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ABSTRACT

Due to the growing environmental crisis, developing new methods of generating and
storing renewable energy is more important than ever. Solar is among the most promising
renewable methods; however, it has some critical weaknesses. To addresses these weaknesses,
methods of storing energy in the form of batteries and supercapacitors have been evaluated. The
overall goal for such devices is to integrate the solar cell and storage device into a single electronic
device that can account for power fluctuations, and provide energy when requirements are the
highest.

Third generation solar cells are ideal for the potential applications these devices would
have. This generation includes dye-sensitized solar cells (DSSCs), perovskite solar cells, organic
solar cells, and quantum-dot solar cells. Supercapacitors are a developing technology that are also
ideal for the potential applications. Combining third generation solar cells like DSSCs with
supercapacitors would result in an inexpensive device capable of converting and storing solar
energy in a simple way.

In this thesis, four commercial carbon materials were investigated as electrodes for
monolithic DSSC-supercapacitor devices and directly compared for the first time. The objective
of this research is to determine if inexpensive carbon-based materials are effective and competitive
as electrodes in these devices. The four materials chosen are activated carbon, mesoporous carbon,
graphite, and graphene. Of these four materials, graphite had the poorest power conversion
efficiency after integration at 1.43%, and graphene had the lowest mass specific capacitance of
13.0 F g%, attributed to the simplistic fabrication methods. In comparison, Mesoporous Carbon
achieved the best integrated performance with an integrated power conversion efficiency of 3.10%,
a photocurrent of 1.37 mA, and a post-integration mass specific capacitance of 40.0 F g.
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CHAPTER 1

INTRODUCTION

The entire globe is facing extreme environmental challenges such as climate change,
natural resource depletion, overpopulation and more. The increasing energy demand due to the
growing population and the growing amount of devices that require electricity has resulted in a
need for state-of-the art innovations in electricity generation that are not reliant on fossil fuels.
Fossil fuels and any energy generation approach that uses them, exacerbates the issues of global
warming and resource depletion [1, 2]. To address these issues of depleting resources and promote
a positive change in greenhouse emissions, novel new methods of energy generation that are
renewable and safe need to be created [3]. Among the many types of renewable sources of energy,
ranging from wind and wave to biomass focused sources, solar cells (SCs) are capable of providing
an enormous amount of energy that is drawn from the sun, making it abundant, clean, and cheap
[4, 5].

Despite their positive attributes, SCs have a glaring weakness: such devices cannot create
energy when it is cloudy or at night, times when energy usage is typically higher, and they are
inefficient at converting energy to a usage form compared to the amount of solar energy that strikes
the earth’s surface [6]. Storing the excess energy generated during the day to be used when there
is a higher demand is a critical new facet of renewable energy that also needs to be addressed.
Several options for this storage exist, including chemical, mechanical, electromagnetic, or thermal
methods [7]. Chemical or electrochemical devices such as batteries and supercapacitors have
proven to be the most compatible with SCs, serving to store the energy converted and unutilized

during the day until such times that it is needed [7-10]. Lithium-ion batteries (LIBs) are a rapidly



growing technology that have served well as reusable energy storage, appearing in everyday
electronics, and electric vehicles. However, LIBs have a limited number of charge/discharge cycles
and thus require replacement. Critically, LIBs require recycling once they reach the end of their
life-cycle, which is made difficult and expensive by the evolving materials used in their
manufacture, leading to many LIBs being manufactured from non-recycled materials [11].
Supercapacitors in comparison have lower energy density than LIBs, but are being used
increasingly often as energy storage devices due to their long life-cycle, high stability, and high
power density [12-14].

The integration of SCs and supercapacitors is a promising and innovative field that is
expected to yield novel new devices capable of converting and storing energy within one device
[15, 16]. Understanding the fundamentals of these devices and their functionality is beneficial to
understanding potential processes of integration. SCs, also called photovoltaics, traditionally
convert the sun’s energy into electricity by the photoelectric effect. The photoelectric effect,
discovered by Heinrich Rudolf Hertz in 1887 — also attributed to many other scientists active
during this century — arises when photons from sunlight are absorbed by a semiconductor material,
generating a charge, exhibited in Figure 1 [17]. When photons hit the semiconductor, the atoms
within the material transfer the energy from the photons to the unexcited electrons, exciting them.
Once a number of electrons are excited, the unbalanced charge at either electrode forces the

electrons to be move in a uniform direction, becoming an electric current [18].
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Figure 1: The photoelectric effect explained by Heinrich Rudolf Hertz in 1887.

Three generations of photovoltaics have been manufactured on the research and
commercial scales, outlined in Figure 2. First generation photovoltaics use the photoelectric effect
to generate a current through specifically doped-silicon semiconductors: p-type semiconductors
contain an excess of holes that can move freely, and the n-type semiconductors which contain an
excess number of electrons that can move freely [19]. Second generation photovoltaics utilize thin
film photoelectrodes fabricated from silicon, cadmium, telluride, and copper indium gallium di-
selenide. These second-generation cells can achieve high stability and efficiency compared to the
original first generation cells, but utilize expensive and potentially toxic materials compared to the
newer generations of photovoltaics [20]. Third-generation photovoltaics are based on inexpensive
semiconductive materials, utilizing new and novel materials to take advantage of the photoelectric
effect and lower production costs of SCs [21, 22]. Among third-generation SCs, Dye-Sensitized
Solar Cells (DSSCs) are among the most versatile being low-cost alternatives to existing silicon-
based cells, with additional low-light conversion capabilities [23-26]. Consisting of a
semiconductive photoanode, a photo-active dye, a redox electrolyte, and a counter electrode (CE),
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these cells have achieved reliable photo-conversion efficiencies (PCE) of upwards of 10% in the
last decade of research [24, 25]. These cells have often utilized TiO2 as the semiconductive
material, a Ruthenium-based dye, iodide/triiodide (I71°") redox electrolyte, and platinum CE to
great effect, with many alternative materials for each component being studied. Most relative to
this study, alternative CE materials have included carbon-based materials, favored for their low

cost, high stability, and large surface area [27, 28].

Photovoltaics

. . S d-G ti . .
First-Generation ecg ne el}era:’lon Third-Generation
Thin-Film

Perovskite

Crystalline CdTe Amorphous Dye-Sensitized
Solar Cells

Silicon Silicon Solar Cells

Quantum Dot-
Sensitized Solar
Cells

CIGS Organic Solar
Cells

Figure 2: The three generations of solar cells, with the current representative cells of each

generation.

Supercapacitors combine the better features of batteries and capacitors to hold large
amounts of power that can charged and discharge quickly and efficiently. Specifically, energy is
stored within a supercapacitor in one of three ways — through an electric double layer, pseudo-
capacitance, or hybrid mechanisms — between two symmetric or asymmetric plates that are
separated by a porous electrolyte or membrane [29-31]. Pseudocapacitors use symmetric
electrodes to store energy through Faradaic reactions, where the charge is transferred through the
redox reaction [30, 32]. Electrode materials for Pseudocapacitors have included metal oxides and
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conducting polymers, resulting in high capacitance and energy density but lower life cycles and
stability [33]. Electric double layer capacitors (EDLCs) store energy as a layer of accumulated
ions at the electrode/electrolyte interface, using non-redox electrolytes and symmetric electrodes
— notably activated carbon (AC) — to achieve longer life cycles, fast charge/discharge, and high
power-density [30, 33]. Hybrid supercapacitors combine the mechanisms for EDLCs and
Pseudocapacitors into one device. This type of device is often fabricated with redox-capable
electrolytes and asymmetric electrodes composed of pseudocapacitive and carbon-based materials,
achieving greater energy storage properties and improved stability compared to pseudocapacitors,
making this device functionally similar to a battery [14].

Integrated devices can combine solar cells like DSSCs and supercapacitors into one device.
Much research has been performed on combined DSSCs and supercapacitors, beginning in 2004
with a two-electrode photocapacitor using a TiO2 photoanode and an AC CE and EDLC, achieving
a charging voltage of 0.45 V and an areal specific capacitance of 0.65 F cm™ [34]. A three-
electrode device based on the same materials followed after, addressing the issues in the previous
iteration, improving the conversion and storage to an 0.8 V charging voltage and a 47 uWh cm
energy density, five times greater than the two-electrode device [35]. Subsequent studies have
generally focused on the three-electrode format, where an intermediate electrode separates the
DSSC and supercapacitor modules, allowing for each section to use separate electrolytes. Devices
with this format have shown increased performance over the two-electrode devices, and been

fabricated using traditional methods, as well as into flexible and textile devices [27, 28, 36].



1.1: Applications

Solar Cells and Integrated devices are highly desired not only for their ability to generate
clean and abundant energy, but for their multiple applications. Solar cells can be applied anywhere
there is abundant sun to generate clean energy, with the simplest application being utility power
generation. Since solar cells can be applied anywhere, not necessitating a connection to the existing
energy grid to provide electricity, smaller devices can be good for emergency situations. Solar
cells are also good for remote locations where there is not already a grid connection, or where a
grid connection would be difficult to achieve. One such application for these devices is in space,
where photons from the sun are abundant at nearly all times while in orbit around the earth [37].

Due to the potentially transparent nature of DSSCs, they have been fabricated as integral
parts of buildings and greenhouses to produce energy unobtrusively [38, 39]. These can include
windows and skylights, shingles, canopies, and facades. Integrated and non-integrated devices can
be specially manufactured into smart windows, that through the use of specific photoelectrode
materials, undergo a color change when a photo-current is generated, reducing energy costs related
to the building [40, 41]. DSSCs can also be used internally to power small devices due to the wide
nature of light that the cell is sensitive to, performing better in low light conditions inside than
other types of cells and connected to bags and furniture to charge mobile devices [39].

