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CHAPTERI

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 otherséwork 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 wo r | dnbérsasinge 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. With75 % of t he wor |l d
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

pop



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. | n 201 6, 16. 4% of t
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 theydre not
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-

4



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 6. Be s i dhe onventiomad tDESC
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:

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

Pt-film electrodes;



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

1 Photovoltaic and capacitive performance analyses of the
photocapacitor;

1 Development of a novel active cathode material,

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

high theoretical capacity and operating voltage;

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

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

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

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

cathode in a LIB cell.

1.4.0Organization of the Dissertation Proposal

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

nanotubes, the emerging solar energy harvesting using DSSC, and

6



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.



1 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
LiFePOsina LIBcelb the cat hodeb6s structur al ar
performance are investigated.

1 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.

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

1 Appendix A covers uncertainty analysis performed for our

measurements and calculations.



CHAPTER I

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

Figure2.1 ( a9chematic of a graphene sheet i n a nh
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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 v, 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 ato ms 6
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

from0. 20 % 11 0°m2%satT=11 713 3 7R, 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-gase sfldw 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 gaseso
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 C2Hs; Cojocaru6 s gr o u p
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 radi ationds i nel ab vibratng siaeaules.er i ng

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 &= 280 to 4000 nm. Since

more than 95% of this solar energy is in between &= 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(j ol s) (2.1),

wherehi s Pl anck 6 s cdsdhe speed of tight. Thenedergy required for

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

E(joul es)

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 (/) 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:

Pnd & Im Vm (2.3),
PmaX
& Voc Isc (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.

/7_ Pmax_VOC |SCFF (25)’

Pin Pin
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 highert han t he energy b
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
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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 t h e redox coupl eds r esgteener at i
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*Y D) . The reduction of the dye &
reaction, where a semicondu eépoomdbmesaithn d uct i
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 h obtained for a DSSC is 14% in full sunlight at air

mass (AM) 1.5 global (G) %*.
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2.2.11 DSSCs witkt-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 h of ~5% %5. 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 h of 4.61% 5. 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 DSSC6 s ¢ a.tThewn
devi d&eg ¥, and d 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

18
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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 material s because of carbond
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
el ectr ode aml suppon rfeversiele 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.
20



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 (), where

n = (2.7),
and between a potential window of Vi1 to V», from times t; to ts; the total charge
(Qv transferred during the scan can be calculated as

0 . Mo ¢ ., Mw - (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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50 - — - _ Mo — - (2.9).

2.4.Photocapacitors

While efforts have been made t o opti mi ze DSSCo6s
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 . Murakamietal6 s phot o
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 pWh/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-( b i s {diButoxy4 0
[ 1 -biph&nyl]-4-yl)amino)-phenyl)-4,4-dihexyl-4H cyclopental [1,2-b:3,4-
bo] di t-By)@pyareacrylic 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.6 ghree-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

researchasar esponse t o-inereasirg detnand mnadvanced 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 p | a renegd
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 gassi ng

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 el ectric yhasremumolyes dli-MH HeEafigs,
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 ‘. Ni-Zn batteri esd high
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 conductivi t y -Aluminapion 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

2LY1+0,+2e 7z L4O, (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

(a) Nonaqueous (b) Aqueous
Discharge Discharge
" e, of e, le

Organic LiSICON Aqueous

shactenlyie catalysts porous carbon film electrolyte catalysts porous carbon
(c) Hybrid (d) Solid state electrolyte
Discharge Discharge
NI o EX=

Lithium
Metal

Lithium i }
Metal | /

]
7~
Organic  LiSICON Solid state
electrolyte film catalysts porous carbon electrolyte catalysts porous carbon

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 thanthee | ect r o | y &l & 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-i ons 6 ¢ o nutyisng resistive layer 8. 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 cathodeds el ectrochemihe al

el e ct rloghegttoecdped 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 Ll-ionBattery 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 etal.onLi-i on6s i nter cal at2ind9y5, iesearaherc at hod i
have been focusing on developing different lithium intercalation cathode
materials 8. The most common LIB cathode materials are the lithium transition
metal oxides and polyanion (MO4%, where M = Si or P, and ¢ = 4 or 3,
respectively) based materials, all of which contain lithium as the charge carrier

and a transition metal (Co, Fe, Mn, and Ni) as the valence electron provider for
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the redox reactions happening during the lithium intercalation/deintercalation

reactions. The number of Li-ions inserted into the cathode material per unit mass

during discharge determines the specific capacity of the cathode, hence the total

energy of the battery. The potential at which Li-ions intercalate into the cathode

material is the operational voltage of the Li-ion battery. The rate of Li ionsé
intercalation into the cathode material determines the power of the battery. The
soundness of the cathode material after the charge (Li-deintercalation) and

discharge (Li-i nt er cal ati on) deter mi Somesofthehneostbat t er
attractive Li-ion battery cathode materials developed so far are LiCoOz2, LiMn20a,
LiNixCoyAlz02 (x + y + z = 1), LINICoMnO2 as transition metal oxides, and

LiFePOa4 as a polyanion-based material 8. In Table 2.1, their operation potential,

specific capacity, specific energy, and structure are tabulated 8. Figure 2.8 also

shows these cathodesd crystal structures,
spheres: LiCoO:2 with the octahedrally ordered Li-ions and CoOs octahedra;

LiMn204 with the tetrahedrally ordered Li-ions and MnOs octahedra; LiFePOa4

with the octahedrally coordinated Li-ions and PO4 and FeOes as tetrahedra and

Table 2.1 Commercially available lithium-ion battery cathode materials and their
attributes 2.

Material Structure | Potential vs.  Specific Specific
Li/Li+, Capacity, Energy,
average V mAh/g Wh/kg

LiCoOz2 layered 3.9 140 546

LiNio.sC00.15Al0.0s02 (NCA) layered 3.8 180-200 680-760

LiNiz3C013Mn1302 (NMC) layered 3.8 160-170 610-650

LiMn204 and variants (LMO) | spinel 4.1 100-120 410-492

LiFePOa4 (LFP) olivine 3.45 150-170 518-587
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octahedra, in order 8. Among these popular cathode materials, LiFePOa4 has
been the most attractive in EVs, HEVs, and different electronic applications, due
to its high safety and stability, good operating voltage (3.4 V vs. Li*/Li), and
adequate specific discharge capacity (170 mAh/g) .

The energy diagram of a Li-ion battery at open-circuit is shown in Figure
2.9. From this diagram, the open-circuit voltage (Voc) can be derived as:

qVoc=¢2 &; OF,4 (2.11),

where q is the magnitude of an e | e electrio chérge, Eg is the energy
window of the electrolyte, which lays between the energy levels of LUMO and
HOMO; e° and eaf are the Fermi energies (eV) of the cathode and anode,
consecutively °%. For the stable operation of the battery electrolyte, its potential
window must be bigger than or equal to the operation potential of the battery.

The theoretical capacity (Ci) of the cathode material is calculated as

follows:

Q) VR D
Q 9y D
JJJJJJJJ‘)J

(2) (b) (c)

Figure 2.8 Schematic crystal structures of the cathode materials (a) LiCoOz2, (b)
LiMn204, and (c) LiFePO4 8,
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Figure 2.9 Energy band diagram of a lithium-ion battery at open-circuit. Both
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Ci= ;- (2.12),
where n is the number of electrons that go into reaction per formula unit, F is the
Faraday constant, and M is the molar mass of the material °2. Based on this
formula, increasing the number of reactive electrons, or the number of Li ions
available in the unit formula, and reducing M, are essential for having a higher
specific capacity. For this reason, scientists have been on a quest for employing
more than one Li atom per formula unit in the novel cathode materials: Li2MSiO4
(M = Fe, Mn, Co, or combination of these, with a theoretical capacity of ~331
mAh/g), and recently developed LisM04PsO24 (with a theoretical capacity of 198

mAh/g) are some examples.
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In some cases, adding different metal(s) into the cathode host structure,
whil e mai ntaining t he t ot ahd theeubitadrysta
structure, might be beneficial in utilizing most of the Li-ions available in the
structure. As a result, a higher amount of usable energy and high-power can be
obtained, with the help of new high-voltage plateaus at which Li-ion
extraction/insertion occurs corresponding to the added me t arkddxscouples,
during charging and discharge. For example, LiMn204 and LiNiosMnO4 operate

at 4.1 V and ~4.7 V, respectively; the potential difference arises from Ni?*/Ni3*

stoi

and Ni**/Ni*redox couplesdo Li extrafromi4d6vtod&Nsert i or

86,93 In the case of Li2MSiOas, where M can be Fe, Ni, Co, etc., Dompablo et al.
calculated different Li deintercalation voltages based on the oxidation states, as

shown in Figure 2.10 %, It is clear that employing different transition metals,
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Figure 2.10 Lithium deintercalation voltages of the reactions LizMSiO4 P LiMSiO4
+ Li (green squares) and LIMSiO4 P MSiO4 + Li (red circles); where M can be
Mn, Fe, Co or Ni %,

37



dilithium ternary silicate (DTS) cathode can operate at voltages close to or higher
than 5 V.

There are different cathode material synthesis methods, as shown in
Figure 2.11: sol-gel, solvothermal process, hydrothermal process,
mechanochemical process, combustion process, spray pyrolysis, emulsion-

drying, co-precipitation, and solid-state synthesis are some methods %°. Among

Hydrothermal

process
Mechanoche Solvothermal
mical process process
Combustion

process .

Spray

5 Solid-state
pyrolysis

Emulsion- Co-

drying precipitation

Figure 2.11 Common synthesis methods for the fabrication of cathode materials
95
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these, hydrothermal synthesis, spray pyrolysis, and especially sol-gel synthesis
have been more widespread for synthesizing nanosized materials due to their
low-temperature requirement °. During a battery material synthesis, achieving
high purity, controllable crystallinity, and uniform size distribution, are crucial for
high-power applications, as well as cyclability °. According to Shen et al.,
nanosized crystallites have shorter Li* solid-state diffusion distance, and hence
more ionic conductance; fewer point defects; increased the contact area between
the electrolyte and electrode, thus resulting in a better rate capability .

The structural characterization of the synthesized crystalline cathode
material is carried out through X-ray diffraction (XRD) analysis. A crystalline
material consists of repeating arrangements of unit cells, each containing the
smallest number of atoms spatially arranged in a material-specific orientation. A
uni t cell 6s sy mme t-dimensions éylds tup thei coystal af the
material, which also extends long distances three-dimensionally, forming the
material. When a solid material is exposed to incident light (X-rays) with a
wavelength comparable to the interatomic spacings of its crystal, the light
diffracts as a result of elastic scattering °’. As shown in Figure 2.12, if two parallel
rays hit two parallel planes (separated by the distance d) of the crystal with an
angle of incidence b, the diffracted beams are constructive only if the equation

2ds i r=n (2.13),
where n is a positive integer, is satisfied, as per the Br a g g 6 ¥. Theeefore,
crystals with precise three-dimensional periodicities have intense and sharp
diffraction peaks %’. If a sample is illuminated with X-rays through a wide range of

incident angles, the sampleds crystaal
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different incident angles, each corresponding to a different interplanar spacing d
9. The resulting X-ray diffraction spectrum has many strong diffraction peaks at

these incident angles, which are material-specific.

2.5.1.2Utilization ofthe CathodeMaterials

Even though a good crystal structure was obtained, underutilization of the
cathode material by the intercalation/deintercalation of Li* ions is very common
due to the inherent low ionic and electronic conductivities °¢. Some of the
cathode material sd cond .2, andisevidensthathee | i st
popular cathode materials LiCoO2, LiMn204, and LiFePOas suffer from low
electronic conductivity, which limits their performance at high current rates .

Among these cathode materials, LiFePOa4 (LFP) has the lowest conductivity and
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Table 2.2 Resistivity of the commonly used materials in a Li-ion battery cell °°.

Cell Component | Material Band Gap | Electrical
(eV) Conductivity (S cm™)

Current Collector | Copper 0 5. 80
(anode) (C11000)
Current Collector | Aluminum |0 3.40
(cathode) (1100)
Anode Graphite |0 ()18

LiCoO2 0.5-2.7 ~10*4
Cathodes LiMNn204 0.28-2.20 | ~10°

LiFePOa4 0.3-1.0 ~10°°

slow lithium diffusion, which reduce its electrochemical performance and makes

approaching its theoretical specific capacity (170 mAh/g) very challenging 1.

Scientists have tried several methods to overcome this problem as well as to

attain a higher

rate capability.

Chungos

different cations (Mg?*, AI*, Ti**, Zr**, Nb%*, and W®*) and observed up to ~108-

fold increment in its conductivity; the doped LFP was able to reach ~86 mAh/g

discharge capacity at 10.8 C. Ni et al. doped LFP with manganese (Mg) to

enhance its electrical conductivity 192, Although their cathode material exhibited a

steady charge-discharge performance over 40 cycles, it only achieved a

discharge capacity of 156 mAh/g at a current density of 17mA/g. Besides,

Chenos

group developed a vanadium (V)-doped LFP material through a quasi sol-gel

process 193, They claim that V-doping is beneficial for the lattice distortion and

enhanced Li-diffusion, better conductivity, and smaller particle size; hence, the
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high-power operation of the LFP. Their cathode material achieved a discharge
capacity of only 150.4 mAh/g at a C-rate of 0.1 C, which is lower than that of their
undoped LFPO6s <capacity (156. 6 -rateddi 20g0.
Alternatively, scientists have tried to coat LFP with carbon in situ of the synthesis
104-106 - Choi and Kumta developed a surfactant-based sol-gel technique to
fabricate LFP nanomaterials with a high surface area, and they coated their LFP
material with carbon black, afterward %4, After the charge-discharge tests, their
cathode yielded specific discharge capacities of 123 mAh/g and 157 mAh/g at
the current rates of 10 C and 1 C, respectively. Bao et al. coated the LFP
particles with carbon using P123, the triblock copolymer of poly (ethylene oxide)-
poly (propylene oxide)-poly (ethylene oxide) 196, After the cathode material was
cast onto an aluminum (Al) foil with acetylene black as the additional carbon
source and polyvinylidene fluoride (PVDF) as the binder, its charge-discharge
performance was tested in a LIB cell. At the current rates of 0.05 C and 10 C,
their cathode showed discharge capacities of 166 mAh/g and 50 mAh/g,
respectively. Scientists have also aimed at increasing the conductivity of their
LFP material via carbon coating it post-synthesis 107199 Tian et al., after coating
their LFP nanorods with carbon using solid glucose, obtained a specific
discharge capacity of ~130 mAh/g at the current rate of 10 C 197, Different
carbonaceous nanostructures such as graphene °0110.111 " carbon nanotubes 12
114 and carbon fibers 115116 have also been used to coat the cathode materials
for a high-rate capability.

