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Abstract 

Understanding of how materials store charge in supercapacitor and battery systems 

is fundamental to improving these classes of energy storage devices. While materials 

can be analysed and examined before they are incorporated into a device and again 

after they have been cycled, this leaves a large gap in the intervening period during 

which many assumptions about the function of the device must be made. In-situ 

TEM analysis of materials is a technique that could allow for the accurate imaging 

of materials in this intervening stage, directly visualising the chemical and physical 

changes that occur in supercapacitor and battery electrodes as they charge and 

discharge. 

In this work, a robust, rapid and accurate method of fabricating microelectrodes for 

in-situ TEM study is presented. Inkjet printing is used to deposit discrete lines of 

material from solution processed nanomaterial inks. The characteristic coffee 

staining effect that is observed in the patterns produced by drying droplets is 

utilised to deposit narrow paths of material along a pre-fabricated metallic 

electrode. These lines can be reliably printed repeatably with ≈10 μm accuracy. 

Initial in situ tests were conducted with a single MnO2-graphene electrode, which 

stores charge in a pseudocapacitive manner. When this electrode was immersed in 

aqueous electrolyte, and cycled with typical MnO2 cycling parameters, dendritic 

formations were observed through the liquid growing outwards from the electrode 

edge. 

Following on from these initial tests, Si nanoparticles, a battery anode which 

displays a large volumetric change during its lithiation process, were then deposited. 

These electrodes were deposited in the same manner, utilising inkjet printing, along 

with a counter electrode of LiFePO4.  The particles were observed during their 

cycling process through STEM imaging, successfully resolving individual 

nanoparticles at the metallic electrode edge through the liquid electrolyte layer. Due 

to electrolyte beam degradation, an electrolyte study was conducted, settling on a 

0.1 M LiClO4 in EC:DMC as an appropriate electrolyte for long term study. 

The final section of the work sought to utilise the same methods of deposition and 

the same methods of ink synthesis, Liquid Phase Exfoliation, to fabricate larger 
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scale flexible devices. A MXene material, Ti2C3TX in a variety of organic solvents 

was used as a base printing ink. Using these inks, planar supercapacitors were 

printed onto a flexible coated PET substrate. No further treatment of fabrication 

processes were required after the initial printing, apart from the drop casting of gel 

electrolytes. These devices showed excellent charge storage ability, with the NMP 

based ink printed to 25 print passes displaying an areal capacitance of 12mF cm-2 

and the onset of resistive behaviour was not observed until a scan rate of 500 mV s-

1 was reached. These devices were then integrated into larger systems, with devices 

printed in both series and parallel showing higher voltage capabilities and current 

responses respectively.  

In summary, this work intends to show inkjet printing as robust deposition 

platform, capable of creating micron accurate TEM samples, and using the same 

materials and techniques, larger scale flexible integrated circuitry. This allows for 

the same materials to be used in both processes allowing for a full characterisation 

of the material on a nanoscale, which can then be deposited into a working device. 
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Chapter 1: Introduction and 

Basic Theory 
 

1.1: Introduction and Motivation 
 

Energy has been the prime concern of technology and innovation in the modern era. 

Beginning with steam powered engines, continuing with the internal combustion 

engines of the 20th century, atomic energy and nuclear power in the mid to late 20th 

century and now the move towards green and renewable systems- energy, its 

production and its storage, has been at the forefront of human technological 

innovation1. This process has primarily been driven by new materials. Coal drove 

the pumps and engines of the mines and ships of the steam age2,3, followed by the 

oil fuelled 20th century, and these have given way to the silicon-based computer age. 

It is not a leap to state that the age of renewable energy harvesting and storage will 

be an age of nano-materials, just as much as the Industrial Revolution was an age 

of coal. 

With the effects of fossils fuels and pollution on the planet becoming more evident 

with each passing year,4 cleaner energy alternatives are not just desirable - they are 

an absolute necessity. Alongside this, the base demand for energy storage systems 

has increased astronomically. While often decried as a buzzword, the Internet of 

Things (IoT) is a reality that we now live in. Small, internet-connected electronics 

surround us; smartphones are now ubiquitous, with Ericsson predicting there being 

7.2 billion smartphones in the market by 2023.5 Internet connected smartwatches 

are increasingly common6 as are smaller internet-enabled fitness trackers7. In 

reality, technology has moved past the internet of things, and into the realm of the 

Internet of Everything (IoE) where increasingly products outside traditional 

consumer electronics will have basic internet functionality. Clothing and product 

packaging are widely seen as being the next groups of products to contain internet-

connected electronics.8–14 These new connected devices must be powered, however it 

is clear that the secondary Li+ ion battery used in a smartphone is impractical for 

use in food packaging or in clothing. As such, new kinds of storage systems must be 

designed that are simultaneously smaller, more flexible, and more efficient, with an 
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awareness of the potential environmental impact the materials used to fabricate the 

devices may have. The problem is twofold; increasing the absolute number of devices 

powered, while also increasing the efficiency of energy use. 

It is not just small consumer items that require improved energy storage systems. 

Renewable energy sources now make up an increasingly large share of generated 

power with 17% of the consumer energy in the European Union in 2016 coming from 

renewable sources15 and in the same year almost two thirds of new power-generating 

infrastructure constructed worldwide (~165 GW) being renewable power 

generation.16 Renewable energy sources are both intermittent and decentralised, 

with solar power generation being particularly affected by intermittency. There is 

no way to avoid the simple fact that most energy is generated from these sources 

during the day when power use is lower. 

The decentralised nature of this kind of power generation also means that often the 

power is being generated in the same location where it is needed, separate from 

larger grid infrastructure. This energy requires on-site storage unless large scale 

changes are made to how energy grids operate. Supercapacitors, which excel at 

rapidly charging and discharging energy stored and have very long theoretical 

lifetimes, are widely seen as being key in overcoming these fundamental limitations 

with renewable power.17–19 Nano-materials have the potential to revolutionise the 

way that energy is harvested and stored. Fine control over the atomic structure, and 

thus the electronic and physical behaviours of small particles, provides scientists 

with an invaluable tool for improving the way that technology uses and stores 

energy.  

A range of materials have been investigated in recent years such as graphene20,21, 

MnO2 22–25and Mxenes26–29 for supercapacitor electrodes, and materials such as Si 

nanoparticles and nanowires have been presented as viable alternative to the now 

ubiquitous graphite anodes found in Li ion batteries.30–35 These materials have 

impressive energy storage capabilities with certain MnO2-Graphene hybrids 

displaying a capacitance of 217 F g-1.36 Many of these materials have been combined 

as part of composite electrodes, either for mechanical stability as is the case for Si 

nanowires and nanoparticles, or to provide desired electronic properties as is the 

case for graphene or CNT- MnO2 electrodes. If the energy densities, power densities 

and lifetimes of these materials are to be fully realised, how they perform as part of 
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composite electrodes and as part of full energy storage devices must be fully 

understood. 

Since the first TEM was developed in 193137, electron microscopy has become the 

standard method of analysing the structure of materials at the nano-scale. With the 

development of more advanced detectors and spectroscopy suites,38 a comprehensive 

range of physical and chemical characterisation is available for materials at the 

nano scale. However, these tests are performed at what might be considered “ideal” 

conditions; in the high vacuum of the TEM column, with few other particles around 

to interfere and no external stimuli (apart from the electron beam, which is not 

negligible39–41). While important and fundamental chemical and morphological 

information about these materials can be obtained from standard TEM, they are of 

limited value for the next step in the development cycle, when these materials or 

indeed when composites consisting of multiple nano-materials, are combined and 

used as electrodes in energy storage devices. The interaction of these materials with 

each other, metallic electrodes and with liquid electrolytes creates a system that 

cannot be fully understood from simply observing what the material looks like before 

it is deposited. Post-mortem studies can reveal some of this information, however it 

is still incapable of fully showing the exact process that occurs during the charge-

discharge process. For example, post-mortem study only has the capability of 

showing the final state of the material. How these materials store energy, change 

and potentially degrade is vital to their development as feasible materials for 

commercial devices and so post-mortem testing is insufficient for a comprehensive 

analysis. In-situ testing of materials is the ideal situation to analyse the 

intermediate stage that cannot be probed by conventional microscopy techniques. 

In-situ testing (also referred to as operando testing) is the real time measurement of 

a material or system as a stimulus is applied within the system, or from an external 

source. A simple example is the heating of particles to observe the dynamics of 

annealing processes.42,43 In-situ Raman spectroscopy and in-situ AFM have been 

possible for a number of years,44–48 however the recent development of commercial 

in-situ TEM holders have opened up electron microscopy as a method of in-situ 

analysis. Heating holders, standard liquid holders and liquid electrochemistry 

holders are now available, allowing for the combination of the imaging, diffraction 

analysis and spectroscopy analyses available within the TEM with the induced 
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heated or liquid environments that materials may experience in devices. Liquid cell 

electrochemistry is the analysis method that will be demonstrated in this work. 

This technique allows for the imaging of materials immersed in liquid, while 

simultaneously subjecting these materials to voltage sweeps from an external 

voltage source. This allows for an imitation of the conditions that materials may 

experience during the cycling process. This level of analysis is vital, particularly in 

regards to how these materials fail and degrade. The dynamics and kinetics of 

material failure is one of the most important factors in increasing efficiency of 

batteries and supercapacitors. We must first know how these materials fail and 

degrade, and why, in order to improve them and ultimately make better devices. 

In order to fully analyse and characterise materials with in-situ TEM testing, it is 

essential that we understand on a fundamental level how. In addition, it is also 

vital to understand what makes these nanomaterials desirable to use as energy 

storage media in the first place. Knowing why nanomaterials can be more efficient 

than their bulk counterparts is important to improving both the materials and the 

devices as a whole. The next section aims to explain firstly how the devices in this 

work function, and secondly the physical and electronic properties of the 

nanomaterials that are used. This information is fundamental to fully utilising in-

situ TEM imaging and electrochemistry.   
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1.2 Energy Storage Devices 
 

Commercial energy storage devices can broadly be characterised by how they store 

energy, be it through lithium ion intercalation, alloying or double layer formation, 

how much energy they can store (energy density), and how fast they can deliver and 

gather that energy (power density). A Ragone Plot (shown in figure 2.1)49 is the 

traditionally used method of visualising the comparison between different types of 

energy storage systems.  

 

The relative amount of energy that a device can store and the time it takes to 

discharge that energy is clear from the Ragone plot. For example, simple electrical 

computer switches fall in the capacitor section of the top left-hand side of the graph, 

having a tiny specific energy, but being able to charge and discharge rapidly.  The 

state of the art Li ion batteries have a specific energy in the area of ≈ 150 Wh kg-1. 

50 The intermediate range of this graph is occupied by the devices known as 

Electrochemical Capacitors, variously also referred to as supercapacitors or 

ultracapacitors. These devices are of significant interest due to their very high 

Figure 1.1: A Ragone Plot plotting specific power (or power density) versus specific energy (or 
specific energy). The coloured regions indicate the specific power and energy domains with 
which kinds of energy storage devices operate. Adapted with permission from Ref (49). 
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specific power, which results in far faster charging times than more conventional 

forms of energy storage.51  

With further development, electrochemical capacitors and Li ion batteries can be 

seen to be complimentary technologies, with electrochemical capacitors providing 

rapid charging in situations where Li ion technology is unsuited (such as energy 

reclamation in car or train braking systems)52. Conversely Li ion provide larger 

power stores in situations where charging times are not of a concern, but energy 

density is. The following section will detail the operating theory of both kinds of 

devices. 

1.2.1 Electrochemical capacitors and the Electrochemical Double 

Layer 
 

Fundamentally an electrochemical capacitor consists of two electrodes separated by 

an ion-conducting dielectric, the electrolyte, and a non-conductive, ion-permeable 

membrane. The electrolytes used in these devices can be aqueous53, organic54,55 or 

ionic liquids56,57 and may be found in a liquid,  solid or semi-solid gel-like state58,59. 

Figure 1.2 shows the basic schematic of a typical electrochemical capacitor.60 

The energy stored in an electrochemical capacitor is given by the equation: 61 

𝐸 =
1

2
𝐶𝑉2 (1.1) 

 

Where 𝐸 is the energy density of the system, 𝐶 is the capacitance of the device and 

𝑉 is the operating voltage of the device.61 In this case the 𝐶 value will be largely 

Figure 1.2: Schematic diagram of a typical electrochemical capacitor. Adapted from Ref (60). 
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determined by the double layer, and 𝑉, the operating voltage will be determined by 

the properties of the electrolyte used in the system, as discussed later. 

An electrochemical capacitor stores energy through the action of an electrochemical 

double layer at the electrode/electrolyte interface. Hermann von Helmholtz first 

described the phenomenon where an interface is formed when an electrical 

conductor (electrode) comes into contact with an ionic conductor (electrolyte)62. 

When the electrical conductor is charged, positive and negative ionic charges from 

the electrolyte accumulate at the Electrode/Electrolyte interface. The capacitance of 

an electrochemical double layer as described by Helmholtz is given by Equation 

(1.2); 51 

𝐶 =
𝜖𝑟 𝜖𝑜𝐴

𝑑
 (1.2) 

 

Where 𝐶 is the capacitance of the double layer, 𝜖𝑟 is the dielectric constant of the 

electrolyte, 𝜖𝑜 is the dielectric constant of free space, 𝐴 is the total surface area of 

the double layer, and 𝑑 is the thickness of the double layer.51 Key to this storage 

method is the fact that the mechanism is electrostatic, not chemical. No chemical 

changes occur within either the electrode or the electrolyte due to this charge or 

discharge. 

This basic theory presented by Helmholtz in 1853 has been iterated upon numerous 

times since its first introduction, most notably by Gouy and Chapman, in 1910 and 

1913 respectively,63–65 Stern in 1924,66  and there have been numerous contributions 

by B.E Conway,62,67 Taken together, these theoretical refinements and iterations 

provide us with the overview of the electrochemical double layer given in Figure 

1.3.68 
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This combined model presents several distinct parts and contributions to the overall 

capacitance of the double layer. Gouy and Chapman proposed the concept of a diffuse 

model of charge storage, where Maxwell-Boltzmann statistics can be applied.69,70 

Stern integrated this model into the conventional Helmholtz model, resulting in the 

total capacitance of the layer being given by Equation (1.3)62; 

1

𝐶
=

1

𝐶𝐷𝑖𝑓𝑓
+

1

𝐶𝐷𝐿
 (1.3) 

 

Where 𝐶 is the total capacitance of the system, 𝐶𝐷𝑖𝑓𝑓 is the capacitance of the diffuse 

layer and 𝐶𝐷𝐿 is the capacitance of the double layer. 

Most of the surface of the electrode is occupied by aligned solvent molecules, but also 

may contain ions that have lost their solvation shell and become directly adsorbed 

to the surface.71 This is the inner helmholtz plane (IHP). The next layer consists of 

solvated ions drawn to the charged electrode and is known as the Outer Helmholtz 

Plane (OHP). Finally, we have an outer diffuse layer of solvated ions. 

While most electrochemical double layers store their energy in the manner described 

above, some store energy in a fundamentally different way. In pseudocapacitance 

situations, the applied potential induces a Faradic response in the electrode 

Figure 1.3: The Electrode/Electrolyte Interface with 1 demarcating the Inner Helmholtz Plane and 
2 demarcating the Outer Helmholtz Plane. Adapted from Ref (68) 
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material. This response can take the form of electrosorption, intercalation or redox 

reactions.72,73  The electrosorption method of pseudocapacitance functions by a two 

dimensional deposition (sometimes referred to a as an Underpotential Deposition, 

or UPD) of metals and/or adatoms onto the electrode.74,75  Pseudocapacitance can 

occur due to ions intercalating and de-intercalating within the crystal lattice 

structure of the electrode. This process is distinct from the process upon which Li 

ion battery technology works due to the fact that there is no phase change involved 

in the process.29,72,76 Finally, this pseudocapacitance can occur as a result of rapid 

redox reactions within the electrode. This behaviour has been seen to occur in a 

range of Transition Metal Oxides (TMOs), most notably in RuO2, MnO2, TiO2 and 

conducting polymers.77,78 The theoretical pseudocapacitance contribution for metal 

oxides can be calculated by79 

𝐶 =
𝑛 ∗ 𝐹

𝑀 ∗ 𝑉
(1.4) 

 

Where 𝐶 is the Capacitance, 𝑛 is the number of electrons transferred during the 

redox reaction, 𝐹 is Faraday’s constant, 𝑀 is the Molar Mass of the electrode 

material and 𝑉 is the operating voltage window the device has been charged at.79 

Almost all pseudocapacitors will have both a Double Layer capacitance contributing 

to the overall capacitance in addition to the faradaic contributions, although in most 

cases this Double Layer contribution will be miniscule in comparison to the full 

pseudocapacitance contribution. 

Key to the overall capacitance of a device utilising electrochemical double layers are 

the thickness of the double layer (t) and the surface area of the electrode (A) as 

shown in Equation 1.2. The thickness of the double layer is the distance from the 

electrode surface to the Outer Helmholtz Plane. This space is small, consisting only 

of polarised solvent molecules and the layer of solvated ions which have been drawn 

to the electrode (typically, t≈1 nm). With t representing the charge separation 

distance, the primary avenue available to improving supercapacitor performance 

lies within maximising A, the available surface area for electrolyte ions to occupy. 

Many layered, two-dimensional nanomaterials have been found to have exceedingly 

high specific surface areas. Graphene has a theoretical specific surface area of ≈2620 

m2 /g when sheets have been completely isolated and exfoliated.80 Coupled with their 
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varied electrical properties, this presents nanomaterials as prime candidates for 

increasing the capacitance of double layer capacitors. 

While for the most part regular electrochemical double layer capacitors and 

pseudocapacitors can be considered equivalent in terms of their capacitive 

contribution to a device, a key difference between them lies in the total number of 

charge and discharge cycles that they can sustain. Due to their electrostatic nature, 

double layer capacitors can sustain very high numbers of cycles, from 100000 to 

upwards of 106 cycles.62 Pseudocapacitors do not attain this same long life cycle due 

to the charge storage mechanism being chemical rather than physical. While the 

rapid redox processes occurring in pseudocapacitors are in general 

thermodynamically reversible, there can be irreversible chemical reactions over 

prolonged cycling which in turn results in less material available for use in redox 

reactions and so a diminishing capacitance.81,82 

The performance of electrochemical capacitors is further determined by the type of 

electrolyte that is used in the system. Electrolytes can be aqueous, organic or (less 

commonly) ionic. The choice of electrolyte will affect the operating voltage window 

of the system, which following the square power term in the equation will greatly 

affect the total energy density of the final device. As shown previously in Equation 

1.1, the total energy stored in an electrochemical capacitor is determined chiefly by 

the capacitance and the voltage range the device is used at. The main concerns for 

electrolyte selection are stability and ionic conductivity. Aqueous electrolytes tend 

to be highly conductive, but are primarily limited due to their low operating voltage 

window of approximately 1 V.83,84 This low voltage is due to the low thermodynamic 

stability of water molecules within the electrolyte.85  

Organic electrolytes tend to have a higher stable voltage window54 and therefore a 

higher total energy density, but lower ionic conductivity. Most organic electrolytes 

consist of a salt dissolved in either acetonitrile86 or propylene carbonate87 solvents . 

Acetonitrile, however, is highly flammable and propylene carbonate has been found 

to  be quite sensitive to temperature variations.85,86,88 These properties that are 

common in organic solvents make them unsuitable when a more robust device is 

required. 
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1.2.2 Lithium Ion Batteries 
 

A battery is a device consisting of one, or a number of cells that convert chemical 

energy into electrical energy. The high energy density of these devices has led to 

their ubiquity in the consumer electronics industry. Commercial Li ion batteries 

were first developed by Sony in the 1980’s, after years of development in the field of 

primary, non-rechargeable batteries such as Ni-Cd and lead acid89,90. They are 

widely regarded as being the keystone in modern, post-fossil fuel energy systems. 

An extraordinarily large body of research has been undertaken in recent years to 

elevate Li+ ion batteries to a point where they can be used in a practical manner in 

larger electric systems such as Plug-in and hybrid electric vehicles and for energy 

grid storage.  For Li ion based storage systems to be feasible for use in these larger 

applications, costs must be lowered, capacity retention must be increased and the 

efficiency of the device as a whole must be increased.91–93  As renewable energy forms 

an increasingly large share of how we meet our domestic energy needs, energy 

storage becomes an increasingly important issue.  

 

A Li ion battery is an asymmetric device, that is, the cathode and anode materials 

are different.  For the cathode material, a Lithium metal oxide (LMO) is usually 

used, and the anode is a high surface area material that provides intercalation sites, 

such as graphite.94–96 The electrodes are immersed in a Li ion conducting electrolyte, 

e
-

- + 
Li

+
 

e
-
 

e
-
 

Figure 1.4: A schematic diagram of a conventional Li ion battery showing the discharge cycle, 
with Li ions returning to the cathode. 
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which is traditionally a solution consisting of a lithium salt dissolved in an organic 

solvent. LiPF6, LiClO4 and LiAsF6 are common salts, with Ethylene Carbonate (EC), 

Propylene Carbonate (PC), Dimethoxyethane (DME), and Dimethyl Carbonate 

(DMC) are common solvents.97,98 Figure 1.4 gives the schematic of what could be 

considered a typical commercial Li ion battery system utilising an intercalation 

anode. 

As the device charges, Li ions migrate from the lithium metal oxide cathode to the 

intercalation sites in the anode. When the device discharges, the ions de-intercalate 

from the anode and migrate back to the metal oxide.  This is a diffusion limited 

process, so in these devices materials with efficient and rapid diffusion pathways 

are desirable.  

A range of electrode materials and electrolytes are available and are used in the 

construction for Li+ ion batteries. Each anode-electrolyte-cathode selection will 

provide a unique lithiation charge storage mechanism, resulting in a very deep well 

of potential research into possible working combinations. A sample reaction is given 

below, for a Lithium Metal Oxide (LiMO2) cathode and carbon anode with LiPF6 salt 

mixed into Ethylene Carbonate–Dimethyl Carbonate (EC-DMC) solvent.95 

𝑦𝐶 + 𝐿𝑖𝑀𝑂2 ⇆ 𝐿𝑖𝑥𝐶𝑦 + 𝐿𝑖(1−𝑥)𝑀𝑂2 (1.5) 

Where x = 0.5, y = 6 and the operating voltage of the device is 3.7 V.95 

Lithium Ion Batteries store energy in a manner that looks familiar when compared 

with the charge storage mechanisms of pseudocapacitors and where one begins and 

the other ends has been hotly debated within the academic community for quite 

some time. For the purposes of this work, the dividing line between what constitutes 

pseudocapacitor behaviour and what constitutes battery behaviour will be given 

below. These definitions are based mainly on work by Brousse,99 in turn based on 

the work of Conway,62 and by Simon and Gogotsi.100 

In a pseudocapacitor, the device undergoes a rapid redox reaction at the surface, 

with one electrode reducing and the other oxidising.  While charge is passing across 

the double layer, similar to the process in a battery, the exchange of electrons is 

between the electrode and the electrolyte and so the electrons themselves need not 

pass the entire distance between one electrode and the other. Brousse makes the 

argument that the key defining factor in what makes a pseudocapacitor is that it 

mimics capacitance as described by Conway; that is, it exhibits a linear dependence 



Chapter 1: Introduction and basic theory 

 

13 

 

of stored charge with of the given voltage window, but arises not from electrostatic 

interactions but from other Faradic reaction mechanisms.62,99 Using our previously 

detailed definition for capacitance from Equation 1.1, we can see in Equation 1.6 

that the charge stored in a super or pseudo capacitor should remain constant over a 

given voltage window99 

 

𝛥𝑄 = 𝐶 ∗ 𝛥𝑉 (1.6) 

 

Where ΔQ is the charge stored, C is the capacitance of the electrode and ΔV is the 

voltage window used. When this equation is differentiated with respect to time, we 

are given the relationship between current and voltage for a supercapacitor89 

𝑖 = 𝐶
𝑑𝑉

𝑑𝑡
(1.7) 

 

Where i is the current, C is the capacitance and V is the voltage of the capacitor.89 

These two equations provide us with a fundamental framework to describe 

capacitive behaviour and differentiate it from other charge storage behaviours. 

 

 A comparison between the CV curves distinguishing capacitor and battery 

materials is shown in Figure 1.5. As can be seen from CV curves A, the charge stored 

in a device will be constant for a given voltage window, and the current will exhibit 

Figure 1.5: A sample CV curve for (A) a supercapacitive material and (B) a battery material. The 
linear response to rate of change of voltage can be seen in (A) and the characteristic redox peaks 
with a significant voltage gap of battery materials can be seen in (B). Adapted from Ref (100) 
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a linear response to the rate of change of that voltage.62,89,99,100  

The relationship showing the constant current response in reaction to a constant 

rate of change can clearly be seen in Figure 1.5 (A), and is clearly not the case for 

Figure 1.5 (B). In addition, when the area below the curves is integrated providing 

the charge, it is clear that the stored charge is not constant across the entirety of 

the voltage window in (B), again breaking one of our defined conditions for capacitive 

behaviour. 

 

 

The clear-cut definitions by which we determine capacitance from battery storage 

begin to break down when we examine the two types of devices in the galvanostatic 

regime, i.e. under constant current conditions. When supercapacitive material is 

analysed under constant current charging and discharging, i.e. Galvanostatic 

conditions, the response from a supercapacitive material is linear. However, Li ion 

battery materials exhibit a flat voltage plateau in the Galvanostatic profile, 

indication a phase change is occurring. This phase change occurs throughout the 

electrode and is believed to be a diffusion limited process. 

It is well documented that as the electrode itself becomes thinner, the diffusion 

lengths that the Li+ ions are required to move are then decreased.101,102 As the 

Figure 1.6: Characteristic Galvanostatic profiles for pseudocapacitive materials (A) and battery 
materials (B). The Pseudocapacitive materials exhibit a linear response at all crystallite length 
scales, which is not the case for the Battery materials shown in (B). This shows the need for the 
definitions of “intrinsic” and “extrinsic” capacitance. Adapted from Ref (100) 
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electrode size decreases, the characteristic voltage plateau is seen to diminish until 

finally a critical size is reached in which the linear response is observed. For the 

sample shown in Figure 1.6 (B) this critical size is 6 nm.  When this critical size is 

reached, almost all of the Li+ ion intercalation is occurring on the surface of the 

electrode, as there is no longer any bulk to diffuse through. In this case the battery 

reactions will closely resemble pseudocapacitance. At this point it is necessary to 

introduce another condition that will define the behaviour of the two kinds of energy 

storage, that of either intrinsic or extrinsic pseudocapacitance.  

For intrinsic pseudocapacitive materials, the pseudocapacitive effect is an intrinsic 

material property; it can be observed at all times in a functional device. For 

materials that we term “extrinsic” pseudocapacitors, the effect is not an intrinsic 

property of the material, it is only obtained after external modification of the 

material, such as creating a nano-scale electrode architecture. 

A clear definition of the operating principles of these devices is vital to a 

comprehensive experimental analysis of the materials used. Having a clear idea of 

the expected range of power and energy densities of a set of materials is fundamental 

to designing experiments that can give genuine insight into how these materials can 

be improved. 

1.3 Electrode materials for energy storage devices 
 

In this section the various materials that are to be used throughout the following 

experiments are detailed. This will include a review of both capacitive and battery 

type materials as well as standard materials that were utilised as simple current 

collectors. The electrical and mechanical properties will be reviewed where relevant 

to the scope of this work. Where relevant synthesis will be explained, although most 

of the exfoliation steps relevant to liquid phase exfoliated materials will be explained 

in Chapter 2. 

1.3.1 Two Dimensional Materials (2D materials) 
 

Nanomaterials are subject of immense interest for increasing the storage abilities 

of both batteries and supercapacitors. Many nanomaterials show high surface to 

volume ratios and porosity that theoretically increase their ability to store charge. 

In addition to this, shorter electrode material length scales result in shorter 
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diffusion lengths for the ions that store the charge.77,103–105 One of the most impactful 

developments in the use of nanomaterials for energy storage technology has been 

the discovery and practical synthesis of two-dimensional materials. Graphene, 

which was first experimentally isolated in 2004106, was the first in what would 

become a range of 2D materials to be discovered. 2D materials are of interest to 

researchers in the field of energy storage since they tend to have different and 

unusual electronic and mechanical properties when compared to their bulk 

properties. Due to their nature as nanosheets, 2D materials tend to have very high 

specific surface areas, rendering them particularly useful for use in supercapacitors 

(according to Equation 1.1 in section 1.2.1) and as Li+ storing anodes for batteries. 

In addition, as was discussed in section 1.2.2, materials that in bulk display battery-

type behaviour can display supercapacitive behaviour when nano-engineered.  A 

very large number of 2D materials have now been successfully identified and 

isolated, providing researchers with a large “toolbox” of materials with which to 

develop the next generation of materials. Materials previously dismissed as being 

inefficient or unfeasible for use in supercapacitors or batteries are now being 

investigated once again in their two-dimensional forms. A range of two-dimensional 

materials were used through the of this work, and the physical and electronic 

properties that make them relevant for energy storage and interesting for the 

purposes of in-situ TEM analysis are given in the following pages. 

