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CHAPTER |

INTRODUCTION AND BACKGROUND

1.1.Carbon Nanotubes

Carbon is an abundant element on earth. Recently, many advanced
carbon allotropes have been devised, including graphene, carbon nanotubes
(CNTSs), carbon nanofibers, and nanodiamond %2. Graphene, a single layer of
graphite, is a one-atom-thick sheet of carbon atoms ordered in hexagonal arrays.
Rolled-up graphene sheets, on the other hand, are CNTs. Based on the number
of rolled graphene sheets, they are called single or multi-walled CNTs (SWCNTs
or MWCNTSs). Since the publication of Lijima and others’ work in 1991, CNTs
have been of intense interest for the researchers and industry 3. They have
extraordinary material properties such as high electrical and thermal conductivity,
strong mechanical strength, good photoconductivity, extreme chemical inertness,
high aspect ratio, and tune-ability of the nanostructure features 4. Accordingly,
CNTs have been used in a wide variety of applications such as supercapacitors,
batteries, solar cells, actuators, lightweight electromagnetic shields, transistors,
paints, composite materials for enhanced reinforcement, filters, drug delivery
systems, and so on &°. Many other applications, which utilize CNTs, are also

likely to emerge in the future.



1.1.Solar Energy Harvesting

The world’s ever-increasing energy demand and related problems,
pollution and global warming, have called for cleaner and renewable energy
supplies. The primary renewable energy sources are wind, solar, wave and tidal,
biomass, hydroelectric, and geothermal. With 75% of the worlds’ population living
in the Sun Belt, where the solar irradiation is as high as producing average
energy of 2000 kwh/m? per year: harvesting this energy becomes a promising
solution to help solve the global energy challenge °. There have been many
approaches in this respect like concentrated solar power, where the concentrated
heat of sun rays is first converted into mechanical energy and then to electricity;
solar thermal, in which the solar energy is used to heat the heat transfer fluid and
used as a direct heat source; solar cooling, where a chemical sorbent compound
uses solar energy for cooling; artificial and natural photosynthesis, where a
chemical fuel is created through photosynthesis either with practical chemicals,
or with photosynthetic organisms, respectively '; photovoltaics, where the solar
energy is converted directly to electric energy via photovoltaic semiconducting

materials 12.

1.2.Energy Storage

As the global energy challenge remains a critical issue, the cost of energy
production and the flexibility/availability for using it independently of time and
location have made energy storage a priority. Historically, the most popular and

the lowest cost energy storage system is hydroelectric power plants, where the



water is collected into high altitude lakes, and when the energy is demanded it
flows downhill through turbines; the gravitational potential energy is converted
first into kinetic energy, and then to electric energy. In 2016, 16.4% of the world’s
total electricity generated was obtained through hydroelectric power plants 13,
Other less popular alternatives include using compressed air and flywheels for
storing potential and kinetic energy, respectively, but they’re not feasible for
large-scale systems 4. Fuel cells are another way of storing energy, by
bypassing the heat-generating stage in their chemical reaction; chemical energy
is directly converted into electrical energy. A typical fuel cell consists of two
electrodes and an electrolyte, and the common fuel is pure hydrogen (H2) or
hydrogen-containing agents: methanol, methane, hydrogen sulfide, and
hydrazine. Alternatively, people have also used carbon monoxide *°. When the
energy density, load leveling, mobility, smooth energy output (constant voltage),
and carbon emissions are concerned, batteries can be deemed as the future of
the energy storage #4617, On the other hand, supercapacitors are a possible
alternative for batteries in the case of high-power requirements, but unable to
operate at fixed voltages. In Figure 1.1, the Ragone plots show the operational
difference between batteries and electric double layer supercapacitors (EDLC),

which tend to excel in energy density and power density, in order 18,
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Figure 1.1 Ragone plots of batteries, electric double-layer capacitors (EDLCSs),
and battery supercapacitor hybrids (BSHs) 8.

1.3.The Aim of the Research

The objective of this research is to develop novel cathodes utilizing the
advanced features of carbon-based nanocomposite materials, especially carbon
nanotube-based composites. The fabricated cathodes are to be used in energy-
related applications: dye-sensitized solar cells (DSSCs), photocapacitors, and
lithium-ion batteries.

Electrodes using carbon nanomaterials have been actively investigated
recently, and they, especially CNTs, are suggested as the preferred electrode
material for energy conversion and solving the energy storage bottlenecks 1220,

Conventional DSSC counter electrodes (cathodes) are made of platinum
(Pt) metal, which is a high-performance catalyst but unfortunately corrodes in the
electrolytes with the iodide/triiodide redox couple; that has prompted to the

search of more durable and less expensive alternative materials such as carbon-
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based nanomaterials. CNTs have shown competitive catalytic performance to Pt
in DSSCs, but there has not been any report using micro-patterned vertically
aligned CNTs (VACNTS) nor their composite as a DSSC counter electrode L.

Scientists have also tried to combine DSSCs with the energy storage
feature in a single device, either with batteries or capacitors. In the DSSC-
capacitor combination (also called photocapacitor), single-cell integration has
always been a big challenge, and the charged voltage of the photocapacitors
was lower than that of DSSCs’. Besides, mostly the conventional DSSC
electrolytes were used in the compact two-electrode photocapacitors, which have
compatible redox couples for a DSSC operation but are not always suitable for
the capacitor operation.