Small devices and sensors are the largest draw for integrated SC and supercapacitor devices
[42]. They are expected to be of use for wearable electronics that can include mobile devices and
medical sensors, where it is impractical to have a fluctuating energy source from the SC alone,
large batteries, or require frequent conventional charging [43]. It is due to these varied applications

that integrated systems of energy storage are highly desired.



1.2: Research Objectives

The objective for this research is to determine the utility and performance of commercial
materials as electrodes for an integrated, monolithic DSSC and supercapacitor device. The
commercial materials are known to be capable low-cost alternatives to traditional DSSC and
supercapacitor electrodes. For each commercial material selected, the performance will be
analyzed considering several conditions. The solar cell module will be analyzed by the open circuit
voltage, short circuit current, fill factor, and power conversion efficiency. The supercapacitor
module fabricated with the commercial materials will be analyzed by the mass specific
capacitance, the energy density, and the power density. The integrated device will be analyzed by
the integrated photocurrent, charging voltage, power conversion efficiency, and the integrated
mass specific capacitance. These performance metrics will be discussed in detail in Chapter 2.1
and 2.2.

The ultimate goal of this project is to determine if already existing commercial materials
are compatible with the configuration chosen to fabricate this device. As such, the materials must
show viability based on their performance metrics. The information gathered here should also
provide important knowledge on how these types of devices can be tested, what performance
metrics should be analyzed, and how these devices function in order to optimize them for eventual

commercialization.

1.3: Thesis Outline
This thesis is divided into the following chapters:
Chapter 2 is a literature review on the mechanisms of DSSCs and supercapacitors, and the

integrated devices made from these structures. Chapter 3 is the experimental section outlining the



materials used, how the devices in this thesis were manufactured, and how the devices were tested.
Chapter 4 discusses the results of the tested devices based on their performance metrics. Chapter
5 summarizes the results of the study and chapter 6 will discuss possible future work in this field

of study.



CHAPTER 2

LITERATURE REVIEW

2.1: Dye Sensitized Solar Cell Working Mechanism

Dye-Sensitized solar cells have an extensive history of research, resulting in a well
understood structure and mechanism. The main components of the DSSC are the conductive glass
or polymer substrates, a photoanode containing a semi-conductive material sensitized by an
appropriate dye, a redox-reaction capable electrolyte, and a counter electrode (CE) with catalytic
properties. The structure of such cells are described in Figure 3. The dye-sensitized photoanode
that gives the SC its name typically consists of a semi-conductive metal oxide and a light activated
dye that has bonded to the surface of the semiconductor particles. Various metal oxides have been
utilized as the semi-conductive material, although the most common is TiO: due to its being
inexpensive, non-toxic, and within the range of appropriate electrical properties such as the band
gap [44]. Alternative materials for the photoanode have included Au-, Zn-, W-, Sn-, Ag-, and
Carbon-based semiconductor particles, although this is far from an exhaustive list [45].
Additionally, the nanostructure of the photoanode material can be modified by doping the
semiconductor with cationic or anionic groups or absorbance modifying nanostructures to further
improve the performance [46].

The light activated dye that makes up the other half of the photoanode can consist of
organic — natural or synthetic — or organometallic complexes. The requirements for the dye are
that it must be capable of promoting electrons to an excited state by photons that are in or very
near the visible range that makes up a large amount of the light from the sun and remain stable

while it is in use. Most natural organic compounds are derived from plant matter such as fruits,



flowers, and leaves, thus being safe and inexpensive materials that contain compounds such as
carotenoids, flavonoids, betalains, and chlorophyll that facilitate the photon absorption and energy
conversion [44, 47, 48]. Synthetic dyes tend to be more effective than natural dyes due to their
highly specialized fabrication as well as their ability to be co-sensitized, effectively absorbing a
wider range of light than their natural counterparts [49, 50]. Organometallic dyes are among the
most widely used and include Ruthenium complex dyes that offer the highest energy conversion
performance at the cost of using expensive rare metals and decreased stability in humid
environments [45, 49, 51].

The liquid redox-capable electrolyte for DSSCs can be the most unstable component within
the structure, with the requirements of high stability under the varied conditions the cell could
experience and capable of performing oxidation-reduction reactions with low loss over time. The
most frequently used electrolyte for research on DSSCs is a liquid iodide/triiodide mixture in an
organic solvent [49, 52]. Research has also begun on solid and quasi-solid electrolytes made form
polymers and gel-solutions in an effort to improve the stability and conductivity of the electrolyte
in varied conditions [45, 53, 54].

The final and most variable component in research on DSSCs is the CE, the performance
of which has been evaluated with a wide range of materials. Some of the best performances have
been achieved with platinum CEs but the metal is expensive and unsuitable for large-scale
production, making the determination of an environmentally friendly and inexpensive CE material
increasingly necessary. Conducting polymers, carbons, doped heteroatom, and heterojunction
nanomaterials have shown great promise as a replacement for platinum and other rare metals as
CEs for DSSCs, resulting in low-cost DSSCs that are easily scaled for large-scale or commercial

production [52, 55].
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Figure 3: DSSC structure consisting of a photoelectrode made from a semiconductive metal
oxide and dye particles, a redox capable electrolyte such as I/1*, a counter electrode, and closing

glass slides coated with a layer of fluorine-doped tin oxide (FTO).

DSSCs operate based on a redox reaction that takes place between the dye, electrolyte, and
CE, and mimics the process of photosynthesis. The working principles that occur are based on the
processes of light absorption, charge separation, and charge collection [56]. The steps this principle
follows are highlighted in the diagram in Figure 4. First, photons must strike the surface of the
DSSC, passing through the transparent conductive substrate where they are absorbed by the dye.
Second, an electron in the dye is promoted from the highest occupied molecular orbital to the

lowest unoccupied molecular orbital, creating an electron-hole pair. Third, the excited electron
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moves into the conduction band of the semi-conductive photoanode material and is then transferred
to the conductive substrate and carried to the load. Fourth, the now existing hole in the dye reacts
with the electrolyte in an oxidation-reduction reaction, regenerating the hole in the dye. At the
same time, the electrolyte is regenerated by performing another oxidation-reduction reaction with
the CE, facilitated by the electrons returning to the device from the external load [56, 57].
Theoretically, this series of reactions can continue indefinitely under optimal conditions.
Realistically, the cell does not operate under optimal conditions and degrades over time. This
degradation is due to internal recombinations that prevent the movement of electrons to the
conduction band, and the degradation of the electrolyte — most notable for liquid state electrolytes

—and dye through oxidation in air [58].
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/13
Red/Ox

Figure 4: DSSC working mechanism. 1) Light strikes the surface and is absorbed by the dye
particles. 2) An electron in the dye is excited after absorbing the energy from the photon, moving
from the HOMO to the LUMO. 3) The electron is promoted to the CB of the semiconductor and

transferred to the load, then back to the cell through the CE. 4) the reaction between the CE,

redox electrolyte, and dye regenerates the cell.

The performance of DSSCs are evaluated based on four measured or calculated properties
that are revealed by testing under simulated light at known intensities. These four properties are
the open circuit voltage (Voc), the short circuit current (Jsc), the fill factor (FF), and the power
conversion efficiency (PCE). The power conversion efficiency determines how much energy input
into the cell is converted to usable electrical energy and is calculated based on the other operating

parameters of Vo, lsc, and FF. The operating parameters of Voc and Jsc are drawn directly from the
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measured current or current density-voltage data (IV), representing where the voltage across the
cell when there is no current (Voc) and the current across the cell when the voltage is zero (lsc) [59].
The FF is a characterization of the measured IV curve, representing how “square” the curve is,
which indicates how efficiently the photogenerated carriers are extracted and transported. It is
considered a ratio between the maximum achievable power, and the power generated at the Vo
and Isc, and has a current maximum at 90%; more regularly it is between 50-70% for third
generation solar cells [60]. Since the Voc and Jsc are the major metrics defining the operating
conditions for the cell, increased values are desired for high performing devices. Although the PCE
and FF both define how well the cell converts photons to electrical energy, the PCE is more useful
for comparisons between different kinds of SCs due to its more regular reporting across all types
of solar cells. A higher PCE and FF closer to one indicate a well fabricated and high-performing
cell. These four metrics are standard for the comparison between cells of different types.
2.2: Supercapacitor Working Mechanisms

Supercapacitors are an emerging energy storage system, that stores energy and allows for
fast and easy charge and discharge. Unlike traditional capacitors that use dielectric materials to
store energy in an electric field, supercapacitors store energy in an electrochemical form utilizing
an electrolyte between two active electrodes [61]. In terms of the amount of energy and the way
the energy is stored, the supercapacitor is an intermediate between dielectric capacitors and
batteries. The supercapacitor has a higher power density than a battery, and higher energy density
than a dielectric capacitor, although these energy density values are still lower than the current
values seen in batteries [62]. Supercapacitors typically consist of two electrodes on current
collectors, separated by a liquid, gel, or solid electrolyte that facilitates the energy storage [30, 61,

62]. The electrode material and the electrolyte define what type of supercapacitive mechanism is
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used to store the electrochemical energy, with three major types of supercapacitor arising: electric
double-layer capacitors (EDLCs), pseudocapacitors, and hybrid supercapacitors [62]. The
performance of the three mechanisms are measured and compared based on the specific
capacitance (areal or mass, Csp), energy density (Eg), power density (Pg), and the storage efficiency
of the device. The Csp is a general measure of how much capacitance the material has based on the
mass of the electrode (mass or gravimetric), the area of the electrode (areal) or volume of the
electrode material (volumetric) [63]. The capacitance itself is a measure of the supercapacitor’s
ability to store energy with respect to the difference in electric potential of the plate electrodes
[64]. The Eg, and Pg are important properties that are relevant to the end applications of
supercapacitors. The Eg defines how much energy the device can store either gravimetrically (Wh
kg?), arealy (Wh cm), or volumetrically (Wh cm). The Py defines how much power can be
stored or how efficiently the stored energy can be converted for use, once again measured
gravimetrically (W kg™), areally (W cm2), or volumetrically (W cm®) [65]. The storage efficiency
is a measure of the stability of the storage device after a number of testing cycles.