1.3.2 Manganese Dioxide (MnO2) 
 

 The pseudocapacitive material primarily used through the experimentation 

detailed in this work is Manganese Dioxide (MnO2). MnO2 is pseudocapacitive 

transition metal oxide that has been the subject of intense study over recent years 

as a replacement material for RuO2, the traditionally used commercial 

pseudocapacitive material. MnO2 has attracted this attention due to its natural 

abundance107, low cost108,109, low toxicity and low environmental impact110,111 when 

compared with other Transition Metal oxides, particularly RuO2. Most importantly 

from an energy storage point of view is the very high theoretical capacitance the 

material displays, ~ 1370 F g-1.23 

MnO2 has attracted a large attention in no small part due to its interesting 

crystallographic structure. MnO2 forms a general group of materials all based upon 

a base MnO6 octahedra.112 These octahedra can share vertices and edges to give a 
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range of materials with different crystallographic structures and properties. These 

different structures allow for selective synthesis with an aim towards making the 

material more amenable towards energy storage. In nature, these octahedral base 

blocks form tunnel structures that are occupied by other cations, from minerals or 

water, but with a view towards energy storage, these tunnels are perfect sites for 

ions during the energy storage process.23 

In general, for use in an aqueous electrolyte, the charge storage of MnO2 will occur 

in the redox between the IV and III oxidation states. This charge storage is as a 

result of  the intercalation of protons (H+) or alkali metal cations (C+) into the bulk 

of the material during oxidation and de-intercalation during reduction.111 

 

𝑀𝑛𝑂2 + 𝐻+ + 𝑒− ⟷ 𝑀𝑛𝑂𝑂𝐻 (1.8) 

𝑀𝑛𝑂2 + 𝐶+ +  𝑒− ⟷ 𝑀𝑛𝑂𝑂𝐶 (1.9) 

 

Where C represents some kind of electrolyte cation such as K+, Na+, or Li+.23 The 

processes described in the above equations refer largely to reactions happening at 

the surface of the material.113–115 

One of the traditional roadblocks in utilising MnO2 as an effective pseudocapacitive 

material is that it has a very low conductivity. In bulk MnO2 the conductivity can be 

anything between 10-7 S m-1 and 10-3 S m-1 depending on the crystal structure of the 

bulk material chosen.116,117 This low conductivity means that it is only usually 

surface material that is available to undergo the charge storage process, for the most 

part the bulk of the material remains unused.111 This results in a much lower 

theoretical capacitance when compared the far more conductive RuO2, and a specific 

capacitance that dramatically falls off with increasing film thickness. An MnO2 film 

between tens and hundreds of nanometres thick would be expected to exhibit a 

specific capacitance in the range 700 to 1300 F g-1.118,119  When the films increase in 

thickness to the micrometre range, the specific capacitance drops to 150 to 250 F g-

1. While this is usually seen as a limitation on the use of MnO2 as a capacitor 

electrode, with the advent of research into layered 2D materials, it has once again 

been brought to the forefront. 



Chapter 1: Introduction and basic theory 

 

18 

 

2D sheets of MnO2, like all 2D materials when compared to their bulk, have an 

incredibly high specific surface area. A higher specific surface area will provide more 

locations for the faradic charge transfer required for pseudocapacitance to occur. It 

is therefore hoped that 2D layered MnO2 will provide the means to overcome the 

fundamentally limiting factor of low conductivity and increase the overall utilisation 

of the active material. 

 

1.3.3 MXenes 
 

MXenes are a new class of two-dimensional inorganic compounds first discovered 

and isolated in 2011. MXenes begin as a Mn+1AXn phase, where M is an early 

Transition Metal (Ti, V, Nb, Ta)120,121 A is an A group element (such as Al, Ga, Si or 

Ge)29 usually taken from groups 13 or 14, and X is either C or N.122 The MX phases 

are very chemically stable; however, the A phase is not, affording an opportunity to 

modify the structure by removing the A phase from the structure. Unlike the weak 

interlayer Van der Waals bonds of graphene for example, the M-A and A-X bonds 

are relatively strong, so simple mechanical exfoliation is not appropriate.27 The 

primary method that has been reliably used is to etch the bulk material using HF. 

A simple series of reactions given below was the first reported method of isolating 

the MX phases from the A phase122 

 

𝑇𝑖3𝐴𝑙𝐶2 + 3𝐻𝐹 = 𝐴𝑙𝐹3 + 3/2𝐻2 + 𝑇𝑖3𝐶2 (1.10) 

𝑇𝑖3𝐶2 + 2𝐻2𝑂 = 𝑇𝑖3𝐶2(𝑂𝐻)2 + 𝐻2 (1.11) 

𝑇𝑖3𝐶2 + 2𝐻𝐹 = 𝑇𝑖3𝐶2𝐹2 + 𝐻2 (1.12) 

 

By this process a number of different MXene types can be synthesised such as Ti2C, 

Ta4C3, Ti3CN.123 After the wet etching step, the material is usually sonicated to 

delaminate the Mxenes, resulting in suspensions consisting of single flakes in 

solvent. Some alternative delamination steps have been investigated such as pH 

level alterations followed by simple hand shaking of the dispersion.124 Some 

synthesis with no delamination step has also been reported.125 
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 When MXenes are synthesised using an acidic-fluoride containing solution, they 

will have a mix of -O, -OH and -F terminations28 These surface terminations change 

how the end material will behave, with different preparation methods producing 

MXenes that range from metallic to semi-conducting.28 As is the case with most 

nanosheet materials, sheets with fewer defects and larger flake size will result in 

material exhibiting a higher conductivity. 

MXenes are of interest to researchers in the field of energy storage for largely the 

same reason graphene is. MXenes represent a broad class of nanosheets that exhibit 

high specific surface area and high conductivity, the two main parameters that are 

sought after for supercapacitor electrodes (As described in section 1.2.1 previously). 

Ti3C2 has been found to exhibit volumetric capacitances of up to 900 F cm-3.29,122 The 

material itself Ti3C2Tx (Tx representing the surface termination) has been to exhibit 

standalone pseudocapacitance depending on the type of electrolytes used. Simple 

double layer capacitance is observed when cycled using (NH4)2SO4. However, the 

observed capacitance is much higher when the same material was tested with 

H2SO4. This was attributed to pseudocapacitive redox reactions occurring involving 

the bonding of Hydronium in the electrolyte to the O terminating the Ti3C2Tx. The 

bonding occurs during the charge cycle, with the hydronium debonding during the 

Figure 1.7: Processing and synthesis of MXene nanosheets. Some publications (as referenced 
above) have reported higher quality MXenes by limiting the intensity of the delamination step. 
Others have found etching methods that do not require delamination due to the intercalation that 
occurs during etching. Adapted from Ref (121) 
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discharge cycle. This changes the oxidation state of the Ti126, allowing for a further 

method of energy storage when the device is engineered in this particular manner. 

Due to its layered nature, it is also of interest as an anode material in Li+ ion 

batteries for its large number of available intercalation sites.127,128 In addition 

MXene surfaces are chemically active and so have potential for use in Hybrid devices 

with one electrode consisting of a battery like material and the other consisting of a 

supercapacitive material.29 Hybridisation of the material itself has also been 

investigated with materials such as Reduced Graphene Oxide (RGO)129 and Carbon 

Nanotubes (CNTs).130 These hybridisations serve to increase conductivity, provide 

mechanical stability to the layers and to increase the interlayer spacing, improving 

electrolyte accessibility and preventing restacking of the delaminated layers.130 

MXenes have also been shown to be stable in a range of solvents, including many 

commonly used organic solvents including Dimethylformamide (DMF), Dimethyl 

Sulfoxide (DMSO), Ethanol and N-Methyl-2-pyrrolidone (NMP) but also 

importantly in water.131 This solvent stability presents a unique opportunity for 

these materials to be utilised in a variety of deposition systems such as ultrasonic 

spray deposition, inkjet printing, and aerosol jet printing.  

1.3.3 Carbon Nanotubes (CNTs) 
 

Carbon nanotubes are one dimensional allotrope of Carbon that are identified by 

their cylindrical nanostructure. Depending on their physical structure, CNTs can be 

metallic, semi-metallic or semiconducting. A seamless defect free carbon nanotube 

consists of a rolled sheet of carbon sp2 bonded forming a hexagonal lattice that is 

open at both ends.132 This cylinder can consist of a single sheet or rolled carbon, a 

Single Walled Nanotube (SWNT) or can consist of multiple concentric rolled sheets, 

a Multiwalled Nanotube (MWNT). While the existence of CNTs, then known as 

carbon filaments, was first reported in 1952133 and variously re-reported again over 

the years leading up to the early 1990’s134. Interest in the material took hold with 

confirmed isolation and measurement of SWNTs in 1993135,136 and since then an 

enormous body of research has focussed on the material.137–141 

CNTs are useful for their nature as both a metallic and a semiconducting material, 

depending on the structure. The nature of a CNT will be controlled by the chiral 

vector. This represents how the sheet of carbon has been rolled to form the tube 
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itself. The chiral vector is usually represented with a pair of integers n and m which 

represent the possibilities in the structure of the rolled tube. The diameter, dt, of the 

rolled tube can be related to the chiral vector by, 142 

𝑑𝑡 =
0.246

𝜋
√𝑛2 + 𝑛𝑚 + 𝑚2 (1.13) 

 

where 0.246 is the unit cell distance in nm.142 

An m value =0 will result in what is known as a “zig-zag” nanotube and n = m will 

result in an “armchair” nanotube. Any other combination will result in a chiral 

nanotube. The formation of the tubes is shown in Figure 1.8. 

 

The electronic transport properties of CNTs are found to be heavily dependent on 

their structure. In general, it has been found that all armchair type CNTs are 

metallic. In addition to this, any zigzag CNTs with m and n values that occur in 

multiples of threes are also metallic. This can be generalised by Equation 1.12142 

2𝑚 + 𝑛

3
= 𝑖𝑛𝑡𝑒𝑔𝑒𝑟 (1.14) 

It is interesting that the change between metallic behaviour and semiconducting 

behaviour occurs with no difference in the strength of the chemical bonds and no 

Figure 1.8: Carbon sheets rolled to form different forms of CNTs. The effect of chiral 
vector and angle on the structure of the final tube. Right, three types of CNTs possible 
from different chiral vectors. Adapted from Ref (139). 
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doping or impurities are added. The only change is how the chiral vector effects the 

band structure of the tube132. 

CNTs are of great interest in the field of flexible and printed electronics due to their 

high conductivity and their high tensile strength. This combination of properties has 

led to them being used as a standalone electrode material, but also as an additive to 

other materials that have low conductivity or structures that require extra 

mechanical strength.143–145 

 

1.3.4 Graphene 
 

Graphene is a allotrope of carbon that consists of an sheet of sp2 bonded carbon 

atoms arranged in a hexagonal lattice that is a single atom thick which was 

originally experimentally isolated in 2004,106 and the discovery of which was 

awarded the Nobel Prize for Physics in 2010. Key to the definition of graphene is 

that it is sufficiently isolated from the environment around it to be considered free 

standing.146 Bulk graphite, from which graphene is derived is characterised by the 

very strong in-plane sp2 bonds and the very weak inter-plane van der Waals bonds. 

This interplane weakness allows for monolayers to be separated from the bulk. 

 Graphene has been the subject of an enormous amount of research since its 

discovery for a variety of reasons relating to its odd and impressive properties; 

electrical, optical, mechanical and thermal. Graphene is a zero-bandgap 

semiconductor that displays electron mobilities of up to 15,000 cm2 V-1 s-1 at ambient 

temperatures.147,148 Electrons propagating through the structure of a graphene layer 

lose their effective mass, and behave in a manner more suitable to be described by 

a Dirac-like equation rather than the standard Schrödinger equation.147,149,150 These 

“massless” electrons are often described as massless Dirac Fermions.147 These 

electronic properties arise due to the material’s unique crystal structure. The 

graphene lattice is composed of two separate sublattices.151 The energy bands of 

these sublattices intersect at the edges of the Brillouin Zone at Dirac points K and 

K'. At the Dirac points, the valence and conduction bands of converge to form what 

is known as a Dirac cone. (Shown in Figure 1.9) It is at these Dirac points that the 

charge carriers behave as massless Dirac Fermions, as described before. The 

presence of the Dirac fermions as charge carriers result in ballistic transport over 
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sub-micron distances, and are the primary source of the high carrier mobilities 

measured in graphene samples.147,151,152 

 

While it is primarily the electronic properties of graphene that are of interest in this 

work, it is still necessary to note the other properties the material displays. 

Monolayer graphene displays an optical absorption of ≈ 2.3%,153,154 a remarkably 

high absorbance despite only being a single atom thick. Graphene also exhibits a 

high mechanical strength with a  reported Young’s modulus of 1  TPa and a failure 

strain of up to 12%.155 These mechanical properties have positioned graphene as an 

extremely attractive additive not just for mechanical strength but in particular to 

materials that require both mechanical stability and conductivity, a particular 

concern in the field of flexible electronics and for energy storage materials that 

undergo mechanical deformation as they charge and discharge such as Si.156–158  

Graphene exhibits a very high thermal conductivity(~ 3000 W m-1 K-1 for free 

standing graphene)159, another feature which makes it particularly attractive for 

electronics where the dissipation of heat away from devices and parts is always a 

Figure 1.9: The crystal structure and resulting electronic properties of Graphene. The crystal 
structure of graphene is shown in (a) with the triangular sub lattices denoted by A and B. a1 and 
a2 are the lattice unit vectors. The corresponding Brillouin Zone is shown in (b) with the Dirac 
points located at K and K’. The electronic dispersion of the Brillouin Zone is shown in (c), the six 
points where the bands intersect are the Dirac points. The red plane represents the Fermi 
Energy. A zoomed in image of the Dirac points is shown in (d), showing the characteristic 
“Dirac Cone” (a) and (b) adapted from Ref (150), (c) and (d) adapted from Ref (151) 
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concern. The high thermal conductivity of graphene allows for it to be used in higher 

power devices than other, less thermally conductive materials.  

Due to the fact that graphene is a two-dimensional material it also exhibits a very 

large specific surface area, reported to be 2630 m2 g-1. 80 While the specific 

advantages of a material with very high specific surface area in relation to energy 

storage devices has been discussed previously, it also can be used for a number of 

other processes, such as gas and chemical sensing.160–163 

A final note to the attractive nature of graphene for future electronics is its 

environmental impact. Graphene is simply single atomic layers of carbon. It does 

not require intensive or dangerous synthesis processes and can be produced from 

very commonly found materials.164 As electronics are increasingly designed with a 

view on minimising the environmental impact of their production, use and eventual 

disposal, it is preferable that devices are manufactured from materials such as 

graphene that have a lessened environmental impact in their synthesis and disposal 

than materials used in older electronics. 

 

1.3.5 Si Nanoparticles 
 

Silicon has been one of the prime candidate materials to replace graphite as the 

standard anode material for next generation Li ion secondary batteries for quite 

some time. This is almost entirely due to Si’s massive theoretical capacitance ( 3500 

mA h g-1 compared to 372 mA h g-1compared to a graphite anode).33,34,165 Despite this 

high theoretical capacitance, bulk Si and Si particles on the micrometre scale 

provide a much lower capacitance than expected (800 mA h-1 g-1).33,166,167 In addition 

to this, Si based electrodes show huge irreversible capacity loss over multiple 

cycles.168 The primary reasons for this low capacitance and poor cyclability are the 

large volumetric changes Si undergoes during charging and discharging and its 

inherently low conductivity. Si materials undergo a process of alloying, rather than 

intercalation, in order to store Li ions during the charge discharge cycle. While this 

alloying process allows for a far higher amount of lithium ions stored (maximum Li 

uptake 4.4/1 of Li/Si),30,167 the Si itself undergoes significant volume changes during 

the charge-discharge cycle.168–170 Due to the high amount of Li uptake per Si atom, 
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volumetric expansions of up to 400% are expected during a charge-discharge 

cycle.34,165,171 

This volumetric expansion of Si is the primary contributing factor to the rapid decay 

of capacitance after the initial charge-discharge cycle. While there are numerous 

specific consequences of this volumetric expansion and contraction, three of the most 

destructive results of this process are as follows; firstly the integrity of the electrode 

structure is severely compromised to the repeated stresses that it is subjected to 

during these expansion and contraction cycles.34 The expansion and contraction 

result in eventual fracturing or pulverisation of the material/electrode inhibiting its 

ability to store charge.32,35,172 Secondly, due to this expansion and eventual 

pulverisation, material disconnects from the current collector. Once material 

detaches from the electrode it becomes useless and unable to effectively store charge 

due to silicon’s very low bulk conductivity (6.7 x 10-4 S m-1).168,172,173  

 

The third process relates to the repeated formation of the solid electrolyte interphase 

(SEI). The SEI is an interfacial layer that forms on the anode during the first charge 

cycle. It is usually composed of a mix of inorganic products that result from the 

degradation of the electrolyte, and will contain some amount of the Li salt from the 

electrolyte itself.174–177 Normally this layer stabilises after the first charge cycle,175 

however this is not the case for Si materials. As the materials swell during the 

Figure 1.10: The lithiation processes observed in Silicon; (a) the swelling and eventual fracture 
of Si particles, (b) the swelling and detachment of Si from the current collector and (c) the 
formation of a thick SEI on lithiating Si. 
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alloying process of the charging cycle, the SEI that forms at the beginning is 

fractured and broken. On subsequent cycles, the SEI attempts to reform, only to be 

disrupted by the continued swelling of the Si. It is important to note that the SEI is 

not totally destroyed by the swelling, resulting in each alloying cycle producing a 

thicker and thicker SEI. This constant formation, fracturing and reformation of the 

SEI consumes solvent and Li from the electrolyte in a non-reversible manner and 

also serves to limit the overall working surface area of the SI electrode.34,168,172,174–177 

A basic overview of these three processes is given in Figure 1.10. 

Research into Si anodes therefore seeks to mitigate and possibly reverse the effects 

previously described and reach capacitance values much closer to silicon’s 

theoretical maximum with a much higher number of cycles sustained. Very thin 

films of Si deposited onto porous metallic electrodes have been seen to display 

improved cycling performance, however the areal capacity of these electrodes is far 

too low to be of real practical benefit.170,178 The use of Si nanoparticles and combining 

Si into a composite with other materials have so far proven to be the most effective 

way of limiting particle fracture, low electrode conductivity and repeated SEI 

growth. 

One and two-dimensional Si nanoparticles have been seen to have different swelling 

and fracture dynamics to bulk Si, 32,34,165,179 and size dependent fracture has been an 

area of considerable interest.180 Nanowires have been seen to be more resistant to 

the fracturing seen in bulk Si, due to the small diameter of the nanowire being able 

to accommodate the volumetric expansion of the lithiation. Nanowires grown 

directly onto the metallic current collector also display more efficient current 

carrying pathways, meaning the charge storing material remains in better contact 

with the electrode during the charge and discharge process. However despite the 

initial belief that Si nanowires were totally resistant to the fracture observed in bulk 

and micro-scale Si electrodes, in-situ TEM testing has revealed this to not be the 

case.181 In addition forests of Si nanowires would have to be grown directly onto 

metallic substrates in order to ensure they are anchored and in good electrical 

contact with the current collector. While this is certainly possible, Si nanoparticles 

usually in the range ≈ 50-100 nm in diameter have been similarly investigated. 

While the conductivity pathways of an electrode composed on spherical 

nanoparticles are not as good (relying on the physical contact of the particles 

compared to the more efficient 1-D pathways of the wires), if particles are small 



Chapter 1: Introduction and basic theory 

 

27 

 

enough, below 100nm, they have been shown to be very resilient against cracking 

and fracturing.182,183 

Si nanoparticles still suffer from poor conductivity and offer a larger available 

surface area upon which the SEI can form (and eventually fracture and reform). In 

short, nanowires and nanoparticles solve some of the intrinsic issues that hold Si 

electrodes back, but not all of them. Combining them with other materials (including 

novel combinations of Si nanospheres and Si nanowires)184 has been an effective way 

to enhance to enhance the cyclability of Si electrodes without compromising their 

energy storage capabilities. The main material that forms these composites with Si 

nanostructures are carbon allotropes, with the aim of giving both additional 

conductivity but also mechanical strength over multiple charge discharge cycles.185–

190 Unfortunately the lithiation dynamics of these complex systems are still poorly 

understood and so one of the primary aims of the in-situ TEM portion of this work 

is to visualise the initial volumetric expansion of Si nanoparticles in a liquid 

environment, and then to investigate the effects of various additives such as 

polymers, binders, carbon black, graphene and CNTs.  

1.3.6 Lithium Iron Phosphate (LiFePO4) 
 

For quite some time LiCoO2 has been the cathode material of choice for small 

handheld consumer electronics. It has a number of drawbacks that limit its potential 

use in larger cells, such as those used for renewable energy storage or for plug-in 

electric vehicles. The specific capacity of LiCoO2 cell is quite low, ≈ 140 mAh g-1, Co 

itself is not particularly abundant, constituting only about 20ppm in the Earth’s 

crust and additionally Co is quite toxic.191 LiFePO4 has been suggested as a suitable 

Figure 1.11: The crystal structure of LiFePO4 in projection along [001]. Adapted from Ref (191) 
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cathode material for these kind of energy storage needs. Lithium iron phosphate 

(LiFePO4) was first proposed as a cathode material for batteries by Goodenough et 

al in 1996,192 and since then has been the subject of intense research. The olivine 

structure of the FePO4 allows for a consistently reversible insertion and de-insertion 

of Li, providing a theoretical capacity of 170 mAh g-1.90,191,193 The material itself is 

also non-toxic and the natural abundance of iron results in a low cost.  

 

The crystal structure of LiFePO4 and FePO4 are very similar and the volumetric 

changes observed during the insertion/de-insertion of the Li ions has been measured 

to be 6.81%.191 This small volumetric change and structural similarity give the 

material excellent electrochemical cyclability. The major drawback to the use of 

LiFePO4 as a cathode material is its relatively low conductivity, ( ~ 10-9 S cm-1).90,194 

Conductive additives are commonly used to increase the electrochemical capabilities 

of the material. The most common of these additives is carbon which can produced 

to coat the material in-situ during its synthesis. There are several methods of adding 

carbon to the material, depending on the chosen method of synthesis, be it solid-

state reactions, co-precipitation or spray pyrolysis.115,195–198  

The many synthesis routes and carbon based additives used are outside the scope of 

this work, but from a practical point of view the addition of high quality carbon 

coatings has a very large effect on the performance of LiFePO4 as a cathode 

material.191 Relevant to this work is the fact that LiFePO4 that synthesised with 

carbon shows a decreased final particle size as the carbon acts as a nucleating 

agent.191 The small particle size also creates shorter Li diffusion lengths and a larger 

surface area of the material, allowing for increased contact with the electrolyte. An 

added benefit of smaller particle size for this work is the advantage of both printing 

small particles and depositing small particles into liquid TEM cells. Smaller 

particles mean less agglomeration and clogging during the printing process and 

reduces window breakages during the assembly of the electrochemical cells to be 

described in later chapters of this work. 

1.4 Outlook and overview 
 

Understanding how batteries and supercapacitors function on a fundamental level 

is vital for making informed decisions on how to improve their efficiency. Similarly, 
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understanding the many physical and electric properties of nanomaterials assists 

us in selecting the correct material to help improve these devices further. This work 

aims to develop a system whereby liquid cell TEM will allow for materials to be 

analysed in conditions similar to those found in the internal structure of a battery 

or supercapacitor. This kind of analysis will give a new, and fundamentally different 

insight into the behaviour of these devices and materials. Focussed Ion beam and 

photolithography have been the primary methods used to fabricate cells for in situ 

TEM up to this point. However, these processes can be limited by materials and may 

not accurately represent the structure of an electrode as it would be found in a real 

device. Inkjet printing serves to overcome both limitations. 

This chapter aims to provide a theoretical foundation to this work. The principles 

and materials described here will be found repeatedly through the following 

chapters. 

Chapter 2 aims to broadly describe the experimental methods and techniques used 

through the experiments that compose this work. Owing to the technical nature of 

this work and the process development that was required to achieve some of the 

later results, these methods are vital to the overall conclusions of the work. Where 

techniques are highly detailed or specific, some methods and techniques are 

explained further in subsequent chapters. 

Chapter 3 details the development of the printing process as it was used for 

fabricating microelectrodes for use in an in-situ TEM holder. Inkjet printing was 

used to deposit small amounts of material across narrow conductive electrodes with 

the intention of cycling these electrodes in a liquid environment. Included in this 

chapter is a full characterisation of how IPA based material inks interact with pre-

fabricated SiNx cells and how the printing process, normally used for creating large 

macroscale structures ≥ 1mm, was adapted for depositing much smaller electrodes 

with micron scale accuracy. 

Chapter 4 details the process of electrochemical cycling of both supercapacitor and 

battery materials within the in-situ TEM holder. The process of holder assembly 

and electrode cycling for aqueous electrolytes is described. A sequence of dendritic 

formation on MnO2-Graphene electrodes that was observed through liquid is 

presented. A short study of the beam effects on organic electrolytes is included and 

the process of imaging printed electrodes through liquid layers and the technical 
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difficulties of this process are detailed. Finally, the cycling and imaging of two 

electrode systems consisting of a Si nanoparticle working electrode and a LiFePO4 

counter is presented. These cells are then imaged and cycled within the electron 

microscope. The work presented in chapters 3 and 4 are fundamentally linked and 

can be considered the core sections of the work. 

Chapter 5 details the printing process of flexible supercapacitors. These devices are 

primarily composed of a single MXene material, Ti3C2TX, printed onto a flexible, 

coated PET sheet. A number of material inks were used, and the effect of device 

thickness and number of printed passes on the conductivity and charge storing 

ability of these inks. Some description of multi material electrodes that are used for 

less conductive materials will also be included in this chapter and how what has 

been learned from both single material tests and these initial multi-material studies 

can be implemented to design effective multi-material, flexible supercapacitors. 

Chapter 6 will contain a brief summary of the work, the conclusions that can be 

drawn and the impact of what has been seen. It will also contain an outline of how 

the work can potentially progress and build upon what this been learned to this 

point. 
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Chapter 2: Experimental 

Methods and Techniques 
 

In this chapter, the experimental techniques and methods used within this thesis 

will be described. This will include microscopy techniques, (primarily focussing on 

transmission electron microscopy (TEM)), the methods of synthesis or exfoliation of 

the materials used, the inkjet printing process in general, and electrochemistry 

analysis. This section is intended as a general overview of methods used. 

Experimental procedures that require a depth of treatment will be presented in later 

chapters where relevant. 

2.1 Electron Microscopy 
 

In this section various features of electron microscopy will be discussed with a 

primary focus on Transmission Electron Microscopy, Scanning Transmission 

Electron Microscopy and their functions within this work. In microscope 

spectroscopic techniques will also be described where relevant. 

2.1.1 Transmission Electron Microscopy (TEM) 
 

Electron microscopy is the most important method of morphological analysis 

available to modern scientists. The primary driving force behind the development of 

the first electron microscopes were the fundamental physical limits of traditional 

optical microscopes. The minimum resolution for an optical microscope is diffraction 

limited, and given by the classical Rayeleigh Criterion given in Equation 2.11 which 

relates the wavelength of light used to create an image with the resolution possible.1 

𝛿 =
0.61𝜆

𝜇𝑆𝑖𝑛𝛽
 (2.1) 

Where 𝛿 is the minimum distance that can be resolved, 𝜆 is the wavelength of the 

radiation used to create the image, 𝜇 is the refractive index of the viewing medium 

and 𝛽 is the semi-angle of collection of the magnifying lens.1 The collective term 

𝜇𝑆𝑖𝑛𝛽 is also known as the Numerical Aperture (NA) when talking about lens 

systems and microscopes. The NA for an optical or visible light microscope can be 
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approximated to unity, and so for a microscope using radiation in the middle of the 

visible spectrum (≈550nm) the minimum distance that can be resolved is ≈ 300nm. 

This was widely seen as a fundamental viewing limit in microscopy until 1925 when 

Louis de Broglie theorised wave-particle duality and the relationship between the 

energy and wavelength of a particle.2 According to the de Broglie equation, the 

wavelength of an accelerated particle is related to its accelerating voltage V by3 

𝜆 =
ℎ

(2𝑚0𝑒𝑉)
1
2

=
1.22𝑛𝑚

𝑉
1
2

 (2.2) 

Where 𝑚0 is the mass of the particle, 𝑒𝑉 is the particle’s kinetic energy and ℎ is 

Planck’s constant. For a transmission electron microscope, µ≈1 and Sinβ≈β due to 

the small angle approximation (In the case of most aperture systems β≈10 mrad)3. 

When this is brought back into Equation 2.1 we finally obtain our resolution limit 

for a TEM; 3 

𝛿 =
0.74

𝛽𝑉
1
2

 (2.3) 

An electron accelerated using a voltage of 300kV therefore has a wavelength of 4 pm 

and a theoretical resolution of 3 pm. It is important to note that the preceding 

definitions and explanations ignore relativistic effects, which is not sufficient once 

the accelerating voltage > ≈100 kV. We term this as a “theoretical” limit because 

even modern TEMs cannot come close to this limit. The achievable resolution is 

limited due to lens imperfections. 

Very soon after de Broglie’s breakthrough, the first TEM was developed by Ruscka 

et al.4 At a basic level, a TEM consists of an electron source, a condenser lens, a 

specimen, an objective lens and some kind of viewing mechanism. The images are 

formed by detecting the changes in the electrons that pass through the specimen. 

The lenses in a TEM are usually electromagnetic coils with which the deflection of 

the electron beam can be changed by varying the current through the coil. Almost 

all focus and magnification operations in a TEM are controlled by manipulating the 

lens coil current.  

The electron guns used in modern TEMs come in many forms divided largely into 

thermionic guns and field emission guns. The exact differences and operating 

principles are outside the scope of this work, but the information, like much of the 
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contents of this section can be found in great detail in Transmission Electron 

Microscopy, by Williams and Carter.5 The electron gun consists of a source that 

emits electrons when a high current is passed through it. The gun assembly then 

focusses the emitted stream of electrons.5 In standard operating mode, the 

Condenser lens serves to illuminate the specimen with a parallel electron beam. 

This beam passes through the sample and an image is formed on a detector by the 

objective lens below the sample. A number of different electron signals can be 

processed from the beam passing through the thin sample, as shown in Figure 2.2  

 

 

While not every type of signal shown in Figure 2.2 can be captured by every TEM, 

it gives a reasonable idea of the scale of characterisation methods that can be 

conducted.  Emitted x-rays and Electron Energy Loss Spectroscopy (EELS) can be 

used to conduct chemical composition analysis on different materials, diffraction 

patterns can identify fine crystal structure and direct imaging provides 

morphological information -making the TEM a very powerful tool for material 

analysis. 

Figure 2.1: (a) Schematic diagram of typical TEM showing electron gun, lens apparatus and 
imaging system, Ray Diagrams showing the two primary imaging functions of a TEM (a) the 
lens apparatus for standard Bright Field imaging and (c) ray diagram for producing diffraction 
patterns through selected area electron diffraction (SAED). Adapted from Ref (1). 