There has been an immense amount of research interest in the DoD for
developing Li-ion based batteries with high-energy and high-power density, and
high operating voltage (more than 300 mAh/g specific capacity and higher than 4
V operating voltage), using novel active cathode materials. In order to exploit the
most from the cathode, the conventional cathode structure, hence the fabrication
technique must be changed to a simpler yet effective one, as some of the
researchers have been trying to achieve.

In my studies, | have achieved the following by developing CNT-based
nano-structured cathodes for energy applications, including DSSCs,
photocapacitors, and Li-ion batteries:

e Fabrication of micro-array patterned CNTs (MA-CNTSs) counter
electrode and testing it in a DSSC to replace the conventional

Pt-film electrodes;



e Development of a two-electrode, compact photocapacitor with
an electrolyte which has never been practiced with DSSCs
before;

e Photovoltaic and capacitive performance analyses of the
photocapacitor;

e Development of a novel active cathode material,

Liz(FeanyCoz)SiO4 dilithium ternary silicate (DTS), which has a

high theoretical capacity and operating voltage;

e Analysis of the DTS material through a scanning electron
microscope (SEM), X-Ray diffraction (XRD), and inductively
coupled plasma- mass spectrometry (ICP-MS);

e Electrochemical characterization of the DTS as active cathode
material in a pouch cell configuration;

e Synthesize microarray patterned CNTs on Al (MA-CNT/AI),
which is used as a novel host material for the cathode in LIBs;

e Utilization of MA-CNT/AlI as the host for electrophoretically
deposited LiFePO4, and electrochemical characterization of this

cathode in a LIB cell.

1.4.0rganization of the Dissertation Proposal

This thesis has eight chapters, and they are arranged as follows:
= Chapter | includes the background information about carbon

nanotubes, the emerging solar energy harvesting using DSSC, and
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literature survey of the energy storage solutions. The purpose of
this research is also detailed in this chapter.

Chapter Il covers a review of the recent technologies about carbon
nanotube  fabrication. Dye-sensitized solar cells and
supercapacitors made of different electrodes are reviewed. Recent
advancements in  photocapacitors were also included.
Developments in battery technologies, especially in lithium-ion
batteries, are overviewed.

Chapter Il has detailed information about the fabrication of our
dye-sensitized solar cells with an iodide-based electrolyte.
Micropatterning of the vertically aligned carbon nanotubes is
described in this chapter. The synthesis of vertically aligned carbon
nanotubes on Si using a hot filament chemical vapor deposition
system is also explained. The structural and photovoltaic analyses
of the cells with carbon nanotube-based cathodes were carried out.
Chapter IV elaborates the work done to fabricate compact, two-
electrode photocapacitors. The photovoltaic and capacitive
performances of the photocapacitors, which have MnO2 and carbon
nanotube-based cathodes, are analyzed.

Chapter V is about the synthesis of a novel lithium-ion battery
cathode material with a high theoretical specific capacity. Structural
and electrochemical analyses of the novel cathode material were
carried out via SEM, ICP-MS, XPS, XRD, charge-discharge, and

AC impedance tests.



Chapter VI entails the work done to fabricate a new cathode host
structure, micro-array patterned carbon nanotube on Al
Accompanied with different cathode material deposition techniques,
for achieving a novel MA-CNT/AI electrode incorporated with
LiFePOa in a LIB cell, the cathode’s structural and electrochemical
performance are investigated.

Chapter VII describes the novel binder-free LIB cathode fabrication
method. It is based on the in-situ fabrication of the lithium iron
phosphate cathodes by a sol-gel process on CNT arrays on Al
substrates.

Chapter VIII provides conclusions of this thesis and directions for
further study.

Appendix A covers uncertainty analysis performed for our

measurements and calculations.



CHAPTER Il

LITERATURE REVIEW

2.1.Carbon Nanotube Structure and Synthesis

A single layer of carbon atoms, arranged in a honeycomb lattice, form a
graphene sheet. Rolling the graphene sheet around a lattice vector, (n,m), results
in a single-walled carbon nanotube (SWCNT) 2°. The lattice vector determines
the diameter and chirality of the nanotube, such that it can be in either armchair
(n =m), zigzag (n = 0), or chiral (other n,m combinations), as shown in Figure 2.1

22_ The chirality of carbon atoms, which is expressed as the chiral angle between

Figure 2.1 (a) Schematic of a graphene sheet in a honeycomb structure. The
basis vectors are denoted as as and a2 and used to create lattice vectors, along
which single-walled carbon nanotubes can be created by folding the sheet.
Accordingly, lattice vectors (8,8), (8,0), and (10,-2) yield to armchair (b), zigzag
(c), and chiral (d) nanotubes, respectively 2.



the tube axis and the hexagon, defines the electrical properties of SWCNTSs to be
either metallic or semiconducting; if 2n+m = 3q (q is an integer), the nanotube is
metallic 2022, Besides, MWCNTSs, which are rolled up multilayered graphene
sheets with an interlayer distance of ~3.4 A, exhibit mostly metallic behavior.
CNTs can be synthesized in either non-oriented (randomly entangled and
spaghetti-like), or oriented (vertically aligned and forest-like) alignments 23,
Recent research studies have shown the feasibility of growing CNTs on various
types of substrates 23.