A high-performing supercapacitor will have high Csp, Eg, Py, and storage efficiency values,
however, each storage mechanism will result in a different performance with better strengths [30,
31]. For example, EDLCs are likely to have the lowest power density available, while hybrid
supercapacitors tend to show much higher energy and power density than the other two types,
being closer to batteries [66]. Although it can be difficult to determine the functional mechanism
based on these different performance metrics, and the trends do not always hold true, each of the
mechanisms has different materials, and their own advantages or disadvantages that dictate their

use.
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The oldest and most widely used type of supercapacitor is the EDLC. The EDLC operates
without a chemical or faradaic reaction, instead relying on a mechanism similar to a plate capacitor.
During the charging process, as shown in Figure 5A, a potential difference is created between the
two symmetrical electrodes due to an applied voltage, causing the layers to be polarized, or to gain
a positive or negative charge. The ions in the electrolyte as are attracted to these layers, forming a
double-layer of opposite charges at the interface of the electrode and electrolyte in Figure 5B at
the fully charged state [67]. The energy is stored in this double-layer that is created during
charging, depending heavily on the pore size of the electrode material, and ion concentration and
size in the electrolyte [68, 69]. During discharge of the EDLC in Figure 5C, the ions are
unpolarized and return to the electrolyte solution, causing a current of stored electrons to flow
through the circuit [30]. Carbon-based electrodes with large pores and large active surface areas
favor this mechanism, and tend to show increased storage ability as the active surface area is
increased with a compatible electrolyte [14, 30, 70]. Electrolytes for EDLCs consist of free-
moving anions and cations in a liquid, gel, or solid form, depending on the state of the solution in
use. For this purpose, protic acids or bases like H2SO4, H3PO4, and KOH in an aqueous solution

or gel, or aprotic electrolytes containing Li salts are used [14, 71].
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Figure 5: Operating principles of an EDLC. (A) Movement of charged ions during charge. (B)
Formation of electric double-layer when the device is in the charged state. (C) Movement of

charged ions during discharge, creating an electric current.

The second most widely used supercapacitor is the Pseudocapacitor. Pseudocapacitors
store energy through chemical reactions know as faradic reactions, making this type more likened
to ion batteries than EDLCs. Faradaic reactions are reversible oxidation/reduction reactions that
cause a faradic current to flow. Three mechanisms have been defined as pseudocapacitive [72],
although, as it is not the focus of this article in latter sections, only a brief overview of pseudo-
capacitance will be given. For all three types, during charging, a redox reaction occurs between
the electrode and electrolyte as an external voltage is applied, storing energy chemically in the
products of the reaction, what type of product differs depending on the pseudocapacitive
mechanism [30, 72]. During discharge, the redox reaction is reversed, releasing the stored charge
as a faradic current [14, 30, 31, 68]. This mechanism is similar to the mechanism of storage in an
ion battery, but occurs much faster in supercapacitors because its rate of reaction is not driven by

ion mass transfer, making it non-diffusion limited [70]. It is illustrated in Figure 6. The electrode
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materials for pseudocapacitors are unique because of the required faradaic reaction. Like the
EDLC, the material requires high surface area and conductivity, they also need to be stable, and
capable of performing reversible redox reactions with the electrolyte [73, 74]. Transition metal
oxides, nitrides, and conducting polymers have been favored as pseudocapacitive materials
meeting these requirements, either in symmetric or asymmetric forms [31, 72-74]. The electrolytes
used in pseudocapacitors depends heavily on the electrode materials chosen, but there are some
common types; Na>SOs, group | hydroxides, and several acids in aqueous or non-aqueous solutions

have been used in several studies [71, 74].
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Figure 6: Operating Principles of a Pseudocapacitor. (A) Redox reaction occurring between the
active sites on the electrode and the electrolyte during charging. (B) Formation of metal oxide or
redox active molecule after charging. (C) Reverse redox reaction generating a faradaic current

during discharge.

The final type of supercapacitor uses the hybrid mechanism for energy storage. This
supercapacitor is still in the research and development stage, but is being used increasingly often
due to their desirable properties and their ability to bridge the gap between the other two
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supercapacitor types and their performance which is nearest to batteries [14, 75]. Unlike EDLCs
and the pseudocapacitor mechanism, hybrid supercapacitors require asymmetric electrodes to
achieve their mechanism, which is a mix of double-layers and pseudo-capacitance, each individual
mechanism taking place at a different electrode, as defined in Figure 7 [66]. During the charging
process, a redox reaction occurs at the anode, storing energy using the pseudocapacitive
mechanism such as illustrated in Figure 7A. An electric double-layer forms at the cathode of the
device, storing energy with the EDLC mechanism as a voltage is applied. When fully charged and
no longer receiving an input as in Figure 7B, an electric double layer is formed at the EDLC, and
the redox reaction ceases. When discharging as in Figure 7C, the redox reaction is reversed at the
anode, and the double-layer is dispersed, creating a faradaic current in the circuit. The main benefit
of this mechanism is a high current driven by both the faradic process and the electric double-
layer, avoiding the drawbacks of each type and achieving improved energy and power density over
the other two types of supercapacitor, although at the cost of lower cyclability [30, 66]. The
performance of this type of supercapacitor depends on the electrodes and electrolytes chosen for
the device, which leads to the largest challenge for this device: determining compatible materials
[31, 68]. The most standard combination of electrodes is an asymmetric system with a carbon-
based electrode, and a metal-oxide or pseudocapacitive electrode [31, 66, 71]. The possible
electrolytes that can be used for this type of device encompass all the liquid, gel, and solid materials

that are used for EDLCs and Pseudocapacitors and are compatible with the electrodes chosen [71].
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Figure 7: Operating principles of a hybrid supercapacitor. (A) A redox reaction takes place
between the anode and the electrolyte, yielding charged ions that are attracted to the opposite
charge during charging. (B) The device is at equilibrium after charging with the cathode hosting
a double-layer. (C) The double-layer is released, and the redox reaction is reversed during

discharge.

2.3: Integrated Devices

The most desirable structure for an integrated solar cell and supercapacitor device has high
safety, cost effective manufacture, and high efficiency. Separated or strictly modular devices
connected by external wires cannot fulfill these qualifications and tend to suffer from further issues
like complex design and packaging to account for the wiring, making them unportable [76]. It is
possible to reduce the portability issues by developing an all-in-one or monolithic structure. In
these structures, power generated by the SC is transferred directly to the supercapacitor within the
same device instead of travelling to an external module. This has the benefit of compensating for

the natural power fluctuation of the solar cell due to changing conditions, quick charge times for
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the supercapacitor module, and the ability of the system to operate as a backup power source in
times of low light [77, 78]. Such monolithic devices incorporating the energy generation and
energy storage modules can further separated by their overarching configuration, two-electrode,
and three-electrode devices, both of which can be further modified into various architecture.
Changing the overarching configuration can alter the integral properties of the device that
determine the overall efficiency, such as the operating voltage, operating photocurrent, energy
conversion and storage mechanism, and the internal resistance [79]. The choice of configuration
and architecture depends on the materials utilized, the desired properties, such as operating voltage
or current, and the geometry of completed device.
2.3.1: Two-Electrode Device Configurations

The two-electrode configuration changes the mechanisms of energy conversion and
storage, as well as the device geometry. Two architectures exist for this type of device: a
monolithic structure that contains a thin, porous layer separating the DSSC and supercapacitor, or
a direct two-electrode DSSC that also stores energy by an internal mechanism [79, 80]. The
monolithic architecture illustrated in Figure 8A is the oldest layout defined for this type of
integrated device and operates with a well understood mechanism. This device uses the natural
charge separation that occurs upon the movement of excited electrons into the conduction band to
begin the charge process. After the conversion of photons to electrical energy in the DSSC through
charge separation, the electrons are transferred to the load and then to the CE, where the charge
accumulates. A positive and negative charge is generated on either of the supercapacitor
electrodes, one of which is a porous layer between the DSSC photoanode and the supercapacitor
electrolyte, creating an electric double-layer storage mechanism. The EDLC mechanism is the

easiest to achieve with this architecture based on the constraints in the number of electrodes and
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the most common materials used with this layout, making the entire device a photo-driven
capacitor [34].

