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Abstract

Graphene, Mxene and related 2D materials have the potential to open new engineering
opportunities in a wide range of technological applications. In particular, 2D materials could
provide an alternative to conventional electrode materials by improving the storage capacity
and lifetimes of energy storage devices. However, the practical application of these materials
in energy will require assembly into 3D structures with tuned architectures to truly maximise
their available surface area for reactions, fluid transport or the distribution of functional sites.
This research project focuses on the development of novel electrode materials with multi-scale
architectures via advanced manufacturing approaches such as 3D printing, freeze casting and
tape casting. Overall, the study will comprise the following endeavours: 1) fundamental
research on the synthesis, chemical stability, and rheological properties of 2D materials:
MXene; 2) Design of novel inks with optimized viscoelastic performance for freeze casting,
tape casting and extrusion-based printing; 3) Investigate the structure-property evolution of the
material during and after manufacturing via advanced characterization techniques; 4) Study of
the electrochemical performance of relevant electrodes in energy storage devices

(supercapacitor).
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Chapter 1. General Introduction

1.1 Background

Dimensionality is a word referring to the number of independent space-time coordinates. Two-
dimension (2D) is essentially a plane made of length and width, and thus materials, which only
have two dimensions, are denoted as 2D materials. P.R. Wallace theorised the concept of single
carbon layer and Hanns-Peter Boehm introduced the term ‘graphene’ in 1986 M. Geim’s
research group from the University of Manchester was the first to isolate 2D graphene from
graphite in 2004, which lead to the increase in popularity of 2D materials in academia and
industry. Concurrently, a diverse family of 2D materials started to be explored, including
transition metal carbides/nitrides or carbonitrides (e.g. TisC2Tx, TisCNTx) 2, Xenes (e.g.
borophene, germanene, stanene) [l organic materials ™, transition metal dichalcogenide
(TMD) Bl'and Nitrides [, etc. They all have certain similarities: 1) Generally, the scale of their
third dimension is comprised of a single to a few atomic layers i.e. 2D; 2) their specific ordered

structure; 3) their structure is extended in the 2D plane from nano to micrometre scale.

In terms of 2D materials with a single atomic layer, almost all the atoms are exposed,
remarkably increasing the atomic efficiency. One of the eventual goals with 2D materials has
been to control their energy band structure and electrical properties to optimize performance
characteristics for targeted applications. This can be achieved through exfoliation of multilayer
2D materials and post-treatment processes such as, functionalisation through heteroatom
doping, inducing defects or used as an additive in composites. 2D materials can be utilised as
a conductor, a semi-conductor, or an insulator. Additionally, they can be chemical inert but
also can be modified by other chemicals. All of the aforementioned, 2D materials have
potential when it comes to exploiting their distinct novel properties as graphene has done in
different chemical, physical, electronic and optical fields within applications such as

electronic/photonic, energy storage, energy conversion and, sensory devices.

Every 2D material, has their corresponding precursors, which is typically a laminated structure
composed of layers of the respective 2D material, where electrostatic force plays an important
bonding role between each layer, such as graphite with graphene, and MAX Phase with MXene

[ Notwithstanding, the converse is possible in which isolated atomic planes can also be
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reassembled layer by layer to grow heterostructures, which demonstrates the attractive nature

of 2D materials and the many mysteries yet to be discovered within this field [,

The transition from the 3D precursor to the 2D material leads to significant changes in
properties. For example, the electronic property can be augmented due to the confinement of
the electrons in the 2D plane, while strong in-plane covalent bonds and atomic-layer thickness
contributes to the excellent mechanical property, optical transparency, and flexibility. Further,
the obtained 2D layer has an expansive specific surface area and large aspect ratio of lateral
size to thickness with some defects or terminal groups on the surface. Although this increase
in surface area enhances the potential for functional efficiency, it also makes the 2D materials
unstable. According to the second law of thermodynamics, the nano-thin flake needs to rid
itself of the energy by spontaneous agglomeration in order to reach a stable state °l. For
applications in energy storage or conversion devices, this phenomenon would severely affect
electrolyte ion transportation and expose less surface active sites. In order to address this
challenge, most of the research focuses on improving the stability of the 2D materials
modification during or after the exfoliation process from precursors. So far, several methods

have been used and listed as follows:

1) The addition of surfactant. In this way, zeta potential in the dispersion would be
changed, consequently avoid the agglomeration to some extent 1291,

2) Functionalization of 2D materials’ surface/edges by heteroatomic doping or defect
manipulation 11121,

3) Changing the morphological shape of the 2D materials [*°1.

4) Post-manufacturing process like freeze drying 41,

Specifically, MXene is a typical 2D material exfoliated from a three-dimensional (3D) bulk
precursor. Therefore, re-agglomeration after delamination also needs to be prevented. In 2015,
Yan et al. reported the mixture of TisCoTx and carbon nanotubes (CNTS) suspensions. In this
way, one-dimensional material CNTs between individual TisC.Tx layers could impede the
restacking of the 2D sheets ('], Alternatively, additive manufacturing is another method used
in graphene research to build 3D microstructures to prevent agglomeration. In regard to
MXenes, it is still a comparatively new type of material. Therefore, there are only a few related
works reported about 3D printing and the fundamental development of MXene based inks.
Thus, the 3D printing of MXene is explored in this thesis. Conventionally, electrode fabrication
of 2D sheets easily causes restacking of the material, which limits the electrochemical

17



performance of the energy storage devices. In the same year, Hu et al. investigated one facile
‘dropping-mild-baking’ method to acquire TisC.Tx film-coated nickel foam and used it directly
as the electrode for supercapacitors. By assembling the TisC>Tx flakes on the nickel skeleton,
restacking problems can be somewhat mitigated [*!, but when the loading/thickness of the
materials on the foam increase, it is still hard to ensure there is no/partial agglomeration. In
2018, Xia et al. proposed a mechanical shearing method and obtained vertically aligned liquid
crystalline MXenes, which can make the thickness of the electrode increase to about 200
micrometres without suffering too much with regards to electrochemical performance.
Although the method showed promising results, it is hard to scale up to the industrial
production level. As shown in Bayram’s work, freeze casting was chosen to build tuneable
MXene aerogels with lamellae architectures. After freeze-drying, the structure shows porous
channels after the removal of ice-template (2], Based on their work on freeze casting MXene
structures, fabrication of vertical alignment within the electrode microstructure is investigated
using freeze-assisted tape-casting manufacturing method, which combines conventional tape-

casting with freeze-casting technologies.
1.2 Research Objectives

Investigation of fundamental characteristics is the precondition required before successive
research in functionalizing and using those 2D materials. In addition to this, the structural
design and manufacturing methods for the products are also important factors to be considered.
In this study, TisC>Tx, one of the MXenes demonstrating promising potential across the
literature, is chosen as the material of interest due to its good electric conductivity and excellent
electrochemical performance for energy storage applications. 3D printing and tape casting are
selected for further structural design and manufacturing. Thus, the study of the rheological and
mechanical properties of TisC>Tx also becomes a necessary part of this research. The specific

objectives of the thesis are listed below:

1) To synthesize delaminated TisC>Tx flakes from TizAIC, MAX phases of different
quality and primary flake sizes (purchased from different companies) and the
development of their inks for colloidal processing.

2) To investigate the effect of TisC2Tx flake size and the concentration on the rheological
properties of inks and slurries and so establish suitable formulations for 3D printing and
freeze-assisted tape casting (FaTC).
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3) Toestablish a processing route to build 3D architectures of complex shape with TizCyTx
based on 3D printing and investigate the corresponding processing parameters to enable
manufacturing such as needle size, printing speed, printing gap etc.

4) To develop a processing route based on tape and freeze casting for the fabrication of
electrode films with a vertical arrangement of 2D materials and investigate the effect
of film thickness on the performance of electrodes.

5) To establish if electrochemical performance of electrode films is improved by the
internal microstructural alignment of 2D materials produced via FATC and how this
related to thickness.

6) To develop an all-in-one multi-material supercapacitor device demonstrator based on

FaTC, and to investigate its electrochemical performance and mechanical property.

1.3 Thesis Structure

The aim of this PhD study is to develop the processing capabilities to build a three-dimensional
architecture based on TisCoTx. This would involve developing inks/slurries using the two-
dimensional material and studying the rheological properties. The project started with
developing a basic understanding of the synthesis method of delaminated Ti3C>Tx, looking at
different flake sizes. Then, with the delaminated TizC.Tx, apply two manufacturing approaches:
the direct ink writing method (3D Printing) and freeze-assisted tape casting (FaTC) to fabricate
3D architectures. This, in turn, prevented the agglomeration of the 2D material and facilitated
electrochemical reactions. The manuscripts and data in this thesis consist of three separate
papers already published or under review in three different peer-reviewed journals (in sequence:
Advanced Materials, Energy Environmental Materials and ACS Applied Energy Materials),
which have self-contained figures, tables and citations. These works and results were mainly
completed by the first author with some assistance from the collaborators. The contributions
are clarified at the beginning of each corresponding chapters.

The thesis constitutes of six chapters, and they are as follows:

Chapter 1. Introduction. An overview of the thesis and a brief introduction of the work
carried out in this project, including the selection of materials, manufacturing techniques and

fields of application, as well as highlighting some existing problems and solutions.

Chapter 2. Literature Review. This chapter provides an introduction to 2D materials

development (characteristics, synthesis methods, modification etc.) along with their research
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evolution and applications. An introduction to MXenes is provided with focus on TizCaTx.
Subsequently a brief introduction of the manufacturing methods/designs for electrode and the
energy storage configuration, including additive manufacturing and freeze-assisted tape-
casting is outlined.

Chapter 3. 3D printing of Freestanding MXene Architectures for Current Collector-Free
Supercapacitors. In this chapter, the MILD (minimally invasive layer delamination) method
was used to obtain single/few-layer TisCoTx flakes with average 8 um lateral size. TizCoTx
aqueous inks with different concentrations were prepared and studied to reach the rheological
performance required in additive manufacturing: 3D printing. By adjusting the storage and loss
modulus of the corresponding inks with the printing parameters, it was the first time 3D
printing of additive-free MXene was accomplished in this research area. The printed structure
is able to retain its original structure, even reaching over 25 layers without collapsing. The
printed intercalated electrode can be assembled to a micro-supercapacitor with the addition of

solid electrolyte and connecting silver wire leads.

Chapter 4. Freeze-assisted Tape Casting of vertically aligned MXene films for high rate
performance supercapacitors. In this chapter, delaminated TisC>Tx with ~3.7 pm flake size
was synthesized by the MILD method but with different reaction temperature and
etchant/precursor ratio. Freeze-assisted tape-casting was used to build the vertically aligned
microstructure for the TisC2Tx electrode, followed by freeze-drying. The chosen manufacturing
route facilitated the retention of the delaminated state of the 2D material after exfoliation whilst
the resultant the designed structure can facilitate the transportation of the electrolyte ions, thus
improving the rate performance. In the case of increasing the thickness from 150 um to 700

um of the electrode, the specific capacitance was maintained at a fixed scan rate.

Chapter 5. All-in-one Mxene-Boron Nitride-Mxene “OREO?” for flexible supercapacitor
design with integrated structural and functional properties. In this chapter, combining the
same manufacturing method for the electrode in Chapter 4, an all-in-one integrated
supercapacitor configuration was presented, in which fabrication and assembly of the
electrodes and separator were simultaneous. The device was able to function immediately after
applying electrolyte and connecting circuitry without further processing. In this way,
freestanding TisC2Tx films have a good bonding with the boron nitride separator. Thus, the
symmetric supercapacitor cell can accomplish independently from the structural material to

create a structural supercapacitor. This allows for a minimalistic design philosophy and
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mutability in which the electrochemical energy storage device itself provides some form of the

structural framework of the product whilst facilitating a function.

Chapter 6. Conclusions and Perspectives. The final chapter consists of a summary of these

projects, further consideration, and viewpoints about future improvement.
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Chapter 2. Literature Review

Overcoming developmental hurdles in translating novel research into practical solutions to
address environmental concerns and energy accessibility has been a recent pith of societal
technological sustainability. With an urgent requirement for clean and sustainable energy
sources such as hydrogen, wind and solar a complementary need for specialised storage devices

that accounts for system variability is essential.

Among energy storage technologies, electrochemical energy storage systems, such as batteries
[18.19] supercapacitors 2221 and their hybrid devices ?>?%! are considered to be promising ways
to build sustainable energy systems in which generated electrical energy can be converted by
relatively efficient electrochemical reactions into chemical energy via electron and ion transfer
in electrodes. These devices can be used to power electric vehicles, portable electronic devices
and aircrafts, etc. However, the performance of existing electrochemical energy storage devices
cannot meet the growing demand for large-scale energy storage solutions. This is because they
are unable to provide both high power density and high energy density. In order to tackle this
issue, it is urgent to seek new materials with better performance and new efficient

manufacturing technologies for energy storage systems 2421,

Three-dimensional (3D) printing has attracted much attention for the fabrication of advanced
functional materials, novel frameworks and complex systems, with broad applications for
energy storage in recent years 26271, The development of inks is an essential component for 3D
printing. It relates to the materials, the printing method, and the structures of the final 3D-
printed products. MXenes, 2D transition-metal carbides and nitrides, have shown promising
properties for energy storage capacitance 22291, However, highly stacked MXene flakes cannot
fully exhibit their merits. If we can build tuned porous networks through 3D printing, this will
increase the specific surface area and be beneficial to the infiltration of electrolyte to achieve

enhanced energy storage capabilities.

2.1 Introduction to 2D material

2.1.1 Introduction

Since graphene’s discovery in 2010, its marketing towards the general public and important

impact in academic research culminated in the Nobel Prize for its discovery. Researchers began
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to explore its supreme mechanical, electrical and thermal characteristics. Concurrently, a large
number of novel 2D materials were developed and altered scientists’ perceptions of materials
in the material science field, amongst many others. Looking at elemental distribution on the
periodic table, those 2D materials mainly contain at least one of the atoms from a transition
metal, carbon group, chalcogens etc. Similar to graphene, those materials have completely
different emergent properties compared with their corresponding bulk phase precursors. Single
layer 2D materials have almost all the surficial atoms exposed which consequently leads to
higher atomic efficiencies. The energy band structure and electronic characteristics can be
easily controlled by regulating thickness and heteroatomic doping. They can act as conductor,
semi-conductor, as well as insulator. Interestingly, with regards to chemical activity, they can
be modified by other chemicals but also can exhibit chemical inertness. In summary, they have
three key advantages which is as follows:

1) They are conducive to chemical modification, which can adjust the electronic or
electrochemical performance.

2) Their structures are more beneficial to electron transportation as opposed to bulk
crystals, which can contribute to enhanced performance capabilities of the related
electronics or energy storage devices.

3) They have high flexibility and transparency, which have prospects in the field
development of wearable smart devices and flexible energy storage.

Apart from graphene, there are five primary groups of 2D materials: MXenes, Xenes, Organic
materials, Transition Metal Dichalcogenides (TMDC) and Nitrides. They are hot topics in the

scientific community (shown in Fig. 2-1 and Fig. 2-2).
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Figure 2- 1 Five primary categories of 2D materials.

After the exploration of graphene, elements adjacent to carbon have been explicitly explored
such as boron, silicon, phosphorus, germanium and tin etc. and referred to as Xenes, where X
represents the element and -ene is from graphene. These materials’ atoms are arranged as
buckled sheets in a honeycomb pattern. Xene’s bandgap and charge-transport properties make
them candidates for fast, flexible electronics and energy storage devices. In 2015, researchers
from America and Italy collaborated and prepared the super-thin two-dimensional silene by
Al;0s capping B%. With regards to organic materials, studies are being focused on 2D metal-
organic frameworks (MOF), and covalent organic frameworks (COF), which can be obtained
by sonication or ion exchange techniques to delaminate MOFs or COFs with weak force [,
Those covalent organic frameworks and other organic compounds are promising candidates
for nanoporous filters and membranes, biosensors and optoelectronic devices. MoS2 and WS>
represent another kind of 2D material, which is called Transition Metal Dichalcogenides
(TMDC) B2, Due to their pronounced band gaps, these sheet-like semiconductors have been
used to fabricate transistors and have seen significant development in lightweight integrated
electronic devices applications as the key components in the circuits for lightweight, etc.
However, the scalability of production has been a problem. The fourth type of 2D materials are
nitrides, which include boron nitride (BN), gallium nitride (GaN) and so on. This group of

materials has potential as both an electrical insulators or/and conductors that could be used in

24



high-speed, transparent, flexible electronics B3I, The last group of 2D materials, which will be

the main focus of this thesis is, MXene.

Figure 2- 2 Six more representative 2D materials except for graphene from five primary categories.

2.1.2 MXenes

Ten years ago, a new class of two-dimensional (2D) early transition metal carbides, nitrides or
carbonitrides with laminated micro-structure, was discovered and named as MXene
(pronounced "max-enes") 34351, The general formula for MXene is M1 XnTx (n=1-3), where
n+1 layers of M, which represents the early transition metal such as Sc, Ti, Zr, V, Nb, Cr and
Mo, are interleaved (interspersed) with n layers of carbon or nitrogen (X). The Tx bonds are
present on the outer M layers, representing the surface terminations, such as oxygen (O),
hydroxyl (OH), fluorine (F) and/or chlorine (CI) atoms. The first member from the big family
of MXene: TizC,Tx, was first synthesized at the University of Drexel in Professor Yury
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Gogotsi’s group with Professor Michel W. Barsoum. Thus far, over 70 % of MXene related
works have focused primarily on TisCoTx. At least 100 stoichiometric MXene compositions
and a large amount of solid solutions can offer not only unique combinations of properties but
also methods to tune their characteristics by changing the ratios of M or X elements B34,

In Gogotsi’s group, during the early stages researchers were working on the selective etching
method to prepare 2D materials. In 2006, a Nano Letter publication showed the synthesis of 5-
10 nm thickness SiC laminated nanosheets from the anisotropic etching of bulk SiC 8. In the
same way, MXenes also originated from this type of selective etching. MAX phase is one kind
of laminated ceramic material, where M, A and X represents a transition metal, an atom from
group I11A or IVA on the periodic table and carbon/nitrogen, respectively 281, Due to the co-
existence of strong covalent bond and metallic bond between the layers in structure, MAX
phase is hard to be exfoliated, unlike graphite, which is maintained by comparatively weaker
Van der Waals’s force. MAX phases have a layered hexagonal structure with P63/mmc
symmetry, in which the M layers are closed packed, the X atoms fill the octahedral sites, and
the layers of “A” atoms interleave in Mn+1Xn layers. Compared with M—X bonds, the M—A
bonds are weaker 1. Thus, by taking advantage of the differences in character and relative
strengths of M—A and M—X bonds, the “A” atoms layers can be selectively etched chemically
without destroying the M—X bonds (as shown in Fig. 2-3). Michael Nguib from Gogotsi’s
group placed the TizAICz into HF solution and found that the Al was etched by HF and leaving
behind TizCz. After density functional theory (DFT) calculations, it was confirmed that TisC>
has a stable configuration and possesses metallic properties. Microstructural characterization
further supports the observed 2D laminated structure. This work has been firstly published in
the Journal of Advanced Materials, where they announced the birth of the first MXene: TisC2Tx
351 Since MXene (TisCz) was first reported in 2011, more than 70 kinds of MAX phases have
been successfully synthesized in experiments 8. MXene has been confirmed to show
exceptional properties, including metallic conductivity (up to 6,500 S cm™), surface
hydrophilicity, and excellent ion intercalation behaviour . This new family has shown
promise in a wide array of applications, particularly TizC>Tx, which exhibits great application

potential in batteries and supercapacitors for electrochemical energy storage.
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Figure 2- 3 Structure of MAX phases and the corresponding MXenes 471,

2.1.3 Structure of MXenes

It is important to investigate the MXene structures in order to understand the potential of their
properties. MXene can be seen as stacked layers of hexagonal MAX phases without the A
atoms layer, which is similar to graphene flakes. After selectively extracting the A layer, the
M atoms are arranged in close-packed arrays while the X atoms occupy the body centre of MX
octahedrons 9. In reality, pure MXenes without surface terminating groups is hard to
synthesize experimentally without any post-processing because of the use of fluoride/chloride-
based etchants. The as-prepared MXenes by selective etching will always possess a O, OH, F,
and/or CI terminating groups. Meanwhile, OH functional groups are not stable since the H
atoms can be replaced by alkali metals (such as Li, Na and K), alkaline earth metals (such as
Mg and Ca) or transition metals (such as Pb) and can be removed at high temperature (-OH
groups transforms into -O groups). Therefore, the surface chemistry of MXene would be
complex with a heterogeneous/homogeneous dispersion of terminating groups, thus
understanding the surface groups of MXene is particularly important as it is impossible to avoid
the surface functionalization in experiments. In previous work, Zhou’s group first reported two
distinct configurations (I and 1l in Fig. 2-4) based on TisC,T2 281, For configuration I, the T

groups point directly toward the Ti atoms on both sides of the TizC>T> layers. For configuration
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I1, the T groups are positioned above the C atoms on both sides of the TisC,T> layers. Besides,
there is a mixed structure, in which one side of the sheet is in configuration | and the opposing
side is in configuration Il, named as configuration Il1l. The stabilities of these configuration
were investigated using DFT, based on TizCzF2 and TisC2(OH)2 configurations. The results
showed that the structural stabilities decrease in the order 1 > Il as the steric repulsion between
T groups and the underlying C atoms makes configuration 1l less stable. Therefore, this result
suggests that both F and OH groups tend to adopt configuration 1. However, it is necessary to
point out that the MXenes prepared experimentally may have mixed functional groups (such
as OH, O and F) on their surfaces that may affect their configurations. According to the
theoretical calculation of Gibbs free energy from Rina’s work [“!, the formation of mixed
terminations is favourable, although there is no report on MXenes configurations with mixed
surface functional groups to date %81, At the same time, they also approached the conclusion
that pH of the etching solvent has some effect on the formation of the terminal groups, with the

observation that more -F group terminations will form at lower pH.

(a) I

Figure 2- 4 Configurations of functionalized MXenes with different arrangements of the surface atoms:
side views of a) bare TizCo, b) I- TisC2(OH)y, ¢) 1I-Ti.C(OH)2, and d) 111-TizCo(OH)a, e,f) top views of

I-TizC2(OH). and 11-TisC2(OH).. As configuration 111 is a mixture of | and 11, its top view is not shown
[28]

2.1.4 Synthesis of MXenes
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As mentioned above, the first obtained MXene, TisC2Tx, was derived by selectively etching
the Al atomic layers from the precursors, TisAlC,. After continuous trials, it is found that the
common method for producing MXenes is selectively etching out the A layers from
corresponding MAX phases. As reported, there are over 70 MAX phases has been investigated
so far, which made of layers of Mn+1 and X, as well as the intercalated A layer 8], meanwhile
more than 30 different MXenes have been reported 28, A developmental journey of MXene
synthesis methods from 2011 to the end of 2017 is shown in Fig. 2-5. The etching method has
been improved gradually by changing the etching conditions, includes the ratio between the
reactants, the temperature, the reaction duration and also the agitation. In 2011, the first MXene
multi-layered powder (TizC2Tx) was made by selective etching Al from TisAIC, using
hydrofluoric acid (HF), which was reported by Naguib et al. %1, In essence, the MAX phase
powder was stirred in aqueous HF for a certain amount of time followed by centrifugation of
the mixture to separate the solid from the supernatant, and then exfoliation via sonication

treatment. The etching reactions are shown by following equations (1-1, 1-2, 1-3, 1-4):

TisAIC, (s) + 3HF (aq.) = AlFs (aq.) + TiaCz (5) +3/2 Ha () ----norer (1-1)
TisCz (5) +2Hz0 (aq.) = TisC2(OH)z (5) + Hz (g) - (1-2)

TisCa (5) +2HF (aq.) = TisCoF2 (5) + H2 (g) === (1-3)

TizCy(OH)2 (5) = TisC202 (s) + H2 (9) - (1-4)

Through the above treatment, the obtained MXene was decorated with O, OH or F
terminations, which was denoted as Mn+1XnTx, Where T implies surface functional groups (-
OH, -F, -O-, etc.). Subsequently, researchers successfully obtained a series of Mn+1XnTx With
the same etchant, including Ti2CTx, TINDCTx, TisCNxTx, TasCsTx, ND2CTx, V2CTx, NDbsC3Tx,
Mo02CTx, (NbosTio.2)aCsTx, (Nbo.sZro2)aCsTx, ZrsC2Tx and HfsC2Tx, meanwhile the connection
between the strength of M-A bonds and the etching conditions were investigated systematically
[42 - After etching, accordion-like MXene is obtained with loosely packed multi-layered
structure. In order to do further conversion to get single/few layer MXene, a post-delamination
process is required by intercalating metal ions 3!, organic molecules (such as urea, dimethyl
sulfoxide) followed by sonication or mechanical shaking 14, In addition, NHsHF2 and the
mixture of HCI and LiF were also reported as etchant to etch “A” atoms layers. In the process
of treatment with NH4HF2, NH3z and NH** species is released by NH4HF2 which can intercalate
in MXene layers that lead to a 25 % larger c lattice parameter than those of the samples etched

with HF. The latter resulted in TizC2Tx with clay-like behaviour and is called the clay method.
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With sonication of TizC2Tx clay in water, submicrometer lateral-size single flakes of TizCoTx
were isolated 2. Comparatively, the route with HCI and LiF as the etchant, the obtained
MXene flakes did not have nanometer size defects due to the much milder nature of LiF and
HCI compared with HF (as shown in equation 1-5, 1-6, 1-7, 1-8, 1-9) [*°] but this reaction still
builds an in situ HF environment. In 2015, tetrabutylammonium hydroxide (TBAOH) and
amine were reported to be used as the assistant for further delamination [“61. Additionally,
double-transition metal carbides: the subfamily of MXenes where two different transition
metals occupy different atomic layers, were discovered. As a result, there were 25 more
potential new species added to enlarge the MXene family, such as Mo2TiC2Ty, Cr2TiCoTy,
Mo2Ti,CsTx) 7. In 2016, an upgraded etching method by using LiF/HCI to delaminate and
obtain the single layer TisC,Tx with large flakes (>2 um) were explored. This method was
referred to minimally intensive layer delamination (MILD), and in this method, ultra-sonication
is not required to exfoliate the multi-flakes, resulting in larger flakes with better electric
conductivity ¥, In 2017, by synthesizing in-plane double transition metal MAX phase
((Mo2/3Sc13)2AIC) and etching one of the transition metals, MXene with ordered di-vacancies
(Mo13CTyx) was synthesized 191, At the beginning, the etchant was concentrated hydrofluoric
acid. With the gradually established etching process, researchers started to explore additional
fluoride-based etchants, which would not only contribute to the surface chemistry and
properties but also bring in greater reaction safety with lower associated environmental risks.
Moreover, there are a small number of non-HF methods used to obtain MXene, such as
chemical vapor deposition (CVD) P high-temperature alkali liquor treatment [3,
electrochemical etching and molten-salt etching %31, which has not accomplished scaled-up
production at this moment. These methods can etch and remove the A layers but has difficulties
in delamination and exfoliation. Geng et al. successfully prepared Mo.C MXene by CVD 5%,
This method could better control the thickness of Mo2C crystals and opens a new approach for
the preparation of MXene-based materials. Li et al. believed that some MAX phases like
TisAIC, can react with OH- from a thermodynamic viewpoint. Therefore, they used NaOH to
successfully remove the Al layers at 270 °C and obtained TisC2Tx with 92 wt% purity 5. In
2017, Sun et al. found a way to etch Ti2AIC using an electrochemical method in a low-
concentration HCI solution B3l Li et al. reported an element replacement approach by using
lewis acidic molten salts, which resulted in a substitution in the precursor MAX phase and
yielded Cl-terminated MXenes 2. In 2018, Asia et al. found that MXene can be applied to
radio frequency antennas for wireless communication and fabricated a 100 nm-think

translucent M Xene antenna with a reflection coefficient of less than 10 dB. When they increase
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the thickness to 8 um, a reflection coefficient of 65 dB was achieved. Related MXene RF
identification device tag could also reach a reading distance of 8 m at 860 MHz 4. Nine years
after MXene was first time obtained, the challenge of industrial quantity manufacture of this
material was overcome B, Afterwards, in 2021, there are more MXenes have been discovered
and synthesized. Besides, MXenes with better quality and lower cost have also been achieved

by using modified precursors. One batch of TisC2Tx synthesis has been increased from 1 gram

to 50 grams.

