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Abstract

Over the years, various nanomatergis continuously researched aymthessed to improve

energy storage devices' energy and power dessitwo-Dimensional 2D) materials have
developed great interest as a new prototype in materials science due to their collective
advantages of ultrathin thickness and tuneable physical and chemical propEnges.
application of these nanomaterials extends to energy storage, puaiication, catalysis,
biosensors, antibacterial films, and coatings, thereby prompting the development of viable
techniques for synthessng nanomaterialsddowever, challenges of further size reduction of
nanomaterials with a simultaneous low cosglale and reproducible synthesis approach

remain famous for sustainable progress in their practical applications.

For the first time, 2D Graphene and MXene composite materials were synthesised through a
Continuous Hydrothermal Flow Synthesis (CHFS) metlod engineered into electrodes for
electrochemical energy storage applicatio@slFS is a singletep hydrothermalprocess
involving mixing supercritical water(374 °C, 22.4 MPa)with a flow of watersoluble
precursorsin a reactor to obtain a rapi@nd controlled synthesis of nanomaterial$is
synthesis methois scalable and tuneable by controlling process parameters such as flow rate,
temperature, and pressurthereby impactingthe particle size, morphology, and crystal
structureof nanopatrticls. In addition, CHFS limits the use of toxic reagents and produces
nanomaterials with desired properties in minimal time (seco@is of the findings in this
research paves way for thesiu production and aqueous processing of functionalised MXene
conposites with a high electrochemical performance. Through aqueous dispersions as a green
route of synthesis in CHFS, these 2D MXene and graphene derivatives were produced with
enhanced electrochemical properties. This research provides a significantutiomntrib the
expanding portfolio of continuous hydrothermal flow synthesis reactions.

In this thesisa variety ofmaterials such as anganese (iv) oxidepanganesdiv) oxide/
reduced graphene oxi@&0), titanium(iv) oxide,titanium(iv) oxide/reduced graphene oxide
(rGO), and NdopedMXene/titanium (iv) oxide, are hydrothermally synthesised via CHFS

developedandfabricated inteelectrode materials famergy storagapplications.

The indepth analysis provides a comprehensive insigbthow nanocomposites of promising
energy storage properties are designable, made functional, and satth@ssitu
hydrothermally via CHFS from netoxic and watessoluble precursors wigldelivering

excellent electrochemical performance when usedexsrodes in batteries.
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Chapter 1: Introduction

1.1 Overview

With the global warning of climate change ahdincrease in energy demandse world has
turned to renewable energy sourdessolvethese challenges. However, these renewable
energy sources (wind, solar, hydropower, bioma&ss.) also facechallenges of creating
cheaper and more efficient technologies in storing these intermitteniesfigrgDue to this,
there isa need to find economically viable and environmentally friendly sources of energy
supply or storage such as batteries and supercapacionent materials used in energy
storage €.g., cobalt, nickel, and manganese) are not -effgtient in selected cases
performanceis limited and associated with environmentaid economic concerns. For
example,the cost of cobalt (Co) used ithe cathode material of lithiurron batteries is

expensive and not sufficient to meet the global demandsdbargeable energis.

Energy sources have evolved from traditional wbadhing to coal, crude gihatural gasand
petrochemical energy sources (tar sands and dbalasits) As these fossil fuels' exploitation
continuesdue to energy demandsorldwide their reserves are depleting with timedan
simultaneously raising environmental concedne to gredrouseggasegGHG) emissionsThe
energy industry requires an econically viable technological innovation to level up the energy
deficiency store energywhen neededand deliverpower when neeadd while considering
environmental protectiorThe time variance of some energy sources does not correspond to
the time dependee ofenergy usg]. For examplethe energy obtained frorbiofuels and
other sources such as solar and wind is only available during a specific pesiday the

concept of energy storagssentiafor conservation and storage for later use when needed.

As growing concerns for climate change and fossil depletion contiheedevelopment of
energy storage devices (ESD) has increased intersstring energy of different forms and
convering it toits required formt, producingarge capacity andigh-ratecapabilityf3]. These
energy storage devices provide the energy and power requirefoemli$ferent electical

systems and devices such as electric vehicles, smart devices, mobile phones etc.

Energy storage devicasich adatteries an@lectrochemicatapacitorEC) have distinctive
energy storagenechanisma. Batteries store energy chemicalpotentia] while ECs store
energy as charggy. These distinct energy storage mechanisms exhibited by batteries and ECs
characterise both devices with different ggyeland power densitieand their lifecycles.

Faradaic processes occurring at the interface between the electrode and electrolyte in batteries

1



provide larger energy densitieStill, they suffer from poor stability due to changestire
chemical structure foelectrode material after redox reactiofiem several chargeand
discharge cyclesElectrochemical capacitorgn the otherhand store charges faster than
batteries antlave a number aharged and dischargegcleswith nosignificant change in the
crystal structure of the electrode material, thereby providing ECs with large power densities
suitable for use in operations with high power requirements and improved acceleration in
electric vehicles. In addition, charge and Hegecyclesin ECs takeseconds which reduces

the amount of time required for a full charge compared to baftgries

Despite thesexciting properties exhibited yatteries and ECémitations intheir functions

are oftendue tocosts, performance, and environmental conceéBagieries suffer from low
power densities and stability of electrode material after several etisaerge cycles, while
ECs sufferfrom low energy densiti¢$]. The ekctrode material plays wtal role in the
functioning of an ESD. Common materials employed in electrode fabrication include-carbon
based materialbke activated carbon (AQ9], graphit¢6] andcarbon nanotoes (CNTs)7].
These materials are inexpensive, easily accessiblepnanquickly processed, and have high

chemical stabilitymaking them a suitabkelectrode material for energy storage devices.

An electrode material's specific surface area (SSA), ionic and electronic conductivities and
thermal and chemical stabilities are essential for engineering an energy storage device with
superior energy, powge and operation parameter$he BrunauerEmmet Teller (BET)
analysisprovidesinformation about the amount etirface area of the mater@ailable for
chemical reactions (in batteries) and storing charges (in. E©syever, not althis surface

areais easily accessible by electrolyf8s Improved ionic and electronic conductivities
increasecharge carriex(ions and electrongjansportduring energy storage reacti¢®js The
thermal and chemical stabilities of the electrode material in aqueous araqueoUs
electrolytes increases the number of chatigeharge cycleghe lifecycle of the device, and

its use intemperaturalependent applicatigfi0,11] All these propertiesvhenappropriately

engineeredprovide an energy storage device with superior electrochemical function.

Two-dimensional (2D)nanomaterials in energy storage applicai@me a prospective and
efficient solution due to their tunabilignd superior propertig2]. Ultrathin two-dimensional

(2D) nanomaterials have exciting electronic properties due to the confinement of electrons in
two dimensionshelpful for related electroni@pplications such as electronic/ optoelectronic
devicg13]. Their atomic thickness and ¢g lateral size contribute to their very high specific



surface areanaking them attractive in surfacelated applications such as catalysis and energy
storage devicg¢$4]. 2D materials are single layer materials with an atomic layer thickness of
a few nanoratres obtained by reducingheir correspondingthree dimensional 3D)
materiaj12]. Examples of 2D materials are graphemeingle atomic layer of graphite with
sp’ hybridisation, a thin atomic thickness of 0.345 fitB], and MXene atomic layers of
transition metal alternating between carbonic atomic 1§@fsGraphene shows electron
mobility at room temperature, intrinsic strengthd high thermal conductiviy/7]. MXene
exhibits excellent electrical conductivitpnique morphology and hydrophilicity of its

functionalised surface, influengits electrochemical performar{@é].

Research inransition metals oxides (TMQg extensivedue to their high specific capacitance

and low resistanceelevant in energy storage applicatidre§. Common TMOs used in energy
storage such as oxides of cobalt, iron andalieke not cosefficient and limited due to lack

of abundance. Other TMOs such as manganese (iv) oxide and titanium (iv) oxide are relatively

abundant and environmentally friendly but are performance limited.

