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Abstract  

Modification and Stabilization of MXene with Quaternary Ammonium-Containing 

Hyperbranched Polyethylene Ionomers for Electrochemical Energy Storage 

Bahareh Raisi, Ph.D. 

Concordia University, 2023 

Nowadays, 2D MXene materials have attracted significant attention due to their unique structural, 

physical, and chemical properties. As a rising star within the 2D material family, MXenes exhibit 

a unique combination of multi-functional groups and possess a high surface area. Numerous 

investigations in recent years have shed light on the creation of MXene-polymer composites 

tailored for applications in the realm of energy storage. The particular significance is rechargeable 

batteries and supercapacitors, as they bear substantial promise for making substantial strides in the 

pursuit of sustainable energy solutions. However, the production of thoroughly exfoliated 

/delaminated 2D MXene nano-sheets is still a major challenge, limiting their potential for practical 

applications. Thus far, MXene flakes display colloidal stability only in a few polar solvents. 

Conversely, they are unstable in nonpolar or low polarity solvents, while critically important to 

significantly expand the spectrum of applications for MXenes. Furthermore, MXenes tend to get 

oxidized in the presence of oxygen and water during storage, handling, processing, delamination, 

and applications under ambient conditions.  

In the present study, a self-assembly method to prepare ionomer-modified MXenes has been 

developed for the first time. Hyperbranched polyethylene ionomers containing quaternary 

ammonium ions are designed to prepare stable and highly concentrated modified Ti3C2Tx MXene 

dispersions in various nonpolar and low-polarity organic solvents. As a result, the interlayer 

spacing of Ti3C2Tx MXene is expanded to more than 5 nm (9.33 nm based on TEM results) with 

at least a 400% increase compared to the original spacing of 1 nm and can be delaminated to a 

few-layer or single-layer nano-flakes. The modification also markedly improves the oxidation 

stability of MXene sheets due to the presence of the tightly surface-bound hydrophobic 

hyperbranched polyethylene protecting layer.  
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Herein, an ionomer self-assembly strategy has been demonstrated to achieve high magnesium ion 

storage capability with pillar-structured Ti3C2Tx MXene. With the expansion of interlayer spacing 

of Ti3C2Tx MXene upon the ionomer intercalation and the affinity of the hyperbranched 

polyethylene-skeleton of the ionomers to THF-based electrolyte, the delaminated ionomer-

modified MXene shows significantly improved electrochemical performance as a cathode material 

for Mg batteries. Subsequently, a symmetrical two-electrode supercapacitor exhibits a high 

capacitance in an ionic liquid electrolyte.  

This thesis offers insights into the engineering of MXene electrode materials for applications in 

electrochemical energy storage. 

 

 

 

Keywords: MXene, ionomer, hyperbranched polyethylene, modification, dispersions, 
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Chapter 1. Introduction 

1.1 Problem Statement 

For more than one decade, two-dimensional (2D) layered nanomaterials have attracted enormous 

research interest due to their unique properties, including excellent thermal and electrical 

conductivity, charge carrier mobility, high mechanical flexibility, and desired optical and UV 

absorptions.1 2D materials are also considered as appropriate building blocks for a variety of 

nanostructures, membranes, and composites.2 Amongst, numerous research studies on 2D 

nanomaterials have been focused on graphene, hexagonal boron nitride, MoS2, phosphorene, and 

their derivatives.3, 4 In 2011, a novel family of 2D transition metals hybridized with carbides, 

nitrides, and carbonitrides (MXenes) was introduced to the nanomaterials world.5 MXenes are 

defined with the general formula Mn+1XnTx where M covers groups 3 to 6 transition metals (such 

as Sc, Ti, Zr, Hf, V, Nb, Ta, Cr, Mo, etc.), X is carbon and/or nitrogen, and T corresponds to the 

surface termination moiety (e.g., OH, O or F).6 MXenes are fabricated through a selective etching 

process by the elimination of ʺAʺ interlayer element (i.e., the element in groups 13 and 14 of the 

periodic table such as Al) from the MAX phase (ternary transition metal carbides and/or nitrides 

with a general formula Mn+1AXn (M = an early transition metal; X = C/N; and n = 1, 2, or 3).5, 7 

Thanks to their excellent electrical conductivity as well as high volumetric capacity, hydrophilicity 

and exceptional mechanical properties, MXenes have shown promising performance in a variety 

of applications such as water purification, catalysis, electromagnetic interference shielding,8 

optoelectronics, transparent conductive electrodes,8-10 and, in particular, energy storage devices 

(e.g., batteries and supercapacitors).11  

The spectrum of MXene compositions containing all four components (M, X, T, n) of the MXene 

formula has been extended since 2019, expanding MXenes to new areas of research (Figure 

1.1a).12 Multiple strategies have been applied to introduce different small molecular species into 

the nano-scale interlayer spaces of MXene. Various procedures involve delamination/exfoliation 

techniques,  ultra-sonication of MXene in organic solvents, utilization of liquid-phase surfactants, 

ionic liquids, and molten salts, as well as electrochemical treatment in different liquid media and 

shear techniques are used. These approaches have been employed to generate single-layer 

nanosheets, resulting in the emergence of novel properties and applications.13 Alternatively, the 
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incorporation of polymers into the MXene interlayers has been considered an innovative method 

for the additional improvement of their mechanical, physical, and electrochemical properties.14 

Since late 2018, the number of MXene publications has experienced an exponential increase 

(Figure 1.1b).12  Seventy percent of published articles continue to be devoted to Ti3C2Tx MXene 

(Figure 1.1c) due to the most effectively developed synthesis and processing protocol and the 

precursor's availability, among other factors. Titanium, carbon, and aluminum are readily available 

and cost-effective elements, offering the potential for practical products with no raw material 

restrictions. 12 

 

Figure 1.1  Examined applications and characteristics of MXenes thus far, (a) a representation of 

the distribution of publications across diverse MXene applications, relative to the overall volume 

of publications concerning MXenes; (b) the annual number of MXene publications; (c) a 

comparison of the total number of publications on various MXene. 12  

Nonetheless, MXenes, despite their prominent combination of properties, face several limitations 

that affect their practical use. These restrictions consist of weakness to environmental factors, such 

as humidity and oxidative exposure, resulting in diminished stability.15 MXene oxidation in 

aqueous colloidal suspensions when stored in water at ambient conditions still remains a 
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challenge.16, 17 Additionally, MXenes often exhibit a propensity to aggregate in solutions, imposing 

impediments to their effective application. Furthermore, the processing of pure MXenes is often 

intricate due to their extensive surface area and proneness to aggregation. On the other hand, the 

dispersibility of MXene in solvents is only limited to a few cases, which were dedicated to the 

dispersion of MXene in aqueous solutions and a few polar organic solvents such as N,N 

dimethylformamide (DMF), N-methyl-2-pyrrolidone (NMP), dimethyl sulfoxide (DMSO) and 

propylene carbonate (PC).18 Subsequently, MXene has presented its remarkable potential for 

producing highly conductive films and bulk materials; nevertheless, it still remains a significant 

challenge to fabricate extremely conductive, low-density, affordable nanocomposites with 

outstanding capacity performance in energy storage devices at minimal contents of MXenes.3, 19 

Hence, the development of new and stable energy storage nanocomposites possessing outstanding 

structural, physical, and chemical properties, high electronic and ionic conductivities, and suitable 

charge storage capacity is of great interest. 

1.2 Research Objectives 

In an effort to expand the scope of MXene applications and address the above-mentioned issues, 

surface modification of MXene via covalent and noncovalent approaches can be employed to 

affect their surface properties and endow them with the high dispersity in organic solvents 

(particularly nonpolar and low-polarity solvents) and hydrophobic polymer matrixes. Without 

suitable surface modification, the dispersion of MXene, with hydrophilic properties, in nonpolar 

solvents or hydrophobic polymers, such as polyolefins, will not be afforded. The crucial factor of 

intercalating polymer within MXenes nanosheets is the use of cationic-charged or hydrogen bond-

containing polymers to induce strong interactions with negatively charged MXene surfaces 

possessing electronegative functional groups (e.g., -OH, -O, -F).  Besides, solubility should be 

considered as another key factor along with the favourable interactions between polymer and 

MXene to achieve well-admixed MXene/polymer composites. To achieve the mentioned 

objectives, this study discloses a new ionomer modification methodology to construct fully 

delaminated MXene by intercalating quaternary-ammonium-containing hyperbranched 

polyethylene ionomers within the nanosheets. This new ionomer-modified MXene overcomes its 

inherent limitations and expands its applications in composites and energy storage. The specific 

research tasks and outcomes are listed as follows:  
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 Introducing polar functional groups into nonpolar polyethylene can improve their essential 

characteristics, such as toughness, adhesion, barrier, and surface properties.20 As a result, 

polyolefins can find their way to entirely new areas of applications in which their intrinsic 

properties are combined with the new ones imposed by the incorporation of polar 

functionalized monomers. Direct copolymerization of olefins with polar vinyl monomers 

has been successfully performed by late transition metal (LTM) catalysts. On the other 

hand, ionomers are nanostructured materials similar to nanocomposites,21 consisting of 

ionic aggregates dispersed within nonpolar polymer matrix property.22 It is worth 

mentioning that a relatively small concentration of ionic functional groups (typically less 

than 10 mol%) covalently bonded to the polymer backbone induces substantial changes in 

the polymer's mechanical, physical, optical, and dielectric properties. The Pd─diimine 

catalyst,  [ArN = C(Me) − (Me)C = NAr]Pd(CH3)(N ≡ C(Me)]+SbF6
−(Ar = 2‚6 −

(iPr)2C6H3) , the acrylate-type ionic liquid comonomer, [2-

(acryloxy)ethyl]trimethylammonium tetrafluoroborate (AETMA+BF4
−) and quaternary 

ammonium-containing hyperbranched polyethylene ionomers with different ionic contents 

were synthesized by following the procedure reported in our group. 

 The multi-layered MXene was synthesized from the MAX (Ti3AlC2) powder by using the 

minimally intensive layer delamination (MILD) method. A new strategy for intercalating 

macromolecules between MXene nanosheets has been developed. The positively charged 

quaternary ammonium ions tethered onto the nonpolar hyperbranched polyethylene 

skeleton bound with the negatively charged surfaces of MXene through the ionic 

interactions, rendering the modified functionalized MXene nanosheets and yielding the 

highly stable, hydrophobic and ordered stacking structure. The resulting modified MXenes 

were readily stably dispersible in a broad range of nonpolar or low-polarity organic 

solvents, including tetrahydrofuran (THF), chloroform, xylene, and toluene, at high 

concentrations (as high as 30 mg mL-1 in THF).   

 The hydrophobic polyethylene umbrella protected MXene from non-desired oxidation and 

prolonged its shelf life. The ionomer-modified MXenes are stable in air-saturated water 

even for weeks with no/minimum oxidation. 

 One of the most critical characteristics of 2D materials, in particular, MXene, is that the 

interlayer spacing can be directly affected through the intercalation of guest species during 
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the fabrication procedure; the 3D structure of ionomers with hyperbranched skeleton 

increased d-space layers dramatically.  The interlayer spacing of Ti3C2Tx MXene expanded 

to more than 5 nm with at least a 400% increase compared with the original spacing of        

1 nm and delaminated to a few or single nano-flakes. 

 Irreversible aggregation and restacking challenges with superior electrical properties are 

addressed by hydrophobe polymer in replacement of the incorporation of conductive 

hydrophilic polymers reported before. On the other hand, the use of MXenes in organic 

electrolytes and non-polar solvents was revealed to improve their performance in Mg 

batteries and supercapacitors. In Mg battery: Stable reversible capacities are achieved at 

each current, with the values of 213, 200, 195, 194, 186, 169, 140 and 110 mAh g−1 at 20, 

40, 50, 80, 100, 200, 500 and 1000 mA g−1, respectively. Moreover, a remarkable reversible 

higher capacity of ~ 250 mA h g-1 is maintained when the current density is switched back 

to 20 mA g-1. It showed promising cycling stability with a capacity retention of 86% after 

400 cycles and 71% after 1000 cycles at 200 mA g−1. A symmetrical two-electrode 

supercapacitor made from modified Mxene suspension in THF exhibits a capacitance of 

220 F g-1 at a scan rate of 2 mV s-1. 

 It is worth mentioning that ionomers have not been utilized for the intercalation, 

functionalization, and surface modification of MXene until now. To the best of our 

knowledge, it is the first work on polymer surfactants to modify and stabilize MXene. This 

work expands the opportunities for processing techniques to produce new nanocomposites 

and endows MXene nano-material with applications in electrochemical energy storage and 

nanocomposites. 

1.3 Thesis Outline 

The thesis is comprised of the following chapters. 

Chapter 1 is a concise introduction to this thesis's problem statement and research objectives. 

Chapter 2 is a comprehensive literature review. It includes principles and applications of MXene, 

their properties, synthesis and fabrication processes, intercalation/and delamination of MXene, 

MXene-polymer nanocomposites and their application in energy storages, especially in 
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magnesium battery and supercapacitors,  and major challenges. A brief introduction to Ionomers 

is included.  

Chapter 3 reports the methodology to construct a multi-/few-layer of MXene by the intercalation 

of hyperbranched polyethylene ionomers containing quaternary ammonium ions. Quaternary 

ammonium-containing hyperbranched polyethylene ionomers enhance the MXene dispersion 

stability in various organic solvents as well as protect MXene from oxidation. Reinforcement 

properties of the ionomer-modified MXenes as nanofillers in ethylene-olefin copolymer matric are 

presented. 

Chapter 4 demonstrates the use of ionomer-modified MXenes as the cathode materials for 

magnesium-ion batteries (MgIBs) and their distinct electrochemical performance properties for 

the storage of magnesium ions.  

Chapter 5 reports the application of ionomer-modified MXenes as electrode materials for 

supercapacitors and their electrochemical performance properties.  

Chapter 6 lists the main contributions and significance of this thesis research and some 

recommendations for further research. 
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Chapter 2 Literature Review 

2.1 Introduction 

This chapter is dedicated to a thorough review of MXene synthesis methodologies, modification, 

intercalation and delamination procedures, and the practical applications of polymer/MXene 

nanocomposites, with a specific focus on their critically significant role in energy storage systems. 

Drawing upon a meticulous analysis of state-of-the-art research, the review elucidates the strengths 

and limitations inherent in various MXene synthesis approaches. Additionally, it offers a nuanced 

exploration of the intricate intercalation and delamination techniques employed in the creation of 

polymer/MXene nanocomposites. The investigation delves into these nanocomposites' immense 

potential to significantly enhance the performance of electrochemical energy storage systems. 

Furthermore, the prominent challenges that characterize the field, including dispersion, stability, 

and the compatibility of MXenes with polymers, will be addressed.  

2.2 Synthesis of MXene 

The synthesis of MXenes typically involves three steps. First, layered MXene precursors are 

synthesized, which determines the crystal structure. Second, the “A” atomic layers are etched away, 

exfoliating weakly bonded MXene multilayers.14 During the etching process, the relatively weaker 

M-A bonds are separated, resulting in the undercoordinated M metallic surfaces quickly re-

saturated through reactions with Tx species in the etchant. Finally, the exfoliated MXene 

multilayers are delaminated to render single to few-layer MXene sheets. 23, 24, 25, 26, 27  Over the past 

decade, there has been a significant increase in the complexity of both the chemical composition 

and structural arrangements of synthesized MXenes. This expansion has led to the discovery of 

MXenes containing two or more transition metals.25 Additionally, there has been considerable 

progress in achieving variety, uniformity, and control over the composition of surface termination 

groups (Tx) on MXenes. These surface groups play a crucial role in determining the behaviour and 

properties of MXenes. Previously limited to groups such as -O, -OH, and -F, the range of surface 

termination options now includes other halogens such as -Cl, -Br, -I, imido (-NH) groups, and 

termination-free surfaces.26-29  The steady development of MXenes' bulk and surface chemistry is 

shown in Figure 2.1. 
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Figure 2.1 The steady development of MXenes' bulk and surface chemistry.18 

2.2.1 MXene Precursors 

Most MXenes are synthesized using top-down methods, developing their structure from bulk 

carbide and nitride precursors. Precursor chemistry, particularly the strength of M–X and M–A 

bonds, impacts exfoliation into MXenes.27,30 Precursor composition (M, A, X elements) and bond 

chemistry affect MXene structure and properties. Nitrides have higher exfoliation energy than 

carbides due to weaker M–N bonds. Smaller M and A atoms with higher valence have stronger 

M–A bonds. Non-MAX phases can be compositionally tuned to produce challenging MXenes.31 

Synthesizing precursor phases usually involves pressureless reactive sintering under an inert 

atmosphere. This results in porous sintered billets that can be processed into etchable powders. 

Elemental powder mixtures (e.g., Ti, Al, C) or carbide/nitride mixtures (e.g., Ti, TiC, Al) are 

commonly used for MAX phase synthesis. Metal hydrides, like titanium hydride, and molten salts 

are also employed. Different powder mixtures follow diverse formation pathways. Reactive 

sintering of elemental mixtures initially forms intermetallic M-A compounds, followed by the 
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nucleation of binary carbide layers to create non-layered M-A-X phases.27 MAX phase formation 

from carbide or nitride precursors relies on carbon- or nitrogen-vacancy-assisted diffusion.32 

The choice of precursor powders and formation pathways influence MAX structure, including 

atomic-scale defects and variations in grain sizes and shapes.31 For Ti3AlC2-derived Ti3C2Tx 

MXene, different synthesis temperatures and carbon sources result in varying flake sizes and 

electrical conductivities. The carbon source affects the nucleation of Ti-Al intermetallics and 

elemental Ti layer growth, impacting grain sizes and electrical conductivity.33 Sintering 

temperature also affects Ti3C2Tx MXene properties, with lower temperatures leading to higher 

electrical conductivities (8000-15000 S/cm).27,34   

2.2.2 MXene Synthesis Mechanism 

MXene synthesis involves the etching and exfoliating of MAX phase precursors to obtain 

multilayer MXenes. The initial report used HF as an etchant to remove Al layers from Ti3AlC2, 

and subsequent protocols have been developed by using various etching methods, such as HF-

based, electrochemical, alkaline, molten salt, and halogen etching.32 The exfoliation process can 

further delaminate weakly bound multilayer MXenes into few- to single-layer 2D sheets. 

Understanding the details of MXene etching and delamination is crucial in determining the 

selectivity of different methods in producing specific MXenes and controlling their properties and 

surface chemistry. This section aims to highlight the trends in existing etching, exfoliation and 

intercalation-delamination methods.27,35, 36  

 

a. Etching Methods 

Etching methods involve selectively removing the A atomic layer from a precursor material. The 

etching process involves oxidizing the A atom, converting it to an oxidized species like Al3+, as 

presented in equations (1) and (2).27 The ability to remove the A element depends on the Gibbs 

free energy of the etching reaction, which is influenced by factors like the strength of the M-A 

bond and the formation of by-products. Exfoliation also relies on the oxidation of the A element 

and its conversion to soluble by-products that can be removed from the precursor. The etching 

solution should also eliminate the protective oxide layer on the MAX-phase.27,30-32 Protons (H+) 

act as the oxidizing agent, while F- functions as the ligand solubilizing the by-product (Al3+) in the 
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case of etching Al-based MAX phases using HF-containing solutions. Other oxidizer-ligand pairs 

can be used for etching, such as OH- in alkali-based routes or electrochemically coupled with OH- 

and/or Cl-. Similar principles apply to non-Al-based MAX phases, where additional oxidizers and 

ligands may be required.27,37  

 

Ti3AlC2(s) + 3H+ (aq) → Ti3C2(s) + Al (aq) + 3/2H2 (g)                                                                 (1) 

Al3
+(aq) + 3F−(aq) → AlF3 (aq) and Al3

+(aq) + 6F−(aq) → AlF6
3−(aq)                                         (2)  

 

Different etching routes, such as halogen-based or molten salt routes, have gained popularity for 

producing MXenes with different surface termination functionalities beyond those achieved by 

HF-based etching. These routes offer the opportunity to explore MXene structures with unique 

properties that can be scalable and environmentally friendly. The surface chemistry of MXenes 

plays a crucial role in their properties, and different etching conditions can produce different 

surface terminations. Tuning the surface terminations can be achieved through covalent 

modification using reactions with chemically reactive groups like -OH, -F, -Cl, and –Br.33, 35  

Molecular dynamics simulations of Ti3AlC2 etching with HF have revealed that the initial 

adsorption of H and F weakens the Ti-Al bond, leading to the removal of Al as soluble AlF3 and 

creating interlayer spaces for further HF and H2O intercalation.38 Experimental studies using cross-

sections of Ti3AlC2 have shown that etching propagates stepwise, starting from the surface layers 

and progressing toward the center. Defects, particle size, and MXene layer thickness also influence 

the etching process.39 Optimizing etching conditions for different MXene chemistries, considering 

factors like synthesis method, particle size, and protective oxide scale thickness, is crucial for 

improving our understanding of etching mechanisms and enhancing MXene quality, flake size, 

and properties. Additionally, studying etching kinetics can provide further insights into the etching 

mechanism for different MXenes. In general, hydrofluoric acid (HF)-based synthesis methods, 

mild condition, fluorine-free MXene synthesis, MXene etching in organic solvents, and MXene 

synthesis with uniform surface terminations are the main approaches here, which are presented in 

Figure 2.3.37, 40 
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Figure 2.2 Synthesis pathways for MXene from Mn+1AlXn MAX phase. 38  

 

b. Hydrothermal and Solvothermal Synthesis 

Employing high-temperature and high-pressure reactions, hydrothermal and solvothermal 

synthesis processes offer promising avenues for MXene synthesis. In these MAX phases, 

precursors are integrated with a suitable aqueous solution (in the case of hydrothermal) or non-

aqueous solvents (for solvothermal processes).41, 42 The resultant mixture is then introduced into 

an autoclave, where it is subjected to elevated temperatures and increased pressure to initiate a 

chemical reaction. These high-temperature, high-pressure conditions can prove to be more 

efficient in the selective removal of the 'A' layer from the MAX phases and the subsequent 

formation of MXenes. The choice of solvent is a pivotal aspect of these methods and requires 

consideration based on the desired MXene product and the specific MAX phase precursor.41, 43 

The precision in controlling factors such as temperature, pressure, reaction time, and precursor 

compositions is essential to prevent the introduction of defects or the inadvertent destruction of 

the MXene structures.  
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c. Electrochemical Synthesis 

In this process, a MAX phase, typically serving as the anode, is immersed in an electrochemical 

cell containing a suitable electrolyte solution. This setup plays a pivotal role in facilitating the 

controlled etching process that leads to the formation of MXene materials. 44-46  

 

d. Mechanical Exfoliation 

Mechanical exfoliation stands as a prominent physical approach in the synthesis of MXene 

materials, where the aim is to effectively separate individual layers of MAX phases to yield the 

desired MXenes. This technique involves several methods, including manual exfoliation, 

sonication, and mechanical grinding.47 While it may be a straightforward process, especially for 

initial laboratory-scale experiments, it's not well-suited for large-scale production due to its low 

efficiency and aggregation of MXene flakes.48 The process's limitation becomes apparent when 

there's a need for substantial quantities of high-quality MXene materials, typically required for 

various applications.49  

2.2.3 Surface Functionalization 

Surface functionalization stands as a crucial strategy for the MXene adjustments surface 

properties, thereby strengthening their stability and rendering them versatile for applications in 

energy storage, energy conversion, sensors, and more. This multifaceted process introduces 

remarkable versatility in tailoring MXenes by enhancing reactivity, promoting compatibility with 

various media, and refining their performance attributes. 

 

a. Polymerization and Small Molecule Addition 

MXenes possess a unique advantage in terms of surface functionalization due to the presence of 

specific functional groups such as -OH and -F. These groups allow for the grafting of polymers in 

a range of modes, facilitating various applications.50 Firstly, MXene-polymer composites are 

formed through ex-situ methods. These composites are known for their precise control over 

structure and tunable compositions. For instance, creating core-shell Ti3C2 MXene/polystyrene 

nanocomposites through hydrogen bonding leads to well-defined structures.19 Additionally, Ti3C2 

MXene can create a composite with poly(vinyl alcohol) through hydrogen bonding, showcasing 

hydrogel-based interactions. In-situ polymerization represents another avenue for covalent 



13 

 

interactions between MXenes and specific polymers, such as pyrrole, facilitating a strong interplay 

between the materials. However, in the following, more discussion regarding the modification of 

the MXene surface with diverse polymers will be investigated. Moreover, the introduction of small 

molecules such as CTAB, DTAB, hexamethylene glycol mono dodecyl ether, diazonium salt, 

bismuth ferrite, and sodium aluminum hydride further enhances MXene stability.51, 52  

 

b. Silylation and Covalent Bond Formation  

Silylation reactions involving the use of amino silane coupling agents, like aminoethyl and 

aminopropyl trimethoxysilane, have gained prominence as effective surface functionalization 

strategies.53-55 These reactions have the potential to transform the MXene surface into a functional 

platform, offering tailored functionalities for diverse applications.  

 

c. Heteroatom and Metal Doping 

It is essential to acknowledge that the pristine MXene surface may possess defects, which, albeit 

unintended, offer reactivity. By capitalizing on these surface defects, heteroatom and metal doping 

offer a significant pathway to enhance MXene's physical and chemical properties.56 For example, 

nitrogen doping has been successfully introduced to MXene, resulting in enhanced electrochemical 

performance.57 Particularly, nitrogen doping of carbide MXenes has garnered extensive attention 

for its role in shifting these materials from a semiconducting to a metallic state. Mo2CTx carbide 

MXenes, when subjected to substantial nitrogen doping, can be entirely transformed into 2D 

nitrides through ammoniation at 600 °C, representing an unconventional pathway to synthesize 

nitride-based MXenes.58 One approach to nitrogen doping, as proposed by Yang et al., involves 

solvothermal treatment. This method utilizes a urea-saturated alcohol solution or 

monoethanolamine as a nitrogen source, facilitating the delamination of Ti3C2 (d-Ti3C2).
59  

 

An alternative nitrogen doping method involves heat treatment in an ammonia atmosphere, leading 

to the complete conversion of carbide MXenes into nitrides. Many works highlight this 

transformation for Mo2C and V2C carbide MXene precursors. Upon ammoniation at 600 °C, Mo2N 

retains its layered MXene structure, while V2N exhibits a layered structure comprising trigonal 

V2N and cubic V2N. This outcome underscores the selectivity of MXenes precursors in this 

unconventional synthesis.57-59 In summary, the vast array of surface functionalization strategies 
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empowers researchers to fine-tune the characteristics of MXenes for a myriad of applications, from 

sensors to energy storage systems, forging the way for enhanced performance and innovative 

applications.60, 61 

2.3 Post-Synthesis Treatment 

In the context of MXene research, post-synthesis treatments emerge as a crucial and multifaceted 

domain. This new section embarks on an exploration of the profound necessity underpinning post-

synthesis treatments in MXenes. These treatments play a crucial role in the process of refining the 

material's properties, from its crystalline structure and electrical conductance to structural 

homogeneity. Additionally, they play an integral role in eliminating residual impurities or no useful 

agents, upholding the material's purity and functional competence. Notably, a pivotal focus of post-

synthesis treatments is the tailored modification of MXenes' surface chemistry, rendering them 

highly adaptable for specific applications. This section delves into the intricate landscape of post-

synthesis interventions, elucidating how they optimize MXenes, ultimately enhancing their 

versatility and efficacy across diverse domains. Herein, the most employed approaches are 

original/external termination changing and materials compounding.  

2.3.1 Original Termination Changing  

Modification of MXenes through termination regulation offers extensive opportunities for post-

processing enhancement. Surface terminations, including -F, -O, and -OH, introduced during 

synthesis, play a pivotal role in shaping MXenes' properties.50 The addition of external functional 

groups further broadens the versatility of MXenes, conferring unique hydrophobicity, positive 

surface potential, and heightened environmental sensitivity.62 In the absence of an external 

functional group introduction, post-processing modifications aim to manipulate the composition 

of the intrinsic surface functional groups (primarily -F, -O, and -OH) acquired during synthesis. 