2TisAIC, + 6LIF + 6HCI = LisAlFg + AICI3 + 3LICl +3 Ha + 2TisCy - (1-5)

TisCz + 2H,0 = TisCo(OH), + Hy  —--mmmee- (1-6)

TisC2 + 2HCI = TisCoCla + Hy - —----m- (1-7)

TisCo+ 2HF = TisCoF2 + Hy == (1-8)

TisC2(OH)2 = TisC202 + Hz  —-=--m--- (1-9)
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Figure 2- 5 Timeline of MXene from 2011 to 2019 [21551056],

Table 2- 1 Mxene synthesis methods

Precursors MXene Etching Methods Yield (%) Ref.
TizAIC TisC2Tx 50 wt% HF, RT, 2 hours 100 [35]
Ti,AIC Ti2CTx 10 wt% HF, RT, 10 hours 80 (571
TisAICN TisCNTx 30 wt% HF, RT, 18 hours 80 [58]
V,AIC V2CTx 50 wt%, RT, 90 hours 60 [59]
Ti>AIN TioNTx 5% wt%, RT, 24 hours NA [60]
TizAIC TisC2Tx 3 M LiF + 6 M HCI, 40 °C, 45 hours 100 [61]
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Ti:AIC
TizAICN
V,AIC
TizAIC,
TizAIC,
TisAIN3
/
TizAIC,
Ti2AIC
TizAIC,

Ti2CTx
TisCNTx
V2CTx
TisCaTx
TisCaTx
TisN3Tx
Mo.C
TisCaTx
Ti2CTx
TisC2Cl2

0.9 M LiF + 6 M HCI, 40 °C, 15 hours
0.66 g LiF + 6 M HCI, 35 °C, 12 hours
2 g LiF + 40 M HCI, 90 °C, 48 hours

1 M NH4HF2, 80 °C, 12 hours

NHsF, 150 °C, 24 hours

59 % KF + 29 % LiF + 12 % NaF, 550 °C, 0.5 hours
Mo foil + CHa, 1100 °C, 2 hours

27.5 M NaOH, 270 °C, 12 hours

HCI (1 M or 2 M), RT, 1/5/14 days
1.05 g ZnCly, 550 °C, 2 hours

NA
NA
NA
NA
NA
NA
NA
92 wt
NA
67

[62]
[63]
[64]

[65]

[66]

[67]
[50]
[51]
[53]

[52]

2.2 MXenes properties

2.2.1 Introduction

Starting with the discovery of the MXenes from 2011, there has been a large increase in

publications and development for application in various areas. Up to now, the research areas

of MXenes have covered numerous fields (as shown in Fig. 2-6) such as catalysis, separation

membranes, medicine, optical devices, energy storage, electronics etc. Consequently, this has

garnered more global attraction from various research communities. Several reasons listed

below can explain the rapid development of MXene is those areas.

1. MXenes have a unique combination of high electric-conductivity and good mechanical

characteristics of the transition metal carbides/nitrides.

2. MXenes have functional terminations on its surface, which can make them hydrophilic

and easily modifiable by various groups.

3. MXenes are relatively easy to process and to form a stable colloidal solution because

of the negative zeta potential.

4. MXenes can effectively adsorb electromagnetic waves.
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Figure 2- 6 Timeline of the explored research areas and applications of MXenes from 2011-2021, which

also illustrates the ratio of the various works 34,

The first and most developed application of MXenes is energy storage, with some novel
explorations in catalysis and electronics as well. To meet expanding electrification in society,
renewable energy generated from sunlight, wind, waves/tides, and geothermal heat are
becoming dominant sources. As a consequence, energy storage devices are required to capture
the charge from these energy harvesting devices. At the same time, corresponding electronics,
such as sensors, are also important to deliver information and execute corresponding reactions

to help optimize grid systems.

2.2.2 Electronic and electrochemical properties of MXenes
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Most of the MXenes exhibit a metallic behaviour, thus most of them have high electronic
conductivity %81, Researchers have made a lot of effort to investigate the physical properties of
MXene and to enhance the metallic conductivity. Acting as one of the most promising
candidates for energy storage and electronic applications, MXenes have become attractive

electrode materials and conductive materials for such reasons:

1. The inner conductive transition metal carbide layers enable fast electron transportation.

2. Terminations on the surface and edges, and the transitional metal oxide-like surface are
effective active sites for redox reactions.

3. High electric-conductivity of mono-layer up to 11,000 S cm™ %% and high volumetric
capacitance at ultra-high rate capability in acidic electrolyte.

In terms of the most common studied MXene TisC>Ty, it can process diverse chemical and
physical properties due to various intrinsic structural features and compositions caused by
different etching and processing methods. Electronic conductivity of the electrode plays a very
important role in an electrochemical energy device’s usage. Bare MXenes exhibit metallic
features, similar to the corresponding MAX phases. But after etching, there are terminated
groups anchored on the flake surface, which can affect the electrical conductivity 1. For
example, Ti2CO2 which terminates with O, has its d band lifted above Fermi level and makes
it semi-conducting, while Ti.CF still retains its Fermi energy at the d band of Ti layers, thus
can remain metallic ["%. In practical research, the prepared MXenes are always terminated with
mixed groups. Additionally, MXenes' electronic properties are also related to the type of
transition metal M. Specifically, some MXenes which contain heavy elements such as Mo and
W, are predicted to be topological insulators Y. Carbonitride and nitride MXenes exhibit
stronger metallic properties than carbide MXenes since N possesses an additional free electron.
Experimental results show that TisCN(OH). exhibits greater metallic property than TisC2(OH):
although they have similar structures. Up to now, TisC,Tx exhibits the highest electrical
conductivity, and this makes it a good candidate for supercapacitor applications 8721, For the
same type of MXene, the electrical conductivity will change according to the preparation
method, flake size and sample state (such as oxidation state). As reported, an individual
monolayer TisC2Tx has an electrical conductivity of 11,000 S cm™, a high breakdown current
density of 1.2*108 A cm™, and an improved mobility up to 6 cm? V1 s 59, |t has been observed
that one pure TizC2Tx film with large flake size has exhibited a high conductivity of roughly
15,100 S cm™ [, Furthermore, the thin layer MXene enables it to possess both conductivity

and transparency, which allows it to be applied for transparent conductive applications 41,
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Kayali et al. have found the different electrochemical properties existing between MXenes with
diverse lateral flake size distribution. Comparatively, the MXene with larger flakes show
higher electrical conductivity, as the smaller 2D sheets has more contact resistance between
flakes and more defects on the edges ["l. Centrifugation is commonly used to relegate the size
distribution. Normally, the smaller flakes are located on the top part of the suspension while

the larger flakes are settled to the bottom part /51,
2.2.3 Other properties of MXenes

In terms of the mechanical property, as a result of the high Ti-O bonding strength, MXenes
have very good stiffness, and the mechanical properties can be adjusted by changing the surface
terminated groups ["®1. Magnuson et al. believed the length of the Ti-C bond has potential to
affect the elastic property of the MXene, i.e. MXene’s elasticity can also be modified by
adjusting the strength of the bonds '), According to theoretical calculations, Yorulmaz et al.
ascertained that the higher the mass of the transition metal, the stiffer the MXene is '], Despite
MXene generally exhibiting lower strength and stiffness as graphene does, the majority of
carbide-based MXenes are regarded as mechanically stable 8. With regard to magnetic
properties, the majority of the common MXenes are non-magnetic, which is attributed to the
strong covalent bond between the M and X atoms ["®1, However, some bare MXenes have been
predicted to show intrinsical magnetism, such as Cr2C ©° Mn,C and so on [, Besides this,
some MXenes have demonstrated optical transparency, plasmonic behaviour, and efficient
photothermal conversion, which also are attributed to the surface terminated groups [,

2.2.4 Chemical stability of MXenes

So far, colloidal solutions of MXenes have been widely used to process films, complex patterns
or 3D printed structures. Thus, it is important to investigate the stability of MXene based
suspensions. According to thermodynamic theory, MXenes have the tendency to be oxidized
due to the lower oxidation number of M in MXenes compared to corresponding oxides.
Oxidation starts from the edges of the 2D sheets and spreads through to the whole basal plane,
which automatically occurs in air, liquid or solid media at varying speeds. This would result in
altered composition as well as destroyed flake structure, which affects their processability and
functional properties. Generally, flake size also affects the speed of the oxidation. Flakes with

smaller size and thinner layers have more specific active area, which results in faster oxidation.
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Zhang et al. have reported that putting the TisC2Tx colloidal in an ambient environment, for
over 2 weeks (15 days) resulted in 100 % of it converted to primarily anatase TiO2 due to the
abundant oxygen in the water and air 821, Therefore, if oxygen can be eliminated from the
solvent, the oxidation rate can be slowed down. In addition, drying MXene is another temporal
way to mitigate this situation, as it can prevent severe oxidation from large amounts of O
dissolved in the water, slowing down the degradation process. Additionally, exposure to light
can also accelerate the speed of oxidation. Extended storage of MXene powder or film in a cold
(=5 °C), dry and inert-gas environment can lead to comparatively less oxidation. Besides this,
there are also chemical ways to protect MXenes from oxidation. As reported previously, Zhao
et al. added sodium L-ascorbate into the TisC2Tx colloidal as an antioxidant. Whether in a
colloid or as a dehydrated film (of the colloid), a chemical antioxidant defends against
oxidation to a certain degree. The composition, micro-morphology, electrical conductivity of
TisCoTy is still retained after the sodium-L-ascorbate treatment. Composition and environment
are two key factors that influence MXenes’ chemical stability, so if they can be controlled
appropriately, we can extend the lifetime of MXenes’ functional properties. Another way to
extend the storing duration is submerging MXenes in organic solvents 1,

2.3 MXene based energy storage applications

2.3.1 Introduction

Due to their unique chemical construction, morphologies, excellent electronic conductivities
and ease of processibility, MXenes are considered to be a fascinating candidate for many
applications, including catalysts, electronic devices, electromagnetic shielding and
electrochemical energy storage materials. Particularly, many researchers focus on exploring
the use of MXenes in electrochemical energy storage applications, such as electrode materials
for batteries and supercapacitors ?8%°1. For storing energy, different kinds of batteries such as
lithium-ion batteries, are good choice as they possess a high energy density. However, the
limited cycling duration requires batteries to have periodic maintenance or replacement.
Furthermore, comparatively low power density limits their applications in high-speed
charging-discharging circumstances. In order to address the limitation of batteries, another
considered electrochemical energy storage (EES) device are supercapacitors (electrochemical
capacitors), which can potentially become the supportive alternative to batteries, combining
the prominent characteristics from electric double-layer capacitance and pseudo-capacitance.
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For the energy storage infrastructure, retaining a sustainable energy supply is not the only
singular key point to be considered. A necessary requirement is the ability to sustain the high
charging flow during peak periods. Therefore, rather than viewing supercapacitors as a
competing product, it should be viewed as a supportive technology. They can be used
synergistically to optimize the performance of an energy storage unit. The Ragone plot in Fig.
2-7 illustrates the energy & power densities of different energy storage devices. Batteries and
fuel cells have the highest energy density and lowest power density, while supercapacitors have
comparatively higher power supply capability, losing out on energy density and bridging the

gap between the conventional capacitor and the battery with long cycling life.
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Figure 2- 7 Ragone plot shows the energy density and power density comparison of supercapacitors

with the other energy storage devices.
2.3.2 MXene for Supercapacitor

In recent years, supercapacitors have attracted greater attention because of their high power
density, excellent rate performance and long cyclic stability. In practice, supercapacitors are
generally applied in start-stop control systems of hybrid electric vehicles and fuel cell vehicles
due to their rapid charge/discharge. Therefore, supercapacitors also play a significant role in

future energy storage systems. There are two kinds of supercapacitors, based on two working
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mechanisms: electrical double-layer capacitance and pseudo-capacitance. In the former,
capacitance is generated from reversible desorption/adsorption of ions and electrons on both
sides of electrode materials’ surface to form double-layer charging walls, which is highly
dependent on the high specific surface area and conductivity of the active material. The latter,
normally generates the pseudo-capacitance by fast reversible electrochemical reactions on the
surface or near-surface of the material 4. It occupies a middle-ground between electrical
double-layer capacitors (EDLCs) and batteries, which typically rely on intercalation of ions
and Faradaic electron transfer. It can be driven by three kinds of reactions: (1) fast redox
reaction from metal oxides such as RuO, and MnO; etc., which has two or more redox states,
via Faradaic electron transfer or non-Faradaic charge storage. This type of reactions mostly
happens in aqueous electrolyte; (2) Intercalation pseudo-capacitance, which normally arises
from multilayer electrode materials, such as Nb.Os, and the reactions are suitable in non-
aqueous electrolyte; (3) Underpotential deposition, which mainly happens on the surface of

noble metals, such as Au.

MXene possesses a unique 2D layer structure, large surface area and excellent electronic
properties, which make MXene-based materials a promising candidate for potential
applications in supercapacitors. Lukatskaya et al. for the first time reported intercalation
behaviour of cations (Na*, K*, NH*, Mg?* and AIP*) from electrolyte solutions into TisC,Tx
MXene layers ¥, With KOH as electrolyte, TisC,Tx paper electrodes can exhibit a volumetric
capacitance of 340 F cm at 2 mV s and no obvious degradation after 10,000 cyclesat 1 A g
1 The results open a new door for the development and application of MXene in
supercapacitors. Furthermore, Hu et al. investigated the capacitance mechanism of TizsCoTx
MXene with in-situ Raman spectroscopy 61, The results showed that TisC2Tx exhibited mainly
pseudocapacitive behaviour in sulfuric acid, in which the hydronium in H.SOa4 electrolyte takes
part in bonding/debonding with the terminated -O groups on TisC,Tx surface during
discharging/charging processes while the TisC2Tx electrode only showed electric double layer
capacitance in (NH4)2.SO4 and MgSOs electrolytes. TizC,Tx MXenes are the most popular
electrode material investigated in applications for supercapacitors 71, Ghidiu et al. first
prepared clay-like TisC,Tx MXene as supercapacitor electrodes, and the obtained TizCoTx
electrode exhibit a capacitance of 900 F cm™ (245 F g) at 2 mV s in H2SO4 solution B4,
Among all intercalating cations, H" ion can provide more energy for storage in the same space
due to the smaller ionic size. Meanwhile, the more open interlayer spacing of the as-synthetized

MXene and the associated surface redox reaction processes will also contribute to increased
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capacitance. Hu et al. prepared self-assembled TizC,Tx films with a dropping-mild baking
approach, and the obtained TizC,Tx electrode exhibited a high gravimetric capacitance of 499
F g and excellent cyclic stability in acidic solutions 1. Xu et al. proposed a binder-free
TisCoTx MXene electrode by a modified electrophoretic deposition method, which also
exhibited excellent electrochemical performances as supercapacitors [, In addition, Zhang et
al. applied the highly transparent and conductive TisCTx as solid-state supercapacitor
electrodes. The results demonstrated that the TisC2Tx electrode displayed remarkable
volumetric capacitance of 676 F cm™ with rapid charging/discharging "1, Lukatskaya et al.
prepared a macro-porous TisCoTx MXene electrode for supercapacitors (Fig. 2-8), which
exhibited a high capacitance of 210 F g™ at 10 V s and 100 F g at 40 V s %, |n addition,
TisCoTx MXene hydrogels were also obtained and showed an outstanding volumetric
capacitance of 1,500 F cm™ [¢9],

Transition metal oxide surface
(redox-active centres)

Conductive carbide core
(rapid electron supply)

oM @c Qo H

Figure 2- 8 Schematic illustration and scanning electron microscopy (SEM) images of microporous

TisC2Tx MXene electrode for supercapacitors 9,

Recently, Wen et al. reported that the c-lattice parameter of TizC,Tx would increase by doping
N atoms, and the as-prepared N-doped TisCoTx MXene (N-TiC2Tx) exhibits improved
capacitances of 192 F g, which is higher than that of un-doped MXene materials %, For the
preparation process of MXenes, the influence of HF etching time on the electrochemical
performances of MXene was also investigated. The results showed that the electrochemical
performances of TisC2Tx were maximised at an etching time approaching 216 hours P, Levi
et al. investigated the electrochemical behaviours (energy storage mechanism) of TizCoTx
MXene electrodes in the charge and discharge processes . The results show that the cation
inserts very fast in TisC,Tx MXene, in which cations were adsorbed at the solid-liquid
interfaces with the structure of MXene particles going through extensive deformation. The
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adsorbed cations are electrochemically inserted into the MXene layers, leading to swelling of
MXene particles. It is noteworthy to point out that the cation was absorbed in the shallow and
deep layers of the MXene simultaneously, which results in high rate performance and a high

capacitance.

In addition, the combination of MXene and polymer as electrodes for supercapacitors is a
useful strategy for improving electrochemical performance since polymers can not only
provide increased capacity but also modify the MXenes. Ling et al. reported TisC,Tx/polymer
(polydiallyldimethyl ammonium chloride or polyvinyl alcohol) composite films as electrodes
of a supercapacitor (Fig. 2-9), which exhibited high volumetric capacitance in KOH solution
331 Boota et al. prepared TisC.Tx/polypyrrole (PPy) composites [*!l, in which PPy intercalates
into MXene layers to expand the interlayer space and also behaves as a conductive polymer
contributing to pseudo-capacitance. The obtained PPy/TisC,Tx electrode exhibited a

volumetric capacitance of 1,000 F cm™ and a capacitance retention of 92 % after 25,000 cycles.
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Figure 2- 9 (a,b) SEM and transmission electron microscopy (TEM) images of delaminated MXene.

(c) Schematic illustration of the preparation of MXene functional films I,

Furthermore, carbon-based materials can also be applied as a composite material with MXenes
for supercapacitors. Zhao et al. prepared a sandwich-like MXene/CNT composite paper
electrodes, which exhibited excellent electrochemical performance in 1 M MgSOs electrolyte
for supercapacitors [*°l. Using the same method, sandwich-like MXene/ onion-like carbon and
MXene/ Reduced graphene oxide (RGO) composite electrodes were also obtained [°°l. Besides
this, transition metal oxides were also formed into composites with MXene to enhance the
electrochemical performance. Wang et al. combined TisC2Tx MXene and nickel-aluminium
layered double hydroxide (LDH) by in-situ growth of LDH on a MXene substrate [*¢1. The
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obtained MXene/LDH composite electrode exhibited a high specific capacitance of 1,061 F g
Lat1 A g The fastion transport and large reaction area of this supercapacitor can be attributed

to the unique 3D structure formed by the composite.

MXenes were also directly applied in areal energy storage devices. Kurra et al. prepared
MXene-on-paper co-planar micro-supercapacitors by a coating and laser machining process,
which exhibited excellent electrochemical performance 1. Peng et al. produced solid-state on-
chip micro-supercapacitors by applying two layers of TizC2Tx with different flake sizes as
electrode materials (Fig. 2-10) 8. These micro-supercapacitors exhibited high areal
volumetric capacitances of ~27 mF cm™ and ~357 F cm™ at 20 mV s and capacitance retention
of 100 % after 10,000 cycles at 50 mV s,
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Figure 2- 10 (a) Digital photo of MXene based on-chip micro-supercapacitor. (b-d) Cyclic voltammetry
(CV), charge-discharge curves and rate performance of the micro-supercapacitor I,
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Meanwhile, Li et al. also fabricated an on-chip micro-supercapacitor with MXene nanosheets
and electrochemically exfoliated graphene *°1. The device demonstrated areal and volumetric
capacitances of 2.26 mF cm and 33 F cm™ at 5 mV s respectively. Besides this, Lin et al.
were the first to report the application of TizC>Tx MXene as supercapacitor electrodes with
ionic liquid electrolytes (1-ethyl-3methylimidazolium bis(trifluoromethylsulfonyl) imide
(EMI-TFSI)) with a large voltage window of 3 V (Fig. 2-11) 1109,
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Figure 2- 11 (a) Nyquist plot (b) CV of TisC,Tx film tested in ionic liquid electrolyte. (c,d) were tested

in a two-electrode Swagelok 1071,

In addition, Ti2CTx has also been frequently studied for supercapacitors. Particularly, post-
etching methods was proposed to modify Ti2CTx MXenes. Rakhi et al. obtained Ti.CTx MXene
which went through post-etch annealing in Ar, N2, No/H> and ambient air as symmetric
supercapacitors, which showed a specific capacitance of 51 F g at 1 A g’ because of high
carbon content and low fluorine content on the surface [, Kajiyama et al. applied steric
chloride as intercalating agent in Ti.CTx to expand its interlayer space, resulting in a high

gravimetric and volumetric capacitance of 300 F g* and 130 F cm™® at 0.2 mV s* [62,
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Meanwhile, Ti.CTx has been fabricated into wire-type supercapacitors which exhibited a high
specific length capacitance of 3.09 mF cm™ and high length-specific energy density of 210
nWh cm* with good cycling stability 1021,

2.3.3 MXene for Lithium-lon Battery

Nowadays, rechargeable Lithium-ion batteries (LIBs) are the most widely used commercial
electrochemical energy storage device. Graphite is most commonly used as the anode material
of LIBs 111, However, graphite suffers from some disadvantages, including low capacities and
swelling problems, which results in its inability to meet the growing demands of energy storage
devices. Therefore, exploitation of new anode materials is urgent for the evolution of LIBs. As
mentioned above, pure MXene and MXene with surface functionalized groups exhibit metallic
or semiconducting character with a narrow band gap, resulting in inherent advantages with

regards to electronic conductivity.

In 2011, Naguib et al. first reported the feasibility of using TisC> MXene as the anode material
for LIBs [, Whereafter, the performances of TisC2Ty as the anode material for LIBs were
systematically investigated with experimental and theoretical calculations. Tang et al. reported
the performance of TisC2Tx anodes for LIBs by investigating the adsorption and migration of
Li* on the surface of pure, -F and -OH terminated TisC> MXene, with results showing that
Ti3Co MXene as anodes of a LIB exhibit excellent performance with low operating voltage and
diffusion barrier %4, Subsequently, Xie et al. reported that the MXene with -O groups showed
the highest capacity since O-terminated groups can adsorb an extra Li ion %], Besides, the
dynamic charge storage mechanism of TizC2(OH)2 electrodes was investigated by molecular
dynamic simulation and the results showed that TizC2(OH). electrodes with narrower pores

would exhibit excellent energy storage performance 2961,

In experiments, Mashtalir et al. prepared a kind of TizC,Tx “paper” as LIB anodes, and the as-
prepared MXene “paper” anode exhibited a high capacity of 410 mAh g™ at 1 C rate [11. Sun
et al. proposed TisC: intercalated with dimethyl sulfoxide and it showed a capacity of 123.6
mAh gt at 260 mA g and a coulombic efficiency of 47 % %], Meanwhile, Kim et al. proposed
that TisC2 as anodes for LIBs exhibited an areal capacity of 5.9 mAh cm? at 1.5 mA cm? after
50 cycles 1191, An effective method to promote the electrochemical performance of MXene is
delaminating multilayer MXene into paper-like structures because of a more opened structure

and large specific surface area. However, the delaminating process will lead to potential
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structural collapse and flakes stacking, resulting in the decrease of electrical conductivity and
surfaces accessibility to electrolytes. Furthermore, Ren et al. used a kind of chemical etching
method to introduce pores into MXene flakes, which can further increase the specific surface
areas and optimize the structures. They prepared porous TisC2Tx (p-TizCz2Tx)/carbon nanotubes
(CNTs) composite electrode for LIB, which exhibited a high capacity of 1,250 mAh g at 32
mA g1 [110]

Luo et al. prepared polyvinylpyrrolidone (PVP)/TisC, nanocomposites decorated with Sn**
ions (PVP-Sn(IV)@ TisCy) by a liquid-phase immersion method Y, The Sn** ions inserted
into the layers of alkalization intercalated TisC> to contributing to a “pillar effect”, which can
aid the insertion of Li ions. Thus, the synergistic effect between Sn ions and TisC> layers could
further increase the capacity. The results showed that the as-prepared composite materials
exhibited an ultrahigh reversible capacity of 1,375 mAh cm (635 mAh g?) at 216.5 mA cm?
(100 mA g1) with excellent rate and cycling performance. These experimental results bring a
new perspective to further improve the capacity of MXene-based anodes by increasing the
interlayer spacing with pillared structures. MXene with an appropriately selected inserted
precursor will attain suitable interlayer spacing and pillared structures will be obtained 2,
The pillared MXene can exhibit better electrochemical performance since proper interlayer

spacing can facilitate the adsorption and intercalation of ions in electrolytes (Fig. 2-12).
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Figure 2- 12 (a) Full-cell configuration of MXene based sodium metal battery. (b-e) Electrochemical
performance of the cell, including cycling performance, charge-discharge curves and rate performance

[112]

Metal oxides have also been applied to enhance MXene as an anode material of LIBs.
Particularly, SnO> is an appropriate enhancing material because of its high theoretical capacity,
low cost and environmental friendliness. Wang et al. prepared SnO> nanoparticle embellished
Ti3C2, MXene (SnO»-TisC,) composite materials by a hydrothermal method and the obtained
Sn0,-TisC; exhibited a capacity of 1,030 mAh g* at 100 mA g at the first cycle, and retained
360 mAh g after 200 cycles 131, However, since MXene is easily oxidized which could lead
to the collapse of the structure during hydrothermal treatment, so this method might not be the
best strategy to modify MXene with metal oxides. Ahmed et al. used low-temperature atomic
layer deposition to modify SnO> particle on MXene (SnO2/MXene), which is followed by
coating with a conformal thin passivation layer of inactive HfO,. The obtained HfO, coated
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SnO,/MXene anode exhibited a specific capacity of 843 mAh g at 500 mA g* after 50 cycles.
Carbon coating is another effective strategy to stabilize the structural of MXene 4, Wu et al.
prepared a kind of MoS2/TisCo/C composite with unique 2D hierarchical structure by
assembling carbon coated MoS, on carbon stabilized TisC, MXene. The obtained
MoS,/TisC2/C anode exhibited a capacity of 580 mAh g* at 20 A g* with 95 % capacity

retention after 3,000 cycles (1141,

In theory, MXene materials with lower molecular weights will exhibit higher gravimetric
capacity. Xie et al. investigated the Li ions storage capacity of some MXenes with lower
formula weights (Compared with TisC>Ty, including Sc2C, Ti2C, TizCz, V2C, Cr,C and Nb2C)
using DFT theoretical calculations, and the results showed that Ti.C MXene exhibited the
highest theoretical capacity [1**. Meanwhile, the electrochemical performance of other kinds
of functionalized M2CTx MXene (M=Ti, V, Cr, Mn, Fe, Co, Ni, Nb and Mo) were investigated
as electrode materials for LIBs. Sun et al. investigated the Li ion insertion behaviors of V.CO,
and the structural transformation by DFT calculation M1, The lithium storage capacity of
nitride and carbonitride MXene as anodic materials of LIBs were also investigated.

2.3.5 Summary

Because of the excellent thermal, optical, electrical and mechanical properties of MXenes, they
are considered as one of the most promising materials in a massive range of research and
application areas, especially energy storage. Researchers expended a lot of effort to investigate
the structural, properties and electrochemical application of MXenes by experiment and
theoretical calculation and the former has verified those superior properties of MXene proposed
in the simulations. The results demonstrated that MXenes exhibited large potential application
for electrochemical energy storage devices including Li-ion batteries and supercapacitors.
Besides, there are many breakthroughs for the application of MXene-based materials to the
field of electrochemical energy storage. However, there is definitely a long way to go to
improve both the preparation and applications of MXene. Further investigations are still
desirable to shed light on the practical applications of MXene-based materials in

electrochemical energy storage.