A key element in the CNT growth is the catalyst, which is deposited onto
the substrate initially and preferably onto a buffer layer on the substrate. During
the growth process, at high temperatures, it breaks down into nanoparticles with
a diameter directly proportional to the catalyst thickness. Carbon atoms diffuse
into these catalytic particles in the hexagonal orientation and precipitate to form
the nanotube, while the buffer layer acts as a barrier against carbon atoms’
further diffusion into the substrate. Figure 2.2 shows the schematic stages of
CNT growth on a SiO2/Si substrate with an emphasis on the carbon-catalyst
interaction 24, By varying the thicknesses of catalyst from a few to tens of
angstroms thick, the resulted CNT formations would vary from SWCNTSs to well-
aligned MWCNTS to intertwined MWCNTs 2°. According to Moulton et al., the
individual tube diameter is also proportional to catalyst thickness, since the
amount of carbon atoms diffusing into the catalyst nanoparticle increases with
the particle size 2°. Iron, nickel, cobalt, and their alloys have been the most

popular catalysts because their carbon diffusion coefficients are high, varying

from 0.4x10™'° to 1x107° m?/s at T= 1173 — 1373 °K, for a single metal 2627,
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Figure 2.2 Schematic stages of the CNT growth for single and multi-walled tubes.
(a) A catalyst layer deposited onto a SiO2/Si substrate. (b) The catalyst film
fragmented into nanopatrticles at high temperatures. (c) The carbon source (C2H2
gas) decomposes and initiates the CNT growth. (d) Carbon atoms diffused
through the catalyst nanoparticles yield to the growth of either MWCNT (under
big nanoparticles) or SWCNT (under small nanoparticles) 24.

Arc discharge, laser ablation, and chemical vapor deposition (CVD) are
the prevalent methods for synthesizing CNTs 2928, Particularly, CVD has
distinctive advantages like allowing the CNT growth at lower temperature directly
on a substrate, and compatible with the conventional micro-fabrication process
28 These include plasma-enhanced CVD, microwave plasma CVD, laser-induced
CVD, and hot filament CVD (HFCVD) 2833,

In a CVD process, there is an energy source that is used to break down
the precursor gases at high temperatures as well as to heat the samples, break
down the catalyst film into nanoparticles, and start the CNT growth 28, An HFCVD
uses a hot filament (preferably tungsten (W)) as the primary heat source to
decompose the precursor gases along with a heating stage to control the

substrate temperature and has been very efficient for growing VACNT forests
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34-36

Precursor gases are the other key elements in the CNT synthesis. For
example, hydrogen (Hz), ammonia (NHzs), and hydrazine (N2H4) are well known
reducing agents, which keep the catalyst surface active. They can also be used
as cooling agents after synthesis 2236, Ammonia, on the other hand, helps to
maintain the alignment of the CNTs during the growth process by etching
amorphous carbon, which occurs at the tip of the CNTs because of catalyst
particle exhaustion 3738, There are also different hydrocarbon gases that have
been utilized as the carbon source: commonly ethylene (C2Ha4), acetylene (Cz2H2),
and methane (CHa); occasionally carbon monoxide (CO), alcohols, benzene, and
other gases 28,

Nucleation of the CNTs and their continuous synthesis in a CVD system
are very fragile processes, which are affected by substrate and filament
temperatures, chamber pressure, and precursor-gases’ flow rates and residence
times. Substrate temperatures required for adequate catalysis typically range
from 400 to 900 °C 28; working at lower temperatures might need compensation
with longer reduction-gas residence time. Besides, different hydrocarbon gases’
thermal decomposition starts at varying temperatures because of varying
interatomic bonds. For example, in hot filament CVD systems, Ishikawa et al.
heated the filament to 1500 °C (minimum) to decompose CzHa4; Cojocaru’s group
used 1800 °C for Cz2Hz; we and the other researchers have been using 2000°C to

2100 °C filament temperatures to break down CHg 363940,
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2.1.1. Raman Spectroscopy

Raman Spectroscopy is a light scattering technique which is based on the
incident radiation’s inelastic scattering after interacting with vibrating molecules.
When a sample is illuminated with a monochromatic laser beam, the molecules
of the sample interact with the photons and emit a scattered light, which has a
frequency different than that of the incident light. Raman spectrum consists of
these molecule-specific scattered light intensities at varying wavelengths 4%,

Structural analysis of the carbonaceous materials is mostly carried out
using Raman spectroscopy. This technique provides information about the
crystalline quality of the MWCNTSs through the D-band to G-band peak intensity
ratio 42. Besides, the diameter of the CNTSs, the effect of inter-tube interactions on
the vibrational modes, disorders of the sp?-hybridized carbon materials are some

of the fundamental aspects that can be obtained from Raman spectroscopy “.

2.2.Solar Photovoltaic Cells

Among different solar harvesting technologies, photovoltaics, also called
solar cells, step forward with in-situ solar to electric energy conversion and better
applicability to mobile platforms, since their discovery in 1839 44. A solar cell
consists of a semiconducting material to generate electricity when exposed to
light. Scientists were able to record the energy distribution of the solar irradiation
coming to earth in wide wavelengths, ranging from A = 280 to 4000 nm. Since

more than 95% of this solar energy is in between A = 280 to 2500 nm, scientists
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are aiming at harvesting the photons in this spectrum 4°. The energy (E) of a

photon is derived from the equation:
E(joules) = = 2.1),

where h is Planck’s constant, and c is the speed of light. The energy required for

a photon to fall through a potential of 1 Volt, is

E(joules)

E(eV) = 1.602x10°"°

2.2).