One prominent method for achieving this alteration is through heat treatment, a widely employed 

approach that can steer surface termination in various directions.63, 64 It is noteworthy that the de-

functionalization of high-electronegativity -F groups during heat treatment influences the band 

structure of MXenes, subsequently enhancing their electrical conductivity.65 
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Notably, a heat treatment in a reductive atmosphere and the inclusion of alkaline additives can 

influence the proportion of oxygen-containing terminations (-O and -OH) on MXenes' surfaces. 

Heat-treated Ti3C2Tx, which primarily featured -F and -O terminations, undergoes transformation 

into termination-free MXenes through reactions with hydrogen at elevated temperatures. This 

terminal-free form is expected to exhibit higher metallicity but requires passivation by other 

terminations.64 In contrast, the addition of alkaline additives during heat treatment can enhance the 

-O termination content, leading to the transformation of Ti3C2(OH)x into oxygen-functionalized 

Ti3C2Ox. Although this work doesn't focus on the influence of terminal groups on MXenes' 

properties, other theoretical studies suggest that -F termination substitution enhances conductivity 

and the presence of numerous -OH terminations intensifies nanosheet hydrophilicity.66 Throughout 

the heat treatment process, variations in surface functional group distribution on MXenes are 

primarily determined by temperature and atmosphere. Increasing treatment temperature results in 

the reduction of surface terminations in the order of -OH, -F, and -O, improving electrical 

conductivity and environmental stability. Therefore, this treatment is often used to enhance the 

conductivity of MXenes-based transparent conductive films. Nonetheless, the existence of a phase 

transition point in MXenes determines the upper limit of heat treatment. 

 

Apart from heat treatment, several other post-processing methods aim to change MXenes' surface 

terminations. For example, plasma treatment in different atmospheres achieves reversible 

resistivity switching in Ti3C2Tx films.67 These methods provide options to precisely control the -O 

containing terminations of MXenes, allowing for reversible adjustments in their conductivity. 

2.3.2 Materials Compounding 

Compounding MXenes with other materials is a common post-processing method that 

significantly alters their properties. By incorporating materials like polyvinyl alcohol (PVA), 

natural rubber (NR), cellulose nanofibers (CNFs), poly(3,4-

ethylenedioxythiophene)/poly(styrenesulfonate) (PEDOT/PSS), and polyaniline (PANI), the 

mechanical properties of MXene films are enhanced.68 This mechanical improvement often comes 

at the expense of MXenes' conductivity. Moreover, MXenes' stability and hydrophilicity can be 

addressed through compounding. To protect against oxygen-induced degradation, a carbon 

nanoplating approach is used. Additionally, the hydrophilic nature of MXenes, due to the -OH 
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termination introduced during synthesis, can be controlled by incorporating a cationic activator 

(e.g., cetyltrimethylammonium bromide (CTAB). The pH-sensitive interaction between CTAB and 

Ti3C2 allows for reversible transitions between hydrophilic and hydrophobic states.69 When 

various materials are compounded with MXenes, the hybrid system leverages the strengths of each 

component but may experience property dilution due to the combination of different materials. 

Finding a balanced compromise between component properties is key. 

2.4 Intercalation/Delamination of MXene  

The delamination of MXenes into individual 2D sheets is a prerequisite for various applications. 

However, it is a challenging process due to the attractive forces that exist between MXene layers, 

Figure 2.3a.27, 47, 70, 71 To address this challenge, delamination strategies have been explored. 

The thicker Ti3C2Tx MXene exhibits higher adhesion energy values compared to monolayer or 

thinner MXenes (Ti2CTx and Nb2CTx) due to its more decisive dipole moment and higher polarity, 

Figure 2.3b. These attributes pose obstacles to mechanical exfoliation, especially for 

manufacturing few-layer flakes. Instead, the typical approach involves intercalating various 

molecules and ions, followed by agitation or sonication, Figure 2.3c.72 Intercalants expand the 

interlayer space and weaken interface interactions, facilitating successful delamination. 

Intercalation agents encompass solvents, organic molecules, and ions, each selected based on the 

specific MXene's surface chemistry. For -O, -OH, and -F terminated MXenes, polar solvents such 

as water, dimethylsulfoxide (DMSO), dimethylformamide (DMF), and N-methyl-2-pyrrolidone 

(NMP) are suitable choices. Various delamination agents have been employed successfully, 

including tetraalkylammonium hydroxide bases (e.g., TMAOH and TBAOH) and Li+ ions, Figure 

2.3d and e. However, delamination selectivity can be influenced by the MXene's etching method 

and surface terminations (see Figure 2.3f).27, 72  

Intercalation and delamination processes lead to a significant increase in the c lattice parameter of 

multilayer MXenes. Water intercalation, particularly with Li+ ions, also plays a crucial role in 

aqueous delamination. Interactions between intercalants and MXene surfaces persist even after 

delamination and washing, contributing to colloidal stability. These considerations introduce 

complexity to the development of new delamination approaches as they fine-tune intercalant-

surface interactions, which are influenced by surface terminations and the MXene etching 
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procedure. Osmotic swelling may offer the potential for delaminating MXenes beyond Ti3C2Tx 

using inorganic intercalants. Furthermore, there is a need for more dedicated research into 

delaminating Ti3C2Tx, as current protocols involve challenging chemicals and/or extended 

sonication with limited yield.27,73, 74 Addressing these challenges will expand the possibilities for 

MXene applications. 

 

 

Figure 2.3 Intercalation–Delamination mechanisms.27  

 

On the other hand, polymers also can be utilized for MXene intercalation/delamination. 

Intercalation involves the insertion of polymer chains into the interlayer spaces of MXenes. This 

process significantly enhances the structural integrity and mechanical properties of MXenes while 

also providing opportunities for functionalization.75 Polymers like polyethylene glycol (PEG), 

polyvinyl alcohol (PVA), and polyaniline (PANI) have been effectively intercalated into MXene 
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layers. The insertion of polymer molecules between MXene sheets not only enhances the 

interaction between them but also prevents restacking, resulting in exfoliated and well-dispersed 

MXene-polymer composites.76 

Moreover, polymers play a crucial role by promoting the separation of MXene layers. The polymer 

chains act as surfactants, reducing the interlayer adhesion forces, thus making it easier to split the 

MXene layers into a stable colloidal solution. Techniques such as sonication, agitation, and 

mechanical stirring in the presence of polymers facilitate the successful delamination of MXenes. 

The integration of polymers with MXenes, a topic that is explored in the subsequent discussion, 

confers substantial benefits across diverse applications, encompassing energy storage systems, 

sensor technologies, and composite materials. The introduction of polymers into the MXene matrix 

results in augmented electrical conductivity, bolstered mechanical characteristics, and 

customizable surface chemistry. These enhancements culminate in improved performance and 

multifaceted utility, positioning MXene-polymer composites as a fertile terrain for advanced 

research and innovation. 

2.4.1 Polymers/MXene Nanocomposites Applications 

As previously delineated, MXene-polymer composites merge the advantageous characteristics of 

MXenes and polymers. This results in the augmented interlayer separation of MXene sheets, 

elevated mechanical robustness, and enhanced structural integrity. Consequently, MXene-polymer 

composites have the potential to manifest exceptional efficacy across diverse applications, with 

notable relevance in the domains of energy storage devices, EMI shielding, sensory functionalities, 

and photo-thermal conversion. In the ensuing section, we shall provide an overview of  MXene-

polymer composites applications.71, 77  

The electrochemical performance of MXene-based electrode materials encounters a hindrance 

attributed to the undesired restacking of MXene sheets during the fabrication of freestanding 

films.78 A noteworthy approach to surmount this restacking impediment involves the surface 

modification of MXene nanosheets with conducting polymers, enabling the construction of 

freestanding electrodes characterized by a highly accessible structure and specific surface area.79  

The utilization of conducting polymers in the development of MXene-polymer nanocomposite 

materials for electrochemical energy storage applications offers several notable advantages. These 
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encompass cost-effectiveness, structural flexibility, non-toxicity, and the presence of 

pseudocapacitive properties. It is worth emphasizing that the emergence of conjugated polymers 

as electrochemically active materials with MXenes represents an intriguing concept. Conjugated 

polymers bestow a unique set of properties, including charge transport, variable band gap, water 

solubility, and the ability to be processed into diverse configurations.80 Moreover, 2D MXene 

materials are characterized by high electrical conductivity coupled with reactive surface chemistry 

and hydrophilicity. These features render them an excellent foundation for synthesizing 

MXene/polymer hybrids. Such hybrids can be meticulously controlled in terms of their 

morphology, thickness, electrical conductivity, and mechanical properties.78, 79  

In 2014, Ling et al. synthesized the first conductive and flexible freestanding Ti3C2Tx/polyvinyl 

alcohol (PVA) composite. 81 The PVA matrix showed strong interactions with the negatively 

charged surface of the Ti3C2Tx nanosheets through hydrogen bonding. Besides, the fabricated 

materials were flexible and exhibited electrical conductivity as high as 2.2 × 104 and 2.4×105 S/m 

for Ti3C2Tx/PVA composite and pure MXene film, respectively. On the other hand, in 2015, Boota 

et al. fabricated a freestanding but brittle film of the self-assembled layered structure of MXene 

through the intercalation of polypyrrole (PPy) between the Ti3C2Tx layers and utilized the obtained 

material as the electrode in supercapacitor.82 The conductive property of PPy facilitates its 

intercalation between the Ti3C2Tx layers, expanding the interlayer spaces for rapid and facile 

charge transport. Furthermore, to enhance the thermal and mechanical properties of polyethylene, 

in 2016, Zhang et al.83 synthesized Ti3C2/UHMWPE (i.e., ultrahigh molecular weight 

polyethylene) nanocomposite showed enhanced hardness, yield strength and creep resistance 

compared with pure UHMWPE. The anti-friction performance of the composite also decreased 

significantly. Also, Naguib et al.84 prepared Ti3C2Tx/polyacrylamide (PAM) nanocomposites to 

obtain a highly conductive thin film by casting a well-admixed solution of Ti3C2Tx/PAM on a 

Teflon tray, followed by air-drying at room temperature over several days. Wu et al.85 improved 

thermal, mechanical, and solvent-resistance properties of Ti3C2Tx-based nanocomposites through 

the incorporation of HF-etched DMSO-intercalated Ti3C2Tx fillers into the hydrophilic 

polyethyleneimine (PEI) and successively, hydrophobic polydimethylsiloxane (PDMS) matrixes 

to prepare a highly active hybrid layer. In 2017, Cao et al. 86 delaminated MXene and prepared 

(Polyvinylidene fluoride) PVDF/MXene composites by solution blending method to boost the 
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thermal conductivity of PVDF. Hence, the thermal conductivity of PVDF noticeably increased by 

loading five wt% of MXene. Furthermore, Han et al.87fabricated a composite membrane with 

excellent hydrophilicity, high flux, and efficient selectivity in the separation of dyes from salts 

through a simple filtration method on a polyethersulfone (PES) membrane utilizing etched and 

ultrasonicated Ti3AlC2. 

 

In this regard, Boota et al.80 conducted an investigation focused on the interactions between polar 

and nonpolar polyfluorane derivatives (PFDs)  in conjunction with Ti3C2Tx MXene. This study 

revealed that the strength of the interaction between MXene and polymers was notably influenced 

by the end functionalities present in the polymer structures. Consequently, the controlled synthesis 

of polymers with specific end functionalities holds promise for the production of MXene-polymer 

nanocomposites characterized by enhanced physicochemical and electrochemical attributes so that 

this nanocomposite displayed a 1.5 times higher capacitance density than the intrinsic MXene. 

Furthermore, the amalgamation of MXenes with polymers contributes to the enlargement of 

interfacial areas between the electrode and the electrolyte. This extension leads to improved 

electrochemical performance by reducing the ion diffusion length.88 In 2018, Chen et al. utilized 

the cationic polyionic liquid (PIL) as the interfacial linker between the surfaces of MXene and 

polyoxometalate (POM)89 to tackle the irreversible self-restacking of MXene and its low charge 

storage capacity limitations. Accordingly, the MXene-PIL-POM nanohybrid with the uniform 

distribution of POM nanoparticles on the MXene surfaces was obtained, which showed a better 

performance in the electrochemical process in comparison with the virgin MXene electrode. Yan 

et al.90 synthesized a new conductive and flexible textile electrode via the deposition of polypyrrole 

(PPy) on the surfaces of MXene. 

Typically, the synthesis of MXene-polymer nanocomposites involves two main methods: in-situ 

polymerization and ex-situ solution mixing. Several conducting polymers, including poly(3,4-

ethylene dioxythiophene) (PEDOT), polyaniline (PANI), and polypyrrole (PPy), have been 

seamlessly integrated with MXene through in-situ polymerization.80, 88 In this context, in-situ 

polymerizations are achieved through techniques such as electrochemical deposition, mild 

physical agitation, or photopolymerization. For instance, Qin et al.91 devised various MXene-

polymer nanocomposites using PPy and EDOT monomers in conjunction with Ti3C2 MXenes via 
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electrochemical deposition. The electrochemical polymerization process involves the formation of 

cationic radicals from the monomers, which subsequently interact to create polymer chains. 

Concurrently, the negatively charged MXene migrates toward the working electrode, blending 

with the polymer chains to yield complex MXene-polymer composite films. These 

electrodeposited PEDOT with Mo1.33C and PPy with Mo1.33C present nanosphere-shaped 

architectures and form 3D porous structures, resulting in enhanced conductivity and superior 

electrochemical properties. 

In addition to electrochemical polymerization, in-situ polymerization can be accomplished through 

mild physical agitation.92 A case in point is the preparation of MXene/PANI nanocomposites by 

mixing an aniline/HCl solution into a MXene dispersion in water and subsequent precipitation, 

culminating in the fabrication of a freestanding MXene/PANI hybrid film.93 Recently, Carey et 

al.94 incorporated Ti3C2Tx MXene into the nylon-6 structure and obtained a melt-processable 

nanocomposite with a water permeation factor five times lower than that of the best-performing 

nylon/clay composite. In this study, the multilayered MXene was intercalated through in situ ring-

opening polymerization of caprolactam monomers embedded between MXene nanosheets. As a 

result, the obtained film showed excellent barrier properties. 

Conversely, ex-situ preparation methods involve the creation of MXene-polymer nanocomposites 

through solution mixing and filtration.95 Two separate solutions of MXene and polymer are 

typically prepared and then mixed and stirred, followed by a filtration process to obtain a 

freestanding flexible MXene-polymer film. In this venue, in 2018, Feng et al.96 prepared the 

gradient sandwich-like structure of MXene–Polyvinylidene Fluoride (PVDF) nanocomposite. 

Such a sandwich-like nanocomposite showed excellent integrated electrical properties 

accompanied by the homogeneous mono-layered distribution of MXene nanosheets. On the other 

hand, the ultrathin Ti3C2Tx/PEDOT: PSS [poly(3,4-ethylene dioxythiophene)/poly(styrene 

sulfonate)] nanocomposite flexible film through a drop-casting process leading to an improvement 

in specific surface area and enhanced electrochemical conductivity for the electromagnetic 

interference (EMI) shielding application97.98 Integrating 2D materials into 3D structures further 

enhances the ionic and electron transport in electrode materials, thereby enhancing electrochemical 

performance. For another example, Gund et al.99 investigated the high-frequency performance of 

MXene and polymer nanocomposite electrodes (Ti3C2/PEDOT: PSS) for flexible AC-filtering 
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electrochemical capacitors. They achieved remarkable high-frequency and high volumetric 

capacitance with exceptional working ability and a service life range. Xu et al. prepared light 

MXene-polyvinyl alcohol (PVA) nanocomposite foams with exceptional mechanical properties for 

the electromagnetic wave shielding application.100 

Lastly, however, an innovative study reported a unique instance of an MXene-containing polymer 

electrolyte (MCPE) designed for all-solid-state lithium metal batteries (LMBs) by Pan et al. in 

2019.101 This MCPE, consisting of Ti3C2Tx MXene flakes uniformly dispersed in a poly(ethylene 

oxide) / lithium bis(trifluoromethanesulfonyl)imide (PEO20-LiTFSI) complex, Figure 2.4, was 

prepared via a straightforward aqueous blending method.101 The outcome was a versatile MXene-

polymer membrane exhibiting increased ionic conductivity and improved lithium metal battery 

performance, primarily due to the interplay between the MXene flakes and the PEO. The MXene 

flakes affected PEO crystallization by promoting nucleation and restraining crystal growth, leading 

to an overall positive effect on the electrochemical attributes. 

 

Figure 2.4 (a) The process of fabricating the PEO20-LiTFSI nanocomposite; (b) a transmission 

electron microscopy (TEM) image of the few-layer MXene, with a scale bar of 100 nm; (c–f) 

images displaying the nanocomposite membranes with various MXene concentrations.101   

To summarize, the synergistic combination of conjugated and hydrophilic polymers, particularly 

PPy, PANI, PFDs, and PEDOT, as electrochemically active materials with 2D MXenes, presents a 

promising avenue for enhancing the physicochemical and electrochemical properties required for 
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energy storage applications. These composites harness the strengths of both materials, resulting in 

improved interlayer separation of MXene sheets, enhanced mechanical strength, and structural 

integrity. This enhancement extends their utility across various applications. The electrochemical 

performance of MXene-based electrode materials is often hindered by the undesired restacking of 

MXene sheets during the fabrication of freestanding films. Surface modification of MXene 

nanosheets with conducting polymers, achieved through in-situ polymerization, addresses this 

issue by creating highly accessible structures with specific surface areas. The use of conducting 

polymers in MXene-polymer nanocomposites offers several advantages, including cost-

effectiveness, structural flexibility, non-toxicity, and the presence of pseudocapacitive properties. 

The controlled synthesis of polymers with specific end functionalities holds promise for creating 

MXene-polymer nanocomposites with enhanced physicochemical and electrochemical attributes. 

Furthermore, these composites contribute to the enlargement of interfacial areas between the 

electrode and the electrolyte, leading to improved electrochemical performance by reducing ion 

diffusion length. 

In the quest for sustainable energy solutions, these advances in MXene-polymer composites 

represent a significant step forward, underscoring their role in shaping the future of energy storage 

technologies. 

2.5 Challenges in MXene Synthesis 

MXenes, a class of 2D materials with great potential in a wide range of applications, are not 

without their challenges.  

a) Long-term stability is a paramount concern during the synthesis and development of 

applications. MXenes are prone to oxidation when produced in aqueous media, a vulnerability that 

poses a significant threat to their long-term stability. This issue is particularly pronounced in the 

case of HF-etched MXenes, which exhibit reduced stability under ambient conditions. Several 

factors can exacerbate the kinetics of MXene oxidation, including elevated temperature, exposure 

to dissolved oxygen, and the presence of aqueous media, rendering long-term stability a critical 

concern.102 Although some strategies like edge capping with polyanionic salts, such as 

polyphosphate, were applied to enhance the stability of MXenes,103 further investigations are 

needed to thoroughly assess the impact of introducing ionic salts on the conductivity of MXenes. 
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More effective improvements are needed to stabilize MXenes. Additionally, defects in Ti3C2 

MXene sheets have been identified as a factor that can instigate oxidation.103 Further insights from 

molecular dynamics simulations based on reactive force fields reveal that MXene oxidation rates 

are influenced by storage conditions, temperature, and the concentration of oxidants.38 These 

simulations show a positive correlation between temperature and MXene oxidation, as higher 

temperatures increase the rate of oxidation. Under high-temperature conditions, carbon and 

titanium dioxide (TiO2) are formed at the edges, transforming Ti3C2 monolayer MXene flakes into 

TiO2/carbon hybrid materials. The size of MXene flakes exhibits a negative correlation with the 

rate of oxidation, where smaller flakes display higher oxidation kinetics.70, 104 

b) Poor dispersion and agglomeration: One of the primary challenges in polymer/MXene 

nanocomposites is achieving uniform dispersion of MXene within the polymer matrix. MXenes 

have a tendency to agglomerate due to their high surface energy. Agglomeration not only hinders 

the efficient transfer of stress and charge but also deteriorates the mechanical and electrical 

properties of the nanocomposites. Methods to improve the dispersion of MXenes, such as using 

functionalized MXenes or employing appropriate mixing techniques, should be explored to 

address this challenge. 

 

c) Interface compatibility and bonding: Another challenge is obtaining strong interfacial 

interactions between MXenes and polymer matrices. The interface between MXenes and polymers 

plays a crucial role in determining the overall properties of the nanocomposites. However, due to 

the nature of MXenes and polymers, achieving strong interfacial bonding is not always 

straightforward. Surface functionalization of MXenes and selecting proper polymers with 

compatible functional groups can enhance interfacial interactions and improve the 

nanocomposites' overall mechanical, electrical, and thermal properties for developed applications. 

The challenges associated with MXenes also extend to their synthesis protocols, which can impact 

their stability, increasing d-spacing, delamination and functionality. Surface terminations, such as 

–F terminations, can lead to the release of hydrofluoric acid (HF) during electrochemical reactions, 

potentially causing harm.70 To address this concern, the development of fluoride-free/low-fluoride 

synthesis routes is required.  
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While the challenges in MXene synthesis are significant, ongoing research efforts aim to overcome 

these obstacles and unlock the full potential of MXenes in all applications, especially in energy 

storage devices.  

2.5.1 Intercalation Pseudocapacitance in Electrochemical Energy Storage 

An immediate worldwide demand arises for electrochemical energy storage materials capable of 

simultaneously delivering both high power and high energy density. Electrochemical energy 

storage (EES) can store electricity, which can subsequently be utilized in mobile transportation or 

to balance out peak power on the electrical system. Regenerative fuel cells, rechargeable batteries 

such as lithium-ion batteries [LIBs], non-lithium-ion batteries[NLIBs] like sodium-ion batteries 

and magnesium-ion batteries, metal-air batteries, lithium-sulfur batteries, as well as 

supercapacitors are among the numerous varieties of EES technologies. Multiple mechanisms 

contribute to the occurrence of EES at solid-state electrodes: (i) via the formation of an electrical 

double-layer (EDL), (ii) through surface redox reactions, (iii) via insertion of ions as in 

electrochemical intercalation, and (iv) with alloying, decomposition, or conversion reactions.105 

The last three processes are Faradaic in nature, as they represent charge transfer reactions across 

the electrochemical interface. Surface redox reactions and certain ion insertion reactions have been 

identified as pseudocapacitive. 105 Exploring pseudocapacitive electrode materials is driven by 

technological considerations such as surpassing the energy densities of electrical double-layer 

capacitors (EDLCs) while overcoming the kinetic limitations plaguing LIBs. Based on different 

Faradaic mechanisms, there are mainly three types of pseudocapacitance: (i) underpotential 

deposition, (ii) Faradaic redox pseudocapacitance, and (iii) intercalation pseudocapacitance. The 

last one takes place through a rapid Faradaic charge transfer and the intercalation of ions into the 

layers of a redox-active material while the crystallographic phase remains unchanged. As a result, 

its structure remains extremely stable during electrochemical reactions.106 Ions can occupy vacant 

positions or spaces within the bulk of materials through intercalation. Intercalation 

pseudocapacitance has gained significant importance in recent years. Intercalation 

pseudocapacitors have the potential to integrate the advantages of batteries, such as high energy 

density, with those of supercapacitors, such as high power density. Reducing cation diffusion 

barriers can improve the rate performance of cation-intercalation pseudocapacitive electrode 

materials.  
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A limited number of materials exhibit intercalation pseudocapacitance behaviour; therefore, it is 

crucial to do further research to provide alternative electrode materials to provide exceptional 

intercalation pseudocapacitance performance. 

The distinctive structural characteristics of MXenes that are essential for electrochemical energy 

storage (EES) comprise (i) an abundance of interlayer ion diffusion pathways, (ii) interlayer ion 

storage sites, and (iii) carbide/nitride conductivity.  As a result, MXenes are potential materials for 

inherently pseudocapacitive energy storage.105 Cyclic voltammetry, galvanostatic 

charge/discharge tests, or electrochemical impedance spectroscopy (EIS) are applied to examine 

the electrochemical features of pseudocapacitive materials.  

Limited research has been dedicated to evaluating the intercalation pseudocapacitance induced by 

ion intercalation in NLIB batteries and supercapacitors. Developing new synthesis strategies, 

tuning MXene surface terminations,  interactions between solvated or partially solvated cations 

and the MXene host, and the prediction of promising cation and solvent combinations for 

maximizing the pseudocapacitive would enhance the charge storage. 

2.6 Ionomers 

The introduction of polar functional groups into nonpolar polymers (e.g., polyolefins) can improve 

their essential characteristics, such as toughness, adhesion, barrier, and surface properties.20, 107 As 

a result, polyolefins can find their way to entirely new areas of applications in which their intrinsic 

properties are combined with the new ones imposed by the incorporation of polar functionalized 

monomers. 20 Ionomers are nanostructured materials, similar to nanocomposites,108 consisting of a 

crystalline phase and an amorphous phase22 and nanoscale ionic aggregates dispersed within the 

nonpolar polymer matrix. The critical feature of ionomers is a relatively modest concentration of 

ionic functional groups (typically less than 10 mol%) covalently bonded to the polymer backbone, 

providing substantial changes in the physical, mechanical, optical and dielectric properties of the 

polymer. They are used in ion transport membranes, fuel cells, thermoplastic elastomers, 

adhesives, etc. Through direct ethylene copolymerization with unprotected tetralkylammonium-

containing acrylate-type ionic liquid comonomers, different hyperbranched polyethylene ionomers 

containing tetralkylammonium ions coupled with different counteranions [tetrafluoroborate 

(BF4
−), hexafluorophosphate (PF6

−), bis(trifluoromethane)-sulfonimide (Tf2N
−), or 
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hexafluoroantimonate (SbF6
−), with a Pd−diimine catalyst, were synthesized by our group.109 The 

hyperbranched topology comes from chain walking mechanism of the catalyst. By changing the 

feed concentration of the ionic liquid comonomers, the content of the ionic groups in the ionomers 

can be tuned in the copolymerization. It is demonstrated that structural, thermal, and rheological 

properties of the ionomers are developed through the incorporation of the ionic groups into 

polymer chains. 

On the other hand, direct copolymerization of olefins with polar vinyl monomers has been 

successfully performed by late transition metal (LTM) catalysts. The α-diimine NiII and PdII 

complexes have created a vast revolution in the field of LTM catalysis for olefin 

(co)polymerization.110-112 LTM catalysts can produce polyolefins with various types of branches 

through chain walking and tolerate the specific situations caused by the polar functional groups. 

PdII catalysts bearing α-diimine ligands are preferred due to their potential of enduring extensive 

chain walking, leading to the precise hyperbranched topology of ionomer. Moreover, Pd–diimine 

catalysts are able to copolymerize ethylene with polar-functionalized comonomers, rendering the 

hyperbranched product with the majority of polar groups located at the end of branches. 

Furthermore, the low oxophilicity and insensitivity of the catalyst toward the tetraalkylammonium 

ions guarantee the efficient incorporation of ionic liquid comonomers without severe catalyst 

poisoning. 
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Chapter 3 Stable Dispersions in Nonpolar/Low-Polarity Organic Solvents, 

Oxidation Protection and Potential Application in Polymer-Nanocomposites 

This chapter is adapted from a paper published in Journal of Materials Chemistry A: Bahareh 

Raisi, Lingqi Huang, and Zhibin Ye, Modification of Ti3C2Tx MXene with Hyperbranched 

Polyethylene Ionomers: Stable Dispersions in Nonpolar/Low-Polarity Organic Solvents, 

Oxidation Protection and Potential Application in Supercapacitors, J. Mater. Chem. A, 2023, 11, 

17167. 

