
 

 

Two-dimensional (2D) MXene as the Building Block of Three-dimensional (3D) Ordered 

Electrode Architectures and Their Application in Energy Storage Systems 

 

by 

 

Jafar Orangi 

 

 

A doctoral dissertation thesis submitted to the Graduate Faculty of 

Auburn University 

in partial fulfillment of the 

requirements for the Degree of 

Doctor of Philosophy 

 

Auburn, Alabama 

December 12, 2020 

 

 

Keywords: Two-Dimensional Transition Metal Carbides, MXenes, 3D structure, 3D printing, 

Ordered Structure, Electrochemistry 

 

Copyright 2020 by Jafar Orangi 

 

Approved by 

Majid Beidaghi, Chair, Professor of Materials Engineering 

Virginia A. Davis, Professor of Chemical Engineering 

Dong-Joo Kim, Professor of Materials Engineering 

Pengyu Chen, Professor of Materials Engineering 

Minseo Park, Professor of Physics



 

ii 

 

Abstract 

Transition metal carbides and nitrides (MXenes) are an emerging class of two-dimensional 

(2D) materials with interesting properties that have gained enormous attention since their 

discovery in 2011. Extensive theoretical and experimental research effort has been devoted to this 

family of materials in various research fields, including energy storage, hydrogen evolution 

reaction, sensors, water purification, and catalysis due to their unique morphologies properties and 

diverse chemistries. To date, while Ti3C2Tz is the most studied member of the MXene family, other 

members, including Ti2CTz, Nb2CTz, Nb4C3Tz, Mo1.33CTz, Mo2TiC2Tz, etc. due to their unique 

electrochemical performance, have been widely and extensively studied for energy storage 

applications. Similar to other 2D materials, MXenes suffer from restacking, which limits their 

electrochemical performance. Restacking blocks the ionic transport channels, resulting in 

inadequate electrolyte access to the active redox sites, hence reducing the electrochemical 

performance of the electrode material. Thus, designing electrode architectures with a predominant 

aim to inhibit restacking while being cost-effective and straightforward is of great importance. 

Employment of new fabrication methods such as additive manufacturing could offer a simple yet 

effective route to address the current problems and advance the engineering of the electrode 

structure. I shed light on the importance of structure on electrochemical performance, fabrication 

of advanced electrode materials, and introduce enlightening progress for effective structural 

design, and provide perspective and possible opportunities for MXene to get closer to be 

considered for practical applications and broaden its application in fields beyond energy storage. 
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Introductions 

Clean energy conversion and storage technologies have become a critical concern to be solved, 

mainly due to the increase of severe pollution issues and ever-increasing demand for energy. To 

address these issues, electrochemical capacitors (ECs) have been gaining attention as energy 

storage devices due to their high power density, long cycle life, and fast charge-discharge rate.1–3 

Electrode material intrinsic properties, including charge storage mechanism, is of great 

importance. On the other hand, electrodes’ architectures, which affect the surface area, electrical 

conductivity, and mechanical property, play a significant role in maximizing the energy and power 

densities.4 2-dimensional (2D) materials have the potential to improve advanced ECs 

performances, due to their large surface area to volume ratios and plenty of electrochemically 

active surfaces. 1–3 2D materials such as graphene, black phosphorus, transition metal 

dichalcogenides, covalent organic frameworks, hexagonal boron nitride, layered double 

hydroxides (LDH), metal-organic frameworks, transition metal oxides (TMOs), and MXenes 

showed unparalleled electronic, optical, and physiochemical properties from the bulk 

counterparts.5–11 Based on the application, each of the mentioned materials has its superiorities and 
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drawbacks. For example, MXene offers a highly conductive network and facile ionic diffusion 

pathways when used as electrode material for ECs.2,4,12 They can form binder-free freestanding 

films with improved capacitance and rate capability. 2,4,12 

Several theoretical and experimental studies claimed that, through exfoliation, numerous stable 

dispersions of 2D sheets could be formed.2,13,14 MXenes were the first examples of 2D materials 

produced by selective extraction of strongly bonded layered crystal structures. This distinguishes 

MXenes from other 2D materials such as graphene, MoS2, and h-BN, where their bulk counterparts 

have weakly bonded van der Waals layered structures and can be easily exfoliated to 2D flakes 

through sonication in liquids or by mechanical separation. 

Assembling 2D materials into functional three-dimensional (3D) structures is an attractive 

method to extend the applications of these materials in various fields.4,15–17 The advantage of 

assembling 2D materials in 3D structures has been previously demonstrated by the integration of 

graphene sheets in hydrogels, aerogels or foams. Interesting physical properties, such as high 

specific surface area, rich porosity, and low density of such 3D structure with interconnected 3D 

networks, have been studied and challenged comprehensively in various fields and applications, 

including catalysis, stretchable electronics, supercapacitors, and environmental protection.5,18–21 

However, a great challenge for further implementing these materials in functional applications is 

developing methods to engineer their architecture into structures with enhanced ionic and 

electronic transport and improved mechanical properties that can meet the requirements of 

practical applications. 
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For my Ph.D. research, I plan to synthesize, fabricate, and engineer advanced 3D electrode 

architectures based on 2D MXenes and investigated their electrochemical response in energy 

storage systems.  

The goal of the proposed research is twofold: first, synthesis of functional additive-free 

water-based MXene ink, which for the first time, enables us to employ extrusion-based 3D printing 

to fabricate energy storage devices with unique electrode structure. Second, study the effect of 

synthesis parameters on the 3D MXene-based aerogel’s microstructure fabricated by low cast 

freeze casting technique and investigate the microstructure effects on the aerogel’s electrochemical 

properties. In the following chapter, I will provide more detail regarding the background of 

MXene, and I will present a literature review about 2D MXenes properties and their applications. 

Then, I will explain the experimental methods, and discuss the details of my research outcome. At 

the end, I will discuss the outlook and future impacts of this research. 
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Background and Literature Survey  

Advanced technologies for efficient storage of electrical energy are critical for large-scale 

utilization of renewable energy sources as well as the evolution of wearable electronics and electric 

vehicles.22–27 ECs are reliable energy storage devices known for their high power density, long 

cycle life, and fast charge-discharge rates.1,8,28 The electrochemical properties of ECs are 

determined, on the one hand, by the intrinsic properties of their electrode materials, including their 

electrical properties and charge storage mechanism. On the other hand, the morphology of the 

electrodes plays a significant role in their electrochemical properties by impacting the electrode’s 

accessible surface area, electrical and ionic conductivities, and mechanical properties.29–32 The 

content of this chapter has been published in the Journal of Advanced Functional Materials and 

required copy right permission is obtained.4 

Conventional ECs, electrochemical double-layer capacitors (EDLCs), store charge in a double-

layer formed at the interface of a high surface area carbon material and the electrolyte. This 

physical charge storage mechanism limits the energy density of EDLCs. Therefore, it is expected 

that future ECs with high energy and power densities will be based on materials capable of storing 

charge by pseudocapacitive mechanism or fast redox reactions. In recent years, two-dimensional 
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(2D) materials with high surface areas have been the forerunners in search of candidate electrode 

materials for advanced ECs.2,33–35 Some 2D materials offer an abundance of electrochemically 

active surfaces, which, combined with high electrical conductivity, leads to fast electrochemical 

charge storage and high energy and power densities of the electrodes.2,18,35,36 2D transition metal 

carbides and nitrides, MXenes, are prime examples of such electrode materials.  

Within a few years from their discovery, the family of MXenes has expanded to about 30 

members with different chemical compositions and properties. Some of the most studied MXene 

compositions are Ti3C2Tz, Ti2CTz, V2CTz, Nb2CTz, and Mo2CTz.2,13 The experimental and 

theoretical research on properties of 2D MXene has rapidly expanded in the past few years and 

MXenes are considered for applications such as energy storage, electronics and optoelectronics, 

sensors, water purification, and catalysis.12,37–40 However, the properties of MXenes as electrode 

materials for energy storage devices has received the most attention so far. This is because the 

combination of the relatively high surface areas, 2D or layered structure, high electrical 

conductivities (for most MXene compositions), and functionalized transition metal surfaces leads 

to high energy and power density of MXene electrodes.2,12,41,42 Particularly, these materials have 

shown outstanding performances as electrode materials for ECs with higher volumetric 

capacitances compared to other electrode materials, including high surface area carbon 

nanomaterials and pseudocapacitive transition metal oxides.12,41  

The charge storage mechanism of MXene is a type of pseudocapacitive storage and is based on 

the fast intercalation of ions between the MXene layers (intercalation pseudocapacitance). The 

storage mechanism is enabled by MXenes’ conductive metal carbide core and functionalized oxide 

or hydroxide-like surfaces, 31,43 which gives rise to high energy density and specific capacitance 

without sacrificing cyclability and power density.2,43–46 Several recent studies have confirmed this 
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charge storage mechanism.45–51 For example, in situ X-ray absorption spectroscopy studies have 

shown the change in the oxidation state of Ti in Ti3C2Tz MXene during charge and discharge of 

the electrodes, confirming that surface transition metal participates in redox reactions.45 While the 

intrinsic electrochemical properties of MXenes is promising, the final properties of the electrodes 

are considerably affected by their structure and morphology, which are, for the most part, 

controlled by the method used for the assembly of 2D MXene sheets and the electrode fabrication 

method. The morphology and structure also crucially impact the electrochemical performance of 

hybrid electrodes of MXenes and other materials. 

Hierarchical architectures based on MXenes have recently gained attention for designing new 

electrode materials that harness the synergetic effects of MXene and other nanomaterials (Figure 

2-1).31,35,52,53,5,54,55 Hybrids electrodes of MXene with carbon nanotubes (CNTs), reduced graphene 

oxide (rGO), TMOs, and transition metal dichalcogenides have been reported in recent 

years.15,16,30,56–68The properties of these hybrid electrode materials are also dependent on their 

structural features and often can be controlled during assembly processes.5,53 Thus, in this paper, 

after highlighting the importance of electrode structure and assembly method on the 

electrochemical performance of MXene electrodes, we will review the recent progress in the 

design and assembly of MXene electrodes with a focus on electrodes used for EC applications.  

2.1 Synthesis of single layer MXene flakes  

Although the MXene synthesis process and its effects on the electrochemical performance is 

not the focus of this review, it is important to discuss the synthesis process briefly. The 

composition, surface chemistry, lateral size, and thickness dictate the performance of MXenes for 

various applications.2,38,69–71 In most common synthesis processes of MXenes, controlling the 

dimensions of MXene flakes and their surface chemistry is difficult, hindering the systematic 
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investigation of the effects of these parameters on the electronic, electrochemical, and mechanical 

properties of these materials. Several recently published papers have addressed the MXene 

synthesis process and strategies to control the dimension of single-layer flakes and the readers are 

encouraged to review these papers for a more detailed discussion.2,42,69,72  

The synthesis processes used to produce MXenes are somewhat vary depending on the specific 

compositions. For Ti3C2Tz, several synthesis routes are proposed so far, and the produced materials 

are studied for various applications.46,69 However, the most common process for the synthesis of 

single-layer flakes of Ti3C2Tz is a one-step etching and delamination process which uses a mixture 

of lithium fluoride (LiF) and hydrochloric acid as the etchant.2,42,69,71,73,74 It is reported that the 

concentration of the etchant and etching temperature have a significant effect on the lateral size 

and presence of defects in the Ti3C2Tz flakes synthesized with this method.42,72,74 The MXene 

 

Figure 2.1. Schematic drawing showing some of the reported assembly and fabrication methods used 

in the fabrication of electrodes based on MXene and their hybrids with other nanomaterials. The 

assembly method has an immense effect on the electrode architecture.  
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flakes synthesized in this process usually show lateral dimensions ranging from a few microns to 

a few hundred nanometers.42,44,46,72 Recent reports indicate that the process can be modified to 

produce single-layer Ti3C2Tz flakes as large as 15µm.46 

The electrochemical performance of MXenes, in particular Ti3C2Tz, has been shown to be 

directly affected by the lateral dimensions of the produced flakes.42,72,74 For example, freestanding 

films produced using larger flakes possess higher electrical conductivity due to less interfacial 

contact resistance than the ones fabricated using smaller flakes. On the other hand, the films 

fabricated using smaller flakes offer higher ionic conductivity as they contain more diffusion paths 

for electrolyte ions. Since early studies of the properties of single-layer MXene flakes, the 

electrodes fabricated by VAF has been dominantly used to study the electrochemical properties of 

these materials. Usually, VAF is used to fabricate compact MXene “papers” which are flexible 

and can be directly used as electrodes in ECs and other energy storage devices.2,42,122 In these 

freestanding and densely packed films, MXene flakes are aligned horizontally.42,72,75 It is 

demonstrated that the engineering of the electrode structures to contain a mixture of small and 

large flakes results in improved electrochemical performance of the MXene electrodes.42 

Therefore, flake size is of great importance when comparing the electrochemical performance of 

MXene electrodes.42 

V2CTz, Mo2CTz, Cr2TiC2Tz, Mo2TiC2Tz, Mo2Ti2C3Tz, and many other MXenes, are usually 

synthesized through a two-step synthesis process.32,76–79 The first step is the removal or etching of 

A layer atoms from the structure of their precursor MAX phases (for example, etching Al atoms 

from V2AlC) to produce multilayered MXene (ML-MXene).32 This etching process is usually 

performed in concentrated hydrofluoric acid (HF) solutions, although alternative etching 

approaches have been studied recently.2,80 The second step in the synthesis process is the 
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delamination of ML-MXene particles to produce single- or few-layer flakes.32 This step usually 

involves pre-intercalation of ML-MXene with large organic molecules, such as 

tetrabutylammonium hydroxide (TBAOH), to increase the interlayer spacing and to facilitate the 

separation of layers when the particles are dispersed in water or organic solvents.2,76 

As mentioned above, the current synthesis methods for almost all MXenes involve etching the 

precursor materials (MAX phases or other materials) in fluoride-containing acidic solutions. 

Generation of -F surface groups, unwanted etching of the transition metal element (due to low 

selectivity towards A-layer atoms), and being environmentally unfriendly are the main problems 

in these synthesis processes.2,69,81–83 Moreover, it has been reported that AlF3, one of the 

byproducts of the etching reaction, when the A-layer atom is Al, is hard to be eliminated from the 

mixture under mild conditions.81 Therefore, recently, many attempts to develop fluoride-free 

synthesis strategies have been reported.84–89 Currently, both theoretical and experimental studies 

show that -F surface groups on MXene flakes inversely affect the change storage process.90,91 Until 

reliable alternative etching methods are developed, post-synthesis treatments for removal of -F 

surface groups can be considered.2,92–95 

2.2 The impact of electrode structure on electrochemical properties  

The impacts of structure and morphology on the electrochemical properties of electrodes have 

been the subject of much research in the energy storage field.96–101 When the electrode material is 

a 2D material, the morphology of the electrode can significantly affect its electronic and ionic 

conductivities. In the case of solution-processed 2D materials such as rGO and MXene, the 2D 

flakes tend to restack to form multilayers during various stages of materials synthesis and electrode 

fabrication process. This significantly limits the accessibility of electrolyte ions to the electrode 

surfaces,35,16,102–104,57,105,52,53 leading to a fading capacitive performance at high charge/discharge 
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rates.12,41,42,106 Therefore, engineering the structure of the electrodes to prevent restacking through 

novel material assembly and electrode fabrication processes have been a major theme of research 

in this area. For example, it has been shown that the assembly of Ti3C2Tz MXene in electrode with 

3D structures or pre-intercalation of MXene layers with electrolyte ions could significantly 

influence the rate capability of the electrodes.12,107 Due to the improved ion accessibility to the 

redox-active sites and the high electronic conductivity of the electrodes, they could be charged and 

discharged at rates significantly higher than those of conventional EDLCs (up to 100 V s-1), while 

maintaining higher volumetric and areal capacitances than the best performing EDLC and 

pseudocapacitive materials.12 Similar high rate performances have been reported for templated 

porous structures and MXene aerogels.12,107 However, the hydrogel, aerogel, and other porous 

electrodes share some drawbacks. Firstly, the lower density of these electrodes will generally 

reduce their volumetric capacitances, which is one of the main attributes of MXene electrodes. 

Also, the interconnectivity of the 2D flakes and the formation of a conductive network in the 

structure is often a limiting factor that may hinder the overall performance of the electrodes.  

Designing the electrode structure with vertically aligned 2D sheets is another approach to 

improve ionic and electronic transport properties. Although this approach is technically 

challenging, a few studies have shown the promise of this morphology on the overall performance 

of the electrode. Most notably, Xia et al. demonstrated that the vertical alignment of 2D Ti3C2Tz 

enables unimpeded directional ion transport and leads to the thickness-independent 

electrochemical performance of the MXene electrodes.108 

Heterostructures and hybrids of MXenes with other nanomaterials have shown promising 

performances as electrodes for energy storage devices.9,58,66,109–113 In these hybrid electrode 

structures, the secondary component prevents the restacking of MXene flakes while its 
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agglomeration is prohibited by MXene flakes, resulting in enhanced ion transport properties. The 

electrochemical performance of the electrodes fabricated using this approach is dependent on the 

electronic and electrochemical properties of the secondary component, its amount, and the method 

of assembling the components into a robust electrode structure.2,69,114 Recently, the research efforts 

have been focused on studying the properties of heterostructures of MXenes and other 2D 

materials. The research in this direction is motivated by theoretical studies that have explored the 

properties of 2D heterostructures based on MXenes.109,115,116 For example, first-principle 

calculations on Ti2CTz/graphene heterostructure has revealed that graphene, while preventing the 

restacking of MXene layers, improves the electronic conductivity, mechanical properties, and Li-

ion absorption of the heterostructure.15 2D heterostructures of Ti2CTz and 2H MoS2 (Ti2CTz/2H 

MoS2 ) is another theoretically studied electrode material for energy storage devices.117–119 First-

principle calculations by Shao et al. have suggested that these heterostructures have a reduced 

diffusion barrier for Li-ions, and an enhanced diffusion coefficient, electrical conductivity, and 

mechanical flexibility.118 In another study, Li et al. showed that diffusion barriers of MoS2/Ti2CT2 

(T = F, O) heterostructure for Li+ and Na+ ions are less than 0.57 eV and 0.37 eV, respectively, 

which are comparable to values calculated for MXene/graphene heterostructures.119  

It is clear that engineering the electrode structure is the key to achieving MXene-based 

electrodes with high energy and power densities. The electrode structure is directly impacted by 

the electrode fabrication method and MXene assembly processes. Therefore, it is important to 

review the current understanding of the relationship between the assembly and electrode 

fabrication process with the structure and properties of the electrodes.  
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2.3 Assembly processes and electrode fabrication methods  

As mentioned above, due to their functionalized surfaces, 2D MXene flakes can be easily 

dispersed in water and some organic solvents to prepare stable dispersions. Therefore, MXene 

electrodes can be fabricated through solution-based processes. These processes usually offer high 

yields at lower costs, while providing a high level of control over various parameters, such as the 

composition of the electrode and the spatial arrangement and orientation of MXene nanosheets in 

the electrode structure. Moreover, the availability of stable colloidal dispersions (or inks) of 

MXenes enables the utilization of cost-effective and scalable electrode fabrication methods such 

as printing or spray coating.35,120,121 Furthermore, solution-based processes can be employed to 

fabricate simple hybrid electrodes composed of MXenes and other electroactive nanomaterials as 

well as more complex electrodes with periodically ordered 2D-2D heterostructures or vertically 

aligned nanosheets. In the following sections, we will review the current state-of-the-art in the 

solution-based electrode fabrication and MXene assembly processes.  

2.4 Vacuum-assisted filtration (VAF) for the assembly of pristine and hybrid MXene 

films  

Since early studies of the properties of single-layer MXene flakes, the electrodes fabricated by 

VAF has been dominantly used to study the electrochemical properties of these materials. Usually, 

VAF is used to fabricate compact MXene “papers” which are flexible and can be directly used as 

electrodes in ECs and other energy storage devices.2,42,122 In these freestanding and densely packed 

films, MXene flakes are aligned horizontally. Freestanding and binder-free MXene/CNT films 

were the first of the reported hybrid electrodes fabricated by VAF and proved the effectiveness of 

this hybridizing strategy to improve electrode performance.2,12,42,124 For example, Ti3C2Tz and 

Nb2CTz-based electrodes were prepared by mixing the MXene dispersions with CNT dispersions 
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(stabilized with sodium deoxycholate surfactant) followed by VAF (.12,42 MXene paper electrodes 

usually show very high volumetric capacitances when tested as EC electrodes, but they often suffer 

from low ionic conductivity in most electrolytes arising from the inevitable MXene flake self-

restacking, resulting in capacitance fading at high scan rates.12,44,105 However, as mentioned, 

incorporation of other nanomaterials such as CNTs, graphene, rGO, and metal oxide particles or 

nanobelts can improve the overall charge storage performance of the electrodes by effectively 

preventing the restacking of the MXene flakes. 

To improve ionic conductivity and, in turn, electrochemical performance and study the effect 

of electrode morphology on MXene high rate performance, fabrication of electrode architectures 

via templating method was investigated. 3D microporous MXene films were fabricated via 

wrapping MXene (Ti3C2Tz and Mo2CTz) around poly(methyl methacrylate) (PMMA) spheres due 

to the presence of surface hydroxyl groups.12,107 The sacrificial templates were removed from the 

structure (annealing under inert atmosphere), leaving freestanding, flexible, and highly conductive 

MXene architecture.12,107 Lukatskaya et al. showed that fabricated microporous films, in aqueous 

electrolyte, can deliver an outstanding capacitive performance (210 F g-1 at 10 V s-1) and 

capacitance retention at a high charge-discharge rate (100 F g-1 at 40 Vs-1).12 In another study, Zhao 

et al. employed the same fabrication method to assemble the 3D microporous Ti3C2Tz 

architectures. As the anode material for Na-ion storage, the fabricated electrodes showed improved 

electrochemical performance in terms of capacity, rate capability, and cycling stability compared 

with MXenes and MXene/carbon nanotube hybrid architectures.107 Recently, Xu and coworkers 

employed the sulfur-template method to fabricate freestanding and highly conductive porous 

electrodes as anode material for Li-ion battery.123 These flexible 3D porous MXene architecture 

delivered improved capacity (455.5 mAh g-1 at 50 mA g-1), rate capability (101 mAh g-1 at 18 A 
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g-1), and cycle stability (220 mAh g-1 at 1 A g-1 after 3500 cycles). Improving the ion transport 

through the fabrication of micropores in the structure, while preserving the good electrical 

conductivity can be accounted for the improved electrochemical performances. 

Freestanding and binder-free MXene/CNT films were the first of the reported hybrid electrodes 

fabricated by VAF and proved the effectiveness of this hybridizing strategy to improve electrode 

performance.2,12,42,124 For example, Ti3C2Tz and Nb2CTz-based electrodes were prepared by 

mixing the MXene dispersions with CNT dispersions (stabilized with sodium deoxycholate 

 

Figure 2.2. (a) Schematic drawing showing the effect of flake size on ion diffusion path in the structure of 

freestanding MXene film. Reproduced with permission [42] Copyright 2018, American Chemical Society. 

Cross-sectional SEM images of (b) a MXene film (scale bar 1µm) (Reproduced with permission [42] 

Copyright 2018, American Chemical Society), and (c) a MXene/CNT hybrid film prepared by VAF. (d) XRD 

pattern of Nb2CTz and Nb2CTz/CNT hybrid films showing the effect of CNT addition on the film structure. 