Based on the equations (1) and (2), photovoltaic materials used in solar cells
allow harvesting photons in a specific range of wavelength, hence operate in a
limited bandgap, which is measured in electron-volts (eV). There are many
parameters to evaluate the performance of a solar cell: solar conversion
efficiency (7) is the ratio of the energy output of the device to the total solar
energy received; fill factor (FF) is the ratio of maximum practical power (Pmax) to
maximum theoretical power of the device; open-circuit potential (Voc) is the
maximum potential the device can reach and is determined at zero current; short
circuit current (Isc) is the maximum current that can be drawn from the device
and at zero potential. These parameters are determined from the photocurrent
vs. voltage (I-V) test of the device, as shown in Figure 2.3 44, The following
equations express the maximum power, fill factor, and solar efficiency of a

photovoltaic cell, respectively:

Pmax = ImxVm (2.3),
Pmax
FF = Voou— (2.4),

and
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Figure 2.3 The current (1) vs. voltage (V) curve of a p-n junction (as a
photovoltaic cell) under illumination and in the dark #4.
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Pi Pin (2:5),

where In and Vi are current and voltage values, respectively.

Depending on the semiconducting material along with the photosensitizer
used, different types of solar cells have been fabricated: monocrystalline silicon
solar cells, polycrystalline silicon solar cells, thin-film solar cells, multi-junction
solar cells, polymer solar cells, quantum structured solar cells, and DSSCs 4.
Silicon-based monocrystalline (c-Si) and polycrystalline (pc-Si) solar cells are the
first examples of solar cells made and use different purity of crystalline silicon as
the semiconductor to create a p-n junction. While c-Si solar cells have
efficiencies more than 20%, its fabrication-cost/efficiency ratio is very high; pc-Si
solar cells cost less but have lower efficiency; c-Si and pc-Si solar cells also are
not readily applicable to integrated photovoltaic but are better for large-scale

systems 447, Thin-film solar cells, on the other hand, come with flexibility and
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transparency and use less material while sacrificing efficiency, making them
suitable for small-scale systems 4>48, Starting in the 1960s, in order to exploit a
broader spectrum of solar irradiation, and hence, to obtain more energy,
scientists employed a variety of photovoltaic materials with different bandgaps on
a single device, called multi-junction cells 4. As of 2017, Lumb et al. claimed to
have a very high efficiency of 44.5% from their 5-junction solar cell that is based
on gallium arsenide (GaAs) and gallium antimonide (GaSb) semiconducting
materials 4°. Even though this technology can vyield very high efficiencies with
complex structures, the high fabrication cost is an issue. Polymer solar cells,
which employ polymer semiconductors as the photovoltaic material, are well
known for their flexibility and low-cost 44. However, they suffer from a short
lifetime and low efficiencies 44. In most of the single bandgap solar cells, when
the photon energy in a light beam is higher than the energy bandgap of the cell’s
semiconductor, the excess energy is lost as electron-phonon recombination or
heat 44. As a new technology, quantum structured solar cells utilize quantum
dots, whose sizes are smaller than the exciton Bohr radius, reduce the hot carrier
cooling rate, thus increasing the impact ionization and enhancing the photovoltaic
efficiency 44°0. Another merit of the quantum dot solar cells is the tunability of
energy bandgap through the size of the quantum dot. However, considerable

research is still required to improve their low energy conversion efficiencies #4.

2.2.1. Dye-Sensitized Solar Cells
Dye-sensitized solar cells (DSSCs), since their invention in 1991, are

considered to be one of the most prominent new generation solar cells 4451,
16



DSSCs offer high conversion efficiencies, ease of fabrication, and low-cost
manufacturing. A typical DSSC generally consists of a photoanode, an
electrolyte, and a counter electrode. The photoanode contains a transparent
substrate (glass or plastic) covered with an electrical conductive layer (fluorine-
doped tin oxide-FTO, or indium-doped tin oxide-ITO) for light absorption and
electron transport and a wide bandgap semiconducting layer (TiO2, ZnO, or
Sn02) coated and sensitized with dye molecules (acting as electron pumps) for
the photoexcitation and photoinduced electron transfer. The electrolyte is
composed of a redox mediator (mostly iodide based iodide/triiodide couple, 17/13)
for the regeneration of dye and itself. The counter electrode (typically Pt), on the
other hand, catalyzes the redox couple’s regeneration and captures the
generated electrons 5253, Under the exposure to a light source of a DSSC, when
the photoanode absorbs the photons, the dye (D) gets excited (D—D*) and
releases the electron from its lowest unoccupied molecular orbital (LUMO) to the
conduction band of the semiconducting layer, yielding an oxidized dye (D*—D").
Subsequently, the electron passes through the external load and migrates to the
cathode, stimulating the redox reactions in the redox couple (reduced
component-Rgr, and oxidized component-Ro). Afterward, Rr gets oxidized and
the dye is reduced (D*—D). The reduction of the dye also happens in a dark
reaction, where a semiconductor’s conduction band electron (ecs’) combines with
the oxidized dye. Besides, an ecs” which migrated through the external load to
the cathode regenerates the iodide by reducing the triiodide. Upon these reaction
mechanisms, the highest n obtained for a DSSC is 14% in full sunlight at air

mass (AM) 1.5 global (G) %*.
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2.2.1.1 DSSCs with Pt-Free Counter Electrodes