As reported in literature, harvesting highrfpemance energy storage devices involves a
combination of specific surface area (for high capacitance);9peedistribution (for easy
electrolyte access), electronic conductivity (for improved capacitance and high [26ver)
Typically, a combination of active materials offering thesmpprties with bindens often used

in the electrode fabrication processides the environmental concerns on the use of binders,
theycan be detrimental to the capacitive performarfdeDLC[21]. The work reported herein
focuses on the watessisted synthesis of nanomaterials and the investigation of their

electrochemical performance in-ldn bateries and supercapacitors.

1.2. Research Motivation

An increase in the energy demand of a-tastwing world population is one of the global
challenges faced by the energy industries. Degpi¢elarge production of natural gas,
petroleum, coal and other fuel sources, these energy demands are not entirely met but rather
raised environmental concerns of greenhouse gases emBamio this problenthe energy
industry requires economically viabkechnological innovations to level up the energy

deficiency andstore energy, considerirgvironmental protection.

The driving force of this research is tgeeen synthas, modification and processingf 2D
nanomaterials as an effective solution to tald problem of low energy demands and

environmental pollutionExploiting these exciting properties of 2D materialsd their



functionalisation through a continuous hydrothermal flow synthesis metlmtofating with
highly crystalline inorganic spedeand doping with heteroatoms provides a promising means

to produce nanomaterials with improved capacitive performance

1.3. Research Aims and Objectives

This PhD research asnto engineer novel and advanced nanomaterials with excellent
capacitive charge storage properties through Continuous Hydrothermal Flow Synthesis
(CHFS) and optimised conventional synthetic methods. The sstepeprocess of CHFS
enables exploration and control ofeatures such asomposition particle sizeand surlce
functional properties of MXene and graphene derived materials to obtain desired electrical
properties such as life cyclenergy,and power densities.

The specific project objectives are as follows:

1 Developing methodologies fdhe synthesis of MXenegraphene transition metal
oxidesand their derivatives through (a) CHFS approachich allows control and
tuneability of material propertieand (b) improved traditional methods (exfoliation and
intercalation) in synthesing 2D derivatives to enhancentrol of synthetic tailoring,
improve quality and develop new materials.

1 Understanding the properties of the sssynthesised nanomaterialshrough
characterisation to investigate the particle size, morphology, crystallinity, elemental
and material compositions etc.

1 To fabricak the assynthesisednaterials into electrodef®r electrochemical analysis
This processnvolvesthe formulation d active materials with bindend conductive
additives where needed to prepare electrodes.

1 To conduct the grformance testing oflectrodedor electrochemical properties via

Cyclic Voltammetry (CV) and Galvanostatic Charféscharge (GCD) measurements.

1.4. Novelty of Research

For the first time, 2D Graphene and MXene composite materials were synthesised &rough
ContinuousHydrothermalFlow Synthesis (CHFSinethodand engineered into electrodes for
electrochemical energy storaggplications. This research combined the shstgg synthetic
method of CHFS and improved traditional synthetic metlrasda strategic watp produce

electrode materials (within fraction of a secoadylprocess thenfor Lithium-ion batteries



This researh paves way for the in-situ production and aqueous processing of functionalised
MXene composites with high electrochemicgberformance. Through aqueous dispersions as
a green route of synthesis in CHFS, th2BeMXene and graphene derivatiwesre produced
with enhanced electrochemical properties

1.5. Research Structure
Chapter lintroduceghe global concernsn energy and theoncept of energy storagénergy
storage devices and their common electrode materials are described with their pros and cons

discussed.

Chapter Zorovidesbackgroundnformation on several 2D materials explored in this research
and theproperties they offett summarises the different synthetic methods used in 2D material
production.lt alsodescribe<CHFS; amethodology used in this research @ésdadvantags at
operating conditions over othsyntheticmethod are summarised-urthermore, an depth
look into electrode materials for energy storage, typesnefgy storage deviceand their

storage mechanisms are described in this chapter.

Chapter Jescribesll the material synthesis techniques used inrggsarchlt outlines the
charactesation techniques implored and specifications of the types of equipment used for
analysis. The sources of chemicals used as starting precursors and their specifications are
provided in detail.In addition, the specificeins used in electrode fabricatidmefore

electrochemical tests are described.

Chapter 4describes the processes in the synthesié-dbpedMXene-TiO2 nanocomposites.
The approaches include MXesgnthesis from the MAX phase, its pastatment techniques,
and the insitu production of TiQon the surface of MXene through CHFBhe N-doped
MXeneTiO2 nanocomposites were characted for surface and chemical analysis and

fabricated into electrodder electrochemical tests.

Chapter5 gives an irdepth look into the synthesis of Mp@nd MnQ-rGO nanocomposites
via the CHFS process. The surface and chemical properties of the materials wesedanaly
using several material characsation techniquedg-inally, the materials were further anadyl

for their electrochemical properties.

Chapter 6 explores the hydrothermal synthesis of ZFi@duced graphene oxide

nanocomposites in a continuous flow process. Tisyathessed materials were charactadl



for surface and chemical properties, fabricated étdéotrodesand tested for electrochemical

performance.

Chapter7 investigates the delamination process of exfoliated MXenes usingdetiadable
solvent to increase the interlayer spacing and separate them into fewer and smaller MXene
sheets. The delaminated MXenes were charaeterior surface and chemical propesti
analysis.

Chapter &rovides asummaryon thisdoctoral researchdrawn conclusionand suggestions

for further research o@HFS of2D materials for energy storage applications



Chapter 2: Literature Review

The expression Aplenty of room at the bottorl

emphasis on the power of manipulating and controlling things on a small scale w§&2hade
Dr. Feynmanoés famous publ i cat i oiml9aétoexploreat e d
the scotckitape method in isolating few layers of M{Z3i 25]. Exploration of these 2D
nanomaterials resurfaced in thé"2@ntury when Geim and amorkers carried out a scotch

tape exoliation of graphene from graphite during their study on the electronic transport in
layers of sp carborf26]. This mechanical exfolilon method was later repeated in isolating

other layered materid7].

2D materials are single or felayered materials with an atomic layer thickness of a few
nanometres that are obtained either by redutheir corresponding thredimensional (3D)
material through @op-down synthesis method or building up from constituent atoms and
molecules referred to as thettomup synthesis methdl2]. 2D materials have been studied
extensively in different applications such amemy storag8], optica[29] and biomedical
scienc§30], owing to their ultrathin atomic thickness, high surface area, tuneable physical and
chemical propertie@Fig. 2.1)[12,31] The atomic thickness and large lateral size of these 2D
nanomaterials contribute to their very high specific surface area, making them attractive in
surfacerelated applications such aeatalysis and energy storage deVitds With strong iR

plane covalent bond and atomic thickness, ultrathin 2D materials possess excellent mechanical
strength and flexibility, making them suitable in wearable electrfit8¢sAlso, the atoms on

the surfaces fothese 2D nanomaterials can be modified and functionalised to control their
surface properties and functionalities. This contributes to their processing in certain
applications such as solutions for the fabrication of-tiim electrodes and solar cqlB2].The

2D plane confines the transport of heat, photon, and charge carriers, generating a significant
charge in the optical and electronic property of the 2D maf884IDue to their size reduction,

their band gap increases and creates a new property of the material.

2D materials consists of a broad selection of single and combination of elements in the periodic
table. This generates heterogeneity in their electromipguties, such as metahonmetas,
metalloids, and semiconductors with direct and indirect banf@Zp2D materials are
explored in the thin film industry, where their compatibility with active tetbgies facilitates

their use in electronic and optoelectronic devif®4% 36]. In healthcare applications, the

relative large surface area of 2D materials are explored as biosensors, where they act as an



active surface sensing elem@&Ti. Furthermore, 2D materials can be tailored to detect specific

analytes (e.g., glucose) with high selecti|a8j.

Solution based

o Applications in bio-related field =
processability

2D mat
functionalisation

o Strong in-plane covalent bonding

Mechanical strength
and flexibility o Large lateral size and atomic thickness
results in ultrahigh surface area.
E.g. Graphene transmits more than

o o : :
97% of the white light Applications in catalysis and energy

storage

Optical
transparency © Atomic thickness

© Deriving from the confinement of electrons in 2D

Electronic ultrathin region.

