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Abstract

Layered materials are considered as promising candidates as cathode and anode materials for
various energy storage applications, such as supercapacitors, lithium-ion batteries, sodium-ion
batteries, etc., due to their unique structures and extraordinary properties. However, the further
improvement of their performance for electrochemical energy storage devices is limited by
issues, for example self-stacking of the layer materials, sluggish ions intercalation, and lack of
the active sites on the surface.

This thesis explores several strategies including 1) self-assemble layered materials into 3-
dimentional (3D) structures, 2) surface modification of layered materials, and 3) modulation of
electrode structure to address the aforementioned issues with the aim to enhance the
electrochemical performance of layered materials for supercapacitor and aluminum battery.
The first part of the thesis explores ice-template methods for self-assembly of graphene and
Ti3CoTx MXene into a 3D structure and their effects on supercapacitor performance. The results
from the first part indicated that the formed structure of as-prepared layered materials was
widely distributed with outstanding integrity. The intrinsic structure makes it possible to exhibit
superior specific gravimetric capacitance and rate capability when applied as electrode
materials for supercapacitors. The second part of the thesis investigated the effect of surface
modification via hydrogen plasma treatment on graphite materials as cathode for aluminum
batteries. The galvanostatic charge—discharge measurements results demonstrated that
hydrogen plasma-treated graphite delivers excellent performance, achieving a high specific
capacity of 132.68 mAh/g at 50 mA/g and impressive rate capability with 83.94 mAh/g at 1000
mA/g. The third part of the thesis explored the influence of porous structure fabrication and
nitrogen doping on graphene-based cathode for aluminum batteries. The electrochemical test
results indicated a high reversible specific capacity for the porous nitrogen-doped graphene
cathode (65.5 mAh/g at 0.1 A/g) and excellent rate performance (38.0 mAh/g at 5 A/g).

Herein, this thesis provides a systematic investigation of surface modification and self-
assembly of layered materials, which provide alternative and efficient methods to improve the
energy storage performance of layered materials.

Keywords: Layered Materials, Self-assembly, Surface Modification, Supercapacitors,
Aluminum Batteries.
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I. Introduction and Motivation

To meet the ever-increasing global demand of both electric vehicles (EVs) and portable
electronic devices with high energy density and power density, tremendous attention has been
focused on the investigation of high-performance energy storage systems [1, 2]. Nowadays,
layered materials, which can be defined as materials with strong in-plane bonding and weak
van der Waals interaction in the out-of-plane direction between the layers [3], have been
studied as cathode and anode in batteries and supercapacitors due to their unique structures and
functionalities. The intrinsic large interlayer spaces enables capabilities of ion intercalation and
fast ion diffusion [4]. Meanwhile, the weak out-of-plane bonding makes layered materials
readily expand and self-assemble into various architectures, which make it have wide
applications for energy storage devices.

Two-dimensional (2D) layered materials are defined as an emerging class of crystalline
materials consisting of single layers or a few layers of atoms or molecules, with an extremely
high ratio of lateral size (from tens of nanometers to several micrometers) to thickness
(normally less than 5 nm) [5]. The 2D features are unique and indispensable for capturing
unprecedented physical, electronic, and chemical properties. However, the tendency of 2D
materials to stark or aggregate causes serious issues, for example, hindering inferior ionic
accessibility and impeding high-rate electron conductivity [6, 7]. To tackle the issue,
researchers have focused on the modification and self-assembling of 2D materials. Template-
assisted methods are commonly used to fabricate large-scale materials with 3D structure.
However, the hard templating methods, for example, fabricating hollow sphere structure based
on MXene using poly (methyl methacrylate) (PMMA) microspheres as template, still face the
challenges including complicated processes of synthesis and the presence of polymer residues
[8, 9]. It’s also possible to format 3D structures by freeze-casting using ice as template, which
is non-toxic and able to be completely removed without structure collapse by sublimation in
the freeze dryer [10].

Aluminum batteries with better cycling stability, lower cost, improved safety, and more
importantly the use of abundant elements have attracted significant attention [11, 12]. However,
the lack of high-performance and reliable cathode materials is still the bottleneck that hinders
the practical application of the aluminum batteries. Layered material with higher conductivity,
surface area, and controllable interlayer distance is preferable for the intercalation of the
aluminium anions [13, 14]. In addition to these features, the crystalline structure and the surface
chemistry of layered materials significantly influence the performance of aluminum batteries.
Despite predictions that open edges and flaky morphology of layered materials with intact
crystalline structures are essential for high charge-storage capacity, the effects of surface
modifications and the strategic design of these surfaces have been rarely explored [15]. Notably,
this could be one of the most cost-effective strategies to improve the performance of layered
materials such as inexpensive natural graphite, making it suitable for the direct use in the
practical application for aluminum batteries. Compared to different surface modification
techniques, including wet chemical processes, plasma-enabled surface engineering allows one
of the fastest controllable processes. Plasma is the ionized gas discharge generated by applying
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a strong electromagnetic field and forms numerous species, such as electrons, ions, photons,
and radicals [16]. Interaction of any nanomaterial with these plasma species induces structural
defects of functionalization, which can act as an active site for batteries. However, the reactive
precursors employed will affect the surface conditions of the layer materials. Therefore,
optimizing appropriate plasma conditions to fine-tune the surface of layered materials and
manipulating the surface defects would be highly advantageous for advancing energy storage
in aluminum batteries.

A key challenge in aluminum batteries using layered material electrodes lies in the slow
diffusion and intercalation of aluminum anions, which severely limit rate performance [15, 17].
To address this, efforts are made to design porous layered materials aiming to increase the
surface area, which improves gravimetric capacity and rate capability by promoting charge-
storage reactions via anion adsorption/desorption at the surface, thereby reducing intercalation
stress. Huang et al. demonstrated a 3D graphene oxide aerogel cathode that achieved
exceptional stability and rate performance in aluminum batteries [18]. Besides, the as-
fabricated 3D structure can tackle the self-assembling issue of graphene sheets, which facilitate
electrochemical reactions by providing more transport channels. By prioritizing electrode-level
3D porous networks alongside material modifications, future aluminum batteries designs could
achieve synergistic improvements in energy density, cycling stability, and charge transfer
efficiency.

Research questions:
The thesis focuses on the following research questions:

RQ1: How to control the 3D self-assembling structures of 2D layered materials using a
sustainable and simple freeze-drying method?

RQ2: How plasma surface treatment affects the electrochemical performance of layered
materials for aluminum batteries?

RQ3: What’s the effect of nitrogen doping on graphene electrode for aluminum batteries?

RQ4: How to form a porous structure in the graphene electrode and could the formation of the
porous structure improve the performance of graphene electrode for aluminum batteries?