A direct two-electrode device does not include the thin, porous layer that segregates
the DSSC and supercapacitor as in the monolithic devices. Due to the absence of the thin layer like
is illustrated in Figure 8B, this architecture is less efficient in both conversion and storage than the
individual modules alone. Charge recombination and electrolyte incompatibility are the reasons
for the inefficiency, which are the largest issues delaying the development of these devices [80,
81]. The energy conversion mechanism for this architecture is principally the same as a traditional
DSSC. The storage mechanism for this architecture is most often the creation of a double-layer of
separated charges at the photoanode with a focus on avoiding recombination when not actively
charging the device. Effectively, the storage mechanism functions like a hybrid supercapacitor,
where the separated charge from the photoanode is accumulated in a double-layer on the counter
electrode surface and rest of the energy is stored by the faradaic reaction taking place to result in
the separated charges. The accumulated charges appears either on the modified CE alone, or on
both the photoanode and the CE of the DSSC [80, 82, 83]. On discharge, the stored charge in the
form of the hybrid electric double-layer is released to the external load as if the DSSC was still
receiving light until the stored energy is depleted [80, 84]. For this type, avoiding recombination
while not actively charging the device is the most important element for further development,
because that will improve the storage capabilities and ultimate performance [80]. Additionally,
determining an electrolyte that can fulfill both the energy storage and conversion processes

efficiently is paramount [85-87].
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Figure 8: Structure of two-electrode integrated devices. (A) Two-electrode monolithic device
using AC as an EDLC [34]. (B) Two-electrode direct device. Reprinted with permission from

[80]. Copyright 2023 American Chemical Society.

2.3.2: Two-electrode Devices

Numerous two-electrode devices have been fabricated in the years since this structure was
initially developed. This section will introduce some of the major break throughs in both the
monolithic and direct architecture, and some notable cells that have been developed.

Miyasaka et al. fabricated the first notable rigid, monolithic, two-electrode integrated
device utilizing a Dye-Sensitized Solar Cell and supercapacitor (DSSCSC). The photocapacitor
was prepared with nanocrystalline TiO particles doctor-bladed onto an FTO slide, then sensitized
by the absorption of a Ru complex dye. A liquid suspension consisting of Activated Carbon (AC),
poly-vinylflouride, and N,N-dimethylformamide was cast and dried on the sensitized film, which
was then enclosed by the counter-electrode of Pt-coated glass, also covered with a film of
Activated Carbon. The remaining gap between the two electrodes was filled with an electrolyte

solution. The resulting device showed good cyclability, with a Coulombic efficiency ranging from
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59% initially to 80% in later cycles, and a capacitance of 0.69 F cm [34]. Overall, this monolithic
two-electrode system acted as a proof-of-concept for the integration of the two devices, helped
highlight the inherent problems that can arise in this structure, and paved the way for further
investigations.

Kulesza et al. compared a monolithic two-electrode device to a monolithic three electrode
device in order to show the performance difference more directly. The two-electrode device
consisting of an N719 dye-activated TiO. photoanode with an iodide/triiodide electrolyte in
contact with an internal supercapacitor. The supercapacitor included symmetric PEDOT/CNT
electrodes separated by a LiCF3SO3/PC electrolyte. The three-electrode device had the structure,
in order from the transparent current collector, of FTO/TiO2/D35 (photoelectrode) +
P3HT/Ag/RUOx(OH)y + Nafion™ (separator and electrolyte) + RuOx(OH),/FTO, where the
P3HT/Ag/RuOx(OH)y segment acted as a dual-sided intermediate electrode. The devices showed
large differences in coulombic efficiency at 7.8% and 87.8% for the two- and three-electrode,
respectively. The efficiency difference was attributed to the Ag intermediate electrode reducing
the ohmic drops occurring during charging/discharging, disallowed the movement of the SC
electrolyte into the storage section. Its dual performance as a current collector and electron and
hole transporter further proved the better performance of the three-electrode system [36].

Although this comparison shows a vast improvement in the performance of the three-
electrode device in comparison, the monolithic two-electrode device can still be made functional
with the use of spacers and sealants that fix the various issues that arise with the leakage of the
electrolyte and high internal resistance. One example of a monolithic two-electrode device used a
sulfur-based redox electrolyte and a multi-walled carbon nanotube (MWCNT) supercapacitor

module in order to create an integrated cell that was high performing and flexible, unlike many
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previous examples. The device had a high PCE of 6.1%, a mass Cs, at 48 F g, and a storage
efficiency at 84%, proving that it is possible for this architecture to avoid leakages and improve
performance although balancing PCE and high Cs, is difficult with this type of integrated device
[88].

Direct two-electrode devices are much rarer in comparison to the monolithic structure due
to their drawbacks regarding longevity, with only a few notable examples having been tested [80-
83, 89]. Zhang et al. developed the earliest examples of this structure testing a traditional TiO>
DSSC merged with a modified Pt-coated PVDF/zinc nanowire array (ZNWA) CE in 2013. The
conversion and charging mechanism for this device operated as a typical DSSC that transferred
separated electrons to the modified CE. The electrons created an electric double-layer on the
ZNWA and the surface of the Pt. This device achieved a PCE of 3.70% on average and an energy
density of 1.4 mW-h kg%, the low values were attributed to the recombination of separated charges
in the cell [82].

Yilmaz et al. also fabricated a direct two-electrode device utilizing N719-sensitized TiO2
on an FTO glass substrate as the DSSC, fabricated by the traditional doctor-blading method, and
MnO: coated micro-array Carbon nanotubes (MACNTS) as the supercapacitor, fabricated through
electrochemical deposition. The dual electrolyte consisted of 1M TEABF4 in acetonitrile with the
active redox couple BF*/BF* that was saturated on both electrode surfaces before they were
combined into one device. The device was characterized using galvanostatic-discharge and I-V
measurements under 1 sun illumination. The best results of the I-V measurements showed an Isc
of 0.749 mA/cm2, a Voc of 0.46 V, and a maximum fill factor of 19.3%. The highest charging
potential and capacitance of the device were 0.955 V and 13.1 mF cm respectively, achieved at

a discharge current of 10 pA after 40 minutes of charging under 1 sun illumination. The cyclability
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and performance efficiency was not reported, and the overall low performance of the cell was
attributed to the TEABF4 electrolyte, which could only support a single electron transfer [81].

Two major examples of this structure converted the DSSC to a photo-capacitor without
modifying the device to have capacitor specific electrodes. The mechanism for the device relied
on the formation of double-layers during the photon conversion process in DSSCs and stored the
energy by suppressing the charge recombination. The first device was modified from a traditional
DSSC by reducing the number of oxidizing centers in the Co(ll)(py-pz);s complex in 3-
methoxypropionitrile electrolyte. The result was a stable cell that retained its charge in the dark
after 32 cycles and an areal Csp 0f 1.4 mF cm™ [80]. More recently a group modified the sensitizers
present in the cell to absorb light in a wide range such as white light and near infrared. The best
performing organic sensitizer was based on chromophores, labelled LF15 by the group, having a
wide absorption band, a higher degree of dye absorption, and the highest Jsc at 2.14+0.60 mA cm’
2 under white light and 1.85 mA cm™ near infrared. The cells were all very stable over 50
charging/discharging cycles, showing little loss in Vo as the cycles progressed. The areal Csp
depended on the light source and dye loading, the LF15 dye, performed well with a Cs, of
2.58+0.11 mF cm under a white LED, and 2.48+0.17 mF cm2 under near-infrared conditions at
a wavelength of 740 nm [89].

Although desirable for their simple fabrication and materials that could save on
development and manufacturing costs, the performance of the two-electrode devices is not high in
comparison to the three electrode devices that are the larger focus of this thesis and discussed at

length in sections 2.3.3 through 2.3.4.
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2.3.3: Three-electrode Device Configurations

A three-electrode device introduces a degree of separation between the two modules by the
addition of a common or intermediate electrode. One side or portion of the intermediate electrode
(IE) acts as part of the SC, and the other side acts as part of the supercapacitor [35]. This
configuration is also split into two separate architectures that are similar in their fundamental
mechanisms: monolithic structures and the shared-substrate architecture. Devices with the
monolithic architecture — shown in Figure 9A — use an IE as previously stated, typically for this
architecture, it is double-sided with similar or different materials coated onto a conductive
substrate [28, 35, 79]. For this type of device, the charging and conversion processes take place at
the same time and can be used as if they were separate devices. The creation of electron-hole pairs
causes a separation of charge in the photovoltaic layer, and electrons are transferred to the back
contact, which prompts the storage mechanism. A separation of charge also accumulates on the
IE, which can be collected in the energy storage module, or used to power an external load [15,
90]. During discharge, the DSSC module is disconnected, and the supercapacitor module is
connected to the external load via the IE, which releases the stored energy in a mechanism
dependent on the supercapacitor type that was fabricated [28]. Compared to the two-electrode
monolithic device, this complex architecture lessens the amount of internal resistance that occurs
due to the shared electrolyte that is present in both types of two-electrode devices, thereby
improving the energy conversion and storage capabilities of the device [35].

Growing more common, the three-electrode, shared-substrate architecture typically
connects the energy harvesting and storage module in series or in parallel through a transparent
conductive substrate or current collector that functions as the IE between the modules, making the

device thinner overall as outlined in Figure 9B [91, 92]. The current collector for this architecture
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determines the flexibility of the overall device, either being a rigid transparent conductive oxide,
or a flexible conductive polymer. Fundamentally, regardless of the device flexibility due to the
substrate, the charging and discharging mechanisms for the shared substrate device is similar to
the monolithic architecture because the current collector functions as the IE. The largest difference
being the placement of the modules in comparison to the other, side-by-side on the same plane
rather than stacked monolithically [93, 94]. Compared to the traditional monolithic architecture,
these devices can have increased stability and simplicity in fabrication due to the lack of a
sandwich structure that is present in the monolithic devices, making it uncomplicated to keep the
DSSC and supercapacitor electrolytes separate, and reducing errors that can arise due to that issue
[95, 96].
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Figure 9: Structure of three-electrode integrated devices. (A) Three-electrode monolithic device
with an intermediate electrode made of Pt [35]. (B) Three-electrode shared substrate device with

the conductive substrate acting as the intermediate electrode [93].
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2.3.4: Three-Electrode Devices

Three-electrode devices were developed to directly address the issues noticed in the
first two-electrode device fabricated by Miyasaka [34]. The first three-electrode device differed
from the previous two-electrode iteration by the inclusion of a Pt IE between the DSSC and the
EDLC. This inclusion served to improve the charging voltage to 0.8 V and the Eg to 47 pW-h cm’
2, reducing the occurrence of charge recombination, the internal resistance, and the chance of a
short circuit from electrolyte leakage [35]. These devices can also be made easily flexible by the
inclusion of flexible substrates and intermediate electrodes, with no difference in mechanism. A
summary of the comparable studies, using the monolithic and shared-substrate (SS) architectures
under standard conditions of 1 Sun or 100 mW cm unless otherwise specified, is shown in Table
1.

