the MXene materials themselves.
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Figure 521. Rate capability testing at 20, 50, 200, 500, 1,000 mAogfive cycles at each
rate for the pillared (blupand nonpillared (red) samples. (One initial cycle at 20 ritAvgs
conducted to ensure SEI formation, which is not shown).

These resultddemonstrate that the pillared MXene shows significantly improved
performance compared to the nepillared material, but the charge storage
mechanism in a Nen systems appears to be different to the behaviour in the Li
system. In their computational study, Anasori et al. reported that the conversion
reaction which contributes significant capacity at low voltages-orLsystems (up

to 200 mAh &) does not occur in Nin systems ° The conversion reaction has two
main effects; it increases the capacity of the electrode but lowers the cycling stabilty.
Since M@TiG has significanyl lower capacities but increased stability in the-iNa
electrolyte compared to the tion system, even when pillared, these results seem to
support the computational study by Anasori et al. This suggests that Na
intercalation/ deintercalation is the maj source of capacity in Nan systems for
Mo,TiG. It is worth noting that Anasori et al. also claimed tiatsystemsshould
behavethe same as N but Mg* and Af* should show similar behaviour to'land
undergo a viable conversion reaction to gaitra capacity® This suggests that the
pillared M@ TiG MXene cou be promising for these battery systems.
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Cyclc voltammetry studies were thencarried out to further invesgate the
electrochenical behaviour. Figure 5.22 shows that the fitared Mg TiG material

has a narrow rectangular CV plot between the volagé 0.8 and 3 V, suggsting a
capacitivelike charge storage mechanism in this voltage range which matches the
load curves (Figure 5.20). On th& discharge sweep, there istxoad peak which
centres on0.4 Vwhich does not appear on the charging sweeml as significantly
reduced on subsequent cycles, whichlikely to correspondto SEI formatiorand
matches the shorplateauobserved on the % discharge on the load curve (Figure
5.20) On the first charge sweep there is a broad peak between 0.01 a®dv)
before the rectangular region mentioned earlier begins. On the second discharge
sweep, there is a very broad peak centred around 0.5 V which continues to the cut
off voltage (0.01 V). On thé%charge sweep, there is a relatively sharp peak at 0.1 V
which is followed by a very broad peak to 0.8V. These peaks likely correspond to the
intercalation (discharge) and deintercalation (charge) of Mms between the
Mo,TiG. As was observed for the load curves, whilst there is some capacity across
the whoke voltage window studied, the majority of the charge storage reactions
occur below 0.8 V.
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Figure 522. Cyclic voltammograms collected at a scan rate of 0.2 TN & voltage window
between 0.033 V vs. N& Na for a) the norpillared Mg TiG and b) pllared Mg TiG-S#400.

The pillared material has a similar shaped CV curve to thepillamned MXene, but

there are a few differences. For example, on the first discharge, there is an extra
irreversible redox peak at 1.8 V, which was not present on thepilbared material.

This suggests an extra, unidentified process occurs on the first discharge for the
pillared MaTiG. On the second charge, the redox peak at 0.2 V on thepilared
material is not present for the pillared MXene, suggesting thatghi€ess no longer
occurs. This could be linked to the enlarged interlayer spacing as was discussed in the
previous chapter for pillared ;. The other CV features are seen in both pillared
and nonpillared MXenes, suggesting similar overall electrocleahbehaviour.

To probe the kinetics of the systef@\s were collected at increasing sweep rafe
0.5, 2 and 5 mVs(Figure 5.23). The general shape of the CV plots is maintained at
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all rates, though the discharge peak at 0.5 V broadens and appzatsft to lower
voltages, with the CV plot collected at 5 mVfeaturing a main discharge peak at
0.01-0.3 V (however a small shoulder at 0.6 V can be seen). The charging peak
corresponding to the reverse of this process shifts from 0.1 V at 0.2'r/Gs5 V at

5 mV §. The capacitive region between 0.8 and 3 V remains the same at all rates.
For the pillared material, there is also a broadening and shifting of the redox peaks to
higher voltages. The CV at 5 mVHas a much more rectangular shaper@ss the
entire voltage range, suggesting increased capacitive contribution at this scan rate,
which is likely to be a result of the higher surface area in the pillared material. This
would explain the superior rate performance of the pillared MXene caegbéo the
non-pillared MaTiG.
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Figure 523. Cyclic voltammograms collected at increasing scan rates of 0.2, 0.5, 2 and 5 mV
s*in a voltage window of 0.03 V vs. N& Na for a)the nonpillared MgTiG and b) pillared
Mo, TiG-SH00.