2.4 Manufacturing Methods for MXene based electrodes

2.4.1 Introduction
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There are numerous economically efficient and eco-friendly manufacturing methods of MXene
for energy storage, sensor, electronics or other wide variety of applications, such as vacuum
filtration, spray coating, spin coating, screen printing, 3D printing and tape-casting. With these
methods they can be processed as thin films, free-standing paper, and also complex structures
like fibers and interdigital patterns. Based on first-principle calculations, compared with the
bare MXenes without any terminated groups, those with terminations are more likely to have
negative enthalpy of formation with significant thermodynamic stability (1271, The surface states
of the materials have significant influence on the attractive force within the dispersion 181, The
negative zeta potential and hydrophilicity leads to a stable MXene suspension, slurry or ink
without further addition of other additives or surfactants. Therefore, the formulation of stable

MXene dispersions with specific rheological properties play an important role in the

processability of these systems (Fig. 2-13).
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Figure 2- 13 A guide for processing MXenes %],

2.4.1.1 Rheological Properties of MXene

Investigating the rheological behaviour of MXene enables further processing, scalable
fabrication and integration into to complex 3D architectures by coating, tape casting and
printing techniques. The high negative surface charge and polar terminations make TizC2Tx
and some other MXenes display superior hydrophilicity and facilitates easy preparation into
colloids, slurries, and inks in polar solvents for post manufacturing processes. Foremostly,
viscosity is a critical parameter to understand more about the flow properties of MXene
colloids. After evaluating the viscosity, a study of viscoelastic behaviour is also useful to

further understand the fundamental research motivations as well as suitability of practical
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applications. In particular, shear-thinning is a prerequisite for printing and coating techniques,
e.g. screen printing, extrusion-printing, tape-casting, spray coating. The ratio of elastic
(storage) modulus (G’) to viscous (loss) modulus (G’”) can also contribute in determining the

rheological performance of a dispersion (as shown in Fig. 2-14) 119,
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Figure 2- 14 Frequency versus the G’/G”’ ratio for aqueous (a) single-layered MXene and (b) multi-

layered MXene based inks for various printing techniques .

In 2018, Akuzum et al. investigated the viscosity and viscoelasticity of TizC2Tx dispersions in
deionized water [1*°1. In this work, the rheological properties of a wide range of concentrations
and different flake states (single-layer and multi-layer flakes) were explored (Fig. 2-15). For
the first time they showed the shear-thinning and viscoelasticity of aqueous bare TizCoTx
dispersions. According to their results, TisC2Tx dispersions with different flake states should
be regarded as two separate systems to be investigated, and they all exhibited distinct
rheological properties offering versatile performance in fabrication. The single layered MXene
ink showed evidence of elasticity even when the concentration was lower than 0.2 mg mL™,
which may be caused by few reasons: 1. negative surface charge; 2. hydrophilicity; 3.
comparatively lower mass and packing density. For the multi-layered MXene, even though the
loading is increased to 70 wt%, it still has observable flowability, which can achieve higher

viscosity and elasticity by using higher solid loading 1,
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Figure 2- 15 Rheological properties of TizC,Tx with various concentrations. (a) and (b) measured
viscosity versus shear rate of MXene susoensions with single-layered flakes and multi-layered flakes,

respectively (191,

For various printing, coating or alternative methods, the rheological requirements vary from a
gel-like paste for extrusion printing, low viscosity slurry for screen printing and tape casting,
and further low concentration dispersions for spray coating. For spray coating, higher G’ is
needed to process faster, while 3D printing requires higher G’ to maintain the shape of the
printed pattern 8. After the first MXene related review paper concerning rheology was
published, there has been more research on the rheological behaviour of MXenes. Zhang et al.
investigated additive free TisCoTx ink for direct printing, including extrusion printing with
aqueous inks and inkjet printing with organic inks 2%, All the organic inks demonstrated non-
Newtonian characteristics and pseudoplastic behaviour. In our first published work 211 15 mg

mL? TisCoTx ink made of single/few 2D flakes with larger aspect ratio can achieve similar
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order of magnitude of viscosity as 70 wt% multi-layered TisC2Tx did 9, Afterwards, Yu et
al. reported a N-doped MXene ink for screen printing and 3D printing. Their ink exhibited high
viscosity of over 10* Pa-s at an initial shear rate of 0.05 s, which ensured a fixed shape 1221,

In conclusion, to exert control over the rheological properties of the MXene ink, adjusting the
flake size and volume fraction of 2D sheets are key. Based on the excellent rheological
properties of MXenes, their suitability as base materials for functional applications as well as
additives to support processing are substantiated. Malchik et al. reported a method to use few-
layer delaminated TisC.Tx as the conductive agent and also binder to fabricate freestanding
NaTi2(POa4)s film for sodium-ion battery anodes, which showed good energy density, rate
performance and superior cycling stability 2% As long as the rheological behaviours of
MXene can be understood and controlled, various printing/coating processing methods (Fig.

2-16) can be more easily adapted for diverse applications [*28],
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Figure 2- 16 Different manufacturing methods to prepare MXene films, which are relied on the

rheological properties of the MXene dispersions [128],

2.4.1.2 Chemical stability of MXene inks
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Since MXenes show very promising dispersion stability in water, the oxygen dissolved in water
can also affect their stability significantly by chemically degrading the delaminated MXene
flakes 821241 Typically, more oxidation is prone to happen when the flake is more exfoliated,
especially single layer MXene, which has the largest surface area-to-volume ratio 8. The
degradation leads to structural breakdown due to the formation of non-2D (amorphous) metal
oxides, resulting in irreversible effects on the MXene inks. After structural deformation, even
if the concentration of the MXene suspension is kept the same as its initial, the rheological
behaviour cannot reach its previous characteristics. In addition, high temperature, sonication
and long exposure to sunlight can also accelerate oxidation speed “21?%1, Many challenges still
exist that hinder the ability to store water based MXene inks for long durations. In order to
achieve similar rheological behaviour, fabrication parameters, and obtain comparable data, all
the MXene inks have to be used as soon as possible when they are freshly prepared and
successively dried after it has been processed. Furthermore, a promising path would be if the
application can allow the MXene to be stored in organic solvents. As Kathleen et al. indicated,

well suspended MXene dispersions in the organic solvents can remain stable for several months
[83]

2.4.2 Manufacturing methods

2.4.2.1 3D printing

3D printing, also known as additive manufacturing (AM), continuous extrusion printing, is one
of the most common manufacturing techniques to build 3D complex architectures digitally
followed by physically printing it out, which allows the fabrication of the desired objects with
accurate shapes and economical application of materials. There are two main categories of 3D
printing methods. One exploits the light/temperature sensitivity characteristics of the material,
while the other is based on the rheological properties of the ink itself 1?61, The first method is
a more mature technique with high resolutions achieved by printing photopolymerizable resins
or thermoplastic polymer powders, such as stereolithography (SLA) and selective laser
sintering (SLS) %61 as shown in Fig. 2-17. The ink-based method, relies on the material itself
or the substantial addition of binders, thus development is still at a laboratory scale. Typically,
after drying, the printed electrodes have 3D porous microstructure with large specific surface
area, which allows for shorter charge transport routes and faster diffusion of electrolyte ions

during charging and discharging. Referred to as continuous extrusion initially, high viscosity,
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high yield stress under shear and compression, and well-controlled viscoelasticity are strict
necessities. Besides this, shear thinning (pseudoplastic) behaviour ensures that when the force
is applied, the ink can flow through the needle smoothly. In addition, the ink requires
thixotropic properties to ensure the printed rods recover to its previous high viscosity
immediately after leaving the needle without an externally applied force. Therefore, controlling

and tuning the rheology behaviour of the ink are very essential steps in this research.
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Figure 2- 17 Schematic of (a) stereolithography and (b) selevtive laser sintering 121,

There are already many papers reporting printed micro-energy storage devices via this method.
Graphene oxide (GO)/graphene and other exfoliated 2D materials like MXenes are the next
generation material choices to prepare functional inks for 3D printing. As reported,
GO/graphene based inks exhibited shear-thinning behaviour 271281, |n order to attain suitable
G’ to avoid the collapse of the printed structure, high mass fraction of GO/graphene has to be
prepared or adding additives such as polymeric binders [?%130] and/or inorganic particles 34,
Fig. 2-18a demonstrates the apparent viscosity of GO suspension as a function of shear rate.
GO suspensions with concentration of 20 and 40 mg mL™ were investigated 3. It was found
that, when increasing the GO suspension concentration, there is an apparently increase in
viscosity even at higher shear rate manifesting in better printability of the ink. Additionally,
the influence of binder was also investigated. Silica filler was added into GO suspension to
increase the viscosity. Based on Fig. 2-18b, 20 mg mL™* GO suspensions showed poorer
printability (G’, G), while 40 mg mL™* GO suspensions with silica filler increased by over
one order of magnitude, which proved that the GO suspensions of higher concentration with

higher amount of silica filler could improve the printability of the inks.
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Figure 2- 18 (a) Viscosity as a function of shear rate of GO/GO composite; (b) G’, G’’/Pa as a function

of shear stress of GO/GO composite suspension; (c) Schematic of the ink preparation 31,

Shen et al. developed sulfur copolymer-graphene inks for lithium-sulfur batteries by adding
sublimed sulfur and 1,3-diisopropenylbenzene (DIB) to GO solution 321, The prepared inks
show excellent shear-thinning behaviour, which can used to print the as-designed architectures.
Besides this, the plateau of G’ is an order of magnitude higher than G’’, indicating elastically
controlled behaviour. With the shear stress increased to over 10° Pa, viscosity plays a dominant
role, which makes the ink exhibit liquid like behaviour, as shown in Fig. 2-19.
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Figure 2- 19 Rheological properties of inks. a) Apparent viscosities of S/DIB/GO and S/GO inks. b)
G’ and G’’ at a shear stress from 107 to 10° Pa for S/DIB/GO and S/GO inks. c) Aging properties of
the S/DIB/GO ink 1321,

In order to maximize the electrical, thermal and further functionality of the printed ink, usage
of additives should be avoided. Ideally, the 2D materials can be dispersed uniformly in a water-
based solvent without setting or re-agglomeration. Our first work has shown the possibility of
additive-free TizC2Tx aqueous inks for 3D printing. After MILD method etching, thin TisCoTx
2D sheets with ~8 pum flake size were used to formulate homogeneous inks, which showed
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ideal viscoelastic properties for extrusion-based 3D printing 2!, Soon afterwards, Orangi et
al. demonstrated TisC2Tx ink with high concentration (290 mg mL™) for ultra- high energy
density supercapacitor application 1331, After etching, superabsorbent polymer (SAP) beads
were used to concentrate their inks, and then a gel-like ink can be printed on a substrate with

layer-by-layer structure (Fig. 2-20).

L

Figure 2- 20 (a-c) Schematic and digital photos of the 3D printed electrode for micro supercapacitors.
(d-h) SEM images of the printed structures 133,

Fan et al. reported nitrogen-doped TisCoTx inks to 3D print the anode part for sodium-ion
hybrid capacitor applications %4, Carbon nanotubes (CNTs) and GO were also added to
improve the rheological performance of the ink (Fig. 2-21). The printed structure showed open
pores and uniform N-doping distribution, resulting in faster ion pathways during

electrochemical reactions and superior Na-ion storage behaviour.
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Figure 2- 21 (a) Schematic of the ink preparation. (b-e) Rheological performance of the inks. (f,g)
Height distribution of the 2D printed filaments [£34],

2.4.2.2 Tape casting/Freeze-assisted tape casting

Freeze-templating also commonly referred to as freeze-casting has been a popular method in
manufacturing porous electrodes for energy storage devices due to its simplicity and potential
scalability which will allow for high volume production. This process utilizes the crystallisation
of a liquid phase during solidification within an aqueous dispersion to template the
microstructure of a hydrogel. This can then be subject to drying methods to remove water

thereby forming a highly porous aerogel foam.

Practically, a stable colloid is casted onto a cooling bed which induces a directional temperature
gradient. This will initiate freezing of the colloidal dispersion, in which the more energetically
favourable heterogeneous nucleation will occur 31, The thermal gradient will consequently
result in ice crystals growing with a lamellar morphology which exerts a force on the flakes
and/or particulates within the colloid, segregating them between the ice-crystals 361371 An
illustration of particle interactions at the freeze-front of the growing ice-crystals can be seen in

Fig. 2-22. Once the solvent has been removed, the result is an anisotropic microstructure which
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typically has lamellar channels in the direction of the thermal gradient and circular pores

perpendicular to the thermal gradient.
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Figure 2- 22 Illustration of various particle interactions that occur at the freeze-front of a colloid that
is being freeze-templated 3%,

Within the last few years, although often not explicitly stated, freeze-casting has been a widely
applied as a facile method together with hydrothermal synthesis to form highly porous
electrodes for energy storage devices. An example of this is in the work of Yuanlong Shao et.
al. who fabricated ‘3D’ freeze-casted cellular graphene films for ultrahigh power density
supercapacitors %1, In their work, a hierarchically porous graphene film was fabricated by a
combination of vacuum filtering and freeze-casting partially reduced graphene oxide. The
morphology of this film can be observed in Fig. 2-23. This as-fabricated film managed an
impressive gravimetric capacitance of 284.2 F g* at a current density of 1 A g and retained
61.2 % of the initial capacitance once the current density was raised to 500 A g, with 1 M

H>SO;4 as the electrolyte.

Contrastingly, an RGO film that had not integrated the freeze-casting step only achieved a
gravimetric capacitance of 181.3 F g* at 1 A g* with a retention of only 27.8 % at 500 A g.
This performance discrepancy elucidates the potential benefits of a templated porous
architecture, which would have less re-stacked RGO sheets and higher accessible surface area

which could contribute to final electrode capacitance.
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Figure 2- 23 Morphology of 3D porous RGO films a) cross-section SEM image of 3D porous RGO
film after long-term reduction b) Photograph of a bent 3D porous RGO film c,d) Partially enlarged

views of (a) under higher magnification 131,

In a similar approach, Peng Zhang et. al. used an in-situ ice template approach to fabricate ‘3D’
flexible MXene film-based electrodes for high performance supercapacitors 2%, In their work,
porous films of TisCoTx MXene with interspersed carbon nanotubes (CNT) were formed by
freeze-drying the hydrated films. This resulted in a porous networked supercapacitor electrode
which was able to deliver a capacitance of 375 F gt at 5 mV st and retain 251.2 F g* at a scan
rate of 1,000 mV s1. As a symmetrical supercapacitor, the device managed an energy density
of 9.2 Wh kg™*. The work showcases how an in-situ templating strategy aids in mitigating
restacking of 2D nanomaterial sheets [*4% with the CNTs acting as functional spacers within

the porous network.

Further to this, an interesting application of freeze-casting can be seen in the work by Qingrong
Wang et. al., in which they were able to design typographical supercapacitors with an integrated
architecture 44, The resultant flexible integrated supercapacitor structure was formed by
exfoliated graphene (EG) current collectors, symmetric polyaniline/reduced graphene oxide
(PANI/rGO) electrodes and a cellulose nanofiber (CN) separator (seen in Fig. 2-24b). It was
elucidated that the integrated film with compressed porous structures had higher tensile
strength and Young’s modulus than that of the individual components and a conventional
stacked device (seen in Fig. 2-24c). This was hypothesized to be due to strong interfacial

strength between neighbouring layers which could lead to effective load transfer (as can be
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seen in Fig. 2-24d) 41, This feature is especially important for implementation in flexible
electronics which would require robust flexible energy storage devices. The fabricated device
with a mass ratio of PANI to rGO of 1 managed an appreciable specific capacitance of 511 F
gt with a retention of 275.9 F g at 10 A g and energy density of 6.13 Wh kg™ at a power
density of 9.60 kW kg™ (when calculated with mass of electrode). This work provides some
insight on potential benefits an integrated structure fabricated with freeze-casting might

provide for a flexible energy storage device.

Looking through literature, a generalisation can be made that freeze-casting is inherently
employed in fabricating porous energy storage device components (such as the electrode) in
discretized and/or monolithic manufacturing steps. Commercially, this is not very ideal as roll-
to-roll manufacturing of films are a more appropriate medium for scalable manufacturing of
electrode stacks. Therefore, tape casting can be combined with this templating method in the
process called freeze-tape casting to facilitate roll-to-roll manufacturing. Tape casting is a well-
established process in which a doctor blade is used to govern the thickness of a colloid that is

being cast onto a substrate 1421,

: — Load transfer — Load transfer
All-in-one structure Conventional stacked structure

Figure 2- 24 a) SEM micrograph of PANI/rGO composite (1.0 mass ratio) b) Cross-section SEM
micrograph of the all in one device with EC current collector, PANI/rGO electrodes and CN separator
c) Stress-strain plot of the respective discrete device components, conventionally stacked device and
integrated all-in-one device d) Proposed load transfer mechanism of the all-in-one and conventionally

stacked structure 141,
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Literature surrounding the application of freeze-tape casting of 2D nanomaterials for energy
storage devices currently, is sparse [143-1461 Most works to be found apply heuristic fabrication
methods such as formation of the electrode film with vacuum filtration such as in the previously
mentioned work 81, This can potentially lead to the restacking of the 2D nanosheets 4%,
which will then require supplementary processes or additives to mitigate. An area of interest
that would require further research and method development is in utilizing this freeze-tape
casting fabrication route to prevent restacking of the 2D nanosheets within the electrode
material and form integrated device structures such as in 41, A good example of this method
being applied is in work by Yoon Hwa et. al. in which directional freeze-tape casting was used
to create aligned sulfur-graphene oxide electrodes for a Li-S cell 2471, The resultant cell
fabricated with this electrode demonstrated extended cycling capabilities (4 % retention after
200 cycles) as opposed to a conventionally prepared tape-casted electrode. It was ascertained
that the low tortuosity of the electrode and the confining influence of GO on soluble
polysulphides influenced its stability and performance. Similar performance benefits of using
such a manufacturing method can be observed in work by Milad Ghadkolai et. al. in which
thick Mo doped LisTisO12 electrodes were freeze tape casted for lithium-ion batteries 48], The
resultant cells demonstrated improved specific capacity and rate performance despite being

thicker than conventionally tape casted electrodes.

The highlighted works serve as a good origination for this research theme. The benefits and
fundamental principles of this manufacturing method to develop complex architectures for
electrodes is evident. Furthermore, a gap can be perceived in understanding the ability of such
a method in forming integrated hierarchical structures, with 2D nanomaterials and especially
with MXenes. Thus, this is a domain that will be addressed in this research.

2.5 Summary

As an active material for energy storage, MXenes have shown high electronic conductivity,
high packing density, tunable interlayer distance and outstanding electrochemical capacitance
over other conductive 2D materials for supercapacitors. However, as might be expected, there
are also restacking problem when we process them, which existed in almost all the few-layer
exfoliated 2D materials. Compared with the authentic 2D sheets, agglomoration causes
insufficient usage of the active materials and longer ion transport pathways for the electrolyte
ions, leading to lower specific capacitance and lower rate performance especially in a thick

electrode. As the active component of energy storage devices, thicker MXene electrodes are
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required to achieve higher specific areal energy density. Thus, novel MXene nanostructures
with porous framework has become desirable to boost the energy storage application by
facilitating ion diffusion during electrochemical reaction. Due to the hydrophilicity and
abundant highly negatively charged groups on the surface of MXene flakes, they can be easily
processed to a stable colloidal dispersion in water and also in various organic solvents, which
can be applied to efficient integration and direct fabrication to controllably manufacture the

energy devices.
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Chapter 3. 3D Printing of Freestanding MXene

Architectures for Current-Collector-Free Supercapacitors

3.1 Chapter Introduction

Very recently, extrusion-based 3D printing, as an emerging technology, has been successfully
demonstrated to construct complex structures with a wide application in various areas, such as
electronic, biomedical, and energy storage fields. To develop suitable inks with high viscosities
and shear-thinning rheological properties, it is essential to print ideal architectures without
collapse. Among these, fabrication of functional components or devices for microelectronic
systems with 3D printing technologies is still promising. Recently, a series of 3D printed
functional components and devices for electronics have been reported, especially with the
widely used direct ink writing 3D printing. The revelation of novel characteristics found in
MXenes have directed significant interest for its use in rising fields, particularly in
electrochemical energy storage. Although research on MXenes have seen dramatic progress in
recent years, materials performance is hindered. This is attributed to limitations in the design
and fabrication of electrodes with tuned architectures. MXene aqueous inks could be employed
in commercial pens for direct writing functional films and thus be integrated into customised
3D device architectures. This chapter will explore the rheological properties of aqueous MXene
inks and, in addition, the suitability for direct ink writing. The MXene inks will be used to print
interdigitated single layer devices to show the potential for printed micro-supercapacitors,

whilst demonstrating the potential for a truly 3D printed supercapacitor devices.

In this work, the thesis author conceived this study carried out materials fabrication, SEM /
Energy dispersive X-ray spectroscopy (EDS) / X-ray diffraction (XRD) / Rheology and data
analysis, printing of MXene inks and wrote MXene inks, and writing the paper. Yang Jie
assisted with electrochemical measurements. All authors contributed to the review of the

manuscript. The original manuscript is presented in the following sections.
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3.2 Abstract

Additive Manufacturing (AM) technologies appear to be a paradigm for the scalable
manufacture of electrochemical energy storage (EES) devices, where complex three-
dimensional (3D) architectures are typically required but hard to achieve using conventional
techniques. The combination of these technologies and innovative material formulations that
maximize surface area accessibility and ion transport within electrodes while minimizing space
are of growing interest. Herein, we formulate aqueous inks composed of atomically thin (1-3
nm) 2D TisC,Tx with large lateral size of about 8 um possessing ideal viscoelastic properties
for extrusion-based 3D printing of freestanding, high-specific surface area architectures. The
MXene inks were 3D printed into interdigitated electrodes to determine the viability of
manufacturing energy storage devices. The 3D printed device with active material loading of
about 8.5 mg cm achieved areal capacitance as high as 2.1 F cm? at 1.7 mA cm? and
gravimetric capacitance of 242.5 F g* at 0.2 A g* with retention of above 90 % capacitance
for 10,000 cycles. It also exhibited a high energy density of 0.0244 mWh cm and power
density of 0.64 mW cm™ at a current density of 4.3 mA cm. We anticipate that the sustainable
printing and design approach developed in this work can be applied to fabricate high
performance bespoke multi-scale and multi-dimensional 3D architectures of functional and

structural materials for integrated devices in energy, catalysis and transportation applications.
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3.3 Introduction

The performance and application of electrochemical energy storage (EES) devices increasingly
relies on the development of scalable manufacturing routes and innovative materials
formulations that can maximize surface area accessibility and ion transport within electrodes
while minimizing space and environmental impact. Consequently, Additive Manufacturing
(AM) technologies, which are capable of printing three-dimensional (3D) objects and complex
structures, offer unique possibilities to bring novel electrode materials into high performance
EES devices. Among the AM technologies, continuous extrusion-based 3D printing (also
called direct ink-writing or robocasting) is a versatile and cost-effective processing route where
the formulation and properties of colloidal inks directly control the printability and architecture
of printed parts. It further offers the ability to integrate functional materials of different surface
chemistry and dimensionality into EES devices ™ such as Li-ion batteries 1 micro-

supercapacitors (MSCs) 61 and wearable electronics ["€,

Recently, two-dimensional (2D) transition metal carbides, called MXenes (Mn+1XnTx, with M
representing an early transition metal, X representing C and/or N and, Tx representing the
terminal functional groups) % have shown huge potential as electrode materials for
supercapacitors 112, Their combination of metallic conductivity, high density (3.8 0.3 g cm’
%) and redox active, negatively charged surfaces can lead to superior charge storage and transfer
capabilities when compared to other 2D materials. Their surface functional groups (-O, -OH
and -F) further render them hydrophilic allowing them to be easily dispersed into aqueous
suspensions and inks for processing electrodes using different approaches such as vacuum
filtration 19131 spin coating 141 screen-printing 2671 stamping 8, and spraying (%24,
While these approaches show the potential of MXene for water-based processing of EES
devices, limitations remain with respect to architectural control, scalability or cost-
effectiveness that could be addressed by employing 3D printing technologies. Although
MXene aqueous inks have been recently employed in commercial pens for direct writing
functional films 2?1 the development of 3D printable MXene inks and their integration into
customised 3D device architectures is still unexplored. In order to realize this challenge, these
materials need to be integrated into inks with very specific rheological properties that allow
smooth flow through narrow nozzles while still enabling the extruded filaments to retain their

shape even after multiple layers are printed. Furthermore, the optimised ink formulation and
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processing route should allow the properties of the 2D MXene to be efficiently translated to

their 3D printed architecture.

Herein, we formulate aqueous inks with 2D TisC2Tx (the most studied MXene material) with
ideal viscoelastic properties for extrusion-based 3D printing of freestanding, high-specific
surface area architectures of different size and shapes (Fig. 1). Previous studies show that high
aspect ratio materials with high surface charge, such as clay, Graphene Oxide (GO) and MXene
are effective in tuning the rheological properties for wet processing when compared to
conventional colloidal systems 2221 In particular, the bi-dimensionality of MXenes in
combination with their highly negatively charged surfaces and more positive edges 2°! render
them electrostatic properties and the capability to intercalate water that is similar to some clays
271, Here we extend this knowledge to develop 3D printable inks solely based on large lateral
size, few-layer thick MXene flakes in water without the necessity of using normally employed
sacrificial additives 2631 to control the rheological properties. We further apply the inks to
directly print interdigitated symmetric MSCs with a solid electrolyte using TisC2Tx as both the
electrode material and the current collector (CC). This eliminates the need to employ noble
metals %! or other metallic materials used as CC in 3D printed electrode designs #2620, The
electrodes with an active material loading of about 8.5 mg cm exhibited an areal capacitance
of 2.1 F cm™ and gravimetric capacitance of 242 F g at 0.2 A g, high power and energy
densities and capacitance retention above 90 % for 10,000 cycles. While this work represents
a feasibility study, we anticipate that this sustainable printing and design approach can be
applied to fabricate customized MXene-based architectures and integrated devices for a wide
range of applications from energy storage and transfer, catalysis, electromagnetic shielding,

environmental cleaning to advanced composite manufacturing.
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a Synthesis of Few-Layer Large-Flake TizC2Tx b Development of Printable Inks
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Figure 1 Schematic representation of the manufacturing strategy developed for 3D printing of

o
=
S

&
2
5

freestanding MXene architectures and MSC demonstrators. (a) Synthesis of 2D TisC,Ty following a
less aggressive approach with multiple purifications and no sonication steps to allow the formation of
few-layers large flakes. (b) Development of TisC,Tx aqueous inks at neutral pH and study of their
suitability for 3D printing via specific rheological characterizations (e.g. viscous properties under shear
and their viscoelastic fingerprints); (c) 3D printing of inks with suitable viscoelastic fingerprints layer-
by-layer to produce different 3D designs. The subsequent freeze-drying gives rise to freestanding 3D
architectures that retain their shape and dimensions; (d) Probing the suitability of the 3D printable inks
to develop high performance symmetrical current collector-free (CC-Free) TisC, Ty solid-state MSCs.