Among the DSSC counter electrodes, Pt has been a well-known catalyst
material because of its excellent catalytic reactivity on reducing I3 to I. However,
Pt is an expensive, rare metal, and it corrodes in iodide-based electrolytes,
causing the formation of Ptls 5. Therefore, various Pt-free counter electrodes for
DSSCs have been developed by scientists, mostly employing iodide-based
electrolytes accompanied with the dye-sensitized TiO2 photoanodes. Kang et al.
used carbon black (CB) and 3D network epoxy polymer composite based counter
electrode in their DSSCs. Their Pt-free flexible counter electrodes could only
yield maximum short circuit current density (Jsc) of 14.9 mA/cm? %5, Roy-Mayhew
et al. developed DSSC cathodes with functionalized graphene sheets (FGS),
which have a large surface area, lattice defects, and oxygen-containing
functional groups for high catalytic activity. During the photovoltaic tests, their
device reached Jsc of 13.16 mA/cm? and n of ~5% %8, Shi et al. investigated the
applicability of new catalytic material, CoNi2S4, for the counter electrode of their
DSSC. They were able to achieve Jsc of 8.86 mA/cm?, and n of 4.61% 57. Carbon
nanotubes have also been a prevalent material for the Pt-free cathodes. Zhang
et al. tried to fabricate a low-cost counter electrode with carbon nanotube-based
conductive composite polymer (CNT-CCP) film for their DSSC’s cathode. Their
device’s Jsc, Voc, and n were 12.35 mA/cm?, 0.64 V, and 4.47%, respectively 8.
Han et al. made a DSSC cathode with polyelectrolyte (poly(styrene-4-

sodiumsulfonate))-grafted MWCNTSs, which is prepared through an electrostatic
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spray method. The highest Jsc and Voc they obtained were 16.63 mA/cm? and

0.692 V, in order °°.

2.3. Supercapacitors

Intermittent power loading from the renewable energy production plants
into the grid systems, photovoltaic powering of small mobile devices, storing the
high kinetic energy via regenerative braking in state-of-the-art vehicles from cars
to maglev trains, driving electric cars at high speed or acceleration are bringing a
guest for a high-power and charge load-flexible energy storage solution. A
supercapacitor, or ultracapacitor, is an energy storage device that has
components similar to a battery: two electrodes, electrolyte, and a separator to
electrically isolate the electrodes . Supercapacitors can be categorized into two:
electric double-layer capacitors (EDLC) and pseudocapacitors. Inside the
EDLCs, energy is stored in a Helmholtz double layer as the separation of
opposite charges at the surface of the electrodes. By virtue of high electrode
surface area, EDLCs can yield a ~100-fold increase in energy density compared
to regular electrolytic capacitors. Most of the EDLC electrodes consist of
carbonaceous materials because of carbon’s high conductivity and chemical
stability, low thermal expansion coefficient, low cost and low density, and high
surface area pertaining to some of its nano-allotropes 6. Based on these unique
features, different carbonaceous electrode materials have been utilized in
EDLCs: carbon nanotubes, graphene, carbon quantum dots, nitrogen-doped

carbons, and carbon nanofiber 6162, Pseudocapacitors, on the other hand, are
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based on transition metal oxides, which are deposited onto the working
electrode’s surface and support reversible redox reactions at very high rates,
thus exhibiting pseudocapacitance. Some examples of the pseudocapacitive
materials are V20s, RuO2, Fe304, and MnO2 6, Compared to EDLCs, they
provide considerably higher gravimetric charge capacitance and better cyclic
performance ©.

MnO2z-based pseudocapacitors are becoming more popular because of
the abundance, thus cost-efficiency, and low toxicity of MnO2. However, it suffers
from low conductivity, and in order to exploit the most from its redox reactions, it
must be coated (as a thin nano-film) on a highly conductive substrate. Therefore,
carbonaceous structures, again, have been remarkably attractive in MnO2-based
supercapacitors; microfibrous carbon paper, graphene, activated carbon,
microporous carbon, carbon aerogels, standard carbon black, and carbon
nanotubes are some examples to carbonaceous electrodes 6. Manganese
dioxide is electrochemically operable in agueous solution electrolytes such as
KOH, KCI, K2S04, and Na2S04 8. Some of the other compatible electrolytes that
have been successfully tested are tetraethylammonium tetrafluoroborate
(TEABF4)/acetonitrile organic electrolyte, HsPOa/polyvinyl alcohol (PVA) solid
electrolyte, and ([Bmim]PF6)/N, N-dimethylformamide ionic liquid electrolyte 6365,

Application of the active material onto conductive electrode surface as a
film can be carried out through conventional slurry technique where the mixture
of metal oxide and conductive additives are applied onto aluminum foil with a
binder , using chemical processes such as atomic layer deposition (ALD) and

microwave irradiation 1, and cyclic voltammetry (CV) as electrodeposition 6.
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The capacitance of a supercapacitor electrode can be calculated through
running a CV scan first and calculating the half of the area (since charging and
discharging processes include the same amount of charge transferred) of the CV
curve, as shown in Figure 2.4. If the CV scan is performed at a fixed voltage scan

rate (v), where

av
== (2.7),
and between a potential window of Vi1 to V», from times t; to ts; the total charge

(Qy) transferred during the scan can be calculated as

Q, = fttl_fldt = fo‘,‘fIdei (2.8),

where | is the current. Accordingly, the capacitance (C) of a supercapacitor

electrode is
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Figure 2.4 A nearly symmetric Cyclic Voltammetry scan behavior of a
supercapacitor in a voltage window of 0 V - 1 V.
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2.4.Photocapacitors

