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ABSTRACT OF THE DISSERTATION

Engineering Graphene Quantum Dots: Synthesis and Application for Lithium-lon Photo-
Rechargeable Battery

by

Jiyong Kim

Doctor of Philosophy, Graduate Program in Chemical and Environmental Engineering
University of California, Riverside, June 2022
Dr. Alfredo A. Martinez-Morales, Chairperson

Fossil fuels have been used as the primary source of energy to meet the growing
demand for electric energy consumption. The use of fossil fuels results in carbon dioxide
and greenhouse gas emissions, contributing to the acceleration of climate change and
global warming. Therefore, more energy should be produced from renewable energy
resources to lessen the energy reliance on fossil fuels. In particular, solar energy is
regarded as the most promising renewable energy resource or alternative to fossil fuels
because it is not only unlimited but also pollution-free. However, the main concern of
solar energy is highly dependent on weather and environmental conditions, as well as the
high initial facility cost. The intermittency of solar photovoltaic (PV) system can be
alleviated by the use of battery. In addition, the capacity limitations of battery can also be
overcome with PV system. The traditional PV-battery system allows significant energy
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losses to occur due to connections between individual components, affecting the
efficiency of overall system. The direct integration of PV-battery system has a potential
to minimize the energy losses and to reduce the facility costs by simplifying the device
architecture.

The main objectives of this dissertation are focused on 1) the development of a
simple and cost-effective photo-rechargeable battery system combining solar cells with
batteries into a single device, 2) selective synthesis of oxidized graphene quantum dots
from graphite rod as photosensitizers, and 3) the performance improvement of the photo-
rechargeable battery using graphene quantum dots (GQDs) and ruthenium-based dye
(N719). Chapter 2 focuses on understanding the structure and operation mechanism of
photo-rechargeable battery, consisting of a TiO, photoanode, a LiFePO4 cathode, and
LiTFSI in PC electrolyte. The performance and stability tests of photo-rechargeable
battery is examined by electrochemical measurements. Chapter 3 describes the synthesis
of GQDs that exhibit a variety of excellent properties including high carrier transport
mobility, large surface area, tunable bandgaps, quantum confinement, and environmental
friendliness. The oxidized GQDs are selectively synthesized by the electrochemical
exfoliation method and toluene post-treatment. The chemical, structural, and optical
properties of synthesized GQDs are evaluated for the use of photo-rechargeable battery.
Chapter 4 discusses how GQDs work and affect the performance of photo-rechargeable
battery. In addition, the fabrication process of photo-rechargeable batteries which utilize
the TiO2, GQDs/TiO2, N719/TiO2, N719/GQDs/TiO; as the photoelectrodes are
discussed. The performance and characteristic tests of four different photoanode
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implemented in the photo-rechargeable batteries is investigated. In conclusion, the photo-
rechargeable battery with N719/GQDs/TiO2, shows significantly improved conversion
efficiency and cyclic performance under illumination compared to the photo-rechargeable
battery with pristine TiO2. GQDs have a crucial role in reducing the internal resistance,
transferring electrons between TiO, and N719, and absorbing more dye. The conclusions

and remarks of the dissertation are summarized in Chapter 5.
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Chapter 1. Introduction

1.1 Renewable Energy

The overall energy consumption in the world has continuously increased due to
the rapid growth of population and industrial development since the first industrial
revolution in the middle of 18th century. Figure 1.1 indicates the higher expectations of
global energy use from 2020 to 2050 due to the increase in electricity demand. The
major sources of energy production come in many different forms such as nuclear energy,
fossil fuels, and renewable energy.? Especially, fossil fuels including coal, natural gas,
and petroleum have been used as primary sources of energy.® The combustion of fossil
fuels releases carbon dioxide (CO2) and greenhouse gases, accelerating the global
warming and climate change.* Therefore, the policies and guidance of government for
energy production should be directed toward increasing the proportion of renewable
energy to reduce the dependance of fossil fuels.®

Renewable energy is energy from natural sources including sunlight, wind,
geothermal heat, biomass, and tides.® Renewable energy has many advantages such as
sustainability, reliability of supplying energy, environmentally friendliness, less
operating and maintenance cost, and the increase in job openings and country’s energy
dependance.” In Figure 1.1, the global energy usage is predicted to increase around 50%
from 2020 to 2050. Both natural gas and petroleum productions are expected to rise
slightly through 2050 with growing energy demand. Energy production from nuclear and

coal have remained almost unchanged since 2010. On the other hand, it is anticipated that
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Figure 1.1 Perspective global energy consumption by energy source.!




renewable energy production has consistently increased by 400% from 2010 to 2050.
Energy production from renewable sources has been spotlighted continuously. All
sources of renewable energy have mostly been used for electricity generation.
Furthermore, geothermal steam, biomass, and solar sources are used directly for heating.
Especially, biofuels (ethanol and biodiesel) obtained from biomass are also used for
transportation.®

Global electricity generation is increasingly produced by renewable energy
sources. Figure 1.2 represents the anticipated electricity production by renewable source
from 2010 to 2050.° Unlike other renewable energy sources, most of rise in renewable
electricity production is contributed by wind and solar energy, which account for 50% of
electricity generation in 2018. In addition, The proportion of wind and solar energy
approaches to around 73% in 2050. However, growth in wind energy production is
expected to be settled due to the noise pollution, expensive installation cost, and limited
installation space. Especially, wind turbines require large amount of wind and also
produce noise from the revolving rotor blades. Therefore, wind turbines cannot find
easily near the residential area. The limited space for installation lead to the low density
of wind energy production.® On the contrary, solar energy is the sharply growing energy
among the renewable energy for electricity generation. In 2020, solar panels reached 760
GW of total global capacity, corresponding to the almost 3 percent of electricity in the
world.™ In addition, From 2010 to 2020, the cost of residential, commercial-rooftop, and
utility-scale PV systems has reduced by around 64%, 69%, and 82%, respectively. As a
result, total 85% cost of solar modules including hardware and inverter has been declined
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for a decade.'? Therefore, the research and development of solar photovoltaic
technologies are indispensable for increasing portion of renewable energy. Silicon
photovoltaic cell are widely used for electricity production due to the high and stable cell
efficiencies (25%).13 However, silicon panels also have difficulties in applying to other
devices because they are heavy and have a high manufacturing cost and space restriction

for installation.

1.2 Photo-rechargeable Batteries

The main issue of solar energy is highly dependent on weather and environmental
conditions, resulting in energy fluctuations. Therefore, the solar photovoltaic (PV) system
should be combined with batteries to relieve the intermittency of solar energy because the
electric energy can be stored during the day and released during nighttime. In addition,
the capacity limitations of batteries can be overcome with solar PV systems.** 1 Thus,
the integration of PV systems and batteries provide a significant effect on the practicality
of renewable energy devices by compensating their defects.

The traditional PV-battery system is composed of solar PV system and energy
storage system as two individual units and connected with external electrical wires as
shown in Figure 1.3.(a).*> ¢ Such PV-battery system is heavy, bulky, expensive,
inflexible, and complicated. In addition, the electrical wires and connections between
each component result in significant energy losses, affecting the efficiency of overall PV-
battery system.!” On the contrary, the integrated PV-battery systems as shown in figure
1.3.(b) are compact, lightweight, and energy efficient by minimizing the overall volume

5
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of the PV-battery systems. Moreover, the structure of integrated PV-battery systems
reduces the production cost because they require less wiring and packaging. However, the
integrated PV-battery systems have a lot of challenges such as low stability and
efficiency. Such challenges should be resolved to increase the practicality and to
commercialize this technology.

Figure 1.4 shows the four different configuration of PV-battery systems.® The
integrated PV-battery system can be categorized into two major systems. Figure 1.4.(a)
indicates the traditional (or conventional) PV-battery system is composed of two
independent units including PV and battery systems. Figure 1.4 (b-d) represent the circuit
diagram of integrated PV-battery system. The integrated PV-battery systems are
classified by the number of electrodes. In three electrode systems (Figure 1.4.(b) and
1.4.(c)), one of the electrodes is used as cathode or anode at the middle of PV-battery
device. In two electrode system (Figure 1.4.(d)), one of the electrodes also play a role in

photoelectrode, converting light energy to electric energy.