 

Abstract 

MXenes have attracted enormous research interest due to their 2D structure and advantageous 

properties. However, they show low/poor dispersibility in a wide variety of organic solvents, 

particularly nonpolar or low-polarity solvents, and tend to get oxidized in the presence of oxygen 

and water during storage, handling, delamination, and applications under ambient conditions. In 

the present study, we report a simple yet convenient noncovalent modification strategy with the 

use of hyperbranched polyethylene ionomers containing quaternary ammonium ions to prepare 

stable, highly concentrated Ti3C2Tx MXene dispersions in various nonpolar and low-polarity 

organic solvents. Constructed with nonpolar hydrophobic hyperbranched polyethylene backbones, 

the ionomers contain covalently tethered quaternary ammonium cations, which can bind tightly 

onto negatively charged Ti3C2Tx MXene surface by ionic interactions. Simple mixing renders the 

ionomer-modified MXenes (I-MXenes), with the hyperbranched polyethylene ionomers 

efficiently intercalated within the MXene sheets. Accordingly, the interlayer spacing of Ti3C2Tx 

MXene expanded to more than 5 nm with at least a 400% increase compared with the original 

spacing of 1 nm and delaminated to a few or single nano-flakes. The surface modification 

effectively adjusts the surface property of MXene sheets and facilitates their compatibility with 

various nonpolar or low-polarity organic media. The resulting modified MXenes are readily stably 

dispersible in a broad range of nonpolar or low-polarity organic solvents, including tetrahydrofuran 

(THF), chloroform, xylene, and toluene, at high concentrations (as high as 30 mg mL-1 in THF) 

after simple sonication. Meanwhile, the modification also markedly improves the oxidation 

stability of MXene sheets due to the presence of the tightly surface-bound hydrophobic 

hyperbranched polyethylene protecting layer. In contrast to the easy oxidation of unmodified 
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MXenes, the ionomer-modified MXenes are stable in air-saturated water even for weeks with 

no/minimum oxidation. 

3.1 Introduction  

As a class of two-dimensional (2D) materials first discovered by Gogotsi et al. in 2011,113 MXenes 

are a range of transitional metal carbide/nitride nanosheets with the general formula Mn+1XnTx 

where M stands for transition metal (such as Ti, Sc, Zr, Hf, V, Nb, Ta, Cr, Mo, etc.), X is carbon 

and/or nitrogen, and T corresponds to the surface termination moiety (e.g., OH, O or F, etc.).114 

MXenes are fabricated through a selective etching process by the elimination of ʺAʺ interlayer 

element (i.e., the element in groups 13 and 14 of the periodic table such as Al) from the MAX 

phase (ternary transition metal carbides and/or nitrides with a general formula Mn+1AXn (M = an 

early transition metal; X = C/N; and n = 1, 2, or 3), in the form of stacks of sheets (or multi-layer 

sheets) and scrolls.7,6 Though more than 30 MXene compositions have been explored, more than 

70% of all MXene research has been focused on the first discovered MXene, Ti3C2Tx.
5 Featured 

with the unique combination of properties, including high electrical conductivity, mechanical 

properties, hydrophilic functionalized surfaces, and high negative zeta-potential, MXenes have 

found a large number of applications in such fields as electrochemical energy storages,8,3 

composites,115 membranes,116 catalysis,117 electromagnetic,118 and biomedical areas.119  

To best benefit from their 2D nanosheet structures, intercalation and delamination of MXenes are 

often required to render few-layer or even single-layer MXene sheets with maximally exposed 

surface areas. In this regard, a variety of intercalation compounds,4 has been employed for their 

liquid-phase exfoliation often performed under sonication, including hydrazine, urea, dimethyl 

sulphoxide (DMSO), N, N-dimethylformamide (DMF),120,2 organic bases such as 

tetrabutylammonium hydroxide (TBAOH),115,121 aqueous phase surfactant,122 and aryl diazonium 

salts,123 as the small molecule intercalants. Alternatively, the inclusion of functional polymers into 

MXene layers has also been employed to further develop MXene-based functional hybrid 

materials with distinct chemical, physical, mechanical, and electrochemical properties.80 In this 

venue, different polymers, mainly those with polar functional groups in their structures, reactive 

surface chemistry, and hydrophilic nature, have been applied, including polyfluorene derivatives,80 
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poly(vinyl alcohol),81 polypyrrole,82 polyacrylamide,84 as well as other polymers.86, 87, 89, 90, 97, 100, 

124  

MXene dispersions are often employed for handling, synthesis of materials, and fabrication of 

devices in applications. To date, dispersions of exfoliated/delaminated MXenes have been limited 

to primarily aqueous phases, as well as a few polar organic solvents, such as N, N-

dimethylformamide, N-methyl-2-pyrrolidone, dimethyl sulfoxide, propylene carbonate, N, N-

dimethylacetamide, acetonitrile and ethanol.121,125 In these polar solvents, MXene flakes display 

colloidal stability. Conversely, they are unstable in nonpolar or low-polar solvents. MXene 

dispersions in nonpolar or low-polarity solvents have been very rarely reported,126 while critically 

important to significantly expand the spectrum of applications for MXenes. For example, it will 

facilitate the preparation of tailor-made MXene nanocomposites with a variety of nonpolar 

hydrophobic polymer matrices.  

On the other hand, MXenes are prone to oxidation, particularly in aqueous suspensions,127,16 

limiting their performance and ability to be stored for any meaningful amount of time. They lose 

their intrinsic physicochemical properties within two weeks of storage in water with the formation 

of TiO2–C hybrid structures.17, 128, 129 Storage of MXenes in a nonpolar or low-polarity organic 

solvent can be the most promising solution as it prevents contact with water, and the low 

concentration of dissolved oxygen in the media also dramatically delays the surface oxidation of 

MXene.130  

However, achieving stable MXene dispersions in nonpolar/low-polarity solvents is challenging, 

particularly for high-concentration dispersions with long-term stability, which requires proper 

modification of the surface of exfoliated/delaminated MXene sheets.126,130 The modifying agents 

or intercalants are expected to bind strongly onto the surface of MXene sheets and meanwhile offer 

a good affinity with the solvent media. To date, there have been only two reports demonstrating 

the preparation of MXene dispersions in nonpolar solvents by modifying the MXene surface with 

di(hydrogenated tallow)benzyl methyl ammonium chloride and alkylphosphonic acid 

ligands.126,130 Therein, though the dispersions were stable in nonpolar solvents for 10─30 days, 

longer-term stabilities of the dispersions were not demonstrated, and the antioxidation stability of 

the modified MXenes was not reported. Meanwhile, the highest concentration of the dispersed 

MXenes was limited to around 18 mg mL-1 in p-xylene.  
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In this work, we demonstrate the intercalation of MXene nanosheets with a range of hyperbranched 

polyethylene ionomers designed with covalently tethered quaternary ammonium ions at different 

contents as the polymeric intercalants to render ionomer-modified MXene multi- or few-layer 

sheets. The objective is to achieve highly stable high-concentration MXene dispersions in various 

nonpolar and low-polar solvents. Systematical characterizations of the resulting ionomer-modified 

MXenes (I-MXenes) have been undertaken. The effects of the quaternary ammonium ion content 

and dosage of the ionomers on the efficiency of intercalation have been studied. The oxidative 

stability of I-MXenes and their long-term dispersibility in a variety of organic solvents (nonpolar 

and low-polarity solvents, as well as some polar solvents) have been investigated. Our work helps 

expand the scope of MXene applications by endowing them with high dispersity in nonpolar or 

low-polarity low-boiling-point organic solvents, ionic liquids, gel polymers and their hybrid 

electrolytes for electrochemical energy storage devices. 

3.2 Experimental 

3.2.1 Materials  

All manipulations involving air- and/or moisture-sensitive materials were conducted in a nitrogen 

(N2)-filled glovebox or by using Schlenk techniques. The ternary titanium carbide (Ti3AlC2) 

powders with a size ≤ 40 µm as the MAX phase sample were obtained from Y-Carbon Ltd. 

(Ukraine). The Pd─diimine catalyst, [ArN = C(Me) − (Me)C = NAr]Pd(CH3)(N ≡

C(Me)]+SbF6
−(Ar = 2‚6 − (iPr)2C6H3), was synthesized by following a literature procedure.131 

The acrylate-type ionic liquid comonomer, [2-(acryloxy)ethyl]trimethylammonium 

tetrafluoroborate (AETMA+BF4
−), was synthesized by following the procedure reported in our 

earlier paper.39 Polymer-grade ethylene was obtained from Air Liquide and was purified by 

passing through a 3 Å molecular sieve column and an Oxiclear column. Acetone (Certified ACS 

grade, Fisher Scientific) was dehydrated with 3 Å molecular sieves before use. Deionized (DI) 

water was obtained using a Milli-Q water purification system. All other solvents or reagents were 

obtained from either Aldrich or Fisher Scientific and were directly used as received. The ethylene-

olefin copolymer (EOC) elastomer used herein as the polymer matrix for the compounding of 

polymer nanocomposites is Engage 8130 obtained from Dow Chemical, which is an ethylene-
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octene copolymer with the octene comonomer content of 42 wt%.  It has a density of 0.864         

g·cm-3 and a melt flow index of 13 g·min-1 (at 190 ºC). 

3.2.2 Synthesis of Quaternary Ammonium-Containing Hyperbranched Polyethylene 

Ionomers 

The hyperbranched polyethylene ionomers of different ionic contents (I1─I5 samples) were 

synthesized by catalytic chain walking copolymerization of ethylene and an ionic liquid 

comonomer AETMA+BF4
− according to our earlier paper.109 The polymerization was performed 

in a 50 mL Schlenk flask equipped with a magnetic stirrer. The sealed flask was vacuumed and 

then purged with ethylene five times, and then filled with ethylene to 1 atm (i.e., 1 atm absolute 

pressure). A solution of the ionic liquid comonomer (0.245−2.45 g in 5 mL of anhydrous acetone) 

was injected into the reactor under stirring. Subsequently, the polymerization was started upon the 

injection of the Pd─diimine catalyst solution (0.08 g, 0.1 mmol in 5 mL of anhydrous acetone). 

During the polymerization, ethylene pressure was maintained constant by continuous feeding, and 

the polymerization temperature was set at room temperature. After 24 h, the polymerization was 

stopped by shutting down the ethylene supply and venting the reactor. The black product 

containing Pd(0) particles, resulting from the decomposition of the Pd─diimine catalyst, was 

precipitated out with a large amount of methanol. The precipitate was purified to remove Pd black 

according to a procedure in our earlier paper,109 and then dried under vacuum at room temperature, 

rendering the corresponding ionomer. As per 1H NMR spectroscopy, the ionomers (I1─I5)  with 

various quaternary ammonium ion contents from 0.31 to 2.87 mol% were obtained. One 

hyperbranched polyethylene homopolymer (HBPE) was also synthesized under the same 

conditions and procedures as above, except without any comonomer. 

3.2.3 Synthesis of Multi-Layered Ti3C2Tx MXene 

Herein, we used directly regular commercial MAX (Ti3AlC2) powders as received, which were 

not sieved and contained some impurities (5-10 wt% of TiC and 1-5 wt% Al2O3 according to the 

supplier), for the synthesis multi-layered Ti3C2Tx MXene. The multi-layered MXene was 

synthesized from the MAX (Ti3AlC2) powder by using the minimally intensive layer delamination 

(MILD) method with the use of a mild mixed etchant solution of lithium fluoride (LiF; 12 M) and 

hydrochloric acid (HCl; 9 M).132 The etchant was prepared by slowly adding 1.6 g of LiF to 20 
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mL of 9 M HCl in a 125 mL Teflon beaker with a cap in a fume hood. After the complete 

dissolution of LiF in HCl solution, Ti3AlC2 (MAX) powders were carefully added to the etchant 

solution over the course of 10 min to avoid the initial overheating of the solution as a result of the 

exothermic nature of the etching reaction. The reaction mixture was kept stirred for 48 h at 38 °C. 

Afterward, the product was thoroughly washed with distilled water via centrifugation (Thermo 

Fisher Scientific, Sorvall Legend XT) at 3500 rpm for multiple cycles. After each cycle, the acidic 

supernatant was decanted, and fresh DI water was added. The washing cycle was repeated until 

the supernatant reached a pH of approximately 5-6. The final product was dried overnight in a 

vacuum oven at 100 °C. The resulting fine powders are multi-layered MXene sheets and are 

hereafter referred to as MXene. 

3.2.4 Synthesis of Ionomer-Modified MXenes (I-MXenes) 

Typically, the hyperbranched polyethylene ionomer (10−60 mg) was dissolved in 40 mL of THF. 

Afterward, the dispersion of MXene in DMF (10 mg in 0.5 mL) was added dropwise into the 

ionomer solution under sonication. The resulting dispersion was further sonicated for ca. 10 min 

and was then centrifugated at 10,000 rpm for 15 min. The precipitate was redispersed in 40 mL of 

fresh THF, followed by centrifugation. Three cycles of redispersion and centrifugation cycles were 

performed to remove non-intercalated ionomers. Finally, the precipitate was dried overnight under 

vacuum at ca.100 °C to render the ionomer-modified MXene, termed as I-MXene-x-y, with x 

noting for the ionomer (I1─I5) used and y indicative of the ionomer/MXene mass ratio. 

3.2.5 Dispersibility of MXene and I-MXene-4-2 in Various Solvents 

Dried unmodified MXene and I-MXene-4-2 (with a medium ionomer content) were respectively 

dispersed in 10 mL of various solvents, including DI water, methanol, ethanol, acetonitrile (ACN), 

dimethyl sulfoxide (DMSO), dimethylformamide (DMF), acetone, pyridine, chloroform, ethyl 

acetate (EAC), tetrahydrofuran (THF), benzene, toluene, xylene, n-hexane, and cyclohexane, at a 

concentration of 2 mg mL-1. The dispersions were rendered by simple hand-shaking for 10 s, 

followed by sonication for 30 min. Subsequently, the various dispersions were left undisturbed, 

and their stabilities were monitored over a period of 3 months with photographs taken regularly. 

After 3 months, samples of I-MXene-4-2 dispersions were characterized with UV-Vis 
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spectrophotometry. UV-Vis absorbance spectra were obtained in the range of 400−1000 nm (1 cm 

optical path length cell), with three scans performed on each dispersion.  

3.2.6 Determination of Extinct Coefficient of I-MXene-4-2 for Dispersions in Various 

Solvents 

To determine the concentration of MXene in the dispersions of I-MXene-4-2, extinction 

coefficients (ε) of MXene in various solvents were determined. For this purpose, a dispersion of 

I-MXene-4-2 (generally, 2 mg mL-1) in each solvent was sonicated at room temperature for 30 

min. The resulting dispersion was subsequently centrifuged at 3500 rpm for 1 min for the 

determination of the extinction coefficient of the exfoliated MXenes or at 3500 rpm for 30 min for 

the extinction coefficient of delaminated MXene and was then left undisturbed overnight. The 

supernatant dispersion was then collected and used for concentration quantification. The mass 

concentration of MXene (CM) in the dispersion was quantified with the use of thermogravimetric 

analysis by evaporation of the solvent and the combustion of the ionomer with a heat ramp to 

700°C, which was repeated three times on each dispersion to obtain an average CM value. 

Subsequently, the dispersion with known CM was diluted to at least 5 known concentrations, which 

were measured for the peak UV-Vis absorbance (at around 800 nm) to determine the extinction 

coefficients. 

3.2.7 Simultaneous Interfacial Modification and Phase Transfer of MXene Flakes 

Two aqueous MXene dispersions (each 2 mg mL-1 in 10 mL of water) were prepared. Two organic 

solutions of I4 (4 mg mL-1 in 10 mL of chloroform and toluene, respectively) were also prepared. 

Each organic solution was mixed with an aqueous MXene dispersion in a vial, which was hand-

shaken and sonicated for 10 min. The immiscible mixtures were then left undisturbed for 24 h to 

observe the phase transfer of MXene from the aqueous phase to the organic phase.  

3.2.8 Preparation of EOC Composites 

The EOC composites were prepared using a solution-compounding method. A prescribed quantity 

of original unmodified and modified MXenes (equivalent to 0.1−5 wt % of neat MXene in 

composites) was dispersed at 10 mg mL−1 in THF. The dispersion was added dropwise into a 
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toluene solution of EOC (50 mg mL−1) within 1 h under magnetic stirring. The mixture was 

continuously stirred for 3 h before precipitation in a large amount of methanol. The precipitate was 

dried at 120 °C in a vacuum oven for 24 h. 

3.2.9 Characterizations and Measurements 

1H NMR spectra were all collected on a Bruker 300 spectrometer (300 MHz) with CDCl3 as the 

solvent. Thermogravimetric analysis (TGA) was performed on a TA Instruments Q50 

thermogravimetric analyzer. Measurements were performed under a N2 atmosphere at a 

continuous flow of 60 mL min−1 through the sample furnace and a flow of 40 mL min−1 through 

the balance compartment. In a typical measurement, the sample (ca. 5 to 10 mg) was heated from 

room temperature to 700 °C at 10 °C min−1. Dynamic light scattering (DLS) measurements of the 

dilute dispersions (ca. 0.1 mg mL-1) of the various MXene samples for their hydrodynamic particle 

size and ζ potential were performed on a Brookhaven NanoBrook Omni Instrument at 25 °C. Each 

sample was measured three times, and the average values were used. Wide-angle X-ray diffraction 

patterns of the unmodified MXene and modified MXenes samples were collected on a Bruker D8 

Advance diffractometer with Cu Kα radiation at room temperature. UV-Vis spectroscopy was 

performed on a Thermo Scientific Genesys 10S UV-Vis spectrophotometer. The contact angles of 

unmodified MXene and modified MXene films were measured by utilizing a contact angle meter 

(VCA, AST Products, Inc., USA). Scanning electron microscopy (SEM) was carried out on an FEI 

Quanta 450 Environmental Scanning Electron Microscope (FE-ESEM). A thin platinum layer was 

coated on the samples prior to the imaging. The transmission electron microscopy (TEM) images 

were captured with a JEOL 2010F field emission electron microscope operated at 200 keV. 

Specimens for TEM observation were prepared by dispersing powders of the corresponding 

materials (MXene or I-MXenes) in THF by bath sonication, followed by the deposition of a few 

drops of the dispersion on a carbon-coated copper mesh grid. The grid was dried in the air prior to 

the TEM characterization. 
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3.3 Results and Discussion 

A range of hyperbranched polyethylene ionomers (I1─I5) containing covalently tethered 

quaternary ammonium ions at different contents (0.31 to 2.87 mol%) has been synthesized in this 

work for the surface modification of Ti3C2Tx MXene nanosheets. Their synthesis involves the 

well-established Pd─diimine-catalyzed direct copolymerization of ethylene with the ionic liquid 

acrylate comonomer (AETMA+BF4
−) (see Scheme 3.1a) developed by our group.109 Through the 

chain walking mechanism of the Pd─diimine catalyst,133,134 the resulting ionomers are featured 

with a hydrophobic hyperbranched polyethylene skeleton randomly tethered with quaternary 

ammonium cations, each balanced with a BF4
− counter anion. 

In view of the highly negatively charged surface of Ti3C2Tx MXene nanosheets,5,121,132 we reason 

that the ionomers should strongly bind onto the surface of MXene sheets through the strong ionic 

interactions between the quaternary ammonium cations and the negatively charged 

surface.135,136This is expected to facilitate the intercalation of the ionomers between the MXene 

sheets and the subsequent delamination of the MXene sheets by overcoming their interlayer 

interactions, rendering exfoliated ionomer-modified MXene (I-MXene) multi-/few-layer sheets 

(see Scheme 3.1b). With the surface-bound nonpolar hydrophobic hyperbranched polyethylene 

chain segments, I-MXenes are expected to have good dispersibility in nonpolar/low-polarity 

solvents that hyperbranched polyethylenes are known to have good affinity to. 
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Scheme 3.1 (a) Synthesis of hyperbranched polyethylene ionomers and (b) their intercalation 

between hydrophilic MXene nanosheets to form modified MXenes (I-MXenes).  

Table 3.1 summarizes the copolymerization conditions and detailed characterization results 

(including comonomer content and branching structure) of the ionomers. Figure S3.1 shows their 

1H NMR spectra, which confirm their possession of the covalently tethered quaternary ammonium 

ions (0.31, 0.73, 1.03, 2.05, and 2.87 mol % in terms of comonomer content for I1─I5, 

respectively) and the highly branched polyethylene skeleton (branching density of ca. 88 branches 

per 1000 C). When dispersed in solvents, the ionomers form three-dimensional physical cross-
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linking networks due to the aggregation of the quaternary ammonium ions.109,133,134 DLS 

characterization of I4 as a representative ionomer in THF shows a large z-average hydrodynamic 

size of ca. 206 nm and a ζ potential of ca. +12 mV. With the increase of the content of the 

quaternary ammonium ions, ζ potential of the ionomers shows a trend of increase. In addition, one 

hyperbranched polyethylene homopolymer (HBPE) was synthesized for comparison purposes. It 

does not contain any specific functionality, though having a hyperbranched structure with a high 

branching density of 88 branches per 1000 carbon atoms from 1H NMR spectroscopy. Detailed 

properties and specifications of these polymers have been reported in our previous papers.137-139 

Table 3.1 Synthesis and characterization of quaternary ammonium-containing hyperbranched 

polyethylene ionomers (I1–I5)a 

a Polymerizations were all conducted under 1 atm ethylene pressure in 10 mL of acetone as solvent 

at room temperature for 24 h. b Feed concentration of ionic liquid comonomer, AETMA+BF4–.       

c Ethylene turnover frequency (TOF) calculated as   

𝑚𝑦𝑖𝑒𝑙𝑑(𝑔)

24(ℎ)×28(
𝑔

𝑚𝑜𝑙
)

𝑛𝑐𝑎𝑡𝑎𝑙𝑦𝑠𝑡 (𝑚𝑜𝑙)
. d Content of quaternary 

ammonium ions in the ionomers, determined with 1H NMR spectroscopy as 100% × 4A1 /9A2, 

where A1 represents the integration area for methyl protons on the ammonium ion (ca. 3.25 ppm), 

and A2 represents peak integration area for protons on ethylene sequences (0.7–1.5 ppm). e Branch 

density determined with 1H NMR as 1000× 2A3/3A2, where A3 represents the integration area for 

methyl protons in ethylene sequences (0.7–1.0 ppm). f Hyperbranched polyethylene homopolymer. 
 

 

Ionomer 

Catalyst 

 

(mmol) 

Comonomerb 

 

(mol/L) 

Yield 

 

(g) 

C2H4 

TOFc 

(1/h) 

Comonomer 

Contentd 

(mol%) 

Branch 

Densitye 

(1/1000C) 

HBPEf 0.1 0 3.34 49.7 na 88 

I1 0.1 0.1 1.6 23.8 0.31 89 

I2 0.1 0.2 1.12 16.7 0.73 90 

I3 0.2 0.3 2.78 20.7 1.03 89 

I4 0.2 0.5 2.73 20.3 2.05 97 

I5 0.2 1 2 14.9 2.87 88 
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3.3.1 Synthesis of Ionomer-Modified MXenes (I-MXenes) 

Multi-layer Ti3C2Tx MXene sheets used herein are produced from Ti3AlC2 MAX powders through 

the MILD method with the use of a mixture of lithium fluoride and hydrochloric acid (LiF/HCl) 

as the etching agent.132 The synthesis of I-MXenes is achieved herein conveniently by the simple 

dropwise addition of MXene dispersion in DMF (20 mg mL-1) into a dilute solution of the ionomer 

(I1─I5) in THF at desired concentrations with bath-sonication. During the dropwise addition of 

the MXene solution, the mixture remains a homogenous dispersion, though the colour changes 

from light grey/green to dark black. The phenomenon is drastically different from the control 

experiment with the use of the HBPE homopolymer without containing the quaternary ammonium 

ions, where visible large aggregates immediately form. This difference clearly indicates the critical 

role of the ionic groups in the modification of the ionomers. In each case, the resulting mixture is 

subsequently centrifugated, and the precipitate is washed with THF, rendering I-MXene as solid 

black powders after drying.  

To illustrate the efficiency of the modification, Figure 3.1 shows the XRD pattern of a 

representative modified MXene sample, I-MXene-1-2, obtained with the use of I1 having the 

lowest ammonium ion content at the ionomer/MXene feed ratio [(mionomer/mMXene)0] of 2, along 

with those of MAX powders and the unmodified MXene. The MAX powders show diffraction 

peaks at 2θ values of 9.57°, 19.2°, 34.05°, 36.79°, 39.05°, 41.86°, 44.99°, 48.55°, 54.34°, 56.57°,  

60.45°, and 65.64°, assigned to (002), (004), (101), (103), (104), (105), (106), (107), (108), (109), 

(110) and (1011) planes of pure Ti3AlC2, respectively, according to JCPDS No. 52-0875113, 128, 140. 

Diffraction peaks arising from impurities, including TiC and Al2O3 (alpha and gamma phases), are 

also detected in the MAX phase.141 The peaks of the impurities and/or trace unetched MAX phase 

(reflected from the peak at 39.05°) are also observed in the XRD patterns of both unmodified 

MXene and I-MXene-1-2. The XRD pattern of unmodified MXene confirms its distinctly different 

crystal structure compared to that of Ti3AlC2 after the etching treatment. The characteristic (002) 

and (004) peaks in MXene are broadened and shift to much lower values (2θ =8.15° and 16.86°, 

respectively). The (002) peak is a characteristic peak of MXene, demonstrating the ordered 

stacking of Ti3C2Tx MXene multi-layer sheets.121,142 This phenomenon results from the structural 

expansion upon the insertion of Li+ ions between the sheets and then the formation of ─F and 

─OH, ─O terminating groups on the sheet surface following the etching process.141 The expansion 
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of the interlayer spacing achieved after the removal of Al by etching is limited to about 11 Å and 

is not suitable for applications where better access to the surface area of MXene sheets is required.1 

Due to the presence of ―OH, ―O, ―F groups on the surface, unmodified MXene shows a ζ 

potential of -38 mV in water. 

 

Figure 3.1 XRD patterns of Ti3AlC2-MAX powder, LiF/HCl etched unmodified Ti3C2Tx MXene, 

and one representative modified MXene (I-MXene-1-2). 

In the XRD pattern of I-MXene-1-2, the (002) peak is significantly broadened and shifted to a 

much lower 2θ value of 6.5°. The peak shift corresponds to the increase of d-spacing from 10.8 Å 

for unmodified MXene to 13.6 Å for I-MXene-1-2. This confirms the successful intercalation of 

I1 within the MXene sheets despite its the lowest quaternary ammonium ion content among the 

set of the ionomers. 
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Following the success with I1, we have subsequently investigated the effects of ionomer dosage 

and the different ionomers with varying ammonium ion contents on the intercalation. With I3 as 

the representative ionomer, the effects of the ionomer dosage [(mionomer/mMXene)0 in the broad range 

of 1 to 6] have been studied by adjusting the concentration of the ionomer solution while at a fixed 

weight of MXene. With the other ionomers, the (mionomer/mMXene)0 ratio is set at 2 to investigate the 

effects of the ionic content of the ionomers on the modification. Table 3.2 summarizes these 

resulting I-MXenes and some of their properties. 

Table 3.2 I-MXenes prepared with different ionomers at varying ionomer/MXene feed ratios. 

a Feed mass ratio of ionomer to MXene employed in the synthesis of I-MXenes. 
b  Determined from percentage weight loss within the temperature range of 280−480 °C from TGA 

characterization. 
c Z-average hydrodynamic particle size (dp), polydispersity index (PDI) for size distribution, and ζ 

potential determined by DLS from dilute dispersions in water (for unmodified MXene) or THF 

(for I-MXenes). 