While efforts have been made to optimize DSSC’s performance, the
storage of the harvested energy has always been crucial, which otherwise limits
its real-world application. Several reports have been published combining the
DSSC and the energy storage electrodes into a single device using three-
electrode (with two electrolytes) or two-electrode configurations 6772, Miyasaka et
al. developed a photocapacitor consisting of a TCO coated glass with layers of
dye-adsorbed TiO2 particles with Lil coating and activated carbon (AC) as the
photoanode while the counter electrode consisted of a Pt-coated glass with a
layer of AC. Despite achieving a discharge capacitance of 0.69 F/cm?, their
device could not be charged above 0.5 V 67. Murakami et al.’s photocapacitor
consisted of a three-electrode system: dye-sensitized TiO2/Pt DSSC with iodide-
based electrolyte and two AC electrodes for the symmetric capacitor with
TEABF4 in propylene carbonate as the electrolyte. Even with their well-separated
photovoltaic and capacitive components, they were only able to charge up to
0.8V and had a limited energy density of only 47 pywWh/cm? 8. Zhang et al.
designed a compact but costly photocapacitor made up of a dye-sensitized TiO2
photoelectrode, and Pt/Au catalytic layers coated onto polyvinylidene fluoride
(PVDF)/ZnO nanowires as counter electrode, mediated by a liquid electrolyte:
0.05 M Lil, 0.03 M I2, 0.1 M guanidinium thiocyanate (GNCS), 1.0 M 1,3-

dimethylimidazolium iodide (DMIl), 0.5 M 4-tertbutyl pyridine (TBP) in 3-
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methoxyproionitrile and acetonitrile (6:4). Although their open-circuit voltage
(Voc) was 0.8 V based on the J-V tests, however, they observed potentials less
than 0.1 V at the onset of discharge ©°. Bagheri et al. also fabricated a three-
electrode setup made of TiO2 modified with LEG4 ((E)-3-(6-(4-(bis(2’,4’-dibutoxy-
[1,1’-biphenyl]-4-yl)amino)-phenyl)-4,4-dihexyl-4H cyclopental [1,2-b:3,4-
b’]dithiophen-2-yl)-2-cyanoacrylic acid) sensitizer as photoanode, conductive
polymer layer (PEDOT) covered Ni-foil as photocathode, cobalt polypyridyl
complex as solar cell electrolyte; and an asymmetric capacitor based on
Ni(Co)Ox and AC as positive and negative electrodes, respectively, together with
KOH electrolyte. Their device was able to charge up to only 0.8 V under the
exposure to sunlight, and when operated with the supercapacitor, it yielded only
10.2 mF/cm? 70, Cohn et al.’s three-electrode photocapacitor consists of a
carbon-terminated porous-Si wafer with a dye-sensitized TiO2-based photoanode
on one side to form the DSSC, and a similar wafer on the other side, to create
the symmetric supercapacitor component. Two different electrolytes were
employed in this design: I/ls redox electrolyte for the solar cell, and
poly(ethylene-oxide)/1-ethyl-3-methylimidazolium tetrafluoroborate (PEO-
EMIBF4) ionic polymer electrolyte for the supercapacitor. Their operational
potential was less than 0.7 V and an accompanying discharge capacitance of
only 3.5 mF/cm? 71, Nuckowska et al. also designed a complicated and expensive
three-electrode photocapacitor with an intermediate bipolar Ag film with D35 dye-
sensitized TiO2/FTO as photoanode on one side as the DSSC while a symmetric
supercapacitor made of RuOx(OH)y coated onto the Ag and FTO substrates,

respectively, on the other side. Two different electrolytes were used for this
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integrated device; poly-(3-hexylthiophene-2,5-diyl) (P3H4) conducting polymer
electrolyte for the photovoltaic operation, and Nafion membrane as the solid
electrolyte for the supercapacitor part. They were able to charge up to 0.9 V and
extract 3.26 F/cm? of energy storage; however, the complexity and the cost of the

components renders this approach impractical 72.

2.5.Batteries

A battery is an energy storage device which converts electrical energy into
chemical energy during the charging step, and vice versa during the discharging
stage. It operates through an electrochemical reduction-oxidation (redox)
reaction between the active reactants that are separated by an ion-source
electrolyte 3. A simple electrochemical battery operation during discharge is
shown in Figure 2.5: the electrons flow from anode to cathode through a circuit
load (e.g., a light bulb), where the electrical energy of the battery is being
consumed; inside the battery, the negatively charged anions and the positively
charged cations move towards the anode and the cathode, respectively.

Based on the rechargeability, batteries are categorized into two: primary

(non-rechargeable), and secondary (rechargeable) batteries. A primary
battery does not have any reversible energy conversion mechanism and is
therefore disposed of after the stored energy is drained. A secondary battery,
however, has a reversible energy conversion mechanism because of its active
materials on the electrodes and thus has attracted the main focus of battery

research as a response to world’s ever-increasing demand for advanced energy
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Figure 2.5 The operation of an electrochemical battery during discharge.

sources for electric vehicles (EVs), consumer electronic devices, and grid
services "3,

Independent of its size and shape, a battery can be replicated by its most
fundamental unit: electrochemical cell, or cell 3. In a battery cell, active reactants
are attached to conductive substrates, constituting a battery electrode: anode or
cathode. In addition, a cell has an electrolyte and a separator, which can be
optional depending on the setup. During the cell charging, a reduction reaction
occurs at the anode, absorbing electrons coming from the external voltage
source, and charge carriers migrating from the cathode to the anode through
electrolyte and separator; oxidation reaction occurs at the cathode, releasing
electrons. During discharge, these reactions are reversed and forced by the
chemical-potential difference between two electrodes: oxidation at the anode
releases electrons that flow through the load circuit and reach the cathode,

contributing to reduction reaction; charge carriers also migrate toward the
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cathode 73. The discharge current is the flow of electrons from the anode to the
cathode through the external load, which is being balanced by the ionic current
between anode and cathode. Rechargeable batteries can be fabricated using
different material combinations in their constituting parts.