1.3 Solar Cell Fundamentals

A solar cell, also called photovoltaic (PV) cell, converts the light energy into the electric
energy through the photovoltaic effect.!® Semiconductors are mainly used as electrodes in
photoelectrochemistry due to their light absorbance.!® The electronic and optical
properties of solid-state materials are explained on the basis of band theory.?° Unlike
metals (or conductors), the semiconductors have a bandgap between the valence and
conduction bands. Furthermore, the type of solar cell can be largely categorized by

7
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the material (organic and inorganic).

1.3.1 Semiconductor Theory

The materials are classified as conductor, semi-conductor, and insulator,
depending on the bandgap as shown in Figure 1.5.2%22 The band diagram depicts
conduction band, valence band, bandgap, and fermi level. The conduction band is the
lowest range of vacant electronic states without free electrons, while the valence band is
the highest range of electronic states filled with free electrons. The electrons jump up into
from the valence band to conduction band by electron excitation. The fermi level is the
energy state that hypothesized 50% chance of being occupied electrons.?® In addition, the
electronic property of materials is determined by the position of fermi level of
semiconductor. The bandgap is the energy difference between valence band and
conduction band. The bandgap requires the minimum energy to jump up from valence
band to conduction band.?* Conductors (metals) have no bandgap because the conduction
band and valence band are overlapped. Therefore, electrons can easily move between
both bands. On the contrary, insulators have a large bandgap that required a lot of energy
to move electrons from valence band to conduction band meaning the material is non-
conductive. Semiconductors have a smaller bandgap compared to insulators. In
semiconductors, the electrons can freely jump out of the band once the energy of photon

is higher than band gap (hv > Eg).
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1.3.2 Structure and Operation of Dye-sensitized Solar Cell

Inorganic solar cells, used the materials such as silicon, cadmium telluride
(CdTe), and copper indium gallium diselenide (CIGS), have a high energy conversion
efficiency (over 20%).2° However, inorganic solar cells are heavy, and also require high
manufacturing cost compared to organic and hybrid inorganic-organic solar cells.
Therefore, organic and hybrid solar cells are needed to pay more attention as alternatives.
Dye-sensitized solar cells (DSSCs), are regarded as kind of organic solar cell, have been
spotlighted as an alternative to the p-n junction photovoltaic cells due to their low cost,
low toxicity, simple preparation, and ease of production.?® The power conversion
efficiency of DSSCs reaches up to 11% and the efficiency of laboratory cell exceeds
13%.%" DSSCs are compose of the transparent and conductive substrate, working
electrode, counter electrode, electrolyte, and dye (sensitizer). The substrate in DSSCs act
as current collector. The fluorine-doped tin oxide (FTO) and indium-doped tin oxide
(ITO) glasses are mostly used as transparent and conductive substrates.?® The
semiconductors such as TiO2, ZnO, and SnO; are used as working electrodes or
photoanodes. In particular, TiO- is often used due to its low toxicity and cost, and easy
availability. The working electrodes are prepared by immersing dye solution for a certain
time. The platinum (Pt) or carbon are used as counter electrode in DSSCs.?% % The
counter electrode contributes to reduce the electrolyte and to make the holes from hole
transport materials.? The electrolytes such as 17/173, Br/Br, and SCN/SCN are mainly
used in DSSCs.313 In DSSCs, dye plays an key role in generating the electrons by
absorbing the sunlight. The various organic, inorganic, metal-free, and natural dyes, such

11



as N3, N719, N749, 2907, K8, K19, N945, 7910, K73, Y123, and Z907, have been used
as photosensitizers in DSSCs.344

The construction and working principle of DSSCs are shown as Figure 1.6. From
the sunlight, photon is absorbed by photosensitizer (dye) and the electrons move from the
ground state (S*/S) to the excited state (5*/S”). Then the excited electrons move to the
conduction band of TiO. which is located below the excited state of dye. The electrons at
the TiO2 move toward FTO glass and then are transported to the counter electrode
through the external circuit. Next, the electrons at the counter electrode reduce the
electrolyte from I3 to I". In other words, the electrons at the electrolyte are released to the
ground state of the dye. Lastly, the I3 moves back to the counter electrode and reduces to

I- ion. The reaction mechanism of DSSCs are as below.%®

S*/S + hv — S*/S”

S*/S* — S*/S + & (TiO2)

S*/S"+e — S*IS

I3 +2e" — 3I

1.3.3 Performance Evaluation of Dye-sensitized Solar Cell
The performance of DSSCs is evaluated by five key parameters such as short
circuit current (Jsc, mA/cm?), open circuit voltage (Voc, V), fill factor (FF), maximum

power output (Pmax), power conversion efficiency (PCE or 1, %) as shown in figure 1.7.%°
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The open circuit voltage is the potential difference between positive and negative
electrodes under zero current. The fill factor is inversely proportional to Vo and Isc, and
also can be calculated by the maximum area of J-V curve or the ratio of maximum power
(Imp X Vmp) to the product (Jsc X Voc). The expression of fill factor as shown below.

FF = (Area B) / (Area A) = (Jmp - Vimp) / (Jsc - Vo)
where Vimp and Jmp are the maximum voltage and current, respectively
The overall power conversion efficiency of DSSCs can be expressed as shown below.*®

N (%) = Jsc - Voc - FF) / Pin

where Pin is the input power, the overall efficiency is the ratio of the output power density

to the input power density. the efficiency increases with increasing Jsc, Voc, and FF.

1.4 Lithium-ion Battery Fundamental

Driven by an ever-growing demand for energy, environmental-friendly,
sustainable, and renewable sources of energy have been gaining more traction as feasible
solution towards meeting out future energy needs. Consistent with this trend, secondary
(rechargeable) batteries are gradually replacing primary (non-rechargeable) batteries as
an effective way to store energy from renewables, provide dispatchable clean power, and
contribute toward reducing environmental pollution.*® Among second batteries, lithium-
ion batteries (LIBs) are one of the most advanced rechargeable battery chemistries. LIBs
are widely used in portable electronics, power tools, and hybrid electric vehicles due to

the outstanding properties such as high electrochemical potential (3.6V), superior energy

density (250-693 Wh-L1), and long cycle life (over 5,000 cycles). Therefore, LIBs are
14



<
“g Jmax © (Jmax,vmax)
E area B
= FF=
O area A
pop=FFdae Ve
P
&
Vmax VOC

Voltage (V)

Figure 1.7 Current density-voltage characteristic (J-V curve) for DSSCs performance.?

15



currently the most promising batteries on the market for meeting our renewable energy
storage needs.*% 47

The typical LIBs are composed of cathode, anode, separator, electrolyte, current
collector, spacer, spring, and case. The traditional cathodes are LiCoO> (layered
structure), LiFePO4 (Olivine structure), and LiMn2O4 (Spinel structure) on aluminum
substrate. Especially, cobalt oxide is expensive and has safety issues because of
overcharging. The alternatives for cobalt oxide such as LiMn.O4 (LMO),
LiNizzsMn13C01302 (NCM), LiNio.8C0o.15Al0.0502 (NCA), LiFePO4 (LFP) are drawing
attention. NCM and LFP are suitable candidates for large-scale batteries due to their
safety and cost-effectiveness. The anodes are commonly graphite on copper substrate due
to low cost, easy availability, and good electronic conductivity, but the graphite exhibits
poor specific capacity and has safety issues. To supplement its drawbacks, the many
different anode materials have been explored such as alloy materials (aluminum (Al), tin
(Sn), magnesium (Mg), silver (Ag), antimony (Sb), and their alloys), transition metal-
based compounds (iron oxide (Fez04), titanium oxide (TiO2), molybdenum disulfide
(MoSz), zinc/manganese oxide (ZnMn,Oa), titanium niobium oxide (TNO) , silicon-based
compounds, and carbon-based compounds (carbon nanotubes (CNTSs), graphene, and
carbon spheres). The role of separator in LIBs is to prevent the physical contact between
cathode and anode, causing the battery fire or explosion. The separators can be
categorized by their structure or material such as microporous membrane, nonwovens,
gel-polymer electrolyte, composite membranes. The materials of separator in Li-ion
battery require good chemical and thermal stabilities, enough thickness and strength,
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proper porosity and pore size. Lastly, the electrolyte transports the lithium-ions between
anode and cathode. There are five types of electrolytes including non-aqueous
electrolytes, aqueous electrolytes, ionic liquids, polymer, and hybrid electrolytes. In the
majority of rechargeable batteries, the non-aqueous organic electrolytes, such as lithium
hexafluorophosphate (LiPFs) salt with organic carbonates are currently used. The
electrolytes also require good stability, non-toxicity, and low cost.*®

Figure 1.8 shows a schematic diagram of operation mechanism of LIBs
(graphite/LiC00,).* During the charging process, the lithium-ions de-intercalated from
cathode (LiCoO2) and move toward anode side (graphite) through the electrolyte. The
electrons also move into the anode side via the external circuit.>° The anodic and cathodic

reaction equations during the charging process are as below.