3.4 Results and Discussion

In order to probe the suitability of 2D MXenes for extrusion-based 3D printing, we synthesised
TisCoTx flakes that are both large (8 wm average lateral size) and thin (1-3 nm thick) giving a
mean length to thickness ratio of approx. 4,000 (Fig. 2a-c, Fig. S1). During the synthesis
(Experimental Section - Sl), the TizAIC, precursor is selectively etched in a LiF and HCI
mixture (with in-situ formation of HF as the etchant) and the subsequent delamination is
achieved by the intercalation of water and Li ions within the negatively charged surface
resulting in a volume increase as previously described 7. We followed a less aggressive
etching and delamination protocol 3431 with no sonication steps (Fig. 1a and SI) to allow the

synthesis of 2D flakes of preserved lateral size. After purification and centrifugation steps, the
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large 1-3 nm thick TisC,Tx flakes can be readily formulated into homogeneous aqueous inks at
neutral pH (Zeta potential of -41 mV with standard deviation of 2 mV) (Fig. S2). A rheological
study of the developed inks was subsequently carried out to probe their suitability for 3D
printing (Fig. 2d-f). The ink’s viscosity and viscoelastic properties depend on the TizCoTx
flakes concentration in water and the inks present a clear shear-thinning behaviour as
previously reported for 2D materials systems 2336371 The viscosity recovery of the shear-
thinning inks over time shows their potential for continuous extrusion during the 3D printing
process (Fig. 2e). By applying alternate low (0.01 s) and high (1,000 s™) shear rates to the
inks over time we can observe the viscosity drop at higher rates (simulating the extrusion
through narrow nozzles) and the instantaneous recovery of viscosity when the shear stress is
reduced (simulating post printing recovery of the inks rheological properties). Interestingly, the
15 mg mL* inks present viscosity values in the order of magnitude as reported for highly
concentrated (2.33 g mL™?, 70 wt%) 8 multi-layered TisC2Tx suspensions, which indicates

that high aspect ratio TisC,Tx flakes are effective in tuning rheology at low concentrations.
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Figure 2 TisC,Tx flakes dimensional analysis via atomic force microscopy (AFM) (a-b) and scanning
electron microscopy (SEM) (c), inks rheological characterization (d-e) and wet stage 3D printed

structures (g). a-b) Flake thicknesses ranging from approximately 1 to 3 nm. Large area and thin flakes
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with aspect ratios above 10,000 can be synthesised (a representative 1.1 nm thick, 12 um lateral size
flake is represented by the black line). ¢) Histogram of TisC,Ty flakes lateral size obtained from SEM
imaging of diluted inks (Fig. S1). The mean lateral flake size is 8 um with a standard deviation of 2.7
um. d) Inks shear thinning behaviour appropriate for continuous extrusion through printing nozzles as
narrow as 250 um diameter. Inset legend refers to line colours used in panels d-f. €) Inks viscosity
evolution over time for alternate low (0.01 s*) and high shear rate (1,000 s?) showcasing appropriate
viscosity drop and post-printing recovery. f) Inks viscoelastic fingerprints showing their solid-like
behavior with large plateau regions (where G’ is independent of stress) and yield stresses (cross over
point between G” and G””) that increase as the inks become more concentrated. In particular, 50 mg mL"
Links demonstrate an elastic modulus of 3,747 Pa and extendable plateau regions with yield stress of
206 Pa enabling them to be 3D printable. Inks at 15, 30 and 50 mg mL™* correspond to 1.5, 2.9 and 4.8
wt% TisC,Ty, respectively. g) lllustration of 3D printed architectures: clock-wise: 3D printed micro-
lattice and rectangular hollow prism printed through 330 and 250 um nozzles respectively (both 25
printed layers); MXene (4 layers), UoM (5 layers), bee (3 layers) and interdigitated (4 layers) designs
all printed through a 330 um nozzle. All structures used a printing speed of 6 - 10 mm s*. All scale bars

in g) correspond to 3 mm.

The inks viscoelastic fingerprints (Fig. 2f) show predominantly solid-like behaviour with a
high storage modulus (G’) at the plateau region (region where G’ is independent of stress)
indicating the formation of a highly percolated TisC>Tx network. The viscoelastic network
breaks and flows when a critical stress is applied (the yield stress at the cross over point
between G’ and loss modulus (G’”)) resulting in a liquid-like behaviour (G’* > G’) that enables
continuous extrusion through micrometre-sized nozzles. The magnitude of the elastic modulus
and yield stress increases as the inks become more concentrated with 2D flakes, indicating an
increase in suitability for shape retention upon continuous extrusion. The elastic modulus and
yield stress for inks with 50 mg mL™ concentration reaches 36,507 Pa and 206 Pa, respectively,
falling within the range for printable inks reported for other systems 2341 Furthermore, inks
with increased material loading maintained sufficient viscoelastic characteristics to be printable
and led to a proportional increase in bulk densities of printed parts (Fig. S3). These inks can
easily flow through narrow nozzles and instantaneously recover their solid-like behaviour,
retaining the nozzle’s filamentary shape after extrusion. Consequently, it is possible to
successfully fabricate 3D architectures by the continuous extrusion of additive-free large
TisCoTx aqueous inks layer-by-layer following different structural designs (Fig. 2g and S4).

Freestanding wet TisC>Tx 3D woodpile, hollow rectangular prism, interdigitated electrode
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configurations and other constructs have been 3D printed directly in air with the shapes retained

after the printing process.
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Figure 3 3D printed multi-scale architectures after freeze-drying. SEM and optical micrographs (inset)

of free-standing TizC,Tx micro-lattice (a) and hollow rectangular prism (b) printed through 330 and 250
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um nozzles, respectively; The cross-sectional SEM images of one filament within the micro-lattice in
(a) show the retention of shape and formation of porous internal structures upon freeze-drying (c-d). e-
f) Optical micrographs (inset) of 3D printed interdigitated designs with a TisC>Tx finger thicknesses
and finger gaps of 640 and 210 um (e) and 350 and 100 um (f), respectively. g-h) N2 adsorption and
desorption isotherms and the pore size distribution of vacuum dried 2D TisC,Tx (SSA of 100 m?g?t) and
3D printed TisC,Tx architectures (SSA of 177 m?g™). The preserved surface area of few-layer and large
vacuum dried 2D TisC,Ty is further improved upon 3D printing and freeze-drying. The inset printed

structures in (a), (b), (e) and (f) all have lateral sizes of 5 mm.

The wet 3D structures are subsequently freeze-dried to give freestanding TizC>Tx architectures
without the necessity of any further thermal or chemical treatments as are normally required
when using additives or GO [?837421 Freeze-drying protects the internal integrity and the
external shape of the structures with low shrinkage resulting in TizC2Tx 3D architectures of
well-defined shapes (Fig. 3a-d) and filaments in the micrometre range. The process parameters,
i.e. the nozzle internal diameter, printing speed and pressure, can be tuned in order to obtain
printed filaments that are similar to the internal diameter of the nozzle. The SEM micrograph
of the micro-lattice structure (Fig. 3a) shows individual printed filaments of 326 + 13 um in
diameter forming the interlaced configuration without bending. Side view imaging of the
printed rectangular prism (Fig. 3b) shows the boundaries between individual printed filament
layers without any overlap or internal collapse. These results demonstrate the TisCoTx inks

viscoelastic properties are highly appropriate for 3D printing of freestanding architectures.

Cross-sectional images through the filaments (Fig. 3c-d) reveal an internal network of TizC2Tx
flakes with interconnected pores in the range of 12 - 35 um and smaller openings between them
in the range of 3 - 5 um. While porosity can lead to more accessible surfaces for the electrolyte
and improved rate performances, it can also sacrifice the volumetric capacitance and
volumetric energy density to some extent [ Thus, the optimization of porosity is a big

challenge in electrode design.

Our synthesis approach resulted in large, few-layers flakes with a Brunauer-Emmett-Teller
(BET) specific surface area (SSA) of 100 m? g (vacuum dried etched dispersion), which is
considerably higher than previously reported (SSA for TisC.Tx is normally between 4.2 - 55.06
m? gt 143481y The SSA of the 3D printed TisC2Ty architectures was calculated as 177 m? gt
(Fig. 3g). The post 3D printing freeze-drying approach assembles the 2D flakes into a porous
architecture within the filaments preventing the normal restacking of 2D flakes during drying

(471, This further improves their surface area accessibility compared to conventional techniques
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(e.g. casting or vacuum filtration). The TisC.Tx samples present a typical type IV N:

adsorption/desorption isotherm, indicating their predominantly mesoporous internal structures

[481, Based on the Density Functional Theory model %, the pore size distribution is determined

to be from 0.8 nm to 9 nm (Fig. 3h). Elemental mapping of the 3D printed TizCTx structures

(Fig. S5) show them to be mainly composed of homogeneously distributed Ti, C, O and F

elements and XRD analysis (Fig. S6) shows very similar peaks to delaminated TisC,Tx flakes,

indicating that the materials do not change crystal structure upon printing and post-printing

processes.
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Figure 4 Electrochemical performance of 3D printed few-layer large-flake TisC,Tx interdigitated
electrodes integrated into current-collector free symmetric MSCs (finger diameter of 326 um and gap
distance of 187 um). a) cyclic voltammetry (CV) at 5 mV s showing the ideal capacitive behaviour.
The MSC MXene interdigitated electrode configuration is shown in the inset (5 mm smallest lateral
size). b) CVs collected at scan rates of 5 mV s to 100 mV s*; ¢) galvanostatic charge-discharge (GCD)
profiles collected at different current densities ranging from 0.2 A g to 5 A g%; d) Cycling stability test
showing over 90 % capacitance retention after 10,000 cycles at 1 A g. e) Areal capacitance versus
different areal current densities (2 - 44 mA cm?); f) Ragone plots of the 3D printed TisC,Tx
supercapacitors together with other reported values for comparison. MSCs tested presented a loading

of 8.5 mg cm2.

In order to demonstrate the potential of our MXene inks for the manufacturing of energy
storage devices, we 3D printed interdigitated TisC2Tx electrodes with tuneable finger thickness
and with finger gaps that can be as small as 100 um (Fig. 3e-f and S4). We further assembled
symmetrical all MXene solid-state MSCs (using solid electrolyte, a mixture of poly (vinyl
alcohol) (PVA) and sulfuric acid) to test the electrochemical performance of 3D printed
interdigitated electrode architectures (Fig. 1, 4a-f, S7 and S8). The assembled demonstrators
were composed of about 8.5 mg cm™ active material loaded in 326 um diameter fingers
separated by 187 um gaps allowing a short distance between electrodes without short-circuiting
the devices (Fig. 4a inset and Fig. S8). The materials present an ideal capacitive behaviour
showing a quasi-rectangular CV curve shape (5 - 20 mV s) maintaining a good performance
at higher rates (Fig. 4a-b). The discharging profile in galvanostatic charge-discharge (GCD)
curves shows a triangular shape, revealing typical capacitive characteristics and efficient
charge storage ability. The devices present gravimetric capacitances ranging between 242.5
and 117.7 F g (for current densities between 0.2 and 5 A g, as shown is Fig. S7) with
capacitance retention above 90 % after 10,000 cycles at 1 A g* (Fig. 4d).

The kinetics of ion transport and charge transfer in the 3D-printed TisC2Tx micro-
supercapacitor was further investigated by electrochemical impedance spectroscopy (EIS) with
a frequency range from 0.01 Hz to 100 kHz. The Nyquist plot shows a semicircle in the high-
frequency region and nearly vertical line at the low-frequency region (indicating a good
capacitive behaviour and fast ion diffusion). The intercept of the curve with the real axis shows
the equivalent series resistance (ESR) of 16.83 Q (which includes the resistance of the electrode
materials, solid electrolyte and contact resistance between the electrode materials with current

collector).
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The areal capacitance is a critical metric to evaluate the performance of MSCs. The 3D printed
devices with active material loading of about 8.5 mg cm achieve areal capacitance as high as
2.1 Fcm?at 1.7 mA cm and 1.0 F cm when the current density is increased by 25-fold (at
42.7 mA cm), surpassing the capacitance performance of MXene MSCs produced by other
methods (e.g. 42.5 mF cm™ at 0.8 mA cm?) [!8, The Ragone plot (Fig. 4f) further showcases
the potential of 3D printed MXene interdigitated electrodes for high energy density and power
density supercapacitors. At a current density of 4.3 mA cm2, the MSC exhibits an energy
density of 0.0244 mWh cm and a power density of 0.64 mW cm. By increasing the current
density to 44 mA cm?, 50 % of the energy density is retained (0.012 mWh cm?) while the
power density increases to 6.50 mW cm (a 10-fold increase). The 3D printed TisC2Tx MSCs
exhibit two orders of magnitude higher energy density with comparable power densities to
graphene/CNT hybrids D% higher power and energy densities compared to TisCoTx
supercapacitors ®: reaching similar performance as RuO2/TisC2Tx hybrid materials B2, It
should be noted that the relatively narrow voltage window limits the energy density to some
degree. Therefore, to overcome the voltage window limitation, the use of ionic liquid or organic
electrolyte and designing asymmetric supercapacitors with other materials like graphene will

be further explored as effective strategies to enhance the energy density.
3.5 Conclusion

In this work we have developed additive-free aqueous inks based on large area, thin TisC2Tx
flakes that enable the formation of strong “solid-like” Ti3C>Tx networks with ideal rheological
properties for layer-by-layer printing of freestanding 3D architectures. The developed
manufacturing route enables a good translation of properties from the 2D material into 3D,
resulting in architectures with significantly improved SSA compared to other approaches. We
have employed the optimized inks to 3D print MSCs with TizC,Tx interdigitated fingers of
tuneable thickness and gap size in the micrometre range. 3D printed devices with a solid
electrolyte and active material loading of 8.5 mg cm have achieved areal capacitance as high
as 2.1 F cm™ at 1.7 mA cm™ with superior energy and power density (e.g. 0.0244 mWh cm
at 0.64 mW cm) compared to previously report symmetric 2D material-based MSCs. The
unique rheological properties achieved by the 2D MXene inks combined with the sustainability
of the approach can serve as a base to explore other applications requiring controlled 3D
architectures and the methodology could be expanded to incorporate other functional and
structural materials into MXene-based 3D printable inks. We anticipate that the capability to
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print customized MXene architectures in three-dimensions that has been demonstrated in this
work, will open new opportunities to realise high performance multi-scale and multi-
dimensional devices, as required for many different energy, catalysis and transportation
applications.
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3.6 Experimental Section

Preparation of few-layer large-flake TisC2Tx (T=F/OH) and ink preparations

Firstly, LiF powder was dispersed into 6 M HCI at room temperature. The mixture was stirred
for several minutes until LiF dissolved completely. Subsequently, TisAIC, powders (flake size
< 38 um) were added slowly into the LiF/HCI mixture over the course of 5 mins while stirring.
Mass ratio of LiF, TisCoTx and HCl is set as 2:3:6.6. The reaction was allowed to proceed under
continuous stirring at 30 °C for 24 hours. The as-synthesized mixture was washed with
deionized water by centrifugation at 3,500 rpm for 5 mins, and the black viscous supernatant
was collected. The material was collected and washed with deionized water several times at
high-speed centrifugation of 10,000 rpm. During this procedure the water molecules intercalate
the layers to exfoliate the flakes. The intercalation of water within the high aspect ratio and
negatively charged flakes (Zeta potential of -41 mV with standard deviation of 2 mV) results
in a clay-like state. When the system reaches a pH of around 7 the clay-like sediment was
collected to prepare inks of various concentrations.

Preparation of TisC2Tx ink of different concentrations and rheology test.

The sediment collected after 10,000 rpm washing was used to prepare inks. Firstly, the
concentration of the final sediment was directly calculated (between 30 and 90 mg mL™2). In
order to adjust the concentration of the inks (e.g. at 15, 30, 50 mg mL™?) the required amount
of water is added or removed by vacuum drying at room temperature. The homogenisation of
the inks was achieved using speed mixer (SpeedMixer DAC 150 SP) at 2,000-3,500 rpm for
10-20 mins.

Since the TisC2Ty inks used in this work are made of few-layer large flakes (high aspect ratio)
with repulsive negative functional groups the flakes are dispersed homogeneously in an
aqueous solution ensuring the printed filaments present a uniform micromorphology.
Afterwards, TisC,Tx inks with various concentrations (15 mg mL™, 30 mg mL*?, 50 mg mL™)
were prepared to explore the rheological properties, using a TA Instruments rheometer with 20

mm parallel plate geometry (gap=1,000 pm).

3D printing of TisC2Tx architectures.

Printable TisC,Tx inks (minimum concentration of 50 mg mL™?) were loaded into a 30 mL

syringe attached to a stainless steel nozzle. A computer program converted the input 3D model
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(drew by 3ds MAX) into the machine command and controlled the nozzle jetting (applied
pressure of 1-5 MPa) and motion (printing speed of 6-10 mm sec). The programmed 3D
structures were printed (envisiontec 3D-BIOPLOTTER) on top of a glass slide. After 3D
printing, the samples were immediately transferred into a dry ice box and frozen samples were

subsequently freeze dried (Labconco FreeZone 4.5L -105C Benchtop Freeze Dryer) for 24 h.

The assembly of TisC2Tx based MSCs.

3D interdigitated architectures were printed on glass slides, and after drying we obtained
interdigitated symmetric electrodes. The solid electrolyte was prepared by dissolving 6 g poly
(vinyl alcohol) (PVA) powder in 30 mL deionized water at 90 °C, followed by the addition of
6 g 98 wt% sulfuric acid (H2SO0a4). Two silver wires were connected separately with two
electrodes by conductive silver glue. After the glue dried completely, the electrolyte gel was

casted onto the whole electrodes without touching the conductive silver glue (Fig. S3).

Characterization of structures and properties.

The surface morphology images and chemical composition of the as-prepared samples were
acquired by scanning electron microscope (SEM, TESCAN Mira3 LC) with an energy
dispersive spectroscopy (EDX) microprobe and atomic force microscope (AFM, Dimension
3100). The crystal structures were characterized through X-ray diffraction (XRD) taking on a
Bruker D8 Advanced diffractometer using Cu Ka radiation (A=0.15406 nm). Specific surface
area of the prepared material was calculated using Brunauer-Emmett-Teller (BET) method
(ASAP 2020m, Micromeritics, USA). The density of the TisC,Tx powder was measured by
Helium Pycnometer. Cycle voltammetry (CV), galvanostatic charge/discharge and
electrochemical impedance spectroscopy (EIS) measurements were carried out with an Autolab
electrochemical workstation and a Battery Test System (Germany). The gravimetric specific

capacitance of single electrode is Cs (F g?), which was calculated based on following

21xAt
mxAV’

equations: Cg = where | (A) is the discharge current, At (s) is the discharge duration,

AV (V) represents the voltage change during the discharge process, and m (g) is the weight of

. . 2IxAt
active material. C, = A:—

" Where Ca is geometric surface normalized capacitance (F cm™),

A is the geometric surface of the electrode (cm?). The EIS curves were recorded by applying a
sine wave with 5 mV amplitude under the frequency range of 10° Hz to 10 Hz.
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3.7 Supplementary Information

Supplementary Figures

Figure S2 Image of 3D printable inks showing the viscous nature. Inks have been printed through
nozzles as small as 250 pm in diameter, and extruded filaments were strong enough to support their

own weight and 25 subsequent layers without deflection (printed wet structures in Fig. 2g).
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Figure S3 Bulk densities of freeze-dried printed filaments as a function of ink concentration.

Figure S4 Photographs of the 3D printed interdigitated electrodes with variable number of layers in
height. Clockwise: 2, 4, 4, and 2 printed layers. Samples are 5 x 25 mm lateral dimensions. All samples
were printed with a printing speed of 6-10 mm/sec and 330 um nozzle internal diameter.

86



e Ti Element Weight %
v Ti 61.5
= o) 18.5
° | |o C 13.5
=4 F 5.5
F
2
£ " Ti
0 1 2 3 4 5 6 /4 8 9 10
Energy (keV)

Figure S5 SEM image of printed few-layer large-flake TisC,Tx string and corresponding elemental
maps of titanium, oxygen, carbon and fluorine via Energy-dispersive X-ray spectroscopy (EDX). The

results demonstrated that the few-layer large-flake TisC,Tx was mainly composed of Ti, C, O and F
elements well distributed in the printed structure.
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Figure S6 XRD diffraction patterns of exfoliated TisAlC,, printed TisAlIC; and TisAlC; precursor. The
XRD pattern with peaks at 9.5°, 19.2°, 34.0°, 36.8°, 39.1°, 41.8°, 44.9°, 48.5°, 52.4°, 56.5° and 60.3°
is well assigned to the (002), (004), (101), (103), (104), (105), (106), (107), (108), (109) and (110)
planes of TisAIC, precursor (JCPDS No. 52-0875), respectively. After the etching and delamination

process, the typical diffraction peaks of TizAIC, have changed significantly and the peaks of TizC,Tx
emerge. In particular, the sharp peak at 39.1° is broadened indicating the removal of Al layers from
TisAlC; and the formation of TisC,Tx. After the Al layers are removed and replaced by other oxygen-
containing functional groups such as -OH, -O and -F, the (002) peak shifts to a lower angle and becomes
broadened. It is noted that the printed TisC,Tx shows very similar XRD with delaminated TisC,Tx

powder.
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Figure S8 Photographs of 3D-printed interdigitated electrodes and assembly of micro-supercapacitor
configuration (Corresponding to Fig. 3e-f). Various interdigitated electrode with different leg diameter
values and variable gaps between two legs can be printed. In the images, the 3D printed interdigitated
designs have a combination of TisC,Tx finger thickness and gap of 326 and 187 um (a) and 640 and

316 pum (b). Electrodes have 5 mm in the smallest lateral size.

89



In the recent review paper with my colleagues about the rheology of MXene dispersions for
colloidal processing ™M, we have fitted the viscosity, z (Pas) of these inks prepared in this work

and also some data collected from literatures to an equation:
n ~1.1 -21'5C1'5)7'0'95 Nm

where Z (um) is the average lateral size of the MXene flake, C (wt%) represents the
concentration of the MXene inks, y (s) is the applied shear rate. The accuracy of this fitting
to different published datasets is presented in Fig. S9. Almost all of the data are accurately
fitted by this model to within a factor of 2. The Cox-Merz rule, i.e. the correspondence between the
steady state shear viscosity, 7, and the magnitude of the complex viscosity, n* (= G*/io, where ® is the
angular frequency). The degree of adherence to the Cox-Merz rule provides insight into the nature of
colloidal microstructures under shear, and where it is adhered to, # or #* can be predicted when only
data on the other are available. For example, cone/plate rheometers often cannot reach the ca. 10° s
steady shear rates experienced during inkjet printing without unwanted sample ejection, so oscillatory

shear could be used to estimate # at such a high rate [2,
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Figure S9 Published viscosity, 1, data (symbols) plotted as a function of shear rate, y, alongside the

viscosities predicted by the Equation above FIMBIEIIEL Below is the accuracy of #m (measured as the

quotient xm/y) plotted as a function of the three parameters used in its calculation: y, Z and C &1,
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Chapter 4. Freeze-assisted Tape Casting of vertically
aligned MXene films for high rate performance

supercapacitors

4.1 Chapter Introduction

The practical potential of MXenes (two-dimensional, a few atoms thick layers of transition-
metal carbides, nitrides, and carbonitrides) as supercapacitor electrodes has become more
promising with the successful vertical alignment of MXene nanosheets on substrates. These
electrodes exhibit excellent rate performance. The conventional configuration is composed of
horizontally stacked MXene sheets that are undesirable for fast-rate charging as ion diffusion
through the sheets is severely impeded by the compact-film configuration. The sluggish ion
movement leads to deterioration of energy storage capacity at elevated charging rates. This
problem is exacerbated when the film thickness approaches or exceeds 10 um, far less than the
industrial thickness standard of 100 um for active materials used in supercapacitors. To resolve
this issue, developing electrodes with straight ion-movement channels extending from the

electrode surface to the substrate is critical.

A potential solution is by attaching a surfactant, hexaethylene glycol monododecyl ether
(C12E6), onto the surface of TisC.Tx through hydrogen bonds, which turns the TizCoTx
nanosheets into high-order liquid crystals, coined lamellar nematic. Upon applying a shear
force, these surface-modified TizC2Tx sheets “stand” straight on the substrate, forming orderly
distributed arrays, as suggested by liquid-crystal theory. These vertical arrays were maintained
after the C12E6 surfactants were removed. This structure contains abundant inter-sheet slits

that serve as ion-movement “expressways” to allow quick ion diffusion [,

Chemical vapor deposition (CVD) and filtration are the commonly used methods to prepare
freestanding composite electrodes. These techniques are associated with high capital and
operating costs and long processing time and require energy-intensive equipment. Recently,
Susantyoko et al. have developed a surface engineered tape-casting fabrication technique to
produce MWCNT-based freestanding sheets; the technique is characterized by being low-cost,
high-throughput, scalable, largescale, and capable of roll-to-roll processing . In the

conventional casting method, electrode materials are cast onto a metal current collector and
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always tend to stick to the substrate and almost impossible to peel as a perfect sheet. In contrast,
surface-engineered tape-casting fabrication technique allows easy separation of the active
material from the supporting substrate to produce mechanically strong freestanding sheets. In
this chapter | propose a method which will allow easy detachment of MXene electrodes from
a substrate This is accomplished by ensuring the following criteria are met: (i) enough
difference between active material and substrate surface energies, and (ii) casting on a substrate

with favourable pore structure morphology.

In this work, the thesis author conceived this study carried out materials fabrication,
SEM/EDS/XRD/Rheology and data analysis, making and casting of the MXene slurries, and
finally wrote the paper. Jae Jong Byun assisted with X-ray computed tomography (XCT) and
Yang Jie assisted with electrochemical measurements. All authors contributed to discussing

and review of the manuscript. The original manuscript is presented in the following sections.

[1] C. Wang, X. Wang, L. Zhang, J. Phys. Energy 2020, 2, 041002.
[2] R. A. Susantyoko, Z. Karam, S. Alkhoori, J. Mater. Chem. A 2017, 5, 19255.
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4.2 Abstract

Conventional electrode preparation techniques of supercapacitors such as tape-casting or
vacuum filtration often lead to the restacking or agglomeration of two-dimensional (2D)
materials. As a result, tortuous paths are created for the electrolyte ions and their adsorption
onto the surfaces of the active materials can be prevented. Consequently, maintaining high rate
performance whilst increasing the thickness of electrodes has been a challenge. Herein, a facile
freeze-assisted tape casting (FaTC) method is reported for the scalable fabrication of flexible
MXene (TizC2Tx) supercapacitor electrode films of up to 700 pum thickness, exhibiting
homogeneous ice-template microstructure composed of vertically aligned MXene walls within
lamellar pores. The efficient ion transport created by the internal morphology allows for fast
electrochemical charge-discharge cycles and near thickness-independent performance at up to
3,000 mV s for films of up to 300 pum in thickness. By increasing the scan rate from 20 to
10,000 mV s?, TisC,Ty films of 150 um in thickness sustain 50 % of its specific capacitance
(222.9 F g). When the film thickness is doubled to 300 pm, its capacitance is still retained by
60 % (at 213.3 F g™¥) when the scan rate is increased from 20 to 3,000 mV s, with a capacitance
retention above 97.7 % for over 14,000 cycles at 10 A g*. They also showed a remarkably high
gravimetric and areal power density of 150 kW kg at 1,000 A g and 667 mW cm™ at 4,444
mA cm?, respectively. FaTC has the potential to provide industry with a viable way to fabricate
electrodes formed from 2D materials on a large scale, whilst providing promising performance
for use in a wide range of applications, such as flexible electronics and wearable energy storage

devices.

4.3 Introduction

Expanding the electrification of the automotive and aerospace industry, in addition to
increasing the supply of renewable energy within electrical grids, calls for large-scale storage
of electrochemical energy. Although batteries are the electrochemical energy storage (EES)
devices commonly employed due to their high energy density, their shortcomings are that they
tend to be relatively heavy and their slow charge-discharge cycles are unsuitable for certain
high-performance applications . Supercapacitors are alternative EES devices that could
potentially overcome the limitations of batteries in some circumstances, by combining the
prominent characteristics from electric double-layer capacitors which are not limited by solid-
state diffusion, and pseudo-capacitors which stores energy by a faradaic process.
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Supercapacitors demonstrate high power densities [, fast charge-discharge profiles, relative
lightness (as opposed to batteries) and durability (ability to sustain capacitance for many
cycles), which make them suited to meet the growing energy demand. However, application of
these devices necessitates materials and associated fabrication methods that facilitate the

creation of electrodes with high energy and power densities.