© Applications in electronic/optoelectronic devices

Fig. 2.1 Properties of 2Dnaterialsthat contributes to their extensive use in several
application§l 2]

The enormous attention on 2D materials does myporeits intrinsic propertiealone,but also

on the tunability of the material. These 2D materials can be tuned via different techniques to
enhance the property of the mateaatimeet a specifiapplicationrequirement. For example,

size tuning createshanges to the structure of the material (e.g., an increase or decrease in
surface area and defects of the material), causing a change in its electronic/optoelectronic
propertie§39]. In addition, material properties can also be-tuimeed by varying the particle

size and shape, providing use in biomedical applicdd®hsTuning of 2D materials can also
include chages to the band gagtructureas bulk material isized dowrto a single layer 2D
material. Intercalation and combination of 2D materials are functionalisation strategies
implored in the tuning of 2D materials; the former can significantly cause changes in the
electronic properties (transition between metallic sehiconductor transport), and the latter
creates a platform to design new 2D materials with enhanced and superior pjagériibss
functionalisation an be achieved by covalent and remvalent improvement techniques

involving surface modification via chemical oxidation or reduction, doping, addition of



chemical groups, sonication and exfoliation to facilitate formation into sheets, stable
dispersions r@d enhance their properties for numerous applicdddn2] Surface
functionalisation assists #uning the properties of a material to achieve a specific function
ranging from drug delivery to biosensing, energy storage and other applipigicts.
Through this means, desiigg a range of functional 2D materials with superior properties from

their parent 2D is feasibl§ig. 2.2).
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Fig. 2.2 Functionalisation of 2D Materialsto target meerials for specific applicatior{46]

According to He and cworkerg47], 2D materials are classified into meetemental, dual
elementaland nulti-elemental 2D materials consisting of one element, two elepagntsnore
than two elementsespectively. Moneelemental 2D materials include semiconducting black
phosphorus (BP) eoposed of théayers of phosphorus atoms covalently bonded togethier wi
Van der Waals interaction between the layers. Other materoental 2D materials include
graphene, silicone, antimonenand bismuthene. Du&lemental 2D materials include
transition metal dichabgenides (TMDs) such as molybdenum diglg (M0S). In Mo,
there is acovalent bond between Mo and S atoms and weaker Van der Waals interaction
between S atoms making it easy to obtaiiew layers by mechanical exfoliation. Another
dualelemental 2D material is boron nitride (BN), MXenes such a8 andTizC,. Multi-
elemental 2D materials include other MXenes such a¥{I¢[48]. The structure of these 2D

materials of interest in this research project isnghm Fig. 2.3.
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These layered materials have strongliine covalent or ionic bonding and weak interlayer

Van der Waals interaction between the layers; facilitating their exfoliation into few and single
layerednanosheef83]. Exfoliation of these 2D nanostructures from their bulk counterparts
can be induced by mechanical or liquid exfoliafgdj. Mechanical exfoliatn involves
techniques such as the scoetape method and sonication of bulk phases with Van der Waals
layered structure to induce separation into mono and few layered nanosheets. In materials such
as germanene and silicene, they do not have Van der Wiaibction between the layers, and

show stable inteatomic bonding through sphybridisation.As such,chemical methods are
implored to successfully exfoliate the layered structofegermanene and silicer@o mono

and fewlayered shee}s2,53]

2.1. Graphene and itdfNanocomposites

Graphene is a flat monolayer of aromati€srbon atoms tightly packed into a 2D honeycomb
lattice. Graphene transforms into other dimensions such as 0D, 1D and 3D, fullerenes or
guantum dots, nanotubes and graphite, respedibglyGraphene serves as a building block

for these dimensions of graphitic materials. The successful preparation of monolayer graphene
occurred in 2006], which created a remarkable thread in the experimental and theoretical

investigation of the properties of graphene and its range of applications. Following the novel
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exfoliation of graphene from graphite, several efforts have begloyed into controlling the

growth of monolayer graphene.

Graphene has exciting electronic properties, which has made its research in the electrochemical
industry very promising. Graphene is a zbemd semiconductor due to the overlapping nature

of its valence and conducting bands. With a high theoretical specific surface area of
approximately 2630 fg?, graphene provides an electrochemical double layer gravimetric
capacitance of about 550 B [55]. In addition, graphene has charge mobility of 200,000 cm
Vst making it a suitable material for optoelectrodevices[17,56] Despite these exciting
properties of graphene, restacking and the hydrophobic nature affect its application in specific
fields such as bioedicine and its processibility in an aqueous medium. This limitation is due
to Van der Waal  isnttaecrkaicntg obnest wvaenedn i t s ar omat
form aggregates in solutif81]. This behaviour could affect its function in areas of biomedical
science such as drug deliverabilibyp-sensing and biamaging. According t&Zhang and co
workerg57], graphene exhibits hydrophobicity unlessibxidisable such as graphene oxide

(GO). As a result, graphene use in specific applications requires the addition of polymers or
surfactants to be stable in aqueous solutions. Despite these limitations, graphene offers
excellent mechanical, electrorand surface propertiesiakinggraphenea suitable substrate

to decorate various transition metal oxides in the synthesis of graphsed nanocomposites

for lithium-ion batterieqLiBs).

2.1.1Graphene-MnO2 Nanocomposites

Transition metal oxide€TMOs) are attractive materials in energy storage applications owing

to their high specific capacitance, stability, and good chdiggharge performance over a

wide potential window. Many transition metal oxides d&akeen explored for their
electrochemida activities, with ruthenium oxide showing the highest electrochemical
performance of 760 §* [58]. However, ruthenium oxide as an electrode material is limited

by its cost and toxicity, makintpe technology not economically feasible. Other TMOs such

as manganesd\{) oxide and titaniumIy) oxide have gained more interest due to their
excellent electrochemical performance, natural abundance at a low cost and no environmental

concerns.

ManganesélV) oxide (MnGQy) is a transition metal oxide with high energy density and making
it suitable for application as components of electrode materials for energy storage devices. It is
naturally abundant at a low cost with no environmental con&&hMnO: is a promising
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electrode materialni different energy storage systems such as Awtabatteries, alkaline

batteries, and supercapacitors due to its high specific capacity and environmental
friendlines$60]. MnO: is a nonstoichiometric compound with an oxidation state of +4, and
existing in various polymorphs such as hol I
(R) and bFigBs6lite (U0) (

a-MnO, — Hollandite 8-MnO, layered — Birnessite

Fig. 2.4 Structures oMnO2 polymorph$62]

Despite the exciting properties exhibited by MniDis limited by poor electrical conductivity.

The theoretical specific capacitance of Mm&@aches 1376 g as the oxidation state of Mn
changes from +4 to +3 over a potential window of O[B8}. However, this high theoretical

value has not been matched up by research data as reporesiaralibelow 208 g[63i 66].

Over the years, several research works have explored strategies to improve the capacitance and
conductivity of MnQ. These strategies include fabricating synthetic methods to enhance
surface area witbesired crystal structure, combining Mn@ith conductive materials such as
graphengs7], carbon nanotulss8] and conductive polymgi9]. In addition, increasing the
interlayer distance of layered MpOby metal cation dopif@0] also improve its

electrochemical performaac

Graphene can be combined with organic and inorganic materials such as graphene/metal
oxideg71], graphene/metdl82], graphene/carbebased  material$73] and
graphene/polymef84]. Due to their excellent electrochemical activity and faradaic redox
reaction, transition metal oxides and conducting polymers are explorable as electrode materials

in energy storage devidé$]. Carbonbased materialike carbon nanotubes (CNTs) and

12



graphite exhibit good electrical conductivity that provides superior electrochemical
performance of the nanocompositewing to their exceptionasurface areaand porous
structure compared to only graphetiiased electrodg&]. Graphenebased supercapacitors
showeda specific capacitance @b Fgt, 99 Fg!, 117 Fgt and135 Fglionicliquid, organig
aqueous 5Oy andaqueous KOHelectrolytes respectivgl77,78]

MnO: is a transition metal oxide thaihibit significantfaradaicreactions occurring at the
electrodesurface Several reports have been on the synthesis of different morphologies of
MnOz; needles, rods and birnessite, amongst others, on the surface of graphene sheets. MnO
energy storage mechanisms include reversidiox processes, cation adsorptdesorption

andion intercalatiofi79]. MnO, /Graphene (Gr) nanocomposites combine the electric double
layer capacitance of graphene and the pseudocapacitance of tédn@btain improved

capacitance values compared to grapHsased electrodes.