 

Modified MXenes 

(I-MXene) 

Ionomer (mIonomer/mMXene)0
a Ionomer 

Contentb 

(wt%) 

DLSc XRD  

dp 

(nm) 

PDI ζ potential 

(mV) 

2Ɵ(◦) 

(002) 

d(A◦) 

MXene na 0 0 288 0.2 -38 8.15 10.8 

I-MXene-1-2 I1 2 1.8    6.5 13.6 

I-MXene-2-2 I2 2 10 1800 0.3 30 6.5 13.6 

I-MXene-3-1 I3 1 8.7 1071 0.3 30 5.8 15 

I-MXene-3-2 I3 2 12.9 1100 0.2 34 6.4 13.8 

I-MXene-3-3 I3 3 13.7 701 0.3 35 5.7 15.1 

I-MXene-3-4 I3 4 20.8 718 0.3 39 6.4 13.8 

I-MXene-3-6 I3 6 28.7 720 0.3 43 
6.4 

1.7 

13.8 

>50 

I-MXene-4-2 I4 2 18.1 680 0.3 41 
6.4 

1.6 

13.8  

>50 

I-MXene-5-2 I5 2 29 829 0.3 48 
4.7 

1.7 

18.8 

>50 
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TGA characterization was performed on the various I-MXenes in a N2 atmosphere to confirm the 

ionomer incorporation and quantify their contents. Figure 3.2(a) shows the TGA curves of the I3-

modified MXenes obtained at various (mionomer/mMXene)0 ratios (I-MXene-3-1 to I-MXene-3-6), 

along with those of I3 as a representative ionomer and the unmodified MXene for comparison. I3 

starts to decompose at 280 °C with the nearly complete weight loss at 480 °C. The other ionomers 

show nearly identical TGA curves and are thus not included in the figure. The unmodified MXene 

is stable with no considerable weight loss within the investigated temperature range up to 700 °C. 

All the I3-modified MXenes exhibit a one-step weight loss within 280-480 °C, attributable solely 

to the decomposition of the ionomer. Ionomer mass contents in the I-MXenes have thus been 

quantified from the TGA weight loss and are summarized in Table 3.2. The inset in Figure 3.2(a) 

plots the dependence of the mass content of I3 in the I-MXenes on the (mionomer/mMXene)0 ratio. One 

can find a nearly linear increase of the mass content of I3 from 8.7 to 28.7 wt% with the increase 

of (mionomer/mMXene)0 ratio from 1 to 6. This indicates the amount of the bound ionomer increases 

with the feed ratio. On the contrary, in the control experiment with the HBPE homopolymer at the 

(mionomer/mMXene)0 ratio of 3, no weight loss is observed up to 700 °C in TGA (see Figure S3.2 in 

Supporting Information), indicating that the homopolymer cannot get intercalated within MXene 

sheets due to the absence of the quaternary ammonium ions. This highlights the critical role of the 

quaternary ammonium ions in the intercalation of the ionomers through their binding onto the 

negatively charged surface of MXene sheets.  
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Figure 3.2 (a) TGA curves of unmodified MXene, I3, and I-MXenes modified with I3 at different 

I3/MXene mass ratios (I-MXene-3-1 to I-MXene-3-6), with the inset showing the effect of 

I3/MXene mass ratio on the content of I3 in the I-MXenes; (b) TGA curves of various I-MXenes 

prepared with different ionomers at the ionomer/MXene mass ratio of 2, along with those of 

unmodified MXene and I3 for comparison; (c) XRD patterns of unmodified MXene and                     

I-MXenes; (d) magnified image of the selected region in (c).  

 

Figure 3.2(b) shows TGA curves of I-MXenes obtained with the use of other ionomers at the 

(mionomer/mMXene)0 ratio of 2. Similar TGA curves with a single-step weight loss within 280-480°C  

are found but with distinctively different ionomer contents. The ionomer content determined from 
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the weight loss shows a clear trend of increase from 1.8 to 29 wt% with the increase of the ionic 

content in the ionomers from 0.31 (in I1) to 2.87 mol% (in I5). This indicates that increasing the 

ionic content in the ionomer leads to the enhanced ionomer intercalation due to the increased 

binding sites for ionic complexation with MXene. 

Figure 3.2(c) compares XRD patterns of the various I-MXenes prepared with different ionomers, 

along with that of unmodified MXene. Diffraction peaks characteristic of the MXene structure are 

all well retained in I-MXenes.132 However, relative to that of virgin unmodified MXene, (002) 

peak of I-MXenes is significantly broadened and weakened, along with lower-shifted 2ϴ values 

(ranging from as low as 1.6° to ca. 6.5° relative to 8.15° in unmodified MXene; see Table 3.2). 

The trend is increasingly pronounced with the increase in ionomer content. In the I-MXene-3 set 

of samples, the (002) peak gets gradually broadened with the increase of mionomer/mMXene ratio, with 

increasing intensities in the low 2ϴ range of 1.6-4° (see Figure 3.2(d)). Due to diffusion reasons, 

the intercalation is reasoned to start from the edge of the 2D nanosheets and then to the deep central 

locations. The broadening of the (002) peak signifies the enhanced intercalation with the increase 

of the ionomer dosage.   

Those with high ionomer contents (I-MXene-3-6, I-MXene-4-2, and I-MXene-5-2) show two 

(002) peaks, with an additional lower-shifted peak at 2ϴ of around 1.7° (corresponding to the 

enhanced interplanar d-spacing of 52 Å) beside the regular one (2ϴ = 6.5°) seen with other I-

MXenes. In particular, though weak, the (002) peak at 1.7° is the dominant one, with I-MXene-5-

2 having the highest ionomer content. These indicate that, at high ionomer contents, the MXene 

sheets are effectively exfoliated and delaminated. Clearly, there is a loss of diffraction signal in 

the out-of-plane direction generated by exfoliation, and the nonplanar form of the nanosheets 

results in the broadening and weakening of the (002) peaks corresponding to in-plane 

diffraction.117 Among various intercalated/delaminated MXenes reported to date, the 2ϴ value of 

1.7° for the (002) peak is the lowest. Prior to this work, the lowest 2ϴ value reported for the (002) 

peak was about 2.3° for an alkylated MXene intercalated with di(hydrogenated tallow)benzyl 

methyl ammonium chloride.126 These XRD results solidly confirm the successful intercalation of 

the ionomers within MXene sheets. Meanwhile, it can be concluded that increasing either the 

ionomer feed ratio or the ionic content of the ionomer is beneficial to the intercalation, and a nearly 
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complete delamination of MXene sheets can be achieved with I-MXene-5-2 having the highest 

ionomer content.   

Figure 3.3 shows and compares the SEM images of the Ti3AlC2 MAX phase, virgin unmodified 

MXene, and I-MXene-4-2 as a representative I-MXene sample. Etching converts solidly packed 

MAX phase (Figure 3.3(a)) to unmodified MXene with sheets loosely stacked on top of each other 

(Figure 3.3(b)). Intercalation of the ionomer between MXene sheets leads to more extensive 

exfoliation/delamination and creates higher d-spacings between layers in I-MXene-4-2. The well-

exfoliated accordion-like morphology of I-MXene-4-2 can be seen in Figure 3.3(c). In Figure 

3.3(d-f), some delaminated few-layer sheets are clearly observed. 

 

Figure 3.3 SEM images of (a) Ti3AlC2 MAX phase as received, (b) unmodified MXene after 

etching, (c-f) ionomer-modified MXene (I-MXene-4-2).  
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Figure 3.4 shows the transmission electron microscopy (TEM) images of virgin unmodified 

MXene and I-MXene-4-2. The particles of unmodified MXene are dense and not transparent under 

TEM. Layered 2D-sheet structures with an interplanar d-spacing of ca. 1 nm are observed in the 

unmodified MXene, which is in good agreement with the XRD results. The selected area electron 

diffraction (SAED) (Figure 3.4(c)) shows that the basal planes' atomic arrangement is identical to 

that in the parent MAX phase.14 On the contrary, transparent 2D sheets are observed in I-MXene-

4-2 under the electron beam (Figure 3.4(d, g)), confirming the successful delamination of MXene 

into few-layer nanosheets upon the intercalation with the ionomer at a high content. The flakes 

have a uniform surface without visible holes, particles, or defects. In agreement with the XRD 

result, large interplanar d-spacings in the range of 3.76 to 9.33 nm (see Figure 3.4(e,f)) are 

observed between the nanosheets, further confirming the efficient intercalation of the ionomer at 

a high volume between MXene sheets. In particular, the SAED pattern of an I-MXene-4-2 flake 

(Figure 3.4(i)) suggests that the basal planes' hexagonal structure is well retained after the ionomer 

intercalation. It shows interplanar spacings of 0.263 nm (0-110) and 0.153 nm (1-210), rendering 

lattice parameter a of 0.307 nm that is very close to that of Ti3AlC2 reported before.113,120 
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Figure 3.4 TEM images of virgin unmodified Ti3C2Tx MXene (a-b) and ionomer-modified MXene, 

I-MXene-4-2 (d-h). The SAED patterns of unmodified MXene and I-MXene-4-2 are shown in (c) 

and (i), respectively. 

DLS measurements have been performed on the dilute dispersions of I-MXenes in THF to 

determine their Z-average hydrodynamic size (dp), polydispersity index (PDI) of size distribution, 

and ζ potential. The results are also summarized in Table 3.2. Relative to those of the unmodified 

MXene in water (dp = 288 nm; PDI = 0.2), all the I-MXenes show much greater dp values (generally 
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within 680―1800 nm) and broader distribution (PDI= 0.3). The larger particle sizes and broader 

distributions suggest the presence of MXene aggregates as a result of the cross-linking effect of 

the multidentate ionomers. The ionomer modification also dramatically changes the ζ potential of 

the particles. Relative to the negative ζ potential of −38 mV of unmodified MXenes, the set of I-

MXenes obtained with different ionomers at the same (mionomer/mMXnen)0 ratio shows the increasing 

ζ potential from 30 to 48 mV, with the gradual increase of ionic content in the ionomers. These ζ 

potential data confirm the expected ionic binding of the cationic ionomers onto the negatively 

charged MXenes, which effectively changes the surface charge of the particles.  

Films of I-MXene-4-2 as a representative I-MXene and unmodified MXene have been prepared 

by filtering their respective dispersions in THF, followed by drying. Water contact angle 

measurements were performed on the films (see Figure S3.3 in Supporting Information). The 

unmodified MXene film shows a water contact angle of 27.5°, which suggests its high 

hydrophilicity. On the contrary, due to the strong ionic bonding of the ionomer with a hydrophobic 

hyperbranched polyethylene shell, I-MXene-4-2 exhibits a high water contact angle of 125°, 

indicative of its strong hydrophobicity. This also confirms that the intercalation of the ionomer 

leads to the successful surface modification of the MXene sheets with the hydrophobic 

hyperbranched polyethylene segments. The dispersibility of Ti3C2Tx MXene in various organic 

solvents has been evaluated in the literature and has been found to be closely related to the surface 

chemistry and the solvent polarity.14 The presence of the hyperbranched polyethylene segments 

on the surface is expected to significantly improve the dispersibility of I-MXenes in nonpolar/low-

polarity solvents relative to the unmodified MXene. 

3.3.2 Dispersibility of I-MXenes in Various Organic Solvents 

We have first studied qualitatively the dispersibility of I-MXene-4-2 as a representative ionomer-

modified MXene of high ionomer content in 16 solvents, including nonpolar (hexane, 

cyclohexane, toluene, xylene, benzene), low-polarity (THF, chloroform, ethyl acetate), and polar 

solvents (water, ethanol, methanol, acetonitrile, DMSO, DMF, acetone, pyridine). A parallel 

comparison has also been made with unmodified MXene. For this purpose, dispersions of I-

MXene-4-2 and MXene (2 mg mL-1) have been prepared in the respective solvents, and their 

stabilities have been monitored over an extended period of 100 days in sealed vials. Figure 3.5 
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shows the photos of the dispersions taken after standing for different periods of time (up to 100 

days), where the dispersions are arranged in the order of the decreasing solvent polarity from water 

to cyclohexane. Table S3.1 summarizes the physical-chemical properties of the solvents. 

Uniform dispersions are achieved with both the unmodified MXene and I-MXene-4-2 in all the 

solvents right after sonication. The quick settling of the unmodified MXene can be seen shortly 

after 24 h of standing from its dispersions in the nonpolar solvents (benzene, toluene, xylene, 

hexane, and cyclohexane), as well as in DMSO and pyridine as two polar solvents, where the 

dispersions become transparent with the presence of the dark precipitate at the bottom. After 72 h, 

the MXene dispersion in chloroform also becomes transparent. After 10 days and 1 month, only 

MXene dispersions in six polar solvents (water, methanol, ethanol, acetonitrile, DMF, acetone) 

and one low-polarity solvent (ethyl acetate) are still stable, while nearly complete settling of 

MXene has occurred in all the other solvents. These are not surprising given the compatibility of 

unmodified MXene primarily to only selected highly polar solvents. After 100 days, stable 

dispersions of MXene are only seen in ethanol, acetonitrile, acetone, and ethyl acetate. The 

complete settling of MXene has occurred even in polar solvents, including water, methanol, and 

DMSO, with a change in the colour of the supernatant to light yellow because of the oxidation of 

MXene after long-standing.  

On the contrary, I-MXene-4-2 shows stable dispersions in all the nonpolar and low-polarity 

solvents, as well as even in four polar solvents (acetonitrile, DMSO, DMF, acetone) after 72 h of 

standing. Though with the slight lightening in colour with those in acetone, benzene, and hexane, 

the dispersions are still stable even after 100 days. This is significant given the substantially 

extended period of time of standing. In the literature, the stability of dispersions of various 

modified MXenes has been commonly reported for a maximum of 30 days.126,130 Though 

hyperbranched polyethylene homopolymer is soluble only in nonpolar or low-polarity solvents, 

the ionomers are dispersible to some extent in some polar solvents such as DMF and acetonitrile 

due to their possession of the polar ionic groups. This imparts desirably the dispersibility of              

I-MXene-4-2 in the four polar solvents herein, in addition to the nonpolar and low-polarity 

solvents. 
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Figure 3.5 Photographs of dispersions of I-MXene-4-2 and unmodified MXene in various solvents 

after standing for different periods of time (right after sonication, 24 h, 72 h, 10 days, 1 month, 

and 100 days). Dispersions are arranged in the order of decreasing solvent polarity from left to 

right.  

The stability of colloids,  indicating the ability to withstand aggregation or sedimentation, can be 

evaluated with ζ potential.143,144 The magnitude of the ζ potential indicates the degree of repulsion 

(electrostatic) between adjacent particles in the dispersion. It is well known that the solution has 

the highest stability when the ζ potential crosses a magnitude of 30 mV (+30 mV for positively 

charged particles and -30 mV for negatively charged particles).145 Herein, the majority of the stable 

dispersions of I-MXene-4-2 obtained after 100 days of standing (except those in acetonitrile, 

benzene, and hexane) show high ζ potentials greater than +30 mV (see Figure S3.4 in Supporting 

Information), confirming their strong ability in resisting aggregation.  

The highly stable dispersions of I-MXene-4-2 in low-boiling-point solvents like cyclohexane, 

THF, and chloroform, even after over 100 days, are desirable in many processing and application 
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techniques. The use of such low-boiling-point solvents facilitates rapid solvent evaporation and 

thus expedites materials synthesis or device fabrication. On the other hand, the excellent stability 

in high-viscosity solvents like DMSO makes I-MXenes appropriate for some potential 

applications, such as spray coating and ink printing. It is worth emphasizing that unmodified 

MXene precipitates out quickly in DMSO only after 24 h, with the colour of the dispersion 

gradually changing to yellow due to oxidation, which was similarly observed by others.126 This 

differs from some of the earlier reports where DMSO has been used as an intercalating agent for 

Ti3C2Tx MXene.120,2  

We now discuss the effect of the various solvents on the dispersibility of I-MXene-4-2. It has been 

well demonstrated that Ti3C2Tx MXene has stable dispersion in polar solvents with high surface 

tension, high boiling point, and a high dielectric constant yield.121,125 Surface energy is an essential 

factor that can influence the solubility/dispersibility of a 2D nanomaterial; a suitable solvent should 

possess a surface energy value close to that of the nanomaterial.146,147 The Hildebrand solubility 

parameter, defined as the square root of the cohesive energy density and Hansen Solubility 

Parameters (HSP), has proven to be a powerfully practical way to quantitatively understand the 

solubility or dispersion of polymers, nanoparticles, and nanosheets. In the latest method, "Like 

Dissolves Like" can be well characterized with just three parameters, δD for dispersion (van der 

Waals), δP for polarity (related to dipole moment), and δH for hydrogen bonding. A combination 

of Hilderbrand and Hansen solubility parameters has been applied to predict particle stability in 

various colloidal environments.148-151  

The Hildebrand solubility parameter is defined as the square root of the cohesive energy density 

(𝛿𝑇) (Eq 1): 

𝛿𝑇 = √
∆𝐻𝑣−𝑅𝑇

𝑉𝑚
                   (1)                                                                                                                                      

where ΔHv, R, T, and Vm represent the heat of vaporization, gas constant, temperature, and molar 

volume of the condensed phase, respectively. A quantitative measurement of the cohesive 

properties of a polymer is the cohesive energy. The cohesive energy per unit volume is called 

cohesive energy density, which is frequently used in the coating industry to aid in the selection of 

solvents and to predict the compatibility of polymers. The sum of squares of three Hansen 
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parameters should be equal to a square of the Hildebrand solubility parameter, which represents 

the total cohesive energy density (Eq 2).121, 125 

𝛿𝑇
2 = 𝛿𝐷

2 + 𝛿𝑃
2 + 𝛿𝐻

2 
                         (2)                                                                                            

The Hildebrand and Hansen parameters of the solvents used in this study are presented in Table 

S3.2. It is worth mentioning that polypropylene and polyethylene have δD=18, δP=0, δH=1, and 

δD=16.9, δP=0.8, δH=2.8, respectively (Table S3.2).  

Herein, UV-Vis absorbance measurements were taken on the I-MXene-4-2 dispersions in various 

solvents after 100 days to quantify their long-term dispersion stability with the use of absorbance 

per cell length (A/l) instead of concentration according to earlier studies on dispersions of 2D 

transition metal dichalcogenides,150 and virgin MXene etched with HF and LiF/HCl.125 From each 

UV-Vis spectrum (see Figure 3.6(a)), A/l at the position of the first visible peak at 775 ± 15 nm, 

depending on the solvent, is used for comparison. Plotting A/l versus the Hildebrand parameter 

(Figure 3.6(b)) suggests I-MXene-4-2 shows good dispersion in solvents with a Hildebrand 

solubility parameter of 14.9 to 24.8 MPa1/2 with the peak at ~18 MPa1/2 (for THF). It signifies that  

I-MXene-4-2 disperses best in solvents with a cohesive energy close to this value, as opposed to 

the optimal value of ~27 MPa1/2 found for untreated MXene in polar solvents.81, 82 Our results are 

in good agreement with the previously reported Hildebrand parameter for modified-

MXene,121,126,149 with the advantage of I-MXene-4-2 covering a wider range of nonpolar solvents 

(Figure 3.6(g)). 

The correlations of A/l with Hansen solubility parameters δD, δP, and δH of the solvents used in 

this study are individually represented in Figure 3.6(c-e), respectively, along with a radar plot 

shown in Figure 3.6(f). For good solvents for I-MXene-4-2, δD is within a narrow range of 

15.3─18.4 MPa1/2, δP varies in a broad range from low to high (0─18 MPa1/2), while δH is within 

a broad range from 0 to 11.3 MPa1/2. Thus, a good solvent for I-MXenes covers from zero polarity 

(nonpolar) to moderately polar one (THF) and polar aprotic solvents. It is worth mentioning that 

THF can dissolve a wide range of nonpolar and polar chemical compounds and is miscible in 

water. Nonpolar aromatic solvents (like toluene) providing high-strength of dispersion interactions 

also work well in this system for dispersing I-MXenes. In particular, the inset in Figure 3.6(a) 

shows the Tyndall effect of the I-MXene-4-2 in THF, demonstrating its good dispersibility. Figure 

3.6(f) compares the ranges of Hildebrand and Hansen parameters of the solvents where I-MXene-
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4-2 well disperses with those previously reported in the literature for tetrabutylammonium 

hydroxide-modified MXene,94 di(hydrogenated tallow)benzyl methyl ammonium chloride-

modified MXene,126 and unmodified MXene.125 This comparison shows the broader range of 

nonpolar/low-polarity organic solvents where I-MXene-4-2 can well disperse relative to the two 

modified-MXenes reported in the literature. 
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Figure 3.6 (a) UV-Vis absorbance spectra of I-MXene-4-2 in different organic solvents after 100 

days, with the inset showing the Tyndall effect for I-MXene-4-2 dispersion in THF; (b) A/l (at 775 

± 15 nm) of the dispersions of I-MXene-4-2 vs. Hildebrand solubility parameters of the 

corresponding solvents; (c-e) relationships of A/l (at 775 ± 15 nm) of the dispersions with the 

Hansen solubility parameters of the solvents, dispersive, polar, and hydrogen bonding, respectively;  

(f) Hansen solubility parameters (δD, δP, and δH values; see Table S3.2) for each solvent; (g) 

comparison of Hildebrand and Hansen solubility parameters of the good solvents for I-MXene-4-

2 with those reported for unmodified and modified MXenes in previous literature.94,107,108  

We have further quantified the solubility of I-MXene-4-2 as a representative ionomer-modified 

MXene in four nonpolar/low-polarity solvents (chloroform, toluene, xylene, and THF) with the 

best dispersion stability. For this purpose, the UV-Vis extinction coefficients of I-MXene-4-2 in 

the four solvents have been measured. In the procedure, dispersions of I-MXene-4-2 in the four 

solvents (at 2 mg mL-1) were prepared, following a quick centrifugation at 3500 rpm for 1 min to 

remove possible large particles. They were quantified for MXene concentration with TGA (0.95, 

0.86, 0.92, and 1.05 mg mL-1 in chloroform, toluene, xylene, and THF, respectively). Different 

dilutions were prepared from the mother dispersions and were characterized with UV-Vis 

spectroscopy. The insets in Figure 3.7(a-d) show their UV-Vis spectra, with the absorbance peak 

maxima of the visible range at 792 nm, 773 nm, 761 nm, and 780 nm for chloroform, xylene, 

toluene, and THF, respectively. As per our earlier studies,139,152, the ionomer should not have 

absorbance in the entire UV-Vis wavelength range at the concentrations used herein. Calibration 

curves have thus been constructed in Figure 3.7(a-d) by plotting the absorbance at the peak maxima 

in the visible region vs. MXene concentration (CM), rendering the extinction coefficients 12.91, 

16.05, 16.72, and 16.93 mL mg-1 cm-1 in chloroform, xylene, toluene, and THF, respectively. 

These correspond to the values for the dispersion comprised of a mixture of the multi-layered and 

delaminated single-/few-layered I-MXene-4-2 sheets.  

With the dispersion of I-MXene-4-2 in THF, we have further obtained the dispersion fraction 

containing only the delaminated single-/few-layered flakes (MXene concentration, CM = 0.156 mg 

mL-1 as per TGA) by removing the multi-layered sheets through centrifugation at 3500 rpm for 30 

min (see Figure 3.7(f)). Figure 3.7(e) shows its UV-Vis calibration curve, along with the digital 

photo of the dispersion and the UV-Vis spectra of the various diluted dispersions. An extinction 
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coefficient of 30.43 mL mg-1cm-1 is found for the delaminated I-MXene-4-2, which is significantly 

higher than that (16.93 mL mg-1cm-1) found above for the mixture of multi-layered and 

delaminated I-MXene-4-2 in THF. This is the first demonstration of the effect of layers on the 

extinction efficiency of the MXene structures. Meanwhile, according to DLS measurements, the 

delaminated I-MXene-4-2 shows a much smaller z-average particle size and a narrower particle 

size distribution compared to the mixture of multi-/few-layered I-MXene-4-2 in THF (see Figure 

3.7(g)), confirming he significantly reduced number of 2D layers in the former. 
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Figure 3.7 (a-d) UV−Vis calibration curves for I-MXene-4-2 in chloroform, xylene, toluene, and 

THF, respectively (sonicated for 30 min; centrifuged at 3500 rpm for 1 min), with the inset in each 

figure showing the absorption spectra of I-MXene-4-2 dispersions at different CM's and the photo 

for the dispersion in THF in (d); (e) UV-Vis calibration curve for delaminated single-to-few 

layered I-MXene-4-2 flakes in THF (sonicated for 30 min; centrifuged at 3500 rpm for 30 min), 
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with the inset showing the absorption spectra at different CM's and a digital photo of a dispersion; 

(f) a schematic of the separation of the delaminated single to few-layered I-MXenes from the multi-

layered I-MXenes; (g) DLS particle size distributions of the multi-layered and delaminated I-

MXene-4-2 in THF.  

The extinction coefficients determined herein in the organic solvents are close to the value of 29.1 

mL mg-1cm-1  reported for aluminum-oxoanion-functionalized MXene in water at 808 nm,153  and 

32.4 mL mg-1cm-1 for Ti3C2Tx MXene in water.154 The values are quite comparable to those 

required for state-of-the-art NIR photothermal materials with substantial optoelectronic properties. 

Furthermore, Li et al. 155  demonstrated outstanding internal light-to-heat conversion efficiency 

(∼100%) of multi-layered MXene, the extinction coefficient between 14.4 to 16.9 mL mg -1cm-1 

at 785 nm. Changes in MXene synthesis methods,140,141 different sizes, surface functional 

groups,155 and MXene flakes can cause differences in the extinction coefficient.  

With the corresponding extinction coefficients determined herein, the stable I-MXene-4-2 

dispersions obtained after standing for 100 days in Figure 3.5 have been calculated to have the 

MXene concentrations (excluding the ionomer) of 0.06, 0.08, 0.07, and 0.21 mg mL-1 in 

chloroform, xylene, toluene, and THF, respectively. 

To study the maximum concentration of MXene that can be stably dispersed in good solvents,  we 

have further investigated the effects of the feed mass ratio of ionomer to MXene [(mionomer/mMXene)0 

on the final MXene concentration (CM) in the dispersed colloids, by changing the concentration of 

the ionomer solution while at a fixed weight of MXenes. For this purpose, I3 has been used as the 

ionomer for the dispersion of MXene in THF and xylene, respectively, at a MXene feed 

concentration (CM, F) of 3 mg mL-1. Figure 3.8(a) shows the dependence of CM on the I3/MXene 

mass ratio, which varies from 0 to 10. In both solvents, an increase in CM is noted with the increase 

of the mass ratio from 0 to 0.5 and to 2, which should be attributed to the increased coverage of 

ionomer binding on the MXene surface and, thus, the higher exfoliation efficiency. At the mass 

ratio of 2, the highest CM values of 2.04 and 0.87 mg mL-1 are achieved in THF and xylene, 

respectively, corresponding to 76% and 32%, respectively, of the feed MXene. The further 

increase of the mass ratio from 2 to 10, however, leads to a level off or even a slight decrease in  

CM, possibly resulting from the aggregation and precipitation of particles by cross-linking through 

the multidentate ionomers at the excess concentrations. 
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Figures 3.8(b, c) show the effect of CM,F on the CM value of the resulting dispersions in THF and 

xylene, respectively, at the I3/MXene mass ratio of 2. Increasing CM,F from 1 to 50 mg mL-1 leads 

to increased CM from 0.56 to 31.1 mg mL-1 in THF and from 0.2 to 14.6 mg mL-1 in xylene. In 

particular, about 60% of the feed MXene gets stably dispersed in THF following a simple, 

convenient modification with the ionomer. These results further confirm the high efficiency of the 

ionomers in rendering high-concentration MXene dispersions in the nonpolar or low-polarity 

solvents. 

 

Figure 3.8 (a) The concentration of dispersed MXene (CM) as a function of I3/MXene feed mass 

ratio in THF and xylene, respectively, at MXene feed concentration (CM, F) of 3 mg mL-1, with 

the numbers on bars showing CM/CM, F (C M, F = MXene amount in each I-MXene-3 based on 



59 

 

TGA results); (b,c) MXene concentration (CM) as a function of different MXene feed 

concentrations (CM, F) in THF and Xylene, respectively.  

