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ABSTRACT 

Recently, MXenes have emerged as a promising family of materials for a variety of 

energy storage devices, with much of the work surrounding supercapacitors based on 

Ti3C2Tx. Nanosheets of this material combine a metallically conductive titanium carbide 

core and a surface functionalised by a range of polar and pseudocapacitive surface 

groups such as F, O and OH – denoted Tx. This Thesis first covers the synthesis and 

characterisation of Ti3C2Tx MXene, along with a facile freeze-thaw method for 

enhancing the yield of delaminated flakes by 42 ± 6%. The high conductivity and 

capacitance of this material makes it ideal for supercapacitors, though real-world 

applications will need control of electrode structure, as excessively dense and/or thick 

electrodes compromise both rate performance and specific capacitance. Therefore, this 

thesis describes two methods to create hierarchically structured 3D Ti3C2Tx electrodes at 

distinct length scales and for distinct applications. 

At smaller scales, such as internet of things (IoT) and portable electronics, 

microsupercapacitors may present a solution to the requirement for compact energy 

storage. Specifically, directly incorporating microsupercapacitors into the product 

through printing is very appealing. To address the ion transport and capacitance issues 

of more conventional, dense, 2D printed films, we show that aerosol jet printing (AJP) 

of aqueous Ti3C2Tx inks can be used to fabricate symmetric, interdigitated 

microsupercapacitors where the 3D structured microsupercapacitors exhibit up to 97% 

greater areal capacitance than mass equivalent planar microsupercapacitors, up to 138 

mF/cm2 at 5 mV/s. Additionally, three-electrode measurements of high areal loading 3D 

electrodes resulted in exceptional values for areal and volumetric capacitance of 3.47 F 

cm-2 and 347 F cm-3 respectively at 5 mV s-1. 
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For larger, macroscopic electrodes, this Thesis presents a method to create hierarchical 

3D networked Ti3C2Tx thin film “aeromaterial” with tuneable nano- and microstructure. 

Using sacrificial templates of sintered ZnO tetrapods, and careful control of the coating 

process, highly porous MXene structures with tailored layer thickness are obtained. 

These structures may be compressed to a desired thickness, from 2 mm to 0.05 mm to 

tailor the microstructure. By balancing porosity and thickness, electrodes that combine a 

high areal loading of up to ~7.2 mg cm-2, high density of ~1440 mg cm-3, and high 

electrochemical performance of 240 F g-1 and 140 F cm-3 are demonstrated. Optimising 

the above properties, electrodes with a remarkable areal capacitance of ~1.4 F cm -2 are 

achieved, even at high rates of 200 mV s-1, outperforming other state of the art MXene 

based electrodes of comparable density and thickness by almost 200%. I hope that this 

concept will pave the way to transfer the exceptional properties of nanomaterial thin 

film electrodes to the macroscopic level, enabling the development of advanced, high-

performance electrodes for practically relevant energy storage applications. 
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1 INTRODUCTION 

Ever since our ancestors began using stone tools, around 2.6 million years ago,1 

technology and materials science have been used both for our collective benefit: “sharp 

rock crack nut” and our detriment: “sharp rock crack skull”. A glance at the timeline of 

human history from Stone to Bronze to Iron Age tells us that our development has been 

defined by the materials we have been able to master. This is because unlike other 

animals, our ability to produce specialised tools frees us in part from the limitations of 

our biology. We don’t need millions of years of evolution to fly, we can just build an 

aeroplane. With the breadth of what our tools have allowed us to achieve thus far, it’s 

only natural that society has been influenced in turn by the materials from which its 

foundations are quite literally built. Most notably, it’s hard to overstate the effect that 

steel, concrete, and silicon have had over the last two centuries, ushering in an age of 

(relative) peace and abundance. However, much like the Bronze Age weapon, mastery 

of these materials has been a double-edged sword. For every piece of infrastructure, 

every building, and every thinking machine there is a price; to be paid for by 

ecosystems and the people least able to afford it. This reality presents us with a moral 

imperative to eliminate our CO2 emissions, without hindering the advancement of 

developing nations. For this we need new tools and new materials – because we have 

yet to find a problem which we materials scienced our way into that we couldn’t 

materials science our way out of. 
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It is encouraging then, that we have a growing list of nanostructured materials whose 

unique properties may yet provide solutions to the most pressing technical challenges 

that we face. If the middle of the 20th century to early 21st century was the Silicon Age, 

perhaps we will look back on today as the beginning of the nanomaterials age. In recent 

decades, research and development in nanoscience has seen a meteoric rise, though it is 

important to note that the unique properties of nanostructured materials have been 

unwittingly exploited for millennia.2 Metallic (often copper) nanoparticles were used to 

create red glass in Egypt and the Levant as far back as 1300 BCE,3 and carbon 

nanotubes as well as cementite nanowires have been found to reinforce Wootz steel 

blades.4 It wasn’t until 1857 that material properties would be linked to the dimensions 

of the material itself, when Michael Faraday created colloidal dispersions of gold. The 

red liquid came as a result of etching gold leaf, however Faraday noticed a cone of 

scattered light appeared when the dispersion was illuminated.5 He correctly reasoned 

that this phenomenon arose from miniscule gold particles in suspension rather than 

dissolved gold salts, though directly resolving such particles directly would have to wait 

nearly a century for the advent of electron microscopy. 

Nowadays, we have access to a plethora of fascinating materials, the full implications of 

which are only beginning to be explored. Of particular importance to this Thesis are 

nanomaterials used for energy storage applications. Specifically, supercapacitors, whose 

high-power density and cycle stability come at the expense of energy density.6 In this 

context, nanostructured materials such as graphene,7 carbon black,8 or MXene 9 are 

particularly attractive for high-performance supercapacitor electrodes due to their high 

conductivity, large surface area, and redox activity. To bring these materials from the 

lab to the market, practical devices will need to be created. Practical energy storage 
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devices need high areal loading, which requires thick electrodes, but the nanomaterials 

must retain as much of their theoretical performance as possible, or they are pointless.10 

Conventional methods to fabricate thick films of nanostructured materials show a 

drastic decrease in performance due to long, meandering diffusion paths that strongly 

inhibit ion transport, limiting both the response time and the accessible surface area of 

the electrode.  

To circumvent these issues, this Thesis will outline two sophisticated techniques to 

produce hierarchical 3D structured electrodes of Ti3C2Tx MXene. The synthesis and 

characterisation of this material will be covered in detail in Chapter 3. Using this 

material, Chapter 4 will present aerosol jet printing of 3D structured MXene 

microsupercapacitors with exceptional areal capacitance. Finally, Chapter 5 will 

demonstrate that high areal capacitance as well as high charge and discharge rates can 

be achieved via template-based fabrication of thick 3D networked MXene electrodes. 

1.1 Nanomaterials 

For many people, the words “nanomaterial” or “nanotechnology” probably conjure 

images of mobile swarms of tiny robots, though Prof. Coleman and Brownian motion 

thoroughly undermined the feasibility of this sci-fi staple during our undergraduate 

nanomaterials course. Instead, nanotechnology, nanoscience, etc. refer to the 

enormously broad and interdisciplinary study of both the fundamental properties and 

potential applications of nanomaterials. Most often, a nanomaterial is defined as any 

material with at least one of its dimensions being less than 100 nm,11 though more 

rigorous definitions have been proposed.12  
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The menagerie of nanomaterials can be broken down into three categories: zero-

dimensional (0D), one-dimensional (1D) and two-dimensional (2D). Nanoparticles, 

fullerenes, and large molecules are approximately point-like, and so are referred to as 

0D; nanotubes and nanowires are roughly linear and referred to as 1D; and nanosheets 

are roughly planar and referred to as 2D. 

1.2 MXenes 

The MXene family of 2D nanomaterials has garnered a staggering amount of interest 

from the materials science community over the last decade. 

1.2.1 MXene Precursors: MAX Phases 

 

MAX phases are a large family of more than 60 ternary metal carbides and nitrides with 

anisotropic properties that arise from their laminated structure.13 These materials have 

the formula Mn+1AXn, where M is an early transition metal, A is an A-group element of 

groups 13 or 14, X is carbon and/or nitrogen and n = 1, 2 or 3. They possess a 

hexagonal structure, with X atoms occupying octahedral sites within approximately 

close-packed M layers. These Mn+1AXn layers are interspaced by A layers, forming a 

laminar overall structure. Examples of the 211 (n = 1) stoichiometry MAX phases were 

initially discovered in the early 1960s in Vienna and dubbed H-phases.14–16 This family 

was expanded with discovery of three related 312 (n = 2) phases such as Ti3SiC2 in the 

late 60s.13,17 In the years following, there was a dearth of research in this field until > 

99% pure Ti3SiC2 was synthesised and characterised by Barsoum et al. in 1996.18 The 

group later went on to create a general classification for this entire family of materials 
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calling them Mn+1AXn phases or more simply, MAX phases, in the wake of their 

discovery of Ti4AlN3 in 1999.19,20 In terms of their properties, MAX phases have much 

in common with binary metal carbides or nitrides such as TiC, notably in their stiffness, 

as well as thermal and electrical conductivity. Where they differ is in mechanical 

properties. They are easily machinable; soft in comparison to other ceramics; and 

resistant to both physical damage and thermal shock.13,21 It is this intriguing 

hybridisation of metallic and ceramic traits that led to a resurgence in MAX phase 

research in the 2000s.  

The interleaved A atoms are known to be more loosely bound than the Mn+1AXn blocks, 

leading a commensurate increase in A-layer reactivity as well as anisotropy in the 

electrical and mechanical properties of the system overall.22 For example, in the case of 

Ti3AlC2, the weaker M-A bonding is evidenced in the thermal decomposition (in vacuo) 

of MAX phases according to the reaction:23 

M𝑛+1AX𝑛  
∆

→  nMX + A + M 
( 1 ) 

This does not result in a laminar Mn+1AXn system, but rather a bulk, cubic MXx phase 

owing to the high temperature sublimation of both the A and M species.24,25 Similar loss 

of the A species, de-twinning, and formation of a 3D cubic MXx phase occurs when 

MAX phases are immersed in liquid Na3AlF6.26 The relatively weak M-A bonding 

would later be exploited to exfoliate MAX phases into 2D MXene nanoflakes. 
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1.2.2 Exfoliated MAX phases: MXenes 

 

In 2011, Naguib et al. reported the first known instance of the selective removal of the 

A-layer and subsequent exfoliation of the Mn+1AXn blocks into 2D nanoflakes.27 Ti3C2 

would be the first in a new family of MAX phase-derived nanomaterials, named 

"MXenes" for their morphological similarities to graphene. This nomenclature is even 

more apt considering that Ti3SiC2 was deemed to be somewhat of a Si analogue of 

graphite as far back as the ‘90s, owing to its morphology, conductivity, and self-

lubricity.28 In the initial study, Ti3AlC2 was immersed in concentrated HF for 2 hours 

and sonicated in methanol for 5 minutes, producing sheets of Ti3C2. The general 

reaction for HF etching of MAX phases given below:28 

Mn+1AlXn + 3HF = AlF3 + Mn+1Xn + 1.5H2 
( 2 ) 

The etched MXene is more properly denoted Mn+1AXnTx where Tx are the surface 

terminations introduced due of the etching environment used. In the above conditions, 

the surface of the MXene, for example Ti3C2Tx, will be terminated by O, OH, and F 

groups29–31 as shown in Figure 1.1. This will occur according to the following overall 

reactions: 

Ti3AlC2 + 3HF = AlF3 + Ti3C2 + 1.5H2 
( 3 ) 

Ti3C2 + 2H2O = Ti3C2O2 + 2H2 ( 4 ) 

Ti3C2 + 2H2O = Ti3C2(OH)2 + H2 ( 5 ) 

Ti3C2 + 2HF = Ti3C2F2 + H2 ( 6 ) 
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This HF immersion synthesis was extended to other MAX phases and used to 

successfully etch and exfoliate a wide range of new MXenes beyond Ti3C2Tx, including 

Ti2CTx, Nb2CTx, V2CTx, (Ti0.5Nb0.5)2CTx, (V0.5Cr0.5)2C2Tx, Ti3CNTx and Ta4C3Tx over 

the following 3 years.28,32,33 

 

Figure 1.1: Structure of Ti3C2Tx MXene with the typical surface terminations arising from HF 

etching. In each case, the view is down the a-axis on top and the c-axis on bottom. Figure a: 

Ti3C2O2, b: Ti3C2(OH)2, c: Ti3C2F2. Structures were created using VESTA 3. 

Given the hazards inherent in HF storage and handling, a safer synthesis route for 

MXenes was sought. This manifested in the form of an HCl-LiF etchant, that yielded a 

Ti3C2Tx ’clay’ that could be rolled into conductive, high capacitance films.34 This 

method used ultrasonication as before to delaminate the etched multilayer MXene, 

yielding monolayer flakes of sub-micron lateral size. Additionally, 1H and 19F nuclear 

magnetic resonance (NMR) spectra of Ti3C2Tx revealed a huge disparity in F 

termination abundance when comparing the HF and HCl-LiF etching routes, owing to 

the much higher F- concentration present in the HF etchant.31,35 The overall 
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stoichiometry which was derived for Ti3C2Tx using the HF synthesis and HCl-LiF 

synthesis routes were, respectively: 

Ti3C2O0.54(OH)0.12F0.8 
( 7 ) 

and 

Ti3C2O0.84(OH)0.06F0.25 
( 8 ) 

This clearly shows the variation in surface chemistry which results from differing 

etching environments. Despite the much less aggressive etchant, the HCl-LiF method 

produces acceptable yields of delaminated material because LiF in addition to providing 

F- ions essential to the etching of Al, also provides Li+ ions which intercalate between 

the etched layers and assist in delamination, water alone being insufficient to delaminate 

the material. The addition of organic intercalants such as tetrabutylammonium 

hydroxide (TBAOH) were later shown to be effective in scaling up yield of delaminated 

material, further increasing interlayer spacing and the c-lattice parameter to exfoliate the 

layers more thoroughly.36 
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Figure 1.2: Schematic showing the etching and delamination of Ti3C2Tx MXene using the MILD 

synthesis. The structure of the MXene and its parent Ti3AlC2 MAX phase is represented, viewing 

down the a-axis. Structure visualised using VESTA 3.  

Further optimisation of the HCl-LiF method, using an excess of LiF for better 

intercalation, allowed the sonication step to be cut entirely 37 and yielded larger (> 2 

µm) flakes which were less defective.38 This method would be referred to as the 

minimally intensive layer delamination (MILD) method in literature thereafter.39 While 

highly effective, this route has only been shown to work with a handful of MAX phases, 

Ti3AlC2,34 Mo2Ga2C,40 Ti2AlC,41 and Ti3AlCN.42 

1.2.3 Properties of MXenes  

 

As with their precursor MAX phases, all non-terminated MXenes are predicted to be 

metallic,43 having a high density of states (DOS) at the Fermi level. Surface 

terminations are an inevitability however, and they have a profound effect on the 

electronic properties of MXene flakes. For example, a number of MXenes outside the 

scope of this thesis become semiconducting depending on their surface 

functionalisations; these include Sc2CTx, Ti2CO2, Zr2CO2, and Hf2CO2.43 Density 
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functional theory (DFT) studies reveal that this metal-to-semiconductor transition 

occurs due to complete oxidation of the M species, and consequent shift of the Fermi 

energy down to the gap between M species’ d-bands and X species’ p-bands.44 In 

general, MXenes exhibit a set of interesting and in some ways atypical characteristics 

with respect to other 2D materials. For example, a huge boon for Ti3C2Tx when 

compared to other 2D materials such as graphene is the retention of its metallic 

conductivity when terminated with hydrophilic surface groups. This allows the creation 

of highly stable, surfactant-free aqueous dispersions of conductive 2D nanosheets. The 

stability arises from the negative charge on the surface of the sheets at neutral and basic 

pH. Measurements reveal an isoelectric point at pH = 2.36 (the pH at which a molecule 

carries no net charge in solution) and ς-potential of approximately -30 mV at a pH 

above 6.45 Zeta potential refers to the difference in potential between the double layer at 

the surface of a particle in dispersion and the surrounding solvent. Sufficiently small 

particles with a high absolute ς-potential will resist aggregation and form a colloid.46 

The retention of metallic conductivity while exhibiting strong hydrophilicity is in stark 

contrast to graphene/graphene oxide which becomes insulating at high O fractions due 

to the loss of the conjugated sp2 system.47 Ti3C2Tx’s metallic conductivity has been 

verified experimentally, having a linear dependence of drain-to-source current (IDS) on 

drain-to-source voltage (VDS).37 Indeed, Ti3C2Tx films have been demonstrated with 

direct current (DC) conductivity approaching 15000 S cm-1,48 greatly exceeding that of 

graphene or reduced graphene oxide (rGO) thin films at around 550 S cm-1.49,50 

According to theoretical models, this metallic conductivity should be preserved even 

with a moderate number of defects introduced.38 
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Pertinent to this thesis is the excellent performance of MXenes (specifically Ti3C2Tx) as 

the active material for supercapacitor electrodes.51 Using in-situ electrochemical X-ray 

absorption spectroscopy (XAS) measurements, it was determined that the 

electrochemical behaviour of Ti3C2Tx in aqueous H2SO4 is primarily 

pseudocapacitive,52 that is, its capacitance arises predominately as a result of reversible 

redox reactions, see Section 1.3.2. During charge/discharge, the X-ray absorption near 

edge structure (XANES) spectra revealed a shift in the Ti K-edge pointing to a 

continuous change in the average Ti oxidation state, making Ti3C2Tx a true 

pseudocapacitive material. It was believed by the authors that ion intercalation provided 

access to the metal oxide sites, while the inner titanium carbide layer provided the 

conductivity needed for charge transfer. This was reinforced in a computational study to 

understand the capacitance mechanism in H2SO4.53 Charge storage was rationalised 

through redox reactions on the O and OH functional groups, as well as double layer 

capacitance. The overall capacitance was calculated to be dominated by proton transfer 

(pseudocapacitance) through the functional groups, hindered by the double-layer 

charging. 

1.3 Energy Storage Devices 

Energy storage devices play a critical role in society and industry today. They are used 

to store excess energy that can be used at a later time, and in the face of runaway 

climate change, they have growing economic, ecological, and political importance. The 

most commonly encountered types of energy storage devices are fuel cells, batteries, 

capacitors, and supercapacitors.54 
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Fuel cells are devices that convert a fuel’s chemical energy into electricity through an 

electrochemical reaction. They consist of an anode and a cathode, separated by an 

ionically conductive membrane. H2, when used as a fuel, is ionised to H+ at the anode, 

setting up an electron flow to the cathode. Here, it reacts with the oxygen and the 

electrons to produce water. The flow of electrons from anode to cathode is harnessed to 

do work. Fuel cells have the advantage of being able to operate continuously as long as 

they have a supply of fuel and oxygen, and are relatively efficient, achieving energy 

conversion efficiencies of up to 60%.55 Their reliance on an external fuel supply gives 

them excellent energy density (see Ragone plot in Figure 1.3), however they suffer from 

poor power density due to the sluggish kinetics of oxygen reduction reaction (ORR).56 

Fuel cells are used in a variety of applications, including electronic devices, EVs, and 

stationary power generation. Fuel cells are of increasing import as we decarbonise our 

energy supply and promise to aid in reducing energy costs and improving energy 

security. 

As seen in Figure 1.3, batteries are lower in energy density but higher in power density 

than fuel cells. Batteries store chemical energy and release it as electricity when needed, 

consisting of an anode and a cathode separated by an electrolyte. As a battery 

discharges, a reaction at the anode releases electrons which flow through an external 

circuit to the cathode. Having acceptable energy and power density and having no 

reliance on fuel, batteries, specifically Li-ion batteries have found their way into the 

pocket of nearly every person on earth, and an increasing number of driveways.57 
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Figure 1.3: Ragone plot illustrating the typical power and energy density characteristics of common 

energy storage devices. Based on data from Halper, M.S. and Ellenbogen, J.C.58 

Though batteries and fuel cells occupy far more consumer facing niches than capacitors, 

these devices are nonetheless critical electronic components. Storing energy using an 

electric field, they have low energy density and are generally used for short-term energy 

storage. They make up for this in their enormous power density, having no reliance on 

slow chemical reactions. Capacitors are widely employed in signal processing, voltage 

smoothing, and other power conditioning applications and are essential for modern 

circuitry.59 

Supercapacitors lie between batteries and conventional capacitors on the Ragone plot in 

Figure 1.3. They also share physical similarities to both, storing energy through either 
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charge separation, redox reactions, or some combination thereof. Supercapacitors are 

generally very robust, with long service lives and temperature stability compared to 

batteries. They find use in high power electronics applications, similar to capacitors, 

though fall short of the energy density of batteries. This limits their usefulness as a sole 

power source for vehicles and mobile electronics, though they may be used to relieve 

strain on batteries by providing limited-duration high power charging and discharging.60 

1.3.1 Electrostatic Capacitors 

 

Classically, capacitors are devices which store energy electrostatically, by charge 

separation. The prototypical capacitor consists of two conductive electrodes with an 

insulating medium separating them; this medium may be a vacuum if you prefer 

working with spherical cows but is more commonly a dielectric material. Polymer or 

ceramic dielectrics are often used, ideally with a high permittivity and high ionisation 

potential to increase the charge stored and operate at higher potentials, respectively.61  

The simplest example is the parallel-plate capacitor, consisting of two parallel 

conductive plates separated by vacuum. The ideal capacitor, one defined only by its 

constant capacitance, 𝐶, stores an amount of charge, 𝑞, as outlined by the expression 

below:62 

𝑞 = 𝐶𝑉 
( 9 ) 

Where 𝑉 is the potential difference between the plates. The work done charging an ideal 

capacitor to a certain voltage is equal to the energy stored by that capacitor. Consider an 
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infinitesimal charge, 𝑑𝑞, moving from one electrode to the other against a voltage, 
𝑞

𝐶
, the 

infinitesimal work, 𝑑𝐸 required to move the charge will be: 

𝑑𝐸 =
𝑞

𝐶
𝑑𝑞 ( 10 ) 

A general expression for energy stored in a capacitor can then be obtained by 

integrating from zero charge to a full charge, 𝑄:63 

𝐸 = ∫
𝑞

𝐶
𝑑𝑞

𝑄

0

 ( 11 ) 

𝐸 =
𝑄2

2𝐶
 ( 12 ) 

substituting 𝐶𝑉 for 𝑄: 

𝐸 =
𝐶𝑉2

2
 ( 13 ) 

 

1.3.2 Electrochemical Capacitors: Supercapacitors 

 

Supercapacitors, ultracapacitors, or more properly, electrochemical capacitors, are a 

class of energy storage device that sits between the high energy density/low power 

density of batteries and the low energy density/high power density of conventional 

capacitors (see Figure 1.3). Structurally, they differ from traditional capacitors in that 

the electrodes are separated by an electrolyte as opposed to a dielectric medium. This 

electrolyte can in principle be any conductive solution, though organic electrolytes are 

most common due to their high decomposition voltages of around 3 V.64 
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Figure 1.4: Diagram depicting the two principal charge-storage mechanisms in supercapacitors. a: 

EDLC, cations in solution are separated from anions in the anode by the IHP. b: 

pseudocapacitance, - in addition to the polarised solvent layer forming the IHP, adsorbed anions 

directly transfer charge to the anode. Inner and outer Helmholtz planes are denoted by IHP and 

OHP respectively  

The Ragone plot in Figure 1.3 shows how supercapacitors bridge the gap in 

performance between electrostatic capacitors and batteries. As such, they are useful in 

applications which require high power for short periods of time,64,65 having 

charge/discharge times typically in the range of 1-30 s. Charge is stored in 

supercapacitors via two principal mechanisms: electrostatic double layer capacitance 

(EDLC) and pseudocapacitance. EDLC is based upon charge separation and reversible 

adsorption of ions onto an electrode’s surface. The applied potential  between the 

electrodes creates a layer of polarised solvent molecules which adsorb onto the 
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electrode surface, forming the inner Helmholtz plane (IHP). Simultaneously, the 

electrode attracts counterions in electrolyte which diffuse towards it, forming the outer 

Helmholtz plane (OHP). This sets up the electrostatic double-layer for which the 

process is named and is illustrated in Figure 1.4a. The double-layer resembles a parallel-

plate capacitor; the OHP acts akin to a counter electrode while the IHP with its 

polarised molecules behaves similarly to a dielectric. The very close spacing and hence 

charge separation between the electrode and OHP partially explains the high 

capacitance values seen in supercapacitors.  

