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Building a Bridge Over the Valley of Death: A Practical Development of Textile

Supercapacitors

by Nicholas David George Hillier

This thesis presents a practical development of textile supercapacitors for e-textile
applications. Textile supercapacitors are seen as a crucial enabling technology for
future e-textiles as a power management component. A wealth of research has gone
into developing these devices over the previous decade, however, this research has
broadly focused on electrochemical performance alone, and has led to the
development of devices which are unlikely to transition from the laboratory to the
real-world. Underpinned by a design philosophy of sustainability and scalability, this
work has developed the performance of an all carbon single-layer textile
supercapacitor without the need for exotic electrode materials or challenging
production methodologies. The device is later integrated within a first of a kind textile

power module capable of powering future e-textile applications.

A simple spray deposition technique is used to produce single-layer all textile
supercapacitors. Three commercial activated carbons are evaluated as potential
electrode materials and the electrode ink formulation is optimised with a 9:1 ratio of
active material to conductive additive. A device with a capaitance of 23.6 mE.cm?,
energy density of 2.1 yWh.cm™ and power density of 0.11 mW.cm is achieved,
demonstrating the capability of basic materials and industry friendly production

methods.
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The electrolyte plays a pivotal role in the performance of the textile supercapacitor,
both in terms of energy density as well as operational voltage. A series of electrolytes
are evaluated, including an aqueous PVA electrolyte, edible electrolyte and organic
polymer electrolyte. The aqueous electrolyte is shown to have severe degradation
over a few days, making it impractical for real-world use. The edible electrolyte is
shown to outperforms the aqueous electrolyte but still suffers from low voltage limits.
The novel organic electrolyte is shown to be much more stable and increased the
energy device of the carbon textile supercapacitor by 9x, achieving an energy density

of 18.9 uWh.cm™, capable of power real-world applications.

A textile power module designed for built environment or low mobility applications
is presented, produced from the developed textile supercapacitor from the previous
chapters and a flexible rectenna. The prototype system presented a first of a kind
design, and achieved a literature leading end-to-end efficiency of 38%. This was
further developed and achieved an end-to-end efficiency of 46% and capable of power

a Bluetooth Low Energy transceiver system for >100 s from a single charge.
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Chapter 1

Introduction

Wearable technologies are rapidly becoming commonplace in our daily lives. Since
the launch of consumer goods such as the Fitbit, and later the Apple watch and
Google glasses, the lives of many have become entwined with these devices. The use
of wearable technology stretches from healthcare [1] and sport [2] to defence [3] and
consumer [4]. The wearable technology market is widely anticipated to be in excess of
US$70 billion by 2025 [5] and with their functionality and compatibility with the
Internet of Things (IoT) this market size can only increase further. Amongst the
plethora of wearable technology sub-categories, smart textiles or electronic textiles
(e-textiles) show great promise. Simply, an e-textile is a device that introduces
electronic functionality into a traditional textile, which is appealing for many
applications as they are able to utilise the textile as a flexible and breathable scaffold.
When one also considers the ubiquity of clothing and its inherent close proximity to

the end user, it becomes evident that e-textiles will shape the lives of many.

Sensors [6-8], actuators [9,10] and displays [11] have all been incorporated within
e-textiles, allowing for a wide range of functionality; however, increasingly, the
bottleneck for further design is the power management and supply of the e-textile.
External batteries [12] are an obvious solution, offering a simple and energy-dense
solution, though for many applications, heavy and rigid batteries would be
cumbersome and would dramatically affect the wearability of the garment. Extra

considerations, such as how to wash the garment, would also force a change of



2 Chapter 1. Introduction

consumer behaviour and habits. This is unacceptable if one wishes e-textiles to be
widely adopted. Further to the consumer focused concerns, specialist applications
(such as the military) may find external battery units an additional risk [13]. E-textile
power management must be discrete and must be incorporated within the textile to
limit external connections and enable the end-user to treat the e-textile as though it
were a traditional garment. Energy harvesting has been widely seen as a solution to
this power management conundrum. Mechanically coupled transducers, such as
triboelectric [14, 15] or piezoelectric [16,17] devices, and energy converters, such as
photovoltaics [18], have all been demonstrated within e-textiles. However, a person is
not always moving, the sun is not always shining, and these devices do not offer
power upon demand, only power upon production. This problem is analogous to the
temporal problem with renewable energy on the electrical grids and the solution is the

same: energy storage.

The integration of energy storage in e-textiles has seen a surge in research intensity
over the previous decade, with textile supercapacitors being the initial (and most
significant) research theme. The long cycle life, high power density, good energy
density and fast charge-discharge rates make supercapacitors appealing for
integration into an energy harvester-based textile power unit. The research has
focused, primarily, on electrode materials and ever-increasing performance metrics,
which has proved very successful in bearing increasingly higher capacitance.
However, many of the best performing devices utilise exotic materials or material
structures and few devices have moved beyond the laboratory environment.
Increasingly, the practical considerations (washability, calendar lifetime and ageing,
safety, sustainability, interconnections, etc.) are having to be considered to translate

this research into a real-world technology.

1.1 Aims and Objectives

The overall aim of this thesis is to produce a practical energy storage solution for
future e-textile applications. To deliver this aim, the project has been split into three

themes: Device Performance, Electrolyte Selection and Device Safety and Integration. These



1.1.

Aims and Objectives 3

three themes were judged to be the significant areas overlooked by the literature and

the main limitations to the wider adoption of e-textile energy storage.

0,
0’0

2
0‘0

Device Performance. The device performance theme is the broadest of the three
and covers material optimisation, production and integration. The incorporation
of the supercapacitor into a single layer of textile is a relatively recent
development and a great deal of work is still required to understand the
optimisation of the production and the effect this has on the electrochemical
performance. Textile selection, ink properties and manufacturing techniques

must all be investigated methodically. This is achieved via:

- Investigation of optimal deposition and curing procedure

- Investigation of suitability of unprocessed commercial activated carbons as

electrode materials

- Investigation of correct ink formulation from an electrochemical

perspectives.

Electrolyte Selection.The literature is lacking justifications for the selection of
certain electrolytes. This is interesting, as the electrolyte has a significant effect
on the performance of the textile supercapacitors. The concentration and
conductivity, ion size and operating potential window all influence the
performance. In many cases of e-textiles the addition of a gelling agent to the
electrolyte (for practical and safety reasons) furthers the complication. Almost
universally, this is achieved through the addition of Polyvinyl Alcohol (PVA)
into aqueous electrolytes, but again without justification. This theme looks to

challenge the commonly held consensus on electrolytes. This is achieved via:
- Studying the role PVA has in the performance of the textile supercapacitor
- Investigating the performance of benign aqueous electrolytes
- Developing and testing of a high voltage, low hazard electrolyte to increase

the energy density of the simple carbon TSC design.

Device Safety and Integration.This theme encompasses two distinct ideas, the

idea of reliability and safety and the idea of system integration. Within the
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literature the experimental assessment of the reliability and safety of TSCs is
limited and often 1-dimensional. If the device is flexible, for example, then
bending testing is undertaken but thermal stability is ignored. Equally, the
community seems to have been blinkered to the integration of TSCs into actual
power units. With the charging characteristics of the device being assessed only
in ideal laboratory conditions on battery analysers or ideal discrete components
and not while connected to other e-textile devices. Very few end-to-end textile
power units have been demonstrated, the few produced being done relatively
recently. This theme looks to evaluate the TSCs in real-world situations and as

part of larger, more complex systems. This is achieved via:
— Assessment of the durability of the unpackaged TSCs, including bending,
cutting and puncture testing
— Assessment of the thermal stability of the unpackaged TSC

— Development of a proof-of-principle textile power module containing an

e-textile energy harvester and TSC

- Development of a Minimal Viable Product (MVP) textile power module

capable of powering a real-world external product.

1.2 Novelty

* Assessment of commercially available activated carbons for the use in textile

supercapacitor electrodes

¢ Rationalised production methodology for single layer textile supercapacitors,

that can be readily scaled for mass production
¢ The first calendar life assessment of textile supercapacitors

¢ The development and assessment of benign electrolytes for textile

supercapacitor applications

* Production of the highest end-to-end efficiency textile power module using

textile supercapacitors and a wearable RF energy harvester



1.2. Novelty

¢ Development of an acetonitrile-free high voltage electrolyte for textile

supercapacitors

¢ The first use of traditional energy storage metrology for e-textile devices






Chapter 2

Literature Review

In this chapter, background literature spanning the full supercapacitor landscape is
discussed. The technical work within this project spans a number of disciplines, thus
some initial underpinning theory and terminology is presented in section 2.1 and
section 2.2. Section 2.1 presents the energy storage mechanisms of capacitors,
electrolytic capacitors, supercapacitors and pseudocapacitors, while section 2.2
presents and discusses textiles and the benefits and challenges of their use within
wearable applications. Section 2.3 discusses the crucial components of a TSCs, the
electrodes and the electrolyte. The plethora of material options available for electrodes
is critiqued in section 2.3.1 while section 2.3.2 discusses the commonly accepted
electrolytes for TSC and highlights where these could be improved upon. The
state-of-the-art in TSC research is presented section 2.4, forming a benchmark for the
devices produced within this work. Section 2.5 presents complimentary technologies
to the TSC, which can be combined to form practical textile power units. Finally, a
summary of the literature and the gaps within the literature are provided in section

2.6.

This chapter has been presented in-part, in two published works [19] and [20].
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2.1 From Electrostatic to Super: the progression of capacitors

2.1.1 Electrostatic

The electrostatic capacitor consists of two conducting parallel plates of area, A,
separated by a distance, d. Between these plates is a dielectric material with a relative
permittivity, €,, as seen in Figure 2.1. The capacitance, C, of this device can be simply

calculated using equation 2.1.

€€ A
o d

C (2.1)

where € is the permittivity of free space, €9 = 8.854x101? FEm!.

Electrode

FIGURE 2.1: Schematic of a parallel plate capacitor. The charge builds on the opposing
plates generating an internal electric field. This field acts as the storage mechanism.

Initially, capacitive devices were formed from jars of glass surrounded by tin foil, the
famous Leyden Jars [21]. However, whether the device is a glass jar or a parallel plate
capacitor the mechanism of energy storage is the same. A potential difference across
the plates will induce a charge build up on the plates, resulting in an internal electric
tield. Once the external potential difference is removed, the charges are no longer held

on the plates and the internal electric field breaks down. Being an electrostatic
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mechanism and not an electrochemical mechanism (such as the storage observed in a

battery), the charge/discharge rate of the capacitors is very high.

The energy stored in a capacitor, U, can be calculated from equation 2 and is

dependent on the overall capacitance, C and the potential, V,

Q 1 Q 12 1,
u_/o qu_E/o gdy = =5 = 5CV (2.2)

where Q denotes charge.

Crudely, it can be seen that the best way to increase the energy storage of a capacitor is
to increase the voltage as the energy has a squared relationship with the voltage.
However, the maximum voltage is limited by the break down voltage of the selected
dielectric. Above this limit, the device will no longer function. Increasing the energy
stored, therefore, becomes a matter of increasing the capacitance of your device. From
equation 2.1 this can be achieved from increasing €, or A or by decreasing d.
Increasing €, is achievable but limited, even the ceramic dielectrics have a permittivity
limit of the order of 10° [22]. Increasing the surface area or decreasing the separation
distance also meet practicable limits for real-world devices. Evidently, for high-energy

applications a step change is required.

2.1.2 Electrolytic Capacitors

Electrolytic capacitors are a family of capacitors that differ from electrostatic
capacitors by the use of an electrolyte that reacts with the metal foil or powder. This
reaction forms a thin oxide layer that acts as the dielectric and enables small
separation distances. The surface of the metal is also sintered /etched to roughen it,
increasing the surface area. A further difference is the asymmetry of the electrodes
found within the devices. Where the parallel plates have symmetric metallic plates,
the electrolytic capacitor has a metallic anode and the electrolyte actually works at the
cathode. A “secondary’ cathode of further metallic material is used to contact the
working electrolyte cathode to the current collectors. Within this family of capacitors,

three main subfamilies exist, namely:
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¢ Aluminium electrolytic capacitors
¢ Tantalum electrolytic capacitors

¢ Niobium electrolytic capacitors

The aluminium subfamily use an etched aluminium foil and aluminium oxide as the
dielectric layer produced during anodisation. The electrolyte used can be either solid
or liquid in phase, though most commonly the non-solid electrolyte is seen. The oxide
layer produced during anodisation is proportional to the voltage applied to the
anode [23,24] though fine control is not possible and is challenging to achieve
thickness < 1 nm. Tantalum capacitors [25] differ from aluminium with a sintered
‘slug’ formed from tantalum powder being utilised instead of a foil. The dielectric
oxide layer for these capacitors is tantalum pentoxide. Niobium capacitors share
similar characteristics in physical make up to the tantalum capacitor but were
developed to make use of the cheaper starting material [26]. In all of these devices,
greater capacitance is seen compared to that of the parallel plate capacitors. However,
these devices are polarised and a reversed bias can damage them, so great care is

required in their use.

2.1.3 Super

The final family of electrostatic capacitor is the supercapacitor, also known as an
ultracapacitor or an electrochemical capacitor. For clarity of this work, no distinction
will be made and the term ‘super” will be an umbrella definition for this form of
capacitor. These devices offer orders-of-magnitude greater energy storage than a
traditional capacitor [27] and better discharge times [28]. In the pantheon of energy
storage options, supercapacitors are seen as a power dense technology and sit
between the power quality and bridging power regimes, see Figure 2.2 . The
characteristics of fast charge/discharge rates, good cycle life and high power density
(while still exhibiting good energy density) make them appealing across a number of
sectors, from protecting the battery in electric vehicles [29] and grid applications [30]

to wearable technology [31-33].
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FIGURE 2.2: Two comparisons of different energy storage technologies. Left) Com-

pares the technologies via a Ragone plot where it is apparent that the supercapacitors

do not store as much energy as comparable technologies such as batteries. Right) Com-

pares the technologies against discharge time at rated power. In this figure, superca-

pacitors have been further separated into high power and high energy, demonstrating
the flexibility of the technology. Image modified from [28]

As with the previous families of capacitor, the storage mechanism for supercapacitors
is electrostatic but, instead of forming a charge separation at the electrodes, the charge
separation is at the interface of each electrode and the electrolyte (the so-called
electrical double layer (EDL)). This differs considerably from a battery where the
whole bulk of the electrode is utilised through faradic reactions. As the mechanism is
a surface phenomenon for supercapacitors to be ‘super’, the electrodes must have a
significant surface area to be able to store enough energy. Hence, many are produced
from activated carbons whose surface area can be > 3000 m2.g~! [35]. Supercapacitors
are produced with two symmetric electrodes, current collectors, an electrolyte and a
charge separator that allows ion conduction but is electrically insulating. A schematic

of a supercapacitor can be seen in Figure 2.3.
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FIGURE 2.3: A schematic of a supercapacitor illustrating the constituent parts of the

device. The zoomed in image of individual particles within the porous bulk of the

electrode shows how the anions and cations are stored within the pores. The potential,

V¥, throughout the device is shown in the bottom image. At each double layer there

is a capacitive element (c1 and c2) which is explain in more detail in section 3. Image
modified from [34]

As explained above, a supercapacitor is super for a number of reasons: the Electric
Double Layer (EDL) (leading to a very small separation), a very high surface area from
porous carbon electrodes and multiple intrinsic capacitances. However, further
discussion is required to understand the physical meaning behind these and to

understand their importance.

The electrical double layer is a phenomenon arising at the interface of a charged object
and a liquid, in this case the electrode and the electrolyte. With a charged boundary, a
balancing counter charge will form in the liquid with a concentration near the surface.
The physical mechanism of this interface has gone through refinement with three clear
models appearing [37]: the Helmholtz model, the Gouy-Chapman model and the
Stern model. The Helmholtz model introduces the first description of the double layer,
though is now considered an oversimplification. In this description, an oppositely

charged layer will be formed on the surface from the electrolyte to balance the charge
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on the electrode. These layers of opposite charges will remain until the circuit between
the polarised electrodes is removed. Importantly, these layers were viewed as rigid
with a separation distance equal to the length between the surface and the centre of
the counter ion. The Gouy-Chapman theory takes this model further by introducing
thermal fluctuations that will have an effect on the ions. This work was undertaken
independently of each other, however, both scientists introduced the idea of a diffuse
layer of ions within the electrolyte. Instead of being held rigidly at the surface (as in
Helmholtz’s theory), the ions are in a diffuse region. The ion concentration within the
Gouy-Chapman theory follows a Boltzmann distribution at the surface but fails at
highly charged double layers [38]. The assumption of the ions as point charges (with
no-limit on how closely they can approach the surface) also made this model
inaccurate at a quantitative level. Finally, the theoretical understanding was furthered
by Stern (but also Grahame [39] and Parsons [40]) to include multiple regions,
bringing together the ideas of Helmholtz and Gouy-Chapman. In this model there are
three regions, two compact regions (the inner and outer Helmholtz layers) and a
diffusion layer. Unlike the model by Helmholtz, the inner rigid layer was split to
account for different closest approaches of the finite sized ions. This distance is
dependent upon electrolyte-solvent interactions and surface polarity. In this case the
total Double layer Capacitance (Cq;) is a linear combination of both a Helmholtz Layer

Capacitance (Cp), and a Diffusion Capacitance (Cgjsf).

11
Ca  Cu  Cuigr

(2.3)

The conceptual differences are illustrated in Figure 2.4 where ¥ and ¥ denote the
potential and electrode potential respectively. The progression, and in the case of Stern
adoption, of different ideas of the mechanism of the double layer can be clearly seen.
The inner Helmholtz layer defines the important separation distance, d, seen in

Equation 2.1.
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FIGURE 2.4: Illustration of the three principle theories of the electric double layer
mechanism in historical order from left to right. A. is the Helmholtz model, B. is the
Gouy-Chapman and C. is the Stern model. Image modified from [35].

The above theories somewhat satisfactorily explain the interaction of a changed plane
with a liquid, however previously it has been mentioned that the boundary in a
supercapacitor is not a perfect plane. In fact, on a porous electrode interface, these
models do not account for the behaviour of the ions in the different scales of pore
(nano, micro and meso). The structure of the electrode is unquestionably important to
the overall storage potential of the capacitor. From Equation 2.1, it would be assumed
that the important characteristic of the electrode material is the surface area, however,
studies have shown that in fact pore size and distribution play a far more significant
role [36-38] with no linear relationship between capacitance and surface area. The
nature of meso pores (2 - 50 nm) and micro pores (1-2 nm) have been investigated and
found to have effects on the energy and power densities of the capacitor [39]. It is seen
that the meso pores are important for the ion transport into and out of the electrode
and a greater density of these is found to improve the power density. The micro pores
however are seen to have a closer relationship with the energy storage capacity and an
increased number of this scale of pore will increase the energy storage of the

supercapacitor. This relationship of the increased capacitance with more micro pores
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can be understood as a better matching of pore size to solvated ion volume. For a
maximum capacitance, one would want the minimum distance between the pore wall
and the centre of the ion. This will occur when the pore volume/size is of the same
order of the solvated ion and the ion adsorption into the pore is optimal. This was
observed in [40] where Largeot et al. found the normalised capacitance drops off as the
pores increase beyond the scale of the ions. One may then conclude that to best
optimise a capacitor the application must be selected (power vs energy) and then a
distribution of either micro or meso pores picked and produced. However, an
‘anomalous’ capacitance has been observed in carbon electrodes where the pore sizes
are below the size of the solvated ions (nano pores <1 nm) [34]. This is certainly a
counter intuitive result; however, Chmiola ef al. [39] found a 100% increase in
normalised capacitance as the pore size approached the crystallographic diameter of
the ion. This could be due to a distortion of the solvation shell upon squeezing into
the smaller pore (distortion of solvation shells has been reported elsewhere [41])
allowing a closer nearest approach, again reducing the separation distance seen in

equation 2.1 and thus increasing the capacitance.

2.1.4 Beyond Electrostatics: pseudocapacitors

Pseudocapacitors [42—-44] differ from electrostatic supercapacitors by the mechanism
in which they store charge. Whereas supercapacitors store physical charges at the
electrode-electrolyte boundary, pseudocapacitors store charge via fast, and highly
reversible, faradic reactions. For those with an electrochemical background, this may
seem to imply that pseudocapacitors are in fact batteries. However, this is not the case
and are distinguished from batteries due to a linear (or near-linear) dependence of
charge with changing potential [45]. The charges in the faradic reactions are admitted
and extracted from the electrode material via charge-transfer across the interface.
During this charge-transfer the oxidation state of the material is changed. The

physical processes occurring at the electrode can be split into three mechanisms:
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1. Fast intercalation of ions into the bulk, that does not result in a phase
change [46]. An example of which is Li* ions intercalated into mesoporous films

of Niobium Pentoxide (Nb,Os).

2. Ion absorption onto the electrode surface, manifesting via underpotential

deposition [47] or electrosorption valency [48] as seen in charged metals [49].

3. Surface redox reactions [50], such as those exhibited in Ruthenium

Oxide (RuOy) [51].

Pseudocapacitors are appealing due to the increased energy density over
supercapacitors and have been explored by the research community, however, they
are hindered by poor cycle-life. The construction of hybrid devices or composite
electrodes could mitigate this problem and allow the exploitation of the theoretically
high capacitances of pseudocapacitor materials. However, when one remembers the
tenants of this thesis (scalable and sustainable), pseudocapacitive materials are
outside of the scope and this thesis will look to avoid pseudocapacitive effects within

the TSCs.

2.2 Textiles: separating the warp from the weft

Textiles are ubiquitous in our everyday lives and span across industries, from
upholstery to clothing. With textiles worn on our bodies, and within our home, their
use in future wearable technologies is evident. Being able to bring the technology as
close to the end user as possible, without having to change user behaviour, is
imperative. Throughout this thesis, textiles are used as the substrate that the
supercapacitors will be built within. The inherent open structure makes a good
scaffold for the electrode material and the electrolyte can be readily absorbed.
However, textiles are produced from various materials and with different
manufacturing processes which introduces a number of variables that must be
considered. A list of key textile terms can be found in Table 2.1 which will be referred

to throughout the thesis.
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TABLE 2.1: Key Terminology within the Textile Industry

Key Term Definition
Crimp The ratio of the length of a yarn to that of its length once woven.
Denier The linear mass density of a fibre. Equivalent to the mass in grams per
9000 meters of fibre.
Ends per inch® The number of warp threads per inch of a woven fabric.
Fibre A natural or synthetic length of material exhibiting a large aspect ratio,
that forms a yarn/thread when brought together.
Knit A method of textile production where the yarn is interconnected into a
mesh of loops.
Picks per inch The number of weft threads per inch of a woven fabric.

Plain weave

A weave where the textile is formed by lifting and lowering one warp

thread across one weft thread.

Twill A weave exhibiting a diagonal pattern once produced. A weft thread is
passed over one warp thread before being passed under two or more of
the following warp threads.
Warp The lengthwise thread within a weave. These are the threads held in place
on a loom during weaving.
Weave A method of textile production where threads are interlaced in a repeating
pattern, orthogonal to each other.
Weft The transverse thread which is drawn through the warp threads during
weaving.
Yarn A length of interlocked fibers used in weaving and knitting.

« The normalisation using inch in ‘picks per inch” and ‘ends per inch’ is an industry standard.

Within this thesis a supplementary conversion to SI units will always be made.

The textiles of particular interest to the TSC community are cotton, polyester, blends of

polyester and cotton, and silk. Cotton textile is, unsurprisingly, produced from the
soft fibres found around the seeds of the cotton plant. These fibres are composed of
long cellulose chains and can be easily spun into yarns for weaving. The nature of the
yarns produces comfortable and highly breathable textiles, making it exceedingly
attractive for clothing. Polyester textile is produced from the synthetic polymer yarns
that contain the ester functional group, often polyethylene terephthalate. The fibres

are produced via melt extrusion and drawing before being woven. The two threads
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are often blended together to achieve a polyester-cotton textile that has the benefits of
the breathability of the cotton but the hardiness of the polyester. Cotton and polyester
fibres are the two most consumed fibres globally [52], and as such, any energy storage
technology must work with these textiles to achieve the desired scalability. Inherent
differences between the fibres, such as the hydrophobia, make universal production
methods challenging. Where cotton may readily absorb a carbon electrode ink,
polyester may not. Silk textile is a woven textile produced from a naturally occurring
protein fibre. The fibre material is produced from insect larvae and the fibre itself is
produced via throwing, a process in which a number of raw silk filaments are twisted
together. Due to the farming processes, silk is an expensive textile, however the
lightness, strength and thickness make it appealing for applications where volume is

the limitation, not the cost.

In the work of Yong et al. [20] these common textiles were compared as substrates for
multi layer TSCs. In this work, the polyester-cotton fabric was found to achieve the
highest areal capacitance (118 mF.cm™ compared to 56.6 mF.cm™ for silk and

14.9 mF.cm.,). This significant difference in areal capacitance was attributed to the
increased carbon loading potential onto, and within, the polyester-cotton. The
polyester could achieve a loading percentage of 14.1%wt (Carbon:Textile) compared to
2.23%wt for the cotton. However, in further work by the authors [53] when the same
textiles were used for single layer devices the thinner textiles required the addition of
a polymer membrane to prevent failure. The polymer membrane was a copolymer
(Poly(ethylene-co-vinyl acetate) (EVA) and PMMA) that acted as an electrochemical
separator that was impregnated into the textiles before the electrode deposition, and
prevented full penetration of the carbon inks. This however adds complexity to the
fabrication process that is undesirable for a scalable device. A single layer device has
the advantage of an incredibly low profile, which greatly improves the user
experience. To the authors view, this would require less user behavioural change and
make the adoption of TSCs easier for the end-user. As such, a ~ 400 ym thick, plain
weave, cotton has been selected as the substrate for this thesis as it requires no
pre-requisite treatment and is inherently more recyclable than polyester-cotton [54].

These two advantages align precisely with the ethos of this thesis of scalable and



2.3. Textile Supercapacitors 19

sustainable.

2.3 Textile Supercapacitors

The research into textile supercapacitors has seen considerable growth over the
previous decade, evidenced by a simple publication search on Web of Science [55],
Figure 2.5. Key-term searches such as “Wearable Supercapacitor” have seen a
publication increase from single digits in 2011 to hundreds in 2021. Publications in the
tield of TSCs have also grown from single digits to nearly 200 publications per year.
Figure 2.6 shows the 100 most common words found within the titles of the 1131
publications from 2010 to 2022 (year to date). As one would expect, the most common
words are supercapacitor/supercapacitors. However, secondary words such as
"flexible’, ‘carbon’, "porous’, "high-performance’, ‘oxide” and ‘graphene” demonstrate
the focus of research being dominated by the production of advanced, flexible
electrode materials. It is only until the third and fourth level of key words does one
begin to see "solid-state” or ‘aqueous’ which are related to the development or use of
electrolytes within the literature. This focus on electrode material development is also
seen in the journals which appear most often within the literature search with
chemistry/electrochemical journals, such as ACS Applied Materials & Interfaces,
Journal of Materials Chemistry A and Electrochemia Acta dominating. The field
though is much broader than just the electrode materials and by 2021 this
diversification of research effort is seen with 93 unique journals being covered within
the 177 publications. This shows the multi-disciplinary nature of the topic and need

for new approaches to overcome the technological challenges still present.
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titles of 1131 publications covering the topic of textile supercapacitors from 2010 to
2022 (year to date).