3.3.3 Simultaneous Interfacial Modification and Phase Transfer of MXene Flakes 

In addition to our above procedure for the synthesis of ionomer-modified MXenes, we have also 

conducted an alternative interfacial modification/phase transfer strategy that will further expand 

the toolbox of ionomer-functionalized MXenes. Convenient phase transfer of MXene from the 

aqueous phase to various water-immiscible nonpolar or low-polarity organic phases can be 

achieved with the use of an ionomer. To enable the phase transfer, the dark-coloured aqueous 

phase of MXene (20 mg in 10 mL) is placed in contact with a colourless organic phase (chloroform 

and toluene used herein for demonstration) containing dissolved I4 (40 mg in 10 mL) (see Figure 

3.9(a)  for the biphase mixtures prior to phase transfer). During the thorough mixing, the positively 

charged ionomer in the organic phase binds to the negatively charged surface of MXene at the 

liquid-liquid interface. Vigorous hand-shaking and sonication of the mixture increase the liquid-

liquid interfacial area and promote the intercalation of the ionomers between MXene sheets, 

rendering the ionomer-modified MXene. Subsequent settling of the mixtures re-establishes the 

phase separation, along with the relocation of MXene to the organic phase under gentle stirring. 

As shown in Figure 3.9(b), the organic phases turn dark with no precipitates, while the aqueous 

phases become almost colourless following the phase transfer, indicating the complete transfer of 

MXene from the aqueous phase to the organic phase following the interfacial modification. 

Meanwhile, a volume expansion of the organic phases is seen, suggesting the swelling of MXene 

upon the successful ionomer intercalation. Moreover, the two-phase systems have been found 

stable over one year after the phase transfer.  

 



60 

 

 

Figure 3.9 Phase transfer of Ti3C2Tx MXene from the aqueous phase to the nonpolar or low-

polarity organic phase (chloroform and toluene, respectively) containing I4. 

3.3.4 Oxidation Stability of I-MXenes 

When exposed to air and/or water, Ti3C2Tx MXene oxidizes and degrades rapidly over days, 

resulting in the decomposition of the layered, 2D structure and the generation of titanium dioxide 

(TiO2) and carbon (C).156,157 This degradation by oxidation can be revealed with TEM and even 

direct observation of the colour change of the MXene dispersions from a black/dark green to a 

hazy white/brownish colour.158,159 The oxidation of Ti3C2Tx has been observed in all the media, 

but it is fastest in the liquid media and slowest in the solid media (including polymer matrice).160 

Various strategies have been explored to improve the oxidative stability of MXene. Compared to 

water, some organic solvents can prevent or slow down MXene oxidation due to the reduced 

oxygen concentration in the latter, but often with unstable MXene dispersibility. Storage of 

degassed Ti3C2Tx MXene aqueous dispersions in closed argon-filled containers at 5 °C has been 

proposed,143 although oxidation still occurs at a reduced rate. The carbon nano-plating technique 

has been used to modify the surface of Ti3C2Tx MXene to stabilize it against oxidation for energy 

storage and conversion applications.161 Other strategies include the addition of an antioxidant to 

aqueous MXene dispersions and the edge capping of 2D MXene sheets with polyanionic salts.17 

Despite these attempts, efficient strategies for preventing or restricting MXene oxidation remain 

lacking while critical for their processing, handling, and storage. 

(a) (b) 
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In addition to rendering their stable dispersion in various organic solvents, ionomer modification 

has been found to markedly improve the oxidative stability of MXene. To demonstrate this, 

aqueous dispersions have been prepared with the unmodified MXene and I-MXene-4-2, 

respectively, each at the MXene concentration of 3 mg mL-1. After brief stirring, two dispersions 

(MXene and I-MXene-4-2) were stored in open-cap vials, and two others were kept in closed-cap 

vials, all at room temperature. The water volume of the open-cap vials was monitored and was 

replenished with fresh water over time to maintain the constant volume. In closed-cap vials, no 

degassing was conducted before or during the storage so that the MXene and I-MXene-4-2 

dispersions were in contact with the headspace air in the vials. Vials were kept undisturbed for 100 

days. Subsequently, the MXene samples were recovered from the dispersions and were dried in a 

vacuum oven for analysis with SEM and XRD. 

The rapid oxidation of the unmodified MXene in the open-cap vial was clearly seen after 15 days, 

with the formation of white TiO2 precipitate in the vial and a change of the colour of the dispersion 

from black/dark green to cloudy white (see Figure 3.10(b)). Meanwhile, for the unmodified 

MXene in the closed-cap vial for 100 days, SEM pictures (Figure 3.10(a)) demonstrate the 

occurrence of oxidation at the edge of MXene sheets with the formation of large quantities of small 

particles (size of around 80 nm), which is in agreement with previous works.2, 156 It is generally 

considered that multi-layered MXenes are less prone to oxidation than single-layered nanosheets 

because of the decreased surface-to-volume ratio of the stacked structure.159 But the observed fast 

oxidation of multi-layer sheets in the open-cap vial over the course of several days indicates its 

poor oxidative stability. It is worth mentioning that the oxygen solubility should be very low 

(around 8 mg L-1 at 25 °C) in the open-cap dispersion. In addition to the dissolved oxygen, water 

itself may likely play a significant role in oxidation.146 The SEM images in Figure 3.10(b) reveal 

that the morphology of the I-MXene-4-2 flakes after 100 days in the open-cap vial is still intactly 

retained as the fresh sample seen in Figure 3.3 with smooth, clean surfaces. These images confirm 

the absence of TiO2 particles and the inhibited oxidization. Clearly, the presence of the tightly 

surface-bound hydrophobic hyperbranched polyethylene efficiently protects MXene from contact 

with dissolved O2 and water, which markedly decreases the propensity of MXene toward 

oxidation. Figure 3.10(c) compares the XRD patterns of the four samples. The patterns of I-

MXene-4-2 samples in both open-cap and closed-cap vials are nearly identical to that of the fresh 
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sample shown in Figure 3.2(c), with no TiO2 peaks observed. On the contrary, both unmodified 

MXene samples following the oxidation study show distinct TiO2 diffraction peaks, with the 

complete loss of the characteristic MXene peaks. While the oxidized MXene sample in the open-

cap vial appears to be primarily rutile TiO2 phase, that in the closed-cap vial shows a mixed phase 

of both rutile and anatase TiO2.  

Delaminated few-/single-layer MXene sheets generally show deteriorated oxidative stability 

compared to multi-layered MXenes, though with improved electrical performance, colloidal 

stability, and processability.156 The delaminated I-MXene-4-2 has also been investigated herein 

for its stability when dispersed in THF. In an open-cap vial with regularly replenished THF, the 

dispersion remains stable under air for at least 30 days (see Figure S3.5 in Supporting Information). 

Our results solidly confirm the distinctly enhanced oxidative stability of MXene following the 

modification of the ionomers. 

 

Figure 3.10 Oxidative stability of unmodified MXene and I-MXene-4-2: (a) photos of their 

aqueous dispersions (3 mg mL-1) stored after 100 days in a closed-cap vial and SEM images of the 

recovered MXene sample; (b) photos of the aqueous dispersions (3 mg mL-1) stored after 100 days 

in an open-cap vial and SEM images of the recovered I-MXene-4-2; (c) XRD patterns of the 

MXene and I-MXene-4-2 samples recovered from the four dispersions stored for 100 days (peaks 
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marked with an asterisk correspond to TiO2 anatase (JCPDS card no. 21-1272), TiO2 rutile (JCPDS 

card no. 21-1276), and TiO2 brookite (JCPDS card no. 29-1360)).  

3.4 The Ethylene-Olefin Copolymer (EOC) Nano-Composites with I-MXene-4-2 as 

Reinforcing Filler  

The range of I-MXenes and virgin MXenes was further investigated for their dispersion quality 

and reinforcing performance as fillers in a commercial EOC elastomer by means of the polymer 

matrix.  Given their structural similarity and high branching density, the EOC is chosen here 

because it should have good compatibility with the highly branched polyethylene skeleton in the 

ionomers (estimated at ca. 56 branches per 1000 carbons for EOC). Furthermore, it has low 

crystallinity, thus avoiding complications arising from changes in the crystalline structure upon 

the addition of nanofillers. Using the solution compounding method, all composites were 

formulated using the targeted dry MXene loading of 0.1 to 5 wt%. Composites were prepared with 

ionomer-modified MXene (I-MXene 4-2) and dried unmodified MXene at the same dry MXene 

loading for comparison. TGA characterization of the composites was conducted. Figure S3.6 

shows their TGA curves. All the composites show that one-step weight loss occurs between 350 

and 500 °C, which is attributed to the decomposition of EOC. In good agreement with the targeted 

value, the mass content of dry MXenes in all composites was quantified from the TGA remaining 

weight after 500 ◦C according to the stability of MXene in this range (Figure 3.2). The tensile 

mechanical properties of the various composites were characterized. The results are summarized 

in Table 3.3. Figure 3.11 compares Young’s modulus, elongation at break, and Maximum tensile 

strength data of the various composites and neat EOC. It is known that the insertion of fillers in a 

polymer matrix has a reinforcing and stiffening effect, which is usually responded to by a 

significant loss in ductility.135 While increases in the moduli of polymer matrices are generally 

expected upon the addition of reinforcing fillers, this reinforcement effect in polymer composites 

is typically accompanied by a significant reduction in elongation at the break because of the 

presence of large aggregates that create weak spots. Herein, upon adding only 0.1 wt% of  I-

MXene-4-2 filler, the modulus increases 16% (from 1.43 MPa to 1.66 MPa). The increasing trend 

in all the composites confirms the significant reinforcing effects of all the MXene-based fillers on 

the EOC. However, there is a clear difference trend between the composite compound with the 

modified and unmodified MXene with the same amount of composition. While the addition of 1% 
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pure MXene increases the modules by 14%, adding 1% I-MXene-4-2 has a double effect and 

causes the modulus to a 30% increase. The worst dissension is realized for mixing 5% virgin 

MXene with 5% I-MXene-4-2 ( 9% modulus increases against 44% increase, respectively). This 

is while a dramatic decrease (16%) in maximum tensile strength in 5% virgin MXene occurred 

versus a 22% increase in I-MXene-4-2. It is contributed to the better and more uniform dispersion 

of I-MXene in the EOC polymeric matrix. The TGA results also approve the more efficient 

dispersion of I-MXene versus virgin MXene(Figure S3.6 and Table 3.3).  

 

The different extent of reductions in the elongation at break is recognized. The reduction is most 

severe in EOC composites with 1% MXene, and 5% MXene, by their values (1399 and 1807%, 

respectively) reduced nearly by half relative to that of neat EOC (2574%). On the other hand, 

composites prepared with the I-MXene-4-2 have maintained elongation at break (within the range 

of 1600 to 2512%). Relative to pure MXene, their higher elongation at break also confirms the 

improved dispersion of the modified MXenes in the matrix, along with the improved interfacial 

adhesion between the modified MXenes and the matrix following ionomer modification. These 

tensile data thus confirm the advantages of the ionomer modification in improving the reinforcing 

performance of MXenes relative to unmodified ones. 

The ionomer modification makes the nano-fillers more compatible with the EOC matrix, thus 

minimizing filler aggregation and increasing the filler-matrix interface, presenting a more synergic 

effect.  The significant improvement caused by ionomer modification upon the dispersibility of 

the modified MXenes in EOC relative to the unmodified MXenes is expandable for other polymers, 

especially polyolefine matrixes.  
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Table 3.3 Thermal and Mechanical Properties of EOC and Its Composites with virgin MXene 

and I-MXene-4-2 

 

a Based on TGA results- The weight percentage of dry MXene in the composites after 500◦C 

b Maximum tensile strength (σmax), elongation at break (εmax), and Young’s modulus determined 

during tensile tests at 500 mm min-1. 

 

Composite Dry MXene 

Content(wt%)a 

σmax
b

 

(MPa) 

εmax
b  

(%) 

Moduluse
b (MPa) 

Neat EOC 0 2.5 2574 1.43 

EOC+1% MXene 1 2.26 1399 1.63 

EOC+5% MXene 3.5 2.09 1807 1.56 

EOC+0.1% I-MXene-4-2 0.1 2.28 2337 1.66 

EOC +0.2% I-MXene-4-2 0.2 2.44 1846 1.75 

EOC+0.5% I-MXene-4-2 0.5 2.37 1600 1.86 

EOC +1% I-MXene-4-2 1 2.58 1874 1.86 

EOC +2%   I-MXene-4-2 2 2.5 1961 1.94 

EOC +5%   I-MXene-4-2 4.8 3.04 2512 2.06 
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Figure 3.11 (a)Tensile strength vs. strain curves of neat EOC and various composites with MXene 

and I-MXene-4-2; (b) comparison of Young’s modulus and elongation at break of neat EOC and 

various composites with MXene and I-MXene-4-2 (It comes as I-MXene in graph). 
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3.5 Conclusion 

In summary, we have demonstrated the efficient synthesis of a range of ionomer-modified 

MXenes, I-MXenes, with the use of hyperbranched polyethylene ionomers designed with 

quaternary ammonium ions as the intercalants. The ionic interactions between the positively 

charged quaternary ammoniums and the negatively charged MXene surface facilitate the highly 

efficient intercalation of the ionomers within the MXene sheets. I-MXenes show significantly 

enhanced interlayer spacings (as high as 70─90 Å) relative to the unmodified MXene (about 11 

Å). Increasing the ionic content in the ionomers, or the ionomer/MXene feed mass ratio 

(mionomer/mMXnen)0 ratio, leads to the increased ionomer content in I-MXenes and increased 

interlayer spacing. The surface-binding of ionomers renders I-MXenes with hydrophobic surface 

properties and stable dispersibility in a range of nonpolar/low-polarity solvents (benzene, toluene, 

xylene, hexane, cyclohexane, THF, chloroform, ethyl acetate), as well as some polar solvents 

(acetonitrile, DMSO, DMF, acetone). In these solvents, the dispersions of I-MXene-4-2 with 

moderate ionic content are stable for 100 days. With THF as the solvent, the dispersions of I-

MXene-4-2 at a concentration as high as 31.1 mg mL-1 can be achieved. Meanwhile, I-MXene-4-

2, as a representative I-MXene, shows outstanding oxidative stability due to the presence of the 

tightly bound hyperbranched polyethylene protecting layer, with minimum oxidation observed for 

its dispersion in water under open air for 100 days. This modification strategy thus facilitates the 

processing and handling of MXene in nonpolar/low-polarity solvents and significantly expands 

their applications.   
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Chapter 4 Pillar-Structured Ti3C2Tx MXene with Engineered Interlayer 

Spacing for High-Performance Magnesium-Ion Batteries 

The chapter is adapted from a manuscript accepted in Small Methods: Pillar-Structured Ti3C2Tx 

MXene with Engineered Interlayer Spacing for High-Performance Magnesium-Ion Batteries by 

Raisi, B.; Liu, X.; Rahmatinejad, J.; Ye, Z., Small Methods, 2024, 2400004. 

 

Abstract 

Two-dimensional (2D) Ti3C2Tx MXene has attracted significant attention in non-lithium-ion 

batteries due to its excellent electrical conductivity, high volumetric capacity, and ability to 

accommodate intercalants. Rechargeable magnesium-ion batteries (MIBs) with Mg metal anodes 

are noted for their high theoretical energy density, potential safety, earth abundance, dendrite-free 

Mg2+ plating/stripping mechanism on the anode side, and low cost. Nevertheless, owing to the 

large polarity of divalent Mg2+ ions, the insertion of Mg2+ into the MXene layers suffers from 

sluggish kinetics, which limits the performance for storage of Mg2+ ions. Herein, we demonstrate 

a simple self-assembly strategy to achieve high magnesium ion storage capability with pillar-

structured Ti3C2Tx MXene by intercalating a hyperbranched polyethylene ionomer containing 

quaternary ammonium ions within MXene nanosheets. The ionomer intercalation/modification 

leads to the expansion of interlayer spacing of Ti3C2Tx MXene to more than 5 nm with a 400% 

increase relative to the unmodified MXene and, meanwhile, improves its affinity to low-polarity 

THF-based electrolyte due to the hydrophobic hyperbranched polyethylene-skeleton of the 

ionomer. In consequence, the delaminated ionomer-modified MXene shows significantly 

improved electrochemical performance as a cathode material for Mg batteries, with the reversible 

intercalation charge-storage mechanism demonstrated. It shows a promising cycling stability with 

a capacity retention of 86% after 400 cycles at 200 mA g−1, as well as the outstanding high-rate 

performance with a capacity of 110 mAh g-1 retained at 1,000 mA g-1 (52% of retention) relative 

to 213 mAh g−1 at 20 mA g−1. This work offers a unique strategy on the engineering of 2D MXene 

materials for applications in electrochemical energy storage.  
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4.1 Introduction 

Rechargeable lithium-ion batteries (LIBs) have dominated today’s electrochemical energy storage 

market owing to their comprehensive performance.162 However, the broad use of LIBs for 

electrical energy storage is restricted by the uncertainty of limited lithium supply, high production 

costs, and safety issues. Therefore, developing new alternative battery technologies is crucial for 

sustainable energy storage.162 Alternatively, post-lithium ion batteries (NLIBs) based on other 

alkali metal ions (Na+, K+) and multivalent metal ions (Zn2+, Mg2+, Al3+) have attracted tremendous 

attention.163 Among these, rechargeable magnesium batteries (RMBs) are regarded as one of the 

promising batteries attributable to the high volumetric theoretical capacity of 3833 mAh cm−3 and 

theoretical specific capacity of 2205 mAh g−1 of magnesium metal anodes. In addition, magnesium 

is abundant in the earth’s crust; its lower price versus higher oxidative stability than lithium164 and 

dendrite-free nucleation/growth during cycling make it safer with reversible deposition in several 

electrolytes.165 Since the pioneering work conducted by Aurbach et al.166 in 2000, RMBs are 

expected to be a potential candidate for large-scale energy storage systems. 162, 167-173 Nevertheless, 

many challenges exist with RMBs, such as the complex sluggish diffusion of Mg2+ in solid-state 

electrode materials due to its unique divalent nature174 and effective ion radius175, and the 

compatibility of the electrolyte with Mg metal anodes.173 The developments of novel cathode 

materials facilitating faster Mg2+ insertion and electrolytes favouring rapid Mg2+ solvation are the 

main strategies addressing the challenges.169, 176 Currently, few cathode materials are capable of 

rapid Mg-ion insertion and extraction at room temperature.174 

Among pioneering works that have been devoted to developing RMBs cathode materials,  

materials of layered structures have recently gained much interest164 for the construction of 

elaborate cutting-edge cathodic electrode materials. However, the layered structure is often subject 

to structural degradation and collapse during cycling, severely restricting their applications. 164, 167 

MXenes, as a new class of 2D layered transition metal carbides and nitrides, are attracting 

particular interest in this field due to their excellent conductivity, large surface area, and high 

volumetric capacity.163 MXenes are generally produced by selectively removing the “A” layer 

from their parent MAX phases expressed as Mn+1AXn (n = 1, 2, 3, or 4), where “M” represents the 

early transition metal (e.g., Ti, V, Nb, Mo), “A” is mostly 13 and 14  group element (e.g., Al, Si, 

Ga), and “X” is carbon and/or nitrogen, respectively.113 The general formula of MXene is denoted 
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as Mn+1XnTx, where Tx represents the functional groups such as ―OH, ―O, and ―F generated 

during the etching process. Despite its layered structure, MXene, however, still suffers from the 

sluggish kinetics of divalent or multivalent metal ions (such as Mg2+) during 

intercalation/deintercalation processes.177 The other main challenge with MXene is restacking, 

which causes hindered ion accessibility and profound volumetric change during the cycling 

process.50  

The first report on MXenes as cathode materials dated back to 2016 by Byeon et al.178 Therein, 

negligible capacities179 (∼105 mAh g−1 at 0.01A g−1) were reported for the freestanding film of a 

delaminated Ti3C2Tx/carbon nanotube composite cathode for magnesium-ion batteries (MgIBs) in 

conventional APC (all-phenyl-complex)-THF electrolyte. Zhao et al. demonstrated that the as-

prepared Mg2+ pre-intercalated porous MXene films delivered a capacity of 140 mAh g−1 at 0.1 

A g−1 in APC electrolyte, which sharply decreased to 50 mAh g−1 at the 20th cycle.180 They showed 

that the intercalation with Mg2+ increases the interlayer spacing from 13.6 to 15.5Å. Xu et al., by 

pre-intercalating cetyltrimethylammonium bromide (CTAB) between MXene sheets, reduced the 

migration energy barrier of Mg atoms and achieved a reversible capacity of 100 mAh g-1 at 0.05 

A g-1.181 Subsequently, sandwich-structured MXene/carbon nanosphere hybrid samples via 

electrostatic self-assembly technology182 and MoS2/MXene petal-like hybrid nanosheets as 

MXene/2D hybrid models183 have also been applied for MgIBs. Indeed, for the last one, the 

presence of MXene significantly improved the electrical conductivity of MoS2 for high-capacity 

utilization. 183 Recently, by introducing 40% of polyaniline into the MXene matrix (PANI/Ti3C2 

composite) to open the ion transport channel for Mg-ion, a specific capacity of 132.2 mAh g-1 at 

0.05 A g-1 is achieved with 70.3% retention after 20 cycles.184 Nevertheless, within the 

aforementioned works, the capacities and capacity retentions achieved in the literature works with 

the intercalated MXenes are still far from being satisfactory, with significant room for 

improvement. The main challenge remains to achieve reversible insertion and extraction of 

magnesium ions between MXene sheets at high capacity with the maintained stability of MXene 

cathode materials over extended charge/discharge cycles. Particularly, magnesium-ion insertion 

and extraction can result in structural changes in the MXene materials, which over time can 

contribute to an eventual reduction in battery capacity, cycling stability, or rate performance. 
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Herein, we demonstrate for the first time the use of ionomer-modified MXene composites by a 

self-assembly method as the cathode materials for MgIBs. In this strategy, the specially designed 

hyperbranched polyethylene ionomers bearing positively charged quaternary ammonium groups 

on a hydrophobic polyethylene backbone are employed for the modification of Ti3C2Tx MXene, 

where the ionomers tightly bind onto the negatively charged surface of MXene nanosheets. Such 

a modification has been shown in our earlier study to markedly expand the interlayer spacing of 

MXene sheets and adjust their surface properties, rendering their stable, highly concentrated 

dispersions in nonpolar or low-polarity organic solvents along with significantly enhanced 

oxidation stability.185 We reason the significantly expanded interlayer space between MXene 

sheets following ionomer intercalation will promote ion transport and increase insertion sites for 

Mg-ions, thus leading to improved electrochemical performance as cathode materials. Herein, a 

systematic study has been undertaken on the structure and electrochemical performance of the 

ionomer-modified MXenes as cathode materials for MgIBs.  

4.2 Experimental 

4.2.1 Chemicals and Materials 

All manipulations involving air- and/or moisture-sensitive materials were conducted in an argon-

filled glovebox or by using Schlenk techniques. The ternary titanium carbide (Ti3AlC2) powders 

with a size ≤40 µm as the MAX phase were provided by Y-Carbon Ltd. (Ukraine) and were used 

as received. According to the supplier, they contained some impurities, including 5-10 wt% of TiC 

and 1-5 wt% of Al2O3. The hyperbranched polyethylene ionomers containing quaternary 

ammonium ions were synthesized in our earlier paper.185 Cetyltrimethylammonium bromide 

(CTAB, ≥98%) was obtained from Sigma-Aldrich.135 Deionized (DI) water was obtained using a 

Milli-Q water purification system. All other solvents or reagents were obtained from either Sigma-

Aldrich or Fisher Scientific and were directly used as received. 

4.2.2 Synthesis of the Multi-layered Ti3C2Tx MXene (ML-MXene) 

In a fume hood, the etchant was prepared by gradually adding 1.6 g of LiF to 20 mL of 9 M HCl 

in a 125 mL Teflon beaker with a lid.8, 132 Following the complete dissolution of LiF, 1 g of Ti3AlC2 

(MAX) powder was slowly added over the course of 10 min to the etchant solution. The reaction 
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mixture was stirred at 40 °C for 24 h. After that, the acidic mixture was centrifuged at 3500 rpm, 

and the supernatant was removed, followed by the addition of fresh distilled water to wash the 

sediment. The washing-precipitation cycles were repeated until the pH of the supernatant was 

between 5 and 6. The product was collected, dried overnight at 70 °C in a vacuum oven, and 

grounded for further use. The resulting fine powders are multi-layered MXene, termed as ML-

MXene. 

4.2.3 Synthesis of the Delaminated Ti3C2Tx MXene (DL-MXene) 

The clay-like ML-MXene was dispersed in a large amount of distilled water and sonicated in an 

ice bath for 10 min. The suspension was centrifuged at 3500 rpm for an hour to separate the 

delaminated few- and single-layer MXene sheets from multi-layer MXene or possible un-etched 

MAX phase. The homogeneous dark-green supernatant containing delaminated MXene was 

collected, dried overnight in a vacuum oven at 70 °C, and grounded. The resulting fine powders 

are delaminated MXene, termed as DL-MXene. 

4.2.4 Preparation of the Ionomer-Modified DL-MXene (I@DL-MXene) 

Typically, a hyperbranched polyethylene ionomer at the prescribed amount was dissolved in 40 

mL of THF. Afterward, the dispersion of MXene in DMF (10 mg in 0.5 mL) was added dropwise 

into the ionomer solution under bath sonication. The ionomer to MXene feed mass ratio was 

controlled at 2:1 or 3:1. The resulting dispersion was further hand-shaken. Subsequently, the 

dispersion was centrifuged at 10,000 rpm for 20 min, and the sediment was thoroughly dispersed 

in 40 mL of fresh THF and then centrifuged. The redispersion-centrifugation cycle was repeated 

3 times to remove the excess non-intercalated ionomer. Finally, the sediment was dried overnight 

at ca. 70°C under vacuum to render the ionomer-modified MXene, termed as I@DL-MXene-x-y, 

with x noting for the ionomer (I3 or I5) used and y indicative of the ionomer/MXene mass ratio. 

For the purpose of comparison, the ionomer (I5)-modified multi-layered MXene sample at the 

ionomer/MXene ratio of 2, I@ML-MXene-5-2, was also prepared as described in our previous 

study. In addition, two cetyltrimethylammonium bromide (CTAB)-modified DL-MXenes, termed 

C@DL-MXene-0.2 and C@DL-MXene-2, were similarly prepared by replacing the ionomer with 

CTAB as a small molecular analogue at CTAB/MXene feed mass ratio of 0.2 and 2, respectively, 

in fresh DI water instead of THF. 
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4.2.5 Characterizations and Measurements 

Thermogravimetric analysis (TGA) was carried out on a TA Instruments Q50 thermogravimetric 

analyzer. Measurements were performed under a N2 atmosphere at a continuous flow of 60 mL 

min−1 through the sample furnace and a flow of 40 mL min−1 through the balance compartment. 

In a typical measurement, the sample (ca. 5 to 10 mg) was heated from room temperature to 700 

°C at 10 °C min−1. Dynamic light scattering (DLS) measurements of the dilute dispersions (ca. 0.1 

mg mL-1) of the various MXene samples for their hydrodynamic particle size and ζ potential were 

performed on a Brookhaven NanoBrook Omni Instrument at 25 °C. Each sample was measured 

three times, and the average values were used. Wide-angle X-ray diffraction patterns of the MXene 

and ionomer-modified MXenes samples were collected on a Rigaku SmartLab SE X-ray 

diffractometer with Cu Kα radiation at room temperature. Scanning electron microscopy (SEM) 

was carried out on an FEI Quanta 450 Environmental Scanning Electron Microscope (FE-ESEM). 