Lead-acid batteries, the oldest well-known rechargeable batteries first
developed in 1859 by Gaston Planté, rely on the transformation of lead (Pb)
anode and lead oxide (PbO2) cathode into lead sulfate (PbSOa) during discharge,
and vice versa during charging; accompanied with sulfuric acid electrolyte
(H2S04) 7. Pb-acid batteries are well established and economical, therefore
widespread in small-to-large scale systems: backup UPS devices for electronics,
ignition starters for automobiles, and large-scale renewable power plants’ energy
storage system 475, They also favor high recyclability (over 98%) of their
components, from Pb-based electrodes to electrolytes 4. There are two different
designs for Pb-acid batteries: classic flooded design, where electrodes are
vertically dipped into an excess amount of electrolyte solution; sealed design,
where less amount of electrolyte is fixated in between the electrodes 74. The
flooded design suffers from high maintenance requirement of electrolyte since it
stratifies and evaporates over time 74. Nonuniform distribution of electrolyte
concentration on the electrodes also causes uneven utilization of the active
materials, which reduces the cycle life of the batteries. Sealed Pb-acid battery,
on the other hand, has a more secure electrolyte use and is operable in different
orientations, but suffer from the gassing reactions inherent to the battery’s
charge-discharge operations, and thus requires a gas exhaust. Besides,

additional concerns arise for thermal safety in dense packaging 4. In general,
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although Pb-acid batteries benefit from low cost and ease of fabrication, design
restrictions and toxic electrolyte have made them inapplicable to very small-scale
portable systems such as smartphones and tablet PCs.

Nickel-based batteries, mostly dominated by nickel-cadmium (Ni-Cd),
nickel-iron (Ni-Fe), nickel-zinc (Ni-Zn), nickel-metal hydride (Ni-MH), and nickel-
hydrogen (Ni-H2) batteries, are based on nickel oxide hydroxide (NiOOH) positive
electrode 7®. Among these, Ni-Cd and Ni-MH batteries, akin to each other in
design, were dominant in the industry of portable electronics such as cell phones
and computers, before the onset of lithium-ion batteries. For example, one of the
first hybrid electric vehicles (HEV), Toyota’s Prius, has employed Ni-MH batteries
as its energy storage unit 6. A Ni-MH battery uses a hydrogen-absorbing alloy as
an anode, which oxidizes to metal alloy when discharging; the battery is
environmentally safe, durable under various temperatures and other harsh
conditions, has high capacity and recently-improved cycle life 6. These features
have made them attractive for portable power sources and electronics. Ni-Cd
batteries, on the other hand, use Cd anode, which is highly toxic, but have high-
power discharge capability, good performance at low temperatures, and excellent
cyclability. They were mostly used in portable and standby power sources. Both
Ni-MH and Ni-Cd batteries, however, lack of energy density and cycle life,
compared to lithium-ion batteries 6.

Nickel-hydrogen batteries, possessing excellent cycle life, high-power,
high-specific energy density, and overcharge tolerance, found a place in space
applications like satellites. Nonetheless, their low volumetric energy density, high

self-discharge, and high cost are limiting their use inside other applications. The
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newer Ni-based batteries are Ni-Fe and Ni-Zn batteries, which are less popular.
Although Ni-Fe batteries are robust, environmentally safe, with high cyclability,
their low energy, power density, and high self-discharge have limited their use to
mining and recently, in renewable energy plants 7. Ni-Zn batteries’ high practical
gravimetric energy (~140 Wh/kg) and environmental safety have made them a
competitor to Pb-acid and Li-ion batteries, according to researchers /7. However,
the inherent feature of the Zn dendrite growth during cycling, which causes
shorting of the electrodes and hence thermal runaway, is raising safety concerns
and decreasing the battery life, which pushes scientists to quest for a stable
design for Ni-Zn batteries 7677,

Molten salt batteries are based on molten salt electrodes and electrolytes,
which operate at a high range of temperatures (from 90°C to 375 °C) depending
on the material "87°, They can have high power and energy densities and are
usually preferred in medium to large-scale energy storage systems 8. The
reason these batteries operate at high temperatures is that of the high melting
point of the salts they use, but it raises concerns about the material durability. If
only the electrodes are made of molten salts, an electrically separating,
physically strong solid electrolyte with high ionic conductivity and electrochemical
stability, must be employed ’8. For this sake, B-Alumina, benefiting from high
ionic conductivity and utilized along with a K*, Li*, Ag*, Pb%*, Ba?*, Sr?*, or
especially Na* (for its highest ionic conductivity in B-Alumina) ion providing
anode, has been the most suitable solid electrolyte developed so far 7. There

are two classes of sodium-B-alumina (NBBs): sodium-metal halide (ZEBRA)
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batteries, using a semisolid cathode with a mixture of transition metal halides and
molten salt; sodium-sulfur (Na-S) batteries, using molten-sulfur cathode 8.