Chapter 2: Experimental methods and techniques 

 

48 

 

 

 

The electromagnetic lenses of the TEM are imperfect, limiting the resolution of the 

acquired image and create a number of types of aberrations that must be accounted 

for. The primary types of aberrations are astigmatism, spherical aberration and 

chromatic aberration. Astigmatism is caused by a non-uniform magnetic field acting 

upon the spiralling electrons as they pass through the lens. This non-uniform 

magnetic field can be caused by incorrect operating parameters or contamination 

but is also inherent to a certain extent to the metal of the lens’ themselves. It is not 

possible to mill a perfectly symmetrical iron pole piece and micro-structural defects 

can cause small but noticeable astigmatism within the beam. Fortunately, this is 

the easiest of the aberrations to fix, with stigmators in the illumination systems 

introducing compensating fields.  Ray diagrams of the different kinds of aberration 

described are shown in Figure 2.3. 

Spherical aberration occurs when electrons entering the lens system off-axis are 

deflected more than required. The wave-front from a point to be imaged are 

spherically distorted so that the image projected is not a point but a disk of varying 

intensity. This aberration can be corrected by a complex series of computer 

controlled octo-, hexa- and quadrupoles in more expensive aberration-corrected 

microscopes.  

Figure 2.2: The range of signals that occur and can be processed within a TEM system. Adapted 
from Ref (1). 
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Chromatic aberration occurs due to differences in how the pole pieces bend electrons 

whose energies and therefore wavelengths, differ. The actual energy variances 

within electron guns is at most 1eV for a 100 keV beam. If there was no sample 

present, chromatic aberration would not present a substantial issue. However, a 

very large range of electron energies are produced when the electrons interact with 

a sample, particularly if the sample is not sufficiently thin enough. Monochromators 

or Energy Filtering can offer a solution to this particular abberation3. It is key to 

note at this point that the prevalence of chromatic aberration in thick samples will 

be an important limiting factor on resolution later in this work. TEM will be 

conducted on very thick, liquid samples. Chromatic aberration is one of many 

reasons why resolution is limited, and focus is difficult to achieve in these situations. 

Above all else, useful TEM data relies on electron scattering to create an image in 

the imaging system. A uniform intensity of electrons enters the sample and a non-

uniform intensity of electrons emerge; all data obtained, morphological and 

chemical, relies on these varying intensities. While single scattering is the ideal 

scattering event to occur, providing the least ambiguous information about the 

sample, multiple scattering events can and do occur. It is for this reason that sample 

thickness is important. While the information provided from a single scattering 

event is easily interpreted, this becomes much more difficult as the number of 

Figure 2.3: Ray diagrams of (a) an ideal image formation with no aberration, (b) spherical 
aberration where a coherent wavefront has been spherically distorted resulting in a distorted 
signal in the image plane and (c) chromatic aberration where electrons of lower energies have 
been deflected more by the objective lens.  
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scattering events increase. The probability of an electron scattering event occurring 

p as an electron passes through a sample of thickness t is given in Equation 2.46; 

𝑝 =
𝑁0𝜎𝑎𝑡𝑜𝑚𝜌𝑡

𝐴
 (2.4) 

Where N0 is Avogadro’s number, σatom is the scattering cross section of the atoms of 

the sample, ρ is the density of the atoms in the sample and A is the atomic weight 

of the atoms of the sample. From this we can clearly see that the number of expected 

scattering events is very much dependant on sample thickness and the atomic 

weight of the specimen. This represents the key limiting factor in this work as later 

TEM will be conducted using layers of liquid encapsulated by SiNx layers, where the 

minimum sample thickness exceeds the traditionally recommended sample 

thickness for TEM analysis. 

Energy filtered transmission electron microscopy (EFTEM) has proven quite useful 

in obtaining useful data for in-situ experiments.7 In this process, the kinetic energy 

of the transmitted electrons are determined. This is usually used as the first step in 

Electron Energy Loss Spectroscopy (EELS) where electrons of differing energies are 

used to form spectra from which elemental information can be determined, but it 

can also be used to generate images on its own. A filter or slit can be applied to the 

transmitted electrons allowing only electrons of a particular kinetic energy to form 

the image. Using this process can be very useful for determining chemical changes 

in a material, such as those seen in supercapacitive or battery materials, but it is 

important that the selected kinetic energy is appropriate. If an incorrect energy is 

selected, no usable information will be transmitted to the image forming detector. 

In addition, this process will filter out most other signals, resulting in a lower overall 

intensity. It is useful if the mechanism or chemical process that is to be imaged is 

very well-known and predictable. 
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2.1.2 Scanning Transmission Electron Microscopy 
 

Scanning transmission electron microscopy or STEM is another imaging mode 

available to TEM operators. In this configuration, the parallel beam of the 

conventional mode TEM is changed to a tightly converging beam, illuminating a 

much smaller area. This is primarily controlled by the C1 and C3 condenser lenses 

and a pair of scanning coils after the specimen. Since the illuminated area is far 

smaller, in order to create useable contrasts and images the scan coils are used to 

raster the converging electron probe across the area of interest. This beam scans 

parallel to the optical axis of the microscope at all times, mimicking the operation of 

the conventional parallel beam. No post-specimen lenses are used, and this signal is 

directly displayed. The general schematic of the interaction of the beam and the lens 

coils is given in Figure 2.4. 

 The images of STEM are detected using a bright field (BF) detector, usually 

collecting direct beam electrons, and an annular dark field (ADF) detector, which is 

concentric around the BF detector. A further detector, the high angle annular dark 

Figure 2.4: General outline of the operating principles of the microscope in STEM mode. The 
beam is concentrated to a point probe and is rastered across the specimen by a series of 
deflection coils. Note that there are no further lenses after the specimen, the transmitted signal 
is sent straight to the electron detection system. Diagram adapted from Ref (8) 
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field detector (HAADF) lies outside the ADF detector, collecting highly scattered 

signals. The HAADF detector is particularly sensitive to changes in the atomic 

number of the material, 𝑍, as it collects Rutherford scattered electrons.8  In general 

BF STEM images have a higher contrast but poorer resolution than their BF TEM 

counterparts.9 Dark Field (DF) signals are superior in STEM mode however as the 

ADF detector can detect a large number of scattered signals compared to a DF TEM 

detection system which relies on a small signal selected by the objective aperture. 

Due to the fact that there are no post-specimen lenses, STEM images formed in this 

way do not suffer from lens aberration. This is particularly useful in thicker samples 

where chromatic aberration can severely limit the contrast and resolution 

achievable. Due to this, significant improvement in image acquisition and resolution 

can be achieved using STEM mode while imaging liquid cell TEM samples. In 

addition the scanning STEM beam allows the user to control the extent of the 

irradiated region to a much greater degree than in conventional TEM mode. This is 

an important feature for use in liquid cell studies as liquid electrolytes have been 

observed to be quite sensitive to the electron beam. It is important for the user to be 

able to discern what visible changes are being induced by the applied voltages and 

what changes are beam induced. Furthermore, the standard TEM beam can break 

down the electrolyte itself, forming gas bubbles and rupturing the delicate nitride 

windows of the cell. 

2.1.3 Scanning Electron Microscopy 
 

While the primary characterisation tool used in this work is the TEM, the scanning 

electron microscope is an equally valuable method for analysing material and 

structures. In this work the SEM was used to image structures when printed onto 

flexible substrates for planar printed energy storage devices. The SEM is 

particularly useful for analysing the topography of a surface.  Similar to the TEM, 

an electron source produces a stream of electrons incident to the sample that is to 

be analysed. These electrons have a much lower energy than those of the TEM, 

usually in a range of 1 to 40 keV. This beam is focussed using a set of condenser 

lenses and is scanned across the specimen by a set of scanning coils. The scanning 

beam generates an image point by point as the beam is rastered across a set 

rectangular viewing area that is to be imaged.   
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The images are formed from a number of signals generated by the incident beam, 

but mainly from Secondary Electrons (SEs) and Backscattered Electrons (BSEs). 

These can also be found listed on Figure 2.2 previously. BSEs are typically higher 

energy (up to half the incident beam energy)10 elastically scattered electrons with 

SEs being very low kinetic energy (≤ 20 eV)11 electrons that have been ejected from 

the sample due to inelastic scattering interactions with the electrons of the beam. 

SE and BSE detectors absorb these signals, with each discrete signal assigned to an 

image pixel. This is how the microscope forms images.12 Secondary electrons are 

generally generated at the surface, and so can give highly accurate topographical 

information.13  

In order to create clear and representative images, much like in a TEM there are a 

number of variables that the SEM operator can adjust. Beam current, beam 

diameter, and beam convergence angle can all be manipulated to produce clear SEM 

images of the specimen. Much like the TEM, radiation damage must be considered 

when imaging a sample with the SEM, and some materials can be very sensitive to 

the beam interaction. In addition to, this non-conductive materials can build up 

charge during imaging with an SEM. As electrons are inserted into the sample with 

the beam, they will begin to accumulate if they are not connected to a ground.14 This 

accumulation of charge will introduce a distorting electric field to the specimen, 

which will slow down incident electrons, and therefore change the energy of the 

signals being detected by the SE and BSE detectors of the SEM. 

In many ways the SEM is similar to the TEM, but they have traditionally occupied 

different spaces in terms of their uses; the SEM being the more robust examination 

tool for larger samples and those requiring superior topographical and depth of field 

images, and the TEM being used for fine examination and high-resolution imaging 

of materials. They are largely two complimentary techniques, with most 

experiments requiring high magnification imaging using both methods at some 

point. 
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2.3 Liquid Phase Exfoliation (LPE) 
 

As more and more research is conducted into the physical and electronic properties 

of two-dimensional materials, a single question persists; how to effectively separate 

these materials from their bulk counterparts? There are many methods of 

synthesising and exfoliating 2D materials, but few are suitable for both laboratory 

and commercial applications. Taking graphene as an example, while the original 

mechanical exfoliation technique (using scotch tape to shear layers from each other 

breaking the Van der Waals bonds) first demonstrated by Novoselov et al15 is 

effective at producing very high quality graphene, it results in a low yield and the 

procedure is not necessarily scalable to industrial levels.  

Liquid phase exfoliation (LPE) was a technique developed first in 200816 that 

allowed for high yield production of graphene at a low cost. Since then, the process 

has been further applied to a range of other layered materials including MnO2
17,18

, 

MoS2
19,20, hexagonal boron nitride (h-BN)21,22, as well as a range of layered double 

hydroxides (LDHs)23. As a process, LPE displays a distinct advantage in the sheer 

number of different materials that can be synthesised and exfoliated, offering a 

diverse range of physical, electronic and optical properties to the user depending on 

the material chosen to be exfoliated. These materials can be exfoliated into 2D 

nanosheets as they exhibit a structural similarity to graphene; they have strong in-

plane atomic bonds but very weak interlayer bonds. This allows the layers to be 

Figure 2.5: Schematic diagram of a typical SEM, showing electrons passing through the lens 
structures and hitting the sample. The detectors are located above the sample, absorbing 
backscattered and secondary electrons. 
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detached quite easily when energy is applied. For the liquid phase exfoliation 

methods used in this work, two separate but equally important processes contribute 

to the effective exfoliation and dispersion of nanomaterials in solvent; ultrasonic 

irradiation and solvent matching. 

 

 

Ultrasonic irradiation is the process by which energy is imparted to the bulk layered 

material, breaking the weak inter-plane Van der Waals bonds and exfoliating the 

bulk material into nanosheets. This energy is not actually directly provided by the 

high frequency acoustic waves however, it relies on a process known as cavitation 

which is the formation of vapour pockets or bubbles within a liquid. As acoustic 

waves pass through the liquid, the molecules of the liquid oscillate. If the negative 

pressure is enough to separate the molecules further than the critical distance 

required to maintain the liquid state, the liquid will break down and cavities will 

appear, hence the term cavitation. These bubbles will continue to expand during the 

rarefaction step of the wave until a maximum negative pressure is reached. From 

this point, entering the compression part of the acoustic wave cycle, they will 

contract. This contraction and eventual collapse of the bubble releases the energy 

stored in bubble growth process in a very short period of time resulting in extremely 

high localised pressures (~100 bar) and temperatures (~6000K).24,25 These collapsing 

Figure 2.6: The process of Liquid Phase Exfoliation of layered materials. Bulk materials are 
exposed to ultrasonic irradiation to break the inter-plane bonds forming nanosheets. If the solvent 
and solute are well matched, the material will remain in suspension in its nanosheet form. 
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bubbles can impart enormous amounts of energy to the surrounding matter, and can 

be the cause of serious damage- in the field of naval engineering for example, this 

process is well known for damage caused to ship propellers.26–28 

The interaction of these bubbles with matter is key to the concept of liquid phase 

exfoliation. Nucleation sites for bubbles can be created more easily from gases 

trapped in defects and crevasses within particulate matter.25 These bubbles will 

form within the defects and eventually break away from the particle. Cavitation 

bubbles which collapse near a boundary deform, and rather than collapsing evenly, 

they collapse asymmetrically.24,29,30 This asymmetric collapse of the bubble 

generates microjets within the bubble. These microjets can pierce the bubble as it 

collapses, directing the localised pressure effects. These microjets extend from the 

collapsing bubble towards the interface that is causing the asymmetric deformation 

of the bubble itself. In practical terms, a bubble is generated by a nucleation site on 

the surface of material suspended in a liquid. The collapse of that bubble causes the 

energy that is contained within it to be directed back towards the material that 

induced the bubble growth. Figure 2.6 (a) shows the schematic shape that the 

deformation takes as the radius of the bubble contracts when close to a surface. The 

internal microjet formation of the collapsing bubble can be seen through the 

progression of images in Figure 2.6 (b).  

Figure 2.7: Deformation and collapse of cavitation bubbles close to boundaries where (a) shows 
the internal shape change of collapsing bubble close to a surface (b) shows a high speed image 
of a collapsing cavitation bubble producing a microjet in the direction of the interface and (c) 
shows the general process of the microjet being directed towards the surface as it collapses. (a) 
adapted from Ref (25), (b) adapted from Ref (26). 
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Detailed and extensive mathematical treatments of the bubble inducing phenomena 

have been carried out in References 24 and 25, but are outside the scope of this work.   

For liquid phase exfoliation it is these microjets, and the large shear forces that they 

generate that break apart the interlayer bonds of the dispersed layered materials, 

forming suspended nanosheets.16,25,31,32 Extensive studies have been conducted as to 

the effect of sonication time, frequency and intensity on the yield and quality of the 

final material.33,34 

Solvent matching is the second process that is required for effective liquid phase 

exfoliation. Once the acoustic cavitation effects have separated the sheets from the 

bulk, it is important that the sheets do not re-aggregate from their exfoliated form. 

A process of solvent matching is required whereby the surface energy of the material 

that is to be exfoliated and dispersed is matched to the surface energy of the solvent. 

This process gives an outline of what solvents will maintain stability but can further 

be refined by examining what are known as the solubility parameters of the system. 

Under isothermal and isobaric conditions the interaction of a dispersion can be given 

by the Gibbs free energy35 

𝛥𝐺𝑚𝑖𝑥 = 𝛥𝐻𝑚𝑖𝑥 − 𝑇𝛥𝑆𝑚𝑖𝑥 (2.5) 

Where 𝛥𝐺𝑚𝑖𝑥 is the Gibbs free energy, 𝛥𝐻𝑚𝑖𝑥 is the Enthalpy of mixing, 𝑇 is the 

absolute temperature and 𝛥𝑆𝑚𝑖𝑥 is the Entropy of mixing. To create stable 

dispersions the Gibbs free energy must be negative. From Equation 2.5 this can be 

achieved by either increasing 𝛥𝑆𝑚𝑖𝑥 or decreasing 𝛥𝐻𝑚𝑖𝑥. It has been found that due 

to the rigidity of materials such as nanotubes and 2D nanosheets 𝛥𝑆𝑚𝑖𝑥 is relatively 

small.36,37 This results in 𝛥𝐻𝑚𝑖𝑥 being the dominant term of the process and and 

therefore in order to create a stable nanomaterial dispersion the energetic cost 

should be minimised. The Hildebrand-Scratchard Equation allows us to quantify 

the energetic cost of mixing a solute and solvent38 

𝛥𝐻𝑚𝑖𝑥 ≈ (𝛿𝐴 − 𝛿𝐵)2𝜙(1 − 𝜙) (2.6) 

Where 𝛥𝐻𝑚𝑖𝑥 is the enthalpy of mixing per unit volume of the solvent, 𝛿𝐴 and 𝛿𝐵 are 

the Hildebrand Solubility Parameters of the solute and the solvent respectively and 

𝜙 is the solute volume fraction. The minimisation of the enthalpy of mixing leads to 

a solution that is closer to an ideal solution and so it is more likely that mixing will 

occur.35,39 From Equation 2.6 it can be seen that the closer the Hansen solubility 

parameters of the solute and solvent, the closer  𝛥𝐻𝑚𝑖𝑥  will approach zero. Therefore 
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this equation provides us with a basic framework whereby stable dispersions can be 

predicted. Hildebrand solubility parameters are simply the root of the cohesive 

energy density of the material, i.e 𝛿 = √𝐸𝐶 𝑉⁄ . However this approximation only 

takes into account the dispersive contributions to the cohesivie energy density, and 

for a more complete treatment, polar and hydrogen contributions must be accounted 

for. There will be three separate contributions towards the total cohesive Energy 

density 𝐸𝐶;40 

𝐸𝐶

𝑉
=

𝐸𝐷

𝑉
+

𝐸𝑃

𝑉
+

𝐸𝐻

𝑉
(2.7) 

 

Where 𝐸𝐷, 𝐸𝑃 and 𝐸𝐻 are the dispersive, polar and hydrogen bond contributions to 

the total cohesive energy density respictively41. This results in three separate 

Hansen solubility parameters that contribute to the Hildebrand parameter40 

𝛿2 = 𝛿𝐷
2 + 𝛿𝑃

2 + 𝛿𝐻
2 (2.8) 

 

This allows a reconfiguration of Equation 2.6 to more accurately describe the 

interactions and show how the solubility parameters can separately effect 𝛥𝐻𝑚𝑖𝑥; 41 

𝛥𝐻𝑚𝑖𝑥 ≈ [(𝛿𝐷𝐴 − 𝛿𝐷𝐵)2 + (𝛿𝑃𝐴 − 𝛿𝑃𝐵)2 + (𝛿𝐻𝐴 − 𝛿𝐻𝐵)]𝜙(1 − 𝜙) (2.9) 

Equations 2.6 and 2.9 show that in general, dispersions will be stable when A-B 

interactions (solvent-solute) are as energetically close as possible to A-A interactions 

and B-B interactions. 41 It is from this point of view that we approach solubility 

parameters for dispersions of exfoliated nanomaterials. Solvents that closely match 

the solubility parameters of the dispersed materials will tend to produce stable 

dispersions and the material will not have a large energetic and thermodynamic 

tendency to reaggregate into its bulk form. As mentioned previously surface energy 

can initially provide an estimate of what solvent-solute combinations will yield 

stable dispersions. Working in reverse for un-characterised materials, the solvents 

surface energies can also be used to infer estimates of the surface energies of the 

materials that disperse well within them.42 

The final step in this process is centrifugation. The centrifugation of material serves 

a dual purpose; firstly, it separates exfoliated and unexfoliated material. The LPE 

process does not result a 100% yield of exfoliated material, and so the final 
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dispersions, even when optimised and appropriately solvent matched, will contain 

unexfoliated bulk material. These dispersions are then centrifuged as a purification 

process to separate out the bulk, unexfoliated material, which is then removed. 

Concentration measurements of dispersions are measuered after this process in 

order to determine exact concentrations of exfoliated material. 16,33,43 

A second use of centrifugation for LPE dispersions is that of particle size selection. 

Dispersions that have been produced through LPE have a tendency to be 

polydisperse and to produce small flake sizes (in the case of graphene mean flake 

size ≈ 1 μm).44 The polydisperse nature of the dispersions however can be utilised to 

produce dispersions of a required flake size. With high speed centrifugation, the 

larger flakes will crash into the sediment. This sediment can be separated from the 

original dispersion and redispersed in solvent, producing two dispersions of differing 

flake sizes. Average lateral flake size remaining in the dispersion decreases with 

increasing centrifugation RPM.44 This step is essential for full characterisation of 

the properties of the materials as it has been found in many cases that flake size 

has a noticable impact on the mechanical and electrical performance of two-

dimensional materials.45,46 

2.4 Inkjet Printing 
 

Inkjet printing has become one of the foremost research methods for the production 

of flexible electronics and patterned thin films in recent years47–49. Inkjet printing is 

non-contact, direct writing, additive and maskless. Material is directly deposited in 

patterns that can be very easily changed or altered, allowing for seamless and rapid 

engineering of different devices and circuits. The primary advantage of inkjet 

printing is the accuracy and control it allows for the deposition of material inks, 

allowing for the fabrication of complex patterns and morphologies. This accuracy 

and control is assisted by modern material deposition systems having a high 

deposition resolution50 The DMP 2800 system used in this work boasts a variable 

resolution of between 100 drops per inch (dpi) and 5080 dpi51 with the usual working 

resolution usually used being 1060 dpi. The achievable resolution will typically 

depend on the spreading of the ink carrier solvent on the chosen substrate In the 

case of IPA based inks with porous PET substrates as used here, a minimum 

resolution of between 25 and 50 μm is expected. The accuracy and resolution of 

inkjet printers allow for the design and manufacture of complex devices such as 
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transistors47,52–56, photovoltaics50,57–61 LEDs47,62,63 antennae64–68 and increasingly 

fully integrated circuitry including some of the aforementioned devices.69–71  

The additive nature of inkjet printing is one of the reasons this will be a major 

method of electronics fabrication as the consumer electronics industry pivots to a 

more renewable model. Material is only deposited where it is needed, saving money 

where materials are expensive, and reducing overall waste. It also eliminates the 

need for expensive masks and lithography, resulting in processes that are flexible 

and easy to modify depending on the desired device.  

Crucial to inkjet printing’s technical flexibility is the minimisation of process steps 

required. With sufficiently characterised material inks, very few steps are required 

to fabricate a device. Thin film transistors (TFTs) for example require separate 

material printing for the source and drain, the channel, the dielectric and the 

gate.52,53,56,72 Depending on the material, no further treatments or processes are 

required. For simpler devices such as a supercapacitor electrode developed from a 

conductive material such as graphene73 or Ti3C2 this process can be a single printing 

step before the device is then encapsulated with electrolyte. Other active materials 

can be deposited in another simple print pass. This limited number of process steps, 

and flexibility in terms of the pattern that can be fabricated and materials that can 

be deposited make inkjet printing an excellent candidate as a deposition method 

which can be upscaled for rapid mass production. 

Inkjet printing developed rapidly from the 1970’s onward as a method of processing 

digital images and documents. Continuous jet printers, whereby a material stream 

constantly flows from the ink nozzle but is diverted when not needed, were the first 

to be developed, followed by Drop on Demand (DOD) printers where individual 

droplets are induced from the printhead at will to form the final pattern.74 As inkjet 

printers began to have smaller nozzles and therefore smaller droplet sizes, the 

achievable resolution was increased making the technology attractive as a 

fabrication method for thin films and circuitry.75  

For the manufacture of printed electronics, the operating principles of the printers 

involved remain largely the same as printers designed to print documents or 

photographs. The primary difference is the resolution and the materials which the 

printer is capable of depositing. The continuous jet printer has largely been 

superseded by its DOD counterpart. It operates by a continuous stream of ink 



Chapter 2: Experimental methods and techniques 

 

61 

 

flowing from the printer ink reservoir to a print head. A piezoelectric element 

within the print head induces pressure waves within the ink stream creating a 

finely controlled Rayleigh instability resulting in a steady stream of droplets 

exiting the nozzle.74,75 The droplets pass through an electrostatic field and are 

charged by a charging mechanism or plate. These charged droplets can then be 

selectively deflected by a deflection plate further down the stream, either into a 

recycling gutter for recirculation back into the ink reservoir or onto the substrate 

forming the desired pattern.74,75 

 

 

Drop on Demand is a more selective approach to droplet deposition. The primary 

difference between DOD and continuous jet printing is that there is far higher 

control of droplet generation. DOD printers achieve this in one of two ways; either 

thermal or piezoelectric. In thermal DOD printing, each ink chamber contains a 

small heating element. A voltage pulse is sent through this heating element, 

evaporating a small amount of ink within the ink chamber, leading to a rapid 

pressure increase. This pressure increase forces the formation of a droplet from the 

nozzle.74,76 The collapse of this bubble draws ink back into the print head from the 

reservoir, readying the head to fire another droplet. The primary limiting factor to 

this method is the requirement that there must be a volatile component of the ink 

which can be evaporated to generate the printed droplet. This requirement can act 

as a limiting factor for what kind of inks and materials can be used. 

Figure 2.8: Comparison of (a) Continuous Inkjet Printing and (b) Drop on Demand Printing. The 
deflection plates for continuous jet allow for a control of the pattern formation. For DOD, the 
voltage driving the Piezo (seen on the right hand side) drives the droplet formation. 
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Piezoelectric DOD printing utilises a similar construction to thermal DOD. A voltage 

pulse is passed through a piezoelectric element or diaphragm. When a voltage is 

applied to the piezo element, it deforms creating a pressure pulse through the ink 

in the print head. This pressure pulse then generates a droplet, which is ejected 

from the nozzle.74,75,77 The piezoelectric method is more widely used in commercial 

and industrial printing than the thermal method and this prevalence has carried 

over to research systems. The piezoelectric means of deposition displays a number 

of advantages. As mentioned before, the thermal system requires the ink to have a 

volatile component in order to generate the bubbles that induce droplet formation. 

This is not a requirement for piezoelectric based systems. In addition due to an 

absence of heating, there are no issues with internal ink deposition associated with 

the evaporation of ink internally in thermal systems. Varying amplitude, shape and 

duration of the voltage pulses passing through the piezo diaphragm allow the user 

very fine control over droplet formation and accordingly allows for a range of 

different inks to be used.  

The system used in this work is a Dimatix DMP 2800, manufactured by Fujifilm 

Dimatix and utilising a set of 16 piezoelectric driven print nozzles. As such, the 

operating principles applying to a piezoelectric DOD printer apply this work and 

will be the primary printing method discussed. 

Successfully jetting a liquid ink is not simply a matter of passing a voltage pulse 

through the piezo. Most DOD printers require low viscosity inks in order to form 

stable droplets, usually in the range 4 to 30 cP,50 and most printers require a high 

surface tension to print, usually > 35 mN m-1.50 Whether an ink can jet, and how it 

behaves when it does jet is largely governed by the ink surface tension 𝛾, the ink 

viscosity 𝜂, density 𝜌, the diameter of the nozzle which is ejecting the droplet 𝑎 and 

the velocity of the droplet when ejected 𝑣.78,79 The fluid dynamics of the jetting 

process can be modelled with the Reynolds number79 

𝑅𝑒 =
𝑣𝑎𝜌

𝜂
 (2.10) 

 

And the Weber number79 

𝑊𝑒 =
𝑣2𝑎𝜌

𝛾
 (2.11) 
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The Ohnesorge number is given by relating the Reynolds number and the Weber 

number in the following manner79 

𝑂ℎ =
√𝑊𝑒

𝑅𝑒
=

𝜂

√𝜌𝛾𝑎
 (2.12) 

 

For the purposes of describing the fluid dynamics of Inkjet printing systems the final 

figure of merit that is usually used is 𝑍, the inverse Ohnesorge number, finally 

giving79 

𝑍 =
√𝜌𝛾𝑎

𝜂
 (2.13) 

 

The value of 𝑍 serves as a useful indication of the dominant forces acting within an 

ink. If 𝑍 is small, viscous forces dominate and a large voltage pulse would be required 

to successfully eject a droplet.79 In addition it would be expected that there would be 

a short tail or trail from the ejected droplet. If 𝑍 is large, then inertial or surface 

tension effects dominate and longer tails and potential satellite droplets are to be 

expected.49,77 A general rule of thumb to be followed in ink synthesis is that an ink 

can be jetted effectively for a range of 𝑍 values between 1 < 𝑍 < 14. This is a 

guideline however, and there have been many studies in recent years of jettable inks 

with 𝑍 values as high as 68.549,80 and as low as 𝑍 ≈ 181 for a UV curable ink. What is 

clear in these more recent studies, particularly demonstrated by Torrisi et al49, is 

that effective inks can be developed in choice solvents by carefully tuning the 𝜂 , 𝜌 

and 𝛾  in order to jet. This allows for a large range of flexibility when a material or 

ink that is traditionally outside the accepted 𝑍 range is required to be printed.  When 

combined with liquid phase exfoliation, the ability to tune the properties of inks 

allow for all inkjet-printed structures, requiring no reliance on other deposition 

methods. 

One major concern that cannot be avoided when a material ink is used for inkjet 

printing is clogging and nozzle blockage. Printing processes have been seen to be 

quite sensitive to particle dimension and concentration. The 𝑎 value in the inverse 

Ohnesorge number (Equation 2.12)  is the printer nozzle diameter which largely acts 

as a limiting factor on maximum particle size. It has been suggested that an optimal 

particle size is no larger than 
1

20
 the size of the nozzle diameter49,82 in order to prevent 



Chapter 2: Experimental methods and techniques 

 

64 

 

an agglomeration of material at the orifice. While high concentration will result in 

faster clogging, particle size appears to be the dominant effect on stability with 

respect to clogging nozzles. For example, Finn et al found for graphene exfoliated in 

NMP, optimal lateral flake size was ~170 nm and optimal concentration was 1.6 mg 

ml-1 for a nozzle of diameter ~ 21 μm.83 While particle sizes larger than optimal can 

be printed, clogging increasingly becomes an issue past the 
1

20
 ratio depending on 

the concentration of the ink and the volatility of the solvent used. 