In those as mentioned earlier and many other studies, Li-ion cells were

fabricated through a conventional method: preparing a paste consisting of active
42



cathode material, dissolved binder and an additional conductive additive such as
carbon black, then blade-casting it onto an electrically conductive substrate.
However, this method has many drawbacks. Firstly, binders occlude the surface
of active materials, hence drop the material conductivity as well as reduce the
gravimetric capacity 117118, Secondly, as a popular binder, polyvinylidene fluoride
(PVDF), for example, has inadequate flexibility and therefore cannot endure
contraction and expansion stresses during the charge and discharge of a battery,
and causes the bond between the active cathode material, carbon material, and
current collector to be weakened or lost over time 119, Thirdly, N-methyl
pyrrolidone (NMP) solvent, which is used with PVDF is expensive, highly toxic,
and flammable, even though it is evaporated and not present in the final
electrode structure *2°. Fourthly, it is a well-known fact that binders can contribute
to thermal runaway reactions in LIBs 121,

There have been many studies aiming at eliminating the use of binders in
LIB cathodes. Zeng et al. used liquid phase deposition of V20s nanosheet thin
film, with a thickness of 300-350 nm as a binder and carbon-free cathode,
demonstrating that a thicker material deposition has led to a less conductive
network 1?2, Laliad s g rgrew parbon nanotubes on fiber substrates and
incorporated LiFePOas particles into this structure to produce a binder-free
cathode 123, However, their specific discharge capacity was very low (107 mAh/g
at C/5), possibly due to poor charge transfer kinetics because of large LiFePO4
particles. Sreelakshmi et al. synthesized hybrid composites of LiMn204/graphene
without binder, using electrophoretic deposition 124, They obtained a specific

capacity of 49 mAh/g, which is much smaller than the theoretical capacity (296
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mAh/g) of LiMn204, possibly due to the high internal resistance of the structure
and consequently a high IXR drop during discharge. Huang et al., on the other
hand, developed a binder-free, efficient cathode material by electrophoretically
coating LiFePOu/graphene oxide onto a carbon cloth, which required annealing
of the structure at a high temperature (700 °C) to reduce the graphene, as an
extra fabrication step !?°. Liu6 s g,roo the other hand, fabricated an LFP
cathode through in-situ gelatin carbonation and using acetylene black as the
conductive additive. Their cathode yielded a specific discharge capacity of ~109

mAh/g at a current rate of 5C 126,

2.5.2. AC Impedance Spectroscopy

AC impedance spectroscopy, or electrochemical impedance spectroscopy
(EIS), is a technique used for characterizing the equivalent circuit of an
electrochemical system. It allows one to identify the impedance of each
component that resists/affects the charge carriers between the electrodes of the
system. In a typical two-electrode electrochemical cell, under equilibrium, two
opposing forces balance each other: migration of the anions/cations in between
the electrodes due to the potential difference, and diffusion of the ions at the
electrode surface due to a change in the concentration gradient, as depicted in
Figure 2.13 27, When an AC voltage signal is applied between the electrodes,
the output current will be either in or out of phase with the input voltage. By
identifying the phase shift in a range of frequencies, it can be understood if the
circuit component is resistive, capacitive, inductive, or any combination of these.

For example, under the steady-state condition, a double-layer forms on an
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Figure 2.13 An electrochemical system with two electrodes separated by an

electrolyte, and under steady-st at e condi ti on. | Y(t) aVasi nuso
sin(¥ t)ois applied to the system, the current response will be out of phase with

the input voltage by A %7,

el ect swface ®sf f usi on of the ions at the el ec
with the charge transfer, thus creating a double-layer between the inner and
outer Helmholtz layers, is equivalent to a resistor in parallel with a capacitor,

whose impedance is
@ - Q 6 — (3.2),

where ¥ is angular frequency. The Nyquist plot of this circuit is also illustrated in

Figure 2.14.
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Figure 2.14 Nyquist plot of an R-C parallel circuit in the angular frequency range
of ¥ =0 to Hbrad/s.
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CHAPTER lI

CARBON NANOTUBE-BASED CATHODES FOR SOLAR ENERGY

HARVESTING WITH DYE-SENSITIZED SOLAR CELLS

This chapter elucidates the work done to fabricate DSSCs with Pt-
alternative planar CNT (P-CNT) and micro-array CNT (MA-CNT) counter
electrodes (cathodes) and analyze their photovoltaic characteristics.
Conventional UV photolithography and a simple lift-off process were employed to
micropattern the buffer and catalyst layers on highly-doped n-type Si substrates.
Both P-CNTs and MA-CNTs were grown on Si substrates in an HFCVD system.
Photoanodes were made of titanium dioxide (TiOz) films spin-coated onto FTO
glass substrates and sensitized with an N-719 dye. An iodide-based electrolyte
was also utilized in the DSSCs. Photovoltaic tests of the cells were conducted at
1 sun of AM 1.5 G illumination intensity, and the performance of VACNTSs in

planar and micropatterned configurations was scrutinized.

3.1.Micropatterning and Synthesis of Carbon Nanotubes

Before synthesizing MA-CNTSs, Si substrates were micropatterned through
a lift-off process. Figure 3.1 delineates the schematic flow chart for the fabrication
of MA-CNT electrodes. Rectangular (2x1 cm?) cut Si substrates were first

cleaned with acetone and methanol, followed by drying on a 100 °C hot plate.
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Figure 3.1 (a) Application of the lift-off process for the micropatterning of Si,
followed by CNT growth. (b) Perspective view of the HFCVD grown 3D VACNT
array on Si.

After mounting the substrate on the vacuum chuck on a WS-400-B-6NPP spin
coater, HMDS was applied, followed by drying at 100 °C for 30 s. The photoresist
was then coated with the spin coater at 4000 rpm and soft baked at 100 °C for 90
s. This step was followed by UV exposure through a photo-mask with the array
layout on a Cobilt mask-aligner. The samples were developed in an AZ400K
/H20 (1:2 v/v) bath for 45 s and rinsed in de-ionized (DI) water. After hard baking
at 135 °C for 2 min, thin films of the buffer (Ti - 45 nm) and catalyst (Co - 3 nm)
layers were sequentially sputtered in a Cressington 308R D.C. magnetron
sputtering system. In the final step of the lift-off process, the samples were
agitated via ultrasonication in acetone, and an array of Ti/Co on silicon was

obtained.
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3.1.1. Synthesis of Carbon Nanotubes on Si

The vertically-aligned multi-walled CNTs were synthesized on highly-
doped n-type silicon substrates by using HFCVD system. In the HFCVD system,
the samples were positioned on the adjustable stage, 25 mm below the tungsten
filament and then heated up to 580 °C by a substrate heater in a hydrogen
ambient at a pressure of 15 torrs. The catalysts were pretreated in this condition
for 20 min, followed by an additional 7 min under H2 and ammonia (NHs, 100
ppm in N2) ambient at the same temperature and pressure. After the pre-
treatment process, CHs4, the carbon precursor gas for CNT growth, was
introduced into the chamber with the hot-flament maintained at 2000 °C
(measured by an Omega dual-color infra-red pyrometer) to break down the input
gas mixture. The substrate temperature was maintained at 380 °C during the 10
min CNT growth step. The gas flow ratio used in this process was 3:1:3
(H2:CH4:NHs). After the CNT growth, the chamber was cooled down under H:
ambient.

The cross-sectional SEM micrograph of the as-synthesized P-CNTs in
Figure 3.2(a) shows the vertically-aligned CNT structures with a height of ~45
em, wh i | wiewtirhage irt Figpre 3.2(b) displays the porous structures of
the CNT network which would allow the electrolyte to diffuse freely and enhance
the contact/active area. The tilted-view SEM micrograph of the MA-CNTs at 3 kX
magnification can be seen in Figure 3.2(c), showing the array of VACNTS; each
el ement of the array has?wd tfho cat phreiingthto fo f~"
These structures possess more open spacing between CNTs that allows the

electrolyte to diffuse more easily into the CNT network. The higher magnification
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of the MA-CNTs shows the CNT network and a CNT diameter of ~30-50 nm, as
illustrated in Figure 3.2(d).

The characterization result using the Raman spectroscopy of the CNTSs,
which were synthesized in our HFCVD system, was reported elsewhere, as
shown in Figure 3.3 128, The CNTs have signature sp?-graphitic G-peak at 1590
cm? and disorder-induced D-peak at 1350 cmt, which indicates that the tubes

may have a small degree of structural defects and amorphous carbon.
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Figure 3.2 (a) and (b) Cross-sectional and top-view SEM micrographs of P-CNT

(planar CNTs) grown on a silicon substrate with a height o f ~45 ¢hen and
porous structure of the CNT network; (c) and (d) Tilted-view SEM micrographs of
MA-CNT (micro-array patterned CNTs) at 3 kX and 60 kX magnifications,

showing a part of the array of CNTs and the CNT tube diameter of ~30-50 nm.
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Figure 3.3 Raman spectra of the CNTs, which were synthesized in the HFCVD
system. Performed with a green laser (532 nm), the Raman test shows D and G
peaks at 1350 cm™ and 1590 cm™, respectively 128,

3.2.DSSCs with CNT-Based Cathodes and Lil Electrolyte

3.2.1. Fabrication of Dye-Sensitized TiO2 as Photoanode

The TiO2 colloidal paste was first prepared by mixing TiO2 nano-powder
(Sigma-Aldrich, P-25) with 0.035 M acetic acid and surfactant (Sigma-Aldrich, X-
100). The uniform and reproducible TiO2 films were then fabricated by a
repeatable method of spin coating the TiO2 paste onto FTO-coated glass
substrates (Hartford Glass Co.) at a given spin rate, followed by a sintering
process at 450 °C for 30 min with 50 °C/min ramp-up rate. The sheet resistance
of the FTO layer is 10 q / s Kigure 3.4(a) shows that the TiO2 film has a
mesoporous structure with TiO2 nanoparticles of ~30 nm in diameter. The total
film thickness varied with the spin-coating speed; in the experiments, it was fixed
at 1200 r.p. m gi vi ngm, as skov7 in Eigare 8.4h).cTke Ti O

sintered TiOz2 films were then immersed into the dye solution mixed with
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Figure 3.4 SEM micrographs of (a) top-view of the spin-coated TiO:2 films with an
average ~30 nm TiO2 nanoparticle size; (b) cross-section with a film thickness of
~17 &em.

Di-tetrabutylammonium cis-bis(isothiocyanato)bis(2,2'-bipyridyl-4,4'-
dicarboxylato)ruthenium(ll) dye (Sigma-Aldrich, N719) in ethanol for 12 h,

followed by cleaning with ethanol and drying.

3.2.2. Fabrication of CNT and CNT/MnO- Counter Electrodes

The counter electrodes with bare CNTs were prepared as mentioned
before and were used as a comparison with the electrodes with MnO2 coated
CNTs, both of which had a circular active area with a diameter of 0.7 cm. The
MnO:2 films were deposited onto the MA-CNTs using electrochemical reduction of
potassium permanganate solution by using a three-electrode configuration with
Pt wire as the counter electrode and Ag/AgCl (3 M KCI) as the reference
electrode. This three-electrode system is depicted in Figure 3.5 12°. The
permanganate ion (MnOys) is reduced to manganese dioxide directly onto the
CNTs. This reaction can be expressed as follows:

MnOs + 2H20 + 3e" A MnO2 + 40H" (3.1).
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Figure 3.5 The sketch of the three-electrode system in a flat cell with the CNT/Si
as the working electrode, Ag/AgCIl as the reference electrode, and Pt wire as the
counter electrode. (b) The f1l at cel l
model electrochemical workstation 12°,

The uniform coating of the MnO2 onto the CNTs can be seen in Figure 3.6(a),
while the MnO2-coated MA-CNTs maintain a porous structure, as shown in
Figure 3.6(b). The slightly thicker MnO:2 coating near the top of each CNT bundle
can be attributed to the electric field enhancement, which results in higher

deposition rates during the electrochemical deposition process. Figure 3.7 shows

S.20 kV X60.0K To0nm

Figure 3.6 The tilted-view SEM micrographs of the micro-array patterned CNTs
uniformly coated with porous MnO: layers at (@) 3 kX and (b) 60 kX
magnifications, respectively.
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the Raman spectrum for the MnO2 coated CNTSs fabricated in our laboratory 128,
The sharp peak at 635.5 cm™* (with FWHM = 40 cm™) can be attributed to the
pr esenc-dnOp phasd)and the absence of sp?graphitic and disorder-
induced signals from the CNTs due to the overlying MnO2 layer. A 400 nm thick
Pt-film was also sputtered onto an n++ silicon substrate for characterization as

the control counter electrode.
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Figure 3.7 Raman spectra of the MnO2 coated CNTs, which were synthesized in

the HFCVD system. The excitation source was a green laser (532 nm). Different
peaks are the indicators of the Mn-O vibration bands 1%,

3.2.3. Photovoltaic Performance of the DSSCs

The iodide-based electrolyte was prepared in acetonitrile solvent with a
composition of 0.5 M Lil, 0.05 M Iz and 0.5 M 4-tert-butylpyridine, purchased from
Sigma-Aldrich. The electrodes, which had an active area of ~0.38 cm? (0.786
cm? for Pt electrode), were saturated with the electrolyte before assembling them
in a sandwich with a 50 pum thick scotch tape as the spacer. Binder clips were

used to apply external pressure on the photoelectrodei counter electrode
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assembly. The photovoltaic performance of the solar cells was determined by the
photocurrent density (J) vs. voltage (V) characteristics at 1 sun (100 mW/cm?) of
air mass 1.5 G illumination intensity without a mask. An Oriel solar simulator
(model 96000, power calibration performed based on user manual instructions)
with an AM 1.5 G filter was used, and staircase voltammetry technique in an
electrochemical workstation (CH Instruments CHI660C) were utilized for the I-V
measurements. The sampling delay time and the measuring integration time
were both 0.5 s, and the voltage source step size was set to 10 mV 130,

In Figure 3.8, the photocurrent density versus voltage plots of the DSSCs
using the P-CNTs, MA-CNTs, MnO2-coated MA-CNTSs, and Pt counter electrodes
are overlaid. The short-circuit current density (Jsc), the open-circuit voltage (Voc)
and the fill factor for Pt-DSSC are 20.6 mA/cm?, 0.7 V, and 0.44, respectively,
while those of the P-CNTs are 26.3 mA/cm?, 0.74 V, and 0.38, respectively. The
DSSC with P-CNTs exhibited a higher d of 7.13 % as compared to the cell with
the Pt counter electrode with an d of only 6.29 %. The enhancement of d can be
attributed to the increased Jsc and Voc by using vertically-aligned CNTs counter
electrode, which provided a larger surface area to the electrolyte and thereby a
better catalytic behavior than Pt.

The value of Jsc is determined by several factors such as the efficiency of
light absorption by the dye molecules, the efficiency of charge transfer at dye-
sensitized-TiOz/electrolyte interface, and the catalytic performance of the counter
electrode. The catalytic activities of the counter electrode depend on the charge-
transfer resistance (Rc), the Nernst diffusion impedance inside the electrode

pores (Zn, pore), the electrochemical capacitance at the CNT/electrolyte interface,
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Figure 3.8 The photocurrent density versus voltage curves of the DSSCs using
different counter electrodes consisting of Pt, P-CNT (planar CNTs), MA-CNTs
(micro-array patterned CNTs), and MnO2z-coated MA-CNTs under 1 sun AM 1.5
G illumination.

and the series electrical resistance (Re) at the CNT/silicon interface 3156, The
vertically-aligned CNT geometry provides a 3D network for greater access of the
electrolyte to the CNT surfaces and increases the contact area between the
counter electrode and the electrolyte. Thus, R« becomes smaller, and the
electrochemical capacitance increases, thereby enhancing the charge transfer at
the CNT/electrolyte interface. Therefore, the enhanced catalytic performance of
CNTs with more efficient charge transfer and larger surface area than that of
conventional Pt possibly leads to higher Jsc and Voc 2.