The CV data wathen used to carry out thé-valuevoltage analysispreviously
discussed (Figure 5.24). As has been observed for the other MXene studies in this
thesis, the charge storage mechanism has contributions from surtaae diffusion

limited processes at all tages studies.

For the Si@pillared material, theb-values are generbislightly larger than the non
pillared material, but a similar pattern of increased surftingted (capacitive)
current at high voltages and increased contribution from diffudionited (battery
like) processes at lower voltages is still followed. At 3 Vptialue was 0.85, slightly
larger than the norpillared material (0.81) showing that even more of the current is
capacitivelike at the voltage. At 2 V, the proportion of disfonlimited current is
greater than the surfaceontrolled current, as shown by lbvalue of 0.72. This
corresponds to a redox peak observed in the CV plots, which is not clearly visible for
the non-pillared material (Figure 5.24), which had-a&alue of0.79 at 2 V. At 1 V, the
pillared material had ab-value of 0.87, showing that current is predominately
surfacecontrolled, which is in contrast to the neuillared material where theb-
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value was 0.62, showing very different behaviour at this voltage..@t ¥, theb-

value was 0.73 (0.74 for the ngnillared MXene), showing a diffusidimited
battery-like process now contributes the majority of the current. On desodiation, the
b-values are 0.89, 0.88 and 0.88 at 1, 2 and 3 V respectively, showing that the
majority of the current is surfaceontrolled, which matches the rectangular shaped
CV plot in this region. Thekevalues are all higher than the corresponding values for
the nonpillared material (0.87, 0.79, 0.79 respectively).
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Figure 524. Plot ofb-values against voltage vs. Wala. a) Norpillared Mo, TiG, b) pillared-
Mo, TiG.

This shows thatas for other systemshe majority of the currentoriginatesfrom
capacitivelike processes at higher voltages while the proportion of battegy
diffusion limited processes increases at lower voltafsboth the pillared and non
pillared MaTiG in the Naion system The enlarged interlayer spacing and higher
surface area causes an increase in the proportion of current from capaliiive
processes, & was implied from the more rectangular shape of the high rate CV
(Figure 5.23). This helps explain the superior rate performance of the pillared
material.

Theb-values for M@TiG in the Naion system are higher than in the-ibn system,
which is espeaily apparent at 0.01 V (Sipillared MaTiG has ab-value of 0.73 in
the Naion system, but 0.56 in the-lon system). This supports work by Anasori et
al., which predicted that the conversion reaction to formp,8aloes not occur for Na,
with the charg storage instead relying on Néntercalation adsorption on the
MXene surface'®which also explains the substantially lower capacities obtained for
the Naion system.
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5.3 Conclusions

This chapter has shown that the HGF method, which avoids the direct handlioig
concentrated HF solutions, can be applied to ,MAIG to synthesie Mo,TiG,
although two etching steps wereequired to achieve this, and the reaction times
(nine days) were much longer than the reported HF method (two days).

In addition, the aminessisted pillaring method developed for;&Gi MXene n
Chapter 4 can be applied directly to the Mased MXene MdiG. As was seen for

the TgG MXene, this leads to a large increase in interlayer spacing, witepscing

of 4.2 nm achieved. This corresponds to a gallery height of around 3 nm, which is by
far the largest for a Mdnased MXene, and larger than any reports found for other
Mo-based layered materials such as Mo%his suggests that the amhuassisted
silica pillaring method could be applied to a wide range of MXenes, and perhaps
other layered naterials, so long as there are sufficiegf®H groups present on the
surface to bind to the amine. Switching from Ti to Mo on the surface seemed to have
little effect on the pillaring process, with similar interlayer distances obtained both
before and aftercalcination for the two MXene compositions. This led to the creation
of a new porous material based on Mo surface chemistry, which has very different
properties, including electrochemically, than thegGiMXene.