Reproduced with permission [61] Copyright 2016, Elsevier Ltd. (e) Charge–discharge curves of a 

Ti3C2Tz/CNT film at different current densities. (f) Cycling performance of a Ti3C2Tz/CNT film electrode at 

a current density of 0.5 A g-1. Reproduced with permission from reference [125] Copyright 2018, Royal 

Society of Chemistry. 
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surfactant) followed by VAF (Figure 2-2c).56,124 The X-ray diffraction (XRD) studies of the 

Nb2CTz and Nb2CTz/CNT hybrid films revealed that the presence of CNTs created a turbostratic 

structure by disrupting the crystallographic alignment of the Nb2CTz flakes (Figure 2-2d). In other 

words, while flakes were preserving crystallographic ordering along MXene (002) plane, they 

were restacked randomly along (110) plane.56 Similar structures were observed for hybrid films of 

Ti3C2Tz and CNTs.56 When a Ti3C2Tz/CNT hybrid film was tested as the electrode in a Li-ion 

capacitor, an improved specific capacity (489 mAh g-1 for Ti3C2Tz/CNT at a current density of 50 

mA g-1) and cycling performance was observed.56 The voltage profile of the hybrid electrodes 

showed no plateaus or any other sign that indicate the involvement of CNTs in the charge storage 

process (Figure 2-2e).56,124 In both cases of the pure and hybrid electrodes, the shape of the charge-

discharge curves resembled a capacitor-like behaver with a reversible Li-ion shuttling mechanism 

rather than a battery behavior. Also, a continuous increase in the capacity was observed for the 

Ti3C2Tz/CNT film, which can be related to the improved accessibility of electrolyte ions to the 

active redox sites at the surface of the individual MXene flakes (Figure 2-2f). 

In a study by Xie et al., negatively charged Ti3C2Tz flakes were mixed with both positively 

(cetrimonium bromide (CTAB) treated) and negatively (sodium dodecyl sulfate (SDS) treated) 

charged CNTs to fabricate porous MXene/CNT composite films.[46] The addition of CTAB treated 

CNTs (CTAB-CNTs) to the MXene dispersions led to precipitation of MXene/CTAB-CNTs 

hybrids while adding the negatively charged SDS treated CNTs resulted in the formation of a 

stable dispersion16,59 Both dispersion were used in the fabrication of films using VAF and the 

fabricated films were tested for their Na-ion storage properties. The electrochemical performance 

of Ti3C2Tz/CTAB- CNT was superior to Ti3C2Tz/SDS-CNT and Ti3C2Tz films, showing improved 

capacitive and cycling behavior.16,59 The aggregation of MXene flakes upon adding the CTAB-
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CNT solution implies a successful attachment of CNTs to Ti3C2Tz flakes. This not only effectively 

prevents the restacking of MXene flakes, but also results in the formation of a conductive 3D 

structure with enhanced electrolyte diffusion properties.16,59 Mo2CTz/CTAB-CNT films prepared 

using the same method also showed a similar enhancement of electrochemical properties compared 

to the pristine Mo2CTz electrodes.16,59 

Cellulose nanocrystals (CNCs), carboxymethylated cellulose nanofibrils (CNFs), and bacterial 

cellulose (BC) fibers are examples of other 1D additives that are used as spacers to address the 

restacking problem in MXene films while enhancing their mechanical properties.125,126 For 

practical applications, excellent electronic conductivity of MXene films should be combined with 

good mechanical properties. For example, flexible freestanding Ti3C2Tz/CNFs (10 wt%) hybrid 

film showed an improved combination of mechanical and electronic properties,126 with high 

mechanical strength (154 MPa) and Young’s modulus (41.9 GPa) in combination with high 

electric conductivity (690 S cm-1) and high specific capacitance (325 F g-1) (Figure2-3 a-e).126 The 

pure MXene papers and the hybrid films fabricated using ∼57 wt% BC showed a tensile strength 

of 21.3 MPa and 70.0 MPa and strain at the break of ∼0.8% and ∼15.5%, respectively.125 While 

increasing the 1D CNFs or BC fibers content increased the c-lattice parameter, adding CNC to 

Ti3C2Tz did not affect the XRD pattern suggesting that CNC was not effectively distributed 

between MXene sheets in the film structure.125,126 In the case of Ti3C2Tz/CNFs electrodes, the 

improved mechanical properties were related to interfacial interaction by van der Waals forces and 

MXene flakes bridging due to the presence of long 1D fibers.126 It is worth mentioning that the 

electrical conductivity of the fabricated films could be tailored to reach the desired conductivity 

by manipulating the additive ratio.126 
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The hybrid electrodes of MXene with CNFs and BC were used to fabricate planar 

microsupercapacitor (MSC), and their electrochemical properties were investigated under various 

conditions such as elongation, twisting, and bending. When tested using cyclic voltammetry (CV), 

the Ti3C2Tz/CNFs composite film showed a lower capacitance at low scan rates, but a higher  

capacitance at higher rates (over 100 mV s-1) compared to pristine Ti3C2Tz film, indicating its 

improved rate capability.126 Although BC is an insulating additive, the hybrid Ti3C2Tz/BC films 

showed improved electrochemical performance with a higher specific capacitance (111.5 mF 

cm- 2) and rate capability compared to the pure MXene film (Figure2-3f).125 The improved 

electrochemical performance of hybrid films of MXene and 1D nanomaterials are attributed to 

restacking prevention, facilitating ionic diffusion, and in the case of conductive additives, such as 

CNTs, providing electron transport paths between MXene flakes.124,125 

Hybrid films and heterostructures of MXenes with other 2D materials have been fabricated and 

studied for energy storage applications.61,109,113,127,128 Particularly, fabrication and electrochemical 

studies of hybrid films of Ti3C2Tz and exfoliated graphene or rGO have been the subject of many 

studies.129–131 In general, in these 2D hybrid films and heterostructures, the restacking of both 2D 

materials are prevented, and the ion accessibility of the films is improved. In many of the reported 

studies, MXene flakes with smaller size act as the active material between larger graphene or rGO 

sheets.129–131 One example of such hybrid films is reported by Li et al., where ultrasonicated 

dispersions of Ti3C2Tz in water was mixed with a dispersion of electrochemically exfoliated 

graphene (EG) followed by VAF.132 It was suggested that the good mechanical properties of this 

hybrid film stem from the EG skeleton formed in its structure.132 In the study by Li et al., the 

performance of the electrodes largely depended on their composition. On the one hand, as the 

Ti3C2Tz content is reduced, the large EG flakes tend to aggregate, hindering ionic diffusion. On  
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Figure 2.3. (a, b) Schematic drawings showing the fabrication process of freestanding Ti3C2Tz/CNF 

films and a digital photograph of a fabricated film. Reproduced with permission [65] Copyright 2017, 

WILEY‐VCH. Reproduced with permission [126] Copyright 2019, Wiley‐VCH. (c) Tensile strength 

versus conductivity for hybrid films of Ti3C2Tz with various CNF content compared with other Ti3C2Tz 

hybrid films. (d) Areal and volumetric capacitances of MXene/CNF hybrid film composites. (e) 

Capacitance versus mechanical strength of Ti3C2Tz/CNF films compared with some other notable 

reported multifunctional composites. Reproduced with permission [126] Copyright 2019, Wiley‐VCH. 

(f) Areal capacitance of various MXene-based electrodes at various current densities. Reproduced with 

permission [125] Copyright 2019, Wiley‐VCH. (g) Nyquist plots of pristine MXene and MXene-rGO 

composite electrodes. Inset: the high-frequency region of the Nyquist plot. Reproduced with permission 

[57] Copyright 2017, Wiley‐VCH. (h) The rate capability of MXene/rGO (M/G) hybrid electrodes. 

Reproduced with permission [136] Copyright 2019, Wiley‐VCH. 
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the other hand, due to the small size of the Ti3C2Tz flakes used, the long-range electrical 

conductivity was reduced with increasing the MXene content. Compared with the pristine MXene 

or EG electrodes, a hybrid electrode of Ti3C2Tz:EG with a 3:1 weight ratio showed favorable 

electron transport properties and the best measured capacitive performance (3.2 mF cm-2 and 33 F 

cm-3 at 5 mV s- 1).132  

Similarly, rGO is also an interesting candidate to be hybridized with MXene as it offers 

improved solution processability, large surface area, and possible surface modifications by 

functional groups. Another factor that makes MXene/rGO hybrids more interesting is the synergic 

contribution of different charge storage mechanism of EDLC and pseudocapacitance from rGO 

and MXene, respectively.133–135 Xu et al. have suggested that in these hybrid films, rGO flakes 

form a porous structure and connect MXene flakes, improving electrolyte access and electronic 

conductivity, yielding to further utilization of the MXene’s intercalation capacitance.134 Zhao et 

al. reported that Ti3C2Tz/rGO hybrid films fabricated by mixing Ti3C2Tz and rGO dispersions 

followed by VAF show improved capacitance and cycle stability as electrode materials for MSCs 

due to enhanced electronic/ionic transport capabilities.135 The electrochemical impedance 

spectroscopy (EIS) studies of the fabricated electrodes showed a nearly vertical line at low 

frequencies, indicating capacitive behavior and facile ionic diffusion for Ti3C2Tz/rGO 

composite.134,135  

Functionalizing rGO flake with positively charged surface functional groups and self-assembly 

of MXene/rGO heterostructure is another reported method for the fabrication of hybrid films.57,136 

The positively charged rGO is attracted by the negatively charged MXene flakes (zeta potential of 

~ -39.5 mV for Ti3C2Tz), resulting in the electrostatic self-assembly of the 2D flakes and formation 

of agglomerates that precipitate. Electrostatic attraction of flakes, as opposed to their van Der 
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Waals attraction in physical mixing, provides more intimate contacts between rGO and MXene 

flakes and effectively reduces their restacking. In other studies, dispersions of rGO functionalized 

by poly(diallyldimethylammonium chloride) (PDDA, the zeta potential of ∼+63.0 mV) and amine 

groups (NH2, the zeta potential of ∼+41.0 mV) were employed to fabricate flexible electrostatically 

assembled rGO and MXene heterostructures.57,136 It was shown that the rGO content significantly 

affects the physical and electrochemical properties of fabricated films. For instance, increasing the 

rGO content reduces the electrical conductivity of the hybrid films due to the lower conductivity 

of rGO compared to the pristine Ti3C2Tz. 57,136,137 As the content of rGO is increased, the size of 

the semicircles from the EIS tests was also increased, suggesting an increase in the resistance of 

the electrodes (Figure 2-3g). Also, the CV curves indicated that the charge storage mechanism 

originates from the change of Ti oxidation state and reversible intercalation/deintercalation of 

protons.57,136,138 The incorporation of 5 wt% rGO (corresponding to 3–4 layers of Ti3C2Tz for each 

rGO layer) resulted in the fabrication of films with high densities (3.1 g cm-3), increased interlayer 

spacing (1.51 nm), and excellent electrical conductivity, leading to enhanced electrochemical 

properties, including high volumetric energy density and rate capability (Figure 2-3h).57,136 

Xie et al. compared the electrochemical performance of self-assembled Ti3C2Tz/rGO and 

Ti3C2Tz/CNT hybrid electrodes as anode material for Na-ion batteries and capacitors.16 The hybrid 

electrodes were fabricated by first assembling Ti3C2Tz nanoflakes, and CTAB treated rGO or CNT 

(CTAB-rGO and CTAB-CNT) in aqueous dispersions followed by VAF. The EIS studies showed 

a higher charge transfer kinetic for Ti3C2Tz/CTAB-rGO electrodes, as the low-frequency region 

slope in the Warburg plot was lower compared to Ti3C2Tz/CTAB-CNT electrode, resulting in 

worse electrochemical performances.16 It was argued that the ion accessibility of MXene/CNT 
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hybrid electrodes is higher than the MXene/rGO electrodes as the CNTs prevent the MXene layers 

restacking more effectively and creates a more porous structure in the electrode.16 

Oxidant-free in situ polymerization of monomers between MXene layers is another interesting 

approach to tailor the mechanical, electrical, and electrochemical properties of MXene-based 

electrodes. Controlled deposition of the polymers at the MXene surface would result in the 

synthesis of MXene/polymer hybrids dispersed in water or other solvents. These hybrid MXene 

flakes can be converted to freestanding films using VAF. The in situ polymerization of aniline, 

pyrrole (PPy), and poly(3,4- ethylenedioxythiophene):poly(styrenesulfonic acid) (PEDOT:PSS) 

on MXene surfaces have been previously reported for the fabrication of layered MXene/polymer 

hybrids (Figure 2-4a).41,139,140 The formation of conductive polymer chains between the MXene 

flakes prevents the restacking of MXene flakes and hence provides plenty of diffusion channels 

for electrolyte ions.  

The in situ polymerization mechanism is believed to be initiated by the MXene’s oxidizing 

surface functional groups, but more studies are required to understand the polymerization process. 

41,139,140 It is clear from the past studies that the properties of these hybrid electrodes are 

significantly affected by the process conditions such as the amount of monomer available during 

the polymerization process. At a very high monomer to MXene ratios, the ordered and layered 

microstructure, and the electrical conductivity of the electrodes are affected by the presence of 

unreacted monomers (Figure 2-4b).41,139,140 However, when the monomer amount and the 

polymerization process were controlled, significant improvements in the electrochemical 

performance of the electrodes were observed. For example, fabricated Ti3C2Tz/PPy (2:1 mass to 

volume ratio) hybrid films, which had a layered architecture composed of periodic layers of 

Ti3C2Tz and PPy, showed a specific capacitance of 416 F g-1 at 5 mV s-1 compared to 238 F g-1 for 



 

 
22 

a pristine Ti3C2Tz electrode (Figure 2-4c and d).140 As another example, the 

Mo1.33CTz/PEDOT:PSS (with 10:1 mass ratio) hybrid films treated in an H2SO4 solution, showed 

 

Figure 2.4. In situ deposition of polymers on MXene surfaces. (a) Schematic drawing showing the 

alignment PPy on the MXene surface. (b) Effect of pyrrole content on the volumetric and gravimetric 

capacitance of PPy/Ti3C2Tz hybrid electrodes at 5 mV s-1 CV scan rate. (c) A cross-sectional 

transmission electron microscopy (TEM) image of aligned PPy chains between MXene layers. (d) The 

rate capability of a 13 µm thick PPy/Ti3C2Tz electrode. Reproduced with permission [140] Copyright 

2015, Wiley‐VCH. (e) Schematic representation of the process used for the synthesis of Ti3C2Tz /PANI 

hybrid film. (f) Schematic drawing suggesting the mechanism of aniline polymerization on MXene 

surfaces. (g) CV curves of Ti3C2Tz /PANI hybrid electrode at different scan rates. (h) Comparison of the 

rate capability of Ti3C2Tz /PANI hybrid electrodes with different mass loadings. M represents pristine 

Ti3C2Tz electrodes, and M/PANI indicates hybrid Ti3C2Tz/PANI electrodes. Reproduced with 

permission [41] Copyright 2018, Royal Society of Chemistry.  
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enhanced gravimetric and volumetric performances (1310 F cm-3 with high conductivity of 29674 

S m-1).139 Similarly, the hybrid films of PANI deposited Ti3C2Tz flakes showed excellent 

pseudocapacitive charge storage for electrodes as thick as ∼45 µm (1141 F cm-3 at 2 mV s-1, Figure 

2-4 e-h).41 A better understanding of the polymerization mechanism is of great importance to 

expanding the application of this approach to other MXene-polymer hybrid electrodes. 41,139,140 

VAF processes have also been used in the fabrication of hierarchical MXene-based 

structures with the incorporation of nanosized TMOs and transition metal dichalcogenides 

(TMDs). This method has been reported to be an effective strategy to enhance the structure 

(prevent aggregation and restacking) of the electrodes and enhance their electrochemical 

performances.141,142 In the structure of these electrodes, MXene flakes offer a highly conductive 

interconnected network supporting the nanoparticles and also control the volume change of the 

nanoparticles, while the nanoparticles create diffusion channels between MXene layers.142 Thus, 

these hierarchical structures have the potential to deliver high capacities, long cycle lives, and good 

rate capabilities. For example, self-assembled Ti3C2Tz/SnS2 hybrid electrodes were synthesized by 

adding SnS2 solution to a colloidal dispersion of Ti3C2Tz (at various weight ratio) followed by 

VAF to fabricated electrodes.141 When the layered heterostructure of Ti3C2Tz/SnS2 (1:5 mass ratio) 

was tested as anode for Na-ion battery, it demonstrates facilitated kinetics and lower charge 

transfer resistance resulting in the improvement of specific capacity, rate capability, and cycling 

stability (322 mAh g-1 after 200 cycles at 100 mA g-1).141 

Using pseudocapacitive 2D TMOs flakes as a supercapacitor electrode is often limited by the 

low electrical conductivity of the oxides. However, heterostructures and hybrids of 2D TMOs and 

highly conductive MXenes have shown excellent electrochemical performances.65 Liu et al. 

employed a simple method based on mixing and ultrasonication of dispersion of 2D MnO2 and 
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Ti3C2Tz in water to fabricate flexible freestanding films with the facial alignment of 2D flakes.65 

The capacitive performance and rate behavior of the hybrid film showed significant improvement 

compared to electrodes fabricated without the addition of MXene flakes (Figure 2-5 a and b). It 

is suggested that improved electrical conductivity of the electrode by Ti3C2Tz flakes, as well as 

reduced restacking of MnO2 flakes, which results in the exposure of more active sites at the surface 

of MnO2 flakes, are the main causes on the improved performance. In addition, the ordered 

architecture of the electrodes fabricated with this method resulted in the flexibility and mechanical 

integrity of the electrodes.65  

It is worth mentioning that self-assembly processes can be combined with other electrode 

fabrication methods such as casting rather than VAF to fabricate electrodes. A general strategy for 

the assembly of TMOs (i.e., TiO2, SnO2) on MXene flakes through van der Waals interactions was 

proposed by Liu and coworkers.142 The assembly method is based on the difference in the surface 

energy of MXenes and TMOs in tetrahydrofuran (THF) solutions. MXene flakes tend to form 

agglomerates in THF solutions due to their high surface energy. However, TMOs show low surface 

energy when dispersed in THF due to the presence of an organic layer (oleylamine/oleic acid) on 

their surfaces. Upon mixing the two dispersions, the TMOs are assembled on surfaces of MXene 

flakes to reduce the free energy of the system (surface energy) through van der Waals forces 

forming micelle-like heterostructures.142 Liu et al. reported a uniform distribution of SnO2 

nanowires and TiO2 nanorods on Ti3C2Tz flakes using this assembly method.142 The fabricated 

MXene/TMO hybrids were homogeneously mixed with a conductive additive and a polymer 

binder, and the mixture was casted on the copper foil as the current collector. The electrode 

materials showed enhanced charge storage properties as the two components (MXene and TMOs)  
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prevented the aggregation of each other.142 When tested against Li metal, the synergistic effects of 

MXenes and TMOs in the hybrid electrodes resulted in higher capacity and better rate performance 

(530 mAh g-1 after 500 cycles at 1 A g-1 for MXene/SnO2 heterostructure) of the electrode 

compared to either pure MXene or TMO electrodes.142  

In another study, Ti3C2Tz dispersions were mixed with a dispersion of positively charged CTAB 

modified NiCo2S4 (CTAB-NiCo2S4) to synthesize electrostatically self-assembled hybrid 

electrodes. The synthesized materials were homogeneously mixed with a conductive additive and 

 

 Figure 2.5. (a) Charge–discharge curves of a MnO2/Ti3C2Tz hybrid electrode at various current 

densities compared with curves of MnO2 and Ti3C2Tz electrodes, showing the significantly prolonged 

period of discharge for the hybrid electrode. (b) Rate capability of the hybrid MnO2/Ti3C2Tz electrode 

compared with neat MnO2 and Ti3C2Tz electrodes. Reproduced with permission [65] Copyright 2017, 

Wiley‐VCH. (c) High-resolution TEM (HRTEM) images of the NiCo2S4/MXene composite 

electrodes. (d) CV curves of NiCo2S4/MXene electrodes at a scan rate of 20 mV s−1 in 3M KOH 

electrolyte. (e) The rate capability of NiCo2S4, Ti3C2Tz, and their hybrid electrode. (f) Cycling stability 

of NiCo2S4 and NiCo2S4/MXene hybrid electrodes at 5 A g-1. Reproduced with permission [63] 

Copyright 2019, Elsevier Ltd.  
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a polymer binder and pressed onto Ni foam substrates to prepare electrodes and showed a good 

electrochemical performance in an aqueous electrolyte. For example, an electrode with a 10:1 mass 

ratio of CTAB-NiCo2S4 to Ti3C2Tz showed a specific capacity of 1028 C g-1 at 1 A g-1 and a 

94.27% capacity retention after 5000 charge/discharge cycles at 5 A g-1, (Figure 2-5  c-f).63 Fu et 

al. showed that the mass ratio of CTAB-NiCo2S4 to Ti3C2Tz plays an important role in the 

fabricated structure morphology, as the low amount of Ti3C2Tz adversely affect the electrical 

conductivity and its excessive amounts would hinder the ionic accessibility, both reducing the 

electrochemical performance. Moreover, the authors argued that the driving forces for the 

assembly is determined by the CTAB-NiCo2S4 to Ti3C2Tz ratio. At low MXene ratios (NiCo2S4: 

MXene ratio of 15:1), electrostatic interactions were dominant, while at higher MXene ratio 

(NiCo2S4: MXene ratio of 10:1) hydrogen bonding and van der Waals forces would be the 

dominant driving forces. Ti3C2Tz flakes provide high conductivity, flexibility, and open surfaces 

for the electrode material and facilitated the ionic diffusion. At the same time, 

expansion/contraction NiCo2S4 was confined in the electrode structures, reducing pulverization 

during repeated charge and discharge of the electrodes.63 

The assembly of MXene electrodes using VAF is a simple approach enabled by the 

hydrophilicity of the MXene surface and their dispersibility in water. This process can be readily 

used for the fabrication of pure MXene electrodes or its hybrids with other nanomaterials with 

applications in energy storage systems (Table 2-1). Very effective strategies have been developed 

to control the microstructure of the electrodes, particularly as it pertains to preventing the 

restacking of the MXene flakes and increasing their interlayer spacing. However, VAF is a very 

limited process in terms of precise engineering of the microstructure of the electrode. Also, VAF 

is primarily a batch fabrication process and is not suitable for scale-up. Therefore, as discussed 
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below, more advanced electrode fabrication processes that enable more control over the 

microstructure and process parameters have been recently employed in the fabrication of high 

performance MXene electrodes. 

Table 2-1. Electrochemical performance of MXene-based electrodes fabricated through assembling 

MXene flakes. 

Material Fabrication 
method Electrolyte Test 

condition Performance Energy 
density 

Power 
density Ref. 