A lower fill factor, ~14 % less compared to Pt-DSSC, is possibly due to the
high series resistance associated with the large thickness of the vertically aligned

CNT electrode. In the previous studies where 3D carbon structures, such as CNT
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or carbon nanofiber-based counter electrodes were used in DSSCs, scientists
witnessed similar effects on the fill factor 32134, For example, Veltend s g
observed a higher series resistance between the CNTs and the substrate as
compared to that between a few nanometer thick Pt-film and the substrate, which
restrained el ect rons6é moti on, c &% kiaddigion, aur tet
with MA-CNTs counter electrode exhibited a Jsc of 22.1 mA/cm? and a Vo of 0.7
V. The reduced Jsc can be attributed to the increased R due to the lower
guantity of vertically-aligned CNTs, and thus, the reduced contact area at the
interface of MA-CNTs and the electrolyte, as compared to the P-CNT electrode.
The overall fill factor of the cell with MA-CNTs decreased by 8 % to 0.35, and a
| o w eof 5.4 % was obtained.

Electrochemical impedance spectroscopy (EIS) measurements of the
DSSC counter electrodes were conducted using the CHI660C electrochemical
workstation in a three-electrode configuration with a Pt wire as the counter
electrode and an Ag/AgCI as the reference electrode in the same Lil/l2 electrolyte
solution. The frequency range of the EIS was between 0.1 Hz and 0.1 MHz, and
the AC amplitude was 10 mV. The Nyquist plots recorded for the P-CNTs and
MA-CNTs are overlaid and can be seen in Figure 3.9. The semicircles at lower
frequencies on the right correspond to the charge transfer resistance at the
CNT/electrolyte interface, while the parts of other semicircles at higher
frequencies on the left correspond to the Pt/electrolyte interface 13°.

To better understand the physical processes contributing to the counter
electroded s ¢ a tespbnget, ancequivalent circuit was designed, as shown in

Figure 3.10 1%, Electrolyte and wire resistances (in series) are written as Re. The
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Figure 3.9 The electrochemical impedance spectra (Nyquist plots) of the P-CNTs
(planar) and MA-CNTs (micro-array patterned CNTs) evaluated in a three-
electrode configuration using Pt wire as the counter electrode and an Ag/AgCl
reference electrode in Lil/l2 electrolyte solution. The simulated impedance
spectrum ofthe MA-CNTs 6 equi valent circuit 1is

component, Req, denotes the equivalent resistance of Rct in series with Z;, pore.
The Req is also in parallel to a double layer constant phase element (CPEa),
which is an imperfect capacitor, having an impedance formulated as

) P 2EZb
.#0%1”7/4 ¢ (3.2),

where 0 b 1, and ¥ stands for angular frequency *37. The numerical value of
Qo (Siemens-second®) is the same as that of the admittance (p7s « o9, of the
structure when ¥ = rad/s. The CPE is closer to an ideal capacitor when the
value of b = 1; it is equivalent to a resistor when b = 0. A similar imperfect
capacitive effect is seen during the diffusion of ions at lower frequencies, which is

represented by CPEgir and accompanied by a parallel Nernst diffusion
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Figure 3.10 Equivalent circuit of the DSSC cathode in a three-electrode setup.

impedance (Zn) component. The Zy can be formulated as follows:

ZN—Lt anhol'j—f5 (3.3),
|

~ An2efcli
where k is the Boltzmann constant, T is the absolute temperature, A is the
electrode area, n is the number of electrons participating in the electrochemical
reaction, ey is the elementary charge, c is the concentration of Is, D is the
diffusion coefficient of Is" in the electrolyte, and L is the distance between the
electrodes *¥7. Based on the equivalent circuit in Figure 3.10, the impedance
spectrum of the MA-CNTs cathode was simulated and overlaid with the
electrochemical impedance spectrum, which is derived from the EIS experiment
conducted in the three-electrode setup and shown in Figure 3.5(a). The fitting
parameters of the simul atRedO0c 77 ciVRelcdNs Cc 0 M|
27 .72 2¥ysm7. 72 2 Qo et = 1.112x104, Qo cre ai = 4.8x10%8,
bere_aiff = 0.694, and bcpe a1 = 0.946. The heights of the CNTSs in both planar and
micro-array patterned configurations were about the same, so it can be assumed

that the diffusion distance of the iodide ions from the top of the CNTs to the
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photoelectrode is the same in both cells. The higher Rct of the CNTs in the micro-
array patterned configuration than in the planar configuration was also confirmed
by the electrochemical impedance spectra of the P-CNTs and MA-CNTs (Figure
3.9).

The photovoltaic performance of the DSSC was expected to decline after
the addition of the manganese dioxide thin-film onto the MA-CNTs counter
electrode, due to the insulating nature of MnO2. The Jsc decreased to 20.7
mA/cm? while the Voc increased to 0.73 V. The corresponding fill factor was
reduced by 26 % to 0.26. The reduction of Jsc and fill factor can be attributed to
the increased R at the interface of the MnOz-coated MA-CNTs and the Lil/l2
electrolyte due to the lower catalytic activity of the MnOz: layer. The improvement
in the Voc can be attributed to the modification of the electrolyte redox potential
due to the reaction between MnO2 and Li* **8. The power conversion efficiency
reduced to 3.88 % by using the MnOz-coated CNTSs in the micro-array patterned
configuration. Nevertheless, these results indicate a possible candidate for a
common electrode for direct storage of solar energy in self-powering systems,
combining photoanodes with supercapacitor cathodes in a DSSC. Table 3.1
summarizes and compares the photovoltaic performance of the DSSCs studied

in this work.
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Table 3.1 Summary of the photovoltaic characteristics obtained from different
counter electrodes under 1 sun AM 1.5G illumination.

Counter Electrodes Jsc (MA/cm?) | Voc (V) | FF | h (%)
Platinum (Control sample) 20.6 0.70 0.44 6.29
P-CNT (Planar CNTS) 26.3 0.74 038 7.13
MA-CNT (Micro-array 22.1 0.70 0.35 547
patterned CNTS)

MnO2z / MA-CNT (MnO2- 20.7 0.73 0.26 3.88

coated MA-CNTS)

3.3 Summary

1 P-CNT and MA-CNT cathodes on Si substrates were successfully

fabricated through an HFCVD process.

1 MnO:2 coating onto MA-CNT was achieved in a three-electrode system
through the CV technique.

1 A uniformly coated and N-719 dye-sensitized TiO2 on FTO was fabricated
as a photoanode. Spin coating technique yielded identical, reproducible,

and controllable TiO:z film on FTO substrates, for comparing the counter

electrodeséperformance.

1 The P-CNTs exhibited higher power conversion efficiency (7.13 %) than Pt

(6.29 %), indicating the potential to replace the Pt layer by CNTs in

conventional DSSCs for greater cost efficiency and performance.
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1 The MnO2-coated MA-CNT cathode, although exhibited reduced
efficiency, provided a feasible method for the integration of energy
conversion and storage devices for self-powering systems.

1 Both P-CNTs and MA-CNTs cathodes exhibited higher photocurrent
density (Jsc) than Pt, possibly due to better catalytic behavior of the CNTs
owing to higher contact surface area with the electrolyte. The P-CNTs
exhibited a very high Jsc of 26.3 mA/cm?, which is the highest obtained so

far for the vertically aligned CNTSs to the best of our knowledge.
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CHAPTER IV

PHOTOCAPACITORS WITH MnO./CNT-BASED CATHODES

In this chapter, the details of the fabrication process and the
characterization of photocapacitor components are presented. The photoanodes
were prepared in the same way as mentioned in Chapter 3 so that a repeatable
TiO2 film deposition onto an FTO-coated glass was achieved. Manganese
dioxide-coated vertically aligned MA-CNTs grown on Si substrates were used as
the counter electrodes. The MnO2 coating was done in a three-electrode setup in
an electrochemical workstation described previously. Tetraethylammonium
tetrafluoroborate (TEABF4) in acetonitrile was employed as a redox mediator for
the photovoltaic reactions and a charge transfer media for the pseudocapacitive
reactions. The response of different amount of MnO:2 coatings to both
photovoltaic and capacitive performances of the photocapacitor counter

electrodes was also studied.

4.1.Photocapacitors with a Dye-Sensitized Photoanode and MnO: Coated
Micro-Array CNTs as Supercapacitor Counter Electrode

4.1.1. Fabrication of the Photocapacitors with Different Counter Electrodes

The fabrication of the photoanodes and the synthesis of the vertically

aligned MA-CNTs on n++ Si substrates were carried out following the same

63



methods described in Chapter 3. Electrochemical deposition of MnO2 was
performed using the same techniques described in the previous chapter. As part
of this work, three photocapacitors with different cathodes were fabricated, two of
which consisted of MNO2 coated MA-CNTs with 2 and 4 CV cycles and labeled
as PC-1 and PC-2, respectively. The third photocapacitor, PC-0, which has the
MA-CNT cathode, was used as the control.

Before assembling the photocapacitors, the electrodes were saturated
with the electrolyte consisting of 1 M TEABF4 in acetonitrile (ACN). A 50 um thick
scotch tape with a 0.7 cm diameter aperture was used as the spacer between the
electrodes. The photocapacitor device was secured with binder clips that also
maintained adequate pressure. The photovoltaic and the galvanostatic-discharge
characterization studies were performed on the CHI660C electrochemical
workstation. An Oriel solar simulator (model 96000) equipped with a filter of AM
1.5 G was used at 1-sun (100 mW/cm?) illumination intensity. The photovoltaic
performances of the photocapacitors were evaluated through I-V measurements
using the staircase voltammetry technique with the following parameters: 0.5 s
for both the sampling delay time and the measuring integration time and 10 mV
as the voltage source step size 0.

The top view SEM micrograph in Figure 4.1(a) shows the three-
dimensional CNT array layout with each microelectrode having ~4 um diameter.
The CNT height achieved by the synthesis recipe used is typically ~45 pum,
based on other characterization performed. The high-resolution SEM micrograph

in Figure 4.1(b) shows a porous structure allowing for an excellent platform to
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Figure 4.1 SEM micrographs of the as-grown MA-CNTs on Si: (a) Tilt view
showing the micro-array patterned CNT layout; (b) High-resolution SEM image
showing the microstructure of the multi-walled CNTs.

achieve a uniform MnO2 coating and support the facile diffusion of the electrolyte
as well.

Top-view SEM micrograph in Figure 4.2(a) shows a uniform MnO2 coating
on the MA-CNT, while a high magnification micrograph in Figure 4.2(b) reveals

the porous microstructure of the MnOz film.
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Figure 4.2 SEM micrographs of MnO2 coated MA-CNTSs: (a) Top-view showing
the uniformly coated array; (b) High-resolution SEM image showing the porous
microstructure of the MnOz2 film conducive for energy storage applications.
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4.1.2. Photovoltaic Performance of the Photocapacitors with Different MnO-
Coatings

To better understand the charging behavior of the photocapacitor under
the exposure to sunlight, the phenomenological order of the processes is
presented in the schematic diagram in Figure 4.3. The photovoltaic response of
the photocapacitors PC-0, PC-1, and PC-2 were also recorded as the
photocurrent density (mA/cm?) versus voltage (V) curves under 1-sun illumination
and are overlaid in Figure 4.4. The corresponding values for Voc, short circuit
current density (Jsc), and fill factor (FF) data are summarized in Table 4.1. In the
case of the photocapacitor PC-0, with no MnO2 coating, the values for the Jsc,
Voc, FF, and h are 0.234 mA/cm?, 0.2 V, 0.08, and 0.004, respectively. The
relatively low values can be attributed to the use of an unconventional electrolyte
for photovoltaic charging. As compared to the conventional Is/I" redox couple
where two electrons are involved in the reaction, the BF4/BFs couple supports

only a single electron transfer (steps 3 and 4 in Figure 4.3) 1. In contrast, the

D*
LUMO MnO,/ MA-CNT
(MnO, + TEA* + & 2 MnOOijA)
e)
x A/Ew®—— - .
Photocapacitor Eqp /=== = === Tt

0

%]

=

(V)
z -
s 2
= s

i Evg

Figure 4.3 Schematic representation of the sequence of the processes inside the
dye-sensitized TiO2 - MnO2/CNT photocapacitor during solar charging.
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Figure 4.4 The photocurrent density (mA/cm?) versus voltage (V) curves of the
photocapacitors PC-0, PC-1, and PC-2 with counter electrodes having 0, 2, and
4 CV-cycles of MnOz2 coating on MA-CNTSs, respectively.

MA-CNT substrates with MnO2 coating, electrodes for PC-1 and PC-2 show a
marked improvement in all these photovoltaic parameters. The highest Jsc and
Voc values of 0.749 mA/cm? and 0.46 V, respectively, were obtained for PC-1. In
the case of these photocapacitors, not all the photogenerated electrons
contribute to the redox reactions inside the electrolyte, but some are captured by
the pseudocapacitive counter electrode (MNnO2/MA-CNT) as part of the charge
storage reaction shown below:

MnO:2 + TEA* + e A MNOOTEA (4.2).
The improvement in the photovoltaic parameters may be attributed to the fact
that reaction (4.1) at the electrode-electrolyte interface leads to a greater degree
of electrolyteds ionization reaction

TEABF4 © TEA* + BF# (4.2).
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Table 4.1 Photovoltaic (through 1-V analysis) performances of the
photocapacitors PC-0, PC-1, and PC-2 obtained under 1-sun illumination.

# of cycles for MnO2 Jsc Voc Fill Factor | Efficiency
coating (Sample) (mA/cm?) | (V) (FF) (h) (%)
0 (PC-0) 0.234 0.20 0.080 0.004
2 (PC-1) 0.749 0.46 0.103 0.036
4 (PC-2) 0.610 0.41 0.193 0.048

The increase in the BF4 concentration, in turn, contributes to dye regeneration
reactions based on the BF4/BFs redox couple, as indicated by step 4 in Figure
4.3. As the amount of MnO2 coating increased in the case of PC-2, we observed
a drop in Jsc and Voc to 0.61 mA/cm? and 0.41 V, respectively. These drops can
be attributed to the increased resistance due to thicker MnO2z coating in PC-2.
The smaller Jsc and Voc obtained from the higher amount of MnO2 may also be
responsible for more linear J vs. V response, which yields a nearly 2x increase in

the fill factor and therefore the overall efficiency in PC-2, as compared to PC-1.