Charging:
Anodic reaction: Li* + e + 6C — LiCs (Reduction)

Cathodic reaction: LiCoO; — CoO; + Li* + e (Oxidation)

The anodic and cathodic reactions during the discharging process are reverse reactions.

The electrolyte and separator allow the lithium ions to easily move between anode and

cathode through the pore structure of separator.
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Chapter 2. Integrating Photovoltaic and Energy Storage Systems in One

Device

2.1 Introduction

The traditional or conventional PV-battery system is that solar PV system and
battery system are independently connected by external wires. The LisTisO12-LiC0O>
battery is charged by perovskite solar cell (PSC) and dye-sensitized solar cell (DSSC)
through DC-DC voltage booster converter as shown in Figure 2.1.* The DC-DC booster
converter is employed to meet the voltage requirement for charging the battery. The
Furthermore, DSSC and PSC are connected with battery or capacitor through converters
in other literatures.?* The integrated solar PV-battery systems are largely categorized by
the circuit structure. Based on the circuit structure, there are two different configurations
depending on the number of electrodes. Between two and three electrode systems, three
electrodes system especially possesses a tandem structure, which has stacked the
individual electrodes. Another way to classify the integrated solar PV-battery is by the
system design and working principle. In Figure 2.2, three different types of integrated
solar batteries, such as direct integration, photo-assisted integration, and redox flow
battery integration are represented.®>’ Direct integration is composed of the stacked
electrodes, which are working independently without external wires between solar cell
and battery. In Photo-assisted integration, PV cell and battery are also integrated together,
and photo-assisted charging is effective to assist the battery. The major purpose of photo-

assisted charging is to lower high charging voltage of the battery. Redox flow integration
23
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is that redox flow battery is combined with photocharging. A typical redox flow battery is
composed of two tanks of electrolytes based on a membrane and can be recharged by
replacing the electrolytes. The electricity production depends on the total volume of
electrolytes in the tanks.

The direct integrated PV-battery system, consists of two-electrode structures, can
be compared to our system due to the similarity of circuit structure and system design.
There are only few reports for such system in the literature. Direct-integrated PV-battery
system including two electrodes was recently introduced by photo-oxidation of cathode
(LiFePO4 with N719 dye) as shown in Figure 2.2.(a).® Li metal and 1M LiPFg with
EC/DEC were used as an anode and electrolyte, respectively. The electron-hole pairs
were produced by sensitizing dye with sunlight and the holes allow LiFePO4 to form
FePO4 through delithiation process. The overall efficiency of LFP/CNTSs/N719 reached
to the range of 0.06-0.08% and the discharge capacity of around 340 mAh/g at C/24 was
established under illumination during discharge process. Shahab et al. reported that
perovskite photo-batteries are demonstrated by using highly photoactive two-dimensional
lead halide perovskite, which can perform both photocharging and energy storage
simultaneously in the device as shown in Figure 2.3.(a).® This device has Cu | perovskite |
separator and electrolyte | Li | SS | Al layers. 1M LiPF¢ and borosilicate paper were used
as electrolyte and separator, respectively. Jiangquan et al. demonstrated that a covalent
organic framework integrating naphthalene diimide and triphenylamine (NT-COF). NT-
COF and Li metal were employed as cathode and anode for direct solar to energy
conversion and storage as shown in Figure 2.3.(b).® Such system achieved up to ~124
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mAh/g, which corresponds to the 96% of theoretical capacity. In addition, the efficiency
of battery under illumination increased 38.7% compared to the efficiency in the dark.

We invented a unique concept for a direct integrated photo-rechargeable battery,
which combines solar production with an energy storage system in a single device. Our
photo-rechargeable battery has the potential to bring considerable advantages in
renewable energy and energy storage applications by simplifying the device architecture
while minimizing energy losses. Most of their published systems are not real photo-
rechargeable batteries because they also connect a solar cell and a battery in a tandem
configuration. As a result, they are still unable to address the basic issues with traditional
solar energy production and energy storage architecture. Our solar battery demonstrates
actual solar cell and battery properties at the same time, and its complementing
architecture and characteristics address typical drawbacks of systems, especially the
imbalance between energy demand and supply. The overproduction of electric power in a
normal solar PV system requires the use of an extra storage system. The solar battery has
a layered structure, which is composed of photoelectrode, electrolyte, and cathode as
shown in Figure 2.4. Titanium dioxide (TiOz2) and lithium iron phosphate (LiFePO4) are
used as photoanode and cathode, respectively.

The photo-charging procedure of the solar battery is as follows:
At the photoanode side,

TiO2 + hv — TiOx*
Ti(IV)O2* + Li* — LiTi(llNOz + h*

At the cathode side,
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LiFe(11)PO4 + h* — Fe(I11)PO4 + Li*
Based on the procedure above, the Li-ion from the cathode is intercalated to the
photoanode during the charging. The discharging is the opposite direction. Figure 2.5

depicts the charging/discharging process of solar battery.

2.2 Chemical and Materials

FTO (Fluorine-doped Tin Oxide) glass (surface resistivity ~ 13Q/sq, Sigma
Aldrich), titania paste (Sigma Aldrich), lithium iron phosphate (LFP, MTI
corporation), conductive carbon black (super P, MTI corporation), propylene carbonate
(PC, Sigma Aldrich, 99.7%), lithium bis-trifluoromethanesulfonimide (LiTFSi, Sigma
Aldrich), 1-methyl-2-pyrrolidinone (NMP, Fisher Scientific, 99%), polyvinylidene
fluoride (PVDF, Sigma Aldrich, Mw ~ 534,000 g-cm™), chloroplatinic acid
hexahydrate (Sigma Aldrich), lithium iodide (Lil, Sigma Aldrich), lodine (2, Sigma
Aldrich, 99.8%), 4-tert-Butylpyridine (Sigma Aldrich, 98%), guanidine thiocyanate
(Sigma Aldrich, 99%), valeronitrile (Sigma Aldrich, 99.5%), acetonitrile (Sigma
Aldrich, 99.8%), surlyn film (Solaronix, 60um thickness), epoxy glue, were

purchased.

2.3 Apparatus and Equipment

Linear sweep voltammetry (LSV), chrono-amperometry, cyclic voltammetry
(CV), charging and discharging test were measured by potentiostat/galvanostat
(VersaSTAT 4, AMETEK) to determine the performance and characteristic of fabricated
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Figure 2.5 Schematic diagram of charging and discharging process
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solar battery. A solar simulator (Newport, Oriel Sol3A Class AAA Solar Simulator, 450
W Xenon) was used for the light source (AM 1.5G, 100mW - cm-2). The solar simulator
was calibrated by a monoclinic silicon solar cell (Newport, Oriel Reference Solar Cell &

Meter, 91150V).