Ti3C2Tz 
Template, 

VAF 3 M H2SO4 
10 mV s-1 

40 V s-1 
310 F g-1 

100 F g-1 NA NA 12 

Ti3C2Tz 
Template, 

VAF 
1 M NaClO4 
EC:PC:FEC 50 mA g-1 340 mAh g-1 NA NA 107 

Ti3C2Tz 
Template, 

VAF 
1 M LiPF6 in 

EC:DEC 50 mA g-1 455.5 mAh g-1 NA NA 123 

Mo2CTz 
Template, 

VAF 3 M H2SO4 10 V s-1 100 F g-1 NA NA 12 

V2CTz 
Template, 

VAF 
1 M NaClO4 in 

EC:PC:FEC 50 mA g-1 330 mAh g-1 NA NA 107 

Mo2CTz 
Template, 

VAF 
1M NaClO4 
EC:PC:FEC 50 mA g-1 380 mAh g-1 NA NA 107 

Ti3C2Tz/CNT VAF 1 M LiPF6 in 
EC:DEC:DMC 50 mA g-1 489 mAh g-1 67 Wh kg-1 258 W kg-1 124 

Ti3C2Tz/CNT Self-assembly, 
VAF 

1 M NaClO4 
EC:PC:FEC 20 mA g-1 421 mAh cm-3 NA NA 16 

Mo2CTz/CNT Self-assembly, 
VAF 

1M NaClO4 
EC:PC:FEC 50 mA g-1 164 mAh g-1 NA NA 16 

Nb2CTz/CNT VAF 1 M LiPF6 in 
EC:DEC 50 mA g-1 270 mAh g-1 49 Wh kg-1 546 W kg-1 56 

Ti3C2Tz/ 
SWCNT 

Self-assembly, 
VAF 1 M KOH 2 mV s-1 220 mF cm-2 

314 F cm-3 NA NA 59 

Ti3C2Tz/ 
Graphene VAF PVA/H3PO4 2 mV s-1 3.26 mF cm-2 

33 F cm-3 3.4 mWh cm-3 200 mW cm-3 132 

Ti3C2Tz/rGO VAF, cast 2 M KOH 2 A g-1 154.3 F g-1 NA NA 135 
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Ti3C2Tz/rGO Self-assembly, 
VAF 1 M H2SO4 2 mV s-1 254 F g-1 NA NA 57 

Ti3C2Tz/rGO Self-assembly, 
VAF 3 M H2SO4 2 mV s-1 335.4 F g-1 

1040 Fcm-3 32.6 Wh L-1 74.4 kW L-1 136 

Mo1.33C/ 
PEDOT:PSS VAF PVA/H2SO4 0.5 A cm-3 568 F cm-3 24.72 mWh 

cm−3 19.4 W cm−3 139 

Ti3C2Tz/BC VAF PVA/H2SO4 
0.5 mA 

cm-2 112.2 mF cm-2 5.5 μW cm−2 NA 125 

Ti3C2Tz/PANI VAF 3 M H2SO4 2mV s-1 503 F g-1 

1682 F cm-3 79.8 Wh L-1 575 W L-1 41 

Ti3C2Tz/PPy VAF 1 M H2SO4 5 mV s-1 416 F g-1 NA NA 140 

Ti3C2Tz/MnO2 VAF 1 M H2SO4 10 mV s-1 390 F g-1 8.3 Wh kg-1 21.33 W kg-1 65 

Ti3C2Tz/SnS2 VAF 1 M NaClO4 
EC:PC:FEC 50 mA g-1 901 mAh g-1 NA NA 141 

Ti3C2Tz/TiO2 
Self-assembly, 

cast 
1 M LiPF6 in 

EC:DEC 50 mA g-1 303 mAh g-1 NA NA 142 

Ti3C2Tz/SnO2 
Self-assembly, 

cast 
1 M LiPF6 in 

EC:DEC 
100 mA g-

1 720 mAh g-1 NA NA 142 

Ti3C2Tz/ 
NiCo2S4 

Self-assembly, 
Pressed 3 M KOH 1 A g-1 1028 C g-1 68.7 Wh kg-1 0.85 kW kg-1 63 

*ethylene carbonate (EC), diethyl carbonate (DEC), propylene carbonate (PC), 

fluoroethylene carbonate (FEC) 

 

2.5 Cation-induced self-assembly of MXene flakes  

The impact of intercalated ions on the electrochemical properties of MXenes has been the 

subject of much research since the discovery of these materials. Several studies have confirmed 

that the insertion of cations between MXene flakes can significantly improve the electrochemical 

properties of the electrodes through various mechanisms, such as increasing the interlayer spacing 

and modification of the surface termination groups.143,144 For example, it is shown that treating 

multilayered Ti3C2Tz (ML-Ti3C2Tz) in alkali solutions increases the c-lattice parameter (confirmed 



 

 
29 

with X-ray diffractometry and transmission electron microscopy), due to the intercalation of the 

cations between the MXene flakes.94,145 The effects of such treatments on surface chemistry have 

been studied by X-ray photoelectron spectroscopy (XPS) and Fourier-transform infrared 

spectroscopy (FTIR). Lian et al. reported that the ML-Ti3C2Tz treated in a KOH solution has more 

-O and -OH surface groups than -F.94 In addition, Ab initio studies of intercalation of alkali metal 

ions (Na+, K+, and Ca2+) in various MXenes (Ti2CO2, V2CO2, and Sc2C(OH)2) and their van der 

Waals heterostructures with graphene suggested that the intercalated layered materials are stable 

without phase separation or formation of bulk alkali metals.109  

Due to the negative surface charge of the MXene flakes in aqueous dispersions, their 

electrostatic interactions with organic and inorganic cations can results in the assembly of flakes 

into intercalated layered structures with favorable electrochemical properties. Zhao et al. reported 

the formation of porous 3D networks of crumpled Ti3C2Tz induced by alkali ions.146 They showed 

that after mixing a dispersion of Ti3C2Tz
 flakes with solutions containing Li+, Na+, and K+ cations, 

MXene flakes crumple, flocculate, and form a porous 3D architecture.146 The assembled MXenes 

showed a d-spacing in the range of 15.3 Å and 16 Å, which, in line with previous studies, was 

more or less independent of the nature of the hydrated intercalating cation.146,147 The authors 

argued that this d-spacing corresponds to about two water layers between the MXene layers. 

Electrodes fabricated using the assembled MXene showed excellent capacitive charge storage and 

rate performance behavior when tested as in Na-ion cells.146 The trapped water molecules and pre-

intercalated cations between MXene flakes caused a pillaring effect and suppressed the volume 

change due to the intercalation/deintercalation of Na ions.146,148,149 

In another study, the fabrication of highly stable and flexible freestanding films of V2CTz and 

Ti2CTz by a cation-induced assembly process was reported (Figure 2-6a).150 Single-layer flakes 
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of MXenes such as V2CTz and Ti2CTz tend to rapidly oxides when dispersed in water, and their 

films fabricated by VAF can quickly disintegrate in the air (Figure 2-6 b). Thus, the 

electrochemical performance of electrodes fabricated using single-layer flakes of these MXenes 

had barely been studied before.150 VahidMohammadi et al. used the cation-induced assembly 

processed to assemble pre-intercalated layered V2CTz and Ti2CTz flakes. Freestanding films 

fabricated using the assembled MXenes showed ordered microstructures while being highly stable 

in the ambient atmosphere and during electrochemical tests in aqueous electrolytes (Figure 2-

6c).150 The suppression of the oxidation of MXene flakes is contributed to the charge transfer 

between MXene flakes and the intercalated cations, which keeps the surface V atoms in a more 

reduced state.150 The films fabricated using the assembled flakes showed not only improved 

mechanical properties and stability compared to pure MXene films but also demonstrated 

enhanced electrochemical performances. For example, electrodes fabricated using assembled 

V2CTz showed a high capacitance (∼420 F g-1 and ∼1315 F cm-3 for Na-V2CTz electrode in a 3M 

H2SO4 electrolyte at 5 mVs-1), rate capability, cycle ability (77% capacity retention over one 

million cycle for Na-V2CTz electrode in a 0.5M K2SO4 electrolyte) and therefore, high power and 

energy densities in different electrolytes (Figure 2-6 d and e).150 

Cation-induced assembly has also been used in the assembly of MXene flakes with other 2D 

materials. Heterostructures of Ti3C2Tz and holey graphene (h-graphene) were synthesized by 

adding NaOH to a mixture dispersion of Ti3C2Tz and H-graphene followed by flocculation of 2D 

flakes.62 The porous structure of the MXene/H-graphene hybrid films facilitated ions 

transportation and prevented restacking of the flakes, resulting in a high specific capacitance (1445 

F cm-3), and a good rate capability of the electrodes (69% at 500 mV s-1). In this assembly process, 

the Ti-F bonds which are unstable in the alkali environment are largely replaced by -OH 
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termination groups. 62,151 It was reported that further improvement of the electrochemical 

performance could be achieved by removing the -OH groups by an annealing process (1h at 200 

°C under Argon atmosphere) to increase the Ti atoms ratio and reaction sites for the 

pseudocapacitive reaction.62,66  

Ma et al. reported the fabrication of porous films of MXene-graphene oxide (GO) using the ion-

induced assembly of the Ti3C2Tz and GO flakes for the fabrication of freestanding films.66 They 

demonstrated that the addition of a solution containing NH4
+ ions (solution of ammonium 

bicarbonate, NH4HCO3, in water) to a mixture dispersion of negatively charged Ti3C2Tz and GO 

flakes broke the electrostatic balance between MXene and GO flakes, resulting in their flocculation 

and formation of hybrid microclusters.66 The morphological studies suggested that increasing the 

GO content would increase the porosity of the fabricated films while reducing their electrical 

conductivity. The assembled films were annealed to reduce GO, and the resulting MXene/rGO 

films exhibited a remarkable cycle performance and high rate capability (98.9 mAh g-1 at 4 A g-1) 

as the anode material for Li-ion batteries.66 This electrochemical behavior can be attributed to the 

synergistic effect of MXene and rGO in maximizing the ionic and electronic transport properties 

of the electrodes.66  

The 3D networks of crumpled MXene produced by cation-induced assembly can provide a 

porous and conductive substrate for the deposition of other electrochemically active nanomaterials. 

For example, Zhao et al. reported a hydrothermal process for uniform deposition of NiCoP 

nanoparticles on a 3D Ti3C2Tz architecture synthesized by the addition of a NaOH solution to a 

Ti3C2Tz dispersion in water.145 The synthesized hybrid material was characterized as anode 

materials for Na-ion batteries.145 The crumpled Ti3C2Tz flakes provided a conductive porous  
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Figure 2.6. (a) Schematic illustration of the assembly of the ordered and highly stable V2CTz flakes 

by a cation-driven assembly process. (b) Digital photographs showing oxidation and color change in 

d-V2CTz films stored in ambient conditions over time (change in color from a grayish brown to black). 

(c) Digital photographs of a V2CTz film assembled using Li salt over time with no visual sign of 

degradation after a week or a month in ambient conditions. (d) CV curves of Na-V2CTz in various 

electrolytes at 10 mV s-1. (e) Rate performance of a 3–4 µm thick Na-V2CTz electrodes in various 

sulfate-based electrolytes. Reproduced with permission [150] Copyright 2018, Wiley‐VCH. (f-g) SEM 

images of the reassembled Ti3C2Tz network and Ti3C2Tz/NiCoP hybrid. (h-i) Low-magnification TEM 

images of MXene flakes, the reassembled Ti3C2Tz and the Ti3C2Tz/NiCoP hybrid. (j) HRTEM lattice 

image of NiCoP shows a d-spacing of 0.22 nm corresponding to the (111) planes of NiCoP. (k) Electron 

diffraction pattern of the MXene/NiCoP hybrid. (l) CV curves of the Ti3C2Tz/NiCoP hybrid electrodes 

at 0.1 mV s-1. (m) The cycling performances of Ti3C2Tz, Ti3C2Tz/Ni2P, and Ti3C2Tz/NiCoP electrodes 

at 100 mA g−1. The right axis of the graph shows the coulombic efficiency of the electrodes over 

cycling. (n) The rate capability of the Ti3C2Tz, Ti3C2Tz/Ni2P, and Ti3C2Tz/NiCoP electrodes at various 

current densities (from 0.1 to 2 A g−1). Reproduced with permission [145] Copyright 2019, Royal 

Society of Chemistry. 
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network for Na+ ion diffusion while inhibiting the pulverization and aggregation of NiCoP 

nanoparticles during Na+ intercalation/deintercalation processes (Figure 2-6Error! Reference 

source not found. f-k). Also, homogeneously distributed NiCoP nanoparticles would prevent the 

MXene restacking and provide an interconnected porous network, synergistically improving the 

electrochemical reaction kinetic, and a higher electrical conductivity, resulting in improved 

electrochemical performance (262 mAh g-1 after 2000 cycle at 1 A g-1, Figure 2-6 l-n).145 

In summary, the improved stability and electrochemical performance of MXene electrodes 

fabricated by the cation-driven assembly are due to better ion accessibility to the active redox sites 

at the surface of the individual MXene flakes, modification of surface groups, and an increased 

interlayer spacing (Table 2-2). The electrodes assembled using this method are capable of 

intercalation of cations of different sizes and charges. Moreover, employing this method provides 

the opportunity to study the electrochemical performance of MXenes with low chemical or 

electrochemical stability. 

Table 2-2. Cation-induced self-assembled MXene-based electrodes electrochemical performance. 

Material Fabrication method Electrolyte Test 
Condition Performance Rate 

Capability Ref. 

Ti3C2Tz/LiOH Ion-induced assembly, 
Casted 

1 M NaClO4 in 
EC:DMC:FEC 25 mA g-1 326 mAh g-1 164 mAh g-1 

at 1 A g-1 
146 

Ti3C2Tz/NaOH Ion-induced assembly, 
Casted 

1 M NaClO4 in 
EC:DMC:FEC 25 mA g-1 172.5 mAh g-1 61 mAh g-1 at 

1 A g-1 
146 

Ti3C2Tz/KOH Ion-induced assembly, 
Casted 

1 M NaClO4 in 
EC:DMC:FEC 25 mA g-1 175 mAh g-1 48 mAh g-1 at 

1 A g-1 
146 

V2CTz/NaCl Ion-induced assembly, 
VAF 3M H2SO4 5 mV s-1 420 F g-1 

1315 F cm−3 
200 F g-1 at 
100 A g-1 

150 
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V2CTz/LiCl Ion-induced assembly, 
VAF 1M KOH 2mV s-1 200 F g-1 NA 150 

Ti2CTz/LiCl Ion-induced assembly, 
VAF 5 M LiCl 2 mV s-1 172 F g-1 

640 F cm-3 NA 150 

Ti3C2Tz/rHGO
/NaOH 

Ion-induced assembly, 
VAF 3M H2SO4 2 mV s-1 438 F g-1 

1445 F cm-3 
302 F g-1 at 
500 mV s-1  

62 

Ti3C2Tz/NaOH
/NiCoP Hydrothermal, Cast 

1 M NaClO4 in 
EC:DMC:EMC:

FEC 
0.1 A g-1 417 mAh g-1 240 mAh g-1 

at 2 A g-1 
145 

 

2.6 Layer-by-layer assembly 

Layer-by-layer (LbL) assembly is an effective nanofabrication process to fabricate electrode 

structures with great ordering and superior functionalities. Oppositely charged nanomaterials or 

homo- or hetero-phase compounds can be assembled into various structures through electrostatic 

interactions or hydrogen bonding with high accuracy.152 Alternate deposition of active materials 

to form uniform films or 3D networks by electrospinning, electrospraying, and dip-coating are 

among the most studied LbL assembly methods.105,152–155 As mentioned above, when dispersed in 

water, MXene flakes show a negative surface charge. For example, for Ti3C2Tz, a zeta potential of 

~-35mV is reported when the dispersion pH is ~6.5.31 Therefore, MXene flakes can be utilized in 

electrostatic LbL fabrication in combination with a positively charged material. LbL assembly has 

been used for the fabrication of conductive and highly flexible MXene coating and films with good 

mechanical properties on various substrates (flexible polymer films, glass, silicon wafer, etc.).156 

In a study by Zhou et al., aqueous dispersions of Ti3C2Tz flakes and aminated CNTs with 

opposite surface charges were used to fabricate highly flexible and foldable electrodes through 
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LbL spray coating on an electrospun polycaprolactone (PCL) fiber substrate (Figure 2-7a).153 

Beside improved mechanical properties, the fabricated electrodes showed enhanced 

electrochemical performance compared to Ti3C2Tz film fabricated using VAF, especially at higher 

rates (Figure 2-7b). EIS of the electrodes showed that both the Ti3C2Tz film and Ti3C2Tz/CNT 

hybrid electrodes lack the appearance of a semicircle at the high-frequency range of their Nyquist 

plots, indicating their low charge transfer resistance. However, the EIS spectra of the hybrid 

electrode was notably different in the mid-frequency region (Figure 2-7c). The increased 

resistance of VAF fabricated Ti3C2Tz film in this region (Warburg resistance) implies the limited 

electrolyte access to the inner regions of the electrode structure.153,157 The employment of CNTs 

 

Figure 2.7. (a) Schematic drawing showing the LbL spray coating process used for the fabrication of 

the MXene/MWCNT electrode with hierarchical structures. (b) The rate capability of the fabricated 

Ti3C2Tz/MWCNT electrodes. (c) Nyquist plots of pristine MXene versus MXene/MWCNT composite 

electrodes. Inset: the high-frequency region of the Nyquist plot. (d) A schematic illustration showing 

the mechanism for facile ion diffusion in fabricated hierarchical electrodes. (e) Capacitance retention 

and coulombic efficiency versus cycle number for the pristine and composite electrodes. Reproduced 

with permission [153] Copyright 2019, Elsevier Ltd. 
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as the spacer to prevent restacking and the ordered electrode architecture achieved by the LbL 

assembly resulted in the improved performance of the electrodes in terms of capacitance, rate 

capability, and cyclic performance (Figure 2-7 d and e).153 

Zhao et al. fabricated freestanding and flexible heterostructure films of Ti3C2Tz and rGO 

through a spray-assisted LbL assembly of Ti3C2Tz and rGO dispersions (Figure 2-8a).137 Adding 

rGO to MXene decreased the electrical conductivity of the fabricated film’s (from 1750 S cm-1 for 

pure Ti3C2Tz film to 130 S cm-1 for Ti3C2Tz-20 wt% rGO film) and density (from 3.8 g cm-3 for 

 

Figure 2.8. (a) Schematic drawing showing the fabrication process of freestanding and flexible 2D 

MXene/graphene heterostructure films by a spray-assisted LbL process. Electrochemical responses of 

the Ti3C2Tz, rGO, and MXene/rGO heterostructure films, (b) comparison of cycling profiles at 2.5 C, 

and (c) rate profiles. Reproduced with permission [137] Copyright 2019, Wiley‐VCH. (d) Schematic 

illustration of the LbL assembly of (MXene/TAEA)n multilayer onto porous 3D framework such as a 

melamine foam. Electrochemical performance of flexible solid-state supercapacitors based on 

(MXene/TAEA)n electrodes, (e) CV curves at a scan rate of 2 mV s-1, and (f) Ragone plot of 

(MXene/TAEA)n solid-state supercapacitors calculated based on the total volume of the electrode. 

Reproduced with permission [31] Copyright 2019, Springer Nature.  
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pure Ti3C2Tz film to 1.8 g cm-3 for Ti3C2Tz-50 wt% rGO film). The reported electrical conductivity 

of films fabricated with spray-assisted LbL was lower than the one fabricated with self-assembly 

or VAF method, mainly due to a loose stacking of the flakes.137 When the fabricated electrodes 

(MXene-20 wt% rGO film) were used as the anode material for Ni-ion batteries, they showed an 

improved electrochemical performance in terms of capacity (600 mAh g-1 at 50 mA g-1), rate 

capability (220 mAh g-1 at 500 mA g-1), and cyclability, compared to pristine Ti3C2Tz or rGO films, 

confirming the importance of structural modifications on the enhancement of electrochemical 

properties (Figure 2-8 b and c).137  

LbL assembly of MXene with polyelectrolytes such as polyethyleneimine, 

poly(diallyldimethylammonium chloride), or poly(sodium 4-styrene sulfonate) produce a large 

interlayer gap between MXene flakes disturbing the electron conduction paths and reducing the 

conductivity.105,156,158 The inactive polymer would increase the dead volume/mass of the electrode, 

and due to their large molecular size, the formation of LbL assembled MXene with high accuracy 

is not likely.31,132,156 However, as it was demonstrated by Tian et al. that using small positively 

charged molecules such as tris(2-aminoethyl) amine (TAEA) for LbL fabrication of Ti3C2Tz 

multilayers and pillared films resulted in a highly ordered and a quasi-intimate face-to-face contact 

between the MXene flakes (Figure 2-8 d-f).31 When tested as electrodes in a solid-state 

supercapacitor, the fabricated electrodes showed high mechanical performances in combination 

with high energy and power densities of 3.0 WhL-1 and 4400 W L-1, respectively. Tian et al. argued 

that the TAEA pillars in the architecture provide more active surface area and facilitate the protons 

to reach the deep-trap sites of MXene flakes, enhancing the redox reactions. Besides, a small 

increase in the gap distance did not affect electrical conductivity, ensuring fast charge transport at 

high rates.31 
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In another study in this direction, Zhao et al. reported the effects of fabrication methods and 

resulting structures on the electrochemical performance of porous MXene/TMO (Co3O4 and 

NiCo2O4). The heterostructures were fabricated via LbL spray coating, alternate filtration, and in 

situ growth of oxides.122 In the LbL process, MXene and TMO suspensions were alternately 

sprayed onto a polypropylene substrate for the fabrication of freestanding flexible hybrid films 

(Figure 2-9 a and b). The fabricated structures offered plenty of active redox sites, enlarged 

surface area, effective electron transport network, and improved wettability.122 The Ti3C2Tz/Co3O4 

heterostructure showed improved capacity and rate performance behavior when tested as the anode 

materials for Li-ion batteries. This was attributed to the oxide’s contribution to the total capacity 

of the electrode (Figure 2-9 c). Electrodes fabricated by LbL spray coating of Ti3C2Tz, and 

NiCo2O4 dispersions showed the best electrochemical performance among the studied electrodes 

(specific capacities of 1330, 650, and 330 mAh g-1 at 32, 1600 and 3200 mA g-1, respectively) due 

to the NiCo2O4 intrinsic properties and the favorable electrode architecture provided by LbL spray 

coating compared with alternate filtration or in situ growth process (Figure 2-9 d-f).122  

To fully utilize the MXene electrochemical properties, uniform distribution of Ti3C2Tz flakes 

on a porous conductive substrate, such as Ni foam, was proposed by Tian et al.105 The suggested 

method significantly prevents the restacking, while increasing the effective contact area. These 

electrodes showed quasi-core-shell structures and were fabricated through alternative immersion 

of the substrate in positively charged polyethyleneimine solution and negatively charged Ti3C2Tz 

dispersion offering precise control over the active material loading on the substrate. The Ti3C2Tz 

quasi-core-shell electrodes showed a superior performance (370 F g-1 at 2 mV s-1 and 117 F g-1 at 

1000 mV s-1) when compared with pristine Ti3C2Tz films (33 F g-1 at 1000 mV s-1) when tested as 
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supercapacitor electrodes in a 1M Li2SO4 electrolyte. The higher specific surface area, less 

restacking, more accessible ionic diffusion channels, and improved electron transport properties 

provided by Ni foam, resulted in a higher charge storage capacity and rate performance.105 

The LbL fabrication methods based on dip-coating of the substrates in a dispersion of charged 

species, although it provides control over the composition, material loading, and the resulting 

structure, it can be extremely time-consuming (e.g., 80 h for 300 bilayers in ref.11); thus its broad 

application for scalable manufacturing is restricted. To shorten the manufacturing time in the 

fabrication of LbL electrodes, an automated spin spray layer-by-layer (SSLbL) method (which is 

 

Figure 2.9.(a) Schematic illustrating of alternate filtration and spray coating as the synthesis processes 

for the fabrication of freestanding MXene/TMO hybrid films. (b) A cross-sectional SEM image of 

MXene/Co3O4 hybrid film. (c) Electrical conductivity and film density as a function of Ti3C2Tz/Co3O4 

mass ratio (d) CV curves of spray coated Ti3C2Tz/NiCo2O4 film at 0.1 mV s- 1. (e, f) Charge-discharge 

profile of the fabricated Ti3C2Tz/NiCo2O4 film and their rate performance (1 C equals 320 mA g−1) at 

different current densities, respectively. Reproduced with permission [122] Copyright 2016, Elsevier 

Ltd. 
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not limited by the polyelectrolyte diffusion) was proposed by Weng et al.158 They demonstrated 

that SSLbL offers control over conductivity, transparency, and thickness of the MXene/CNT 

hybrid films that were subsequently used for electromagnetic interference shielding and energy 

storage. The lightweight LbL MXene/CNT architecture was fabricated on various substrates, 

including glass slide, polyester film, and silicon wafer. It delivered high electrical conductivities 

(up to 130 S cm-1), flexibility, and environmental stability, which are important for electrochemical 

applications, but the fabricated electrodes were not tested as electrode material for energy 

storage.158 

From what has been reported regarding the LbL assembly of MXene-based structures, it can be 

concluded that the fabricated electrodes show less restacking, enhances ionic transport, and ion 

adsorption strength in combination with outstanding mechanical properties, which guarantees 

structural stability during ion intercalation/deintercalation.15,90,105,118,119,137,153 

 

Table 2.3. Comparison between the electrochemical performance of MXene-based electrodes 

fabricated via the LbL assembly process. 

Material Fabrication 
method Electrolyte Test 

condition Performance Rate 
Capability Ref. 