II. Research Background

2.1 Properties of 2D layered materials

The isolation of graphene by Andre Geim and Konstantin Novoselov in 2004 marked a pivotal
moment in the study of 2D layered materials, serving as a catalyst for the rapid expansion of
the 2D materials family, including metal transition carbides and nitrides, metal oxide,
hydroxide and chalcogenides, metal-organic framework, etc. [19]. Compared with bulk
materials, the unique properties of 2D materials such as larger surface area, expanded interlayer
spacing and abundant surface terminated groups provide huge potential for various applications.

Graphene, considered as the ‘wonder material’ of the 21st century, shows exotic properties and
many potential applications. It possesses a two-dimensional structure with honeycomb lattice,
which is a single layer of carbon atoms and can be exfoliated from graphite. Each carbon atom
shares three sp® electrons with three neighboring carbons forming in-plane ¢ bonds of 0.1421
nm and out-of-plane & bonds [20], as shown in figure 2.1. The hexagonal structure is stabilized
rigidly by the covalent ¢ bonds. The overlapped = orbitals form the conduction band and the
valence band with zero band gap [21]. The unique structure lays the foundation for graphene
to display remarkable properties from many aspects. The overlapped orbitals contribute to the
zero band gap since the valence band and conduction band meet at the Fermi level, which helps
to generate electronic excitations described as Direc fermions. The massless Direc fermions
make graphene a material with unique electronic properties combining semi-conductor (zero
density of states) and metal (gaplessness). While the insensitivity to disorder and electron-
electron interactions and long mean free paths (the order of micrometers) of graphene allow
the different electronic properties from normal semiconductors and metals [22]. Meanwhile,
graphene is highlighted with its ultrahigh electrical conductivity and carrier mobility of up to
15000 cm?/(Vs) at room temperature, making it a good candidate for energy-storage devices
[23].
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Figure 2.1. Schematic of graphene and its structure

Recently, a fast-growing family of 2D transition metal carbides, carbonitrides and nitrides
(referred as MXenes) has caught the focus of researchers since the first TizCoT, MXene was
exfoliated by etching TizAIC; in 2011 [24]. The general formula of MXenes is Mn+1 Xy Tx (n =
1-3), where M refers to early transition metal (including Sc, Ti, Zr, Hf, V, etc.), X represents
carbon or nitrogen, and Ty is the surface terminations (such as O, F, OH, etc.). In the flake of
MXene, n layers of X are intercalated into n+1 M layers in an arrangement of [MX].M, as



shown in figure 2.2. MXene can be obtained by selective etching the A-element atomic layers
from MAX phases, which are layered, hexagonal carbides and nitrides with the general formula
Mn+1AXn (MAX). Owing to the usage of acidic-fluoride-containing etching solutions during
synthesis, MXenes have abundant -OH, -F, and -O terminations. The special structure with
metallic atoms and surface terminated groups determines a wide chemical and structural variety
of MXenes, which makes them the promising candidates for energy storage applications. The
rich transition metal chemistry of MXenes promises a higher electrical conductivity ranging
from 1000 to 6500 S cm™!, which is higher than that of other solution processed 2D materials
[25]. Moreover, the layered structure of MXenes can accommodate ions with different sizes,
which provides the opportunities for the applications of various rechargeable metal-ion, e.g.
Li-ion, Na-ion, Mg-ion, Al-ion batteries [26]. The low diffusion barriers for Li" and other ions
in MXenes hold particular promise for the high-performance and high-rate batteries [27].
Besides, the rich terminated surface groups and large surface area of MXenes layers make it
suitable for the application of electrochemical capacitors. MXenes possess high conductivity
for electron transport and variable valency induced charge transfer due to their inherent
transition metals. Functional groups in MXenes create redox sites and transport channels owing
to their layered structure. These properties enable MXenes to allow reversible intercalation of
proton and metal cations at high rates, resulting in outstanding performance in supercapacitor
devices [28].
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Figure 2.2. Schematic illustration of MXenes atomic structure

2.2 Self-assembly of 2D layered materials

Despite the extraordinary properties of 2D layered materials, the serious issues of self-stacking
and irreversible aggregation in both dried and solvent dispersion associated to the intrinsic
thermodynamic nature of unstable interface have greatly hindered their practical applications
in energy storage. The restacking of nanosheets has negative effects on exposure of active sites,
which is considered as a critical drawback for energy storage applications. One of the appealing
approaches to tackle this aggregation issue is to fabricate robust 3D structure by self-
assembling of 2D layered materials. Several merits from the formation of 3D structure can be
listed as follows: 1) expanding the exposed surface area, 2) formation of well-defined porous
structure, 3) mechanical flexibility, and 4) mechanically reliable reversible structure formation
[29]. The resulting 3D architecture is self-supporting with extraordinary surface area, electronic



properties, and chemical activity, allowing the tremendous applications in energy storage
devices [30].

Recently, different types of structures have been fabricated including but not limited to foams,
networks, sponges, scaffolds, monoliths, aerogels, hydrogels, hollow spheres, etc [6, 31, 32].
There are multiple synthesis methods to fabricate 3D structures. Among them, the versatile
solution-based techniques are taken into considerations ascribed to the advantages of scalability,
high yield, and cost-effectiveness, which meet the requirement of large scalable usage for
energy storage applications. Besides, the solution-based methods allow the elemental doping
or decoration of fabricated structure to realize the functionalization of 2D materials
simultaneously. Nowadays, the solution-based techniques can be generally classified as
‘template-based method’ and ‘template-free method’, as summarized in figure 2.3. Furthermore,
template-base methods can be categorized by soft-template, hard-template, and ice-template
methods [30]. Template-free methods can be sorted by hydrothermal assemblies and cross-
linking assemblies. We will discuss the advantages and disadvantages of each technique and
their effects on the structure and properties of fabricated 3D structures.

Self-assembling of 2D materials
-- Solution-based Techniques

Template Template-free
method method
Soft Hard Ice L
I Tismi ki Template Hydrothermal Cross-linking

Figure 2.3. Classification of self-assembling of 2D materials using solution-based methods

Template Methods

The template method is the most widely used to realize the controllable and spatially well-
defined structures. By different types of templates, it can be categorised by hard template, soft
template and ice template method.

Hard templates are rigid substrates with high structural strength and hardness. The strategy is
to combine the hard template with 2D nanosheets using different interactions followed by
template removal to obtain the porous 3D structures. Owing to the interconnected framework,
the fabricated 3D structures will not collapse after template removal. Hard templates possess
stronger regulatory effect on assembly process, which is beneficial for precisely controlling the
pore size and structure of the assembled 2D materials. Typically, spheres of polymers including
polystyrene (PS) or polymethyl methacrylate (PMMA), silica spheres are considered as
suitable hard template for 3D self-assembly of 2D materials [8, 33]. Zhao et al. employed
PMMA (poly (methyl methacrylate)) spheres as template for the uniform hollow MXene
spheres are achieved, as shown in figure 2.4 [8]. Generally, the as-prepared architecture
exhibits premium structure robustness and uniformity. However, the hard template method
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requires complex post-processing which may leave polymer residues in the materials, affecting
the performance in the energy storage applications.
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Figure 2.4 Hard template method to fabricate 3D hollow MXene structure with schematic figure.
Reproduced with permission [8].