The process dependent synthesis of M@ by decorating graphene oxide (GO) with MnO
followed by reduction with hydrazine hydrate was reported by Kim angdackers with a
specific capacitance value of 8F g! at a scan rate of 10\Wns! was obtainefb9]. Other
works have also been done, such as the dispersion of MyEdles on the surface of GO. Still,
a low value of capacitance was obtained (197*Fdye to limited electronically conductive
channelf9,80]

The electrochemical performance of Mn@epends on the synthesis condition, type of
morphology, crystallinity, and particle s[8&]. The physical and chemical properties of MnO

are affected by its method of synthesis. As a result, several methodologies such as microwave
synthesif82], Ultrasound syntheg®&3], and hydrothermal syntheg8] have been explored

to offer advantages in morphology variation, porosity, pore size distribution, higher resource

and energy efficiency.

Enhancing the electrochemical performance of Mf®& electrodes is achievable through a
novelcontinuous hydrothermal synthesis of M@ nanocomposite. This research introduces

this synthetic process to produce homogeneously dispersedmdan@particles on the surface

of graphene sheets in a single step, thereby enabling better electrical saiydafagraphene,
increased surface area, and decreased diffusion path, increasing the pseudocapacitive reaction

and offering muchmproved capacitance.
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2.1.2.Graphene TiO2 Nanocomposites

TiO2 is a naturally abundant TMO with advantages such as low toxicity, reasonable cycling
rate, fast ionic transport and high theoretical capacity (335hna&)[84]. These properties
make it a promising material for energy storage applications; @x@3ts inthreecommon
polymorphs (anatase, rutiland brookte) as shown inFig. 2.5, with anatase the most
extensively studied polymorph for energy stof8§¢ Anatase TiQ has a tetragonal crystal
structure with the space grolyg/amd A unit cell consists of four distorted T¥k@ctahedrons

and four distorted oxygen octahedral vacancies where lithium ions are inserted during
lithiation[85]. TiO2 has been explored in different applications such as photocajg}sasd
energy storad87].

Anatase

Rutile

Brookite

N

Fig. 2.5 Structures of Ti@polymorph$88]

Several approaches have been made towards improving the application. gorTeédergy
storage. These include doping with metal [88% tuning at the nanoscale to vary
morphologief0,91]and mixing with carbonaceous materials such as graphene and nanotubes
to form composites with superior electrochemical propg&#sFor example, carbeooated

TiO2 hollow spheres were prepared by Zhang andiokers and applied as an anode material
for sodiumion batteries. The battery showed excellent cycling stability and a reversible
capacity of 140mA h g? after 500 cycld®3]. Changsheng et al (2015) preparedi@C
based anode for sodivion batteries that delivered a @b cycling performance and a
reversible discharge capacity of 2@\ h g}[94]. Furthermorgon graphendiO; research,
reduced graphene oxide (rGD)O2 nanotubes were prepared by Peng Zheng et al (2016) for
lithium-ion batteries. The rGOiO2 nanocompsites showed a remarkable capacity of 263
hg'at 0.1A gt after 100 cyclg85].
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TiO2-graphene nanoparticles have been synthesised through different routes such as
hydrothermdgPB6], solvothermgB7], microwaveassisted techniq{i&l] and chemical
method§98].

2.2.MX enes and itdNanocomposites

MXenes are transition metal carbides, carbonitrides and nitrides obtained by selectively etching
out the A element from its MAX phase precu{48r99] MAX phase is a bulk material where

M stands for early transition metal (such as Ti, V, Cr, etc.), A is a group IlIA or group IVA
element (such as Alr Ga), and X is a carbon (C) or carbonitride (CN) or nitride (N). MXenes
have a general formula of MXnTx, where n = 1, 2 or 3,xF surface terminations such as O,

OH or F, and x is the number of surface terminat{éing 2.6)[48]. About 19 different MXene
compositions have been synthesised, and several have been predicted ta.03t Some
examples are FCoTx, Ti2CTyx, TisCNTx, NbyCsTx etd48]. MXenes exhibit a sandwidike
arrangement where n+1 layers of M cover n layers of X, i.e. jWX]TisC.Tx is the most
studied MXene with high electronic conductivity of about 9880 S amd excellent charge
storage properti¢s00]. MXenes with more than one M element exists in random and ordered
arrangements of M atom$vhen there is a random arrangement of two different transition
metals in the M layers, it is a solid solution. On the other hand, when the different M atoms are
orderly in the M layer, it is called an ordered plié8g MXenes are implored in numerous
applications such as electrochemical energy storage, transport conductors, water desalination,

antibacterial films, coatings and biosen§or$.

M,XT, X,y

[c] @ -
RFVE M  AEPE C'N H
¥'"Z" 'Nb Mo GaGe'As OF

W W In"'sn cl

Fig. 2.6 MXenesynthesis from their precursors (a) Different MAX phastescturegb)
Postetch MXenestructurewith surface terminations (€lements present in MAX and
MXene phasd401]
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MXene is hydrophilic and has a higher electronic conductivity, allowing its electrode to be
used as both the active material and current collector in supercagd8itoidXenes also
exhibit a pseude@apacitance through reversible redox reactions occurring at the Ti surface.
MXene nanosheets have a negative charge that alleWsrthation of stable, viscous aqueous
colloidal solution without the addition of surfactant and polyA®67,102] In addition,
MXene has a higher tap density of about 4 g*¢han graphene, which has a tap deneit
about 0.4 g¢m3. This property contributes to a higher areal or volumetric capacitance. MXene
films can have a high volumetric capacitance of 900 F [di3]. These show an increasing

interest in the application of MXenes in energy storage devices.

2.2.1.MXene-TiO 2 Nanocomposites

Reinforcement of materials with MXeneproves its mechanical and electronic properties.
Such materials include carbtwased nanomaterials such as C]NU4], mesoporous
carborf105] and grapherj@06]. Other reinforcements include polyméd®7] and transition
metal oxidegl08]. The formation of MXene hybrids with these materials help prevent
restacking of MXene sheets, aids flexibility, iropes conductivity, and increases

electrochemical performand®9].

MXene have gained increased attention in energy storage research. The characteristics of a
good energy stage device includes high storage capacity, excellent cyclability and rate
capability. All these device properties rely on the composition and properties of the electrode
material. Graphite is a common anode material usdithiom-ion batteries busuffers from

low specific capacityand impairedrate performanceThis challenge paved way for the

development of improved anode materials with MXxbased compositiofis10,111]

MXeneTiO> composites have been reported tive literature for different applications.
Jingxiang Low et al(2018)synthesised Ti@nanoparticlegrown on the surface dfighly
conductiveMXenes via a calcination method for the photocatalytic reduction of[CI2].
Therein, the MXendiO. composites showed up to 3.7 times higher photocatalytic CO
reduction for methane producti¢®.22 pmol ht than commercial Tig). For energy storage,
JianFeng and eworkers prepared MXeR€& O2 nanocompositethrough an irsitu hydrolysis
and heat treatment method. Thesgathesised composites showed a goodteehemical
performance of 43F gt at 5mV s?, with excellent cycling stability after 6000 cyd&s3].
Furthermore, MeneTiO2 composites can be surfaftenctionalised and employed as an
electrocatalyst in theydrogenevolution reaction (HER), as descrilpet4]. The asprepared
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electrocatalyst showed improved HER performance of 190 mV at 16mfAThis enhanced
performance was attributed to the functionalisation of the basal planes of MXenes with O active

sites.

The novel proprties of these 2D nanomaterials are attainable depending on the route of
synthesis implored to offer unique characteristics such as a high surface area to volume ratio,
distinct morphologies, and surface functionalities. The following sectiorbngifly overview

2D materials of interest for this research project.