On the other hand, pseudocapacitance, seen in Figure 1.4b relies on rapid, reversible 

redox reactions at the electrode surface. These Faradaic charge transfers lead to direct, 

physical adsorption of redox ions onto the electrode. Electrons that are transferred 

occupy a valence orbital in either the redox ion or the electrode.66 In contrast to 

batteries, the non-diffusion-controlled nature of these surface electron transfers leads to 

a build-up of charge that is linearly proportional to the potential applied between the 

two electrodes.62  

The performance of a supercapacitor can be evaluated using three main techniques: 

cyclic voltammetry (CV), galvanostatic charge/discharge (GCD) and electrochemical 

impedance spectroscopy (EIS). These techniques will be elaborated on in Section 2.7. 
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1.4 Objectives 

Overall, the goals of this thesis are on the development of novel energy storage devices, 

namely, supercapacitors, which are based on the MXene Ti3C2Tx. Emphasis is placed on 

both the synthesis and implementation of the MXene, in an effort to produce good 

quality material, and make best use of it. With this in mind, the production strategies for 

the supercapacitors, 3D aerosol jet printing and a 3D templating method both aim to 

improve the performance of these devices relative to more conventional architectures. 

Chapter 3 concerns the synthesis and characterisation of the Ti3C2Tx MXene and aims to 

produce high quality material suitable for energy storage applications. Furthermore, this 

work aims to improve both the yield and conductivity of the MXene by using a simple 

freeze-thaw assisted delamination process. 

Chapter 4 aims to leverage the flexibility of 3D aerosol jet printing to produce Ti3C2Tx 

microsupercapacitors which incorporate 3D electrode structures. It is hoped that the 

intrinsic performance of the 3D microsupercapacitor electrodes can be improved 

relative to more conventional 2D electrodes by overcoming the diffusional limitations 

of thick planar electrodes. 

Chapter 5 targets supercapacitors of larger scale than Chapter 4, but similarly targets the 

improvement of performance using 3D structured electrodes. This chapter aims to 

produce 3D networked thin films of MXene, formed on the surface of a sacrificial ZnO 

template. The electrochemical performance of these networks will be evaluated, and 

their micro- and nanostructure tuned to produce high performance supercapacitor 

electrodes. 
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2 DEPOSITION AND 

CHARACTERISATION 

TECHNIQUES 

This chapter outlines the operating principles of the most important deposition and 

characterisation methods used in this work. 

2.1 Additive Manufacturing 

Additive manufacturing (AM), also known as 3D printing, is the process of creating 

objects using layer-by-layer deposition according to a digital model. It represents a 

paradigm shift in the way we manufacture and design products, as it allows for greater 

customization, faster prototyping, and the ability to create single part complex 

geometries that would be difficult or impossible to achieve using traditional 

manufacturing techniques. Furthermore, in traditional manufacturing processes, objects 

are typically created by cutting or shaping stock materials (subtractive manufacturing), 

which in addition to often being time consuming has significantly higher waste 

generation, which may or may not be able to be recycled and reincorporated into earlier 

stages of the manufacturing process. The ability to produce customised parts on-
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demand, without the need for highly specialised and expensive tooling, has led to the 

creation of new business models. With on-demand production enabled by AM, 

companies can produce small batches of niche products as they are ordered. This has the 

potential to greatly reduce waste and improve supply chain efficiency. It’s therefore 

quite easy to see how AM can impact society at large, having the potential to 

revolutionise production and consumption of goods. By reducing the need for large-

scale manufacturing facilities, it has the potential to greatly improve access to 

specialised products, particularly in remote areas lacking the robust supply chain needed 

to support mass manufacturing and distribution. In a sense, this would democratise 

manufacturing, allowing small businesses or even individuals to produce items locally 

rather than relying on huge facilities and global supply chains. With any luck, this will 

lead to a shift towards more localised, sustainable, and resilient manufacturing. 

AM encompasses many techniques, notably inkjet printing (IJP), fused deposition 

modelling (FDM), stereolithography (SLA), and selective laser sintering (SLS). A 

further technique, aerosol jet printing (AJP) will be covered in detail in Section 2.2. 

Each method has its own set of capabilities and limitations and is suited to different 

materials and applications. IJP uses a print head to deposit a liquid or powdered material 

onto a substrate layer-by-layer. Each layer is dried, cured, or sintered after deposition 

build up the object. Inkjet printing is a relatively low-cost and simple method of 

additive manufacturing, and it is well suited to producing small parts or structures with 

high resolution and fine details. The technique that most people associate with 3D 

printing is FDM, which extrudes a filament of plastic or other high viscosity through a 

nozzle to create the constituent layers of the object. FDM and is well suited to polymer 

printing at a high level of detail, and its ubiquity means that both printers and feedstock 
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are quite affordable. SLA relies on a laser to selectively cure a photopolymer layer-by-

layer. Offering generally much higher resolution than FDM, SLA is suitable for 

producing parts with fine details, though the selection of feedstock is generally more 

limited and expensive. Using SLS, powdered materials can be printed, using a laser to 

sinter each layer. The laser rapidly fuses the powder (often metals such as steel or 

titanium) into a solid and is widely used in boutique manufacturing for its ability to 

realise high quality metal parts with geometries that cannot be achieved using 

machining. 

The variety of AM techniques enables an even larger variety of materials to be printed, 

including, but not limited to, plastics, metals, ceramics, and even biomaterials. With this 

breadth of capability, AM isn’t limited to manufacturing of “dumb” components. In the 

healthcare sector, it is being used to produce custom prosthetics, implants, and other 

medical devices. The creation of personalised medical devices that are tailored to fit an 

individual's specific needs can improve patient outcomes and reduce costs. Pertinent to 

this work, AM is leveraged in the energy storage sector, being used to produce batteries, 

supercapacitors, fuel cells, or components thereof. For example, 3D printing may be 

used to produce customised electrodes for batteries and supercapacitors, or to create 

complex fuel cell structures to improve efficiency and performance. High resolution 

techniques like IJP enable smaller scale energy storage devices, such as microbatteries 

and microsupercapacitors, which could even be integrated into the structure of portable 

electronic devices or wearables. 
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2.2 Aerosol Jet Printing 

An emerging technology in additive manufacturing, aerosol jet printing (AJP) is a 

method for direct writing of functional inks onto a wide range of substrate materials and 

geometries.67 It appeared in the literature in the early 2000s,68,69 having been developed 

through the Defense Advanced Research Projects Agency (DARPA) Mesoscale 

Integrated Conformal Electronics (MICE) project,70 which focussed on the creation of 

material- and substrate-agnostic printing techniques. Briefly, the AJP process begins 

with the “atomisation” of a chosen ink into an aerosol of fine particles, colloidally 

suspended in a carrier gas, typically nitrogen or argon. The carrier gas drives the aerosol 

to a deposition head where a secondary sheath gas aerodynamically focuses the aerosol 

into a collimated beam which then impinges upon the substrate. This process confers 

significant advantages over more established printing techniques such as inkjet printing 

(IJP), most notably the ability to pattern over complex topologies 71 and fewer 

constraints in terms of ink composition or viscosity, as in principle, any material that 

can be suspended in an aerosol may be deposited using AJP.72 Deposition of conductive 

inks containing silver nanoparticles,73–76 graphene,76–78 or carbon nanotubes (CNTs)79–83 

have been widely reported, but examples extend to cover polymers,84–86 ceramics,87,88 

proteins,89–91 and a range of functional nanomaterials including transition metal 

dichalcogenides (TMDs) 92,93 and perovskites.94,95 Reflecting this distribution, AJP 

research to date has largely centred around printed circuits and transistors,81–83,96,97 

however its wide material compatibility has increasingly led to AJP being investigated 

for emerging technologies in printed electronics. These include energy storage 

devices,98–100 millimetre wave and terahertz communications;101–104 physical,105,106 
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chemical,107 and biological 108–112 sensing; high-energy photodetection;95,113 and 

photovoltaics.86,114,115 While AJP’s material agnosticism is largely conferred by the 

aerosolisation of the functional ink, the jetting of the aerosol ink affords the user a 

measure of freedom from the geometric constraints associated with traditional direct 

write methods. The large substrate-nozzle separation (standoff distance) of around 2 – 5 

mm 116 means surface irregularities may be ignored, and the focused jet can realise 

feature sizes as small as 10 µm.117 Additionally, due to the jetting of material, AJP can 

be treated as a 2.5-dimensional (2.5D)71,118 or even 3-dimensional (3D)95,102,108,110,119 

direct write technique, and has been used to create self-supporting 3D features120–122 

which would be difficult or impossible to produce though IJP. 

2.2.1 Principles of Aerosol Jet Printing 

 

While the core operating principles of this elaborate rattle can are straightforward, the 

interaction of many rheological, aerodynamic, and morphological effects begs a more 

robust understanding of the process. Indeed, the viscosity, surface tension, and vapor 

pressure of the solvent, as well as the size and density of any dispersed solids, will 

impact the quality of the aerosol generated.72 In an ideal case, the aerosol would be of 

high density, monodisperse and all droplets would have sufficient inertia to be deposited 

on the substrate. Large or slow droplets can settle before exiting the nozzle and lead to 

flow restrictions and clogging.67,123 Unfortunately, a convenient summary of parameters 

which determine an ink’s suitability for AJP like the Z number 124 for IJP does not yet 

exist, but it is generally accepted that viscosities in the range of 1 – 1000 cP will be at a 

bare minimum, technically printable.98,125 



Printed and Templated 3D MXene Structures for Energy Storage Applications 

 

24  Dahnan Spurling – December 2022 

 

 

Figure 2.1: Schematic of the Aerosol Jet Printing process. 1: Formation of the aerosol via ultrasonic 

atomisation. 2: Transport to the print head. 3: Arrival at print head and direct printing of 2D and 

3D features. 4: Cutaway view of the print head, showing the channels which guide the annular 

sheath flow, focusing the aerosol into a collimated jet for printing. 

Aerosolisation is generally achieved through either ultrasonic or pneumatic atomisation, 

with the latter able to handle high viscosity (up to 1000 cP) inks at the expense of 
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producing a more polydisperse aerosol.72 This means that pneumatically generated 

aerosols require additional refinement downstream of the atomiser, using a virtual 

impactor to remove low-inertia droplets from the stream.125 

A diagrammatic representation of the Optomec Aerosol Jet system used in this work is 

presented in Figure 2.1. As high viscosity solvents are not required in our case, the 

process begins by generating an aerosol of functional ink using the ultrasonic atomiser. 

This process is intended for relatively low viscosity inks, up to c. 20 cP,126 and small 

volumes, in the range of 0.5 – 3 ml. An ultrasonic transducer is immersed in a 

temperature-controlled bath of distilled water and is driven at a frequency of c. 1.7 

MHz,127 generating pressure waves which are coupled to the vial of ink through the 

distilled water. The resultant capillary waves at the phase boundary of the ink form a 

faraday excitation of sufficient amplitude to shed droplets from the surface.128 The 

effectiveness of this process as determined by the ejection rate and mean droplet 

diameter are strongly dependent on the rheological properties of the ink.129 However, 

the physics governing the critical driving amplitude at which the faraday excitation 

becomes unstable, reaching the ejection threshold, and the physics governing the 

diameter of the ejected droplet are quite different, resulting in divergent behaviour. Both 

phenomena undergo an inviscid-viscous transition above a certain dimensionless 

frequency, Ω,130 but this frequency is on the order of 104 times greater in the case of 

droplet diameter.131 Ω is given by the following formula: 

𝛺 =  𝜔 (
𝜐3 𝜌2

𝛾2 ) ( 14 ) 
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Where ω is the driving frequency, υ is the viscosity, ρ is the density and γ is the surface 

tension. It has been established that for water, the transition to the regime dominated by 

viscous damping of the amplitude occurs at  Ω corresponding to ω = 27 Hz.132 This 

dependence on viscosity can be used to rationalise the unsuitability of ultrasonic 

atomisation for aerosolising highly viscous inks. The critical acceleration, 𝑎𝑐 , that is the 

peak acceleration corresponding to the critical amplitude, can be used to calculate the 

critical power, 𝑃𝑐 , required for aerosolisation.130,133 This figure is noteworthy as it also 

determines the rate of droplet generation.130 Taking 𝑃 =  𝐹𝑣 , 𝐹 = 𝑚𝑎 , and 𝑣 =
𝑎

𝜔
, 

where 𝑃 is the applied power, 𝐹 is the force applied to the liquid, 𝑣 is the velocity of the 

wave, 𝑚 is the mass of the liquid and 𝑎 is the peak acceleration of the wave, we can 

express 𝑃𝑐  as a function of υ and ω: 

𝑃𝑐 =
𝑚𝑎𝑐

2

𝜔
= 𝑚𝜈𝜔2 ( 15 ) 

Thus, for our fixed 1.7 MHz driving frequency, the minimum power required to eject 

droplets from the ink surface scales linearly with the viscosity of the ink.  

Conversely, as early as 1962 it has been known that the diameter of the ejected droplets 

even at driving frequencies approaching the MHz range is independent of viscosity and 

depends strongly on the surface tension of the ink.134 This behaviour was able to be 

modelled by assuming a linear relationship between the wavelength of the ultrasonically 

generated capillary waves and the diameter of the resultant droplets. The wavelength, 𝜆, 

of the capillary waves is given by the Kelvin equation,135 calculated using the depth, ℎ, 

capillary wave frequency, 𝑓, density and surface tension: 
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𝜆(𝑡𝑎𝑛ℎ
2𝜋ℎ

𝜆
)−

1
3 = (

2𝜋𝛾

𝜌𝑓 2
)

1
3 ( 16 ) 

In our case, as the depth of ink is on the order of several mm, 
2𝜋ℎ

𝜆
≫ 1. Thus, we can 

take tanh
2𝜋ℎ

𝜆
= 1. Furthermore, for ultrasonically driven capillary waves, the frequency 

of the standing waves is half the driving frequency,136 such that 𝑓 =  
𝜔

2
. In terms of 𝜔, 

this gives us: 

𝜆 = (
8𝜋𝛾

𝜌𝜔2 )
1
3 ( 17 ) 

The average diameter of the produced droplets, 𝐷50, was found to be proportional to the 

capillary wavelength such that: 

𝐷50 = 𝑎𝜆 = 𝑎(
8𝜋𝛾

𝜌𝜔2)
1
3 ( 18 ) 

Where 𝑎 is a constant, first experimentally measured in 1962 as 0.34,134 and more recent 

studies have closely agreed with this figure, with 0.35 ± 0.03 reported in 2004.131 In 

stark contrast to Equation ( 15 ), we can see that 𝐷50 is independent of ν. Accordingly, 

where exactly an ink lies within the acceptable range of ν for aerosol formation has little 

bearing on the final print quality, which is strongly affected by droplet diameter.137 For 

our case, using a driving frequency of 1.7 MHz, assuming a water-based ink with low 

concentration, using a value of 0.72 mN/m for σ138 and 997 kg/m3 for 𝜌139 gives a value 

of 𝐷50 c. 2.95 µm. This is comfortably within the c. 1 – 5 µm range typical for the 

Optomec AJ 300 system used.140 Being able to decouple the ν  contribution makes 

formulating a printable ink that much simpler than in IJP, where printability, as 

determined by the 𝑍 number, is dependent on droplet diameter, 𝐷, 𝛾, 𝜌, and ν: 
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𝑍 =
√𝛾𝜌𝐷

𝜈
 ( 19 ) 

These frequently co-dependent parameters mean that achieving a printable ink within 

the acceptable range of ~4 < 𝑍 < ~14 124 can be challenging. 

Referring again to Figure 2.1 a flow of N2 is used as a carrier gas to drive the generated 

aerosol from the vial through a polytetrafluoroethylene (PTFE) mist tube towards the 

print head. This gas flow can lead to significant changes in the aerosol composition, as 

the micron-scale droplets have evaporation times on the order of microseconds in a dry 

atmosphere.141 Premature drying of the droplets may lead to an increase in the apparent 

deposition rate, and in inks whose viscosity is close to the limit for ultrasonic 

atomisation, can confoundingly lead to decreased deposition rate as the concentration of 

the ink increases.142 To mitigate these issues, the carrier gas should be passed through a 

bubbler to pre-saturate with solvent before entering the vial. As the aerosol is carried 

through the mist tube, a further source of process drift is encountered, in the form of 

transport losses. These losses predominantly affect the largest and smallest droplets in 

the stream, where the former are lost through gravitational settling and the latter through 

diffusion.67 While gravitational loss of large droplets is intuitive if you have ever been 

caught in the rain, diffusional loss is explained by considering the random Brownian 

motion of droplets near the walls of the mist tube.143 Droplets within a mean square 

diffusion length of the walls may impinge on the surface and be removed from the 

stream, should they be adsorbed. Though these loss mechanisms reduce the overall 

transport efficiency of the aerosol stream, they act as somewhat useful low and high 

pass filters for droplet size. Both gravitational144 and diffusional losses145 have long 
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been established as dependent on the size and velocity of the droplets, in addition to the 

tube length. Thus, the carrier gas flow rate can be used as a primitive dial to adjust these 

filtering effects, with low flow rates (and hence, velocities) resulting in a smaller 

proportion of both the largest and smallest droplets arriving at the print head, narrowing 

the size distribution of the printed droplets. This also results in a non-linear scaling of 

deposition rate with carrier gas flow rate, low values of which reduce both the overall 

transport efficiency and the maximum print time.  

 

Figure 2.2: Cross-section of print head, showing focusing of the aerosol stream into a collimated jet. 

Detail view shows a representation of the outer edge of the aerosol jet in-flight and impinging on 

the substrate.  

Though the filtering effect can improve print consistency to an extent, droplets lost in 

transport are not removed from the system entirely and coalesce into macroscopic drops 

in the mist tube given enough time. Drops of a sufficiently large size to constrict the 

aerosol flow tend to be catapulted towards the print head, ruining any pattern 

unfortunate enough to be caught in their path and necessitating a clean out of the print 

head and nozzle. With the reduced transport losses associated with high carrier gas 
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flows, one can expect to deposit a greater mass before condensation in the tube becomes 

an issue. Nonetheless, the operator must monitor the build-up and periodically purge the 

tube to minimise the risk to already printed structures. 

Once at the print head, the aerosol stream encounters a secondary N2 flow, emanating 

from an annular channel circumscribing it. This is referred to as the sheath gas, and it 

serves to accelerate and focus the aerosol, functioning as a virtual nozzle working in 

concert with the ceramic nozzle through which the aerosol jet finally exits. A cross 

section of this process can be seen in Figure 2.2. More rigorously, as it enters the print 

head, the aerosol is focused and accelerated slightly by a constriction just upstream of 

the transition region, where the sheath gas is injected around the stream. Here, the 

sheath gas focuses the aerosol a second time as it forms a boundary layer wrapping the 

aerosol. This collimates the aerosol by volume displacement and accelerates it 

further,125 but additionally serves to prevent contact between the aerosol and the walls 

of the channel. This prevents deposition of material or condensation of solvent on the 

surface which could disturb the laminar flow of the sheath gas or lead to clogging if left 

unchecked.146 This also reduces the cleaning requirements for the print head which is a 

blessing considering the complex geometry of the part and its very tight tolerances. 

Downstream of the transition region, the aerosol is focused a third time as the channel 

constricts gradually, exiting through a sub-millimetre diameter nozzle, which may be as 

narrow as 50 µm. The aerosol jet as it emerges will have been focused to a diameter 

approximately 10% - 20% that of the nozzle,146,147 and accelerated to a velocity on the 

order of 100 ms-1.137,146 In general, the diameter of the aerosol jet, 𝐷𝐽, is controlled by 

the sheath gas flow rate, the beam tightening and accelerating with higher sheath flows. 
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This does not scale ad infinitum, as a transition to turbulent flow would disperse the jet, 

and intuitively, a velocity of ~340 ms-1 forms a hard limit as the combined beam and 

sheath velocity cannot exceed the speed of sound. An estimate of 𝐷𝐽 can be obtained 

using the focusing ratio, 𝐹𝑅,73,148 the ratio of sheath to carrier gas flow rates: 

𝐹𝑅 =
𝐹𝑆

𝐹𝐶
 ( 20 ) 

Where 𝐹𝑆 is the sheath gas flow rate and 𝐹𝐶 is the carrier gas flow rate, both reported in 

standard cubic centimetres per minute (SCCM), 1 SCCM being equal to 1 cm³/min at 

standard temperature and pressure (STP).  The relationship between 𝐹𝑅 and 𝐷𝐽 is then 

given by:125 

𝐷𝐽 = 𝐷𝑁√1 − √
𝐹𝑅

1 + 𝐹𝑅
 

( 21 ) 

Where 𝐷𝑁 is the nozzle diameter. This formula, being independent of droplet diameter, 

is agnostic of ink formulation and only weakly dependent on 𝐹𝐶 ,146 large values of 

which will broaden the distribution of droplets as discussed. This relationship is a useful 

guide; however, the final resolution of printed features cannot be wholly explained by 

the focusing achieved within the confines of the print head. In addition to nonideal 

behaviours such as turbulence, axial asymmetry and premature drying, there is some 

evidence that the aerosol jet is subject to a small amount of positive aerodynamic 

lensing effects while in-flight.149,150 Low inertia particles suspended in polydisperse jets 

have long been observed to follow gas flow streamlines, confining higher inertia 

particles to a narrow central region.67,151 The dimensionless Stokes number, 𝑆𝑡𝑘 

quantifies this effect. Moreover, the Stokes number indicates if a droplet in the jet will 
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eventually impact the substrate.125 Low Stokes number particles ( 𝑆𝑡𝑘 ≪ 1  ) are 

advected by the flow, tracing the path of the fluid streamlines, while the paths of high 

Stokes number particles ( 𝑆𝑡𝑘 ≫ 1 ) are inertially determined, detaching in response to 

changes in direction or velocity of the flow.152 𝑆𝑡𝑘  can be determined for a given 

droplet using the following expression:153 

𝑆𝑡𝑘 =
𝜌𝐶𝐶𝐷𝑉

4.5𝜐𝐺
2𝐷𝑁

 ( 22 ) 

Where 𝐶𝐶  is the slip correction factor, 𝑉 is the droplet velocity, and 𝜐𝐺 is the viscosity 

of the surrounding gas. On average, the Stokes number for the droplets increases 

dramatically going from the transition region (low 𝑉, high 𝐷𝑁) to the nozzle exit (high 

𝑉, low 𝐷𝑁). This facilitates the initial collimation upon injection of the sheath gas, with 

the droplets adhering to the direction of the flow, as well as the final deposition of the 

droplets, where they predominantly separate from the flow and impinge as a tight beam 

as the gas disperses laterally across the substrate.  

To reliably achieve a well-focused jet, as well as the desired printed line profile, the 

focusing ratio, outlined in Equation ( 20 ) may be used as a guide when setting printing 

parameters. Though the deposition rate of ink on the substrate is predominantly 

controlled with  𝐹𝐶 , while 𝐷𝐽  and 𝑉  are predominantly controlled with 𝐹𝑆 , there is 

clearly an interaction between the two flows in the print head. The corresponding 

influence on the internal pressure associated with each has meant it has proved quite 

useful to consider the two parameters together. In general, the width of a printed line 

can be expected to decrease when 𝐹𝑅 is increased, along with an increase in thickness, 

and it is generally accepted that FR = 2 is a sensible ratio that works in most cases.73 
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However, this scaling assumes that all of the ink is deposited on the surface, and it has 

been shown that at higher focusing ratios the thickness of a line may actually decrease. 