4.1.3. Capacitive Performance of the Photocapacitors with Different MnO-
Coatings

The energy storage performance of the photocapacitors was
characterized after charging them under 1-sun illumination for 40 min, followed
by a constant-current discharge in the dark at 1 0 .eThAe charge (V-t) and
discharge (V-t) curves of PC-1 and PC-2 are overlaid and presented in Figures
4.5(a) and (b), respectively. The higher MnO2 content in PC-2 provides more
stable performance, allowing it to charge up to 0.932 V, as compared to only

0.853 V, in the case of PC-1. We also observed an enhancement in the
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discharge step, where a higher capacitance of 13.1 mF/cm? for PC-2 was
obtained, nearly 33% more than PC-1. The results obtained from PC-1 and PC-2
are summarized in Table 4.2. The use of a 3D network of CNTs in a micro-array
patterned design with its high electronic conductivity provides an excellent
platform for fabricating MnO2 coated electrodes for photocapacitors 49141, The
separator-free structure is another contributor to better ionic conductivity and
thereby the device performance 42143,

Additional charge storage characterization was performed on PC-2 using
the same parameters, but with varying solar charge durations of 3, 6, 12, 20, and
40 min. Constant-current discharge (V-t) curves are overlaid, as illustrated in
Figure 4.6(a). Accordingly, Figure 4.6(b) shows that the discharge capacitance
obtained from PC-2 increased consistently from ~4.4 mF/cm? after 3 min of
charging to ~13.1 mF/cm? after 40 min of charging. Manganese dioxide can store

a higher amount of charge based on reaction 4.1 with prolonged charging due to
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Figure 4.5 Voltage (V) versus time (s) curves of the photocapacitors PC-1 and
PC-2 with different amounts of MnO2 coatings: (a) Charging curves under 1-sun
for4Omin; (b) Discharge cufwrens at 10 ¢A
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Table 4.2 Energy storage performances of the photocapacitors PC-0, PC-1, and
PC-2, after 1-sun solar charge for40minand 10 ¢ A-cuoemtdsdahaage.t

Sample Charged Discharge
Voltage (V) | Capacitance
(mF/cm?)
PC-1 0.853 8.8
PC-2 0.932 13.1

its pseudocapacitive behavior, somewhat similar to secondary batteries. The
charging voltage shows an increase to the maximum value from 0.848 V after 3
min of charging to 0.955 V after 12 min of charging but decreases to 0.932 V
after 40 min of charging. At this stage, the reason for this behavior is not
apparent; however, it may be due to changes in the electrolyte arising from slow
evaporation of the solvent at high temperatures during solar illumination from the

open edges of the counter electrode substrate, which in turn increases the salt
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Figure 4.6 (a) Voltage (V) versus time (s) curves of the photocapacitor PC-2
under 1 0 & A c-oumrent descharge after 3, 6, 12, 20, and 40 min of solar
charging at an illumination of 1 sun; (b) specific discharge capacitance (with
uncertainty bars) vs. charge time.
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concentration. We wer e abl e t o pdarfermance tithia thelfiesvtivoc e s 0
hours after the assembly, but consistently observed a considerable decay in the
JSC, VOC, and discharge capacitance of the devices after 2 h, supporting the
possibility for changes in the electrolyte. At higher concentrations, the charge
carriers tend to form ion pairs that are electrically neutral and thus lead to
reduced ionic conductivity 144, The results of these experiments for PC-2 are
summarized in Table 4.3. Overall, they can be considered promising for the
application of pseudocapacitive electrodes to store energy in an integrated

photocapacitor.

Table 4.3 Energy storage performance of PC-2 obtained after 1-sun solar
charging for varying times, followed by 10 pA constant-current discharge.

Cycle | 1-Sun Charge Charged Discharge
# Time (min.) Voltage (V) Capacitance
(mF/cm?)
1 0.848 4.4
2 0.901 7.5
3 12 0.955 8.3
4 20 0.942 12.0
5 40 0.932 13.1
4.2.Summary

1 Integrated photocapacitors, made of N-719 dye-sensitized TiO2 on FTO
substrates as the photoanode, TEABF4 electrolyte, and MnO2 coated
micro-array patterned CNTs on Si substrates as the supercapacitor

counter electrode, were successfully fabricated and characterized.
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1 The device was the first photocapacitor utilizing a MnO2-based
supercapacitor electrode.

{ Highest values of the Jsc and Voc recorded were 0.749 mA/cm? and 0.46
V, respectively; while a maximum FF obtained was 0.193.

1 The low photovoltaic performance can be attributed to using a single,
unconventional electrolyte (TEABF4) with a different redox couple
available for the dye regeneration that involves only a single electron
transfer. In contrast, the highest charging potential achieved was 0.955 V,
which is the highest among the photocapacitors fabricated by other
researchers, and capacitance of 13.1 mF/cm? was obtained using 10 pA
discharge current, highlighting the influence of the pseudocapacitive
response of MnOa.

1 The proposed design of a compact, integrated photocapacitor showed
promising results by leveraging the 3D architecture of MnO2 CNT arrays

as an active charge storage counter electrode.
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CHAPTERV

A NOVEL LITHIUM-ION BATTERY CATHODE MATERIAL:

L|2FexM nyCOZS|04

This chapter elaborates on the fabrication of a new LIB cathode material:
LizFexMnyCo:SiO4 (x + y + z = 1). The mater i aatta@lsnent onto a conductive
vertically aligned CNT network on graphite substrate as the current collector is
detailed. The structural and electrochemical characterizations of the material

were also included.

5.1.Fabrication of a Novel Active Cathode Material

5.1.1. Carbon Nanotube on Graphite as a Host Material for Cathode
Graphite was used as a current collector for its lightweight, low cost,
flexible, high electric and thermal conductivity, and chemically inert features 4°,
Graphite foil, which is 127 pm thick and non-inhibited grade developed for use in
nuclear or semiconductor applications (typically 99.8% pure) was purchased from
Mineral Seal Corporation and used for the CNT growth. Small pieces were cut in
two different configurations, 15 mm x 20 mm and 40 mm x 19 mm active cathode
area, and an extension of 10 mm x 4 mm was left as an electrical contact area.
Sampl e weight measurements were pedql@or med

mi crobal ance. VWRGO6s Cl i nheceattifug ydlemvoatise e mp | o
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cathode suspension preparation. During the LIB cell assembly, Celgardbés 25
thick polypropylene film (purchased from MTI Corporation) with a pore size of
0.21 um x 0.05 pm was used as the separator. An aluminum laminated film with
polypropylene and polyamide for the pouch cell case, and Al and Ni tabs, for the
positive and negative terminals of the cell, respectively, were also purchased
from MTI Corporation.

Graphite substrates were first cleaned with methanol, followed by drying at
100 °C. Before the CNT growth, 15 nm titanium (buffer) and 3 nm cobalt
(catalyst) were sequentially coated onto the substrates in Cressington 308R D.C.
magnetron sputtering system. The VACNTs were synthesized in the HFCVD
system, following the synthesis method described in Chapter 3. During the
pretreatment and the CNT-growth processes, the substrate temperature was

kept at 750 °C.

5.1.2. Dilithium Ternary Orthosilicate - Li2(FexMnyCo)SiO4 Synthesis and Li-lon
Battery Cell Fabrication

Li2(FexMnyCoz)SiOa4 (dilithium ternary orthosilicate, or DTS, and x +y + z =
1) materials with different stoichiometric ratios of Fe (x = 0.5, 0.6, 0.7, and 0.8)
were synthesized by a sol-gel process similar to Deng et al., using the mixture of
manganese acetate tetrahydrate (Mn(CHsCOO)2-4H20), lithium acetate
dihydrate (CHsCOOLi- 2H20), iron (lll) citrate hydrate (CeéHsFeO7-xH20), and
cobalt carbonate (CoCOs) in a solution of citric acid monohydrate in de-ionized

water; followed by the addition of a tetraethyl orthosilicate (TEOS)/ethanol
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solution 46, Stoichiometric ratios of Mn and Co were kept the same (y = z) in
these experiments. As shown in Figure 5.1, the mixture was stirred and heated in
a volumetric flask immersed in a water bath at 70 °C, until all the salts were
dissolved. The resulting solution was clear, dark green colored. After adding
TEOS/ethanol, the flask was maintained at 70 °C, and the solution was
continuously stirred for 24 hunt i | g et t cohoglal solaton. Nextothed
water and ethanol were evaporated, thus forming a @eld This gel was placed into
a tube furnace and further dried at 100 °C for 24 h under Ar flow at a flow rate of
25 scem. It was then ground, and calcinated at 600 °C for 90 min under Ar flow,
transforming the color to black due to the decomposition of the excess citric acid

used at the beginning of the synthesis. The use of citric acid has two purposes:

Water OUT

Reflux system

WaterIN

)

et Volumetric flask
o

— ‘d Water bath
= s 2 Hot plate with
= - = stirrer

Figure 5.1 The reflux setup used for the synthesis of the dilithium ternary
orthosilicates via the sol-gel process.
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first is to let the chemical reactions resulting in the final silicate material to

proceed during the synthesis; second is to act as a pyrolyzed carbon source

during the calcination process. This carbon coating on the cathode particles is

crucial for the batt er yos el ectrochemical perfor ma
conductivity inside cathode, as confirmed by the previous studies 14147, The final

product was further ground manually using a porcelain mortar and pestle to

obtain fine particles and was stored in an Ar-filled vial.

The DTS powder was then used to form a suspension in acetone;
ultrasonicated, centrifuged, and drip-coated onto the MWCNT/graphite substrate,
resulting in the final version of the cathode. Initially, two different cathode
materials, Liz2(Feo.sMno.25C00.25)SiO4 and Li2(Feo.sMno.1C00.1)SiO4 with high and
low stoichiometric ratios of Fe, were synthesized and used to fabricate LIB cells
DTS#1 and DTS#2, respectively. Then, to better understand the role of Fe on the
electrochemical performance of the DTS cathode, two other cathode materials,
Li2(Feo.sMno.2C00.2)SiO4 and Liz(Feo.7Mno.15C00.15)SiO4, were synthesized and
employed in the fabricated LIB cells DTS#3 and DTS#4, respectively. The net
DTS cathode material masses for the LIB cells DTS#1-4 are 2, 2, 1.9, and 1.1
mg, respectively.

The Li-ion cells were fabricated in a dry atmosphere of Ar-filed 6 gl -0 v e
b a gA19 mm wide and 750 um thick Li-foil was used as the anode, isolated
from the cathode via the separator. An organic electrolyte, 1 M LiPFs salt
dissolved in DMC:EC (1:1 vol. %) solvents, was used. After wetting the active
cathode area with the electrolyte, separator and Li-foil were stacked on the

cathode, and the Ni tabs were overlaid onto the electrodes. The sandwich of
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electrodes was placed into the pouch cell package, then sealed with an impulse

heat sealer. Afterward, the electrolyte was injected into the package, and the

small openingwas seal ed, compl eting the assembly

as displayed in Figure 5.2.

(a)
Altab Nitab

———=— Graphite Tab
“e1— Lithium Tab

oS
Petetetatet
Q8L

<

| HeatSealed
% Seam

Figure 5.2 (a) The LIB cell in pouch cell configuration schematic, and (b) the
assembled battery cell.

5.1.3. Material Characterization- SEM, ICP-MS, XPS, and XRD

A Hitachi S-4200 SEM was used to capture the scanning electron
microscope images of the synthesized CNTs and DTS particles. The structural
characterization of a novel cathode material also requires identification of its
crystalline phases, which also allows determining the lithium intercalation
mechanism. It can be achieved by observing the XRD pattern of the cathode
materi al, which is unique due to the

crystal unit structure. The X-Ray diffraction experiments presented here were
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performed on a Phil i pkU Xoadeirat isoyns taetm twhie hw
1.54056 A. The data acquisition was performed at 2 d= 15° 90°, with a dwell
time of 4 s/step, and a step size of 0.01°.

Figure 5.3 shows typical SEM images of vertically aligned, ~7 um tall
MWCNTs grown on graphite, obtained at different magnifications. The first
samples of the DTS materials, Li2Feo.5sMno.25C00.25Si04 and
LizFeo.sMno.1C00.1SiO4, were ground after calcination, and investigated in SEM,
as Figure 5.4 shows. The grinding process appears to be inadequate for getting
a uniform and small particle size distribution, which is very important for the even
deposition of the particles into the CNT network, and for the electrochemical
performance analysis. Therefore, all of the synthesized DTS materials were

centrifuged before depositing them onto the cathode substrates. Figure 5.5

graphite S.9 kV X18.0K 3.80s8m

Figure 5.3 SEM image of the vertically aligned CNTs grown on graphite foil;
inset- high-resolution SEM micrograph of the CNTSs.
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Figure 5.4 Low (a) and high (b) magnifications of the as-synthesized and ground
DTS particle Li2FeosMno.2sC00.25Si0O4. The relevant SEM analysis of
Li2Fe0.sMno.1C00.1SiO4 is present in (c) and (d).

displays the high-resolution SEM micrographs of the active cathode particles

(DTS) incorporated into CNTsf or t he L | Bcathazlé. | DTS#46s

Sf’i»kyﬁé}ﬁ,&qk”éi'ﬂﬁ'ui S » 5.0 ky X30.0Ra 00w 5.0 kV X15.0K 2.00sm

Figure 5.5 SEM micrographs of the DTS - Li2(Feo.7Mno.15C00.15)SiO4, obtained
after the centrifugation step, coated onto the CNT/graphite cathode (a) and (b)
taken from the top view showing the uniform particle size distribution; (c) taken
from the tilt-view cross-section showing the incorporation of nanoparticles into
CNTs.
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The chemical composition of the as-synthesized dilithium ternary
orthosilicate (Li2zFeo0.7Mno.15C00.15Si04) powder was confirmed by the Agilent
7500ce Inductively Coupled Plasma-Mass Spectrometry (ICP-MS). The ICP-MS
technique involves a high-temperature | CP source to ionize t'l
atoms first, then to separate and detect them with a mass spectrometer. Figure
5.6 shows the schematic representation of an ICP source in an ICP-MS device
148 ‘When the sample aerosol is introduced into the IC torch, the elements in the

aerosol are first gasified and then ionized towards the end of the plasma. Later,

& Skimmer Cone Vacuum Sampler Cone
e
———— " AL —— :
I |
_I
—/—/ )| “._I
/ T ‘
P
7’
7
Lens Shadow Stop s \
i \
~~ RF Load Coil ICPlTorch \
, a
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Plasma
N\
N >N
B s

I S— —/ R
[P ]

® & o
Atoms Solid

lons Gas Aerosol

Figure 5.6 Schematic representation of the ICP-MS system, with a blow-up
showing the ICP source in greater detail 148
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these ions are transferred into the mass spectrometer via the interface cones and
separated by their mass-to-charge ratio. The ICP-MS experiment conducted on
Li2(Feo.7Mno.15C00.15)SiO4 revealed the concentrations of Fe, Mn, Co, Li, and Si in
Table 5.1 as 13.54%, 3.251%, 2.328%, 5.009%, and 7.655%, respectively.
Based on this, the formula of the dilithium ternary silicate cathode material is
calculated as Li2.11Feo0.72Mno.17C00.12Si0.804, which is very close to the intended
formula. The designed material is isostructural to Li2FeSiO4 and Li2MnSiOa. The
XRD patterns of Liz(FexMnyCoz)SiO4 (x + y + z = 1) with different stoichiometric
ratios of Fe (x = 0.5, 0.6, 0.7, and 0.8), generated after data smoothing (Savitzky-
Golay algorithm), are shown in Figure 5.7. The peak Ilist of
Li2(Feo.7Mno.15C00.15)SiO4 is also presented in Table 5.2. It can be inferred that
the structure does not have similar peaks with Li2FeSiOa4, which is orthorhombic
and belongs to the space group Pmn21, as Nyten et al. previously reported 14°.
The reason for this might be due to the inadequate amount of catalytic reactions,
as compared to other works for the Li2MSiO4 synthesis, where OH- anions were
employed as the catalyst 1°9-152, The high-intensity central p e a k & t45° asd

well as the peaks at 65° and 82° are also due to fcc-Fe impurities. However,

Table 5.1 Results from the ICP-MS analysis of the dilithium ternary orthosilicate
Li2(Feo.7Mno.15C00.15)SiOa.