Two-dimensional (2D) materials are an ideal candidate electrode material due to their large
specific surface areas 24, Of recent interest are MXenes 231 (2D carbides and nitrides (X) of
a transition metal (M)) with titanium carbide (TisC2Tx) being a material that falls in this
classification. In addition to its high electrical conductivity ! and aspect ratio (lateral size to
thickness), TisC>Tx demonstrates hydrophilicity due to the terminal functional groups (-F, -
OH) anchored to the surface during the etching reaction, resulting in the ability to be
spontaneously intercalated by polar organic molecules. This facilitates its processability and
allows it to participate in electrochemical reactions, making it an ideal supercapacitor electrode
material 2281, Despite this, there are several challenges in the fabrication of devices that
effectively utilize the properties of 2D materials.

Two common and facile methods in assembling electrodes are tape casting and vacuum
filtration of a solution through a porous membrane ["®l. These typically create a thin film
electrode assembly with good flexibility and relatively strong mechanical properties [,
However, the nature of these methods typically leads to a restacking of the 2D material %]
which reduces the accessible surface area and limits ion transport in thicker films. This results
in electrodes whose electrochemical performance highly depends on the thickness of the film.
The problem is further compounded by the in-plane alignment of 2D sheets which also lead to
the formation of tortuous paths, impacting rate performance 2241, Limiting film thickness is a
common way to avoid the accumulated stacking of 2D sheets in thicker films and induce
enhanced performances in the resultant electrode 6712 However, other metrics of

electrochemical performance such as areal capacitance might be hindered as a result.

Other varied strategies are employed to mitigate these limitations and facilitate ion transport.
For one, the interlayer spacing between 2D sheets can be increased by intercalating with ions
in a process commonly referred to as ‘pillaring’ 15181, Alternatively, introducing porosity into
the 2D sheets by designing nano-architectures such as ‘holes’ [1*211 has also been proposed to

facilitate ion transport. Nonetheless, these methods would still result in materials that have low
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volumetric energy storage or complex ion transport pathways that will impede the performance

of the device at high charge-discharge rates (1221,

Another fabrication method involves creating highly porous foam-like electrodes!??2
composed of the 2D materials 2223, This can be seen in our previous work where a combination
of lyophilisation and additive manufacturing namely, direct-ink writing (DIW) was used to
synthesize interdigitated MXene electrodes as current-collector free supercapacitors 24, The
electrodes had limited degrees of restacking and retained high porosity, which maximised
surface area accessibility and ion transport. The electrodes fabricated via this method indicated
promising performance with a high areal capacitance of 2.1 F cm™? at 1.7 mA c¢m™ and
gravimetric capacitance of 242.5 F gt at 0.2 A g™, with a retention of 90 % for 10,000 cycles
241 A further variety of unique assembly techniques of three-dimensional (3D) porous

structures have been reported 121, seeking to increase ion mobility within the structures.

Whilst the mentioned fabrication methods demonstrate promising performance, the optimal
assembly configuration for 2D materials is the vertical alignment of 2D sheets 1226271, This
would enable directional ion transport leading to thickness-independent electrochemical
performance in thick films. This is seen in an earlier work carried out by Yu Xia et. al. !2, The
authors managed to maintain over 75 % of the capacitance (at scan rate of 2,000 mV s*?) of
films ranging from 40 pm to 200 um in thickness by using a novel method of mechanically
shearing a discotic lamellar liquid-crystal phase of TisC.Tx with a non-ionic surfactant to
enhance molecular interactions between the sheets. Although the vertical alignment of 2D
materials has shown promise in sustaining high rate performance with increased electrode
thickness [1226271 their performance is limited with losses at higher rates, especially for films

that approach the industrial standard of approximately 100 um [*21,

Within this work, freeze-assisted tape casting (FaTC) is applied to overcome the stacking
challenges found in fabricating 2D material electrodes, whilst maintaining vertical alignment
of the 2D sheets. In addition, its ease of integration into current manufacturing supply chains,
relatively low cost and scalable roll-to-roll processing makes it an appealing method for
fabricating supercapacitor electrodes formed from 2D materials with three-dimensional

architecture.

FaTC is a combination of two manufacturing techniques: tape casting and ice-templating. Tape
casting is a process involving a doctor blade regulating the thickness of a film formed by an

aqueous colloid or slurry, on a carrier substrate, followed by some sort of drying or post-
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treatment processing. Korkut et. al. % fabricated tough, high conductive functionalized
graphene films by tape casting an aqueous dispersion of functionalized graphene sheets and

polymeric surfactants.

The other facet of FaTC is ice-templating. This aspect of the fabrication process is critical in
ensuring the vertical alignment of the 2D sheets. By reducing the temperature of the casting
bed of the film being tape-cast, a directional temperature gradient is induced. This will initiate
the freezing of the tape-cast colloid. As it is more energetically favourable, ice-crystals will be
formed via heterogeneous nucleation on the surface of the casting-bed and in some cases, on
the surface of the material sheet. The directional growth of ice-crystals along the thermal
gradient is used to template the microstructure of the film. Growth of lamellar ice-crystals
exerts a force which segregates the MXene sheets at the solid-liquid interface, concentrating
them between the ice crystals 22?1, This solid-liquid phase separation is further aided by a
quasi-liquid layer of oriented water molecules which decreases the surface energy of the ice
and acts as a lubricating layer %, Ice-templating has been employed to develop high
performance supercapacitor films with MXene, such as in the work demonstrated by Zhang
Peng et. al. which showcases a TizC2TW/CNT film with an internal porous network, exposing a

greater amount of surface active sitest3%:32],

FaTC is a popular manufacturing method for functionally graded structures and porous
ceramics 338 For example, Yu Chen et. al. [*® fabricated functionally graded acicular
electrodes for solid oxide fuel cells using this method, achieving enhanced electrochemical
performance. Although there has been work done on applying tape casting to nanomaterials for
flexible electronics and EES devices B0 the effectiveness of this method to produce
electrodes with thickness independent performance and its application to other functional 2D
materials beyond graphene, is still to be realised. Yoon Hwa et. al. 1 successfully applied the
FaTC method in creating aligned graphene-oxide-sulphur cathodes, to mitigate sulphur

reconstruction and facilitate lithium ion transport in lithium-sulphur batteries.

In this work, we demonstrate the feasibility of FaTC for the scalable manufacturing of
electrodes composed of vertically aligned 2D MXene microstructures. Based on the single or
few layer TisC,Tx preparation and exfoliation method developed in our previous work 24 we
formulated viscoelastic TizC>Tx aqueous slurries suitable for FaTC without the addition of
binders or conductive agents. By adjusting ice-templating parameters within the freeze-tape
casting bed, vertically aligned TizC>Tx films with thickness of 150, 200, 300, 400, 500 and 700
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um were obtained and evaluated with electrochemical performance testing. Supercapacitors
constructed with electrodes with thicknesses between 150 and 300 pm exhibited near
thickness-independent electrochemical performance for current densities of up to 100 A g* and
scan rates of up to 3,000 mV s. As a consequence of the meticulous quality control steps
during the TisC,Tx exfoliation and the vertical aligned microstructural design of the films, these
electrodes showed a gravimetric and areal energy density of 2.8 Wh Kg™and 1.8 uWh cm™ for
150 pum films; and 2.6 Wh Kgtand 11.3 uWh cm™ for 700 pum films. They further achieved a
gravimetric power density of 150 kW kg* at 1,000 A g* and an areal power density of 667
mW cm? at 4,444 mA cm2 (700 pm). The vertically aligned TisC2Tx films further retain good
flexibility and mechanical properties demonstrating their potential in a broad range of

application areas, such as flexible electronics and wearable energy storage devices.
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4.4 Results and Discussion

(c) Vertically Aligned Electrode

Frozen Thin Film

Normal Compact Electrode

Freeze Drying

/Ve.rtically Aligned Ti,C,T, Aerogel

Figure 1 Schematic representation of the manufacturing process of vertically aligned TisC,Tx films

Electrolyte B

through unidirectional freezing assisted tape casting (FaTC). a) MILD (Minimal Intensity Layer
Delamination) synthesis of few layers TisC,Tx at 60 °C and their formulation into castable slurries; b)
FaTC of MXene slurries into vertically aligned aerogel films; c) representation of electrolyte
impregnation and path within the aligned electrodes developed in this work in comparison with

traditional compact morphologies.

The manufacturing strategy of the 3D porous TizC2Tx aerogel films with the vertically aligned
microstructure is illustrated in Fig. 1. Firstly, the MILD method 2431 was chosen to etch the
precursor TisAIC, (flakes < 10 um) to the delaminated single or few layered TisC2Tyx at 60 °C
(Fig. 1a). After the concentrated single or few layered TisC,Tx aqueous paste were produced,
slurries with specific concentrations (45, 70 and 120 mg mL™) were prepared for the
subsequent casting (Fig. 1b). During FaTC, the TisC,Tx slurry was deposited on the upper
surface of a pre-cooled aluminium plate (at -25 °C) using a doctor blade to spread the slurry
with a fixed thickness, and the film was frozen onto the substrate. The frozen TizC2Tx films
were subsequently freeze-dried to obtain the vertically aligned TizC,Tx aerogels. A schematic
comparison between stacked electrodes typically made by conventional methods and a
vertically aligned porous electrode as made by our method (Fig. 1c) represents the improved
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accessibility of the electrolyte in the latter allowing for a larger surface of active material to be

reached by ions, improving the efficiency of electrochemical mechanisms.

Exfoliated Ti.C,T
372 x

©
-
=3
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— Ti,AIC, MAX Phase

Intensity (a.u.)

10 20 30 40 50 60 70
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Figure 2 Characterization of exfoliated TisC,Tx flakes. (a-b) SEM images of TisC,Ty flakes prepared
by drop casting from a dilute TisC,Ty solution in water on silica plates. The inset in (b) shows the lateral
size distribution of TisC,Tx flakes, measured from SEM images of over 100 flakes. (c) Low-
magnification TEM image, (d) HRTEM (high-resolution TEM) and (e) SAED patterns of the
delaminated TisC. Ty flakes. (f) XRD patterns of the exfoliated TisC,Tx and precursor TisAlCo.

The typical morphology of the TizC>Ty flakes obtained by the etching process is shown in Fig.
2a-b. An average lateral flake size of 3.7 pm is obtained from the size distribution measured
from scanning electron microscopy (SEM) (inset of Fig. 2b). The low-magnification TEM
image reveals a quite thin and transparent flake on the lacey carbon grid (Fig. 2c). The HRTEM
image in Fig. 2d shows the single crystallinity of the TisC.Tx flake basal plane, and the
measured interplanar spacings in the figure are 2.66 A and 1.58 A corresponding to the (0110)
and (2110) lattice planes, respectively. The selective area electron diffraction (SAED) pattern
(Fig. 2e) shows that the TisC,Ty flakes in this area maintain crystallinity and the hexagonal
symmetry of the basal planes of the precursor TizAIC2 MAX phase. The XRD patterns of the
exfoliated TisC2Tx and precursor TisAIC2 and are shown in Fig. 2f. The TizC,Tx sediment is
separated from the exfoliated TizC.Tx during exfoliation and post etching washing process. In
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terms of the diffraction pattern for exfoliated TizC2Ty, all identified peaks can be attributed to
the basal planes of TisC.Ty as assigned and in accordance to the literature for MILD synthesis
(441 The large d-spacing of ~ 12.3 A observed for the (002) plane at 7.19 degrees and the
absence of non-basal reflections indicate the successful exfoliation of the flakes. Meanwhile,
although also exhibiting the (002) peak of the exfoliated TisC,Tx phase, the XRD pattern of the
sediment (Fig. S1) also indicates the presence of the precursors TisAlIC, (PDF 04-012-0632
[4%1) and LiF (PDF 00-004-0857 [“8), by-product o-Al,03 (PDF 04-004-2852 [471) and TiCoe2
(PDF 04-017-1603 81y, Since this mixed product influences negatively both the control of the
FaTC process and the electrochemical properties of the material, it is crucial to highlight the

importance of a thorough washing process.
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Figure 3 (a-b) Rheological properties of TisC,Tx slurries prepared with 45, 70 and 120 mg mL* flakes
concentration. (a) Viscosity versus shear rate (inset optical camera image depicts the viscous feature of
45 mg mL1 ink), (b) Viscoelastic properties (storage and loss modulus as a function of shear stress. (c)
Optical camera images of the processing of a TisC,Tx slurry into a film via FaTC. From left to right:
slurry cast onto the aluminium plate; doctor blade adjusted to produce the desired film thickness; slurry
spread onto the aluminium plate at —25 °C to fabricate film with vertically aligned MXene porous

structure.
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Rheological properties such as viscosity and viscoelastic properties are key to enable the
fabrication of homogeneous films of controllable thicknesses via FaTC method. Therefore,
rheological investigations were carried out to identify the processability of the water based
TisC2Tyx slurries at concentrations of 45, 70 and 120 mg mL™* (Fig. 3). According to the
viscosity versus shear rate curves in Fig. 3a, all slurries of varying concentrations show distinct
shear thinning behaviour. The shear thinning behaviour of the slurries ensures that the MXene
flakes are spread evenly during the tape casting process 121, In order to define the linear and
non-linear viscoelastic properties of these slurries, the variation tendency of both the storage
modulus (G’) and the loss modulus (G”) were investigated regarding the applied shear stress
in the range 0.1 to 1,000 Pa at a constant angular frequency of 10 rad s (Fig. 3b). Until a
critical oscillation stress (above 100 Pa), both moduli stay level with G’ presenting higher
values than G”’. Since the small shear stress oscillation demanded minor structure deformation,
the slurries behave in a more elastic than viscous manner and show a linear viscoelastic
behaviour. After the crossover point (150.5, 186.1 and 216.7 Pa for 45, 70 and 120 mg mL™*
slurries respectively), all three slurries exhibited non-linear viscoelasticity where the storage
moduli dropped rapidly due to the breakdown of the weak force acting between the single/few-
layer TisCoTx flakes as a result of the applied shear stress [“]. A sufficient storage modulus
allows the films to retain their thickness, even after removal of the applied shear force %, The
storage modulus in the linear elastic region increases with increased concentration of the
MXene flakes (reaching 18, 991 Pa for 120 mg mL™). However, even with the lowest
concentration of 45 mg mL™, the storage modulus is high enough to allow the slurries to retain

its shape after casting.

The developed TisC,Tyx slurries have shown favourable rheological properties to produce
homogeneous films of adjustable thickness between 150-700 um, while simultaneously
enabling the formation of lamella ice crystals that template pores between vertically orientated
MXene interconnected flakes (Figs. 3c, 4 and S2). However, the highest concentration of
TisCoTx investigated in this work, induced swifter freezing of the slurries, due to the lower
water content. Therefore, thinner films were more difficult to produce with the highest
concentrations (120 mg mL™). This could be overcome by controlling the casting speed (the
speed at which the doctor blade was applied to slurries) by the development of an automated

casting system.

Typically, tape-casting process requires a relatively high-loading of colloids ¥°, but this could

have adverse effects on ice-templating. During freezing of concentrated colloids at low growth
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velocities, the fraction of 2D sheets at the interface increases, which may lead to increased
loading of the sheets at the freeze front. This may induce ice-crystal growth perpendicular to
the thermal gradient in a phenomenon called ice-lensing %2, Consequently, the resultant
material would have alternating layers of ice and re-stacked 2D sheets. These cumulative

factors need to be carefully considered when developing the fabrication method to manufacture

vertically aligned MXene sheets via FaTC.

Figure 4 Microstructural and flexibility investigation of vertical aligned Tis;C,Ty films produced from
FaTC of 70 mg mL? slurry. (a, b) SEM cross-sectional images of the film’s internal microstructure.
The inset in (a) depicts the pore width distribution. (c) X-ray CT images of the TisC,Tx film showing:
The 3D reconstruction of a volume of interest within the sample; Views onto (1)-(3) (corresponding
approximately to the view perpendicular to the freezing direction) demonstrate the alignment of the
pores and the domains organization (purple rings) within the structure; Views onto a-y (corresponding

to the view parallel to the freezing direction) show the lamellae architecture with the alignment of the
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TisC,Ty sheets within the region. The arrow in SEM and CT images represent the freezing direction. (d)

Digital photographs of a TizC,Tx film with a thickness of 300 um, showing its flexibility during bending.

The control of the solids loading in the slurry provides direct control of the density of freeze-
dried films, and so represent an opportunity to control their physical and electrochemical
properties via the FaTC approach. Slurries of 45 and 70 mg mL™ resulted in films of average
43.1 and 71.7 mg cm density, respectively. The morphology of typical films produced from
70 mg mL? is shown in Fig. 4. The cross-sectional SEM image (parallel to the freezing
direction) of a ~ 400 um thick sample (observing a decrease in the final thickness of the film
after freeze drying; final thicknesses are listed in Table.S1) reveals the three-dimensionally
uniform porous lamellar microstructure composed of vertically aligned TisC,Tx flakes (Figs.
4a and 4b). The lamellae channels are 16.2 um wide on average as measured from the SEM
micrographs (the size distribution is depicted in the inset of Fig. 4a). These channel between
TisCoTx vertically aligned walls offer significant advantages for the absorptions of the
electrolyte and transportation of the ions, especially for the furthest part to the opposite

electrode.

The interconnected-lamellar/cellular structures observed in Figs. 4a and 4b are a result of the
growth of lamellar ice-crystals and segregation of the MXene sheets within it, which is
dependent on the freeze-front (interface of growing ice-crystals and colloid) velocity®®l. This
is governed by the cooling rate of the casting bed (aluminium plate) i.e. the induced thermal
gradient. At low growth velocities, the freeze-front is planar 3% and as such the 2D sheets
would be pushed to the top surface of the tape-casted film. However, this planar interface can
be destabilized by Mullins-Sekerka instabilities, which are a sinusoidal perturbation arising
from the interface at the solidification front ®°. They are the result of isotherms being
compressed in front of a protrusion with the consequent latent heat produced diffusing more
readily in this area. This results in faster growth of the protrusion to a certain direction °
(stabilized by surface tension), resulting in the desired directional lamellar ice morphology. At
rapid interface velocities, the freeze-front will become planar again, as the 2D sheets will be
engulfed by the ice crystals preventing redistribution or ice-templating effects 5354,
Ascertaining from the obtained morphology of the films (Figs. 4a, 4b and S2) from the FaTC
process, and given an average MXene flake size of 3.7 um, we can infer an intermediate freeze
front velocity that is between unstable and metastable regimes 4. To further analyse the
morphology and 3D homogeneity of a ~ 300 um thick TisC,Tx film, X-ray CT was performed
(Fig. 4c). The analysis enabled the reconstruction of a large sample volume of ~ 300 pm
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thickness (the actual film thickness) and ~ 2 mm sides. Although X-ray CT’s resolution cannot
define the MXene sheets as well as the SEM micrographs, cross-sectional views parallel to the
freezing direction (views onto a-y) show similar vertical lamellae alignment throughout the
investigated 2 mm volume of the film. Furthermore, tomography top views perpendicular to
the freezing direction (Views onto (1)-(3)) show the formation of incoherently aligned
orientation domains (examples of domains are identified with the purple boundaries drawn in
the enlarged view onto (1)). This is predominantly caused by the heterogeneous nucleation of
the ice-crystals on the substrate and their anisotropic growth behaviour further imposing
constraints to the nucleation and growth of adjacent crystals, generating clusters with short-
range orientation [25¢1, Baij et al. proposed a dual temperature gradient method to control these

domains achieving both vertical and horizontal alignment 71,

The developed films are flexible and mechanically robust, which plays an advantage in order
to maximize the utilization of the TisC>Tx electrode films in wide areas, like for the fabrication
of wearable supercapacitors. As exemplified in Fig. 4d, a 300 pum thick TizC,Tx film can be
bent at an angle of nearly 180 degrees, remaining macroscopically undamaged, demonstrating

its robustness for potential application in flexible and wearable devices.
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Figure 5 Electrochemical analysis of the vertically aligned TisC,Tx films with thickness of 150, 200,
300, 400, 500 and 700 um (produced from 70 mg mL™ slurry). (a) Cyclic voltammograms (CV) of the
samples at the scan rate of 200 mV s. (b) CV of the 300 um thick TisC,Tx film at scan rates of 20, 200,
2,000 and 20,000 mV s. (c, d) Rate performance (including gravimetric and areal) of the films at scan
rates ranging from 20 to 100,000 mV s,

To investigate the effectiveness of our approach for high rate performance applications, we
have prepared two-electrode supercapacitor devices based on vertically aligned TizC,Tx films
produced from 70 mg mL™* slurries with thickness of 150, 200, 300, 400, 500 and 700 pm. The
cyclic voltammograms of the corresponding two-electrode supercapacitors based on films with
varying thicknesses at a scan rate of 200 mV s with a 3 M H.SO4 solution as the electrolyte
are depicted in Fig. 5a. Almost all the CVs have maintained the typical rectangular shape, and
the curves almost overlap when the thickness of the electrode varies from 150 to 400 um. When
the electrode thickness was increased to 500 and 700 pm, a slight shrinkage in the CV shape is
observed due to the rising resistance. The electrochemical behaviour of the ordered vertically
aligned porous structure shows an efficient mass transfer of the electrolyte ions despite the
increase in the thickness of the electrode. Considering that the conventional electrode thickness

is usually less than 100 um P8¢9 the modified structure created by the FaTC method shows a
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great advantage in increasing the electrode thickness without sacrificing the electrochemical
performance. Fig. 5b shows the CVs of a 300 um thick sample at a large range of representative
scan rates from 20 to 20,000 mV s. When the scan rate was gradually increased from 20 to
3,000 mV s, the rectangular shapes of the CV curves are retained, indicating the high rate
performance of TisC,Tx with this vertical porous structure (Figs. 5b and S3). The gravimetric
and areal capacitance of samples with various thicknesses at different scan rates are shown in
Figs. 5¢c and 5d, respectively. With the enhancement of the scan rate value, the corresponding
specific gravimetric capacitance of all thickness show very modest distortion, especially below
100 mV s%, For film thicknesses up to 300 um, and scan rates up to 3,000 mV s, the electrodes
are still able to yield a comparatively high specific capacitance (127.4 F g). The areal rate
performance of the films shows that for thicknesses of up to 300 um the capacitance is well
maintained when the scan rate is increased up to 3,000 mV s,
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Figure 6 Electrochemical performance of the vertically aligned TisC,Tx films with thicknesses of 150,
200, 300, 400, 500 and 700 pum (produced from 70 mg mL* slurry). (a) Galvanostatic charge-discharge
profiles of the 300 um thickness TisC,Tx film at 2, 5, 10, 20, 50, 100, 200 A g*. (b) Gravimetric rate
performance of the vertically aligned TisC,Ty films at current densities ranging from 1 to 1,000 A g™.
(c) Areal capacitance as a function of the mass loading at scan rates from 200 to 3,000 mV s. The mass
loading points (from left to right) correspond to films of 150, 200, 300, 400, 500 and 700 pm thickness.
(d) Cycling stability of a vertically aligned TisC,Tx electrode (thickness of 300 pm) tested by
galvanostatic cycling at a current density of 10 A g* showing over 97 % capacitance retention after
14,000 cycles. The inset shows Nyquist plots of electrochemical impedance spectroscopy (EIS) for
different thicknesses of vertically aligned TisC,Tx films, tested at 0 V. Ragone plots of the two-

electrodes TisC,Tx supercapacitor displaying the gravimetric () and areal (f) energy and power
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densities achieved by the vertically aligned TisC, Ty films with the comparison to other MXene/graphene
electrodes reported in the literature, [63-1: I-TisC,Ty] [63-2: Y-TisC,Ty] [63-3: Y-TisCNT,]® [64:
extrusion printed TisC,Tx micro-supercapacitor]® [65: spray-coated graphene]® [66: screen printed
TisC,T«]® [67: graphene/TisC, Ty transparent electrode]( 71,

Galvanostatic charge-discharge (GCD) characteristics of the films at different current densities
from 1 to 1,000 A g* were tested and the representative plots of 2, 5, 10, 20, 50, 100 and 200
A gt are exhibited in Fig. 6a. We can see linear symmetrical triangular charge-discharge lines
with negligible IR drop, suggesting good energy storage behaviour and high electrical
conductivity of the samples. The highest specific capacitance value of 224 F g** was achieved
at a current density of 1 A g* for the 150 pum thick sample, originating from the effective
utilization of the electrochemically active surface area. As the current density is further
increased to an ultrahigh current density of 1,000 A g%, a high specific capacitance of 137.8 F
gt can still be kept, which is much higher than the rate performances reported in most literature
[61-671 showing the excellent rate performance achieved with the vertical microstructure of the
electrode. The GCD rate performance of all samples were evaluated and displayed in Fig. 6b.
The specific gravimetric capacitance value for the 150 um sample is retained at 89 % and 62 %
when the current density is increased from 1 to 100 A gt and 1 to 1,000 A g respectively.
Further, 81 % of the specific gravimetric capacitance (from 1 to 100 A g?) is retained when
the thickness of the electrode increases to 300 um. This is attributed to the porous lamellar
structure facilitating the efficient mass transport of the electrolyte ions. Fig. 6¢c demonstrates
the areal capacitance at varying scan rates as a function of mass loading (the areal mass loading
increase corresponds to the increase in thickness from 150 to 700 um). At scan rates below 500
mV s, the areal capacitance increases almost linearly with mass loading up to 4.5 mg cm,
indicating the importance of the electrode morphology on the electrochemical behaviour, i.e.
the ease of electrolyte transport into the porous electrode and increase of the active surface area
participating in the electrochemical response. By increasing the scan rate above 500 mV s,
the relationship between areal capacitance and mass loading gradually deviates from linearity
as the mass of electrodes increases above 3 mg cm. Above a scan rate of 1,000 mV s,

capacitive equilibration is achieved for mass loadings above 2 mg cm.