Soft templates, as a contrast, have low structural strength and hardness, such as micelles,
emulsions, and liquid crystals. The 3D macroporous structure can be fabricated with variable
size and shape and the templates are easy to remove. Bian et al. employed cetyl
trimethylammonium bromide (CTAB) to tune the hydrophilic-hydrophobic balance of MXene
via electrostatic interaction, which wrapped the interface of emulsion templates to form a 3D
framework (figure 2.5) [34]. The as-prepared MXene aerogel possesses the properties of
porous, robust and highly conductive. However, it requires precise control over assembly
conditions, for example, pH, temperature, etc., which makes it difficult to control the pore size
and shapes.
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Figure 2.5 Soft template methods to fabricate 3D porous MXene framework with schematic figure.
Reproduced with permission [34].

HMIPEs

Ice template method is another effective method to self-assembly 2D materials into 3D porous
structure. The ice crystals act as transient templates during freezing and the 2D nanosheets, e.g.,
graphene oxide, MXene, are ejected from the ice crystals and confined between neighboring
ice crystals. In this process, the orientation of 2D materials flakes can be tuned with the growth
of ice crystal during freezing process derived from the temperature gradients in both the
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horizontal and vertical directions, leading to a well-aligned lamellar structure. Moreover, the
ice template method is considered as an eco-friendly and cost-effective method to fabricate 3D
macroporous structure owing to the absence of additives as templates and complex post-
processing. The ice template can be easily and thoroughly removed by one step sublimation.
Qiu et al. obtained monolithic structure self-assembled by graphene flakes via ice template
method (figure 2.6) [10]. The as-fabricated graphene cellular monoliths are highly texture,
exhibiting outstanding mechanical properties. However, the morphology produced by ice
template methods is generally not uniform throughout the structure caused by the local
difference of cooling rate. Therein, the limited control of morphology confines its application
in self-assembly of 2D materials.

Thawmg Further reduction
and freeze drying

Figure 2.6 Ice template methods to fabricate graphene monolithic structure (a-c) SEM images of
graphene monolith, (d) Schematic figure showing the formation mechanism of monolithic strutcure.
Reproduced with permission [10].

Template-free Methods

Template-free methods are considered as effective bottom-up strategies to fabricate 3D
structures for 2D materials. Typically, well-dispersed 2D nanosheets such as graphene oxide,
MXene, etc. are the most commonly used building blocks for template-free self-assembly. 3D
structures can be fabricated by various template free strategies including hydrothermal
assemblies, cross-linking, filtration, etc.

Hydrothermal methods are widely used for constructing 3D structures for graphene oxide or
reduced graphene oxide dispersion. The high pressure and temperature hydrothermal
conditions can induce the reduction of GO, leading to partial overlapping of reduced GO sheets.
As aresult, self-assembled hydrogels through n-n stacking-induced cross-linking of GO sheets
can be formed. The n-m stacking interaction promises the assembled hydrogels good
mechanical strength, thermal stability and electrical conductivity [35].

Cross-linking method is another type of template-free method to achieve self-assembly of 2D
materials. The addition of molecules served as crosslinker can strengthen the 3D structure and
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tune the morphology simultaneously. Crosslinkers such as polymers (polyvinyl alcohol (PVA),
polyaniline (PANI), etc.), multivalent metal ions, biomolecules assist the gelation of 2D
materials, resulting in the fabrication of 3D structure through co-ordinate covalent bonding
[36-39].

2.3 Surface modification of layered materials

Surface modification of layered materials is a rapidly advancing field, driven by the need to
tailor surface properties for specific applications while preserving the unique characteristics of
the material’s bulk [40]. By modifying only the outermost atomic layers, it can significantly
tune their inherent properties such as electrical conductivity, chemical stability, and catalytic
activity [41-43]. This approach is particularly valuable for layered materials such as graphite,
graphene, MXenes, and transition metal dichalcogenides, etc., which possess high surface-to-
volume ratios and exhibit remarkable sensitivity to surface chemistry, enhancing their
applicability in energy storage [44-46].

Recently, a variety of techniques have been employed for surface modification of layered
materials, which can be mainly categorized by physical modification, chemical modification,
and thermal modification (figure 2.7). Physical methods typically involve no chemical reaction,
such as plasma spraying technology (PST), plasma immersion ion implantation (PIII) and
physical vapor deposition (PVD), which enable the precise application of thin films or coatings,
especially at the nanometer scale. Chemical strategies, including covalent grafting and the
formation of self-assembled monolayers, allow for the introduction of functional groups that
can tune interlayer spacing, and impart selective reactivity. Thermal and optical methods, such
as thermal oxidation and laser surface modification, further expand the toolbox, enabling the
creation of micro- and nanostructures on the surface that improve adhesion, wettability, or wear
resistance.
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Figure 2.7 Schematic overview of examples of surface modification methods.
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Among these, plasma treatment stands out as a particularly versatile and effective approach for
modifying the surfaces of layered materials. Various plasma techniques, such as remote oxygen
plasma (ROP), low-pressure oxygen plasma, nitrogen-doped plasma, hydrogen plasma, etc.,
have been developed to introduce functional groups, engineer defects, and even exfoliate
graphite into thinner layers. Murillo-Herrera et al. found that ROP can introduce oxygen-
containing functionalities like hydroxyl and carbonyl groups onto graphite, greatly improving
their wettability and electrochemical activity [47]. Low-pressure oxygen plasma treatment has
been shown to significantly increase the work function and hydrophilicity of graphite by
generating surface dipoles, such as —OH groups, without compromising the material’s thermal
stability [48, 49]. This process can also selectively etch grain boundaries, which remove
disordered carbon layers and enhance the graphitic order of high-surface-area graphite.
Nitrogen-doped plasma, on the other hand, using ambient plasma with N-containing species to
tailor the surface chemistry and electronic structure of layered materials, which is considered
as an efficient method for a large scale production of nitrogen-doped layered materials with a
controllable doping degree [50, 51]. Among different reactive precursors, hydrogen is
considered to modify the surface of carbonaceous materials by selectively etching the surface
(figure 2.8). The hydrogen atoms have a higher affinity to react with unsaturated sp2 carbon
atoms, which leads to the breaking of C-C bonds. Hence, due to the presence of a large amount
of H plasma in the reaction, the surface of graphite or amorphous carbon can be rapidly etched

[52].
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Figure 2.8 Schematic illustration of surface modification by hydrogen plasma etching. Reproduced with
permission [52].

Plasma treatment significantly enhances the performance of layered materials in energy storage
applications by modifying surface properties such as surface roughness, wettability, and
chemical functionality [53, 54]. It can also strengthen the bonding between layers, ensuring
stability and longevity of batteries. Additionally, plasma treatment induces more conductive
pathways that boosting the electrical conductivity of layered materials, which is crucial for
efficient charge transfer in energy storage devices such as supercapacitors, lithium-ion batteries,
aluminum-ion batteries, etc [50, 55]. Overall, plasma treatment is a versatile and eco-friendly



method that enhances the performance and durability of materials used in next-generation
energy storage solutions.