Broadly, TSCs can be split into two families (Figure 2.7) that consist of further sub
families. The first family is the traditional multi-layer plate design that is akin to a
rigid supercapacitor. In this design, parallel layers of materials (current collectors,

electrodes, and separators/electrolyte) are layered together to then be encapsulated or
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left exposed. Though traditionally the active layers (electrode, electrolyte) are
physically different layers, the work of Yong et al. [56] demonstrated how these can be
incorporated into a single layer. The stacked parallel plate design is often utilised by
flexible supercapacitors that use a fabric cloth as a substrate. The second family is the
yarn (or fibre) where the active material is formed into a fibre. This fibre can then be
constructed into a yarn in a twisted or parallel [57] or coaxial [58] structure.
Conductive coatings, electrolyte introduction and encapsulation occurs during the
fabrication reducing the bulk of the device considerably compared to that of the
parallel stack capacitor. The fabrication of the yarn family is, however, more intricate
than those of the parallel stack fabric capacitor (wet spinning, electrodeposition,
biscrolling, etc) and the scalability of the production process for real-world
demonstrators is questionable. Yarn devices also suffer from a fundamental problem
of requiring greater lengths to increase the capacitance but therefore increasing the
resistance of the device, causing greater losses. The parallel stack configuration

however reduces resistance as the area is increased, making it more appropriate for

upscaling.
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FIGURE 2.7: A schematic of the different textile supercapacitor topologies. (A) and (B)

illustarte two forms a yarn TSC can take, coaxial and paired electrodes respectively.

The paired form of the yarn TSC can either be parallel or twisted. (C) shows the side
profile of a textile supercapacitor with a parallel plate configuration

Due to concerns over the production scalability and the added complications of
having to then weave the fibers into a textile, this thesis will not explore the yarn style
supercapacitor. Though excellent in-lab results have been demonstrated with yarn

supercapacitors the ability to utilise established textile production techniques (such as
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screen printing, spray deposition and roll pressing) for the multi-layered
configuration presents the greater opportunity. However, that is not to say that the
multi-layered configuration is simpler. Challenges with encapsulation and prevention
of the active materials wicking away from the printing area are far from trivial. Also,
as stated in section 2.2, the textile substrate itself will have an influence over the
production method and the final electrochemical results, so further complexity is
added by using the multi-layered configuration. However, it is believed that the
added complexity of the multi-layered approach has a simpler final solution when

considering the final product.

2.3.1 Materials

The electrode materials for textile supercapacitors must fulfil a number of design
requirements, some of which are not considered for traditional supercapacitors. As

well as being:

Electrochemically stable throughout the operating potential window.

Electrically conductive through the bulk of the electrode.

stable over > 10° cycles.

Compatible and wettable with the chosen electrolyte.

They must also be highly flexible and resilient, safe for the end user and must adhere
well to the textile substrate. The active material, electrode ink formulation and
production methodology all play pivotal roles in the overall performance of the

device. Detailed below are a number of key textile supercapacitor materials.

Activated carbon is a highly porous form of carbon that has been extensively used for
supercapacitor applications due to its exceedingly high surface area (up to

3000 m2g* [59,60]).These carbons are produced by ‘activating’ a biomass derived
hydrothermal carbon or a pyrochar. The biomass precursor can take many forms,

from coconut shells to agriculture, human or wood waste [61] with the activation
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stage being in the form of a physical or chemical process. The biomass initially
undergoes a pyrolysis stage in an inert atmosphere [62] (as in the case of pyrochar) or
in the presence of subcritical water [63] (as in the case of the hyrdothermal carbon).
This is then followed by either physical activation, where the carbon is oxidised in a
gaseous or steam environment at elevated temperatures [64] or chemical activation,
where the carbon is exposed to an activating chemical (such as Zinc

Chloride (ZnCl,) [65] or Potassium Hydroxide (KOH) [66]). With the quantity of
precursor choices, pyrolysis settings (temperature, ramp rate, environments, etc) and
activation options the selection of appropriate material is far from trivial [67-70]. The
hydrothermal process is advantageous over tradition pyrolysis due to its ability to
process ‘wet” biomass without the need for energy dense drying stages but the
resulting carbon can suffer from low porosity and electrical conductivity [68].
Chemical activation is seen to produce high porosity and high surface area but suffers
from a high cost and energy-dense washing stages to rid the carbon of the chemical
activator [71]. Activated carbons are seen as a favourable material due to their
customisability with the limiting factor being the low conductivity (due to the high

porosity) which can be overcome by conductive additives.

One of the earliest examples of activated carbon TSCs was demonstrated by Jost et

al. [72]. In this work, activated carbon was combined with LiquitexTM matte medium
and water to form the carbon slurry. The slurry was applied to cotton and polyester
fabrics fabrics through dip coating and screen printing for comparison. The dip
coating methodology did not significantly impregnated the fabric and as such, only
the screen printed samples were characterised. The cotton-based devices were found
to have a gravimetric capacitance of 90 F.g"! compared to 83 F.g™! for the
polyester-based device, characterised in 2 M Lithium Sulphate (Li,SOy) electrolyte via
Galvanostatic Charge Discharge (GCD) at 20 mA. The cotton substrate devices were
found to have a lower Equivalent Series Resistance (ESR) than the polyester substrate,
however this was later improved by approximately a factor of 3 through the addition
of 10%yt of carbon onions. Though the Liquitex™ binder is misciple in water, the
water base of this slurry probably impaired the impregnation of the carbon into the

textile due to slight hydrophobicity of the textile substrate (see Figure 5.11 in
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Chapter 5). Later, in the work of Xue et al. [73] produced a device with directly
carbonised cotton electrodes. These devices achieved an areal capacitance of

0.7 mF.cm™ at a discharge current of 11.2 pA.cm™ in a 1 M Sodium Sulphate (Na;SOy)
electrolyte. The drop in performance compared to the work of Jost, is attributed to a
low specific surface area (<10 m?.g™t. Though the devices were claimed to be
“arbitrarily foldable’ they also suffered from a bulky form factor. Su et al. [74]
improved the performance of Activated Carbon Fabrics (ACFs) (steam activated)
through the implementation of a heat treatment stage in a nitrogen atmosphere. By
treating the ACF at 1500°C the specific surface area rose from 1000 to 1500 m?.g™. At
higher rate scan rates (250 mV.s™! the devices were found to have a higher capacitance
(86 compared to 17 E.g!). However, at low scan rates (5 mV.s!) the ACFygp was
found to have a higher capacitance than the ACF;50 (263 compared to 175 F.g!). This
is attributed to a greater proportion of mesopores forming during the heat treatment,
improving the performance at the higher rates but impairing the capacitance at the
slower rates where the micropores dominate the energy storage mechanism, as

discussed in section 2.1.

The use of activated carbon as the primary active material for TSC applications then
seems to fall out of fashion within the community, except for its use as the negative
electrode in asymmetric devices [75-77]. The drop in research interest was due to
concerns over the electrical resistance of the activated carbon electrodes and the
increased interest in 1D and 2D carbon structures, pseudocapacitive materials and
binary, and tertiary electrode formulations. However, in 2017, Xiao et al. [78]
developed cotton and flax based TSCs which had undergone carbonisation at 550 -
850°C. Under Cyclic Voltammetry (CV) characterisation at 2 mV.s! the flaxgsy device
achieved an areal capacitance of 97 mF.cm™ compared to 38 mF.cm™ for the cottongs.
The performance of the flax device was subsequently impproved through the addition
of Polypyrrole (PPy), raising the capacitance to 860 mF.cm™. Where the flax only
device was microporous the flax-PPy device showed both micro and meso porosity,
again illustrating the importance of the pore structure and not only the total surface
area for capacitance performance. Following this return to the investigation of

activated carbon for TSC applications, Zhang et al. [79] in 2019 and Yang et al. [80] in
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2020 further developed the use of activated carbon. Zhang, directly carbonised cotton
fabric at 800° under a nitrogen atmosphere before activating, again at 800°C, in the
presence of KOH. The electrode achieved a capacitance of 1026 mF.cm™2, with a quasi
solid-state device achieving 153 mF.cm™ with a PVA/KOH electrolyte. Yang, deviated
from the direct activation of the textile substrate methodology, by dip drying fiberglass
cloth in an activated carbon - asphalt dispersion before carbonising at 800 - 1000°C.The
best performing solid-state device achieved 85.4 mF.cm? at 0.5 mA.cm™. though
lower than the results from Zhang, the power capability was higher 1.23 mW.cm™
compared to 0.54 mW.cm™. These two recent works demonstrated that activated
carbon materials can achieve good electrochemical performance without the need for

exotic materials, and in the case of Yang, was even able to use recycled material.

Other carbon materials for textile electrodes include graphene, Carbon Nanotubes
(CNTs) and nanostructured carbons. Graphene is the monolayer of graphite and can
be produced via chemical vapour deposition, mechanical exfoliation, colloidal
suspensions or epitaxial growth on electrically insulating surfaces [81]. With desirable
characteristics, graphene sets the gold standard for potential EDL supercapacitors
with a theoretical capacitance limit of 550 F.g™! [82]. However, the performance is very
dependent upon the purity and size of the sheets and the production methods that
enable high purity also have high costs and low yields. This can be mitigated by the
production of reduced graphene oxide instead (as this is far simpler to make in bulk)
but the properties are diminished. CNTs are a higher dimensional form of graphene
and can be classified as zigzag, armchair or chiral, depending upon the orientation of
the rolled up graphene sheet [83]. Chemical vapour deposition is seen as the most
promising large scale production methodology [84]. Sharing similar properties to
graphene the use of CNTs in supercapacitor applications is widely reported. They are
however seen as a power (rather than energy) dense electrode material due to the
reduced surface area of their geometry. Further issues with contamination hinder
wide spread adoption, though this can be reduced via additional stages in the
production process [85]. Often CNTs (and in fact graphene as well) are used as an
additional active material, improving the conductivity of activated carbon electrodes

and aiding structural integrity [86]. Templated carbon offers a very controllable
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production method for nanostructured carbons. Ordered pore structures and
controlled pore distribution are all very possible, making them appealing for
supercapacitor applications [87,88]. These carbons are produced by filling a template
(often produced from silica) with carbon in a fluid suspension then carbonizing the
whole. The template is later removed through acid dissolution, leaving behind a
highly structured carbon. However, complex and costly production limit the
commercial opportunities shown by these materials. Carbon aerogels offer a high
surface area and good electrical conductivity. Produced via the sol-gel method [89]
aerogels are characterized by a highly-porous meso scale pore network. Unlike the
activated carbon however, different pore sizes are not possible and meso scale pores
are the only available ones. These carbons can be used as a precursor material for

further activation or functionalisation.

Carbon (and its many allotropes) are the material of choice for supercapacitors with
the EDL storage mechanism. However, as discussed in section 2.1.4 other forms of
capacitance exists and for pseudocapacitor electrodes, conductive polymers and metal
oxides are the materials of choice. Conductive polymers obtain their conductivity due
to a conjugated bond along the backbone of the polymer chain. They can be used as a
supercapacitor electrode due to the doping of the polymers, either oxidation or
reduction. With good intrinsic conductivity (much better than many metal oxides),
comparatively cheap costs and capacitance values in excess of carbon materials [90],
conductive polymers are a promising electrode material. The three main polymers
used in supercapacitor applications are PPy, Polyaniline (PANI) and

Polyiophene (PT). The advantages and disadvantages of these three are nicely
summarised by Meng, et al. [91]. Conductive polymers do however suffer from a low
charge-discharge rate due to slower diffusion, which limits the power capability [92].
Additionally the cycle life of these polymers is poor due to mechanical stress during
each cycle [93]. With the addition of carbon, the cycle lives of these devices are greatly
increased, as well as overall electrochemical performance. Capacitance values of these
‘binary systems’ can be double that of the pure polymer equivalent [94]. Various metal
oxides have been researched for their use in pseudocapacitors however, MnO; is by

far the most prevalent in the literature. This is likely due to exceptional capacitance
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values while also being relatively inexpensive and environmentally safe [95]. With a
theoretical capacitance limit of 1370 F.g! [96] the performance of MnOj is exceedingly
promising but is let down by poor conductivity. Ruthenium oxide does not suffer
from the same conductivity issues but its cost is prohibitively expensive. Carbon can
be used to mitigate the problems of conductivity by acting as the conductive path,
while the MnO, acts as the active material. The MnO, can be deposited onto CNT
arrays [97] or porous carbon [98], creating a thin film on or around the carbon (unlike
conductive polymers where the carbon is a filler and not a structural base). This thin
coating is preferential as the redox reactions only occur in the first few nanometers of

the material [99].

2.3.2 Electrolytes

The electrolyte is a fundamental component of the TSC and is the source of ions that
form the EDL. Electrolytes are typically produced from a solvent and a salt, with the
choice of solvent defining the family and the voltage window in which the device can
operate within. It is important that the electrolyte can adequately wet the electrode
material, to enable the full use of the high surface area of many of the electrode
materials. It is also paramount that the electrolyte has a high ionic conductivity, does
not degrade the textile substrate and is safe for the end user. The three families of

electrolyte are:

¢ Aqueous
¢ Organic

e Jonic

Aqueous electrolytes are formed from a salt dissolved in water. These electrolytes can
be characterised by good ionic conductivity (based upon the molar concentration,
temperature and pressure of the electrolyte) but a low working potential window. The
decomposition voltage of water is 1.23 V [100] limiting the safe to a ~1 V. As the

energy stored in the capacitor is related to V> (equation 2.2) this is a limiting feature
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for improving the energy density of the TSC. Common examples of aqueous
electrolytes are Sulphuric Acid (H2SOy) [101], Phosphoric Acid (H3zPOy) [102] or
KOH [103]. Fluidic aqueous electrolytes suffer in textile supercapacitors due to the

need to encapsulate the whole device to prevent wicking and electrolyte evaporation.

Organic electrolytes increase the potential window beyond that of aqueous
electrolytes (up to 3.5 V [104]) but suffer from significantly greater ionic resistance and
higher viscosity. More costly production requirements to reduce the water content to
<5 ppm further complicates the decision over electrolyte. Typical organic electrolytes
would be tetrafluoroborate salt dissolved in Acetonitrile (ACN) or Propylene
Carbonate (PC), though it must be remarked that ACN is toxic and not suitable for
e-textiles. Examples of organic electrolytes for TSC applications include:
Poly(vinylidenefluoride-hexfluoropropylene) (PVDF-HFP)-Tetraethylammonium
Tetrafluoroborate (TEABEF,) with PC as the solvent [105],Lithium

Perchlorate (LiClOy4)-Poly(Methyl Methacrylate) (PMMA) with a PC and ACN
blended solvent [106,107] and Lithium

Bis(trifluoromethanesulphonyl)imide (LiTFSI)-PMMA with a duel solvent of
Adiponitrile (ADN) and Succinonitrile (SN) [108]. It is interesting to note that both
Keum et al. [106] and Park et al. [107] both used ACN, regardless of the toxicity. The
duel solvent approach both papers took was to tailor the viscosity of the electrolyte
with a 2:1 (PC:ACN) ratio having the lowest viscosity. Though this increased the
wettability of the electrode (and had the highest electrochemical performance) it also
prevented the formation of a solid-state electrolyte and was not taken forward for the

real-world device.

Ionic electrolytes are pure salts that contain no solvent. For supercapacitor
applications, room temperature ionic liquids are of particular interest with the largest
potential window of the three electrolytes (up to 4.5 V [109]) and good stability. A
further benefit of these fluids is the lack of solvent, making them more appealing from
an environmental standpoint. Again, however, cost and the maturity of the technology
in this application hold it back from the commercial scale but designer ionic

electrolytes could prove highly successful for future high-energy supercapacitors.
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Testing of textile electrodes is generally performed in the presence of a fluidic
electrolyte in a three-electrode system. However, for real world devices it is accepted
that a higher viscosity is required, and this is achieved through the introduction of a
polymer. Within the literature these electrolytes are called solid-state, quasi solid state,
gel electrolyte, hdyrogel or polymer electrolyte almost interchangeably. However,
there is a difference between them. Solid-state polymer electrolytes are a polymer-salt
complex and the ionic conductivity is from the migration of the cations and anions
along the backbone of the polymer upon the application of an electric field. Gel
polymer electrolytes on the other hand make use of the polymer matrix as a host for
the liquid, trapping it in place [110]. Typically, the latter of the two kinds is seen in the
literature, with a polymer added during the electrolyte preparation step. Though
convenient from a practical perspective (electrolyte evaporation reduction, safety for
the end user and use as an intrinsic separator), the addition of a polymer reduces the
electrochemical performance of the devices by increasing the ionic resistance,
reducing the mobility of the ions. As such, a careful balance must be struck in the

preparation of electrolytes for TSC applications.

In a review of the current literature, 777 papers between 2017-2021 from the search
"Textile Supercapacitor” were reviewed (as seen in Figure 2.5). Of these 777 papers, 446
were down selected for critical review. The exclusion criteria for the down selection

included:

* Review paper

Only characterised in a three-electrode system

Relevance to an adjacent field of research (eg: focusing on the conductive

functionalisation of the textile)

Paywalls or unreachable papers

Where multiple electrolytes were presented only the best one was considered

It was found that 307 (69%) of the papers focused on just three electrolytes (H,SOy,

H3PO,4 and KOH). 317 papers were found to use an electrolyte with a polymer
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additive and of these, PVA was the polymer of choice in 292 of the papers (92%). A
full year-by-year breakdown can be seen in Table 2.2. Other popularly researched
electrolytes were, Lithium Chloride (LiCl) (40) and NaySOj (33). Their popularity is
due to the electrolytes being a neutral which is important in pseudocapacitive devices
with MnOs, as it reacts with acids [111]. Though this quantitative exercise was not an
exhaustive meta analysis, it does demonstrate the monopoly a few electrolyte
formulation have within the community and the lack of diversity in the research. This
gives great scope to performance improvements for classical electrode structures,
especially those that do not require a specific electrolyte type. In particular, the
development of an electrolyte with a wider potential window would greatly improve

the energy density of the TSCs.

TABLE 2.2: Quantitative review of the electrolytes seen within the literature from a
"Textile Supercapacitor” key word search in Web of Science [55] between 2017 - 2021.

Year Papers Relevant "Typical’ Polymer PVA
Papers Electrolyte

2017 127 57 41 44 41

2018 154 92 62 62 55

2019 160 94 69 62 59

2020 159 103 75 80 77

2021 177 100 60 69 60

2.4 State of the Art

As can be seen by the increase in publication number the field of TSCs is certainly
growing. With the different electrode materials, electrolytes and manufacturing
methods there is a large variation in performance and intended end use. This section
reviews the state of the art over the previous five years. Where possible, the key
performance indicators are given in terms of cm, determined via GCD
characterisation and only two electrode systems have been considered. Both EDL and

pseudocapacitors have been considered to better understand the full community and
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not limit the search to only carbon-based devices. In the following tables (Table 2.3,
2.4,2.5,2.6 and 2.7) the electrode material, electrolyte, production methodology,

substrate and electrochemical performance are all noted.



TABLE 2.3: State of the art review of e-textile supercapacitors in 2017

Reference Substrate Active Electrolyte Fabrication Cospecific Careal Power Energy
Material (Fg?) (mF.cm™) Density Density
[103] Carbon fiber MnOy; KOH/PVA Electrodeposition - 4.86 0.53 mW.cm™ 2.7 yWh.cm™
Molybdenum
Triox-
ide (MoOs)*
[112] Cotton Reduced H,S04/PVA Screen printing 257 25 - -
Graphene
Oxide (rGO)
[1 13] Ni coated Cotton Multi-walled LiCl/PVA Filtration - 2675 - 0.2 mWh.cm™ #
Carbon
Nanotube
(MWCNT) and
rGO
[1 14] Nondescript PPy nanowires H,SO4/PVA Templating and - 7.2 - 0.3 uWh.cm™ #
fabric transfer
[115] CNT film MnO,; PPy* KOH/PVA Electrochemical 7.72 60.43 - 18.8 uWh.cm™
Deposition
[1 16] Carbon Cloth Activated LiCl/PVA Electrochemical - 18.5% 14 yW.cm™ © 10 yWh.cm™2 ©
Carbon fibers Oxidation
[78] Flax fabric Porous carbon H,SO4 Carbonisation - 97 - 8.6 yWh.cm™ ¢
[78] Flax fabric Nitrogen doped H,S04 Carbonisation - 860 - 76 yWh.cm2 #

porous carbon

* Asymmetric device, * Calculated

[43
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TABLE 2.4: State of the art review of e-textile supercapacitors in 2018

Reference Substrate Active Electrolyte | Fabrication Cspecific Careal Power Energy
Material (Fg?) (mF.cm™) Density Density
[1 17] Carbon fiber Metal organic LiCl/PVA Electrodeposition - 206 2.1 mW.cm™ 12.8 yWh.cm™
framework, PPy
[101] Polyester Tungsten H,S0,4/PVA Dip-drying, elec- - 167.6 mF.cm™F 60 yWh.cm™ 2.3 mW.cm?
Trioxide (WQO3) trodeposition
and Graphene;
Graphene*
[118] Nickel Fiber Copper KOH/PVA Dip-drying, elec- - 351 750 pW.cm? 110 #Wh.cm™
foam,Graphene trodeposition
sheets and
Layered double
hydroxiees;
Activated
carbon*
[119] Electrospun Ni-Mn-O KOH/PVA Electrospinning, 75.1 - 700 Wkg'! 20 Whkg!
Carbon Nanosheets Hydrothermal
Nanofiber Reaction
[120] CNT Fiber Mxene LiCl/PVA Chemical - 22.7 Fem3P 46 mW.cm™ 2.55 mWh.cm™
Vapour
Deposition
(CVD),
drop-casting
[121] Activated rGO;MnO,* NaySO4/PVA Microwave - 115% 1 mW.cm™ 64 yWh.cm™
Carbon Cloth Irridation,
Dip-coated
[122] Carbon Activated NapSOy Dip-drying 134 - - 12 Whkg™!
Nanofiber Carbon; MnO,*
coated Cotton
[123] Cotton Nitrogen-doped H,S04/PVA Templating, 263 - 91.4 Wkg™ 23.4@Wh.kg™!
Porous CNT Calcination

* Asymmertic device, * Calculated, P No dimensions given to calculate.
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TABLE 2.5: State of the art review of e-textile supercapacitors in 2019

Reference Substrate Active Electrolyte | Fabrication Cospecific Careal Power Energy
Material (Fg) (mF.cm™) Density Density
[124] Copper and rGO/CNT;Nickel KOH/PVA Hydrothermal - 80 14 mW.cm™ 78 yWh.cm™
Nickel coated Cobalt- co-self-assembly,
Polyester Yarn Bimetallic Electrodeposi-
Oxyhydrox- tion
ide (NiCo-
BOH)*
[79] Cotton Activated KOH/PVA Carbonisation, - 153 543 yW.cm™2 21.2 yWh.cm™2
Carbon Chemical
Activation
[125] Nondecript Silk Fibron H3PO4/PVA 3D Printing - 26 32 yW.cm™ 0.33 yWh.cm™2
Fabric Sheathed CNT
[126] Carbon Cloth Co-Ni Layered KOH/PVA Hydrothermal 151 - 1500 W.kg™ 30 pWh.kg1
Double Synthesis
Hydroxide, rGO
[127] Gold coated NiCo,S4 KOH/PVA Hydrothermal, - 37 163 pW.cm™ 3.6 pWh.cm™
Cotton Yarn Electrodeposi-
tion
[128] Cotton Yarn Mxene H,S0,/PVA Dip-coating - 1865 - 93 yWh.cm?2
[129] Carbon Cloth Graphene- H,S0,4/PVA Hydrothermal, - 1223 1mW.cm™ 161 yWh.cm™
Lignosulfonate- Polymerisation
PANI
hyrdogel
[130] Carbon Cloth Nickel Cobalt KOH/PVA Hydrothermal, - - 250 W.kg'1P 20 Whkg?
Ox- Solvothermal
ide (NiC0204)

nanowires and
Ni-Metal organic
framework;
Activated
carbon*

* Asymmetric device, * Calculated, ¢ Estimated

%3
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TABLE 2.6: State of the art review of e-textile supercapacitors in 2020

Reference Substrate Active Electrolyte Fabrication Cspecific CAareal Power Energy
Material (Fgh) (mF.cm?) Density Density
[131] - Activated LiTFSI/ PVDF Fiber Drawing - 240 3.6 mW.cm™ 43 yWh.cm2
Carbon
[1 32] Polyacrylonitrile O, N H,S0,/PVA Oxidation, 46 780 0.6 mW.cm™ 0.3 mWh.cm™
(PAN) Fiber functionalised Dip-coating
Cloth Carbon Fiber;
Mxene*
[133] Polyester Cloth PEDOT:PSS Artificial Sweat Drop-casting 7.64 8.45 0.4 mW.cm? 1.6 pWh.cm?
[134] Polyester-Cotton Graphene H,S04/PVA Pad-Dry-Cure - 2.7 - 0.1 pWh.cm™2*
Fabric
[80] Carbon Fiber Asphalt, H,S04/PVA Dip-drying, - 85 0.1 mW.cm? 7.6 yWh.cm™
Cloth Activated Carbonisation
Carbon
[135] Zeolitic Nickel Cobalt KOH/PVA Sulfide 120 - 223 kWkg! 37.5 Whkg
Imidazole Sul- Conversion,
Framework fide (NiCo0,S4); Carbonisation
coated Carbon N-doped Carbon
Cloth Nanorods*
[1 36] Graphene PANI H3;PO,/PVA Polymerisation - 56 - 8 yWh.cm™2¢
Oxide (GO)
Fibers
[1 36] GO Fibers PANI 1-ethyl-3- Polymerisation - 88 0.2 mW.cm? 12 tWh.cm?
methylimidazolium
Bis(trifluoromethyl-
1-sulfonyl)imide
(EMITESI)/PVDE-
HFP

* Asymmetric device, * Calculated
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TABLE 2.7: State of the art review of e-textile supercapacitors in 2021

Reference Substrate Active Electrolyte | Fabrication Cspecific Careal Power Energy
Material (F. g'l) (mF.cm™) Density Density
[137] Carbon Cloth MnOy; NaySO, /PVA Dip-drying - 11.7 Fem? - 6.5 mWh.cm
Yarns Activated
Carbon*
[138] Polypropylene PPy H,S04/PVA Inkjet Printing 723 30.5 - 2.7 yWh.cm™2#
Fabric
[139] Cotton Fabric Au coated rGO H,S0,/PVA Dip-drying 295 - 125 Wkg! 34.6 Whkg!
[140] Carbon Fibers Surface H3PO4/PVA Chemical - 25 4 yW.cm? 3.5 yWh.cm™
Engineered Activation
Carbon
[141] Hierarchical Graphene, PANI |  H,S0,/PVA: Spray-coating, - 708 0.39 mW.cm™ 63 Wh.cm™
Fabric Polyacry- Polymerisation
lamide (PAM)
[142] Ni coated Iron Oxide KOH/PVA Hydrothermal 7 - - 0.6@mWh.g1#
Polyester Yarn (Fep03)
[143] Cotton/Spandex PPy LiCl/PVA Polymerisation - 979 0.38 mW.cm™ 80.3 yWh.cm™
Fabric
[144] Carbon Fibers N-doped rGO H,SO,/PVA Pyrolysis - 22.4@ mF.cm™ 10 mW.cm™3¢ 2 mWh.cm™3°

* Asymmetric device, * Calculated, ? Estimated

9¢
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Tables 2.3,2.4, 2.5, 2.6 and 2.7 again show the diversity in approach to developing
TSCs. A number of fabrication processes and active materials have been demonstrated
but, as discussed in section 2.3.2, very little diversity in electrolyte selection. The
orders of magnitude differences in the electrochemical performances show varying
rationales within the community, with some wanting to achieve the highest
performance performance and others considering particular applications. What is
interesting to note is the number of times values had to be estimated or back
calculated and shows that there is no clear standard for presenting ones results. This is
typified in the works of Yu et al. [120] and Qin et al. [116]. Yu et al. presented their
results normalised to volume but gave no obvious indication as to how to get to cm™
normalised. This would not have been a problem in common textile systems but as
this was a yarn style device it made calculation challenging as it was not clear whether
the area was the area of the yarn or the total area of the device, including the
separation. Qin et al. presented an "ultrahigh energy density” but when the values

were calculated to be area normalised the results were found to be comparable to

other works of the time.