2.4 Cell Preparation
2.4.1 Electrode Preparation

FTO glass substrate with size of (2 cm X 2 cm) was cleaned in ultrasonic bath
using the detergent in deionized (DI) water, acetone, and isopropyl alcohol (IPA) in this
order with ultrasonication for 5 minutes and then the nitrogen spray gun was employed to
dry and clean the FTO glass. 50 mM chloroplatinic acid hexahydrate in ethanol was
prepared and was spin-coated at 2000 rpm for 30 seconds on FTO glass substrate as a
counter electrode for linear sweep voltammetry (LSV), electrochemical impedance
spectroscopy (EIS), and chrono-amperometry tests. In open-air environment, the
deposited layer was sintered in muffle furnace at 400°C for 30 minutes. For the
preparation of TiO photoanode, titania paste was casted on the FTO glass by doctor
blading and the electrode thickness was determined by thickness of Kapton tape (40um).
Then the Kapton tape was removed, and the deposited electrode was annealed at 550°C
for 30 min in the box furnace to have the transparent TiO electrode layer. LFP, PVDF,
and carbon black were measured and blended in an 8:1:1 weight ratio for the cathode
preparation. The powders were put into the vial with NMP solvent, and the mixture was
stirred for overnight. To construct the cathode layer, the well-mixed slurry was casted on
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the FTO glass with 40um thickness and then the cathode was dried in the oven at 120°C

overnight.

2.4.2 Electrolyte Preparation

For the full cell tests, 1M of LiTFSi was completely dissolved in PC. The mixture
was stirred at room temperature to have a transparent electrolyte solution. The electrolyte
solution for the half cell experiments was made up of 0.05 M Lil, 0.03 M Iz, 0.5 M 4-tert-
Burylpyridine, and 0.1 M guanidine thiocyanate in a mixture of valeronitrile and

acetonitrile solvent (1:1 v/v).

2.4.3 Cell Assembly

For the full cell assembly, the prepared photoanode (TiO2) and cathode (LFP)
were stacked and sealed with a surlyn film between the two electrodes. After that, the
stacked electrodes were heated in the oven at 120°C for 4 minutes to melt the film. The
1M LIiTFSi with PC electrolyte was injected into the device through the crevice of the
surlyn film in the glovebox. An epoxy glue was utilized to seal and prevent oxygen and
moisture from reacting with internal components of solar battery during the operation.

The fabrication procedure of solar battery is shown in Figure 2.6.

2.5 Results and Discussions
2.5.1 Linear Sweep Voltammetry (LSV)
LSV, representing the current vs. potential, is one of the voltametric methods that
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measure the current at a working electrode as a function of voltage per time and scan rate
by linearly sweeping the potential between the working and counter electrodes. Figure
2.7 shows the J-V characteristics curves for solar battery. Based on the LSV curves, the
efficiency of energy conversion can be calculated. A short-circuit current (lsc), an open
circuit potential (Voc), and a fill factor (FF), maximum power output (Pmax), and power
conversion efficiency (PCE or n, %) are calculated by using the equations mentioned in
Chapter 1.3.3. Compared to the solar battery in the dark, the solar battery under
illumination shows improved photovoltaic performance. The values of the Voc, Jsc, Pin,
and FF under illumination are 0.58 V, 0.38 mA/cm?, 100 W/cm?, and 0.59, respectively.

Based on the calculation. the efficiency of energy conversion is 0.133%.

2.5.2 Chronoamperometry

Chronoamperometry is the analysis of the current in relation to the time of the
fabricated device. When light pass through the fabricated cell, it generates photocurrent,
and the maximum generated photocurrent is measured for 60 sec on and off cycles. The
photo-current stability of the constructed device is investigated using this characteristic
measurement.® Figure 2.8 exhibits the current density vs. time graph at light on and off
irradiation condition of solar battery. The photocurrent increases from 0.0007 to 0.41
mA/cm? when the light is on. For 360 sec, the photocurrent is highly stable, indicating
that catalytic activity at the photoelectrode influences the photocurrent. Rectangular
pulses are used to evaluate photoelectrochemical stability at the interface between
photoelectrode and electrolyte.
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2.5.3 Cyclic Voltammetry (CV)

One of the most frequent electrochemical techniques is CV, which measures the
current response verses a scanning potential at the interface of the working electrode and
the electrolyte to better understand redox reaction processes or do quantitative analysis.
Figure 2.9 shows CV curve of solar battery with different scan rates. Anodic peaks were
observed at between 2.25V and 1.85V and cathode peaks locate at between 1.1V and
0.7V. This corresponds to the following reaction:

Oxidation: Fe?* — Fe3* +¢”
Reduction: Ti** + - — Ti®*
LiFePO4 + TiO2 <> FePO4 + LiTiO;

Upon charging, Li* ion from LFP is deintercalated and dissolves into the

electrolyte. TiO, accept electrons and reduced to Ti®*. The discharge process contains the

reverse reactions.

2.5.4 Charging and Discharging Test

The solar battery shows the characteristics of a solar cell and battery
simultaneously. The solar battery was charged and discharged to investigate cyclic
performance, ranging from 2 V to 1.2 V at a constant current of 0.1 C, as shown in Figure
2.10. A cut-off voltage is set by defining the limit value based on the CV test. Based on
the ratio of charging capacity and discharging capacity, both Coulombic efficiency (CE)
of the solar battery in the dark and under illumination are around 100 %. The specific
discharging capacity of the solar battery under illumination is 9.6% higher than that of

38



Current (A)

0.004 -
0.003 —
0.002 —
0.001 —
0.000 —
-0.001 —
-0.002 —
-0.003 —

-0.004 -

—50 mVI/s

— 10 mV/s
S mVis

——1mVis

—0.5mVI/s

0.0 0.5 1.0 1.5 2.0 2.5 3.0
Voltage (V)

Figure 2.9 Cyclic voltammetry for solar battery with different scan rates.

39




2.0 7

- — - TiO2 under dark_Charge ,’ ;
—— TiO2 under dark_Discharge i "'
1~ — - TiO2 under illumination_Charge !" /
— Ti02 under illumination_Discharge i ’_f
F
f
1.8 4 K ,
’ ’
E ”,..--—--. ____________________________ -"' -
0 .7
Q £
= 1.6 1 ' /
O :
> )
Ti
1.4 -
1.2 T T T T T T T T T T T
0 20 40 60 80 100 120
Capacity (mAh/g)

Figure 2.10 Cyclic performance test of solar battery in the dark and under illumination at

0.1 C rate.

40



the solar battery in dark conditions.

2.6 Conclusion

The innovative photo-rechargeable battery is invented by integrating photovoltaic and
energy storage systems in one device. The characteristics of the photo-rechargeable
battery are investigated by LSV, chronoamperometry, CV, and charging and discharging
test. J-V characteristics exhibit that the TiO, photoanode in the solar battery shows high
photocurrent density under illumination compared to the solar battery under dark
conditions. Based on the chronoamperometry graph, the stability of the solar battery was
evaluated for 360 seconds. The photocurrent density increased and was kept under
illumination at intervals of 60 seconds. CV measurements determined the redox reaction
peaks and the cut off voltages for cycling test was investigated as well. In addition, the
specific discharging capacity of the solar battery under illumination is improved quite a
lot compared to that of the solar battery under dark. The performance improvement of the

solar battery using GQDs and dye will be discussed in Chapter 4.
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Chapter 3. Selective Synthesis of Oxidized Graphene Quantum Dots

3.1 Introduction

Graphene quantum dots (GQDs), are chemically similar to graphene oxide, have
the same structure of graphene with small dimension (< 30nm).* The dimensions of unit
cell in GQDs area=b =2.456 A, ¢ = 6.694 A respectively. The length of bond between
carbons in the bulk form is 1.418 A, and the interlayer spacing is 3.347 A for few layered
GQDs as shown in Figure 3.1.23 GQDs also represent single layered to few layered of
planar sheets formed by sp? hybridized carbon atoms.* Three electrons of 4 valence
electrons in carbon atom make sigma-bond to form the hexagonal structure and the
remaining one electron constitutes m-conjugation structure.®

GQDs have both the properties of graphene (or graphene oxide) and quantum dots
such as high surface area, high transport mobility, excellent thermal/chemical stability,
good solubility in water for hydroxyl and carboxyl groups at the edge of GQD, quantum
confinement, and edge effect.® In particular, quantum confinement can be observed if the
size of the material is less than its de Broglie wavelength of the electron wave function.®
It was reported that the significant quantum confinement result in special electronic
behavior if the size of graphene sheets is less than 100 nm.” Therefore, GQDs exhibit
excellent quantum confinement effect since the movement of internal electrons are
restricted to specific directions.? ® Their electronic and optical properties are determined

by their different size, shape, and functionalization. Graphene is known to be a zero-
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bandgap semiconductor. The absence of bandgap has hindered its use in electronic and
optical applications.® On the other hand, GQDs has a tunable bandgap due to quantum
confinement effect. The bandgap of GQD decreases with increasing the number of
aromatic rings.* Furthermore, the electronic properties are also influenced by the edge
types (i.e., zigzag or armchair) and shapes (e.g., round, triangular, rectangular, and
hexagon).1#1