2.4 Applications for modified layered materials in energy storage devices

The self-assembly and surface modification of layered materials provide more opportunities
for supercapacitors and batteries with superior performance [56]. The self-assembled 3D
structure with high porosity ensures a large specific surface area and sufficient ionic channels.
By surface modification, more and more active sites are available for electrochemical reactions,
allowing improved energy storage performance.

Supercapacitors

For supercapacitors, a higher specific surface area and porosity are crucial due to more charge
storage sites, which enhance the capacitance greatly. Lukatskaya et al. applied design of
macroporous structure using MXene as the electrodes for supercapacitor (Figure 2.9) [57]. The
architecture was fabricated with assistance of PMMA template, resulting in an open structure
characterized by 1-2 um diameter pores. Taking advantage of the structure, the ion transport
lengths are greatly reduced when used as electrode for supercapacitors. Electrochemical studies
of the macroporous electrodes revealed exceptional rate capability for a pseudocapacitive
material.
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Figure 2.9 a. SEM image of TisC>T. MXene hydrogel cross-section; b. SEM image of macroporous
templated Ti;C>Ty electrode cross-section. Scale bars, 5 um; c. Cyclic voltammetry profiles of
macroporous TizC>T; electrode at scan rates from 20 to 10,000 mV/s. Reproduced with permission [57].

Aluminum batteries

The rechargeable aluminum batteries are increasingly recognized as promising next-generation
energy storage technology. Utilizing aluminum metal directly as the anode makes aluminum
batteries particularly attractive for developing sustainable and cost-effective power sources. In
addition, the fundamental redox reactions at the heart of aluminum batteries allow for the
potential to achieve relatively high energy and power densities. Although the concept of
aluminum batteries dates to the early 1970s, it was not until 2011 that significant attention was
drawn to this technology, following the successful demonstration of a rechargeable Al-V2Os

10



cell operating at room temperature [58, 59]. Since then, research into aluminum batteries has
experienced a notable resurgence, with efforts focused on both advancing the technology and
deepening the understanding of its underlying mechanisms. With aluminum comprising
approximately 8% of the Earth's crust making it the third most abundant element after oxygen
and silicon, and vastly more plentiful than lithium (0.0065%), aluminum batteries offer a
compelling pathway toward scalable and sustainable energy storage solutions.

Battery discharging
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Figure 2.10 Schematic drawing of rechargeable Al/graphite cell. Reproduced with permission [12].

Non-aqueous aluminum batteries that utilize room temperature ionic liquid (RTIL) electrolytes
have garnered significant attention in battery research. This interest is largely due to their
broader operating voltage window, lower vapor pressure, and enhanced reversibility of
aluminum redox reactions, all achieved without the occurrence of hydrogen evolution side
reactions that typically affect aqueous electrolyte-based aluminum batteries. Despite the
inherent advantages of aluminum anodes, a major challenge in advancing non-aqueous
aluminum batteries lies in the development of suitable cathode materials that can deliver high
capacity, elevated operating voltages, and robust cycling stability for practical applications.
Among them, graphite stands out as one of the most promising carbon-based cathodes for non-
aqueous aluminum batteries, owing to its natural abundance, low cost, excellent stability, and
high electrical conductivity. In these systems, the charge storage mechanism involves the
intercalation of chloroaluminate anions between the graphitic layers at the cathode, with
corresponding stripping and deposition processes occurring at the anode, as illustrated in figure
2.10. The storage mechanism can be described as [12]:

4ALCL +3e” — Al + 7AICI (1)
Cn+AICly” — Ca[AICL] + ¢ )
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However, the graphite cathodes have several issues for such applications, including limited
reversible capacity, suboptimal performance at high charge-discharge rates, sluggish ion
diffusion, and structural expansion. These challenges restrict the practical use of graphite as a
cathode material. As a result, there is a need to develop modifications on carbon materials that
can serve as effective alternatives to conventional graphite cathodes. For example, An et al.
[60] performed electrostatic surface modification on graphite to depress the surface barrier,
resulting in more adsorption of chloroaluminate anions. Thus, the modified graphite exhibited
high specific capacity and outstanding rate cycling performance as the cathode for aluminum
batteries.

Graphene-based materials have recently emerged as promising cathode candidates for
aluminum batteries, primarily due to their high specific surface area, superior electrical
conductivity, excellent reversibility for ion storage, and robust electrochemical stability.
Notably, the energy storage mechanism of monolayer graphene differs significantly from that
of highly crystalline graphite, which consists of well-aligned graphene layers. When graphene
layers are properly aligned within the electrode structure, they can facilitate both surface
adsorption and intercalation of AICls™ ions, thereby enhancing their suitability as active cathode
materials in AIB systems.

Various forms of graphene, including graphene oxide (GO), reduced graphene oxide (RGO),
and thermally annealed GO, have been investigated as active materials for aluminum batteries.
These materials benefit from the presence of structural defects and the partial alignment of
graphene layers, which contribute to improved electrochemical performance [55, 56]. Surface
modification has also been identified as an effective strategy to enhance the electrochemical
properties of graphene. For example, Childress et al. employed few-layer graphene subjected
to argon plasma treatment as a cathode material, which demonstrated notable electrochemical
performance in aluminum batteries cells [57]. This plasma treatment induces interlayer
expansion and introduces additional lattice defects, which serve as active sites for ion
adsorption and transport, thereby improving both the ion diffusion kinetics and overall energy
storage behavior [17].

12



III. Experimental Methodology

3.1 Preparation of TizC,Tx MXene and graphene oxide
Preparation of Ti;C2Tx MXene

The MXene investigated in the thesis is Ti3C2Tx, which was etched from MAX phase Ti3AIC>
(obtained from Carbon-Ukraine, particle size 40 microns). Fluoride based salt etchant (LiF and
HCI) to produce in-situ HF was used combined with the method called minimally intensive
layer delamination (MILD), which is achieved by gentle shaking and aimed for a minimal and
less milder route to produce single and larger flakes with fewer defects [61]. The protocol to
prepare the MXene dispersion at room temperature is stated as follows:

1. Prepare the etchant by adding 0.8 g LiF to 10 mL of 9 M HCI (7.5 mL of 37 wt% HCI diluted
to 10 mL). Leave it with continuous stirring for 5 min. 0.5 g of Ti3AlC, powder was gradually
added to the above etchant and the reaction lasted for 24 h.

3. After the above reaction, the mixture was washed by deionized water via low-speed
centrifugation for several cycles. After each cycle, the supernatant was decanted before adding
fresh deionized water for the next cycle. Repeat the washing for a few cycles until pH 4-5 was
realized, when dark-green supernatant was observed, indicating the beginning of MXene
delamination.