Once the droplet has been successfully ejected from the nozzle, its travel, impact 

and eventual drying is governed by a complicated range of fluid dynamics. The exit 

velocity of the droplet is largely governed by the voltage that has been used to induce 

the droplet itself, although the velocity of a droplet for a given voltage will vary 

depending on the viscosity of the liquid ink. Low viscosity inks require a higher 

voltage in order to generate a droplet and this resulting droplet will be slower than 

one from a lower viscosity ink.84 Ideally the droplets will follow a straight trajectory 

through the air between the print head and the substrate. Most droplets will be 

ejected at a velocity that is higher than the terminal velocity for a spherical droplet, 

and so it would be expected that droplets will slow as they fall between the print 

head and substrate. When droplets are ejected, they can be followed by a satellite or 

tail. While waveform and viscosity can be manipulated to mitigate the formation of 

satellites, sometimes it is unavoidable. Satellites can merge with the leading droplet 

if given a sufficient travel distance77 which may result in users wishing to define a 

higher print height. In addition, while ideally a small print height is desirable for 

accurate deposition, in some cases where droplets are very large or have a high 

velocity, splashing of the droplet rather than wetting and spreading can occur85. All 

of these effects must be taken into consideration in order to achieve maximum 

accuracy, resolution and homogeneity of the final printed structure. 

When the liquid droplet is deposited on the surface, it will either wet the surface 

completely, or it will form a droplet with some non-zero contact angle. These 

scenarios are termed either a wetting situation or a partial wetting situation. The 

partial wetting situation can largely be described by Young’s relation86 

𝛾𝑆𝐺 = 𝛾𝑆𝐿 + 𝛾𝐿𝐺𝐶𝑜𝑠𝜃 (2.14) 

Where 𝛾𝑆𝐺 is the solid-gas surface energy, 𝛾𝑆𝐿 is the solid-liquid surface energy, 𝛾𝐿𝐺 

is the liquid-gas surface energy and 𝜃 is the contact angle the deposited droplet 
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makes with the surface.87 This equation essentially shows the equilibrium forces 

that result when a droplet is deposited onto a surface that it does not completely 

wet.  

 

 

This relation is only perfectly accurate for a very smooth surface, but the principle 

stands that the surface energy of the chosen substrate will influence the morphology 

of the final deposited structure. As the droplet dries it may deposit in a manner 

known as “coffee staining”, first mathematically described by Deegan et al in 1997. 

This phenomenon is important when dealing with high surface energy substrates 

and/or low concentration dispersions and will be fully described in Chapter 3. Other 

specific details that relate to the printing of particular materials, or effects caused 

by particular printing conditions or patterns will be fully described in subsequent 

chapters. 

2.5 Electrochemical Testing 
 

The primary method of electrochemical testing utilised in this work is cyclic 

voltammetry (CV). CV testing is one of the most widely used methods of 

characterising the behaviour of materials that are deemed to be electroactive. It is 

vital in the field of research on energy storing materials, as it allows for accurate 

descriptions of power and energy densities and allows for an exact quantification of 

the operating voltage of a battery or supercapacitor system. As such it is a highly 

robust method to examine all functional aspects of an energy storage system.88 

Kissinger et al88 described cyclic voltammetry as being analogous to a conventional 

spectrum, conveying chemical information as a function of an energy scan. 

Figure 2.9: The equilibrium forces maintaining a particular contact angle as described by Young's 
relation. 
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The process involves bringing an electrode from one set potential to another, and 

back to the original potential. The current response of the electrode is measured and 

the 𝑉 and 𝐼 values are usually plotted against one another. This 𝑉 is controlled 

versus a reference electrode, which can vary from experiment to experiment, but 

saturated calomel electrodes or silver/silver chloride electrodes are common.88 Cyclic 

voltammetry is important in the field of energy storage as it allows the user to 

visualise the process of electron transfer kinetics, and thus visualise how energy is 

stored within a system. A whole range of information can be seen within a CV curve. 

If redox peaks are present, the potential that is required to induce oxidation can be 

seen from where the peak begins, and the presence (or lack thereof) of a second redox 

peak will tell if the process is reversible or not. Intense redox peaks can signify 

battery behaviour if they are observable on both the forward and reverse sweep.89  

The area under or within the displayed curve represents the charge stored in 

Coulombs. Two examples of typical CV curves found in energy storage work are 

displayed in Figure 2.8. 

 

Figure 2.10 (a) shows the typical CV curved from a material or device that is storing 

energy through redox reactions.  The cycle begins at potential 𝐸1 and the potential 

is changed at a steady rate, known as the scan rate (in V or mV s-1), to potential 𝐸2, 

and then reversed at the same rate back to 𝐸1. This can either be in a positive or 

negative direction, depending on the cell configuration and the charge state of the 

material. 𝐸1, the initial potential, is usually selected to give the cell a negligible 

initial current. From the graph, we can see that when the voltage is sufficiently low 

enough, reduction in the electrode begins, and the cathodic current increases. This 

increase continues until the amount of un-reduced material in the electrode is at a 

Figure 2.10: Sample CV curves for devices storing charge (a) through redox reactions and (b) 
through double layer capacitance. (a) adapted from Wikipedia under creative commons, (b) 
adapted from https://electronics.stackexchange.com. 
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low enough concentration to cause the current to peak, marked on the curve as 𝐸𝑝𝑐. 

This current is the peak cathodic current. This peak current then decays until the 

electrode material has been reduced. The scan direction then reverses at potential 

𝐸2, and the potential steadily increases. When the voltage becomes sufficiently high 

enough, the electrode material will begin to oxidise, and the anodic current will 

increase, once again increasing to a peak value 𝐸𝑝𝑎 in a similar manner to the 

cathodic current. After this peak is passed, the current will begin to decay until the 

initial cell potential 𝐸1  is reached once more, completing the cycle.88,90,91 The Nernst 

Equation governs the equilibrium conditions that are to be found at the electrode 

during the entirety of the scan length90 

𝐸 = 𝐸0
𝑓

+
𝑅𝑇

𝑧𝐹
𝑙𝑛

𝑐𝑜

𝑐𝑟

(2.5) 

Where 𝐸 is the cell potential, 𝐸0
𝑓
 is the standard cell potential, 𝑅 is the gas constant, 

𝑇 is the temperature, 𝐹 is Faraday’s constant, 𝑧 is the number of electrons 

transferred in the reaction  𝑐𝑜 is the concentration of oxidised species and 𝑐𝑟 is the 

concentration of reduced species. 

The second graph, (b), is that displayed of a supercapacitive material when subjected 

to cyclic voltammetry. As discussed in the previous chapter, the current response of 

a cell displaying double layer capacitance should be linear to the rate of change of 

potential. Utilising constant scan rates should therefore produce a rectangular CV 

response. In addition, the charge stored should be constant across the entirety of the 

voltage window. These conditions give rise to the shape of the graph seen in Figure 

2.10 (b). There should be no observable redox peaks within the CV curve unless 

pseudocapacitive materials are utilised.  

Electrochemical testing and specifically cyclic voltammetry forms a significant part 

of chapter 4 of this work, detailing the electrochemical testing of printed in-situ TEM 

electrodes. Information and technical details specific to those experiments will be 

fully detailed in the relevant chapter. 

Conclusions 
 

This chapter is intended to present the experimental methods used through this 

work. The two most important techniques presented are TEM and inkjet printing 
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and more specific information regarding their function in this work will be given in 

Chapters 3 and 4.  
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Chapter 3: Inkjet Printing of In-

Situ TEM Electrodes 
 

3.1 The Need for In-Situ Analysis 
 

To improve the capacity and efficiency of energy storage devices, we must fully 

understand how the materials that make up these devices change during the charge 

and discharge process. Of particular importance is understanding how these 

materials degrade and fail. As batteries and supercapacitors are designed to hold 

more and more energy, and to charge and discharge at increasingly high rates, 

safety and reliability is vital. While the morphological and chemical changes that 

the materials undergo during this process can be inferred from post-mortem studies 

of used devices, this is not always the case. Li ion secondary batteries exist in a 

closed environment.  These battery materials are highly reactive and unstable, and 

the atmospheric exposure required to examine them renders much of the 

information obtained useless. It is for this reason that in-situ and operando studies 

of these materials is required. The ability to analyse energy storing materials in 

conditions similar to those that would be present within a full device is important, 

and thus has been the focus of significant amounts of research. For energy storage 

materials, this generally means examining the materials while they are immersed 

in, or at the very least in contact with, a liquid electrolyte. 

In-situ TEM studies represents the best opportunity for collecting meaningful 

chemical and morphological data on energy storage materials. There are currently 

numerous specialised TEM holders on the market, designed for examining liquids 

and materials in liquids. When coupled with the capability to introduce electric 

currents to the liquid environment, these holders can be very powerful tools in the 

analysis of nanomaterials as used in energy storage electrodes. Despite the field 

itself being nascent, with most original studies focussing on biological samples in 

liquids1,2, there has been considerable findings over the  last number of years, 

particularly with respect to dendrite and solid electrolyte interphase (SEI) 

formation3–5. 
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The experimental methods of this process are not trivial. The microelectrode 

structures must be fabricated within a very small space, with the working counter 

and reference electrodes of the cells used in this thesis separated by a distance of 20 

µm. When coupled with the fragile nature of the chips, and the electron transparent 

window of the cell being 20 nm thick, a very considered approach must be adopted 

in the preparation of these devices. In most published material, the focussed ion 

beam (FIB) is the primary method of fabricating the in-situ electrodes.  

In addition to these fabrication problems, a number of technical hurdles exist in 

imaging liquid cell samples. The presence of liquid layers inhibits high resolution 

image acquisition and precludes many of the chemical spectroscopic techniques such 

as electron energy low loss spectroscopy (EELS) and energy dispersive x-ray 

spectroscopy (EDX spectroscopy). 

A further experimental hazard that must be considered is the effect of the electron 

beam. This effect can be twofold in micro-electrochemical systems like those shown. 

Firstly, the electrolytes are susceptible to damage and degradation from the beam. 

Appropriate electrolytes that are not beam sensitive must be chosen for these 

systems. Secondly, it is possible for the energy imparted by the beam itself to induce 

electrochemical changes within the cell. These beam induced changes must be 

differentiated from morphological and chemical changes that occur due to the 

electrochemical cycling. In an ideal situation, these beam induced changes would be 

completely eliminated from consideration. 

Figure 3.1: A schematic diagram of a typical Open Liquid Cell. An anode, typically formed from a 
nanowire welded or epoxied to a gold electrode is immersed in an Ionic Liquid Electrolyte (ILE) 
which is in turn in contact with a cathode material (typically LiFePO4 or LiCoO2). Both sides are 
connected to an external potentiostat. 

Potentiostat 
+ - 

IL
E

Cathode Anode 
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Many publications have removed some of the issues of aqueous and organic 

electrolytes in the TEM column by utilising an open cell configuration. This usually 

consists of the anode and cathode materials connected to each other with a droplet 

of ionic liquid electrolyte.6,7 The open cell exposes the workings of the device to the 

column pressure. Due to the exceedingly low vapour pressure of the ionic liquid 

electrolyte, there is no evaporation and the device is safe to be operated within the 

TEM column pressure. Some issues do present themselves with this method. For 

the most part, ionic liquid electrolytes are electron opaque.8 It is not possible to 

observe what is happening to the material through the electrolyte itself.  

 

  

Figure 3.1 gives a basic schematic outline of the typical open liquid cell that utilises 

an ILE. It has been observed that for micro/nanobatteries, such as those composed 

of single nano-wires, beads of ionic liquid electrolyte will coat the length of the 

structure. While this does allow the device to function, it impedes resolution and the 

thin film of electrolyte is very prone to degradation and polymerization under the 

electron beam.9  

Some tests have utilised a solid-state cell, mostly using the Li2O coating that forms 

on lithium metal to act as the electrolyte.10,11 As the holder is inserted into the TEM 

column, the surface of the pure Li electrode oxidises providing a solid-state 

electrolyte that completes the device. 

The absence of the liquid electrolyte allows for a high degree of spatial resolution 

and eliminates the risk of stray droplets of liquid entering the TEM column proper 

Potentiostat 
+ - 

Cathode Anode 

Li
2

O 

Figure 3.2: Schematic diagram of a Solid State Open Cell. In this configuration, a coating of Li2O 
forms over lithium metal during the process of inserting the TEM holder into the column. This 
layer is used as a solid-state electrolyte when it comes into contact with the anode material. 
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and compromising the column, vacuum, or in the worst-case scenario, the electron 

gun. The absence of liquid also ensures much clearer spectroscopic signals and 

scattered electrons to be observed, allowing techniques such as EELS and EDX to 

be utilised to investigate the chemical composition and changes that occur. This 

configuration however is not a wholly accurate representation of the function of a 

Lithium ion secondary battery. The Li2O layer has a very low ionic conductivity at 

room temperature. In order to overcome this, a large over potential must be applied 

to drive the lithium ions into the electrode.9,11,12 

While these two methods (open liquid cell and open solid-state cell) have previously 

been extensively been used, it is well known that there are limitations to how much 

information can be obtained through these methods. The primary problem is that in 

these open cell configurations, the electrolyte is only in point contact with the anode 

material rather than fully immersed in the electrolyte at all points. This point 

contact could inadvertently alter the Li ion diffusion process. Secondly, the open cell 

configuration precludes some of the phenomena that we know occur in full sized 

devices such as SEI formation at the electrode-electrolyte interfaces and 

interactions between the electrolyte and the bulk electrode. Because of these 

limitations, in this work a third method of cell construction is used; a closed 

electrochemical liquid cell. 

3.2 Liquid Cell Electrochemistry 
 

Liquid cell electrochemistry is the primary method of addressing the shortcomings 

of the two traditionally used open cell methods. Liquid cell techniques present an 

opportunity to conduct not just in-situ but also operando (full analysis during 

external stimulation such as cyclic voltammetry) testing of energy storage 

materials. Using liquid cells allows for a close representation of the inner workings 

of a battery or supercapacitor to be reproduced. Relevant electrodes and electrolytes 

can be used in a closed environment, ignoring some of the fundamental limitations 

of the open cell structure. The entirety of the electrode and material maintains 

contact in a full closed liquid cell, allowing for reasonable replication of diffusion 

pathways that appear in full devices. The interface between the electrode material 

and electrolyte can be closely probed, unlike in the open liquid cell configuration. 

Electrolyte selection must be carefully considered as some electrolytes degrade and 

behave unusually under high intensity electron beams. Aqueous and organic 
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electrolytes are electron transparent, and allow for direct morphological analysis 

unlike experiments performed using electron opaque ionic liquid electrolytes. 

The closed liquid cell consists of electrodes and electrolyte closed within a cell that 

can be held within a TEM holder, some of which allow for electrical signals to be 

induced onto the electrodes. The original liquid cells were fabricated within research 

groups and varied in appearance and experimental operation,13,14 however in recent 

years more sophisticated commercial liquid cell assemblies from Hummingbird 

Scientific and Protochips have enabled standardised liquid cell testing. These 

commercial cells differ in fine architecture, but are fundamentally similar. They 

consist of pairs of Si chips with a thin layer of SiNX. The Si is etched away at 

overlapping points to form electron transparent windows, measuring 200 µm X 50 

µm, through which the electron beam can pass.  The basic schematic of the cell itself 

is given in Figure 3.3.  

 

The larger of the two Si chips is the electrochemistry chip. On the electrochemistry 

chip, three metal electrodes extend into the viewing window. These electrodes are 

(C) 

Figure 3.3: The Liquid Cell Holder and Chips. (A), a blank liquid cell chip with visible window and 
three Au electrodes leading into the viewing area. The Au electrodes are 20µm wide, (B) an 
exploded view of the liquid cell TEM assembly. This tip is inserted into the liquid cell holder which 
in turn is inserted into the TEM column for imaging. Note the top cover plate narrows the field of 
view limiting certain functions such as EELS, EDX and HAADF analysis. (C) shows the schematic 
elevation view of the assembled cell.  

(B) 
(A) 
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20 µm wide, and are spaced 20 µm from each other. These electrodes extend towards 

the rear of the cell and expand to contact pads, which connect to electric contacts at 

the rear of the TEM holder. The second chip is known as the spacer chip. This chip 

consists of a square Si piece, with the same centrally located SiNX window which 

overlaps with the window of the electrochemistry cell. 

Adjoining each side of the chip is a patterned layer of SU8 (an epoxy based negative 

photoresist). This SU8 has a dual function within the cell. The first is to create a 

narrow channel within which the electrolyte can be contained (and flow, depending 

on the specific experimental setup). The second purpose is to isolate the large rear 

contacts from the liquid electrolyte. This is to ensure that the majority of the 

electrochemical response that is being observed is exclusively as a result of 

phenomena occurring within the viewing area. This layer of SU8 is provided in 

different thicknesses by the manufacturer which allows for different liquid film 

thicknesses. In practice the thinnest liquid film possible is desirable to increase 

resolution and decrease scattering. The sandwiched electrodes are held in place with 

a pair of rubber O Rings and a metallic retaining plate, which exposes only the 

windows to the TEM vacuum. The overall design of the tip itself is given in Fig 3.3. 

Full details on the theory, experimental operation and results of in-situ TEM 

electrochemistry and imaging for the cells presented here are contained in Chapter 

4. 

3.3 Fabrication of Liquid Cell Electrodes Using 

Nanomaterial Inks and Inkjet Printing 
 

In this work, inkjet printing was utilised as a method of depositing material onto 

the metallic electrodes. This approach was chosen for a number of reasons. Firstly, 

this method of deposition is the same as is used for making large scale devices. This 

allows for a degree of consistency in terms of electrochemical data and electrode 

morphology. Electrodes can be patterned onto the liquid cells without any further 

modifications required to our inks, which have been created through liquid phase 

exfoliation (LPE) as described in Chapter 2. Secondly, printing allows for a larger 

range of materials to be deposited, hybrid dispersions in particular. FIB is the 

primary method of fabrication for liquid cell electrode systems, however as has been 

noted before, the single nanowire batteries that are common within in-situ 

electrochemistry research are less than ideal for investigating long term cycling 
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information and the function of full sized devices.11,15 For these experimental set ups 

to provide a close analogue to full-sized devices, forests of hundreds of nanowires 

would have to be deposited, an expensive and time consuming task. In addition, FIB 

deposition has its limitations when dealing with hybrid materials. 

 One of the primary advantages of the inkjet printing approach is the ability to 

manufacture electrodes consisting of composite or hybrid materials. Many materials 

within the field of supercapacitors and batteries are now being functionalised with 

carbon nanostructures (graphene, CNTs etc) or conductive polymers.16–22 Stable 

liquid dispersions of these materials can be used as inks and deposited directly onto 

electrochemistry chips without the need for extensive or complicated fabrication 

steps as would be required if the materials were to be grown directly onto the cells 

or transferred using FIB deposition or micromanipulation. 

3.4 Optimisation of Printing Processes for IPA 

Nanomaterial Inks 
 

Prior to electrochemical testing, it was necessary to conduct a full printing 

parameter characterisation of our ink dispersions. Certain parameters that would 

not normally be considered to have a large impact during the printing of large scale 

devices, such as droplet velocity and individual droplet repeatability were found to 

be important when fabricating electrode structures on micro-scale pre-fabricated 

architecture. 

3.4.1 Ink formulation and solvent selection 
 

For the initial printing characterisation an MnO2 material ink was selected. The 

MnO2 inks were prepared in the manner described in Ref [24]. Mn(NO3)H2O (1.67 

g) is dissolved in 100 mL of deionised water . A triblock copolymer, PEG-PPG-PEG 

(0.5 g) is then added. This solution is heated and maintained at 45 OC. Separately, 

an aqueous solution of KMnO4 (100 mL, 0.1 M) is prepared. This solution is slowly 

dripped into the first solution, creating a precipitate which is washed sequentially 

with DI water and ethanol. The solution is then vacuum filtered and dried overnight, 

resulting in MnO2 powder. 

To create an exfoliated nanomaterial ink, bulk MnO2 (300 mg) is added to IPA (30 

mL) and sonicated in an ultrasonic bath for 3 hours at 37 kHz. Following this the 
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suspension is centrifuged at 5000 rpm for 3 hours to remove un-exfoliated bulk 

material and the top 70% of the remaining supernatant is retained, with the 

remainder being discarded. This supernatant is used as the MnO2 IPA ink, without 

further modification 

For liquid cell electrochemistry, IPA based inks were originally selected for a 

number reasons. The first was the availability of many stable IPA material 

dispersions giving a large material “toolbox” with which the experimental work 

could be conducted. As described in Chapter 2, many of these stable, or meta-stable, 

dispersions can be used for hybrid material suspensions due to the similar surface 

energies and solubility parameters of the solvents and materials to be dispersed.  

Secondly, the low volatility of the dispersion solvent was important. Due to the 

eventual exposure of the Si electrochemistry cells to liquid electrolytes and given 

the low current ranges expected from micro-electrochemical cells, it was imperative 

that as little original solvent as possible remained on the surface of the cell. While 

extensive studies have shown that many of the 2D materials used within this work 

can be exfoliated and dispersed more effectively or at higher concentrations in NMP 

and DMF23–29, for the purposes of this work, a lower volatility solvent in which 

material could be reasonably well dispersed was deemed to be more desirable. 

Spreading of the liquid droplets and the ability to rapidly evaporate the printed lines 

was also a consideration. Since the target substrate (the prefabricated 

electrochemistry cells) was fixed, there is no real opportunity to change the surface 

chemistry or energy. Heating is the only feasible way to modify the surface during 

the printing process,30,31 and so IPA satisfied this requirement once again. 

Figure 3.4: An example of a range of IPA based nanomaterial-based dispersions. Used in this 
work. The MnO2-Graphene Hybrid and Si nanoparticle inks are examples of high concentration 
(~ 10 mg mL-1) stable ink dispersions. 
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3.4.2 Characterisation of printed IPA Droplets and Lines 
 

Once appropriate solvents/inks were selected, the initial printing phase was 

designed to characterise how these inks would wet and spread on the SiNx layered 

cells. Initially, the appropriate waveform development to create a fully jettable 

droplet was undertaken (described in full in Chapter 2). For large scale printing 

projects, long term droplet stability and clogging are major factors in generating 

stable printed droplets. However, for the small-scale devices presented in this 

section, this was less of a concern. A large interdigitated supercapacitor may consist 

of hundreds of thousands of overlapping droplets, printed over the course of multiple 

passes. For these devices it is vital for the ink dispersions to maintain a stable 

droplet over the course of multiple minutes and hours (depending on ink 

concentration and desired film thickness). However, the electrodes designed to be 

printed onto electrochemical TEM cells are in the order of hundreds of microns long 

and tens of microns in width, and therefore consisted of only a few droplets. This 

makes long term droplet stability less of a concern, as droplets need only be 

completely stable over the course of the 5 or so seconds required to deposit the 

required amount of material.  

Some short time scale stability issues do remain, however. The most important of 

these stability concerns is that accurate droplet placement relies on a consistent 

droplet trajectory, and even small deviations of the in-flight droplet can cause severe 

positional errors that would not be noticeable on larger devices. The largest 

contribution to trajectory errors is usually an accumulation of material at the nozzle 

edge32, which can directly deflect the path of the droplet. The primary printing 

nozzle used must be kept clear of accumulated material to ensure accurate electrode 

placement. A secondary point to note is the agglomeration that can occur in inks 

where the solvent and solute have been poorly matched. The theory of liquid phase 

exfoliation, discussed in Chapter 2, showed how a poorly matched suspension will 

have a tendency to agglomerate. With agglomeration, the particle size of the 

material within the suspension rises, possibly coming close to the size limit of 

printable material usually 
1

20
𝑡ℎ of the nozzle diameter (in this case a nozzle size of 

21 μm, giving a limit of 1 μm). While these limits are only guidelines, they do have 

an effect on the stability of the generated droplets and the trajectory of ejected 

droplets can be affected by an accumulation of oversized particle aggregates. In 
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short, while a dispersion does not necessarily have to have long term stability for 

this kind of printing, it is largely recommended that it is stable. 

Initial tests of line formation were undertaken with a 0.1 mg ml-1 IPA dispersion of 

MnO2. These tests were primarily intended to provide a base level of understanding 

on how the liquid behaved in contact with the SiNx layer. Of primary interest was 

how the liquid wetted the substrate and the degree to which the printed patterns 

were affected by coffee staining. Multiple passes were printed outside of the window 

area to determine the wetting and spreading properties of the inks. 

These initial tests showed that the lines printed experience severe coffee staining. 

Even after multiple printed passes almost no material remains on the interior of the 

printed features. The only significant material deposits within the line structure 

come from droplets that have miss fired or otherwise unintentionally deposited away 

from their intended target. In addition, the printed structures are very large when 

compared with the size of the electrode architecture of the chip. The Au electrodes 

of the cell are 20 µm wide and are spaced 20 µm microns from each other. In 

comparison the lines printed are on average 112 (±5) µm. 

The primary print parameters that can be manipulated outside of tuning the 

properties of the ink itself are the driving voltage of the nozzle piezo (V), the droplet 

spacing (d), the print height (h) and the substrate temperature (T). Droplet spacing 

primarily serves to determine the distance between the droplets deposited in a 

particular pattern. The Dimatix DMP 2800 printer software generates the formed 

Figure 3.5: MnO2 from an IPA based ink deposited on the SiNx thin film of an electrochemistry 
chip. In image (A) the coffee staining effect can be prominently seen. Most of the deposited 
material has migrated during the drying process to the edge of the lines. In image (B) the 
printing errors that are introduced from stray droplets can be seen in the bottom printed line. 
The coffee staining is once again very prominent. 
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patterns as a series of consecutive droplets and it is up to the user to determine the 

wetting characteristics of the ink, and what the appropriate spacing should be. If 

the spacing is too large, the droplets will not form a continuous line. If the spacing 

is larger than the total wetting radii of each pair of consecutive droplets, the pattern 

will not connect and will be a series of separated droplets. Poor drop spacing choice 

can also display what is known as a “scalloped”33 pattern where the droplets connect 

but still retain rounded contact line shapes at the edge of the pattern (an example 

of this shape can be seen in the 70 μm droplet spacing image of Figure 3.6). While 

still creating a connected feature, these scalloped lines tend to have a larger feature 

width than a feature with a properly tuned droplet spacing. If the droplet spacing 

selected is too low, the deposited droplets will exhibit a tendency to pool and bulge 

rather than forming a continuous line. An appropriate droplet spacing is very 

important for accurate feature formation. 

 

 

When droplets were deposited with increasing droplet spacing the narrowest line 

was found to occur at a spacing of 60 μm for the IPA ink. The line breaks down at 

higher droplet spacings than this, forming individual droplets instead of a connected 

line. This is shown in Figure 3.6. Determining the droplet spacing is the first 

objective when using a new liquid system. When using different ink solvents and 

droplet spacings it is important to remember that changing the droplet spacing will 

yield a different deposited mass per unit area. 

Figure 3.6: Line spreading differences depending on droplet spacing. Droplet spacing controls how 
close each droplet is placed to the next droplet. A lower droplet spacing for a given pattern length 
will give a pattern made of more droplets. The required droplet spacing depends on the wetting of 
the substrate. Too high droplet spacing will give non connecting droplets as seen in images for 
droplet spacing 70 μm and 80 μm. Too low a droplet spacing will result in high amounts of spreading 
in the deposited droplets as seen in the images for 10 and 20 μm spacing. 
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The driving voltage of the piezoelectric diaphragm is the primary factor determining 

the velocity of the droplet. From experimental observations, the droplet exit velocity 

(the velocity of the droplet as it exits the nozzle), is directly proportional to the piezo 

driving voltage V. For a given optimised waveform, steady droplet formation was 

found to occur from 15V and higher. Below this value, jetting was either 

inconsistent, providing a highly inaccurate, irregular flow of droplets or did not 

occur at all. The following tests were conducted at a standard spacing of 50 μm, 

voltage of 24 V and print height of 500 μm at an ambient platen temperature. 

It is important to note at this point that these values are of the droplet’s exit velocity 

from the nozzle. The terminal velocity of a droplet of 10pL of IPA falling through air 

is roughly ≈ 1 m s-1 (assuming a spherical droplet of IPA, and ignoring buoyancy 

effects) and so the droplets will slow due to drag effects between the nozzles and the 

substrate. Accordingly, the larger the distance between the print head and the 

substrate, the slower the final impact will be. 

 

Figure 3.7: The effect of piezo driving voltage on droplet velocity and final pattern diameter. 
Image (A) shows the increasing velocity of a given droplet for increasing driving voltage. The 
strobostropic camera is set to a 37 μs delay. The exit velocity of the droplets appears to scale 
linearly with the driving voltage, as seen in graph (B) This in turn appears to have an effect on 
the final droplet diameter when deposited on the Si Chip, shown in graph (C) 
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 Droplet velocity was seen to influence the spreading of deposited droplets at a given 

height and ambient temperature, as is shown in the graphs in Figure 3.7. There is 

a clear increase in droplet diameter as the driving voltage is increased. This effect 

could be in part due to a phenomenon observed for droplets impacting surfaces at a 

high velocity. Droplets hitting substrates at a high velocity are observed to spread 

or "pancake” to a far larger diameter than what would normally become their final 

contact line if pure viscosity and surface tension effects were considered. Depending 

on the velocity and the liquid used, the kinetic energy imparted is dissipated by 

viscous forces or converted to the surface energy associated with a much larger free 

surface area of the droplet, causing the droplet to recede from its maximum 

spreading.34–36  However, due to differences in the advancing and receding contact 

angles that are associated with contact angle hysteresis, this pancaking and 

receding effect can cause differences in final droplet diameter and coffee staining 

pattern. As explained by Rooiboo et al34,  surface effects such as roughness and 

debris can have a massive effect on how a droplet spreads and recedes when 

impacting a surface. This can lead to deposition of perimeter droplets and material 

as the droplets recede, or a complete bouncing of the droplet from the surface. These 

factors can cause a much different deposition than what could be expected just from 

examining surface tension effects and Young’s equation.  

Higher voltages can also produce higher radius droplets, causing the final pattern 

to be larger. While there are a number of mechanisms at work within the system, 

the final consideration is that a higher driving voltage will produce a larger droplet. 

This is important for controlling pattern size because, as mentioned before, these 

tests are substrate limited; there is little or no opportunity to modify or change the 

substrate, and so other methods of changing our final pattern morphology must be 

considered. 