Li Fe Mn Co Si
Concentration (%) | 5.009 | 13.540 | 3.251 | 2.328 | 7.655

Atomic Mass (g/mole) | 6.941 | 55.845 | 54.938 | 58.933 | 28.086
Atomic Ratio (%) 211 | 0.71 0.17 0.12 0.80
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Figure 5.7 X-Ray Powder

Diffraction spectrum of the dilithium ternary

orthosilicate materials Li2(FexMnyCo2)SiO4 (x +y +z=1) (x = 0.5, 0.6, 0.7, 0.8,

and y = z) with Cu K-U

radi

ation.

considering there is a high amount of Fe impurity, causing a considerably high

amount of diffraction peaks in our designated materials, the highest three peaks

of Li2FeSiOa4 were also observed in our Liz(Feo.sMno.25C00.25)SiO4 and

Table 5.2 List of the XRD peaks for LizFeo.7Mn.15C00.15Si0a.

Peak List
2-theta Height |FWHM [int. | Int. Asym.
No. |(deg)  |d(ang.) |(cps) |(deg) |(cps deg]w(deg) |factor
1 |26.50(11)|3.361(14) [167(13) [2.03(19) [602(30) [3.6(5) [2.2(7)
2 |33.03(3) [2.710(2) [190(14) [0.55(4) [125(8) [0.66(9) |0.58(12)
3 |44.639(4)[2.02830(192658(52) [0.178(7) |731(8) [0.275(8) |1.09(13)
4 |58.97(13)[1.565(3) |[59(8) [0.94(15) [64(12) [1.1(4) [0.3(2)
5 |64.97(2) [1.4343(4) |322(18) [0.16(3) [96(6) [0.30(4) |1.5(10)
6 [82.284(19)1.1708(2) |439(21) |0.31(2) [187(8) ]0.43(4) [1.6(5)
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Li2(Feo.sMno.2C00.2)SiO4 materials at 2 d= 17°, 24°, and 33°, as Figure 5.7 shows.
The cathode material Li2(Feo.sMno.2C00.2)SiO4 also has a peak at 2 o= 36°, which

is the fourth highest peak of Li2FeSiOa.

5.2.Electrochemical Characterization

The electrochemical charge-discharge experiments of the LIB cells DTS#1
and DTS#2 were performed using the Vencon-UBA5 battery analyzer; DTS#3
and DTS#4 were charged-discharged using CHI660C potentiostat with a
computerized data acquisition system. The potentiostat was also used for the AC
impedance experiments.

AC impedance measurements were done in the frequency range between
17 Hz and 100 kHz at an AC amplitude of 5 mV. According to Figure 5.8, the as-
fabricated LIB cell DTS#40 s el ectrical contact r
pol arization resistance is ~120 Y, d
DTS particles and their accommodation onto CNT forest. After the 1%t cycle, the
polarization resistance increases to
(SEI) formation on the electrodes.

Initially, the LIB cells DTS#1 and DTS#2 were charged and discharged in
the voltage window of 1.8 V to 4.7 V since the charging voltage settled at a
maximum of ~4.7 V, as shown in Figure 5.9. Since the cells did not reach the
target voltage (4.7 V) at low currents during charging, a higher charge current
(4.5 C) was used. The current rates during discharge were kept at 0.93 C for

both cells. At the charging step, the voltage first reached 4.7 V and then dropped
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Figure 5.8 Nyquist plot of the AC impedance tests between the frequency range

100 kHz and 17 Hz for the LIB cell DTS#4 before and after the 15t charge-
discharge cycle.

to 4.3V and 4.5 V for DTS#1 and DTS#2, respectively. This voltage behavior is
due to the switching from constant-current charging to constant-voltage charging
(4.7 V) in the battery analyzer, which had a poor current resolution.

Discharge capacities obtained from DTS#1 and DTS#2 were 193 € Ah and
363 € Ah, respectively. While the discharge profile for DTS#1 mostly maintained a
slope down to ~2.2 V, DTS#2 had a plateau-like profile from 4.2 V to 3.9 V, which
will be explained later. A similar voltage profile below 2.2 V to 1.8 V with a
reduced slope was observed in both cells, which might be due to the multi-phase
transformations involving the delithiated-phases of the DTS material. A similar

effect was also observed by the other researchers who used Li2FeSiOa or
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Figure 5.9 Charge-discharge curves of the LIB cells DTS#1 and DTS#2, which
have active cathode materials Li2(Feo.sMno.25C00.25)SiO4 and
Liz(Feo.sMno.1C00.1)SiO4, respectively.

Li2MnSiO4 cathode material in their LIB cells 146153154 From Figure 5.9, it is
obvious that the LIB cell DTS#2 yielded a higher discharge capacity than that of
DTS#1, which is possibly due to the lower electronic conductivity and the lower
stability of the silicate material Li2(Feo.sMno.25C00.25)SiO4 with higher Mn
concentration 4.

On the other hand, charge-discharge tests of the LIB cells DTS#3 and
DTS#4 were performed in the voltage window of 1.8 V - 4.9 V, to utilize more of
FeZ*z F é *, Mn2*z Mn* and Co2*z Co* transitions. Figure 5.10 shows the
unidentical charge-discharge curves of the cells DTS#3 and DTS#4. At the
beginning of the charging, the voltage of DTS#3 ascends to 3.3 V rapidly due to

charge polarization. Between 3.3 and 4.1 V, the voltage profile follows a small-
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Figure 5.10 Charge-discharge curves of the LIB cells DTS#3 and DTS#4 with
active cathode materials Li2(Feo.sMno.2C00.2)SiO4 and Liz(Feo.7Mno.15C00.15)SiOa4,
sequentially.

sloped line, due to Fe?*/Fe®* transition in the DTS material. At voltages above 4.1
V up to 4.9 V, Mn?*/Mn3*, Co?*/Co%", and Fe3'/Fe** transitions are expected to
occur in the cathode of the DTS#3 cell. At the discharge step, between ~4.2 and
3.8 V, the voltage drops following a small-slope line, followed by a sharp decline
to 2.4V, and then a small-sloped voltage profile down to 1.8 V. The discharge
profile of DTS#3 cell is at lower potentials than the charge profile. Besides the
polarization effect, this is due to the structural changes occurring in the DTS
material after the delithiation. For example, it was previously shown that the
volume of the unit cell of Li2FeSiO4 expands to LiFeSiOs4 upon delithiation 1°°,
which causes the strength of the interatomic bonds in the DTS material to alter,

thus resulting in the shift of the lithium insertion voltage during discharge. In
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Table 5.3, charge-discharge currents, voltage window, and discharge capacities
of DTS#1-4 are listed. After the cell DTS#4 is charged to 1320 pAh, it yielded a
discharge capacity of 1210 pAh at 1 C current rate (363 pA). If we consider DTS
as the only electrochemically active material in our cathode structure, both
charge and discharge specific capacities (1200 mAh/g, and 1101 mAh/g,
respectively) exceed the theoretical capacity (330 mAh/g). The average voltage
measured is 4.25 V. However, based on the previous studies, it is expected that
there is a contribution to the capacity from graphite (~120 mg), into which P K
anions might intercalate above 4.3 V %6157 |nside their dual carbon cell, Seel
and colleagues obtained 140 mAh/g specific discharge capacity between 3.5 and
5.45 V, while Read reached 120 mAh/g between 4 and 5.2 V. Accordingly, our
LIB cell demonstrated a hybrid performance, employing both Li* and P F ions i
i.e., lithium-ion and anion intercalation. During the charge, in the potential window
of 1.8 to 4.4 V, Li* ions deintercalate from DTS and migrate towards the Li
anode; simultaneously, P F anions migrate towards the cathode and accumulate

in the CNT forest. The high surface area of the VACNTSs also allows a large

Table 5.3 Charge-discharge test results of the LIB cells DTS#1-4.

LIB Fe:Mn:Co | Charge Discharge | Voltage | Cathode | Cathode | Discharge
Cell Ratio in Current Current Window Area Material | Capacity
Cathode | (mA)/C (mA)/C (V) (cm?) Mass (e Ah
rate rate (mQ)
DTS#1 2:1:1 3 45061093 |18-47| 15x2 2 193
DTS#2 8:1:1 3 45061093 |18-47| 15x2 2 363
DTS#3 3:1:1 125|15|094 | 2 18-49 | 4x1.9 1.9 1167
DTS#4 4.7:1:1 036| 1 |0.36 1 18-49 | 4x1.9 1.1 1210
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amount of P iy to accumulate at the cathode. At potentials beyond 4.4 V, besides
further deintercalation of Li* from the DTS, P F anions start intercalating into the
graphite. Most of these P F intercalation happens in a single phase, as
confirmed by the constant slope (dg/dV) charge curve between ~4.7 and 4.9 V.
During the discharge, these processes reverse: Li* ions intercalate into the DTS-
host structure, and P R ions deintercalate from the graphite and migrate to the
bulk electrolyte. Although the discharge capacity contribution of the DTS material
and graphite cannot be separated for DTS#4, yet it is possible for the LIB cell
DTS#3. As shown in Figure 5.10, the discharge profile of DTS#3 from 2.4 V to
1.8 V can be mostly attributed to the lithium intercalation into the DTS host
structure. The gravimetric specific discharge capacity of the DTS material in this
voltage range is ~361 mAh/g, which is very close to the theoretical capacity (330
mAh/g) of the DTS material, and indicating two-lithium intercalation reactions
taking place in the cathode. In addition, this specific capacity is the highest
obtained for a LIB cathode material so far.

The cycling data of the LIB cell DTS#4 shows a stable performance in 100
consecutive charge-discharge cycles at 363 pA, with no capacity fade, and

efficiencies above 90%, as Figure 5.11 illustrates.
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Figure 5.11 Cycling performance of the LIB cell at 363 pA for 100 consecutive
charge-discharge cycles.

5.3.Summary

1T A new cathode material, utilizing dilithium ternary silicate,
LiFexMnyCo:SiO4 (x + y + z = 1) was synthesized and structurally
characterized.

9 Dilithium Ternary Silicate materials with different Fe:Mn:Co ratios (2:1:1,
3:1:1, 4.7:1:1, and 8:1:1) were synthesized and coated on CNTs that were
grown on graphite substrates. The resultant carbon-based nanocomposite
cathodes were characterized for LIB applications.

1 Hybrid performance of the LIB cells was observed with the
intercalation/deintercalation of Li* and P F ions during galvanostatic

charge/discharge tests.
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1 The results suggested that even though a structurally pure DTS material
could not be synthesized, we were able to achieve a specific discharge
capacity (361 mAh/g) very close to theoretical capacity between 2.4 and
1.8 V, which is an indicator of two-lithium intercalation reactions.

1 Our LIB cell, DTS#4, was able to operate at potentials higher than 4 V and

had a stable cycle life while employing a hybrid storage performance.
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CHAPTER VI

MICROPATTERNED CNTS ON ALUMINUM AS A LIB CATHODE

HOST

This chapter covers the work done to develop a novel cathode host:
micro-array patterned CNTs on aluminum (MA-CNT/AI) for the LIBs. The new
substrate was used to deposit a commercial active cathode material, lithium iron
phosphate (LFP), via electrophoresis and vibration-assisted drip-coating, and
was structurally characterized using SEM. Electrochemical performances of the
cathodes fabricated using both of the material deposition techniques were also

compared.

6.1.Fabrication of the Lithium Iron Phosphate/MA-CNT cathode

Aluminum has been a popular current collector/substrate material for
batteries and supercapacitors due to its electrical conductivity, mechanical
strength, and relative abundance intheearth 6s cr ust . Gr owi n
the surface of Al substrate lowers the internal resistance and the charge transfer
resistance between the electrode and the electrolyte %8, However, it has been
challenging to grow CNTs on Al substrate due to A | @vg melting point of 660 °C.
Others have been able to grow varying heights of CNTs on Al using complex

processing techniques with exotic catalysts and unique CVD systems 158161 To
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the best of our knowledge, no one has successfully demonstrated the VACNT
synthesis on Al substrates, especially the micropatterned arrays using a simple
HFCVD system with CHa4 as the carbon source gas 6.

Aluminum stock consisting of 127 um thick foil of Al alloy 1145 (99.45%
Al) was purchased from McMaster-Carr. As the active cathode material, lithium
iron phosphate (LiFePOa, or LFP) powder was purchased from MTI Corporation.
Sampl e weight measurements were md@de on
microbalance. The power source used for electrophoretic deposition was Keithley
6517A Electrometer. A polypropylene (Celgard) film with 39% porosity and 25 pm
thickness was used as the separator and was procured from MTI Corporation.
The battery cell was assembled in a VTI Super (Gloucester, MA) glovebox filled
with Ar as the working gas with H20 and O:2 levels maintained at below 0.1 ppm.
Previously cut Al-foil discs (with a diameter of 2cm) were first cleaned with
acetone and methanol, followed by drying on a 100 °C hot plate. Micropatterning
of the CNTs on Al substrates was achieved using the same methods described in
Chapter 3.

The synthesis of the vertically aligned CNTs on Al was carried out in the
HFCVD system using the same recipe outlined in Chapter 3, with some
parameters fine-tuned. Differently, the substrate was positioned 40 mm below the
W-filament, and the filament temperature was set to 2100 °C during the CNT
synthesis. After the CNT growth step for 15 min, the sample was cooled down to
room temperature under Hz ambient.

The LFP particle size distribution was obtained from the website of the

LFP mat er i al ;6as Figure 6.4 shows, the peak particle size is ~6-7 um,
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with a D50 of 3.5 +/- 1 um and D90 of < 15 %2, Based on this analysis, it was
determined that most of the particles exceeded the distance between the
adjacent MWCNTs (~75 nm) and would not disperse into the CNTs effectively.
To address this issue, we dried the as-received LFP powder under Ar at 125 °C
for 2 h and ball-milled to obtain finer particles. The cathode powder was then
dispersed into acetone, ultrasonicated, and centrifuged, in order to retain only the
fraction of smaller-sized particles. Using this suspension with different material
deposition techniques, two different cathodes, thus two different battery cells
were fabricated: Cell#1 with the cathode using vibration-assisted drip-coating and
Cell#2 with the cathode using electrophoretic deposition.