When tested as the negative electrode anlithiumrion battery, the nomrpillared
material had comparable performance to previous reports on, M@ electrodes,
showing that te HCILIF etching method does ngroduce an MXene with inferior
electrochemical properties. The pillared material showsidnificantly improved
electrochemical performance, reaching capacities of up to 316 MA@ of the
reported theoretical capacity based on one layer dfihiercalatingfollowed by a
second lithiation layer undergoing a conversion reagtiowhich isthe highest
capacity reported so far for M@iG. Since the gallery height in the pillared MXene
was 0.75 nm, much larger than fouf idns (0.7 A each), these results imply that the
intercalation of multiple layers of Limay not occur for MgrliG, and that the
reported theoretical capacity of 356 mAR' gnay be a realistic value. As had been
seen in the previous chapter, the pillaring process not only increases the capacity of
the MXene, but also the cycling stability (possibly by providing free spacthd
reversible formation of kO without allowing layers to restack) and rate capability
(since the enlarged interlayer spacing aids thedlffusion to the MXene active site.
The pillared material showed high coulombic efficiency (99.9%) and gooditgtab
even at a high rate of 1 A'da charging time ofess thar8 min) returning 80% of an
initial capacity of 135 mAhgafter 500 cycles, which suggests it is a promising
material to develop for Lion capacitor applications. The reversible formatafri;O
during cycling was confirmed by-siku XPS studies, which also sugges&@ does
not undergo significant redox activity during cycling.
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In a Naion system the capacitiesf the nonpillared and pillared Mgl'iG MXene
were both much lower thatdr the Liion system, which could be explained by the
charge storage mechanism utilising only *Natercalation with no conversion
reaction occurring. Nevertheless, the pillared material had superior performance
compared to the norpillared MXene, deliveng reversible capacities up to 168Ah

gt and 40 mAh g even at 1 A §, over twice that of the nompillared MXene,
showing that even here pillaring led to substantial performance improvement.
However, the performance is still low compared to that of ettNaion negative
electrodes, including the Si@illared TiG, MXene reported in the previous chapter.
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Chapter Six

MXenes in ZnAon systems
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6.1 Introduction

This chapter reports on results obtained from studies into MXenes fori@amc
capadtor systems. As prevusly mentioned, there are widpread concerns about

the safety and cost of lithiuAon batteries, with worries about dendrite formation

on the negative electrode and the flammability of the organic electrolyte G3&d.
Consequently, there is an increasing focus on safer, cheaper alternative-ioretal
systems based on cheaper cations whaslk more evenly distributed onalgh. As

well asthe sodiumbased systems reported in previous chapters, ziygtesns are
gaining significant intere$t>?° Zinc is relvely widespread in nature, has a large
theoretical capacitgreater than800 mAh ) and a low potential-0.76 vs. standard
hydrogen electrode (SHEJ):%*® This potential is within the stable voltage window
for water, making zinc metal compatible with aqueous electrolytes, unlike most
elements under consideration for rechargeable energy storage systeAgueous
electrolytes are inherently noflammable, which gives them significant safety
advantages over systems based on organic electrolytes. However, aqueous
electrolytes have reduced voltage windows compareaiganic electrolytes, due to

the hydrogen and oxygen evolution reacticfi€>® This gives a thermodynamically
stable window of 1.23 V, which limits considerably the energy density of agueous
systems and makes theeed to find high energy density electrode materials an
urgent priority.

Zinc is already widely used in primary (rechargeable) batteries, but commercial
rechargeable systems have not yet been realised. This is in part because zinc metal
forms dendries when used with certain electrolytes, making the systems-non
rechargeable in the lorterm. However, it is now known that in some neutral and
mildly acidic aqueous electrolytes (pH 4 to 6), such a®/0zinc sulphate (ZnSPin

water, zinc can be revsibly cycled for long duration times without losing significant
capacity®

One difficulty has been that the smaller Zn ion size (0.67 A) hoba2ge give rise to
poor diffusion kinetics, which has limited the range of available materials. In
addition, the materials need to contain multivalent transition metals to allow them
to be redox active with Zn. Despite numerous studies on 2D materials in other-metal
ion systems, there have been few reports on the use of 2D materials iFioninc
systems so far, ando reports on the usef MXenesfor Zn storage despite their
promising activity in other multivalent systerfy§?3159.260

Since BG is the most widely studied MXendt was chosento study the
electrochemical viability of MXenes in-km systems.tlwasdiscovered that G is
active towards the reversible insertion/removal of Zn ions, showing promising
reversible capacities and good capacity retention upon cycling. In addition,péesim
one-step insitu pillaring approach in which a surfactant pillar (CTAB) was dissolved in

168



the electrolyte and intercalated into the MXene within the cglis developedThis
increased the interlayer spacing leading to improved electrochemical perfarejan
without the use of more timing consuming pillaring methods such as those
developed in previous chapters.

The charge storage mechanism was studied using CV and a varietysatl ex
characterisation techniques. CV studies revealed that the charge st@egurs via a
combination of surfacdimited and diffusiodimited processes, with a significant
contribution from capacitive processes.-&itu EDS results revealed that*Zis the
charge carrier, shown by an increase in Zn content upon discharge dextease in
content upon charge. Esitu XRD shows that there are no major phase changes
during cycling, and that the 4situ pillaring technique prevents changes in the
interlayer spacing that otherwise occur. -Bftu Raman spectroscopy revealed
reversibe changes in vibrations corresponding to theOTitermination groups,
demonstrating that Zn reversibly binds toetde sites upon discharge andésnoved
upon charge. This implied a change in the Ti valence state upon cycling, which was
confirmed by essitu XPS studies, where a reversible shift in the Ti oxidation state
was observed.