2.3. Synthetic Strategiesof 2D Materials

The novel properties of these 2D materiags/e been the driving force in the continuous
research development of superior materials for use in a variety of applications. The physical
and chemical properties of a material are dependent on the synthetic strategy en2iloyed.
materials are synthesisedwifferent methods which are classified distinctively according to
the processes involved in creating nanometre sized structures. These aredinenagnd

bottomup synthesis.

2.3.1. Top-down Synthesis

Top-down synthesis involves the exfoliation of 3k materials into 2D materials by
mechanical vibration or chemical reactions. The former employs mechanical energy such as
ultrasonication and mechanical (scotch tape) exfoliation to separate layered solids into single

or fewlayer 2D materials.
Mechanicalexfoliation and Ultrasonication

The process of mechanical exfoliation involves generating a physical interaction between the
material and the source of mechanical force. This process is followed by the application of the
required force to remov€an der Waal forcebounded layerdrig. 2.7 (a & b) shows the

illustration of mechanical exfoliation and ultrasonic exfoliation, respectively.

The synthetic techniques of mechanical exfoliation and ultrasonication offer advantages but
have their limitatbons. For example, lowost mechanical exfoliation (such as vigorous
handshaking separates layered solids into only one or a-ltewer nanosheet which helps
preserve the crystal structure and properties of the material. The convenience of this method
can poduce largesize ultrathin nanosheef$15]. However, this method is limited to layered

Van der Waals solids like graphene and molybdenum disulphide. The ease of this method
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makes it convenient for small scgdeoduction in laboratory research but cannot be scaled up

for industrial productiofi15].

Another mechanical exfoliation technique is the Scoégie methodln 2004, Geim and
Novoselov exfoliated graphitghreedimensional bulkprecursoy into singlelayer graphene
using the scotctape methof@6]. This technique involves the use of mechanical force
repeatedlyo se@rate graphite (layer by layer) from scotiape, therebyhinningthe graphitic
layer until one singkdayer graphene is obtain€éig. 2.7a).

- .
rd
(a) (b) F A Wy
raphi TN »
graphite .@4\\00\ 2
h %0‘\\ . ~ Stabilized nanosheets in good solvent
__graphene
- Sonicatjop,
—

substTate

Agglomerated nanosheets in poor solvent

Fig. 2.7 (a) Micromechanical exfoliatiotechniquewia Scotch tapg@6,116]and(b) solvent
assisted exfoliatiqi15].

Ultrasonication is also applicable in exfoliating layered solids into single oilafgsved
nanosheets and offers a more effectseglable,and productive exfoliation. Howevethe
effectiveness of this process depends on the duration of sonication and the dispersed solvent.
Nanosheets stabilise in suitable solvents and agglomerate or from sediments in poor solvents,
a property dependent on the surface energies of the sohexfit 1i5. Examples of solvents

used in ultrasonication include @ised water, methanol, isopropanol, dimethyl sulfoxide
(DMSO), acetone, efd.15].

The use of ultrasonic energy has been demonstrated in the synthesis ¢f. SnO
nanoparticled 17]; SnG nanoparticles (80 nm) were synthesised at room temperature. An
increment in sonication time was also found to have caused a decrease in particle size, an
increase in surface area and a change in morphologydd3eaffecting particle size, surface

area and morphology, ultrasonication also aids in the delamination of 2D materials into single
2D sheets. This ultrasonic method was employed as a precipitation assisted technique in the
nanomaterial synthesis procgss/]. The production of singlayer 2D material via

ultrasonicationwas reported by Manish Chhowala andvearkers as describghl8,119]
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Therein, a lithium intercalation strategy was employed that involved the formation of adithium
intercalated compound, followed ly ultrasonication process to generate 2D nanosh&sts
described by Zhanegt al [120], in the isolation of ultrahin MoS nanosheets, lithium is
intercalated into the layered material via a galvanostatic discharge process ahadansity.

The electrolyte is then removed by washing the intercalated compounaswitable solvent.

After washing, the slurry is exfoliated by ultrasonication in water or ethanol and centrifuged to
separate unexfoliated materials and collect momolajtrathin 2D nanosheetétomic force
microscopy AFM) measurements showed a thickness of 1 nm-syathesised monolayer
MoS; nanosheets. Selected area electron diffraction pattern (SAED) of $ho%ed single

crystal hexagonal diffraction patterratralso confirmed monolayer MpSheetfL20].

Furthermore, chemical exfoliation and ultrasonication can be adopted to syntheds®rsing
few-layer thick MXenesKig. 2.7b) through acieassisted bulk MAX phase mater&dfoliation

into multi-layered MXene, which is further separated throulgtasonicatiofil15].
Ball milling

Another example of a tedown synthetic strategy is the baiilling method. This method
consists of tungsten carbide or silicon carbide balls astdialesssteelmill chamber where

the balls rotate insid& pulling force on the material is provided by a magnet placed outside
the mill chamber; this magnetic force increases as the chamber rdthtesmethod is
inexpensive and creates uniformly fined nano powdgtts sizes dependent on the speed of
rotation. An advantage of this techniques is its application on a range of materials like metal
oxides,cellulose, polymers, catalysts etc. However, nanomaterial may have crystal defects due
to the forces involved anday be contaminated by ball and milling additiMed . Threetypes

of ball mills exist tumbler, planetary and vibration@ig. 2.8).

1ss,

TUMBLER BALL MILL VIBRATORY MILL PLANETARY BALL MILL

a) b}

ROTATION DIREC‘I’ISN‘

s
\_-) GRINDING MEDIUM

= MATERIAL TO GRIND

Fig. 2.8 Representation of the different ball mill typEa1]
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The tumbler ball mill is a cylindrical vesdehdedwith a limited amount o$tainless steel balls
rotating along itdirection of length The larger the diameter of the tumbler ball mill vessel,
the more efficient the milling process. The vibrational lma$a cylindrical vessel wherein the
sample and the balls are placed and shaken at high frequencies (direction shigw?.8b).

In the planetary milla rotating disk is used to suspend and rotate each vessel around its axis
[121].

Structure, morphologycrystallinity, and thermal stability are properties of the matexftdn
impacted by the ball milling procesBhe ball milling method has been used in the synthesis
of cellulosenano derivatives, where a morphologyangewas obseved in microcrystalline
cellulos¢122]. Furthermorecrystallinity, thermal stabilityand morphologyf cellulosewere
reported byAmir and ceworkers wherecellulose showed decrease in crystallinitthermal

stability, and a change in morpholddg3].

As a topdown strategy,wet ball milling was usedvith N, N- dimethylformamide (DMF}o
exfoliate graphite to graphene sheedter centrifugation (post ball milling), theynthesised
graphene sheetsbtainedfrom the supernatantvere single and fesayered with a thickness
between0.8-1.8 nnj124]. Another example of the remarkable research on ball milling as a
synthetic strategy in 2D materials production was reported by Zhao @0&b) Therein,
MoS-C (30% C)nanocompositesere prepareds an anode material fiithium-ion batteries
andshowed a higldischarge capacity of 720 mAgt after 200 cycles at a current density of
100 mA In addition the anode material showed hi@bulombic efficiency andlsoachieved

a reversible capacitgf 428 mA hg? at a current density of 2000 mAdr. Compared to a
MoS,-C composit€20% C), theenhanced performance wascredited to theynergistic effect

of carbon coating andano crystallisatiomchieved in the ball milling procd425].
Chemical exfoliation

Chemical exfoliatiorof bulk phase materialccurs byeitherion exchange, ion intercalation or
application of heat. Generally, chemical exfoliation is adopted as an easier route for large scale
productionand when stronger intermolecular forces are present between the atoms in the
material, which makes mechanicafdiation ineffective. This can be seen in the bulk MAX
phase precursor, which possesses metallic bonds between the M element (Ti) and Al element

(Al or Ga), and a covalent bond between the M and X element.