A simple Al-foil based container was first fabricated with two 3 V DC
micro-motors mounted on the side walls to hold the CNT/Al substrates on the
heater while providing the vibrations while making Cell#1 cathodes. The
LFP/acetone suspension was drip-coated with a pipette onto a 1.5 cm?

micropatterned CNT/Al substrate on the heater (~80 °C), resulting in a net 0.6 mg
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Figure 6.1 Particle size distribution of as received LiFePOas powder 162,
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LFP coating. The acetone acted as the carrier medium for transporting the
particles into the CNT network before evaporating. The electrophoretic deposition
of LFP for Cell#2 electrode was performed in a parallel plate configuration
without any supporting electrolyte. The CNT/Al substrate was mounted with a
platinum foil counter electrode and a gap of ~13 mm in a beaker and filled with
the LFP/acetone suspension. Under an applied electric field of ~1.9 kV/m using
the power supply, the ferromagnetic LFP particles were uniformly coated onto the
3D CNT array structure, as represented in the schematic in Figure 6.2(a).
Figures 6.2(b) and (c) also represent the perspective view of the micro-array
patterned CNTs three-dimensionally, before and after the LFP particle coating,

respectively. The mass of the LFP deposited on the electrode was calculated to

be 0.4 mg.
(a) Fabrication of (b) Perspective view of the
the battery Cell #1 - Drip coating of LFP 3D VACNT array
cell cathodes 2300000000000
111
Micro-array . (( ))
patterned CNTs

I
—1 Cell #2 -» Electrophoretic

deposition of LFP

k3

E’ lumi (©) LFP particles coated
Aluminum N onto 3D VACNT array
[ ens .
' LFP suspension droplet g :
Platinum [* ?:':' e

[ ] LFP suspension

Figure 6.2 (a) Fabrication of Cell#1 and Cell#2 using vibration-assisted drip-
coating and electrophoretic deposition, respectively; (b) Perspective view of the
3D CNT array on aluminum synthesized in an HFCVD system; (c) The 3D CNT
array after LFP particlesd deposition.
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The LIB cells were then assembled in Swagelok cells inside the glove box.
The electrolyte, consisting of 1 M LiPFs in DMC:EC (1:1 v/v), was used to wet the
active area of the electrodes and the PP separator before assembling them with
a ~1.9 cm diameter Li-foil anode. Electrochemical characterization was
performed using constant-current charge-discharge and AC impedance
spectroscopy techniques implemented in a CH Instruments Texas CHI 660C
potentiostat, which is accompanied by its data acquisition software. The material
analysis was done using a Hitachi S4200 scanning electron microscope to study
the microstructure of the electrodes before and after LFP deposition.

Scanning electron micrographs in Figures 6.3(a) and (b) show the tilted
view of the dense micropatterned vertically aligned CNT array on the Al
substrates, which were used in Cell#1 and Cell#2, respectively. These arrays
typically have CNTs with an average height of ~10 um. In the insets of Figure

6.3, higher magnification SEM micrographs show the top view of the individual

(b)

6pum

_ 5.8 kV XS.e6k' ‘é.d0sm

S.8 kV X2.80K 15.804&m 5.8 kV

Figure 6.3 Tilted and top (inlets) SEM micrographs of vertically aligned, 9 um-
diameter patterned MWCNTs grown on Al, and used in Cell#1 (a), and Cell#2

(b).
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CNT microelectrodes with a diameter of ~9 um and a pitch of ~10 um. The SEM
micrographs recorded for the cathodes after the LFP coating using vibration-
assisted drip-coating and electrophoretic deposition are shown in Figures 6.4(a)
and (b), respectively. Higher magnification micrographs were also included in the
inset of Figure 6.4. From these images, it is difficult to distinguish visually
between the two cathodes, although, it is clear that the CNTs no longer retain
their vertical alignment; they seem to have collapsed. This collapse can be
attributed to the aspect ratio (height/diameter = ~1) of the CNT-array
microelectrodes which may need to be modified to make them self-supporting
and retain their vertical alignment even after the coating steps. Additionally, the
capillary forces between the CNTs, when wet with acetone, cause contraction
after the acetone evaporates, resulting in the final structures seen in Figure 6.4
163-165  Similar clustering effects have also been observed by the researchers

when they exposed their vertical microstructures to liquids 163.166.167

(b)

3um
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Figure 6.4 Tilted and top (inlets) SEM micrographs of the cathodes of Cell#1 and
Cell#2 fabricated with (a) vibration-assisted drip-coating, and (b) electrophoretic
deposition of LiIFePOs4 nanoparticles onto micropatterned CNTs on Al,
consecutively.
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In Figure 6.5, X-ray diffraction (XRD) spectra of LiFePO4 powder, which

was obtained from the ma n uf a . urheeweld s we b s

separated diffraction peaks indicate that LiFePO4 powder has a good crystallinity.

Intzngity Coarts)

| | | Ll 1. wo bl . i Lodn
20 80

2-Thota(®

Figure 6.5 XRD pattern of the as-received LiFePO4 powder 162,

6.2.Electrochemical Characterization

Galvanostatic charge-discharge tests were performed in the voltage
window of 2 V - 45 V at the current rates of C/20, C/10, C/5, and C/2. The
corresponding curves are overlaid in Figure 6.6. At the lowest C-rate tested,
C/20, Cell#1 and Cell#2 yield gravimetric specific discharge capacities of 95 and
143 mAh/g, respectively. The corresponding values of gravimetric specific energy
were calculated to be 302 and 486 Wh/kg, respectively. Ce |l | #26s hi gher ¢

can be related to relatively better bonding and thereby a better electrical contact
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between the LFP nanoparticles and the CNTs achieved via electrophoretic
deposition.

In contrast, the vibration-assisted drip-coating method was less efficient as
observed during the fabrication process; the LFP nanoparticles tended to
accumulate at the edge of the substrate, where the acetone dries faster, and the
final structure resulted in a relatively weaker LFP-CNT bonding due to random
physical adsorption of the powder. As mentioned previously, no differences were
evident from the SEM micrographs, but they emerged during the electrochemical
characterization. In the next cycle, at C/10, the specific capacities dropped to 76
and 126 mAh/g for Cell#1 and Cell#2, respectively. The effects of structural
differences arising from the deposition techniques are more evident at a higher
discharge rate of C/2, as illustrated in Figure 6.6, where the capacity decreases
down to 54 and 99 mAh/g for Cell#1 and Cell#2, respectively. The importance of
LFP-conductive carbon material bonding has been previously studied,
highlighting its effect on the cyclability, Li+ diffusion rate, therefore high-power

capability 9110168 Results from the electrochemical characterization, i.e., specific

4.5 4.5 180 _
— 4.0 4.0 > 150 | Celliiz
2 35 2 35 8 — 120 - !
S % 5E |
£ 30 S 30 o< N\*\‘}
(2] (=} £ E 6o -
> 25 > 25 g =

g 30~ Cell#1

2.0 2.0 0 J ‘ _ ‘

S 9 &
0 30 60 90 120 150 180 0 30 60 90 120 150 180 L K
(a) Specific Capacity (mAh/g) (b) Specific Capacity (mAh/g) (C) C-rate

Figure 6.6 Charge-discharge curves of Cell#1 (a) and Cell#2 (b) at varying
current rates (C/20 to C/2); (c) C-rate vs. specific discharge capacity of the cells
with uncertainty bars.
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capacity, specific energy, and specific power, obtained for the two cells are
summarized in Table 6.1.

Nyquist plots were recorded using AC impedance spectroscopy in the
frequency range of 1 Hz - 100 kHz with an AC amplitude of 5 mV. The spectra
obtained for Cell#1 and Cell#2 after different charge-discharge cycles are
overlaid in Figures 6.7(a) and (b), respectively. These results show that the
polarization resistance (Rp) values for Cell#1 and Cell#2 increase from ~60 and
73 q rkeefcoycl ing to ~204 anincycles Eespectivalyt
The initial increase can be attributed to the formation of the solid electrolyte
interface (SEI) on the electrodes. Based on the electrochemical dynamics inside
the cell, an equivalent circuit is proposed, as seen in Figure 6.8, similar to Howey

et al. work 189, In this circuit, Re stands for the electrical resistance of the wires

and the electrolyte, while R¢t and Rsgl represent the charge transfer and SEI

Table 6.1 Summary of electrochemical characterization results from Cell#1l
(vibration-assisted drip-coating) and Cell#2 (electrophoretic deposition).

Specific Average Specific Specific
LIB Cell C rate Capacity Potential Energy Power
(mAh/g) V) (Wh/kg) (W/kg)
0.05 95.1 3.18 302.4 27.0
0.1 75.6 3.09 233.6 315
Cell#1
0.2 65.0 3.03 197.0 61.8
0.5 53.8 2.94 158.2 149.9
0.05 142.8 3.40 485.5 28.9
0.1 125.8 3.31 416.4 56.3
Cell#2
0.2 111.0 3.21 356.3 109.1
0.5 98.9 3.04 300.7 258.4
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Figure 6.7 AC impedance spectroscopy scans of Cell#1 (a) and Cell#2 (b) before
and after charge-discharge tests.

resistances, respectively, where Rct + Rsel = Rp or the polarization resistance. In
a LIB, R¢ is accompanied by a double layer formation on the electrode surface
just after the assembly of the cell. This double layer acts as an imperfect
capacitor and can be represented by a constant phase element (CPEg). The
impedance of a CPE was previously written in equation 3.1 of Chapter 3.

After the first cycle, the SEI layer forms on the electrodes, which acts as an
electrical insulator but allows the diffusion of Li* ions. This diffusion through the
SEI layer can be represented as another CPE (CPEsg) in parallel with Rsg; in the
circuit. In a Nyquist plot, the effects of the double layer and the SEI layer can be
seen in the high and medium-frequency regions of the impedance spectrum,
respectively, while in the low-frequency region, Li* diffusion at the electrode
surface is dominant. At even lower frequencies, due to the high penetration depth
of the AC signal (as compared to considerably low electrode pore length in
porous materials), the electrode behaves as a quasi-planar surface, resulting in a

capacitive response 1’9, Therefore, the low-frequency region is seen as a straight
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Figure 6.8 Equivalent circuit of a lithium-ion battery between cathode and anode.
The values near each element correspond to the circuit whose impedance

spectra is fitting to Cell# 2 6 s the 2"t oydle.

line with a constant phase angle and represented by the CPE-diffusion (CPEp)

element in the equivalent circuit. We were able to achieve an excellent fit of the

impedance spectrum from the model to the experimental data for Cell#2, as

observed in Figure 6.9.

210 . .
— Modeled spectrum
1680 1 & Experimental spectrum

-Z" / ohm

0 30 60 90 120
Z'/ ohm

150 180 210

Figure 6.9 AC impedance spectrum of Cell#2 after 2" charge-discharge cycle, in

comparison with the equivalentc i r c ui t
101

model 6s response.



The results demonstrated the strong potential of the application of
vertically aligned CNTs on a conventional current collector (Al-foil) for developing

LIB cathodes.

6.3.Summary

1 A new energy storage cathode host consisting of micro-array patterned,
vertically aligned CNTs on Al-foil was successfully fabricated after using
CHa4 carbon precursor gas through the HFCVD process.

1 LFP powder was used to demonstrate the viability of these 3D
nanostructured CNT arrays as new cathodes, after being coated on them
by two different techniques: electrophoresis and vibration-assisted drip-
coating.

1 Electrophoretic deposition produced a more stable cathode which yielded
a higher specific capacity than the cathode prepared through the drip-
coating method.

1 The efficacy and simplicity of the electrophoretic deposition over the drip-
coating method were evident from the higher specific capacity and stable
performance, even at higher C rates.

1 At low current rates, MA-CNT/Al was proven to be a very good candidate

for a future conductive network of cathode materials.
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CHAPTER VII

A NOVEL ADDITIVE-FREE CATHODE FABRICATION TECHNIQUE

FOR A HIGH-ENERGY, HIGH-POWER LITHIUM-ION BATTERY

In this chapter, a novel technique to fabricate the Li-ion battery cathode,
which involves the in-situ synthesis of the LFP material incorporated onto
microarray patterned vertically aligned CNTs (MA-CNTs) on an aluminum
substrate is described. Structural and material characterization of the binder and
conductive additive-free cathode was detailed. Electrochemical charge-discharge
and AC impedance spectroscopy measurements were conducted to better

understand the cathodeds energy storage an

7.1.In situ Synthesis of LiFePO4 on Vertically Aligned CNTs on Aluminum

7.1.1. Cathode Fabrication

For our experiments, a roll of Al-foil, which is 125 pm thick and consists of
1145 alloy (99.45 % Al) was purchased from McMaster-Carr. Initially, a circular Al
(227 pm thick, Al alloy 1145) disc with ~2.2 cm diameter was cut, followed by
cleaning with acetone and methanol, and drying on a 100 °C hot plate.
Micropatterning and the CNT growth processes were carried out similarly as in
Chapter 6. Differently, the buffer and catalyst metal layer thicknesses on the Al

substrate were 45 nm and 10 nm for Ti and Co, respectively. Besides, during the
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CNT synthesis, the W filament temperature was set to 2100°C, the substrate was
kept 40 mm below the filament, and CH4 was introduced into the HFCVD system
for 15 min.

For the synthesis of the LFP material, Choi et al.0 secipe was used %4,
The precursor compounds, lithium acetate (CH3CO:Li.2H20), phosphorus oxide
(P20s), and lauric acid (C12H2402) were purchased from Alfa Aesar; iron chloride
(FeCl2.4H20) was purchased from Beantown Chemical. Synthesis of the LFP
material and the battery assembly were made in a VTI Super (Glucoster, MA) Ar-
filled glovebox (H20 and O:2 levels maintained at below 0.1 ppm). In our work, the
precursor compounds, lithium acetate, iron chloride, phosphorous oxide, and
lauric acid were dissolved separately in ethanol in the glove box. In this recipe,
the role of lauric acid is to control the morphology of the final LFP particles, as a
surfactant. First, 1 M iron chloride and 1 M phosphorous oxide solutions were
slowly mixed and stirred for 3 h. Afterward, 1 M lithium acetate solution was
added to this solution, and stirred for an additional 3 h, followed by adding 0.5 M
lauric acid solution into it slowly and stirring for 4 h. The final solution was
anhydrous and suitable to be deposited into the hydrophobic CNT forest.

The LFP precursor solution was drip-coated onto the MA-CNT/AI
substrate in the glove box. A separate bulk-LFP precursor solution was also
poured into a quartz boat and dried for the material analysis. Then, the substrate
and the bulk-LFP were placed into a tube furnace filled with a gas mixture of
Ar:H2 = %90:%10 to prevent the formation of Fe3* impurities, and the samples
were heat-treated at 500 °C (heating rate was 1°C/min) for 5 h. Figure 7.1 shows

the preparation steps of the in situ synthesized LFP on vertically aligned
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MACNTs on an Al substrate. The active area on the cathode and the net LFP
cathode material mass were 2.54 cm? and ~0.57 mg, respectively. The mass

ratio of the CNTs and the LFP material, MLrpicnT IS ~1.69.