For comparison, some esitu pillaring methods using CTAB and the anassisted
silica pillaring technique developed in the previous chapters are also stulied.
addition, having established that 3@ is promising as a reversible zimn host,
Mo,TiG was also tested to investigate the viability of Mased MXenes in Zn
systemsFinally, TiG was also tested in an organic electrolyte, with a wider voltage
window than the ageous electrolyte, to investigate if this would lead to a system
with a higher energy density.

6.2 TG in AQueousZnHectrolyte
6.2.1SynthesisPillaring and Characterisation

PXRD data shows that thesGi MXene was successfully etched from the parent

TAIG MAX phase (Figure 6.1). This is indicated by the loss of typuf&GTi

diffraction peaks and the shift of the (002) diffraction peak to lower angles (from 9.6

G2 ydmc H 03X gKAOK O2NNBalLRyRa G2 GKS Ay
of the Al layer, as seen in previous chapters. SEM analysis confirms that the layered
structure of the MXene is retained after etching (Figure 6.2), in agreement with
previous report$o4
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Figure 61. XRD comparison of a) the commercialAli, MAX phase precursor and b) the
etched TG MXene.

The morphology looks denser and less opeantim previous chapters, which is likely
to be a result of differences in the starting MAX phase material used in the different
chapters. In this case a commerciadATG powder (Y Carbon Ltd.) was used. SEM
EDS results show that only 0.2 wt.% of Al iBsspnt in the MXene, confirming the
selective etching and transformation fromsAIG to TG, (Figure 6.2). EDS results
also show that the 3G contains the typical terminal elements O (11 wt.%), F (6
wt.%) and CI (2.5 wt.%) which bind to the Ti layeirduthe etching process.
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Figure 62. SEM and EDS analysis of theetabied nonpillared TiG MXene. a) SEM

micrograph of &G, b) EDS results of ;3. The dashed box indicates the area the EDS
spectrum was collected over.
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Two sets of CTAB pillaringperiments were then carried out for investigation in the
Znrion system. An ksitu pillaring method was developed whereby a small amount of
CTAB was dissolved in the 0.1 M Zn8l@ctrolyte, which was used as the active
electrolyte during cell assembly it the hypothesis of CTAntercalating as a pillar
within the cell by the end of the first discharge. Such a process would avoid the
multiple intercalation and separation steps needed in standard pillaring techniques,
such as those described in previatigpter and the previously reported &xtu CTAB
pillaring method described below. This process is shown schematically in Figure 6.3.
This material is referred to as the-situ pillared material for the remainder of the

thesis.
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Figure 63. Schematic illstrating the insitu pillaring process.

To help understand the igitu pillared material and as a comparison, anrseM
pillared MXene sample was also usétereCTAB was prmtercalated into TG

based on the method reported by Luo et?& Briefly, 200 mg of &, were dispersed

in a solution of DI water (30 ml) and CTAB (100 mg). The dispersion was stirred for 24
h at 40 °C. The pillared MXene was then recovered by vacuum filtration and dried at
60 °C overnight. This referred to as the esitu or prepillared material.

The XRD data for the-gitu pillared sample is shown in blue (Figure 6.4). There was a
further increase in the interlayer spacing as evidenced through a shift in the (002)

diffraction peak from 8u

G2 poddps H'

>

g KA OK

adza3sSada

corresponds to an increase dhspacing from 1.1 nm in the atched MXene to 1.5

nm in the insitu pillared material. Since a singlgQilayer has a reported thickness

of 0.95 nm'*the pore space between the layers has increased from around 0.15 nm
to 0.55 nm (ca. 3.7 fold increase). For comparisonsipercalating CTAB via the ex

situ pillaring approach also resulted in a shift in the (002) diffractidn pe (i 2

pPde

albeit with a slighter broader peak, including at lower angles, showing that the two
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methods give a consistent interlayer spacing. A similar shift in the (006) diffraction

LIS G2 mydne H' AY 020K &l YdSpasidg of0f4% 2 & dzL
nm. The interlayer spacing obtained here is much smaller that the chain length of

CTA (2.5 nm), suggesting that the cation is intercalated at an affg[€his suggests

that the in-situ method is a viableechnique for intercalating pillars and enlarging the
interlayer spacing.