Ti3C2Tz/SWCNT Alternate VAF 1M MgSO4 2 mV s-1 390 F cm-3 
150 F g-1 

280 F cm-3 

at 200 mV s-1 
129 

Ti3C2Tz/CNT LbL Spray coating 1M H2SO4 10 mV s-1 45 mF cm-2 23 mF cm-2 
at 10 V s-1 

153 

Ti3C2Tz/rGO Alternate VAF 1M MgSO4 2 mV s-1 435 F cm-3 320 F cm-3 

at 200 mV s-1 
129 

Ti3C2Tz/rGO LbL Spray coating 1M NaClO4 
EC:PC:FEC 50 mA-1 600 mAh g-1 120 mAh g-1 

at 5 A g-1 
137 

Ti3C2Tz/TAEA Spin-assist/Spray 
LbL assembly PVA/H2SO4 2 mV s-1 4.8 mF cm-2 

583 F cm-3 
3.1 mF cm-2 

at 200 mV s-1 
31 

Ti3C2Tz@Ni foam LbL self-assembly 1M Li2SO4 2 mV s-1 370 F g-1 117 F g-1 

at V s-1 
105 

Ti3C2Tz/Co3O4 Alternate VAF 1 M LiPF6 in 
EC:DEC 32 mA g-1 810 mAh g-1 150 mAh g-1 

at 6.4 A g-1 
122 

Ti3C2Tz/NiCo2O4 LbL spray coating 1 M LiPF6 in 
EC:DEC 32 mA g-1 1330 mAh g-1 330 mAh g-1 

at 3.2 A g-1 
122 

 

mailto:Ti3C2@Ni%20foam


 

 
41 

2.7 Fabrication of MXene electrodes by printing processes  

Self-powered electronics and micro/nanosystems often require energy storage devices that can 

be integrated with other electronic components on a variety of substrates in a limited space.1 This 

requirement has led to the recent interest in the design and fabrication of 2D or 3D on-chip energy 

storage devices. For example, the fabrication of MSCs in 3D architectures can significantly 

improve their energy density in a limited foot-print area due to the higher loading of active material 

per area. However, the 3D electrode should show the typical properties of high performance 

supercapacitor electrodes, such as a porous structure, high surface area, and in case of 2D 

materials, low restacking of the 2D sheets.159–163 

Printing, as a simple, cost-effective, and scalable fabrication process, has been employed to 

fabricated MXene-based energy storage devices with high energy densities (Figure 2-10a).121,163 

Recent studies have demonstrated electrode and device fabrication using versatile and simple 

printing processes enabled by the development of water-based inks based on Ti3C2Tz.121,164–166 Yu 

et al. reported the fabrication of 3D electrodes using an ink prepared by mixing crumpled nitrogen-

doped Ti3C2Tz (N-Ti3C2Tz) flakes with activated carbon, CNTs, and GO.167 The crumpled N-

Ti3C2Tz was synthesized through a sacrificial templating method (using melamine formaldehyde 

nanospheres as the template).166,167 Following the printing process, the 3D electrodes were freeze-

dried and reduced for 2h at 90 °C. The 3D printed electrodes were fixed on titanium mesh substrate 

to be tested in a three-electrode test set up. Three-layered electrodes of N-Ti3C2Tz composite 

showed a high areal capacitance with good cycling stability (96.2% capacitance retention after 

5,000 cycles) in 3M H2SO4 electrolyte.167 In another study, a similar ink formulation (N-

Ti3C2Tz:CNTs:GO:5:2:3 weight ratio) was used by Fan et al. for printing electrodes for Na-ion 
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hybrid capacitor.166 The Na-ion hybrid capacitor showed areal energy and power densities of 1.18 

mWh cm−2 and 40.15 mW cm−2, respectively.166  

Due to the advantages of 3D device architecture, among various printing methods, 3D printing 

processes are most interesting for the fabrication of energy storage devices such as MSCs. Very 

recently, 3D printing of MXene-based MSCs through the extrusion-based printing process have 

been reported.121,163,164,166 In this 3D printing method, an ink that exhibits viscoelastic properties 

and shear-thinning behavior is extruded out of a nozzle and deposited on a substrate in a layer-by-

layer fashion to construct a 3D structure. Therefore, the viscoelastic properties of the ink play a 

crucial role in this process to allow each deposited layer to retain its shape and tolerate the 

additional deposited layers while providing enough fluidity for interlayer adhesion.121,163,168  

Printable inks based on MXene have been used in other printing processes for the fabrication 

of energy storage devices. Xu et al. used a two-step screen printing process to fabricate asymmetric 

hybrid devices.169 To increase the voltage window, the asymmetric device was designed to use 

Ti3C2Tz and Co-Al LDH as the negative and positive electrodes, respectively. The fabricated 

devices showed an areal specific capacitance of 40.0 mF cm-2 at 0.75 mA cm-2, high cycling 

stability (92% capacitance retention after 10,000 cycles), and an energy density of 10.80 μWh cm−2 

in alkaline electrolytes.169 In another study, Li et al. used single-layer Ti3C2Tz flakes decorated 

with hydrous RuO2 nanoparticles mixed with silver nanowires (AgNWs) to prepare a thixotropic 

ink for screen printing.170 The hydrous RuO2 nanoparticles promoted the pseudocapacitive 

behavior and functioned as spacers between MXene flakes to facilitate ionic transport. AgNWs 

were added to achieve favorable rheological properties and increase the ink viscosity while 

boosting the electrical conductivity of the printed electrodes. The screen-printed MSCs showed a 
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high rate capability and acceptable cycling stability (90% capacitance retention after 10,000 

cycles).  

One of the main concerns in the preparation and printing of the water-based MXene inks is the 

low stability of MXene flakes and their oxidation or hydrolysis in aqueous dispersions, which 

limits their long-term storage. Wu et al. have studied the stability of the ligand-capped MXene 

inks prepared by the delamination of multilayered Ti3C2Tz in dispersions containing sodium 

ascorbate, sodium oxalate, sodium citrate, and sodium phosphate.171 Among the prepared inks, the 

sodium ascorbate-capped MXene (SA-MXene) showed excellent oxidation stability after 80 days 

of exposure to air at ambient conditions, while the Ti3C2Tz flakes in other prepared dispersion 

oxidized and turned to anatase.171 It was suggested that the oxidation and hydrolysis of MXene are 

prevented due to the interaction of undercoordinated Ti atoms on the surface and edges of MXene 

flakes with the ascorbate through hydrogen and coordinate bonding.171 To achieve better 

rheological properties, the SA-MXene dispersion was mixed with a non-ionic surfactant (Triton 

X) to decrease the surface tension and a co-solvent (propylene glycol) to increase the viscosity. 

The prepared ink was used for inkjet printing of MSCs, and the fabricated interdigital devices 

showed an areal capacitance of 108 mF cm-2 and volumetric capacitance of 720 F cm-3 at a current 

density of 1A g-1 with a relatively high rate capability and cycling stability (94.7% capacitance 

retention after 4,000 cycles).171 

In conclusion, MXenes can easily form additive-free stable colloidal dispersions in various 

aqueous and organic solvents, which makes them particularly valuable in the context of 

environmental‐friendly printing.2,121,164 Developing stable MXene-based ink without adding any 

surfactant and rheology modifier provides the opportunity to employ printing methods such as 

inkjet printing, screen printing, and extrusion-based 3D printing as scalable, simple, and 
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inexpensive fabrication techniques for devices fabrication (Table 2-). Besides, MXene-based inks 

can be used for printing complex 3D architecture, and through careful designing of these 

structures, the performance of MXene-based energy storage devices can be significantly improved. 

Table 2-4. Electrochemical performance of MXene-based printed structures. 

Material Printing 
method Electrolyte Test 

condition Performance Energy density Power density Ref. 
Ti3C2Tz Inkjet  PVA/H2SO4 4 µA cm-2  12 mF cm-2 NA NA 165 
SA-Ti3C2Tz Screen  PVA/H2SO4 1 A g-1 108.1 mF cm-2 

720.7 F cm-3 0.1 Wh cm-3 1.9 W cm-3 171 

N-Ti3C2Tz Screen  PVA/H2SO4 10 mV s-1 70.1 mF cm-2 NA NA 167 
Ti3C2Tz/AgNWs/ 
RuO2.xH2O  Screen  PVA/KOH 1 mV s-1 864.2 F cm-3 13.5 mWh cm-3 48.5 W cm-3 170 

Ti3C2Tz Extrusion  PVA/H2SO4 2 mV s-1 1035 mF cm-2 51.7 µWh cm-2 5.7 μW cm-2 121 
Ti3C2Tz Extrusion  PVA/H2SO4 5 µA cm-2  43 mF cm-2 0.32 µWh cm-2 11.4 mW cm-2 165 
Ti3C2Tz Extrusion  PVA/H2SO4 

1.7 mA cm-2 
0.2 A g-1 

2.1 Fcm-2 
242 F g-1 24.4 μWh cm-2 0.64 mW cm-2 163 

N-Ti3C2Tz/CNT/ 
GO/AC Extrusion  3 M H2SO4 10 mV s-1 8.2 F cm-2 0.42 mWh cm-2 NA 167 

Ti3C2Tz/SWCNT Duplex  PVA/H3PO4 25 µA cm-2  30.76 mF cm-2 8.37 μWh cm−2 17.31 μW cm−2 172 

 

2.8 Assembling MXene aerogels and hydrogels 

Aerogels and hydrogels of 2D materials have been widely considered as electrodes for energy 

storage devices. For MXenes, significant improvement in the electrochemical properties are 

reported when the 2D flakes are assembled in aerogel or hydrogel structures. The current interest 

in this direction originated from a study by Lukatskaya et al., where a record high volumetric 

capacitance (∼1,500 Fcm−3) was reported for Ti3C2Tz hydrogel electrodes in H2SO4 electrolytes.12 

Due to their open and highly accessible structures, the hydrogel electrodes showed ultra-high rate 

capability and could deliver acceptable capacitances at high scan rates as high as 10 Vs-1.12  

Aerogels, fabricated by freeze-drying of MXene dispersions, show highly porous structures in 

which MXene flakes are crumbled and form a 3D conductive network. MXene aerogels show high 
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mechanical stability, plenty of interconnected micro- and mesopores that provide facile electrolyte 

diffusion channels, and large active surface areas and, therefore, excellent electrochemical 

performances.159,173,174 It is worth mentioning that besides their application in energy storage, these 

structures have often shown superior properties in other applications such as electromagnetic 

interface shielding.159,175–178 

Li et al. reported the fabrication of 3D Ti3C2Tz aerogel via a self-assembly method by 

introducing EDA (ethylenediamine) as a weak reducing agent to MXene colloidal dispersions 

(Figure 2-10d).173 It was suggested that EDA helps Ti3C2Tz flakes to reassemble and form a 

hydrogel that can be transformed into a lightweight aerogel by freeze-drying. The fabricated 

aerogel showed a specific surface area of 176.3 m2 g-1, which is much higher than the previously 

reported surface areas for MXene powders and films. The aerogel had an excellent mechanical 

property in combination with enhanced electrochemical performance with a measured areal 

capacitance of up to 1012.5 mF cm-2 at 2 mV s-1 in a 1M KOH electrolyte (Figure 2-10 e and 

f).173 

 

Figure 2.10. (a) Schematic illustration showing the formation mechanism of Ti3C2Tz aerogels, and a 

digital image showing the fabricated 3D Ti3C2Tz aerogel. (b) CV curves of the Ti3C2Tz aerogel electrode 

at various scan rates. (c) Areal capacitance as a function of scan rates for electrodes with different mass 

loadings. Reproduced with permission [173] Copyright 2017, Elsevier Ltd. 
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Recently, Yue et al. reported the fabrication of 3D self-healable devices based on Ti3C2Tz/rGO 

through a process that involves freeze-drying of a mixed dispersion of Ti3C2Tz and rGO followed 

by laser cutting of the electrodes to a predesigned interdigitated pattern. The fabricated devices 

were wrapped with carboxylated polyurethane (PU) shells, which were responsible for the healing 

ability of the device through the interface hydrogen bonds.159 The encapsulated Ti3C2Tz/rGO 

devices showed good capacitive and cycling performance at high current densities. The healing 

ability of the fabricated device was demonstrated when it was bisected for 5 times and kept 81.7% 

of its original specific capacitance when it was reconstructed by pressing the bisected pieces 

together. For all the reported MXene aerogel and hydrogel electrodes, the formation of a porous 

3D structure, prevention of flake restacking, increased surface areas, and high electronic and ionic 

transport properties of the electrodes are cited as the reason for the improved electrochemical 

performances.12,159,174  

As described in this review paper, various fabrication methods, each having some advantages 

and disadvantages, have been used in the fabrication of MXene electrodes for energy storage 

applications. VAF is straight forward fabrication method and suitable for the fabrication of 

freestanding films (thicknesses in µm range) while transferring the fabricated films into other 

substrates is very challenging, and the process is a batch process. LbL assembly is a tunable, and 

facile fabrication method which can be adopted for the fabrication of films (thicknesses in nm to 

µm range) on various substrates with control over structure and loading of the active material per 

area of the electrode. However, LbL is a time-consuming multistep process and often requires 

multiple washing steps and using polyelectrolytes, which can affect the properties of the fabricated 

structure. Printing processes such as extrusion printing, screen printing, and inkjet printing are 

flexible processes that provide control over the design and thickness (thicknesses in nm to µm 
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range) of the pattern and have advantageous in terms of scalability and resolution. However, 

printable materials are limited, and complex procedures are required to formulate materials into 

printable inks. 
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Electrochemical Properties of 3D Printed MXene-based Structures 

This chapter presents the results of my research on the fabrication of all-solid-state MSCs 

through a 3D printing of additive-free and water-based MXene ink. The fabricated MSCs benefit 

from the high electrical conductivity and excellent electrochemical properties of 2D Ti3C2Tx 

MXene and a 3D interdigital electrode architecture to deliver high areal and volumetric energy 

densities. We demonstrate that a highly concentrated MXene ink shows desirable viscoelastic 

properties for extrusion printing at room temperature and therefore can be used for scalable 

fabrication of MSCs with various architectures and electrode thicknesses on a variety of substrates. 

The goal of this research was to develop a printable and additive-free MXene-based ink as well as 

studying the electrochemical properties of the MXene-based printed structures. The developed 

printing process can be readily used for the fabrication of flexible MSCs on polymer and paper 

substrates. Our study introduces Ti3C2Tx MXene as an excellent choice of electrode material for 

the fabrication of 3D MSCs and demonstrates 3D printing of MXene inks at room temperature. 

3.1 Introduction 

For efficient integration of storage devices with self-powered systems, direct fabrication of 

these devices on different substrates is required.1,179,180 This requirement has stimulated much 
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research on the design and fabrication of “on-chip” batteries and supercapacitors.1 In particular, 

on-chip supercapacitors, often referred to as MSCs, have been introduced as high power devices 

with relatively high energy densities and suitable for integration with miniaturized electronics. 

Similar to conventional supercapacitors, the storage properties of MSCs are highly dependent on 

the intrinsic properties and the charge storage mechanism of their electrode materials.2,181–186 

However, the properties of MSCs are also significantly influenced by the configuration of different 

components of the device- the so-called device “architecture”. For example, it was shown that in-

plane fabrication of electrodes in interdigital arrangements with controlled spacing can 

significantly improve the ion transport between electrodes resulting in ultrahigh power 

performance of the fabricated MSCs.187 

The performance metrics for MSCs are usually different than those of conventional 

supercapacitors.1,188 For miniaturized MSCs, the gravimetric performance of the electrodes is not 

an appropriate metric to evaluate their performance as the weight of the electrodes is a small 

fraction of the total weight of the device.1,188 However, since MSCs are fabricated in limited 

footprint areas, maximizing areal and volumetric performances should be the main factors 

considered in the selection of electrode materials and designing the device architecture.1,179,187 

Therefore, MSCs with 3D architectures have received much attention in the past few years as they 

allow loading more active materials per unit area of the device to increase areal performance.179,189 

However, scalable fabrication of 3D devices that utilize high-performance electrode materials is 

still very challenging.190 

Direct ink writing (DIW) or robocasting is an extrusion-based additive manufacturing 

method that has been extensively used for the fabrication of complex structures used in various 

fields, including energy storage.189,191–196 In this printing method, a colloidal or gel-type ink 
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(filament) is extruded through a nozzle and deposited on a substrate in a layer-by-layer fashion to 

fabricate 3D structures. This direct printing method is significantly more efficient and less complex 

compared to lithography and deposition methods that have been previously used for the fabrication 

of 3D energy storage devices.195,196 However, fabrication of 3D MSCs using extrusion-based 3D 

printing depends on the availability of printable inks that are based on highly conductive and 

electrochemically active electrode materials. To be printable, the ink should exhibit shear-thinning 

behavior and viscoelastic properties, which enable each layer to retain its shape while still 

providing enough fluidity for substrate and interlayer adhesion.189,197 Although significant 

progress has been made in the ink writing of electrochemical devices and electrodes based on the 

materials such as CNTs, graphene, molybdenum disulfide, and a few other materials, most 

printable inks are prepared by using additives such as secondary solvents or surfactants to adjust 

their rheological properties.194,197–199 These additives can affect the electrical and 

electrochemically properties of the printed electrodes and may require removal after printing.200  

Herein, we demonstrate low-cost and scalable fabrication of high-performance 3D MSCs 

based on 2D Ti3C2Tx, which is a member of the MXene family of materials. MXenes are an 

emerging class of 2D transition metal carbides and nitrides with a general formula of Mn+1XnTX (n 

= 1, 2, or 3), where M denotes a transition metal (Ti, Cr, V, etc.), X is carbon and/or nitrogen, and 

TX denotes surface functional groups (=O, –OH, and –F) randomly distributed on the surface of 

the 2D flakes.2,69,201–203 Ti3C2Tx exhibits a combination of high electrical conductivity, outstanding 

electrochemical properties, and hydrophilicity and therefore, is an attractive material for 3D 

printing of MSCs.2 The pseudocapacitive performance of Ti3C2Tx was first studied using 

freestanding and binder-free film electrodes, which demonstrated outstanding volumetric 

capacitances (300–400 F cm-3), exceeding the performance of EDLCs based on carbon 
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nanomaterials.71,202 Later, improved performance of Ti3C2Tx electrodes was reported by 

modification of the synthesis process,91,202,204 hybridization with other 

nanomaterials,41,44,71,129,140,205 and engineering the microstructure of the electrodes.12,206–208 

Recently, specific capacitances as high as ~1500 F cm-3 for pure Ti3C2Tx and 1682 F cm-3 for its 

hybrid with conductive polymers are reported.12,41 In the past few years, there have been few 

reports on the fabrication of MSCs based on MXenes with higher areal and volumetric 

capacitances and energy densities compared to MSCs based on other electrode materials.207 

Recently, Zhang et al. reported the preparation of MXene inks and utilizing inkjet and high-

temperature extrusion printing to fabricate MSCs with areal capacitances of as high as 43 mF cm-

2.165 However, to the best of our knowledge, the preparation, and printing of MXene inks with 

ultrahigh concentrations and fabrication of MXene MSCs through room temperature DIW have 

not been previously reported. 

In this research, the fabrication of 3D MSCs using a viscoelastic, highly concentrated, 

water-based, and additive-free MXene ink is demonstrated. The prepared ink can be directly used 

for extrusion printing at room temperature and fabricating MXene devices with interdigital 

electrode configurations on a variety of substrates, including flexible polymer films and papers. 

The height of the electrodes and the loading of active materials per unit area are controlled by the 

number of deposited layers. The 3D printed all-solid-state MSCs showed excellent electrochemical 

performance with exceptional areal capacitances and energy densities. Our results reveal the high 

potential of MXene inks for scalable 3D printing of future electronic and electrochemical devices.  
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3.2 Materials and Methods 

3.2.1 MAX Phases Synthesis 

The synthesis of Ti3AlC2 MAX phase was performed in 2 steps according to a previously 

reported method.209 Frist, Ti2AlC MAX phase was synthesized by mixing TiC powder (99.5% 

Alfa Aesar), Ti powder (99.5%, Alfa Aesar), and Al powder (99.5%, 325 mesh, Alfa Aesar) in a 

1:1:1 molar ratio. The mixture was ball milled for 24 hours, then sintered at 1400 °C for 2 h under 

flowing Argon with a 5 °C/min heating rate. The resulting material was milled into a fine powder, 

sieved, and Ti2AlC powder with a particle size of less than 38 µm was used in the next step. For 

the synthesis of Ti3AlC2, the resulting Ti2AlC powder was mixed with TiC powder (99.5% Alfa 

Aesar) in a 1:1 molar ratio, ball milled for 24 h and then sintered at 1400 °C for 2 h under flowing 

Argon with a 10 °C/min heating rate. The resulting sintered material was milled, sieved, and 

particles of less than 38 µm were used for MXene ink preparation. 

3.2.2 MXene Synthesis 

The Ti3C2Tx suspension was prepared based on a previously reported method.71 Briefly, 

concentrated hydrochloric acid (HCl, ACS Grade, BDH) solution was diluted with DI water to 

obtain 40 mL of 6 M HCl solution. 2g lithium fluoride (LiF, 98+% purity, Alfa Aesar) was added 

to the solution and stirred for 10 minutes using a Teflon coated magnetic stir bar at room 

temperature. The solution was then moved to an ice bath, and 2g of Ti3AlC2 powder was slowly 

added to the solution (to prevent overheating). The resulting mixture was transferred to a hot bath 

(35 °C) and kept for 24 hours (stirring at 550 rpm). The mixture was then washed several times 

with DI water and centrifuged at 3500 rpm until the supernatant pH was ~6. The MXene powder 

was then collected (filtered using a Celgard® porous membrane), redispersed in DI water, and 
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sonicated for 30 min. The resulting suspension was centrifuged at 3500 rpm for 1 hour, and the 

supernatant was collected and used as the initial solution.  

3.2.3 Ink Preparation 

The printable MXene ink was produced without any additives or high-temperature drying, 

which can affect the properties of Ti3C2Tx. The MXene solution was directly used in this step. 

Super absorbing polymers (SAP) beads were used to absorb water from the solution while the 

solution was stirred continuously at 400 rpm to prevent possible concentration gradient and to 

speed up the absorption process. The SAP beads could be easily collected from the solution (after 

saturation) and replaced by new beads to precisely tune the solution concentration. This step was 

repeated until a homogeneous and highly concentrated solution was achieved. During the water 

absorption step a small amount of Ti3C2Tx flakes adhered to the surface of SAP beads but they 

could be easily removed with DI water. The hydrogel beads change to their initial shape by simply 

keeping them at room temperature for a couple of days to evaporate the absorbed water.  

3.2.4 3D Printing 

A benchtop robotic dispenser (Fisnar F4200n) was used for the 3D printing MXene ink. 

The desired pattern was designed (AutoCAD, Autodesk Inc), transferred to the robotic dispenser, 

and printed using control software. The ink flow was controlled by a pneumatic fluid dispenser 

(DSP501N, Fisnar), the pressure of the dispenser and the printhead speed were ∼4 psi and ∼3 mm 

s-1, respectively. For printing interdigital electrodes with various height, after printing the first 

layer (current collector), the ink was deposited layer by layer on the finger part of the interdigital 

electrodes to increase the height of the electrodes.   
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3.2.5 Fabrication of MSCs 

Unless otherwise stated, a glass substrate (MAS-GP, Matsunami Glass, IND., LTD., Japan) 

was cleaned with DI water and used for printing. Although the ink has high conductivity and could 

be used as both current collector and active material, we found that sputtering a thin layer of gold 

on the substrate (underneath the printed current collectors) slightly improves the electrochemical 

performance of the devices. The gel polymer (PVA/H2SO4) electrolyte was prepared by first 

adding 1 g of PVA powder to 10 ml DI water with continues stirring at 85 °C until a clear solution 

was achieved. Then, 1 mL of H2SO4 (95.0-98.0%, ACS, Alfa Aesar, USA) was added to the 

mixture and stirred for another 1 h. 

3.2.6 Material Characterization  

The structure and morphology of the synthesized MAX powders and printed electrodes 

and devices were studied using a scanning electron microscope (JEOL JSM-7000F) equipped with 

an energy dispersive spectrometer (EDS detector).  

3.2.7 Atomic Force Microscope (AFM)  

AFM (Park Systems, NX10) was used to measure the size and thickness of the synthesized 

Ti3C2Tx flakes. To prepare the AFM samples, a small amount of the solution was diluted with DI 

water and drop-casted on the pieces of thermally oxidized silicon wafers. 

3.2.8 Rheology  

Rheological properties of the prepared MXene inks were studied in collaboration with Dr. 

Davis group from Chemical Engineering Department at Auburn University using a strain-

controlled rotational rheometer (Physica MCR301, Anton Paar). Fixture geometries (made of 

stainless steel) used for testing were parallel-plates (25 mm diameter) and cone and plate (25 mm 
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diameter, cone angle = 0.03 rad) to ensure there are no artifacts in the data due to testing geometry. 