Generally, there has been some consistency in the materials used for the components of the
integrated cells, like the consistent usage of TiO> as the photoanodic material, or synthetic dyes.
Improvements to the cell have included changing the supercapacitor type, changing the electrodes
for both modules, changing the IE material, changing the electrolytes, or a combination of the four.
Some cases showed little forward growth with poor performance and are thus not included in the
tables [97-99]. Other included cases [100, 101] were not integrated devices, but utilized identical
or similar materials to fabricate both a DSSC and a supercapacitor as separate devices,
demonstrating promising capabilities with both devices that could be integrated in the future.
Integrating these devices into one cell is a potential area of future study.

The most recent studies regarding integrated devices over the last few years have focused
on determining highly effective electrodes that function well for both the DSSC and supercapacitor

modules, and mixing materials for truly bifunctional electrodes [102, 103]. One recent group
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modified the electrodes by doping in order to obtain high-performing/low-cost materials. The
bifunctional electrode in this case consisted of Boron-doped carbon-fiber manufactured with
electrospinning and coated on a Ti foil IE. The integrated monolithic device manufactured with
these materials saw a Csp at 41.2 g%, and an overall conversion and storage efficiency of 1.19%,
higher than the 0.7% overall efficiency that was achieved with the non-doped carbon-fibers [103].
Alternative studies mix the electrode materials to obtain the best performance, for example, a
shared substrate architecture that uses FTO as the IE, coated with Pt as the CE for the DSSC, and
a Co-based material for the supercapacitor module. The resulting integrated device was highly
stable and high performing, with a PCE of 6.3% with the Pt CE, and a Cs, of 385 F g* with a
symmetric CoOSbS/MWCNT supercapacitor [102].

Beyond simply changing components, other studies used multiple modules in combination
to create a single high-performance cell. For example, Scalia et al. fabricated a monolithic three-
electrode device with four DSSCs connected to a single large area supercapacitor as illustrated in
Figure 10A for an increased output voltage relating to the Vo as seen in Table 1 [104]. Of the
published devices that are included in the table, the best performance was achieved by Maddala’s
group, with a cell in the shared-substrate architecture, using FTO as the current collector. Unlike
Scalia et al, who connected four DSSC cells on the same plane to the monolithic supercapacitor
[25, 104], the resulting device connected six DSSCs as shown in Figure 10B to one supercapacitor
on the same plane, resulting in a high Vo, PCE, and overall device efficiency, implying that a
higher output voltage and PCE in the DSSC module, paired with a compatible supercapacitor, can

increase the efficiency of the combined cell dramatically [94].
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TABLE 2 (continued)

THREE-ELECTRODE DSSC-SUPERCAPACITOR DEVICES
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Figure 10: Three-electrode devices with multiple DSSC modules. (A) Monolithic three-electrode
device with four DSSCs in one module and one large area EDLC [25]. (B) Shared Substrate
device with 6 DSSC, connected to one large area supercapacitor. Inset: the completed device

undergoing photocharging from two sides. Reprinted with permission from [94]. Copyright 2023

American Chemical Society.

Further devices that were not included in the table are still considered three-electrode
devices but use novel materials and architectural designs to modify the performance from the basic

designs. One such study attempts to bridge the two electrode and three electrode configurations
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with a modified bifunctional electrolyte. The bifunctional electrolyte consisted of a three sections,
two modified for DSSC and supercapacitor use, and a center section that acted as an impermeable
barrier to prevent electrolyte leakage and simplify manufacture, demonstrated in Figure 11A. The
EDLC module for the device had high efficiency and cyclability. The DSSC for the structure had
a moderate performance in comparison to modern breakthroughs, at only 4.33% PCE, which was
attributed to high series resistance and imperfect interfacial contact with the electrode. The overall
photo-electrical conversion and storage efficiency for the device had a maximum value of 3.72%
in the first seconds of charge and decreased throughout its usage exponentially. The team
concluded that although the efficiency was low, it was comparable to two- and three-electrode
structures at the time, and that this in-between system could see use due to its low cost, easy
manufacture, and scalability compared to three-electrode devices [85].

Other novel examples have further combined rigid and flexible substrates into singular
devices in the shared substrate form to be used with more complex geometries. The study utilized
a length of conductive carbon fabric as the IE, TiO2/CdS/Rose Bengal dye as the photoanode, a
S/S? gel-electrolyte, and PAAQ/CoTe CE as the highly modified DSSC module. The
supercapacitor module consisted of symmetric PAAQ electrodes with a lithium ion conducting gel
as the electrolyte and a separator, acting as a pseudocapacitor. Several configurations of the noted
materials were tested, the final layout illustrated in Figure 11B with the outlined structure
achieving the best PCE of 8.25% in the DSSC module. The integrated device was also well
performing: the storage efficiency was 56.7%, and the overall conversion and storage efficiency
was 4.68% [113]. Moving forward, the best areas of research will focus on determining high-
performance, low-cost materials and layouts that increase the performance of integrated devices

while remaining safe and efficient.
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Figure 11: Novel modifications to the three-electrode configuration. (A) Shared Substrate type
device with bifunctional electrolyte, bridging the gap between two-electrode and three-electrode
devices. Inset: the completed device [85]. (B) Structure of a shared substrate device with C-

fabric as the IE. Inset: the completed device [113].

2.3.5: Alterative Devices and Configurations

Integrated devices have also been made into fibrous devices intended to be highly flexible
in form and in applications. It is desired due to the increasing reliance on portable electronics.
Fabricating such high-performance energy systems in a compact, one-dimensional fibrous
structure can relieve limitation in heavier and bulkier traditional panel structures [114]. The small
and lightweight design is good for an increasingly large number of applications, like comfortable
medical sensors, wearable power packs, and any other field where the comfort and mobility of the

user are paramount [84, 115]. To properly construct such wearable devices, the fiber electrodes
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must be able to bend, stretch, and twist while still retaining electrical conductivity, efficiency, and
mechanical properties [116]. Since DSSCs are often inexpensive, and easily fabricated with a wide
range of photoanodes, electrolytes, and CEs, they can easily achieve the flexibility necessary for
fibers, which emerged as early as 2005 in a coaxial, or centralized along-the-fiber, architecture
[27,117,118]. These devices are separated in coaxial, twisted, and parallel architectures, displayed
in Figure 12, which define how the devices layout the DSSC and supercapacitor in regard to the

other two types [79, 119].
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Figure 12: Fibrous DSSC-Supercapacitor Configurations. (A) Coaxial fibrous DSSCSC where
both devices lie along the same, multifunctional fiber [120]. (B) Twisted fibrous DSSCSC where
the devices are twisted to form a single fiber textile [121]. (C) Parallel fibrous DSSCSC where
the two modules share a common fiber-electrode and have separate, function specific parallel
electrodes [78].

Bae at al. made the first fiber DSSCSC from a coaxial nanogenerator, DSSC, and
supercapacitor in 2011. ZnO nanowires are the active electrodes, a thin Au layer is the shared
electrode on the PMMA micro-fiber substrate in the structures, allowing for graphene-coated Cu-
mesh to be used as the external electrodes for all three units on the coaxial fiber. The DSSC module
contained a liquid dye and electrolyte, ultimately showing a poor PCE of 0.02%, attributed mainly

to the transparency of the external Cu-mesh. This problem would be fixed in subsequent cases.
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The asymmetric supercapacitor utilized the same external electrode as the DSSC, with the

inclusion of a gel-type PVA-H3PO; electrolyte, reporting a capacitance per unit length of 0.025

mF cm™ [114]. From this point, the capabilities of fibrous DSSCSCs would generally trend

upward, as seen in Table 2, with some notable recent trends.

TABLE 3

FIBROUS DSSC-SUPERCAPACITOR DEVICES
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TABLE 4 (continued)

FIBROUS DSSC-SUPERCAPACITOR DEVICES

Configuration
Coaxial
Twisted
Parallel

Coaxial/Twist

Twisted
Coaxial
ed
Parallel
Coaxial
Parallel
Parallel
Coaxial

Fibrous DSSCs have shown more definite linear improvement than rigid structures, with
some small exceptions to the rule using different configurations. The electrolyte and dye columns
were omitted because all cases utilized uniform 1/1° redox reaction electrolytes and N719 for the
dye. The results also typically use the same TiO2 based photoanodic material, excluding the first
entry in the table, which used ZnO [114]. The parallel configuration seems to currently offer the
most consistent performance for integrated cells, reaching an overall peak efficiency of 5.10%,
although the highest PCE has been achieved with a coaxial hollow-composite fiber that is fully
bifunctional without further modification [128, 129]. Future considerations for this structure type
should likely consider further improvements in the individual devices and determine how they can
either be integrated coaxially for space saving and durable fibers, or if parallel fibers will still
prove to have the highest photovoltaic performance going forward.