Varying the height of the print head from the substrate affects the deposited pattern 

in two distinct ways. As the droplets are ejected from the print head at a velocity 

higher than their terminal velocity, the droplet slows as it falls due to drag. The 

larger the distance between print head and substrate, the longer the droplet has to 

decelerate and therefore the slower it will be on impact. This deceleration was 

observed to have a small impact on the final width of the printed structures, as 

shown in the graph in Figure 3.7, with the difference in width between droplets 

deposited at the highest position (1.5 mm) and the lowest position (200 μm) being 
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roughly 10 μm. The final line widths plateau as the height increases, suggesting 

that droplets reach their terminal velocity along the flight path at a certain height. 

This is useful if inks require a high voltage to jet, but a narrower final line is 

required. The second way that height effects the printed pattern is in terms of 

positional accuracy. With a higher distance between the nozzle and the substrate, 

droplets with an imperfect or deviating trajectory land further from the expected 

position, meaning patterns deposited at high height settings exhibit a large 

variation in their final positioning. Deviating or misplaced droplets are more 

common, making width tests and accurate deposition difficult at the highest height 

values. A combination of high voltage and a large height between substrate and the 

print head could mitigate these errors caused by non-straight flight paths, and could 

serve to be an effective means of printing lower concentration inks where a higher 

voltage is required to jet uniformly. 

 

 

Temperature variance is seen to have a minor effect on the spreading of deposited 

material. It has previously been established that for a given solid-liquid system 

where the deposited droplet exhibits a non-zero contact angle, increasing the 

temperature 𝑇 will decrease the contact angle 𝜃.37–39 Therefore it is expected that as 

temperature increases for our system, the width of the deposited line should also 
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Figure 3.8: The relationship of print height to final printed feature width. The feature width 
decreases as height increases due to the additional drag effects experienced by the 
droplet. The tests were conducted at ambient temperature, with a driving voltage of 25 V, 
droplet spacing of 50 μm 
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increase. As can be seen in Figure 3.7, the drop diameter increases until it reaches 

maximum wetting at 45 oC. After this point the line diameter appears to decrease. 

 

The decrease in line width as the temperature increases is unexpected but can be 

explained by the system bypassing a critical temperature beyond which the droplet 

begins to evaporate before the droplet ceases movement and forms it’s final pinned 

contact line. The same printing system was used by van Osch et al  who reported 

that heating the print platen to it’s maximum temperature (60 OC) reduced line 

spreading.40 The boiling point of IPA is 82.6 oC so it would appear that the IPA dries 

rapidly at these elevated temperatures, however a thorough study with different 

solvents would be required to confirm this theory.  

 

3.4.3 The Coffee Staining Effect 
 

In the previous section one of the most visible characteristics of the deposited lines 

and droplets was the very visible coffee staining effect. While the characterisation 

conducted provided parameters for the narrowest printed pattern possible, the 

coffee staining effect remains pronounced for all variations. While much research 

has been conducted into supressing the coffee staining effect for the purposes of 

obtaining homogenous material depositions, many of these solutions involve either 
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Figure 3.9: The variation of deposited line width with increasing 
substrate temperature. The tests were conducted with a droplet 
spacing of 50 μm, print height of 500 μm and driving voltage of 25 V. 
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a chemical alteration of the substrate, which was not seen to be practical in this 

case, or a modification of the material ink. These ink modifications usually come in 

two forms; the addition of a polymers or surfactants to suppress the internal 

capillary flow that creates the coffee stain pattern or the mixing of solvents to create 

a binary solvent system.41 In the former situation, Marangoni flows are typically 

induced in the droplets by the presence of the surfactants. This creates a surface 

tension gradient which in turn re-circulates the material towards the centre of the 

drying droplet. This inhibits or completely reverses the capillary effects that create 

the coffee staining. This can also be induced by highly localised temperature 

gradients42, as surface tension is affected by the temperature. 

 

 

While these procedures were considered, both were deemed to present more issues 

than they solved. The addition of any kind of polymer or surfactant was undesirable 

for similar reasons stated in section 3.4.1. Due to the very low current nature of the 

tests involved, it was not considered practical to include additives to the inks that 

could drastically affect the conductivity of the small amount of material deposited. 

A conductive network between the material, the electrolyte and the metallic 

electrode is vital for inducing the physical and chemical changes required for energy 

storage, and a signal large enough to be visible on potentiostat software was 

required.  Similarly the addition of different solvents after the initial 

characterisation phase was undesired due to the possibility of unevaporated 

solvents and drastically changing the stability of our liquid inks.  

Another option considered was to print an excess of material, leaving significant 

delays between layers in order to fill in the lines, with each successive layer acting 

Figure 3.10: An example of typical progression of the coffee staining effect. The contact line 
pins when the droplet is deposited, and the droplet begins to evaporate. As the contact line is 
stationary, the edge must be replenished with solvent from the centre of the droplet, migrating 
solute towards the contact line. Finally, when the liquid is all evaporated, there is much larger 
amount of material deposited at the edges of where the droplet was than in the centre. 
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as boundary for the next. This solution presented further complications. Firstly, 

there is still a requirement for the samples to be electron opaque (as discussed in 

the fundamentals of TEM operation in Chapter 2) in order for characterisation to be 

conducted. Secondly there is a practical upper limit of how much material can be 

deposited onto the window. Prefabricated spacers allow for a gap between the SiNx 

windows ranging from 50 nm to 1 μm. When the mass of material approaches this 

limit, there is a high chance of the window rupturing, rendering the experiment 

unusable. In addition, while a larger spacer could be used, this will increase the 

thickness of the liquid layer that the e- beam must pass through and dramatically 

increases the likelihood of secondary scattering events (as discussed in the TEM 

section of Chapter 2).  While this would allow for an excess of deposited material 

and introduces the possibility of forming a homogenous film of material on the cell, 

the likelihood of actually being able to obtain a usable signal and resolution of the 

images would be low. Ideally as thin a liquid layer as possible should be used in 

order to fully detect morphological and chemical changes. 

 While some low impact surface treatments such as argon/oxygen plasma cleaning 

are available, this technique in particular is usually used to improve the wetting of 

hydrophobic surfaces, and to remove dirt. This would still not solve the issue of 

extensive coffee staining on the cell and would serve to increase as opposed to 

decreasing the total line width of the deposited pattern. When the cells are later 

assembled, plasma cleaning is used to enhance the spreading of the liquid electrolyte 

over the entirety of the cell surface. 

Considering the spreading dynamics of our printed lines however, it was seen that 

for printing TEM electrochemistry cells that the coffee staining could in fact be 

beneficial rather than an inherent problem to be overcome.  As can be seen from the 

previous Figure 3.5, the coffee staining effect on a highly wettable substrate, like 

the SiNx layer used here, is extremely pronounced and results in the vast majority 

of the deposited material accumulating along the dried contact line of the printed 

feature. However, this contact line of material is much closer in width to the pre-

existing electrode architecture than even the narrowest printed line (56 ± 3.54 μm 

narrowest printed line achievable vs 20 μm wide Au electrodes with 20 μm distance 

to the next electrode). Accordingly, it was decided to utilise rather than suppress the 

coffee stain pattern and deposit a narrow line with a large mass of usable material. 
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The advantages of this approach are readily apparent. Firstly, and perhaps most 

importantly, when the total objectives of the experimentation are considered, no 

modification to our ink or material are required. This means that there is a 

consistency between the materials that are being used in the in-situ testing and 

would be used for the fabrication of full scale devices. One of the primary objectives 

of this work is to identify the chemical and morphological changes that occur during 

the energy storage process. Considering this, it is not desirable to introduce any 

other materials or factors that would largely change the composition of our 

electrodes. Secondly, from a technical point of view, utilising just the contact line as 

opposed to the full width of the line is important when two electrode systems are 

considered.  

For supercapacitive materials that are relying on purely electrostatic effects or 

redox effects between the electrode and the electrolyte, the gold electrode can 

function adequately as a counter electrode. However for a battery device, a two 

electrode system consisting of a Li based material and a Li host anode is required. 

It is important that there is no overlap of material either on or off the window, made 

much more difficult by the close packed architecture of the electrochemistry cells. 

At their closest approach the working and counter electrodes etched onto the cell are 

only 60 μm apart. In certain configurations offered by Hummingbird (depending on 

electrode materials), and those used in this work, the spacing is far less than this.  

This characterisation step provides a framework of requirements for electrode 

deposition. The narrowest line possible is required, in order to maximise the density 

of material at the contact line and to minimise the chance of shorting between the 

electrodes. Ideally as few satellite droplets, or inaccurately deposited droplets as 

possible are needed. A single poorly placed droplet has the required diameter (>60 

μm) to short all three electrodes, and once material is deposited, it is impossible to 

effectively remove without shattering the window. There are guidelines provided by 

Hummingbird Scientific for the cleaning of the electrochemistry chips. This involves 

successive baths in IPA, Acetone, Methanol and DI water, however it was found to 

not effectively remove the printed material. Any attempts at mechanical cleaning 

shattered the SiNx windows instantly. While a low voltage provides narrow lines, 

low velocity droplets are more affected by clogging and deviating trajectories. As 

droplet accuracy was imperative, it was decided that an intermediate velocity (≈ 25 
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V) would be used to minimise both line width and the potential for greatly deviated 

droplets. 

 While the effects of the varying temperature have been mentioned before, a second 

effect of varying the temperature was also observed. As temperature increased, the 

density of material at the contact line visibly increased. At 55 OC and 60 OC the 

internal structure of the line fully broke down and the material no longer created a 

clear thing film. It has been reported previously that coffee staining increases at 

elevated temperatures33 due to the increased rate of evaporation at the edges of the 

deposited droplets. Qualitatively it is worth noting that an elevated substrate 

temperature caused more frequent blockages in the print head. A non-jetting 

waveform maintains a meniscus of liquid at the nozzle edge at all time. This is in 

order to keep the printing channel wet with solvent. However, due to the low boiling 

point of IPA it was believed that the heated platen was evaporating the IPA 

interface as the print head passed over the printing area, causing a rapid 

accumulation of material at the nozzle edges. This is compounded by the desire to 

maintain the print head at as low a height as possible to minimise trajectory errors. 

It is therefore a matter of balancing advantages and disadvantages for each of the 

measured parameters. At the length scales involved in this work, and with the fine 

accuracy requirements, each parameter appears to have considerable impact on the 

others. Therefore, it was found to not be a simple matter of merely selecting the 

individual parameters that provided the narrowest lines in the isolated 

characterisation tests. 

 

3.5 Printing of Electrodes utilising Contact Line 

deposition 
 

Once the initial characterisation of how the droplets behaved on contact with the 

electrochemistry chips was completed, inks were prepared for printing of usable 

cells for in-situ electrochemistry. Electrochemistry chips were fabricated for one of 

two systems; a single electrode configuration for supercapacitor materials and a two-

electrode system for a battery type material system. 

3.5.1 Printing of Single Electrode Systems 
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Following on from the primary characterisation steps, a low concentration (≈ 0.1 mg 

ml-1 ) dispersion of MnO2 in IPA was selected for examining electrodes formed from 

the contact line depositions of the dried droplets. The low concentration dispersion 

was selected to give a better optical contrast between the material accumulations at 

the line edge to the interior of the line. Generally, a test line is printed first, off the 

area of the window to provide an accurate deposition position. While the 

repeatability of the line depositions for the Dimatix 2800 is generally excellent 

(within ± 25μm according to the manufacturer, but in actual fact better than this 

value when clogging is avoided), depending on the droplet spacing and nozzle used, 

the actual deposition location can vary by up to 200 μm in both x and y directions 

from the actual target specified.  The distance between the deposition origin point 

in the Dimatix software and the actual deposition point of the first droplet is 

measured, and used as an offset for the remainder of the test. Usually this distance 

is calculated to the bottom edge of the printed line, so the contact line can be 

accurately lined up to the metallic electrode, so as to get as much material as 

possible in good electrical contact while still extending across the SiNx window. 

The droplet spacing used for a printed pattern is controlled by rotating the entirety 

of the print head, changing the x distance between the nozzles. However, this can 

introduce minor errors due to the nozzle being off the specified x axis during the 

print. This is a very minor error normally not noticeable in large scale print patterns 

but can be significant when printing single droplet lines onto electrochemical cells. 

A central nozzle is usually selected as the printing nozzle for this process for this 

reason (ideally nozzle 8, the central nozzle and the centre of the axis about which 

the print head rotates). 

 

Figure 3.11: Optical Microscope Images of a dilute suspension of MnO2 in IPA printed onto the 
SiNx chip. The contact line has been deposited in line with the electrode. 
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Figure 3.11 displays the initial tests for creating a contact line based electrode. A 

single printed pass of dilute material was deposited across the Au electrode. From 

the images in Figure 3.11 we can see that the Dimatix printer can print lines with 

a high enough accuracy for the pinned contact line to be utilised as the electrode. 

The dilute nature of this particular dispersion precluded it from actually being 

tested electrochemically. It is clear from the higher magnification image that there 

has not been enough material deposited in order to form what could be a conductive 

network. The right-hand side electrode is a dummy electrode, so it is not necessary 

for the conductive network to extend fully across the window, only enough material 

as is required to generate a clear electrochemical response. 

From this initial test shown in Figure 3.11 it is clear that either more material or at 

the very least a higher concentration ink would be required. For the next step a 

Hybrid MnO2-Graphene ink was to be used, in order to provide a high enough 

conductivity for the cell to be usable. The synthesis and characterisation of this 

hybrid material is fully detailed in Ref [24] and involved a single co-exfoliation step.  

300 mg of bulk MnO2 powder (as synthesised in section 3.4.1) and 300 mg of as 

purchased graphite flakes were dispersed in 30 mL of IPA. This suspensions was 

then sonicated for 18 hours, and centrifuged at 5000 rpm for 3 hours. The top 70% 

of the supernatant was taken as the ink. This was then further filtered and re-

dispersed to increase concentration.  

A 10mg ml-1 hybrid suspension was printed using the same parameters as before, 

yielding a higher amount of deposited material onto the cell. A higher number of 

print passes, 25 passes in this case, were deposited to test both the electron 

transparency and spreading of additional layers deposited. The optical images and 

TEM images of the deposited line are given in Figure 3.12. From these images the 

pronounced coffee staining can be seen, however more of the interior of the line has 

been filled in than with printing conducted with 1 mg ml-1 or lower inks, or with 

single passes. 
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It is interesting to note that there appears to be a difference in how material wets 

between the body of the Si chip and the exposed window area, despite the whole cell 

being the same material and what should be a relatively flat surface. It is believed 

this may be due to bowing of the window under the weight of the liquid during the 

deposition process. It is known that the windows bow under TEM pressure, with 

reports from Ring et al reporting total window bowing bulging in the vacuum 

increasing the liquid layer thickness by 100%.43,44 The windows are designed to 

withstand this level of bowing without shattering under most circumstances, so it is 

not unreasonable to believe that the weight of the deposited droplet could warp the 

20 nm thick membrane. As is expected, the raised Au electrode controls the 

spreading of the liquid in that side of the line. While some material has deposited 

onto the surface of the gold itself, most of the material has migrated only as far as 

the SiNx-Au interface. 

Although these preliminary tests do not allow for a perfect indication of the viability 

of this liquid cell test, it provides some key information on cell fabrication. The 

previous approach yielded a large amount of material forming a contact line 

extending from the electrode. Under TEM examination this line was seen be electron 

transparent, and yet a reasonable mass of material was seen close to the electrode. 

In Figure 3.12 it is clearly seen that flakes of the material are in physical contact 

with the electrode. This is the basic condition required if morphological or chemical 

Figure 3.12: Optical Microscopy and TEM images of MnO2-Graphene (10 mg ml-1 dispersed 
in IPA) hybrid deposited onto the electrochemistry chip. 
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changes are to be observed. A concern that is raised from the TEM imaging of the 

material is the amount of contrast presented by the Au electrode. As can be seen 

from the left-hand side of the TEM image, the Au electrode is completely opaque. 

There is no transmission occurring. Ideally, the material that will be imaged in 

liquid cell tests will be close to the Au electrode, in order to ensure that the area 

viewed is electrochemically active. However, the weight and thickness of the Au 

electrode will drastically affect the material contrast available when looking at the 

much lighter and thinner MnO2-Graphene deposition. This is before the secondary 

scattering effects of the liquid are taken into account.  

This process of printing works well for depositing single electrode systems. With 

proper characterisation steps and a reasonable amount of care, the electrodes can 

be deposited in an accurate manner using the contact line of the deposited line. 

Ideally a high concentration ink (within the bounds that the printer can effectively 

print) is used in order to minimise the number of successive passes required to print 

the pattern. Most importantly is the ability to deposit a hybrid material electrode 

with reasonable ease, something that would be very costly, difficult and time 

consuming for other methods such as FIB. 

 

3.5.2 Printing of Two Electrode Systems 
 

Following on from the confirmation that it is indeed possible to print an electrode 

directly onto the surface of an electrochemistry cell, the same process was then 

expected to be as equally effective at fabricating a battery material system. The 

primary difference between the two device systems for the purposes liquid cell 

electrochemistry experimentation is that the battery electrode system requires two 

separate electrodes of different material to be deposited. If it is desired to observe 

the entirety of the system, both electrodes must be deposited onto the SiNx window, 

although this is not always a requirement and some tests will suffice with the 

material being in contact with both the metallic electrode and the liquid electrolyte.  

From an experimental and technical standpoint, very little differs in the deposition 

of a two-electrode system from a single electrode system. Different materials are 

used, and if both electrodes have to be deposited onto the window an added level of 

care is required to ensure no material overlap or, in the worst-case scenario, shorting 
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occurs. One primary difference between this process and the one described in the 

previous section is the amount of material deposited. For battery materials a 

sufficient mass of Li+ ion material is required for the system to operate. In most 

cases, this material is not of interest to us (as these tests primarily will focus on the 

physical changes observed in anode materials), however it still must be present. This 

large mass of material is usually electron opaque and can present window stability 

problems. Another concern is the introduction of a pressure gradient across the 

window. With more material at one end of the flow path than the other, there is 

potential for a small pressure gradient to occur within the flowing liquid. While the 

cells are designed to handle very high pressures, due to the nature of the TEM, they 

are designed under the assumption that the pressure at the liquid-window-column 

interface is even. If there is a large mass of material inhibiting flow at one extremity 

of the window, unwanted stresses can be introduced. These phenomena are difficult 

to experimentally quantify, as there is no easily discernible way to tell how the 

window breaks after the fact.  

The primary system printed in the two electrode configuration was a battery system 

consisting of a LiFePO4 cathode, with either a carbon or Si nanoparticle anode. The 

initial tests were conducted with LiFePO4 and carbon in order to determine the 

required amount of LiFePO4 for the cell to function and to ensure cells did indeed 

function in battery configuration. Activated carbon was dispersed in IPA, LiFePO4 

was dispersed and sonicated as described in the Liquid Phase exfoliation section of 

Chapter 2. Both dispersions were dispersed at a concentration of 10 mg ml-1 and 

were then printed sequentially. The LiFePO4 electrode was printed first, to a 

thickness of 50 printed layers. The carbon was deposited to a thickness of 100 

printed layers. Both electrodes are seen in BF and DF optical images (x5 

magnification) in Figure 3.13. 
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The DF images provide a good insight into how each of the dispersions have 

deposited onto the cell. The 100 layers of carbon has deposited in a reasonably 

concentrated mass, forming a more uniform film than is usually seen. The carbon 

disperses well in the solvent and so the deposited concentration is conceivably very 

close to the beginning concentration of the dispersion. 

The printed LiFePO4 presents an unusual printed contact line. There is a clear 

difference in wetting and contact line pinning between the Au electrode and the 

SiNx, with both the DF and BF images above showing that the deposited contact line 

breaks down when subjected to large surface energy changes. In addition, there is a 

height difference of 100 nm (provided by Hummingbird Scientific45) between the Au 

electrode and the surrounding SiNx surface. This also serves to disrupt the 

continuity of the contact line. Despite this irregular deposition, from the DF image 

in Figure 3.13 there is a clear accumulation of material at the electrode edge for 

imaging, and along the length of the surface of the Au electrode, which will 

contribute to the overall signal obtained when cycled. The actual morphological and 

chemical mechanisms by which LiFePO4 and carbon store energy are reasonably 

well known. This material combination was used in order to obtain ex-situ 

electrochemical responses which could be compared to the literature values of 

LiFePO4 charge-discharge behaviour. 

Figure 3.13: Optical microscopy images of a two-electrode battery cell formed from carbon and 
LiFePO4 printed patterns. (a) shows a bright field image of the deposited material. The mass of 
carbon is clearly visible. (b) shows a dark field image of the deposited material. Most of the 
contact line of the LiFePO4 has accumulated along the Au electrode. The contact line breaks 
up as it extends over the window however a concentration of material can be seen at the leading 
edge of the Au electrode jutting into the window. 



Chapter 3: Inkjet printing of in-situ TEM electrodes 

 

100 

 

For most of the recent history of the Li ion battery simple graphite has been the 

anode of choice. However graphite anodes have a tendency to be fragile and while 

their energy density is high, other materials have displayed faster rates and better 

performance at elevated or lowered temperatures, and so new anode materials are 

needed if Li ion battery systems are to continue to improve. Commonly researched 

anode materials include TiO2,46, Li4Ti5O12,47,48 CNTs and CNT based composites,49,50 

Si nanoparticles51–53 and Si nanowires54,55, among others.  

Silicon exhibits a very large volume increase as it alloys during lithiation.56,57 This 

volume expansion can eventually lead to fracture of the particles or wires, which 

severely limits the practical number of cycles the cells can sustain. Understanding 

the mechanisms of this lithiation-induced strain and eventual fracturing is key to 

effectively utilising Si as an anode material, and it is for these reasons that it is 

perfect for analysis in an in-situ TEM electrochemistry experiment. The materials 

undergo both physical and chemical changes that can be observed within an in-situ 

TEM environment. The aim of this section of the experiment was to examine the 

swelling of Si nanoparticles and investigate how the addition of other materials such 

as CNTs, carbon black and graphene would inhibit the swelling and fracture. 

Initially the electrodes were formed from Si nanoparticles dispersed in IPA. The 

dispersion was not subjected to any extra treatment such as sonication and no 

binders or stabilisers were added. The Si-IPA dispersion remained stable over the 

course of a week, beginning to fully collapse past this point. Original dispersions 

were at a concentration of 1 mg ml-1. The counter electrode was to be formed by 

LiFePO4, which was printed in the same manner as shown in Figure 3.13, which 

additional passes required. Chemical and morphological tests were not initially 

required for the LiFePO4 so it was satisfactory to print this material off window, but 

still within the liquid flow channel and connected to the electrode. While this 

approach removes the material from the viewing area, it offers two distinct 

improvements from a technical standpoint. Firstly, it removes the need to print a 

large mass of material directly under the SiNx window. As stated previously, large 

amounts of material within the viewing area greatly deteriorate window stability. 

Secondly, it allows for a greater amount of material to come into contact with the 

electrode itself. The architecture of the electrode close to the window gives a very 

small area on which material can be deposited. Off the window there is far more 

scope to deposit material directly onto the Au electrode, and accuracy problems 
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which are frequently seen in this work when printing any number of consecutive 

layers above 10 layers are diminished. This also eliminates the possibility of cross 

electrode contamination or electrical shorting of the electrode system as a whole. 

Initial printing tests used 10 printed passes of Si and 200 printed passes of LiFePO4. 

After repeated window breakages, the decision was made to stagger the positions of 

the deposited contact lines rather than deposit all passes directly on top of one 

another. A small number of passes ( 2 passes for Si and 10 for LiFePO4) would be 

deposited, and then the deposition target would be moved slightly This was done in 

the hope that a continuous network of material would still be deposited, but not at 

a height that would jeopardise the integrity of the SiNx window. Once again, the 

effects of changes like this are difficult to quantify, lacking any kind of proper way 

to analyse the broken windows as we are, however window breakages were seen to 

decrease once this approach was taken.  

A selection of both passivated and non-passivated cells were available during the 

course of this part of the experimentation. Hummingbird Scientific offer passivated 

electrodes as a method to reduce the noise that may be introduced in electrochemical 

testing from the interaction of the metallic electrodes and the surrounding 

electrolyte. These passivated cells offer both advantages and disadvantages. In 

essence, the sole difference between these cells and the regular cells is that the 

metallic electrode materials are coated with a (non-specified) insulating coating 

along the length of the electrode leaving only the pads at the rear of the cell and the 

parts of the electrodes that extend into the window uncovered. While this is intended 

to produce a clearer signal, one of the disadvantages that it presents is that material 

must be deposited into the window area in order to for the cell to function. In this 

case where it is desirable to limit the overall height of material that is being placed 

within the window to avoid rupturing the cells, this is not a desired outcome. In 

addition, the passivation layer increases the total cell thickness, as the spacer chips 

rest on top of the passivated metallic electrodes. This will serve to increase the 

thickness of the total liquid layer, further limiting the achievable resolution of the 

cell when it is in the TEM. 

3.6 Conclusion 
 

In this chapter the process for depositing micro-electrochemical electrodes on 

prefabricated TEM cells is presented. The effect of voltage, print head height, 
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droplet spacing and substrate temperature on the final line morphology was 

investigated, and a set of parameters to be used for the effective deposition of 

materials dispersed in IPA as electrodes was decided upon. The coffee staining effect 

that is visible in almost all drying liquid systems was used, rather than suppressed, 

as a method of depositing material in a manner that was eventually more accurate 

than using the full width of the printed lines, exceeding to some degree the stated 

accuracy range of the printer manufacturer (± 25 μm). Following on from these 

initial characterisation experiments, a range of IPA based nanomaterial inks were 

prepared, and both battery and pseudocapacitive materials were deposited. This 

method demonstrated its versatility when compared to traditional methods of TEM 

electrode fabrication in its ability to consistently deposit composite inks rather than 

those composed of a single material. This process mitigates one of the major issues 

for the development of in-situ TEM analysis for energy storage systems. The vast 

majority of published works in the field exclusively cover Si nanowires and their 

lithiation dynamics and kinetics.11,15,58,59 While this is not to say that this avenue of 

research is not important, it is clear that the field has been material limited by what 

can be effectively placed using FIB techniques. The methodology developed was 

accurate enough to deposit two distinct working and counter electrodes that are 

required for the analysis of asymmetric or battery materials. Depending on the 

desired analysis within the TEM system one or both electrodes can be located on the 

electron transparent window for future chemical and morphological analysis. 
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Chapter 4: In-situ 

electrochemistry and imaging of 

printed cells 
 

4.1 In-situ and ex-situ electrochemical testing 
 

Fundamentally the in-situ testing of materials and systems during electron 

microscopy is a means to provide more meaningful insight into how these materials 

and systems behave under certain stimuli. These stimuli can be very simple, such 

as simply observing how biological samples behave in a liquid environment,1–3 or 

can be more complicated, like observing the lithiation dynamics of nanowires as they 

are electrochemically cycled.4–7 Regardless of the complexity of the process, the aim 

remains the same; to provide a more complete understanding how materials at the 

nanoscale behave in an environment that is much closer to reality than those 

experienced by materials deposited onto copper TEM grids for standard imaging. 

The previous chapter discussed the fabrication techniques developed for this work, 

and how these new fabrication techniques have helped overcome some of the 

traditional material limitations that can be seen in the field of in-situ materials 

testing of energy storage materials. 

As mentioned in Chapter 3, liquid cell TEM electrochemistry represents the most 

accurate reproduction of the internal structure of energy storage cells available to 

us. Electron microscopy techniques and microscopes have become sufficiently 

advanced that under controlled conditions, accurate morphological and chemical 

information about materials can be observed through thin liquid layers, up to 1 μm 

in thickness. In liquid S/TEM experiments, nanometre resolution has been reported 

even for thicker specimen samples.1,8,9 The imaging and electrochemical analysis of 

these structures are not trivial however and require an amount of process 

development on a similar level that the fabrication steps require. The ideal testing 

scenario is one in which a material can be cycled within the liquid electrochemistry 

holder and the electrodes be examined with both imaging and spectroscopic 

techniques. This full analysis would allow a direct correlation of what is seen in the 

developing CV curves with the acquired images and chemical spectra.  
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Unfortunately, due to a range of limitations it is often not possible for all these 

conditions to be satisfied. Ex-situ testing (electrochemical testing of a printed cell, 

but at ambient conditions outside the microscope) is firstly required to verify if the 

cell is functioning as desired.  A cell may not function for a variety of reasons; there 

may not be enough material deposited on the electrodes, the material may not be 

conductive enough to generate a signal, or the residual signal created by the cell 

itself, i.e the double layer formed by the bare Au or Pt electrodes and the electrolyte 

may be obscuring the signal from the material. Even if there is little or no 

electrochemical response observed from a cell, it is still possible for that cell to be 

functioning. Due to the nature of this kind of electrochemical testing, very low 

masses of materials are used, and noise can prove to be a significant problem. As 

such poor CV responses are at times unavoidable, particularly for materials with 

low conductivity. 

Beam-induced effects must also be considered when observing materials, and 

particularly in relation to changes observed within the electrolyte. Before the 

development of commercial in-situ holders, beam induced changes were one of the 

first kinds of in-situ TEM studies conducted.10–14 The accelerating voltage of the 

electron beam imparts more than enough energy to induce significant changes in 

materials if care is not taken to lower the electron dose. It is vital that changes being 

observed are in fact being created by the electrochemical cycling and not the incident 

electron beam. Electrolyte selection is a part of this process. Some organic 

electrolytes, while usually used without issue in standard coin cells, when utilised 

in electrochemical testing are beam sensitive and will degrade under high intensity 

electron beams. This degradation can result in crystallisation of the electrolyte 

under the beam, or a complete disassociation of the liquid electrolyte causing the 

formation of gas bubbles within the cell. These gas bubbles then push away 

surrounding electrolyte, drying the cell and inhibiting replenishment of the 

electrolyte from the flow channel. 

Ex-situ testing is also required due to the potential impact of this kind of 

experimentation on the microscopes used. Ideally every cell fabricated would yield 

a clear electrochemical response and could immediately be observed within the TEM 

column. In reality, even in situations where a distinct electrochemical response is 

observed, potential experimentation is limited by window stability. Liquid cell 

experiments are technically demanding and the failure of one or both liquid cell 
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windows inside the TEM will introduce liquid inside the TEM column. Depending 

on the liquid used, considerable damage or contamination can be caused to the 

column and the electron gun if exposed to liquid, it is therefore imperative that only 

the highest quality samples are used in the final in-situ testing. 