After loading the rheometer with MXene ink at 25°C, multiple times up to 2 hours were selected 

to allow the sample to equilibrate and eliminate viscoelastic history before the investigation of 

rheological properties. A time of 20 minutes was chosen since no significant change was observed 

in elastic and storage moduli at a strain amplitude of 0.01 and steady shear viscosity data. All 

experiments were performed with a silicone oil coating along the edges of the fixtures and a solvent 

trap of deionized water to prevent water loss due to extended testing. A preliminary shear protocol 

was established at a shear rate of 0.01 s-1 to prevent structure change before measuring oscillatory 

dynamics.  

3.2.9 Electrochemical Measurements 

The fabricated symmetrical 3D MSCs electrochemical performance were tested using a 

VMP3 potentiostat (Biologic, France) using pieces of silver wire to connect the printed current 

collectors to the potentiostat cables. Silver wires were connected to the current collectors by a 

silver adhesive (fast-drying Ag paint, SPI Supplies). To protect the silver paint and wires from the 

electrolyte, nail polish was used to cover the contact area. The prepared PVA/H2SO4 gel electrolyte 

was carefully drop cast onto the printed Ti3C2Tx interdigital electrodes and then dried in air 

overnight. Two-electrode configuration was used to test the printed devices. Cyclic voltammetry 

tests were performed at scan rates ranging from 2 to 1000 mVs-1 in a potential window of 0 to 0.6 

V to avoid oxidation of MXene.202 Electrochemical impedance spectroscopy was performed at 

open circuit potential, with a small sinusoidal amplitude of 5 mV, and frequencies of 10 mHz to 

100 kHz. The areal, gravimetric, and volumetric capacitances were used to evaluate the 

electrochemical performance of the printed MSCs.1  
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Cell capacitance (C/A) was derived from the CV curve, according to the following 

equations.  

C = ∫ 𝐼𝐼(𝑉𝑉)𝑑𝑑𝑑𝑑
ʋ.∆𝑉𝑉

   (F), (2-electrode configuration) 

where ‘I(V)’ was the voltammetric discharge current (mA), ‘ʋ’ is the scan rate (mV s-1), 

∆V is the potential window (0.6 V). 

The normalized areal (C/A) and volumetric (C/V) capacitances were calculated based on 

the total area and volume of the devices. The total area (A) was calculated considering the area of 

the interdigital electrodes and the space between the fingers and the total volume (V) was 

calculated by multiplying the total area by the maximum thickness of fingers (height of the 

electrodes) measured from SEM images. The following equations were used for calculating the 

normalized capacitances: 

 𝐶𝐶 𝐴𝐴� = 𝐶𝐶𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
𝐴𝐴

   

and 

𝐶𝐶
𝑉𝑉� = 𝐶𝐶𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑

𝑉𝑉
  

The power and energy densities of the devices were measured according to the following 

equations. 

Energy density (E)= 𝐶𝐶/𝐴𝐴∗𝑉𝑉2

7200
 (Wh cm-2) 

Power density (P)= 3.6∗𝐸𝐸∗ ʋ
𝑉𝑉

 (W cm-2). 

where C/A (F cm-2), V (V), and ʋ (mV s-1) are as described above. 

3.3 Results and Discussion 

The first step in 3D printing of MSCs was the preparation of a printable MXene ink. The 

formulation of inks for extrusion printing requires consideration of solvent-particle interactions, 
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substrate wetting, solvent evaporation rate, and ink rheological properties.168,191,195,197,210–212 Water 

is a favorable solvent for printing because it is environmentally friendly, has a moderate 

evaporation rate, and a low cost. Functionalized Ti3C2Tx is hydrophilic, and preparation of a stable 

dispersion of its 2D flakes in water has been demonstrated before.2,168 However, these colloidal 

dispersions are usually prepared at relatively low concentrations which lack the favorable 

rheological properties required for extrusion printing.168 

In this research, the dispersions of Ti3C2Tx flakes in water were prepared following a 

previously reported method as described in synthesis section above MXene Synthesis.71 Briefly, 

Ti3C2Tx was first synthesized by selective etching of Al atoms from the structure of Ti3AlC2 MAX 

phase particles in a LiF and HCl aqueous mixture solution. The produced Ti3C2Tx was then 

dispersed in DI water and tip sonicated for 30 minutes to produce delaminated MXene flakes. 

AFM measurements showed that the synthesized MXenes are mostly single-layer flakes with an 

average lateral dimension of ~0.3 µm (Figure 3-1 a), which is consistent with previous 

reports.208,213 However, the concentration of the prepared dispersions (∼10 mg mL-1) was too low 

to achieve the rheological properties required for extrusion printing.168,198,210 Increasing the 

concentration of MXene dispersions by solvent evaporation is not straightforward. Evaporation of 

excess water under vacuum at room temperature is time-consuming and may result in 

agglomeration of Ti3C2Tx flakes. In addition, increasing the temperature to accelerate water 

evaporation rate may result in the oxidation of Ti3C2Tx flakes.214 Therefore, the method reported 

by Akbari et al. 215 for concentrating graphene oxide dispersions by using SAP beads was adopted 

in this work for concentrating Ti3C2Tx dispersions (Figure 3-2). As schematically demonstrated 

in Figure 3-1 b, the dispersion concentration was uniformly increased to as high as 290 mg mL-1 
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(~28.9 wt%), proving that this simple method is very effective in the preparation of highly 

concentrated MXene dispersions.  

The concentrated ink contained MXene flakes with an average flake size of ∼0.3 µm and 

could be directly used for 3D printing of MSCs (Figure 3-1 a and Figure 3-3). 

Achieving good dispersion quality, including homogeneity and controlled rheological 

properties, plays a critical role in the line width and uniformity of printed structures.168,198,216 Shear 

thinning behavior (Figure 3-1 c) above yield stress that can be overcome in the print head is 

essential for a uniform flow out of a narrow orifice. Figure 3-1 c shows that the viscosity versus 

shear rate behavior of the 28.9 wt % (Ø= 7.5 × 10-2) Ti3C2Tx ink could be fit to Herschel-Bulkley 

model  

𝜏𝜏 = 𝜏𝜏0 +  𝑘𝑘𝛾̇𝛾𝑛𝑛                                                                             (1)  

where 𝜏𝜏0 is the yield stress, 𝛾̇𝛾 is the shear rate, and k is the consistency factor, and n is the flow 

index. This resulted in the model parameters 𝜏𝜏0 = 24, k = 1.07, and n = 0.73, where the model 

maintains <10% error with the data. Figure 3-1 d highlights the dramatic decrease in viscosity that 

occurs at the yield stress.  

The structure of the printed layers, including shape retention and interlayer adhesion, is 

largely determined by ink viscoelastic properties. An elastic modulus G' greater than the viscous 

modulus G″ (tanδ˂1) enables the printed tracks to retain their shape while still having enough 

viscous character to enable interlayer coalescence. Figure 3-1 e shows that for the prepared 

MXene ink G′ is greater than G″ throughout the measured frequency range; the lower frequencies 

probe the long-timescale dynamics of the microstructural rearrangement prior to solidification 

while the higher frequencies probe shorter time scales. Figure 3-1 e also shows that G′ is nearly 

independent of frequency indicating a percolated (continuous) network of sheets even prior to the  
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Figure 3.1. Schematic of MXene ink preparation and 290 mg mL-1 (~28.9 wt%) MXene ink rheology. 

(a) AFM image of the initial MXene dispersion confirming single-layer flakes. Inset is the height 

profile of the MXene flakes. (b) schematic of the MXene solution at low and high concentrations; 

adding SAP beads to the dispersion resulted in a uniform concentrated MXene solution. Steady shear 

rheological behavior (c) blue diamonds viscosity and line Herschel-Bulkley model fit, and (d) 

highlighting the dramatic viscosity drop at the yield stress. Small amplitude oscillatory shear (SAOS) 

data (e) show G′ (blue diamonds) > G′′ (red diamonds) and G′nearly constant over the measured 

frequency range, and (f) ratio of G′ to G′′ over the measured frequency range. Note: error bars represent 

standard error (n = 5 for SAOS data and n = 10 for steady shear data). Reproduced with permission 

[121] Copyright 2020, Elsevier Ltd. In collaboration with Dr. Davis group from the Chemical 

Engineering deparmetn at Auburn University 
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concentration increase accompanying solvent evaporation. The inverse of tanδ or G′/G″ versus 

frequency ω is increasingly being used to establish whether an ink has suitable viscoelastic 

behavior for specific processes including electrospraying, inkjet printing, fiber spinning, and 

extrusion printing.168,210,212 Akuzum et. al.168 predicted that for single-layer MXene 2< G′/G″ <20 

in the frequency range of 0.01< ω <10 Hz would be appropriate for 3D printing process. A similar 

range was found for the printing ink used in this work (Figure 3-2 f). 

After material preparation and rheological measurements, the MXene ink was loaded into 

syringes with an attached tip (230-600 µm inner diameter) and used for 3D printing by a robotic 

dispenser (schematically shown in Figure 3-4 a). The ink was printed into fine lines and the ink 

was printed into fine lines and predetermined shapes in a layer-by-layer fashion. MSCs with 

interdigital architectures were fabricated using the prepared ink for printing both current collectors 

and 3D electrodes. Due to the viscoelastic properties of the Ti3C2Tx MXene ink, the deposited 

layers were mechanically robust, and multiple layers could be stacked to achieve printed electrodes 

several millimeters in height without collapse (as demonstrated in Figure 3-4 b). Moreover, a 

variety of shapes and geometries could be printed with fabricated ink. For instance, the Auburn 

University logo with all its fine features was printed, as shown in Figure 3-4 c. 

The produced MXene inks contained a large amount of water (~71 wt%), thus drying the 

electrodes in air resulted in the shrinkage of the printed electrodes. Interestingly, the electrodes 

mostly shrunk along the height of the electrodes; the shrinkage along the length and width of the 

electrodes was minimal. This is attributed to contact line pinning between the deposited MXene 

ink and hydrophilic substrates. After complete drying, the electrodes’ thickness was reduced to 

between a few microns and one millimeter (depending on the number of deposited layers), which 

is a more appropriate height range for on-chip energy storage device.1 
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Figure 3.3. The prepared MXene ink was used to print MSCs with different designs and number of layers. 

(a, b) Printed interdigital MSCs before drying. (c) Top-view image of MSC-1 and MSC-2 after drying. (d) A 

photograph of MSC-12 device printed on a glass substrate before drying, showing the good adhesion of the 

printed electrodes to the substrate and the stability of the printed electrodes in wet condition. (e) Printing a 

device with 15 sets of interdigital electrodes with high accuracy on a glass substrate. Reproduced with 

permission [121] Copyright 2020, Elsevier Ltd. 

 
Figure 3.2. (a) Super absorbent polymer (SAP) balls were used to remove excess water from the prepared 

Ti3C2Tx dispersion and increase its concentration. (b) Highly concentrated MXene ink prepared for 3D printing. 

The ink showed suitable viscoelastic properties. (c) An AFM image of the synthesized MXene flakes presented 

in the developed ink. To prepare the solution, small amount of ink was mixed with 50 mL of DI water and bath 

sonicated for 3 min. Reproduced with permission [121] Copyright 2020, Elsevier Ltd. 
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MSCs with interdigital electrodes were printed on various substrates including glass slides, 

papers, Si/SiO2 wafer, and polymer films (Figure 3-5, Figure 3-6, and Figure 3-7). For the 

fabrication of each device first the current collectors were printed, and then additional layers were 

printed only on the finger part of the patterns to the desired height (schematically shown in Figure 

 

Figure 3.4. (a) Schematic drawing demonstrating the 3D printing of MSCs with interdigital 

architectures. The shear stress induced in the nozzle aligns the flakes resulting in their horizontal 

alignment in the direction of nozzle movement. The height of the printed electrodes can be increased by 

printing additional layers. (b) An optical image of MSC-10 device printed on a glass substrate before 

drying. (c) An optical image of the Auburn University logo printed on a polymer substrate using the 

prepared MXene ink (with permission from Auburn University, copyright 2019, Auburn University). (d-

e) Cross-sectional SEM images of the electrodes in MSC-10 device in different magnifications showing 

that Ti3C2Tx flakes are compactly stacked and horizontally aligned. (f) Side-view SEM image of MSC-10 

showing alignment of Ti3C2Tx flakes. Top-view SEM image of (g) MSC-1 device and (h) MSC-5 device 

printed on glass and polymer substrates, respectively. Reproduced with permission [121] Copyright 2020, 

Elsevier Ltd.   
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3-4 a). MSCs with higher electrode thickness were printed by increasing the number of deposited 

layers to 2, 5, and 10 layers. The fabricated devices were then labeled as MSC-n, where n 

designates the number of printed layers for interdigital electrodes in each device (e. g., MSC-10 

has 10 layers of printed MXene ink). The measured height of the electrodes after drying at room 

temperature for MSC-1, -2, -5, and -10 were about 1.5, 3.5, 12, and 75 µm, respectively. The length 

and width of the interdigital electrodes, as well as the gap distance between electrodes, can be 

engineered by changing the size of the features in the designed device and adjusting the nozzle 

size and printing conditions. Figure 3-5 d-f show cross-sectional SEM images of electrodes in 

MSC-10 device, which show that the printed MXene flakes are horizontally aligned. We believe 

 

Figure 3.5. SEM images of the 3D printed interdigital electrodes with different thicknesses on a 

glass substrate. (a,b) Top view SEM images of MSC-1 and MSC-7, respectively. These images show 

the accuracy of the printing process in replicating the designed shape of the electrodes. The first 

printed layer was wider than the latter printed layers (scale bar is 100 µm). (c, d) Side view SEM 

images showing long rang horizontal orientation of MXene flakes in direction of nozzle movement 

with low (100X) and high (430X) magnifications (scale bar is 100 and 10 µm, respectively). (e) High 

magnification cross-section images of an electrodes with 10 printed layers showing the alignment of 

flakes (scale bar is 10 µm). (f) Increased electrode height by printing more layers of developed ink 

on top of each other (scale bar is 100 µm). Reproduced with permission [121] Copyright 2020, 

Elsevier Ltd. 
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this is due to the alignment of flakes in the nozzle during extrusion and their shear alignment in 

the direction of the nozzle movement during the printing.194  

To perform electrochemical characterization on fabricated devices, a gel electrolyte based 

on PVA/H2SO4 was prepared and carefully drop cast onto the interdigital electrodes of printed 

devices. Figure 3-8 a shows the normalized CV curves of MSC-1 device at different scan rates. 

The capacitive charge storage behavior of the device can be inferred from the quasi-rectangular 

shape of the CV curves and the rapid current response upon voltage reversal. As shown in Figure 

3-8 b and Figure 3-9, similar CV shapes were observed for MSC-2, MSC-5, and MSC-10 devices. 

Figure 3-8c shows galvanostatic charge-discharge (GCD) profiles of MSC-1 device at different 

current densities and Figure 3-8 d compares the GCD profiles of various fabricated MSCs at the 

same current density of 0.5 mA cm-2. These figures show the near-linear change in the potential 

during both charge and discharge half-cycles for all the tested devices, confirming the capacitive 

 

Figure 3.6. SEM images of 3D printed interdigital electrodes with different thicknesses printed on 

paper substrates. Low magnification (12X) top view SEM images electrodes (a) MSC-1 and (b) 

MSC-4 (scale bar is 1 mm). (c, d) Top view images of MSC-4 printed on a paper substrate (scale bar 

is 100 µm) showing the fingers and corners, respectively. Reproduced with permission [121] 

Copyright 2020, Elsevier Ltd. 
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performance observed by CV tests. Note that CV, GCD, and EIS results for all the fabricated 

devices at various scan rates and current densities. At a scan rate of 2 mV s-1 (Figure 3-8 a), the 

MSC-1, MSC-2, MSC-5, and MSC-10 devices show specific capacitances of 168.1, 315.8, 685.4, 

and 1035 mF cm-2, respectively. shown in Table 3-1, the calculated areal capacitances, even for 

the device with only one printed layer (MSC-1), are significantly higher than the previously 

reported values for MXene-based MSCs, which shows the advantage of the 3D printing for the 

fabrication of high performance MSCs in limited footprint areas. 

 

Figure 3.7. SEM images of 3D MSCF devices with different thicknesses printed on polymer 

substrates. (a) Top view SEM images of MSCF-1 device showing the formation of continues film 

after drying (scale bar is 10 µm). (b) Low (scale bar is 1 mm) and (c) high (scale bar is 100 µm) 

magnification SEM images of MSCF-5 device printed on a polymer substrate. For the polymer 

substrate, the first printed layer (current collector) was not as wide as the first printed layer on the 

glass substrate due to the higher contact angle of ink on the polymer substrate. (d) Low and (e) high 

magnification (scale bars are 100 µm and 10 µm, respectively) side view SEM images of MSCF-5, 

showing long rang horizontal orientation of MXene flakes in the direction of nozzle movement. (f) 

High magnification cross-sectional SEM images of an electrode in MSCF-5 device (scale bar is 10 

µm). Reproduced with permission [121] Copyright 2020, Elsevier Ltd. 
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As expected, for all devices, the specific capacitance decreases with increasing the scan 

rate, and the rate of decrease is dependent on the number of printed layers. To better understand 

the electrochemical properties of the printed devices, we followed the method demonstrated by 

Zhang et al.217 considering a capacitor in series with a resistor, to fit the specific capacitance data 

to the following equation 

𝐶𝐶 𝐴𝐴⁄ = 𝐶𝐶𝐴𝐴 �1 −
𝑣𝑣𝑣𝑣
∆𝑉𝑉
�1 − 𝑒𝑒−

∆𝑉𝑉
𝑣𝑣𝑣𝑣��                                                                                                         (2) 

where C/A, 𝐶𝐶𝐴𝐴, ʋ, τ, and ∆V are calculated areal specific capacitance, ideal areal specific 

capacitance, scan rate, time constant, and voltage window (0.6 V in this experiment), respectively. 

Although this equation is a simplification of the complex electrochemical response of the 

electrodes, it is useful for understanding the electrochemical behavior of the fabricated devices.217 

For an ideal capacitor, the capacitance is not limited by the electrode conductivity and/or 

the accessibility and diffusion electrolyte. Thus, the areal capacitance is the slope of the line 

described by the equation i = CA ʋ where i is the current density, CA is the ideal areal capacitance, 

and ν is the scan rate.218 Plotting the i vs. ʋ should lead to a linear relationship. However, in the 

presence of electronic and ionic resistivity, the above equation should be modified to 𝑖𝑖 = 𝐶𝐶𝐴𝐴ʋ −

𝐶𝐶𝐴𝐴ʋ𝑒𝑒
−𝑡𝑡
𝜏𝜏  where τ is the time constant and t is the discharge time. 

As it is presented in Figure 3-8 f, i vs. ʋ at 0.3 V for various printed devices and clearly 

shows that deviation from the ideal performance is highly depend on the number of printed layers. 

Interestingly, at high scan rates the capacitance seems to be inversely proportional to the scan rate 

(ʋ−1) which is incompatible with the Cottrell equation regarding the diffusion limited reactions 

(ʋ
−1
2 ).219,220 Zheng et al. 3 further modify the same equation to calculate the electrolyte conductivity 

and out of plane conductivity of their fabricated devices. They claimed that at high rates, the  
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capacity retention is inversely proportional to 𝜏𝜏. This further highlights the importance of 

conductivity, its effect on 𝜏𝜏 and in turn, its effect on devices performance, particularly at high 

rates.3 For more insights regarding the derivation of the equation used in this paper the readers are 

referred to the papers by Higgins et al. 221 and Zhang et al.217 

The changes in calculated C/A with increasing the scan rate were fit to Equation 2, and CA 

and τ were calculated (dash lines in Figure 3-8 e). CA versus electrode weight shows the specific 

capacitance almost linearly increases with increasing the mass loading of the electrodes for the 

printed MSCs (Figure 3-8 e inset). Also, the rate capability of the MSCs decreases with increasing 

the electrode height (number of printed layers). The series resistance of the devices, and the  

 
Figure 3.8. Electrochemical performance of all-MXene MSCs. (a) CV curves of MSC-1 at various scan 

rates. (b) CV curves at 5 mV s-1 for different MSCs. (c) Voltage versus time curves for MSC-1 at various 

current densities. (d) Voltage versus time curves at 0.5 mA cm-2 for different MSCs. (e) Areal capacitance 

as a function of scan rate for various fabricated MSCs. The inset graph shows the CA derived from fitting 

data to Equation 2 as a function of mass loading of printed electrodes. The dashed curves represent data 

fitted to Equation 1. (f) Current density versus scan rate (at V= 0.3 V) for different MSCs. Reproduced 

with permission [121] Copyright 2020, Elsevier Ltd. 
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resulting τ, significantly increase as the height of the electrodes increases (𝜏𝜏𝑀𝑀𝑀𝑀𝑀𝑀−1= 5.5 s, and 

𝜏𝜏𝑀𝑀𝑀𝑀𝑀𝑀−10= 24.3 s). An increase in τ result in a sluggish charge/discharge process and limits the 

capacitive performance and rate capability of the device, particularly at high rates. This is not 

surprising since the horizontal MXene flake alignment results in low out-of-plane electrical 

conductivity and the dependence of resistance on the electrode height (Figure 3-8 f).220,222–224 

These results indicate that for the devices with thicker electrodes, the electrical properties 

of the electrodes limits their electrochemical performance, particularly at higher 

charging/discharging rates.220 For example, the specific capacitance of the MSC-10 drops from 

∼695 mF cm-2 at 10 mV s-1 to ∼20 mF cm-2 at 1000 mV s-1. Furthermore, the cycling stability of 

the fabricated MSC devices were tested and over 90% capacity retention was achieved over 1200 

cycles (Figure 3-10). We expect that the performance of these devices can be improved further by 

engineering the electrode structures and ink properties to increase their out-of-plane conductivity. 

It is worth mentioning that the rate performance of the fabricated devices is also dependent on their 

ion transport properties. Previous studies have shown that ion transport properties of MSCs can be 

 

Figure 3.9. Electrochemical performance of fabricated MSC. (a) CV curve of MSC-1, MSC-2, MSC-

5, and MSC-10 at 2mV s-1. (b) EIS test for MCS1-10. Reproduced with permission [121] Copyright 

2020, Elsevier Ltd.   
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significantly improved by reducing the ionic diffusion path between the electrodes.218 Therefore, 

we expect that regardless of the height of the electrodes, the rate capability and power density of 

the 3D printed MSCs can be improved by reducing the gap distance between the interdigital 

electrodes in modified device architectures.165,180  

Table 3-1. MXene based MSCs electrochemical response comparison. 

Material Feature Electrolyte Scan Rate/ 
Current 
Density 

Capacitance 
(mFcm-2) 

Energy 
density 

(µWh cm- 2) 

Ref. 