Alternative devices have also been made with a range of different cell types. Silicon solar
cells have been combined with batteries to commercial success, and with supercapacitors to a
lesser extent [9, 130, 131]. Third generation solar cells like perovskite SCs, organics SCs, and
guantum dot-sensitized SCs have also been fabricated with batteries and supercapacitors using the

previously defined configurations. The performance results of these alternative devices have been
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CHAPTER 3

EXPERIMENTAL

3.1: Materials

The photo-electrode used in this work consisted of Titanium (IV) Oxide (21nm,
>99.5% trace metals). The sensitizing dye used in this work was cis-Bis(isothiocyanto)bis(2,2’-
bipyridyl-4,4°-dicarboxylato ruthenium(I1)) or N3 dye. The electrode materials included Activated
Carbon (AC) powder, Mesoporous Carbon (MC) nano-powder (<500 nm particle size, 99.95%),
Graphene powder (conductivity > 103 S/m), and Graphite powder (< 20 um, synthetic). These four
commercial carbon-based particulates were used as-is for counter-electrode materials, applied in
the solvent 2-Propanol (> 99.5%).

The DSSC electrolyte consisted of 1> (lodine), Lithium lodine (Lil), Tert-butyl-pyridine,
1-butyl-3-methylinidazolium, guanidine thiocyanate, Valenonitrile, and Acetonitrile, which were
purchased and used as is, also from Sigma-Aldrich.

Poly(vinyl alcohol) (PVA) (Mw 89,000-98,000, 99+% hydrolyzed), Potassium Hydroxide
(KOH) pellets (> 85%), and Glycerin (> 99.5%) were used to fabricate the supercapacitor gel-
electrolyte and separator. The photoelectrode materials, four commercial carbon-based
particulates, DSSC components, and EDLC electrode and separator were all purchased from
Sigma Aldrich.

Also obtained were Graphite paper sheets (210 mm x 200 mm x 0.3 mm, 3mQ/cm?
electrical resistivity) purchased from MSE Supplies, and Fluorine-doped tin oxide (FTO) slides

purchased from Hartford Glass Company (Hartford, IN), used as conductive substrate materials.
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3.2: Fabrication of Dye-Sensitized Solar Cell

The photoanode was prepared by cleaning the FTO conductive slide with ethanol. A further
area of 0.5 cm by 0.5 cm was demarcated by tape on the conductive surface. A TiO> paste was
created by suspending 0.200 g TiO2 powder in 2 mL of ethanol in a 10-20 mL glass beaker. The
mixture was stirred with a glass stirring rod until homogenous. The prepared paste was applied to
the demarcated area on the FTO slide by the doctor blading method, resulting in a thin even
surface, that was repeated 2-3 times until a consistent thin layer was achieved on each slide. The
tape was removed, and the TiO layer was sintered in a box furnace, held at 500°C for 40 minutes,
with a heating rate of 10°C/min. The N3 dye mixture was created in a petri dish with 0.008g of N3
dye powder, suspended in 25 mL of ethanol, and stirred with a glass stirring rod. Following
sintering, the TiO coated slides were dipped into the solution and allowed to sit for 24 hours.

The I/15” electrolyte was prepared in 5 mL batches with the following mixture. Firstly, the
solid materials were measured in the following amounts for a 5 mL sample: 0.0300 g Guanidine
thiocyanate, 0.0500 g lodine, 0.0165 g Lithium lodine, 0.7950 g 1-Butyl-3-methylinidazolim, and
0.1980 g Tert-butyl-pyridine. These materials were added to a small glass vial, and the glass vial
was covered with aluminum foil. Valenonitrile and Acetonitrile were added to the covered glass
vial in a 0.15:0.85 ratio, respectively, and the vial was shaken by hand to mix the solution. The
solution was sealed and stored in a dark and dry environment when not in use.

The counter electrode was prepared by dispersion 0.2000 g of the commercial carbon
material in 2 mL of 2-propanol, and hand grinding in a mortar and pestle for 10 minutes. For the
AC, MC, and graphite dispersions, a single drop of PTFE was added as a binding material, which
was not used for the graphene solutions, due to PTFE increasing aggregation of the graphene

particles. The carbon-based dispersion with PTFE was then ground for another 5 minutes, with 2-
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propanol added as necessary to maintain the solution viscosity. The mixture was drop cast onto an
area of approximately 1.5 cm? on a conductive graphite paper electrode, cut into 3-cm by 1-cm
strips. The electrodes were allowed to air dry.

To complete the solar cell module, the TiO2/N3 photoanode was removed from the dye
solution, and the excess dye was cleaned from the surface. The active TiO2/N3 area was isolated
by tape placed on the rest of the conductive FTO surface, and 4-5 drops of 1713 electrolyte were
dropped onto the photoanode to ensure full coverage and contact. The carbon-based counter
electrode was used to sandwich the structure and backed by a non-conductive glass slide. The full
structure was clamped together to establish full contact between the layers and reduce the amount

of electrolyte leakage. This completed DSSC was then used for characterization.

3.3: Fabrication of Carbon-Based Supercapacitor

The carbon-based electrodes were prepared as described in section 3.2: 0.2000 g of the
carbon material was dispersed in 2 mL of 2-propanol, and hand ground in a mortar and pestle to
make the particle size uniform and well-dispersed. After 10 minutes, a drop of PTFE solution was
added to the AC, MC, and graphite solutions and ground for another 5 minutes. The graphene
solution was ground for 15 minutes without additives to reduce the aggregation of the particles.
The ground solutions were drop cast onto graphite paper sheets cut into 3-cm by 1-cm strips,
resulting in a coated area of 1.5 cm?. The coated electrodes, two for each supercapacitor device,
were allowed to air dry overnight. The mass of the strips, before and after the modifying material
were added was recorded.

A PVA-KOH hydrogel polymer was fabricated to act as the supercapacitor electrolyte [13,

111]. To prepare the hydrogel, 0.05 g mL? PVA was added in stages to distilled water and
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magnetically stirred at 300 RPM while under cover and heating to 106°C. The solution was stirred
until the PVA was dissolved, appearing as a homogenous, moderately opaque, liquid. After
dissolution of the PVA, 3 M KOH was added to the solution and mixed until homogenous. Once
fully homogenous, Glycerin was added to the mixture in a 1:20 volume ratio and stirred until a
fully combined and moderately viscous solution was obtained. The viscous solution was removed
from heat and poured into a small petri-dish to air-dry overnight. The resulting hydrogel was white
in color and approximately 0.5-1 mm in thickness, capable of acting as both the electrolyte and
separator in the EDLC module.

The EDLC module fabrication was completed by sandwiching the PVA-KOH gel
electrolyte between two carbon-based electrode that were back by non-conductive glass. The
sheets with glass backing were clamped together to guarantee full contact between the layers. This

completed supercapacitor was then used for characterization.

3.4: Integrated Cell Assembly

The DSSC photoanode, and electrolytes for both the DSSC and EDLC were fabricated as
described in sections 3.2 and 3.3, connected directly by an intermediate, double-sided electrode.
The intermediate electrode was fabricated by drop casting the as-prepared carbon-based material
in sections 3.2 and 3.3, then flipping the graphite paper and coating an equal area on the opposite
side, creating a double-sided electrode. The DSSC module of the device with the applied
electrolyte was attached to one side of the intermediate electrode, acting as the CE for the DSSC.
The other side of the intermediate electrode acted as the other EDLC electrode with the PVA-KOH

hydrogel electrolyte. The full structure is illustrated in Figure 13. The EDLC side of the integrated
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device was capped with a slide of non-conductive glass and clamped together to establish good

contact between layers. The completed device was then used for characterization.

FTO Glass

TiO, N3 Dye
I-/1; electrolyte /

Graphite Paper
Carbon
PVA-KOH Hydrogel

Graphite Paper
Glass

Figure 13: Device structure for the integrated, three-electrode, photo-supercapacitor. The
structure consists of a DSSC and carbon-based EDLC, both sharing a common intermediate

electrode.

3.5: Characterization Methods

Several characterization techniques were utilized to characterize the commercial material’s
structure and determine the performance of the integrated device. All techniques for ascertaining
the device performance were performed on a Biologic SP-50e Potentiostat, using programs made
on the EC-lab software.

The commercial carbon materials were characterized by X-Ray Diffraction analysis
(Rigaku Miniflex) between 10° and 70°, step size 0.01, used to determine the crystallinity, and
particle size of the carbon substances. The morphology of the structures were determined by

Scanning Electron Microscopy (Thermoscientific Phenom Pharos).
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The current-voltage (1V) test was used on the solar cell prior to and after integration with
the supercapacitor module. During this test, the solar cell was exposed to simulated light at a
known intensity to evaluate the performance of the cell components. The performance is evaluated
through the short circuit current (lsc), open circuit voltage (Voc), fill factor (FF) and the solar
conversion efficiency (ns). The test was performed under 100 mW cm of illumination, cast by a
Xenon lamp in standard atmospheric conditions. For this test, the working lead was connected to
the graphite paper of the CE, and the counter reference lead was connected to the conductive FTO
slide as the photoanode. From the IV curves collected during the test, the fill factor is calculated
from the maximum power reached during the test, Pmax (MW), the Voc (V), and the Jsc (MA), in
equation 1. These values are used along with the solar intensity, E (mW cm), and the photoanode

surface area, Ac (cm), to determine the solar conversion efficiency in equation 2.