This is despite the amount of ink exiting the nozzle remaining the same.154 The non-

ideal behaviour of the jet can explain this phenomenon and is represented in the detail 

view of Figure 2.2, showing the profile of the outer edge of the jet both in-flight and 

impacting the substrate. Here, we can see a spatial and temporal variance in droplet size 

distribution brought on by drying of the outermost droplets while in-flight.154 Dry 

particles with sufficient velocity may even rebound from the substrate entirely, reducing 

the effective deposition rate and explaining the inability for 𝐹𝑅 to predict deposition 

profile entirely. In any case, substantial evaporation of solvent from the droplets in-

flight can reduce the Stokes number below the value required for impaction, leading to 

deposition further off-axis and being a source of “overspray” or the deposition of 

satellite particles that reduce the resolution of the final print , should they adhere to the 

substrate on impact. High volatility solvents will be especially prone to drying effects, 

though this may be mitigated in part through ink composition, using a fraction of low 

volatility cosolvent, for example 10% V/V terpinol in chloroform.155 

Impaction and aerosol-substrate interaction are the final physical processes that need to 

be taken into consideration when utilizing AJP. Broadly speaking, high Stokes number 

droplets will impact close to the central axis, as is desirable. The lowest Stokes number 

droplets/particles we expect to fail to impact the surface at all,156 being carried far from 

the central axis and dropping out of suspension or becoming airborne when the flow has 

diffused sufficiently. This can give the user very tight focusing but has implications for 

the overall efficiency of the process, and even presents potential health concerns. Users 

should be aware of these trade-offs, especially in industrial settings with a large 
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throughput of ink, or in cases where the functional material is itself, hazardous. Finally, 

droplets or particles close but below the critical Stokes number required for direct 

impaction will be deposited off centre and cause the ubiquitous AJP overspray, as in the 

case of the dry particles in Figure 2.2, and is a driving factor in ink composition. This 

overspray also occurs with especially small and/or slow droplets, even in the absence of 

drying effects, and sets minimum 𝐹𝑆 values in practice. Moreover, how “wet” or “dry” 

the aerosol is upon impact will also have significant influence on the overall aerosol-

substrate interaction and final morphology of the printed features. Much of this 

interaction will be governed by the ink’s wetting characteristics on the substrate and as 

with IJP 157 or other direct write techniques, must be acknowledged for best results. 

Viscous forces in a droplet on impact will dissipate some if its kinetic energy, while the 

remainder becomes surface energy. The droplet then spreads to a diameter determined 

by the relative surface energies of the ink and substrate.158 Good adhesion and line 

consistency needs good matching of the surface tension of the ink and surface energy of 

the substrate.159 In general, it can be expected that a wet, well spreading ink will flow, 

filling voids and resulting in a compacted, low porosity film. This is desirable in many 

cases, as is a high deposition rate, especially in industrial processes where throughput is 

an important concern. However, excessive solvent can introduce cracks during 

drying,154 and a high deposition rate may cause enough wet ink to coalesce on the 

surface, resulting in uneven lines and line profiles.67 More catastrophically, the high-

pressure gas from the jet can send erratic flows of fluid ink over the substrate like rain 

on an aeroplane window. High print speed can be used to reduce the effective 

deposition rate per unit area of the substrate; however, this may introduce its own 

irregularities,160 vibrations due to abrupt changes in direction, or at worst the stage can 
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reach an acceleration limit, which halts the printing process entirely. Avoiding designs 

containing sharp corners or fill patterns with back-and-forth rasterization minimises the 

acceleration the stage will experience. Considering the potential pitfalls of overly wet 

deposition, uniform, partial drying of droplets in-flight has been found to be 

beneficial.154 More drying may result in a more porous or granular structure,67 

especially in the case of solid suspension inks, though in cases where a high surface 

area is desirable, this may be a benefit. 

The above outlines the myriad interactions and parameters that influence the AJP 

process, and perhaps explains the absence of a unified framework determining the 

overall printability of arbitrary inks. AJP therefore relies on a significant amount of user 

experience, empirical measurements, and trial-and-error to make good use of its 

capabilities. When properly leveraged though, AJP boasts rapid, high-resolution 

printing and unmatched flexibility in ink composition, substrate material, and substrate 

geometry. 

2.3 Critical Point Drying 

Critical point drying (CPD), also known as supercritical drying, is a process used to dry 

delicate samples while preserving their structure. A sample is first placed in a high-

pressure vessel filled with a liquid solvent, usually CO2. The pressure and temperature 

are then increased until the solvent reaches its critical point , i.e., temperatures and 

pressures above 304 K and 7.38 MPa, respectively.161 The solvent then becomes a 

supercritical fluid, which has properties of both a gas and a liquid. The supercritical 

CO2 is able to penetrate the pores and voids within the sample, displacing any liquid 
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inside. The pressure and temperature are then reduced, causing the supercritical fluid to 

return to a gaseous state, leaving a dry sample.162 

Unlike other drying methods, such as freeze-drying, CPD does not cause shrinkage or 

damage to the internal structure of the sample. In conventional drying, surface tension 

between the evaporating liquid and the surrounding air pulls on any solid surfaces in the 

sample, which can lead to fracturing or collapse. Freeze-drying has expansion 

associated with the phase transition from water to ice, and this can also lead to 

deformation or damage. By using a supercritical fluid, the liquid and gas phases become 

indistinguishable, leading to a homogenous drying environment.163  

2.4 Microscopy 

Since the Middle Ages, optical lenses have been used to magnify objects too minute to 

be resolved in detail with the human eye. Developing from the lenses used for 

spectacles and magnifying glasses, optical microscopes resembling those we use to this 

day first appeared in the 17th century.164 The limits of optical microscopes’ resolving 

power were established by Ernst Abbe in the late 19th century, who proposed the 

diffraction limited resolution as defined by the following expression:165 

𝑑 =
𝜆

2𝑠𝑖𝑛 𝜃
 ( 23 ) 

Where 𝑑 is the resolution, 𝜆 is the wavelength of light being focused, and 𝜃 is the half 

aperture angle. This was firmly proven as a fundamental limitation of optical 

microscopes by Helmholtz, with a resolution not less than 200 nm being the best 

possible using visible light.166 Even still, this does not consider the effect of optical 
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aberrations, lens defects, or vibrations, which limit the maximum practicable resolution 

further. While sufficient for many applications, a resolution in the low hundreds of 

nanometres occludes the structure of nanoscale materials from optical microscopy. 

2.4.1 Electron Microscopy 

 

The solution to this optical diffraction limit presented itself in the early 20th century 

when De Broglie hypothesised a wave nature of matter.167 The wavelength of these De 

Broglie waves could be calculated with an expression derived from Einstein’s mass-

energy relation and Planck’s energy-frequency relation. These relations are as follows: 

𝐸 = 𝑚𝑐2  
( 24 ) 

𝐸 = ℎ𝑓 ( 25 ) 

Where 𝐸 is energy, 𝑚 is mass, 𝑐 is the speed of light, ℎ is Plank’s constant, and 𝑓  is 

frequency. To generalise for an arbitrary particle of velocity, 𝑣 , and De Broglie 

wavelength, 𝜆,  𝑣 is substituted for 𝑐, and 
𝑣

𝜆
 for 𝑓, giving: 

𝑚𝑣 2 =
ℎ𝑣

𝜆
 ( 26 ) 

𝜆 =
ℎ

𝑚𝑣
 

( 27 ) 

Which is to say, that a particle’s wavelength is determined solely by Plank’s constant 

and its momentum, 𝑚𝑣. If we then consider an electron accelerated by a voltage of as 

little as 1 kV, using Equation ( 27 ) and Equation ( 23 ) we arrive at a wavelength of 

38.7 pm, and a diffraction limited resolution of 19.35 pm, assuming a half aperture 
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angle of 90°. This is an order of magnitude smaller than the length of most atomic 

bonds and so the potential resolving power of an electron-based microscope becomes 

clear. Unfortunately, reaching this diffraction limited resolution is impossible in 

practice, not least because aperture half angles rarely exceed 80°.168 Lens aberrations, 

for example chromatic aberration due to the difficulty in achieving a monochromatic 

electron beam; vibrations, now of even greater concern due to thermal vibration of the 

atoms at this scale; and beam damage at high acceleration voltages mean that the real-

world resolving power is much lower than the theoretical limit for the matter wave 

being used. Despite these nonidealities, it can be expected that even rudimentary 

electron microscopes will outmatch the resolution of the most advanced optical 

microscopes.169 

 

Figure 2.3: Illustration of an electron beam-sample interaction. Major scattering and photon 

emission types are shown for both the SEM and TEM operating regimes. 
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Forming an image using electrons in principle only requires pointing an electron gun at 

your sample and recording the position of the electrons as they strike a detector. In 

reality, many signals are generated and carry distinct information. In Figure 2.3, a cross-

section of an electron beam interacting with a sample is shown. The teal area shows the 

pear-shaped extinction volume, and the relative depth at which signals emanate. As 

indicated, signals which emerge in the direction of the beam (transmitted, diffracted, 

and scattered electrons) are the domain of transmission electron microscopy (TEM) and 

those emerging against the direction of the beam (secondary elections, X-rays, etc.) are 

the domain of scanning electron microscopy (SEM). These signals will be discussed in 

more detail in later sections. 

2.4.2 Transmission Electron Microscopy 

 

Despite SEM being the more ubiquitous technique nowadays, electron microscopy 

began with TEM in 1931, developed by Knoll and Ruska.170 TEM uses a beam of high-

energy electrons, in the range of 50 – 300 keV, which can pass through thin samples of 

around 100 nm or less. Electrons passing though the sample can undergo many different 

interactions and scattering events, see Figure 2.3. Forward-scattered electrons are used 

to form the image in TEM, though the backward ejection of secondary electrons 

prompts the emission of characteristic X-rays which can be used for elemental analysis 

using energy dispersive X-ray spectroscopy (EDX), more details in Section 2.5.3. 

Inelastic forward-scattering events also lead to characteristic energy losses for the 

electrons, which may be analysed using electron energy loss spectroscopy (EELS), 
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detailed in Section 2.5.4. The typical positions for EDX and EELS detectors in a TEM 

column are shown in Figure 2.4a. 

 

Figure 2.4: Schematic showing typical configurations for scanning and transmission electron 

microscopes. (a) TEM column, where the primary detectors lie below an electron-transparent 

sample. (b) SEM column, where the detectors lie above the sample.  

A TEM column (Figure 2.4a) broadly consists of the illumination system, sample stage 

and imaging system. The illumination system houses the electron gun, anode, and 

condenser lenses. Depending on the resolution the microscope is designed for, different 

electron sources may be used. For lower resolution ‘workhorse’ TEM, a thermionic 

emitter is used, often LaB6, while for atomic-resolution or other high-resolution 

imaging, a field emission gun (FEG), either Schottky or cold-cathode is used.171 The 

emitted electrons pass through a set of condenser lenses, forming a focused beam. These 
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lenses determine the area of the sample that is illuminated, the overall intensity, and the 

operating mode.172 There are two primary operating modes in TEM. Conventional TEM 

(cTEM) uses a parallel, static beam, whereas scanning TEM (STEM) uses a tightly 

converged beam which is rastered over the sample using scanning coils. 

The sample stage may be inserted and withdrawn from the microscope, and holds the 

specimen steady, any vibrations being disastrous for image clarity. In terms of sample 

preparation, dilute dispersions of nanomaterials can be drop-cast on a TEM grid, usually 

a fine copper mesh with a thin, porous carbon underlayer to support the material while 

remaining electron transparent. Of course, electron transparency is key, so samples are 

usually limited to around 100 nm thick, though low atomic number, 𝑍, atoms have a 

significantly lower scattering cross-section and may allow for imaging of thicker 

specimens.173 Transparency will also increase as electron energy increases, so high 

accelerating voltages may be used, though this can result in beam damage from 

dislocations or chemical reactions.174 Above the sample stage an X-ray detector for 

EDX is often mounted, allowing for elemental analysis, further details in Section 2.5.3. 

The transmitted electrons are then focused and collected in the imaging system. Image 

formation and magnification are handled by a set of objective and projector lenses 

below the sample stage. In cTEM, bright field (BF) and dark field (DF) images may be 

formed. BF imaging uses the direct beam, comprised of transmitted electrons, whereas 

DF imaging uses the higher angle scattered (Rutherford scattering) and diffracted 

(Bragg scattering) electrons, see Figure 2.3.175 Mass and thickness strongly influence 

the amount of scattering, giving rise to contrast in the image. Regions of low thickness 

or atomic number therefore appear bright in BF imaging, and dark in DF imaging. In 
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STEM, images are formed using three detectors, the BF, annular DF (ADF) and high 

angle annular DF (HAADF). A key advantage of STEM is strong Z-contrast derived 

from the scattering angle of the beam. Using a HAADF detector, a DF image is formed 

such that bright regions correspond to high atomic number atoms. The ADF detector 

mixes Z-contrast with diffraction contrast and can reveal dislocations or regions where 

the lattice is under strain.176 BF images in STEM are comprised of low angle scattered 

electrons and as such can be used to image lighter elements. These inelastically 

scattered low angle electrons are also used for EELS analysis, see Section 2.5.4. 

2.4.3 Scanning Electron Microscopy 

 

In 1942, a decade after the debut of TEM, Zworykin developed the first SEM, using 

secondary electrons to achieve topographic contrast. This new microscope configuration 

had excellent surface sensitivity, but its resolution of 50 nm was low compared to TEM, 

leading to a lukewarm reception from the already established TEM community.177 

Thankfully, the appeal of the technique was not lost on some, and SEM’s ability to 

extract 3D information from surfaces over a range of length scales from millimetres to 

microns led to its continued development.178 At present, SEMs and attached EDX 

detectors are invaluable tools and it is truly difficult to find practice-oriented fields in 

physics, chemistry, biology or engineering for which they don’t have some usefulness.  

 As can be seen in Figure 2.4b, the illumination system of an SEM is broadly very 

similar to that of a TEM, though SEM generally operates at far lower acceleration 

voltages, of between 0.1 and 30 keV.179 Like STEM, the beam is formed into a 

convergent probe and rastered over the surface using the scanning coils. The spatially 
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varying intensity from the beam-sample interaction is then mapped using one of the 

detectors to form an image. The beam generates primarily secondary electrons (SE), 

Auger electrons (AE), and backscattered electrons (BSE), as well as the continuum and 

characteristic X-rays associated with SE emission, illustrated in Figure 2.3. The imaging 

system is, naturally, located above the sample stage, and generally comprises SE 

detectors, BSE detector and EDX detector, pictured in Figure 2.4b. SE emissions are the 

primary signals used for imaging in SEM, using the in-lens and lateral SE detector. 

Inelastic collisions between the beam’s electrons ionise atoms in the sample, generating 

SEs. The in-lens detector records primarily SE1 electrons, which are SEs generated 

directly by beam-sample interactions. SEs generated by BSEs are referred to as SE2 

electrons and are recorded by the lateral SE detector. In both cases, but especially the 

latter, these SEs are of very low energy, generally < 50 eV, making them extremely 

prone to scattering.180 This, coupled with the sample’s work function, means SE 

emission can occur only from within a few nanometres of the surface, giving SEM its 

topographical sensitivity. BSE are those that undergo Rutherford scattering and carry 

much more energy, between roughly 50 eV and the energy of the beam electrons.181 

This broad distribution of BSE energies stems from their tendency to undergo numerous 

scattering events before finally escaping the surface. Their higher energy than SEs 

means they provide information from deeper within the sample, though this large probe 

volume gives the BSE detector a lower spatial resolution than either the SE detector or 

the in-lens detector. As in cTEM and STEM, heavier nuclei will scatter more strongly, 

meaning the BSE detector can provide Z-contrast, and topographical contrast is 

supressed by the larger interaction volume. The Zeiss Ultra Plus SEM used in this work 

is equipped with an energy-selective BSE (ESB) detector. This is an evolution of a 
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traditional BSE detector equipped with a grid which can be biased with an arresting 

potential of up to 1.5 kV. Using this grid, low energy BSEs can be filtered out. For 

example, using a beam energy of 1 keV and arresting potential of 0.9 kV would mean 

that only BSEs with energies between 0.9 and 1 keV are detected. This effectively 

increases the surface sensitivity of the detector, eliminating most of the electrons subject 

to multiple inelastic scattering events.182 This is especially useful in the context of 

nanomaterials research, allowing for Z-contrast from very thin layers of low-

dimensional materials.183 

2.5 Spectroscopic Characterisation 

Spectroscopy refers to a broad range of techniques that extract information on the 

physical, chemical, or structural properties of matter from its interaction with 

electromagnetic184, matter,185 or even gravitational waves.186 Most commonly, incident 

light is refracted, absorbed, scattered,184 re-emitted,187 or a combination thereof, and the 

resulting spectrum of intensities as a function of frequency may be analysed to provide 

information on the material. Spectroscopy has a storied history and was foundational in 

the development of quantum mechanics. Explanation of the discrete lines present in 

hydrogen emission spectra gave us the Bohr model of the atom,188 and study of the 

energies of photoelectrons proved the wave-particle duality of photons, supplanting the 

wave theory of light proposed by Maxwell.189 
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2.5.1 Ultraviolet-Visible spectroscopy 

 

Being non-destructive, rapid, and relatively simple, ultraviolet-visible (UV-vis) 

spectroscopy is a useful technique which can provide insight into the electronic 

structure of materials. The technique may be used on transparent solid samples, though 

it is most used for low concentration solutions or dispersions. A typical UV-vis 

spectrophotometer consists of two lamps, a tungsten lamp emitting visible and near-

infrared (near-IR) light, and a deuterium lamp emitting UV. The light is passed through 

a monochromator, which uses mirrors and a diffraction grating to isolate discrete 

frequencies in the spectrum. This light is passed through the sample, contained in a 

quartz cuvette for liquids, and the transmitted light intensity is recorded as a function of 

frequency as the monochromator sweeps from UV to near-IR.184 This is referred to as 

the extinction spectrum. A matching reference cuvette filled with solvent is used to 

account for the absorption, reflection and scattering of light from the quartz, solvent, 

and interfaces between them. This ideally results in a spectrum containing only 

contributions from the material being studied, either in solution or suspension. 

Mechanistically, the absorption of light occurs when the energy of the incident photon 

corresponds to that of an electronic transition in the sample. For example, in commonly 

encountered organic chromophores, the most probable of these transitions is between 

the highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular 

orbital (LUMO). These systems contain only molecular orbitals with 𝜎 or 𝜋 symmetry 

and the allowed transitions correspond to those shown in the energy level diagram 
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seen in Figure 2.5. Here, the bonding molecular orbitals are denoted 𝜎 and 𝜋, non-

bonding as n, and anti-bonding as 𝜎* and 𝜋*.190 

 

 

Figure 2.5: Energy level diagram depicting the allowed electronic transitions for a system 

containing molecular orbitals with 𝜎 and 𝜋 symmetry. 

Other mechanisms for absorption exist however, some which are of particular interest in 

nanomaterials research. Light may be absorbed through localised surface plasmon 

resonance (LSPR), where its electric field polarises electrons in the conduction band of 

a metallic nanoparticle.191 Unlike bulk metals, light can penetrate nanoparticles with a 

dimension smaller than its wavelength and induce a non-propagating plasmon 

distributed throughout the particle. This coherent displacement of conduction electrons 

has an accompanying restoring force and behaves as a harmonic oscillator, where only 

light with a frequency in resonance with it can drive the excitation.192 Energy absorbed 

in this manner is then dissipated, in the case of noble metal nanoparticles largely 

through valance to conduction band intraband transitions.193 
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The attenuation of light is described by the Beer-Lambert law,184 relating the extinction, 

𝐸𝑥𝑡, to the ratio of the incident intensity, 𝐼0, and the output intensity, 𝐼: 

𝐸𝑥𝑡 =  𝑙𝑛
𝐼

𝐼0
=  − 𝑙𝑛 𝑇 ( 28 ) 

Where 𝑇 is the transmittance. A linear dependence is found between − 𝑙𝑛 𝑇 and the 

concentration, 𝐶, and path length through the sample, 𝑙: 

𝐸𝑥𝑡 = 𝜀𝐶𝑙  
( 29 ) 

Where the extinction coefficient is denoted by 𝜀. It should be noted that the scaling of 

the Beer-lambert law is limited to dilute solutions, insofar as it assumes that 𝜀(λ) is 

independent of 𝐶. Furthermore, for dilute molecular solutions, it is usually enough to 

consider only the attenuation of light due to absorption. However, dispersions of 

nanomaterials usually have a significant scattering component.194 Therefore, the 

extinction coefficient, 𝜀(𝜆), is given by:  

𝜀(𝜆) =  𝛼(𝜆) + 𝜎(𝜆) 
( 30 ) 

Where 𝛼(𝜆)  and 𝜎(𝜆)  are the absorption and scattering coefficients as a function of 

wavelength, respectively. 

2.5.2 Raman spectroscopy 

 

Raman scattering is named for Sir Chandrasekhara Venkata Raman, who discovered 

this inelastic scattering of light.195 In recognition for this, in 1930 he was awarded the 

Nobel prize in Physics. Raman spectroscopy is an eminently useful technique for 
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materials science, the energy shifts of the scattered photons giving insight into a 

sample’s physical properties, and even its environment.196 

 

Figure 2.6: Depiction of the possible scattering events that can occur as light of wavelength λLaser 

interacts with two bonded atoms. 

Most scattered light is scattered elastically, known as Rayleigh scattering, due to its 

longer wavelength than the dimensions of the lattice.197 Figure 2.6 shows Rayleigh 

scattering along with the two principal inelastic Raman scattering events possible: 

Stokes Raman scattering is shifted longer in wavelength, whereas anti-Stokes is shifted 

shorter. Though comprising a tiny fraction of the scattered light, their energy shift 

carries away information about the lattice with which they interacted. 
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Figure 2.7: Energy level diagram showing the transitions that contribute to Raman scattering. 

The mechanism of these scattering events involves two photons. The electric field of the 

stimulating photon induces a dipole moment in the electron cloud of the material, the 

magnitude of which being determined by its polarisability.169 Through this perturbation 

the photon is absorbed, rationalised as the system moving to a virtual energy level, 

illustrated in Figure 2.7. This is “virtual” insofar as it is an ephemeral state used to 

describe the transition of the system from its initial to its final state. In this way, it is 

more of a mathematical convenience and not a stationary state or valid solution to the 

wave equation for the system. From this virtual excited state, the electron can relax, 

emitting the second, scattered photon. Only around one in one thousand photons are 

scattered at all, the vast majority of which are Rayleigh scattered. Inelastic scattering 

occurs for only around one in one million photons, where the perturbation drives or is 

driven by lattice vibrations.198 Referring to Figure 2.7, the energy loss associated with 

Stokes Raman scattering is accounted for by the creation of a phonon, the system being 

left in an excited vibrational state. Conversely, anti-Stokes Raman scattering occurs 
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when the system is already in an excited vibrational state, the phonon being absorbed, 

and its energy added to the emitted photon as the system relaxes to a ground state. The 

Raman shift of the scattered light, Δ𝜐̃, expressed in wavenumbers (cm-1) is given by the 

following expression: 

𝛥𝜐̃ =  
1

𝜆𝐿𝑎𝑠𝑒𝑟
 −

1

𝜆𝑆𝑐𝑎𝑡𝑡𝑒𝑟
 ( 31 ) 

Where 𝜆𝐿𝑎𝑠𝑒𝑟 is the wavelength of the incident light, and 𝜆𝑆𝑐𝑎𝑡𝑡𝑒𝑟  is the wavelength of 

the scattered light. Raman spectra are presented as intensity as a function of 𝛥𝜐̃, and 

much structural information can be extracted from the peak positions and their relative 

intensities. In the context of 2D nanomaterials, defects, strain, and interlayer coupling 

can also be observed,199 making it an extremely useful non-contact and minimally 

destructive technique. 