As highly efficient fluorescent materials, GQDs have a variety of remarkable
properties, including tunable PL emission, excellent biocompatibility, low toxicity, and
good photo-induced electron transfer.® Therefore, they have been used in many
advanced applications, such as catalyst, sensors, drug delivery, bio-imaging, solar-cell,
supercapacitor, batteries, and other uses.'’-?2
The strategies for obtaining GQDs are to control their size, the type and degree of
functionalization, and the type of edge (Armchair or Zigzag).? The main approaches of
GQDs can be generally classified according to the strategy applied (bottom-up or top-
down approach).?* Top-down approaches refer to the breaking down of the bulk materials
(coal, graphene, graphite, graphene oxide, carbon black, carbon fiber, and CNT)
gradually into a small size by chemical ablation, electrochemical oxidation, oxygen
plasma treatment, thermal decomposition, combustion oxidation, and laser ablation.?>?°
Bottom-up approach aims to build materials from atom or small molecules to larger
structures. GQDs are synthesized through polymerization of molecule precursors
(glucose, sucrose, gelatin, citric acid) by microwave method, hydrothermal method,
solvothermal method, pyrolysis/carbonization, and chemical vapor deposition (CVD).30-34
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In this chapter, we suggest the new post-treatment method to remove sodium
hydroxide (NaOH) and to selectively collect oxidized GQDs simultaneously synthesized
by electrochemical exfoliation method. In typical electrochemical exfoliation method for
synthesis of GQDs, sodium hydroxide is used for source of hydroxide (OH"). The NaOH
residue was still remained in GQDs solution after reaction. In the literature, calcium
chloride (CaCl) was used to remove NaOH and make the white precipitate (Ca(OHy)).
However, the by-product (NaCl) still existed in the solution. Therefore, toluene post-

treatment is a facile method for increasing the purity of GQD solution.

3.2 Chemical and Materials

Graphite rods (Sigma Aldrich, 99.9995 %), sodium hydroxide (Sigma Aldrich,
>97%), ethanol (100%), toluene (Sigma Aldrich, 99.9%), PTFE syringe filter (0.22um),
cellulose dialysis membrane tubing (Fisher Scientific, 3,500 Da MWCQ) were purchased

for the synthesis of graphene quantum dots.

3.3 Apparatus and Equipment

UV-vis spectroscopy (Cary 60, Agilent Technologies) was used to investigate the
UV-vis absorption spectra. Photoluminescence (PL) studies were done by fluorescence
spectrofluorometer (QuantaMaster 400, HORIBA Scientific). The crystallinity of
Graphite and GQDs was measured by X-ray diffraction (XRD, Empyrean Series 2,
PANalytical). Raman spectroscopy (LabRam, Horiba) was employed to identify the
existence and intensity ratio of D/G bands. Fourier-transform infrared spectrometer (FT-
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IR, Nicolet iS10, ThermoFisher Scientific) and atomic force microscopy (AFM, Asylum
Research MFP-3D) were utilized to know the functional groups and to determine the
number of GQDs layers. Transmission electron microscope (TEM, Titan Themis 300)
was used to determine particle size, distribution, and morphology of GQDs. Lastly, the

electrochemical measurements were done by DC power supply (72-83500A, TENMA)

3.4 Preparation of GQDs

Graphite rods (diameter ~ 3 mm) were heated at 1050°C for 5 min in an open-air
environment to make more defects and were naturally cooled at room temperature. And
then, the rods were washed with DI water to eliminate the remaining particles from the
surface of the graphite rods. Two individual graphite rods were used as the cathode and
anode in the electrolyte (0.1 M NaOH in 49.75 ml ethanol and 0.25 ml water). The
electrodes were immersed into the electrolyte for a few hours. After that, the
electrochemical exfoliation process was done with the constant voltage of 20 V for 3 hr
by DC power supply. The overall mechanism of GQDs synthesis is shown as Figure 3.2.
The sodium salt of ethanol (C2HsONa) and the hydroxide (OH") ions were produced by
the reaction between NaOH and ethanol. The free OH" ions induced the anode oxidation,
which resulted in the electrochemical cutting of the graphite rod. After the completion of
the reaction, the color of the solution was changed from colorless to yellow or red. The
solution was centrifugated at 15,000 rpm for 20 min to remove the heavy particles. After
taking the supernatant, the yellow supernatant was heated at 80°C to evaporate the
ethanol. When the ethanol was almost evaporated, toluene was added to eliminate the
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Figure 3.2 Diagram of electrochemical exfoliation of graphite rod

48



excessive NaOH. The toluene-based sample solution was centrifuged at 15000 rpm for
20 min. The toluene -based supernatant was mixed with DI water and then the water-
based solution was collected by burette. Thereafter, the yellow solution was filtered using
a syringe filter (0.22um), and then the clear red solution was dialyzed through dialysis

membrane (3,500 Da) for five days.

3.5 Result and Discussion
3.5.1 X-ray Diffraction (XRD)

As a starting material, graphite is a crystalline allotrope of carbon, which is
composed of stacked graphene sheets, and is also one of the most readily available and
inexpensive precursors.® The XRD patterns of graphite rod and synthesized GQDs are
shown in Figure 3.3. The graphite rod has a significant peak at 26 = 26.4 corresponding
to the (002) plane with a d-spacing of 0.337 nm. The synthesized GQDs exhibit a broad
diffraction peak at 26 = 25.3 corresponding to the (002) plane with a d-spacing of 0.352
nm. The d-spacing was calculated by Bragg’s equation as follows:

n-h = 2-d-sin(0)
where, n is the positive integer, A is the wavelength of X-ray, d is the interplanar distance,
and 0 [rad] is the angle of the incident X-ray.%® Compared to the d-spacing of graphite,
the larger d-spacing of GQDs represents that the synthesized GQDs still have a lot of
oxygen-rich functional groups. Based on the full width at half maximum (FWHM) value
obtained from the diffraction peak, the average crystalline size of synthesized GQDs
were estimated by Debye-Scherrer equation as follows:
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D =K-A/B-cos(0)
Where, D is the crystalline size (nm), K is the Scherrer constant, A is the wavelength of
X-ray, 0 is the diffraction angle, and B is the full width at half maximum (FWHM).?" The

estimated the average crystalline size of synthesized GQDs is 2.3 nm.

3.5.2 Raman Spectroscopy

Raman spectroscopy is one of the effective characterizations to find out the
structural information of carbon-based materials.®® In the Figure 3.4, two significant
peaks of GQDs were observed, corresponding to D and G bands around 1350 cm™ and
1580 cm™, respectively. The G band, corresponding to E24 phonon at the Brillouin zone,
comes from the presence of stretching C-C bonds in the sp? carbon network.® The G
bands of graphite rod and GQDs are located at 1583 cm™ and 1602 cm™. The D band
indicates the presence of highly disordered carbon on the surface and edge of sp® carbon
or functional groups. The D bands of graphite and GQDs are positioned at 1355 cm™ and
1351 cm™. The increase in sp3-hybridized carbon or functional groups combining with
sp3-hybridized carbon causes the D band to broaden.*® The degree of disorder can be
measured from the intensity ratio of the D band to the G band (Io/lc). The Ip/lg of
graphite and GQDs are 0.28 and 0.95, respectively. The increase in Ip/lg of GQDs
represents that the number of defects in GQDs increases compared to graphite rod

through the electrochemical exfoliation process.
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3.5.3 Fourier-transform Infrared Spectroscopy (FT-IR)

Fourier transform infrared spectroscopy (FT-IR) was used to investigate the
functional groups of graphite rod and synthesized GQDs as shown in Figure 3.5. While
graphite rod has no significant peaks observed, the FT-IR spectra of GQDs indicated the
presence of hydroxyl groups (at 3386 cm™ and 3054 cm™), and C-O groups (at 1087 cm™
and 1025 cm™). As one of the key features, the solubility of GQDs in water is determined
by these hydroxyl and carboxyl groups. The absorption spectra at 1465 cm™, 879 cm™,
and 748 cm™ corresponds to C-H groups. The small peaks at 1087 cm™ and 1025 cm™®
were attributed to the C-O stretching. In addition, the absorption peaks included 1712 cm"
1 for carbonyl C=0 stretching and 1627 cm™ for aromatic rings C=C groups. These
spectra implied that GQDs were completed oxidized from graphite rod through the

electrochemical exfoliation method.