Pmax

FF = @)
Pmax

Nse = E-A, (2)

Constant Current (IT) and Constant Voltage (VT) tests were used to determine the
performance of the integrated device, by measuring the amount of voltage and current being
transferred to the supercapacitor module from photocharging. Both tests were performed under
identical conditions to the IV test, in a two-electrode format. For the IT test, the working lead was
connected to the photoelectrode, and the counter reference lead was connected to the external
supercapacitor electrode. The leads were switched in the VT test to maintain a positive

measurement for fewer post-processing operations. During these tests, a baseline current and
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voltage were determined, then the cells were photocharged under 100 mW c¢m illumination and
discharged in the dark to measure the discharge time.

Cyclic voltammetry (CV) was used to analyze the electrocatalytic activity of the EDLC
module and the device following integration. This test involved cycling the cell between 0 and 1
V working potentials at different scan rates of 2, 5, 10, 50, and 100 mV s, measuring how current
in the supercapacitor changed during the cycle over a total of 3 cycles. For the integrated device,
the working lead was connected to the intermediate electrode, and the counter reference lead was
connected to the external supercapacitor electrode. This test was used to calculate the specific
capacitance, Cs in F g2, since the mass of the electrode material was known. From the CV curve
collected during the test, the Cs was calculated from the cathodic area, [ I - dV (mA-V), the active
mass of the electrodes, m (g), the scan rate, v (mV s?), and the working potential window, AV (V).

The equation for Cs is outlined in equation 3 [30, 111].

¢ =12 ©)

Galvanostatic Charge-Discharge (GCD) served to analyze the performance of the non-
integrated EDLC module in a two-electrode format. The potential window for the cell operated
between 0 and 1 V, and the test measured a driving current of 1-5 mA, for a total of 5 tests with
10 cycles each. The Cs for this test type was calculated with equation 4, utilizing the collected
applied current, I (A), the discharge time in seconds, At, and the voltage potential window. The Cs

from these plots was used to determine the energy (Ecen) and power (Pcen) density of the cells in

equations 5 and 6, with the units W-h kg and W kg respectively [30, 111].
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CHAPTER 4

RESULTS AND DISCUSSION

4.1: Material Characterization

The scanning electron microscope (SEM) imaging of each carbon-material are shown in
Figure 14. It is analyzed from this figure that the four carbon-materials have a large difference in
surface morphology and particle size. Both AC (Fig. 14A) and MC (Fig. 14B) appear as
particulates of varying size with porous structures, although MC appears as a more consistent size
and shape having an average particle size of 2.0 um with a large number of pores on the surface
of each particulate. The AC particles have a larger average size at 8.3 um. The feather-like sheets
and layered structure of graphene (Fig. 14C) and graphite (Fig. 14D), respectively, are also seen
in high detail. The graphene layer size was approximated to be 33 um. The large graphite structures
with a layer size of approximately 313 um appear more plate-like than the other structures with
few large pores able to increase the active surface area. A large active surface area would absorb
more of the electrolyte which is important for the performance of gel-based electrolytes [13]. From
these surface morphologies and particle sizes, AC, MC, and graphene are expected to have higher

capacitive performance than the graphite-based cells due in part to the particle and pore size.
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Figure 14: SEM images of A) Activated Carbon, B) MC, C) Graphene, and D) Graphite

The material and crystalline morphology were confirmed through XRD, shown in Figure
15. Both AC and MC show amorphous properties indicative of non-uniform particles in the
mixture. The AC peaks occur at 26 = 22.3° and 44.2° representing a lattice size dna = 3.98 A, and
a crystalline size D = 8.23 nm. Similarly, the MC peaks occur at 20 = 24.6° and 44.0° representing
dha = 3.62 A, and D = 15.1 nm. Unlike AC and MC, Graphene and Graphite show highly
crystalline peaks occurring at 20 = 26.5°, and 20 = 26.4°, respectively. The lattice size and
crystalline size for graphene were dna = 3.36 A and D = 130 nm, and for graphite dna = 3.37 A and

D =167 nm.
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Figure 15: XRD plots for A) Activated Carbon, B) Mesoporous Carbon, C) Graphene, and D)

Graphite

4.2: DSSC Performance

The 1-V curves of the different carbon-based counter electrode materials are shown in
Figure 16, these results as compared before and after integration with the supercapacitor module
are also tabulated in Table 3. Prior to integration, the DSSC utilizing a graphite CE showed the
greatest efficiency, nsc = 3.26%, with a current density of (Jsc) of 7.44 mA cm™, an open circuit
voltage (Voc) of 0.763 V, and a fill factor (FF) of 0.5752. Following integration, the MC CE cells
showed Jsc= 6.52 mA cm™, Ve = 0.762 V, FF = 0.625, and a conversion efficiency of 3.10%. This
change in maximum power conversion efficiency (PCE) before and after integration for the

graphite, AC, and graphene cells was attributed to the decrease in current density over time as the
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cell aged and became less stable, and the effects of charging the supercapacitor module. This
decrease can be seen directly in Figure 16B as a lowered current density and fill factor. The MC
CE cells break this trend, showing improved performance following integration despite lowered
short circuit current, attributed to the increase in fill factor observed. The potential reasoning for
the poor graphene performance as a CE despite the favorable active surface area and known
favorable qualities could be due to the poor uniformity of the flake size, and difficulty in layering
the material using the drop cast method.

TABLE 5

DSSC PHOTOVOLTAIC CHARACTERISTICS

Pre-Integration Post-Integration
Cell Jsc (mA Voc (V) FF MNsc \]sc (mA Voc (V) FF MNsc
cm?) cm?)

Graphite | 7.44 0.763 0.575 3.26 5.72 0.763 0.489 1.43

AC 6.80 0.713 0.592 2.86 6.44 0.720 0.524 2.43

MC 6.76 0.762 0.591 3.04 6.52 0.762 0.625 3.10

Graphene | 6.44 0.738 0.598 2.85 6.32 0.678 0.520 2.22

51



10 -10
(A) ——AC (B) S—Y
——MC ——MC
. —— Graphene . —— Graphene
N _ ——— Graphite N ——— Graphite
5 — 5
< <
E E
2 r—
] T 5
c c
@ [
0 [a]
€ €
o o
5 5
o o
0 1 \ 0 L \\lln
0.0 0.5 1.0 0.0 0.5 1.0
Potential (V) Potential (V)

Figure 16: Measured IV curves for the DSSC. (A) IV curves pre-integration with the EDLC. (B)

IV curves post-integration with the EDLC.

4.3: Supercapacitor Performance

The energy storage properties of the carbon and PVA-KOH hydrogel supercapacitor prior
to integration were analyzed using CV and GCD tests in a two-electrode system. These cells were
expected to utilize electric double layer capacitance, with no electron transfer or redox reaction
[14, 31, 137]. This mechanism is confirmed for the four different electrode materials at varying
scan rates as illustrated in Figure 17A-D. The four materials show roughly quasi-rectangular
voltammograms, with no indicated peaks, implying characteristics of EDLC devices [138-141].
As the scan rate was increased from 2 mV s to 100 mV s the peaks and capacitive area increased.
The maximum mass specific capacitance calculated from the cathodic area of the voltammograms
at a 2-mV s scan rate were 22.0 F g2, 43.7 F g%, 21.0 F g%, and 22.7 F g%, for the AC, MC,
Graphene, and Graphite electrodes, respectively. These values at a scan rate of 2 mV s are

reported with the energy density and power density from the GCD test in Table 4.
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Figure 17: Cyclic Voltammograms for EDLC device using commercial A) Activated Carbon, B)

Mesoporous Carbon, C) Graphene, D) Graphite, and E) comparison of 100 mV s* scan rate.

The relative area of the CV curves for the four materials are compared in Figure 17E at a
scan rate of 100 mV s™. The AC supercapacitor operated with the highest voltammogram area but
does not achieve the highest mass specific capacitance compared to MC. This was mainly
attributed to the effect of particle surface area, pore size, and density, which are expected to have

a large effect on the mass specific capacitance [142-145]. The surface area and pore size were
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measured using nitrogen absorption, revealing that MC had the largest pore size, allowing for more
penetration of the gel-electrolyte as compared to the other materials.

TABLE 6

EDLC ELECTROCHEMICAL CHARACTERISITICS

Material Graphite AC MC Graphene
BET Surface 7 854 10 186
area (m?/g)

Pore size (nm) 2-3 2-3 100-150 60-100
Co(CV,Fgh) [227 22.0 437 21.0
Energy Density | 0.682 1.12 1.67 0.523
(Wh kg™)

Power Density 52.4 29.6 103 59.1
(W kg™)

Coulombic 53.2 48.7 67.5 43.7
Efficiency (%)

Note: CV scan rate at 2 mV s, GCD scan rate at 1 mA.

The GCD test was used to further analyze the energy storage properties and stability of the
carbon-based supercapacitor. Scan rates between 1 mA — 5 mA were used and are displayed in
Figure 18. All four curves are roughly triangular, further confirming the EDLC mechanism [31,
85, 146]. The mass specific capacitance calculated from these curves decreased as the
charge/discharge rate was increased, resulting in the highest energy and power density at the 1 mA
charge/discharge rate. In contrast the coulombic efficiency of the materials increased as the

constant current scan rate was increased. The measured coulombic efficiency of the devices,
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reported in Table 4 at 1 mA constant current, implied relatively low stability of the devices, and is
reflected in the short discharge times. The fast discharge and low stability were attributed to the
incompatibility of the PVA-KOH with the electrode materials, and the unreliability of drop cast
fabrication for uniform electrodes, specifically for the graphene electrodes, which performed under

expectations based on particle surface area and pore size [32, 147].