2.5.3 Energy Dispersive X-ray Spectroscopy 

 

EDX is a tremendously useful technique to reveal compositional information from 

samples in transmission and scanning electron microscopes. As seen in Figure 2.3, the 

electron beam generates a variety of X-ray emissions in the sample, the most prominent 

being continuum X-rays and characteristic X-rays.  
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Figure 2.8: Representation of an EDX spectrum, showing characteristic peak positions for a range 

of common elements. Peak positions from Thompson, A. et al.200 

Continuum X-rays are a consequence of incident electrons being slowed through 

interaction with the electric field of nuclei in the sample. It is often referred to as 

Bremsstrahlung, German for "braking radiation". When the “brakes” are applied, excess 

momentum is shed through the emission of a photon in the X-ray frequency range.201 

An electron can lose any amount of the momentum imparted to it by the microscope 

column and therefore these X-rays form a continuous, low-intensity spectrum with 

energies no higher than those corresponding to the acceleration voltage. This spectrum 
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has a soft peak in the low keV range, decaying exponentially from there, making up the 

orange background represented in Figure 2.8. 

While little to no useful information can be gathered from the continuum X-rays, a great 

deal can be from characteristic X-rays.202 A simplified model for their mechanism of 

emission is presented in Figure 2.9. An accelerated electron from the beam ionises an 

atom in the sample, kicking out a SE. The hole created is filled by an electron which 

relaxes from a higher energy level, releasing the excess energy as an X-ray photon. The 

energy levels in the atom are quantised and unique to different elements, meaning that 

by recording the energy and intensity of the X-rays emitted, the elemental composition 

of the sample can be revealed. The photons’ discrete energies lead to a spectrum of 

peaks corresponding to their associated element and transition. Peaks are assigned a 

designation consisting of their element’s symbol and letters indicating the final and 

initial shell of the relaxing electron.203 As seen in Figure 2.9, an electron relaxing from 

the L shell to K shell generates a Kα emission (quantum number 𝑛 = 2 to 𝑛 = 1); M 

shell to K shell generates a Kβ emission (quantum number 𝑛 = 3 to 𝑛 = 1); the M shell 

to L shell generates a Lα emission (quantum number 𝑛 = 3  to 𝑛 = 2); and so on. 

Allowed transitions within shells are also possible, though they are of low probability 

and energy, meaning they are usually neglected in EDX analysis. An electron 

microscope equipped with a typical Si-Li EDX detector becomes a powerful tool in 

compositional analysis, and SEM or STEM allows for elemental composition to be 

mapped on a per-pixel basis.204 While EDX measurements can be performed 

concurrently with imaging, some considerations need to be made, as the acceleration 

voltage needs to exceed that of the transitions being probed. Ideally, it would be not less 
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than 1.5 times the energy required so that a statistically significant count of the X-rays 

is recorded.205 For example, the Fe Kα emission is at 6.40 keV, meaning an acceleration 

voltage of around 10 kV should be used at a bare minimum, considerably higher than 

necessary for most SEM imaging and may lead to specimen damage. Emissions for 

inner shell transitions in heavier elements can only be probed in TEM at high potentials, 

often exceeding 100 kV.206  

 

Figure 2.9: Shell diagram describing the ejection of secondary electron and the release of a 

characteristic X-ray photon. 
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2.5.4 Electron Energy Loss Spectroscopy 

 

As the name suggests, EELS is a technique which records the energy lost by electrons 

to inelastic scattering after passing through the sample in TEM. Much like EDX, EELS 

can ascertain the elemental composition of a sample, but the nature of inelastic 

scattering events means that information regarding bonding, oxidation state and optical 

properties may also be gathered.207 An EEL spectrometer, located at the base of a TEM 

column as seen in Figure 2.4a, uses a magnetic prism to deflect incoming electrons, 

dispersing them according to their energy. 

 

Figure 2.10: Shell diagrams illustrating scattering of incident electrons. (a) elastically scattered 

(zero-loss), (b) inelastically scattered by core shell electron (high/core-loss), (c) inelastically 

scattered by valence shell electron (low-loss). 

Scattering events in EELS are broadly categorised as zero-loss (Figure 2.11a), core-loss 

(Figure 2.11b), and low-loss (Figure 2.11c). Zero-loss electrons may be non-scattered; 

minimally scattered inelastically through a phonon excitation; or scattered elastically 

through interaction with the atomic nucleus. The mass of the electron is miniscule 
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compared to the nucleus and as such the energy transfer between them is usually below 

the detection threshold.208 Core-loss electrons lose energy through single excitation of a 

core shell electron in the sample (Figure 2.11b) and are considered high-loss due to the 

relatively larger energy required to promote an inner shell electron to a higher energy 

level. Low-loss electrons arise from interactions with valence shell electrons in the 

sample (Figure 2.11c), being inelastically scattered through excitation of a plasmon. 

 

Figure 2.11: Representation of EEL spectrum, highlighting prominent features and indicating the 

low-loss and core-loss regions. 

EEL spectra are broken down according to three previously discussed scattering 

classifications. A facsimile of an EEL spectrum is included in Figure 2.11 with 

exaggerated features for ease of explanation. The zero-loss peak does not provide any 

spectroscopic information about the sample but does for the illumination system of the 

microscope. As the zero-loss peak is of nonzero width, it implies a distribution in the 

electron energies of the beam. In a well-tuned system, most sources of broadening are 
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minimised, so the width of the zero-loss peak indicates how monochromatic the electron 

source is. Using a cold-cathode FEG, a range of about 0.3 eV is typical, and the zero-

loss peak width gives an estimate of the resolution of the measurement.209 The zero-loss 

peak may also be used to estimate the local thickness of a sample. A natural log ratio is 

used to determine the thickness:210 

𝑡 = 𝜆𝑖𝑛 𝑙𝑛
𝐼𝑡

𝐼𝑧
  ( 32 ) 

Where 𝑡 is the local thickness of the sample, 𝜆𝑖𝑛  is the inelastic mean free path of the 

sample, 𝐼𝑡  is the integrated total intensity of the spectrum, and 𝐼𝑧  is the integrated 

intensity of the zero-loss peak. This expression is fairly intuitive, relating the total 

electron count to the count of those which have not been scattered. A value of 𝜆𝑖𝑛  needs 

to be obtained in order to find the absolute thickness of the sample, but without it, 
𝑡

𝜆𝑖𝑛
 at 

least indicates the relative thickness of different regions in the sample. 𝜆𝑖𝑛 can be 

determined experimentally using the following expression:211 

𝜆𝑖𝑛 ≈  
106𝐹

𝐸0

𝐸𝑚

𝑙𝑛 2𝛽
𝐸0

𝐸𝑚

 
( 33 ) 

Where 𝐸0 is the energy of the non-scattered electrons, 𝛽 is the collection semiangle for 

the measurement, 𝐸𝑚  is a mean energy loss term for the sample, and  𝐹 is relativistic 

correction factor. 𝐸𝑚  is related to atomic number Z as follows: 

𝐸𝑚 = 7.6𝑍0.36 
( 34 ) 
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The relativistic correction factor is given by: 

𝐹 = 
1 +

𝐸0

1022

1 + (
𝐸0

511)2
 

( 35 ) 

 

2.6 X-ray Diffraction 

X-ray diffraction (XRD) can be explained using the Bragg condition, named for W.H. 

Bragg and W.L. Bragg. This mathematical description, proposed in 1913, considers a 

solid crystal consisting of atomic planes, from which waves are scattered specularly. X-

rays have 𝜆 like that of atomic spacings, and thus an interference pattern emerges.  

 

Figure 2.12: Diagram of Bragg diffraction from atomic crystal planes. 
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Figure 2.12 illustrates two incoming rays of wavelength, 𝜆, being scattered such that 

they interfere constructively. This is maximised at a glancing angle, 𝜃, such that the 

path of the lower ray is extended by a whole number multiple of 𝜆.212 The crystal’s 

plane separation, 𝑑, is therefore determined by the Bragg equation: 

𝑛𝜆 = 2𝑑 𝑠𝑖𝑛 𝜃  
( 36 ) 

Where 𝑛 is the diffraction order. Under the Bragg condition, reflections from successive 

crystal planes must interfere constructively as is the case with the first-order (𝑛 = 1) 

reflections in Figure 2.12.  

An X-ray diffractometer relies on an X-ray source of known wavelength, often Cu Kα at 

1.54 Å or Mo Kα at 0.71 Å. For single crystal samples, the sample is rotated about a 

vertical axis as the diffractometer records the reflections over a range of angles. This 

produces a diffractogram of intensity vs. angle with sharp peaks corresponding to 

reflections from crystal planes (h, k, l) from which lattice parameters can be derived. 

Powder XRD is performed for granular samples, the random orientation of the grains 

negating the need to rotate the sample about a central axis to average out the possible 

crystal orientations.213 

2.7 Electrochemical Characterisation 

At its core, electrochemistry concerns the influence of voltage on chemical reactions. 

Typically, a potential difference is applied between two electrodes which are separated 

by an electrolyte. Electrons are able to flow externally between the electrodes, but 

cannot flow through the electrolyte, and therefore ions must serve as charge carriers to 

complete the circuit. In this way, electrochemical reactions differ from conventional 
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reactions as the electron transfer between species takes place via the external circuit and 

not as a direct exchange between atoms.214 

Electrochemical measurements therefore involve careful application and measurement 

of potential and/or current to a sample in an electrochemical cell. A simple two-

electrode cell (Figure 2.13a) presents issues for precise analytical electrochemistry. In a 

two-electrode system, the reference electrode (RE) and counter electrode (CE) are 

combined, that is, both the voltage and current of the working electrode are measured 

with respect to the counter electrode. This can lead to changes in reference potential due 

to the fluctuating current being simultaneously provided by the CE. This also results in 

only the total potential difference between the working electrode (WE) and RE/CE 

being measured. A three-electrode cell (Figure 2.13b) solves these problems by splitting 

the RE and CE to maintain a constant potential at the RE. This also enables simple 

analysis of the half-cell potential as the RE is of known potential.215 Potential is 

measured and/or applied between the WE and RE, and no appreciable current passes 

between them, with current being measured and/or applied between WE and CE. 
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Figure 2.13: Diagram of (a) a two-electrode electrochemical configuration and (b) a three-electrode 

electrochemical configuration. 

There are three primary analytical techniques used to measure the performance of 

supercapacitor electrodes. These are cyclic voltammetry (CV), galvanostatic 

charge/discharge (GCD) and electrochemical impedance spectroscopy (EIS).  

CV is a technique where the current of an electrochemical cell is measured in response 

to a linear change in the applied potential. The potential is swept at a chosen scan rate 

(usually given in mVs-1) until a potential limit is reached. The potential is then swept in 

reverse to another potential limit.216 This process repeats for as many cycles as needed 

for the measurement. Cyclic voltammograms (CVs) provide a great deal of useful 

information on the nature of supercapacitor electrodes. Materials which store charge 

solely through EDLC should appear approximately rectangular in CVs, with no clear 

redox peaks. Pseudocapacitive materials on the other hand often have very clear redox 

peaks corresponding to the faradaic processes on the electrode surface, ideally with little 
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to no potential separation between the oxidation and reduction peak.216,217 Ordinarily, 

diffusion and polarisation lead to a theoretical minimum peak-to-peak separation, 𝛥𝐸𝑝 ,  

which at 25° C is given by: 

𝛥𝐸𝑝 = 𝐸𝑝𝑎 − 𝐸𝑝𝑐  =
57 𝑚𝑉

𝑛
 ( 37 ) 

Where 𝐸𝑝𝑎 is the peak potential at the anode, 𝐸𝑝𝑐  is the peak potential at the cathode, 

and 𝑛  is the number of electrons transferred. However, as the redox processes in 

supercapacitors are surface-controlled, the theoretical minimum value of  𝛥𝐸𝑝  is 0 mV. 

GCD involves the application of a constant current to the electrode being studied until a 

potential limit is reached. When the limit is reached, an equal current is applied in 

reverse until the electrode has discharged to a lower potential limit.218 This process is 

repeated 𝑛𝑐 times. In this way it can be used to determine the cycling behaviour of a 

capacitor and as a secondary means of calculating the capacitance. The voltage drop 

𝑉𝑑𝑟𝑜𝑝  when the current is switched in GCD is often used to calculate the equivalent 

series resistance (ESR), of supercapacitor electrodes, or supercapacitors themselves. 

ESR, denoted 𝑅𝐸𝑆, is given by the following expression:217 

𝑅𝐸𝑆 =
𝑉𝑑𝑟𝑜𝑝

2𝐼𝐺𝐶𝐷
 ( 38 ) 

Where IGCD is the applied current in the GCD measurement. This is due to the current 

switching from +IGCD to −IGCD for a net change of 2IGCD. GCD measurements on the 

BioLogic potentiostat used in this work are referred to as galvanostatic cycling with 

potential limitation (GCPL). 
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EIS is a powerful, if somewhat arcane technique to probe the dynamics of 

electrochemical systems.219 Measurements involve applying a small AC voltage (around 

5 mV) to the device and measuring the current response. The AC signal is swept over a 

range of frequencies and the response is analysed to determine the impedance of the 

device. EIS is particularly relevant to supercapacitor research, as it can provide valuable 

information about the performance and behaviour of these devices, including the 

internal resistance, charge transfer resistance and capacitance. It can also be used to 

study the electrochemical processes that occur within the device, such as the charge 

transfer between the electrodes and the electrolyte. There are two commonly used plots 

that are used to visualise EIS: Bode plots and Nyquist plots. They each provide different 

information about the behaviour of the device. Both EDLC and pseudocapacitance can 

be probed using EIS and can be visualised in a Nyquist plot, which is a graphical 

representation of the impedance data obtained in EIS. In a Nyquist plot, the imaginary 

component of the impedance (Z′′) is plotted on the y-axis, and the real component of the 

impedance (Z′) is plotted on the x-axis. EDLC appears as a straight line on the Nyquist 

plot, while pseudocapacitance is curved. Another useful graphing technique in EIS is 

the Bode plot. Bode plots are a logarithmic and are used to represent the magnitude and 

phase of the impedance as a function of frequency. The magnitude of the impedance is 

plotted on the y-axis, and the frequency is plotted on the x-axis. Bode plots provide 

insight into the frequency dependence of the impedance and identify resonance 

frequencies in the device, they are also more intuitive than the physically abstract real 

and imaginary impedance components in a Nyquist plot. 
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2.7.1 Capacitance Measurements in Two- and Three-Electrode Systems 

 

The total capacitance, 𝐶 , for a supercapacitor is given by an equivalent circuit of 

individual capacitors with capacitance corresponding to the anode capacitance 𝐶𝑎 and 

cathode capacitance 𝐶𝑐:220 

1

𝐶
=

1

𝐶𝑎
+

1

𝐶𝑐
 ( 39 ) 

Measuring the intrinsic performance of a material is made simpler by using a three-

electrode or half-cell measurement. By decoupling the counter electrode, nonidealities 

such as mismatched capacitance on either side of the cell can be avoided, greatly 

simplifying experimental design and analysis. A common figure of merit used to 

describe supercapacitors is the specific capacitance, expressed as either areal (per unit 

area, 𝐶𝐴), gravimetric (per unit mass, 𝐶𝑚) or volumetric (per unit volume, 𝐶𝑣). To obtain 

the specific capacitance (𝐶𝑆) from a CV measurement, the following general expression 

is used:63 

𝐶𝑆 =
𝑄

2𝑆𝑉𝜐
 ( 40 ) 

𝐶𝑆 =
1

2𝑆𝑉𝜐
∫ 𝐼(𝑉)𝑑𝑉

𝑉+

𝑉−
 

( 41 ) 

Where 𝑆 is either the active area, mass, or volume of the device, 𝐴, 𝑚, or 𝑣; 𝜐 is the 

scan rate; and 𝑉−, 𝑉+are the lower and upper limits of the potential sweep, respectively. 

From GCD, the areal capacitance is obtained via the equation below: 

𝐶𝑆 =
𝐼

𝑆
𝑑𝑉
𝑑𝑡

 ( 42 ) 
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Where 𝐼 is the discharge current, 𝑉 is the potential during discharge after the resistive 

drop and 𝑡 is the discharge time. Thus, 
𝑑𝑉

𝑑𝑡
 is the slope of the curve under discharge.  

Unlike a three-electrode measurement setup, a two-electrode or “full-cell” setup is 

interpreted as two capacitors connected in series. Assuming a symmetrical 

supercapacitor, we use equation ( 39 ), but where the values of 𝐶𝑎 and 𝐶𝑐 are equal: 

1

𝐶(𝑑𝑒𝑣𝑖𝑐𝑒)
=

2

𝐶(𝑒)
 ( 43 ) 

thus: 

𝐶(𝑒) = 2𝐶(𝑑𝑒𝑣𝑖𝑐𝑒) 
( 44 ) 

Where 𝐶(𝑒)  is the capacitance of one of the equal electrodes, and 𝐶(𝑑𝑒𝑣𝑖𝑐𝑒)  is the 

capacitance of the symmetrical device. To compare measurements obtained in either 

two-electrode or three-electrode configurations, we normalise the measurements to a 

single electrode measured in a three-electrode configuration by using a factor, 𝑁:221 

𝐶(𝑒)

𝑁
=

2𝐶(𝑑𝑒𝑣𝑖𝑐𝑒)

𝑁
 ( 45 ) 

To obtain a comparable 𝐶𝑆  from a two-electrode measurement of a device, a further 

correction factor is applied to adjust the combined area, mass, or volume of the two 

electrodes to that of a theoretical single electrode.222,223 For a symmetrical 

supercapacitor, the total area, mass, or volume is twice that of the individual electrodes, 

such that the normalisation factor for the theoretical electrode, 𝑁(𝒆), is given by: 

2𝑁(𝑒) = 𝑁(𝑑𝑒𝑣𝑖𝑐𝑒) 
( 46 ) 
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For specific capacitance, equation ( 45 ) then becomes:224 

𝐶𝑆(𝑒)

2𝑁(𝑒)
=

2𝐶𝑆(𝑑𝑒𝑣𝑖𝑐𝑒)

𝑁(𝑑𝑒𝑣𝑖𝑐𝑒)
 ( 47 ) 

𝐶𝑆(𝒆)

𝑁(𝒆)
 is definitionally the normalised specific capacitance of the electrode, denoted 𝐶𝑆𝑁 , 

and similarly 
𝐶𝑆(𝑑𝑒𝑣𝑖𝑐𝑒)

𝑁(𝑑𝑒𝑣𝑖𝑐𝑒)
 is the normalised specific capacitance of the device 𝐶𝑆𝑵(𝑑𝑒𝑣𝑖𝑐𝑒). 

We then obtain the following expression for 𝐶𝑆𝑁  for symmetric supercapacitors, 

allowing more direct comparison between two- and three-electrode measurements: 

𝐶𝑆𝑁 = 4𝐶𝑆𝑁(𝑑𝑒𝑣𝑖𝑐𝑒) 
( 48 ) 
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2.8 Four-Point Probe Measurements 

The electrical resistance or conductivity of a material may be found using the four-wire, 

four-point, or Kelvin sensing technique. Named for William Thomson, Lord Kelvin 

who pioneered four-point measurements in 1861 in order to measure low resistance 

samples.225 Often used to measure 𝑅𝑠 in thin-film materials, this technique is desirable 

as it avoids any contribution from contact resistance by having independent sources of 

potential and current. Figure 2.14 shows the circuit and configuration of a four-point 

probe. The current, 𝐼, is supplied through the “force” connections 1 and 4 while the 

voltage, 𝑉, and voltage sense are supplied through connections 2 and 3. Provided that 

the voltmeter has sufficiently high resistance, the current flowing through that circuit 

will be negligible, thereby resulting in a negligible voltage drop through the wires and 

contacts. This allows for accurate determination of the sample’s resistance. 

 

Figure 2.14: Schematic representation of a four-point probe measurement with probes 1, 2, 3 and 4. 



Chapter 2: Deposition and Characterisation Techniques 

 

Dahnan Spurling – December 2022   67 

 

The resistance for the central region of area, 𝐴, is given by the equation below:226 

𝑅 =
𝜌𝐿

𝐴
=

𝜌𝐿

𝑡𝑊
 ( 49 ) 

Where 𝑅 is the bulk resistance, 𝜌 is the resistivity, 𝐿 is the length, 𝑊 is the width, and 𝑡 

is the thickness of the region between electrodes 2 and 3. For conductive films, 𝑡 is 

often unknown and so the sheet resistance, 𝑅𝑠, is the only parameter that can be directly 

determined from a resistance measurement, where: 

𝑅𝑠 =
𝜌

𝑡
 ( 50 ) 

𝑅𝑠 is given in units of Ω/□ (ohm per square) to avoid confusion with bulk resistance in 

Ω. Subbing 𝑅𝑠 into equation ( 49 ) we obtain: 

𝑅 =
𝑅𝑠𝐿

𝑊
 ( 51 ) 

The value of 𝑅 can be calculated from the reciprocal slope of an 𝐼𝑉 curve and used to 

find a value of 𝑅𝑠 for a given film. Of course, should the dimensions of the sample be 

fully known, the conductivity, σ can be determined from the reciprocal of 𝜌. 
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3 MXENE SYNTHESIS AND 

CHARACTERISATION 

Given that this thesis and most of my other work is centred around Ti3C2Tx, the 

characteristics of the synthesised material are of paramount importance. This chapter 

details the synthesis and ink preparation that underpins all other experiments, as well as 

a simple, single-step method for improving MXene yield and conductivity through 

freeze-thaw delamination. 

3.1 Ti3C2Tx ‘MILD’ Synthesis and Size Selection 

The desire for a less hazardous etchant for Ti3AlC2 led to the use of the ‘MILD’ 

synthesis route.34,38 Initially, 6M HCl and a 5:1 molar ratio of LiF to Ti3AlC2 was used, 

equivalent to 0.67:1 (m/m) of LiF to Ti3AlC2. It was later found that increasing the HCl 

concentration to 9M and using a > 7.5:1 molar ratio of LiF to Ti3AlC2 resulted in fewer 

defects and higher conductivity.37 In current literature, the prevailing MILD synthesis 

protocol uses a 12:1 molar ratio of LiF to Ti3AlC2, or 1.6 g LiF to 1 g Ti3AlC2. This has 

benefits in terms of yield, flake size and conductivity.39 

First a note on safety. While creating on the order of 5% HF in situ with LiF and HCl is 

preferable to more concentrated HF etchants, care still must be taken to minimise risk. 

Calcium gluconate gel and HEXAFLUORINE® eyewash need to be on hand in the 



Chapter 3: MXene Synthesis and Characterisation 

 

Dahnan Spurling – December 2022   69 

 

event of exposure, and that exposure must be avoided in the first place. While some 

would recommend heavy neoprene gloves even when working with low-concentration 

in situ HF, I personally find the loss in dexterity when handling small items like 

centrifuge tubes to outweigh their added protection. Nitrile gloves are sufficient for 

splash contact with up to 30% HF,227 as long as they cover the wrists and are worn with 

a face shield and lab coat, they constitute perfectly acceptable PPE.  

 

Figure 3.1: Sediments and indicated pH of supernatant during washing. The pH shown on the 

indicator sticks should be considered only a rough guide as to the completeness of the washing. (a) 

After first wash. (b) After sixth wash.  

The etching procedure is relatively straightforward, but there are certain steps where 

attention should be paid to avoid problems with the final material. For example, the 

addition of Ti3AlC2 to the etchant needs to be done slowly, to avoid excessive bubbling 

and overheating which can be an issue for the health of material and scientist both. The 

heating for the reaction should also remain off until all of the MAX phase is added. A 

note on heating: the choice of 35°C for the etching procedure may seem arbitrary, and 

that’s because it is. In reality, the reaction can be done quite successfully at room 

temperature,39 though choosing to heat to a temperature slightly in excess of this 
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isolates the synthesis from any seasonal variations in the ambient temperature, helping 

to keep batches consistent year-round. 

Once the etching is complete, the wash should be started immediately. Using a large 

volume of water in every wash will reduce the number of washes required, saving time. 