In-situ pillared
w
= =3
ﬂ.'i |
> 8
% I Ex-situ pillared
c |
o
£ [}
|
|
I E
|
5 10 15 20 25 30 35 40 45 50

20 / Degrees

Figure 6.4XRD comparison of;G pillared with CTAB using the a}situ method and b) ex

situ method. * denotes a small amount of ‘@tched TJAIG precursor remaining in &
sample. The dashed red line highlights the position of the (002) diffraction peak for both
samples.

TGA was then carried out to determine the total mass of CTAB which was
intercalated into TG using the prentercalation exsitu method. The amade
MXene and CTAB intercalated samples were run as powders in air inside the TGA,
which included DSC as well as monitoring the mass changes (Bi§ur&dhe mass
change curves are very different between the two samples. Threate MXene has

a gradual loss ahass between 25 and 20C. This is due to the loss of intercalated
water present in the samples. At temperature greater than 20Ghere is a gradual
increase in mass, which becomes a rapid increase between 370 antC53Mis is
assigned to the oxidain of the titanium in &G to titanium dioxide, which causes
the sample to take up oxygen from the air and therefore increases the mass of the
sample. Above 588C a mass loss is recorded which is due to the loss of carbon from
the MXene as this oxidisée CQ. The DSC curves matches well with these mass
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changes, with a broad peak centred around 4@ corresponding to the titanium
oxidation and a sharp peak at just under 6@corresponding to the oxidation of the
carbon layer to C9O For the CTAB intealated material, there is also a gradual mass
loss up to 200C due to the removal of intercalated water, and a gradual increase in
mass between 200 and 25C corresponding the titanium oxidation. However, above
250 °C the sample begins to lose mass,hwatseries of small steps down to a stable
mass by 700°C. This is a result of the decomposition and oxidation of CTAB
intercalated within the sample. In addition, the DSC curve shows an extra peak
compared to the agnade MXene also due to the decompositiof CTAB, further
confirming the presence of CTAB within the sample. Fi§useshows the difference

in mass between the amade MXene as the CTAB pillared MXengC{Thass¢
TG-CTAB mass). It can be seen that by ©@Owhen the mass losses levé, that

there is an 18.2% difference between the mass of the two samples. This suggests
that the CTAB pillared material contained 18.2% by mass CTAB. This mass was used
to correct the active mass used for the specific capacity results in the galvanostatic
chargedischarge tests, to allow direct comparison between the -pdlared, exsitu
pillared and irsitu pillared MXenes.
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Figure6.5. TGA and DSC studies comparing a) thepibbared TiC, asmade material and b)
the CTAB exitu pillared material. lgure c shows the difference in mass between the as
made MXene as the CTAB pillared MXengCG(massg TkG-CTAB mass).
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6.2.2Electrochemical &sting

Having established that the #itu and exsitu pillaring methods had successfully
intercalated CTABNnto the MXene electrochemical testing was carried out to
0 KS Y-lonihedtEh Sintei@wakJinteSed in & Bri
ion system, CV analysis was carried out to determine the stable voltage window for
TG in 0.1 M ZnSQusing ascan rate of 1 mVs (Figure6.6) The norpillared

AYy@Sada3alras

MXene has a fairly rectangular voltammogram up to around 1.2 V, after which the

current increases sharply. This was assigned to water splitting since the reaction was
non-reversible. No similar distodn was seen at the lower voltage eoftf of 0.01 V.
Therefore the voltage window of 0.01 V vs. Zfi/ Zn was used for further studies,
since this is well within the stable voltage window. The Cpil&@ed material does

not begin to show this distortion ntil around 1.35 V, suggesting that the pillaring
inhibits the water splitting reaction, giving this system a wider voltage window.
Nevertheless, to allow for fair comparison, the window of 810¥ was also used for

this system.
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Figure6.6. CV scanstal mV § between 0.01 V and 1.5 %. ZA" Znto determine stable
voltage window for £ in a)0.1 MZnSQand b)0.1 MZnSQwith CTAB additivéD.1 wt.%

of electrolyte)

Galvanostatic chargdischarge tests were then carried out at a rate of 20 giA
between 0.011 V on the asnade MXene, the hsitu pillared MXene with CTAB as an
electrolyte additive, and the esitu pillared CTAB containing MXene, which was
prepared as a reference to compare with thesitu pillaring method (Figure 6.7). It
canbe seen that all three samples show significant reversible capacity in théninc

Voltage / V vs. Zn*/ Zn

b) 1 50.