The work of Yang et al. [113] stands out in terms of electrochemical performance,
especially considering this is a much earlier work than others. The filtration
methodology also offers an interesting production methodology that is likely to be
scalable. However, this method will only be possible for textile electrodes, and a
multi-layered device would always have to be produced, limiting the application. The
waterproof-packaged final device was large, limiting the final integration, and

wearability would be a concern for this style device.

The fabrication of directly activated textile [78,79] offers an interesting binderless
electrode structure. The removal of the need for a polymer binder has distinct
advantages, especially the proportion of active material and an inherent conductivity
functionalisation. However, much like the work of Yang et al. [113], these devices are
limited to multi layer designs and it is not clear how this methodology could be

applied to a single-layer device.

Khudiyev et al. [131] successfully produced long-length yarn TSCs. The 100 m draw
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and exceptional electrochemical performance is attributed to the novel thermal
drawing process of the electrode and electrolyte gels. This led to high ionic
conductivity across the interface boundary. When combined with the porous
conductive polymer-metal nanowire current collect this meant that great lengths
could be drawn without a loss in performance. This solution poses a legitimate step
change in performance for yarn style TSCs, however, future work is needed to see
whether they have appropriate weavability via typical textile processes for large scale

real-world devices.

Though the electrochemical performance was relatively low, Afroj et al. [134]
presented a pad-dry-cure process and scalable microfluidisation exfoliated graphene
production method that poses a very scalable solution (up to ~150 m.min™!) for future
TSCs. devices up to 20 cm™ were produced, while maintaining the areal capacitance
value. The selection of 0.6 V as the cut off voltage is unclear whether it was to protect
the electrolyte or whether there is an intrinsic charging issue for the device. However,
the development of a different electrolyte should greatly increase the energy density

and offer a real-world, scalable solution.

2.5 Application Defined Design

The development of TSCs for e-textile applications does not occur in isolation. The
role of a supercapcitor within an e-textile is temporary energy storage and power
management, acting as a energy accumulator and supply and demand de-coupler.
Other technologies must be developed, and operate seamlessly with, the TSCs to
achieve a wireless and self-charging e-textile. In particular these technologies include

energy harvesters, sensors, actuators and information transfer.

Energy harvesting is action of taking wasted, or indirect, energy sources and
converting them into a useful form of energy/power, often in the form of electricity.

Examples of energy harvesters developed for e-textile applications include:

e Piezoelectric
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e Ferroelectric

Triboelectric

Thermoelectric

Photovoltaic

Radio Frequency

This section will review the state of the art in e-textile energy harvesting, with a

typical performance review found in Table 2.8.

Material that exhibit piezoelectric effects can convert mechanical energy into electrical,
with the effect also working in reverse. The phenomena occurs due to the coupling
between the stress state of the crystal structure and the electrical polarisation of the
material [145]. Traditionally, ceramics such as Lead Zirconate Titanate (PZT) have
been the piezoelectric material of choice, due to a large piezoelectric response and
good temperature stability [146]. However, for e-textile applications, lead is a
restricted material. Lead-free ceramics can be substituted, such as Barium

Titanate (BaTiO3) or Potassium Sodium Niobate (KNaNbQO3), however, these still
suffer from brittleness [147] making large scale production challenging and concerns
over their lifetime within a textile limit their widespread adoption.Piezo-polymers
offer a flexible, cheaper and process-friendly alternative to the ceramics.
Poly(vinylidenefluoride) (PVDF) has good stability and high piezoelectric properties
when in the B crystalline phase [148]. In this phase, the polymer is in a planar all-tans
conformation [149] (a zig-zag pattern) which means all of the dipoles are in one
direction, hence the large spontaneous polarisation. Other polymers include PVDF
co-polymers [150] and Nylon 11 [151]. Despite a considerable amount of research, the
wide spread adoption has not been seen, with expensive manufacturing and low

production capacities. Low power output efficiencies further hinder the technology.

Ferroelectric materials also exhibit piezoelectric effects however for e-textile
applications this is often in the form of a ferroelectret material. In these materials a

porous polymer is subjected to a corona polarisation, which breaks down the air
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trapped in the voids and induces a permanent internal dipole moment [152]. The
combination of the permanent dipole moment and the porous structure lead to a large
piezoelectric effect. Typical ferroelectret materials for e-textiles are porous PPs [153], in
particular Fluorinated Ethylene Propylene (FEP) [154]. Degradation of the material
over time in e-textile applications [154] and concerns over a mismatch of optimal
frequency and the frequency of human movement (5 - 30 Hz compared to 3-17 Hz) has

impaired wide spread adoption of the technology.

Triboelectric energy harvesters have seen the most significant research interest, with
Triboelectric Nanogeneratorss (TENGs) being seen as a key harvesting technology due
to its compatibility with every day life (moving, running, walking etc.).
Triboelectricity is the phenomena of electron movement from an electron losing
material to an electron gaining material during contact. The mechanical energy of the
contact and the different operating modes (sliding, single-electrode, free standing and
contact separation) all effect the output of the TENG [155]. TENGs can come in a
number of formats, including: skin-like [156-158], fiber [159-161], yarn [162,163] and
textile [164,165] (see Figure 2.8).
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FIGURE 2.8: Typical TENG configurations and materials for the different applications.

a) Skin and polymer TENG, b) A fiber based TENG with contact between the fiber and

the conductor, c) Yarn-based TENG with yarn-to-yarn contact and d) Tetxile-based
TENG with contact between the textiles. Image taken from [147].

TENG devices are typified by high voltages and low current output, with the voltage
across the reviewed papers being ~ mV to 1000’s V, currents ~ nA to #A and power
densities of ~ nW.cm™ to ~ mW.cm™. The highly transient nature of the output

further complicates the capture of the harvested energy.

Thermoelectric energy harvesters convert heat flow to electrical current, through the
Seebeck effect. In this effect two dissimilar conductors, or semiconductors, are
brought together in a junction and heat applied to one one of the them. This induces
the valence electrons to travel to the ‘cold” side, generating the electrical current.
Typical materials for thermoelectric generators are Lead Telluride (PbTe) or Bismuth
Telluride (BipTe3), however, like the piezoelectric ceramics these materials suffer from
toxicity. Though organic conjugated polymers have been shown to work and offer a
low cost, safe and highly processable opportunity [166], thermoelectric generators
suffer from an intrinsic weakness; the temperature gradient generated between the
human body and the ambient conditions is just too low, limiting the power generation

to ~nW for non-toxic materials [167].
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One could make the argument that photovoltaics are not energy harvesters, having
been used as large scale energy generators for decades. However, for e-textile
applications, the implementation of photovoltaic harvests solar energy that would
otherwise be inaccessible to typical applications. Early examples of textile
photovoltaics attached flexible solar panels onto outer wear in patches [168].
However, to fully integrate the photovoltaics into the e-textile significant scientific
development was required to achieve the appropriate flexibility and wearability.
Dye-sensitised Solar Cells (DSSCs) and Organic Solar Cells (OSCs) are a new
generation of photovoltaics and offers a low weight solution, that does not impair the
wearability of the garment for the end user. Liu et al. [169] demonstrated a DSSC
fabricated on woven polyester-cotton and high temperature glass fiber. First, an
interface layer was screen printed onto the polyester-cotton before curing under UV.
Following this, the active films (silver, Titanium Dioxide (TiO,) and dye) were built
up, before sandwiching with a Indium Tin oxide coated Polyethylene

Terephthalate (ITO-PET) electrode. The curing temperature for the polyester-cotton
was limited to 150°C whereas the glass fiber could be cured at 2000°C. With this
high-temperature processing the roughness of the layers could be reduced and this
improved projection increased the efficiency from 1.03% to 4.04%. Arumugam et al.
produced an integrated OSC in polyester-cotton via solution based processes (spray
coating and doctro blading). Initially an interface layer was deposited before the silver
nanowires were spray coated through a mask to created the electrodes. A Zinc
Oxide (ZnO) nanoparticle layer was then doctor bladed before a layer of
Poly(3-hexylthiophene):Indene-Cgy Bisadduct (P3HT:ICBA) and a layer of
Poly(3,4-ethylenedioxythiophene) Polystyrene Sulfante (PEDOT:PSS) were spray
deposited.The use of spray coating was found to produce highly reliable and
repeatable devices and achieved an efficiency of 1.23%. The use of solution based
processes was also important as other methodologies seen in the literature are

incompatible with traditional textile processes.

Radio frequency energy harvesting looks to scavenge stray RF radiation from the
environment through the use of rectennas (antennas with a rectifier). E-textile

rectennas have the same design metrics as traditional antennas but must also contend
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with the mounting of lumped components, lossy dielectric properties of textile and
the reliability of being on a flexible substrate. The primary limiting factor for these
rectennas is the efficiency of the rectifier. However, Wagih et al. [170] has recently
demonstrated a textile rectenna with over 50% efficiency. This was achieved through
photolithography with features down to 150 ym achievable on thin polyimide sheets.
Typically, the rectennas are themselves produced on flexible filaments and inserted
into a disguised fabric pouch [171,172]. All-textile examples have been seen in the
literature [173] but these tend to suffer with poor flexible and rigid parts of the system

(eg: connectors).

TABLE 2.8: Typical power output for e-textile energy harvesters.

Energy Harvester Power Output
Piezoelectric 5.1 yW.cm’2 [174]
Ferroelectret 5.6 ;JW.Cm'2 [175]
Triboelectric 0.2 mW.cm2 [165]

Thermoelectric 444 ‘uW.cm’2 [176]
Photovoltaic 10 yW.cm2, PCE* = 10% [177]
Radio Frequency 0.25 yW.cm? @ 820 MHz,
PCE =50.5% [170]

* PCE is the power conversion efficiency.

Often within the literature the TSC or e-textile energy harvester are characterised in
isolation and the results are presented as future options for e-textile applications.
However, a number of e-textile power modules, with both a harvester and energy
storage, have been presented in literature. Yong et al. [154] combined a ferroelectret
(FEP) with an carbon TSC. The ferroelectret achieved a voltage of 10 V, with an
instantaneous power of 0.86 uW.cm™ across a 70 MQ) load. This could charge the

5.55 mF.cm™ TSC to 0.45 V in 3600 s while the ferrolectret was exposed to a 350 N,

1 Hz cyclic load. In the work of Pu et al. [102] the authors used a woven TENG made
from nickel-polyester and parylene-nickel-polyester to charge yarn-style TSCs. The
reduced graphene oxide-nickel supercapacitor yarns had a capacitance of 49.4 mF.cm™

determined via GCD testing at a 1 mA.cm discharge current. The TENG textile
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delivered 40 V and 2 yW.cm™ of power at a testing frequency of 5 Hz. Once
connected, the TENG-TSC power module made of 3 TSCs connected in series could be
charged to 2.1 V in 2009 s at 5 Hz. Arguably the most interesting e-textile power
module recently was developed by Yin et al. in 2021 [178]. In this work the authors
looked to combine a TENG with Microbial Biofuel Cells (BFCs) for the synergistic
harvesting of power from movement and sweat. The TENG delivered 160 V at a
power of 0.02 W (no area given for normalisation). Each BFC module could deliver
21.5 uW at a discharge voltage of 0.5 V. The micro-grid was tested using a 75 uF planar
TSC during a period of 10 minutes of running. The TENG on its own took
approximately 9 minutes to charge the TSC to 5.1 V, the BFC on its own took
approximately 7 minutes and together took approximately 5 minutes. Once the
activity stopped, the voltage over the TSC dropped for the TENG only test but
maintained for the other two trials as long as sweat was present. This sensible and
considered design for the end system greatly improved the performance of each
component and acts as a sign to the community that the combination of e-textile

energy harvester and energy storage should be chosen with an application in mind.
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FIGURE 2.9: Schematic and images of the TENG and BFC microgrid. The full system

includes energy harvesters/generators, storage and end use applications.The syner-

gistic consideration of the movement and sweat produced via running makes this ar-

guably the most advanced e-textile power module seen in the literature. Image modi-
fied from [178]
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2.6 Discussion

This chapter has reviewed the literature within the field of TSCs, from fundamental
principles and material selection to electrolyte selection and real-world system
integration. It is clear from the literature that electrochemical performance, primarily
of the electrode materials, is the focus of the research effort. However, what these
electrochemical performance metrics should be and how best they should be
characterised remains an open question within the community. This makes direct

comparison of research unnecessarily challenging.

TSCs have seen a significant amount of research over the previous decade,
demonstrating their significance to the e-textile community as a power management
component for future applications. Underpinned by the decades of research into
traditional energy storage devices, the unique challenges of wearabaility, flexibility
and production methods have all been addressed to some extent, though clear

challenges still remain.

With the focus on improving the electrochemical performance, advanced electrode
materials and structures have been developed, with remarkable performance. Binary
and ternary electrodes and advanced functionalisation have all been developed but
the production methodologies limit the devices to laboratory scale demonstrators at
best. Very few groups use processes familiar to the textile industry, and those that do
broadly rely on dip-drying which limits the final device architecture. More work is
required to develop sensible production methodologies that can be scaled, with

electrode materials that have a clear supply chain and are sustainable.

The choice of electrolyte for TSCs seems to have been driven by historical research and
consensus with a dominance of relatively few electrolytes and polymers. The
orthodoxy surrounding the electrolyte selection requires a challenge. This is especially
true when one remembers that the electrolyte, and not the electrode, is the constituent
part of the TSC which defines the operating voltage of the device and has the greater

influence over the energy density.
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Integration of the TSC into a wider e-textile system is clearly the next significant
challenge for the community. The TSC must be compatible with the energy harvester
and end use application to achieve a wireless e-textile. Some groups have certainly
delivered progress in this area, with end-to-end demonstrators produced from a range
of system architectures. However, much of the research stops at the metrological
characterisation, or at best, demonstrates the lighting of a series of LEDs. It is not clear
how these devices will respond to imperfect charging or whether the testing
conditions (discharge current, voltage sweep rate, etc.) are truly representative of real

world conditions. Certainly, more interdisciplinary research is required in this area.
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Chapter 3

Electrical Theory and

Characterisation

Where the previous chapter introduced the physical mechanisms of the
supercapacitor (Helmholtz layers, diffuse region, etc) this chapter will present the
electrical theory of the supercapacitor. This is important to understand as it will
underpin the metrological techniques used throughout the work. The scope of this
thesis will limit the number of measurement techniques to GCD, CV and
Electrochemical Impedance Spectroscopy (EIS) which will all be explored within this
chapter. Physical characterisation (Scanning Electron Microscope (SEM), particle size
analysis, Brunauer-Emmett-Teller (BET) and Barret-Joyner-Halenda (BJH) surface area
analysis) were also employed as secondary analysis techniques and will be discussed

at the end of this chapter.

3.1 Electrical Theory

The theory of supercapacitors presented in chapter 2 was built from a physical
perspective. This was crucial to form an understanding of the fundamental nature of
the devices and to assess what properties of electrode and electrolyte materials needed
to be investigated to obtain the best overall performance. The electrical theory

presented in this chapter will be less ‘physically’ real and will present a simplified
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framework to best analyse the performance of the devices. The vast complexities of
the system can be simplified through the use of equivalent circuit theory. In this
theory, the textile supercapacitor performance/response can be characterised as a
two-terminal network of simple electrical components, resistors, capacitors and
inductors (to name the most common elements) [179]. Though simplified when
compared to a physical model, this theoretical framework can still grow to great
complexity and some debate over the required complexity exists within the
community. Fletcher et al. [180] makes the distinction between a model for electrical
engineers (that duplicates the response at a single frequency) and that of a model for
electrochemists (that duplicates the response at multiple frequencies). The work of
Fletcher et al. goes further than defining the models and actually calls out ‘egregious
examples’ of incorrect use of the models within the literature. Fortunately, the classical
models (plural as there will be a difference between AC and DC measurements) are
sufficient to adequately underpin the characterisation of the symmetrical devices

produced in this work.

The equivalent circuit theory under DC conditions for a supercapacitor is relatively
straight forward. Within the device there will be two capacitance terms (one at each
electrode-electrolyte interface), series resistance terms (made up of the resistance
within the electrolyte and any resistances at the contacts) and a parallel resistance
term that models any leakage [181].The series resistances can be modelled as a
lumped resistance term known as the ESR and the capacitances can be combine into a
single capacitance term, with the model being shown in figure 3.1a. This model can be
further simplified when one takes into account that under characterisation, the
timescales are short and the device is not left at open circuit, therefore we can ignore
the Equivalent Parallel Resistance (EPR) as there will be negligible leakage [182] (as

seen in figure 3.1b).
For an ideal capacitor, the current across it is given by:

v
1) = 5 3.1)

where I is the current, C is the capacitance and 4V /dt is the rate of change of voltage.
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FIGURE 3.1: (A) Classical equivalent circuit model for a symmetric electrostatic su-

percapacitor, containing a capacitance (C), equivalent series resistance (ESR) and an

equivalent parallel resistance term (EPR). (B) the simplified classical model used for
characterisation where EPR has been neglected.

This equation shows that for an ideal capacitor under constant current (galvanostatic)
conditions the capacitance is inversely proportional to the slope of the voltage time
graph (figure 3.2). However, as we have shown in figure 3.1 the supercapacitor is not
ideal and we must consider the ESR. As such if we integrate equation 3.1,

(remembering that in constant current mode, I is independent of time) we reach:

t t
/ Idt = C / v o (3.2)
0 o dt

vy =24 (3.3)

This time independent voltage (V) is equal to the voltage over the resistor. This
changes the shape of the graph in Figure 3.2A by the introduction of an immediate
drop (or rise) in voltage (as seen in Figure 3.2B). Importantly however, when one
considers the two stages (charge and discharge) as two separate graphs, the line obeys
the simple y = mx + c relationship and the capacitance of the device can still be
characterised from the reciprocal of the gradient, while the ESR can be calculated from
the instantaneous voltage drop (Vy), (which is in effect the new y-intercept, c, of the
discharging plot, figure 3.2B) divided by the the change in current (Al). In this

instance, Al is the charging current minus the discharging current, which is simply 2I.

Though this first order approximation is appropriate for GCD and CV
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FIGURE 3.2: (A) The voltage profile for an ideal supercapacitor under a constant cur-
rent charge (+I) and constant current discharge (-I). (B) the same voltage profile but
taking into account the equivalent series resistance of the device.

characterisation, this simple Resistor-Capacitor (RC) model is not sufficient to explain
the temporary decrease in voltage (under open circuit conditions) after charging or
increase after discharge (a phenomena known as charge redistribution [183]). Nor can
it explain the linear region of a Nyquist plot, where the real and imaginary
impedances are plotted, see section 3.2.3.These phenomena are due to the highly
porous nature of carbon electrodes used for supercapacitors. The simple RC model is
representative of the surface, but does not taken into account the ions diffusing into
the pores. To account for this, the complexity of the model is increased and a series of
n RC are combined into a transmission line, figure 3.3. Each RC pair has a different
time constant and discharges/charges at different rates. At high frequencies the
transmission is approximately a single RC pair and reflects the short time the ion has
to diffuse in and out of the pore. However, at lower frequencies the ions can diffuse
further, effectively travelling further along the transmission line. The overall

frequency response of the transmission line can be approximated by a Warburg

element with a 45° phase angle.
ESR R, R, R, R, R,
o—{ _JF—1 T - T

C, C,= C;

FIGURE 3.3: Transmission line of n RC components

For AC characterisation, this extends the model seen in figure 3.1 by simply added an

extra term in series, figure 3.4. The effect that this has on the shape of the Nyquist plot
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is discussed in detail in section 3.2.3.

C
ESR Warburg, W
| | O
—_
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FIGURE 3.4: The AC equivalent circuit mode for a supercapcitor with highly porous

electrodes. The addition of the Warburg element models the different diffusion rates

into the different pores within the network. At very high frequency the ions don’t

have chance to diffuse and at very low frequencies (quasi-DC) these effects are not

relevant, as such this is a medium to low frequency phenomena and dominates in this
frequency range

For clarity, it is important to have a momentary aside regarding the RC network. The
Warburg element used in this work is used to model the effect of all of the pores
within the bulk of the electrode, as seen in Gourdin et al. [184]. However, a finite (or
semi finite) RC transmission line can also be used to model the behaviours of
individual pores [185], taking into account their geometry [186], size [187] and
whether they are open or closed [188]. For example, in the works of Black et

al. [186,189] the transmission line is used to model the solution resistance in a conic
pore, where the mouth of the pore charges faster than the base, resulting in different

charging rates throughout the pore.

3.2 Characterisation Techniques

The characterisation of supercapacitors is fairly straightforward but the community
differs in approach and care must be taken. Described below are the characterisation
techniques employed throughout this work but it must be noted that all quoted values
of capacitance, ESR, energy and power are obtained from GCD traces, as this
technique is widely accpeted to be the most reliable [190]. CV and EIS measurements
are made to gain a better understanding of the performance of the devices and to
characterise parameters not obtainable from the GCD measurement, such as the ionic
conductivity of electrolytes. It is also important to note that throughout this work the
devices will be characterised as a two electrode system with a Solatron 1470E battery

analyser (unless explicitly stated otherwise).
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3.2.1 Galvanostatic Cycling

Galvanostatic cycling is a constant current charge-discharge measurement technique.
The measurement involves charging the device to a specific voltage with a constant
current before discharging the device by applying a constant negative current. An
ideal voltage response for a supercapacitor undergoing GCD testing can be seen in
figure 3.2, though some rounding may be seen in real devices due to the leakage
current at higher voltages. From the theory section it has been shown that the
capacitance of the device can be obtained from the reciprocal of the gradient of the
voltage-time graph from GCD cycling. The British Standards Institution (BSI)
measurement standard BS EN6291-1:2016 [191] bounds the appropriate region to take

the gradient as 80% to 40% of the peak voltage, and this will be followed in this work.

The ESR of the device is obtained by dividing the instantaneous voltage drop (AV) by
the change in current (Al = 2I). From equation 2.2, the energy stored within a

supercapacitor (E) is equal to:

1 2

E = 53600 Vet

(3.4)

where C is the capacitance, characterised via the slope of the GCD trace, Vpeax is the
peak voltage (and limit of the test) and the 1/3600 is the conversion from joules (J) to
watt hours (Wh). The peak voltage is selected by the user and is related to the voltage
window (sometimes called the Electrochemical Stability Window (ESW)) exhibited by
the electrolyte of the device. For aqueous solutions seen in this work Ve, is kept to
0.8 V which is appropriately below the breakdown voltage of water (1.23 V). Itis a
commonly adopted voltage limit seen within the community so also allows fair
comparison to works seen in literature [192]. For devices made with non-aqueous
electrolytes the voltage limit is varied depending upon the particular experiment and

as such are defined within the appropriate section.

The power delivered by the supercapacitor during its full discharge (sometimes called
the average power) is given by:

P =

E
n (3.5)
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where E is the energy of the device and t is the discharge time in hours. The peak

power (impedance matched) deliverable by the device is given by:

Vieak
Ppeak = 1 Rpox (3.6)
where Ve, is the peak voltage and Rgsg is the ESR. These two definitions of power
are very different and some works in the literature do not make a distinction. It is best
to identify which power is being quoted, to give a more accurate reflection of the
performance of the device. Within this work, power is used for any Ragone plots and
for quoted values. Ppeak is used to show the pulse power capabilities and will always

be noted as Ppe,k to avoid confusion.

To be able to compare the performance of the devices created within this work and
those with different designs, topologies and active materials it is required to normalise
the absolute characteristics presented previously. Often this normalisation is
performed in reference to dimensional characteristics (length for 1D (m), area of 2D
(m?) and volume for 3D (m?) or the mass (kg)). For full devices as seen in this work it
is the opinion of the author that normalising against mass is dangerous and should be
avoided. When one is investigating the fundamental storage capacity of a material
(often in a three-electrode system), the capacitance per kg is of paramount importance.
However, in a full device should one normalise against the active material or the full
device? This ambiguity can lead to confusion or, unfortunately, purposeful
obfuscation of the true performance of the device. Given how small the mass of
electrodes and electrolyte is for the single-layer TSC seen in this work the limiting
factor for the end user would be the available area on the garment, and not the total
mass. Considering the implications for erroneous reporting, and the end user
limitations values presented in this work will be normalised against the geometric

surface area of the electrodes.
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3.2.2 Cyclic Voltammerty

Cyclic voltammetry is used to investigate electrochemical activity across a potential
window, AV and device reversibility. The measurement differs from GCD
measurements by controlling the voltage and measuring the output current. The
voltage is increased from a starting voltage to a maximal voltage (the voltage window)
at a constant sweep rate (v= dV/dt) while recording the current response. From
equation 3.1 it can be seen that for a constant sweep rate and a given capacitance, the
current should also be constant. For an ideal supercapacitor this results in a box shape
current response, throughout the potential window, increasing in area with increasing
scan rate as shown in figure 3.5.

(A) (B)
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FIGURE 3.5: (A) The current and voltage response over time for a CV measurement.
(B) The classical current versus voltage response seen for an ideal supercapacitor for a
CV measurement.

However, supercapacitors are not ideal and the ESR will result in a time dependent
result around the transient points (eg: when the voltage sweep reverses direction).

This correction can be seen in equation 3.7.

I=vC(1—e7) (37)

where v is the sweep rate, C is the capacitance, t is the time and 7 is the product of the

Rgsr and C, known as the time constant.

At t=0, the exponential is 1 showing that there is no current flow. At small t (compared
to 7), the current is < vC but for large t the exponential tends to zero and the current

tends towards the ideal case of vC. This has the effect of turning the rectangular graph
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into a curved parallelogram. In cases of higher ESR the shape will form more of a
pointed rugby ball shape (as seen in Chapter 4) due to the increase time constant. If
the potential window exceeds that of the voltage stability of the electrolyte, peaking
may also occur at the top right and bottom left of the curve as the electrolyte begins to

breakdown and secondary reactions occur.

For a purely EDL supercapacitor the current response should be flat whereas for
pseudocapacitors and certainly batteries, distinct peaks should be present at the
voltage associated with the particular faradic reaction. Where the peaks for a battery
are sharp and far apart, the peaks for a pseudocapacitor will be broader and
symmetric, Figure 3.6. Additionally, the peak current of a pseducapacitor is linearly
related with the voltage sweep rate whereas the peak current in a battery follows a 1%
relationship, differentiating between a surface based process and a diffusion based
process. CV measurements in this work will be used as a secondary electrochemical
measurement to assess the stability of the devices over the require voltage window
and to investigate the impact of the ESR at differing sweep rates. It will not be used to
characterise the capacitance as it has been reported that lower scan rates can
overestimate the capacitance [190]. Unless stated otherwise the CV measurements

used in this work are performed using a Solartron 1470E Cell test system at room

temperature.
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FIGURE 3.6: Cyclic voltammetry curves for an electric double layer capacitor, pseu-
docapacitor and battery. All three exhibit significantly different profiles making CV
measurements a strong tool for understanding the nature of different energy storage
devices. As can be seen from the additional lines the peaks for the battery are far apart
whereas the peaks for the pseudocapacitor are symmetric. Image edited from [190].

3.2.3 Electrochemical Impedance Spectroscopy

The final electrochemical measurement technique used throughout this work is
electrochemical impedance spectroscopy. This technique differs from the previously
mentioned techniques as it is an AC based measurement. A small sinusoidal
excitation is applied to the device and the response recorded over a range of
frequencies (mHz — MHz). The impedance response is then typically presented via
Nyquist plot (real impedance (Z’) against imaginary impedance (-Z”)), figure 3.7. For
an EDL supercapacitor the Nyquist plot exhibits a semi-circle at higher frequencies
before moving into the linear region associated with the Warburg element

(transmission line) discussed in section 3.1.
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FIGURE 3.7: Representative Nyquist plots for a typical equivalent circuits. This in-
cludes a capacitor, a series resistor-capacitor, a parallel resistor-capacitor, a parallel
resistor-capacitor with a series resistance and a parallel resistor-capacitor with a series
resistance and a Warburg element. The frequency is going from high to low (left to
right)
For real-world devices, especially those with a rough or highly porous electrode [193],
the simple elements shown in figure 3.7 are not sufficient to describe a frequency
dispersion in the impedance measurements. This dispersion is related to the
inhomogeneity of the current across the electrodes, which then leads to variation in
the solution resistivity or concentration across the interface. This tangles the bulk
resistance of the electrolyte and the interfacial capacitance (or Cy from equation 2.3).
This manifests as having to replace the capacitor in the equivalent circuit with a
Constant Phase Element (CPE). First reported by Fricke in 1932 [194], the constant

phase element captures this deviation from the ideal, with the elements impedance

(Zcpg) being given by:

1

Ocpr(i)icre (3.8)

Zcpg =

where Qcpr (F cm~2s*Pe~1) is the CPE parameter, acpg is the CPE exponent in the
range 0 < acpg < 1, where 0 is a resistor and 1 is an ideal capacitor and w is the

angular frequency.