4.2 The in-situ holder 
 

Apart from the TEM itself, the most important piece of apparatus used in this work 

is the in-situ holder itself. The holder used in this work is a Liquid ElectroChemistry 

TEM holder (Hummingbird Scientific, Lacey, WA). This holder provides for a closed 

liquid environment in which electrochemical tests can be conducted. A brief 

description of the Si chips that form the cells was given in Chapter 3 previously. 

These cells sandwich together forming the closed cell, with the SU8 spacing layer 

and the metallic electrode determining the thickness of the liquid channel. These 

sandwiched electrodes sit into the tip of the holder and are secured in place by a 

series of O-rings. The O-rings are designed to seal the liquid flow channels from the 

exterior of the tip and holder. The O-rings and the sandwiched electrodes are held 

in place by an upper retaining plate and pin, securing the cell in place. An exploded 

diagram of the tip assembly, and completed tip and holder are given in Figure 4.1. 

The 3 metallic pins of the electrochemistry chips connect to the tip itself which is 

connected via a co-axial cable to an external potentiostat. A pair of openings are 

located to the right and left side of the tip, allowing for a flow of liquids through. 

Figure 4.1: Illustration of the liquid cell tip with exploded view of internal tip assembly. Seen from 
top to bottom of exploded view, retaining plate, top O-rings, Electrochemistry chip, spacer chip, 
bottom O-rings, electrochemical tip, slide pin. Zoomed out view of tip adapted from Ref (7) 
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These openings connect to flow paths to the rear of the tip allowing for the 

connection of gas-syringes through which a steady flow of liquid can be pumped.  

The tip and a detailed assembly is given in Figure 4.1. The leads at the rear of the 

tip are the liquid flow tubes and electrochemical connections. These connect to the 

back of the whole holder assembly. Using this setup, some papers report keeping 

the reference and/or the counter electrode outside the microscope, rather than inside 

the cell and tip assembly. This requires the fabrication of the reference and counter 

electrodes inside the liquid flow paths, or inside the gas syringe holding the 

electrolyte. 

4.3 Cell assembly and initial liquid flow 
 

The cell itself is assembled in such a manner as to minimise the chance of weakening 

or shattering the SiNx windows. The electrochemistry chip and spacer chip are 

plasma cleaned using an O/Ar gas mixture to encourage wetting of the liquid 

electrolyte. The cell is then assembled dry; that is the electrolyte is not drop cast 

during the assembly of the sandwiched electrodes. Once the o-rings and the 

retaining plate are in place, the liquid electrolyte is then slowly flowed (1 μL per 

minute) through the liquid flow channel. Some publications suggest a wet 

assembly,15,16 i.e depositing liquid before the sandwiching of the two electrodes. For 

work with non-reactive solvents, this may be acceptable, but with electrolytes used 

in this work (LiPF6 in EC:DMC for example) limited exposure to air and water is 

desirable. As such the electrolyte is instead flowed directly into the fully assembled 

tip. Exposure to air and water is less of a concern when handling the aqueous 

electrolytes that are used in the sections for supercapacitor materials, however as 

good practice all electrolytes are handled in as careful a manner as possible. 
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Work by Fahrenkrug et al (in collaboration with Hummingbird Scientific)17 suggests 

that wetting of the entirety of the electrode by the electrolyte can introduce higher 

currents through double layer storage between the larger electrode area and the 

electrolyte, potentially masking the CV features that the user wishes to view. In 

addition, unexpected chemical reactions from contact between the electrolyte and 

the holder/wires/contacts can also be introduced when the entirety of the cell is 

wetted. Another consideration is the difficulty in correctly aligning the SiNx 

windows. Before the O-rings and retaining plate are added, cells do not necessarily 

sit flush with one another. While for standard liquid imaging it is only necessary for 

there to be a small amount of overlap between the windows in order to observe the 

interior of the cell, the electrochemistry cell is different. If the cells are too skewed 

from one another, the metallic electrodes are no longer visible within the viewing 

window. This can occur as the top cell slides in contact with the liquid electrolyte. 

Figure 4.2: The liquid cell holder and the pumping station. Cells are assembled, and the integrity 
of the assembled cell is verified using the high vacuum chamber in the pumping station. 

Figure 4.3:Liquid cell tip assembly showing (a) insertion of o-ring, (b) insertion of spacer chip, (c) 
insertion of cell with printed material, with pair of retaining o-rings and (d) the tip is secured with 
a retaining plate. 
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Once the cell is fully assembled and liquid electrolyte is flowing, the integrity of the 

cell is examined using a desktop pumping station. This pumping station subjects 

the holder to low pressures, mimicking the conditions found within the TEM column 

(for a well assembled, non-leaking cell the pumping station should reach 10-6 mbar). 

The pumping station is equipped with an optical microscope for analysing the 

windows and the tip. While the station lacks advanced imaging hardware, a 

reasonable amount of information as to the stability of the window itself can be 

obtained from observing the diffraction patterns on the window reflecting the light 

in the microscope. These changing patterns usually provide a good indication of the 

stresses the window is experiencing and the presence of unusual or non-symmetric 

patterns can act as a reasonable predictor of a window that is likely to rupture once 

the pumping station is brought to a high vacuum. 

4.4 Ex-Situ electrochemical testing of MnO2-graphene 

hybrid supercapacitor materials with aqueous 

electrolytes 
 

The first set of materials to be tested were MnO2-Graphene composites designed for 

use as supercapacitor electrodes. The graphene was added to increase the 

conductivity of the material. As mentioned in Chapter 1, while MnO2 is an 

impressive pseudocapacitor (with a specific capacitance between 700 and1300 F g-

1). 18,19 it is often limited by its low conductivity when electrodes are on the 

micrometre scale (capacitance dropping to 250 F g-1). According to the theory of how 

these electrodes cycle and store energy, there should not be any direct physical 

changes in the electrode. As explained in chapters 1 and 2, these electrodes undergo 

reversible redox reactions to store energy, and so it would be expected that only 

chemical changes should be observed. While the life cycles of pseudocapacitive 

materials are long (up to 15,000 cycles with a 4.6% drop from initial total 

capacitance)20, if they are to be used in applications where there is expected to be a 

very high number of cycles, such as braking energy recovery in HEVs or PIEVs, the 

deviation from their theoretically unlimited number of charge and discharge cycles 

must be understood.  There is potential for non-reversible reactions to occur that 

will result in physical changes or degradation to occur within the material. 
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These cells were all printed in the manner described in the single electrode printing 

section of chapter 3, initially at 5 printed passes at 5 mg ml-1 concentration. No 

counter electrode was used in these tests. Initial tests were performed ex-situ to 

verify the functionality of the printed cells. These tests were conducted at a scan 

rate of 100 mV s-1 utilising a pair of aqueous electrolytes, 0.1 M K2SO4 and LiCl. The 

cycling tests were kept below the upper voltage limit that aqueous electrolytes are 

capable of sustaining (≈1.3 V). In order to establish a baseline signal, a blank cell 

containing K2SO4 electrolyte was cycled at the same scan rate (100 mV s-1) used for 

other tests. The blank cell was tested between a range of voltages, providing the CV 

curves shown in Figure 4.4. All electrochemistry tests in this chapter were 

performed with a Gamry Reference 300 potentiostat. 

 

 

 As seen in the CV curves for the blank cells, the cells have an inherent capacitance 

due to the presence of a double layer at the interface of the electrolyte and the Au 

electrode. The first cycle of both tests contains highly noisy signals as the cell 

stabilises and was excluded from both of the above graphs for this reason. The 

presence of small amounts of double layer capacitance is to be expected. Fahrenkrug 

et al17 noted that the exposure of the metallic electrodes to the electrolyte will 

generate currents within the cell that may be large enough to obscure low signals. 

While these currents, and the total charge stored within the cells (3.59 μC for CV 

curve (a) and 2.562 μC for curve (b)) are small, the expected material response will 

also be small due to the tiny amount of material deposited on a 5 printed pass cell 

(1.75 ng for a 5 pass electrode with 5 mg ml-1 inks). The expected current for this cell 

Figure 4.4: Blank cell containing K2SO4 cycled between (a) -0.25 V and 0.5V and (b) between 0 
V and 0.8 V. 
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was calculated to be 239 nA assuming the theoretical capacitance of the material 

(1370 F g-1) achieved, along with 100% mass utilisation. In the real situation 

presented here both capacitance and mass utilisation would be expected to be far 

lower, and accordingly the expected current would be far lower than this 239 nA 

figure. 

In addition to this, due to the large proportion of the graph that is displayed above 

the 0 A point of the y axis, it is quite possible that the electrochemical response is 

indicative of either gas evolution or electrolyte breakdown within the cell itself in 

addition to latent capacitive effects resulting from a formation of a double layer 

between the Au contacts and the aqueous electrolyte. 

Once blank cell CV curves were taken, the same parameters were used to cycle cells 

with the 5 printed layers of MnO2-Graphene hybrid. These cycles, shown in Figure 

4.4 yielded similar CV curves as the blank cells. These similar CV curves present 

two possibilities; the first is that the cell is functioning, and the material is charging 

and discharging, but at low enough currents for the potentiostat to be unable to 

identify the signal over the base current of the Au-Electrolyte double layer. The 

second, (and worse) possibility is that the cell is not functioning at all, and that the 

material is not charging and discharging and the potentiostat is successfully picking 

up all signals from inside the closed liquid cell. The tests were performed with 

differing voltage ranges, both for blank and material loaded cells with the aim of 

identifying regions where there was a possibility of the material signal overcoming 

the base signal of the cell. None of these tests provided a CV curve in which the 

material signal was observable above the base signal provided by the empty cell. On 

inspection of the cells after cycling, liquid remains within the channel, ruling out 

the possibility that the cells had become dry, or that there was flow problems with 

the liquid electrolyte. The constant flow of electrolyte from the auto gas syringe 

mitigates any evaporation or degradation of the electrolyte.  

Extended voltages ranges, extending up to 0.9 V were also tested, but again yielded 

no noticeable changes. The small peak (or hump) seen in Figure 4.4 (a) and in both 

curves in Figure 4.5 occurs at a higher current in the cells with material than 

without, however the total amount of energy stored in these cells remains broadly 

the same. With integration showing 3.563 μC stored in the -0.25 to 0.5 V test and 

4.473 μC stored in the -0.3 to 0.6 range, despite the slightly higher operating current 

for both curves compared to the cells without material. The tests were repeated with 
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a different aqueous electrolyte (0.1M LiCl) which yielded similar CV responses to 

those provided by the K2SO4 electrolyte.  

 

The low current electrochemical response is believed to be as a result of the low mass 

of active material deposited. The deposited material is set to print in a single line 

300 μm long. While liquid spreading will alter the dimensions of this line, the 

amount of material deposited will not change. As noted before, the amount of 

material deposited onto the cell is 1.75 ng for a 5mg ml-1 ink dispersion. However, 

this is just the amount of material that is deposited onto the cell, not necessarily 

what we can consider material to be available to store energy. As not all material is 

contained on the contact line that has been deposited onto the electrode, and not all 

of that material is in electrical contact with the electrode itself, the actual amount 

of material that will be storing energy is much lower than that total mass of 1.75 

ng. The amount of material to be deposited was therefore increased so that a larger 

amount of material would be deposited onto the electrode and so that there would 

be a much higher chance of a conductive network being formed extending out from 

the electrode and into the window. 

The same inks were used for these tests- however the amount of material was 

increased to a total of 50 printed passes, providing a thick and more continuous 

deposited layer (as shown previously in Figure 3.12). This more continuous film will 

make a larger proportion of the deposited material available for charge storing. 

When cycled, these cells showed similar responses as before, although the 50-layer 
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Figure 4.5: CV curves for 5 layers of MnO2-Graphene deposited onto the Au electrodes and 
cycled with (a) showing the same 0.25 V to 0.5 V range and (b) showing an extended -0.3 V to 
0.6 V range. No discernible changes are visible 
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tests perform at a higher current than those without material and display a higher 

amount of charge stored. 

 

The CV curve of the 50-layer cell cycled between 0 and 0.8 V is shown in Figure 4.6. 

The total amount of charge stored in this cell is larger than the control cell without 

material, showing 4.684 μC stored. Despite this higher operating voltage and charge 

stored, the curve itself resembles the blank cell curves. Most promisingly, this test 

lacks the characteristic hump or peak observed in all cells in locations between 0.1 

and 0.3 V. Coupled with the higher operating voltage, this suggests that at least 

portions of this curve are as a result of material storing energy rather than the cell 

itself. These ex-situ tests were repeated with a different aqueous electrolyte, LiCl 

but yielded very similar results. No real signal could be observed above the baseline 

signal of the cell apart from once again a small response seen between 0.6 and 0.8 V 

for a 50-layer MnO2-Graphene hybrid deposition.  

As an aside, it is a salient point to make that the bulk of published literature in the 

field of in-situ electrochemistry do not deal with in-depth, quantitative 

electrochemistry. For the most part the process has been used as a qualitative 

means to examine the material. In the rare cases where CV curves are given, they 

display similarly low current responses, in the tens to hundreds of nano-amp 

ranges.6,7,21In addition to this, Holtz et al demonstrated observable differences 

between platinum microelectrodes cycled in thin and thick liquid layers.8 Significant 

Ohmic drops were observed in that experiment, slanting the observed CV curves in 
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Figure 4.6: A cell consisting of 50 printed passes of MnO2-Graphene hybrid cycled between 0 V 
and 0.8 V at 100 mV s-1. 
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a manner that appears similar to the curve seen in Figure 4.5. Further in-situ, ex-

situ, and larger scale device tests would be required to confirm that this is indeed 

the case, although it is quite likely that similar effects are to be expected. The 

electrochemical responses observed from these cells are far from ideal, but it is only 

necessary that they work. This process is not intended to be a fully quantitative 

electrochemistry analysis of the material, more a qualitative investigation of the 

response materials show on the micron and nano scale to charging and discharging. 

It should be considered complimentary to standard tests used for larger scale 

devices. The processes are cyclical; long term storage and rate capabilities can be 

observed ex-situ and with larger scale devices, and the fundamental causes of the 

storage effects can be analysed through in-situ TEM. This then informs the 

composition of the next stage of device composition and testing. 

4.5 Imaging of cycling MnO2-Graphene electrodes 
 

From the initial ex-situ testing it is unfortunately unclear from the electrochemical 

profiles if the cells are functioning as intended. The material mass inside the cell is 

low, and the material has a lower predicted energy density than materials utilised 

in the published literature, usually battery type materials and cycled at a much 

slower rate.8,22 When the previously mentioned effects of the electrolyte-electrode 

double layer are taken into account, it becomes very difficult to be able to determine 

ex-situ which supercapacitor electrodes are suitable for viewing. As such it was 

decided to insert a 50-layer printed cell into the TEM in order to visualise any 

changes that may be occurring during the cycling process. The broader 0 to 0.8 V 

voltage range was selected along with a 100 mV s-1 scan rate and a 0.1 M LiCl liquid 

electrolyte was flowed through the cell.  

With the total combined thickness of the cell including both windows, the liquid, the 

overlapping layers of material and the bowing of the windows increasing the 

thickness of the liquid layer (as mentioned before the bowing of the windows can 

increase the liquid path the beam must travel through by up to 100%)23, resolving 

individual flakes of the material is not possible. However, the electrode and the 

deposited material can be seen at reasonable magnification levels. The liquid 

electrolyte is stable under the beam, although care must be taken as large changes 

in the focus or defocus value or the beam Z position can create bubbles within the 

liquid layer. Spot size is kept large and intensity is kept low, spreading the total 
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beam current over a larger area in order to mitigate any damaging effects of the 

beam radiation. This will further limit the viewing resolution, and so a compromise 

between liquid stability and desired resolution must be found in this case. The 

development of the electrode as the cycling process occurred is shown in Figure 4.7. 

 

Figure 4.7 (A) shows the electrode before the cycling begins. The focus of the image 

changes due to minute differences in the liquid as it flows. Even in non-flowing 

liquid, high resolution images of individual flakes are difficult to obtain. As the cell 

begins its charge cycle, dendrite-like formations begin to form outwards from the 

surface of the material. These continue to grow during the charging cycle of the 

electrode and is rapid at first, with significant growth occurring between the three 

and seven second mark (corresponding to 0.3 V to 0.7 V range at 100 mV s-1). This 

rapid growth slows after the 10 second mark, at which point the electrode would be 

on the reverse cycle although notably while the dendritic growth stalls it does not 

stop completely. As the dendrites reach a critical size, they begin to break off from 

the main electrode and the material either floats out into the liquid or becomes 

connected to other dendrites. The clusters of material seen to the right-hand side of 

the main body of the electrode in 4.7 (D) and 4.7 (E) are not beam induced clusters 

but are material that has detached from the main electrode and drifted off into the 

liquid. The test finishes in the frame after Figure 4.7 (F) as the window ruptures, 

Figure 4.7: Time development of a cycling MnO2-Graphene electrode. Individual flakes are 
difficult to resolve but the deposited electrode can be seen. The straight edge at the lower right 
of the images is the Au electrode itself. The test ceased with window rupture. 
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ejecting electrolyte into the TEM column, and the column valves close to protect the 

electron gun. 

A region inconsistent with the rest of the liquid can be seen in Figure 4.7 (D), in the 

top left-hand corner. It is unknown what causes this unusual appearance as it does 

not look like a standard bubble formation which are usually circular when generated 

by the beam. Two possibilities as to its origin are either a small solid deposition in 

the electrolyte moved across the flow path (although it moves with a much higher 

velocity than would be expected for something carried by the flow). The second 

possibility is that it is because of stress on the window as the dendritic growth 

continues. This seems the more likely explanation as the window fails a few seconds 

after this effect is seen. It is quite possible, due to how thin the window is (50 nm) 

and how narrow the liquid channel is (250 nm) that the dendritic formations seen 

in the images pierced the SiNx membrane, or at the very least induced enough force 

to weaken them significantly. This can be mitigated in future tests by using a thicker 

liquid channel, although this would be at the expense of image resolution. 

While no qualitative electrochemistry information was to be obtained from this in-

situ test, it did nonetheless represent a significant result in terms of being able to 

image printed electrodes as they cycle in a liquid environment.  A composite 

electrode can successfully be printed onto a liquid cell chip with relative ease and 

this cell can be cycled and imaged within an environment similar to one that 

materials would be exposed to in real devices. Unfortunately, due to the nature of 

the reactions occurring and the morphology of the holder itself, the exact 

composition and cause of the dendrite formation is unknown. It is unclear whether 

the dendrites are composed of the printed material, electrode material (or material 

from the adhesion layer) or are created by the breakdown of the aqueous electrolyte. 

EDX spectra cannot be obtained due to a shadowing effect caused by the shape of 

the liquid cell tip. The titanium aperture of the tip prevents X rays from being 

absorbed by the detector and as such the signal is dominated by the Ti signal 

provided by the tip itself.24 While this shadowing does not cause a similar problem 

for EELs as it does for EDX, signals through thick liquid layers are very difficult to 

obtain due to the multiple scattering events caused by both windows and liquid. 

Despite this, it is hoped with further technical development of the process and the 

holder itself that chemical signals from EDX and EELS spectra can be routinely 

used. Thinner liquid layers, and thinner SiNX membranes could bring the 



Chapter 4: In-situ electrochemistry and imaging of printed cells 

 

120 

 

background signal low enough to observe EELS spectra and physical modification 

of the holder itself could reduce the shadowing effect that prohibits EDX spectra 

from being obtained. 8,23,24 

It is also important that the area of interest that is to be viewed and analysed be as 

close as possible to the window edge. Minute changes in liquid thickness can have a 

very large effect on focus and resolution of material. This can be seen quite clearly 

in the differences in focus between frames in Figure 4.7. Localised changes in the 

electrolyte causes drastic differences in resolution and image quality. 

With all these factors considered, the process still represents an incredibly 

promising method of examining the morphological changes that occur within energy 

storage devices. Due to the fact that supercapacitive materials should not undergo 

large physical changes (although the dendritic growth shown above may suggest 

otherwise), this morphological approach is far more useful in analysing battery 

anodes, specifically the lithiation induced alloying in Si nanomaterials. 

4.6 Analysis of battery anodes and cathodes 
 

The fundamental advantages and disadvantages of using silicon as a battery anode 

were detailed in the materials section of Chapter One. Despite its low conductivity 

and the pulverisation effects associated with the high volumetric changes the 

material undergoes, it is still a material of interest due to its low cost and low 

environmental impact. There has been considerable work towards combining Si 

nanoparticles with other materials to form composite-material electrodes. The 

purpose of these additives is to provide electrical conductivity and enhanced 

material strength to the Si electrodes.25–28 Specifically, graphene encapsulation of Si 

nanoparticles has been presented as a very effective way of both increasing 

conductivity and inhibiting the swelling of the nanoparticles.29 Investigating how 

different additives and synthesis methods affect the mechanical stability and 

conductivity of Si nanomaterial composites is the most promising application of the 

printed cell analysis demonstrated in this chapter and in Chapter 3, previously. 

Being able to accurately visualise how additives alter the morphological changes in 

Si nanoparticles could be very useful in determining the correct balance of Si and 

additives and allow for an understanding on a more fundamental level how these 

additives and composites behave. 
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Liquid cell TEM of battery materials is a more involved process however. Battery 

cells require both anode and cathode to function and, in most cases, require voltage 

sweeps outside the stability range of aqueous electrolytes. One particular issue is 

that of the power density of the devices themselves. Power density is one of the 

fundamental differentiating factors between supercapacitors and batteries. While 

in the previous tests, both ex-situ and in-situ, a cycle could be completed in a matter 

of seconds, this is not the case when testing battery materials. If in-situ experiments 

are to take place, the windows, material and electrolyte will have to be stable over 

the course of the electrochemical cycling, probably over the course of several hours 

rather than seconds. This presents a new, and unique set of experimental and 

technical challenges to be overcome. 

4.6.1 Ex-situ testing of a battery cathode 
 

The first step in the in-situ analysis of the two-electrode system was to ascertain if 

an electrochemical signal could be obtained from a printed cell. It was hoped that if 

intercalation peaks could be observed ex-situ, that this would narrow down the area 

of interest for in-situ TEM studies. Battery materials utilise wider voltage ranges 

and slower scan rates, making an observation of an entire cycle within the 

microscope difficult. If the intercalation peaks and thus the active voltage regions of 

the printed device can be located, the cell can be inserted selectively when charge 

storage is occurring. In addition to this, there is still a desire to be able to correlate 

CV responses with TEM images. Battery materials operate at a higher energy 

density and so it was hoped in this case, unlike for the supercapacitive material, 

that the sharp signal shown by alloying or intercalation would be observable above 

the baseline of the electrolyte in the cell. 

A cell consisting of a LiFePO4 working electrode with an activated carbon counter 

electrode was fabricated, as detailed in Chapter 3 and shown in Figure 4.8. 
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LiFePO4 is a well characterised material and has been investigated previously 

through in-situ experiments. A thoroughly characterised material was chosen so 

that any CV responses observed could be compared to published literature values of 

the material.30–32 The primary difference between the standard literature values and 

those used in this experiment are the voltage ranges. LiFePO4 is usually cycled to 

display the redox peaks between 3 and 4 V. For these tests an aqueous electrolyte 

was used, (0.1 M Li2SO4) and these voltage values are far higher than the electrolyte 

is stable at. While the voltage ranges are lower than the standard operating voltages 

of the material in an organic electrolyte, it is still expected that redox peaks should 

be observed within a 0 to 1 V range. These cells use a two-electrode setup and the 

potentials listed are the potentials between working and counter electrodes. 

Figure 4.8: Optical microscopy images of a two electrode battery cell formed from carbon and 
LiFePO4 printed patterns showing (a) a bright field image of the deposited material and (b) 
showing a dark field image of the deposited material. Most of the contact line of the LiFePO4 
has accumulated along the Au electrode.  
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The LiFePO4 cell was cycled between 0 and 1 V at a scan rate of 0.1 mV s-1 for 3 total 

cycles and the resulting CV curve from this ex-situ test is given in Figure 4.9; 

 

The CV curve provided by the LiFePO4 and carbon electrodes is distinctly different 

to those seen in the previous section. The first major difference that can be seen is 

the current that the cell is operating at. The cell reaches the μA range compared to 

the hundreds of nA seen for supercapacitive cells. In addition to this, some clear 

redox peaks can be seen within the cycles and the peak in cycle 3 of the test shows 

the double peak characteristic of the LiFePO4-carbon storage. Unfortunately, the 

positive current section of the graph is largely obscured, with the slanting caused by 

ohmic shift visible in that region. The lack of peaks in this section of the graph 

suggests non-reversible reactions are occurring, although it is unclear if this is 

actually the case or if the peaks in this region are just obscured by noise or 

electrolyte effects. While this once again does not provide quantitative information 

on the material, it serves as a very important validation of the ex-situ and in-situ 

cycling process. As our peaks in shape and position are roughly in line with 

previously reported values for LiFePO4 in Li2SO4 (~0.1 – 0.3 V)33,34 

As was hoped, redox peaks from battery materials provide a far higher signal than 

the lower energy density supercapacitive materials and can provide a useful 

reference point for the expected areas of interest when the cells are located within 
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Figure 4.9: Three cycles of LiFePO4 with a carbon counter electrode. Peaks can be seen on the 
negative current section of the graph, but are difficult to discern for cycles 2 and 3 on the positive 
current portion of the graph. 
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the TEM. Unfortunately this does come at the expense of cycle speed. The scans in 

Figure 4.9 had a total cycle time of over 16 hours, given the scan rate of 0.1 mV s-1. 

It is not experimentally practical to cycle cells within the TEM for this length of 

time, however the redox peaks allow us to utilise a combination of both in-situ and 

ex-situ testing. The cell can be cycled outside the microscope in areas away from the 

redox peaks, and then viewed inside the microscope during the lithiation and de-

lithiation of the material. This does not preclude the cell being cycled at all times 

within the microscope, although this can be limited by both vacuum stability and 

the reactivity of the electrolyte under the beam. Electrolyte stability is particularly 

important as the aqueous electrolyte used in this test is not appropriate for use in 

systems used later in this work which require organic electrolytes. This will 

necessitate a study of what organic electrolyte remains stable under the beam. 

The successful cycling of the LiFePO4 cathodes open up the opportunity to examine 

anode materials in-situ. Due to the limitations on chemical analysis caused by the 

liquid environment, most in-situ analysis of battery materials have focussed on 

morphological changes in the anode, and a similar approach will be adopted here to 

observe the volumetric expansion of Si nanoparticles and composites containing 

these particles. 

4.6.2 Si nanoparticles for in-situ analysis of battery anodes 
 

As has been described in detail in Chapter 1, Si is a material of interest for battery 

cathodes due to its high theoretical capacity. This capacity however has 

experimentally found to be limited by the pulverisation of the electrode by the 

volumetric expansion the Si undergoes during lithium ion storage35–39. This makes 

Si a perfect material for in-situ analysis because this volumetric expansion can be 

observed, as can the changes to that expansion caused by the addition of other 

materials to the Si anode. As with the LiFePO4, cycle times are expected to be far 

longer than for the supercapacitive materials, usually in the range of 0.1 to 0.3 mV 

s-1. Added to this, the ramp up time required to get the cell to the voltage window 

that is to be examined must also be taken into account. With the higher voltages 

that are required for Si nanoparticles in organic electrolytes, the cell requires much 

more time to reach the initial potential of the cell, 𝐸1. 

The Si nanoparticles we dispersed in IPA from a powder as supplied (Si nanopowder 

98+%. 50-70nm Us Research Nanomaterials Inc) at a concentration of 5 mg ml-1. 



Chapter 4: In-situ electrochemistry and imaging of printed cells 

 

125 

 

The listed particle size of the nanoparticles is in a range between 50 and 70 nm. The 

cells were fabricated as described in Chapter 3. Initially the organic electrolyte that 

was chosen for these tests was LiPF6 in EC:DMC, a standard organic electrolyte 

used for Li ion battery work.  

4.6.3 Imaging of Si nanoparticles in a liquid electrolyte environment 
 

One of the primary difficulties in imaging the nanoparticles through liquids is that 

of focus. As was seen for imaging of the supercapacitor electrodes consisting of 

layered materials, focus is difficult to achieve and can drift, due to small changes in 

the liquid layer. These issues are just as problematic for Si nanoparticles as they 

were for layered materials. Drastically adjusting the focus or Z position of the 

focussed beam can drastically alter the surrounding liquid, and so eliminating the 

characteristic white and black Fresnel fringes associated with over and under focus 

can prove very difficult.  

Contrast also added a further complication to the imaging of Si NPs in the 

electrochemistry tip. As discussed previously, higher resolutions and the potential 

for usable chemical signals exist at the fringes of the SiNx windows, due to the 

drastic increase of liquid path thickness in the centre of the windows. Owing to the 

low conductivity of the material being in used (both LiFePO4 and Si have low 

conductivities) the area of interest is further restricted to the region on top of or 

adjacent to the metallic working and counter electrodes. The presence of the large 

mass of Au next to much smaller amounts of Si makes acquiring acceptable levels 

Figure 4.10: Si and LiFePO4 printed onto the electrochemistry cells. The image on the left shows 
both Si and LiFePO4 deposited onto the window. The image on the right shows the LiFePO4 
printed off the window, where a greater mass can be deposited. 
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of contrast difficult. Contrast improves as the imaging is moved further and further 

from the electrode itself, although this difficulty can be mitigated using STEM mode 

at the expense of focussing the beam into a much narrower spot size. STEM images 

could even resolve individual particles that were situated on the Au electrode itself. 

Smaller amounts of Si material are deposited when compared to the supercapacitive 

materials as the purpose of the experiments here are to observe the volumetric 

changes in individual particles.  

 

 

Figure 4.11 shows a typical TEM image of Si NPs in LiClO2 in EC:DMC, taken away 

from the metallic electrode. Resolving individual nanoparticles is possible, although 

the white Fresnel fringes around some particles indicate how out of focus they are. 