Ti3C2Tx/Ppy Freestanding 
film 

0.5M 
H2SO4 

30 mV s-1 203 - 217 

Ti3C2Tx/rGO Composite 
aerogel 

PVA/H2SO4 1 mV s-1 34.6 2.2 159 

Ti3C2Tx/MnO2 Hybrid film PVA/LiCl 1 A cm-3 205 - 225 

Ti3C2Tx Spray coated, 
laser cut  

PVA/H2SO4 20 mV s-1 27.3 - 206 

Ti3C2Tx Laser cut  PVA/H2SO4 25 µA cm-2 340 43500 226 

Ti3C2Tx Writing with 
Pen  

PVA/H2SO4 - 5 - 227 

Ti3C2Tx Planar MSC PVA/H2SO4 25 µA cm-2 27.3 - 228 

Ti3C2Tx HF etched  PVA/H2SO4 - 10.5 0.21 229 

Ti3C2Tx Clay-like 
MXene laser 

scribing  

PVA/H2SO4 - 25 0.77 229 

Ti3C2Tx Stamped film PVA/H2SO4 25 µA cm-2 61 0.76 208 

Ti3C2Tx Transparent 
film 

PVA/H2SO4 4 µA cm-2 1.4 0.05 230 

Ti3C2Tx/Graphene Spray coated 
film  

PVA/H3PO4 5 mV s-1 3.26 - 132 

Ti3C2Tx MSC PVA/H3PO4 10 µA cm-2 23 1.1 231 

Ti3C2Tx Ink jet print PVA/H2SO4 4 µA cm-2 12 - 165 

Ti3C2Tx Extrusion print PVA/H2SO4 5 µA cm-2 43 0.32 165 

Ti3C2Tx/bacterial 
cellulose 

Freestanding 
film 

PVA/H2SO4 0.5 mA cm-2 112.2 - 125 

Ti3C2Tx/CNT Freestanding 
film 

1M KOH 2 mV s-1 220 - 59 

Ti3C2Tx/CNT Printed PVA/H3PO4 25 µA cm-2 30.76 8.37 172 

Ti3C2Tx/CNT Spray coated 
layer by layer 

1M H2SO4 10 mV s-1 80 - 153 
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Ti3C2Tx Extrusion print PVA/H2SO4 1.7 mA cm-2 2100 
(per electrode) 

24.4 163 

Ti3C2Tx Extrusion print 
MSC-1 

PVA/H2SO4 2 mV s-1 168.1 8.4 This 
work 

Ti3C2Tx Extrusion print 
MSC-10 

PVA/H2SO4 2 mV s-1 1035 51.7 This 
work 

 

One of the important advantages of room temperature printing using a water-based MXene 

ink is that it allows the fabrication of devices on a variety of substrates. Here, we demonstrate 3D 

printing of MSCs on polymer substrates (flexible polyester films), which enables their application 

in flexible electronics. MSCs printed on polymer substrates were subjected to bending and twisting 

at different angles and directions but showed no sign of crack or detachment from the substrate 

after the tests (Figure 3-11 a). The printed flexible devices were labeled as MSCF-n, where n 

denotes the number of printed electrode layers, and their electrochemical performance was 

evaluated. Figure 3-11 b shows the CV curves of the MSCF-1 at different scan rates and Figure 

3-11 c compares the CV curves of MSCF-1, MSCF-2, MSCF-5, and MSCF-10 at 5 mV s-1 scan 

 

Figure 3.10. Electrochemical test results for MSC-2 device. Over 90% capacity retention of the printed device 

after 1200 cycles at 20 mV s-1. Inset presents the CV curve of different cycles. Reproduced with permission 

[121] Copyright 2020, Elsevier Ltd. 
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rate. Fitting the calculated specific areal capacitances at various scan rates to Equation 2 showed 

the increased areal capacitance of the devices with increasing the height of the electrodes (Figure 

3-11 d inset). 

 

Figure 3-11. Electrochemical performance all-MXene MSCs printed on polymer substrates. (a) The 

printed devices showed excellent adhesion to the substrate during repeated bending and twisting. (b) CV 

curves of MSCF-1 at various scan rates. (c) CV curves at 5 mV s-1 for different MSCFs. (d) Areal 

capacitance versus scan rate for various flexible MSCFs. The inset graph shows CA derived from fitting 

the experimental data to Equation 2 as a function of mass loading of the electrodes in MSCFs. (e) 

Electrochemical performance of MSCF-1 at a 10 mV s-1 scan rate under various bending angles (starting 

with 60° followed by 120°, 180°, and 0°). (f) Areal capacitance versus scan rate for MSCF-1 device at 

different bending angles. The inset graph shows the τ calculated based on Equation 2 for MSCF-1 device 

under different bending angles. (g) Voltage profile of fabricated MSCs at 0.2 mA cm-2 for different 

number of cells connected in series. In (d), (f), the dashed lines show the Equation 2 fits. Reproduced 

with permission [121] Copyright 2020, Elsevier Ltd. 
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However, the effect of electrode height on the rate capability and time constant of the 

devices was more pronounced compared to the devices printed on glass substrates. For example, 

the calculated τ for the MSCF-10 was 50.2 s, which is almost twice the calculated τ for the MSC-

10 (24.3 s). We attribute this effect to the substrate wetting and roughness properties affecting the 

final shape and size of the printed electrodes. Although the dimensions of the designed interdigital 

electrodes and the size of the nozzle used for printing the MSCs on glass and polymer substrates 

were similar, the lower contact angle of the MXene ink on the glass substrate (Figure 3-12) 

produced wider printed electrode patterns compared to those printed on polymer substrates. 

Therefore, for the devices printed on glass substrate the contact between the electrodes and current 

collectors was more intimate, and the gaps between the electrodes were narrower; both contributed 

 

Figure 3.12. (a-c) AFM images of polymer, Si/SiO2 wafer, and glass substrate used for printing in 

this study, respectively. (d) Height profile of different substrates showing different roughness. (e-g) 

MXene ink contact angle with glass, polymer, and paper substrates, respectively. Differences in 

surface properties of substrates resulted in wider printed layers on glass and Si/SiO2 wafer substrates. 

Reproduced with permission [121] Copyright 2020, Elsevier Ltd. 
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to the higher device rate capability. This observation shows that the surface properties of the 

substrate play an important role in the properties of printing MSCs and should be further studied 

in our future work. 

To test the flexibility of the MSCF devices, the effect of bending on their electrochemical 

performance was investigated. CV curves at 10 mV s-1 and rate capabilities of MSCFs at different 

bending angles are presented in Figure 3-11 e and f, respectively. The flexibility of the printed 

devices is demonstrated by the specific capacitance, rate capability, and the time constant of the 

MSCF not changing significantly with changing the bending angle. 

The adaptability of the printing process for fabrication of MSCs on various substrates was 

further demonstrated by fabricating devices on paper using the MXene ink to print all the current 

collectors and electrodes. The printed devices showed very good adhesion to the paper substrate 

even after bending and twisting. The analysis of the electrochemical performance of MSCs printed 

on the paper substrate is presented in the Figure 3-13.  

 

Figure 3.13. Electrochemical results for 3D printed interdigital device on paper substrate. (a, b) CV 

curve and calculated areal capacitance, respectively. The dash line represents the fitting of calculated 

capacitance to Equation 2 in the main article. Reproduced with permission [121] Copyright 2020, 

Elsevier Ltd. 
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To achieve higher power and energy densities, several MSCs connected in series or parallel 

can be printed on the same substrate. Figure 3-11 g compares the GCD profile of a single MSC-1 

device with those of two and three devices connected in series. As expected, the operating voltage 

window increases for the devices connected in series.  

The areal and volumetric energy and power densities of 3D printed MSCs were calculated 

and compared to some of the other reported devices in Ragone plots shown in Figure 3-14. The 

devices with one layer of printed interdigital electrodes (MSC-1 and MSCF-1) both show very 

high energy and power densities. For MSC-1, the calculated areal energy and power densities are 

8.4 µWh cm-2 and 3.7 mW cm-2, respectively, while volumetric energy and power densities are 

about 56 mWh cm-3 and 24.9 W cm-3, respectively. As shown in the Ragone plots, these values are 

significantly higher than those reported for other MXene-based MSCs. MSC-1 also shows 

significantly improved volumetric energy density compared to some of the best performing and 

previously reported MSCs based on other materials. The highest measured areal energy and power 

densities for MSC-10 device were 51.7 µWh cm-2 and 5.7 mW cm-2, respectively. As explained 

above, MSC-10 has a higher time constant compared to MSC-1, thus its power density rapidly 

declined with increasing the scan rate (Figure 3-14 a). 

The results presented in this report on 3D printing of MXenes clearly show the advantages 

of extrusion printing for the fabrication of high performance MSCs. While the fabricated devices 

already show superior performance compared to previously reported MSCs, we believe that future 

research on the ink properties and printing process can lead to the fabrication of 3D MSCs with 

considerably higher energy and power densities. For example, the higher electrical resistance and 

time constant of devices with thicker electrodes can be addressed by using MXenes flakes with 
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larger average sizes to improve the electrical properties. Also, controlling the orientation of MXene 

flakes in the structure of the printed electrodes by modifying the printing process and controlling 

the ink properties is another possible avenue for improving the electrical and ionic transport 

properties of the 3D printed MXene electrodes.  

3.4 Conclusions 

We have demonstrated a method for preparation of an additive-free, water-based, printable 

MXene ink with rheological properties suitable for extrusion-based 3D printing. The prepared ink 

was used for printing of 3D MSCs with interdigital electrode architectures. The rheological 

properties of the ink, including low yield stress, shear-thinning behavior, and higher elastic 

modulus than viscous modulus allowed room temperature printing of devices that could be 

fabricated on a variety of substrates including flexible polymer and paper. The 3D printed MSCs 

showed outstanding areal capacitances that were improved by increasing the number of deposited 

layers and increased electrode height (1035 mF cm-2 at 2 mV s-1 for MSC-10). Furthermore, the 

maximum energy density of MSCs that we report here (51.7 µWh cm-2) is significantly higher than 

 

Figure 3.14. Ragone plots showing (a) areal and (b) volumetric energy and power densities of fabricated 

devices compared to previously reported data. 165,206,208,226,229,232–240 

Reproduced with permission [121] Copyright 2020, Elsevier Ltd. 
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previously reported MXene-based devices. 3D printing of additive-free MXene inks also has 

importance beyond energy storage applications and can be implemented in electronic devices, 

electromagnetic shielding, sensors, antennas, and biomedical applications.  
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MXene Aerogels with Ordered Microstructure as Electrodes in Li-ion Capacitors 

This chapter presents the results of my research on a simple, efficient, and scalable process 

based on unidirectional freeze casting to fabricate ordered and porous 3D aerogels from 2D 

Ti3C2Tx MXene flakes. The fabricated aerogels show excellent mechanical, electrical, and 

electrochemical properties. Our studies show that the processing conditions significantly affect the 

properties of MXene aerogels. The electrical conductivity and mechanical properties of fabricated 

aerogels directly correlate with their structural features. The mechanical test results showed that 

MXene aerogels with ordered structures could withstand almost 50% of strain before recovering 

to their original shape and maintain their electrical conductivities during continuous compressive 

cycling. As electrode materials for lithium-ion capacitors, the fabricated aerogels delivered a 

significantly high specific capacity (∼1210 mAh g-1 at 0.05 A g-1), excellent rate capability (∼200 

mAh g-1 at 10 A g-1), and outstanding cycling performance. We believe that the MXene aerogels 

with ordered structures have promising properties for a broad range of applications, including 

energy storage devices and strain sensors.  
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4.1 Introduction 

Assembling 2D materials into functional 3D structures can enable applications of these 

materials in various fields. 3D aerogels, hydrogels, and foams fabricated by the assembly 2D 

materials show interesting physical properties, such as high specific surface area, large porosity, 

low density, and interconnected conductive network 160,241,242. Therefore, materials with 3D 

structures, such as aerogels, have shown promising performances for a range of applications 

including catalysis 243, stretchable electronics 156,244, supercapacitors 44,91,129, hydrogen storage 245, 

and environmental protection 74. However, further implementation of aerogels based on 2D 

materials for functional applications is dependent on addressing various challenges specific to each 

application. For energy storage devices, such as batteries and electrochemical capacitors, one of 

the main challenges is engineering the structure of aerogels to enhance their ionic and electronic 

transport and mechanical properties to meet the requirements of practical usage. Another important 

challenge is the fabrication of aerogels using materials with intrinsically higher electronic 

conductivities and electrochemical performances. 

In the past few years, much research has been dedicated to improving the properties of 

electrodes used in batteries and supercapacitors by understanding their structure-property 

relationships 4,246. For aerogel electrodes based on 2D materials, controlling the porosity and the 

density of the electrodes to improve ionic and electronic properties have been a major theme of 

research as these properties can be readily controlled by changing processing conditions 247. 

Further improvement of these properties can be achieved by controlling the orientation and the 

interconnected network of 2D sheets in the structure of aerogels, which is significantly more 

challenging. Herein, we report a general strategy based on unidirectional freeze casting to fabricate 

3D freestanding MXene aerogels with excellent mechanical, electrical, and electrochemical 
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properties. The developed process is free of cross-linker or functionalization agents and offers 

control over the alignment of the 2D flakes in the fabricated 3D aerogels structure. 

MXenes were first discovered by Naguib et al. 248 in 2011 and since then various members 

of this compositionally diverse family of 2D materials have shown excellent properties for 

applications such as energy storage and conversion, membrane separation, sensors, 

electromagnetic interference shielding, and many other applications 4,41,42,121,249–251. MXenes are 

recognized with a general formula of Mn+1XnTx where ‘M’ is a transition metal (such as Ti, V, Cr, 

etc.), X is C and N, Tx represents surface functional groups (O-, OH-, and F- which are randomly 

distributed), and n is an integer between 1-3. MXenes are synthesized by selectively etching A-

layer atoms (where A is a group 13 or 14 elements such as Al, Si, Ga, etc.) from the structure of 

layered MAX phases with the general formula of MnAXn−1, where M, X, A, and n are the same as 

described above 249. The functionalized transition metal layer at the surfaces of MXene show 

oxide/hydroxide like properties and are redox-active, while the metal carbide inner layers of 

MXene show high conductivities and facilitate electron transport to electrochemically active sites 

249. The 2D layered structure of MXenes can be intercalated with water, organic molecules, and 

inorganic/organic ions, which often results in increased interlayer spacings of MXenes and 

improved ionic transport properties 249,252. 

Ti3C2Tx, the first discovered MXene, has been extensively studied for electrochemical 

energy storage applications and has shown the potential to intercalate cations of different sizes and 

charges 4,10,37,73,109,248,252–254. Several previous studies have explored strategies to improve the 

performance of Ti3C2Tx electrodes tested in batteries and electrochemical capacitors by the design 

and synthesis of materials and electrode structures with enhanced ionic and electronic 

conductivities These include hybridization of Ti3C2Tx with other nanomaterials such as carbon 
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nanotubes (CNTs) 129,255 and various polymers 31,41,140, 257, or synthesizing porous Ti3C2Tx flakes 

258. Also, electrodes with 3D structures such as aerosgel films and structures formed by crumpled 

MXene flakes have been fabricated, and their improved ion accessibility has been reported 12. 

However, the vast majority of studies on the electrical, mechanical, and electrochemical properties 

of various MXenes have been limited to freestanding films or thin films deposited on a substrate 

42,44,249,251,255,258–262. 

In this paper, the effect of process parameters such as freezing temperature and dispersion 

concentration on microstructure of MXene aerogels and their mechanical, electrical, and 

electrochemical properties are reported. A unidirectional freeze casting process was employed to 

control the alignment of the MXene flakes in the aerogel structure. It was found that aerogels 

fabricated by freeze casting at -70 °C using a colloidal dispersion of Ti3C2Tx with a concentration 

of 9 mg mL-1 can be fully recovered from 50% of compressive strain. The current-voltage curves 

of the fabricated aerogels showed that their electrical conductivities follow the Ohm’s law. The 

measurements of electrical resistance under cyclic loading confirmed the excellent electro-

mechanical properties of MXene aerogels and their significantly robust structures. To examine 

their electrochemical properties, we studied the performance of MXene aerogels as electrodes of 

Li-ion capacitors and found that the microstructure of aerogel electrodes has an immense impact 

on their specific capacity, rate capability, and cycling performance. The properties of MXene 

aerogels with aligned MXene flakes demonstrate their high potential for a range of applications, 

including energy storage devices and strain sensors. 
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4.2 Materials and methods 

4.2.1 Preparation of Ti3C2Tx colloidal dispersions 

The dispersions of Ti3C2Tx in water were prepared based on a previously reported method 

71. Briefly, concentrated hydrochloric acid (HCl, ACS Grade, BDH) solution was diluted with DI 

water to obtain 20 mL of 9 M HCl solution. About 1g lithium fluoride (LiF, 98+% purity, Alfa 

Aesar) was added to the solution and stirred for 10 minutes using Teflon coated magnetic stir bars 

at room temperature. Then, 1g of Ti3AlC2 powder was slowly added to the solution (to prevent 

overheating). The mixture was transferred to a hot bath and kept at 35 °C for 24 hours while 

stirring. The mixture was then washed several times with DI water and centrifuged at 3500 rpm 

until the pH of the supernatant reached ~6. The MXene powder was collected, re-dispersed in 

water, and sonicated for 1 hour. The resulting dispersion was centrifuged at 3500 rpm for 1 hour, 

and the supernatant was collected and used as the base material. 

4.2.2 Unidirectional Freeze Casting 

The Ti3C2Tx aerogels were prepared in collaboration with Dr. Lin group in the Industrial 

and Manufacturing Systems Engineering at Kansas State University by a unidirectional freeze 

casting process. This technique generally consists of freezing the liquid dispersion on a cold plate 

and then freeze-drying. Three Ti3C2Tx dispersions with concentrations of 9 mg mL-1, 7mg mL-1, 

and 5mg mL-1 were prepared. Each dispersion (1.4 mL) was poured in a cylindrical aluminum foil 

mold with a diameter of 15mm, placed on a cold plate, and was kept there at the desired freezing 

temperature for 30 minutes for sufficient freezing. Then, the frozen samples were transferred to a 

-70 °C freezer and kept there for 24 hours. Repeating the same procedure, the temperature of the 

cold plate was adjusted to -50 °C and -30 °C to prepare the second and third batches, respectively. 
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Finally, all the frozen samples were transferred to a -35 °C freeze-dryer connected to a running 

vacuum pump (0.2 Pa) to prepare the Ti3C2Tx aerogels. 

4.2.3 Material Characterization 

The images for investigating the microstructures of the aerogels were obtained using a 

SEM (HELIOS nanolab 600i, FEI). XRD was carried out on a Rigaku Smart Lab (Tokyo, Japan) 

diffractometer using Cu Kα radiation (40 kV and 44 mA) and step scan 0.02°, 3°–20° 2 theta range, 

and step time of 0.5s. A digital material testing device was used for performing the compression 

tests (Shimadzu Universal Testing Machine). All the compression tests were performed with a 

constant compression rate of 1 mm min-1. The V-I plots for obtaining the electrical conductivity 

properties of the MXene aerogels were measured using a CHI 760D electrochemical workstation 

(CH Instruments, Austin, TX). The electrochemical properties of samples were tested in standard 

coin-type cells (CR-2032, MTI, Richmond, CA, USA). The Ti3C2Tx freestanding films (punched), 

or Ti3C2Tx aerogels (cut and pressed with 150 g weight) were placed on copper current collectors 

and tested as working electrodes. The reference and counter electrodes were Lithium metal foil. A 

polypropylene membrane (Celgard, Inc., Charlotte, NC) was used as the separator. The electrolyte 

was 1 molar Lithium hexafluorophosphate solution in ethylene carbonate and diethylcarbonate 

(1.0 M LiPF6 in EC/DEC:50/50 (v/v)). Cyclic voltammetry was conducted at scan rates of 0.2 mV 

s-1 using a potentiostat (Biologic VMP3). The coin cells were tested in a galvanostatic mode within 

the voltage range of 0.01-3.01 V with respect to Li, using a battery tester (LANDT, China). 

Galvanostatic cycling was performed at current densities from 0.05 to 10 A g-1. The mass loading 

of the working electrodes was 0.7-2 mg cm-2.  
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4.3 Results and discussion 

The process used for the fabrication of 3D MXene aerogels is schematically demonstrated 

in Figure 4-1 a MXene dispersions with known concentrations were poured into aluminum foil 

molds and were frozen by placing the molds on a cold plate with a precisely controlled 

temperature. Different freeze casting parameters, including casting temperature and dispersion 

concentration, were studied to find the optimal condition for Ti3C2Tx aerogel synthesis. In 

unidirectional freeze casting, the temperature gradient between the cold plate and MXene 

dispersion is the driving force for the nucleation and directional growth of ice crystals from the 

bottom of the mold to its top 263. During their growth along the temperature gradient, the ice 

crystals are ordered in submillimeter lamellar domains (shown in Figure4-1 b and c).  

The MXene sheets are expelled from the freezing dispersion to the spaces between the ice 

crystals 264. After the completion of the freezing step, MXene aerogels were fabricated by 

sublimation of the ice by a freeze-drying process and the pores replicate the lamellar pattern of the 

ice. The microstructure of the aerogels fabricated through this process showed that MXene flakes 

are well aligned along the temperature gradient during the freezing process (Figure4-1 c). The 

density of the fabricated MXene aerogels were in the range of 5.5 mg cm-3 to 11.3 mg cm-3, 

depending on the concentration of the dispersion used in the process. The fabricated aerogels were 

ultra-light; they could be placed on a flower without any deformation of the plant fibers (Figure4-

1 d). Figure4-1 e shows a TEM image of a representative single-layer Ti3C2Tx flake used in the 

aerogel fabrication. In addition, XRD patterns and AFM image of synthesized Ti3C2Tx is presented 

in Figure 4-2.  
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Figure 4.1. Schematic demonstration of the aerogel fabrication process. (b-c) Top view and cross-

sectional view SEM image of MXene aerogels. (d) An ultra-light Ti3C2Tx aerogel placed on a flower. 

(e) TEM image of a single-layer Ti3C2Tx flake. In collaboration with Dr. Lin group from the Industrial 

and Manufacturing Systems Engineering department at Kansas State University. 
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The effects of fabrication conditions on the MXene aerogels microstructure were studied by 

comparing the top and cross-sectional SEM images of various aerogels fabricated using 5, 7, and 

9 mg.mL-1 dispersions with freezing temperatures of -30 °C, -50 °C, and -70 °C. The SEM images 

comparing the effects of fabrication conditions are summarized in Figure 4-3. A more 

comprehensive presentation of SEM images of various samples can be found in Figure 4-4. The 

top-view SEM images of aerogels, shown in Figure 4-3 a, c, and e as well as Figure 4-4, showed 

that the MXene sheets are ordered in individual domains and cross-sectional SEM images of the 

microstructures shown in Figure 4-3 b, d, and f confirmed the alignment of the MXene sheets 

along the temperature gradient (from bottom to top).  

The SEM images also showed the dependence of the microstructure of aerogels on the 

concentration of the dispersions used in their fabrication and the freezing temperature. For a fixed 

concentration, the aerogels prepared at lower freezing temperatures showed a morphology that 

consists of submillimeter domains with well-aligned MXene sheets inside each domain, while the 

 

Figure 4.2. Characterization of fabricated aerogels. (a) XRD of the aerogels at different freeze casting 

temperatures. (b) AFM image of the synthesized Ti3C2Tx flakes. 
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samples prepared at higher freezing temperatures showed less ordered structures (Figure 4-3 c 

and e). The difference in the microstructure can be related to the fact that at a lower freezing 

temperature, the ice crystals grow faster with smaller initial crystal nucleates, leading to the 

formation of thinner crystals in the MXene dispersion 104. The thinner ice crystals also resulted in 

finer pores, as shown in Figure 4-3 e and f. The SEM images showed that the aerogel fabricated 

using the most concentrated MXene dispersion (9 mg mL-1) and lowest freezing temperature (-

70 °C) has a more uniform structure with distinguishable aligned MXene walls. However, the 

aerogel structures showed less uniformity and alignment when the concentration of dispersion was 

decreased, or freezing temperature was increased. The observed differences in the microstructures 

suggested that the aerogels fabricated using dispersions with higher concentrations and at lower 

freezing temperatures show better structural integrity, more aligned flakes, and finer pore 

structures, which can positively impact the mechanical, electrical, and electrochemical properties 

of the aerogels. 

Understanding the mechanical properties of fabricated aerogels can help to evaluate their 

potential for various applications, where good mechanical properties are required. Fabrication of 

structures that combine the strength and stiffness of ceramics with high ductility usually requires 

advanced processing techniques 265–267. Ti3AlC2, the parent MAX phase of Ti3C2Tx, is a stiff and 

relatively lightweight ceramic, which is also machinable and electrically conductive. Previously, 

the experimental characterization of MXene mechanical properties has been performed on 

cylindrical samples made by rolling MXene films (prepared by vacuum-assisted filtration) by Zhao 

et al.44, demonstrating that a MXene film with a thickness of 5 μm can support ~4000 times its 

weight. The mechanical properties of MXene aerogels in this study were characterized by 
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conducting monotonic uniaxial compression tests and measuring the compressive stress (σ) as a 

function of strain (ε) 266,268–270.  