4. To further delaminate MXene layers, handshaking for 10 min was performed followed by
high-speed centrifugation. After each cycle, the supernatant was decanted before adding fresh
deionized water for the next cycle. These cycles were repeated 4 times.

5. A high-quality delaminated MXene dispersion was collected from the supernatant after low-
speed centrifugation. The dispersion was degassed by N> gas and stored in the refrigerator.

Preparation of graphene oxide

Graphene oxide (GO) was selected as the precursor of graphene due to its excellent
hydrophilicity, which allows the formation of aqueous colloids. The powder of GO was
obtained from LayerOne and the C/O atomic ratio was 2.5-2.6. Because the powder contains
<1 % adsorbed HCI and H>SOs4, it needed to be neutralized by deionized water via
centrifugation (15000 rpm for 1 h) for several cycles until the pH = 6 was achieved.

3.2 Self-assembling of MXene and Graphene

The as prepared TizC2Tx MXene or GO dispersions in different concentration was freeze dried
using a standard freeze-drying method. The self-assembled MXene-GO composites with 3D
macroporous structure were obtained after freeze-drying process, which is performed in freeze-
dryer (Alpha 1-2 LD plus).

13



To reduce the GO and increase the electrical conductivity for supercapacitors, the as-prepared
materials were chemically reduced using hydrazine hydrate at 90 °C for 6 h and then dried
under vacuum overnight.

3.3 Plasma treatment of graphite and graphene

The commercial graphite flakes (300 mesh size, Alfa Aesar) were used as the starting material.
The graphite flakes placed in a ceramic crucible were subjected to plasma surface engineering
to improve the charge storage capabilities. Plasma tailoring was conducted in a low-pressure
radio-frequency (RF) plasma system, which was an 80 cm long glass tube with a diameter of
4 cm. The RF generator was inductively coupled through a nine-turn internally water-cooled
inductive coil. The graphite flakes in the crucible are placed in the center of the coil, and the
chamber is pumped down to 1Pa. Later, the reactive gas, hydrogen, was fed into the system at
a flow rate of 100 sccm, and the total pressure inside the chamber was maintained at 32 Pa. In
the final stage, the plasma was ignited at a power of 200 W and treated graphite flakes for 6
min. The treatment was conducted incrementally with a period of 2 min for three times to
prevent the overheating of the material.

A waveguide-surfatron based setup was used to create a surface wave (SW) induced microwave
plasma at atmospheric pressure conditions for the treatment of graphene. For the Nitrogen
doped graphene synthesis, nitrogen gas flow (5-10 sccm) has been added to the ethanol flow.
A small percentage of the N> in respect to the background argon flow results in a high
dissociation degree of N> molecules therefore generating a significant amount of reactive
nitrogen atoms (~1022 m>) that can be incorporated into the growing carbon lattice structure.
The rate of pure N-graphene sheets collected at a background argon flow of 1200 sccm, power
of 2 kW, ethanol flow of 15 sccm and N flow of 5 sccm was about 0.5 mg/min [62].

3.4 Electrodes preparation for aluminum batteries

The as-synthesized graphite, hydrogen treated graphite (G-H), argon treated graphite (G-Ar),
Gr and N- doped Gr powder was mixed respectively with the conductive additives (acetylene
black) and styrene butadiene rubber and sodium carboxyl methyl cellulose (SBR/CMC mass
ratio 1:1) as binder in the mixer (Kakuhunter SK-300S II) at a mass ratio of 80:10:10, using
water as the solvent. A homogeneous slurry was obtained after mixing for 20 minutes at 1500
RPM. The slurry was then coated onto the surface of molybdenum foil with a diameter of 12
mm. The coated electrodes were dried in the vacuum oven at 80 °C for at least 12 hours.

In order to form porous structure with ordered nitrogen doped graphene in the electrode, the
slurry coated electrode was first frozen under controlled temperature to allow the growth of the
ice from the bottom of the electrode to the top surface of the electrode. The porous structure
was then formed after removing the ice under vacuum for at least 24 hours.
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3.5 Material characterizations

Scanning Electron Microscopy (SEM)

JEOL 7800F Prime scanning electron microscopy (SEM) was used to check the microstructure
morphology of samples. In SEM, an electron beam generated by an electron gun produces
several signals, which can be collected by different detectors for images. Among them,
secondary electrons (SE) generated by inelastic interaction with samples are mainly used for
topographical images. Lower electron detector (LED) was selected to collect SE signals. The
work distance was set to 10 mm.

X-ray Diffraction (XRD)

X-ray diffraction (XRD) is a non-destructive analytical technique that reveals information
about the crystal structure, chemical composition and physical properties of materials and thin
films. These techniques depend on the observation of the scattering strength of an X-ray beam
hitting a sample as a function of an incident Angle, scattering Angle, polarization, wavelength,
or energy. In this thesis, Bruker D8 Advance was used to evaluate the distance between each
single layer of MXene and GO respectively.

Thermogravimetric Analysis (TGA)

Thermogravimetric analysis (TGA) was performed to check the mass loss of the samples as
they are heated, which is related to the composition and surface group. TGA/DSC 3+ STAR
system with METTLER TOLEDO micro and ultra-micro balances was used. The samples were
heated to 1000 °C with a gradient of 10 °C. 3-5 mg of each sample was taken for testing. In
this thesis, we used TGA for element analysis of GO based composites respectively, to indicate
the effects of reduction.

Raman Microscope

Raman microscope is a laser-based microscopic device used for Raman spectral analysis and
get the spectroscopy. It starts with a standard microscope and adds an excited laser, a laser filter,
a spectrometer or monochromator, and photosensitive detector such as a chart-coupled device
(CCD) or photomultiplier tube. In this thesis, Raman characterization (alpha 300 R) was used
in two parts: 1) compare the spectra of MXene-GO and MXene-reduced GO composites; 2)
compare the spectra from ex-situ measurement of hydrogen-plasma treated graphite under
different voltage in cyclic voltammetry test.

X-ray Photoelectron Spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) involves measuring the kinetic energy of these ejected
electrons, which provides information about the binding energy of the electrons within the
atoms of the material. This binding energy is influenced by the chemical environment
surrounding the atoms, allowing XPS to identify the elemental composition, chemical state,
and electronic structure of the material. In this thesis, XPS (PHI Versaprobe III) was used to
compare the spectra from ex-situ measurement of hydrogen-plasma treated graphite under
different voltage in cyclic voltammetry test.
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3.6 Electrochemical measurement

Supercapacitors

The electrochemical performances of MXene based materials for supercapacitors were first
measured in a three-electrode configuration, in which the active materials on glassy carbon
electrode, platinum foil, and Ag/AgCl in 3 M KCI were used as the working, counter, and
reference electrodes, respectively. All the electrochemical tests were carried out using a
potentiostat electrochemical station (Biologic SP300, France) in 3 M H>SOs4 at room
temperature.