A thin platinum layer was coated on the samples prior to the imaging. The TEM images were 

captured with a Thermo Scientific Talos 200X transmission electron microscope operating at 200 

kV. Specimens for TEM observation were prepared by dispersing powders of the corresponding 

materials (pristine MXene or ionomer-modified MXenes) in THF by bath sonication, followed by 

the deposition of a few drops of dispersion on a carbon-coated copper mesh grid. The grid was 

dried in the air prior to the TEM characterization.  

4.2.6 Electrochemical Tests 

To fabricate the working electrodes, slurries were prepared by mixing each MXene sample 

(including DL-MXene, I@DL-MXene, I@ML-MXene, C@DL-MXene), Super-P conducting 

carbon, and PVDF (polyvinylidene fluoride) as a binder at a mass ratio of 60: 30: 10 in N-methyl-

2-pyrrolidinone (NMP). The homogeneous slurry was coated on carbon paper disks followed by 

drying at 65 ℃ for 5 h and then at 40 ℃ in a vacuum oven overnight. The mass loading of the 

active material (virgin MXene) on each electrode was about 1.0-2.0 mg cm-2. Mg battery cells 

were assembled as coin cells (CR2032 type) in an argon-filled glove box, each with an Mg disc as 

the anode, a Whatman glass fibre membrane as the separator, and 0.4 M (PhMgCl)2-AlCl3/THF 

(APC) as the electrolyte. The APC electrolyte was formulated by mixing 0.4 M phenyl magnesium 

chloride (a Lewis base) in tetrahydrofuran (2 M PhMgCl in THF, Aldrich, 99%) solution with 0.2 
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M aluminum trichloride (AlCl3, Aldrich 99.999%) in THF (Aldrich, inhibitor-free, anhydrous) in 

an argon-filled glovebox.180 The obtained electrolyte solution was vigorously stirred overnight 

before use. 

Galvanostatic charge/discharge (GCD) tests were performed on a commercial battery testing 

system (Land®, CT2001A, China) within the voltage window of 0.01/0.1 to 2.0 V (vs. Mg/Mg2+). 

Current density and specific capacity were calculated based on the mass of virgin MXene in the 

cathodes. Cyclic voltammetry (CV) measurements were recorded on a Metrohm Autolab 

PGSTAT128N electrochemical workstation at a scan rate of 0.2 mV s-1. Electrochemical 

impedance spectroscopy (EIS) measurements were performed over the frequency range of 100 

kHz to 0.01 Hz with an AC amplitude of 50 mV. 

4.3 Results and Discussion 

In the present study, two hyperbranched polyethylene ionomers synthesized in our earlier paper, 

I3 and I5, containing quaternary ammonium ions at 1.03 and 2.87 mol%, respectively,185 are 

employed for the modification of Ti3C2Tx MXene. Both ionomers were synthesized by Pd─

diimine-catalyzed direct copolymerization of ethylene with an ionic liquid comonomer, which was 

detailed in our earlier papers.135. Herein, both ML-MXene with a multi-layer sheet structure and 

DL-MXene containing few- or single-layer sheets are used as the MXene precursors, with the latter 

expected to have better ion transport properties due to the widened ion transport passage as a result 

of its few-layer structure. The schematic synthesis of ionomer@MXene nanocomposites by an 

electrostatic self-assembly approach is illustrated in Scheme 4.1. As elucidated in our earlier 

paper,185 the surface of MXene nanosheets is negatively charged due to their surface terminations 

(–O, –OH, and –F). The ionomer containing multiple quaternary ammonium groups per chain 

binds to the surface of MXene nanosheets through strong electrostatic interactions. This self-

assembly strategy is simple and convenient without the use of high temperature or high energy. 

To replicate and support our previous findings185 regarding ionomer ions contents effect on DL-

MXene exfoliation/delamination, the modification of DL-MXene has been performed with the two 

ionomers at different ionomer/MXene mass ratios (2 and 3), rendering two nanocomposites, 

I@DL-MXene-5-2 and I@DL-MXene-3-3, respectively, with the first number indicating the 

ionomer used and the second number indicating the ionomer/MXene feed mass ratio. For the 
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purpose of comparison, I@ML-MXene-5-2 has also been synthesized with ML-MXene.185 

Additionally, the modification of DL-MXene has also been performed with CTAB, as a small-

molecular analogue of the ionomers to render C@DL-MXene-0.2 and C@DL-MXene-2 (at 

CTAB/MXene feed mass ratio of 0.2 and 2, respectively). CTAB-intercalated DL-MXenes have 

been demonstrated to show improved electrochemical performance, compared to unmodified ML-

MXene, as cathode materials for MgIBs.181 They are included herein as the control samples to 

elucidate the effects of the intercalation of ionomers as the macromolecular intercalants on the 

electrochemical performance of the modified MXenes. 

 

Scheme 4.1 Schematic illustration of the synthesis of I@DL-MXenes as cathode materials for 

the magnesium-ion battery.  

The modified MXenes have been characterized with TGA to quantify the content of the 

corresponding modifying agent (ionomer or CTAB). Figure 1a shows the TGA curves of I@DL-

MXene-3-3 and I@DL-MXene-5-2, along with those of ionomers (I3 and I5); unmodified virgin 
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DL-MXene, pure CTAB, and C@DL-MXene samples. Ionomers start to decompose at 280 °C 

with a nearly complete weight loss at 480 °C. Unmodified DL-MXene exhibits good stability with 

no considerable weight loss up to 600°C. Both I@DL-MXene samples exhibit a one-step weight 

loss within 280─480 °C, attributable solely to the decomposition of the corresponding ionomer. 

The mass contents of the ionomers/CTAB in the modified DL-MXenes have thus been quantified 

from the weight loss and are summarized in Table S4.1. The ionomer contents in I@DL-MXene-

3-3 and I@DL-MXene-5-2 are 25 and 38 wt%, respectively. Consistent with our earlier study in 

multi-layers Mxene for I@ML-MXenes, increasing the quaternary ammonium content in the 

ionomers from I3 to I5 leads to the increased ionomer content in the I@DL-MXenes despite the 

lower dosage of the latter. The two CTAB-modified samples (C@DL-MXene-0.2 and C@DL-

MXene-2) show the CTAB content of  9 and 15 wt%, respectively. The ionomer content of I@ML-

MXene-5-2 is 29 wt%.   

 

Figure 4.1b shows XRD patterns of the modified DL-MXene samples as well as the unmodified 

DL-MXene. Relative to that in unmodified DL-MXene (2θ = 6.6°; d-spacing = 1.3 nm), the 

characteristic (002) peak is broadened and obviously shifts to much lower diffraction angles 

centred at 2θ = 5.5° and 4.7° (corresponding d-spacings of 1.6 and 1.9 nm) in I@DL-MXene-3-3 

to I@DL-MXene-5-2, respectively (Figure 4.1b), indicating the increase of interlayer distance 

upon ionomer intercalation. Meanwhile, one can also find that the increase in the ionomer content 

from I@DL-MXene-3-3 to I@DL-MXene-5-2 leads to an appreciable increase in d-spacing, 

indicative of enhanced intercalation. I@DL-MXene5-2, due to superior d-spacing, is selected for 

further study and performance tests in Mg batteries.   

 

Meanwhile, relative to I@DL-MXenes, the d-spacing of C@DL-MXenes is appreciably lower at 

1.45 nm (2θ =6.1°) for both C@DL-MXene-0.2 and C@DL-MXene-2, which is similar to the 

results reported earlier by Xu et al. 181, 186 It can be noted that the CTAB content has a negligible 

effect on the d-spacing of the two C@DL-MXenes. Clearly, relative to the small molecular 

analogue, the ionomers are much more efficient in expanding the interlayer spacing between the 

DL-MXene sheets, which may better facilitate the transport of Mg2+ ions in the channels.  
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The d-spacing of I@ML-MXene-5-2 from our previous work185  is presented in Table S4.1 for 

reference. 

 

DLS measurements have been performed on the dilute dispersions of the various modified MXene 

samples, including I@DL-MXenes and I@ML-MXene samples in THF and C@DL-MXene-2 in 

water, to determine their ζ potential and Z-average hydrodynamic size (dp) and distribution. The 

results are also summarized in Figure 1d, Figure S4.1, and Table S4.1. Relative to the unmodified 

DL-MXene in water (dp = 133 nm; PDI = 0.3), I@DL-MXenes show much bigger dp values 

(generally about 200 nm). The larger particle sizes suggest the presence of MXene aggregates as 

a result of the cross-linking effect of the multidentate ionomers. The ionomer modification also 

dramatically changes the ζ potential of the particles. Relative to the negative ζ potential of −38 mV 

and −53 mV of unmodified ML-MXene and DL-MXene, respectively, I@DL-MXenes show 

markedly increased ζ potentials of about 60 mV. These ζ potential data confirm the expected ionic 

binding of the cationic ionomers onto the negatively charged MXenes, which effectively changes 

the surface charge of the particles. C@DL-MXene-2 also shows the enhanced ζ potential of 57 

mV. 
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Figure 4.1 (a) TGA curves of unmodified DL-MXene, Ionomers, CTAB, and the various modified 

MXene samples; (b) XRD patterns of unmodified DL-MXene, I@DL-MXenes, and C@DL-

MXenes; (c) magnified image of the selected region in (b); (d) ζ potential results of unmodified 

ML- and DL-MXene, and C@DL-MXene-2 in water, and I@MXene samples in THF. 

Figure S4.2 in Supporting Information shows the N2 adsorption−desorption isotherms for DL-

MXene and I@DL-MXene-5-2, along with the surface area and pore volume data summarized in 

Table S4.2. While unmodified DL-MXene shows an appreciable surface area of 55.3 m2 g-1 and 

pore volume of 0.15 cm3 g-1, I@DL-MXene-5-2 is nearly nonporous with negligible surface area 

or pore volume. This also suggests the successful intercalation of the ionomer, with the voids 

within DL-MXene almost fully filled with the soft ionomer. 
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Figure 4.2 shows TEM images of unmodified ML-MXene and DL-MXene, I@ML-MXene-5-2, 

and I@DL-MXene-5-2. Layered 2D-sheet structures with an interplanar spacing of ca. 1 nm are 

observed in the unmodified ML-MXene (Figure 4.2a). The selected area electron diffraction 

(SAED) (inset in Figure 4.2a) shows that the basal planes’ atomic arrangement is identical to that 

in the parent MAX phase.14 2D sheets are observed in I@ML-MXene-5-2 (Figure 4.2b) but with 

a significantly enlarged interplanar spacing of 8.6 nm, confirming the successful exfoliation of the 

ML-MXene into large interplanar spacings upon the intercalation with the ionomer at a high 

content. Relative to ML-MXene, DL-MXene shows single- and few-layer structures with a 

decreased number of layers (Figure 4.2c,d). The TEM images of I@DL-MXene-5-2 show many 

few-layered structures, including mono- and bi-layers and aggregated flakes (Figures 4.2e,f,g) due 

to the cross-linking effect of the multidentate ionomer. From its SAED images (Figures 4.2h, i), 

the hexagonal atomic structure is well retained in I@DL-MXene-5-2. Consistent with the XRD 

results, the TEM images provide additional evidence supporting the effective intercalation of the 

ionomer into the nanosheets, which results in the entire exfoliation for some of them. The strong 

ionic interactions between the quaternary ammonium ions on the ionomer and the negatively 

charged MXene layer surface are reasoned to contribute to the high efficiency of intercalation and 

subsequent exfoliation of the nanosheets. Expanded interlayers can provide sufficient space and 

extra pathways for multivalent ions like Mg2+.182 In particular, I@DL-MXene-5-2 with few-

layered structures and reduced layer numbers is expected to provide more accessible active sites 

and shortened pathways to accommodate Mg2+.187 

TEM elemental mapping of C, F, O, and Ti in Figure 4.2j shows qualitative changes in functional 

group distribution on DL-MXene before and after ionomer intercalation. Qualitatively, it displays 

an appreciably lowered intensity of F element relative to other elements (Ti, O) in I@DL-MXene-

5-2 (Figure 4.2j (VII/VI)) compared to DL-MXene (Figure 4.2j (III/II)), indicating the removal of 

some F─ ions from the nanosheet surface upon ionomer binding.  
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Figure 4.2 (a) TEM images of virgin unmodified Ti3C2Tx ML-MXene; (b) I@ML-MXene-5-2; 

(c,d) DL-MXene; and (e, f, g) I@DL-MXene-5-2; the insets in (a),(d), and (f) are the SAED 

patterns in 10 nm-1; (h) the SAED pattern of (g); (i) magnification of (h) ; (j) EDS elemental 

mapping images of DL-MXene surface (I-IV) and I@DL-MXene-5-2 flake surface (V-VIII).   



81 

 

The electrochemical performance of I@DL-MXene-5-2 featured with the highest d-spacing has 

been systematically evaluated on cells constructed with an I@DL-MXene-5-2 cathode against a 

magnesium metal anode, with 0.4 M (PhMgCl)2+AlCl3/THF (APC) electrolyte. It should be noted 

that because of its nonpolar hyperbranched polyethylene skeleton, the ionomer has a high 

dispersibility in low polarity THF, thus facilitating the fast transport of the electrolyte within the 

ionomer. Comparisons are made with other unmodified/modified ML-/DL-MXene cathodes. 

 

Figures 4.3a, b and S4.3a compare the first, second, 10th and 100th galvanostatic charge-discharge 

(GCD) curves of DL-/ML-MXene and I@DL-MXene-5-2 cathodes at a current density of 50 mA 

g-1 within the potential window of 0.05─2.0 V. The GCD curves affirm the dramatic difference 

between I@DL-MXene-5-2 and DL-/ML-MXene cathodes. Though all cathodes display sloping 

voltage curves, I@DL-MXene-5-2 cathode provides a high initial capacity of 235 mAh g−1 and a 

reversible discharge capacity of around 200 mAh g−1 in contrast to the significantly lower 

reversible capacity of 70 mAh g−1 for DL-MXene cathode and negligible capacity of only around 

3 mAh g-1 for ML-MXene. Moreover, the discharge capacity of I@DL-MXene5-2 is maintained 

well at 190 mAh g−1 even after 100 cycles, representing a capacity retention of about 95% relative 

to the first stable cycle. Figure 4.3c compares the 2nd-cycle cyclic voltammetry (CV) curves of 

ML-MXene, DL-MXene, I@ML-MXene-5-2, C@DL-MXene-2 and I@DL-MXene-5-2 cathodes 

at a scan rate of 0.2 mV s−1 within the potential range of 0.05 to 2.0 V. One can notice the 

significant differences in the capacity among the five cathodes, with the enclosed CV area of 

I@DL-MXene-5-2 cathode significantly higher than those of others. In particular, ML-MXene and 

I@ML-MXene-5-2 cathodes exhibit extremely low current responses, confirming their negligible 

capacities due to the multi-layered nanosheet structures. From the EIS spectra recorded for the 

fresh cell of ML-MXene and I@ML-MXene-5-2 (Figure S4.3b), the Nyquist plots show high ion 

diffusion resistance, indicating difficult Mg2+ insertion/extraction through multi-layered MXenes 

even after the ionomer modification.  

The CV curves show broader Mg2+ ion intercalation/extraction peaks for DL-MXene, C@DL-

MXene-2, and I@DL-MXene-5-2 cathodes, respectively. The latter reveals a much-improved 

capacity compared to the former control samples. Improved responses for DL-MXene cathode 

should result from its delaminated few-layered structures. The CV results of DL-MXene and 

C@DL-MXene-2 cathodes are analogous to those reported in previous related papers.178, 181 These 
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capacity increases are attributable to the enhanced d-spacing of MXene layers. Expanding the 

interlayer space improves the Mg-ions storage performance. Actually, as the interlayer spacing 

increases, the interaction between intercalation guests and host lattices weakens, dramatically 

improving “cation” mobility in cathode materials. An increase in the number of accessible sites in 

cathode materials due to the enlarged lattice spaces also leads to improved reversible Mg-ions 

storage capacity.168 According to the above results, the cationic ionomer plays a critical role in 

endowing the MXene electrode with distinctly enhanced Mg2+ storage capability. 

To improve the charge-storage capabilities of 2D MXenes, most efforts have addressed increasing 

their interlayer spacing in order to enhance the accessible surface area and promote ion transport 

rates.177 However, the electrolyte solvent selection significantly influences the ion intercalation 

process for Ti3C2Tx MXene electrodes in organic electrolytes.188The wettability of electrodes by 

electrolytes is a critical factor affecting the access to electrolytes and the diffusion rate of the 

charge carriers in the electrodes.18 The THF-based all phenyl complex (APC) electrolyte is one of 

the notable electrolytes for rechargeable magnesium batteries.189 We previously demonstrated that 

the hydrophobic hyperbranched polyethylene segments in the adsorbed ionomer facilitate and 

improve the dispersion of the modified MXenes in both non- and low-polarity organic solvents.185 

To evaluate the effect of different organic solvents in the electrolyte system on the interlayer 

distance, XRD patterns of dry ML-MXene, dry I@ML-MXene-3-2, 185 and wet I@ML-MXene-3-

2 saturated with different electrolyte organic solvents including THF, dioxolane (DOL), propylene 

carbonate (PC), dimethyl sulfoxide (DMSO) and dimethoxyethane (DME) are compared in Figure 

S4.3c. Dry I@ML-MXene-3-2 has a spacing of 13.6 A° relative to 10.8 A° for dry ML-MXene. 

The d-spacing of the wet I@ML-MXene-3-2 samples saturated with THF and DMSO shows 

distinct enhancements to 19.6 A°  and 20.1 A°, respectively, while no noticeable changes are seen 

in the XRD patterns of the sample with other solvents; in agreement with our previous work where 

stable dispersions of I@ML-MXenes were achieved in THF and DMSO185 . Thus, THF and DMSO 

molecules can effectively penetrate into the ionomer-modified MXene interlayer spaces, which 

correlates to the better ion transport ability in the electrolytes formulated with these two solvents. 

With the even enlarged d-spacing, the APC electrolyte in THF applied herein can penetrate freely 

between ionomer-modified DL-MXenes layers. 

On the other hand, CTAB is a cationic surfactant with good solubility in water (36.4 g L-1 at 20 

°C), methanol (>200 g L-1 at 20 °C) and alcohol, but insoluble in some nonpolar or low-polarity 
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organic solvents like ether, benzene, and diethyl ether. In THF, it forms an opaque dispersion (see 

Figure S4.4) relative to the transparent solution in water, indicating it is only slightly soluble in 

the former. Meanwhile, C@DL-MXene-2 cathode composite is not dispersible in THF and tends 

to quickly aggregate and settle down even after vigorous shaking. In contrast, the as-synthesized 

ionomer featured extensive branch-on-branch structures; the hyperbranched polyethylene skeleton 

makes it completely amorphous and dispersible/soluble in many nonpolar, and low-polarity 

solvents at room temperature136 and resulting in modified MXenes would thus inherit the 

dispersibility in these solvents185. Accordingly, the I@DL-MXene-5-2 cathode is completely 

dispersible in THF and remains stable for a long time Figure S4.4. Therefore, ionomers have not 

only been found to bind strongly onto the negatively charged MXene surfaces and effectively 

delaminate MXenes to few-/single-layers and nano-flakes to open the channel for Mg ion 

transportation,  but also render the modified MXenes dispersible in an organic solvent, THF herein, 

compatible with fascinating APC electrolyte. Overall, we validated that, for Ti3C2 MXene 

electrodes in organic electrolytes, the selection of the electrolyte solvent does indeed have a 

considerable impact on the Mg-ion intercalation process, similar to Li-ions.188 During cycling 

using an electrolyte APC in THF, the Mg ions present in the interlayer space of the ionomer-

modified Ti3C2 MXene are found to be fully desolvated, leading to a charge-discharge mechanism 

dominated by a smooth deintercalation-intercalation process. Indeed, efficient penetration of THF 

molecules controls the accessibility and transport of magnesium ions inside the structure of the 

MXene cathodic electrode. Based on our knowledge, this is the first demonstration of solvent's 

influences on charge storage for Mg ions in titanium carbide MXenes.  
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Figure 4.3 (a) GCD curves of DL-MXene electrode at 50 mA g−1; (b) GCD curves of the ionomer 

modified MXene, I@ DL-MXene-5-2 electrode at 50 mA g−1; (c) Cyclic voltammetric (CV) curves 

for all sample electrodes for comparing at 0.2 mV s-1.  

Nevertheless, in Ti3C2Tx MXene, Tx represents three types of termination groups, i.e., ―OH, ―F, 

and ―O. It is demonstrated that termination groups' chemistry can be tuned to control the 

electrochemical performance of Mg ion batteries.190-192 Furthermore, Y. Xie et al.193 demonstrated 

both O-terminated and bare MXenes (the nonterminated MXenes) are promising electrode 

materials for Mg batteries and exhibit higher capacities and better rate capabilities. In fact, Mg2+ 

is not easily adsorbed on either ― OH or ―F  terminated Ti3C2; conversely, Mg2+ exhibits a high 

affinity for adsorbing on the O-terminated Ti3C2 surface.181 DFT simulations for multi- and single-

layered Ti3C2Tx Mxene showed fluorine and hydroxyl terminations contribute a negative average 

voltage for Mg2+ intercalation and are thus thermodynamically unfavourable, but it has 

spontaneous intercalation (negative intercalation energy) in the case of oxygen termination.179 

Regarding the higher ratio of O to F groups in I@DL-MXene-5-2 compared to DL-MXene based 

on qualitative results in TEM elemental mapping,  Mg2+ can reach the O-terminated Ti3C2 surface 

with the enhancement diffusion kinetics of electrolyte in I@DL-MXene-5-2.  

 

Finally, it has been demonstrated before that solvated or complex Mg cations exhibit significantly 

less charge polarization and migration barrier than naked Mg-ions because of their larger ionic 

radius and/or reduced charge numbers.168 So, the electrochemical Mg-ions storage capabilities can 

improve by intercalating solvated or complex Mg-containing cations by weakened electrostatic 

intercalation between these cations and host lattices.194 Herein, the ionomer not only expands the 

interlayer of the MXene cathode but also shields the interactions between Mg-ions and the MXene 
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host. Compared with the bivalent Mg-ions, the attainable solvated Mg-ions as monovalent MgBF4  

-ions have a relatively weak charge polarization, which, therefore, displays the lower diffusion 

barriers in the MXene host lattice than that of naked Mg-ions.  

 

The electrochemical performance of the I@DL-MXene-5-2 cathode has been further evaluated in 

detail. Figure 4.4a compares four cycles of CV curves of I@DL-MXene-5-2 at 0.2 mV s-1 within 

the potential range of 0.05 to 2.0 V.  During the first discharge, a minor reduction peak appearing 

at 0.75 V is ascribed to the decomposition of the electrolyte to form a solid-electrolyte interface 

(SEI) film.182 In the following cycles, the CV curves almost overlap, which signals the good 

reversibility of the cathode and also suggests easy and fast insertion/extraction of Mg2+ ions 

into/from MXene sheets. The step current drop at ~1.75 V in the reduction peak and the step current 

increasing in 0.5 V, as well as the oxidation peak situated located around 1.5 V, are related to the 

insertion and extraction of the Mg2+ within the MXene layers. 182  

 

To study the charge storage mechanism of I@DL-MXene-5-2, CV curves at different voltage scan 

rates were acquired (Figure 4.4b), and Equation (1) was applied to distinguish between the surface-

controlled pseudocapacitive (𝑘1ν) and diffusion-controlled battery (𝑘2𝑣
1

2⁄ ) contributions to the 

current response.195 

𝑖 = 𝑘1𝑣 + 𝑘2𝑣
1

2⁄                  (1) 

where 𝑖 is current at a scan rate of ν at each fixed potential. 𝑘1 and 𝑘2 can be determined as the 

slope and interception of a linear fit of  𝑖
𝑣1/2⁄  versus 𝑣

1
2⁄ .  

Accordingly, the pseudocapacitive contribution in charge storage at different scan rates was 

calculated (e.g. Figure 4.4c provides an illustration of the pseudocapacitive contribution at 0.7 mV 

s-1). As depicted in Figure 4.4d, the observed trend aligns with expectations: an increase in scan 

rate corresponds to a heightened pseudocapacitive contribution (71%, 81%, 86%, and 89% at 0.1, 

0.5, 0.7, and 0.9 mV s-1, respectively). Notably, even at the low scan rate of 0.1 mV s-1, a substantial 

pseudocapacitive contribution to the current response (71%) is evident. This remarkable surge in 

pseudocapacitive behaviour can primarily be attributed to the distinctive pillared structure 

leveraging its extensive surface area that effectively reduces ion diffusion pathways and enhances 

the availability and accessibility of surface-active sites.196  
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Figure 4.4e shows the voltage profiles of the I@DL-MXene-5-2 cathode in the GCD tests at 

different current rates. All the voltage profiles show sloping curves with no obvious plateaus 

observed at any current, which can be ascribed to the 2D nature of the ionomer-modified MXene 

sheets.178 The capacity retention plots of the battery at different currents illustrated in Figure 4.4f 

show the different rate performances of the cathode. Figure 4.4f plots the capacity retention curve 

of the cathode at different currents, with a retention of about 52% achieved at 1000 mA g-1 relative 

to 20  mA g-1. Figure 4.4g shows the rate performance of the cathode, with the capacities plotted 

at different GCD currents ranging from 20 to 1000 mA g-1. Stable reversible capacities are 

achieved at each current, with the values of 213, 200, 195, 194, 186, 169, 140 and 110 mAh g−1 at 

20, 40, 50, 80, 100, 200, 500 and 1000 mA g−1, respectively. Moreover, a remarkable reversible 

higher capacity of ~ 250 mA h g-1 is maintained when the current density is switched back to 20 

mA g-1. Relative to the initial value of 213 mA h g-1, the appreciably higher capacity value is 

attributed to the activation effect following the rate performance test. Clearly, the significantly 

expanded interplanar spacing and THF-permeable ionomer matrix facilitate rapid ion diffusion, 

high Mg2+ storage capacity, and superior rate performance. 

Figure S4.5 shows the rate performance of the C@DL-MXene-2 cathode. It shows capacities of 

130, 132, 123, 134, 133, 123, 112 and 98 mAh g−1 at 0.0220, 0.0440, 0.0550, 0.0880, 0.1100, 

0.2200, 0.5500 and a 1 1000 mA g−1, respectively. Clearly, I@DL-MXene-5-2 shows a higher 

capacity than C@DL-MXene-2 at each current. 
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Figure 4.4 (a) CV curves of I@DL-MXene-5-2 cathode at a sweep rate of 0.2 m V s-1; (b) CV 

curves of I@DL-MXene-5-2 cathode at different sweep rates from 0.1 to 0.9 mV s-1; (c) the 

pseudocapacitive contribution to the current response for Mg-Battery with I@DL-MXene-5-2 

cathode at a voltage scan rate of 0.7 mV s−1; (d) comparison of pseudocapacitive contributions to 

the current at different scan rates; (e) Galvanostatic charge-discharge curves of I@DL-MXene-5-

2 cathode at currents from 0.2C to 10C (1C = 100 mA g−1) ; (f) Capacity retention of I@DL-
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MXene-5-2  cathodes at different current densities; (g) gravimetric capacities of I@DL-MXene-

5-2 cathode at different current densities. 

The kinetic effects and mechanism of charge and discharge reactions have been further 

investigated on the three different cathodes, including I@DL-MXene-5-2, C@DL-MXene-2, and 

DL-MXene cathodes. Figures 4.5a and 4.5b show Nyquist plots of their fresh cells and cells after 

100 GCD cycles at 50 mA g-1, respectively. Fresh cells of I@DL-MXene-5-2 and C@DL-MXene-

2 show nearly overlapping curves, with a much higher electrode resistance found for DL-MXene. 