With the aim of investigating the cycling stability of films, a long-term cycling retention test
at a high current density of 10 A g was carried out (Fig. 6d). After 14,000 continuous cycles,
the 300 pum thick sample retained 97.7 % of the initial value (after 1,000 cycle pre-activation),
indicating that the electrochemical behaviour is highly reversible. The inset of Fig. 6d depicts
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the electrochemical impedance spectroscopy (EIS) of samples of various thicknesses. The
equivalent series resistance of the different electrodes is around 0.5 Q, regardless of the
electrode thickness, demonstrating a fast charge transportation. The plots of all different
electrodes are almost vertical in the low frequency region, suggesting an excellent capacitive
response in the vertically aligned TisC>Tx films electrode. The Ragone plots in Figs. 6e and 6d
graphically depict the characteristics of the gravimetric, and areal energy and power densities
of the corresponding supercapacitors based on the modified TisC,Tx electrodes. The device
made of 150 pm thick TisC2Ty electrodes exhibits an energy density of 2.8 Wh kg* at a power
density of 150 W kg. Furthermore, when the power is increased by 1,000 times (150 kW kg
1), the energy density is maintained at 62 % (1.7 Wh kg™). When the electrode thickness is
increased to 200 and 300 um, the energy densities can be maintained at 68 % and 51 %
respectively, of the initial value while the power density increases by a factor of 300 (to 45 kW
kg™, reflecting the ultrahigh power density potential of these devices. The vertically aligned
two-electrode supercapacitors developed in this work are able to achieve one of the highest
recorded values of power density compared to other MXene or graphene related works (as seen
in Fig. 6f). The 150 um thick electrode at a high-power density of 154 mW cm2, shows an
energy density of 1.8 uWh cm without sacrificing the inherent advantage of supercapacitors.
On the other hand, a high areal power density of 667 mW cm™ can be achieved at 4,444 mA
cm? for the 700 pm thick electrode. The superior electrochemical performance of these
TisCoTx electrodes can be attributed to the intrinsically high electrical conductivity of the
exfoliated TisC,Tx flakes (2,963 and 4,279 S cm™ for MXene films made for 45 and 70 mg
mL slurries respectively) and the vertically aligned architecture produced by the FaTC
manufacturing method. The directional channels, which run parallel to the direction of ion
transport are an important design factor, as they overcome rate limitations, in contrast to a

restacking electrode film produced by conventional electrode casting processes.
4.5 Conclusion

A key challenge with 2D materials conventional electrode preparation methods is their
microstructural restacking. In this work, vertically aligned MXene electrodes were prepared
via a facile and scalable FaTC method, minimising restacking, and producing a favourable
architecture for electrolyte impregnation and diffusion. This enabled the realization two-
electrode (up to 300 um thickness each) supercapacitors with nearly thickness independent

electrochemical performance across a wide range of high scan rates and current densities.
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Furthermore, the industrially compatible TisC2Tx films demonstrated remarkable gravimetric
and areal power densities for 150 to 700 um thicknesses. This was possible due to the
preparation of MXene slurries with shear thinning behaviour, yet sufficiently retained storage
modulus to facilitate the tape casting process while allowing the formation of lamellar ice
crystals that template the vertically aligned MXene architecture within films. This work
demonstrates the viability of FaTC for potential large-scale fabrication of EES device
electrodes with greater thickness without losing performance during fast charge-discharge
cycling. Despite encouraging initial results, there are several challenges and opportunities for
subsequent work, including optimization of freeze and tape casting parameters to allow for the
enhancement of solid loading, choice of substrate, and additives to enhance the energy density
in addition to the development of multi-materials fabrication protocols. The authors hope that
the processing route showcased within this work highlights its potential for the development

of 2D material assemblies in various electronic and composite applications.
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4.6 Experimental Section

Synthesis of 2D TisC2Tx

TisAlC, powder is the precursor for TisC,Tx synthesis and was produced in Laizhou Kai Kai
Ceramic Material Co. Ltd. The etching solution was prepared by dissolving 3 M equivalents
of lithium fluoride (LiF, Alfa Aesar, 98+%) in 9 M hydrochloric acid (HCI, Alfa Aesar, 36.5-
38.0 % and dilution with de-ionized water) inside a high density poly ethylene (HDPE) reaction
vessel at room temperature. 3 g TisAlIC, powder was slowly added into the solution under
vigorous stirring. The reaction vessel was heated and kept at 60 °C for 24 hours. After 24 hours,
the reaction mixture was diluted with deionized (DI1) water and transferred to centrifuge bottles
followed by washing and centrifuging process at 3,500 rpm (Thermo Sorvall Legend XTR
Centrifuge). After each centrifuging cycle, the clear supernatant is wasted and more deionized
(DI) water is added for further washing, at the same time leading to the delamination of the
TisCoTx multi-layered flakes. This step was repeated until the supernatant started to become a
viscous and black suspension (indicating the presence of suspended single/few layer TizCoTx
flakes). The black supernatant was separated from the sediment and collected. The cycle of
diluting the sediment in DI water, shaking, centrifuging, and collecting the black supernatant
was repeated until the supernatant started to become transparent again. Finally, the collected
supernatant (about 2 litres of suspension) was washed with DI water and centrifuged at 10,000
rpm several times until pH=6. At the end of the synthesis process, about 3.35 g of solid material
(exfoliated TizC2Tx) can be obtained by drying the sediment suspension, while the sediment

contains 0.25 g of solid material.
Preparation of TisC2Tx slurry

After the exfoliation, washing and collecting processes are completed, the final concentration
of the obtained TisC2Tx suspension is measured. The material is then diluted (with DI water)
or concentrated (drying it in the vacuum oven at room temperature) as needed to achieve the

desired concentrations of 45, 70 and 120 mg mL™.
Preparation of TisC2Tx film — Tape casting

The FaTC process can be seen in Fig. 1 and 3c. It consists of an aluminium plate as the substrate
surface, on top of a cold plate device (Instec Inc.). The temperature of the cold plate (-25°C)
was maintained by adjusting the amount of liquid nitrogen being pumped to the plate. A doctor

blade assembly (as seen in Fig. 3c) was used to manipulate the thickness of the tape casted
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films. The TisC.Ty slurry was subsequently pulled along the substrate using the blade to create

a film. The frozen samples were freeze-dried in a Labconco FreeZone 4.5 L console.
Characterization of structure and properties of 2D TizC2Tx and TisC2Tx films.

Powder X-ray diffraction (XRD) was undertaken using a PANalytical X Pert — PRO theta-
theta PW3050/60 diffractometer (480 mm diameter) with PW3064 sample spinner (2 rev/s)
and X’Celerator (2.122° active length) 1D-detector in Bragg-Brentano geometry employing a
Cu Line Focus X-ray tube with Ni kP absorber (0.02 mm; KB = 1.392250 A) Ka radiation
(Kal=1.540598 A, Ka2=1.544426 A, Ka ratio 0.5, Koav=1.541874 A). An incident beam
Soller slit of 0.04 rad, 2° fixed anti scatter slit, incident beam mask of 10 mm and programmable
automated divergence slit giving a constant illuminated length of 10.0 mm and receiving Soller
slit of 0.04 rad were used. Freeze-dried powder samples were loaded on standard circular
sample holders and data collections from 5° to 75° coupled 2theta/theta at 0.033° step and 67
s/step were undertaken. Phase identification and peak assignment were carried using the Search
Match tool (restricted to Li, C, O, Al, and Ti) of the software HighScore Plus M with data from
the PDF-4 2020 Database [?. Scanning electron microscopy (SEM) images were taken with
Tescan Mira3 LC. Average values for the flake size, pore size and wall opening were obtained
from over a hundred measurements of the features using SEM images. TEM samples were
prepared by drop-casting diluted MXene solution on a Copper grid covered by lacy carbon
film. S/ITEM images were collected on FEI Talos F200X instrument with acceleration voltage
of 200 kV. X-ray tomography (XCT) was performed using a Zeiss VersaXRM520. Imaging
was performed at 60 keV energy and 100 ms exposure time, taking 1601 projections around
180° of sample rotation. A 2560 x 2160 pixel (height x width) 10 um pco.edge CCD (charge-
coupled device) camera was used to collect the X-ray projections, coupled to a 4x microscope
Objective giving an effective pixel size of 2.6 um and a field-of-view of approximately 2.5 mm.
The sample to detector distance was 15 mm to allow some in-line phase contrast in order to
enhance visibility of the aerogel sheets. Reconstruction was performed using a filtered back
projection algorithm and visualisation was performed using Avizo (Thermo Fisher Scientific).
Powder samples elemental analysis by energy-dispersive X-ray fluorescence (EDXRF) was
conducted with data acquisition in a PANalytical MiniPal 4 employing an X-ray tube with Rh

anode and quantitative analysis via Omnian software.

Electrochemical testing
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To investigate the electrochemical behaviour of the vertically aligned TisC2Tx films with
various thickness, two-electrode symmetrical supercapacitors were prepared with platinum
plates as the current collector, a cellulose membrane as the separator, and 3 M H>SO;4 as the
electrolyte. All the electrochemical tests were carried out at room temperature using a
PGSTAT302N potentiostat (Metrohm Autolab) and a battery testing system (Germany,
BaSyTec). The specific gravimetric capacitance Cs4; (F gl) of the electrode tested by

galvanostatic charge-discharge (GCD) was calculated based on the following equation: Cs4q =

21x A\t
m*AV’

where | (A) represents the discharge current, A t (s) and A V (V) are the duration and

voltage change during the discharge process, respectively. m (g) is the weight of single

electrode. The specific gravimetric capacitance Cs4, (F g1) and specific areal capacitance Cs,

(F cm™) of electrode tested by cyclic voltammograms were calculated by equation: Csgz =

TN where SR is the scan rate (mV s™), A is the integral area of the CV plot. The EIS

curves were recorded by applying a sine wave with 5 mV amplitude under the frequency range

of 10° Hz to 10 Hz. Gravimetric energy density E, (Wh kg™) and power density P, (W kg™)

Csg1*AV? E .
———and P, = - * 3600. Areal energy density E, (mMWh

were calculated by using: E; = ey 7

cm?) and power density P, (MW cm?) were calculated by: E,=E,*ML, P, = P,*ML, ML

is the mass loading of these electrodes B34,
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4.7 Supplementary Information

Supplementary Figures
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Figure S1 XRD diffraction patterns of the TizC,Tx sediment, supernatant TisC,Tx (exfoliated), and

precursor TisAIC,; MAX phase, respectively. Assigned symbols refer to the main representative peaks
of the following phases: star (exfoliated MXene 5€); square* (TisAIC, — JCPDS 04-012-0632 [)); circle
(Al,03 — JCPDS 04-004-2852 ©1); diamond (TiCo.s. — PDF 04-017-1603 [!); and triangle (LiF —JCPDS
00-004-0857 119, All peaks in the TisC,Tx supernatant pattern refer to the basal planes of exfoliated
TisC,Ty (002), (004), (006), (008), (010), (012), and (016) respectively. TisAIC; MAX phase pattern is
in accordance to JCPDS 04-012-0632 [,

It is important to note that most main peak positions of a multi-layered TizC,Tx (i.e. etched
MAX phase, but not exfoliated) are undistinguishable from TizAlIC,, which means it is not
possible to determine the content of Al in the sediment solely by XRD. However, further
elemental analysis by EDXRF of the samples shows an Al:Ti atomic ratio of 1:7, 0:1, and 1:3

for TizCoTyx sediment, TizC,Tx supernatant, and precursor TisAIC, phases, respectively.
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Figure S2 SEM cross-sectional images of the film’s internal microstructure for a 500 pm thick sample

freeze casted by 45 mg mL slurry.
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Figure S3 CV curves of the 300 um thick TisC,Tx film at scan rates from 20 to 5,000 mV s
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Figure S4 Rate performance (including gravimetric and areal) of the films against the thickness of the
electrode.

The gravimetric and areal capacitance of samples against the thickness of the electrode at
different scan rates are shown in Figs. S4a and S4b, respectively. With the increase of the
thickness of the elctrode, all the corresponding specific gravimetric capacitance show very
modest distortion, especially when the scan rate below 100 mV s, specific capacitance of the
electrode is independent to the thickness. The areal rate performance against the thickness of
the films shows that for scan rate of up to 100 mV s the capacitance is roughly proportionate
to the increase thickness of the electrode.

Supplementary Table

Table S1 Table illustrating final thickness of TisC,Tx film.

Doctorblade height setting (um) | Final Film thickness (um)
150 149.6
200 191.0
300 286.1
400 375.6
500 483.8
700 672.5

Reference

[1] T. Degen, M. Sadki, E. Bron, U. Kbnig, G. Nénert, in Powder Diffr., Cambridge University Press, 2014,
29, S13.

122



[2] S. Gates-Rector, T. Blanton, Powder Diffr. 2019, 34, 352.

[3]S.1Ji, ). Yang, J. Cao, X. Zhao, M. A. Mohammed, P. He, R. A. W. Dryfe, I. A. Kinloch, ACS Appl. Mater.
Interfaces 2020, 12, 13386.

[4] W. Yang, H. Zhou, Z. Huang, H. Li, C. Fu, L. Chen, M. Li, S. Liu, Y. Kuang, Electrochim. Acta 2017, 245,
41.

[5] L. Verger, C. Xu, V. Natu, H. M. Cheng, W. Ren, M. W. Barsoum, Curr. Opin. Solid State Mater. Sci.
2019, 23, 149.

[6] M. Alhabeb, K. Maleski, B. Anasori, P. Lelyukh, L. Clark, S. Sin, Y. Gogotsi, Chem. Mater. 2017, 29,
7633.

[7] E. Wu, J. Wang, H. Zhang, Y. Zhou, K. Sun, Y. Xue, Mater. Lett. 2005, 59, 2715.
[8] J. Lewis, D. Schwarzenbach, H. D. Flack, Acta Crystallogr. Sect. A 1982, 38, 733.

[9] M. Y. Tashmetov, V. T. Em, C. H. Lee, H. S. Shim, Y. N. Choi, J. S. Lee, Phys. B Condens. Matter 2002,
311, 318.

[10] Swanson, Howard E, Standard X-Ray Diffraction Powder Patterns NBS CIRCULAR 539 VOLUME llI
UNITED STATES DEPARTMENT OF COMMERCE NATIONAL BUREAU OF STANDARDS, n.d.

123



Chapter 5. All-in-one Mxene-Boron Nitride-Mxene “OREO”
for flexible supercapacitor design with integrated structural

and functional properties

5.1 Chapter Introduction

The previous chapter focused on the use of freeze casting to enable the alignment of the MXene
flakes. Although research on improving the performance of MXene based energy devices and
electronics has seen significant advancement in recent years, the consolidation of synergistic
manufacturing techniques which effectively exploits the excellent electrochemical properties
of the material has considerable challenges to overcome to meet practical usage. Research
trends in this area tend to focus on specific elements of the device, with small considerations
made on overall compatibility. This makes it more challenging to transition the development
to conform with scalable manufacturing process such as roll-to-roll processing normally used
in industry. In the pursuit to resolve this, we believe that an essential aspect in the development
of the material is an all-in-one fabrication route for structural supercapacitors. This allows for
a minimalistic design philosophy and mutability in which the electrochemical energy storage
device itself provides some form of the structural framework of the product whilst facilitating

a function.

Adhering to the concept of exploring not only the functional properties but also the structural
potential of the materials, a MXene (TisC2Tx) based all-in-one flexible supercapacitor with
hexagonal boron nitride (hBN) separator was assembled with a newly developed concurrent
manufacturing process. Fundamentally, an aqueous TisC>Tx suspension and hexagonal boron
nitride-polyvinyl alcohol colloid were concomitantly freeze-tape cast into an integrated
Ti3CoTx-hBN-PVA-TIi3CoTx (THT) ‘oreo’ structure. The 110 um-thick THT film reveals
anisotropically arranged micropores — which is beneficial for ion transportation and supported
by theoretical determination of the tortuosity factor through simulations of the diffusive

transport in the XCT rendering of microstructural data.

In this work, the thesis author conceived this study carried out materials fabrication,
SEM/EDS/XRD/Rheology and data analysis, making and casting of the MXene/hBN slurries,
and finally wrote the paper. Jae Jong Byun assisted with XCT and Yang Jie assisted with
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electrochemical measurements. All authors contributed to the review of the manuscript. The

original manuscript is presented in the following sections.
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5.2 Abstract

Trends across various fields of energy storage technological advancement call for the
development of materials to fulfil both functional and structural requirements. Flexible devices
have been an evolutionarily progressive step in this area. Herein, TisC2Tx and hBN are used to
build a flexible all-in-one TisC2Tx-hBN-TisC2Tx (THT) integrated composite film for a
supercapacitor. The TisCoTx layers function as active electrodes (with high electrical
conductivity of 8,100 S cm™) while the hBN layer serves as the separator. This design
streamlines the manufacturing of a robust supercapacitor, allowing the active materials to self-
support, and function independently from additional current collectors or binding agents. The
THT film exhibits a Young’s modulus of 2.26 + 0.03 GPa, reflecting the self-supporting nature
of the film and suggests the reinforcement of the film by adding MXene layers adjacent to the
hBN separator. Additionally, it exhibits high capacitance of 0.20 F cm at 50 mV s and 225.60
Fg'at10 A g A high-power density of 209.2 mW cm can be achieved at 700 mA cm
with an energy density of 5.6 pWh cm™. This work highlights a design paradigm and offers a
solution to accomplishing roll-to-roll manufacturing for flexible energy storage devices.
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5.3 Introduction

Progressing into the technological growth of the 21% century requires the development of
materials that exhibit not only novel performance that fulfils functional requirements but also
structural advantages. Hence, there is a growing effort in ascertaining the functional and
physical properties of a material or its composite configuration and its cumulative effects on
integrated performance. Accordingly, a viable route to accomplishing this goal is flexible
energy storage devices which function as an ontogenesis to flexible electronics, whether it be
for wearable consumer devices ™M, soft robotics 2, photonics &I or integrated sensors 461, As
compared to conventional rigid-monolithic energy storage devices, flexibility allows for low
volume, lighter device configurations with greater system conformity, in accordance with
market requirements. Despite the implicit advantages in flexible digital devices for civil
defence hardware or medical accoutrements amongst many other areas, the nominal
performance of electrodes fabricated via standard assembly strategies rely on structural
formulation additives as well as costly flexible substrates such as aluminium or copper foils [
to impart structural stability and flexibility to the devices. Therefore, there is impulse for the
development of processing routes and novel materials that enable the realisation of self-
supporting electrodes, without the need for metallic current collectors or additional structural
binders. This can enable a cost-effective delivery of structural and functional properties in
energy storage devices, which not only mitigates the risk of impact damage, but also decreases
overall manufacturing cost whilst increasing gravimetric energy density of the cell.

A material class that has seen flourishing application in the energy storage field and especially
been a good candidate to fabricate self-supporting films for supercapacitor electrodes are two-
dimensional (2D) materials such as graphene 1 and MXenes 1. This is largely attributed to
their large lateral aspect ratio, accessible surface sites and good electrical conductivities.
Contrastingly, another 2D material hBN, has demonstrated promising performance as a
separator layer due to its ionic conductivity and electrically insulative nature [0-22,
Additionally, the high temperature stability and chemical inertness [*314 makes it ideally suited
for this application. Several research works using graphene have highlighted the potential for
2D materials for the development of freestanding films for flexible energy storage devices [*5-
171, For example, fully solid-state planar asymmetric supercapacitor based on a flexible
monolithic film of exfoliated graphene, an ionically conductive boron nitride separator and

manganese (IV) oxide has also been explored 8], The robust nature of their construction was
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demonstrated by a 98.8 % initial capacitance retention even when bent at 180 degrees. The
design versatility allowed for parallel and series configurations without the need for metal-
based interconnections. A related work performed by Z. Li et al. shows that the interlayer
spacing of graphene laminate films synthesised by vacuum filtration can be ‘tuned’ to
maximise pore utilisation efficiency in freestanding films [°l. Their symmetric supercapacitor
assembly of electrode films managed to deliver an energy density of 88.1 Wh L with a
capacitance contribution per specific surface area of 47 puF cm. This work further highlights
the importance of considering the accessibility of surface sites when manufacturing with 2D

materials.

MXenes are 2D carbides and nitrides of a transition metal, with the most widely studied being
Ti3C2T«[2%-22, which is mainly synthesised by the acidic solutions containing fluoride ions such
as HF, LiF with HCI or NH4HF,. The attractiveness of MXenes over graphene for the
development of freestanding electrodes is attributed to the surface charge on TizC2Tx which
contributes to its hydrophilicity 2. This facilitates more versatile and environmentally
friendly fabrication routes. Moreover, its high intrinsic electrical conductivity, large lateral
aspect ratio and accessible surface sites contribute cumulatively to excellent capacitive
performance 1. In work by J. Yan et. al. supercapacitor electrodes were created by
electrostatic ~ self-assembly of reduced graphene oxide (rGO) stabilised in
poly(diallyldimethylammonium chloride) and TisC>Tx nanosheets 21, It was discovered that
the rGO nanosheets inserted between the MXene nanosheet layers mitigated self-restacking
and accelerated diffusion of electrolyte ions. This resulted in ultrahigh volumetric energy and
power densities of 32.6 Wh L and 74.4 kW L%, which is ideally suited for portable and micro-
sized integrated energy storage devices. Another approach was taken by Y. Wang et.al. in
which a self-supporting three-dimensionally porous film of MXene and bacterial cellulose was
formed by vacuum filtering the mixture, freeze-casting and dried to form the porous

interconnected framework which overcomes sluggish ionic kinetics within the electrode film
[24]

Additionally, the intrinsic properties of MXene allow it to be readily synthesised into an
aqueous additive free colloid which facilitates solution-based roll-to-roll processes and
advanced manufacturing methods such as tape casting %], and three-dimensional (3D) printing
261 Considering the conventional rigid monolithic designs of commercial supercapacitors, the
final assembly of such devices demonstrate diminished gravimetric and volumetric

performances 2. Research has approached this from multiple facets. One being the
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preparation of asymmetric solid-state supercapacitors from TiNi shape memory alloys which
are body-temperature activatable into watchband-like devices 281, Although promising, their
assembly still required metal foils as the current collector, which cumulatively adds to weight
and device cost.

The development of integrated manufacturing processes allow for an incorporative device
design where the assembly process is concatenated resulting in a lightweight, damage tolerant
product in which potential displacement and delamination of traditional multi-layered
architectures are less likely to transpire 2’1, due to a more seamless interface created between
the electrodes and separator. There have been diverse and creative approaches in integrated
supercapacitor fabrication. For example, Y. Wang et. al. fabricated an all-in-one supercapacitor
by sputtering nickel onto both the top and bottom surfaces of a glass fibre film as the current
collector (leaving the core as a separator) 271, The anode was then formed by vacuum filtration
of holey rGO/carbon nanotube composite onto one surface whilst the cathode was formed by
electrodeposition of MnO. onto the adjacent surface. The all-in-one design of the
supercapacitor can then be easily integrated into a 3D system without post-packaging
processes. This is similar to the work of L. Lim et. al. who developed a coaxially designed all-
in-one graphene and MnO2 composite supercapacitor device 2%, In this case, a graphene fibre
serves as the core of the device, which contributes to its mechanical stability and rapid electron
transfer. Differentially, Y. Guo et. al. approached the design from a self-healing perspective,
creating a laminated structure with a self-healable polyvinyl alcohol (PVA)/H2SO4 electrolyte
and SWCNT-PANI electrode layers %, The supercapacitor structure managed a capacitance
of 15.8 mF cm at a current density of 0.044 mA cm with a relatively low impedance of 13.2
Ohms. Besides this, a freeze-assisted tape casting (FATC) process in our previous work has
also demonstrated potential in scaled fabrication of integrated supercapacitor structures. This
processing route aids in the development of vertically aligned 2D sheets via the directional
growth of lamellar ice-crystals along the thermal gradient applied to the film, thus avoiding
potential stacking of the TisC,Tx sheets, which facilitates electrolyte ion transportation in the

electrodes, enhancing rate performance of the supercapacitor 2531,

Herein, a scalable fabrication technique for all-in-one integrated supercapacitor is outlined
where an aqueous TisC,Tx suspension and hexagonal boron nitride-polyvinyl alcohol colloid
were concomitantly freeze-tape cast into an integrated TisCoTx-hBN-PVA-Ti3CoTx (THT)
‘oreo’ structure, with TizCoTx layers as the symmetric electrodes and hBN-PVA layer as the

separator. After calendering of the THT film from 800 pum to roughly 110 pum, microstructural
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characterisation reveals retention of the micropores — which is beneficial for ion transportation.
Additionally, yield stress of ~ 9.5 MPa, alludes to a strong interface between the electrode and
separator, whilst a tensile modulus of 2.26 + 0.03 GPa is testament to the self-supporting nature
of the THT film. The integrated THT film exhibited similar electrochemical characteristics to
our previous work, in which a commercial separator was used [°. The integrated
supercapacitor demonstrates high specific areal capacitance of 0.20 F cm at 50 mV s and
0.16 F cm™ at 500 mV s with an equivalent series resistance of 0.137 Q and a stability
retention of 92.1 % at 10 A g™ after 12,000 continuous charge-discharge cycles. Furthermore,
we fabricated the integrated supercapacitor in series and parallel circuits made of THT films to
attain higher voltages of up to 1.8 V, and higher capacitance, respectively. The promising
results segue into the potential for functional design in which the all-in-one fabrication route
facilitates the creation of structural supercapacitors 2, e.g. integration into carbon fibre
composite monocoque of a vehicle. This allows for a minimalistic design philosophy and
mutability in which the electrochemical energy storage device itself provides some form of the

structural framework of the product whilst facilitating a function.

5.4 Results and Discussion

hBN/PVA slurry

(e)
Compression

_;""All-in-one
/ THT aerogel

-25¢

All-in-one THT film for
supercapacitor cell

(c) Freeze-assisted tape casting
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Figure 1 Schematic showing the synthesis and manufacturing of the all-in-one THT film. (a) Synthesis
of exfoliated TisC.Tx flakes and preparation of TizC.Tx slurry. (b) Preparation of hBN-PVA slurry. (c)
Freeze-assisted tape casting of three layers: TisC2Tx, hBN-PVA, and TisC,Tx in order. (d) Freeze drying
to obtain the all-in-one THT aerogel. (e) Compression of the all-in-one THT aerogel to a film for
supercapacitor cell.

To explore the MXene-hBN all-in-one-sandwich material for supercapacitor applications, we
propose the synthesis and manufacturing steps illustrated in the schematic in Fig. 1. The
delaminated TisC.Tx was produced using the MILD method 1, and is described in the
experimental section. The concentration of the as-prepared MXene slurry was adjusted to 65
mg mL* for the subsequent manufacturing steps. The separator in the sandwich structure was
formed from a hBN-PVA slurry prepared by dispersing hBN in a PVA aqueous suspension.
As reported in our previous work 21, the 3D hierarchical structures of aligned MXene flakes
were fabricated via freeze-assisted tape casting. Initially, the substrate was cooled down to -25
°C, followed by the application of the first layer of TizC2Tx, on the pre-chilled substrate, which
behaves as the first electrode. The separator layer was then formed by layering the hBN-PVA
slurry above this layer. Finally, another TisC>Tx layer was cast on top to complete the
composite supercapacitor design. The freeze cast structure underwent freeze drying to form the
all-in-one THT aerogel, which was calendered as the final step, reducing its volume by

compressing the THT aerogel into the all-in-one THT film.

132



(a)

(c) (d)
3 3
S o Exfoliated Ti,C,T
> -
— >
0 =
c 0
£ S & 3 S
= |* £ g & &
* * ——hBN-PVA| = LN
}ﬂf\/& Ti,AlC,
——Exfoliated Ti,C,T, I
A 1 " 1 A L " 1 A 1 i 1 A L i 1 A 1 A 1 e 1 i L i
500 1000 1500 2000 2500 3000 3500 10 20 30 40 50 60 70
Raman Shift (cm™) 20(degree)

Figure 2 Microstructural and structural characterisations of the delaminated TisC,Tx and hBN-PVA.
SEM images of, a delaminated TisC, Ty flakes, b hBN and PVA matrix. ¢ Raman spectra of delaminated
TisC,Tx and hBN-PVA mixture. d XRD patterns of the precursor MAX phase TisAlC,, delaminated
TisC,Tx and hBN-PVA matrix.

The microstructure of exfoliated TizC,Tx flakes and the mixture of hBN and PVA were
investigated by scanning electron microscope (SEM). In Fig. 2a, typical exfoliated TizC2Tx
sheets with a lateral size of ~ 3.7 um on a silicon wafer are displayed. The surface and edges
of the flakes are clean without light white spots, indicating minimal oxidation. From Fig. 2D,
we can see that the PVA crosslinks to form a reticulate fibrous-structure network and the disk-
like shape hBN flake is trapped and intercalated within the PVA matrix. In Fig. Sla,
transmission electron microscope (TEM) reveals the morphology of a few transparent TizC,Tx
flakes with curved edges. Exfoliated TisC,Tx flakes and hBN-PVA were characterised by
Raman spectroscopy in the 100-3500 cm™ region (Fig. 2c). Characteristic vibrational modes at
peaks 202 cm™ and 380 cm™, a wide peak at around 603 cm™ and a small peak at 720 cm™ are
observed from the spectrum of delaminated TisC2Tyx 3., Furthermore, the peaks associated with
the rutile or anatase phase of TiO, and amorphous carbon are not observed. Fig. 2d
demonstrates the X-ray diffraction (XRD) patterns of the precursor MAX phase TizAICo,
exfoliated TisC2Tx and the mixture of hBN and PVA. For the hBN-PVA sample, the peak with
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the highest intensity at a diffraction angle of 19.8 degrees indicates the presence of a typical
semi-crystalline structure of PVA caused by alternative speed mixing and continuous stirring.
Concordantly, it also presents the signature of hBN with the main signal peak at around 26.8
degrees, which corresponds to the (002) diffraction peak, according to the PDF00-034-0421
(34 Comparing the (002) peaks on the spectra of TisAIC, and exfoliated TisC2Tx, the TisC2Tx
flakes have been mostly delaminated without observing the typical peaks expected from TiOa.
The X-ray photoelectron spectroscopy (XPS) spectra of hBN-PVA and TisC,Tx are shown in
Fig. S1b. Ti-C, Ti-OH, Ti-O, Ti (Il), Ti-Cl and Ti-F were identified for the delaminated

TisC2Ty, suggesting the terminal functional groups which contribute to the hydrophilicity and

electrochemical performance.