After each wash, it is important to ensure that the supernatant is discarded into a waste 

container designated for HF-containing liquids. As the pH of the supernatant increases 

with each wash, small amounts of MXene will begin to be dispersed, lending it a 

greenish colour. The sediments will also be seen to start to swell and change in sheen, 

slowly becoming a uniform, glossy black colour. Swelling is evident in Figure 3.1, the 

sediments having cleary increased in volume comaring the first (Figure 3.1a) and sixth 

(Figure 3.1b) washes. As water infiltrates the layers in the sediments they expand, but 

also become more difficult to redisperse for the final washes. Large chunks can remain 

if they aren’t mixed sufficiently, and this will likely impact the effectiveness of the 

washing procedure. 

 

Figure 3.2: Size distributions of flakes removed from final inks. (a) Size distribution of sediments, 

comprised of large, multilayer flakes. (b) Size distribution of small flakes which remain in 

supernatant after 1 hour at 5000 rpm. 
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When the pH of the supernatant has reached 6.5, the sediments are redispersed and 

centrifuged relatively slowly (1500 rpm) to sediment any partially etched multilayer 

MXene or remaining MAX phase. A size distribution of these particles can be seen in 

Figure 3.2a. The mean diameter of these nanosheets is 3.58 ± 2.37 µm. The supernatant 

now contains only etched mono- and few-layer MXene. The final 5000 rpm 

centrifugation’s purpose is twofold, firstly, it is a facile way to concentrate the dilute 

supernatant into a slurry which can be redispersed to whatever concentration is desired, 

but it also leaves the smallest flakes in the supernatant, which negatively impact the 

conductivity of the final MXene.228 These flakes have an average diameter of 1.25 ± 

0.63 µm as seen in Figure 3.2b and a much narrower distribution than the large, 

multilayer flakes. The wet, clay-like sediments from the final centrifugation may be 

diluted or used as is for applications such as extrusion printing.229 
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3.2 Physical Characterisation of As-Synthesised Ti3C2Tx  

As seen in Figure 3.3a, the final ink when diluted is of a strong green colour, and shows 

strong Tyndall scattering, a hallmark of colloidal suspensions.36 In contrast, filtered 

films of the material have a pronounced purple hue and metallic sheen (Figure 3.3b).230  

 

Figure 3.3: Ti3C2Tx dispersion and film morphology. (a) Scattering of laser light showing Tyndall 

effect in dilute dispersion; (b) photograph of typical Ti3C2Tx filtered film showing metallic, purple 

lustre; and (c) SEM micrograph using SE detector of filtered film cross-section, showing well-

aligned flakes. 

In cross-section, the internal structure of the Ti3C2Tx films are fairly well-aligned, and 

the edges of individual flakes are easily visible, as in the SEM image in Figure 3.3b. 

This is in stark contrast to the bulky, layered crystals of its precursor Ti3AlC2 MAX 

phase.231 Further evidence of the successful delamination of MXene nanosheets appears 

in the X-ray diffractograms of Ti3AlC2 and Ti3C2Tx in Figure 3.4a and b, respectively. 

XRD gives one of the clearest pictures of the structural changes going from MAX phase 

to MXene. In Figure 3.4a, the MAX phase possesses all of the reflections expected for 

its p63/mmc space group and the inset shows that it has a (002) peak position at 2𝜃 =

9.493°.230 This corresponds to a c-lattice parameter of 18.6 Å, which is characteristic of 
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Ti3AlC2.232–234 In contrast, the diffractogram in Figure 3.4b for the filtered Ti3C2Tx film 

comprises only (00l) reflections, and the peaks themselves are noticeably broadened. 

 

Figure 3.4: Crystallographic and spectroscopic measurements of the MXene and its parent MAX 

phase. (a) X-ray diffractogram for Ti3AlC2 MAX phase with prominent reflections indexed, inset is 

detail view of the (002) peak position. (b) X-ray diffractogram for Ti3C2Tx MXene with prominent 

reflections indexed, inset is detail view of the (002) peak position. (c) Raman spectrum of Ti3C2Tx 

film showing characteristic bands. (d) UV-Vis spectrum of Ti3C2Tx dispersion with LSPR band 

between 700-800 nm. 

Unlike the parent MAX phase there are no visible a-lattice reflections as well-aligned 

films prepared from properly delaminated MXene should only show (00l) peaks. 
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Furthermore, the (002) reflection is significantly shifted to 2𝜃 = 7.064°. It should be 

noted that the indexing convention for MXenes is different to that of other 2D materials. 

Normally, (00l) reflections would be designated (001), (002), (003), and so on because 

the sample contains 2D sheets with identical layers, and one sheet per unit cell.235 In this 

way, the c-lattice parameter corresponds to the d-spacing. It has become the norm in 

MXene research to refer to these reflections instead as (002), (004), (006), and so on, 

due to the parent MAX phase having two layers per unit cell.230 This is to allow for 

more direct comparison with diffractograms of MAX phases, despite not being 

technically “correct” in terms of crystallography. Due to this convention, the c-lattice 

parameter obtained from the (002) peak for Ti3C2Tx must be halved to find the d-

spacing between the individual layers. In our case, the d-spacing for the filtered Ti3C2Tx 

film is 12.5 Å (Figure 3.4b). The interlayer spacing (occupied by intercalated water and 

ions) can then be determined by subtracting the d-spacing obtained for dry, multilayer 

Ti3C2Tx obtained from HF etching, 9.4 Å.230 This gives us an interlayer spacing of 3.1 

Å, corresponding to approximately 1.1 layers of water. Raman spectroscopy (Figure 

3.4c) for the as-synthesised Ti3C2Tx is also typical, with expected bands at 210, 380, 

580 and 630 cm-1 from the in-plane and out-of-plane vibrations of the Tx surface 

groups.236 UV-Vis spectroscopy in Figure 3.4d shows the characteristic absorption peak 

of Ti3C2Tx at ~780 nm. This corresponds to a LSPR in the MXene sheets and is 

responsible for the green colour of dilute solutions and reflective purple colour of the 

dry material.237–240 
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Figure 3.5: Micrographs and X-ray spectra of Ti3C2Tx flakes. (a) ESB SEM micrograph of flake on 

lacey carbon at 1.5 kV. (b) EDX spectrum of MXene film obtained at 10 kV, showing typical 

elemental composition and removal of Al from the parent MAX phase. (c) SEM image of MXene 

flake with Ti-Kα and O-Kα EDX maps. (d) HRTEM of Ti3C2Tx flake, highlighting excellent 

crystallinity and absence of defects. 

Electron microscopy and its associated spectroscopic techniques can also give good 

insight into the properties of the synthesised MXene. Figure 3.5a shows an SEM 

micrograph of an isolated Ti3C2Tx flake, the ESB detector being used to gain high 

contrast from the thinner but higher atomic weight MXene compared to the supporting 

lacey carbon. No prominent defects can be seen, or signs of oxidation at the edges. The 

EDX spectrum in Figure 3.5b gives a qualitative description of the surface chemistry of 
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the MXene. As can be seen, in addition to the Ti and C peaks associated with the 

titanium carbide centre of the flakes, there are also prominent O, F and even Cl peaks. 

While it is usually only reported that the Tx terminations consist of O, OH, and F,37 it is 

intuitive that in the MILD etching process some Cl functionalisation would occur due to 

the high concentration of HCl. The absence of any appreciable peaks from common 

cations implies that this is more than likely not as a result of contamination or 

incomplete washing. Furthermore, the absence of any Al peaks in the EDX spectrum 

indicates successful etching, that is, complete removal of the “A” MAX phase layer. 

Figure 3.5c shows an SEM image of a MXene flake, with inset EDX map of Ti-Kα and 

O-Kα emissions. This serves to confirm the identity of the MXene synthesised and 

indicates no large concentrations of oxygen which may arise from degradation. HRTEM 

of a Ti3C2Tx nanosheet shows close to atomic resolution, with the lines attributable to 

the a-lattice fringes of Ti3C2Tx. The fringes are separated by ~2.5 Å, as expected for the 

Ti3C2Tx a-lattice parameter.241 
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3.3 Freeze-Thaw Assisted Delamination for Improved Yield and 

Conductivity  

The loss of lab and equipment access on account of Coronavirus lockdowns and 

working restrictions was, to put it mildly, quite bad overall. Not all bad though. Quite 

serendipitously, I stumbled upon a very simple technique to improve the yield of 

MILD-etched Ti3C2Tx. When the university finally reopened after the most restrictive 

early lockdowns, we were limited to morning or afternoon shifts which alternated 

weekly. To make matters worse, we were limited to two occupants per lab. The effect of 

this in aggregate was a period in which both the number of shifts and the length of each 

shift was cut much shorter than I was accustomed to. Ordinarily, I would start a Ti3AlC2 

etch in the morning, and begin the washing process at the same time the following day. 

It would then take on the order of 12 hours in total to prepare the final ink and start the 

vacuum filtration to determine its concentration. In this way, two days after beginning 

the etching process I would have a usable Ti3C2Tx ink of known concentration. This, 

under the new regimen, was no longer possible.  

With time constraints to work around, the best I could do was to halt the washing 

procedure once the pH had reached around 6 – 6.5, purge the centrifuge tubes 

containing the sediments with nitrogen, seal them, and place them in the fridge 

overnight. The real change came when the only slots available meant that the washing 

and ink preparation had to be stopped over a weekend. In the hopes of avoiding any 

degradation due to the trace amounts of etchant left in the almost pH-neutral sediments, 

I stored them in the freezer at -20°C for three days. The yield of that batch was 

improved noticeably, and subsequent batches confirmed this behaviour. 
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Disappointingly, this freeze-thaw assisted was not entirely new, but new to me, though 

previous attempts (published mere weeks after my revelation) using Ti3C2Tx have 

involved ultrasonication steps,242 a method I avoid so as to preserve the large flakes, 

which are associated with higher conductivity.228 

 

Figure 3.6: Yield from freeze-thaw assisted delamination. (a) Relative increase in yield for MX-F vs. 

MX-N, averaged over three batches. (b) Estimated overall yield for MX-N and MX-F batches, 

including further delamination from MX-N sediments to obtain MX-PNF ink. 

When the yield of three batches was analysed, the freeze-thaw assisted delamination 

(FAD) showed an average increase of 42 ± 6%. This can be seen in Figure 3.6a, where 

FAD MXene (MX-F) is compared to batches which were refrigerated instead of frozen 

overnight (MX-N). This exceeds the previously reported increase for a single stage of 

freezing, at around 30%.242 It should be noted however that their approach differs 

slightly in that they freeze a dilute dispersion of material as opposed to my freezing of 

the concentrated sediments. In Figure 3.6b, a batch was analysed to verify the effect of 

freezing delaminating additional multilayer material. Material was prepared from the 

size selected sediments of an MX-N batch by freezing overnight as before (MX-PNF). 

In this way, MX-PNF should be more or less only the flakes delaminated by FAD. 
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Overall yield of Ti3C2Tx for MX-N and MX-PNF (30%) together slightly exceed that of 

MX-F (28%), though the additional agitation in preparing the final MX-PNF ink will 

also contribute to the yield. A figure of < 20%243,244 yield is often quoted for MILD-

etched MXene, though this has also been described as inaccurate by other authors,245 

and, for example, MILD-etched MXene with a microwave assisted delamination 

process achieved only 10% yield.246 It should be noted that the yields presented in this 

chapter are estimated based on the ratio of the mass of delaminated MXene to the 

theoretical mass of Ti3C2O2 which could be obtained from the initial mass of Ti3AlC2 

MAX phase. This marks another deviation from the previously reported free-thaw 

delamination,242 where the yield was estimated based on the ratio of the mass of 

delaminated MXene to the mass of MXene obtained after both etching and washing. 

That study reaches a yield of ~20% after one freeze/thaw step, and a maximum of ~40% 

after four steps. Given that material will be lost to etching, which, though “selective”, 

cannot leave the Ti3C2 layers untouched, as well as lost during washing, it stands to 

reason that this will give an inflated yield compared to one calculated from the 

theoretical maximum. Additionally, while it would not be unreasonable to define a yield 

for the delamination process itself, in the context of MILD-etched MXene, where the 

intercalation and delamination processes unavoidably begin during etching and 

washing, I think it becomes somewhat disingenuous. Another study, using HF etching 

and hydrothermal delamination245 defines their yield based on the mass of multilayer 

MXene obtained after etching and washing, and their delamination process achieves a 

yield of 74%, though this comes at the expense of conductivity, at only 405 S cm-1. 

With all of this in mind, it becomes clear that the current literature on MXene yields is 

lacking in consistency, making it frustratingly difficult to draw direct comparisons 
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between different methods. Furthermore, there is simply a lack of literature overall. The 

nature of lab-scale production clearly disincentivises paying attention to the yield of the 

processes employed, though if MXenes are to ever become commercially viable, yields 

will certainly be of paramount concern. 

Given that the MX-F and MX-PNF should contain flakes that were too large and/or 

thick to make it into the final MX-N ink, there may be appreciable differences in the 

size distributions of the dispersions. Figure 3.7 shows size distributions of 200 flake 

counts and some of the SEM micrographs from which they were obtained for each of 

MX-N (a, b), MX-F (c, d), and MX-PNF (e, f). The average diameter of MX-N flakes 

was determined to be 1.86 ± 0.93 µm, while increases were observed in both MX-F 

(1.99 ± 0.89 µm) and MX-PNF (2.16 ± 1.16 µm). This is good to see, especially given 

that these dispersions go through the same size selection process as MX-N, which will 

remove excessively large flakes. Visually, the distributions of both MX-F and especially 

MX-PNF diameters are much tighter than that of MX-N and imply more monodisperse 

inks. 
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Figure 3.7: Size distributions and SEM micrographs of MX-N, MX-F and MX-PNF flakes. (a) Size 

distribution of MX-N flakes obtained from 200 counts, (b) ESB SEM micrographs of the regions 

measured. (c) Size distribution of MX-F flakes obtained from 200 counts, (d) ESB SEM 

micrographs of the regions measured. (e) Size distribution of MX-PNF flakes obtained from 200 

counts, (f) ESB SEM micrographs of the regions measured. 
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Further differences between the MX-N, MX-F and MX-PNF inks are found when 

comparing filtered films prepared from them. Figure 3.8a shows the XRD of each film, 

with a clear shift in the (002) peak position for both MX-F and MX-PNF. The (002) 

reflection for MX-N appears at 2𝜃 = 7.083° , while MX-F is shifted down to 2𝜃 =

6.947° . This gives a slight increase in d-spacing from 12.47 to 12.71 Å for MX-F, 

increasing the interlayer spacing by 0.24 Å or just over 7%. 

 

Figure 3.8: Crystallography and conductivity of MX-N, MX-F and MX-PNF films. (a) X-ray 

diffractograms of (002) reflections for each of MX-N, MX-F and MX-PNF, highlighting the 

increased d-spacing achieved using freeze-thaw assisted delamination. (b) Mean conductivity of 

MX-N, MX-F and MX-PNF films. 

Figure 3.8b shows the DC conductivity for MX-N, MX-F and MX-PNF films. The DC 

conductivity, as expected, increases with the larger flakes present in the MX-F and MX-

PNF inks to a maximum of 3345.5 ± 83.8 S cm-1. This is middle-of-the road for Ti3C2Tx 

films, however they were not subject to any of the post-synthetic treatments such as 

annealing in vacuum which can greatly improve conductivity though removal of 

intercalated water and formation of bonding between nanosheets.39 Vacuum filtration is 

also known to be suboptimal for peak conductivity due to imperfect alignment of 
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nanosheets.48 Finally, it is known that DC conductivity in MXene films has an inverse 

thickness dependence, and the filtered films presented in this chapter are between 14 

and 15 µm thick. For example, freeze-thaw delaminated films dropped in DC 

conductivity nearly linearly from 10000 to 6000 S cm-1 when comparing 3 µm films to 

8.5 µm films.242 The highest reported value to date for MILD-etched Ti3C2Tx is 15000 S 

cm-1, this being obtained with highly aligned, blade cast films, annealed at 200° C and 

with a thickness of 214 nm.48 As with the aforementioned freeze-thaw delaminated 

films,242 these films also saw a precipitous drop in conductivity with increasing 

thickness, to around 10000 S cm-1 at a thickness of 2.4 µm. Taking these factors into 

consideration, the conductivity improvements measured for MX-F and MX-PNF should 

be considered indicative of a relative improvement compared to conventionally obtained 

MILD-etched MXene but should not be taken as absolute values to be compared 

without context.  

3.4 Conclusions 

To summarise the Chapter, high quality Ti3C2Tx was synthesised from its precursor 

MAX phase, Ti3AlC2. The material was etched using a derivative of the MILD 

synthesis protocol, relying on the joint etching and intercalating properties of LiF in the 

presence of HCl. Dispersions and films of the final MXene were characterised using a 

variety of imaging, spectroscopy and crystallography measurements, and exhibit 

features typical of properly etched, high quality Ti3C2Tx. 

The yield of the MILD synthesis was improved dramatically by a simple, single step 

freeze-thaw assisted delamination, increasing the mass of MXene flakes obtained by 42 
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± 6%. The average diameter and conductivity of freeze-thaw delaminated Ti3C2Tx 

nanosheets was found to improve significantly versus the conventionally delaminated 

material. 

While not used in the subsequent chapters for consistency’s sake, it is my hope that the 

yields of our future MXene will be improved using this facile method, and that it may 

be leveraged for other MAX phases which are often more difficult to delaminate. 

3.5 Experimental Methods 

3.5.1 Preparation of Ti3C2Tx Ink 

 

Ti3C2Tx was synthesized from its parent MAX phase through a variation of the 

minimally intensive layer delamination (MILD) method.34,38 In a vented 40ml PTFE 

vessel, deionised water (15 ml) was added, followed by drop-wise addition of 

concentrated hydrochloric acid (45 ml, Sigma). To the resultant 9M HCl, LiF powder 

(4.8g, Sigma) was added, and the vessel was then placed in a mineral oil bath with 

stirring at 400 rpm using a magnetic PTFE stirrer bar for 10 minutes to fully dissolve 

the LiF and allow the temperature to stabilise. Ti3AlC2 MAX phase powder (3 g, 

Carbon-Ukraine ltd.) was then added in small additions to the vessel over a period of 30 

minutes to avoid overheating of the solution. The solution was then left stirring at 400 

rpm at 35°C for 24 hours to obtain the etched, multilayer Ti3C2Tx MXene.  

To wash the etchant, the contents of the vessel were transferred evenly into eight 50 ml 

centrifuge tubes and diluted to a total of 40 ml each with deionised water. The 

dispersion was then sedimented via centrifugation at 5000 rpm using a Thermo 
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Scientific Heraeus Multifuge X1 for 5 minutes, discarding the supernatant and repeating 

several times, until the pH of the supernatant had reached at least 6.5. To delaminate the 

washed multilayer MXene, the tube was sealed tightly and shaken vigorously by hand 

and vortex mixing for 30 minutes. The dispersion was then centrifuged at 1500 rpm for 

30 minutes to sediment any multi-layer MXene or unreacted MAX phase. The 

supernatant containing delaminated MXene flakes was then collected. This dispersion 

was then centrifuged at 5000 rpm for 1 hour to sediment the delaminated MXene which 

was then redispersed to a concentration of approximately 30 mg/ml. Prepared inks were 

stored in 5 ml glass vials which were purged with nitrogen and filled completely with 

ink before sealing to avoid trapped oxygen. This is the procedure used to prepare and 

store MX-N and any other Ti3C2Tx used in this Thesis unless otherwise stated. 

3.5.2 Determining the Concentration of Ti3C2Tx Dispersions 

 

To accurately determine the concentration of the MXene dispersions, 100 μl was 

transferred to a small glass vial and diluted with a 1:1 (v/v) ratio of deionised water and 

absolute ethanol (Fisher) before being filtered using a pre-weighed 0.25 μm pore 

nitrocellulose filter membrane (Millipore VSWP) and vacuum filtration flask. The vial 

and sides of the funnel were washed down with additional 1:1 deionised water and 

absolute ethanol. Once the filtration was complete the membrane and MXene filtride 

were dried overnight in a vacuum desiccator and then weighed to obtain the 

concentration. 
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3.5.3 Freeze-Thaw Assisted Delamination of Ti3C2Tx  

 

The preparation of FAD MXene, denoted MX-F is identical to MX-N above until the 

end of the washing steps. Instead of proceeding with the 1500 rpm centrifuge to 

sediment multilayer material, the sediments from the final wash were purged with 

nitrogen and sealed before placing in a freezer at -20°C overnight. The sediments were 

then allowed to thaw at ambient temperature before redispersing in 40 ml deionised 

water per centrifuge tube as before. The size selection and final ink preparation steps 

were then the same as for MX-N.  

MX-PNF was prepared using the sediments removed during the 1500 rpm centrifuge 

step for MX-N. They were purged and sealed as with MX-F above and then frozen and 

treated identically as before. In this way, the resultant MX-PNF flakes should consist 

only of flakes which were not successfully delaminated by normal means.  

3.5.4 Electron Microscopy 

 

Characterisation with SEM was performed using a Zeiss Ultra Plus (Carl Zeiss) 

microscope fitted with a Gemini column, SE detector and ESB detector. The typical 

acceleration voltage used was 1.5 kV. EDX spectra were acquired using the EDAX 

detector at an acceleration voltage of 10 kV.  

The delaminated MXene flakes were imaged by TEM (FEI Titan) at 300 kV. 

Dispersions were diluted to 5 µg ml-1 and drop cast on lacey carbon copper grids (Pelco, 

USA). EDX mapping was performed using the EDAX detector of the TEM and 

superimposed on HAADF images. 
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3.5.5 Size Distributions 

 

In all cases, dispersions were diluted to a concentration of roughly 5 µg ml-1 and drop 

cast on lacey carbon TEM grids (Ted Pella). A Zeiss Ultra SEM at 1.5 kV was used to 

image the grids using the energy selective backscattering (ESB) detector with a 

retarding voltage of 975 V to enhance contrast between thin Ti3C2Tx flakes and the ~ 30 

nm thick lacey carbon. The area of 200 flakes were calculated using ImageJ and the 

dimensions, 𝐷, estimated as the diameter of a circle with equivalent area such that: 

𝐷 = 2√
𝐴

𝜋
   ( 52 ) 

Where 𝐴 is the area of each flake. Uncertainty given as the standard deviation of the 

200 measurements. 

3.5.6 X-ray Diffraction Measurements 

 

Filtered films of MX-N, MX-F and MX-PNF were characterized with XRD, using a 

Bruker D8 Discovery X-ray Diffractometer in θ/2θ configuration, in the range of 3−75 

°, at 2° min−1. D-spacing was calculated from the Ti3C2Tx (002) reflection according to 

the formula for Bragg’s law, Equation ( 36 ). 

3.5.7 Optical Spectroscopy 

 

UV-Vis extinction spectra were obtained for dilute (10 µg ml -1) Ti3C2Tx dispersions 

using a spectrophotometer (Biochrom Libra), scanning from 900 to 300 nm. 
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Raman spectra for Ti3C2Tx filtered films were acquired using a WITec Alpha 300R with 

a 633 nm He-Ne laser source and 1800 lines/mm grating. 

3.5.8 Four-point Conductivity Measurements 

 

Filtered films of MX-N, MX-F and MX-PNF were tested using the four-point method to 

negate contributions from contact resistance by having independent sources of potential 

and current. An Ossila four-point measurement station was used. For each film, 25 

measurements were acquired to obtain a mean conductivity value and standard 

deviation. The thickness of each film was determined from the average of five digital 

micrometer (Mitutoyo) measurements. 

3.6 Acknowledgements 

I would like to thank Ahin Roy for the HRTEM image shown in this chapter. 

 

 



Chapter 4: Aerosol Jet Printed 3D MXene Structures 

 

Dahnan Spurling – December 2022   89 

 

4 AEROSOL JET PRINTED 3D 

MXENE STRUCTURES 

This Chapter concerns a demonstration of the capabilities of aerosol jet printing in the 

context of microengineering and microelectronics. Binder-free, aqueous MXene inks 

are printed in a wide array of 3D geometries and high areal capacitance Ti3C2Tx 

microsupercapacitors are realised by augmenting planar electrodes with 3D structures. 