For the cycled cells, the cell with I@DL-MXene-5-2 cathode shows the smallest semicircle197  in 

the middle-high frequency region, correspondingly with the lowest charge transfer resistance (Rct) 

of 36.9 . The cell with DL-MXene cathode instead shows the highest Rct of 116.1 , followed 

by the value of 94.5  for that with C@DL-MXene-2 cathode. The higher Rct of the cell with 

C@DL-MXene-2 cathode indicates the relatively inferior interface charge transfer with C@DL-

MXene-2, which stems from the low wettability of C@DL-MXene-2  by low polarity THF solvent 

as discussed earlier. Compared to the other two cathodes, the charge transfer resistance of the 

I@DL-MXene-5-2 cathode is reduced significantly upon ionomer intercalation within the 2D 

nanosheet structure. 

 

Figure 4.5c shows the cycling performances of  I@DL-MXene-5-2 cathodes at 50 and 200 mA g-

1, respectively, for 500 and 1000 cycles. Reversible capacities of 138 and 125 mAh g−1 are 

achieved at the two respective currents after 500 cycles, corresponding to the capacity retentions 

of 76% and 83%, respectively, in reference to the initial capacities of 181 and 150 mAh g−1. The 

initial Coulombic efficiency for 50 and 200 mA g-1 is recorded at 111.7% and 95.3%, respectively. 

The Coulombic efficiency is maintained at nearly 100% during the entire test, indicating highly 

reversible insertion/extraction of  Mg2+ over the long cycling. As shown in the inset in Figure 4.5c, 

the I@DL-MXene-5-2 cathode exhibits a gradual capacity increase from the first cycle to 210 

mAh g−1 at the 60th cycle. This initial capacity increase, known as electro-activation, is a common 

phenomenon arising from continuous intercalation/deintercalation of the ions and, consequently, 

the increasing active surface area.172 

After 1000 cycles at 200 mA g-1, the capacity of the cathode is still maintained at 107 mAh g−1  

with a retention of 71% compared to the initial capacity. Delaminated MXene flakes possess more 
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active sites and larger surface areas but tend to restack or aggregate because of the van der Waals 

interaction and/or hydrogen bonding force.172 It has been shown before that stacking can reduce 

diffusion by 8–20 orders of magnitude.198, 199  In this respect, ionomer modification not only 

modifies the surface of the nanosheets but also effectively prevents DL-MXene from restacking 

and improves their electrochemical performance. The ionomer with hyperbranched polyethylene 

segments acts like a committed spring between MXene layers for a reversible charge-discharge 

process with long cycles.  
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Figure 4.5 Nyquist plots of (a) fresh I@DL-MXene-5-2, C@DL-MXene-2 and DL-MXene 

cathodes tested at open circuit potential and (b) the cathodes after 100 cycles of GCD test at 50 

mA g−1 with the inset showing their high-frequency regions and equivalent circuit; cycling tests of  

I@DL-MXene-5-2 cathode in mg battery (c) at 50 and 200 mA g−1 for 500 cycles and (d) at 200 

mA g−1 for 1000 cycles. 
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Figure 4.6 compares all other reported MXene cathode materials for rechargeable Mg batteries; 

the high performance of I@DL-MXene is highlighted. In reference to the literature results, I@DL-

MXene-5-2 shows the best overall performance among MXene-based cathodes reported for Mg 

batteries. Based on our knowledge, acquired performances are the highest among all the reported 

Mg batteries with MXene-based cathodes. Although 3D MXenes could deliver high capacities of  

210 mAh g-1 at 50 mA g-1, the conversion-type charge storage was irreversible due to a significant 

activation barrier to recharge Mg-containing compounds.200  Consequently, the capacity of the 3D 

macroporous Ti3C2Tx cathode was reduced from 170.5 mAh g−1 at the first cycle in 100 mA g-1 to 

140 mAh g−1 during the following cycles and finally stabilized at  50 mAh g−1 before reaching 20 

cycles. The rate performance of the electrode delivered a sharp decrease in capacity from  210 mA 

h g−1 at 50 mA g-1 to capacities of 140 and 70 mA h g−1 at 100  and 300 mA g-1, respectively.180 

 

 

Figure 4.6 Comparison of I@DL-MXene-5-2 capacity retention, cycles and specific capacity with 

other  MXene-based cathodes. 
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4.4 Conclusion 

Ionomer-modified DL-MXene with enlarged inter-layer spaces, I@DL-MXenes, have been 

designed by intercalation/exfoliation of DL-MXene with hyperbranched polyethylene ionomers 

with quaternary ammonium ions. The quaternary ammonium cations allow the ionomer to strongly 

bind onto the negatively charged surface of DL-MXene nanosheets, thus stably exfoliating the 

nanosheets at enhanced inter-layer distance and preventing their restacking. The ionomer thus acts 

as the pillar in the pillared MXene, which renders the layers open and endows the pillared MXene 

with extra capacity for magnesium-ion storage. The ionomer also acts as a surfactant and modifies 

the surface of DL-MXene sheets by reducing fluorine to oxygen ratio and enhancing the wettability 

with THF-based APC electrolyte, which can effectively reduce the strong electrostatic interaction 

between Mg2+ and the surface terminals and thus improve the diffusion kinetics. 

  

Our results have shown that I@DL-MXene-5-2 cathode demonstrates exceptionally enhanced 

magnesium-ion storage capacities (e.g., 213 mAh g−1 vs about 3 mAh g−1 for ML-MXene and 80 

mAh g−1 for DL-MXene at 0.02 A g−1). I@DL-MXene-5-2 cathode is also distinctly featured with 

the improved electrode/electrolyte interface charge transfer, which effectively overcomes the 

sluggish solid-state kinetics of Mg2+ in MIBs. I@DL-MXene-5-2 outperforms the small molecule 

intercalant  CTAB-modified DL-MXenes. Hence, the design of I@DL-MXene by rationally 

constructing DL-MXene material’s structure and regulating the electrode/electrolyte system offers 

high-capacity, long-life, and high-safety Mg-ion batteries with potential for promising 

applications. 
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Chapter 5 Improving Supercapacitic Capabilities of Ti3C2Tx MXene Electrodes in 

Ionic-Liquid Electrolyte by Enhancing Interlayer Spacing and Surface Modification 

 

Abstract 

MXenes are emerging as a very promising electrode material for high-performance 

supercapacitors. However, modified MXene-based supercapacitors with conductive polymers 

have been reported to exhibit low performance due to their narrow working voltage in aqueous 

systems. Herein, we report for the first time the use of hyperbranched polyethylene ionomer-

modified MXene as high-capacitance electrode materials for symmetric supercapacitors in an ionic 

liquid electrolyte. Ionomer-modified MXene working at 3 V in 1-ethyl-3-methylimidazolium 

tetrafluoroborate (EMIM+BF4
―) exhibits a high capacitance of 220  F g-1 at 2 mV s-1, which is 

among the highest values reported for MXene based electrodes in ionic liquid electrolyte. This 

work explains a simple and fast approach for the fabrication of MXenes/non-conducting polymer 

hybrid electrodes with superior electrochemical performance. 
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5.1 Introduction 

Supercapacitors have received significant interest in recent years due to their advantageous 

features, including fast charging and discharging capabilities, high power density, and 

exceptionally long cyclic stability compared to conventional batteries.202-208 Therefore, the 

development of supercapacitors with high energy and high-rate capabilities is an ongoing area of 

interest within the field.209 Supercapacitors have the capability to store energy through the electric 

double-layer capacitance (EDLC) mechanism. This process involves the accumulation of 

charges at the interfaces between the electrode and electrolyte, which leads to charge storage.210 

Another type of supercapacitor is known as a redox capacitor, often referred to as a 

pseudocapacitor.211 This particular type of capacitor can store charges through rapid surface 

Faradaic reactions. Several factors, including the electrochemical characteristics of the electrode 

materials, the electrolyte selection, and the electrodes' potential window, determine the 

performance of supercapacitors.212  

Given the high surface-area-to-volume ratios, two-dimensional (2D) materials are emerging as 

promising electrode materials for supercapacitors.93 Transitional metal carbide or nitride, 

commonly referred to as MXene, is a fascinating member of the 2D material family due to its 

remarkable electrochemical energy storage capabilities.213 The 2D MXenes are expressed as 

Mn+1XnTx, where M is an early transition metal such as Ti, V and Mo, Cr; X represents C and/or 

N, n = 1, 2, or 3, and Tx is a surface terminal functional group such as –O, –OH, or –F. 

Supercapacitor electrodes represent one of the most promising applications for MXenes.214 As an 

electrode, MXene can function as either a capacitor or a pseudocapacitor.106 MXenes usually reveal 

cation intercalation in aqueous electrolytes and have rectangular cyclic voltammetry (CV) curves. 

In contrast, MXenes exhibit pseudocapacitive characteristics with non-aqueous electrolytes 

characterized by significantly distorted rectangular CV curves.215 The aggregation and self-

restacking of flexible MXene flakes are commonly observed during the electrochemical process. 

This phenomenon can be attributed to the presence of strong van der Waals interaction and 

hydrogen bonding between nanosheets.216 In order to mitigate the self-stacking tendency of 

MXene flakes, various intercalated agents such as cetrimonium bromide (CTAB) 186 and tris(2-

aminoethyl) amine (TAEA)217 as small molecules and conducting polymers including 
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polypyrrole82, 88, 218, polyaniline93 and their derivatives219 have been introduced to expand the 

interlayer space. 

On the other hand, The vast majority of reported Ti3C2TX MXene electrode materials are typically 

produced in aqueous electrolytes. Consequently, the primary drawback of aqueous electrolytes is 

the small electrochemical potential window, which induces an energy density bottleneck.220 

Meanwhile, MXenes without sufficient modification have low oxidative stability in aqueous 

electrolytes. Using non-aqueous electrolytes, including ionic liquids, organic electrolytes, or their 

hybrids, can significantly increase the supercapacitors' voltage window and energy density220, 221 

as well as render enhanced MXene oxidative stability. 

 

Herein, the colloidal supernatants of multi-layer MXene as delaminated MXene are modified with 

specially designed hyperbranched polyethylene ionomers bearing positively charged quaternary 

ammonium groups on a hydrophobic polyethylene backbone. The ionomers tightly bind onto the 

negatively charged surface of MXene nanosheets. Such a modification markedly expands the 

interlayer spacing of MXene sheets and adjusts their surface properties, rendering their stable, 

highly concentrated dispersions in non-polar or low-polarity organic solvents along with 

significantly enhanced oxidation stability. Ionomer-modified MXene is used as the electrode 

material to fabricate symmetrical two-electrode supercapacitors with [EMIM]+[BF4]- as the 

electrolyte. Due to the ionomer intercalation with expanded interlayer spacing, the ionomer-

modified MXene electrodes are expected to render improved ion transport with more accessible 

surface active sites for ion adsorption and, in turn, enhanced capacitance. 

5.2 Experimental  

5.2.1 Materials 

All manipulations involving air- and/or moisture-sensitive materials were conducted in an Argon-

filled glovebox or by using Schlenk techniques. The batch of Ternary Titanium Carbide (Ti3AlC2) 

powders as MAX phase samples with size ≤40µ provided by Carbon-Ukraine company (Y-Carbon 

Ltd. (Ukraine)). The Pd―diimine catalyst, [ArN = C(Me) − (Me)C = NAr]Pd(CH3)(N ≡

C(Me)]+SbF6
−(Ar = 2‚6 − (iPr)2C6H3), was synthesized by following a literature procedure.135 
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The acrylate-type ionic liquid co-monomer [(2─(acryloxy)ethyl]trimethylammonium 

tetrafluoroborate](AETMA+BF4−)  was prepared by following the procedure reported in an earlier 

paper.109 Polymer-grade ethylene was obtained from Air Liquide and was purified by passing 

through a 3 Å molecular sieve column and an Oxiclear column. All other solvents or reagents were 

obtained from either Sigma-Aldrich or Fisher Scientific and were directly used as received.  

5.2.2 Synthesis of Quaternary Ammonium-Containing Hyperbranched Polyethylene 

Ionomers 

The hyperbranched polyethylene ionomers (I) were synthesized by catalytic chain walking 

copolymerization of ethylene and ionic liquid co-monomer AETMA+BF4
− in a 50 mL Schlenk 

flask equipped with the magnetic stirrer by following the procedure reported in an earlier paper.109 

The sealed and vacuumed flask was purged with ethylene five times and then filled with ethylene 

to 1 atm (i.e., 1 atm absolute pressure). The ionic liquid co-monomer solution (2.45 g)  in 5 mL of 

anhydrous acetone) was slowly introduced into the reactor under stirring. Subsequently, the 

polymerization was started through the injection of Pd―diimine catalyst solution (0.16 g, 0.2 

mmol in 5 mL of anhydrous acetone). During the polymerization, ethylene pressure was 

maintained constant by continuous feeding, and the polymerization temperature was set at room 

temperature. After 24 h, the polymerization was stopped by shutting down the ethylene supply line 

and venting the reactor. The black product containing Pd (0) particles, resulting from the 

decomposition of the Pd―diimine catalyst, was precipitated out with a large amount of methanol. 

The precipitate was redissolved in a small amount of tetrahydrofuran (THF) for multiple washing 

with methanol. The polymer precipitate was purified to remove Pd black according to a procedure 

in our earlier paper109 and then dried under vacuum at room temperature, rendering the 

corresponding ionomer.  

5.2.3 Synthesis of the Multi-layered Ti3C2Tx MXene (ML-MXene) 

In a fume hood, the etchant was prepared by gradually adding 1.6 g LiF to 20 mL of 9 M HCl in a 

125 mL Teflon beaker with a lid. 8, 132 LiF was thoroughly dissolved in HCl solution, then 1 g of 

Ti3AlC2 (MAX) powder was slowly added over the course of 10 minutes to the etchant solution. 

The reaction mixture was stirred and maintained at 40 °C for 24 hours. After that, the acidic 

mixture was repeatedly centrifuged (Thermo Fisher Scientific, Sorvall Legend XT) at 3500 rpm 
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while being thoroughly washed with distilled water. The acidic solution was separated as waste 

following each cycle and replaced with fresh DI water. The washing cycles were repeated until the 

pH of the supernatant was between 5 and 6. The final product, which had some water and seemed 

to be clay-like, was collected, dried overnight at 70 °C in a vacuum oven, and grounded for further 

use. The resulting fine powders are multi-layered, ML-Ti3C2Tx/ML-MXene. 

5.2.4 Synthesis of the Delaminated Ti3C2Tx MXene (DL-MXene) 

The clay-like ML-Ti3C2Tx were dispersed in a large amount of distilled water and sonicated in an 

ice bath for 10 minutes. The suspension was centrifuged for an hour at 3500 rpm to separate the 

few- and single-layer MXene sheets from thick multi-layer MXene or the un-etched MAX phase. 

The homogeneous dark-green delaminated Ti3C2Tx supernatant was collected, dried overnight in 

a vacuum oven at 70 °C, and grounded for further action. The resulting fine powders are 

delaminated, DL-Ti3C2Tx/DL-MXene. 

5.2.5 Preparation of the Ionomer-Modified MXene (I@ML-/DL-MXene) 

The hyperbranched polyethylene ionomer (20 mg) was typically dissolved in 40 ml THF. 

Afterward, the dispersion of MXene (ML- or DL-) in DMF (10 mg in 0.5 mL) was added drop 

wisely into the ionomer solution under bath sonication. The Ti3C2Tx to Ionomer mass ratio was 

controlled at 1:2. The resulting dispersion was further bath sonicated for ca. 5 min. It is worth 

mentioning that 5-minute bath sonication was replaced with hand-shaking (which was 

demonstrated efficient for this procedure) to ensure reproducibility. At that point, with the 

assistance of a centrifuge, the supernatant was decanted, and the sediment was thoroughly 

dispersed in 40 ml fresh THF  and washed 3 times to be sure all non-intercalated ionomers were 

removed. Finally, the sediment dried overnight under vacuum at ca.70 °C to render the ionomer-

modified MXene, termed as I@ML-MXene or I@DL-MXene. In addition, a 

cetyltrimethylammonium bromide (CTAB)-modified DL-MXene, termed C@DL-MXene, was 

similarly prepared by replacing the ionomer with CTAB as a small molecular analogue in fresh DI 

water instead of THF. 
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5.2.6 Characterizations and Measurements 

Thermogravimetric analysis (TGA) was carried out on a TA Instruments Q50 thermogravimetric 

analyzer. Measurements were performed under N2 atmosphere with a continuous flow of 60 mL 

min−1 through the sample furnace and a flow of 40 mL min−1 through the balance compartment. 

In a typical measurement, the sample (ca. 5 to 10 mg) was heated from room temperature to 700°C 

at 10 °C min−1. Dynamic light scattering (DLS) measurements of the dilute dispersions (ca. 0.1 

mg mL-1) of the various MXene samples for their hydrodynamic particle size and ζ potential were 

performed on a Brookhaven NanoBrook Omni Instrument at 25 °C. Each sample was measured 

three times, and the average values were used. Wide-angle X-ray diffraction patterns of the MXene 

and modified MXenes samples were collected on a Bruker D8 Advance diffractometer with Cu 

Kα radiation at room temperature. Scanning electron microscopy (SEM) was carried out on an FEI 

Quanta 450 Environmental Scanning Electron Microscope (FE-ESEM). A thin platinum layer was 

coated on the samples prior to the imaging. The TEM images were captured with a JEOL 2010F 

field emission electron microscope operated at 200 keV. Specimens for TEM observation were 

prepared by dispersing powders of the corresponding materials (pristine MXene or ionomer-

modified MXenes) in THF by bath sonication, followed by the deposition of a few drops of 

dispersion on a carbon-coated copper mesh grid. The grid was dried in the air prior to the TEM 

characterization. High-resolution transmission electron microscopy (HRTEM) has been used to 

define the structures of the obtained materials in detail.  

5.2.7 Electrochemical Measurements 

All electrochemical measurements, including cyclic voltammetry (CV), galvanostatic 

charge/discharge (GCD), and electrochemical impedance spectroscopy (EIS), were conducted 

with a Metrohm Autolab PGSTAT 128N  potentiostat/galvanostat on both 3-electrode and 2-

electrode cells. 

To fabricate the working electrodes in different electrolytes, a homogeneous slurry of the mixture 

of ML-MXene/DL-MXene/I@DL-MXene, Super-P conducting carbon, and PVDF 

(polyvinylidene fluoride) as a binder at a mass ratio of  60: 30: 10 in N-methyl pyrrolidinone 

(NMP) solvent was prepared. The formed slurry was then uniformly coated on the carbon paper 
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collector at a virgin MXene mass loading of ca. 1.0-2.5 mg cm−2, followed by drying at 40 °C 

under vacuum overnight. 

Electrochemical measurements of all MXene-based samples were first conducted in a three-

electrode system in 1 M H2SO4 aqueous electrolyte at room temperature. A coiled platinum wire 

and a saturated calomel electrode (SCE) were used as the counter and reference electrodes, 

respectively. The specific capacitance (CSP in F g−1) was calculated from the CV curves through 

the following equation:222 

𝐶sp=
1

2
 ∫ 𝑖𝑑𝑉

𝑚𝑣𝛥𝑉
                  (1) 

where i and V are the current (A) and voltage (V), respectively, in the CV curves, ∫ 𝑖𝑑𝑉 is the 

integration of the current loop over the whole voltage range, m is the mass of the active MXene, 

and v is the voltage sweep rate (V s−1). GCD measurements were performed at different current 

densities. The specific capacitance was calculated from the discharge curve through the following 

equation:222 

𝐶sp=
𝑖

𝑚𝑑𝑉/𝑑𝑡
                          (2)  

where i is the discharge current, m is MXene mass, and dV/dt is calculated as the slope of the 

discharge curve within the voltage range following the end of an ohmic drop to the end of the 

discharge curve.  

Furthermore, symmetrical two electrode supercapacitors were assembled as CR2032-type stainless 

steel coin cells using the glass fiber membrane (Whatman GF/C)  as the separator and LiTFSi or 

[EMIM][BF4] ionic liquid as respective electrolytes in a glovebox filled with ultrahigh purity 

argon.  

Specific capacitance Csp in (F g−1) was calculated from the CV curves according to the following 

equation:223 

𝐶sp=
∫ 𝑖𝑑𝑉

𝑚𝑣𝛥𝑉
                                                                                                                                     (3) 

where V is the voltage (V), i is the current (A) in CV curves, v is the voltage sweep rate (V s−1), 

and m is the active MXene mass in a single electrode (g). For GCD measurements, the Csp in (F 

g−1) was calculated from the discharge curves according to:223 

 𝐶sp=
2𝑖

𝑚𝑑𝑉/𝑑𝑡
                  (4) 
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where m is the mass of the active material in a single electrode, i is the specified discharge current, 

and dV/dt corresponds to the slope of the discharge curve with the ohmic drop excluded. EIS 

measurements over a frequency range from 0.01 Hz to 100 kHz were performed at the open-circuit 

potential by applying an AC voltage of 5 mV in amplitude. The energy density (E, in W h kg−1) 

and power density (P, in W kg−1) were calculated as follows:223 

𝐸 =
1

2
𝐶𝑠𝑝𝑉2 1

4×3.6
                   (5) 

𝑃 =
𝐸

𝑡
                                                                                                                                   (6) 

where t is the discharge time (in h), and V is the cell voltage with the ohmic drop deducted. 

5.3 Results and Discussion 

5.3.1 Characterizations 

In the present study, the hyperbranched polyethylene ionomer, briefly I containing 2.87 mol% 

tetraalkylammonium ions, was employed. Ionomer was synthesized by Pd―diimine-catalyzed 

direct copolymerization of ethylene with AETMA+BF4
−as the ionic liquid co-monomer. The 

copolymerization conditions and detailed characterization results of synthesized ionomers are 

presented in our previous work.185 The hyperbranched architecture of the ionomer disrupts the 

formation of crystals and thus renders the ionomer with good dispersibility/solubility in non-polar 

and low-polarity solvents. Multi-layered Ti3C2Tx MXene particles and delaminated flakes were 

prepared according to the synthesis process given in the experimental section. The schematic for 

fabricating the ionomer@MXenes composite by an electrostatic self-assembly approach is 

illustrated in Scheme 1. MXene nanosheets are negatively charged due to their surface 

terminations (–O, –OH, and –F). The ionomer containing multiple quaternary ammonium groups 

per chain was attracted to the surface of MXene nanosheets through electrostatic interaction and 

the ionic binding of their positive quaternary ammonium groups to the negatively charged surface 

of MXene. This successful self-assembly between MXenes and ionomer is a simple strategy 

without the usage of temperatures and energy. The resulting mixture was centrifugated at 10,000 

rpm for 20 min, and the precipitate was thoroughly washed three times with excess fresh THF to 

remove unused ionomers and then dried, rendering the ionomer-modified MXenes ( I@ML-Mxene 
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and I@DL-MXene) solid black powders to prepare the composite electrodes. Additionally, the 

modification of DL-MXene has also been performed with CTAB, as a small-molecular analogue 

of the ionomers to render C@DL-MXene. 

 

 

 

Scheme 5.1 Schematic illustration of the preparation of I@DL-MXene as electrodes for 

supercapacitor. 

TGA characterization was performed on the modified MXenes to evaluate their thermal behaviour 

and quantify their ionomer and CTAB content. All TGA experiments are accomplished under N2 

atmosphere. Figure 5.1a shows the TGA curves of the I-modified DL-MXene and I-modified ML-

MXene at (mionomer/mMXene)0 ratio 2, along with those of pure ionomer, dried unmodified, and 

virgin ML- and DL-MXene, pure CTAB, and CTAB modified DL-MXene obtained at 

(mCTAB/mMXene)0 ratio 2 for comparison. Ionomer starts decomposition at 280 °C with a nearly 

complete weight loss at 480 °C. Dried unmodified ML-MXene and DL-MXene exhibit stability 

without considerable weight loss within this temperature range (T room to 600°C). Both the 

Ionomer-modified MXenes (ML- and DL-)  exhibit a one-step weight loss, within 280 ─ 480 °C 

(ΔW), attributable solely to the decomposition of the ionomer. So, the mass contents of the 
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ionomer and CTAB in the modified DL-MXenes have thus been quantified from ΔW and are 

summarized in Table S5.1. 

 

The initial stage was the confirmation of the structural quality of the commercial MAX phase, 

which was intended to be utilized as the precursor material for the MXene. This verification was 

performed using X-ray diffraction (XRD) analysis. The main phase was confirmed to be Ti3AlC2, 

as represented in our previous paper.7 The d-spacing of multi-layer MXene (ML-MXene) and 

I@ML-MXene are 10.8 A° and 13.6 A°, respectively. The characteristic (002) peak in ionomer-

modified DL-MXene (Figure 5.1b,c) is broadened and obviously shifted to a much lower 

diffraction angle direction, 2θ =4.7°, indicating the increase of interlayer distance. Indeed, the 

larger d-spacing of  6 A◦ additional than unmodified DL-MXene (d-spacing of  13A◦) and  4.5 A◦  

than C@DL-MXene are created. The d-spacing increase by CTABs is about 2 A◦ more than 

unmodified DL-MXene, which has been demonstrated before.181 Ionomer with numerous 

quaternary ammonium groups per chain aggressively adsorbs onto MXene sheets by electrostatic 

interaction and ionic adsorption of their positive quaternary ammonium groups to the negatively 

charged MXene surface. This is additionally due to the hyperbranched morphology and topology 

of polyethylene branches, which expand the layer's space. The individual structure resembles an 

enlarged interlayer spacing; this may facilitate the transport of ions in the channel during 

charge/discharge cycle testing. 

 

Figure 5.1 (a) TGA curves of unmodified ML-/DL-MXene, Ionomer, I@ML-MXene, and I@DL-

MXene at Ionomer/ML- or DL-MXene mass ratio 2, pure CTAB, and CTAB modified DL-MXene 

(C@DL-MXene) with mass ratio 2; (b) XRD patterns of unmodified ML-MXene, DL-MXene, 
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I@ML-MXene, I@DL-MXene, and CTAB@dl-MXene; (c) magnified image of the selected 

region in figure b. 

Figure 2 shows TEM images of unmodified ML-MXene and DL-MXene, I@ML-MXene, and 

I@DL-MXene. Layered 2D-sheet structures with an interplanar spacing of ca. 1 nm are observed 

in the unmodified ML-MXene (Figure 5.2a). The selected area electron diffraction (SAED) (inset 

in Figure 5.2a) shows that the basal planes' atomic arrangement is identical to that in the parent 

MAX phase.224 2D sheets are observed in I@ML-MXene (Figure 5.2b) but with a significantly 

enlarged interplanar spacing of 9.2 nm, confirming the successful exfoliation of the ML-MXene 

into large interplanar spacings upon the intercalation with the ionomer at a high content. Relative 

to ML-MXene, DL-MXene shows decreased number of layers (Figure 5.2c). The TEM images of 

I@DL-MXene show many few-layered structures, including mono- and bi-layers and aggregated 

flakes (Figure 5.2d) due to the cross-linking effect of the multidentate ionomer. From its SAED 

images, the hexagonal atomic structure is well retained in I@DL-MXene. Consistent with the XRD 

results, the TEM images provide additional evidence supporting the effective intercalation of the 

ionomer into the nanosheets, which results in the entire exfoliation for some of them. The strong 

ionic interactions between the quaternary ammonium ions on the ionomer and the negatively 

charged MXene layer surface are reasoned to contribute to the high efficiency of intercalation and 

subsequent exfoliation of the nanosheets.   

Previous  TEM elemental mapping of C, F, O, and Ti in Figure 4.2 j in the previous chapter showed 

qualitative changes in functional group distribution on DL-MXene before and after ionomer 

intercalation. It displayed a higher ratio of O to F groups in I@DL-MXene compared to DL-

MXene.  
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Figure 5.2 (a) TEM images of virgin unmodified Ti3C2Tx ML-MXene; (b) I@ML-MXene; (c) 

DL-MXene; and (d) I@DL-MXene; the insets in (a),(d),(c) and (d) are the SAED patterns in 10 

nm-1; (e) magnification of (d).  