1.00 4

Current / mA

2.00

0.50 4
0.00 -
-0.50 4
-1.00 4
-1.50 -

Cycle 1
—— Cycle 2

0.00 025 0.50 0.75 1.00 1.25 1.50
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system with a similar sloping voltage profile. The voltage profile is nearly linear which

is consistent with a capacitive type charge storage mechanism with no major phase

changes during cycling, and is similar with those reported # T other metation

system§*8169238.251 This is further supported by the -situ XRD results (Section
6.2.3.1), which show no phase changes occur during cycling. TthadesMXene has

a 2" cycle discharge capacity of 76 mg", the prepillared material has a discharge
capacity of 61 mAhfand the insitu pillared TG, has the largest discharge capacity
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at 92 mAh g. All three materials also show large irreversible capacity losses on the
first cycle, with coulombic eaffiencies of 52%, 69% and 39% respectively on the first
cycle. This is also observed fog(iin organic Li and Na systems, where it has been
explained by the formation of a sotelectrolyte interphase (SEI) and trapping of the
charge carrying cation byreversible reaction with some surface groups on the
MXené“*®#®8 |t is unlikely that a stable SEI forms here, due to the low concentration
of electrolyte used, which means that any reduction products are likely diss8ited.
However, the formation of any irreversible reduction products would contribute to
this irreversible capacity. A more likely explanation applicable to the MXene
behavour here is irreversible Zn trapping, with the CTABpHared MXene showing

the lowest capacity loss due to the CTAB already interacting with some surface
groups, leaving them unable to react with Zn during cycling. Tkstunpillared
material shows he largest loss, since the MXene is being opened up by th&un
pillaring on the first cycle, exposing a greater proportion of freg@ Burface to the
electrolyte for irreversible Zn trapping. This initial irreversible capacity loss is further
invesigated by exsitu Raman spectroscopy and EDS (Section 6.2.3.2), where Zn
trapping is demonstrated. By the P0cycle, the coulombic efficiency had
dramatically increased to over 90% in all cases, showing that the reversibility of the
MXene electrodes incesed upon early cycling.
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Figure6.7. Galvanostatic chargdischarge testing of the 30, electrodesin 0.1 M ZnSQ a-
c) Load curves at a current density of 20 m#ofja) TiG b) the insitu pillared TG and c)
the exsitu pillaredTikG. d) Disclarge capacities ancbalombic efficienciesver 20 cycles at
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20 mA h g for the insitu, exsitu pillared and nospillared TiG materials. The capacity for
the exsitu pillared material has been corrected using the TGA results to account for the
mass ofCTAB in the sample, estimated to be 18.2 wt.%.

To further investigate the cycling performance ofCfiin the Znion system, the
materials were tested for 20 cycles. Thesitu pillared MXene again showed the best
performance, with a discharge capacity&2 mAh ¢ being retained after 20 cycles
(67% of the ¥ cycle capacity). In comparison, the-msde MXene only had a
capacity of 54 mAhjafter 20 cycles and the CTAB jpilared material showed
only 42 mAh . All three materials showed signifidacapacity loss over the 20
cycles, which is likely to be due to the degradation of the electrode and / or
irreversible reactions with the charge carrier.

Rate capability tests were carried out on thesitu pillared and nospillared MXene

to investigatethe effect of the current density on cycling performance (Figure 6.8).
The materials were cycled at 20, 50, 200, 500 and 1,000 A gan be seen that
the in-situ pillared material has the highest capacity at each rate, achieving average
capacities 0B6 mAh ¢, 59 mAh g, 52 mAh g, 38 mAh g and 27 mAh g at 20, 50,
200, 500 and 1,000 mA'gespectively. After the high rate testing, the rate was
switched back to 20 mAh™gand the capacity recovered back to 67 mAh dhis
shows that the MXeneesponds well to high rate cycling and is not damaged by fast
charging or discharging. In comparison, theneede MXene showed capacities of 61,
45, 40, 27 and 17 mAh'@t the respective rates. When the rate was returned to 20
mA g¢', the capacity recared to 56 mAh ¢, again showing that the electrode is not
damaged by high rates.
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Figure 6.8.Rate capability tests of the nepillared (TiG) and insitu pillared (TG in-situ

pillared) materials. The cells were run at increasing rates of at @it@d, 50, 200, 500 and
1,000 mA ¢.