7.1.2. Material Characterization

A Hitachi S-4200 scanning electron microscope (SEM) and a Thermo
Scientific DXR Raman system, which was equipped with a 532 nm green laser,
were used for the structural analysis of the CNTs. The crystal structure of the
LFP was investigated by X-ray diffraction (XRD) analysis which was carried out
on a Rigaku Powder X-ray Diffractometer with a Cu K-a radiation (== 1.54059) in
the 2d range of 10° to 70°.

An SEM picture of the MA-CNTs grown by HFCVD is shown in Figure 7.2.
The height and the footprint of the MA-CNTs are 25 em and,
respectively. In this structure, the open space between the CNTs is beneficial to

facilitate the electrolyte diffusion into the CNT forest. In Figure 7.3(a), the SEM

LFP/MA-CNT

|||||d|”“||u‘ﬂ”“|w”|“
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|

LFP solution droplets
2300000000000
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Figure 7.1 Fabrication stages of LFP/MA-CNT/AI Li-ion battery cathode.
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Figure 7.2 Top view SEM micrograph of the vertically aligned, micro-array
patterned CNTs on Al substrate. Inlet i high magnification view of the CNT array.

image of the LFP-deposited MA-CNT shows that the CNTs collapsed during the
drip-coating process of the LFP precursor solution. However, a thin and uniform
LFP coating on the CNTs, which is critical for the high-power capability of the
cathode was observed, as shown in Figure 7.3(b). The diameter of the LFP
particles coated on the CNTs is ~10 nm, implying a very short Li-diffusion
pathway. With this technique, any extra efforts to reduce the size of the cathode
particles, like through conventional ball-milling, which may frequently be a many-
hours long operation, were no longer required.

In regard to the structural characterization of the synthesized LFP
material, its XRD spectrum is shown in Figure 7.4. It is clear that our LiFePOa is
greatly crystalline with an orthorhombic structure; the highest peaks are in
excellent agreement with the ones from the reference LiFePO4 peaks of the

Inorganic Crystal Structure Database (ICSD, No. 290335). The calculated lattice
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Figure 7.3 SEM micrographs of the LFP coated MA-CNT on Al after heat-
treatment: (a) taken from the top view at low magnification and (b) taken at a
higher magnification.

parameters (a = 10.338 A, b = 6.013 A, ¢ = 4.696 A) are matching with the ones
from the works of other authors 168171 At 2d values of 40.26 °, 44.18°, and
47.24°, we observed an iron phosphide (Fe2P) formation. During the bulk-LFP

synthesis, slow evaporationofthe LFP pr ecur sor solution migh
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o * Fe,P
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Figure 7.4 X-ray diffraction pattern of the anhydrous sol-gel synthesized LiFePOa4
material.
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precipitation, especially of the hardly dissolved lithium acetate. This precipitation

coul doéve | ed to | theapdearamce dfdé2i/Fe’ redoxccpuple n d

which catalyzes the formation of FezP, however, wedre not expe
FezP formation on LFP/MA-CNTs/AIl since the LFP precursor solution droplets

were dried rapidly on the CNTs 172,

7.2.Electrochemical Characterization

For the electrochemical performance tests, the same Li-ion half-cell
battery configuration described in Chapter 6 was employed. As the Li-ion battery
electrolyte, 1 M LiPFs was dissolved in DMC and EC (DMC:EC = 1:1 v/v).
Galvanostatic charge-discharge and AC impedance tests were performed in a
CH Instruments Texas CHI 660C potentiostat, which is accompanied with a data
acquisition software.
After assembling the cell, initially, the Nyquist plots of the AC impedance
spectrum of the battery cell were obtained in the frequency range of 0.2 Hz i 100
kHz with an AC amplitude of 5 mV and at different stages of the cycling, as
shown in Figure 7.5. According to these results, the polarization resistance (Rp)
increases from 117 -dg sktehfaocrgee ttleest s h3¥roge6 7 4
This increase is because of the formation of a solid electrolyte interface (SEI)
layer on the highly porous LFP/MA-CNT/AI cathode during the charge-discharge
tests. After many cycles, such as after the 50" cycle, the polarization resistance
increases to 935 q, w h i catiributed to the elegtrolytea r ge a |

decomposition, thus further SEI layer formation.
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Figure 7.5 Nyquist plots of the AC impedance spectrum of the Li-ion battery cell
with LFP/MA-CNT/AI cathode before cycling and after different charge-discharge
cycles.

Galvanostatic charge-discharge tests of the Li-ion battery cell with the
novel LFP/MA-CNT/AI cathode were performed initially in the voltage window of
2 V to 4.2 V at different C-rates (0.05, 0.1, 0.2, 0.5, 1, 2, 5, 10, 20, and 30 C).
Figure 7.6(a) shows the constant-current charge-discharge curves at 0.1 C, and
the gravimetric specific discharge capacity of the cell was 173.5 mAh/g, which is
more than the theoretical capacity (170 mAh/g) of the LFP material. This slight
excess in the capacity of the cathode might be related to the double-layer
capacitance contribution from the CNTs. During charging, starting at 4 V, the
voltage slope also decreases, which might be due to electrolyte decomposition,
although the voltage window of 2 i 4.2 V is widely used for our electrolyte. The
discharge curves of the battery cell obtained after charging at different C-rates

are overlaid in Figure 7.6(b). At 0.05 C, the gravimetric specific discharge
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Figure 7.6 (a) Constant current charge-discharge curves of the Li-ion battery cell
with an LFP/MA-CNT/AI cathode at a current rate of 0.1 C in the voltage window
of 2 - 4.2 V. (b) Discharge curves at varying C-rates (0.05, 0.1, 0.2, 0.5, 1, 2, 5,
10, 20, and 30 C).

capacity of the cathode material was recorded as 185.5 mAh/g. It is one of the
highest discharge capacities obtained for LiFePOa4 so far. At the higher discharge
rates, our cathode maintained most of its capacity. For example, at 30 C, the
discharge capacity of the LFP material was 117.6 mAh/g, which is 69 % of the
theoretical capacity. In Figure 7.7, specific discharge capacity variation of the
LFP material, after being cycled at different C-rates, can be seen. The high-
power capability of our cathode is due to the strong bonding between each
nanotube and the thin and uniform LFP coating surrounding the tube, which was
obtained after the in-situ heat treatment of the anhydrous LFP precursor solution
gel incorporated onto MA-CNTs on Al. Cycling performance of the cathode was
also evaluated after charging and discharging the battery cell in the voltage
window of 2 T 4 V to save electrolyte from degradation, for 61 consecutive
cycles, starting at cycle-57, as illustrated in Figure 7.8. The gravimetric specific
capacity of the cathode material was initially 159 mAh/g, and it increased up to
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Figure 7.7 Gravimetric specific discharge capacity recordings of the Li-ion battery
cell with LFP/MA-CNT/AI cathode at different current rates (0.05C to 30 C) after
being cycled between 2 and 4 V. Error bars are added to every data point.

167.2 mAh/g at cycle-66, possibly due to the structural modifications such as on-
site crack formations occurring on the cathode material after cycling at very high
C-rates in the previous cycles, which allow a higher surface area of the LFP

material, thus more Li-diffusion pathways. In the following cycles, we observed a
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Figure 7.8 Specific capacity and efficiency recordings of the Li-ion battery cell
with LFP/MA-CNT/AI cathode during cycling at 1 C current rate.
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continuous drop in the capacity (145.8 mAh/g) up to at the 117" cycle. This drop
might be related to the imperfect nature of the electrolyte after cycling, therefore
limiting the Li-ion transport to the cathode, which can be confirmed by the
increasing trend of the impedance after cycling (Figure 7.5). During the cycling
tests, coulombic efficiency of the battery cell stayed mostly at ~100%, as shown
in Figure 7.8. However, the cycling routine, thus, the rest times between the
cycles were not fixed. For example, after cycle-68, we tried to run five
consecutive charge-discharge cycles with zero rest time in between them; only at
the 1%t one of the consecutive cycles, the efficiency was less than %100. The
reduced efficiency might be due to the migration of the decomposed electrolyte
species away from the porous cathode. In Table 7.1, the electrochemical

characterization results, such as the gravimetric specific capacity, the specific

Table 7.1 Summary of the electrochemical characterization results of the Li-ion
battery cell after charging and discharging at varying C-rates.

SpecilAver gSpeciSpec
C rgCapacdPotenEner|{Powe

( mAh/ (V) |(Wh/ |(W Kk
0.0 185. 3. 4 631 29
0.1 173. 3.4 590 58
0. 2] 168. 3.4 571 115
0.5 164. 3.3 550| 284
1 159. 3.3 521| 554
2 153. 3.2 490 108
5 137. 3.3 451|277
10 129. 3.2 416|543
20 122. 3.1 380110517
30 116. 3.1 360|157F4
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energy, the specific power, and the average potential are listed. The highest
values of the specific energy and the specific power of the cell were 631 Wh/kg

at 0.05 C and ~15.8 kW/kg at 30 C, respectively.

7.3.Summary

1 A novel binder-free Li-ion battery cathode, LiFePO4 synthesized on micro-
array patterned vertically aligned CNTs on Al-foil was successfully
fabricated.

1 We obtained a very high gravimetric specific capacity, 185.5 mAh/g at
0.05 C, although a small portion of it might be coming from the double
layer capacity of the highly porous CNTSs.

1 Even though we did not use any binder or any conductive additive, the
binding between the LFP cathode material and the CNT is very strong, as
confirmed by the charge-discharge tests at high C-rates (129.9 mAh/g

discharge capacity at 10 C).

1 Another contribution to the high-power performance is coming from the
thin and uniform coating of the LFP material on the CNTs, which allows
short Li-diffusion pathways and good electrical contact.

1 In this work, the net cathode fabrication time is nearly same as the total
LFP material synthesis time, since the MA-CNT/AI synthesis takes less

time and can be made simultaneously; therefore, this novel cathode
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fabrication technique takes at least 30% less time than the slurry
technique.

The high CNT to LFP mass ratio can be reduced with further optimization
of the cathode, e.g., sequential deposition of the LFP material onto the
CNTs.

The areal mass loading of the active material in our cathode structure can
also be increased by growing taller CNTs and utilizing them as the current

collectors for a higher mass of the LFP material.
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CHAPTER VIII

CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE WORK

8.1.Conclusions

8.1.1. CNT-based DSSC Cathodes

Vertically aligned CNTs in planar and microarray-patterned configurations
were successfully synthesized on Si substrates in an HFCVD system making our

cathode for the DSSCs without the need for any binder/additives. The CNT

height was nearly 45 em and the MA-CNTs had a footprintof ~7 . 5 x 2. 7A.

cathode control sample, Pt/Si, was also fabricated. We were also able to produce
a standardized photoanode, TiO2 spin-coated onto FTO/glass and sensitized with
N-719 dye for our DSSCs.

After the I-V measurements under solar illumination, higher Jsc, Voc, and
h for the P-CNTSs, and higher Jsc and Voc for the MA-CNTs were observed than
those of the Pt-cathode, indicating a better electrocatalytic activity for the
vertically aligned CNTs. Our P-CNTs also achieved a Jsc of 26.3 mAh/g, which is
the highest Jsc obtained from a CNT-based DSSC cathode so far to the best of
our knowledge. We demonstrated that vertically aligned CNTs have good
electrocatalytic performance, which makes them a preferred alternative to the

expensive and corrosive conventional Pt-cathode.
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8.1.2. MnO2/MA-CNT-based Cathodes for Photocapacitors

Microarray patterned CNTs on Si substrates and dye/TiO2/FTO/glass
photoanodes were prepared in the same way described in Chapter 3. With the
CV technique, different amount of MnO2 was coated onto the MA-CNTs, making
the cathodes of the photocapacitors. An MA-CNT/Si substrate was used as the
control sample. An electrolyte consisting of 1M TEABF4 in acetonitrile was used
for the electrochemical reactions. Unlike many photocapacitors fabricated with a
three-electrode, two-electrolyte setup, our devices employ a much simpler
configuration: two electrodes (a photoanode and a capacitive cathode)
sandwiching a single electrolyte without a separator.

The patterned CNTs are proven to be suitable for acting as a host for the
pseudocapacitive MnO:z particles. Our photocapacitor was able to reach a
charging voltage of 0.955 V, which is higher than those of many other devices
fabricated by the researchers. With a capacitance of 13.1 mF/cm? and being
made of low-cost, our compact photocapacitor can be a good candidate for the

portable and household energy harvesting/storage devices.

8.1.3. Novel LIB Cathode Material: Li2FexMnyCo,SiO4

A new cathode material with more than one Li atom in the unit structure,
LizFexMnyCo:SiO4 (DTS, x + y + z = 1) was synthesized. Four different DTS
materials6synthesis was devised via a sol-gel method: Li2Fe0.5Mno.25C00.25Si04,
Li2Fe0.6Mno.2C00.2Si04, Li2Fe0.7Mno.15C00.15Si04, and Li2Feo.sMno.1C00.1SiO4,

which were used as the cathode materials in the LIB cells DTS#1, DTS#3,
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DTS#4, and DTS#2, respectively. Structural characterization achieved through
XRD presented a big amount of metallic Fe impurity, and the baseline peaks at
di fferent 2& values did not match wi
compounds (i.e., Li2FeSiOs and LiFexMn1-xSiO4) scientists have synthesized. The
fabricated LIB cathodes consisted of the DTS materials deposited onto
VACNT/graphite substrates.

Electrochemical charge-discharge tests of the LIB cells showed a hybrid
performance characterized by intercalation/deintercalation of the two-lithium ions
(Li") and P K anions, making it difficult to calculate the gravimetric capacity of the
DTS material. For the cell DTS#3, however, the sharp decline in the voltage
slope starting at 2.4 V and continuing down to 1.8 V made this calculation
possible, and the specific capacity of the DTS material was calculated to be ~361
mAh/g, which is very close to its theoretical capacity. Hence, demonstrating
extremely high capacity is achievable by using this novel dilithium ternary

orthosilicate material compared to many other cathode materials.

8.1.4. MA-CNTs/Al as the LIB Cathode Host

Vertically aligned CNTs were grown on Al substrates in the microarray
configuration in HFCVD using CHa for the first time as the carbon source. Unlike
the conventional LIB battery cathodes, MA-CNT/Al was used as the host of the
LFP cathode material, which eliminated to use any binder. The LFP material was
deposited onto the host structure with two different methods: vibration-assisted

drip coating and electrophoretic deposition. The electrophoretic deposition of the
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LFP material onto MA-CNT/AI also made the cathode fabrication more facile than
the slurry technique.

The equivalent circuit of the LIB cell was successfully modeled, and its
simulated AC impedance spectroscopy response perfectly matched with the
fabricated LI B Afteethel chasge-disehargeotess at. varying C-
rates, the LIB cell with the electrophoretically deposited LFP on MA-CNT/AI as
the cathode maintained most of its capacity at low C-rates, proving the novel
cathode host as a good candidate for the binder-free LIB cathodes at low-power

applications.

8.1.5. Novel LIB Cathode Fabrication Technique: In-situ Synthesis of LiFePO4 on
MA-CNT/A

A binder and additive-free LIB cathode fabrication technique, in-situ
synthesis of the LFP material on MA-CNT/Al was devised and electrochemically
tested. An anhydrous LFP precursor solution was deposited onto the MA-CNT/AI
substrate, which was then calcinated at 500°C, resulting in a thin and uniform
LFP coating on the CNTs. The net fabrication time of this cathode was at least 30
% faster than the slurry technique.