As mentioned this is a very difficult artefact to correct given the liquid environment. 

For comparison, standard TEM images of Si NPs in a dry environment are also 

given. 

This set of images provide a very useful indicator as to the effects that liquid has on 

imaging as images C and D from Figure 4.11 were taken in a dry electrochemistry 

cell, with no liquid between the spacer layers. From this we can see while the 

windows do take away some ability to resolve, the primary contributor to this is in 

fact the liquid. From A and B we can also see that the material connects to form 

reasonably good networks. Due to the low conductivity of Si nanoparticles it is 

Figure 4.11: TEM images of Si NPs in both wet (A and B) and dry (C and D) environments. 
While resolution and focus are diminished in A and as compared to D, particles can still be 
resolved. 
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desirable to have as connected a network of particles as possible to provide a higher 

chance of usable conduction pathways occurring. There is a reasonably high 

variance in diameter of the particles observed in the images in A and B. A full 

statistical particle distribution of the images is difficult due to the overlapping 

particles, the poor focus and poor resolution but some information can be obtained. 

The mean particle size for A is 73 nm, with the largest particle being observed at 

105 nm and the smallest at 42 nm. For B the mean was found to be 72 nm, with the 

largest particle at 107 nm and the smallest at 36 nm. The mean particle size is at 

the upper end of the suppliers range (50 to 70 nm) but this is in fact an advantage 

for imaging purposes. The larger images are easier to observe and resolve, but are 

not so large as to threaten the integrity of the window. The spacer layers used in 

these tests are only just an order of magnitude higher than the particle sizes, and 

large particles stacking can have detrimental effects on the windows. 

With a non-degrading electrolyte selected and particles successfully resolved within 

the liquid cell, the next step was the attempt to cycle the material in-situ. The scans 

of the material were set with an initial voltage  𝐸0 = 0 𝑉, 𝐸1 = 4 𝑉 and 𝐸2 = 2.5 𝑉. 

The scan rate was set at a slightly faster 0.2 mV s-1 than the previous LiFePO4 tests. 

This change was primarily for practical reasons. The cell in question required 

cycling from 0 V to its initial voltage of 4 V. At 0.1 mV s-1, this process would take 

11 hours. By doubling the scan rate, we reduce this time, without completely 

compromising the expected swelling effects of the Si particles. Lithium insertion in 

Si has been found to be very sensitive to rate dependence and high scan rates will 

result in very little Li alloying and hence a low volumetric change. 40,41  

To achieve better contrast and be able to observe particles close to the Au electrode, 

the following images were taken in STEM mode. As there was a concern with 

electrolyte degradation over very long time scales, the STEM beam was blocked from 

the sample in between imaging in order to preserve the electrolyte. In ideal 

circumstances a full video sequence of the material would be taken, but for scans as 

long as those required for this test (15 Hours for a full 3 cycle test), a sequence of 

time resolved images will suffice. Images were taken at 5 minute or 60 mV intervals. 

A comparison between the beginning of the cycle and the end of the first charge cycle 

is given in Figure 4.12. In STEM imaging mode, particles can be resolved even with 

the large mass of the Au electrode. In addition to this, very promisingly, individual 

particles can be resolved not just adjacent to the electrode, but directly on top it. 
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This is very important for imaging particles that are in good electrical contact with 

the system. Both the microscope images and the CV response show very little 

electrochemical changes occurring during the cell cycle.  

The material of interest (directly adjacent to, or on top of the electrode) shows no 

discernible volume change. While there is no immediately discernible Li-insertion 

peaks visible, the CV curve does show minute changes in between 2.5 and 3 V, 

corresponding to the active region of the LiFePO4 with this electrolyte and anode 

material. As itself, this can be seen as a promising result. The test was concluded 

after 6 hours due to window stability and time concerns, meaning only the charging 

sweep of the cell was measured.  

 

Figure 4.12: Image and CV comparisons of Si NPs deposited onto the Au electrode at (A) the 

beginning of the initial ramp up cycle at E0 and (B) the same electrode 6 hours later at 3.5 V 

when the test was concluded. 

While the test provides no quantitative information, it is nonetheless useful from a 

technical and experimental point of view. While the cell does reach the microamp 

range, conductivity of the material itself is still clearly a problem. There is no change 
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observed even in the particles directly connected to the electrode. There are a 

number of potential solutions to this. Firstly, the mass deposited in these cells is 

quite low, with a total of 3.5 ng deposited over 5 staggered printing passes. In the 

printing of the Si NPs the print passes were not deposited on top of one another. 

Instead a layer was printed, and the successive layers were offset by ≈ 10 μm in 

order to preserve the window integrity. Nonetheless, this seems to be too low a mass 

of material to generate a response. The test conducted by Holtz et al where the in-

situ response from LiFePO4 and activated carbon reported a deposition of 30 ng of 

material. Increasing the mass of material deposited is certainly one avenue that 

should be investigated to acquire a better response from the material. It will also 

assist in forming a better-connected network of material.  

The second solution is to increase the conductivity of the system. As has been 

mentioned previously, the low conductivity of Si NPs have been a major barrier in 

their commercial use.28,42,43 The addition of carbon, CNTs or graphene to our inks 

could drastically improve their performance. Higher concentration composite inks 

can be created and printed successfully as was shown in previous sections of this 

work. Indeed, one of the primary motivating factors in conducting in-situ 

electrochemistry and TEM analysis of Si nanostructures in the first places was to 

investigate how the addition of carbon-based materials or conductive binds would 

affect the volumetric expansion of these materials. 

From a microscopy perspective, higher resolution, better contrast and higher 

magnification are always desirable when examining the crystal structure of 

nanomaterials. To preserve the electrolyte over the long period of the test, the STEM 

beam was blocked between image acquisitions. A certain amount of drift in the focus 

of the microscope occurred between image acquisitions. Due to the small changes 

that occur in the electrolyte as it flows, longer exposure times do not necessarily 

assist in producing clearer images. Focussing the beam in the small window of time 

that was allowed for each voltage step is difficult. This can be aided by thinner liquid 

layers, although this approach can make the windows less stable and the 

electrochemical responses less representative to what a full-sized device may 

produce. Improving image contrast could be very easily done by changing the 

material used as the electrode on the cells. The cells used in this chapter were all 

either Pt or Au cells, high atomic number elements that can obscure imaging when 

placed next to much lighter elements. A solution to this contrast problem would to 
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utilise cells with a carbon working electrode, a feature commonly seen in  liquid cell 

holders manufactured by Protochips (Morrisville NC, USA)8,21,23,44,45 The much lower 

scattering of carbon would  limit the contrast and spatial resolution loss to just that 

caused by the liquid electrolyte. 

4.6.4 Degradation of liquid electrolytes under exposure to the electron 

beam. 
 

Organic electrolytes tend to degrade in both air and water. For this reason, the 

organic electrolytes used in these tests were transported and stored in a gas syringe 

which was capped with Ar from an Ar glove box. Some publications suggest 

assembling the entirety of the cell and tip within an Ar environment in order to 

avoid the electrolyte degrading. This assembly process is not possible in this case for 

logistical reasons, but every effort is taken to avoid electrolyte exposure. The cell 

itself is fully assembled dry, and the Ar capping layer within the syringe is then 

pumped through the assembled cell. Electrolyte that has flowed through the fluid 

lines and the tip is then deposited into a beaker of IPA to avoid outside 

contamination. 

On insertion of the tip into the electron beam path, the degradation of the organic 

electrolyte was immediately apparent. Irradiated areas of the electrolyte become 

electron opaque, and particle resolution becomes impossible. Lower intensity beam 

currents were found to only slow this process, not stop it, with standard beam 

currents and intensities used in the previous imaging experiments degrading areas 

of the electrolyte completely in a matter of seconds. 

The origin of this degradation is difficult to determine. Several factors could 

contribute to the onset of electron opacity that was seen. The first question is if this 

degradation is inherent to the electrolyte chosen or is it as a result of small amounts 

of air or water exposure that change the chemical composition, causing instabilities 

within the solvent and salt that are then exacerbated by the incident electron beam. 

Solvent quality is also a consideration. As it has been seen to have been used without 

any similar reported degradation in other publications, 45,46 we can only determine 

that degradation of the electrolyte has occurred outside of the TEM column. This 

presents a concern since LiPF6 hydrolyses, producing HF.47 For obvious reasons the 

production of HF within the liquid cell holder and within the TEM column is not 

desired. The degradation of the electrolyte and introduction of gas pockets or salt 
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deposits within the cell also causes undue stress on the already very fragile 

windows. As such, an electrolyte study was required to determine an electrolyte that 

would be effective in reproducing a Si battery cell, but also be stable under the beam 

conditions.  

Abellan et al conducted an electrolyte study for the most commonly used electrolytes 

used in Li ion batteries and how they degrade under continued beam exposure.48 In 

this study, they found the EC:DMC solvent commonly used as a salt carrier does not 

react under the electron beam in TEM and STEM modes. Therefore, degradation of 

the electrolyte is dependent on the salt added. The first electrolyte used in our own 

tests was a LiTf (Lithium trifluoromethanesulfonate) in Propylene Carbonate (PC). 

The electrolyte was kept under argon in the same manner as the LiFP6 in EC:DMC. 

It was then flowed into an empty cell and analysed under the beam. 

 

Figure 4.13: Time evolution of LiTf in PC. Rod like structures can be seen forming under the 

beam. The initial viewing area was clear of material at the beginning of beam exposure. 

The degradation of the LiTf in PC can be seen in Figure 4.13. The electrolyte 

degrades into visible nanorods under exposure to the beam. The rods begin as 
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smaller, less resolved structures but continue to grow and evolve as long as they are 

exposed to the beam. The time scale shown in the sequence of images in Figure 4.10 

is 180 seconds from image A to image E. Removing the beam from these areas was 

found to stop their growth, which immediately resumed when the previously 

irradiated region was brought back under the beam. Similar nanorod structures 

were reported by Abellan et al but for LiAsF6 in 1,3-dioxolane (DOL).48 They 

attributed this growth pattern to an incomplete degradation of the organic within 

the electrolyte, causing preferential growth directions to occur under the beam. 

Under EELS analysis they determined that the nanorods in their case were 

composed of arsenic related degradation products (AsF3 or As0). For this work, these 

nanorods form far too rapidly for the electrolyte to be considered for use, although 

further analysis may be warranted if these rods exhibit the same chemical 

compositions as is found in the SEI of devices using this electrolyte (as was found to 

be the case in Ref 36) 

A second commonly used electrolyte that was investigated was LiClO4 in DC:EMC. 

This electrolyte was analysed in the same manner as before but showed a different 

degradation pattern. As shown in Figure 4.14, the electrolyte formed distinct 

nanoparticles that increased in size under the beam. The particles themselves are 

distinct, showing quite sharp contrast under the beam, and exhibited none of the 

preferential growth directions that were seen in for the LiTf in PC electrolyte. 

 

Figure 4.14: Generation of solid material under the beam from LiClO4 in EC:DMC. Window 

is clear of all material prior to experiment. Crystals appear under the beam and continue to 

get larger for as long as they are exposed to the incident beam. 

Particles that are closer together grow and form larger clusters, as can be seen in 

the large grouping of initially very small crystals in the bottom right hand side of 

Figure 4.14 (A). This cluster visibly increases in size until many of the particles 
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combine into a larger matrix, as seen in the same position of Figure 4.14 (C).  On 

closer inspection in certain regions, the growth of the particles under the beam is 

significant. It is not known what the particles are formed from, but it is reasonable 

to believe that they are composed of the lithium salt, which has the potential to short 

the cell, or at the very least effect the performance significantly 

After a few minutes of beam exposure at higher magnifications, the crystallisation 

and dendritic formation within the electrolyte becomes almost complete, obscuring 

the whole field of view of the image, and rendering the area unusable, as shown in 

Figure 4.16. Interesting to note is what appears to be a two-step process in this 

degradation. The first step consists of a nucleation of degradation products forming 

small crystals under the electron beam. These crystals continue to grow under the 

Figure 4.15: Expansion of beam induced particles under higher magnification. Higher 
magnifications put smaller areas of the cell under higher intensities, accelerating the degradation 
process Between A and B, dendritic formations can begin to be seen in the upper left region of 
the images. 

Figure 4.16: Dendritic formation from a core crystal under the beam. Nucleation of the central 
crystal slows and is replaced with dendritic growth outward. 
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beam. At a certain point, this expansion slows and shifts into a more dendritic 

expansion occurring outwards from the core of the crystal. 

 

Lowering the beam intensity and increasing the spot size of the electron beam with 

the LiClO4 in EC:DMC electrolyte did appear however to mitigate the particle 

formation/dendrite formation. In addition, a lower salt concentration (0.1 M 

compared to initial tests at 1 M) was found to further reduce the effects of the beam 

on the electrolyte. While this does limit resolution, it is a necessary tradeoff in order 

to actually be able to image the material and be able to confirm that any physical 

changes that are seen during cycling are in fact caused by electrochemical cycling 

and not the incident beam. Caution must still be taken in focusing the beam and 

changing the Z position of the focus as organic electrolytes are still susceptible to 

the bubble formation that was observed in the aqueous electrolyte tests.  

Finding a stable electrolyte is vital to being able to conduct the long time-scale tests 

that were seen in the previous section. It is impossible to accurately examine 

physical changes in the cell if there is a possibility that these physical changes are 

either induced by electrolyte degradation or are electrolyte degradation. While these 

tests found an electrolyte that worked for this system, further work on electrolyte 

degradation and appropriate salt and solvent combinations are required. 

4.7 Conclusions 
 

In this chapter, the electrochemical cycling and imaging of several different energy 

storage systems was presented. Low mass printed electrodes of a MnO2-Graphene 

composite were cycled at a number of voltage ranges, but it was found that no 

observable signal could be viewed at this mass above the base electrochemical 

response of the electrodes immersed in the K2SO4 electrolyte. Similar behaviour was 

observed when the amount of material deposited was increased tenfold from 5 layers 

to 50 layers, although it is possible that some response is observed in the 600 mV to 

700 mV range. A 50-layer device was assembled into the liquid cell holder and cycled 

within the TEM column. During the short duration of the test dendritic growth was 

observed as the electrode charged and discharged suggesting the presence of 

electrochemical processes occurring below the current threshold of the cell itself. 

The origin of these dendritic formations is unknown, although the most likely cause 
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is a possible electrolyte decomposition. The SiNx windows of the cell failed before 

meaningful chemical data could be extracted. 

The effects of the incident electron beam on common organic electrolytes were 

studied. Depending on the salt type and concentration electrolytes can rapidly 

degrade under the incident electron beam. Lower concentrations can mitigate this, 

as can lowering the overall beam dosage by enlarging the spot size and lowering the 

beam intensity. This characterisation allowed for the use of an electrolyte, LiClO4 

in EC:DMC, that initially was found to degrade rapidly under the beam. Other 

electrolytes were not used for the safety of both the operators and so as not to 

damage the liquid cell holder tip.  

Battery type materials were then tested, firstly to verify the function of the cell setup 

and secondly to observe the volumetric changes that are known to occur in Si 

nanoparticles as they charge and discharge. Firstly, a cell was conducted consisting 

of a LiFePO4 working electrode and a carbon counter electrode. This cell was filled 

with 0.1 M aqueous Li2SO4 electrolyte and cycled between 0 and 1 V. The cell yielded 

what are believed to be redox peaks for the intercalation of the Li ions into the 

carbon structure, although some peaks are obscured by noise from the cell and/or 

ohmic shift due to the thin electrolyte layer. Si nanoparticle electrodes were then 

tested in situ but due to low total mass of active material, poor conductivity of the 

active material or a combination of both, no clear electrochemical signals were 

observed. Some signal was seen between 2.5 and 3V, the expected region of activity 

for the Si NP- LifePO4 system, but further tests will be required to verify this. 

Reasonable resolution of the particles can be achieved when the particles are 

observed through STEM mode, but great care must be taken not to damage the 

electrolyte through beam irradiation. The particles were similarly viewed in 

standard TEM mode where individual nanoparticles down to 30 nm could be 

successfully resolved although focussing the beam through the liquid is difficult. 

While imperfect, the process presented in this chapter can act as a foundation for 

further electrochemical testing. Higher concentration inks can be prepared, as can 

inks with additives that can increase the conductivity of the materials. For a highly 

responsive material, such as the LiFePO4, reasonably good responses were observed. 

With changes to the synthesis and printing processes of the material, similar 

electrochemical responses can be attained from Si based electrodes and the 

morphological changes mapped in-situ. In addition to this, with refinement of the 
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holder itself and the way that electrodes are deposited, it is believed that the EELS 

signals could be used to fully identify the electrochemical processes involved in the 

charge and discharge processes of supercapacitor electrodes that incorporate 

pseudocapacitive materials like MnO2 
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Chapter 5: Inkjet printing of 

flexible, planar supercapacitors 
 

5.1 Flexible, printed electronics 
 

As has been seen in the previous sections, inkjet printing can be used to rapidly and 

accurately deposit material inks. Until this point of the work, printing has been used 

for very small scale depositions, on the hundreds of microns in scale and with 

patterns no more complicated than single printed lines. However this case can be 

considered as an outlier, most inkjet printing of electronics is conducted for much 

larger scaled devices. The importance of the work that has proceeded and what is to 

follow is that the same materials and methods are used for both. The LPE exfoliation 

and synthesis routes that were used to provide inks previously, are the same used 

for larger, macro scale devices. This continuity of synthesis and deposition is vital 

to maintaining a link between the analysis steps performed in the previous sections, 

and the final production of large scale, potentially commercial devices that is to be 

shown in this chapter. 

 Inkjet printing is a method of deposition that holds vast potential for the fabrication 

of lightweight and flexible electronics. It has shown immense promise in the 

fabrication of Thin Film Transistors (TFTs)1–5, photovoltaics6–11 and of course in 

energy storage devices12,13,22,14–21. There are number of reasons why this process has 

garnered so much interest in the field of electronics manufacturing. The first 

advantage is cost and ease of use. Compared to photolithography, inkjet printing 

does not require large amounts of cleanroom space, expensive chemicals and labour-

intensive processing steps22. The process is additive, using only the materials that 

are needed to form the printed patterns, and having very little waste. It can take 

advantage of liquid, solution processed material inks.5,23–25 Nanomaterial inks 

produced by ultrasonication or shear mixing can be used almost directly in most 

printed processes. In addition, the process is largely not substrate limited. A wide 

range of materials are available to act as a substrate for printed patterns. Flexible 

polymers that would not be appropriate in other deposition systems due to 

temperatures exceeding the 𝑇𝑔 (glass transition temperature) or due to the presence 
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of harsh chemicals, can be easily used in inkjet printing systems. A benefit to the 

inkjet printing process is that it can be upscaled to an industrial level. There are no 

inherent limitations on lab based systems being adapted for industrial and 

commercial design. 

Considering this, energy storage devices consisting of nanomaterial electrodes 

which have been inkjet printed onto flexible substrates represent a very real step 

forward in the manufacture of next-generation electronics, particularly for systems 

where low weight and flexibility are requirements rather than added benefits. In 

this chapter the process of ink selection and printing for planar, flexible inkjet 

printed supercapacitors will be demonstrated. Two approaches in device fabrication 

will be taken; devices fabricated entirely from a single material functioning as both 

current collector and active material, and a second process where two materials are 

printed, acting separately as current collector and active energy storage material. 

Ease and simplicity in the fabrication process is the desired outcome in this case and 

the primary aim is to achieve an all-inkjet printed system, requiring no 

supplementary fabrication steps before, during or after the printing of the device. 

This simplicity of manufacture is essential to the upscaling potential of the process. 

5.2 Planar vs multi-planar 
 

The devices presented in this section are all interdigitated planar devices. They are 

not based on a multi-planar, sandwich structure sometimes seen in supercapacitor 

architecture, most commonly represented by pouch or rolled cells.26,27 (The 

nomenclature for these devices varies wildly in the literature. For ease, planar in 

this text will refer to a device whose positive and negative electrodes lie along the 

same horizontal plane). This is an important design consideration that 

fundamentally decides how the devices are fabricated. In a traditional sandwich 

system, two flat electrodes will be printed or deposited separately. An intervening 

separator layer and electrolyte is placed between the electrodes. This is then sealed 

to prevent leakages or excess air or moisture getting into the cell. Some cells are 

then rolled into a cylindrical configuration in order to save space or fit a particular 

configuration. 
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While the sandwiched structure provides a large electrode-electrolyte surface area 

on which to store charge, it does suffer from a number of drawbacks. The 

configuration is bulkier than planar devices, and the fabrication methods involved, 

requiring a number of assembly steps, mean that the devices themselves are difficult 

to include in integrated circuitry.28,29 The planar, interdigitated design used in this 

work seeks to overcome some of these issues, and develop devices that can be 

seamlessly integrated into circuitry and larger devices. Interdigitated devices have 

been found to have a higher power density than multiplanar devices.28–30 This is due 

to the fact that ions are transferred laterally between the electrode and the 

electrolyte, allowing for quicker ionic diffusion and without the interference of a 

separator or binders.  

The interdigitated form allows for the electrodes to be placed much closer than 

would normally be allowed in a sandwiched, multi-planar device while still maintain 

safety as the electrodes do not come close in “pinch points” close to the edges that 

are common in sandwiched devices. Planar devices are also by their nature more 

compact. When deposited on flexible substrates this makes them ideal for 

requirements where flexible and thin storage solutions are required such as for 

wearable devices, flexible displays or smart-sensors.31 When the electrolyte is 

appropriately encapsulated, interdigitated planar devices can be rolled and folded 

to match the form factor require with relative ease.31 Interdigitated devices are also 

the simplest way to design a supercapacitor for production by inkjet printing. As 

both electrodes, and active material layers if needed, can be deposited in the same 

print pass, additional fabrication steps are limited, and there are fewer concerns 

with correctly aligning the overlapping electrodes as happens for a sandwiched 

device. 

Figure 5.1: A typical sandwiched capacitor consisting of multiple layers of deposited 
material. The right -hand side shows the configuration taken when the same layers of 

sandwiched material are rolled into a cylindrical cell. 
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5.3 Inkjet Printing of MXene electrodes for 

supercapacitors 
 

MXenes, and specifically Ti3C2Tx, boast electric properties that make them ideal for 

use as supercapacitor electrodes, possessing a high conductivity (~10000 S cm)32 a 

good ability to store charge by intercalating ions,33 and an ability to utilise metal 

redox reactions to store charge.32 The combination of these three specific properties 

means that MXenes provide a very unique opportunity to produce a supercapacitor 

that requires only MXenes and an electrolyte to function. This would allow for the 

very rapid fabrication of large numbers of devices and would be particularly useful 

in minimizing the number of fabrication steps required for the production of larger 

scale integrated circuitry. 

As such, a number of different MXene based inks were prepared in order to 

determine which solvent resulted in the most stable and effective material ink, and 

which of these inks would provide the best performing device. 

5.3.1 Characterising the print parameters for MXenes dispersed in 

different organic solvents. 
 

The MXene material was initially prepared in a manner similar to that as described 

in Chapter 1. The precursor MAX phase, Ti3AlC2 was etched to a MXene material 

by a combination of LiF and 9 M HCl. The resulting dispersion is centrifuged (1500 

RPM, 423 x g  3 mins) to separate etched and non-etched material and the 

supernatant from this initial centrifugation is then repeatedly washed with DI 

water, shaken and centrifuged(1500 RPM, 423 x g 3 mins) in order to lower the pH 

of the supernatant. This is then filtered and dried, leaving just dried, powdered 

material, ready for dispersion into given solvents. This material is multi-layered and 

not well exfoliated at this point.  

For organic solvents, the multi-layered material is initially dispersed into DI water, 

and shaken vigorously to separate the multi-layered flakes into few- or single layer 

Ti3C2Tx flakes. This material is then centrifuged at a very high speed (10000 RPM) 

to separate the material from the DI water, which is then removed. The solvent of 

choice is then added to the sediment to re-disperse it. This dispersion is sonicated to 

separate the flakes once more, and then centrifuged so that only few- or single layer 

flakes remain. The sediment from these steps can be re-sonicated and re-dispersed 
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to increase the desired concentration, or more solvent can be added to lower the 

concentration.  

The four organic solvents used in this work to disperse the material were 

Dimethylformamide (DMF), Dimethyl Sulfoxide (DMSO), Ethanol and N-Methyl-2-

pyrrolidone (NMP). These solvents were primarily selected due to the long term 

stability of Ti3C2Tx sheets when dispersed, showing stability up to 96 hours after 

initial dispersion without visible aggregation.34 

The initial characterisation carried out was to determine if all 4 inks could be 

successfully printed. NMP as a printing solvent was used in unrelated experiments 

prior to this, and is generally regarded as a very good ink solvent due to the ease 

with which NMP droplets can be generated in our chosen printing system (Fujifilm 

Dimatix DMP 2850 materials printer). Intensive waveform development was not 

required for this ink, as previously used NMP waveforms and voltage parameters 

yielded well-formed droplets with little or no satellite droplet formation. The ethanol 

ink was found to initially not be printable. The calculated 𝑍 value for ethanol is 

16.05, lying slightly outside the usually accepted range. The major outlier in terms 

of the physical properties of ethanol is its viscosity, which is very low compared to 

solvents usually used (1.07 mPa.s at 25oC)35 These figures are only guidelines taken 

from the base solvents, and a full rheological characterisation is required to 

determine accurate surface energy and viscosity measurements. Jang et al reported 

a drastic lowering of the 𝑍 value of Ethanol based inks when mixed with ethylene 

glycol. The calculated 𝑍 of 4.74 brings the mixture into the commonly accepted 

printed range.36 The reported surface tension values also approach 28 mN m-1, which 

is a similar value to another well characterised ink, isopropanol (IPA) which is 

known to print in a very stable manner. The ratio of ethanol ink to ethylene glycol 

was  4:1, and after this step was taken, the ink was found to form stable droplets, 

similar to the previous NMP test. 

The DMSO ink largely printed without need for much modification, using similar 

parameters to that of the NMP ink. The surface energies (43.54 mN m-1 and 40.79 

mN m-1)37 and viscosities (1.996 mPa.s and 1.65 mPa.s)38 of both solvents are quite 

close, and so it would be expected that the inks would print in a similar manner. 

Some tuning was required to reduce satellite droplet formation and it should be 

noted that over long printing times, the DMSO ink appeared to clog or jam the print 

head faster than the NMP based inks did.  



Chapter 5: Inkjet printing of flexible, planar supercapacitors 

 

146 

 

The final organic ink, DMF based was eventually printed although with low quality 

droplets. The low viscosity of this solvent (0.92 mPa.s) makes stable droplet 

formation very difficult. High driving voltages are required to generate stable 

droplets, and even those that are successfully generated are ejected at a much slower 

velocity than those generated by higher viscosity solvents. The table below gives an 

outline of the fluid properties of the solvents used in the initial printing tests.  

 

Table 5.1: Summary of the physical properties and Inverse Ohnesorge number of each of the 

carrier solvents used for MXene inks in this work 

It is important to note that these tests were carried out at relatively low ink 

concentrations (~ 0.1mg mL-1). The solvent exchange method of creating the organic 

inks means that concentration can be highly variable, depending on how much 

Organic solvent is added after the re-dispersion. The Ti3C2Tx flakes are very stable 

in NMP, and high concentration inks, over 10 mg ml-1, can be produced. The viscosity 

of the NMP based inks has been seen to increase to 12 mPa.s at the highest 

concentrations produced using this method. This will drastically affect the fluid 

properties of the ink, particularly the viscosity. These tests can be considered 

preliminary and a full treatment of the fluid properties of organic inks of varying 

concentrations is necessary. 

With the material inks successfully jetted, the next stage of the process is to 

fabricate devices from each of the inks and to investigate their respective 

performances. 

Solvent Density  

(kg m-3) 

Surface Energy 

(mN m-1) 

Viscosity  

(mPa.s) 

Inverse 

Ohnesorge 

number (Z) 

NMP 102839 40.7939 1.6539 
17.98453 

DMSO 110040 43.5440 1.99640 
15.88875 

DMF 94840 37.1041 0.9242 
29.54017 

Ethanol 78943 22.1043 1.0743 
17.88383 

Ethanol+Ethylene 

Glycol44 

866 28.9 4.83             

4.746466 
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5.3.2: Substrate selection and device design for printed 

supercapacitors. 
 

The devices printed for the testing of the performance of the MXene material inks 

are given in Figure 5.2. The pattern is a simple construction of a pair of parallel 

current collectors with a number of fingers extending from each into the intervening 

space. 

 

Figure 5.2: Interdigitated devices typical of those used in this work with (A) showing an 

illustration of the typical device on a substrate and (B) showing a schematic plan of the 

dimensions of the devices used for electrochemical testing of MXenes. 

The dimensions provided in the above figure are the set machine dimensions, i.e the 

dimensions that the printer is instructed to output from the pattern design file. 

When actually deposited and measured, features will be larger than these set 

dimensions due to the spreading of the liquid. This can be controlled by droplet 

spacing, heating of the substrate and substrate selection, but the total dimensions 

will usually be slightly larger than those set. The fingers were set at a spacing of 

250 μm from one another to provide a good density of interdigitations, which 

provides a higher power density.28 If the fingers are placed too close together, 

shorting may occur when the liquids spread on impact with the substrate 

For the initial device characterisations, a flexible AlO𝑥 coated PET substrate was 

selected. There are a wide range of flexible polymer substrates available, however 

many have been seen to suffer from producing inconsistent films when used with 

inkjet printing. The primary reason for using this particular substrate was to 

achieve homogenous material depositions within the printed patterns. This was to 

ensure the most efficient use of the area of the device and the material deposited. 

Coffee staining (detailed in chapter 3) is the primary method through which 

homogenous deposition in inkjet printed devices is disrupted. The two primary ways 

to combat this are to use binary solvent systems combining a low and high volatility 

solvents to reduce the effect of the capillary flow or to use hydrophobic, porous or 
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patterned substrates to inhibit the initiation of the internal droplet flows and the 

spreading of the droplet itself.  

The AlO𝑥 substrate was used previously in the work of other groups23,45 and was 

known to inhibit the effects of coffee staining and droplet spreading on the substrate. 