3.5.4 UV-Visible Spectroscopy and Fluorescence

In order to examine the absorbance and fluorescence properties of the resulting
GQDs, it is necessary first to understand their chemical origin and surface states.
Spectroscopic analysis of UV-visible and photoluminescence (PL) provide information
on the optical characteristics of these GQDs.*! Figure 3.6 shows the UV-Visible spectrum
of GQDs prepared using sodium hydroxide as a reducing agent in mixed water and
ethanol medium. Two prominent absorption peaks at 227 nm and 358 nm were observed.
The peak observed at 227 nm corresponds to aromatic r-m* transitions of sp? C=C
bonds.!! The peak at 358 nm results from n- =* transition of C=0 bonds or other
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functional groups on the surface of GQDs.* The images of GQDs solution obtained
under normal visible light and upon UV light illumination at a fixed wavelength of 365
nm show their blue emission color.

The PL spectra are also used to explore the fluorescence properties of GQDs and
are shown in Figure 3.7. The emission of GQDs were investigated at various excitation
wavelengths from 300 nm to 340 nm. In Figure 3.7, the fluorescence spectra of GQDs
excited at a fixed wavelength of 320 nm. The highest intensity of emission occurs at 424
nm for GQDs upon excitation at 320 nm. In order to double check the emission and
excitation wavelengths of GQDs, the excitation of GQDs was examined at multiple
emission wavelengths ranging from 400 nm to 450 nm. As a result, the maximum

intensities of excitation and emission peaks occur at 320 nm and 424 nm, respectively.

3.5.5 Transmission Electron Microscopy (TEM)

Transmission electron microscopy (TEM) is used to investigate the structural
morphology and particle size of GQDs as shown in Figure 3.8. It also shows that the as-
synthesized GQDs possess a nearly spherical shape. The particle size distribution graph is
shown in Figure 3.9 (b). The average particle size of GQDs is estimated to be 11.4 nm, as

determined by statistical analysis of particles using ImageJ software.

3.5.6 Atomic Force Microscopy (AFM)
Atomic Force Microscopy (AFM) is an effective technique to estimate the
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number of layers of GQDs. Silicon wafer substrate was used for the preparation of AFM
sample. The AFM sample was prepared using a spin coater (at 2000 rpm for 30 sec). The
AFM image shows that GQDs particles are well-dispersed and have a few layers, as
shown in Figure 3.9. From the height profile of GQDs, the average height obtained was
around 1.19 nm. It means that the number of layers is less than four graphene layers
because the thickness of monolayer graphene is being considered around 0.345 nm. The
topography image of GQDs in Figure 3.10 (c) came from the height profile along the line

in the image.

3.6 Conclusions

In summary, I have successfully synthesized GQDs by electrochemical
exfoliation method using graphite rods as both anode and cathode in NaOH/ethanol
solution. Heat treatment of graphite rods at high temperature result in the increase in the
defect sites on the surface of graphite rods. The optical properties of synthesized GQDs
were investigated by UV-visible spectroscopy and fluorescence spectroscopy. The
particle size, crystalline structure, functional groups, topography, and structural
information of GQDs were analyzed by TEM, XRD, FT-IR, AFM, and Raman,
respectively. The GQDs have average size of 11.4 nm and exhibit blue color under 365
nm UV irradiation. This simple synthesis method and their optical, electronic, structural
properties make them a good candidate for many advanced applications such as catalyst,
bioimaging, sensors, solar-cell, drug delivery, supercapacitors, and batteries. In Chapter

4, the new type of photo-rechargeable battery and its performance improvement using
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GQDs will be further discussed.
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Chapter 4. Engineering Graphene Quantum Dots: Application for

Photo-rechargeable Battery

4.1 Introduction

Titanium dioxide (TiO>) is extensively utilized as a good photoelectrode
candidate due to its low toxicity, reasonable price, and good photostability. Especially,
TiO- has a conduction band that is situated below the lowest unoccupied molecular
orbital (LUMO) of the dye to promote the effective electron transmission, However, TiO>
has some disadvantages, such as large bandgap (3.0 eV for rutile and 3.2 eV for anatase),
poor light absorption on visible region, poor conductivity, high carrier recombination,
and lack of charge-carrier transport.>® The use of GQDs for photoelectrode was reported
that they can improve the light absorption to visible region, decrease the TiO, bandgap,
and improve the charge transfer and efficiency by employing the graphene-based
materials in the dye-sensitized solar cell (DSSC).*® But research on the use of GQDs and
N719 dye in the photo-rechargeable battery has not been reported yet. The objective of
this research is to investigate the effect of use of GQDs and N719 dye in our photo-
rechargeable battery, resulting in the performance improvement of the photo-

rechargeable battery.

4.2 Chemical and Materials
Di-tetrabutylammonium cis-bis(isothiocyanato)bis(2,2'-bipyridyl-4,4'-

dicarboxylato)ruthenium(Il) (N719, Sigma Aldrich, 95%), FTO (Fluorine-doped Tin
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Oxide) glass (surface resistivity ~ 13Q/sq, Sigma Aldrich), titania paste (Sigma Aldrich),
lithium iron phosphate (LFP, MTI corporation), conductive carbon black (super P, MTI
corporation), propylene carbonate (PC, Sigma Aldrich, 99.7%), lithium bis-
trifluoromethanesulfonimide (LiTFSi, Sigma Aldrich), 1-methyl-2-pyrrolidinone (NMP,
Fisher Scientific, 99%), polyvinylidene fluoride (PVDF, Sigma Aldrich, Mw ~ 534,000
g-cm™), chloroplatinic acid hexahydrate (Sigma Aldrich), lithium iodide (Lil, Sigma
Aldrich), lodine (I, Sigma Aldrich, 99.8%), 4-tert-Butylpyridine (Sigma Aldrich, 98%),
guanidine thiocyanate (Sigma Aldrich, 99%), valeronitrile (Sigma Aldrich, 99.5%),
acetonitrile (Sigma Aldrich, 99.8% ), surlyn film (Solaronix, 60pm thickness), epoxy

glue, were purchased for the fabrication of photo-rechargeable battery

4.3 Apparatus and Equipment

UV-vis spectroscopy (Cary 5000, Agilent Technologies) was used to investigate
the UV-vis absorption spectra. The crystallinity structure was measured by X-ray
diffraction (XRD, Empyrean Series 2, PANalytical). Raman spectroscopy (LabRam,
Horiba) was employed to identify the existence of D/G bands. Fourier-transform infrared
spectrometer (FT-IR, Nicolet iS10, ThermoFisher Scientific) was used to investigate the
functional groups. The electrochemical measurements such as LSV, chronoamperometry,
electrochemical impedance spectroscopy (EIS), and charge/discharge test were done by
potentiostat/galvanostat (VersaSTAT 4, AMETEK). A solar simulator (Newport, Oriel
Sol3A Class AAA Solar Simulator, 450 W Xenon) was used for the light source (AM
1.5G, 100mW - cm?).
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4.4 Experimental Procedure

The overall procedure of the cell preparation, including electrodes and
electrolytes, is already mentioned in Chapter 3.4. The synthesized TiO> electrode is
soaked into the pre-synthesized GQDs solution (Img/ml) and the prepared N719 dye
solution for 96 h and 24 h, respectively. The N719 dye solution is composed of 0.5 mM
Di-tetrabutylammonium cis-bis(isothiocyanato)bis(2,2'-bipyridyl-4,4'-
dicarboxylato)ruthenium(I1) (Sigma Aldrich, 95%) in ethanol. After a certain soaking
time, the sensitized electrodes are washed three times with DI water to remove the
residue on the surface of the electrodes. And then, the electrodes are dried by a nitrogen

spray gun and heated on the hotplate at 100°C overnight.