The uniaxial compression tests were performed on aerogel samples prepared at different 

freezing temperatures using dispersion with different concentrations as mentioned previously. The 

results of in-plane compression tests of samples are summarized in Figure 4-5. The stress-strain 

curves contain five stepped compression cycles with strain magnitude of 10%, 20%, 30%, 40%, 

and 50% in sequence. The starting compression point of each cycle was the same and equaled the 

original height of the sample 271. Interestingly, the stress-strain curves show that some of the 

fabricated aerogels can withstand almost 50% of strain and then recover to their original shape, 

demonstrating that for some processing conditions, the Ti3C2Tx aerogels have a good compression 

capability and strain memory effect. 

Reducing the freezing temperature at fix dispersion concentration significantly enhanced 

the structural integrity (Figure 4-5 a and b). Regardless of the freezing temperature, the aerogels 

prepared using a dispersion of lower concentrations of MXene did not show a good response to 

the compression force. Aerogels prepared using dispersions with a higher concentration (9 mg mL-

1) demonstrated a higher compressive stress tolerance and better structural integrity for all freeze 

casting temperatures (Figure 4-5 c and d). For the same dispersion concentration, the aerogels 

fabricated at lower temperatures showed higher compressive strengths. The samples prepared 

using a dispersion concentration of 9 mg mL-1 and freeze casting temperature of -70 °C 

demonstrated the highest compressive strength and the highest compression recovery capability 

under 50% of compression (Figure 4-5 d). The loading curves in Figure 4-5 d show the three 

distinct regions that are typically observed in mechanical testing of cellular materials, namely the 

initial Hookean region at 5%<ε<10%, plateau region at 12%<ε<26%, and densification region for 
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ε˃30% with a sharp increase in stress 268,271. The initial increase of stress for ε<5% is caused by 

the increase in the contact area between the sample and compression plate 271.  

The observed hysteresis loops in the loading-unloading curves indicate the high energy 

dissipation capability of all the fabricated aerogels 271,272. The energy dissipation can be attributed 

 

Figure 4.3. SEM images of the Ti3C2Tx aerogels fabricated with different conditions. Top surface and 

cross sectional view of the Ti3C2Tx aerogels prepared using (a-b) 7 mg.mL-1 dispersion with a freezing 

temperature of -30 °C, (c-d) 9 mg.mL-1 dispersion with a freezing temperature of -30 °C, and (e-f) 9 

mg.mL-1 dispersion with a freezing temperature of -70 °C. SEM was preformed in collaboration with 

Dr. Lin group from the Industrial and Manufacturing Systems Engineering department at Kansas State 

University 
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to the buckling of 2D Ti3C2Tx sheets, the adhesion forces between sheets that cause friction 

between them, and the formation of cracks under large compressive strains 271. The linear elastic 

bending mode deformation of MXene sheets is primarily responsible for the Hookean region 271. 

The plateau region that follows the Hookean region is primarily governed by the buckling 

deformation of MXene sheets 271.  

 

Figure 4.4. SEM images of the Ti3C2Tx  aerogels fabricated using dispersions with different 

concentrations and at various temperatures. (a-c) Top-view of MXene aerogels fabricated using 

a dispersion with concentration of 9 mg mL-1 at freezing temperatures of -70℃, -50℃, and -

30℃. (d-f) Top-view of MXene aerogels fabricated using a dispersion with concentration of 

7mg mL-1 at freezing temperatures of -70℃, -50℃, and -30℃. Scale bars are 500 μm. 
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To further determine the stability of the aerogels under cyclic loading, compression up to 

10 % strain was applied for 100 cycles (Figure 4-5 e). The second loading-unloading curve 

exhibits a 5.2 % degradation of stress achieved in the first cycle, meaning that the Ti3C2Tx aerogels 

maintain its original elasticity and structural robustness. It is worth noting that MXene aerogels 

have similar compression modulus values compared to other reported aerogels with similar relative 

densities (Figure 4-5 f) 273,274. Overall, all the specimens demonstrated high compressive recovery 

capability, presenting unidirectional freeze casting as a feasible and reliable methodology to 

fabricate freestanding MXene aerogels for possible structural applications. 

 

Figure 4.5. Mechanical properties of fabricated aerogels evaluated in collaboration with Dr. Lin group 

from the Industrial and Manufacturing Systems Engineering department at Kansas State University. (a-

d) Stress–strain curve during loading–unloading cycles by increasing strain amplitude for MXene 

aerogels fabricated using 7 mg mL-1, and 9 mg mL-1 dispersions with the freezing temperature of -30 °C, 

and -70 °C. (e) The 100 cyclic loading-unloading compression for Ti3C2Tx aerogel fabricated from 9 

mg mL-1 dispersion with a freezing temperature of -50 °C. e) Compression modulus vs. relative density 

of the fabricated aerogels and similar aerogels from the literature.  
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We further investigated the effect of MXene dispersion concentration and the freezing 

temperature on the electrical and electrochemical properties of the fabricated aerogel. Figure 4-6 

a shows the current-voltage (I-V) curves of samples with different densities ranging from 5.5 to 

11.3 mg cm-3. The insert picture in Figure 4-6 a shows a demonstration of the high electrical 

conductivity of a MXene aerogel. The current responses of all aerogels followed Ohm’s law,  

presenting a typical linear relationship with applied voltage 268,269. For the same freezing 

temperature, an aerogel prepared using a dispersion with a higher concentration than 7 mg mL-1 

demonstrates a higher current under the same applied voltage, which means it has a lower electrical 

resistance. Interestingly, the aerogels prepared at the freezing temperature of -50 °C show the 

 
Figure 4.6. Electrical and electrochemical properties of MXene aerogels fabricated at different 

conditions. (a) I-V curves of MXene aerogels. The insert shows electrical conductivity of MXene 

aerogels. (b) Resistivity change against compressive cycles. (c) Pressing directions defined based on the 

direction of the domains. (d, e, f) Electrochemical performance of MXene aerogels based on pressing 

direction (9 mg mL-1 dispersion freeze casted at -70 °C), dispersion concentration (freeze casted at -

30 °C), and freezing temperature (7 mg mL-1 solution). In collaboration with Dr. Lin group in the 

Industrial and Manufacturing Systems Engineering at Kansas State University. 
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lowest electrical resistance. The samples produced at -30 °C, -50 °C, and -70 °C freezing 

temperatures with 7mg mL-1 dispersion concentration showed electrical resistances of ~49.27×103 

Ω mm, ~6.05×103 Ω mm, and ~12.53×103 Ω mm, respectively. The measured data suggests that 

electrical resistance increases rapidly as the density decreases as a result of the increased porosity 

and less inter-sheet junctions in the aerogels with lower densities 269. As shown in Figure 4-6 b, 

the electrical resistance of the freeze-casted MXene aerogel is highly consistent over multiple 

compression cycles (10 cycles are shown in Figure 4-6 b), indicating the significant structural 

resilience of aerogels under cyclic loading 272. 

The freeze-dried aerogels showed different domains and directions in their microstructures 

(Figure 4-1). Thus, the freeze casted samples were tested as electrode material for Li-ion storage 

in various directions (the aerogel was pressed between to glass slides before assembling a coin 

cell, as shown in Figure 4-6 c). The electrochemical studies indicated that pressing in the X 

direction (Figure 4-6 c and d) with minimum change in dimensions delivered the best 

electrochemical response compared with the other pressing directions, probably due to the minimal 

structural damage. The Ti3C2Tx aerogel electrode delivered the initial discharge and charge 

capacities of 755 and 435 mAh g-1, respectively. The irreversible capacity loss in the first cycle is 

primarily attributed to the solid electrolyte interphase (SEI) formation, electrolyte decomposition, 

or irreversible reactions of various surface functional groups (O-, OH-, and F-) 43,124,275–277. 

The as-fabricated Ti3C2Tx aerogel electrodes showed a gravimetric capacity of ~330 mAh 

g-1 at a 0.1 A g-1 current density (Figure 4-6 d). However, as explained below, the specific capacity 

of the MXene aerogels significantly increased after their continuous cycling. Nevertheless, the as-

fabricated aerogel electrodes showed higher specific capacities compared to previously reported 

freestanding Ti3C2Tx films.4 They also exhibited a good rate capability due to their open pore 
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structures, which facilitates electrolyte transport while preserving their high electrical 

conductivity. Specific capacities of up to ~100 mAh g-1 and ~75 mAh g-1 were obtained at high 

rates of 5 A g-1 and 10 A g-1, respectively. During the cyclic tests, for all samples, the coulombic 

efficiency rapidly reached ∼100% after the second cycle and was constant during the remaining 

cycles. The electrochemical tests suggest that aerogels fabricated using dispersions with higher 

concentrations and at lower freeze casting temperature showed a better electrochemical response 

in terms of specific capacity and rate handling capability (Figure 4-6 e and f). It is worth 

mentioning that at high current densities, the aerogels freeze casted at -50 °C showed better 

electrochemical performance, which is in line with the higher electrical conductivity of these 

samples. 

The cyclic tests of the aerogel electrodes showed that their capacities gradually increased 

during the first few hundred cycles. Figure 4-7 a shows the cyclic performance of a MXene 

aerogel electrode (fabricated using a 9 mg mL-1 dispersion with a freeze casting temperature of -

70 °C) tested at a constant charge/discharge current density of 0.5 A g-1. The specific capacity of 

the electrode dropped in the first ~15 cycles and then continuously increased over the next ∼900 

cycles followed by a steady performance for the remaining cycles. This continuous increase in 

capacity suggests that the accessibility of Li ions to the active sites between MXene layers 

improves over cycling 12,31. The as-fabricated aerogels have porous structures, and the walls consist 

of several MXene layers. The interlayer spacing of these layers is not readily accessible to Li ions. 

During each cycle, the intercalation of Li ions, which may be completely or partially dissolved, 

increases the interlayer spacing and more ions can intercalate between the layers in the subsequent 

cycles. Therefore, the specific capacity of the aerogel electrodes continuously increases until the 

maximum expansion in the interlayer spacing is achieved. The porous structure of aerogels allows 
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the expansion of the interlayer spacing while preserving the structure of the electrodes and 

electrical connectivity of MXene flakes. Also, the ordering of the flakes in the structure facilitates 

the uniform expansion of their interlayer spacing. Therefore, we believe that the porous structure 

of the as-fabricated aerogels has an immense impact on this electrochemical activation 

phenomenon (i. e., the improved performance of the electrodes during each cycle). As shown in 

Figure 4-8 a, when a freestanding MXene electrode fabricated by vacuum-assisted filtration was 

tested under the same conditions, it showed much lower initial capacity (14 mAh g-1 at 0.5 A g-1) 

with a slight increase of capacity over cycling. 

The cycled aerogel electrodes were tested at different current densities to understand the 

effects of the electrochemical activation on the performance of the electrodes (Figure 4-8 a). The 

CV test result of the first few cycles showed a pseudo-rectangular shape with very broad lithiation 

and de-lithiation peaks, representing the capacitive performance of the electrodes (Figure 4-8 b), 

which is in line with previous reports of the MXene electrodes for Li-ion capacitors. The CV tests 

were also performed on electrodes after 700 charge-discharge cycles at 0.5 A g-1 and showed 

similar pseudo-rectangular shape with the substantially increased area due to the improved 

 

Figure 4.7. Li ion storage performance of Ti3C2Tx aerogels electrodes. (a) Capacity retention, cycling 

stability, and Coulombic efficiency of Ti3C2Tx aerogel electrodes test at a current density of 0.5 A g-1. 

(b) Voltage profiles of pre-cycled aerogel at various current densities (A g-1); (c) Discharge capacities at 

different  current densities for Ti3C2Tx aerogels, films and Ti3C2Tx-CNT composite film. 
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capacity of the electrodes after cycling (Figure 4-8 b). Therefore, the CV and voltage profiles of 

the aerogel electrodes showed that they are excellent electrodes for Li-ion capacitors. 

The cycled electrodes (cycled for a few hundred cycles) were tested at various current rates, 

which showed their excellent cyclability and rate handling capability. A high specific capacity of 

~1210 mAh g-1 was achieved at 0.05 A g-1, which gradually decreases to ∼200 mAh g-1 at a very 

high current density of 10 A g-1 (Figure 4-7 b and c). As explained above, we attribute the 

significant improvement in the electrochemical performance of the electrodes to the improved 

ionic transport properties of the aerogels due to the increase in the interlayer spacing. It is worth 

noting that the measured specific capacities of the cycled electrode at all current densities 

significantly exceed those previously reported for MXene Li-ion capacitors tested at the same 

current densities.4 The performance of the MXene aerogel electrodes was compared with two of 

the most commonly tested electrode structures for MXenes, freestanding films of MXene or 

MXene/CNT hybrids, fabricated by vacuum-assisted filtration. The cycled aerogel electrodes 

 

Figure 4.8. Electrochemical properties of MXene-based aerogels. (a) Cycling stability and Coulombic 

efficiency of pristine Ti3C2Tx film and aerogel electrodes tested at current density of 0.5 A g-1. (b) CV 

curve of MXene aerogle fabricated with 9 mg mL-1 dispersion at -70 °C at 0.2 mV s-1. The first 5 cyclys 

and after 700 cycles at current density of 0.5 A g-1
. 
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showed significantly higher specific capacities compared to these electrodes at all tested current 

densities. 

4.4 Conclusion 

In summary, freestanding, binder and additive-free, and ultralight weight (density below 

11.3 mg cm-3) MXene aerogels with ordered structures were fabricated through unidirectional 

freeze casting. It was demonstrated that the processing conditions, such as freezing temperature 

and dispersion concentration, can control the structural, mechanical, electrical, and 

electrochemical properties of fabricated aerogels. Our studies of the morphology of MXene 

aerogels showed the alignment of MXene flakes in submillimeter domains along the temperature 

gradient. The compression tests showed that MXene aerogels could withstand and recover from 

compressive strains up to 50%. The MXene aerogels showed superior electrochemical response 

with excellent cyclic stability, high specific capacity, and excellent rate performance. The 

electrochemical studies of the aerogels, as electrodes for Li-ion capacitors, showed that the 

capacity of the electrodes gradually increases during the cycling. After activation with cycling, the 

MXene aerogel electrode showed outstanding performance, surpassing the performance of 

previously reported Ti3C2Tx electrodes tested as electrodes for Li-ion capacitors. We believe that 

employing strategies to prevent restacking of the MXene flakes during aerogel fabrication would 

eliminate the need for electrochemical cycling to achieve maximum capacity. Also, we believe 

that the electrical and mechanical properties of the MXene aerogels make them a promising 

candidate for a range of other applications. For example, the excellent electro-mechanical 

properties of MXene aerogels under cyclic loading can be exploited to fabricate high performance 

strain sensors. 

 



 

 
97 

  

Electrochemical properties of MXene-based 3D printed Li-ion microbattery 

This chapter presents my research results on a simple, straightforward, and cost-effective 

printing process to print Li-ion microbattery. The printing parameter effect on printing outcome 

and the electrochemical performance of the fabricated microbatteries are studied. In a broad range 

of applications, including energy storage, flexible electronics, and sensors, additive manufacturing 

is considered a promising device fabrication technique due to its potential for developing complex 

architectures and using a variety of materials. Extrusion-based 3D printing is a low-cost and 

straightforward method that offers rapid and precise fabrication of “on-chip” batteries and 

supercapacitors with 3D architectures. This study reports developing functional nanocomposite 

inks based on 2D MXenes, with the application in lithium-ion storage. The developed 

nanocomposite inks are incorporated with 2D MXene flakes as a conductive additive that can 

provide the rheological properties required for the extrusion-based 3D printing without any other 

additive or binder. The inks were prepared by mixing lithium iron phosphate and lithium titanate 

nanoparticles with a highly concentrated water-based MXene ink and were directly used to print 

the cathode and the anode electrodes of a Li-ion microbattery, respectively. A programmable 

printing machine was used in the fabrication process that follows the layer-by-layer deposition of 
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the nanocomposite ink. The developed inks and printing methodologies facilitate the rapid 

fabrication of microbatteries, while the number of deposited layers can control the loading of active 

material per area of the device. Printing parameters such as applied pressure and nozzle speed 

effects on printing outcomes are studied, and their relations are discussed. The fabricated Li-ion 

batteries showed a high areal capacity of 4.7 mAh cm-2 at the current density of 0.1 mA cm-2 due 

to the enhanced ionic diffusion enabled by cell geometry and good electrical conductivity. The 

developed inks have the potential to be used in various applications and fields, including sensors 

and wearable electronics. 

 

5.1 Introduction 

Micronized energy storage devices gain more and more attention due to the high demands 

for power sources in various applications such as portable and wearable electronics and electric 

vehicles.1,4,206,278 Mircosized lithium-ion batteries (LIBs) with 2D planar structure and slime 

shapes (i.e., coin, cylinder, and punch cells) are the prime examples of such energy storage devices. 

Most of these LIBs adopted thin film configuration (thin electrodes, polymer or ceramic separators, 

and current collector foil) does not meet the requirements to power miniaturized electronics. Thus, 

LIBs with enhanced electrochemical performances such as higher areal capacity and faster charge-

discharge rates are desirable.1 Researchers have been trying to develop new battery materials, 

architectures, and fabrication methods to improve the mentioned properties. For example, 

electrode materials such as MXene/Si composite reported to improve Si-based electrode’s 

electrochemical performances, such as cycling stability and rate capability.279 2D MXene flakes 

provide a 3D conductive network to enhance the electronic conductivity and shorten the Li-ion 

diffusion pathway, while Si particles offer a high capacity.279 Developing composite materials may 
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result in the synergistic effects that can enhance the electrochemical and mechanical properties of 

fabricated electrodes.4  

On the other hand, electrode fabrication methods such as magnetron sputtering, chemical 

vapor deposition, and hard template method have been employed to fabricate thick electrodes to 

improve areal capacity by increasing the load of active material per area.280–284 However, the longer 

Li-ion diffusion pathways, lack of control over electrode geometry, complex processes, and high 

cost limits their application. Extrusion-based 3D printing, as a noble fabrication method, has been 

employed to fabricate complex 3D electrode architectures for LIBs with high 

accuracy.191,192,197,285,286 The 3D structure can enhance the ions transfer kinetic by providing a 

shorter diffusion path and lower resistivity in a porous structure, resulting in the increased energy 

density in a limited footprint area compared with conventional 2D planar structures.1,121,190,286,287  

Extrusion-based 3D printing, also known as direct ink writing, due to its broad range of 

materials selection, simple procedure, and low cost of the fabrication process, gain 

attention.4,285,286,164,7,288 To facilitate 3D printing, developing an ink with favorable rheological 

properties (high viscosity and shear-thinning behavior) is necessary.4,121,168,288 Recently, MXene 

dispersion has shown unique viscoelastic properties, and remarkable printing capabilities as an 

aqueous dispersion to fabricated energy storage devices wherein its rheological behavior varies 

noticeably with the MXene sheet size and concentration.121,164,168,289,165 At low MXene 

concentrations, the dispersions exhibit liquid-like behavior, which is not suitable for 3D printing. 

With increasing the MXene dispersions concentration, the MXene-based ink shows a gel-like 

behavior with high viscosity and elastic modulus, which can be employed to print desired shapes 

and geometries such as fine filaments or complex 3D architectures.121,164,168,289,165 The developed 

MXene-based inks were used to directly printed fine filaments and increase the load of active 
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material per area in a layer-by-layer deposition strategy to develop diverse architectures with 

improved properties (e.g., high surface area, high electrical conductivity, enhanced 

electrochemical performances, and good structural stability).7,121,163–166 It is anticipated that diverse 

applications of MXenes combined with their unique viscoelastic properties will create a new class 

of printable MXene-based inks with various functional components that can be employed to 

engineer advanced 3D-printed structures, architectures, and systems. Thus, extended applications 

of 3D-printed MXene-based composite inks are awaiting exploitations, especially in miniature 

energy storage devices and sensors. 

The research on 3D printed LIBs was pioneered by Lewis and co-workers that formulated 

printable inks compose of active materials (lithium iron phosphate (LFP) and lithium titanate 

(LTO)) and cellulose-based polymer additives to control viscosity without conductive additives.192 

The fabricated electrodes showed low electrical conductivity, which adversely affected the 

electrochemical performance. To enhance the LIB performance, Fu et al. employed graphene oxide 

as the conductive additive to design a high viscosity printable ink having LTO and LFP as the 

active material.197 The fabricated 3D-printed full cell delivers initial charge and discharge 

capacities of 117 and 91 mAh g-1 with a high load of active material per area (18 mg cm-2).197 

Employing graphene oxide necessitates the use of an annealing process to transform graphene 

oxide to reduced graphene oxide. To the best of our knowledge, while 2D MXene-based inks 

showed promising properties, including good viscoelastic properties and electrical conductivity, 

they have not been employed to fabricate 3D-printed LIBs. 

In this chapter, we report the development of Ti3C2Tz-based multifunctional composite inks 

to design, fabricated, and test the electrochemical performance of 3D-printed LIBs. Using water 

as the solvent in MXene-based composite inks enabled safe processing and drying steps while 
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being inexpensive. The highly concentrated Ti3C2Tz-based ink enables the 3D printing process, 

bind the electrode materials together, and form a conductive network. LFP and LTO were selected 

due to their low volume change during cycling and their thermal stability. The load of active 

material per unit area is controlled by the number of deposited layers (in a layer-by-layer fashion) 

on desired parts of the interdigital electrode configuration using a preprogrammed printing routine. 

The effect of various printing parameters are studied, and their relations are discussed. The MXene 

flakes were aligned in the extrusion direction due to the shear force induced by the nozzle, 

enhancing electrical conductivity. The fabricated LIB cells showed outstanding electrochemical 

performances, demonstrating MXene-based composite inks combined with 3D printing 

technology possesses a potential to be further investigated in various fields, including energy 

storage and sensors. We believe that other active materials such as Si and transition metal oxides 

can be used in the ink formulation as they showed enhanced performance when mixed with 2D 

MXene.4,98,117,141,142,279,290,291 

 

5.2 Materials and methods 

5.2.1 MXene Synthesis 

The Ti3C2Tz suspension was prepared based on a previously reported method.69 Briefly, 

concentrated hydrochloric acid (HCl, ACS Grade, BDH) solution was diluted with DI water to 

obtain 20 mL of 9 M HCl solution. 1.6 g lithium fluoride (LiF, 98+% purity, Alfa Aesar) was 

added to the solution and stirred for 10 minutes using a Teflon coated magnetic stir bar at room 

temperature. The solution was then moved to an ice bath, and 1g of Ti3AlC2 powder was slowly 

added to the solution. The resulting mixture was transferred to a hot bath (35 °C) and kept for 24 

hours (stirring at 550 rpm). The mixture was then washed several times with DI water and 
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centrifuged at 3500 rpm until the supernatant pH was ˃5. The supernatant was then collected 

without further sonication. The washing step continued, and the supernatant was collected and 

used as the initial solution.  

5.2.2 Ink Preparation 

The printable MXene ink was produced without any additives or high-temperature drying 

based on our previously published work.121 The MXene dispersion collected in the washing steps 

was directly used in this step. The dispersion’s concentration was increased by adding super 

absorbing polymers (SAP) beads to the dispersion to absorb water. To speed up the absorption 

process and prevent possible concentration gradient, the solution was stirred continuously at 400 

rpm. After saturation, the SAP beads were collected from the dispersion, and new SAP beads were 

replaced to adjust the dispersion concentration. A highly concentrated and homogeneous MXene 

dispersion was achieved by repeating this step. The SAP beads are reusable after the absorbed 

water is evaporated.  

5.2.3 3D printing 

The 3D printing of MXene-based inks was performed using a benchtop robotic dispenser 

(Fisnar F4200n). AutoCAD (Autodesk Inc) software was used to design different patterns. Desired 

patterns were transferred to the robotic dispenser and printed using control software. A pneumatic 

fluid dispenser was used to adjust the pressure (DSP501N, Fisnar). To increase the load of active 

material per area, MXene-based inks were deposited in a layer-by-layer fashion on the finger part 

of the interdigital electrodes. 
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5.2.4 Material Characterization  

The structure and morphology of the synthesized MAX powders, printed electrodes, and 

devices were studied using a scanning electron microscope (JEOL JSM-7000F) equipped with an 

energy dispersive spectrometer (EDS detector). Electrical conductive was conducted by using a 

four-point probe method to measure the 3D printed electrodes. 