4.1 Introduction 

In recent years the demand for energy storage has seen tremendous growth across the 

globe and across an enormous range of applications, from grid storage down to 

microelectronics. At smaller scales, such as portable and Internet of Things (IoT) 

devices, microsupercapacitors may present a solution to the requirement for compact 

energy storage, especially considering the increasing abandonment of wires for both 

power and data transfer. Specifically, directly incorporating microsupercapacitors into 

the structure of a device through printing techniques is very appealing from a design, 

prototyping, and manufacturing point of view. Recently, MXenes have emerged as a 

promising family of materials for energy storage, with much of the work surrounding 

supercapacitors based on Ti3C2Tx. Nanoflakes of this material combine a metallically 

conductive titanium carbide core and a surface functionalised by polar and 
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pseudocapacitive surface groups such as F, O and OH – denoted Tx. Conductivity can 

reach as high as 15000 S cm-1 for the previously discussed annealed film with a 

thickness of 214 nm,48 and specific capacitance can reach as high as 450 F g-1 for a 90 

nm thick film.247 These properties make it an ideal material for supercapacitors. The 

hydrophilic nature of Ti3C2Tx allows for facile creation of aqueous dispersions, the 

compatibility of which naturally leads to increased efforts in printing electrodes and 

current collectors for microsupercapacitors.248–251 However, in most of these studies, 

only planar devices were printed. This is an issue because robust control of the electrode 

architecture is needed, as excessively dense and/or thick electrodes compromise both 

rate performance and specific capacitance, due to long ion diffusion pathways inhibiting 

fast charge transfer and restriction of the specific surface area.34 To address the ion 

transport and capacitance issues of more conventional, dense, 2D printed films,249 recent 

studies have demonstrated 3D printing of MXene-based supercapacitors, though these 

have been relatively large and achieved using composites 252 or post-processing steps 

such as freeze drying.253 Changing the geometry of the electrodes into a 3D shape, 

rather than a planar one, may increase the areal capacitance of a device without 

requiring more active material. Research on microsupercapacitors with 3D structured 

electrodes has mainly focused on conventional fabrication technologies, such as 

lithography.254 Though the field of additive manufacturing has shown that perhaps 3D 

printing of nanoparticle-based inks can be a useful alternative.253,255,256 

In this chapter, I will show that aerosol jet printing of aqueous Ti3C2Tx inks can be used 

to fabricate high aspect ratio 3D structures up to 1 mm in height and with feature sizes 

as small as 20 µm, without the aid of supports, binders, or post-processing and in a wide 

range of geometries such as walls, pillars, and pyramids. 3D micropillars will be used to 
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augment planar microsupercapacitor electrodes to greatly increase performance of the 

devices. 

4.2 Aerosol Jet Printing of Binder-Free MXene Microstructures 

Aerosol-jet printing results in a densified column of aerosolised ink that is stable over 

up to several millimetres while jetted towards the substrate. The focussing enables high-

resolution printing with feature sizes as small as 20 µm. The most important aspect in 

the scope of this work, however, is the size of the droplets within the aerosol, which 

enables almost instant drying when the droplet impinges on the substrate. By carefully 

tuning the process parameters to allow rapid drying of the droplets but minimal in-flight 

drying of nanosheets, 3D structures can be printed. Note that both overly wet and overly 

dry deposition will have a detrimental effect. If the droplets contain too much water or 

are simply too numerous, a thick liquid film will be formed before drying which will 

spread on the substrate making 3D build up impossible. On the other hand, if the 

droplets dry in-flight, the capillary forces of the shrinking droplets result in crumpled 

MXene sheets, which cannot be used to build up stable 3D features either.257 
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Figure 4.1: Micrographs of example structures printed with binder-free MXene inks. (a) Stair-

stepped structure with near-horizontal overhangs ~0.5 mm in total height. (b) Array of pyramidal 

structures comprised of connected ~45° Ti3C2Tx micropillars. (c) Ti3C2Tx walls ~0.5 mm tall 

realised from 1000 repeated layers. (d) MXene vertical micropillar with uniform profile of ~20 µm 

in diameter. Total height of ~600 µm giving an aspect ratio of 1:30. (e) Micropillar array printed 

directly onto a human hair, demonstrating the high resolution and repeatability that AJP can 

achieve. (f) MXene “µ-Eiffel Tower”, showcasing both AJP’s geometric flexibility and its creator’s 

whimsy. (g) Vertical “µ-billboard” for our institute, CRANN. It should be noted that all the 

structures were printed in a top-down manner, perpendicular to the substrate, with no tilting of the 

print head or build plate. Any overhanging features were printed solely with slow lateral 

movements of the stage. 



Chapter 4: Aerosol Jet Printed 3D MXene Structures 

 

Dahnan Spurling – December 2022   93 

 

AJP can be used to create a range of structures limited only by the creativity of the user 

and the cost of tool time. Presented in Figure 4.1 is a selection of prints realised with the 

Optomec AJ 300 system. Figure 4.1a is a stair-stepped structure printed by alternating 

dwelling and slow lateral movements. The lack of any supports and single point of 

contact with the base demonstrates the mechanical stability of the Ti3C2Tx structures, 

and clearly strong flake-flake interactions. Figure 4.1b is an array of 45° Ti3C2Tx 

micropillars forming an array of pyramids. These were printed according to a pattern 

wherein the aerosol jeet was slowly (0.1 mm s-1) brought towards the centre of each 

pyramid. The rapid build-up of material resulting in a freestanding diagonal pillar. 

Figure 4.1c are walls produced by a more conventional layer-by-layer build-up. They 

consist of 1000 ~0.5 µm thick MXene layers, forming a 0.5 mm tall wall. It can be seen 

that the profile of the walls is not perfectly straight, with slight overspray resulting in a 

wider base. Figure 4.1d is a MXene micropillar, ~20 µm in diameter and with a total 

height of ~600 µm, giving it an extremely high aspect ratio of 1:30. The profile of the 

pillar is extremely uniform, though the apex of the structure is dished, likely an artifact 

of the coffee-ring effect as the topmost region dried. Figure 4.1e is an array of 

micropillars printed directly onto a human hair. This serves as an easily understood 

example of not just the minute scale of these structures, but also the overall accuracy of 

the tool, enabling precision deposition when properly calibrated. Figure 4.1f shows a 

MXene “µ-Eiffel Tower”, printed in a similar fashion to Figure 4.1b. Finally, Figure 

4.1g shows a vertical “µ-billboard”, demonstrating the range of arches and overhanging 

structures that can be produced from additive-free MXene dispersions. 
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Figure 4.2: Detail views of MXene micropillar. (a) Uniform micropillar, realised by extended 

dwelling of the aerosol jet. (b) Edge of the dished apex of the pillar, likely an artifact of coffee-ring 

drying of the ink. Individual MXene flakes easily visible. (c) Micropillar profile, with prominent 

flake edges, implying an approximately horizontal orientaton of the MXene sheets. 
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The morphology of the printed structures can be quite beautiful as shown in Figure 4.2. 

The high magnification SEM image of the dished apex in Figure 4.2b shows very 

clearly the outline of the individual MXene flakes which form the rim, curving over 

from vertical. Figure 4.2c shows the profile of the pillar, its surface comprised of angled 

flakes resembling shingles or scales. The very clear appearance of edges along the entire 

profile implies that the structure should be easily infiltrated by ions, diffusing rapidly 

along the basal plane of each flake.  

 

Figure 4.3: Internal structure of AJP MXene. (a) FIB cross-section of Ti3C2Tx micropillar. The 

internal porosity is of particular interest in energy storage applications. Note the increasingly 

horizontal flake orientation towards the centre. (b) X-ray diffractograms of a filtered Ti3C2Tx, film 

and AJP Ti3C2Tx film. The absence of higher order reflections implies a more disordered internal 

structure in the AJP film. The d-spacing is increased over 50% relative to filtered film from 3.2 Å 

to 4.9 Å (based on dry multilayer spacing of 9.4 Å).230 

The angled flakes that form the surface of the micropillar were revealed in cross-section 

by focused ion beam (FIB) milling and SEM imaging as seen in Figure 4.3a. The 

internal structure is punctuated by voids and has an overall quite porous appearance, 

reinforcing the previous observations regarding ion transport and appearing very 
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promising for energy storage applications such as microsupercapacitors. The somewhat 

disordered internal structure of AJP MXene features is further revealed by XRD, 

detailed in Figure 4.3b. The (002) reflection is broadened considerably with respect to a 

filtered film of the same Ti3C2Tx, and the higher order (00l) reflections have vanished. 

Of note here also is the appearance of a reflection at 2𝜃 = 25° , corresponding to 

anatase TiO2. As this sample was printed after close to three days of printing, it is not 

surprising that the ultrasonication resulted in the partial oxidation of some of the 

nanoflakes. The constant nitrogen carrier gas flow prevents the egregious oxidation one 

might expect after three days of bath sonication, but clearly there is degradation 

occurring. To mitigate this issue, only freshly delaminated ink was used to produce the 

samples detailed in the electrochemical measurements to follow. Overall printing time 

was also kept to a minimum and ink not used for more than one day of printing. It’s 

possible that more stable MXene produced from Al-rich MAX phase which has recently 

been published will better avoid this degradation.231  

4.3 Aerosol Jet Printing of Mass-Equivalent Microsupercapacitors 

 

To investigate what effect (if any) that 3D architectures would have on the performance 

of microsupercapacitors, it was decided to print devices of equal active area back-to-

back, with overall print time equalised such that the pair would be of equal mass. These 

proof-of-concept devices consisted of an identical underlying electrode and current 

collector which would be then decorated with either an additional planar active layer or 

3D active layer of equal mass. The schematics shown in Figure 4.4a and e correspond to 
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the design of the 2D, planar device and 3D device, respectively. The 3D device is 

decorated with an array of micropillars, formed by dwelling in the same spot for a set 

period of time. 

 

Figure 4.4: Schematic drawings and a direct comparison by SEM and CV measurements of a 

planar device and an equal-size, equal-mass device with 3D micropillars. (a) Planar device 

schematic. (b) Planar device CVs. (c) Top-down view of planar device active area. (d) Detail view of 

planar device electrode surface, note the linear artifacts from the rastering of the aerosol jet. (e) 3D 

device schematic. (f) 3D device CVs showing approximately 30% capacitance uplift (g) Top-down 

view of 3D device active area. (d) Detail view of the 3D micropillars, noting their uniform height. 

The CVs presented in Figure 4.4b and f show the clear increase in capacitance for the 

3D decorated electrode versus 2D. At 10 mV s-1 the 3D device has an areal capacitance 

over 30% greater than the 2D device. This despite their mass being as close to equal as 

reasonably possible. Figure 4.4c, d, g, and h show SEM micrographs at low and high 

magnification of the devices overall and the structure of their electrodes. The rationale 

for the equalisation of mass through identical print parameters and print time was as a 

result of having no way to directly measure the mass flow of the AJP process, and the 
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difficulty in accurately weighing printed devices with masses in the low µg range at 

most, making direct calculation of gravimetric capacitance impractical.  

 

Figure 4.5: Schematic of the layers printed to test the effect of additional planar and/or 3D layers in 

equal area and equal mass devices. One layer for each device printed sequentially, reversing order 

every 4 layers to mitigate influence of pressure drift. 

With encouraging initial results, it was decided to see if the scaling in areal capacitance 

would continue for additional layers. As before, interdigitated underlying electrode 

patterns were used which would then be decorated with a combination of planar or 3D 

layers; the 3D layers consisting of micropillars distributed along the fingers of the 

electrodes. Four different device types were produced, shown schematically in Figure 

4.5.  In each case, the decorating layers (light grey) were printed such that the overall 

time would be equal, resulting in a set of devices with equivalent mass loading. As 

detailed in Section 2.2.1, process drift can occur due to material build up in the mist 

tube. To combat drift while printing of a set of four devices, the order of printing was 
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reversed after each layer, compensating for any small change in deposition rate as time 

goes on. 

 

Figure 4.6: Scaling of micropillar height and electrochemical performance. (a) Dependence of pillar 

height on print head dwell time. Heights averaged over 5 adjacent pillars. The build-up rate was 

found to be approximately 19.6 µm s-1 with a highly linear scaling. (b) CVs of four equal mass 

devices at 5 mV s-1 with increasing proportion of 3D vs. 2D layers. Areal capacitance is found to 

increase by over 30% for each 3D layer in place of a 2D layer. (c) Charge/discharge curves for the 

same four equal mass devices at a current of 5 µA. (d) Long-term GCPL cycling of the 3 x 3D layer 

device (300 µm micropillars), note the capacitance retention of 80% over 10000 cycles at a current 

of 80 µA with respect to the maximum capacitance at cycle ~500. 

The average height of the 3D micropillars produced was measured to assess the 

consistency of the above approach. Each 3D layer corresponded to a dwell time of 5 s. 
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The height scaling of the micropillars is shown in Figure 4.6a, where a very linear 

relationship is observed. The dwell times of 5 s, 10 s and 15 s correspond to the pillars 

for the 1 x 3D, 2 x 3D, and 3 x 3D devices, respectively. It was found that the rate of 

build-up was approximately 19.6 µm s-1, giving pillars of 100 µm, 200 µm, and 300 µm 

height, respectively. The electrochemical performance of the four devices is shown in 

Figure 4.6b, where the same scaling of over 30% is seen with each increase in the 

proportion of 3D structures. This results in an areal capacitance for the 3 x 3D device 

97% higher than that of the planar device, or 138 mF cm-2 at equivalent mass. Similar 

scaling is seen in the GCPL curves presented in Figure 4.6c. The 3 x 3D device also 

showed impressive cycle stability, retaining 80% of its capacitance after 10000 cycles at 

80 µA. It is reasoned that the enlarged accessible surface area and fast ion diffusion into 

the pillars of the 3D devices is the main driver for their increased performance. 

 

Figure 4.7: Nyquist plots showing the electrochemical impedance spectroscopy (EIS) data for (a) 

100 µm, (b) 200 µm and (c) 300 µm micropillar devices. The insets show detail of the high frequency 

region. ESR is equal to 1170 Ω, 757 Ω and 667 Ω, respectively. Note the semi-circle in the 200 µm 

sample, probably indicating increased impedance at the electrode/current collector interface, but 

the absence of such an effect in the other two.258 
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The EIS plots in Figure 4.7a, b, and c represent the 1 x 3D, 2 x 3D and 3 x 3D devices, 

respectively. Here it can be seen that the ESR is reduced as the pillar height increases, to 

a minimum of 667 Ω for the 3 x 3D (300 µm) device. From the EIS curves and the 

approximately rectangular CVs with only slight humps introduced by redox peaks it can 

be concluded that the AJP microsupercapacitors are operating predominantly as EDLCs.  

 

Figure 4.8: Array of four 3 x 3D microsupercapacitors (300 µm height) in series. (a) optical 

microscope image of the devices. (b) CVs at 10 – 100 mV s-1 for the array, operating with a potential 

window of 2.4 V. (c) Image of the charged microsupercapacitors lighting an LED.  

To demonstrate the practical feasibility of 3D AJP microsupercapacitors, an array of 

four 3 x 3D devices were printed and assembled in series. An overview of the devices is 

seen in Figure 4.8, and their CV profiles in Figure 4.8. The devices can be successfully 

cycled up to 2.4 V, sufficient to power an LED connected to the array. 

Wishing to better understand the intrinsic performance which may be achieved in AJP 

microsupercapacitors, three-electrode measurements were carried out on small 

electrodes decorated with a dense array of micropillars. The pillars were of 100 µm 

height, decorating an electrode of 1.5 x 0.3 mm. The intrinsic performance of such 

devices were quite remarkable, as can be seen in Figure 4.9. The pronounced redox 
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peaks which appear in Figure 4.9a at negative potentials result in a large 

pseudocapacitance at low scan rates. Figure 4.9b shows the GCPL profiles at large areal 

current densities, from 0.33 to 1.33 A cm-2.  

 

Figure 4.9: Performance and configuration of high density micropillar array electrode.  (a) CVs 

from 5 - 100 mV s-1 for a high density electrode, note the pronounced redox peaks at low scan rates. 

(b) Charge-discharge curves for the electrode at current densities from 0.33 to 1.33 A cm-2. (c) 

Schematic and optical microscope image of a high density micropillar electrode which occupies a 

volume of 0.045 mm3. (d) Three-electode setup using an FDM printed polylactic acid (PLA) cell to 

contain the 3M PVA/H2SO4 electrolyte. 

A schematic detailing the area described by the electrode is presented along with an 

optical microscope image of the electrode itself in Figure 4.9c. The experimental setup 

including FDM printed cell is shown in Figure 4.9d. The headline figures for the high 
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density of micropillars device are an areal and volumetric capacitance of 3.47 F cm-2 

and 347 F cm-3 respectively at 5 mV s-1. These represent some of the highest values yet 

reported for 3D printed supercapacitors, MXene or otherwise.259  

4.4 Conclusions 

The structures described in this Chapter are demonstrated the first direct 3D printing of 

additive-free aqueous MXene inks on the micro-scale. They are unprecedented in the 

field of MXene research, considering their geometric variety, self-support of overhangs, 

robustness, and size. This approach made no use of any post-processing techniques and 

devices were able to be tested directly after production. 3D structures were used to 

decorate microsupercapacitors resulting in symmetric devices with high areal 

capacitance of up to 138 mF/cm2 at 5 mV/s. These devices were compared to devices 

with varying proportions of 3D and 2D features showing an increase of 97% in areal 

capacitance for the 3D devices when compared to 2D devices of equal mass. Three-

electrode measurements of high density micropillared electrodes resulted in exceptional 

values for areal and volumetric capacitance of 3.47 F cm-2 and 347 F cm-3 respectively 

at 5 mV s-1. 

Overall, this technique offers the possibility of directly integrating 3D MXene 

microsupercapacitors into compact electronic devices. For instance, 3D 

microsupercapacitors could be printed on the inside of a device housing, even onto a 

non-planar surface, as the direct printing method is non-contact and largely substrate-

agnostic. I believe that this technique has potential to be employed to help exploit the 

outstanding properties of MXene microsupercapacitors further in future. 
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4.5 Experimental Methods 

4.5.1 MXene synthesis 

 

Ti3C2Tx MXene was synthesised according to the variation of MILD synthesis detailed 

in Section 3.5.1. 

4.5.2 Aerosol Jet Printing 

 

An AJ 300 System (Optomec, USA) aerosol jet printer was employed for all prints. 

Prior to printing, MXene dispersions were diluted with deionised water to a 

concentration of 10 mg ml-1. Note that AJP is compatible with higher concentration and 

higher viscosity inks, however, we obtained best repeatability of our results with diluted 

inks. During the atomisation, the concentration of the ink within the atomizer slowly 

rises, as not 100% of the solid loading is transferred into the air-suspended droplets. 

Therefore, working with a highly concentrated ink reduces the long-term stability of the 

process. As discussed in Section 2.2.1, using the solvent bubbler can also partially 

mitigate this effect. 2 ml of the diluted ink were used at a time, the ultrasonic atomizer 

was temperature controlled and kept at 10 °C and the atomisation current was set to 

approximately 0.8 A. The 150 µm diameter nozzle was used with carrier and sheath gas 

flow rates being ~25 +/– 5 SCCM and ~45 +/– 5 SCCM, respectively. Due to variation 

of environmental conditions (ambient temperature, pressure, humidity), the flow rates 

have to be adjusted slightly day-to-day. The bubbler was used to moisturise the carrier 

gas before entering the vial. 
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Electrodes and current collectors for planar interdigitated microsupercapacitors were 

printed onto hydrophilized glass slides (Matsunami Glass, USA) and subsequently 

augmented with pillars varying in height. To ensure a constant mass loading of devices, 

within one printing session all machine parameters and the total print time of the 

devices were kept constant. Pillars were printed by dwelling over one location for 5 s, 

10 s and 15 s, resulting in pillar heights of 100 µm, 200 µm and 300 µm, respectively. 

The raster speed for both initial underlying planar electrodes was 1 mm s-1 and for 

additional planar layers compensating for pillars it was 0.83 mm s-1. In this way, the 

total print time per layer additional layer was kept at a constant 165 s. 

4.5.3 Preparation of H2SO4 Gel Electrolyte 

 

The semisolid electrolyte was prepared by adding PVA (10 g) to deionised water (100 

ml), stirring at 400 rpm and at 85°C for 30 minutes until a clear, homogenous gel was 

obtained. The gel was allowed to cool fully to room temperature before the drop-wise 

addition (under stirring) of concentrated H2SO4 (30 g). The stirring was continued at 

ambient temperature for 1 hour to obtain a homogenous 0.5M PVA H2SO4 gel 

electrolyte. 

4.5.4 Device Preparation 

 

Symmetric microsupercapacitors were created from the AJP electrodes above by first 

coating a small quantity of silver conductive paint (RS Pro) onto the current collector of 

each electrode. While still wet, a length of 0.1 mm silver wire was inserted into the 
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paint and allowed to dry in a vacuum desiccator for one hour. Once dry, silicone varnish 

was carefully applied to the silver paint and current collector to insulate them from the 

electrolyte. 0.5M PVA H2SO4 gel electrolyte was carefully applied as a single droplet to 

the active area of each device, before coating the device with silicone conformal coating 

to inhibit evaporation. 

4.5.5 Electron Microscopy 

 

Characterisation with SEM was performed using a Zeiss Ultra Plus (Carl Zeiss) 

microscope fitted with a Gemini column, SE detector and ESB detector. The typical 

acceleration voltage used was 2 kV.  

4.5.6 Electrochemical Characterisation 

 

All electrochemical measurements were carried out with a VMP-300 potentiostat 

(BioLogic S.A.). A potential window of 0 to 0.6 V was chosen for the measurements 

symmetric microsupercapacitor measurements, which consisted of cyclic voltammetry 

(CV) from 2 mV s-1 to 100 mV s -1; galvanostatic cycling with potential limitation 

(GCPL) with current density of 5 µA; potentiostatic electrochemical impedance 

spectroscopy (PEIS) from 10 mHz to 100 kHz, and long term GCPL for 10000 cycles at 

a current of 80 µA.  

To power an LED, four symmetric devices were printed in series and cycled to 2.4 V at 

10 to 100 mV s-1 before connecting to the LED circuit.  
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Three-electrode measurements of high areal capacitance electrodes were performed 

with the AJP electrode as the working electrode, a graphite rod as the counter electrode, 

and an Ag/AgCl reference (SI Analytics). The electrolyte used was the same 0.5M PVA 

H2SO4 gel. A potential window of -0.6 to 0.2 V was chosen for the measurements, 

which consisted of CV from 5 to 100 mV s-1 and GCPL with current density from 0.33 

to 1.33 A cm-2. 

Note that no further postprocessing between printing and preparing for electrochemical 

characterisation was performed.  
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5 TEMPLATED MXENE THIN 

FILM 3D NETWORKS 

The pseudocapacitive nature of MXenes enables much higher energy and power 

densities compared to common EDLC materials. However, to create high performance 

MXene supercapacitors, their properties need to be translated from the nano- to the 

macro-scale, without limiting mass and charge transport within the electrode. In this 

Chapter, I present a method to fabricate hierarchical electrodes from Ti3C2Tx nanosheets 

that facilitates the formation of thin films (between ~70 nm and ~220 nm) in a 

macroscopic (up to several cm³), highly porous framework. By tailoring both the micro- 

and nanostructure of the framework, high performance, macroscopic electrodes are 

produced, with a tremendous combination of gravimetric, areal, and volumetric 

capacitance. 