The introduction of a new element should not be of concern as the Warburg element,
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introduced in section 3.1, is a special case of the CPE with acpg being 0.5. However,
care must be given to the physical representation of this CPE. Though models that
make use of an CPE improve the quality of the fit, there remains ambiguity to the
physical origin [195]. As such, for this work, the models fitted to EIS data making use

of CPEs in chapter 5 will be used as a comparative study only.

The final use of EIS is for the characterisation of the ionic conductivity of an
electrolyte. As can be seen in figure 3.7 for a series resistor-capacitor there is a
non-zero crossing point with the x-axis. The position of this crossing point is
associated with the series resistance. For e-textile applications this can be used to
measure the ionic conductivity of electrolytes within a given fabric. If the fabric
substrate is saturated in the electrolyte and placed between the two poles of a
Swagelok text cell, the Nyquist plot will give the resistance of the electrolyte (as
shown in the the work of Huang et al. [196] and He et al. [197]. From the resistance one

can then calculate the ionic conductivity:

T

7= RA

(3.9)

where ¢ is the ionic conductivity, T is the thickness of the textile, R is the resistance
determined from the crossing point of the Nyquist trace and A is the area of the

sample.

3.2.4 Physical Characterisation

The physical characterisation utilised within this thesis includes SEM, particle size

distribution, BET and BJH.

SEM is a microscopy technique that makes use of a focused beam of electrons to ‘look’
at materials. The accelerated electrons interact with the target and give off various
signals (secondary electrons, back scattered electrons, diffracted back scattered
electrons) and from these signals an image can be produced. Within this work, the
SEM is largely used to assess the structure of the materials and final device and as

such it is the secondary electrons that are of most interest.



3.2. Characterisation Techniques 59

The particle size distribution of the activated carbons can be assessed through laser
diffraction particle sizing (Malvern Mastersizer Hydro 2000SM). In this technique a
dilute dispersion made from an appropriate solvent and the carbon is passed through
a cavity, a laser is shone through the cavity and the flowing dispersion. The different
sizes particles will scatter the laser differently, with the angle of scatter increasing with
decreasing particle size. The different scattering angles are recorded by a detector

enabling the distribution of particle size within the dispersion to be made.

The BET theory links the physical adsorption of gas at a surface to the surface area of
the solid. By measuring the volume of adsorbed gas (nitrogen) at a number of partial
pressures at the boiling point of the nitrogen, the surface area of the solid can be
calculated, along with the pore size distribution. Like the BET characterisation, the
BJH characterisation uses the experimental isotherms but instead of calculating the
total surface area it calculates the pore size distribution of the material. Given the
complex interaction at the boundary between the electrode surface and the electrolyte,

it is imperative that both the surface area and pore size distribution are analysed.
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Chapter 4

Electrode Design

Supercapacitors of any form are made up of three constituent elements, the electrode,
the electrolyte and the separator. This chapter will focus on the work delivered to
formulate, understand and develop the carbon based electrodes that will be utilised
throughout the remainder of this thesis. Considering the ethos of sustainability,
scalability and safety that underpins this thesis, only commercially available activated
carbon materials have been considered. The three carbons, Kurray YP 80-F, Cabot Norit
GSX and Cabot Norit SX Ultra were selected based upon their availability, material
precursor and activation process. At least two different precursor materials were
desired while the activation process was fixed to be the same (physical). The YP80OF
carbon has a coconut shell precursor and was activated with CO,, while the SXU and
GSX carbons had a peat precursor and underwent steam activation. Carbons prepared
through chemical activation were discounted due to the large volumes of acids
required, negatively impacting the long term sustainability of the product, and going
against the ethos of this work. This approach sets the work apart from many
contemporaries who are focused more on the material science, and the desire for

increasingly energy dense electrode materials.

Within this chapter the deposition methodology is also investigated, with the results
informing the experimental methodology for the later chapters. A spray distance,
pressure and number of coating layers are all established and the effect on the

electrode structure explored. It is found that at four layers of spray deposition, a
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consistent electrode is formed, with a weave dependent thickness variation of 50 - 150
pum. Considering the multi-scale nature of the electrodes (four orders of magnitude
between the textile structure and the conductive additive), the formation of the
electrode was also explored. When the electrochemical results and the physical
characterisation of the material are compared for the best performing devices it was
found that they differ by a factor of 2, demonstrating that the electrode is behaving as

a consistent ‘plate” and not a complex network of connected capacitors.

Of the three commercial activated carbons tested throughout this chapter, one material
in particular performed well. When formulated into a 9:1 by weight material ratio
electrode ink, and deposited via the optimal spray methodology, devices produced
using the Kurray YP 80-F activated carbon achieved an areal capacitance of

23.6 mF.cm™ and power and energy densities of 0.59 mW.cm™ and 2.1 uyWh.cm™
respectively. This demonstrated an order of magnitude improvement over the other
selected carbon materials. Physical characterisation and microscopy techniques were
utilised to elucidate the reason behind this stark difference in electrochemical

performance.

This chapter has been presented in-part, in two published works [198] and [199].
Thanks must be given to Dr. N Zhelev for their help with the BET and BJH

measurements and Aran Amin for their help with many of the SEM micrographs.

4.1 Activated Carbon Textile Supercapacitors

The selection of electrode material is driven primarily by application; in this case a
smart bandage, discussed at length in chapter 6. Within section 2.1 the two families of
supercapacitor were discussed, each with their own advantages and disadvantages.
For this work, it was decided early in the design life cycle that a purely EDL based
device would be optimal for the integration into a energy harvester driven textile
power module due to the longer cycle lifetime and fast response rate. With this in
mind, metal oxides, conducting polymers and exotic materials were quickly ruled out,

as were any binary or tertiary electrode systems containing these materials.
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Fundamentally, this left the decision of which electrode material to a decision over
carbon materials. Section 2.3.1 details and reviews the different carbon materials used
for electrode materials within the community from a physical and electrochemical
perspective. What is not discussed however, is the scalability and economic
consideration over the materials. Though graphene (and other low dimensional
carbon structures) showed exceptional performance within supercapacitors, the
scalability of the material production must be questioned. Though some within the
community have proposed improved yield methodologies, such as Del Rio Castillo et
al.’s wet-jet milling (mechanical exfoliation) [200] and Zhou et al.’s electrochemical
exfoliation [201], the reality of today’s market shows that activated carbon is ~ 3
orders of magnitude less expensive than graphene (£0.12 per gram compared to £600
from Sigma Aldrich [202]). Activated carbon’s wide use in water purification,
wastewater treatment, gas filters, green gas capture as well as other energy storage
technologies [203-208] makes it a cost effective and readily available electrode

material, making it an ideal candidate for this work.

With this work being device focused, an experimental investigation into the
production of the activated carbon, and the impact of different source materials, is
outside of the scope and as such three commercially available activated carbons have
been selected: Kurray YP-80F (YP8OF), Cabot Norit GSX (GSX) and Cabot Norit SX Ultra

(SXU), with no further modification made.

4.1.1 Carbon Inks

Activated carbon is a good EDL material due to its highly porous nature. However,
with this porosity comes problems, in particular the electrical conductivity of the
material. As the surface area of the carbon particles goes up the quantity of carbon
material within each particle logically reduces. This results in less pathways for
electron mobility and an increase in the resistance. To overcome this, a conductive
additive is required to boost the conductivity of the bulk electrode. For this project
40 nm carbon black from Chevron Phillips was chosen. However, with an increase in

conductive additive the percentage mass of the active, energy storing, material goes
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down. Intuitively, there must be an optimisation where one retains enough of the
active material to store the electrical charge but with enough conductive additive to

reduce ohmic losses within the device.

Additionally to the consideration of the ratio of active material to additive is the
consideration of how will the electrode material within the ink adhere to the textile
fibers. Though some electrostatic attraction will likely be present, a polymer binder is
also required within the ink. It is important to keep the percentage weight of the
polymer within the ink to a minimum to not impact the conductivity of the electrode

or displace the activated carbon material.

The final significant consideration for the ink formulation is the device production
methodology. The two scalable textile compatible printing/deposition processes are
screen printing or spray deposition. Akin to the rationale to not use exotic or
expensive electrode materials, laboratory scale deposition methodologies such as
CVD [209], facile templating [210] or in situ polymerisation [211] have not been
considered. Screen printing inks are thixotropic, to enable the ink to be spread evenly
by the blade and the squeegee to push the ink through the mesh screen, with the
printed shape retained post printing. If the ink is too fluid it will pass through the
mesh and not stay within the confines of the printing area. To achieve an appropriate
viscosity a polymer base is required. Typically this is then either cured at an elevated
temperature to sure the binder or large amounts of polymer are used (sacrificing the
by-weight percentage of the active material) to form a a polymer matrix [212]. Neither
of these situations are appropriate so a spray deposition methodology has been
chosen, which requires a loose ink to be produced. This is achieved via the selection of
an appropriate solvent. This solvent must be able to incorporate the polymer, forming

a polymer-polymer fluid, and easily aerosolised during the deposition.

With all of these considerations to parametise, the electrode ink formulation was based
around a 5 ml solution with 1 g of dry materials. 0.85 g of the dry mass was the two

carbons with 0.15 g being the polymer binder. The polymer selected for this work was
EVA, which had shown demonstrated good adhering properties in previous work and

good chemical stability. The solvent selected was 1,2,4-Trichlorobenzene (124-TCB) as
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it can readily dissolve the EVA. Concerns over the solvent are mitigated by the fact
that it is driven off during the manufacturing process. As long as the production is
undertaken in an appropriate manner (ventilation, PPE, etc) the solvent will not affect
the end use of the device. Of interest to this work, the ratio of activated carbon to

carbon black along with the choice of activated carbon.

4.1.2 Device Production

Along with the two variables under investigation in the ink itself, the production
methodology for the electrodes was also experimentally investigated by varying the
number of spray layers (and therefore material loading). With three different ratios of
carbon materials and three activated carbons and three spray layers the experimental
program constituted a 3 factorial experimental design (where k is the number of
variables, in this case 3). To reduce this complexity it was decided that the
experimental work would be split into two sections. The first section would
investigate the different activated carbons and the number of spray layers. For the
three spray layers, 2, 4 and 6 were selected. Previous work in this area [56], had
demonstrated promising performance from 4 layers of deposition and formed the
reference for this study. The upper bound of 6 layers was justified through initial
experiments demonstrating failure due to total ink penetration. The lower bound of 2
layers was selected after trials with 1 layer showed visibly incomplete coverage of the
carbon ink on the surface, which would have resulted in low electrical conductivity of
the carbon current collector, biasing any electrochemical results. The best performing
activated carbon and spray method were then taken and the ratio of activated carbon
to carbon black varied. The ratios of activated carbon to carbon black were 80:20, 90:10
and 100:0. The ratio of 90:10 was used in the the work of Sheng et al. [56], which was
used as the reference for this study. The 100:0 ratio was chosen as the upper bound to
investigate the relevance of the conductive additive within the electrode. The ratio of
80:20 was selected as the lower bound to investigate whether an increase in electrical
conductivity would balance the loss of active material. Steps of 10 in the ratios were
selected due to the resolution of the scales and the practical consideration of the

handling of the carbon material. Reducing the ratio step would have incurred greater
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uncertainty during the production of the carbon inks. The two step experimental
strategy reduces the number of experiments from 3% to 32+2, reducing the number of
experiments from 27 to 11. The naming convention and parameters for the first phase

of the work can be seen in table 4.1.

The electrode inks were produced via a one-pot methodology. 0.15 g of the EVA was
dissolved in 5 ml of the 124-TCB (both from Sigma Aldrich) under constant stirring on
a hotplate at 80 °C until all of the polymer was visibly dissolved. This was then added
to the 0.85 g carbon mixture and mixed at 1000 rpm for 1 minute in a Hauschild
Engineering speed mixer, this was repeated two further times. The speed rpm was
selected so to not allow the ink to rise beyond the lip of the plastic mixing pot during
speed mixing.The ink then underwent 1 hour of sonication in a Branson 1510
ultrasonic bath to disperse any aggregation of the carbon particles before one final

speedmixer run.

TABLE 4.1: The naming convention for the textile supercapacitors produced in this
chapter with their associated production variables

Name Activated Yowt No. of Ink
Carbon Activated Layers
Carbon

YP8OF_2.90 YPSOF 90 2

YPSOF_4.90 YPSOF 90 4

YPSOF_6_90 YPSOF 90 6
SXU_2.90 SXU 90 2
SXU_4.90 SXU 90 4
SXU_6.90 SXU 90 6
GSX2.90 GSX 90 2
GSX4.90 GSX 90 4
GSX_6.90 GSX 90 6

The device was produced via spray deposition of the aforementioned ink onto both
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sides of the textile, forming the TSC from a single layer of textile. Throughout the
project the same plain weave cotton was used. The cotton was ~0.43 mm thick with
33 ends per inch (13 per cm) and 38 picks per inch (15 per cm) [20]. Each textile sample
was dried at 100 °C for 10 minutes and weighed before and after the electrode
deposition to characterise the loading of carbon on the devices. Figure 4.1 shows an
SEM micrograph of the cotton at a magnification of 50x. The general plain weave
pattern of the textile is plain to see with a loose fibres structure, which is ideal to act as

a scaffold for the deposited carbon inks.

To limit the ink permeating throughout the bulk of the textile (figure 4.15) the spray
distance and air pressure of the spray gun must be closely monitored. This was
achieved by mounting the spray gun 7.5 cm away from the substrate and the air
pressure set to 138 kPa (20 psi), see figure 4.2. The spray gun itself was gravity fed and
had a nozzle width of 0.5 mm. This nozzle width had to be increased from 0.2 mm to
accommodate all of the carbons used in this study and reduce blockages. To create the
1 cm diameter (0.785 cmz) circle electrodes, which will be used throughout this work,
the cotton substrate was mounted within an aluminium shadow mask (see figure 4.3)
which could produced six devices at a time. The aluminium mask was then mounted
on an automated conveyor belt (see figure 4.2) to standardise a single deposition layer.
The belt speed was set such that each electrode would pass through the spray arc of
the air gun for 0.5 s. Each pass through the spray arc counted as one layer. Following
the deposition the samples were placed into an oven at 100 °C for 15 minutes to drive

off any excess solvent and the samples weighed.

The electrolyte used within this experiment was an aqueous gel electrolyte produced
from Ammonium Dihydrogenphosphate (ADP) and PVA, both from Sigma Aldrich
and used as received. ADP was chosen as the electrolyte due to its to its strong 1 : 1
dissociation, making it a strong electrolyte [213] like KOH and H3POj. Its use as an
electrolyte for TSCs has also been shown previously [56]. 0.5 g of PVA (high molecular
weight, Mw = 85,000 - 124,000) was dissolved in 5 ml of deionised water under
constant stirring and heating (200 °C until the temperature of the fluid reached 85 °C).
0.3 g of ADP was dissolved in 1 ml of deionised water, this was then added dropwise

to the polymer solution under constant stirring but with the heat turned off. The
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FIGURE 4.1: SEM image of the cotton substrate used throughout this project at a mag-
nification of 50x. The general plain weave pattern is clear but the loose fibrous nature
of the cotton adds a loose surface layer of stray fibres, known as pilosity

electrolyte was subsequently degassed under vacuum. Following this, the TSCs were
submerged in the electrolyte and vacuum impregnated under 50 mbar for 20 minutes.
This was done to drive the air out of the loose structure of the cotton (see figure 4.4)

and improve the wetting of the electrodes.

FIGURE 4.2: Photo of the spray set up used in the creation of the TSCs. In the fore-

ground the spray gun is held in place via a clamp stand, positioned along the central

line of aluminium mask and 7.5 cm away. The automatic belt in the background is

long enough to allow the attached aluminium mask to fully exit the spray arc between
each deposition
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FIGURE 4.3: Photo of the aluminium shadow mask used in the spray deposition of the

electrodes. The mask is made of two pieces held together with bolts and allows the

deposition of the electrodes on both sides of the textile substrate. Pictured is a typical
substrate with the carbon deposited. Green 1 cm bar for scale.

FIGURE 4.4: Textile supercapacitors immersed in polymer electrolyte undergoing vac-
uum impregnation. Bubbles can clearly be seen on the surface of the electrode and
then detach and float to the top of the electrolyte volume.

4.1.3 Testing

As discussed in chapter 3, all of the devices underwent GCD and CV electrochemical

testing. Each device was housed within a Swagelok test cell (see figure 4.5). The



70 Chapter 4. Electrode Design

Swagelok is constructed from two stainless steel electrodes and a spring (to maintain
constant pressure and to prevent over tightening) housed within a screw fitting. All of
the devices were initially screened with 0.25 mA.cm~2 (0 to Vpeax 0.8 V) GCD and a 50
mV.s~! (-0.8 to 0.8 V) CV measurements before undergoing repeated 0.25, 0.5, 1, 2 and
3 mA.cm~2 and 5, 25, 50, 100, 200 mV.s ! measurements. Measurements were

repeated 5 times.

303 stainless steel electrodes

Supercapacitor

303 stainless steel electrode

Sprung-loa;déd

FIGURE 4.5: An exploded view of a Swagelok test cell used for the characterisation of
the textile supercapacitors

For the SEM characterisation the surface of the carbon electrodes were sputtered with
10 nm of gold to prevent any charge build. For the cross section microgrpahs, the
samples were initially frozen in liquid nitrogen before being cut with a scalpel. This
was done to limit the crushing of the soft sample, and to prevent smearing the carbon

into the unpregnated central region of the cotton.

For the particle size distribution measurement the Malvern Mastersizer optic section
was first removed and cleaned. After the reinsertion of this section the system was
filled with ethanol (the working fluid) and a baseline measurement was taken. A
solution of ethanol and the three carbons was produced and sonicated for 30 minutes
to ensure good dispersion of the carbon. This solution was then added dropwise to
the circulating ethanol until the instrument showed that the concentration of carbon
was within the measurement limits. Following the measurement, the ethanol-carbon
solution was drained, the system flushed and the optics cleaned. This was repeated

three times for all three carbons.

For the BET and BJH measurement 1 g of each carbon was degassed at 80°C overnight
and the N, adsorption measurement was performed using a Micromeritics Tristar 3020

at a bath temperature of 77.3 K.
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The surface profile of the carbon was characterised via a Tencor P-11 surface profiler.
Akin to an Atomic Force Microscope (AFM) a needle is drawn across the surface of the
sample and is deflected by physical features, giving a 1D vertical profile. The sample
was first stuck to a glass slide to flatten it. Following this, the sample was placed in the
centre of the measurement region. The measurements were taken across 2000 ym of
travel with three of the measurements occurring through the carbon (400 ym of cotton

and 1600 ym of carbon) and one just of the cotton as a baseline.
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4.2 Results

4.2.1 Electrode Formation

The construction of the electrodes involves materials of various length scales, from the
textile at 100s of ym to the conductive additive at nm. This poses complexities worthy
of discussion before moving onto the physical and electrochemical results. From
figure 2.7 it is assumed that for TSCs the electrodes will deposit as plates. However,
given the complexities in the nature of the textile and its interaction with the carbon
ink, this is not necessarily the case. The different lengths scales exhibited within the
electrode are presented in figure 4.6. It is seen that the deposition forms a weave
dependent, irregular electrode, as some of the ink is absorbed by the cotton material
forming a layer while more of the ink pools in the gap between the woven warp and
weft yarns. This illustrates the importance of a tight weave, as a looser woven fabric

would allow the ink to penetrate too far, causing a short circuit.

| Decreasing Length Scale >

Textile [100s pum] Fiber [10s pm] Electrode material [um]

warp.

~ 5 pm

Activated
carbon

) Carbon Black

* Positive side
Negative electrolyte
species

Electrolyte

FIGURE 4.6: Multi-scale cross sectional diagram of the TSC. Left, the TSC cross section
at the device scale (100s of ym). In the SEM image pooling of the carbon ink between
warp and the weft can be seen, as well as absorption of the ink by the fibres. This is
illustrated in the schematic above. Middle, at a reduced length scale (10s ym) it can
be seen that the ink adheres uniformly to the fibers. The final image, right, shows
schematically the highly porous nature of the electrode material themselves. The con-
ductive additive bridges the gaps between the porous carbon flakes, generating the
electrical network. The build up of the charge close to the electrode is more dense,
with the charge density reducing as the distance from the electrode increases.
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The electrode thickness is characterised to be 50 - 150 ym across the width of the
device (characterised from figure 4.15). However, what is challenging to discern from
the SEM images is the height of the electrode protruding above the textile. To
understand this further a profile measurement was performed at three locations on
the carbon electrode. The results are shown in figure 4.7 where the white sections of
(B)-(E) show where the measurement was over cotton and the grey section is where it
was characterising the electrode. In (B) there appears to be an edge as the
measurement needle deflects at ~40 ym, and goes on to have a series of high peaks.
However this is not replicated in (C) or (D). Additionally, as well as large peaks there
are also a number of large troughs, at ~100 ym in (B) and at ~60 ym in (C). If the
carbon film was thick above the surface, one would expect less variation. When the
control case of just the cotton (E) is taken into account one can see that a variable
profile is typical of the cotton surface, including peak vertical displacements
comparable to the peaks seen on the electrode itself. This suggest that the carbon ink
is almost fully absorbed into the surface of the cotton and the thin film of exposed
carbon (as seen in figure 4.12) contours with the weave, yarns and fibres. Given the
nature of the measurement, this control measurement is of paramount importance.
With the loose natural structure of the cotton, as seen in figure 4.1 the needle could
have a tendency to drag these fibres. Where a harder material could be characterised
as an absolute measurement, the measurement within this work was a relative

measurement.
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FIGURE 4.7: The surface profile of the carbon electrode for one of the textile superca-

pacitors.The profile was taken from 3 positions as shown in (A) along with a Repre-

sentative all cotton measurement.Plots (B)-(E) show the surface profile relative to the

starting position of the needle. The grey shaded regions represent the position of the
transition from cotton to carbon.

4.2.2 Physical Results

The three carbons were physically characterised via BET and BJH. The adsorption and
desorption isotherms are presented in figure 4.8 and the pore size distributions
presented in figure 4.9. All three of the isotherms exhibit a type 1b

characteristic [214,215] which demonstrates a microporous structure within the three
carbons but with a broader pore size distribution than a conventional type 1. There
could be an argument that the GSX and SXU carbons exhibit a type 2 characteristic
due to the steepening as the isotherm reaches a partial pressure of 1. This implies a
macroporous structure. It is the belief of the author that though they are steeper
(adsorbing 100’s cm?.g ! between 0.5 and 1 p/po instead of 10’s) than the other YP8OF
isotherm, it is not enough to be classed as a type 2 and that is supported by the pore

size distribution in figure 4.9. The hysteresis seen between 0.5 and 1 partial pressure in
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all of the carbons suggests there is also a proportion of mesoporous structure. The
shape of the hysteresis is typical of a H4 classification, implying that the micropores
within the carbons are ’slit-like” in shape [216]. The hysteresis in the GSX and SXU
carbons is more pronounced, implying a greater proportion of meso scale pores. This
mix of micro and mesoporous structure is advantageous to supercapacitor
applications.Though all three of the carbons exhibit this form it is immediately clear
that there are differences between the three. The YP80F carbon adsorbed almost
double of that of the other two carbons and this is represented in the surface area
characteristics presented in table 4.2. The single point surface area is determined from
a single point (P/Pg = 0.3) whereas the BET surface area is determined from at least 3
points between 0.025 < P/Py < 0.3. A partial pressure higher than 0.5 suffers from
capillary condensation, reducing the veracity of the calculation. The single point
surface area has been included for completeness, with the BET surface area being used

henceforth.

The pore size distribution characterisation supports the assertion that the GSX and
SXU carbons possessed a greater proportion of meso scale pores than the YPS8OF
carbon. Where the YP8OF has a dominant peak between 1.6 - 2.7 nm, straddling the
micro- and mesopore boundary (~ 2 nm), the other carbons show a flatter distribution,
predominately in the 10 - 18 nm range. The SXU carbon does exhibit a peak at

~1.8 nm, with the GSX carbon exhibiting a smaller peak at ~2.2 nm. From figure 4.9B
it is seen that there are negligible pore widths above 4 nm for the YPS8OF, whereas the
SXU peaks at 13 nm and the GSX at 15 nm. From chapter 2 this would imply that the
YP80F should deliver higher energy density but the other two should be more power

dense, with the ion mobility enhanced with a greater portion of larger pores.
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FIGURE 4.8: Nitrogen adsorption-desorption isotherms of the three carbons.The
closed markers are adsorption and the open markers are the desorption.The hystere-
sis portion of the plots is magnified in (B), (C) and (D) for the SXU, GSX and YP80F
carbons respectively.



4.2. Results

TABLE 4.2: The single point and BET surface areas for the YP80OF, SXU and GSX acti-
vated carbons

Carbon Single Point BET Surface Area
Surface Area at (m?g~1)
P/Py=0.3
(m?g~)
YP8OF 2028.2 1874.2
SXU 907.0 833.0
GSX 703.1 653.0
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FIGURE 4.9: Pore size distribution for the three activated carbons. (A) The full results

for all three. (B) Magnified view to show the SXU and GSX activated carbon results in
more clarity

0.00




78 Chapter 4. Electrode Design

Following the characterisation of the surface area and the pore widths, the physical
characterisation jumped a length scale to investigate the particle size and morphology
of the carbon and its adherence to the cotton. This was undertaken through laser
diffraction and SEM. The particle size distribution can be seen in figure 4.10 and the
morphology can be seen in figures 4.11 and 4.12. The particle size characteristic can be
seen in table 4.3. What is clear, is the narrow distribution of the YPS8OF compared to
the other carbon materials. With a peak particle size of 5.0 ym the YP8OF its particle
size is also considerably smaller than the other two carbons. The narrow distribution
suggests a very uniform powder. The GSX and SXU carbons show a very broad
distribution (137.4 and 362.4 um, respectively) with some large particle size peaks

outside of the main distribution for the SXU carbon.
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FIGURE 4.10: Particle size distribution of the three activated carbons.
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TABLE 4.3: The peak particle size, associated percentage volume and distribution
width for the YP80F, SXU and GSX activated carbons

Carbon Peak Particle Size Volume Distribution
(ym)™* Percentage (%) Width (ym)
YPSOF 5.0 £0.7 87405 19.5
SXU 26.3 £3.6 49401 362.4
GSX 142 £1.0 46+0.3 137.4

a. The uncertainty is half the bin width for that particle size

b. The uncertainty is the standard deviation of three repeat measurements

The uniformity, or lack of, will have an effect on the stacking of the carbons during
deposition. In figure 4.11 the deposition of all three carbons are compared at a 50 ym
length scale. The SXU carbon sample shows a number of the larger particle flakes. It
can also be seen to be a chaotic stacking structure onto the fibres, leaving some
exposed and some attached by only a small portion of the carbon particle. The GSX
micrograph displays a considerable amount of exposed fibre, and again shows a
number of these larger carbon flakes. In stark contrast, the YP8OF sample shows a
smooth and even coverage of carbon across all of the fibres. This suggests the smaller
and more uniform particle size is optimal for a uniform coating. To investigate this
further another series of SEM micrographs were performed on the YP80OF sample at a
magnification of 502x (figure 4.12). From (A) it can be seen that the uniformity of
deposition goes beyond that of the individual fibres and a film is formed on the
surface of the cotton, creating a consistent electrode surface. (B) again shows a very

consistent deposition onto the fibres but at a 20 ym length scale.
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FIGURE 4.11: SEM micrographs of an electrode produced from each of the activated
carbons at a magnification of 500x. Each electrode have 4 deposition layers and a 9:1
carbon ratio. (A) SXU, (B) GSX and (C) YP8OF
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FIGURE 4.12: SEM micrographs of an electrode produced from YP80F activated car-

bon. (A) shows a a zoomed out view of the electrode, demonstrating the even coating

of the electrode in the right of the image. (B) is a more magnified image and corrobo-
rates the SEM from figure 4.11.
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4.2.3 Electrochemical Results
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FIGURE 4.13: Electrochemical results for the three different activated carbons under
differing deposition conditions. (A) GCD measurement at a 0.25 mA.cm 2 charge and
discharge current of the YP8OF activated carbon with 2 and 4 layers, devices with 6 de-
positions layers failed.(B) GCD measurement at a 0.25 mA.cm 2 of the SXU activated
carbon with 2, 4 and 6 layers.(C) GCD measurement at a 0.25 mA.cm~2 of the GSX
activated carbon with 2 and 4 layers, devices with 6 deposition layers all failed. (D)
CV measurement at 50 mV/s for the YP80F activated carbon with 2 and 4 layers. (E)
CV measurement at 50 mV /s for the SXU activated carbon with 2, 4 and 6 layers. (F)
CV measurement at 50 mV /s for the GSX activated carbon with 2 and 4 layers.