First invented in 1968 to use in electric vehicles by the Ford Motor
Company, Na-S batteries have found interest in the market by their high
theoretical gravimetric energy (~760 Wh/kg), high coulombic efficiency, good
cyclability, and are economical. Nevertheless, the instability of the battery due to
corrosive polysulfide melts is a big problem and paused Na-S batteries’
development in the 1990s, with the introduction of Li-ion and Ni-based batteries.
More stable operation of ZEBRA batteries with the use of less corrosive
materials, ease of fabrication, higher voltage, and the lower operating
temperature has made them be preferred over Na-S batteries 8. On the other
hand, their most significant disadvantage is the low energy density (~260 Wh/kg).

Lithium-air (Li-air) batteries, carrying a different design than regular
batteries, offer extremely high theoretical gravimetric energies, even 3-4 times
higher than Li-ion batteries &. They are based on oxygen (O2) as the reactant,
which is stored outside the cell in a tank and flown onto O2-breathing porous
electrodes; Li metal anode; a Li-conducting electrolyte. The redox reaction

2Li" + O, + 2e” < Li,0, (2.10)
takes places inside the electrodes at 2.96 V vs. Li/Li* &. In order to obtain a pure
reaction, filtering the air off any moisture and other gases is crucial. Based on the
selection of the electrolyte materials, there are four different types of Li-air
batteries: non-aqueous, aqueous, hybrid, and solid-state Li-air batteries, as
shown in Figure 2.6 8. Among these, non-aqueous Li-air batteries, with the

advantage of using the bare Li metal anode, have been the most popular .
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Considerable research has been going on to improve their specific energy
density, low durability, and low efficiencies &°.

Aluminum (Al)-ion batteries are recently gaining popularity due to their
low-cost fabrication, high theoretical capacity (2.98 Ah/g for Al anode; 400 Ah/kg
for Al-A-Mn204 battery), no solid electrolyte interphase (SEI) formation, and the
ease of fabrication with using Al for both the casing and the anode . In order to
be a competitor to Li-ion batteries, Al-ion battery technology must evolve to allow
rechargeability, high discharge capacities, and power.

Flow batteries, which allow fast recharging by the continuous flow of

anolytes and catholytes into the system with long durability, have low specific
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Figure 2.6 Schematic representations of the most popular four Li-air batteries 8.
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energy and a low discharge voltage (< 2 V) compared to Li-ion batteries 8384,

2.5.1. Lithium-Based Batteries

Lithium-based batteries, since the invention of the lithium battery by
Whittingham in 1976, have been well established, and currently dominate the
battery market . Lithium is the lightest and a very reactive metal with an atomic
mass of 6.94. It has, therefore, a high theoretical gravimetric capacity (3829
mAh/g), making it attractive to be employed as a metallic anode for rechargeable
batteries 8. However, after charge-discharge cycles, Li metal forms dendrites on
the surface which can penetrate through the electrolyte and separator, causing
shorts with the cathode, and thus a huge thermal runaway. Therefore, today, Li
metal is only being used in Li-batteries, which are primary batteries, and the Li-
ions only intercalate into the cathode host structure during the one-time
discharge, raising no safety issues. For the rechargeable Li-ion batteries, lithium
metal had to be replaced with the lithium intercalation anodes, on which the
lithium dendrite formation is reduced. Graphite intercalation compound (GIC) LiCs
has been the most popular intercalation anode because of its low cost and its
ability to further impede faradaic reactions with the organic solvents of the
electrolytes that formed a protective SEI layer coating onto the carbon particles
86, Most of the SEI layer forms on the graphite anode in the first full cycle, due to
its electrochemical potential being higher than the electrolyte’s LUMO, and is still
developed in the following cycles at a gradually decreasing rate; it allows the
penetration of Li-ions and protects the electrolyte from further decomposition as

well as the Li-ions’ consumption, but, is a resistive layer &. In addition, an SEI-
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like layer develops on the cathode, too, at high potentials after the oxidation of
electrolytes, due to cathode’s electrochemical potential being lower than the
electrolyte’s highest occupied molecular orbital (HOMO), but has less effect on
the performance 8. Commonly used electrolytes are carbonate-based ones, for
their stability, and they consist of a lithium salt (LiPFs, LiBF4, LiClOa, lithium
bis(trifluoromethanesulfonyl)imide (LiTFSI)) dissolved in a mixture of solvents
(ethylene carbonate(EC)+dimethyl carbonate(DMC), EC+ethymethyl carbonate
(EMC), or EC+diethyl carbonate(DEC)) with high dielectric permittivity and low
viscosity 868, Other popular electrolytes are solid-polymer and polymer-gel
based ones used for the flexibility and safety of the Li-ion batteries, also called
lithium-polymer batteries 8. The operation of a Li-ion battery during charging and
discharging is shown in Figure 2.7. At the charging step, Li ions deintercalate
from the cathode material, and diffuse toward and intercalate into the anode.
During discharge, Li ions intercalate into the cathode while some of them also
deintercalate from the anode; these reactions are supported by the flow of
electrons from the anode to the cathode through a circuit load until the

equilibrium state is reached.
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Figure 2.7 Schematic representation of a rechargeable Li-ion battery cell with a
liquid electrolyte, illustrating the lithium intercalation-deintercalation mechanism
during charging and discharging °.

2.5.1.1 Li-lon Battery Cathodes

Among many other materials such as anode, electrolyte, and separator,
the most crucial part of a Li-ion battery is its cathode. After the work of
Whittingham et al. on Li-ion’s intercalation into cathodic Ti