—AC
—MC

Graphene

Graphite

Potential (V)

Time (s) 7
Figure 18: Charge/Discharge curves at 1 mA current scan rate for the four carbon-based

electrode materials

The stability of the device after a number of cycles is an important parameter for the
functionality of the materials and the longevity of the modules. A supercapacitor was chosen to
integrate with the DSSCs due to the high stability of the energy storage device over other types of
chemical storage. The stability of the four types of supercapacitor and the integrated device was
evaluated using GCD testing over 10 cycles. Over these 10 cycles, the capacitance retention is
shown in Figure 19A. Overall, for each capacitor, there is a change in capacitance of less than
2.7%. The AC-based supercapacitor has the least change in capacitance from the initial cell,

changing less than 0.2% overall, supported by the consistent shape of the GCD curves in Figure
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19B. The MC-based supercapacitor is the least stable of the cells over 10 cycles showing an overall
loss in capacitance, remaining within 2.7% of the initial measured specific capacitance, indicated
by the slight narrowing of the GCD curves in Figure 19C. The graphene-based supercapacitor has
some fluctuation in the measured capacitance over the tested cycles but has an overall loss that is
the second highest, and the shortest discharge time as illustrated in Figure 19D. Finally, the
graphite-based supercapacitor was the second most stable, showing an overall loss in capacitance
of 0.8%, as illustrated in Figures 19A and 19E.

The stability of the device indicated by these 10 cycles is relatively high for the AC,
graphene, and graphite supercapacitors. Despite operating with the highest specific capacitance,
the MC EDLC has the lowest capacitance retention. Although 10 cycles are a short period as
compared to the overall expected life cycle of this type of supercapacitor, this number of cycles
can still provide valuable insight into how the stability of the cell can fluctuate over a short term,

eventually compounding over time.
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Figure 19: Stability of supercapacitor from GCD measurements. (A) Capacitance retention over
10 cycles for the four types of supercapacitor materials. (B-E) GCD curves over 10 cycles at 2

mA scan rate. (B) Activated Carbon, (C) Mesoporous Carbon, (D) Graphene, and (E) Graphite.

4.4: Integrated Device Performance
Following integration with the supercapacitor module, IT and VT tests were performed to

confirm the DSSC was charging the supercapacitor. As indicated in Figure 20A, when the device
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was photo-charged, it saw an immediate photocurrent up to 1.63 mA, 1.37 mA, 1.42 mA, and 1.35
mA for AC, MC, graphene, and graphite, respectively. This current decayed during the process as
the supercapacitor was charged, consistent with other reported data [34, 105, 107, 108, 111]. The
reason for this decay relates to the injection of generated charge into the EDLC module, decaying
as the device neared a full charge. Finally, when the light was removed, the current returned to
zero, showing that the charging stopped. A small negative current was observed within the few
seconds of the light being removed; this negative current could likely represent a slight discharge
in the supercapacitor, used to recombine the DSSC redox electrolyte as it self-discharged. The
charging voltage for the device was determined from the VT curve. When the device was photo-
charged, a charging voltage was observed. As observed in Figure 20B, this charging voltage was
greatest for the MC device at 0.536 V, and lowest for the Graphene device at 0.387 V. The device
was then allowed to self-discharge to evaluate the storage ability. From the low conversion
efficiency, charging voltage, and current, the graphene cells were observed to have very low
conversion and storage capability despite the large surface area and ability of graphene-modified

devices in literature [111, 145, 148, 149]. The low performance in this report was attributed to the

preparation of the cells on the conductive substrate and the small surface area and pore size of the
commercially available materials. For the other devices, the fast self-discharge and highly negative
voltage supports the implication that the charge from the supercapacitor was partially used to

regenerate the DSSC module.
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Figure 20: IT and VT curves for the integrated device. A) Current-Time curve for the integrated
device during photocharging. B) Voltage-Time curve for the integrated device during

photocharging.

Cyclic Voltammetry was also performed following integration to see how the energy
storage and stability of the device would be altered under the same conditions. Illustrated in Figure
21A and 21B, the AC and MC devices maintained relatively good ELDC from the roughly
rectangular shape of the curves. In the same Figure 21C and 21D, the Graphene and Graphite cells
saw a significant breakdown in the EDLC mechanism, showing sharp peaks and large slopes. The
same trend as seen in the non-integrated device was noted as the scan rate increased. The mass
specific capacitance was calculated from these CV curves, showing a maximum at the 5-mV s
scan rate. These values were 15.1 F g, 40.0 F g%, 13.0 F g%, and 15.2 F g for the AC, MC,
Graphene, and Graphite-based devices, respectively. These values are decreased from the non-

integrated devices due to the difference in charging mechanism, and connection to the DSSC

module.
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CHAPTER 5

CONCLUSION

This thesis explored four commercial carbon-based materials for usage in an integrated
dye-sensitized solar cell/supercapacitor (DSSCSC) device. For each material, Activated Carbon,
Mesoporous Carbon, Graphite, and Graphene, an integrated device was fabricated and tested to
determine the utility of the materials based on the device performance. The ultimate goal was to
determine if commercial carbon-based materials were compatible with the chosen structure of the
device, characterized by the performance of the device. These devices are expected to be ideal for
small electronics where large batteries or frequent conventional charging are impractical such as
medical devices and sensors.

The fabricated devices were considered three electrode monolithic structures, containing
an intermediate electrode made from conductive graphite paper, coated with the active material.
The photoelectrode for the device was manufactured from TiO; as the semiconductor material,
coated on a transparent Fluorine-doped Tin oxide slide, and sensitized by an N3 dye. The counter
electrode consisted of the commercial carbon material coated on the double-sided intermediate
electrode, with the other side acting as an electrode for the electric double-layer capacitor. The
electric double-layer capacitor module had symmetric electrodes made from the commercial
carbon materials coated on conductive graphite paper, sandwiching a PVA/KOH aqueous gel
electrolyte. The four commercial materials were each used to fabricate the device and achieved
different performances.

The DSSC device manufactured with activated carbon performed with the lowest open

circuit voltage at 0.713 V and a 2.86% power conversion efficiency pre-integration. Following
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integration, the DSSC module saw a slight increase in open circuit voltage to 0.720 V and a
photocurrent of 1.63 mA, but a decrease in PCE to 2.43%. The supercapacitor module for this
device had a specific capacitance of 22.0 F g™t pre-integration, which decreased to 15.1 F g* post-
integration.

The mesoporous carbon device pre-integration operated with a higher open circuit voltage
than the AC electrodes at 0.762 V and had a PCE of 3.04%. Post-integration, the MC-based device
was unique, as the fill factor and power conversion efficiency for the device both increased to
0.625 and 3.10% respectively, and a photocurrent of 1.37 mA. The supercapacitor module
achieved the best performance out of the trialed materials, being 43.7 F g pre-integration, and
40.0 F g* post-integration. Despite the consistent performance before and after integration, this
supercapacitor was also determined to be the least stable as it aged, showing the least capacitance
retention over the tested cycles.

The graphite-based device had interestingly mixed results pre- and post-integration. Pre-
integration, the DSSC module achieved the highest power conversion efficiency of the four
materials at 3.26%, along with the highest open circuit voltage (0.763 V) and closed-circuit current
density (7.44 mA cm). The supercapacitor module for the material also performed well, having
the second highest pre-integration specific capacitance at 22.0 F g and 15.2 F g post-integration.
However, the integrated DSSC module performed the worst out of the four materials, with a power
conversion efficiency of only 1.43%.

Similar to the graphite devices, the graphene-based cells had mixed results, that were much
lower than expected than the material characterization would suggest. The DSSC pre-integration
operated with the lowest power conversion efficiency at only 2.85%. The specific capacitance for

the device pre-integration was also the lowest at 21.0 F g. The performance decreased further,
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although not to the same degree as the graphite cells, following integration. The integrated power
conversion efficiency was 2.22%, and the specific capacitance was the lowest at 13.0 F g*. The
reason for the low results was attributed to the simplistic fabrication methods.

The results of these experiments presented in this thesis revealed the utility of these
materials as electrodes in monolithic dye sensitized solar cells integrated with a supercapacitor
into a singular device. Based on these results, these four materials show promise as inexpensive
counter electrodes and as electric double-layer electrodes in an integrated device. Of the
commercial materials, mesoporous carbon has the highest overall performance, operating above
other researched early devices in the literature, and is the most compatible with the monolithic
structure. The alternative commercial materials also have promising performance that is
comparable to other researched devices, but such as graphene, are limited by the fabrication
methods used, and will require improvements in these methods in order to become more

competitive for ultimate commercialization.
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CHAPTER 6
FUTURE WORK

Moving forward with this topic, | would recommend fabricating devices with more
effective manufacturing methods and a wider range materials, focusing on increasing capacitive
performance and stability. The current materials are inexpensive alternatives and can be used for
a number of tests with this structure and alternative solar cell types. A hybrid supercapacitor can
also be attempted with this layout and these commercial materials as one electrode, in order to
determine the further compatibility of this structure and intermediate electrode with DSSCs.

These commercial materials can also be used to evaluate the monolithic structures using
alternative third-generation solar cell types, such as perovskite, which can used carbon-materials
as the hole transport material. Beyond alternative solar cell types, different layouts like the shared-
substrate structure can also be attempted with these materials to evaluate the performance

associated with different manufacturing processes.
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