4.5 Result and Discussion
4.5.1 UV-visible Spectroscopy

The optical properties of TiO2, GQDs/TiO2, N719/TiO2, and N719/GQDs/TiO;
were investigated by UV-visible spectroscopy, as shown in Figure 4.1 (a). In the UV-
visible graph, the intensity of the absorbance peak is determined by the thickness of each
deposited sample on the substrate. The UV-visible spectra of all samples show a broad
absorbance peak in the UV region (below 400nm). There is not quite an absorbance
difference between TiO. and GQDs/TiO.. In addition, a significant peak observed of
N719/TiO, and N719/GQDs/TiO2 samples are identified at 501 nm and 538 nm,
respectively. Both N719/TiO2 and N719/GQDs/TiO; electrodes were soaked into the dye
solution for 24 h. Based on Figure 4.1 (b), N719/GQDs/TiO: electrode absorbs more
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Figure 4.1 (a) UV-visible spectra of TiO2, GQDs/Ti02, N719/Ti02, and

N719/GQDs/TiO2, (b) Images of N719/TiO> and N719/GQDs/TiO: electrodes
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N719 dye. This results in the absorbance peak shift from 501 nm to 538 nm. The color
difference between the two electrodes may cause the hydrophilic functional group
(hydroxyl and carboxyl groups) of GQDs. The N719 dye is immersed in ethanol, which
has a hydrophilic functional group. So, the GQDs and ethanol act as a bridge between

TiO2 and N7109.

4.5.2 X-ray Diffraction

The crystal structure and growth direction of the synthesized TiO> paste,
GQDs/TiO2, and N719/GQDs/TiO, on FTO glass substrate were investigated by the
XRD patterns as shown in Figure 4.2. The characteristics diffraction peak of the
commercial TiO> paste indicates the anatase TiO2 phase. The peaks observed at 25.32°,
37.02°, 37.96°, 47.96°, 54.08°, 55.04°, 62.84°, 69.06°, 70.18°, and 75.18° are
corresponding to (101), (103), (004), (200), (105), (211), (204), (116), (220), and (215)
lattice plane of anatase TiO». There are no peaks observed located around 36.1°, 41.2°,
and 56.7°, indicating (004), (110), and (114) planes of rutile TiO2. There are no
significant peak differences between GQDs/TiO2 and N719/GQDs/TiO, compared with
pristine TiO-. This can be owing to low quantity and poor intensity of GQDs." In Figure
2.4.1, the diffraction peak of GQDs located at 25.3° corresponds to graphite's (002)
plane. This peak from GQDs can be overlapped with the (101) plane of TiO2, which is
located at 25.32°. In addition, this may also indicate that GQDs and N719 did not affect

the crystal structure of TiO2.8
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Figure 4.2 XRD patterns of the TiO,, GQDs/TiO2, and N719/GQDs/TiO>
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4.5.3 Raman and FT-IR Spectroscopy

Both Raman and FT-IR spectroscopy give precise information on chemical
structure, phase, and molecular interactions. The production of the TiO> anatase phase
and the presence of GQDs in GQDs/TiO2 nanocomposites are identified by Raman
analysis. Furthermore, it is a significant tool for determining the structure of graphene-
based materials based on the quality and quantity of graphene layers and the type of
defects and disorder. The Raman spectra of synthesized TiO2, GQDs/TiO2, N719/TiO,
N719/GQDs/TiO; are shown in Figure 4.3. The characteristic peaks of pristine TiO: are
located at 396, 516, and 638 cm™, corresponding to the Big, A1g + B1g, and Eq mode
vibration of the anatase TiO2 phase.® In the spectrum of GQDs/TiO,, two additional
peaks for GQDs are identified at 1356 and 1605 cm, respectively, which can be
attributed to disordered sp? carbon (D-band) and well-ordered graphite (G-band). The
significant peaks of N719/GQDs/TiO: are observed including the peaks from TiOg,
N719, and GQDs. In particular, the D band of N719/GQDs/TiO: electrode are identified
at 1353 cm™. However, The G band of N719/GQDs/TiO: electrode are overlapped with
the peak (at 1608 cm™) from the N719. The presence of GQDs from both GQDs/TiO;
and N719/GQDs/TiO> electrodes is confirmed by Raman analysis.

FT-IR analysis of TiO2, GQDs/TiO2, N719/TiO2, N719/GQDs/TiO; were also
conducted to identify the functional groups as shown in Figure 4.4. The GQDs have a lot
of oxygen containing functional groups. However, there are no peak differences between
TiO2 and GQDs/TiO». This may cause the lack of quantity of GQDs in the GQDs/ TiO2
electrode.
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Figure 4.4 FT-IR spectra of the TiO2, GQDs, and GQDs/TiO>
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4.5.4 Scanning Electron Microscopy (SEM) and Energy Dispersive X-ray Analysis
(EDX)

Figure 4.5 shows the SEM image (a) and EDX analysis (b) of the GQDs/TiO>
electrode. The EDX graph represents the existence of chemical elements in the
GQDs/TiO2. The highest peak is titanium (Ti), which accounts for 54.9 wt%. The second
highest peak is oxygen. The other chemical elements such as carbon (C), sodium (Na),
calcium (Ca) exist in the GQDs/TiO». The portions of Na and Ca are negligible, and
carbon indicates the presence of GQDs in the sample. 2.7 wt% of GQDs exists in the

GQDs/TiO; electrodes.

4.5.5 Electrochemical Analysis

In order to confirm the characteristics of TiO2, GQDs/TiO2, N719/TiO,
N719/GQDs/TiO., the electrochemical analysis, such as LSV, chronoamperometry, EIS,
and charge/discharge tests are used. The electrode containing 50 mM chloroplatinic acid
hexahydrate are used with iodine-based electrolyte for only LSV, chronoamperometry,
and EIS tests. In Figure 4.6, LSV measurements are carried out with 0.005 V/s scan rate,
ranging from -1 V to 1V. So as to calculate the photovoltaic efficiency of the solar
battery, the values of VVoc, Jsc, Pin, and FF are obtained, as shown in Table 4.1. With the
use of GQDs, higher conversion efficiency (0.169% and 2.784%) is confirmed by using
GQDs/TiO2 and N719/GQDs/TiO: electrodes in the solar battery compared to TiO>
(0.133%). Especially, the photocurrent densities of the GQDs/TiO and
N719/GQDs/TiO: electrodes also have 1.2 and 19 times higher than pristine TiO>
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Figure 4.5 (a) SEM image and (b) EDX analysis of GQD/TiO- electrode
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Table 4.1 Summary of device parameters in solar battery using TiO., GQDs/TiOz,

N719/TiO,, N719/GQDs/TiO;

Efficiency (%) | Jc (MA/cm?) Voc (V) Fill Factor
TiO2 0.133 0.386 0.586 0.590
GQDs/TiO2 0.169 0.478 0.648 0.546
N719/TiO- 2.346 6.928 0.832 0.407
N719/GQDs/TiO- 2.784 7.344 0.778 0.487
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electrode. The use of N719 dye result in the improved conversion efficiency and
photocurrent intensity. The simultaneously use of GQDs and N719 can make the synergy
effect of overall performance of the solar battery.

As shown in Figure 4.7, all of the TiO., GQDs/TiO2, N719/TiOg,
N719/GQDs/TiO2 show highly stable photocurrents under illumination for every 60
seconds. The N719/GQDs/TiO: electrode has a highest photocurrent density compared to
that of the other three electrodes. The current densities of TiO2, GQDs/TiO2, N719/TiO,
N719/GQDs/TiO: are 0.45, 0.57, 7.22, and 8.37 mA/cm?, respectively. With the use of
GQDs, the current densities of TiO2 and N719/TiO- electrodes are increased by 26% and
16%, respectively. In addition, the use of GQDs and N719 dye in the TiO: electrode can
improve the photovoltaic performance of the solar battery.