Aluminum battery cells

The aluminum batteries are assembled in an argon-filled glove box. The as-prepared graphite
related electrodes were used as the cathode, aluminum foil was used as the anode, and glass
fiber was used as the separator. The ionic liquid electrolyte composed of aluminum chloride
(AICI3) and 1-ethyl-3-methylimidazolium chloride ([EMIm]CIl) with a molar ratio of 1.3:1 was
used. The electrochemical measurements were conducted using modified Swagelok-type cells
in which a molybdenum rod and a glassy carbon rod were used as the current collectors for the
anode and cathode, respectively. The galvanostatic measurements, cyclic voltammetry, and
electrochemical impedance spectroscopy analysis was performed using battery cycler
(Biologic BCS-805., France).
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IV. Results and Discussion of Key Results

In this chapter, the research questions proposed in chapter I are addressed by the summary of
results and discussion of appended papers. RQ1 is studied in session 4.1, RQ2 is addressed in
session 4.2, and RQ3, RQ4 are discussed in session 4.3.

4.1 GO and MXene based self-assembling porous structure for
supercapacitors

RQI1: How to control the 3D self-assembling structures of 2D layered materials using a
sustainable and simple freeze-drying method?

Previous studies have demonstrated that when an aqueous dispersion of nanoparticles is frozen,
the growing ice crystals can reject the dispersed nanoparticles, which results in the formation
of porous structure via subsequent sublimation of ice. A variety of porous nanomaterials such
as graphene aerogel and porous ceramic were successfully synthesized by this freeze-casting
approach. In this work, Ti3C>;Tx MXene and GO were chosen as precursors, which are
synthesized using chemistry methods. Single layer microsheets of MXene and GO are desired
to fabricate the 3D structure.

The morphologies of the structures were examined using a scanning electron microscope
(SEM), as depicted in figure 4.1a-b. We successfully fabricated 3D network structure and
porous structure respectively with MXene and GO microsheets. The 3D network structure
possesses high porosity and good structural integrity, which is beneficial for supercapacitors to
have improved performance. Porous structures can also be formed from 2D microsheets in our
freeze-drying method, which is considered to be a good candidate for supercapacitors due to
the increased specific surface area.

Figure 4.1. Inherent morphology of MXene and/or GO composites: a. 3D porous network structure; b.
hierarchical porous structure.

GO in the composite needs to be reduced to improve the electrical conductivity for further
supercapacitor applications. Thermogravimetric analysis (TGA) was performed to confirm the
reduction of GO, as shown in figure 4.2a. indicating the sufficient removal of oxygen-
containing functional groups from GO. Furthermore, the less weight loss of MXene-rGO
composite demonstrates better thermal stability compared with rGO. To inspect the nanosheets
interlayer distance of as-obtained samples, X-ray diffraction (XRD) was conducted as shown
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in figure 4.2b, indicating a sufficient reduction of GO. Raman spectra were displayed in figure
4.2¢ to verify the existence state of GO, rGO, and MXene in the as-synthesized samples. Two
intense broad peaks at 1361.3 and 1591.4 cm-1 were ascribed to the D band and G band of
graphitic carbon with the existence of GO or rGO. Moreover, the intensity ratio of D and G
band (Ip/lg) for MXene-rGO was 2, as compared with 1 for MXene-GO samples, which
indicates that more defects were introduced to the reduced samples.
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Figure 4.2. Material characterization of MXene-GO composite before and after reduction: a. TGA
curves; b. XRD patterns, c. Raman microscopy spectra.

The electrochemical performance of MXene-rGO electrodes were evaluated in 3M sulfuric
acid in a three-electrode configuration. Cyclic voltammetry (CV) curves of MXene/rGO hybrid
electrodes at different scan rates were shown in figure 4.3a. A symmetric pair of broad redox
peaks can be observed in the potential window of -0.5 to 0.3 V vs. Ag/AgCl, indicating the
reversible intercalation/deintercalation of protons along with the change of Ti oxidation state,
which contributed to the pseudocapacitance for electrodes. The galvanostatic charge-discharge
profiles of MXene-rGO electrodes between -0.45 and 0.3 V are given in figure 4.3b. It can be
found that the charging and discharging curves are symmetric with triangular shape, indicating
the excellent reversibility of supercapacitance reaction for the MXene-rGO electrodes [63].

a
b o,
400 - i
o3t —2Ag
G 02r —5A/g
5 2001 —]
= , —~ 01}
8 2
e O 5 < 00Ff
o ’ b
= it g
(5] o 01}
2 -200 2
3 o o2t
— —4— 500 mvis —*— 10000 mV/s
-400 - — %200 mV/s —®— 5000 mVis 03t
—&— 100 mVfs —»— 2000 mV/s
—ea— 50 mVis 1000 mV/s 04 H
-600 ! ,  —=—20mVis 05
08 04 02 00 e 04 o 50 100 150 200 250
Potential (V) Times (s)

Figure 4.3. Electrochemical performance tested by 3-electrode configuration: a. CV curves of MXene-
rGO at different scan rates from 20 mV/s to 10 000 mV/s; b. galvanostatic charge-discharge curves for
MXene-rGO at different current densities from 1 A/g to 10 A/g.
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4.2 Surface modification of graphite by plasma treatment for the cathode of
aluminum battery

RQ2: How plasma surface treatment affects the electrochemical performance of layered
materials for aluminum batteries?

Surface modification of graphitic materials leads to the creation of numerous active sites, which
in turn facilitates more efficient ion and electron transport into the active material by shortening
the diffusion pathways during charge and discharge cycles. This enhancement can result in
increased specific capacity while preserving a stable charge voltage plateau and minimizing
unwanted side reactions. Among various surface modification methods, such as wet chemical
techniques, plasma-based surface engineering stands out for its rapid and highly controllable
processing capabilities. Plasma, an ionized gas generated by the application of a strong
electromagnetic field, contains a diverse array of energetic species-including electrons, ions,
photons, and radicals. When nanomaterials interact with these plasma constituents, structural
defects and functional groups are introduced, which can serve as additional active sites during
aluminum batteries operation. In this study, the graphite was treated with hydrogen plasma (G-
H) and argon plasma (G-Ar) respectively and assembled as cathodes for aluminum battery cells.

Figure 4.4a displays the initial galvanostatic charge—discharge curves for the original graphite,
G-Ar, and G-H cathode materials at a current density of 100 mA/g. All three samples show
similar profiles, each featuring three short voltage plateaus around 1.8, 2.0, and 2.15 V. The
primary voltage plateau, beginning at 2.3 V, is associated with the intercalation of AICls~ anions
into the graphitized structure. During discharge, the voltage plateaus commence at 2.25 V and
1.9 V, corresponding to the deintercalation of AICls~ anions. The initial charge/discharge
specific capacities for graphite, G-Ar, and G-H are 75.31/67.48, 66.45/76.01, and
129.24/123.85 mA h/g, respectively. Notably, the hydrogen plasma-treated graphite (G-H)
shows the highest specific capacity, indicating that the surface modification significantly
enhances the material’s ability to store AICls~ anions.