5.1 Introduction 

The global appetite for energy storage is growing at an astounding rate,260 the often-

conflicting goals of sustainability and economic growth being the key drivers. As the 

prevalence of portable electronics, EVs, and intermittent energy sources such as wind 

and solar increases, so too does the demand for efficient short- and long-term energy 

storage. While lithium-ion batteries offer energy densities in excess of 300 Wh kg-1, 261 
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their slow, diffusion-limited charge storage, limited cyclability 262 and reliance on 

strategically valuable lithium make them unsuitable for many applications that require 

high power for limited duration. Conversely, supercapacitors, typically EDLCs, store 

charge through physisorption of ions on the surface of the electrode, a kinetically fast 

process in contrast to intercalation in batteries, granting them high power density and 

cycle stability at the expense of energy density.6 Carbon-based EDLCs have therefore 

shown promise in high-power and high-stakes applications, such as kinetic energy 

recovery,263 wind turbine power smoothing 264 and blackout/brownout protection for 

electronics.265 Higher energy density would expand the possible use cases for 

supercapacitors, and this may be achieved through the adoption of pseudocapacitive 

materials - those which are characterized by fast, surface-confined faradaic charge 

transfer. Metal oxides such as RuO2, MnO2, and Fe3O4 are prototypical examples, but 

suffer from low electronic conductivity with the exception of RuO2, which is 

prohibitively expensive.266  

In recent years, MXenes have shown great promise as pseudocapacitive 

materials.34,267,268 However, pitfalls lie in the structure of the electrodes themselves. 

Dense films of Ti3C2Tx such as rolled MXene clay 34 exhibit excellent volumetric 

capacitance and gravimetric capacitance (900 F cm -3 and 245 F g-1 respectively at 2 mV 

s-1), but poor high-rate performance. Dense films typically result in self-restacked layers 

leading to long diffusion pathways which greatly inhibit ion transport, restricting both 

the response time and accessible surface area of the electrode.269 It has been 

demonstrated, that the gravimetric capacitance and rate performance can be drastically 

increased to 450 F g-1 at 100 V s-1 by utilizing electrodes with a thickness below 100 

nm.247 However, such electrodes are impractical in the context of real-world devices due 
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to a lack of areal mass loading, usually below 1 mg cm -2.10 Ideally, we would be able to 

approach these high values of gravimetric performance, but with electrodes of practical 

dimensions. With respect to this, hierarchically structured, macroscopic Ti3C2Tx 

electrodes have been shown to hold great promise, increasing areal mass loading with 

high gravimetric capacitance and high rate-performance.247,269 A wide range of 

techniques have been employed to fabricate such electrodes: pillaring with cations270 or 

surfactants;271 spacing with nanomaterials 272 or sacrificial polymers;247,273 and creating 

aerogels via freeze drying,274 often with the aid of cross-linkers.275–277 These electrode 

structures, with pores at various length scales from meso- to micro- to nano porous, 

typically reduce diffusion-related mass transport limitations and lead to faster charge 

transfer 278 and greater availability of electrochemically active sites.279 However, most 

of these techniques require the use of additives or outright functionalization of the 

MXene which may negatively impact the surface chemistry and conductivity of the 

electrode. Most importantly, extremely porous electrodes such as aerogels have active 

material densities as low as 12 mg cm-3 280 and the resulting volumetric capacitance is 

too low to be practical.281,282 Recently, it has been demonstrated that electrodes 

produced by unidirectional freeze casting can be further processed by pressing or 

calendaring to tailor their microstructure, increasing their density, and decreasing 

porosity. In this way, volumetric capacitance could be increased by a factor of ~100 

compared to the as-synthesized aerogel.274 However, the resulting microstructure is 

characterized by low ionic conductivity resulting from unaligned diffusion pathways 

and poor electrical conductivity, making it unsuitable for use in high-power 

applications. It is clear, that to produce practical electrodes, high areal mass loading and 

areal capacitance must be achieved, while preserving rate performance as much as 
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possible. As this can only be achieved when the electrode structures ensure efficient 

electrical conductivity as well as ion transport, it is therefore necessary to develop new 

fabrication processes through which the nano- and microstructure of the electrodes may 

be precisely tuned. 

This chapter details a versatile template-based fabrication process for the synthesis of 

macroscopic, hierarchical electrodes from Ti3C2Tx that can be tuned in both micro- and 

nanostructure in a controlled manner. The template-based process enables the formation 

of large (up to several cm3), interconnected, 3D framework structures which are 

composed of Ti3C2Tx thin films in the form of hollow microtubes (Figure 5.1c and d). 

The effective thickness of the thin films can be adjusted between ~70 nm and ~220 nm. 

In this way, the nanostructure of the electrode can be precisely tuned to enable high-rate 

performance. Furthermore, by non-destructively compressing the as-produced 

framework structures, their microstructure can be tuned to optimize their volumetric 

capacitance. Through this process, macroscopic supercapacitor electrodes are realised 

with areal loadings of up to 7.2 mg cm-2 and densities of up to 1440 mg cm-3. These 

electrodes display gravimetric and volumetric capacitances at 200 mV s -1 of 210 F g-1 

and 140 F cm-3 respectively. In optimally configured electrodes, capacitance of ~ 1.4 F 

cm-2 (at 200 mV s-1) can be achieved, ~2 times greater than similarly thick and dense 

MXene electrode systems.247,274,283,284 
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5.2 Fabrication of Freestanding MXene Microtube Thin Film 

Structures 

The fabrication process of the MXene microtube thin film structures is schematically 

shown in Figure 5.1a. In short, a highly porous (~94 %) ceramic template consisting of 

interconnected tetrapodal-shaped ZnO (t-ZnO) microparticles (Figure S 1) is infiltrated 

with a water-based dispersion of MXenes. Upon drying, the MXene sheets uniformly 

coat the surface of the template. Afterwards, the t-ZnO template is selectively removed 

and critical point drying (CPD) is used to obtain a freestanding 3D network285–287 of 

hollow MXene microtubes (see Figure S 2), referred to below as aero-MXene (AMX). 

Thereby, the shape of the pre-defined tetrapodal microstructure is fully maintained 

(Figure 5.1a and b and Figure S 1b). The details of the infiltration process have been 

reported elsewhere.285,286,288 For this work, AMX with a cylindrical geometry (12 mm in 

diameter and 2 mm in height) has been employed. However, the size and shape of the 

AMX can be precisely adjusted by utilizing other template geometries, as shown in 

Figure S 1. The AMX structures consist of a network of interconnected hollow 

microtubes with a mean length of ∼25 µm, a diameter of ∼2 µm, as shown in Figure 

5.1c and d and Figure S 2. While both diameter and length of the tubes are fixed, the 

wall thickness of the MXene microtubes can be adjusted between ~70 nm and ~220 nm 

by varying the number of successive MXene depositions, as illustrated in Figure 5.1c. 

Freestanding AMX could only be obtained when using more than 3 successive 

depositions.  
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Figure 5.1: Synthesis procedure of freestanding hollow thin film MXene microtubes referred to 

aero MXene (AMX). (a) Preparation of the freestanding MXene hollow microtube thin films with 

photographs of the 3D t-ZnO template before and after drop coating with a MXene dispersion, as 

well as after removal of the template with schematics revealing the microstructure in each step. (b) 

Photographs of the highly porous (99.9%) AMX structures synthesized in various shapes by 

template variations. (c) Demonstration of the concept of a tailored nanostructure in which the wall 

thickness of the hollow microtubes, and thus the area loading of the AMX, can be adjusted by 

tuning the parameters of the infiltration process, with SEM images of AMX-4D (top) and AMX-

20D (bottom) microtubes. (d) Demonstration of the concept of a tuneable microstructure where the 

density of the AMX can easily be tuned by orders of magnitude with SEM images showing the 

cross-sections of an as-prepared AMX and an AMX compressed by a factor of 40. 
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Therefore, AMX-4D-2000 (with D indicating the number of repeated MXene 

depositions, 2000 indicating the overall thickness in µm), correspond to the lowest 

possible wall thickness of ~70 nm, while AMX-20D-2000 corresponds to the highest 

studied wall thickness of ~220 nm (details of the structure see Figure S 3). Through 

successive MXene depositions, the areal loading of the AMX can be adjusted between 

~2 and ~7.2 mg cm-2. Furthermore, the microstructure of the as prepared AMX can be 

tuned through controlled compression of the AMX, as shown in Figure 5.1d, increasing 

density with respect to the as-prepared structure of up to 40 times, e.g., by compressing 

a 2 mm thick AMX structure (AMX-4D-2000) non-destructively to a thickness of 50 

µm (AMX-4D-50) (cf. Figure S 4).289 This controlled compression enables a range of 

volumetric densities from ~10 to ~1440 mg cm-3. 

5.2.1 AMX electrode design for Tuneable Nano and Microstructure  

 

The nanostructure of the AMX material was characterized using advanced TEM 

techniques. The sum spectra of EDX (Figure 5.2a) indicates complete removal of the 

sacrificial ZnO scaffold, as does the disappearance of ZnO reflections from XRD in the 

etched AMX sample (see Figure S 5). The (002) reflection of the etched AMX at 6.03° 

corresponds to a d-spacing of 14.7 Å, or interlayer spacing of 5.3 Å, based on a dry 

multilayer spacing of 9.4 Å.39,230 Raman characterization of the AMX electrodes (Figure 

S 6) clearly show the in-plane vibration peaks attributable to Tx surface groups at 

approximately 400 cm-1 (predominantly OH), 250 cm-1, and 600 cm-1 (predominantly 

O). Out-of-plane vibrations at approximately 200 cm-1 and 720 cm-1 often measured in 
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Ti3C2Tx spectra are suppressed due to intercalated water weakening of coupling between 

the flakes and additionally due to excitation wavelength in the case of the latter .290 

As described before, the nanostructure, i.e., the wall thickness of the hollow microtubes 

of the AMX can be tuned by adjusting the parameters of the deposition process. The 

MXene layer thickness as a function of areal loading is shown in Figure 5.2b. The layer 

thickness was determined by using STEM-EELS techniques assuming an inelastic 

electron mean free path of 105 nm (details can be found in the experimental section and 

in Figure S 7). As shown in Figure 5.2c, there is an almost linear dependence of the 

MXene microtubes’ wall thickness 285,286 from ~11 nm for the AMX-4D-2000 to ~32 

nm for the AMX-20D-2000, each deposition step corresponding to an increase in areal 

loading of ~ 0.3 mg cm-2. The material layer thickness determined via STEM-EELS is 

the integrated height of solid matter in electron beam direction. Thus, gaps or pores are 

not considered. The self-organized restacking process of the MXene flakes during 

deposition process, however, leads to some porosity within the formed hollow MXene 

microtubes. Furthermore, the calculated inelastic electron mean free path assumes a 

densely packed material while MXenes themselves have a layered structure with 

comparatively large lattice parameters in c-direction. Consequently, TEM bright field 

images (Figure 5.2d and Figure S 8) and SEM images (Figure 5.2 e-i) show a higher 

(effective) wall thickness of the hollow MXene microtubes compared to the thicknesses 

from EELS analysis. The coarse layer, or effective, microtube wall thickness thus 

determined (Figure S 8 and Figure S 9) is in the order of ~70 – 220 nm for the AMX-

4D-2000 and AMX-20D-2000 respectively. In addition to the neglection of porosity, the 

wall thicknesses determined by the EELS log ratio method must be considered as a 
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lower boundary as the calculated electron mean free paths are often smaller than 

experimental data in the case of high energy electrons in TEM.291 

 

Figure 5.2: (a) EDX spectrum recorded by scanning across an AMX microtube after template 

removal (see inset, scale bar 4 µm) showing that no (ZnO) is present. (b) Density and area loading 

of various prepared AMX structures showing the versatility of the approach used, with the grey 

area denoting the region of possible electrodes and the stars denoting the prepared samples. (c) 

Layer thickness of the differently prepared AMX structures with tailored nanostructure 

determined by STEM EELS line scans across individual AMX tubes. (d) Bright field image of an 

AMX-16D before t-ZnO etching showing the effective film thickness on the t-ZnO surface (scale 

bar 200 nm), including pores or gaps between MXene flakes. (e-i) SEM images of AMX-4D-2000, 

AMX-8D-2000, AMX-12D-2000, AMX-16D-2000, AMX-20D-2000, each looking at a free-standing 

MXene microtube, showing the increase in wall thickness due to the deposition process used (scale 

bar: 400 nm). 
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As previously mentioned, the microstructure and thus, the density of the AMX can be 

tuned by compression. By controlling both the compression and depositions, the density 

of the AMX can be tuned by orders of magnitude from ~10 mg cm-3 – ~1440 mg cm-3 

while at the same time the areal loading is adjustable from ~2 mg cm -2 - ~7.2 mg cm-2 

(Figure 5.2b and c). In summary, the fabrication process presented here enables highly 

customizable multi-scale 3D electrode structures comprised of 2D nanomaterials. 

5.2.2 Tuneable Nanostructure for High-Rate Areal Capacitance    

 

The electrochemical performance of the AMX supercapacitor electrodes was evaluated 

in a three-electrode configuration using 0.5 M H2SO4 aqueous electrolyte (setup see 

Figure S 10a, b). AMX electrodes with tailored nanostructure (4 < D < 20), each 

compressed 10 times to ~200 µm height (initial height = 2000 µm), were investigated. 

Figure 5.3a shows the CVs from 5 mV s-1 to 1000 mV s-1 of an AMX-16D-200 (others 

see Figure S 11a, c, e, g and i) indicating typical shape for Ti3C2Tx, combining the 

rectangular shape at potential extremes of EDLC with peaks indicative of 

pseudocapacitance.228,247,292 The peaks at around –0.45 V (vs. Ag/AgCl) for 5 mV s-1  

are assigned to pseudocapacitive reactive groups of the MXene.292 With increasing scan 

rate, the oxidation and reduction peaks shift to higher and lower potentials, respectively. 

However, at 500 mV s-1 a clear peak in the oxidation scan is still observable, indicating 

fast diffusion, which indicates good rate performance. Furthermore, at low scan rates 

there is a narrow peak-to-peak spacing (< 20 mV at 5 mV s-1) and clear oxidation and 

reduction peaks. Figure 5.3b, c demonstrates the cyclic voltammetry (CV) curves of 

AMX with different microtube wall thicknesses (AMX-4D-200 to AMX-20D-200), at 
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scan rates of 10 mV s-1 and 200 mV s-1. 17,37,38 As expected from the increase in mass 

with increasing microtube wall thickness, peak current approximately doubles from 

AMX-4D-200 to AMX-8D-200 and again to AMX-20D-200 (Figure 5.3a). Oxidation 

and reduction peaks are clear, and peak-to-peak separation is on the order of 20 mV in 

all cases, indicating a highly reversible redox process with small IR drop.293,294 At 200 

mV s-1 (Figure 5.3c), the aforementioned peak positions are shifted to higher and lower 

potentials respectively, but are still clearly visible. However, the scaling of the peak 

current at 200 mV s-1 is less linear as the microtube wall thickness increases. 

Similar behaviour can be observed in galvanostatic charge and discharge studies, as 

shown in Figure S 11b, d, f, h, and j. When comparing samples with increasing 

microtube wall thickness, they show almost identical charge and discharge 

characteristics, especially at lower current densities in between 2-20 A g-1, indicating 

good capacitance retention and material activation even at high MXene mass loadings. 

For example, the sum of charge and discharge time at 20 A g-1 is 22.46 s, 23.55 s, 19.87 

s, 21.10 s and 19.34 for AMX-4D-200, AMX-8D-200, AMX-12D-200, AMX-16D-200, 

and AMX-20D-200 respectively, showing only small deviations between the samples. 

Best performance, at 23.55 s, is achieved by the AMX-8D-200 electrode. 
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Figure 5.3: Electrochemical performance of Ti3C2Tx electrodes with tuned nanostructure. (a) Cyclic 

voltammograms of an AMX-16D-200 with a mass loading of 5.8 mg cm-2 in 0.5 M H2SO4 at scan 

rates from 5 mV s-1 to 1000 mV s-1. (b) Cyclic voltammograms of different AMX structures with a 

thickness of 200 µm and weight loading of 2.1 mg cm-2, 3.2 mg cm-2, 4.4 mg cm-2, 5.8 mg cm-2 and 

7.2 mg cm-2 collected at 10 mV s-1 and (c) at 200 mV s-1. d) Rate performance of AMX structures 

with different microtube wall thickness in terms of gravimetric capacitance. (e) Logarithmic 

representation of the peak current with respect of the scan rate for the determination of the slope, 

b, for the AMX structures with different microtube wall thickness. Inset is the region of interest 

above 200 mVs-1 where the samples most strongly diverge. (f) Electrochemical impedance 

spectroscopy collected at 0.2 V vs Ag/AgCl for different AMX structures with an inset showing a 

zoom in the high frequency area. 

Figure 5.3d shows the gravimetric capacitance of AMX electrodes as a function of scan 

rate. For all scan rates, the specific gravimetric capacitance is reduced with increasing 

microtube wall thickness, e.g., at 100 mV s-1 the gravimetric capacitance of AMX-4D-

200 is around 280 F g-1, while an AMX-16D-200 electrode is around 250 F g-1. As 

shown in Figure 5.3d, up to 200 mV s-1, the specific gravimetric capacitance only 
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decreases slightly for all electrode configurations. At higher scan rates (>200 mV s -1) 

the gravimetric capacitance decreases strongly with increasing microtube wall 

thickness, resulting in progressively poorer capacitance retention. AMX-8D-200 stands 

out with 50 % capacitance retention at 1000 mV s-1, whereas AMX-16D-200 retains 

only 35 % capacitance at the same scan rate. This difference is also visible in Figure S 

11, showing the CVs for all other AMX, where AMX-8D-200 has consistently smaller 

peak-to-peak separation than the other samples, and retains a visible oxidation peak 

even at 1000 mV s-1. 

It is expected that at higher scan rates, thicker microtube walls will  restrict ion transport 

in the electrode, however, as mentioned previously, increased wall thickness is also 

expected to reduce the internal resistance of the electrode, manifesting in greater overall 

current and a smaller shift in redox peak potentials. These two properties are optimized 

for the AMX-8D-200 sample, neither too thick for significant diffusion limitation, nor 

too thin for poor conductivity.  

In CV measurements, the peak current, 𝑖𝑝  is comprised of current associated with 

double layer capacitance and fast faradaic reactions on the surface, 𝑖𝑐𝑎𝑝 , and slow, 

diffusion-limited processes 𝑖𝑑𝑖𝑓𝑓 .295 To analyse the effect of increased microtube wall 

thickness on the charge storage kinetics more robustly in each electrode, a power law 

dependence of peak current on scan rate may be assumed:296 

𝒊𝒑 = 𝒊𝒄𝒂𝒑 + 𝒊𝒅𝒊𝒇𝒇 =  𝒂𝝂𝒃  ( 53 ) 

where 𝜈 is the scan rate, and 𝑎 and 𝑏 are variables. The linear dependence of 𝑖𝑐𝑎𝑝 on 𝜈 

means that 𝑏 = 1 for systems in which 𝑖𝑝 is entirely dependent on capacitive processes, 
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whereas for entirely diffusion-limited systems 𝑏 = 0.5  due to the square root 

dependence of 𝑖𝑑𝑖𝑓𝑓  on 𝜈.297 In Figure 5.3e it can be seen that in all samples, 𝑏 ≈ 1 up 

to 100 mV s-1, though a divergence after this point is observed in the thicker samples, 

trending towards 𝑏 = 0.5  at a higher rate. This more diffusion limited behavior 

indicates that the increased conductivity associated with very thick microtube wall 

thickness cannot compensate for the longer ion diffusion paths of the same at high scan 

rates. The inset in Figure 5.3e indicates a slight decrease in the slope of AMX-8D-200 

with respect to AMX-4D-200 above 500 mV s-1, revealing that the AMX-8D-200 

sample is indeed more diffusion limited, however this is compensated for by its larger 

peak current density, supporting the conclusions from Figure 5.3d. Furthermore, as seen 

in the inset electrochemical impedance spectroscopy (EIS) plot in Figure 5.3f, the series 

resistance decreases almost linearly with the number of depositions. This reinforces the 

previous conclusion of optimized electrical and ionic properties for AMX-8D-200. The 

long-term performance of the AMX-16D-200 sample at a constant current density of 20 

A g-1  shows a specific capacitance of 261 F g-1  at the beginning and 256 F g -1 thereafter 

with almost no loss, supported by a high coulombic efficiency consistently above 99.6 

% (see Figure S 11). Moreover, Raman studies after 0, 50, 100, 300 and 5000 cycles 

(see Figure S 6c) indicate negligible difference in the shape and height of the peaks, 

which also indicates no change in the structural and chemical properties of Ti3C2Tx. 

Overall, the electrochemical studies clearly demonstrate that increasing the wall 

thickness of the microtubes and thereby tuning the electrode’s nanostructure 

significantly increases the capacitance per unit area of the electrodes with little loss in 

gravimetric capacitance and response time, with optimal rate performance observed for 

AMX-8D-200. 
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5.2.3 Tuneable Microstructure by Compression for High-Rate Volumetric 

Capacitance 

 

While tuning the microtube wall thickness enables us to optimize the areal loading of 

the AMX electrodes, the high overall porosity of the initial framework structure (~99.8 

%) results in a poor volumetric capacitance, e.g., AMX-8D-2000 ~5 F cm-3. As 

previously discussed, (Figure 5.1d) the AMX electrodes can be compressed up to 40 

times without appreciable loss in structural integrity. To study the effect of the 

compression on the microstructure and electrochemical performance AMX-8D-2000 

electrodes were compressed in thickness to 500 µm (AMX-8D-500), 200 µm (AMX-

8D-200), 100 µm (AMX-8D-100) and 50 µm (AMX-8D-50). As demonstrated in 

Figure 5.4a, at low scan rates of 5 mV s-1, the electrochemical performance is not 

affected at all, indicating a retention of the mechanical and electrical integrity of the 

electrodes, even at a compression factor of ~40. Furthermore, the absence of changes to 

redox peak amplitude or overall capacitance implies that for low scan rates, diffusion is 

sufficiently fast, and that significant restacking or other destruction of ionic pathways 

has not occurred. At higher scan rates of 200 mV s -1, a clear difference in the 

electrochemical behaviour can be seen as the peak current decreases with increasing 

compression (Figure 5.4b). These indicate that the best rate performance is obtained 

from AMX-8D-100, with a clearer oxidation peak at a lower potential and greater 

capacitance overall (Figure 5.4c). Indeed, in the case of AMX-8D-50, the oxidation 

peak is barely visible, and capacitance is on the order of half of that compared to other 

samples. This points to a disimprovement in diffusional properties, most probably 

because of the loss in porosity. The overall trend in gravimetric capacitance is shown in 
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Figure 5.4d, with AMX-8D-200 exhibiting greater capacitance up to 200 mV/s. The 

advantage shifts to AMX-8D-100 at 500 mV s-1 and above, which retains 93 % of its 

maximum capacitance at 500 mV s-1 compared to 80 % for AMX-8D-200 and 58 % for 

AMX-8D-50. All AMX-8D samples show purely capacitive-like behaviour up to 50 

mV s-1, with a value of 𝑏 ≈ 1 (Figure 5.4e), though a clear divergence after this point is 

observed in the 50 µm sample, trending towards 𝑏 = 0.5 at a much greater rate. This 

more diffusion limited behaviour indicates that ion transport is being hindered 

 

Figure 5.4: Electrochemical performance of Ti3C2Tx electrodes with tuned microstructure. (a) 

Cyclic voltammograms of AMX-8D-2000 structures compressed to 500, 200, 100 and 50 µm 

collected at 10 mV s-1. (a) Cyclic voltammograms of AMX-8D-2000 structures compressed to 500, 

200, 100 and 50 µm collected at 200 mV s -1. (c) Cyclic voltammograms of an AMX-8D-100 with a 

density 323 mg cm-3 collected at scan rates from 5 mV s-1 to 1000 mV s-1. d) Rate performance of 

AMX structures with different density in terms of gravimetric capacitance. (e) Logarithmic 

representation of the peak current with respect of the scan rate for the determination of the slope, 

b, for the AMX structures with different density. (f) Rate performance of AMX structures with 

different density in terms of volumetric capacitance. 
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by the reduction in porosity more than can be compensated for by the reduction in 

overall thickness of the electrode at such an extreme degree of compression. On the 

other hand, the slope above 500 mV s-1 is marginally closer to 1 for the AMX-8D-100 

sample, indicating that diffusion may be slightly aided by the reduced thickness of the 

electrode, and that the porosity is sufficient for uninhibited ion transport. While 

gravimetric capacitance is a useful metric to assess how well the active material in an 

electrode is utilized, real-world devices are more often limited by volume, and this is 

where tuning the microstructure of AMX electrodes by compression becomes 

important. Figure 5.4f gives an overview of the volumetric capacitance of the AMX 

electrodes, which at scan rates up to 50 mV s-1 scales linearly with the degree of 

compression. Indeed, even at 50 mV s-1, volumetric capacitance of 180 F cm-3 is 

achieved in the AMX-8D-50 sample. Though diffusional limitations cause a steeper 

falloff in capacitance at high scan rates with respect to the AMX-8D-100, it only 

reaches parity at a scan rate of 1000 mV s-1. This represents a discharge time of < 1 s, 

and would make such an electrode suitable for the plurality of energy storage 

applications SCs are typically employed in.64,65 

5.2.4 Optimization of Gravimetric and Volumetric Electrode Performance 

 

By addressing both, the nano- and microstructure of the AMX electrodes, their 

electrochemical performance can be optimized for mass and/or volume depending on 

the rate performance requirements of the intended application. The relationship between 

volumetric and gravimetric capacitance at scan rates from 5 to 1000 mV s -1 is 

summarized in Figure 5.5a and b for the tuneable nano- and microstructured AMX 
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electrodes, respectively. Notably, neither increased compression of the electrode nor 

increased layer thickness lead to a profound decrease in performance, especially at low 

scan rates, enabling electrodes with high volumetric and areal capacitance.  