A B (o
0s (2 — 8 _©
—0.25 mA.cm & —5 mV/s —100 mV/s ‘T‘ 2 0
—0.5 mA.cm™ 'E 3 —25mV/s —100 mV/s E '
—1mA.cm? ] —50 mV/s G
0.6 —2mA.cm? <:- 2 -
< 1.5
g £, =
2 04 2 0 z
[0] 5 2 .
° o -1 8
n- -t
0.2 e —2 > 0.5
v =
E -3
3 <
00 B - 005 1 2 3 !
0 30 60 90 120 150 180 -08 -04 00 04 08 ) 5
Time (s) Voltage (V) Power Density (mW.cm?)

FIGURE 4.14: Extended electrochemical results for the YP80OF TSCs. (A) GCD measure-

ments at 0.25, 0.5, 1 and 2 mA.cm 2 for the YP8OF with 4 layers, 3 mA.cm 2 has been

omitted for clarity. (B) CV measurements at 5, 25, 50 100 and 200 mV /s for the Y80F

with 4 layers. (C) Ragone plot derived from the results presented in (A). The stan-

dard deviation for both power and energy density is & 0.1 (#Wh.cm™? and mW.cm™
respecitvely) from 5 repeats.
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Following the physical characterisation the electrochemical performance of the three
carbons, in an ink ratio of 9:1, was evaluated. The graphical results can be seen in

Figures 4.13 and 4.14 with the numeric results in table 4.4.

TABLE 4.4: Areal capacitance, energy density and peak power density of the three
activated carbons determined via GCD measuremnts at a charge/discharge current of
0.25 mA.cm 2. The uncertinty is the standard deviation of 5 repeats

Sample Areal Energy Density Peak Power
Capacitance (yWh.cm~2) Density (x10~*

(mF.cm™2) W.cm™?)

YP8OF_2_90 2.7 £0.08 0.24 £0.06 24+£07

YP8OF 490 23.6 = 0.05 2.1+£0.1 59+£0.7
YP80OF_6_90 - - -

GSX2.90 1.4 +0.08 0.12 £0.08 83+£0.2

GSX4.90 1.6 £ 0.03 0.15 £0.02 6.7 £0.1
GSX_6-90 - - -

SXU_2.90 1.5+ 0.01 0.14 £0.01 10.0 £0.2

SXU_4.90 1.2 +0.03 0.11 £0.03 8.6 £0.2

SXU_6-90 1.4 +0.01 0.13 £0.01 95+0.2

In figure 4.13 all of the GCD traces show triangular profiles, typical of EDL
supercapacitors. However, some curving towards the peak voltage for the SXU and
suggest an increase in leakage current at the higher voltage in the form of a parasitic
current. The x-axis in figure 4.13(A) is significantly larger than that of (B) or (C),
suggesting that the YP8OF has a far greater energy storage capability and that is
shown explicitly in the areal capacitance and the energy density. The CV traces for the
YP80F show a good square shape, with no additional peaks. This again shows that the
material has produced a good EDL textile supercapacitor. The CV trace for the SXU
carbon (figure 4.13(E) on the other hand shows "peaking’ as the voltage window
approaches £0.8 V. This suggests that the electrolyte is beginning to break down. As

this was not observed in the case of the YP80F carbon, it suggest there is a
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contaminant (perhaps a surface group) in this carbon which is also goes some way of
explaining the curving of the associated GCD trace. This ‘peaking’ is also replicated in
the GSX (4 layers) device, again implying some from of contaminant. Also in

figure 4.13(F) the 2 layer device shows an asymmetry which was unexpected. This is
attributed to an asymmetric loading of the electrodes and is discussed further in
section 4.3. With such disparity in the performance of the carbons (23.6, 1.6 and 1.2
mF.cm 2 for the YP8OF, GSX and SXU respectively) it was decided to only perform
turther characterisation on the YP80F devices. In figure 4.14(A) and (B) the GCD and
CV results at the varying current densities and scan rates are displayed. It is seen that
between 0.25 and 3 mA.cm~2 there is a decrease in areal capacitance from 23.6 to

9.2 mF.cm 2. At the higher current discharge this shows that there is a drop in
capacitance. This, however, is not unexpected as the capacitance has a time
dependence that is widely acknowledged. At low current densities the ions have time
to diffuse into (and deeper) into the pores of the carbon. At higher currents, this isn’t
the case (especially considering the small pore widths seen in the YP8OF carbon) and
the charge storage becomes even more of a surface effect, only utilising a portion of

the total surface area of the carbon.

As seen in figure 4.6, the structure of the TSCs is complex and to validate the
capacitance values presented in table 4.4 the results were compared to the expected
values when calculated from the parallel plate equation (equation 2.1). If one assumes
a Helmbholtz distance of 2 nm (value d, in equation 2.1) and a permittivity of 10, a
calculation for the expected active area of the capacitor can be found and compared to
the results in table 4.2. The total capacitance of a supercapacitor is the combination of
two parallel plate capacitors in series, as seen in figure 2.3, therefore, if the measured
capacitance was approximately 20 mF for the YP80F_4_90 devices then each of the

electrodes had a capacitance of approximately 40 mF.
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Taking the mass of a single electrode and the BET surface area of the YP80F carbon,
one would expect the area of the electrode to be approximately 1.9 m2. The two values
for the expected area of the electrode are a factor of 2 different. Considering the
approximations required to perform the calculation, this is a very close agreement.
The calculated value for the area from the capacitance is smaller than the direct
characterisation of the area of the carbon, this is to be expected as it is unlikely that all
of the surface area is utilised in a real world system. Importantly for this work, the
close agree also suggests that each electrode is working as a consistent electrode. This
rules out any concerns of the carbon network on the individual fibers within the yarn
acting as as isolated capacitors, distributed in a series chain through the thickness of

the electrode.

The YPS8OF device is seen to have an energy density of 2.1 uWh.cm~2 at a power
density of 0.11 mW.cm~2 and an energy density of 0.84 xWh.cm~2 at a power density
of 3.9 mW.cm 2. This is enough to power and Radio Frequency Identification (RFID)
platform for ~1 minute (based on the power demand of 168.3 yW) from the work of
Lemey et al. [217] or for ~0.6 s for a e-textile proximity sensor (as displayed in the
work of Ojuroye et al. [218], based on 13.5 mW). This shows that though appropriate
for low power e-textiles more work is required to fully integrate these devices into

real-world e-textile power modules.

The second phase of the electrode work was to investigate the ratio of active material
to conductive additive. As such two new inks were made with an 80:20 ratio and a
100:0 ratio. In this phase only the YP8OF carbon was selected and devices produced

from the 4 layer deposition methodology were evaluated. For the 100% activated
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carbon devices, none of them were stable enough for the quantities to be extracted
from the measurements. The 80% activated carbon ink produced devices with a
capacitance of 10.9 mF.cm~2. This shows the importance of an optimised ink
formulation. The 100% activated carbon was too resistive, causing the device to fail
and the higher percentage of carbon black in the 80:20 formulation restricted the

available surface for the EDL to form.

4.3 Discussion

From figures 4.13 and 4.14 and table 4.4 it is clear that there is a "Goldilocks” ink
formulation and deposition process. When one considers the physical characteristics
of the individual carbons it is not a surprise to see that the YP80F carbon
outperformed the other two carbons. With the more uniform particle size and greater
number of micropores it would have been surprising if this were not the case. This
combination of physical characteristics is significant and demonstrates the importance
of considering all of the lengths scales when designing a supercapacitor electrode. The
volume of micropores enables a much higher theoretical energy density while the
particle size has more practical ramifications. The more uniform and smaller particle
size of the YP8OF (figure 4.10) enabled the particles to stack more evenly, building up
the layers during deposition and avoiding clumping. This improves the coverage and
consistency of the electrode (as seen in figure 4.11). The lack of agglomeration of the
smaller more uniform particles, benefits the electrolyte penetration into the electrode.
The peak power density further supports the physical data, with the carbons with a
greater percentage of mesopores demonstrating a better peak power due to the
improved ion diffusion compared to those of the smaller pores seen in the YP8OF
carbon. What is interesting to note however is there does not appear to be a trend in
the peak power density. While the YP80OF carbon increased in peak power with a
greater degree of loading, the GSX ans SXU carbons were more variable. As peak
power is highly dependent on the ESR (see equation 3.6) these results show the
complexity of this parameter. Though relatively easy to characterise, it is a lumped

parameter that is based upon the electrical contact resistance and the electrolyte
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resistance (ion mobility / diffusion). With the greater loading of SXU and GSX carbon
onto the cotton the electrical network within the electrode likely improved but due to
the large variation in particle size (figure 4.10) and pore width it is thought that the
tortuosity [219] of the ion diffusion varied greatly. This is in contrast to the YP80F,

where an increased loading (up to a point) only improved the ESR (506 to 343 (2).

The failure of the 6 layered devices for the YP8OF and the GSX carbons is also
interesting. Once produced the TSCs look very alike and it is hard to know why one
would be prone to failure over another. As such one of the YP80F 6 layered electrodes
was view under the SEM and the resulting micrograph is displayed in figure 4.15. As
can be seen in figure 4.15(A) for one of the 4 layered devices a clear all textile
separating layer can be seen. Though variation in the separation is present across the
length of the cross section, there is a consistent carbon free layer. When this is
compared to figure 4.15(B) it is clear to see why these devices failed. The carbon ink
has permeated the full thickness of the textile, creating a constant electrical pathway
across the electrodes, leading to short circuits. When the mass loading of the devices is
compared (2 layer ~1 mg, 4 layer ~2 mg and 6 layer ~4 mg) the increase from 4 to 6
layers is greater than expected. This is attributed to the repeated deposition pushing
the ink further into the textile, instead of building a thicker layer on the surface of the
electrode. Relating this back to the surface profile measurement, it is clear that there
exists an optimal deposition procedure. One that deposits enough carbon to permeate
partially through the carbon, forming only a thin surface layer of carbon. This means,
that the bulk of the carbon network is within the textile itself (bound to the individual
tibres of the cotton, figure 4.11), showing the advantages of using a natural fibre as the
scaffold for the electrodes. The thin layer of carbon that protrudes the height of the
textile is important to form the electrical contact with the test equipment (in this case)

and with electrical interconnection in a real-world device.

The final interesting result is the asymmetry of the 2 layer CV trace for the GSX
carbon. As can be seen in the other traces it would be expected to be symmetrical.
Given the low total loading of the electrodes of the two layer devices, it is thought this
asymmetry in the electrochemical results is a result of a slight asymmetry in the mass

loading of the individual electrodes. The ionic species within the ADP electrolyte



88 Chapter 4. Electrode Design

(NH, and H,PO;) have different ionic radii (1.45 A [220] and 2.69 A [221]
respectively) and this different size can cause the ions to behave differently at the
surface boundary. When an electrolyte system has ions of different radii the larger ion
may be blocked in small pore width carbons reducing the concentration at that
electrode, as discussed in Bates et al. [222] and Andres et al. [223]. Bates found an
asymmetry in electrochemical results in a TEABF, electrolyte system, which was
attributed to the different desolvation of the ionic species when entering small pore
widths, while Andres postulated that under or over coverage of the ions at the
electrolyte-electrode boundary harms the devices performance. To verify that claim,
Andres purposefully changed the mass loading of the electrodes in a symmetric
electrode device to better match the ion size of the electrolyte (sodium hydroxide,
NaOH), with a 10% improvement in capacitance. The difference in ion size in NaOH
is 0.58 A whereas in ADP, the difference is 1.45 A, immediately, it seems clear that the
asymmetry shown in the CV trace could be due to loading. This effect is dominated in
the low voltage region of the potential window. It would have been entirely
appropriate to repeat the manufacture of the devices to ascertain the truth if the
results were closer to that of the YP8OF however, due to the poor performance in total

for the GSX carbon it was decided to not repeat this work.

As discussed in section 4.2.3 the performance of the device is sufficient to power some
e-textile applications but is limited to the low power devices. When compared to

similar TSC seen in literature it outperforms the work of Abelkader et al. [112]

SEI X65 100um WD 13.4mm SEI 10.0kV Xa3 100um WD 13.7mm

FIGURE 4.15: Cross-sectional SEM micrographs of a YP80F_4_90 (A) and a YPS80F_6_90
(B) textile supercapacitor. It is clear to see the carbon free seperation layer in (A) how-
ever, in (B) the ink has permeating the whole way through the textile.
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(2.5 mF.cm ™2, reduced graphene oxide electrodes and H>SOy electrolyte), Lam et

al. [224] (<20 mF.cm 2 for calligraphy ink electrodes, with loading 6 mg.cm ™2 or less,
and lithium chloride electrolyte) and Zopf et al. [225] (20 mF.cm 2, for activated
carbon electrodes and 1-ethyl-3-methylimidazolium tetracyanoborate electrolyte).The
device even outperforms a pseudocapacitive device, detailed in the work of Zhang et
al. [226] (19.2 mF.cm ™2 for MnO; coated carbon microsphere electrodes with H3POy4
electrolyte). However, it falls behind many state-of-the-art devices in terms of
performance. Chen et al. [227], reported an asymmetrical aqueous TSC (doped carbon
anode and PANI cathode) with a capacitance of 3.6 Fcm™, energy density of

1.1 mWh.cm™ and power density of 21 mW.cm™2. Wei et al. [228] have also recently
reported an asymmetric TSC (activated carbon and NiCo,04) with a capacitance of
2.2 Fcm?, energy density of 3.4 mWh.cm™ and power density of 24.6 mW.cm™.
Recent development of zinc-ion hybrid capacitors have also showed exceptional
performance, with the work of Chen et al. [229] producing an oxygen and fluorine
doped CNT nanobundle device that had a capacitance of 1.6 F.cm™. Though questions
over the scalability of such devices remains, it is clear that more work is required to be
comparable to the state-of-the-art. Further work to increase the capacitance and

energy density via the study of novel electrolytes will be undertaken in Chapter 5.

4.4 Conclusion

This chapter has shown that a single layer TSC can be readily produced from
unprocessed commercial activated carbon via spray deposition. This offers a scalable
and cost effective alternative to laboratory produced electrode materials currently
seen widely in the literature. An optimised ink formulation of 90%; activated carbon
to 10%; is seen to give the best performance, balancing available surface area with
electrical conductivity. Through a series of experimental trials it has been found that a
four layer deposition (equating to ~2 mg of electrode mass) of the YP8OF carbon gave
the most uniform coating of the electrodes, thus creating a good electrical network.
With the premier physical characteristics (exceptional surface area, good pore size

distribution and particle size) the YP8OF devices produced with 4 layers showed the
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best performance with an areal capacitance of 23.6 mF.cm 2

, energy density of

2.1 yWh.cm~2, power density of 0.11 mW.cm~2 and a peak power density of

5.9 mW.cm 2. The reasons behind this best in class performance has been rationalised
through the use of physical and electrochemical characterisation, with both micro and

macro scale measurements. This multi-scaled approach brings confidence to the

conclusions made within this body of work.

This chapter has answered the original research questions with regard to commercial
activated carbons, optimised ink formulation and deposition process and
electrochemical performance. Single layered EDL TSCs have been successfully
demonstrated and the work within this chapter will underpin the rest of the thesis. No
changes will be made to the electrodes and increases in performance will be made via

new electrolytes and through the integration into textile power modules.
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Chapter 5

Electrolyte

As discussed in section 2.3.2, the electrolyte selection for TSCs defines the maximum
operating voltage and is of crucial importance to the overall device performance.
Surprisingly, research into different electrolytes is minimal and focuses on just three:
H3PO,4, H,SO4 and KOH (Chapter 2). It is important to challenge the assumptions and
habits of the community. Within this work, three different electrolyte families have
been investigated, see Figure 5.1, including an ADP-PVA electrolyte (Chapter 4), a
series of very low toxicity edible electrolytes and a high performance ACN-free

organic electrolyte.

As discussed in chapter 2 the three primary families of electrolyte are aqueous,
organic and ionic, all with different operating voltages and characteristics (see

table 5.1). It was reasoned to investigate three separate electrolyte classes within this
thesis, two aqueous and one organic. Ionic electrolytes were discounted due to their
commercial immaturity and challenging chemistry. The first electrolyte for dedicated
research was the ADP electrolyte used for the carbon study in chapter 4. After
demonstrating its electrochemical performance, more real-world testing was
undertaken in the form of aging. This was intended to act as a benchmark for the
other electrolyte systems and to provide continuity across the work delivered in the
thesis. The second class of electrolyte was a benign series of edible aqueous
electrolytes. Though aqueous electrolytes are understood to be the safest of the

electrolytes, many systems seen within the literature make use of high molarity acids
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and alkalies, which are less conducive to wearable applications. To investigate the
applicability of truly safe aqueous electrolytes, everyday commercial ingredients and
beverages were investigated. It had been initial thought that PVA would be the gelling
agent across both aqueous electrolyte systems, however, following the aging study it
was rationalised that the PVA was the cause of the poor aging performance (discussed
below and later in the chapter) and so two natural gelling agents were selected.
Aqueous electrolytes have many benefits but suffer from a low potential stability
window due to the water as the solvent. As such, the third electrolyte investigated
was a higher voltage organic electrolyte. The challenge with organic electrolytes for
wearable applications is the flammability of many of the solvents, in particular
acetonitrile. As such, the research focused around developing an organic electrolyte

that did not make use of this solvent.

In section 5.1, the ageing characteristics of the aqueous, PVA, electrolyte used within
Chapter 4 is evaluated. Following significant performance degradation after three
days and a total failure after five days, the validity of a PVA based system was called
into question. The primary rationale for an aqueous system is the safety for the end
user, with PVA being used as the gelling agent due to its ubiquity and its water
solubility. However, with the evidenced failure over time the search for further, low
hazard, electrolytes is of paramount importance. In section 5.2, four benign
electrolytes are evaluated, these include: two LoSalt® solutions, an isotonic sports
drink and an energy drink. For the best performing electrolyte two natural gelling
agents (agar agar and k-carrageenan) were investigated for gel electrolytes. These
electrolytes are completely harmless to the end user and the wider environment. It is
seen that a 1 M LoSalt® (KCL and NaCl blend) performs comparatively to more
traditional electrolytes and can be made into a gel electrolyte through the inclusion of
k-carrageenan. The final research theme, presented in section 5.3, looks to move away
from the low voltage window (which hampers all aqueous electrolytes), through the
investigation of an organic electrolyte. This section presents an organic electrolyte
using a ‘green’ solvent that significantly increases the lifetime and and increases the

energy density of the devices produced in chapter 4 by nearly an order of magnitude.
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Electrolyte

| | | |
Aqueous Organic | | Ionic

| | |

PVA Non-PVA
' ACN Non-ACN
Solvent Solvent
H3PO4 | | HaSO4 | | KOH Alternate | | Benign
Polymer

FIGURE 5.1: The possible electrolytes for textile supercapacitors. Research within
the community has predominantly focused on aqueous electrolytes (H3POy4, HySO4
or KOH) with a PVA gelling agent. This work has focused on three new areas of
research: non-traditional aqueous PVA electrolytes, edible aqueous electrolytes and
non-acetonitrile organic electrolytes (highlighted in red).

TABLE 5.1: Comparison of the three primary electrolyte families of supercapacitor

electrolytes
Electrolyte Potential Pros Cons
Window (V)
High conductivity Low potential window
Aqueous 1-1.23 Non-flammability High solvation
Lower cost poor absorption by hy-
drophobic textiles
Lower conductivity
Organic 2-25 Higher potential window Flammability of some sol-
Commercialised vents
Sensitivity to water
Highest potential window Immaturity
Ionic 4.5 Low solvation Low conductivity
Low volatility High viscosity
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Alongside the research into the different electrolytes, this chapter presents
characterisation methodologies that are not seen within the e-textile community (such
as long duration voltage hold testing), strengthening the evaluation of the electrolyte

performance.

The work within this chapter has been presented in-part in three

publications [199,230,231].

5.1 The Trouble with PVA

Where chapter 4 focused on the carbon electrodes of the TSC, this chapter focuses on
the electrolyte, and particularly in the long term behaviour, stability and practicality in
real-world devices. Chapter 4 demonstrated the excellent performance of the YP8OF
carbon in comparison to the other two carbon, and the literature. However, under
observation, older TSCs were visually different to freshly made ones, appearing a lot
drier and more rigid. This drew concern over the long term performance of the device.
As such, the initial investigation into the electrolyte was an ageing study. Ageing
studies of TSCs have been seen in literature, such as the work of Bharathidasan et

al. [232], Lee et al. [108] and Luo et al. [233]. Bharathidasan was investigating the
addition of nanoparticles to extend the voltage capability of their aqueous electrolyte
(as discussed further in section 5.3). They evaluated how the electrolyte aged over a 60
day period. However, this study focused solely on the electrolyte (in particular the
stability of the nanoparticles in within the electrolyte) and did no age the devices
themselves. The testing of the zeta potential, conductivity and visual appearance of
the electrolyte is of significant interest but it does not give information on electrolyte
retention, potential parasitic reactions or electrochemcial degradation of the electrode
and substrate when exposed to the electrolyte for an extended period of time. Lee et
al. [108] produced a packaged, stretchable planar device, with a mixed solvent organic
electrolyte with PMMA polymer binder. Over a 30 day period, there appeared to be
negligible change in the Nyquist plot for the device after being stored in air between
measurements. However, this was certainly a secondary study within the work and

given the vast difference between these devices and those documented here, direct
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comparison is challenging. Luo et al. [233] produced an all textile packaged device,
with a H3POy||PVA electrolyte. This device is the closest to that of this work, and
stored the device for ~ 4 months between testing. At a 20 mV.s~! scan rate the device
saw an almost 50% reduction in specific capacitance. However, there is no discussion
on how the device was stored between testing and there is no incremental

measurements over the testing period.

Inspired by the above studies, but differing, the author’s single layer TSCs were
evaluated at intervals over a 30 day period. Significantly, the devices are also
unpackaged to gain a better understanding of the intrinsic properties of the electrolyte
within a device setting. Additionally a number of "test” environments were also

investigated, designed to mimic typical real-world use cases for an e-textile.

5.1.1 Ageing Experimental Design

The devices and electrolyte were produced as discussed in Chapter 4. The produced
devices were separated into 5 groups and stored under different environmental
conditions, including one control condition of staying within the Swagelok test cell for
the duration of the testing. The full list of the groups and associated storage
conditions can be seen in table 5.2.

TABLE 5.2: Storage conditions for the assessment of failure mechanisms during ageing
of ADP||PVA based textile supercapacitors.

Identifier Storage Description
A Stored within a Swagelok test cell, under compression.
B Stored within a sealed container.
C Stored between glass plates under compression from two

Neodymium Iron BoronNdFeB permanent magnets
Stored within a sealed container in a fridge.

E Stored as B but dipped into deionised water for 5 minutes and then
dried at 50°C for 10 minutes before testing.
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As discussed, group A is acting as a control group. Group B is to mimic storage in
ambient but in a close container to limit any external interference. Group C is to
investigate if pressure is a driving mechanism to failure. Group D is mimic exposure
to colder climates and to limit evaporative loss of the electrolyte. Group E is to mimic
a wash cycle and is the most extreme of the testing environments considering the test

is on un-packaged devices.

The characterisation utilised for this study was GCD and EIS tests. They were both
delivered as discussed in Chapter 3 with the GCD being performed between 0 and

0.8 V at a charge/discharge current density of 0.25 mA.cm~2 and the EIS being
performed between 1 and 250 kHz at a 10 mV amplitude. 0.25 mA.cm 2 was chosen
as the testing current to limit any degradation of the devices due to testing which may
mask any degradation due to ageing. The capacitance was calculated via equation 3.1
and the ionic conductivity was calculated via quation 3.9 with the substrate samples

being 0.785 cm? in area and 430 ym thick.

5.1.2 Results & Discussion

Figure 5.2, presents the length of time each device survived (defined as the time at
which the devices could no longer be characterised) in the differing storage methods.
As expected, the control test in the Swagelok cell had the longest lifetime. However,
what is surprising is the discrepancy between that and the other methods. This may
imply that the device held in the Swagelok and the devices that were stored externally
may have different failure methods. This is supported by visual inspection of the
devices post testing with group A having no visual difference whereas group B to E
were clearly dryer. The dryer appearance of the devices implies some form of
dehydration, interestingly though, even the device stored below ambient conditions
showed this behaviour. This is however attributed to crystallisation of the polymer
base at these lower temperatures. To explore the dehydration of the aqueous
electrolyte, plain cotton samples were impregnated with electrolyte and the ionic
conductivity investigated over a five day period. The results can be seen in figure 5.3,

with the conductivity seen to fall to 0.00 S/m within three days (a nearly five orders of
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magnitude drop). The other storage mechanisms were not selected for further testing
due to the poor results. The ionic conductivity is shown to sharply decrease over the
initial five days, from 9.4 S.m~! to 0.001 S.m~! before stabilising at this level. This
significant drop is attributed to dehydration, drastically reducing the ionic transport
and leads to the total failure at day 5 due to the high internal resistance. This
demonstrates the unsuitably of this electrolyte for this application outside of a

laboratory environment, something not covered in the work of Yong et al. [56].
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FIGURE 5.2: The date of failure of the textile supercapacitors stored in each of the five
storage methods.



98 Chapter 5. Electrolyte

10 9.415
*
‘\
A
g7
~ K
(n A}
~r 8
3 A}
:E 6 \“
S b
S '\ 4.203
4

S 4 ;
(S} K
= N
S \
- Ny

A}

2 N
‘\
% 0.001 0.001 0.002
0 & ------- & ------- Py
1 2 3 4 5
Day

FIGURE 5.3: The ionic conductivity degradation of the PVA||PVA electrolyte over a
period of 5 days, stored in a sealed vessel. The points have a standard deviation of +
0.02 S/m from 5 repeat measurements.

The control group (A)’s performance was investigated further, with the 30 day results
shown in Figure 5.4. It was observed that the device goes through a number of
regions. In this case, it is seen there is an initial stabilisation period (common for
electrochemical systems), a steady region where the variation around the mean
(C/Cp =1.1) was <9% and finally the unstable region which saw a 100% increase in
capacitance on day 35 but then total failure at day 36. This instability is hypothesised
to be due to carbon migration through the textile substrate, with the variability being
seen as the breaking and remaking of electrical networks within the bulk structure of
the electrode. To confirm that these results were not caused by the repeated testing, a
group A device underwent 450 GCD cycles (figure 5.5), the same number as the total
number of measurements in the first study. Within these tests, the capacitance fell by
<2% showing that the ageing of the device was a degradation mechanism and not an

artifact of the characterisation.