5.2.5 Atomic force microscope (AFM)  

AFM (Park Systems, NX10) was used to measure the size and thickness of the synthesized 

Ti3C2Tz flakes. To prepare the AFM samples, a small amount of the solution was diluted with DI 

water and drop-casted on the pieces of thermally oxidized silicon wafers. 

5.2.6 Rheology 

Rheological properties of the prepared MXene inks were studied in collaboration with Dr. 

Davis group from the Chemical Engineering deparmetn at Auburn University using a strain-

controlled rotational rheometer (Physica MCR301, Anton Paar). Fixture geometries (made of 

stainless steel) used for testing were parallel-plates (25 mm diameter) and cone and plate (25 mm 

diameter, cone angle = 0.03 rad) to ensure there are no artifacts in the data due to testing geometry. 

After loading the rheometer with MXene ink at 25°C, subsequent test procedure was followed. For 

MXene ink, (1) wait 1 hour, (2) pre-shear at 0.01 s-1 for 1 hour, (3) wait 2 hours, (4) amplitude 

sweep (AS), (5) frequency sweep (FS) from 100 to 0.01 rad s-1, (6, 7) repeated AS and FS one time 

each, (8) step rate at 0.01 s-1 for about 1 hour, (9) wait 20 min, (10) flow curve ~4 hours from 0.01 

s-1 to 100 s-1. For MXene+LFP ink, (1) wait 20 minutes, (2) pre-shear at 0.1 s-1 for 20 minutes, (3) 

wait 2 hours, (4) amplitude sweep, (5) frequency sweep from 100 to 0.1 rad s-1, (6,7) repeated AS 

and FS one time each, (8) step rate at 0.1 s-1 for about 1 hour, (9) wait 20 min, (10) flow curve ~4 

hours from 0.1 s-1 to 100 s-1. 
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5.2.7 Electrochemical measurements 

The fabricated LIBs electrochemical performances were tested using a LAND-CT and 

VMP3 potentiostat (Biologic, France). The galvanostatic charge-discharge tests were conducted 

in a voltage range of 3.8 V to 2.5 V versus Li/Li+ for the cathode (MXene+LFP), and 2.5 V to 1 V 

versus Li/Li+ for the anode (MXene+LTO). Lithium was used as the counter and reference 

electrode. The liquid electrolyte was 1 M LiPF6 in EC/DEC (1:1 by volume). The full cells were 

tested in a voltage range of 2.5 V to 1 V. All the cells were assembled in a high-purity argon-filled 

glovebox.  

 

5.3 Results and Discussion 

Figure 5-1 a-c shows the ink development and fabrication process used in this work. 

Briefly, Ti3C2Tz dispersion was prepared by selectively removing the Al atoms layer from the 

parent MAX phase, Ti3AlC2, in HCl and LiF aqueous mixture for 24 h, as reported previously.69 

The mixture was then washed with DI water for several times (pH˃5). The supernatant contained 

2D MXene flakes with an average size of ∼0.8 µm was collected and used to prepare the MXene-

based inks (Figure 5-1 d). The MXene ink was prepared similarly to our previously published 

work.121 Superabsorbent polymer (SAP) beads were used to remove water from the dispersion to 

achieve the desired concentrations. The prepared MXene ink was mixed with LFP and LTO 

nanoparticles to prepare the cathode and anode inks. As shown by SEM and energy dispersive 

analysis (EDS) in Figure 5-1 c-f, the MXene flakes and nanoparticles are uniformly mixed. 

Besides, the XRD data showed the MXene characteristic peak and a perfect fit with the standard 

orthorhombic LFP (JCPDS #40-1499) and cubic spinel LTO (JCPDS #49-0207), indicating the 

mixture did not affect the crystal structure of nanoparticles (Figure 5-1 i). 
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We tried to develop an understanding on the effects of MXene sheet size, content, and 

nanoparticle addition on viscoelastic properties for 3D printable ink. The materials utilized in this 

work are ~0.8 µm long and 1.6 nm thickness 2D MXene sheets (aspect ratio L/D = 500), 200 nm 

spherical lithium iron phosphate (LFP), and sodium alginate (SA). Rheology was performed on 

MXene alone as well as multi-components MXene+LFP and MXene+LFP+SA to study the effects 

of size and shape on the final properties. This work is also compared with our previously published 

work1 on MXene with small sheet sizes with dimensions of ~0.3 µm long and 1.6 nm thickness 

 

Figure 5.1. Mxene-based inks preparation and characterization. (a-c) schematic of ink development, 

printing and electrode structure, respectively. (d) AFM image of Ti3C2Tz flakes showing the MXene 

dispersion consist of single layer flakes. (e, f) SEM images and EDS analysis of Ti3C2Tz+LFP ink showing 

the nanoparticles are uniformly mixed in the MXene dispersion. (g, h) SEM images and EDS analysis of 

Ti3C2Tz+LTO ink. (i) XRD of developed inks confirming there is no phase change after mixing. 
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(aspect ratio L/D = 187). Figure 5-2 below shows an overlay of the rheology data. The steady 

shear viscosity curves in Figure 2a demonstrate shear-thinning behavior for all the dispersions, 

where higher viscosities are observed for the dispersions with large MX sheets. In the lower shear 

rate region for MXene+LFP+SA, the SA behavior dominates and represents what may be 

considered a transition region, which has also been observed in the literature with other multi-

component dispersions composed of SA. Figure 5-2 b shows the oscillatory behavior for the 

materials, where the moduli G’ (storage modulus) and G” (loss modulus). For all the dispersions, 

G’ is relatively constant and G’ >> G” across the entire frequency range is observed indicating 

more solid like than liquid like behavior. This in beneficial for the structure shape retention of the 

printed geometries. The G”/G’ ratio indicates the developed ink has required liquid like behavior 

to encourage and allow interlayer adhesion. This observation is desirable for enabling interlayer 

adhesion to successfully 3D print multiple layers. However, the dispersion with SA illustrates an 

order of magnitude lower moduli than the other dispersions, which has been found to lack 

structural integrity when printing and decreases electrochemical performance. These results 

provide insight into the fundamental interactions at the nanoscale for further fabricating MXene-

based lithium-ion battery electrodes, which serve as conductive alternatives to carbon-based 

materials that typically require additives for achieving enhanced electrochemical performance. 

Precise deposition of MXene-based inks is of significance as the cell structure 

(architecture, line gap distancing, and electrode width) can considerably affect the ionic transport 

and, in turn, the electrochemical properties such as the power density and energy density of the 

fabricated device.3,180,292 It is clear that studying the printability and the parameters that affect it 

will help designing more efficient architectures. To the best of our knowledge, there is no report 

on the effect of various printing parameters on the printing outcome and discussing the relationship 
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for developed inks with application in energy storage. Most studies focus on the rheological 

properties and ink consistency. In addition to rheological properties, parameters such as printing 

pressure (P), printing speed (SN), and the distance between the nozzle tip to the substrate (H) should 

be considered as they can significantly affect the printing outcome and resolution.  

The applied pressure, P, can be considered the most important factor as it guarantees the 

inks' flow through the nozzle and significantly affects the printed line width (Figure 5-3 a). 

Mainly, the viscosity of the ink determines the threshold P (P0) requires for printing. Higher P 

values than P0 will result in higher ink volume extruded throughout the nozzle. Over high P would 

result in unstable extrusions, like jetting, resulting in difficulty controlling the extruded ink and 

low-quality print. To print high-quality geometries, increasing the pressure will eventually result 

 

Figure 2. Rheology studies performed in collaboration with Dr. Davis group from the Chemical 

Engineering deparmetn at Auburn University on MX, MX+LFP, and MX+LFP+SA compared with 

small MX. a) Steady shear rheology indicates shear-thinning behavior and higher viscosities for the 

larger MX sheet dispersions. b) Oscillatory behavior illustrates larger G’ than G” across entire 

frequency sweep for all the dispersions. Error bars are standard deviation.  
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in increasing the printing speed. The printed lines are wider than the nozzle diameter due to the 

substrate properties and the ink expansion after extrusion.  

 

Figure 5-3. Effect of printing parameters on MXene-based inks printability. (a, b, c) effect of changing P 

(at constant SN, H), SN (at constant P, H), and H (at constant P, SN) on pure MXene ink printed line width 

(gage 25). (d) Printability graph of MXene ink showing the preferred printing range. (e) Printability graph 

of MXene-LFP ink showing the preferred printing range. (f, g) Three-dimensional surface plots showing 

the relationship between the 3D printed pattern width with P-SN and P-H, respectively. (h) Load of active 

material and height of printed features as a function of the number of printed layers for MXene and 

MXene-LFP inks. (i) The sheet resistance, Rs, plotted as a function of the number of printed layers for 

MXene and MXene LFP inks. 
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To study the effect of P on printed line width, W, lines were printed at constant SN, H, and 

nozzle size. Figure 5-3 a shows that increasing P would result in printing wider lines as higher ink  

volume is extruded through the nozzle. At low P, the extruded volume is not enough to form a 

continuous filament, while at high P significant increase in line width is observed (inset images in 

Figure 3a). After several experiments, for the pure MXene ink and the MXene composite inks used 

in this study, the P range was selected as 2.5-5 psi and 16-25 psi, respectively. The effect of SN on 

W was further studied, as shown in Figure 3b.W decreases as SN increases while other variables 

are kept constant (P= 3.5 psi, nozzle diameter= gage 25). Increasing the nozzle speed will lead to 

printing narrower lines until the lines become discontinued. Although P and SN can be adjusted 

separately, it is essential to understand their relationship and match them to achieve high-quality 

prints.  

H is another factor affecting the printing outcome. In addition to W, line length should be 

considered as another factor. If the distance is large, the ink tends to from droplet at the nozzle tip 

and in turn to have contact with the substrate, resulting in a shorter line than designed values. The 

 

Figure 5-4. SEM images of printed MXene+LFP ink showing the effect of small H. (a) Top view image, 

(b) cross-section image. 
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ink accumulation on the nozzle tip causes over deposition at the beginning of the print, indicating 

the nozzle tip should be closer to the substrate. Small H would result in a U shape cross-section, 

as presented in Figure 5-4. The shorter the distance from the nozzle tip to the substrate, and the 

larger the nozzle diameter, the U shape cross-section is more noticeable. We believe that this is 

related to the fact that the extruded ink is pushed back by the substrate and the ink would eventually 

flow to the nozzle sides due to high surface tension of the developed ink. Similar test procedures 

were applied for MXene+LFP ink to study the effect of various parameters on printing outcome (Figure 

5-5). The results showed similar behavior for both inks. 

Finding the relationship between printing parameters and printed pattern is important to 

reproducibility and versatility.293. Machine learning methods can help understand important design 

parameters such as speed, nozzle distance, and pressure on 3D printed pattern specification. The 

developed model by machine learning allows a comprehensive understanding of complex 

behaviors among inter-related parameters, which are otherwise difficult to study experimentally 

294,295. In this study, different models such as polynomial, random forest, and artificial neural 

network were trained using 31 training samples, and 6 separate samples were used as test sets. 

 

Figure 5-5. Effect of printing parameters on the line width. (a – c) Effect of P (at constant SN=3.0 mm 

s-1, H=0.8 mm), SN (at constant P=19 psi, H=0.8 mm), and H (at constant P=19 psi, SN=2.0 mm s-1) on 

pure MXene ink printed line width (nozzle gauge 21). 
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The testing samples were selected randomly to cover the entire range of input variables. 

To avoid the overfitting problem in the polynomial method, 5-fold cross-validation has been 

applied. Mean-square error (MSE) was used for the evaluation of model accuracy and 

validation.296 There are many parameters in complicated methods which should be tuned by 

training data. The random forest and artificial neural network encountered the problem of 

overfitting due to a small training set. The following formula was used to evaluate MSE. 

𝑀𝑀𝑀𝑀𝑀𝑀 =  
1
𝑚𝑚
�(𝑦𝑦𝑖𝑖 − 𝑦𝑦�𝑖𝑖)2
𝑚𝑚

𝑖𝑖=1

 

The quadratic model was selected as the most accurate model (Figure 5-6). The validation 

and training set error for the quadratic model is close together, while with polynomial degree 

increase, the validation set accuracy decreases that prove the overfitting problem. 3D surface plots 

were used to identify the relationship between the 3D printed pattern width and the most 

determining parameters (Figure 5-3 d and e, and Figure 5-7). The presented 3D surface plots 

show that increasing the P and decreasing SN or H would result in printing wider lines. SN and H 

showed similar behavior, and increasing these parameters resulted in a decrease in W. Similar 

methodology were employed to study the relationship between different parameters and printing 

outcome for MXene+LFP ink (Figure 5-7). The developed quadratic model for MXene+LFP ink 

can predict the line width with over 90% accuracy for both tests and trained data (Figure 5-6). 
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Figure 3 e and f presents the effect of all the studied variables (P, SN, and H) on W, in a 

single graph, for the MXene and the MXene+LFP inks, respectively. Similar to the 3D surface 

plots, SN and H show a similar trend, while P shows a reverse relationship. Also, it can be 

concluded that H is as important as SN, when W is the desired outcome. In addition, employing 

such a graph could be practical to define proper P, SN, and H range and find a suitable printing 

condition. Further optimization of the parameters, printing sequence, and design can be employed 

to enhance the printing outcome. 

It is important to define a window of printability employing rheological properties such as 

viscosity of the inks and printing parameters such as applied pressure. This window can be used 

to develop ink systems as it connects rheological properties to ink processability. The viscosity 

data can be employed to calculate the yield stress of the MXene-based inks. For a given nozzle 

diameter, the required pressure to trigger the ink extrusion process can be calculated with the yield 

 

Figure 5-6. (a, b) show that quadratic model can provide the most accurate model for both inks. (c, d) 

Presents the parity plot for training data. The parity plot as well as test and train accuracies demonstrate 

the developed model can predict the width reasonably well. 
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stress. The yield stress supports the weight of the printed object. Simultaneously, the capillary 

forces lean the extremities of the printed structure in the direction of the center to minimize surface 

energy and turn the printed shape into a drop. Thus, the capillary forces which are related to 

dispersions surface tension should be considered in the formulation. It should be noted that the 

capillary forces should be strong enough to merge the printed layers to form a defect-free and 

space-filling structure.210 

The next step to define printability is developing an image processing technique. This 

technique should measure different printing outputs, such as line width or area of the printed 

structure.297 In the case of line width, the wettability of the developed inks and their substrate 

properties are essential. Employing a goniometer device to measure the contact angle and the width 

 

Figure 5-7. 3D surface plots showing the relation of different printing parameters. (a) Effect of SN and 

H on the line width printed with pure MXene ink while other parameters are kept constant. (b -d) Effect 

of P – SN, SN -H, and P-H on the printed line width using MXene+LFP ink. 
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of the deposited droplet in both static and dynamic methods.210 These measurements would help 

to define the baseline of the printed structure line width. In the next step, lines and geometries can 

be printed at different printing conditions, followed by an image processing step to measure the 

printing outcome. Developing mathematical models using collected data and rheological 

properties would enable scientists to predict the printability of MXene-based dispersion based on 

their rheological properties. 

The MXene-based composite inks were loaded in different syringes and used to print 

different shapes and geometries, including LIBs, with interdigital architecture by a robotic 

dispenser. The Ti3C2Tz-based composite inks viscoelastic properties resulted in a mechanically 

robust print. Multiple layers were printed in a layer-by-layer- fashion to achieve a high load of 

active material per area without collapse (Figure 5-8). To understand the relationship between the 

number of printed layers with line thickness, the load of active materials per area, and electron 

transfer properties of electrodes with 1-5 layers were evaluated (printed in a layer-by-layer fashion 

without drying time). The printed lines were functioning as current collectors and active material. 

Figure 3h shows the relationship between the number of printed layers and line thickness, and 

materials load. The results indicate a linear relationship between the thickness and load of material 

per area, with the number of printed layers contributing to the good viscoelastic properties of the 

MXene-based inks. The first printed filament showed exceptional shape retention upon subsequent 

printing layers on top of it and did not show buckling (Figure 5-8). The shear forces induced in 

the nozzle lead to the MXene flakes' alignment in the extrusion direction, similar to previously 

published works (Figure 5-8).121 Printed MXene and MXene-LFP electrodes exhibit low sheet 
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resistance values (Figure 5-3 i). By increasing the electrodes' thickness, controlled by the number 

of the printed layers, the sheet resistance decreases similar to previous studies.165 

The electrochemical properties of printed Ti3C2Tz-LFP and Ti3C2Tz-LTO half cells and full 

cells are presented in Figure 5-9. The electrochemical tests were performed in a house-made cell 

(Figure 5-10). The tested electrodes were connected to the electrochemical test station by applying 

a silver paste to the electrode tails, and 1M LiPF6 ethylene carbonate and diethyl carbonate was 

used as the electrolyte. The electrodes were dried at room temperature overnight, followed by 

120°C drying for 48 hours to remove the remaining water in the structure. Lithium metal was used 

as the counter and reference electrode in half cells. The cells were rested for 24 hours before 

running the tests. 

 

Figure 5-8. Optical and SEM images of printed lines and architectures using MX+LFP ink. (a) Optical 

image of 1,3, and 5 times printed electrode structures. (b, c) Side-view SEM images of 2 times and 4 

times printed lines, respectively. (d) Cross-section SEM image of 4 layers of printed ink showing good 

mechanical stability of printed lines. (e, f) Cross-section SEM images of MXene+LFP and MXene+LTO 

composite electrodes at different magnifications. 
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Figure 5-9 a and b shows the charge and discharge curve of Ti3C2Tz-LFP and Ti3C2Tz-

LTO electrodes at different current densities, respectively. The voltage hysteresis between the 

charge and discharge plateaus are ∼ 0.1 V, similar to reported values for graphene oxide composite 

inks with LFP and LTO.197 The voltage hysteresis stayed stable over cycling for Ti3C2Tz-LFP and 

Ti3C2Tz-LTO electrodes, indicating good electrical conductivity.197 The Ti3C2Tz-LFP electrode 

showed the areal specific capacities of 5.05, 4.7, 3.9, 2.4, and 1.5 mAh cm-2 at specific current 

densities of 0.2, 0.3, 0.5, 1, and 2 mA cm-2, respectively. Slightly higher capacities at charge were 

reported previously and could be related to increased length of the diffusion path and hosting of 

Li+ ions in the MXene matrix, which increases the ionic diffusion resistivity.197,298,299 The Ti3C2Tz-

LTO electrode showed areal capacities of 5.8, 5.4, 5.0, 4.5, 3.6, and 2.1 mAh cm-2 at the at specific 

 

Figure 5-9. Electrochemical performance of 3D printed MXene-based electrodes. (a, b) Rate capability 

and voltage profile of Ti3C2Tz-LFP and Ti3C2Tz-LTO, respectively. (c, d) Cycling performance of 3D 

printed Ti3C2Tz-LFP and Ti3C2Tz-LTO electrodes. (e) voltage profile of 3D printed Ti3C2Tz-LFP and 

Ti3C2Tz-LTO full cell at different scan rates. (f) Ragone plot comparing areal capacity versus current 

density for the MXene-based 3D printed cell compared with previously reported values. 
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current densities of 0.1, 0.2, 0.5, 1, 2, and 5 mA cm-2, respectively. The Ti3C2Tz-LTO half cells 

showed a plateau at ∼1.55 V with stable performance over cycling (Figure 5-9 c). The MXene-

based electrodes showed good cycling stability, as presented in Figure 4 c and d. The increase in 

capacity over cycling can be related to improved ionic accessibility and activation of the electrode 

over cycling (Figure 5-9 c). Both Ti3C2Tz-LFP and Ti3C2Tz-LTO half cells showed Coulombic 

efficiency of ∼100% (Figure 5-9 c and d right axes). 

Figure 5-9 e shows the electrochemical performance of a Ti3C2Tz-LFP cathode and 

Ti3C2Tz-LTO anode full cell at different scan rates. The Ti3C2Tz-LFP//Ti3C2Tz-LTO full cells 

showed the areal specific capacities of 4.7, 3.7, 2.7, 2.25, 2, 1.7, and 1.1 mAh cm-2 at specific 

current densities of 0.1, 0.2, 0.3, 0.5, 0.6, 1, and 2 mA cm-2, respectively. The excellent 

electrochemical performance of fabricated devices can be attributed to the electrodes' porous 

structure, reduced agglomeration of both phases, and the 3D structure of the cell.4 It worth 

mentioning that 3D printed full cells showed good cycling stability and Coulombic efficiency close 

to 100% (Figure 5-10). Figure 5-9 f compares the 3D printed MXene-based LIBs electrochemical 

 

Figure 5-10. The electrochemical performance of 3D printed full cell. (a) Schematic of the glass 

cell used to evaluate the electrochemical performance of the fabricated 3D printed Li-ion 

microbatteries. (b) Voltage profile the tested full cell at different scan rates. (c) Cycling stability 

and Coulombic efficiency of fabricated 3D printed devices. 
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performance compared with some of the best-reposted values in the literature. Optimization in the 

ink formulation and cell geometry is required to further improve the capacity and rate capability 

of the 3D-printed cells to utilize their full potential.  

In summary, the viscoelastic properties of MXene-based functional inks with favorable 

rheological properties to enable 3D print of the developed composite ink is demonstrated. MXene-

based inks possess excellent viscoelastic properties and adjusting the printing parameters such as 

applied pressure and printing speed will lead to printing various geometries with high accuracy 

and high resolution, helping to assemble complex conductive 3D structures without post-

processing. The effects of different printing parameters, their relation, and statistical models were 

studied and developed to better understand and predict the printing outcome. MXene-based inks 

are multifunctional materials with the potential to be employed as the conductive additive to 3D 

print LIBs with desired geometry. The 3D printed LIBs showed high areal capacitances of 4.7 

mAh cm-2 at 0.1 mA cm-2 with excellent rate capability. The developed inks have the potential to 

be used in various applications and fields, including sensors and wearable electronics. 
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Remaining challenges and future outlooks 

Since their discovery in 2011, 2D MXenes have showing some exceptional physical and 

chemical properties in various applications such as energy storage and conversion, water 

treatment, electromagnetic interface shielding and many more. However, for each application, 

assembling the 2D MXene flakes in a structure which can deliver the specific properties is the key 

to taking full advantage of the properties of these materials. As explained above, for energy storage 

applications, preventing the restacking of 2D MXene flakes is a critical parameter to utilize the 

full electrochemical properties of these materials. The restacking of MXenes or other 2D materials 

can significantly reduce the active surface area and hinder electrolyte transport, diminishing the 

electrochemical reactions.2,31,41,42,146,150,300 Therefore, developing fabrication methods that hinder 

restacking while providing the opportunity to engineering the structure of the fabricated electrodes 

to achieve a network of interconnected flakes with an abundance of porosity and an accessible 

interlayer spacing is crucial. As more research is performed on MXene-based dispersion and 

electrodes, our understanding on the properties of these materials is increasing which eventually 

will lead to the application of MXenes in various fields including energy storage and conversion. 
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During the course of my PhD, I developed additive-free MXene-based inks and showed that 

the MXene is a multifunctional material which can be served as the active materials or the 

conductive additive in various energy storage systems. Extrusion-based 3D printing and 

unidirectional freeze-casting methods was employed as simple, cost-effective, and straight forward 

fabrication methods to engineer electrode structures. Employing these fabrication methods and 

study parameters affecting fabrication condition could eventually result in better understanding on 

the structure – electrochemical property relationship. The research results presented in my 

dissertation and my published articles can be used by other researchers with interest in the 

application of 2D materials in different fields to develop the understanding on the fundamental 

properties of structure – property relationship and in turn engineering electrode structures to 

improve desire properties. 

Based on my experience from working with MXene dispersions and formulating printable ink, 

I propose following research directions to push the boundaries of our understanding on MXene-

based dispersion and their potential applications.  

• Develop an understanding on MXene dispersion properties. For example, the effect of 

MXene flake size and concentration on the rheological properties of MXene-based 

dispersions. 

• Develop mathematical models that connect rheological properties to printing condition and 

define a window of printability. 

• Developing MXene-polymer composite inks and study their application in various fields 

such as energy storage and communication. 

• Hybridizing MXenes with other electrochemically active nanomaterials to fabricate high-

performance electrode materials. For example, heterostructures of MXene and 2D TMOs 
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can exploit the high specific capacitance of TMOs and the high electronic conductivity of 

MXenes.  
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