Gogotsi ando-workersfirst reported the sucseful extraction of Al from BAIC2>MAX phase

to form TkC> MXene in 201199]. Therein, a solution dhydrofluoric acid was used as the
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etchant to selectively remove Al layeiGhemicals can selectively etch A layers without
disrupting the MX bond$126]. The removal of A layergnables easier separation of MX
layers due to weakened interactiofisreereactions occur during the etching process as shown

in eqgs. (13).

TisAIC2 + 3HF = AIR + 3/2 Hb + TisCo 1)
TizCz + 2H0 = TikC2(OH)2 + H2 (2)
TizCo + 2HF = TgCoF> + Ho (3)

Eq. 1 describes the addition of the etchant and removal of Al layer to prods@eMXenes.
Eq(s).2 and 3describes the subsesnt termination$OH and Fgroupsg formed on the surface
of 2D MXenesdue to the fluorine and hydroxytich aqueous environment ekfoliation

reacton[99].

A mechanical vibration such asvortex mixercan easily separate the-et€hed material into
single or few layers depending on the type of chemical etchant used. The quality of the as
synthesised nanosheets depends on etching conditions such as haticleamt used, the

concentration of etchant and duration of the etching prfa$426]

An example is the etching of MAX precursor with lithium fluoride in hydrochloric acid
(LiF/HCI) solution to obtain larger MXene flakes compared to smaller flakes obtained when
anhydrous HF is us@B]. The area of application for the layered 2D miateletermines the

type of etchant to be used. Electrochemical energy storage applications would prefer larger

flakes to enhance fast charge transport between the [@§&8]

On the other handraphends synthesised through the modified Hummers method involving
the initial oxidation of graphite to graphitic oxide, followed by chemical exfoliation into
graphene oxide shegl27]. These GO sheets are reduced by chemicals such as hydrazine
(N2H4) or potassium hydroxide (KOH) to produce reduced graphene oxide (rGO) or graphene

sheetsas desribed below.
Reduction of Graphite Oxide (GO)

In 1958, William S.Hummers Jr., and Richard E. Offeman published an article on the
preparation of graphitic oxide from graphit28]. This synthetic method is famously referred
to as the Humme r-chémicahenéthod id widely bsedsin teesynthesis of
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graphene because of its scalability, solvent compatibility and high yield, gnakeasily

processed for several applications.

Hummer s met hod involves the treatment of gr
(NaNGy), potassium permanganate (KMy)@nd sulfuric acid (eBQy). Firstly, a mixture of

sodium nitrate and sulfuriacid is made (generating nitric acid-situ for safe handling).

Graphite is added to the mix, where sulfuric acid molecules diffuse between graphitic layers

and expand the layers during the process. This is followed by introducing the oxidising agent
(KMnGQq) in small amounts (to control the temperature of the reaction). The oxidation step
introduces defects in the form of holes in the graphene structure, affecting the quality and
subsequently the properties of the matgri8]. Over the years, modifications to the
Hummer sd6 met hod have been made to replace so

of toxic nitric gag129].

After the synthesis of GO, the surface of GO is treated with a reducing agent to eliminate
oxygen functionalities created during the oxidation step. This reduction process can be used to
functionalise graphene (elgeteroatom doping of the graphene structure) if desired by using
reducing agents such as hydrafli3®]. Otherwise, reducing agents with carbon, hydrogen
and oxygen copositions (e.gascorbic acid) can be used to avoid undesired d¢p&ig

After the reductia step, the asynthesised graphene material is referred to as reduced
graphene oxide (rGOJig. 29a below shows the chemical structures of graphene, GO and
rGO, andFig. 29b shows the schematic illustration of the chemical reduction process of
graphiteto rGO.

Graphene oxide Reduced graphene oxide
(GO) (rGO)

a Graphene

Fig. 29 (a) Chemical structures of graphene, GO and (B5chematic showing rGO
synthesis route from graphit2]
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2.3.2. Bottomrup Synthesis

This involves synthesising nanoscale materials from constituent atoms or molecules that react,
nucleate, and grow into complex structures. This method offers an aglwaotamass
production and high yield over previously stated exfoliation methods. In addition, exfoliated
methods as described above are only suitable for layered bulk precursors. An example of the
bottomup synthesis includes the wet chemical strategy,rawiaveassisted strategy,
topochemical transformation and chemical vapour deposition ((A\IB) Each of these has

its respective synthesis routes for preparing certain 2D materials like graphene, MoS2,

nanocomposites, etc.
Wet chemical strategy

Due to the low cost and high yield of this method, it is tmable for the synthesis of varis
2D materials. This strategy includes hydro/solvothermal synthesis and template synthesis

techniques.The former will be discussed later in this chapter.
Template synthesis

Template synthesis involves adjusting the morphology of a templageolyng crystals of
specific sizes, followed by removing the template via temperature or pH adjugtrtiBpts
Quantum dots (0D), nanowires (1D), and #oay er e d 2D matikeOt al s
semiconductor nanosheets can be syntédsissing this method of botteap synthesis
(illustrated inFig. 2.10).

Fe*

low temperature Ultrathin Fe hydroxide
nanosheets on CuO template

template
ﬂ CuO-etching by H*
g heating
L]
@ (dehydrogenation)
Free-standing o—Fe,0; nanosheets
Fe hydroxide nanosheets

Fig. 2.10 Template synthesis schematicf g0O,nanosadseed shptynamesi s
appr[olalch]
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Microwaveassisted synthesis

This method is often used to promote chemical reactions. It involves treating the starting
materials under microwave irradiation. The reaction is performed in a microwave reactor at a
set operating power for a shqeriod of time (typically for a few minutes). The product is
collected, centrifuged, washed with water and ethanol, and dried to obtain ultrathin
nanomaterialsZhou and co-workersexplored a large scale synthesis of ultratBimNi(OH)2
through a microwavassisted liquid phase groi33]. The assynthesized Ni(OH)
nanosheets had a thickness of less thann®? and showed enhanced electrochemical
performance with a specific capacitance of 3HE g™ at a current density ofA g*. Hasanpoor

and ceworkers also reported the effects of changing reaction time, type of precursor and
irradiation power in the microwavassisted synthesis of ZnO nanoparticles. As these operation
parameters were varied, a change in morphology and particle siz©afafroparticles were
observefiL34].

Topochemical transformation

Exfoliation and chemical methods offer better processing lagter yields. However,
exfoliation is limited to layered compounds with Van der Waals interacfitresopochemical
strategy involves the structural modification of a host material by introducing guest species
into the host material structuf®35]. This is observed in the acaksisted exfoliation of MAX
phase precsgors to MXen€d8,48,102,136]In addition, the delamination process of multi
layered MXenes to single or felayered MXenes via the insertion of guest organic molecules
(e.g., Urea, DMSO) is a topochemical transformatisinategy employed in 2D material
researchDifferent guest molecules make different structural modifications to the delaminated
MXenes by changing thelattice parameter ¢&P) from 19.5 A to 25.5 A after insertion of
hydrazingl35].

Chemical Vapor Deposition(CVD)

As the name implies, this technique involves vaporising the magpeei@irsoand introdutg

it along with a carrier gas into a tube furngEey. 2.11). The material is deposited on the
substrate that is placed inside the tdbenace. CVD process produces highly pure 2D
nanomaterials with controllable thickness, morphology and crystallinity by tuning the reaction
process paramet¢id5]. These parameters include precursor type, reaction temperature,
substrate type and presqi&/].
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During the CVD process, thermal decomposition, chensigathesisand chemical transport

of precursor are the reactions occurring. As a result, a gaseous precursor provides control on
the number of molecules involved by tuning its flow rate and partial preskuscan be
observed in the CVD process of graphene, wéteand H are used as the gaseous precursors

to control the flow rate of precursors and concurrently cogtaphene's size, structure, and
morphology CVD can also be explored as a strategy in the functionalisafidthese 2D
materials. For exampléntroducinganother gaseous phasech as NHin the CVD process

will produce nitrogerdoped grapheri38].