5.1. The Trouble with PVA 99

2.0 J[
15 +

C/Cy
s
o
—.—
——
—
—_
—
—e—
—_
—
—

0.5 P
Stablisation p '
Stable Region Unstable Region

0.0
0 5 10 15 20 25 30 35

Day

FIGURE 5.4: The capacitance retention of the device stored within the Swagelok. Each
point is the average of 10 cycles, with the error calculated from the standard deviation

80
(ii)
.
100 01195
— .
g 60 \:_xo: " MRS
= (] .
3 S 99 L -
hd -
40 L
98
0 50 100 150 200 250 300 350 400 450
Cycle
20

1 25 50 75 100 125 150 175 200 225 250 275 300 325 350 375 400 425 450
Cycle

FIGURE 5.5: The capacitance retention over 450 cycles at 0.25 mA.cm~2. The sec-
ondary graph (ii) is a magnified view of the retention, showing a <2% drop over these
cycles.

These series of tests has shown the incompatibility of the ADP||PVA electrolyte for
real-world devices. Even in the most controlled of environments, the devices
produced failed after a month. The ethos of this thesis is to develop the TSC from a
laboratory device to one that could be deployed in the a real-world power module and
this electrolyte is not appropriate. Other works in the literature, such as Gao et

al. [234], have also observed long term instability of PVA based devices. This
significantly challenges the status quo of the communities understanding and the

likelihood of commercial adoption of such devices. Though further work could be
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undertaken to develop the PVA based electrolyte further, such as polymer
crosslinking [235,236], it was decided to transition away from aqueous PVA based gel
electrolytes. The ubiquity, and ease of production of PVA is certainly attractive to the
community but for this all textile, single-layer TSC it has been concluded to be
inappropriate outside of the laboratory. Aside from the use of a fluidic ADP
electrolyte for prototyping in section 6.3 and as a benchmark for section 5.2 this

electrolyte will not be subsequently researched in this thesis.

5.2 Beyond PVA

With the analysis from section 5.1 it was seen that to develop the electrolyte portion of
these TSCs beyond a laboratory device a non-PVA electrolyte had to be found. One of
the rationales behind the use of aqueous electrolytes is the safety to the end user.
However, one could readily argue that the commonly used electrolytes are not
intrinsically safe in themselves, with all of them requiring advanced packaging to
safeguard the user from irritation or harm. This has led to the investigation of

low-hazard, benign electrolytes, inspired by the biomedical field.

5.2.1 Culinary Inspired Electrolytes

Taking inspiration from the works of Na et al. [237] and Wang et al. [238], this section
presents the feasibility of food based electrolytes within TSC applications. In the work
of Na [237], an Sodium Chloride (NaCl) and egg white based electrolyte was
incorporated within a membrane to create a green, carbon-based, quasi-gel electrolyte
supercapacitor; achieving an ionic conductivity of 7.6 mS.cm ™! and capacitances of
214 F.g_1 at a discharge current density of 0.2 A.g_l. Wang [238] took the idea of a
food based supercapacitor further and constructed a fully edible supercapacitor from
cheese, seaweed, gold leaf, charcoal and Gatorade. The Gatorade electrolyte had an
ionic conductivity of >2 mS.cm~! and the final device (with the addition of
Monosodium Glutamate (MSG) in the electrolyte) had a capacitance of 129 F.g~!.

Other food based electrolytes were also presented (such as BBQ sauce, Monster
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energy® drink and vegetable juices) and showed the viability of these electrolytes for
real-world applications. The electrolytes being investigated in this section are Grenade
Energy®, Euro Shopper isotonic drink and two solutions (0.5 and 1 M) of LoSalt®
which is a reduced sodium table salt made from Potassium Chloride (KCI) and NaCl.
The energy drink contains KCl, NaCl and magnesium citrate, while the isotonic drinks
contains magnesium chloride, calcium chloride and potassium phosphate. For real
world TSC applications the electrolyte must be in a gel, or gel-like, form. As such the
best performing electrolyte was tested in a gel form via the addition of Agar Agar and
x-carrageenan. Agar Agar is a mixed polymer of agarose (linear polysaccharide) and
agaropectin while x-carrageenan is a singularly sulfated polysaccharide. Both are
extracted from red algae and are commonly used within the food industry. Agarose
has been demonstrated as a gelling agent for supercapacitor electrolytes in the work of
Moon et al. [239] while x-carrageenan has been used in bio-polymer electrolytes for
zinc ion batteries [240]. To act as a reference for the performance of the edible

electrolytes, TSC with ammonium dihydrogen phosphate (ADP) were constructed.

5.2.2 Experimental

The x-carrageenan was purchased from Sigma Aldrich and the agar agar was

purchased from NKD Living.

The electrodes were prepared as described in chapter 4. The 1 M and 0.5 M LoSalt®
electrolyte solutions (with an assumption of a 2:1 ratio of KCI to NaCl) were prepared
by dissolving 0.342 and 0.171 g of LoSalt® respectively in 5 ml of de-ionized water.
The Euro Shopper isotonic drink was found to not be suitable upon purchase (with all
devices produced with it as the electrolyte failing) and was reduced by 30% by weight
via constant heating. The Grenade Energy® drink was left to decarbonate and was
then used as purchased. A 0.5 M solution of ADP was produced by dissolving 0.288 g
of ADP in 5 ml of de-ionized water. The gel electrolytes were produced by adding 0.52
and 0.67 g of the Agar Agar and x-carrageenan respectively, to 5 ml of 1 M LoSalt

solution under heating and constant stirring.



102 Chapter 5. Electrolyte

GCD was performed at charge-discharge currents 0.5, 1, 2 and 3 mA.cm ™2 from 0 to
0.8 V and cyclic voltammetry was performed at 5, 25, 50, 100 and 200 mV.s™! sweep
rates across the potential window of 0 to 0.8 V. Electrochemical impedance
spectroscopy measurements were performed from 10 kHz to 100 mHz with an
amplitude of 10 mV for the full cell testing and 250 kHz to 1 kHz for the
characterisation of the ionic conductivity of the electrolytes. The capacitance, energy
density, power density and conductivity were calculated from equations 3.1, 3.4, 3.5

and 3.9 respectively.

5.2.3 Results & Discussion

The results for the four different electrolytes, and the ADP electrolyte, can be found in
tigure 5.6, 5.7 and 5.8. Figure 5.6 shows the EIS characterization of the full TSC as well
as the individual conductivities of the electrolyte soaked cotton substrate. With a
conductivity of 18.9 mS.cm ™! the 1 M LoSalt® electrolyte demonstrated the least
resistance of the 4 edible electrolytes and outperformed the 0.5 M ADP electrolyte and
electrolyte discussed in section 5.1. It also outperformed the conductivity of the both
edible electrolytes from the work of Wang [238] and Na [237]. The isotonic drink was
the least conductive and the magnification of the Nyquist plot in Fig 5.6B shows a
much larger semi-circle in the high frequency region, indicating a reduced ionic

transport.
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FIGURE 5.6: (A) Nyquist plot of the 4 edible electrolytes and the ADP electrolyte as full
cells with (B) presenting a magnification of the high frequency region. (C) is the con-
ductivity of the 5 electrolytes, the uncertainty is the standard error of 9 measurements

over three samples.

Figure 5.7 shows the CV data for the electrolytes with a comparison of all of 5 of the

electrolytes at 50 mV.s~! presented in figure 5.7f. As expected from the previous

measurements in figure 5.6, the LoSalt® and ADP electrolytes showed superior

performance with quasi-rectangular CV plots. The curves of the Grenade Energy®

and the isotonic drinks resemble that of a rugby ball, demonstrating the effect of the

increased resistance found in the conductivity study (figure 5.6). The LoSalt® TSCs

showed a squarer shape than the ADP but the area contained within the curves were

similar, and therefore having similar capacitances. This was confirmed by the GCD

measurements.
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FIGURE 5.7: CV plots for the 5 electrolytes from 0 to 0.8 V at 5, 25, 50, 100 and

200 mV.s~! sweep rates. (A) 1 M LoSalt® (B) 0.5 M LoSalt® (C) Grenade Energy ®

(D) Isotonic Drink (E) 0.5 M ADP (F) is a comparison of all 5 electrolytes at 50 mV.s~!
sweep rate.

Figure 5.8 shows the GCD measurements of the differing electrolytes and the
degradation of capacitance with increasing current density. The LoSalt® solution and
the ADP show near symmetric triangular responses whereas the Grenade Energy®
and isotonic drink electrolytes show rounding as they approach 0.8 V, showing the
effect of the increased ionic resistances that were measured in figure 5.6, and an
increase in the leakage current. The equivalent series resistance of these electrolytes
(88 and 93 () respectively) was significantly higher that of the other electrolytes (1 M
LoSalt® 19 (), 0.5 M LoSalt® 31 (2 and ADP 35 (}). The 1 M LoSalt® electrolyte had
the best performance at 0.5 mA.cm 2 with a capacitance of 25.7 mF.cm~2 and energy
and power densities of 2.3 utWh.cm 2 and 0.2 mW.cm~2. However, with increasing
current density this dropped to 22.8 mF.cm ™2 at 3 mA.cm ™2 with the ADP electrolyte
achieving 24.0 mF.cm~2 at 3 mA.cm 2. When the mass of the activated carbon is taken
into consideration instead of the area of the TSC the 1 M LoSalt® achieved a specific
capacitance of 13.2 F.g~1. This is lower than that reported by Wang or Na and shows

that more work is needed to translate these biomedical based electrolytes into TSCs.
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However, with no further improvements this TSC could power a low-power
application such as the RFID tag presented in the work of Lemey et al. and is
comparable to the calligraphy ink based device (36 mF.cm~2 Lam et al. [224]) and

outperformed an activated carbon based device (20 mF.cm ™2 Zopf et al. [225]) and the

work seen in section 5.1.
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FIGURE 5.8: GCD measurements for the different electrolytes with charge-discharge

current densities of 0.5, 1, 2 and 3 mA.cm 2. (A) 1 M LoSalt® (B) 0.5 M LoSalt® (C)

Grenade Energy® (D) Isotonic Drink (E) 0.5 M ADP and (F) is degradation in capaci-

tance with increasing current density. The isotonic drink failed at the highest current
density, thus only three results are displayed for 3 mA.cm 2.

With the 1 M LoSalt® electrolyte achieving the highest performance it was selected to
be made into a gel-like electrolyte. The GCD, CV and EIS results from this are
presented in figure 5.9. The Agar Agar based LoSalt® gel electrolyte was found to be
comparatively resistive with an ESR of 183 (), compared to 84 () for the x-carrageenan
based gel, and was not tested further. The increase in resistance between the fluidic
electrolyte and the x-carrageenan electrolyte can be seen in figure 5.9B and 5.9C, with
significant curving in the CV plot and a much larger semi-circle in the high frequency
region of the Nyquist plot; illustrating an increased bulk resistance of the electrolyte

and a less optimal electrode-electrolyte boundary. However, the addition of the
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x-carrageenan only lowered the capacitance from 25.7 to 22.5 mF.cm~2 demonstrating

its potential for real world TSCs.

—1 M LoSalt
——1 M LoSalt|Agar
0.7 | —1 M Losalt|kappa

0 20

B

1.5 | —1 MlLosSalt
——1 M LoSalt|kappa

Current (mA)

0.0 0.2 0.4

Potential (V) .

Time (s)

60

80

/i

~®

o
s

e 1M LoSalt .
e 1M LoSalt|kappa

20

40 60 8 100
Z()

FIGURE 5.9: (A) GC plot of the 1 M LoSalt® electrolyte as a fluid and in the agar
agar and x-carrageenan gel form. (B) and (C) are the CV and EIS for the fluidic and

x-carrageenan gel devices.

The devices produced in this section certainly demonstrated the possibility of using

truly benign electrolytes for TSC applications. The results of the 1 M LoSalt® with

x-carrageenan in fact out performed that of the best devices produced in chapter 4

(22.5 vs 21.0 mF.cm ™2 at 0.5 mA.cm~2). However, they still suffer from the low voltage

potential of all aqueous electrolytes and would require many devices to achieve a high

enough energy density and working voltage for the real-world applications presented

in chapter 6. This requirement for low component number (for power module

simplicity) means that though the devices improved upon the PVA based electrolyte it

is still not enough and a mindset change is required.
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5.3 Beyond Aqueous Electrolytes

The use of water as a solvent for aqueous electrolytes has distinct advantages, such as
high ionic conductivity once the salt is added and improved safety for the end user as
discussed previously in this chapter. However, the potential window of the aqueous
electrolytes are restricted by the electrolysis voltage of water, 1.23 V. In practical
applications this means multiple TSCs must be connected in series to achieve an
appropriate voltage to operate with energy harvesters or the end use technology. This
further limits the energy density by reducing the available capacitance as the total
capacitance is the sum of the reciprocals of the individual devices. Wagih et al. [171],
for example, had to connect three TSCs in series in their textile power module, driven
by a RF-harvesting rectenna. While Dong et al. [163] incorporated two yarn TSCs in
series in their triboelectric nanogenerator system, though proposed the use of up to
four. With more devices comes more complexity and consideration must be taken over
the balancing within the TSC string. To increase the operating window for aqueous
electrolytes, groups have made use of additives, (such as Bharathidasan et al. [232] use
of dispersed SiOy nano particlescite) or asymmetric electrodes (such as Guo et al. [234]
use of nitrogen doped carbon sheets and CoNiO;). The SiO, nanoparticles led to a
three times improvement in the energy density, while the asymmetric electrodes
increased the potential window of the KOH electrolyte to 1.5 V. However, these

strategies again add complexity to the system.

As discussed in Chapter 2, organic electrolytes can achieve voltage windows as high
as 2.8 V [241] but suffer from lower ionic conductivity and flammability of the
solvents.This has led to the majority of TSCs with organic electrolytes being seen in
yarn-type supercapacitors due to the inherent encapsulation provided during the
production process. Choi et al. [105] used a TEABF; electrolyte with PC as the solvent.
This asymmetric yarn had an exceptional voltage range, up to 3.5 V, and achieved a
capacitance of 171 mF.cm 2. Keum ef al. [106] developed a symmetric, twisted-wire,
yarn supercapacitor with a lithium perchlorate electrolyte with a dual solvent of PC
and ACN. This device had a voltage window of 1.5V, achieving a capacitance of

5.23 mF.cm 2. Park et al. [107] also made use of a LiClOy electrolyte with a dual
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solvent, within their TSC-biosensor device. Importantly, this device was not a yarn
and was constructed as a multi-layered device, with further encapsulation used as a
barrier between the end user and the ACN/PC solvent. This TSC had a maximum
operating voltage of 2 V but was found to be optimal at ~ 1.4 V and achieved a
capacitance of 33.8 mF.cm™2. It is clear that the benefits of organic electrolytes, namely,
high energy density and large operating potential, warrants further research focus

than has been currently seen in the literature.

5.3.1 Tetraethylammonium Tetrafluoroborate

This section presents a novel organic electrolyte, one which makes use of Dimethyl
Sulfoxide (DMSO) (considered a green solvent [242]) as the solvent instead of ACN or
PC. Much like the work of Choi [105], TEABF, has been chosen as the salt and
polyacrylamide (PAM) will be the polymer element. TEABF,; was chosen as the
electrolyte salt, not simply due to good results seen in literature but also due to good
ion radii size matching with the carbon pore widths. Within the electrolyte, the TEA™
ion is the largest with a bare ion radii of ~ 4 A (estimated from a number of papers
with possible quoted values within the range 0.339 — 0.425 nm [243, 244]), when one
considers the solvation shell (which could double the size of the ion [245]) the pore
size distribution and ion size are seen to be highly compatible, with the predominant
ion sizes approaching the length scale of the ions. It is widely seen (and discussed
further in chapter 2) that a gel polymer electrolyte is beneficial for TSCs, with the
polymer helping to retain the liquid element, both in terms of reducing wicking
throughout the bulk of the textile and to reduce evaporation. Polyvinyl alcohol (PVA)
has been seen as the polymer of choice for many groups, owing to its solubility in
water and ubiquity. However, previous work in this chapter demonstrated
catastrophic ageing (total failure after 3 days) of the TSCs made from a PVA based
electrolyte. Gao et al. [246] also demonstrated poor ageing of PVA based systems,
attributed to dehydration of the electrolyte. The electrolytes were shown to crystallize
with age, leading to a higher activation energy barrier for the ion transport. Whereas,
PAM based electrolytes have shown good stability over time [141] and have also been

successfully realized in other electrochemical systems [247-249]. The performance of
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the electrolyte will be benchmarked directly against previous works seen in Chapter 4
to compare against an identical electrode system, as well as the wider community.
Importantly, absolute performance will not be the only test and a true ageing study

will also be performed to investigate the ageing of an un-encapsulated device.

5.3.2 Experimental

The electrolytes were prepared in similar ways. For the TEABF,|pan electrolyte,

0.125 g of PAM was initially allowed to soak in 4 ml of DMSO overnight before being
heated under constant stirring via a magnetic bead set at 400 rpm until fully
dissolved. Once fully incorporated, a 2 ml solution of TEABF,; and DMSO was added
dropwise with the direct heat turned off but the stirring continuing. This was allowed
to cool to room temperature. For the 0.1, 0.5 and 1 M electrolyte solutions 130, 650 and

1300 mg of TEABF, was used respectively.

All devices underwent electrochemcial characterisation as detailed in chapter 3, with
the exception of the peak voltage voltage increasing from 0.8 V to 2.0 V to account for
the increased solvent breakdown volatge of the organic electrolyte. The CV
measurements were performed within the potential window of 0 —2.0 V at scan rates
of 5,25, 50, 100 and 200 mV.s~!, while the GCD measurements had a maximum
voltage of 2.0 V and current densities of 0.25,0.5,1,1.5,2 and 3 mA.cm 2. The EIS
measurements were performed over the frequency range of 250 kHz - 0.1 Hz with a
voltage amplitude of 10 mV. The ionic conductivity of the electrolytes was
characterised as described previously within this chapter and as desmonstrated by
Huang et al. [250] and He et al. [197] by soaking, under vacuum, samples of the cotton
(0.785 cm2, 430 pm thick) in the electrolyte before housing between stainless steel
electrodes within a Swagelok cell to perform the EIS measurement. The conductivity
is calculated from equation 3.9 The electrochemical stability of the electrolyte was
characterized through a potentiostatic hold measurement at 2.0 and 2.4 V, with GCD
cycling every 10 hours. The performance of the aged device was characterised via
GCD at 1 mA.cm~2 with the device stored in air at 0 V in between measurements. The

storage of the un-encapsulated device in air, under ambient conditions, was to
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demonstrate a worst case ageing and would be expected to be less severe in a

packaged system.

Mechanical bending of the devices is the reserve of Chapter 6 and has not been

considered within this work.

5.3.3 Results & Discussion

Electrochemical properties of the 0.1, 0.5 and 1 M electrolytes (TEABF,||[PAMy 1,
TEABF,||PAM (5 and TEABF,||PAM,) are presented in figure 5.10. Figure 5.10A-F
show that all three of the electrolytes behave very much as expected for EDL
supercapacitors. The GCD curves (Figure 5.10A-C) demonstrate symmetric isosceles
shaped profiles, with varying voltage drops at the point of current reversal. The
voltage drop is associated with the ESR of the devices and was found to decrease with
increased molar concentration (from 210 () at 0.1 M to 55 Q) at 1.0 M). These ESRs are
lower than that of the devices produced in chapter 4, even though the the electrolyte is
organic, compared to aqueous and is attributed to better wetting of the electrodes, see
tigure 5.11. The higher ESR in the device made from the 0.1 M electrolyte caused
instability at the highest discharge currents and limited the characterization to
2mA.cm~2. The CV curves (Figure 5.10D-F) show smooth, curved rectangular shapes
with no obvious redox peaks. These curves are much squarer than those observed in
tigure 4.13 (especially the SXU and GSX carbons), suggesting a much improved
performance and stability compared to the devices produced with the ADP
electrolyte. Figure 5.10G shows the conductivity of the electrolyte impregnated cotton
substrate/separator. The conductivity is seen to increase with increasing molarity,
however, doubling the molarity from 0.5 to 1 M only saw an increase of 0.6 mS.cm .
Figure 5.10H and 5.101 present the capacitance decay with increasing current density
and the Ragone plot (respectively) for all three molarities. It can be seen that the
TEABF,||PAM; device achieved an excellent areal capacitance of 34.0 mF.cm~2 at

0.25 mA.cm 2, reducing to 28.3 mF.cm 2 at 3 mA.cm 2. Though there is a decay in the
overall capacitance due to the inability to utilize the full surface area of the electrode at

the faster measurement rates, the device still performed well at higher current
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densities. The TEABF,||PAMy 5 electrolyte achieved ~78% of this performance with a
maximum capacitance of 26.5 mF.cm 2 and the TEABF,||PAM ; achieving ~52% of
the 1 M performance, with a maximum capacitance of 17.6 mF.cm 2. The
TEABFE,||PAM; electrolyte is seen to have an exceptional energy density for its class
(18.9 yWh.cm 2 at 0.24 mW.cm 2 or 15.8 pWh.cm 2 at 3.2 mW.cm~2), with this

attributed to the good capacitance and large operating potential window.

When these results are compared against the work in chapter 4 it can be seen that the
new electrolyte not only improves the energy density, due to the increased operating
voltage, but also improves the capacitance. The differences in performance can be
seen in table 5.3. As can be seen, there is a ~44% increase in capacitance but a 9x
increase in energy density. The power densities (both average and peak) are also
significantly increased, owing to the higher energy density and lower ESR

respectively. The small variation in the peak power density between the 0.25 mA.cm 2

and 3 mA.cm 2

measurements is due to small variation in the ESR, but are equivalent
when the uncertainty is taken into account. This immediately demonstrates the
significance of this electrolyte and shows its benefits for simple carbon/carbon
devices. High energy densities and good capacitances can be reached without the
need for structured /exotic materials or difficult manufacturing processes. The
increase in capacitance seen between the two works is attributed partially to better
ion-pore size matching but mostly to the wetting of the electrode by the electrolyte.

With the electrolyte better soaked into more of the pores, there will be better ion

mobility, especially important at higher rates of charge-discharge.
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FIGURE 5.10: Electrochemical properties of the activated carbon/activated carbon
TSCs with varying molarities of the TEABF,||PAM electrolyte. GCD curves of (A)
0.1 M, (B) 0.5 M and (C) 1 at current densities of 0.25 — 3 mA.cm~2. CV curves of (D)
0.1M, (E) 0.5M and (F) 1 M at scan rates of 5—200 mV.s~!. (G) is the ionic conductivity
of the electrolyte soaked cotton substrate characterized via EIS, there error bars are the
standard error from three samples with 5 repeats each. (H) Capacitance degradation
with increasing measurement current (I) Ragone plot of the devices made from the
three molarities of electrolyte.



5.3. Beyond Aqueous Electrolytes

113

TABLE 5.3: Areal capacitance, energy density, power density and peak power density
for devices made from ADP and TEABF, electrolytes at 0.25 mA.cm~?2 charge/dis-
charge current density. The uncertainty is the standard deviation of 5 repeats.

Electrolyte Areal Energy Power Peak Power
Capacitance Density Density Density
(mF.cm~2) (yWh.cm~2) (mW.cm~2) (mW.cm™2)
YP8OF_4.90 23.6 = 0.05 2.1 £0.1 0.1 £0.03 0.6 £0.7
34.0 + 0.03¢ 18.9 £0.01 0.24 + 0.01 23.0 + 0.08
TEABE,||PAM;
28.3 4 0.03¢ 15.8 £+ 0.04 322 £0.01 248 £0.2
TEABF4||PAMy;| 17.6 +0.02 9.8 £0.01 0.24 £ 0.01 6.1 £ 0.01
TEABF,||PAMos| 26.5+0.01 | 14.7 +0.01 0.24 + 0.01 9.0 £0.02
€ values from 0.25 mA.cm~2 measurment, { values from 3 mA.cm~2 measurement.

Figure 5.11 shows a qualitative evaluation of the wetting of the electrodes with the
PVA||ADP electrolyte (Figure 5.11(Left)) and the TEABF, ||PAM electrolyte

(Figure 5.11(Right)). For both electrodes a single drop of the electrolyte was dropped
onto the surface and the image taken 5 seconds after that. As can be seen, the water
based electrolyte forms a bead on the surface of the electrode while the organic
electrolyte almost immediately wets the full electrode. There is clearly some
hydrophobicity, probably caused by the rough surface of the electrode. This means
greater effort is required to fully impregnate the electrode with the electrolyte and
longer time is required for the TSC to be under vacuum for the aqueous system. Even
then, it is difficult to know whether all of the small pores are fully filled with the

electrolyte.
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FIGURE 5.11: Image of a qualitative wetting experiment between aqueous ammonium

dihydrogenphophate||PVA electrolyte (Left) and TEABF,||PAM electrolytes (Right) on

two representative carbon electrodes produced identically as those used for the de-
vices in this work.

To further evaluate the 1 M electrolyte, devices were characterised via GCD at a cut off
voltage of 2.2 and 2.4 V, with the coulumbic efficiency and energy density shown in
Figure 5.12A and B respectively. Increasing the voltage threshold significantly
increased the energy density, from 18.9 to 31.4 yWh.cm 2. However, as the voltage
limit increased the coulombic efficiency at the lower current levels decreased, with a
minimum of 91.4% at 2.4 V while under a 0.25 mA.cm 2 charge/discharge current
density. This reduction of coulombic efficiency for textile supercapacitors is not
uncommon at the lower current levels (for example, in the work of Yang et al. [80],
their activated carbon coated fiberglass cloth had a charging time of ~300 s compared
to a total charge cycle of ~565 s at 0.5 mA.cm~2). This is often attributed to impurities
within the device that are challenging to remove at the laboratory scale and higher
intrinsic losses when compared to traditional supercapacitors. However, it is also seen
in more traditional supercapacitors that use activated carbon electrodes, as in the
work of Cheng et al. [251] where their activated carbon/nano-carbon traditional
supercapacitor achieved a coulombic efficiency of 93% at 0.5 A.g~! rising to ~100%

only at 10 A.g™ 1.

To investigate the effect of this efficiency drop on the long term behavior of the device
an ageing study and two voltage hold tests were performed (at 2.0 and 2.4 V). Voltage

hold tests are seen as more rigorous for determining the stability of a supercapacitor
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FIGURE 5.12: Coulombic effiency and energy density of the 1 M devices when charac-
terised via GCD measurements at cut off voltages of 2.0, 2.2 and 2.4 V.

compared to CV or Linear Sweep Voltammetry (LSV) testing as the device is held at
the operating point, instead of temporarily entering the partially unstable voltage
region during cycling tests (as discussed in the works of Ruschhaupt et al. [252] and
Weingarth et al. [253]). Figure 5.13 shows the result of 90 hours of hold testing at the
two voltage limits. Both voltages see an initial drop after 10 hours before the 2.0 V
measurement plateaus above 70% capacitance retention for the remaining 80 hours,
with an ESR increase of <40%. After 1 week of relaxation the device was re-measured
and found to have retained 94% of the original capacitance, indicating the degradation
was not permanent and unlikely to be decomposition of the electrolyte. The 2.4 V
device however falls to an unstable plateau around 27% capacitance retention and a
360% increase in ESR, returning to a 54% capacitance after 1 week of rest. To the
authors knowledge the use of the voltage hold characterization technique is the first
for textile supercapacitors, and should be used more frequently within the
community. These tests showed that though the device can operate at 2.4 V, long term
exposure to this voltage level could have significant effects to the device’s lifetime and
the wearable technology it is attached to, whereas, the device appears stable if

operated up to 2.0 V.
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FIGURE 5.13: Capacitance degradation during voltage hold testing at 2.0 and 2.4 V
over a 90 hour period. The insert is the ESR of the devices characterized over the same

cycles as the capacitance. All values are the average of five cycles.