Electrochemical impedance spectroscopy (EIS) was used to evaluate the effects of
co-sensitizers on the interfacial resistance of the photoanodes. EIS measurements were
performed at a frequency range of 0.1Hz to 1MHz with an AC amplitude of 10 mV under
AML1.5G illumination. The Nyquist plots of the photoanodes at their open-circuit
potential are shown in Figure 4.8. The first semicircle in the high frequency indicates the
resistance between Pt counter electrode and electrolyte, and the second semicircle in the
low frequency represents the electron transfer interface between photoanode and
electrolyte (Rc).X° At high frequency, the diameter of first semicircles is nearly
comparable, indicating almost no charge transfer effect between Pt counter and
electrolyte. The diameter of second semicircle of N719/GQDs/TiO; electrode at low
frequency is significantly reduced compared to the that of TiO». It means that the use of
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N719/GQDs/TiOz illumination with light on and off in for every 60 seconds
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GQDs and N719 is highly effective to reduce the interfacial resistance between
photoanode and electrolyte. Thus, GQDs plays key role in transferring electrons and
holes, resulting in the higher power conversion efficiency (PCE).

In Figure 4.9, the charge/discharge test was carried out in the dark and under
illumination, ranging from 2V to 1.2V with 0.1C-rate. The discharge capacity of
N719/GQDs/TiOz2 is increased by 11.3% and 26% compared to the TiO> under
illumination and in the dark, respectively. The capacity fading was found only in samples

under illumination.

4.6 Conclusion

GQDs and N719 dye are used as co-sensitizer to improve light absorption. Their
synergy effects were examined by electrochemical analysis, and the existence of GQDs
and N719 was confirmed by XRD, Raman, FT-IR. The portion of GQDs in the
GQDs/TiO2 can be estimated by EDX analysis. The use of both GQDs and N719 dye can
help to improve the energy conversion efficiency and discharging capacity under

illumination and reduce the interfacial resistance between the photoanode and electrolyte.

82



__ 120
L=y
s -
100 - : E:;;f!ff §
.§. % —s == =& =
>
‘S 80 -
w
Q.
1]
O 60
@
o))
T
S 401 "= TiO2_Dark
XU —s TiO2_Light
0 54 —4A— GQD/TIO2
—¥— N719/TiO2
N719/GQD/TiO2
0 ' | T T T | ' T T |
0 2 4 6 8 10

Cycle number

Figure 4.9 Discharge capacity vs. cycle number graph of the photoanodes

&3



Reference

1.

10.

Qian, R.; Zong, H.; Schneider, J.; Zhou, G.; Zhao, T.; Li, Y.; Yang, J,;
Bahnemann, D. W.; Pan, J. H. J. C. T., Charge carrier trapping, recombination and
transfer during TiO2 photocatalysis: An overview. 2019, 335, 78-90.

Sachs, M.; Pastor, E.; Kafizas, A.; Durrant, J. R. J. T. j. o. p. c. L., Evaluation of
surface state mediated charge recombination in anatase and rutile TiO2. 2016, 7 (19),
3742-3746.

. Yu, Z.; Liu, H.; Zhu, M.; Li, Y.; Li, W. J. S., Interfacial charge transport in 1D

T102 based photoelectrodes for photoelectrochemical water splitting. 2021, /7 (9),
1903378.

Sharif, N. F. M.; Kadir, M.; Shafie, S.; Rashid, S. A.; Hasan, W. W.; Shaban, S. J.
R. i. P., Charge transport and electron recombination suppression in dye-sensitized
solar cells using graphene quantum dots. 2019, /3, 102171.

Low, F. W.; Lai, C. W. J. R.; Reviews, S. E., Recent developments of graphene-
Ti102 composite nanomaterials as efficient photoelectrodes in dye-sensitized solar
cells: A review. 2018, 82, 103-125.

Muhammad, N.; Mohtar, M.; Ramli, M.; Shafie, S.; Shaban, S.; Yusof, Y.J. L. J. o.
M., Mechanics; Manufacturing, Enhancement of Dye Sensitized Solar Cell by
Adsorption of Graphene Quantum Dots. 2020, § (3).

Bokare, A.; Chinnusamy, S.; Erogbogbo, F. J. C., TiO2—graphene quantum dots
nanocomposites for photocatalysis in energy and biomedical applications. 2021, 7/
(3), 319.

. Hao, X.; Jin, Z.; Xu, J.; Min, S.; Lu, G. J. S.; Microstructures, Functionalization of

Ti102 with graphene quantum dots for efficient photocatalytic hydrogen evolution.
2016, 94, 237-244.

Gupta, B. K.; Kedawat, G.; Agrawal, Y.; Kumar, P.; Dwivedi, J.; Dhawan, S. J. R.
A., A novel strategy to enhance ultraviolet light driven photocatalysis from graphene
quantum dots infilled TiO 2 nanotube arrays. 2015, 5 (14), 10623-10631.

Hsu, C.-P.; Lee, K.-M.; Huang, J. T.-W.; Lin, C.-Y.; Lee, C.-H.; Wang, L.-P.;

Tsai, S.-Y.; Ho, K.-C. J. E. A, EIS analysis on low temperature fabrication of TiO2
porous films for dye-sensitized solar cells. 2008, 53 (25), 7514-7522.

84



Chapter 5. Conclusions

The unique photo-rechargeable battery was invented by integrating photovoltaic
and energy storage systems in one device. The critical incentives for physically direct
integration are the reduction of the number of materials, high volumetric and gravimetric
energy density, minimization of energy losses. Lithium iron phosphate (LFP) and
titanium dioxide (TiO.) paste were used as the working and counter electrodes,
respectively. The characteristics of the photo-rechargeable battery were investigated by
electrochemical measurements, such as LSV, CV, chronoamperometry, and charging and
discharging test. The photovoltaic efficiency of the battery was calculated based on the
LSV curves in the dark and under illumination. The energy conversion efficiency of the
battery under illumination has higher than the battery in the dark. The photocurrent
densities of the battery in the dark and under illumination were measured every 60
seconds. From the chronoamperometry curve, the stability of the photo-chargeable
battery was evaluated. The anodic and cathodic peaks are observed, and the cut-off
voltage is determined by CV. The specific discharging capacity under illumination is
9.6% higher than that of the battery under dark.

Among the carbon-based materials available, graphene quantum dots (GQDs), a
new type of carbon-based material, are currently under the spotlight and also have been
widely applied in photocatalysis, energy storage and conversion, biochemistry, and

immunology applications due to their high surface area, low toxicity, and broad optical
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absorption. In general, the synthesis methods of nanomaterials can be classified by the
bottom-up approach and the top-down approach. In this work, GQDs were successfully
synthesized by the electrochemical exfoliation method, one of the top-down approaches.
Graphite was employed as a starting material and was heated at high temperatures to
make more defects before the electrochemical exfoliation. The characteristics and
properties of GQDs were investigated by XRD, FT-IR, Raman, TEM, UV-vis, and PL.
The synthesized GQDs has a crystalline structure and a variety of oxygen-containing
functional group at the surface and the edge. The increase in the intensity of D/G bands
indicates that many defects were made during the synthesis, and the morphology and size
distribution of GQDs were examined. In addition, the absorption, emission, and
excitation peaks were measured to identify their optical properties.

To improve the photovoltaic performance of the battery, the co-sensitizers (GQDs
and N719 dye) were used, and their effects were investigated by LSV,
chronoamperometry, EIS, and charging and discharging test. In order to confirm the
presence of GQDs and N719 in the TiO2, GQDs/TiO2, N719/TiO2, N719/GQDs/TiO:
electrodes, the XRD, Raman, FT-IR, and EDX characterizations were used. The overall
portion of GQDs in the GQDs/TiO; electrode can be estimated at around 2.7 wt%. The
GQDs act as a bridge between TiO. and N719, affecting the absorption range. The
conversion efficiency of N719/GQDs/TiO2 under illumination reaches 2.784 % and is 21
times higher than TiO». In addition, the photocurrent of N719/GQDs/TiO has 19 times
higher than TiO,. The interfacial resistance of the N719/GQDs/TiO; electrode is
significantly decreased than that of the pristine TiO electrode. Due to the effect of
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conversion efficiency and interfacial resistance, the discharging capacity of

N719/GQDs/TiO:z is significantly increased compared to the TiO».
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