With in-situ synthesized LFP on MA-CNT/Al cathode, we were able to
obtain a very high specific discharge capacity (185.5 mAh/g), which is one of the
highest discharge capacities obtained for the LFP material so far and a high-

power performance during the charge-discharge tests. This cathode fabrication
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technique can be considered very practical and efficient for the next-generation

LIB cathodes.

8.2.Recommended Future Work

In order to improve the performance of the DSSCs, cathodes made of
CNTs with different heights might be fabricated. Optimum /4 and Jsc can be found
by evaluating the electrocatalytic performance of these CNTs. In addition,
electrolytes with various redox couples (for example, Co™" or Cu®) should also
be studied to enhance A, Jsc, and FF of the DSSCs.

The low Jsc, A, and FF of the photocapacitors can also be improved
through examination of different electrolytes having redox couples with suitable
redox energy levels for the regeneration of the dye molecules as well as
providing electrons for the reduction of the MnO:2 particles. Both the DSSC and
the photocapacitor performances can be made more stable for the long operation
time through sealing them as the other scientists have done 7071134 which will
eliminate the evaporation of the electrolyte solvent and the resultant change in
the diffusion kinetics of the electrolyte.

The synthesis method of the DTS material must be refined since its XRD
spectrum deviates from the similar dilithium metal silicates. The possible reason
might be the inadequate amount of catalysts for the chemical reactions to be
complete. As Yano6s g r ,ohydpoxide loosw@Hi), which were derived
from acetic acid, catalyze the formation reactions of dilithium metal silicate

materials 151, In our synthesis routine, however, there is not a catalyst and the

119



citric acid dissolved in water is not likely to release OH ions when dissolved in
water because of the strong covalent bonds between them and the carbon
atoms. As a result, the synthesized material might be deviating from the desired
DTS material, based on the XRD spectrum analysis; therefore, modifying the
synthesis into a catalyst-assisted one would be beneficial for the DTS formation
reactions.

The low power performance of the MA-CNT/Al cathode host can be
improved with the addition of trace amount of binder to the final LFP/MA-CNT
cathode. The binder can be prepared as a solution (for example, PVDF in NMP)
and drip coated onto identical cathodes in different amounts; thus, we can
determine the minimum amount of binder required for an improved power
capability of the LIB cathode.

The decent areal mass loading of the cathode material in the in-situ
synthesized LFP/MA-CNT/AI might be improved with consecutive deposition of
the LFP material onto the CNTs such that the LFP precursor solution will be drip
coated again to fill the gaps in the nanostructure of the LFP/MA-CNT and
calcinated again. This process might be done repeatedly until the desired mass
of LFP material is obtained in the cathode. With the help of this technique and
growing taller VACNTSs, very high areal cathode material mass loadings, which
are greater than that of the conventional slurry technique (-2 mg/cm?) 106110 can
be achieved. Scientists have shown the effect of water, keeping the catalyst
particles clean for a longer duration, which is vital for the taller CNT growth,
therefore recommended for the future attempts to grow very tall CNTs 174176

Since we have only tried one calcination temperature, 500°C in the synthesis of
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LFP/MA-CNT, higher calcination temperatures must also be studied, which might
provide stronger bonding between the LFP p
melting point (660 °C) might be limiting in the high-temperature heat treatment,
considering the exothermic chemical processes might also cause extra heat to
build upon the substrate.
Nickel, which has a high melting point (1455 °C) can be used for the
calcination process, but its high standard oxidation potential (0.25 V vs. standard
hydrogen electrode (SHE)) compared to the standard oxidation potential of Li-
metal (3.04 V vs. SHE) makes it unsuitable for a Li-metal anode. For this reason,
graphite anode might be used for the Ni cathode substrate in the proposed LIB
cell. Another advantage of the high-temperature durable Ni can be that we can
grow a few layers thick graphene on it. Graphene, being the base layer for the
VACNTs would be chemically resistant, protecting the Ni-substrate against the
vigorous chemical reactions occurring at high-temperature calcination of the
cathode material precursor solution.
The unstable behavior of the electrolyte in the LIBs might be improved by
using some of the recently developed stab
lithium bis(fluorosulfonyl)amide (LiIFSA) salt dissolved in DMC and Dr ozhzhi ni
g r o u p 6ssdissolve® i propylene carbonate (PC) in the molar ratio of 1:4,

respectively might be good alternative electrolytes 77178,
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APPENDIX A

UNCERTAINTY ANALYSIS OF THE MEASUREMENTS

Uncertainty analysis was conducted separately for each fabricated device.
For the calculations including only a single variable with a known uncertainty, the
upper-lower bound method was used. If we try to calculate the value of function
"Qw of variable &y which has uncertainty 6 , we find maximum ('Q ) and
minimum ('Q ) values of "Qand then use these values to calculate the

uncertainty (6 ) and the average value ('Q ) of 'Q

Q _ (A.2),

6 (A.2),
and

Q M vo (A.3),

where "Q is the calculated "Qwith uncertainty values.

In our experiments, some uncertainties were high because we fabricated
cells in small scale and optimizations such as high material mass-loading, high
active area, were not made for our cells since some of our work is preliminary of
the future work. During our measurements, the best available tools were utilized
i n our facilities, such as CH 1 nst
workstation for the current and potential measurements with L 1 nAand L 1 mV
uncertainties. However, for some measurements, such as the material mass, the

highest precision weighing scale we could utilize had an uncertainty of 0.1 mg;
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when multiple weight measurements regarding an electrode fabrication were
made, it increased the uncertainties in material mass calculations.

For the uncertainty analysis of variables, which are the function of multiple
parameters with known wuncertainties!
During the performance characterization of each device, when N number of
measurements were made for a sample parameter (e.g., the gravimetric specific

discharge capacity of a LIB cell), if our measurements for a variable "Q are

o hw B hw |, a single measurement can be represented as @ Y O , where O

is the uncertainty associated with the parameter .

Based on the method described by Moffat 179, the uncertainty of

"Qoo hoo B8 oy will be

0 — 0 — 0 E — 6 (A.4).

A.1.Uncertainty Analysis in Photovoltaic Performance of the DSSCs

Mof f a

For the uncertainty analys i s of the DSSCsd photovol

upper-lower bound method was used. In our devices, the circular active area (A)

is calculated as

o “ - (A.5).
Accordingly, Jsc and & are

0 — (A.6)

and
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7 , (A.7),

where Im and Vn, are current and potential readings from the |-V test, constituting
the maximum power (Pmax). In our experiments, we also used a meter stick with
0.1 cm division and considering that we employed interpolation fraction of %2,
Q000 VDO 0O DWRYL QI O & Qi ) £ CAQEQE ¢
T8 WD & (A.8)
Using the meter stick uncertainty (um), we first calculated minimum (Jsc_min and
bhin), maximum (Jsc_max and bhax) of Jsc and bl The average (Jsc_avg and blyg) of

Jscand E are:

0 . : (A.9)
and
(A.10).

Uncertainties of Jsc and E are

0 ~ ~ (A.11)
and
0 S (A.12),

respectively. In Table A.1, we calculated the uncertainties of Jsc and blof our

DSSCs.
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Table A.1 Photovoltaic performance measurements with uncertainties in our
DSSCs with different counter electrodes.

DSSC Counter Diameter (R) Jsc bl (%)
Electrode of active (mA/cm?)
opening (cm)
Platinum (Control sample) 1.0+ 0.05 20.8+2.1 | 6.34+0.63
P-CNT (Planar CNTSs) 0.7 £ 0.05 26.7+3.8 | 7.24+1.03
MA-CNT (Micro-array 0.7 £ 0.05 225+ 32 | 582+1.63
patterned CNTSs)

A.2.Uncertainty in the Performance Calculations of the Photocapacitors

Similar to the uncertainty analysis in Appendix A.2, we calculated
uncertainties of Jsc, b) and specific discharge capacitance of our photocapacitors
and listed them in Table A.2. For the photocapacitor PC-2 with 4-cycle MnO2-
coated cathode, specific discharge capacitance calculations with uncertainty,

which were obtained after solar charging for varying times followed by a constant

current discharge, were also listed in Table A.3.

Table A.2 Photovoltaic (Jsc and b) and capacitive (specific discharge
capacitance) performance of photocapacitors with different MnO2-coated counter

electrodes calculated with uncertainties.

# of cycles | Diameter, | Jsc (MA/cm?) bl (%) Specific
for MnO2 R (cm) Discharge
coating Capacitance
(Sample) with
Uncertainty
(mF/cm?)
0(PC-0) |0.7+0.05|0.238+0.034 | 0.004 + 0.001 N/A
2(PC-1) |0.7+0.05|0.761+0.108 | 0.037 + 0.005 | 8.94%1.27
4 (PC-2) | 0.7+0.05|0.620 +0.088 | 0.049 + 0.007 | 13.30£1.89
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Table A.3 Uncertainties of specific discharge capacitance in our photocapacitor
PC-2 (with 4-cycle MnO2 coated cathode) obtained after 1-sun solar charging for
varying times, followed by 10 pA constant-current discharge.

Cycle | 1-Sun | Diameter, | Specific Discharge
# Charge | R (cm) Capacitance
Time Calculation with
(min.) Uncertainty
(mF/cm?)
1 3 0.7 £ 0.05 45+0.6
2 6 0.7 £ 0.05 76+1.1
3 12 0.7 £ 0.05 84+12
4 20 0.7 £ 0.05 12.2+1.7
5 40 0.7 £ 0.05 13.3+1.9

A.3.Uncertainty in Electrochemical Performance of the LIB Cells with

Li2FexMnyCo,SiO4 Cathode

As we explained in Chapter V, gravimetric specific discharge capacity
calculations were not listed for the LIB cells with Li2FexMnyCo:SiO4 cathode
material except for the LIB cell DTS#3. If we reevaluate the calculations with
uncertainty for this cell with the upper-lower bound method, its active cathode
material will have a gravimetric specific discharge capacity of 366.0 + 33.3

mAh/g.

A.4.Electrochemical Performance Measurements with Uncertainties for

the LIB Cells with Deposited-LFP/MA-CNT/AI Cathode

For the uncertainty analysis of the specific discharge capacity calculations

of LIB cells with deposited-LFP/MA-CNT/Al cathode, we used Mof f at 6 s
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uncertainty analysis'’® since we have multiple variables (with uncertainties from

two different measurements) involved in our gravimetric specific discharge

capacity uncertainty (0 ) calculations. Gravimetric specific discharge capacity,
0 , is calculated as

o) _ (A.13),

where 0, & , and @ are raw discharge capacity and the mass of the
electrode before and after LFP material deposition, respectively. Our CHI660C
electrochemical workstation measures O with negligible uncertainty, therefore

we consider it precise in each measurement. Using the equation (A.4),
0 0O — (A.14),

where 0 0 TP & "Qand are weighing scale uncertainties of the

electrode mass measurements before and after LFP deposition, respectively.
Accordingly, we calculated the gravimetric specific discharge capacities of the

LIB cells with deposited-LFP/MA-CNT/AI cathodes, as shown in Table A.4.
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Table A.4 Uncertainty calculations of gravimetric specific discharge capacity
measurement at different C-rates for the Li-ion battery cells with deposited-

LFP/MA-CNT/AI cathodes.

Cell | C-rate Raw LFP Mass Gravimetric
Discharge | Mass, | Uncertainty, Specific
Capacity | m (mg) um (MQ) Discharge
(uAh) Capacity of LFP
with Uncertainty
(mAh/g)
0.05 57.1 0.6 0.1 95.2+22.4
0.1 45.3 0.6 0.1 75.5%+17.8
Cell#1 0.2 39.1 0.6 0.1 65.2+15.4
0.5 32.3 0.6 0.1 53.8+12.7
0.05 57.2 0.4 0.1 143.0 £ 50.6
0.1 50.3 0.4 0.1 125.8 + 445
Cell#2 455 44.4 0.4 0.1 111.0 + 39.2
0.5 39.6 0.4 0.1 99.0+35.0

A.5.Uncertainty in Electrochemical Performance of the LIB Cells with In-

situ Synthesized-LFP/MA-CNT/Al Cathode

In our experiments, we used the same meter stick uncertainty as in

Appendix A.1, which is 0.05 cm. During the electrode fabrication, we took an

aluminum substrate (with a mass @ ); synthesized CNT on a circular area on it

(yielding an electrode mass of @  and an active area diameter =Y = 2.20 cm);

deposited the LFP precursor solution onto it, then wiped off both LFP and CNT
off a circular ring of LFP/CNT area to get a circular active area with a diameter
Y sothat’Y (1.80 cm) Ruifi (1.90 cm), where Riifil iS the diameter of the
anode, Li-foil. After the calcination of LFP on the electrode, we measured the

final electrode mass, @ . Our mass measurements are
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a QOI @ Oi 0d @ipiQ (A.15),

a a a (A.16),
a a a (A.17),
a & ™ & "@ (A.18),
a a a T a "Q (A.19),
. \A
G & X (A.20),
Yo
where O . Q ,and & are CNT mass on the circular area with a

diameter 'Y , CNT mass on the circular area with a diameter 'Y , and net LFP

material mass on the final electrode, respectively. From the equations (A.15-20),

0 — (A.21),

and from the equation (A.4),

— 0 — 0 — 0
6 (A.22),
— 0 — 0
where 6 o] 0 T® & "Qand are weighing scale uncertainties for the
measurements @ , & , and & , respectively; 6 o) 8T U dand are

meter stick uncertainties associated with the measurements Y and Y,

respectively; O is gravimetric specific discharge capacity. If we calculate
(A.23),

(A.24),
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9 & (A.25),

0 (A.26),

and

0 (A.27),

then

) Q 0 Qo Q0 Qo Q o (A.28).

The 6 formula simply shows us that in our uncertainty calculations for the
gravimetric specific discharge capacity, we need to employ every single
measur ement 6s uncertainty we have d
fabrication. In this case, it will include five measurement uncertainties, three of
which are the weighing scale measurement uncertainties (0.1 mg), and the
remaining two are meter sick uncertainties (0.05 cm). Using the above equations,
we calculated the uncertainties of gravimetric specific discharge capacities
obtained at different C-rates for the LIB cell with in-situ synthesized-LFP/MA-

CNT/AIl cathode, as shown in Table A.5.

133

o

n



Table A.5 Uncertainty calculations of gravimetric specific discharge capacity
measurement at different C-rates for the Li-ion battery cell with in-situ
synthesized-LFP/MA-CNT/AI cathode.

C-rate Raw Charge Gravimetric
Capacity (UAh) Specific Discharge
Capacity with
Uncertainty (mAh/Q)
0.05 110.4 185.5+43.9
0.1 103.0 173.5x41.0
0.2 97.5 168.9 + 38.8
0.5 94.6 164.5 + 37.6
92.1 159.7 + 36.6
89.6 153.9 £ 35.6
79.8 137.9+£31.7
10 74.8 129.9 £ 29.7
20 73.8 122.8+29.4
30 64.9 117.6 £25.8
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