For all inks shown in the following tests a droplet spacing of 25 μm was deemed 

appropriate to form continuous films. This was the maximum spacing with which 

material could be deposited in a discrete manner. While lower spacing could provide 

a higher mass per printed pass, there was certain concern with this approach due to 

the high boiling point of the solvents being used. NMP, DMSO and DMF have boiling 

points of 202, 188, and 153 degrees oC respectively.40,46,47 When low volatility 

solvents are used to print with very low droplet spacings, rather than forming 

distinct patterns, as the next layer is being deposited onto a system that is still wet 

or in the process of drying, the material can pool into larger droplets rather than 

forming the ordered pattern. 

5.3.3: Printing and electrochemical testing of MXene inks 
 

The AlO𝑥 -coated PET was secured to the printer platen and the selected patterns 

were deposited with 25 print passes in total. The driving voltage was set to 16 V for 

all nozzles with the print height set to 250 μm and the droplet spacing set to 25 μm. 

The print platen was heated to 60oC in order to aid drying, and 2 minutes delay was 

set between each printed layer of the device. An example of the printed devices is 

given in the figure below. The devices were left to dry on the platen for 3-4 hours in 

order to evaporate solvent. Ideally before testing there would be no solvent 

remaining within the devices, and to achieve this the devices would be baked. 

However the 𝑇𝑔, the glass transition temperature, of the coated PET (60 to 81OC)48,49 

is far lower than the boiling point of all the organic solvents, with the exception of 

ethanol.  

After drying to ensure the removal of most of the solvent, a H2SO4-PVA electrolyte 

was drop cast onto the device and spread to and even thickness.  This was then 

covered with a strip of PET and the PVA was allowed to dry. Each device was cycled 

at a set of increasing scan rates from 10 mV s-1 to 1 V s-1 between 0 V and 0.5 V. The 

CV curves for these tests are given in Figure 5.3. 
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A semi rectangular shape in the lower scan rate CV curves can be clearly seen, with 

the NMP and DMSO ink devices performing well up to the 200 mV s-1 scan rate. The 

rectangular shape exhibited by the curves at these scan rates show the devices are 

indeed functioning and exhibiting characteristic supercapacitive behaviour. Above 

200 mV s-1 resistive behaviour is seen as the CV deviates from the semi-rectangular 

shape into a skewed shape associated with standard ohmic behaviour. 

Comparatively, the DMSO and NMP based inks provide the best current responses, 

with the NMP based ink showing the best overall performance.  In addition to this, 

the NMP device appeared to be able to sustain higher scan rates than some of the 

others. The 500 mV s-1 scan for the NMP based device retained some of the 

rectangular characteristics before breaking down into a completely resistive 

response. The curves themselves are largely symmetric on charge and discharge, 

exhibiting no peaks or deviations, showing that the storage is highly reversible in 

this instance. 

The rate dependence can be further examined by examining the changes in capacity 

as a function of scan rate as shown for the four different solvents in Figure 5.4. 

Figure 5.3: CV curves of printed devices with increasing scan rate for inks dispersed in (a) NMP, 
(b) DMSO, (c) DMF and (d) Ethanol. 
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Figure 5.4: Areal capacitance as a function of scan rate (a) and a log-log plot of the areal 
capacitance versus scan rate (b). 

The capacitance values for the DMSO and NMP inks begin at a similar level, with 

the DMSO devices rapidly falling off as the rate increases. NMP devices display the 

best rate performance of those tested. The rate has only a small effect on the Ethanol 

ink devices due mainly to the very small initial capacitance. The DMF ink devices 

show a lower initial capacitance than the NMP and DMSO which also rapidly falls 

away with increasing voltage rate. The NMP based devices retains 0.2 mF cm2 by 

200 mV s-1 compared to a value 0.0915 mF cm-2 compared to DMSO, the next best 

performing ink. 

Figure 5.5: Log-Log graph of areal capacitance versus scan rate for printed devices at high scan 
rates. 
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 A more informative view on how the capacitance changes with rate can be seen from 

the log-log plot in Figure 5.4 (b), and when the decay of capacitance is examined at 

high scan rates, as shown in Figure 5.5. 

At high scan rates, the scan rate is seen to decay in a linear fashion, with the slope 

of these line calculated to be -0.46±0.09 for NMP, -0.4156±0.06 for Ethanol, -

0.5628±0.0047 for DMSO and -0.81374± 0.05 for DMF. It is known that at high scan 

rates where areal capacitance is limited by ionic diffusion50,51, 𝐶/𝐴 ∝ 𝑑𝑉/𝑑𝑡−1/2. This 

is the behaviour that appears to be exhibited in the devices fabricated from NMP, 

Ethanol, and DMSO based inks. Interestingly the DMF ink devices sit between the 

expected slope ranges for determining ionic or resistance limiting behaviour, 

although it should be noted that the data set for these devices contain fewer points 

due to the failure of the devices at higher scan rates. 

The observed response of the ethanol-based ink was low compared to the NMP (max 

current reached in non-resistive tests ~0.01 mA) but still remains of interest for a 

few reasons. The first reason is the ease with which ethanol is evaporated. Residual 

solvent remaining in the devices will affect the conductivity of the electrodes. This 

is particularly detrimental in a single material device such as the ones printed here 

where the material is functioning both as the charge storage medium and the 

current collector. While the Ethylene glycol additive does have a higher boiling point 

than the base ethanol solvent (198oC)52 it forms only part of the dispersion and would 

still constitute a smaller amount of leftover solvent than the other inks. The second 

reason for retaining Ethanol as a candidate is due to its relative non-toxicity. NMP 

is known to cause developmental issues in offspring with repeated exposures to the 

parent 53,54, DMF is well known to cause severe liver toxicity and is a carcinogen.55,56 

DMSO is slightly different insofar as that it only causes mild skin irritation and 

remains non-toxic at low volumes57, however it is very effective at penetrating cells 

and is often used as a drug delivery solvent in the pharmaceutical industry. This 

means that exposure to a DMSO based ink can carry the material within the ink 

through the skin and into the cells/bloodstream.58,59  

While the highest performing device is usually the aim in materials science and 

energy storage, it is not always necessarily the best option. The advantage of this 

process is the ability to upscale and the ease of manufacture. Many of the potential 

uses for devices such as those shown in Figure 5.3 will be for applications requiring 

low energy but high power, such as in wearables, electronics integrated into fabrics 
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or in food packaging. In these situations, where very high energies and currents are 

not necessarily needed, and where the device itself is intended to be mass produced 

and disposed of, poorer performing devices but with much lower environmental and 

human impact would be preferred. 

With NMP based inks initially selected as the best performing inks, a full 

characterisation of conductivity and thickness profiles of the materials was then 

conducted to determine the specific electronic and physical properties of the 

material and the inks. 

5.3.4: Performance of devices as a function of deposited layers 
 

By tuning the number of deposited layers for a device, it is expected that the device 

thickness and conductivity can be adjusted to suit differing power needs or form 

factors. On inspection with the printer camera and optical microscopes, very little 

visible coffee staining can be seen on the printed devices. Despite this, it is unlikely 

that the coffee staining has been completely suppressed by the AlO𝑥 coated PET. 

Usually contact profilometry is used to determine the thickness of printed features. 

This process proved difficult with our chosen substrate. While the coated PET 

suppresses spreading and coffee staining very well, it does this at the expense of 

having a very high surface roughness, on the order of 500 nm. This makes discerning 

the height profiles of nanostructures deposited onto this substrate very difficult. The 

devices shown previously in Figure 5.3 were printed with the number of successive 

print passes, N=15. At this thickness the profilometer was not able to accurately 

determine the height profile of the lines which were obscured by the surface 

roughness. We can infer from this that the printed patterns were below 500 nm 

height. A practical issue with determining the height profile of the printed 

structures is the flexibility of the substrate itself. In order to achieve an accurate 

measurement, the substrate itself must be spread as flat as possible. While to the 

human eye it may appear to have been appropriately flattened, this may not be the 

case on the 10s of nm scale measured by the profilometer. 
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AFM was used to obtain more accurate height profiles of devices. Two devices were 

prepared for these tests, the first with 15 printed passes as was used for the initial 

electrochemistry tests and a second thicker device printed with 100 passes. The 

thicker device yielded a good AFM profile, showing the step height between the 

substrate and the top of the device being ~514 nm.  

Similar scans of thinner devices were difficult to achieve mainly due to the plane 

correction required. This is largely as a result of the surface not being perfectly flat, 

a phenomenon that is even more disruptive to accurate measurements in AFM than 

it is in contact profilometry. In addition to this, the large surface roughness, on the 

order of 500 nm as measured through contact profilometery makes perfectly 

accurate height measurements at small number of print passes, N, difficult. 

As it stands these thickness measurements at the very least infer that the thickness 

of the standard printed features (N=15 printed passes) is lower than 513 nm 

measured for the 100 printed passes features. This correlates quite well with the 

fact that reliable measurements could not be obtained from the profilometer, and 

that the standard film thickness is much lower than the surface roughness of the 

substrate itself. Optical and absorption-based methods of thickness determination 

such as white light interferometry (WLI), optical absorption spectroscopy (OAS) or 

ellipsometry may more effective means of determining thickness by examining the 

change in absorption and reflection properties of the material with increasing 

Figure 5.6: AFM scans of printed structured showing (A) an isometric overview of the edge of the 
printed line (B) a plan view of the area scanned, showing the roughness of the substrate and (C) 
the line scan through the printed structure. When the base height scanned for the substrate is 
subtracted from the total height, the structure is found to have a vertical height of  514 nm. 



Chapter 5: Inkjet printing of flexible, planar supercapacitors 

 

154 

 

deposited layers. In addition, more detailed AFM studies are required to obtain an 

accurate and reliable relationship between the printed film thickness and the 

number of printed passes. This will also entirely depend on the chosen concentration 

of ink, with NMP inks being stable enough to easily change the concentration 

through the adding of solvent or the removing of solvent during the solvent exchange 

process. 

The effect of print pass number (N) for the NMP based ink was examined, and the 

resulting curves are given in Figure 5.7.  

 

The number of print passes drastically affects the current response of the devices. 

At N=2, the device shows a very similar response to those seen in the poorer 

performing inks in Figure 5.3, Ethanol-Ethylene Glycol and DMF. When the 500 

mV s-1 curve in Figure 5.7 (b) is compared to the equivalent curve from Figure 5.3 

(a), it is clear that the onset of resistive behaviour observed in the device occurs at 

a lower scan rate with a high value of N but both devices display a similar current 

response at the point that resistive behaviour is first observed (~0.1 mA).  

The rate response of both the 2 printed pass and the 25 printed pass can also be 

examined in a similar manner to the devices prepared from different solvents. As 

seen in Figure 5.8, the areal capacitance decreases with increasing scan rate for both 

2 pass and 25 pass devices. The decline in the 25 pass devices is slower than that of 

the 2 pass devices, with significant decline only beginning at scan rates higher than 

100 mVs-1 

Figure 5.7: CV curves showing (a) the electrochemical response of a device fabricated with 2 
printed passes of MXenes in NMP and (b) the response from a device fabricated from 25 printed 
passes. 
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Figure 5.8: Log-log scale graphs showing rate dependence of (a) a two pass devices, (b) a 25 
pass device, (c) a 2 pass devices at high scan rate and (d) a 25 pass device at high scan rate. 

As observed in the tests conducted on devices fabricated from differing carrier inks, 

the relationship between log 𝐶 (mF cm-2) and log 𝛥𝑉 (mV s-1) is linear at high scan 

rates indicating the influence of a power law. The slope of the linear graph sections 

is found to be -0.28 for the 2 path devices, and -0.5137 for 25 passes. This indicates 

diffusion limitations in the higher pass devices are the dominating effect on rate 

performance, although it is unclear how the rate performance is being affected in 

the lower pass devices. Resistance limitations are known to be demonstrated by a 

slope value of -1 from this type of plot.50 

The conductivity of electrodes depending on N was also investigated, to see if 

material conductivity may play a part in this process. IV response of lines of varying 

N and their sheet resistance were calculated, as shown in Figure 5.9. 
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The sheet resistance of MXene printed lines show the characteristic proportionality 

to the inverse of number of passes, 𝑅𝑆 ∝
1

𝑁
. The tests shown in both Figure 5.5 and 

Figure 5.6 suggest that that purely increasing the mass/thickness of the device is 

not necessarily the best method by which to improve the efficiency of energy storage. 

The resistive behaviour shown at increasing scan rates indicates limitations 

imposed by electron transport through the material or ion diffusion. The loss of 

medium and high rate capacity is a typical phenomenon observed in pseudo- and 

supercapacitive materials, since at higher rates the potential drop across the 

electrode due to the resistance of the material is higher. This restricts active 

material utilisation to a finite volume of active material around the current 

collector.60,61 It is unknown how pronounced this particular effect is in this system 

due to the fact that the current collector is also functioning as the active material. 

As seen from the high rate graphs in both Figures 5.5 and 5.8, the slopes suggest 

the limitation in this case is that of ion diffusion. El Kady et al suggest that for 

interdigitated supercapacitor devices, maximising the number of fingers per unit 

area (in this case, resulting in narrower fingers with a smaller gap between them) 

results in a minimisation of the mean ionic diffusion length and increasing the 

amount of material exposed to the electrolyte.28 

Nonetheless, the areal capacitance measured for the cells was impressive with the 

N=2 device showing an areal capacitance of 1.3 mF cm-2 and N=25 device showing 

an areal capacitance of 12 mF cm-2. These values compare very favourably with 

similarly fabricated devices in recent publications.62–64 While the capacitance values 

are very promising, one of the real advantages to this process is the ease and 

flexibility of the fabrication process. With the inkjet printing process, the design of 

Figure 5.9: (A) Conductive tracks of increasing thicknesses printed to examine (B) sheet 
resistance as a function of number of printed layers and (C) how the IV response differs with 
number of printed layers N 
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the devices can be changed very easily. The line width and line spacing can be very 

easily lowered, which if the process is indeed limited by some ionic diffusion, should 

increase the material utilisation and allow for higher rate capacity. This flexibility 

of device design is lacking in subtractive manufacturing methods such as 

photolithography and is difficult to achieve even in multiplanar printed devices. 

5.3.5 Printed devices as part of a larger circuit and the effect of 

different substrates 
 

To investigate how the printed devices would perform when deposited as part of a 

larger circuit, a set of four devices in parallel and in four devices in series were also 

produced in the same manner as before. Devices connected in series have the effect 

of broadening the voltage window that can be used the charge and discharge. This 

is of interest in this case as the voltage operating window of the symmetric MXene 

devices is quite low. One of the simplest methods by which the energy stored can be 

increased is by extending the voltage window. If the situation requires it, parallel 

devices can deliver a higher current response. The electrochemical responses of both 

sets of linked devices is given in Figure 5.7 below. 

Figure 5.10 (a) shows the Galvanostatic Charge-Discharge (GCD) curve for the 4 

devices printed in series. It shows the broader Voltage window, operating effectively 

up to 1.6 V and demonstrating the reversible charge-discharge desired in a 

supercapacitive device. The normalised CV curves in Figure 5.10 (b) show us the 

characteristic square shapes are retained by the devices when printed in series. 

What these tests essentially underline is the flexibility of the process. 

 

Figure 5.10: The electrochemical response of multiple devices printed as part of a larger circuit 
showing (a) the larger voltage window of 4 printed devices in series and (b) the normalised CV 
curve of 4 printed devices in parallel 
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As seen in the graphs presented in Figure 5.11, when connected in series the devices 

maintain a reasonable volumetric capacitance over a much larger voltage window, 

while maintaining a similar rate performance to the standard single printed devices. 

When connected in parallel, the volumetric capacitance can be increased 

dramatically due to higher possible currents, although seemingly at the expense of 

some rate performance, as seen in Figure 5.11 (d). This further underlines the 

flexibility of this process as an approach for fabricating energy storage devices for a 

range of applications. 

 Devices can be easily fabricated in configurations that suit the specific need of the 

system in question, be it low form factor, high current or wider voltage windows. In 

addition, it shows that it is simple to fabricate larger circuits and devices using just 

inkjet printed components. The next step in this process is to attempt a fully printed 

integrated circuit. This can be achieved quite simply by swapping out the MXene 

inks and replacing them with insulating, or metallic inks where required. 

Figure 5.11: Graphs showing (a) the Volumetric capacitance of four devices in series at 
increasing scan rates, (b) the volumetric capacitance of four devices in parallel with increasing 
scan rates, (c) the rate performance of four devices in series and (d) the rate performance of 
four devices in parallel. 
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A final test conducted was to see the compatibility of the printing process developed 

for MXene inks using different substrates. MXene devices were printed in the same 

manner as before on glass, untreated PET and Kapton. The resulting devices all 

displayed wetting issues and in-homogenous films not seen with the features printed 

on the coated PET. Wetting on glass was expected to be inconsistent and to display 

a high degree of coffee staining however, the difficulty in printing homogenous films 

on the PET and Kapton substrates was unexpected. While coffee staining on Kapton 

was not pronounced, a droplet spacing could not be reached where droplets did not 

pool and form disconnected patterns. This resulted in some of the printed fingers 

within the device being disconnected from the rest of the current collector.  

To combat the coffee staining and in-homogenous deposition seen on different 

substrates adjustments to the composition of inks must be made. The primary 

method of inhibiting coffee staining is by dispersing the material in a binary solvent 

suspension.65–67 Despite the in-homogenous films produced, printing on Kapton 

continues to be an important goal due to its high thermal stability (𝑇𝑔= 360 – 410 

OC). This would allow for the printing of MXene devices alongside materials that 

require thermal treatment, such as metallic nanoparticle inks that require sintering 

to achieve higher conductivity.  This would present MXenes as a material suitable 

for use both in single systems and in multi material systems, increasing their 

flexibility of use. 

Figure 5.12: Sheet of Kapton with printed devices in series. As can be seen, the material is not 
deposited in a homogenous manner. While coffee staining effect does not disrupt the feature 
formation, the fingers and electrodes are still inconsistent and in places do not form fully connected 
films. 



Chapter 5: Inkjet printing of flexible, planar supercapacitors 

 

160 

 

 

 

5.4 Multi-material printed systems for supercapacitors 

and circuits 
 

While the previous section has demonstrated the effectiveness and versatility of 

MXenes as a current collector/active material in supercapacitor electrodes, it is not 

the only material that printed circuits and devices can be printed with. Different 

device and circuit demands will require different material combinations to meet 

them. One of the primary advantages of the additive manufacturing approach that 

Inkjet printing allows is the rapid swapping in and out of materials within a single 

printed device architecture. Different materials in different parts of a device or 

circuit is a simple matter of changing the pattern design and changing ink 

cartridges. 

MXenes, as mentioned previously, display very high conductivity. This conductivity 

is high enough for the material to function both as a current collector and as the 

charge storing active material; however this is not the case for several active 

materials used in both battery and supercapacitors (Si, LiFePO4, MnO2). These 

materials therefore require a conductive current collector for the device to function 

effectively. Much as for MXenes, the best-case scenario is one where both current 

collector and active material can be printed directly onto flexible substrates in an 

easily changed pattern. 

Initially, a highly concentrated Ag nanoparticle ink (Sigma Aldrich, Silver 

nanoparticle dispersion, 30-35 wt % in triethyleneglycol monomether ether) 

designed specifically for inkjet printing was selected as a current collector. This 

approach encountered difficulties however. For the Ag nanoparticles to achieve the 

desired conductivity, they must be sintered, ideally at a temperature ≥ 200 OC but 

at a minimum of 100OC. This far exceeds the thermal stability of the substrates 

(PET and coated PET) that were to be used in testing.  

The second obstacle encountered was in-homogenous printing of active material on 

top of the silver lines. The silver printed features displayed large print heights in 

comparison to other printed materials. At N=2 for silver, the height was measured 

to be 1300 nm by profilometry. When active material was deposited on these 
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features, most material migrated towards the edges of the Ag lines, at the contact 

point of the Ag and the substrate. It is unknown if this effect is caused by a mismatch 

in surface energies of the droplet containing the active material and the Ag tracks 

or is purely caused by the morphology of the printed lines. Regardless of the cause 

of this phenomenon, the effect is to limit the amount of active material in contact 

with the current collector and limit the used surface area of the devices. While an 

easy way to combat this effect would be to print the MnO2 first, with the silver placed 

on tope, this would also limit the contact area between active material and 

electrolyte. 

 

 

 As such different electrode materials were to be investigated. Maintaining a 

solution processed approach for ink formulation, the most promising current 

collector materials stand as graphene and carbon nanotubes (CNTs). Ideally 

conductive materials would be deposited in interdigitated patterns as before with 

active material (MnO2 in this case) deposited in a thin layer on top of the current 

carrying electrodes. As has been seen from the initial tests with printed Ag inks, the 

morphology of the current collector is an important consideration for the final 

performance of the device. It is hoped that by using materials that form thin films, 

and have similar surface energies that thin, homogenous layers of both conducting 

and active materials can be deposited, although this is a process that needs a great 

deal of further work. 

Figure 5.13: Ag printed lines on coated PET, with (A) showing MnO2 printed selectively on the 
printed line. The darker line at the Ag-substrate interface shows where the MnO2 has 
accumulated off the silver line. Image (B) shows a thicker layer of MnO2 deposited across the 
entirety of the device. Despite this, the material still does not adhere to the Ag lines and largely 
accumulates in the interstitial regions between the fingers. 
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5.5 Conclusions 
 

NMP based MXene inks have been shown to produce high quality planar energy 

storage devices that can be fabricated rapidly. A simple interdigitated device printed 

on a flexible coated PET substrate demonstrated excellent charge storage 

properties, with a 25 print pass device displaying an areal capacitance of 12 mF cm-

2. Despite the lack of metallic current collector and the interdigitated nature of the 

devices, the rate performance was found to be diffusion, rather than resistance 

limited in almost all cases. The device performances was further demonstrated when 

placed in series or in parallel with other printed components, verifying their 

effectiveness for use in larger integrated and printed circuitry. While the electric 

performance of the devices is important, the simplicity of the process should also not 

be overlooked. One of the primary advantages demonstrated in this work, is the 

ability to very quickly print devices that require only a single material and 

electrolyte to function. No further intensive chemical or thermal treatments are 

required. Utilising high concentration inks, devices can be printed with only 1 or 2 

print passes, meaning the process is not only simple, it is also rapid. Furthermore, 

inks based on more environmentally friendly solvents that are less dangerous and 

cheaper were also utilised to create devices. While these inks do display decreased 

performance, they are nonetheless ideal for applications requiring lower power and 

energy outputs where people may be exposed to the device itself, such as in clothing 

or in food packaging. 

Further engineering of the device parameters is predicted to yield higher power and 

energy densities by adjusting interdigitated finger thickness and separation. Inkjet 

printing, as an additive manufacturing process, allows for these parameters and the 

overall device structure to be easily changed and allow the devices produced to fit a 

range of morphologies depending on the intended use. 
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Chapter 6: Conclusions, 

outcomes and future work 
 

In-situ TEM electrochemistry is a technique that can offer vital insights into how 

materials that are used in battery and supercapacitor systems store energy. How 

these materials change during the charging and discharging process is important 

for improving upon them. Information gathered during in-situ testing can help 

develop synthesis procedures, ideal material compositions or device morphologies. 

It provides a level of information, ranging from simple spectroscopic data to atomic 

structure changes that few other techniques or methods of analysis can provide. The 

ability to reasonably simulate the internal structure of an electrode immersed in a 

liquid electrolyte provides more relevant information on the structural changes that 

occur than ex-situ or post mortem testing. 

In this work an effective means of depositing electrodes for use in an in-situ TEM 

electrochemistry apparatus was demonstrated. This process was conducted by 

utilising a combination of solution processed nanomaterial inks and inkjet printing. 

The liquid phase exfoliated inks allowed for numerous materials to be produced and 

dispersed in a range of solvents. These materials were then deposited onto the TEM 

electrochemical cell architecture. Narrow electrodes of active material can be 

deposited with a high accuracy and repeatability. The versatility of this process lies 

in the ability to print a very wide range of materials. Previously documented studies 

have been extremely material limited and forgo composite or mixed materials in 

their entirety. The inkjet printing approach to fabrication is not limited by these 

factors, making it an ideal production method for a wide range of electrode 

materials. 

 Testing of an MnO2-graphene hybrid electrode in electrolyte allowed for the imaging 

of dendritic formations growing from the electrode through liquid and in real time. 

While the material mass was too low to generate observable CV signals above the 

base signal of the cell, the observed dendritic growth suggests that even for low mass 

electrodes the process works effectively. When the same procedure was used with a 

two-material cell, utilising LiFePO4 and carbon, redox peaks were observed in ex-

situ testing. Following on from this result, electrodes of Si nanoparticles with a 
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counter electrode of LiFePO4 were scanned and imaged. Further work to increase 

the conductivity and mass is required for those tests. 

The initial in-situ tests conducted in this work hold immense promise for analysing 

morphological changes in energy storage material. The process provides an avenue 

for qualitative electrochemistry and structural analysis of materials that is difficult 

to replicate by other means. Fundamentally, observing morphological changes, such 

as dendrite formation, is the primary aim of this work. This process aims help 

complete our understanding of the dynamic processes that occur within an energy 

storing system. Materials such as MnO2 and Si have the potential to massively 

improve the capacity of devices and perhaps more importantly move the fabrication 

of batteries and supercapacitors towards a standard where less toxic, expensive and 

environmentally harmful materials are used. To meet industrial and commercial 

needs however, the materials still need to be improved. In-situ TEM 

electrochemistry, combined with inkjet printing and solution processed materials 

stands as a perfect means with which to improve and develop not just the materials 

detailed in this work but a massive range of nanomaterials. 

The latter section of this work focussed on the next step required, once those 

materials have been optimised and improved. Inkjet printing stands as an effective 

means of rapidly producing planar energy storage devices on flexible substrates. In 

addition to this, when appropriate inks are selected, it can be used not just to print 

discrete devices, but whole integrated circuits. In this work, flexible, planar 

supercapacitors were produced by inkjet printing from a number of organic solvent-

based inks. These devices displayed impressive charge storing ability with a 25 

printed pass device with an NMP based ink yielding an areal capacitance of 12 mF 

cm-2. Increasing amounts of material appear to reach some diffusion limited drop off 

in rate capability, and so the morphology and design of the devices must be 

considered to further increase capacity and rate performance 

The ability to rapidly print components onto flexible substrates is vital for the 

production of lightweight storage systems for use in wearables, food packaging or 

other consumer products. Inkjet-printed MXene supercapacitors provide effective 

energy storage, in a compact form factor that can be manipulated and bent. The 

additive nature of Inkjet printing means the design of these devices can be changed 

for particular power and energy needs or to fit a specific device morphology.  
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To summarise, the combination of inkjet printing and LPE solution processed 

material has allowed for the accurate deposition of materials in two very different, 

but in the end fundamentally linked ways. When deposited on a small scale, on TEM 

electrochemistry cells, the material can be analysed to learn how changes in 

structure and chemistry can occur during the lifecycle of the material as it is charged 

and discharged. This allows for a refinement of material, be it through synthesis, or 

the addition of other materials to enhance energy storage or conductivity, or 

mechanical strength. Once the ideal material, or material combinations is found, 

this same deposition process can then be used to deposit the same inks in full scale, 

integrated devices.  

At its core, this work has aimed to show that it is possible to accurately deposit 

multi-material systems onto prefabricated TEM cells to be electrochemically cycled 

within a TEM column. The importance of this process lies in how it can be adapted 

for different materials. The materials presented here, mainly Si nanoparticles and 

MnO2, are just two of a multitude of materials that could be analysed in this manner. 

With further refinement, this platform can be used to provide accurate 

electrochemical, physical, and chemical information on a variety of materials. If the 

material can be dispersed in a solvent and printed, it can be analysed in this system. 

At this moment in time, the system is imperfect, but work shall continue to realise 

the potential of this technique as a robust analysis method within the field of energy 

storage devices. 

 

Outlook and future work 
 

The primary avenue of future experimentation that stems from this work is on 

materials for use in the in-situ TEM apparatus. Conductivity and mass problems 

inhibited the collection of quantitative electrochemical results in the sections 

dealing with MnO2. Despite this, the observation of dendritic growth within the 

electrolyte represents a significant finding. It is therefore desired to continue these 

tests to find the root cause of this growth, which is unexpected in a pseudocapacitive 

system. Window stability has been the primary limiting factor in the length of 

experiments conducted within the TEM column. However as was seen in the tests 

for Si NPs, cells can be assembled and viewed in the TEM for up to 5 hours. 
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Therefore, repeating the measurements that resulted in dendritic growth is desired, 

potentially then adding more conductive additives to the electrode to increase the 

material utilisation and observe the potential dendritic growth through the entirety 

of the cell.  

For battery materials, Si remains the primary material of interest at this stage; once 

again it is believed that the conductivity of the material is a limiting factor, and the 

primary reason why no volumetric expansion is observed during initial cycling tests. 

The future approach to imaging the Si particles is to combine them with a conductive 

additive such as graphene, CNTs or activated carbon. These materials, in addition 

to a polymer binder, can then be printed and cycled in the hope that the 

characteristic volumetric expansion can be observed. In addition to this, higher mass 

electrodes of additive free Si can be deposited and used in conjunction with a thicker 

spacer layer. While this may inhibit the resolution, it is hoped the higher mass of 

particles will create a better conducting network and force a larger amount of 

material into physical contact with the metallic electrode.  

For MXene printed devices, the next planned step is to utilise textiles as substrates. 

While polymer substrates provide flexibility, a full integration of these devices into 

clothing textiles is the ultimate goal. This would allow for a fully integrated 

wearable electronic system without the flexibility limitations imposed by the 

polymer sheets. Work towards larger integrated circuitry on the coated PET shall 

continue. The devices presented in this work consist of supercapacitors printed in 

series or in parallel with one another. It is desired to expand this to combining these 

device with other printed components such as resistors, transistors or photovoltaics 

to produce fully printed usable circuit systems.  

For multi-material devices, graphene and CNT based inks are the primary 

candidates to be used as current collectors in MnO2 based pseudocapacitors. A full 

characterisation of conductivity and the effects on material utilisation are required 

to determine the amount of conductive material required to allow for a functioning 

MnO2 based device. 

 