To gain more insight into the charge storage on the-mnccell and the kinetics of
the system, cyclic voltammetry (CV) studies were carried out on theaaie MXene
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and the insitu pillared system (Figure 6.9). [Sekere first cycled at a sweep rate of
0.1 mV s for five cycles between 0.01 and 1 V before further cycling at sweep rates
of 0.5, 2 and 5 mV’s Both materials show quasectangular CV plots, but with
broad redox peaks at 0.2 V (vs.2ZrZn) on thecathodic sweep and at just above
0.01 V on the anodic sweep. In addition, an extra broad peak is observed at around
0.7 V on the cathodic sweep after the initial cycle in the-pdlared material and in

all cycles for the situ pillared material. This in contrast to the reported CV plots

of TG in other sulphate electrolytes such as3@, LySQ and NaSQ,*!#136:160.1%8
where no sharp redox peaks are observed and the plots are much more rectangular
in shape. This suggests that the MXene behaves differently in the,Zm30t does

in other SQ electrolytes, with increased redox features. Nevertheless, the gquasi
rectangular shape of I in the zineion system suggests that there is also a large
capacitive contribution to the charge storage here, which is the dominant charge
storage mechanism in these other systems. When the sweep rate is increased, the
CV plots for the amade MXene become stretched, although a good rectangular
shape is retained ad.5 mV . At the sweep rates of 2 and 5 mV, ss becomes
difficult to distinguish the 0.2 V peak. For thesitu pillared material, the CV plots
retain the quasrectangular shape across all rates studies, suggesting faster kinetics,
although slight etortions still occur. In addition, the broad cathodic peaks at 0.2 and
0.7 V are still noticeable at all rates, but have shifted to higher voltages as the rate
increases (to 0.4 and 0.95 V respectively by 5 )V s
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Figure 6.9.Cyclic voltammogram®f: a) nonpillared TiG at 0.1 mV § for five cycles))
non-pillared TkG at 0.1, 0.5, 2 and 5 mV*sc) insitu pillared TG at 0.1 mV 3§ for two
cycles (Onlytwo cycles were run due to time constraints on the equipmenl) in-situ
pillared TiG at 0.1, 0.5, 2 and 5 mV*s

As previously described (Section 3.2.3.13), there are three main charge storage
mechanisms found in electrochemical energy storage devices: faradaic diffusion
limited redox reactions (for example, intercalation reactionsrigun typical battery
materials), faradaic surfaesontrolled redox reactions (i.e. pseudocapacitance) and
non-faradic electric double layer capacitance. It is known that the contribution of the
diffusion limited contribution and the capacitive contributido the charge storage

can be separated out using the CV profiles at different rates. The relationship
between the currentij and scan ratevj is given by Equation 6.1

Q U Equation 6.1

wherea andb are fitting parameter$>® Importantly, ab-value of 0.5 corresponds to

a diffusionlimited process (i.e. batterike charge storage) and b-value of 1
indicates a surfaceontrolled process (i.e. capacitive charge storage). A plot i) log
against log(v) gives a straight line with a slopd&.ofnalysis on the amade MXene
gives averagd-values (Figure 6.10) of 0.76 and 0.73 for the cathodic and anodic
currents respectively, showing that the charge storage is due to a mixture of
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mechansms with both diffusiodimited and surfacdimited processes contributing

to the overall capacity. For the-gitu pillared materiab-values of 0.85 and 0.84 are
obtained, showing that the proportion of charge storage due to capacitive processes
has inceased compared to the asade MXene. In fact, the majority of the current is
now derived from capacitive surfa@®ntrolled current. This is the case for both the
cathodic and anodic currents. This is consistent with the rate capability tests, which
showel that the insitu pillared TG had a superior performance at high rates, as
expected for a greater contribution from capacitive processes. This can be explained
by increased interlayer spacing from the intercalation of CTAB between the
nanosheets, whiclncreases the amount of surface exposed for charge storage, and
is likely to reduce the diffusion barriers at the same time. This is further studied by
ex-situ XRD analysis in the next section.

When theb-value obtained at different voltages is plottgd (Figure 6.10) there is
significant voltage dependence for the mechanism of charge storage. At low voltages
(less than 0.4 V) the dominant contribution to the charge a&g@ comes from
diffusionlimited processes, both with and without the CTAB additive. As the voltage
increases, the proportion of the capacitive contribution increases too, so that by 1 V
all the charge storage comes from capacitive contributions lgthalue is equal to 1).