Pressure sensor

? Heating zone

Exhaust
Film Deposition P——)

] (——

Gas precursor inlet

Fig. 2.11 Schematic of CVIprocesshowing theparts of the chambjdr39]

Despite the numerous advantages offered by the CVD process, it is hindered by the high

temperature and vacuum requirements and specific substrité]se
Chemical Vapor Depositionf Grapheng(CVD)

This method involvedie vapar phase deposition of a hydrocarbon source on a metal substrate
at a high temperature of (1000 °C) underinert atmosphef&37]. In 1966, CVD on metal
substrates was first reported in the gtowt graphite films on Ni substrdielO]. Later in 1992,

the CVD deposition of a single layer of ghéle on Pt substrate was repoftetl]. After the
isolation of graphene in 2004, CVD has been extensively researched for growingasiegle
graphenfl42,143] This method provides a scalable and controllableegfyato grow single

or fewlayered graphene. In a typical CMPapheneprocess(Fig. 2.12), the gaseous
hydrocarbon precursamethane) and carrier gas (hydrogemg injected into the faace
through the gas inlehannel(step 1)and migrateowards the substrafsteps 2-4), where they
react in the vapar phase or on the surface of thetal substrate (Ni, Cuvhere it is deposited

as a continuous film of graphen€VD-graphene is synthesised in two steps; pyrolytic
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decomposition of precursor to form disassociated carbon atoms and creation of carbon structure
from the disassociated carb(@teps5-7). These two steps require very high levels of heat, and

as a result, metal catalysts such a®CNi must be used to reduce the reaction temperature to
about 1000 °CDuring the process afeposition by-products(step 8)are also formed which

are removed from the furnace through the exhaust atlikeinel (step 9)

| Furnace |

//
< Gas Stream ] Gas Feedstock
‘—Elhau“ N\ r CHa#H, o
o b_\ N (_,}‘_\4/'/ -
e
2,
Exhaust o \ ¢ o // o
Outlet - o “o G ‘//
c
‘O
Growth Substrate

[ Furnace ]

Fig. 2.12 Schematic showing theVD of graphendilms on a metal subsiteusing methane

and hydrogen as hydrocarbon precursor and carrier gas respéttidely

Ni-assistefll45] and Cuassistefl46] CVD methods have been reported. However; Cu
assisted CVD generates single layer and ddfeet gaphene sheets with no substrate
boundariefl46]. Sajjad et al(2014) observed the grain growthgsbphene under loypressure

CVD at different hydrogen flow rates. Therein, it was observed that the nucleation and growth
of graphene at higher hydrogen flow reduced defects and impurities in the CVD grown
graphene filmg43]. Another reported work on CVD synthesised graphene is the tdirec
transfer of asynthesised graphene through CVD to different polymer substrates (polystyrene,

polyethene) by applyingeat and pressydet7].

Despite the high quality of graphene produced through CVD, it is challenged by the formation
of toxic by-products and substrate boundaries. The former raises an environmental concern,
while the latter makes it difficult to transfer deposited graploenetherequired substrate. In
addition to this, some metal catalysts such as Ni reaitt the carbon phase at high
temperatures, thereby generating unwanted defects in the material and impuriti®imthe

of carbidesThis metallic surface interactiowith carbormakes scaling ughe CVD method

not feasibldgo producegraphene for numerous applications.
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Other wet chemical methods

Graphite is naturally abundant. As a resaNtet chemical strategy could be potentially feasible
for the largescale synthesis of graphen&'et chemical strategynvolves the conversion of
graphite into an intermediate compouwnd chemical treatmenfollowed by the isolation of
graphengrecursorfrom the intermediate usingther chemical or/anghysical méhods such

as sonicationheating,or microwave irradiation.
Liquid phase exfoliation(LPE)

In theLPE procesg$Fig. 2.13), graphite is dispersed irsaitable solvent to exfoliate individual
layers.The immersion of graphite in the solvent contributes to the weakening of the Van der
Waals forces existing between tp@phene layerssraphene has a surface energy of 46.7 mN
m? that makes solvents such asrhethyl pyrrolidone (NMP), N, N éimethylformamide
(DMF) with surface energies of 40 mh?® and 37.1 mNm? respectively suitable for
exfoliation of graphite due to the reduction in interfacial tengietween the solvent and
graphene lay§t48]. In 20, Yenny and ceworkers successfully exfoliated graphiteNMP

for the first timg¢149]. The graphene sheeterefabricated to a thin sheet and showed a high
conductivity of 6500 S mh Despite the success of the LPE procéise yield of grahene
obtained is very low (%) at a concentration of 0.01 mgmHigher concentrations of 0.3 mg
mL?, 0.1 mg n't and 0.5 mg ! were achievable when graphite is dispersedrtho-
dichlorobenzene (®CB)[150], pentafluorobenzonitrij@51] and benzylamirf@52].
However, the flake size obtained was relatively small (<3. um)

.
Solvent molecule
(e.g. N-liethyl-2-pyrrolidone (NMP) )

Liquid —phase exfoliation

>

graphite

Fig. 2.13 Schematic of LPE process of graphiieproducegraphenelispersions through
weakening of Van der Waals interactions between graphene[lEy&rs

These orgnic solventssuch as NMPis toxic and raise environmental concerns. Water is a

green solvent because it is rmxic and can beised in thin films fabrication. Howevedue
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to the hydrophobic nature of grapheite,dispersibility in water iiot attaimble, exfoliation

of graphene in water isot feasibleThe ntroduction of ionic surfactants can temporarily aid
the suspension of graphene sheets in w&earch surfactants include-dbdecylbenzene
sulfonic acid (SDBY}151] and sodiun cholat¢l54], which have been reported &xfoliate

graphite in water successfully

Another example of liquighhase exfoliation is the pestching process of MXene$hrough

a solventassisted delamination technique, niditered MXenes are separated into fewer
layered MXene sheets. Such solvents include dimethyl sulfoxide (DMSO), N, N
dimethylformamide (DMF), Nmethyl pyrrolidinone (NMP) andsopropyl amingl55].
However, many of these solvents contain nitrogen and swteroatoms, producing N@nd

SO« compounds, respectively, when disposed of by incineration. In compliance with one of the
principles of green chemistry involving the design of safer chemicals, developing solvents with
high functionality and low environmental footprint is essential faregr energy storage
application§l56]. That is, chemicals should not only provide their functionality but should
also be notrtoxic.

Cyrene is a bidased polar aprotic solvent obtained frioimmass via two step&iQ. 2.14): (i)
heatassisted conversion of cellulose to levoglucosenone in the presence of an acid catalyst,

and (ii) catalytic reduction of levoglucosenone to dihydrolevoglucosenoyrerfg[156].

o) o)
H+ o H,/ Pd o
Cellulose —» —
210°C 200°C
x o o

Levoglucosenone Cyrene

Fig. 2.14 Schematic ofcyrenesynthesis from biomafs7]

The interaction between solvent and solute is significant as solvents serve to dissolve
chemicals. According to their dielectric constants, solvents are generally classified as polar or
nonpolar, and polar solvents are further classified polarprotic and pola@aprotic solvents.
Polarprotic solvents have dissociable hydrogen atoms, which distinguish them from its

counterpart.
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Todet ermine a solventdos alternative, it is i
(HSP). HSP wasleveloped by Charles M. Hansen as a way of predicting if a material will
dissolve in another to form a solution. The Hansen space is adinmeasional (x,y,z)
representation thatop)indiochptrast gt legiddo glperr Hiom
interactions of a solvefit56]. Neighbouring solvents in the Hansen space exhibit similar
solubility properties, such asyreneand NMP(Table 1), and as such are predicted to behave
similarly. Considering this and othexciting properties ofcyrene it would be beneficial to

explore cyreneas a substitute to NMP, DMF, and other toxic solvents used as intercalating

agents in the delamination of MXenes.

Table 1: Hansen space parametsm®wing similar solubility properties afyreneand

NMP[156]
Hansen space Cyrene DMSO NMP
parameters
Up 18.8 18.4 18.0
Up 10.6 16.4 12.3
UH 6.9 10.2 7.2

24. Hydrothermal Synthesis

Hydrothermal synthesis is a technique that has been exploited enormously over the years in
producing various nanomaterials such as metal oxides, zeoldtessmics, and
nanocomposit¢$58]. Compared to traditional synthetic methods, hydrothermathsgis
methods do not involve very higemperature operations, limiting chemical flexibility and
control of the shape and size of partifl&®]. Hydrothermalprocesse have produced 2D
materials such agyraphene,Molybdenum disulfide (Mog, MnO, and TiQ. These
hydrothermal methods of inorganic material synthesis include (i) batch and (ii) continuous

hydrothermal flow synthesis.
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24.1.Batch Hydrothermal Synthesis (BHS)
Several methods aresedto produceinorganic nanomateriglas highlighted irthe table

below.