Additionally, it is important to note that for commercial SCs, areal capacitance, density 

and gravimetric capacitance must be considered concurrently. A high areal capacitance 

improves the packaging of a device by proportionally reducing the amount of 

supporting material (current collectors, separators) required for the desired overall 

capacitance. However, the density is one of the most important characteristics of the 

electrode because it affects both volumetric as well as gravimetric capacitance 

simultaneously. In terms of the feasibility of 2D nanomaterial-based SCs, gravimetric 

performance is vital, as commercially available carbon-based SCs have low costs 

associated with the active material. SC-grade activated carbon has a market value in the 

region of 15 – 50 USD kg-1,298 and it is therefore critical that efficient use is made of the 

mass of 2D nanomaterials incorporated in a device. At the high scan rates shown (200 

mV s-1), reflecting a discharge time on the order of ~5 s (typical for supercapacitor 

applications),64,65 the AMX electrode materials show broadly superior performance than 

other state-of-the-art supercapacitor electrode systems (Figure 5.5c and d).  
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Figure 5.5: (a) Relation between gravimetric and volumetric capacitance for freestanding AMX 

structures with tailored microstructure and hence, density, at scan rates from 5 mV s -1 to 1000 mV 

s-1. (b) Relation between gravimetric and volumetric capacitance for freestanding AMX structures 

with tailored nanostructure and hence, areal loading, at scan rates from 5 mV s -1 to 1000 mV s-1. (c) 

Relationship between gravimetric capacitance and volumetric density of fabricated freestanding 

AMX structures with tailored nano- and microstructure compared to other electrode structures 

with comparable density and electrode thickness from current literature. (d) Relationship between 

areal capacitance and volumetric density of fabricated freestanding AMX structures with tailored 

nano- and microstructure compared to other electrode structures from current 

literature.247,274,283,284 
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Notable outliers are MP-Ti3C2 (0.43 mg cm-2, 13 µm)247 and HG-Ti3C2 (11.3 mg cm-2, 

40 µm),247 which exceed AMX electrodes in gravimetric capacitance and volumetric 

density, respectively. These electrodes are analogous to AMX in their controlled 

microstructure in the case of MP-Ti3C2 (0.43 mg cm-2, 13 µm) and nanostructure in the 

case of HG-Ti3C2 (11.3 mg cm-2, 40 µm). However, taking Figures 5.5c and d in 

aggregate, MP-Ti3C2 (0.43 mg cm-2, 13 µm) shows order of magnitude smaller areal 

capacitance than AMX, in return for a relatively modest improvement in gravimetric 

capacitance. Similarly, the volumetric density of HG-Ti3C2 (11.3 mg cm-2, 40 µm) 

comes at the cost of gravimetric capacitance to the extent that the areal capacitance is 

comparable to that of AMX. This outstanding performance can be attributed to the well-

controlled micro- and nanostructure of AMX electrodes. 

5.2.5 Device Performance 

 

To evaluate the practical performance of the AMX-based electrodes, an asymmetric 

supercapacitor of AMX-4D-200 against oversized activated carbon cloth in 0.5 M 

H2SO4 in a CR2032 coin cell was tested as a proof of principle device. Figure 5.6a 

shows CV curves at different scan rates ranging from 5-100 mV s-1. Especially at low 

scan rates, the typical rectangular pattern of EDLC as well as peaks attributable to 

pseudocapacitance are present. As the scan rate increases, the peaks shift to higher 

potentials for the oxidation and vice versa for the reduction processes. 
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Figure 5.6: (a) Cyclic voltammograms of a two-electrode asymmetrical device consisting of an 

AMX-4D-200 working electrode and a carbon cloth counter at scan rates ranging from 5 to 100 mV 

s-1. (b) Areal capacitance calculated for the AMX-4D-200 electrode for various scan rates with inset 

showing a photograph of a red LED illuminated by four AMX-4D-200/carbon cloth 

supercapacitors in series. 

Areal capacitance normalized to the common area of the electrodes vs. scan rate is 

shown in Figure 5.6b, decreasing from 0.402 F cm-2 at 5 mV s-1 to 0.220 F cm-2 at 200 

mV s-1 (see Figure 5.6b). Inset is an image of four CR2032 AMX-based asymmetric 

devices in series, powering a red LED, showing the possibility of practical 

implementation of such devices as a stand-alone power supply. Figure S 13b shows 

long-term cycling at 9 mA cm-2 for 10000 cycles with good cycling stability of ~0.309 F 

cm-2 before testing and ~0.264 F cm-2 after testing as well as a constant coulombic 

efficiency of about 96%. 
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5.3 Conclusions 

In summary, this Chapter has demonstrated how the micro- and nanostructure of 3D 

networked MXene thin films affect electrochemical performance and demonstrated a 

versatile and simple approach to improve both structural aspects using the same 

experimental approach. Well-aligned MXene layers are formed on a sacrificial scaffold 

by wet chemical assembly, resulting in a highly organized electrode structure with 

highly conductive electronic and ionic pathways. The 3D networked MXene thin films 

may be tuned in thickness from tens to hundreds of nanometres, leading to good 

accessibility of the individual MXene flakes and resulting in high gravimetric 

capacitance of 240 F g-1, even at 200 mV s-1. Second, controlled densification by up to 

40 times compared to the initial state did not compromise the mechanical integrity of 

the electrodes and resulted in a high volumetric capacitance of up to 180 F cm -3 at 50 

mV s-1. Furthermore, excellent areal capacitance of more than 1.4 F cm -2 at high scan 

rates of 200 mV s-1 was achieved. These unique properties mean that 3D networked 

MXene thin film electrodes compare favourably to other state-of-the-art supercapacitor 

electrodes when adopting a wholistic view of tunability as well as gravimetric, 

volumetric, and areal capacitance. This study clearly demonstrates the importance of 

thorough control over the nanometre- and micrometre-scale features of electrodes and 

opens new possibilities for application-grade supercapacitors. 
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5.4 Experimental Methods 

5.4.1 MXene Synthesis 

 

Ti3C2Tx MXene was synthesised according to the variation of MILD synthesis detailed 

in Section 3.5.1. 

5.4.2 Preparation of Ti3C2Tx Aeromaterial 

 

For the preparation of freestanding Ti3C2Tx electrodes, tetrapodal ZnO (t-ZnO) 

particles, produced by a simple flame transport synthesis 299, were used as a sacrificial 

template material. The obtained t-ZnO powder is pressed into cylinders (diameter = 12 

mm, height = 2 mm) with a density of 0.3 g cm-3. The cylinders were heat treated at 

1150 °C for 5 h to obtain a freestanding and interconnected network. The prior obtained 

concentrated MXene ink was diluted to ~2 mg/ml using deionized water and probe 

sonicated at 30% amplitude for 2 mins (Sonoplus, Bandelin) to achieve a well-mixed 

dispersion. Afterwards, the t-ZnO networks were saturated with the MXene dispersion 

and dried at 40 °C for 4 hours to allow evaporation of the water. By repeated saturation 

and drying steps, the weight loading with MXene is adjusted. The final template was 

then treated in diluted HCl (Carl Roth) overnight to fully etch the ZnO and rinsed with 

deionized water and absolute ethanol (99.99 %, Carl Roth) and finally dried using a 

critical point dryer (Leica EM CPD300). Compression of the tuneable microstructure 

samples was achieved using a steel die with a spacer corresponding to the final 

thickness which was compressed gently by hand. 
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5.4.3 Preparation of Ti3C2Tx Aeromaterial Electrodes 

 

The freestanding Ti3C2Tx aeromaterial structures were affixed to glass slides using 100 

µl silver conductive paint (RS Pro) spread into an approximately 11 mm circle into 

which a doubled length of 0.1 mm silver wire was inserted (cf. Figure S 5b). The 

electrode was placed onto the paint and pressed gently to ensure adhesion but avoid 

deformation. The exposed silver wire was covered with Kapton tape (RS components) 

leaving sufficient length free at the end to connect a crocodile clip. The paste was dried 

in ambient conditions for 1 hour before being placed in a vacuum desiccator for a 

minimum of 2 hours to fully dry the silver paint. 

5.4.4 Preparation of Ti3C2Tx/Activated Carbon Cloth Asymmetric Devices 

 

Steel 2032-type coin cell housings, spacers, and springs (MTI) were used to prepare the 

asymmetric devices. Freestanding Ti3C2Tx aeromaterial structures were used as the 

negative electrode and oversized activated carbon cloth (Kynol GmbH) cut into 12 mm 

discs used as the positive electrode. Both electrodes were pre-soaked with 0.5 M H2SO4  

and were assembled with PES filter membrane (Whatman) cut into 14 mm discs as 

separator.  

5.4.5 Electrochemical Measurements 

 

All electrochemical measurements were carried out with a VMP-300 potentiostat 

(BioLogic S.A.). The electrochemical cell, as seen in Figure S 5a was configured with 
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the as-prepared Ti3C2 electrode as the working electrode, an oversized glassy carbon rod 

as the counter electrode, and an Ag/AgCl reference (SI Analytics). The electrolyte used 

was 0.5 M H2SO4. A potential window of -0.65 to 0.2 V was chosen for the 

measurements, which consisted briefly of cyclic voltammetry (CV) from 5 mV s -1 to 

1000 mV s-1; galvanostatic cycling with potential limitation (GCPL) with current 

density from 2 to 100 A g-1; potentiostatic electrochemical impedance spectroscopy 

(PEIS) from 10 mHz to 100 kHz, and long term GCPL for 5000 cycles at a current 

density of 10 A g-1. Samples were pre-cycled before the above set of measurements 

using CV at 50 mV s-1 for 300 cycles. This was to allow full wetting of the electrodes, 

especially in the case of the highly compressed samples.  

Electrochemical characterization of the Ti3C2Tx/activated carbon cloth asymmetric 

devices was performed using a VMP-300 potentiostat (BioLogic S.A.). A potential 

window of 0 to 0.9 V was used for the measurements, which consisted of CVs from 5 to 

100 mV s-1 and GCPL with a current density of 9 mA cm-2 for 10000 cycles for long 

term stability testing. Areal capacitance was calculated using the common area of the 

two electrodes. To power an LED, four asymmetric devices were assembled in series 

and charged to 3.6 V at 5 mA, before connecting to the circuit. 

 

5.4.6 Capacitance Calculations  

 

Specific capacitance for each electrode was calculated using the discharge portion of the 

fourth CV curve according to the following equation: 
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𝐶/𝑚 =  
1

𝑚𝑒𝜐∆𝑉
∫ 𝑖𝑑𝑉

0.2

−0.65

 

Where C m-1 is the specific capacitance (F g-1), i is the current (mA), V is the potential 

(V), me is the electrode mass (g), υ is the scan rate (mV s-1) and ΔV is the potential 

window (V). See also Section 2.7.1. 

The volumetric capacitance was calculated in the same manner according to the 

following equation: 

𝐶/𝑉 =  
1

𝑉𝑒𝜐∆𝑉
∫ 𝑖𝑑𝑉

0.2

−0.65

 

Where CV-1 is the specific capacitance (F cm-3), i is the current (mA), V is the potential 

(V), Ve (cm-3) is the volume of the electrode defined by the area of the template used 

(cm-2) and the thickness determined by SEM (cm), υ is the scan rate (mV s-1) and ΔV is 

the potential window (V). 

5.4.7 Characterisation of Structure and Properties   

 

The structure and morphology of the aeromaterial was characterised by SEM using a 

Zeiss Supra 55VP operated at 2 kV.  

The nanostructure of both MXene covered ZnO templates as well as free-standing AMX 

structure was analysed by transmission electron microscopy (TEM) with a FEI Tecnai 

F30 G2 at 300 kV acceleration voltage. In order to obtain separated tetrapods a small 

amount of material was ground in butanol and drop coated onto lacey carbon TEM 

grids. The chemical composition of single tubes of the AMX material is analysed via 
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energy dispersive x-ray spectroscopy (EDX, EDAX Si-Li detector) in the TEM. The 

wall thickness of single AMX tetrapod arms / tubes is determined via the electron 

energy loss spectroscopy (EELS) log ratio method.211 

The thickness in electron beam direction can be determined in multiples of the electron 

mean free path (eMFP) by comparing the integrated intensity of the zero-loss peak to 

the total integrated intensity (see Figure S 10) in the case of inelastic scattering. A 

scanning TEM (STEM) EELS line scan over the width of an AMX tube yields an eMFP 

thickness profile. Taking an average of the centre region, multiplying with a suitable 

value of the eMFP for the Ti3C2Tx MXene material and dividing by a factor of 2 (due to 

two layers being penetrated by the electron beam) then gives the wall thickness of the 

aeromaterial. Values for the eMFP can be calculated via an estimation given in 211 or 300. 

Multiple tubes and positions are measured for each amount of areal loading. 
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6 CONCLUSIONS AND 

OUTLOOK 

In this work, the results of two methods, distinct in technique but similar in goal, for the 

fabrication of hierarchical 3D structured electrodes have been presented. These were 

based on the MXene, Ti3C2Tx.  

The MXene was synthesised from its precursor MAX phase, Ti3AlC2 and shown to be 

of high quality, suitable for the lofty electrochemical goals of the subsequent works. 

The material was etched using a derivative of the MILD synthesis protocol, relying on 

the formation of in situ HF to both etch and delaminate the MAX phase. The yield 

synthesis was improved dramatically by a simple, single step, freeze-thaw assisted 

delamination, increasing the mass of MXene flakes obtained by 42 ± 6% and resulting 

in larger flakes from which, more conductive films could be made. 

Chapter 4 detailed the first direct 3D printing of microsupercapacitors from binder free 

aqueous MXene inks. These microsupercapacitors were enabled by the extremely 

versatile AJP process, which allowed for the creation of miniscule 3D structures with 

enormous variety in geometry. 3D microsupercapacitors were shown to perform 97% 

better in areal capacitance than 2D devices of equal mass and three-electrode 

measurements of high density micropillared electrodes resulted in exceptional values for 

areal and volumetric capacitance. These results were enabled by the 3D micropillar 
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arrays from which the electrodes were constructed, allowing for exceptional areal 

loading without compromising performance. Notably, this was all made possible 

without the use of any post-processing techniques, binders, or organic solvents.  

Moving up in scale, Chapter 5 detailed a versatile and simple approach to tailor the 

nano- and microstructure of 3D networked MXene thin films. The 3D aeromaterials 

were formed from MXene deposited on a sacrificial scaffold by wet chemical assembly, 

resulting in a highly porous and electrically conductive structure. The nanostructure of 

the 3D networked thin films could be tailored in thickness from tens to hundreds of 

nanometres, resulting in high gravimetric capacitance and high-rate performance. 

Additionally, the microstructure could be controlled though densification by a factor of 

up to 40 times that of the initial aeromaterial. This could be done without severely 

compromising the integrity of the electrodes and resulted in a high volumetric 

capacitance and areal capacitance, even at high scan rates. The 3D networked MXene 

thin film electrodes compared favourably to other state-of-the-art supercapacitor 

electrodes when adopting a wholistic view of gravimetric, volumetric, and areal 

capacitance.  

The overall outlook for these works is extremely positive. The freeze-thaw assisted 

delamination can likely be extended to other MXenes from more exotic MAX phases to 

make the most of these often-expensive precursors. AJP printing of 3D MXene 

microsupercapacitors has promise in the creation of integrated energy storage in 

compact electronic devices and has potential to be employed to help exploit the 

outstanding properties of MXene microsupercapacitors even further. The 3D networked 

MXene thin film electrodes have performed exceptionally and have formed the basis for 
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important work going forward. The results from Chapter 5 were used to justify and 

secure a joint EIC transition project between the Nicolosi Group and our collaborators 

in Kiel. This is of course important for our respective groups but especially for me 

because it means I have a job until 2025. We will be scaling up the electrodes and 

creating exciting pseudocapacitive energy storage devices that are close to market ready 

by the end of the 3-year project. The 2.5M grant is to cover our supercapacitor 

development and the development of a novel DC-DC converter with integrated energy 

storage by the Power Electronics group in Kiel. I’m gladdened to know that the work on 

which my Thesis is based will at a bare minimum fund further exciting science, and 

with any luck, will help move MXene supercapacitors further from the fume hood and 

closer to the market. 
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Figure S 1: (a) Photograph of t-ZnO templates with different shapes and sizes 

illustrating the versatility of the template approach. (b) Photograph comparing the 3D t-

ZnO template, the MXene coated 3D t-ZnO template, the etched and dried framework 

structure of MXene thin films as well as a 10 times compressed framework structure 

with a 1 Cent coin. (c-e) SEM images of the 3D t-ZnO template material at different 

magnifications indicating the highly porous structure composed of interconnected, 

tetrapodal ZnO. 
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Figure S 2: (a-c) SEM images of the MXene-coated 3D t-ZnO template structure at 

different magnifications, showing a homogeneous thin layer of MXene flakes on the 

ZnO template structure. (d-f) SEM images of the etched and dried framework structure 

at different magnifications, showing the perfect negative of the previous 3D t -ZnO 

structure with MXene flakes in the form of thin film microtubes. 
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Figure S 3: SEM images at different magnification of the prepared AMX-4D-2000 (a-

c), AMX-8D-2000 (d-f), AMX-12D-2000 (g-i), AMX-16D-2000 (j-l) and AMX-20D-

2000 (m-o).  
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Figure S 4: SEM images at different magnification of AMX cross-sections. Comparison 

of the cross-section of an AMX-8D-2000 (a) and AMX-8D-50 (b) at same 

magnification indicating the compression. (c-d) Cross-section of an AMX-8D-500 at 

different magnification. (e-f) Cross-section of an AMX-8D-200 at different 

magnification. (g-h) Cross-section of an AMX-8D-200 at different magnification. (i-j) 

Cross-section of an AMX-8D-50 at different magnification. 
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X-ray diffraction (XRD) 

The synthesized AMX was characterized with XRD, using a Bruker D8 Discovery X-

ray Diffractometer in θ/2θ configuration, in the range of 3−75 °, at 2° min−1. D-spacing 

was calculated from the Ti3C2Tx (002) reflection according to the formula for Bragg’s 

law: 

 

𝑛𝜆 = 2𝑑 sin𝜃 

Where 𝑛 is the diffraction order, 𝜆 is the wavelength of x-rays, 𝑑 is the grating constant 

and 𝜃 is the glancing angle. 

 

Figure S 5: (a) XRD studies of a MXene-coated 3D t-ZnO structure as well as a 

freestanding AMX-8D structure. Inset: MXene (0 0 2) peak at 2θ = 6.03°, 

corresponding to a d-spacing of 1.47 nm. 
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Raman Studies 

Raman spectroscopy analysis was done using an alpha 300 RA (WITech system) with a 

CCD detector at an excitation wavelength of 532.2 nm. The sample studied before 

electrochemical testing (Figure S a) was used without further preparation. Samples 

cycled for different number of cycles were rinsed properly in DI water and dried under 

inert atmosphere (Figure S b). 

 

Figure S 6: (a) Raman data of the as-prepared aeromaterial and (b) after various cycle 

numbers. 
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Figure S 7:  Representative images for determining the MXene microtube film thickness 

by EELS. (a) HAADF-STEM micrograph along an individual freestanding MXene 

microtube thin film. (b) Exemplary EELS spectra of the zero-loss peak at two points, 

over vacuum and over the MXene microtube thin film. (c) Estimated thickness scan 

along the red path in (a) calculated via the log ratio method assuming a mean free path 

of 105 nm. 
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Figure S 8: (a-e) Bright Field images of different t-AMX samples after different number 

repeated MXene depositions at the interface of ZnO, MXene and air. (f-j) represent a 

corresponding thickness plot obtained from the intensity profile along the line indicated 

in the corresponding bright field image 
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To further showcase the difference in integrated thickness as determined via EELS log 

ratio versus the effective microtube film thickness including porosity HRTEM 

micrographs of ZnO tetrapods covered with 4D to 20D of MXene are investigated. The 

combined mass-thickness and diffraction contrast allow to distinguish between ZnO 

core and MXene shell using intensity profiles (obtained using Image J). To avoid falsely 

enlarged film thicknesses due to MXene flakes protruding from the surface orthogonal 

to the viewing direction sections of local minimum film thickness are evaluated. Here, 

for statistics, a set of six intensity profiles is evaluated for each brightfield image with 

respect to MXene layer thickness. In this way it can be safely assumed that only the 

densely packed MXene layer is counted towards the thickness. The determined 

thicknesses given in 8 and 9 show a roughly linear increase with the amount of 

deposited MXene material.  

 

Figure S 9: Mean values from six different intensity profiles of brightfield images in 8 

with standard deviation of thickness as a function of the number of drop coatings in 

AMX preparation. A table with the corresponding values can be found as an inset. 
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Figure S 10: (a) Three electrode setup for the electrochemical analysis of the 

synthesized AMX structures with graphite used as the counter electrode (CE), an 

Ag/AgCl reference electrode (RE) as well as the AMX as the working electrode (WE). 

(b) Photograph of the electrically contacted AMX sample.  
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Figure S 11: Electrochemical performance of Ti3C2Tx electrodes with tuned 

nanostructure, namely AMX-4D-200 (a-b), AMX-8D-200 (c-d), AMX-12D-200 (e-f), 

AMX-16D-200 (g-h) and AMX-20D-200 (i-j), investigated by cyclic voltammetry (5 – 

1000 mV s-1) and galvanostatic charge and discharge studies (2 – 100 A g-1)  
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Figure S 12: Electrochemical performance of Ti3C2Tx electrodes with tuned 

microstructure, namely AMX-8D-2000 (a-b), AMX-8D-500 (c-d), AMX-8D-200 (e-f), 

AMX-8D-100 (g-h) and AMX-8D-50 (i-j), investigated by cyclic voltammetry (5 – 

1000 mV s-1) and galvanostatic charge and discharge studies (2 – 100 A g-1) 
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Figure S 13: (a) Long-term cycling with respect to the gravimetric capacitance and 

coulombic efficiency of the AMX-16D-200 measured with the three-electrode setup 

with insets indicating the galvanostatic charge and discharge curves of the first and last 

cycle. (b) Long-term cycling at 9 mA cm-2 with respect to the areal capacitance and 

coulombic efficiency of an AMX-4D-200 assembled in a device against a carbon cloth 

counter electrode. 
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