Figure 4.4b presents the first charge—discharge curves of the G-H cathode at various current
densities. The initial charge/discharge specific capacities for G-H at current densities of 50,
100, 200, 500, and 1000 mA/g are 147.89/132.68, 124.13/119.28, 105.39/96.72, 96.84/93.30,
and 85.44/83.94 mA h/g, respectively. Figure 4.4c compares the rate capabilities of graphite
and G-H at different current densities. For G-H, the average reversible specific capacity at 50
mA/g is 132.36 mA h/g, while for graphite at 100 mA/g it is 77.23 mA h/g over 10 cycles. As
the current density increases to 1000 mA/g, the average reversible specific capacity decreases
to 84.34 mA h/g for G-H and to 34.80 mA h/g for graphite. After 50 cycles at varying current
densities, the G-H cathode retains a specific capacity of 125.63 mA h/g at 50 mA/g,
corresponding to a 95% capacity retention. These results highlight the outstanding rate
capability and cycling stability of hydrogen plasma-treated graphite. This improvement is
primarily attributed to the introduction of additional C—H bonds on the graphite surface via
plasma treatment, which enhances the interaction between the electrode and the electrolyte. As
aresult, the rapid intercalation and deintercalation of AICls~ anions within the graphite structure
are promoted, leading to superior electrochemical performance.
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Figures 4.4 d—f illustrates the cycling stability results for graphite, G-Ar, and G-H samples. At
a current density of 100 mA/g (Figure 4.4d), the plasma-treated graphite exhibits excellent
stability, with the G-H cathode retaining 98.2% of its initial specific capacity (116.86 mA h/g)
after 50 cycles. In contrast, the specific capacity of the untreated graphite cathode drops to just
66.82 mA h/g, likely due to persistent side reactions. Additionally, the G-H sample maintains
a high coulombic efficiency of 99%, compared to 98% for the untreated graphite. This higher
coulombic efficiency in G-H indicates a more stable structure for the reversible insertion and
extraction of AICls~ anions during cycling. Long-term cycling performance at a higher current
density of 500 mA/g is shown in figure 4.4e. Impressively, the G-H cathode retains a specific
capacity of 86.6 mA h/g even after 1000 cycles. Furthermore, as depicted in figure 4.4f, the
galvanostatic charge—discharge (GCD) curves for G-H are nearly identical from the first to the
1000th cycle, underscoring the outstanding structural stability and durability of the hydrogen
plasma-treated graphite material.
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Figure 4.4. Electrochemical performance of different plasma treatment graphite samples: (a) The first
cycle GCD profiles of G-H, G-Ar, and graphite cathodes; (b) GCD profiles of G-H, G-Ar, and graphite
cathodes for the first cycle at different current densities; (c) Rate capabilities of G-H and graphite
cathodes; (d) Cycling performance and Coulombic efficiency of G-H, G-Ar, and graphite cathodes at
100 mA/g for 50 cycles,(e) Cycling performance and Coulombic efficiency of G-H and graphite
cathodes at 500 mA/g for 1000 cycles; (f) GCD profiles of G-H cathodes for the different cycles at 500
mA/g.

Ex-situ Raman spectroscopy combined with cyclic voltammetry (CV) was employed to
monitor the stages of AICls~ anion intercalation and deintercalation in the G-H cathode, as
depicted in figures 4.5a and 4.5b. During the charging process, measurements were taken at
1.8V, 2.0V, and 2.4 V, corresponding to the initial, partial, and full intercalation of AICls~
anions, respectively. For the discharge process, 2.1 V and 1.6 V were selected to represent
partial and complete deintercalation stages. As the electrode was charged from its pristine state
to 1.8 V (point 1) and 2.0 V (point 2), the G band in the Raman spectrum shifted from 1579
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cm ' to 1584 cm™'. Upon further charging to 2.4 V (point 3), the G band continued to blue-shift
to 1610 cm™'. During discharge, the G band gradually shifted back to 1586 cm™ at 2.1 V (point
4) and 1584 cm™ at 1.6 V (point 5). These shifts are indicative of the structural changes in
graphite due to the reversible intercalation and deintercalation of AICls~ anions, consistent with
previous reports on graphite intercalation compounds.

To further elucidate the chemical environment, ex-situ X-ray photoelectron spectroscopy (XPS)
was conducted to analyze the bonding states of Al and Cl species in the G-H cathode during
charge and discharge (figures 4.5¢c and 4.5d). The successful intercalation of chloroaluminate
ions was confirmed by the emergence of Al and Cl peaks after charging. Notably, the CI 2p
peak shifted from 199.0 eV to a higher binding energy (199.6 eV) at 2.0 V and 2.4 V during
charging. Upon discharge, the Cl 2p peak reverted to 199.4 eV at 2.1 V and further to 199.0 eV
at 1.6 V. Similarly, the Al 2p peak increased from 74.9 eV to 75.4 eV during charging and
decreased back to 75.2 eV and then to 74.9 eV during discharge. These binding energy changes
reflect the reversible intercalation and deintercalation of AICls~ anions within the graphite
layers: higher binding energies correspond to the insertion of chloroaluminate ions during
charging, while lower binding energies indicate their extraction during discharge.
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Figure 4.5. Ex-situ characterization on G-H cathode: (a) CV curve of G-H cathode for ex-situ
characterization; (b) Ex-situ Raman spectra for G-H cathode at different voltages during charge-
discharge process, Ex-situ XPS spectra for (c) Al 2p, (d) Cl 2p of G-H cathode at different voltages
during charge-discharge process.
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4.3 Nitrogen doping of graphene and its 3D network porous structure
fabrication for the cathode of aluminum battery

RQ3: What’s the effect of nitrogen doping on graphene electrode for aluminum battery?

RQ4: How to form a porous structure in the graphene electrode and could the formation of
the porous structure improve the performance of graphene electrode for aluminum batteries?

In this study, single-layer graphene powder produced via a high-throughput plasma process
was modified through nitrogen doping to introduce additional active sites for the
accommodation of aluminum anion charge carriers. To further enhance electrochemical storage,
a porous architecture was engineered within the nitrogen-doped graphene electrode, effectively
addressing the limitations of conventional disordered electrodes. The influence of nitrogen
doping on the electrochemical performance of graphene in aluminum batteries was thoroughly
examined. These combined strategies not only boost the electrochemical properties of the
graphene electrode but also enhance the ion transport dynamics within the porous network,
leading to improved rate capability and increased capacity.

To achieve this porous architecture in the cathode, a freeze-drying technique was employed.
After applying the electrode slurry, the molybdenum disc was placed on a cold plate cooled by
liquid nitrogen. The resulting temperature gradient from the bottom to the top causes ice
crystals to grow vertically, which in turn separates the graphene nanosheets and forms a
network-like structure. Subsequent freeze-drying removes the ice present between the 2D
nanosheets, leaving behind a well-defined porous network. SEM images of the nitrogen-doped
graphene coating, shown in figure 4.6, reveal that the material is well-organized, featuring large
pores approximately 5 pum in size. The nanosheets are interconnected, ensuring excellent
electrical conductivity for use as a cathode material.