5.3.2 Electrochemical Measurements 

The selection of the electrolyte significantly affects the electrochemical performance of Ti3C2Tx 

electrodes.225 The pristine MXenes and modified MXenes electrodes were evaluated in two 

distinct aqueous and organic electrolyte solutions. This process was carried out to acquire a more 

profound knowledge of the influence of the electrolyte's composition and the electrode surface 

chemistry on the electrochemical performance of the MXene. The electrochemical 

characterization of the fabricated ML-/DL- MXene and I@DL-MXene electrodes was performed 

using a three-electrode setup with carbon current collectors in 1 M H2SO4 solution as the 

electrolyte.  Figure 5.3 shows the cyclic voltammetry (CV) curves of ML-/DL- MXene and I@DL-

MXene electrodes in a 1M H2SO4 electrolyte solution, with scan rates being varied from 2 to 200 

mV s-1 in the positive potential window.226 Both the treated and untreated samples exhibited a 

characteristic cyclic voltammetry (CV) response. ML-MXene commonly demonstrates a 

pseudocapacitive behaviour by a capacity value of about 80 mAh g−1 at a scan rate of 2 m Vs-1 in 

aqueous acidic electrolyte solutions.225 Here, ML-MXene and DL-MXene at scan rate 2 m Vs-1 in 

H2SO4 electrolyts demonstrated the specific capacity of  109 and 270 F g−1, respectively, although 

the performance of I@DL-MXene is suboptimal (53 F g−1). The obtained specific capacity for both 

ML- and DL -MXene is even better compatible with aqueous electrolytes than other works, which 

does not apply to polyethylene ionomer-modified MXene as predicted. The upper and lower layers 

of the I@DL-MXene electrode are hydrophobe amorphous polymers, with the middle layer of the 

electrode shows layered microstructure, which is mainly crystalline Ti3C2Tx. Water contact angle 

measurements were performed on the films (see Figure S5.1 in Supporting Information). The 

unmodified MXene film shows a water contact angle of 27.5°, which suggests its high 
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hydrophilicity. On the contrary, due to the strong ionic bonding of the ionomer with a hydrophobic 

hyperbranched polyethylene shell, I-MXene exhibits a high water contact angle of 125°, indicative 

of its strong hydrophobicity. This also confirms that the intercalation of the ionomer leads to the 

successful surface modification of the MXene sheets with the hydrophobic hyperbranched 

polyethylene segments. Consequently, by acting as a barrier against the aqueous electrolyte, the 

ionomer prevents it from penetrating the gaps between the Ti3C2Tx layers.227 Figure S4.2 in 

Supporting Information shows the N2 adsorption−desorption isotherms for DL-MXene and I@DL-

MXene, along with the surface area and pore volume data summarized in Table S4.2. While 

unmodified DL-MXene shows an appreciable surface area of 55.3 m2 g-1 and pore volume of 0.15 

cm3 g-1, I@DL-MXene is nearly nonporous with negligible surface area or pore volume. This also 

suggests the successful intercalation of the ionomer, with the voids within DL-MXene almost fully 

filled with the ionomer. Meanwhile, by acting as a hydrophobe barrier against the aqueous 

electrolyte, the ionomer prevents it from penetrating the gaps between the Ti3C2Tx layers.227 In 

contrast of hydrophilic and conductive polymers, here diffusion-limited contributions control the 

total capacitance. 226 It is well demonstrated that polymers like PPy (polypyrrole) with advanced 

conducting properties with beneficial electrical conductivity and high redox and capacitive current 

are able to enhance the MXene supercapacity behaviour.228 
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Figure 5.3 CV curves in different scan rates of (a) ML-MXene, (b) DL-MXene, and (c) I@DL-

MXene electrodes in 1M H2SO4, measured in a 3-electrode cell configuration using carbon paper 

loaded with active material; (d) comparing the capacitance of ML-MXene, DL-MXene and I@DL-

MXene in different scan rates.  

Interest in the use of ionic liquids (ILs) in high-performance supercapacitor devices has increased 

exponentially among an abundance of liquid electrolytes. This innovative and multifunctional 

electrolyte medium is distinguished by its exceptional ionic conductivity, low vapour pressure, 

and broad, stable potential windows.229 In general, aqueous electrolytes exhibit a restricted-

energy density due to their relatively narrow operative voltage window, whereas organic 

electrolytes possess high toxicity and thermal instability characteristics. Pleasantly, ILs could offer 

the opportunity to fabricate supercapacitors characterized by excellent energy density and 

intensified safety.230, 231 In this regard, electrochemical performance measurements for ionomer-

modified MXene were conducted using a LiTFSi electrolyte solution. The rate capability of the 

I@DL-MXene electrodes was greatly increased, as illustrated by the CV and GCD tests carried 

out at various charging rates and presented in Figure 5.4. Figure 5.4c illustrates the relationship 
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between specific capacity with scan rate. I@DL-MXene showed a special capacity of 124 F g−1 

at a scan rate of 2 m Vs-1 in LiTFSi electrolyte.  

 

Figure 5.4 CV curves in different scan rates of I@DL-MXene electrodes in LiTFSi electrolyte; (b) 

GCD curves in different current densities of I@DL-MXene electrodes in LiTFSi electrolyte; (c) 

the relationship between specific capacity with scan rate. 

Motivated by the enhanced results achieved in the ionic liquid electrolyte, an investigation was 

conducted to study and compare the electrochemical characteristics of the pristine ML-/DL- 

MXenes with ionomer and CTAB-modified MXene in another ionic liquid electrolyte solutions 

with a larger voltage window. So, the electrochemical behaviour of pure MXenes ( ML-MXene 

and DL-MXene) and MXene nanocomposites ( C@DL-MXene and I@DL-MXene)  were fully 

assessed in a two electrodes cell while EMIM+BF-
4 was used as the electrolyte. 
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Figure 5.5  Electrochemical characteristics of ML-MXene, DL-MXene, C@DL-MXene and 

I@DL-MXene electrodes in EMIM+BF4─  electrolyte. (a-d) CV curves in different scan rates;       

(e-h) GCD curves in different current density; (i) comparing CV curves at scan rate 50 mV s-1; (j) 

comparing GCD profiles at current density 5A g-1; specific capacity of ML-MXene, DL-MXene, 

C@DL-MXene and I@DL-MXene electrodes based on (k) different scan rates and (l) different 

current densities. 
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The CV curves, Figure 5.5a-d, were recorded at different scan rates within a voltage window of 

0.01 to 3 V, and the corresponding specific capacitance were 91, 132, 97, and 220 F g-1 for ML-

MXene, DL-MXene, C@DL-MXene and I @DL-MXene respectively at scan rate 2 mV s-1. In 

nearly all cycles (Figure 5.5d), broad reversible peaks are observed at around 1.3 and 2.0 V, 

corresponding to a combination of reversible intercalation and surface redox pseudocapacitance 

behaviour. I@DL-MXene demonstrated a much higher capacity than others. It is anticipated that 

the surface modification of the DL-MXene and the resulting increase in interlayer spacing will 

reduce the ion diffusion barrier and enhance the access of solvated ions into the MXene layers. 

The reduced quantity of fluorine terminations (based on elemental mapping from TEM results), 

results in decreased electrostatic interactions among the MXene sheets. 11 

The GCD profiles in Figure 5.5e-h clearly demonstrate the beneficial effect of the ionomer 

modification in EMIM+BF4
─  electrolyte solution. It is clearly observed that I@DL-MXene 

composite electrodes possessed a longer discharging time and larger capacitance retention. It’s 

suggested that the increased wettability of the electrolyte and the larger interlayer space would 

have a significant effect on the transport of electrolyte ions.231 At lower current densities, 0.1 A 

g−1, I@DL-MXene delivered a capacity of 165 F g−1, whereas only 31, 56 and 72 F g−1 was 

obtained for the pristine ML-MXene,DL-MXene and C@DL-MXene electrode. Similarly, the 

I@DL-MXene exhibited a high capacity value of 90 F g−1 at a fast charging rate (10 A g−1), 

whereas only 10, 10 and 44 F g−1 were obtained for ML-MXene, DL-MXene and C@DL-MXene 

due to diffusion limitations. Nevertheless, the capacitance achieved with I@DL-MXene is much 

higher than that with other electrodes at any given current density. 

The CV curves for half-cell supercapacitors at scan rates of 50 mV S−1 with a potential window of 

0.01–3 V for both virgin ML-/DL- MXene and modified MXene with CTAB and ionomer are 

shown in Figure 5.5i. The ionomer-modified MXene-based device shows a larger enclosed area 

than that of virgin and CTAB MXene-based devices, signifying increased capacitance with the 

former. This outcome is also confirmed by the GCD curves (Figure 5.5j).  

Figure 5.5k plots the capacitance as a function of the scan rate. The I@DL-MXene electrode 

displays capacitances of  220, 147, 142, 131, 118, 102, 94, 71 and 57 F g-1  at  2, 5, 10, 20, 50, 80, 

100, 200 and 300 mV s-1, respectively, which are significantly higher than the corresponding 

values for the other MXene electrodes. 
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While all fresh devices except ML-MXene show nearly overlapping EIS curves, the I@DL-

MXene device after 100 GCD cycles at 1 A g-1 displays a linear line of a larger slope in the low-

frequency range than other MXene devices (Figure 5.6), reflecting the enhanced capacitive 

behaviour and improved ion dynamics with the former.221 These results demonstrate that ionomer 

intercalation with expanded interlayer spacing offers a higher ion-accessible surface area with 

reduced ion migration resistances and thereby significantly increases the capacitance of 

electrochemically active MXene materials.221, 225 

 

 

Figure 5.6 Nyquist plots of ML-MXene, DL-MXene, C@DL-MXene and I@DL-MXene 

electrodes in EMIM+BF4─  electrolyte with (a) fresh cells and (b) cells after 100 GCD cycles at 1 

A g-1.  

Table 5.1 compares the capacitance results obtained in prior studies on Ti3C2Tx in ionic liquid 

electrolytes. The capacitance values obtained herein with I@DL-MXene are comparable or even 

better than those reported in the literature.  
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Table 5.1 Electrochemical Parameters and Capacitances for MXene-based Electrodes 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Material(s) Electrolyte Potential Window 

∆V (V) 

Capacitance 

 

 

Reference 

I@DL-MXene EMIMBF4 0 ─ 3 220  F g-1@ 2 mV s-1 This work 

Ti3C2TX film EMIMBF4 0 ─ 3 96 F cm-3@ 50 mV s-1 221 

CNT-Ti3C2 TX 1M EMIMTFSI/ACN -0.8 ─ 1 85  F g-1@ 2 mV s-1 232 

Ti3C2TX film 1M EMIMBF4/ACN 0 ─ 2.2 244.5 F cm-3@ 2 mV s-1 233 
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5.4 Conclusions 

In summary, via sophisticated material design approaches, we were able to successfully fabricate 

a functionalized Ti3C2-MXene composite through the use of both hydrophobic ionomers and ionic 

liquid electrolytes. The utilization of ionomer was critical in the development of efficient 

electron/ion transport channels within the I@DL-MXene. The ionomer functions as a spacer, 

addressing both the issues of aggregation and restacking while additionally resulting in a 

favourable capacitance for the hybrid materials. Consequently, this led to a greater expansion of 

the ion-accessible area, thereby facilitating faster ion diffusion kinetics. Hence, the incorporation 

of these characteristics and properties in the ionomer-modified MXene is expected to result in a 

considerable enhancement in supercapacitor performances. This study presents the initial findings 

on the utilization of non-conductive polymer as spacers between MXene materials in an ionic 

liquid (IL) electrolyte. This novel approach offers an innovative framework for improving the 

electrochemical performance of MXenes in various IL electrolytes and other sorts of polymers for 

supercapacitors.  
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Chapter 6 Contributions and Significance of Thesis Research and Suggestions 

for Future Work 

6.1 Contributions and Significance of Thesis Research 

For the first time, a Ti3C2Tx (MXene) is intercalated, delaminated, functionalized, and surface-

modified with hyperbranched polyethylene ionomers by simple mixing. This superior hybrid 

structure effectively prevents the restacking phenomenon in 2D MXene material and renders high 

charge storage capacity, high dispersion stability in organic solvents, and minimized oxidation of 

MXene in aqueous suspensions.  Furthermore, it is anticipated that these nanocomposite materials 

exhibit excellent electrochemical properties.  

 

i) Preparation of stable high-concentration MXene dispersions in low-polarity/ non-polar 

conventional organic solvents  

Delaminated Ti3C2Tx shows as few- and single-layer flakes similar to graphene and other 2D 

materials.  However, unlike graphene, these flakes are hydrophilic and have a highly negative ζ 

potential in the range of −39.5 to −63 mV. Herein, the set of I-MXenes obtained with different 

ionomers shows the increased ζ potential within 30 to 48 mV. The hyperbranched polyethylene 

ionomers, as the hydrophobe surfactants, adsorb onto the exfoliated MXene sheets through ionic 

interactions. The ionomer modification prevents MXene sheets from restacking and renders them 

stable dispersion in non-polar organic solvents. We have demonstrated the successful high-

concentration dispersions of modified MXene flakes in a range of nonpolar/low-polarity solvents 

(benzene, toluene, xylene, hexane, cyclohexane, THF, chloroform, ethyl acetate), as well as some 

polar solvents (acetonitrile, DMSO, DMF, acetone). In these solvents, the dispersions of ionomer-

modified MXenes with moderate ionic contents were stable for 100 days. With THF as the solvent, 
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the dispersions of I-MXene at a concentration as high as 31.1 mg mL-1 were achieved. The ranges 

of Hildebrand and Hansen parameters of the solvents where I-MXene was well dispersed showed 

the broader range of nonpolar/low-polarity organic solvents where I-MXene could well disperse 

relative to other modified-MXenes reported in the literature. The UV-Vis extinction coefficients 

of I-MXene in four nonpolar/low-polarity solvents (chloroform, toluene, xylene, and THF) with 

the best dispersion stability have been measured. 

In addition to our above procedure for the synthesis of ionomer-modified MXenes, we have also 

conducted an alternative interfacial modification/phase transfer strategy that further expands the 

toolbox of ionomer-functionalized MXenes. 

 

ii) Modification of MXene to mitigate oxidation in aqueous colloidal suspensions 

One way to prevent oxidation of MXene is to store it in organic solvents. Dispersions in organic 

solvents can provide a route to mitigate or prevent oxidation and extend the shelf life of MXene in 

solution. However, the fact that MXenes form less stable suspensions in the organic solvents 

compared to water is a major disadvantage. Intercalated water may lead to the degradation of 

organic electrolytes in electrochemical applications of MXenes. It has been demonstrated that the 

ionomer modification can effectively suppress MXene oxidation over a long time (at least 100 

days vs. 10 days for virgin MXene) in water and exposed to air at room temperature. 

 

iii) Application of MXene nanocomposites in energy storage (MIBs and Supercapacitors) 

Ionomer modification effectively prevents the restacking phenomenon of 2D MXene and creates 

an ultra-large d-spacing between MXene sheets, presumably enabling faster transport of ions and 

electrons. The ionomer thus acts as the pillar in the pillared MXene, which renders the layers open 
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and endows the pillared MXene with extra capacity for magnesium-ion storage. The ionomer also 

acts as a surfactant and modifies the surface of DL-MXene sheets by reducing the fluorine-to-

oxygen ratio and enhancing the wettability with electrolytes. Our results have shown that I@DL-

MXene cathode demonstrates enhanced magnesium-ion storage capacities (e.g., 213 mAh g−1 vs 

about 3 mAh g−1 for ML-MXene and 80 mAh g−1 for DL-MXene at 0.02 A g−1). The I@DL-

MXene cathode is also distinctly featured with the improved electrode/electrolyte interface charge 

transfer, which effectively overcomes the sluggish solid-state kinetics of Mg2+ in MIBs. It shows 

promising cycling stability with a capacity retention of 86% after 400 cycles and 71% after 1000 

cycles at 200 mA g−1. 

A two-electrode supercapacitor made with an ionomer-modified MXene exhibits a capacitance of 

220 F g-1 at a scan rate of 2 mV s-1 in EMIM+BF4- electrolyte, which is comparable to or even 

better than those reported in the literature. 

It has been demonstrated in this thesis that MXene can be easily modified with the hyperbranched 

ionomer to achieve lightweight, high efficiency, strong corrosion resistance, excellent mechanical 

properties, versatile property tune-ability, and excellent processibility for different applications, 

particularly energy storage devices.  

6.2 Suggestions for future work 

 Scalability and cost-effectiveness: The scalability and cost-effectiveness of 

polymer/MXene nanocomposites are important factors for their commercial viability. 

Currently, the synthesis of MXenes involves complex and time-consuming processes 

requiring chemical treatments. Developing cost-effective and large-scale synthesis 

methods that do not compromise the properties of MXenes is essential for their widespread 
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use. Additionally, the cost of MXenes and polymers should be taken into consideration to 

ensure the economic feasibility of the nanocomposites. 

 Augmented Multifunctionality: A compelling avenue for the future development of 

polymer/MXene nanocomposites resides in the augmentation of their multifunctionality. 

Precision tailoring of the properties inherent in both MXenes and polymers can yield 

nanocomposites possessing an amalgamation of highly coveted characteristics curated for 

specific applications. For instance, simultaneous enhancements in electrical conductivity, 

mechanical robustness, and thermal stability have the potential to underpin the creation of 

exceptionally efficient energy storage devices. 

 Pioneering Processing Techniques: A pivotal trajectory for advancing the potential of 

polymer/MXene nanocomposites lies in the exploration of cutting-edge processing 

techniques. Methods such as electrospinning, 3D printing, and layer-by-layer assembly 

furnish opportunities to craft intricate hierarchical structures imbued with heightened 

performance attributes. Notably, these techniques confer the invaluable advantage of 

meticulous control over the composition and morphology of the nanocomposites, thereby 

facilitating the bespoke tailoring of their properties to cater to specific applications. 

 Uncharted Applications: The utility of polymer/MXene nanocomposites extends well 

beyond the confines of energy storage systems. Their exceptional mechanical and electrical 

properties render them alluring prospects for diverse domains, including sensors, actuators, 

electromagnetic shielding, and water purification. Venturing into these uncharted realms 

of application unfolds the promise of exhilarating prospects for polymer/MXene 

nanocomposites, presenting novel solutions and innovative horizons in this evolving field. 
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Appendix 

 

 

 

 

 

 

 
 

Figure S3.1 1H NMR spectra of the quaternary ammonium-containing hyperbranched 

polyethylene ionomers (I1–I5) and a nonionic hyperbranched polyethylene homopolymer. 
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Figure S3.2 TGA curves of dried unmodified MXene and MXene modified with a nonionic 

hyperbranched ethylene homopolymer (HBPE).  
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Figure S3.3 Water contact angle measurements on films of Ti3C2Tx MXene and I-MXene-4-2. 
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Figure S3.4 ζ potential results of MXene and I-MXene-4-2 in different solvents after 100 days. 
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Table S3.1 Physical-chemical properties of solvents used in this study 

 

 a M indicates miscible. 
b The values for relative polarity extracted from Christian Reichardt, Solvents and Solvent Effects 

in Organic Chemistry, Wiley-VCH Publishers, 3rd ed., 2003. 

 

 

Solvent 

 

Formula 

Boiling 

Point 

(◦C) 

Density 

(g/mL) 

(at 20◦C ) 

Solubility 

in H2Oa 

(g/100mg) 

Relative 

Polarityb 

Refractive 

index 

 

(at 20◦C ) 

Viscosity 

(cP) 

 

(at 25◦C ) 

Dielectric 

Constant 

Water H2O 100 0.998 M 1 1.333 0. 891 80.1 

Methanol CH4O 64.6 0.791 M 0.762 1.329 0.544 32.7 

Ethanol C2H6O 78.5 0.789 M 0.654 1.36 1.04 24.5 

Acetonitrile C2H3N 81.6 0.786 M 0.460 1.344 0.369 36.64 

DMSO C2H6OS 189 1.092 M 0.444 1.479 1.987 47.24 

DMF C3H7NO 153 0.994 M 0.386 1.4305 0.92 36.7 

Acetone C3H6O 56.2 0.786 M 0.355 1.359 0.306 21.01 

Pyridine C5H5N 115.5 0.982 M 0.302 1.5093 0.88 12.4 

Chloroform CHCl3 61.2 1.498 0.8 0.259 1.445 0.537 4.81 

Ethyl acetate C4H8O2 77.1 0.902 8.7 0.228 1.372 0.423 6.08 

THF C4H8O 66 0.886 30 0.207 1.407 0.456 7.52 

Benzene C6H6 80.1 0.879 0.18 0.111 1.501 0.603 2.28 

Toluene C7H8 110.6 0.867 0.05 0.099 1.496 0.560 2.38 

Xylene C8H10 138.5 0.864 0.02 0.074 1.497 0.59 2.57 

Hexane C6H14 69 0.655 0.0014 0.009 1.375 0.300 1.89 

Cyclohexane C6H12 80.7 0.779 0.005 0.006 1.4262 0.9 2.02 
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Table S3.2 Hansen and Hildebrand solubility parameters of the solvents used in this study. 

a Dispersive 
b Polar 
c H-bond 

Polypropylene and polyethylene have δD=18, δP=0, δH=1, and δD=16.9, δP=0.8, δH=2.8 

respectively. 3,4  

 

 

Solvent 

 

Formula 

Δd a 

(MPa 1/2) 

δp b δh c Hildebrand 

(MPa 1/2) 

Hydrogen-

bonding 

capability 

Water H2O 15.5 16 42.3 47.9 strong 

Methanol CH4O 15.1 12.3 22.3 29.6 strong 

Ethanol C2H6O 15.8 8.8 19.4 26 strong 

Acetonitrile C2H3N 15.3 18 6.1 24.3 poor 

DMSO C2H6OS 18.4 16.4 10.2 24.5 moderate 

DMF C3H7NO 17.4 13.7 11.3 24.8 moderate 

Acetone C3H6O 15.5 10.4 7 20.2 moderate 

Pyridine C5H5N 19 8.8 5.9 21.9 strong 

Chloroform CHCl3 17.8 3.1 5.7 19 poor 

Ethyl acetate C4H8O2 15.8 5.3 7.2 18.1 moderate 

THF C4H8O 16.8 5.7 8 18.6 moderate 

Benzene C6H6 18.4 0 2 18.8 poor 

Toluene C7H8 18 1.4 2 18.2 poor 

Xylene C8H10 17.6 1 3.1 18 poor 

Hexane C6H14 14.9 0 0 14.9 poor 

Cyclohexane C6H12 16.8 0 0.2 16.8 poor 



143 

 

 

  

 

Figure S3.5 Photos of the dispersion of unmodified delaminated MXene in water in a closed vial 

after 30 days (a) and in an open vial after 20 days (b); (c) photo of a stable colloidal dispersion of 

delaminated I-MXene-4-2 in THF in an open vial after 30 days. 
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Figure S3.6 TGA curves of the EOC composites with MXene and I-MXene-4-2 and neat EOC. 

The measurements were undertaken at 10 oC/min in N2. 
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Table S4.1 Modified MXenes (ML- and DL-) prepared with two different ionomers and CTAB 

at varying ionomer or CTAB to MXene feed ratios 

a Feed mass ratio of ionomer/CTAB to MXene employed in the synthesis of modified MXenes. 
b Determined with TGA as the percentage weight loss within the temperature range of 280−480°C 

for ionomers and 200−400 °C for CTAB. 
c Z-average hydrodynamic particle size (dp), polydispersity index (PDI) of size distribution, and ζ 

potential determined with DLS on dilute dispersions in water (for unmodified MXenes and CTAB-

modified DL-MXene) or THF (for I@DL-MXenes and I@ML-MXene-5-2). 

 

 

 

 

 

 

 

Modified Mxenes 

 

Modifier (mModifier/mMxene)0
a Modifier 

Contentb 

(wt%) 

DLS Characterizationc XRD  

dp 

(nm) 

PDI ζ potential 

(mV) 

2Ɵ(◦) 

(002) 

d(A◦) 

ML-MXene n.a.   288 0.2 -38 8.15 10.8 

I@ML-MXene-5-2 I5 2 29 829 0.3 48 
4.7 

1.7 
>50 

DL-MXene n.a.   133 0.3 -53 6.6 13 

I@DL-MXene-3-3 I3 3 25 199 0.2 60 5.5 16 

I@DL-MXene-5-2 I5 2 38 216 0.2 62 4.7  19 

CTAB@DL-MXene-0.2 CTAB 0.2 9 - -  6.1  14.5 

CTAB@DL-MXene-2 CTAB 2 15 - - 57 6.1 14.5 
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Figure S4.1 (a) DLS particle size distributions of ML- and DL-MXene in water; (b) DLS particle 

size distributions of I@ML-MXene and I@DL-MXene samples in THF. 
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Figure S4.2 The N2 adsorption−desorption isotherms for DL-MXene and I@DL-MXene-5-2. 

 

 

Table S4.2 Surface area and pore volume data for DL-MXene and I@DL-MXene-5-2 

 DL-MXene I@DL-MXene-5-2 

BET Surface Area (m2 g-1) 

 

55.3 0.16 

Adsorption cumulative surface area of pores between 

17A◦ and 3000 A◦ (m2 g-1) 

55.8 3.1 

Desorption cumulative surface area of pores between 

17A◦ and 3000 A◦ (m2 g-1) 

78.8 2.1 

Pore volume (cm3 g-1) 0.15 0.02 

Adsorption cumulative volume of pores between 

17A◦ and 3000 A◦ (m3 g-1) 

0.15 0.02 

Desorption cumulative volume of pores between 

17A◦ and 3000 A◦ (m3 g-1) 

0.15 0.02 
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Figure S4.3 (a) GCD curves of virgin Ti3C2Tx ML-MXene electrode at 50 mA g−1 ; (b) EIS data 

collected for ML-MXene and I-ML-MXene-5-2 electrodes fresh cell with the inset shows the 

magnified curves in the high-frequency range;  (c) Low-angle XRD patterns of multi-layers 

MXene (ML-MXene) after etching, washing, and drying, dry ionomer modified MXene, and 

ionomer modified MXene suspensions in, THF, DOL, PC, DMSO and DME.  
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Figure S4.4 (a) Cetyltrimethylammonium Bromide (CTAB) powder solution in water and THF 

with the same concentration; (b) I) CTAB@dl-Mxene+Super P+PVDF(60:30:10) electrode and II)  

I@dl-Mxene-5-2+Super P+PVDF(60:30:10) electrode dispersion THF, respectively, immediately 

after shaking, (c) after one hour,  and (d) after ten days.   
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Figure S4.5 Gravimetric specific capacities of C@DL-MXene-2 at different current densities. 
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Table S5.1 Modified MXenes (ML- and dl-) prepared with ionomer and CTAB 

a Feed mass ratio of ionomer to dl-MXene or CTAB to dl-MXene is employed in the synthesis of 

modified dl-MXenes. 
b  Determined from percentage weight loss within the temperature range of 280−480 °C for 

ionomer and   200−400 °C for CTAB from TGA characterization. 
c Z-average hydrodynamic particle size (dp), polydispersity index (PDI) for size distribution, and ζ 

potential determined by DLS from dilute dispersions in water (for unmodified MXenes and CTAB 

modified dl-MXene) or THF (for I@dl-MXenes). 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

Modified Mxenes 

 

Modifier (mModifier/mMxene)0
a Modifier 

Contentb 

(wt%) 

DLSc XRD  

dp 

(nm) 

PDI ζ potential 

(mV) 

2Ɵ(◦) 

(002) 

d(A◦) 

ML-MXene na 0 0 288 0.2 -38 8.15 10.8 

DL-MXene na 0 0 133 0.3 -53 6.6 13 

I@ML-MXene I 2 10 1800 0.3 30 6.5 13.6 

I@DL-MXene I 2 38 216 0.2 62 4.7  19 

C@DL-MXene CTAB 2 15 - - 57 6.1 14.5 
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Figure S5.1 Contact angle measurements on films of Ti3C2Tx MXene and I-MXene. 
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