Figure 3 Microstructure of the all-in-one THT film before and after compression. a Digital photograph
of all-in-one THT “oreo” aerogel; inset is the cross-sectional view of the film. b SEM images of the all-
in-one THT aerogel, c interface of the two different layers, d magnified view of the middle hBN-PVA
segment, (e) Digital photograph of the compressed all-in-one THT film. f SEM images of the

compressed film and, g corresponding magnified interface.
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Fig. 3a illustrates a digital photo of an all-in-one THT sandwich with a thickness of 300 um
(TisC2Tx)[200 um (hBN-PVA)|300 um (TisC2Tx), which was manufactured by concomitantly
tape casting a 65 mg mL™ TisC,Tx slurry and a hBN-PVA slurry of 15 % hBN & 10 % PVA
on a-25 °C cold plate. After freeze-drying, the THT aerogel was removed from the aluminium
substrate, and it appeared to have an intact appearance. Referring to the cross-section of this
THT aerogel, we can see a distinct three-layer structure. As shown in the SEM image Fig. 3b,
the central structure of this ‘oreo’ aerogel, hBN-PVA acts as the separator of the all-in-one
supercapacitor cell, which corresponds to the white areas in the digital photo. The adjacent
sides of this sandwich structure are pure TisC2Tx based active material for the all-in-one
supercapacitor cell, which corresponds to the black areas in Fig. 3a. In Fig. 3c, we can observe
the magnified interface of the uncompressed THT sandwich aerogel. According to principles
of the freeze-assisted tape casting process discussed in our previous work 2%, the TizC,Tx layer
shows comparatively uniform 3D porous lamellar channels with vertically aligned walls
composed of TisC,Tyx flakes. The structure appears to be formed of a central channel which
splits into smaller branches. It is further observed that TizC2Tx and hBN-PVA are seamlessly
interfaced with no gap. When the former layer was frozen, casting the next layer with room-
temperature slurry will cause partial melting of the top surface of the previous layer, which will
then instantaneously re-freeze. In this way, a composite with compatible interface will be
obtained. Closer inspection of the hBN-PVA section (Fig. 3d), reveals tens of thousands of
smaller channels which also formed in a roughly vertical direction. The large disc-like hBN
flakes behaves as a supporting framework whilst the PVA develops into an immobilizing
reticulate fibrous structure. After compression, by calendering the sandwich aerogel, a thinner
all-in-one THT composite film was obtained with a thickness of 10(x1) um (Ti3C2Tx)[92 um
(hBN-PVA)|10(£1) um (Ti3C2Ty), as shown in Fig. 3e. Fig. 3f illustrates a cross-sectional SEM
image of the compressed sample. After calendering, both TisC,Tx layers present over 96 %
reduction in thickness while the separator is compressed to around half of its original size. In
the magnified SEM image (Fig. 3g), we can observe that the two materials are still well
conjoint, with the main channels in the hBN-PVA layer still retaining its original alignment. In
addition, Fig. S2 illustrates a top cross-sectional view of the compressed separator. From a
lower magnification (Fig. S2a), some hBN particles can be seen on the flat surface. Upon closer
inspection of the PVA areas (Fig. S2b), we can observe the presence of some macropores and
many micropores, with some of them anchored around the hBN flake. These porous structures
facilitate electrolyte ion transportation in the electrode and separator. In this image, the

previous structure of the TisC2Tx layer appears to have collapsed, along with the macropores.
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Despite this, we cannot conclusively determine that nano- and micropores generated from the
freeze-casting process are lost. We consider this further with, XCT characterization and N>

adsorption/desorption tests.
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Figure 4 Volume rendering of THT with binary slices in the YZ and XZ planes. (2) I-111 THT aerogels;
IV-VI THT films. (b) N;adsorption and desorption isotherms of non-compressed delaminated
TisC,Tx (specific surface area (SSA) of 147 m? g 1) and compressed delaminated TisC,Tx (SSA of 140
m? g1). (c) Representative volume element (RVE) analysis for each of the separator samples showing
that the full volumes of aerogel and film provide representative values for the tortuosity factors of the
bulk materials.

Tomographic reconstruction of microstructures in electrochemical devices has become
increasingly widespread, offering the possibility to evaluate vital parameters 531, Therefore,
the THT aerogel and film structures were imaged using X-ray computed tomography (XCT).
The scans performed on the pre-compressed structure (Fig. 4a I-111) show vertical alignment
within the two MXene layers. The parameters used to produce these structures yielded a porous
aerogel structure with an average pore size of 79 £ 6.71 um which was determined from SEM
micrographs and top-down (XZ plane) view of tomography image (Fig. 4a 11). XCT image of
the THT film (Fig. 4a I\V-V1) demonstrating that the majority of thickness dimensionality loss
of the MXene layers after compression, is concordant with the SEM image (Fig. 3f). In the

case of the separator layer, due to the density of the pre-calendered structure, densification
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leads to a loss of roughly 50 % of the original height. Despite the extreme densification of the
MXene layers, a further feature noticeable in the XCT of the film is that the pores within the
MXene layers are vertically aligned with respect to the separator layer. The pore size decreases
to 4.75 = 1.04 um. Despite the changes from macropore to micropores, mesoporous features
seem unaffected. The specific surface area (SSA) of the THT film is 140 m? g™ measured using
the N absorption method (Fig. 4b). In comparison with the THT aerogel (147 m? g1), the SSA
has not been affected significantly by reduced macropores from the calendering process. The
pore-size distribution (Fig. S3) of the THT film averages at around 3.4 nm, which evidences
the existence of the mesopores (2-50 nm). This high SSA value demonstrates the effective
exfoliation of the MXene nanosheets in the porous film, which is consistent with TEM, XRD,
and other results demonstrated above. Additionally, the effect of microstructural parameters on
the performance of electrochemical devices has been evaluated by generating synthetic 3D
volumes 71, The purpose of this process is to directly evaluate the effect of specific geometric
features such as porosity, pore size distribution, shape or packing orientation of TisC,Tx and
hBN-PVA on mass transport of electrolyte. In order to determine tortuosity, an image-based
modelling approach was used. 3D rendered volume from XCT scans was processed to produce
thresholded volumes representing the THT film's microstructure. From these renders, the
objective was to determine the shortest path length through a porous structure by independently
evaluating the geometric features. The volumes were meshed into elements which can be
directly correlated to the size of a voxel (a 3D pixel in rendered volume), in this case 0.7 um x
0.7 um x 0.7 um. Each element contains a corresponding dataset for the microstructural
features within the voxel for the 3D rendering. Information from each element can be extracted
to determine the tortuosity of the analysed phase. This computationally generated method for
determining tortuosity is outlined by Cooper et al, who developed TauFactor 8, an open-
source MATLAB application software package, for the characterisation of microstructural
data. Fig. 4c summarises the report generated by TauFactor for a tortuosity factor calculation.
For the THT film, TauFactor computed a tortuosity factor value of 2.62 £+ 0.19. with a high
pore volume of 76.2 = 0.59 %. The tortuosity factor of the sample demonstrated a value
comparable to commercial separators which is usually in the range of 2.5 — 6.9 . A low
tortuosity factor is favourable for high rate applications, where the resistance to ion transport
is low [ The FATC approach could be contributing to the higher retained porosity post-
calendering. As illustrated in the XCT images of the TisC,Ty, the porous characteristics is

retained despite the densification of the pores, thus contributing to the low tortuosity factor.
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Figure 5 (a) Tensile-strength test for the compressed all-in-one THT sandwich film (110 pum) and
compressed hBN/PVA separator (90 um). Inserts are digital photos of the samples before and after the
test. (b) Typical compressive stress-strain curve of the rolled hBN/PV A separator (90 um). (c) Electrical
resistance testing for the compressed all-in-one THT film. (d) Digital photos of the dry hBN/PVA
separator, and wet ones in 3 M H,SO4 and LiPFs in ethylene carbonate (EC)/ diethyl carbonate (DEC).

The mechanical strength and flexibility of the THT film electrodes are crucial to their potential
applications in wearable and portable energy storage devices. To demonstrate the suitability of
THT films in these applications, the electrical and mechanical performance of the THT films
were evaluated. As seen in literatures, PVA in 2D material composite films provide flexibility
[4142] "and this is observed in the hBN-PVA separator in this work, which is able to impart
flexibility and strength to the TisC.Tx layers. Fig. S4 demonstrates the flexibility of the THT
film, as it is bent by roughly 180 degrees and rolled around a 10 mm diameter object. Tensile
stress-strain curves for the THT films are shown in Fig. 5a. In contrast to a standalone hBN-
PVA separator, the THT films exhibit significantly increased yield stress and stiffness. The
strain at failure of the THT film decreased from 7.5 % to 0.4 %, which is attributed to
strengthening of the structure from the addition of the TisC,Tx layers. Furthermore, the tensile

strength increased from 0.49 + 0.01 GPa to 2.26 + 0.03 GPa, as a result of the extensive
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interfacial interactions between the rigid 2D nanomaterials and the polymer/hBN matrix layer.
We infer hypothetically that these behaviours could be attributed to the addition of densified
MXene layers. Due to the calendering process, there is a densification of meso- and macropores
as seen in the XCT images in Fig 4 11, V. These smaller pores could be contributing to the
increased stiffness. This is seen similarly with honeycomb structures, where the stiffness of the
honeycomb structure is increased by increasing the density of the cell i.e. smaller cell size [“344],
In addition, compressive forces from rolling of the TisC>Tx would lead to the collapse of the
lamellar channel structure. This collapse could manifest in the form of buckling or layering
(similar to a domino mechanism) of the TisC2Tx flakes that make up the channel walls. The
crumpling and/or layering of the TisC,Tx flakes could result in greater interactions between the
flakes via van der Waals and hydrogen bonding from the terminal functional groups,

cumulatively stiffening the structure.

The compressive mechanical properties of the produced samples were evaluated through in-
plane compression tests. The samples were prepared by cutting seven equally sized cylindrical
shaped pieces (diameter of 10 mm) using a punch from the compressed hBN-PVA film. They
were then stacked to form a singular sample of 0.65 mm height. The results from the
compression test are reported in Fig. 5b. The compressive curves of fabricated samples can be
separated into three regions. A small linear elastic region is observed for strains below 5 %. In
this region, the pore walls transitioned from an elastic regime to exhibiting more plasticity. An
extended yield region follows the linear elastic region for applied strains of up to 40 %. This
behaviour is associated with the gradual collapse of aerogel pores due to increasing strains [*°],

The subsequent densification region appears for strains greater than 40 %.

THT film's durability is demonstrated by cyclic loading (quick succession of bending
illustrated in Fig. 5¢c. The surface resistance is maintained ~ 4 Q (including the resistance from
the interface with copper tape) during the 2,000 cycles (within 900 s). The retention in
operating functionality from a large bending curvature denotes that the network of TizCaTx
flakes remains relatively intact. This shows, how the material developed in this work can be

applied to flexible energy storage devices.

In addition to the hBN-PVA separator's mechanical properties in dry ambient conditions, the
stability of the compressed hBN-PVA separator was also examined in inorganic and organic
electrolytes. The left top image in Fig. 5d illustrates a digital photo of dry hBN-PV A separator.
Despite crumpling the separator into a dense ball, it is able to recover its original shape with
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minimal surface markings (Fig. S5). Subsequently, the hBN-PVA separator was cut into small
rectangular pieces to evaluate its stability in 3 M H2SOs, as used in our work to test the
electrochemical performance, and also in LiPFe in EC/DEC (Ethylene carbonate / Diethyl
carbonate), which is a commonly used electrolyte in industry. After submerging the hBN-PVA
in the electrolyte, it was rapidly infiltrated by the electrolyte ions, indicating good wettability
of the separator in both the organic or inorganic electrolytes. As the separator is a composite
of hBN and PVA, it benefits from the hydrophilicity of PVA and hydrophobic nature of hBN.
Therefore, the hBN-PVA separator developed in this work establishes a strong potential for

use in diverse energy storage applications.
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Figure 6 Electrochemical performance of the all-in-one THT film. a Cyclic voltammetry curves at a
scan rate ranging from 50 mV s* to 2,000 mV s™. b Galvanostatic charge-discharge (GCD) profiles
collected ranging from a current density of 2 A g* to 400 A g*. ¢ Nyquist plots of electrochemical
impedance spectroscopy (EIS) for the all-in-one THT film, tested at 0 V. d Cycling stability of one all-
in-one THT film tested by galvanostatic cycling at a current density of 10 A g** showing over 92.1 %
capacitance retention after 12,000 cycles. e and f depict the Ragone plots of the all-in-one THT

sandwich cell together with other reported data for comparison: 6e 1650 6f [51-54],

To investigate the electrochemical performance of the integrated supercapacitor cell made of
the compressed all-in-one THT composite film, we cut the film to small sandwich pieces (about
1.2 cm?) with two TisC,Tx layers as symmetric electrodes with hBN-PVA layer as the
separator, and 3 M H2SO4 as the electrolyte for electrochemical testing. In the cell, the TisCoTx
has a thickness of 10( 1) um while the hBN-PVA has a thickness of about 91(+ 1) um. Fig.
6a is the cyclic voltammetry (CV) curves of the all-in-one THT film at different scan rates.
Gradually increasing the scan rate from 50 mV s to 500 mV s?, there is almost no shape
change of the rectangular curves, indicating good electrochemical double-layer capacitance,
with a high areal specific capacitance of 0.20 F cm at 50 mV s™ and 0.16 F cm™ (a retention
of 80 %) at 500 mV s™. Up to 2,000 mV s?, the CV curve deforms a little but retains its
rectangularity with a specific capacitance of 0.10 F cm™, indicating the integrated all-in-one
THT film’s good rate performance. Compared with the works that used commercial separator
251 this self-supporting supercapacitor with a pre-assembled hBN-PVA separator exhibits
similar electrochemical performance. Fig. 6b shows the galvanostatic charge-discharge (GCD)
tests of the integrated all-in-one THT film. The symmetrical triangular shape of the charge-
discharge curves indicates the high coulombic efficiency of this supercapacitor cell. Further,
there is no apparent IR drop (electrical potential difference, I: current, R: resistance) observed
from the charge-discharge curves, which also implies low resistance of this all-in-one THT
film. The kinetic feature of charge transport and ion diffusion were further analysed by
electrochemical impedance spectroscopy (EIS). From Fig. 6¢ and the inset, the equivalent
series resistance of the THT sandwich cell is around 0.137 Q, which further confirms low
resistance of the integrated all-in-one sandwich system due to the good electrical conductivity
of the active material as well as the intimate contact between the electrode layers and separator
layer. In addition, the almost vertical line and a phase angle of 86.3 degrees at the low-
frequency region demonstrate a good capacitive response of this integrated all-in-one
supercapacitor. Following this, the THT film's electrochemical cycling stability is also tested
at a current density of 10 A g with retention of 92.1 % after 12,000 continuous charge-
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discharge cycles and 1,000 cycles of pre-activation (Fig. 6d). This indicates the high stability
and reversibility of the supercapacitor based on an integrated all-in-one THT sandwich
composite design. The Ragone plots in Fig. 6e and 6f graphically demonstrate the gravimetric
and areal energy densities against the THT sandwich film's power densities and the comparison
with data in other works 16-541. Our work exhibits a gravimetric energy density of 12.2 Wh kg
1 at a power density of 210 W kg™, and when the power density increases by 500 times to
105,000 W kg?, the energy density is at 2.95 Wh kg™. Meanwhile, a high areal power density
of 209.2 mW cm can be achieved at 700 mA c¢cm with an energy density of 5.6 pWh cm™.
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Figure 7. Electrochemical performance of stacked all-in-one THT units, every unit has the same weight
of the single electrode of 2.5 mg and the same area of 1.25 cm?. a Schematic (top) and the digital photo
(down) illustrating the design of the stacked all-in-one THT cells. b Schematic diagram of the circuits
obtained according to different connections between these electrodes. CV curves at a scan rate of 50
mV s for one, ¢ and d show two and three units in a parallel circuit and series circuit, respectively.
GCD curves at a current of 10 mA for one, e and f show two and three units in a parallel circuit and

series circuit, respectively. g The variation of the areal energy density and areal specific capacitance of
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the parallel circuits with one, two and three units. h The variation of the areal energy density and areal

power density with increasing potential windows (one, two and three units) in series circuits.

The electrochemical performance of THT cells comprised of multiple units connected in
parallel or series was also investigated. All single electrodes have the same weight and area of
2.5 mg and 1.25 cm? respectively, with polyethylene terephthalate (PET) films used as
separators in the middle of two units to avoid the electrolyte ion transfer. The schematic
diagram and the digital photo of the THT cell made of three stacked units are shown in Fig.
7a. In order to connect and build specific circuits, titanium foil was used to connect the
electrode. We have built circuits made of two and three single units connected in parallel and
in series, respectively, as demonstrated in Fig. 7b. Fig. 7c and 7d show the parallel and series
circuits' CV curves comprised of two and three all-in-one THT units compared with the single
unit at a scan rate of 50 mV s, respectively. All the curves exhibit a near rectangular shape.
In the parallel circuits, the current response increases with the number of the all-in-one units,
while the cell's output voltage increases with the number of the units in series circuit
configuration. Therefore, the output current or voltage can be effectively tuned using different
connections according to specific requirements. Moreover, the GCD test of the corresponding
devices was also performed and tested, as shown in Fig. 7e and 7f. As expected, when a parallel
circuit consisting of two/three THT films, the device's overall capacitance increases to
double/triple times of that in a single unit. In the case of the series circuit (Fig. 7f), the voltage
can be multiplied with the number of the units in series. The all-in-one THT film exhibits a
potential to build efficient energy storage modules to fulfil future industrial requirements.
Further, we also calculated the areal energy density and power density of this assembled device.
In the parallel circuit, the areal specific capacitance and areal energy density increases,
according to the number of units in the circuit (Fig. 7g). In terms of the series circuit, both
areal energy density and power density show a linearly proportional increase with the amount
of the single unit. Thus, this design can satisfy a diverse portfolio in the energy storage area,
where parallel or series circuits can be constructed to reach a nominal voltage and capacitance
for applications such as emergency power supplies, supporting the peak power density for

industrial control, wind generation, transportation equipment.

5.5 Conclusion
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This study explored the concept of integrating functional and structural properties of the
materials composing the electrodes and separator for supercapacitors. Consequently, we
demonstrated a novel manufacturing process to construct an all-in-one integrated
electrode|separator|electrode system with TizC2Tx and hBN-PVA as the active materials for
electrode and separator, respectively. Freeze-assisted tape casting was employed to fabricate
the all-in-one THT composite film. In this way, a highly porous structure with vertically
aligned channels was constructed by the 2D flakes of TisC>Tx and hBN-PVA formulation. SEM
micrographs, XCT and SSA values demonstrate that even after calendering, the pores and
channel structures are retained at the microscale. Furthermore, the THT films exhibited a
relatively high stiffness with flexible character, enduring 2,000 bending cycles while
maintaining a stable electrical conductivity level. This is an encouraging demonstration of its
viability in use for flexible energy storage devices. Further supported by the electrochemical
performance of the self-supported THT composite supercapacitor film which had comparable
capacitance to a device that used a commercial separator. Arranging THT films into parallel
and series configurations to increase the voltage window and areal power/energy density of the
integrated supercapacitor, further substantiates the feasibility of these materials to be
potentially implemented as commercial energy storage devices. The hope is that this novel and
facile approach could offer new scalable solutions to building a new generation of energy

storage devices.
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5.6 Experimental Section

Preparation of delaminated TisC2Tx

This method is identical to our previous work 2 whereby TisAIC, powder (Laizhou Kai Kai
Ceramic Material Co. Ltd) is chemically exfoliated to synthesise TisC2Tx. 3 M equivalent of
lithium fluoride (LiF, Alfa Aesar, 98.5 %) was dissolved in 60 mL prepared 9 M hydrochloric
acid (HCI, Alfa Aesar, 36.5-38.0 %) at room temperature in a high-density polyethylene
(HDPE) reaction vessel. 3 g of TisAlC, powder was slowly added into the reaction mixture.
The reaction was kept at 60 °C under magnetic stirring for 24 hours. The products were subject
to centrifugation (Thermo Sorvall Legend XTR) at 3,500 rpm for 5 mins, to remove excess
acid and salt (the decanted supernatant). The product was repeatedly washed with deionised
(DI) water until the supernatant became viscous and black (an indication of delamination of
Ti3C2Tx). From this point, the supernatant was collected from successive centrifuge cycles until
the supernatant became transparent. The delaminated TizC>Tx supernatant was concentrated
and further washed by centrifuging at 10,000 rpm for 60 mins several times until the pH of the
supernatant reaches 7. The resultant slurry underwent final mixing (SpeedMixer, DAC 250 SP)

to obtain a homogeneous delaminated TisCoTxslurry.
Preparation of TisC2Tx slurry and hBN-PVA slurry

The TisCoTx slurry concentration was adjusted by adding DI water and further mixing with the
Speedmixer to prepare a TisC2Tx slurry concentration of 65 mg mL™. The hBN-PVA slurry
was prepared by adding 15 g of hBN (~1 um, 98 %, Sigma Aldrich) to 10 wt% PVA (Mw
89,000-98,000, 99+% hydrolysed, Sigma Aldrich) aqueous suspension. The slurry was mixed
with the Speedmixer and magnetically stirred for 2 days to obtain a homogeneous hBN-PVA

slurry.
Preparation of all-in-one THT sandwich film and compressed all-in-one THT film

The THT sandwich films were manufactured using freeze-assisted tape casting (FaTC), which
was introduced in our previous work [?%1. The temperature of the cold plate is maintained at -
25 °C using liquid nitrogen. An aluminium plate was used as the substrate upon which the films
were formed. A doctored blade assembly (Micrometric Film Applicator, Elcometer UK) was
used to control the thickness of each layer. The first layer of a thickness of 300 um was formed
by pulling the TisC,Tx slurry with the doctored blade, along the pre-chilled aluminium substrate

(-25 °C). Thereafter, a 200 um thick layer was cast from the hBN-PVA slurry followed by a
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300 um thick TisCoTx layer. These three layers complete the sandwich structure. The frozen
sandwich structure is lyophilised using a freeze dryer (Labconco FreeZone 4.5 L console).
Once the composite film dries, it is removed from the aluminium substrate. The samples were
compressed by passing them through a calendar machine (TMAX-JS-200, Xiamen Tmax
Battery Equipments Limited). The gap between the rolling pins was set to 30 um. The THT
films, which were roughly 300 pum|200 pm|300 um (TisCoTx-hBN-PVA-TisC,Tyx) thick,
became about 114 pm in thickness, 9~11 um|90~92 pum|9~11 pum (Ti3C2Tx-hBN-PVA-
TizCaTy).

Characterisation of structure and properties of delaminated TisC2Tx, hBN-PVA and non-
compressed/compressed all-in-one THT sandwich films

Scanning electron microscopy (SEM) images were taken by Tescan Mira3 LC. TizCoTx
samples were prepared by drop-casting a diluted TizC,Tx suspension on a silicon wafer. Cross-
sectional images were taken by investigating fracture surfaces of THT. TEM image was
collected by FEI Talos F200X microscope with an acceleration voltage of 200 kV. TEM
samples were prepared by drop-casting a TisC2Tx suspension onto a copper grid covered by
lacey carbon film. Raman spectroscopy (Confocal Raman Microscope, inVia, Renishaw,
Gloucester-shire, U.K.) was used to record the Raman spectra of samples with a 532 nm
excitation at a power of 1 mW and a 100X objective. X-ray Photoelectron Spectroscopy (XPS)
was performed using an ESCA2SR spectrometer (ScientaOmicron GmbH) using
monochromated Al Ko radiation (1486.6 eV, 20 mA emission at 300 W, 1 mm spot size) with
a base vacuum pressure of ~1x10—9 mbar. Charge neutralisation was achieved using a low
energy electron flood source (FS40A, PreVac). Binding energy scale calibration was performed
using C-C in the C 1s photoelectron peak at 285 eV. Analysis and curve fitting was performed
using \Voigt-approximation peaks using CasaXPS [l Powder X-ray diffraction was
undertaken using a Proto AXRD 6-26 diffractometer (284 mm diameter circle) with sample
spinner and Dectris Mythen 1K (5.01 ° active length) 1D-detector in Bragg-Brentano geometry
employing a Copper Line Focus X-ray tube with Ni kp absorber (0.02 mm; KB = 1.392250 A)
Ka radiation (Ka1=1.540598 A, Ko2=1.544426 A, Ko ratio 0.5, Kaav=1.541874 A) at 600 W
(30 kV, 20 mA). X-ray tomography (XCT) was performed using a Zeiss VersaXRM520.
Imaging was performed at 60 keV with 100 ms exposure time, taking 1601 projections 180°
around the sample. A 2560 x 2160 pixel (height x width) 10 pm pco.edge CCD camera was
used to collect the X-ray projections, coupled to a 4x microscope objective giving an effective

pixel size of 1.7 um and a field-of-view of approximately 2.5 mm, and 20x objective giving an
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effective pixel size of 0.7 um and a field of view of approximately 500 um. The sample to
detector distance was 15 mm to allow some in-line phase contrast to enhance the visibility of
the THT film layers. Reconstruction was performed using a filtered back projection algorithm,
and visualisation was performed using Avizo software (Thermo Fisher Scientific).

The specific surface area and pore size were determined by using a Quadrasorb Evo, using the
Brunauer—Emmett—Teller (BET) method for specific surface area and Barrett—Joyner—Halenda
(BJH) method for pore size. To ensure the reliability of measurements, more than 75 mg of
samples were tested. All samples were degassed for 24 hours under 0.01 mbar and at 433 K
before the nitrogen adsorption. The nitrogen adsorption isotherms were performed at relative
pressures (P/Po) between 0.004 and 1 at a bath temperature of 77 K with 40 points for

adsorption and 39 points for desorption.

The uniaxial tensile tests were conducted to characterise the mechanical properties of separator
using an Instron 3344 fitted with a 100 N loading cell at The Material Testing Laboratory, The
University of Manchester. The schematic of strip-shaped sample is shown in Fig. S6. The strip-
shaped specimens were cut into 80 mm in length and 8 mm in width by Swann Mortan No.
10A Surgical Scalpel Blade and the distance between the two grippers was set to be 40 mm.
Afterwards, the two sides of specimens were glued with printing papers to avoid any slippage
during the tensile test and then mounted to the Instron grips. A constant prescribed crosshead
velocity of 0.2 mm min was applied. To ensure that the loading machine recorded sufficient
data points, the data recording frequency of the Instron loading machine was set to be 10 Hz.
Tests were repeated three times.

The compression testing was conducted on a universal testing machine with a 50 kN load cell
(Instron 5569). The setting for the experiments is shown in Fig. 5b. The engineering strain is
calculated from the relative displacement between two ends of the sample, which is obtained
from the crosshead compression after the correction of machine compliance. To increase the
accuracy of strain measurement, a stack of separators with 7 layers with a diameter 10 mm was
set between the two platens. A pre-compression of 0.5 MPa was applied to remove the gaps
between all the layers. A constant loading speed of 0.6 mm min was applied, and the machine
was automatically stopped when the loading increased to 100 MPa. Tests were repeated three

times for this separator.

Microstructural data and modelling/simulation to determine tortuosity (tau factor) of
THT film
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A greyscale reconstructed volume was segmented into a binary image using a combination of
thresholding based on pixel value, watershed algorithms, and background noise reduction.
Voxels are then designated as either material or pore for the whole cylindrical volume of the
scan. These binarized data sets were used for the various visualisations and extraction of
parameters. The MATLAB code TauFactor % was used to predict the tortuosity factor on
volumes in the XZ plane. TauFactor estimates the tortuosity of a phase by simulating Fickian
diffusion and determining an effective diffusion coefficient. The apparent decrease in diffusive
transport can be quantified using the Tortuosity factor. This results from the complexities of
the flow path through a porous material. Tortuosity factor and tortuosity correspond to two
different parameters but they both depict the geometry of the porous media. Tortuosity (1)
equals the ratio of the actual length of the flow path divided by the length of a straight line in
the direction of flow. Tortuosity factor and tortuosity both increase proportionally with more
tortuous pathways. If the cross-sectional area of the flow stays constant, tortuosity factor is
equal to the square of tortuosity. Tortuosity factor and tortuosity tend to a value of 1 which
corresponds to their minimal value if the flow path is direct. Values greater than 1 represents a
more tortuous geometry which decrease the velocity of the diffusive transport.