Figure 4.7a shows the first galvanostatic charge-discharge curves of the original graphene (Gr),
nitrogen-doped graphene (N-Gr), and porous nitrogen-doped graphene cathodes (porous N-Gr)
at current density of 100 mA/g. The charge-discharge curves of all the three samples exhibit
similar shape, that is a turning point at 2.0 V during charging process, indicating the
intercalation of AICl4 anions. However, for porous N-Gr cathode, the curve shows a turning
point at 1.2 V while discharging, which is absent for graphene powder. Comparing the specific
capacity for the three cathodes, porous N-Gr shows the highest value, that is 65.5 mAh/g.
Besides, the N-Gr exhibits a higher specific capacity of 54.4 mAh/g than Gr of only 36.26
mAh/g. The results indicated that nitrogen doping can boost the adsorption/desorption process
of AICl4™ anions, which is beneficial for improving the specific capacity of aluminum battery
cells. The fabricated porous structure can further improve the capacity of N-doped graphene
powder by increasing the surface area and active sites for AICl4” anions storage.
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Figure 4.6. SEM images of N-Gr fabricated porous cathode at low and high magnification.

The rate performance of the Gr, N-Gr, and porous N-Gr cathodes are illustrated in figures 4.7b
and 4.7c. As the current density increases from 0.1 A/gt0 0.2, 0.5, 1, 2, and 5 A/g, the reversible
specific discharge capacities of the porous N-Gr cathode are 65.5, 60.0, 58.3, 50.8, 43.9, and
38.0 mAh/g, respectively. When the current density returns to 0.1 A/g, the specific capacity
recovers to 62.3 mAh/g, demonstrating excellent rate capability and durability. Compared to
the drop-coated N-Gr cathode, the porous electrode consistently delivers higher specific
capacities across all current densities, confirming that the introduction of a porous structure
significantly enhances rate performance. Furthermore, long-term cycling stability was assessed
over 150 cycles at a current density of 0.5 A/g, as shown in figure 4.7d. The porous N-Gr
cathode maintains a reversible capacity of 55.0 mAh/g with over 100% capacity retention after
150 cycles, indicating that the fabricated structure offers robust stability and superior specific
capacity compared to conventional drop-coated electrodes.

To investigate the energy storage behavior in aluminum batteries cells, cyclic voltammetry
curves were analyzed as depicted in figure 4.7e. The shape of the curves is the same for all
cathodes with one anodic peak and three cathodic peaks. The large quasi-rectangular shape
indicates that the dominated energy storage mechanism of the Gr, N-Gr, and porous N-Gr
cathodes is based on the physical adsorption of the charge carriers. However, the intensity of
cathodic peak at 1.7 V is increased for the porous N-Gr cathode, indicating that the porous
structure can boost the deintercalation process of AlCls anions. Besides, the potential
separation between anodic and cathodic peak is further reduced because the cathodic peak at
1.9 V for N-Gr shifted to 2.0 V, demonstrating that the porous structure has the advantage of
improving the reversibility for the intercalation/deintercalation of AICl4 anions. To testify the
superiority of porous structure for cathode in reducing the resistance of batteries,
electrochemical impedance spectroscopy analysis is illustrated as Nyquist plot in figure 4.7f.
the R is lowest for the porous N-Gr cathode (1.73 Q), confirming the faster reaction kinetics
of the porous electrode.
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Figure 4.7. Electrochemical performance of Gr, N-Gr cathodes: (a) The first cycle GCD profiles of Gr,
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the first cycle at different current densities; (c) Rate capabilities of Gr, N-Gr porous and drop cast
cathodes; (d) Cycling performance and Coulombic efficiency of Gr, N-Gr porous and drop cast cathodes
at 0.54/g for 150 cycles; (e) CV curves of Gr, N-Gr porous and drop cast cathodes for the first five cycles
at a scan rate of 0.1 mV/s; (f) Nyquist plot from EIS measurements for Gr, N-Gr porous and drop cast
cathode.

24



V. Conclusions

The following conclusions can be summarized based on the results presented in this thesis:

RQI1: How to control the 3D self-assembling structures of 2D layered materials using a
sustainable and simple freeze-drying method?

e The ice crystals serving as the template induce the self-assembling of 2D nanosheets.
The following freeze-drying process assists the removal of the ice template via
sublimation, which helps to form a homogenously distributed structure.

e The synergic effect of MXene and graphene makes it possible to form a hybrid carbon
material combining both self-supporting structure and outstanding supercapacitive
performance. The as-prepared MXene-graphene composite exhibits an extraordinarily
high specific capacitance.

RQ2: How plasma surface treatment affects the electrochemical performance of layered
materials for aluminum batteries?

e (Galvanostatic charge—discharge measurements demonstrate that hydrogen plasma-
treated graphite delivers excellent performance, achieving a high specific capacity of
132.68 mAh/g at 50 mA/g and impressive rate capability with 83.94 mAh/g at 1000
mA/g.

e Ex-situ analyses further verify the robust interaction between chloroaluminate anions
and the graphitic framework of hydrogen plasma-treated graphite when utilized as a
cathode material in aluminum batteries.

RQ3: What’s the effect of nitrogen doping on graphene electrode for aluminum battery?

e The higher binding energy of aluminum anions with nitrogen-doped graphene results
in an increased specific capacity compared to pure graphene due to the presence of the
more defects as active sites for the storage of the AICls™ anions.

e Our strategy leads to a 50% improvement in specific capacity (from 36.24 to 54.4
mAh/g at 0.1 A/g)

RQ4: How to form a porous structure in the graphene electrode and could the formation of
the porous structure improve the performance of graphene electrode for aluminum batteries?

e A 3D porous network of nitrogen-doped graphene was developed by freeze-drying
method as a cathode material for aluminum batteries.

e This cathode demonstrated a further 20% increased reversible specific capacity with
the porous structure (65.5 mAh/g at 0.1 A/g) at a current density of 0.1 A/g and excellent
rate performance, maintaining 38.0 mAh/g at 5 A/g.
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VI1. Future Works

From the presented results, the following recommended future works are put forward:

The mechanism of our innovative freeze-drying method to self-assemble structure by
graphene and MXene needs to be further investigated. The potential to achieve self-
assembly of other 2D materials can be further studied.

Previous research regarding the mechanism of charge storage behavior for aluminum
batteries has been indicated by ex-situ characterizations such as ex-situ Raman and ex-
situ XPS. More information may be found from in-situ measurements in the future
research.

The morphology of graphene cathode for aluminum batteries can be controlled with
improved precision therein improving the performance of aluminum batteries.

The possibility of the applications of the porous electrode and surface modified layered
materials on other energy storage devices, for example, lithium-ion batteries, sodium-
ion batteries, etc., can be further investigated.
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