Table 2: Comparison of synthetic methotbsproducenorganic nanomateria[260]

Solid-state Coprecipitation| Solgel Hydrotherma
reactions
Cost Low i Moderate Moderate High High
Composition Poor Good Excellent | Good Excellent
control
Morphology Poor Moderate Moderate Good
control
Purity (%) <99.5 >99.5 >99.99 >99.5
Heat treatment Yes Yes Yes No
Milling step Yes Yes Yes No

Batch hydrothermal synthesis (BHS) is not a new development as it has been in operation for
several yearsA typical batch hydrothermal reactor schem&ishown belowFig. 2.15). It
involves heating up precursors at elevated pressures in a gessed at the required reaction
temperaturg61]. This reaction time determines the extentnatleation and the sizes of
particles formed at the end of the process. In a batch hydrothermal reactor, the precursors build
up and reach a threshold level of supersaturativen nucleation occursDunne and co
workers P9] described thaduring the formation of the particles, there is a drop in the degree

of supersaturatigrand nucleation terminates when the rate of precursor input is less than the
nucleation rate. Growth of particlés observed in a batch hydrothermal process duéeo
continuous growth of nucleated particles in the reaeatbich attributes to the precursors' slow
heating rate The slowlyheated precursors are maintained above the critical nucleation
threshold enhancing continuous nucleation and simultaneous padideti159]. The
distribution of particle sizes producdtirough this processing rouis broad. In batch
hydrothermal synthesia longer reaction timeesuls in the growth ofalready formeaduclei.

This is termed focusing of particle sjmeghlighting the faster growth of smaller particles than

larger onesoupled withthe formation of larger particles at the expense of smaller ones as

30



suggested by Ostwald ripening and coalesdé@b& This results inthe narrowing of the

particle size distributiod however, the particle size increases

Magnetic stirrer

5

Thermocouple

Cooling water
\a ( i szsun gauge

—5 — O— Gas (uncollected)
—Cooling pipe
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0 <»
——Electric furnace o Xe) o000

Control box

Fig. 2.15: Schematic illustration of a typical hydrothermal bateficto[162]

2.4.2. Continuous Hydrothermal Synthesis (CHFS)

With a growing interest in green proses and nanotechnology, more sustainable synthetic
routes are required in the production of nanomaterials for vast applications. Most of the
reported literature on the synthesis of nanomatagdiased on batch or muftiep processes,

which are often tim&onsuming and involvihe use of toxic precursors.

In recent years, the use of a rapid, continyaasitrollable, and environmentally friendly
method of nanomaterial synthesis have been repadrtesl.method is green as it involves the

use of water (instead of organic solvents) and wadsed precursors.

CHFS has been explored by several researchers in the engineering of nanomaterials for
different applications. As mentioned, Kellici et al. (2D$ynthesised reduced graphene oxide
through CHFS by using aqueous KOH as an auxiliary precursor feed to replace hyta&zine

The CHFS functionalised 2D reduced graphene oxide showed high antibacterial activities.
Therein, CHFS showed a green, faster and economical synthetic means of graphene production
with controllability over oxygen functionalities and particle size by iimg the reaction's
temperature, pressure, and flow rates. Similarly, through CHFS, nitciopesd carbon
guantum dots with an average particle size of 3.3 £ 0.7 nm were synthesised by Kellici et al.
(2020) from aqueous citric acid and ammonia solutidhe Ndoped carbon dots showed high
selectivity and sensitivity for detecting highly toxic chromiuxfi)(iond164]. Evans et al.
synthesised vanadium dioxidarbon nanotube (V&CNT) nanocomposites via CHFS with

dispersions of ghon nanotubes in an aqueous metal salt sold&} The syntlesised VG-
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CNT nanocomposites showed high sensitivity to water vapour and ammonia gas. Another
example is the conversion of 2D graphene sheets into 0D graphene quantum dots through

continuous hydrothermal flow synthesis (CHFS) and a particle sizing agydaseribed 66].

Kellici and coworkers also demonstrated a single rapid method of synthesisiggafigene
nanocomposites with excellemtéacterial properties through combination with sulfonated
calixarenefl67] . In their work, surfacéunctionalised reduced graphene oxide (rGO) through
continuous hydrothermal flow method provides a support for Ag nanoparticles to prevent
aggregation and also enhances bacteria adsorption due to negatively charged rGO surface. The
Ag nanoparticles are stabilizég a class of macrocyclic compounds called calixal@6&$

The nanocomposites showed high activity agakstcoli (Gramnegative) and S. aureus
(Grampositive) bacteria and in selected cases the materials were reporetpésform

traditional antibiotics.

Ceriazirconia oxide/graphene nanocomposites were prepared via CHFS as a catalyst for the
synthesis of dimethyl carbonate (DMC) from methanol and carbon d[@gi8le In this work,
graphene served as a substrate for growing ceria and zirconia oxide on its surface. The process
modifies the surface of graphene and lowers its oxidatsujting in the production of highly
crystalline nanostructures. The synthesised @r@nia oxide/graphene nanocomposites
produced a 58 % methanol conversion to generate 838 yield of DM168]. This method
produced 82.46 conversiorof propylene carbonate (PC) and a DMC vyield of 78[268].

Tin dopedzirconia (Zri Srii O) and tin doped zirconia/graphene nanocompositeSiGO)

have also been synthesised by CHFS as catalysts for the synthesis @dMC

CHFS materials portfolio also includes the first development of directly prgraghene

based3D structured heterogenous catalysts utilised for an industrially relevant reaction, the
conversion of C®into cyclic carbonates. Therein, 3D printed structures of CHFS synthesized
graphenébased CeZrLa nanocatalyst showed improved activity with hig8é&»
conversioifil 70]. Il n addition, the nanocatalystds abi
materials and operating costs therelytabuting to the sustainability of the prodds®].

This printing strategy shows great potential and fuels more pursuit towardsepkealogy.

Batch hydrothermal synthesis (BHS) involves a slow reaction process as compared to
Continuous Hydrothermal Flow Synthesis (CHR&)ich produces materials through a faster
reaction time by passing watsoluble precursors through a stream of supercritical {18}

This supercritical state of water is achieved throughhpiingthe water supply under
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elevated pressurd&Vater is a green solvent whose properties are exploited at supercritical
conditions during the hydrothermal synthesis process of 2D materials.eg&stipercritical
conditions of 374° C and 22.4 MR=mlar wate behaves like a nepolar solvent due to changes

in its density and polarity at high temperat{&8]. Exploiting these properties of supercritical
water, such as its reduced dielectric constant and increased dissociatiantb®H (Eq. 4).
Hydrolysis, condensation and thermal decomposition of precursors are reactions occurring at
the supercritical water conditiodg'1l]. For example, in the generation of metal oxide
nanoparticles, the metal salt hydrolyses, dehydrates and precipitates under set reaction
conditions according t&q. 5 and Eq. 6 [159].

K, =[H"] [OH] = 1.0e'** mol’* dm*® (Eq. 4)

Hydrolysis: MLy +xH,0 —» M(OH), + xHL (Eq. 5)

Dehydration:  M(OH), — MO,, +(x/2) H,0 (Eq. 6)

These processes occur due to the specific palyand chemical properties of waterderthese
conditions. This behaviour of water and other precursors create an environment that facilitates
nucleation and growth of particle€HFS synthesis of nanoparticles occurs at supercritical
conditions(Fig. 2.16a) where the reaction rate increases due to a decrease in the dielectric
constan{Fig. 2.16b) of supercritical watg¢t72].

Fig. 2.16 (a) Phase diagram of watehowing the supercritical regi@nd(b) trend in the
selected properties of supercritical w§ié]
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