A MATLAB application, “TauFactor” facilitates the calculation of the decrease in diffusive
transport caused by the complex geometry of the “OREQO” structure. It quantifies the tortuosity
factor of interconnected porous phases in a three-dimensional volume along three mutually
perpendicular axes. In this study, the tortuosity analysis has been carried out in the direction of
the channels, i.e. through the layers of the sandwich structure. The XCT of the structures were
used in conjunction with the TauFactor Application to quantify the tortuosity of permeable
pathways. TauFactor carries out the tortuosity analysis by remapping the XCT voxels onto a
set of discrete cuboid volume elements. Within each of these cuboids, the value of tortuosity is
calculated using a system of linear equations which describes the relationship with its face-
adjacent neighbouring voxels. In addition, Taufactor utilises the vectorisation method to
optimise the simulation of the diffusion pathways (as illustrated in the Fig.S7)

Electrochemical testing

In order to investigate the electrochemical performance of the integrated all-in-one THT film
and the parallel/series circuits made by the films, two-electrode symmetric systems were built
with thin titanium plates as the electrically conductive lead to the external circuits. 3 M H2SO4
was used as the electrolyte. All the tests were carried out by a potentiostat (PGSTAT320N,
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Metrohm Autolab) and a battery testing system (Basytec, Germany). In terms of the calculation

of the capacitance, the specific areal capacitance C,,; (F cm™) of the electrode was tested by

CV curves and based on the following equation: C,; = , Where A is the integral areal

_4
SR*AV=*a
of the CV plot, SR (mV s?) is the scan rate, A V (V) is the voltage change and a (cm™) is the

area of one single electrode. The gravimetric capacitance Cs4q (F gl) obtained by GCD is

calculated by the following equation: Cs4q = —IZnI:At

5 while 1 (A) represents the discharge

current, A t (s) is the discharge duration. EIS curves were recorded by applying a sinusoidal
potential with 5 mV amplitude under the frequency range of 10° Hz to 102 Hz. Charge-
discharge cycling stability test was tested at a current density of 10 A g. With regards to the
Ragone plots, gravimetric energy density E, (Wh kg!) and power density P, (W kgt) of the

Csg1*AV? E
—sgrm=" and Rg = = %
8m=*3.6 At

3600, while the areal energy density E, (Wh cm2) and power density P, (W cm) is calculated

single all-in-one THT film are based on the following equation: E; =

by E,=Ez*ML, B, = P,*ML, ML is the mass loading of these electrodes. With respect to the

parallel/series stacked supercapacitor units, the capacitance C, (F) of the whole pack is

calculated by C, = % and the areal specific capacitance Cj,, (Fcm™)is calculated by GCD

21 At

and the following equation Cg4, = v The areal energy density E,, (Wh cm2) and power
. 2 . . . Cx*xAV? E
density F,, (W cm™) are based on the following equations: E; = 3000 and P, = - *

3600.

5.7 Supplementary Information

Supplementary Figures
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Figure S1 Transmission electron microscope of the delaminated TisC.Tx (a), X-ray photoelectron
spectroscopy spectra (b) of hBN-PVA and delaminated TisC,Tx, selected high resolution Ti 2p (c) of
the delaminated TisC,Ty.
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Figure S2 Top view SEM of the compressed hBN-PVA separator and high magnification SEM image

of one area.
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Figure S3 Pore size distribution of non-compressed delaminated TisC,Tx (specific surface area (SSA)
of 147 m? g 1) and compressed delaminated TisC,Tx (SSA of 140 m? g ).
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Figure S4 Digital photos of the compressed all-in-one THT film during bending and rolling processes.

Figure S5 Digital photos of a flat hBN-PVA separator (a), a hBN-PVA ball after crumpling (b),

uncrumpling it to plane (c).
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Figure S6 The schematic of the strip-shaped sample.
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Figure S7 Schematic representation of converting 3D geometric data (where the blue voxels represent

the conducting phase) into checkerboard adjusted vectors ™,
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[1] S. J. Cooper, A. Bertei, P. R. Shearing, J. A. Kilner, N. P. Brandon, SoftwareX 2016, 5, 203.

156



Chapter 6. Final Conclusions and Perspectives

6.1 Conclusions

The two-dimensional material MXene, with superior thermal, optical, electrical, and
electrochemical properties, shows promise to prominently influence various applications
ranging from popular energy storage (supercapacitors, batteries), energy conversion,
electronics, sensors, antennae (wireless communication), electromagnetic shielding, to
capacitive deionization and biomedical engineering. From research and practical
experimentation, we have determined that after exfoliation, restacking and re-agglomeration
can occur, which impedes the ability of the 2D sheets to exhibit/exploit their outstanding
physical, chemical, and optical properties. Therefore, exploring advanced manufacturing
methods to construct devices with 3D structure from the 2D nanosheets is essential to achieve
better functional performance. As a consequence, fundamental research of the materials is
necessary to explore their suitability toward specific manufacturing processes. A significant
effort has been put into investigating and improving the capability and versatility of MXenes

to transition early laboratory research into practical solutions for commercial applications.
6.1.1 Synthesis of MXene (TisC,Tx in this project)

In this work, delaminated TisC,Tx was synthesised by the MILD method. In total, three
different batches of the precursor TisAlC> have been used. SEM images of all three batches are
shown in Fig. 6-1. The first two batches were purchased from Carbon Ukraine (Fig. 6-1a and
b), and the last batch (Fig. 6-1c) was ordered from Laizhou Kai Kai Ceramic Material Co. Ltd.
The first batch was the one used in the first publication, and the third batch was used in both
the second and third publications. The lateral flake size of three batches of MAX phases are
~9, 2 and 4 um, respectively. After etching, the obtained few-layer TizC,Tx flakes are roughly
8, 1.8 and 3.5 um, respectively (shown in Fig. 6-1d-f). It can be concluded that the size of
MXene flake correlates to the size of its precursor.
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Figure 6- 1 SEM images of TizAlC.. (a) The first batch ordered from Carbon Ukraine. (b) The second
batch ordered from Carbon Ukraine. (c) From Laizhou Kai Kai Ceramic Material Co. Ltd. (d-f) The

SEM images of the TisC,Tx after etching from the corresponding precursors in (a-c), respectively.

Before etching, the precursor MAX phase has to be ground to a smaller size (ranging from 200
mesh to 500 mesh). By selectively sieving, we can get specific flake sizes that we need. In this
project, 400 mesh (roughly 37 um) was used. In order to carry a comparative study, the TisAlC>
in the second batch was ground and sieved with 200, 300, 400 and 500 mesh. The SEM images
of 200 mesh (roughly 67~75 pum) TizAlIC, powder are shown in Fig. 6-2. Generally (Fig. 6-
2a,b), it seems that the size of the flakes is controlled well at around 67-75 um. However, after
choosing two flakes and increasing magnification to focus on a small area on the surface (Fig.
6-2c,d), we find that the big flakes are made of many small flakes with an average size of 2
um. This is similar to what we observed from the 400 mesh samples (Fig. 6-1b). Consequently,
we ascertain that the flake size of MAX phase cannot be fully isolated by the sieving process.
It is hypothesized that the flake size of the precursor is controlled by the primary size of the
flake. No matter how large the secondary particle is, after immersing it into the in-situ HF
environment, they would be degraded to the primary nanoflakes with etching of the Al layer
occurring concurrently. As shown in Fig. 6-3, secondary particles are made of primary particles,
and with the addition of etchant, the secondary particle cracks and forms fractured secondary

particles. After further time passes, fragmented secondary particles are obtained with Al
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interlayer etched. Therefore, in order to control the flake size of MXene, we have to ensure we

have the requisite primary particle size in the precursor and then use sieves to further select the

size required.

Figure 6- 2 SEM images of the TisAlC; after selectively sieving by 200 mesh (67~75 um).

Secondary particle Fractured secondary particle Fragmented secondary particle

"
\
""4

Primary particles Cracked after etching Etched fragmented
secondary particle

HCI+LiF HCI+LiF

Etching Etching

Figure 6- 3 Schematic illustration of the secondary TisAIC; particles fragmented to primary flakes after
etching enough time &1,

In addition to this, the quality of the precursor has a significant influence on the reaction
conditions of the etching. For the first and second batches of TisAIC; purchased from Carbon
Ukraine, Al layers can be etched with the mass ratio of LiF:TizC,Tx:HCI = 2:3:6.6 at 30 °C for
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24 hours. However, after purchasing the third batch from another company (Laizhou Kai Kai
Ceramic Material Co. Ltd.), we were unable to etch and obtain the TisC.Tx by the same
experimental parameters used for the first two batches. After reading the literature and carrying
out several trials, we eventually removed the Al layers by using a higher ratio of HCI and LiF,
with an even higher temperature of 60 °C. This may not solely be the optimum etching
parameter for this batch of TisAlC, but it can be concluded that the quality of the precursor
has an effect on the etching parameters and ultimately on the characteristics of the resulting
MXene.

Moreover, the etching temperature also has a big impact on the etching process. If the
temperature is too low, the Al layers cannot be etched efficiently. Fig. 6-4 shows that the SEM
images of TisC,Tx flakes etched from the first batch of MAX phase by normal (30 °C) and high
(45 °C) temperatures are shown. It indicates that while the temperature is too high, the MAX
phase flakes would be fragmented into small pieces, which also decreases the etching

efficiency.

Hence, to have a consistent reaction product, comparable experiments and results, it is crucial
to control the quality of precursor and experimental conditions used. The physical, chemical,
thermal and rheological electrical performance of MXenes can be adjusted and optimized by
choosing the proper precursor and manipulating parameters such as etching temperature, the

ratio between reactants, etching duration, etc.

Figure 6- 4 SEM images of TisC.Tx etched to form the first batch MAX phase at different temperature
(a) 30 °C, (b) 45 °C.
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6.1.2 Chemical stability of TisC,Tx

Due to the instability of MXenes in oxygen, water and warm atmospheres, they are supposed
to be used when they are freshly synthesized. In this work, the TisC,Tx inks and slurries in all
three publications were used and tested when they were fresh with little oxidation, which can
be supported by SEM, TEM, XRD and Raman characterizations. We performed a stability test
by leaving TisC,Tx slurries (from the third batch) in the fridge at 4 °C for five weeks in air and
recording the changes by aqueous dispersibility and microstructure. In Fig. 6-5a-d, diluted
TisC,Tx suspensions were prepared by handshaking, using fresh TisC,Tx, 1-week after, 3-week
after and five-week after, respectively. It was easy to disperse the fresh TisC.Tx in DI water,
and no particles can be seen in the suspension. Further, the SEM of the TizC,Tx flakes does not
show evidence of oxidation. After one week, the TisC>Tx powder was comparatively harder to
disperse but still can be dispersed with very small particles suspended. After three weeks, we
can observe obvious large particles in the TisC2Tx solution. In this case, even though the
particles can be suspended for a few moments, they eventually sediment at the bottom after a
few minutes. The sample after five weeks cannot be dispersed at all. After shaking, all the
particles in the DI water sedimented immediately. There are also large differences between the
SEM results of these four samples. After only one week, the sample’s SEM results show not
much difference compared with the fresh sample. However, after three weeks, obvious
oxidative product can be found on the surface and edge of the flakes. In the last SEM image
(Fig. 6-5d), it is found that the shape of the TisC>Tx flakes has changed from having sharp
edges to more smooth and diffuse edge with the average flakes size being smaller. In this case,
we demonstrate that oxidation of the MXene degrades the microstructure of the original

TisCoTx flakes and form another material (TiO2) with new morphology (3D particles).
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Figure 6- 5 Digital photos and SEM images of diluted TisC,Tx solutions. A(a), B(b), C(c) and D(d) are
the samples fresh, 1 week after, 3 weeks after and 5 weeks after, respectively, which were kept in the
fridge at 4 °C.

When we keep the MXene suspension in the fridge for over one month, we can see a layer of
clear water (colourless) on the top of the ink. Therefore, we believe that the water is from the
suspension and has been segregated for some reason. If kept for a longer time to half a year or
one year, we can see this segregated water layer grows with an observable oxide layer on the
top. Therefore, we believe during the exfoliation step of the multilayer TisC,Tx, large amounts
of water have been intercalated into the layers of TisCoTx nanosheets and is trapped there. This
also explains the swelling of the volume of TisC>Tx slurry during this process, which is shown
in Fig. 6-6. Besides, in order to disperse the exfoliated, water has another character: solvent.
As shown in the Fig. 6-7, in a MXene based suspension/slurry/ink, it is assumed that water has
two-character states in which it behaves as a solvent and the other in which it is intercalated.
The former allows TisC2Tx to remain well dispersed in the system, while the latter one
contributes to the rheological performance of the ink. As shown in Fig. 6-6, each time more
water is added, the water is initially separated from the initial slurry. However, after mixing
them, the water intercalates into the 2D sheets and results in a homogeneous ink state. Due to
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the poor stability of TisC.Tx in water/air conditions, oxidation occurs, which breaks the
microstructure and destabilizes the state of the intercalated water. Therefore, intercalated water
is removed from the interlayer and ‘transforms’ to solvent water. This could explain why when
the MXene ink is kept for a longer time, the ink appears waterier and the rheological
performance decreases with an observed water layer and white layer on the top of the ink. In
order to retain the consistency of the rheological properties of the ink in the experiment, we
need to use the freshly synthesized MXene as fast as possible in case oxidation affects

experimental variables and the results.

Gradually adding more DI water .

mixing the water with the slurry

After adding water

Figure 6- 6 Digital photos of the swelling of TisC,Tx while adding more and more DI water.
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Figure 6- 7 Schematic illustration of the MXene suspension/slurry/ink.
6.1.3 Rheological properties of TizC,Tx

In this work, three different flake sizes of MXene were used to investigate their rheological
performance. First of all, all the TisCoTx inks with different varying flake sizes and
concentrations exhibit shear-thinning behaviour, which enables the inks can be spread on the
substrate during manufacturing processes. Besides, inks’ viscosity and viscoelasticity are
highly related with the concentration of the slurries and also the flake sizes (Fig. 6-8a-¢). In
order to acquire similar rheological data, the concentrations of the inks needed are 15 mg mL"
1 45 mg mL, and 80 mg mL* while flake sizes of the 2D nanosheets are ~8 pm, ~3.5 pm and
~2 um, respectively. When we increase the concentration of the inks, the same trend is still
showing between the inks with different flake sizes. Afterwards, the rheological performance
of TisC,Tx ink was also recorded with the extension of storing duration. The measured viscosity
as a function of versus shear rate for 300 mg mL™ TizC,Tx ink with flake size of ~2 um was
checked while it was fresh, and then after 2 months, and then 5 months. Although all the tests
were using the same ink (same concentration) and all the lines, demonstrate the shear-thinning

behaviour of the ink, but the ink with longer storing duration, the viscosity of the ink shows
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decreased from the started slower shear rate to the faster shear rate compare with these shorter-
time storing ones. Therefore, to keep the consistent results and products, the characterizations

and experiments are better to be done when the MXene is still fresh.
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Figure 6- 8 Viscosity versus shear rate (shear thinning behaviour) of MXene inks of different
concentrations (a) flake size of ~8 um, (b) flake size of ~3.5 um, (c) flake size of ~2 um. Viscoelastic
properties of MXene inks at different concentration: (d) flake size of ~8 pum, (e) flake size of ~3.5 pm.

Viscosity versus shear rate of TizC,Tx 300 mg mL™ ink with flake of ~2 pm at different storing time.

6.1.4 Impact of the techniques while building the three-

dimensional microstructure

In this work, 3D printing and freeze-assisted tape casting were used to manufacture the
supercapacitor electrode. Both techniques are utilized to assist the construction of the electrode
made of 2D nanosheets with three-dimensional microstructure. There is a necessary point to
guarantee the 3D porous structure, which is freeze-drying. If, after printing or freeze casting,
the slurries on the substrate, we just let it dry in the air or the oven, the 3D structure will not be
kept due to the strong interfacial tension. Moreover, eventually, the structure will collapse not
because of the viscoelasticity of the ink but the drying process. In addition, freezing methods
also have a big influence on the microstructure. In the third chapter, we put the printed structure
directly into the freezer or liquid CO2 box, in which the coldness is from all directions. In this

way, the ice crystals are forming from the out surface and extending to the inside. Since the
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cold front is directly from all directions, the freezing behaviour in the inner part is difficult to
determine. Thus, the microstructure of freeze cast structures built in this way would be non-
directional. In the fourth and fifth chapters, the freeze-assisted technique was used during the
tape casting process, meaning the sample is frozen immediately as during the casting process.
In addition, the directionality of the cold front is controlled so that the ice crystals start to grow
from the cold surface. This results in the ice crystal being vertically aligned, which in turn

aligns the vertical alignment of the MXene material.
6.1.5 TisC,Tx for supercapacitor

Although MXene has the potential to be utilized in numerous areas, this work is mainly focused
on the energy storage application: supercapacitor. According to the data from this project and
also those from others’ work, Ti3C2Tx based supercapacitor exhibits a capacitance of roughly
200-250 F gt in a symmetric two-electrode system. For TisC2Tx this material, these factors: (1)
high electrical conductivity; (2) abundant terminal groups on the surfaces and edges of the
flakes; (3) hydrophilicity, make it a good candidate to be used in supercapacitor and be
processed. Usually, the capacitance exerted in a supercapacitor has two main species: one is
electrical double-layer capacitance while another one is pseudo-capacitance. For a TizCoTx
based supercapacitor, the electrochemical behaviour during charging-discharging should
include both mechanisms, and the majority of pseudo-capacitance from the redox reactions
happen below 0 V potential. Therefore, when the symmetric two-electrode cell is used, which
means a positive working potential range, electrical double-layer capacitance will be the main
contributor. Consequently, building a three-dimensional dimensional microstructure is one of
the most essential processes to increase the specific surface area of the two-dimensional

nanosheets and then enhance the electrochemical performance of an energy storage device.
6.2 Perspectives and Future Work

This PhD has endeavoured to explore the synthesis and methods that mitigate the challenges
in fabricating energy storage devices with 2D materials, in particular MXene. Along the way,
we have elucidated the versatility of the material and potential advantages that might be gained

from the investigated manufacturing methods.

However, as a supercapacitor electrode material, MXenes still has some limitations that need

to be resolved. Besides the design of microscopic scale architectures to achieve sufficient
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electrolyte infiltration and mass exchange to promote good rate performance and cycling
stability of MXenes based supercapacitors, improving the conditions of the electrochemical
reaction are also essential. As we all know, compared with batteries, supercapacitors have
lower energy density but higher power density. In order to enhance the energy density of a
supercapacitor, increasing the capacitance or expanding the voltage window are prerequisites.
Currently, H2SOg4 is the most common electrolyte used in TizC2Tx based supercapacitors, but
it limits the range of the potential window, consequently affecting the energy density of the
device. Therefore, changing sulfuric acid to an organic electrolyte or liquid electrolyte becomes
a potential solution. Zifeng et al. reached a voltage window of 3 V by using EMI-TFSI as the
electrolyte, which increased to 2.4 VV compared with the one using aqueous electrolyte (0.6 V).
From BET results, the vertically aligned microstructure built by freeze-tape casting showed an
average pore size distribution of the MXene electrode at around 3.4 nm, which is big enough
for the EMI* and TFSI" ions (the longest dimensions of these ions are 0.76 and 0.79 nm,
respectively) to transport in the inner structure while charging and discharging 2. There is a
limited number of studies in this field, thus, this might be an interesting and necessary route to
investigate in the future. Despite this, the stability and oxidation mitigation of MXenes also
need to be explored further. By using organic/ionic electrolyte, the oxidation problem can be
somewhat resolved by sealing MXenes in anhydrous and inert atmospheres. In the previous
work, researchers have been more focused on controlling the working environment / storage
conditions for MXene. Undoubtedly, this is a good way to prevent the degradation of MXenes.
However, looking at it from another perspective, metal is also easily corroded and oxidized in
ambient conditions, and a common way to mitigate this is to form a coating layer outside the
surface to insulate the metal from this atmosphere, which may cause deterioration. Since a high
portion of metal atoms are exposed superficially on the MXenes, they easily react with the
active species in ambient environments. Therefore, it also makes sense to treat MXene like a
metal, and after finishing the preparation and assembly, a protective coating can be coated on

the surface of MXenes. This is also an area that could potentially be studied.

Despite this, the research field is relatively new, and thus there are still a host of potential
research investigations that could be expanded upon, leveraging on the discoveries from this
PhD.

The primary focus of my investigations was on the TizC>Tx MXene, which is definitively the
most widely applied MXene due to its well-established synthesis route. A facet which | have

not explored however, are the influence of the surface terminations as well as how different
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chemistries i.e. different transition metals or coordination would influence the capacitive
performance of the material or the manufacturing process. An example of this can be seen in
the work by Jian Li et. al. in which they explored the influence of cation intercalation and
surface modification on the pseudocapacitive behaviour of TisCTx Bl In addition to this, a
review by Xiaobin Hui et. al. provides some insight on the interface chemistry of MXene based
materials and how it might enhance the performance of energy storage and/or conversion
devices [, Topics of specific interest in the review would be targeted surface termination
regulation, surface defect engineering and in-situ modification strategies. Moreover, a topical
review by Na Li and Jun Fan Bl provides an interesting computational perspective on
modulating the performance of MXene based electrode materials for rechargeable batteries. A
noteworthy topic that this review touches upon is how varying the composition of MXene
might influence specific characteristics in battery performance (e.g. specific capacities, cycling
stability, rate performance and so on). Hence, | can gather that there is still much more to
explore concerning variations in MXene composition and surface moieties/features, especially
on how these influences properties in the final application and potential manufacturing

variables.

Besides further explorations on intrinsic and engineered material chemistry, an extension of
this work could be to look at the development of asymmetric supercapacitors, which exhibits
greater pseudocapacitive behaviour. Various strategies have been explored in employing
MXene into asymmetric devices. For example, Qui Jiang et. al. [®1, Yagyang Luo et. al. [l and
Kaixin et. al. B went the route of doping MXene with metal oxide/complex
nanoparticles/quantum dots to create electrodes for asymmetric supercapacitors. The dopants
were, ruthenium oxide, nickel-sulfide and FeOOH quantum dots respectively. Alternatively,
Ruizheng Zhao et. al. 1 and Jayraj V. et. al. [ developed nanosheet heterostructures with
nickel-cobalt-aluminium layered double hydroxide and tungsten disulphide, respectively.
These works are good examples of the versatility of MXenes in how they can be integrated into
various asymmetric pseudo-capacitors with greater energy densities. Adapting some of the
methods and principles developed in my work, | could develop enhanced devices with similar

or greater specific capacitance and enhanced rate performance.

MXenes also have promising applications for batteries which have seen a meteoric increase in
global demand within the last few years. An area of interest would be the application of
MXenes in metallic lithium anodes, which is an inadvertent natural progression in the

development of lithium-ion cells. The main inhibitor of metallic lithium adoption is dendritic
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growth that occurs naturally as the cells age, or when operating at high current densities (rates).
It can be seen in literature 1223 that the adoption of parallelly aligned MXene layers or
lamellar structures, are able to inhibit dendritic growth to a certain extent resulting in very
stable cycling performance. The intrinsic electrical conductivity of MXene and surface
chemistry (available nucleation sites) makes them an ideal additive to support the commercial
transition to pure metal anodes. The structures formed in the respective works 131 bares
resemblance to the microstructures attained in our work. Thus, an interesting extension of my
current work would be to apply the as-formed freeze-tape casted MXene films into metallic

lithium anodes in lithium-ion batteries and observe any potential performance benefits.

Next-generation lithium batteries with alternative chemistries, such as lithium-sulphur (Li-S)
cells also see a need for more efficient materials and adaptive microstructures. This is due to
the inherent challenges of the cell, especially with regards to the cathode in which electrical
conductivity, polysulphide shuttling (loss of active material) as well as contraction/expansion
during cycling are hurdles to fully commercializing this technology. Several groups have
already researched MXene’s application for Li-S cells 147281 finding that not only does
conductive and porous structures of MXene improve cycling and rate performance, but TizC2Tx
(and other MXenes) has the ability to anchor polysulphides (mitigate shuttling) and also serve
as an electrocatalyst for Li2S conversion [*4l. This calls into question whether the highly porous
and directional electrodes fabricated in our works, would make ideal sulphur-composite host
electrodes for Li-S cells, to improve cycling stability and rate performance. Further, an
interesting derivative of this research topic, would be in looking at 3D printing complex cell
structures (anode, separator/electrolyte, and cathode) for Li-S cells out of MXene ink
composites for flexible electronics or micro-energy storage devices. Some of this work is

currently being investigated within our research group, with promising results.

Segueing from the potential electrocatalytic performance of MXene for Li-S cells, there is also
some novel work into employing MXene for fuel cell applications 7-2°. MXene, on its own,
or doped with low loading of homogeneously dispersed monoatomic platinum, has exhibited
impressive stability and performance for hydrogen evolution. An interesting investigation
would be studying how doped films/membranes developed in my work with platinum or
alternative catalytic metal oxides might impact hydrogen evolution/oxygen reduction reactions
to enhance the performance of fuel cells whilst reducing costs. A further niche area would also

be studying the photocatalytic characteristics of MXene, as well as its stability (considering it
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is prone to oxidation once synthesized) — our understanding and results from our work on

MXene stability post-synthesis can be applied here, and further developed.

From my works, | have determined that there is still greater room for development in the field
of 3D printing and freeze-tape casting. Additive manufacturing is a continuously developing
field, and there are many novel innovations. For example, work done by Jennifer Lewis’ group
in which voxelated soft matter was printed via multi-material multi-nozzle 3D printing 221, The
ability to achieve unique regional/localised compositions opens up a range of possibilities in
the advanced manufacturing of energy storage devices. For example, printing supercapacitor
arrays with varying concentrations of MXene composite inks. Other works have also
demonstrated the diverse geometries and configurations that multi-material printing is able to
achieve in order to fabricate bespoke devices with novel properties 221, This is something
we can explore with MXene (composite) inks to investigate the material-structure-performance

characteristics of electronically designed devices.

The last area that could be expanded upon from this work is the optimization of freeze-tape
casting. As mentioned in Chapters 4 and 5, this manufacturing method can be easily adapted
into a roll-to-roll manufacturing process. However, if this is the case, then the substrate on
which the MXene colloid is cast on will have a constant horizontal velocity. This introduces a
new variable in the process that can be used to control the templated microstructure. As
mentioned in Chapter 4 of this thesis (and can be seen in the results), orientation domains can
and will form when manufacturing the film, which can lead to localized regions of
characteristic performance. Introducing a horizontal velocity to the substrate and having a
gradient temperature profile on the cold-bed could help form preferential domains to optimize
the film performance. In addition to this, controlling the temperature profile depth (how cold it
is and how steep the temperature gradient is) allows for further control over microstructural
evolution. Furthermore, by adjusting colloid loadings (concentration), we would be able to
observe variations in mechanical properties and electronic conductivity of the developed film,
as well as determine the limit at which potential ice-lensing might occur for a MXene colloid
(and to avoid this). These are some of the potential areas which we could investigate
surrounding the freeze-tape casting process, in order to optimize it for a commercial
manufacturing line. The potential areas of research that have been mentioned are just a few of
a myriad of potential avenues for application development. There are other areas such as
integrated electronics, sensors and biomedical devices that have not been specifically

mentioned. This PhD has provided the author with insight into the world of 2D materials and

170



the developments in advanced manufacturing for next generation energy storage and functional
devices. With so much more to discover and learn, it is an exciting time to be part of materials
science research. There is little doubt that there is a long way to go in order to transition these
novel discoveries into commercial products. However, with impetus garnered from observed
climatic global events and socioeconomic policy changes, it might not be long before we see

these materials and devices making tangible impacts on our daily lives.
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