Finally, ageing was chosen instead of cycle stability (to assess the stability of the

electrolyte) as the effect of ageing is rarely characterized but has a more fundamental

effect on the device, and is more representative of the real world usage,

complementing the voltage hold testing. The device was tested after 1 day, 2 days, 1

week, 2 weeks, 1 month and 2 month intervals and between tests was stored in air.

The GCD results can be seen in Figure 5.14, and further EIS analysis shown in

Figure 5.15. It can be seen that the device was still operational after the two month

period, with a capacitance retention of 48%, while the coulombic efficiency fell from

97% to 88%. When this is compared to section 5.1 this is a vast improvement (> 19

times) as previous devices failed (zero capacitance) after only three days of being
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exposed to similar ageing tests. The equivalent series resistance was found to rise
from 56 () to 254 () over the period of investigation and suggests a partial dehydration
of the electrolyte, leading to an increase in resistance. This is supported by the EIS
measurements that show only a small increase in the initial resistance of the device
(the Z’ intercept) but a large increase in the electrolyte resistance. The high frequency
region of the EIS plot shows a depressed semi-circle, which is best modelled as a
constant phase element and resistor in parallel, sometimes referred to as a Cole
element. The CPEs impedance is seen in equation 3.8 with the acpr (0 < acpg < 1)
term representing the behavior of the device with 0 being a resistor and 1 an ideal
capacitor. Within the device this value dropped from 0.66 to 0.49 and the parallel
resistance rose from 39.4 () to 685 (). Though ageing is seen within the device, it is far
less catastrophic than that seen in previous studies and sets a good benchmark for
future electrolytes and TSC devices. The use of both ageing and voltage hold testing
are seen as complementary techniques and when combined give a greater

understanding of the electrochemical and temporal stability of the TSC.
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FIGURE 5.14: Normalised capacitance determined from GCD testing of a

TEABF,||PAM; device at 1 mA.cm~?2 at intervals over a two month period. The in-

sert (i) is the GCD trace on the first day versus that of the 57th day. Insert (ii) is the
ESR change over the two month period.
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FIGURE 5.15: EIS measurement for the TEABF,||PAM; device at day 1 and day 57.
The insert is a magnified view of the graph over the range 0 — 100 Q) with the fitting
model also shown on the figure.

Direct comparison with previous work of similar devices is important to validate the

absolute improvement in the device performance due to the electrolyte alone,

however, comparison with devices within the community is also required. Table 5.4

shows a detailed comparison with similar devices while Figure 5.16 benchmarks the

device against the results of the wider community, not just porous carbon devices.

Though similar devices achieved higher capacitances than the values reported in this

work, the energy densities were lower due to the exceptional performance of the

TEABF, ||PAM electrolyte compared to those used in the other works. From

Figure 5.16 it can be seen that the devices produced within this work are comparable

to the highest energy density devices seen in literature. It is only the work of Shang et

al. [254] and Yang et al. [113] that shows significant improvement but these make use

of soft hybrid scaffolding and multi-walled carbon nanotubes-reduced graphene

oxide (respectively). These are expensive techniques and materials compared to the

ones used within this study, questioning their viability for real-world devices.
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TABLE 5.4: Areal capacitance, energy density, power density and peak power density
for devices made from the TEABF; electrolytes compared to advanced devices seen in

the literature.

Reference Electrode Electrolyte Areal Energy
Material Capacitance Density
(mF.cm~2) (uWh.cm—2)
Yang et al. [80] Activated H,SO,4||PVA 85.4 7.6
carbon and
asphalt
Zhangetal. [79] | Activated KOH||PVA 153 212
carbon
Tan et al. [255] Carbon KOH 150 15
nanofibers
Cotton H,S0, 38 3.4%
Xiao et al. [78]
derived
porous
carbon
Cotton-flax H,S0, 97 8.6%
derived
porous
carbon
Activated TEABF, ||PAM 34.0P 18.9
This work
carbon
39.3" 314

« Calculated using the potential window 0.8 V., B Peak voltage of 2.0 V, I Peak voltage of 2.4 V.
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FIGURE 5.16: Ragone plot of high energy density textile supercapacitors. Data taken
from Liet al. [256], Xu et al. [257], Yang et al. [113], Choi et al. [105] and Shang et al. [254]

5.4 Conclusion

This chapter has presented a wide breadth of research covering electrolytes for TSC
applications. Within the chapter, a logical progression has been seen starting with
benchmarking of the ageing of a traditional aqueous electrolyte, followed by the
investigation of PVA-free benign electrolytes before finishing on the development of a
low hazard organic electrolyte. The work has continuously, and purposefully, stepped
away from common consensus within the e-textile community and has made use of

rarely seen characterisation techniques in a novel combination.

Section 5.1 benchmarked the performance of the laboratory level electrolyte used in
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chapter 4. Within this section it was shown that the electrolyte is unsuitable for future
TSC applications due to poor ageing due to dehydration of the electrolyte. As such,

the research was forced to move onto other options.

Section 5.2 investigated aqueous benign electrolytes inspired by the biomedical
research field. Four edible electrolytes were investigated, with the 1 M LoSalt®

2 at

electrolyte showing excellent performance with a capacitance of 25.7 mF.cm™
0.5 mA.cm 2. With the addition of x-carrageenan a gel electrolyte was develoepd with
a capacitance of 22.5 mF.cm~2 at 0.5 mF.cm 2 which was greater than that of the

original ADP||PVA electrolyte (21.0 mF.cm~2). Progression in performance of the TSCs

was seen but arguably not enough for the real world power module envisaged in

chapter 6 but certainly has some niche applications.

Finally, section 5.3 developed upon the previous sections, and by taking inspiration
from traditional supercapacitor research developed a low hazard, high voltage organic
electrolyte that can be produced in a one-pot methodology. Devices produced from
this electrolyte were found to have a capacitance of 34.0 mF.cm~2 and an energy
density of 18.9 uWh.cm 2, a 9x increase compared to the best results in chapter 4. The
use of voltage hold and ageing testing enabled the evaluation of a safe operating
window (2.0 V) and demonstrated the improved ageing compared to the ADP||PVA
electrolyte. This combination of measurements give far greater detail on the stability
of the devices (both electrochemically and temporally) compared to LSV or CV tests,

and should be more widely adopted by the community.

Though further work in this area is certainly required beyond this thesis, the research
within this chapter has answered or progressed all of the original research questions

laid out in chapter 1.
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Chapter 6

Practical Applications

The integration of TSCs into full e-textile systems is a paramountly important area of
research to enable the wider adoption of the technology. To better integrate the
devices into future systems knoweldge of how they will react under real-world

conditions and how compatible they are with the other systems within the e-textile.

This chapter presents simulated real-world testing (temperature and physical
deformation) and the effect it has on the electrochemical performance of the
unpackaged carbon-TEABF, devices. It is important to understand the performance of
unpackaged devices to give a benchmark to future encapsulation research and to
understand the performance in case of failure. It was found that the unpackaged
devices were still operation after 1750 mechanical bends and were still safe to operate

after both bisect cutting and puncturing.

Following this, the devices were integrated into a proof of principle energy harvester -
energy storage power module. When considering a real world demonstrator it is
important to have an application in mind. Many works have focused on movement
driven e-textiles, making use of triboelectric or ferroelectret energy harvesters for
sport or commercial markets. However, for this thesis, the target application is a smart
bandage for point of care treatment and monitoring in healthcare. As such, movement
will be limited, reducing the benefits of a mechanically induced energy harvesters.

Therefore, an RF rectenna harvester has been selected for this work. Though lower
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peak power than other harvesters, in a built environment such as a hospital, there are
an abundance of RF signals (routers, communications, etc) which can be harvested
while the patient is static, charging the supercapacitor while they are being monitored.
TSCs are seen as an advantageous energy store for such an application due to their
conformity to the body, breathability and integrated nature. Though packaging is out
of the scope of this thesis, it is imagined that only the active material would have to be
packaged, reducing the amount of non-breathable packaging as compared to a
traditional small pouch cell (the devices within this thesis are only 0.785 cm? each).
Additionally, if one were to use a small pouch cell then that is an additional discrete
component that must be integrated into the bandage, where discrete components are
challenging to attach to flexible substrates due to cracking at the joint [258]. The
manufacturing process of spray coating the textile (allowing high manufacturing
volumes with little modification to the process) is favourable compared to that of the
battery industry. For point of care treatment, e-textiles are seen as beneficial over
common place wearables such as a smart watch due to their lower cost, discretion for
the patient and integration. If a bandage or patch is already required then
functionalising the required medical device is favourable as compared to having to
attach another item to the patient. Additionally, e-textiles can be tailored specifically
to the required biomonitoring [259]. The work presented shows that a literature
leading efficiency was achieved through the integration of a flexible rectenna and
series of TSCs. This concept was progressed through to minimal viable product
through the use of the devices discussed in Chapter 5, with this power module

capable of powering a Bluetooth data transfer application.

The work within this chapter has been presented in-part in three

publications [171,260,261].

6.1 Durability

The durability of TSCs is rightly a concern for real-world applications. The device
must last at least as long as the lifetime of the garment it is integrated into.

Traditionally, the lifetime and "durability” of the device has been demonstrated
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elctrochemically through repeated cycling. However, external stresses (in the form of
bending, twisting or impact) on the device can also degrade the lifetime. Often, the
flexibility (and therefore implicitly the durability) is characterised through bending of
the device at various angles [80,103,114,127,142] or through bending

cycling [79,101,113,116,117,120,123,124,129,132,139, 141]. Manjakkal et al. [133]
stands out amongst the literature through the use of a bending radius, which not only
bends the device but also imparts an element of contact and abrasion not seen in

two-point bending tests.

This section presents the electrochemical results from a series of bending tests through
the use of a mandrel to mimic both bending and contact abrasion. Additionally to the
bending tests, samples were tested before and after cutting and puncturing. For
real-world devices it is imperative that the TSC is safe and will not catastrophically

fail in the case of mechanical damage.

6.1.1 Experimental

The devices tested in this section were prepared as described in Chapter 5. The
electrochemical properties were characterised via GCD testing set the peak voltage to
1.8 V. An Autolab potentiostat was used for the characterisation. This voltage was
selected to be under the normal operating window determined in Chapter 5 to remove
any potential measurement artefacts (or degradation) from the cycling.
Electrochemical testing was performed before and at intervals throughout the bending

process, up to 1750 bends, and 5 measurements were taken at each time.

The testing was all completed within one day, with no device being left half tested
overnight. It was decided to space out the testing to evaluate whether there was any
influence on the mechanical durability due to the time between manufacture and test.
As such, device 1 was tested on the day of production, device 2 was tested 2 days after
manufacture (kept within the electrolyte during this time) and device 3 was tested 1

month after manufacture (again, kept within the electrolyte during this period).
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The mechanical bending was performed using an in-lab bending set up (Figure 6.1).
The sample was housed within a stitched pocket and clamped at either end via to 3D
printed jaws. Within the pocket, the TSC was wrapped in a loose polymer film to
avoid any electrolyte wicking into the polyester pocket. One end of the textile pocket
was attached to a a sliding platform, which was driven by a stepper motor. The other
end was attached to a 100 g tension weight. The stepper motor was controlled through
a pre-programmed Arduino, which controlled the bending frequency to 1 Hz. The
travel of the sliding platform was set as to allow the TSC within the pocket to start and

end each cycle completely off of the mandrel. The mandrel’s radius was 10 mmm.

©

Polymer Film

S Textile
~ ‘ Supercapacitor /

:

Stitched Pocket

Polyester

FIGURE 6.1: Images and schematic of the test set up for the mechnical bending. (A)

Front view of the 10 mm radius mandrel and attachment point. (B) Loaded test rig

detailing the stepper motor, 100 g tension weight and Arduino control board. (C)
Schematic of the stitched polyester pocket used to house the TSC during bending.

To evaluate whether mechanical damage would lead to a catastrophic failure, one
sample was initially tested before being cut in half and then half again, testing each
time with the same testing regime as the bending test, though the charge/discharge
current was changed to maintain a nominal 1.5 mA.cm™ current density. A second
sample was then punctured with a laboratory pick, with a conical frustum shaped tip.

The sample was characterised before and after puncture.
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(A) ®)

FIGURE 6.2: Images of the cut and punctured devices characterised during the safety

investigation. (A) The half and quarter samples post cut in reference to a pristine

reference TSC, samples are 10 mm diameter. (B) Punctured sample with the tip of the
pick clearly protruding through the sample.

6.1.2 Results

The capacitance degradation of the three samples can be seen in Figure 6.3. On
average there is 20% drop in capacitance over the first 50 bending cycles and a 40%
drop over the first 200 cycles. After this the capacitance degradation plateaus before
falling below 50% after 1750 cycles. This is matched by an increase in R/Rq from 1 to
1.2 after 50 cycles and 2 after 200. After 1750 bending cycles R/Rg was 3. The initial
loss in performance is attributed to a shearing of the outer layers of carbon from the
bulk electrode. This is supported by the images taken before and after bending
(Figure 6.4) where the carbon has smeared into the pristine fabric surrounding the
deposited electrode. However, the carbon that seems to separate from the bulk of the
electrode is not lost but seems to form new conductive paths, hence the chaotic nature
of the results (particularly seen in device 3, after 250 cycles). It is additionally
interesting to note that though all three devices share similar initial performance (with
a starting capacitance variance of =1 mF.cm) and overall trends, they behave
differently, implying that the detachment is not at a specific region of the electrode and
further work is required to fully elucidate the mechanism. This would take the form of
a batch to batch study, including a larger number of samples that was out of scope for

this thesis. With the larger sample size more physical analysis could be undertaken
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and the statistical relevance of unusual devices (such as device 2 can be established.
This phenomena is similar to the results seen in Chapter 4 where the 6-layer electrodes
seemed to not make use of all of the available active material. It is postulated that the
inner layers form a coherent and well bonded electrode network, while the outer
layers of carbon form a more fragile network which is easily detached during

mechanical stress.
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FIGURE 6.3: Capacitance degradation over 1750 mechanical bending cycles. (A) Ca-

pacitance degradation for device 1, 2 and 3 (dashed) and the average of all three de-

vices. The error bars are the standard error of 15 measurements at each point. (B) The
GCD traces for the original device and then after 1750 bending cycles.

FIGURE 6.4: Pre and post images of one of the TSC’s under test. In (A) there is a
clear ring of pristine textile while in (B) that is no longer clear. Devices are 10 mm in
diameter.

When the bending results are compared to literature they fall below the reported

values. For example, in the work of Karami et al. [139] the device lost 11% of its
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capacitance over 1000 bending cycles and in the work of Yang et al. [113] the
capacitance rose after 10,000 cycles. However, it is important to note that the device
developed by Yang was packaged whereas the device tested within this thesis was
purposefully unpackaged, to gain an understanding of the inherent durability of the
device. There is also a certain level of confirmation bias as only a subset of the
publications seen in the literature quote bending results, leading to a comparison
against the very best devices and not all devices. It is also challenging to compare the
results from one bending test to another without replicating the conditions of both. It
is the opinion of the author that a mandrel based bending test is more akin to the wear
seen in real-world devices but more work is required to understand the differences

between the testing set ups.

What this measurement has demonstrated is that the TSCs developed as part of this
thesis can maintain operation in excess of 1750 bending cycles in their unpackaged
form. Future work should develop packaging solution that limits this degradation
through the application of compression [262] to maintain the integrity of the inner and

outer electrode structure.

The cutting and puncture testing can be seen in Figure 6.5. All of the devices are seen
to remain operational even after significant mechanical damage. The drop in
performance during the cutting (16% for the half and 41% for the quarter) is attributed
to stresses caused during the cut and an imprecise estimation of the actual surface
area. The device that was punctured was still fully operational, demonstrating that the
single layer design is resistant to carbon migration and subsequent short circuits

during extreme mechanical damage.
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FIGURE 6.5: Electrochemical results pre and post cutting and puncturing. (A) Shows
the results of the full device, cut in half and cut into a quarter. (B) Shows the results of
a TSC before and after being punctured.

Testing of this kind is relevant for wearable devices that are likely to be exposed to
environmental conditions which could cause such damage. The flexibility of textiles is
a great advantage, however, the lightweight nature and flexibility makes it prone to
damage and integrated TSCs must be shown to not catastrophically fail upon such
damage. Within the literature, there is little documented research into the reliability of
devices under extreme mechanical conditions. Wang et al. [263] stand out as their work
does include cutting and puncturing. Their cuts, however, did not bisect the device.
The puncture testing was also done with a fine needle (~60 ym) and was to evaluate
the enhancement of breathability of the device, whereas in the aforementioned testing
in this section the puncture testing was to evaluate mechanical resiliency. It is clear

that more resiliency and safety testing is required within the community.

6.2 Temperature Stability

TSCs must be able to operate whereever the end user wishes to go. As such, the device
will face different environmental conditions and must be able to still deliver the
power management for the e-textile. In this section the temperature stability of the
carbon-TEABF, devices is characterised using a modified Swagelok test cell. The

devices were tested from room temperature up to 60°C to expose the devices to
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temperatures well in excess of anything expected within real-world use. Unlike
aqueous electrolyte based devices, which improve their electrochcemial performance
with increasing temperature due to a reduction in charge-transfer resistance [264],
organic electrolytes are shown to degrade with elevated temperature [265].
Considering the proximity to the human body (and its radiative heat) and the desired
application of in-door use, near to an RF energy source (for built environment and
office/work/military platform applications) characterisation below room temperature

was not considered.

6.2.1 Experimental

The devices were produced as detailed in Chapter 5 and underwent the same
electrochemical testing as detailed in section 6.1. The temperature measurements were
made with a customised Swagelok cell (Figure 6.6) which allowed a thermocouple to
be placed on the surface of the device during test, allowing for in-situ characterisation.
To achieve this, a small hole was drilled through the length of the shortest current
collecting rod, allowing the thermocouple to reach the interior of the test cell. Any gap
was then sealed and the thermocouple secured in place. The customised Swagelok
was placed within an oven and the temperature ramped slowly to allow for
stabilisation. The temperature was held at each testing temperature and the device
was allowed to soak for 10 minutes at the testing temperature (measured at the

surface of the device) prior to testing.
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FIGURE 6.6: Testing rig for elevated temperature testing. The device is placed in the

customised Swagelok (blown out CAD representation at the bottom of the image) and

then put within the oven to ramp the temperature. The GCD characterisation is per-
formed while the device is held at the testing temperature.

6.2.2 Results

The electrochemical results are shown in Figure 6.7. There is seen to be 0.23%/°C

degradation from room temperature to 60°C. There remained a <5% change up to

45°C. It was also observed that there was a small 1.5% hysteretic change when the

device was allowed to return to room temperature. This suggests that there was

damage done to the device. However, 60°C was purposefully chosen as an extreme

temperature for e-textiles and it is expected that under normal conditions this

permanent degradation would not be present. For specialist high temperature

applications further work is required to fully understand the impact of elevated

temperatures on the lifetime of the device.
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FIGURE 6.7: Electrochemical results at elevated temperatures. (A) Capacitance degra-

dation at elevated temperatures normalised to the results at room temperature. Each

point is the average of 5 measurements, with an error of +0.01 for the normalised

value calculated from the standard deviation. (B) Insert showing the GCD curves for

the room, 60°C and return to room temperature. They compare well, showing only a
small degradation at extreme temperature conditions.

6.3 Proof of Principle Textile Power Module

Durability and safety are key considerations for practical e-textiles, however, so is
compatibility and system integration. Within this section and section 6.4 the TSCs will

be incorporated into power modules.

E-textiles need a reliable power source, disconnected from permanent connections and
ideally self powered. Ideally, this power source should be compact, limiting the

inconvenience to the end user. As discussed in Chapter 2 there have been a number of
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designs for an e-textile power modules, including ferroelectric [154] and micro-fuel
cells [178]. However, by far and away the most prevalent format seen within the
literature is to pair a triboelectric energy harvester with a TSC [102,124,158,163]. For
movement based applications, such as a runner’s clothing, a triboelectric-TSC power
module makes a lot of sense. However, not all applications have sufficient movement,
or any movement at all, and generation would be low. Additionally, the output signal
from triboelectric devices is transient and more components are required to
sufficiently harvest the energy. For applications in the built-environment or immobile
applications (such as in hospital or movement impaired individuals) a ready source of
stray power to harvest is in the form of sub-GHz radiation from applications such as
wireless networks. In an office or workplace environment, this would enable energy

harvesting while stationary.

As such, a textile power module based upon a rectenna-TSC is presented. The
appropriately designed rectenna is compact and can provide continuous power for the
wearable application. The TSC acts as a power reservoir, accumulating the harvesting
power before delivering it to the application. This is especially important for higher
power applications or for devices which require a higher voltage for operation.
Additionally the TSC can act as a supply-and-demand buffer in the case of lost
harvesting due to misalignment, range or body shadowing [266,267]. The
combination of flexible rectenna and energy storage is not new, with examples
charging lumped supercapacitors/capacitors [268,269]. However, these systems
require a Power Management Integrated Circuit (PMIC) which are made from a large
number of lumped components (Okba et al. [270] and Assimonis et al. [271] both
required >20 components, Li ef al. [269] needed ~23 and Zhao et al. [272] needed
~45). This number of lumped components and the use of an integrated circuit are not
conducive to wearable applications. As such, a first all textile system is proposed with

a flexible rectenna and TSC

The proposed rectenna is a meandered monopole-Coplanar Waveguide (CPW)
antenna and a voltage doubler rectifier, connected to a series of carbon based aqueous
TSCs. The antenna and rectifier design is out of scope of this thesis and will be treated

as a black box charging source. Technical characterisation will only be reported where
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the device connects to the TSC. More details of the design of the antenna and rectifer

are presented in [170-172].

6.3.1 Experimental

TSC fabrication

The TSC were produced via the procedure discussed in Chapter 4 and were found to
have a mass loading of 2 mg. The cells in this power module are connected in series
and will be self balancing, with no external circuitry. As such, each TSC was printed
on separate plain woven cotton substrates to allow for device replacement in case one
of the devices did not match the performance of the others. The electrolyte selected for
this prototype was a fluidic 0.5 M ADP electrolyte. It was decided to not add a
polymer to the electrolyte for this trial to mitigate any complications due to increased
resistances. The electrolyte was impregnated into the electrodes through vacuum
impregnation. Each device was immediately stored within a Swagelok test cell to
guarantee the long term stability of the devices, limiting any time-variant effects that

may have jeopardised the characterisation.
TSC Characterisation

The TSCs were characterised via GCD. The single TSC’s were characterised at 0.25 -
2mA.cm? (0.2 - 1.6 mA, which corresponds to the anticipated DC output of the
rectenna for various power levels) with a cut off voltage of 0.8 V while the series
connected cells had a 2.4 V cut off voltage. All measurements were performed using a

Solartron 1470E Cell Test system.
TSC Chargeability Characterisation

Typical rectifiers are characterised using a resistive load, however, the TSC presents a
resistive and capacitive load and it was important to characterise the chargeability of
the system, s-parameter (S11) and the charging efficiency of the rectifier-TSC. Sy; is the
single port reflection coefficient and represents how much power is reflected, and
therefore not transmitted. The characterisation of the RF charging, S1; and charging

efficiency were all performed with a 50 (2 RF power source (to match the rectifier) and
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Rhone & Schwarz Vector Network Analyser (VNA). This means the power source
uncertainty is ~0.1 dB [273]. The VNA was swept across power levels of -4 - 14 dBm
(dBm is decibel-milliwatts and equates to 0 dBm = 1 mW). The VNA was in
continuous wave mode with a frequency of 10 Hz, leading to the TSCs being charged
with a pseudo-10 Hz square wave after rectification. The TSCs were charged up to a
cut-off voltage of 2.9 V (the peak voltage was kept significantly below the 3.6 V
breakdown voltage as no protection circuit was present to prevent overcharge) or for
180 s, whichever was first. The devices were subsequently discharged across a 1 M()
load, resulting in a ~2 yA current draw to replicate the current draw from a
low-power micro controller in sleep mode [274]. The charging efficiency (or Power

Conversion Efficiency (PCE)) was calculated from equation 6.1.

CV?2 | 1
PCEcharging = 72’%” X n X Pr (6.1)

where C is the capacitance, Ve, is the peak voltage, t is time and Pgg is the available

RF power.

It is important to clarify the relevance of PCE as an appropriate figure of merit. The
PCE is the characterisation of the the efficiency of the available power to be transferred
to the supercapacitor. For example, when connected to the VNA, the PCE shows the
efficiency of the rectifier to take the power and transfer it to the supercapacitor (taking
into account the inefficiencies of the rectifier and of the supercapacitor, along with any
change of impedance). For measurements at distance (as seen in sections 6.3.2 and
6.4.2) the efficiency is not calculated from the source power (an end-to-end efficiency)
but from the available radiated power at that distance, which is discussed later in
equations 6.2 and 6.3. Varying the power from the VNA in the initial experiments is
used to mimic the likely power seen at distance to validate whether the power module
will work function away from an RF source. The use of this PCE as a figure of merit is

widely used in the RF harvesting community [170,275-280]
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FIGURE 6.8: Wireless characterisation set up with the 915 MHz Powercast set up at
varying distances from the rectenna held within a textile pocket. Image taken from
[171]

Frequency Dependence Characterisation

Though the wireless charging was intended to be performed at 915 MHz, there are a
number of other potential frequency bands of interest to the wider RF community,
including 940-960 MHz GSM (Global System for Mobiles) and 4G/5G bands down to
700 MHz as well as the 868/915 MHz ISM (Instrument, Scientific and Medical) band.
As such the charging efficiency across a frequency band is characterised with a RF
source. The TSC is charged for 10 s at both 5 and 10 dBm and the charging efficiency

and peak voltage recorded.
Wireless Charging Characterisation

For the wireless charging tests, a 915 MHz 3 W Effective Isotropic Radiated Power
(EIRP) Powercast transmitter was placed at varying distances (1.1 - 4.2 m) from the
rectenna, Figure 6.8. The rectenna was housed within a textile pocket to establish

real-world conditions. The TSC were then charged to 2.9 V and the time recorded.

6.3.2 Results

Electrochemical Results

The GCD results are presented in Figure 6.9. The individual TSCs were found to have

capacitances of 19.6, 19.3 and 20.6 mF.cm™? characterised at 1 mA.cm™. The series
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connected devices was found to 7.6, 7.4, 7.2, 6.9 an 6.7 mF.cm™ at discharge currents of
0.25,0.5, 1,2 and 3 mA.cm™ respectively. This is a capacitance degradation of 12%
across the range of characterisation. There is seen to be an ESR of 71.9 (), calculated
from the initial voltage drop at discharge and the discharging current. The capacitance
of the three series supercapacitor module is higher than expected from perfect
series-connected capacitors and implies some balancing is taking place during
charge/discharge. However, from Figure 6.9 (A) the devices behave broadly as

expected when connected together, with no significant variation in the cycle time.
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FIGURE 6.9: GCD results for the series connected TSC used in the prototype power

module. (A) A comparison of the GCD measurement at 1 mA.cm™ charge/discharge

current density for a single TSC and the three connected in series. (B) Full characteri-
sation measuremenst for the series connected TSC module.

Charging Results

The charging of the TSC at varying power levels is presented in Figure 6.10. For
power inputs >0 dBm the peak voltage of 2.9 V can be reached in <180 s. The jagged
lines seen in Figure 6.10 (B) is due to the non-continuous input from the rectified
system. In the "off” periods the TSC slightly discharges due to the TSC’s charge
redistribution [183]. Upon discharge across the 1 M() resistore the discharge curves

are very shallow and maintained a voltage level >1.5V for >180 s.