At all voltages below 1 V, the cell containing the CTAB additive has a higher
capacitive contribution than the amade MXene, which is consistent with the
averageb-values. These results match the CV curves well, where there is aftilistinc
peak between 0.20.4 V depending on the scan rate, which is suggestive of a faradaic
diffusionlimited batterylike reaction. Above 0.5 V, the CV curves have a rectangular
shape, suggestive of a capacitive charge storage mechanism, whicb-\thieies
show to be the dominant mechanism in this voltage range. This shows that as well as
there being multiple charge storage mechanisms occurring in the MXene, they
contribute differently to the overall charge storage at different voltages. A similar
relationshp between the charge storage mechanism and voltage was reported in
organic Lion systems by Wang et &f° which suggests that this may be a common
feature of MXenes.
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6.2.3 Structural Changes Duringcling
6.2.3.1 Exsitu Powder Xray Diffraction

To study the structural changes during cyclingsiéx PXRD studies were carried out

on the nonpillared (Figure 6.11) and-situ-pillared (Figure 6.12) MXene. Figure 6.11

shows that the interlayer distance at OCV for the 4piltared TiG; is significantly

enlarged compared to the pristine MXene, with a shift of the (002) diffraction peak
iINEY yodmeg H' AY GKS LINRaGAYS YIFIGSNRIFE G2 |
Fd KAIKSNI Fy3tsSa tSIRAy3a G2 | avlrftft LISIH]
than reported for 4G in organic electrolytes for Li and Na systems (which &flyic

48S GKS LISI 1 & KR¥Fsuggésting thewidaylaRye mumberof water

layers intercalated. Since the (002) diffraction peak relates directly to the interlayer
distance in the electrode material, and givegallery heightof around 0.55 nm,

which is significantly larger than the ratio of a&Zion (0.074 nm¥®*the XRD shows

that there is no size restriction for the intercalation of-selvated Zrf* ions. EDS

(Table 6.1) confirms that Zn is detected in the MXene electrode after soaking,
showing that it can spontaneously intercalate intgG}i Since the interlayer spacing

is so large, this must be intercalated in a solvated state ([3H") with a large

amount of water also between the layers. Zinc has a hydrated ionic radius of 0.43
nm?>°, which is still significantly smaller than the available space between the layers.

No significant difference is observed between thesitu pillared and nospillared

MXene (Figure 6.12) at this stage.
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Figure 6.11Exsitu XRD of theam-pillared TiG. a) Load curve showing the depth of charge
each electrode was stopped at. b) Corresponding diffraction patterns.

Upon discharging to 0.5 V, almost no change is detected in the XRD compared to the
material at OCV, apart from the creatiofitwoa Y I f £ ySég LISF1a Fd wmy
which are assigned as the (004) and (006) diffraction peaks@f Th addition, the

nnud RAFFNIOGAZ2Y LISI] G podps H' Kl a akl
present at the higher angle side of ti@CV electrode, suggesting an increase in the
uniformity of the interlayer distances (see the inset Figure 6.12). This implies that Zn

and / or water has been intercalated intos@, which has expanded previously

unfilled interlayers which made up the sHder of the (002) diffraction peak and

caused a slight shift to lower angles i.e. a larger interlayer distance (see the inset of
Figure 6.12). When the electrode is fully discharged to 0.01 V, a new peak appears at
ydng H'D® ¢KAA Aa héd @ENdIyaGieh peak with a smalfed G 2 F
AYGSNI @SNl RAAUIYOS GKIyYy (GKS podds H' RATFT
GKAA ySg LISFH] yodne H' (GKSY RAaFLIISFNEZ 3
again. The same pattern is repeated on #ezmd cycle.
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Table 61. Exsitu EDS data showing increased Zn content during discharging and decreased
Zn content during charging. This support'Being the charge carrier in this system.

Electrodes at different| ! (ZS,NJ- 3S| ! SN EIS Yo
states of charge NJ UGCMZ0 6 6 ¢ MM A U dz LI

h/ + nondgo 0.097

MRA&OKI N S|g19 0.26

My KI NBES  6]0.15 0.19

WRA&OKE NEOS| 51 0.25

Y KI NB® omnomp 0.19

With the exception of the split of the (002) peak, no exdiffraction peaks from new
phases are observed, confirming that the Zn storage occurs without a phase change,
which fits well with the sloping profile of the load curve (Figure 6.7). In addition, the
OnnuO RATTNI O Xopall stdtdS bthargk showling that thedetectrode
sees negligible volume change during cycling when pillared. (There is a very small
variation which is likely to be due to small differences in dehydration of the samples
for each run e.g. from temperature variations in tlad).

Figure6.12. Exsitu XRD data of thedgsitu pillared TIG material at different states of charge

in the voltage window 0.01 V. a) Load curve highlighting the state of charge at which each
electrode was stopped at and analysed; b) Correspanddnay diffraction data for each

state of charge. The orange rectangle shows a zoom in region of the (002) diffraction peak at
OCYV state and during tHst discharge to 0.5 V, highlighting the loss of the shoulder (arrow
and asterisk showing smallpebkii Te 0 FyR &aKINLISyAy3d 2F (KS
intercalated.
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