6.3. Proof of Principle Textile Power Module 139

30 (A) 30 (B

2.5 25

g

=)
g
=)

Lo
o

Capacitor Voltage (V)
5

Capacitor Voltage (V)
(%]

-4 dBm
—— -2dBm
—— 0dBm 0.5
—— 2dBm

- 4dBm

0.5

0.0

0 20 40 60 8 100 120 140 160 180 0 5 10 15 20 25 30 35 40
Time (s) Time (s)

FIGURE 6.10: Charging curves of the series TSCs by the rectifier at varying power

levels. (A) Charging curves at power levels <6 dBm, with -4,-2, 2 and 0 dBm power

levels unable to reach the cut off voltage of 2.9 V. (B) Charging curves for power levels
>6 dBm

From the data presented in Figure 6.10 the PCE could be characterised using
equation 6.1 and is presented in Figure 6.11. For the time, t, 30 s was used for power
levels <8 dBm so as to remain in the linear charge region of the curve and to negate
erroneous effects caused due to self-discharge of the TSC. For power levels of 8 dBm
and above, the time taken to reach 2.9 V was used. It is seen that the rectifier-TSC
maintains a charging efficiency >20% from -2 to 8 dBm (with the trend implying this
would remain at 9 dBm). The loss in efficiency is attributted to impedance mismatch
at the connection between the rectifier and TSC and the rectifier approaching the
diode’s breakdown voltage for power levels above 8 dBm. As discussed previously,
the characterised PCE is expected to be lower than in the real-world test due to the
intermittency of the 10 Hz square wave, and the values in Figure 6.11 are seen to be
lower boundary estimates for the true chargeability. The TSC can be charged to 1 V in

30 s with power levels as low as -2 dBm.
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FIGURE 6.11: The measured voltage and PCE of the rectifier-TSC at varying power
levels.

The PCE for the rectifier-TSC is seen to be lower than when the rectifier is connected to
a purely resistive load [171]. This is not surprising when one considers other works
looking into capacitor connected energy harvesters show a similar trend [170,269].
However, it does warrant further investigation. The S;; parameter was characterised
at 0 dBm and the equivalent load seen by the rectifier found by calculating the
changing current (I(t)) from equation 3.1, with the results presented in Figure 6.12. It is
assumed for this calculation that all of the current drawn by the TSC induces a voltage

change.
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FIGURE 6.12: Characterised Sq1 of the rectifier while charging the series connected
TSCs at 0 dBm. (A) The S1; parameter and equivalent load, Z, seen by the rectifier at
0 dBm. (B) The equivalent load during the first 1.5 s of charging.
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At the beginning of the charge (Figure 6.12 (B)) the only load seen by the rectifier is the
ESR of the TSC. In this measurement the ESR is seen to be 74 (2, matching closely the
71.9 Q) characterised from the GCD measurement. Upon charging, the current draw
begins to change, significantly increasing the load seen by the rectifier. This load
quickly reaches the optimal load for the rectifier and remains within this region for
~55 s. This is seen by the reflection coefficient, Si; being below -10 dBm between 5
and 60 s (at -10 dBm the reflected power is less than 10%). After 60 s the charging of
the TSC is reaching the maximum and the current draw is small, resulting in a large
equivalent load and an increase in reflected power. Though this variation in load
could be mitigated through the use of maximum power point tracking with an
integrated circuit, this would limit the efficiency of the system and is not required in

this instance.
Frequency Sweep Results

The frequency response of the rectifier-TSC is presented in Figure 6.13. The capacitor
voltage after 10 s and the charging PCE are shown. At 10 dBm input power the TSC
can charge to at least 1 V up to 1600 MHz and 0.5 V for 5 dBm. For frequencies above
700 MHz the half-power bandwidth (centre frequency = 1050 MHz) is found to be
~73%, during the period of testing. When this is compared to the half-power
bandwidth found from when connected to a resistive load (57% [171]) the direct
connection of the rectifier to the supercapacitor is seen as beneficial and this system

could cover the full frequency range discussed in section 6.3.1.
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FIGURE 6.13: Frequency response of the rectifier-TSC. (A) Voltage over the TSC after
10 s of charging. (B) PCE of the rectifier-TSC. The system exhibits a 73% half-power
bandwidth.

Distance Measurement Results

The characterisation of the full rectenna and TSC is presented in Figures 6.14. The
power density, S, seen by the rectifier at the different distances is 19.7, 7.4, 4.9 and

1.35 uW.cm? at 1.1, 1.8, 2.2 and 4.2 m respectively, calculated from equations 6.2 and 3.

EZ
S = 120 (6.2)
£ - YOOPLGy 6

where S is the power density, E is the electric field, Pr and Gr is the transmitters

power and gain and d is the separation. 1207 is the free space impedance, Z,.

At the highest power density (1.1 m) the TSC charged in 45 seconds, while at 4.2 m the
device is charged to 1.5 V in 4 minutes. The subsequent PCE are presented in

Figure 6.14(B). It is seen that the peak efficiency is 38% at a distance of 1.8 m. At 1.1 m
the power available is greater than 10 dBm, resulting in the rectifier having to
operating in its breakdown region. At 4.2 m the efficiency drops to 17%, showing that
even at the low power levels/larger distances the power module could still harvest

energy successfully.
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FIGURE 6.14: Charging curves and PCE of the rectenna-TSC at a range of distances
with a 915 MHz 34.77 dBm Transmitter as the source.

6.3.3 Discussion

It is seen that the TSC is compatible with the rectifier, ad considering the time variant
load seen throughout the charge cycle demonstrates a good bandwidth response
across a range of input frequencies. The initial characterisation of the rectifier-TSC
presents a lower limit to the PCE due to the "off” periods in the rectified square wave
input to the TSC. This is evidenced by the superior PCE during the wireless testing.
The initial measurement is, however, still important as the use of the VNA gives a
calibrated evaluation of the performance and ability to characterise the S;; while
charging and acts as a good benchmark of the performance expectations of the final

device.

When the power module is compared to the literature the 38% PCE and ability to
charge the TSC to 3.2 V (28.7 m]) in under 2 minutes stands out amongst the e-textile
energy harvesting community, especially considering the simplicity of the design. A
comparison to some of the current literature is presented in Table 6.1. The device
presented here is the only reported e-textile that can harvest mJ from yW.cm™ power

densities in under 4 minutes.
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TABLE 6.1: Comparison of e-textile (or e-textile adjacent) power modules

Work Energy Energy Storage Substrate S (uW.cm2) Charging Capacitor

Harvester Time Voltage (V)
(minutes)

[268] Sub GHz Supercapacitor PCB 12.6 6 1.9 (12.6 m])
Rectenna

[269] Sub GHz Capacitor PCB 23.8 0.02 4(0.12 mJ)
Rectenna

[281] 2.4 GHz Capacitor Printed 0.8 3 1.5 (0.11 mJ)
Rectenna Enclosure

[272] Sub GHz Battery PCB 31.8* 50 0.71
Rectenna (490 m])

[154] Ferroelectret TSC Textile 31 uWt 60 0.4 0.16 mJ)

[163] Triboelectric TSC Textile yarn 8.5 uWt 1.7 1.1 (0.1 mJ)

yarn
This Sub GHz TSC Textile 7.3 1.8 3.2 (28.7 m])
Chapter Rectenna

* Calculated, T Instantaneous DC Power

6.4 Co-Design of a Full Power Module and Application

The power module discussed in section 6.3 demonstrated a first of its kind
combination of flexible rectenna and TSC, achieving an impressive end-to-end
efficiency. The work demonstrated the advantages of directly connected the rectenna
to the supercapacitor and was comparatively simple in its construction compared to
similar systems. However that is not to say that the design is without flaws. For
example, the voltage limit of the aqueous electrolyte will always impair its real world
use. A significant number of TSCs would be required in series to reach a voltage that
could be used for a wide array of applications. This would subsequently reduce the
energy storage potential and would add complication as a balancing circuit would be

required, whereas in section 6.3 self balancing was sufficient for a string of three.

As such, an enhanced rectenna-TSC textile power module was proposed with two
organic electrolyte TSCs (from Chapter 5). This TSC system can be charged to 4.8V,
and very safely charged to 4 V, sufficient to power a Bluetooth Low Energy sensor
node for more than 100 s. The power module is also tested with a second far-field
antenna (disc) and the use of a near-field wire antenna is demonstrated, with the stray

signal from a walkie-talkie sufficient to charge the TSC to 4 V in <25s.
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6.4.1 Experimental

TSC Fabrication

The TSCs were fabricated as discussed before. The electrolyte was a 0.5 M
TEABF,4-PAM organic electrolyte. 0.5 M was selected to enable fairer comparison with
the results from section 6.3 and a polymer was used to form a gel electrolyte to best
replicate what would be required in a real-world device. Due to the increased voltage
operating from the use of the organic electrolyte, only two TSCs were required to be

produced for the power module.
TSC Characterisation

The TSCs were characterised via GCD testing up to a Vpeak of 4.8 V at current densities
0.25,0.5, 1,2 and 3 mA.cm™ and CV characterisation across the voltage window of 0 -
4.8 V at scan rates of 5, 25, 50, 100 and 200 mV.s™!. Due to the long term capacitance
loss seen when operated at 2.4 V for extended periods in Chapter 5 the CV

measurements were performed to establish the stability of this TSC module.
TSC Chargeability Characterisation

Due to the different electrochemistry of these TSCs compared to the ones in section 6.3
it was required to evaluate the chargeability of the TSC by the rectifier. This was done
in a similar manner to the previous testing with the rectifier connected to the VNA via
a matched 50 () load and the TSC directly connected to the rectifier. A sweep of
powers (from -16 to 15 dBm) was then performed, again with the signal reaching the

TSC being a rectified pseudo 10 Hz square wave.
Wireless Testing

The wireless testing for the far-field rectenna (meander and disc) were performed
using the same 915 MHz transmitter as previously. The meandered monopole is the
same as in section 6.3 and technical details of the disc monopole can be found in [170].
The rectenna was placed 1 m from the source (S = 23.9 yW.cm™) and connected to the
TSC. The TSC was subsequently connected to the Bluetooth sensor node. The node

was based on a microcontroller and the Bluetooth Low Energy transceiver system and
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was purchased from Texas Instruments. A cold-start circuit based on two XC61C
voltage monitors and a latch switch MOSFET was included in the circuit. Though for
this demonstrator these were placed on a rigid development board, examples of fully
flexible solutions have been seen in the literature [282] and could be implemented for
future applications. The transmitter was programmed to transmit every 1000 ms, at a
power level of 0 dBm (enough to communicate up to 100 m). The voltage was
monitored across the TSC and the current draw from the sensor node was monitored
across a 10 () sense resistor. Each test consisted of an RF charging period, followed by
a brief pause before connecting the sensor node. Following the electrochemical

characterisation discussed below, the TSCs charge will be limited to ~4.1 V.

For the near-field test a Walkie-Talkie was positioned ~ 12 cm (to mimic realistic
conditions) from the wire antenna and the same monitoring was performed. Charging

was performed by manual depression of the Walkie-Talkie’s speak button.

6.4.2 Results

Electrochemical Results

The GCD and CV results can be seen in Figure 6.15. The series connected TSCs were
found to have an areal capacitance of 18.0 mF.cm™ at 0.25 mA.cm, falling to

14.3 mF.cm.cm™ at a current density of 3 mA.cm™. The ESR was determined to be

149 ().The CV show square like profiles, however, some minor peaking is observed
towards the higher voltage. As such the wireless charging was limited to ~4.1 V in the

following tests.
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FIGURE 6.15: Electrochemical performance of the the series connected 0.5 M TEABF,-
PAM TSCs. (A) shows the GCD results from 0.25 - 3 mA.cm™ charge/discharge cur-
rent densities. (B) CV traces at varying sweeprates from 5 to 200 mV/s.

TSC Chargeability Results

The chargeability of the TSC by the rectifier is presented in Figure 6.16. The peak PCE

is seen to be 28% which is larger than that observed in the aqueous based power

module. The TSC is also possible to charge with input powers as low as -16 dBm,

reaching a voltage of 0.05 V (18 u] of energy) within 30 s of charging. At a power input

of 10 dBm, the TSC was able to be charged to 3.4 V (82 m] of energy accumulated) in

30 s.
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FIGURE 6.16: PCE and voltage (at t=30 s) for the rectenna-organic electrolyte TSC
power module across a power range of -16 - 16 dBm. The voltages for >12 dBm have
been ommitted as they reached the cut off voltage before 30 s
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Wireless Testing Results

Prior to full wireless testing the rectifier was connected to the Bluetooth node directly,
without the TSC. During open circuit the rectfier could deliver 8 V however as soon as
the load was started the voltage fell below <1.8 V, meaning the Bluetooth node could
not operate. This quick assessment displays the importance of the TSC in the power

module.

The wireless charging of the TSC by the meandered and disc monopole is presented in
Figure 6.17(A) and 6.18 respectively. It can be seen that both rectennas easily charge
the TSC to >4 V in 83 and 88 s for the meandered and disc monopoles respectively.
The final cut off for the tests was 4.2 and 4.1 V. The calculated PCEs were calculated
from equation 6.1 and was found to be 46% and 45% respectively. This remarkable

efficiency is greater than that seen in section 6.3 and the wider community.
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FIGURE 6.17: The voltage across the TSC during charge and discharge and the current
drawn by the load during operation for the meandered monopole-TSC power mod-
ule. (A) Charge and discharge voltgae and current. (B) Capacitor voltage and current
drawn during start-up. (C) Two duty cycles of the node, during operation. (D) System
shutdown following the fall of the capacitors voltage below 1.8 V.
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FIGURE 6.18: The voltage across the TSC during charge and discharge and the current
drawn by the load during operation for the disc monopole-TSC power module.

It was observed that the TSC could subsequently power the Bluetooth node for 108 s
and 121 s for the meandered and disc rectennas. The different powering times is
attributed to the slightly differing peak voltages reached during the charging stage.
The ratio of charge time to power time shows a favourable duty ratio, with the charge
and discharge being of comparable lengths. In Figure 6.17(B) the current and voltage
during switch on can be seen. There is a large (nearly 30 mA) transient current draw
which drops the TSC’s voltage below the operation voltage of the Bluetooth node
(1.8 V). However, given the transient nature of the pulse, the current draw returns to
the more manageable level of 6 mA rapidly. The TSC was able to handle this pulse
with the voltage returning to the voltage level proceeding the current draw (curve to
the right of current pulse in Figure 6.17(B)) due to the charge redistribution

characteristics of the porous carbon electrodes.

The pulses seen in the current data are the data package transmission periods,
drawing ~6 mA. In Figure 6.17(C) two of these pulses are shown, with the time
interval of 1000 ms. The data could be received by the receiving mobile two offices

away from the laboratory, or approximately 30 m away:.

As the voltage of the TSC approached 1.8 V a ringing can be seen in the voltage and
the current, Figure 6.17(D). At the boundary of the voltage switch on level, the
Bluetooth node attempts to start but the current draw drops the voltage below 1.8V,
thus not turning on and the TSC voltage returns to a higher level which in turn allows

the node to try to start up again. This repeats in a damped oscillation fashion until the
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voltage permanently falls below 1.8 V. However, it must be noted that while unloaded
the voltage across the TSC will remain at ~1.8 V for a while, only discharging through
self-discharge of the device. This will enable subsequent charges to be quicker,

resulting in a better duty-ratio for subsequent charge/discharge cycles.

The final experiment for the TSC in a power module was with a wire based rectenna,
operating in the near-field driven by the signal from a walkie-talkie. Due to the
complexities associated with near-field propagation, rigorous analysis was not
performed and the results are presented (Figure 6.19) as a demonstration of capability
only. Three charge-discharge cycles are performed. This is representative of an
individual making a number of subsequent communications across the walkie-talkie,
for example giving and receiving instructions for the police/fire service. The first
charge to ~4 V took 21 s with the subsequent charge taking 10 s. The TSC could then
power the Bluetooth node as previously. One could readily think of an application
where data from an individual would need to be sent (health, temperature, etc.) and
they would be using a walkie-talkie like device, such as the fire brigade when they are

at the scene of a fire.
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FIGURE 6.19: Charge discharge cycles of the near-field power module, powered by
close proximity to a walkie-talkie during transmission

6.4.3 Discussion

The power modules produced with the organic TSCs have shown excellent
performance, being able to be charged from a number of rectenna configurations,

withstand the initial current spike from the Bluetooth node and then power the node
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for >100 s. Very little difference is seen in the performance of the power modules in
terms of performance. However, one must consider the end use of such a power
module and the size and weight of any textile power module will effect the final
product. To enable a fairer comparison of power modules a new figure of merit is
proposed [261] which takes into account the area of the power module. The Power

Harvesting Efficiency (PHE) is defined as:

2
pup_ Poc V11
S-APhysical 2 t S'AphySiCﬂl

(6.4)

where Ppc is the rectenna’s DC power output, S is the incident power density and

APhysical .

The meandered monopole has an area of 4.55 cm? and the disc monopole has an area

of 124 cm?. This led to a PHE of 13.2 and 0.47 respectively.

6.5 Conclusion

This chapter has presented research into the durability and safety of the TSC and their

integration into a textile power module.

While employing testing methodologies with bespoke apparatus, the mechanical and
thermal stability of the TSC was characterised. It was seen that the device was still
operational after 1750 bending cycles, with a capacitance degradation of 50%. The
thermal stability from room temperature to 60°C was evaluated to be -0.23%/°C. The
devices were also seen to still be operational after both cutting and puncturing

damage.

Two textile power modules were produced using a rectenna as the energy harvester
and the TSC as the energy storage. The first system, based upon an aqueous
electrolyte, was able to be charged to 3.2 V (31 mJ) in under 4 minutes at distances up
to 2.2 m from a 915 MHz 3 W EIRP source. An PCE efficiency of 38% was found. This

was then improved upon by making an organic TSC power module. In this work, the
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power module was able to charge to > 4V in <100 s and was able to power a
Bluetooth node for in excess of 100 s before another charge was required. The PCE
efficiency of this power module was determined to be 45%, making it a literature

leading e-textile power module.

From an practical application perspective, the ability to power a Bluetooth data
transmission protocol (the largest power share in wireless sensing technologies [259])
for in excess of 100 s is certainly long enough to transmit the required medical data to
a centralised monitoring hub or warning system. Also, when state-of-the-art e-textile
biomedical sensors are reviewed the voltage, and power and energy densities are
found to be applicable for the later adoption into a full biomedical smart bandage.
Electrochemical transistor based textile moisture sensors are seen to require less than
1V for an operating voltage [259] which can be readily delivered by this power
module. Mattana et al. [283] developed a capacitive woven moisture sensor that
utilised an AD7150 capacitive converter which only required 2.7 V at 100 yA. This
system could also enter sleep mode, enabling pulsed characterisation. In the work of
Yamashita et al. [284] a moisture sensor system was powered by a microbial fuel cell.
In this example the sensing and data transmission required only 3.06 ], 4 orders of
magnitude lower than the energy stored within rectenna powder TSC after less than
100 s of charging at a distance of 1 m. A higher power example seen in the literature is
the work of Xu et al. [285] who developed a graphene base moisture sensor system
that was demonstrated using an NFC NT3H211 chip and embroidered coil as the
power source. This was estimated to harvest 6.2 mW. With appropriate low power
circuit design and physical scaling of the TSCs the proposed power module could

deliver the required power for the system.
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Chapter 7

Conclusions

This thesis has presented the technological development of a single layer all-carbon
textile supercapacitor from a laboratory concept to a device capable of integration into
a textile power module capable of power a real-world device. Simple production
methodologies and commercially available materials were used throughout the work,
enabling seamless scale-up, compatible with the textile industry. This practical
minded approach has challenged some of the commonly held views within the
e-textile community and the use of a wide range of characterisation techniques has
shone a light on the performance of the these devices, as well as challenged the

community to adopt their use.

Commercially available activated carbons were evaluated as the active material for the
electrode ink with the ratio of active material and conductive additive optimised. The
YP80-F activated carbon at a ratio of 9:1 (weight ratio of active material to additive)
was found to be the optimal formulation. The pore size distribution of this carbon was
found to match the ion size of the electrolytes well, with the mixture of micro and
meso pores enabling good energy and power densities. This ink can be simply
implemented via a spray deposition methodology to achieve a single layer
supercapacitor within a cotton substrate. Areal capacitance of 23.6 mF.cm?, energy
density of 21. yWh.cm™, average power density of 0.11 mW.cm™ and peak power

density of 5.9 mW.cm™ were achieved.
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The orthodoxy around electrolyte selection, especially the use of PVA as the gelling
agent, has limited research into others. This work sort to understand the impact of the
electrolyte on the device performance, not only from the perspective of
electrochemical performance but also real-world considerations such as lifetime. The
PVA electrolyte was initially tested for calendar lifetime and found to fail after only 5
days while stored in air, which was attributed to electrolyte dehydration. When
housed within a Swagelok cell, the device failed after 35 days showing that even
under optimal conditions the PVA electrolyte is not compatible with this e-textile
application. A benign aqueous electrolyte was subsequently investigated, and a series
of fully edible electrolytes were produced (a first study within the TSC community).
The electrolytes were user-friendly and delivered results comparable or better to more
traditional electrolytes, achieving a capacitance of 22.5 mF.cm™ at a current density of
0.5 mA.cm™2. However, the voltage limit of the aqueous based electrolytes remained a
problem for real-world applications. This challenge was overcome through the
development of an organic electrolyte that did not use ACN or PC as the solvent and
utilised PAM as the polymer instead of PVA. The devices produced from this
electrolyte achieved an areal capacitance of 34.0 mF.cm™ but more importantly an
energy density of 18.9 yWh.cm™ at a voltage of 2.4 V, a 9x increase from the previous

work.

The durability and safety of the unpackaged devices was evaluated and the devices
were found to still be operational after 1750 bends around a 10 mm radius mandrel
and were still operational after being cut and punctured. The temperature stability
was characterised via the use of a bespoke Swagelok cell and an in-situ temperature
measurement. The stability of the device was found to be -0.23%/°C, with the device

still operation at a temperature of 60°C.

The research of the carbon electrodes and electrolyte developed a TSC capable of
powering real-world devices and this was established in the delivery of two textile
power modules (a proof of principle and a minimal viable product), designed for built
environment and static applications. Both achieved end-to-end efficiencies which
were higher than previously reported in the literature. The proof of principle power

module made was a rectenna-aqueous electrolyte system that was able to be charged
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from a 915 MHz 3 W EIRP source up to 4.5 m away. This system achieved an end to
end charging efficiency of 38% and reached a peak voltage of 2.9 V in under 2 minutes.
The minimal viable product improved and simplified the previous module by using
the organic electrolyte, reducing the number of TSCs required while also increasing
the safe operating voltage range. Charged by a number of far and near field rectennas
the TSC could be charged to >4 V in under 100 s and could power a Bluetooth sensor
node (transmitting an information packet every 1000 ms) for over 100 s between each

charge. The end-to-end effiency of this power module was found to be 45%.
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Chapter 8

Future Work

Though this thesis has progressed the development of TSCs there still remain
challenges that must be overcome. To continue the work presented in this thesis, and
develop a fully real-word device, the recommended research areas to focus on are the

energy density, packaging and the electrical interconnection.

Within this thesis the energy density of an all carbon TSC has been improved through
the introduction of a high voltage electrolyte. However, when compared to the
state-of-the-art (section 4.3 and figure 5.16), these devices are substantially lower. The
achieved energy density of the TSCs in chapter 5 was demonstrated in chapter 6 to be
sufficient for the intended application but with the development of new technology,
higher energy densities will be required. Within this thesis the increase of energy
density was through the increase in the voltage as seen in equation 3.4. However,
when one considers the parallel plate equation (equation 2.1) increasing the area of the
devices would increase the capacitance, and therefore the energy density. In a porous
carbon device the area is dominated by the pores of the material. To increase the area a
greater mass of the carbon could be deposited or a larger device area of could be
deposited. From chapter 4 it is seen that increasing the mass loading without
increasing the device area poses technical problems with ink penetration.
Additionally, even if one could increase the loading significantly without short
circuiting the device, there is a question over how much carbon is at the

electrode-electrolyte boundary. Increasing the loading alone is likely to result in an
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under utilisation of the carbon material’s surface area. The second option of increasing
the devices area seems a far more logical route for future work, with large area devices
being presented such as Wang et al. [286] who produced a PPY based TSC with
dimensions 16 x 14 cm?. However, it must be noted that the physical scaling of the
devices is not challenge free. In the work of Sun et al. [287] the team produced
rGO/PANI/polyester TSCs at various length scales, ranging from 4 to 100 cm?. This
large area was achieved through a dip coating and polymerisation process for the
active materials and the use of a highly conductive current collecting grid of silver ink.
However, at large grid areas the performance decreased, thought to be due to a
hindrance in the electron transport. When scaling the devices, careful research is
required to understand the uniformity of the deposition and the distribution of
electrical current across the the electrode to avoid islanding or hot spots forming

which would degrade the performance of the device and potentially harm the user.

The energy density of these devices can also be increased via the addition of
pseudocapacitive material. When the devices produced in this thesis are compared to
the state-of-the-art they fall behind those contemporaries making use of materials that
exhibit fast redox reactions. The development of these complex electrodes is
challenging from both an electrochemical perspective and also the commercialisation
perspective. From an electrochemical view, these type of materials (whether metal
oxide, conductive polymer or something more exotic such as mxene) all suffer from
slower response times and reduced cycle life due to the faradic reactions. The
electrode conductivity can also be an issue for these materials. The deposition of these
materials onto a highly porous carbon helps mitigate the conductivity problem, acting
as a physical and electrical scaffold. Additionally, by using a highly porous scaffold
the device still exhibits a high electric double layer capacitance, with the
pseudocapacitve material adding to this. Asymmetric devices (hybrid capacitors or
supercapatteries) have also seen a lot of research attention and should be considered.
Commercial scalability is also challenging with these materials with either complex
production or deposition required (as documented in chapters 2 and 4). The
development of low cost and scalable production methodologies for these materials

poses its own research question and certainly warrants further investigation. The use
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of these higher energy density materials should be considered on an application by
application basis, where high energy density but fast response time or transient power

loads are required (thus ruling out batteries).

The packaging (encapsulation) of the TSC is vital for the protection of the end-user as
well as the device. The packaging (expected to be a physical barrier and
superhydrophobic coating) should be breathable and flexible, while also protecting
the device from abrasion and sweat of the user during operation and washing during
cleaning. A further complication is the consideration for the environmental impact of
the packaging. Traditionally within the textile industry, C8 chemistries (polymers with
eight or more fluorinated carbons) have been used as super hydrophobic coatings.
However, these polymers pose health and environmental problems and are no longer
used. Brands such as Gore-Tex make use of C8 chemistry in their microporous
membrane layer and outer water repellent coatings and are having to phase them out
of their product line. A direct alternative to C8 coatings has yet to be established, with
the C8 chemistries not only exhibiting superhydrophobicity but also a robustness to
mechanical and chemical wear. The important characteristic for any
superhydrophobic coating is its roughness, with C8 chemistries achieving their
roughness through their long fluorinated chains. C6 chemistries (polymers with 6 or
less fluorinated carbons) have been suggested due to greater environmental
friendliness but their shorter chains suffer from time-dependent wetting, with a
saturation of the polymer backbone over time. Alternatives such as silane and

silicone, beeswax and nanoparticles have also been suggested within the literature.

Aside from the superhydrophobic coating, adherence of the physical barrier to the
textile and the production methodology are further open questions that must also be

overcome.

The electrodes produced within this thesis also serve as the current collector and
conductive portion of the device. However, as the systems in which the TSC are
integrated into get more complex the problem of reliable electrical interconnections
becomes pronounced. Having to be as flexible, wearable and resilient as the energy

storage device and packaging, the interconnections must also have a low resistance so
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as to not impair the operation of the energy storage, harvester or final application.
Textile functionalisation, conductive transfer or weaved metallic threads are all

possible research routes.

An obvious solution to both the packaging and the interconnection is through the
implementation of a multi-layered textile patch that on one side has a conductive track
and the other a superhydrophobic coating. However, this goes against the design

ethos of hidden functionality. As such, as far as possible this should be avoided.

With the development of appropriate packaging and encapsulation of the TSC, focus
can be spent on application informed design, and the optimisation of the TSC with
further energy harvesters, sensors and displays can be made; enabling the realisation

of on-body, autonomous nano-grids.
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